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ABSTRACT 

Nanomedicine, a key branch of nanotechnology, has addressed many bottlenecks in the 

field of drug delivery; however, some of challenges still remain unaddressed. These 

challenges include development of efficient vehicle for delivery of hydrophobic drugs, 

control over the drug release profiles, and improving the efficacy of RNAi therapy. 

While, considerable research has been directed towards developing nanoparticle based 

drug delivery vehicles (DDVs), leading to a plethora of nanomaterials, unfortunately, 

even after decades of extensive research and investments, only a handful of them have 

made their way into clinics. One of the reasons for such a low success rate is a lack of 

systematic study on the interaction of the nanoparticles with the biological systems, 

which can provide crucial mechanistic insight for improving the biological output of the 

nanoparticle. Typically, the nanoparticle will have two types of biological interactions, (i) 

outside the cell and with the cell surface, or the extracellular interactions and (ii) inside 

the cells with the biological machinery; or the intracellular interactions. This thesis 

attempts to put forth model systems to address the challenges in drug delivery while also 

providing insights on the extracellular as well as the intracellular interactions of the 

developed nanoparticles, with the biological systems. Since each challenge demands a 

different approach, different model systems were developed. The work tries to emphasize 

on the importance of understanding the underlying nanomaterial-cellular interaction for 

development of an efficacious drug delivery vehicle via intelligent design. 

The thesis is divided into six chapters. While Chapter 1 introduces the reader to the 

challenges and the state of the art in field of drug delivery, Chapter 2, 3, 4 and 5 discuss 

development of model systems utilized for addressing the key challenges and provide 

insights on their cellular interactions. Chapter 2 deals with the development of a model 

system for delivery of hydrophobic drugs/imaging agents. Here, a model system with a 

substantial proportion of hydrophobic component was required. Therefore, a self-

assembled lipid based nanoparticle was developed. Further, Chapter 3 provides a 

detailed study on extracellular interactions of the model system developed in Chapter 2, 

by probing its cellular uptake mechanism, thereby speculating other possible applications 

of the model system. This study yielded a DDV whose surface can be easily manipulated 

to evade endosomal entrapment, thus providing control over the intracellular fate of the 
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cargo. After highlighting the importance of extracellular interactions, i.e. uptake, and 

addressing the issue of hydrophobic drug delivery, we shifted our focus to RNAi, where 

intracellular interactions of the nanoparticles can be determinant for the success of the 

strategy. For these studies we borrowed concepts from enzyme-substrate interactions and 

performed systematic study probing the effect of steric hindrance from the nanoparticle in 

its interaction with the intracellular molecular machinery in RNAi (RISC complex) and 

correlated it to the gene silencing property of the nanoparticle. More specifically, we 

developed pNIPAm based nanogels and utilized the system to shed insight on the 

efficiency of its interaction with the RISC, by modulating the nanogel size, deformability 

and composition (Chapter 4). With this system we were clearly able to address the 

mechanistic aspect of RNAi and propose design rules with respect to size, stiffness and 

polymer composition for developing efficient nanoparticles for RNAi. Finally, using the 

system developed in Chapter 4, we addressed the issue of control over drug release in the 

pNIPAm based system, and were able to design a sustained and triggered drug release 

system (Chapter 5). Chapter 6 discusses the conclusions and future outlooks of the 

thesis.  
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सार 

नन  औषधि न औषि वितरण की कई बािाओं क  संब धित ककया ह, यद्यवि अभी भी 

कुछ चनु ततयााँ असम्ब धित हैं, जस  की जल विर िी औषधियों क वितरण हतु दक्ष संिाहकों का 

िररििधन, औषि स्त्राि प्रलख िर तनयंरण एि ं RNAi धचककत्सा की प्रभाि त्िादकता में सुिर 

करना हैं. कई दशकों क अनुसन्िान क फलस्त्ि ि अनक बहुआयामी नन  कण  का तनमाधण हुआ 

हैं, िरन्तु अिक्षकृत कुछ सीममत नन  कण ही धचककत्सा में प्रय ग ह  सक हैं. इतनी कम सफलता 

दर क कारणों में स एक मुख्य कारण यह हैं की जविक प्रणामलयों क साथ नन  कण  की संरचना-

गततविधि सम्बन्ि  की व्यिस्स्त्थत अध्ययन की कमी हैं. यह श िप्रबंि औषि वितरण की 

चनु ततयों क समािान क मलए एक अिशध प्रणाली प्रस्त्तुत करता हैं, एि ंइसक साथ ही विकमसत 

