
METAL-METAL OXIDE NANOCOMPOSITES: SYNTHESIS, 

CHARACTERIZATION AND ANTIMICROBIAL ACTIVITIES 

Dissertation submitted in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 
In 

MATERIALS ENGINEERING 
By 

MONICA PANDEY 
(15ETPM03) 

 

Under the guidance of 
 

Dr. PRADIP PAIK 
and 

Prof. M. GHANASHYAM KRISHNA 
 

 

SCHOOL OF ENGINEERING SCIENCES AND TECHNOLOGY 
UNIVERSITY OF HYDERABAD 

HYDERABAD-500046 
INDIA 

 
 

JANUARY, 2022 



 

 

 

 
Dedicated  

To 
 

Aaama  

and 

Buba 

 



OF YDE . 

SITY 

T 

Certificate 
This is to certify that the thesis entitled "Metal-Metal Oxide Nanocomposites: 
Synthesis, Characterization and Antimicrobial Activities" submitted by Monica 

Pandey bearing Reg. No. 15ETPM03 in fulfillment of the requirements for the award of 

Doctor of Philosophy in Materials Engineering is a bonafide work carried out by her 

under our supervision and guidance. 

This thesis is free from plagiarism and has not been submitted previously in part or in full 

to this or any other university or institution for the award of any degree or diploma. 

Parts of this dissertation have been filed for patents or published in peer-reviewed 

journals with the following references: 

A. Patent Applications Filed: 

A mesoporous anti-microbial nanocomposite and a method of preparation thereof. 

Pradip Paik:, Monica Pandey, 

Premshankar Gupta. (Indian Patent Application No. 202011031802, 2020) 

. 

Sukanya Patra, Monika Singh, Kirti Wasnik 

A nanomaterial based antimicrobial composition and a method of preparation 

thereof. Pradip Paik, Monica Pandey, Ragini Tilak, Monika Singh (Indian 

Patent Application no.: 202011017968, 2020) 

2. 

B. Publications in journal: 

3. M. Pandey, M. Singh. K. Wasnik. S. Gupta, S. Patra. P.s. Gupta, D. Pareek. N.S.N. 

Chaitanya, S. Maity, A.B.M Reddy, R. Tilak, P. Paik, ACS Omega, 2021 6 (47). 

31615-31631 (DOI: 10.1021/acsomega.I c04139) 

4. M. Pandey, K. Wasnik, S. Gupta, M. Singh. S. Patra, P.S. Gupta, D. Pareek, S. 

R. Tilak, P. Paik. RSC Advances, 2022 12. 105-1120 (DOI Maity, 
https://doi.org/10.1039/DIRA07594B) 



C. Presentation in con ferences: 

Monica Pandey, Presented (Poster) in "NanoSciTech", November 8-10, 2017, 

Chandigarlh, India. 

. 

Monica Pandey, Presented (Poster) in "ICN- 2019", April 12-14, 2019, 

Kottayam, India. (Best Poster Award) 

6. 

Monica Pandey, Presented (Poster) in "ICAFNM- 2020", Kharagpur, India. 

8. Monica Pandey, Presented (Pos er) in (lcbr-2020)", February 27-29, 2020, 

Varanasi, India. 

Further. the student has passed the following courses towards the fulfillment of the 

coursework required for the Ph.D. 

Course Name Credits Pass/Fail 
Code 

MT-453 Materials Characterization 4 Pass 

MT-452 Materials Modelling Pass 

Processing Characterization 
4 

Materials and 
MT-454 Pass 

Laboratory 
MT-455 Seminar Pass 

Diffusion Phase Kinetics Phase 
4 

and and 
MT-451 Pas 

Transformations 
Surface Engineering 

Nano Biotechnology 
MT-474 4 Pass 

MT-460 Pass 

MT-601 Research Methodology 4 Pass 

Supervisors: 

O oad tat 
Dr. Pradip Paik, 

-hansruna 
Dr. M.G. Krishna, Prof. Dibaker Das, 

Prof.rotesseNASHYAM KRISHNean, 
Centre for Advanced Studies in School of Engineering 

Electronics Science & Technology Sciences and Technology, School of Physics, University of Hyderadniversity of Hyderabadas HYDERABAD-500 046. Telangana, India. 

Associate Professor, 

Prof. Dibakar Das 

DEAN 

School of Engineering 
Sciences and Technology 

University of Hyderabad, 
Hyderabad 

500 046 



Declaration 

1, Monica Pandey hereby declare that the work reported in this Ph.D. dissertation entitled:

METAL-METAL OXIDE NANOCOMPOSITES: SYNTHESIS,

CHARACTERIZATION AND ANTIMICROBIAL ACTIVITIES" submitted to 

University of Hyderabad for the award of Doctor of Philosophy in Materials

Engineering is original and has been carried out by me during my tenure as a Ph.D. 

scholar under the supervision of Dr. Pradip Paik, Associate Professor presently at IIT- 

BHU and Prof. M. Ghanashyam Krishna, Professor at the University of Hyderabad,

INDIA. T'his dissertation has not been submitted in any form for the award of any 

degree, diploma, membership, or similar title of any University or Institution. Finally, the 

plagiarism of this dissertation has been checked and satisfied the requirements. 

MONICA PANDEY 
15ETPM03 

University of Hyderabad,

Hyder abad-500046,
INDIA 



Plagiarism-free statement 

This is to certify that the thesis titled Metal-Metal Oxide Nanocomposites: 

Synthesis, Characterization and Antimicrobial Activities" has been screened 

by the Turnitin software at the Indira Gandhi Memorial Library of the 

University of Hyderabad. The software shows a 43% similarity index, out 

of which 39% came from the candidate's own research articles related to 

this thesis, which are already published and available online. Thus, the 

effective similarity index excluding her research articles is 43%-39%= 

4%, which is lower than the 10% stipulated by the university guidelines.

Therefore, this thesis is free from plagiarism.

M manavgbnjam
Prof. M.G. Krishna, 

Prof. M. GHANASHVAM KRISHNA 
Superv1sor.Cer:tre 

Electtui 
School of Physics, Uiliversity ui tiyu uudd 

HYDERABAD-500 046. Telangana, India. 



v 
 

 

ACKNOWLEDGEMENT 

 

This is going to be long. Sit back and enjoy your tea as you read this. It has been a 

long journey- but it was worth it. I am grateful for everyone who has continuously 

supported, assisted and encouraged me throughout this time.  There were instances when I 

wondered whether I would even see this day but the amount of support I received made me 

hopeful every time I doubted myself.  

First and foremost, I am thankful to my research supervisors, Dr. Pradip Paik and 

Prof. Ghanashyam Krishna. Dr. Pradip Paik motivated me to improve at each instances and 

one of the biggest lesson that I’ve learnt from him is that whatever happens we will reach at 

a point where we started and never below it. So each time something failed, these words kept 

me going forward. I am grateful that Prof. M. Ghanashyam Krishna was there to always give 

some assurances, feedback, and motivation when I needed it the most. 

I am also thankful to the Dean of the School (SEST), Prof. Dibaker Das who gave 

that much needed push during many instances and extended his support throughout.  I am 

thankful to my doctoral review committee member Dr. Swati G. Acharyya (SEST) and all 

the faculties of SEST especially Prof. Srikanth and Prof. Koteswara Rao who have been very 

supportive over the last several years and have extended their constant motivation on several 

occasions.  

I am fortunate enough to have had the opportunity to collaborate my research work 

with Dr. Bindu M. Reddy, faculty from the School of Life Science and Dr. Ragini Tilak, 

Medical Practitioner at Institute of Medical Science, B.H.U, Varanasi, U.P. I would take this 

occasion to also thank Dr. Monika Singh, Ms. Kirti Wasnik, Ms. Shubhra Gupta, Ms. 

Sukanya Patra and all the other scholars from the school of Biomedical Engineering, IIT-

BHU who have helped me to execute the collaborative work during my research. 

 



vi 
 

 

I would like to thank Dr. R.K Rana (Scientist IICT, Hyderabad) who extended 

support for XPS facility and Dr. Reena Goyal (RA, IIT-Roorkee) for her encouragement 

from time to time. 

I would also like to thank the technicians and non-teaching staff of SEST, Centre for 

Nanotechnology and Central Instrument Laboratory and Technical staff at CNF, CIL and 

SEST- Mr. Pankaj for TEM imaging, Mr. Sathish for TGA and others who helped to collect 

data directly or indirectly. 

I am also grateful to Ms. Neha Chalottra, Dr. Koushi, Dr. Naveen and Ms. Rutuparna 

(SLS) for their technical inputs at various instances. I am also grateful to my seniors, lab 

mates, and friends for their constant encouragement, cooperation, and support during my 

Ph.D. 

I would like to thank my parents- Sh. Eak Nath Pandey and Smt. Tika Devi Pandey, 

Younita, my sibling and my friends Dipendra and Neha for their constant support, belief and 

especially for being with me during my lowest phases. My sisters: Suprabha, Neelam, 

Anjali, and Seema who are also my cheerleaders. Friends- Anusha, Divya, Debasrita, 

Himadri, Naveen, Ranjeeta, Somedutta and others including M.Tech. (2015 Batch) who 

helped me stand up twice. 

 I am grateful to my school friends, family, cousin Vikash and few others for 

constantly checking on me and listening. 

I am also thankful to the funding agencies-UGC non net and CSIR for the financial 

support. 

And lastly I will forever be grateful for all the blessing from the Almighty. 

Thanks to all 

 

Monica Pandey 

 



Contents 

 

  

vii 
 

LIST OF PATENT APPLICATIONS FILED/ PUBLICATIONS/ 

CONFERENCES 

 

Patent Filed:  

[1]   A mesoporous anti-microbial nanocomposite and a method of preparation thereof. 

Indian Patent Application No.: 202011031802, dated: July 24, 2020 

[2]  A nanomaterial based antimicrobial composition and a method of preparation thereof 

Indian Patent Application no.: 202011017968, dated: April 27, 2020  

 

Publications: 

[3] Targeted and Enhanced Antimicrobial Inhibition of Mesoporous ZnO-Ag2O/Ag, 

ZnO–CuO, and ZnO–SnO2 Composite Nanoparticles, Monica Pandey, Monika 

Singh, Kirti Wasnik, et. al, ACS Omega 2021 6 (47), 31615-31631  

DOI: 10.1021/acsomega.1c04139 

 

[4] Target specific inhibition of bacterial and Candida species by mesoporous Ag/Sn-

SnO2 composite nanoparticles: in silico and in vitro investigation, Monica Pandey, 

Kirti Wasnik, Shubhra Gupta, et. al, RSC Advances 2022,12, 1105-1120 

 DOI: 10.1039/D1RA07594B 

 

[5] Monica Pandey, Pradip Paik “Finding an alternative to Ag Nanocomposite by 

comparative antimicrobial activity with CuO-Ag and CuO-SnO2 “ 

 (Manuscript for submission)  

 

[6]  Monica Pandey, Pradip Paik “Surfactant free synthesis of tri-metal NPs and their 

effective antimicrobial activities”. (Manuscript for preparation)  

 

[7]  Monica Pandey, Pradip Paik “An attempt to synthesize quaternary composite 

Nanomaterials for its antimicrobial activities” (Manuscript for submission)  

 

 

https://doi.org/10.1039/D1RA07594B


Contents 

 

  

viii 
 

Presentation and Conferences  

 

[8] Monica Pandey, “Mixed Metal Oxide Nanoparticles for Antibacterial Studies” 

Presented (Poster) in NanoSciTech, November 9-10, 2017, Panjab University, 

Chandigarh, Punjab, India. 

 

[9] Monica Pandey and Dr. Pradip Paik entitled “Surfactant free synthesis of Novel Zinc 

oxide and Copper Oxide Nanoparticles and the relative antibacterial activities”. 

Presented (Poster) in Fourth International Conference on Nanomaterials: 

Synthesis, Characterization and Applications (ICN 2019), April 12-14, 2019, MG 

University, Kerala, India. (BEST POSTER) 

 

[10] Monica Pandey and Dr. Pradip Paik, “CuO-ZnO Nanoparticles: an antibiotic free 

system to arrest bacteria pathogen”.  

Presented (Poster) in International Conference on Functional Nanomaterials 

(ICAFNM- 2020), January, 6-8, 2020, IIT Kharagpur, WB, India. 

 

[11] Monica Pandey and Dr. Pradip Paik, “Inorganic Metal Oxide Nanoparticles of 

Copper Oxide and Zinc Oxide for antibacterial activity in E. coli”.  

Presented (Poster) in Indo-Us Conference on Bioengineering & Regenerative 

Medicine (Icbr-2020), February 27-29, 2020, IIT-BHU, Varanasi, India. 

 

 

 

 

 



Abstract 

 

  

ix | P a g e  

 

Abstract 

Nanomaterials have been explored for various biological uses due to their 

immense potential one of which is their use as an antimicrobial component. There has 

been constant research to find suitable antibiotic drugs.  Metal and metal oxide such as 

Cu and Ag are in use for a long time due to their antibacterial properties. Currently, 

nanoparticles based on polymer, metal, metal oxide, etc. are gaining momentum for use 

in this field. NPs like ZnO (zinc oxide), Graphene oxide, CuO (copper oxide), chitosan, 

SnO2 (tin oxide), TiO2 (Titanium oxide), Ag2O (silver oxide), etc. have been reported and 

used for their antimicrobial properties. However, out of all these metallic/metal oxides 

NPs have unique properties and have been seen to interact with the thiol group of 

enzymes which inactivates the cellular activities of the proteins. It is also seen that the 

oxide nanoparticles felicitates the generation of reactive oxygen species which is said to 

be the reason behind their mechanism of action against the microbes. These NPs however 

mostly are synthesized by using a capping agent/surfactant for stability which sometimes 

hinders their efficiency, increases cost and synthesis time. Thus, developing colloidal 

stable NPs without using surfactant is also important and challengeable. 

Moreover, India and many developing countries in the world are facing an acute 

crisis due to the growing concern over antimicrobial resistance (AMR). India is also one 

of the highest consumers of antibiotics in the world and has one of the highest 

Tuberculosis patients in the world. Thus, finding solutions to this problem is even more 

important for a country like India. 
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This dissertation focuses on the synthesis of metal and metal oxide nano-

composite materials without the use of surfactant/capping agent by chemical reduction 

method, studies its properties by various characterization techniques, and finally 

understands their antimicrobial activity. It also tries to understand the mechanism behind 

the microbial activity via docking technique in some parts. 

The dissertation starts with the introduction section which clearly defines the 

background, motivation, significance, and objective behind the work.  This is followed by 

the materials and methods chapter which outlines the precursors used, microbial strains 

used, synthesis procedure, and the description of the microbial tests adopted. The third 

chapter describes the results and discussions which are divided into five parts. The final 

chapter summarizes the major findings and finally concludes by giving a few suggestions 

on the future scope of this work. 

Since ZnO nanoparticles are popularly used in various applications, the first part 

of the result and discussion focuses on the synthesis of bi-metallic oxide nanocomposite 

of ZnO-CuO, ZnO-Ag2O/Ag, and ZnO-SnO2 which is then compared to single ZnO for 

their antimicrobial activities. All the nanocomposite materials had an average particle 

size below 10 nm. Further, a docking technique was used to find the binding energy of 

the nanocomposite in different proteins. This showed that ZnO-Ag2O/Ag had the lowest 

binding energy efficiency and the in-vitro results coincided with the docking results. The 

mechanism of action studied showed that the even lower band gap energy favors the 

antibacterial efficiency. 
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Similarly, SnO2 NPs are gaining momentum as an antimicrobial agent so in this 

section of results and discussions; the Ag-SnO2/Sn nanocomposite was synthesized. The 

TEM image showed the average particle size is around 8 nm. The docking technique 

showed the same binding energy of the nanocomposite for all the strains. However, the 

in-vitro disk diffusion technique showed that the zone of inhibition was better for C. 

albicans. To further understand this difference, a different protein (Hsp90) was used in 

the docking tool and the mechanism has been discussed elaborately. 

Since Ag is one of the most widely used NPs for antimicrobial activity; its 

overuse has again become a concern. Few reports of bacteria gaining resistance to Ag 

nanoparticles are also seen. To address this issue, CuO-SnO2/Sn nanocomposite was 

synthesized as an alternative to Ag nanoparticles and the CuO-Ag/AgO was also 

synthesized to understand the comparative study in different strains. From the in-vitro 

studies in gram positive strains, we could see similar results for CuO-Ag/AgO and CuO-

SnO2/Sn. Further in the LB broth technique, we saw some resistance after a certain time. 

These results motivate making Sn/SnO2 an alternative to Ag if it is further studied upon.  

Since bi-metallic nanocomposites showed great results and improved MIC values 

compared to many existing results, tri-metallic composites were synthesized and their 

properties were studied. The specific surface area, pore width, etc. improved. We could 

also see from the TEM the average particles size had increased except for CuO-SnO2-

ZnO nanocomposite. Further, the antimicrobial results showed similar results to the bi-

metallic nanocomposites. 
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In the final part of the third chapter, quaternary nanocomposite was synthesized 

and the TEM results, showed the average particle size was around 10 nm which is similar 

to bi-metal oxide nanocomposite and lower than the tri-metal oxide composite. The 

specific surface area however had increased and this might be due to the synergistic 

effect of the metal oxide complex that formed. Further, the antimicrobial efficiency had 

also improved and in fact, for A. baumannii which is under critical priority risk it showed 

the highest zone of inhibition and this result does give some hope for the future of 

antibiotic materials. 
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CHAPTER 1:  Introduction and Literature Review 

1.1 Introduction 

1.1.1 Basic concept of Nanotechnology and Nanomaterials 

When Nobel laureate Richard Feynman in 1959 said: “There’s plenty of room at 

the Bottom”,
1
 he might not have anticipated the extent Nanoscience and Nanotechnology 

would develop today.  The term ‘nanotechnology’ was first used in 1974 by Norio 

Taniguchi who is a Japanese scientist. “Nano” come from a Greek word “nános” meaning 

dwarf. Nanoscience and its associated technology have a wide area of applications which 

have been shown in brief in Fig. 1.1. 

The major part of Nanoscience and Technology covers the synthesis of 

nanomaterials and their different properties from their bulk or larger counterpart. 

Nanomaterials are the materials which have any of the dimensions (x, y or z) in the scale 

of 10
-9

. Now a days the nanotechnology covers all the areas- industrial to biomedical; to 

improve the efficiency of work with respect to their existing report of efficiencies.  

1.1.2 Different types of Nanomaterials 

Nanomaterials can be Carbon-based, Metals, inter-metallic compounds, polymers, 

composites, semiconductors, alloys etc. as enlisted in Fig.1.2. Further nanomaterials are 

classified as inorganic, organic and hybrid types. Organic NMs are majorly made up with 

matters such as C, H, O, S etc. Examples of nanomaterial are Fullerenes and Electrospun 

nanofibres. Carbon Nanotubes come under the organic category and cellulose, 
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dendrimers etc. comes under the polymer categories. All metal and metallic oxides such 

as Au, Ag, Cu, Pt, Ag2O, SiO2, ZnO, CuO, ZrO, SnO2, etc. come under the inorganic 

categories. Functionalized NMs are another type of NMs which can be prepared for 

developing specific functional properties for specific usage. These can be classified as 

mentioned in Fig. 1.3. 

 

 

Figure 1.1 Different uses of Nanomaterials. 
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Figure 1.2: Classification of Nanomaterials
2
 

 

 

Figure 1.3: Classification of functional Nanomaterials. 
3
 

 

1.1.3 Different Synthesis approaches of NMs 

Nanomaterials can be synthesized via two defined approaches – bottom-up and 

top-down. Based on other process parameters such as reaction conditions, chemical 

properties and reactivity, approach and methods, etc. it further can be subdivided into 

Carbon Based 

•Carbon Nano 
Tubes  

•Fullerenes 

Metals Based 

•starting 
material is 
metal 

•Eg. CuO, Ag, 
etc.  

Polymers 

•active 
compound is 
polymer 

•Eg.  polylactic 
acid (PLA), 
chitosan  

Semiconductors 
based 

•wide Band gap 
energy 

•have properties 
of both metallic 
and non 
metallic NCs 

•Eg. ZnO, TiO2 

Composites 

•combination of 
two or more 
category 

•eg. PEG+Ag 
(metal+polymer
) 
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physical, biological, chemical, green-synthesis, etc.
4–6

 Briefly the different synthesis 

routes are enlisted in the Fig. 1.4.  

 

 

Figure 1.4: Different synthesis routes of Nanoparticles.
7
 

1.1.4 Basic concept of Antimicrobial Resistant (AMR) and its importance 

Nanotechnology has huge contributions to the biomedical fields and one such 

important area is the development of new antimicrobial materials apart from the 

conventional organic antibiotics. Antimicrobial-resistant of conventional antibiotics is 

one of the major problems in the 21
st
 century. WHO reported that antimicrobial resistance 

is one of the severe public health concerns which demands immediate attention and thus 
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the requirement to develop new antibiotics.
8
 WHO also has reported  that common 

infections such as Urinary Tract Infections, Sepsis, etc. are becoming resistant to the 

existing drugs and this is worrisome. A report on AMR also remarks that by 2050, there 

could be 10 million deaths only due to AMR and can drive 25 million people in to 

destitution  by 2030.
9
 However, some reports contradict and question this information 

based on the sample size, data collection, methodology, etc.
10

 On 9
th

 June 2021 WHO 

had reported on GLASS (Global Antimicrobial Resistance and Use Surveillance System) 

and raised alert  on AMR for UTIs and other infectious diseases for many countries.
11,12

  

Irrespective of numbers, for a country like India particularly it is still awful news, 

because it has the highest cases of bacterial infections with respect to the other parts of 

the world. India already has a number of problems with several other microbial diseases 

including typhoid, TB, etc. and AMR is only adding to other social and economic 

challenges. In a series of data collected from some of the states, it was also found that 

children are resistant to first-line of antibiotics.
13

 There is also an enzyme named after the 

capital city New Delhi (NDM 1) in 2008 and its severity for antibody resistance. Diksit 

et. al reviewed that since then many steps have been taken to prevent the issues related to 

this enzyme, yet it is still lacking in many ways like the data are not transparent, lack of 

coming up of new antibiotics, funding issues, implementations of recent health policies, 

lack of public awareness,  etc..
14

 WHO has also prepared a priority list (Fig. 1.5) and 

according to that A. baumannii, E. coli, etc. are in critical priority list while S. pneumonia 

is in medium.
15

 

In a recent study conducted in a tertiary care hospital in Southern India with 

pediatric samples, it was found that while the cases of A. baumannii AMR patterns were 
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lower; for E. coli, S. aureus, etc. it was higher.
16

 Similarly, other studies conducted in 

India showed that the high ESBLs (Extended-spectrum beta-lactamases) and 

Enterobacteriaceae sp. influence on children is concerning.
17–19

 ESBL are those in which 

current antibiotics no longer work. A similar trend is found in many Asian countries like 

China, Malaysia, Vietnam, etc.
20

 and Mexico too.
21

 Further, ICMR (Indian Council of 

Medical Research) also prepared data from Jan 2020-Dec, 2020 and found many 

resistances including fungal resistance has increased.
22

 The effective treatment for 

Tuberculosis has been improved with combination of drugs, however there is always a 

fear of resistance over the time and there is a need to develop the alternative therapy and 

drugs addition to the existing drugs. 

 

 

Figure 1.5: WHO reported Antimicrobial priority list. 

Some studies reported a significant improvement in this field, however recent review 

highlights that the scenario is different for lower and middle-income based countries.
23–25

 

Nanomaterials have given hope in this aspect too.
26

 

It can be noted that it can take around a decade to develop a new antibacterial 

drug and this is one of the shortest study period compared to the other studies due to the 
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availability of initial data, efficacy of data which could be generated early, etc. However, 

it is not as buttery as it should be due to the economical challenges and uncertainty of the 

use.
27

We have seen a positive development in the past few years i.e. from 2018 onwards 

(Fig. 1.6).
28–30

 Yet, it is speculated that since most of these are modified from the existing 

ones, these drugs might soon be unable to deal with the growing concern of AMR. Also, 

it does not deal with the critical concern strains like A. baumannii and P. aeruginosa.
31,32

 

 

Figure 1.6: Figure shows the year wise novel antimicrobial drugs approved by FDA.
28

  

1.1.5 Antimicrobial Materials 

Use of materials for antimicrobial activities is not a new concept as we all know. 

It was in 1928 when we got our first antibiotics penicillin. Till then India had been using 

various traditional medicines to treat infections.
33

 We also know that inappropriate use of 

the antimicrobial drugs, natural resistance, and many other factors such as hospital aided 

infections (HAIs) have escalated the challenges of antimicrobial resistance.
25

 There are 
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many classes of antimicrobials, some of which are bactericidal, bacteriostatic, Cell Wall 

Synthesis Inhibitors, Cell Membrane Function Inhibitors, Protein Synthesis Inhibitors, 

etc.
33

 

Antimicrobial materials can be of various types and there have been many signs 

of progress in this field. Many organic and inorganic materials have been studied such as 

polymeric nanoparticles, metals nanoparticles, etc. for this purposes.
5
 Since its inception, 

all the nosocomial infections are due to the ESKAPE pathogens
34

 and in recent terms, 

few ways to tackle these problems have been suggested. Out of these, antimicrobial 

peptides (AMPs), nanomaterials, and combinatorial treatment are the most important 

ones.
35

 AMPs are small proteins consisting of varying amino acids and are present in 

various cells including humans and microorganisms. AMPs are an effective alternative to 

the existing AMR.
36

 However, the issue with these AMPs is that these are sensitive 

to proteolytic digestion which might affect their stability and further affect their 

pharmacokinetics.
37

 Although studies suggest that these could be a great alternative, the 

urgency in tackling the demand has given NPs an advantage over them. Combinatorial 

treatment includes using a combination of medicines for treatment, combining antibiotics 

and NPs, etc.
35

 

1.1.6 Importance of nanomaterial as an antimicrobial agent 

To elaborate on this, nanomaterial sometimes does not need to penetrate the walls. 

Instead it comes in direct contact with the cell walls which is not possible for regular 

antimicrobial drugs. This is mainly due to  its small size, and the larger surface to volume 

ratio, etc.
38

  Based on previous work, NMs are also reported to be effective in preventing 
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biofilm formation owing to its desirable physio-chemical characteristics such as 

morphology, size, and the specific surface area.
39,40

 As a delivery agent/carrier NMs 

 

Figure 1.7: Different possible mechanisms in which nanomaterials can affect the various 

micro-organisms. 

function differently than the conventional organic antimicrobial agents in terms of their 

actions and roles. Size, controllability, combination, protection, and precision are the five 

crucial reasons why the NMs act as a potential candidate itself as well as they are good 

delivery system for other antibiotic materials.
41

 Due to its size, it can penetrate easily and 

make the drug release process easier.
42

 NPs also can act as a protector to the bulk 

antimicrobial drug to decrease the resistance of the bacteria.
43

 It is a well-known fact that 

many organic drugs have side effects while treating the main disease. By using NMs as a 

targeted drug delivery agent, we can also minimize these types of side effects as these 

materials can travel to the targeted infected site and release only in the desired cells by 
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recognizing the specific ligands at the place of infection. This is also called active 

targeting.
44–46

 Furthermore, NPs can also be designed in such a way so that the targeted 

site can have controlled drug release which enhances the stability and avoid the overdose 

or under dose of the drugs. This has been an effective method in ocular treatment.
47

 

Finally, the NPs can also be formulated with multiple drugs in a single one, two or more 

NPs together, etc. It can also be combined in any way to get the best and desired results.
38

  

Besides these, Krishnapriya et. al
48

 have also added some new factors such as zeta 

potential, doping modifications, and environmental conditions may affect the suitability 

of NPs as antimicrobial materials. Hong et. al
49

 synthesized three different sizes of Ag 

NPs and they observed that nanocubes and nanospheres showed better antibacterial 

activity compared to the nanowires which they mentioned might be due to the larger 

specific surface area. In one of the other studies,  it is reported that the rate of surface 

oxidation can affect the antibacterial activity due to the surface roughness and Ag 

content.
50

 The surface charge or zeta potential of the NMs further can affect the fungal or 

the bacterial cell wall which can generate severe oxidative stress and thus improve the 

activity of the NMs by destabilizing the cell membrane.
51

 Several other reports on 

enhanced antimicrobial effects of NPs due to doping can be found.
52–54

 Several 

environmental factors like temperature, pH, osmotic pressure, broth, stirring conditions, 

etc. also have been found to affect the antimicrobial properties. All these factors make 

NMs a suitable alternative to meet the challenges against infectious diseases and micro-

organisms.
55,56
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1.1.7 Types of antimicrobial Materials and their basic importances in the 

field of study 

NMs are categorized based on their size, synthesis routes, shape, structure, etc and 

broadly divided into the following:
2,57

 

 Carbon-based NMs 

 Metal and metal oxide NMs 

 Nano Composites and composite nanoparticles  

 Organic nanoparticles and polymers 

Burcu et. al
58

 and a few others
5,26

 also have summarized the different types of 

antimicrobial materials in their reports which also include lyposomes, dendrimers, and 

solid-lipid NPs besides the above-mentioned ones. 

Among these, metal-based nanoparticles are popular and preferred. Yakoob at. al
59

 

have discussed and divided metal base NMs into various types as shown in Fig. 1.8. 

 

Figure 1.8: Different types of metal-based nanoparticles. 

Metal antimicrobials were popular before antibiotics came. Ag, Cu, etc. have been 

used since ancient ages. Indians and Egyptians have a beautiful history of use of metals 

as antimicrobial treatment which is why metal-based NPs also have become popular and 
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being explored for more understanding.
60–62

 Metal-based NPs have an effective resistance 

against microbes and also have high heat resistance compared to their bulk counter 

parts.
63

 The NPs also possess better electronic and optical properties. These also have 

very good adsorption and diffusion properties which make them suitable for 

antimicrobial applications.
64

  Murthy et. al
6
 elaborately discuss how each parameter 

changes or alters the physical, mechanical, chemical, magnetic, etc. properties of the NPs. 

This is also the reason why Metal-based NPs are preferred over others so that they can be 

tuned according to our desired needs. Moreover, it has been found in the past that organic 

NPs cannot withstand heat due to which working with it as an antibacterial agent 

becomes challenging.
65

 It is also found that MO NPs generate ROS spontaneously 

whereas some others are capable of only infeasible conditions like selective cells.
66–68

 

Metal-based NPs are the next generation of antimicrobial treatment options. Furthermore, 

a recent report highlights the different Metal-based NPs which could be the potential 

solution to the biofilm treatment. Urinary Tract Infection for example is due to the 

Uropathogenic Escherichia coli pathogen. Despite antibiotic treatment, these microbes 

tend to stay in the affected area for a longer period of time and have a tendency to form 

biofilms which promote in recurring infections and might increase the existing 

problem.
69,70

 Many studies have found Ag, Cu, Zn-based metal, and metal oxide NPs to 

treat chronic wound in a diabetic wound, septic infections, etc.
55

 Due to its several 

advantages, various metal and metal oxide NPs have been used as antimicrobial agents.  

e.g. MgO,
64

 TiO2,
63

 ZnO, Ag, Ag2O, Cu, CuO, CeO2, Al2O3, etc..
4,6,54,56,60,61,65

  

Compared to TiO2, ZnO have a lower production cost, less toxicity which is why 

it is preferred over the TiO2.
71

 Zn is recognized as a safe metal by U.S. FDA 
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(21CFR182.8991). Zn and ZnO have diverse use from paints to sensors, from dental 

material to fillers, in cosmetics to the food industry.
72

 Similarly Cu is considered a safe 

material since it has been in use since ancient times and it was used as an antiseptic agent 

much before Ag.
73,74

 Even in India Ayurveda has reference to Cu being used as a healing 

agent. Various medicinal properties of storing H2O in Cu vessels have been studied 

before.
75

 Although Cu is required for microbial growth, it still works as an antimicrobial 

agent. Cu has also been tested against skin issues and found to be non-toxic.
76,77

 

Moreover, one of the women's contraceptive agents is also composed of Cu.
78

 

Considering all these facts and ideas, the very reason that it does not harm the 

mammalian cells when used in permitted quantities makes it an excellent alternative to 

the current antimicrobial woes.
79

 Ag like Cu has been in use for a longer period of time 

for various purposes including wound healing and water treatment.
80

 At low doses, Ag is 

clinically non-toxic. It has been used in water treatment, fillers, surgical devices, bio-

catalyst, etc.
81

 SnO2 is an n-type semiconductor material with wide energy band gap and 

it is used in various electronic, gas-sensors, solar energy. The low-cost synthesis 

techniques make it popular as a promising material.
82,83

 

Considering these aspects Cu, Ag, Zn and Sn were chosen as our study material based on 

which various composite NPs were synthesized and studied for antimicrobial activity. 

Continuous research work is ongoing on these single metals or metal oxide NPs. 

Attempts have been made in doing the extensive literature review of the published work, 

and based on the gaps found in literature, the main objectives of this work have been 

defined in the subsequent section.   
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1.2 Literature Review 

1.2.1 Various metals NPs as antimicrobial Agents 

Various NPs such as Ag, Zn, Cu, Au, Ti, Al, Fe, etc. in metallic form or oxide form have 

been used as an antimicrobial agent as described in various reviews and work.
84–90

 Metal 

NPs with polymers, antibiotics, or metal organic frameworks have been discussed in 

these reviews extensively. Various modifications in single metal and metal oxide 

complex either by altering the synthesis process, modifications in morphology, 

optimization of compositions made by various researchers have been discussed.  

ZnO NPs has been used to control the infection of both gram-positive
91

 and gram-

negative bacteria.
91–93

 Initial work by Lui et. al
92

 helped to establish and elaborate ZnO as 

an antibacterial agent by testing and studied its mechanism in the food borne 

pathogen, Escherichia coli (O157:H7). Similarly, Reddy et al.
93

 have synthesized ZnO by 

precipitation method and tested against K. pneumoniae which is also a prominent cause 

of hospital affected infections (HAIs) and UTI (urinary tract infections). In this study, 

they calculated the MIC value to be 40 µg/mL. Guo et. al
91

 synthesized Ta doped ZnO by 

Pechini method and tested the synthesized NPs against  P. aeruginosa, S. aureus, E. coli, 

and B. subtilis. They found that instead of ZnO alone the 5% Ta doped NPs showed 

better bacteriocidal results against P. aeruginosa, E. coli, and S. aureus under visible 

light and bacteriostasis activity against E. coli, S. aureus, and B. subtilis without light.
91

  

SnO2 NPs due to their wide energy band gap (Eg~3.6 eV) are used for photocatalytic 

properties and have been explored in antibacterial activities too. One of the earliest 

literature reported on SnO2 as an antibacterial agent which was synthesized via 
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solvothermal method and tested for antibacterial activity against E. coli (gram –ive) and 

S. aereus (gram +ive) in which against E. coli it showed better activity than S. aereus. 

The variation in  results  obtained in this might be due to the difference of the cell wall 

structure of bacteria.
94

 More recently, SnO2 has been synthesized by ultrasonic technique 

and used against C. albicans and E. coli.
95

 The MIC values for E. coli and Candida were 

found to be c.a. 0.5 mg/mL and 8 mg/mL respectively. 

