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Abstract 

Diabetic retinopathy (DR) is associated with retinal neovascularization, hard exudates, inflammation, 
oxidative stress and cell death, leading to vision loss. Anti-vascular endothelial growth factor (Anti-VEGF) 
therapy through repeated intravitreal injections is an established treatment for reducing VEGF levels in 
the retina for inhibiting neovascularization and leakage of hard exudates to prevent vision loss. Although 
anti-VEGF therapy has several clinical benefits, its monthly injection potentially causes devastating ocular 
complications, including trauma, intraocular hemorrhage, retinal detachment, endophthalmitis, etc.  
Methods: As mesenchymal stem cells (MSCs) and MSC-derived extracellular vesicles (MSC-EVs) 
demonstrated safety in clinical studies, we have tested the efficacy of MSC-derived small EVs (MSC-sEVs) 
loaded anti-VEGF drug bevacizumab in a rat model of DR.  
Results: The study identified a clinically significant finding that sEV loaded with bevacizumab reduces the 
frequency of intravitreal injection required for treating diabetic retinopathy. The sustained effect is 
observed from the reduced levels of VEGF, exudates and leukostasis for more than two months following 
intravitreal injection of sEV loaded with bevacizumab, while bevacizumab alone could maintain reduced 
levels for about one month. Furthermore, retinal cell death was consistently lower in this period than 
only bevacizumab.  
Conclusion: This study provided significant evidence for the prolonged benefits of sEVs as a drug 
delivery system. Also, EV-mediated drug delivery systems could be considered for clinical application of 
retinal diseases as they maintain vitreous clarity in the light path due to their composition being similar to 
cells. 

Keywords: Diabetic retinopathy, extracellular vesicles, bevacizumab, intravitreal injection, neovascularization. 

Introduction 
Diabetes mellitus is a significant global health 

burden. International Diabetes Federation data shows 
that 537 million adults (20-79 years) will live with 
diabetes in 2021, which may rise to 643 million by 
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2030 and 783 million by 2045 [1, 2]. The increasing 
incidence of diabetes, prolonged hyperglycemia, 
hypertension, dyslipidemia, poor glycemic control, 
late diagnosis, and impairment of daily lifestyle due 
to diabetes are the potential risk factors for micro-
vascular complications such as diabetic retinopathy, 
nephropathy, and neuropathy [1-3]. In the eye, 
diabetes affects many components, but primary 
vision-threatening pathology occurs in the retina [4].  

Diabetic Retinopathy (DR) is one of the most 
common microvascular complications of both types of 
diabetes. It remains a leading cause of severe vision 
loss and blindness in working-age people. DR leads to 
vision loss through abnormal new blood vessel 
formation through neovascularization in the retina, 
exudate formation and associated inflammation, 
oxidative stress and enhanced retinal cell death [5-8]. 
Anti-VEGF therapy through intravitreal injections is 
an established treatment for reducing VEGF levels in 
the retina to prevent neovascularization and hard 
exudates in diabetic macular edema associated with 
vision loss in DR [9-14]. Although clinically anti- 
VEGF therapy has several advantages, it is initially 
required monthly for controlling VEGF levels [15-17]. 
Repeated intravitreal injections potentially cause 
devastating ocular complications, including trauma, 
intraocular haemorrhage, retinal detachment, and 
endophthalmitis [18-21]. Thus, there is an essential 
need for a drug delivery system that could cross the 
blood-retinal barrier and sustain drug availability for 
a longer duration to reduce the frequency of 
intravitreal injections [15, 22-25]. Several novel drug 
delivery strategies are currently adopted to reduce the 
burden of monthly intravitreal injections [15, 24-25]. 

Extracellular vesicles are considered next-gene-
ration drug delivery platforms [26-27]. Mesenchymal 
stem cell-derived small extracellular vesicles (MSC - 
sEVs) with a size below 200 nm possess tremendous 
potential to carry drugs for treating many diseases. 
This ability is due to their biocompatibility, inherent 
immunomodulatory functions, and low immuno- 
stimulatory surface markers [28-29]. Previous studies 
have shown that intravitreally injected MSC-EVs 
reached different retinal layers, and their presence 
was detected for several weeks [30-32]. This suggests 
the possibility of MSC-EVs as one of the finest 
delivery systems to carry drugs for treating diabetic 
retinopathy. In the present study, we have loaded 
therapeutic bevacizumab into human bone marrow- 
derived MSC-sEVs and evaluated their therapeutic 
efficacy in reducing the frequency of intravitreal 
injections in a streptozotocin-induced model of 
diabetic retinopathy in rats.  

