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SUMMARY 

Retinal Ischemia is considered as the main cause of vision impairment and degradation of retina 

worldwide. It results in impaired oxygen delivery to the retina. It occurs due to several disorders such 

as glaucoma, age-related macular degeneration, diabetes retinopathy, central retinal artery occlusion, 

stroke, optic neuropathies covering all age groups. Out of this diabetes retinopathy is a leading cause 

for vision loss among the working professionals and is expected to affect approximately 57 million by 

2030. The ability of the damaged human retina to regenerate is limited. The traditional therapies use 

laser surgery, intra-vitreous injection using anti-angiogenic factors and eye drops. Though effective 

they have their own drawbacks. One of the main drawbacks is they focus on arresting the disease and 

not on rectifying it. Also, the efficiency depends on the extent of the disease. Therefore, alternative 

therapies are needed to treat the disease and rectify them. Stem cell-based therapy that uses 

mesenchymal stem cells (MSCs) can be a potential option. However, they have low cell integration, 

aberrant growth and immune response limiting their potential. Recent research has shown that MSC 

impacts are due to paracrine action and are intervene by MSC determined extracellular vesicles (EVs) 

particularly exosomes. Though the primary source of MSCs is bone-marrow they can be obtained from 

several other places such as adipose, placenta, dental pulp, skin, umbilical cord. This study focuses on 

dental pulp derived MSC exosomes. 

As dental pulp stem cells (DPSCs) are extracted from the neural crest, we assumed that their exosomes 

will have a good efficiency for regeneration and protection of retinal neuronal cells.  As a further step, 

we sought to enhance the anti-apoptotic and pro-proliferative properties of the DPSC exosomes by 

generating engineered exosomes with exosome-targeted increased expression of miR424. The 

effectiveness of both naïve exosomes and engineered exosomes were explored based on following 

experiments: 1. Endocytosis of exosomes by R28 retinal cells; 2. Binding of exosomes to ECM proteins 

and vitreous humor; 3. Proliferation assay; and 4. Lactate dehydrogenase assay (as a measure of dead 

cells).  Results showed that altering the miRNA composition of the exosomes did not affect the basic 

properties such as size, concentration, endocytosis but enhanced their functionality in the form of 



ix 
 
 

increased proliferation of R28 retinal cells and an enhanced ability to rescue them from apoptosis when 

subjected to simulated ischemia condition better than the naïve exosomes.   

Overall these studies highlight the ability of dental-pulp-stem-cell derived exosomes in regenerative 

medicine and characterize the properties of engineered exosomes for function-specific tissue 

regeneration.
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CHAPTER  1 

1 INTRODUCTION 

1.1 Background 

 

Retinal ischemia is a leading cause for impaired vision and retinal degeneration. It is a pathological 

condition that is characterized by reduction in blood flow to the retina [1]. It occurs due to several 

disorders such as macular degeneration, diabetic retinopathy, stroke, central retinal artery occlusion, 

optic neuropathies and glaucoma [1, 2]. Diabetes retinopathy is major reason for vision loss in working 

adults and is expected to affect approximately 57 million by 2030. The second most common cause of 

impaired vision is age-related macular degeneration affecting 200 million old people worldwide[3]. The 

ability of the damaged human retina to regenerate is limited. The traditional therapies focus on 

preventing the disease advancement and use intra-vitreous medication of anti-angiogenic factors, eye 

drops or laser treatment. Though effective in treating the symptoms, the underlying issue remains 

unaddressed. Therefore, alternative therapies are needed to effectively treat these diseases.  A successful 

therapy should be able to repair and regenerate the damaged tissue by surpassing the limitations of using 

growth factors [2]. A major hurdle in medicine is to develop therapeutics that support the healing of 

damaged tissues and organs, as the human body possesses limited ability to restore the tissues or organs 

to its original functionality. The emerging field of regenerative medicine and tissue engineering 

promises to treat variety of diseases or conditions that do not have any specific treatment. To achieve 

this, it uses efficient therapeutic biological strategies using stem cells, biological factors and delivery 

agents such as carriers or scaffolds [4, 5]. 

1.2 Stem cells 

 

Stem cells are unspecified cells having the ability of proliferation, self-renewal and specializing into 

different cells and tissues through cell division. In general, stem cells can be of two types one being 

Embryonic stem cells and other being adult or somatic cells. The embryonic stem cells are considered 

pluripotent because of their ability to be differentiated into different cell lineages. They are extracted 
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from the inner cell mass and is not ethical as blastocyst is disrupted during harvesting [6]. The non-

embryonic or somatic stem cells are multipotent, and they can be differentiated into specific cell types. 

