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Chapter 1

Introduction



There are many disputes about the timing of origin of life on the earth. The first life on
earth was originated approximately 3.8 billion years ago from now i.e. after 750 million
years of formation of earth [1]. According to Oparin and Haldane theory of evolution of life,
the life has been evolved from the carbon containing molecules “primordial soup” [2]. After
origin of the first species on earth i.e. bacteria, many other species were evolved [3]. The
first humans were evolved around 6 to 8 million years ago [4]. After the evolution of
human, various disease causative agents were also discovered such as, bacteria, fungus,
nematode, protozoa, virus and many more [5]. Among all, viruses are type of obligatory
agent which leads to world’s catastrophic diseases, such as chickenpox, small pox,
influenza, polio, AIDS, Rabies, Ebola, Hepatitis, Dengue fever etc. [6]. The focus of current

study is AIDS (Acquired Immune Deficiency Syndrome).

HIV structure: HIV is a type of lentivirus; contain two copies of single strand of RNA as a
genetic material [7]. The genetic materials of human immunodeficiency virus (HIV) encode
a total of nine genes. Further, the genome is composed of three key structural genes
namely, gag, pol, and env. The central viral core which is surrounded by p24 capsid protein
contains two single strands of RNA and three types of enzymes (reverse transcriptase,
integrase and protease). The virus outer envelope contains two different types of spiked

glycoproteins (gp), such as gp41 and gp120.

gp120 Protease
Docking Glycoprotein
Lipid
gp41 Membrane
Transmembrane
Glycoprotein
gagp17

Matrix protein

Integrase

Reverse
Transcriptase

Figure 1.1 Schematic structure of human immunodeficiency virus.



HIV biology: The HIV infection initiated when the enveloped glycoprotein, gp120 binds to
the CD4 receptor with the help of CCR5 membrane spanning chemokine receptor type 5
(step one). This leads to the fusion of virus outer membrane to the cell surface (step two). It
is followed by uncoating of virus particles and release of genetic materials inside the cell
(step three). Further the reverse transcriptase facilitates the reverse transcription (step
four), that leads to the formation of PIC (Pre-integration complexes). The PIC is then
transported inside the nucleus (step five). Then with the help of integrase, proviral DNA is
integrated to the host genome (step six). After integration with the host genome, the
provirus transcription occurs (step seven). The viral DNA transcription is facilitates by host
transcription elongation factor b (P-TEFb) and RNA polymerase II. The newly formed RNA
strands are then transported (step eight) outside the nucleus to the cytoplasm for
translation (step nine). The new viral RNA molecules and viral proteins are then assembles
to form new progeny virus particles (step ten). Then after budding (step eleven), release
(step twelve) and maturation (step thirteen) the new virus particle are now ready for the

next round of infection [8].
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Figure 1.2 The brief life cycle of HIV [8].



Epidemiology of HIV/AIDS

The HIV/AIDS is considered as a biggest threat to the human kind [9]. According to UNAIDS
fact sheet 2015, 36.9 million people are living with HIV/AIDS globally, whereas only 15.8
million Infected population are getting access to antiretroviral based therapy. A population
of 17.1 million is unaware of their HIV infection [10]. Sub-Saharan locale of Africa is the
most extremely influenced territory on the planet, where around 14000 new infections are
emerging day by day and roughly 11000 are passing on because of HIV/AIDS and its
related ailment [11]. The UNAIDS has committed to end this epidemic disease by the end of
2030 [12].

Antiretroviral therapy for HIV/AIDS treatment

Soon after the onset of HIV/AIDS, the various treatment strategies has been introduced and
antiretroviral (ARV) based drug therapy is one of them. The antiretroviral therapy is the
most trusted therapy till now. There are total 6 class of ARV approved by FDA for its
clinical use. It include (I) non-nucleoside reverse transcriptase inhibitors (NNRTIs, E.g. -
EFV), (I) nucleoside/nucleoside analog reverse transcriptase inhibitors (NRTIs, E.g. - AZT,
3TC), (III) integrase inhibitors, (IV) protease inhibitors (PlIs, E.g. - ATV, RTV or r), (V)

fusion inhibitors, and (VI) co-receptor antagonists [13].

The details of antiretroviral therapy is provided in Table 1.1

Types Target Drugs
1. Nucleoside/ Reverse Emtricitabine, Lamivudine (3TC),
nucleotide reverse transcriptase Tenofovir (TNF), Abacavir, Stavudine,
transcriptase inhibitors  (NRTI mimic Zidovudine (AZT), Didanosine,
(NRTI). nucleotide) Zalcitabine
2. Non-nucleoside Reverse Efavirenz (EFV), Nevirapine,
reverse transcriptase transcriptase Rilpivirine, Etravirine
inhibitors (NNRTI). (NNRTI bind to L
. Delavirdine.

Rtase, terminate

DNA

polymerization)




3. Protease inhibitors Protease Atazanavir (ATA), Darunavir,
(PI). Indinavir, Amprenavir, Fosamprenavir,
Lopinavir, Nelfinavir, Tipranavir,

Ritonavir (r), Saquinavir

4. Fusion inhibitors Six-helix bundle Enfuvirtide
formation

5. CCR5 inhibitors. Entry inhibitors Maraviroc

6. Integrase inhibitors Integrase Raltegravir

(IND)

In early period during late nineties the treatment was started as mono-drug therapy.
Zidovudine (ZDV), also known as azidothymidine (AZT), was the first drug approved by
FDA for its clinical use [14]. But after few years of mono-drug treatment the therapy has
been discontinued [15] due to side effects (long term side effect and short term side
effects)[16, 17]. The short term side effect includes severe skin rashes, vomiting, headache,
dizziness, fatigue, weakness and muscle pain etc. This side effect will disappear soon after
the stoppage of therapy. The long term side effect includes Lipodystrophy (abnormal
redistribution of fat in the body, there is devoid of fat from extremities. Limbs and face
become thin and there is more accumulation of fat in the shoulder and stomach), Insulin
Resistance (leads to the development of typeZ diabetes), Lipid abnormalities and
Decrease in bone density (leads to osteoporosis that causes the bone to be fragile). The
other reasons to discontinue the monotherapy are, I) Drug resistance: HIV is known for its
drug resistance property. The progeny virus will have the capability to reproduce and
mutate itself in presence of antiretroviral treatment that finally leads to the ARV drugs
resistance towards HIV [18]. This may leads to the treatment failure. II) High cost of
treatment: according to CDC (Centers for Disease Control and Prevention) in 2010 the life

time treatment cost for HIV was approximately $379,668 [19].



When to start antiretroviral treatment?

According to WHO guidelines, the CD4 cell count must be tested before starting of
antiretroviral based therapy following by evaluation of viral load is also recommended for
confirmation of the entire suspected individual. The mono-drug therapy was discontinued
after few years of treatment and HAART (Highly Active Anti-Retroviral Therapy) started.
The HAART was started in the year 1996, despite of its various side effects and toxic effect
to the body, HAART is still considered as standard therapy for HIV. HAART is the
combination of three or more different types of drugs and often called as “three drugs
cocktail” therapy. The benefits of combination therapy over single drug therapies are, 1) it
is more efficacious than mono-drug therapy as it can target the HIV at multiple stages of its
life cycle, as the drugs present in the combination have different mode of action on HIV and
its life cycle. 2) The dose frequency has been reduced, in mono-drug therapy patient used
to take 12-15 pills in a day which reduced to 1 pills a day in HAART treatment. The death
rate due to HIV has been reduced by 50-80% after the introduction of HAART. WHO/FDA
recommend two type of HAART regimen often called as first line regimen and second line
regimen. First line and second line regimen consist of 2ZNRTI+1NNRTI and 2NRTI+PI/r
respectively. According to WHO (world health organization), First-line ART regimen should
comprise of two NRTI (nucleoside reverse-transcriptase inhibitors) plus one NNRTI (non-
nucleoside reverse-transcriptase inhibitor). The recommended FL-HAART regimen
generally contain TDF + 3TC + EFV as a fixed dose. In some cases if TDF is not available the
other recommended FL-HAART regimens are AZT + EFV +3TC or AZT + 3TC + NVP. The
level of viral load is recommenced for switching in therapy as directed by WHO. If the viral
load is >5000copies/ml, it is considered as treatment failure and this is the time for
switching of regimen [20]. First line regimen is switches to second line regimen which
contain two NRTI plus one ritonavir boosted PI (ATV/r). The recommended second line
regimen is a combination of 3TC + TDF + ATV /r. The HAART is the standard treatment for
HIV treatment, even though it is observed that approximately 25% of patients stop HAART
within first year of the treatment. The reason behind this are drug resistance development,

poor bioavailability of drugs, short half-life of drug and other drug related toxicity.



Nanoparticles mediated drug delivery: an alternate formulation therapy

These limitations led to the development of novel formulations of existing drug regimen,
which reduces its side effects and improve its efficacy; Nano formulation is one of emerging
form of the drug. Nanotechnology, as the name itself suggest, it is the branch of science
which deals with the materials in nanometer range. These nanometer range materials have
several applications in the various branches of science, such as food industry, medicine,
pharmacology, energy, biomedical application and other industrial applications. The
nanotechnology was also being used in ancient times. The main aim of our study is nano-
medicine, i.e. Nanoparticles mediated drug delivery. Even in case of medicine, the Nano
based therapy are being used since centuries [21]. In Indian medicine system, in Ayurveda

the “Bhasma” is considered a kind of Nano therapy [22].

Nanoparticles: Nanoparticles (NP, size <400nm) are defined as a small objects that
behaves as a whole unit with respect to its transport and properties. NP is considered as
smart drug delivery system [23]. NP has brought significant changes in the treatment and

diagnosis of disease.

Advantages of nanoparticles mediated drug delivery system.
NP is found as specific and more advanced drug delivery system (DDS) as compared to

other delivery system. The main advantage of NP mediated DDS are as follows.

[.  Large surface to mass ratio: The NP shows high surface to mass ratios. So it is easy
to accommodate more than one ligand at a time together. This will enhance the
loading efficiency of NP [24].

II.  Target-specific delivery of drug [25].
[II.  Reduction of drug-related toxicity while maintaining therapeutic effects [24].
IV.  Greater safety and biocompatibility [26].
V. Improved bioavailability of poor bioavailable drugs [27].
VL.  Enhanced stability of rapid metabolizing drugs [28].
VII.  Minimized first pass metabolism and reduced renal clearance [29] [30].

VIII.  Nanoparticles provide a slow and sustained delivery system [31].



[X.  Nanoparticles greatly improves the pharmacokinetics behavior of poor bioavailable

drugs [32, 33].

Limitations of nanoparticles mediated drug delivery system.

Despite of having so much of beneficial activities of nanoparticles mediated DDS, it also has
some limitations, and few of them are listed below.

I.  The complexity of biological system: Absence of legitimate information about the

impact of nanoparticles on biochemical pathways and procedures of human body. It
happens often, a certain type of nanoparticles shows tremendous positive effect in

an in-vitro system but when it comes to the biological system in-vivo it fails.

II.  Currently researchers are essentially worried about the toxic quality, portrayal and

presentation pathways connected with NP DDS that may represent a genuine

danger to the individuals and environment.

Types of nanoparticles

NP shows a various type depending on their composition. Some of the major types of NP
are discussed below.
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Solid Lipid NP: SLN is a type of organic NP established in early nineties [34]. SLN is
composed of lipid core which is designed to internalize the lipophilic molecules easily. The
core of SLN is stabilized by the presence of emulsifier [35]. They are generally spherical in
shape. The lipid used in the preparation of SLN is often a mixture of monoglycerides,
diglycerides and triglycerides, wax and fatty acids [35]. SLN is considered as substitute
delivery system to Liposome and polymeric NP [36]. This colloidal delivery system is very
efficient in gene and drug delivery. SLN has proven its usefulness in ocular and as well as
other type of cancer drug delivery [37, 38]. SLN has developed for dermal and pulmonal

and parenteral routes.

Metal NP (Au, Ag, and Fe): Metal NP is inorganic type of NP. The important characteristics
about metal NP is that, it could be conjugated with various type of bits such as peptide,
antibodies, ligands, drugs, etc. Further the metal NP are found to be very useful in
biomedical imaging techniques, such as CT scan, PET and MRI. Mainly three type of metal
NP are in practice, which include silver NP, gold NP and iron oxide NP [39].

Quantum dots: Quantum dots are very tiny particles, their size ranges in nanometer (15-

35nm). Quantum dots generally composed of materials that belongs to semiconductor
properties like germanium and silicon. Quantum dot color depend on their size. Further the

fluorescent quantum dots are very useful in immunohistochemistry [40, 41].

Dendrimer: Dendrimer are tree like structure macromolecules (1.5 to 10 nm). It contains a
center core (stem) around which a series of braches are present. The branches are made up
of two chemical forms and that are present in same order though out its structure.

Dendrimer has shown its efficacy in oral drug delivery, antimicrobial agent, [42].

Liposomes: Liposomes are spherical shape vesicles made up of lipid bilayer [24].
Liposome composition are same as of plasma membrane. Liposome are generally prepared
by physical disruption (sonication) of biological membrane. These are composed of

naturally derived phospholipid. Liposomes can be loaded with anticancer drugs to deliver



to the target cell through passive targeting. Liposome are found to be very effective against

cancer drug delivery [43].

Protein nanoparticles: Protein NP are biodegradable and easily surface manipulated
materials. Recent study has shown that protein NP have found to be more effective in

cancer and HIV therapy [44, 45].

Type of Protein NP and their advantages

Gelatin: gelatin protein is widely used as a Nano vehicle for delivery of varieties of
molecules. Gelatin can be obtained by controlled hydrolysis of collagen protein. Gelatin NP
can be sterilized very easily, it is biodegradable, non-toxic [46]. Gelatin NP has been found

to successfully encapsulate drugs, gene and peptide [47-49].

Albumin: albumin is the most versatile protein found in human body. It is often present in
many sources such as bovine serum albumin, human serum albumin and ovalbumin.
Bovine serum albumin nanoparticles are found to provide a sustained release in local

environment. [50].

Elastin: elastin is a highly elastic connective tissue which provides elasticity to the
internal organs and skin. Elastin nanoparticles has successfully encapsulates and deliver
the anticancer drugs doxorubicin [51]. Previous report has shown that elastin based
nanoparticles has greatly enhanced the growth of bone by delivering the Bone

morphogenetic proteins (BMPs) [52].

Zein: Zein is a storage protein of prolmaine class is found in maize and it comprises
approximately 45 to 50% of whole protein content [53]. In one report zein NP are found to
be encapsulating and delivering an anti-inflammatory agent i.e. 6,7-dihydroxycoumarin

(DHC)[54].
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Soy Proteins: soy protein is present in soybean and have various nutritional and medicinal
benefits [55]. Curcumin loaded soy proteins are already in study and found that soy protein

NP has improved the release of Curcumin over time in vitro [56].

Whey Proteins: whey is a milk protein present in milk [57]. It is also available
commercially and used as nutritional support. It is a water soluble protein. Aroma loaded
whey protein nanoparticles was found to be release slowly with a higher improvement in

retention from 7% to 24% [58].

Apo-transferrin nanoparticles: The previous research groups from our laboratory has
developed Apo-transferrin based nanoparticles. Apo-transferrin is a protein belongs to
transferrin family. Transferrin is the primary molecule for iron transport and its delivery
through transferrin receptor present on the cell surface. Previously we have developed
Curcumin loaded apotransferrin nanoparticles, which efficiently inhibits the HIV-1 in vitro
[59]. Further, doxorubicin loaded apotransferrin nanoparticles was found to be more
efficacious towards hepatocellular carcinoma [60]. In addition to this, apotransferrin
loaded carboplatin nanoparticles were found to be improve the anti-proliferative activity in

retinoblastoma cells [61].

Lactoferrin nanoparticles: Our study involve the development of lactoferrin (Lf) based
protein NP drug delivery system. Lf is a protein (80kDa) [62] of transferrin family which is
found is many body secretions such as milk, tears, saliva etc. In addition to the iron
transport, Lf also shows multifunctional properties such as, anti-HIV [63], anti-
inflammatory [64], anti-carcinogenic [65] and immune modulator [66]. Earlier some ARV
drugs loaded nanoformulation have been developed such as Chitosan NP [67], Polymeric

NP [68] and Lipid NP [69] but their use is limited due to some drawbacks.

Nanoparticles and pharmacokinetics
The nano range size of particles greatly affects the pharmacokinetics (PK) of the drug.
There are many differences in the pharmacokinetics profile of free drug and drugs

encapsulated in the nanoparticles. So it is very crucial to define the PK as well as bio tissue
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distribution of free drugs and nanoparticles encapsulated with drug. Pharmacokinetics
study helps us to understand the therapeutic index, efficacy, toxicities, and side effects of
normal and nanoparticles loaded drugs.

The PK is simply defined as what body does with the drugs. It is study of time course
movement of drugs in the body. PK study tells about the ADME (absorption, distribution,
metabolism, and excretion). PK study involves measuring drug concentration in every
single significant tissue after medication over a timeframe until complete elimination of
drug. Generally the PK study is performed on the basis of half-life of a drug, for any study
the time point is chosen approximately three times of drug’s half-life. The PK parameters
are evaluated on the basis of drug’s concentration in the blood over a period of time. PK

study includes many important parameters, namely AUC, AUMC, Cmax, tmax, t1/2, MRT, CI.

AUC (area under the curve): mathematically the AUC is defined as the area under the curve
in a graph of concentration of drug in blood verses time. Normally the area is calculated
from the start time of drug administration till the elimination of drug from blood. The
quantity of drugs available to the body is referred as bioavailability. The bioavailability of
the drug is generally evaluated using the AUC.

AUMC (area under the first moment curve): It is a curve plotted between drug

concentrations in plasma multiplied by the time on the Y-axis verses time on the X-axis.

Cmax: In compartmental pharmacokinetics analysis, Cmax is the maximum plasma
concentration of the drug achieved at particular time point after administration of single

dose.

Tmax: Tmax is the time at which the drug’s peak plasma concentration is achieved.
MRT (mean resident time): this is the average time that a drug or molecule stays in the

body. Some molecule last for very short time and some molecule last for very longer time.

Generally based on the above mentioned various parameters, the PK analysis will be

carried out. If any drug or drug formulations shows extended systemic blood circulation, it
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corresponds to the increase in the half life on drugs or formulation. The other parameters
such as Cmax, AUC and MRT are found to be increased and the clearance (cl) is decreased in
this case. Further, if any drug or formulations shows fast elimination from the body, it
result in to the decreased AUC, t1/2, and MRT; simultaneously an increase in the clearance
(cl) was observed. Pharmacokinetics profile reflects the behavior of nanoparticles towards
the body. PK data suggest the therapeutic index, efficacy and toxicity effect of drug in
nanoparticles. The concentration of drug or nanoformulation in tissues or blood greatly
defines the toxicity effect. PK study also helps in determining the optimum doses of any
formulation. In case of targeted drug delivery, a higher accumulation of formulation is
found in targeted tissue, thus leads to the more therapeutic index; on the other hand if
more accumulation of formulations is accumulated in the non-targeted tissues, it may leads

to the unwanted side effect and toxicity.

Rationale of the study

The clinical use of anti-retroviral drugs is limited due to their low solubility, low
stability, low bioavailability and high toxicity, this can be overcome by encapsulating the
drug in nanoparticle. This is expected to improve solubility, stability, safety and
bioavailability of drug. Thus provide longer monotherapy and line of HAART option for
treatment. In addition, the vehicle, lactoferrin, due to its intrinsic anti-HIV potential would

provide a synergistic prophylactic action.

The present study addresses this hypothesis through development of lactoferrin
based nano formulation for oral delivery of single drug as well as combination anti-HIV-1
drugs (as per HAART), and demonstrate that this nanoformulation provide a sustained
optimum release of drug along with reduced toxicity, improved pharmacological properties

and anti-HIV activity profile.
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Chapter 2

Materials and Methods
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Materials: All antiretroviral drugs (Zidovudine, Efavirenz, Lamivudine, Atazanavir,
Tenofovir and Ritonavir) were purchased from Sigma Aldrich. Bovine lactoferrin was

purchased from Symbiotics USA, Olive oil was purchased from Leonardo.
Cell lines: SupT1, PBMC, U-937.
Virus strain: HIVnp4-3

Instrumentation: During the preparation of nanoparticle, the mixture was sonicated using
narrow titanium probe of an ultrasonic homogenizer (model 300V/T, Biologics Inc.
Virginia, USA). The centrifuge used for pelleting down of nanoparticles from HERMLE Z 36
HK. Alliance Separations Module e-2695 Waters High Performance Liquid Chromatography
(HPLC) with 2487 dual detector was used for the estimation of drugs; using Empower 3
software. Field Emission scanning electron microscope (FE-SEM) from Philips were used
for nanoparticle characterization. All the statistical data were analyzed and plotted using
Sigma plot software. FTIR (ATIR and Thermo FTIR).

Reagents: Methanol, absolute alcohol, DMSO, acetonitrile, NaCl, Glycine, NaOH, SDS, dyes,
Rhodamine123, Nile Red,

Biochemical Kkits: Biochemical kits were purchased from Span diagnostics and Cayman

chemicals.

Software: Sigma Plot 11.0, Thermo Scientific Kinetica v5.

