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ABSTRACT 

 

Nanoparticle based formulations of drug delivery systems have shown their potential in 

improving the efficacy of existing drugs. Delivery of therapeutic agents to cells can be highly 

inefficient because of problems like rapid degradation, need for repeated injections, low 

bioavailability and poor transport of drugs through biological barrier. In order to achieve 

efficient drug delivery, delivery of therapeutic molecules via various nanocarrier systems such 

as biodegradable polymeric nanoparticles, liposomes, nanocapsules, nanospheres have been 

extensively investigated.  Nanoparticles have also been used in combating antibiotic resistance 

which has necessitated search for new antibacterials. Silver nanoparticles, a known 

antimicrobial agent are toxic to human cells at higher concentrations. Since combination of 

antibiotic and silver nanoparticles have shown encouraging results, we have used bioactive 

compound curcumin to prepare silver nanoparticles.Curcumin has been reported to exhibit anti-

proliferative, antiangiogenic, anti-inflammatory, and anti-oxidative properties through down-

regulating transcription factors, production of ROS, damage to DNA. Nonetheless, curcumin 

remains insoluble in aqueous solution and has issues related to its stability over a period of 

time. Silver nanoparticles (Cur-Ag nanoensembles) of size 25-35 nm, produced by green 

synthesis using curcumin, were effective against both Gram positive and Gram negative 

bacteria and less toxic to human keratinocytes. These nanoensembles had very low total silver 

content and high stability. The antibacterial activity of Cur-Ag nanoensembles, as studied by 

minimum inhibitory concentration, time kill kinetics and post agent effect, was better than 

silver nanoparticles (AgNPs, size ≈35 nm). The inhibitory effect of Cur-Ag nanoensemble on 

biofilm formation was also better than AgNPs as supported by live dead imaging and scanning 

electron microscopy. Cur-Ag nanoensembles gave bacterial inhibition at very low silver 

concentration (0.01 mg of silver/g of nanoparticle weight). These nanoensembles were 

cytotoxic to skin keratinocytes (HaCaT) at a concentration much higher than the bacterial MIC. 
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In addition to selective toxicity of these Cur-Ag ensembles to bacterial cells over mammalian 

cells, subdued inflammatory response to mammalian cell line was observed suggesting their 

potential application as wound dressing agent. Curcumin was also employed to prepare anti-

cancer nanoparticles using anti-inflammatory enzyme Serratiopeptidase by desolvation 

method. Here serratiopeptidase acted as a carrier as well as bioactive molecule in the 

nanoformulations. In this work, for the first time anti-inflammatory molecule, Curcumin has 

been combined with another anti-inflammatory molecule, Serratiopeptidase in nanoparticulate 

form. Serratiopeptidase not only provided stability to curcumin but also increase its 

effectiveness against cancer cells. These nanoparticles had anti-cancer activity in MCF and 

HeLa cell lines as shown by cytotoxicity assay, DAPI nuclear staining, ROS production and 

DNA damage. The immunomodulatory tests showed that Cur-SPD nanoparticles reduce level 

of IL6 but increase TNFα level in THP1 cell lines. This is due to structural similarity of 

serratiopeptidase to MMPs, matrix metalloproteases, which have been found to induce TNFα 

production and play tumour suppressive role in certain cancers. Cur-SPD nanoparticles may 

have potential application as anti-cancer agent. Thus results in present investigation provide an 

insight towards properties and drug delivery potential of nanoparticles consisting of novel 

combination of bioactive molecules.  
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सार 

 

इस उपन्यास में दवाइय ों के लिए लििीवरी लसस्टम के नैन पालटिकि आधाररत य ग ों से मौजूदा औषलधय ों की 

प्रभावकाररता में सुधार की अपनी क्षमता क  लदखाया है । क लिकाओों के लिए लिलकत्सीय एजेंट ों की लििीवरी 

समस्याओों की वजह हैं- तेजी से लगरावट, द हराए इोंजेक्शन की आवश्यकता, कम जैव-उपिब्धता और जैलवक बाधा 

के माध्यम से दवाओों के खराब पररवहन । दवाओों के प्रभाविािी लवतरण लवलभन्न नैन कायररयर लसस्टम जैसे 

बाय लिगे्रिेबि पॉलिमेररक नैन पालटिकि, िाइप स म, नैन कैपू्सि, नैन  गेंद का उपय ग बडे पैमाने पर 