The Non-embryonic stem cells are classified into at least two types, the haematopoietic stem cells which 

are responsible for haematopoiesis and the mesenchymal stem cells [7]. The stromal compartment of 

bone marrow has a  very minute fraction of  mesenchymal stem cells, 0.001- 0.01% of the overall 

population in the marrow [8]. MSCs can also be obtained from different adult tissues such as skin, 

pancreas, heart, lung, kidney, adipose tissue [9]. 

1.3 Mesenchymal Stem cells 

 

Mesenchymal stem cells a type of somatic cells, belongs to the heterogenous multipotent population of 

cells that are isolated from various adult tissues. Adult or somatic stem cells can generally be 

differentiated into the tissue where they are obtained from. Morphologically they appear to be like that 

of fibroblast. Mesenchymal stem cells were first discovered by Friedenstein and Petrakova in 1976 and 

were harvested from bone marrow aspirates of the volunteers [8,10]. They are responsible for 

maintaining the population of  haemopoietic stem cells and support in their differentiation [11].The 

International Society of Cellular Therapy defines MSCs as fibroblast-like adherent cells which express 

several markers CD73, CD105 and CD90 and lack CD34, CD19, CD14, CD45, CD11b, HLA-DR and 

CD79 [12]. They are induced to specialise into the cells of mesodermal lineage like adipocytes, 

chondrocytes and osteocytes and some other lineages [13]. The primary source of MSCs is adult bone 

marrow but recent research shows that they can be found at several other sites such as adipose tissue, 

dental pulp, liver and fetal tissues [9]. They can be easily cultured in vitro due to their property of plastic 

adherence while maintaining their multipotency and the yield obtained from the culture is enough to 

use them for therapeutic purposes. Their anti-proliferative activity is responsible for tissue homeostasis. 

MSCs show several cell-adhesion receptors such as ICAM, VCAM, P-selectin, L-selectin which bind 

to fibronectin, laminin and collagen. MSCs help in cell to cell contact which plays a very important role 

in ‘homing’ [14]. Easy isolation, differentiation and self-renewal capacity of MSCs have made them an 

attractive target for clinical application and are extensively researched. 



3 
 
 

 

1.4 Regenerative properties of MSCs 

 

The ability of self-renewal is an important feature of MSCs. Although it can only be passed for limited 

times in vitro .The proliferation capability depends on several factors such as tissue source, donor age 

and culture conditions. [15]. Another remarkable property of MSCs is the wide range of differentiation. 

MSCS are considered as unique sub-type of adult or somatic stem cells. Other type of stem cells like 

neural stem cells or haematopoietic cells differentiate into specific cell type but MSCs not only 

differentiate into mesodermal lineages but can also differentiate into endodermal or ectodermal 

lineages, such as into neurons under typical experimental conditions [16]. Because of such a wide range 

they are accountable for growth, regeneration of cells and wound healing which are dead every day 

[17]. Another important phenomenon shown by MSCs is homing. Homing is a process in which the 

cells sense the injury and migrate to the damage tissue and differentiate into specific cell type [14]. 

MSCs seem to be hypoimmunogenic and are thus used for allogenic transplantation but the latest 

research suggests some immunosuppression once they are transplanted.  

1.5 Paracrine actions of MSCs 

 

The important underlying principle of MSCs favourable effects in regenerative medicine is due to its 

ability to induce several trophic factors that are bioactive. MSCs secrete various types of chemokines, 

cytokines and growth factors that rescues the damaged tissue. They are believed to secrete certain 

neurotrophic growth factors. Paracrine actions of these factors directly have neurotrophic or 

neuroprotective effect on the neurons. It induces neurogenesis, neurite growth and anti-apoptotic effects 

[18].The trophic factors also affect various functions such as enhancing the rate of survival, modulating 

the immune system, increasing proliferation, arresting cell apoptosis, promoting angiogenesis, 

formulation of extracellular matrix and differentiation ability [16, 19]. A single engrafted MSC has the 

ability to affect several cells in the vicinity by intercellular communication improving the tissue repair. 

MSCs show extensive immune modulatory effect that arrests the lymphocyte proliferation and inhibit 

apoptosis of the neutrophils [20]. They affect and inhibit both innate and adaptive immune cells. 
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Neovascularization is one of the major biological process that is dictated by the paracrine effects of 

MSCs. Along with the secretion of growth factors, chemokines and cytokines, MSCs regenerative 

abilities are also enhanced by the development of nanotubes in the membrane and secretion of 

extracellular vesicles. They affect cellular process by transporting wide range of tropic factors such as 

miRNAs, proteins, and messenger RNA [19]. MSCs can also guide mitochondrial transfer, cell fusion 

through cell-contact [21]. 