Methodology

Preparation of Protein Nanoparticles: Protein NP was prepared according to the
previously described protocol [70]. For our study two forms of nanoparticles were
prepared viz. Blank NP or Lacto-nano and drug/s loaded nanoparticles. Total four type of
drugs loaded nanoparticles were prepared. Among four, two NP are single drug loaded NP
and rest two are multiple drug loaded NP. Single drug loaded nanoparticles are AZT NP
(AZT-lacto-nano) and EFV NP (EFV-Lacto-nano). Multiple or combination drug loaded
include first line HAART drugs (AZT+EFV+3TC) loaded Lf NP and Second line HAART drugs
(3TC+TNF+ATV/r) loaded Lf NP.
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Preparation of mono drug loaded Lf NP

Preparation of AZT loaded Lf NP: 10mg of AZT was measured in a 0.6ml
eppendorf tube. It was dissolved in 100ul of MIlli Q water. In another 2.0ml eppendorf tube
one capsule (250mg) of lactoferrin was dissolved completely in 2ml of PBS of pH 7.4. From
this, 320pul has been taken and transferred to the 0.6ml eppendorf containing AZT. Mixture
has been incubated on ice for one hour. Then whole mixture was slowly added to a 60ml
plastic container containing 25ml of ice cold olive oil followed by gentle manual vortexing.
The container was kept on ice (4°C) and sonicated using the narrow titanium probe for
15minutes at an interval of 5min. After sonication the whole mixture was transferred to
50ml Oak Ridge centrifuge tube and immediately frozen into liquid nitrogen at-least for
15minutes. After 15minutes the tube was thawed on ice for four hours. The NP tube
containing tube was centrifuged at 6000rpm for 10min at 4°C. Supernatant (oil) was
discarded and the pellet was saved. The pellet was washed thrice with ice cold di ethyl
ether to remove any oil traces. Finally the NP pellet was resuspended in PBS and used for

further study or stored at 4°C for long term storage (up to 2monhts).

Preparation of EFV loaded Lf NP: EFV loaded Lf NP was prepared using the same
protocol of AZT NP. Briefly, 10mg of EFV was dissolved in 100ul of methanol and mixed
with varying concentration (10mg, 20mg, 30mg, 40mg and 50g) of lactoferrin dissolved in

500ul of PBS. After this same procedure has been followed as to AZT NP preparation.

The preparation protocol for blank nanoparticles is same as of drugs loaded nanoparticles,
only difference is that, in this case only lactoferrin protein was used and drugs were not

used.

Preparation of combination drug loaded Lf NP

Preparation of first line ARV drugs loaded Lf NP: Equal amount of 1st line ARV
drugs viz. AZT (3.33mg), EFV (3.33mg) and 3TC (3.33mg) has been dissolved in 100ul of
DMSO separately and varied amount of Lactoferrin (Lf) were dissolved in 500ul of 1X PBS
(pH 7.4). Drugs and protein solution were incubated on ice for at least one hour, the time
required for saturate binding of drug to protein. After incubation same protocol has been

followed as mentioned in the section of preparation of AZT NP.
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Preparation of second line ARV drugs loaded Lf NP: Second line ARV drugs such
as 3.33mg 3TC, 3.33mg TNF, 3.33mg ATV and 1.11mg RTV were dissolved in 100ul of
DMSO separately and mixed with 40mg of lactoferrin solution and incubated on ice for an
hour. After one hour same procedure has been followed as described for preparation of
AZT NP. Figure 2.1 and 2.2 shows the brief outline the steps followed in preparation of

second line drugs combinations loaded nanoparticles and possible assembly for first line

drugs in lactoferrin nanoparticles.

3TC TNF ATV/r

'

% Nanoparticles

Lactoferrin suspended
in PBS

Figure 2.1: The brief outline for the preparation of second line loaded drugs
lactoferrin nanoparticles.

AZT
+ + —
O:. 0.0
[ ) L)
[ ] ® ®
3TC Efavirenz Lactoferrin First line regimen Lf NPs

Figure 2.2: The possible assembly for first line loaded lactoferrin nanoparticles.
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Characterization of nanoparticles

The NP prepared were characterized using various techniques such as FE-SEM (Field
Emission-scanning electron microscope), AFM (atomic force microscopy), NanoSight,
Transmission electron microscopy (TEM), DLS (dynamic light scattering) and FTIR

(Fourier transform infrared spectroscopy).

FE-SEM (Field emission scanning electron microscope): FE-SEM has been performed
using Philips FEI-XL 30 ESEM; FEI, Hillsboro, OR, USA) operated at 20 KV. Freshly prepared
NP suspension was spread over on the Immx1mm square clean glass slides and kept for
drying overnight. The glass slides were coated with gold before visualizing through the
microscope. The images were focused and captured according to the manufacturer

guidelines.

AFM (Atomic Force Microscopy): Nanoparticles were visualized through AFM (AFM;
SPM-400). All samples were coated on glass slide before visualizing through microscope.

All instructions were followed in accordance to manufacturer.

Particle size and size distribution - Nanoparticle tracking analysis (NTA):
Nanoparticles size distribution was performed by NTA using NanoSight NS500. This
instrument determines the size of nanoparticles based on the Brownian motion of particles
present in the samples. Samples were diluted in Milli Q and experiments were done in
triplicate. The camera setting was adjusted to minimize the background noise and video
was recorded for 60s. After capturing the video, it was processed and analyzed using
dedicated software (NTA analysis software version 2.0). Optimum visualization of
maximum number of nanoparticles were done using manual focusing with combination of
high shutter speed (600) and gain (250). Following setting has been followed during the
analysis, Frames Processed: 1498 of 1498, Frames per Second: 24.98, Calibration: 141
nm/pixel, Blur: Auto, Detection Threshold: 10 Multi, Min Track Length: Auto, Min Expected
Size: Auto, Temperature: 24.80°C, Viscosity: 0.89 cP.
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Transmission electron microscopy (TEM): Nanoparticles were fixed on the 200mesh
type-B carbon coated copper grid (TED PELLA Inc.). NP was stained with 2% Uranyl

acetate prior to analysis.

DLS analysis (particles size distribution and zeta potential analysis): Size distribution
and zeta potential analysis was done using Horiba Scientific (SZ-100). Nanoparticles
suspension were optimally diluted in Milli Q. Sample were then transferred to 2ml quartz
cuvette and analyzed for size distribution. For measurement of zeta potential 200ul of

sample was transferred to specially designed cuvette with electrode.

FT-IR study of nanoparticles: The FT-IR spectral analysis was executed using kBr pellet
method. The 0.1-1.0% of lyophilized nanoparticles were mixed with approximately 200mg
of KBr followed by transferring of mixture to a 13mm diameter pellet forming dye under a
very high pressure of 1000kg/cm?2. A transparent pallet was formed. This was then
transferred to the sample holder followed by scanning in a range of 400 to 4,000 cm-1.

Finally the analysis of spectra was done using OMNIC series software.

In vitro experiments

Encapsulation efficiency: Encapsulation efficiency (EE) is defined as the ratio of actual
and initial amount of drugs encapsulated in the NP. Generally EE is measured in
percentage. The procedure for calculation of EE% is as follows. Freshly prepared NP has
been incubated with 1ml of PBS (pH5) at room temperature at rocking condition for 24h.
After 24h, 100ul of 30% silver nitrate was added to the solution to precipitate the protein.
Then drug/s was/were extracted by adding 1ml of HPLC grade methanol into it. Further
the mixture was centrifuged at 12000rpm for 20min and supernatant was evaluated for the
presence of drugs. All experiments were performed in triplicate. One standard curve was
made using different known concentration of drug/s measured using HPLC. Finally the

EE% was calculate using the below mentioned formula.
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Mtotal - Mlost

Encapsulation Efficiency (%) = x 100

Mtotal

Miotal is the total amount of drug entrapped during preparation of NP and Mioest is the

amount of drug unavailable after release from nanoparticles.

pH and simulatd fluid dependent drug release from NP: 600ug of freshly prepared AZT
NP, EFV NP, FLART NP and SLART NP was incubated with 1ml of PBS of different values pH
in the range 2-8, SIF (simulated intestinal fluid) and SGF (simulated gastric fluid) for 12hr.
After incubation protein was precipitated by adding 200ul of 30% silver nitrate followed
by addition of 1ml of HPLC grade methanol for extraction of drug/s. then after the samples
were centrifuged at very high speed i.e at 12000rpm for 20min: supernatant were analyzed

for the drugs.

Percent drug release from nanoparticles: This experiment has been performed to
evaluate the time dependent release of drug from NP at two different pH. To estimate
percent release, drug loaded NP was incubated for various time points such as 1, 2, 4, 6, 8,
10, 12, 16, 24h. After completion of incubation time aliquot were removed and drugs was

quantified using silver nitrate method.

Erythrocytes toxicity assay (Hemolysis test): This assay was performed for the
combination drugs loaded Lf NP i.e FLART NP and SLART NP. The hemolytic impact of first
line drugs either in soluble or nano form on the rat erythrocytes were conducted according
to previously set protocol [71]. The erythrocytes stock dispersion was prepared as follows.
Initially the blood samples were collected in heparinized tubes. Blood was washed three
times using 0.9% NaCl saline solution. After every wash, the cells were centrifuged for
5min at 150xg; supernatant was discarded. The final pellet dilution was done (v/v) 1:9 in
0.9% NaCl saline solution followed by dilution in Dulbecco’s phosphate buffer saline (D-
PBS), pH 7.0 (v/v) 1:24 [72]. The assay was started by mixing 100pl of erythrocytes stock
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dispersion with 1ml of (Img/ml or 2mg/ml) of FLART Sol, FLART NP, SLART Sol and
SLART NP. The resultant mixture were incubated at 372C under shaking condition for
various time points. Saline solution and distilled water were considered as negative (0%
lysis) and positive control (100% lysis) respectively. After incubation samples were spin
down for 5min at 1200 rpm to remove the debris and integral erythrocytes. Then 100pl of
supernatant was mixed with 2ml of ethanol-HCl mixture (39:1; 99% ethanol [v/v], 37%
hydrochloric acid [w/v]) followed by final centrifugation for 3min at 750g. The resultant
supernatant were spectrophotometrically measured at 398nm. The hemolysis rate was
measured using the formula; HR% = [(D1-D2)/ (D3-D2)] x 100. Here D1, D2 and D3 are the

absorbance of tested samples, negative control and positive control respectively.

Cytotoxicity assay (MTT assay): MTT cell cytotoxicity assay was performed for the
efavirenz either in soluble or nano form. As anti-HIV drugs mainly target T-cell and in some
previous reports EFV has found to skin impairment too. Cell toxicity assay was performed
using three different cell lines; Jurkat, stimulated PBMC and B16-F10 cells. Cells (100%
viability) having a density of 0.2million were seeded with RPMI 1640, 10%FBS in a 96-well
plate and incubated for 4h at 37degree and 5% CO: incubator. Cells were treated with
varying concentration such as 1, 5, 10, 25, 50, 100 and 1000pm of sol EFV & Lacto-EFV-
nano and incubated for 16h. After 16h the cells were pelleted down and resuspended in
fresh media. To this, 20ml of 5mg/ml MTT (Sigma-Aldrich) was added and incubated for 4
h. The cells were then pelleted at 1200 rpm for 20 minutes, the medium was removed, and

the precipitate was dissolved in DMSO and read in an ELISA microplate reader at 570 nm.

Cellular nanoparticles localization assay by confocal study: The localization study of
NP was performed in the macrophages cell line (U-937) (Fig. 2.1). As the ART drugs were
not fluorescent; the lactoferrin NP was tagged with 30pg of Rhodamine-123 green
fluorescent dye. Approximately 100% viable cells with a density of 10% were incubated for
different time such as 1, 2, 4, 6 and 8h. After completion of time points cells were collected

and washed three times using PBS (pH 7.4); fixed on clean glass slide. The fluorescence was
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estimated using laser confocal microscope (Carls Zeiss) by keeping the florescence setting
according to rhodamine123 (Excitation - 505nm and emission - 530nm). Cells without any

treatment were considered as control.

Figure 2.3: Cellular localization of Rhodamine-123 tagged lactoferrin nanoparticles:

a confocal study

In vitro cellular drug Kinetics: This experiment was conducted to indicate the time-
dependent localization of efavirenz either in soluble or nano form. Briefly, 0.1million of
SupT1 cells were suspended in RPMI 1640 with 10% fetal bovine serum and seeded in a
12-well plate. Cells were incubated with 30pg of soluble EFV and Lacto-nano-EFV for
different time points such as 30min, 1h, 2h, 4h, 6h and 8h. After completion of incubation,
period cells were washed using 1X PBS (pH 7.4) and lysed in 500pl of PBS containing 0.1%
triton X-100 under soft sonication for the 20s. Samples were mixed with 1ml of methanol
and 200 pl of 30% silver nitrate; centrifuged at 12,000rpm for 10min, supernatant

obtained were analyzed using HPLC.
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Anti-HIV-1 assay: Antiretroviral drugs (AZT, EFV, LMV, TNF, ATV and RTV) either in
soluble or nano form were evaluated for anti-HIV activity in vitro. Briefly, 0.1 million of
SUPT1 cells with 100% viability were challenged with HIV-1np4-3 virus clone for 10h. Next
day cells were washed thoroughly to remove any unattached virus particles and
resuspended in fresh RPMI 1640, 10% fetal bovine serum medium. Experiments were
conducted at increasing concentration of sol and nanoformulation drugs. Vehicle control
(Blank lactoferrin NP) and AZT were used in a concentration range of 0.1 to 15um. AZT is
considered as positive control. The cell supernatant at day 5 was collected and virus
replicated was estimated in terms of p24 using p24 antigen capture assay (Advanced
Bioscience Laboratories, Kensington, MD, USA, and Lot No. 11111101). The p24 level in the
absence of drug was considered as 0% inhibition. The efficacy of drug was measured in
terms of %Inhibition of HIV-1 replication. After evaluation of ICso for individual drugs we
have performed the anti-HIV for first line and second line drugs. Frist and second line drugs
in the different ratio of their ICso were added to the cells challenged with virus for three
different time points such as 2, 8 and 12h and percent inhibition was measured using p24

ELISA assay.

HPLC analysis: Drugs concentration in blood and in various tissues were analyzed using

Waters HPLC. The HPLC condition for various are indicate below in Table 2.1.

Table 2.1. HPLC conditions for all drugs.

Drugs HPLC mobile phase condition Flow rate Wavelength Ref.
AZT acetonitrile: methanol (60:40 v/v) 1ml/min 265nm [73]
EFV 0.1% formic acid: acetonitrile (25:75, 0.3ml/min 247nm [74]

v/v)
3TC 50 mM sodium dihydrogen phosphate: 1.5ml/min 278nm [75]
triethylamine (996:4, v/v)
TNF Methanol: 10 mM phosphate buffer 1ml/min 254nm [76]
(70:30,v/v)
ATV Acetonitrile: 10nM ammonium formate 0.3ml/min 210nm [77]

buffer (45:55,v/v)
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In vivo experiments

Animal studies and dosage schedule: All in vivo experiments were performed using
Wistar rats. Male and female Wistar rats weighing 0.160kg to 0.250kg and approximately
six month old were obtained from Sainath agency, Hyderabad. Animals were acclimatized
in a hygienic, well ventilated condition at animal house facility, University of Hyderabad for
at least one week prior to treatment. They were allowed freely to access the commercial rat
feed pellets and clean water. Current study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. This study was specifically approved by the Institutional Animal
Ethical Committee, University of Hyderabad.

Animals were segregated depending on the drugs. The details of animal study design is
presented in Figure 2.3 and 2.4. All animals were divided into two major groups; drug
treated and control. Control groups animals were injected with saline (0.9% NaCl in Milli
Q). All treated groups animals were divided in to the different time points groups. All
animals were injected in triplicates. A fixed dose of 10mg/kg for all the four formulations.
AZT and EFV were injected with 10mg/kg body weight. First line drugs were injected in a
ratio of AZT/3.33mg+EFV/3.33mg+3TC/3.33mg for soluble and equivalent to
nanoformulation has been injected. For the second line 3TC/3.33mg +TDF/3.33mg
+ATV/3.33mg +RTV/1.11mg was given. Time point of doses were determined according to
the half-life of drugs. All dosages were administered orally with the help of 18SWG
(standard wire gauze) oral bend cannula. While administration drug was suspended in PBS.
After administration all the animal were monitored hourly to determine the effect of NP on

their weight and behavior. There were no death reported during the treatment.

Pharmacokinetics (PK) and Tissue distribution (TD) study: After the completion of
time points, all animals were euthanized using ketamine (60mg/kg) + Xylazine (10mg/kg),
[P. Blood were collected through heart puncture in terminal anesthesia condition. The
concentration of drugs in blood at indicated time points were evaluated using HPLC and

the PK analysis was performed using Kintica.v5 software. Final sacrifice was done by
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cervical dislocation. Tissues such as brain, heart, lungs, liver, esophagus, spleen, stomach,
small intestine, large intestine, kidney and bone marrow were collected. All the organs
except bone marrow were homogenized in 1x PBS (pH 7.4); 200ul of 30% of silver
nitrate/ml of tissue suspension was added to precipitate the protein. Drugs present in the
mixture was extracted by adding the HPLC grade methanol into it; centrifuged at
12000rpm for 20min at 4°C. Supernatant were filtered using 0.2micron syringe filter and

quantified for the presence of drug using HPLC at respective wavelength of drugs.

Total 90 rats (M+F)

]
84 (drug treated) 6 (control) (3M+3F)

30Min(12) | [1h(12)| [2h(12)| |4h(12)| |8h(12)| | 16h(12) | | 24h(12)

6M 6M 6M 6M 6M 6M 6M
(35+3N) (35+3N) |[] (35+3N) |[] (35+3N) || ] (35+3N) |[] (35+3N) (35+3N)

6F 6F 6F 6F 6F 6F 6F
(35+3N) (35+3N) | | (35+3N) | | (35+3N) | | (35+3N) | | (35+3N) (35+3N)

Figure 2.3: Animal Study design for AZT, First Line HAART drugs and Second line
HAART drugs.

Total 66 rats (M+F)
|

[ ]
60 (drug treated) 6 (control) (3M+3F)

30Min(12) | [1h(12)| |2h(12)| [4h(12) | | 12h(12)

6M 6M 6M 6M 6M

(35+3N) (35+3N) |[ ] (35+3N) |[] (35+3N) (35+3N)
6F 6F 6F 6F 6F

(35+3N) (35+3N) | | (35+3N) | | (35+3N) (35+3N)

Figure 2.4: Animal Study design for EFV.
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Safety analysis assay: After completion of respective time points, all animals were
sacrificed under proper anesthesia; blood was collected followed by isolation of serum. For
long term use small aliquot (50pl) of serum was stored in -20°C. Serum was used for the
measurement of various safety parameters such as LDH, Creatinine, Urea, BUN, Lipid
profile, etcetera. The safety parameters were evaluated using commercially available Kits.

Manufacturer instruction were followed for each kits.

Histopathology analysis: While isolating the various tissue, a small portion of same were
saved in neutral buffered saline for histopathology analysis. Hematoxylin and eosin (H&E)
staining were done in specialized pathology lab. The H&E images were observed under

high resolution microscope for the presence of any abnormalities.

Statistical Analysis

The in-vitro and in-vivo experiments were performed in triplicates. All data were indicated as
mean * standard deviation. The significance difference between multiple groups were analyzed
using one way ANOVA. Between two groups significance was evaluated using student’s t test.

The significance level was set to P<0.05.
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Chapter 3

Development and characterization of AZT loaded

lactoferrin nanoparticles as oral formulation.
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Introduction

Zidovudine, an antiretroviral drugs also referred as azidothymidine (AZT). AZT was the
first medication endorsed by FDA for clinical purpose [14]. AZT is a (Nucleoside reverse
transcriptase inhibitors) NRTI class of anti-HIV drugs which inhibits HIV by inhibiting the
reverse transcription reaction [78]. AZT is generally accessible as the brand name Retrovir
[79]. In early days, AZT was prescribed as mono-therapy for HIV treatment. While in
current scenario, AZT is recommended in combination with other ARV drugs as HAART.
Combivir, the prescribed formulation for HIV treatment is the combination of lamivudine
(150mg) and Zidovudine (300mg) [80]. Zidovudine is capable to inhibit a wide range of
HIV isolates with an ICso range of 0.003 to > 2.0 microM [81]. In-spite of its high anti-HIV
activity, there are many factors that limits is usage such as, its poor pharmacokinetics
profile[82], bone marrow toxicity [83], hematotoxicity [84], and mitochondrial toxicity
[85]. Further, AZT is also known as a potential genotoxic compound [86, 87], which could
leads to anemic condition. The aim of this study is to develop a lactoferrin based
nanoparticles for Zidovudine delivery. Our laboratory has previously developed
nanoformulations various anticancer drugs such as doxorubicin and carboplatin for cancer
therapy [59, 61, 70, 88]. Among the various routes for drug delivery, oral administration is
the best modality available for the drug delivery. The present work involves the
improvement in the delivery of AZT using the lactoferrin as nanocarrier system. It is
envisaged that the present nanoformulation of AZT loaded lactoferrin nanoparticles would
act in a bidirectional manner, wherein the carrier itself has antiviral activity along with AZT
itself. Indeed results of present work showed the improved efficacy, safety, bioavailability

and pharmacokinetics of AZT encapsulated in lactoferrin nanoparticles (AZT-lactonano).

Results

Drug protein optimization time.
After incubation of equal concentration of lactoferrin protein and AZT. The fluorescence
was measured at room temperature. It was observed that after 55 to 60min, there was no

increase in the fluorescence intensity i.e. a saturation in the fluorescence was found (Fig.
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3.1). It suggest that, an incubation time of 60min is sufficient for protein and drug before

preparation of nanoparticles.

SEM microscopic analysis of AZT NP
The size of Blank NP and AZT NP were microscopically analyzed using Field Emission
Scanning Electron Microscopy (FE-SEM). The size of Blank NP was found to be 27nm and

after loading of drug the size was increased up to 59nm (Fig. 3.2).

AFM microscopic analysis of AZT NP
Further the surface anisotropy and size of Blank NP and AZT NP were analyzed using
Atomic force microscopy (AFM). The mean diameter of blank NP was found to be 25nm

whereas for AZP NP it was 61nm (Fig. 3.3).

DLS analysis of nanoparticles

DLS study reveals that the hydrodynamic radii and surface charge (zeta potential) of NP.
The hydrodynamic radii for blank NP was found to be an average of 54nm, whereas for
AZT-NP it was found to be approximately 106nm (Fig. 3.4). Further the zeta potential on
blank NP and AZT NP were found to be -21mV and -23mV respectively.