एों टीबाय लटक प्रलतर ध से लनपटने में लकया गया है ।िाोंदी नैन कण ों (AgNPs), एक ज्ञात र गाणुर धी एजेंट, मानव 

क लिकाओों के लिए लवषाक्त हैं। एों टीबाय लटक और रजत नैन कण ों के सोंय जन ने उत्साहजनक पररणाम लदखाए 

हैं, इसलिये हमने बाय एक्टिव िाोंदी नैन कण ों क  तैयार करने के लिए Curcumin का इसे्तमाि लकया है । 

Curcumin क  DNA क  नुकसान, ROS का उत्पादन, ट्ाोंसलिप्िन कारक ों क  कम करने, antiproliferative, 

antiangiogenic, anti-inflammatory, और anti-oxidative गुण प्रदलिित करने के लिए सूलित लकया गया है। 

बहरहाि, Curcumin जिीय समाधान में अघुिनिीि रहता है और इसकी अवलध के दौरान इसकी क्टथिरता से 

सोंबोंलधत समस्याएों  हैं। 25-35 nm आकार के लसल्वर नैन पालटिकि (Cur-Ag nanoensembles), , ग्राम पॉलजलटव 

और ग्राम नेगेलटव जीवाणु द न ों के क्टखिाफ प्रभावी िे । यह बैिीररया के क्टखिाफ अलधक और मानव 

केरेलटन साइट्स से के क्टखिाफ कम लवषैिे िे । इन नैन सेन्स्बथलल्स में बहुत कम कुि िाोंदी और उच्च क्टथिरता िी । 

Cur-Ag nanoensembles की जीवाणुर धी गलतलवलध, नू्यनतम लनर धात्मक सोंकें द्रण (MIC), time kill kinetics और 

प स्ट एजेंट प्रभाव, के माध्यम से अध्ययन लकया गया है और पाया गया की Cur-Ag nanoensembles, िाोंदी 

नैन कण ों (AgNPs, आकार ≈35 nm) से बेहतर िे । Cur-Ag nanoensembles का लनर धात्मक प्रभाव बाय लफल्म 

के लनमािण पर AgNPs से भी बेहतर िा, यह live-dead इमेलजोंग और सै्कलनोंग इिेि्ॉन माइि स्क पी द्वारा समलिित 

है। Cur-Ag nanoensembles बैिीररयि MIC की तुिना में बहुत अलधक सोंकें द्रण पर त्विा केरालटन साइट्स 

(HaCat) के लिए क लिकालवषी है। इसके अिावा anti-inflammatory एों जाइम Serratiopeptidase और 

Curcumin क  desolvation द्वारा एों टीकैं सर नैन कण ों क  तैयार करने के लिए लनय लजत लकया गया । यहाों 

serratiopeptidase ने एक वाहक और bioactive अणु के रूप में काम लकया है। इस काम में, पहिी बार anti-
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inflammatory अणु, Curcumin क  एक अन्य anti-inflammatory अणु के साि ज डा गया है। Serratiopeptidase 

ने Curcumin क  क्टथिरता ही प्रदान नही ों की बक्टि इसकी वृक्टि भी की है। कैं सर क लिकाओों HeLa और MCF-7 

के क्टखिाफ प्रभाविीिता इन नैन कण ों में cytotoxicity assay, DAPI nuclear staining, ROS production और 

DNA damage परीक्षण ों से पता ििा है ।इमु्यन म िायिेटरी परीक्षण ों से पता ििा है लक Cur-SPD NPs, THP1 

सेि िाइन ों में TNFα स्तर की वृक्टि और IL-6 स्तर क  कम करते हैं लजसका कारण serratiopeptidase की Matrix 

metalloprotease से सोंरिनात्मक समानता है। वतिमान जाोंि नैन कण ों के गुण ों, बाय एक्टिव अणुओों का सोंय जन, 

दवाओों की लवतरण क्षमता और कैं सर में टू्यमर दबाने वािी भूलमका हेतु प्रसु्तत लकया है।



ix 

CONTENTS 

 