Similarly, antibacterial activities of Ag and Ag2O NPs have been widely studied 

against different bacterial strains, e.g., Listeria monocytogenes (L. monocytogenes), 

Escherichia Coli (E. coli), Salmonella typhimurium, and Vibrio Parahaemolyticus (V. 

parahaemolyticus). However, the effective rate of antibacterial properties depends on the 

size, shape, and morphology of the Ag NPs.
96,97

 Zarei et. al
96

 explored commercial Ag 

against food borne pathogens and had concluded that Ag NPs could be used as cleaning 

and disinfectant material. They had calculated MIC values for Listeria monocytogenes 

which was 6.25 µg/mL and 3.12 µg/mL for E. coli, S. typhimurium, and Vibrio 

parahaemolyticus. Sondi et. al
97

 had synthesized Ag nanoparticles by chemical reduction 

method using ascorbic acid as the reducing agent and analyzed the NPs for bactericidal 

activity in E. coli. They also found that when Ag NPs were used in Agar plate and the 

liquid medium it showed different results. In the agar plate, the Ag NPs were able to 

inhibit growth and show a biocidal effect with respect to the concentration. However, in 

LB medium after a certain time even at high concentration, the growth of bacteria was 

found to have increased. This was further analyzed by SEM and it showed low colloidal 

stability which means after a certain time the NPs aggregated along with bacteria. Hence, 

the colloidal stability of NPs is also equally important if it has to be used in a liquid  
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medium. 

Similarly, the antibacterial activity of CuO NPs has been studied against 

Pseudomonas aeruginosa (P. aeruginosa), Klebsiella pneumonia (K. pneumonia), 

Salmonella Paratyphi (S. paratyphi), and Shigella Flexneri (S. flexneri) strains, etc.
98,99

 It 

has been noted that the particle size-dependent antimicrobial activities
100

 against 

Staphylococcus aureus (S. aureus), Bacillus subtilis (B. subtilis), P. aeruginosa, and E. 

coli are also reported and found that this anti-bactericidal efficiency follows the order: 

ZnO>CuO>Fe2O3. The Zone of inhibition (ZOI) for ZnO NPs obtained is highest, c.a. 25 

mm against B. subtilis and 19 mm against E. coli. Thus many antimicrobial single oxide 

NPs are demonstrated. However, the current situation demands newer materials for better 

efficacy than the reported results.
89

 Due to the ongoing pandemic covid-19, developing 

coating material with antimicrobial properties has risen and the metal and metal oxide 

NPs is being explored in those directions too.
79

 The review also focuses on various works 

done in this aspect. Interestingly, in some cases, Cu has been found to have higher killing 

efficiency than Ag under ambient temperature and humidity which is due to the “contact 

killing” phenomena. This means that with the surface contact, the Cu NPs can kill more 

microbes within short period of time. Grass et. al
101

 proposed  a mechanism that is widely 

accepted for this phenomenon and is shown in Fig. 1.9. The Fig. 1.9 (A) represents the 

dissolution of Cu ions which causes the damage to the microbial cells. This damage of 

the cells can also be due to stress such as depolarization and other intracellular leakages 

as seen in (B). The ROS-induced damage also might take place due to oxidative 

degradation (C). And further DNA damage might take place (D). Besides these, there are 

several other studies that support this and there are some which are a contradictory 
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mechanisms and can be referred to in detail in the same report by Mitra et. al
79

. However, 

the conclusion is that despite multiple studies and conclusions on the mechanism of 

contact killing, it also depends on other factors as well which are: (i) bacterial surface 

morphology and charges, (ii) buffering agents, (iii) moisture presence, etc. All these 

reasons make it suitable for the coating material over Ag, especially for indoor use. 

 

Figure 1.9: Representation of steps of contact killing mechanism of Cu proposed by 

Grass et. al
101

 

These metal and metal oxide NPs have shown efficient antimicrobial properties in the 

food packaging industry, cosmetics, paints; agriculture sectors, etc. yet the rate at which 

microbes are surpassing the effect of any new treatment and getting resistant to it is 

increasing.
102

 At this rate, we may soon run out of immediate solutions. There are already 

reports of bacteria that growing resistant to Ag due to indiscriminate use.
102–104

 Graves et. 

al
102

 cultured  E. coli to see the kind of resistance Ag can develop and it was surprising to 

see that it took only few mutations for Ag to develop resistance. They concluded in their 

findings that Ag is not a miracle antimicrobial agent and it also needs modifications. 

Gunawan et. al
103

 tried to address two questions in their research: (i) whether the 

prolonged exposure of bioavailable nano-Ag(NAg) or Ag develop resistance or not and 

(ii) if yes, how would this develop. From the series of studies, it was found that 

applications of NAg/Ag indeed increased the chance of developing resistance due to 
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prolonged exposure. The fact that these resistance potentials were detected in 

microorganisms collected from the various common areas such as the hospitals is one of 

the major concern. They even summarized the potential risk in humans which is shown in 

Fig. 1.10. It is thus advisable to have constant check and judicious use of the Ag NPs.  

Further, this also means to keep exploring new and desired antimicrobial 

materials. Panáček et. al
104

 prepared Ag NPs with 28 nm in diameter by modified Tollens 

process. E. coli, P. auruginosa were tested and found that with many repeated exposure 

 

Figure 1.10: Potential risk sites of NAg/Ag in the human body. This is mainly due to the 

bioavailablity of Ag. The Ag species from Ag NPs products release, absorb, accumulate 

Ag which increases the Ag bioavailability. 
103
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resistance is developed. This resistance cannot be prevented by using the stabilizing 

agents such as polymers or surfactants. They also reported that this resistance developed 

due to flagellin protein which promotes aggregation of the NPs.  

Thus the need to find suitable and develop new materials is always in demand 

besides practical approaches such as judicious use. Currently, researchers have also been 

focused on the combination of two or more metals/metal oxide NPs for many purposes 

such as photocatalytic activity,
105

 antibacterial purposes,
106–109

 making optical devices,
110

 

energy harvesting,
111

 to solve the environmental issues
109

, etc. which is summarized in 

Table 1.1. 

Basically, during the development of metal oxide, metal alloy, and metal/ metal oxide, 

cooperative exchange of charges among the mixed oxide or metals/alloys
112

 and 

difference in the electronic potential/energy band gap has been observed. And hence it is 

considered that a combination of two or more metals/metal oxide could provide 

significant results in the treatment of microbial strains efficiently. Few articles can be 

found which describes these multi metallic NPs synthesis, benefits, strategies, etc. in 

detail.
113,114

 Basavegowda et. al
113

 discusseed in detail the latest in-vitro related 

experiments in multi-metal composites system for treatment of MDR and has shown 

various developments that have taken place. The appropriate discussions of their benefits 

have also been articulated. Similarly, Arora et. al
114

 discussed different synthesis routes, 

properties, antimicrobial activities of bimetallic NPs both support assisted and non-

support based on different materials such as zeolites, polymers, fibers, graphene, etc.  

Both these articles conclude the importance of NPs composite systems of multimetal or 

its oxides.  
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Table 1.1: Summary of various composite materials developed for various applications 

Material Method Applications Size Inference drawn Ref 

SnO2-ZnO 

)Quantum dot) 

Sol-gel Photocatalytic 3-7 nm  
105

 

SiO2@Cu Stöber 

method  

Antibacterial 200 nm 

of SiO2 

core 

ZOI: 

E.coli=~10-17 mm 

S. aureus=~9-16 

mm 

C. albicans=~9-11 

mm 

 

106
 

ZnO-SnO2 Sol-gel Optical devices ~28 nm  
110

 

ZnO-SnO2:F atmospheric 

spray 

pyrolysis  

Energy 

harvesting 

/transparent 

electrodes 

Grain 

size 

~100 

nm 

 
111

 

Ag:Cu nano casting Catalytic and 

antibacterial 

25 nm 

shell 

with 

3.7 nm 

of Cu 

core 

E. coli and B. 

Subtilis EC50 c.a. 

22.87± 0.015 and 

23.33±0.09 

respectively 

107
 

Ag/Cu 

bimettalic and 

Cu & Ag 

monometallic 

on graphene 

support 

CVD Antibacterial in 

E. coli  (strain 

DH5α)   

3 nm  
108

 

Ag@SiO2 Stober 

method 

Antibacterial 

and 

environmental  

20 nm 

of core 

Ag and 

21 nm 

of shell 

SiO2 

ZOI: Ag@SiO2 

(0.5 ml of TEOS)= 

24 mm S. 

aureus,16 mm for 

E. coli at 1000 

μg/ml 

concentration. 

109
 

 

Furthermore, researchers have explored the mixed metal oxide composites e.g., 

CaCO3/MgO against S. aureus and E. coli,
115

 mixed ZnO–MgO component against B. 

subtilis and E. coli,
116

 bimetallic Ag-Cu NPs
117

 against the C. albicans, E. coli, and S. 
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aureus, which showed both bacteriostatic and bactericidal activities, and exhibited lower 

anti-fungicidal activities. Ag-ZrO2 NPs have also been studied for antifungal activity in 

which ZOI was calculated between 8 mm-18 mm.
118

 The Ag-ZrO2 NPs were synthesized 

by sol-gel technique and the size was between 14-45 nm (calculated by DLS). This study, 

also found that mixing of metal oxide ZrO2 prevented agglomeration and improved 

antifungal activity compared to single Ag. In another recent study, ZnO-ZrO2 bimetallic 

NPs have been synthesized by sol-gel method and antifungal studies on Candida sp. were 

done. The ZOI was found to be between 1-5.4 mm and it was found to be dependent on 

ZnO concentration.
119

 However, this study also showed ZOI to be better in monometallic 

ZnO compared to ZrO2-ZnO in C. albicans. Using metal NPs as antiviral materials are 

also on the rise. We may find many data on bacterial study but a decade back finding data 

on antiviral nanomaterials was difficult. However, Ag and Au NPs were initially used for 

antiviral activity especially of  the HIV virus.
120

  

Recent reports on how ZnO, Ag, Cu, CuO, etc. are being explored for various 

antiviral activities are available. These NPs have been used in a spray, as coating 

material, and also to find treatment for Zika Virus.
121–125

 Abinaya et. al
125

 had synthesized 

ZnO NPs by co-precipitation method using exopolysaccharides (EPS) as reducing and 

stabilizing agents. These NPs are biocompatible and showed an effective larvicidal 

property which makes them an effective tool to control the mosquito population and 

prevent the spread of the Zika virus. This also can be used as pharmaceutical and 

biomedical materials. Tortella et. al
121

 have reviewed in detail the antiviral use of Ag, Cu, 

and CuO. The availability of in-vitro studies is an advantage but to use it as human 
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medical material, more in-vivo experiments, and their uses needs to be studied. Merkl et. 

al
122

 have studied the coating properties of Ag, ZnO, CuO by synthesizing the material 

via flame spray pyrolysis technique. These NPs were deposited on flat surfaces and in 

porous filter media to understand their antiviral activity. Given the pandemic SARS-

CoV-2, the development of coating material needs has increased many folds. Hence the 

authors tried to study these materials against SARS-CoV and found that while Ag 

showed maximum efficiency, CuO was effective but ZnO was considered unsuitable. 

Respiratory infections caused by RNA viruses such as influenza are increasing so Jana et. 

al
123

 tried to find a solution in Cu-Graphene nanocomposite materials. This 

nanocomposite prevents the entry of viruses into the host cells. When this composite was 

blended with PVA, it became transparent which makes it suitable for use in a wide range 

of surfaces such as face shields, masks, etc. Megharbel et. al
124

 synthesized ZnO by 

precipitation technique to study its potent antiviral activity against SARS-CoV-2 and it 

was found that at 525 ng/mL, these NPs causes oxidative stress due to the release of free 

radicals and induce the membrane damage of the virus which is a promising 

development. However, Merkl et. al
122

 had found ZnO to be ineffective and the current 

study by Megharbel et. al
124

 have also found ZnO to have cytotoxic level maximal half 

concentration (CC50 = 292.2 ng/mL) against VERO-E6 cells. The authors thus suggested 

that further studies are required to make it more appropriate and use of biological/natural 

reagents to reduce cytoxicity for improving efficiency.  

Furthermore, tri and tetra metal composite NPs have also been synthesized and 

studied for antimicrobial and anticancer activities recently
126,127

 and it has always shown 
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enhanced antimicrobial activity than the mono metal or MO NPs.
128–130

 Recently Saranya 

et. al
126

 have reported CeO2/ZnO/GO nanocomposite as an effective anticancer material. 

Similarly, Ahmed et. al
127

 have reported CdO-NiO-Fe2O3 nanocomposites synthesized by 

self-combustion method to have effective antibacterial activity against both gram-

negative and gram-positive bacteria. The size of the nanocomposite was affected by the 

concentration of Ethylene glycol (EG) used. The size was inversely proportional to the 

concentration of the EG. Jang et. al
128

 have synthesized Graphene oxide and Ag/Cu 

bimetallic NCs to prevent the formation of biofilms on the surface and use it as an 

antimicrobial material. This nanostructure could be used as a wound-healing material too. 

Sivaranjan et. al
129

 synthesized mono and bimetallic Pd:Au NPs of various ratios 

anchored over reduced GO-PANI composites by chemical reduction method. These 

materials was tested against both bacterial (S. aureus and S. typhi) and fungal strains (C. 

albicans and C. kruesi) and found to be an efficient antimicrobial agent against all the 

strains. Akhtar et. al
130

 synthesized spherical CdS, ZnO and CdS loaded ZnO. The size of 

ZnO was ~50 nm and CdS ~12 nm in the composite nanostructure. In this study, 

monometallic ZnO had better anticancer activity in colorectal cells (HCT-116) however 

the antifungal activity in C. albicans was better in CdS/ZnO composite material which 

had MIC values of 0.5 mg/mL and minimum fungicidal concentration (MFC) of 1 

mg/mL. Apart from hospital set-up, coating materials, etc. these NPs and NCs also will 

be a solution to wastewater treatment. Rehman et. al
131

 synthesized binary nanocomposite 

material of TiO2-SnO2 and used it for lead absorption besides its antimicrobial testing. 

The NCs was of around 15±2 nm and could effectively absorb Pb and showed ZOI 
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between 12-19 mm for different strains depending on the weight of the sample and strains 

(S. aureus, P. aeruginosa, C. albicans, and Trichophytons)   

Despite the various development and advanced studies of NPs as antimicrobial 

agents, there remains a challenge to improve their properties, pharmacokinetic profiles, 

and studies on effects on mammalian cells. Some studies also proposed to develop 

nanohybrid materials by combining different metals. Therefore, it is always an open field 

to study more and develop new NPs which can tackle and give hope to the existing crisis 

of AMR as mentioned in several recent literatures including the one by León-Buitimea et. 

al.
35

  

Interestingly, transition metals are promising materials since they are capable of 

generating rapid and significant toxicity in different microbes. Synergistic effects of 

transition metals and Ag have been studied before which showed improved antibacterial 

activity compared to the single metal. Garza-Cervantes et. al
132

 in their study showed 8 

fold increase in the antimicrobial activity against E. coli and B. subtilis when transition 

metals Zn, Co, Cd, Ni, and Cu were used with Ag.  

Hence, we aimed to develop NPs composite consisting of elemental Ag, Sn, Cu, 

and Zn in their metallic and oxide forms by one step facile chemical reduction method 

and without using any surfactant/capping agent or stabilizer. 

1.3 The choice of the Synthesis Route: 

There are several synthesis methods available to develop NPs. Here we have 

chosen the chemical method over others i.e. biological or mechanical. Mechanical 
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processes include ball milling, laser abrasion, etc. The mechanical route prevents solvent 

contamination issues.
133

 However, the production cost, rate, and energy consumption are 

not feasible. Similarly, biological synthesis is gaining popularity due to the increased 

concern of toxicity in NPs synthesis via chemical route.
134

 The challenge in the green 

synthesis method is that it is time taking, large-scale production is not easy and adverse 

reactions in some cases. In short, this method still is in progressing stage in terms of 

translational research. However, it is an interesting alternative that might give us a 

breakthrough in the future if certain aspects like physiochemical studies, reaction time, 

optimization, stability, etc. are studied upon.
134

 Yet, at this stage chemical synthesis is 

preferred due to these limitations in biological as well as mechanical synthesis. Even out 

of the various chemical synthesis techniques, chemical reduction is chosen due to its 

simplicity and cost-effectiveness.
135

 

1.4 Choice of reducing agent: 

There are various organic and inorganic reducing agents such as NaBH4 (sodium 

borohydride), Na3C6H5O7 (Sodium citrate), Tollens reagent, etc. NaBH4 was chosen as 

the reducing agent because it has a dual role. It not only reduces the metal salts to ions, 

but it also stabilizes when used in an adequate quantity. This also reduces the overall 

costs.  

Furthermore, the composite NPs synthesized in this work are surfactant/capping 

agent-free. The surfactant or capping agents are used to increase the stability and prevent 

agglomeration in metal NPs. These materials should be biocompatible and hence they 

should be chosen according to the desired output and additional care has to be taken. 
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Various types of surfactants used are chitosan, CTAB, polyethylene analyine, PEG, etc. 

Since these materials have their properties and alter the overall properties of the NPs and 

composite materials, they have certain limitations. These might have non-specific 

interactions which might increase the toxicity. Further, it also increases the synthesis time 

and increases the overall experimental steps.
136–139

 In one of the studies it was also found 

that the capping agent had a negligible effect on antibacterial activity.
137

 Similarly 

nanocomposite materials with high stability and effective antibiofilm formation has also 

been developed by Zhao et. al.
139

 Muhammad Ahmad et. al
136

 have synthesized 

surfactant-free Ag-GO nanocomposite and they observed ~41% of bacterial growth 

inhibition in E. coli bacteria with 100 μg/mL of dose concentration which is quite 

significant in the surfactant-free synthesis of nanocomposite materials for antibacterial 

activity.  

Thus, exploring surfactant-free facile synthesis methods for antimicrobial activity 

is preferred. This also enables us to investigate if we can come up with suitable 

antimicrobial NPs effectively for different metal nanocomposites.  

1.5 Different Antimicrobial Mechanisms and their justification 

Nanomaterials have multiple mechanistic ways to inhibit microbial growth. There are 

various suggested ways in which metal-based NPs affect the antimicrobial activity which 

is as follows (also shown in Fig. 1.11)
84

: 

 Generation of ROS (Reactive oxygen species): hydroxyl radicals, H2O2, 

superoxide anions, etc are produced resulting in DNA replication, membrane 

damage, etc.  
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 Releasing Metal ions to damage bacterial membrane: since bacterial walls are 

sensitive to metal ions, NPs like Ag
+
 are said to interact with enzymes, Cu

++
 with 

carboxyl groups, etc. which helps in cell wall damage. 

 Interaction with DNA: NPs like Ag and Cu have also been observed to interact 

with DNA which further inhibits its replication and damages it. 

 Adsorption: NPs get adsorbed on the surface of the bacterial cell due to their 

electrostatic interactions. This results in protein damage and causes oxidative 

stress, etc. 

 

 

Figure 1.11: Various mechanisms of antibacterials activity using metal-based 

nanoparticles. 
84
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 Change in permeability: many metals like Ag and ZnO have been found to 

increase the permeability, change viscosity, imbalance in the transport system, 

etc. ultimately leading to cell death.  

 Penetration due to surface charge: NPs surface charge promotes toxicity to the 

membrane and further it can reach cytoplasm which can then affect the ribosome 

of the microbes. 

 Biofilm damage/disruption: biofilms are formed when quorum sensing molecules 

i.e., the molecules which communicate with the cells are produced. When these 

molecules grow, they detach and spread the infections. NPs like Ag. TiO2, Fe, etc. 

are found to interrupt the formation of these molecules and thus disrupt the 

biofilm formation.   

1.6 The motivation behind the work: 

The AMR is increasing and this also has led to the ever-increasing burden of 

Multi Drug-Resistant Tuberculosis. MDR-TB which now is XDR is one of the concerns 

in India. India is one of the highest consumers of antibiotics in the world. Sikkim, a tiny 

Himalayan state with a population of around 7-8 lakhs has the highest number of TB 

patients in India. Few reports state that there are almost 38 deaths lakh
-1

 year
-1

. 9% of 

people do not respond to the first line of drugs. There are cases of relapse even after 

proper management and mitigation channel.
140–142

 Gautam et. al
140

 have done extensive 

work on studying the TB treatment and diabetes relationship in South East Asia with the 

maximum data from India. In their study it was found that diabetic-TB patient have 

higher mortality rate compared to non-diabetic TB patients. Sikkim, a Himalayan state in 
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North East India with the least population in the country has one of the highest burdens of 

TB. Singhai et. al
141

 had conducted their study and according to their findings, 9% 

patients out of the 1508 enrolled did not respond to treatment.  

Recent study shows that 62.41% of TB cases in Sikkim is due to the Beijing strain 

of Mycobacterium tuberculosis complex (MTBC) and about 30% of MDR-TB is due to 

it
143

 which is alarming because this particular strain is resistant to treatment, has a 

tendency to cause an epidemic, and has a high degree of transmission and is ineffective 

against BCG vaccine.
144–146

  

Although there are only a few reports available but the MDR also affects mental 

health. Sikkim is also one of the states in India with the highest rate of suicide. Local 

media have reported these incidents from people who were under treatment (Sikkim 

Chronicle dated 8
th

 July 2019). This led me into thinking about whether AMR, TB, and 

other bacterial infections and mental health are co-related.  

Swati et. al
147

 have prepared a report based on this and it is available on the 

Directorate Of Economics, Statistics & Monitoring And Evaluation (D.E.S.M.E) 

website. According to the report, MDR-TB patients do tend to fall victim to mental health 

and one of the reasons for suicide in the state. Hence finding solutions to AMR and 

developing new material is even more important.  

1.7 Objectives of this work: 

Based on the literature review and the current needs the main objectives fixed for this 

dissertation are as follows:  
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1. Objective I: Study  the targeted and Enhanced Antimicrobial Inhibition of 

mesoporous ZnO-Ag2O/Ag, ZnO-CuO, and ZnO-SnO2 composite nanoparticles. 

2.  Objective II: Study the target specific inhibition of bacterial and Candida species 

by mesoporous Ag/Sn-SnO2 composite nanoparticles: in silico and in vitro 

investigation. 

3. Objective III: Preparation of CuO-Sn/SnO2 and CuO-Ag/AgO nanocomposites 

and study their comparative antimicrobial activity. 

4. Objective IV: Synthesis and characterization of ternary metal oxide nanoparticles 

and their in-vitro antimicrobial studies. 

5. Objective V: An attempt to synthesize quaternary metal oxide nanocomposite and 

study its antimicrobial activity. 
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CHAPTER 2: Materials, Methods of synthesis and 

Characterization Techniques 

2.1 Materials 

The list of chemicals and reagents used in this work and the microbial strains has been 

listed in Table 2.1 and Table 2.2 respectively. 

Table 2.1: List of chemicals and Reagents used in this Work 

S. No. Chemicals and Reagents Molecular weight Purity Make 

1. Zinc Chloride anhydrous (ZnCl2) 136.3 g mol
-1

 98% NICE Chemicals 

2. Stannous Chloride (SnCl2.2H2O) 225.64 g mol
-1

 95% SRL 

3. Cupric Chloride A.R 

(CuCl2.2H2O) 

170.48 g mol
-1

 99% NICE 

4. Silver Chloride extra pure 

(AgCl) 

143.32 g mol
-1

 99% NICE 

5. Sodium Borohydrate extrapure 

(NaBH4) 

37.83 g mol
-1

 95% SRL 

6. Methanol (CH3OH)   Hychem 

7. Sodium Phosphate Dibasic  141.96 g mol
-1

   

 

Himedia Ltd 

8. Sodium Phosphate Monobasic  119.98 g mol
-1

 99% 

9. NaCl  58.44 g mol
-1 

 99% 

10. Potassium Chloride 74.55 g mol
-1

 99% 

11. 1 M Sodium Hydroxide solution 40 g mol
-1
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All the chemicals were purchased from the supplier and used without further purification. 

 

Table 2.2: List of microbial strains used 

S. No. Microbial strain used 

1. E. coli (DH5α) 

2. C. albicans ATTC 90028 

3. K. pneumoniae AT CC 700603 

4. P. aeruginosa ATCC 27853 

5. A.  baumannii (clinical strain) 

 

2.2 Methods of preparation 

2.2.1 Synthesis procedure 

The synthesis procedure for all the composite NPs will be discussed in subsequent 

chapters according to the composition of the materials used. The synthesis procedure has 

also been shown in Fig. 2.1. In brief, equal mmol of respective chemicals were taken in a 

beaker containing 50 ml of MeOH under continuous stirring. In a separate beaker, 30 

mmol of NaBH4 was taken and dissolved in 50 ml of MeOH at RT. This was then added 

dropwise under continuous stirring in RT until colour changed fully. After 2 hrs, this was 

removed, centrifuged and washed with DI water several times and dried in 80°C and sent 

for characterizations. 
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Figure 2.1: Schematic representation of Synthesis Procedure 

 

2.2.2 Preparation of Phosphate Buffer Solution (PB) and Phosphate 

Buffer Saline (PBS) 

In brief, a stock solution ‘A’ was prepared by adding 13.8 g Sodium Phosphate 

Monobasic in 500 mL dd-H2O. Then, stock solution ‘B’ was prepared by adding 26.81 g 

of Sodium Phosphate Dibasic in 500 mL of dd-H2O. Then ‘A’ and ‘B’ mixed well. 

1X PB was prepared by adding 100 mL stock solution of ‘A’ with 400 mL stock solution 

of ‘B’ and 500 mL of ddH2O was added to make total 1L. 

1X PBS: 10X PBS was prepared by adding 100 mL stock solution of ‘A’ with 400 mL 

stock solution of ‘B’ and then 100 mL of 9% NaCl solution was added into another 400 
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mL ddH2O. Further, 1X PBS was prepared by mixing prepared by adding 1 M Potassium 

Chloride and 1 M Sodium Hydroxide solution. 

2.3 Antibacterial evaluation techniques 

2.3.1 Disk Diffusion method 

For the disk diffusion method, modified procedure has been chosen for antibacterial 

activity. First, fresh microbial culture was made in normal saline (0.9%) to achieve two 

different concentrations of 10
6 

cfu/mL and 10
8 

cfu/mL. Sterile cotton swab was used to 

spread this prepared suspension and it was left for drying for 5 minutes. Then the sterile 

discs (Whatman filter paper No.1) of size 4 mm diameter was placed on the medium 

surface. After that, 3mg/ml of each of the nanomaterials were dispensed, and then 

allowed to diffuse for 5 min. Then the plates were incubated for 24 h at 37˚C. After the 

incubation ZOI were measured around the discs. All the assays were conducted in 

triplicate and statistically significant results were obtained.
148

  

2.3.2 Calculation of Minimum inhibitory concentration: 

Broth dilution method has been used to determine the MIC for A. baumannii.
149

 Equal 

quantities of NPs were placed with different dilutions of cultured microorganism. The 

nutrient broth was mixed in 96 well plates and incubated at 37 ˚C for 24 h. The 

preparation was carried out in a round bottom microtiter plate containing 100 µl of 

diluted antibacterial nanomaterials. Ten different concentrations such as, 10 µg/mL, 5 

µg/mL, 2.5 µg/mL, 1.25 µg/mL, 0.625 µg/mL, 0.312 µg/mL, 0.156 µg/mL, 0.07 µg/mL, 

0.03 µg/mL and 0.019 µg/mL for each material were used for the experimentation. The 
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MIC values were calculated based on lowest concentration of sample that prevent any 

noticeable growth of A. baumannii.  

2.3.3 Luria Bertani (LB) Broth Dilution Method: 

The antibacterial activity of each sample was investigated against E. coli strain DH5α by 

LB broth method. The stock solution was prepared by dispersing the NPs in DI water. In 

10 ml of LB medium, bacterial culture was inoculated along with different concentrations 

with NPs and without NPs as control. Further, the culture tubes were incubated at 37° C 

in shaker incubator at 3500 RPM for 12 h. OD values were measured at 600 nm at 

different time intervals and finally at 12 h. 

2.4 Physiochemical Characterizations Techniques 

Various characterization techniques were used to understand the properties of the as-

synthesized material. HR-TEM, XRD analysis, UV-Vis, BET, FTIR XPS, etc were done 

to understand the morphology, crystal structure, absorption, specific surface area, 

composition, oxidation state, respectively. Each technique has been described in this 

section. 

2.4.1 X-Ray Diffraction 

X-ray Diffraction (XRD) is used to understand the structure of the materials. The 

wavelength of the X-ray and the atomic spacing in the crystalline material/solids are in 

the same order i.e. 10
-10

 m. This is why it is used as a source to understand the crystal 

structure of the material. When the sample is placed in sample holder and exposed to the 

x-rays, some diffraction takes place. This diffraction is unique for each sample and this 
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further gives us information about the sample characterized. W H Bragg and W L Bragg 

studied this and came up with simple formula to understand this constructive interference. 

Commonly called as Bragg’s law is expressed in equation (2.1): 

                   ………………………. (2.1) 

Where,  n= integer 

dhkl=space between the atoms,  

θ=angle b/w the scattering plane and the X-ray beam 

λ= wavelength of the X-ray 

The X-Ray Diffraction (XRD) was measured in X-ray diffractometer (Bruker AXS 

Model D8) with a Cu Kα source, λ=1.54 Å and step size of θ=0.02 between 2θ=10°-90°. 

2.4.2 UV-Vis absorption spectroscopy 

UV-Vis Spectroscopy is based on the principle that when a light is passed through a 

sample it absorbs Ultraviolet (UV) or Visible (Vis) lights and gives a unique spectrum 

which helps in determining the various properties based on it. When light interacts with 

the matter or e
- 
(π electrons or n-electrons), it gets excited to higher anti-bonding orbitals. 

The possible transition from ground state to excited state is of four types- π-π*, n-π*, σ- 

σ*, n- σ*. 

According to the Beer Lambert Law (equation 2.2) when the monochromatic light is 

passed through the substance, the absorption of the solution is directly proportional to 

concentration of the molecules present in the solution and the path length. 

             
  

 
             ………………… (2.2) 

Where,  A= absorbance 
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   I0= intensity of the incident light 

I= transmitted intensity  

  = molar absorptivity 

c= concentration of the absorbing molecules 

L= the path length. 

Sample preparation and measurement 

About 1 μg of the sample was dispersed in methanol and sonicated for 10 min. UV-Vis 

was observed between 190 nm-800 nm using a UV-Vis-NIR spectrometer (Perkin Elmer: 

LAMBDA 750 instrument). The absorption of the prepared material was measured in quartz 

cuvette of 1 cm optical path length.  

2.4.3 Transmission Electron Microscopy (TEM) 

The shape, size, morphology, and the particle distribution can be obtained by TEM. 

Transmission electron microscopy (TEM) images and selected area electron diffraction 

(SAED) images were obtained using a high-resolution transmission electron microscopy 

(HRTEM) (FEI TECNAI G2).  

To obtain images via TEM, e
-
 source are transmitted through the specimen. When the e

- 

beams pass, the electrons particles scatter and electromagnetic lens creates image. The TEM 

instrument consists of- electron source, electromagnetic lens system, sample holder, and 

imaging system. 

Selected Area Diffraction Pattern (SAED) can be obtained from the same instrument. The 

atoms in the specimen diffract the electrons in a particular angle. This angle forms spots in 
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the screen which determines the structure and crytallinity of the specimen. The highly 

crystalline material forms clear spots and the semi crystalline forms ring pattern. 

Preparation of sample: a pinch of samples was taken and dispersed in IP and sonicated for 

15 minutes. It was then drop casted on Carbon coated Cu grids (200 Mesh). The elemental 

compositions were confirmed by the EDS attached with the instrument. 

2.4.4 Dynamic Light Scattering (DLS) and Zeta Potential 

Sample preparation: 1 μg/ mL sample was dispersed in water, sonicated for 10-15 min and 

using a MS3000 model (Malvern Instruments Ltd, UK) the hydrodynamic size and the zeta 

potential was measured. The instrument has 632 nm HeNe laser operating at a 173 degree 

detector angle. 

2.4.4.1 DLS 

DLS is based on the Brownian movement of the particles. When particles are dispersed in 

a solvent, they move constantly. This movement is due to the energy transfer between the 

molecules of the solvent and the molecules of the particles. Depending on their size they 

can move faster or slower and if all the other parameters are known, the hydrodynamic 

diameter can easily be measured based on the speed of the particle movement.  

This particle size is measured by Stoke’s equation shown in equation 2.3. 

       
   

     
…………………………………….. (2.3) 

Where,  D = Diffusion coefficient 

    = Boltzmann constant 

  T = Temperature 

  η = Viscocity 
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    = Hydrodynamic radius 

2.4.4.2 Zeta Potential (ζ- potential) 

The electrostatic charge between the particles is measured by Zeta Potential and is an 

important factor which affects stability of the NP. Zeta cells have Au coating. The 

particles inside the cell are in motion and are directly proportional to their zeta potential. 

The frequency shift occurred due to the scatter of the light when a laser beam is passed 

through the sample is converted into electrophoretic mobility. Zeta potential is calculated 

via electrophoretic mobility given by the Henry equation 2.4: 

        
   

  
      …………………..………….. (2.4) 

Where,        electrophoretic mobility 

       = dielectric constant 

                                       = viscosity 

     ζ= zeta potential 

f(Ka)=Henry’s function 

2.4.5 Brunauer-Emmett-Teller (BET) Specific Surface Area 

BET theory is based on the adsorption of the gas taking place in the surface of the material. 

The adsorption depends on temperature, gas pressure and strength of the interaction. Liquid 

N2 is used to cool down the temperature of the sample and herein N2 gas also called the 

probing gas is released step wise into the sample cell. The amount of N2 gas adsorbed by the 

surface of the sample is measured by the following equation (2.5): 

   
 

 
   

   
 

    

  
   

    
  

 

  
  

 

    
 …………………...……………. (2.5) 
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Where,  Va= volume of the gas adsorbed at STP 

  P= partial vapour pressure of N2 gas at 77.4 K 

  P0= saturated pressure of the N2 gas 

  Vm=volume of the gas adsorbed at STP to produce monolayer on the sample 

  C=constant 

BET equation uses the information from the above equation to measure specific surface 

area of the sample. Va is measured at each relative pressure (P/P0) and specific surface area 

is calculated with the following equation (2.6): 

         
      

      
  …………………………. (2.6) 

Where,   N =Avogadro constant (6.022 × 10
23

 mol
-1

) 

  m= mass of test sample 

  Na= cross-sectional area of one adsorbate molecule (0.162 nm2
 for nitrogen) 

22400 is the volume occupied by 1 mole of the probing gas at STP. 

Sample measurement 

BET specific surface area and BJH (Barrett-Joyner-Halenda) average pore width of the 

samples were analyzed by N2 gas adsorption-desorption isotherms at 76.5 K with a Tristar 

3020 physiorption analyzer TriStar II 3020 (Micromeritics Instrument Corporation, USA).   

2.4.6 Thermogravimetric analysis (TGA) and Differential Scanning 

Calorimetry (DSC) 

TGA measures the samples mass with respect to Temperature and DSC measures the heat 

flow of the sample with respect to Temperature. TGA and DSC are measured by 

gradually increasing the temperature of the sample and the curves are obtained as a 



Chapter 2: Materials and Methods 

 

  

  41 | P a g e  

 

function of Temperature with respect to the reference sample. DSC is based on the 

principle that when there is change of phases or some form of change, there is difference 

of the heat supplied which then is recorded and gives information about transition such as 

melting, crystallization, etc.. TGA is based on the principle that mass loss occurs when 

there is loss of volatile matter or mass can also increase if there is oxidation. With some 

change in temperature, mass of a substance can increase or decrease. 