Materials and methods 

A detailed experimental plan with MSC-EVs and 
EV-loaded bevacizumab (EV - BZ) is provided in 
Figure 1. The study design and timeline for the in vivo 
work are provided in the Figure S1.  

Culturing human bone marrow derived MSCs 
for extracellular vesicles 

A frozen vial of passage number four hMSCs 
was thawed at 37 °C, and 2 million cells were seeded 
in 152 cm2 diameter culture dish plates (cat. # 430599; 
Corning, NY, USA) with complete culture medium 
(CCM). The CCM medium consists of α-minimal 
essential media (α - MEM; Gibco), 10% fetal bovine 
serum (FBS; Gibco), and 1% of 2 mM L - glutamine 
(Gibco) and Pen Strep (Gibco). Media was replaced on 
alternative days until cells attained ~70% confluency. 
At ~70% confluency, media was replaced with 
protein-free, serum-free Chinese hamster ovary cells 
media (CD - CHO Medium, cat. # 10743-002; 
Invitrogen). The conditioned medium was recovered 
after 6 h and discarded. The media was replaced with 
fresh CD - CHO media and recovered at two-time 
points in 48 h. The collected media is processed for 
further experiment or stored at – 80 °C for further use. 

Isolation of extracellular vesicles  
Extracellular vesicles were isolated using the 

established method [33 - 37]. Briefly, the collected 
fresh media (50 mL) was centrifuged at 2500 x g for 
30 min to remove cell debris and larger vesicles. An 
equal amount of 2 x of 12% PEG (w / v, 6000, 
Sigma-Aldrich 81260) in 1M NaCl was added to the 
media, mixed thoroughly, and kept for 14 h at 4 °C. 
After overnight incubation, the solution was 
centrifuged in the tabletop centrifuge at 3300 x g at 
4 °C for one hour. The supernatant was discarded. 
The pellet was suspended with 3 mL of DPBS and an 
equal amount of 2 x of 5% PEG, incubated for an hour 
at 4 °C and centrifuged again at a speed of 3300 x g at 
4 °C for 1h. Following centrifugation, the supernatant 
was discarded, and the pellet was suspended in 
200 µL of PBS (PH-7.2) and used for various 
experiments.  

Characterization of extracellular vesicles  
Isolated EVs were characterized as per MISEV 

2018 guidelines [38]. The average size and 
concentration of isolated EVs were determined by 
nanoparticle tracking analysis using NanoSight LM10 
(Malvern Instruments, UK). Samples were vortexed to 
avoid clump and diluted up to 1 : 10000 with sterile 
DPBS to achieve consistent particle concentration 
within the optimal detection range. Fourteen 
experiments were performed to identify and confirm 
the number and size of extracellular vesicles isolated 
for MSCs using this method.  
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Figure 1. Experimental outline for in vitro and in vivo studies. Human bone marrow derived MSCs were cultured (n = 14 experiments), EVs were isolated and 
characterized for size, molecular markers, and morphology. The selected sEVs were exogenously loaded with bevacizumab (BZ) using different methods. EV-BZ was tested for 
efficacy using CAM assay. For tracking EV-BZ in the retina, BZ was conjugated with FITC, and EVs were marked with PKH 26. The therapeutic efficacy of EV-BZ was evaluated 
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in streptozotocin induced rat model of diabetic retinopathy (DR).  Anti-angiogenic efficacy was tested using VEGF estimation in the retinal lysates (DR, DR+EVs, DR+ BZ, and 
DR+EV-BZ groups) at 1, 2 and 3 months following intravitreal administration. The number of retinal leakage sites was evaluated using Evans blue tracer method using retinal 
whole mounts (in control, DR, DR+BZ, MSC-EVs and DR+EV-BZ groups) at 1 and 2 months following intravitreal administration. Retinal leukostasis was evaluated by perfusion 
with concanavalin A in control, DR, DR+ BZ, DR+EVs, and DR+EV-BZ groups at one and two months. Retinal cell death was evaluated using TUNEL assay (in control, DR, DR+ 
BZ, DR+EVs, and DR+EV-BZ groups) at 2 months. The anti-inflammatory potential of EV-BZ was evaluated using rat inflammation ELISA strips (in control, DR, DR+ BZ, DR+EVs, 
and DR+EV-BZ groups) at 2 months. Specific in vivo studies and timelines were provided in Supplementary Figure 1. 

