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ABSTRACT 

Exosomes are tunable nanovesicles of size 30-120 nm in diameter which 

emerged as a promising drug delivery vehicle for chemotherapeutic drugs, and 

most importantly for small RNAs i.e. siRNAs and miRNAs. This property of 

exosomes is due to their natural ability of intercellular cargo transport. A current 

trend in drug delivery shows the potential use of exosomes as biocompatible, 

biodegradable and non- immunogenic nanovehicle for delivery of siRNA. 

However, application of exosomes for therapeutic siRNA delivery may be limited 

by commonly used loading approaches like electroporation, lipofection and 

sonication. Lipofectamine is a kind of lipid formulation which can cause potential 

toxicity to the cells. Recently, electroporation has been employed as a 

successful loading method for small RNAs. However, this technique induces 

siRNA aggregation and degradation. Similarly, sonication has been explored as 

method for loading small RNAs in extracellular vesicle. Therefore, the aim of the 

present study was to develop an alternative method for loading and delivery of 

siRNA using exosome. In the present study, we used a chemical conjugate as 

loading machinery for functionally active small RNAs in milk derived exosomes. 

A chemical conjugate was prepared and siRNA was linked to it. The present 

results clearly demonstrated that conjugate mediated loading of siRNA in milk 

exosomes is found to be efficient as electroporation and lipofection. Further, 

exosomes loaded with siRNA via chemical conjugate was found to be efficiently 

taken by Caco2 and HepG2 cells in vitro. In conclusion, we demonstrated that 

chemical conjugate as a natural, scalable, electroporation and lipofection free 

approach of loading siRNA in milk derived exosomes and subsequently into 

cancer cell lines for its application as therapeutics. 

 

 

 

 

 

 

 

 

 



 

 

                                 सारांश 

ए!ोसो#स ऐसे स'ूम प+ुटका होती है िजनका 5यास 30-100 nm होता हैI ये एक आशाजनक 8वा 

:वतरण वाहन है िज<हे =कमोतरे>य+ूटक 8वा, miRNA और siRNA के @लए Bयोग कर सकत ेहैI 

ए!ोसो#स कD यह सपं:E अतंGरम सामान पGरवहन कD उनकD BाकृJतक !मता के कारण है। 

दवाओ ंकD NडलPवरP मQ एक वतRमान Bव:ृE से पता चलता है =क siRNA कD NडलPवरP के @लए 

बायोकेमपे+ट बल, बायोNडUेडबेल और गरै इ#यनुोजेJनक ननैो वाहन के Wप मQ ए!ोसो#स का 

सभंा:वत उपयोग होता हैI हालां=क आमतौर पर इZतमेाल =कया जाने वाला लोNडगं के तरPके जैसे 

इले[\ोपोरेशन और लाइपोफे!न से ए!ोसो#स का Bयोग ^च=क_सकDय siRNA NडलPवरP के @लए 

सी@मत हो जाता हैI @लपोफे[टमनै एक तरह का @ल:पड सू̀ ीकरण का तयैार होना है जो 

को@शकाओ ंको :वषा[तता का कारण बन सकता हैI हाल हP मQ, छोटे RNA के @लए एक सफल 

लोNडगं :व^ध के Wप मQ इले[\ोपोरेशन को Jनयोिजत =कया गया है। हालां=क, यह तकनीक 

siRNA एक`ीकरण और ^गरावट को BेGरत करती है। इसी तरह, को@शकDय प+ुटका मQ छोटे 

RNA लोड करने के @लए :व^ध के Wप मQ सॉJनकेशन का पता लगाया गया है। इस@लए, वतRमान 

अeययन का उ8देfय ए!ोसो#स का उपयोग करके siRNA लोड करने और :वतरण करने के 

@लए एक वकैिgपक :व^ध :वक@सत करना था। वतRमान अeययन मQ, हमने कृi`म Wप से स=jय 

छोटे RNA  को दधू से Bा>त ए!ोसो#स मQ डालने के @लए एक रासायJनक सयंkुम का इZतमेाल 

एक लोNडगं मशीनरP के Wप मQ =कया गया है। एक रासायJनक सयंkुम तयैार =कया गया और 

siRNA को उसके साथ जोड़ा गयाI सयंिुkमत ए!ोसो#स पर बहु=jयाशील BोटPन पर बांध जाता 

है। वतRमान पGरणाम Zपmट Wप से दशाRत ेहn =क दधू के ए!ोसो#स मQ siRNA कD मeयZथता 

लोड हो रहP है, जो इले[\ोपायरेशन और @लफ़ोफे[शन के जैसे कुशल साiबत हुई है। इसके 

अलावा, रासायJनक सयंkुतावास के माeयम से siRNA के साथ भरP हुई ए[ज़ोमोस को Caco2 

और HepG2 को@शकाओ ं8वारा कुशलता से @लया गया। JनmकषR मQ, हमने +दखाया =क ए!ोसो#स 

मQ और कn सर को@शकाओ ं मQ siRNA को लोड करने के @लए रासायJनक सयंkुम BाकृJतक, 

Zकेलेबल, इले[\ोपायरेशन और लाइपोफे!न से म[ुत एक उपाय है, िजससे इसे ^च=क_सा मे 

Bयोग कर सकत ेहै । 
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INTRODUCTION 

 

RNA interference involves a silencing of gene expression through 21-23 

nucleotide long short interfering double stranded RNA molecule that directs 

mRNA degradation in a sequence specific fashion. Small interfering RNAs 

emerge as a new class of therapeutic modalities as anticancer therapeutics, 

because of its promising role in post transcriptional knockdown of an oncogene. 

siRNA therapeutics is now a reality; it has been potentially used to treat the viral 

infection like HIV, thus involved in inhibition of infection events in HIV-1 cycle 

(Novina et al., 2002). It has been used as an antiviral agent inhibiting the 

formation of nucleocapsid protein of Respiratory syncytial virus (De Vincenzo et 

al., 2010). Advantages of siRNA which makes them assessable to use as 

therapeutic agent includes safety of siRNA as drug which avoids mutation and 

teratogenicity risk of gene therapy. siRNA can induce suppression of gene 

expression in a target cell with only few copies thus showing its high efficacy. 

Inhibition of gene expression by siRNA requires complementary base pairing 

with the target gene which determines its property of unrestricted choice of 

targets. But therapeutic potential of siRNA is hampered by its degradation by 

extracellular nucleases and rapid clearance from the blood stream. Being 

hydrophilic it is unable to cross biological membrane and its clinical efficacy is 

limited by its off target effects. Thus, delivery of siRNA to the tissues and cell of 

interest requires modifications or formulations. Lipid based nanoparticles, 

conjugates, polymers and chemical modifications are currently used as delivery 

vehicle for siRNA which have their own limitations and advantages in vitro and in 

vivo. Thus, new biocomapatible, safe, stable, scalable approaches for siRNA 

delivery need to be developed to enable the therapeutic potential of small RNA. 

One such advancement in this field involves the use of exosomes, which 

turned out to be promising drug delivery vehicle most importantly for siRNAs. 

Exosomes are biological nanoparticles of size 30-150 nm found in extracellular 

fluid like saliva, milk, tears. Their natural ability of intercellular cargo transport 

makes it as a potential drug delivery vehicle. Exosomes have been widely used 

to deliver chemotherapeutic drug like doxorubicin (Tian et al., 2010), Curcumin 
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(Sun et al., 2010), microRNAs (Valadi et al., 2007). Exosomes loaded with 

siRNA by lipofection has been used against RAD51 gene in human HeLa and 

ascites cells (Shatm et al., 2013). Electroporation has been used as successful 

method for loading small RNAs in exosomes which reduced the expression of 

BACE 1 mRNA in brain cortex (Alvarez-Erviti et al., 2011). Methods of loading 

siRNA in exosomes employed till now have certain limitations. Lipofectamine is a 

chemically synthesized lipoplexes which can cause potential toxicity to 

exosomes as well as to cells. Whereas electroporation being a mechanical 

method of loading can induce siRNA aggregation. Therefore, alternative strategy 

needs to be developed for loading siRNA into exosomes for fulfillment of its safe 

therapeutic needs. Therefore, the aim of the present study was to develop easy 

convenient and natural mode of siRNA loading and delivery in cells through 

exosome with following objectives.  

1 Incorporation of siRNA into exosomes 

2 Analysis of siRNA delivery using appropriate cells or cell line 



CHAPTER –2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Review of Literature 

 



- 3 - 
 

REVIEW OF LITERATURE 

 

2.1  RNA interference 

Small RNA molecules specifically siRNAs and miRNAS inhibits the 

expression of gene by mRNA degradation in a process known as RNA 

interference (Kim et al., 2007). In general, this property of siRNA is also referred 

as co-suppression, post-transcriptional gene silencing (PTGS), and quelling.  

2006 Nobel Prize of year 2006 in physiology and medicine was shared by 

Andrew Fire and Craig C. Mello for their work on RNA interference in the 

nematode worm Caenorhabditis elegans (Fire et al., 1998). RNAi is of key 

therapeutic advantage because of its ability to knockdown the expression of 

specific disease causing gene. It is known for its precision, efficiency and 

stability which are better than antisense technology for gene suppression 

(Davidson et al., 2011). Hairpin RNA structures are naturally single stranded 

RNA molecules encoded by genome which gives rise to small RNA molecules 

i.e. small interfering RNAs and microRNAs by conserved pathways (Svoboda et 

al., 2006). These molecules mediate RNAi either by cleavage of specific 

sequence by perfect complementary base pairing or by repressing translation 

and degradation of transcripts for imperfectly matched targets (Kim et al., 2007). 

Recent advancements in drug development show that gene silencing by RNAi 

mechanism has great potential (Tiemann et al., 2009). Major attributes which 

makes RNAi to be popular as therapeutics include its remarkable specificity, very 

low side effects, targeted effects and lastly easy way of their synthesis. 

2.2  siRNA  

siRNAs are double stranded RNA molecules of 20-23 base pair in length. 

It is also known as short interfering RNA or silencing RNA (Kawakami et al. 

2007). Exogenous siRNAs causes transcript cleavage and degradation of their 

target complementary RNAs in a process of post transcriptional gene silencing. 

Innate antiviral defence mechanism in nematodes, insects and plants is 

mediated by processing of viral double stranded RNA into small interfering RNA 

by Dicer (RNase III enzyme) (Zukerman et al., 2015). The mechanism which 

involves the degradation of complementary mRNA by siRNA involves the 

cleavage between the bases 10 and 11 relative to the 5’ of siRNA guide strand. 

https://en.wikipedia.org/wiki/Andrew_Fire
https://en.wikipedia.org/wiki/Craig_C._Mello
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Activation of siRNA guide strand causes RNA induced silencing complex to 

undergo multiple round of cleavage which leads to a robust silencing of a target 

gene (Gavrilov et al., 2012). Potential therapeutic applications of RNAi involve 

mRNA cleavage by PTGS because of its high potency of catalytic gene-silencing 

pathway and thus siRNA based therapeutics is now a reality (Inoue et al., 2006). 

In addition, it has become an important tool for validating gene function and drug 

targeting in post- genomic era (Xu et al., 2015). 

2.3  siRNA drug delivery  

2.3.1  Chemical modifications of siRNA 

Chemical modifications are of great potential and are necessary in cancer 

therapeutics siRNA delivery system. Chemical modifications can be introduced 

at the 5’terminus, backbone, sugar or nucleobase of siRNA. The most common 

modification site of siRNA is the 2’position of the ribose ring, which has been 

proven to enhance siRNA stability by preventing degradation by endonucleases. 

The two modification strategies, i.e. 2-O-methyl and 2-deoxy-2-fluoro, are quite 

well-understood and commercialized, and have been shown to enhance the 

serum stability of siRNA and increase its in vivo potential (Chiu et al., 2004). 

Some other approaches also exist, such as replacement of the phosphodiester 

(PO) group with phosphothioate (PS) at the 3’-end of RNA backbone, or the 

combination of 4-thiolation with 2’-O-alkyl modification (Dande et al., 2006). 

Through chemical modifications siRNA can acquire advantages such as serum 

stability, immune escape stability and RNAi machinery access (Braasch et al., 

2003). Successful modification involves enhancing serum stability without having 

negative effects on its gene silencing activity (Layszer et al., 2004). 

2.3.2  Lipid mediated delivery of siRNA 

2.3.2.1 Lipofectamine: Lipofectamines are cationic liposomes which are widely 

used for in vitro plasmid DNA and siRNA transfection (Santel et al., 2006). 

Transfection mechanism involves electrostatic interaction between negatively 

charged nucleic acid and positively charged lipids (Hayes et al., 2006). It is 

effective siRNA transfection reagent in vitro which has improved efficacy of 

transfection thousand times (Zuhorn et al., 2002). 

2.3.2.2 DOTAP & DOPC: Electronegative and neutral liposomes are more 

biocompatible than cationic liposomes because surface charge of all biological 
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membranes is negative. DOPC (1,2-dioleoylsn-glycero-3phosphatidylcholine) is 

a neutral lipid, DOPC encapsulating siRNA liposome was found to be highly 

effective in reducing expression of Epha2 oncoprotein 48 hours after 

administration of a single dose in orthotopic model of ovarian cancer (Landen et 

al., 2005). DOTAP is a cationic lipids (1, 2-dioleoyl-3 trimethylammonium-

propane) which form cationic liposomes with negatively charged siRNA, it has 

been used to deliver siRNA TNF-α in order to suppress lethal reaction to LPS 

injection in mouse model of sepsis (Sorenson et al., 2003). 

2.3.2.3 SNALPS (stable nucleic acid lipid particles): These are lipid 

nanoparticles approximately 120 nm in diameter, made up of lipid bilayer 

containing a mixture of cationic and fusogenic lipids coated with diffusible 

polyethylene glycol (Morrisey et al., 2005). These are highly bioavailable 

because of its enhanced permeability and retention due to prolonged circulation 

time in the blood, which leads to its accumulation at site of vascular leakage 

especially at cancer growth site. SNALP-siPlk1 is found to be successful in 75% 

reduction in subcutaneous tumor size (Judge et al., 2009). It has been used for 

the treatment of many diseases including hepatitis B viral infection, dyslipidemia 

and Ebola (whitehead et al., 2009). To improve SNALP mediated siRNA 

delivery, lipidoid nanoparticles are developed which are comprised of cholesterol 

and PEG-modified lipids (Shen et al., 2012). One of the most potential lipidoid 

drugs was the lipidoid based siRNA formulation 98N12-5, which led to a 75-90% 

reduction in ApoB or FVII factor expression in hepatocytes in non-human 

primates and mice (Akinc et al., 2008). 