Measurement 

The thermal study was done by TGA/DSC (Thermo ONIX Gaslab 300) in inert N2 

atmosphere from 10 to 1000°C at a heating rate of 10°C by taking around 5 mg of the 

sample. 

2.4.7 X-ray Photoelectron Spectroscopy (XPS) 

It is also called ESCA (Electron Spectroscopy for Chemical Analysis). X-rays are 

bombarded on the samples from which electrons near the surface will emit. This energy 

that is emitted from these electrons is analyzed. The energy spectrum of these is obtained 

by scanning over the kinetic range from 0 eV. This is then also used to find the binding 

energy with the following relationship (equation 2.7): 

                         ...................……………… (2.7) 

Where: 

hv= energy of the X-ray 

KE= kinetic energy 

BE= Binding energy 

φ=work function of the spectrometer 



Chapter 2: Materials and Methods 

 

  

  42 | P a g e  

 

Every e
-
 has a unique Binding energy which is then used to identify chemical bonds, 

oxidation state, etc. XPS study was performed from 0-1200 eV using KRATOS 

Analytical Axis SUPRA model.  

2.4.8 Fourier Transform Infra-red Spectroscopy (FT-IR) 

Every molecule has their characteristic frequencies which are unique for their structure. 

When samples are passed through the IR radiation, some of these frequencies are 

absorbed and are used to identify the molecules. FTIR instrument sends radiation through 

the sample and the absorbed radiation converts into vibrational or/and rotational energy 

depending on the composition of the samples. So once this is done, a fingerprint in the 

form of spectrum is presented for interpretation and analysis which is unique for every 

molecule. 

Sample preparation 

The FTIR of the sample was recorded with Perkin Elmer-model: Impact-410 frequency 

between 400 cm
-1

 to 4000 cm
-1

.  The dried samples were mixed with KBr in the ratio of 1:4 

using a pestle and mortar, and then pressed into disks before taking the readings.  

2.5 Time scale dissolution and stability Studies  

2.5.1 Time scale Zeta study 

The time scale stabilities of the composite NPs were investigated for 3/7 days through 

zeta potential measurement considering defined time interval. The following experiments 

were performed:  
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 5μg/ml of each sample was prepared in 1X PBS (Phosphate Buffer Saline) for 

different pH of 5, 6.9, 7.4 and 8 of bimetallic NPs discussed in subsequent 

chapters. 

 5μg/ml of each sample was prepared in PB (Phosphate Buffer Solution) for 

different NPs discussed in chapter 3.  

 5μg/ml of sample was dispersed in 0.9 % W/V Saline solution (medical saline 

available in medical store).  

2.5.2 Time scale dissolution study through DLS:  

The time scale dissolution and stabilities of the composite NPs were investigated for 3/7 

days through DLS. The sample preparation has been conducted as similar to the above 

mentioned in zeta potential and stability study for different NPs in pH 5, 6.9, 7.4 and 8. 

Further, DLS readings were taken for all the samples at different time intervals. Samples 

were sonicated for 10 min to disperse before starting the experiments/measurements. 
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CHAPTER 3: Results and Discussions 

 

Part I: Targeted and Enhanced Antimicrobial Inhibition of mesoporous ZnO-Ag2O/Ag, 

ZnO-CuO and ZnO-SnO2 composite nanoparticles. 

Outcome of this chapter: Published in ACS Omega. 

 

Part II: Target specific inhibition of bacterial and Candida species by mesoporous 

Ag/Sn-SnO2 composite nanoparticles: in silico and in vitro investigation  

Outcome of this chapter: Published in RSC Advances. 

 

Part III: Study of comparative antimicrobial activity of CuO-Ag and CuO-SnO2 

Nanocomposite and find an alternative to Ag NPs. 

Outcome of this chapter: manuscript ready for submission 

 

Part IV: To synthesize three metal oxide NPs and their comparative antimicrobial 

activities. 

Outcome of this chapter: manuscript ready for submission 

 

Part V: an attempt to synthesize tetra-metal oxide NPs for their antimicrobial activity. 

Outcome of this chapter: manuscript ready for submission 
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Chapter 3: PART I 

3.1 Targeted and Enhanced Antimicrobial Inhibition of mesoporous 

ZnO-Ag2O/Ag, ZnO-CuO and ZnO-SnO2 composite nanoparticles  

3.1.1 Abstract 

In this part, mesoporous (pore size below 4 nm) composite NPs of ZnO−Ag2O/Ag, 

ZnO−CuO, and ZnO−SnO2 of size d ≤ 10 nm (dia.) have been synthesized through the in 

situ chemical reduction method using NaBH4. These composite NPs exhibited excellent 

killing efficacy against Gram-positive/negative bacterial and fungal strains even at a very 

low dose of 0.010 μg/mL. Additionally, by applying the in silico docking approach, the 

NPs and microorganism-specific targeted proteins and their interactions have been 

identified to explain the best anti-bacterial/anti-fungal activities of these composites. For 

this purpose, the virulence and resistance causing target proteins such as PqsR, RstA, 

FosA, and Hsp90 of P. aeruginosa, A. baumannii, K. pneumoniae, and C. albicans have 

been identified to find out the best inhibitory action mechanisms involved. From the in 

vitro study, it is revealed that all the composite NPs types used here can act as potent 

antimicrobial components. All the composite NPs have exhibited excellent inhibition 

against the microorganisms compared to their constituent single metal or metal oxide 

nanoparticles. Among the NPs types, the ZnO−Ag2O/Ag composite nanoparticles 

exhibited the best inhibition activity compared to the other reported nanoparticles. 
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3.1.2 Introduction  

Microbial contamination, adhesion, persistence colony formation on surfaces, and 

associated infections have become detrimental to public health and are causing massive 

alarm.
86

 The usages of antibiotics lead to the development of resistant microbial strains 

which are the main cause of antimicrobial resistance and persistent infection.
150

 Thus, 

there is a high demand for efficient antimicrobial components that can resist the infection 

level. There are many organic, inorganic, and polymeric antibiotics and each of them has 

its own advantages and disadvantages. Organic and polymeric antimicrobial agents are 

very temperature sensitive, possess a shorter lifetime, can degrade easily, and manifest 

various side effects in the long run.
89

 Therefore, constant efforts are necessary towards 

the development of new antimicrobial components to address these challenges with 

minimum side effects. 

NPs have also been explored as an efficient antimicrobial component mainly due 

to their unique mechanism of action, contact killing effect, the generation of reactive 

oxygen species (ROS), disruption of DNA, disruption of the cell membrane, etc.
90,94,150–

154
 However, the field of material research is constantly progressing to accomplish the 

best antibiotics with optimum results. Materials such as metal and metal oxide NPs like 

ZnO,
151

 CuO,
155

 SnO2
156

, and Ag2O
157,158

, and different polymeric NPs have been 

reported and used for their antimicrobial properties for a long time now. By interacting 

with the thiol groups of enzymes, metallic/metal oxide NPs inactivates the cellular 

activities of proteins.
159

 Hence, further development of inorganic antimicrobial agents 
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such as metal and metal oxide NPs could become an alternative simple, and cost-effective 

strategy to address the problems related to the microbial infections and associated issues.  

Furthermore, many researchers have explored metallic oxides for their wide 

applications, especially for antimicrobial efficiency. For example, ZnO NPs were used 

for electronic applications as well as to control the infection of both gram-positive
91

 and 

gram-negative bacteria.
91–93

 SnO2 NPs due to their wide band energy gap (Eg~3.6 eV) are 

used for photocatalytic properties and have been explored in antibacterial activities too. 

Similarly, antibacterial activities of Ag and Ag2O NPs have been widely studied against 

different bacterial strains, e.g., L. monocytogenes, E. coli, S. typhimurium, and V. 

parahaemolyticus. However, the effective rate of antibacterial properties depends on the 

size, shape, and morphology of the Ag NPs.
96,160

 Similarly, the antibacterial activity of 

CuO NPs have been studied against P. aeruginosa, K. pneumonia, S. paratyphi  and S. 

flexneri strains, etc.
98,99

 It has been noted that the particle size-dependent antimicrobial 

activities
100

 against S. aureus, B. subtilis, P. aeruginosa, and E. coli are also reported and 

found that this anti-bactericidal efficiency follows the order: ZnO>CuO>Fe2O3. The Zone 

of inhibition (ZOI) for ZnO NPs obtained is highest, c.a., 25 mm against B. subtilis and 

c.a., 19 mm against E. coli. Thus many antimicrobial single oxide NPs are demonstrated, 

however current situation demands newer materials for better efficacy than the reported 

results.
89

 Presently researchers have also been focused towards the combination of two or 

more metals/metal oxide NPs for many purposes such as photocatalytic activity,
105

 

antibacterial purposes,
108,109,161,162

 making optical devices,
110

 energy harvesting,
111

 to 

solve the environmental issues
109

, etc. These NPs can be synthesized through various 
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methods e.g., solvothermal, sol-gel, microwave-assisted, etc. It has also been noticed that 

the antimicrobial properties of NPs depend on the size, shape, morphology, and synthetic 

methods. Basically, during the development of metal oxide, metal alloy, and metal/ metal 

oxide, cooperative exchange of charges among the mixed oxide or metals/alloys
112

 and 

difference in the electronic potential/energy band gap has been observed. And hence it is 

considered that a combination of two or more metals/metal oxide could provide 

significant results in the treatment of microbial strains efficiently. Furthermore, 

researchers have explored the mixed metal oxide composites e.g., CaCO3/MgO against  

S. aureus and E. coli,
115

 mixed ZnO–MgO component against B. subtilis and E. coli,
116

 

bimetallic Ag-Cu NPs
117

 against the C. albicans, E. coli and S. aureus, which showed 

both bacteriostatic and bactericidal activities, and exhibited lower anti-fungicidal 

activities. 

Thus the challenges of the present situation are to find out newer broad-spectrum 

antimicrobial agents, which will be having efficient microbial killing efficacy within 

minimum dose, without exhibiting side effects and having longer stability. In the present 

context of the health care demands, the objective of this work is to synthesize mixed 

oxide/composites such as ZnO-CuO, ZnO-Ag2O/Ag, and ZnO-SnO2NPs with smaller 

size and with porous structure by the in-situ chemical reduction method to achieve very 

high surface area to volume ratio as well as effective antimicrobial activities. Further, 

docking prediction has been performed to evaluate and predict the interactions of the 

composite nanoparticles for their enhanced activity compared to the single metal/metal 

oxide NPs. It has also been observed that NPs could act as a potential antimicrobial agent 
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against drug-resistant microorganisms. Further, it has also been observed that in 

microorganism resistance development, enhanced virulence capacity, biofilm formation, 

and quorum sensing mechanisms are regulated by the various proteins. Such as, (i) PqsR 

is involved in the quorum-sensing pathway of P. aeruginosa, and it controls virulence,
163

 

and (ii) FosA gene and RstA (BfmR) are involved in controlling the stress response and 

multidrug resistance issues.
164

 It has been observed that the FosA gene was found in 7 

types of E.coli pathogenic strains,
165

 which controls the metabolization of fosfomycine 

via regulating the expression of metal-dependent glutathione transferase.
166

 It is known 

that the K. pneumoniae and P. aeruginosa are inherently resistant to fosfomycine, while 

in A. baumannii stain, BfmR is a conserved gene. Interestingly, targeting BfmR can 

decrease the survival of A. baumannii and it can increase the sensitivity of organisms 

towards the antimicrobial and anti-biofilm formation.
167

 In candida, conserved molecular 

chaperone Hsp90 governs the key functions like thermal stability, cell cycle regulation, 

morphogenesis, expression of virulence traits, and drug resistance.
168

 Therefore, for the 

conformation of enhanced antibacterial and antifungal activities of the metallic 

nanocomposite, we have carried out interaction studies using the quorum sensing proteins 

PqsR,
163

 RstA response regulator
167

, and resistance causing FosA proteins.
166

 Then, in 

vitro differential antibacterial and antifungal activities have been studied in this work by 

KB test. The efficacies of inhibiting the microorganism of our materials have been 

evaluated by calculating the MIC and the ZOI in different strains. Additionally, we have 

tested the antimicrobial properties of individual metal oxides such as ZnO, Ag2O/Ag, 

CuO, and SnO2 NPs separately, which were synthesized using the same approach. 

Finally, the antimicrobial properties of Ag2O, CuO, SnO2, and ZnO NPs and ZnO-CuO, 
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ZnO-AgO2/Ag, and ZnO-SnO2 NPs have been compared using the in silico and in vitro 

studies. Thus, in the present study, we have focused mainly on the composite NPs doped 

with metal/metal oxide NPs and their antimicrobial results were compared with the ZnO 

NPs which could challenge different microorganism-based infections and diseases.  

3.1.3 Experimental  

3.1.3.1 Synthesis of Zinc oxide (ZnO) NPs   

In brief, 10 mmol of ZnCl2 was added in 50 mL of alcohol under continuous stirring. 

Simultaneously, 20 mmol of NaBH4 was added in 10 mL alcohol under an ice bath. 

Further NaBH4 solution was added drop wise at the rate of 1 drop/2-sec in the solution of 

zinc chloride under continuous stirring (300 RPM). The color change from transparent to 

milky white was observed. The solution was centrifuged (8000 RPM) and washed with 

deionized (DI) water three times and dried overnight at 80° C. This sample is designated 

as Z (ZnO). 

3.1.3.2 Synthesis of Zinc Copper bimetallic oxide NPs (ZnO-CuO) 

In brief, 10 mmol each of ZnCl2 and CuCl2.2H2O was added in 50 mL of alcohol under 

continuous stirring (300 RPM) at room temperature (RT). 50 mmol of NaBH4 was added 

in 20 mL alcohol and the exothermic reaction was taken place at RT in the ice bath. The 

solution was added drop wise at the rate of 1 drop per 2 sec to the first solution. The color 

changed from greenish to dark green more like a shade of black. The solution was 

centrifuged and washed with DI water thrice and dried overnight at 80° C. Details of the 
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synthesis method can be referred to the applications of Indian Patents.
169,170

 This sample 

is designated as CZ (ZnO-CuO).   

3.1.3.3 Synthesis of Zinc Silver bimetallic oxide NPs (ZnO-Ag2O/Ag) 

In brief, chloride salts of silver and zinc were taken in the same quantities as above and 

the same procedure was adopted. After the drop wise addition of NaBH4 solution, a 

change in color from dark-green to greenish-black has been observed. The solution was 

centrifuged and washed with DI water three times and dried overnight at 80°C.
169,170

 This 

sample is designated as AZ (ZnO-Ag2O/Ag). 

3.1.3.4 Synthesis of Zinc Tin bimetallic oxide NPs (ZnO-SnO2) 

In brief, 10mmol of zinc and stannous chloride salts were taken and the same procedure 

was followed as above. On addition of the NaBH4 solution, the color changed from milky 

transparent to brownish and then greyish. The solution was washed with DI water three 

times and dried overnight at 80° C.
169,170

 This sample is designated as SZ (ZnO-SnO2). 

3.1.3.5 Antibacterial Evaluation study  

i. In silico Molecular interactions of metallic oxide Nanoparticles and the target 

protein of micro-organism 

Investigation of molecular interaction of ZnO-Ag2O/Ag, ZnO-CuO and ZnO-SnO2 and 

single oxide Ag, SnO2and Zn were carried out by applying Lamarckian genetic 

algorithms (LGA) using AutoDock4.2 tool. The structure of the NPs was modeled and 

optimized by using VESTA version 3, freely available software.
171

 The crystal structure 

of Quorum sensing regulator PqsR (PDB ID: 4JVI), P. aeruginosa, response regulator 
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RstA (PDB ID: 5E3J) A. baumannii, fosfomycin resistance protein (PDB ID: 5WEW) of 

K. pneumoniae, Heat Shock protein 90 (HSP90) (PDB ID-6CJP) of C. albicans were 

retrieved from the protein data bank. Macromolecule preparation was carried by adding 

the polar hydrogen atoms, Kollman charges, solvation parameter, and defaulted grid box 

was generated. Computational flexible docking was performed using the optimized 

geometry of NP and protein molecules. Docking parameter set defaulted, number of GA 

run set 30 and maximum amount of generation was set at 27,000 for each study. Further 

Analysis was conducted using AutoDock and Chimera software. 

ii. Disk Diffusion method 

The method has been described in the experimental section in Chapter 2 (Page 33). 

iii. Calculation of Minimum inhibitory concentration 

The method has been described in the experimental section in Chapter 2 (Page 33). 

iv. Luria Broth (LB) Dilution Method 

The method has been described in the experimental section in Chapter 2 (Page 34). 

3.1.3.6 Statistical Analysis: 

Data are expressed as mean values (± SD). Analysis of variance followed by Bonferroni 

post tests comparisons in different time intervals for multiple comparison tests in two 

ways ANOVA was done. In all cases, the p value was obtained from the ANOVA table 

and the conventional 0.0001 level was considered to express the statistical significance.  



Chapter 3: Results and Discussions 

 

  

  53 | P a g e  

 

3.1.4 Results and Discussions 

3.1.4.1 Synthesis and Characterizations 

 

Figure 3.1: HRTEM micrographs for (a) ZnO, (b) ZnO-CuO, (c) ZnO-Ag2O/Ag, and (d) 

ZnO-SnO2; SAED pattern for (e) ZnO; (f) ZnO-CuO, (g) ZnO-Ag2O/Ag, and (h) ZnO-

SnO2 ; and d- spacing for (i) ZnO, (j) ZnO-CuO, (k) ZnO-Ag2O/Ag, and (l) ZnO- SnO2. 

 

The ZnO-CuO, ZnO-Ag2O/Ag, and ZnO-SnO2 NPs were synthesized by in-situ 

solvo-chemical reduction method using NaBH4 as mentioned in the experimental section. 

Detailed synthesis methods for different samples have been filed for patents.
169,170

 The 

HRTEM micrographs of ZnO, ZnO-CuO, ZnO-Ag2O/Ag, and ZnO-SnO2 NPs are shown 

in Fig. 3.1 (a) to (d), respectively, where all the NPs are observed in well-dispersed form. 
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Size and morphology of the NPs are observed from HRTEM (Fig. 3.1) which shows ZnO 

NPs are quasi-spherical in shape with an average size of c.a., 2.25±0.3 nm in diameter. 

The ZnO-CuO NPs (Fig. 3.1 (b)) show an average size of 2.1±0.2 nm in diameter. The 

mono dispersed ZnO-Ag2O/Ag NPs (Fig. 3.1 (c)) are of the size 3.2±0.2 nm in diameter 

and ZnO-SnO2 NPs (Fig. 3.1 (d)) are of the size 5±0.2 nm in diameter. The SAED pattern 

for ZnO, ZnO-CuO, ZnO-Ag/Ag2O, and ZnO-SnO2 are shown in Fig. 1(e), (f), (g), and 

(h), respectively. The d-spacing values were calculated from the HRTEM image and it is 

found to be 0.27 nm corresponds to the ZnO (100) (in Fig 3.1 (i)) and this value is 

matching well with the pure ZnO NPs. For ZnO-CuO, the d-spacing is calculated to be 

0.23 nm for CuO (111) and 0.26 nm for ZnO (002) as shown in Fig. 3.1 (j). For ZnO-

Ag2O/Ag, the d-spacing ~0.25 nm corresponds to ZnO (101), 0.23 nm for Ag (111), and 

0.26 nm for Ag2O (111) as is shown in Fig. 3.1 (k). For ZnO-SnO2, d-spacing is 

calculated to be 0.24 nm for ZnO (102) and 0.32 nm corresponding to the SnO2 (110) as 

shown in Fig. 3.1 (l). Thus, the samples are mixed with oxide components. These results 

are in good agreement with the XRD results which are represented in the subsequent 

section. 

The UV-visible spectra were acquired in the range of 190-800 nm for all the NPs 

to find out the surface plasmon behavior (Fig. 3.2). All the samples exhibited a single 

distinct absorption band at 382 nm (Fig. 3.2a), 262 nm (Fig. 3.2 b), 224 nm (Fig. 3.2c), 

and 358 nm (Fig. 3.2 d) for ZnO, ZnO-CuO, ZnO-SnO2 and for ZnO-Ag2O/Ag, 

respectively. The appearance of a single absorption band instead of double peaks denotes 

that the bimetallic-oxide composites have been formed in the presence of NaBH4, which 
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are further converted into oxides since the synthesis process was conducted in the 

oxidizing environment and the overall composition of the various samples are with 

uniformly mixed phase.
172

 Another important can be pointed out from the UV-Vis spectra 

that for ZnO-SnO2 (SZ) (Fig. 3.2 c) and for ZnO-CuO (CZ) (Fig. 3.2b) there is a 

significant decrease in intensity of the absorption band. This could occur since SnO2 and 

CuO are the dominant phases over the ZnO in SZ and CZ, respectively. This also can be 

verified from the EDS results (Fig. 3.3). 

 

Figure 3.2: UV-Vis spectra of composite NPs: (a) ZnO NPs, (b) ZnO-CuO NPs, (c) ZnO-

SnO2 NPs and (d) ZnO-Ag2O/Ag NPs. 
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Figure 3.3: EDS spectrum of: (a) ZnO, (b) ZnO-CuO, (c) ZnO-SnO2 and (d) ZnO-

Ag/Ag2O. 
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Figure 3.4: Calculation of band gap (Eg)   for different samples,  of  (a) ZnO (Z); (b) 

ZnO-CuO (CZ); (c) ZnO-Ag/Ag2 O (AZ) and (d) ZnO-SnO2 (SZ). 

 

The energy band gap values (Eg) were calculated for all the samples and found to 

be around 3.25 eV, 2.15, eV,  1.98 eV, and 3.12 eV for Z, CZ, AZ, and SZ, respectively 

(Fig. 3.4). This variation in Eg could be responsible for the electronic transition that 

occurs during the interaction between NPs with micro-organisms and differentiated their 

killing efficiency, which has been discussed in detail in the subsequent section (see Fig. 

3.17).  
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Further, to check the chemical functionality, the FTIR experiments were 

performed for all the samples. The FTIR of the materials is shown in Fig. 3.5. The 

stretching bands observed at around 3500 cm
-1

 and around 1300 cm
-1 

are due to the 

presence of the O-H bonds. The stretching bands appeared at around 457 cm
-1

, 452 cm
-1

, 

500 cm
-1,

 and 719 cm
-1

 are due to the Zn-O bond, Cu-O bond, Ag-O, and O-Sn-O bond, 

respectively.  

 

Figure 3.5: Shows the FTIR spectra for the materials. 

 

The solid state crystal structure and phases of the synthesized materials have been 

examined through the powder XRD patterns (Fig.3.6). XRD pattern of ZnO NPs (Fig. 
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3.6(a)) is matching well with the previous report corresponding to the hexagonal Wurtzite 

phase of the ZnO NPs (JCPDS data card 89-0510).The peaks at 2 = 32.1°, 33.1°, 36.3°, 

45.1°, 57.9°, 68.8°, 70.6° and 77.1° correspond to the (100), (002), (101), (102), (110), 

(201), (004) and (202) diffraction planes, respectively. The XRD pattern of ZnO-CuO 

NPs is shown in Fig. 3.6(b) and the diffraction peaks appearing at 2~ 34.4° and 34.9° 

correspond to the (100) and (002) planes of ZnO Wurtzite hexagonal phase, respectively. 

Further,  the peaks at  2~ 36.7°, 53.2°, and 74.3° correspond to the (111), (020), and 

(004) planes, respectively for the monoclinic crystalline phase of CuO (JCPDS file 

number 48-1548).
173

 A trace amount of cubic Cu2O is also present in the composite 

system (Fig. 3.6(b)). Fig. 3.6(c) shows the XRD pattern for ZnO-SnO2, which is 

matching well with the previous report.
174

 The peaks appeared at 2~30.8° and 34.5° 

correspond to the hexagonal phase of ZnO with (100) and (101) diffraction planes, 

respectively. Whereas, the peaks appeared at 2~ 32.1°, 42.7° and 62.7° correspond to 

the tetragonal crystalline phase of SnO2 with (101), (120), and (310) planes, respectively. 

Further, it can be seen from Fig. 3.6(c) that the peak appeared at 2~ 80.17° correspond 

to the (400) planes of SnO2 and (014) of ZnO which are co-existed. Further, a trace 

amount of SnO (200) is also found. Additionally, Fig. 3.6(d) depicts the XRD peaks for 

ZnO-Ag2O/Ag which consists of cubic phase of ZnO and cubic phase of Ag2O as found 

out from the MATCH software pdf no. 16-153-7876 and 96-101-0605, respectively. The 

diffraction peaks appeared at 2~ 32.5°, 38.2°, 54.8°and 74.5° resemble the (111), (020), 

(202) and (231) diffraction planes, respectively that correspond to the cubic phase of 
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Ag2O. The peaks that appeared at 2~ 33.5°,56.3°, and 67.4° are typically for cubic ZnO 

phase belong to the (111), (202), and (311) planes, respectively. Further, from XRD it is  

 

Figure 3.6: XRD patterns of (a) ZnO (b) ZnO-CuO (c) ZnO-SnO2 (d) ZnO-Ag2O/Ag NPs.  

confirmed that the composite (i.e., ZnO-Ag2O/Ag) consists of metallic Ag and the 

corresponding diffraction peaks appeared at 2~28°, 38.2, 42.5°, and 77° for (220), 

(111), (200) and (311) diffraction planes, respectively. Therefore, obtained results prove 

that there are significant diffraction peaks present as evidence for the presence of 
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AgO2/Ag
0
, SnO2, and CuO in the final composition. Notably, there are no significant 

diffraction peaks observed that could be due to the lattice site substitution of ZnO or for 

the other elements.
175

 In conclusion, the XRD pattern showed that the NPs combination 

system comprises of elemental Ag2O/Ag
0
, CuO, and SnO2 in different combinations with 

ZnO and the NP systems are crystalline in nature.   

These results are further matching well with the TEM results (fringes are visible 

Fig. 3.1). Elemental analysis results are also matching well with the results obtained from 

the EDS (Fig. 3.3) and XPS experiments (Fig. 3.10). The EDS results as shown in Fig. 

(3.3), are also the evidence for the presence of elemental Zn and O in ZnO; Cu, Zn, and O 

in ZnO-CuO; Ag, Zn and O in ZnO-Ag2O/Ag and Sn, Zn and O in ZnO-SnO2. 

To find out the physical properties such as surface area and porosity the BET 

surface area analysis has been conducted for all the samples and surface areas were 

calculated to be 61.0 m
2
/g, 40.1 m

2
/g, 23.4 m

2
/g, and 10.3 m

2
/g for the samples ZnO, 

ZnO-CuO, ZnO- Ag2O/Ag and ZnO-SnO2, respectively. Further, all the samples prepared 

for this work are found to be porous in nature. The BJH average pore size is found to be 

3-4 nm for all the samples (see in-set of Fig. 3.7). The porous nature of the samples is 

further confirmed through the BJH-isotherm (adsorption-desorption), which is of the type 

IV category (Fig. 3.7) and the average pore size range shows that the materials are 

mesoporous in nature which is matching well with the porosity results obtained from the 

HRTEM images. It is noticed that the specific surface area has decreased in mixed oxide 

NPs compared to the ZnO NPs which might be due to the blocking of many micro-pores 

due to the presence of the tiny metal oxide NPs.
176

 Further, the surface area of the ZnO-
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CuO decreases with an increase in the average pore size. The reason behind this 

phenomenon is that the crystallinity/particle size is inversely proportional to the surface 

area and the XRD pattern shows that the ZnO-CuO (Fig. 3.6b) is quite amorphous in 

nature due to the smaller particle size. It can be further noted that the porous structure and 

the particle size strongly influence the antimicrobial properties due to the change in the  

 

Figure 3.7. BET surface area analysis results: N2 adsorption-desorption isotherm plots of 

(a) ZnO (Z); (b) ZnO-SnO2 (SZ); (c) ZnO-CuO (CZ); and (d) ZnO-Ag2O/Ag (AZ). Inset 

represents the pore size distribution results calculated from the BJH desorption pore 

volume data for the respective sample. 
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surface area as well as the availability of active sites of interactions with them. 

 

Figure 3.8: Shows TGA results for Z (ZnO), CZ (ZnO-CuO), SZ (ZnO-SnO2), and AZ 

(ZnO-Ag2O/Ag. Experiments performed in N2 gas environment 

 

The thermal stability of the samples was investigated through the TGA analysis 

(Fig. 3.8). Results showed that the weight loss for all the samples occurred in the 

temperature range of 40°C≤T≤200°C due to the evaporation of unbound moisture present 

in the samples. The weight loss continues up to 619 ºC for ZnO, 848 ºC for ZnO-CuO, 

745 ºC for ZnO-SnO2, and 459 ºC for ZnO-Ag2O/Ag until they become stable. The 

weight loss at the higher temperature occurred due to the creation of oxygen vacancy in 

ZnO. From the above results, we also noticed that for ZnO-Ag2O/Ag a sharp decline or 
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intense exothermic peak was observed at ~800 ºC (in DSC results, Fig. 3.9) which 

attributed to the re-crystallization of the NPs
177

 and found stable between 459 ºC ≥T≤ 800 

ºC. However, the obtained results describe that the mixed oxides are more stable than the 

single oxide (ZnO). From Fig. 3.9 (d), we observed that there is a small endothermic peak 

at ~ 438 ºC and this occurred due to the release (evaporation) of Zn metal (the melting 

point of pure Zn is around 420ºC). From Fig. 3.8, it is also clearly noticed that there is no 

substantial change in the thermogram. However, one endothermic peak at 190
o
C for Z 

 

Figure 3.9:DSC of  (a) ZnO; (b) ZnO-CuO; (c) ZnO-SnO2; and (d) ZnO-Ag/Ag2O 

Nanoparticle system. 
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(ZnO) and AZ (ZnO-Ag2O/Ag) is observed, which may be due to the loss of moisture 

(from Zn-OH) (FTIR spectra Fig. 3.5). 

To check the colloidal stability of the NPs, the surface charge potential was 

measured through surface charge zeta potential () measurement of the samples without 

any surface modification or adding surfactant, and the   values varied in the order of 

ZnO-SnO2<ZnO-Ag2O/Ag<ZnO-CuO<ZnO. The result shows that the  values are in a 

broad range and colloidal stability is varied on the types of particles
178

 and the NPs are 

suitable for biological applications.
179

 Further, the stability of the composite NPs was 

investigated in PB, PBS (pH, 5, 6.9, 7.4, and 8), and saline solutions for seven days by 

keeping the fixed concentration of the samples. The obtained results have been tabulated 

in Table A1 to Table A4 in the Appendix section. From Table A1 it is observed that zeta 

potential values for ZnO (Z) in PBS of (1) pH 5 varied in between -12.0 mV to -10.9 mV 

for seven days; (2) for pH 6.9, potential values varied in between -15.3 mV to -20 mV; 

for pH 7.4 potential values varied in between -15.5 mV to -16.1 mV, and for (4) pH 8 the 

potential values varied from -23.4 mV to -30 mV. However, for longer period of time the 

potential values decreased within the time period of 2-7 days. Zeta potential values for 

the ZnO-Ag2O/Ag (AZ) sample were measured in PBS and the values are tabulated in 

Table S3 over a time period of seven days and the values obtained to be (i) -10.9 mV to -

12.3 (for pH 5), (ii) -14.2 mV to -20.8 mV (for pH 6.9); (iii) -16.2 mV to -10.1 mV (for 

pH 7.4) and (iv) -1.9 mV to -4.1 mV (for pH 8), respectively. Till the time period of 7
th

 

day and at higher pH (pH 8) the sample becomes unstable in PBS. In Table A2 the zeta 

potential values for all the samples in Saline solution have been shown and it was found 
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that all the samples are stable at least up to 2 days. However, over the time period of 

seven days their zeta potential values were decreased. Zeta potential for all the samples  

in  Phosphate Buffer Solution (PB) have been investigated (see Table A4) and found that 

ZnO-Ag2O/Ag (AZ) are quite stable in the physiological pH 6.9 and pH7.4. All the other 

samples are found stable in PB at different pH. In conclusion, all samplers are stable in 

Saline solution up to 48 h and ZnO-Ag2O/Ag (AZ) is very stable among all the samples. 

Details zeta potential values are tabulated in Table A1 to Table A4.  

Time scale dissolution studies for all the samples were conducted through DLS 

for 7 days, using Saline, PBS, and PB solutions of different pH 5, 6.9, 7.4, and 8, and the 

results are represented in Table A5-A11. It is evident that the hydrodynamic diameters of 

the particles varied in Saline, PBS, and PB. The hydrodynamic diameters have been 

calculated for all the samples dispersed in PBS and it shows that particle size of ZnO-

Ag2O/Ag (Table A6) is found to be quite stable, whereas for ZnO it was fluctuating 

(Table A5) at different pH, 5 6.9, 7.4 and 8. In Saline solution, all the types of NPs are 

quite stable at least for 7 days, and the stability is found more for ZnO-Ag2O/Ag with 

respect to the other samples, such as ZnO, ZnO-CuO, and ZnO-SnO2 (Table A7). For 

ZnO, ZnO-CuO, and ZnO-SnO2 the increase in hydrodynamic diameters was observed, 

which may be due to the settlement of the particles or due to their coagulation.  