 

Morphology of EVs 
The ultrastructure of the isolated EVs was 

evaluated using transmission electron microscopy. 
Briefly, the sEVs sample was diluted in a 1 : 5 ratio 
(approximately 1.5 x 1011 sEVs), and a few drops of EV 
suspension were applied to 300 mesh carbon-coated 
grids at room temperature. After five minutes, excess 
fluid was removed by blotting with filter paper and 
washed twice with distilled water. The carbon-coated 
grids were stained with continuous dripping of 0.5% 
uranyl acetate, and the excess solution was blotted, 
and air dried for 10 min at room temperature. The 
images were collected using Make Jeol Model JM 
2100, a multipurpose 120 KV analytical transmission 
microscope. 

Evaluation of extracellular vesicle-specific 
marker expression in the isolated sEVs 

The expression of positive markers for sEVs, 
such as TSG 101, CD 63 proteins, and negative marker 
GRP 94, was confirmed with western blotting. Briefly, 
the EV and cell samples were lysed with RIPA and 
proteinase cocktail (Sigma-Aldrich) lysis buffer, 
sonicated, and proteins were separated based on size 
through SDS-PAGE electrophoresis and transferred 
protein to the PVDF membrane. Further, the 
membranes were probed with rabbit polyclonal 
antibodies CD 63 (Catalogue no SAB 4301607, 
Invitrogen), TSG 101 (Catalogue no, PA 531260, 
Invitrogen), and GRP 94 (Catalogue no, SAB 2101094, 
Invitrogen) and with appropriate secondary 
antibodies. The blots confirmed the housekeeping 
protein expression with mouse monoclonal β-actin 
(Catalogue no MA 1140, Invitrogen). 

Drug loading to Extracellular Vesicles 
Four different methods were used to load the 

anti-VEGF drug bevacizumab (BZ) (Roche Ltd, 
Switzerland) into EVs [39-40] with some 
modifications. 1) freeze-thaw cycle, 2) incubation at 
room temperature (RT), 3) incubation with 0.2% 
saponin, and 4) sonication. In the freeze-thaw cycle, 
250 µg / mL BZ was loaded into 50 µg (in 250 µL PBS) 
of EV protein in a 1 : 1 ratio. This mixture was 
incubated at RT for 30 min, followed by freezing at – 
80 °C for 30 min, and the freeze-thaw cycles were 
repeated three times. BZ and MSC - sEVs were 
co-incubated at RT for one hour in the RT 
co-incubation method. In treatment with the saponin 

method, BZ was incubated with permeabilizing agent 
0.2% saponin on a shaker at RT for 30 min. In the 
sonication method, BZ and sEVs were sonicated 
(500 v, 2 kHz, 20% power, 4 cycles, 4 s pulse, and 2 s 
pause) and cooled down on the ice for 45 min to close 
formed pores during sonication. Following incubation 
and washing with 2 x of 5% PEG for I h, the total BZ 
concentration in EVs was estimated using an ELISA 
method. 

Chorioallantoic membrane Assay 
To check the antiangiogenic efficacy sEVs loaded 

BZ (EV - BZ), we have performed a chorioallantoic 
membrane (CAM) assay. For this, sharp fine-toothed 
forceps were used to make an approximate 
0.5 cm2 square window on day 9-post fertilization of 
chicken eggs. An incision was made on the eggshell in 
a portable biosafety cabinet under sterile conditions. 
VEGF (50 ng) was used as a positive control, VEGF - 
BZ (50 ng VEGF + 10 µL BZ from 200 mg / mL), MSC - 
EVs (Equivalent to 50 µg of EV protein), and VEGF – 
EV - BZ (50 ng VEGF + 10 µL of EV - BZ, equivalent to 
50 µg of EV protein containing 60 - 74 µg / mL of BZ) 
were packed in a 2% agarose disk. Angiogenesis was 
observed by monitoring blood vessel density, 
including several branching points from each major 
vessel in the CAM membrane at 0, 24, and 48 h time 
points using AngioTool software. 