FT-IR Analysis of AZT NP

FT-IR analysis confirmed that AZT was found to be intact after the preparation of
nanoparticles. Characteristic bands found in the infrared spectra of Lactoferrin proteins
(Pure and nano form) include the Amide I and Amide II (Fig. 3.5 A and B). The absorption
associated with the Amide I band and Amide Il band leads to stretching vibrations of the
C=0 bond and primarily to bending vibrations of the N—H bond respectively. Amide I
bands was positioned around 1645 & 1648 cm-1 are usually reflected to be characteristic of
alpha helices. Amide II (C-N stretching and N-H bending) and peptide N—H stretching
frequency were detected at 1542 & 1539 cm-land 3418 & 3364 cm-! correspondingly. The
C-0O-C stretch were observed around 1096 cm-1 & 1164 cm-! The locations of both the
Amide I and Amide II bands are sensitive to the secondary structure content of a protein.

Assessment spectral analysis of Pure AZT and AZT NP (Fig. 3.5 C and D): sharp
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characteristic peaks of carbonyl group (C=0) at 1682 cm-! (Pure AZT) and 1685 cm-! (AZT
NP), Azide group (N-= N+= N-) peaks at 2117 & 2083 cm-! (Pure AZT) and 2115 & 2082
cm-1 (AZT NP), C-O-C stretch belong to 1088 &1065 cm-1 (Pure AZT) and 1089 & 1065 cm-1
(AZT NP), -NH stretching remains at 3460 cm-! (Pure AZT) and 3461 cm-! (AZT NP). Our
results of FT-IR spectra proved that there were only slight shifting (may be due to dipole
moment of bond as a result of electrostatic interaction between AZT and Lactoferrin
protein) in few stretching vibration but all the major functional group was intact in
nanoformulation and didn’t take part in any covalent bond formation. It confirmed that

AZT is only physically associated (entrapped/adsorbed) with lactoferrin protein.

Encapsulation efficiency of AZT NP
Encapsulation efficiency of AZT NP was calculated according to the equation mentioned in

materials and methods section and found to be 67%.

pH dependent release profile of AZT NP

To test the stability of AZT NP, it was subjected under different pH condition. In the starting
of experiment the amount of encapsulated drugs in the nanoparticles was considered as
100%. In addition to different pH condition, nanoparticles were also treated with two
different simulated fluid, i.e. simulated intestinal fluid (pH=5.4) and simulated gastric fluid
(pH=3). The amount of drugs released under these pH condition were evaluated and
plotted against time. The in vitro drug release profile was shown in (Fig. 3.6). Results
shows that maximum release of AZT was observed at pH5, followed by pH6 and pH4. In
simulated fluid condition only <30% of drugs are released, suggests the stability of NP

under these conditions.

Percent release profile of AZT NP

AZT NP was subjected with two different pH for various time point. Data (Fig. 3.7) shows
the percent release of AZT from AZT NP at different time points. This shows a biphasic
release of AZT from NP at pH5. Approximately 60% of drugs were released (burst release)

up to 4h, then a slow and sustain release until 10h followed by a limited release over 96h.
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Whereas at pH7.4, a maximum of <20% drugs release was observed till the end of

experiment,
In vitro Stability studies of AZT NP

The stability of AZT NP was analyzed in term of its encapsulation efficiency and its
diameter. After preparation AZT NP (suspension form) was placed under observation up to
96h at two different temperature i.e. (4°C and 25°C). At specified interval of time, the
diameter and EE were calculated and presented in Table 3.1. Results showed that AZT NP
are found to be very stable under these condition. There is very minor shift in both

parameters were observed.

Antiviral Activity of AZT Lacto Nano

Antiviral assay was done in two parts. In part I experiment, the dose dependent anti-HIV
activity of sol AZT and AZT NP was performed using HIV-193n10: in SupT1 cell. The ICso
values for Sol AZT and AZT NP was found to be 33.4nm and 20.5nm Fig. 3.8. It suggest that,
AZT is more potent in nanoform as compared to its normal form. In part Il experiment, the
antiviral activity of lactoferrin alone and AZT loaded in nanoformulation was analyzed to
determine if active form of the drug is intact. Here 80mg/ml of soluble lactoferrin and
equivalent of nanoform of lactoferrin has showed 70 and 73% antiviral activity
respectively. Further, the activity of AZT at one microgram concentration is similar to that
of soluble AZT with more than 90% of inhibition of HIV-193IN101 replication in Sup-T1
cells. These results suggests that activity of encapsulated AZT remain stable in

nanoformulation (Fig. 3.9)

Animal Study Design:
The detail animal study design is provided in methodology section (Fig. 2.3 & 2.4)

In vivo pharmacokinetics and tissue distribution of AZT NP
A single dose of 10mg/kg of sol AZT and equivalent dose of AZT NP was administered in
rats orally. After completion of all time points, rats were sacrificed under standard

protocol. After sacrificing all rats, blood as well as tissues were harvested and stored.
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Plasma was isolated from the blood and stored in -20°C for long term use. After
homogenization of all tissue, concentration of AZT was measured using HPLC. The drug
concentrations in various tissue were plotted versus time (Fig. 3.10A & B). The blood
concentration of sol AZT and AZT NP was found to be 10pg and 50pg after 2h of drug
administration. For PK analysis, AZT concentration was estimated in blood at different time
points. The PK parameters were calculated using Kinetica V 5.0 software (Table 3.2). The
overall PK parameters were found to be improved in nanoformulation treated rats
compared to that with soluble drug. In detail, the AUC (area under curve) was increased by
>4 fold in both male and female rats when treated with AZT NP. In AZT NP treated rats, the
AUMC was also found to be increase by >9 fold in both genders. The peak plasma
concentration (Cmax) was also improved by >30% in case of nanoformulation. The Tmax and

t1/2 and were also improved by 2fold.

Safety analysis of AZT NP

After collection of serum, various safety parameters such as AST, urea, bilirubin and
creatinine were estimated at various time point and plotted against time (Fig. 3.11). There
was no significant change was observed in the serum AST level in case of sol or nano AZT
treated rats. The serum urea concentration was elevated at 1h and 2h in case of sol AZT
treated animals as compared to AZT NP treated. Results suggests low kidney toxicity in
case of nanoformulation. The low bilirubin level was observed in nano treated rats as
compared to it soluble formulation. Creatinine level directly relates with the kidney
toxicity, results has shown the elevated level of creatinine was lowered down when treated

with AZT NP.

Histopathology analysis

The histopathology analysis was done for all the major tissue. Result showed that most of
the tissues such as, heart, kidney, stomach, small intestine and large intestine did don’t
show any inflammation or damages, either in sol or nano treated rats. Whereas, some
inflammation or lesions were observed in liver and spleen, as indicated with the arrow

head (Fig. 3.12A & B)
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Bone marrow micronucleus Assay

Barrow marrow cells were stained with Giemsa followed by microscopic analysis. The
smear slides were observed for any abnormalities. In each slide approximately 1000 cells
were observed for the presence of any micronucleus (Fig. 3.13A). The maximum number of
MN-PCE was observed at 8h in sol AZT treated rats, where as in nano treated rats, MN-PCE
number is equal to control (Fig. 3.13B). MN is generally characterized by the presences of

small darkly stained nucleus.

Discussion
Various formulations have been employed previously to improve the oral bioavailability of
AZT. These include controlled [89] and extended [90, 91] release matrices, microspheres
[92], nanoparticles [93] and liposomes [94], which have been proposed for the delivery of
AZT. Even though various routes like intranasal, intravenous and transdermal routes have
been tried for AZT delivery. Peroral route of administration is the most preferred one
because of frequent dosage and patient compliance. Absorption of AZT is reported to be
quick and rapid when administered orally and undergoes first pass metabolism before
giving an average systemic bioavailability of more than 60% [95]. Based on physiochemical
characteristics, the aqueous solubility, pKa and LogP of AZT was reported as 29.3 g/I, 9.68
and 0.06 respectively [96]. Zidovudine typically exhibits a 1-compartment model in plasma
during its oral administration followed by an elimination phase that is biexponential. It is
relatively a lipophilic molecule where 25% of it binds to albumin [97] and gets metabolized
in the body mainly by hepatic 5’-glucouronidation forming a stable metabolite which gets
excreted in the urine. In order to maintain the required therapeutic concentration of AZT,
frequent doses have to be given which may lead to elevation to toxic levels in the blood
resulting in severe side effects like granulocytopenia and anemia. Greater focus has been
given for targeting AZT to lymphoid and reticuloendothelial cells in previous formulations
since the delivery to these cells is utmost important as they constitute major viral
reservoirs and a sterilizing cure for AIDS is impossible unless and until these are
eliminated completely.

Since the encapsulation mechanism involves a process of partition of lipophilic-

lyophilic AZT and lactoferrin in water and oil phases. Such phase transitions may induce
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protein-protein associations that entrap drug in intermolecular core as well as
intramolecular cavities of proteins. This lead to a defined percent of drug (67%) associated
with the protein nanoparticles based on the log P value of the drug, viz., AZT (log P, 0.06).
This can be supported by the observation that AZT is released in biphasic kinetics with
burst (60%) when protein surface of particles exposed to pH 5, which could be due to
change in orientation of protein monomers, this may follow a release of drug molecules
localized at various cavities in the protein over time (to the extent of 20%). In spite of
biphasic release, 80% of loaded drug was released within 10 hours, making the availability
of active drug for inhibiting target enzyme, revise transcriptase activities. Furthermore,
oral absorption of nanoparticles at low pH (<3.0) and circulatory pH7.4, allow particles
intact with the loaded drug. When these particles reached the target cells (lymphocytes
etc.), they enter through receptor-mediated endocytosis followed by fusion to endosome, a
transient pH change to 5.5 in endosome will allow significant drug release in target cell and
make effective concentrations of drug reaching at the site of action. Thus, stability of
particles at pH below 3.0 and at 7.4 make these particles attractive for oral delivery in vivo.
In vivo studies showed that the AZT-lactonano showed has improved pharmacokinetic
profile with more than 4-fold increase in mean serum AUC and AUMC in both male and
female rats. The serum Cmax for AZT-lactonano was increased by 30% whereas more than
2-fold increase was observed in Tmax and t1/2 for both male and females. It suggests that
the AZT in the nanoparticles gets released slowly leading to this significant increase in the
pharmacokinetic parameters. At the same time, this nanoformulation has not shown any
abnormal concentrations in different organs leading to toxicity. The safety profile of nano
and Sol AZT was compared and the results show no significant change in serum AST in
nano versus soluble form, while bilirubin was lower in case of nano when compared to
soluble form in female rats.Serum urea was significantly low when AZT-lactonano was
administered compared to soluble

AZT suggesting low kidney toxicity when nanoformulation was used. AZT-lactonano
showed no apparent differences in creatinine levels compared to soluble form suggesting
low kidney toxicity. In addition H&E staining of all the tissue sections has not revealed any
abnormal morphology for both of the formulations employed. Bone marrow suppression is

the main reason to discontinue AZT based therapy [98] because the hematopoietic
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progenitor cells are heavily damaged. Micronucleus (MN) test is very reliable and fast in
vivo assay to determine any marrow cells alteration [99]. MN are minute extra-nuclear
bodies formed during anaphase stage [100]. Generally two forms of MN are found in RBCs,
polychromatic erythrocytes (PCE) and Normochromatic Erythrocytes (NCEs) [101]. Our
results show that AZT-lactonano is not involved in any MN formation but at the same time
Sol-AZT is two-time more genotoxic. As the free drug is reported to have lower penetration
into the infected cells, the above formulation selectively targets and delivers AZT to cells
that express lactoferrin receptors on their surface through receptor-mediated endocytosis
by which the therapeutic index of AZT can be improved. The amphiphilic nature of AZT
results in low entrapment and significant leakage when packed in conventional liposomal
vesicles as it gets partitioned between lipid bilayers and the core aqueous environment.
The lesser size of the nanoparticles with up to 67% encapsulation of AZT makes the current
formulation to overcome the above problem. Currently, oral dosed HIV nanoformulation
was not available for patients. The quality of patient’s life can be improved by simplifying
the AZT dosage schedule by less frequent administration of a sustained- release
formulation since HAART regimens that combine multiple agents lead to severe side
effects. The advantage in employing lactoferrin as a carrier is its ability to interfere with
virus binding to DC-SIGN of dendritic cells by its interaction with the V3 loop of gp120 and
co-receptors [102]. Further, the same formulation can be employed to improve the brain

delivery of AZT since the lactoferrin is reported to cross the blood-brain barrier [103].

Conclusion

The Present study shows the applicability of protein-based nanoparticles formulation of
AZT through oral delivery. The nanoparticles were prepared using sol-oil protocol. AZT-
lactonano showed a biphasic drug release profile and releases its maximum payload at pH
5. In vivo studies concludes that the physical encapsulation of AZT in lactoferrin
nanoparticles makes the formulation safer and efficacious. Nano-formulation enhances the
various pharmacokinetics profile like AUC, AUMC, Cmax and t1/2 while keeping the
antiviral activity of AZT intact. Further AZT-lactonano is found to be two times less

genotoxic as compared to sol-AZT.
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Figure 3.1 Drug (AZT) - Protein Saturation study.
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Equal concentration of lactoferrin protein and AZT were incubated up to 60minutes. The
flourscence was observed at an intervel of Sminutes up to 60minutes. After 55 to 60

minutes the flourscence intensity became saturated.
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Figure 3.2 FE-SEM analysis of nanoparticles.

The blank lactoferrin nanoaprticles (lacto-nano) and AZT loaded lactoferrin nanoparticles
were prepared using the protocol described in methods section. The nanoparticles were
analysed using FE-SEM. The mean diamtere of Blank NP was found to be 27nm. The size of

particle were increased upto 59nm after the loading of AZT.
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Figure 3.2 FE-SEM analysis of nanoparticles.

A. Blank Nanoaprticles (Lacto-nano)

200 nm EHT = 5.00 kV Signal A = InLens
Mag = 110.00 K X WD = 3.5mm

Date :22 Apr 2013
Time :17:45:05

200 nm EHT = 5.00 kV Signal A = InLens
Mag = 110.00 K X WD = 3.0 mm

Date :14 Feb 2013
Time :15:54:50
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Figure 3.3 AFM analysis of nanoparticles.

A. Blank Nanoaprticles (Lacto-nano)
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Blank lactoferrin nanoaprticles and AZT loaded Ilactoferrin nanoparticles were
characterized using atomic force micrscopy. The average of blank nanoaprticles and AZT

NP were found to be apprx 25nm. The average size for AZT nanoparticles was 61nm.
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Figure 3.4 Dynamic Light Scattering analysis of nanoparticles.

A. Blank nanoparticles (Lacto-nano).

100
50+ <
-80
ey 40+ B
N ~ 60
fa
= 304
=
= —40
= 20
104 -20
0 gl | L [ N A
1.0 10 100 1000 10000
Diameter (nm)
B. AZT nanoparticles (Lacto-AZT-nano).
100
40+
il -80
= 304
N 60
fo
2 20
5 -40
10+ |, _20
0 v Coor oo o
1.0 10 100 1000 10000

Diameter (nrm)

Undersize (%)

Undersize [3%)

The Hydrodynamic radii was calculated using nanopartica nanoparticle analyzer, SZ-100

(Horiba Scientific). The mean size of Blank NP and AZT NP was found to be 54nm and

106nm respectively.
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Figure 3.5 FT-IR spectra

A and B. FT-IR of sol Lacto and Lacto -nano

The FT-IR spectra of lactoferrin in soluble form and lactoferrin nanoparticles was
presented here. The major functional groups such as, Amide [, Amide Il and C-O-C was
found to be intact in nanoformulaiton. Only little shift in the positions of band were

observed.

The comparsion of major functional group in sol lactoferrin and Blank NP.

Functional groups Sol Lactoferrin Blank NP

Amide I (C=0) 1645 cm1 1648 cm-!

Amide II (C-N stretchingand N-H 1542 & 3418 cm™! 1539 & 3364 cm-!
bending)

C-0-C 1096 cm™1 1164 cm™!
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Figure 3.5A and B. FT-IR spectra.

A. Pure Lactoferrin.
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Figure 3.5 FT-IR spectra.

Cand D. FT-IR of Sol AZT (Pure AZT) and AZT NP

Sol AZT and AZT NP were analyzed using FT-IR. The positond of featured functional

grouops were analysed and presented below.

The comparsion of major functional group in sol AZT and AZT NP.

Functional groups Sol AZT AZT NP

carbonyl group (C=0) 1682 cm-1 1685 cm-1

Azide group (N-=N+=N-) 2117 & 2083 cm! 2115 & 2082 cm!
C-0-C 1088 & 1065 cm™1 1089 & 1065 cm™1
-NH 3460 cm! 3461 cm!
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Figure 3.5C and D. FT-IR spectra.

Pure AZT.

C.

AIUBTIUISUEL | %

LEELE

500

2000
Wavenumbers (cm-1)

2500

3000

D. AZT nanoparticles (AZT-Lacto-nano).

36 T #ZT-aetoferin bano

347

324

30+

208+

26 -

24 -

575
g ¥58
£Z0L
THEL
1092
TEBL
Fare
7 i68
#3556 PP —
£0E0L 1
2530l
SES0L
I oLLLL
EEOTL
F09TH
FO5TL
GEEEL
& Loy |
FEchL
¥aspl
TIESL
55831
27302
ST
SBTET
& LPET
0ZSET
TETET
£ 1957
¥ PEDE I
¥Ti0E
19pE
.
~ ] w w =t ] = w w =t
NN = = = = =

3UETIWSUEL|

%

2500 2000
Wyavenumbers (cm-1)

3000

3500

a00

1000

1500

4000

44



Figure 3.6 pH dependent release of nanoparticles.
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600pg of AZT loaded lactoferrin nanoparticles was incubated in the buffers of different pH
(pH 2 to 8), SGF (Simulated Gastric Fluid) and SIF (Simulated Intestinal Fluid) for 12h. The
maximum release of AZT was observed at pH5 followed by pH 6 and 4. <30% of drug

release was observed at other pH condtion, SGF and SIF.
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Figure 3.7 Percent release of drug from nanoparticles.
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600pg of AZT nanoparticles were incubated with PBS of pH 7.4 and 5.0 with indicated time
points. The cumulative percent release of drugs was calcualted and plotted. At pH5.0, the
drug release was observed in bi-phasic manner; approx. 60% of drugs was reelased up to

4h followed by a constant release upto 96. At pH7.4, <20% of drug release was observed

throughout the study period.
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Figure 3.8 Antiviral assay.

Anti-HIV assay
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A dose dependent antiviral assay was performed using Sol AZT and AZT nano. Various
increasing concentration of Sol AZT and AZT nano were used for the antiviral assay.
Antiviral assay was perofmed according to the protocol mentioned in methods sections.

The ICso vlause for Sol AZT and AZT nano was found to be as follows.

Sol ICso Nano ICso

AZT 33.4 nM 20.5 nM
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Figure 3.9 Antiviral assay.

Antiviral activity
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To evaluate the anti-HIV activity of AZT and Lactoferrin in the naoform, a fixed dose
antiviral assay was conducted. AZT (1pg) and lactoferrin (80mg/ml) was used for the
antiviral assay. Soluble and nano lactoferrin have showed 70 and 73% antiviral activity
respectively. Further, the activity of AZT at one microgram concentration is similar to that
of soluble AZT with more than 90% of inhibition of HIV-193in101 replication in Sup-T1 cells.

It suggests that activity of encapsulated AZT remain stable in nanoformulation.
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Figure 3.10 A. Tissue distributin.
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A fixed dose, 10mg/kg of soluble AZT and equivalent anount of AZT NP weas administered
orally to the rats. After completion of tme points, major tissues were harvested and drugs
was extracted. It was found that, after oral administration of drugs, the soluble form
reaches to blood circulation early followed by a rapid decrease. On the other side the
nanoformulation reaches to the circulation late and retains for the longer time, as indicated
by improved half life in case of nano-formulation. Further, the GI absorption pattern for
soluble and nano behave similarly in terms of kinetics.
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Figure 3.10 B. Tissue distributin.
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A fixed dose, 10mg/kg of soluble AZT and equivalent anount of AZT NP weas administered
orally to the rats. After completion of tme points, major tissues were harvested and drugs
was extracted. Result shows the distribution of druhgs in heart, lungs, speleen, brain,
kidney and bone marrow. Kidney biodistribution shows the fast clearance of soluble AZT as
compred to AZT NP. In bone marrow at 4h, 8h and 16h there were more accumulation of
soluble AZT as caomrped to AZT NP, leads to bone marrow toxicity.
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Figure 3.11 Safety analysis.
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Biochemical safety analysis profile. Safety analysis was done using biochemical kits after
oral administration of nano and soluble AZT (10mg/kg) in both male and female rats. Liver
damage was estimated by Bilirubin and AST level whereas Kidney toxicity was checked by
Urea and creatinine level. AZTlactonano showed no toxicity to both liver and kidneys on

the other hand it exhibited minimal urea levels when compared to the soluble AZT.
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Figure 3.12 A. Histopathological analysis of tissues.
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Rats were orally administered with sol AZT and AZTlactonano (10mg/kg body weight),
after completion of 24hr time point, organs were removed and processed for cryo-
sectioning followed by Hematoxylin and Eosin (H&E) staining. Liver and Spleen has shown

some inflamamtion or leasion as indicated by printed arrow. Scale bar is equal to 100um.
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Figure 3.12 B. Hematoxylin and Eosin staining.
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After oral administation of 10mg/kg of Sol AZT and Nano AZT, H & E staining were done for
kidney, stomach, small intestine and large intestine. All the above mentioned oragns didn’t

show any inflamattion. Scale bar is equal to 100pm.