Further, hydrodynamic diameters of all types of particles in PB solution of 

different pH (5, 6.9, 7.4, and 8) have been evaluated. More fluctuation of the size has 

been observed for ZnO for different pH in the entire period (Table A8), while for ZnO-

Ag2O/Ag the variation of the particle size is found to be in the considerable range (see 
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Table A9). A similar phenomenon was observed for ZnO-CuO (Table A10) and ZnO-

SnO2 (Table A11) at different pH and time periods. As per our analysis, this variation of 

the size observed may be due to the change in the pH which has further affected the 

dissolution of particles, as we observed the change in color of the solution. In acidic 

conditions, the NPs may be agglomerated at a faster rate and it is also observed that the 

rate of agglomeration varied for the different samples. However, we should not compare 

the particle size results obtained from TEM and DLS, since DLS samples were dispersed 

in different solutions (Saline, PB, and PBS) for up to 7 days at different pH, whereas, the 

TEM/HRTEM experiments were performed by dispersing the samples in iso propanol 

followed by drying on TEM grids (former/C coated Cu grid, Mess size 200). Therefore, 

from the time scale zeta potential and dissolution studies, it can be concluded that the 

mixed oxide NPs prepared for this work are more stable compared to the ZnO alone and 

good bioavailability can be achieved during any biological as well as antimicrobial 

applications.
178

  

XPS analysis was performed for the determination of the elemental composition 

of the samples and Fig. 3.10 shows the XPS spectra of the mixed oxide composites in 

which Fig. 3.10  (a-c) represent spectra of ZnO-CuO; Fig. 3.10 (d-f) of ZnO-SnO2; and 

Fig. 3.10 (g-i) of ZnO-Ag2O/Ag. The appeared band at ~530 eV signifies the presence of 

oxygen (O 1s) in each nanocomposite. In Fig. 3.10 (a) the bands appeared at energy level 

933.4 eV, 77 eV, 1020.3 eV and 1043.3 eV, correspond to the binding energies for Cu 

2p3/2, Cu 3p3/2, Zn 2p3/2 and Zn 2p1/2, respectively.
180

 Further, a minor shift in the binding 

energy band of Zn, and splitting energy bands (~23eV) between Zn 2p1/2 and Zn 3p3/2  
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Figure 3.10: XPS spectra of (a) full range for ZnO-CuO; (b) Zn 2p3/2 of ZnO-CuO; (c) Cu 

2p3/2 of ZnO-CuO. Fig.(d),the full range spectra for ZnO-SnO2; (e) Zn 2p3/2 of ZnO-SnO2; 

and (f) Sn 3d of ZnO-SnO2. Fig. (g) shows the full range spectra for ZnO-Ag2O/Ag; (h) 

Zn 2p3/2  of ZnO- Ag2O/Ag and (i)Ag 3d of ZnO-Ag2O/Ag 

 

indicate the strong interactions that occurred between the CuO and ZnO due to the local 

difference in the atomic environment.
181

 Fig. 3.10 (c) represents the bands for Cu 2p3/2 of 

ZnO-CuO, which can be de-convoluted into three energy bands and it confirms the 

presence of three oxidation states of the elemental copper, i.e., Cu
+2

, Cu
+1 

and Cu
0
 in the 

composite system. The formation of Cu
0
 (copper zero) subsequently translated into Cu2O 

(Cu
+1

) and CuO (Cu
+2

) due to the use of strong reducing agent NaBH4 and as the entire 
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reaction has been performed in the oxygen environment. The Fig. 3.10 (b) shows the XPS 

spectra for Zn 2p3/2 and the binding energy bands observed at ~1021.70 eV and ~1020 

eV, which are the characteristics bands for the ZnO. From the full range of the XPS 

spectrum of ZnO- Ag2O/Ag (in Fig. 3.10 (g)), it is identified that the energy bands 

appeared at 87 eV, 576 eV, 1020.2 eV, and 1043.2 eV corresponding to the presence of 

Zn 3p3/2, Ag 3p3/2, Zn 2p3/2, and Zn 2p1/2 states, respectively. Fig. 3.10 (g) has been 

expanded into the region between 520-600eV (represented in inset), which supports the 

presence of O1s and Ag 3p3/2. Fig. 3.10 (i) shows the XPS energy band for Ag 3d and 

Fig. 3.10 (h) shows for Zn 2p3/2 present in ZnO-Ag2O/Ag, which further shows that the 

presence of Ag2O corresponds to the band appeared at ~367.6 eV. Interestingly, Fig. 3.10 

(h) also shows the presence of Ag (~371.9 eV) and  AgO (367.4 eV ) in ZnO-

Ag2O/Ag.
182,183

 This means that Ag2O was formed during the reduction reaction and the 

same was transformed into the Ag
0
. Fig. 3.10 (h) shows the Zn 2p3/2 peak at 1020.2eV, 

which is matching well with the previously reported results. For XPS spectra of ZnO-

SnO2, bands for Zn 2p and Sn 3d are depicted in Fig. 3.10 (d), (e), and (f), respectively. 

The bands appearing at 88eV, 139.9eV, 485eV, 494eV, 715eV, 757eV, 884.8eV, 1020eV 

and 1043eV correspond to the presence of Zn 3p3/2, Sn 4s, Sn 3d5/2, Sn 3d3/2, Sn 3p3/2, Sn 

3p5/2, Sn 3s, Zn 2p3/2 and Zn 2p1/2, respectively. The band observed at 25.1eV is a 

characteristic peak for Sn 4d (Sn
+2

) state, which suggests that it indeed formed SnO2 

NPs.
184

 It is also evident for the presence of Sn and SnO which has been confirmed from 

XRD results (Fig. 3.10 (c)). The binding energy of elemental oxygen at 530eV also 

suggests that it appeared due to the presence of metal oxide.
184,185

 The minor peak 

shifting for Sn 3d is observed, which might be due to the chemical modification and 
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lattice interactions between the elemental Zn and Sn, which further has been supported by 

the TEM results (Fig. 3.1(c)). All these results are interesting for their use as an 

antimicrobial component, which has been explained in the subsequent section. 

3.1.4.2 In-silico studies results  

Then the in silico computational approach was taken into consideration to 

determine the bactericidal/fungicidal activities of bimetallic composite NPs compared to 

the single metal oxide NPs. Molecular interaction between NP with Quorum sensing 

regulator PqsR (PDB ID: 4JVI), response regulator RstA (PDB ID: 5E3J), fosfomycin 

resistance protein (PDB ID: 5WEW), and Heat Shock protein 90 (PDB ID-6CJP) have 

been analyzed. The binding energy and affinity, inhibitory constant, interacting polar 

bonds, and interacted amino acids for the single metallic/oxide and bimetallic/oxide NPs 

have been represented in Table 3.1, Fig. 3.11, and Fig. 3.12. For single metallic/oxide 

NPs the highest binding energy affinity was observed when CuO NPs interacted with the 

PqsRA, RstA, and Hsp90 and the values are -7.50, -5.33, and -5.72 (kcal/mol), 

respectively, While ZnO NPs interacted with the FosA with a required binding energy 

affinity of -5.17 kcal/mol (see Table 3.1). It is further observed that a very low binding 

energy for Ag and SnO2 NPs required, while ZnO NPs were required almost in an 

equivalent amount of binding energy for PqsR, RstA, FosA, and Hsp90, such as -5.61, -

4.83, -5.17, and -4.97 kcal/mol, respectively. It is also found out that the higher polar 

interactions played with ZnO nanoparticles along with all the listed proteins. Therefore, a 

combination of ZnO-CuO, ZnO-SnO2, and ZnO-Ag2O/Ag have been chosen for further 

protein-ligand interactions analysis (Ribbon structure in Fig. 3.11 and Fig. 3.12), 



Chapter 3: Results and Discussions 

 

  

  71 | P a g e  

 

hydrogen bond (thin green line with) polar and nonpolar interactive amino acid 

(spherical) have been represented in Fig. 3.11 and Fig. 3.12. Inhibition constants are 

calculated for the interactions between ZnO with PqsR, RstA, FosA, and Hsp90, which 

are as follow: 77.18 µM, 289.86 µM, 163.38 µM, and 227.87 µM, respectively. CuO NPs 

also interacted with the PqsR, RstA, FosA, and Hsp90 and the interaction constants 

obtained to be 3.17 µM, 123.94 µM, 4.43 µM, 64.22 µM, respectively. While for all the 

bi-metallic/oxide NPs, during the interaction with PqsR, RstA, FosA, and Hsp90 the 

inhibition constants decreased to nanomole with the increase in the binding energy 

affinity. Among these three nanoparticle systems such as ZnO-CuO, ZnO-SnO2, and 

ZnO-Ag2O/Ag, the highest binding energy affinity was observed for ZnO-Ag2O/Ag, 

while it was interacting with the PqsR, RstA, FosA, and Hsp90 and the values calculated 

to be -9.79, -12.0, -11.57 and -11.32 (kcal/mol), with minimum inhibition constants of 

66.48 nM, 1.61 nM, 3.33 nM, and 5.06 nM, respectively. It is also noticed that ZnO-CuO, 

ZnO-SnO2, and ZnO-Ag2O/Ag NPs possessed excellent antimicrobial and antifungal 

activities with higher efficiencies compared to the single metal or metal oxide NPs. 

However, among these NPs the ZnO-Ag2O/Ag NPs exhibited the highest antimicrobial 

efficacy compared to the other samples used. It can also be noticed that the presence of 

octahedral and cubic phase of Cu2O can affect the antibacterial activity,
186

 however the 

extent of Cu2O present in our composite system is very less/negligible.  

Further, the intermolecular interacting amino acids and the hydrogen bonding 

resulting with ZnO, CuO, ZnO-CuO, ZnO-SnO2, and ZnO-Ag2O/Ag are shown in Fig. 

3.11 and  Fig. 3.12, and for P. aeruginosa (Fig. 3.11A), A. baumannii (Fig. 3.11B), K. 
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pneumoniae  (Fig. 3.11C) and C. albicans (Fig. 3.11D), respectively. P. aeruginosa 

(gram-negative) bacterium is a causative agent of nosocomial infection. Virulence factor 

PqsR involved in the pathogenicity belongs to the family of LysR type transcriptional 

regulators. The active motif of PqsR can interact with the various inhibitors such as (i) 

quinolone derivative interacting amino acids including Asn206(H), Arg209(H), 

Leu197(H), Glu259(H), Phe221, Leu207(H), and Ser196,
187

 (ii) Stigmatellin Y 

interacting amino acids including Pro129, Ala187, Ala190 and Val211,
188

 and (iii) 

Zingerone interacting amino acids including Leu208(H), Gln194(H) Met 224 Ile236 and 

Leu207, Val211, Pro210 Arg209 and Ser196.
189

 From our study, it is observed that 

except ZnO-Ag2O/Ag, other NPs (Fig. 3.11 (A.1, A.2, A.3 and A.4,)) interacted with the 

active motif of PqsR (represented in bold in Table 3.1) and it showed the anti-biofilm 

activity. ZnO forms hydrogen bonding with the Gln194, Leu19, and Ile236 and with 

other intermolecular interactions with Val211, Pro210, Arg209, and Leu208 (Fig. 3.11 

A.1). While shows that the ZnO-Ag2O/Ag NPs interact at different motifs with higher 

affinity forming the hydrogen bonds with Tyr240, Ser106, and other interacting nonpolar 

interaction proteins including Gly296, His239, Lys167, Thr166, and Pro104 (Fig.3.11 

A.5).  RstA(BfmR) is a master regulator of bio-film initiation in A. baumannii which is 

regulated by csu operon and increased the resistance towards the erythromycin, colistin, 

imipenem, rifampin. The csu operon was involved in the attachment of biofilms to abiotic 

surfaces both in nature and in the clinic. Molecular dynamic stimulation showed the α4-

β5-5 segments of BfmR is an active motif.
190

 Crystal structure of BfmR is an active 

homodimer conformation consisting of two active residues such as Thr85 and Tyr104. 

Previous studies showed strong binding hot spot residues including Arg124 and His78, 
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while Glu98, Arg112 and Arg119; Asp102 and Arg124; and Asp103 and Arg117 

residues were involved in the salt bridge formation.
190,191

 As represented in Fig. 3.11 

(B.1, B.2, B.3, B.4 and B.5) and Table 3.1, our in silico studies showed that the ZnO, 

CuO, ZnO-CuO, ZnO-SnO2, and ZnO- Ag2O/Ag NPs interacted at an active site of BfmR 

and it is represented in bold. 

Expanded clinical usages of fosfomycine result in the development of 

fosfomycine resistant K. pneumoniae strain. Fosfomycine shows a bactericidal effect only 

when the fosA gene is deleted. Investigation of FosA inhibitor will help in overcoming 

multidrug resistance.
166

 Important interacting residue of FosA includes ß2-ß3 from 

residues 31 to 46 and ß6-α3 helix residue from 115 to 135. The interactions with 5WEW 

between NPs such as ZnO, CuO, ZnO-CuO, ZnO-SnO2, and ZnO-Ag2O/Ag have been 

shown in Fig. 3.12 (C.1, C.2, C.3, C.4 and C.5). Polar interactions formed between (i) 

CuO with Tyr131; (ii) ZnO with Arg55, Thr58, Ser63, and Lys111; (iii) ZnO-CuO with 

Ser63 and Lys111, (iv) ZnO-SnO2 with Asp64 and His110, and (v) ZnO-Ag2O with 

leu119 and Gln121 with highest binding affinity -11.57 (kcal/mol). Other interacting 

amino acids are represented in Table 3.1 and Fig. 3.11 and Fig. 3.12 can also interact. 

Further, molecular chaperone Hsp90 governs the key function of morphogenesis, and 

inhibition of Hsp90 alters the capsule assembly and virulence property of the pathogen. 

The co-crystal structure of the Hsp90 nuclear binding domain of C. albicans with 

CMLD013075  showed the unique target specific structural rearrangement.
192

 Hsp90 

inhibitor showed antifungal activity when it was bound to the ATPase domain form 

residues 29-184.
192,193
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Table 3.1: Binding energy (kcal mol
-1

) and interaction parameters of NPs with interacting 

proteins calculated from in silico study. It can be noted that the bold residues represent active 

binding sites that interacted with inhibitors reported on PDB and earlier publications. 

 

  

Sr. 

No 

 

 
Ligand NPs 

Binding energy 

(kcal/mol) 

Inhibition 

Constant 

Hydrogen Bond/ 

amino acid residue 
Amino acid interaction 

1 

P. aeruginosa 

PqsR (MvfR) 

PDB ID 4JVI 

 

Ag -1.64 63.28 mM - 
SER205, GLN203, HIS204, LEU208, ASP150, 

ASP131, SER199, SER201 

SnO2 -3.92 1.33 mM ILE155 (1.766 Å) LYS154, ILE155, GLN160,TYR270, 

ZnO -5.61 77.18 µM 

GLN194 (2.085 Å) 

LEU197 (1.922Å) 

ILE236 (2.173Å) 

VAL211, PRO210, GLN194, ARG209, LEU208, 

LEU197, ILE236 ,LEU197 

CUO -7.50 3.17 µM 
LEU197 (1.931Å) 

ILE236 (1.875Å) 

GLN195, LEU208,LEU197, SER196,PHE221, 

MET224, ILE236 

ZnO-CuO -9.03 241.04 nM LEU197 (2.248Å) 
GLN194, LEU208, SER196, LEU197 

ILE236, ILE149, ALA168, ALA237, PHE221 

ZnO-SnO2 -9.07 224.6 nM  

ILE186, LEU189, VAL211, TRP234, TYR258, 

ILE236 
 

ZnO-Ag2O/Ag -9.79 66.48 nM 
SER106 (2.099Å) 

TYR240 (2.096Å) 

TYR240, SER106, GLY296, HIS239, LYS167, 

THR166, PRO104 

2 

 

A. baumannii 

RstA  

PDB ID- 5E3J 

Ag -1.73 53.94 mM - 
THR23, ALA20, ILE12, VAL56,VAL13,GLU14, 

ASP58, LEU84 

SnO2 -3.90 1.39  mM - ILE12, VAL56 

ZnO -4.83 289.86 µM 

ALA106 (1.905 Å) 

ARG117 (2.162 Å) 

GLN93 (2.106 Å) 

ALA106 (2.143 Å) 

ARG117, VAL105, ALA106,GLN93, TYR104 

CuO -5.33 123.94 µM 
ARG124 (2.207  Å) 

HIS78  (2.151 Å) 
HIS78, ARG123, ARG124, GLY100, ARG74 

ZnO-CuO -7.50 3.18 µM 
ARG117 (2.096 Å) 

GLN93 (1.873 Å) 

VAL104, ALA106, VAL109, GLN93, ARG117, 

VAL113, GLN110 

ZnO-SnO2 -10.72 13.94 nM 
GLN93 ( 1.754 Å) 

ALA106 ( 2.022 Å) 

VAL113, GLN93, TYR104, ARG117, VAL105, 

ALA106 

TYR104 

ZnO-Ag2O/Ag -12.0 1.61 nM 

ALA106 (2.034 Å) 

GLN110 (2.207 Å) 

ALA106 (1.893  Å) 

VAL105, VAL109, VAL113, ALA106, LYS107, 

GLN93, ARG117, TYR104, GLN110, ALA106 

3 

K. pneumoniae/ 

FosA  

PDB ID- 5WEW 

 

Ag -1.48 82.78 mM - LEU114, ILE72, PHE70, SER71, MET28, CYS42 

SnO2 -3.60 2.31 mM LYS111 (1.914 Å) LYS111, THR66, HIS110 

ZnO -5.17 163.38  µM 

ARG55 (1.830 Å) 

THR58 (2.232 Å) 

SER63 (1.626 Å) 

LYS111 (1.761 Å) 

ARG55, GLY109, THR58, LYS111, THR66, 

ASP64, SER63 

CuO -3.21 4.43 mM TYR131 (2.209 Å) ARG96, GLN129, TYR131, GLN129 

ZnO-CuO -7.44 3.54 µM 
SER63 (1.661 Å) 

LYS111 (1.839  Å) 

SER63, LYS111, ARG55, GLY109, HIS110, 

THR66, TYR68 

ZnO-SnO2 -8.04 1.28 µM 
ASP64 (1.948 Å) 

HIS110 (2.238 Å) 

SER63, THR58, ARG55, TYR68, HIS110, THR58, 

ASP64 

ZnO-Ag2O/Ag -11.57 3.33 nM 
LEU119 (1.852 Å) 

GLN121 (2.119 Å) 

LEU119, SER118, HIS115, GLY117,VAL116, 

ILE72, SER71, GLU74, GLN121 

4 

C. albicans  

Hsp90  

PDB ID -6CJP 

 

Ag -1.63 63.89 mM  
LEU176, ASN40, THR174, 

ILE80, ASP82, ALA41, ARG81, ILE67 

SnO2 -4.14 926.71 µM ILE99 (2.024 Å) ILE99 

ZnO -4.97 227.87µM 
GLN5 (2.049 Å) 

ILE99 (2.046 Å) 
THR98, ILE99, ILE15, THR12, GLN5, PHE4 

CuO -5.72 64.22 µM 
LYS47 (2.174 Å) 

GLY86 (1.920 Å) 

MET87, ASN40, GLY86, 

LYS47, ILE85, ALA44 

ZnO-CuO -8.61 486.66 nM 
GLN5 (2.194 Å) 

ILE99 (1.825 Å) 

ALA13, GLY157, PHE159, HIS9, THR12, 

SER16, GLN5, ILE15, PHE4, GLY97, ILE99 

ZnO-SnO2 -9.31 149.24 nM 
ASN95 (2.220 Å) 

GLY126 (2.148 Å) 

PHE127, THR98, GLY126, GLY124, ASN40, 

ASN95 

ZnO-Ag2O/Ag -11.32 5.06 nM 
THR12 (2.018 Å) 

LYS89 (2.055 Å) 

LYS158, THR160, PHE159, VAL161, ALA13,  

HIS9, THR12, GLU10, VAL93, LYS89, GLU7, 

THR8 
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Single or bimetallic oxide NPs interacted with ATPase domain residues as they are 

shown in Fig. 3.12 (D.1, D.2, D.3, D.4, and D.5). Polar interactions occurred for (i) CuO 

with Lys47 and Gly86; (ii) ZnO with Gln5 and Ile99, (iii) ZnO-CuO with Gln5 and Ile99, 

 

Figure 3.11: Show molecular interactions of bacterial/fungal proteins with NPs. A and B 

are the crystal structure of PqsR and RstA (BmfR) (ribbon structure), respectively. A.1, 

A.2, A.3, A.4, and A.5 (upward) showed PqsR interactions and hydrogen bonding (green 

thin line with distance) with ligand ZnO (Zn -Blue), CuO (Cu-peach), ZnO-CuO, ZnO-

SnO2 (Sn-lime green) ZnO-Ag2O (Ag-Coral), respectively. B.1, B.2, B.3 B.4 and B.5 

Crystal structure BmfR interacted with ligands such as ZnO (Zn -Blue), CuO (Cu- 

peach), ZnO-CuO, ZnO-SnO2 (Sn-lime green), and ZnO-Ag2O (Ag-Coral), respectively. 

Downward figures represent the interacting residues of amino acids of active pocket and 

oxygen molecules (red). 



Chapter 3: Results and Discussions 

 

  

  76 | P a g e  

 

(iv) ZnO-SnO2 with Asn95 and Gly126 and (v) ZnO-Ag2O/Ag with Thr12 and Lys89. 

Many interactions observed with other residues are represented in Table 3.1 and Fig. 

3.12.

 

Figure 3.12: Molecular interactions of bacterial/fungal proteins with NPs. C and D 

represented the crystal structures of FosA and Hsp90 (ribbon structure), respectively. 

C.1, C.2, C.3, C.4 and C.5 (upward) showed FosA interactions and hydrogen bonding 

(green thin line with distance) with ligand ZnO (Zn -Blue), CuO (Cu- peach), ZnO-CuO, 

ZnO-SnO2 (Sn-lime green) and ZnO-Ag2O (Ag-Coral), respectively. D.1, D.2, D.3 D.4, 

and D.5. Crystal structure Hsp90 interacted with ligand ZnO (Zn -Blue), CuO (Cu- 

peach), ZnO-CuO, ZnO-SnO2 (Sn-lime green) ZnO-Ag2O (Ag-Coral), and oxygen (red), 

respectively. Downwards figures represented the interacting residues of amino acids of 

active pocket with NPs. 
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In comparison to ZnO, when ZnO is doped with CuO, SnO2, and Ag2O, the antibacterial 

and antifungal properties are found enhanced significantly in many folds. Among these 

three doped compositions, in silico studies conclude that ZnO-Ag2O/Ag is an effective 

component having the highest antimicrobial properties. Further, we have performed in 

vitro studies for all the components since all are indicating good targeted results. 

3.1.4.3 In-vitro studies results and mechanism: 

Finally, the in vitro antimicrobial study was conducted against E. coli according 

to the method mentioned in the experimental section. The OD600 values were calculated 

with a regular interval of three hrs for up to 12 hrs for each set of samples and at various 

concentrations, i.e., 0µg/ml, 50µg/ml, 250µg/ml, 500µg/ml, 750µg/ml and 1000µg/ml. 

The antibacterial activity results of different NPs in different concentrations with 

different time intervals have been shown in Fig.3.13. All the NPs exhibited regular trends 

that increase in the concentration from 50 µg/ml to 1000 µg/ml the antibacterial activity 

or rate of inhibition increases after 3 h and the highly effective results have been 

obtained. The ZnO acts as an antibacterial agent in two ways: (i) by ROS generation and 

(ii) by Zinc ions release/diffusion,
151

 Similarly, many antimicrobial mechanisms have 

been proposed using silver nanomaterials.
152

 Ag NPs can penetrate bacterial cell walls 

through pits formation and release silver ions that inhibit the growth of micro-organisms. 

For CuO and SnO2 NPs, the antibacterial mechanisms have also been discussed and it 

also has been narrowed down to ions release as well as ROS formation, which attack the 

important cellular components and kill the microorganisms.
94,153

 

Metallic NPs can also inhibit the growth of the micro-organism.
154

 And similarly  
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Figure 3.13: Antibacterial activity results of (Z) ZnO, SZ (ZnO-SnO2) CZ (ZnO-CuO), AZ 

(ZnO-AgO2/Ag) in different time intervals with E. coli. 

we can conclude that the present antibacterial materials also follow the ROS mechanism 

which subsequently has been discussed (Fig. 3.17). 

However, mixed bimetallic oxides combination with tiny metallic NPs (of size 2-3 nm) 

accelerated the antimicrobial activities much more through a cooperative electrochemical 

mechanism and the band energy gap (Eg) altered and subsequently promoted the ROS 

formation.  

Further, in vitro studies were conducted for screening of antimicrobial and  
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Figure 3.14: Antibacterial activity of (Z) ZnO, SZ (ZnO-SnO2) CZ (ZnO-CuO), and AZ 

(ZnO-AgO2/Ag) in different time intervals with E. coli (Dh5α).  

 

antifungal activities of synthesized NPs through ZOI studies (Fig. 3.15-3.16) and their 

efficacy was evaluated through the calculation of MIC. 

Some nosocomial bacterial strains were selected for this study because these bacteria and 

fungus can form bio-films on the biomedical implants in the hospital quickly and increase 

the infection levels. Herein, we have calculated the MIC values for all the synthesized 

mixed metal oxide/metal NPs and their results were calculated with their single metal 
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oxide NPs keeping the molar equivalent metallic components. Few mixed oxides NPs 

exhibited excellent MIC results as it is shown in Table 3.2. From Fig. 3.15-3.16, it is 

evident that the mixed metal oxide composite NPs (ZnO-Ag2O/Ag) exhibited excitingly a 

maximum of 17 mm ZOI in P. aeruginosa, 11.2 mm in K. pneumoniae, 14 mm in A. 

baumannii, and with 10.5 mm inhibition in C. albicans. Consequently, ZnO-CuO NPs 

exhibited ZOI of 9.25 mm in A. baumannii, 8.1 mm in P. aeruginosa, 8.2 mm in K. 

pneumoniae, and 8 mm inhibition against the C. albicans. For ZnO-SnO2, the ZOI was 

calculated to be 8.5 mm, 6.25 mm, 9 mm, and 7 mm for C. albicans, K. pneumoniae, A. 

baumannii, and P. aeruginosa, respectively. These results were compared with the results 

obtained for ZnO NPs alone with an equivalent molar concentration of metallic Zinc and 

found the ZOI results obtained to be 8 mm in P. aeruginosa, 6.5 mm in K. pneumoniae, 8 

mm in A. baumannii and 9.5 mm in C. albicans. Thus mixed metal oxide NP system with 

ZnO exhibited noticeably very high antimicrobial activities compared to the ZnO NPs 

alone. Thus, it can be concluded that the mixed oxide composite NPs are excellent in 

preventing bacterial and fungal growth as well as act as better fungicidal and bactericidal 

activities compared to a single oxide system such as ZnO, CuO, Ag2O, AgO, or SnO2. It 

can only be possible when mixed oxide NPs can rupture or distort the phospholipid 

bilayer membrane of bacteria cells with higher penetration rates and with higher 

electronic interaction in a cooperative manner and consequently gives excellent results as 

a whole. Further, mixed oxide NPs can alter or block the ion channels present on the 

membrane better than a single type of oxide. Additionally, it can be assumed that the tiny 

mixed oxide NPs (size below 5 nm, about 2-5 nm size) can easily penetrate through the 

cellular membrane directly with a cooperative understanding which further creates more  
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Figure 3.15: ZOI results obtained for (a) A. baumannii (b) P. aeruginosa (c) C. albicans 

and (d) K. pneumoniae. ‘1’, ‘2’, ‘3’, and ‘5’ labels used for the (Z) ZnO, CZ (ZnO-CuO), 

SZ (ZnO-SnO2), and AZ (ZnO-AgO2/Ag), respectively. 

 

oxidative stress through participation in physiochemical reactions and disturbs the overall 

balance of the inter cellular environment and subsequently damages the genetic materials 

of microorganisms and promote the leakage of internal components of microorganism.
194
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Figure 3.16: Bar plot representation of ZOI in different strains obtained using different 

metal oxide composite NPs (*P<0.05, **P<0.01, and ***P<0.001). 

 

Raghunath et al.
150

, reported that antibacterial properties increased with the decrease in 

the particle size for single metal oxide NPs. In this line, we can propose that not only the 

particle size, electrochemical environment of mixed oxide also have a great role in the 

killing of microorganisms with better efficacy with creating a unique electrochemical 

reaction. Further, smaller sized mixed oxide NPs may have more permeability and 

penetration efficiency compared to the bigger sized particles, which further excel the 

antibacterial activity or ZOI.
195

 Fig. 3.16 graphically represents the ZOI obtained by 

plotting the average value of multiple experiments through the disc diffusion method. 

Herein, the results obtained using the different metal oxide combinations against the 

fungi and various bacterial strains are quite interesting. AZ which is the combination of 

elemental Ag2O/Ag and ZnO had a good antifungal and antibacterial efficiency. Both the 
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metal oxide could reduce the growth of fungal and bacterial together compared to the 

ZnO alone. 

Table 3.2: MIC values obtained for different samples 

Materials  Z 

(ZnO) 

CZ 

(ZnO-

CuO) 

AZ (ZnO-

Ag/Ag2O) 

SZ 

(ZnO-

SnO2) 

A(Ag/Ag2O) C 

(CuO/Cu2O) 

S(SnO2) 

Eg (band 

energy), 

eV 

3.25 2.15 1.98 3.12 - 2-2.4 (1.2 

CuO) 

3.6 

MIC 

values 

(µg/ml) 

0.312  0.312  0.010  0.019  0.039 

 

1.25 

 

1.25 

 

 

Further to qualify the materials synthesized in this work for biomedical 

applications, the MIC values have been evaluated. MIC is the minimum concentration of 

compound or drug which inhibits the growth of bacteria.
148

 A. baumannii was chosen to 

study the MIC as it exhibited a higher ZOI value compared to the other bacterial and 

fungal strains. And from the above results, it can be seen that the MIC values obtained for 

the mixed oxide are very low compared to the results obtained for single oxide (Table 

3.2). Further, it can be noted that AZ (ZnO-Ag2O/Ag) and SZ (ZnO-SnO2) show 

excellent MIC values of 0.010 µg/mL and 0.019 µg/mL, respectively. 

Thus it can be concluded that the AZ and SZ have maximum killing efficiency 

compared to the CZ (CuO-ZnO), A (Ag2O/Ag), C (CuO), S (Sn/SnO2), and Z (ZnO) as 

shown in Table 3.2. Thus, we can conclude that the present antibacterial materials also 
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follow the ROS mechanism which subsequently has been shown in Fig. 3.17. If we 

compared the band energy gap (Eg), then it is observed that ZnO-AgO2/Ag has the lowest 

value of 1.98 eV and exhibited maximum antimicrobial activities compared to the ZnO-

CuO (Eg: 2.15 eV), and ZnO-SnO2 (Eg: 3.12 eV). Therefore, Eg may have a good relation 

to antimicrobial activities.  

 

Figure 3.17: Schematic representation shows the change in the band energy gap for 

different composite NP systems and the mechanism involved in the bacterial cell wall 

damage through the ROS generation and responsible for the MIC (Table 3.2). 

 

3.1.5 Conclusions for this part 

Bimetallic oxide composites NPs have been synthesized in absence of any surfactant for 

broad-spectrum application. The ‘in silico’ investigation for targeted proteins with these 
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NPs and their nature of interactions have been studied for the determination of NPs 

mediated antibacterial and antifungal activities. Molecular docking studies predicted the 

binding affinity of composite NPs to its molecular target proteins of microbes and the 

study revealed that the composite NPs enhanced the antimicrobial activities compared to 

the single metal/metal oxide NPs. For the conformation of enhanced antibacterial and 

antifungal activities of the synthesized composite NPs against the drug resistance, we 

have found out interaction using quorum sensing PqsR,
163

 RstA response regulator
167

, 

and FosA gene involved in multidrug resistance development.
166

 In vitro study revealed 

that the antimicrobial activity significantly improved with the use of composite NPs 

instead of single oxide NPs alone even in very low concentrations of the sample used. 

Significantly, the combination of metallic Ag/Ag2O and ZnO systems gives the best 

results as antifungal and antibacterial materials. The combination of two metals/metal 

oxides composite NP systems undoubtedly enhanced the antimicrobial efficacy due to the 

cooperative electronic interactions played between the NPs and targeted 

virulence/quorum sensing proteins. Based on these results, it can be concluded that these 

materials can be used in broad prospective development of the health care technology, for 

preventing the bio-film formation and to prevent the growth of infections caused by the 

microorganisms. Further, these NPs could act as potential antimicrobial agents against 

the resistance of drugs and could be effective in fabricating personal protective kits for 

health care management. However, the authors are committed to detailed studies on the 

action mechanism and in vivo studies which will be communicated later. 
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CHAPTER 3- PART II 

3.2 Target specific inhibition of bacterial and Candida species by 

mesoporous Ag/Sn-SnO2 composite nanoparticles: in silico and in 

vitro investigation  

3.2.1 Abstract: 

This study has been designed to evaluate the advantage of Ag/Sn-SnO2 composite 

nanoparticles over the single oxide/metallic nanoparticles. By using In silico molecular 

docking approaches, herein the effects of Ag/Sn-SnO2 nanoparticles on adhesion and 

invasion responsible molecular targets such as LpfD (E.coli), Als3 (C. albicans), and 

virulence/ resistance causing PqsR (P. aeruginosa), RstA (Bmfr) (A.  baumannii), FoxA 

(K. pneumonia), Hsp90 and Cyp51 (C. albicans) has been evaluated. This Ag/Sn-SnO2 

nanoparticles exhibited higher antimicrobial activities, especially against the C. albicans, 

which is the highest ever reported. Further, Ag/Sn-SnO2 NPs exhibited interaction with 

the heme propionate residues such as Lys143, His468, Tyr132, Arg381, Phe105, Gly465, 

Gly464, Ile471, and Ile304 by forming the hydrogen bonds with the Arg 381 residue of 

Lanosterol 1 4α-demethylase and increase the inhibition of the candida strains. 

Additionally, the Ag/Sn-SnO2 nanoparticles exhibited extraordinary inhibitory properties 

by targeting different proteins of bacteria and Candida species followed by several 

molecular pathways which directed us that it can be used to eliminate the resistance of 

traditional antibiotics. 
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3.2.2 Introduction: 

The multidisciplinary effort to develop new antimicrobial nanocomposites with 

efficient activities is one of the most promising advancements in composite science and 

has a tremendous societal and global health impact.
196

 The incorporation of known 

antimicrobial nanoparticles into polymeric, ceramic, or metallic matrices has given rise to 

a new generation of materials with improved properties/antibacterial activities.
197

 

Nanocomposites have great importance in the field of water treatment,
198

 food 

industries,
199

 biomedical and hospital management, and textile industries.
200

 Rapid 

development of these newly manufactured materials prevents microbial growth and is 

useful in resolving the current global health care crisis of antimicrobial resistance.
201

 

Different nanoparticles (NPs) are increasingly used to target microbes as anti-microbial 

agents and are advantageous in preventing adhesion as well as treating microbial 

infections.  

As an example, metallic or its oxide nanoparticles are in huge demand due to their 

physiochemical properties which are useful in fulfilling the various biomedical 

demands.
202

 Such as ZnO nanoparticles eliminate the possibilities of biofilm formation in 

medical instruments.
203

 Similarly, various types of nanomaterials are now extensively 

being explored as antimicrobial agents details of which have been reported by many 

research groups.
204,205

 These nanoparticles can bind to any polymers, ligands, or drugs 

which makes them diverse and accessible for the inhibition of the microorganisms. 

Since time immemorial the metallic silver (Ag) has been used due to its 

antibacterial properties.
206,207

 It can be noted that the concept of using the Ag for storing 

water or for use it as a medical material existed even before the concept of antibiotic 
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properties came to light.
208

 With the increase of multidrug-resistant bacteria, it is being 

explored more to develop alternative antibiotics to manage the impact of infection 

level.
207

  

It is well known that Sn and SnO2 nanomaterials have good optical and electronic 

properties.
209

 These materials are used in gas sensors applications, solar cells, Li 

batteries, solid-state sensors, and other optical-electronic systems due to their promising 

optoelectronic, electrochemical, and catalytic properties
209–213

 and recently it is also being 

used as an antibacterial agent.
214

 

Currently, with the advancement of material science and nanotechnology, the 

fabrication of semiconductor material with a noble metal has gained popularity due to its 

unique nature especially optical and electrical properties
215

 due to which Ag-SnO2  

composites have been developed for several reasons, one of which is the study in 

antimicrobial activity. 

Ag-SnO2 has been reported as an antimicrobial agent against E. coli,
213

 S. aureus, 

P. aeruginosa, K. pneumonia, B. cereus, and E. faecalis.
216

 It is observed that the MIC 

values for antimicrobial activities are particle size-dependent and depend on the 

constituents.  Hence, there is always a need to develop a suitable composite material that 

may overcome such challenges of infection due to the bacteria or fungus. 

Many methods such as co-precipitation,
216

 sol-gel,
213

 horizontal vapour phase 

growth techniques,
217

 solid-state electroreduction,
218

 green synthesis by UV-

irradiation,
219

 in-situ reduction and hydrothermal,
220

, etc. have been used to achieve the 

Ag-Sn or Ag-SnO2 NPs for various applications including antimicrobial. However, there 

is still a constant need for research to develop a suitable composition that can exhibit 
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better anti-microbial properties and have a lower minimum inhibitory concentration 

(MIC) than the existing compositions to get better efficacy and the method of preparation 

should be cost-effective, simple, and fast. 

