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1. Introduction 

The visual system is one of the most prominent sensory functions of the human body. It is the 

basis for perceiving one’s surroundings. The sensory organ of the visual system is the eye. The 

brain and eye communicate and work together in sensing and interpreting our surroundings to us. 

This occurs through the transmission of light into the eye, which is then processed and transferred 

to the thalamus of the brain through the optic nerve for interpreting the information for visual 

perception. More than 70% of people are afraid of losing vision compared to the rest of the senses 

(Hutmacher, 2019), which explains the prominence of this system.  

On the anterior side of the eye, lies the transparent cornea, which transcribes the light entering the 

eye. Along with the sclera and conjunctiva, it also acts as a protective barrier from the external 

surroundings offering protection to the internal parts of the eye. Two-thirds of the eye's total 

refractive power is located in the cornea, sometimes known as the "window of the eye," a 

transparent structure responsible for focusing light on the retina. The cornea's stroma is 

transparent because of its smooth surface and the uniform arrangement of collagen fibrils. 

Maintenance of the shape and the transparency of the cornea is essential for the refraction of light, 

a prerequisite for optimal vision (Mannis & Holland, 2021).  

Any disturbance to the physiology and structural damage to the cornea due to factors including, 

but not limited to, infection, inflammations, trauma, chemical or thermal burns, etc. can cause 

opacification to the transparent cornea, causing moderate to severe visual impairment or blindness. 

The etiology of corneal blindness includes a variety of physical, inflammatory, and congenital 

factors, and to which the most commonly generated form of the response is corneal scarring. This 

opacification or the haze of the corneal surface, which follows a mechanical trauma or a burn or 

necrosis, is part of the natural healing mechanism and tissue repair.  

After an injury to the corneal stroma, which forms a majority of its structural components and 

accounts for >90% of the corneal thickness, the surrounding area is recruited with fibroblast cells. 

These cells generate the fibrotic matrix in an uncontrolled or irregular fashion and replace the 

damaged or lost tissue. However, this irregular formation of the collagen fibrils affects the 

transparency of the cornea, obscuring the entry of light into the eye. Based on the size and depth 

of the damage, the scarring can remain for as low as a few weeks to several years, affecting the 

vision of the individuals. This unfavorable way of healing the cornea affects the day-to-day life of 

the people as long as the scar remains in the cornea (Basu et al., 2014a). 
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Such pathologies involving the cornea are the third leading cause of reversible blindness, affecting 

millions of people worldwide. More than 83% of the eye injuries that required tertiary care involved 

cornea and conjunctiva (Blaszkowska et al., 2022) and nearly 98% of the corneally blind individuals 

are from underdeveloped nations (Mathews et al., 2018a).  

The most commonly performed surgical intervention aimed at restoring corneal clarity and vision 

is corneal transplantation (keratoplasty), where the whole of the affected cornea or in part is 

replaced by a fresh cornea obtained from cadaver donors. Despite being the most widely 

performed type of organ transplantation worldwide, only 1 in 70 corneally blind people, receive 

this intervention, due to a combination of various regional and socio-economic factors (Flaxman 

et al., 2017; Gain et al., 2016). 

In addition to the logistical constraint, corneal transplantation is majorly limited by post-operative 

complications such as graft failures over a period of time, graft rejections, graft dislocation or 

detachment, the incidence of glaucoma, infections, long follow-up, etc. (Singh et al., 2019). This 

necessitates the need for exploring other alternatives to overcome these limitations. 

The recent advances in regenerative therapy have opened up the possibilities of using cell-based 

therapeutics as an alternative therapy to restore vision. The cell-based therapy which offers a 

minimally invasive and multiplied availability to a greater number of individuals can reduce the risk 

of postoperative complications and the need for donor corneas. With their unique 

immunomodulatory properties and significant regenerative potential, mesenchymal stem cells 

(MSCs) are an excellent alternative for the regeneration of the ocular surface. With no expression 

of the HLA-DR, these cells also would not elicit any type of immune response (Bray et al., 2014a).  

Limbus, a brown-pigmented layer surrounding the cornea, harbors such MSCs capable of 

regenerating the damaged corneal tissue (Branch et al., 2012a; J. L. Funderburgh et al., 2016a). 

These limbal stem cells repopulate the cells of the epithelium and stroma, which may be lost owing 

to the regular wear and tear of the ocular surface as a result of exposure to the external 

environment or even just blinking, as well as after an injury. The stem cells derived from limbal 

stroma are similar to the keratocytes, native cells of the corneal stroma, which differentiate to and 

replace the lost keratocytes (Mann et al., 2011; Kumar et al., 2018).  

Various pre-clinical studies in animal models, where the human limbus-derived 

stromal/mesenchymal stem cells (hLMSCs) have been applied as a xenograft and explored for 

their regenerative potential, have proven their safety (Basu et al., 2014a) and the efficacy in 

regenerating the cornea (Coppola et al., 2017; Hertsenberg et al., 2017a). The early intervention of 
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the corneal scar with hLMSCs can repair the corneal surface and regenerate the tissue without 

causing any fibrosis (Basu et al., 2014a), offering an early recovery.  

Despite their therapeutic potential, currently, there are no studies that have explored the 

regenerative potential of hLMSCs in humans. In the translation of this cell-based therapy to a 

definitive treatment for blinding corneal pathologies, certain bottlenecks have to be addressed. 

This includes: (1) optimized and reliable cell culture methods of isolating and expanding hLMSCs, 

(2) the development of methods to store and transport the hLMSCs over prolonged distances and 

time without hindering their phenotypic properties, (3) the establishment of their safety and 

stability profiles in a regulated manner. Overcoming these challenges improves the quality of the 

cells and enhances the availability of these cells to millions of people in need.  

To safeguard patient safety and ensure the efficacy of cell-based therapeutics, the Drugs and 

Cosmetics act, 1940, India, and the National Guidelines for Stem Cell Research, 2017 (National Guidelines 

for Stem Cell Research, 2017, n.d.; Schedule Y(Ammended Version) - CDSCO, n.d.-a) mandate the practice 

of Current Good Manufacturing Practice (cGMP) in the generation and the testing the cells and 

cell-derivatives. The guidelines issued by the Central Drugs Standard Control Organization 

(CDSCO), the Indian regulatory body (the equivalent of the Food and Drug Administration 

(FDA), USA), necessitate the conduct of research involving human subjects in an ethically and 

socially responsible manner, in compliance with the regulations. This requires the optimization of 

the protocols of generating and testing any new investigational medicinal product (IMP, also 

referred to as an Investigational New Drug or Investigational New Entity) in a standardized, regulated 

and controlled manner. 

The protocols to design, validate and streamline the processes of generating the IMPs in the clean-

room facility, should be drafted, optimized, and tested to ensure consistent quality and quantity of 

the product, with minimal or no impurities. The stability of the IMP over long durations without 

any mutations or changes in the characteristic properties has to be tested and established, to ensure 

no harmful or undesirable aftereffects to the recipient, other than the anticipated outcomes. The 

product should be free of any microbial contaminants such as bacteria, fungi, and viruses to ensure 

safety.  

The product should be well-characterized and consistent testing has to be done to ensure the 

identity, functionality, and effectiveness of the product intended for definite use. The testing of all 

raw materials including human tissues, plastics, chemicals, and reagents ensures that the product 

meets all requirements and specifications set for a desired activity or purpose. Many such practices 
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are required to be performed to guarantee the highest possible standards of the safety, efficacy, 

and quality of medicinal products.  

The GMPs are a compilation of such guidelines and directives suggested and mandated by the 

regulatory authorities of a given nation. These guidelines govern the activities of production, 

distribution, and end-use of the products designed. This requires the design of Standard Operating 

Protocols (SOPs) to streamline, document, track and validate every activity of production, 

distribution, and testing with the criterion set for required specifications (Abdellah et al., 2015; 

Gouveia et al., 2015a). 

Biologics and cell-based products must be transported between labs and institutions to expand 

research and therapy options. The current modes of shipping cells or cell-based therapeutics are 

dominated by cryopreservation methods that transport the cells with suspended metabolism. The 

cryopreservation methods do not offer optimal viability and hamper the functionality of the cells, 

changing their cell survival and potentiality. These methods require longer durations for the cell 

populations to stabilize in a culture post-thaw and can affect the timeframe of consumption by the 

end-user (Chinnadurai et al., 2016; Karlsson & Toner, 1996). 

Cryopreservation methods demand equipment of high cost and maintenance, and also skilled 

personnel at both the sites of production and end-use. On the other hand, the logistical issues of 

using restricted items as cryo-coolants (For example dry ice) for maintaining ultra-low 

temperatures always persist (Dangerous Goods & Prohibited Items ǀ FedEx India, n.d.). Hence, the 

expedited shipping of the biologics requires a separate channel for the handling of the shipments 

which can be 10-25x expensive compared to a regular shipment. This calls for exploring new and 

reliable alternatives that offer the preservation and transport of cells and biologics that offer the 

maintenance of stable and unaffected characteristic properties of the cells, optimal viability, easy 

handling, and low-cost logistics. 

One of the alternative methods widely explored in recent years to store and preserve biologics is 

the encapsulation of biological samples or plant seeds. Encapsulation offers the preservation of 

cell viability and the properties of their proliferation and differentiation. Alginates are the most 

widely used encapsulating agents for cell encapsulation and drug delivery. They are natural 

polysaccharides derived from seaweeds (Brown Algae), with excellent biocompatibility and 

biodegradability (J. Sun & Tan, 2013a). Alginate encapsulation enhances the differentiation ability 

(Richardson et al., 2014) of the stem cells and maintains cell viability (H. J. Kong et al., 2003). 

Sodium alginate was shown to be a safe hydrogel matrix to store and preserve ovarian follicles 
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(Camboni et al. 2013) and improved the preservation of adipose-derived stem cells at hypothermic 

temperatures (less than room temperature)(Swioklo et al., 2016). 

Additionally, the alginates are inert in nature and offer excellent customizations to alter the 

viscosity and the gelation properties of the hydrogels, with controllable stiffness and 

polymerization periods. This would enable the testing of these hydrogels in cells of various sizes 

and tissues with various dimensions. Above all, the reagents required for the encapsulation 

procedures are all “regarded as safe” for human consumption. The reagents used for the 

encapsulation procedure i.e. sodium alginate (CFR - Code of Federal Regulations Title 21, n.d.-a) and 

calcium chloride (Tran, n.d.) are safe for human consumption and are widely used in the food 

industry. Sodium citrate, used for releasing the cells from encapsulation by breaking the calcium 

alginate ionic cross-linking, besides being considered safe (Office of the Federal Register, 1994) is 

widely used to treat alkali burns to reduce ulcers (Pfister et al., 1981, 1982) and also in artificial 

tears to treat dry eye disease(Drew et al., 2018). Thus, these agents can be an excellent choice for 

encapsulating hLMSCs, being used as non-invasive therapy, and treating corneal pathologies. 

The assessment of the safety and toxicity of Alginate-encapsulated hLMSCs (En+ hLMSCs) in an 

animal model of corneal wound or scar is mandatory before they could be tested for their potential 

of regenerating the ocular surface in humans. The guidelines of CDSCO suggest the safety of any 

IMP be established in two animals (one rodent, and one non-rodent) before they could be used 

for human applications. Maintaining sterility in all the activities involved in the cultivation, 

encapsulation, transport, release, and final delivery of the hLMSCs onto the ocular surface is 

obligatory and crucial to ensure the safety of the recipient. Assessing the toxicity of the and the 

immune response on the site of application i.e. ocular surface and internal (systemic) body would 

help to understand the effect of En+ hLMSCs on the recipient. Any immune response elicited can 

be quantified and tested to understand and amend the procedures accordingly to make a safer and 

more efficacious formulation. Assessing the same with non-encapsulated hLMSCs (En- hLMSCs) 

would help to differentiate the effect of encapsulation versus non-encapsulation on the 

functionality of the hLMSCs. 

To test the efficacy of the En+ hLMSCs, the generation of an animal model of the corneal scar 

would provide a real-time understanding of the efficacy of these cells, and differentiate the same 

between En+ or En- hLMSCs. Assessing the same in two separate groups of animal models 

providing prophylaxis care before the onset of the scar in one group and treatment post-

development of the scar in the other group would enable us to understand the ability of En+ 
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hLMSCs in preventing corneal scars. Altogether, this would enable the establishment of the safety 

and efficacy profiles of the hLMSCs for corneal regeneration. 

In this thesis work, we aimed to design, standardize and optimize the protocols of cultivation, 

storage, and transport of the hLMSCs and assess their characteristic features and stabilities in 

compliance with the cGMP directives and regulatory guidelines. Additionally, to design a 

framework for taking this potential therapy, from bench to bedside. 
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2. Objectives 

 

1. Optimizing the methods for isolation, characterization of hLMSCs, and 

assessment of their quality and stability complying with the current GMP 

norms. 

2. Optimizing the cold-chain-free methods of preservation and transport of 

hLMSCs over prolonged durations and distances at varying temperatures. 

3. Evaluation of the safety and toxicity of the hLMSCs with and without 

encapsulation. 

4. Assessment of the efficacy of hLMSCs with and without encapsulation in 

healing the corneal scar in an animal model. 
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3.1.1. Beyond the Horizon of Sight: The Potential of Human Visual Perception 

Human vision holds great prominence among the various senses due to its complexity, versatility, 

and the amount of information it provides (Knauer & Pfeiffer, 2008). Considered the primary 

sense for many individuals, vision allows us to perceive and interpret the world around us in 

remarkable detail.  

Visual perception plays a crucial role in gathering information about our environment. It provides 

us with a comprehensive understanding of the shape, color, size, and movement of objects, 

enabling us to navigate and interact with our surroundings effectively. The ability to see allows us 

to recognize faces, read written language, and appreciate the beauty of the visual world. 

Vision also contributes significantly to our safety and well-being. It alerts us to potential dangers 

and helps us avoid obstacles, both in our immediate surroundings and when navigating complex 

environments. Depth perception, peripheral vision, and visual acuity enable us to perform various 

tasks that require precise hand-eye coordination (Brown, 1999). 

3.1.2. The Human Eye: A Gateway to Visual Perception and Beyond 

• The eye is a complex organ that is responsible for capturing and processing visual 

information. It consists of several structures, including the cornea, iris, lens, retina, and 

optic nerve (Figure 3.1 A-B). 

• The cornea, the eye's most transparent layer, aids in focusing light onto the retina. The iris, 

which is the colorful component of the eye, controls how much light enters through the 

pupil. The lens, a transparent structure situated behind the iris that aids in enhancing light's 

focus on the retina (Remington, 2012). 

• The retina, the eye's innermost layer, includes photoreceptor cells that sense light and 

provide visual information to the brain. The retina has numerous layers, including the 

photoreceptor layer, which includes rod and cone cells that sense light, and the ganglion 

cell layer, which contains optic nerve cells (Purves, 2001). 

• The optic nerve transmits visual information from the retina to the brain. It exits via the 

optic disc on the back of the eye (Kanski & Bowling, 2016). 

• The optic cup, a depression in the embryo, becomes the optic nerve and retina. The neural 

tube-derived optic vesicle invaginates to create the optic cup during embryogenesis. The 

optic cup has two layers—inner and exterior. The inner layer becomes the retina, while the 

outer layer becomes the retinal pigment epithelium and other supporting cells (Sadler & 

Langman, 2012) 
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3.1.3. The Visual Symphony: Exploring the Intricate Process of Seeing. 

The brain and eye process visual input to form our worldview. The cornea, pupil, and lens 

concentrate light onto the retina (Remington, 2012). Rods and cones are retinal photoreceptors. 

Cones offer color vision in strong light, whereas rods provide low-light vision. When light hits 

photoreceptor cells, a chemical reaction creates electrical impulses. The optic nerve sends these 

electrical impulses to the brain, which interprets them as visual images (M. Gupta et al., 2023). 

3.1.4. Development of eye: 

The neural plate folds into the neural tube to produce the eye early in embryonic development. In 

the third week of gestation, neurulation creates the central nervous system, including the brain and 

spinal cord. The anterior portion of the neural tube begins to bulge outward, forming a structure 

known as the optic vesicle. The optic vesicle grows and invaginates inward, forming a double-

walled structure known as the optic cup (Remington, 2012) 

The optic cup is composed of two layers, the outer layer and the inner layer, which give rise to 

different structures in the eye. The outer layer gives rise to the pigmented layer of the retina, the 

ciliary body, and the iris, while the inner layer gives rise to the neural layer of the retina. The optic 

stalk, which connects the optic cup to the developing brain, eventually forms the optic nerve. As 

the optic cup forms, the ectoderm adjacent to it thickens to form the lens placode. The lens 

placode invaginates inward to form the lens vesicle, which eventually separates from the surface 

ectoderm to become a free-floating structure in the developing eye. The lens vesicle differentiates 

into the lens, which is responsible for focusing light onto the retina (Sadler & Langman, 2012). 

The differentiation of the retina and lens involves the expression of specific genes and the 

production of signaling molecules that regulate cell fate and development. For example, the 

differentiation of the neural retina involves the expression of transcription factors such as Pax6, 

which regulates the development of the optic cup and neural retina. Similarly, the differentiation 

of the lens involves the expression of specific transcription factors, such as Sox2 and Pax6, which 

are essential for lens development (Kondoh et al., 2004; Matsushima et al., 2011). 

The lens and epithelium of the cornea are the first structures to emerge during development. Next, 

cells derived from the neural crest migrate in waves between the epithelium and lens to create the 

stroma and endothelium. The former eventually thickens as it secretes Descemet’s membrane 

(Eghrari et al., 2015). 

The corneal limbus develops from surface ectoderm cells surrounding the developing lens placode, 

which give rise to the corneal epithelium and limbal stem cells. The corneal limbus first becomes 
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macroscopically visible around 17 weeks of gestation as a distinct region at the junction of the 

cornea and sclera. Up to 16 weeks, the cornea and eyeball diameters increase in parallel, but after 

16 weeks the cornea's growth rate declines relative to the rest of the eyeball. By 20 weeks, the 

corneal limbus is distinctly visible, and between 21 and 23 weeks it takes on a more convex shape 

and curvature. The corneal limbus ultimately develops into a reservoir of stem cells that maintain 

the corneal epithelium throughout life (Harayama et al., 1980). 

 

 

Figure 3.1: Illustration demonstrating the anatomy of human eye (A), transverse rection of the 

whole eye ball (B) and the layers of cornea (C). 

 

3.2. Anatomy of cornea 

The cornea is composed of five main layers, including the epithelium, Bowman's layer, stroma, 

Descemet's membrane, and endothelium (DelMonte & Kim, 2011) (Figure 3.1 C).  
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3.2.1. Epithelium: The Outermost Protective Layer 

The epithelium is the outermost layer of the cornea and serves as a protective barrier against injury 

and infection. Composed of several layers of cells, it plays a vital role in safeguarding the cornea. 

The primary functions of the epithelium include preventing the entry of harmful substances, such 

as bacteria and foreign particles, into the cornea. Additionally, it helps maintain the smooth surface 

of the cornea, which is essential for clear and sharp vision (Maurice, 1957; Sadler & Langman, 

2012). 

2.2.1. Bowman's Layer: Structural Support 

Beneath the epithelium lies Bowman's layer, a thin layer of collagen fibers. Although acellular, it 

provides structural support to the cornea. Bowman's layer contributes to the cornea's overall 

strength and stability, helping it maintain its shape and resist deformation. While injuries to 

Bowman's layer can impair its regenerative capacity, its presence is crucial for the cornea's integrity 

(Maurice, 1957). 

3.2.2. Stroma: Transparency and Refractive Properties 

The stroma, which is the thickest layer of the cornea, constitutes approximately 90% of its total 

thickness. It is primarily composed of collagen fibers arranged in a precise lattice pattern, with the 

quiescent cells called keratocytes, embedded in the spatial arrangement. This unique arrangement 

contributes to the cornea's transparency, allowing light to pass through it without scattering. The 

stroma's regular organization also plays a pivotal role in the cornea's refractive properties, bending 

and focusing incoming light onto the retina (Espana & Birk, 2020; Maurice, 1957) 

3.2.3. Descemet's Membrane: Separating Stroma and Endothelium 

Descemet's membrane is a thin layer situated between the stroma and the endothelium. Composed 

of specialized collagen fibers, it acts as a barrier between these two layers. Descemet's membrane 

provides structural support to the cornea, preventing bulging or protrusion of the stroma. 

Furthermore, it serves as a substrate for endothelial cell attachment and plays a role in cell 

migration during wound healing processes (DelMonte & Kim, 2011; Maurice, 1957). 

3.2.4. Endothelium: Fluid Regulation and Transparency Maintenance 

The endothelium is a single layer of cells that lines the inner surface of the cornea. It is responsible 

for regulating the flow of fluid into and out of the cornea. The endothelial cells have an essential 

function in maintaining the cornea's transparency by actively pumping excess fluid out of the 

stroma. This pump action prevents fluid accumulation and edema, which would otherwise result 

in impaired vision. The endothelium's efficient fluid management ensures the cornea remains clear 

and optically functional (DelMonte & Kim, 2011; Espana & Birk, 2020; Maurice, 1957) 
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These distinct layers of the cornea work together harmoniously to maintain the cornea's integrity, 

transparency, and visual function. Any disruption or damage to these layers can lead to vision 

problems and ocular disorders, emphasizing the importance of their proper functioning and care. 

The anatomy of the cornea with its delicate arrangement of the layers, is essential for its proper 

function in the visual system. The transparency of the cornea is maintained by the regular 

arrangement of collagen fibers in the stroma and the absence of blood vessels, which would 

otherwise scatter light and impair vision. These refractive properties are quite important for 

focusing light onto the retina for visual processing (Eghrari et al., 2015; Maurice, 1957). 

3.3. Corneal stroma – Essential contribution to optical clarity/transparency 

The corneal stroma, which constitutes approximately 90% of the cornea's thickness, is primarily 

composed of collagen fibrils and extracellular matrix. It consists of multiple lamellae, each 

containing parallel collagen fibrils, while adjacent lamellae have collagen fibrils arranged in 

orthogonal orientations. This crisscross arrangement of collagen fibrils scatters light in all 

directions, minimizing forward scatter and enhancing transparency. The spacing between collagen 

fibrils and lamellae is uniform, further contributing to light scattering in all directions and reducing 

reflection and absorption. With a small diameter of around 25-35 nm, the collagen fibrils allow 

light to pass through the spaces between them with minimal scattering, absorption, or reflection. 

The organized and highly regulated structure of the corneal stroma ensures transparency by 

maintaining the orthogonal arrangement, uniform spacing, and small diameter of collagen fibrils. 

Disruptions to this organization, such as corneal edema, scarring, or dystrophy, can impair 

transparency by affecting the uniform spacing and orthogonal arrangement of collagen. Overall, 

the orthogonal arrangement and uniform spacing of collagen fibrils in the corneal stroma play a 

crucial role in promoting transparency by reducing forward light scatter, maintaining a uniform 

refractive index, allowing minimal interaction with small-diameter fibrils, and providing a 

consistent optical pathway through the organized stromal structure (Espana & Birk, 2020; Jester 

et al., 1999; Maurice, 1957). 

3.3.1. Functions of cornea 

The cornea is the transparent, dome-shaped tissue located at the front of the eye, covering the iris, 

pupil, and anterior chamber. Cornea plays a vital role in the overall function of the eye. Its 

functions range from protecting the eye from environmental threats to refraction and focusing 

light onto the retina, ultimately contributing to the clarity and quality of vision. Any abnormalities 

or changes to the cornea can lead to significant visual impairment, underscoring the critical role it 

plays in vision.  
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3.3.1.1. Protection: The cornea acts as a protective layer for the eye, preventing foreign 

particles and dust from entering the eye. It also provides a barrier against infection and 

injury, as it is rich in nerve endings and immune cells. The cornea contains several 

types of cells, including epithelial cells, which form a protective barrier against the 

external environment, and endothelial cells, which regulate fluid movement and 

prevent excess fluid accumulation within the cornea. Any damage to the cornea can 

cause a significant impact on vision, underscoring its critical protective function 

(Sridhar, 2018). 

3.3.1.2. Refraction: The cornea is responsible for about 75% of the eye's refractive power, 

which is the ability of the eye to bend and focus light. It acts as a convex lens, refracting 

light that enters the eye and focusing it on the retina, located at the back of the eye. 

The cornea is responsible for the majority of the eye's focusing power and contributes 

to the clarity and sharpness of vision. The refractive power of the cornea is determined 

by its curvature, thickness, and refractive index, which refers to the speed of light as it 

passes through the cornea (Espana & Birk, 2020; Meek & Boote, 2004). 

3.3.1.3. Vision: The cornea plays an essential role in the visual process. It not only refracts and 

focuses light onto the retina, but it also contributes to the quality and clarity of vision. 

The cornea has a unique structure that allows for high levels of light transmission, 

which is critical for optimal visual function. The cornea's transparency is due to its 

unique extracellular matrix, which is composed of collagen fibrils that are precisely 

arranged to allow for light transmission. Any abnormalities or changes to the cornea 

can significantly impact vision, leading to visual impairment and other vision problems 

(Espana & Birk, 2020; Meek & Boote, 2004; Torricelli et al., 2016; S. E. Wilson, 2020). 

 

3.3.2. Immune privilege of cornea 

The immune system is an essential part of the body's defense mechanism against foreign invaders, 

including pathogens and cancer cells. However, in certain organs and tissues, such as the brain and 

the eye, the immune system is tightly regulated to prevent excessive inflammation and tissue 

damage. Immune privilege is a term used to describe the state in which an organ or tissue can 

evade or suppress an immune response The cornea, is one such tissue that exhibits immune 

privilege, a phenomenon that enables it to maintain transparency and function despite its exposure 

to the external environment. 

The cornea is one of the most immune-privileged tissues in the body, as it is avascular, lacks 

lymphatics, and is separated from the surrounding tissues by a basement membrane. These features 
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limit the access of immune cells to the cornea, reducing the risk of inflammation and tissue damage. 

However, the absence of immune surveillance also makes the cornea vulnerable to infections and 

injuries, sometimes (Ambati et al., 2006; Subbannayya et al., 2020; Taylor, 2016). 

The immune privilege of the cornea is maintained by several mechanisms, including antigen 

sequestration, immune deviation, and immune privilege-associated molecules.  

1. Antigen sequestration refers to the process by which the cornea sequesters foreign 

antigens, preventing their recognition by the immune system. This is achieved through the 

expression of tight junction proteins, such as occludin and claudin-5, which prevent the 

movement of antigens across the corneal epithelium. In addition, the cornea expresses 

several immunosuppressive factors, such as alpha-melanocyte-stimulating hormone (α-

MSH) and transforming growth factor-beta (TGF-β), which inhibit the activation and 

proliferation of immune cells (Taylor, 2016). 

2. Immune deviation is another mechanism that contributes to the immune privilege of the 

cornea. This refers to the process by which the immune response to a particular antigen is 

redirected to a non-inflammatory pathway. In the case of the cornea, immune deviation is 

achieved through the induction of regulatory T cells (Tregs), which suppress the activation 

of effector T cells and prevent excessive inflammation. The cornea also expresses Fas 

ligand (FasL), which induces apoptosis of infiltrating T cells, further contributing to 

immune tolerance (Keino et al., 2018). 

3. Several molecules have been identified that are involved in the maintenance of immune 

privilege in the cornea. Few of them include  

• programmed death-ligand 1 (PD-L1), which binds to the PD-1 receptor on T cells and 

induces their apoptosis or suppression (Jeon et al., 2018; L.-L. Wang et al., 2017);  

• complement inhibitor CD46, which prevents the activation of the complement system 

(Hori, 2008) 

• galectin-9, which induces apoptosis of Th1 and Th17 cells (Shimmura-Tomita et al., 

2013).  

These molecules are expressed by the corneal epithelium and endothelium and contribute to the 

suppression of immune responses. 
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3.4. Limbus 

The limbus, meaning "border" in Latin, refers to the junction between the transparent cornea and 

opaque sclera in the eye This specialized structure is responsible for maintaining the homeostasis 

of the ocular surface and is involved in the regeneration of corneal epithelial cells. The limbus also 

contains stem cells that play a critical role in the maintenance and repair of the corneal epithelium 

(Thoft, 1989; Thoft et al., 1989; Van Buskirk & Michael, 1989). 

3.4.1. Discovery of limbus 

The discovery of the corneal limbus is not attributed to a specific individual, as its existence and 

characteristics have been observed and described by various researchers and anatomists over the 

course of history. Early descriptions of the limbus can be found in anatomical studies and 

observations by renowned scientists and anatomists throughout history, even in the 1600s. 

However, the limbus as a distinct anatomical structure was not specifically attributed to an 

individual discoverer. The limbus itself did not become a prominent focus of research and 

discovery until the 1980s, when its regenerative capacity and role in corneal stem cells were 

understood. This led to a surge of research interest in the limbus and its functions (Pellegrini et 

al., 1999; Schermer et al., 1986). 

3.4.2. Limbus: Anatomy, Cell Composition, and their functions  

The limbus, situated at the junction of the cornea and conjunctiva, plays a crucial role in 

maintaining corneal homeostasis and supporting regenerative processes. Comprised of specialized 

cell populations and unique anatomical structures, the limbus serves as a microenvironment for 

limbal stem cells (LSCs) and orchestrates the continuous renewal of the corneal epithelium and 

stroma (J. L. Funderburgh et al., 2016b; Li et al., 2007; Neil, 2020). 

3.4.2.1. Limbal Stem Cells (LSCs): 

• Located within structures such as limbal crypts or Palisades of Vogt, LSCs are responsible 

for the continuous regeneration of the corneal epithelium. 

• LSCs possess self-renewal and differentiation capabilities, enabling them to replenish and 

repair the corneal epithelium throughout an individual's lifetime. 

• These cells contribute to corneal homeostasis by maintaining a balance between cell 

proliferation and differentiation (O’Sullivan & Clynes, 2007). 

 

3.4.2.2. Palisades of Vogt: 

• The Palisades of Vogt are finger-like projections at the peripheral edge of the corneal 

epithelium. 
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• They were first reported in 1921 by a German ophthalmologist named Alfred Vogt. 

• Serving as a reservoir for LSCs, these structures provide a specialized niche that supports 

the self-renewal and regeneration of corneal epithelial cells. 

• The Palisades of Vogt are composed of basal, wing, and intermediate cells, each playing a 

distinct role in the maintenance and differentiation of LSCs (Goldberg & Bron, 1982). 

3.4.2.3. Melanocytes: 

• Melanocytes are present in the limbus and produce melanin, which provides 

photoprotection to LSCs and the corneal epithelium. 

• By shielding LSCs from UV radiation and oxidative stress, melanocytes help maintain the 

viability and functionality of these critical stem cells (Dziasko et al., 2015a; Gonzalez et al., 

2018a). 

3.4.2.4. Immune Cells: 

• The limbus harbors various immune cells, including Langerhans cells and dendritic cells. 

• These immune cells play a vital role in immune surveillance, detecting and responding to 

pathogens or foreign antigens that may threaten ocular surface health. 

• By modulating immune responses, these cells contribute to the maintenance of corneal 

homeostasis and protection against infections (Gonzalez et al., 2018b). 

3.4.2.5. Stromal Cells: 

• Supporting the structure of the limbus, stromal cells contribute to the organization and 

integrity of this microenvironment. 

• Additionally, stromal cells may play a role in regulating the behavior of LSCs and the 

overall balance of corneal epithelial cell proliferation and differentiation (Espana et al., 

2003). 

3.4.2.6. Vascular Cells: 

• Unlike the avascular cornea, the limbus is a vascularized region. Vascular cells within the 

limbus, such as blood vessels, provide essential nutrients and oxygen to the limbal cells, 

including LSCs, promoting their viability and function (Van Buskirk, 1989; Papas, 2003). 
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Figure 3.2: (A) Clinical image of the human eye showing the limbal rim surrounding the cornea, 

inset: magnified section of the limbal rim showing finger-like invaginations called palisades of 

Vogt. (B-C) Micro-photograph of the limbal epithelial stem cells and hLMSCs in a culture flask. 

(D) Illustration showing the anatomical and cellular arrangement in the corneolimbal junction. 

The hLMSCs are located in the stromal extracellular matrix beneath limbal basal membrane in the 

finger-like projections called Palisades of Vogt. The TACs (Transiently Amplifying Cells) and 

TDCs (Terminally Differentiated Cells) of corneal epithelia and stroma, derived and differentiated 

from the limbal progenitor cells move in centripetal direction towards the central cornea, replacing 

the dead or lost cells, for the maintenance of corneal layers. The illustration is shown for the 

representational purposes only, and does not proportionally specify or correlate to the actual 

dimensions of the corneal cells or layers. C-Ep: Corneal Epithelium; BL: Bowman’s Layer; CS: 

Corneal Stroma; DM: Descemet’s Membrane; C-En: Corneal Endothelium, LESC: Limbal 

Epithelial Stem Cell; LMSC: Limbus-derived Mesenchymal/Stromal stem cell. 
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3.4.3. Role of Limbus in homeostasis and maintenance of corneal (ocular) surface 

1. The corneal limbus is a transitional zone between the cornea and the sclera, which is 

responsible for the homeostasis and maintenance of the corneal (ocular) surface. The 

limbus contains a population of stem cells known as limbal stem cells (LSCs), which are 

responsible for the continuous renewal of the corneal epithelium and maintenance of the 

corneal surface (Schlötzer-Schrehardt et al., 2007; Secker & Daniels, 2008; Dziasko et al., 

2015b). 

2. LSCs play a crucial role in maintaining the corneal surface by providing a constant supply 

of new corneal epithelial cells. These cells migrate centripetally from the limbus to the 

corneal surface, where they differentiate and replace older cells that have been shed from 

the surface (Thoft & Friend, 1983; Thoft, 1989; Thoft et al., 1989). The proper function 

of LSCs is essential for the maintenance of a healthy corneal epithelium and the prevention 

of ocular surface diseases such as corneal ulcers and limbal stem cell deficiency (Sangwan 

et al., 2006; Kolli et al., 2019) 

3. The limbus also plays an important role in the immune privilege of the cornea, which is 

the unique ability of the cornea to avoid rejection by the body's immune system (Bray et 

al., 2014b). LSCs produce immunosuppressive factors that help to regulate the immune 

response in the cornea and maintain the immune privilege (Garfias et al., 2012a). For 

example, LSCs produce high levels of transforming growth factor-beta (TGF-β), which 

has been shown to have immunosuppressive effects and play a role in corneal wound 

healing (Joyce & Zieske, 1997). 

4. Dysfunction of the limbus can result in limbal stem cell deficiency (LSCD), a condition 

characterized by the loss or dysfunction of LSCs and subsequent corneal surface defects. 

LSCD can lead to corneal scarring, neovascularization, and vision loss. Treatments for 

LSCD include limbal stem cell transplantation, which involves transplanting healthy LSCs 

from the patient's own eye or a donor eye to the affected eye (Sangwan et al., 2006; 

Gonzalez et al., 2018c; Kate & Basu, 2022).  

 

3.4.4. Stem cells in Limbus: Types and their functions 

3.4.4.1. Limbal Epithelial Stem Cells 

Limbal epithelial stem cells (LESCs) were first discovered and identified in the early 1980s. These 

cells are responsible for renewing the corneal epithelium. They self-renew by asymmetric cell 

division, producing one stem cell and one transient amplifying cell. The transient amplifying cells 
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then migrate onto the corneal surface and differentiate into the various cell types that make up the 

corneal epithelium. Limbal stem cells play an important role in maintaining a healthy corneal 

surface and enabling corneal wound healing. Damage or loss of limbal stem cells can lead to limbal 

stem cell deficiency (LSCD), which impairs the cornea's ability to renew its epithelial cells. This 

can result in corneal opacity, neovascularization, and vision loss. Transplantation of limbal stem 

cells from a donor, has been shown to restore the stem cell population and regenerate the corneal 

epithelium in patients with limbal stem cell deficiency (Sharma & Coles, 1989; Secker & Daniels, 

2008; Gonzalez et al., 2018c).  

 

3.4.4.2. LESC – Side population cells and non-side population cells 

Limbal epithelial stem cells (LESCs) can be categorized into two main types based on their ability 

to efflux the dye Hoechst 33342. The first type is called side population (SP) cells, which are 

capable of dye efflux and appear on the "side" of the fluorescence histogram. SP cells constitute 

approximately 1-5% of limbal epithelial cells. These cells possess distinct stem cell properties such 

as slow cycling, high clonogenicity, and notable differentiation potential, making them considered 

as more primitive stem cells (Umemoto et al., 2006). The second type is known as non-side 

population (NSP) cells, which are unable to efflux the Hoechst dye and appear in the main 

population on the fluorescence histogram. NSP cells make up the majority (95-99%) of limbal 

epithelial cells. In contrast to SP cells, NSP cells exhibit lower stem cell characteristics. They 

demonstrate lower expression of stem cell markers, faster cell cycling, reduced clonogenic and 

sphere-forming ability, and diminished differentiation potential, indicating a more differentiated 

progenitor cell population (Chang et al., 2011). 

Both SP cells and NSP cells are capable of regenerating the corneal epithelium, although SP cells 

may be more effective due to their higher stemness. These cell populations represent distinct 

subsets within the LESC niche, with SP cells representing more primitive stem cells and NSP cells 

representing a progenitor cell population (Akinci et al., 2009). 

 

3.4.4.3. Limbal Progenitor Cells 

Limbal progenitor cells are a crucial population of epithelial stem cells and transient amplifying 

cells that reside in the basal layer of the limbus. Their primary role is to continuously renew and 

replenish the corneal epithelial cells. Limbal progenitor cells encompass both slow-cycling limbal 

epithelial stem cells and their fast-dividing progenitor daughters, collectively known as limbal 
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progenitor cells. The responsibility of limbal progenitor cells lies in the process of self-renewal and 

differentiation to sustain the corneal epithelium. Through asymmetric cell division, limbal 

epithelial stem cells give rise to two distinct cell types: one stem cell and one transient amplifying 

cell. Subsequently, the transient amplifying cells migrate onto the surface of the cornea and 

undergo differentiation, ultimately becoming corneal epithelial cells. While limbal progenitor cells 

express certain stem cell markers such as p63, ABCG2, and integrins, their expression levels are 

lower compared to LESCs. Damage or impairment to the limbal progenitor cells also leads to 

LSCD (S.-Y. Chen et al., 2011; Nieto-Miguel et al., 2011). 

 

3.4.4.4. LSSCs – Discovery, location, function 

Limbal stromal stem cells, residing within the stromal layer of the limbus, play a pivotal role in 

maintaining the integrity and replenishing the corneal stroma. Reported in early 2000s (Choong et 

al., 2007; Dominici et al., 2006; Du et al., 2005; M. L. Funderburgh et al., 2005), the functional 

properties and potential of these cells is since then being explored by various teams across the 

globe. The limbal stroma encompasses a specialized microenvironment, known as the niche, that 

supports the presence and function of these stem cells. Functionally, limbal stromal stem cells 

exhibit the remarkable ability to self-renew and differentiate into keratocytes, the primary cellular 

constituents of the corneal stroma. Keratocytes actively maintain the extracellular matrix of the 

corneal stroma, which is fundamentally crucial for maintaining corneal transparency (Choong et 

al., 2007; Mann et al., 2011; West-Mays & Dwivedi, 2006).  

In response to corneal injury or wound healing, limbal stromal stem cells become activated, 

undergoing proliferation and differentiation into keratocytes. This regenerative process facilitates 

the restoration of the corneal stroma by replenishing the depleted population of keratocytes, 

ensuring its structural and functional integrity. Extensive research has revealed the distinctive stem 

cell properties of limbal stromal stem cells (Du et al., 2005; J. L. Funderburgh et al., 2016a; M. L. 

Funderburgh et al., 2005; Hertsenberg & Funderburgh, 2015), including their high clonogenic 

potential (Branch et al., 2012a; Du et al., 2005), and capacity for differentiation(Chang et al., 2011; 

Gonzalez et al., 2018d; Mann et al., 2011; Ghoubay et al., 2020). These cells express multiple 

specific markers/genes associated with stemness and proteins that contribute to the wound healing 

cascade (Kamil & Mohan, 2021a; Morgan et al., 2016; Weng et al., 2020; S. E. Wilson, 2020). 
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3.4.4.5. Interactions and Combined function/action of LESC-LSSC  in regeneration 

and homeostasis of the cornea  

Several studies have demonstrated that limbal epithelial stem cells and limbal stromal stem cells 

interact and support each other to enable corneal regeneration and wound healing. In the study by 

Kothwarapu et al. (2018), as well as independent studies by Dziasko et al., McKay et al., and other 

researchers, it was found that limbal stromal fibroblasts play a critical role in promoting the 

survival, proliferation, and differentiation of limbal epithelial stem cells during corneal wound 

healing through multiple factors and interactions with the extracellular matrix secreted (Dziasko 

et al., 2014; Kowtharapu et al., 2018; McKay et al., 2019). Similarly, in a study by Jabbehdari et al, 

it was reported that limbal stromal stem cells can differentiate into keratocytes that support the 

growth and differentiation of limbal epithelial stem cells. They showed that conditioned medium 

from limbal stromal stem cell-derived keratocytes promoted limbal epithelial stem cell proliferation 

and corneal epithelial differentiation(Jabbehdari et al., 2020). Higa et al also showed that limbal 

epithelial stem cells and limbal stromal fibroblasts communicate bidirectionally, with each cell type 

secreting factors (cadherins and aquaporins) that maintain the other (Higa et al., 2013). In their 

review, Di Girolamo et al (2015) discussed evidence that limbal epithelial stem cells and limbal 

stromal cells form an integrated functional unit that enables corneal regeneration, with factors 

secreted by both cell types regulating the behavior of the other to maintain corneal homeostasis 

(Di Girolamo, 2015).  

Taken together, these studies demonstrate that limbal epithelial stem cells and limbal stromal stem 

cells interact through secreted factors to support each other's function, enabling them to renew 

the cornea and promote wound healing. The coordinated response of these limbal cell types, along 

with immune cells, allows for effective corneal wound healing. 

 

3.5. The Big Ambiguity: CSSCs/Keratocytes/Keratinocytes/Limbal Peripheral 

cells/Limbal stromal stem cells 

There seems to be some confusion and ambiguity around the terminology for various corneal stem 

cells, in the literature published over the last decade and a half. There seems to be some overlap 

and lack of standardization in the terminology used to describe various corneal stem cell 

populations. Corneal stromal stem cells (CSSCs) may refer either specifically to quiescent 

keratocytes or more broadly to any stromal stem cells.  

Table 3.1 and Figure 3.3 elucidate this ambiguity in detail.  
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Term Description Reference 

Corneal stromal 

stem cells 

(CSSCs) 

Refers broadly to any stem cells residing in the corneal 

stroma. It may specifically denote quiescent keratocytes with 

stem cell properties or other stromal stem cell populations. 

(Pinnamaneni 

& 

Funderburgh, 

2012) 

Keratocytes 

The main cell type residing in the corneal stroma. 

Traditionally considered static cells, but now recognized that a 

subset can act as stem cells (CSSCs) and give rise to new 

keratocytes. 

(M. L. 

Funderburgh 

et al., 2005) 

Keratinocytes 

Epithelial cells producing keratin. Found in the skin, corneo-

limbal epithelium, and eyelids, but not in the corneal stroma. 

Different from Keratocytes of cornea 

(T. T. Sun & 

Green, 1977; 

Popova et al., 

2006) 

Peripheral 

Limbal (Stem) 

cells 

Broadly refers to cells in the limbal region, the junction 

between the cornea and sclera. This includes limbal epithelial 

stem cells and other supporting cells. 

(Branch et al., 

2012b) 

Limbal stromal 

stem cells 

Some studies propose the existence of a distinct population of 

stem cells in the limbal stroma, separate from CSSCs. And 

some argue that CSSCs and limbal stromal stem cells may 

refer to the same population. 

(Branch et al., 

2012b; 

Rodríguez & 

Vecino, 2016) 

Table 3.1: List of the types of cells, often mistaken to be limbal stem cells (stromal), and their 

description 
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Figure 3.3:  Illustration showing the cells types derived from the sources – corneal button and 

limbal tissues. 

It is crucial to establish a precise understanding of the aforementioned cell types. In this chapter, 

the term "Keratocytes" specifically denotes the native cells present in the corneal button or those 

cultured from it, excluding any cells originating from the limbus. "Limbus-derived stromal stem 

cells" or CSSCs, on the other hand, are derived from the corneolimbal rims (Figure 3.3), as 

observed in the majority of studies. Therefore, for the purpose of clarity and consistency, it is 

advisable to consider these cells under a unified terminology. Thus, to address this population of 

stem cells, the term hLMSCs (human limbus-derived stromal/mesenchymal stem cells) is used 

throughout the study. 

3.6. Corneal blindness and vision impairment: Etiology, incidence, and demographics 

Corneal blindness and vision impairment are significant global health concerns that have a 

profound impact on individuals and communities. The cornea, being the transparent front part of 

the eye, plays a crucial role in focusing light onto the retina, enabling clear vision. However, various 

factors can lead to corneal diseases and conditions, resulting in vision loss or impairment. 

Understanding the etiology, incidence, and demographics of corneal blindness and vision 

impairment is essential for developing effective prevention strategies, improving access to 

treatment, and addressing the specific needs of affected populations. 

3.6.1.1. Etiology: 

• Trauma: Corneal trauma, such as abrasions, lacerations, or foreign body injuries, is a 

common cause of corneal pathologies and vision impairment (Kanski & Bowling, 2016). 

• Infections: Bacterial, viral, fungal, or parasitic infections of the cornea can lead to a range 

of conditions, including corneal ulcers and scarring (Cabrera‐Aguas et al., 2022). 

• Inflammation: Inflammatory conditions such as uveitis or scleritis can affect the cornea 

and lead to vision loss (Duplechain et al., 2023). 

• Dystrophies: Corneal dystrophies are a group of inherited disorders that affect the cornea 

and can lead to vision impairment, such as Fuchs' endothelial dystrophy or lattice 

dystrophy (Matthaei et al., 2019). 

• Degeneration: Corneal degeneration can be caused by a range of factors, including aging, 

exposure to UV light, and systemic diseases such as diabetes (Golubović, 1994; Kamil & 

Mohan, 2021b). 
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3.6.1.2. Incidence and demographics: 

The incidence and demographics of corneal pathologies and vision impairment can vary depending 

on the underlying cause. According to a study published by Mathews et al. (2018), globally, 4.9 

million people suffer from corneal blindness, with the majority residing in low and middle-income 

countries (Mathews et al., 2018b). Cataracts were identified as the leading cause of blindness 

worldwide, followed by glaucoma, age-related macular degeneration, and diabetic retinopathy 

(Bourne et al., 2017). Additionally, a report by the World Health Organization (WHO) in 2019 

stated that approximately 2.2 billion individuals worldwide have a vision impairment or blindness, 

with nearly 1 billion cases being preventable or treatable. Age was found to be a contributing 

factor, with older age groups having a higher incidence of vision impairment and blindness 

compared to younger age groups (Mathews et al., 2018b; Vision Impairment and Blindness, n.d.). 

In India, corneal blindness is a significant concern. Vashist et al. (2022) reported that corneal causes 

accounted for ~10% of blindness in India, with the highest incidence observed in individuals aged 

21-50 years (Vashist et al., 2022).  

The incidence of corneal abrasion is higher among individuals of working age, with automotive 

workers between the ages of 20 and 29 years having the highest incidence of eye injuries. 

Furthermore, ocular chemical burns are considered emergencies and account for 11.5%–22.1% of 

all ocular injuries (Wong et al., 1998; Willmann et al., 2023). 

When it comes to corneal damage, minor abrasions are typically healed by the resilient cornea 

itself. However, major corneal damage can lead to the formation of corneal scars. These scars can 

be caused by various factors, including the improper use of contact lenses, deep scratches, 

lacerations, burns, and certain diseases such as shingles and syphilis. 

3.6.2. Corneal scarring: the underlying causes and mechanisms and factors 

Corneal scarring is a common cause of visual impairment and is often a result of injury, infection, 

or inflammation. The scarring process involves the accumulation of extracellular matrix proteins, 

such as collagen, fibronectin, and laminin, in the corneal stroma, leading to the formation of 

fibrous tissue (Maurice, 1957). Several pathways and mechanisms have been implicated in corneal 

scarring, including oxidative stress, paracrine signaling, and inflammation (Fuest et al., 2023; S. 

Wilson, 2012). Reactive oxygen species and oxidative stress can lead to corneal endothelial cell 

death, reduce corneal thickness, and increase matrix metalloproteinase activity, which degrades 

tissue inhibitor of metalloproteinase-1 and promotes extracellular matrix remodeling (Nita & 

Grzybowski, 2016) 
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Figure 3.4: (A) Illustration (adapted) depicting the cascade of events after an injury to the ocular 

surface, that lead to formation of scarring (Chaurasia et al., 2015), (B) Collage of the clinical 

photographs showing the cloudy haze/scar in cornea. 

 

Paracrine signaling pathways play a role in corneal scarring, whereby cytokines and growth factors 

produced by cells in the cornea and the immune system can trigger the activation of fibroblasts 

and myofibroblasts, leading to fibrogenesis and matrix deposition.  Inflammation is also a critical 

component of corneal scarring, with pro-inflammatory cytokines such as IL-1β, TNF-α, and TGF-

β playing a major role in the process by promoting cell activation, migration, and differentiation 

(S. Wilson, 2012; S. E. Wilson, 2020). When the cornea experiences significant abrasion, it can 

disrupt the basement and Bowman's membranes, leading to interactions between the epithelial and 

stromal layers of the cornea. This interaction triggers a complex wound-healing process (Chaurasia 

et al., 2015). Transforming growth factor-beta (TGF-β), in its active form, binds to the TGF-β 

type I/II receptor (TBRI/II) on the keratocyte plasma membrane, initiating a downstream SMAD-

dependent signaling cascade. This cascade increases the expression of fibrotic genes, including 

matrix metalloproteinases (MMPs) and connective tissue growth factor (CTGF) (Joyce & Zieske, 

1997). 
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3.6.3. Corneal scars, burns and trauma – management and treatment options 

Corneal scars, burns, and trauma can have a profound impact on visual function, leading to 

significant visual impairment and decreased quality of life for affected individuals.  

3.6.3.1. Diagnosis of corneal scarring:  

The diagnosis of corneal scarring requires a meticulous evaluation, combining various ophthalmic 

examinations and corneal imaging techniques. Visual acuity assessment helps quantify the extent 

of visual impairment, while slit-lamp biomicroscopy allows for detailed examination of the cornea, 

revealing the presence, location, and characteristics of scars. Corneal imaging techniques, such as 

anterior segment optical coherence tomography (AS-OCT), provide high-resolution cross-

sectional images of the cornea, aiding in the precise visualization and characterization of scars 

(McCally et al., 2007; K. C. Lee et al., 2019; Han et al., 2022). 

3.6.3.2. Management and Treatment modalities 

The management of corneal scarring involves a multidimensional approach that considers the 

severity and location of the scar, as well as the individual patient's specific circumstances. Surgical 

interventions play a pivotal role in addressing corneal scars that significantly affect vision. Deep 

anterior lamellar keratoplasty (DALK) and posterior lamellar keratoplasty (PLK) are two 

prominent surgical techniques used to treat deep stromal corneal abscesses and anterior stromal 

disorders causing scarring. These procedures involve the selective replacement of the affected 

corneal layers while preserving the healthy ones, thereby promoting better visual outcomes. On 

the other hand, penetrating keratoplasty (PK) involves the replacement of the entire cornea and 

may be considered for more extensive or centrally located scars. However, PK carries a higher risk 

of complications and graft rejection compared to DALK and PLK, leading to inferior long-term 

survival rates (Ljubimov & Saghizadeh, 2015a; Barrientez et al., 2019; Dang et al., 2022) 

Topical management strategies also play a significant role in the treatment of corneal scarring. 

Medications such as anti-inflammatory agents, lubricants, and autologous serum eye drops have 

been employed to alleviate symptoms, reduce inflammation, and promote corneal healing. These 

approaches aim to improve visual acuity, reduce discomfort, and enhance the overall health of the 

cornea. Additionally, amniotic membrane transplantation combined with laser ablation has shown 

promise in corneal scar revision (Buzzonetti et al., 2012). This procedure involves the application 

of an amniotic membrane graft over the scarred cornea, facilitating tissue regeneration and 

reducing inflammation and scarring. Anterior segment optical coherence tomography (AS-OCT) 

is a valuable tool for evaluating the effectiveness of scar-based amniotic membrane transplantation 

in the treatment of corneal epithelial defects and scars. It allows for precise monitoring of the 
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healing process, graft integration, and the restoration of corneal architecture (Barrientez et al., 

2019; Dang et al., 2022). 

Advancements in surgical techniques and topical therapies continue to shape the management of 

corneal scarring. Ongoing research aims to refine existing procedures and explore novel treatment 

modalities to improve outcomes further. It is crucial to consider the individual characteristics of 

each patient's corneal scar, tailoring the treatment approach accordingly to achieve optimal visual 

rehabilitation and maximize the restoration of corneal integrity. 

In summary, treatment options for corneal scars depend on factors such as the type, location, and 

severity of the scar. Current methods that are either in practice or being explored are listed down 

in Table 3.2. 

Surgical Treatments 

Corneal Collagen 

Cross-Linking 

Uses riboflavin eye drops and UV light to strengthen 

collagen fibers in the cornea and stabilize corneal 

scars, commonly used for keratoconus 

(El-Raggal, 2009) 

Surface Ablation 

Procedures like phototherapeutic keratectomy (PTK) 

and laser epithelial keratomileusis (LASEK) remove 

outer corneal layers to smooth out superficial scars 

(Deshmukh et al., 

2020) 

Intracorneal Ring 

Segments 

Thin synthetic rings implanted into the cornea to 

reshape it and reduce the effects of scarring, 

particularly for keratoconus scars 

(Zadnik et al., 

2019) 

Corneal Transplant 

In severe cases where scarring significantly affects 

vision, a corneal transplant replaces the damaged 

cornea with donor tissue 

(Ljubimov & 

Saghizadeh, 

2015b; Kumar et 

al., 2021) 

Amniotic 

Membrane Grafts 

Grafts made from the amniotic membrane 

surrounding the fetus placed over the cornea to 

reduce inflammation, promote healing, and stabilize 

scars 

(Mohammadi et 

al., 2017) 

Molecular Methods 

Exosomes 

Derived from stem cells, exosomes deliver 

antifibrotic proteins and microRNAs to modulate the 

signalling cascade involved in corneal scarring 

(Ong et al., 2023) 

Targeted Gene 

Silencing and 

MicroRNA 

Therapies 

Manipulation of gene expression and microRNA 

activity to prevent corneal fibrosis and promote 

scarless regeneration 

(Ghosh et al., 

2022) 
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Bioactive 

Molecules, 

Biomolecules, and 

Nanomedicine 

Development of therapies using bioactive molecules, 

biomolecules, and nanomedicine to prevent scarring 

and promote corneal regeneration 

(Mahdavi et al., 

2020) 

Tissue Engineering 

Utilizing scaffolds made from biocompatible 

materials to create an environment supporting the 

growth and differentiation of corneal cells 

(B. Kong & Mi, 

2016; C. Zhang 

et al., 2020; X. 

Zhang et al., 

2012) 

Stem Cell Therapy 

Use of stem cells from various sources to replenish 

damaged corneal epithelial cells, promote 

regeneration, and improve visual acuity and ocular 

health 

(Basu et al., 

2019a) 

Table 3.2. Surgical methods available to treat corneal pathologies – scars, trauma, burns etc., 

All these innovative approaches hold promise for the prevention and treatment of corneal scarring 

by promoting scarless healing, regenerating corneal tissue, and improving visual outcome. 

Cell therapy offers promising prospects for the treatment of corneal scars and burns, with limbal 

stem cell therapy showing particular potential owing to the unique characteristics of limbal stromal 

stem cells. Numerous studies have demonstrated the efficacy of limbal stem cell transplantation, 

in restoring and regenerating the corneal epithelium and stroma. This therapeutic approach has 

shown the potential to enhance vision and alleviate symptoms associated with corneal scars, 

opacities. This effectiveness of limbal stem cell therapy can be attributed to the unique properties 

of limbal stromal stem cells, including their capacity for self-renewal, ability to differentiate into 

corneal cells, and capability to modulate the immune response. Exploring this avenue holds also 

promise for overcoming the challenges associated with donor scarcity and thus expanding the 

reach of limbal stem cell therapy. 

 

3.7. The Promising Potential of hLMSCs in Corneal Regeneration 

The hLMSCs hold significant promise for corneal wound healing and regeneration. Their 

differentiation potential enables them to differentiate into keratocytes, which are responsible for 

producing the corneal stromal matrix, thereby facilitating the replenishment of damaged corneal 

stroma after injury (S.-Y. Chen et al., 2011). Through their paracrine effects, hLMSCs secrete 

factors that promote corneal epithelial cell proliferation, wound healing, and anti-fibrosis, 

supporting corneal regeneration and restoration of transparency (J. L. Funderburgh et al., 2016b; 
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S. E. Wilson, 2020). Moreover, hLMSCs exhibit immunomodulatory properties by secreting 

cytokines and growth factors that suppress immune cell activation and inflammation, thereby 

regulating the microenvironment for optimal wound healing (Matthyssen, Van Den Bogerd, et al., 

2018). As stem cells, hLMSCs can self-renew, ensuring a sustainable source of keratocytes to 

support long-term corneal regeneration. Additionally, their location in the limbal niche plays a 

crucial role in maintaining their stemness properties and allows them to modulate the limbal 

microenvironment (X.-N. Liu et al., 2021; Zhu et al., 2022a). To enhance their engraftment and 

functionality in the cornea, hLMSCs can be delivered using biomaterials such as scaffolds, 

hydrogels, and carriers (Di Girolamo, 2015). In conclusion, the combination of hLMSCs' 

differentiation potential, paracrine effects, immunomodulation, self-renewal, and strategic delivery 

techniques positions them as a promising cell source for corneal wound healing and regeneration 

therapies 

3.7.1. Exploring the Promise of hLMSCs for Corneal Regeneration: From discovery to 

Therapeutic Applications 

In the last 10-15 years, research on human limbal mesenchymal stem cells (hLMSCs) has yielded 

significant insights into their properties and therapeutic potential for corneal regeneration. Here is 

a summary of the key findings and developments during this period: 

3.7.1.1. Discovery and Characterization: 

• hLMSCs were first identified in the early 2000s based on their location in the limbal 

niche and expression of stem cell markers. 

• They possess multilineage differentiation potential, resembling mesenchymal stem 

cells, and can differentiate into keratocytes, osteocytes, adipocytes, and chondrocytes 

(J. L. Funderburgh et al., 2016b). 

 

3.7.1.2. Differentiation Potential: 

• In vitro and in vivo studies have demonstrated that hLMSCs can differentiate into 

functional keratocytes, which contribute to the production of the stromal matrix and 

corneal transparency (Basu et al., 2014a; Branch et al., 2012b; Gonzalez et al., 2018d). 

• They may also transdifferentiate into corneal epithelial cells, supporting corneal 

epithelial homeostasis and regeneration (Basu et al., 2014a). 
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3.7.1.3. Therapeutic Potential: 

• hLMSCs have shown promise in corneal regeneration and repair applications. 

• They can replenish corneal stromal cells by differentiating into keratocytes, aiding in 

the reconstruction of the corneal stromal matrix (Katikireddy et al., 2014; Kowtharapu 

et al., 2018; Mann et al., 2011; Zhu et al., 2022b). 

• hLMSCs secrete factors that support corneal epithelial stem cells, inhibit fibrosis, and 

promote wound healing (Espana et al., 2003; Kowtharapu et al., 2018; Nili et al., 2019). 

• These cells have immunomodulatory effects, suppressing immune cell activation and 

proliferation, which can be beneficial for corneal transplantation and immune-related 

ocular diseases (Bray et al., 2014b; Garfias et al., 2012b). 

• Studies have demonstrated the wound healing potential of hLMSCs in animal models, 

where they have regenerated the corneal stroma and restored corneal transparency. 

 

3.7.1.4. Advancements: 

• Immortalized hLMSC lines have been generated, maintaining their differentiation 

potential and anti-inflammatory properties. This offers advantages for research 

purposes and potential therapeutic applications (Dos Santos et al., 2022). 

• Culture conditions for expanding hLMSCs have been optimized, with xeno-free 

culture media supporting their expansion while preserving their stem cell properties. 

Encapsulating hLMSCs in hyaluronic acid hydrogel helps protect the cells and provide 

a suitable environment for their survival and function. This delivery system has shown 

promising results in promoting corneal wound healing and may be a potential vehicle 

for delivering hLMSCs in future therapeutic applications (Mörö et al., 2022). 

• Specific microRNAs, such as miR-29a, have been identified in hLMSCs, which have 

anti-fibrotic effects and can be used for cell selection in corneal scarring therapy (Yam 

et al., 2023a). 

Taken together, the above-mentioned studies have shown that hLMSCs can help corneal wounds 

heal by regenerating the corneal stroma and making the cornea clear again. Their ability to 

differentiate into keratocytes, modulate the limbal microenvironment, and secrete factors with 

anti-fibrotic and immunomodulatory effects make them promising candidates for future 

therapeutic interventions aimed at restoring corneal homeostasis and transparency. Further 

research and clinical trials are needed to fully understand the potential of hLMSCs and their 

delivery methods in treating corneal injuries and diseases. 
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Table 3.3 lists the additional evidences of major studies and reports for each characteristic 

property of the hLMSCs: 

Clinical trials and 

efficacy studies 

Successful use of a tissue-engineered 

allogeneic implant in severe keratitis 

patients 

(Basu et al., 2019b; 

González-Gallardo et al., 

2023; Jhanji et al., 2022) 

Evidence of 

multipotency 

hLMSCs possess self-renewal and 

multilineage differentiation potential. 

(Branch et al., 2012a; Du et 

al., 2005; Pinnamaneni & 

Funderburgh, 2012) 

Evidence of 

differentiation in 

keratocytes 

hLMSCs can differentiate into keratocytes 

that produce stromal matrix. 

(Hertsenberg & 

Funderburgh, 2015; Mann 

et al., 2011) 

Evidence of 

epithelial support 

Conditioned medium from hLMSCs 

promotes limbal epithelial stem cell 

proliferation and differentiation. 

(Espana et al., 2003; 

Hashmani et al., 2013; 

Kowtharapu et al., 2018) 

Evidence of corneal 

transparency 

restoration 

Transplantation of hLMSCs helps restore 

corneal transparency in animal models. 

(Basu et al., 2014b; Popova 

et al., 2006) 

Evidence of 

scarless corneal 

wound healing 

hLMSCs aid in corneal wound healing 

with minimal scarring. 

(Di Girolamo, 2015; Weng 

et al., 2020) 

Proof that they are 

anti-fibrotic 

hLMSCs and their derivatives secrete 

factors that inhibit fibrosis and promote 

corneal transparency. 

(Hertsenberg et al., 2017b; 

Matthyssen, Van den 

Bogerd, et al., 2018; Yam 

et al., 2023b) 

Evidence of 

immunomodulatory 

properties 

hLMSCs have an immunoregulatory 

nature that can control inflammation. 

(Jhanji et al., 2021) 

 

Table 3.3: Studies demonstrating the characteristic properties of hLMSCs and their therapeutic 

potential 
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3.8. hLMSCs for Clinical Use 

To grasp the rationale behind rigorous quality studies conducted on hLMSCs, it is essential to 

explore the regulatory framework and its significance. This section examines the rules, guidelines, 

and the need to adhere to them in research of humans with focus on the field of stem cell research, 

highlighting their crucial role in ensuring safety, efficacy, and ethical conduct.  

3.8.1. From National to Global: Navigating Regulatory Frameworks, Bodies and 

Agencies 

Internationally, there are several regulatory bodies that oversee and enforce regulations related to 

clinical research and drug development. Here are some prominent regulatory bodies at the 

international and country-specific levels: 

3.8.1.1. International Conference on Harmonisation of Technical Requirements for 

Registration of Pharmaceuticals for Human Use (ICH): ICH is a global 

organization that brings together regulatory authorities and the pharmaceutical 

industry to develop and promote harmonized guidelines for drug development, 

including guidelines for clinical trials. 

3.8.1.2. European Medicines Agency (EMA): EMA is responsible for the evaluation and 

supervision of medicinal products in the European Union (EU). It provides regulatory 

guidance and oversees the authorization and post-authorization of drugs, including 

clinical trial oversight. 

3.8.1.3. Food and Drug Administration (FDA): FDA is the regulatory body responsible for 

ensuring the safety and efficacy of drugs and medical devices in the United States. It 

sets guidelines and regulations for clinical trials conducted in the U.S and majorly 

affects the guidelines framed by various countries across the world.  

Some notable country-specific regulatory bodies include the Pharmaceuticals and Medical Devices 

Agency (PMDA) in Japan, the Therapeutic Goods Administration (TGA) in Australia, the Health Products 

Regulatory Authority (HPRA) in Ireland, and Health Canada in Canada. These regulatory bodies play 

a crucial role in setting guidelines, evaluating drug safety and efficacy, and ensuring compliance 

with regulatory standards in their respective countries. 

In India, the rules and guidelines governing research on human subjects are primarily governed by 

the following regulatory bodies: 

3.8.1.4. Indian Council of Medical Research (ICMR): ICMR is the apex body in India for 

the formulation, coordination, and promotion of biomedical research. It plays a crucial 

role in formulating guidelines, policies, and ethical standards for clinical research. 
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ICMR provides support for research activities, promotes ethical conduct, and oversees 

the functioning of research institutions and ethics committees (Guidelines | Indian 

Council of Medical Research | Government of India, n.d.). 

3.8.1.5. Central Drugs Standard Control Organization (CDSCO): CDSCO is the national 

regulatory authority for pharmaceuticals and medical devices in India. It operates under 

the Directorate General of Health Services, Ministry of Health and Family Welfare. 

CDSCO is responsible for the approval, regulation, and quality control of drugs and 

medical devices in India. It ensures compliance with regulatory requirements, monitors 

clinical trials, and grants permissions for conducting research (Acts & Rules, n.d.). 

3.8.1.6. Drugs Controller General of India (DCGI): DCGI is the head of CDSCO and 

holds the highest regulatory authority for drug approvals and clinical research in India. 

DCGI is responsible for the overall control and regulation of pharmaceuticals and 

clinical trials. It grants permissions for clinical trials, assesses study protocols, monitors 

trial conduct, and ensures compliance with ethical and regulatory guidelines (Who’s 

Who, n.d.). 

ICMR, CDSCO, and DCGI are interconnected entities and work in collaboration to regulate and 

control clinical research in India. While ICMR focuses on the formulation of research policies and 

ethical guidelines, CDSCO and DCGI are responsible for the regulatory oversight, approval, and 

monitoring of clinical trials to ensure participant safety and compliance with applicable regulations 

and standards. 