Chapter 

No 

Title Page No 

 Certificate i 

 Acknowledgements ii 

 Abstract v 

 सार vii 

 Contents ix 

 List of Figures xiv 

 List of Tables xvii 

 List of Abbreviations xviii 

 List of Symbols xix 

Chapter 1 Introduction and Objectives 1-4 

Chapter 2 Literature Review 5-31 

Chapter 3 Materials and Methods 33-54 

 3.1 Major Equipment and Chemicals  

3.1.1 Equipment  

3.1.2 Chemicals 

3.1.3 Microorganisms  

3.1.4 Cell Lines 

3.2. Preparation of Nanoparticles  

3.2.1 Preparation of Curcumin loaded chitosan 

nanoparticles (Cur-CSNPs) 

3.2.2 Preparation of Curcumin-Silver Nanoensembles 

(Cur-Ag Nanoensembles) 

3.2.3 Preparation of Curcumin loaded serratiopeptidase 

nanoparticles (Cur-SPD NPs) 

  



x 

3.2.3.1 Separation of Excipients from Serratiopeptidase 

Formulation 

3.2.3.2 Preparation of Curcumin loaded serratiopeptidase 

nanoparticles (Cur-SPD NPs) 

3.3 Characterization of Nanoparticles 

3.3.1 UV-Visible Spectrophotometry 

3.3.2 Particle size, Poly Dispersity Index (PDI) and Zeta 

Potential analysis 

3.3.3 Transmission Electron Microscope (TEM) 

3.3.4 Selected Area Electron Diffraction (SAED) 

3.3.5 Energy Dispersive X-ray (EDX) analysis 

3.3.6 Field Emission Scanning Electron Microscope (FESEM) 

3.3.7 X Ray Diffraction (XRD) 

3.3.8 Fourier Transform Infra-Red Spectroscopy (FTIR) 

3.3.9 Determination of Total Silver Content of Cur-Ag 

nanoensembles  

3.3.10 Loading and Encapsulation Efficiency 

3.3.11 In vitro release studies 

3.3.12 Stability Studies 

3.4 Antibacterial Activity of Cur-Ag Nanoensembles 

3.4.1 Minimum Inhibitory Concentration (MIC) and Minimum 

Bactericidal Concentration (MBC) 

3.4.2 Time Kill Curve 

3.4.3 Post Agent Effect (PAE)  

3.5 Anti-biofilm Studies 

3.5.1 In vitro Biofilm Formation Assay 

3.5.2 Imaging of Bacterial Biofilm using Fluorescence 

Microscopy 

3.5.3 Imaging of Bacterial Biofilm using Scanning Electron 

Microscopy (SEM) 



xi 

3.6 Cytotoxicity of Cur-Ag Nanoensembles on Keratinocytes 

3.7 Anticancer effect of Cur-SPD NPs 

3.7.1 In vitro Cytotoxicity against HeLa and MCF-7 cell lines 

3.7.2 Study of Apoptosis induced by Cur-SPD NPs 

3.7.3 Transwell Migration Assay 

3.7.4 Determination of ROS induced by Cur-SPD NPs 

3.7.5 DNA degradation in HeLa and MCF-7 by Single cell gel 

electrophoresis (Comet) assay 

3.8 In vitro Cytokine response in Human macrophages (THP1) 

3.9 Biochemical Methods 

3.9.1 Estimation of Curcumin 

3.9.2 Estimation of Serratiopeptidase 

3.9.3 Protease Assay 

3.9.4 Zymogram 

3.10 Statistical Analysis  

 

Chapter 4 Results and Discussion 

4.1 Preparation, Characterization and Antibacterial Studies of 

Curcumin loaded Chitosan Nanoparticles (Cur-CSNPs)  

4.1.1 Preparation of Cur-CSNPs 

4.1.2 Characterization Cur-CSNPs 

4.1.3 Degradation Studies of Curcumin 

4.1.4 Antibacterial activity of Cur-CSNPs  

4.1.4.1 MIC (Minimum inhibitory Concentration) of Cur-CSNPs 

against test bacteria 

4.2 Preparation, Characterization and Antibacterial Studies of 

Curcumin-Silver Nanoensembles (Cur-Ag Nanoensembles) 

4.2.1 Preparation of Cur-Ag Nanoensembles 

4.2.2 Characterization of Cur-Ag Nanoensembles  

55-106 



xii 

4.2.3 Stability Studies of Cur-Ag Nanoensembles  

4.2.4 Antibacterial Activity of Cur-Ag Nanoensembles  

4.2.4.1 Minimum Inhibitory Concentration (MIC) & Minimum 

Bactericidal Concentration (MBC) 