1.6 Exosomes 

 

The paracrine factors are released in the extracellular environment. Additionally, number of factors are 

believed to be packaged into extracellular vesicles and migrate to different sites through the bloodstream 

[22]. Extracellular vesicle (EVs) are small vesicles secreted by almost all cell types. There are two types 

of EVs namely exosomes and micro vesicles/microparticles. Micro vesicles are about 150 to 1000nm 

in diameter and are released by the process of budding of the plasma membrane. The other type of EV 

is exosomes. Exosomes are nanovesicles having a diameter in the range of 40-200nm [23].They are 

generated in the endosomal compartment of the Multivesicular bodies(MVBs) and are released when 

these MVBs combine with the external boundary of the cell i.e plasma membrane. They are filled with 

components derived from endosome and are distinguished by a phospholipid bilayer. They contain 

variety of proteins and mRNAs, miRNAs that can induce a distinct cellular response. Secretion of 

exosomes is a common cellular process that facilitates intracellular communication [24]. When 

secreted, they are taken up by the cells in vicinity or they travel distantly through blood and other 

biological fluids. Recent research shows the presence of exosomes in number of biological fluids such 

as urine, plasma malignant, pleural effusion, amniotic fluid, breast milk and synovial fluid [25, 26]. 

Exosomes are researched for several functions such as diagnostic biomarkers [27], for Nano delivery 

due to their ability to cross brain-blood barrier [28]. The most important and focus here is the function 

of exosomes in regenerative medicine and tissue engineering specially those derived from MSCs. In 

published studies it seen that exosomes mitogen activated protein kinase (MAPK) pathway which 

increases the proliferation rate of MSCs. Various sources of MSCs and endothelial cells derived 
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exosomes demonstrate pro-angiogenic properties which are linked to the presence of miRNAs within 

the exosomes. The immunomodulatory effect of MSCs is shown to be driven by exosomes by secreting 

anti-inflammatory factors or by secreting M2 macrophages [24]. Additionally, the neuroprotection 

ability of the MSCs is believed to be the effect of paracrine actions specially exosomes. Recent studies 

have shown that extracellular vesicles decrease the neuronal cell death and stimulate axonal growth [2]. 

1.7 Dental Pulp as a source of MSCs 

 

As mentioned earlier, MSCs can be harvested from several tissues and organs other than bone-marrow. 

Dental-tissue derived MSCs are among several other stem cells located in the teeth [13]. Depending on 

the origin, there are different types of MSC population, one of them being Dental pulp stem cell (DPSC). 

They were first discovered in 2000 by Gronthos et al. and was extracted from third molars [29]. DPSCs 

have their origin in the neural crest and can be obtained from the perivascular niche present in the dental 

pulp. They are considered as an excellent type of stem cells as they are harvested by simple, minimally 

invasive procedure and without any adverse effects. Also, they have no ethical concerns unlike 

embryonic stem cells [30, 31]. The innate function of DPSCs is to proliferate and migrate to damage 

tissue and differentiate into odontoblast thus maintaining and repairing various types of damage [29, 

32]. Besides, they can also undergo adipogenic and neurogenic differentiation. Further characterization 

showed their osteogenic, chondrogenic and myogenic differentiation abilities [29]. Though they share 

similar characteristics with bone-marrow stem cells, DPSCs have shown greater proliferation rate and 

high frequency of colony forming cells in comparison to bone-marrow MSCs. Further studies show that 

they have higher osteogenic differentiation as that of bone-marrow MSCs [32]. DPSCs have markers 

of neuronal precursors and glial cells such as nestin and glial fibrillary acid protein (GFAP) [33]. This 

reflects their origin in the neural crest and have precedence in treatment of nerve injury above other 

sources of stem cells like MSCs obtained from bone marrow. DPSCs can also minimize 

neurodegeneration in the primary stage of neuronal apoptosis [34]. The trophic factors expressed by 

DPSC are exceptionally higher than the bone-marrow derived MSCs. Also, the cytokine expression 

level is greater than other types of MSC. These all benefits of DPSCs are assumed to be mediated by 
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secretome [35]. Published studies have shown the regeneration abilities of MSCs being associated with 

the secretome containing EVs or EVs themselves [31]. 

 

1.8 Research Objective 

 

The current research study aims at accomplishing three objectives: 1. To characterize dental pulp 

derived exosomes. 2. To investigate the use of DPSC derived exosomes in neuroprotection. 3. To 

evaluate the role of engineered exosomes for the same and compare the two. 

1.9 Hypothesis 

 

This thesis is based on the hypothesis that DPSC derived exosome play an important role for 

neuroprotection/regeneration in retinal disorder and engineered exosomes enhancing this ability.  