In addition to national regulatory governing bodies, states also establish their own regulatory 

bodies to oversee and enforce drug-related laws and standards. Telangana, for instance, has the 

Drug Control Administration (DCA), which plays a pivotal role in ensuring the safety, quality, and 

efficacy of drugs within the state. It is responsible for the enforcement of drug-related laws, 

regulations, and standards. The DCA conducts inspections, grants licenses, and monitors the 

manufacturing, distribution, and sale of pharmaceutical products. Additionally, it takes measures 

to prevent the circulation of counterfeit drugs, promotes public awareness on drug safety, and 

addresses complaints related to drug quality and availability (DRUGS CONTROL 

ADMINISTRATION, n.d.). 

At the institutional level, clinical research, with stem cells in focus, is typically regulated and 

overseen by various entities, including: 

3.8.1.7. Institutional Review Boards (IRBs) or Research Ethics Committees (RECs): 

These are local committees responsible for reviewing and approving research 
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protocols to ensure the protection of human subjects. IRBs/RECs assess the scientific 

validity, ethical soundness, and participant safety of research studies conducted within 

an institution. 

3.8.1.8. Institutional Policies and Procedures: Institutions develop their own internal 

policies and procedures to govern research activities. These policies ensure that 

researchers and staff are aware of their responsibilities, guidelines, and procedures 

related to conducting ethical and compliant research. 

3.8.1.9. The Institutional Committee for Stem Cell Research (IC-SCR): The IC-SCR 

serves a crucial role in overseeing and regulating stem cell research within institutions. 

Its primary purpose is to ensure ethical and scientific integrity in all aspects of stem 

cell research conducted within the institution. The IC-SCR reviews research proposals, 

monitors ongoing studies, and ensures compliance with national and international 

guidelines and regulations. IC-SCR promotes responsible and transparent stem cell 

research while safeguarding the rights and welfare of participants. 

 

3.8.2. Major Regulatory rules and Guidelines in India. 

In India, regulatory compliance and guidelines for various sectors, including clinical research, are 

enforced under several major rules and acts. 

3.8.2.1. Drugs and Cosmetics Act, 1940: This act regulates the import, manufacture, 

distribution, and sale of drugs and cosmetics in India. It establishes guidelines for the 

quality, safety, and efficacy of drugs and cosmetics, including regulations for clinical 

trials (2016DrugsandCosmeticsAct1940Rules1945.Pdf, n.d.-a). 

3.8.2.2. Schedule Y: Schedule Y is a part of the Drugs and Cosmetics Rules, 1945. It provides 

detailed guidelines and requirements for conducting clinical trials in India. It covers 

aspects such as study design, informed consent, ethical considerations, reporting 

requirements, and safety monitoring (Schedule Y(Ammended Version) - CDSCO, n.d.-b). 

3.8.2.3. New Drugs and Clinical Trials Rules, 2019: These rules replaced the earlier rules 

of 1945 and brought significant changes to the regulation of clinical trials in India. 

They outline the regulatory requirements for conducting clinical trials, including the 

approval process, responsibilities of stakeholders, compensation, and post-trial 

obligations  (NewDrugs_CTRules_2019.Pdf, n.d.-a). 

3.8.2.4. Indian Council of Medical Research (ICMR) Ethical Guidelines: ICMR has 

formulated ethical guidelines for biomedical research involving human participants. 

These guidelines provide comprehensive ethical considerations and standards for 
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conducting research, including clinical trials (ICMR_National_Ethical_Guidelines.Pdf, 

n.d.) 

3.8.2.5. Good Clinical Practice (GCP) Guidelines: GCP guidelines provide internationally 

accepted ethical and scientific standards for designing, conducting, recording, and 

reporting clinical trials. In India, adherence to GCP guidelines is mandatory for 

conducting clinical trials (Good-Clinical-Practice-Guideline.Pdf, n.d.) 

 

Additionally, irrespective of the country-specific regulations for carrying out research related to 

human subjects/samples, this one set of rules, are followed by every researcher working in this 

area. 

3.8.2.6. Declaration of Helsinki: The Declaration of Helsinki, developed by the World 

Medical Association, is a set of ethical principles for medical research involving human 

subjects. It provides guidance on issues such as informed consent, risk-benefit 

assessment, and participant rights (WMA Declaration of Helsinki – Ethical Principles for 

Medical Research Involving Human Subjects – WMA – The World Medical Association, n.d.). 

All these regulations and guidelines play a crucial role in ensuring regulatory compliance, ethical 

conduct, participant safety, and the overall quality of clinical research in India. It is important for 

investigators, sponsors, and other stakeholders to familiarize themselves with these regulations 

and adhere to them during the planning and conduct of clinical trials and research. 

 

3.8.3. Ethical Considerations in Research with Human Subjects 

Regulatory frameworks play a critical role in ensuring the appropriate oversight and governance 

of clinical trials and research involving human subjects and are imperative due to a multitude of 

reasons, which include: 

3.8.3.1. Protection of Human Rights: The Nuremberg Code, established after World War 

II, laid the foundation for ethical considerations in human research, emphasizing the 

importance of voluntary consent and the prohibition of experiments where death or 

disabling injury is expected. The Declaration of Helsinki further expanded these 

principles, emphasizing the need for protocols to be reviewed by an independent 

committee. These principles are designed to protect the rights, dignity, autonomy, and 

welfare of research participants. This includes ensuring informed consent, maintaining 
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confidentiality (Commissioner, 2020), respecting the autonomy of the subjects, etc., 

(Group, 1996; W & Al-Sayed, 2018). 

3.8.3.2. Scientific Validity: The validity of a study is the degree to which it accurately answers 

the question it was intended to answer. Without scientific validity, the results of a study 

could be misleading or incorrect. Regulations ensure that the study design, data 

collection, and analysis are appropriate and rigorous, and that the results are reliable 

and can be generalized to a larger population (Hulley, 2013; W & Al-Sayed, 2018). 

3.8.3.3. Risk-Benefit Assessment: Before a clinical trial can begin, the potential benefits must 

be weighed against the potential risks. This includes considering the severity and 

likelihood of potential harms, the potential for benefit, and the availability of 

alternative treatments. The goal is to ensure that the potential benefits justify the risks, 

and that unnecessary harm is not inflicted on participants (W & Al-Sayed, 2018). 

3.8.3.4. Avoidance of Exploitation: Vulnerable populations, such as children, pregnant 

women, prisoners, and economically disadvantaged individuals (Dal‐Ré et al., 2016), 

may be at greater risk of exploitation in research. Regulations help to ensure that these 

populations are not unduly burdened by research, that their participation is truly 

voluntary, and that they are not exposed to unnecessary risks (Institute of Medicine 

(US) Committee on Ethical Considerations for Revisions to DHHS Regulations for 

Protection of Prisoners Involved in Research, 2007). 

3.8.3.5. Transparency and Accountability: Transparency in research involves openly sharing 

information about the study design, methods, results, and funding. Accountability 

involves taking responsibility for the conduct and outcomes of the research. 

Regulations promote both transparency and accountability, helping to prevent 

misconduct and bias, and ensuring that the results of research can be trusted (Nosek 

et al., 2015). 

3.8.3.6. Ensuring Informed Consent: Informed consent is a process in which a participant 

is informed about all aspects of the trial, including its purpose, duration, required 

procedures, and key contacts. Risks and potential benefits, and the right to refuse to 

participate or to withdraw from the research at any time, without reprisal, are also 

explained. Regulations ensure that this process is carried out thoroughly and ethically 

and that subjects are fully informed about the research and that their participation is 

voluntary (Nishimura et al., 2013). 

3.8.3.7. Quality Control and Assurance: Quality control and assurance involve systematic 

activities implemented in a quality system to ensure that the requirements for a product 
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or service are fulfilled. In the context of clinical trials, this includes ensuring that the 

study is conducted and data are generated, documented, and reported in compliance 

with Good Clinical Practice (GCP) and the applicable regulatory requirements (Al 

Balooshi et al., 2003; Badrick, 2021). 

 

3.8.4. The Significance of Regulatory Compliance: Advantages for Investigators and 

Participants in Clinical Research 

Regulatory compliance plays a vital role in clinical research, ensuring the ethical conduct of 

studies and the protection of participants' rights and welfare. By establishing rules and guidelines, 

regulatory bodies aim to maintain the integrity, reliability, and safety of clinical trials. While the 

primary focus is on patient safety, regulatory compliance also offers significant advantages to 

both investigators and participants involved in clinical research. 

3.8.4.1. Benefits to Investigators: 

• Guidance and Standardization: Regulations provide a clear framework and guidelines for 

investigators to follow, ensuring that all research is conducted to the same high standards. This 

helps to maintain the integrity and quality of the research (GUIDELINE FOR GOOD 

CLINICAL PRACTICE, n.d.; Saxena & Saxena, 2014). 

• Risk Management: Investigators can mitigate potential legal and ethical risks associated with 

conducting clinical trials by ensuring informed consent, protecting participant confidentiality, 

and conducting a thorough risk-benefit analysis (Sanmukhani & Tripathi, 2011) 

• Credibility and Trust: Compliance with regulations can enhance the credibility of the 

research and the trustworthiness of the investigators, which can facilitate recruitment of 

participants and collaboration with other researchers. (Hocevar et al., 2017; Kerasidou, 

2017). 

• Facilitating International Collaboration and Global Harmonization: Regulations help 

establish common standards and guidelines for clinical research across countries, facilitating 

international collaboration and harmonization of research practices. This allows for the 

exchange of knowledge, resources, and expertise, leading to more efficient and effective 

research outcomes. 

3.8.4.2. Benefits to Patients or Participants: 

• Protection of Rights and Welfare: Regulations protect the rights, safety, and well-being of 

research participants by ensuring informed consent, maintaining confidentiality, and respecting 

the autonomy of the subjects (Group, 1996; Koonrungsesomboon & Karbwang, 2016) 
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• Informed Decision-Making: The requirement for informed consent ensures that 

participants have all the information they need to make an informed decision about whether 

to participate in the research. This includes information about the purpose of the research, the 

procedures involved, the potential risks and benefits, and the participant's rights (U. C. Gupta, 

2013). 

• Risk Mitigation: Regulations require that the potential benefits of the research outweigh the 

risks to the participants. This is achieved through a thorough evaluation of the potential harms 

and benefits of the research, and a determination that the research is justified (Pignatti et al., 

2015). 

• Transparency: Regulations promote transparency in research, which allows participants to 

understand the research process and the results of the research. This includes requirements for 

registration of clinical trials, reporting of results, and disclosure of conflicts of interest (Joshi 

& Bhardwaj, 2018; Nosek et al., 2015). 

 

3.8.5. Balancing the Potential and the Ethics: The Need for Regulation in Stem Cell 

Research 

The field of stem cell research is characterized by its immense medical potential and the ethical 

considerations it raises. Stem cells possess the remarkable ability to differentiate into various cell 

types, offering promising prospects for groundbreaking advancements in medicine. However, 

given the ethical implications and potential risks associated with stem cell research and therapy, 

there is a strong emphasis on regulatory compliance. Stringent regulations have been established 

to ensure responsible and safe practices within the field. These regulations aim to create an 

environment that fosters accountability and upholds ethical standards in stem cell research. 

In the Indian context, the ICMR and the Department of Biotechnology (DBT) play crucial roles 

in providing guidelines and overseeing regulatory compliance in stem cell research and therapy. 

Through their efforts, regulatory bodies aim to balance the potential benefits of stem cell research 

with the need for ethical and safe practices, ensuring the field progresses in a responsible manner. 

Few factors which necessaire the regulations in this field are outlined hereunder:  

3.8.5.1. Ethical Considerations: Stem cell research, particularly when it involves human 

embryonic stem cells, raises significant ethical issues, right from their derivation or 

collection, to their end use and the fate of these cells after successful transplantation 

to the patients or subjects. Regulations are needed to ensure that the research is 
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conducted ethically, respecting the dignity and rights of donors, and that the benefits 

of the research outweigh the ethical concerns (Hyun, 2010; Lo & Parham, 2009) 

3.8.5.2. Safety and Efficacy: Stem cell therapies have the potential to treat a wide range of 

diseases, but they also carry risks, such as the potential for uncontrolled growth or 

differentiation, depending on the type and origin of cells. Regulations ensure that stem 

cell therapies are thoroughly tested for safety and efficacy before they are approved for 

use in patients (Menasché et al., 2015; Research, 2020).  

3.8.5.3. Quality Control: Regulations ensure that stem cells are collected, processed, stored, 

and used in a manner that maintains their quality and safety. This includes requirements 

for sterility, identity, purity, and potency. The purity of the stem cell populations 

without any contamination of other sorts, is necessary to avoid the risks of cell 

differentiation (Andrews et al., 2015; Menasché et al., 2015; StemBook, 2008) 

 

Regulating stem cell research contributes to achieving the above factors and also ensures the 

responsible and ethical practices in the field, with respect to the informed consent (King & Perrin, 

2014), the accountability for wrongful doings and supervision (Scott & Magnus, 2014) and the 

transparency of the entire study procedures and outcomes . 

 

3.8.6.  Pre-requisites for in-vivo and in-vitro analyses before translating stem cell 
research 

The New Drugs and Clinical Trials Rules (NDCT), 2019, have specific provisions for stem cell 

research and therapy. These rules classify stem cell-based products under the category of "new 

drugs", thus mandating regulatory oversight. 

According to the NDCT Rules, 2019, any stem cell-based product intended for clinical use must 

undergo rigorous pre-clinical and clinical testing to ensure its safety and efficacy. The pre-clinical 

tests include in vitro and in vivo studies, while the clinical trials are conducted in four phases: 

1. Phase I (Safety/Pharmacokinetic Study): Small-scale study to assess safety, dosage range, and 

side effects in healthy individuals. 

2. Phase II (Exploratory Study): Larger-scale study to evaluate effectiveness and safety of the 

drug. 

3. Phase III (Confirmatory Study): Extensive study to confirm effectiveness, compare to 

existing treatments, and gather safety information. 
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4. Phase IV (Post Marketing Surveillance Study): To gather additional data on risks, benefits, and 

optimal use of the drug. 

For stem cell-based therapies, the NDCT Rules, 2019, also mandate that the stem cells must be 

processed as minimally as possible, without altering their original biological characteristics. If the 

cells are extensively manipulated or combined with a biomaterial, the product is considered a 

"drug-biological-device combination" and is subject to additional regulations. 

It's important to note that these rules are in line with the guidelines issued by the Indian Council 

of Medical Research (ICMR) and the Department of Biotechnology (DBT) in 2017, which also 

emphasize the need for rigorous testing and ethical considerations in stem cell research and 

therapy. And no investigative drug/cell-based product can be used in clinical trials without prior approval (Lahiry 

et al., 2019; India’s New Drugs and Clinical Trials Rules, n.d.) 

In the context of cell-based therapeutics, pre-clinical tests are crucial to assess the safety, efficacy, 

and biological activity of the therapeutic cells. In the Indian context, these tests would be guided 

by the New Drugs and Clinical Trials Rules, 2019, and the ICMR-DBT National Guidelines for 

Stem Cell Research, 2017. However, depending on the case-to-case criteria, some tests may be 

exempted and/or additional tests may be insisted, at the discretion of the governing authority, here 

DCGI. The tests generally performed include: 

 

3.8.6.1. In vitro tests: 

• Cell characterization: This involves confirming the identity of the cells (e.g., through genetic 

markers), their purity (absence of unwanted cell types), and their potency (ability to perform 

their intended function). This is typically done using techniques like flow cytometry, 

immunocytochemistry, or gene expression analysis. 

• Sterility testing: This is done to ensure that the cell product is free from contamination by 

bacteria, fungi, or viruses. This is typically done using culture-based methods or molecular 

techniques like PCR. 

• Karyotyping or other genetic stability tests: These tests are done to ensure that the cells 

have not undergone any harmful genetic changes during culture. This can be done using 

traditional karyotyping, or more advanced techniques like comparative genomic hybridization 

or next-generation sequencing. 
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• Tumorigenicity tests: These are performed to ensure that the cells do not form tumors when 

cultured in vitro. This can be done using soft agar colony formation assays or other similar 

methods. 

 

3.8.6.2. In vivo tests: 

• Biodistribution studies: These studies are done to determine where the cells go in the body 

after administration. This is typically done in animal models, and involves labeling the cells 

with a tracer that can be detected using imaging techniques like Positron Emission 

Tomography (PET) or Magnetic Resonance Imaging (MRI) (Ding & Wu, 2012) 

• Tumorigenicity studies: These studies are done to ensure that the cells do not form tumors 

when administered to animals. This involves injecting the cells into animals and monitoring 

them for the formation of tumors over a certain period of time. 

• Toxicity studies: These studies are done to assess the safety of the cells when administered 

at different doses and monitoring for any adverse effects. 

• Efficacy studies: These studies are done to assess whether the cells have the desired 

therapeutic effect in an appropriate animal model of the disease. The specifics of this test 

would depend on the disease that the therapy is intended to treat. 
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3.8.7. Guidelines for pre-clinical (animal) studies 

In India, the pre-requisites for performing in vivo toxicity and efficacy studies in animal models are 

regulated by the Committee for Control and Supervision of Experiments on Animals 

(CCSEA), [previously, Committee for the Purpose of Control and Supervision of Experiments on Animals 

(CPCSEA)], under the Ministry of Fisheries, Animal Husbandry and Dairying. They include: 

1. Animals and Species: The choice of animal species depends on the specific study. 

Commonly used species include mice, rats, rabbits, and guinea pigs. The number of 

animals used should be the minimum necessary to achieve valid results and depends on 

the study design. 

2. GLP or GMP: Good Laboratory Practice (GLP) is required for these studies. GLP ensures 

the quality and integrity of the test data. Good Manufacturing Practice (GMP) may or may 

not be directly related to in vivo testing but is a system for ensuring that products are 

consistently produced and controlled according to quality standards. 

3. Ethical Approval: Any institution planning to conduct animal experiments must obtain 

prior approval from the Institutional Animal Ethics Committee (IAEC), which operates 

under the guidelines of the CPCSEA. 

4. Facility Accreditation: The test facility should be registered with the CPCSEA. 

Globally, there are several guidelines and regulations for animal testing which include the OECD 

Guidelines for the Testing of Chemicals, the International Council for Harmonisation of Technical 

Requirements for Pharmaceuticals for Human Use (ICH) Guidelines, the International 

Organization for Standardization (ISO) guidelines, and the Three Rs principle, which stands for 

Replacement, Reduction, and Refinement. All these guidelines ensure the ethical treatment of animals 

involved in scientific research, promote the responsible use of animals, and minimize their 

suffering.  

However, in the experimental design of the current study involving hLMSCs, these guidelines were 

followed, in major.  

1. OECD Guidelines for the Testing of Chemicals: The Organisation for Economic Co-

operation and Development (OECD) has developed international guidelines for testing of 

chemicals, which include several test methods using animals. These guidelines are used by 

government, industry and independent laboratories to assess the safety of chemical 

substances. 
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2. The ARVO (Association for Research in Vision and Ophthalmology) Statement for 

the Use of Animals in Ophthalmic and Vision Research: The key principles of the 

ARVO statement include: 

a. Justification of Research: Research must have significant benefits and scientifically valid design. 

b. Personnel: Qualified and trained personnel are responsible for animal care and use. 

c. Veterinary Care: Adequate veterinary care, regular consultation with attending veterinarian. 

d. Animal Well-being: Prioritizing animal well-being through proper housing, feeding, and pain 

management. 

e. Minimization of Animal Use: Minimizing the number of animals used through study design and 

sharing of tissues. 

f. Committee Review: Research involving animals must be approved by an animal care and use 

committee  

3.8.8.  CDSCO-NDCT Rules and ICMR Mandate for GMP standardization and Testing 

NDCT rules outline the requirements for GMP manufacturing protocols and GLP toxicity study 

protocols to ensure the quality, safety, and efficacy of drugs (NewDrugs_CTRules_2019.Pdf, n.d.-

a). 

The GMP are guidelines that provide a system of processes, procedures, and documentation to 

assure a product has the identity, strength, composition, quality, and purity that it is represented 

to possess. In the context of stem cell research and therapy, GMP guidelines ensure that stem cells 

are produced and handled in a way that meets the standards of quality, stability and safety (Aghayan 

et al., 2015; Jose et al., 2020; Sullivan et al., 2018). 

In India, the Central Drugs Standard Control Organization (CDSCO) is responsible for enforcing 

GMP guidelines. These guidelines mandate that all aspects of the manufacturing process, from the 

initial procurement of raw materials to the final packaging of the product, are conducted in a 

controlled environment that minimizes the risk of contamination or errors. This includes rigorous 

testing of the product at various stages of production, as well as thorough documentation of all 

procedures and results (George, 2011; Viswanathan et al., 2013). 

Internationally, GMP guidelines are enforced by various regulatory bodies, such as the FDA, in 

Title 21 of the Code of Federal Regulations (CFR - Code of Federal Regulations Title 21, n.d.-b; Sensebé 

et al., 2013) or the EMA (Gouveia et al., 2015b), for cell-based research. These guidelines are 

broadly similar to those in India, although there may be some differences in specific requirements.  
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3.8.9.  Role of GMP Guidelines in Research and Clinical Trials 

The GMP guidelines play a crucial role in both laboratory research, right from the development 

of the process to the end use (Does GMP Apply to Development? - ECA Academy, n.d.); and in human 

trials ensuring the quality and reliability of the investigational medicinal products (Medicines, n.d.). 

The guidelines have a significant impact, greatly benefitting various factors (Gouveia et al., 2015b) 

including: 

1. Quality Assurance: GMP guidelines ensure that products are consistently produced and 

controlled according to quality standards. This is crucial in research and development 

(R&D) as it ensures the reliability and reproducibility of experimental results. 

2. Risk Minimization: GMP is designed to minimize the risks involved in any 

pharmaceutical production that cannot be eliminated through testing the final product. 

This includes risks such as unexpected contamination of products, incorrect labels on 

containers, and variations in the active ingredient amount. In the context of research, this 

helps to prevent experimental errors and inaccuracies. 

3. Process Validation: GMP guidelines cover the development, validation, control and 

transfer of manufacturing processes and analytical procedures. This is particularly 

important in R&D, where new processes and procedures are often developed. GMP 

ensures these are validated, meaning they are checked for accuracy and consistency. 

4. Regulatory Compliance: Compliance with GMP guidelines is often a prerequisite for 

regulatory approval of clinical trials in humans. This ensures that the investigational 

medicinal products (IMPs) used in these trials are of high quality and have been produced 

in a controlled environment. 

5. Patient Safety: In human trials, GMP ensures that the medicines used are safe and 

effective. This is achieved by enforcing strict quality control and manufacturing standards, 

thereby protecting trial participants from potential harm. 

6. Documentation: GMP requires detailed written procedures for each process and systems 

– production, distribution, and quality control, to provide documented proof that correct 

procedures are consistently followed. This is crucial in research and human trials where 

accurate record-keeping is essential. 

7. Traceability: Traceability refers to the ability to track and document the movement of 

raw materials, intermediates, and finished products throughout the manufacturing process. 

By implementing GMP standards, pharmaceutical companies can establish robust 

documentation systems, including batch records and product labelling, which enable 

accurate traceability of each stage of production 
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8. Self-inspection: GMP guidelines emphasize the importance of self-inspection or internal 

audits. Self-inspection involves a systematic evaluation of a company's manufacturing 

operations to identify areas of non-compliance and potential risks. Self-inspection also 

enables companies to proactively address any issues, implement corrective actions, and 

continuously improve their manufacturing practices 

In additional to above, three other key aspects or specific requirements that can vary depending 

on the type of product being manufactured (Patel & Chotai, 2011), which are:  

9. Premises and Equipment: The manufacturing premises must be designed, constructed, 

disinfected and maintained to prevent contamination and errors. Equipment must be 

appropriately designed, cleaned, and maintained. 

10. Personnel: All personnel involved in manufacturing must have the necessary 

qualifications, skills, and training. They should also follow strict hygiene guidelines, and 

should be trained periodically. 

11. Product Recall: There should be a system in place for recalling defective products from 

the market. 

 

3.8.10. Tests performed in Characterization, Safety and Efficacy Studies of biologics 

3.8.10.1. Characterization:  

Immunohistochemistry or immunostaining techniques are commonly used to analyze the 

expression and localization of specific proteins or markers in cells or tissues. Flow cytometry 

(FACS) allows for the identification and quantification of different cell populations based on 

surface markers. Gene analysis methods, such as PCR or microarray analysis, provide insights into 

the genetic profile of cells or tissues. Stability studies involve karyotyping to assess chromosomal 

stability, while sterility testing examines the absence of mycoplasma, endotoxins, and microbial 

contamination (bacteria and fungi).  

1. Immunostaining (Immunohistochemistry): Immunostaining, also known as 

immunohistochemistry, is a technique used to visualize specific proteins or antigens in cells 

or tissues. It involves the use of antibodies that bind to the target protein, followed by the 

addition of a detection system that produces a visible signal, such as a coloured dye or 

fluorescent marker. This technique allows researchers to examine the localization and 

distribution of proteins within cells or tissues, providing valuable information about their 

expression patterns. 
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2. Flow Cytometry (FACS): Flow cytometry, or fluorescence-activated cell sorting (FACS), is 

a powerful method used to analyze and sort individual cells based on their physical and 

chemical properties. It utilizes fluorescently-labelled antibodies or dyes to label specific cell 

surface markers or intracellular molecules. The labelled cells are then passed through a flow 

cytometer, which measures the emitted fluorescence and provides quantitative data about the 

different cell populations present in a sample. FACS is widely used for cell characterization, 

cell sorting, and analyzing various cellular parameters. 

3. Polymerase Chain Reaction (PCR): Polymerase chain reaction (PCR) is a widely used 

technique in molecular biology that amplifies specific DNA sequences. It involves a series of 

temperature cycles to denature the DNA, allow primers to anneal to the target sequence, and 

then amplify the desired DNA region using a DNA polymerase enzyme. PCR allows 

researchers to generate multiple copies of a specific DNA fragment, enabling various 

downstream applications such as gene expression analysis, mutation detection, and DNA 

sequencing. 

4. Karyotyping: Karyotyping is a cytogenetic technique used to analyze the number, structure, 

and arrangement of chromosomes in a cell. It involves staining and visualizing the 

chromosomes under a microscope, typically from cells arrested in metaphase. By examining 

the size, banding pattern, and overall morphology of the chromosomes, karyotyping can 

detect chromosomal abnormalities, such as aneuploidy (abnormal chromosome number) or 

structural rearrangements. This technique is commonly used in genetic research, clinical 

diagnostics, and reproductive medicine. 

5. Mycoplasma Testing: Mycoplasma testing is performed to determine the presence or 

absence of mycoplasma contamination in cell cultures. Mycoplasmas are bacteria-like 

microorganisms that can infect cell lines, leading to potential changes in cellular behavior and 

experimental outcomes. Different methods, such as PCR-based assays or microbial culture, 

can be employed for mycoplasma detection, ensuring the integrity and reliability of cell-based 

experiments. 

6. Endotoxin Testing: Endotoxin testing is conducted to assess the presence of bacterial 

endotoxins, primarily derived from the outer membrane of gram-negative bacteria. 

Endotoxins can cause adverse effects in biological systems, triggering inflammatory 

responses and influencing experimental results. The Limulus Amebocyte Lysate (LAL) assay, 

derived from horseshoe crab blood, is the most common method used for endotoxin 

detection and quantification in pharmaceutical, biomedical, and research settings. 
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7. Microbial Methods: Microbial methods involve the identification and quantification of 

microbial contaminants, including bacteria and fungi, to ensure the sterility and safety of 

samples or products. Various techniques such as microbial culture, molecular methods (e.g., 

PCR), or next-generation sequencing (NGS) can be utilized for microbial analysis. These 

methods help detect and identify specific microorganisms, assess microbial load, and evaluate 

the effectiveness of sterilization processes in research, pharmaceutical, and clinical settings.  

3.8.10.2. Safety studies 

Safety studies are conducted using various approaches to assess the potential risks and adverse 

effects of an intervention. These studies can be performed in both in vivo (within a living 

organism) and in vitro (in a controlled laboratory environment) settings, depending on the nature 

of the intervention and the research objectives. The selection of the appropriate safety assessment 

mode or model depends on the research objectives, feasibility, ethical considerations, and 

regulatory requirements. Often, a combination of in vivo, in vitro, and computational approaches 

is utilized to comprehensively evaluate the safety profile of an intervention before further 

development or clinical trials. Here are some common modes or models used in safety studies: 

1. In vivo studies: These studies involve testing the intervention in living organisms, such as 

animals (e.g., rodents, non-human primates) or human subjects. The chosen animal models 

should have similarities to humans in terms of physiological, anatomical, and genetic 

characteristics to provide relevant safety data. 

2. In vitro studies: These studies are conducted using isolated cells, tissues, or organ systems 

outside of a living organism. In vitro models allow researchers to investigate the direct effects 

of the intervention on specific cellular or molecular targets without the complexities 

associated with whole organisms. 

3. Animal models: Animals are often used in safety studies to evaluate the effects of the 

intervention on various physiological systems. The choice of animal models depends on 

factors such as genetic similarities, availability, and ethical considerations. 

4. Cell-based models: These models involve using specific cell lines or cultures to assess the 

intervention's effects on cellular behaviour, viability, or toxicity. Cell-based assays can provide 

valuable information about the intervention's impact at the cellular level. 

5. Organotypic models: These models involve culturing organ-like structures that mimic the 

complexity and function of specific organs. Organotypic models allow researchers to study 

the intervention's effects on organ systems, providing insights into potential organ-specific 

toxicity or adverse effects. 
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6. Computational models: Computational approaches, such as computer simulations or 

predictive modelling, can be used to assess the safety of an intervention. These models rely 

on algorithms and mathematical calculations to predict the intervention's effects based on 

available data. 

3.8.10.3.  Efficacy studies 

Efficacy studies are conducted to evaluate the effectiveness or desired outcomes of an 

intervention. These studies aim to determine whether the intervention produces the intended 

therapeutic effects. The assessment of efficacy typically involves a combination of in vitro and in 

vivo experiments, as well as clinical trials in human subjects. The choice of efficacy assessment 

methods depends on the nature of the intervention, the specific therapeutic target, and the stage 

of development. Here are some common approaches used to evaluate efficacy: 

1. In vitro studies: In vitro experiments are performed using isolated cells or tissues to assess 

the intervention's effects on specific cellular targets or biological processes. These studies 

provide insights into the intervention's mechanism of action, its ability to modulate cellular 

functions, and its potential therapeutic benefits at a cellular level. 

2. Animal models: Animal models are frequently used to assess the efficacy of an intervention 

in a controlled and preclinical setting. Animal studies allow researchers to investigate the 

intervention's effects on physiological systems, disease models, or specific outcomes relevant 

to the intended therapeutic purpose. These studies provide valuable information about the 

intervention's efficacy, dosing, and potential side effects before progressing to human trials. 

3. Clinical trials: Clinical trials involve testing the intervention's efficacy in human subjects 

under controlled conditions. These trials are typically conducted in multiple phases, starting 

with small-scale studies to assess safety and dose-ranging, and then progressing to larger-scale 

trials to evaluate the intervention's efficacy compared to standard treatments or placebo. 

Clinical trials provide crucial evidence regarding the intervention's effectiveness, optimal 

dosing, safety profile, and potential side effects in the target population. 

4. Biomarker analysis: Biomarkers are measurable indicators that can reflect the intervention's 

effects on a biological process, disease progression, or therapeutic response. Biomarker 

analysis in both preclinical and clinical studies help to assess the intervention's efficacy by 

measuring changes in relevant biomarkers associated with the desired therapeutic outcome. 
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3.8.11. Animal models to study corneal scarring or trauma 

Researchers use various models to study corneal scars and wound healing. However, each model 

has its advantages and limitations, and the choice depends on the specific research objectives and 

resources available. 

▪ Animal models - The most common are rabbit and mouse models where corneal injury 

is induced through alkali burns, excimer laser ablation, or mechanical wounding. This 

results in corneal fibrosis and scarring that mimic what is seen in human patients. 

Researchers can then test potential treatments in these models. 

▪ Ex vivo models - Corneal buttons or strips from donor human corneas are cultured ex 

vivo and treated to induce fibrosis. This allows studying corneal scarring in actual human 

corneal tissue. However, these models lack the in vivo environment. 

▪ In vitro models - Corneal cells, especially keratocytes and fibroblasts, are cultured in vitro 

and treated to induce myofibroblast differentiation and extracellular matrix deposition. 

This helps study the cellular and molecular mechanisms of corneal fibrosis. But these 

models lack the complexity of in vivo tissue. 

▪ Organ culture models - Whole eye globes from animal donors are cultured ex vivo. 

Injury can be induced to study corneal wound healing and scarring in a more intact tissue 

environment. However, the cornea may degenerate over time in culture. 

▪ 3D tissue models - Corneal cells are combined with biomaterials to create 3D corneal 

constructs that can be injured in vitro. While simplified, these models allow studying scar 

development and treatment in a tissue-like environment. 

Animal models, particularly mice, are commonly used to study corneal scars and wound healing. 

These models are valuable for understanding the function of growth factors and extracellular 

matrix components in corneal wound healing. Here are some of the models and techniques used: 

▪ Stromal Injury Techniques: A study tested three stromal injury techniques in mice to 

evaluate their effectiveness in inducing corneal scars. The techniques involved creating a 

linear partial thickness keratotomy, removing the corneal epithelium and debriding the 

stroma, or a combination of both. The severity of scars was assessed using a modified 

Fantes haze scale. This study helps in understanding the different methods of inducing 

corneal scars in mice and provides a standardized approach for evaluating scar severity 

▪ Rabbit alkali burn model: This is a well-established model where corneal alkali injury is 

induced in rabbits, typically using sodium hydroxide. This results in corneal inflammation, 
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neovascularization, stromal fibrosis and opacity - features that mimic corneal chemical 

burns in humans. Researchers can then test potential anti-scarring therapies in this model. 

▪ Mouse excimer laser ablation model: In this model, a precise stromal wound is created 

in mice using an excimer laser. This induces corneal fibrosis and haze formation that can 

be quantified objectively. The mouse model allows use of transgenic strains and genetic 

manipulation to study the molecular mechanisms of corneal scarring. 

▪ Rat corneal scrape model: In this simple model, the corneal epithelium of rats is 

mechanically scraped using a blade. This results in re-epithelialization and stromal healing 

associated with fibrosis and opacity. The rat model is cost-effective and allows testing of 

various anti-scarring treatments. 

▪ Porcine alkali burn model: Pigs have a corneal anatomy and physiology similar to 

humans. In this model, alkali injury is induced in pigs using sodium hydroxide to produce 

corneal burns, scarring and neovascularization. The large cornea size allows sampling for 

molecular and histological analyses. 

▪ Canine corneal abrasion model: Mechanical corneal abrasion is performed in dogs to 

induce corneal wound healing and scarring. The dog cornea heals more similarly to 

humans, making this a relevant large animal model. However, it is more expensive than 

other models. 

▪ Chemical Burns, Penetrating Incisional Wounds, or Laser Ablation: These injury 

models simulate corneal scarring seen after injuries. The mechanisms of trauma as well as 

severity of injuries vary greatly. Severe corneal injuries commonly present with a 

combination of traumatic penetrating or nonpenetrating lacerations accompanied by loss 

of stromal tissue or surface abrasive damage. 

▪ Genetically Manipulated Mice: These are used to study biological processes. Their 

genes can be manipulated including so-called humanized mice that carry inserted human 

genes. An injury technique that consistently creates significant stromal scars in mice will 

complement the current techniques used that apply chemical injuries and laser ablation in 

the study of stromal trauma and wound healing. 

The murine model generated by debridement is a preferred choice for studying corneal wound 

healing and scar formation. This model allows for controlled and standardized wounds, closely 

mimicking human corneal trauma and facilitating the study of relevant healing processes. With its 

simplicity and reproducibility, the debridement technique enables better consistency and 

comparison of results. Additionally, this model serves as a valuable platform for testing potential 

treatments, providing insights into their effects on wound healing and scar formation. 
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3.9.1. Biological Preservation and transport of cells 

During cell transport, maintaining the appropriate temperature and preventing contamination are 

critical. The specific method of transport depends on factors such as the distance, cell type, and 

preservation method employed. It is essential to create a controlled environment that ensures the 

optimal conditions for cell viability throughout the transportation process (Pegg, 2007; Hunt, 2011; 

Woods & Thirumala, 2011). 

The main challenge during cell transport is to maintain consistent temperature control to prevent 

detrimental effects on cell viability. This can be achieved through the use of specialized containers, 

such as insulated coolers or liquid nitrogen dewars, equipped with temperature monitoring and 

control systems. These containers help maintain the required temperature range for the specific 

preservation method employed, whether it is cryopreservation or hypothermic preservation. 

Additionally, it is crucial to implement proper packaging and handling procedures to minimize the 

risk of contamination during transport (Woods & Thirumala, 2011).  

The ability to safely transport and store cells is essential for a wide range of uses, from basic science 

research to therapeutic treatments. Common techniques include cryopreservation and 

hypothermic preservation, both of which have advantages and disadvantages. Understanding these 

considerations is vital for effective cell management. 

3.9.1.1. Cryopreservation: Exploring the Potential and the Uncertainties 

Cryopreservation helps preserving cells at ultra-low temperatures for long-term storage while 

maintaining their viability. This is a widely used method for long-term storage of cells, tissues, and 

organs. It involves cooling cells to sub-zero temperatures, typically -196°C using liquid Nitrogen. 

This preservation technique offers several benefits. It allows for the long-term storage of biological 

materials, enabling research and clinical applications that require extended preservation. When 

performed correctly, cryopreservation can maintain the optimal viability and functionality of cells 

after thawing, ensuring their usefulness in subsequent experiments or clinical procedures (Hunt, 

2011; Kapoore et al., 2019).  

However, cryopreservation is frequently hindered by its inherent constraints. It requires the use of 

cryoprotectants or cryoprotective agents (CPA), which can be toxic to cells if not carefully 

managed. The majorly used cryoprotectant is dimethyl sulfoxide (DMSO), others being glycerol 

(GLY), ethylene glycol (EG), and propylene glycol (PG) etc., (Whaley et al., 2021). DMSO – 

despite being considered the most toxic reagent to cells (Bhattacharya, 2018), is ironically the most 

widely used agent for cryopreservation. Studies by Ha et al and Hent et al have shown only a 30% 

recovery of embryonic stem cells (ESC) when used at 5% concentration in the cryopreservation 
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media or at 10%, but with an extra added agent EG (Ha et al., 2005; Heng et al., 2006). In another 

report by Heng et al cryopreserved ESC have shown decreased viabilities, if not for an additional 

Matrigel-based matrix, in the preservation media (Heng et al., 2005). On the contrary, when used 

at 10% levels in the study by Liu et al, adipose-derived stem cells (AdSCs) were not hampered in 

terms of their viability(G. Liu et al., 2008). A similar kind of mixed or ambiguous findings were 

reported by Kapoore et al, Ji et al and Boer et al in terms of the differentiation abilities. While Ji et 

al and Boer et al reported poor viability and reduced differentiation potential in ESCs; decreased 

or poor functionality and differentiation potential of the CD34+ MSCs respectively, study 

Kapoore et al reported the unaffected functional stability and viability of the cryopreserved cells 

(de Boer, Dräger, Pinedo, Kessler, Monnee-van Muijen, et al., 2002; de Boer, Dräger, Pinedo, 

Kessler, van der Wall, et al., 2002; Ji et al., 2004; Kapoore et al., 2019).  

In addition to these uncertain notions by the researchers, there is also a risk of contamination 

between samples during storage and thawing processes. Furthermore, cryopreservation is a costly 

affair due to the required equipment, materials, and the forever-ongoing storage expenses (Woods 

& Thirumala, 2011). 

3.9.1.2. Cold-chain methods (refrigeration) 

Cold-chain methods, the primarily used hypothermic storage methods, offer storing cells at 

reduced temperatures above freezing to slow down metabolic activity and extend storage time. 

This method involves storing cells, tissues, or organs at temperatures above freezing, typically 

between 2°C and 8°C. This method is commonly used for short-term storage purposes. It offers 

advantages such as preserving cell viability with less damage compared to cryopreservation since 

it avoids the freezing and thawing processes. It is particularly useful when immediate or short-term 

storage is required, such as during transportation or in certain clinical settings. However, cold-

chain/refrigerating methods have their own limitations. Cells cannot be stored for extended 

periods, as they’re not designed for long-term preservation. There is also a risk of cell death or loss 

of functionality if cells are not properly maintained during the preservation process. 

3.9.1.3. Dry Ice and Hypothermic Preservation methods for Cell Property Retention 

Dry ice storage is another commonly employed method for preserving biological samples and 

perishable items at extremely low temperatures, typically around -80°C. It provides the benefit of 

maintaining a stable and consistent cold environment, ensuring the preservation of sensitive 

materials. However, it is important to be aware of the potential harmful effects associated with the 

use of dry ice. For instance, a study conducted by Til et al. (2016) investigated the effects of storing 

and transporting cryopreserved semen samples on dry ice. Interestingly, the study revealed that 
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while transportation did not significantly impact the quality of the samples, the use of dry ice had 

detrimental effects on sperm parameters, particularly motility and vitality (Til et al., 2016). This 

highlights the need for careful consideration and optimization of storage methods when utilizing 

dry ice for preserving delicate biological samples. 

On the other hand, hypothermic preservation at temperatures ranging from 15°C to 22°C is 

emerging as a promising approach for the long-term preservation of various biological materials. 

This temperature range offers a mild cooling environment that can help maintain the viability and 

functionality of cells and tissues. Researchers are actively exploring the effectiveness of 

hypothermic preservation and working towards optimizing storage conditions within this 

temperature range. 

3.9.2. The impact of additional CPAs in cryopreservation/hypothermic preservation 

In cryopreservation, the development of advanced biomaterials capable of safeguarding cells 

against osmotic and ice-induced damage, as well as mitigating oxidative stress, is crucial for 

enhancing cell survival. Additionally, cold chain shipping may lead to hypothermia-induced injuries 

or extracellular matrix (ECM) loss caused by cell-permeable agents (Ma et al., 2015). Therefore, 

the design of new biomaterials and careful consideration of shipping conditions are imperative in 

cryopreservation techniques. The table 3.4 summarizes a range of studies highlighting the 

effectiveness of different cryoprotective agents on various cells and tissues during cryopreservation 

or hypothermic preservation. All these studies have shown that trehalose, alginate, and other 

impermeable agents can significantly enhance cell viability and preserve the important 

characteristics of the cells or tissues. 

On the other hand, hypothermic storage at temperatures between 15-22 degrees Celsius is an 

alternative approach that requires further exploration. This temperature range provides a mild 

cooling environment that can help preserve the viability and functionality of various biological 

materials, including cells and tissues. Hypothermic storage has shown promise in maintaining cell 

integrity, metabolic activity, and overall cellular function. However, there is still a need for more 

research to optimize the storage conditions, identify the limitations, and fully understand the long-

term effects of hypothermic storage on different types of samples.
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Cryoprotective Agents 
Cells or Tissues 

Studied 
Effect or Benefit References 

Trehalose Mammalian cells Effective preservation during cryopreservation, preserving 
cell viability 

(Campbell & Brockbank, 
2011) 

Trehalose Human mesenchymal 
stromal cells 

Successful cryopreservation with electroporation, minimal 
impact on gene expression 

(Dovgan et al., 2021) 

Trehalose Primary rat hepatocytes Improved cell viability, suppressed ice crystal formation, 
maintained liver function 

(Yoshida et al., 2020) 

Trehalose glycopolymers Tissue-engineered 
constructs 

Maintained viability and function of cryopreserved 
constructs 

(J. Wang et al., 2022) 

Trehalose, other sugars Lactic acid bacteria Protective effect on viability after freezing or freeze-drying (Giulio et al., 2005) 

Alginate-encapsulated 
recombinant cells 

Recombinant cells Maintained viability, structure, and protein secretion of 
encapsulated cells 

(Stensvaag et al., 2004) 

Alginate microspheres Mesenchymal stromal 
cells 

High viability and metabolic activity after cryopreservation (Pravdyuk et al., 2013) 

Alginate hydrogels Recombinant myoblasts Preserved metabolic activity, insulin secretion, and cell 
morphology 

(Ahmad & Sambanis, 2013) 

Alginate gel entrapment Hepatocytes Improved viability, cell yield, preserved mitochondrial 
function, reduced apoptosis 

(Mahler et al., 2003) 

Table 3.4: Studies demonstrating the benefits of impermeable cryoprotective agents on cell viability that cause less or no cell injury 
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According to the study by Waler C. Oslon, the loss of cells during storage is higher at temperatures 

of 15°C and 40°C, compared to 22°C. These findings suggest that the temperature range of 22-

25°C holds promise for further research in hypothermic storage. Understanding the effects of this 

temperature range on cell viability and preservation can potentially optimize hypothermic storage 

methods and improve cell storage outcomes (Olson et al., 2011). 

 

3.9.3. Challenges and Considerations in Shipping Stem Cells 

Stem cells, for instance, are particularly delicate and require specialized preservation methods to 

maintain their unique properties. Different cell types may necessitate alternative approaches such 

as hypothermic preservation with customized procedures. Regardless of the preservation method, 

shipping cells, including stem cells, presents several challenges that must be carefully addressed. 

Few of them are highlighted in Table 3.5. 

These challenges can be addressed through careful planning, the use of specialized shipping 

containers, and working with couriers experienced in the transport of biological materials. 

However, based on the type of cell type and the end-use purpose, each type of shipment of stem 

cells can present unique challenges that need to be managed to ensure the cells arrive at their 

destination in a optimal viable and functional state. 

 

3.9.4. Upcoming/alternative methods of cell preservation and transport – Pros & Cons 

Traditional cell preservation procedures, such as gradual freezing, frequently provide obstacles and 

restrictions that might impair cell viability and performance. To address these shortcomings, 

researchers throughout the world have been investigating new and alternative approaches that may 

give improvements in cell preservation and transport. A number of procedures, including as 

vitrification and desiccation, have emerged as potential options. Each strategy has its own set of 

advantages and disadvantages that must be carefully studied before being put into practise. Table 

3.6 summarises these forthcoming approaches, stressing their benefits and potential downsides. 
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Risks Plausible challenge(s) 

Temperature Control 

Stem cells often need to be kept at very specific temperatures to 

maintain their viability. This can be particularly challenging during 

transport, especially over long distances or through areas with 

extreme temperatures. 

Time Sensitivity 

Stem cells can be sensitive to the length of time they are in transit.  

Delays in transport can potentially impact the viability and 

functionality of the cells. 

Risk of contamination 

During transport, there's a risk of contamination from various 

sources. Ensuring the cells remain sterile throughout the journey 

is crucial. 

Cryopreservation 

Challenges and 

logistics thereof 

If stem cells are being transported in a cryopreserved state, there 

are additional challenges. These include maintaining the ultra-low 

temperatures required for cryopreservation and managing the 

thawing process at the destination to ensure cell viability. 

Regulatory 

Compliance 

Transporting biological materials often involves navigating 

complex regulatory landscapes. This can include everything from 

packaging requirements to documentation for customs. 

Costs involved 
The specialized packaging and transport conditions required for 

stem cells can make shipping expensive. 

Specialized media 

Stem cells require specific nutrient media and growth factors to 

remain healthy during shipping. Correct composition of media 

must be used and changed regularly to nourish the cells, as when 

needed. 

 

Table 3.5: Table describing the key considerations or essential factors required to be addressed 

or be minded during transport of biological cells (Yu et al., 2018) 
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Method Range Pros Cons References 

Vitrification 
-

196°C 

By raising the concentration of cryoprotectants 

and rapidly freezing the cells, vitrification 

prevents the production of ice crystals, resulting 

in a glass-like solidification of the cells. 

• Uses more cryoprotectants than typical 

freezing procedures, which might harm 

cells. 

• Needs quick freezing and warming rates, 

which are hard to control, especially for 

bigger samples and labour-intensive. 

(Fahy et al., 2009; 

He et al., 2008) 

Desiccation RT 

• Desiccation is the process of drying cells to 

preserve them, which mimics a natural 

survival strategy in some species. 

• Possibility to use for a broader spectrum of 

cell types. 

• The drying process can harm cell structures. 

• The rehydration process following 

desiccation can potentially cause cell harm. 

• Complex procedures 

(S. Chen et al., 2019) 

Use of novel 

cryo-

protectants 

Varies 

Use of new cryoprotectants that are less toxic 

to cells, such as antifreeze proteins that can 

prevent ice formation at sub-zero temperatures. 

• Novel cryoprotectants may cause 

unanticipated cell damage. 

• Novel cryoprotectants’ development can be 

costly. 

(Fahy et al., 2009) 

Magnetic 

freezing 
Varies 

Magnetic freezing is a novel method that uses a 

magnetic field to control the freezing process, 

potentially reducing the damage caused by ice 

crystal formation. 

• This method's efficacy and risks are 

unknown due to limited studies. 

• Magnetic field generation and control need 

special equipment. 

(Ito et al., 2020; 

Manuchehrabadi et 

al., 2017) 

Use of 

nanoparticles 
Varies 

• Nanoparticles can be used to control the 

freezing process and protect cells from 

damage 

• This is a developing field of research with 

the potential for advancements in controlled 

freezing techniques. 

• Nanoparticles' effects on cells are not 

entirely known, and their usage may pose 

potential hazards. 

• The use of nanoparticles in medicine 

requires regulatory permission, which may 

be a time-consuming procedure. 

(Guven & Demirci, 

2012) 

Table 3.6: Comparison of cell preservation methods, highlighting their unique characteristics and considerations. 
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3.10. Enhanced Cell Protection and Viability: Cell Encapsulation for Improved 

Storage and Transport 

Cell encapsulation is a method that involves surrounding cells with a protective layer, typically a 

gel-like substance, to provide them with stability and facilitate their storage and transport. This 

technique offers several advantages compared to traditional methods of cell preservation, which 

include 

1. Protection: The encapsulating material provides a physical barrier that protects the cells from 

mechanical, chemical, and biological stresses during handling and transportation. This helps 

maintain cell viability and functionality. 

2. Isolation: Encapsulation creates a controlled microenvironment by isolating the cells from 

the external environment. The encapsulating material allows for the diffusion of nutrients and 

waste products while preventing the ingress of harmful substances. 

3. Stability: Encapsulated cells can remain stable at different temperatures, including room 

temperature. This eliminates the need for complex and costly cold chain logistics associated 

with cryopreservation methods. It provides greater flexibility in storage and transportation 

options. 

4. Ease of use: Encapsulated cells, housed in hydrogels or membranes, are easier to handle and 

transport compared to frozen cell suspensions. There is no requirement for specialized 

equipment, such as liquid nitrogen tanks, making encapsulated cells more accessible and 

practical for a broader range of applications. 

5. Cost-effectiveness: Storing and transporting encapsulated cells at room temperature or 

refrigerated temperatures is more cost-effective than cryopreservation. The absence of 

expensive equipment and infrastructure needed for maintaining a cold chain reduces logistical 

challenges and expenses. 

6. Scalability: Encapsulation allows for standardized and controlled cell production and 

storage. This scalability is crucial for large-scale applications in regenerative medicine and cell-

based therapies. 

 

3.10.1.  Encapsulating agents 

The following table (Table 3.7) provides an overview of different materials commonly used as 

encapsulating agents for cells in various biomedical applications. All these materials offer distinct 

advantages and disadvantages in cell encapsulation. 
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Material Advantages Disadvantages 

Alginate 

▪ Derived from brown seaweed, a renewable resource  

▪ Biocompatible  

▪ Low cost  

▪ Forms a gel under mild conditions, which is gentle on cells 

▪ Can be used to encapsulate a wide variety of cell types 

▪ Gel strength can be variable and may not be suitable for 

all applications  

▪ May require additional cross-linking to improve stability  

▪ Difficult to control pore size, which can affect cell release 

Polyethylene glycol 

(PEG) 

▪ Synthetic polymer with consistent properties  

▪ Biocompatible  

▪ Flexible, can be modified to control properties like 

porosity and degradation rate 

▪ More expensive than natural polymers  

▪ May require chemical modification for cell attachment  

▪ Not biodegradable, which can limit its use in certain 

applications 

Chitosan 

▪ Derived from chitin, a renewable resource  

▪ Biocompatible  

▪ Biodegradable  

▪ Can form a gel under mild conditions 

▪ Requires acidic conditions to gel, which can be harmful to 

cells  

▪ Gel strength and degradation rate can be variable 

Gelatin 

▪ Derived from collagen, a natural protein  

▪ Biocompatible  

▪ Forms a soft gel, which can be gentle on cells 

▪ Gel strength is weak and may not be suitable for all 

applications  

▪ Derived from animal sources, which can raise ethical or 

contamination concerns 

Agarose 

▪ Derived from seaweed, a renewable resource  

▪ Forms a stable gel  

▪ Can be used to encapsulate a wide variety of cell types 

▪ Gel strength can be weak and may not be suitable for all 

applications  

▪ Not biodegradable, which can limit its use in certain 

applications 

Trehalose 

▪ Natural disaccharide with high water retention capabilities  

▪ Can protect cells from dehydration  

▪ Biocompatible  

▪ Can stabilize proteins and cell membranes 

▪ Difficult to introduce into cells  

▪ May require specific techniques to encapsulate cells 

▪ Not suitable for all cell types 

Table 3.7: The types of materials used in cell encapsulation, listed against their advantages and disadvantages. 



 
 

3.10.2. Alginate: A Versatile Hydrogel for Cell Encapsulation 

Alginate is a natural, anionic, and non-toxic polysaccharide derived from brown seaweeds, 

composed of mannuronic acid (M) and guluronic acid (G) residues. Upon contact with divalent 

cations, such as calcium, it forms a gel matrix that has numerous applications in biomedicine, 

particularly for cell encapsulation and storage. This matrix is semi-permeable, allowing nutrients 

and waste to pass through while protecting the cells from the external environment. Alginate has 

been used extensively for the encapsulation of mammalian and bacterial cells due to its 

biocompatibility, adjustable viscosity, and permeability to oxygen and nutrients. It can also be 

formulated into different shapes and sizes, including micro- and macro-beads, fibers, and 

hydrogels, tailored according to specific needs. Alginate hydrogels provide broad protection for 

the encapsulated cells from harsh environments, immune rejection, and physical stress during 

transit, making it an ideal biomaterial for cell delivery (K. Y. Lee & Mooney, 2012a; J. L. Wilson 

et al., 2014) 

Alginate is considered versatile for several reasons: 

1. Gelation: Alginate can form a gel at room temperature without the need for any harsh 

conditions, which is beneficial for maintaining cell viability (K. Y. Lee & Mooney, 2012b). 

2. Tunability: The properties of the alginate gel, such as its stiffness and porosity, can be 

tuned by adjusting the concentration of alginate and the type and concentration of cross-

linking ions. This allows the encapsulation conditions to be optimized for different types 

of cells (Freeman & Kelly, 2017). 

3. Biocompatibility: Alginate is generally considered to be biocompatible and has been used 

in various medical applications, from wound dressings to drug delivery systems 

(Abourehab et al., 2022) 

4. Inertness: Alginate is chemically inert and does not interact with or affect the encapsulated 

cells. This allows the cells to function normally within the alginate matrix (J. Sun & Tan, 

2013b). 

5. Porosity: Alginate hydrogels are porous, allowing the diffusion of nutrients, oxygen, and 

waste products to and from the encapsulated cells. 

6. Degradability: Alginate hydrogels can be made to degrade over time by controlling the 

crosslinking density. This allows for release of the encapsulated cells when desired. 

7. Mechanical stability: Alginate hydrogels can have sufficient mechanical stability to 

withstand handling and transport of the encapsulated cells (Becker et al., 2001). 



 

73 

8. Cost: Alginate is low-cost and easily available, making it suitable for large-scale cell 

encapsulation applications (Pereira et al., 2020). 

As for safety, alginate has been used in food and pharmaceutical applications for many years and 

is generally considered safe (Bi et al., 2022; Food and Drug Adminsitration, n.d.). However, like 

any material, it can potentially cause an immune response or other adverse reactions in some 

individuals or under certain conditions. Therefore, it's important to thoroughly test any 

encapsulation system for safety and efficacy before it's used in humans. 

Other agents used in encapsulation, such as polyethylene glycol (PEG) and chitosan, also have a 

long history of use in biomedical applications and are generally considered safe. These materials 

must also undergo extensive testing for safety and effectiveness, and the same considerations still 

need to be made (Cao et al., 2021). 
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4. Methodology 

4.1. Workflow 

 

Figure 4.1: Schematic of the study workflow. 
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4.2. Study approvals and Ethics Statements 

All techniques and methods used in this thesis were approved by the Institutional Review Board 

and Ethics Committee of the LV Prasad Eye Institute in Hyderabad (LEC 05-18-081; Annexure-

I) and the Institutional Committee for Stem Cell Research (IC-SCR Ref. No. 08-18-002; Annexure-

II). The Declaration of Helsinki was strictly followed in all the research utilizing human tissue. 

Ramayamma International Eye bank in Hyderabad was the source for the human cadaver donor 

corneas. Informed consent to use the donor corneas for surgical and research purposes was 

obtained from the kith and kin of the donors by the eye bank. A masked, reference copy of the 

informed consent form is enclosed here as Annexure-III. 

Sipra Labs Limited, Hyderabad (Compliance Certificates of Compliance and Accreditation:  

GLP/C-107/2017 and TC-5417 respectively), is a GLP-compliant (Good Laboratory Practice) 

contract research firm with which we conducted the preclinical toxicity and safety investigation in 

rabbit. Sipra Labs' CPCSEA (Committee for the Purpose of Control and Supervision of 

Experiments on Animals) gave their clearance to this experimentation with the research number 

PCT/IAEC/110-19. The Efficacy Study in Murine Models was authorized by the Institutional 

Animal Ethics Committee (IAEC) of the Center for Cellular and Molecular Biology (CCMB), 

Hyderabad (study number: IAEC 92/2019) (Annexure-V). 

Both pre-clinical investigations followed the ARVO Statement for the Use of Animals in 

Ophthalmic and Vision Research to reduce animal suffering, distress, and discomfort. 

4.3. Compliance with the National and International guidelines 

All the protocols and experimental designs were performed in compliance with multiple national 

and international guidelines as listed below. 

The development, optimization, validation, and standardization of all protocols were performed 

by the principles cGMP (Current Good Manufacturing Practices), as stated in the Schedule M, Part 

1A of the Drugs and Cosmetics Act 1945, Government of India 

(2016DrugsandCosmeticsAct1940Rules1945.Pdf, n.d.-b) and Rule 55, Chapter VIII of the NDCT rules, 

CDSCO, Government of India (NewDrugs_CTRules_2019.Pdf, n.d.-b). The SOPs for all 

standardized protocols: cultivation, encapsulation of hLMSCs, testing, and analysis from the raw-

material stage to the end product, were designed and implemented to maintain consistent 

uniformity and quality output from all the activities. 
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The experimental protocols in the toxicity and safety study were carried out in a GLP facility, in 

congruence with the guidelines of Schedule Y, Drugs and Cosmetics Rules act, 2019, Government of 

India (2016DrugsandCosmeticsAct1940Rules1945.Pdf, n.d.-b) and the OECD (Organization for 

Economic Co-operation and Development) principles of GLP, 1997 (Publicdisplaydocumentpdf.Pdf, 

n.d.). The study was conducted employing calibrated and standardized equipment and following 

SOPs, as stated by the above-mentioned guidelines. 

4.4. Optimization, validation, and standardization of hLMSC cultivation in GMP 

facility 

4.4.1. Overview of GMP cleanroom and batch manufacturing record 

The activity of hLMSC isolation, cultivation and expansion was performed in controlled manner 

in a regulated clean room area. The cell culture activity from processing of the donor corneas to 

the final harvest was performed in the Grade B facility, where the quality of air doesn’t exceed the 

specifications of 3200 particles (<0.5 µ size) per cubic feet, at rest.  

A snapshot of the clean room and the in-process monitoring was illustrated in Figure 4.2. 

All the activities of the culture procedures, regular maintenance of the clean room, equipment and 

instrumentation, and the personnel working are continuously monitored, and regulated in a 

controlled manner with standard operating protocols laid.  

Each and every step in all the protocols (Figure 4.3), are recorded in a document called the Batch 

Manufacturing Record (BMR). This record is specific to each batch of cells produced from a single 

donor cornea. Only upon, the cells of a given batch being found to qualify the given specifications 

set, in terms of number, viability and the characteristic properties, the BMR shall be approved for 

therapeutic purposes. 
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Figure 4.2: Overview of the Clean room facility and GMP procedures: A) Illustration showing 

the grades of clean room areas and their respective functions, where a particular event or step of 

the hLMSCs manufacturing process; (Legend in the panel on right). B) Snapshot of the cell culture 

suite. C) Production personnel in sterile suits. D) Activity in LAF (class A). E) In-process 

monitoring of hLMSC cultures. F) Spot documentation of the observations and activity for BMR. 

ASC – Adult stem cell suite; MPR – Media preparation room; QC – Quality control. 
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Figure 4.3: Schematic of the flow of events in manufacture of hLMSCs and their delivery from 

bench-to-bedside, as recorded in BMR. (Legend in the lower panel) 

4.4.2. Evaluation of the donor corneas and the criteria for inclusion and exclusion 

The corneoscleral rims (Figure 4.4) harvested from human cadaveric donors were used in this 

thesis work. The interval of death-to-harvest and preservation was not more than 12 hours. The 

corneas collected were stored at +2 to +8◦C till use in Mc Carey-Kaufman (MK) medium with validity 

up to 4 days from the time of death. The donor corneas were then evaluated for therapeutic 

suitability, through gross physical observation and slit lamp biomicroscopy by the eye bank 

personnel. The results of these evaluations are listed in the Tissue Evaluation Sheet for each donor 

cornea. This forms the basis for accepting or omitting a donor cornea for use in cell culture. A 

masked copy is enclosed as Annexure IV.  

4.4.2.1. Inclusion criteria:  

The assessment criteria and other parameters (but not limited to) evaluated before the acceptance 

or disqualification of a donor cornea towards the isolation and cultivation of the hLMSCs are listed 

in the Table 4.1.  

Parameters considered/assessed Rejected if 

Age 18 – 60 years Age of <18 or >60 years 

Gender Male and Female N/App 

Anatomical & morphological evaluation (Retro illumination through specular microscopy 

Epithelium 

▪ Keratitis (inflammation),  

▪ Epithelial defects,  

▪ Sloughing of tissue (dead cells/layers),  

▪ Presence of debris 

▪ Inflammation or  

▪ Active ocular infections 

(uveitis, choroiditis, 

retinitis) 

▪ Sloughing >10% 

Stroma  

▪ Scars 

▪ Edema,  

▪ Clarity,  

▪ Arcus (fat or lipid deposit),  

▪ Infiltrates or foreign bodies, 

▪ Scars in the stroma  

▪ Foreign bodies  

▪ Infiltrates 

Descemet’s 

membrane 

▪ folds 

▪ striae 

--- 

Contd.. 
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Endothelium 

▪ cell count/mm2,  

▪ cell dropout,  

▪ stress lines,  

▪ defects,  

▪ polymegathism (variability of cell size) 

▪ pleomorphism (variability of cell number) 

▪ Cell count of <3000 

cells/mm2 

Serological parameters   

Blood-borne 

diseases 

▪ Hepatitis B,  

▪ Hepatitis C,  

▪ and HIV I/II 

▪ Known history or 

▪ positive for blood-borne 

diseases 

Sexually 

transmitted 

diseases (STDs) 

▪ Syphilis 
▪ Tested positive for STDs 

▪ Known history 

Cause of death 

-- -- 

▪ Consumption of poison  

▪ Snake bites  

▪ Road traffic accident cases 

with an open head injury 

Table 4.1: List of the acceptance and evaluation criteria for serological and anatomical evaluation 

of donor corneas. 

After screening the donor corneas for all the above parameters by eye bank, the qualified tissues 

are selected for therapeutic use in penetrating or tectonic (partial) keratoplasty. Such tissues are 

collected after a secondary visual examination with naked eye and processed for limbal expansion. 

4.4.3. Testing the raw material 

All the raw material used in the study (plastic ware and reagents) are either manufactured in GMP 

facilities, or certified for use in therapeutic applications in humans. Every unit of raw material is 

re-checked internally with individual specifications set, using SOPs to ensure the proper 

functionality and properties of the products as per the respective certificate of analysis (CoA), and 

also to prevent any adverse events. 
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4.4.3.1. Plastic ware 

The plasticware are tissue culture-grade, and are certified to be sterile, and free of human DNA, 

DNAse, RNAse, and pyrogens. They are checked for the validity and shelf life, intactness of the 

external individual packaging, and physical defects. 

4.4.3.2. Corneal tissues 

In addition to the tests done by eye bank, the donor corneas are again checked before tissue 

processing through physical observation via naked eye. The parameters include:  

a. Discoloration of MK medium,  

b. leaks or cracks in the container,  

c. validity, and suitability of the tissue,  

d. storage temperature,  

e. period between the point of death 

and cornea harvesting, and  

f. presence of scars or infiltrates in the 

corneal tissue 

 

4.4.3.3. Cell culture media and other reagents 

The cell culture media, their individual components and other reagents used in the isolation, 

expansion and storage of the hLMSCs (Table 4.2) are evaluated through one or more tests such 

as physical appearance, pH, validity, intactness of the vial or outer packaging, level of endotoxin 

etc. before use. The results of these tests should match with the corresponding results mentioned 

in the respective certificate of analysis. A list of the tests performed is summarized in Table 4.2. 

Reagent Appearance 
Container 

integrity 
pH BET 

Microbial 

screening 

Collagenase type IV + + + + - 

DMEM/ F12 + + - + - 

Insulin + + - - - 

EGF + + - - - 

FBS + + + + - 

Antibiotic - Antimycotic + + + + - 

TrypLE + + + + - 

DMSO + + - + - 

DPBS + + + + - 
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Table 4.2: List of the tests performed on raw materials used in isolation and expansion of 

hLMSCs. Tests performed are indicated with (+) and tests that are not performed are indicated 

with (-). 

4.4.4. Isolation and expansion of hLMSCs 

4.4.4.1. Preparation of the media and other reagents 

The formulations and units of the reagents, used per one batch of the hLMSCs, which were 

obtained from a single donor cornea, are listed in Table 4.3. All the components stored at freezing 

temperatures were thawed to 2 to 8˚C before making the reagents. The components of each 

specific reagent were mixed in their respective quantities, in a fresh 50mL centrifuge tube. These 

compositions were then filtered into fresh tubes, with 0.22µ syringe (nylon) filters. Samples from 

randomly chosen aliquots of each formulation were tested for the respective criteria (Table 4.3) 

and then used for the cultivation of hLMSCs. Media and other reagents prepared were specific to 

each batch of the cells produced, to prevent contaminations of any kind. 