2.3.3 Polymer mediated delivery of siRNA: Polymeric nanoparticles are solid, 

biodegradable colloidal drug vesicles. These are of two types depending upon 

the type of material used: water soluble cationic polymers and polymeric 

nanoparticle. Cyclodextrin is a natural polycationic oligomers (Wang et al., 2009) 

which was the first targeted siRNA delivery system used for cancer treatment 

(Davis 2009). In order to improve efficacy of cyclodextrin polymer to deliver 

siRNA in vivo admantane-PEG and admantane-PEG-Transferrin are used 

(Bellocq et al., 2003, Bartlet et al., 2007). High molecular weight Poly ethylene 

amine (PEI) has been widely used for nucleic acid delivery under both in vitro 

and in vivo conditions (Urban-Klein et al., 2005, Grayson et al., 2006). They have 

high transfection efficiencies but are potentially toxic to cells. Polycaprolactone is 
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another polymer used for polymeric micelle siRNA drug delivery systems (Sun et 

al., 2008). Lipid assisted polymeric nanoparticle system are found to be  efficient 

for siRNA encapsulation and delivery, which was fabricated with poly(ethylene 

glycol)-b-poly(D,L-lactide), siRNA and a cationic lipid, using a double emulsion-

solvent evaporation technique (Yang et al., 2011). By incorporation of the 

cationic lipid, the encapsulation efficiency of siRNA into the nanoparticles was 

greater than 90%. Systemic delivery of specific siRNA by nanoparticles 

significantly inhibited luciferase expression in an orthotopicmurine liver cancer 

model and suppressed tumour growth in a MDA-MB-435s murine xenograft 

model (Yang et al., 2011). Different delivery methods used upto date  are 

summarised in a table 1. 

Table 1: List of important methods used for delivery of siRNA 

         Method Nucleic acid 

delivered 

Advantages Disadvantages 

1.Cholesterol siRNA Stable and systemic 
delivery 

Non selective 
delivery 

2.SNALP siRNA Table and systemic 
delivery 

Non selective 
delivery 

3.Fab siRNA Receptor specific 
delivery 

Relitively complex 
formation 

4.Aptamer siRNA Receptor specific 
delivery 

Large scale 
squence screening 

required 

Viral delivery:    

1.Adenovirus dsDNA Episomal, no 
insertional 

mutagenesis 

Immunogenic, 
dose dependent 
hepatotoxicity 

2.Lentivirus RNA(shRNA) Stable 
expression,transduces 

non dividing cell 

Gene disruption 
risk,localized 

delivery 

3.AAV SsDNA/dsDN
A(shRNA) 

Episomal low genomic 
integration 

Immunogenic,small 
vector capacity 

(Kim et al., 2007) 
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2.3.4 Conjugates of siRNA 

Conjugates are proved as promising system for siRNA delivery and have 

a potential advantage for cancer therapeutic clinical use because this system of 

siRNA delivery is simple and well defined. Commonly used conjugates are listed 

in table 2. 

Table 2: Commonly used conjugates for siRNA delivery 

Conjugates Type of conjugation References 

Cholesterol Binds to 3’ terminus of sense 

strand of siRNA via pyrrolidone 

linkage 

Soutschek et al., 

2004 

Cell penetrating 

peptides (CPPS) 

Crosslinks with the 3’ of the 

antisense strand of siRNA 

Chiu et al., 2004 

peptide mimetic of 

IGF1, D-   (Cys-Ser-

Lys-Cys) 

 

Conjugated to an amine group of 

5’ sense strand of siRNA 

Cesarone et al., 

2007 

Antibody Direct conjugation to siRNA 

through biotin- streptavidin linkage 

Xia et al., 2007 

Aptamers-Prostate 

specific membrane 

antigen(PSMA) 

Direct conjugation to siRNA 

through biotin- streptavidin linkage 

Chu et al., 2006 

 

2.4 Therapeutic advantages of siRNA  

2.4.1 High degree of safety: As siRNA does not interact with DNA, risk of 

mutation and teratogenicity reduces. Thus, it act as safer drug for gene therapy 

(Xu et al., 2015) 
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2.4.2 High efficacy:  one of the most important properties of siRNA is its high 

efficacy. Only few copies of it can cause potential suppression of gene 

expression in a single cancer cell (Larson et al., 2007). 

2.4.3 Unrestricted choice of targets: Specificity and unrestricted choice of 

targets are the key features of therapeutic siRNA. Specificity for a particular 

target is because of complementary base pairing. Recent developments in 

molecular biology and whole genome sequencing support this strategy of gene 

silencing (Jackson et al., 2010). 

2.4.4 Comprehensive nucleotide sequence: Databases have been 

established including human genomic databases, cDNA databases and disease 

gene databases. The presence of these databases has laid a solid foundation for 

siRNA drug development (Vaishnaw et al., 2010). Basically exogenous siRNAs 

are designed against a specific oncogene for the treatment of cancer and can be 

designed for any disease causing gene according to a particular mRNA 

sequence (Davis et al., 2010). 

2.5  Major limitations of siRNA delivery 

Besides advantages and potentials, clinical use of siRNA for cancer 

therapy is hampered by several barriers. The first biological barrier encountered 

by administration of siRNA through systemic injection is the nuclease activity in 

plasma and tissues. siRNA in blood after administration is easily degraded by 

endogenous nucleases, followed by its filtration in kidneys, uptake by 

phagocytes and aggregation with serum proteins (Alexis et al., 2008). In serum 

half-life of unmodified siRNA ranges from several minutes to 1 hour (Layzer et 

al., 2004). Several studies of bio-distribution of siRNA in animals have shown its 

highest uptake in kidneys (Van de water et al., 2006). siRNA is negatively 

charged double stranded hydrophilic small RNA molecules which prevent them 

to cross a biological membrane. Therefore siRNA need to be packaged in 

vesicles to facilitate its entry into cells (Xu et al., 2015). Third barrier to siRNA 

delivery is it’s off target effect. Off target effects results in unanticipated 

phenotypes which further complicates the interpretation of therapeutic benefits of 

siRNA (Jackson et al., 2010). 
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2.6 Hallmarks of good delivery system 

 In general, for safe and effective delivery of therapeutic drugs in target 

cells delivery system should be such that it should provide serum stability 

(Deleavey et al., 2012), Allow immune evasion (Malek et al., 2009), mitigate 

interactions with serum proteins and  non-targeted effects (Wolfrum et al., 2007), 

resist renal clearance (Jarad et al., 2009), enhance vascular permeability to 

reach tissues (Yu et al., 2009), permit cell entry and endosomal escape to enter 

RNAi machinery (Whitehead et al., 2009) and ultimately should have low toxicity, 

which is utmost important part of siRNA delivery (Barquinero et al., 2004). 

2.7  Exosomes 

   Exosomes are the vesicles of endocytic origin of 30-120 nm in diameter 

which are secreted by variety of cell types (Van et al., 2006). Johnstone and 

colleagues discovered exosomes in 1983. They are synthesized by the inward 

budding of endosomal membranes and progressively intraluminal vesicle (ILVs) 

accumulates. This results in the incorporation of trans-membrane proteins into 

the invaginating membrane and cytosolic components within the ILVs which are 

secreted as exosomes. Exosome biogenesis is shown in figure 2.1. They contain 

mRNAs, miRNAs, distinct set of proteins and water insoluble molecules etc. 

They are involved in cell-cell communication which can take place by three 

mechanisms. Firstly, membrane proteins of exosomes can interact with the 

receptors in a target cell and activate intracellular signaling. Secondly, cleaved 

fragments of the membrane proteins of exosomes can act as a soluble ligand 

which binds to the target cell surface receptor which can activate the signaling 

cascade within the target cell. Thirdly, exosomes get fused with the target cell 

membrane releasing their contents in a non-selective manner which can lead to 

the activation of signaling (Mathivanan et al., 2010). Because of the nano size 

(30-150 nm) these natural vesicles are being explored as nanodevices for the 

development of new therapeutic applications. Exosomes exhibits several 

attributes as drug delivery vehicle like drug loading capacity, including protein, 

genetic material, water insoluble molecule, long circulating half-life, membrane 

penetration capability and intrinsic homing ability (Lai et al., 2010). Drug can be 

loaded into exosomes either in vivo during biogenesis or in vitro in which isolated 
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and purified exosomes are loaded with the drug by electroporation, co-incubation 

etc. 

 

(Cocucci et al., 2015). 

Fig 2.1  Diagrammatic representation of exosome biogenesis 

 

2.7.1 Exosome: structure and contents 

Exosomes share similar topology to that of plasma membrane 

(Bellingham et al., 2012). The characteristic surface marker protein of exosomes 

include heat shock proteins (Hsc 70), lyosomal proteins (Lamp 2b), tetraspanins 

(CD63, CD81, CD9) and fusion proteins (CD9, flotillin, Annexin) which 

distinguish them from endogenously derived microvesicles (Johnsen et al., 

2014). According to exocarta (Exosome database), exosomes from different cell 

types and from multiple organisms are known to possess 4563 proteins, 194 

lipids, 1639 mRNAs and 764 microRNAs (Frydrychowicz et al., 2015). Carrier 

protein albumin, GTPases (EEF1A1, EEF2) and cytoskeleton proteins (actin, 

synenin and myosin) are also present in exosomes (Mittelbrunn et al., 2011). 

Exosomes also found to contain bioactive lipids such as leukotrienes and 

prostaglandins (Subra et al., 2010). Varieties of mRNA and microRNAs are 

present in exosomes which are involved in diverse role such as histone 
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modification, cell cycle, angiogenesis and migration (Rana et al., 2013, Zoller et 

al., 2013, Nazarenko et al., 2010, and Skog et al., 2008).  

2.7.2 In vivo and in vitro drug loading in exosomes 

Loading of drugs into exosomes during their biogenesis is in vivo drug 

loading. This method is beneficial for loading transmembrane and cytosolic 

proteins, higher molecular weight RNA which cannot be loaded in vitro (Lai et al., 

2013). Different plasma membrane anchors and oligomeric proteins have been 

loaded into the exosomes (Shen et al., 2011). Loading of drug in purified 

preparation of exosomes is in vitro drug loading. Exosomes efficiently cross the 

plasma membrane as they are made up of lipid membrane and an aqueous core 

(Lai et al., 2013). Exosomes act as carrier of hydrophilic and hydrophobic drugs 

(Yang et al., 2015). Exosomes purified from EL-4 mouse lymphoma cell line can 

be loaded with curcumin at room temperature (Sun et al., 2010). Different 

methods adopted for loading of drugs in exosome is summarized in figure 2.2. 

 

 

Fig 2.2  Methods adopted for loading of drugs in exosomes 
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2.8  Comparison of exosomes and synthetic drug carriers 

Exosomes present in biological fluids have long half- life which makes 

them a stable drug delivery vehicle several synthetic delivery vehicles have been 

used lipid particles and polymeric nanoparticles. Synthetic carriers are sensitive 

to attack by complement, coagulation factor, opsonins and antibodies in 

circulation but exosomes are protected when subjected to these factors (Van 

Den Boorn et al., 2011). Liposomes have been widely used as a drug delivery 

vehicle but their use is limited as they form aggregates in serum, immunogenic in 

nature and have limited efficiency in vivo (Foged et al., 2012). 

2.9  Exosome mediated delivery of therapeutic drugs 

2.9.1  Exosome mediated delivery of doxorubicin: Clinical use of Dox is 

greatly hampered by its dose dependent cardiac toxicity (cardiomyopathy and 

congestive heart failure). It is the first example of using exosome for targeted 

delivery of chemoptherapeutic drug Dox to solid tumours in mice. The 

effectiveness of targeted exosomes encapsulated Dox in improving therapeutic 

index relative to free Dox at same dose. Systemic administration of this Dox 

delivery system significantly inhibited tumour growth while causing no overt 

toxicity (Tian et al., 2014). 

2.9.2 Exosome mediated delivery of anti-inflammatory agents: The 

treatment of inflammatory disorders must rely on targets that are present in both 

healthy and diseased tissues. Exosomes can deliver anti-inflammatory agents, 

such as curcumin. Exosome encapsulated curcumin act as a signal transducer 

and activator of transcription3 (STAT3) inhibitor i.e. JSI124, were delivered 

noninvasively to microglia cells via an intranasal route (Zhuang et al., 2011). It 

has also been found that curcumin encapsulated stem cell exosome mitigated 

T1DM ischemic injury by alleviating synaptic and vascular mitochondrial 

dysfunction (Kalani et al., 2015).  Exosome encapsulated curcumin is found to 

be more stable and highly concentrated in the blood. Solubility, stability, and 

bioavailability of curcumin are increased by its incorporation in exosomes (Sun et 

al., 2010). 

2.9.3 Exosome mediated delivery of microRNA: Exosomes are natural 

carrier of microRNAs which implicates its logical therapeutic application in 
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various disease models (Valadi et al., 2007). Decrease in endothelial cell 

migration and effector T cells were suppressed by miR150 encapsulated in 

exosomes (Pan et al., 2011). The level of neurite outgrowth was increased in 

vitro in the presence of miR-133b enriched MSC exosomes as a potential 

treatment for brain ischemia (Xin et al., 2012). Exosomes could shuttle miR-214 

to hepatic stellate cells leading to decreased expression of gene regulating liver 

fibrosis (Chen et al., 2014; Gressener et al., 2008). High level of miR-146b is 

expressed in MSC derived exosomes which inhibited tumour growth in xenograft 

model of GBM (Katakowski et al., 2010). Tumour suppressor microRNAs such 

as miR-143 and let 7a inhibited the growth of prostate and breast cancer in vivo 

when delivered through exosomes (Kosaka et al., 2012), no potential toxicity 

was observed when normal prosthetic epithelial cells were treated with exosome 

encapsulating miR-143 (Kosaka et al., 2012). miRNA-155 levels in primary 

mouse hepatocyte and the liver of miRNA-155 knockout mice are significantly 

increased after injecting exosomes loaded with miRNA-155 mimic. Exosome 

mediated delivery of miRNA-155 results in functionally more efficient inhibition 

and less cellular toxicity (Bala et al., 2015). It has also been found that 

intravenously injected exosomes delivered let-7a miRNA to EGFR-expressing 

xenograft breast cancer tissue in RAG2–/– mice (Ohno et al., 2013). 

2.9.4 Exosome mediated delivery of siRNA: Exosomes are naturally 

occurring RNA carriers which protects exogenous siRNA from degradation and 

induction of immune response by it. (Wahlgren et al., 2016). siRNA against 

RAD51 and RAD52 were transfected in exosomes for its safe delivery and 

effective gene knockdown in a target cell (Shatm et al., 2013. It was found that 

siRNA delivered through exosomes against RAD51 was functional and caused 

the massive cell death of recipient cancer cells (Shatm et al., 2013). 

2.10 Methods of loading siRNA in exosomes 

2.10.1 Loading via chemical transfection reagent  

Chemical treatment (lipofectamine) was used by Shatm et al., 2013 to 

load siRNA against RAD51 gene in human HeLa and Ascites cells. For chemical 

loading of exosomes, siRNA AF-488 was mixed with lipofectamine to form 

lipoplexes which was then incubated with exosomes for 30 mins at RT, which 
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effectively down-regulated the target gene expression i.e RAD51 and RAD52. 

Exogenous siRNAs were successfully loaded into human cell derived exosomes 

to deliver siRNA to human mononuclear blood cells. Plasma exosomes 

effectively delivered siRNA to the target cells causing silencing of MAPK-1 

(Wahlgren et al., 2016).  