 

 

 

 

 

 

 

 

 

 

 



7 
 
 

CHAPTER 2 

2 MATERIALS AND METHODS 

 

2.1 DPSC and DPSC miR424 

 

The human dental pulp derived stem cells (DPSCs) were used in the study. They were a gift from 

University of Pennsylvania, School of Dental Medicine by Dr. Songtao Shi. For engineering purpose, 

the DPSCs were transfected with miR424 that were used for all the experiments. The culture medium 

used for cells consisted of alpha-minimum essential medium (αMEM) along with 20% fetal bovine 

serum (FBS, Gibco), 1% antibiotic-antimycotic solution (anti-anti, Gibco) and 1% L-glutamine (Gibco) 

[36]. In order to perform experiments the cells utilized were of passage 4 or below. 

2.2 Isolation of Exosomes 

 

Both the cell types (DPSCs and DPSC miR424) were seeded and cultured until 80% confluency in T125 

flask. Exosomes were purified from the culture media for a brief time approximately 3 weeks. They 

were purified according to the protocol published previously [24].  Before isolation, the cells were 

washed with PBS and cultured for 2 days in serum free media. Later the serum free media was collected 

and centrifuged at 1500 x g to remove any cell debris. The supernatant was then translated into a ultra-

filtration tube having a filter cut-off 100-kDa and was centrifuged at 4000 x g at 4°Cfor 20min. 20% 

Exo Quick-TC (System Biosciences) was added to the concentrated volume of condition media to 

isolate the exosomes. The isolated exosomes were then suspended in PBS. The exosome concentration 

was normalised to number of cells obtained from culture flask and diluted to assure that 100µl of 

mixture contain exosomes purified from 1million number of cells as previously published [24]. 

2.3 Fluorescent labelling of exosomes 

 

The fluorescent labelling of DPSC and DPSC miR424 derived exosomes was obtained by using the 

Exo-Glow-Green (System Bioscience) labelling kit. The exosome pellet was diluted in PBS. After 

adding Exo-Green the suspension was incubated for 30min at 37°C. Later Exo Quick-TC was put in 
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and incubated for 90min at 4°C. These labelled exosome suspensions were spin down for 3min at 13300 

x g and were diluted in PBS. 

2.4 Characterization of Exosomes 

 

The exosomes isolated from DPSC and DPSC miR424 were identified for their size, distribution and 

exosomal surface markers. A Nanosight (LM10-HS, Malvern, Westborough, MA) instrument was used 

to perform Nanoparticle Tracking Analysis (NTA). It recorded the exosome size distribution and 

concentration to maintain the configuration and uniformity during all the experiments. The presence of 

surface markers CD 63 and CD9 were confirmed using Western Blot. We lysed the exosome pellets in 

RIPA buffer (1X) and diluted with SDS sample buffer. The lysate was then boiled for 5min and 

incubated at -80°C overnight. Before loading the samples, they were boiled for 5min and equal amount 

of each were loaded onto the gel. Proteins were electroblotted to nitrocellulose membrane (0.2µm) 

overnight at 30V. Nonspecific binding was blocked with LICOR Odyssey blocking buffer. The primary 

antibodies were added, and the nitrocellulose membrane was incubated in the freezer overnight. The 

primary antibody used are : CD63 (rabbit monoclonal, Abcam, 1/500), CD 9 (mouse monoclonal, 

Abcam, 1/100) mixed with blocking buffer [2]. The membrane was then washed 3times with PBST 

(PBS mixed with 0.1% Tween 20) for 5minutes per wash and was incubated for 60min with secondary 

antibodies: Goat anti-rabbit (LI-COR, 1/15000) and Donkey anti-mouse (LI-COR, 1/10000). After the 

wash with PBST, the membrane was air-dried and the immunoblot was scanned using an instrument 

LICOR Odyssey (Lincoln, NE)[2]. To cross verify expression of miR424 in the exosomes, the total 

miRNA from the cells and exosomes was extracted by using miRNeasy® Mini Kit (QIAGEN). Purified 

miRNA was reverse transcribed using miScript II RT kit (QIAGEN) according to the manufacturer’s 

guidelines. Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) was conducted in 

quadruplets using SYBR® Green PCR kit (QIAGEN) to analyse the expression of miR424 in 

engineered exosomes. The primers used for PCR experiments are as follows: miR424 3p (5’ GGC AGC 

AGC AAT TCA TGT TTT GAA 3’), miR424 5p (5’ GCA AAA CGT GAG GCG CTG CTA T 3’) and 

Hs_RNU6-2_11 miScript Primer Assay (QIAGEN). 
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2.5 R28 retinal cell culture 

 

R28 neuronal-like cells were bought from Kerafast (Boston, MA) and seeded as per manufacturer’s 

guidelines.  R28 neuronal-like cells are the precursor for retinal cell-line and are extracted from 

postnatal 6 Sprague-Dawley rat retina and was immortalized with the 12S E1A gene [2]. The cells have 

been passaged more than 20times and show no morphological difference while maintaining its 

heterogenous nature. Cells were cultured in DMEM low glucose (1g/L) with 10% fetal bovine serum 

(420ml DMEM 1g/L, 15ml 7.5% sodium bicarbonate, 50ml fetal bovine serum, 5ml MEM non-

essential amino acid, 5ml MEM vitamins, 5ml L-glutamine and 0.625ml anti-anti), with pH being 7.4 

[2]. 