As per the current understanding, the ionization of silver releases biologically 

active silver ions (Ag
+
) which exhibit antimicrobial, bactericidal, anti-biofilm 

activities.
221

 In a recent review recently published mentioned that while Au NPs are 

found to have excellent antimicrobial activity against C. albicans, Ag NPs have shown 

considerable effect and TiO2 has prevented biofilm formation.
222

 Sn-SnO2 related 

antifungal and antibacterial effects had not been reported to date. Researchers these days 

are also targeting bimetallic nanoparticles for estimation associated antifungal and 

antibacterial properties. In bimetallic nanocomposite, Ag/ZnO is majorly studied. 

Substantially Ag-ZnO nanocomposite showed antimicrobial activity against Candida 

krusei.
223

 In another study it is reported that 5%-(Ag/ZnO)-chitosan was found optimal 

for the inhibition of Candida albicans
224

 where Ag:ZnO was used in 1:1 ratio in Ag-ZnO. 

  In the present work, analysis of the antifungal and antibacterial activity Ag/Sn-

SnO2 composite NPs is targeted where noticeably both the metallic Ag and Sn were 

present along with the SnO2 in the matrix phase. We performed an in-silico molecular 

docking study using these composite nanoparticles (Ag/Sn-SnO2) using molecular targets 

Long Polar fimbriae adhesion (LpfD) protein of E.coli, Response regulator RstA (Bmfr) 

of A. baumannii, FoxA of K. pneumonia, PqsR of P. aeruginosa, and Heat shock protein 

Hsp90, Cytochrome P450 monooxygenase (Cyp51) and Agglutinin like protein 3 (ALS3) 

of Candida albicans for finding out the antibacterial and antifungal activities. The Bmfr 

gene of A. baumannii is usually involved in biofilm formation and resistance 
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development as it regulates stress-related proteins.
225

 FosA expression is responsible for 

the K. pneumonia resistance.
166

 While in nosocomial infection causing P. aeruginosa 

(Gram-Ve) bacterium, PqsR controls the virulence and increases the pathogenesis.
163

 In 

humans, pathogenesis caused by the enteropathogenic E. coli and opportunistic C. 

albicans are the major concern due to its high prevalence, morbidity, and mortality. It is 

observed that Crohn’s disease patients are found prevalently infected in different areas of 

the digestive system by the adherent/invasive E. coli and these days it is in the highest 

demand to develop new therapeutics to manage the inflammation of the digestive tract.
226

 

Similarly, Candida albicans infection is a highly prevalent fungal infection (⁓14-35%) 

and resistant to Fluconazole and it is alarming for the need of suitable antifungal 

components on a priority basis.
227,228

 It can be noted that the increased expression of long 

polar fimbriae adhesion (LpfD) protein in E. coli fimbriae is mainly responsible for the 

invasive pathogenesis and the invasive pathogenesis mediated by the strong interaction 

between fimbriae expressed LpfD protein with extracellular matrix fibronectin.
229

 Hence, 

targeting to the LpfD protein is commendable in designing the new antibacterial drug.  

For candida, the target protein Als3 is involved in the adhesion of Candida albicans to 

the host cell. Therefore, the deletion of Als3 of Candida albicans can reduce its adhesion 

property.
230

  

To check whether the infection of the above bacteria and fungus can be prevented 

or not, prepared Ag/Sn-SnO2 NPs were used to find out the antibacterial/ antifungal 

activities along with their inhibitory mechanisms through the in silico and in vitro 

methods. Further, analysis of the possible adhesion/inhibitory mechanisms for finding out 

the best inhibitory mechanism involved using Ag/Sn-SnO2 composite nanoparticles 



Chapter 3: Results and Discussions 

 

  

  91 | P a g e  

 

against the candida as the best model has been done. For this more different target 

proteins of C. albicans such as Hsp90 and Cytochrome P450 monooxygenase 

(Cyp51/Erg11) were selected for this study since conserved molecular chaperone Hsp90 

governs the key functions like thermal stability, cell cycle regulation, and morphogenesis, 

expression of virulence trait and drug resistance.
168

 From the in silico molecular docking 

studies we focused to evaluate the efficacy of antifungal activity using Ag/Sn-SnO2 

composite NPs and the results have been compared with the results obtained for the 

individual metal and their oxides considering the same targets of various molecular 

proteins of the various microorganisms.  

To perform the in vitro work the composite NPs have been tested against 

pathogenic bacteria such as A. baumannii and E. coli, and the C. albicans for finding out 

the effective antimicrobial efficiency. Further, to decide the dose of inhibition minimum 

inhibitory concentration (MIC) has been evaluated through a series of experiments. 

Results have been compared with the pure SnO2 and Ag NPs of similar size that was 

prepared through the same procedure.  Finally, we have manifested a clear direction for 

the antimicrobial mechanism using the Ag/Sn-SnO2 composite NPs system.  

3.2.3  Methodology 

3.2.3.1 Synthesis of composite nanoparticles  

In brief, 10 mmol SnCl2.H2O and 10 mmol AgCl were taken in a beaker and stirred in 50 

ml alcohol. After 20 min, 50 mmol NaBH4 was added drop wise and the colour changed 

from milky white to brown. The reaction mixture was then kept under stirring for 4 hours 

at room temperature (25
o
 C). It was then washed thoroughly, centrifuged (20 min, 12,000 
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RPM) several times with methanol and water mixture (1:1) to remove the unreacted 

components. The solid residue then was dried at 80˚ C overnight (12 hr) and kept for 

characterizations. The detailed methodology has been referred to the Indian Patents filed 

by us (Indian Patent Application No. 202011031802 and 202011017968, dated July 24, 

2020, and April 27, 2020, respectively).  

3.2.3.2 Time scale surface zeta potential and stability Studies 

The time scale stabilities of the composite NPs were investigated for three days through 

zeta potential measurement considering defined time intervals. Three sets of experiments 

were performed (1) 5μg/ml of each sample was prepared in 1X PBS (Phosphate Buffer 

Saline) for different pH of 5, 6.9, 7.4, and 8. Similarly, (2) 5μg/ml of each sample was 

prepared in 1X PB (Phosphate Buffer Solution) for Ag-Sn/SnO2 in pH 6.9 and 7.4 and (3) 

5μg/ml of each sample was dispersed in 0.9 % W/V Saline solution. Further, DLS 

readings were taken for all the samples at different time intervals for up to three days. 

Before starting the measurement all the samples were sonicated for 10 mins to disperse. 

Finally, Both DLS and zeta potential readings were taken for all of the above samples at 

different time intervals and the results are discussed in the subsequent section.  

3.2.3.3 In-silico molecular docking study  

Then we have analyzed the potential antibacterial/antifungal activity of Ag/Sn-SnO2 

nanoparticles through the In silico molecular docking. 3D chemical structures of Ag NPs, 

SnO2 NPs, and Ag/Sn-SnO2 NPs were generated using VESTA software. 3D protein 

structure of molecular target protein includes LpfD (PDBID-5AFO) Bmfr (PDBID-

5E3J), FoxA (PDBID-5WEW), PqsR (PDBID-4JVI) Als3 (PDBID-4LEB), HSP90 
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(PDBID-6CJP) and Cyp51 (PDBID-5V5Z) were retrieved from RCSB- protein data 

bank. Ligand preparation and macromolecular preparation were conducted by adding the 

polar hydrogen atoms, kollman charges, solvation parameter and by generating the grid 

box. Molecular docking was performed using the Autodock 4.2 tool. A Lamarckian 

genetic algorithm was used in this study. 30 independent runs and a maximum number of 

27,000 GA operations were conducted. Protein and nanoparticle interactions and images 

were acquired by the Pymol software. 

3.2.3.4 In-vitro Antimicrobial activity study: 

These studies have been done as described in the procedure in Chapter 2 (Page 33 and 

34) 

3.2.3.5 Statistical Analysis: 

All the necessary data were represented with mean values (± SD). Two-way ANOVA 

used for statistical analysis followed Bonferroni’s method for multiple comparison tests 

was conducted using the software GRAPH PAD PRISM. In all cases, a p-value was 

obtained from the ANOVA analyses; the conventional value of 0.001 was considered to 

express statistical significance. 

  

3.2.4  Results and Discussions: 

3.2.4.1 Synthesis and Characterizations 

The TEM image is shown in Fig. 3.18 (a-d) on a different scale from 1 μm-10 nm. 

The TEM images show the presence of small particles between 1-18 nm in size. They are 
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porous and the particles are strongly bonded as seen from Fig. 3.18 (b-c). This result is 

also supported by BET results in Fig. 3.18 (a). They are rod-type, chain-like, and 

interlinked with each other. The lattice fringe can be seen in Fig. 3.18(f) from which the 

d-spacing is calculated to be ~0.202 nm, ~0.234 nm, and ~0.237 nm for Ag (200), Ag 

(111), and SnO2 (200), respectively. This is further expanded to the IFFT image (Fig. 

3.18 (e, and f)) to clearly show the fringes. From Fig. 3.15 (e), the cross-section can be 

clearly seen, which further shows the presence of two different types of fringes, for SnO2 

(200) and Ag (200).  The SAED pattern (Fig. 3.18 (h)) shows the presence of Ag (111), 

SnO2 (220), Ag (311), and Sn (301). All these results match well with the XRD pattern  

 

Figure 3.18: (a,b,c, and d) HRTEM  micrograph of the Ag-Sn/SnO2 composite 

nanoparticles obtained from lower to higher magnification, (f) HRTEM image of the Ag-

Sn/SnO2 NPs at different positions showing the presence of elemental Ag and Sn/SnO2 in 

the composite nanoparticle; Fig. (e,g) cross-section/IFFT images obtained from the 

HRTEM image for SnO2 and Ag (e) and for Ag (g) ; (h) SAED pattern of Ag/Sn-SnO2 

composite nanoparticles. 
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(Fig. 3.20) and it also matches with the literature.
231

 Similarly, the rod type of 

morphology has also been found in the previous report.
217

 However, these rods or needle 

types of shape are formed due to the self-assembly grain growth of the tiny nanoparticles 

as is shown in the enlarged TEM micrographs, i.e., in Fig. 1 (c), and (d). These 

nanoparticles are also aligned in a single direction.  

The elemental analysis of the sample was performed from TEM to find out the 

composition as it is shown in Fig. 3.19. From the analysis, it can be observed that the 

atomic percentage (by wt.) of Ag, Sn, and O are 51%, 42.63%, and 6.37%, respectively.  

From this result, we can confirm the presence of Ag, Sn, and O2 which also supports the 

formation of Ag, Sn, and SnO2 as identified from XPS results and it is also supported by 

the SAED pattern and HRTEM micrographs as it is shown in Fig. 3.18 (e-h). This has 

been confirmed further from the XRD pattern. 

 

Figure 3.19: EDS spectra shows the weight percentage of different elements present in 

the Ag/Sn-SnO2 nanoparticle composite system 

 

The solid-state XRD pattern of the composite nanoparticles is represented in Fig.  
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3.20 (a) and the diffraction peaks appeared at 2θ = 27.9º, 38.2º, 44.4º, 46.50º, 64.6º, 77.6º 

and 81.7º corresponds to the diffraction plans of (210), (111), (200), (231), (220), (311) 

and (222), respectively, which further closely resembles the FCC cubic crystal structure 

of Ag nanoparticles (as per JCPDS 04-0783).
232

 The peaks appeared at 2θ = 54.9º, 57.6º 

and 38.1º correspond to the diffraction planes (220), (002), and (200), respectively, and 

resemble the tetragonal crystalline phase of SnO2 (JCPDS 41-1445).
213

 It also can be seen 

that there is elemental Sn
0 

(zero Valence) present as evidence for Sn (101) diffraction 

plane and the diffraction peak appeared at around 2θ = 32.1º. These XRD results were 

correlated and it is in concordance with the SAED results obtained from the TEM 

experiments as is shown in Fig. 3.18 (h). 

The UV-Vis absorption study was conducted in a solution medium of Ag/Sn-SnO2 

nanoparticle composite system and the results are shown in Fig. 3.20 (b). A broad-

spectrum is observed at the wavelength of λ= 271 nm (see Fig. 3.17 b). Usually, the 

Surface Plasmon Resonance is observed above 400 nm for Ag nanoparticles, and for Sn 

and SnO2 is found to be at ~ 270 nm, which means that the UV-Vis shows the effect of 

Sn and SnO2 NPs.
215

 However, the appeared broad spectrum depicts the formation of the 

composite material which is mainly due to the electronic environment and due to the 

possible defects present in the composite nanoparticle system.
233

 Further the appearance 

of only one spectral band indicates that Ag, Sn, and SnO2 are blended well with each 

other and there is a rare possibility of formation of alloy since the HRTEM micrograph 

exhibited clear fringes for Ag, and Sn/SnO2. The energy band gap (Eg) has been 

calculated with constituting Tauc plot for the direct transition and Eg value is found to be 

3.75 eV, which is slightly higher than the bulk SnO2 ( 3.6 eV)
234

 and higher than the Ag 
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nanoparticles (2.8 eV). This might be due to the synergistic effects of the composite 

nanoparticle system that is developed and the size of the nanoparticles.
213,215,235,236

   

 

Figure 3.20: (a) Powder XRD pattern of the Ag-Sn/SnO2 composite nanoparticles; (b) 

UV-Vis spectrum of Ag/Sn-SnO2 nanoparticles and the inset shows the Tacu plot for 

Band gap energy calculation of Ag-Sn/SnO2; (c) Shows the TGA results of Ag-Sn/SnO2 

composite nanoparticles (d) DSC thermogram of Ag-Sn/SnO2composite nanoparticles. 

 

The thermal stability of Ag/Sn-SnO2 NPs has been studied through TGA. The 

TGA analysis as shown in Fig. 3.20 (c) shows a weight loss (~7%) at around 200 ºC, 

which occurred due to the adsorbed surface water/moisture. Weight loss beyond 200 ºC 

has occurred due to the creation of oxygen vacancies in SnO2 or loss of Sn due to 
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evaporation. It can be noted that the melting of Sn occurred at ~234.17 ºC, as is evident 

from the DSC curve (see Fig. 3.20 (d)). The change of weight beyond this temperature 

has occurred due to the evaporation of melted Sn (shown in Fig. 3.20 (d)). The 

endothermic peaks appeared at 234.17 ºC and 442.40 ºC in Fig. 3.20  (d) are due to the 

melting of metallic Sn and Ag, respectively. This depression of melting for both Sn and 

Ag is observed due to their size reduction and is lower in value than their bulk.
236,237

 Thus 

TGA and DSC result further supports the formation of Ag/Sn-SnO2 nanoparticle system 

as shown in TEM and XRD (see Fig. 3.15 and Fig. 3.17 (a), respectively. 

To understand the specific surface area and porosity of the Ag/Sn-SnO2, BET 

surface area analysis was performed and the results are shown in Fig. 3.21 (a). From the 

N2–adsorption-desorption study a clear hysteresis of type-IV isotherm is seen and it is 

evident for the mesoporous structure of the solid Ag/Sn-SnO2. The specific surface area 

of the composite has been calculated and found to be ~70.88 m²/g and the average pore 

diameter is ~ 3.9 nm as seen from Fig. 3.21 (a) (inset). Thus from the BET experiment, it 

can be concluded that the Ag/Sn-SnO2 nanoparticle composite system is porous and the 

results are matching well with the TEM results. The specific surface area values are also 

shown in Table 3.3 for comparison. 

To find out the surface chemical structure of the synthesized Ag/Sn-SnO2 FTIR 

analysis has been performed and is shown in Fig. 3.21 (b). The absorption band appeared 

at ~3600 cm
-1

 belongs to the O-H group of surface hydroxyl, which could be due to the 

absorbed moisture. Bands that appeared ranging from 900 cm
-1

 -1500 cm
-1

 correspond to 

the stretching and bending vibration of oxygen
238

. Bands that appeared at ~1600 cm
-1

 

might be due to the bending vibration of H2O molecules. The band appeared at ~869 cm
-1
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might be due to the presence of Sn-OH.
239,240

 Further absorption band appeared at ~712 

cm
-1

 is due to the stretching vibration of Sn-O bond
241,242

 and the band observed at ~520 

cm
-1

  corresponds to the stretching vibrations of Ag-O. 

 

Figure 3.21:(a) Shows the BET surface area analysis results.  N2 adsorption-desorption 

isotherm of Ag-Sn/SnO2 nanocomposite particles and the inset shows the BJH pore size 

distribution results obtained from the desorption isotherm; (b) FTIR spectrum of Ag/Sn-

SnO2 nanoparticles. 

 

Table 3.3: Results show the BET surface area analysis and average pore size distribution 

for Ag NPs, Sn/SnO2 NPs and for Ag -Sn/SnO2 composite NPs. 

Sample 

name 

Sample 

composition 

BET surface area 

(m
2
/g) 

BJH Desorption 

average pore width 

2b Ag-Sn/SnO2 70.88 38.1 Å 

A Ag 0.45 18.1 Å 

S Sn 18.43 38.2 Å 
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Figure 3.22: Shows (a) full-scale XPS spectrum acquired of Ag-Sn/SnO2, (b) XPS 

spectrum acquired for Ag 3d; (c) XPS spectrum acquired for O2 1s; and (d) XPS 

spectrum acquired for Sn 3d. 

 

To find out the elemental composition of the synthesized nanocomposite, XPS 

analysis was performed (see Fig. 3.22). The full spectrum (Fig. 3.22 (a)) shows the 

presence of Sn 3d, Ag 3d, and O 1s. The binding energy at 24.4 eV, 367.19 eV, 374.20 

eV, 485.60 eV, 531 eV, 571.8 eV, 603.7 eV, 714.13 eV, 758.27 eV and 885.2 eV are the 

binding energy of Sn 4d, Ag 3d5/2, Ag 3d3/2, Sn3d5/2, O 1s, Ag 3p5/2, Ag 3p3/2, Sn 3p3/2, Sn 

3p5/2, and Sn 3s, respectively. The energy band fitting of the O 1s in Fig. 3.22  (c) shows 

the presence of elemental oxygen at 531.2 eV and the band appeared at 530.6 eV which 
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might be due to the surface oxygen and metal oxide (here SnO2), respectively.
216

 From 

Fig.3.22 (b), the presence of Ag can be confirmed through the presence of band energy at 

367.4 eV and 374.5 eV, which are bands of Ag
0
. The bands for Sn 3d in Fig. 3.22 (c) can 

be seen as evidence for the formation of Sn
0
 and Sn

+2
. All these results are in agreement 

with the TEM (Fig. 3.18), EDS (Fig. 3.19), and XRD (Fig. 3.20 a) results as discussed 

previously.  

Thus all the above results are strongly supporting for the formation of Ag-

Sn/SnO2 nanocomposite. A multidisciplinary effort to find out antimicrobial/antifungal 

nanocomposites is one of the most promising advancements in composite materials and 

has a tremendous impact on the development of new health care technology. Further to 

achieve the best antimicrobial/antifungal nanocomposites of Ag-Sn/SnO2 the colloidal 

stability is important. To check the colloidal stability of the NPs, the surface charge 

potential was measured in PBS and saline solution through surface charge zeta potential 

() measurement of the Ag-Sn/SnO2 NPs without any surface modification or adding 

surfactant.  values were recorded up to three days with different time intervals and the   

values were found to be varying with change in the pH of PBS solution and it is different 

at different times (see Table 3.4).  From Table 3.4 it is noticed that  values are observed 

to be consistent in pH 7.4 (PBS) and saline solution followed by pH 6.9 (PBS). For acidic 

PBS (pH 5), it is below -5 mV and for basic PBS (pH 8) it is below -10 mV. In saline 

solution  values vary mostly in between -18.4 mV (at 45 min) to -17.3 mV (after 3 

days), which means it is quite stable. Similarly from the zeta size results of the particles, 

a similar conclusion can be drawn (Table 3.5). The Ag-Sn/SnO2 NPs are stable in saline 

for up to 2 days. Whereas the NPs are stable in PBS pH 7.4 and in pH 6.9 for up to 3 
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days, for 24 h in pH 5, and 48 h in pH 8. Out of 6.9 and 7.4, we can see hydrodynamic 

diameters are consistently better stable in pH 7.4 for PBS. The Zeta Potential values at 

nonphysiological pH are important for certain biological environments. As an example, 

oral drugs interact with the gastric juice in the stomach at an acidic pH. The zeta potential 

of our nanocomposites seems to be decreasing in nonphysiological pH. Therefore, our 

material (NPs) may not be suitable for oral drug delivery. Additional experiments need to 

be performed to explore such areas of applications that are beyond the scope of our 

present investigation. Further, the decrease in zeta potential values in nonphysiological 

pH leads to the agglomeration/aggregation for our nanocomposite.
243

 This phenomenon is 

also noticed from the results obtained from the DLS (Table 3.5). 

Table 3.4: Zeta Potential (mV) values of Ag-Sn/SnO2 NPs measured at different pH of 

PBS and in saline solution 

Time Zeta Potential (mV) of  Ag-Sn/SnO2 in pH 

 PBS pH 5 PBS pH 6.9 PBS pH 7.4 PBS pH 8 Saline 

0 min -5.41 -5.14 -13.1 -5.1 -10.1 

15 min -5.7 -5.8 -14.9 -5.2 -11.6 

30 min -5.7 -5.2 -15.2 -5.7  

45 mi -6.13 -16.1 -16.6 -8.06 -18.4 

60 min -5.1 -17.7 -15.6 -6.66 -16.8 

1.5 h -6.2 -18.4 -9.86 -4.5 -16 

2 h -5.6 -17.4 -14.9 -8.1 -17.9 

2.5 h -5.7 -17.7 -14.3 -6.2 -17 

3 h -5.5 -17.1 -15.2 -5.3 -17.8 

24 h -4.6 -14.4 -11.1 -7.6 -19.5 

Day 2 -6.62 -6.66 -10.3 -7.04 -13.4 

Day 3 -10.2 -12.2 -14.1 -11.2 -17.3 
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Table 3.5: Zeta size analyzed for Ag-Sn/SnO2 NPs at different pH of PBS and in the 

Saline solution 

 

Further, the rapid development of the newly synthesized nano materials to prevent 

microbial infection is helping in the management of the current global health care crisis 

against antimicrobial resistance. Therefore, Ag-Sn/SnO2 nanocomposite system further 

Time Hydrodynamic diameter (in nm)  Ag-Sn/SnO2  NPs in PBS and Saline 

Solution 

 PBS (pH 5) PBS (pH 6.9) PBS (pH 7.4) PBS pH 8 Saline 

0 min 712.3 722.8 133.1 236.6 289.2 

15 

min 

749.3 620.2 159.7 345.1 656.8 

30 

min 

763.2 749.3   292 

45 

min 

718.4 676.4 152.8 1007 202 

60 

min 

676.4 801.3 192.9 444 195.3 

1.5 h 733.2 768.2 241 327 225 

2 h 833.6 683.8 161 376.2 453.3 

2.5 h 766.3 728.2 517 276 272.3 

3.5 h 714 792 180 400.1 481.2 

4.5 h 728 757 157.5 447.3 413 

6 h 777.1 803   321.5 

24 h 594.1 680 397.2 560.1 348.3 

Day 2 693.9 635.7 426.7 732.4 370.4 

Day 3 3843 1385 601 4716 5461 
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has been used as an anti-microbial agent against a few target microbes and has shown 

advantageous effects in treating microbial infections. The detailed study has been 

discussed in the subsequent sections.  

All the bacterial strains showed almost similar effects against the zone of 

inhibition for the same nano composite material, however C. albicans behaved 

differently. Based on the average value, we chose A. baumannii for the MIC study. 

Whereas, for in silico study, we chose fungal strain due to their superior anti-fungal 

behaviour. 

3.2.4.2  In-silico study 

A widely used computational docking tool determines the binding mode and 

affinity of interactive ligand-protein interaction which helps in the understanding of the 

interaction mechanism. It has been predicted that single metal/metal-oxide has the 

potential application in the biomedical field. Active silver ion exhibits antimicrobial, 

bactericidal, and anti-biofilm activity.
203

 While SnO2 nanomaterials have good optical 

and electronic properties there is still a tremendous need to analyze their biological 

properties. Therefore, we have performed docking predication using Ag, SnO2, and 

Ag/Sn-SnO2 as ligands for molecular docking on the different molecular target LpfD 

(PDBID-5AFO) of E. Coli, Bmfr (PDBID-5E3J) A. baumannii, FoxA (PDBID-5WEW) 

K. pneumonia, PqsR (PDBID-4JVI) P. aeruginosa, Als3 (PDBID-4LEB), Hsp90 

(PDBID-6CJP) and Cyp51 (PDBID-5V5Z) of C.albicans. We observed the lowest 

binding affinity (kcal mol
-1

) for Ag ions -1.5 to -2 (kcal mol
-1

) when it binds to the target 

proteins of microorganisms while for SnO2 the binding energy was observed in the range  
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Table 3.6 Shows the binding energy (kcal mol-1) and interaction parameters of Ag, SnO2, 

and Ag-Sn/SnO2 NPs associated with different interacting molecular targets. 

 

Sr. No. Organism 

Name/ PDB-ID 

molecular target  

Ligand Binding 

energy(k

cal/mol) 

Inhibition 

Constant 

Amino acid 

/hydrogen bond 

Interacting residues 

1 E. Coli 

(LpfD) 

PDB-ID: 5AFO 

Ag -1.48 82.04 mM -- HIS322, SER275, ASP274, 

LEU239, SER238 

SnO2 -3.58 2.37 mM -- TYR95, LYS130, GLY128,  

Ag-

Sn/SnO2 

-5.71 65.78 µM -- LYS109, PHE106, VAL102, 

GLN103 

2 A. baumannii 

(RstA) 

PDB-ID: 5E3J 

Ag -1.73 53.94 mM -- THR23, ALA20, ILE12, 

VAL56,VAL13,GLU14, ASP58, 

LEU84 

SnO2 -3.90 1.39 mM -- ILE12, VAL56 

Ag-

Sn/SnO2 

-7.01 7.29 µM ALA106 (2.108 Å) VAL109, ALA106, GLN93, 

TYR104, VAL105 

3 K. pneumonia 

(FosA) 

PDB-ID : 

5WEW 

Ag -1.48 82.78 mM -- LEU114, ILE72, PHE70, SER71, 

MET28, CYS42 

SnO2 -3.60 2.31mM LYS111   (1.914 Å) LYS111, THR66, HIS110 

Ag-

Sn/SnO2 

-6.51 17.05µM ARG55    (2.183 

Å), HIS110    

(1.746 Å) 

ARG55, HIS110, THR58, LYS111, 

TYR66, SER63, 

THR66 

4 P. aeruginosa 

(PqsR) 

PDB-ID : 4JVI 

Ag -1.64 63.28 mM -- SER205, GLN203, HIS204, 

LEU208, ASP150, ASP131, 

SER199, SER201 

SnO2 -3.92 1.33 mM ILE155   (1.766 Å) LYS154, ILE155, GLN160, 

TYR270 

Ag-

Sn/SnO2 

-7.50 3.16 µM LEU197   (2.073 Å) TYR258, ALA168, ILE263, 

GLN194, VAL211, LEU197, 

LEU207, SER196 

5 C. albicans 

(Als3) 

PDB-ID : 4LEB 

Ag -1.59 68.62 mM -- TYR226, VAL119, GLY120, 

GLY27, PHE117, ARG171 

SnO2 -4.04 1.1  mM -- TYR255, GLN187 

Ag-

Sn/SnO2 

-6.13 32.02 µM SER159    (2.094 

Å) 

ASN225   (1.986 

Å) 

SER159, ASN225, TYR21, 

THR296 

C. albicans 

(Hsp90) 

PDB-ID : 6CJP 

Ag -1.63 63.89 mM -- LEU176, ASN40, THR174, 

ILE80, ASP82, ALA41, ARG81, 

ILE67 

SnO2 -4.14 926.71 µM ILE99       (2.024 

Å) 

ILE99 

Ag-

Sn/SnO2 

-7.47 3.35   µM THR12     (1.811 

Å) 

THR160, PHE159, TRP151, 

VAL161, THR12, HIS9, VAL93, 

LYS89, THR8 

Candida 

albicans 

(Cyp51) 

PDB-ID : 5V5Z 

Ag -1.74 53.47 mM -- SER361, PRO424, THR365, 

PHE422, LEU323, LEU329, 

VAL332, ILE333 

SnO2 -4.09 1.01  mM HIS468   (1.894 Å) ARG467, VAL112, HIS468, 

ALA114 

Ag-

Sn/SnO2 

-7.71 2.22   µM ARG381   (2.189 

Å) 

LYS143, HIS468, TYR132, 

ARG381, PHE105, GLY465, 

GLY464, ILE471, ILE304 
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of -3 to -4 (kcal mol
-1

). However when Ag/Sn-SnO2 was evaluated through docking then 

the highest binding affinities achieved were -5.71, -7.50, -6.51, -7.50,  -6.13, -7.47 and, – 

7.71 (kcal/mol) with the molecular targets of E. Coli, A. baumannii, K. pneumonia, P. 

aeruginosa and C. albicans (Als3, Hsp90 andCyp51), respectively as represented in 

Table 3.6. Similarly, the minimum required concentration for targeted inhibition also 

decreased from milli to micro molar concentrations (see Table 3.6). Further, we have 

scrutinized the binding energy affinity of Ag, SnO2, and Ag/SnO2 required active motif 

residues of various target proteins (Fig. 3.23 and 3.24). LpfD of E. coli consists of N- 

 

Figure 3.23: Show the nanoparticles-protein interactions. A): Ag nanoparticles-protein 

interactions, B): SnO2 nanoparticle- protein interactions. 1, 2, 3, 4, and 5 are the 

different crystal structures of molecular protein targets  Lpfd, RstA, FosA, PqsR, and 

Als3 of E.coli, A. baumannii, k. pneumoniae, P. aeruginosa, and C. albicans, 

respectively. (Ag-Coral), (Sn-lime green). 
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terminal adhesion and C-terminal pilin domain and amongst the residues of 1-183 found 

conserved with the K. pneumoniae MrkD or with the other E. coli species.
244

 It is 

revealed that the SnO2 and Ag/Sn-SnO2 nanoparticles interact at the N-terminal adhesion 

domain of LpfD through hydrophobic interactions with the Tyr95, Lys130, Gly128 and 

LYS109, Phe106, Val102, and Gln103 due to their higher binding affinity. While Ag 

interacts at the C-terminal domain (see Fig. 3.23 B1 and Fig. 3.24 C1).  Involvement of 

RstA in biofilm initiation and resistance development of A. baumannii is considered a 

potential target. Active conformation of RstA contains two main residues such as Thr85 

and Tyr104.
190,245

 

 

Figure 3.24: Shows the nanoparticle-protein interactions. C: Ag-Sn/SnO2 nanoparticles-

protein interactions, 1,2,3,4 and 5, are the crystal structures of molecular protein target 

Lpfd, RstA, FosA, PqsR, and Als3 of E.coli, A. baumannii, K. pneumoniae, P. aeruginosa, 

and C. albicans, respectively. (Ag-Coral), (Sn-lime green). 

 

It is also found that only Ag/Sn-SnO2 nano particles interact with the active residue 

TYR104 and with the other interacting residues such as Val109, Ala106, Gln93, and 

Val105 of the motif (Fig. 3.24 C2). It is noticed that the FosA protein is involved in 
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resistance development.  It is further observed that the high binding energy affinity plays 

an important role in between Ag-Sn/SnO2 and FosA and the value obtained to be -6.51 

kcal mol
-1

, which mainly plays with the interacting residues such as Arg55, His110, 

Thr58, Lys111, Tyr66, Ser63 and Thr66 (Fig. 3.24 C3). Further, the interaction results 

between Ag, SnO2, Ag-Sn/SnO2, and PqsR are revealed that the PqsR is involved in 

pathogenicity. It can be noted that the various inhibitors bound at the active motif 

residues of proteins through the polar and non-polar interactions, such as Stigmatellin y. 

interacted through  Pro129, Ala187, Ala190, and Val211,
188

 while the Asn206(H), 

Arg209(H), Leu197(H), Glu259(H), Phe221, Leu207(H) and Ser196 residues interact 

with the quinolone derivative.
187

 Similarly, Leu208(H), Gln194(H) Met 224 Ile236 and 

Leu207, Val211, Pro210 Arg209, and Ser196 residues interact with the Zingerone. In the 

similar line, herein it is noticed that the Ag/Sn-SnO2 NPs exhibited the highest inhibitory 

action via interacting with the residue Leu197 by the formation of hydrogen bonds and 

other nonpolar interactions with the Tyr258, Ala168, Ile263, Gln194, Val211, Leu207, 

and Ser196 residues as shown in Fig. 3.24 C4 that occurred with a highest binding 

affinity of -7.50 kcal mol
-1

. A series of other possible interactions occurred with the Ag, 

Sn-SnO2, and Ag/Sn-SnO2 NPs, and the protein residues and their affinity values are 

highlighted in Table 3.6 and the nature of interactions associated are also shown in Fig. 

3.23. However, due to the unavailability of P. aeruginosa (Gram-ve) bacterium strain the 

in vitro study has not been performed with P. aeruginosa strain in this work.  

Similar to adhesion protein LpfD of E. coli, over expression of agglutinin-like 

sequence protein 3 of C. albicans plays an important role in adherence and invasion to 

host for the biofilm formation and iron acquisition (explained in the subsequent section). 
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Surface displayed enolase has an important role in candida pathogenicity and the over 

expression of Als3 is required for the surface display of enolase. The N-terminal domain 

of Als3 and central repeat domains have an important role in interaction with adhesin and 

enolase.
246,247

 Further, the Als3 binds to ferritin of the host cells and enables the C. 

albicans invasion and biofilm formation (Fig. 3.28) shown in the subsequent section). 

Thus Als3 is a potential molecular target for inhibition of C. albicans species. With this 

aim to find out the Ag, SnO2, and Ag/Sn-SnO2 NPs mediated inhibitory actions here in 

this work, the Als3-nanoparticle interaction studies through the molecular docking have 

been carried out. The obtained results revealed enhanced antifungal activities against the 

candida for Ag/Sn-SnO2 compared to the Ag and SnO2 NPs.  

It is also found that the Ag/Sn-SnO2 NPs interacted with the Als3 by forming 2 

hydrogen bonds with Ser159 (2.094 Å) and Asn225 (1.986 Å) and interacted with the 

other residues such as Ser159, Asn225, Tyr21, and Thr296 (see Fig. 3.24C5). The details 

of the different interactions and their binding energy associated with the different 

interactions are listed in Table 3.6. Therefore, the in silico studies exhibit that the Ag/Sn-

SnO2 is useful for the prevention of the growth of the microorganism via adhesion even in 

the invasive nature of the strains. 

3.2.4.3 In-vitro antimicrobial study and MIC 

Further, the effective potential of composite nanoparticles for 

antimicrobial/antifungal effects is confirmed through the in vitro studies. The results of 

the Luria broth dilution technique for antibacterial activity are shown in Fig. 3.25 and 

Fig. 3.26. It is observed that the Ag-Sn/SnO2 nanocomposite NPs show excellent 
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antibacterial activity compared to the SnO2 and Ag NPs system alone. As an example, the 

low concentration of 250 μg/ml of Ag-Sn/SnO2 is exhibiting excellent antimicrobial 

response at 6 hr. Further, the antimicrobial response of Ag-Sn/SnO2 has been tested 

through the disk diffusion study as shown in Fig. 3.27 (a-d). It is seen that the zone of 

inhibition of Ag-Sn/SnO2 NPs against the C. albicans is 18 mm, which is quite high 

compared to the results obtained for Ag NPs and SnO2 NPs separately. 