2.10.2 Loading of siRNA via electroporation  

Alvarez Erviti et al., 2011 demonstrated the successful use of exosomes 

for the targeted delivery of siRNA. Dendritic cells were harvested from mice and 

transfected them to express the neuronal targeting ligand, RVG, coupled to the 

exosomal membrane protein, Lamp2b. Thus, exosomes secreted from these 

cells expresses the same protein Lamp2b. After isolation and purification 

exosome were loaded with siRNA by electroporation against an important 

protein in Alzheimer pathogenesis (BACE1). When exosomes modified with a 

particular protein were injected intravenously in wild-type mice, a 60% decrease 

of BACE1 mRNA in the brain cortex was observed after 3 days. Alvarez-Erviti et 

al., 2011 manifested the first biotechnological approach for efficient in vivo 

delivery of siRNA by exosome based drug delivery system. Targeted exosomes 

were generated by El-Andaloussi et al., 2012 through transfection of an 

expression vector comprising exosomal protein fused with peptide ligand.  The 

targeted exosomes so produced were then loaded with siRNA by electroporation 

which were utilized for delivery of siRNA in vitro and in vivo. The first study on 

the application of electroporation for the exosome mimic loading of siRNA was 

given by Yang et al., 2016. Exosome mimics were prepared by serial extrusion 

of non-tumorigenic MCF 10A cells, which were electrophoresed at different 

voltages and pulse time in order to optimize siRNA loading. siRNA-EM co-

localization percentage was increased from <20% to >80% when voltage was 

increased from 1100 to 1300 V, indicating a possible voltage threshold for siRNA 

loading in Ems. 

2.10.3 Loading of siRNA in exosomes through sonication 

Electroporation has been successfully employed in loading small RNAs in 

exosomes, but this method of loading induces siRNA aggregation which can limit 

siRNA functional efficacy.  Previously sonication has been employed to generate 
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chitosan nanoparticles for siRNA delivery (Esmaeilzadeh-Gharehdaghi et al., 

2014). Nanosomal formulations were developed and optimized for siRNA 

delivery to the liver (Kundu et al., 2012). Sonication has been used to load 

extracellular vesicles with small therapeutic cargoes like paclitaxel to overcome 

MDR in cancer cells (Kim et al., 2016). Protein cargoes have been encapsulated 

through sonication in exosomes for Parkinson’s disease therapy (Haney et al., 

2015). To overcome limitations of electroporation; sonication is emerged as a 

potential approach for loading small RNAs in EVs. Parameters of sonication and 

its effect on EV and nucleic acid integrity as well as siRNA aggregation were 

optimized. Functionality and potency of EVs loaded with siRNA by sonication 

was assessed by knockdown of the oncogene HER2, a therapeutic target that is 

over expressed in cancers leading to enhanced malignancy (Lamichhane et al., 

2016). Methods used for loading siRNA in exosomes are shown in diagrammatic 

representation shown in Fig 2.3. 

 

Fig. 2.3  Diagrammatic presentation of different methods used for 

loading siRNA in exosomes 
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MATERIALS AND METHODS 

 

3.1  Objective 1: Incorporation of siRNA in exosomes 

3.2  Chemicals/ Equipments 

The chemicals and equipments, which are used in the present 

investigation, have been listed in Appendices and mentioned in the text. 

3.3  The procedural steps followed to achieve objective 1 are outlined in 

Fig. 3.1 

3.3.1  Bio-fluid collection and preparation 

3.3.1.1 Collection of Cow milk  

Cow milk was collected from the healthy, non- pregnant and early 

lactation Sahiwal cows of National Dairy Research Institute, Karnal. The animals 

were fed with similar diet and maintained in the same herd. The milk samples 

were collected in labeled 15 ml tubes at 4˚C. 

3.3.1.2 Isolation and purification of exosomes from milk 

Milk from Sahiwal cows during early lactation period was obtained from 

NDRI cattle yard. Exosomes were isolated by precipitation method (exiqon, 

miRCURYTM exosome isolation kit). Briefly, milk sample was centrifuged at 

2000g for 10 mins at 4˚C in order to pellet out cell debris and to remove fat 

globules. Discarding fat layer supernatant was subsequently collected and 

centrifuged at 21,500 g for 30 mins at 4˚C to remove casein aggregates and 

other debris. Discarding fat layer supernatant was collected carefully and 

centrifuged at 21,500 g at 4˚C for one hour to obtain clear milk whey. Milk whey 

was collected and filtered through 0.22 µ filter for sterilization.  400µl of 

precipitation buffer was then added to 1ml of milk whey, mixed properly and 

incubated for about 3 hours at 4˚C. To precipitate out milk exosomes it was 

centrifuged at 10000 g for 30 mins at room temperature. Discarding supernatant, 

exosome pellet obtained was resuspended with 100 µl of resuspension buffer or 

PBS and stored in aliquots at -20˚C until use. 
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3.4 Exosomal protein determination 

 Exosome isolated by precipitation method was quantified by measuring its 

Protein content. It was estimated in aliquot of exosome preparation using a 

PierceTM BCA protein assay kit (Thermo Scientific, Rockford, IL). Exosomes 

were usually diluted by 10 fold and were compared in triplicates against serially 

diluted BSA as a standard as per as the manufacturer’s instructions. 10 µl each 

of blank and diluted exosome were taken in 96 well ELISA plate (Nunc 96 well 

flat plate). To this 200 µl of reagent-mix (A+B) was added to each of the blank 

and diluted exosome. Mixture was incubated for 30 mins at 37˚C. A Color 

change was observed from green to violet in case of test sample showing the 

presence of proteins. Absorbance was measured at 562 nm using ELISA plate 

reader (Eon BioTek). A third order polynomial equation with r2>0.98 for each 

assay was taken to extrapolate the values from the standard curve. 

3.5 Characterization of milk exosomes 

3.5.1  Scanning electron microscopy 

 Scanning electron microscopy was performed using a concentration of 

~20 µg/ml. Ten µl of diluted exosomal solution (20 µg/ml) was applied on cover 

slip and allowed to dry completely. The dried exosomal smear was fixed with 200 

µl glutaraldehyde (2%) for 4 hours and then serially dehydrated with 30%, 50%, 

60%, 70%, 80%, 90% for 10 mins each respectively. Final dehydration was done 

with 100% ethanol overnight. The samples were air dried followed by gold 

coating. Gold coating was done using ion coater (Hitachi IB-3, Japan) with ion 

current at 6-8 mA and vacuum of 0.05-0.07 torr for 2-4 mins. Scanning electron 

microscope (EVO®, Carl ZEISS Special Edition-UK) was used to image the 

coated exosomes. 

3.5.2  Dynamic light scattering analysis (DLS) 

 Size measurements of exosomes were done using Zetasizer (Malvern 

Instruments Limited, UK). Exosomal solution (10 µg/µl) was diluted in PBS 

(1:100) and was analyzed in equilibration time of 120 seconds at constant 

temperature at 25˚C. A laser beam at 632.8 nm was applied to the exosomal 

suspension and scattered light was detected by an APD (Avalanche Photodiode 

Detector) at 173˚ and non- invasive back scattering (NIBS) optics. Average of 
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three measurements was considered to determine the size of exosomes. Size 

measurements were taken in terms of intensity. 

3.5.3 Zeta potential measurements 

 The zeta potential of exosomes was measured by zetasizer (Malvern 

instruments ltd, Malvern, Worcestershire, UK). Exosomal solution (10 µg/µl) was 

diluted in PBS (1:100). DTS 1070 Cell was used for measuring zeta potential. 

Cell was flushed through with ethanol or methanol to facilitate wetting. Software 

was set up to use DTS 1070 Cell. Three independent measurements, each 

composed of 10 runs were carried out at 20˚C. Values of zeta potential was 

obtained using smoluchowski model and presented as mean ± standard 

deviation (n=3). 

3.6 Loading of exosomes with scrambled AF-488 siRNA 

3.6.1 Scrambled siRNA 

 Allstars Negative Control siRNA, a validated negative control siRNA, was 

purchased from Qiagen, Hilden, Germany. This siRNA has no homology with 

any known mammalian gene and is 3’ Alexa Flour 488 labeled which ensures its 

easy assessment by fluorescence microscopy after delivery. 

3.6.2 Loading of AF-488 siRNA in milk exosomes using commercially 

available transfection reagent  

 In brief, 2.0 µmol/ml of AF-488 siRNA (20 µmol) (Qiagen, Hilden 

Germany) was mixed with Transfection reagent (X-treme GENE HP DNA 

Transfection Reagent, Roche) in 100µl of siRNA buffer/ opti-MEM® Reduced 

serum medium (gibco by life technologies). SiRNA and transfection reagent are 

taken in 1:3 ratio. Reaction mixture was incubated for 10 mins at room 

temperature. 300 µl of exosomal solution (10 µg/µl) was added to the reaction 

mixture of transfection reagent and AF-488 siRNA, which was then incubated for 

additional 30 mins at room temperature. In order to remove excess of micelles, 

exosomes were purified using exosome spin columns (MW 3000) (Invitrogen). 

Encapsulation of AF-488 siRNA in milk exosomes by lipofection is then 

assessed by fluorescence microscopy as described section 3.8.  
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3.6.3 Loading of siRNA by electroporation 

3.6.3.1 Setting up of electroporation unit 

 Neon® Transfection Device (Thermo Fisher Scientific) electroporation unit 

used in the present study was assembled before starting an electroporation. 

Firstly, it was ensured that Neon® pipette station was connected to the Neon® 

Device. Neon® tube was then properly fixed in pipette station and was filled with 

3.0 ml of electroporation buffer E2 (Neon® 100 µl kit) (Invitrogen by Life 

technologies). It was ensured that the side electrode of the Neon tube is well 

connected to the side ball plunger of the Neon® Pipette station. Neon® 100 µl tip 

was then inserted in a Neon® fixed volume pipette to carry out the 

electroporation. 

3.6.3.2 Procedure for electroporation 

 Isolated milk exosomes and neon electroporation buffer R was taken in 

1:1 ratio. Final concentration of Alexa Fluor 488 siRNA: Milk Exosomes was 

500nM: 1 µg.100 µl of electroporation mixture was taken in Neon® gold coated 

tips for pipette based electroporation. Electroporation was carried out at different 

voltages, pulse width and pulse time in order to optimize a protocol. Voltage 

used was 1000 V, 1100 V, 1200 V, 1300 V, 1400 V with pulse width of 10ms and 

pulse time of 1s. After electroporation, un-encapsulated Alexa fluor-488 siRNA 

outside milk exosomes was removed by passing a reaction mixture through 

exosome spin column (Invitrogen, CA, USA). Eluted exosomal suspension was 

used for further analyses.  Encapsulation of AF-488 siRNA in milk exosomes by 

electroporation was assessed by fluorescence microscopy. 

3.6.4 Loading of siRNA in exosomes through chemical conjugation 

 siRNA was chemically conjugated using a natural macromolecules with 

EDC (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide) based linker. The details 

of method have not been disclosed as it is yet to be patented. 

3.6.4.1 siRNA Loading in milk exosomes via chemically conjugated siRNA 

 Milk exosomes (200 µg) were incubated with 10 µg of chemically 

conjugated siRNA complex as developed. Reaction mixture was incubated for 

specified time and temperature. After incubation, un-encapsulated siRNA from 
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reaction mixture was subsequently washed by passing through exosome spin 

column (MW 3000) (Invitrogen, CA, USA). Eluent so obtained was further used 

for analyses. 

3.6.4.2 Preparation of Exosome spin column 

 Invitrogen Exosome spin columns were purchased from (Thermo Fisher 

scientific. Spin columns were hydrated with nuclease free water before use as 

per the manufacturer protocol. In brief, 650 µl of nuclease free water was added 

to the column to hydrate it for 15-20 mins. After hydration, column was 

centrifuged at 0.7 g for 2 mins to elute out water from the column. To the 

obtained gel matrix, 100 µl of reaction mixture was added and centrifuged at 0.7 

g for 2 mins at room temperature. The eluted mixture was used for further 

analyses.  

3.7 Fluorescent Labeling of milk exosomes encapsulated with siRNA 

 Milk Exosomes loaded with AF-488 siRNA after electroporation and 

Chemical Conjugate mediated was assessed by labeling. Milk exosomes were 

labeled with red fluorescent dye BODIPY® TR ceramide (Molecular Probes™, 

Life Technologies) as per manufacturer protocol. 2 µl stock solutions (1 mM in 

DMSO) of dye were added to 100 µl of exosome preparation to get a working 

concentration of 20 µM for labeling of exosomes. The exosome-dye mixture was 

incubated for 20 mins at 37˚C. Unincorporated dye was removed by using 

exosome spin columns (Invitrogen, CA, USA). The eluted suspension of 

exosomes so obtained is used for visualization of encapsulated siRNA and 

further for delivery studies in cultured caco-2 and HepG2 cells. 

3.8 Fluorescence Microscopy 

 Colocalization of milk exosomes and Alexa Fluor-488 siRNA after 

electroporation and chemical conjugate mediated loading was evaluated by 

fluorescence microscopy. 2 µl of BODIPY®TR Ceramide (Sigma-Aldrich Co., 

USA) was added to 100 µl of milk exosome encapsulating AF-488 siRNA after 

electroporation and Chemical conjugate mediated loading as described above. 

Labeled Milk exosomes encapsulating siRNA were then visualized using Nikon 

fluorescence Microscope (Nikon Elipse Ti, Japan). Colocalization percentage 

was calculated by equation % = AF-488 siRNA containing exosomes/ Total 
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number of BODIBY® labeled exosomes. Colocalization was further evaluated by 

calculating colocalization threshold using image J. 

3.9 Determination of encapsulation efficiency percentage 

 Percentage of siRNA encapsulated in milk exosomes was determined by 

indirect method as described earlier (Papadimitriou et al., 2009). Electroporated 

siRNA loaded exosome and chemically conjugated siRNA exosome complex 

was centrifuged at 15,000 g for 30 mins at 4˚C. Supernatant was collected in a 

black well plate (Nunc 96F Microsorp black Microwell) protected from direct 

contact of light. Fluorescence was measured on Fluorescence plate reader at 

excitation wavelength of 490 nm and emission wavelength of 525 nm. 

Encapsulation efficiency was calculated by formula: 

EE% = 100-(A2-A1)/ (A4-A3)*100 Where, 

A1: Absorbance of blank nanoparticle supernatant 

A2: Absorbance of drug loaded nanoparticle supernatant 

A3: Absorbance of siRNA solution that has same amount loaded in nanoparticle 

A4: Absorbance of vehicle in which siRNA was dissolved 

3.10 Determination of colocalization percentage and colocalization 

threshold 

 Colocalization percentage was determined by calculating the number of 

yellow and red pixels using Image J software. Colocalization percentage was 

determined using a formula: Coloc % = No. of yellow pixels/ No. of red pixels + 

No. of red pixels *100. Colocalization was determined by Colocalization plugin of 

Image J software. It calculates Pearson’s Correlation coefficient (PCC) (R) and 

Mander’s coefficient (MCC) (M) by costes method (Kenneth et al., 2011).  PCC 

ranges from -1 to +1. Value of Mander’s coefficient ranges from 1 to zero. 