ककय गए नन  कण  की जविक प्रणामलयों क साथ अन्तः तथा बाह्य क शकीय िारस्त्िररक प्रकिया 

िर प्रकाश डालता हैं. च कंक प्रतयक चनु ती क मलए एक अलग दृस्टिक ण की ज रत हैं, विमभन्न 

आदशध प्रणामलयााँ विकमसत की गई. इसक अततररक्त, इस श ि द्िारा कुशल अमभकल्िना क 

माध्यम सेंएक प्रभािी औषधि वितरण िाहक क विकास हतु अतंतनधहहत नन  िदाथध-क मशकीय 

अतंःकिया क  समझन क आिश्यकता िर ज र दन की क मशश करता हैं. 

इस श ि कायध क  छह अध्यायों में विभास्जत ककया गया हैं. अध्याय १, औषि वितरण क 

क्षर में चनु ततयों एिं निीनतम तकनीकों का िररचय दता हैं. अध्याय २,३,४ एि ं५ द्िारा मुख 

चनु ततयों क वितरण हत ु विमभन्न अिशध तंरों का विकास एि ं उनका क शकीय घिकों स 

िारस्त्िररक प्रकिया िर प्रकाश डाला गया हैं. अध्याय २ द्िारा जलविर िी औषधियों प्रततबबबं 

घिकों क प्रततिादन हतु प्रतत िी तंरों क  विकमसत करना हैं. यहााँ एक ऐसी प्रतत िी तंर की 

आिश्यकता थी स्जसमें जलविर िी संिन्न घिक का अनुिाल ज्यादा ह . अतः एक स्त्ितः एकबरत 

मलविड आिाररत नन  कणों क  विकमसत ककया गया हैं. इसक अततररक्त, अध्याय ३ में, अध्याय 

२ में विकमसत प्रतत ि तंर का बाह्य क मशकीय अतंःकिया का विस्त्ततृ अध्ययन प्रस्त्तुत ककया 
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गया हैं, स्जसमें इन तंरों क क मशकीय उद्रहण प्रकिया की जााँच करना हैं, स्जसस प्रतत िी तन्र ंक 

अन्य संभावित अनुप्रय गों का अनुमान लगाया जा सक. इस अध्याय द्िारा औषि वितरण िाहक 

की उत्ितत हुई स्जसकी सतह क  endosomal entrapment स बचन क मलए सुगमता स उिय ग 

ककया जा सकता हैं. इसक फलस्त्ि ि, नन  कणों में डाल औषधि क अन्तःक शकीया भाग्य क  

तनयंबरत ककया जा सकता हैं. बाह्यक मशकीया अतंःकिया क महत्िा क  उजागर करन क बाद, 

हमन RNAi िर ध्यान कें हित ककया, जहााँ नन  कणों क अन्ताक शकीया अतःकिया िर उनकी 

सफलता तनभधर करती हैं. इस अध्याय हतु, हमन enzyme-substrate अतंःकिया संकल्िना का 

आिार लत हुए प्राणतनगत अध्ययन स RISC complex और नन कणों में स्त्िररक अिर ि की 

जााँच की हैं. इस जााँच क मलए नन कणों की gene silencing क्षमता क  निा गया हैं. विशषत र िर, 

हमन pNIPAm आिाररत नन जल विकमसत ककय एि ं इन ननतंरों क आकर, वि प्यता एि ं

संय जन क अिररितधन द्िारा इनक एिं RISC की अतंःकिया की प्रगुणता िर िररज्ञान मलया हैं 

(अध्याय ४). इस तंर द्िारा हमन RNAi क कियाविधिक िहलु का स्त्िटि ि स सम्ब िन ककया 

एिं RNAi क मलए दक्ष नन कणों क विकास क मलए आकर, कठ रता एि ंबहुलुक संरचना हत ु

अमभकल्िना तनयमों का प्रस्त्ताि प्रतुत ककया हैं. अन्तः हमन अध्याय ४ में विकमसत तंरों द्िारा, 

pNIPAm आिाररत प्रणाली द्िारा औषि स्त्राि सञ्चालन क मुद्द क  सम्भ हदत ककया हैं, स्जसक 

फलस्त्ि ि, हमन दीघधकालीन एिं झि प्रततकिया औषि तनममधतत तंर की सफलताि िधक रचना की. 
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showing no prominent difference in size after conjugation. c) 

Fluroscence image of 𝑅𝐹𝑃𝜀𝐿𝑁𝑅  conjugated with fluorescein. 