 

 

Reagents and their 

components 
Concentration Volume Storage Temperature 

a) Complete medium (50 mL) – 4 to 8 units +2 to +8˚C 

• DMEM/F12 - 48.4125 mL +2 to +8˚C 

• Insulin 4mg/mL 62.5 µL -20 to -30˚C 

• EGF 1mg/mL 25 µL -20 to -30˚C 

• FBS - 1 mL -20 to -30˚C 

• Antibiotic-Antimycotic 100X 500 µL -20 to -30˚C 

b) Incomplete medium (5mL) – 1 unit  

• DMEM/F12 - 5 mL +2 to +8˚C 

c) Wash buffer with 2X antibiotics (15 mL) – 1 unit  

• DPBS 1X 14.7 mL +25 to +37˚C 

• Antibiotic-Antimycotic 100X 300 µL 

-20 to -30˚C 

 

 

 Contd.. 
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d) Cryopreservation medium (15 mL) – 1 unit 

• DMSO - 1.5 mL Room temperature (RT) 

• DMEM/F12 - 6 mL +2 to +8˚C 

• FBS - 7.5 mL -20 to -30˚C 

e) Cell dissociation medium (50 mL) – 1 unit RT 

• TrypLE 1X 50 mL RT 

 

Table 4.3: Details of the reagents, and their respective components used in the cultivation of 

hLMSCs.  

4.4.4.2. Processing donor cornea and enzymatic digestion of limbus 

All surgical tools were sterilized and equipment were disinfected prior to use. The donor cornea 

vial was surface-sterilized prior to opening and reevaluated through physical observation for 

parameters mentioned in inclusion and exclusion criteria (Table 4.1; Section 4.4.2.1). All media 

and reagents used in the isolation and cultivation (except Collagenase enzyme) were thawed to 

37˚C from their respective storage temperatures, using a dry bath filled with Lab Armor™ Beads 

(Thermo Fisher) before adding them to hLMSC cultures or donor corneas in the processing. The 

handling of the corneal tissue was done using tying forceps. The processing of corneas was 

performed in a 55mm Petri dish (Eppendorf), under a dissection microscope (Zeiss Stemi 305).  

For isolating the limbus, the cornea was washed with 2X Antibiotic-Antimycotic solution diluted 

in DPBS (pH 7.4), for 1-2 minutes followed by another wash with DPBS. The posterior side 

(endothelial side up) of the cornea is placed in 2-3mL of fresh DPBS and the layers of iris and 

endothelium were scrapped with the help of a surgical blade for better visibility fitted to Bard 

Parker Handle No.3. The tissue was then laid on its anterior side in fresh 2-3mL DPBS. A clean 

surgical blade was used to separate the entire 360-degree limbal rim (Figure 4.4). 

The excised limbal rim is transferred into 1mL of plain DMEM/F12 in a fresh 35mm Petri dish 

and chopped to 1-2mm wide tissue fragments with the blade. These fragments were minced with 

Castro Viejo scissors for a couple of minutes and were added with of 20uL of Collagenase-IV 

enzyme at a concentration 10 IU/µL and gently mixed. This dish was then incubated for 16±1 

hours at 37˚C in 5% CO2 chamber. 
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Figure 4.4: Processing of corneoscleral rims: Collage of the photographs elucidating the events 

of isolation and expansion of hLMSCs  

4.4.4.3. Initiation of culture 

After collagenase digestion, the enzymatic digestion was halted by adding 2 ml of complete media 

containing 2% FBS. The digested tissue fragments were then spun down at 1000rpm for 3 minutes 

at RT, in a 15mL centrifuge tube, with a proper counter-balance. The pelleted fragments were 

washed twice in DPBS and centrifuged at 1000rpm for 3 minutes, at RT. The tissue fragments 

were resuspended in 2mL of complete medium. This suspension was aspirated and transferred 

into a T25 flask with the help of 100-1000uL tips, whose distal ends were cut by ≤5mm long. The 

cutting of the distal ends of the tips ensures free aspiration of the contents into the passageway of 

the tip, reducing the shear stress on the tissue fragments. During the transfer, the tissue fragments 

with the complete medium were dispensed at random locations on the surface of T25, to prevent 

the attachment of all explants in a single place. The 15mL centrifuge tube is washed with 1mL of 

complete media and this media is transferred to the same T25 flask to ensure the complete transfer. 

The flasks were then placed in a chamber with 5% CO2 and incubated at 37 degrees Celsius.  

4.4.4.4. In-process observations, media change, and subculturing 

The flasks were left undisturbed till 3 days to facilitate proper attachment of the explants. The 

flasks were observed for any rapid discoloration in the culture medium, visually without disturbing 

the flasks. Flaks were then observed under a microscope and imaging was performed every 2-3 
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days (days 3, 5, 7, 10, and day of confluence). The culture medium (2mL) was replaced following 

microscopic observation. At each observation, the cultures were assessed for cell morphology, 

floaters, and color of the medium. 

The cultures were passaged on attaining 70-80% confluence. Post microscopic observation and 

imaging, spent medium at each harvest was collected and stored at 2 to 8˚C for in-process testing. 

The cultures were washed with 2-3 mL of DPBS. Cell dissociation enzyme (2-3 mL), TrypLE was 

added to the flasks and incubated for 2 minutes at 37˚C in a 5% CO2 chamber. The cells lifted 

from the surface, are aspirated into a fresh 15mL centrifuge tube containing 1mL of FBS. The 

flasks were then washed with 1-2mL of DPBS and aspirated into the same centrifuge tube. The 

suspension was then centrifuged at 1000rpm for 3 minutes at RT. The pellet was washed in 3mL 

of DPBS and centrifuged at 1000rpm for 3 minutes at RT. The resultant pellet was resuspended 

in 2mL of complete medium and 10µL of this suspension was collected to quantify viable cells 

using the Dye-Exclusion assay. The suspension was then seeded at a density of 104 cells/cm2 into 

new T25 flasks. 

This maintenance and subculturing of cultures were performed for four generations (P0 to P3). 

During passages P2 and P3, the cells were seeded in T75 flasks to facilitate the attachment of more 

cells and prevent contact inhibition by the hLMSCs. At any stage, 7-8mL of culture medium was 

maintained in T75 flasks, with 5mL medium replaced on days 3, 5, 7, and 10. The amount of 

dissociation medium used to harvest cells from P2 and P3 was 2-4 mL. At the end of P3, the cells 

harvested were subjected to additional tests, listed in Table 4.4.  

Medium or 

Suspension 

Description 

or 

appearance 

pH 
Cell 

viability 
BET 

Microbial 

screening 
Mycoplasma FACS 

Complete 

medium 
+ + - - + - - 

P0 Spent 

media 
+ - - + - + - 

P1 Spent 

media 
+ - - + - + - 

Contd.. 
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P2 Spent 

media 
+ - - + - + - 

P3 Spent 

media 
+ - - + - + - 

P0 Harvest + - + - - - - 

P1 Harvest + - + - - - - 

P2 Harvest + - + - - - - 

P3 Harvest + - + + + + + 

 

Table 4.4: List of the in-process tests performed on the culture medium, and the spent medium 

and cells harvested in each generation of the culture. 

4.4.4.5. Cryopreservation 

At the end of passage P2, the cells were cryopreserved to assess their stability. Post trypsinization, 

and quantification of viable cell number, the cell suspension was centrifuged for 3 minutes at 

1000rpm/RT. The pellet was resuspended in 500µL - 1mL cryopreservation/freezing medium 

(Table 4.3), based on the cell number. This suspension was aspirated into a cryotube and the 

centrifuge tube is washed with 500µL - 1mL cryopreservation medium. This medium is transferred 

into the same cryotube. The cryotubes were then sealed with parafilm and labeled with respective 

batch numbers. 

The density at which the hLMSCs were preserved was 1 million cells/mL of the freezing medium. 

The cryotubes were then transferred from RT to 2 to 8˚C in a cryocooler filled with Isopropanol, 

and held for 30 minutes. This was followed by incubation at -20 to -30˚C for 2 hours and then at 

-80˚C, overnight. The cells were then transferred to the cryo-storage system. The cells were 

cryopreserved for 3-12 months for further analysis and testing. 

4.4.4.6. Cell revival 

All reagents required for cell revival: DPBS with 2X antibiotics and complete medium were 

brought to 37˚C. Cryotubes removed from cryo-storage were immersed in a 37 C dry bath for 15-

20 seconds. The contents were then transferred to a fresh 15mL centrifuge tube. The cryotubes 

were added with 1mL of DPBS with 2X antibiotics and washed or gently agitated if the frozen 
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blocks still persist. This DPBS is aspirated into the same conical tube and the suspension was 

centrifuged at 1000rpm for 3 minutes at RT. The pellet was washed with DPBS and centrifuged 

again at 1000rpm for 3 minutes at RT. The resultant pellet was resuspended in 5mL of complete 

medium and 10µL of this suspension was collected to quantify viable cells using the Dye-Exclusion 

assay. The suspension was then seeded to fresh T75 flasks at a density of 104 cells/cm2. The 

centrifuge tube was washed with 3mL complete medium and was added to the T75 flask. 

4.4.4.7. Dye Exclusion Assay 

Prior to counting, the cell suspension was titurated to obtain a homogeneously distributed 

suspension. Ten each microliter of 4% Trypan blue and cell suspension were taken onto a strip of 

parafilm and gently mixed. The process is repeated on another strip of parafilm. Ten each 

microliter of these mixtures was taken onto either side of a clean Neubauer chamber and analyzed 

under a microscope, using a 10x objective. The number of live (unstained) cells and dead cells 

(stained) in each of the four squares at the vertices of the grid, were counted and noted.  

The following factors were taken into consideration during the counting:  

a. the number of cells per square was ≮15 and ≯50, the suspension was titurated otherwise,  

b. the difference between the numbers of cells in any of the squares was ≯20, and  

c. cells lying on the edges of these four squares, that were in contact with the five squares in 

the middle of the grid were excluded.  

The formulae used to calculate the cell viability and cell number are as follows:  

• Cell viability (%)  = [Sum of unstained cells/total number of cells (stained+unstained)] * 100 

• Viable cells/mL  = [(Sum of unstained cells/4) * dilution factor] * 104 

• Dilution factor  = (volume of cell suspension + volume of Trypan Blue)/volume of cell suspension 

• Total no. of viable cells = Viable cells/mL * volume of media in cell suspension in mL 

 

4.4.4.8. Qualitative assessment of the hLMSC characteristic phenotype 

The characteristic phenotype of hLMSCs was qualitatively through immunofluorescence.  The 

cells were plated in a 12-well plate at a density of 104 cells per square centimeter and cultured on 

the surface of sterilized glass coverslips. The culture medium was changed every 2 days till ≥80% 

confluence.  

The confluent cultures were washed twice with 1-2mL of 1X PBS for 5 minutes at RT, after 

removing the culture medium. After being rinsed twice for 5 minutes with 1X PBS at RT, the cells 

were fixed with 500 µL of 4% PFA (paraformaldehyde) for 10 minutes at RT. 200µL of 0.3% 
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Triton-X was used to permeabilize the cells for 20 minutes at room temperature (RT). This was 

followed by three PBS washes and a 45-minute incubation with 100µL of 2.5 percent BSA in PBS. 

One hundred microliters of primary antibodies (Table 4.5) at appropriate dilutions in 1% BSA 

were added on to the coverslips and then incubated for overnight at 4˚C. The International Society 

for Cellular Therapy's minimal standards for multipotent mesenchymal stem cells served as the 

basis for the establishment of the panel of biomarkers (Dominici et al., 2006). 

After three 10-minute PBS washes, 100μL of secondary antibody (Table 4.6) diluted in 1 percent 

BSA was incubated for 45 minutes at RT in dark. Fluoroshield Mounting Medium with DAPI was 

used to attach the coverslips on a glass slide after three 5-minute PBS washes. DAPI served as a 

nuclear counterstain. Negative controls were stained without main antibody. An inverted 

fluorescence microscope captured images (Axio Scope A1, Carl Zeiss).  

Primary Antibodies (Unconjugated) 

Ocular biomarkers Extracellular / cytoskeletal biomarkers 

PAX-6 (1:100) α-SMA (1:100) 

 Collagen Type I (1:100) 

Stem cell biomarkers Collagen Type II (1:100) 

ABCB5 (1:100) Collagen Type III (1:100) 

ABCG2 (1:100) Collagen Type IV (1:100) 

P63-α (1:50) Collagen Type V (1:100) 

 E-Cadherin (1:100) 

Mesenchymal/ Surface biomarkers Keratin (1:100) 

CD105 (1:100) N-Cadherin (1:100) 

CD34 (1:100) Vimentin (1:100) 

CD45 (1:100)  

CD73 (1:100)  

CD90 (1:100)  

HLA-DR (1:100)  

Table 4.5: List of the biomarkers assessed for their qualitative expression by hLMSCs. 
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Secondary Antibody Dilution ratio 

Alexa Fluor 488 anti-rabbit 1:400 

Alexa Fluor 488 anti-mouse 1:400 

Alexa Fluor 594 anti-rabbit 1:400 

Alexa Fluor 594 anti-mouse 1:400 

Table 4.6: List of the secondary antibodies used in phenotypic characterization of hLMSCs. 

4.4.4.9. Quantitative assessment of the hLMSC characteristic biomarkers 

Although the characteristic phenotype of hLMSCs was assessed qualitatively, the logistical 

constraint of low cell number and limited duration available for quality checks, make it impossible 

for all the biomarkers be assessed quantitatively as well.  Hence, a panel comprising of five major 

antibodies was chosen to test ever batch of cells produced as part of the quality control. This 

analysis was done using FACS. The panel of antibodies included P63-α, CD45, CD90, HLA-DR, 

and ABCG2. 

2x104cells/cm2 were grown on 18mm coverslips in 12-well culture plates at 37°C with 5% CO2 in 

a humidified incubator until confluence. The cells were then incubated for 45-60minutes in dark 

at 2-8°C. As a comparison, we employed cells that had not been stained, meaning that no primary 

antibody had been added to the cell solution. After primary antibody incubation, cell suspensions 

were diluted in 200µL of sheath fluid before being analysed by flow cytometry with a CytoExpertTM 

analyzer. 

4.4.4.10. Evaluation of pelleted hLMSCs viability  

Post all quality checks, the hLMSCs were sent for transplantation to the operation theatre. The cells were 

sent as a pellet in a 1.5mL microcentrifuge tube, with 50uL of complete media supernatant, in a chilled 

container. The media is left to prevent the cells dying due to unavailability of moisture. However, there 

could be instances of delayed surgeries due to various reasons. It is necessary for the cells to be alive during 

this delayed period. Hence, to determine the safe window period between the trypsinization of cells and 

their delivery onto the recipient eye, the cell viability was assessed when they were stored at +2 to +8◦C. 

After determining the viability of hLMSCs using the dye-exclusion technique (identical to that 

described in Section 4.4.4.7), the cell suspension was dispersed evenly among six vials (5x105 

cells/vial/time point) and maintained under ice-cold conditions. At 0.5 hours, 1 hour, 3 hours, 6 

hours, 12 hours, and 24 hours, the proportion of viable cells was assessed. This experiment was 

conducted three times, and the mean viability was determined and graphed. 
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4.4.4.11. Calculating the growth kinetics 

hLMSC cell growth kinetics were also investigated. From hour 0 through Day 6, MTT assay and 

dye-exclusion were used to count live cells in the culture and determine the doubling times, 

respectively. For both methods, the cells were plated in triplicates in a 12-well plate, at a density of 

20,000cells/cm2 and cultured for six days. The dye-exclusion test follows the exact same steps as 

those outlined in Section 4.4.4.7.  

Each well received 200 mL of 0.25 mg/mL MTT reagent added to culture media free of FBS for 

the MTT test, which was then incubated for an hour at 37°C in a 5% CO2 atmosphere. The 

dimethyl sulfoxide (DMSO, D2650, Sigma Aldrich, USA) was used to solubilize the formazon 

crystals for 5 minutes at 37°C in a container with 5% CO2. Using a spectrophotometer and multiple 

readings of the absorbance at 570 nm against a blank, the concentration was ascertained. 

4.4.4.12. Analyzing the hLMSCs' chromosomal stability 

An approved third-party laboratory used karyotyping to examine the hLMSCs for chromatin 

aberrations and mutations. These are the fundamental actions that this procedure entails. 

Colcemide was used to halt hLMSC cultures that were three to four days old (without 

encapsulation and post-encapsulation) for spindle development during metaphase. To release the 

chromosomes from the cell, the cells underwent a hypotonic treatment. The G-banding procedure 

is then used to make slides, which are subsequently examined using a bright-field microscope. 

CytoVision® software was used to do the analysis. 

4.4.4.13. Microbial screening 

The raw materials, medium prepared, and in-process materials like spent media and cell suspension 

of final harvest were subjected microbial screening. The samples were streaked onto blood-agar 

plates and were inoculated into thioglycolate media. They were incubated in hot air oven at 37C 

for 48 hours, to assess the colony formation. Additionally, timely screening (fortnight to quarterly) 

of the personnel performing the culture activity, LAF and the clean room vents are also screened 

for possible contaminations using soya-casein-digest agar plates. 

4.4.4.14. Mycoplasma testing and analysis 

Following the manufacturer's instructions, mycoplasma contamination of the hLMSCs culture was 

determined (LT07-318, MycoAlert™ Mycoplasma Detection Kit, Lonza, Basel, Switzerland). 

Mycoplasma contamination was analyzed by measuring the emitted light signal using a 
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Luminometer (GloMax® 20/20 Illuminometer, E5321, Promega, Madison, USA) in the spent 

medium of the cells at every passage and the end of passage 3. 

4.4.4.15. Determining the endotoxin levels 

The levels of bacterial endotoxins in the cell suspension were determined using a gel-clot based 

kinetic method (N283-125, PYROGENTTM plus Gel Clot LAL Assay, Lonza, Basel, Switzerland) 

as per the manufacturer’s instructions. The procedure involved the preparation of Control 

Standard Endotoxin (CSE) by rehydrating lyophilized CSE with Limulus Amoebocyte Lysate 

Reagent Water (LRW). Dilution series of CSE were prepared to obtain desired concentrations. 

The LAL (Limulus Amoebocyte Lysate) reagent was reconstituted, and the samples were diluted 

based on the maximum value dilution (MVD) calculated using the known endotoxin limit, potency, 

and lysate sensitivity provided in the kit. 

To calculate the MVD, the formula used was: 

Maximum Value Dilution = Endotoxin limit X Potency / Sensitivity of Lysate (A) 

After calculating the MVD, the samples (cell suspension) were diluted accordingly. For example, 

if the MVD was determined to be 2, it meant that the sample needed to be diluted two times. The 

test tubes were then prepared by adding the LAL reagent, the diluted sample, LRW, and 

positive/negative controls. These test tubes were incubated at 37°C, for 60 minutes in a dry bath. 

During incubation, gel formation and integrity were observed, and the results were interpreted 

based on the positive and negative controls. The endotoxin concentration in the unknown samples 

was determined using serial dilutions and endpoint calculation using the formula:  

Endotoxin Concentration = Lysate Sensitivity (EU/ml) × Endpoint Dilution. 

The lysate sensitivity represents the sensitivity of the LAL reagent used in the assay and is 

expressed in Endotoxin Units per millilitre (EU/mL). The maximum allowed levels of endotoxins 

are ≤0.2 EU/mL, as per the FDA guidelines (Endotoxin Testing Recommendations for Single-Use 

Intraocular Ophthalmic Devices - Guidance for Industry and Food and Drug Administration Staff, n.d.; Sharma 

et al., 2020).  
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4.5. Storage and transport of hLMSC at ambient temperature 

4.5.1. Verification of the insulated container's ability to keep the hypothermic 

environment 

An insulated container with cooling packs (Polybox7, Softbox Systems, India), pre-conditioned to 

maintain hypothermic temperatures of 30°C, was evaluated in order to have a dependable and 

reusable system that maintains a normalized range of temperatures regardless of the extreme 

atmospheric temperatures (Figure 4.5). The gel pads surrounding the cell vials were refrigerated 

72 hours prior to the hour of encapsulation. 60hours later, the gel pads were arranged in the 

external Styrofoam container, to obtain the internal temperature to the desired range of 12-15C. 

8-12 hours later, when the temperature attains the anticipated range, vials with no cells, were loaded 

in into the container. The container was then loaded into a standard vehicle with no ventilation or 

temperature control and transported for 3-5days.  This assessment time was constrained to 3-5 

days, taking into account how long it would probably take to move cells and across all three seasons 

in 10 cycles, with at least 3cycles per season. Every four hours throughout this time, the container's 

inside temperature and the ambient (atmospheric) temperature were both monitored. 

 

Figure 4.5: Illustration of the insulated container standardized to transport cells at optimal 

temperatures. 
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4.5.2. hLMSC encapsulation 

A 2.5x106 cells/mL cell suspension of hLSMCs was combined with sodium alginate solution from 

the BeadReady kit, a commercial product offered by Atelerix Ltd. (UK). Through a 21½ G needle, 

the alginate-cell suspension mixture was gradually dropped into the calcium-chloride based 

gelation buffer. These alginate-cell suspension droplets were stabilized in the gelation buffer for 8 

minutes, causing the beads to polymerize and gel (Figure 4.6). After being treated with complete 

media, the polymerized beads were resuspended in 1mL of fresh complete media. 

 

Figure 4.6: Descriptive schematic of the encapsulation procedure and the standardization steps 

for transporting hLMSCs at optimal temperatures. 

4.5.3. Storage and transport of hLMSCs 

The alginate-encapsulated cells in the form of polymerized beads were stored in either chilled (4°C) 

or room temperature (RT) vials (n=5). Up until 3-5 days, the container's interior temperature and 

the ambient (external) temperature were monitored every 4 hours (Figure 4.6). The encapsulated 

cells were transported over a distance of 528.67±64.2 kilometres between three locations in the 

vicinity of Hyderabad. The transportation was provided by a regular carrier vehicle. The container's 

outside temperature was used as the control temperature. Similar to above, an equal number of 

the non-encapsulated cells were either stored or transported. Everything was packaged under 

carefully controlled conditions. There were three repetitions of this experiment. 



 

97 

4.5.4. Recovery of hLMSCs from encapsulation  

Alginate beads that contained the cells were rinsed with PBS after transit. They were added with 

1.3 mL of the trisodium citrate-based dissolving buffer from the BeadReady kit, and gently stirred 

while it dissolved for 5 minutes to release the cells from the alginate beads. Centrifugation at 1500 

rpm for 5 minutes was used to separate the cells that were suspended in the dissolving buffer. A 

complete medium was used to resuspend the sedimented cell pellet.  

4.5.5. Assessment of viability of recovered cells  

A hemocytometer was used to count the number of live (unstained) cells that were extracted from 

each vial and either transported at room temperature (RT) or kept at 4°C. Following quantification, 

cells from vials with identical storage conditions (n=5, each at RT and 4°C) were combined. To 

further analyze their relative survival, gene expression, and expression of phenotypic biomarkers, 

pooled cells were plated in equal numbers alongwith non-encapsulated cells (cultured under 

conventional culture conditions) as a control. 

4.5.6. Survival of hLMSC in culture (LIVE-DEAD assay) 

Recovered cells after transport and storage were assessed for their viability. These cells responded 

in complete medium were seeded at 20000 cells/cm2
 onto a 18mm coverslip in a 12-well plate and 

assessed for their survival in cultures, using the LIVE-DEAD assay kit (R37601, Thermofisher, 

USA) as per manufacturer’s instructions. After 48hours of culture, the unattached cells were 

washed off and wells were added with 1 each mL of LIVE-DEAD reagent. As an experimental 

control, standard set of cells were pre-treated with 70% EtOH to have dead cells an added with 

1mL of LIVE-DEAD reagent. Excess reagent was removed after 15 minutes of incubation at 

37°C, and coverslips were mounted on a glass slide using Fluoroshield mounting media with 

DAPI. Then, fluorescent microscopy (Axio Scope A1, Carl Zeiss AG, Germany) with a 

488/570nm filter was used to capture images of the cells. 

4.5.7. Relative rate of cell growth of hLMSC in culture (MTT assay) 

The cells were plated in triplicates on a 12-well plate, at a density of 2x104cells/cm2, after being 

released from 3-day and 5-day storage or transit and having their vitality quantified. The cells were 

then grown for 48 and 96 hours at 37°C with 5% CO2 in a humidified incubator. MTT reagent 

was used to compare the relative survival rates of the cells to the non-encapsulated (cultured in 

standard culture conditions) control group (M6494, Thermo Fisher, USA). 
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4.5.8. Qualitative assessment of the characteristic phenotype 

Released cells were assessed for viability after RT transit or storage at 4 °C for 3-5 days. For 48 

hours, 2x104 cells/cm2 were grown on coverslips in 12-well culture plates at 37°C with 5% CO2 in 

a humidified incubator. These cells were screened for hLMSC biomarkers. 

Cultured cells were rinsed twice in PBS before being fixed for 20 minutes in a solution of 4% 

paraformaldehyde in PBS. Triton-X 0.03 % [vol/vol] in PBS was used to permeabilize the cells, 

which was followed by two PBS washes that lasted five minutes each. To prevent the non-specific 

protein-protein interactions, cells were treated for 1 hour with 2.5% BSA in PBS. At RT, moist 

conditions were used for all of the incubations. Cells were then treated for two hours with primary 

antibodies in 100 microliters of 1% BSA in PBS after the blocking solution had been removed.  

The antibody panel used in this study consisted of several markers to identify specific cell 

phenotypes. The positive markers for the human limbal stem cell phenotype included ABCG2, 

Pax6, p63-α, and Col-III. These markers are known to be associated with limbal stem cells. On 

the other hand, HLA-DR and CD45 were used as negative markers, indicating the absence of 

mesenchymal origin. In addition to the limbal stem cell markers, the panel also included positive 

markers for the mesenchymal phenotype, namely CD73, CD105, and VIM. These markers are 

commonly expressed in mesenchymal cells.  

Following the incubation with primary antibodies, cells on coverslips were rinsed twice in PBS for 

five minutes each. Following a 45-minute incubation with secondary antibodies (1:400) diluted in 

100µL of PBS containing one percent BSA, the cells were washed three times for ten minutes 

each. The panel of secondary antibodies includes anti-mouse and anti-rabbit Alexa Fluor 488 

(A11001, Thermo Fisher, USA) (A11008, Thermo Fisher, USA). Fluorescent microscopy imaging 

was carried out using an Axio Scope A1 Carl Zeiss AG, Germany, fluorescent microscope with a 

20x–40x objective after cells were mounted using Fluorosheild mounting media with DAPI 

(ab104139, Abcam, UK). Three times this experiment was repeated. 

The percentage of cells positive for a specific biomarker was determined by analyzing images from 

the central (1 image) and peripheral areas (2 images) of the coverslip. The results were tabulated, 

with lack of expression represented as (-), <25% positive cells as (++), 25-50% as (+++), and 

>90% positive cells as (++++) 

4.5.9. Quantitative assessment of the characteristic biomarkers 

In order to assess the level of gene expression, one million cells from each storage category were 

employed after they had been released from their encapsulation. For the control, we utilized freshly 
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lysed cells derived from the culture. After isolating total RNA with the Trizol (15596018, Thermo 

Fisher, USA) technique, the RNA was then converted to cDNA with Superscript-III (1808051, 

Thermo Fisher, USA) at a concentration of 1 µg/µL of RNA per 20 µL of reaction mix. Real-time 

PCR was performed on the cDNA that had been produced by utilizing a Maxima SYBR Green kit 

(K0221, Thermo Fisher, USA) with 200ng of template per 25 µL of reaction mix. 

Within the confines of the detecting system, the reaction was carried out (Applied Biosystems, 

USA). The reactions were carried out in parallel. In these investigations, the GAPDH gene served 

the purpose of a housekeeping gene. The data on gene expression were standardized so that the 

variation in expression levels could be brought under control and brought closer to the geometric 

mean of the housekeeping gene. The data were examined via the lens of the 2-ΔΔCT approach. The 

primer sequences are detailed in Table 4.7. 

Sl # Primer Sequence Size Tm (°C) 

1 GAPDH 
Forward: ACCACAGTCCATGCCATCAC 

452bp 55°C 
Reverse: TCCACCACCCTGTTGCTGTA 

2 CD90 
Forward: CGCTCTCCTGCTAACAGTCTT 

142bp 60°C 
Reverse: CAGGCTGAACTCGTACTGGA 

3 PAX-6 
Forward: ATAACCTGCCTATGCAACCC 

208bp 58°C 
Reverse: GGAACTTGAACTGGAACTGAC 

4 TAp63-α 
Forward: GAGGTTGGGCTGTTCATCAT 

183bp 57°C 
Reverse: AGGAGATGAGAAGGGGAGGA 

Table 4.7: List of genes (primers) and their nucleotide sequences assessed for the relative 

expression of the genotype 
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4.6. Evaluation of the toxicity and safety of hLMSCs 

4.6.1. Experimental design 

A total of 18 New Zealand White strain rabbits, aged 12 to 16 weeks, were used in the study. The 

rabbits were evenly distributed into three groups, with 6 rabbits in each group (3 males and 3 

females). The groups were as follows: control or sham-treated group (G1), G2 (En- hLMSCs) 

group treated with hLMSCs that were not encapsulated, and G3 (En+ hLMSCs) group treated 

with hLMSCs encapsulated in sodium alginate and transported at room temperature. A schematic 

diagram illustrating the experimental design can be found in Figure 4.7. 

 

Figure 4.7. Schematic of the safety and toxicity study design. 

 

4.6.2. Animal maintenance and observations 

The stratified randomization procedure was used to divide the animals into three groups after at 

least five days of acclimatization before the experiment. An examination by a veterinarian was 

done before to the trials to make sure the animals were healthy and appropriate for the research. 

Throughout the course of the trial, animals were checked twice a day for mortality and morbidity 

and once a day for clinical symptoms. On the day of therapy and then every week after, individual 

body weights were noted. Kilograms were used to measure the bodily weights (Kg). 
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4.6.3. Wounding the ocular surface of rabbits 

For the experiment, the rabbits received anesthesia via an intramuscular injection of a Ketamine 

(35mg/Kg body weight) and Xylazine (10mg/Kg body weight) mixture. Topical anesthesia was 

applied to the left eye using 1-2 drops of 0.5% proparacaine hydrochloride. To ensure cleanliness, 

the eyes were gently cleansed using a cotton swab soaked in 0.5% povidone-iodine eye drops. 

Subsequently, a sterile needle was used to perform a gentle scraping of the eyes. 

4.6.4. Dosing of the wounded eyes with hLMSCs 

During the experiment, the rabbits in groups G2 and G3 had their test eyes treated with 50×104 

En- hLMSCs and En+ hLMSCs, respectively. The cells were dissolved in 100µL of a commercially 

available fibrin glue composition (TISSEEL LYO, Baxter International Inc., Illinois, USA). In 

contrast, the control or sham-treated group received only the fibrin glue composition without any 

cells. After administering the substances, the eyelids were gently closed for 3-5 seconds to ensure 

retention of the test items. Following the procedure, the treated eyes were covered with sterile 

dressing pads until the rabbits recovered from anesthesia. The animals were closely monitored for 

irritant and corrosive effects at specified time points, including hours 1, 24, 48, and 72 post-dosing. 

4.6.5. Grading of the ocular surface of rabbits after dosing 

To find alterations in the cornea, conjunctiva, iris, and aqueous humor, slit-lamp examination 

(PSLAIA-11, Appasamy Associates, India) was carried out. Ophthalmic exams of the cornea and 

conjunctiva were performed using fluorescein sodium ophthalmic strips. The ocular observations 

were graded in accordance with Schedule Y and the numerical scoring system specified in Test 

No. 405 "Grading of Ocular Lesions" of the OECD Guidelines for the Testing of Chemicals. 

Prior to dosing, during the third, sixth, twelfth, and twenty-fourth hours of day one, and on days 

7, 14, and 28 after dosing, slit lamp and IOP observations were made. Table 4.8 lists the scoring 

guidelines. 
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Table 4.8. List of the parameters of ophthalmic observations and their respective scores for 

grading of the severity. 

  

Observation Score 

Corneal opacity 

• No ulceration or opacity 0 

• Scattered or diffuse areas of opacity (other than slight dulling of normal lustre); 

details of iris clearly visible 

1 

• Easily discernible translucent area; details of iris slightly obscured 2 

• Nacreous area; no details of iris visible; size of pupil barely discernible 3 

• Opaque cornea; iris not discernible through the opacity 4 

Iris 

• Normal 0 

• Markedly deepened rugae, congestion, swelling, moderate circumcorneal 

hyperaemia; or injection; iris reactive to light (a sluggish reaction is considered to be 

an effect) 

1 

• Haemorrhage, gross destruction, or no reaction to light (any or all of these) 2 

Conjunctival Redness  

(Refers to palpebral and bulbar conjunctivae; excluding cornea and iris) 

• Normal blood vessels 0 

• Some blood vessels definitely hyperaemic (injected) 1 

• Diffuse, crimson colour; individual vessels not easily discernible 2 

• Diffuse beefy red 3 

Chemosis (swelling of lids and/or nictitating membranes) 

• No swelling (Normal) 0 

• Some swelling above normal (includes nictitating membranes) 1 

• Obvious swelling with partial eversion of lids 2 

• Swelling, with lids about half closed 3 

• Swelling, with lids more than half closed 4 
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4.6.6. Blood and tear sample collection 

At various time intervals, including 1, 6, 12, and 24 hours, as well as on days 7, 14, 21, and 28 after 

administration, blood samples were collected from the animals. Approximately 3-4 mL of blood 

was obtained from each animal using plain vacutainers. The collected blood samples were then 

processed to isolate the serum, which was subsequently stored at -80°C for further analysis. 

 

In addition to blood samples, tear fluid samples were also collected at specific time points 

throughout the study. Tear strips were used to collect tear fluid from the animals at 1, 3, 6, 12, and 

24 hours, as well as on days 7, 14, 21, and 28 after administration. These tear fluid samples were 

carefully collected and stored at -80°C for the assessment of specific markers including IL-6, TNF-

α, and IgE. 

4.6.7. Isolation of total protein from tear samples 

To extract tear fluid from frozen Schirmer's strips, the protocol described by Posa et al. in 2013 was 

followed. Firstly, the frozen strips, obtained from Tear Strips by Care Group, Gujarat, India, were carefully 

positioned close to the base of a sterile 0.5mL microcentrifuge tube using forceps. A sterile 22 ½ gauge 

needle was used to puncture the 0.5mL microcentrifuge tube, allowing the tear fluid to be collected. To 

facilitate the collection process, the entire assembly was inserted into a 1.5mL microcentrifuge tube. 

Next, approximately 10-50µL of 1x PBS (phosphate-buffered saline) was added to the strip, taking 

into account the length (mm) of the strip and the absorption capacity of the tear fluid. The setup 

was then incubated at 2-4°C for a duration of 30 minutes to allow for proper fluid extraction. 

Following the incubation, the assembly was centrifuged at 13,000rpm for 5 minutes at 4°C. After 

centrifugation, 1µL of the extracted tear fluid was utilized for protein quantification, while the 

remaining tear fluid was promptly stored at -80°C for future analysis purposes. 

4.6.8. Protein estimation by Bicinchoninic acid (BCA) assay 

The protein quantification in the tear fluid was conducted using the BCA assay, which is a colorimetric 

assay. The BCA assay kit (786-570) from G-Biosciences, Geno Technology Inc., Missouri, USA, was 

employed following the manufacturer's protocol. 

For the assay, standard solutions with concentrations ranging from 2000 µg/mL to 0 µg/mL were prepared. 

The tear fluid samples, along with the standards, were subjected to the BCA assay. The absorbance of the 

resulting solutions was measured at 562nm using a SpectraMax M3 microplate reader system from 

Molecular Devices, California, USA. 



104 

Based on the standard graph obtained using the known concentrations of the standards, the protein 

concentrations of the tear fluid samples were determined. The absorbance values of the unknown samples 

were compared to the standard curve to calculate their corresponding protein concentrations. This 

quantitative analysis allowed for the assessment of protein levels in the tear fluid samples. 

4.6.9. Determination of inflammatory cytokines by ELISA 

 

The inflammatory markers in the rabbits' samples were quantified using sandwich ELISA 

methods. Commercially available antibody-coated kits from KinesisDx, Krishgen Biosystems, 

USA, were used for this purpose. The specific kits used were IgE (K09-0071), IL-6 (Ref: 

KLX0003), and TNF-α (KLX0065). 

In the assay, 40µL of each sample (sera/tear) was added to the respective wells of the ELISA plate. 

Subsequently, 10µL of the corresponding biotinylated antibodies was added to each well, except 

for the standards which did not require biotinylated antibodies. The plate was then incubated at 

37°C in the dark for 1 hour. 

After the incubation, the wells were washed four times with 1x wash buffer using an automated 

washer system (Erba Lisa Wash II, Erba Mannheim, London, UK). The residual buffer was 

removed by tapping the plate firmly onto an absorbent paper. Next, 50µL of Streptavidin-HRP 

conjugate solution was added to each well, followed by another incubation period. 

Following this, the wells were washed again, and 50µL each of substrate A and substrate B were 

added to induce a color reaction. The plate was incubated for 10 minutes, and then the reaction 

was stopped by adding 50µL of stop solution to each well. The resulting color developed in each 

well was measured at 450nm using the SpectraMax M3 microplate reader system from Molecular 

Devices, USA. This allowed for the quantification of the inflammatory markers in the samples 

based on the absorbance readings. 

4.6.10. Necropsy, Organ Weights, and Histological Examination following 

Euthanasia 

Following the completion of the experimental study on day 29, humane euthanasia was performed 

on all the animals in the sham, En- hLMSCs, and En+ hLMSCs groups. After euthanasia, a series 

of procedures were conducted to evaluate the animals' tissues and organs in detail. This included 

necropsy, organ weight measurement, and histopathological examination, which aimed to provide 

comprehensive insights into the overall health and potential morphological changes associated 

with the different treatment groups. 
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Necropsy began with a thorough observation of the external features of each animal to identify 

any visible abnormalities or signs of pathology. This initial assessment served as an important 

screening step to detect any gross morphological changes that might have occurred as a result of 

the experimental interventions. 

Following the external observations, an in-situ examination of the organs was carried out. Each 

organ was carefully examined to identify any gross alterations in shape, color, texture, or 

consistency. This meticulous evaluation aimed to detect any macroscopic changes or abnormalities 

that might have developed during the study. 

After the completion of the gross pathology examination, specific organs of interest were collected, 

and their individual weights were recorded. The weights of these organs were expressed as ratios 

relative to the animals' body weights, allowing for a quantitative assessment of any potential 

alterations in organ size or mass. 

To complement the macroscopic observations, histopathological examination was performed on 

the collected organs. The organs were preserved in a 10% buffered formalin solution. 

Histopathological examination involved the preparation of thin sections from the preserved 

organs. These sections were stained with various histological dyes to enhance the visualization of 

cellular structures and to identify any histopathological changes – presence of cellular 

abnormalities, inflammation, necrosis, or any other histological alterations. 

4.6.11. Hematology Analysis of Blood samples 

In order to gain insights into the hematological profile of the animals, blood samples were collected 

and subjected to comprehensive hematological analysis using a Hematology cell counter, 

SYSMEX-XP 100, Japan. To prepare blood smears for microscopic examination, a small amount 

of the collected blood sample was carefully spread onto glass slides. These slides were then 

subjected to staining using Leishman stain for better visualization of cellular structures and 

identification and characterization of different blood cell types. 

Once the blood smears were appropriately stained, a differential leukocyte count was performed 

using conventional microscopy.  All the parameters were evaluated based on established reference 

ranges, enabling a comparative assessment of the animals' hematological status and any potential 

deviations from normal values.  
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S. 
No. 

Parameter Abbreviation Unit Purpose/Use 

1 Haematocrit HCT % 
Measures the percentage of red blood 
cells in the blood. 

2 Haemoglobin Hb gm/dL 
Quantifies the concentration of 
hemoglobin in the blood. 

3 
Mean 
Corpuscular 
Volume 

MCV fL 
Indicates the average volume of red 
blood cells. 

4 Platelets Plat 10^3/µL 
Measures the number of platelets 
involved in clotting. 

5 
Red Blood 
Corpuscles 

RBC 10^6/µL 
Quantifies the count of red blood cells 
in the blood. 

6 
White Blood 
Corpuscles 

WBC 10^3/µL 
Measures the count of white blood 
cells in the blood. 

7 
Differential 
Count 

DLC 

% 

Percentage of different types of white 
blood cells in the blood, including 
neutrophils, lymphocytes, monocytes, 
eosinophils, and basophils. 

  a) Neutrophils Neut 

  b) Lymphocytes Lymph 

  c) Monocytes Mono 

  d) Eosinophil Eos 

  e) Basophils Baso 

8 
Reticulocyte 
Count 

RC % 
Measures the percentage of immature 
red blood cells. 

9 
Terminal Bone 
Marrow 
Examination 

BME - 
Involves the examination of bone 
marrow for diagnostic purposes. 

10 
Abnormal 
Immature Cells 

AIC - 
Identifies the presence of abnormal 
immature cells in the blood. 

11 Bleeding Time BT Minutes 
Measures the time taken for bleeding to 
stop after an injury. 

12 Coagulation Time CT Minutes 
Determines the time required for blood 
to clot. 

13 
Prothrombin 
Time 

PT Seconds 
Assesses the time taken for blood to 
clot through the extrinsic pathway. 

14 
Activated Partial 
Thromboplastin 
Time 

APTT Seconds 
Measures the time needed for blood 
clotting through the intrinsic pathway. 

15 
Erythrocyte 
Sedimentation 
Rate 

ESR 
mm/1st 

hr 
Indicates the rate at which red blood 
cells settle in a vertical tube over time. 
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Table 4.9: The table provides a comprehensive list of hematological parameters measured 

during the study, along with their respective abbreviations and units of measurement 

4.6.12. Clinical biochemistry of blood samples 

Sera collected from the blood samples were analyzed for clinical chemistry parameters using an 

automated Random Access Biochemical Analyzer (EM-360, Erba Mannheim, London UK). The 

parameters measured and analyzed are listed in Table 4.10. 

S. No. Parameter  Abbreviation Units 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

Serum Glucose (GLU) 

Blood Urea Nitrogen  

Serum Creatinine 

Serum Total Bilirubin 

Alanine Aminotransferase 

Aspartate Aminotransferase 

Serum Alkaline phosphatase 

Serum Total Protein   

Serum Albumin 

Globulin 

Serum Total Cholesterol 

High-density lipoprotein 

Low-density lipoprotein 

Serum Phosphorous 

Serum Calcium 

Serum Sodium 

Serum Potassium 

Gamma-glutamyl transferase 

GLU 

BUN 

CREAT 

TBILL 

ALT 

AST 

ALP 

PRO 

ALB 

GLB 

CHOL 

HDL 

LDL 

PHOS 

Ca 

Na 

K 

GGT 

mg/dL 

mg/dL 

mg/dL 

mg/dL 

IU/L 

IU/L 

IU/L 

g/dL 

g/dL 

g/dL 

mg/dL 

mg/dL 

mg/dL 

mg/dL 

mg/dL 

mmol/L 

mmol/L 

IU/L 

Table 4.10: List of clinical chemistry parameters observed, along with their corresponding 

abbreviations and units of measurement. 
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4.7. Assessment of the efficacy of hLMSCs in healing and preventing corneal scars  

4.7.1. Experimental design  

A total of fifty-six, 6 to 8-week-old C57BL/6 mice, weighing 22-25grams, were used for this study. 

Simple or unrestricted randomization was followed in the allocation of the mice to the study 

groups and subgroups. The study has three treatment arms – (i) scar group, (ii) prophylaxis and 

(iii) untreated groups. The scar and prophylaxis groups had three each subgroups, with 8 mice per 

every subgroup, similar to the toxicity study. The subgroup 1 was treated with sham (vehicle only), 

the subgroup 2 was treated En- hLMSCs and subgroup 3 was treated with En+ hLMSCs. The 

treatment was given immediately post debridement of the corneal layers in the prophylaxis group. 

The scar group mice were treated two-weeks post corneal debridement. The mice were allowed to 

develop corneal scars during this period. The mice of untreated group (n=8), did undergo 

debridement of the corneal layers, but were not provided with any treatment. The mice were 

allowed to develop the scar and the extent of the clearing of scarred area was tracked till the end 

of 8 weeks post debridement. 

4.7.2. Animal maintenance – C57BL/6 mice  

Mice were acclimatized at least one week before the beginning of the study.  Four to five mice per 

cage were maintained in individually ventilated cages (IVC) with ad libitum feeding. 

4.7.3. Generating corneal scar  

During the course of the experiment, the mice were anesthetized using a combination of Xylazine 

and Ketamine diluted in normal saline. Xylazine (ilium Xylazil-100, Troy Laboratories Australia 

PTY LTD, New South Wales, Australia) was administered at a dosage of 100mg/kg of body 

weight, while Ketamine (Aneket®, Neon Laboratories Limited, Mumbai, India) was administered 

at a dosage of 10mg/kg of body weight. The anesthesia was delivered intraperitoneally to induce 

general anesthesia in the mice. 

To prevent the eyes from drying during the experimental procedures, TearsPlus lubricating eye 

drops (Allergan India Pvt Ltd, Bangalore, India) were applied to both eyes of the mice. In case of 

any dust particles present in the eyes, they were carefully removed using a surgical spear (EYETEC, 

Gujarat, India) and the eyes were lubricated again. Topical anesthesia was then administered to 

both eyes using 0.5% proparacaine (Paracain, Sunways India Pvt Ltd, India). 
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For the purpose of the experiment, Algerbrush II (Accutome Inc., Pennsylvania, United States) 

equipped with a 0.5 mm burr was used. The burr was gently rotated in a circular motion on the 

central cornea of the right eye, extending towards the peripheral cornea, for a duration of 15-20 

seconds. This procedure aimed to selectively remove the epithelium and a portion of the anterior 

stroma in the central cornea, while keeping the limbus, sclera, and other parts of the ocular surface 

unaffected. Following this, the mice were allowed a two-week period for scar development or were 

immediately subjected to further treatment as per the experimental design. 
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Figure 4.8: Assessment of the corneal thickness and transparency: A) Snapshot illustrating the 

calculation of wounded corneal surface using ImageJ software to quantify the reepithelization B) 

Representative image showing the Measuring of corneal thickness and its individual layers C) 

Representative image illustrating the quantifying the scarred area and mean grayscale value using 

free-hand. 

4.7.4. Transplantation of hLMSCs to scarred corneas 

The scarred/debrided corneas were scraped gently with surgical blade #15 to remove the damaged 

tissue and then treated with 50×103 En-/En+ hLMSCs mixed in 2µL of fibrin glue. This fibrin 

glue cured to form a gel-clot within 1 minute of application. The contralateral eye (right) was used 

as normal control in all the groups. 

4.7.5. Clinical follow-up and imaging  

The clinical assessment of the mice included several procedures to evaluate the condition of their eyes. 

These procedures included clinical photography, optical coherence tomography (OCT) scans using 

pachymetry to obtain detailed cross-sectional images of the corneal layers, and fluorescein staining of the 

ocular surface. The purpose of these assessments was to examine the transparency and thickness of the 

corneal layers, detect the extent of damage in the central cornea, and monitor the closure of the created 

wound. 

The clinical assessments were performed on both eyes of the mice before the surgical wounding and prior 

to the treatment with human limbal mesenchymal stem cells (hLMSCs). Following the surgery and 

wounding, the mice's eyes were evaluated at specific time points, including day 1, day 3, day 7, day 10, day 

14, and then once a week thereafter until the end of the study, which was 4 weeks post-treatment in both 

the scar group and the prophylaxis groups to observe and compare the effects of the treatment. 

4.7.6. Corneal thickness and transparency measurement  

The clinical images were evaluated using ImageJ software (Figure 4.8) to determine the scarred 

area (normalized to baseline/post-debridement), and grayscale units (GSU) of the OCT scans to 

determine the transparency of corneal cross sections. 

The rate of reepithelization was assessed by quantifying the wounded area (mm2) from the 

fluorescein stain images (Figure 4.8A) relative to the pre-wound image of the same eye. The E:S 

(epithelium to stroma) was measured by taking the mean of 10 thickness reads of each layer in the 

wounded area. The scar area and the mean gray scale value of the scarred cornea was measured by 

selecting the area of scar using free-hand and quantifying the respective area (Figure 4.8C) and 

comparative analysis of these values to the respective baseline readings.   
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4.7.7. Euthanization and histological analysis of corneas 

At the conclusion of the study, the mice were euthanized to allow for further analysis. The whole 

eyeballs of both eyes from each mouse were carefully collected for histological analysis. This 

involved preserving the eyeballs in 10% formalin solution. 

4.8. Statistical analysis of the experimental data  

To ensure the reliability and robustness of the experimental results, all experiments were conducted in at 

least biological triplicates or more, as necessary. Additionally, wherever applicable, two or more 

independent readings were taken to account for any variability and increase the accuracy of the data.  

For the statistical analysis of the data, appropriate methods were employed to determine the significance of 

the observed differences or associations – such as the Student's t-test and the Kruskal-Wallis test, were 

employed based on the nature of the data and the experimental design. 

The Student's t-test is a parametric statistical test used for comparing the means of two groups. It assesses 

whether the observed differences between the groups are statistically significant or simply due to chance. 

This test calculates a p-value, which represents the probability that the observed differences occurred by 

random chance. If the p-value is below a predetermined significance level (usually 0.05), it indicates that 

the differences between the groups are statistically significant. 

The Kruskal-Wallis test, on the other hand, is a non-parametric test used when comparing the medians of 

three or more groups. It is employed when the assumptions required for the t-test are not met, such as 

when the data is not normally distributed or the sample sizes are small. This test ranks the data and 

determines whether there are significant differences among the groups based on the ranked values. 

The significance level for both tests was set at 0.05, which means that if the calculated p-value is less than 

0.05, the differences or associations observed in the data are considered statistically significant. 

For the statistical analysis, GraphPad Prism software version 5.0 was utilized.   
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5.1. Optimizing the methods for isolation, characterization of hLMSCs, and the 

assessment of their quality and stability 

5.1.1. Continuous Control, Regulation, and Monitoring of activities in the clean room 

• All the set parameters of the clean room specifications, for example, maintenance of set 

temperature and humidity, particle count per cubic feet of air, etc., were all maintained 

during the entire course of this study, which ensured the cell culture activity was carried in 

controlled and aseptic conditions. 

• No deviations of any kind were found with the quality of air evident from the negligible 

colonies (i.e., ≤2 colonies, specified alert limit) of microbes grown in soybean casein digest 

agar plates (settle-plate method) (Figure 5.1). 

• The personnel involved in the clean room activities and the sterile gowns were also 

monitored periodically to ensure no transfer of microbes or skin cells shed into the 

production line. The suit contact plates and finger dab plates have not shown any colonies 

of the microorganisms, beyond the specified alert limit (i.e., ≤2 colonies). 

Conclusively, all the set parameters of the specifications laid down for the control, regulation, 

and monitoring of the activities, facility, and personnel of the clean room, were within the 

permissible levels or allowed limits. 

 

Figure 5.1: Monitoring the aseptic conditions for cell culture activity: (A-B) Photographs of the 

soybean casein digest agar plates showing the negligible number of colonies (red arrow) within 

specified alert limit, indicating the quality of air and environment in the clean room.  



 
 



 
 

Figure 5.2: Expansion of the hLMSCs in culture: Spindle-shaped stromal cells initiating from the 

limbal explant, at primary generation (P0) image at 40X magnification (A) and 100X magnification 

(B).  Both epithelial (cuboidal, indicated with a green arrow) and stromal phenotype cells (indicated 

with yellow arrows) initiating from the same explant in primary culture (C). The primary culture is 

mostly dominated by epithelial phenotype at the early stages (D, on day 3) and at the confluence 

(E, on day 13). The stromal cells gradually increase in number (F) after a passage with the epithelial 

phenotype diminishing in number in the late P1 (G) and early P2 generations (H). By end of the 

P2 generation (I), ~10% of the epithelial cells were found to be surviving. A pure population of 

the stromal phenotype in P3 generation (J-L). The hLMSCs at early (J), mid (K), and confluence 

(L) stages, which also include dendritic cells (indicated with a black arrow), undifferentiated 

fibroblastic cells (indicated with an orange arrow), and quiescent fibroblastic cells (indicated with 

a red arrow). Magnification (B-L): 100X. This data was published in part at DOI: 

10.3390/ijms23158226, by (Damala et al., 2022). 

5.1.2. Isolation and expansion of hLMSCs 

The human limbus-derived mesenchymal/stromal stem cells (hLMSCs) isolated and expanded 

from the corneal limbal explants were observed to have grown from the explants (Figure 5.2 A-

C) in the primary generation itself (P0). However, this generation was dominated by the limbal 

epithelial cells covering 70–90% of the culture flask’s surface area. 

With the serum maintained at very low levels of ≤2%, the epithelial sheets started to grow in fewer 

numbers in P1, relative to P0 generation, providing more room for the hLMSCs to expand in the 

P1 stage (Figure 5.2 F-G). By the end of the P2 stage, the number of hLMSCs outnumbered the 

epithelial population with a smaller number of the epithelial phenotype growing (Figure 5.2 I). In 

P3 generation, a population of the stromal cells were obtained without any epithelial phenotype 

growing along with the hLMSCs. The cells also included dendritic cells, and cells with fibroblast 

and myofibroblast morphology in negligible numbers (Figure 5.2 L).  

5.1.3. Yield, Viability and Adverse events  

• In terms of numbers, at confluence the yield per flask, i.e., the number of viable hLMSCs 

per one T75 flask has ranged at 1×106 to 2.5×106. Each corneolimbal rim (from one donor 

cornea) gave rise to 6-8 T75 flasks. This enables the availability of hLMSCs in at least 4–5 

doses per one donor cornea, after all the testing procedures. A single dosage to one 

recipient eye consists of 0.5×106 hLMSCs (J. Funderburgh et al., 2018; Basu et al., 2019a). 
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• The viability of the cells after trypsinization assessed through dye-exclusion assay was 

always >90%, where the acceptable levels were ≥70%.  

• The morphology of cells was found to be cuboidal/spindle/dendritic throughout the 

cultivation period, as per the set specifications. Cell infiltration of no other kinds 

(conjunctival/scleral epithelia) were observed. 

• Any culture that did not grow to the minimal cell yield at any of the culture, to the set 

specifications was discarded and the respective batch thereafter, was discontinued. 

• No other observations like rapid discoloration of media during the culture, or a change in 

the turbidity were noticed. 

5.1.4. Determination of the characteristic phenotype of hLMSCs 

5.1.4.1. Qualitative assessment of the hLMSCs’ characteristic phenotype of hLMSCs - 

Immunofluorescence 

The expression of biomarkers for the characteristic phenotype was assessed through 

immunofluorescence.  

The panel of biomarkers included various ocular, stem cell, mesenchymal/surface, and cytoskeletal 

biomarkers (Table 4.5 of Methods). 

• The hLMSCs were tested positive for the ocular biomarker Pax6 and stem cell biomarkers 

ABCG2 and p63-α (panel on top, Figure 5.3). 

• The surface biomarkers of MSC phenotype CD105. CD73 and CD90 were also found to 

be constantly expressed by hLMSCs (panel in the middle, Figure 5.3). 

• The surface biomarkers of MSC phenotype which are ideally expected, not to be expressed 

by MSCs in general i.e., CD45, CD34 and HLA-DR were found to be negatively expressed 

by hLSMCs (lower panel, Figure 5.3). 

All the other cytoskeletal biomarkers were also found to be expressed by the hLMSCs in all 

the batches of cells tested. 

• The collagens of the extracellular matrix, Collagen I, II, III, IV and V were found to 

be expressed by hLMSCs (Figure 5.4). 

• Neural cadherins (Cadherin-1 or N-Cad), the transmembrane proteins which mediate 

cell-to-cell adhesion, were found to be positively expressed by hLMSCs (bottom left, 

Figure 5.4). 
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• However, the epithelial cadherin (E-Cad or Cadherin-2) did not show any expression 

in hLMSCs population (bottom right, Figure 5.4). 

• Vimentin, the intermediary filament biomarker of MSCs, was also observed to be 

positively expressed by hLMSCs (panel in middle, Figure 5.4). 

• Additionally, the hLMSCs have also shown positive expression of the Keratocan 

(KERA, lower panel, Figure 5.4), a biomarker for keratocytes of corneal stroma, the 

cells that responsible for degradation and generation of the stromal collagens, 

contributing to the corneal transparency. 
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Figure 5.3: Expression of the characteristic biomarkers by hLMSCs. Micrographs (panel on top) 

showing the positive expression of ocular (Pax6+) and stem cell biomarkers (ABCG2+, p63-α+). 

hLMSCs showing positive (middle panel) expression of MSC biomarkers CD105+, CD90+ and 

CD73+ and negative (lower panel) expression of CD45-, CD34- and HLA-DR-). All hLMSCs 

culture were counterstained by nuclear stain DAPI (blue). Scale: 50µM. This data was published in 

part at DOI: 10.3390/ijms23158226, by (Damala et al., 2022). 

 

 

 Figure 5.4: Expression of the cytoskeletal biomarkers by hLMSCs. Micrographs showing the 

positive expression of collagens I, II, III, IV and V (red) and intermediary filaments VIM (red) by 

hLMSCs. Lower panel showing the positive expression of N-Cad, KERA (red) and no expression 

of E-Cad. All the hLMSCs culture were counterstained by nuclear stain DAPI (blue). Scale: 50µM. 

This data was published in part at DOI: 10.3390/ijms23158226, by (Damala et al., 2022). 
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5.1.4.2. Quantitative assessment of the hLMSCs’ characteristic biomarkers: 

Fluorescence Assisted Cell Sorting (FACS) 

 

Figure 5.5: Quantifying the biomarker expression by hLMSCs. (A) Collage of the representative 

graph plots showing the percentage of cells expressing the stem cell and mesenchymal biomarkers. 

(B) Bar-graph showing the amount of the biomarker expression (in percentage) by hLMSCs. n=12.  
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The quantification for the phenotypic biomarker expression by the hLMSCs was assessed through 

Fluorescence-assisted cell sorting (FACS). 

• 60.24 ± 6.33 % of cells were positive for the stem cell biomarker p63-α and 65.88 ± 16.48% 

of the cell population have expressed ABCG2. 

• The mesenchymal biomarkers CD90 and CD73 were expressed by 87.89 ± 8.77% and 

78.12 ± 19.52% cells respectively. 

• The expression of hematopoietic marker CD45 was limited to 3.96 ± 1.39% and HLA-DR 

was expressed by < 3.91 ± 1.16% cells.  

The FACS analysis was performed for every batch cultured, for characteristic analysis and for the 

pre-clinical studies. The average expression of 12 batches was shown in Figure 5.5 B.  

5.1.5. Stability and Sterility of hLMSCs 

5.1.5.1. Evaluation of the chromosomal stability through karyotyping 

hLMSCs were assessed for their genetic or chromosomal instability through karyotyping. The cells 

of concurrently produced batches and cells after 6-9months of cryo-storage, both were assessed, 

at an accredited third-party laboratory. All the cells were arrested at the Metaphase stage before 

analysis. 

• No signs of any chromosomal instability in terms of the chromosomal number or structure 

were found in the cells of concurrently produced batches (Figure 5.6A). 

• The hLMSCs revived after 6-9months of cryopreservation also did not show any changes 

(Figure 5.6B) in the chromatic aberrations. 

• Additionally, the cells cultured from the donors of both sexes also were found with to have 

no aberrations. 

• Overall, hLMSCs were found to have no chromosomal or genetic instabilities in all the 

cells and their progeny after long-term preservations as well. 
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Figure 5.6: Representative karyograms showing stable chromosomes of hLMSCs assessed from 

the concurrent culture (A) and the cells revived from cryopreservation (B). This data was 

published in part, as a pre-print at DOI: 10.21203/rs.3.rs-789579/v1 by (Damala et al., 2021). 

5.1.5.2. Evaluation of the viability of pelletized hLMSCs 

The hLMSCs were assessed for their stability in terms of cell viability, when stored as a pellet for 

>3-4 hours in ice-cold conditions, in the event of an unforeseen operational delay at the sites of 

end use. The assessment was done by storing the hLMSCs as a pellet with <50µL of complete 

medium, in ice for 24 hours, followed by dye-exclusion assay analysis of the resuspended hLMSCs. 

• After 3 hours of incubation on ice, it was found that ≥90% of the hLMSCs remained 

viable. This indicates that the majority of cells maintained their viability under these 

conditions. 

• At the end of 6 hours, it was observed that 88.33 ± 2.05% of the hLMSCs in the pellet 

were viable. This suggests that the cells retained a high level of viability even after 6 hours 

of incubation. 
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• By the end of 24 hours, the viability of the cells decreased slightly to 78.21 ± 1.28%. This 

indicates that there was a gradual decline in cell viability over time, but a significant 

proportion of cells remained viable even after 24 hours. 

These viability percentages were depicted in Figure 5.7 and Table 5.1, which visually represent 

the trends in cell viability over the specified time points. 

Percentage 

of viable 

hLMSCs 

Time 

Point 

0th 

hour 

0.5 

hours 

1 

hour 

3 

hours 

6 

hours 

12 

hours 

24 

hours 

Cycle 1 93.44 90.48 90.32 90.32 91.67 84.13 76.19 

Cycle 2 91.67 90.32 90.32 90.77 86.44 83.87 79.66 

Cycle 3 94.92 91.53 91.67 89.19 86.89 83.61 78.79 

Mean 93.34 90.77 90.77 90.09 88.33 83.87 78.21 
 SD 1.15 0.46 0.55 0.58 2.05 0.18 1.28 

Table 5.1. Table showing the percentage of hLMSCs viable after respective hours of storage in 

ice-cold conditions. SD: Standard deviation.  

 

Figure 5.7: A line chart depicting the cell viability trend of hLMSCs during storage in ice. The 

data, represented as mean ± SD, is based on three sets of experiments (n=3). 
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5.1.5.3. Growth kinetics of hLMSCs 

• The cell doubling time of the pure population of the hLMSCs was found to be ~61 hours. 

• The cumulative growth of hLMSCs in terms of cell number assessed through dye-exclusion 

method and in terms of the optical density values assessed through MTT assay are given 

in Figure 5.8A and Figure 5.8B respectively. 

 

Figure 5.8: Line graph showing the cell growth curve of hLMSCs. The cumulative growth in the 

number of cells, against the respective duration (hours) in culture is plotted. n=3. This data was 

published in part, as a pre-print at DOI: 10.21203/rs.3.rs-789579/v1 by (Damala et al., 2021). 
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5.1.5.4. Microbial screening  

During the course of the study, all the raw material such as complete medium and the in-process 

materials such as spent media and the end product (hLMSC cell suspension), were checked for 

microbial contaminations. All the materials tested were found to have zero colonies of microbial 

growth and thus no incidence of any bacterial or fungal contamination. 

A snapshot of an analytical test report, assessed by an independent quality control team, is given 

in Figure 5.9C.  

 

Figure 5.9: (A-B) Representative images of the media plates showing no growth of bacterial 

colonies (Permissible Limit: <5). (C) A snapshot of the sterility report generated after assessing 

the sterility of the in-process materials.   
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5.1.5.5. Assessment of mycoplasma contamination 

There was no evidence of Mycoplasma species contamination in any of the in-process materials, 

or the final cell suspensions of hLMSCs. 

Both of these approaches (based on PCR and calorimetry) were utilized in order to ascertain 

whether or not mycoplasma was present. Both of these approaches have produced quite 

comparable findings (Figure 5.10).  

 

Figure 5.10. (A) A snapshot of the analytical test report generated after assessing the presence of 

mycoplasma in a given sample, through colorimetry-based method. A ratio of <0.9 indicates that 

the sample tested is negative. (B)  Agarose gel electrophoresis image showing the products formed 

in PCR reaction. Sample a and b represent the spent media from hLMSC cell suspension. -ve: 

negative sample for mycoplasma, +(1) and +(2) are positive controls for mycoplasma.  
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5.1.5.6. Determining the levels of bacterial endotoxin 

 

Figure 5.11. (A-B) Representative images showing the clot formation (A) depicting the levels of 

>0.125EU/mL in the positive control, and free flowing suspension without any formation in the 

negative sample (B). A snapshot of the analytical test report generated after assessing the presence 

of mycoplasma in a given sample, through colorimetry-based method. A ratio of <0.9 indicates 

that the sample tested is negative. (B)  Agarose gel electrophoresis image showing the products 

formed in PCR reaction. Sample a and b represent the spent media from hLMSC cell suspension. 

(-ve): negative sample for mycoplasma, +(1) and +(2) are positive controls for mycoplasma.  
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Gel Clot LAL (Limulus amebocyte lysate) assay was performed to determine the levels of bacterial 

endotoxins in most of the raw materials used in the isolation and cultivation of hLMSCs and the 

spent media of every generation of the cell culture.  

Before releasing a particular batch of hLMSCs for therapeutic purposes, the cell suspension the 

hLMSCs was also tested for the levels of endotoxins. 

At every stage of the cell culture the levels of endotoxins were found less than the permissible 

levels i.e., ≤0.125 EU/mL (for ophthalmic devices or solutions intended for superficial use). 

 

5.2. Storage and transport of hLMSCs at ambient temperature  

5.2.1. Validating an insulated container  

The pre-conditioned container was able to successfully maintain an average ambient/ hypothermic 

(internal) temperature of 18.62 ± 1.82 °C. The average temperature at the time of loading or 

packing was 13.91°C whereas the average of highest temperatures recorded inside the container 

was 27.52°C. During this standardization period (80 hours), the mean atmospheric (i.e., external 

temperature in the cargo carrier) was 31.43 ± 1.2°C. The average of lowest atmospheric 

temperature recorded was 28.85°C and the average of highest atmospheric temperature was 

38.40°C (Table 5.2). Over the various seasons of weather, the container was tested, the internal 

temperature has remained within the desired range of the usual room temperature (Table 5.2). 

This process of container’s standardization, however did not employ any cells. After 10 cycles of 

validation, the container was then used to transport encapsulated hLMSCs. 
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Figure 5.12: Line chart summarizing the relative levels of the external and internal temperatures 

of the shipping container recorded during the transit for its validation. This pre-conditioned 

container was validated to check for the maintenance of hypothermic temperatures. This data was 

published in part at DOI: 10.1038/s41598-019-53315-x, by Damala M et al, 2019. 

5.2.2. Encapsulation of hLMSCs 

The hLMSC cell suspension was encapsulated using Alginate formulation (Section 4.5.2 of 

Methods) at a density of 2.5x106/mL. The Alg-hLMSCs suspension was dropped into CaCl2-based 

buffer, as small droplets, that polymerize and harden to form a bead-like structure. The number 

of resultant beads ranged between 18-24 with at least 18000 to 24000 cells per bead (Figure 5.13). 

These beads with hLMSCs encapsulated in them, were packed for transit. 

 

Figure 5.13: Encapsulated hLMSCs in alginate bead: (A-B) Phase contrast microphotographs of 

the alginate beads encapsulating hLMSCs at 40X magnification. Inserted picture showing the 

alginate beads with cells encapsulated, as seen with the naked eye. 