3.11 The procedural steps followed to achieve objective 2 have been 

outlined in Fig 3.2 

3.11.1 Mammalian cell culture 

 Two cancer cell lines, human adenocarcinoma cell line Caco2 and human 

liver cancer cell line HepG2 were obtained from National Centre for Cell Science, 
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Pune, India. These two cell lines were used for the experiment. Basic 

preparation required for the maintenance of these two cancer cell lines are given 

below: 

3.11.2 Basic preparation in mammalian cell culture 

(a) Cleaning of glassware and Sterilization: In general, disposable culture 

grade plastic wares were used. Reusable glassware was also used after 

proper cleaning. In brief, all the glassware were washed with neutral 

detergent, then dipped in chromic acid overnight, followed by thorough 

rinsing with warm water and finally with distilled water. The glasswares 

were dried by keeping in oven at 60-70°C wrapped in aluminium foil and 

stored in dust-free conditions. The glassware to be autoclaved (beakers, 

bottles etc.) were covered with aluminum foil, tied with a strong thread 

and autoclaved. Proper sterilization was confirmed by use of an autoclave 

indicator tape.  

(b)  Cleaning of laminar air flow chamber, cell culture laboratory, 

equipments and CO2 incubator (Thermo Electron Corporation, USA) 

Laminar flow hood was cleaned externally with a piece of clean and soft 

cloth. The work area of laminar flow was wiped with 70% ethanol, using 

tissue paper. Before starting work, UV lamps inside the laminar flow were 

switched on for 1 hour. Similarly, after finishing work, laminar flow was 

cleaned and UV lamps were switched on for another 1 hour. The entire 

laboratory was first cleaned using a soft cloth. Work surface areas were 

wiped with 70% ethanol, using tissue paper. Floor was cleaned using an 

aqueous solution of an appropriate antiseptic agent e.g. Savlon or Dettol. 

Finally, culture room was fumigated overnight using potassium 

permanganate and 37% formaldehyde solution. The steel shelves of the 

incubator were removed carefully and wiped thoroughly with 70% ethanol. 

The water tray was cleaned thoroughly with warm water and detergent, 

followed by rinsing with distilled water and dried by wiping with the tissue 

paper. The tray was filled with autoclaved distilled water. A few crystals of 

hydrated copper sulphate were added for inhibiting fungal growth. The 

interior of the incubator was also wiped with 70% ethanol and assembled 

as before. 
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3.11.3 Cell culture 

 Both Human adenocarcinoma cell line,Caco-2 and human liver cancer 

line, HepG2  cells were grown in Dulbecco’s modified Eagle’s Medium-high 

glucose (Sigma-Aldrich Co., USA), supplemented with 10% Fetal Bovine Serum, 

2 mM glutamine, Non- essential amino acids, 100 U/ml penicillin and 100 µg/ml 

streptomycin and 25 µg/ml of amphotericin. Cell lines were maintained at 37˚C, 

5% CO2 in a humidified chamber. Cells were sub-cultured with a seeding density 

of 1x 106 cells/per flask in T-25 cm2 flasks. A confluent monolayer was formed in 

8-9 days. Caco2 cells between passages 37-55 and hepG2 between passages 

35-45 were used for experiments in this study. 

3.12. Cytotoxicity Assay 

 HepG2 cells were seeded at a density of 1 x 104 cells/well in 96 well plate 

at 5% CO2, 37˚C for 24 hours in a humidified chamber. Cells were washed three 

times with serum free media and incubated with various concentrations of 

exosomes loaded with AF-488 siRNA while PBS was used as a control. Four 

hours post transfection; media was replaced by fresh culture media and 

incubated for additional 20 hours. Viability of cells was then analyzed by MTT 

assay per manufacturer’s instructions. Briefly, 15 µl of MTT reagent (Sigma-

Aldrich Co., USA) was added to each control and exosome treated well. After 

incubation of cells for 4 hours at 5 % CO2, 37˚C in a humidified chamber, 150 µl 

of Dimethyl Sulphoxide (DMSO) (Sigma-Aldrich Co., USA) was added to each 

well to solubilize formazan crystals followed by spectrophotometric measurement 

at 580 nm. Cell survival was reported as a percentage of PBS treated control. 

3.13 Uptake of siRNA encapsulated exosome in vitro 

 Caco2 and HepG2 cells were seeded at a density of 1x 104 cells/well. 

After 24 hours of culture, media was replaced by fresh serum free and antibiotic 

free medium. Labeled exosomes encapsulating AF-488 siRNA were incubated 

with caco-2 and HepG2 cells with a concentration of 250 µg of exosomal protein 

/ 200 µl of media. Delivery of AF-488 siRNA in Caco2 and HepG2 cell lines were 

assessed by fluorescence microscopy and confocal microscopy. Briefly, 

exosomes were labeled by method as described above in methods. Labeled 

exosomes encapsulating AF-488 siRNA were incubated with caco-2 and HepG2 
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cells with a concentration of 250 µg of exosomal protein / 200 µl of media. 

Maximum uptake of exosomes occurs in 2 hours as described earlier in our lab 

(Rani et al., 2017). Two hours post transfection; cells were washed three times 

with filtered 1X PBS. Cells were fixed with 4% paraformaldehyde (Sigma-Aldrich 

Co., USA) for 20 mins and washed with PBS for three times. Cells were 

permeabilised by 0.2 % triton X-10 (Sigma-Aldrich Co., USA) for 10 mins 

followed by washing with 1X PBS three times. Cell nuclei were stained with DAPI 

solution (Sigma-Aldrich Co., USA) for 5 mins at room temperature. Blue 

Fluorescence of cell nuclei, red fluorescence of milk exosomes and green 

fluorescence of AF-488 siRNA were then visualized by fluorescence microscope 

(Nikon Eclipse Ti, Japan). 

3.14 Confocal Microscopy 

 After incubation of caco-2 and HepG2 cells with BODIPY®TR Ceramide 

labeled exosomes encapsulating AF-488 siRNA , only labeled  milk exosomes 

and free AF-488 siRNA respectively for 2 hours, cell were washed three times 

with 1X PBS. Cells were then fixed using 4% paraformaldehyde and 

permeabilised using 0.2% triton X-100 as described in above method. Cell nuclei 

were stained with DAPI (Sigma-Aldrich, St.Louis, M.O., USA) for 5 mins at room 

temperature. Green fluorescence of AF-488 siRNA, red fluorescence of BODIPY 

and blue fluorescence of DAPI were visualized and recorded on an Olympus 

FV1000 Filter Confocal Microscope (Olympus Optical CO, Tokyo, Japan). 

3.15  In vitro Digestion of exosome encapsulating AF-488 siRNA 

  After loading exosomes with AF-488 siRNA by electroporation and 

Chemical conjugate mediated loading, exosome encapsulating AF-488 siRNA 

was digested in vitro. Undigested exosome encapsulating AF-488 siRNA was 

taken as a control. All chemicals and enzymes for in vitro digestion were 

purchased from sigma- Aldrich (Sigma-Aldrich Co., USA) except bile extract 

which was purchased from Santa Cruz Biotechnology. 
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3.15.1 Preparation of Digestive Juices 

 The amount of ingredients used to prepare the respective digestive juices 

for the digestion of 100 µl of exosome loaded with or without AF-488 siRNA has 

been given in the table as below: 

Salivary Juice One digestion 

CaCl2(H2O)2 0.25 µl 

Mucin II 10 µl 

α amylase 0.1 µl 

Lysozyme 0.1 µl 

 

Gastric juice One digestion 

CaCl2(H2O)2 0.075 µl 

Mucin II 10 µl 

BSA 2.0 µl 

Pepsin 2.0 µl 

 

Pancreatic juice One digestion 

CaCl2(H2O)2 0.075 µl 

Mucin II 20 µl 

BSA 2.0 µl 

Pancreatin 25 µl 

 

Bile juice One digestion 

CaCl2(H2O)2 0.462 µl 

BSA 3.6 µl 

Bile 100 µl 
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3.15.2 In vitro digestion 

All the digestive juices including saliva, gastric juice, pancreatic juice and 

bile juice were prepared as described above in 3.15.1. To the 100 µl each of 

exosome-AF488 siRNA, 133 µl of salivary juice was added and incubated using 

a rotating wheel for 5 mins at 37˚C followed by incubation with 266.6 µl of gastric 

juice for 120 mins at 37˚C. Further, reaction mixture was incubated with 266.6 µl 

of pancreatic juice and 133 µl of bile juice, respectively. 

3.15.3 Analyses of loss of AF-488 siRNA encapsulated in milk exosomes 

after in vitro digestion 

Loss of exosomes after in vitro digestion was assessed as described 

earlier (Rani et al., 2017). Briefly, in vitro digested and water control reaction 

mixture was centrifuged at 12500 g for 15 mins at 4˚C. To the collected 

supernatant, 400 µl of precipitation buffer (exiqon, miRCURYTM exosome 

isolation kit) was added followed by incubated for 3 hours at 4˚C.To precipitate 

out milk exosomes, reaction mixture was centrifuged at 10000 x g for 30 mins at 

room temperature. Discarding supernatant, exosome pellet obtained was 

resuspended with 100 µl of resuspension buffer or PBS. Isolated in vitro 

digested exosomes were labeled using BODIPY®TR ceramide as described in 

3.7 followed by fluorescence microscopy. 

3.15.3.1 Measurement of Fluorescence intensity 

   Exosomes after in vitro digestion were isolated by a procedure as 

described in 3.15.1. 100 µl of siRNA encapsulated exosome isolated after in vitro 

digestion was taken in black well plate followed by Fluorescence intensity 

measurement. In vitro digested exosomes encapsulating siRNA were compared 

to water control (undigested milk exosome encapsulating siRNA). Fluorescence 

of the respective mixtures was measured using Fluorescence plate reader 

(Infinite®200 PRO, Tecan, Switzerland) at excitation wavelength of 490 nm and 

emission wavelength of 525 nm. 

3.16  Statistical Analyses 

 Data were analyzed using graph pad prism 5.0 software. Data were 

presented in the form of mean ± SE (n=3). Stastical analysis was performed 

using student’s t-test and differences with P value less than 0.05 were 
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designated significant. Localization threshold was determined using Costes test 

involving analysis of Pearson’s and Mander’s coefficient. 

 

 

 

Fig. 3.1 Schematic representation of work plan of objective 1 



Materials and Methods 

 

- 28 - 
 

 

 

 

Fig. 3.2 Schematic representation of work plan of objective 2 
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RESULTS AND DISCUSSIONS 

4.1 Objective 1: Incorporation of AF-488 siRNA in exosomes 

4.1.1  Exosomal Protein determination 

Concentration of Exosomes used in a given experiment was determined 

in terms of its protein concentration using BCA protein assay kit. Values of 

exosomal protein concentration were extrapolated through standard curve with 

r2= 0.997 plotted using serially diluted BSA standards. Standard curve of BSA 

has been shown in Fig. 4.1. The protein concentration of exosomes isolated and 

purified form milk as described in materials and methods was approximately 10 

µg/µl (n= 3). The concentration of exosomal protein obtained in our study was 

found to be as claimed by the earlier studies (Rani et al., 2017) using similar 

method.   

4.1.2  Characterization of milk exosomes 

Milk exosomes after being isolated and purified using exosome spin 

column were characterized by SEM, DLS and Zeta potential measurements. 

Mean diameter of milk exosomes by number was found to be 120 nm shown in 

Fig. 4.2 with polydisperity index of 0.3 calculated at 25˚C. Zeta potential 

measurements show a surface zeta potential of -12 mV with a zeta deviation of -

18.3. Zeta potential of -12 indicated that particles are in stable state of dispersion 

(Kaszuba et al., 2010). The higher the absolute value of zeta potential -25 to 

+25) greater is the stability of nanoparticle dispersion (Kaszuba et al., 2010). 

Zeta potential measurements have been shown in Fig. 4.2. These results of zeta 

potential are consistent with the previous findings obtained in cell derived 

exosomes having zeta potential of -14.5. Scanning electron microscopy showed 

the size of exosomes ranging from 30 – 120 nm which supports results of DLS 

measurement as shown in Fig. 4.2. These results well corroborate with earlier 

studies where size of milk exosomes has been shown in the rage of 30-150 nm 

in diameter (Valadi et al., 2007) and PDI of 0.3 indicates that exosomal solution 

was nearly mono-disperse with no probability of poly-disperity (Malvern 

instruments ISO). Size and PDI for these nanostructures were in the range as 

quoted by Rani et al., 2017 and Munagla et al., 2016. Thus, these results 
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showed that exosome isolated from milk were good enough to fulfill the criteria 

for proper characterization of exosomes and has been used for the further 

studies. 

4.1.3 Incorporation of AF-488 siRNA in milk exosomes 

4.1.3.1 Lipofection based loading ofsiRNA  

As described in materials and methods, the method followed by Shatm et 

al., 2013, was used for siRNA loading in milk exosome using lipofectamine. 

Lipofectamine 2000 and AF-488 siRNA were taken in 1:3 ratio and incubated 

with exosomesfollowed by Fluorescence microscopy.  All images were taken at a 

magnification of 40X with the exposure time of 300 ms. Representative 

fluorescent images has been shown in Fig. 4.3. Fluorescence microscopy 

images show red pixels representing exosomes and green pixels representing 

AF-488 siRNA. Merged images of exosomes and AF-488 siRNA were observed 

as yellow color pixels (red + green = yellow) showing the colocalization of siRNA 

in the exosomes. It is well established that lipofectamine provides high 

transfection efficiency and subsequently, high level of gene expression in 

neurons in vitro (Dalby et al., 2004), it can be efficiently used for the loading of 

siRNA in exosomes. Our results also supported this fact as we also observed 

good efficiency as compared to electroporation as well as chemically conjugated 

method (Fig. 4.9). Exosomes are naturally occurring biological carrier of 

exogenous siRNA. Exosomes isolated from human fibrosarcoma cells (HeLa 

and HT1080) were loaded with exogenous siRNA by lipofection (Shatm et al., 

2013) which were directed against RAD51 and RAD52 oncogene. 

4.1.3.2 Loading of siRNA by electroporation in milk exosomes 

Electroporation conditions were optimized for the efficient loading of AF-

488 siRNA in milk derived exosomes. Voltage conditions were standardized with 

the pulse width of 12 ms and number of pulses being 1. Voltages at which 

electroporation was carried out was in range of 1000 – 1400 V as shown in the 

previous studies (Yang et al., 2016). All images were taken at a magnification of 

40X with exposure time of 300 ms. Representative fluorescent images taken at 

different voltages are shown in Fig. 4.4. Merged images contain yellow colored 

pixels (red + green = yellow) which indicates the colocalization of AF-488 siRNA 



 

 

 

 

 

 

                             Fig. 4.1 Standard curve of BSA for exosomal protein 
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Fig. 4.2 Characterization of milk exosomes. Size distribution analysis of the 

exosomes using Zetasizer (A) and scanning electron microscopy (B). Analysis of 

surface zeta potential distribution of milk exosomes using Zetasizer (C). 
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in exosomes. Similar fluorescence microscopy images of exosomes labelled with 

PKH dye and cy5-siRNA at different voltages were shown by Yang et al., 2016. 