4.2.4.2 Time Kill Curve  

4.2.4.3 Post Agent Effect (PAE) 

4.2.5 AntiBiofilm Studies 

4.2.5.1 In vitro Biofilm Formation Assay 

4.2.5.2 Imaging of Bacterial Biofilm using Fluorescence 

Microscopy  

4.2.5.3 Imaging of Bacterial Biofilm using Scanning Electron 

Microscopy (SEM) 

4.2.6 Cytotoxicity of Cur-Ag Nanoensemble on Keratinocytes 

4.2.7 In vitro Cytokine response in Human macrophages (THP1) 

4.3 Preparation, Characterization and Anti-cancer Studies of 

Curcumin loaded Serratiopeptidase Nanoparticles 

4.3.1 Preparation of Curcumin loaded Serratiopeptidase 

nanoparticles (Cur-SPD NPs) 

4.3.1.1 Separation of Excipients from Serratiopeptidase 

Formulation 

4.3.1.2 Formulation of Curcumin loaded Serratiopeptidase 

nanoparticles 

4.3.2 Characterization of Cur-SPD NPs  

4.3.3 Anticancer effect of Cur-SPD NPs 

4.3.3.1 In vitro Cytotoxicity against HeLa and MCF-7 cell lines 

4.3.3.2 Study of Apoptosis induced by Cur-SPD NPs 

4.3.3.3 Transwell Migration Assay 

4.3.3.4 Determination of ROS induced by Cur-SPD NPs 

4.3.3.5 DNA degradation in HeLa and MCF-7 by Single cell gel 

electrophoresis (Comet) assay 



xiii 

4.3.4 In vitro Cytokine response in Human macrophages (THP1) 

 

Chapter 5   Summary and Conclusions 107-108 

Chapter 6 References 109-152 

 Appendix 153-155 

 Resume of Author  

 



xiv 

List of Figures 

Figure No. Title Page No. 

2.1 Diagrammatic representation of mechanism of action of silver 

nanoparticles in bacterial cell. 

13 

2.2 Face centred cubic (fcc) lattice planes of AgNPs. 15 

2.3 Chemical structure of Curcumin (A); Curcumin powder from 

Sigma Chemicals, India (B). 

21 

2.4 Molecular Targets of Curcumin. 23 

2.5 Crystal structure of Serratiopeptidase with co-ordinated zinc 

(grey) and calcium (black). 

27 

2.6 Medical implications of Serratiopeptidase enzyme. 28 

4.1 Characterization of Cur-CSNPs. 56 

4.2 Degradation studies of Curcumin. 59 

4.3 UV-Vis spectrophotometric measurements – optimization 

parameters of Cur-Ag nanoensembles. 

63 

4.4 Characterization of Cur-Ag nanoensemble. 65 

4.5 Stability studies of Cur-Ag nanoensemble and AgNPs. 67 

4.6 Time kill curve of Gram negative strains: P. aeruginosa ATCC 

14886 (A) and E. coli ATCC 25922 (B); Gram positive strains 

B. subtilis ATCC 6633 (C) and S. aureus ATCC 9144 (D) 

incubated with Cur-Ag nanoensembles at MBC. 

72 

4.7 Inhibition of biofilm after 24 hours of antimicrobial treatment 

based on crystal violet staining of strains- P. aeruginosa ATCC 

75 



xv 

14886 (1); E. coli ATCC 25922 (2); B. subtilis ATCC 6633 (3) 

and S. aureus ATCC 9144 (4). 

4.8 Viability of bacterial cells (P. aeruginosa ATCC 14886, E. coli 

ATCC 25922, B. subtilis ATCC 6633 and S. aureus ATCC 

9144) in biofilm treated with curcumin, AgNPs and Cur-Ag 

nanoensembles. 

77 

4.9 Viability of bacterial cells based on fluorescence intensity of 

the images in Figure 4.8 (green colour live bacteria due to 

acridine orange dye). 

78 

4.10 SEM images of test bacteria in biofilm inhibition assay. 79 

4.11 Effect of increasing concentrations of Cur-Ag nanoensemble 

on HaCaT cell viability (Dose Response Curve). 