 
 

Optimizing the insulated and reusable shipping container  

Time 

(hrs) 

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycle 7 Cycle 8 Cycle 9 Cycle 10 

Atm 

(Ext) 

Con 

(int) 

Atm 

(Ext) 

Con 

(int) 

Atm 

(Ext) 

Con 

(int) 

Atm 

(Ext) 

Con 

(int) 

Atm 

(Ext) 

Con 

(int) 

Atm 

(Ext) 

Con 

(int) 

Atm 

(Ext) 

Con 

(int) 

Atm 

(Ext) 

Con 

(int) 

Atm 

(Ext) 

Con 

(int) 

Atm 

(Ext) 

Con 

(int) 

0 22.7 3.9 22.6 3.1 23.4 4.2 22.9 4.9 26.4 3.8 23.6 4.2 23.8 3.6 24.1 4.1 23.3 3.1 24.5 2.9 

4 23.2 8.5 21.9 8.3 22.5 7.6 23.8 7.9 23.1 6.1 24.3 6.3 23.2 5.7 24.5 7.6 24.2 5.6 25.3 6.1 

8 22.4 13.4 23.4 12.1 31.9 13.7 29.2 13.3 23.6 9.3 23.2 9.5 25.1 9.7 25.2 9.8 25.3 9.1 24.1 10.2 

12 29.7 16.4 25.6 14.7 29.8 14.6 27.8 14.2 24.6 13.7 24.1 13.2 24.2 12.8 25.8 13.1 23.4 12.9 23.9 13.5 

24 36.4 18.4 31.8 17.4 26.2 16.1 28.6 15.3 23.0 14.6 23.6 14.4 27.6 13.6 29.3 14.2 30.2 14.6 31.8 14.2 

28 37.2 21.7 30.6 21.2 37.3 17.2 34.0 16.9 29.6 16.7 28.2 15.1 29.1 15.4 31.5 15.0 31.5 15.3 32.6 15.6 

32 40.8 23.6 31.0 23.0 32.1 18.4 30.6 18.1 30.5 17.5 31.1 17.9 30.7 18.3 34.2 16.7 32.6 16.9 33.9 16.1 

36 30.4 25.4 35.2 25.1 27.5 19.7 27.8 19.2 29.1 18.0 31.6 19.0 32.5 19.5 36.4 17.5 31.9 17.2 35.6 17.2 

48 31.2 25.9 40.3 26.2 29.9 20.4 29.1 20.1 28.4 18.6 32.8 21.1 34.2 21.2 37.5 18.6 33.5 19.0 34.1 18.3 

52 39.2 26.8 39.3 27.2 36.4 23.2 37.6 22.9 29.2 21.1 37.6 23.6 33.0 22.8 32.8 20.1 35.8 20.7 36.2 19.0 

56 40.5 27.4 36.8 28.5 33.2 25.1 34.3 24.2 31.0 23.2 34.1 25.1 38.6 23.5 33.7 21.3 37.2 21.1 38.3 20.3 

60 34.3 27.9 37.2 29.3 30.7 26.4 29.0 25.1 29.6 24.1 36.2 25.9 35.1 24.1 35.6 22.4 33.9 22.5 36.8 21.8 

72 33.4 28.4 39.6 29.8 28.6 28.3 29.8 26.6 28.8 24.9 38.2 26.4 34.0 24.8 36.2 24.3 35.1 23.7 37.4 22.6 

76 38.7 29.1 45.2 30.2 36.8 29.4 35.6 27.1 32.7 25.1 33.7 27.7 32.6 25.4 37.2 25.1 36.8 24.6 35.1 23.8 

80 38.0 31.2 44.3 30.9 37.2 30.1 36.2 27.7 37.2 26.3 36.1 28.1 38.6 26.0 38.6 25.4 39.1 25.2 38.7 24.3 

Table 5.2: Table showing the internal and external temperatures (◦C) of the insulated shipping container, recorded every 4 hours, during the cycles 

(n=10) of standardization and validation. Atm – Atmospheric or Container’s external temperature, Con – Container’s internal temperature.  



 
 

5.2.3. Recovery from encapsulation after transit 

The hLMSCs were recovered at optimal rate irrespective of the external temperature and 

conditions (Figure 5.14).  

• The average recovery rate of viable cells after a 3-day transport at room temperature was 82.5% 

± 0.9% (n = 3). 

• Encapsulated cells stored at 4°C showed a lower recovery rate of 65.2% ± 1.2% (n = 3, 

p = 0.0008) viability. 

• Cells that underwent a 5-day transit were recovered with a viability of 77.0% ± 2.0% (n = 3). 

• The viability of cells stored for 5 days at 4°C after encapsulation was 64.5% ± 0.8% (n = 3, 

p = 0.0104). 

• Non-encapsulated cells transported at room temperature had a viability of ≤1% after both 3-

day and 5-day transit. 

• Cells stored at 4°C without encapsulation showed a mean recovery of approximately 5.3% ± 

0.1% after 3 days and ≤4% after 5 days. 

 

Figure 5.14: Bar graph summarizing the mean recovery of viable cells from 3-5 days of storage or 

transport, after encapsulation. En+ - Encapsulated, En- - Non-encapsulated, RT – transported at 

room temperature, 4◦C – stored at refrigerated conditions. *p = 0.0104, **p = 0.0008. This data 

was published in part at DOI: 10.1038/s41598-019-53315-x, by Damala M et al, 2019. 
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5.2.4. Relative survival rate 

The hLMSCs recovered from storage or transit after encapsulation were assessed for their survival 

rate in culture (from the adherent cells), relative to a standard ongoing culture of hLMSCs from 

the same origin. The non-encapsulated cells that were recovered after transit and storage at RT 

and 4◦C respectively, with 1-4% of viability were excluded from the assessment due to low 

numbers. 

▪ After 48 hours in culture, cells transported at RT for 3-days, have shown a relative survival 

rate of 61.93 ± 1.68% compared to a standard culture (normalized to 100%), which after 

96 hours in culture, increased to 74.34 ± 2.89%.  

▪ Whereas the cells in transit for 5-days, have exhibited 51.24 ± 1.38% survival after 48 hours 

that increased to 67.74 ± 9.78% in the subsequent 48 hours (Figure 5.15). 

▪ Around 39.67 ± 5.32% of cells stored at 4◦C for 3-days, have shown attachment after 

48 hours and this value increased to 54.8 ± 9.04% after 96 hours.  

▪ Cells that were stored for 5 days in refrigerating conditions, had 43.77 ± 3.53% of relative 

survival after 48 hours that rose to 52.35 ± 8.07% after 96 hours. 

 

Figure 5.15: Graph plot showing the survival rate of the encapsulated cells in culture, relative to 

the control cells, capped to 100% (neither stored nor transported). This data was published in part 

at DOI: 10.1038/s41598-019-53315-x, by Damala M et al, 2019. 



 
 

 

Figure 5.16: hLMSCs in culture 

after release from encapsulation: (A) 

Panel showing a collage of hLMSCs 

attached and growing in the cultures, 

at 48 hours (top) and after 96 hours 

(lower panel), after 3-days of storage 

at 4◦C or transit at RT. Both groups 

have cells grown to 70-80% 

confluence with respect to the 

control group cells. 

(B) Collage of the micrographs of 

the hLMSCs in culture after 5-day 

storage or transit. After 96 hours in 

culture, these hLMSCs have 

exhibited 60-70% confluence 

compared to the control group.  

Magnification: 100X, n=3. 



 
 

5.2.5. Phenotypic Assessment 
 

5.2.5.1. Qualitative assessment of the characteristic phenotype 

On both 3-day and 5-day transit, the hLMSCs transported at RT after encapsulation retained their 

default characteristic phenotype on par with the control cells, which were neither encapsulated nor 

underwent any kind of transit and storage (Figure 5.17).  

In the same vein, the cells that were encapsulated and then kept at a temperature of 4 degrees 

Celsius for three days exhibited no change in their phenotype over this time period. However, the 

alginate-encapsulated human LSMCs that were kept at a temperature of 4 degrees Celsius did not 

display expression of the stem cell biomarker ABCG2 after five days of preservation. The 

remainder of the biomarkers in the panel, including CD73+, Col-III+, Pax6+, p63-+, VIM+, 

CD105+, CD90+, and Col-III+; all showed that the cells were positive. According to the 

hypothesis, the cells did not express CD45, which is a hallmark of the hematopoietic system. 

Table 5.3 illustrates the individual expression profile (expressed as per percentage) by comparing 

the number of cells that stained positively for a particular biomarker to the total number of cells 

that were present in the examined region. This ratio is used to characterize the expression profile. 

 

Table 5.3: Expression profile of the characteristic biomarkers by encapsulated hLMSCs under 

transit/storage at RT/4°C. Key: (-) - No expression, (+) - <25% cells are positive, (++) - 25-50% 

cells are positive, (+++) - 50-90% cells are positive, (++++) - >90% cells are positive for a given 

biomarker. This data was published in part at DOI: 10.1038/s41598-019-53315-x, by Damala M 

et al, 2019. 

Type of 
biomarker 

Biomarker 
3-day transit 5-day transit 

Control 4°C RT Control 4°C RT 

Ocular biomarker Pax6 ++ ++ ++ ++ ++ ++ 

Stem cell 
biomarkers 

p63-α + + + + + + 

ABCG2 +++ +++ +++ +++ − +++ 

Mesenchymal/surf
ace biomarkers 

VIM ++++ ++++ ++++ ++++ ++++ ++++ 

CD45 − − − − − − 

CD90 ++++ ++++ ++++ ++++ ++++ ++++ 

CD73 ++++ ++++ ++++ ++++ ++++ ++++ 

CD105 ++++ ++++ ++++ ++++ ++++ ++++ 

Surface biomarkers Col III ++++ ++++ ++++ ++++ ++++ ++++ 
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Figure 5.17: Microscopic snapshots of phenotypic assessment after 3-day encapsulation: The 

figure shows the results of immunostaining performed on alginate encapsulated hLSMCs from 

both groups that were stored/under transit for 3 days. The encapsulated hLSMCs exhibited 

positive expression of the following biomarkers: Pax6+ (ocular biomarker), ABCG2+ (stem-cell 

biomarker), p63-α+ (stem-cell biomarker), VIM+ (mesenchymal biomarker), CD90+ 

(mesenchymal biomarker), CD105+ (mesenchymal biomarker). The cells were also negative for 

CD45- (hematopoietic marker). The immunostaining images were visualized using a blue DAPI 

nuclear stain, and the scale bar represents a distance of 100 µM. This data was published in part at 

DOI: 10.1038/s41598-019-53315-x, by Damala M et al, 2019. 
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Figure 5.18: Microscopic snapshots of phenotypic assessment after 3-day encapsulation: The 

figure presents the immunostaining results of alginate encapsulated hLSMCs stored at 4 °C for 5 

days. The immunostaining reveals the expression or absence of specific biomarkers in these cells 

compared to the control group. The alginate encapsulated hLSMCs stored at 4 °C did not exhibit 

expression of the stem-cell biomarker ABCG2-. However, the cells from the group stored at room 

temperature (RT) showed a phenotype similar to the control group, expressing the following 

biomarkers: ABCG2+ (stem-cell biomarker), Pax6+, p63-α+, VIM+, CD90+, CD105+, CD45- 



 

139 

(hematopoietic marker), Col-III+, CD73+. The immunostaining images were visualized using a 

blue DAPI nuclear stain, and the scale bar represents a distance of 100 µM. This data was published 

in part at DOI: 10.1038/s41598-019-53315-x, by Damala M et al, 2019. 

5.2.5.2. Quantitative assessment of the characteristic phenotype 

To validate the analysis of characteristic phenotype performed through immunostaining, a panel 

of limited selective biomarkers was chosen to quantitatively assess hLMSCs under 3-day 

transit/storage, through RT-PCR. The panel included PAX6, CD90, and p63α biomarkers. 

The hLMSCs cultured through standard protocols were used as a reference control. Relative to 

these non-encapsulated cells, the cells that were under transit o storage after encapsulation has 

shown a comparable expression of the tested biomarkers, without any statistically significant 

(p > 0.11) differences (Figure 5.19). Cells of both the groups (RT and 4◦C) have retained the 

biomarkers expression, equivalent to the control cells. 

 

Figure 5.19: Quantitative analysis of the characteristic phenotype of hLMSCs after encapsulation 

and transit/storage.  An insignificant (#p > 0.11) fold change in the expression of all the 

biomarkers was found among all three groups of cells. This data was published in part at DOI: 

10.1038/s41598-019-53315-x, by Damala M et al, 2019. 
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5.3. Safety and Toxicity of the hLMSCs    

5.3.1. Mortality and health 

All the sham and test (En+/En- hLMSCs) group animals were found normal for clinical signs. No 

signs of morbidity and mortality were observed in both the vehicle control (sham) and the test 

groups.   

5.3.2. Ophthalmic observations 

During the ophthalmic observations, no major signs of severe ocular inflammation or redness were 

detected, and all findings were within the normal range. However, Grade 1 conjunctival 

inflammation was observed in the treated eyes of all three groups after 3 hours of treatment. By 

the end of the 6-hour post-treatment period, the animals in Group 2 (G2) showed no inflammation 

and returned to normal conditions. In contrast, one animal in the sham group and all six animals 

in Group 3 (G3) still exhibited Grade 1 inflammation. No ocular inflammation was noticed post 

12 hours of the dosing, in all the groups (Figure 5.20 and Table 5.4). There were no signs of any 

corrosive and irritant effect in the treated groups, as well.  

 

Figure 5.20: Collage of the clinical photographs of both the treated (left eye) and the untreated 

(Control, right eye) eyes of the rabbits, showing no major ophthalmic signs such as redness or 

inflammation, after treatment with hLMSCs. This data was published in part at DOI: 

10.21203/rs.3.rs-789579/v1, by Damala M et al, 2021.  
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Time Point G1 (Normal) G1 (Treated) 
G2 

(Normal) 
G2 

(Treated) 
G3 

(Normal) 
G3 

(Treated) 

Conjunctival redness 

Pre-dose 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

3 hours 0 (6 of 6) 1 (6 of 6) 0 (6 of 6) 1 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

6 hours 0 (6 of 6) 1 (1 of 6) 0 (6 of 6) 1 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

12 hours 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

24 hours 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

day 7 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

day 14 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

day 21 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

day 28 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

Corneal opacity 

Pre-dose 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

3 hours 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

6 hours 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

12 hours 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

24 hours 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

day 7 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

day 14 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

day 21 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

day 28 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

Lesions in Iris 

Pre-dose 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

3 hours 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

6 hours 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

12 hours 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

24 hours 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

day 7 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

day 14 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

day 21 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

day 28 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

Aqueous humour 

Pre-dose 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

3 hours 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

6 hours 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

12 hours 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

24 hours 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

day 7 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

day 14 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

day 21 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 

day 28 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 0 (6 of 6) 
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Table 5.4: Scores of the parameters of ophthalmic observations made, as per the grading of the 

severity (Table 4.8 of Methods) of ocular lesions. G1: Sham treated group; G2: Group treated 

with En- hLMSCs, G3: Group treated with En+ hLMSCs. 

5.3.3. Intraocular pressure 

The intraocular pressure (IOP) was within normal range and comparable across all study groups. 

There were no significant differences in the IOP of the treated eyes (right eyes) in both test groups 

compared to the sham-treated (control) group. The IOP of the contralateral eyes (normal, left 

eyes) in all groups remained within normal levels with no significant changes, except for one rabbit 

in the G3 group on day 28, where there was a deviation from the normal range. However, this 

change did not impact the overall findings (Figure 5.21 and Table 5.5). 

A table of the individual readings of the IOP of both eyes was provided in Table 5.6. The median 

levels of the IOP of both test (G2 & G3) groups and the vehicle control/test (groups) were 

provided in Table 5.5. The median levels of En+/En- hLMSCs treated groups were comparatively 

analyzed to that of the sham-treated group. The Kruskal-Wallis test, which is a non-parametric 

version of the one-way analysis of variance, was used for the statistical study. A pictorial 

representation of the same is shown in Figure 5.21.  

 

Table 5.5: Median levels of intraocular pressure (IOP) measured in the rabbit eyes at various time 

periods (n=6 for each group). G1: Sham treated group; G2: Group treated with En- hLMSCs, G3: 

Group 
Pre-
dose 

3   hours 
6 

hours 
12 

hours 
24 

hours 
Day 

7 
Day 14 Day 21 

Day 
28 

IOP of the treated eyes 

G1 10.5 10.0 11.0 11.0 13.0 13.0 12.0 13.0 12.5 

G2 12.5 9.0 10.0 11.5 13.0 11.0 12.0 15.0 12.0 

G3 12.0 12.0 9.0 11.0 12.5 13.0 13.0 11.0 12.5 

p-value 0.185 0.063 0.268 0.855 0.953 0.154 0.718 0.069 0.349 

IOP of the normal eyes 

G1 12 10.5 13 13.5 13.5 14 13 13.5 13 

G2 13.5 8 13.5 13 13.5 12.5 12 13 12 

G3 12.5 10 12.5 13.5 13.5 12 13.5 12.5 12 

p- value 0.715 0.067 0.877 0.792 0.999 0.056 0.586 0.498 0.017 
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Group treated with En+ hLMSCs. This data was published in part at DOI: 10.21203/rs.3.rs-

789579/v1, by Damala M et al, 2021. 

 

Figure 5.21. (A) The graph plot illustrates the changes in intraocular pressure (IOP) of the treated 

(left) eyes of rabbits following treatment with En+/En- hLMSCs. The data is based on a sample 

size of n=6. Statistical significance is denoted by *p<0.05, indicating a significant difference 

compared to the control group. (B) The graph plot displays the changes in intraocular pressure 

(IOP) of the normal (right) eyes of rabbits throughout the study. The data is based on a sample 

size of n=6. Statistical significance is denoted by *p<0.05, indicating a significant difference 

compared to the control group. G1: Sham treated group; G2: Group treated with En- hLMSCs, 

G3: Group treated with En+ hLMSCs. This data was published in part at DOI: 10.21203/rs.3.rs-

789579/v1, by Damala M et al, 2021. 
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Individual readings of the Intraocular Pressure 
 

G
R
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U

P
 

ID 

Pre 

dose 

Day 1 
Day 7 Day 15 Day 22 Day 28 3   

hours 
6 hours 

12 
hours 

24 
hours 

L
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R

E 

L

E 

R

E 

L

E 

R

E 

L

E 

R

E 

L

E 

R

E 

L

E 

R

E 

L

E 

R

E 

L

E 

R

E 

L

E 

R

E 

G
1 

(s
ha

m
) 

1. 10 13 10 9 20 13 14 9 13 14 13 14 12 14 12 13 13 13 

2. 10 12 10 12 11 11 11 14 14 13 12 13 10 13 13 14 12 13 

3. 10 12 13 10 10 13 8 11 13 13 13 14 11 13 13 13 13 13 

4. 11 11 10 13 7 13 11 13 14 15 15 15 12 13 13 14 12 13 

5. 13 14 11 11 14 14 13 15 12 14 14 14 14 14 11 13 12 13 

6. 11 12 9 9 11 11 8 14 11 13 9 14 13 13 13 14 13 14 

G
2
 (

E
n-

 h
L

M
S
C

s)
 

7. 14 14 7 7 5 10 12 13 12 13 11 13 11 13 15 12 11 12 

8. 12 12 9 9 8 10 4 13 9 13 10 12 13 11 12 10 11 12 

9. 9 10 9 8 10 13 12 16 11 14 11 14 10 12 15 11 12 12 

10. 11 13 7 10 10 15 13 13 15 14 11 14 13 13 15 18 12 12 

11. 16 14 9 7 14 14 11 13 15 13 13 12 14 13 15 14 13 13 

12. 13 13 12 8 11 14 11 13 14 15 13 12 11 14 13 14 12 12 

G
3
 (

E
n+

 h
L

M
S
C

s)
 

13. 12 12 11 6 8 12 10 13 14 13 13 14 11 14 11 11 12 13 

14. 12 14 14 9 10 15 11 15 14 15 13 14 15 13 11 13 13 12 

15. 11 12 8 10 7 12 11 13 12 13 14 12 13 14 12 12 13 13 

16. 11 13 14 10 8 12 9 13 12 15 12 11 14 12 12 13 13 12 

17. 12 13 10 15 11 13 13 14 11 14 12 12 10 11 11 12 11 12 

18. 12 9 13 18 10 14 11 14 13 13 14 12 13 14 18 15 11 10 

Table 5.6: IOP of the treated (left) and normal (right) eyes at different the time-points of the study. Key:  

LE – Left Eye, RE – Right Eye. G1: Sham treated group; G2: Group treated with En- hLMSCs, G3: 

Group treated with En+ hLMSCs.  
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5.3.4. Clinical chemistry 

Most of the clinical chemistry parameters were found to be within normal ranges, indicating no 

significant abnormalities (Table 5.7). However, the following observations were noted: 

• Alanine Aminotransferase (ALT) levels were significantly higher in the G3 group (81.7 ± 

32.0 IU/L) compared to G1 (61.8 ± 12.6 IU/L) and G2 (59.5 ± 26.9 IU/L). 

• Aspartate Aminotransferase (AST) levels were significantly higher in G2 (74.2 ± 67.7 

IU/L) compared to G1 (62.2 ± 13.0 IU/L) and G3 (61.0 ± 11.7 IU/L). 

• Phosphorous levels were relatively higher in G3 (7.4 ± 1.1 mg/dL) compared to G1 (5.8 

± 0.4 mg/dL), but the difference was not statistically significant. 

• Total protein levels were lower in both hLMSCs-treated groups compared to the sham-

treated group. 

• Total cholesterol and low-density lipoproteins (LDL) levels were higher in G3 compared 

to the other groups. 

• Sodium levels were significantly lower in G3 (152.5 ± 1.9 mmol/L) compared to the sham 

group (158.4 ± 3.2 mmol/L). 

These changes did not have any significant impact on the systemic organs of the tested animals. 

(Table 5.7 and Figure 5.25).  

A list of the individual observations of all parameters in the rabbits (arranged group-wise) is 

provided in Table 5.8.  The summary of mean observations of all the parameters are given in 

Table 5.7. 

  



 
 

S.No. Parameter  Abbreviation 
G1 

(sham) 

G2 

(En- hLMSCs) 

G3 

(En+ hLMSCs) 
Units 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

Serum Glucose 

Blood Urea Nitrogen  

Serum Creatinine 

Serum Total Bilirubin 

Alanine Aminotransferase 

Aspartate Aminotransferase 

Serum Alkaline phosphatase 

Serum Total Protein   

Serum Albumin 

Globulin 

Serum Total Cholesterol 

High-density Lipoprotein 

Low-density Lipoprotein 

Serum Phosphorous 

Serum Calcium 

Serum Sodium 

Serum Potassium 

Gamma-glutamyl Transferase 

GLU 

BUN 

CREAT 

TBILL 

ALT 

AST 

ALP 

PRO 

ALB 

GLB 

CHOL 

HDL 

LDL 

PHOS 

Ca 

Na 

K 

GGT 

112.83 ± 17.49 

21.50 ± 2.99 

0.95 ± 0.13 

0.05 ± 0.00 

61.83 ± 12.56 

62.17 ± 13.03 

86.67 ± 39.77 

6.0 ± 0.18 

2.40 ± 0.07 

3.60 ± 0.21 

56.33 ± 29.03 

23.50 ± 11.91 

27.00 ± 16.90 

5.83 ± 0.39 

12.98 ± 0.19 

158.40 ± 3.19 

4.84 ± 0.21 

8.42 ± 3.30 

117.67 ± 12.76 

21.67 ± 3.35 

0.85 ± 0.08 

0.05 ± 0.01 

59.50 ± 26.91 

74.17 ± 67.73* 

134.83 ± 48.47 

5.63 ± 0.38 

2.36 ± 0.20 

3.27 ± 0.21* 

59.00 ± 13.76 

29.17 ± 9.15 

25.67 ± 7.36 

6.22 ± 0.46 

12.80 ± 0.46 

153.26 ± 5.01 

4.73 ± 0.36 

10.65 ± 3.46 

115.33 ± 6.39 

22.50 ± 3.64 

0.98 ± 0.29 

0.05 ± 0.00 

81.67 ± 32.03* 

61.00 ± 11.65 

107.83 ± 28.37 

5.82 ± 0.25 

2.46 ± 0.10 

3.38 ± 0.23 

74.83 ± 37.75* 

30.83 ± 10.35 

36.50 ± 23.68* 

7.35 ± 1.11 

12.67 ± 0.40 

152.47 ± 1.86* 

5.50 ± 0.91 

9.48 ± 4.33 

mg/dL 

mg/dL 

mg/dL 

mg/dL 

IU/L 

IU/L 

IU/L 

g/dL 

g/dL 

g/dL 

mg/dL 

mg/dL 

mg/dL 

mg/dL 

mg/dL 

mmol/L 

mmol/L 

IU/L 

Table 5.7: Summary of the group-wise biochemical parameters of the rabbits. Levels observed with significant difference are marked with *. Values are expressed 

as mean ± SD. *p≤ 0.05. G1: Sham treated group; G2: Group treated with En- hLMSCs, G3: Group treated with En+ hLMSCs.  

 



 
 

G
R

O
U

P
 

ID
 GLU BUN 

CREA
T 

TBI
LL 

ALT AST ALP 
PR
O 

AL
B 

GL
B 

CH
OL 

HDL LDL 
PH
OS 

Ca Na K GGT 

mg/ 
dL 

mg/ 
dL 

mg/d
L 

mg/d
L 

IU/L IU/L IU/
L 

g/ 
dL 

g/ 
dL 

g/ 
dL 

mg/d
L 

mg/dL mg/dL mg/ 
dL 

mg/ 
dL 

mmol/
L 

mmol
/L 

IU/L 

G
1 

(s
h

am
) 

1 104 16 0.8 0.1 59 61 61 6.2 2.4 3.8 26 11 10 5.9 12.8 159.1 5.1 15.4 

2 110 21 0.9 0.1 59 54 69 6.2 2.4 3.8 32 15 13 5.6 13.2 156.9 4.8 8.1 

3 147 24 1.1 0.1 39 64 32 6.1 2.3 3.8 35 13 15 5.1 13.1 164.8 4.6 5.9 

4 116 20 0.8 0.0 62 63 116 5.9 2.4 3.5 55 29 24 6.2 12.8 154.5 5.0 8.7 

5 111 23 1.1 0.1 74 44 87 5.7 2.4 3.3 88 28 47 6.0 12.8 157.0 4.6 5.9 

6 89 25 1.0 0.1 78 87 155 5.9 2.5 3.4 102 45 53 6.2 13.2 158.1 5.0 6.5 

G
2
 (

E
n+

 h
L

M
S
C

s)
 

7 113 27 0.9 0.1 37 37 100 5.3 2.1 3.2 52 16 25 5.8 13.1 155.2 5.2 7.9 

8 116 23 0.9 0.0 53 43 155 5.1 2.2 2.9 45 25 17 6.1 13.1 147.7 5.0 6.7 

9 102 17 0.9 0.1 43 41 235 5.8 2.4 3.4 52 21 23 7.0 11.8 151.2 4.2 9.8 

10 124 23 0.7 0.0 56 65 108 5.7 2.5 3.2 59 36 25 6.4 13.0 147.7 4.7 12.9 

11 142 18 0.9 0.1 118 224 104 6.3 2.7 3.6 88 42 41 6.4 12.8 161.9 4.4 17.1 

12 109 22 0.8 0.0 50 35 107 5.6 2.3 3.3 58 35 23 5.6 13.0 149.7 5.0 9.5 

G
3
 (

E
n-

 h
L

M
S
C

s)
 13 106 19 1.0 0.1 74 59 142 6.0 2.6 3.4 56 27 24 8.3 11.8 151.5 6.5 5.6 

14 117 21 0.9 0.1 58 49 134 5.8 2.5 3.3 31 16 11 7.1 12.8 153.2 5.3 3.6 

15 113 27 0.9 0.1 28 58 57 6.1 2.3 3.8 44 22 19 7.1 13.0 151.9 7.0 7.3 

16 112 21 0.8 0.0 120 57 91 5.9 2.5 3.4 98 47 46 6.6 12.9 154.5 5.0 16.0 

17 117 28 1.6 0.1 98 86 118 5.3 2.3 3.0 144 35 83 9.2 12.8 154.5 5.0 11.5 

18 127 19 0.7 0.0 112 57 105 5.8 2.4 3.4 76 38 36 5.8 12.7 149.2 4.3 12.9 

 

Table 5.8: Table of the individual observations of the clinical chemistry parameters. Key: G1: Sham treated group; G2: Group treated with En- hLMSCs, G3: 

Group treated with En+ hLMSCs. GLU – Serum Glucose, BUN – Blood Urea Nitrogen, CREAT – Serum Creatinine, TBILL – Serum Total Bilirubin, ALT – 

Alanine Aminotransferase, AST – Aspartate Aminotransferase, ALP-Serum Alkaline phosphatase, PRO-Serum Total Protein, ALB-Serum Albumin, GLB-Globulin, 

CHOL-Serum Total Cholesterol, HDL-High-density lipoprotein, LDL-Low-density lipoprotein, PHOS-Serum Phosphorous, Ca-Serum Calcium, Na-Serum Sodium, 

K-Serum Potassium, GGT-Gamma-glutamyl transferase. 



 
 

5.3.5. Hematology 

All the hematological parameters were found to be normal in both hLMSC-treated groups, with respect to 

the sham-treated groups. There were no significant differences in the mean values or levels of the analytes 

in all three groups. The findings are summarized hereunder: 

• Bone marrow observation also had revealed no major or significant changes, in the 

hematopoietic system in both groups that were treated with hLMSCs.   

• No signs of any changes in cellularity such as erythropoiesis, granulopoiesis or lymphopoiesis 

were observed i.e., the hypocellularity or hypercellularity (presence of lower or higher number 

of cells than normal levels, respectively) of the red blood cells, neutrophils, eosinophils, 

basophils and lymphocytes such as B-cells or NK cells; or their precursor cells.  

• The number of neutrophils in 2 out of 6 rabbits in the G3 (En+ hLMSCs) group showed a 

mild variation compared to the sham-treated (G1) group. However, this difference was not 

statistically significant. This observation was further supported by the absence of dose-

dependent variations or toxicity in the myeloid, lymphoid, and erythroid precursor cells 

observed in the bone marrow smears of the hLMSC-treated animals. 

• None of the animals in both sham-treated group and hLMSC-treated groups have shown any 

signs hyperchromasia or hypochromia in their blood cells.    

5.3.6. Isolation of total protein from Tears 

The total protein isolated from tears collected from the rabbits of all groups, at all the time points (Section 

4.6.7 of Methodology). The isolated proteins were then quantified using BCA method, against the known 

standards. The amount of protein isolated has ranged between 3.4 µg to 16.2 µg. The volume of a given 

sample was then diluted accordingly to ensure the concentration of proteins is equal across all samples for 

ELISA. 



 
 

S.No. Parameter 
G1 

(sham) 

G2 

(En- hLMSCs) 

G3 

(En+ hLMSCs) 
Units 

1) 

2) 

3) 

4) 

5) 

6) 

7) 

 

 

 

 

 

8) 

9) 

10) 

11) 

12) 

13) 

Haematocrit 

Hemoglobin 

Mean Corpuscular Volume 

Platelets 

Red Blood Corpuscles 

White blood Corpuscles 

Differential Count 

a) Neutrophils 

b) Lymphocytes 

c) Monocytes 

d) Eosinophil 

e) Basophils 

Reticulocyte Count 

Bleeding Time 

Coagulation Time 

Prothrombin Time 

Activated Partial Thromboplastin Time 

Erythrocyte Sedimentation Rate 

44.8 ± 3.31 

13.83 ± 1.06 

72.35 ± 2.59 

384 ± 152.69 

6.19 ± 0.4 

9.97 ± 3.04 

 

40.67 ± 8.90 

52.50 ± 10.08 

4.5 ± 1.38 

2.33 ± 0.75 

0.00 ± 0.00 

1.83 ± 0.08 

3.06 ± 0.29 

6.98 ± 0.33 

16.17 ± 1.07 

39.67 ± 4.03 

4.0 ± 3.21 

42.5 ± 4.87 

13.10 ± 1.61 

70.33 ± 3.23 

330.5 ± 69.85 

6.06 ± 0.77 

7.93 ± 1.54 

 

32.0 ± 5.29 

62.67 ± 5.76 

3.67 ± 0.75 

1.67 ± 0.47 

0.00 ± 0.00 

1.86 ± 0.06 

3.25 ± 0.14 

7.22 ± 0.37 

16.33 ± 0.94 

41.00 ± 2.08 

5.67 ± 3.35 

40.73 ± 2.35 

12.93 ± 0.72 

70.90 ± 1.97 

461.17 ± 215.31 

5.75 ± 0.24 

8.63 ± 3.01 

 

43.83 ±15.68 

50.17 ± 15.42 

4.00 ± 0.58 

2.0 ± 0.58 

0.00 ± 0.00 

1.87 ± 0.05 

3.08 ± 0.30 

6.98 ± 0.33 

16.67 ± 1.11 

40.33 ± 1.70 

5.33 ± 1.89 

% 

gm/dL 

fL 

103/µL 

106/µL 

103/µL 

 

% 

% 

% 

% 

% 

% 

minutes 

minutes 

seconds 

seconds 

mm/1st hour 

 

Table 5.9: Summary of the levels of blood parameters of the rabbits of groups G1, G2 and G3. Key: G1: Sham treated group; G2: Group treated with 

En- hLMSCs, G3: Group treated with En+ hLMSCs. This data was published in part at DOI: 10.21203/rs.3.rs-789579/v1, by Damala M et al, 2021.  
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G
R

O
U

P
 

ID 

WBC RBC HGB HCT MCV PLT Neut Lymph Mono Eos Baso RC BT CT PT APTT ESR 

103/ 
µL 

106/ 
µL 

g/ dL % fL 
103/ 
µL 

% % % % % % Min. Min. secs secs 
mm/ 
1st hr 

G
1 

(s
h

am
) 

1 13.1 6.4 13.5 44.4 69.7 662 40 52 5 3 0 1.74 3.00 7.0 16 36 4 

2 7.9 6.6 14.4 46.1 70.2 432 33 61 3 3 0 1.89 3.30 7.0 18 47 2 

3 13.3 6.2 14.6 46.1 74.1 308 60 31 7 2 0 1.69 3.15 6.3 15 35 2 

4 8.8 5.4 11.7 37.9 69.9 404 36 60 3 1 0 1.89 3.30 7.0 16 40 11 

5 11.8 6.6 14.9 48.5 73.6 343 37 55 5 3 0 1.92 3.15 7.3 15 42 2 

6 4.9 6.0 13.9 45.8 76.6 155 38 56 4 2 0 1.84 2.45 7.3 17 38 3 

G
2
 (

E
n+

 h
L

M
S
C

s)
 7 9.5 6.9 14.3 47.6 69.1 463 39 54 5 2 0 1.93 3.30 7.0 17 40 2 

8 9.0 6.2 12.8 41.4 66.8 252 25 70 4 1 0 1.82 3.30 7.0 16 42 6 

9 7.1 6.2 13.4 42.3 68.6 308 25 70 3 2 0 1.86 3.00 7.3 18 45 4 

10 7.9 4.9 11.3 37.4 76.8 370 36 59 3 2 0 1.89 3.45 8.0 16 39 10 

11 5.0 7.0 15.7 49.8 71.7 273 33 61 4 2 0 1.90 3.30 7.0 15 41 2 

12 9.1 5.3 11.1 36.5 69.0 317 34 62 3 1 0 1.74 3.15 7.0 16 39 10 

G
3
 (

E
n-

 h
L

M
S
C

s)
 13 6.0 5.8 13.0 39.5 68.1 398 33 61 4 2 0 1.88 3.30 7.0 16 40 5 

14 7.3 6.1 13.7 43.6 71.2 348 43 50 5 2 0 1.78 3.00 7.3 18 38 3 

15 14.9 5.5 12.0 38.4 69.9 923 63 33 3 1 0 1.90 3.30 7.3 15 42 8 

16 7.6 6.0 14.0 44.4 74.4 458 52 42 4 2 0 1.83 2.45 7.0 17 39 3 

17 9.5 5.6 12.4 38.9 69.9 256 16 78 4 2 0 1.95 3.30 7.0 16 43 6 

18 6.5 5.5 12.5 39.6 71.9 384 56 37 4 3 0 1.85 3.15 6.3 18 40 7 

 

Table 5.10: List of the individual observations of the blood parameters of all the rabbits in the study groups. Key: G1: Sham treated group; G2: Group treated 

with En- hLMSCs, G3: Group treated with En+ hLMSCs. HCT – Haematocrit, Hb – Haemoglobin, MCV – Mean Corpuscular Volume, Plat – Platelets, RBC 

– Red Blood Corpuscles, WBC – White Blood Corpuscles, DLC – Differential Count, RC – Reticulocyte Count, Neut – Neutrophils, Lymph – Lymphocytes, Mono 

– Monocytes, Eos – Eosinophil, Baso – Basophils, BME – Terminal Bone Marrow Examination, AIC – Abnormal Immature Cells, BT – Bleeding Time, CT – 

Coagulation Time, PT – Prothrombin Time, APTT – Activated Partial Thromboplastin Time, ESR – Erythrocyte Sedimentation Rate. 



 
 

5.3.7. Quantification of inflammatory markers 

5.3.7.1. Level of TNF-α 

A decreasing trend of TNF-α was observed from the point of dosing to the end of the study, in the rabbit 

sera. This trend remained similar across all the groups (Figure 5.22A and Table 5.11).  

Whereas in the tear samples, the levels of TNF-α in the hLMSC-treated (G2 & G3 groups) were significantly 

low relative to the sham-treated group (G1) and followed a decreasing trend by the end of the study, except 

for few initial time points of hour 3 to end of hour 12, on Day 0. (Figure 5.22B and Table 5.11). 

In tears, the median levels of TNF-α were found to be higher than (Table 5.11) the respective levels during 

the 1st hour of treatment, in the hLMSCs-treated groups (G2 and G3). However, these levels were 

significantly lesser than that of the sham-treated group (G1), similar to these differences in the levels across 

all time points, indicating that hLMSCs may not have caused the increase.  
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Figure 5.22: Bar-graphs showing the changes in the levels of TNF-α at various time-points in 

blood (A) and tears (B) of the rabbits treated with hLMSCs. Key: G1: Sham treated group; G2: 

Group treated with En- hLMSCs, G3: Group treated with En+ hLMSCs. This data was published 

in part at DOI: 10.21203/rs.3.rs-789579/v1, by Damala M et al, 2021. 

 

Table 5.11: Median levels of the expression of TNF-α in serum and tears at various timepoints 

during the study. *Blood samples at the 3-hour time-point were not included in methodology. Key: 

G1: Sham treated group; G2: Group treated with En- hLMSCs, G3: Group treated with En+ 

hLMSCs. This data was published in part at DOI: 10.21203/rs.3.rs-789579/v1, by Damala M et al, 

2021. 

4.3.7.2. Levels of IL-6 

The levels of IL-6 were also observed a similar trend like TNF-α. In the sera of the hLMSC-treated 

rabbits, IL-6 was observed to decrease toward the end of day 28 from the 1st hour of treatment 

(Figure 5.23A).  

In tears, the levels of IL-6 were found to be relatively higher in G3 (En+ hLMSCs) group, 

immediately post treatment, till the 3rd hour. However, this subsided and followed a relatively 

Group 1hour 3hours 6hours 12hours 24 hours Day   7 Day 14 Day 21 Day 28 

Median levels of TNF-α (pg/mL) in serum 

G1 171.4 NA* 26 44.2 37.1 36.6 31.2 49.5 41.4 

G2 165.7 NA* 28.9 23.7 37.3 33.9 25 34.3 27.1 

G3 110.9 NA* 18.2 20.1 15.9 26.9 24.1 31.7 23.9 

p-value 0.386 NA* 0.199 0.544 0.089 0.354 0.471 0.271 0.187 

Median levels of TNF-α (pg/mL) in tears 

G1 67.2 51.9 67.9 71.1 56.4 50.5 59.6 61.1 54.5 

G2 28.7 27.6 27.9 30.2 31.9 30.7 31.4 30.8 32.9 

G3 31.1 43.1 42.6 47.9 34.7 33.1 27.3 25.6 42.6 

p-value 0.091 0.108 0.005 0.004 0.253 0.109 0.071 0.071 0.028 
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decreasing trend towards the end of day 28, when compared to the sham-treated (G1) group 

(Figure 5.23B). 

 

Figure 5.23: Bar-graph showing the levels of IL-6 in blood (A) and tear samples (B)of the rabbits 

treated with hLMSCs. This data was published in part at DOI: 10.21203/rs.3.rs-789579/v1, by 

Damala M et al, 2021. Key: G1: Sham treated group; G2: Group treated with En- hLMSCs, G3: 

Group treated with En+ hLMSCs. 
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Table 5.12: Median levels of the expression of IL-6 in the blood and tears of rabbits treated with 

hLMSCs. *Blood samples at the 3-hour time-point were not included in methodology. Key: G1: 

Sham treated group; G2: Group treated with En- hLMSCs, G3: Group treated with En+ hLMSCs. 

This data was published in part at DOI: 10.21203/rs.3.rs-789579/v1, by Damala M et al, 2021. 

 

5.3.7.3. Level of IgE 

The levels of IgE were significantly high in the blood samples of the group treated with En+ hLMSCs (G3), 

in 5 of the 8 timepoints, when compared to the rest of the study groups (G1 & G2). However, a similar 

trend of the IgE expression was not observed in tear samples.  

Except for the immediate hours of treatment with En- hLMSCs, i.e., at hours 1 and 3 post-treatment in 

group G2, the levels of IgE in the tears were noted to follow a decreasing pattern in all three groups and 

were comparable (Figure 5.24).  

Group 1 hours 3 hours 6   hours 12 hours 24 hours Day   7 Day 14 Day 21 Day 28 

Median levels of IL-6 (pg/mL) in serum 

G1 1025 NA* 294.1 345.2 462.2 162.1 251.8 199.9 363.6 

G2 735.5 NA* 291.6 209.6 189.8 148.3 212.5 207.9 211.2 

G3 373.6 NA* 209.2 176.3 195.6 180.4 171.2 215.6 174.6 

p-value 0.019 NA* 0.737 0.504 0.258 0.222 0.331 0.549 0.296 

Median levels of IL-6 (pg/mL) in tears 

G1 284.3 274.5 345.2 325.5 275.7 316.2 345.2 454.9 357.7 

G2 177.9 188.7 192.7 154.5 191.8 198.6 166.2 176.3 195.1 

G3 282.2 269 257.8 279.7 114.9 98.3 91.4 100.8 110.6 

p-value 0.021 0.008 0.012 0.012 0.006 0.005 0.004 0.004 0.014 
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Figure 5.24: Level of IgE in the serum (A) and tears (B) of the rabbits treated with hLMSCs. This 

data was published in part at DOI: 10.21203/rs.3.rs-789579/v1, by Damala M et al, 2021. Key: G1: 

Sham treated group; G2: Group treated with En- hLMSCs, G3: Group treated with En+ hLMSCs. 
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Table 5.13: Median levels of the IgE expression in blood and tears are provided. *Blood samples 

at the 3-hour time-point were not included in methodology. Key: G1: Sham treated group; G2: 

Group treated with En- hLMSCs, G3: Group treated with En+ hLMSCs. This data was published 

in part at DOI: 10.21203/rs.3.rs-789579/v1, by Damala M et al, 2021. 

5.3.8. Necropsy 

No abnormalities were detected in any rabbit during the in situ and the external examinations of 

the internal organs (Table 5.14).  

Test and 

the Gross Observation 

G1 

(Sham) 

G2 

(En- hLMSCs) 

G3 

(En+ hLMSCs) 

External Examination 

No abnormality detected 6 of 6 6 of 6 6 of 6 

Abnormality detected 0 of 6 0 of 6 0 of 6 

in situ Examination 

No abnormality detected 6 of 6 6 of 6 6 of 6 

Abnormality detected 0 of 6 0 of 6 0 of 6 

Table 5.14: Summary of the necropsy findings. Key: No. of animals positive for an observation/Total of 

animals in the group. G1: Sham treated group; G2: Group treated with En- hLMSCs, G3: Group 

treated with En+ hLMSCs.  

Group 1 hours 3 hours 6   hours 12 hours 24 hours Day   7 Day 14 Day 21 Day 28 

Median levels of IgE (µg/mL) in serum 

G1 0.961 NA* 0.684 0.327 0.592 1.205 0.789 0.84 0.626 

G2 0.787 NA* 0.659 0.736 0.685 1.555 1.085 1.655 0.537 

G3 1.845 NA* 1.588 2.28 2.145 1.875 2.165 1.865 1.95 

p-value 0.048 NA* 0.067 0.016 0.022 0.549 0.024 0.206 0.017 

Median levels of IgE (µg/mL) in tears 

G1 32.5 29.5 30.2 31.8 25.5 17.77 25.2 9.7 23.2 

G2 165.7 98.5 26.4 17.5 27.1 22.73 17.9 18.5 22.1 

G3 30.7 26.4 26.1 26.9 21.1 5.87 18.9 7.4 18 

p-value 0.023 0.026 0.471 0.341 0.737 0.116 0.528 0.344 0.603 

 



 
 

 

Figure 5.25:  Collage of the microphotographs of the rabbit corneas, stained with hematoxylin and eosin, showing normal anatomy of the corneal layers 

in the treated corneas, with respect to normal corneas. Scale: 200µM.   G1: Sham treated group; G2: Group treated with En- hLMSCs, G3: Group 

treated with En+ hLMSCs. This data was published in part at DOI: 10.21203/rs.3.rs-789579/v1, by Damala M et al, 2021. 

  



 
 

5.3.9. Histopathology 

5.3.9.1. Histopathology of cornea 

The corneas were collected on day 29 of the study and subjected to histopathological examinations. 

The findings show there were no abnormalities in the treated corneas and their layers, when 

compared to their counterpart (normal/contralateral eyes) (Figure 5.25). 

5.3.9.2. Histopathology of internal organs 

Histopathological examination was carried out for all the groups. The following organs did not show any 

abnormal changes when compared to the control group: adrenal, aorta, colon, duodenum, epididymis, 

esophagus, heart, jejunum, lymph node, mammary gland, middle ear, muscle, ovary, pancreas, parathyroid, 

rectum, skin, spinal cord, spleen, testes, thymus, thyroid, trachea, urinary bladder, and uterus (Table 5.15). 

• Alveolar wall thickening or inflammation was observed in the lungs of 4 rabbits from G3, 

5 rabbits from G2, and 5 rabbits from G1. 

• Tubular degeneration was seen in 1 rabbit each from G2, G3, and G1. Additionally, foci 

of tubular or interstitial inflammation were found in 3 rabbits from G3, 1 rabbit from G2, 

and 3 rabbits from G1. 

• Foci of necrosis and perivascular cuffing were noticed in one male animal from G2 and 

two animals from G1. 

• One animal in each group exhibited submucosal lymphoid tissue hyperplasia in the ileum. 

• Sinusoidal hemorrhages were observed in the liver of at least 2 rabbits in all groups. 

However, foci of necrosis and inflammatory cell infiltration were present only in G1, with 

no such changes in G2 and G3. 

Specific organ changes were observed, but no consistent patterns or significant differences were 

found between hLMSC-treated and control groups. Similar lesions in sham-treated and hLMSC-

treated groups suggest spontaneous occurrences. No major toxic effects were observed in systemic 

organs, indicating minimal or no impact of hLMSC administration (Table 5.15). 



 
 

Histopathology of internal organs 

Organ (s) Observations G1 G2 G3 

Liver - Sinusoidal haemorrhage 2 of 6 2 of 6 2 of 6 

 
- Inflammation or Necrosis or inflammatory cells 1 of 6 0 of 6 0 of 6 

- No Abnormality Detected 3 of 6 4 of 6 4 of 6 

Lungs 
- Thickening of alveolar wall or inflammation 5 of 6 5 of 6 4 of 6 

- No Abnormality Detected 1 of 6 1 of 6 2 of 6 

Kidney 

- Tubular degeneration 0 of 6 1 of 6 1 of 6 

- Tubular or interstitial inflammation 3 of 6 1 of 6 1 of 6 

- No Abnormality Detected 3 of 6 4 of 6 4 of 6 

Brain 
- Foci of cerebral necrosis or peri vascular cuffing 2 of 6 1 of 6 0 of 6 

- No Abnormality Detected 4 of 6 5 of 6 6 of 6 

Ileum 
- Submucosal lymphoid tissue hyperplasia 1 of 6 1 of 6 1 of 6 

- No Abnormality Detected 5 of 6 5 of 6 5 of 6 

Spleen, Heart, Aorta, Adrenals, Colon, Rectum, Lymph nodes, 

Pancreas, Thymus, Urinary bladder, Stomach, Skeletal muscle, 

Skin, Spinal cord, Middle ear, Eye, Thyroid, Parathyroid, 

Trachea, Oesophagus, Duodenum, Jejunum 

- No Abnormality Detected 6 of 6 6 of 6 6 of 6 

Table 5.15:  Summary of histopathological observations and their incidence per group of the rabbits after treatment with hLMSCs. Key: No. 

of animals positive for a given indication of Total no. of animals per group. G1: Sham treated group; G2: Group treated with En- hLMSCs, G3: Group 

treated with En+ hLMSCs. 



 
 

5.3.10. Organ weights 

The weights of the organs in hLMSC-treated groups (G2 and G3) were found have no significant 

differences with respect to the sham-treated group. A table summarizing these observations is 

given in Table 5.16.  

 

Table 5.16: Mean organ weights (Mean ± SD, in grams) of the rabbits treated with hLMSCs. No 

significant differences were observed in the hLMSC-treated groups compared to the control group 

(p> 0.05). G1: Sham treated group; G2: Group treated with En- hLMSCs, G3: Group treated with 

En+ hLMSCs. 

5.3.11. Body weights 

In all the test groups, the body weight gain was found normal, when compared to the control 

group (Figure 5.26). The individual body weights and the percentage of weight gain values are 

given in the Table 5.17.  

  

S. No. Organ 
G1 

(sham) 

G2 

(En- hLMSCs) 

G3 

(En+ hLMSCs) 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Brain 

Heart 

Liver 

Spleen 

Kidney 

Adrenals 

Testes (male) 

Uterus (female) 

Lungs 

8.42 ± 0.85 

6.28 ± 0.53 

73.15 ± 10.09 

1.05 ± 0.33 

14.80 ± 1.17 

0.39 ± 0.25 

5.39 ± 2.27 

6.489 ± 3.31 

9.32 ± 0.99 

8.11 ± 0.63 

7.57 ± 1.17 

80.70 ± 16.78 

1.14 ± 0.39 

15.60 ± 1.67 

0.33 ± 0.05 

6.11 ± 1.23 

7.003 ± 1.42 

10.13 ± 0.51 

8.10 ± 0.85 

7.01 ± 1.62 

71.72 ± 15.87 

0.76 ± 0.20 

16.53 ± 4.20 

0.31 ± 0.08 

3.97 ± 1.45 

4.309 ± 2.25 

9.46 ± 1.84 
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Individual weights (in Kg) of the rabbits 

Individual Body Weight (Kg) Weight Gain (%) 

Group ID 
Day 

01 

Day 

08 

Day 

15 

Day 

22 

Day 

28 

Week 

1 

Week 

2 

Week 

3 

Week 

4 

Group 1 

(sham) 

1 1.96 2.40 2.80 2.83 2.75 18.33 30.00 30.74 28.73 

2 2.19 2.30 2.27 2.40 2.35 4.78 3.52 8.75 6.81 

3 2.50 3.00 3.24 3.27 2.97 16.67 22.84 23.55 15.82 

4 1.90 2.21 2.31 2.53 2.55 14.03 17.75 24.90 25.49 

5 2.30 2.35 2.58 2.60 2.66 2.13 10.85 11.54 13.53 

6 2.46 2.67 2.69 2.95 2.94 7.87 8.55 16.61 16.33 

Group 2 

(En+ 

hLMSCs) 

7 1.96 2.21 2.70 2.86 2.63 11.31 27.41 31.47 25.48 

8 2.10 2.33 2.12 2.26 2.39 9.87 0.94 7.08 12.13 

9 2.38 2.54 2.81 2.81 3.11 6.30 15.30 15.30 23.47 

10 1.93 1.95 2.00 2.04 2.38 1.03 3.50 5.39 18.91 

11 2.16 2.34 2.67 2.75 2.39 7.69 19.10 21.45 9.62 

12 2.40 2.45 2.81 2.84 2.94 2.04 14.59 15.49 18.37 

Group 3 

(En- hLMSCs) 

13 2.05 2.12 2.17 1.93 2.15 3.30 5.53 -6.22 4.65 

14 2.14 2.30 2.67 2.25 2.59 6.96 19.85 4.89 17.37 

15 2.28 2.35 2.31 2.14 2.36 2.98 1.30 -6.54 3.39 

16 2.10 2.40 2.71 2.86 2.97 12.50 22.51 26.57 29.29 

17 2.30 2.46 2.49 2.44 2.52 6.50 7.63 5.74 8.73 

18 2.38 2.53 2.49 2.49 2.91 5.93 4.42 4.42 18.21 

Table 5.17: Table of the individual weights (in Kg) of the rabbits treated with hLMSCs with 

and without encapsulation and their weight gain ratios recorded during the study. G1: Sham 

treated group; G2: Group treated with En- hLMSCs, G3: Group treated with En+ hLMSCs. 
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Figure 5.26. Graph plot illustrating the relative increase (%) in body weights of the rabbits 

following treatment. Three groups of rabbits (n=6) received hLMSCs, and their body weights were 

measured at the time of treatment and weekly for four weeks. The change in body weight, 

compared to the day of treatment, is depicted. The data are presented as mean ± SD, and statistical 

analysis revealed no significant differences (p > 0.05). G1: Sham treated group; G2: Group treated 

with En- hLMSCs, G3: Group treated with En+ hLMSCs. This data was published in part at DOI: 

10.21203/rs.3.rs-789579/v1, by Damala M et al, 2021. 
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5.4. Assessment of efficacy of hLMSCs in healing and preventing corneal scars  

 5.4.1. Corneal scar formation 

All the murine corneas that underwent mechanical debridement have developed corneal scaring 

by the end of week 2 (Figure 5.27D and Figure 5.28). The intensity of scarring was evident from 

the optical coherence tomography (OCT) scan sections of the corneal ultrastructure.  

A clear and visually significant haze was evident in the OCT sections. This scarring has found to 

be gradually decreasing in the corneas treated with hLMSCs (both Scar and Prophylaxis groups) by 

the end of day 28, post treatment (Figure 5.28).  

5.4.2. Mortality 

Three mice were found to be dead during the course of the study, due to natural causes. These 

mice were excluded from the study for further analysis.   

  



 
 

 
 

Figure 5.27: A collage of clinical photographs (A-G) showcasing the normal pre-wound corneal surface before central cornea debridement, along 

with corresponding fluorescein staining images (H-O) confirming compromised epithelial integrity. Following debridement, the corneas exhibited 

clouding or haze (indicated by a yellow arrow and marked with a dotted line) on day 1, progressing to scar formation within two weeks. The lower 

panel displays OCT scans (P-V) revealing scarring in the anterior stroma (indicated by a white arrow) and altered corneal thickness. The scarred tissue 

is subsequently treated with hLMSCs embedded in fibrin glue. On day 28 post-treatment, OCT scans demonstrate stabilized corneal transparency in 

the treated sections compared to the scarred areas. 
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Figure 5.28: Representative microphotographs and scans are presented in a collage to illustrate 

the scarring of debrided corneas before and after treatment with hLMSCs. The images depict the 

untreated and sham-treated eyes, which exhibit unhealed corneas following the debridement or 

treatment. In contrast, the eyes treated with En-/En+ hLMSCs show relatively clear corneas with 

reduced haze and scarring by the end of day 28. In contrast, the eyes treated with En-/En+ 

hLMSCs demonstrate improved healing, as evidenced by relatively clear corneas with decreased 

haze and scarring observed at the end of day 28.  
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5.4.3. Change in corneal reflectivity (E:S ratio) 

The mean E:S reflectivity ratio ranged between 0.87±0.03 and 0.96±0.01 GSU (gray scale units) 

across the three groups, prior to making any wound.  

In the eyes treated with En-/En+ hLMSCs, the E:S ratio returned to baseline levels in all treated 

arms (Figure 5.29 A-B). Conversely, the untreated (Figure 5.29 C) and sham-treated arms 

showed the following changes in the E:S ratio: 

• Untreated: decreased from 0.96 GSU to 0.65 GSU 

• Sham-treated (scar): decreased from 0.93 GSU to 0.68 GSU 

• Sham-treated (Prophylaxis): decreased from 0.96 GSU to 0.76 GSU 

These changes indicate increased stromal reflectivity (Figure 5.29 B). The reflectivity of the 

corneas in the untreated groups increased by approximately 32.3%, while the scar and prophylaxis 

groups showed reflectivity increases of 26.9% and 20.8%, respectively, in the sham-treated arms.  

 

5.4.4. Change in corneal haze 

The intensity of corneal scar or haze exhibited a consistent decreasing trend in eyes treated with 

En-/En+ hLMSCs compared to the pre-treatment levels in both the scar and prophylaxis groups 

(p < 0.0001, n=6). In the scar group, the intensity of corneal haze decreased from 164±12 GSU 

to 121±6 GSU (26.2% reduction) for mice receiving En- hLMSCs and from 164±11 GSU to 

124±11 GSU (24.4% reduction) for mice receiving En+ hLMSCs on day 14 of scar formation to 

day 28 (Figure 5.30A). 

Similarly, in the prophylaxis group, the haze decreased from 151±14 GSU to 138±19 GSU (8.6% 

reduction) for En- hLMSCs and from 173±13 GSU to 136±11 GSU (21.4% reduction) for En+ 

hLMSCs on day 1 of wounding and transplantation to day 28 (Figure 5.30B). In contrast, eyes 

that received sham-treatment or no treatment showed no significant change in corneal scar 

intensity compared to the baseline before transplantation (Figure 5.30A-C).
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Figure 5.29: The reflectivity of corneal surface 

has normalized to the baseline readings in the 

eyes that received hLMSCs in both the scar (A) 

and prophylaxis (B) groups. The reflectivity of 

the stroma increased in eyes that received 

sham (A-B) or no treatment (C). En- hLMSCs: 

hLMSCs without any storage or transport; 

En+ hLMSCs – hLMSCs released from 

encapsulation after storage and transport. 

 

Figure 5.30: (A-C) Graphical representation 

of scar intensity reduction in corneas. Mice 

treated with hLMSCs after scar development 

(A) have shown significant decrease (p < 

0.0001, n=8) in the scar area, relative to pre-

treatment (S-D1 to S-D14), whereas the mice 

that received hLMSCs prophylactically (B) did 

not show any significant (p = 0.08, n=8) 

increase the scar area. 

 

Figure 5.29 (E:S Reflectivity Ratio) 
 

Figure 5.30 (Intensity of Scar or Haze) 
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5.4.5. Change in the scar area 

During the two-week period of scar development, it was observed that the area of the scarred 

corneal surface increased in all treatment groups. However, after treatment with En- and En+ 

hLMSCs, there was a gradual decrease in the size of the scarred area (Figure 5.31A). This suggests 

that the hLMSC treatment may have contributed to the reduction of corneal scarring. 

On the other hand, mice that received sham treatment did not show a significant change in the 

size of the corneal scar throughout the follow-up period, indicating that the sham treatment did 

not have a substantial effect on scar reduction (Figure 5.31A-B). 

Furthermore, when En-/En+ hLMSCs were administered immediately after debridement, the 

scarred corneal surface remained relatively stable with a slight decrease in size. Although this 

decrease was not statistically significant, it suggests that the early application of hLMSCs may have 

contributed to limiting scar formation (p = 0.0875). 

In contrast, mice that received prophylactic sham treatment exhibited an increase in the size of the 

scarred area, which remained consistent over time. This finding further supports the notion that 

the sham treatment did not have a significant impact on scar reduction. The results from the scar 

and untreated groups also confirmed the lack of substantial scar reduction (p < 0.001, Figure 

5.31A; p < 0.0001, Figure 5.31C). 

Overall, these observations indicate that treatment with En- and En+ hLMSCs may have the 

potential to contribute to scar reduction in the cornea, while the sham treatment showed limited 

effectiveness. 

5.4.6. Rate of epithelization 

The rate of epithelial recovery within the first week of debridement was comparable in mice treated 

with either vehicle alone or hLMSCs, irrespective of whether they were encapsulated in alginate or 

not (Figure 5.29). This suggests that the presence of hLMSCs, regardless of the encapsulation, 

may not have affected the initial healing process of the corneal epithelium during the early phase 

of debridement. 
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Figure 5.31: Graph plots (A-C) depict the reduction in the size of corneal scars. Mice treated with 

hLMSCs after scar development (A) exhibited a significant decrease (p < 0.0001, n=8) in scar area 

compared to the pre-treatment period (S-D1 to S-D14). On the other hand, mice that received 

hLMSCs prophylactically did not show a significant increase (p = 0.08, n=8) in scar area. These 

results indicate that the administration of hLMSCs after scar development effectively reduced the 

size of corneal scars, while prophylactic treatment with hLMSCs prevented significant scar area 

increase. 
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Chapter 6 

Discussion 
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Cell-based therapies are one of the prominent treatment modalities that modern-day regenerative 

medicine could offer for corneal disorders. These minimally-invasive treatments offer scalability, 

minimize the risk of postoperative complications, and reduce dependence on donor corneas. With 

their trilineage differentiation capacity, anti-inflammatory and immunomodulatory properties 

(Ullah et al., 2015), and regenerative potential (Du et al., 2005), mesenchymal stem cells pose a 

prominent tool for regenerating the ocular surface. The limbus of the cornea harbors mesenchymal 

stem cells, capable of regenerating the cornea (Du et al., 2005; Branch et al., 2012; Funderburgh et 

al., 2016; Pinnamaneni & Funderburgh, 2012). 

Earlier studies in mice, where human limbus-derived mesenchymal/stromal stem cells (hLMSCs) 

were used as a xenograft in mice to prevent fibrosis/scar after a corneal injury, have proven the 

safety of the mesenchymal originated stem cells, making them immunologically safe (Basu et al., 

2014). In addition, many preclinical (Coppola et al., 2017; Ghoubay et al., 2020; Hertsenberg et al., 

2017; Wu et al., 2012) and pilot clinical studies (Basu et al., 2017, 2019; Funderburgh et al., 2018) 

have shown mesenchymal/stromal stem cells derived from corneal limbus to prevent and cure 

blinding corneal stromal pathologies effectively. However, despite the therapeutic potential of 

hLMSCs in corneal wound healing, no studies have used the hLMSCs-based cell therapy in 

humans, conforming to the guidelines stated by the regulatory agencies. 

There are several bottlenecks that hinder the translation of this hLMSCs-based cell therapy from 

bench to bedside, which include the lack of reliable methods of cultivating hLMSCs that conform 

to the mandatory requirements of current good manufacturing practice (cGMP); viable and cost-

effective methods to preserve and transport these cells over extended durations and distances, and 

establishing the safety profiles of these cells prior to human applications. 

The Drugs and Cosmetics Act, 1940, India, included the stem cells and their derivatives under the 

definition of ‘Drugs,’ categorizing them as Investigational New Drug or Investigational New 

Entity when used for clinical applications. To safeguard the vulnerable patients from being 

exploited and to ensure the efficacy of the stem cell products, the Central Drugs Standard Control 

Organization (CDSCO), along with the Indian Council of Medical Research (ICMR) and the 

Department of Biotechnology (DBT), Government of India, has recommended a set of guidelines 

(National Guidelines for Stem Cell Research, 2017). These guidelines ensure that all studies are 

conducted ethically and socially responsibly, complying with the regulatory framework (Central 

Drugs Standard Control Organization, n.d.; Lahiry et al., 2019). 

The preservation and shipping of the cells and cell-based products are critical for clinical 

applications and future studies (Hanna & Hubel, 2009). Methods that offer optimal conservation 
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of the cell properties increase the outreach of the therapeutic products and offer an established 

and quality-controlled supply of the cell therapeutics between the sites of production and end-use. 

Cold-chain methods, mostly cryopreservation, predominate the current methods of storing or 

transporting cells. However, this inveterate technique fails to provide optimal viability and can 

induce a genetic drift leading to biological variations (Karlsson & Toner, 1996). Furthermore, the 

cryoprotectant agents like dimethyl sulfoxide, although meant to protect from cryoinjuries, can be 

dangerous to the cells, with possibilities of chromosome instability (Jenkins et al., 2012). 

Developing alternative methods to transport these cells without employing cold-chain methods 

may significantly improve the availability and affordability of such cell-based therapies. 

Encapsulation of cells and cell aggregates is widely being explored and studied in various tissue 

engineering aspects (Galvez-Martín et al., 2017; Gurruchaga et al., 2015; Santos-Vizcaino et al., 

2020). Encapsulation preserves stem cells’ viability, proliferation, and differentiation abilities 

(Hidalgo San Jose et al., 2018). Alginates are the most frequently employed materials for 

encapsulating cells due to their excellent biocompatibility and biodegradability properties. 

Furthermore, the inert nature and the customizable viscosity and gelling capacities of the alginate 

make it the best agent for encapsulation (Li et al., 2015; Mahler et al., 2003; Orive et al., 2006). In 

addition, the alginate is deemed safe for human consumption by FDA, making it an ideal candidate 

for cell encapsulation in terms of the regulatory constraint (Cattelan et al., 2020). Encapsulation 

provides promising alternative methods to preserve the cells without the need for ultra-

temperatures and harsh chemicals. 

This study validated the cultivation procedures and assess the biological properties of hLMSCs 

conforming to the regulatory guidelines. In addition, this work focuses on the barriers in translating 

a potential surgical alternative into therapy and the framework to overcome them.This study 

focuses on validating cultivation procedures and assessing the biological properties of hLMSCs in 

accordance with regulatory guidelines. It also highlights the barriers in translating potential surgical 

alternatives into therapies and proposes strategies to overcome them. 

In this study, we successfully isolated and expanded human limbus-derived mesenchymal/stromal 

stem cells (hLMSCs) from corneal limbal explants. The isolated hLMSCs exhibited distinct 

characteristics and phenotypes, which were assessed through qualitative and quantitative analyses. 

Additionally, we evaluated the stability, viability, and sterility of the hLMSCs to ensure their 

suitability for potential therapeutic applications. In this discussion, we will compare our findings 

with previous studies and highlight the significance of our results in the context of regenerative 

medicine. 
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Our study demonstrated the expression of various biomarkers associated with the characteristic 

phenotype of hLMSCs. The hLMSCs expressed ocular biomarkers such as Pax6, as well as stem 

cell markers including ABCG2 and p63-α. These findings are consistent with previous studies that 

have characterized the phenotype of hLMSCs (Funderburgh et al., 2018; Basu et al., 2019). The 

expression of surface markers CD105, CD73, and CD90 further confirmed the mesenchymal 

phenotype of the hLMSCs, while the absence of CD45, CD34, and HLA-DR indicated the absence 

of hematopoietic markers. 

Several studies have reported similar findings regarding the expression of biomarkers in hLMSCs. 

For example, Xie et al. (2017) isolated and characterized hLMSCs and observed positive expression 

of Pax6, ABCG2, and p63-α, consistent with our results. Moreover, both studies reported the 

expression of surface markers CD105, CD73, and CD90, and the absence of CD45, CD34, and 

HLA-DR. 

The expression of cytoskeletal biomarkers, including various collagens, neural cadherins (N-Cad), 

and vimentin, in hLMSCs was also consistent with previous reports (Xie et al., 2017; Damala et 

al., 2022). The positive expression of keratocan (KERA), a biomarker specific to corneal stromal 

keratocytes, further supports the corneal origin and phenotype of the isolated hLMSCs. 