 

 

Figure 3.25: Results show the antibacterial activity of (a) Ag/Sn-SnO2 composite NPs; (b) 

Sn/SnO2 NPs alone and (c) AgNPs alone in E. coli bacterium obtained by Luria broth 

technique; (d) comparative antibacterial activity results calculated from the zone of 

inhibition study for Ag NPs, Sn/SnO2 NPs and for the Ag -Sn/SnO2 composite NPs in 

different strains. *P<0.05, **P<0.01, ***P<0.001  
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The zone of inhibitions is found to be 12 mm and 7 mm for Ag NPs and SnO2 NPs, 

respectively (see Table 3.8). It can be noted that Ag NPs and SnO2 NPs used here were 

synthesized through a similar approach From Table 3.8, we can further infer that the zone 

of inhibition is best obtained using Ag-Sn/SnO2 NPs against the fungal strain C. albicans. 

This can also be seen from Fig. 3.27 (e).  

To find out the effective minimum dose of Ag-Sn/SnO2 composite NPs against 

the microbes, the MIC values for Ag, SnO2 and Ag-Sn/SnO2 NPs against microorganism 

 

Figure 3.26: Results show the antibacterial activity for (a) Ag/Sn-SnO2 NPs composite 

system. (b) for Ag NPs alone and (c) for Sn/SnO2 NPs alone in E. coli bacterium by 

Luria broth technique. 
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(A. baumannii) have been calculated using twelve different concentrations such as 10 

µg/mL, 5 µg/mL, 2.5 µg/mL, 1.25 µg/mL, 0.625 µg/mL, 0.312 µg/mL, 0.156 µg/mL, 

0.07 µg/mL, 0.03 µg/mL, 0.019 µg/mL, 0.015 µg/mL, and 0.010 µg/mL of each material. 

The MIC values obtained in A. baumannii for Ag, SnO2, and Ag-Sn/SnO2 NPs have been 

shown in Table 3.7. These values show that Ag-Sn/SnO2 NPs are two times more 

efficient than the Ag NPs and 41.67 times more efficient than Sn/SnO2 NPs when they 

were used separately. Hence, all these results prove that the Ag-Sn/SnO2 composite 

nanoparticles system is superior to the Ag or Sn/SnO2 NPs as an antimicrobial agent.  

 

Table 3.7: Show the minimum inhibitory concentration (MIC). 

Sample  Composition MIC Value 

AS Ag-Sn/SnO2 0.015 (µg/mL) 

A Ag 0.03 (µg/mL) 

S Sn/SnO2 0.625(µg/mL) 

Table 3.8: Zone of inhibition results obtained for the different microbes. 

Sample 

name 

Sample 

composition 

E. 

Coli 

A.  

baumannii 

C. 

albicans 

K. 

pneumonia 

      
2b Ag-Sn/SnO2 10mm  10  mm  18  mm  6  mm  

A Ag 9mm 10mm 12mm 7mm 

S Sn 8mm 11mm 7mm Static effect 

 

In an earlier study, mild effectiveness against the C. albicans
248

 has been reported, 

where a  core-shell Ag@SnO2 was used. In another study
215

 it has been reported that the 
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Ag/Sn-SnO2 explored the possibility of the anti bactericidal activity, however, a detailed 

study has not been performed. In another study
231

 the anti bactericidal activities of Ag 

NPs doped in SnO2 against E. coli and S. aureus have also been demonstrated where the 

efficiency of killing these organisms was found to be very less compared to the Ag-

Sn/SnO2 NPs that is used in this work. In a recent study
249

 comprising of reduced 

graphene, oxide-metal oxide composite the ZOI for C. albicans was found to be between 

16-19.5 mm for different composites i.e. RGO-NiO, RGO-AgO, and RGO-ZnO which is 

similar to the results obtained in this study. However, for the same compositions, the ZOI 

were higher for the bacterial strains yet the MIC values varied between 0.97 μg/mL-500 

μg/mL for various microbes which are quite high than what we have obtained here in this 

study. 

In another study, mixed metal oxide NPs of ZrO2-Ag with various ratios of Ag 

were tested for different species of Candida including C. albicans and the ZOI was 

between 8 mm-19 mm which is quite good. However, in this study too, the MIC is higher 

which means that even though the ZOI is similar, the MIC is efficient in our case. In 

another study, ZrO2-ZnO was explored for antifungal activity in which the ZOI was ca 3-

6 mm for C. albicans. This study also found the composite material to be non-toxic 

towards human mononuclear cells.
119

 Previously, the core-shell Ag-SnO2
231

 also had 

shown better antibacterial activity than the single Ag or SnO2. Obeizi et. al
250

 also have 

synthesized Ag-SnO2 nanocomposite by precipitation method and it is found to be 

effective against both gram-positive and gram-negative bacteria and the highest ZOI was 

an observer for S. aureus (~27 mm). The MIC values varied between 8-128 μ/mL. The 

authors also studied biofilm inhibition activity and found the synthesized material to be 
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around 73% for S. aureus which means that Ag-SnO2 can also work as a biofilm 

inhibition material. Thus, we can safely say that Ag-Sn/SnO2 composite NPs used in this 

work are very promising to prevent the growth of bacteria as well as fungi. Compared to 

previous and recent work in terms of simplicity and antimicrobial efficiency, these 

composite NPs are prepared in a single step without the use of surfactant and thus it is  

 

Figure 3.27: Results show the zone of inhibition for (a) Ag-Sn/SnO2 composite NPs in C. 

albicans; (b) Ag-Sn/SnO2NPs in E. coli; (c) Ag NPs alone  (marked as “A”) and Sn/SnO2 

NPs alone (marked as “S”) in C. albicans; (d)  Ag NPs alone (marked as “A”) and 

Sn/SnO2 (S) in A. baumannii; and (e) comparative zone of inhibition results obtained for 

different microbes against Ag NPs, Sn/SnO2 NPs and for Ag -Sn/SnO2 composite NPs. 

*P<0.05, **P<0.01, ***P<0.001 
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facile synthesis, cost-effective, and acts as both bacterial as well as fungal material. 

However, it acts as a better antifungal than antibacterial material. In the present study, the 

Ag-Sn/SnO2 NPs exhibited a better inhibition which may be due to the presence of 

metallic Sn
0
 in the Ag-Sn/SnO2 composite nanoparticle system and they are in the mixed-

phase. The smaller the particle size, surface porous structure, and elemental composition 

are also the controlling factors for achieving promising results.  

3.2.4.4  Probable Mechanism study 

It can be noted that the antimicrobial effect is also controlled by the type and size 

of the nanoparticles. Different nanoparticles will have different efficiency of killing the 

microbes. The smaller the size of the NPs more will be the surface energy and it is easy 

to penetrate inside the cell wall of the microbes. Further, the concentration of the 

nanoparticles is also important in killing the microorganism. Once Ag nanoparticles come 

in contact with the bacterial wall it produces Ag
+
. Subsequently, when Ag/Ag

+
 enters 

inside the cell through diffusion or other methods such as phagocytosis/endocytosis, then 

it can damage the DNA. It is also evident that Ag nanoparticles can rupture the cell wall 

of the microorganism through the pit formation. Further, Ag NPs also can damage 

mitochondria besides generating reactive oxygen species (ROS)
216

. Nanoparticles also 

interact with the important cellular components of the microorganism and kill 

them.
41,94,153

 Additionally due to the high surface potential of Ag/Sn-SnO2 there may be a 

possibility of creating electronic repulsions with the fungal or bacterial cell wall, which 

leads to the generation of H2O2 and very active ROS with high extent that subsequently 

killed the microorganism.
213

 To add to this the size of the Ag/Sn-SnO2 NPs is quite small 
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(below 10 nm in diameter) and the surface to volume ratio is high.  Thus it accelerates the 

reaction with the cellular components
217,214

 and prevents the cellular functions of the 

microorganism and inhibit their growth by killing them.  

Therefore, from these results, it can be concluded that the synergistic effects of 

the Ag/Sn-SnO2 composite nanoparticles may be assembling all the pathways of the 

inhibiting bacterial and fungal growth and thus providing a better option compared to the 

earlier reported nanoparticles used for similar purposes. A schematic representation of the 

killing of microorganisms using Ag/Sn-SnO2 NPs is shown in Fig. 3.28 which has been 

correlated with the band energy gap for the samples. We have observed nearly equivalent 

antibacterial and antifungal activity for Ag/Sn-SnO2 NPs in all E. Coli, A. baumannii, K. 

pneumonia, P. aeruginosa, and C. albicans pathogen as per in silico study. However, the 

in vitro results exhibited higher activity against candida compared to the other organisms. 

To understand this difference we have scrutinized whether the Ag/Sn-SnO2 NPs target 

the different molecular proteins of the candida or not.  To do the same, chaperone Hsp90 

which governs the key function of the morphogenesis, and Lanosterol 1 4α-demethylase 

which is a key enzyme for the ergosterol biosynthesis were selected. Candida albicans 

pathogenicity follows different mechanisms. Over expression of Asl3 increased the 

adhesion and interaction with invasion proteins (cadherin) induces endocytosis in the host 

cell. This yeast-host contact triggers the yeast to hypha-transition and raises the biofilm 

formation.
251

 Similar to this, other factors influence the fungal pathogenicity like Hsp90, 

which is responsible for the biofilm formation and the drug efflux governs the key 

function of the morphogenesis. Most of the azole drugs target ergosterol biosynthesis, but 

the drug efflux increases the drug resistance.
252

 The detailed mechanism for the Ag/Sn-
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SnO2 NPs mediated killing of Candida has been shown in Fig. 3.28. Targeting to the 

Hsp90 may alter the virulence property of Candida and the ATPase domain of the Hsp90 

is the active site for binding with the inhibitors. The nanoparticles used for this work have 

interacted with the ATPase domain.
192,253

 

 

Figure 3.28: Schematic representation for the inhibition of Candida. 

 

It should be mentioned that the Ag/Sn-SnO2 NPs system has formed only one 

hydrogen bond with the THR12 residue and interacted with the active residues such as 

PHE159 and HIS9 as shown in Fig. 3.29 (b). For this interaction, the associated binding 

energy has been calculated to be -7.47, which is higher in value compared to the binding 
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energy required to associate with the Als3 protein. The detailed results have been enlisted 

in Table 3.6 for other interactions involved. Further, it can be noted that most of the 

antifungal agents have azole groups that can target the Lanosterol 1 4α-demethylase 

which is a conserved sequence of C. albicans, C. krusei, C. tropicalls, and C. glabrata. 

From our study, it is found that a higher binding affinity acts between the Ag/Sn-SnO2 

NPs and Lanosterol 1 4α-demethylase (-7.71 kcal/mol) (Table 1) as compared to the 

earlier reported results for the fluconazole (−4.44 kcal/mol) or ketoconazole (32.55 

kcal/mol).
254

 

 

Figure 3.29: Shows the molecular interactions associated with molecular target proteins 

of C. albicans and Ag/Sn-SnO2 NPs. (a), (b), and (c), represent the crystal structures of 

Als3, Hsp90, and Cyp51, respectively. The upper part of each panel represents the full 

ribbon structure of the protein interacted with nanoparticles while the lower panel shows 

the corresponding interaction with amino acid residues and Ag/Sn-SnO2 nanoparticles. 
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Further from this study, it is evident that the binding of Ag/Sn-SnO2 is possible 

with the active heme interacting pocket. It can be noted that the Lys143 of Lanosterol 1 

4α-demethylase is involved in ionic interaction with the heme ring and it affects the beta 

bulge.  Similarly, the Tyr132, Phe105, and G464 of Lanosterol 1 4α-demethylase are also 

involved in heme propionate since they are the active sites for the azole moiety. The 

mutation of the active sites of these protein residues further conforms to the development 

of the resistance against the azole group of the antifungal agents.
255

  Further, I304 and 

I471 are the main chains active components of beta carbon of the heme helix which 

increase the polarity of the heme helix.
255

 From this study it is observed that the Ag/Sn-

SnO2 NPs exhibited interaction with the heme propionate residues such as Lys143, 

His468, Tyr132, Arg381, Phe105, Gly465, Gly464, Ile471, and Ile304 by forming the 

hydrogen bonds with the Arg 381 residue of Lanosterol 1 4α-demethylase (Fig.3.29.(c)) 

and increase the inhibition of the Candida strains. Further, the in silico results showed 

that the interactions of Ag/Sn-SnO2 NPs with Als3, Hsp90, and Cyp51 which inhibit the 

growth of the Candida strains and also prevent the invasion and biofilm formation (Fig. 

3.28). This inhibitory interaction of Ag/Sn-SnO2 confirms that the Ag/Sn-SnO2 

nanoparticle can be a potential candidate against the candida. Additionally, the Ag/Sn-

SnO2 composite NPs can be used against Candida since it has a higher inhibitory activity 

to the different molecular targets.  

3.2.5 Conclusions for this part: 

The present work describes the cost-effective facile synthesis of mesoporous anti-

microbial composite nanoparticles consisting of nano-silver (nano-Ag) and tin/tin oxide 



Chapter 3: Results and Discussions 

 

  

  120 | P a g e  

 

(Sn/SnO2) NPs in a defined ratio by chemical reduction method without using 

surfactants. The as-prepared nanocomposite is characterized by various techniques and 

is>10 nm, irregular shape, and shows the presence of Ag, Sn, and SnO2 without any other 

impurity. The prepared nano-sized composite of Ag/Sn-SnO2 has been tested on bacterial 

and fungal strains and it has been shown that the composite nanoparticles act as 

bactericidal as well as fungicidal components. It has a very low minimum inhibitory 

concentration (MIC) compared to the individual components of the composite 

nanoparticle system. The MIC values are also one of the lowest in currently available 

literature which makes this composite material a promising one for use in biological 

applications. Although the in-silico docking showed similar results for microbes but the 

ZOI values said otherwise which is why different proteins were targeted to understand its 

mechanisms. Thus, this study provides an insight towards understanding the mechanism 

which might be useful for future studies. Based on these results, it can be concluded that 

Ag/Sn-SnO2 nanocomposite particles can be used in the broad prospective development 

of the health care technology and for preventing the bio-film formation to prevent the 

growth of infections caused due to the micro-organism. Further, with this component 

increased resistance to traditional antibiotics/ antifungal drugs led to the demand for other 

therapeutics that can be satisfied useful for preventive measures. However, more studies 

need to be conducted especially in gram-positive bacterial strains, and also tested for 

cytotoxicity to further understand the synthesized material which will improve its 

application domain.  
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CHAPTER 3: Part III 

3.3  Preparation of CuO-Sn/SnO2 and CuO-Ag/AgO nanocomposites 

and their comparative Antimicrobial activity 

3.3.1 Abstract 

Since Ag is one of the most widely used NPs for antimicrobial activity; its overuse has 

again become a concern. Few reports of bacteria gaining resistance to Ag nanoparticles 

are also seen. To address this issue, this part focuses on synthesizing CuO-Sn/SnO2 

nanocomposite was synthesized as an alternative to Ag nanoparticles, and the CuO-

Ag/AgO was also synthesized to understand the comparative study in different strains. 

From the in-vitro studies in gram-positive strains, we could see similar results for CuO-

Ag/AgO and CuO-SnO2/Sn. However, in the LB broth technique, we saw some 

resistance after a certain time. These results motivate making Sn/SnO2 an alternative to 

Ag if it is further studied upon.  

3.3.2 Introduction: 

Ag nanoparticles are considered one of the best forms of antimicrobial agents and 

it has been in use for a long time now. However, recently some form of Ag resistance is 

observed
103

 which is concerning. Further, infection due to microbial adhesion, bio-film, 

and colony formation on the sensitive surfaces and skins have become harmful to health 

due to severe infections and development of diseases and is one of the major concerns 

due to the developed resistance to antibiotics.
86

 Nanoparticles possess unique properties 

which make them suitable candidates for biological and biomedical applications 



Chapter 3: Results and Discussions 

 

  

  122 | P a g e  

 

including the management of the major infection as discussed in previous chapters.
33

 As 

an example, hospital-acquired infections (HAIs) and their transmission from one person 

to another person via metal surfaces have been a major worry especially during the 

pandemic, which could be managed through the formation of nanoparticles coatings on 

the regularly used materials in hospitals including the hospital beds and surgical tools.
256

 

It is recently reported that nanocomposites consisting of transition metals have shown 

antibacterial and antifungal properties including copper.
257

 These nanoparticles are useful 

in making the anti-microbial membranes and consequently enhance the antifungal 

properties. Nanomaterials consisting of transition metals also act as photocatalysts, 

therefore surfaces made of these photocatalyst nanomaterials or surfaces coated with 

these photocatalyst nanomaterials have become a potential technology to reduce HAIs.
257

 

Nanoparticles consist of high specific surface areas which allow higher interactions 

between the metal nanoparticles to microbes, leading to enhanced microbial activity.
258

  

Cu and CuO NPs have been in use as antimicrobial drugs for a long time now. 

Lately, due to on rising of the covid-19 pandemic; it has been in use as a form of coating 

agent to prevent further transmissibility in hospitals setting.
79

 Copper also possesses a 

unique electronic structure with ionic conductivity and its electron mobility can be 

improved with a narrow bandgap for enhancement of antifungal effects. In this present 

study, we focused on the earth-abundant copper (Cu) based nanocomposites for obtaining 

easier and cost-effective nanocomposites for antimicrobial applications. This present 

work focuses on the synthesis and development of CuO- Ag/AgO and CuO-SnO2 

nanocomposites and their antimicrobial capabilities were investigated by which we are 
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also focusing on developing an alternative solution to Ag NPs. Previously, 

Nanocomposites using the above nanoparticles have been synthesized in various ways 

such as microwave-assisted method,
259

 electrical discharge methods,
260

 wire explosion 

method,
261

 biosynthesis method,
258

 hydrothermal,
262

 etc. were investigated and found to 

have a great impact on microbial studies in various strains such as E. coli, S. aureus, P 

aeruginosa, B. subtilis, Aspergillusniger, C. albicans, etc. Cu-SnO2 also have been 

proposed for bilayer coating to reduce HAIs.
263

 These works although suggest good 

antimicrobial activities against both bacteria and fungus; have their challenges such as 

higher concentration, size, complex synthesis route, etc. 

In the above line, in this work, we have tried to bridge the gap of antimicrobial 

efficiency by synthesizing CuO-Ag/AgO and CuO-Sn/SnO2 NCs without using surfactant 

or any capping agents (anionic, cationic, and amphoteric surfactants) and a comparative 

study of morphological, chemical, structural properties were investigated using various 

characterization techniques. Further, the surface charge/zeta potential, the chemical 

functionalities and electronic environment and Surface Plasmon effects, stability, and the 

concentration of the components in the colloidal suspensions which also play a major role 

in their performances have been evaluated. Thus the synthesized composite nanoparticles 

have been qualified in these directions for their use in antimicrobial purposes. 

Considering these properties, the composites were tested against various strains and their 

antimicrobial activities were compared. Further, in this work, a fair balance among a 

potent antifungal, nontoxic, and cost-effectiveness of the material synthesis have been 

ensured and a novel cost-effective synthesis of composite nanoparticles consisting of 
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copper, silver, tin, and their oxide materials has been proposed as evaluated through their 

in-vitro studies and proposed mechanism.  

3.3.3 Methodology: 

3.3.3.1 Synthesis of CuO/Ag-AgO: 

1.4 g of AgCl and 1.8 g CuCl2.2H2O were added in methanol under continuous stirring. 

30 mmol of NaBH4 solution in methanol was added dropwise until the colour changed 

from bluish-green to brown. It was centrifuged, washed, and dried overnight at 80
o
C and 

preserved for characterizations.  

3.3.3.2 Synthesis of CuO/Sn-SnO2:  

As discussed above, 1.8 g of CuCl2.2H2O and 2 g of SnCl2.2H2O were added in methanol 

under continuous stirring. 30 mmol of NaBH4 solution was added dropwise and left for 

stirring until color changed (from blue to brown) and brown persisted. This was then 

washed several times with DI water, centrifuged, and dried at 80˚ C. 

3.3.3.3 In-vitro studies: 

The antimicrobial activities were studied by the three techniques i.e. LB Broth, Disk 

Diffusion, and MIC values were conducted as mentioned in Chapter 2 (page 33 and 34) 

of the thesis. 

3.3.4 Results and Discussions 

3.3.4.1 Characterizations 

Composite nanoparticles were synthesized as discussed in the experimental 
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Figure 3.30: TEM images of (a-c) CuO/Ag-AgO nanocomposites; (d) SAED pattern of 

CuO/Ag-AgO composites nanoparticles; (e-f) TEM image of CuO/Sn-SnO2 

nanocomposites; (g) HRTEM image showing d-spacing of CuO in CuO/ Sn-SnO2 

composite nanoparticles and (h) SAED pattern of CuO/ Sn-SnO2 nanocomposite. 

 

section. The particle size and surface morphology have been confirmed through the TEM 

study. Fig. 3.30 (a-c) shows the bright-field TEM images of CuO-Ag/AgO composite 

nanoparticles and Fig. 3.27 d shows the SAED pattern of the obtained CuO-Ag/AgO 

nanoparticles. Fig 3.30 (a-c) shows a slight agglomeration of the nanoparticles. SAED 

diffraction pattern corresponding to the diffraction planes for CuO (110) and Ag (111). 

Fig. 3.30 (e-f) shows the bright-field TEM images of CuO-/Sn-SnO2 composite 

nanoparticles, (c) shows the HRTEM image and Fig. 3.30 (h) shows the SAED pattern of 

the obtained CuO-SnO2 nanoparticles. Nanoparticles are irregular-shaped. Concentric 

rings that represent the nature of nanoparticles were observed from the SAED pattern 

from Fig 1(h). Planes corresponding to CuO (111) and SnO2 (310) were indexed from the 
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fringes of the SAED pattern of the CuO-SnO2 nanocomposite. These results co-relate 

with the XRD patterns shown in Fig. 3.31 as well. 

The as-synthesized nanocomposites were characterized through XRD and Fig. 

3.31 (a) and (b) show the obtained XRD patterns. XRD was used to analyze the crystal 

structures of the synthesized copper oxide/silver (CuO/Ag) and copper oxide/tin oxide 

(CuO/SnO2) nanocomposites. Sharp peaks indicate the crystalline nature of the 

nanocomposites.  XRD pattern of CuO-Sn/SnO2 nanocomposite is indexed to the 

following planes (002), (111) and (  13) and the corresponding peaks of tin oxide were 

indexed to (210) and (310). All these peaks were indexed to JCPDS data (80-0076) of the 

 

Figure 3.31: XRD patterns of (a) CuO/Sn-SnO2 nanocomposite (b) CuO-Ag/AgO 

nanocomposite. 

 

monoclinic phase of CuO nano particles
264

 and tetragonal rutile structure of SnO2 NPs 

(JCPDS No. 41-1445).
265

 XRD pattern of synthesized CuO-Ag/AgO nanocomposite is 

presented in Fig. 3.28 b and the main planes of CuO are (110), (111), (200), (220), and 

(040) were indexed. Main planes corresponding to Ag are indexed to (210), (111), (142), 
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(241), (311), and (222), and planes of AgO are indexed to (022), (231), and (202). All the 

indexed peaks were in good agreement with the literature and JCPDS file No. 04-0783 

for cubic Ag and AgO JCPDS file No. 84-1108.
266–268

 The results obtained from TEM 

and XRD are matching well both for CuO/SnO2 and CuO/Ag-AgO composite 

nanoparticles.  

 

Figure 3.32: EDS spectra  of (a) CuO-Ag/AgO nanocomposite and (b)CuO-Sn/SnO2  

nanocomposite 

 

To understand the elemental composition further, EDS analysis was done which is 

shown in Fig. 3.32 (a) and (b). Fig. 3.32 (a) and Fig. 3.29 (b) show elemental 

composition analysis of CuO-Ag/AgO and CuO-Sn/SnO2 nanoparticles, respectively. 

From this investigation, Fig 3.32 a shows the EDS spectrum of CuO-Ag/AgO 
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nanocomposite with CuO and Ag, AgO and no other impurities are present. The EDS 

spectra of CuO-SnO2 nanoparticles contained tin oxide and copper elements as shown in 

Fig. 3.32 (b). From this investigation, it is evident that Copper is the major element or 

matrix element in both the nanocomposite materials. Tin and silver are present in less 

concentration in both the nanocomposites, respectively. The weight percentages of the 

characterized CuO-Ag/AgO and CuO-Sn/SnO2 nanoparticles are shown in the EDS 

pattern itself. However, this result only gives us evidence for the presence of all the 

elements because we have used C coated copper grid and the percentage cannot be 

absolute as the grid also can give some intensity.  

To further analyze the elemental composition, XPS was done. Fig. 3.33 and Fig. 

3.34 show the XPS spectra of CuO-Ag/AgO and CuO-Sn/SnO2 nanoparticles, 

respectively. The major matrix element copper in both the nanocomposites is observed at 

binding energy ~933 eV as shown in Fig. 3.33 (a-b) and Fig. 3.34 (a-b). Other 

overlapping copper bands appeared at 953eV (Cu 2p1/2) and 76eV for CuO-SnO2 

nanoparticles. The Cu 2p3/2  and Cu 2p1/2 gap of 20 eV with the binding energy of 933 eV 

and 953 eV show the formation of CuO
269,270

 as shown in Fig. 3.33 (a).  The remaining 

elements such as silver and tin were observed in Fig. 3.33 (c) and 3.34 (c), respectively. 

Silver occurred at 372 eV and 366 eV for the primary Ag 3d region with the splitting 

energy of 6 eV which is also shown in the inset of Fig. 3.30 a. Although the energy gap is 

the same, there is a negative shift in the peaks than the reported values for Ag.
271

 This 

might be due to the presence of Copper which is more electronegative than Ag. Similarly, 

we can also see the presence of SnO2 in CuO-SnO2 in Fig. 3.33 c. The binding energy of 

493.7 eV and 486 eV for Sn 3d3/2 and Sn 3d5/2, respectively is shown in Fig 3.34 c, which  
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Figure 3.33: Shows (a) Full XPS spectra of CuO-Ag/AgO nanocomposite (inset: 

expanded form); (b) Cu 2p spectra of CuO-Ag/AgO nanocomposite and (c) Ag 3d spectra 

of CuO-Ag/AgO nanocomposite. 

 

shows the presence of Sn
+4

 and is matching well with the literature.
272

 It is also seen that 

Sn 3d can be fitted into two peaks and the other is Sn
0
 which also matches with the 

literature. Thus, XPS shows the presence of CuO, Ag
0
, Ag

+2
, Sn

+4,
 and Sn

0
. These results 

confirm the formation of CuO/Ag-AgO and CuO-Sn/SnO2 along with XRD patterns as 

discussed above. 
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Figure 3.34: Shows (a) Full XPS spectra of CuO-Sn/SnO2 nanocomposite; (b) Cu 2p 

spectra and (c) Sn 3d for CuO-Sn/SnO2 nanocomposite. 

 

Further, the as-synthesized nanocomposites were investigated with BET 

instrument to find out desorption, adsorption in the sample, and the surface areas of the 

nanoparticles were calculated from the obtained BET curves. Fig. 3.35 shows the BET 

Curves of (a) CuO-Ag/AgO nanocomposite and (b) CuO-SnO2 nanocomposites. From 

these BET curves, the specific surface areas of CuO-Ag/AgO and CuO-SnO2 

nanoparticles were measured to be 1.96 m²/g and 15.0 m²/g respectively. The pore size 

distribution shows pore width between 2-4 nm as it is seen in the inset of Fig. 3.35 (a-b). 

The average particle size and morphologies of the matrix CuO nanoparticle were 
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confirmed by TEM bright-field images (in Fig 3.30). The TEM micrograph clearly 

showed the agglomeration of the nonstructural with homogeneities and with spherical 

morphologies of CuO nanoparticles which might affect the specific surface areas of the 

composite nanoparticles. 

 

Figure 3.35: BET Curves of (a) CuO-Ag/AgO nanocomposite and (b) CuO-Sn/SnO2  

nanocomposite and inset pore size distribution curve. 

 

The optical property of CuO-Ag/AgO and CuO-Sn/SnO2 nanoparticles was 

measured using a UV-Visible absorption spectrometer. The absorption spectra of the 

CuO-Ag/AgO and CuO-SnO2 nanoparticles are shown in Fig. 3.36 (a,c). The UV-Vis is 

seen to have a broad peak at around 275 nm for CuO-Ag/AgO NCs and 511 nm for CuO-

Sn/SnO2 which might be due to the presence of SPR of CuO. The optical band gap 

energy of (Eg) of the obtained CuO-Ag/AgO and CuO-Sn/SnO2 nanoparticles were 

calculated from the Tauc’s relation shown in equation 3.1: 

αhυ= (hυ-Eg)
n/2

  …………………………. (3.1) 
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where α is the absorption coefficient, υ is the frequency of the photon and hυ is the 

energy of the incident photon, ‘n’ is the exponent that determines the type of electronic 

transition causing the absorption and can take the values 1/2 and 2 for direct and indirect,  

 

Figure 3.36: UV-Vis spectroscopy of: (a) CuO-Ag/AgO nanocomposites; (c) CuO-

Sn/SnO2 nanocomposites;  Band gap energy of the (b) CuO-Ag/AgO composite 

nanoparticles; (d) CuO-Sn/SnO2 nanocomposite. 

 

respectively. The energy intercept of a plot of (αhυ)
2
 vs hυ yields Eg for a direct transition 

as shown in Fig. 3.36 (b) and Fig. 3.36 (d) and the absorption spectrum of CuO-Ag/AgO 

and CuO-Sn/SnO2 nanoparticles, respectively. The energy band gap of the CuO-Ag/AgO  
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NPs are estimated from the energy intercept of the extrapolation of the linear portion of 

the curve to 3.2 eV. It is much larger than that of the band gap of bulk CuO (1.54 eV). A 

strong blue shift is observed here due to the quantum confinement effects resulting from 

the decrease in the size of the bulk to nanoparticles. For CuO-Sn/SnO2 the band gap is 

calculated as 2.01 eV which is higher than CuO and lower than bulk SnO2 (~3.6 eV). 

The TGA thermogram for the CuO-Ag/AgO and CuO-Sn/SnO2 nanoparticles was 

shown in Fig. 3.37 (a) and (b) respectively. The results showed a similar weight loss  

 

Figure 3.37: TGA Curves of (a) CuO-Ag/AgO nanocomposite  (b)CuO/Sn-SnO2  

nanocomposite and DSC curve of (c) CuO-Ag/AgO nanocomposite; (d)  CuO/Sn-SnO2  

nanocomposite. 
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below 200 ° C which is due to the loss of moisture from the surface of the materials. The 

weight loss of around 30% occurred in CuO-Ag/AgO and it becomes stable at 850° C. 

The TGA curve shows an increase in weight in CuO-Sn/SnO2 NC from around 200° C 

till 800 ° C when it finally decreases and becomes stable from around 850° C. This 

increase in weight is due to the oxidation of Sn where it converts into SnO2. The DSC 

curve is shown in Fig. 3.37 (c) and 3.37 (d). From both the figure we can see an 

endothermic peak ~232 ° C due to the melting of Sn (the melting temperature of Sn is 

231.9 ° C). The endothermic peak at 430 ° C is either due to the tiny particles of Ag NPs 

or the phase change of AgO to Ag. 

All of these above results support the formation of CuO-Ag/AgO NCs and CuO-

Sn/SnO2 NCs. Usually when CuO-Ag/AgO and CuO-SnO2 nanoparticles are dispersed in 

water; they are inclined to agglomerate due to van der Waal’s forces of interactions. 

However, if the particles obtain charge upon dispersion, the accumulation may be barred 

if the electrostatic repulsive forces overcome attractive van der Waal’s forces. The zeta 

potential of CuO-Ag/AgO and CuO-Sn/SnO2 nanoparticles dispersed in water was found 

to be -7.59 mV and -22.2 mV, respectively. The negative value of zeta potential may be 

accredited to the formation of hydroxyl groups on the particles’ surface upon dispersion 

in water.  

Hence, these results suggest that the NCs can be used as antimicrobial materials. 

Further, these were tested against bacterial and the results are discussed in subsequent 

sections. 
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3.3.4.2 Antimicrobial Results: 

The results of the disk diffusion test are shown in Fig. 3.38 and the values are 

tabulated in Table 3.9. From Fig. 3.38, we can see a clear zone of inhibition and it can be 

said that these NCs can inhibit the growth.   The Zone of inhibition (ZOI) of NCs and 

single CuO are between 8-11 mm. Further, the MIC values were calculated in A. 

baumannii which is also shown in Table 3.9.   

 

Figure 3.38: The Zone of Inhibition of (2a) CuO-Ag/AgO NCs; (2c) CuO-Sn/SnO2 NCs 

and (c) CuO NPs. 
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Table 3.9: Zone of inhibition values for different NPs composite 

Sample 

name  

E. Coli  A.  

baumannii  

Candida 

albicans  

K. pneumonia  MIC 

(μg/mL  

CA (2a) 8 mm  8  mm  10 mm  8 mm  0.156  

CS (2c) 10  mm  7  mm  7 mm  6 mm  0.625  

C (CuO) -  11 mm         7 mm  -  1.25  

 

From the values, we can see that the CuO-Ag/AgO NCs showed better MIC values 

compared to CuO-Sn/SnO2. Single CuO however had greater MIC values than both the 

NCs. A. baumannii. Ag NPs act in multiple ways for inhibition of bacterial growth which 

is the release of Ag ions, generation of ROS, and the NPs themselves is efficient in 

killing bacteria by disrupting the transport system, rupturing the DNA, cell membrane, 

etc. which might have played the role to have lower MIC values.
273

 However, we also 

notice that the two composite materials have the zone of inhibition values quite close to 

each other which might mean that the two nanocomposites behave in similar ways. 

Previously, Sathishkumar et. al
259

 have conducted studies on Cu: SnO2 NPs and found 

ZOI of between 5-19 mm in P. aureginosa and S. aureus depending on the doping % of 

Cu. They had observed higher concentration of Cu in SnO2 improved the inhibition of 

bacteria. Similarly, Shahriyari et. al
261

 have found that by increasing the current in Cu:Sn 

oxide nanocomposite, the bacterial growth is inhibited. 

This result also showed that with the increase in the concentration of oxides, 

growth inhibition takes place. Further, they have found that the NPs showed better results 

against B. subtilis than E. coli. The study further states that the presence of oxide 

enhances ROS generation and the interaction of particles with the bacterial walls. 
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Nandhakumar et. al
262

 in their study against C. albicans for Ag:CuO nanocomposite had 

found ZOI to be around 18 mm and they had mainly attributed this due to ROS 

generation which was generated due to the excited electrons from the metal oxides.  

However, all these studies have shown higher MIC values even if ZOI is higher whereas 

in the current study better MIC values are observed. 

 

Figure 3.39: Growth Kinetics study in E. coli bacteria (a) CuO-Ag/AgO Nanocomposite; 

(b) CuO-Sn/SnO2 Nanocomposite and (c) CuO Nanoparticles. 

 

Further, a bacterial kinetics study of the nanocomposites was done in E. coli 

bacterium and compared it with single CuO which is shown in Fig. 3.36. From Fig. 3.39 
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(a), we can see that for CuO-Ag/AgO NC, there is a decrease in OD values up to 6 h at 

concentrations   ≥250 μg/mL. After 6h, we see an increase in the OD values which means 

that the NCs no longer inhibit the growth but help in their growth even at higher 

concentrations. For CuO-Sn/SnO2 NC, we see an overall growth pattern in Fig. 3.39 (b) 

which shows that the OD values have decreased and there is no sudden increase in the 

OD values like CuO-Ag/AgO NCs. From the single Cu we see that at concentration≥700 

μg/mL, the OD values are quite low. From these results, we can say that CuO-Sn/SnO2 is 

showing better results than the CuO-Ag/AgO NCs. This also might mean that at higher 

concentrations Ag and CuO are not resisting the growth, unlike CuO-SnO2.  