2.6 Endocytosis experiments 

 

The in vitro endocytosis study was conducted in 96 well ELISA plates. Briefly, 20K R28 retinal cells 

were seeded into each well. 24h after culture, DPSC and DPSC miR424 derived labelled exosomes 

were added in increasing amount to each well. The samples were incubated for 2h at 37°C. For blocking 

studies, 10µ𝑙 of exosomes were added to each well containing 20K R28 cells. Methyl-β-cyclodextrin 

(MBCD, 0,2.5 and 5mM) , Arg-Gly-Asp peptide (RGD, 0 and 2.5mM) were added to the cells in 

increasing amounts before the endocytosis experiment and exosomes were treated with heparin (0, 2.5, 

5 and 10µM) at the start of the experiment for 1h at 37°C. Also, the cells were treated at 4°C for 1h post 

that they were incubated by adding labelled DPSC and DPSC miR424 derived exosomes. The 

experiments were performed in repeat of six. The wells were cleaned with PBS 3 times and were fixed 

with the help of 4% neutral formalin buffer. A suitable band pass filter was utilized to record the amount 

of fluorescence and the 96 well plate reader (BioTek) was used for the same.  

For imaging purpose, the coverslip was put inside 6 well ELISA plates and 50K R28 retinal cells were 

cultured onto it. After 24h of seeding, the cells were treated with 50µl of fluorescently labelled DPSC 

and DPSC miR424 exosomes and was incubated for 2h at 37°C. The coverslips were cleaned 3 times 

with PBS and fixed with the help of 4% neutral formalin buffer [2]. To observe the microtubules, cells 
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were immuno-stained with anti-tubulin. The coverslips were fixed on a glass slide and confocal images 

were obtained using a Zeiss LSM 710 microscope.  

2.7 MTS cell proliferation assay 

 

The MTS cell proliferation assay was carried out on R28 retinal cells using DPSC and DPSC miR424 

derived exosomes. The CellTiter 96® Aqueous One Solution Cell Proliferation Assay (Promega) kit 

was used as per manufacturer’s instructions. For the cell proliferation assay, 2000 cells were seeded per 

well and were cultured for 1, 3, 5 and 7days. At the end of each time points, 20µL of proliferation assay 

reagent was mixed to 100µl of culture media and added to each sample well. The samples were then 

incubated at 37°C for 60min, 90mins, 120mins and absorbance was measured at 490nm using BioTek 

96 well plate reader and results were plotted to compare the difference in rate of proliferation between 

cells treated and non-treated with exosomes. 

2.8 Binding experiments 

 

The peptides DGEA, GFPGR, Collagen, Fibronectin and RGD were coated onto the 96well plate at 

5µg/well in 0.2M carbonate buffer overnight at 4°C. The vitreous humor was obtained from rat eyes 

was coated at 50µg/well using 0.2M carbonate buffer. The Plates were cleaned and incubated at 37°C 

for 2h with increasing amounts of fluorescently labelled DPSC and DPSC miR424 derived exosomes. 

The plates were cleaned 3 times using PBS and fixed with the help of 4% neutral formalin buffer. The 

fluorescence of bound exosomes was recorded with the help BioTek 96 well plate reader and results 

obtained were graphically represented. 

2.9 In vitro model of low oxygen and glucose 

 

The R28 retinal cells were subjected to simulated oxygen-glucose deprivation (OGD) condition. 2000 

cells/well were seeded in 96 well ELISA plate. To represent OGD condition, cells were grown in no 

glucose medium and treated with hypoxic condition i.e 1% O2, 5% CO2 for 6h. Equal amounts of 

DPSC and DPSC miR424 derived exosomes (3µl) were added and cells were reoxygenated at 37°C 

overnight and lactate dehydrogenase (LDH) was measured using LDH kit ( Promega, Madison, WI).  
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Briefly, the supernatant from normal and OGD treated cells were transferred to a new 96 well plate and 

each sample well was treated with 20µl of CytoTox 96® reagent. The plate was then incubated for 

30min at room temperature. The absorbance from the samples was measured at 492nm after adding the 

stop solution. Cytotoxicity was estimated based on the amount of LDH present in the supernatant of 

samples. The results were plotted, and percentage cell death was obtained with and without DPSC and 

DPSC miR424 derived exosomes. 