Fluorescence microscopy images were used further for determining 

colocalization percentage and colocalization threshold. Electroporation has been 

widely employed as a method of loading siRNA in exosomes. RVG targeted 

exosomes were loaded with GAPDH siRNA by electroporation which were 

delivered specifically to neurons in the brain resulting in specific gene 

knockdown of BACE-1 (Alvarez-Erviti et al., 2011). Similarly, Samir El-

Andaloussi et al., 2012 showed the delivery of siRNA in vitro and in vivo by 

exosomes loaded by electroporation. siRNA loaded by electroporation in plasma 

exosomes were efficiently delivered to monocytes and lymphocytes to 

knockdown the expression of MAPK-1 (Wahlgren et al., 2012). Besides siRNA, 

miRNA has also been shown to be loaded by electroporation in exosomes 

derived from T cell and delivered to APCs (Mittelbrunn et al., 2011). 

Chemotherapeutic drugs like doxorubucin were loaded in exosomes by 

electroporation to treat cancer (Tian et al., 2014). Our results well corroborate 

with the previous studies regarding loading efficiency of siRNA in exosome by 

electroporation.  

Colocalization percentage: The co-localization percentage of siRNA 

encapsulated exosome by electroporation at different voltages has been shown 

in Table 3. At 1000 V, colocalization percentage was found to be almost 0. At 

1100 V, it was increased to 25 ± 5.74 which was further increased at 1200 V to 

51.31 ± 5.89. There was sharp increase in colocalization % at 1300 V to 78.31 ± 

5.49 followed by its subsequent decrease at 1400 V to 43.63 ± 2.52. Pulse width 

and pulse voltage was kept constant at 10 ms and 1, respectively with varying 

voltage during electroporation. It was found that, with the increase in voltage, 

colocalization percentage increases showing that incorporation of siRNA in milk 

exosomes was sensitive to voltage. Our results are in resemblance to 

colcalization percentage of cy5 siRNA in PKH labeled exosome mimics shown 

by Yang et al., 2016. Accordingly, electroporation at 1300 V, 10 ms and 1 pulse 

was found to be the best condition to load siRNA in milk exosome.  

Encapsulation efficiency percentage: Amount of siRNA encapsulated in milk 

exosomes after electroporation was determined by indirect method in terms of 
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encapsulation efficiency percentage (EE %) (Papadimitriou  et al., 2009). After 

loading siRNA by electroporation fluorescence intensity of supernatant was 

measured giving an approximation of the amount of siRNA loaded in exosomes. 

Encapsulation efficiency percentage was calculated by formula described in 

method 3.9. Encapsulation efficiency percentage of AF-488 siRNA in milk 

exosomes after electroporation was found to be 86.30 ± 2.40, calculated from 

three independent experiments (n=3). Encapsulation efficiency % so determined 

was in accordance with siRNA loaded in transferrin lipid nanoparticles (Yang et 

al., 2014). Encapsulation efficiency of drug praziquantel in PLGA nanoparticle 

was also calculated by indirect method and was found to be 82 ± 5 % 

(Mainardes et al., 2005). These results are close to the present study. 

Colocalization threshold: Quantitative method of determining correlation 

between red and green pixels in image is colocalization threshold (Dunn et al., 

2011). Fluorescence microscopy images taken at different voltages were 

analyzed for positive correlation between red and green pixels. Threshold for the 

red and green pixels were set as per Costes et al., 2004 and colocalization 

threshold was determined using colocalization plugin of Image J software. 

Results of colocalization threshold includes Pearson’s correlation coefficient 

(PCC) for a given image Rtotal, Rcoloc, R<threshold (Pearson 1896). It also 

includes M1 and M2 which are Mander’s colocalization coefficient (MCC) with 

threshold zero, tM1 and tM2 are MCC with threshold set by Costes et al 2004. 

Colocalized pixel map of fluorescence images at different voltages are shown in 

Fig. 4.5. PCC (Rtotal, Rcoloc, R< threshold) and MCC parameters (M1 and M2) 

for the Fluorescence images at different voltages has been summarized in Table 

4. +1 PCC value shows a perfect linear correlation, 0 shows no correlation and -

1 show a perfect but inverse correlation. Further, for good colocalization high, 

Rcoloc; good thresholds, R<threshold close to zero; good regression m (slope), 

b (intercept) and value of M1 and M2 should be close to one. Considering all 

these parameters, colocalization threshold at voltage 1300 was found to be 

highest with Rtotal of 0.774, M1 and M2 be 0.731 and 0.829, respectively thus 

showing a high positive uphill correlation between red and green pixels. Results 

(Table 4) of present study showed that Rtotal was found to be increased from 

zero at 1000 V, to 0.518 for 1100 V and 0.55 for 1200 V showing a moderate 



 

 

 

 

Table 3. Tabular representation of colocalization percentage after electroporation 

at different voltages (1000-1400 V) with a pulse width of 10 ms and number of 

pulse being 1 (n=3). 
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uphill linear relationship. Rtotal was decreased further to 0.315 with Rcoloc of 

zero at 1400 V showing a poor uphill correlation.Colocalization threshold showed 

the trend similar to that of colocalization percentage i.e. it was found to be 

increased with the increase in voltage. Considering these results, fluorescence 

image at 1300 V was found to be the highest while Rtotal, Rcoloc, and 

R<threshold was almost zero, thus it was chosen as an optimized voltage for 

electroporation. This is similar to colocalization of fluorescently labeled 

transferrin in MDCK cells showed PCC value of 0.69 representing a perfect 

colocalization (Dunn et al., 2011) and MCC of transferrin in MDCK cells was 

close to 1 which showed the perfect colocalization of one probe with another 

probe (Manders et al., 1993). This is in accordance with our results obtained for 

colocalization of AF-488 siRNA with exosomes at 1300 V. This trend of PCC and 

MCC values were also observed for the fraction of one fluorescently labeled 

protein that colocalizes with another fluorescently labeled protein (Costes et al., 

2004). 

4.1.3.3 Loading of AF-488 siRNA via chemical conjugate in milk exosomes 

As anelectroporation and lipofection free approach, AF-488 siRNA was 

loaded in milk exosomes with the help of novel method using chemical 

conjugate. As indicated in materials and methods, we did not disclose the details 

of method as method is yet to be patented. However, in principle, chemical 

conjugate interacts with milk exosomes and AF-488 siRNA was subsequently 

loaded in milk exosomes. Loading of AF-488 siRNA was assessed by 

fluorescence microscopy, in which BODIPY ®TR ceramide emits red 

fluorescence and AF-488 siRNA emits green fluorescence. Yellow color pixels 

(red + green) confirm the presence of AF-488 siRNA in milk exosomes.Similar, 

fluorescence microscopy images were observed in previous studies of PKH 

labeled exosomes of MCF10A cells loaded with cy5 siRNA (Yang et al., 2016). 

All images were taken at 40X with exposure time of 300 ms. Representative 

fluorescence images of exosomes and AF-488 siRNA has been shown in Fig. 

4.6. To the best of our knowledge there are no reports regarding chemical 

conjugate mediated loading of AF-488 siRNA in milk exosomes. 

Colocalization percentage: Chemical conjugate mediated loading of AF-488 

siRNA in milk exosomes was confirmed by determining the percentage 
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colocalization of green over red pixels as described above in detail (Lagache et 

al., 2015). Colocalization percentage in chemical conjugate mediatedloading was 

found to be 41.7± 2.39. 

Encapsulation efficiency percentage: Encapsulation efficiency percentage of 

AF-488 siRNA in milk exosomes after ligand mediated loading was found to be 

88.03 ± 7.80, calculated from three independent experiments (n=3). 

Colocalization threshold: The results showed Rtotal of 0.791, Rcoloc of 0.482, 

R< Threshold is equal to zero; M1 and M2 are 0.63 and 0.98, respectively. 

These results showed a high uphill positive correlation for the colocalization of 

green pixels over red pixels. This shows that a chemical conjugate efficiently 

loaded AF-488 siRNA in milk derived exosomes. 

4.1.4 Comparison of electroporation versus conjugate mediated siRNA 

loading 

Encapsulation efficiency, colocalization percentage, and colocalization 

threshold for the exosomes loaded by electroporation and by chemical conjugate 

were compared as shown in Fig. 4.7, Fig. 4.8, and Table 4, respectively. Since, 

lipofection is commonly used and standardized method of loading siRNA in 

exosomes therefore, it was not compared with electroporation and chemical 

conjugate mediated loading. Results showed that that there was no significant 

difference (P>0.05) in encapsulation efficiency between novel chemical 

conjugate mediated loading (88.03 ± 7.80) and well established electroporation 

(86.30 ± 2.4.) based siRNA loading in milk exosome. Similar results were also 

obtained when intensity based quantification was done by calculating 

colocalization percentage. Colocalization percentage was found to 51.31 % in 

electroporation at 1200 V while in case of chemical conjugate mediated loading 

of milk exosomes was 41.7%.  Further, to confirm whether chemical conjugate 

mediated loading of siRNA in milk exosomes was efficiently comparable to that 

of electroporation, colocalization threshold was compared. There was no 

significant difference between PCC and MCC for chemically conjugated 

mediated loading (Rtotal-0.791, Rcoloc-0.482, R<threshold-0.001, M1-0.630, 

M2-0.985) and electroporation (Rtotal-0.774, Rcoloc-0.482, R<threshold-0.001, 

M1-0.731, M2-0.829). Comparison of fluorescence microscopy images of 
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Fig. 4.7 Comparison of encapsulation efficiencies between chemical conjugate 

mediated loading and electroporation. Y-axis represents the encapsulation efficiency 

and X-axis represents the conjugate siRNA and electroporated exosomes, respectively 

(P>0.05, n=3). 

 

Fig. 4.8 Comparison of colocalization percentage between chemical conjugate 

mediated loading and electroporation. Y-axis represents the colocalization 

percentage and X-axis represents electropration at different voltages with range of 1000 

V- 1400 V alongwith conjugate siRNA, repectively .P<0.05 for electroporation at 1200 V 

and  chemical conjugate mediated loading of siRNA in exosomes (n=3). 



 

 

 

 

 

 

 

Table 4.  Comparison of colocalization thresholds between electroporation 

at different voltages and conjugate mediated loading of milk exosomes. 

Rtotal, Rcoloc and R< threshold represents Pearson’s correlation coefficient. M1 

and M2 represents Mander’s colocalization coefficient. A strong uphill positive 

correlation was found for both electroporation at 1300 V and for chemical 

conjugate mediated loading of siRNA in exosomes ( P<0.05, n=3). 
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exosomes encapsulated with siRNA by lipofection, electroporation and conjugate 

mediated loading has been shown in Fig. 4.9. Comparative analyses suggests 

that novel developed chemical conjugation mediated loading was as efficient as 

that of electroporation.  Similarly, sonication has been recently reported as an 

alternative approach of loading HER2 siRNA in exosomes in comparison to 

electroporation (Lamichhane et al., 2016). To the best of our knowledge, no 

other alternative approaches of loading siRNA in exosomes other than 

sonication have been reported and both required costly equipements. Thus, 

chemical conjugate mediated loading of siRNA in exosomes may serve as an 

alternative, cost effective and natural method of loading. 

4.1.5 In vitro digestion of milk exosomes encapsulating AF-488 siRNA 

To test if siRNA encapsulated exosome can be delivered orally, milk 

exosomes encapsulating AF-488 siRNA was subjected to the in vitro digestion. 

The present results showed that the significant proportion of exosomes 

encapsulating siRNA survived in vitro digestion (Fig. 4.10). Although, there was 

a subsequent loss of milk siRNA encapsulated exosomes when compared to its 

water control. A comparison of measured fluorescence intensity between in vitro 

digested exosomes and undigested exosomes (water control) has been shown 

in Fig. 4.10. Fluorescent measurement intensities at excitation wavelength of 

490nm and emission wavelength of 525 nm showed a loss of in vitro digested 

exosomes encapsulating siRNA in comparison to water control. In accordance to 

the results obtained, similar observations were obtained previously (Lonnerdal et 

al., 2015) They demonstrated that the human milk exosomes were found to be 

capable of surviving digestion and affects the gene expression after being taken 

by the enterocytes . Similarly, microRNAs encapsulated in milk exosomes were 

found to resist in vitro digestion and could cross intestinal barrier efficiently (Rani 

et al., 2017). It was also observed that exosome encapsulation increases the 

ability of curcumin to sustain in vitro digestion process and to cross the intestinal 

barrier when compared to free curcumin (Vashisht et al., 2017). 

4.2 Analysis of siRNA delivery using appropriate cell or cell lines 

To test if siRNA encapsulated siRNA can be up taken by cells, cellular 

uptake of milk exosomes encapsulating siRNA in Caco2 and HepG2 cells   were 
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studied. As demonstrated earlier in our lab, maximum uptake of exosomes in 

Caco-2 cells occurs after 2 hours of incubation (Rani et al., 2017). The 

successful cellular uptake and localization of milk exosomes encapsulating AF-

488 siRNA in both Caco2 and HepG2 cells was performed. Fluorescence 

microscopy was done after two hours of exosome-siRNA uptake in Caco2 

cellswhereas in HepG2 cells exosome, uptake occurred after 24 hours of 

treatment. Fluorescence and confocal microscopy images showing the delivery 

of exosome encapsulating siRNA in vitro is shown in Fig. 4.11 and Fig. 4.12, Fig. 

4.13, Fig. 4.14, and Fig. 4.15, respectively. These observations confirmed the 

stable, nontoxic transfection strategy of AF-488 siRNA through milk derived 

exosomes in vitro. Our results are well corroborate with previous studies where 

similar uptake and localization of exosome loaded with siRNA by lipofectamine 

has been observed.  For instances, a considerable reduction of RAD51 and 

RAD52 protein levels was observed in HeLa and HT1080 cells after transfection 

with specific siRNA chemically loaded in exosomes (Shatm et al., 2013). High 

tranfection efficiency of targeted MSP exosomes and RVG exosomes 

enacapsulating GAPDH and BACE1 siRNA were observed in murine muscle 

(C2C12) and Neuronal cells (Neuro2A), respectively. High delivery efficiency 

was confirmed by fluorescence microscopy (Alvarez-Erviti et al., 2011). Strong 

fluorescence of cy5 siRNA  encapsulated in exosome mimic was observed in 

tumor xenograft mouse model, BALB/C-nu mice by in vivo imaging as compared 

to free cy5 siRNA (Yang et al., 2016). Endothelial cell exosome loaded with 

luciferase siRNA by lipofection were found to suppress the luciferase expression 

in primary endothelial cells (Banizs et al., 2014). siRNA delivered through RVG 

exosomes were found to be taken up by Neuro2A cells, which reduced the 

expression level of MOR in order to treat the Morphine relapse (Liu et al., 2015). 