Conjugation of bevacizumab with FITC 
Conjugation of BZ with FITC occurs through the 

free amino group of the antibody by forming stable 
thiourea bonds. 250 µL of FITC solution (1mg / mL) in 
0.1M bicarbonate/carbonate buffer (pH 9) was mixed 
with 1 mL of BZ (1 mg/mL) in the same buffer. The 
solution was incubated at RT on a shaker for 2 h, 
protected from light. Then, FITC conjugated BZ (BZ - 
FITC) was purified from free FITC on a size exclusion 
chromatography through sephacryl 200 HR column 
(Bio-Rad). One mL of the reaction mixture was 
applied to the top of the column and was eluted with 
10 mM PBS (pH 7.4), 4-5 fractions were collected, and 
free FITC was eluted only after 70 - 80 mL of PBS 
washing. The concentration of BZ was determined by 
measuring the sample absorbance at 280 nm using a 
standard BSA curve [41]. 

Labeling of sEVs 
Lipophilic highly fluorescent membrane staining 

red cell linker dye PKH 26 was used to label sEVs 
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(Sigma -Aldrich, Munich, Germany). Briefly, sEVs 
(equivalent to 50 µg of EV protein) was diluted in PBS 
before 1 mL of diluent C was added. In the separate 
tube, 4 µL of PKH 26 dye was added to 1 mL of 
diluent C. Both solutions were gently mixed for 5 min, 
and 5 mL of 1% BSA was added to bind the excessive 
dye. Solutions were transferred to 300 kDa amicon 
filters and centrifuged at 4000 x g for 40 min and 
washed twice with PBS before use. 

Intravitreal administration of small 
extracellular vesicles loaded with bevacizumab 

The BZ-FITC was loaded into PKH 26 labelled 
sEVs (EV - BZ - FITC) for tracking in the retinal layers. 
Naïve rats were anesthetized with a cocktail of 
ketamine (80 mg / kg) and xylazine (8 mg / kg), 
followed by an intravitreal injection of 10 µL of EV - 
BZ - FITC (Equivalent to 50 µg of EV protein 
containing 60 - 74 µg / mL of BZ) with a 32 G syringe 
(BD Biosciences). Povidone-iodine eye drops were 
applied to avoid infections after intravitreal injection. 
At 24 h, eyes were enucleated after intra-cardiac 
perfusion, and 10 µm retinal sections were taken in a 
cryostat. Sections were stained with DAPI, and 
images were taken using a fluorescence microscope. 

Induction of Diabetic retinopathy  
Four-month-old albino Wistar rats (200 - 250 g) 

were used for the entire study. Rats were housed in a 
cage at standard temperature and humid conditions 
with 12 h light / dark cycles with chow and water ad 
libitum. Following a week of acclimatization, diabetes 
was induced by a single dose of intraperitoneal 
injection of streptozotocin (STZ, 45 mg / kg). To avoid 
severe hypoglycemia due to STZ injection, 10% 
sucrose was supplemented in water, and the blood 
sugar levels were monitored on the 7th day, 1, 2, 3, and 
4 months after STZ injection. The rats showing blood 
sugar levels of more than 200 mg / dL at all time 
points were included in the study. We have induced 
diabetes in 172 rats. Out of 172, 163 rats successfully 
developed diabetic retinopathy at 4 months following 
STZ administration, and nine were excluded from the 
study because of low blood sugar levels. DR - 
developed rats were randomly categorized into DR 
groups, one month, two months, and 3 months after 
intravitreal administration of sEVs, (50 µg equivalent 
proteins) BZ (10 µL, 200 µg / mL), and EV - BZ (50 µg 
of sEVs equivalent proteins in 10 µL, containing 
60-74 µg / mL of BZ). 

Western blot analysis 
Retinal samples were lysed with cock tail of 

radioimmunoprecipitation assay (RIPA) buffer with 
protease inhibitor (Sigma, St Louis, MO), and total 
protein concentration was estimated by a BCA protein 

assay kit (23227, Pierce Thermo Fisher). An equal 
amount of protein (15 µg) from each group was 
separated in sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferred to 
polyvinylidene difluoride membrane (PVDF, Bio-Rad 
Laboratories). The primary antibody VEGF 
(MA1-16629, Invitrogen), beta-actin (MA1-140, 
Invitrogen), and appropriate secondary antibodies 
were used. The protein was detected with a 
chemiluminescence reagent (Bio-Rad Laboratories) 
and hydrogen peroxide. Beta-actin from the same 
immunoblot was a loading control, and band intensity 
was analyzed with ImageJ software. 