2.10 Statistical Analysis 

 

All the data is represented as mean ± standard deviation (SD), and the significance was calculated by 

student’s t-test where appropriate. 
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CHAPTER 3 

3 RESULTS 

3.1 Characterization of Exosomes 

 

The isolated DPSC and DPSC miR424 derived exosomes were characterized by NTA and western blot. 

In general, EVs are small vesicles released by most cell types and depending on the size they are 

segregated as microvesicles 150 to 1000nm, exosomes 40 to 200nm and larger apoptotic bodies. The 

purified EVs were identified as exosomes based on the size and composition. Using NTA the size and 

concentration of exosomes derived from DPSC were analysed. The curve obtained represented a 

gaussian distribution and maximum area under the bell-shaped curve denoted the size range of 40-

200nm which confirmed the presence of exosomes in the suspension. The highest peak was seen at 

107nm. Another peak was observed at 147nm, that’s likely being the mixture of exosomes and 

microvesicles. Similarly, for DPSC miR424 exosomes highest peak was observed at 110nm and another 

at 142nm (Figure 1). Thus, the results obtained shows no significant difference in size and morphology 

between the DPSC and DPSC miR424 derived exosomes. 

 

Figure 1. Nanoparticle Tracking Analysis (NTA) histogram of DPSC and DPSC miR424 exosomes 

Proteins from DPSC and DPSC miR424 derived exosomes lysates was treated with SDS PAGE and 

western immunoblotting was performed. The blots showed the presence of exosomal surface markers 

CD63 and CD9 in the lysate of both DPSC and DPSC miR424 derived exosomes (Figure 2). 
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Figure 2. Western Blot for surface markers CD63 and CD9 

 

miRNA location Fold change P-value 

Intracellular 5.23 0.0002 

Exosomes 115.17 2.37E-5 

Table 1. Expression of gene miR424 5p in exosomes and cells 

3.2 Endocytosis of exosomes by R28 retinal cells 

 

Exosomes possess the required mechanism to enter and transfer complex molecular signals to the target 

cells [37]. These experiments were performed to demonstrate that the exosomes are internalised 

efficiently by the cells. The exosomes isolated from DPSC and DPSC miR424 were tagged green and 

R28 retinal cells along with labelled exosomes were incubated at 37°C and 4°C.  As a standard, the R28 

cells were subjected to same conditions but contained no fluorescently labelled exosomes in it. They 

were used for all endocytosis experiments and no green fluorescence was detected from such samples. 

To verify if the exosomes are internalised by the cells, they were stained with tubulin and the nucleus 

being stained using DAPI. Figures 3 and 4 demonstrate exosomes being endocytosed by the cells. 

Quantitatively the same results were observed, and Figure 5 represents a dose-dependent and saturable 

endocytosis of DPSC exosomes. Figure 6 show a similar saturable curve of DPSC miR424 derived 

exosomes being endocytosed by R28 retinal cells. It was also seen that the internalization was 

significantly affected at 4°C, denoting the dependence of temperature. When compared, both the DPSC 

CONTROL EXO miR424 EXO 

CD 63 
CD 9 
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and DPSC miR424 derived exosomes are endocytosed in a similar manner and are energy dependent. 

This confirms that endocytosis is a guided process predominantly receptor mediated and does not occur 

randomly process.  

Previous research demonstrate that exosome endocytosis is mediated via integrins. To identify the 

involvement of integrins, R28 retinal cell membrane was blocked by increasing concentration of Arg-

Gly-Asp peptide (RGD 2.5mM and 5mM). The results obtained didn’t show any significant difference 

in the endocytosis of exosomes by the R28 cells demonstrating the absence of integrin-mediated 

endocytosis (Figure 7). In order to simulate the binding of HSPG on R28 retinal cell membrane, the 

DPSC exosomes were blocked with heparin. A significant and dose-dependent decreasing profile was 

observed in terms exosome endocytosis. The results eliminated integrin-mediated endocytosis but did 

show involvement for cell surface Heparan Sulfate Proteoglycans (HSPG) (Figure 8).  

According to published studies, lipid rafts/caveolae play a role in endocytosis of exosomes. To analyse 

the same, R28 retinal cells were blocked by means of an inhibitor named MBCD. It eliminates the 

cholesterol present on the plasma membrane and is efficient in blocking the caveolae mediated 

endocytosis pathway. The aftermath showed endocytosis being affected and blocked in dose-dependent 

manner (Figure 9). In general, all the endocytosis experiments showed a saturable response and occur 

by means of lipid raft/caveolae and HSPG pathway. 