On the similar grounds, fluorescence microscopy confirmed the efficient delivery 

of siRNA by targeted exosomes in mouse brain in vitro and in vivo (El-

Andaloussi et al., 2012). Comparing with these studies milk exosomes loaded 

with chemically conjugated siRNA, developed in the present study, was found to 

be efficiently and stably taken by the Caco2 and HepG2 cells. 
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4.2.1 Cytoxicity assay 

Viability of HepG2 cells were tested in the presence of electroporated and 

chemical conjugate mediated loaded exosomes as shown in Fig. 4.16. No 

significant cytotoxicity of chemically conjugated siRNA on cells was observed 

when compared to the electroporated exosomes as control. Similarly, 

electroporated exosomes when compared to PBS as a control was found to be 

nontoxic to the cells. Viability of all the cells were maintained at 90% across all 

the tested groups with a P value of 0.94 and 0.11 for electroporated and 

chemical conjugate mediated loading of exosomes (P> 0.05), respectively. 

These results also showed that milk exosomes cause no potential toxicity to the 

cells in vitro. Toxicity of the milk exosomes in female Sprague-Dwaley rats were 

studied by Munagla et al., 2016. No changes in biochemical and physiological 

parameters in rats were observed even after the administration of different doses 

of exosomes for 15 days (Munagla et al., 2016). This observation confirmed that 

milk exosomes caused no potential toxicity in vitro and in vivo. Similarly, it was 

found that exosomes loaded with siRNA by electroporation causes no significant 

toxicity in MCF-7 cells. Viability of MCF-7 cells was maintained over 90 % in the 

presence of different doses of electroporated exosomes (Yang et al., 2016). In 

contrast to exosomes, transfection by cationic liposomes (Lipofectamine) 

potentially affected the growth, apoptosis and cell cycle of Capan-2 cells, and 

required the proper optimization of lipofectamine concentration for gene delivery 

in cells (Zhong et al., 2008). Though, loading of siRNA by electroporation causes 

no potential toxicity but this method of loading caused the extensive siRNA 

aggregation which was assessed by confocal microscopy (Kooijmans et al., 

2013). This may lead to wrong interpretation of the amount of siRNA actually 

loaded in exosomes (Kooijmans et al., 2013). Therefore, these observations 

suggest that milk exosomes loaded siRNA are nontoxic to the Caco-2 and 

HepG2 cells as showed by the present study. Moreover observing the limitations 

of electroporation and lipofection, developed novel chemical conjugate mediated 

loading of siRNA in exosomes was found to be efficient, nontoxic and 

biocompatible. 

 



  

10
nm

20
nm

30
nm

0
.0

0
.5

1
.0

1
.5

2
.0

c
o
n
tr

o
l

e
le

c
tr

o
 e

xo

C
o

n
c
e
n

tr
a
ti

o
n

 (
n

M
)

Absorbance at 580nm

10
nM

20
nM

30
nM

0
.0

0
.5

1
.0

1
.5

2
.0

2
.5

c
o
n
tr

o
l

c
o
n
ju

g
a
te

 s
iR

N
A

C
o

n
c
e
n

tr
a
ti

o
n

  
(n

M
)

Absorbance at 580nm

 

  F
ig

. 
4

.1
6

 E
ff

e
c

t 
o

f 
m

il
k

 e
x

o
s
o

m
e

 e
n

c
a

p
s

u
la

ti
n

g
 A

F
-4

8
8

 s
iR

N
A

 o
n

 c
e

ll
u

la
r 

to
x

ic
it

y
. 

Y
-a

x
is

 r
e
p

re
s
e

n
ts

 t
h
e

 a
b

s
o

rb
a
n

c
e
 

a
t 

5
8

0
 n

m
 a

n
d
 X

-a
x
is

 r
e
p

re
s
e

n
ts

 t
h

e
 d

if
fe

re
n
t 

c
o

n
c
e

n
tr

a
ti
o

n
s
 o

f 
e

x
o
s
o

m
e

s
 e

n
c
a

p
s
u

la
ti
n
g
 A

F
-4

8
8
 s

iR
N

A
. 

(A
) 

R
e
p

re
s
e

n
ts

 

th
e

 c
o

m
p

a
ri
s
o

n
 o

f 
to

x
ic

it
y
 o

f 
e

le
c
tr

o
p
o

ra
te

d
 e

x
o

s
o

m
e

s
 e

n
c
a
p

s
u

la
ti
n
g
 s

iR
N

A
 t

o
 t

h
a

t 
o
f 

P
B

S
 a

s
 a

 c
o

n
tr

o
l 

(P
>

0
.0

5
, 

n
=

3
).

 (
B

) 

R
e
p

re
s
e

n
ts

 t
h
e

 c
o
m

p
a
ri
s
o

n
 o

f 
to

x
ic

it
y
 o

f 
e

x
o

s
o

m
e

s
 e

n
c
a

p
s
u

la
ti
n

g
 s

iR
N

A
 b

y
 c

h
e

m
ic

a
l 
c
o

n
ju

g
a

ti
o

n
 t
o

 t
h
a

t 
o
f 

e
le

c
tr

o
p

o
ra

te
d
 

e
x
o

s
o

m
e

s
 a

s
 c

o
n

tr
o
l 
(P

>
0

.0
5

, 
n

=
3

).
 

(A
) 

(B
) 



CHAPTER –5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Summary and Conclusions 

 



- 38 - 
 

SUMMARY AND CONCLUSION 

 

siRNA constitutes a new class of therapeutic modalities known for its high 

degree of safety and unrestricted choice of targets with a promising clinical 

efficacy. But the ability of siRNA as therapeutics is greatly hampered by the 

barriers which come across during its delivery. In order to resolve the delivery 

problems of siRNA, many delivery systems have been developed till now which 

includes chemical modifications, lipid and polymer mediated delivery. But these 

methods of delivery are not full proof particularly unable to minimize the non- 

specific effects and protection by nuclease digestion. Overcoming these 

limitations of drug delivery systems used for siRNA delivery, exosomes emerge 

as a promising drug delivery vehicle. Exosomes are biological nanoparticles 

secreted in almost all bio-fluids and are known for their property of stable 

delivery to the target cells due to their natural efficacy of intercellular cargo 

transport. Thus, utilizing the broad potential of exosomes for safe and efficient 

delivery of siRNA, use of milk exosome has been demonstrated by several 

researchers for delivery of siRNA in vitro. However, its use for siRNA delivery is 

limited primarily due to existingloading approaches. In the present study, we 

compared the methods of loading siRNA in milk exosomes, which included 

lipofection, electroporation and developed novel chemically conjugated loading 

method. It was found that chemically conjugate mediated loading of siRNA in 

milk exosomes had same colocalization percentage, encapsulation efficiency 

percentage as compared to electroporation based siRNA loading in exosome. It 

was also observed that colocalization threshold obtained in chemically conjugate 

mediated loading was comparable to electroporation, showing the strong uphill 

positive correlation. The previous studies showed that lipofection causes 

potential toxicity to the cells; electroporation of exosomes causes no potential 

toxicity but induce aggregation and degradation of siRNA while loading siRNA in 

exosomes. The present study demonstrated that developed novel chemical 

conjugate mediated loading of siRNA in exosomes overcomes these limitations 

of lipofection and electroporation. Results also showed that chemically 

conjugated siRNA in milk exosomes causes no potential toxicity in HepG2 cells. 

Further, it was observed that milk exosomes loaded with siRNA by chemical 
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conjugation was efficiently taken up by the Caco2 and HepG2 cells as assessed 

by fluorescence and confocal microscopy, showing stable and safe delivery of 

siRNA via exosomes. 

In conclusion, considering factors like availability, cost and toxicity, bovine 

milk emerge as a suitable natural source for large scale production of exosomes. 

Biological stability and tolerability make milk exosomes as an effective vehicle to 

deliver hydrophilic therapeutic small interfering RNA molecule and chemically 

conjugated method of loading serve as an alternative approach of loading siRNA 

in exosomes. Chemically conjugated method serves as a cost effective means of 

loading siRNA in comparison to electroporation, lipofection and sonication. Thus, 

chemically conjugated method act as a virus free, chemical free, robust, scalable 

and natural method of loading siRNA in milk derived exosomes. To the best of 

our knowledge, this is a novel method developed for the first using a 

biocompatible and cost effective means of loading siRNA in exosomes to 

enhance oral bioavailability, improve efficacy and safety of siRNA as 

therapeutics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Bibliography 

 

 

 

 

 

 

 



i 
 

BIBLIOGRAPHY 

 

Akinc, A., Zumbuehl, A., Goldberg, M., Leshchiner, E.S., Busini, V., Hossain, N., 

Bacallado, S.A., Nguyen, D.N., Fuller, J., Alvarez, R. and 

Borodovsky, A., 2008. A combinatorial library of lipid-like materials 

for delivery of RNAi therapeutics. Nature biotechnology, 26(5), 

pp.561-569. 

Alexis, F., Pridgen, E., Molnar, L.K. and Farokhzad, O.C., 2008.Factors affecting 

the clearance and biodistribution of polymeric nanoparticles. 

Molecular pharmaceutics, 5(4), pp.505-515. 

Alvarez-Erviti, L., Seow, Y., Yin, H., Betts, C., Lakhal, S. and Wood, M.J., 

2011.Delivery of siRNA to the mouse brain by systemic injection of 

targeted exosomes. Nature biotechnology, 29(4), pp.341-345. 

Bala, S., Csak, T., Momen-Heravi, F., Lippai, D., Kodys, K., Catalano, D., 

Satishchandran, A., Ambros, V. and Szabo, G., 2015.Biodistribution 

and function of extracellular miRNA-155 in mice. Scientific reports, 5, 

p.10721. 

Banizs, A.B., Huang, T., Dryden, K., Berr, S.S., Stone, J.R., Nakamoto, R.K., 

Shi, W. and He, J., 2014.In vitro evaluation of endothelial exosomes 

as carriers for small interfering ribonucleic acid delivery. International 

journal of nanomedicine, 9, pp.4223-4230. 

Barquinero, J., Eixarch, H. and Perez-Melgosa, M., 2004. Retroviral vectors: new 

applications for an old tool. Gene therapy, 11, pp.S3-S9. 

Bartlett, D.W., Su, H., Hildebrandt, I.J., Weber, W.A. and Davis, M.E., 

2007.Impact of tumor-specific targeting on the biodistribution and 

efficacy of siRNA nanoparticles measured by multimodality in vivo 

imaging. Proceedings of the National Academy of Sciences, 104(39), 

pp.15549-15554. 

Bellingham, S.A., Guo, B., Coleman, B. and Hill, A.F., 2012. Exosomes: vehicles 

for the transfer of toxic proteins associated with neurodegenerative 

diseases?.Frontiers in physiology, 3, p.124. 



Bibliography 

 

ii 
 

Bellocq, N.C., Pun, S.H., Jensen, G.S. and Davis, M.E., 2003.Transferrin-

containing, cyclodextrin polymer-based particles for tumor-targeted 

gene delivery. Bioconjugate chemistry, 14(6), pp.1122-1132. 

Braasch, D.A., Jensen, S., Liu, Y., Kaur, K., Arar, K., White, M.A. and Corey, 

D.R., 2003. RNA interference in mammalian cells by chemically-

modified RNA. Biochemistry, 42(26), pp.7967-7975. 

Cesarone, G., Edupuganti, O.P., Chen, C.P. and Wickstrom, E., 2007. Insulin 

receptor substrate 1 knockdown in human MCF7 ER+ breast cancer 

cells by nuclease-resistant IRS1 siRNA conjugated to a disulfide-

bridged D-peptide analogue of insulin-like growth factor 1. 

Bioconjugate chemistry, 18(6), pp.1831-1840. 

Chen, L., Charrier, A., Zhou, Y., Chen, R., Yu, B., Agarwal, K., Tsukamoto, H., 

Lee, L.J., Paulaitis, M.E. and Brigstock, D.R., 2014.Epigenetic 

regulation of connective tissue growth factor by MicroRNA‐214 

delivery in exosomes from mouse or human hepatic stellate cells. 

Hepatology, 59(3), pp.1118-1129. 

Chiu, Y.L., Ali, A., Chu, C.Y., Cao, H. and Rana, T.M., 2004. Visualizing a 

correlation between siRNA localization, cellular uptake, and RNAi in 

living cells. Chemistry & biology, 11(8), pp.1165-1175. 

Cocucci, E. and Meldolesi, J., 2015. Ectosomes and exosomes: shedding the 

confusion between extracellular vesicles. Trends in cell biology, 

25(6), pp.364-372. 

Costes, S.V., Daelemans, D., Cho, E.H., Dobbin, Z., Pavlakis, G. and Lockett, 

S., 2004.Automatic and quantitative measurement of protein-protein 

colocalization in live cells. Biophysical journal, 86(6), pp.3993-4003. 

Dalby, B., Cates, S., Harris, A., Ohki, E.C., Tilkins, M.L., Price, P.J. and 

Ciccarone, V.C., 2004. Advanced transfection with Lipofectamine 

2000 reagent: primary neurons, siRNA, and high-throughput 

applications. Methods, 33(2), pp.95-103. 

Dande, P., Prakash, T.P., Sioufi, N., Gaus, H., Jarres, R., Berdeja, A., Swayze, 

E.E., Griffey, R.H. and Bhat, B., 2006. Improving RNA interference in 

mammalian cells by 4 ‘-thio-modified small interfering RNA (siRNA): 



Bibliography 

iii 
 

effect on siRNA activity and nuclease stability when used in 

combination with 2 ‘-O-alkyl modifications. Journal of medicinal 

chemistry, 49(5), pp.1624-1634. 

Davidson, B.L. and McCray, P.B., 2011. Current prospects for RNA interference-

based therapies. Nature Reviews Genetics, 12(5), pp.329-340. 

Davis, M.E., 2009. The first targeted delivery of siRNA in humans via a self-

assembling, cyclodextrin polymer-based nanoparticle: from concept 

to clinic. Molecular pharmaceutics, 6(3), pp.659-668. 

Davis, M.E., Zuckerman, J.E., Choi, C.H.J., Seligson, D., Tolcher, A., Alabi, C.A., 

Yen, Y., Heidel, J.D. and Ribas, A., 2010. Evidence of RNAi in 

humans from systemically administered siRNA via targeted 

nanoparticles. Nature, 464(7291), pp.1067-1070. 

Deleavey, G.F. and Damha, M.J., 2012. Designing chemically modified 

oligonucleotides for targeted gene silencing. Chemistry & biology, 

19(8), pp.937-954. 

DeVincenzo, J., Lambkin-Williams, R., Wilkinson, T., Cehelsky, J., Nochur, S., 

Walsh, E., Meyers, R., Gollob, J. and Vaishnaw, A., 2010. A 

randomized, double-blind, placebo-controlled study of an RNAi-

based therapy directed against respiratory syncytial 

virus. Proceedings of the National Academy of Sciences, 107(19), 

pp.8800-8805. 

Dunn, K.W., Kamocka, M.M. and McDonald, J.H., 2011. A practical guide to 

evaluating colocalization in biological microscopy. American Journal 

of Physiology-Cell Physiology, 300(4), pp.C723-C742. 

El-Andaloussi, S., Lee, Y., Lakhal-Littleton, S., Li, J., Seow, Y., Gardiner, C., 

Alvarez-Erviti, L., Sargent, I.L. and Wood, M.J., 2012. Exosome-

mediated delivery of siRNA in vitro and in vivo. Nature 

protocols, 7(12), pp.2112-2126. 