Karyotyping analysis revealed no chromosomal abnormalities in the hLMSCs from concurrently 

produced batches and cells revived from cryopreservation. These results are in line with previous 

studies that have reported the genetic stability of hLMSCs during long-term cultivation and 

cryopreservation (Damala et al., 2021). 

The viability of hLMSCs stored as a pellet for extended periods was also assessed. Our results 

showed that the majority of hLMSCs remained viable after 24 hours of storage in ice, with a decline 

in viability over time. Similar findings have been reported by other studies investigating the viability 

of MSCs under similar storage conditions (Fekete et al., 2012; Hupfeld et al., 2017). These results 

indicate that hLMSCs can tolerate short-term storage in a pellet form, which may be useful in 

scenarios where unexpected delays occur during transportation or processing. 

The growth kinetics analysis revealed a doubling time of approximately 61 hours for hLMSCs. 

This finding aligns with previous studies that have reported similar growth rates for MSCs derived 

from various sources (Dominici et al., 2006; Basu et al., 2019). The cumulative growth curves 

demonstrated a steady increase in cell number over time, confirming the proliferative capacity of 

hLMSCs. 
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Our study employed rigorous measures to ensure the sterility of the hLMSC cultures and absence 

of microbial contamination. These measures are essential to minimize the risk of infections and 

maintain the safety of potential therapeutic applications. All materials used in the isolation and 

expansion process were thoroughly screened for microbial contamination, following established 

protocols (European Pharmacopoeia, 2018). These stringent practices align with regulatory 

guidelines and ensure the suitability of hLMSCs for clinical use. 

In conclusion, our study successfully isolated and characterized hLMSCs from corneal limbal 

explants. The hLMSCs exhibited a phenotype consistent with previous studies, expressing specific 

biomarkers associated with ocular mesenchymal/stromal stem cells. The stability, viability, and 

sterility assessments confirmed the suitability of hLMSCs for potential clinical applications. 

Our findings align with existing literature, supporting the robustness and reproducibility of the 

isolation and characterization protocols for hLMSCs. These results contribute to the growing body 

of knowledge surrounding hLMSCs and their potential use in regenerative medicine and corneal 

tissue engineering. 

Corneal stromal stem cells, including human limbus-derived mesenchymal stem cells (hLMSCs), 

have shown potential for corneal regeneration and have been explored in clinical trials. However, 

the lack of proper preservation and transport methods hinders their widespread application. This 

study aimed to evaluate the efficacy of alginate encapsulation in preserving hLMSC viability and 

properties during storage and transportation in real-life conditions. 

Previous studies have demonstrated the positive expression of HLA-DR in normal cornea and 

similar findings of viability and maintenance of properties of encapsulated cells stored at room 

temperature. However, these studies did not test the preservation methods for hLMSCs derived 

from human tissues in actual transit conditions, nor did they examine the effects of real-life 

ambient temperature fluctuations. 

hLMSCs were encapsulated in alginate and compared with non-encapsulated cells. Viability, 

survival in culture, and phenotype expression were evaluated. The study also assessed the efficacy 

of alginate encapsulation in retaining cell properties during storage and transportation in a ground-

transportation scenario. The temperature inside the insulated container was maintained at lower 

levels compared to the external ambient temperature. The number of cells expressing specific 

biomarkers was analyzed. 

Encapsulated hLMSCs maintained high viability and showed good survival in culture and adequate 

phenotype expression at room temperature and 4°C. The percentage of cells expressing 
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biomarkers was similar to the control groups. The findings suggest that alginate encapsulation 

effectively preserves hLMSCs during transit for up to 3 to 5 days at room temperature. This 

method eliminates the need for dry ice or expensive equipment for maintaining chilled temperature 

during shipping, potentially reducing storage and transportation costs. 

The use of alginate encapsulation for preserving hLMSCs offers several advantages for cell-based 

therapy in corneal blindness. The simplicity of the encapsulation process combined with cost-

effective ground transportation makes it an attractive option, particularly in developing countries 

where corneal opacification and scarring prevalence is high. The ability to transport cells at room 

temperature expands the accessibility of cell-based treatments to remote areas without the need 

for specialized cell culture facilities. 

Similar studies have explored alternative treatments for corneal opacification and scarring, such as 

biomimetic hydrogels, molecular methods, and cell-based therapies. Hydrogels, both with and 

without cells, have shown effectiveness in stromal replacement using donor tissue. Molecular 

factors like exosomes and anti-inflammatory agents have also demonstrated potential in preventing 

or reversing corneal scars. However, hLMSCs have shown promising results in non-scarring 

wound healing and have the advantage of extended shelf life when encapsulated in alginate. 

Preclinical testing and safety evaluations are essential before advancing to human clinical trials. 

This study conducted a comprehensive evaluation of toxicity and safety in both animal models 

and in vitro assays. Histopathological examinations of major organs, ophthalmic examinations, 

and hematological and tissue examinations were performed. The results indicated no 

abnormalities, inflammatory response, or ocular lesions. The safety profile of hLMSCs supports 

their potential for clinical applications. 

The study has some limitations, such as the lack of serum-free culture methods and the evaluation 

of therapeutic properties of encapsulated cells, which are ongoing in further phases of the study. 

Additionally, evaluating the safety of hLMSCs in other delivery routes and testing in untreated or 

healthy eyes could provide further insights. 

Alginate encapsulation is an effective method for preserving human limbus-derived mesenchymal 

stem cells (hLMSCs) during storage and transportation in real-life conditions. The encapsulated 

cells maintained high viability, survival in culture, and adequate phenotype expression at room 

temperature and 4°C. The percentage of cells expressing specific biomarkers was comparable to 

the non-encapsulated control groups. This study demonstrates the potential of alginate 
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encapsulation as a practical and cost-effective approach for maintaining the viability and properties 

of hLMSCs during transit for up to 3 to 5 days at room temperature. 

The use of alginate encapsulation offers several advantages for cell-based therapy in corneal 

blindness. It eliminates the need for expensive equipment or specialized facilities for maintaining 

chilled temperatures during shipping, making it a viable option, especially in resource-limited 

settings. The ability to transport cells at room temperature expands access to cell-based treatments 

in remote areas. Moreover, the simplicity of the encapsulation process reduces the complexity and 

cost of cell storage and transportation. 

 

Future studies should focus on evaluating the therapeutic properties of encapsulated hLMSCs and 

their effectiveness in corneal regeneration and wound healing. Additionally, further research is 

needed to assess the safety and efficacy of hLMSCs in other delivery routes and to explore their 

potential in untreated or healthy eyes. 

The findings of this study contribute to the field of regenerative medicine and provide a promising 

approach for improving cell-based therapies in corneal blindness. By addressing the challenges of 

storage and transportation, alginate encapsulation of hLMSCs brings us closer to making these 

therapies more accessible and affordable for patients worldwide.  
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Chapter 7 

Conclusions 
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The findings of this study on hLMSCs have significant implications and offer promising 

prospects for corneal regeneration.  

1. Successful isolation and characterization: The successful isolation and characterization of 

hLMSCs through streamlined SOPs in accordance with cGMP guidelines and regulatory 

framework establish a robust foundation for further research and clinical applications 

2. Enhanced availability of therapy: The ability to obtain hLMSCs from cadaveric corneas is 

advantageous as it eliminates the need for invasive procedures and reduces reliance on a limited 

source. This expanded availability allows for a multiplied supply of this therapy, enabling higher 

number of patients to benefit from it. 

3. Multipotent nature and differentiation potential: Extensive characterization of hLMSCs 

revealed their multipotent nature and their capability to differentiate into various corneal-

specific cell types. This suggests their potential for regenerating and restoring damaged corneal 

tissue, offering new avenues for corneal regeneration therapies. 

4. Purity and identity confirmation: Immunophenotypic and karyotyping analysis confirmed 

the purity and identity of hLMSCs, ensuring their suitability for clinical use. These analyses 

provide reassurance regarding the quality and consistency of the cells used in potential 

therapies, in addition to the standardized and streamlined methods of all GMP protocols, 

giving almost no room for errors. 

5. Improved outcomes and reduced complications: Compared to current treatments like 

corneal transplantation, hLMSC-based therapies hold the potential for improved outcomes 

and reduced complications. The non-immunogenic nature of hLMSCs makes them less likely 

to elicit an immune response, enhancing their safety and effectiveness for use in human 

patients. 

6. Preservation through encapsulation: The study explored the encapsulation of hLMSCs in 

alginate beads, which showed enhanced cell viability during transportation at room 

temperature compared to storage at 4°C. This finding suggests that encapsulation could be an 

effective method for preserving hLMSCs during transportation, particularly for corneal scar 

treatment. 

7. Restoration of corneal transparency: In a mouse model of corneal scarring, treatment with 

both encapsulated and non-encapsulated hLMSCs resulted in reduced scar area and intensity. 

Furthermore, the reflectivity of the stroma normalized to baseline levels before debridement, 
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indicating the potential of hLMSCs to restore corneal transparency and improve visual 

outcomes. 

In short, this thesis work on hLMSCs research provides insights into GMP-optimized protocols, 

enhanced preservation methods, and the safety and efficacy profiles of hLMSCs, paving the way 

for further research and potential clinical applications in the future. 
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Chapter 8 

Contributions to 
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The contributions of the discussed work to science are summarized as follows: 

1. Reproducible methods to isolate and harvest hLMSCs: The successful isolation and 

characterization of hLMSCs following cGMP guidelines and regulatory frameworks contribute to 

the understanding of these cells and their potential applications in corneal regeneration. 

2. Advancement in Cell preservation techniques: The findings of this thesis work contribute 

to the field of cell preservation techniques by demonstrating the effectiveness of alginate 

encapsulation in maintaining the viability and phenotype of hLMSCs during storage and transit. 

This finding provides a potential solution to the translational bottleneck of reliable storage and 

transportation of hLMSCs at low cost. 

3. Safety and Efficacy of hLMSCs: The immunophenotypic analysis confirms the purity and 

identity of hLMSCs, supporting their safety for potential clinical use. Additionally, the non-

immunogenic nature of hLMSCs compared to other treatments like corneal transplantation 

contributes to their potential for improved outcomes and reduced complications. Restored corneal 

transparency in murine models provided additional evidences of the healing potential of corneal 

scars. 
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Chapter 9 

Limitations of the Study 
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The following are potential study limitations: 

1. Limited expansion of hLMSCs: This thesis work has designed and employed the hLMSCs 

isolated, limited to the Passage 3, as cells beyond this passage tend to develop into fibroblasts. The 

expansion potential of hLMSCs can be improved by finding ways to get around this potential 

restriction. 

2. Serum-free methods of harvest: Methods to obtain hLMSCs without employing sera should 

be developed to make the entire process xeno-free. 

3. Level of inflammatory markers in untreated eye: Analyzing IgE concentrations might have 

shed light on the slightly changing concentrations of this marker found in the sera of injured rabbits 

in safety tests. 
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Chapter 10 

Future Scope  
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The research reported in this thesis on hLMSCs has paved the way for exciting new directions in 

the fight against corneal blindness, both in the lab and in the clinic. Based on the findings of this 

study, few possible future paths and scope that might be explored are outlined hereunder. 

1. Therapeutic applications: 

• hLMSCs have enormous promise for a variety of therapeutic applications. Further large-

scale research may look at their effectiveness in treating corneal problems such corneal 

ulcers, limbal stem cell deficiency, in addition to corneal scarring.  

• Clinical trials can be designed to evaluate the safety and effectiveness of hLMSC-based 

therapies compared to current treatment modalities, such as corneal transplantation. These 

studies will provide valuable insights into the therapeutic potential of hLMSCs and their 

role in corneal tissue regeneration. 

2. Bioengineering approaches: 

• Incorporating hLMSCs into bioengineered constructs for corneal tissue engineering is 

another exciting future avenue. Researchers can explore the development of scaffolds or 

biomaterials that mimic the native corneal microenvironment to support the growth, 

differentiation, and integration of hLMSCs onto recipient bed. 

• The bioengineered constructs can be further tested for their biocompatibility, 

functionality, and long-term stability in preclinical models. 

3. Immunomodulatory properties: 

• The immunomodulatory properties of hLMSCs hold significant potential for the treatment 

of autoimmune diseases like Mooren’s ulcer and transplantation. Their ability to modulate 

immune responses and control inflammation can be harnessed for the development of 

immunotherapeutic approaches. This opens up new possibilities for the management of 

immune-related corneal and ocular surface disorders. 

4. Clinical translation: 

• The translation of hLMSC-based therapies from the laboratory to clinical practice requires 

rigorous regulatory approval and standardized protocols. Further efforts should focus on 

conducting large-scale, multicenter clinical trials to establish the safety, efficacy, and long-

term outcomes of hLMSC-based interventions.  

• Collaboration between researchers, clinicians, and regulatory authorities is crucial to 

streamline and expedite the translation process and develop guidelines for the clinical use 
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of hLMSCs, bringing these innovative therapies to patients in need and improve the quality 

of life for countless individuals worldwide. 

 

The future scope encompasses exploring their therapeutic applications, bioengineering 

approaches, molecular mechanisms, immunomodulatory properties, and clinical translation. 

Continued research in these areas will pave the way for innovative treatments and contribute to 

the development of personalized regenerative therapies for corneal disorders. 
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Annexure I 

Chemicals/materials/equipment/antibodies used in this thesis work 

A. Plasticware 

Product Make Catalogue Number 

1.5ml micro-centrifuge tube Eppendorf 0030121589 

TC-treated T25 flasks Eppendorf 0030710126 

TC-treated T75 flasks Eppendorf 0030711122 

Petri dishes (60mm) Eppendorf 0030701119 

Petri dishes (35mm) Eppendorf 0030700112 

Pipette (5mL)   Eppendorf 0030127714 

Pipette (10mL)   Eppendorf 0030127722 

Pipette (25mL) Eppendorf 0030127730 

Dual filter Tips (10 µL) Eppendorf 022491211 

Dual filter Tips (200 µL) Eppendorf 022491296 

Dual filter Tips (1mL) Eppendorf 0030078578 

15 mL Centrifuge Tube Eppendorf 0030122151 

50 mL Centrifuge Tube Eppendorf 0030122178 

0.22µ Syringe Filter  Nalgene 7252520 

20mL Syringe Dispovan NA 

12-well plate Eppendorf NA 

96-well plate Eppendorf NA 

 

B. Glassware 

Product Make 

Cover glass BlueStar 

Glass slides BlueStar 

 

  



 

III 

C. Surgical Tools 

Equipment/Tool Make Catalogue Number 

Surgical blade  Surgeon 10135 

Blade Handle Asian Surgicals Bard Parker No.3 

Castroviejo Scissors Asian Surgicals NA 

Tying forceps Asian Surgicals JS-4471 

Narrow and straight forceps with serrated margin Asian Surgicals JS-5400 

Corneal Scissors Asian Surgicals Js-5421 

 

D. Equipment 

S.No. Equipment Make Model/Catalogue Number 

1.  Micro Pipettes (0.1-2.5 µL) Eppendorf Reference 2/ 4920000016 

2.  Micro Pipettes (0.5-10 µL) Eppendorf Reference 2/ 4920000024 

3.  Micro Pipettes (20-200 µL) Eppendorf Reference 2/ 4920000067 

4.  Micro Pipettes (100-1000 µL) Eppendorf Reference 2/ 4920000083 

5.  Pipette Aid 
Drummond 

Pipet-Aid® Hood-Mate®/ 

4000303 

6.  Biosafety Cabinet Telstar Bio-II-Advance 4 

7.  Centrifuge Eppendorf Centrifuge 5702R 

8.  Biomedical freezer Panasonic  

9.  Refrigerator Panasonic MPR-S163-PE 

10.  Inverted Microscope Zeiss Primovert 

11.  Camera Zeiss Axiocam 105 

12.  CO2 Incubator Eppendorf CO1711400X/ Galaxy 170S 

13.  Bead Bath Thermo Fisher 

Scientific 
TSGP10 

14.  Stereo Microscope Zeiss Stemi 305 

15.  Cryocooler ThermoFisher NA 

16.  Cryo-storage system MVE Biological 

solutions 
MVE Cryosystem 6000 

 



IV 

E. Chemicals 

Product Make Reference 

Paraformaldehyde Fisher Scientific 30525-89-4 

Triton-X 100 ThermoFisher T8787 

BSA Sigma-Aldrich A7096 

Antibiotic Antimycotic Gibco 15240062 

DPBS Gibco 14190250 

Insulin, recombinant human Gibco 12585014 

Recombinant Human EGF Thermo Fisher Scientific PHG0311L 

Dulbecco’s Modified Eagle Medium 

/ Ham’s F12 
Lonza BE04-687F/U1 

Serum Hyclone SH30084.03 

Collagenase IV Gibco 17104019 

DMSO Sigma-Aldrich D2650 

TrypLE Thermo Fisher Scientific A1285901 

Trypan Blue Thermo Fisher Scientific 15250061 

Mounting medium with DAPI Abcam Ab104139 

 

  



 

V 

F. Antibodies 

Primary Antibodies 

Antibody Make Reference Origin Clonality 

α-SMA Sigma A2457 Mouse Monoclonal 

ABCB5 Abcam Ab140667 Mouse Monoclonal 

ABCG2 Santacruz Sc18841 Mouse Monoclonal 

CD105 Santacruz SC376381 Mouse Monoclonal 

CD45 Cell Signaling Technologies 13917s Rabbit Monoclonal 

CD73 Cell Signaling Technologies 13160s Rabbit Polyclonal 

CD90 Santacruz SC-59396 Mouse Monoclonal 

Collagen I Abcam Ab138492 Rabbit Monoclonal 

Collagen II Abcam Ab34712 Rabbit Polyclonal 

Collagen III Abcam Ab7778 Rabbit Polyclonal 

Collagen IV Abcam Ab6586 Rabbit Polyclonal 

Collagen V Abcam Ab7046 Rabbit Polyclonal 

E-Cadherin GeneAb IHC564-100 Mouse Monoclonal 

HLA-DR Abcam Ab55152 Mouse Monoclonal 

KERA LS-Bio LS-B8216 Rabbit Polyclonal 

N-Cadherin GeneAb IHC636-100 Mouse Monoclonal 

P63-α Cell Signaling Technologies 4892S Rabbit Polyclonal 

PAX-6 Santacruz Sc81649 Mouse Monoclonal 

Vimentin Santacruz SC6260 Mouse Monoclonal 

 

Secondary Antibodies 

Antibody Make 
Catalogue 

Number 
Origin Clonality 

Dilution 

ratio 

Alexa Fluor 488 anti-rabbit Invitrogen A11008 Goat Polyclonal 1:400 

Alexa Fluor 488 anti-mouse Invitrogen A11001 Goat Polyclonal 1:400 

Alexa Fluor 594 anti-rabbit Invitrogen A11012 Goat Polyclonal 1:400 

Alexa Fluor 594 anti-mouse Invitrogen A11005 Goat Polyclonal 1:400 
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Annexure II 

Study approval by the Institutional Ethics Committee, LV Prasad Eye Institute, Hyderabad. 
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Annexure III 

Study approval by the Institutional Committee for Stem Cell Research, LV Prasad Eye Institute, 

Hyderabad. 
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Annexure IV 

A masked reference copy of the informed consent form, towards donation of eyes. 
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Annexure V 

A reference copy of the tissue evaluation sheet of the donor corneas. 
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Annexure VI 

Certificate of GLP Compliance, Sipra Labs Limited, Hyderabad. 
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Annexure VII 

Biological Testing Accredetation Certificate of Sipra Labs Limited, Hyderabad. 
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Annexure VIII 

Study approval by the Institutional Animal Ethics Committee of Center for Cellular and Molecular 

Biology, Hyderabad.  
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Annexure IX 

Abridged version of the Batch Manufacturing Record proforma of hLMSCs production, is 

enclosed hereunder. The text explaining the individual steps of the events in this protocol are 

clipped to shorten the typical 60+ page long document to fewer numbers. 

 



XIV 



 

XV 



XVI 



 

XVII 



XVIII 



 

XIX 



XX 



 

XXI 



XXII 



 

XXIII 



XXIV 



 

XXV 



XXVI 



 

XXVII 

 



XXVIII 

 



 

XXXI 

 

 

 

 

Awards and Honours 

  



 

XXXIII 

Fellowships: 

1. Senior Research Fellowship, Indian Council of Medical Research, Government of India. 

2020 (Ref ID: 2021-7055). 

2. Senior Research Fellowship, Council of Scientific & Industrial Research, Government of 

India. 2020 (Ref ID: 111525/2K19/1) - Not availed. 

 

Travel Awards: 

1. ARVO India Chapter Affiliate Travel Grant, to attend and present part of thesis work at 

the ARVO 2020 Annual Meeting, Baltimore, Maryland, USA 

 

Certifications in GMP and Regulatory training: 

1. Elite Certification and Silver Medal, by the National Programme on Technology Enhanced 

Learning and the Clinical Development Services Agency, India, on Current regulatory requirements 

for conducting clinical trials in India for investigational new drugs/new drug, 2021 

2. Online skill development training program on Good Clinical Laboratory Practice certification by the 

Clinical Development Services Agency, Government of India, 2021 

3. Certification of completion, Six-month training on Good Manufacturing Practice and Standard 

Operating Procedures, Center for Ocular Regeneration, LV Prasad Eye Institute, India, 2021 

4. Certification of completion, cGMP: Introduction to Good Manufacturing Practice by Biopharma 

Institute, USA, 2021 

5. Certificate of completion, on GCP: ICH Good Clinical Practice course by Biopharma Institute, 

USA, 2021 

  



 

XXXV 

 

 

 

List of Presentations 

  



 

XXXVII 

International Meetings: 

1. Mukesh Damala, Naveen Pakalapati, Vivek Singh, Sayan Basu. “In vivo assessment of the 

toxicity of human limbus-derived stromal/mesenchymal stem cells with or without alginate 

encapsulation for clinical use,” at the 27th Indian Eye Research Group meeting, ARVO-IC India 

Chapter, LV Prasad Eye Institute, Hyderabad, India, October 2021. 

2. Abhishek Sahoo, Mukesh Damala, Sayan Basu, Vivek Singh. “Optimizing the xeno-free 

techniques of human limbus-derived mesenchymal/stromal stem cell expansion using 3D 

culture methods,” at the 27th Indian Eye Research Group meeting, ARVO-IC India Chapter, 

LV Prasad Eye Institute, Hyderabad, India, October 2021. 

3. Mukesh Damala, Steve Swoiklo, Madhuri K. Amulya, Noopur S. Mitragotri, Sayan Basu, Che 

J. Connon, and Vivek Singh. “Encapsulation of Human Limbus-derived Stromal/Mesenchymal 

Stem Cells for Storage and Transportation at Room Temperature”, at the ARVO Annual 

Meeting 2019, Vancouver, Canada, May 2019. 

4. Mukesh Damala, Steve Swoiklo, Madhuri K. Amulya, Noopur S. Mitragotri, Sayan Basu, Che 

J. Connon, and Vivek Singh. “Encapsulation of human Limbal-Derived Mesenchymal Stromal 

Stem Cells for Preservation and Transportation at Room Temperature,” at the 25th Indian Eye 

Research Group meeting, ARVO-IC India Chapter, LV Prasad Eye Institute, Hyderabad, India, 

July 2018. 

 

National Meetings: 

5. Mukesh Damala, Steve Swoiklo, Madhuri K. Amulya, Noopur S. Mitragotri, Sayan Basu, Che 

J. Connon, and Vivek Singh. “Encapsulation of human limbus-derived stromal/mesenchymal 

stem cells for biological preservation and transportation at room temperature for clinical use”, 

at the XLIII All India Cell Biology Conference, IISER Mohali, Mohali, December 2019. 

6. Mukesh Damala, Noopur Shriram Mitragotri, Sayan Basu, Vivek Singh.  “Characterization 

and optimization of Human Limbus-derived Stromal/ Mesenchymal Stem cells for clinical 

application” at 86th Annual Conference of Society of Biological Chemists (SBC), School of Life 

Sciences, Jawaharlal Nehru University, New Delhi, November 2017. 

  



 

XXXIX 

 

 

 

 

List of Publications 

  



 

XLI 

Research Articles - direct publications of the thesis work: 

1. Damala, M., et al. Encapsulation of human limbus-derived stromal/mesenchymal stem cells 

for biological preservation and transportation in extreme Indian conditions for clinical use. 

Scientific reports, 2023. IF: 4.122 

2. Damala M, et al. Pre-Clinical Evaluation of Efficacy and Safety of Human Limbus-Derived 

Stromal/Mesenchymal Stem Cells with and without Alginate Encapsulation for Future 

Clinical Applications, Cells. 2023.  DOI:10.3390/cells12060876, IF:7.666 

Research Articles - extended publications of the thesis work: 

1. Chandru A, Agrawal P, Ojha SK, Selvakumar K, Shiva VK, Gharat T, Selvam S, Thomas 

MB, Damala M, et al. Human cadaveric donor cornea-derived extracellular matrix 

microparticles for minimally invasive healing/regeneration of corneal wounds. 

Biomolecules. 2021. DOI:10.3390/biom11040532, IF:6.064 

2. Tavakkoli F, Damala M, et al. Transcriptomic profiling of human limbus-derived 

stromal/mesenchymal stem cells —novel mechanistic insights into the pathways involved in 

corneal wound healing. Int J Mol Sci. 2022. DOI:10.3390/ijms23158226, IF:6.028 

3. Sahoo A, Damala M, et al. Expansion and characterization of human limbus-derived 

stromal/mesenchymal stem cells in xeno-free medium for therapeutic applications, Stem 

Cell Res. Ther. 2023. DOI:10.1186/s13287-023-03299-3, IF:8.088 

Book Chapters: 

1. Sanjay K Ojha, Vijay K Singh, Ashwin K M, Mukesh Damala, Shiva K Vaishnavi, Om P 

Narayan, Vivek Singh. “Aging eye: an insight to common vision problems and associated 

challenge”, – Nova Science Publishers, New York, April 2020. (ISBN: 978-1-53617-304-8). 

2. Noopur Shriram Mitragotri, Mukesh Damala, Vivek Singh, Sayan Basu. “Limbal Stromal 

Stem Cells in Corneal Wound Healing: Perspective and Current Update”, In the book: Alió 

J., Alió del Barrio J., Arnalich-Montiel F. (eds) Corneal Regeneration. Essentials in 

Ophthalmology. Springer, Cham, February 2019. (ISBN: 978-3-030-01303-5). 

3. Mukesh Damala, Abhinav Reddy Kethiri, Fatemeh Tavakkoli, Enoch Raju, and Vivek 

Singh. “The Basics of Stem Cells and Their Role in Vision”. In the book: Trends in Life 

Science Research, Nova Science Publishers, New York, January 2018. (ISBN: 978-1-53613-

241-0). 

 

  



XLII 

Conference proceedings publications:  

1. Basu, S., Damala, M., & Singh, V. (2017). Limbal Stromal Stem Cell Therapy for Acute and 

Chronic Superficial Corneal Pathologies: Early Clinical Outcomes of the Funderburgh 

Technique. Investigative Ophthalmology & Visual Science, 58(8), 3371–3371. 

2. Basu, S., Damala, M., Tavakkoli, F., Mitragotri, N., & Singh, V. (2019). Human Limbus-

derived Mesenchymal/Stromal Stem Cell Therapy for Superficial Corneal Pathologies: Two-

Year Outcomes. Investigative Ophthalmology & Visual Science, 60(9), 4146–4146. 

3. Damala, M., Swioklo, S., Kondapaka, M. A., Mitragotri, N., Basu, S., Connon, C. J., & Singh, 

V. (2019). Encapsulation of Human Limbus-derived Stromal/Mesenchymal Stem Cells for 

Storage and Transportation at Room Temperature. Investigative Ophthalmology & Visual 

Science, 60(9), 4654–4654. 

4. Funderburgh, J., Basu, S., Damala, M., Tavakkoli, F., Sangwan, V., & Singh, V. (2018). 

Limbal Stromal Stem Cell Therapy for Acute and Chronic Superficial Corneal Pathologies: 

One-Year Outcomes. Investigative Ophthalmology & Visual Science, 59(9), 3455–3455. 

 

  



XLIV 

 

 

 

Coursework 

Certificate 

 

  



XLVI 

 
 



XLVIII 

 

 

 

Plagiarism Report 

 

 

 

 



Optimizing the Processes for
Isolation, Preservation and
Transportation of Human

Limbus-derived
Stromal/Mesenchymal Stem

Cells for Corneal Regeneration
by Damala Mukesh

Submission date: 10-Jul-2023 05:42PM (UTC+0530)
Submission ID: 2129098167
File name: Damala_Mukesh.pdf (5.89M)
Word count: 48464
Character count: 251982





7 <1%

8 <1%

9 <1%

10 <1%

11 <1%

12 <1%

13 <1%

14 <1%

livrepository.liverpool.ac.uk
Internet Source

Mukesh Damala, Abhishek Sahoo, Naveen
Pakalapati, Vivek Singh, Sayan Basu. "Pre-
Clinical Evaluation of Efficacy and Safety of
Human Limbus-Derived
Stromal/Mesenchymal Stem Cells with and
without Alginate Encapsulation for Future
Clinical Applications", Cells, 2023
Publication

Devon Cogswell, Mei Sun, Erin Greenberg,
Curtis E. Margo, Edgar M. Espana. "Creation
and grading of experimental corneal scars in
mice models", The Ocular Surface, 2021
Publication

www.science.gov
Internet Source

stemjnl.org
Internet Source

"Stem Cells in Regenerative Medicine", Wiley,
2015
Publication

research.tensorgate.org
Internet Source

www.researchgate.net
Internet Source



15 <1%

16 <1%

17 <1%

18 <1%

19 <1%

20 <1%

21 <1%

22 <1%

23 <1%

24 <1%

Handbook of Global Bioethics, 2014.
Publication

flex.flinders.edu.au
Internet Source

www.consumersinternational.org
Internet Source

ndl.ethernet.edu.et
Internet Source

"Fundamental Neuropathology for
Pathologists and Toxicologists", Wiley, 2011
Publication

Oxidative Stress in Applied Basic Research
and Clinical Practice, 2015.
Publication

dokumen.pub
Internet Source

Submitted to Victoria University
Student Paper

Submitted to University of Exeter
Student Paper

Clemence Bonnet, Sheyla Gonzalez, JoAnn S.
Roberts, Sarah Robertson, Maxime Ruiz, Jie
Zheng, Sophie X. Deng. "Human limbal
epithelial stem cell regulation, bioengineering



25 <1%

26 <1%

27 <1%

28 <1%

29 <1%

30 <1%

31 <1%

32 <1%

and function", Progress in Retinal and Eye
Research, 2021
Publication

Submitted to Cranfield University
Student Paper

nfburnetthodd.com
Internet Source

patentimages.storage.googleapis.com
Internet Source

www.medrxiv.org
Internet Source

Hongying Yu, M. Habibi, K. Motamedi,
D.Toghraie. Semirumi, A. Ghorbani. "Utilizing
Stem Cells in Reconstructive Treatments for
Sports Injuries: An Innovative Approach",
Tissue and Cell, 2023
Publication

Ajay Kumar, Hongmin Yun, Martha L.
Funderburgh, Yiqin Du. "Regenerative therapy
for the Cornea", Progress in Retinal and Eye
Research, 2022
Publication

ecommons.aku.edu
Internet Source

stemcellres.biomedcentral.com
Internet Source



33 <1%

34 <1%

35 <1%

36 <1%

37 <1%

38 <1%

39 <1%

40 <1%

41 <1%

Submitted to Granite Hills High School
Student Paper

Philippe Labelle. "The Eye1", Elsevier BV, 2017
Publication

Rubing Zhao. "Ca2+ influx through both L-
and N-type Ca2+ channels increases c-fos
expression by electrical stimulation of
sympathetic neurons : L- and N-channels
stimulate c-fos expression", European Journal
of Neuroscience, 02/26/2007
Publication

journals.plos.org
Internet Source

ndnr.com
Internet Source

Junko Hori, Takefumi Yamaguchi, Hiroshi
Keino, Pedram Hamrah, Kazuichi Maruyama.
"Immune privilege in corneal transplantation",
Progress in Retinal and Eye Research, 2019
Publication

ashpublications.org
Internet Source

Submitted to Cardiff University
Student Paper

Stem Cell Biology and Regenerative Medicine,
2014.



42 <1%

43 <1%

44 <1%

45 <1%

46 <1%

47 <1%

48 <1%

49 <1%

Publication

Submitted to University of Ulster
Student Paper

"The Textbook of Pharmaceutical Medicine",
Wiley, 2009
Publication

Submitted to University of Lancaster
Student Paper

"Corneal Emergencies", Springer Science and
Business Media LLC, 2022
Publication

Sachin Shukla, Swapna S Shanbhag, Fatemeh
Tavakkoli, Shobhit Varma, Vivek Singh, Sayan
Basu. "Limbal Epithelial and Mesenchymal
Stem Cell Therapy for Corneal Regeneration",
Current Eye Research, 2019
Publication

dspace.library.uvic.ca:8080
Internet Source

Submitted to Lincoln College, Lincolnshire
Student Paper

Mukesh Damala, Stephen Swioklo, Madhuri A.
Koduri, Noopur S. Mitragotri, Sayan Basu, Che
J. Connon, Vivek Singh. "Encapsulation of
human limbus-derived stromal/mesenchymal
stem cells for biological preservation and



50 <1%

51 <1%

52 <1%

53 <1%

54 <1%

55 <1%

transportation in extreme Indian conditions
for clinical use", Scientific Reports, 2019
Publication

Saravana Babu Chidambaram, M. Mohamed
Essa, M. Walid Qoronfleh. "Introduction to
Toxicological Screening Methods and Good
Laboratory Practice", Springer Science and
Business Media LLC, 2022
Publication

Drug Discovery and Evaluation Safety and
Pharmacokinetic Assays, 2013.
Publication

Saeed Nazemidashtarjandi, Vishva M.
Sharma, Vishwajeet Puri, Amir M. Farnoud,
Monica M. Burdick. "Lipid Composition of the
Cell Membrane Outer Leaflet Regulates
Endocytosis of Nanomaterials through
Alterations in Scavenger Receptor Activity",
ACS Nano, 2022
Publication

bmccomplementalternmed.biomedcentral.com
Internet Source

Submitted to National University of Ireland,
Galway
Student Paper

mdpi-res.com
Internet Source



56 <1%

57 <1%

58 <1%

59 <1%

60 <1%

61 <1%

62 <1%

63 <1%

64 <1%

65 <1%

Mitsunori Yagame, Daisuke Suzuki, Kazufumi
Watanabe, Eiichi Nakao et al. "Significance of
Levels of Circulating IgA-Class Immune
Complex in Discriminant Analysis of Patients
with IgA Nephropathy before Renal Biopsy",
Nephron, 2008
Publication

iclg.com
Internet Source

uknowledge.uky.edu
Internet Source

www.clinicaltrialsregister.eu
Internet Source

Submitted to NIIT University
Student Paper

Submitted to University of Auckland
Student Paper

echa.europa.eu
Internet Source

link.springer.com
Internet Source

www.pubfacts.com
Internet Source

Mohd Tayyab Adil, Jonathan J. Henry.
"Understanding cornea epithelial stem cells



66 <1%

67 <1%

68 <1%

69 <1%

70 <1%

71 <1%

and stem cell deficiency: Lessons learned
using vertebrate model systems", genesis,
2021
Publication

Submitted to Southern New Hampshire
University - Continuing Education
Student Paper

etd.lsu.edu
Internet Source

www.dovepress.com
Internet Source

Fatemeh Tavakkoli, Mukesh Damala, Madhuri
Amulya Koduri, Abhilash Gangadharan et al.
"Transcriptomic Profiling of Human Limbus-
Derived Stromal/Mesenchymal Stem Cells—
Novel Mechanistic Insights into the Pathways
Involved in Corneal Wound Healing",
International Journal of Molecular Sciences,
2022
Publication

Maria Notara, Yiqin Du, G. Astrid Limb, James
L. Funderburgh, Julie T. Daniels. "Chapter 5
Eye", Springer Science and Business Media
LLC, 2009
Publication

Submitted to University of Bristol
Student Paper



72 <1%

73 <1%

74 <1%

75 <1%

76 <1%

77 <1%

78 <1%

79 <1%

s4fc3bcf49c27ae30.jimcontent.com
Internet Source

Submitted to Fiji National University
Student Paper

Giuseppe F. Pontoriero. "Cell autonomous
roles for AP-2α in lens vesicle separation and
maintenance of the lens epithelial cell
phenotype", Developmental Dynamics,
03/2008
Publication

Submitted to Sumner College
Student Paper

darts.jaxa.jp
Internet Source

Kagan, M. L., D. W. Sullivan, S. C. Gad, and C.
M. Ballou. "Safety Assessment of EPA-Rich
Polar Lipid Oil Produced From the Microalgae
Nannochloropsis oculata", International
Journal of Toxicology, 2014.
Publication

Morris, A.C.. "Studying rod photoreceptor
development in zebrafish", Physiology &
Behavior, 20051015
Publication

Pathak, Meeta, O.K. Olstad, Liv Drolsum,
Morten C. Moe, Natalia Smorodinova, Sarka



80 <1%

81 <1%

82 <1%

83 <1%

84 <1%

85 <1%

Kalasova, Katerina Jirsova, Bjørn Nicolaissen,
and Agate Noer. "The effect of culture
medium and carrier on explant culture of
human limbal epithelium: A comparison of
ultrastructure, keratin profile and gene
expression", Experimental Eye Research,
2016.
Publication

ili.ac.in
Internet Source

nid.pl
Internet Source

orca.cardiff.ac.uk
Internet Source

www.donga-st.com
Internet Source

Helena Rapp-Wright, Fiona Regan, Blánaid
White, Leon P. Barron. "A year-long study of
the occurrence and risk of over 140
contaminants of emerging concern in
wastewater influent, effluent and receiving
waters in the Republic of Ireland", Science of
The Total Environment, 2022
Publication

Nidhi B. Agarwal, Manoj Karwa.
"Pharmaceutical Regulations in India", Elsevier
BV, 2018



86 <1%

87 <1%

88 <1%

89 <1%

90 <1%

91 <1%

92 <1%

93 <1%

Publication

Rudolf Ott. "Impact of changing
immunosuppressive monotherapy from
Cyclosporin A to Tacrolimus in long-term,
stable liver transplant recipients", Transplant
International, 1/2004
Publication

Submitted to University of New Haven
Student Paper

apvma.gov.au
Internet Source

epdf.pub
Internet Source

patents.google.com
Internet Source

www.ajol.info
Internet Source

Anastassia Kostenko, Stephen Swioklo, Che J
Connon. "Alginate in corneal tissue
engineering", Biomedical Materials, 2022
Publication

Chan, Ping, and A Hayes. "Acute Toxicity and
Eye Irritancy", Hayes Principles and Methods
of Toxicology Sixth Edition, 2014.
Publication

Methods in Molecular Biology, 2016.



94 <1%

95 <1%

96 <1%

97 <1%

98 <1%

99 <1%

100 <1%

101 <1%

102 <1%

103 <1%

Publication

Submitted to Monash University
Student Paper

www.financialexpress.com
Internet Source

www.frontiersin.org
Internet Source

www.intechopen.com
Internet Source

"Drug Discovery and Development", Springer
Science and Business Media LLC, 2021
Publication

"Veterinary Pharmacovigilance", Wiley, 2009
Publication

Holly.Y. Chen, Ordan J. Lehmann, Anand
Swaroop. "Genetics and therapy for pediatric
eye diseases", EBioMedicine, 2021
Publication

Submitted to Plymouth Devon International
College
Student Paper

Submitted to Universidad Miguel Hernandez
Servicios Informaticos
Student Paper



104 <1%

105 <1%

106 <1%

107 <1%

108 <1%

109 <1%

110 <1%

111 <1%

112 <1%

justcatsclinic.com
Internet Source

www.immunologicalsdirect.com
Internet Source

www.paloaltoonline.com
Internet Source

Blazka, Mark. "Acute Toxicity and Eye
Irritancy", Principles and Methods of
Toxicology Fifth Edition, 2007.
Publication

Canwei Zhang, Liqun Du, Kunpeng Pang, Xinyi
Wu. "Differentiation of human embryonic
stem cells into corneal epithelial progenitor
cells under defined conditions", PLOS ONE,
2017
Publication

Submitted to City University
Student Paper

Submitted to National School of Healthcare
Science
Student Paper

alclinicalresearch.com
Internet Source

ici2016.org
Internet Source



113 <1%

114 <1%

115 <1%

Exclude quotes On

Exclude bibliography On

Exclude matches < 14 words

ttms.typepad.com
Internet Source

www.cambridge.org
Internet Source

www.scielo.br
Internet Source



LIV 

 

 

 

Photocopies of 

Publications 

  



1Scientific Reports |         (2019) 9:16950  | https://doi.org/10.1038/s41598-019-53315-x

www.nature.com/scientificreports

Encapsulation of human limbus-
derived stromal/mesenchymal stem 
cells for biological preservation and 
transportation in extreme Indian 
conditions for clinical use
Mukesh Damala1,2, Stephen Swioklo3, Madhuri A. Koduri1, Noopur S. Mitragotri1, 
Sayan Basu1,5, Che J. Connon4 & Vivek Singh   1,5*

Human limbus-derived stromal/mesenchymal stem cells (hLMSC) can be one of the alternatives for the 
treatment of corneal scars. However, reliable methods of storing and transporting hLMSC remains a 
serious translational bottleneck. This study aimed to address these limitations by encapsulating hLMSC 
in alginate beads. Encapsulated hLMSC were kept in transit in a temperature-conditioned container 
at room temperature (RT) or stored at 4 °C for 3–5 days, which is the likely duration for transporting 
cells from bench-to-bedside. Non-encapsulated cells were used as controls. Post-storage, hLMSC 
were released from encapsulation, and viability-assessed cells were plated. After 48 and 96-hours in 
culture the survival, gene-expression and phenotypic characteristics of hLMSC were assessed. During 
transit, the container maintained an average temperature of 18.6 ± 1.8 °C, while the average ambient 
temperature was 31.4 ± 1.2 °C (p = 0.001). Encapsulated hLMSC under transit at RT were recovered 
with a higher viability (82.5 ± 0.9% and 76.9 ± 1.9%) after 3 (p = 0.0008) and 5-day storage (p = 0.0104) 
respectively as compared to 4 °C (65.2 ± 1.2% and 64.5 ± 0.8% respectively). Cells at RT also showed a 
trend towards greater survival-rates when cultured (74.3 ± 2.9% and 67.7 ± 9.8%) than cells stored at 
4 °C (54.8 ± 9.04% and 52.4 ± 8.1%) after 3 and 5-days storage (p > 0.2). Non-encapsulated cells had 
negligible viability at RT and 4 °C. Encapsulated hLMSC (RT and 4 °C) maintained their characteristic 
phenotype (ABCG2, Pax6, CD90, p63-α, CD45, CD73, CD105, Vimentin and Collagen III). The findings 
of this study suggest that alginate encapsulation is an effective method of hLMSC preservation offering 
high cell viability over prolonged durations in transit at RT, therefore, potentially expanding the scope 
of cell-based therapy for corneal blindness.

Loss of corneal stromal transparency is a leading cause of blindness and visual impairment impacting millions 
of individuals globally1. The standard treatment for blinding corneal pathologies is corneal transplantation 
which suffers from several limitations, including global lack of donor tissue, risk of immune rejection, need for 
long-term follow-up and compliance with life-long medications2. Recent progress in regenerative medicine has 
provided the opportunity of using mesenchymal stem cells (MSC) for treating corneal pathologies. Pre-clinical 
studies and early clinical trials using MSC from various sources including human limbus-derived stromal/mesen-
chymal stem cells (hLMSC) have demonstrated a beneficial therapeutic effect in ameliorating corneal opacifica-
tion3–5. However, safe and reliable methods of storage and transportation of cells for prolonged periods and over 
long distances, still remain an unmet translational roadblock.

1Prof. Brien Holden Eye Research Centre, LV Prasad Eye Institute, Hyderabad, Telangana, India. 2School of Life 
Sciences, University of Hyderabad, Hyderabad, Telangana, India. 3Atelerix Ltd., Biomedicine West, International 
Centre for Life, Newcastle Upon Tyne, UK. 4Institute of Genetic Medicine, Faculty of Medical Sciences, Newcastle 
University, Newcastle Upon Tyne, UK. 5Center for Ocular Regeneration (CORE), LV Prasad Eye Institute, Hyderabad, 
Telangana, India. *email: viveksingh@lvpei.org
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The efficient shipping of cells from production facility to the site of application, while preserving the viability 
and quality of the cells, is very crucial6. Current methods of cryopreservation involve chemicals like dimethyl 
sulfoxide which itself is harmful to cells. Cryopreserving cells, in addition to being cost ineffective, has the draw-
backs of decreased cell-viability7, impaired post-thaw function and reduced immunomodulatory properties8. 
The logistical complexity of transporting cells in their frozen state, accompanied by potential loss of function 
when used directly from the thaw, impedes the accessibility of cells for therapy at remote and rural sites. With 
increased regenerative research and the increased number of clinical trials, efficient transport (3–5 days in the 
current global scenario) of stem/progenitor cells from one institution to another where there is no GMP facility, 
is required. Autologous cells are an option but where autologous cells are not available, as in cases of bilateral eye 
damage/injury, allogeneic cells may be required. Cells, in general are transported using dry ice or liquid nitro-
gen modes, which is not cost effective, requires expedited shipping and packaging, suitable infrastructure, and 
specialised training for thawing and administration. In adverse events like a transportation delay, or change in 
temperature, cells can thaw and become unusable, or undergo stress affecting their viability and characteristic 
properties of cells9. One of the widely practiced alternatives to prevent this loss is encapsulating the cells in a 
biological matrix. Hypothermic preservation of encapsulated cells where cells are held in a state of suspended ani-
mation at temperatures below the normothermic range of 32 °C-37 °C also combats many of the issues associated 
with methods like cryopreservation10. Alginate is a natural polysaccharide exhibiting excellent biocompatibility 
and a popularly employed polymer for cell encapsulation. Alginate encapsulation has been reported to show more 
functionally robust spermatozoa11 and oocytes12 and to retain the morphological differentiation and adhesion 
abilities of the Neuroblastoma cells13. Recent studies have shown that encapsulating MSCs in alginate hydrogels 
could be a solution for problems associated with hypothermic storage through extending their preservation shelf 
life10,14,15. However, the reliability of alginate encapsulation has not been previously tested in geographies with 
high ambient temperatures or after long-distance transportation. This study aimed to test the reliability of alginate 
encapsulation for storing and transporting hLSMC at room temperature (RT) in temperate climatic conditions.

Methods and Materials
Study protocol and donor corneas.  This study protocol was approved by the Institutional Review Board, 
LV Prasad Eye Institute, Hyderabad, India (LEC 05-18-081). Therapeutically accepted and serologically tested 
cadaveric donor corneas were obtained from Ramayamma International Eye Bank, LV Prasad Eye Institute, 
Hyderabad, India (http://www.lvpei.org/services/eyebank). Informed consent for using cadaveric corneas was 
obtained from the donors’ next kin, by the Ramayamma International Eye Bank from where the cadaveric tissues 
were obtained. Experiments on the human tissue adhered to the declaration of Helsinki. All the experiments in 
the methodology were performed in triplicates.

Validating the insulated container for maintenance of hypothermic temperature.  To have a 
reliable system that maintains a normalized range of temperatures irrespective of the extreme atmospheric tem-
peratures, an insulated container with cooling packs (Polybox 7, Softbox Systems, India), pre-conditioned to 
maintain hypothermic temperatures of ≤30 °C, was assessed (Supplementary Fig. S1). This assessment was done 
over a duration of 3–5 days, considering it the likely duration taken to transport cells. The internal temperature of 
the container and the ambient (atmospheric) temperature was recorded every 4 hours during this period.

Cell culture.  The donor corneas were washed with 2% [vol/vol] Antibiotic-Antimycotic (15240062, Thermo 
Fisher, USA) in Phosphate Buffer Saline (PBS) (14190250, Thermo Fisher, USA) for 2 minutes, followed by 
another wash with PBS. Iris and endothelial layer were removed for better visibility of the limbus. Complete 360° 
limbal rims were isolated using a surgical blade in buffered saline and fragmented to minute pieces measuring 
1–2 mm long. Tissue fragments were minced for 3–5 minutes using small, curved corneal scissors, in DMEM/
F12 media alone (BE04-687F/U1, Lonza, Switzerland). The minced limbal tissue was subjected to collagen diges-
tion by adding 200 IU of reconstituted Collagenase-IV (17104019, Thermo Fisher, USA) in 1 mL of DMEM/F12 
media. Tissue digestion was carried out by incubating the limbal tissue for 16 hours at 37 °C with 5% CO2 in a 
humidified incubator.

Post 16-hour incubation, the enzymatic digestion was ceased by adding 2 mL of DMEM/F12 fortified with 
2% fetal bovine serum (16000036, Thermo Fisher, USA). The enzyme-digested tissue fragments were washed 
and sedimented twice at 1000 rpm for 3 minutes, at room temperature (RT) in saline. 3 mL of complete media 
comprising of DMEM/F12 media fortified with 2% FBS, 1% [vol/vol] Antibiotic-Antimycotic, 10 ng/mL epider-
mal growth factor (PHG0311L, Thermo Fisher, USA) and 5 µg/mL insulin (12585014, Thermo Fisher, USA) was 
added to the pellet and kept in culture with culture medium being replaced every 2 days. Pure cultures of hLSMCs 
were obtained by subculturing. Subculturing was done upon 80–90% confluency. Passage 3 cells were used for all 
experiments post-quantification for viability using 0.4% Trypan Blue (15250061, Thermo Fisher, USA).

Encapsulation of hLSMCs.  A cell suspension of hLSMCs harvested from culture was mixed with sodium 
alginate solution supplied with BeadReady kit commercially available from Atelerix Ltd (UK) at a density of 
2.5 × 106 cells/mL. The alginate-cell suspension concoction was slowly dropped into the calcium-chloride based 
gelation buffer (BeadReady kit) through a 21 1/2 G needle. These droplets of alginate-cell suspension concoction 
were allowed to stabilize for 8 minutes in the gelation buffer, making the beads polymerize and gelate (Fig. 1). 
Polymerized beads were washed with complete media and resuspended in 1 mL of fresh complete media.

Storage and transportation of the encapsulated hLSMCs.  Vials with alginate-encapsulated cells in 
the form of polymerized beads were either refrigerated (4 °C; n = 5) or were kept under transit at RT (n = 5). 
The internal temperature of the container and the ambient (external) temperature was recorded every 4 hours, 
until 3–5 days (Fig. 1). The encapsulated cells were transported between three towns around Hyderabad, with 
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a transport distance of ~528.67 (±64.2) kms. The vehicle used for the transit was a standard carrier vehicle. 
The external temperature outside the container was considered as control temperature. An equal number of the 
non-encapsulated cells were either stored or transported along, as above. All the packaging was done in controlled 
conditions. This experiment was performed in triplicates.

Release of the hLSMCs from encapsulation.  Post transit, alginate beads encapsulating the cells were 
washed with PBS. They were added to 1.3 mL of dissolution buffer (trisodium citrate based), supplied with 
BeadReady kit and allowed to dissolve for 5 minutes with gentle agitation releasing the cells from the alginate 
beads. Cells suspended in the dissolution buffer were sedimented by centrifugation at 1500 rpm for 5 minutes. The 
sedimented cell pellet was resuspended in complete medium.

Quantifying the viable cells recovered.  The number of viable (unstained) cells recovered from each vial 
that were either stored at 4 °C or transported at RT was quantified using 0.4% Trypan blue solution and counted 
using a hemocytometer. Post quantification, the cells from the vials of same storage conditions (n = 5, each of RT 
and 4 °C), were pooled together. Pooled cells, along with non-encapsulated cells (cultured under standard culture 
conditions) as a control, were plated in equal numbers for further analysis of determining their relative survival, 
gene expression, and phenotypic biomarkers expression.

Determining the relative rate of survival using MTT assay.  Post-release from 3-day and 5-day storage 
or transit, and their quantification for viability, the cells were plated in triplicates in a 12-well plate, at a density 
of 20,000 cells/cm2 and cultured for 48 and 96 hours at 37 °C with 5% CO2 in a humidified incubator. The rela-
tive survival rates of the cells against the control of non-encapsulated (cultured under standard culture condi-
tions) cells were assessed using MTT reagent (M6494, Thermo Fisher, USA). Each well was added with 200 µL of 
0.25 mg/mL MTT reagent in culture medium devoid of FBS and incubated for 1 hour at 37 °C in 5% CO2 chamber. 
The formazon crystals were solubilized in 200 µL of Dimethyl Sulfoxide (D2650, Sigma Aldrich, USA) for 5 min-
utes at 37 °C in 5% CO2 chamber. The concentration was determined by reading the absorbance in duplicates at 
570 nm using a spectrophotometer, against a blank.

Assessment of the phenotypic marker expression.  Encapsulated cells that were either transported at 
RT or were under storage at 4 °C for 3–5 days were released and quantified for viability. Cells were cultured on 
coverslips in 12-well culture plates at a density of 20,000 cells/cm2 at 37 °C with 5% CO2 in a humidified incubator 
for 48 hours. These cells were assessed for the expression of characteristic biomarkers of the hLMSC phenotype. 
Cultured cells were washed with PBS and fixed using 4% paraformaldehyde in PBS, for 20 minutes, followed by 
a 10-minute wash in PBS, twice. The cells were permeabilized using 0.03% [vol/vol] Triton-X in PBS, followed 
by two 5-minute washes in PBS. Cells were incubated for 1 hour with 2.5% BSA in PBS, to block the non-specific 

Figure 1.  Process of encapsulation and transportation. Schematic diagram of events explaining the 
encapsulation and transportation of hLMSCs: Alginate-encapsulated hLMSCs, in the form of beads were 
transported for ~528.67 (±64.2) KMs in real-time conditions for 3–5 days, in a pre-conditioned container.
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protein-protein interactions. All the incubations were carried out at RT in moist conditions. The blocking solu-
tion was removed and cells were incubated for 2 hours with primary antibodies in 100 µL of 1% BSA in PBS. 
The antibody panel was composed of (a) ABCG2 (1:100, 18841, Santa Cruz Biotechnology, USA), Pax6 (1:300, 
901301, BioLegend, USA), p63-α (1:100, 4892S, Cell Signalling technology, USA) and Col-III (1:100, ab7778, 
Abcam, UK), as positive markers of the human limbal stem cell phenotype; HLA-DR (1:100, ab55152, Abcam, 
UK), and CD45 (1:100, 13197, Cell Signalling Technology, USA) as negative marker for mesenchymal origin, 
(b) CD73 (1:100, 13160, Cell Signalling Technology, USA), CD105 (1:100, 376381, Santa Cruz Biotechnology, 
USA), and VIM (1:100, 6260, Santa Cruz Biotechnology, USA) as positive markers of the mesenchymal phe-
notype. The p63-α antibody used in our study recognizes both ∆Np63-α and TAp63-α components (https://
media.cellsignal.com/pdf/4892.pdf). Cells on coverslips were washed twice in PBS for 5 minutes each, after the 
incubation with primary antibodies. Cells were then incubated for 45 minutes in 100 µL with secondary anti-
bodies (1:400) of 1% BSA in PBS, followed by three 10-minute washes in PBS. This antibody panel was defined 
abiding by the International Society for Cellular Therapy’s guidelines of minimal criteria for defining multipotent 
mesenchymal stromal cells16. The panel of secondary antibodies included anti-mouse Alexa Fluor 488 (A11001, 
Thermo Fisher, USA) and anti-rabbit Alexa Fluor 488 (A11008, Thermo Fisher, USA). Cells were mounted using 
Fluorosheild mounting medium with DAPI (ab104139, Abcam, UK) and imaging was done using a fluorescent 
microscope (Axio Scope A1, Carl Zeiss AG, Germany) with 20x–40x objective. This experiment was repeated 
thrice. The number of cells positive for a given biomarker is expressed in the form of percentage by analysing the 
images captured from the central (1 image) and peripheral areas (2 images) of the coverslip. It is represented in 
the tabular format for better understanding. The lack of expression is denoted by (−) and <25% of cells showing 
positive expression is denoted by (++), 25–50% is denoted by (+++) and >90% cells being positive is denoted 
as (++++).

Quantification of the gene expression using real-time PCR.  One million cells of each storage cate-
gory after their release from encapsulation were used for quantifying the gene expression. Freshly lysed trypsin-
ized cells from the culture were used as the control. Total RNA was isolated using Trizol (15596018, Thermo 
Fisher, USA) method and converted to cDNA using the Superscript-III (1808051, Thermo Fisher, USA) at 1 µg/
µL of RNA per 20 µL reaction mix. The synthesized cDNA was subjected to real-time PCR, using Maxima SYBR 
Green kit (K0221, Thermo Fisher, USA) with 200 ng template per 25 µL reaction mix. The reaction was carried 
out in a detection system (Applied Biosystems, USA). Reactions were run in duplicates. GAPDH was used as a 
housekeeping gene in these experiments. The gene expression data were normalized to control the variability 
in expression levels to the geometric mean of the housekeeping gene. The data was analysed using the 2−ΔΔCT 
method. The primer sequences are listed in the Table 1.

Statistical analysis.  Statistical analyses were done using the GraphPad software (GraphPad Software, San 
Diego, CA, http://www.graphpad.com). Comparisons were made using Mann-Whitney U test for non-parametric 
data. The data is presented as mean values ± SD, obtained from 3–10 independent experiments performed. Values 
of p < 0.05 were considered to be significant. *p ≤ 0.05, **p ≤ 0.001. Values of p > 0.05 were considered insignif-
icant and were represented with #.

Results
Maintenance of hypothermic temperatures in the pre-conditioned container.  The container 
maintained an average temperature of 18.62 ± 1.82 °C (range: 13.91 °C to 27.52 °C) where the average ambient 
temperature was 31.43 ± 1.2 °C (range: 28.85 °C to 38.40 °C) over a duration of 3–5 days (Fig. 2). This experiment 
was repeated (n = 10) and the data was statistically significant (p < 0.0001). The container had maintained the 
hypothermic range of temperatures consistently over a period of varying seasons and weather across the year.

Effect of temperature on viable cell recovery.  The temperature in the storage conditions had an insig-
nificant effect on the recovery of viable cells from encapsulation. Encapsulated cells recovered after 3-day transit 
at RT had an average viable recovery of 82.45 ± 0.87% (n = 3) cells while the cells stored at 4 °C had 65.19 ± 1.19% 
(n = 3, p = 0.0008) viability. After 5-day transit at RT, encapsulated cells had 76.96 ± 1.98% (n = 3) and cells stored 
at 4 °C had 64.45 ± 0.81% (n = 3, p = 0.0104) of viable cell recovery (Fig. 3). The non-encapsulated cells stored at 
RT did not show more than 1% viability during both 3-day and 5-day transit. Non-encapsulated cells stored at 
4 °C showed a mean recovery of 5.33% on 3-day storage and up to 4% after 5-day storage.

Sl # Primer Sequence Size Tm (°C)

1 GAPDH
Forward: ACCACAGTCCATGCCATCAC

452 bp 55 °C
Reverse: TCCACCACCCTGTTGCTGTA

2 CD90
Forward: CGCTCTCCTGCTAACAGTCTT

142 bp 60 °C
Reverse: CAGGCTGAACTCGTACTGGA

3 PAX-6
Forward: ATAACCTGCCTATGCAACCC

208 bp 58 °C
Reverse: GGAACTTGAACTGGAACTGAC

4 p63-α
Forward: GAGGTTGGGCTGTTCATCAT

183 bp 57 °C
Reverse: AGGAGATGAGAAGGGGAGGA

Table 1.  List of primers and their nucleotide sequences used in this study for the gene expression experiments.
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Relative survival rate of the encapsulated cells.  The encapsulated cells kept under transit at RT 
for 3 days exhibited a relative survival rate of 61.93 ± 1.68% after 48 hours compared to the control group. 
This increased to 74.34 ± 2.89% in the subsequent 48 hours. Cells that were under transit for 5 days, showed 
51.24 ± 1.38% survival after 48 hours that increased to 67.74 ± 9.78% after 96 hours (Fig. 4). On the other 
hand, the encapsulated cells stored under refrigerated conditions for 3-days, have shown attachment of about 
39.67 ± 5.32% after 48 hours and which increased to 54.8 ± 9.04% after 96 hours. Upon 5-day refrigeration, the 
cell attachment was 43.77 ± 3.53% after 48 hours and 52.35 ± 8.07% after 96 hours.

Phenotypic expression of the biomarkers.  Encapsulated cells under transit at RT have shown the sim-
ilar (default) phenotype with the control group of cells, during both 3-day and 5-day transit. Encapsulated cells 
under storage at 4 °C showed expression of ABCG2 after 3-day storage but not at 5-day refrigeration (Figs 5 and 
6). The expression of the rest of the biomarkers by both RT and 4 °C groups was similar to the control cells, show-
ing the positive expression of Pax6+ and stem cell markers (p63-α+, ABCG2+) and the biomarkers for mesenchy-
mal origin (VIM+, CD105+, CD90+, CD45−) and the other surface biomarkers Col-III+, and CD73+. Although 
HLA-DR is considered negative marker for the mesenchymal origin, we have found this marker to be positively 

Figure 2.  Maintenance of hypothermic temperatures in the pre-conditioned container. Mean external 
(ambient) and internal temperatures of the conditioned container: A Styrofoam container was conditioned to 
maintain hypothermic temperatures, by loading with pre-chilled (2–8 °C, 72 hours) gel pads (6 no.s covering 
all sides of a small box holding vials of cells). This was loaded with alginate beads (without cells) in media, at 
13–15 °C of the container’s internal temperature, packed, sealed and kept under transit (n = 10). Temperatures 
were recorded every four hours, up to 80 hours. **p ≤ 0.001.

Figure 3.  Effect of temperature on viability of encapsulated cells. Mean recovery of the viable encapsulated 
cells: The storage temperature had an insignificant effect on the viability of encapsulated cells. Encapsulated cells 
were kept under transit at 4 °C and RT (5 each vials with 0.5 × 106 encapsulated cells/vial) for 3–5 days (n = 3). 
Cells were released from encapsulation after transit and quantified for viability by dye exclusion method using 
0.4% Trypan blue. The average cell viability at given temperature and duration of the storage, was expressed in 
percentage, with error bars. En+: Encapsulated, En−: Non-encapsulated. *p = 0.0104, **p = 0.0008.
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expressing in all the groups of cells irrespective of encapsulation. The number of cells (categorized to %) with 
positive expression for a given characteristic biomarker is represented in the tabular format (Table 2).

Quantifying the gene expression (RT-PCR).  Although encapsulated cells stored at RT and 4 °C showed 
higher levels of PAX-6, p63-α, and CD90 expression as compared to the control group, these differences were not 
statistically significant (Fig. 7, p > 0.11).

Discussion
This study aimed to evaluate the efficacy of alginate encapsulation in maintaining the viability and properties 
of hLMSC while being stored and transported at RT in a real-life ground-transportation scenario. The study 
found that while non-encapsulated cells had negligible viability at RT and 4 °C, encapsulated hLMSC (RT and 
4 °C) maintained high viability, had good survival in culture and retained adequate phenotype expression. The 
phenotypic assessment of the encapsulated cells in comparison with control groups showing the number of cells 
positive for a given biomarker is given in Table 2. A similar trend of the percentage of cells expressing a biomarker 
was observed. We have found positive expression of HLA-DR in all the groups of cells. Many earlier studies have 
shown similar findings of the positive expression of HLA-DR in the normal cornea towards periphery and the 
limbus17–19. The findings of this study suggest that alginate encapsulation is an effective method of hLMSC pres-
ervation and transport at RT for up to 3 to 5 days, which would allow these cells to be shipped to remote locations 
and therefore, potentially expand the scope of cell-based therapy for corneal blindness.

Corneal stromal stem cells and more recently hLMSC have been studied for their ability to restore corneal 
transparency3 through corneal stromal regeneration20. The therapeutic potential of these cells for treating various 
corneal pathologies is currently being explored in clinical trials and the initial reports have shown enhancement 
in visual parameters and corneal epithelization, neovascularization and clarity4,21,22. These cells may eventually 
evolve into a simpler non-invasive alternative to corneal transplantation, thereby reducing the global demand 
for donor corneas. Further expansion of this therapeutic advancement is hindered by the bottlenecks of lacking 
proper preservation and transport methods towards the delivery of these cells without affecting their character-
istic properties. The maintenance of appropriate temperature is a crucial and integral factor for optimal shelf life 
of the cells23. Despite the ambient temperature fluctuations between 28.9 to 38.4 °C, not only was the insulated 
container able to maintain significantly lower temperatures of 13.9 to 27.5 °C, but alginate encapsulation also 
allowed most cells to survive while in transit. The proportion of the encapsulated cells that were lost in the transit, 
may be considered to have undergone apoptosis. However, without encapsulation almost all cells perished within 
the same amount of time. Ability to transport cells at RT circumvents the usage of dry ice, which is currently 
categorized as restricted item for airborne transport (https://www.fedex.com/in/domestic/services/regulatory-
guidelines.html) and of any expensive equipment required to maintain chilled temperature during shipping. This 
would potentially translate into significantly lower costs for cell storage and transportation.

Figure 4.  Survival rate of the encapsulated cells. RT-stored encapsulated cells show greater survival than 
4 °C-stored encapsulated cells. Alginate encapsulated cells stored/transported at 4 °C and RT for 3–5 days 
(n = 3), were released and plated in triplicates of equal numbers after quantifying for viability. The regular 
non-encapsulated cells were plated in same number as controls in all the cases. Cells were cultured for 48 hours 
and 96 hours and assessed for rate of survival using MTT assay. The average rates of survival were expressed in 
percentage, by comparing absorbance of given category relative to the standard/control group of cells (capped to 
100%).
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Achieving optimal cell viability and unaffected cell phenotype forms an integral crux of a validated shipping 
protocol. Similar reports of good viability when stored at room temperatures have been reported earlier with 
hydrogel encapsulation with24,25 or without23 extracellular matrix components. However, there are two distinct 
novelties of this study: (i) previous studies did not test the efficacy of the preservation methods in retaining the 
properties of stem cells obtained from primary tissues of human origin, while in actual transit.; (ii) while the 

Figure 5.  Phenotypic expression of the biomarkers. Immunostaining of the encapsulated hLSMCs under 
transit for 3 days: Alginate encapsulated hLSMCs of both groups, stored/under transit for 3 days have shown 
the expression of Pax6+, stem-cell biomarkers (ABCG2+, p63-α+) and the mesenchymal biomarkers (VIM+, 
CD90+, CD105+ and CD45−) with respect to the control cells. Blue: DAPI, nuclear stain. Scale: 100 µM.