80 

4.12 Effect of Cur-Ag nanoensembles on secretion of 

proinflammatory cytokines: IL-6 and TNFα by THP1 cell line. 

83 

4.13 Effect of buffers on the activity of serratiopeptidase in period 

of 48 hours. 

85 

4.14 Pure Serratiopeptidase obtained after separation of lactose from 

enzyme powder. 

86 

4.15 Characterization of Cur-Serratiopeptidase nanoparticles. 88 

4.16 Characterization of Cur-BSA nanoparticles. 89 

4.17 Fluorescence microscopic images of HeLa and MCF-7 

showing apoptosis using DAPI staining. 

94 

4.18 Transwell migration assay. 96 



xvi 

4.19 Number of cells migrated in 24 hours through the 8.0 µm pore 

membrane after treatment with respective agents. 

97 

4.20 Determination of ROS by an oxidant-sensitive fluorescent 

probe (DCFDA). 

98 

4.21 Detection of DNA damage using comet assays. 101 

4.22 Mean Olive Moments and Tail DNA percentage as quantified 

for each cell using OpenComet plugin of ImageJ software. 

102 

4.23 Measurement of secreted pro-inflammatory cytokine by LPS 

challenged THP1 after incubating with Cur-SPD NPs and 

control agents at their IC50 of HeLa and MCF-7 cells for 24 

hours. 

104 

4.24 Structural Similarity of Serratiopeptidase with Matrix 

metalloproteases (MMPs) using Pymol 3.2. 

105 

 



xvii 

List of Tables 

Table No. Title Page No. 

 2.1 Nanoscale Drug Delivery Technologies. 8 

2.2 Silver nanoparticles as antimicrobial agents. 11 

2.3 Reported values of MIC of silver nanoparticles of size range 20-30 

nm. 

17 

2.4 Reported values of silver nanoparticles (size range 20-30 nm) and 

their effect on biofilm formation using crystal violet staining. 

19 

2.5 Nanoformulations of Curcumin for various drug delivery 

applications. 

24 

2.6 Micro and Nanoformulations of Serratiopeptidase. 29 

3.1.1 List of Equipment 33 

3.1.2 List of Chemicals 35 

4.1 MIC of antimicrobial agents against test strains of bacteria using 

broth dilution method.  

60 

4.2 MIC and MBC of antimicrobial agents against test strains of 

bacteria using broth dilution method. 

69 

4.3 Post Agent Effect of Cur-Ag nanoensembles (in hours) at 10×MIC 

of respective strain. 

73 

4.4 Selectivity of Cur-Ag nanoensembles and controls towards human 

keratinocytes and test bacteria. 

81 

4.5 Specific Activity of Serratiopeptidase before and after 

ultrafiltration. 

85 

4.6 Inhibitory values of Cur-SPD NPs against cervical cancer- HeLa 

and breast cancer MCF-7 cell line.  

92 



xviii 

List of Abbreviations 

 

NLT N lobe tether 

WHO World Health Organization 

ROS Reactive oxygen species 

MMP Matrix metalloprotease 

NP  Nanoparticle  

NPs Nanoparticles  

FDA  Food and Drug Administration  

BSA  Bovine serum albumin  

MW  Molecular weight  

DMEM  Dulbecco’s Modified Eagle’s Medium  

EDTA  Ethylene diamine tetra acetic acid  

FBS  Fetal bovine serum  

HPLC  High performance liquid chromatography  

Da   Dalton  

kDa  kilo Dalton  

SDS-PAGE  Sodium dodecyl sulfate poly acrylamide 

gel electrophoresis   

Vol  Volume  

rpm  Revolutions per minute  

CO
2 
 Carbon dioxide  

v/v  Volume per unit volume  

w/v  Weight per unit volume  

psi pounds per square inch 

LPS Lipopolysaccharide 

PMA Phorbol-12-Myristate-13-Acetate 

ELISA Enzyme linked immunosorbent assay 



xix 

List of Symbols 

 

%  percent 

°C  degree Celsius 

µ  micro 

µL  microliter 

cm  centimeter 

nm  nanometer 

G  gram 

M  Molar 

m  milli 

mg  milligram 

ml  milliliter 

mM  millimolar 

µm  micrometer 

λ  wavelength 

mm 

µg 

s 

millimeter 

Microgram 

second 

pg picogram 

 

 


	THESIS Swati Jaiswal.pdf