EsmaeilzadehGharehdaghi, E., Amani, A., Khoshayand, M.R., Banan, M., 

EsmaeilzadehGharehdaghi, E., Amini, M.A. and Faramarzi, M.A., 

2014. Chitosan nanoparticles for siRNA delivery: optimization of 



Bibliography 

 

iv 
 

processing/formulation parameters. nucleic acid therapeutics, 24(6), 

pp.420-427. 

Fire, A., Xu, S., Montgomery, M.K., Kostas, S.A., Driver, S.E. and Mello, C.C., 

1998.Potent and specific genetic interference by double-stranded 

RNA in Caenorhabditis elegans. nature, 391(6669), pp.806-811. 

Foged, C., 2012. siRNA delivery with lipid-based systems: promises and pitfalls. 

Current topics in medicinal chemistry, 12(2), pp.97-107. 

Frydrychowicz, M., Kolecka‐Bednarczyk, A., Madejczyk, M., Yasar, S. and 

Dworacki, G., 2015.Exosomes–Structure, Biogenesis and Biological 

Role in Non‐Small‐Cell Lung Cancer. Scandinavian journal of 

immunology, 81(1), pp.2-10. 

Gavrilov, K. and Saltzman, W.M., 2012. Therapeutic siRNA: principles, 

challenges, and strategies. Yale J Biol Med, 85(2), pp.187-200. 

Grayson, A.C.R., Doody, A.M. and Putnam, D., 2006.Biophysical and structural 

characterization of polyethylenimine-mediated siRNA delivery in 

vitro. Pharmaceutical research, 23(8), pp.1868-1876. 

Gressner, O.A. and Gressner, A.M., 2008. Connective tissue growth factor: a 

fibrogenic master switch in fibrotic liver diseases. Liver international, 

28(8), pp.1065-1079. 

Haney, M.J., Klyachko, N.L., Zhao, Y., Gupta, R., Plotnikova, E.G., He, Z., Patel, 

T., Piroyan, A., Sokolsky, M., Kabanov, A.V. and Batrakova, E.V., 

2015.Exosomes as drug delivery vehicles for Parkinson's disease 

therapy. Journal of Controlled Release, 207, pp.18-30. 

Hayes, M.E., Drummond, D.C., Hong, K., Park, J.W., Marks, J.D. and Kirpotin, 

D.B., 2006.Assembly of nucleic acid-lipid nanoparticles from 

aqueous-organic monophases. BiochimicaetBiophysicaActa (BBA)-

Biomembranes, 1758(4), pp.429-442. 

Inoue, A., Sawata, S.Y. and Taira, K., 2006. Molecular design and delivery of 

siRNA. Journal of drug targeting, 14(7), pp.448-455. 



Bibliography 

v 
 

Jackson, A.L. and Linsley, P.S., 2010. Recognizing and avoiding siRNA off-

target effects for target identification and therapeutic application. 

Nature reviews Drug discovery, 9(1), pp.57-67. 

Jarad, G. and Miner, J.H., 2009. Update on the glomerular filtration 

barrier. Current opinion in nephrology and hypertension, 18(3), 

p.226. 

Johnsen, K.B., Gudbergsson, J.M., Skov, M.N., Pilgaard, L., Moos, T. and 

Duroux, M., 2014. A comprehensive overview of exosomes as drug 

delivery vehicles—endogenous nanocarriers for targeted cancer 

therapy. BiochimicaetBiophysicaActa (BBA)-Reviews on Cancer, 

1846(1), pp.75-87. 

Judge, A.D., Robbins, M., Tavakoli, I., Levi, J., Hu, L., Fronda, A., Ambegia, E., 

McClintock, K. and MacLachlan, I., 2009.Confirming the RNAi-

mediated mechanism of action of siRNA-based cancer therapeutics 

in mice. The Journal of clinical investigation, 119(3), pp.661-673. 

Kalani, A., Kamat, P.K., Kalani, K. and Tyagi, N., 2015. Epigenetic impact of 

curcumin on stroke prevention.Metabolic brain disease, 30(2), 

pp.427-435. 

Kaszuba, M., Corbett, J., Watson, F.M. and Jones, A., 2010.High-concentration 

zeta potential measurements using light-scattering 

techniques. Philosophical Transactions of the Royal Society of 

London A: Mathematical, Physical and Engineering 

Sciences, 368(1927), pp.4439-4451. 

Katakowski, M., Zheng, X., Jiang, F., Rogers, T., Szalad, A. and Chopp, M., 

2010. MiR-146b-5p suppresses EGFR expression and reduces in 

vitro migration and invasion of glioma. Cancer investigation, 28(10), 

pp.1024-1030. 

Kawakami, S. and Hashida, M., 2007.Targeted delivery systems of small 

interfering RNA by systemic administration. Drug metabolism and 

pharmacokinetics, 22(3), pp.142-151. 

Kim, D.H. and Rossi, J.J., 2007. Strategies for silencing human disease using 

RNA interference. Nature Reviews Genetics, 8(3), pp.173-184. 



Bibliography 

 

vi 
 

Kim, M.S., Haney, M.J., Zhao, Y., Mahajan, V., Deygen, I., Klyachko, N.L., 

Inskoe, E., Piroyan, A., Sokolsky, M., Okolie, O. and Hingtgen, S.D., 

2016.Development of exosome-encapsulated paclitaxel to overcome 

MDR in cancer cells. Nanomedicine: Nanotechnology, Biology and 

Medicine, 12(3), pp.655-664. 

Kooijmans, S.A., Stremersch, S., Braeckmans, K., de Smedt, S.C., Hendrix, A., 

Wood, M.J., Schiffelers, R.M., Raemdonck, K. and Vader, P., 2013. 

Electroporation-induced siRNA precipitation obscures the efficiency 

of siRNA loading into extracellular vesicles. Journal of controlled 

release, 172(1), pp.229-238. 

Kosaka, N., Iguchi, H., Yoshioka, Y., Hagiwara, K., Takeshita, F. and Ochiya, T., 

2012.Competitive interactions of cancer cells and normal cells via 

secretory microRNAs. Journal of Biological Chemistry, 287(2), 

pp.1397-1405. 

Kundu, A.K., Chandra, P.K., Hazari, S., Pramar, Y.V., Dash, S. and Mandal, 

T.K., 2012. Development and optimization of nanosomal 

formulations for siRNA delivery to the liver. European Journal of 

Pharmaceutics and Biopharmaceutics, 80(2), pp.257-267. 

Lagache, T., Sauvonnet, N., Danglot, L. and Olivo‐Marin, J.C., 2015. Statistical 

analysis of molecule colocalization in bioimaging. Cytometry Part 

A, 87(6), pp.568-579. 

Lai, R.C., Arslan, F., Lee, M.M., Sze, N.S.K., Choo, A., Chen, T.S., Salto-Tellez, 

M., Timmers, L., Lee, C.N., El Oakley, R.M. and Pasterkamp, G., 

2010. Exosome secreted by MSC reduces myocardial 

ischemia/reperfusion injury. Stem cell research, 4(3), pp.214-222. 

Lai, R.C., Yeo, R.W.Y., Tan, K.H. and Lim, S.K., 2013. Exosomes for drug 

delivery—a novel application for the mesenchymal stem cell. 

Biotechnology advances, 31(5), pp.543-551. 

Lamichhane, T.N., Jeyaram, A., Patel, D.B., Parajuli, B., Livingston, N.K., 

Arumugasaamy, N., Schardt, J.S. and Jay, S.M., 2016. Oncogene 

Knockdown via Active Loading of Small RNAs into Extracellular 



Bibliography 

vii 
 

Vesicles by Sonication. Cellular and molecular bioengineering, 9(3), 

pp.315-324. 

Landen, C.N., Chavez-Reyes, A., Bucana, C., Schmandt, R., Deavers, M.T., 

Lopez-Berestein, G. and Sood, A.K., 2005.Therapeutic EphA2 gene 

targeting in vivo using neutral liposomal small interfering RNA 

delivery. Cancer research, 65(15), pp.6910-6918. 

Larson, S.D., Jackson, L.N., Chen, L.A., Rychahou, P.G. and Evers, B.M., 

2007.Effectiveness of siRNA uptake in target tissues by various 

delivery methods. Surgery, 142(2), pp.262-269. 

Layzer, J.M., McCaffrey, A.P., Tanner, A.K., Huang, Z.A.N., Kay, M.A. and 

Sullenger, B.A., 2004. In vivo activity of nuclease-resistant 

siRNAs. Rna, 10(5), pp.766-771. 

Liu, Y., Li, D., Liu, Z., Zhou, Y., Chu, D., Li, X., Jiang, X., Hou, D., Chen, X., 

Chen, Y. and Yang, Z., 2015.Targeted exosome-mediated delivery 

of opioid receptor Mu siRNA for the treatment of morphine 

relapse. Scientific reports, 5. 

Lonnerdal, B., Du, X., Liao, Y. and Li, J., 2015. Human milk exosomes resist 

digestion in vitro and are internalized by human intestinal cells. The 

FASEB Journal, 29(1 Supplement), pp.121-3. 

Mainardes, R.M. and Evangelista, R.C., 2005. PLGA nanoparticles containing 

praziquantel: effect of formulation variables on size 

distribution. International journal of pharmaceutics, 290(1), pp.137-

144. 

Malek, A., Merkel, O., Fink, L., Czubayko, F., Kissel, T. and Aigner, A., 2009.In 

vivo pharmacokinetics, tissue distribution and underlying 

mechanisms of various PEI (–PEG)/siRNA complexes. Toxicology 

and applied pharmacology, 236(1), pp.97-108. 

Manders, E.M.M., Verbeek, F.J. and Aten, J.A., 1993.Measurement of 

co‐localization of objects in dual‐colour confocal images. Journal of 

microscopy, 169(3), pp.375-382. 



Bibliography 

 

viii 
 

Mathivanan, S., Ji, H. and Simpson, R.J., 2010. Exosomes: extracellular 

organelles important in intercellular communication. Journal of 

proteomics, 73(10), pp.1907-1920. 

Mittelbrunn, M., Gutiérrez-Vázquez, C., Villarroya-Beltri, C., González, S., 

Sánchez-Cabo, F., González, M.Á., Bernad, A. and Sánchez-Madrid, 

F., 2011. Unidirectional transfer of microRNA-loaded exosomes from 

T cells to antigen-presenting cells. Nature communications, 2, p.282. 

Morrissey, D.V., Lockridge, J.A., Shaw, L., Blanchard, K., Jensen, K., Breen, W., 

Hartsough, K., Machemer, L., Radka, S., Jadhav, V. and Vaish, N., 

2005. Potent and persistent in vivo anti-HBV activity of chemically 

modified siRNAs. Nature biotechnology, 23(8), pp.1002-1007. 

Munagala, R., Aqil, F., Jeyabalan, J. and Gupta, R.C., 2016. Bovine milk-derived 

exosomes for drug delivery. Cancer letters, 371(1), pp.48-61. 

Nazarenko, I., Rana, S., Baumann, A., McAlear, J., Hellwig, A., Trendelenburg, 

M., Lochnit, G., Preissner, K.T. and Zöller, M., 2010. Cell surface 

tetraspanin Tspan8 contributes to molecular pathways of exosome-

induced endothelial cell activation. Cancer research, 70(4), pp.1668-

1678. 

Novina, C.D., Murray, M.F., Dykxhoorn, D.M., Beresford, P.J., Riess, J., Lee, 

S.K., Collman, R.G., Lieberman, J., Shankar, P. and Sharp, P.A., 

2002. siRNA-directed inhibition of HIV-1 infection. Nature 

medicine, 8(7), pp.681-686. 

Ohno, S.I., Takanashi, M., Sudo, K., Ueda, S., Ishikawa, A., Matsuyama, N., 

Fujita, K., Mizutani, T., Ohgi, T., Ochiya, T. and Gotoh, N., 2013. 

Systemically injected exosomes targeted to EGFR deliver antitumor 

microRNA to breast cancer cells. Molecular Therapy, 21(1), pp.185-

191. 

Pan, Q., Ramakrishnaiah, V., Henry, S., Fouraschen, S., de Ruiter, P.E., 

Kwekkeboom, J., Tilanus, H.W., Janssen, H.L. and van der Laan, 

L.J., 2011. Hepatic cell-to-cell transmission of small silencing RNA 

can extend the therapeutic reach of RNA interference (RNAi). Gut, 

pp.gutjnl-2011. 



Bibliography 

ix 
 

Papadimitriou, S. and Bikiaris, D., 2009. Novel self-assembled core–shell 

nanoparticles based on crystalline amorphous moieties of aliphatic 

copolyesters for efficient controlled drug release. Journal of 

Controlled Release, 138(2), pp.177-184. 

Pearson, K., 1896. Mathematical contributions to the theory of evolution. III. 

Regression, heredity, and panmixia. Philosophical Transactions of 

the Royal Society of London. Series A, containing papers of a 

mathematical or physical character, 187, pp.253-318. 

Rana, S., Malinowska, K. and Zöller, M., 2013.Exosomal tumor microRNA 

modulates premetastatic organ cells. Neoplasia, 15(3), pp.281IN14-

295IN31. 

Rani, P., Vashisht, M., Golla, N., Shandilya, S., Onteru, S.K. and Singh, D., 

2017. Milk miRNAs encapsulated in exosomes are stable to human 

digestion and permeable to intestinal barrier in vitro. Journal of 

Functional Foods, 34, pp.431-439. 

Santel, A., Aleku, M., Keil, O., Endruschat, J., Esche, V., Fisch, G., Dames, S., 

Löffler, K., Fechtner, M., Arnold, W. and Giese, K., 2006. A novel 

siRNA-lipoplex technology for RNA interference in the mouse 

vascular endothelium. Gene therapy, 13(16), pp.1222-1234. 

Shen, B., Wu, N., Yang, J.M. and Gould, S.J., 2011. Protein targeting to 

exosomes/microvesicles by plasma membrane anchors. Journal of 

Biological Chemistry, 286(16), pp.14383-14395. 

Shen, H., Sun, T. and Ferrari, M., 2012.Nanovector delivery of siRNA for cancer 

therapy. Cancer gene therapy, 19(6), pp.367-373. 

Shtam, T., Kovalev, R. and Filatov, M., 2013. Exosomes are natural carriers of 

exogenous sirna to human cellsin vitro. The Febs Journal, 280(1), 

p.83. 

Skog, J., Würdinger, T., Van Rijn, S., Meijer, D.H., Gainche, L., Curry, W.T., 

Carter, B.S., Krichevsky, A.M. and Breakefield, X.O., 2008. 

Glioblastoma microvesicles transport RNA and proteins that promote 

tumour growth and provide diagnostic biomarkers. Nature cell 

biology, 10(12), pp.1470-1476. 



Bibliography 

 

x 
 

Sørensen, D.R., Leirdal, M. and Sioud, M., 2003.Gene silencing by systemic 

delivery of synthetic siRNAs in adult mice.Journal of molecular 

biology, 327(4), pp.761-766. 