53



Figure 3.13 Bone marrow micronucleus Assay

A. Bone marrow smear

Bone marrow cells (after 8h of treatment) showing the presence of enucleated
Normochromatic erythrocyte (NCE) and nucleated polychromatic erythrocyte (PCE) cells.
One PCE holds a micronucleus (MN); indicated by arrow. This images was captured at 100x

under oil immersion objective.
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Figure. 3. 13 Bone marrow micronucleus Assay

B. Statistics of PCE in bone marrow.
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It shows the frequency of polychromatic erythrocyte (PCE) in bone marrow cells after oral
administration of sol AZT and AZT-lactonano at 4, 8 and 16h. Data were presented as Mean

* SD. Value of significance, **P < 0.005, *P < 0.05.
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Table 3.1: In vitro stability of nanoparticles

Diameter of the
nanoparticles (nm)

AZT present in mg (%) *

Hours 4°C Room temp* 4°C Room temp”
0 55.67+ 4.54 53.23+ 3.56 6.75 % 0.69 (100.00) 6.71 £0.19 (100.00)
1 54.5+4.30 54.5+2.68 6.49 £ 0.96 (96.15) 6.57 £ 0.82 (97.91)
2 58.6 £ 3.36 59.7 £5.13 6.68 + 0.85 (98.96) 6.66 + 0.28 (99.25)
4 53.1+4.19 53.6 £4.35 6.71 £0.52 (99.41) 6.47 £ 0.18 (96.42)
6 52.3+£3.63 55.5+4.72 6.58 £ 0.78 (97.48) 6.53 £ 0.36 (97.31)
8 54.7 +4.73 57.6 +3.81 6.37 +0.67 (94.37) 6.54 + 0.49 (97.46)
10 58.3 £6.63 58.7 £ 4.34 6.66 = 0.78 (98.66) 6.30 £ 0.84 (93.89)
12 53.6 £5.13 56.8 £3.92 6.48 £ 0.82 (96.00) 6.52 £ 0.92 (97.16)
16 60.2 = 5.39 541477 6.52 +0.19 (96.59) 6.50 + 0.14 (96.87)
24 58.7 £4.73 59.4 + 4.65 6.64 + 0.35 (98.37) 6.68 * 0.49 (99.55)
48 55.6 £4.73 57.1+£291 6.51 £ 0.73 (96.44) 6.63 £ 0.19 (98.81)
72 56.7+ 5.94 56.7 + 2.65 6.54 + 0.37 (96.88) 6.58 £ 0.27 (98.06)
96 60.8 £5.76 58.4 +4.39 6.65 + 0.39 (98.52) 6.35 £+ 0.38 (94.63)

All the data (n=3) were presented as mean * standard deviation.

#Drug present in the particles was estimated by using HPLC, in milligrams. The amount of

drug present initially at zero hour at 4°C and room temperature are considered as 100%

drug present.

*Room temperature: The temperature used here was an average equal to 23°C.
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Tables 3.2: Pharmacokinetics profile of AZT-lactonano in male and female rats.

Parameters Male Female
Nano Soluble Nano Soluble
AUC (h)*(ng/ml)  251.57 63.48 254974 58.74
AUMC (h)*2*(ng/ml) 1270.3 139.73 1485.24 126.737
Cmax ug/mL 49.198 37.67 46.17 35.45
Tmax Hours 2 1 2 1
ti2 Hours 3.07 1.759 3.27 1.92

Values in the parenthesis designates the concentration of AZT in micrograms per ml of
blood.
Pharmacokinetic parameters.

AUC: The integral of the concentration-time curve (after a single dose or in steady state).

AUMC: Partial area under the moment curve between t start and t end.

Cmax: The peak plasma concentration of a drug after oral administration.

Tmax: Time to reach Cpax.

t1/2: The time required for the concentration of the drug to reach half of its original value.
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Chapter 4

Development and characterization of Efavirenz loaded

lactoferrin nanoparticles as oral formulation.
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Introduction

According to current epidemiological data sheet, approximately 35 million of World’s
population are living with Human immunodeficiency virus/ Acquired immune deficiency
syndrome (HIV/AIDS) [104]. Progression to AIDS is done primarily on the basis of a low
CD4 count, which may finally leads to immunological failure [105, 106]. Food and Drug
Administration (FDA), USA has approved six classes of drugs for the treatment of HIV
infection and these are (I) non-nucleoside reverse transcriptase inhibitors (NNRTIs), (II)
nucleoside-analog reverse transcriptase inhibitors (NRTIs), (III) integrase inhibitors, (IV)
protease inhibitors (PIs), (V) fusion inhibitors, and (VI) co-receptor antagonists [13].
Treatment for AIDS started with mono-drug therapy during late nineties, which has
subsequently shifted to combination therapy with double drug and then currently to triple
drug combination therapy. The triple drug combination HAART therapy includes two NRTI
plus one NNRTI [13, 107, 108]. Efavirenz (EFV) is highly lipophilic [109] having very poor
aqueous solubility (8.3pg/mL) [110]. It is a very commonly prescribed combination drug in
the first line antiretroviral regimen for AIDS treatment [111]. EFV exhibits having very high
plasma protein binding (more than 99 %) [112], that results in very low bioavailability (log
P = 5.4, 40-45%), thus requiring administration of very high dose [113]. The
pharmacological activity of drug is mainly dependent on unbound fraction of drug in the
blood plasma. For improving the pharmacokinetic behavior of poor bioavailable drugs,
various attempts have been made to deploy nanotechnology based delivery systems using
nanoparticles and nano-suspension [113-115]. Amongst these nanoparticles based system
is one of the most promising drug delivery systems [89]. To deliver the drug in controlled
and sustained manner at the site of action and to maintain the desired therapeutic
concentration for long time, various biodegradable polymers have been used as nano
carriers. Our study is concerned with the development of a lactoferrin based nano delivery
system. Lactoferrin (Lf) is an iron binding protein present in external secretions such as
tears, nasal fluid, saliva, pancreatic, gastro intestinal, urine and reproductive tissue
secretions [116-118]. It is a biodegradable multifunctional protein having various
properties such as anti-inflammatory, virucidal and anti-microbial. These properties make

it an efficient and safe drug delivery system as compared to systems based on other

59



molecules [117]. Moreover it is easily available, cost effective and is an ideal material for

the development of nanoparticles.

Thus, the present study aims at developing a highly stable lactoferrin based oral nano
formulation for delivery of efavirenz with sustained optimum release of drug along with

reduced toxicity, improved pharmacological properties and anti-HIV activity.

Results

Nanoparticles preparation

Drug protein saturation studies: Our results of drug protein saturation studies
have shown that EFV molecules (1pM) have fluorescence and with the increasing time,
fluorescence intensity concentrations were increased till 1hr with 5mins interval gap. After
1hr, the fluorescence intensity was not changed. It suggest that, 1hr incubation period is

sufficient for drug loading onto the protein while preparing nanoparticles (Fig. 4.1).

Estimation of Encapsulation efficiency of nanoparticles: Encapsulation
efficiency (EE) of Lacto-EFV-nano was estimated in five different protein concentrations,
while keeping the concentration of drug constant. The EE for different combination ratio
has been shown in Table 4.1. The results presented in Table 1 show that the Encapsulation
Efficiency was maximum in loading of drug in formulation code F3 (59 * 1.3) at 1:3 molar
ratio of EFV and Lf. Hence drug and protein ratio as per F3 has been used throughout the

study until otherwise stated

Characterizations of nanoparticles
Field Emission - Scanning Electron Microscope analysis of EFV NP: Freshly

prepared nanoparticles (lacto-nano or Blank NP and Lacto-EFV-nano or EFV NP) were
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analyzed using FE-SEM (Fig. 4.2). The diameter or blank and drug loaded NP were found to
be approximately 19-35nm and 45-60nm respectively.

Atomic Force Microscope analysis of EFV NP: The 3D characterization of
nanoparticles were performed using AFM (Fig. 4.3). A mean diameter of approximately
29nm were found for blank NP i.e. without loading of any drug. The EFV loaded Lf NP bears

a diameter size of approximately 63nm with surface projections.

Size distribution, PDI and zeta potential of NP

DLS analysis of nanoparticles: The nanoparticles were analyzed using dynamic
light scattering. The suspension form of nanoparticles were analyzed for size distribution
and colloidal study. DLS results (Fig. 4.4) shows the size distribution of blank and drug
loaded NP. The hydrodynamic radii of blank and drug loaded NP was found to be 72+3.4nm
and 103+5.3nm respectively. The size measured by DLS was found to be apparently larger
than the size measured using FE-SEM. The larger size was caused by water shell present
around the NP. A negative Zeta potential of -19mV was found on the Lacto-EFV-nano (Fig.
4.5). The polydispersity index of Lacto-EFV-nano was found to be less than 0.341.

FT-IR Analysis of EFV NP: The surface modification, if any was analyzed using FT-IR
study. The FT-IR spectra of sol EFV and lacto-EFV-nano were performed and shown in Fig.
4.6. The comparative evaluation between sol EFV and Lacto-nano-EFV are as follows. The
first value (in cm-1) corresponds to sol EFV and later to lacto-nano-EFV. The peak of C-O at
1073.9/1092.6, C=0 band at 1749.49/1746.5, N-H strong stretch at 3316.8/3320.3, C-F at
1385.5/1378.6, CH; at 1216. 8/1238.7 and the featured alkyne band at 2250.01/2268.8.
Data shows that major peaks remain conserved, only slight shift in some band were
observed that may be due to dipole moment of bond as the interaction between drug and

protein may be electrostatic.

Differential Scanning Calorimetry studies: Differential scanning calorimetry (DSC) of
pure EFV and Lacto-EFV-nano was performed. Fig. 4.7 corresponds to the thermogram of
Pure EFV in which a sharp endothermic peak was obtained at approximately 138°C

(melting of efavirenz). Degradation of efavirenz was found at or above 260°C but in case of
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lacto-EFV-nano the above mentioned degradation peak was completely absent. There was
slight change in the endothermic peak related to Lacto-EFV-nano when compared with
pure efavirenz. Very negligible peak broadening was found at approximately 139-C in case
of Lacto-EFV-nano. DSC study concludes that there was no complex formation or
interaction between the drug and protein, as the endothermic peak in both the cases
remained unchanged. Thus, drug may be physically associated with the protein with no

chemical interaction.

pH dependent in vitro drug release of EFV-lacto-nano

The results of in vitro drug release experiment showed that, at pH-5 highest drug release
was observed, which followed by pH 4 & 6 (Fig. 4.8). [t was observed that very less
approximately <25% was released in case of simulated gastric fluid and simulated
intestinal fluid. It indicates that drug loaded nanoparticles were stable and intact while
transported through GI environment. Thus suggesting intact nanoparticle are absorbed in

oral route.

Cellular drug localization kinetics of EFV-lacto-nano

Analysis of cellular uptake of Lacto-EFV-nano shows a bi-phasic localization of drug with
significant increase from 0.5h to 4.5h linearly followed constant release up to 12h, then a
vertical drop up to 12h (Fig. 4.9). While sol EFV uptake was increased up to 2h followed by
steady decline up to 12h. Thus, Lacto-EFV-nano exhibit two-fold longer and 1.6 fold higher

cellular localization of drug compared to soluble form.

In vitro Stability of nanoparticles
All NP was evaluated up to four month for different physical measurements. There were no

significant changes were found in all the parameters (Table 4.2).

Anti-HIV-1 activity of nanoparticles
Anti-HIV-1 activity of sol EFV and Lacto-EFV-nano was evaluated in SUPT1 cells infected

with HIV-1np4-3 (Fig. 4.10 A). The increasing concentrations of sol EFV and Lacto-EFV-nano
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were added separately. The p24 level at a different concentrations of drug was measured
and presented as % inhibition of HIV-1 replication. The Lacto-EFV-nano showed a dose-
dependent activity in inhibition of HIV-1 replication with 50% inhibitory concentration
(IC50) of 1.1nM, while that of soluble EFV it was found to be 2.56nM. Furthermore, Lacto-
EFV-nano showed improved-dose dependent profile. In addition, lactoferrin nanoparticle
(without drug) also showed a dose-dependent anti-HIV-1 activity, with IC50 <4 pM. Thus
suggesting that Lacto-EFV-nano exhibits anti-HIV-1 activity both due to EFV and
lactoferrin. Thus this formulation works bi-directionally against HIV-1 infection in a dual

mode of action. AZT was included as positive control (Fig.4.10 B).

MTT assay

Toxicity of efavirenz in soluble and nano form were studied in various cell lines. The results
shows that efavirenz either in sol or nano form was non-toxic at very low concentrations
(Fig. 4.11). In Jurkat cells, 50% growth inhibition (GI50) for sol efavirenz and nano
efavirenz was found to be 27.3um and 58.50um respectively. In case of PHA-stimulated
PBMC it was found to be 24.4um (sol EFV) and 55.30um (nano efavirenz). The GI50 in B16-
F10 cells was found to be 57.4pm (Sol EFV) and 91.20um (Lacto-EFV-nano). These results

suggest that Lacto-EFV-nano possesses lower toxicity compared to soluble EFV.

Animal Study Design
Healthy male and female animals were used throughout the study period. the details of

aimla study design is provided in the methods section. (Fig. 2.4).

In vivo studies

Oral pharmacokinetics study

As described in study design, a single dose of Lacto-EFV-nano and soluble form of EFV
(10mg/kg) were administered orally to rats. Rats were sacrificed at indicated time point
under anesthesia and plasma was collected. Efavirenz was extracted by silver nitrate
method and estimated using HPLC as described in method sections. Efavirenz delivered

through Lacto-EFV-nano was found to have higher localization at 2 and 4h of post
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administration as compared to sol form. All pharmacokinetic (PK) parameters were
computed by Kinetica v 5.0 software are shown in Table 4.3. An improved PK profile in
terms of 3-4 fold increase in plasma AUC and 6-7 fold increase in AUMC was observed in
Lacto-EFV-nano treated rats. Further, Lacto-EFV-nano treated rats showed enhancement
by 30% in Cmax and 100% in Tmax and t1,2. These results suggest that, the nanoformulation

provide higher bioavailability along with improved PK profile.

Tissue distribution

After administration of indicated dose; rats were sacrificed, all the organs were
homogenized and quantified for the presence of drugs. Distribution of efavirenz,
administered via sol or nano form has been estimated in various tissues and plotted against
time (Fig. 4.12A & B). The gut tissue such as esophagus, stomach and small intestine shows
higher localization of drug-loaded nanoparticles at the initial phase of administration.
Maximum drug-loaded nanoparticle were observed at 1 hour in esophagus, then reaches
stomach and small intestine at 2 hours and reaches large intestine at 4 hours. Thus
suggesting that nanoparticle enters through esophagus followed by stomach, small
intestine and large intestine. Further, results shows maximum localization of drugs
(delivered via NP) at 2h in plasma and liver, while it was 4 hours to reach maximum
concentration in kidney, spleen, bone marrow, brain, lungs and heart which deliberately
gets cleared by 12h. Thus suggesting nanoparticles are first absorbed through liver, enter
plasma followed by transport to other tissues. As compared from sol EFV, Lacto-EFV-nano
offers significant localization of drugs in plasma. Further, concentrations of drug was
600ng in liver followed by plasma with ten-fold less concentrations in other tissues viz.
lungs, brain, bone marrow, spleen, heart and kidney. In addition, nano form localizes less

drug compared to soluble form in lungs, brain, bone marrow, spleen, heart and kidney.

Histopathology analysis
Tissue sections of Brain, heart, liver, spleen, kidney and G.I tract have shown that there
were no toxicities in those tissues when Lacto-EFV-nano was administered (Fig 4.13A & B).

Furthermore, Lacto-EFV-nano exhibit no drug-related toxicity in all tissue, while there
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were some toxicity exhibited by soluble EFV as assessed by H & E staining images, which

shows a minor damage (indicated by printed arrow) in liver or brain tissue.

Safety analysis of nanoformulation

The safety analysis of Lacto-EFV-nano was studied in rats, the results show no significant
change in plasma AST and ALT in Lacto-EFV-nano compared to soluble EFV, plasma urea
and creatinine levels were significantly low in both males and female rats, thus suggesting
that Lacto-EFV-nano exhibits low kidney and liver toxicity. Lipid profile and LDH levels also
maintained low in Lacto-EFV-nano than soluble EFV (Fig. 4.14).

Discussion

Efavirenz is a non-nucleoside reverse transcriptase inhibitor (NNRTI). It is used as a main
component of highly active antiretroviral therapy (HAART) for HIV/AIDS treatment. Efavirenz
is characterized by a partition coefficient of 5.3 in lipophilic solvents indicating its lipophilicity
[119]. However as inferred from its restricted aqueous solubility, it has variable bioavailability.
In the present study, we investigated the efficacy of Lacto-EFV-nano as a therapeutic agent for
treatment of HIV/AIDS. Lacto-EFV-nano was prepared using sol-oil chemistry, which yield
particles bearing an average size of 45-60nm with 59% encapsulation efficiency. Our NP
preparation procedure is simple and fast, which does not cause any chemical modification either
to the protein or to the drug. Our procedure has the advantage over other existing chitosan based
NP, in that, the later uses glutaraldehyde during preparation that may affect the cell viability and
chemical forms of the components [120]. A recent quantum dots based study [121] has shown
that, for renal clearance, the cutoff particles size should be approximately 5.5nm, which means
any particle having size less than 5.5nm may get excreted from kidney rapidly. Our NP is usually
of larger size that causes slow renal clearance that facilitates extended blood circulation and
enhanced therapeutics index [121]. The DLS based analysis of hydrodynamic size of blank-NP
(72+3.4nm) and Lacto-EFV-nano (103+5.3nm) were found to be larger than their FE-SEM sizes.
DLS measures the NP size in suspension form and in this case particles size could be affected by
the interaction between water shell and NP surface charge, which leads to increase in the overall
size. A negative surface charge of -23+£1.2mV was found on the NP and exhibits its stability in

the colloidal state. In addition, Lacto-EFV-nano possesses a PDI of <0.341, suggesting that the
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particle population are homogenous in nature with a narrow particles size distribution. During
Lacto-EFV-nano preparation, protein and drugs are incubated together. The presence of aromatic
groups in protein such as tyrosine, phenylalanine and tryptophan are responsible for the
fluorescence. Fluorescence was found increasing with increased loading of the drug in the
protein and saturates in 60 min (Suppl. Fig. S1). FT-IR analysis of drug suggest that drug
incorporated in the nanoparticles was intact, as reflected by the peaks related to major functional
groups. Lacto-EFV-nano was found to be very stable even at higher temperature as shown by
DSC thermogram (Suppl. Fig. S2). EFV NP is found to release the maximum of its payload at
pH5; corresponding to endosomal pH. Exposure of Lacto-EFV-nano to the endosomal pH
condition could lead to a change in the orientation of protein monomer, so that drugs present in
the cavities of protein are released. In addition to this, Lacto-EFV-nano is found to be stable at
gastric condition, whereas other oral formulation derived from chitosan NP disintegrates that
may limit the drug delivery potential of formulation [122]. Further, approximately <10% of the
drugs are released in circulatory pH (pH 7.4) condition, thus supporting the mechanism of
receptor-mediated Lacto-EFV-nano entry followed by localization of Lacto-EFV-nano in
endosomes. These results are consisted with our earlier studies on oral and intravenous delivery
of doxorubicin and AZT though Apo-transferrin and Lactoferrin nanoparticles [33, 123]. Cellular
drug Kkinetics data shows a sustained and long lasting release of drug from Lacto-EFV-nano
Fig_). This property makes the Lacto-EFV-nano superior to other solid lipid NP which show
much faster, burst like release (100% drugs in <5min) [124]. The concentration of soluble EFV
attains its maximum at 2h followed by a constant decrease up to 12h. In our study we showed
that Lacto-EFV-nano is at least 50% less toxic to a variety of cell lines; supported by in vitro cell
toxicity data (Suppl. Fig. S3). Toxicity is one of the important factors to be considered and it has
indeed been reported that EFV therapy was suspended due to its harsh skin-related toxicity
[125]. Our results demonstrate that Lacto-EFV-nano is 1.5fold safer than sol EFV in the case of
skin hypersensitivity. This may be seen from Suppl. Fig. S3, which shows that B16-F10 (skin
epithelial cell line) possess a Glso of 57.4uM and 91.2uM for Lacto-EFV-nano and sol EFV
respectively (Suppl. Fig. S3). Lacto-EFV-nano with a 50% inhibitory concentration
(1C50=1.1nM) were found to be more effective as compared to its soluble form (IC5,=2.56nM) in
blocking the HIV-1 replication (Fig. 3a). Lactoferrin blank-nanoparticles has been found to

inhibit the 50% viral replication at a concentration of <4puM. Anti-HIV-1 activity of Lacto-EFV-
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nano is a cumulative effect of activity due to EFV and Lactoferrin in nano forms. In vivo study
was performed on rats belong to both the sexes, since PK study profoundly depends on the
gender. The drug mechanism and its action also depend on various parameters such as body
weight, hormonal status, cardiac output and body composition [126].Generally women
experience more adverse events than men as per the reports of Food and Administration
department [127]. The nanoformulation developed in our study has helped in achieving an
overall improvement in the PK profile when given orally to the rats. A highly significant
improvement of PK profile was observed in terms of AUC (4 fold) and AUMC (7 fold) in the
case of nano form of drugs as compared to its soluble form both for male and female rats rats and
this is also  relatively better than that reported for other nanoformulation which showed
improvement of AUC by only 2.2 fold [128]. A comparison of male versus female PK profiles
showed that the peak values of plasma concentration (Cnax) Of Lacto-EFV-nano are higher in
female rats (>47%) as compared to male rats (>28%). Further the drug exposure of Lacto-EFV-
nano to the body is higher in female as compared to male, as seen from the relative increase in
the AUC,y value for females compared to males (female >4fold and male >3fold). Higher
AUC,; directly is related to the systematic bioavailability of the drug, hence facilitates reduction
in the dose frequency to the patient. In addition to this, other PK parameters such as AUMCqyt,
Tmax and ty, are also found to be significantly improved in nanoformulation treated rats. A 100%
increment in Tmax and ty, have been found in NP-treated rats (female and male); suggesting slow
and sustained release of drugs through Lacto-EFV-nano. In-spite of accumulation of more nano
drug in the liver, less liver toxicity was observed as depicted in histopathology images. While
earlier reports have demonstrated that efavirenz treatment leads to liver debilitation and
neurocognitive reaction, such as anxiety [129]. Low hepatotoxicity of Lacto-EFV-nano could be
due to protection of EFV by lactoferrin protein nanoshell, further drug may not be released in
liver, this free is no available for conferring drug-related toxicity. The biochemical safety
profiles of nano and Soluble EFV were compared and results show a significant difference in
plasma AST and ALT between nano and soluble form in both male and female rats. Creatinine
and blood urea nitrogen (BUN) showed significant increase (p<0.001) suggesting low kidney
toxicity when nanoformulation was used (Suppl. Fig. S4). Further, the treatment of Lacto-EFV-
nano did not show apparent differences in lipid profile of male and female rats. Any novel drug

formulation could not be accomplished until it full fill the expectation related to stability at
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various physical and environmental factors. The Lacto-EFV-nano, developed in the present study
is found to be highly stable, effective and has an improved PK profile, as compared to the

soluble form of EFV when administered orally.