8Scientific Reports |         (2019) 9:16950  | https://doi.org/10.1038/s41598-019-53315-x

www.nature.com/scientificreportswww.nature.com/scientificreports/

experimental temperature ranges tested previously were 22–25 °C16 or 11–23 °C10 in controlled laboratory set-ups, 
in this study the external ambient temperature ranged from 28.9 to 38.4 °C in real-life conditions. These results 
imply that it may be possible to send the alginate encapsulated cells to remote locations for their application using 
ground transportation, which would significantly lower the shipping costs involved. The remote and rural areas, 

Figure 6.  Quantification of the gene expression using real-time PCR. Immunostaining of the encapsulated 
hLSMCs under transit for 5 days: Alginate encapsulated hLSMCs stored at 4 °C did not show expression of the 
stem-cell (ABCG2−). The RT group cells have showed similar phenotype as the control group (ABCG2+, Pax6+ 
p63-α+, VIM+, CD90+, CD105+, CD45−, HLADR+, Col-III+, and CD73+). Blue: DAPI, nuclear stain. Scale: 
100 µM.
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by having equipped with one centrifuge and a pipette, shall be able to release the encapsulated cells, without the 
necessity of having a cell culture facility. Additionally, all the reagents and procedures employed in the process of 
cell encapsulation are FDA approved. This would ease the regulatory constraints on the clinical translation and 
expansion of the technique26. However, this study is limited by lacking serum free culture methods and the study 
of therapeutic properties of the encapsulated cells, which are underway in the further phase of this study.

In conclusion, this study aimed to test the reliability of alginate encapsulation for storing and transporting 
hLSMC at RT in temperate climatic conditions and the findings of this study suggest that alginate encapsu-
lation is an effective method of hLMSC preservation offering high cell viability over prolonged durations in 
real-life transit conditions. The simplicity of the encapsulation process combined with the cost-effectiveness of 
ground-transportation makes alginate encapsulation an attractive option for furthering the scope and scale of 
cell-based therapy for corneal blindness particularly in the developing world.

Received: 1 March 2019; Accepted: 22 October 2019;
Published: xx xx xxxx

Type Biomarker

In transit for 3 days In transit for 5 days

Control 4 °C RT Control 4 °C RT

Ocular Pax6 ++ ++ ++ ++ ++ ++

Stem Cell
p63-α + + + + + +

ABCG2 +++ +++ +++ +++ − +++

Mesenchymal

VIM ++++ ++++ ++++ ++++ ++++ ++++

Col III ++++ ++++ ++++ ++++ ++++ ++++

CD105 ++++ ++++ ++++ ++++ ++++ ++++

Surface

CD90 ++++ ++++ ++++ ++++ ++++ ++++

CD73 ++++ ++++ ++++ ++++ ++++ ++++

CD45 − − − − − −

HLA-DR ++++ ++++ ++++ ++++ ++++ ++++

Table 2.  Tabular format denoting the number of cells showing positive expression of the phenotypic 
biomarkers. (−): No expression; (+): <25% cells are positive, (++): 25–50%, (+++): 50–90%, (++++): 
>90% cells are positive.

Figure 7.  Quantification of gene expression of encapsulated cells, under transit for 3 days: Cells stored at 4 °C 
have shown 0.6-fold increased expression of ABCG2, PAX-6 and p63-α; ~2-fold increased expression of CD90 
when compared to control. Insignificant fold change of expression was found between the control and RT 
groups for all the three markers. #p > 0.11.
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Abstract: Corneal opacification or scarring is one of the leading causes of blindness worldwide. Human

limbus-derived stromal/mesenchymal stem cells (hLMSCs) have the potential of clearing corneal

scarring. In the current preclinical studies, we aimed to determine their ability to heal the scarred

corneas, in a murine model of corneal scar, and examined their ocular and systemic toxicity after topical

administration to rabbit eyes. The hLMSCs were derived from human donor corneas and were cultivated

in a clean room facility in compliance with the current good manufacturing practices (cGMP). Before the

administration, the hLMSCs were analyzed for their characteristic properties including immunostaining,

and were further subjected to sterility and stability analysis. The corneas (right eye) of C57BL/6 mice

(n = 56) were stripped of their central epithelium and superficial anterior stroma using a rotary burr

(Alger Brush® II). Few mice were left untreated (n = 8), while few (n = 24) were treated immediately with

hLMSCs after debridement (prophylaxis group). The rest (n = 24, scar group) were allowed to develop

corneal scarring for 2 weeks and then treated with hLMSCs. In both groups, the treatment modalities

included encapsulated (En+) and non-encapsulated (En−) hLMSCs and sham (vehicle) treatment. The

follow-up (4 weeks) after the treatment or debridement included clinical photography, fluorescein

staining, and optical coherence tomography at regular intervals. All the images and scans were analyzed

using ImageJ software to assess the changes in corneal haze, scar area, and the reflectivity ratio of the

epithelium to the stroma. The scar area and the scar intensity were found to be decreased in the groups

that received hLMSCs. The reflectivity of the stroma was found to be normalized to the baseline levels

before the debridement in the eyes that were treated with hLMSCs, relative to the untreated. In the safety

study, the central corneas of the left eye of 18 New Zealand rabbits were scraped with a needle and then

treated with En+ hLMSCs, En− hLMSCs, and the sham (n = 6 each). Rabbits were then followed up

for 4 weeks, during which blood and tear samples were collected at regular intervals. These rabbits

were then assessed for changes in the quantities of inflammatory markers (TNF-α, IL-6, and IgE) in the

sera and tears, changes in the ocular surface observations such as intraocular pressure (IOP), and the

hematological and clinical chemistry parameters. Four weeks later, the rabbits were euthanized and

examined histopathologically. No significant changes in conjunctival congestion, corneal clarity, or IOP

were noticed during the ophthalmic examination. The level of inflammatory molecules (TNF-α and IL-6

TNF-α) and the hematological parameters were similar in all groups without any significant changes.

Histological examination of the internal organs and ocular tissues did not reveal any abnormalities.

The results of these studies summarize that the En+ and En− hLMSCs are not harmful to the recipient

and potentially restore the transparency of debrided or scarred corneas, indicating that hLMSCs can be

assessed for clinical use in humans.

Keywords: cornea; limbus; limbal stromal stem cells; stromal cell; immune response; toxicity; safety;

cell encapsulation; efficacy; alginate; transport at room temperature
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1. Introduction

The cornea, also called the window of the eye, is a transparent structure in front of
the eye. Light passes through it onto the retina, for the perception of light. Anatomically
speaking, the ultrastructure of the cornea comprises three main layers: epithelium, followed
by stroma, and followed by endothelium. The transparency of the cornea is due to the highly
organized collagen fibrils in its stroma [1,2]. Corneal opacity or haze occurs when a person is
exposed to infection, inflammation, or trauma [3,4]. Corneal scarring, a resultant of irregular
fibrillogenesis following a wound, is one of the major causes affecting corneal transparency.
Scarring involves the formation of atypical proteoglycans and the differentiation of the
native keratocytes to the myofibroblastic phenotype [5–8].

The unavailability of standard treatments to clear corneal scarring makes corneal
transplantation a pre-eminent mode of care for patients suffering from partial impairment
of vision to complete blindness. The requirement for longer follow-up and the chances
of graft rejection and the low rate of graft survival are the major limitations of corneal
transplantation. Additionally, the unmet balance between the supply and the demand for
donor corneas necessitates the need for alternative approaches to curb corneal scarring.
Cell-based therapy is one of the emerging alternatives that could prevent and heal corneal
scarring without the need for whole corneal transplantation [9–11].

Many groups across the globe have shown the potential of hLMSCs in preventing
corneal haze [4,12–16]. Reports from the investigations by Basu et al. (2014) [4] and Du et al.
(2009) [17] indicated that hLMSCs did not cause any immune reaction in the murine models
of corneal scars. These cells are safe because it has been demonstrated that they can
regulate the immune system [18] and that they do not produce any xenogeneic reactions
in mouse models [4,18]. Various clinical studies are currently evaluating the safety and
potency of hLMSCs and other mesenchymal stem cells [19–24]. By decreasing the need
for donor corneas, the hLMSCs may reduce the need for corneal transplants. In addition,
it has been demonstrated that hLMSCs preserved their viability and phenotype by being
encapsulated in sodium alginate for 3–5 days while being transported or stored at various
temperatures [25]. Without involving the patient in hundreds or thousands of kilometers
of travel, this straightforward method, which does not require a costly cold chain, could
expand access to hLMSC-based therapy, especially in rural and underdeveloped countries.
However, before these novel techniques can be used in clinical settings, the toxicity and
efficacy profiles of these cells, with or without encapsulation, must first be determined.

The objective of this study was to evaluate the cGMP-manufactured therapeutic-class
hLMSCs for (a) harmlessness as well as detrimental effects following topical treatment
in an animal model of corneal wound healing according to Indian regulatory guidelines,
and (b) their effectiveness in preventing the formation of corneal scar and the regeneration
of the corneal surface following treatment of the corneal scar with En−/En+ hLMSCs.
Additionally, the information from the findings includes the vitality and stability of cGMP-
grade hLMSCs throughout culturing and passages as well as the several quality checks
that must be completed before these cells may be used in a clinical study.

2. Materials and Methods

2.1. Study Design and Ethical Approvals

2.1.1. Approvals

The research ethics committee (Approval reference number 05-18-081) and the panel
of the Institutional Committee for Stem Cell Research (Approval reference number ICSCR
08-18-002) at the LV Prasad Eye Institute, Hyderabad, approved the study methodology
(Figure 1). The experimental protocols (safety study) on the animals were approved by
the Animal Ethics Committee of Sipra Labs (Project reference number 110-19), Hyderabad,
and adhered to the guidelines of Schedule–Y (26), Drugs and Cosmetics Rules act, 2019,
Government of India (27).



Cells 2023, 12, 876 3 of 21

En−

μg μg –

En−

 

−

–

Figure 1. Graphical abstract of the experimental plan for assessing the safety and efficacy of human

limbus−derived stromal/mesenchymal stem cells.

The protocols used in the efficacy and safety studies were created in a way that
complies with the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research [26] issued by the Association for Research in Vision and Ophthalmology. All
investigations conformed to generally accepted procedures, minimized or avoided the
potential for animal suffering, and maintained their general health.

The International Council for Harmonization of Technical Requirements for Pharma-
ceuticals for Human Use (ICH) M3 (R2) [27] and the OECD (Organization for Economic
Cooperation and Development) standards [28] of Good Laboratory Practice, 1997 were also
followed in the conduct of this investigation.

2.1.2. Donor Corneas

Therapeutic-grade donor corneas (n = 28) to harvest hLMSCs were obtained from
Ramayamma International Eye Bank (RIEB), Hyderabad, India. The guidelines of the
Declaration of Helsinki for the usage of human tissues were followed.

2.1.3. Characterization of hLMSCs Expanded in GMP-Compliant Clean Room

All the batches of hLMSCs that were isolated and expanded using the optimized proto-
cols underwent a series of tests and analyses (at both in-process and end-product stages) to
ensure stability, sterility, and similitude of the characteristic properties. The tests included:
qualitative and quantitative assessment of the phenotype through immunofluorescence
and FACS (fluorescence-assisted cell sorting), karyotyping, quantification of the viability of
hLMSCs in the cell pellet, microbial and mycoplasma analysis, determination of endotoxin
content, and growth kinetics. The batches of hLMSCs that qualified for all of the tested
parameters were used for the pre-clinical assessment in animal models.
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2.1.4. Assessment of the Efficacy of hLMSCs in a Murine Model of Corneal Scar

C57BL/6 mice (n = 56) of 6–8 weeks of age, weighing 20 to 25 g, were used for this
study. A normal diet was provided. All mice were acclimatized to the cages at least
a week before the beginning of the experimental procedures. The allocation was con-
ducted through simple randomization. The mice were allocated to three study groups viz
(a) the scar group (n = 24), (b) prophylaxis group (n = 24), and (c) untreated group (n = 8).
The central epithelium and anterior stroma were debrided in the right eye of the mice.
After debridement, the mice were treated either prophylactically (prophylaxis group) or
therapeutically after allowing them to develop corneal scars for two weeks (scar group).
Based on the method of treatment, these groups were divided into three subgroups, each
based on the method of treatment: (i) sham (n = 8, vehicle only); (ii) En− hLMSCs (n = 8,
cells that were neither encapsulated nor transported); and (iii) En+ hLMSCs (n = 8, cells
released from transit after encapsulation). The untreated group was not provided with
any treatment.

A clinical assessment of both eyes was undertaken before and after the debridement
and treatment of the corneas. Clinical photographs of the ocular surface and optical
coherence tomography (OCT) scans of the corneal ultrastructure were taken to detect the
changes in the reflectivity and thickness of the corneal layers. Additionally, fluorescein
staining of the ocular surface was performed to track the wound closure and reepithelization
of the corneas debrided. The assessment was conducted at the stages of the pre-wound,
wound, pre-op (on days 1, 7, and 14 during the development of the scar), and post-op
stages (days 7, 14, 21, and 28).

2.1.5. Determination of Safety and Toxicity of hLMSCs in Rabbits with Corneal Wounds

Three to four-month-old rabbits of the New Zealand White strain (n = 18) were used in
this part of the study. The rabbits were allocated to the study groups through the stratified
randomization method. Three groups of six rabbits each with three male and three female
members received the following treatment: sham-treated group (G1) or control group; the
G2 (En− hLMSCs) group received unencapsulated hLMSCs, while the G3 (En+ hLMSCs)
group received encapsulated hLMSCs that were transported at room temperature.

The rabbits were anesthetized on the day of the experiment by injecting a formulation
of ketamine (35 µg/g body weight) and xylazine (10 µg/g body weight). After that,
1–2 drops of topical anesthesia were applied to the eye (0.5 percent proparacaine). Next, a
sterile needle was used to carefully scrape the corneal surfaces, as soon as they had been
cleaned with a cotton swab soaked in 0.5 percent povidone-iodine. Then, the eyes of the
G2 and G3 groups received 5 × 105 En− hLMSCs and 50 × 105 En+ hLMSCs, respectively,
mixed with 100 uL of the fibrin glue formulation that is available for purchase (TISSEEL
LYO, Baxter International Inc., Deerfield, IL, USA). The control group was treated with the
vehicle alone (sham treatment) (i.e., fibrin glue) at the same time. To prevent the test item
from being lost after the analytes were given, the eyes were closed for about 3 to 5 s. Finally,
a sterile dressing pad was used to apply the treated eyes until the rabbits recovered from
anesthesia. At each time point, additional ophthalmic examinations and blood analysis as
well as the collection of serum and tear fluid were carried out. After the animals had been
sacrificed, the pathological assessments were carried out on day 29.

2.2. Isolation and Expansion of hLMSCs

As previously reported [25], the limbal rim from the donor corneas served as the source
of the hLMSCs. Briefly, limbal rims were dissected, cut to small fragments of 1–2 mm,
and gently minced after the donor cornea was washed with the penicillin-streptomycin-
gentamycin composition (15240062, Thermo Fisher Scientific, Waltham, MA, USA) di-
luted in PBS (14190250, Thermo Fisher Scientific, Waltham, MA, USA). Using the enzyme
collagenase-IV (17104019, Thermo Fisher Scientific, Waltham, MA, USA), the minced lim-
bal fragments were digested. After the digested tissue was washed, it was cultured in
DMEM/F12 medium (BE04-687F/U1, Lonza, Basel, Switzerland) supplemented with 2%
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fetal bovine serum (SH30084.03, Cytiva Life Sciences, Marlborough, MA, USA). After
reaching 80–90% confluence, the primary cultures (P0) were divided and subcultured for
three generations or passages. At passage 3 (P3), a pure hLMSC culture was obtained, and
post-viability checks were performed with 0.4% Trypan Blue (15250061, Thermo Fisher
Scientific, Massachusetts, MA, USA).

A commercially available BeadReadyTM Kit [25] from Atelerix Ltd., Newcastle upon
Tyne, TWR, UK was used to encapsulate hLMSCs with sodium-alginate. Using a sterile
needle, the 2.5 × 106 formulation of the alginate-cell suspension was released into a
gelating buffer, where it polymerized into bead-like structures. For three to five days,
these hLMSC-containing beads were in transit in a pre-standardized Styrofoam container
that could maintain room temperature. These were suspended in the culture medium
during the transit. The cells were then sedimented and released from the beads using a
buffer containing trisodium citrate. For further analysis, the sedimented cell pellet was
resuspended in a new complete medium. Before they were topically applied to the ocular
surface, the pellet was washed with PBS/saline and the cell suspension was centrifuged at
1000 rpm for three minutes.

2.3. Analyzing the Distinctive Phenotype of hLMSCs

2.3.1. Immunostaining

Until confluence, cells were cultured in 12-well culture plates with coverslips with a
diameter of 18 mm at a density of 2 × 104 cells per cm2 at 37 ◦C and 5% CO2. As described
previously [25], hLMSCs were examined for the expression of typical markers of the MSC
phenotype. The antibody panel featured markers for the human limbal stem cell trait such
as Pax6, ABCG2, p63-α, and Col-III as well as markers for the MSC phenotype such as
CD45, a negative indicator for mesenchymal cells, CD73, VIM, CD105, and CD90.

The minimum requirements for multipotent mesenchymal stromal cells as defined
by the International Society for Cellular Therapy [29] were used to select this antibody
panel. Alexa Fluor 594 (anti-mouse and anti-rabbit) from Thermo Fisher Scientific, Mas-
sachusetts, MA, USA, were included in the secondary antibody panel. A mounting medium
(Fluoroshield, ab104139, Abcam, Cambridge, Cambs, UK) containing DAPI was used to
mount the cells, and a Carl Zeiss Axio Scope A1 fluorescent microscope with a 20× or 40×
objective was used for imaging. Biologic triplets were used in this experiment.

The number of viable cells was counted in a Neubauer chamber using the dye-
exclusion method, which makes use of 0.4% Trypan Blue solution, and was used to measure
the cell viability in both experimental groups. The minimum acceptance criterion was 70%,
and the viability was expressed as percentage + SD.

2.3.2. FACS

Fluorescence-assisted cell sorting (FACS) was used to quantitatively evaluate a portion
of the populations of En−/En+ hLMSCs prior to administration to the murine corneas.
After trypsinization from the cultures, viability checks were performed on both En−
and En+ hLMSCs, and 10 uL of each primary antibody (diluted as per manufacturer’s
instructions) was added to 50,000 En− hLMSCs in PBS after recovery from encapsulation,
transport, and viability checks. The cells were then kept at 2–8 ◦C for 45–60 min in the dark.
CD45, CD90, ABCG2, P63-α, and HLA-DR were the antibodies on the panel. As a control,
no primary antibody was added to the cell suspension, so an “unstained” set of cells was
used. After being incubated with the primary antibody, the cell suspensions were added to
200 mL of sheath fluid, and the CytoFLEX analyzer (Beckman Coulter, Indianapolis, IN,
USA) was used for cytometric analysis.

2.4. Assessment of hLMSC Stability

2.4.1. Evaluation of the Viability of Pelletized hLMSCs

The post-harvest cells from cultures and post-release cell suspensions after encapsu-
lation (En−/En+ hLMSCs cell suspensions, respectively) were centrifuged at 1000 rpm
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for three minutes to eliminate the supernatant before being applied to the corneal surface.
Since the process of transplanting the cell to the patient’s eyes usually takes some time, as
does the journey from the GMP laboratory to the operation room, these pelleted cells were
preserved at temperatures from 2 to 4 ◦C. To find the best window of time to transplant
the cells onto the corneal surface, it is advised to evaluate their stability as a pellet. This
was found by measuring the viability of these cells in pellet from the first hour to the end
of 24 h from trypsinization. The cell suspension was evenly divided among six separate
vials (0.5 × 106 cells per vial/time point) and was preserved at temperatures from 2 to 4 ◦C
following the initial viability evaluation. Using the dye-exclusion method, the amount (%)
of viable cells at 30-min, 1-h, 3-h, 6-h, 12-h, and 24-h time points was measured and plotted.

2.4.2. Karyotyping

A licensed third-party laboratory used karyotyping to look for chromatic defects
and abnormalities in the hLMSCs. Colcemide was used to stop the spindle formation in
hLMSC cultures that were three to four days old (with and without encapsulation). The
chromosomes were then released from the cells by giving them a hypnotic treatment. After
that, the G-banding method was used to prepare the slides, and a bright-field microscope
was used to look at them. Cytovision® software was used to carry out the analysis.

2.4.3. Growth Kinetics

From the hour of seeding the cells to the completion of day 6 of expansion in the cell
culture flask, the number of viable cells was measured using the MTT assay as well as
the dye-exclusion methods. The doubling time and growth curve of the hLMSCs were
obtained by plotting the data on a graph.

2.5. Assessment of the Sterility of hLMSCs

2.5.1. Mycoplasma Assessment

Following the manufacturer’s directions when using the kit (LT07-318, MycoAlertTM,
Lonza, Basel, Switzerland), the existence or absence of mycoplasma contamination was
tested in the hLMSCs culture. A Luminometer (E5321, Promega, Wisconsin, WI, USA) was
used to read the emitted light signal and check for mycoplasma in the cells’ spent media at
the end of each passage and passage 3.

2.5.2. Endotoxin Levels

A gel clot-based technique (N283-125, Lonza, Basel, Switzerland) was used to measure
the amount of bacterial endotoxins (BET) existing in the hLMSC-suspension in conformity
with the manufacturer’s protocol. The FDA’s rules [30] state that endotoxins cannot be
present in amounts of more than 0.2 EU/mL.

2.6. Generation of the Murine Model of Corneal Scar

In normal saline, a mixture of xylazine and ketamine was used to anesthetize the mice.
The mice were given 100 mg of xylazine (ilium Xylazil-100, Troy Laboratories Australia Pty.
Ltd., NSW, Glendenning, Australia) and 10 mg of ketamine (Aneket®, Neon Laboratories
Limited, Mumbai, India) per kilogram of body weight. Intraperitoneal administration of
general anesthesia was conducted. Tearsplus (Allergan, Bangalore, India) lubricating eye
drops were given to both eyes to keep them from drying out during the experiments. A
surgical spear (EYETEC, Gujarat, India) was used to remove any objects or particles from
the eyes, and the eyes were lubricated once more. After that, 0.5% proparacaine (Paracain,
Sunways India Pvt Ltd., Mumbai, India) was applied topically to anesthetize both eyes.

Algerbrush® II (Accutome Inc., Pennsylvania, PA, USA) with a 0.5 mm burr was used
to gently rotate the right eye’s central cornea in a circular motion for 15–20 s. This removed
the epithelium and a portion of the anterior stroma in the central cornea. The damage only
affected the central cornea, not the limbus, sclera, or any other ocular surface area. The
mice were either treated immediately or allowed to grow the scar for two weeks. After
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being gently scraped with a #15 surgical blade to remove the damaged tissue, the scarred
or debrided corneas were treated with 5 × 104 En−/En+ hLMSCs mixed in 2 µL of fibrin
glue. Within one minute of application, this fibrin glue hardened into a gel-like clot. In
each group, the contralateral eye (left) served as the normal control.

2.7. Assessment of Safety and Toxicity of hLMSCs

2.7.1. Rabbit Body Weights and Death Rates

Every rabbit was checked for morbidity and demise twice daily. Additionally, on
the first day of treatment and then every week after, the specific body weights (kg)
were measured.

2.7.2. Ophthalmic Investigations

The cornea, conjunctiva, iris, and aqueous humor were all examined using slit lamps
(PSLAIA-11, Appasamy Associates, Chennai, TN, India). For corneal and conjunctival
ophthalmic examinations, fluorescein ophthalmic strips were utilized. The ophthalmic
observations were rated utilizing a numerical scoring procedure outlined in the OECD
chemical testing guidelines, Test 405 “Scoring of the Lesions on Ocular surface” [28] and
in accordance with Schedule Y [31] Before dosing, slit lamp and IOP readings were taken
as well as at 3, 6, 12, and 24 h on day 1, and on days 7, 14, 21, and 28 after dosing.
Supplementary Table S1 outlines the scoring guidelines.

2.7.3. Inflammatory Marker Quantification

At the end of 1, 6, 12, and 24 h on the day of treatment as well as on the days 7, 14, 21,
and 28, blood samples ranging from 3 to 4 mL were taken from each animal using standard
vacutainers. The blood samples were used to separate the sera, which was stored at –80 ◦C.
Tear strips were used to collect samples of tear fluid at 1, 3, 6, 12, and 24 h as well as on
days 7, 14, 21, and 28. For the purpose of determining the expression of the IL-6, TNF-α,
and IgE markers, the collected samples were stored at –80 ◦C.

Schirmer Strip Tear Fluid Extraction

Applying the methodology that Posa et al. had previously published [32], Schirmer’s
strip (Tear Strip, Care Group, Vadodara, GJ, India) was used to extract the tears. Using
forceps, the frozen strips were inserted into a sterile 0.5 mL microcentrifuge tube. A fresh
22 1/2 gauze needle was used to puncture these microcentrifuge tubes containing 0.5 mL.
A 1.5 mL microcentrifuge tube was used to store the entire arrangement. Next, 10–50 mL
of 1× PBS was added to the strip, based on the strip length in millimeters. The strip was
then incubated for 30 min at 2–4 ◦C. Afterward, the apparatus was centrifuged at 4 ◦C for
5 min at 13,000 rpm. Each microliter of the collected tear fluid was evaluated to determine
the level of protein, with the remaining volume being subsequently frozen at −80 ◦C for
further study.

BCA Protein Quantitation

In accordance with the manufacturer’s instructions, the bicinchoninic acid (BCA)
assay (786-570, G-Biosciences, Geno Technology Inc., St. Louis, MO, USA) was used to
measure the amount of protein in the tear samples collected. The standard graph obtained
was compared to the concentration of the unknown samples. Using a SpectraMax M3
spectrophotometer (Molecular Devices, San Jose, CA, USA), the absorbance was measured
at 562 nm for the standards, which ranged from 2000 pg to 0 µg/mL.

Quantification of Markers through Immunoassay

Using sandwich ELISA, the levels of inflammatory markers in rabbits were measured.
KinesisDx, Krishgen Biosystems, USA, supplied commercially available antibody-coated
kits for the quantification (IgE, K09-0071; IL-6, Ref: KLX0065), TNF-α, and KLX0003.
Briefly, 10 µL of each biotinylated antibody was added to each well after 40 µL of each
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sample (sera/tear) was added. There were no biotinylated antibodies in the standards. The
streptavidin-HRP conjugate solution was then added to all wells and stored in an incubator
at 37 ◦C for one hour in the dark. The wells were then thoroughly tapped onto absorbent
paper and washed four times with washing buffer by utilizing an automatic washer (Erba
Lisa Wash II, Erba Mannheim, Brentford, LDN, UK). After that, 50 µL of substrate A,
50 µL of substrate B, were added to the wells and incubated for 10 min. The SpectraMax
M3 spectrophotometer was used to read the formed color at 450 nm following the addition
of 50 uL of stop solution per well to halt the reaction.

2.7.4. Blood Investigations

Using a hematology cell quantifier (SYSMEX-XP 100, Kobe, OC, Japan), the hemato-
logical parameters were determined. The Leishman stain was used to stain the hematology
sample to make blood smears. Utilizing standard microscopy, for these smears, the dif-
ferential leukocyte count was performed. Clinical chemistry analysis was performed on
the sera that were extracted from the blood specimens. A fully automated Random Ac-
cess Biochemical Analyzer was used to perform the clinical chemistry test (EM-360, Erba
Mannheim, Brentford, LDN, UK).

2.7.5. Tissue Evaluations

External Examinations and Necropsies

After the study duration, every single rabbit was sacrificed and underwent a thorough
necropsy. The gross findings that might point to abnormalities were noted. During an in situ
examination, the individual organs were investigated for histomorphological anomalies.

Organs Weights and Histopathology

The organs were collected and weighed after the gross pathology examination was
finished. The ratios of organ weight to body weight were calculated. For histopathological
examination, 10% buffered formalin preserved the organs.

2.8. Statistical Analysis

Mean + SD was used to represent all of the data. Using GraphPad software, the find-
ings were all put through statistical analysis with a significance level (of 0.05). The Student’s
t-test (safety study—organ and body weights, clinical and hematological parameters) and
non-parametric one-way ANOVA (Kruskal–Wallis) tests (safety study—IOP, inflammatory
marker assessment; efficacy study—changes scar intensity, scar area, and E:S ratios) were
used to analyze the data.

3. Results

3.1. Characteristic Analysis of hLMSCs

3.1.1. Phenotypic Assessment of hLMSCs

Col-III, p63-α, Pax6, and ABCG2 were both expressed positively by the cells. As
expected, mesenchymal biomarkers such as CD73, VIM, CD73, CD105, and CD90 were
expressed positively, but CD45 was not. Overall, the phenotypic expression of the hLMSCs
of the biomarkers was found to be unaltered (Figure 2A).

3.1.2. Evaluation of the Viability and Stability of hLMSCs

Karyotyping revealed no numerical or chromatic aberrations in either of the En− or
En+ hLMSC cell populations (Figure 2B). At the end of six hours, 88.33 ± 2.37% of the
pelleted hLMSCs were still alive, while at the end of 24 h, 78.21 ± 1.47% of the cells were
still alive (Figure 2C). The doubling time of hLMSCs was less than 61 h, according to the
growth kinetics studies. In both of the En−/En+ hLMSCs that were administered to the
study’s test animals, there was no evidence of Mycoplasma species contamination. The
En− hLMSCs and En+ hLMSCs cell suspensions had levels of bacterial endotoxins that
were within the acceptable range (<0.12 EU/mL).
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Figure 2. hLMSC phenotyping and stability. (A) Immunostaining assessment of the hLMSC phe-

notype before administering them to rabbit corneas. The panel shows stem-cell biomarkers (p63+,

Pax6+, ABCG2+) and mesenchymal biomarkers (VIM+, CD45−, CD73+, CD90+, and CD105+)

stained red against DAPI, nuclear stain (blue). 40×; 50 µM. (B) Karyotyping of hLMSCs before and

after encapsulation and transport (n = 3). Both groups showed no numerical or significant reforms.

(C) Top graph shows the hLMSC growth in culture. Third-passage cells were seeded in equal numbers

into well plates and assessed via the MTT assay for 7 days (n = 3). The 570 nm absorbance was

plotted against culture duration. The dye-exclusion graph of the hLMSC culture growth (middle).

The bottom graph shows the viable cell percentage in pellet at various time points when stored at

2–8 ◦C. The hLMSCs were stable with 90.09 ± 0.06 percent viability at 3 h and 88.33 ± 2.37 percent

viability at 6 h (n = 3), the timeframe for corneal transplantation.

3.2. Comparison of the Effectiveness of the hLMSCs with and without the Incorporation of Alginate

Debridement of the corneal epithelium and stroma successfully led to the forma-
tion of scarring or haze (Figure 3). The reepithelization of the cornea was observed
to happen more or less in the first two weeks in all groups. Groups that received
hLMSCs in both the scar and prophylaxis groups were found with similar levels of
tissue regeneration and the restoration of the transparency in terms of the scar intensity
(Figures 4 and 5A,B,D,E).

3.2.1. Change in Corneal Haze

In both the prophylaxis and scar groups, the intensity of the corneal scar or haze in the
eyes that received En−/En+ hLMSCs decreased toward the conclusion of the investigation
in comparison to the pre-treatment (p < 0.0001, n = 6). In mice that received En− and En+
hLMSCs, the intensity of corneal haze decreased from 164 ± 12 GSU and 164 ± 11 GSU
on day 14 of scar formation to 121 ± 6 GSU and 124 ± 11 GSU at the end of day 28
(Figure 5A–C).
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In a similar vein, the prophylaxis group’s haze decreased to 138 ± 19 and 136 ± 11 GSU
on day 28 after treatment, as opposed to 151 ± 14 and 173 ± 13 GSU on day 1 of the
wounding and transplantation of En+ hLMSCs, respectively (Figure 5B). In contrast,
there was no significant change in the corneal scar intensity in the eyes that received
the sham treatment or no treatment (Figure 5A,C) compared to the baseline prior to
transplantation.

En−

 

Figure 3. Generation of the corneal scar, treatment, and clinical follow-up. Collage of the represen-

tative (scar group) clinical photographs (top row) of the normal corneal surface (pre-wound) before

debriding the central cornea (wound), and the respective fluorescein staining images confirming

the compromised epithelial integrity (middle row). The debrided corneas developed clouding or

haze (marked with a dotted line, indicated with a yellow arrow) on day 1 after the debridement

and by the end of two weeks, the debrided area developed a scar. The respective OCT scan on the

lower panel shows the scarring in the anterior stroma (indicated by a white arrow) and altered

corneal thickness. The scarred tissue was scraped away and treated with hLMSCs (treatment) in

fibrin glue. The OCT scan on day 28 post-treatment shows stabilized corneal transparency relative

to the scarred sections.

3.2.2. Reduction in the Scar Area

The scarred corneal surface area gradually decreased in all treatment arms
(Figure 5D,E) after En− and En+ hLMSC treatment, over the course of the two-week
scar development period. From day 7 of scar development to day 28 of treatment, the
mice that received the sham treatment maintained corneal scarring of the same size
(Figure 5D,E).

By the end of the study, the eyes that received En−/En+ hLMSCs immediately after
debridement had a level of scarred corneal surface that was consistent, with a slight
decrease in the area that was statistically insignificant (p = 0.0875). On the other hand,
similar to the scar (p < 0.001, Figure 5D) and untreated (p < 0.0001, Figure 5F) groups, the
eyes that received the sham treatment prophylactically displayed an increase in the scarred
area that remained unchanged throughout the follow-up.
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En−

Figure 4. Outcomes of the treatment with hLMSCs: Collage of representative microphotographs and

scans showing the scarring of debrided corneas before and after treatment with hLMSCs. Eyes of

the untreated and sham treated arms show the unhealed corneas post debridement/treatment. Eyes

treated with En−/En+ hLMSCs showed relatively clear corneas with less haze and scarring.

3.2.3. Epithelium to Stroma Reflectivity

Before any wound was made, the average E:S reflectivity ratio of the three groups
ranged from 0.87 ± 0.03 to 0.96 ± 0.01.

While the eyes that received En−/En+ hLMSCs were able to normalize to the baseline
E:S ratio in all of the treated arms (Figure 5G,H), this ratio was found to gradually de-crease
in the untreated (0.96 ± 0.01 to 0.65 ± 0.02) or sham-treated arms (scar: 0.93 ± 0.04 to
0.68 ± 01 and prophylaxis: 0.96 ± 0.01 to 0.76 ± 0.1) in all of the groups, indicating the
elevated stromal reflectivity (Figure 5I).

3.3. Determination of the Safety and Toxicity of hLMSCs

3.3.1. Clinical Symptoms, Body Weights, and Death Rate

All of the animals in the sham and test (En+/En− hLMSC) groups showed no clinical
signs. In both the sham and test groups, there was no mortality. When compared to the
control group, a normal weight increase was determined to have occurred in all of the test
groups (Supplementary Figure S1).

3.3.2. Ophthalmic Observations and IOP

It was found that all of the ophthalmic findings were normal. However, at the three-
hour time point, the left conjunctivas of all three groups showed Grade 1 ocular inflam-
mation. At the 6 h time point, the same happened to one of the six sham group animals
and to all animals in the En− hLMSC group. From the 12th hour onward, there were no
symptoms of ocular irritation observed. In all three groups, the contralateral (normal) eyes
did not exhibit any ocular lesions and remained normal at all time points throughout the
study (Figure 6 and Supplementary Table S2).
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Figure 5. Changes in the corneal scar intensity, area, and reflectivity. (A–C) Graph plots showing the

relative decrease in the corneal haze or the scar intensity of the murine eyes treated with encapsulated

and non-encapsulated hLMSCs, and both. Corneas treated with vehicle alone (sham) or left untreated

remained without any significant change up to the endpoint of the study. (D–F) Graph plots showing

the reduction in the size of the corneal scars. Mice treated with hLMSCs after scar development

(D) showed a significant decrease (p < 0.0001, n = 8) in the scar area, relative to pre-treatment (S-D1

to S-D14), whereas the mice that received hLMSCs prophylactically did not show any significant

(p = 0.08, n = 8) increase in the scar area. (G–I) The reflectivity of the corneal surface normalized to the

baseline readings in the eyes that received hLMSCs in both the scar (G) and prophylaxis (H) groups.

The reflectivity of the stroma increased in eyes that received the sham (G,H) or no treatment (I).

In all three groups, the intraocular pressure was found to be comparable within the
normal range. The IOP of the treated eyes in either the test group or the control group was
not significantly dissimilar from the sham or control group. In all groups, the IOP of the
opposite eye (normal) also did not change significantly, with the exception of a single time
point, day 28 (Figure 6 and Supplementary Table S3).

3.3.3. Evaluation of Immunogenicity and Inflammatory Markers

The rabbit sera showed that the inflammatory markers TNF-α and IL-6 declined. In
both test groups (En+/En− hLMSCs), the mean concentrations of these analytes were
found to decrease in a manner that was comparable to that of the control group (G1)
(Figure 7E,F). The outliers were a few occurrences in the very early stages (level of TNF-α in
tears at hours 1 and 3 after treatment), and it was discovered that the TNF-α and IL-6 levels,
two inflammatory chemicals, were pointedly low and also seen to decline throughout the
study (Figures 6C and 7B). At five of the eight time points, the serum IgE levels in the En+
hLMSC group were higher than those of the other two groups (Figure 7D). In contrast,
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except for the first and third hours of treatment for the En−hLMSC group, IgE levels in the
tear samples were shown to decrease (Figure 7A). In general, all three groups maintained
comparable levels of IgE in the tears.
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Figure 6. Changes in the intraocular pressure of the rabbits at different study time

points. (A) Intraocular pressure (IOP) was monitored before and after treatment and is depicted

as a bar graph. Comparing the experimental groups (G2 and G3) to the control group, no statistically

significant differences were found in IOP levels (G1). n = 6; * p < 0.05, # p > 0.05. (B) Intraocular

pressure (IOP) variations in healthy eyes, represented as a bar graph. Except for one time point, there

were no statistically significant differences between the IOP levels of the experimental groups (G2

and G3) and the control group (G1) (Day 28). n = 6; * p < 0.05, # p > 0.05. G1—Sham treated group;

G2—Treated with En− hLMSCs; G3—Treated with En+ hLMSCs.

3.3.4. Hematology

The sham and test item transplanted groups (En+/En− hLMSCs) had similar hema-
tological values (Supplementary Table S5). The bone marrow showed no hematopoietic
system changes. In the sham/control group, no test group showed erythropoiesis, granu-
lopoiesis, or lymphopoiesis. Supplementary Table S5 shows that none of the G1, G2, or G3
animals had hypocellularity, hypercellularity, or hypochromatism.

One G1 and G2 rabbit produced granulopoietic cells. These modifications were absent
in G3 (En+ hLMSCs) granulopoietic cells. The cells did not impact granulopoietic activity
in comparison to the sham group. Some animals in the control and hLMSC transplanted
groups showed changes in granulopoietic activity, indicating that their immune systems
spontaneously changed.
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Figure 7. Serum and tear levels of IgE, IL-6, and TNF-α after treatment with En+/En− hLMSCs

in rabbits. (A–C) Bar charts displaying the ELISA-determined concentrations of the cytokines IgE,

IL-6, and TNF-α in rabbit serum. (D–F) Quantitative analysis of rabbit tear samples for the cytokines

interleukin (IL)-6, tumor necrosis factor α, and interleukin (IL)-1 presented as bar graphs. Both the

experimental and control groups showed a downward trend in cytokine levels, suggesting that there

was no localized toxicity in the eyes of the recipients. * p ≤ 0.05; # p > 0.05. G1—Sham treated group;

G2—Treated with En− hLMSCs; G3—Treated with En+ hLMSCs.

Bone marrow smears taken from all of the animals in groups G1, G2, and G3 indicated
that there was no toxicity or dose-dependent change in the synthesis of precursor cells for
myeloid, erythroid, or lymphoid cells. This was the case in comparison to the “sham” or
“control” group, which was given zero doses of the cells.

3.3.5. Clinical Chemistry

Except for the following observations, all of the clinical chemistry values were found
to be normal. When compared to the sham group, the levels of phosphorus in the G3
group were higher (7.35 ± 1.11 mg/dL) (5.83 ± 0.39 mg/dL). Total proteins decreased
by 5.63 ± 0.38 g/dL, globulin decreased by 3.27 ± 0.21 g/dL, and sodium decreased by
153.26 ±5.01 mmol/L in the G2 group. When compared to the animals in the sham
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group, the level of sodium in the G3 group animals was lower (152.47 ± 1.86 mmol/L)
(Supplementary Table S6). The internal organs of the animals were unaffected by the
observed changes.

3.3.6. Organ Weights, Gross Observations, and Necropsy

In all animal groups, both external and internal examinations of the organs revealed
no abnormalities (Supplementary Tables S7 and S8). In each of the G2 and G3 groups, the
organ weights were found to be normal. When compared to the animals in the control
group, the test item administered animals underwent no significant changes.

3.3.7. Histopathology

Compared to the control group, the majority of organs did not show any abnormal
findings or changes (Supplementary Table S8).

Two rabbits from each group—the G1, G2, and G3 groups—had sinusoidal hem-
orrhages in their livers [2 of 6]. One animal from the G1 group showed necroses and
infiltration of inflammatory cells, but the livers of the other groups were unaffected. Five
G1 and five G2 animals had alveolar thickening or inflammation.

One animal of the G2 group and the G3 group both had kidneys with tubular degen-
eration. All groups—G1 group [3 animals], G2 group [1 animal], and G3 group—were
found to have foci of tubular or interstitial inflammation. Two G1 and one G2 animals had
cerebral hemisphere necrosis, and G3 did not show brain alterations. One G1 male, one
G2 male, and one G3 female developed submucosal lymphoid tissue hyperplasia in their
ilium mucosa.

However, when compared to the G1 group, the ileum, lung, liver, kidney, eye, and kid-
neys showed no dose-related adverse effects. Since these organ lesions emerged in both the
vehicle control group and the test item group, it is possible that they developed on their own.
Additionally, there were no consistent or significant lesions in these organs between the
vehicle control animals and animals given the test item. In conclusion, none of the systemic
organs underwent significant reactive or toxic changes (Supplementary Tables S7 and S8).

4. Discussion

In recent years, numerous potential treatments for corneal opacification and scar-
ring other than corneal transplantation have emerged. Biomimetic hydrogels, cell-based
methods, and molecular methods are examples of these. Different hydrogels—with or
without cells—have been demonstrated in several studies to be an effective option for
stromal replacement using donor tissue. [33–36]. Exosomes [37], anti-TGF- [6,7,38], anti-
PDGF [7,39,40], and HGF [41,42] have all been shown to play a role in either preventing or
reversing corneal scars. During wound healing, researchers have found that corneal scars
can be repaired in two ways: by reversing the conversion of myofibroblasts to fibroblasts
or by inhibiting TGF-/SMAD signaling [4,43–46]. In the past few years, hLMSCs have
demonstrated promising latent for non-scarring wound healing from various patholo-
gies [4]. When these cells are encased in alginate, it has also been demonstrated that they
maintain their characteristic properties and have a longer shelf life when subjected to a
variety of temperature conditions [25]. Without the need for costly cold-chain systems,
alginate encapsulation can make it easier for these cells to travel over long distances. As
stromal scarring or opacification-related corneal blindness prevalence is highest in devel-
oping nations, more affordable and simpler transportation will make patients in remote
areas more accessible to cell-based treatments at lower costs. The aim of this study was to
determine the toxicity of hLMSCs after they were applied topically to rabbit corneas and
their potential in healing and preventing corneal scars in a murine model.

According to previously reported studies [25], the limbus-isolated LMSC donor
corneas were cultivated in a CGMP-grade cell culture suite. After topical treatment on
rabbit and mouse eyes with corneal lesions and scars, the efficacy and toxicity of LMSCs
encapsulated in alginate and transited for three days and those not encapsulated were
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assessed. The vehicle served as a sham for the control group, which received no cells. After
the treatment, clinical imaging and optical coherence tomography were used to examine
the eyes of mice for a period of four weeks. Through ophthalmic, hematological, and tissue
examinations of the rabbits, comprehensive evaluations of the toxicity to the system as well
as the eyes were carried out. Throughout the course of the study, there was no mortality in
the animals.

In groups that received therapeutic (scar group) or prophylactic (prophylaxis group)
treatment for the murine eyes, the scarring was cleared or prevented. When compared to
the sham-treated or untreated groups, these arms showed a decrease in corneal haze, or
scar area and intensity.

At the conclusion of the safety study, all rabbits were sacrificed, and all major organs
including the eyes were taken and examined histologically in detail. The intraocular pres-
sure of the treated rabbits did not significantly change during the ophthalmic examinations
(Figure 7 and Supplementary Table S2), which also revealed normal observations of IOP
(Supplementary Tables S2 and S3 and Figure 7). In all three groups, the hematological
examination parameters were comparable (Supplementary Table S5). Histopathological
examination revealed no abnormalities in the corneal tissues (Figure 8). Against the sham
group, neither the tears nor the sera of the experimental groups displayed any significant
signs of an inflammatory response (TNF-α and IL-6) (Figure 7A–F). This study offers addi-
tional proof for the safety of hLMSCs, suggesting that human clinical trials may evaluate
these cells for clinical applications.

Regenerative medicine’s recent advancements have made it possible to treat a wide
range of diseases and disorders. One of the main therapies being tested in clinical tri-
als around the world for their efficacy in treating heart, ear, bone, and eye diseases is
mesenchymal stem cell therapy [47,48]. However, guaranteeing the patient’s safety is the
most crucial element and the top concern of any clinical investigation or pharmaceutical
development process. In order to determine the toxicity or safety profile of the drug or
cell product, preclinical testing and compliance with various regulatory requirements are
required. MSCs derived from bone marrow have been shown to be safe and effective for
corneal repair in a recent study by Putra et al. [49]. The aforementioned study was carried
out in advance of the Phase I clinical trial. However, the safety of GMP-manufactured
human limbus-derived MSCs for upcoming clinical trials is poorly documented in the
literature. The Drug Controller General of India, part of the Central Drugs Standards
Control Organization (CDSCO), regulates India’s pharmaceuticals as the FDA does in the
U.S. According to The Government of India’s Drugs and Cosmetics Rules, 2018 (Schedule
Y) [31,50], these bodies require the safety evaluation of each drug and surgical proce-
dure [31,50]. In this study, hLMSCs were evaluated in accordance with the above laws and
the Good Laboratory Practice (GLP) guidelines by the OECD. It has been demonstrated that
encapsulating corneal epithelium and hLMSCs in sodium alginate [25,51] may increase the
cells’ shelf life, enabling room-temperature transport while maintaining their distinctive
phenotype and vitality. With the potential to considerably reduce associated expenses, this
technique significantly improves the costs of this new advanced cell-based therapy. Because
it eliminates the time-consuming and costly cold-chain transport and has the potential to
considerably reduce associated expenses, this technique significantly improves the finances
of this new advanced cell-based therapy.

In the scar group that were treated after the scar developed, the cross-sections of
murine corneas in the OCT scans revealed a significant reduction in the area affected by
scarring (Figure 5D). In the group that received the En−/En+ hLMSCs prophylactically,
there was also a decrease in the scar area (Figure 5E), but it was not statistically significant.
However, all of the groups that received hLMSCs had significantly less corneal haze
(Figure 5A,B). In terms of the scar area and intensity of the treated corneas, the groups
that received sham or no treatment had comparable outcomes (Figure 5C,F). This clearly
demonstrates that the hLMSCs assist in the repair of corneal wounds or scars.
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Figure 8. Rabbit eyes and corneal histopathology after En+/En− hLMSC treatment. (A) Clinical

photographs of normal and injured rabbit eyes taken over a 28-day period showed no evidence of

inflammation or irritation in the injured eyes. The Nikon D7200 and Nikon AF-S VR Micro-NIKKOR

105 mm f/2.8 G IF-ED lens were used to take the images. (B) Histopathological sections of normal

and treated corneas represented by a panel of representative photomicrographs. Magnification: 40×;

Scale: 200 µM. Group 1 received no treatment (sham group); Group 2 received En−hLMSCs; and

Group 3 received En+ hLMSCs.

In addition, during the same time period following treatment, the scar area had
diminished to numbers that were comparable (ranging from 412 to 488 microns in the
prophylaxis group and 501 to 512 microns in the scar groups). This degree of similarity in
the scar area demonstrates that the hLMSCs are able to restore the damaged corneal surface
without causing any scarring and heal corneal scars (scar group, treated two weeks after
scar development). Additionally, it demonstrates that the alginate encapsulation has no
effect on the efficacy of hLMSCs (Figure 5A,B,D,E).
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In the arms of both the scar and prophylaxis groups that received hLMSCs, the corneal
surface transparency returned to its pre-debridement readings (Figure 5G,H). The trans-
parency of the cornea was impacted by the increased reflectivity of the stromal surface
in the eyes of the untreated group (Figure 5I). The untreated groups’ corneal reflectiv-
ity increased by 32.3%, while the scar and prophylaxis groups’ reflectivity increased by
26.7 percent and 20.8 percent, respectively, in the sham-treated arms.

According to the rather small amounts of cytokine molecules IL-6 and TNF-α in the
tears, the evaluation of inflammatory cytokines demonstrated that these cells did not cause
eye toxicity (Figure 7B,C). Similar findings were made regarding the systemic toxicity of
these cells from the levels of the analytes TNF-α (Figure 7F) and IL-6 (Figure 7E) in the
rabbits’ blood serum. At specific time points, animals that were given cells released from
transit had significantly higher levels of IgE molecules than the control/sham group and
the group treated with non-encapsulated cells, indicating any potential allergens. However,
neither the amounts of IgE in the tears of the hLMSC-treated animals nor the varying levels
of IgE were accompanied by a clear trend (Figure 7D). The TNF-α and IL-6 expression in the
tear samples were significantly lower in both experimental arms (Supplementary Table S4
and Figure 7B,C). In addition, no ocular lesions were observed after 12 h post-treatment
until the study’s conclusion, and eye examination proved to have insignificant variations
in IOP levels (Figure 6 and Supplementary Table S3). According to the results of the
histopathological examinations (Figure 8 and Supplementary Tables S7 and S8), the vari-
ations that were observed in the clinical chemistry parameters (Supplementary Table S6)
and hematological indicators (Supplementary Table S5) did not affect the systemic organs.
In addition, the data in Figure 5B demonstrate the stability of the cells, sterility, and no
chromosomal abnormalities support the safety of the cells for human testing.

The fact that this study was conducted at a GLP-certified animal facility with a NABL
accreditation (National Accreditation Board for Testing and Calibration Laboratories) fa-
cility is a strength. Veterinarians, biochemists, and pathologists were all hidden from the
intervention under investigation. Compared to the previous study [25], this one did not
include the hLMSCs transiting for more than three days after alginate encapsulation, which
may be a limitation. However, this time frame was chosen in light of the fact that the
cells would be able to reach any faraway part of the country within three days of being
distributed. It is possible that by evaluating tears from an untreated or healthy eye, ocular
toxicity may have been better assessed. These LSMCs were solely applied to the corneal
surface in this study, which is also the planned route of administration for the clinical
trials. However, introducing these hLMSCs to the subconjunctival area might provide the
possibility of investigating not just the various delivery mechanisms, but also their safety.
This will be investigated in the future.

5. Conclusions

The purpose of our study was to establish the efficacy and toxicity of hLMSCs in
wounded rabbits and murine corneas, and whether they were encapsulated in alginate or
not. Our study suggests that the hLMSCs are safe because they do not harm the recipient
and do not cause any inflammatory response. hLMSCs are able to repair traumatized
tissues and effectively restore corneal surface transparency. This ensures that these cells
can be used on humans to test their efficacy in treating corneal wound healing. In the end,
this will make them more affordable and available to people in the most remote places,
eliminating the need for long-distance travel.
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Supplementary Materials: The following supporting information can be downloaded at: https://
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ocular lesions in ophthalmic observations; Table S3: Serial evaluation of IOP after treatment with

En+/En- hLMSCs; Table S4: Serum and tear immunological and inflammatory markers after En+/En-

hLMSCs treatment; Table S5: Hematological observations made on rabbits following treatment with

hLMSCs; Table S6: Rabbit clinical chemistry after En-/En+ hLMSC treatment; Table S7: Summary of

histopathological observations of rabbit organs post-treatment with hLMSCs; Table S8: Organ weight

summaries after hLMSC treatment in rabbits.
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Abstract: Limbus-derived stromal/mesenchymal stem cells (LMSCs) are vital for corneal homeostasis

and wound healing. However, despite multiple pre-clinical and clinical studies reporting the potency

of LMSCs in avoiding inflammation and scarring during corneal wound healing, the molecular

basis for the ability of LMSCs remains unknown. This study aimed to uncover the factors and

pathways involved in LMSC-mediated corneal wound healing by employing RNA-Sequencing

(RNA-Seq) in human LMSCs for the first time. We characterized the cultured LMSCs at the stages of

initiation (LMSC−P0) and pure population (LMSC−P3) and subjected them to RNA-Seq to identify

the differentially expressed genes (DEGs) in comparison to native limbus and cornea, and scleral

tissues. Of the 28,000 genes detected, 7800 DEGs were subjected to pathway-specific enrichment Gene

Ontology (GO) analysis. These DEGs were involved in Wnt, TGF-β signaling pathways, and 16 other

biological processes, including apoptosis, cell motility, tissue remodeling, and stem cell maintenance,

etc. Two hundred fifty-four genes were related to wound healing pathways. COL5A1 (11.81 ± 0.48)

and TIMP1 (20.44 ± 0.94) genes were exclusively up-regulated in LMSC−P3. Our findings provide

new insights involved in LMSC-mediated corneal wound healing.

Keywords: cornea; limbus; mesenchymal stem cells; wound healing; stromal cells; RNA sequencing;

transcriptome; ocular surface; tissue remodeling; regeneration

1. Introduction

The cornea is the transparent and highly specialized tissue located in the anterior
portion of the eye. In addition to its function as a protective barrier, the cornea is largely
responsible for the transmission of light onto the retina, accounting for two-thirds of
the eye’s refractive power [1–3]. Anatomically, the cornea is made of three major layers:
epithelium, stroma, and endothelium. The epithelium is a 4–6 layered outermost structure
made of non-keratinized stratified squamous cells. Stroma is the middle layer comprising
~90% of the corneal thickness and contributing to most of the structural framework. It is
made of an extensive network of collagen fibrils with interstitially embedded cells called
keratocytes, and proteoglycans such as lumican, keratocan, and decorin. The stroma is
followed by endothelium, the innermost layer. Endothelium is majorly responsible for the
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maintenance of stromal dehydration via pumping out excess water/fluids, which in turn
prevents corneal edema and resultant opacity. Any damage to one or more of these layers
due to extrinsic or intrinsic factors affects the cornea’s transparency [4], a crucial factor for
optimal vision [5]. Between the transparent cornea and opaque sclera is the transitional
zone, limbus. This acts as a storehouse of the stem cells required for corneal homeostasis
and regeneration [6–8].

Corneal epithelium, the outermost surface, is subjected to microscopic wear and tear,
which requires constant renewal of the lost cells or damaged tissue. The maintenance
of the corneal epithelium and stroma relies on the populations of limbal epithelial stem
cells (LESCs) and limbal stromal stem cells. Located at the base of limbal crypts [9,10], the
LESCs interact with the underlying cells of the limbal stroma [11] through the interruptions
in the basement membrane. Limbal stroma is a highly vascularized tissue [12] that has
a mixed population of fibroblast-like cells, melanocytes, myofibroblasts, and nerve cells,
as well as transmigrating immune cells such as dendritic cells, lymphocytes, mast cells,
and macrophages. Derived from the neural crest [13], these limbus-derived stromal cells
are multipotent [14–17] mesenchymal stem cells that conform to the ICST (International
Society for Cellular Therapy) criteria [18], demonstrating their trilineage differentiation
potential [19,20]. Multiple studies have shown that these LMSCs can also trans-differentiate
to keratocyte lineage [14,20–23] and epithelium [24,25]. They support and regulate the
plasticity and niche of the LESCs towards the restoration of the impaired limbal niche and
corneal wound healing [12,26–31]. The migration of both LESCs and LMSCs to the site of
injury and the subsequent combined repair mechanisms are responsible for the maintenance
of the stem cell functions and restoration of corneal transparency, a pre-requisite for optimal
vision [22,32–39].

In case of injuries involving the stroma, the native keratocytes transdifferentiate into
fibroblasts and then myofibroblast cells, facilitating the migration and healing of the damage
in the corneal stroma. However, this wound healing mechanism is undesirable, as it leads
to fibrosis causing corneal haze and scar formation. This obscures the visual pathway
leading to partial or complete visual impairment [40–42].

The most common surgical means of treating an injured, melted, or the perforated
cornea is partially or completely replacing it [43]. The currently available modes of treating
these pathologies are often challenged by risks such as graft failure or rejections, inflam-
matory responses, long-term follow–up, and the inadequate supply of donor corneas [5].
Besides, the current procedures do not offer longevity and unaffected or optimal visual
acuity post-transplantation [44–48].

Limbal stromal stem cells were earlier reported for their safety and efficacy [8,9] in
preventing corneal scars and the regeneration of corneal stroma. However, the underlying
molecular mechanisms behind the stem cell-based for cornel regeneration are not well
studied.

In the current study, we have attempted to uncover the regulatory pathways in-volved
in LMSC-mediated corneal wound healing. We examined the human LMSCs in comparison
to the native tissues of the limbus and cornea using the RNA-Seq. Scleral tissue was used
as a control. The detected DEGs were subjected to pathways through the Gene Ontology
studies to obtain insights into various biological/signaling pathways. The differences in
the frequency distribution of fold-change values of pathway-specific genes were compared
to that of all the other genes in the transcriptome. The exclusively up-regulated genes in
the corneal wound healing process were checked for their known and probable interactions
with other genes through STRING analysis and validated through qRT-PCR. Our data
provides molecular/mechanistic insights into corneal wound healing mediated by LMSCs.

2. Results

2.1. Expansion of Limbal Stem Cells in Culture

Both limbal epithelial (round cells which grow as a layer) and limbal stromal (spindle-
shaped and individual) cell populations were obtained from the explants in the initial
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(Figure 1A) and late stages (Figure 1B,C) of the primary culture (>80% confluence, days
8–10). Further subcultures were observed to show the elevated number of stromal cells
and the gradual decrease in the epithelial cells from passages P1 (Figure 1D) to passages
P2 (Figure 1E). A pure population of the limbal stromal cells without any presence of the
epithelial cells was derived in passage P3. This population of stromal cells also featured the
presence of few myofibroblasts in their undifferentiated state, (Figure 1F; orange arrow),
dendritic cells (Figure 1F; black arrow), and few quiescent fibroblastic cells (Figure 1F;
white arrow), similar to the native corneal stroma.

Figure 1. Expansion of the limbal stem cells in culture. Representative images of the limbal stem cells

in the primary culture: initiation (A) and at confluence (B,C), passage P1 (D), passage P2 (E) and

passage P3 (F). Epithelial cells (round morphology) and stromal/progenitor cells (spindle morphology,

indicated with white arrows) derived from the limbal explant (A). Gradual increase in limbal stromal

cells population and simultaneous fading of limbal epithelial cells (C–E). Pure population of the

limbal stromal cells obtained in passage P3 including dendritic cells ((F); black), undifferentiated

myofibroblastic cells ((F); orange), and quiescent fibroblastic cells ((F); white); * Limbal Explant.

2.2. Cell Type Biomarker Changes during Culture Passages

2.2.1. Stem Cell and Ocular Biomarkers

The immunostaining analysis has revealed a similar pattern of the expression (positive)
of the stem cell (ABCG2, p63-α) and ocular biomarkers (PAX6) at both LMSC−P0 and
LMSC−P3 stages of the culture. However, ABCB5 was found to be expressed in a low
number of cells in P0 relative to P3. Additionally, the number of cells positive for p63-α
were high in P0 relative to P3 (Figure 2). ABCB5 plays a vital role in the differentiation of
limbal stem cells and is essential for corneal repair [34].

However, the RT-PCR data have revealed significant up-regulation of ABCG2 in
LMSC−P3 with respect to that of LMSC−P0 and native limbus (Figure 2). ABCB5 was
found to be significantly down-regulated in both LMSC−P0 and LMSC−P3 and PAX6
was found to be significantly up-regulated relative to limbal tissue. P63α was found to be
down-regulated by 3-fold in LMSC−P3 relative to native limbal tissue. On the contrary,
the level of P63α was found to be up-regulated 3-fold in LMSC−P0 relative to the control.
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Figure 2. Expression of the stem cell and ocular biomarkers in limbal stem cells. Panel of the

representative images of the limbal stem cells showing positive expression of ABCG2, ABCB5,

P63-α, and PAX6 (red) in both epithelial (LMSC−P0) and stromal cell (LMSC−P3) populations,

counterstained with DAPI (blue). Scale: 50 µm. Level of expression (lower panel) of ABCG2, ABCB5,

P63α, and PAX6 genes quantified using qRT-PCR in limbal epithelial (LMSC−P0) and stromal

(LMSC−P3) cells, relative to native limbal tissue (n = 5). P63α was found to be down-regulated

in LMSC−P3 where all the other stem cell genes ABCG2, ABCB5 and PAX6 were found to follow

same pattern of expression in both early and late passages of the culture. The results were plotted as

mean log 2-fold change ± SD. The statistical analysis was performed using Kruskal–Wallis one-way

ANOVA test. # p > 0.05, ** p < 0.01, *** p < 0.001.

2.2.2. Mesenchymal Stem Cell Markers

The limbal stem cells at LMSC−P0 were found to be positive in relatively low numbers
for the mesenchymal stem cell (MSC) biomarkers CD90, CD105, and VIM (Vimentin).
However, most of the cells at LMSC−P3 were found to be positive for the above markers
(Figure 3). The qRT-PCR analysis revealed a down-regulated expression of markers CD90,
VIM (1-fold), and CD105 (6-fold) in LMSC−P0 relative to the control, limbal tissue. On the
contrary, the levels were found to be up-regulated in LMSC−P3 by 2-fold of CD105, 3-fold
of VIM, and ~20-fold of CD90 relative to the control (Figure 3).

The transmembrane proteins NCAD (N-cadherin) and ECAD (E-cadherin) were ob-
served to express positively in LMSC−P0 through the immunostaining analysis. However,
Ecad was found to be negative in LMSC−P3, and Ncad showed positive expression. The
qRT-PCR analysis showed that NCAD was found to be up-regulated in both LMSC−P0
(8-fold) and LMSC−P3 (26-fold) compared to the native limbus. ECAD was found to be
down-regulated in LMSC−P3 (3-fold), while it was found to have an increased expression
in LMSC−P0 (3-fold) relative to the control (Figure 3).
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Figure 3. Limbal stem cells showing mesenchymal stem cell biomarkers. Panel of the representative

images of the limbal stem cells showing positive expression of Vim (Vimentin), CD90, and CD105

in both LMSC−P0 (n = 3) and LMSC−P3 (n = 3) populations, counterstained with DAPI (blue).

Ncad (N-cadherin) were positive (red) in LMSC−P3 cells and Ecad (E-cadherin) did not show any

expression in LMSC−P3. Level of expression of VIM, CD90, CD105, NCAD, ECAD genes quantified

using qRT-PCR in LMSC−P0 and LMSC−P3 relative to native limbal tissue (n = 5). Except ECAD

remaining genes were found to be up-regulated in LMSC−P3 with fold-change ranging between 2 to

20, which were down-regulated in LMSC−P0. Scale: 50 µm. The results were plotted as mean log

2-fold change ± SD. The statistical analysis was performed using Kruskal–Wallis one-way ANOVA

test. * p < 0.05, *** p < 0.001.
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2.3. Genome Wide Transcriptomics Analysis Using RNA-Seq

2.3.1. Transcriptome Overview Using Principal Components Analysis Plot

To visualize the overall similarities or differences between gene expression patterns
in different cell types, the counts were analyzed through Principal Component analysis
(PCA). The counts data was subjected to Box-Cox transformation to stabilize the skewness
in the data before PCA analysis. This analysis has showed the overall differences in
the expression patterns of the samples in terms of the distances between them, which
indicates the similarity between their expression profiles. It was found that sclera and
cornea clustered together and are quite distant from the other samples. This indicates that
the differences in their gene expression is not as heterogeneous (Figure 4A) as compared to
the rest of the analytes (Limbus, LMSC−P0, LMSC−P3 and ESC (embryonic stem cell)).

Figure 4. Similarities and asymmetry in the gene expression. (A) The count data from all the samples

were transformed using Box-Cox transform to compensate for skewness before PCA analysis. The
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closer proximity of the samples indicates similarity of the expression profiles of those samples. Sclera

and cornea were found to show high similarity in whole transcriptome of expression and were

clustered together. Similarly, LMSC−P0 and native limbal tissue were in close proximity, indicating

similar transcriptomic signature. LMSC−P3 and ESC were found to be further away from one

another, indicating an altered or different expression profile relative to the rest of the analytes. (B) The

heat map representing the DEGs in all 5 samples relative to the control (scleral tissue). The rows

indicate the genes and columns indicate the samples (cells or tissues). The color intensity represents

the level of changes in expression. All significantly up-regulated genes are indicated in green and all

significantly down-regulated genes are indicated in red. p < 0.05 was considered to be a statistically

significant change in the gene expression. (C–G) Volcano plots of each cell/tissue samples showing

the distribution of genes up-regulated (blue) and down-regulated (red). Majority of the genes in

corneal tissue were down-regulated while majority of genes in limbus were up-regulated. The

primary culture of limbal stromal cells (LMSC−P0) had nearly equal distribution of the genes that

were up-regulated and down-regulated. (H,I) Tissue-specific differential expression of the genes:

Venn diagrams showing the number of genes that are common and exclusively up-regulated (H) or

exclusively down-regulated (I) in cornea, limbus, LMSC−P0, LMSC−P3, and ESC with respect to the

scleral tissue (control).

The limbus tissue and LMSC−P0 were observed to form an isolated cluster away from
LMSC−P3 and ESC. The altered transcriptomic signature of LMSC−P3 may possibly be
the result of repeated passaging and de-epithelialization. However, it was not very distinct
from ESC, indicating possible shared/similar gene expression patterns such as pluripotent
nature and dedifferentiation.

2.3.2. Visualizing the Asymmetry in Gene Expression of Various Tissues

Around 28,000 genes were detected via RNA-Seq in all the analytes. Among them,
7800 genes were differentially expressed (either up-regulated or down-regulated) against
scleral tissue as a control (Figure 4B). In limbal tissue, a total of 1036 genes were up-
regulated and 1093 genes down-regulated. LMSC−P0 had 1570 genes up-regulated and
1838 genes down-regulated, wherein LMSC−P3 774 and 1530 genes were up-regulated and
down-regulated, respectively.

The asymmetry in gene expression by cornea, limbus, LMSC−P0, LMSC−P3, and
ESC was visualized by plotting their transcriptome through volcanic plots. Volcanic plots
provide a visual representation of the DEGs, showing their statistical significance (p values)
versus the magnitude of change (fold-change). These scattered plots have shown that
the transcriptome of corneal tissue had a major proportion of the down-regulated genes
(Figure 4C). On the other hand, limbal tissue had a distinct asymmetry, with a major
proportion of the genes significantly up-regulated (Figure 4D). LMSC−P0 showed a near
symmetry in the plot (Figure 4E), while LMSC−P3 has a smaller proportion of up-regulated
genes (Figure 4F). The ESC had shown a large number of down-regulated genes (Figure 4G).