Green ring (arrows) can be observed around red cubosomes 

indicating surface conjugation of fluorescein. 
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Figure 2.8. Size changes over time of RF (red) and 𝑅𝐹𝑃𝜀𝐿 (blue) after 55 
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incubating in 10% FBS monitored by DLS. 

 

Figure 2.9. Hemolysis assay for Nile Red loaded uncoated cubosomes 

(𝑅𝐹𝑁𝑅) and poly-ε-lysine coated cubosomes (𝑅𝐹𝑃𝜀𝐿𝑁𝑅 ). 
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Figure 2.10.  (a) Viability of HeLa cells after incubation with uncoated 

(RF) and coated (RFPεL   cubosomes (assayed by MTT). 

Error bar is standard error from three independent 

experiments done in triplicates. (b) Cellular uptake of Nile 

Red (NR) loaded cubosomes indicated by the shift in NR 

fluorescence intensity for the cell count due to the uptake of RFNR (red) and RFPεLNR  (blue) compared to the control (grey). 

(c) Cellular uptake of NR loaded cubosomes observed by 

fluorescence microscopy. DAPI was used for 

counterstaining nucleus. Imaging was done at 63× 

magnification. Blue: DAPI, Red: cubosomes.  Scale bar = 20 

µm. 
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Figure 2.11. A  Z-stack image indicating intracellular localization of  𝑅𝐹𝑃𝜀𝐿𝑁𝑅  cubosomes. Scale bar = 50 µm.  
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Figure 2.12. a) Viability of HeLa cells after incubating with Naproxen-

loaded uncoated (RFNap) and coated (RFPεLNap
) cubosomes for 

24 hours. Statistical significance is indicated by *** 

(P<0.001). b) Cubosome concentration dependent viability 

of HeLa cells after incubation with naproxen loaded 

uncoated (𝑅𝐹𝑁𝑎𝑝) and coated cubosomes (𝑅𝐹𝑃𝜀𝐿𝑁𝑎𝑝
). 
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Figure 2.13. Theranostics application of cubosomes. Nile red and 

naproxen loaded cubosomes (𝑅𝐹𝑁𝑎𝑝/𝑁𝑅), showed cells with 

circular morphology indicating cell death in samples. 
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Figure 3.1. a) DLS histogram of Nile Red loaded uncoated (𝑅𝐹𝑁𝑅  and 

coated (𝑅𝐹𝑃𝜀𝐿𝑁𝑅 ) cubosomes incubated with and without 

cholesterol. Aggregation was observed for 𝑅𝐹𝑁𝑅 in presence 

of cholesterol b) Fluorescence microscopy images of vesicle 

formation observed in𝑅𝐹𝑁𝑅and 𝑅𝐹𝑃𝜀𝐿𝑁𝑅 . No vesicles were 

observed for 𝑅𝐹𝑃𝜀𝐿𝑁𝑅  after incubation with cholesterol. Scale 

bar = 50 µm; Magnification = 50×. c) Cryo-TEM 

micrographs of cubosomes after incubation with cholesterol. 

Scale bar = 100 nm. 
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Figure 3.2. Uptake of Nile Red loaded cubosomes by HeLa cells after 

1h incubation at 37°C, analyzed by fluorescence 

microscopy. Cubosomes = red; DAPI = blue; Scale bar = 50 

µm; Magnification = 40×. 
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Figure 3.3. Time dependent uptake of Nile Red loaded uncoated 

cubosomes (𝑅𝐹𝑁𝑅) and poly-ε-lysine coated cubosomes 

(𝑅𝐹𝑃𝜀𝐿𝑁𝑅 ) by HeLa cells at 37°C analyzed by flow cytometry. 

Percent relative uptake indicates intensity of Nile Red 

(cubosomes) in cells, with respect to cells without 

cubosomes. ns = not significant, * = P<0.05, ** = P<0.01  
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Figure 3.4. Blocking the energy dependent mechanisms by lowering the 

temperature to 4°C, showed inhibition in uptake of Nile Red 

loaded, poly-ε-lysine coated cubosomes (𝑅𝐹𝑃𝜀𝐿𝑁𝑅 ), as 

observed by fluorescence microscopy. Cubosomes = red, 

DAPI = blue. Scale bar = 50 µm; Magnification = 40×. Cells 

were incubated with cubosomes for 1 h. 
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Figure 3.5. Uptake at 4°C and 37°C by flow cytometry a) Overlay 