3.3.4.3 The mechanism for antimicrobial activity 

 

 

Figure 3.40: Probable mechanism of the composite system of CuO-Ag/AgO and CuO-

Sn/SnO2 for the killing of the microbes. 
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Further to understand the mechanism, the schematic diagram is shown in Fig 

3.40. Ag Nps have multiple mechanisms like the release of Ag ions, disrupting the 

bacterial/fungal walls, ROS generation, etc. Similarly, CuO NPs and SnO2 generate ROS 

and initiate the killing efficiency of the NC material. These composite material releases 

ions like Cu
+2

, Sn
+4

, Ag
0
, which reacts with the carboxyl group of the bacterial membrane 

protein.
263

 Simultaneously, when the material penetrates the membrane, it also comes in 

contact with cellular components like RNA and this helps in the generation of ROS. The 

ions and ROS then disrupt the DNA, nuclei, membrane, etc. which will further kill the 

bacteria. Previously, Sathish et. al
259

 also have discussed similar results. Moreover, a 

higher amount of oxide improves ROS generation. So by combining all these processes 

we can predict the mechanism of these two nanocomposites to be similar. 

3.3.5 Conclusions for this part: 

In this current work, CuO-Sn/SnO2 and CuO-Ag/AgO nanocomposites were successfully 

developed without using any capping agents. The composite nanoparticles were tested 

with bacterial pathogens like E. Coli, A.  baumannii, Candida albicans, and K. 

pneumonia. Their structural, morphological, optical, and biological studies revealed that 

the synthesized CuO-Ag/AgO and CuO-SnO2 nanocomposites show excellent 

antibacterial properties, particularly when Ag/AgO nano particles interacted with CuO it 

has shown MIC value of 0.156 and when SnO2 nanoparticles were employed it has shown 

MIC value of 0.625 μg/mL. These results are promising and the materials can be used as 

an alternate antimicrobial agent. 
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CHAPTER 3: Part IV 

3.4 Synthesis and characterization of ternary metal oxide nanoparticles 

and their in-vitro antimicrobial studies 

3.4.1 Abstract 

In this part, ternary metal oxide nano composites of CuO-SnO2-ZnO, Ag-CuO-SnO2, 

SnO2-Ag-ZnO, and Ag-CuO-ZnO were synthesized and their properties were studied by 

various characterization techniques. The specific surface area, pore width, etc. improved 

compared to the bi-metal oxide nanocomposites. Except for CuO-SnO2-ZnO, all other 

three composite materials have particle sizes>10 nm. Further, the antimicrobial tests by 

various in-vitro techniques were carried out and the results show that these composite 

materials can be effective antimicrobial agents. 

3.4.2 Introduction 

Due to their improved stability and synergistic properties, ternary metal 

composites can be an alternative to single and bi-metallic nanocomposites for 

antimicrobial activity. They can provide an effective medium to act against various 

bacterial and fungal strains. The synthesis of ternary metal oxide nanoparticles and alloys 

is not a new concept. Alloys of Cu-Ag-Sn, Cu-Sn-Zn, and Sn-Ag-Zn have been 

synthesized before.
274–276

 In recent years, some more ternary metal oxide nanocomposites 

have been synthesized for antimicrobial activities.
277–279

 CdO-CuO-ZnO nanocomposite 

was synthesized by microwave-assisted techniques and tested against S. aureus and S. 

typhi.
277

 Similarly, MgO-Cr2O3-ZrO2 has been synthesized by the wet chemical method 
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and studied for its antibacterial activity.
279

 Transition metal complex due to their unique 

properties such as varying oxidation states, stability, etc. are being used for various 

applications like energy storage, antibacterial, catalytic, sensors, etc.
280,281

 Transition 

metal oxides such as ZnO, SnO2 and CuO have two-dimensional layered structures, 

similar to graphene. However, when used alone, they may not give the desired results. 

SnO2 and ZnO have wide bang gap energy and thus absorb light in the UV region. Noble 

metals like Ag have surface plasmon resonance. When these materials are used in 

composite form, they can balance out each other’s properties and give better results in 

various fields including biomedical. 
282–284

 Bi-metallic NPs have enhanced properties but 

single or monometallic have various disadvantages such as large band gap and faster 

recombination rate. Some other tri-metal for photocatalytic and antimicrobials have also 

been studied recently. For eg. ZnO–V2O5–WO3 nanocomposite synthesized by the co-

precipitation method has shown enhanced antibacterial activity compared to their bi-

metallic nanocomposites.
285

 Further, this nanocomposite material also had an excellent 

photocatalytic activity which could solve many environmental issues. With this 

motivation and a desire to develop ternary composite materials for antimicrobial activity, 

four different types of ternary metal composites were synthesized, characterized and their 

in-vitro bacterial and fungal studies were undertaken. The mixture of metal and 

semiconductor complex or various transition metals together was focused to study their 

size, compositions, and their effect on various bacterial and fungal strains. 

3.4.3 Methodology 

Synthesis of composite materials: 
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The synthesis work has also been filed for patents at Indian Patent Office with (i) 

Application no.: 202011017968, dated: April 27, 2020, (ii) Application No.: 

202011031802, dated: July 24, 2020. Briefly, the synthesis is described below: 

3.4.3.1 Synthesis of Ag/CuO/SnO2 (ACS): 

10 mmol of AgCl, CuCl2.2H2O, and SnCl2.2H2O were taken and stirred in a beaker for 30 

minutes with methanol at RT (25
 o

 C). In another beaker, 90 mmol of NaBH4 was left to 

disperse itself in methanol without any external stirring. This beaker was kept in the ice 

bath. After 30 mins, the NaBH4 solution was added dropwise at the rate of one drop per 

two seconds in the solution mixture of the salt. The color changed from greenish to 

brownish/blackish. It was left under stirring for 2 hrs, centrifuged (12k rpm/20 min), 

washed several times with water and methanol (1:1), and dried overnight (12 h) at 80°C. 

It was then sent for characterization.    

3.4.3.2 Synthesis of Ag/CuO/ZnO (ACZ): 

A similar procedure as mentioned above was adopted with salts of AgCl, CuCl2.2H2O, 

and ZnCl2. After 2 hrs of stirring, the color changed from greenish to light brown. 

3.4.3.3 Synthesis of SnO2/Ag/ZnO (SAZ): 

The color changed from light brown to dark brown at the end of the reaction. The method 

and the quantity of the salts taken are the same as the ACS sample preparation. Here the 

salts used were AgCl, ZnCl2, and SnCl2.2H2O. 

3.4.3.4 Synthesis of CuO/SnO2/ZnO (CSZ):  

For this 10 mmol of SnCl2.2H2O, ZnCl2 and CuCl2.2H2O were taken and the same  
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procedure was adopted. The color changed from greenish, then black while adding 

NaBH4 solution and greenish after the reaction was completed.  

Characterizations and In-vitro studies were conducted as per the description in Chapter 

2. 

3.4.4 Results and Discussions 

3.4.4.1 Characterizations 

For the morphology, crystal structure, and size distribution, TEM studies were 

done and are shown in Fig. 3.41. From Fig. 3.41 (a-b), we can see the TEM image of Ag-

ZnO-SnO2 nanocomposites which are of various sizes and somewhat look spherical. The 

HR-TEM image and the SAED pattern are shown in Fig. 3.41 (c) and (d) respectively. 

From the HR-TEM image we can see the presence of Ag (111), ZnO (101), and SnO2 

(101) with lattice fringe values of 0.23 nm, 0.27 nm, and 0.26 nm respectively. The 

SAED pattern also shows the presence of ZnO (102), SnO2 (301), and Ag (111) with the 

d-spacing values of around 0.19 nm, 2.3 nm, and 1.42 nm respectively. The average size 

of the particles is calculated to be ~28 nm (Fig. 3.42 (c)). The particles in ACZ are 

slightly larger than the rest of the materials as seen in Fig. 3.41 (e-g) and these are closely 

linked with each other in a cross-linked way. The SAED pattern (Fig. 3.41 h) shows the 

presence of Ag (111), ZnO (101), and CuO (002) with d-spacing of ~0.23 nm, ~0.27 nm, 

and ~0.25 nm respectively. The average particle size of the Ag-ZnO-CuO nanocomposite 

is calculated as ~55.2 nm (Fig. 3.42 b). The TEM image of CSZ nanocomposite is shown 

in Fig. 3.37 (i-j). The lattice fringe can be seen in Fig. 3.41 (k) with planes (110) and 

(101) of ZnO and (200) of Cu2O. The lattice distances of these are 0.28 nm, 0.27 nm, and 
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Figure 3.41: TEM image of: (a-b) SAZ, (e-f) ACZ, (i-j) CSZ and (m-n) ACS; HR-TEM 

image of: (c) ASZ, (g) ACZ, (k) SAZ and (o) ACS; SAED pattern of: (d) SAZ; (h) ACZ; (l) 

CSZ and (p) ACS 

 

0.21 nm respectively. This also shows that CSZ has the presence of Cu2O as opposed to 

other composites discussed in this article. The Cu2O can be formed because of the 
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incomplete reduction and is a part of the formation of CuO. The particles are really small 

with some particles as small as 1 nm. The average particles size of the nanocomposite  

 

Figure 3.42: Particle size distribution of (a) ACS nanocomposite; (b) ACZ 

nanocomposite; (c) SAZ nanocomposite and (d) CSZ nanocomposite. 

 

CSZ is 3.9 nm (Fig. 3.42 d). The SAED pattern shows that it has a distinct ring-type 

pattern. This also can be correlated with the XRD patterns in Fig. 3.43 (d).  Similarly, the 

HR-TEM image of ACS nanocomposite in Fig. 3.41 (o) shows the lattice fringe of CuO 

(111) and SnO2 (110) with the values of 0.23 nm and 0.34 nm respectively. The lattice 

fringe with the d-spacing values of 0.23 nm could also be for Ag (111). The SAED 

pattern is shown in Fig. 3.41 (p). It shows the presence of SnO2 (211), CuO (-113), Ag 
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(210), and Ag (111) with d-spacing of 1.7 nm, 0.15 nm, 0.23 nm respectively. The TEM 

image of ACS nanoparticles as seen from Fig. 3.41 (m-n) consists of small particles (~5 

nm) and larger particles (~45 nm) with an average particle size of ~21.4 nm (Fig. 3.42 a). 

It consists of a core-shell type of morphology as seen in Fig. 3.37 (m). The average 

particles size as calculated from the TEM image is CSZ<ACS<SAZ<ACZ (Fig. 3.42). 

The XRD pattern of the nanocomposite materials is shown in Fig. 3. The XRD image of 

Ag-CuO-ZnO nanocomposites, Ag-CuO-SnO2, SnO2-Ag-ZnO, and CuO-SnO2-ZnO NCs 

are shown in Fig. 3.43 (a), (b), (c), and (d) respectively. From Fig. 3.43 (a) we can see the 

 

Figure 3.43: XRD patterns of (a) Ag-CuO-ZnO (ACZ), (b) Ag-CuO-SnO2 (ACS), (c) SnO2 

–Ag-ZnO (SAZ) and (d) CuO- SnO2-ZnO (CSZ) nanocomposites. 
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planes of cubic Ag (210). Ag (111), Ag (200), Ag (220) for 2θ ~28°, ~38.1, 44.2, and 

64.3 respectively according to JCPDS file no. (04-0783). The planes of hexagonal ZnO 

(101) and (104) and cubic CuO (-112) are also seen which corresponds to JCPDS card 

numbers (36-1451) and (80-0076) respectively. Thus, this shows the formation of 

Ag/CuO/ZnO nanocomposite material. From Fig. 3.43 (b), we can see that the 

nanocomposites are crystalline in nature and shows the presence of Ag (210), Ag (122), 

Ag (231) corresponding to JCPDS card no. (04-0783); SnO2 (222), SnO2 (220) and SnO2 

(002) corresponding to the JCPDS card number (41-1445). This SnO2 is tetragonal rutile 

phase. The nanocomposite ACS also has cubic CuO (113) and CuO (004) phases. This 

shows that Ag-CuO-SnO2 nanocomposite is formed. From Fig. 3.43 (c), we can see the 

phases of SnO2, Ag, ZnO, and also a few peaks corresponding to Sn. At around 2θ~54.8°, 

phases of Ag (142) and SnO2 (200) coincide. The planes correspond to Sn (211) at 

2θ~45° tetragonal Sn (JCPDS 86-2265).
286 From Fig. 3.43 (d), we can see that the 

material is slightly amorphous in nature. The broad peaks indicate that several phases of 

different materials might be present together, for example- ZnO (101), SnO2 (110), SnO2 

(101), and Ag (210) at 2θ~31°, 26.3°, 34.2°, and 28.1° respectively might have coincided 

to form broad peaks. All these results along with the TEM images, lattice fringes, and 

SAED pattern confirm the formation of Ag-CuO-ZnO (ACZ), Ag-CuO-SnO2 (ACS), 

SnO2-Ag-ZnO (SAZ), and CuO-SnO2-ZnO (CSZ) nanocomposites. 

The UV-Vis spectroscopy of the nanocomposite was conducted to find their 

optical property which is shown in Fig. 3.44 (b). In the ACZ nanocomposite, we see two 

absorption peaks at ~682 nm and ~371 nm. In ACS nanocomposite, we can see the 

absorption peaks at ~221 nm and ~269 nm whereas for SAZ we could see peaks at ~219 



Chapter 3: Results and Discussions 

 

  

  148 | P a g e  

 

nm and ~424 nm. However, we could only see one peak at ~250 nm in the CSZ 

nanocomposite. The absorption peak at ~371 nm could be due to the presence of ZnO, at 

~221 nm and ~219 nm it is probably due to the presence of SnO2, at ~424 nm is due to 

the surface Plasmon resonance of Ag nanoparticles and at ~250 nm it could be due to the 

presence of CuO. At ~682 nm it could be due to the SPR of Ag nanoparticles as when 

there is a higher Ag concentration, the nanocomposite could show at a higher range as 

reported earlier.
287

 However a slightly red shift is observed which might be due to the 

presence of other oxides as it is a composite material.  

 

Figure 3.44: (a) FTIR of tri metal oxide nanocomposites: CuO/SnO2/ZnO (CSZ); 

Ag/CuO/ZnO (ACZ); SnO2/Ag/ZnO (SAZ) and Ag/CuO/SnO2 (ACS); (b) UV-Vis of the 

different nanocomposites 

 

To understand the constituents of the materials, FTIR analysis was done (Fig. 

3.44 a). From Fig. 3.44 a, the band at ~3400 cm
-1

 is due to the presence of the O-H bond 

due to the surface hydroxyl. The band at ~1600 cm
-1

 might be due to the bending 

vibration of H2O molecules. At around 900 cm
-1

 and ~1400 cm
-1 

might be due to the 

various bending and stretching vibration of O2 molecules. The oxide and metal bands 
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could be seen around 1000 cm
-1

 in all the compositions. At ~700 cm
-1

, we could see the 

vibration of Sn-O bands in the SAZ, CSZ, and ACS composite. At ~482 cm
-1

 Ag-O 

bands could be seen. Bands that appeared at ~460 cm
-1

, ~577 cm
-1

, ~510 cm
-1

, ~650 cm
-1

, 

and ~1026 cm
-1

 could be due to the presence of Zn-O or Cu-O, Cu-O, Zn-O, Cu-O, and 

Cu-O bonds respectively.   

 

 

 

 

 

 

 

Figure 3.45:BET surface area results of :(a) ACZ, (b) SAZ, (c) ACS, (d) CSZ and inset 

pore size distribution curve. 

 

To understand the nature of the nanocomposite materials, the BET experiment 

was conducted and the specific surface area and average pore size of the material are 



Chapter 3: Results and Discussions 

 

  

  150 | P a g e  

 

shown in Table 3.10. From the table we can see that the specific surface area of the 

materials is in the order of ACZ>ACS>CSZ>SAZ and the average pore width is in the 

order of ACZ>ACS>CSZ>SAZ. This is also shown in Fig. 3.44. From the figure, we can 

see that the hysteresis loop is complete and is of type 4 adsorption spectrum for ACZ, 

SAZ, and ACS (Fig. 3.44 a, b, c respectively).  All the materials are mesoporous in 

nature.  

 

Table 3.10: BET surface area and pore size 

Material BET surface area Average pore diameter  

ACZ 63.78 m²/g 73.1 Å 

SAZ  3.24 m²/g  34.4 Å  

ACS 58.34 m²/g 38.1 Å 

CSZ 41.95 m²/g 38.3 Å 

 

From the TGA thermograph, in Fig. 3.46, we can see the weight loss of around 

10% up to 100°C and further 10 % up to 200 °C -220 °C in ACS nanocomposite. In other 

samples, we can see some weight loss (7-10%) up to 220°C. All these weight losses can 

be termed as the loss of surface moisture. These losses are also sharp and rapid which 

occurred due to the surface moisture content of the samples, which are higher and rapidly 

decreasing. From 200 °C till 680 °C, we don’t see any significant weight loss in SAZ, 

from 680°C to ~810°C, there is a significant loss of weight around 15% which might be 

due to phase changes of SnO2. In CSZ and ACZ, we observe a similar trend till 780 °C 

and up to 760°C respectively with weight loss of up to 10%. This might be due to certain 
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changes in CuO phases. Further, we see weight loss ~20% and ~22% in ACZ and CSZ 

respectively until they become stable ~900 °C.  In ACS, we observe a weight loss of 15 

% till 750 °C and another 15% till 900 °C before it becomes stable. The phase changes 

can be explained by the DSC curve in Fig. 3.47. After 900 °C, we do not observe any 

changes and can say that the ternary composites have undergone all the transformations 

by then. From Fig. 3.43, we can see an exothermic peak at ~420°C in SAZ, ACS, and 

CSZ which might be due to the slight melting of Ag. At around 923°C we can also 

observe some transition in ACS, CSZ, and ACS which might be due to some phase 

changes in CuO.   

 

Figure 3.46: TGA of: (CSZ) CuO-SnO2-ZnO; (ACZ) Ag-CuO-ZnO, (SAZ) SnO2-Ag-ZnO, 

and (ACS) Ag-CuO-SnO2 nanocomposites. 
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Figure 3.47: DSC profile of (a) CuO-SnO2-ZnO (CSZ), (b) Ag-CuO-ZnO (ACZ), (c) 

SnO2-Ag-ZnO (SAZ), (d) Ag-CuO- SnO2 (ACS) nanocomposite. 

 

To understand the elemental composition, XPS analysis was done which is shown 

in Fig. 3.48. Fig. 3.48 (a) (e) (i) and (m) shows the full spectra of: (a) Ag/CuO/SnO2 

(ACS) nanocomposite; (e) SnO2/Ag/ZnO (SAZ) nanocomposite; (i) SnO2/CuO/ZnO 

(CSZ) nanocomposite; (m) Ag/CuO/ZnO (ACZ) nanocomposite. From the figure, we can 

see the presence of Zn 2p1/2, Zn 2p3/2 at Binding Energy (BE) of ~1045 eV and ~1022 eV 

respectively in ACZ, CSZ, and SAZ. We also see the presence of Zn 3p3/2   at ~75 eV in 

CSZ and SAZ. Typical characteristic peaks of Cu 2p1/2 and Cu 2p3/2 are observed in CSZ, 

ACZ, and ACS nanocomposites at ~953 eV and ~933 eV. Besides, we also get to see 

other peaks of Cu 3p3/2 and Cu 3s in ACS and CSZ at ~74 eV and ~124 eV, respectively. 
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Furthermore, a small peak of Cu 2s at ~1096.7 eV is seen in the ACS nanocomposite. 

Similarly, Sn 3d3/2, Sn 3d5/2, Sn 3p3/2, Sn 3p1/2 peaks at ~ 493.8 eV, ~484.9 eV, ~714.2 

eV, ~756.8 eV respectively in SAZ, CSZ, and ACZ. At about 24.3 eV Sn 4d peaks are 

observed in ACS, ACZ, and SAZ. Besides these, at 136.3 eV, Sn 4s peak is seen in SAZ. 

Now coming to the Ag peaks, the characteristics peaks of Ag 3d5/2 and Ag 3d3/2 are 

observed in ACS,  and SAZ nanocomposites at ~367.2 eV and ~373.2 eV, respectively. 

Ag 3p3/2 peak can be seen in ACS, ACZ, and SAZ at around ~572 eV. In SAZ 

nanocomposites, we also get to see the peaks for Ag 3p1/2 and Ag 4p at around ~603.8 eV 

and ~60.3 eV, respectively. The distinct C peak at ~280 eV is seen in all four tri-metallic 

nanocomposites. In ACS nanocomposite, Cu 2p3/2 peaks (Fig. 3.48 b) can be fitted into 

two peaks which show the presence of both Cu
+1

 and Cu
+2

 at ~933.6 eV and ~932.1 eV. 

This is contradictory to the XRD results above which clearly do not show the presence of 

Cu2O. This means a trace amount of Cu2O can be present in the ACS nanocomposites 

which might be due to the reaction step that reduces it to the CuO. However, Ag 3d (Fig. 

3.44 d) and Sn 3d (Fig. 3.44 c) show the presence of only one type of composition i.e., 

Ag
0
 and Sn

+4
 oxidation states.  In SAZ nanocomposites, Zn 2p (Fig. 3.44 f) and Ag 3d 

(Fig. 3.44 h) can be fitted into ZnO and Ag with Zn
+2

 and Ag
0
 oxidation states. The Sn 3d 

(Fig. 3.44 g) shows two types of the state i.e. Sn
+4

 and Sn
0
 which match well with the 

XRD results shown in Fig. 3 c. From Fig. 3.48 (j-l), we could see the presence of Cu
+2

 in 

Cu 2p, Sn
+4

 in Sn 3d, and Zn
+2

 in Zn 2p of CSZ nanocomposites. In ACZ, we can see the 

presence of Zn
+2

 in Zn 2p (Fig. 3.48 n), Ag
0 

in Ag 3d (Fig. 3.48 o), and Sn
+4

 in Sn 3d 

(Fig. 3.48 p). An extra peak in Ag 3d at the higher BE might be due to the loss of Ag or 
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the shake-up peaks. For all the composites, O 1s peaks were observed at ~531 eV which 

also indicates the formation of oxide complex rather than just the metals. 
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Figure 3.48: Full XPS spectra of (a) Ag-CuO-SnO2 (ACS) nanocomposite; (e) SnO2-Ag-

ZnO (SAZ) nanocomposite; (i) SnO2-CuO-ZnO (CSZ) nanocomposite; (m) Ag-CuO-ZnO 

(ACZ) nanocomposite; XPS spectra of: ACS (b) Cu 2p, (c) Sn 3d, (d) Ag 3d; SAZ (f) Zn 

2p, (g) Ag 3d, (h) Sn 3d; CSZ (j)Zn 2p, (k)Cu 2p, (l) Sn 3d; ACZ (n) Zn 2p, (o) Ag 3d, and 

(p) Cu 2p. 
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Table 3.11: Zeta Potential values of the different composite materials 

Material Zeta Potential (mV) 

ACZ -18 

CSZ -40.9 

ACS -10.7 

SAZ -19.1 

 

Zeta potential values were measured whose results are tabulated in Table 3.11 which 

shows that the values are in the order of CSZ>SAZ>ACZ>ACS. All these values depict 

that these nanocomposites can be used as biological materials. All these results thus make 

our nanocomposites suitable for various biological applications.  

3.4.4.2 In-vitro studies 

The results of growth kinetics of different ternary nanocomposites in different 

concentrations in E. coli bacterium are shown in Fig. 3.49 (a-d). From Fig., we can 

observe significant results in ACS (Fig. 3.45 d), some positive results in SAZ and ACZ 

(Fig. 3.49  a and b respectively), and minor effects in CSZ (Fig. 3.49 c). Since E. coli are 

made up of thin layers of lipopolysaccharides (1-3 μm) and which are also negative in 

charge, it is easy for NPs to penetrate through the cell membrane and cause cell death or 

membrane damage due to the release of ions.
85

 Now CSZ is not being able to perform as 

significantly as others might be due to the absence of Ag
+
. Although Cu

2+
 can release a 

much higher level of ions than the Ag
+
,
288

 Ag still shows better efficiency than Cu 

because Cu is an essential element for maintaining homeostasis even though both Ag and 
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Cu have an affinity for thiols. Thus, Cu prevents toxicity while Ag can help in preventing 

the growth of energy cells. In short, it might be because Cu helps and support the growth 

and survival of the bacteria.
289,290

 Thus, it might be safe to say that mechanisms like 

Reactive Oxygen Species Generation, the charge of NPs, size of NPs, ions release, etc. 

contribute to the inhibition of bacterial growth.  

The MIC shown in Table 3.12 reveals that the MIC values are in the order of 

ACZ>SAZ>ACS>CSZ. These MIC were also calculated in gram-negative A. baumannii. 

MIC ACZ shows better MIC which is 87.82% and 93.91% efficient than SAZ and ACS, 

respectively. Although, there have been reports of better antimicrobial efficiency of NPs 

this is the first time we have reported such low MIC values for tri-metal nanocomposites. 

This could be co-related with the UV-Vis in Fig. 3.45 (b). Since ACZ shows the presence 

of SPR Ag in the visible range and also ZnO, CuO which shows higher band gap energy 

and frequency in the UV range which might provide better efficiency as discussed 

earlier.
282,283

 

Table 3.12: Minimum Inhibitory Constant (MIC) values for different composite NPs 

Sample Name Sample composition MIC Value (µg/mL) 

3a ACZ 0.019 

3b SAZ 0.156 

3c CSZ 1.25 

2d ACS 0.312 

 

The results of the disk diffusion method and zone of inhibition are shown in Fig. 3.50 and 

Table 3.13. From these two data, we could see that the tri-metal oxide nanocomposites 

show a positive bactericidal effect on both gram-negative strains as well as the fungal  
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Figure 3.49: Growth kinetics of E. coli (DH5α) in different concentrations of (a) Ag-

CuO-ZnO nanocomposite; (b) SnO2-Ag-ZnO nanocomposite; (c) CuO- SnO2-ZnO 

nanocomposites and (d) Ag-CuO- SnO2 nanocomposites. Values are represented as 

mean±S.D (n=3) 

 

strain (C. albicans). Here we can observe better antifungal properties than the gram-

negative bacteria and SAZ shows quite a good efficiency against the fungal strain. 

Recently, ZrO2-Ag2O bimetallic have shown good antifungal activity against C. 

albicans
118

, and our materials show a good combination for SAZ (SnO2-ZnO-Ag). Ag 

alone could trigger toxicity and hence, the synergistic effects of the ZnO and SnO2 might  
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Table 3.13: Zone of inhibition (in mm) calculated via disk diffusion method 

 

 

 

Figure 3.50: Disk Diffusion method of 3a: Ag-CuO-ZnO nanocomposite; 3b: SnO2-Ag-

ZnO nanocomposite; 3c: CuO-SnO2-ZnO nanocomposites and 2d: Ag-CuO- SnO2 

nanocomposites 

 

Sample 

name 

 

Sample 

composition 

E. Coli A.  

baumannii 

Candida 

albicans 

K. 

pneumonia 

3a Ag-CuO-ZnO 8 mm 8  mm 7  mm 6  mm 

3b SnO2-Ag-ZnO 9  mm 9  mm 16  mm 7  mm 

3c CuO-SnO2-Zn 9  mm 9  mm 7  mm 7  mm 

2d Ag-CuO-SnO2 10  mm 9  mm 7  mm 6  mm 
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have helped. The mechanism of action for antifungal is similar to the bacterial one where 

ROS generation, cell wall rupture, etc are the primary reasons.
291,292

 However, Studies 

related to the SnO2 mechanism of action still has some gap.  

3.4.5 Conclusions for this part: 

Like bimetallic, trimetallic composition could also be alternative antimicrobial 

nanoparticles. All nanocomposites have shown positive results as antimicrobial agents. 

However, we have tested only in gram-negative bacteria and to come to a broader 

perspective, we need to see it in gram-positive bacteria too. Since gram-positive have 

different cell thicknesses, they might act differently. Also, we haven’t been able to 

establish exactly how the presence of SnO2 affects the zone of inhibition. However, these 

results could pave the way towards better research and development of antimicrobial 

agents for clinical use.  
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CHAPTER 3 

3.5 PART V: An attempt to synthesize quaternary metal oxide 

nanocomposite and study its antibacterial activity 

3.5.1 Abstract 

As the demand for antimicrobial drugs is continuous and bi and quaternary 

nanocomposites showed tremendous potential, in this part quaternary nanocomposite was 

synthesized similarly. The TEM results showed the average particle size was around 8 

nm which is similar to the bi-metal oxide nanocomposite and lower than the tri-metal 

oxide composite. The specific surface area has increased (~80 m
2
/g). Further, the 

antimicrobial efficiency also improved, and in fact, for A. baumannii which is under 

critical priority risk it showed the highest zone of inhibition (24 mm) and this result does 

give some hope for the future of antibiotic materials. In the growth kinetics study, we 

could see inhibition percentage to be greater than 70% for concentrations≥500 μg/mL. 

3.5.2 Introduction 

Till the last chapter (Chapter 3- part IV), we have reported bi and tri metal oxide 

nanocomposites for their antimicrobial activity. We have so far understood the urgency to 

develop new nanomaterials for antimicrobial activities. Developing antimicrobial drugs 

has caught the attention of various stakeholders and thus now quaternary materials as 

antibacterial materials are also gaining momentum. The development of quaternary 

materials for dental application has started some time ago with the development of 

various forms of dental material especially with polymer and ammonium.
293

 Graphene 
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oxide based quaternary ammonium composite has been studied for their antibacterial 

effect before for wound healing.
294

 Graphene based quaternary nanocomposite 

(Graphene, Fe3O4@Fe core@shell, and ZnO) has also been synthesized and used for 

electromagnetic absorption properties. Recently, Govindhasamy et. al
295

 synthesized 

quaternary nanocomposite containing Zn-Pb-Cd-Cu oxide (ZnO-CdO-PbO-CuO) by one 

pot synthesis method and have found it effective against pathogens available in an 

aqueous medium. A quaternary composite material consisting of Ni, Cu, PANI/PVA 

(polyaniline–polyvinyl alcohol) has been synthesized by chemical oxidative 

polymerization of polyaniline and has been tested against various microbial strains. The 

results of the zone of inhibition were between 17-23 mm for different strains i.e. E. coli 

(23 mm), K. pneumoniae (23 mm), Proteus sp. (17 mm), and for S. aureus (18 mm). 

However, it was ineffective against A. niger. Despite these efforts, there is constant 

demand to develop antimicrobial drugs. Development of quaternary NCs material by 

chemical reduction method without the use of surfactant is new and thus may be effective 

to find out solutions of the antimicrobial resistance problems.  Here in this chapter, we 

have tried to synthesize tetra metal (oxide) nanocomposites with the same elements 

discussed earlier i.e. Zn, Cu, Ag, and Sn. So in this chapter, we have synthesized the tetra 

metal oxide nanocomposite material. The Nanocomposite has been tested in gram 

negative bacteria and it has also been tested in C. albicans to check antifungal and 

antibacterial activities.  

https://www.sciencedirect.com/science/article/abs/pii/S2213343721019382#!
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3.5.3 Methods 

3.5.3.1 Synthesis: 

Similar to previous methods, here 10 mmol of ZnCl2, AgCl2, SnCl2, and CuCl2 were 

taken in 100 mL methanol under continuous stirring. When the colour changed from 

milky white to green; a dropwise solution of 50 mmol of NaBH4 and 50 mL methanol 

was added. The colour started changing instantaneously. After a few hrs (2-3h), the 

solution was removed, washed five times with distilled water, and dried overnight at 80° 

C. It was then characterized by XRD, TEM, BET, XPS, UV-Vis, FTIR, and TGA.  

3.5.3.2 In-Vitro studies: 

Antibacterial activity was observed by Luria broth dilution technique and Disk Diffusion 

method to calculate the zone of inhibition and MIC has been calculated to find out the 

minimum inhibitory concentration. The Optical Density (OD) value was observed for 12 

h at an interval of every three hours. The ZOI was measured in mm.  

3.5.3.3 Statistical Analysis: 

All results were expressed as mean±SD for n=3. The zone of inhibition results was 

analyzed by one-way ANOVA and Bonferroni post-test analysis and P<0.001 is 

considered significant here. The percentages of inhibition are expressed as two-way 

ANOVA analysis and no post analysis was done. The p value of < 0.0001 is considered 

significant here. 
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3.5.4 Results and Discussions 

3.5.4.1 Characterizations: 

The TEM image of the nanocomposites is shown in Fig.3.51 TEM image (a-c) of 

Ag-CuO-ZnO-SnO2 nanocomposite material; (g) SAED pattern of Ag-CuO-ZnO-SnO2 

nanocomposite; (h-i) HR-TEM image of Ag-CuO-ZnO-SnO2 nanocomposite and inset 

(c) particle size distribution of the nanocomposite. From the TEM image, we can see 

particles with nearly spherical shapes and in various sizes like 3 nm to some around 50 

nm. The maximum numbers of particles are between 1-10 nm as seen and the average 

particle size is around 8.23 nm.  The larger particles could be generated due to the close 

interaction of the various small particles as we can see from Fig. 3.51  (c) and (e) or also 

might be due to the presence of two oxides together as some form of dark and field image 

is seen in Fig. 3.51 (c) (circled). The HR-TEM images reveal the presence of CuO (110), 

SnO2 (110), ZnO (102), and Ag (111) with d-spacing of 0.27 and 0.26 nm for CuO, 0.33 

nm for SnO2, 0.18 nm for ZnO, and 0.23 nm for Ag. These results match well with the 

available literature. Also, the SAED pattern of the nanocomposite material shown in Fig. 

3.47 (g) shows the presence of Ag (222), SnO2 (211), CuO (110), Ag (210), and ZnO 

(102). From the TEM image, we can see that there is the presence of Ag, CuO, ZnO, and 

SnO2. The size and morphology are well in agreement with the nanosized particles. The 

IIFT image as shown in Fig. 3.51 (h inset) shows the position where two different phases 

have distinct IFFT fringes. From these results, we can conclude that two different oxides 

are formed.  
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Figure 3.51:TEM image (a-c) of Ag-CuO-ZnO- SnO2 nanocomposite material; (g) SAED 

pattern of Ag-CuO-ZnO- SnO2 nanocomposite; (h-i) HR-TEM image of Ag-CuO-ZnO-

SnO2 nanocomposite and inset (c) particle size distribution of the nanocomposite. 

 

 

The EDS analysis of the nanocomposite was done in TEM and it is shown in Fig. 

3.54. From the figure, we see the presence of Zn, Cu, Ag, Sn, and O2 as expected. From 
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both TEM and EDS, we can say that the results matched and the formation of the 

nanocomposites can be established. 