Conclusion

The present study shows the applicability of protein based formulation in increasing the
absorption of lipophilic drugs. In this study, stable EFV loaded lactoferrin nanoparticles were
formulated using appropriate proportions of protein and drug. This formulation has shown
optimally stable physicochemical parameters with higher bioavailability in terms values of value
of Crax, t12 and AUC. Further, nano-form enhances anti-HIV-1 activity and decreases the toxicity
due to EFV.
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Figure 4.1 Drug (Efavirenz) - Protein Saturation study.
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Protein (Lactoferrin) and drug (EFV) interaction saturation study. The equal molar
concentration of lactoferrin and efavirenz were incubated at an interval of 5min up to 1h,
before preparation of nanoparticles. Fluorescence emission spectra at room temperature
were recorded using Perkin-Elmer LS55 fluorescence spectroscopy. For emission and
excitation, the slit width was set to 5nm. Experiments were conducted in triplicate and

similar spectra were obtained each time.
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Figure 4.2 FE-SEM analysis of nanoparticles.

C. Blank Nanoaprticles (Lacto-nano). B. EFV nanoparticles (Lacto-EFV-nano)
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Blank NP and EFV loaded Lactoferrin nanoparticles were using The Field Emission
Scanning Electron Microscope. The average diameter for Blank NP was found to be 19-

35nm and for EFV loaded Lactoferrin nanoparticles it was found to be 45-60nm.
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Figure 4.3 AFM analysis of nanoparticles.

C. Blank Nanoaprticles (Lacto-nano)
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Atomic Force Microscopy was performed for Blank NP and efavirenz loaded lactoferrin
nanoparticles. The average size for Blank and drug loaded nanoaprticles were found to be

appriximately 27nm and 59nm.
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Figure 4.4 Dynamic Light Scattering analysis of nanoparticles.

A. Blank nanoparticles (Lacto-nano).

100
100~
M -80
80+
= =
-60
z 60-1 o
i
& -40 =
g 40 2
20 =20
0+ ' ' L | ' ' ' ’7' BN ' ' L | ' ' oy ra e
1.0 10 100 1000 10000
Diarneter (nm)
B. EFV nanoparticles (Lacto-EFV-nano).
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DLS analysis was performed for the measurement of hydrodynamic radii. A mean size of

72+3.4nm for Lacto-nano and 103+5.3nm for Lacto-EFV-nano was observed.
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Figure 4.5 Zeta potential analysis of nanoparticles.

A. Blank nanoparticles (Lacto-nano).
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B. EFV nanoparticles (Lacto-EFV-nano).
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Zeta Potential or surafce changre was analysed using Zeta Sizer. A negative surface charge

of -21mV for Blank NP and -19 for Lacto-EFV-nano were evaluated.
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Figure 4.6 FT-IR spectra

A. FT-IR of sol efavirenz
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A. FT-IR of efavirenz loaded lactoferrin nanoaprticles (EFV NP)
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The comparision between the sol EFV and EFV NP

Functional groups Sol EFV EFV NP
Cc-0 1073.9 cm-1! 1092.6 cm-1
C=0 1749.49 cm-1 1746.5 cm-!
N-H 3316.8 cm™! 3320.3 cm™!
C-F 1385.5 cm™! 1378.6 cm1
CH2 1216.8 cm™1 1238.7 cm-1
Alkyne 2250.01 cm™1 2268.8 cm1
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Figure 4.7 DSC (Differential Scanning Calorimetry) thermogram

A. Soluble Efavirenz
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Differential scanning calorimetry (DSC) thermogram of Sol EFV (a) and Lacto-nano-EFV

(b). All samples were lyophilized using lyophilizer before DSC
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Figure 4.8 pH dependent release of nanoparticles.
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pH dependent release assay of efavirenz from Lacto-EFV-nano. 300ug of particles were
incubated in the buffers of different pH, and simulated fluid. The release of EFV was found
to be maximum at pH-5. This is followed by pH-6 and pH-4.The release was between <30%
with the remaining fluids. Abbreviations - SIF (Fa): Fasted state Simulated Intestinal Fluid,
SIF (Fe): feed state SIF, SGF (Fa): Fasted state Simulated Gastric Fluid, SGF (Fe): Feed state

SGF.
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Figure 4.9 Cellular drug kinetics
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In vitro drug kinetics (cellular uptake) assay of EFV, either in sol form or loaded with

lactoferrin nanoparticles. Efavirenz were estimated by HPLC at 247nm. All data points

were measured in triplicate and denoted as mean * standard deviation.
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Figure 4.10 Antiviral assay.
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Anti-HIV-1 assay. The comparative anti-HIV-1 activity of efavirenz in sol form and nano
form. SUPT1 cells infected with HIV-1n14.3 were incubated with increasing concentration
(0.2 - 4nM) of sol EFV and Lacto-EFV-nano. Vehicle control (Lacto-nano) and AZT (negative
control) were used in a concentration of 0.2 - 15uM. On the 5t days of post-infection, p24
level was measured using ELISA. p24 level in the absence of drugs was considered as
0%inhibition. Data were presented mean and standard deviation. The level of significance

is **p<0.01 and ***p<0.001 compared to Lacto-EFV-nano.
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Figure 4.11 MTT assay
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Cell cytotoxicity (MTT) assay. Stimulated PBMC (Panel a), Jurkat (Panel b) and B16-F10

(Panel c¢) were treated with increasing concentration (1, 5, 10, 25, 50, 100 and 1000pM) of

sol EFV, Lacto-EFV-nano for 16h. Blank-NP and AZT were defined as vehicle control and

positive control respectively. PBMCs were cultured with IL-2 (20IU/ml). The effects were

characterized by measuring the dose to kill 50% of cells (GIso). Data were presented as

mean * standard deviation. The level of significance is **p<0.01 and ***p<0.001 compared

to Lacto-EFV-nano.
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Figure 4.12 A. Tissue distributin.
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EFV Tissue distribution in Rats. Oral administration of sol EFV and Lacto-EFV-nano
(10mg/kg body weight) was done and the tissues were collected at the indicated time
points followed by quantification of EFV by using HPLC. It shows the drugs distribution in
esophagus, stomach, small intestine, large intestine, plasma and liver. Abbreviation: Male
sol and Female sol defines the concentration of EFV delivered via sol EFV in male and
female rats respectively. Male nano and female nano defines EFV concentration delivered
via lacto-EFV-nano in male and female rats. The difference between groups was calculated

T
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using one-way ANOVA; **p<0.01 and ***p<0.001.
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Figure 4.12 B. Tissue distributin.
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EFV Tissue distribution in Rats. Oral administration of sol EFV and Lacto-EFV-nano
(10mg/kg body weight) was done and the tissues were collected at the indicated time
points followed by quantification of EFV by using HPLC. It shows the drugs distribution in
heart, lungs, spleen, brain, kidney, and bone marrow. Abbreviation: Male sol and Female
sol defines the concentration of EFV delivered via sol EFV in male and female rats
respectively. Male nano and female nano defines EFV concentration delivered via lacto-
EFV-nano in male and female rats. The difference between groups was calculated using
one-way ANOVA; **p<0.01 and ***p<0.001.
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Figure 4.13 A. Histopathological analysis of tissues.
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Histopathological analysis of tissues. Hematoxylin and Eosin (H&E) staining images of
Heart, Spleen, small intestine, and large intestine. Scale bar is equal to 100puM or 40X

otherwise stated.
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Figure 4.13 B. Hematoxylin and Eosin staining.
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Histopathological analysis of tissues. Hematoxylin and Eosin (H&E) staining of liver,
kidney, stomach and brain. It revealed that few abnormal morphology for the sol
formulations compares to nano formulations employed majorly in Brain, Liver, Spleen

followed other organs. Scale bar is equal to 100uM or 40X otherwise stated.
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Figure 4.14 Safety analysis.
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Biochemical safety analysis profile. Safety analysis was done using biochemical kits after
oral administration of nano and soluble EFV in both male and female rats. Liver damage
was estimated by ALT and AST level whereas Kidney toxicity was checked by Urea and
creatinine level, LDH level and Lipid profile for Heart toxicity were analyzed. EFV-lacto-
nano showed no toxicity to liver, kidneys and Heart. All samples were repeated thrice,
error bars represent standard deviation. Abbreviation: control - data obtained from rats
treated with saline, sol EFV and Lacto-nano-EFV - data obtained from rats treated with sol
EFV and EFV loaded Lf NP respectively, LDH - Lactate dehydrogenase, TC - total
cholesterol, TG - Triglyceride, HDL - high-density lipoprotein, LDL - low-density
lipoprotein, BUN - blood urea nitrogen, AST - Aspartate aminotransferase, ALT - Alanine
transaminase.
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Table 4.1: Encapsulation efficiency optimization of efavirenz loaded lactoferrin

nanoparticles.
Formulation code EFV(mg):Lf(mg) EFV EE (%)
F1 10:10 47 £ 1.2
F2 10:20 42 +2.3
F3 10:30 59+1.3
F4 10:40 55+ 1.7
F5 10:50 51+26
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Table 4.2: In vitro stability profile of nanoparticles

Temperature Parameter

Observation (month)

1 2 3 4
4°C Physical White, No change @ Nochange No change
appearance granular
Average 57.54 63.54 61.65 62.73
Particle size”
(nm)
EE%?* 60 + 3.2 58+ 2.6 59+1.8 58+ 2.8
DC% (w/w)?3 15.0 14.5 14.75 14.5
Room Physical White, No change  Nochange No change
temperature appearance granular
(25°C) Average 63.18 57.53 61.54 63.54
Particle size”
(nm)
EE%* 59 + 1.64 61+1.7 60 + 2.6 59+3.1
DC% (w/w)$ 14.75 15.25 15.0 14.75

*Size of NP was measured using FE-SEM in nm (nano meter).

# The EE was calculated using the formula given in methods section. All experiments were
repeated thrice. Data were presented as mean and standard deviation.

$ The average value of drug content was evaluated using the formula stated in methods

section.
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Table 4.3: Pharmacokinetic Profile for Efavirenz:

Parameters Unit Male Female
Nano Soluble Nano Soluble
AUC(tot) (h)*(ng/mL) 2401.43 764.336 2739.81 684.856
AUMC(tot) (h)"*2*(ng/mL) 11879.8 1944.54 13035.3 1741.96
Cmax ng/mL 440.683 315.62 535.12 280.5
Tmax hr. 2 1 2 1
t1/2 hr. 2.927 1.336 2.79 1.359

Values in the parenthesis designate the concentration of EFV in nano-grams per ml of

blood.

Pharmacokinetic parameters:

AUC (Area under the Curve): The integral of the concentration-time curve (after a single

dose or in steady state).

AUMC (Area Under the first Moment curve): Partial area under the moment curve

between t start and t end.

Cmax: The peak plasma concentration of a drug after oral administration.

Tmax: Time to reach Cpax.

t1/2: The time required for the concentration of the drug to reach half of its original value.
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Chapter 5

Development and characterization of First line regimen
(AZT + EFV + 3TC) loaded lactoferrin nanoparticles as

oral formulation.
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Introduction

An estimated 15.8 million population were on ART treatment in June 2015 [130]. An
effective and uninterrupted antiretroviral (ARV) treatment can control the viremia in
infected persons, further with reduce risk in frequency of virus transmission of HIV with
improved quality of life [13]. In current scenario there are no vaccine available for HIV
prevention, all the candidates being studied are in the initial stage of their development
[131]. In early 1990s the HIV treatment was started as monotherapy then shifted to dual
drug regimen, followed by three-layered drugs combination treatment. When virus
multiplies, the new copies formed contain mutation, hence progenies are slightly different
from original virus; further virus can develop resistance if only one or two ARV drugs were
used. This necessitates the requirement of therapy which combines drugs having different
mode of action against HIV [13, 107, 108]. There are 26 drugs approved by US Food and
Drug Administration (FDA); the highly active antiretroviral therapy (HAART) has
improvised the health of infected individuals and lowered the morbidity and mortality
[132]. Generally combination of ARV drugs are used during the HAART treatment. Each
type antiretroviral (ARV) drug-targeting to specific site in virus replication providing
multi-mode of action against HIV. The recommended HAART first line treatment is a
combination of one NNRTI (Non-Nucleoside Reverse Transcriptase Inhibitors) plus two
NRTI (Nucleoside/Nucleotide Reverse Transcriptase Inhibitors) [133]. A combination of
Zidovudine (AZT), Efavirenz (EFV) and Lamivudine (3TC) is one of the frequently used fist
line regimen. Long term of use of the combination of ARV drugs reported various toxicity,
cardio-toxicity and erythrocyte toxicity is being frequently limit their use [134]. The most
important hurdle in the ARV treatment is that, patient has to take the medication on daily
basis, it may lead to various side effects and other health complications [135]. As
nanoparticles (NP) are the system that deliver the drugs in a sustain manner and possess
long drug retention time inside body; directly relates to reduction in the dosage schedule as
well as other side effects. NP have proven as an effective drug delivery system for a wide
ranges of disease complications such as cancer [136], AIDS [137, 138], Parkinson’s disease
[139] and many more. NP possess a varieties of properties such as biodegradable [140],

sustain drug release [141] and improve efficacy of poor bioavailable drugs [142] etc. The
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pharmacokinetic behavior and tissue distribution of NP is dependent mostly on its size and
it surface properties [143]. Lactoferrin is a pleotropic molecule having a broad spectrum
functional activities viz. anti-HIV, anti-bacterial, microbicidal etc. [144, 145]. Our previous
studies showed that lactoferrin can serve as an effective delivery vehicle for cancer [61].
Indeed AZT loaded lactoferrin nanoparticle showed higher bioavailability of drug with
improved safety [33]. The primary objective of present study is the preparation of a novel
targeted drug delivery system composed of a triple drug (AZT, 3TC, EFV) loaded lactoferrin
nanoparticle. While secondary objectives are evaluation the advantage of the
nanoformulation for improved in vivo pharmacokinetics profile as well as with reduced
side effects, when compared to the free drugs. This will provide a formulation with
enhanced therapeutic utility in terms of reduced dose of drugs, minimum health

complications with increased therapeutic index.

Results

Nanoparticles preparation

Drug (Lamivudine) protein saturation studies: The emission spectra shown in Fig. 5.1
reveals that, incubation period of approximately 25minutes is appropriate for the
nanoparticle preparation. But on account of AZT and EFV, these drugs shown the
saturation of fluorescence enhancement at 60minutes. Hence, preparation of combination
drugs loaded nanoparticles, the maximum time at which the saturation binding for all 3

drugs, 60 min, is considered (Fig. 5.1).

Surface morphology (SEM and AFM) of nanoparticles

The nanoparticles (blank NP or drugs loaded) were prepared using sol-oil chemistry
methods. The SEM and AFM analysis was performed to obtain the information about the
particles size and surface morphology. FE-SEM analysis showed an average particles size of

27-35nm for blank LF-NP and 70-90nm for drugs loaded NP (Fig. 5.2), while nanoparticle
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of individual nanoparticles of AZT was 60 to 80 nm, EFV was 60 to 70 nm and 3TC was 60
to 70, while combination of 3 drugs together is the range of 70 to 90 nm, suggesting that
the 3 drugs are cooperatively loading to the lactoferrin nanoparticle in this methodology
thus not contributing to significant increase in particle size, AFM data showed surface
morphology of nanoparticles of particular type of projection or depression suggesting
intact structural features those promote recognition and binding to the receptor present

on the target cell surface.

TEM analysis of nanoparticles
The results of TEM analysis is presented in Fig. 5.3. It shows an average size of 26nm for
Blank NP or Lacto-nano. Whereas after loading first line drugs (AZT+EFV+3TC), the size

was found to be 60nm.

Particles size distribution studies of nanoparticles

Size distribution of blank NP and drug loaded NP was measured using NTA method. NTA
accurately determine the broad range of NP population ratios. Results suggests that broad
range of blank NP seize belongs to 27nm and 90nm for drugs loaded nanoparticles (Fig.
5.4).

Assembly of nanoparticles and FT-IR spectroscopic study

Fig. 5.5A and B denotes the FT-IR spectra of pure lactoferrin and Lacto-nano respectively.
Fig. 5.5C and D represent the spectra of AZT+EFV+3TC in physical mixture and in loaded
with lactoferrin NP respectively. The FT-IR data of FLART NP shows that all the important
functional groups corresponding to each drugs and lactoferrin protein are remain intact.
The slight shifting of the peaks may be observed in the nanoparticles, it may be due to the

dipole moment as the bond characteristics is electrostatic.

Drugs loading (DL %) and Encapsulation efficiency (EE %)
NP were prepared by varieties of drug to protein ratios, resulted to a different EE for equal
ratio of respective drugs (Table 5.1). The formulation X3 have shown the maximum EE,

hence this ratio of formulation have been used throughout the experiments. The drug
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loading and encapsulation efficiency for each drugs, AZT, EFV and 3TC were calculated
separately according to the already developed formula [REF]. The DL % was found to be
approximately 5% for each drugs (Units) and encapsulation efficiency was found to be in a

range of 58 to 71% (Fig. 5.6A)

In vitro pH dependent drug release and percent release from nanoparticles

FLART NP were subjected to various pH condition starting from pH 1 to 9, SIF and SGF. It
was found that maximum amount of drugs were released at pH5 and 6 (Fig. 5.6B). The
percent drugs release was performed at two different pH condition i.e pH 5.0 and 7.4 for
various time points such as 1, 2, 4, 6, 8, 10, 12, 16 and 24h. It was found that pH7.4 leads to
the release of only 20% of encapsulated drugs up to 24h. While pH5 shows the biphasic
drug release; approximately 60% of the drugs were released up to 5h and rest of 40%
drugs were constantly released up to 24h. (Fig. 5.6C). All three drugs are released together

with similar kinetics suggesting they follow similar mode of drug loading.

Anti-HIV activity of nanoparticles

The in vitro anti-HIV activity of soluble lamivudine and lamivudine lactoferrin
nanoparticles were shown in Figure 5.7A. The ICso for soluble lamivudine and lamivudine
nanoparticles are found to be 42.57nM and 23.18nM respectively. Further, the anti-HIV
activity of various combination of the ICso values of soluble and nanoformulation was
performed (Fig. 5.7B). The 1st line nanoformulation HAART has been found to be improved

over its soluble formulation

Hemolytic effect of FLART NP

Fig. 5.8 shows the percentage of erythrocytes damage under the influence of first line anti-
HIV drug in soluble or nano form. A hemolysis percentage of <5% is generally considered
as non-toxic. The hemolysis rate (HR %) were found to be less than 2.0% at higher

concentration, which could be considered as non-toxic.

In vivo pharmacokinetics and tissue distribution analysis
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All the animals were given a single oral dose of 10mg (AZT/3.33mg+EFV/3.33mg
+3TC/3.33mg) of drugs. Serum was isolated from blood followed by estimation of AZT, EFV
and 3TC individually using HPLC. Drug concentrations were calculated and compartmental
pharmacokinetics analysis was done using Kinetica software and the PK parameters were
given in Table 5.2. Comparable pharmacokinetic profile was observed in both males and
females. When pharmacokinetic parameters in rats treated with nano formulation versus
soluble form are compared, the results show that Cmax increased by 2.5 fold of AZT, 1.6 fold
of EFV and 2.23 fold of LMV with the mean resident time of EFV being higher by a factor of
at 2.41 fold, while it was 1.2 and 1.29 fold enhancement for AZT and LMV when
nanoformulation is employed. Nanoformulation further increased Tmax by 2 hours for all
the three drugs (Table 5.2). Collected tissues were homogenized and quantified for the
drugs available in it. The tissue distribution analysis data were plotted for various tissues
and shown in Figure5.9A and B. Based on kinetics of nanoparticle absorption, NP first
enters esophagus, stomach followed by absorption through small intestine. Then enters
blood followed by liver, heart, lungs, spleen, brain, kidney then bone marrow.
Nanoformulation shows high blood concentration and low clearance as compared to its
soluble complement. Further strikingly nanoformulation shows enhanced absorption of

nano-LMV as compared to its soluble form in all tissues and blood.