histogram for analysis of comparative uptake of uncoated 

(𝑅𝐹𝑁𝑅) and coated (𝑅𝐹𝑃𝜀𝐿𝑁𝑅  ) cubosomes. b) Quantification of 

uptake represented as percent relative uptake indicating the 

intensity of Nile Red (cubosomes) in cells, with respect to 

cells without cubosomes (Blank). Error bar indicates 

standard deviation between triplicates of two independent 

experiments. ** = P<0.01. Cells were incubated with 

cubosomes for 1 h. c) Time dependent uptake of Nile Red 

loaded uncoated cubosomes (𝑅𝐹𝑁𝑅) and poly-ε-lysine 

coated cubosomes (𝑅𝐹𝑃𝜀𝐿𝑁𝑅 ) by HeLa cells at 4°C, analyzed 

by flow cytometry. Percent relative uptake indicates 

intensity of Nile Red (cubosomes) in cells, with respect to 

cells without cubosomes. ns = not significant, * = P<0.05, 

** = P<0.01  
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Figure 3.6. Uptake of Nile Red loaded uncoated cubosomes (RFNR) and 

poly-ε-lysine coated cubosomes (RFPεLNR ) after 1 h incubation 

with cubosomes at 4°C and 37°C by a) MDA-MB-231 and 

b) NIH 3T3 cell lines. 
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Figure 3.7. Flow cytometry of HeLa cells incubated with Nile Red 

loaded cubosomes, when treated the inhibitor of clathrin-

dependent uptake mechanism, chlorpromazine (10 µg/mL 

for 30 min). a) Statistical analysis of percent population 

showing increase in Nile Red intensity with respect to cells 

without cubosomes (Blank). ** = P<0.01. Overlay histogram 

of chlorpromazine treated and untreatreated cells incubated 

with b) uncoated cubosomes 𝑅𝐹𝑁𝑅  and c) poly-ε-lysine 

coated cubosomes 𝑅𝐹𝑃𝜀𝐿𝑁𝑅 .  
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Figure 3.8. Confocal microscopy images of Hela cells incubated with 

uncoated cubosomes (𝑅𝐹𝑁𝑅) and poly-ε-lysine coated 

cubosomes (𝑅𝐹𝑃𝜀𝐿𝑁𝑅 ). Arrows indicate colocalization of 

cubosomes (Nile Red) and endosomes (calcein green). Inset: 
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Digitally enlarged image showing multiple vesicles with 

colocalization. Scale bar = 30 µm; Magnification = 100×. 

 

Figure 3.9. Confocal microscopy images of co-localization of 

cubosomes with lysosomes in HeLa cells. Arrows indicate 

co-localization of cubosomes (Nile Red: red) and lysosomes 

(Lysotracker blue DND-22: pseudo coloured green using 

ImageJ). Blank: cells without cubosomes;  𝑅𝐹𝑁𝑅 : 

uncoated cubosomes;  𝑅𝐹𝑃𝜀𝐿𝑁𝑅 : poly-ε_lysine coated 
cubosomes. Scale bar = 20 µm; Magnification = 60×. 
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Figure 3.10. Nile red staining for lipid vesicle analysis, in HeLa cells 

treated with Nile Red loaded uncoated cubosomes (RFNR) 

and poly-ε-lysine coated cubosomes (RFPεLNR ) at 37°C for 4 h. 

Scale bar = 50 µm, Magnification = 40×. Blank: untreated 

cells, Positive control: 150 µM oleic acid. 
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Figure 3.11. Confocal microscopy images of HeLa cells treated with Nile 

Red loaded uncoated cubosomes (RFNR) and poly-ε-lysine 

coated cubosomes (RFPεLNR ) at 37°C for 4 h and further 

stained with Nile Red. Scale bar = 50 µm, Magnification = 

40×. 
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Figure 3.12. Flow cytometry analysis of cubosome uptake by HeLa cells 

after cholesterol inhibition at 37°C. a)Overlay histogram 

analysis and b) quantification by percent relative uptake 

indicating the intensity of Nile Red (cubosomes) in cells, 

with respect to cells without cubosomes (Blank). *** = 

P<0.001.  
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Figure 3.13. Fluorescence microscopy images of HeLa cells treated with 

cholesterol inhibitors, methyl-β-cyclodextrin (2.5 mM) and 

lovastatin (1 µg/mL), at 37°C, showing significant inhibition 

of Nile Red loaded uncoated cubosomes (𝑅𝐹𝑁𝑅) as 

compared to poly-ε-lysine coated cubosomes (𝑅𝐹𝑃𝜀𝐿𝑁𝑅 ). 

Cubosomes = red. Scale bar = 50 µm;  Magnification = 40×. 
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Figure 3.14. Fluorescence microscopy images of co-inhibition of 

cholesterol dependent mechanisms, by methyl-β-

cyclodextrin and lovastatin, and energy dependent uptake 

mechanisms, by incubating HeLa cells at 4°C respectively. 