 

 

 

 

 

 

 



15 
 
 

 

 

 

 

 

 

 

 

 

Figure 3 . Confocal image of DPSC exosome endocytosed by R28 retinal cells 

 

 

 

 

 

 

 

 

 

Figure 4. Confocal image of DPSC miR424 exosomes endocytosed by R28 retinal cells 
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Figure 5. Dose-dependent endocytosis of DPSC exosomes 

 

Figure 6. Dose-dependent endocytosis of DPSC miR424 exosomes 
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Figure 7. Blocking by RGD 

 

Figure 8. Blocking by MBCD 
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Figure 9. Blocking by Heparin 

3.3 Proliferation of R28 retinal cells 

 

After confirming the presence of exosomes in the conditioned media and its internalisation by R28 

retinal cells, we wanted to know the effect of exosomes on the proliferation of R28 retinal cells. Hence 

2000 cells per well were seeded into 96well plates. The cells were treated with exosomes and MTS 

proliferation assay was conducted. As a control, R28 cells were cultured under similar conditions but 

were not treated with exosomes. The number of metabolically active cells were measured at 1,3 and 

5days post exosome treatment. The results did show increased proliferation rate of R28 cells when 

treated with DPSC and DPSC miR424 exosomes with respect to the R28 cells not treated with 

exosomes. The data shows higher % increase in the number of R28 cells when treated with DPSC 

miR424 exosomes as compared to the cells treated with naive DPSC exosomes (Figure 10). 

 * represents statistical significance (student’s t-test). NS represents not significant. 
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Figure 10. Proliferation assay 

3.4 Exosome binding to ECM 

 

Exosomes bud out from plasma membrane implying that the exosomal membrane is composed of the 

plasma membrane. It is important to understand adherence capabilities of exosomes to ECM proteins 

and vitreous humor so as to assess the ability of exosomes to be adhere to biomaterials.  So far, the 

results obtained show the ability of exosomes to be internalized by the R28 cells. In order to incorporate 

them in 3D scaffolds and assess their capabilities, we verified whether exosomes can bind to ECM 

proteins and vitreous humor. Quantitative analysis of exosomes binding to ECM proteins was 

performed. Results demonstrated in Figure 11 show a dose-dependent response implying DPSC 

exosomes binding to ECM proteins (Fibronectin, type I collagen, RGD and vitreous humor).  The type 

I collage, fibronectin binding is saturable but not RGD and vitreous. RGD was used at 5µg/well and 

hence not all was used up. Vitreous probably contains several exosomes binding proteins. A similar 

graph (Figure 12) was obtained when DPSC miR424 exosomes were tested for its binding capacity. 

When compared both DPSC and DPSC miR424 derived exosomes show a similar dose-dependence 

response for binding to ECM proteins and vitreous humor. 
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Figure 11. Binding of DPSC exosomes 

 

Figure 12. Binding of DPSC miR424 exosomes 
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3.5 In vitro model of low oxygen and glucose 

 

To mimic ischemic condition, the R28 cells were subjected to OGD conditions. To test the hypothesis 

if exosomes can save R28 retinal cells from ischemic cell death, the R28 retinal cells were subjected to 

OGD conditions for 6h and later were treated with exosomes for approx. 16h. The cytotoxicity was 

measure from LDH released by the cells. As seen in figure 4A, OGD conditions caused more than 50% 

of cell death. Conversely when same were treated with 3µl of DPSC exosomes (corresponding to 

exosomes from 300k cells) a significant reduction in %cell death as compared to cells with absence of 

exosomes was observed. The same experiment was performed using DPSC miR424 derived exosomes. 

When compared, DPSC miR424 derived exosomes proved more effective than DPSC exosomes at 

lower concentrations (Figure 13). Also, condition media depleted of exosomes were tested and fewer 

protective effects were seen implying that the protective effects are due to the presence of exosomes. 

*represents significance w.r.t control and # represents significance w.r.t naïve DPSC exosomes. 

 

Figure 13. Cytotoxicity assay 
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CHAPTER 4 

4 DISCUSSION 

 

In this study, we have characterized DPSC exosomes containing increased levels of miR424. We show 

by qPCR that the cells and exosomes contain increased levels of miR424. After this, NTA analysis was 

performed to see if engineering the exosomes changed their basic properties. NTA results showed 

similar size distribution around 110nm for both DPSC and DPSC miR424 exosomes demonstrating no 

significant difference when engineered. Similarly, when checked for exosomal markers, the western 

blot showed presence of both CD63 and CD9 in DPSC miR424 exosomes. Exosomes are the mediator 

of cell-cell communication. They are loaded with genetic materials such as mRNA, miRNA, pre-

miRNA and proteins that can have significant impact on target cell function[38]. Exosomes can fuse 

with the target cells or can be endocytosed to transfer or deliver the content to have the effect on target 

cells and their cellular processes[39]. For therapeutic benefits, the viability of exosomes is based on the 

productivity of endocytosis by the cells of interest. The specificity of the target increases with increase 

in endocytic effectiveness reducing the ectopic impacts. Hence it is important to understand the uptake 

of exosomes by the target cells. The results obtained demonstrate that exosomes are internalised by R28 

retinal cells and is dose-dependent, saturable and dependent on temperature indicating that endocytosis 

is mediated by the receptor. Previous research demonstrate that exosomes are subjected endocytosis via 

variety of  mechanisms depending on the composition of exosomal membrane and the source[40, 41]. 