Safety and histopathology analysis

The isolated serum was quantified for the presence of creatinine, urea, AST, LDH and
bilirubin (Figure 5.10). Enhanced level of blood creatinine and urea related to the kidney
impairment when treated with soluble drug combination, which were found to be
significantly reduced when nano formulation is employed. Further, increased AST and
bilirubin implies the moderate liver damage when treated with soluble combination of
drugs at 2-4h of post-treatment period, is found to be significantly reduced when treated
with the nano formulation. These results are further confirmed by the histopathological
analysis of tissue sections (Figure 5.11A and B) that show minor damage in the liver, heart
or lungs tissue sections (indicated by black arrow), while such damage was not detected in

these tissue sections when treated with nanoparticle formulation.
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Discussion

The first line ARV treatment regimen is the starting treatment strategy for HIV infected
person. World Health Organization (WHO) recommends a fixed dose combination regimen
which include one NNRTI with two NRTI In case of the failure of treatment outcome, it is
recommended to change in line of therapy to second line regimen; which includes ritonavir
boosted protease inhibitor plus two NRTI (that is not included in first line treatment)
[146]. Which also exhibits several short comings. For effective pharmacokinetic behavior of
any drug, the size of a particle should be in a range of 5.5nm to 100nm; show sustained
blood circulation and effective target tissue drug delivery and a comparatively low
mononuclear phagocyte system (MPS) uptake, as shown by recent quantum dot study [121,
147]. Results shows that drug loaded NP exhibit a size distribution of approximately 70nm
in dry form and hydrodynamic size of 103 nm with enhanced vivo pharmacokinetics
profile. The AFM microcopy images show a characteristic surface projection/depressions
retaining structural features that participate in recognition and binding the receptor in the
target tissue. In-spite of having different solubility properties, all the three drugs exhibit a
drug loading capacity of approximately 60-65%. EFV has shown comparatively less EE
because of its high lipophilicity (log P= 5.4) [119]. Current lactoferrin NP has found to
improve the drug loading capacity in contrast the solid lipid nanoparticles had shown very
poor drug loading capacity [35]. To make the formulation more efficacious, it is important
to deliver the drug to the target tissue. Non-targeted drug delivery leads to undesirable
accumulation of drug inside body that results in the tissue toxicity. Localization of
nanoparticles were studied in macrophages (U937 cells). The results show that localization
of lactoferrin nanoparticles increased exponentially and reaches a maximum at 4 hours,
followed by a significant decrease over the period of 12 hours, thus suggesting that the
lactoferrin nanoparticles after release of its payload undergo exocytosis and get secreted
out from cells. Thus delivery vehicle would not become burden to the cells. This inference
is supported by the results of the pH dependent release assay and percent release assay,
where at physiological pH (pH 7.4) only 10-20% of drugs get released while at endosomal
pH (pH 5.0) approximately 80-90% of drugs release was observed from NP. After oral

delivery, it is important that NP should not be able to release the drug in extracellular
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condition. pH-dependent drug release assay data shows that in SIF (simulated intestinal
fluid) and SGF (simulated gastric fluid) only negligible amount of drug release was
observed and maximum of the drugs are targeted towards the endosomal (pH 5)
intracellular delivery. Our current formulation is more superior to other formulation such
as chitosan nanoparticles which is found to be unstable at gastric and intestinal condition
[148]. The drugs could be encapsulated in the core of NP with a non-covalent interaction
(electrostatic attraction); supported by FT-IR data as major functional groups are intact. A
pH (pH 5) change triggers the protein entities present in NP to change its conformation
thus leading to release of drugs from inside of the core. Earlier report suggested that
Zidovudine treatment causes severe anemia that leads to cessation of HIV treatment [149].
Antiviral data suggest that, the individual drug nanoformulation is found to be more
efficacious than its soluble counterpart as indicated by the reduced ICso value. As HAART
include all the three drugs in combination; the percent HIV-1 inhibition is found to be equal
or improved in case on nanoformulation as compared to soluble drug combination, even
though its dose has reduced to % or 1/4t of their original concentration. Our data
suggested that FLART NP is very less toxic to the erythrocytes (<2%) even at high
concentration. The in vivo data suggest that after loading of drugs together to the NP, an
outstanding improvement in the PK profile is found. We have also detected a prolonged
exposure of drug in the blood circulation, as the AUC value was found to be increased by
approximately 4-fold. The AUMC (tot) has been increased by 4-10 fold for nanoformulation
as compared to the soluble drug combination. The Tmax and t1/2 have improved by 2-fold. It
has been reported that AZT and 3TC the protein binding capacities are 34-38% and 16-
34% respectively, while for EFV it is >99%, thus pointing out to differences in
bioavailability in different tissues. The observed increase of serum biochemical profile for
creatinine, urea, AST and bilirubin shows that liver and kidney impairment In the case of
soluble drug combination treatment. This data has also been supported by the

Histopathological study.
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Conclusion

In conclusion, we have successfully encapsulated three anti-HIV drugs (Zidovudine,
efavirenz and lamivudine) together in the nanoparticles. These first line loaded drugs
nanoparticles were well dispersed stable colloidal solution. These protein based
nanoparticles are easy to prepare, long lasting, biodegradable and non-toxic to
erythrocytes. The in-vitro data suggest that our nanoparticles is able to release drugs
intracellularly in controlled and sustained manner. Drugs loaded nanoparticles have
improved the pharmacokinetics profile for each drugs without causing any toxicity to the
major organs. So we can conclude that our nanoformulation provide a deep insight in the

area of novel drug delivery system.
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Figure 5.1 Drug (Lamivudine) - Protein Saturation study.
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1uM of lactoferrin and 1pM of lamivudine was incubated together for various time points

at an interval of 5min up to 60. The fluorescence was measured after each time interval. It

was found that after 20-25 min, the fluorescence intensity became constant.
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Figure 5.2 FE-SEM and AFM analysis of nanoparticles.
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FE-SEM and AFM analysis of nanoparticles. Upper panel represent the FE-SEM images of
blank Lf NP (Lacto-nano) and first line ART loaded Lf NP (FLART NP). Lower panel shows
the AFM images of lacto-nano and FLART NP respectively. Size of NP has been increased up

on loading of drugs.
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Figure 5.3 TEM (Transmission electron microscope) analysis of nanoparticles.

TEM analysis of nanoparticles. Blank and first line loaded drugs nanoparticles were
subjected for TEM analysis. The samples were prepared according to the protocol
mentioned in methods section. The diamater of Blank NP or Lacto-nano was found to be an
average of 26nm. The diameter of nanoparticles after loading of AZT+EFV+3TC was

recored as approximetely 60nm.
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Figure 5.4 Nanosight analysis of nanoparticles.
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Nanoparticles size distribution analysis: (Nanoparticle tracking analysis) NTA has been
performed using Nanosight NS500. Upper and lower panel images represent the lacto-nano
and FLART NP respectively. Graph has been plotted between particles size verses
concentration/relative intensity 3D plot/relative intensity 2D. Lacto-nano and FLART NP

shows a size distribution of approximately 27nm and 90nm respectively.
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Figure 5.5 FT-IR spectra
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FT-IR spectra of pure lactoferrin (A), lacto-nano (blank Lf NP without loading of drug) (B),

physical mixture of AZT+EFV+3TC (C) and FLART NP (first line ART drugs loaded NP (D).

Comparision of presence of featured groups in sol and naoform.

Functional groups Sol 1stline 1stline NP

Azide group (N-=N+=N-)(AZT) 2117 & 2085.4 cm1 2115&2081.82 cm1!
CH2 (EFV) 1238.72 1242.2 cm-1

C-0-C stretching(3TC) 1150 cm-1 1164 cm1
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Figure 5.6 Drug loading, Encapsulation pH dependent release of nanoparticles.

A. Drug loading and Enacapsulation efficicency. B. pH dependent release

pH dependent drug release assay
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(A) Drug loading and Encapsulation efficiency of first line loaded drugs nanoparticles. (B)
pH and simulated fluid dependent drug release from Nanoparticles: 900pug (300ugAZT
+ 300ugEFV + 300pg3TC) of first line regimen NP were incubated in the buffers of different
pH, SIF (simulated intestinal fluid) and SGF (simulated gastric fluid). The release of all the
drugs was maximum at pH-5 and this is followed by pH-6 and pH-4. (C) Percent
cumulative Drug release: 900ug (300ugAZT+300ugEFV +300ug3TC) of first line regimen
NP were incubated with pH5.0 and pH7.4. The cumulative percentage release profile of

each drugs were calculated.
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Figure 5.7 Antiviral assay.

A. Antiviral assay for LMV.
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B. Combination drugs antiviral assay.

Anti-HIV assay
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(A) The increasing concentration of lamivudine either in soluble or nanoformulation has

been estimated for anti-HIV activity in-vitro as, described in method section. (B) After

calculation of ICso for AZT, EFV and 3TC; the various combination of ICsp for all three drugs

either in soluble or nanoformulation has been analyzed for its antiviral activity. Data were

presented as mean and standard deviation.
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Figure 5.8 Hemolysis assay.
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Hemolysis assay: Erythrocytes incubated with 1 or 2Zmg/ml or AZT+EFV+3TC in soluble or
nanoform for 30 or 60min. HR% (Hemolysis rate) has been calculated and plotted. Data

points were taken in triplicate and presented as Mean + SD. Value of significance, **P <

0.005, *P < 0.05.
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Figure 5.9 A. Tissue distributin.
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Tissue distribution of First line regimen (AZT+EFV+3TC) loaded lactoferrin
nanoparticles: Rats were orally given 10mg/kg body weight of sol 1stline regimen (3.3 mg
AZT+3.3 mg EFV+ 3.3 mg 3TC) and equivalent of its nanoformulation. Figure shows the
drugs distribution in esophagus, stomach, small intestine, large intestine, blood, and liver.
Each data points were taken in triplicate and presented as Mean * SD. Value of significance,
**P < 0.005, *P < 0.05. Abbreviation: Male-nano-EFV and Male-sol-EFV: - Concentration of
EFV measured separately in male rats, when delivered via nano (AZT+EFV+3TC)
combination and sol (AZT+EFV+3TC) combination respectively. Same nomenclature have

been followed for other groups.
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Figure 5.9 B. Tissue distributin.
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Tissue distribution of First line regimen (AZT+EFV+3TC) loaded lactoferrin
nanoparticles: Rats were orally given 10mg/kg body weight of sol 1stline regimen (3.3 mg
AZT+3.3 mg EFV+ 3.3 mg 3TC) and equivalent of its nanoformulation Figure shows the
drugs distribution in heart, lungs, spleen, brain, kidney, and bone marrow. Each data points
were taken in triplicate and presented as Mean * SD. Value of significance, **P < 0.005, *P <
0.05. Abbreviation: Male-nano-EFV and Male-sol-EFV: - Concentration of EFV measured
separately in male rats, when delivered via nano (AZT+EFV+3TC) combination and sol
(AZT+EFV+3TC) combination respectively. Same nomenclature have been followed for
other groups.
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Figure 5.10 Safety analysis.
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Safety analysis of First line regimen NP: Safety analysis was done using biochemical kits

after oral administration of soluble first line (AZT+EFV+3TC) (10mg/kg) and equivalent of

Nano form, in both male and female rats. Liver damage was estimated by Bilirubin and

(Aspartate aminotransferase) AST level whereas Kidney toxicity was checked by Urea and

creatinine level. General tissue damage was checked by LDH (lactate dehydrogenase) level.

Nano-form has showed no toxicity to both liver and kidneys on the other hand it exhibited

minimal urea levels when compared to the soluble form.
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Figure 5.11 A. Histopathological analysis of tissues.
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Histopathology of tissue treated with 1st line regimen: Rats were orally administered
with FLART sol and FLART nano (10mg/kg body weight), after completion of 24hr time
point, organs were removed and processed for cryo-sectioning followed by Hematoxylin
and Eosin (H&E) staining. Figure shows the H&E images of heart, spleen, small intestine,

large intestine and lungs.
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Figure 5.11 B. Hematoxylin and Eosin staining.
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Histopathology of tissue treated with 1st line regimen: Rats were orally administered
with FLART sol and FLART nano (10mg/kg body weight), after completion of 24hr time
point, organs were removed and processed for cryo-sectioning followed by Hematoxylin
and Eosin (H&E) staining. Figure shows the H&E images of liver, kidney, stomach and

brain.
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Tables

Table 5.1

Encapsulation efficiency (EE %) of first line regimen drugs (AZT+EFV+3TC) loaded

lactoferrin nanoparticles under four different drug to protein combination:

Formulation Lactoferrin Drugs (mg) Encapsulation efficiency (%)
code (mg) AZT EFV 3TC AZT EFV 3TC

X1 10 3.33 3.33 3.33 56 49 54

X2 20 3.33 3.33 3.33 61 53 68

X3 30 3.33 3.33 3.33 65 58 71

X4 40 3.33 3.33 3.33 62 52 63
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Table 5.2

PK profile for first line regimen (AZT+EFV+3TC) therapy. The blood were collected
from the treated animals and PK parameter were calculated separately for AZT, EFV
and 3TC.

AZT
Parameters Units Male Female
Nano Soluble Nano Soluble
AUC (h)*(ng/ml) 52.6876 13.7756 49.3596 13.1428
AUMC (h)*2*(ug/ml) 265.396 57.5006 227.85 53.8528
Cmax ng/mL 11.05 441 12.331 4.73
Tmax hr 2 1 2 1
ti2 hr 2.39876 1.67061 2.31774 1.56536
MRT hr 5.037 4.17 4.616 4.0975
Efavirenz
AUC (h)*(ng/ml) 853.186 187.846 860.715 198.352
AUMC (h)*2*(ng/ml) 4995.41 456.019 4971.22 522.148
Cmnax ng/mL 136.91 85.33 139.71 89.92
Tmax hr 2 1 2 1
t12 hr 2.63244 1.32146 2.49558 1.33783
MRT hr 5.855 2.427 5.775 2.632
Lamivudine
AUC(tot) (h)*(ng/mL) 176.338 57.368 177.633 38.766
AUMC(tot) (h)*2*(ng/mL) 989.087 248.871 984.89 150.492
Cmax ng/mL 27.219 12.161 26.57 10.652
Tmax hr 2 1 2 1
ti/2 hr 3.43024 1.35356 3.21595 1.40685
MRT hr 5.60 4.33 5.54 3.88

Pharmacokinetic parameters abbreviations:

AUC (Area under the Curve): The integral of the concentration-time curve (after a single
dose or in steady state).

AUMC (Area Under the first Moment curve): Partial area under the moment curve
between t start and t end.

Cmax: The peak plasma concentration of a drug after oral administration.
Tmax: Time to reach Cmax.
t1/2: The time required for the concentration of the drug to reach half of its original value.

MRT: Mean Residence Times.
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Chapter 6

Development and characterization of Second line regimen
(3TC+TNF+ATV/r) loaded lactoferrin nanoparticles as

oral formulation.
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Introduction

The world health organization recommend the combination of antiretroviral drugs for
HIV/AIDS treatment. Generally two types of combination HAART therapy is suggested for
the treatment. The HAART therapy has significantly reduce the mortality and morbidity of
HIV infected patients [150]. If there was a treatment failure with the first line HAART
therapy, it is recommended to switchover to second line therapy. The base of second line
therapy is mainly on boosted protease inhibitor, ritonavir (RTV or r). Second line HAART is
recommended with a combination of two NRTI plus one protease inhibitor boosted with
ritonavir. If Zidovudine or AZT (NRTI) was already used in first line drugs, then it is not
recommended to use again AZT as NRTI in second line. Instead of AZT, tenofovir in
combination with lamivudine (3TC). Few report suggested that, the use of lamivudine in
second line regimen didn’t significantly affect the viral load in patient [151]. In some cases,
tenofovir is used in first line as NRTI, in that case if there is a switch to second line, it is
suggested to use AZT as NRTI in second line. The importance of second line HAART is the
presence of PI boosted with ritonavir. Boosted dose is recommended in a ratio of 3:1 for
PL:r. In some cases lopinavir boosted ritonavir is used in combination with two NRTL
Mostly it is found that, HIV infected person is co-infected with Hepatitis B, in that case
tenofovir + lamivudine is carried out for treatment of HBV and the second line regimen

shall include some anti-HIV drugs [152].

Results

Drug - protein interaction study: fluorescence measurement.

Second line drugs include a combination of lamivudine, tenofovir, atazanavir and ritonavir.
For optimizing the time for nanoparticles preparation, 1uM of drugs (tenofovir and
atazanavir) was incubated with 1uM of lactoferrin protein. The spectra were measured as
described in methods sections. Spectra shows that, for tenefovir the saturation period is

approximately 40minutes (Fig. 6.1A), whereas for atazanavir it is approximately 45minutes
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(Fig. 6.1B). In previous objective we have shown that, for lamivudine the saturation period
was found to be approx. 25minutes. In account of this, we have incubated the drug to

protein for approx. 45 minutes.

TEM, FE-SEM and DLS characterization of second line drugs loaded nanoparticles.

The diameter and surface morphology of the second line loaded lactoferrin nanoparticles
were evaluated using TEM and FE-SEM using the procedure mentioned in the methods
section. For FE-SEM and TEM the particles used were in dried form. The average size of
SLART NP measured using TEM and FE-SEM were found to be 23nm (Lacto-nano- TEM),
60nm (SLART NP- TEM), 70nm (SLART NP- FE-SEM) (Fig. 6.2A, B and C).

DLS analysis (Hydrodynamic size, zeta potential and PDI)

The hydrodynamic size, surface charge and PDI of nanoparticles were estimated using DLS.
The hydrodynamic radii of the second line loaded lactoferrin nanoparticles (in suspension
form) was found to be approx. 113nm (Fig. 6.2D). The zeta potential and PDI were found to
be -27mv and 0.39 respectively.

Assembly of nanoparticles and FT-IR spectroscopic study

FT-IR study was done to evaluate the stability of drugs in nanoparticles. FT-IR analysis of
physical mixture of 3TC, TNF, ATV plus RTV and the SLART NP (lyophilized form) were
performed and shown in Fig. 6.3A and B. The FT-IR graphs have been analyzed critically
and it was found that, the featured peaks related to major functional groups were intact in
case of nanoformulation. A slight variation in the peaks were observed, which may be due

to dipole moment of electrostatic bond present in nanoparticles.

Drugs loading (DL %) and Encapsulation efficiency (EE %)
The drug loading (drug content) percentage and encapsulation efficiency percentage were
calculated using the formula mentioned in the method section. The estimated drug loading

% and encapsulation efficiency% was presented in Table 6.1.
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pH and simulated fluid drugs release from second line loaded nanoparticles.

Nanoparticles equivalent to 300pg was subjected under various pH condition and two type
of simulated body fluid (SIF and SGF). The drugs release profile was found to be same as of
individual and first line loaded drugs as mentioned in earlier objectives. In this study,
maximum amount of drug release was observed at pH 5 (Fig. 6.4A). Out of three drugs,

lamivudine release was found to be maximum.

In vitro percent release from nanoparticles

The cumulative percent release of drugs from nanoparticles were performed at pH5.0 and
pH7.4. Only trace amount (<15%) of drugs was released at circulatory pH7.4. Exposure to
pH5.0 leads to the more and sustain release of drugs from nanoparticles as compared to
pH7.4 (Fig. 6.4B). All three drugs, 3TC, TNF and ATV were found to release from
nanoparticles in a biphasic manner; up to 60% of drugs were released within first 4h,
followed by a sustain release. Out of three drugs, lamivudine was found to release bit early
as compared to other two drugs. Thus suggesting that its interaction with lactoferrin while

formation of nanoparticles slightly different from other drugs.

Anti-HIV activity of nanoparticles

A dose dependent anti-HIV assay was done for tenefovir, atazanavir and ritonavir to
evaluate the ICso value for the soluble as well as their nano counterparts (Fig. 6.5A, B and
C). The anti-HIV assay was done using the p24 ELISA capture assay, as mentioned in
methods section. The IC50 value was found to be 28.31nM for Sol TNF, 12.14nM for nano
TNF, 6.43nM for Sol ATV, 4.34nM for nano ATV, 19.71nM for RTV and 7.23nM for nano
RTV. After estimating the ICso for individual drugs, a various proportion of combination of
[Cso values of drugs was again evaluated for the anti-HIV activity (Fig. 6.5D). The results
shows that 50% of concentrations of drugs in combination nanoparticles is adequate in

inhibition of HIV-1 replication, thus enhancing the efficacy of combination drugs by 2-fold.

Hemolytic effect of FLART NP
The Rat’s erythrocytes were subjected to lysis under soluble combination of second lines

drugs and nanoformulation. Two different concentration (1mg/ml and 2mg/ml) of soluble
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and nano drugs were incubated with erythrocytes as described in methods sections for
30min and 60min. The hemolysis rate was calculated using the formula mentioned in
method sections and it was found that there was <3% of hemolysis rates was observed

(Fig. 6.6).

In vivo pharmacokinetics study

A single dose of soluble second line drugs and equivalent of its nanoformulation was
administered orally to the rats. After completion of indicated time points, concentration of
drugs at various time points were estimated and pharmacokinetics parameters were
evaluated (Table 6.2). The PK profile was found to be improved both in male as well as

female rats.

Drugs tissue distribution study
After sacrificing the rats, tissues were isolated and processed. The concentration of all the
three drugs were estimated using HPLC. The drugs tissue distribution was plotted in Fig.

6.7A&B.

Biochemical safety analysis

Various safety parameters such as urea, AST, creatinine and bilirubin were estimated in
blood and plotted (Fig. 6.8). A significant elevation in the level of urea and bilirubin were
found at Z2h and 4h when treated with soluble combination of drugs, whereas the same has
been decreased when treated with the nanoformulation. AST and creatinine levels were
found to be raised throughout the study period, but the maximum increase was observed in
1, 2 and 4h. The higher level of AST and creatinine was lowered down after treatment by

nanoformulation.

Histopathology analysis

The histopathology analysis was done for all the major tissue. The tissue sections images
indicates the presence of any inflammation in any organs. Fig. 6.9A and B showed that
there was no sign of any inflammation or lesion when treated with either soluble or

nanoformulation.
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Discussion

After the treatment failure of first line drugs, the second line drugs therapy is
recommended. Generally second line drugs includes in combination of two NRTI plus one
protease boosted ritonavir. Our current study is focused on the development of second line
combination drugs loaded lactoferrin nanoparticles. The nanoparticles were developed
using the protocol mentioned in methods section. The superiority of our protocol is that, it
is simple, fast and it does not involve any harmful chemicals that may affect the cellular
integrity. This nanoformulation is highly stable and biodegradable. The second line drugs
combination used in this study includes lamivudine + tenefovir + atazanavir boosted
ritonavir. The encapsulation efficiency for all the drugs were found to be >55% for all. The
microscopic and DLS characterization revealed a significant increase in the size of
nanoparticles after loading of drugs. The in vitro release and percent release results
confirmed the stability of particles at adverse pH condition and particles are found to be
stable at circulatory pH. The drug release was <15% in case of pH7.4, revealed the stability
of formulation in circulatory condition as well as release of drugs under intracellular
condition. The anti-HIV activity of nano formulated drugs were improved as compared to
the soluble counterpart. The oral PK study reveals an outstanding improvement in PK
profile, when treated with nanoformulations. PK profile was significantly improved in
terms of 4-6 fold increase in AUC and the half-life of all drugs were improved by at-least
2fold in Nano formulated drugs. Further the nanoformulation doesn’t leads to any tissue
related toxicity as revealed by histopathology and safety analysis study. In conclusion the
second line drugs loaded lactoferrin nanoparticle could serve as better alternate

formulation for HIV therapy.