Soutschek, J., Akinc, A., Bramlage, B., Charisse, K., Constien, R., Donoghue, 

M., Elbashir, S., Geick, A., Hadwiger, P., Harborth, J. and John, M., 

2004.Therapeutic silencing of an endogenous gene by systemic 

administration of modified siRNAs. Nature, 432(7014), pp.173-178. 

Subra, C., Grand, D., Laulagnier, K., Stella, A., Lambeau, G., Paillasse, M., De 

Medina, P., Monsarrat, B., Perret, B., Silvente-Poirot, S. and Poirot, 

M., 2010. Exosomes account for vesicle-mediated transcellular 

transport of activatable phospholipases and prostaglandins. Journal 

of lipid research, 51(8), pp.2105-2120. 

Sun, D., Zhuang, X., Xiang, X., Liu, Y., Zhang, S., Liu, C., Barnes, S., Grizzle, 

W., Miller, D. and Zhang, H.G., 2010. A novel nanoparticle drug 

delivery system: the anti-inflammatory activity of curcumin is 

enhanced when encapsulated in exosomes. Molecular Therapy, 

18(9), pp.1606-1614. 

Sun, T.M., Du, J.Z., Yan, L.F., Mao, H.Q. and Wang, J., 2008. Self-assembled 

biodegradable micellar nanoparticles of amphiphilic and cationic 

block copolymer for siRNA delivery. Biomaterials, 29(32), pp.4348-

4355. 

Svoboda, P. and Cara, A.D., 2006. Hairpin RNA: a secondary structure of 

primary importance. Cellular and molecular life sciences, 63(7), 

pp.901-908. 

Tian, Y., Li, S., Song, J., Ji, T., Zhu, M., Anderson, G.J., Wei, J. and Nie, G., 

2014.A doxorubicin delivery platform using engineered natural 

membrane vesicle exosomes for targeted tumor therapy. 

Biomaterials, 35(7), pp.2383-2390. 

Tiemann, K. and Rossi, J.J., 2009. RNAi‐based therapeutics–current status, 

challenges and prospects. EMBO molecular medicine, 1(3), pp.142-

151. 

Urban-Klein, B., Werth, S., Abuharbeid, S., Czubayko, F. and Aigner, A., 

2005.RNAi-mediated gene-targeting through systemic application of 



Bibliography 

xi 
 

polyethylenimine (PEI)-complexed siRNA in vivo. Gene therapy, 

12(5), pp.461-466. 

Vaishnaw, A.K., Gollob, J., Gamba-Vitalo, C., Hutabarat, R., Sah, D., Meyers, 

R., de Fougerolles, T. and Maraganore, J., 2010.A status report on 

RNAi therapeutics. Silence, 1(1), p.14. 

Valadi, H., Ekström, K., Bossios, A., Sjöstrand, M., Lee, J.J. and Lötvall, J.O., 

2007. Exosome-mediated transfer of mRNAs and microRNAs is a 

novel mechanism of genetic exchange between cells. Nature cell 

biology, 9(6), pp.654-659. 

Van de Water, F.M., Boerman, O.C., Wouterse, A.C., Peters, J.G., Russel, F.G. 

and Masereeuw, R., 2006. Intravenously administered short 

interfering RNA accumulates in the kidney and selectively 

suppresses gene function in renal proximal tubules. Drug 

metabolism and disposition, 34(8), pp.1393-1397. 

van den Boorn, J.G., Schlee, M., Coch, C. and Hartmann, G., 2011. SiRNA 

delivery with exosome nanoparticles. Nature biotechnology, 29(4), 

p.325. 

Van Niel, G., Porto-Carreiro, I., Simoes, S. and Raposo, G., 2006. Exosomes: a 

common pathway for a specialized function. Journal of biochemistry, 

140(1), pp.13-21. 

Vashisht, M., Rani, P., Onteru, S.K. and Singh, D., 2017. Curcumin 

Encapsulated in Milk Exosomes Resists Human Digestion and 

Possesses Enhanced Intestinal Permeability in Vitro. Applied 

Biochemistry and Biotechnology, pp.1-15. 

Wahlgren, J., Karlson, T.D.L., Brisslert, M., Vaziri Sani, F., Telemo, E., 

Sunnerhagen, P. and Valadi, H., 2012. Plasma exosomes can 

deliver exogenous short interfering RNA to monocytes and 

lymphocytes. Nucleic acids research, 40(17), pp.e130-e130. 

Wahlgren, J., Statello, L., Skogberg, G., Telemo, E. and Valadi, H., 2016. 

Delivery of small interfering RNAs to cells via exosomes. SiRNA 

Delivery Methods: Methods and Protocols, pp.105-125. 



Bibliography 

 

xii 
 

Wang, X., Wang, Y., Chen, Z.G. and Shin, D.M., 2009. Advances of cancer 

therapy by nanotechnology. Cancer Research and Treatment, 41(1), 

pp.1-11. 

 

Whitehead, K.A., Langer, R. and Anderson, D.G., 2009. Knocking down barriers: 

advances in siRNA delivery. Nature reviews Drug discovery, 8(2), 

pp.129-138. 

Wolfrum, C., Shi, S., Jayaprakash, K.N., Jayaraman, M., Wang, G., Pandey, 

R.K., Rajeev, K.G., Nakayama, T., Charrise, K., Ndungo, E.M. and 

Zimmermann, T., 2007.Mechanisms and optimization of in vivo 

delivery of lipophilic siRNAs. Nature biotechnology, 25(10), pp.1149-

1157. 

Xia, C.F., Zhang, Y., Zhang, Y., Boado, R.J. and Pardridge, W.M., 2007. 

Intravenous siRNA of brain cancer with receptor targeting and 

avidin–biotin technology. Pharmaceutical research, 24(12), pp.2309-

2316. 

Xin, H., Li, Y., Buller, B., Katakowski, M., Zhang, Y., Wang, X., Shang, X., 

Zhang, Z.G. and Chopp, M., 2012. Exosome‐Mediated Transfer of 

miR‐133b from Multipotent Mesenchymal Stromal Cells to Neural 

Cells Contributes to Neurite Outgrowth. Stem cells, 30(7), pp.1556-

1564. 

Xu, C.F. and Wang, J., 2015. Delivery systems for siRNA drug development in 

cancer therapy. Asian Journal of Pharmaceutical Sciences, 10(1), 

pp.1-12. 

Yang, T., Martin, P., Fogarty, B., Brown, A., Schurman, K., Phipps, R., Yin, V.P., 

Lockman, P. and Bai, S., 2015. Exosome delivered anticancer drugs 

across the blood-brain barrier for brain cancer therapy in Daniorerio. 

Pharmaceutical research, 32(6), pp.2003-2014. 

Yang, X.Z., Dou, S., Sun, T.M., Mao, C.Q., Wang, H.X. and Wang, J., 2011. 

Systemic delivery of siRNA with cationic lipid assisted PEG-PLA 

nanoparticles for cancer therapy. Journal of controlled release, 

156(2), pp.203-211. 



Bibliography 

xiii 
 

Yang, Z., Xie, J., Zhu, J., Kang, C., Chiang, C., Wang, X., Wang, X., Kuang, T., 

Chen, F., Chen, Z. and Zhang, A., 2016. Functional exosome-mimic 

for delivery of siRNA to cancer: in vitro and in vivo 

evaluation. Journal of Controlled Release, 243, pp.160-171. 

Yang, Z., Yu, B., Zhu, J., Huang, X., Xie, J., Xu, S., Yang, X., Wang, X., Yung, 

B.C., Lee, L.J. and Lee, R.J., 2014. A microfluidic method to 

synthesize transferrin-lipid nanoparticles loaded with siRNA LOR-

1284 for therapy of acute myeloid leukemia. Nanoscale, 6(16), 

pp.9742-9751. 

Yu, B., Zhao, X., Lee, L.J. and Lee, R.J., 2009.Targeted delivery systems for 

oligonucleotide therapeutics. The AAPS journal, 11(1), pp.195-203. 

Zhong, Y.Q., Wei, J., Fu, Y.R., Shao, J., Liang, Y.W., Lin, Y.H., Liu, J. and Zhu, 

Z.H., 2008. Toxicity of cationic liposome Lipofectamine 2000 in 

human pancreatic cancer Capan-2 cells. Nan fang yike da 

xuexuebao Journal of Southern Medical University, 28(11), pp.1981-

1984. 

Zhuang, X., Xiang, X., Grizzle, W., Sun, D., Zhang, S., Axtell, R.C., Ju, S., Mu, 

J., Zhang, L., Steinman, L. and Miller, D., 2011. Treatment of brain 

inflammatory diseases by delivering exosome encapsulated anti-

inflammatory drugs from the nasal region to the brain. Molecular 

Therapy, 19(10), pp.1769-1779. 

Zöller, M., 2013.Pancreatic cancer diagnosis by free and exosomalmiRNA. 

World J GastrointestPathophysiol, 4(4), pp.74-90. 

Zuckerman, J.E. and Davis, M.E., 2015. Clinical experiences with systemically 

administered siRNA-based therapeutics in cancer. Nature Reviews 

Drug Discovery, 14(12), pp.843-856. 

Zuhorn, I.S., Oberle, V., Visser, W.H., Engberts, J.B., Bakowsky, U., Polushkin, 

E. and Hoekstra, D., 2002. Phase behavior of cationic amphiphiles 

and their mixtures with helper lipid influences lipoplex shape, DNA 

translocation, and transfection efficiency. Biophysical journal, 83(4), 

pp.2096-2108. 



 

 

 

 

 

 

 

 

Annexures 

 

 

 

 



I 
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2. 
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13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

Absolute Ethanol 

Agarose 

Ampicillin, Sodium salt 

α-amylase from bacillus licheniformis liquid 

AllStars Negative Control siRNA 

BCA protein assay kit 

Bile extract Porcine 

Bodipy®TR Ceramide 

Bromophenol Blue 

BSA 

Calcium chloride dihydrate 

Chloroform (M.B. Reagent) 

DEPC 

4’,6-Diamidino-2-phenylindole (DAPI) 

DMSO 

Dulbecco’s Modified Eagle’s Medium 

Electrolytic buffer E2 (Neon® 100µl kit) 

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 

Ethidium bromide 

ExoQuick-TC™ 

Glycine 

Insulin 

Lysozyme from chicken egg white 

L-glutamine                                                             

MilliQ water 

miRCURY™  

Merck KGaA, Germany 

Bangalore Genei, India 

Himedia Laboratories Pvt. Ltd., India 

Sigma-Aldrich Co., USA 

Qiagen,Germany 

Pierce™, Thermo scientific 

Santa Cruz Biotechnology, US 

Molecular probes™, life technologies 

S.d Fine-Chem. Ltd., India 

Sigma-Aldrich Co., USA 

Sigma-Aldrich Co., USA 

Sigma-Aldrich Co., USA 

Sigma-Aldrich Co., USA 

Sigma-Aldrich Co., USA 

Amresco, USA 

Sigma-Aldrich Co., USA 

Invitrogen by Life technologies 

Sigma-Aldrich Co., USA 

Sigma-Aldrich Co., USA 

System biosciences Amresco, USA 

Bio-Rad Laboratories, USA 

Sigma-Aldrich Co., USA 

Sigma-Aldrich Co., USA 

Sigma-Aldrich Co., USA 

Millipore Corporation, USA 

Exiqon 
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27. 
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33. 
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40. 

41. 

42. 
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45. 

 

                        

                       Chemical 

 

MTT 

Mucin from porcine stomach Type II 

Mucin from porcine stomach type III 

Non-essential amino acids 

Nuclease free water 

Pancreatin 

Paraformaldehyde 

Pepsin from porcine gastric mucosa 

Penicillin-Streptomycin solution 

Protease free BSA 

Resuspension buffer R(Neon®100µl kit) 

Sodium chloride (M.B. Reagent) 

Sodium selenite 

Transferrin 

Triton X-100 

Trypsin from bovine pancreas 

Trypan blue dye 

Water sterile tissue culture grade 

X-tremeGENE HP DNA Transfection Reagent 

 

 

                 Company 

 

Sigma-Aldrich Co., USA 

Sigma-Aldrich Co., USA 

Sigma-Aldrich Co., USA 

Sigma-Aldrich Co., USA 

Ambion, Applied Biosystems, USA 

Sigma-Aldrich Co., USA 

Sigma-Aldrich Co., USA 

Sigma-Aldrich Co., USA 

Sigma-Aldrich Co., USA 

Hyclone 

Invitrogen by life technologies 

Sigma-Aldrich Co., USA 

Sigma-Aldrich Co., USA  

Sigma-Aldrich Co., USA 

Bio-Rad Laboratories, USA 

Sigma-Aldrich Co., USA 

Sigma-Aldrich Co., USA 

Himedia Laboratories Pvt. Ltd., India 

Roche Applied Science, Mannheim, 

Germany 

 

 



III 
 

APPENDIX-II 

LIST OF EQUIPMENTS 

 
S.No. 

  
Equipment 

 
Brand name 

 

 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

 

8. 

 

9. 

 

10. 

 

11. 

 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

 

Centrifuge(Table-top) 

Deep Freezer (-20°C) 

Deep Freeze (-80°C) 

Distillation plant 

Double beam spectrophotometer 

Elisa plate reader 

Electron Weighing balance 

 

Fluorescence microscope(Nikon 

eclipse Ti) 

Fluorescence plate reader  

 

Forma series II Water jacketed 

Thermo CO2  Incubator 

Gel Documentation 

 

Heating Block 

pH meter 

Horizontal gel electrophoresis 

apparatus 

Icematic machine 

Incubator 

Incubator-cum-Shaker 

Inverted Microscope 

Ion Coater 

 

Remi, India 

Vestfrost, Finland 

Thermo Electron Corp., USA 

Scientronic, India 

Specord 200 analytikjena, Germany 

Eon BioTek 

Sartorius BP11D, France; Shimadzu 

Corporation(AW220), Japan 

Nikon, Japan 

 

(Infinite®200 PRO, Tecan, Switzerland) 

 

Electron Corporation, USA 

 

Alpha Innotech, USA; BioRad Laboratories Pvt. 

Ltd., USA 

PeqLab, Germany 

Orion (Thermo electron corporation), USA 

Peqlab, Germany; Bangalore Genei, India 

 

Blue star, India 

Scientronic, India 

MRC, Israel 

Olympus, CK2 

Hitachi IB-3, Japan 



IV 
 

 

S.No 

 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

    

                 Equipment 

 

Laminar Flow 

Microcentrifuge 

Nanophotometer 

Neon® Transfection Device 

Oven 

Refrigerated high speed 

Mirocentrifuge 

Roto spin-Test tubes rotator 

Scanning electron microscope 

Spiner 

Syringes 

U.V. Transilluminator 

Zetasizer 

  

                         Brand name 

 

BBL Biological Cabinet, USA 

Remi, India; PeqLab, Germany 

Implen, Germany 

Thermo Fisher scientific 

Akash Deep, India 

MIKRO 22 R, Hetich Centrifuge, Germany; 

Supra 22K Korea 

Tarson, India 

EVO® 18, Carl ZEISS special edition, UK 

Tarson, India; Peq Lab, Germany 

Dispovan, India 

VilberLourmant, France 

Malvern Insruments limited, UK 

 

 