Uptake of uncoated cubosomes (𝑅𝐹𝑁𝑅  was strongly 

affected . Cubosomes = red. Scale bar = 50 µm; 

Magnification = 40×. 
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Figure 4.5. Serum stability of siRNA loaded into nanogels. 
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Figure 4.6. Uptake of rhodamine tagged pNIPAm and pNIPMAm 
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Figure 4.7. Uptake of fluorescein tagged siRNA (FL-siRNA) loaded 

pNIPAm and pNIPMAm nanogels by Hela cells, analyzed by 

flow cytometry. 
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Figure 4.8. Biocompatibility of nanogels by Hemolysis assay 
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Figure 4.9. Biocompatibility of nanogels by MTT assay in a) HeLa and 

b) MDAMB-231 cells. 
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Figure 4.10. Co-localization of nanogels and endosomes, studied using 

rhodamine labelled nanogels and Lysotracker blue DND 22, 

by fluorescence microscopy. Red=nanogels and 

Green=endosomes (pseudo colored using ImageJ). 

Magnification: 40x  
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Figure 4.11. a) Schematic for the calcein assay for endosomal escape. b) 

Endosomal escape analysis of poly-ε-lysine adsorbed 

nanogels by fluorescence microscopy. c) Quantification of 

endosomal escape by image analysis. 
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Figure 4.12. Cell viability on treatment of HeLa cells treated with siRNA 

loaded nanogels and incubated for 36 h post transfection, 

analyzed by MTT assay. 
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Figure 4.13. Flow cytometry analysis of apoptosis induced by knockdown 

of PKL1 gene, by siRNA loaded nanogels, 24 h post 
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transfection in a) Hela and b) MDA-MB-231 cell line. Lipo: 

Lipofectamine loaded with 75 nM PLK1 siRNA, Scr: nanogel 

with 75 nM scrambled siRNA, UC: untreated cells. 

 

Figure 4.14. PLK1 gene expression 24 h post transfection of siRNA loaded 

pNIPAm and pNIPMAm nanogels by RT-PCR. Lipo: 

Lipofectamine loaded with 75 nM PLK1 siRNA, Scr: nanogel 

with 75 nM scrambled siRNA, UC: untreated cells. 
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Figure 4.15. Characterization of size and hardness of nanoparticle model 

systems. Scanning electron micrographs of a) small and b) 

large nanoparticle. c) Transmission electron micrograph of 

core shell nanoparticle with AuNP core and pNIPMAm based 

shell. 
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Figure 4.16. Characterization of hydrodynamic diameter of nanoparticles 

after poly-ε-lysine (PεL) complexation and siRNA loading. 
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Figure 4.17. Temperature dependent deswelling of soft and hard 
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Figure 4.19. Electrophoretic mobility assay stability of siRNA in FBS 
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Figure 4.20. Intracellular delivery of fluorescein labelled siRNA by 

nanoparticles in HeLa cells.  
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Figure 4.21. Colocalization of rhodamine tagged small nanogel and 
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Figure 4.22. Schematic and analysis for the EtBr assay developed for a) 

quantification of duplex RNA formation in presence of 
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dependent increase in fluorescence.  
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Figure 4.23. Schematic and analysis for the interaction of siRNA loaded 
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75 nm siRNA and harvested after 24 h. Scramble siRNA was 

used as negative control. The percent apoptosis represented 
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with NIPAm:NIPMAm in 1:1 and 1:3 ratio, respectively. 
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Figure 5.4. a) Hydrodynamic diameter of the nanoparticles as measured 

by DLS. b) Zeta potential of the nanoparticles. pNIPAm: Au 

core- with pNIPAm shell, pNIPMAm50 and pNIPMAm75: Au 
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Figure 5.7. Release of doxorubicin from nanogels. The release was 

triggered after 60 mins by increasing the temperature of the 

system from 37°C to 43°C (indicated by dotted line). 

pNIPAm: Au core with pNIPAm shell; pNIPMAm50: Au 
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core with p(NIPAm-co-NIPMAm) shell with 

NIPAm:NIPMAm in 1:1, Dox: Doxorubicin. NG indicates 
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1:1 ratio; Dox: Doxorubicin; *: P≤0.05. 
 

 

Figure 5.14. Live cell staining of HeLa cells treated with core-shell 

nanoparticles, exposed to RF and stained with calcein-AM 

(green) and propidium iodide (red) (scale=50 µm). 
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