Conclusion

The current objective deals with the preparation and detailed characterization of second
line HAART drugs loaded lactoferrin nanoparticles. In vitro and in vivo studies suggest the,
superiority of nanoformulation over the soluble combination of drugs. The nanoparticles

are very well dispersed and in arrange of 113nm as assessed using DLS. The in vitro anti-
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HIV activity of individual drug nanoformulation and in combination are found to be more
efficacious than its soluble form. Further the pharmacokinetics study on rats shows, the

improved pharmacokinetics profile of nanoformulation over soluble drugs with decreased

tissues related toxicity.
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Figure 6.1 Drug - Protein Saturation study.
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The flourscence spectra obatined after the incubation of one micrmolar of tenefovir or
atazaanvir with same concentration of lactoferrin. The specra were recorded at room

temperature at an intervel of five minutes up to 60minutes.
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Figure 6.2 TEM, FE-SEM, and DLS analysis of second line nanoparticles.
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(A) TEM image of Blank NP reveals the size of approximately 23nm. (B) The TEM size for
nanoparticles loaded with second line of drugs was approximately 60nm. (C) FE-SEM
image of SLART NP shows the average diameter equal to 70nm. (D) The hydrodynamic

radii of SLART NP was found to be in a range of 113nm.
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Figure 6.3 FT-IR spectra
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Figure 6.4 pH dependent and percent release of second line dugs loaded

nanoparticles.

A. pH release. B. Percent Release

pH dependent drug release assay for SLART NP
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(A) In vitro pH release of SLART NP. SLART NP was challenegd to different pH condtion
as well as simulated fluid. A maximum drug relase was observed at pH5. (B) The

Percent drugs relase experiemnt was done at pH5 and pH7.4 for various time points.
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Figure 6.5 Antiviral assay.

A. Antiviral assay for TNF. B. Antiviral assay for ATV.
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(A-C) Mono-drug antiviral assay: The dose dependent antiviral assay of tenefovir,
atazanavir, and ritonavir. (D) Combination drugs antiviral assay: Various different ICso
ratio of all second line drugs were mixed in soluble and nano form. The antivral assay were

performed and plotted.
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Figure 6.6 Hemolysis assay.

10 Hemolysis assay
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Rat’s erythrocytes was chellneged with 1mg/ml or 2mg/ml of soluble second line drugs

and equivalent to nanoformulatons. The rate of hemolysis was evaluetd using the formula

mentioned in mehtods sections.
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Figure 6.7 A. Tissue distributin.
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Single dose of second line HAART drugs in soluble and nanoform was administered orally.

Figure shows that distribution of drugs in espophagus, stomach, small intestine, large

intestine, plasma and liver.
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Figure 6.7 B. Tissue distributin.
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Single dose of second line HAART drugs in soluble and nanoform was administered orally.
Figure shows that distribution of drugs in heart, lungs, spleen, brain, kidney and bone

marrow.
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Figure 6.8 Safety analysis.
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The isolated serum was subjected for various safety parameters, such as urea, AST,
creatinine and Billirubin at indicated time points such as 30min, 1h, 2h, 4h, 8h, 16h, and

24h. control denotes the animal treated with saline.
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Figure 6.9 A. Histopathological analysis of tissues.
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Figure 6.9 B. Hematoxylin and Eosin staining.
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Tables

Table 6.1

DL (Drug loading percentage) and EE (Encapsulation Efficiency percentage)

Drugs Drug loading Encapsulation Efficiency
3TC 6.05% 73%
TNF 5.01% 62%
ATV 5.49% 68%

130



Table 6.2.
PK profile for second-line regimen (3TC+TNF+ATV/r) therapy. The blood were

collected from the treated animals and PK parameter were calculated separately for

3TC, TNF and ATV.

Male Female

Parameters Units Nano Soluble Nano Soluble

LAMIVUDINE (3TC)

AUC (h)*(ug/ml) 243456 51.5115 243.927  45.8128

AUMC (h)~2*(ug/ml) 162835 191.137 15855  170.315

Cimax ng/mL 37.4764 14.8345 412647 15.7358

Tmax hr 2 1 2 1

t1/2 hr 4.52772 1.73108 4.29726 1.76839
TENOFOVIR

AUC (h)*(ng/ml) 30.4453 17.5858 30.9988  19.0855

AUMC (h)~2*(ng/ml) 207.657 78.3823 189.605  93.9559

Cmax ng/mL 5.437 4.8753 49274 5.4242

Tmax hr 2 1 2 1

t1/2 hr 3.73008 1.97014 3.4107 2.03589
ATAZANAVIR

AUC(tot) (h)*(ug/mL) 55.8907 33.5643 55.7568  36.9697

AUMC(tot) (h)A2*(ug/mL) 284.89  111.65  297.312 142.418

Cmax pg/mL 11.334 11.7348 13.2735 13.7457

Tmax hr 2 1 2 1

t1/2 hr 2.20149 1.43037 2.40526 1.91018

Pharmacokinetic parameters abbreviations:

AUC (Area under the Curve): The integral of the concentration-time curve (after a single
dose or in steady state).

AUMC (Area Under the first Moment curve): Partial area under the moment curve
between t start and t end.

Cmax: The peak plasma concentration of a drug after oral administration.
Tmax: Time to reach Cmax.
t1/2: The time required for the concentration of the drug to reach half of its original value.

MRT: Mean Residence Times.
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Chapter 7

Conclusions

132



Conclusions

>

In this study a total of four types drug loaded NP (AZT NP, EFV NP, 1st line HAART
NP and 2nd line HAART NP) have been prepared using sol-oil chemistry. In addition

to this Blank NP or Lacto-nano was also prepared using the same methodology.

All NP have been characterized microscopically using various techniques such as
FE-SEM, TEM and AFM. These studies showed the size for Blank NP in the range of
25-30nm, whereas for drug(s) loaded lactoferrin nanoparticles the diameter found

to increase to 50-70nm.

The DLS analysis to study hydrodynamic radii, zeta potential, and polydispersity
index. The hydrodynamic radii and zeta potential for drug(s) loaded nanoparticles
was found to be an average of 103 to 107nm and -19 to -27mV respectively. For
Blank NP the same was found to be 54nm and -21mV. The PDI index for blank and
drug/s loaded nanoparticles was observed in a range of 0.3 to 0.5 suggesting

uniformly dispersed nanoparticles with negative surface charge for its stability.

The DSC study showed higher temperature of phase transition for efavirenz loaded

lactoferrin nanoparticles confirming the stability of nanoparticles.

The stability of drug(s) loaded in NP has been analyzed through FT-IR study, and
found that the key functional groups related to respective drugs are intact in the

nanoformulation suggesting that drugs are structurally intact.

The encapsulation efficiency e (EE %) was calculated for each type of NP and found
as follows, AZT NP = 67%, EFV NP = 59%, 1st line HAART NP (AZT = 65%, EFV =
58%, 3TC = 71%) and 2nd line NP (3TC = 73%, TNF = 62%, ATV = 68%). These
results suggest that our process allow cooperative loading of drugs without

compromising due to drug-drug interactions.

pH dependent drug release assay of NP shows that pH 5 is the optimum pH for drug

release and at the same time NP are found to be stable in intestinal and gastric
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conditions, as only 10-20% of drug(s) concentrations were released in simulated

gastric and intestinal fluid.

» Percent drug release profile of NP was performed at two different pH (5.0 and 7.4).
pH 5.0 showed a bi-phasic drug release; where 40-55% of drugs were released up to

4-6h followed by a constant and sustain release up to 24h.

» Antiviral properties of all ARV drugs have been found to be improved with
significant decrease in ICso (50% inhibitory concentration) of nano form as

compared to its soluble counterpart.

Individual drug anti-viral activity.

First line regimen drugs Soluble form ICs Nanoformulation ICso
AZT 33.4nM 20.5 nM

EFV 2.56 nM 1.1 nM

3TC 42.57 nM 23.18 nM

Second line regimen drugs

TNF 28.31 nM 12.14 nM
ATV 6.43 nM 4.34 nM
RTV 19.71 nM 7.23 nM

» The combination therapy (First-line and Second-line HAART) are found to be more
efficacious in their nano form as compared to its soluble form combination. As the
percent HIV inhibition is found to be equal or improved even treated with 50% of

their soluble form combination.

» The comparative in-vivo pharmacokinetics (PK) studies were performed on Wistar
rats. Results showed a significant impartment of PK profile of drug when
nanoformulation is administered (Cmax, ti2 and AUC) suggesting higher

bioavailability of drugs as compared to its soluble equivalents.
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The bio-tissue distribution of individual drug NP and HAART NP shows the longer

retention time for nanoformulation as compared to its soluble form.

The safety analysis studies have shown the elevated level of serum creatinine, LDH,
urea, AST and ALT in rats treated with soluble formulations, whose levels were

significantly decreased when treated with nanoformulation.

The histopathology analysis for major tissues were performed after administration
of soluble and Nano formulated drugs. The results shows the presence of
inflammation in few tissue in soluble treated rats, whereas in nanoformulation

treated rats no sign of inflammation was observed.

The drugs associated specific toxicity (AZT- Bone marrow suppression toxicity, EFV-
Skin hypersensitivity, First-line HAART & Second-line HAART- Hemolysis assay)

have been reduced significantly when treated with nanoformulation.

In summary, Lactoferrin nanoparticle formulation composed of single or multiple
antiretroviral drugs is efficacious, enhanced bioavailability, PK profile and

decreased toxicity.
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Abstract

Zidovudine (AZT) is one of the most referred antiretroviral drug. In spite of its higher bio-
availability (50—75%) the most important reason of its cessation are bone marrow suppres-
sion, anemia, neutropenia and various organs related toxicities. This study aims at the
improvement of oral delivery of AZT through its encapsulation in lactoferrin nanoparticles
(AZT-lactonano). The nanoparticles (NPs) are of 50-60 nm in size and exhibit 67% encap-
sulation of the AZT. They are stable in simulated gastric and intestinal fluids. Anti-HIV-1
activity of AZT remains unaltered in nanoformulation in acute infection. The bioavailability
and tissue distribution of AZT is higher in blood followed by liver and kidney. AZT-lactonano
causes the improvement of pharmacokinetic profile as compared to soluble AZT; a more
than 4 fold increase in AUC and AUMC in male and female rats. The serum C,,,5, for AZT-
lactonano was increased by 30%. Similarly there was nearly 2-fold increase in Tyax and tyo.
Our in vitro study confirms that, the endosomal pH is ideal for drug release from NPs and
shows constant release from up to 96h. Bone marrow micronucleus assay show that nano-
formulation exhibits approximately 2fold lower toxicity than soluble form. Histopathological
and biochemical analysis further confirms that less or no significant organ toxicities when
nanoparticles were used. AZT-lactonano has shown its higher efficacy, low organs related
toxicities, improved pharmacokinetics parameter while keeping the antiviral activity intact.
Thus, the nanoformulation are safe for the target specific drug delivery.

Introduction

Zidovudine is the first drug approved for the treatment of HIV infection and is still in the part
of the first line regimen in Highly Active Antiretroviral Therapy (HAART) [1]. Despite of its
efficacy, the factors that limit its clinical use are its toxicity, suboptimal bioavailability and
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pharmacokinetics which includes bone marrow aplasia [2], inhibition of mitochondrial
machinery [3], short plasma half-life [4] and high hepatic first-pass metabolism [5] etc. This
will eventually lead to the increase in the frequency and dosage of the regimen resulting in the
unwanted side effects that compromise in the adherence to the antiretroviral treatment. AZT
(300 mg twice a day oral 1 mg per kg intravenous infusion over 1 hour every 4 hours), was the
first drug approved by the Food and Drug Administration (FDA). Commercially, AZT is avail-
able in various forms such as capsules, tablets, syrup and intravenous injection. Further, FDA
has approved the fixed tablet formulation of AZT for HIV naive patient in combination with
other ART drugs, these includes Combivir (300mg AZT plus 150mg lamivudine) and Trizivir
(300mg AZT plus 150mg lamivudine plus 300mg abacavir) [6]. This necessitates zero order
and targeted delivery of AZT since excess plasma concentration occur immediately after its
administration [7]. Hence, a successful treatment of HIV infection requires a uniform systemic
level of the drug throughout the course of the therapy.

Apart from T-lymphocytes, reticuloendothelial cells namely monocytes and macrophages
act as major reservoirs for HIV and are thought to be responsible for its distribution through-
out the body and brain [8-11]. So a sterilizing cure for HIV is not possible without the access
of drug regimens into macrophage system. In addition, AZT is reported to be a substrate of
diverse drug efflux mechanisms present in cells of CNS, Immune system and Intestinal epithe-
lium which is mainly mediated by ATP binding cassette (ABC) family of proteins viz., P-glyco-
protein [12]. This consequently will lead to the evolution of drug resistant strains. This is one
of the main reasons of the intra- and inter-patient variability and nonlinearity observed in the
bioavailability of AZT [13,14]. To circumvent all of the above limitations associated with AZT
delivery various methods were employed that encompasses delivery as prodrugs, encapsulation
in polymeric and non-polymeric nanocarriers like nanoconjugates, micelles, surface engi-
neered liposomes, SLNs etc. [15-18]. The various advantages in using nanoparticles as delivery
vehicles are their size, surface charge, large surface area to volume ratio, stability, multifunc-
tional and biomimetic properties [19-21].

In spite of having so much of beneficial record of AZT [22], the previous (pharmacokinet-
ics) PK studies showed that, AZT is responsible for the bone marrow toxicity [23] which leads
to bone marrow suppression [24] and finally results to various alteration related to hematopoi-
esis [25-27]. Further AZT has been proven as a genotoxic compound [28,29] which cause the
induction of micronuclei in the mouse bone marrow cells [30].

Earlier research in our lab involved in the development of nanoformulation of doxorubicin,
carboplatin and curcumin with transferrin family of proteins namely apotransferrin and lacto-
ferrin and these were successfully applied for the treatment of hepatocellular carcinoma in rats
and HIV-1 infection in cell line [31-35]. Since oral administration is the best modality available
for the drug delivery, the present work involves the improvement in the delivery of AZT using
the lactoferrin as nanocarrier system. So the advantage with the present nanoformulation of
AZT with lactoferrin is bidirectional, where the carrier itself has antiviral activity along with
AZT itself. The present work showed the improved safety, bioavailability and pharmacokinet-
ics of AZT encapsulated in lactoferrin nanoparticles (AZT-lactonano).

Materials and Methods
Materials

Lactoferrin and olive oil used for preparation of nanoparticle were purchased from Symbiotics
(USA) and Leonardo (Italy) respectively. AZT used was the pharmaceutical production of
Sigma. All other reagents are of molecular biology grade. 24 well plates were from Corning
(USA). For the administration of drugs 18 Standard Wire Gauge bend oral dosing/gavage

PLOS ONE | DOI:10.1371/journal.pone.0140399 October 13,2015 2/17



@’PLOS ‘ ONE

Oral Nanoformulation of Zidovudine

needle was used. Syringe filters were purchased from Pall, HPLC (Waters) was used for the esti-
mation of drug. All Safety analysis experimental kits were purchased from Span diagnostics
India and Cayman chemical USA. p24 ELISA kit was purchased from ABL (USA).

Animals

All the animals (Wistar rats) used in this study were approx. 6 months old and 0.160 kg to
0.250 kg weight, obtained from Sainath Agencies Hyderabad. Animals were housed in animal
house facility of University of Hyderabad and all animal experiments were conducted as per
the approval from Intuitional Animal Ethics Committee, University of Hyderabad.

Preparation of Lactoferrin Nanoparticles

AZT loaded lactoferrin nanoparticles were prepared through sol-oil chemistry [31]. 10 milli-
gram of AZT was dissolved in 1000pl of Milli-Q water and was gently mixed with 40 mg of lac-
toferrin dissolved in 1ml of ice cold phosphate buffer saline (pH 7.4). Mixture was incubated in
ice for an hr. Then it was slowly added to 25ml of olive oil with gentle vortexing. The sample
was sonicated for 15 min at 4°C with the help of narrow stepped titanium probe of ultrasonic
homogenizer (300V/T, Biologics Inc., Manassas, Virginia, USA). Resulting mixture was imme-
diately transferred in liquid nitrogen for 10 min then thawed on ice for 4hr. Particles formed
were centrifuged at 6000 rpm for 10 min at 4°C. Pellet formed was extensively washed twice
with ice cold diethyl ether (to completely remove oil) and then dispersed in 1ml of PBS.

Nanoparticle Characterization

Nanoparticle morphology were examined through two different methods, field emission scan-
ning electron microscope (FE-SEM, Philips FEI-XL 30 ESEM; FEIL Hillsboro, OR, USA) oper-
ated at 20 KV, and Atomic force microscope (AFM; SPM400). Gold coated Nanoparticles were
used for FE-SEM and in AFM where samples were spin coated on glass slides. The characteri-
zation was done according to the protocol described as per manufacturer’s instructions.

FT-IR Spectral Analysis (Drug-Nanoparticle Interaction Study)

Spectral analysis were done using KBr pellet method. All the nanoparticles were lyophilized
before FT-IR analysis. 0.1 to 1.0% sample was well triturated into 200 to 250 mg of KBrin a
mortar. Samples were then transferred to 13 mm-diameter pellet forming die and very high
pressure (1000 kg/cm?) was applied under vacuum; resulted to a transparent pellet. The pellet
was placed on sample holder and scanned from wave number 4000 to 400. Spectral analysis
was performed using FT-IR dedicated OMNIC series software on a windows 7 platform.

Encapsulation Efficiency

Encapsulation efficiency was measured by mixing 50pl of nanoparticles and 950ul of 1X PBS
(pH5) and incubated for twelve hours on rocker. After incubation, 200ul of 30% Silver nitrate
was added and vortexed. 1ml of methanol was added, mixed thoroughly and centrifuged at
16000rpm for 10min at 4°C. After centrifugation supernatant was collected and filtered
through 0.2 micron syringe filters and then filtrate was used for estimation by HPLC (Waters)
at 270 nm. Mobile phase composition used was acetonitrile: methanol (60:40 v/v) [36]. 10ul of
sample was injected at the flow rate of 1ml per min. The encapsulation efficiency (EE %) was
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calculated using the following formula

M., —M
Encapsulation Efficiency (%) = W x 100
total

Here M, is the total amount of AZT entrapped during AZT-lactonano preparation and M,
is the amount of AZT unavailable after release from nanoparticles.

pH Dependent Drug Release Assay and Percent Release of Drug

600ug of AZT-lactonano were incubated for 12h with 1ml of 1X PBS (pH 2 to 8), SGF (simu-
lated gastric fluid) and SIF (simulated intestinal fluid); 200 pl of silver nitrate was added to pre-
cipitate the protein and drug was extracted by adding methanol, centrifuged and supernatant
was estimated for AZT using HPLC. To measure the percent release of AZT from nanoparti-
cles, AZT-lactonano were incubated with 1ml of PBS (pH 5.0 and 7.4). At different time inter-
val aliquots were withdrawn, and estimated for the presence of AZT.

In Vitro Stability Study

The in vitro stability testing was performed for drug loaded nanoparticles (AZT-lactonano) in
PBS (pH 7.4) (NP solution). The stability study was carried out in terms of quantity of drug
present in the nanoparticles using HPLC and diameter. Freshly prepared nanoparticles were
incubated for various time points such as 0, 1, 2, 4, 6, 8, 10, 12, 16, 24, 48, 72 and 96h at two dif-
ferent temperature (4°C and room temperature). Drug content was quantified using the proto-
col mentioned in drug release assay section. The size of above incubated nanoparticles were
measured using FE-SEM.

Animal Study Design

Male and female Wistar rats of 6 months old were acclimatized for a week at animal house
facility, University of Hyderabad under 12h light/dark cycle. For study, animals were divided
into seven different groups according to seven time points i.e., 30min, 1h, 2h, 4h, 8h, 16h, 24h.
Each group contains 3 males and 3 females and drug was administered orally to all animals.
Rats were administered with 10mg/kg body weight of sol AZT and equivalent of AZT-lacto-
nano. Each group was subjected for above mentioned time points. Animals were monitored
hourly after oral administration of drugs. No death was observed during the experimentation.
After completion of respective time points, animals were euthanized using sodium pentobarbi-
tal (50 mg/kg, IP) and blood was collected through heart puncture. Then, tissues such as brain,
heart, esophagus, lungs, spleen, liver, stomach, small intestine, large intestine, kidney and bone
marrow were collected. Serum was separated from blood by centrifugation at 4° C, 1500g for
10min. Except bone marrow, tissue from all other organs were homogenized; 30% of silver
nitrate was added to precipitate the tissue protein. Extraction of AZT from tissue was done by
addition of methanol followed by the centrifugation of the whole mixture at 12,000 rpm for 12
min at 4° C. After centrifugation, supernatant was filtered with 0.2 micron syringe filter and
estimated by HPLC UV detector at 270nm.

Tissue Sectioning and Safety Analysis

Organs were removed and processed for histopathology. The tissues were observed under
microscope for any abnormalities after the treatment with the nanoformulation. Safety analysis
was done by using biochemical kits that were commercially available for serum AST, urea, bili-
rubin and creatinine.
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Bone Marrow Micronucleus Assay

Animals were administered orally with 10mg kg™ body weight of sol AZT and equivalent
amount of AZT-lactonano. The test was performed using the modified protocol of Schmid
[37]. Only three time points (4h, 8h, and 16h) were chosen for the test, based on drug distribu-
tion in bone marrow. After the completion of time points rats were sacrificed by cervical dislo-
cation. Both femoral bone were dissected and the bone marrow cells were collected by flushing
out with 1ml of fetal bovine serum (FBS) and mixed properly. Then cell suspension was centri-
fuged for 5min at 200g; supernatant were discarded. Marrow pellet was resuspended in mini-
mal volume of FBS. One drop of cell suspension were placed on a clean dry slide and thin
smear was made, air dried and then fixed with absolute methanol. Smear was stained with
Giemsa stain for 20min and mounted.