To verify these, XRD analysis was done which is shown in Fig. 3.52. The 

diffraction pattern from the XRD shows the presence of ZnO, Ag, CuO, and SnO2 as per 

the JCPDS data. The peaks clearly show the presence of all oxides as expected. The 

peaks indicate the presence of Ag (210), Ag (111), Ag (231), Ag (142), and Ag (241) at 

2θ values of ~28º, ~38.1º, ~46.1º, ~54.8º, and ~57.3º respectively according to the JCPDS 

file no (04-0783) for FCC Ag. Based on the JCPDS file no (36-1451), the peaks at 2θ 

~62.8 º and ~67.9 º show the presence of hexagonal wurtzite structure of ZnO (103) and 

ZnO (112) respectively. Similarly, the peaks at 2θ ~54.8º, ~58.2º, ~71.4º, and ~87.2º 

show the presence of tetragonal SnO2 according to the JCPDS file no. (41-1445). The 

planes representing these 2θ values are SnO2 (220), SnO2 (002), SnO2 (202), and SnO2 

(330) respectively. The XRD graph also shows the presence of cubic CuO (110) and CuO 

(  12) at 2θ values of ~32.4º and ~46.2º, respectively according to the JCPDS file (80-

0076). We also observe that some peaks coincide like at ~46º, ~55º, and ~57 º where two 

phases of different components coincide. This can also be correlated with the TEM image 

as shown in Fig. 1 (c) and (h). The crystallite size was calculated by the Debye-Scherrer 

formula (Eqn 3.2) .
296

  

                 …………………………………… (3.2) 

From the above formula (3.2), the crystallite size for CuO (111) is calculated as ~25 nm, 

and for Ag (111) is ~24 nm. 

To understand the optical properties of the nanocomposite material, the UV-Vis 

experiment was run from 190 nm-800 nm shown in Fig. 3.53 (a). From the spectra, we 
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can see there is only one broad spectrum around ~274 nm which might be due to the 

dominant presence of SnO2. The broad spectrum is also possible because at a particular 

time and wavelength many molecules are undergoing transition. The band gap energy 

was calculated using the Tauc plot for indirect transition and calculated as Eg = 3.41 eV. 

Since there are multiple compositions; the band gap is affected similarly, i.e., it does not 

represent any particular match with the literature. For e.g., ZnO has Eg around 3.2 eV- 3.6 

eV, CuO has a narrow Eg of 1.2-1.4 eV, Ag has Eg ~2 eV depending on their absorption 

bands and SnO2 has around 3.6-3.8 eV. So we can say that the band gap is higher in value 

with respect to ZnO and SnO2 influence. 

 

Figure 3.52: XRD pattern of Ag-CuO-ZnO-SnO2 nanocomposite 

The FTIR spectrum is shown in Fig. 3.53 (b) and from there; we can see the broad 

peak around 3500 cm
-1

, which might be due to the O-H group present in surface water. 
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The bands at 512 cm
-1

 and 724 cm
-1

 might be due to the presence of stretching vibration 

of Ag-O and O-Sn-O respectively. The band at 924 cm
-1 

appeared due to the symmetric 

stretching vibration of the O-H group.
297

 From the FTIR bands we could see the presence 

of other minor peaks too which are due to the fingerprint region. The broad band at 

~1600 cm
-1 

appeared due to the presence of surface water molecules.  

 

Figure 3.53:(a) UV-Vis spectra of Ag-CuO-SnO2-ZnO nanocomposite and inset Tauc plot 

for band gap energy; (b) FTIR spectra of the nanocomposite. 

 

 

Figure 3.54: EDS spectroscopy of the nanocomposite representing the elemental 

composition. 
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The BET surface area of the nanocomposite material was calculated with N2 

adsorption-desorption and is calculated to be 81.41 m
2
/g and BJH Adsorption's average 

pore width is found to be 47.2 Å as shown by figure 3.55 (inset). The BET surface area 

shows the presence of mesoporous pores (2 nm-50 nm) and the isotherm is type IV. With 

the presence of more particles, the composite material might have a lesser specific 

surface area due to the closure of the pores, and in this case, the pores are wide and the 

surface to volume ratio has increased.  This also means that the particles are not blocking 

each other and have high porosity. An improved specific surface area is a good property 

for biological applications. 

 

Figure 3.55: N2 adsorption-desorption plot of the tetra oxide nanocomposite material. 

 

The thermogravimetric analysis (TGA) profile is shown in Fig. 3.56 (a).  There 

are three major weight losses occurred at ~194°C, ~350°C, ~597°C, and at ~892 °C. The 
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weight loss of around 15% initially at 194°C is due to the loss of moisture and water from 

the surface. The weight loss of around 0.5% at 350°C might be due to the decomposition 

of Ag and ZnO.
298

 The 0.5% weight loss at 597 °C might be due to the decomposition of 

SnO2 and 25% at 892 °C might be due to the decomposition of CuO to CuO2.
299

 The 

DSC thermogram shown in Fig. 3.56 (b) is in agreement with the TGA curve. There is a 

small endothermic peak at around 774°C and 928 °C which might be due to the transition 

of CuO.
300

  

 

Figure 3.56: (a) TGA curve Ag-CuO-SnO2-ZnO nanocomposite; (b) DSC curve of the  

Ag-CuO-SnO2-ZnO nanocomposite. 

 

The XPS spectra of the quaternary nanocomposite material show the presence of 

Zn 2p1/2, Zn 2p3/2, Cu 2p3/2, O1s, Sn 3d3/2, Sn 3d5/2, Ag 3d3/2, Ag 3d5/2, Zn 3p3/2, Cu 3p3/2 

as seen in full XPS spectra in Fig. 3.57 (a) as per the NIST database. The peak fitting of 

Cu 2p peak reveals the presence of only one type of Binding energy i.e. for CuO at 

~933.7 eV (Fig. 3.57 b). The binding energy of Sn 3d as seen in Fig. 3.57 (d) shows the 

presence of three curves at 485.4 eV, 493.8 eV, and 498.1 eV of the Ag-CuO-SnO2-ZnO  
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Figure 3.57: XPS spectra of: (a) Full spectra of CuO-Ag-ZnO-SnO2 nanocomposite; (b) 

Cu 2p; (c) Zn 2p; (d) Sn 3d, and (e) Ag 3d. 

 

 

NCs. The first two are the characteristic Binding energy bands of Sn 3d with the splitting 

energy of 8.4 eV, which matches well with the literature.
301,302

 The extra peak is due to 
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the shakeup peak which occurs due to the energy transition. Zn 2p has binding energy at 

1020.3 eV and has the presence of only one type of oxidation state i.e. Zn
2+

 (Fig. 3.57 c). 

From Fig. 3.57 (e), we can see two strong peaks of Ag 3d at 366.5 eV and 372.5 eV, 

which tells that the Ag has only one oxidation state and is Ag
0
. From these results, we 

can conclude that our composite material consists of CuO, ZnO, Ag, and SnO2 which 

match well with the XRD and the TEM results.  

3.5.4.2 In-vitro results: 

Now coming to the antimicrobial results; a growth kinetics study of the bacteria is E. coli 

(DH5α) has been done which is shown in Fig. 3.57 (a). From the figure, we can see that 

the effective concentration is as low as 250 μg/mL and the Optical Density value 

drastically decreases just after 6 h. We can also see that for 500 μg/mL, better results are 

obtained compared to other higher concentrations even though there isn’t much 

difference. Since our nanocomposite has its own colour, it is also possible that there is 

some absorbance of its own due to which there is a higher OD value for higher 

concentration. From these results, the percentage of inhibition was calculated as shown in 

Eqn. 3.3: 

                   
             

         
      ………………………. (3.3) 

Where,  

A= different OD values with different concentrations at a different time interval. 

The Percentage of inhibition is expressed in Fig. 3.58 (b). From the figure, we can see 

that w.r.t the control values, all the concentrations above 50 μg/mL show a positive 

result. From the same figure, we can also see that for concentrations          , there 
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are similar results and shows inhibition between 70%-85% depending on the time interval 

(Table 3.14). Hence, we can safely say that 500 μg/mL is equally suitable and we need 

not go up to 1000      .  

 

Figure 3.58: (a) Growth kinetics in E. coli bacteria by LB broth technique. The plot is 

expressed as a mean±SD (n=3); (b) Percentage of inhibition w.r.t. control at a different 

time interval. P<0.0001 

 

Table 3.14: Percentage of inhibition at a different time interval with different 

concentrations w.r.t control at that particular time 

Time (h)  Concentrations 

 50 g/ml  250 g/ml  500 g/ml  750 g/ml  1000 g/ml  

3  29.8 %  56.2%  73.2 %  66.7%  63.6 %  

6  34.6 %  66.1 %  86.3 %  83.8 %  72.2%  

9  30.6 %  74.9 %  83.9 %  82.6 %  77.6 %  

12  19.6 %  73.0  %  85.9 %  84.6 %  85.7 %  

 

Although bacterial cell like E. coli cells is expected to not have uptake mechanisms to 

facilitate NPs for the cells damage, yet few reports talk about the opposite of this. It is 
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found that they also have a similar type of uptake mechanism to damage the cells. This is 

also promoted due to the internalization of NPs.
303–305

 This means that even in E. coli the 

inhibition is promoted by ROS generation.
306

 Previous study on Ag also has shown that 

ROS generation depends on the bioavailability of the ions in dissolved form but at the 

same time also depends on the physiology of the respective NPs.
307

 

 

Figure 3.59: Disk Diffusion of (a) P. aeruginosa; (b) A. baumannii; (c) K. pneumoniae; 

(d) C. albicans and (e) graphical representation of the zone of inhibition. ***P<0.0001, 

**P<0.001 

 

For the disk diffusion method, three gram negative bacterial strains and one fungal strain 

(Candida albicans) were chosen and the results are shown in Fig. 3.59 (a-d). From the 

figure and the graphical representation of the ZOI in Fig. 3.59 (e), we can see that the 
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nanocomposite material has positive results for all the strains (both bacterial and fungal) 

but for A. baumannii, it shows an exceptional result with ZOI value of 24 mm. For K. 

pneumonia, P. aeruginosa, and the C. albicans ZOI are 18 mm, 16 mm, and 10 mm 

respectively. The MIC value calculated in A. baumannii showed that the value was as low 

as 0.019 μg/mL. It is an opportunistic nosocomial bacteria that can cause infections 

ranging from pneumonia to sepsis.
308,309

 In one of the recent studies during covid-19, it 

was also found that A. baumannii was the most resistant bacteria.
308

 The same study also 

showed that in many cases, several infections may occur simultaneously. It is indeed a 

positive sign that our composite has shown effect against all these bacterial and fungal 

strains as we may not need multiple drugs to treat an infection. A. baumannii has 

developed a lot of resistance in the past decade against a lot of antibiotics and is also 

capable of multi drug resistance.
309,310

 WHO has also developed a list of bacteria that are 

a global threat and A. baumannii are among the most threatening one which needs 

immediate attention.
311

 Recently, the mechanism of ZnO NPs with the present antibiotics 

(ceftazidime and ciprofloxacin) against A. baumannii was studied and they found ZOI of 

around 33 mm and 38 mm, respectively which is quite good.
312

 However, in our case we 

have tested only for the NPs currently and this is one of the best results reported so far.  

3.5.4.3 Probable Mechanism of the antimicrobial action 

Coming to the mechanisms, Tewari et. al
313

 concluded by their study that the 

chemical synthesis of ZnO is one of the best ways to combat A. baumannii. They also had 

shown that ROS generation is the way by which ZnO functions against bacterial walls. 

This in turn enhances the membrane lipid per-oxidation. These effects together then 
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cause the membrane of other parts like DNA, protein, etc. to leak. Similarly, several 

mechanisms such as physical damage,
314

 membrane damage independent of ROS 

generation and solely based on particles,
315

  ROS based on the crystallinity of the 

materials,
316

 and ion release,
317

 etc. Thus we cannot say that one method might have 

worked here. There might be a combination of one or more than one step which needs 

further analysis. The specific surface area is also high, the porosity, crystalline, ion 

release all might have come to work together to have such an effect.  Also, sometimes 

band gap plays an important role in the antibacterial activity which we have reported in 

the previous chapter.  

3.5.5 Conclusions for this part: 

Tetra metal oxide nanocomposite was successfully synthesized and tested against 

various gram negative and fungal strains. The composite showed an excellent result for 

A. baumannii although it is effective against all the tested pathogenic strains. The 

nanocomposite has an average size of around 8 nm and has semi-crystalline in nature 

with a high specific surface area. Coming to the antimicrobial activity, the combined 

effect of all the oxides and Ag might have instigated the nanocomposite to follow 

multiple pathways for the action against the bacterial and the fungal strains which further 

needs investigation. The results obtained in this could be a breakthrough because A. 

baumannii is already on the critical priority list of WHO and needs immediate attention. 
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CHAPTER 4:  Summary and Conclusions 

4.1 Summary 

This chapter mentions the overview of this Dissertation. In this dissertation, the 

composite materials of the metals and mixed metal oxide nanoparticles have been 

successfully synthesized by the chemical reduction method using NaBH4 as the reducing 

agent without using a surfactant. These materials have been characterized by various 

techniques and then have been studied for antimicrobial activities.  

Moreover, the inference of each chapter has been discussed in the following sections. 

4.1.1 Chapter 1 

This chapter initiates with a detailed introduction to nanotechnology, its applications, and 

its importance in the biological field. This is followed by the description of the existing 

problem of antimicrobial resistance and the application of metal-based nanoparticles for 

antimicrobial use. The chapter also draws various studies carried out in this field by 

citing various works of literature available.  It also describes the choice of the reducing 

agent and the synthesis route adopted. This chapter finally states the significance and 

motivation behind this work and lays out the objectives of this dissertation.   

4.1.2 Chapter 2 

In this chapter, a detailed list of the precursor used for the synthesis of various composite 

NPs has been mentioned. The detailed experimental procedure to synthesize the materials 

has been mentioned in this chapter. Then the detailed procedure of all the antimicrobial 
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tests i.e. LB Borth dilution techniques, Disk Diffusion method, and MIC method has been 

elaborately described. The characterization methods used in this dissertation have been 

discussed in the chapter. This chapter also briefly describes the working principle of all 

the techniques used.  

4.1.3 Chapter 3 

This chapter discusses the results of this dissertation work. This work is inspired to find 

the antimicrobial drug to address the challenge that is present due to microbial resistance.  

Chapter -3 is divided into five parts. Each part has been summarized below. 

4.1.3.1 Chapter 3- part I 

ZnO NPs have been in use for a long time now in various applications including 

biomedical and antibacterial. Thus this part discusses the comparison of the bi-metallic 

nanocomposites with single ZnO. ZnO and bimetallic NCs of ZnO-Ag2O/Ag, ZnO-CuO, 

ZnO-SnO2 were successfully synthesized and all the NCs are below the size of 10 nm. 

Colloidal stability is an important parameter for biological applications of nanomaterials. 

Thus, the stability of the NCs was studied by taking PBS, Saline, and PB solutions, and 

the materials were found to be stable. Further, the docking technique was used to predict 

the antimicrobial activity of the nanocomposites, and ZnO- Ag2O/Ag was found to have 

the least Binding energy. The Nanocomposite materials were evaluated for antimicrobial 

activities by in-vitro techniques and it correlated with the in-silico docking method. The 

bandgap energy calculated by the Tauc plot was also found to have some effect on the 

antimicrobial activity which was finally shown in the mechanism study. 
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4.1.3.2 Chapter 3- part II 

In continuation of the above part, this part also deals with the bimetallic composite 

system of Ag-Sn/SnO2. Ag-Sn/SnO2 nanocomposite was successfully synthesized and 

found to be around 8 nm in size by TEM.  The pores were between 3-5 nm from the BJH 

desorption pore size distribution. Further, the in-silico studies showed that the binding 

energy for all the strains (C. albicans, E. coli, A. baumannii, K. aeruginosa, K. 

pneumonia) was the same. However, when the in-vitro studies were done, C. albicans 

showed the highest zone of inhibition, i.e. 17 mm. Further, a mechanism study by 

choosing different proteins (Hsp90) in C. albicans has been discussed in this chapter. 

Finally, the bimetallic nanocomposite of Ag-Sn/SnO2 is an effective antibacterial and 

antifungal agent and more effective towards C. albicans. 

4.1.3.3 Chapter 3-part III 

This part deals with finding an alternative to Ag NPs by using CuO and SnO2. In this 

chapter, CuO-SnO2/Sn and CuO-Ag/AgO composite nanoparticles were synthesized 

successfully and studied for antimicrobial activity. The in-vitro antimicrobial studies 

from the disk diffusion assay showed that the two nanocomposites have a similar zone of 

inhibition i.e. around 7-11 mm. However, from the LB broth technique result study, CuO- 

Sn/SnO2 nanocomposite had better efficiency than CuO-Ag/AgO which might be due to 

the resistance developed by the bacteria against this nanocomposite. And thus it can be 

said that the CuO-SnO2 composite system can be used as an effective alternative to single 

Ag or CuO-Ag. 
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4.1.3.4 Chapter 3-part IV 

In this part of the results and discussion chapter, trimetallic oxide nanocomposites of Ag-

CuO-SnO2 (ACS), CuO-SnO2-ZnO (CSZ), ZnO-Ag-CuO (ACZ), and Ag-ZnO-SnO2 

(SAZ) were synthesized and studied for their antimicrobial activity in an in-vitro 

medium. The particle size of the synthesized nanoparticles was between 3-56 nm and in 

the order of CSZ<ACS<SAZ<ACZ. The Specific surface areas were between 3.4 m
2
/g- 

63.7 m
2
/g. The nanocomposites also showed an effective result against gram-negative 

bacteria and fungi (C. albicans). Further based on the disk diffusion method, Ag-CuO-

SnO2 showed the highest zone of inhibition in K. pneumonia compared to other oxides. 

4.1.3.5 Chapter 3-part V 

In this part, the quaternary nanocomposite of CuO-ZnO-SnO2-Ag was synthesized and its 

properties were studied. Further, this was also studied for antibacterial activity. The 

major findings and summary from the chapter are appended below: 

 The average particle size of the nanocomposite material was c.a. 8.23 nm and the 

optical band gap energy calculated from the Tauc plot was 3.61 eV. 

 The disk diffusion experiment showed that the quaternary nanocomposite was 

effective against all the pathogens and showed the best results against A. 

baumannii. 

 The LB broth technique also showed that the nanocomposite was efficient in 

inhibition of E. coli bacterium as early as 6 h and >75% effective for ≥500 

μg/mL. 
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Finally, the results of the zone of inhibition and the MIC values of various composite 

materials in this dissertation are tabulated below: 

Table 4.1: zone of inhibition and MIC values of all the materials synthesized in this 

dissertation 

Materials  E. 

coli  

A. 

baumannii  

C.  

albicans  

K. 

pneumoniae  

P. 

aeruginosa  

MIC 

μg/ mL  

Ag/AgO 9 mm 10 mm 12 mm Static effect 6 mm 0.039  

Cu/CuO 8 mm 11 mm 7 mm Static effect 6 mm 1.25  

SnO2 8 mm 11 mm 7 mm Static effect 4.2 mm 1.25  

ZnO 8 mm 8 mm 9.5 mm 6.5 mm 8 mm 0.312    

ZnO-CuO 8 mm 9.25 mm 9 mm 8 mm 8.3 mm 0.312  

ZnO-SnO2 8 mm 9 mm 8.5 mm 6.25 mm 7.5 mm 0.019  

ZnO-Ag2O/Ag 8 mm 14 mm  10.5 mm 11.5 mm 17 mm  0.010  

CuO-Ag/AgO 8 mm 8 mm 10 mm 10 mm - 0.156  

Ag-SnO2/Sn 10 

mm 

10 mm 18 mm  6 mm - 0.015  

CuO-SnO2/Sn 10 

mm 

7 mm 7 mm 6 mm  0.625  

Ag-CuO-SnO2 10 

mm 

9 mm 7 mm 16 mm   0.312 

ZnO-Ag-CuO 9 mm 8 mm 7 mm 6 mm  0.019 

Ag-ZnO-SnO2 9 mm 9 mm 16 mm  7 mm  0.156 

CuO-SnO2-ZnO 9 mm 9 mm 7 mm 7 mm  1.25 

Ag-CuO-SnO2-

ZnO 

11 

mm 

24 mm  10 mm 18 mm   0.019  
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4.2 Conclusions and future aspects of this work 

We have successfully synthesized the stable nanoparticles and composites containing bi, 

tri, and tetra metal oxide without using surfactant or capping agents for biological use i.e. 

antimicrobial activity. These were studied for their morphological, optical, thermal state, 

specific surface area, etc. by various characterization techniques. And finally, we also 

have used docking tools Auto-Doc 4.1 for in-silico studies to understand the mechanisms 

and protein interaction with the nanocomposites. Based on the in-vitro antimicrobial 

activity the following major conclusions can be drawn: 

 Tetra metal oxide looks promising for all the microbes and can open a new door 

to replace conventional organic antibiotics. 

 Although quaternary composite material shows effective results in all the strains, 

bi-metallic is also showing effective results and it can be modified more instead 

of going to tetra-metal complex.  

 However, for A. baumannii which is also in the critical priority risk of WHO, the 

quaternary nanocomposite could be a ray of hope. 

Nano-toxicity is an emerging issue. The resistance developed against Ag nanoparticles 

has been discussed in previous chapters and thus this calls for all the more responsibility. 

Hence the nanocomposites need to be evaluated for various toxicity-related issues too. 

Moreover, the materials in this dissertation have been tested against gram-negative 

bacteria and to come to more conclusive terms we also need to study its behavior in 

gram-positive bacteria. This is underway currently and thus the following future scopes 

of the work are also proposed: 
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 Studying the behavior in various human cell lines to understand the toxicity of the 

nanocomposites 

 In-vivo experiments can be undertaken to make these NCs suitable for use in 

wider areas. 

 Another aspect of the suggested work is to study the properties of the materials 

and see if it changes upon calcination or not and how this affect the overall 

microbial results. 

 These nanocomposite material properties have been studied by various 

characterization techniques and thus it could also be explored for photocatalytic 

activity. 

All these aspects are also under consideration by our research group and fellow members 

have already started work in this line. We have a suitable metal oxide base antimicrobial 

component. It can be noted that many of the above compositions are already filed for 

patents.  
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5. Appendix 

Table A 1: Zeta Potential analysis (ξ in mV) for Z (ZnO) and AZ ( ZnO-AgO2/Ag) in 

PBS in different pH. 

Time Zeta potential of the samples in  Phosphate Buffer Saline (PBS)  

(mV) 

 

 Z (ZnO) AZ ( ZnO-AgO2/Ag) 

 pH 5 pH 6.9 pH 7.4 pH 8  pH 5 pH 6.9 pH 7.4 pH 8 

0 min -11.0 -15.3mV -15.5 -23.4 -10.9 -14.2 -14.2 -1.9 

15 min -11.5 -15.5 mV -18.7 -23.8 -10.4 -15.5 -16.2 -1.9 

30 min -11.8 -15.9  -17.9 -22.6 -10.4 -19.5 -14.1 -1.9 

45 min -11.9 -17.1 -17.1 -22.6 -11.9 -20.3 -14.5 -1.8 

60 min -12.5 -17.41 -16.1 -21.3 -12.9 -20.3 -12.9 -1.9 

1.5 h -11 -18.6 -11.9 -20.4 -11.2 -19.3 -13.0 -2.0 

2 h -12.2 -18.5 -11.12 -13.2 -11.2 -20.8 -13.2 -2.2 

3 h -10.9 -19 10.18 -8.23 -12.3 -20.6 -12.4 -2.6 

24 h -11.9 -20.0 -22.4 -7.24 -10.5 -19.2 -12.8 -2.0 

48 h -9.8 -19.3 -20.7 -7.9 -7.321 -20.1 -11.9 -0.99 

Day 3 -10.2 -13.1 -18.2 -2.10 -7.8 -14.6 -10.1 -4.1 

Day 4 -8.1 -10 -13.2 -6.897 -6.32 -8.78 -8.6 -3.1 

Day 5 -3.2 -3.8 -7.1 -6.1 -9.8 -7.2 -8.4 -0.9 

Day 6 -2.881 2.213 -7.3 -7.87 -7.7 6.99 -8.81 -4.4 

Day 7 -10.9 -1.842 -9.2 -11.2 -10.7 -10.2 -11.3 -1.5 
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Table A 2: Zeta Potential analysis (ξ in mV) for different samples in Saline. 

 

Time Zeta potential of the Samples in Saline  

(mV) 

Z(ZnO) AZ (ZnO-

AgO2/Ag) 

SZ (ZnO-SnO2) CZ (ZnO-CuO) 

0 min -15.8 -24.3 -13.7 -21.2 

15 min -15.4 -20.6 -13.9 -22.9 

30 min -17.2 -21.6 -14.8 -22.9 

45 min -11.7 -19.3 -13.9 -22.1 

1 h -14.5 -22.6 -13.4 -22.1 

1.5 h -15.7 -20.5 -13.7 -21.6 

2 h -15.5 -23.0 -14.1 -22.6 

3 h -16.6 -18.5 -13.5 -20.9 

24 h -13.5 -12.0 -19.5 -4.5 

48 h -8.2 -9.6 -16.4 -6.2 

72 h -14.5 -16.3 -13.5 -10.2 

Day 4 -14.1 -3.2 -8.2 -6.2 

Day 5 -12.8 -9.3 -4.3 -5.1 

Day 6 -6.0 -7.9 -5.2 -4.98 

Day 7 -6.25 -8.4 -8.8 -5.53 
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Table A 3: Zeta potential analysis (ξ in mV) for Z(ZnO) and AZ (ZnO-AgO2/Ag) in 

Phosphate Buffer Solution (PB). 

 

 Z(ZnO) AZ (ZnO-AgO2/Ag) 

 pH 5 pH 6.9 pH 7.4 pH 8 pH 5 pH 6.9 pH 7.4 pH 8 

Time         

0 min -8.9 -22.2 -44.4 -36.3 -6.05 -26.8 -31.5 -33.5 

15 min -9.0 -23.4 -45.6 -36.5 -6.31 -27.3 - -33.5 

30 min -9.1 -24.5 -47.2 -36.4 -6.52 -26.4 - -36.9 

45 min -8.0 -25.4 -47.5 -35.8 -6.49 -28.2 -31.1 -35.0 

1 h -7.8 -26.1 -52.4 -36.0 -6.92 -28.7 -28.9 -35.8 

1.5 h -8.5 -24.8 -50.5 -34.0 -6.22 -29.3 - -32.2 

2 h -8.8 -29.4 -50.1 -39.1 -6.89 -27.4 -29.2 -39.3 

3 h -8.6 -23.3 -51.4 -36.5 -6.73 -27.6 -29.7 -37.4 

24 h -8.7 -26.0 - -37.0 -6.92 -20.7 -35.2/ 

-25.8 

-41.2 

48 h -10.9 -22.3 -18.8 -10.591 -6.72 -25.6 -29.9 -22.6 

72 h -13.4 -21.0 -16.7 -11.5 -6.88 -19.7 -16.2 -34 

Day 4 -12.3 -19.2 -21.7 - -6.31 -17.4 -22.2 - 

Day 5 - -25.8 -23.1 - - -23.5 -26.1 - 

Day 6 - -11.2 -25.8 - - -25.2 -33.5 - 

Day 7 - -15.4 -23.4 - - -29.5 -32.3 - 
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Table A 4: Zeta potential analysis (ξ in mV) for SZ (ZnO-SnO2 and CZ (ZnO-CuO) in 

PB for SZ and CZ. 

 

 SZ (ZnO-SnO2 CZ (ZnO-CuO) 

 pH 7.4 pH 6.9 pH 5 pH 8 pH 6.9 pH 7.4 pH 5 pH 8 

Time         

0 min -28.5 -20.6 -8.4 -41.0 -28.4 -34.6 -7.8 -35.1 

15 min -25.6 -19.5 -8.4 -41.5 -22.1 -34.3 -8.3 -36.1 

30 min -29.9 -20.6 -8.2 -41.2 -21.2 -36.0 -7.9 -36.1 

45 min -25.4 -20.1 -7.1 -40.4 -21.2 -33.7 -7.4 -36.9 

1 h -26.1 -18.8 -7.8 -42.4 -20.2 -35.5 -8.1 -34.2 

1.5 h -28.2 -21.4 -8.6 -41.6 -21.0 -35.3 -7.5 -33.7 

2 h -29.4 -20.7 -8.4 -44.1 -20.1 -31.6 -7.9 -35.6 

3 h -29.0 -19.5 -8.4 -44.5 -20.6 -32.2 -6.2 -33.9 

24 h -23.1 -22.9 -8.3 -43.6 -21.1 -29.7 -7.4 -27.9 

48 h -24.2 -23.1 -7.2 -15.1 -24.8 -27.9 -8.3 -23.3 

Day 3 -26.3 -26.5 - - -28.5 -28.2 - - 

Day 4 -24.4 -17.8 - - -21.4 -13.9 - - 

Day 5 -17.3 -25.8 - - -23.1 -29.3 - - 

Day 6 -35.5 -27.8 - - -20.8 -15.4 - - 

Day 7 -34.0 -32.0 - - -27.4 -26.9 - - 
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DLS study: particle size in nm 

 

Table A 5: Particle size analysis through DLS for Z (ZnO) in Phosphate Buffer Saline 

(PBS) (particle size in nm). 

 

 pH 5 pH 6.9 pH 7.4 pH 8 

Time 42.9 202.9  116.0 

0 min 152.4 122.8 122.6 107.2 

15 min 102.4 209.8 92.4 121.7 

30 min 164.7 108.9 120.6 129.0 

45 min 176.4 98.6 91.05 128.7 

1 h 163.5 331.8 79.96 130.2 

3 h 23.5 378.3 14.4 129.8 

24 h 80.4 48.36 82.5 126.4 

48 h 128.7 166.0 80.8 111.0 

72 h 52.9 218.2 83.67 182.5 

Day 4   76.67 171.6 

Day 5  65.90 82.12 - 

Day 6 55.24 202.9 92.1 198.2 

Day 7  396.3 122.8 122.14 121.0 
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Table A 6: Particle size analysis through DLS in PBS for AZ (ZnO-AgO2/Ag), particle 

size in nm 

 pH 5 pH 6.9 pH 7.4 pH 8 

Time 70.9 - 79.17 63.5 

0 min 158.8 65.0 61.8 104.5 

15 min 82.5 78.9 78.5 104.9 

30 100.1 94.4 62.0 92.3 

45 min 234.1 76.3 71.5 99.3 

1 h 139.7 160.8 66.4 89.4 

1.5 h 132.4 92.3 75.7 98.8 

2 h 67.28 170.0 77.8 78.9 

2.5 h 18.6 27.0 68.9 75.9 

3 h 39.3 45.8 65.7 98.4 

4 h 28.4 94.0 79.4 116.7 

5 h 517.4 73.3 62.2 91.3 

6 h  101.2 58.9 99.9 

24 h 40.8 22.2 187.8 121.8 

48 h 32.8 94.6 39.6 119.8 

Day 3 - 81.0 93.2 150.1 

Day 4 176.1 135.3 79.9 102.1 

Day 5 19.6 91.1 63.6 121.5 

Day 6 70.9 415.3 70.5 63.5 

Day 7 158.8 320.6 79.2 104.5 
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Table A 7: Particle size analysis through DLS in Saline solution, particle size in nm. 

 

 ZnO AZ (ZnO-

AgO2/Ag) 

CZ(ZnO-CuO) 

 

SZ(ZnO-SnO2) 

Time 43.6   49.8 

0 min 418.8 32.7 29.5 59.2 

15 min 61.9 22.2 37.4 64.7 

45 min 73.7 30.6 41.7 49.4 

1 h 46.0 33.4 29.2 58.4 

3 h 45.5 44.8 45.3 60.02 

4 h 72.8 13.8 43.0 46.2 

5 h 67.9 26.3 50.9 69.8 

6 h 46.3 30.3 58.0 53.6 

24 h 54.4 14.0 73.9 56.2 

48 h 49.4 39.3 63.4 67.5 

72 h 30.8 44.8 40.8 77.7 

Day 4 20.9 33.0 33.5 72.5 

Day 5 19.5 41.8 436.9 34.8 

Day 6 125.8 48.0 130.3 273.2 

Day 7 100.8 57.5 136.2 65.3 
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Table A 8: Particle size analysis through in PB for ZnO, particle size in nm. 

 

 pH5 pH 6.9 pH 7.4 pH8 

Time 181 123  75.8 

0 min 441 112 53.3 32.8 

40 min 508 159 58.8 57.7 

1 h 583 204 78.9 40.7 

1.5 h 678 178 29.5 49.4 

2 h 593 198 30.3 69.4 

3 h 572 167 34.2 30.8 

4 h 567 179  23.6 

5 h 560 240  51.4 

6 h 522 226  33.9 

24 h 914 180 61.1 - 

48 h 648 178 - 75.8 

Day 3 181 231 - - 

Day 4 - 338 - - 

Day  5 - 274 - - 

Day 6 - 225 16.54 - 

Day 7 - 195 - - 

 

 

 



Appendix 

 

  

  192 | P a g e  

 

Table A 9: Particle size analysis through DLS in Phosphate Buffer (PB) AZ (ZnO-

Ag2O/Ag), particle size in nm. 

 

 pH 5 pH 6.9 pH 7.4 pH8 

Time 70.9   63.5 

0 min 158.8 188.1 84.9 104.5 

15 min 82.5 121.5 88.8 104.9 

45 min 100.1 180.5 30.6 92.3 

1 h 234.1 65.9 27.4 99.3 

2 h 139.7 152.3 76.9 89.4 

2.5 h 132.4 138.7 38.5 98.8 

3 h 67.3 129.3 10.8 78.9 

4 h 185.7 164.2 16.4 75.9 

24 h 393.3 153.7 10.6561 98.4 

48 h 283.8 47.7 - 116.7 

Day 3 517.4  - 91.3 

Day 4 -  - 99.9 

Day 5 407.6 14.2 - 121.8 

Day 6 328.4 38.2 6.9 119.8 

Day 7 - 1.8243 - 150.1 
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Table A 10: Particle size analysis through DLS in PB for CZ (ZnO-CuO), particle size in 

nm. 

 

 pH 5 pH 6.9 pH 7.4 pH8 

Time    - 

0 min 156.9 187.2  - 

20 min 154.2 67.8 204.1 25.6 

40 min 148.4 - 227.0 15.421 

1 h 152.3 - 237.6 5.75 

2 h 152.9 133-3 238.8 - 

2.5 h 193.4 - 233.1 - 

3 h 178.4 - 249.8 - 

4 h 195.5 - 200.7 - 

5 h 196.7 79.4 230.4 2.67 

6 h 268.6  232.4 -- 

24 h 156.9  130.9 - 

48 h - 63.3 190.9 - 

Day 3 - 140.4 153.3 - 

Day 4 - 93.6 160.9 - 

Day 5 - 94.8  - 

Day 6 - 46.7 551.7 - 

Day 7 - 12.2 248.9 - 
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Table A 11: Particle size analysis through DLS in PB for SZ (ZnO-SnO2), particle size in 

nm 

 pH5 pH 6.9 pH 7.4 pH 8 

Time     

0 min 177.2 116.4 78.6 110.2 

20 min 197.4 88.0 - 121.9 

40 min 172.2 91-7 - 118.7 

1 h 206.3 134.6 101.9 121.1 

1.5 h 185.6 28.5 78.8 134.6 

2 h 271.4 146.9 66.6 123.1 

3 h 210.0 143.9 - 122.0 

4 h 324.5 110.5 - 120.7 

5 h 255.4 137.8 60.6 116.9 

6 h 388.2 69..5 - 134.1 

24 h 177.2 25.5 80.1 110.0 

48 h - 42.3 47.3 - 

Day 3 - 34.2 81.6 - 

Day 4 - 141.6 80.9 - 

Day 5 - 467.3 495.9 - 

Day 6 - 0.8838 - - 

Day 7 - - 78.6 - 
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