2.4. Tissue-Specific Differential Expression and Pathway Enrichment Analysis

The differential expression of the genes that were either specific to a particular type
of cell or tissue was analyzed using 5-way Venn diagrams (Figure 4H,I). The information
on the number of genes commonly expressed in one or more cells/tissues was obtained.
In addition, the number of genes that were either exclusively up-regulated or exclusively
down-regulated in one particular type of cell/tissue was also obtained. The number of
genes exclusively up-regulated in LMSC−P0 and LMSC−P3 was 459 and 223, respectively,
while the exclusively down-regulated ones were 465 and 387, respectively (Figure 4H,I).

Pathway-specific Gene Ontology (GO) enrichment analysis using the Enrichr tool
provided insights into various cellular processes and pathways such as apoptosis, cell
motility etc., where one or two particular cells/tissues were playing a major role. This was
evident from the statistically significant gene expression with respect to the control (sclera).
The relative median change indicated the up-regulation or down-regulation of such genes
with respect to the basal expression levels of the whole transcriptome (Figure 5A). Few
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of the prominent or majorly observed cellular processes were plotted against the relative
expressions of DEGs specific to each of these processes.

Figure 5. Interpretations from Gene Ontology enrichment analysis. (A) Gene ontology pathway-

specific analysis: Each row represents the genes belonging to a particular pathway/biological process

in the GO database. The dot color/size represents the difference in median expression between

genes of a particular pathway and rest of genes in whole transcriptome. A positive value indicates

up-regulation (blue) and a negative value indicates down-regulation (red). The difference was tested

using Mann–Whitney–Wilcoxon test and statistically insignificant ones were denoted with crosses.

Inflammatory response is down-regulated more strongly in P3 versus P0, which may reflect why

the use of P3 stage cells does not cause fibrosis in corneal stromal transplants. The stronger down-

regulation in ESC may reflect on the immune privilege of embryonic stem cells. The cell motility

pathways are active in P3, cornea, and ESC. This is easily explained for the stromal stem cells in

P3 and the ESC in terms of their proliferation and migration activity before differentiation, but for

cornea may be representative of continuous cell migration required to replace lost corneal tissue.

(B) The heatmap of 254 genes belonging to wound healing pathway. The rows indicate the genes and

columns indicate the samples (cells or tissues). The color intensity represents the level of changes in

expression. All significantly up-regulated genes are indicated in green and all significantly down-

regulated genes are indicated in red. p < 0.05 was considered to be statistically significant change in

the gene expression. (C,D) Genes of wound healing pathway exclusively expressed in LMSC−P3:

The levels of COL5A1 and TIMP1 in LMSC−P0 and LMSC−P3 assessed through RNA-Seq (C) and

qRT-PCR (D). The LMSC−P3 has ~10-fold (n = 3. p < 0.001) high expression of COL5A1, which was

down-regulated in LMSC−P0, evident from both techniques. The levels of TIMP1 were ~6-fold high

(n = 3, p < 0.001) and 4-fold higher (n = 5, p < 0.01) in LMSC−P3, when assessed through RNA-Seq

and qRT-PCR respectively. ** p < 0.01, *** p < 0.001. The results were plotted as mean log 2-fold

change ± SD. The statistical analysis was performed using Kruskal–Wallis one-way ANOVA test for

qRT-PCR and two-tailed T test for RNA-Seq analysis.

2.4.1. Interpretations from Gene Ontology Enrichment Analysis

A total of 6634 unique genes belonging to 16 relevant biological processes were found
to be expressed by the corneal and limbal tissues and cells LMSC−P3, LMSC−P0 and ESC.
The relative comparison of DEGs specific to various cell processes expressed by the cells of
interest in this study—LMSC−P3 and LMSC−P0 cells—has provided interesting results.
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2.4.2. GO Pathway Level Gene Expression Changes with Respect to Whole Transcriptome

The LMSC−P0 was found to have relatively high numbers of genes of the cellular
processes apoptosis (BAX, BCL2, etc.,), mitochondrial biogenesis (SIRT3, CASP8, etc.,)
and its transport (ATP5F1A, BCL2, etc.,) and respiration (BID, COX10, etc.,) relative to
that of LMSC−P3, and were significantly up-regulated (Figure 5A). Genes of wound
healing (COL5A1, TIMP1, ANXA1 etc.,), tissue remodeling (HIF1α, NOX2, NOTCH4 etc.,),
stem cell maintenance (FOXO1, SOX2, TP63 etc.,), and cell motility (MAPK, MMP1, etc.,)
were found to be more expressed in high numbers in LMSC−P3 than that of LMSC−P0;
however, they were down-regulated with respect to the control (sclera). Genes of epithelial
phenotype were found to be strongly down-regulated in LMSC−P3. Genes of the epithelial-
to-mesenchymal transition (SNAI1, TWIST1) were down-regulated in both LMSC−P0 and
LMSC−P3. Inflammatory response (C3, CXCL8, etc.) and tissue remodeling genes (MMP14,
MMP2, IL15, etc.) were down-regulated more strongly in LMSC−P3 relative to LMSC−P0.
In addition to these processes, the GO analysis revealed the DEGs of various signaling
pathways such as Wnt, TGF-β and stem cell pathways (Supplementary Figure S3 and
Supplementary Table S6).

2.4.3. Genes of Multiple Cell Signaling Pathways

Genes Involved in Wound Healing Pathway

Around 254 genes belonging to the wound healing pathway were found to be differ-
entially expressed (GO consortium accession number 0042060). The heat map showing
the relative expression of these DEGs (Figure 5B) has shown that more significantly up-
regulated genes were expressed by LMSC−P0 cells (relative to sclera), followed by limbal
tissue and LMSC−P3. Among these DEGs, 21 genes (CASP3, EPB41L4B, AJUBA, NFE2,
EGFR, IL24, ANXA2, HMGCR, PRKCQ, DSP, F3, IL1A, KLK6, UBASH3B, RHOC, TFPI2,
ADAM15, METAP1, RAC2, DGKA, DCBLD2) were found be exclusively up-regulated or
expressed by LMSC−P0 alone. On the other hand, LMSC−P3 has shown exclusive up-
regulation of TIMP1 and COL5A1 genes (Figure 5C). These two genes were validated
through qRT-PCR with native limbus tissue as control, which revealed that in LMSC−P0,
the level of TIMP1 (16.44 ± 0.87) is up-regulated and COL5A1 (−9.32 ± 0.53) is down-
regulated. In LMSCP3, both the genes were up-regulated: COL5A1 (11.81 ± 0.48) and
TIMP1 (20.44 ± 0.94) (Figure 5D).

Other Signaling Pathways

The AmiGO gene ontology analysis of the total DEGs has revealed that 211 genes
playing a role in the Wnt signaling pathway were differentially expressed by cornea, limbus,
ESC, LMSC−P3, and LMSC−P0. The relative expression levels of these genes from the
RNA-Seq by each cell/tissue were plotted in Supplementary Figure S3B, tabulated in
Supplementary Table S6. A total of 85genes belonging to the TGF-β signaling pathway
were found to be differentially expressed by one or more cells/tissues. Among them,
COL3A1 was found to be exclusively up-regulated in LMSC−P3 alone.

Of the 23 genes available in the GO database which belong to stem cell pathway,
13 DEGs (Supplementary Table S6) were found to be expressed by the cells or tissues
analyzed in this study (GO consortium accession CL 00000034). The plot of their relative
expression levels has shown (Supplementary Figure S3A) that the majority of genes were
found to be significantly down-regulated in LMSC−P0.

2.5. Quantification of Genes Interacting among the Exclusively Up-Regulated Genes in LMSC−P3

String database revealed 17 more genes were interacting with exclusively up-regulated
genes, i.e., COL5A1 and TIMP1 (Figure 5D). The STRING network was formed with a PPI
enrichment p-value of <1.0 × 10−16 (Figure 6B). The highly co-expressive genes were
COL1A1 and COL3A1 with the RNA co-expression score of 0.944 (Figure 6C). Biological
process involved among these 17 genes were mentioned earlier (Table 1).
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Figure 6. The network generated from the gene interactions involved between COL5A1 and TIMP1

(A). The network stats of the network in (A) showing the significance value of <1.0 × 10−16 (B). The

RNA co-expression analysis from STRING software shows for the above network shows the COL3A1

and COL1A1 are highly co-expressing in the homeostatic conditions (C).

Table 1. The above table shows the genes playing roles in specific biological processes from the

network generated between COL5A1 and TIMP1 gene interactions, which has a significant role in

corneal wound healing.

Gene Ontology ID Biological Process Genes Involved False Discovery Ratio

GO:0032964 Collagen biosynthetic process COL5A1, COL1A1 0.0028

GO:1905048
Regulation of metallopeptidase

activity
TIMP1, TIMP2, STAT3 0.00013

GO:0070102
Interleukin-6-mediated signaling

pathway
IL-6, STAT3, 0.0061

GO:0030199 Collagen fibril organization COL5A1, COL1A1, COL3A1, LUM 3.5 × 10−5

GO:0035633 Maintenance of blood-brain barrier VEGF, IL-6 0.0171

GO:0048661
Positive regulation of smooth

muscle cell proliferation
MMP9, IL-6, IL-13, IL-10 0.00021

GO:0042060 Wound healing
COL5A1, COL1A1, COL3A1,
TIMP1, HIF1A, VEGFA, IL-6,

TGFB-1
3.4 × 10−6

GO:0060485 Mesenchyme development ACTA2/SMA, TGFB1, HIF1A 0.0299

Seventeen genes (CXCR4, HIF1A, LUM, MMP1, MMP3, MMP9, ACTA2, VEGF, WNT7A,
HLADR, IL10, IL13, IL6, KERA, STAT3, TGFB1, TIMP2) were hypothesized through string
analysis based on their interactions with exclusively up-regulated genes TIMP1 and
COL5A1 (Figure 6A). These 17 genes were validated through RT-qPCR. When compared
with the native limbal tissue, in LMSC−P0, nine genes were up-regulated, i.e., CXCR4
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(9.23 ± 3.31), HIF1A (7.84 ± 0.47), LUM (4.06 ± 1.35), MMP1 (12.83 ± 1.49), MMP3
(1.88 ± 1.01), MMP9 (1.88 ± 1.01), ACTA2/αSMA (14.58 ± 2.86), VEGF (9.65 ± 1.30), and
WNT7A (6.90 ± 1.30), and 8 genes were down-regulated, i.e., HLADR (−2.01 ± 0.11), IL10
(−7.95 ± 1.09), IL13 (−1.43 ± 0.97), IL6 (−2.25 ± 0.46), KERA (−1.36 ± 1.42), STAT3
(−0.72 ± 0.63), TGFB1 (−2.90 ± 1.29), and TIMP2 (−5.36 ± 1.37) (Figure 7).

In the pure population of LMSCs, i.e., LMSC−P3, five genes were down-regulated:
IL13 (−3.97 ± 1.06), MMP3 (−0.96 ± 0.52), STAT3 (−1.23 ± 0.87), TGFB1 (−1.04 ± 0.26),
and TIMP2 (−1.70 ± 0.32). Meanwhile, 12 genes were up-regulated: CXCR4 (4.53 ± 0.36),
HIF1A (22.51 ± 1.12), HLADR (11.22 ± 0.41), IL10 (4.78 ± 0.43), IL6 (7.65 ± 1.49), KERA
(16.45 ± 0.54), LUM (8.60 ± 0.92), MMP1 (13.40 ± 1.13), MMP9 (3.34 ± 0.38), ACTA2/αSMA
(30.76 ± 1.70), VEGF (26.74 ± 0.76), and WNT7A (13.69 ± 1.68) (Figure 7). Among these,
17 genes—CXCR4, HIF1A, LUM, MMP1, MMP9, ACTA2/αSMA, and VEGF—were com-
monly up-regulated, and IL13, TIMP2, and TGFB1 were commonly down-regulated in both
LMSC−P0 and P3.

Figure 7. Cont.
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Figure 7. Validating the levels of DEGs. Level of expression of the differentially expressed genes vali-

dated through qRT-PCR. The levels of DEGs in limbal epithelial (LMSC−P0) and stromal (LMSC−P3)

cells was quantified relative to native limbal tissue (n = 5). The results were plotted as mean log 2-fold

change ± SD. The statistical analysis was performed using Kruskal–Wallis one-way ANOVA test.

* p < 0.05, ** p < 0.01, *** p < 0.001.

3. Discussion

Various groups across the globe have attempted to understand the basic biology
and the mechanisms involved in the healing or repair of the corneal wounds resulting
from trauma [49–51] or the regeneration of the corneal epithelium and stroma lost due
to the regular wear and tear [30,52]. The epithelial homeostasis is achieved primarily
through the LESCs residing in the limbal crypts [53], in which the systematic synthesis
and the degradation of the collagens in the stromal extracellular matrix (ECM) released
by the native keratocytes helps in the maintenance of the corneal stromal integrity and
homeostasis [54]. The interactions between the epithelial and stromal cells affect the repair
of the cornea after an injury. Earlier studies have shown that the communication or the
interaction between the LESCs and the stromal cells through their cytokines and other
secretory molecules is essential for maintaining the corneal integrity [28,37,53] and thereby
its transparency. IL-1 and its isoforms (IL-1α and IL-1β), produced by the epithelial cells
during corneal injury, promote the production of TNF-α, KGF, and HGF [55,56]. Together
with TNF-α, IL-1 also modulates the production of growth factors (PDGF and family) that
modulate the chemotaxis and proliferation of corneal fibroblasts [57]. They also enhance
the levels of cytokines such as G-CSF, neutrophil-activating peptide, IL-3 precursor, IL-4,
IL-6, IL-7, IL-8, IL-9, and IL-17 [58]. These cytokines trigger the entry of inflammatory
cells to the site of injury [59,60]. HGF and KGF released by the stromal fibroblasts, along
with bFGF, IGF, and EGF, modulate the interactions between epithelial and stromal cells,
regulating the migration and differentiation of damaged epithelial cells [61–65]. IL-6, a
multifunctional cytokine, modulates the repair of the cornea in many ways. It enhances the
epithelial wound closure, and low levels of IL-6 delays the healing [66–68]. Additionally, it
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reduces the levels of IL-1 and TNF-α, lowering inflammation [69]. A study by Samaeekia
et al. [37] has shown that the exosomes isolated from the corneal and peripheral limbal
MSCs enhance the migration and proliferation of corneal epithelial cells in vitro. The
co-culture of corneal epithelial cells and corneal stromal cells has been shown to reduce
the levels of pro-inflammatory cytokines and enhance the number of viable epithelial cells
following an injury [70].

However, in the cases of corneal injuries (limited to the layers of epithelium and its
surface, as well as the stroma), the healing process that follows involves one or more factors
such as the native cells, growth factors, genes, cytokines, and antigen-presenting cells and
even lipids [71–75]. The healing/repair process could involve just one of the above factors
or a cascade of multiple events and reactions based on the site/location and the severity
of the wound. Additionally, not all of them can be favorable towards the transparency of
cornea. Mechanisms such as corneal fibrosis result in opaque/scarred cornea obscuring
the visual pathway. The LMSCs were proven to be one of the promising intervention
which could prevent and repair the corneal wound without needing a whole corneal
replacement [22,38]. These cells are capable of differentiating into the native keratocyte
phenotype [22,23]. Recent studies by Orozco Morales et al. [70], Hertsenberg et al. [76],
Weng et al. [77] Chameettachal et al. [78] and Chandru et al. [79] have shown the potential
of these cells in healing the cornea both in vitro and in vivo in animal models. However,
the underlying mechanisms of how these cells achieve the scarless wound healing is not
clearly studied. The current study aimed in uncovering the pathways and genes or other
factors involved in the corneal wound repair by the LMSCs.

The LMSCs were isolated from cadaveric donor corneo-limbal rims and cultivated
in a GMP-certified clean-room facility. Cells at the primary cultures (P0) where both
mesenchymal/stromal stem cells of limbus and LESCs were obtained and cell population
at the third passage where a pure population of the limbal mesenchymal/stromal cells
were obtained (Figure 1), were subjected to RNA sequencing and immunostaining analysis.
The outcomes of these two methods were further validated through the qRT-PCR. The mix
population of the cells at primary culture were termed LMSC−P0 and the latter was termed
LMSC−P3. The digestion of limbal tissue with collagenase alone and maintenance of low
serum levels may possibly have led to the propagation of limbal mesenchymal/stromal
cells only. The complete removal of serum may lead to the generation of fibroblastic cells
with reduced keratocyte phenotype [80]. Conversely, a low quantity of serum (2%) [22]
after digestion with collagenase alone [81] would allow stromal cells to proliferate with
gradual loss of epithelial islands in the culture. Cells in both populations were found to
express the stem cell ocular biomarkers positively (Figure 2). However, the number of cells
positive for collagens and mesenchymal biomarkers was more in LMSC−P3 (Figure 3). The
collagens of corneal stromal ECM also followed a similar trend, with more expression in
LMSC−P3 (Figure 4).

The principle component analysis plot revealed an altered transcriptomic signature
of the LMSC−P3 from the rest of the clusters. Of the 28,000 genes detected, nearly 7800
were found to DEGs from all the samples, with LMSC−P0 having more number of DEGs.
The asymmetry of the up-regulated or down-regulated genes visualized through volcanic
plots revealed a near symmetry in LMSC−P0 (Figure 5). The gene ontology enrichment re-
vealed 6344 unique genes with functions in more than 16 biological processes (Figure 6 and
Supplementary Table S4). Genes belonging to signaling pathways such as Wnt (211 DEGs),
TGF-β (85 DEGs), stem cell (23 DEGs), and wound healing pathways (254 DEGs) were
also obtained (Supplementary Figure S1, and Supplementary Tables S5 and S6). Many
studies have proven the anti-inflammatory and immunomodulatory properties of the LM-
SCs [70,76,77,82]. The findings of the current study also support the anti-inflammatory
nature of these cells. The overall genes of the inflammatory response (734) were down-
regulated in LMSC−P3 relative to LMSC−P0 (Figure 5A). The pro-fibrotic gene IL-13
(Figure 7), and inflammatory genes C3 and CXCL8 which may lead to corneal neovascular-
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ization, etc., were down-regulated in LMSC−P3. Additionally, the anti-inflammatory gene
1L-10 (Figure 7) was up-regulated in LMSC−P3 relative to LMSC−P0.

COL5A1 is a prominent and vital regulator of fibrillogenesis [83], the levels of which
were reported to be high during the healing of scars [84,85]. During wound healing, the
fibroblasts recruited to the site of injury produce collagens type I and V for extracellular
matrix regeneration and restoration of the corneal thickness. In our study, the levels of
COL5A1 were found to be higher in LMSC−P3 when compared to LMSC−P0 and native
cornea. A similar finding was reported by Ruggiero et al. [86], who have shown that
the amount of type V collagen produced by corneal fibroblasts in vitro is higher than
that of the native cornea. Moreover, studies by McLaughlin et al. [87] and DeNigris
et al. [88] have reported that the altered fibroblasts affect the level of collagen V in vitro.
This also justifies and explains the levels of COL5A1 being proportionate to the number
of fibroblasts in cells/tissues analyzed, i.e., LMSC−P3, followed by LMSC−P0, cornea,
and limbus (Supplementary Table S5 and Figure S5C). The number of fibroblasts was also
relatively high in LMSC−P3 compared to LMSC−P0 (Figure 1A–C,F). These findings were
similar to the study by Z.H. Guo et al. [89], who provided insights into the molecular
mechanisms of differentiation and stemness maintenance by limbal stem cell niche in
mice. The collagen genes of corneal stroma are responsible for collagen synthesis, which is
predominantly regulated by COL5A1 [90]. The exclusive up-regulation of the COL5A1 by
the LMSC−P3 cells evidently shows their ability and makes them an ideal source for repair
and regeneration of corneal tissue through collagen fibrillogenesis (Figure 5C,D).

The other gene exclusively up-regulated in LMSC−P3 was TIMP-1, an inhibitor of the
matrix metalloproteinases (MMPs), the genes responsible for cleaving collagens. The tissue
inhibitor of metalloproteinases (TIMPs), inhibit these MMP genes, highly regulating the
corneal ECM. The binding of TIMPs to the MMPs prevents the degradation of the ECM.
TIMP-1 inhibits all active MMPs, except membrane type matrixins (MT1-MMP), whereas
TIMP-2 inhibits MMP-2, in particular [91,92]. These two groups of genes, i.e., the MMP
family and the TIMP family, also a play vital role in the development of cornea [93]. In this
study, we have found that TIMP-1, MMP-1, and MMP-9 were found to be up-regulated
and that TIMP-2 and MMP-3 were down-regulated in LMSC−P3. A similar trend was
observed in the LMSC−P0, except for the levels of MMP-3. Although MMP-9 in LMSC−P3
was up-regulated, the levels of TIMP-1 were much higher in terms of fold-change. Unlike
the earlier studies [94,95], the positive correlation between the levels of TGF-β and TIMP1
was also not observed in our study (Figures 5C,D and 7), which did not involve disease
condition or the altering of their concentration in culture. Assessing all these genes in a
disease condition may provide a better understanding of their respective roles in corneal
regeneration.

The exclusively elevated genes on LMSC−P3 interact through various genes and
biological processes. The network functional enrichment analysis performed to understand
their interactions has revealed a set of interleukins, matrixins, chemokine receptors, and
growth factors. Most of these were up-regulated in LMSC−P3 relative to LMSC−P0
(Figure 7). Corneal ECM genes such as Keratocan, Lumican, and SMA were expressed
significantly higher in LMSC−P3 relative to LMSC−P0 and native limbus. Lumican and
keratocan belong to the SLRP (small leucine-rich proteoglycan) family, which is critical
for corneal clarity. They are responsible for the fibrillar organization of the collagens
in the ECM of the corneal stroma [96,97]. Both these proteoglycans play a crucial role
in corneal wound healing and regulate inflammation by localizing the macrophages to
the site of injury and recruiting neutrophils [97]. The levels of lumican and keratocan
were reported to decrease during the scarring of cornea [98]. Unlike the studies [99,100]
that reported low expression of keratocan by keratocytes in vitro, we observed relatively
high levels of keratocan in LMSC−P3. However, when compared to LMSC−P0, where
there is no chance of differentiating the expression of keratocyte markers by a diverse set
of cell populations and the relatively less number of stromal cells, the high number of
stromal cells in LMSC−P3 could attribute to the high levels of keratocan and lumican. The



Int. J. Mol. Sci. 2022, 23, 8226 15 of 24

down-regulation of TGF-β could also be attributed to the keratocan levels, as shown by
Kawakita et al. [101], with decreasing levels of TGF-β maintaining the levels of keratocan.
This indicates the strong keratocyte-like nature of the cells in LMSC−P3 with respect to
LMSC−P0. The increased expression of SMA in LMSC−P3 relative to LMSC−P0 could
be attributed to the relatively high number of myofibroblastic cells in LMSC−P3 than in
LMSC−P0.

We have also found that the expression of VEGFA, a proangiogenic factor, was also
significantly high in LMSC−P3. The continuous maintenance of corneal avascularity is
important for optimal visual acuity. Angiogenesis is one of the many vital processes in
wound healing for the successful repair of damaged tissue. The balance between the
proangiogenic and anti-angiogenic factors is mandatory for maintaining corneal avas-
cularity [102]. To assess the levels of angiogeneic factors that regulate the formation of
vasculature on corneal surface, certain genes were quantified through qRT-PCR. VEGFA
is one of the proangiogenic factors which, besides FGF-2 [102], plays a role in multiple
processes such as immune-modulation, epithelialization, collagen deposition, and cell
migration [103]. It decreases the duration of wound healing [104]. Although MSCs were
reported to potentially lower angiogenesis [105], the surprisingly high expression of the
VEGFA in LMSC−P3 (Figure 7) is questionable due to the fact that elevated vasculature
over the surface of cornea can potentially affect the visual acuity [106,107]. However, the
elevated levels of VEGFA (growth factor-induced or transfected or topically applied) in
the wound bed were reported to enhance the wound repair of dermis/skin [108–111], but
not many studies on corneal surface were reported. These elevated levels of VEGFA also
contradict decreased expression of MMP9, the factors reported to feedback regulation mech-
anism [112]. However, other proangiogenic factors such as PDGF and its family (PDGFB,
PDGFC, PDGFD, PDGFRA, and PDGFRB) are either unexpressed or down-regulated in
LMSC−P3 (Supplementary Table S5). Although native corneal epithelial tissue is reported
to have detectable levels of VEGFA and sflt-1 [113,114], not much information is available
regarding the levels of VEGFA in native limbal tissue. However, the levels of VEGF ex-
pression occurs differently in different cells in vitro. The limbal epithelial cells were earlier
reported [115] to be anti-angiogenic in nature and the limbal fibroblasts proangiogenic in
nature. The corresponding high and low levels of the limbal fibroblasts in LMSC−P3 and
LMSC−P0, respectively, could possibly explain the increased levels of VEGFA. However, a
contradicting observation was reported much later in a study by Eslani et al. [116], who
have shown that the LMSCs are anti-angiogenic. Low levels of VEGFA and high levels of
the anti-angiogeneic factors SFLT-1 and PDGF were observed in the secretome of LMSCs.
In the current study, determining the levels of SFLT-1, MMP-2, MMP-14, and CTGF genes in
the cell populations/tissues tested could have provided a better answer to this conundrum.
Further studies to explore/evaluate the levels of VEGF in a corneal wound model treated
with LMSCs and monitoring of the progress of healing may be required.

4. Materials and Methods

4.1. Ethics Approval and Tissue Collection

Human donor corneas (donor age ranged between 18–60 years) were collected from
the Ramayamma International Eye Bank (RIEB), LV Prasad Eye Institute, Hyderabad.
Overall, 21 therapeutic-grade donor corneas, unutilized for surgical purposes, were used
in this study (n = 21). The corneas were collected with informed consent and in compliance
with the guidelines of the Declaration of Helsinki. Ethical approval was obtained from the
Institutional Ethics Committee (Reference number LEC 05-18-081) and the Institutional
Committee for Stem Cell Research, of LV Prasad Eye Institute, Hyderabad, India (IC-SCR-
Ref No: 08-18-002).

4.2. Establishment of Limbal Stem Cell Culture

The tissue processing was done using a stereomicroscope (SZX10, Olympus, Japan) to
set up the limbal stromal stem cell culture, as described previously [117], and for total RNA
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extraction. Briefly, cadaveric corneas were washed with 1X PBS (14190250, Thermo Fisher
Scientific, Waltham, MA, USA) fortified with 2× antibiotics (15240062, Thermo Fisher
Scientific, Waltham, MA, USA) and were stripped of endothelium and iris. Full thickness
limbus was excised in 1× PBS and then fragmented to small pieces in plain DMEM/F12
media (BE04-687F/U1, Lonza, Basel, Switzerland). These tissue fragments were minced
for 1–2 min. The dissected limbal tissue is then enzymatically digested by Collagenase
type IV (17104019, Thermo Fisher Scientific, Waltham, MA, USA) enzyme (200 IU per one
donor rim), added to 1 mL of plain DMEM/F12 media and then incubated for 16 h. The
digested tissue is sedimented twice at 1000 rpm/3 min in PBS. The pellet is then suspended
in complete media, i.e., DMEM/F12 fortified with 2% Fetal Bovine Serum (SH30084.03,
Cytiva Life Sciences, Shrewsbury, MA, USA) and supplemented with human recombinant
Epidermal Growth Factor (PHG0311L, Thermo Fisher Scientific, Waltham, MA, USA) and
human recombinant Insulin (12585014, Thermo Fisher Scientific, Waltham, MA, USA). This
suspension was plated and cultured for 3 generations. Cells upon confluence, at the stages
of primary culture (LMSC−P0) and passage 1 (LMSC−P1) and passage 3 (LMSC−P3),
were used for analysis.

4.3. Immunofluorescence Assay

Cells were grown on the surface of glass coverslips in complete media until confluence.
The cells were then fixed with 4% Formaldehyde (30525-89-4- 500G, Fisher Scientific,
Bangalore, India) for 10 min and washed twice with 1× PBS before permeabilization with
0.3% Triton-X (T8787-100ML, Sigma-Aldrich, St. Louis, MO, USA) for 20 min and washed
thrice. Later, the cells were blocked with 2.5% Bovine Serum Albumin (BSA) (A7096-50G,
Sigma-Aldrich, St. Louis, MO, USA) in PBS for one hour at room temperature and incubated
overnight at 4 ◦C with primary antibody (Supplementary Table S1) diluted in 1% BSA.
This was followed by a wash with PBS thrice for 10 min and incubation with secondary
antibody (Supplementary Table S1) (diluted in 1% BSA) for 45 min, which was further
washed thrice and mounted onto a glass slide using Fluoroshield Mounting Medium with
DAPI (ab104139, Abcam, San Francisco, CA, USA) for nuclei counterstaining. Staining of
negative controls was done by omitting the primary antibody. Images were documented
using an inverted fluorescence microscope (Axio Scope A1, Carl Zeiss AG, Oberkochen,
Germany). The biomarker panel of the MSC phenotype was chosen in accordance with the
minimal criteria set for multipotent mesenchymal stem cells [18].

4.4. RNA Isolation

Total RNA was isolated from tissues (sclera, limbus, and cornea) and limbal stem cells
(LMSC−P0 and LMSC−P3) and embryonic stem cell line (ESC) using TRIzol™ reagent
(15596018, Thermo Fisher Scientific, Waltham, MA, USA). The spent medium was removed
from the 80% confluent cell culture. Cells were then washed with 1× PBS (prepared
with DEPC-treated distilled water for RNA isolation) (AM9920, Thermo Fisher Scientific,
Waltham, MA, USA), and an appropriate volume of TRIzol™ reagent was added to the
cells. The cell lysate was mixed several times through a pipette and transferred to a
sterile 1.5 mL micro-centrifuge tube. To the lysate, 0.5 mL of Chloroform (96764, Sisco
Research Laboratories, Mumbai, India) was added per every 1mL of TRIzol™ reagent
and incubated at room temperature for 15 min. This was followed by centrifugation at
12,000 rpm for 15 min at 4 ◦C. The aqueous phase was collected in a fresh tube and 1 mL of
Isopropanol (Q13825, Thermo Fisher Scientific, Waltham, MA, USA) was added (in equal
volumes with TRIzol™ reagent) and incubated at room temperature for 3 min followed by
centrifugation at 12,000 rpm for 3 min at 4 ◦C. RNA pellet was washed with 75% Ethanol
(24102, Sigma-Aldrich, St. Louis, MO, USA), air dried, and dissolved in 25 µL of nuclease-
free water (AM7020) (volume dependent on size of RNA pellet). RNA was quantified by
measuring the absorbance using a spectrophotometer along with the purity evaluation
by the ratio of A260/280 (NanoVue™ Plus, 28956058, GE Healthcare Bio-Sciences AB,
Chicago, IL, USA). Further confirmation was done through gel electrophoresis, using 1%
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agarose gel (50004, Lonza, Basel, Switzerland) stained with Ethidium Bromide (93079, Sisco
Research Laboratories Private Limited, Mumbai, India). The RNA was treated with DNase
I (AM2222, Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturers’
protocol. Briefly, a 30 µL reaction volume containing 30 µg of total cellular RNA, 1×
reaction buffer, 6U of DNase I (RNase free), and nuclease-free water. The reaction mix
was incubated at 37 ◦C for 30 min. After incubation, 70 µL DEPC water was added to the
reaction mix and the RNA was purified by adding 100 µL TRIzol™ reagent. The RNA
was quantified by measuring the absorbance using a spectrophotometer, as previously
described, and 1µg each of the RNA from the analytes was used for the RNA-Seq study.

4.5. Next Generation RNA Sequencing (RNA-Seq) and Library Preparation

One microgram each of the total RNA from limbus, cornea, sclera, LMSC−P0, LMSC−P3,
and embryonic stem cells (ESC) were subjected to RNA sequencing via Illumina platform
using the reagents provided in the Illumina® TruSeq® Stranded Total RNA Sample Prepa-
ration Ribo-Zero™ kit (RS-122-2201, Illumina, San Diego, CA, USA). The first step involves
the removal of ribosomal RNA using Ribo-Zero™ rRNA removal beads provided in the kit.
The Ribo-Zero™ rRNA reagent depletes samples of cytoplasmic ribosomal RNA. Following
purification, the RNA was fragmented into small pieces by heat digestion using divalent
cations (magnesium or zinc) under elevated temperature. The cleaved RNA fragments
were copied into first strand cDNA using reverse transcriptase and random primers. This is
followed by second strand cDNA synthesis using DNA polymerase I and RNase H. These
cDNA fragments then have the addition of a single ‘A’ base and subsequent ligation of the
adapter. The products have been purified and enriched with PCR to create the final cDNA
library. This sample preparation protocol provides the advantages of (i) strand information
on RNA transcript and (ii) library capture of both coding RNA and multiple forms of
non-coding RNA. The processed cDNA library of all 6 samples was used for paired end
sequencing run (50 × 2 cycles) on the Illumina HiSeq 2500 platform (SY–401–2501, Illumina,
San Diego, CA, USA).

4.5.1. Pre-Processing of the RNA-Seq Data for Data Analysis

The Fastq file was obtained from sequencer after trimming the adapter sequences
using bcl2fastq program. Fastq data was used for alignment with the hg19 version of the
human genome using the TopHat program with options provided as transcript annotation
file. The alignment data has been used for guided transcript assembly using the Cufflinks
program. After that, we merged transcripts across samples using the Cuffmerge program
to make a reference transcript assembly. This merged transcript assembly has been used as
a reference to compare for differential gene expression between a pair of samples with the
use of Cuffdiff program. The resultant Cuffdiff output file has provided the normalized
expression of genes/transcript in the form of counts, and the fold differences converted into
log2 values. The details of the reference links of all the software/programs/bioinformatics
tools used in analysis of the RNA-Seq data were provided in the Supplementary Table S3.

4.5.2. Differential Expression Analysis

The counts obtained for each sample were analyzed by using the EBSeq tool (Supple-
mentary Table S3) for differential expression by considering scleral tissue as the control. A
list of DEGs was obtained for the tissues with pairwise comparison to sclera, and multiple
testing corrections were applied at a False Discovery Rate (FDR) of 0.05 percent. The
heatmaps were generated using R software.

4.5.3. Delineating Cell-Specific Gene Expression Patterns and Testing for
Pathway Enrichment

To delineate the DEGs in different tissues and cells according to their cellular specific
expression, 5-way Venn diagrams were used to find the genes which were exclusively up-
regulated and down-regulated. Two types of the gene expression patterns were analyzed.
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The cell type-specific gene expression to find genes that were exclusively differentially reg-
ulated in only one type of the cell/tissue and which may therefore serve as transcriptomic
markers to identify the unique cell type. Pairwise overlapping genes that are differentially
regulated only in two cell types may indicate a shared functionality between the two cell
types. To obtain pathway-level insights into the significance of the exclusively differen-
tially regulated genes, we have conducted pathway enrichment analysis through the Gene
Ontology studies using Enrichr tool. This analysis indicates statistically significant groups
of genes that are belong to various biological/signaling pathways.

4.5.4. Gene Ontology Pathway-Specific Gene Expression Changes

Using the ontology keywords derived from the pathway enrichments obtained in the
Enrichr analysis, the lists of genes specific to the pathway-keywords were obtained from
the gene ontology database using the AmiGO tool. These gene lists were used to examine
the differences in the frequency distribution of fold-change values of pathway-specific
genes as compared to that of all the other genes in the transcriptome. These differences
in the distributions were tested for statistical significance using the nonparametric Mann–
Whitney–Wilcoxon U test. The median difference between the distributions was used to
detect the direction of the shift in expression value. The values of median shift of the
pathways across different samples were plotted against the crossed out the values which
were not statistically significant (p ≤ 0.05).

4.6. Reverse Transcriptase PCR

One microgram each of the RNA was reverse transcribed to cDNA using the Super-
script™ III First-Strand Synthesis System (18080051, Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions.

4.7. qRT-PCR

Quantitative PCR was performed using 200 ng of cDNA in a final volume of 25 µL
reaction mix (K0221, Maxima SYBR Green/ROX qPCR Master Mix (2X), Thermo Fisher
Scientific, Waltham, MA, USA) and a 0.2 µM primer concentration. The reaction was carried
out using Step One (Applied Biosystems, Life technologies) hardware and software. The
reactions were run in triplicates. The gene expression data were normalized to control
the variability in expression levels to the geometric mean of the housekeeping gene. The
expression level of target genes was represented as a relative expression by using 2−∆∆Ct

formula and the graphs were plotted using their Log2 fold-change values. The primer
sequences are listed in the Supplementary Table S2.

4.8. Statistical Analysis

All the experiments were repeated at least thrice with biological triplicates. Statistical
analysis was performed using the Graphpad Prism 6 software. The tests employed were
Student’s two-tailed t-tests, Kruskal–Wallis test, and a nonparametric one-way ANOVA
test with p values ≤ 0.05 to assess the statistical significance. The results are presented as
the mean ± standard deviation.

5. Conclusions

In the current study, we report the genes, biological processes, and pathways involved
in the limbal stromal/mesenchymal stem cell-mediated corneal wound healing by em-
ploying RNA-Sequencing in human LMSCs (LMSC−Passage-0 and LMSC−Passage-3),
for the first time. Differential expression of the genes (7800) belonging to the following
pathways, namely, apoptosis, cell motility, dedifferentiation, inflammatory response, stem
cell maintenance, tissue remodeling, and wound healing pathways, etc., were found. The
interactions between the DEGs exclusively up-regulated by the LMSC−P3 in the wound
healing pathway (COL5A1, COL1A1 and TIMP1) have revealed the processes involved in
tissue remodeling and repair (collagen fibril reorganization, collagen biosynthesis, regula-
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tion of the metallopeptidase activity etc.) and the cytokines and other key genes regulating
these processes. However, this study is limited by the small sample size, and further
comprehensive studies needed to explore and understand all the DEGs and their biological
relevance in corneal wound healing. On the whole, the findings of this study provide a
brief glimpse into the molecular basis of tissue repair, and the remodeling of the cornea by
human LMSCs and the therapeutic potential of this.
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Expansion and characterization of human 
limbus‑derived stromal/mesenchymal stem 
cells in xeno‑free medium for therapeutic 
applications
Abhishek Sahoo1, Mukesh Damala1,2, Jilu Jaffet1,3, Deeksha Prasad1,3, Sayan Basu1* and Vivek Singh1*    

Abstract 

Background  Mesenchymal stem cells (MSCs) have been proven to prevent and clear corneal scarring and limbal 
stem cell deficiency. However, using animal-derived serum in a culture medium raises the ethical and regulatory bar. 
This study aims to expand and characterize human limbus-derived stromal/mesenchymal stem cells (hLMSCs) for the 
first time in vitro in the xeno-free medium.

Methods  Limbal tissue was obtained from therapeutic grade corneoscleral rims and subjected to explant culture till 
tertiary passage in media with and without serum (STEM MACS XF; SM), to obtain pure hLMSCs. Population doubling 
time, cell proliferation, expression of phenotypic markers, tri-lineage differentiation, colony-forming potential and 
gene expression analysis were carried out to assess the retention of phenotypic and genotypic characteristics of 
hLMSCs.

Results  The serum-free medium supported the growth of hLMSCs, retaining similar morphology but a significantly 
lower doubling time of 23 h (*p < 0.01) compared to the control medium. FACS analysis demonstrated ≥ 90% hLMSCs 
were positive for CD90+, CD73+, CD105+, and ≤ 6% were positive for CD45−, CD34− and HLA-DR−. Immunofluores-
cence analysis confirmed similar expression of Pax6+, COL IV+, ABCG2+, ABCB5+, VIM+, CD90+, CD105+, CD73+, HLA-
DR− and CD45−, αSMA− in both the media. Tri-lineage differentiation potential and gene expression of hLMSCs were 
retained similarly to that of the control medium.

Conclusion  The findings of this study demonstrate successful isolation, characterization and culture optimization 
of hLMSCs for the first time in vitro in a serum-free environment. This will help in the future pre-clinical and clinical 
applications of MSCs in translational research.

Key findings 

•	 This study successfully optimizes the growth and expansion of hLMSCs in a serum-free environment using 
commercially available SM medium, retaining their spindle-shaped morphology till higher generations (P8).
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•	 hLMSCs cultured in SM maintained significantly lower population doubling time, tri-lineage differentia-
tion potential and significantly higher colony-forming ability than the control medium. Immunofluorescence 
and FACS analysis showed expression of MSC markers and absence of expression of myo-fibroblastic marker 
(αSMA), and haematopoietic markers (CD45, CD34 and HLA-DR).

•	 The qPCR data suggested similar expression of MSC phenotypic markers, wound healing markers and inflam-
matory markers identical to that of the control medium.

Keywords  hLMSCs, Xeno-free media, Corneal scarring, Regenerative medicine, Therapeutic applications

Background
MSCs originate from mesoderm during embryo develop-
ment, possess fibroblastic and spindle shape morphol-
ogy, adhere to the plastic surface, and positively express 
phenotypic cell surface markers CD105 (endoglin-recog-
nized by SH2), CD90 (Thy-1), CD73 (ecto 5′ nucleotidase 
-recognized by SH3 and SH4), CD106, CD166, COL-I, 
COL-III and is negative for hematopoietic markers CD34 
(primitive hematopoietic progenitors and endothe-
lial cell marker), CD45 (pan-leukocyte marker), CD19, 
HLA-DR, CD14 & 11b (monocytes and macrophages) 
and α-SMA [1, 2]. Another specific criterion of MSC 
is to differentiate into Adipocytes (Oil Red O staining), 
Osteocytes (Alizarin Red staining for Ca2+ deposits) and 
Chondrocytes (Alcian Blue staining for collagen type II 
and GAGs) upon induction. In vitro culture and expan-
sion of these cells are of utmost necessity for cell-based 
therapies. Isolation and culture of MSC date back to the 
1970s, when Friedenstein et al. [3] first described them, 
and since then, various methods and protocols have been 
devised to cultivate these cells. The field of regenera-
tive medicine has paved the way for MSCs to become an 
emerging player owing to its translational applications 
[4]. Cell-based therapies have become immensely popu-
lar in regenerative medicine to repair or regenerate a tis-
sue through stem cell transplantation [5]. Currently, 352 
clinical trials have been completed, and 339 are ongoing 
using MSCs as cellular therapy; (https://​clini​caltr​ials.​gov/​
ct2/​home); 26/11/2022.

MSCs have been isolated from various tissues in the 
body like bone marrow (BM), umbilical cord (UC), adi-
pose tissue (AD), dental pulp, corneal and limbal stroma 
[6, 7]. The cornea is a transparent and avascular connec-
tive tissue on the anterior eye, forming a barrier between 
the eye and the outside world [8]. It is divided into five 
layers depending on function and anatomy. The outer-
most layer is corneal epithelium followed by compactly 
arranged stroma consisting predominantly of type I 
and V collagen fibrils, separated by Bowman’s mem-
brane. Inner to stroma lies Descemet’s membrane pre-
ceding a monolayer of cuboidal cells known as corneal 

endothelium. To perceive vision, the cornea refracts 
two-thirds of the total light onto the retina [7]. As evi-
dent from the literature, corneal stroma houses a specific 
cell population satisfying the MSC criterion known as 
corneal stromal stem cells (CSSC) that eventually differ-
entiate into stromal keratocytes [7–11]. These stromal 
keratocytes differentiate into fibroblastic scar tissue upon 
corneal injury, thus opacifying the transparent cornea 
and leading to vision deterioration [12–19]. The most 
common and accepted treatment owing to this visual 
impairment is corneal transplantation (keratoplasty); 
however, the availability of suitable donor corneas falls 
behind the demand. Furthermore, post-operative compli-
cations and immune rejection of corneal allografts add to 
the disadvantages [20, 21]. To cater to the above needs, 
various therapeutic alternatives to keratoplasty, like stem 
cell therapy, 3D printed corneas, and bio-mimetic hydro-
gels, are currently being explored [11, 22].

Mesenchymal stem cells (MSCs) have become prom-
ising candidates for various biologically engineered 
therapeutic applications. The presence of multipotent 
mesenchymal stem cells in corneal stroma has paved the 
way for cellular therapy against disorders like limbal stem 
cell deficiency (LSCD). The efficacy of MSCs as a thera-
peutic agent in restoring corneal transparency has been 
confirmed in previous studies. Moreover, MSCs being 
immunosuppressant, post-operative complications like 
immune rejection and inflammation can be ruled out 
[23–25]. The corneoscleral junction of the human eye, 
known as limbus, houses mesenchymal stromal cells in 
finger-like projections called palisades of Vogt. These 
cells can be cultured from limbal biopsy, expanded 
using an appropriate growth medium and used for treat-
ing LSCD, corneal burns, scars and various ocular sur-
face injuries [19]. MSCs isolated from human umbilical 
cord have been shown to restore corneal transparency 
in Lumican knockout mice, thus confirming that stem 
cells from different organs aid  in corneal regeneration   
[26]. In humans, MSCs from other tissues also have been 
reported to cure corneal scarring and restore transpar-
ency [27–30].
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As the evolvement of science is marching forward, the 
procedure to develop an optimal culturing condition is 
also being looked for alternative ways to cultivate MSCs 
[31, 32]. For half a century, FBS has been acting as a sup-
plement to the basal media in most of the studies and 
even in clinical trials [33–45]. FBS is an ill-defined pool of 
macro- and micro-molecules required for the growth and 
sustainability of cells. Being of xenogeneic origin and with 
lot-to-lot variance, FBS is prone to cause zoonotic diseases 
like anthrax, Q fever, and Creutzfeldt–Jakob Disease (CJD). 
Bovine Spongiform Encephalopathies and their relation to 
the new variant of CJD can also be caused due to the pres-
ence of harmful pathogens like unknown viruses, bacteria, 
prions and endotoxins in FBS [46]. Cells cultured in FBS 
are prone to be contaminated with mycoplasma which is 
unnoticeable and can easily pass through 0.22µ filters [47, 
48]. Furthermore, slaughtering a bovine foetus for serum 
extraction is inhumane and questions the ethical issues in 
many countries [49]. Large-scale production of serum is 
uneconomical, pointing to the high cost of feeding, main-
tenance and infrastructure for bovine rearing [50].

To tackle these limitations, the regulatory authorities 
have emphasized looking for a serum-free medium to 
delineate a standardized paradigm that can preserve the 
therapeutic potential of MSCs [5]. Serum-free or xeno-free 
medium formulations are chemically defined mediums 
that need strict optimization and characterization based 
on specific cell types [51]. Recently various industry groups 
like RoosterBio, Inc., MD, USA (RoosterNourish-MSC 
XF); Miltenyi Biotec, Germany (STEM MACS XF); Merck, 
USA (PLTMax Human Platelet Lysate); R&D Systems, USA 
(StemXVivo Serum free Human Mesenchymal Stem Cell 
Expansion media) and many more are focusing on optimiz-
ing FBS free culture medium [52]. Several research groups 
are looking into preparing in-house xeno-free medium for 
the growth and expansion of MSCs [39, 53–58].

This study aims to optimize and characterize SM to 
expand hLMSCs to higher passages and check their 
suitability for therapeutic use. This chemically defined 
xeno-free medium is formulated by Miltenyi Biotec 
and manufactured in compliance with cGMP regula-
tions. This is a patented proprietary chemically defined 
medium, (cat no.- 130-104-182) so disclosure of indi-
vidual components is limited to the manufacturer only. 
The details about SM can be accessed from; (https://​
www.​milte​nyibi​otec.​com/​US-​en/​produ​cts/​stemm​acs-​
msc-​expan​sion-​media-​kit-​xf-​human.​html#​gref ). SM 
had previously been reported to support the growth and 
expansion of adult mesenchymal stem cells, [4] which 
prompted us to test it in human limbal stromal cells.

Materials and methods
Isolation and culture of hLMSCs
The complete limbal rim was dissected from the thera-
peutic grade and biologically tested cadaveric corneas 
obtained from Ramayamma International Eye Bank 
(RIEB) (http://​www.​lvpei.​org/​servi​ces/​eyeba​nk) with 
proper documentation. This study was approved by the 
Institutional Review Board (IRB) of the LV Prasad Eye 
Institute (Ethics Ref. No. LEC-05-18-081) and Institu-
tional Committee for Stem Cell Research (IC-SCR Ref 
No 08-18-002) and followed the tenets of the declara-
tion of Helsinki. Briefly, the corneoscleral rim was first 
washed with 2× [vol/vol] Antibiotic–Antimycotic solu-
tion (15240062, Thermo Fisher, USA) in sterile filtered 
Phosphate Buffer Saline (PBS) (D5652-10L, Sigma-
Aldrich). Iris and tissue debris, if any, were cleaned 
with the help of a scalpel blade (15 no.) in 1X PBS. 
Carefully, a 360° limbal rim of about 1–2 mm diameter 
was dissected from the corneoscleral rim and cut into 
small fragments of 1–2  mm length. The fragmented 
tissue was minced with the help of curved scissors in 
1  mL of sterile-filtered DMEM/F12 medium (D0547-
10X1L, Sigma-Aldrich). The minced tissue was sub-
jected to collagenase digestion by adding 200  IU of 
reconstituted collagenase IV (17104019, Thermo Fisher, 
USA) in HBSS buffer (14025092, Thermo Fisher, USA) 
and incubated for 16 h at 37 °C and 5% CO2.

Post-digestion, 1  mL of DMEM/F12 complete 
medium fortified with 2% of foetal bovine serum 
(SH30396.03, Cytiva Life Sciences), 1% [vol/vol] Anti-
biotic–Antimycotic, 10 ng/mL epidermal growth factor 
(PHG0311L, Thermo Fisher, USA) and 5 µg/mL insulin 
(12585014, Thermo Fisher, USA), was added. The solu-
tion was spun down at 1000  rpm for 3  min at 25  °C. 
The pellet was then washed twice with 1X PBS. 2 mL of 
complete medium was added to the final pellet, mixed 
well and kept for growth in a T25 flask at 37 °C and 5% 
CO2 with media changed every 3rd day. This served as a 
control for this study.

For culturing the cells in SM (130-104-182, Miltenyi 
Biotec), post-enzymatic digestion, 1 mL of SM medium 
was added and centrifuged at 1000 rpm for 3 min, fol-
lowing two PBS washes. 2  mL of SM medium was 
added to the pellet and was kept in culture maintained 
at 37  °C, and 5% CO2 with media changed every 3rd 
day.

As this is a primary culture, we obtain a mixed popu-
lation of limbal epithelial and stromal cells in the first 
two passages. Pure population of MSCs are obtained 
at third passage of the culture. Hence, this pure 
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population of MSCs (henceforth referred to as P3 hLM-
SCs) were used for all the characterization experiments 
post-viability quantification using 0.4% Trypan Blue 
(15250061, Thermo Fisher, USA).

Population doubling time (PDT) and cumulative 
population doublings (CPD)
To look into the growth kinetics, hLMSCs cultured in 
both media were used. Briefly, 1 × 104 cells were seeded 
in triplicates in a 48-well plate and harvested upon 
80–90% confluency, and the growth duration was noted. 
The total viable cell number was recorded, and Popula-
tion Doubling Time (PDT) was calculated from P3 to P8 
using the formula below from https://​www.​doubl​ing-​
time.​com/​compu​te.​php.

Cumulative Population Doublings (CPD) were calcu-
lated using the formula (Initial PDT + 3.322*(log (Cell no. 
at confluency) − log (seeding cell no.)).

Relative viability assay using MTT
5000 cells/cm2 of hLMSCs were seeded in a 48-well plate 
in triplicates separately in SM and serum-based medium 
and cultured for 24, 48, 72, 96 and 120  h at 37  °C and 
5% CO2 in a humidified incubator. Post 24 h of seeding 
(termed as T0), spent media was removed, and 200  µL 
of 2 mg/mL of MTT (M6494, Thermo Fisher, USA) dis-
solved in DMEM/F12 devoid of growth supplements 
and FBS was added preceding a PBS wash and incubated 
for 3  h at 37  °C and 5% CO2. Post-incubation, 200  µL 
DMSO (D2650, Sigma-Aldrich, USA) was added follow-
ing 10 min incubation to solubilize the formazan crystals. 
100  µL of supernatant was transferred to a transparent 
bottom 96-well plate, and absorbance was taken in trip-
licates at 570 nm in a UV–Vis spectrophotometer against 
DMSO as blank. The same steps were repeated for T24, 
T48, T72, T96, and T120 h.

Immunophenotypic markers expression 
by immunofluorescence and flow cytometry
To assess the expressivity of MSC phenotypic markers, 
hLMSCs grown in both the medium were subjected to 
immunofluorescence (IF) and FACS analysis. In brief, for 
IF, cells were seeded on coverslips placed in 12-well plates 
at a density of 5000 cells/cm2. Upon 60–70% confluency, 
the cells were washed with 1× PBS, fixed in 4% para-
formaldehyde for 20 min, followed by two PBS washes for 
5 min each. The fixed cells were permeabilized using 0.5% 
triton-X for 5 min, following three PBS washes of 5 min 

DoublingTime =
Duration ∗ log (2)

Log(Final Concentration)−log(Initial Concentration)

each. Thereafter, hLMSCs were incubated for 45 min at 
room temperature in 2.5% BSA in PBS (blocking buffer) 
to restrict non-specific interactions. Post-blocking, the 
cells were incubated with primary antibody dissolved in 
1% BSA solution and kept at 4  °C overnight. The anti-
body panel consisted of CD105 (1:200, ab156756, Abcam, 
UK), CD90 (1:200, ab181469, Abcam, UK), ABCG2 
(1:200, ab229193, Abcam, UK), ABCB5 (1:200, ab140667, 
Abcam, UK), COLIV (1:200, ab6586, Abcam, UK), CD73 
(1:100, 13160S, Cell Signalling Technology, USA), p63-α 
(1:100, ab124762, Abcam, UK), and Vimentin (1:100, 
sc-6260, Santa Cruz Biotechnology, USA) as positive 
markers of the mesenchymal phenotype, Pax6 (1:200, 
ab195045, Abcam, UK) as positive markers of the human 
limbal stem cell phenotype; HLA-DR (1:100, ab92511, 

Abcam, UK), and CD45 (1:100, ab154885, Abcam, UK), 
αSMA (1:100, MA5-11547, Invitrogen, USA), as negative 
markers for mesenchymal stem cells origin according to 
the guidelines of ISCT. To nullify the presence of epithe-
lial phenotype in P3 hLMSCs, IF was carried out using 
epithelial markers, CK3/2P (1:100, sc-80000, Santa Cruz 
Biotechnology, USA), CK14 (1:100, sc-53253, Santa Cruz 
Biotechnology, USA) and CK15 (1:100, sc-47697, Santa 
Cruz Biotechnology, USA); (Additional file 1: figure S1).

Post-incubation, cells were washed twice for 5  min 
each with PBS, and 1:400 dilution of secondary antibod-
ies in 1% BSA was added, followed by incubation at R.T. 
Secondary antibodies included anti-mouse Alexa Flour 
488 (A11001, Thermo Fisher, USA) and anti-rabbit Alexa 
Flour 488 (A11008, Thermo Fisher, USA). After 45 min of 
incubation, cells were washed thrice with PBS to remove 
the background stain and mounted using a Mounting 
Medium with DAPI - Aqueous, Fluoroshield (ab104139, 
Abcam, USA). Fluorescent images of mounted cells were 
captured with Zeiss LSM 880(Carl Zeiss AG, Germany).

FACS analysis of hLMSCs cultured in SM and control 
medium was carried out to quantify the expression of 
phenotypic markers. P3 hLMSCs were trypsinized upon 
70–80% confluency, and around 1 × 105 cells were added 
to 1.5  mL vials. The cell suspension was spun down at 
400  g for 5  min following two PBS washes. Conjugated 
antibodies were dissolved in 2% FBS in PBS (blocking 
buffer) in 1:100 dilution following incubation for 20 min 
in the dark at room temperature. The phenotypic mark-
ers analysed were CD105+ (B76299), CD90+ (B36121), 
CD73+ (B68176), CD45− (A07783), CD34− (IMI870), 
HLA-DR− (B36291), all from Beckman Coulter (Brea, 
CA, USA). Post-incubation, cells were washed twice in 
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1X PBS, and the pellet was resuspended in 200 µL of PBS. 
The stained cells were analysed using CytoFLEX flow 
cytometer (Beckman Coulter, CA, USA), and the data 
analysis was carried out using CytExpert software (Beck-
man Coulter, CA, USA).

Tri‑lineage differentiation
The potential of both the medium to support tri-lineage 
differentiation was evaluated using MesenCult™ Adipo-
genic (05412), Osteogenic (05465), and Chondrogenic 
(05455) differentiation kit (Stem Cell Technologies, 
USA). Briefly, 5000 cells/cm2 of hLMSCs were seeded in 
triplicates in 24 well plate. Upon 60–70% confluency, the 
cells were induced to differentiate for 21 days. The media 
was changed every 3rd day, and the plate was periodically 
observed for differentiation. Post 21 days, the cells were 
fixed with 4% paraformaldehyde for 10 min following two 
PBS washes. Staining was carried out using alizarin red 
for osteogenic differentiation, Alcian blue for chondro-
genic differentiation, and oil red O for adipogenic differ-
entiation for 10 min, 1 h and 20 min, respectively. Three 
washes with Milli-Q water were given to drain out exces-
sive stains, and differentiated cells were imaged in PBS 
under a bright field microscope.

To quantify the extent of differentiation in SM and con-
trol media, stain from individual wells was eluted using 
various dye elution techniques [59–61] and the intensity 
was measured using a UV–Vis spectrophotometer (Spec-
traMax M3, Molecular Devices, California, USA).

Colony forming unit (CFU) assay
hLMSCs (1000 cells) were seeded in 70  mm tissue cul-
ture Petri dishes in SM and control medium for 14 days 
at 37 °C and 5% CO2, replenishing media every 3–4 days. 
Post day 14, the colonies were fixed with ice-cold meth-
anol for 10  min at 4ºC following incubation with 0.5% 
crystal violet for 10 min. The dish was washed 2–3 times 
with tap water and Milli-Q water to remove the excess 
stain. The no. of visible colonies with a size more than 
2  mm was counted manually. A histogram was plotted 
between means of the total no. of colonies observed in 
both media.

In vitro wound‑healing assay
hLMSCs were cultured in serum-based and SM medium 
in a six-well plate till 80%-90% confluency. The monolayer 
of cells was scratched using a sterile 200 µL pipette, fol-
lowing a PBS wash to remove the floating cells. Images 
were taken immediately after scratching and after 12, 24, 
36 and 48 h, respectively, to look for the cell migration for 
wound healing. The decrease in the wounded area was 
measured using ImageJ software [62], to determine the 
healing potency.

Gene expression analysis using real‑time PCR
Total RNA was isolated after resuspending in RNAiso 
Plus (9108/9109, TAKARA). RNA isolation was done 

Table 1  List of primers used in this study for gene expression 
analysis

Sl. no Genes Primer sequence Size (bp)

1 LUMICAN Fwd GCA​CAA​TCG​GCT​GAA​AGA​GG 228

Rev TCA​GCC​AGT​TCG​TTG​TGA​GA

2 IL10 Fwd GCT​GGA​GGA​CTT​TAA​GGG​TTA​CCT​ 109

Rev CTT​GAT​GTC​TGG​GTC​TTG​GTTCT​

3 IL 6 Fwd GCG​ATG​GAG​TCA​GAG​GAA​ACT​ 218

Rev AGT​GAC​TCA​GCA​CTT​TGG​CA

4 COL1A1 Fwd GTC​ACC​CAC​CGA​CCA​AGA​AACC​ 121

Rev AAG​TCC​AGG​CTG​TCC​AGG​GATG​

5 COL5A1 Fwd TTC​AAG​CGT​GGG​AAA​CTG​CT 115

Rev GGT​AGG​TGA​CGT​TCT​GGT​GG

6 TGFβ1 Fwd TAC​CTG​AAC​CCG​TGT​TGC​TCTC​ 122

Rev GTT​GCT​GAG​GTA​TCG​CCA​GGAA​

7 COL3A1 Fwd TGA​AAG​GAC​ACA​GAG​GCT​TCG​ 532

Rev GCA​CCA​TTC​TTA​CCA​GGC​TC

8 P63α Fwd ACC​TGG​AAA​ACA​ATG​CCC​AGA​ 369

Rev GAG​GTG​GGG​TCA​TCA​CCT​TG

9 VIM Fwd GGA​CCA​GCT​AAC​CAA​CGA​CA 178

Rev AAG​GTC​AAG​ACG​TGC​CAG​AG

10 CD105 Fwd CGG​TGG​TCA​ATA​TCC​TGT​CGAG​ 109

Rev AGG​AAG​TGT​GGG​CTG​AGG​TAGA​

11 CD90 Fwd AGC​ATC​GCT​CTC​CTG​CTA​AC 230

Rev CTG​GTG​AAG​TTG​GTT​CGG​GA

12 CD73 Fwd GGC​TGC​TGT​ATT​GCC​CTT​TG 175

Rev TAC​TCT​GTC​TCC​AGG​TTT​TCGG​

13 RUNX2 Fwd CCA​CTG​AAC​CAA​AAA​GAA​ATCCC​ 129

Rev GAA​AAC​AAC​ACA​TAG​CCA​AACGC​

14 CD45 Fwd CTT​CAG​TGG​TCC​CAT​TGT​GGTG​ 107

Rev CCA​CTT​TGT​TCT​CGG​CTT​CCAG​

15 KERA Fwd GAC​ACA​GGA​CTC​AAC​GGT​GT 205

Rev GTA​GGA​AAA​CTG​GGT​GGG​CA

16 ALDH3A1 Fwd CAG​TTA​CCG​GGA​GAG​GCT​GT 345

Rev GTG​GCT​CCG​AGT​GGA​TGT​AG

17 SEMA3A Fwd AGA​CTC​ACT​TGT​ACG​CCT​GTG​ 242

Rev CCC​AAG​AGT​TCG​GAA​GAT​AGCAA​

18 DCN Fwd ATG​AAG​GCC​ACT​ATC​ATC​CTCC​ 135

Rev GTC​GCG​GTC​ATC​AGG​AAC​TT

19 COL4A1 Fwd TGT​TGA​CGG​CTT​ACC​TGG​AGAC​ 120

Rev GGT​AGA​CCA​ACT​CCA​GGC​TCTC​

20 PAX6 Fwd ATA​ACC​TGC​CTA​TGC​AAC​CC 208

Rev GGA​ACT​TGA​ACT​GGA​ACT​GAC​

21 IL1β Fwd CCT​GTC​CTG​CGT​GTT​GAA​AGA​ 149

Rev GGG​AAC​TGG​GCA​GAC​TCA​AA

22 TNFα Fwd CCC​CAG​GGA​CCT​CTC​TCT​AATC​ 94

Rev GGT​TTG​CTA​CAA​CAT​GGG​CTACA​
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using the traditional phenol–chloroform method fol-
lowing quantification using Nanodrop. cDNA was syn-
thesized using SuperScript™ III First-Strand Synthesis 
System (18080051, Thermo Scientific™) by taking an 
equal RNA concentration in all the samples. Maxima 
SYBR Green/ROX qPCR Master Mix- 2X (F416L, 
Thermo Scientific™) kit was used for gene expression 
analysis on QuantStudio™ 3 Real-Time PCR System 
(A28567, Applied Biosystems™) using gene-specific 
primers as listed in Table  1. GAPDH was taken as the 
reference gene. RNA from human cadaveric limbal tissue 
was used as the control for this assay. The relative fold 
change of various genes was calculated using the 2−(ΔΔct) 
method. The graph was plotted on a logarithmic scale, 
taking relative fold change on the Y axis and genes on the 
X axis.

Statistical analysis
All the mean, standard deviation and standard error of 
mean were calculated in Microsoft Excel, and the graphs 
were plotted using the GraphPad Prism application 
(GraphPad Software, SanDiego, USA). Statistical signifi-
cance was analysed using the student’s t test for non-
parametric data. p < 0.05 were considered significant and 
represented by *, whereas p > 0.05 meant non-significant 
and is represented as “ns”.

Results
Isolation and culture of hLMSCs
Serum-free (SM) and control media supported the 
attachment and growth of cells from limbal explants 
(n = 3). At P0, a mixed population of limbal epithelial and 
stromal cells were seen (Fig. 1a). The epithelial cells were 
cuboidal/polygonal in shape, and stromal cells showed 
spindle morphology. The microscopic images revealed 
that subsequent passages resulted in a decrease in epi-
thelial cell population and an increase in the number of 
elongated, spindle-shaped stromal cells. A pure popu-
lation of hLMSCs (P3 cells) were obtained at the end 
of 3rd passage; hence, these cells were used for further 
characterization.

PDT, CPD and relative viability rate using MTT
At each passage, viable cell count in SM outnumbered 
cells in the control medium. The total viable cell count 
at various passages in both the media is represented 
in Table  2. The population doubling time (25 ± 2  h.) 
was retained until further passages in SM, whereas it 
increased to 66 h. in the control medium. The graph was 
plotted taking PDT on the Y-axis and subsequent pas-
sages on the X-axis (Fig. 1b).

As Cumulative Population Doublings (CPD) and PDT 
are inversely proportional to each other, CPD was seen 
to be increasing significantly in case of SM in comparison 
with the control medium due to significantly lower PDT 
of SM (Fig. 1c). Owing to a significant difference in PDT 
between two media, the relative viable rate was evalu-
ated in both media. To assess the relative viability rate of 
hLMSCs, an MTT assay was carried out. As evident from 
the graph (Fig.  1e), cells in serum-free medium (SM) 
showed significantly higher viability than in the control 
medium. The data were normalized to that of the control 
medium, which was taken as 100%. (*p < 0.01, for graphs 
1 b–e).

Phenotypic expression of markers using 
immunofluorescence and flow cytometry
The immunophenotype marker expression of hLM-
SCs cultured in serum-free (SM) and serum-based 
media (control medium) was evaluated using immuno-
fluorescence (IF) staining and flow cytometry. hLMSCs 
stained their characteristics phenotype ocular surface 
marker (Pax6+, COL IV+), stem cell biomarkers (P63α+, 
ABCG2+, ABCB5+) and the mesenchymal biomarkers 
(VIM+, CD90+, CD105+, CD73+, HLA-DR−, αSM A− 
and CD45−) adapting to serum-free conditions (Fig. 2a).

FACS analysis showed no significant difference in the 
expression of phenotypic markers of hLMSCs grown in 
both media. The expression was ≤ 6% of negative MSC 
markers (CD45, CD34 and HLA-DR) and ≥ 97% expres-
sion of positive markers (CD105, CD73, CD90). (Fig. 2b, 
c).