Antiviral Assay

SupT1 Cells (100% viability) with a density of 0.5 million were seeded with RPMI 1640, 0.1%
FBS in 24-well plates. 80mg/ml of lactoferrin was taken, and formulation with and without
AZT (1pg) were added to the cells and they were challenged with HIV-193IN101 at a final con-
centration of virus equivalent to 20 nanograms of p24 per ml. The infected cells were incubated
at 37°C and 5% CO, incubator for 2 h. After 2 h, the cells were pelleted at 350x g for 10 min,
cells were washed twice with RPMI 1640 containing 10% fetal bovine serum. The cells were
suspended in the same medium and incubated for 96 h. After 96 h supernatants had been col-
lected and viral load was analyzed using p24 antigen capture assay kit (ABL kit). The infection
in the absence of compound was considered to be 0% inhibition.

Statistical Analysis

All studies were carried out in triplicates for all groups and results are presented as mean with
standard deviation. The significance of differences between treatments was analyzed by one-
way ANOVA with age and treatment as factors using Sigma plot. The level of statistical signifi-
cance (P) was set at P < 0.05.

Results

Size and EE% of AZT-Lactonano

Field Emission Scanning Electron Microscopy (FE-SEM) and Atomic force microscopy (AFM)
analysis revealed that the particles were spherical and were in the range of 50-60nm diameter
(Fig 1). Increase in size of AZT-lactonano (50 to 60 nm) compared to lactonano (21-35nm)
suggest that drug loading enhance particle size. Encapsulation efficiency was calculated accord-
ing to the equation mentioned in materials and methods section and found to be 67%.

FT-IR Analysis of AZT-Lactonano

FT-IR analysis confirmed that AZT was found to be intact after the preparation of nanoparti-
cles (Fig 2). Characteristic bands found in the infrared spectra of Lactoferrin proteins (Pure
and nano form) include the Amide I and Amide II. The absorption associated with the Amide

I band and Amide II band leads to stretching vibrations of the C = O bond and primarily to
bending vibrations of the N—H bond respectively. Amide I bands was positioned around 1645
& 1648 cm ™" are usually reflected to be characteristic of alpha helices. Amide II (C-N stretching
and N-H bending) and peptide N—H stretching frequency were detected at 1542 & 1539 cm™
and 3418 & 3364 cm™' correspondingly. The C-O-C stretch were observed around 1096 cm™
& 1164 cm™" The locations of both the Amide I and Amide II bands are sensitive to the
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Fig 1. Size of Lactoferrin nanoparticles increases after loading of AZT. AZT containing Lactoferrin nanoparticles were prepared using sol-oil chemistry
as described in methods section. The size of nanoparticles was assessed by Field emission scanning electron microscopy (top panel) and Atomic force
microscopy (bottom panel). Lactonano: Lactoferrin nanoparticle without any drug loading into it, AZT Lacto nano: Lactoferrin nanoparticle loaded with AZT.

doi:10.1371/journal.pone.0140399.9001

secondary structure content of a protein. Assessment spectral analysis of Pure AZT and
AZT-Lactonano: sharp characteristic peaks of carbonyl group (C = O) at 1682 cm™" (Pure
AZT) and 1685 cm ™! (AZT-Lactonano), Azide group (N =N"=N") peaks at 2117 & 2083
cm™! (Pure AZT) and 2115 & 2082 cm ™! (AZT-Lactonano), C-O-C stretch belong to 1088 &
1065 cm™" (Pure AZT) and 1089 & 1065 cm™' (AZT-Lactonano), -NH stretching remains at
3460 cm ™' (Pure AZT) and 3461 cm™' (AZT Lactonano). Our results of FT-IR spectra proved
that there were only slight shifting (may be due to dipolemoment of bond as a result of electro-
static interaction between AZT and Lactoferrin protein) in few stretching vibration but all the
major functional group was intact in nanoformulation and didn’t take part in any covalent
bond formation. It confirmed that AZT is only physically associated (entrapped/adsorbed)
with lactoferrin protein.

AZT-Lactonano Release Assay

In case of percent drug release assay, the encapsulated drug present in nanoparticle was consid-
ered as 100% at the start of the experiment. The amount of drug released at indicated pH at dif-
ferent time points was estimated and presented as percent release with reference to the drug
loaded in the nanoparticles. In vitro analysis of AZT release from the nanoparticles has shown
that highest amount of AZT was released at pH-5 (Fig 3A) followed by pH-6 and pH-4. Its
release in the presence of simulated Gastric and Intestinal fluids was lesser indicating its stabil-
ity at extreme pH. Release kinetics at pH 5.0 as indicated in Fig 3B showed a biphasic release,
wherein a burst release of 60% of drug within 4 hours, followed by reduced release rate until 10
hours to the extent of 80% then a limited release over 96 hours.

PLOS ONE | DOI:10.1371/journal.pone.0140399  October 13,2015 6/17



@’PLOS ‘ ONE

Oral Nanoformulation of Zidovudine

A B

Pure lactoferrin

®
A
3

g 1
£ 1
£ = i
g - 0t
£ 1 i '
9 i (L 3
2 / =1 /\/YE b4
e s i 9
\/\ 20777 W [ &
it H L <
s A /'{ LRI | H \ g
H i Z ' b4
& i g
10 & ‘D: &
2 qly 51 2
H : ]
i - [ S O U SO SR
4000 3500 3000 2500 2000 4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (o) Wavenurbers cm-1)
P T e o
AZ 2l
N Pure AZT i AZT-Lactonano
H 24
54 H 301
i 24
0l " i
i l /K %]
34 v o 24
- g =2
30 < s H
i £ =l
g B o N—n—R L
9 i © P 5 i
| IS
20+ :,_WM
St e 1ad
1 A /\”W I 2]
] g2 lhe 3 03
o1 \/ 2 2% & i
| H L 8
*1 ® 5
ol h 43
S e e o e
Wavenumbers (o) Wavenumbers (o)

Fig 2. FT-IR spectral analysis. The FT-IR analysis of Pure Lactoferrin proteins (A), Nano Lactoferrin (Lacto nano) (B), AZT molecule (C) and AZT loaded
lactoferrin nanoparticle (AZT-Lactonano) (D). It reveals that in AZT-Lactonano, AZT is physically entrapped/adsorbed with the lactoferrin nanoparticles; it
didn’t take part in any sort covalent interaction.

doi:10.1371/journal.pone.0140399.9002

In Vitro Stability Studies

Stability of nanoparticles suspended in PBS was analyzed at different time points at two differ-
ent temperatures. Nanoparticles were found to be quite stable at both temperatures (4°C and
room temperature). The drug content of nanoparticles and its diameter was found to remain
same from starting to 96hr (Table 1).
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Fig 3. pH sensitivity and time dependent drug release profile of AZT-Lactonano. (A) 600ug of drug was incubated in the buffers of different pH, the
release of AZT was maximum at pH-5. This is followed by pH-6 and pH-4. The release was between 1-10% with the remaining fluids. SGF: Simulated
Gastric Fluid, SIF: Simulated Intestinal Fluid. (B) Cumulative percentage release profile of AZT-Lactonano at pH 5.0 and pH 7.4. Each data points were taken
in triplicate and presented as Mean + SD. Value of significance, **P < 0.005, *P < 0.05.

doi:10.1371/journal.pone.0140399.9003
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Table 1. In vitro stability of nanoparticles.

Hours

o~ N = O

8

10
12
16
24
48
72
96

Diameter of the nanoparticles (nm)

4°C
55.67+ 4.54
54.5 +4.30
58.6 + 3.36
53.1£4.19
52.3 £ 3.63
54.7+4.73
58.3 + 6.63
53.6+5.13
60.2 + 5.39
58.7+4.73
55.6 +4.73
56.7+ 5.94
60.8 +5.76

Room temp*

53.23+ 3.56
545 +2.68
59.7 +5.13
53.6 +4.35
55.5+4.72
57.6 + 3.81
58.7 + 4.34
56.8 + 3.92
54.1+4.77
59.4 + 4.65
57.1+2.91
56.7 + 2.65
58.4 +4.39

All the data (n = 3) were presented as mean + standard deviation.
# Drug present in the particles was estimated by using HPLC, in milligrams. The amount of drug present initially at zero hour at 4°C and room temperature
are considered as 100% drug present.

* Room temperature: The temperature used here was an average equal to 23°C.

doi:10.1371/journal.pone.0140399.1001

AZT present in mg (%) *

4°Cc

6.75 + 0.69 (100.00)
6.49 + 0.96 (96.15)
6.68 + 0.85 (98.96)
6.71 + 0.52 (99.41)
6.58 + 0.78 (97.48)
6.37 + 0.67 (94.37)
6.66 + 0.78 (98.66)
6.48 + 0.82 (96.00)
6.52 +0.19 (96.59)
6.64 + 0.35 (98.37)
6.51 + 0.73 (96.44)
6.54 + 0.37 (96.88)
6.65 + 0.39 (98.52)

Room temp*

6.71 % 0.19 (100.00)
6.57 + 0.82 (97.91)

6.66 + 0.28 (99.25)

6.47 + 0.18 (96.42)
6.53 + 0.36 (97.31)
6.54 + 0.49 (97.46)
6.30 + 0.84 (93.89)
6.52 + 0.92 (97.16)
6.50 + 0.14 (96.87)
6.68 + 0.49 (99.55)
6.63 +0.19 (98.81)
6.58+ 0.27 (98.06)
6.35 + 0.38 (94.63)

Pharmacokinetics and Tissue Distribution of AZT Lactonano

AZT levels in blood and other organs were located after a single dose of nanoparticles loaded
with AZT (10mg/kg AZT equivalence) administered in rats orally. Drug levels were observed
at seven different time point up to 24h in different tissue (Fig 4). The concentration of AZT in
the blood after 2 h was determined to be around 50pg when administered with nanoformula-
tion and around 10pg in the lack of any carrier particle. It proves the relative stability of AZT
in nanoformulation against plasma clearance. Nanoformulation does not cause any organs
related toxicity due to the accumulation of AZT in various organs, in contrast AZT without
any carrier molecule leads to toxicity. It is followed by liver and small intestine which have
shown accumulation above 5ug. Less than 5ug of the drug was found in the others remaining
organs such as Kidney, Heart, Spleen, Lungs, Brain, Stomach, Esophagus, large intestine and
Bone marrow. On the other side we can detect a simultaneous decrease of AZT level in serum;
in liver there was an increased level of AZT when treated with AZT-lactonano at 8hr post injec-
tion. All pharmacokinetic parameters were assessed by Kinetica v 5.0 software are shown in
Table 2. The AZT-lactonano showed an improvement in pharmacokinetic profile with more

than 4-fold increase in AUC and AUMC in male and female rats in serum. The serum C,,,, for
AZT-lactonano was increased by 30%. Similarly, there was more than 2-fold increase in Ty,
and ty, (Table 2). These results show that the nanoformulation provide higher bioavailability

than sol formulation.

Safety Profile of Nanoformulation

The safety profile of AZT-lactonano was compared with sol AZT and the results show no sig-
nificant change in serum AST in nanoformulation versus soluble form, while bilirubin was
lower in case of AZT-lactonano compared to sol AZT in female rats (Fig 5). Serum urea was
significantly low when AZT-lactonano was administered suggesting low kidney toxicity when
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Fig 4. Tissue distribution of AZT. Single dose of sol AZT and equivalent weight of AZT-lactonano (10mg/kg body weight) was orally administered to Wistar
rats. After completion of indicated time points, rats were sacrificed under proper anesthesia. AZT was extracted and estimated in blood, liver, kidney, heart,
spleen, bone marrow, lungs, brain, oesophagus, stomach, small intestine and large intestine. Male-Nano and Female-Nano denotes the AZT concentration

(delivered via AZT-lactonano) present in Male rats (n- = 3) and female rats (n = 3) respectively. Same nomenclature has been followed for Male-Sol and

Female-Sol. Differences between groups were assessed by ANOVA. Data were presented as Mean + SD. Value of significance, **P < 0.005, *P < 0.05.

doi:10.1371/journal.pone.0140399.g004
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Table 2. Pharmacokinetics profile of AZT-lactonano in male and female rats.

AZT Male Female

Nano Soluble Nano Soluble
AUC (h)*(pg/ml) 251.57 63.48 254.974 58.74
AUMC (h)*2*(ug/ml) 1270.3 139.73 1485.24 126.737
G Hg/mL 49.198 37.67 46.17 35.45
U hr 2 1 2 1
ti2 hr 3.07 1.759 3.27 1.92

Values in the parenthesis designates the concentration of AZT in micrograms per ml of blood.

Pharmacokinetic parameters.

AUC: The integral of the concentration-time curve (after a single dose or in steady state).
AUMC: Partial area under the moment curve between t start and t end.
Cmax: The peak plasma concentration of a drug after oral administration.

Tmax. Time to reach Cpay.

t1/2: The time required for the concentration of the drug to reach half of its original value.

doi:10.1371/journal.pone.0140399.t002
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Fig 5. Biochemical safety analysis profile. Safety analysis was done using biochemical kits after oral administration of nano and soluble AZT (10mg/kg) in
both male and female rats. Liver damage was estimated by Bilirubin and AST level whereas Kidney toxicity was checked by Urea and creatinine level. AZT-
lactonano showed no toxicity to both liver and kidneys on the other hand it exhibited minimal urea levels when compared to the soluble AZT.

doi:10.1371/journal.pone.0140399.g005
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nanoformulation was used. Nanoformulation showed improved creatinine levels compared to
soluble drug form suggesting low liver toxicity. Tissue sections of heart, liver, spleen, kidney,
stomach and intestines (small and large) have shown that there were no toxicities in those tis-
sues when administered with nano forms (Fig 6).

Micronucleus Assay

Bone marrow smears were visualized using Olympus Magnus BX51 microscope under 100x
magnification with oil immersion objective. Micronuclei (MN) were identified in form of
RBC:s (i.e., polychromatic erythrocytes as PCEs). Approximately 1000 cells were scanned per

Contljol _

Small Intestine

Fig 6. Histopathological analysis of tissues. Rats were orally administered with sol AZT and AZT-
lactonano (10mg/kg body weight), after completion of 24hr time point, organs were removed and processed
for cryo-sectioning followed by Hematoxylin and Eosin (H&E) staining. It revealed that no toxicity was found
in above indicated organs, when AZT was delivered via nanoparticle form as compared to its sol form. Lesion
or any abnormalities present was denoted by arrow. Scale bar is equal to 100um.

doi:10.1371/journal.pone.0140399.9g006
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Fig 7. Bone marrow toxicity profile. (A) It shows the frequency of polychromatic erythrocyte (PCE) in bone marrow cells after oral administration of sol AZT
and AZT-lactonano at 4, 8 and 16h. Data were presented as Mean + SD. Value of significance, **P < 0.005, *P < 0.05. (B) Bone marrow cells (after 8h of
treatment) showing the presence of enucleated Normochromatic erythrocyte (NCE) and nucleated polychromatic erythrocyte (PCE) cells. One PCE holds a
micronucleus (MN); indicated by arrow. This images was captured at 100x under oil immersion objective.

doi:10.1371/journal.pone.0140399.9007

slide for the presence of micronucleus (MN) in immature PCE. Fig 7A represent that, at 8h of
post application of drug a significant increase in the number of MN-PCEs was observed in case
of sol AZT and at the same time AZT-lactonano showed low bone marrow toxicity. MN could
be characterized as round and darkly stained (Fig 7B) nuclear fragment that indicate chromo-
some damage.

Antiviral Activity of AZT Lactonano

Antiviral activity of lactoferrin alone and AZT loaded in nanoformulation was analyzed to
ascertain if active form of the drug is intact. Here 80mg/ml of soluble lactoferrin and equivalent
of nanoform of lactoferrin has showed 70 and 73% antiviral activity respectively. Further, the
activity of AZT at one microgram concentration is similar to that of soluble AZT with more
than 90% of inhibition of HIV-193IN101 replication in Sup-T1 cells. It suggests that activity of
encapsulated AZT remain stable in nanoformulation. (S1 Fig).

Discussion

Various formulations have been employed previously to improve the oral bioavailability of
AZT. These include controlled [38] and extended [39,40] release matrices, microspheres [41],
nanoparticles [42] and liposomes [43-45], which have been proposed for the delivery of AZT.
Even though various routes like intranasal, intravenous and transdermal routes have been tried
for AZT delivery. Peroral route of administration is the most preferred one because of frequent
dosage and patient compliance. Absorption of AZT is reported to be quick and rapid when
administered orally and undergoes first pass metabolism before giving an average systemic
bioavailability of more than 60% [46]. Based on physiochemical characteristics, the aqueous
solubility, pKa and LogP of AZT was reported as 29.3 g/l, 9.68 and 0.06 respectively [47]. Zido-
vudine typically exhibits a 1-compartment model in plasma during its oral administration fol-
lowed by an elimination phase that is biexponential. It is relatively a lipophilic molecule where
25% of it binds to albumin [48,49] and gets metabolized in the body mainly by hepatic 5’-glu-
couronidation forming a stable metabolite which gets excreted in the urine. In order to main-
tain the required therapeutic concentration of AZT, frequent doses have to be given which may
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lead to elevation to toxic levels in the blood resulting in severe side effects like granulocytopenia
and anemia. Greater focus has been given for targeting AZT to lymphoid and reticuloendothe-
lial cells in previous formulations since the delivery to these cells is utmost important as they
constitute major viral reservoirs and a sterilizing cure for AIDS is impossible unless and until
these are eliminated completely.

Since the encapsulation mechanism involves a process of partition of lipophilic-lyophilic
AZT and lactoferrin in water and oil phases. Such phase transitions may induce protein-pro-
tein associations that entrap drug in intermolecular core as well as intramolecular cavities of
proteins. This lead to a defined percent of drug (67%) associated with the protein nanoparticles
based on the log P value of the drug, viz., AZT (log P, 0.06). This can be supported by the obser-
vation that AZT is released in biphasic kinetics with burst (60%) when protein surface of parti-
cles exposed to pH 5, which could be due to change in orientation of protein monomers, this
may follow a release of drug molecules localized at various cavities in the protein over time (to
the extent of 20%). In spite of biphasic release, 80% of loaded drug was released within 10
hours, making the availability of active drug for inhibiting target enzyme, revise transcriptase
activities. Furthermore, oral absorption of nanoparticles at low pH (<3.0) and circulatory pH
7.4, allow particles intact with the loaded drug. When these particles reached the target cells
(lymphocytes etc.), they enter through receptor-mediated endocytosis followed by fusion to
endosome, a transient pH change to 5.5 in endosome will allow significant drug release in tar-
get cell and make effective concentrations of drug reaching at the site of action. Thus, stability
of particles at pH below 3.0 and at 7.4 make these particles attractive for oral delivery in vivo.

In vivo studies showed that the AZT-lactonano showed has improved pharmacokinetic pro-
tile with more than 4-fold increase in mean serum AUC and AUMC in both male and female
rats. The serum C,,, for AZT-lactonano was increased by 30% whereas more than 2-fold
increase was observed in T ,,x and t;,, for both male and females. It suggests that the AZT in
the nanoparticles gets released slowly leading to this significant increase in the pharmacoki-
netic parameters. At the same time, this nanoformulation has not shown any abnormal con-
centrations in different organs leading to toxicity. The safety profile of nano and Sol AZT was
compared and the results show no significant change in serum AST in nano versus soluble
form, while bilirubin was lower in case of nano when compared to soluble form in female rats.
Serum urea was significantly low when AZT-lactonano was administered compared to soluble
AZT suggesting low kidney toxicity when nanoformulation was used. AZT-lactonano showed
no apparent differences in creatinine levels compared to soluble form suggesting low kidney
toxicity. In addition H&E staining of all the tissue sections has not revealed any abnormal mor-
phology for both of the formulations employed.

Bone marrow suppression is the main reason to discontinue AZT based therapy [50]
because the hematopoietic progenitor cells are heavily damaged. Micronucleus (MN) test is
very reliable and fast in vivo assay to determine any marrow cells alteration [51]. MN are min-
ute extra-nuclear bodies formed during anaphase stage [52]. Generally two forms of MN are
found in RBCs, polychromatic erythrocytes (PCE) and Normochromatic Erythrocytes (NCEs)
[53]. Our results show that AZT-lactonano is not involved in any MN formation but at the
same time Sol-AZT is two-time more genotoxic.

As the free drug is reported to have lower penetration into the infected cells, the above for-
mulation selectively targets and delivers AZT to cells that express lactoferrin receptors on their
surface through receptor-mediated endocytosis by which the therapeutic index of AZT can be
improved. The amphiphilic nature of AZT results in low entrapment and significant leakage
when packed in conventional liposomal vesicles as it gets partitioned between lipid bilayers
and the core aqueous environment. The lesser size of the nanoparticles with up to 67% encap-
sulation of AZT makes the current formulation to overcome the above problem. Currently,
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oral dosed HIV nanoformulation was not available for patients. The quality of patient’s life can
be improved by simplifying the AZT dosage schedule by less frequent administration of a sus-
tained-release formulation since HAART regimens that combine multiple agents lead to severe
side effects. The advantage in employing lactoferrin as a carrier is its ability to interfere with
virus binding to DC-SIGN of dendritic cells by its interaction with the V3 loop of gp120 and
coreceptors [54]. Further, the same formulation can be employed to improve the brain delivery
of AZT since the lactoferrin is reported to cross the blood-brain barrier [55].

Conclusion

The Present study shows the applicability of protein -based nanoparticles formulation of AZT
through oral delivery. The nanoparticles were prepared using sol-oil protocol. AZT-lactonano
showed a biphasic drug release profile and releases its maximum payload at pH 5. In vivo stud-
ies concludes that the physical encapsulation of AZT in lactoferrin nanoparticles makes the for-
mulation safer and efficacious. Nano-formulation enhances the various pharmacokinetics
profile like AUC, AUMC, C,,.x and t;,, while keeping the antiviral activity of AZT intact. Fur-
ther AZT-lactonano is found to be two times less genotoxic as compared to sol AZT.

Supporting Information

S1 Fig. Antiviral activity of lactoferrin alone (soluble & nano) and AZT (soluble & nano).
Antiviral activity of AZT was found to be intact in case of nanoformulation. The p24 level was
measured as viral load. Here 80mg/ml of lactoferrin and equivalent concentration of nanoform
was taken. The nano-AZT showed more than 85% antiviral activity at a final concentration of
lpg.
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