Cells can internalise exosomes by variety of mechanisms such as phagocytosis, macro-pinocytosis 

receptor-mediated [2, 39]. A dose-dependent blocking by heparin on the binding sites of exosomes or 

by lipid rafts/caveolae was seen from the quantitative data obtained. As seen in results section 

engineering of exosomes by altering its miRNA composition did not change the uptake of exosomes 

indicating no change in basic exosomal properties. 

To realize the potential of exosomes for therapeutic applications, they should be suitable with already 

available scaffold materials or other type of materials designed for tissue engineering. Previous studies 

suggest that exosomes adhere to ECM indicating a potential pool that can be delivered if ECM 
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undergoes degradation[42]. One way to evaluate this is to assess the adherence capacity of exosomes 

with the ECM proteins. Many of the scaffold materials are functionalised by RGD peptide or are made 

up of type I collagen. We therefore hypothesized that the engineered exosomes should bind to ECM 

proteins. Results in this study demonstrate a dose-dependent and saturable response when DPSC 

miR424 derived exosomes adhere to type I collagen and RGD. Also, exosomes binding to vitreous 

humor from the eye demonstrates a dose-dependent and saturable response indicating vitreous humor 

to be the store for treating the retina with exosomes. This feature can be beneficial when using for 

therapeutic purpose as the major challenge is site specificity. Binding to vitreous humor can open 

avenues for use of several biomaterials.  

Exosomes play a role in several processes such as cell-cell communication, immunomodulation 

recycling of membrane proteins and lipids, cell proliferation, apoptosis and angiogenesis. Several 

studies have shown these functions with respect to individual tissue or organ[42]. For example, Bruno 

et al showed the renoprotective effects in kidney model. The exosomes increased the proliferation of 

tubular cells and improvised the injury caused to the tubule and kidney. Also, the results, associated 

activation of proliferative pathways by means of mRNA transfer by exosomes[38]. Specifically, 

miR424 is known to regulate cell proliferation. To evaluate this the cultured cells were treated with 

DPSC miR424 derived exosomes. The results indicated a significant increase in cell proliferation as 

compared to DPSC exosomes during the initial days of culture. Published studies have shown miRNA 

from the exosomes as an important contributor in cardio-protection, liver protection[38, 39]. Yu et al. 

showed exosomes overexpressed with specific miRNA demonstrated anti-apoptotic effects when 

subjected to ischemic conditions[38]. Interestingly, one of the studies showed hypoxia upregulates the 

expression of miR424 in endothelial cells[43]. To verify the anti-apoptotic property of miR424 an in 

vitro ischemic model was created mimicking the retinal ischemia. Our results showed neuroprotection 

effects of miR242 by rescuing the R28 retinal cells with a higher efficiency compared to naïve 

exosomes. Overall the experimental data denotes precedence of miR424 in functional assays. Other 

properties of miR424 include anti-angiogenetic and anti-inflammatory. In the context of retina these 

properties are beneficial. Retina is one of the organs where higher vascularisation can have detrimental 
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effects and can eventually lead to vision loss. Apart from retina, this anti-apoptotic function of miR424 

can be beneficial for regeneration of avascular tissues such as cartilage. Also, one of the studies 

demonstrate anti-apoptotic function of miR424 in recovering the cerebral ischemia[44]. It would be 

interesting to study the function of miR424 in different ischemic tissues. Hence, we predict that future 

studies using engineered exosomes can help in repair and regeneration of various types of tissues along 

with neuronal tissues. 
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CHAPTER 5 

5 CONCLUSION 

 

The experimental data indicate that DPSC exosomes engineered to possess increased levels of miR424 

are internalised by R28 cells. The endocytosis takes place in a dose-dependent, saturable and receptor-

mediated manner. By internalising the exosomes, the R28 retinal cells exposed to simulated ischemic 

conditions can be protected or rescued. Also, the engineered exosomes increase proliferation of the 

retinal cells and can significantly reduce the recovery time. The binding of exosomes to ECM proteins 

and vitreous humor serves as a starting point in development of scaffolds or biomaterials for enhanced 

and site-specific delivery.  
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