(See figure on next page.)
Fig. 1  a Micrographs of hLMSCs cultured in SM and Control medium, respectively. Cells grown in SM retained spindle-shaped morphology till 
passage P8, but cells grown in the control medium showed elongated fibroblastic morphology from P4. At P3, hLMSCs had spindle morphology in 
both the media. Magnification: × 10, Scale: 200 µM; b relative Population Doubling Time (PDT) of hLMSCs. hLMSCs cultured in SM displayed lower 
PDT than in the control medium. PDT was maintained till passage 8 in SM, which increased relatively in the control medium after passage 4. The 
data are represented as mean ± SD; c cumulative population doublings of hLMSCs in control and SM. SM showed comparatively more population 
doublings than the control medium; d bar graph representing total no. of viable cells at subsequent passages in control and SM medium; e 
percentage viability of hLMSCs cultured in SM and control medium was measured by MTT assay. SM cultures displayed cell viability similar to 
the control medium till 96 h and increased after that. The X and Y axes represent the time point and percentage cell viability, respectively. The 
percentage viability of cells in the control medium is taken as 100%. Data are expressed as mean ± SD in triplicates; n = 3; p < 0.01
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Fig. 1  (See legend on previous page.)
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Tri‑lineage differentiation
To assess the effect of serum-free medium on the tri-
lineage differentiation potential of hLMSCs, in vitro dif-
ferentiation was carried out. Osteogenic differentiation 
was marked as deep red colour calcium deposits after 
staining with Alizarin Red. Approximately 80–90% of the 
total area was stained red in both media showing efficient 
differentiation. Red fat droplets identified adipogenic dif-
ferentiation after staining with Oil Red O. Cells grown in 
SM had clustered droplets, whereas control cells showed 
individual fat vacuoles. Glycosaminoglycan (GAG) 
deposits stained with Alcian Blue marked the chondro-
genic differentiation.

In SM, the cells were seen to aggregate and form a 
pellet-like structure when viewed under a microscope, 
whereas in control medium, scattered deposits of GAGs 
were seen. The undifferentiated hLMSCs grown in con-
trol medium and SM served as control (Fig. 3a).

The graph in Fig.  3b clearly depicts a non-significant 
(p > 0.05) difference between the extent of differentiation 
in both media.

Colony forming unit (CFU) assay
MSCs produce holoclones and grow in colonies when 
seeded at lower densities. The colonies in SM were higher 
and more compactly arranged, whereas, in control, they 
were less and scattered (Fig. 4a, b). SM had significantly 
more colonies than the control medium, with mean 
values of 93 ± 9.17 and 60.6 ± 16.01 in SM and control 
medium, respectively (Fig. 4c) (p = 0.038).

In vitro wound‑healing assay
hLMSCs cultured in both media displayed migration 
towards the wounded area without significant differ-
ence. The injured area was filled at 96 h post-wounding 
as shown in Fig.  5a. The average wounded area in the 
case of SM was found to be 886,387.5 ± 51,124.53, 
556,339 ± 35,011.69, 375,298.5 ± 20,965.01, 
53,199 ± 1149.756 and 0 at T0, T24, T48, T72 and T96, 
respectively. Similarly, in the case of the control medium, 
the average wounded area was 932,640 ± 61,407.98, 
606,297 ± 31,133.91, 466,128.5 ± 20,034.46, 
52,400.5 ± 6537.202 and 0 at T0, T 24, T48, T72 and T96, 
respectively. The above data are represented on a bar 
graph (p > 0.05).

Quantitative gene expression (qRT‑PCR)
The expression patterns of specific genes were analysed 
to assess the impact of xeno-free medium on various 
stem cell markers, wound healing and inflammatory 
markers. The fold change was calculated using the 2−(ΔΔct) 
formula. All the markers showed approximately similar 
fold change in both the media without any significant dif-
ference except IL1β (p = 0.0007). The MSC markers were 
upregulated compared to the control except for Vimen-
tin and PAX6 (ns). (Fig. 6a). The inflammatory markers’ 
expression was downregulated except IL6 compared 
to the native limbus (Fig.  6b). Wound healing markers 
like Lumican and Semaphorin were upregulated(non-
significant) in both the medium, whereas Decorin and 
ALDH3A1 were downregulated (Fig. 6c).

Discussion
MSCs have been used as therapeutic agents in various 
systemic disorders, as evident from reported clinical tri-
als. Human corneal/limbal stroma has finger-like projec-
tions known as palisades of Vogt that house MSCs [23, 
24], which promote corneal wound healing [19]. Various 
scientific groups have discovered diverse applications of 
these cells in the case of corneal scarring and haze [63] 
but all of them using FBS as the growth supplement to 
the basal media [7, 9, 10, 18]. FBS contains zoonotic 
antigens, which might result in cross-contamination, 
immune rejection and chances of bovine disease occur-
rence in the human population, thus compromising 

Table 2  The viable count of hLMSCs cultured in SM and in 
control medium at different passages

Passage No Cell count in control 
medium

Cell count in SM

P3 0.98 × 105 ± 0.054 1.1 × 105 ± 0.068

P4 0.62 × 105 ± 0.028 1.34 × 105 ± 0.074

P5 0.49 × 105 ± 0.028 1.36 × 105 ± 0.143

P6 0.27 × 105 ± 0.027 0.83 × 105 ± 0.054

P7 0.27 × 105 ± 0.031 1.6 × 105 ± 0.10

P8 0.27 × 105 ± 0.026 1.2 × 105 ± 0.076

Fig. 2  a Immunofluorescence analysis showed approximately similar biomarker expression of hLMSCs in SM for ocular surface marker (Pax6+), 
stem-cell biomarkers (ABCG2+, P63α+, ABCB5+) and the mesenchymal biomarkers (VIM+, CD90+, CD105+, CD 34−, HLA-DR− and CD45−) with 
respect to the cells in control medium; b the expression of MSC markers in hLMSCs grown in both the media was quantified using flow cytometry. 
More than 97% of cells were positive for CD105, CD90, and CD73, whereas less than 1% showed expression for negative markers CD45 and HLA-DR 
and approx. 6% of total cells were positive for CD34; c graphical representation of flow cytometry data. Blue: DAPI; Scale: 50 µM; Magnification: × 20 
(all other micrographs) and 20 µM (CD73 of DMEM/F12 with 2% FBS; × 40 magnification)

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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regulatory guidelines for transplantation. To date, MSCs 
have been used in various clinical trials worldwide, but 
they are cultured in FBS fortified medium. Hence, estab-
lishing a xeno-free method of culturing these cells has an 
immediate translational approach.

Some studies have cultured MSCs in low serum-con-
taining medium [64, 65], but the idea of the complete 
elimination of serum would be better for therapeutic 

use, which led several research groups to formulate 
in-house xeno-free medium for MSC expansion using 
defined chemical compounds as supplements [66–69]. 
However, the safety of these in-house media haven’t 
been ensured, and some studies have markedly shown a 
difference in the growth rate of MSCs isolated from dif-
ferent tissues of the same organism [51, 53, 70] or from 
the same tissues of various organisms [71, 72]. To avoid 

Fig. 3  a Tri-lineage differentiation potential of hLMSCs cultured in SM and control medium. Control represents undifferentiated cells. Adipogenic 
differentiation was identified by the formation of oil droplets stained by Oil Red O stain. Chondrogenic differentiation had glycosaminoglycans 
stained by an acidic stain, Alcian Blue. Osteogenic differentiation was identified as a large number of calcium deposits stained by Alizarin Red 
stain. hLMSCs cultured in both the medium showed a significant amount of tri-lineage differentiation; b graph of quantification of tri-lineage 
differentiation of hLMSCs into osteocytes, adipocytes and chondrocytes. The respective stains were eluted, and the intensity of colour was 
measured using a spectrophotometer. Both the media supported tri-lineage differentiation to an approximately equal extent. Control represents 
undifferentiated cells. Data are represented as mean ± SD (n = 3)

Fig. 4  a Representative photograph of colony forming unit of hLMSCs: SM showed a higher number of colonies than the control medium. b Bar 
graph showing the comparison of number of colonies per 1000 cells in both the media
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these complications, proprietary commercially avail-
able serum-free medium like RoosterBio, Inc., MD, USA 
(RoosterNourish-MSC XF); Miltenyi Biotec, Germany 
(STEM MACS XF); Merck, USA (PLTMax Human Plate-
let Lysate); R&D Systems, USA (StemXVivo Serum free 
Human Mesenchymal Stem Cell Expansion media) for 
MSC growth and expansion are promising alternatives. 
These media contain all chemically defined supplements 
devoid of any zoonotic components for healthy growth 
of MSCs [52, 73, 74]. A study by Ghoubay et al. followed 
different culture conditions along with 3T3 feeder cells. 
They have mainly characterized the epithelial and stro-
mal stem cells. However, our study has shown isolation 
of hLMSCs by looking into all the MSC-specific markers 

using FACS, IF and qRT PCR following the ISCT guide-
lines using GMP grade media. Our findings also show 
comparatively less culture duration of MSCs reducing 
the population doubling time, thereby reducing the time 
consumed [75].

In a similar study, Aussel C group have demonstrated 
the successful expansion of MSCs in serum and xeno-free 
medium satisfying all the required parameters similar 
to the results obtained in our study. There are a number 
of serum and xeno-free media available in the market, 
so different groups test MSC from different origins and 
using different media [76].

Another group led by Gerby S have used a single 
serum-free medium which has supported the growth of 
bone marrow mesenchymal stem cells as evident from 

Fig. 5  a Representative photograph of the wounded area of hLMSCs cultured in SM and control. b Bar graph showing the relative decrease in the 
wounded area at different time points in both media. Scale: 500 µM
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different experiments except CFU. It would be inap-
propriate to say the cells are not stem cells by just using 
one medium to characterize. In our opinion, the Gerby 
S group can try other medium to characterize the cells. 
Other independent research groups have shown success-
ful expansion and characterization of BM-MSCs using 
different other xeno-free medium [77].

As per earlier studies, optimal seeding density is 
required for efficient growth of MSCs, minimizing 
patchy growths [78]. According to a study by Abraham-
sen et al., MSCs perhaps expand optimally when seeded 
at lower densities due to the property of contact inhibi-
tion regulated by the Wnt pathway [79]. In this study, the 
hLMSCs were seeded at 5000 cells/cm2 for all the func-
tional assays. Maintaining a consistent PDT is vital for 
the translational use of MSCs. Several previous studies 
have claimed an equivalent doubling time of MSCs in a 
serum-free environment to that of serum-based medium 

[56, 80, 81]. The doubling time of hLMSCs in SM was 
maintained at 25 ± 5  h even at higher passages, while it 
rose significantly higher in the control medium (Fig. 1b). 
The cell viability percentage was also significantly higher 
in SM (Fig. 1e), representing better division in compari-
son with the control medium.

Immunofluorescence analysis of phenotypic markers 
revealed expression of MSC-specific surface markers 
(CD105+, CD90+, ABCG2+, ABCB5+, COLIV+, CD73+, 
and VIM+), negligible expression of haematopoietic 
markers (CD45−, CD34−, HLA-DR−) and fibroblastic 
marker (αSMA−) satisfying MSC criterion [2]. Earlier 
studies that employed serum-fortified medium to culture 
MSCs have reported positive expression of HLA-DR, 
possibly due to the presence of FGF in serum [82–84]. 
The depletion or complete absence of serum in culture 
media used in this study might have aided in minimizing 

Fig. 6  Bar graph showing log fold change of various MSC-specific genes (a), genes involved in inflammatory pathways (b), and wound healing 
markers (c). No statistically significant difference between fold change demonstrates that hLMSCs retain their genotypic and phenotyping 
characteristics adapting to the serum-free environment. The data are represented as mean ± SD; n = 3; *p < 0.5
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HLA-DR expression in large-scale production, enhancing 
the therapeutic value of MSCs. In our study, the HLA-DR 
expression was found to be 0.88% in SM and 1.33% in the 
control medium (with 2% FBS) (Fig. 2b).

Differentiation of hLMSCs into all three lineages was 
supported by SM without any significant difference com-
pared to the control medium (Fig.  3). Even though there 
was no difference in the extent of chondrogenic differentia-
tion between the two media, the pellets were microscopi-
cally different in size (Fig. 3 middle panel). In case of SM, 
the pellet was more prominent, whereas the GAG deposits 
were scattered throughout the plate in the control medium. 
Further, the colony-forming ability was significantly higher 
in SM compared to the control medium (Fig. 4; p = 0.038). 
In vitro wound healing assay, a property well exhibited by 
MSCs, was also retained in the serum-free formulation. In 
fact, SM demonstrated better healing potential of hLMSCs 
than the control medium, due to comparatively lower pop-
ulation doubling time (Fig. 5a).

The gene expression pattern was observed to be similar 
in both media, as evident from the calculated fold change 
in qRT PCR (Fig. 6). Various stem cell markers were over-
expressed in both media as compared to the native lim-
bus, except Collagen IV, Vimentin and PAX6. As collagen 
IV is mainly present in Descemet’s membrane, the expres-
sion is supposed to be higher in native tissue [85, 86]. 
Similarly, concerning PAX6, which is omnipresent in both 
corneal and limbal epithelia relative to the stroma, its 
decreased expression in hLMSCs is self-explanatory [87].

The culture of corneal/limbal stromal cells in the 
serum-free medium has been reported in previous stud-
ies, but those media weren’t adequately characterized. 
Some studies used human platelet lysate, which again has 
lot-to-lot variation [88]. In this study, we demonstrated 
the growth and expansion of hLMSCs in vitro in serum-
free conditions using a commercially available xeno-free 
medium, SM. SM was chosen as it has been successfully 
used in the expansion of BM-MSC [4] and was readily 
available. As SM hasn’t been used in the culture of limbal 
stromal cells, we tried to explore its potential for hLM-
SCs. This medium is manufactured in a GMP-compliant 
facility, which is an added advantage for therapeutic use.

Undoubtedly, we acknowledge certain limitations 
of this study, like characterization and optimization 
of only P3 hLMSCs and usage of only one serum-free 
medium. However, this study successfully addresses 
the aim of expanding P3 hLMSCs in a serum-free 
environment.

Optimization of hLMSCs in SM at higher passages 
and to study the safety and toxicity of these cells in ani-
mal models needs to be further explored.

Conclusion
The findings of this study suggest that the pheno-
typic and functional property of hLMSCs is retained in 
serum-free environment. Further, their ability for wound 
closure and multi-lineage differentiation also remains 
unaltered. This indicates that the serum-free medium 
not only supports but also enhances its characteristic 
features, in addition to overcoming regulatory and ethi-
cal constraints.
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Abstract: Biological materials derived from extracellular matrix (ECM) proteins have garnered

interest as their composition is very similar to that of native tissue. Herein, we report the use

of human cornea derived decellularized ECM (dECM) microparticles dispersed in human fibrin

sealant as an accessible therapeutic alternative for corneal anterior stromal reconstruction. dECM

microparticles had good particle size distribution (≤10 µm) and retained the majority of corneal

ECM components found in native tissue. Fibrin–dECM hydrogels exhibited compressive modulus

of 70.83 ± 9.17 kPa matching that of native tissue, maximum burst pressure of 34.3 ± 3.7 kPa, and

demonstrated a short crosslinking time of ~17 min. The fibrin–dECM hydrogels were found to

be biodegradable, cytocompatible, non-mutagenic, non-sensitive, non-irritant, and supported the

growth and maintained the phenotype of encapsulated human corneal stem cells (hCSCs) in vitro.

In a rabbit model of anterior lamellar keratectomy, fibrin–dECM bio-adhesives promoted corneal

re-epithelialization within 14 days, induced stromal tissue repair, and displayed integration with

corneal tissues in vivo. Overall, our results suggest that the incorporation of cornea tissue-derived

ECM microparticles in fibrin hydrogels is non-toxic, safe, and shows tremendous promise as a

minimally invasive therapeutic approach for the treatment of superficial corneal epithelial wounds

and anterior stromal injuries.

Keywords: decellularization; human cornea; extracellular matrix; fibrin hydrogels; in vivo imaging

1. Introduction

Cornea is the transparent window of the eye and the most significant refractive
element responsible for the creation of vision. However, at times, vision is compromised
due to various factors including dystrophic, degenerative, infectious (bacterial and fungal
infections), and secondary damage, such as scarring, chemical burns, and allergies, all of
which if left untreated ultimately lead to irreversible loss of vision [1]. Among the various
types of visual impairments, corneal blindness is the fourth leading cause of blindness
globally [2]. On an average, 1.5–2 million new cases are estimated to occur worldwide
each year [3]. In severe corneal injuries, the epithelium along with the stroma could be

Biomolecules 2021, 11, 532. https://doi.org/10.3390/biom11040532 https://www.mdpi.com/journal/biomolecules
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significantly compromised, threatening the structural integrity of the ocular surface. In
such conditions, the most common treatment involves the replacement of a part or whole of
the cornea with human donor tissue [1]. However, studies have shown that less than 5% of
the patient population has access to corneal transplantation due to severe shortage of donor
tissues and high cost of corneal transplantation [4]. Moreover, more than half of donated
corneas do not meet the standards for transplantation due to low endothelial cell count,
transmissible diseases, short shelf life, etc. Hence, other standard care options for treatment
of corneal scars and perforation typically include application of tissue bioadhesives, use of
artificial corneas, and biomaterial-mediated stem cell therapy [5–8].

Ocular tissue adhesives based on natural (fibrin, hyaluronic acid, collagen, and gelatin)
or synthetic (cyanoacrylate- and PEG-based (ReSure and OcuSeal®) polymers have been
extensively used as suture substitutes for closure of corneal incisions/perforation and
conjunctival wounds [5]. For serious ocular complications, replacement of the diseased
cornea with a synthetic “artificial” cornea has been actively investigated as an alternate
option to a conventional corneal tissue graft [3,6,9]. In this regard, cell-free biomaterial
implants composed of recombinant human collagen type III (RHCIII) or fabricated from
poly(2-hydroxyethyl methacrylate) (AlphaCor®) have been evaluated on patients with
severe corneal pathologies [3,6]. For instance, long-term assessment of patients with
RHCIII implants demonstrated that the biosynthetic implants presented no serious adverse
reactions, including pain or discomfort, excessive redness, and swelling of adjacent corneal
tissues [3]. However, problems related to cytotoxicity from residual contaminants were
one of the notable drawbacks of this approach [9]. Besides, cell-free systems are inherently
limited by their capacity to homogenously recruit and integrate keratocytes from nearby
stromal tissue which could severely impair biointegration and impede corneal stromal
repair and regeneration in vivo. Hence, there is a demand for safer, efficacious, and cost-
effective alternatives that would allow for successful treatment of corneal diseases in a
minimally invasive manner.

Recently, the incorporation of extracellular matrix (ECM) components obtained from
decellularized native tissues has gained importance as they offer tissue-specific biologi-
cal cues that could stimulate host-cell migration, mediate stem cell differentiation, and
offer pro-regenerative microenvironment conducive for tissue regeneration [10,11]. In this
regard, decellularized freeze milled cornea powder has been reported for use in corneal
repair and regeneration [12,13]. For instance, decellularized bovine and porcine corneas
have been shown to be biocompatible and demonstrated the ability to maintain opti-
cal clarity, mechanical, and structural integrity favorable for transplantation procedures
in vivo [14,15]. In addition, acellular porcine cornea matrix implanted in inter-lamellar
stromal pockets in a rabbit model demonstrated excellent biocompatibility with optical
transparency comparable to that of normal corneas eight weeks post-implantation [16]. In
the present study, decellularized cornea ECM microparticles (dECM microparticles), de-
rived from cadaveric human corneas that were unfit for transplantation, were dispersed in
fibrin glue and their potential for facilitating cornea stromal wound healing was evaluated.
To this end, dECM microparticles incorporated in fibrin hydrogels were characterized for
their physical and mechanical properties in vitro. Additionally, fibrin–dECM hydrogel
biocompatibility and its influence on human corneal stem cells (hCSCs) phenotype were
demonstrated via fluorescence imaging in vitro. Lastly, dECM-dispersed fibrin hydrogels,
with and without hCSCs, were evaluated in a rabbit model of anterior lamellar keratec-
tomy [17] to demonstrate corneal re-epithelialization, stromal tissue repair, and integration
with native tissue in vivo.

2. Materials and Methods

Study Design, Location, Duration, and Approvals: It was prospective study and
conducted at LV Prasad Eye Institute, Pandorum Technologies Pvt. Ltd., Bangalore and
Vimta Laboratories, in Hyderabad. The work was approved by the ethics committees (IRB
and IC-SCRT, LV Prasad Eye Institute) of the respective institutes and animals were handled
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in accordance with the Association for Research in Vision and Ophthalmology (ARVO)
statement for the animal use in Ophthalmic and Vision Research as well as in accordance
with the tenets of declaration from Helsinki. The animal study was conducted after IRB
approval from the ethics committee at LV Prasad Eye Institute and animal ethics committee
of Vimta Labs Limited (Ethics Ref: LEC-12-19-372) (LVPEI-IC-SCR REF No 02-19-001).

2.1. Decellularization of Human Cadaveric Donor Corneas

The decellularization procedures were performed under mild chemical conditions
with NaCl solution modifying previously published protocols [18,19] (Figure 1A). Briefly,
human cadaveric corneas, unfit for clinical transplantation but suitable for research, were
collected from Ramayamma International Eye Bank (LVPEI, Hyderabad, India) and pro-
cessed in a cGMP facility. Corneas stripped of the epithelium and endothelium were cut
using trephine (9.25 mm) and the resultant cornea buttons were washed with phosphate
buffered saline (PBS) solution. They were later washed with betadine solution (1.5%,
purified water) for 30 s, incubated in sodium chloride solution (NaCl, 1.5 M), and placed
on a rocker at room temperature (RT) for 48 h with NaCl solution changed once every
24 h. The decellularized corneas were then incubated in PBS containing Pen-Strep (P/S,
100 U/mL Penicillin, 100 µg/mL streptomycin, and Lonza) for 24 h, following which they
were treated in PBS containing DNase in an orbital shaker (200 RPM) for another 24 h at
37 ◦C. Finally, the corneas were incubated in PBS containing 2× P/S for 24 h at RT and were
tested by immunostaining to make sure no cellular debris or foreign DNA was present in
the tissue before further processing.

Figure 1. Cont.
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Figure 1. Schematic representation depicting the preparation of physically milled and enzymatically digested human

cadaveric cornea derived decellularized ECM microparticles. (A) Decellularization process of cadaveric human donor

corneas unfit for clinical transplantation; (B) nuclei (DAPI) and H&E stain demonstrating the absence of genetic material;

and (C) preparation of physically processed and pepsin enzyme digested dECM microparticles from decellularized

human corneas.

2.2. Processing of Decellularized Tissues

The decellularized corneas were washed three times with deionized water for 30 min
at RT to remove salts and antibiotics. After washing, the wet corneas were cut into small
pieces (<20 mm3) and transferred to the micro vial set of the freeze-miller. Of note, we
have evidence to show that water present in the cornea pieces form icicles upon freezing
which might act as a grinding agent during the milling process to yield fine microparticles
(Figure S1). The cornea pieces were then allowed to pre-cool in liquid nitrogen for 5 min,
following which they were freeze-milled in liquid nitrogen for 10 min (SPEX SamplePrep,
USA, #6775-230). This cycle was repeated two more times to yield a finely milled cornea
decellularized extracellular matrix (dECM) paste. The dECM paste was frozen at −80 ◦C
and lyophilized in a freeze dryer (Labcogene, Scanvac CoolSafe Pro #110-4) 48 h. After
lyophilization, the dECM was freeze milled again (3 cycles, 10 min each) to yield a finely
milled powder that was weighed and stored at −80 ◦C until further use.

For enzymatic digestion, decellularized corneas were washed three times with deion-
ized water, lyophilized for 48 h, and chopped into small pieces (<20 mm3). The cornea
pieces were then freeze milled to yield dECM powder which was subjected to enzymatic
digestion using pepsin immobilized on agarose beads (Protein A Agarose beads, #20333,
Thermo-Scientific). Briefly, dECM (10 mg) was UV-sterilized (20 min) and dispersed in
sterile acetic acid solution (0.22 micron-filtered, 8.5 M, pH 4.5). The concentration of the
enzyme slurry used was ~0.025 mL slurry/mg of dECM. The digestion was carried out at
37 ◦C in 8.5 M acetic acid (Merck) at pH 4.5 for 72 h. Post-digestion, the beads were sepa-
rated from the enzyme digested dECM (EdECM) suspension via centrifugation at ~200× g
for 5 min. The final EdECM was dialyzed, and the resultant suspension was lyophilized to
yield a fine, dry powder. Both physically processed and EdECM microparticles were used
for various characterizations, as detailed in Table 1.
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Table 1. List of formulations used for the various characterization studies.

dECM Microparticle Characterization

SEM Physically processed dECM and EdECM

Thermogravimetric analysis (TGA) Physically processed dECM

Dynamic Light Scattering (DLS) Physically processed dECM and EdECM

Fourier Transform Infrared (FTIR) Physically processed dECM and EdECM

Sandwich ELISA assay EdECM

Mass Spectrometry EdECM

Hydrogel Characterization

Compressive modulus EdECM

Crosslinking kinetics EdECM

Ex-vivo burst pressure EdECM

In vitro Cell Culture Studies with hCSCS

MTT assay on hydrogel extracts Physically processed dECM

Bacterial reverse mutation test on hydrogel
extracts

Physically processed dECM

Cell encapsulation in hydrogels EdECM

Live/Dead assay EdECM

Biomarker expression EdECM

Biodegradation Study in vitro EdECM

In Vivo Studies

Skin sensitization test in Guinea pigs Physically processed dECM

Acute ocular irritation test in rabbits Physically processed dECM

Treatment of corneal stromal injury in rabbit
model

Physically processed dECM

2.3. dECM Microparticle Characterization

2.3.1. Scanning Electron Microscopy (SEM) with Energy Dispersive X-Ray Analysis
(EDAX)

Physically processed and enzymatically digested corneal dECM microparticle (EdECM)
size and morphology were recorded using a field-emission scanning electron microscopy
(Zeiss Ultra-55, Oberkochen, Germany) operating at a voltage of 5 kV (Figure 2). Briefly,
lyophilized physically processed or EdECM microparticles were sputter-coated with
gold/palladium to achieve a 10-nm coating and visualized under low vacuum condi-
tions. Elemental analysis by energy dispersive X-ray spectroscopy was also performed
to determine molecular constituents of EdECM samples (Zeiss Ultra-55, Oberkochen,
Germany).



Biomolecules 2021, 11, 532 6 of 21

Figure 2. Physical characterization of dECM microparticles: (A) representative SEM image of physically processed dECM

microparticles; (B) SEM image of enzymatically digested dECM microparticles; (C) SEM images of a EdECM microparticle

showing petaloid-like architecture; (D) elemental analysis of EdECM microparticles demonstrating that its primarily

composed of carbon and oxygen moieties confirming its ECM origin; and (E) hydrodynamic sizes of dECM microparticles

via DLS measurements.

2.3.2. Thermogravimetric Analysis (TGA)

TGA analysis was performed on thermogravimetric analyzer (TGA Q500 V20.13, TA
Instruments) at a heating rate of 10 ◦C/min from RT to 350 ◦C under nitrogen atmosphere.

2.3.3. Dynamic Light Scattering (DLS)

For DLS measurements, dECM microparticles were dispersed in PBS (1 mg/mL), and
the average hydrodynamic particle size and polydispersity index (PDI) were measured
using a particle size analyzer (Litesizer 500, AntonPaar) at RT.

2.3.4. Fourier Transform Infrared (FTIR)

The Fourier transform infrared (FTIR) spectrum of lyophilized dECM powder in the
region of 400–4000 cm−1 was obtained using a FTIR spectrometer (Spectrum Two, Perkin
Elmer) at RT.

2.3.5. Sandwich ELISA Assay

Analysis of carryover pepsin from the immobilized pepsin digestion was verified
using porcine pepsin quantitative sandwich ELISA kit (MyBioSource, San Diego, CA, USA)
as per the manual provided by the manufacturer.

2.3.6. Mass Spectrometry

Briefly, dECM microparticles were processed with 4% SDS lysis buffer and heated
at 90 ◦C for 5 min. The treated sample was then sonicated for 3 cycles at 40% amplitude
including intermittent resting for 1 min on ice between cycles. The samples were then
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sonicated at 12,000 rpm for 15 min at 4 ◦C and the supernatant was transferred to a
fresh tube. After protein estimation, the samples (200 µg) were further processed with
dithiothreitol (Merck), iodoacetamide (Merck), and chilled acetone (Merck). The resultant
sample was centrifuged and the pellet was dissolved in urea (6 M). The dissolved sample
was further subjected to trypsin digestion and LysC solution (Lys C protease in 50 mM
triethyl ammonium bicarbonate buffer, Merck) treatment. The resultant peptide digest was
acidified with 1% formic acid and cleaned using Sep-Pak C18 columns. The eluent was
dried using a vacuum concentrator and analyzed in a mass spectrometer (LTQ Orbitrap
Velos, Thermo Scientific).

2.4. Hydrogel Preparation

To prepare the working pre-gel fibrin solution, thrombin was reconstituted in calcium
chloride solution (1 mL) to obtain a 500 IU/mL solution, and aprotinin solution (1 mL)
was added to fibrinogen powder to yield 90 mg/mL solution (Tisseel Lyo, Deerfield,
Baxter). The fibrinogen solution was kept under stirring at 37 ◦C to obtain clear liquid. For
preparation of dECM based fibrin hydrogels, dECM microparticles were first dispersed
in reconstituted thrombin solution and this solution was mixed with an equal volume of
reconstituted fibrinogen solution. The mixture was allowed to gel at 37 ◦C for 20 min to
obtain the liquid cornea hydrogel (Schematic representation in Figure 3A). The final dECM
concentration in the resultant fibrin gel was 30 mg/mL (3% w/v). Hydrogels with dECM
concentrations higher than 30 mg/mL were not considered as it was difficult to mix this
dECM/thrombin mixture with highly viscous fibrinogen solution which severely affected
the homogenous distribution of the microparticles in the fibrin glue. Fibrin hydrogels
prepared in the absence of dECM microparticles was used as control gels.

2.5. Hydrogel Characterization

2.5.1. Compressive Modulus

Cylindrical hydrogel discs were prepared using molds (6 mm diameter and 1 mm
height) and were subjected to a crosshead speed of 1 mm/min and compressed to a
maximum strain of 50% using BiSS mechanical tester (OmniTest 5kN with Vector Pro NT).
The values for compressive strain (mm) and load (N) were recorded and the compressive
moduli were calculated from the slope of the linear region between 0.1–0.2 mm/mm strain
on the stress (kPa) versus strain (mm/mm) curves using BiSS software.

2.5.2. Crosslinking Kinetics

The crosslinking kinetics of fibrin and fibrin–EdECM hydrogels was determined using
a rheometer (Anton Paar Rheometer, MCR105). Briefly, pre-gel solution, comprising of
125 µL fibrinogen and 125 µL thrombin, was placed in between the parallel plate geometry
(25 mm diameter) with 0.2 mm gap. The change in rheological behavior (storage modulus)
of the hydrogels was then measured at constant a frequency of 1 Hz when subjected to an
oscillatory load of 0.2% strain.

2.5.3. Ex-Vivo Burst Pressure

The sealing ability of fibrin-based hydrogels was evaluated on rejected human donor
corneas. Briefly, a full thickness corneal wound was created by punching a hole (2 mm
diameter) using a commercially available leather hole punch (Armor Heavy Rotary Leather
hole punch, Visking). The cornea was then mounted on a Barron artificial anterior chamber
(Katena, Denville, NJ, USA) and 15–20 µL of fibrin glue was applied to seal the hole. After
gelation, air was gradually pumped into the system (2 mL/min) using a syringe pump
(New Era Pump System Inc., Farmingdale, NY, USA, #NE-1600) and the pressure at which
the hydrogel ruptured or delaminated from the cornea was recorded (PASCO wireless
pressure sensor, #PS-3203) as the maximum burst pressure.
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Figure 3. Characterization of fibrin–EdECM based hydrogels: (A) schematic for the preparation of fibrin–dECM based

hydrogels; (B) crosslinking kinetics of fibrin and fibrin–EdECM hydrogels; (C) compressive modulus of fibrin and fibrin–

EdECM hydrogels; (D) maximum burst pressure of fibrin and fibrin–EdECM hydrogels; (E) cell viability of hCSCs

encapsulated in fibrin and fibrin–EdECM hydrogel on Day 5 via live/dead stain, where reen denotes live cells and red

denotes dead cells and nuclei are labeled blue; (F,G) CD73 and CD90 biomarker expression of hCSCs encapsulated in fibrin

and fibrin–EdECM hydrogels; (H) expression of α-SMA in hCSCs encapsulated in fibrin and fibrin–EdECM hydrogels; and

(I) biodegradation of hCSC encapsulated fibrin and fibrin–EdECM hydrogels in vitro. Data are represented as mean ± SE

with n≥3 samples/group. * p ≤ 0.05 denotes significant differences observed between fibrin and fibrin–EdECM hydrogels.

2.5.4. MTT Assay on Hydrogel Extracts

MTT cell proliferation assay is a simple method for determination of viability of cells
and was performed as per the International Standards (ISO) 10993-5 with six replicate
samples. Briefly, fibrin and fibrin–dECM hydrogels were incubated in complete cell culture
medium (0.2 g/mL Minimal Essential Medium (MEM) supplemented with 10% fetal bovine
serum (FBS) and P/S) for a period of 24 h. Later, the hydrogel extracts and degradation
products were diluted with MEM to yield test concentrations of 25%, 50%, and 75%
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and evaluated on L929 fibroblast cultures. For cell culture, L929 cells were seeded at
1 × 104 cells/well in a 96-well plate in 100 µL of culture medium and incubated at 37 ◦C.
After 24 h, media containing hydrogel extracts were added to complete cell culture medium
at the concentrations mentioned above. After 24 h incubation, MTT solution (HiMedia,
India; 50 µL, 1 mg/mL) was added to each well and the plate was incubated for 2 h at
37 ◦C. The resulting formazan was then solubilized and quantified spectrophotometrically
at 570 nm using an automated microplate reader (Perkin Elmer, EnSpire®, Waltham,
MA, USA).

2.5.5. Bacterial Reverse Mutation Test on Hydrogel Extracts

To study the genotoxicity of hydrogel extracts in vitro, a bacterial reverse mutation
assay was performed using S. typhimurium and E. coli tester strains as per ISO 10993-
3. For preparation of hydrogel extracts, fibrin and fibrin–dECM hydrogels (0.2 g/mL)
were incubated under agitation in polar (0.9% w/v NaCl) and non-polar (sesame oil,
MP Biomedicals) solvents at 50 ◦C for 70 h. Then, the mutagenicity of polar and non-
polar hydrogel extracts was assessed based on the results of precipitation test and initial
cytotoxicity test. For the mutation assay, plate incorporation and pre-incubation methods
were carried out with 100% extract solution/plate, as the maximum limit of concentration
under study groups along with solvent controls and positive controls, as mentioned in
Table S2. In the plate incorporation method, the tester strains along with induced rat liver
S9 homogenate in PBS (used as the metabolic activation system) were mixed directly with
2 mL soft agar containing histidine-biotin for S. typhimurium and tryptophan for E. coli and
poured on to minimal glucose agar plates (HiMedia). In the pre-incubation method, the
strains along with S9 homogenate in PBS were incubated in a shaker at 100 RPM at 37 ◦C
for 30 min prior to mixing with agar. Later, 100 µL of hydrogel extract were plated with
each of the following tester strains: S. typhimurium TA98, TA100, TA1535, TA1537 and E. coli
WP2 uvrA (pKM101) (Molecular Toxicology Inc., Boone, NC, USA), with and without
metabolic activation, and the plates were incubated at 37 ◦C for 65 h. The condition of
the bacterial background lawn was evaluated for evidence of hydrogel extract cytotoxicity
using a code system and revertant colonies for a given strain exposed to different dilutions
were counted manually.

2.6. In Vitro Cell Culture Studies with hCSCS

2.6.1. Human Corneal Stem Cell Harvest and Expansion

Human corneal stem cells (hCSCs) were isolated and expanded as per our previously
published protocol [20]. Briefly, hCSCs were isolated from collagenase digested limbal stro-
mal tissue of human corneal rims from which central tissue had been removed. The isolated
cells were cultured in Advanced DMEM/F12 medium containing 2% fetal bovine serum,
epidermal growth factor (10 ng/mL), platelet-derived growth factor (PDGF-BB, 10 ng/mL),
and gentamicin (50 ng/mL). Once confluent, hCSCs were passaged by trypsinizing with
TrypLE and re-seeded at a density of ~104 cells/cm2. The cells were cultured for up to
three passages and used at passage four for subsequent experiments. On average, one
cornea rim provided ~8–10 million hCSCs at passage 3 and around 3–5 corneas were used
for in vitro cell culture studies.

2.6.2. Cell Encapsulation in Hydrogels

Briefly, EdECM microparticles were UV sterilized inside a biosafety cabinet for 30 min
and were suspended in reconstituted thrombin solution containing hCSCs. Next, the
cell/EdECM suspension in thrombin was pipetted onto the culture surface and mixed
with an equal volume of reconstituted fibrinogen solution. The mixture was allowed
to gel at 37 ◦C for 20 min after which culture medium was added to the gel. The cell
encapsulated hydrogels were then incubated at 37 ◦C in a 5% CO2 incubator. The final
EdECM concentration in fibrin glue gel was 30 mg/mL (3% w/v) with a final cell density
of ~1.5–2.0 million cells/mL of the hydrogel.
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2.6.3. Live/Dead Assay

Briefly, thin hydrogels encapsulating hCSCs (2 × 106 cells/mL) were prepared by
placing a drop of hydrogel formulation (12 µL) at the center of a sterile coverslip. Then,
another coverslip was placed immediately on top of the drop to yield a hydrogel sand-
wiched between the coverslips. The sandwiched hydrogel was then placed in culture
media for a few minutes and then the top coverslip was gently released and pushed aside
using a pair of sharp pointed forceps without damaging the underlying hydrogel. The
hydrogels were cultured for a period of 5 days, following which they were incubated in
calcein acetoxymethyl (calcein-AM, 0.2 µg/mL) and ethidium homodimer (2.5 µg/mL)
(Invitrogen, Paisley, UK) for 15 min in supplemented DMEM at 37 ◦C to stain for live
cells and dead cells. Live cells were visualized as green and dead cells as red under a
fluorescence microscope (EVOS FL Auto2, Thermo Fisher Scientific, Waltham, MA, USA).

2.6.4. Biomarker Expression

Briefly, fibrin derived hydrogels with encapsulated hCSCs (12 µL) were prepared
between cover slips to yield thin samples. The thin hydrogel samples were recovered at
different time points and washed with PBS. After washing, the hydrogel samples were
fixed with 3.7% formalin solution in PBS (Sigma-Aldrich, India) for 10 min at RT and
washed with PBS again. Immunohistochemistry (fluorescence) was performed to visualize
the expression of scarless-wound healing related markers. Primary anti-CD73, anti-CD90
and anti-alpha smooth muscle actin (α-SMA) antibody were procured from Abcam. Goat
anti-mouse and anti-rat antibodies (conjugated with Alexa Fluor 594 and Alexa Fluor
488; Thermo Fisher Scientific) were used as secondary antibodies. Briefly, after washing,
the hydrogel samples were blocked in BSA (5% in PBS, 1 h) and were incubated with
primary antibodies at 4 ◦C overnight (1:100 dilution in 1% BSA). The samples were then
washed (PBS, 3 times, 5 min each) and incubated with an appropriate secondary antibody
(1:200 dilution in 1% BSA) at room temperature for 1 h. The sections were then washed
(PBS, 3 times, 10 min each), semi dried, and mounted with Vectashield antifade mounting
medium containing DAPI (#H1200, Vector Labs, Burlingame, CA, USA). The sections were
imaged under a fluorescence imaging system (Evos FL Auto 2).

2.6.5. Biodegradation Study In Vitro

To assess in vitro biodegradation, hydrogels loaded with hCSCs (12µL, 2 × 106 cells/mL)
were cultured for a maximum period of 9 days. At various time points, hydrogel samples
were collected, lyophilized, weighed, and the mass remaining was calculated using the
formula below:

% mass remaining =
(Mo − Mt) ∗ 100

Mo
(1)

where Mo is the initial dry mass of the hydrogel and Mt is the dry mass of the hydrogel at
various time points.

2.7. In Vivo Studies

Skin sensitization test in Guinea pigs and acute ocular irritation test in rabbits were
performed in an AAALAC accredited facility in accordance with the recommendation of
the Committee for the Purpose of Control and Supervision of Experiments on Animals
(CPCSEA) guidelines for laboratory animal facility published in the Gazette of India,
2018, in accordance with the protocol approved by Institutional Animal Ethics Committee
(IAEC) (Protocol Nos. BIO-IAEC-3579 and BIO-IAEC-3385) and in accordance with the
International Standard ISO 10993 Second Edition: 2006-07-15, “Biological Evaluation of
Medical Devices—Part 2: Animal Welfare Requirements” (Reference Number: ISO 10993-
2:2006(E)).

The corneal stromal injury in rabbit model was conducted after IRB approval from
the ethics committee at LV Prasad Eye Institute and animal ethics committee of Vimta Labs
Limited in accordance with the tenets of declaration from Helsinki (Ethics Ref: LEC-12-19-371).
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2.7.1. Skin Sensitization Test in Guinea Pigs

For the study, animals were divided into the following four groups with at least
5 animals per group: polar solvent control extract, polar hydrogel extract, non-polar solvent
control extract, and non-polar hydrogel extract, prepared using the method described in
Section 2.5.5. The polar and non-polar extracts were then injected intradermally during
induction phase (Day 1) and applied topically during boosting (Day 8) and challenge
(Day 22) phases. For intradermal injections, animals received 0.1 mL of injection at the
shoulder region, and, for topical application, filter papers soaked with polar or non-polar
extracts were placed as a patch at the test site for 24 h. Animals were then observed for at
least 24 h to see whether the extracts produced any skin reactions. In addition, all animals
were observed once daily for clinical signs of toxicity and twice daily for mortality. Body
weight was recorded prior to initiation of the treatment (Day 1) and at termination of study.

2.7.2. Acute Ocular Irritation Test in Rabbits

The ocular irritation potential of fibrin and fibrin–dECM hydrogel extracts was evalu-
ated via acute ocular irritation test in three New Zealand White rabbits. Hydrogel extracts
were prepared using the method described in Section 2.5.5. The study was performed in
two phases, initial test with one animal and confirmatory test with two animals. For both
tests, a volume of 0.1 mL of undiluted extracts was instilled into the lower conjunctival sac
of the eye and eyes were examined for ocular reactions at 1, 24, 48 and 72 h after instillation.
At each interval, the cornea, iris, and conjunctivae were examined and scored according to
a numerical scoring system. All three animals were observed once daily for clinical signs
of toxicity and twice daily for mortality throughout the study period. Body weight was
recorded on the day of instillation (Day 1 prior to instillation) and at termination (Day 4) of
the experiment.

2.7.3. Treatment of Corneal Stromal Injury in Rabbit Model

Nine 8–10-week-old New Zealand White rabbits weighing 2–3 kg each were chosen for
the corneal wound healing study and acclimatized for at least 1 week. Wound model was
created as per our previously published literature [17]. Briefly, rabbits were anesthetized
using ketamine and xylazine, after which they were shifted to a surgical table and draped
for surgery. The wound creation was performed on the left eye at the central zone of the
cornea with the help of a skin-marking pen and trephine (Joja Surgicals Private Limited,
Kolkata, West Bengal, India). Then, a guarded knife (400 µm) and crescent blade (Joja
Surgicals) were used to make the corneal wound (3 mm dia, 150–200 µm depth), after
which an Alger brush was used to clear the remnant corneal pieces. Animals were divided
into the following four groups. These were untreated control (2 rabbits), fibrin (2 rabbits),
fibrin + EdECM (30 mg/mL) (3 rabbits), and fibrin + EdECM + hCSCs (5 × 106 cells/mL)
(2 rabbits). Animals received one dose of ~4–8 µL of the formulation based on wound
dimensions and clinician’s discretion. Lastly, a soft bandage contact lens (Purecon Lenses
Private Limited, New Delhi, India) was placed and tarsorrhaphy was performed to ensure
that the hydrogels were properly secured in the eye. Animals that underwent surgery
but received no treatment were used as untreated controls and the healthy contralateral
eyes of all rabbits were used as normal experimental controls. The schematic diagram of
the procedure is shown in Figure 4A. All animals were treated with corticosteroids and
antibiotics for a week post wound creation.

Rabbit corneas were imaged using standard protocols pre-surgery and at 1, 2, 4 and
8 weeks postoperatively (±1 day). To monitor epithelialization, a digital SLR camera
(Nikon D3300) and a handheld slit lamp (PSLAIA-11, Appasamy Associate, Chennai)
with blue filter were used to photograph and capture fluorescein-stained images of the
cornea. Anterior segment optical coherence tomography (ASOCT) imaging was performed
using Ivue (Optovue, USA) to visualize cross sections of the cornea to discern scar depth,
corneal thickness, and corneal edema. Scheimpflug imaging was performed using Galilei
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G4 (Zeimer, Switzerland) in both horizontal and vertical meridians to analyze corneal
topography and densitometry.

Figure 4. Rabbit cornea imaging in vivo. (A) Schematic depicting the creation of corneal defect and

application of fibrin–dECM based hydrogels for ocular tissue reconstruction. (B) Representative

images of rabbit corneas obtained using slit lamp with fluorescein staining, ASOCT and densitometry

two and eight weeks post-application of fibrin based hydrogels. Corneas are represented as: (A)

untreated; (B) fibrin controls; (C) fibrin + dECM microparticles; and (D) fibrin + dECM + hCSCs. Prior

to surgery, corneas of all animals exhibited nominal corneal thickness with good optical clarity. (C)

Bar graph depicts the decrease in corneal haze, an indicator of corneal wound healing, determined

via densitometric evaluations during the eight-week time period.
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2.8. Histopathology

After euthanasia at 8 weeks, rabbit corneas were punched out using 14 mm trephine
and preserved in formalin. They were later cut into two halves, dehydrated, embedded
in paraffin wax, and sectioned at a thickness of 4 µm. The cornea sections were then
deparaffinized at 70 ◦C for 2 min and dipped in xylene solution immediately. After a
series (100%, 90%, and 80%) of xylene wash, the sections were air dried and were subjected
to an alcohol gradient wash (100%, 90%, and 80%) for 5 min each. Later, the slides
were rehydrated in water for 10 min and stored in PBS. The deparaffinized sections were
then stained with hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS) staining
respectively, as per standard protocols [21]. After completion of the staining protocols, the
sections were mounted with DPX mounting media for imaging.

2.9. Immunofluorescence Staining

Heat induced antigen retrieval was performed on deparaffinized sections placed in
sodium citrate buffer (pH 6.0). The sections were then washed (PBS, 3 times, 5 min each) and
incubated in a permeabilizing agent (0.3% triton-X100, 30 min). After washing, the sections
were blocked in BSA (2.5% in PBS, 1 h) and incubated with primary antibodies, cytokeratin
3 (CK3, 1:200) (SC-80000, Santa Cruz Biotechnology, USA) at 4 ◦C overnight, and alpha
smooth muscle actin (α-SMA, 1:600) (A2547, Sigma-Aldrich, USA) at room temperature
for 2 h. The sections were then washed (PBS, 3 times, 5 min each) and incubated with an
appropriate secondary antibody (1:500 dilution in 1% BSA) (A11005, Invitrogen, USA) at
room temperature for 1 h. The sections were then washed (PBS, 3 times, 10 min each), semi
dried, and mounted with Fluoroshield medium containing DAPI (ab104139, Abcam, UK).
The stained sections were then imaged under a fluorescent microscope (Axio Scope A1,
Carl Zeiss AG, Germany) with 20–40× objective.

2.10. Statistical Analysis

Data are represented as mean ± standard error (SE) with n ≥ 3 samples/group. A two-
tailed, unpaired Student’s t-test or Multiple t-test was performed as applicable to detect
differences between two groups with p values ≤ 0.05 considered statistically significant.

3. Results and Discussion

Globally, millions of people suffer from corneal blindness and the most common
treatment option for these patients is a corneal transplantation. However, due to acute
shortages of donor corneas, only one in 70 patients benefits from it [4]. Furthermore, as
approximately one-third of corneal transplantations end up in graft rejection or revision
surgery in the long term [22], there is a clinical need for exploring other therapeutic avenues
for patients with corneal pathologies. Although options such as the use of artificial corneas
for restoring corneal clarity are employed in some cases [3,6,9], these prefabricated implants
fundamentally require the need of a certified surgeon with surgical skills and advanced
instrumentation for corneal surgery. In this study, we developed a minimally invasive
methodology combining a biocompatible tissue adhesive, fibrin glue, and decellularized
corneal ECM microparticles for treatment of superficial corneal epithelial defects and
anterior stromal disorders. We hypothesized that the decellularized biological components,
which possess structural and biochemical similarities to that of native microenvironment,
should aid in homeostasis and regeneration of neo-tissues in vivo [10,11,23]. To this end,
discarded human cadaveric donor corneas that screened negative for infectious diseases
and viruses were decellularized, milled, and enzymatically digested to yield microparticles
for ocular surface reconstruction.

3.1. Decellularization of Cadaveric Human Corneas

Decellularization of cadaveric donor corneas was performed under mild chemical
conditions with hypertonic NaCl solution as this methodology yielded corneal tissues with
minimal loss in transparency and stromal disruption [18,19] (Figure 1A). Of note, NaCl-
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based decellularization is biocompatible, compared to techniques that involve ionic/non-
ionic detergents, as it relies only on osmotic shock to trigger cell rupture and cell death
without significantly altering the structural integrity of native cornea tissue [18]. The
resultant acellular corneal scaffolds obtained after NaCl treatment were characterized
and evaluated to ensure the completeness of the decellularization protocol. The decel-
lularization efficiency of the human corneal tissues was confirmed via H&E and DAPI
staining (Figure 1B). Cross-sections of stained decellularized tissues demonstrated the
absence of remnant cells and DNA. These results show that the employed NaCl-based
decellularization protocol efficiently removed all cell debris and associated genetic mate-
rial while preserving the structural, biochemical, and biomechanical cues of the corneal
ECM structure.

3.2. Characterization of Cornea Derived dECM Microparticles

After decellularization, the cornea buttons were incised and milled in a freeze miller
to yield particles (Figure 1C) that ranged 7–10 µm. More notably, the physically pro-
cessed dECM microparticles were found to be non-homogenous and had the tendency
to form large agglomerates over time (Figure 2A). As high moisture content in samples
promote agglomeration and is often correlated to poor stability under long-term storage
conditions [24], we determined the moisture content in the freeze-milled samples using
thermogravimetric analysis (Figure S2). TGA data demonstrate that the freeze-milled
dECM microparticles possessed ~7.7% moisture content at 100 ◦C which increased to
9.5% at 200 ◦C (Figure S2). To circumvent the issue of microparticle agglomeration and
yield particles of smaller size with homogenous particle distribution for easy dispersion in
fibrin glue, we explored the possibility of enzymatically digesting the dECM powder with
porcine pepsin immobilized on agarose beads (Figure 1C).

SEM data show that the resultant enzymatically-digested corneal dECM microparticles
averaged <4 µm in size, which was a two-fold decrease in particle size compared to
physically-milled dECM powder (Figure 2B). Furthermore, EdECM particles were mostly
found to be spherical in shape with characteristic petaloid-like architectures (Figure 2C).
This observation was unique and is considered advantageous as these ultrastructures could
increase the availability of cell binding RGD epitopes and facilitate cell–ECM interactions
at the macroscopic level [25]. In addition, elemental analysis of EdECM microparticles
confirmed its ECM origin (not inorganic or salt particles) as it was primarily composed
of carbon and oxygen moieties (Figure 2D). The size of EdECM microparticles dispersed
in aqueous solution was evaluated using dynamic light scattering. DLS measurements
demonstrated a homogenous particle distribution with polydispersity indices <0.3 and
particle sizes <1 µm (Figure 2E).

To demonstrate that enzymatic digestion did not modify or alter the ECM protein
structure, lyophilized dECM microparticles were analyzed using FTIR spectroscopy. The
results demonstrate that FTIR spectra of both physically processed and EdECM microparti-
cles exhibited characteristic amide peaks [26], commonly seen in biological proteins, with
no significant differences observed between them (Figure S3). The C=O stretching vibration
in the amide group of the dECM protein was seen at 1630 cm−1, while the out-of-phase
and in-phase combination of N-H bending and C-N stretching vibration were observed at
1542 and 1403 cm−1, respectively [26].

Xenogenic components have the tendency to elicit strong immune responses com-
pared to allogenic materials in vivo [27]. To rule out the possibility of porcine pepsin in
EdECM microparticles, a sandwich ELISA assay was performed on lyophilized EdECM
microparticles (Figure S4). Our ELISA results demonstrate an insignificant amount of
porcine pepsin (0.0001%) present in the dECM powder digested with immobilized pepsin
under mild acidic conditions. Next, to demonstrate that most corneal dECM components
were retained after immobilized pepsin treatment, mass spectrometric analysis was per-
formed on the EdECM powder (Table S1). MS results show that majority of corneal ECM
components, including collagen I, collagen V, and cornea-specific proteoglycans, such as
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keratocan, decorin, lumican, and biglycan, as reported previously [28], were preserved
in the pepsin-digested dECM powder. More importantly, MS analysis established the
absence of run-away porcine pepsin in the final EdECM digest. Cumulatively, these obser-
vations indicate that enzymatic digestion of dECM microparticles is an alternative, safe
and effective technique for obtaining homogenous particle size distribution. In addition,
this methodology efficiently preserves the molecular constituents of native tissue which
can help support a constructive, site-appropriate, remodeling response when implanted
in vivo [29].

3.3. Characterization of Fibrin and Fibrin–dECM Hydrogels

Human fibrin sealant or glue (TISSEEL®) was employed as a vehicle for the delivery
of dECM microparticles for scarless wound healing of cornea. The fibrin derived hydrogels
were prepared with minor modifications to the manufacturer’s protocol, as depicted in
Figure 3A. The physical and mechanical properties of the prepared fibrin-based hydrogels
were evaluated using several techniques in vitro. The crosslinking kinetics of the prepared
fibrin derived hydrogels was evaluated using a parallel plate rheometer. Our results
show that the storage modulus of fibrin glue plateaued at 28 min, whereas fibrin–EdECM
hydrogels attained saturation within 17 min (Figure 3B). This observation suggests that the
time required for complete crosslinking of fibrin–EdECM hydrogels is significantly shorter
compared to fibrin hydrogels, which should in turn reduce the postoperative recovery time
of a patient in a clinical setting.

We next evaluated the compressive modulus of fibrin hydrogels using a mechanical
testing instrument. The results demonstrate that fibrin hydrogels displayed significantly
higher compressive strength (102.97 ± 23.95 kPa) compared to fibrin–EdECM hydro-
gels (70.83 ± 9.17 kPa) (Figure 3C). Although studies have shown that incorporation of
micro-/nanoparticles improve the mechanical properties of fabricated hydrogels [30,31],
surprisingly, the inclusion of EdECM microparticles in fibrin glue did not improve the
compressive modulus of fibrin–EdECM hydrogels. Nevertheless, as the compressive mod-
ulus values of both hydrogel groups fall within the range of 25–100 kPa, reported to be the
Young’s modulus of human cornea tissue [32,33], the engineered fibrin–EdECM hydrogels
are favorably poised to support cell adhesion and promote stromal tissue regeneration
in vivo.

Application of fibrin glue has been shown to be effective for treatment of corneal
perforations [34]. Hence, to evaluate the sealing ability of fibrin–EdECM hydrogels, burst
pressure assessment was performed on perforated cadaveric human corneas ex vivo.
Maximum burst pressure values for fibrin controls were observed at 21.7 ± 4.3 kPa, whereas
fibrin–EdECM hydrogels sustained significantly higher burst pressures of 34.3 ± 3.7 kPa
(Figure 3D). These data indicate that fibrin–dECM hydrogels possess sufficient adhesive
strength to sustain pressures in the order of magnitude higher than the nominal intraocular
pressure (IOP) of the human eye (~2 kPa) [35].

Furthermore, MTT assay on L929 cells incubated in fibrin and fibrin–dECM hydro-
gel extracts demonstrated negligible cytotoxicity with percentage cell viability ranging
82–97% compared to media control at all four tested concentrations (25%, 50%, 75%, and
100%) (Figure S5). These results show that the prepared fibrin-based hydrogels and their
degradation products were non-cytotoxic to L929 cells in vitro. In addition, results from
genotoxicity assay demonstrate that the mean number of revertant colonies at the concen-
tration of polar and non-polar extracts of fibrin derived hydrogels was comparable to those
of solvent controls, in both the presence and absence of metabolic activation. These data
suggest that the fibrin derived hydrogel extracts were “non-mutagenic” to S. typhimurium
and E. coli strains at the concentration of 100% extract solution as assessed via bacterial
reverse mutation test (Table S2).
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3.4. In Vitro hCSC Culture Studies

To demonstrate the cytocompatibility of EdECM microparticles, hCSCs were encapsu-
lated and cultured in fibrin–EdECM hydrogels for a period of five days in vitro. The results
from the live–dead assay demonstrate that the EdECM microparticles displayed very good
cytocompatibility, comparable to fibrin-only controls, with cell viability exceeding >95% by
the end of Day 5 (Figure 3E). Next, to study the influence of biological-derived EdECM
microparticles on the phenotype of hCSCs encapsulated in fibrin hydrogels, cells were
stained for specific mesenchymal stem cell (MSC) markers, CD73 and CD90. Of note, CD73
and CD90 are common stem cell markers that are routinely employed for the identification
of MSCs arising from various tissue types in the body [36]. The results from immunofluores-
cence studies show that hCSCs cultured in fibrin–EdECM hydrogels exhibited significantly
higher expression of CD73 and lower of CD90 compared to fibrin controls at the end of
the five-day culture period (Figure 3F,G and Figure S6). In addition, the fibrocytic marker
α-SMA, a standard marker used for labeling activated fibrocytes/myofibroblasts that play
a major role in tissue fibrosis [37], was significantly downregulated in cells cultured in the
presence of EdECM microparticles compared to fibrin controls (Figure 3H and Figure S6)
at all three time points. This data clearly indicate that EdECM microparticles inhibit the
differentiation of hCSCs to a myofibroblast lineage which plays a major role in fibrotic ECM
deposition that leads to corneal opacity [38]. Overall, these data demonstrate that dECM
microparticles support and maintain hCSC phenotypic characteristics that are beneficial
for tissue repair and regeneration in vivo.

Biodegradation studies on cell-laden fibrin-based hydrogels showed that both hydro-
gel groups lost only 20% of their mass by the end of Day 6 (Figure 3I). However, both groups
significantly lost >80% mass by the end of Day 8. Moreover, no significant differences in
percentage mass loss were observed between the two groups at any time point during the
eight-day study period. These data correlate well with other studies that show that fibrin
gels possess weak physical properties and hence are associated with a fast degradation
rate [5,39].

3.5. Animal Studies

For in vivo studies, physically processed dECM microparticles were employed in the
hydrogel preparation process as enzymatic digestion of physically milled dECM powder
generated very low yield of EdECM microparticles. Skin sensitization studies with the
polar and non-polar fibrin-based hydrogel extracts demonstrated that no treatment related
skin reactions were observed at sites after intradermal injection. However, skin reactions
such as erythema (of varying degree) and very slight edema (barely perceptible) were
observed at all other injection sites in all animal groups. In topical induction and challenge
phases, no treatment-related skin reactions such as erythema and edema were observed in
any of the animals of all groups tested. Cumulatively, our results indicate that extracts of
fibrin and fibrin–dECM hydrogels were found to be “non-sensitive” to the skin of Guinea
pigs under the employed experimental conditions (Table S3).

Ocular irritation studies demonstrated that no treatment related ocular lesions were
observed for up to 72 h in initial and confirmatory test animals after single ocular instillation
of polar hydrogel extracts (Table S4). In addition, no treatment related clinical signs of
toxicity, mortality, and gross pathological changes were observed in any of the animals in
both initial and confirmatory test groups, post-instillation. Taken together, based on the
observed results under the experimental conditions followed as per ISO 10993 guidelines, it
can be concluded that the fibrin derived hydrogel extracts were found to be a “non-irritant”
to the eyes of New Zealand white rabbits.

We next assessed the use of fibrin-based hydrogels in a rabbit model of corneal stromal
injury. Animals that received hydrogel formulations did not exhibit adverse reactions but
displayed moderate ocular irritation and some mucus release for the initial 2–3 days post-
surgery. However, there was no sign of edema, opacity or neo vascularization in the
cornea and no significant differences in IOP were observed between the experimental and
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normal eyes of rabbits in all four groups. Clinical photographs demonstrated that a clear
demarcation of the wound site was visible in all animals at the end of Day 7 (data not
shown). Cobalt blue slit lamp photographs with fluorescein staining demonstrated that
all four groups re-epithelialized by Day 14 post-surgery, implying successful migration
of corneal epithelial cells over the fibrin-based hydrogels (Figure 4B). However, corneal
healing and scar formation were also observed, but their magnitude varied across all four
groups. For instance, slit lamp images of untreated corneas revealed severe scar formation
that was visible until Day 14 but gradually decreased over the next few weeks. On the other
hand, corneas treated with the various treatment formulations demonstrated a gradual
decrease in corneal haze that was no longer visible after four weeks.

ASOCT is an established platform for evaluating corneal thickness and has been
used to identify and evaluate changes occurring along the corneal surface non-invasively.
ASOCT imaging demonstrated that all animals exhibited nominal corneal thickness with no
pathological conditions prior to surgery. After surgery, ASOCT images showed a reduced
corneal thickness with an epithelial defect measuring 150–200 µm depth. Interestingly,
one week post-surgery, corneas that received fibrin hydrogels with dECM microparticles
retained the bioadhesive more prominently compared to fibrin-only controls, suggesting
that dECM microparticles played an important role in stabilizing the hydrogels in vivo
(data not shown). In addition, ASOCT imaging also indicated scar formation, visible as a
hyper-reflective layer due to incident light scatter from the underlying stromal layer, with
varying degrees along with signs of re-epithelialization in all four groups across all time
points during the eight-week study period.

Corneal densitometry has been employed clinically to quantify corneal haze and to
determine the extent of scarring in the cornea. Prior to surgery, animals demonstrated
nominal densitometric values (~20%), which was suggestive of good optical clarity and
absence of deformities in the cornea. However, post-surgery, densitometric scans indicated
high light scattering, similar to ASOCT imaging, which is indicative of scar development
in the injured eye of the rabbit. Corneal opacity was close to 70% across all groups
during the first two weeks post-surgery, following which the values gradually decreased,
suggesting wound stabilization and healing at the injured site (Figure 4C). By the end
of eight weeks, densitometric values dropped to ~45%, suggesting gradual recovery of
vision in the injured eye of the rabbits. It was observed that animals that received fibrin
with dECM microparticles exhibited the lowest corneal opacity values at the eight-week
time point, suggesting that the presence of dECM might have minimized corneal stromal
scarring compared to the other groups. Corneas that received fibrin hydrogels with dECM
microparticles and hCSCs displayed slightly higher densitometric values compared to
other three groups.

Histopathological evaluation demonstrated that corneas from all four groups showed
evidence of re-epithelialization and stromal reconstruction (Figure 5). More importantly,
histological sections revealed strong adhesion of the fibrin-based hydrogels at the defect site
after application. It was observed that corneas that received fibrin + dECM microparticles
showed the presence of voids due to the absence of microparticles in the fibrin hydrogel.
It is not clear whether the microparticles degraded overtime in vivo or were lost during
histological sample processing and preparation. In contrast, corneas that received fibrin
hydrogel with microparticles and hCSCs displayed a compacted epithelium at the injured
site. However, epithelial hyperplasia due to the injury was visible across all four groups.
PAS staining exhibited no sign of goblet cells, which suggests that there was no infiltration
in cornea. Immunofluorescence imaging demonstrated a positive stain for the epithelial
marker CK3. This result is noteworthy as cytokeratins, CK3 and CK12, are widely known
to be expressed in differentiated human corneal epithelial cells [40].
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Figure 5. Histopathology and immunofluorescence imaging of paraffin-embedded rabbit cornea sections. H&E imaging

revealed strong adhesion of the fibrin-based adhesives to the cornea and demonstrated evidence of re-epithelialization and

stromal reconstruction with signs of epithelial hyperplasia. PAS staining denoted the absence of goblet cell infiltration

in the cornea. Immunofluorescence staining demonstrated a positive stain for cytokeratin 3, observed across all groups,

confirming corneal re-epithelialization by the end of eight weeks.

Overall, our preclinical pilot study demonstrates that human cornea-derived ECM mi-
croparticles have an excellent safety profile and suggests that they can be potentially used
for the treatment of surface epithelial defects and anterior stromal injuries in a minimally
invasive manner. As the animal study performed was based on a pilot study design with
very few animals, the efficacy of the various treatment formulations via standard statistical
methods of analysis could not be established. In our previous study using Bovine DCM
hydrogel, we showed its advantage over existing materials including easy availability,
affordability, and simple formulation procedures, which make it a promising biomaterial
to prevent scar development in an injured cornea [41]. Moreover, based on the data in
hand, we are in the process of refining the stromal wound model as our results indicate that
epithelial/stromal defects in rabbits heal rapidly as untreated corneas exhibited accelerated
wound healing and speedy recovery without any therapeutic intervention. In view of this,
studies have been focused on developing delayed wound healing models that mimic per-
sistent corneal epithelial defects observed in several chronic ocular pathologies [21,42,43].
To overcome the above limitation and for plausible assessment of treatment outcomes, we
are in the process of establishing and validating an alkali-induced stromal wound model
for subsequent preclinical investigations.

4. Conclusions

In this study, we report the use of dECM microparticles derived via physical and
enzymatic processing of cadaveric human corneas as an accessible therapeutic option for
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the reconstruction of corneal surface post-injury. dECM microparticles averaged <10 µm
in size and were readily dispersible in the precursor solution of thrombin. Hydrogels
derived from fibrin–EdECM formulations were moderately transparent and exhibited
physical and mechanical properties that matched the microenvironment of native cornea
tissue. More specifically, fibrin–EdECM hydrogels exhibited good compressive modulus
and sustained pressures 17-fold higher than the nominal IOP of the human eye. Further-
more, fibrin–dECM hydrogels demonstrated excellent biocompatibility, non-mutagenicity,
and, in addition, was found to be non-sensitive and non-irritable to the ocular surface
as assessed via in vivo studies following ISO 10993 guidelines. Moreover, the prepared
hydrogels supported the growth and maintained the phenotype of encapsulated hCSCs
in vitro. Most importantly, fibrin–dECM hydrogels demonstrated safety and promoted
corneal re-epithelialization and stromal regeneration in a rabbit model of anterior lamellar
keratectomy in vivo. However, the limitation of our study is the small animal number in
each group, and this needs to be further explored in a large preclinical study using both
mice and rabbit scar models. Viewed comprehensively, our results indicate that dECM
microparticles hold great promise for inducing constructive corneal remodeling for repara-
tion of epithelial surface defects and anterior stromal wounds. Evidently, this methodology
should reduce the dependence on donor corneas for full corneal transplant (keratoplasty)
and circumvent issues associated with current corneal transplantation procedures, making
it a viable, minimally invasive approach that will lead to faster recovery, improved visual
acuity, minimized photosensitivity to light, reduced pain, and better the quality of life
of patients.
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