Evaluation of vascular permeability by Evans 
blue perfusion 

Rats (n = 5 / per group) were euthanized with a 
cocktail of ketamine (100 mg/kg) and xylazine 
(8 mg/kg). An incision on the chest was made to 
expose the heart. Evans blue (Catalogue number; E 
2129, Sigma, St Louis, MO) 1 mL from 50 mg/mL was 
injected into the left ventricle, perfusion for 10 min. 
The eyeballs were enucleated and fixed in 4% PFA 
overnight. The next day eyeball was moved to PBS, 
cornea, and lens were removed by making nicks on 
the iridocorneal junction. The whole retina was 
extracted, mounted on the slide, and observed under 
a fluorescent microscope (Olympus, Tokyo, Japan). 
The number of capillary leakages was counted in the 
whole retina in all the groups. 

Evaluation of retinal leukostasis by 
intracardiac perfusion with concanavalin A 

The rats (n = 5) were anesthetized with ketamine 
(100 mg / kg) and xylazine (8 mg / kg) cocktail, and 
an incision was made on the abdomen wall to access 
the chest cavity. Intracardiac perfusion was 
performed with 50 - 60 mL of pre-warmed saline 
(0.9% NaCl) for three min to remove the circulating 
red blood cells and leukocytes. This was followed by 
perfusion of 10 mL from 100 µg / mL of Concanavalin 
A Tetramethyl rhodamine conjugate (C 860, 
Invitrogen) for an additional two minutes. The eyes 
were enucleated and fixed in the 4% PFA for 2 h. The 
cornea and lens were separated, and the whole retina 
was extracted and mounted on the slide. Retinal 
images were taken using a fluorescent microscope 
(Olympus, Tokyo, Japan), and the number of adherent 
leukocytes was counted from the whole retina in each 
group. 

Estimation of BZ concentration in the retina 
One month, two months, and three months after 

treatment, rats were euthanized, eyeballs were 
enucleated, and the cornea and lens were separated 
from the eyeball. In chilled PBS, the whole retina was 
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extracted and lysed in RIPA with protease (Sigma, St 
Louis, MO) lysis buffer, sonicated, and centrifuged at 
10000 rpm for 20 min; the supernatant was collected 
in the new tube. ELISA method was used to measure 
the bevacizumab from the retinal lysate. Briefly, 
VEGF was coated to 96 well plates, kept overnight at 4 
oC, and washed wells with PBS three times; the 10 µg 
(100 µL) samples were added and incubated for 1 h at 
RT. After three PBS washes, a secondary antibody 
(1:10000) was added, incubated for 90 min, and 
washed thrice five min each with PBS. TMB substrate 
was added to the wells and kept on the shaker for 
30 min; once colour developed, the reaction was 
stopped with a stop solution. The reaction colour 
changed from blue to yellow, and absorbance was 
taken at 450 nm. 

Evaluation of retinal cell death 

Terminal deoxynucleotidyl transferase (TdT)- 
mediated dUTP nick end labelling (TUNEL) assay 
was performed to see cell apoptosis in the retina. In 
situ apoptosis detection kit (MK505, Takara, Japan) 
was used as per the manufacturer’s protocol. Briefly, 
after deparaffinization (three times in xylene and 
descending grades of alcohol five minutes each), 
retinal sections (5 µm) were treated with proteinase K 
(100 µg/mL) for 15 min at RT and washed with PBS. 
Sections were incubated with a TUNEL reaction 
mixture for 90 min at 37 °C, and the reaction was 
terminated by washing with PBS. Cell nuclei were 
labelled with DAPI, and TUNEL-positive cells were 
visualized under a fluorescent microscope with a 40 X 
objective (Olympus, Tokyo, Japan) and quantified. 

Evaluation of retinal cytokine levels 

We have evaluated the cytokines (TNF - α, IL - 
1α, IL - 1β, IFN - γ, IL - 6, MCP - 1, MIP - 1α, and 
rantes) levels in the retina by rat inflammation ELISA 
strip (EA-1201, Signosis). Following euthanasia, the 
eyes were enucleated, and the retina was extracted 
from the eyeball. The retinal sample was sonicated in 
cold lysis buffer with protease inhibitor (Sigma) and 
centrifuged at 10000 x g for 5 min at 4 °C. The 
supernatant was collected, the total protein 
concentration was measured using a BCA kit, and cell 
lysate was diluted for the required concentration. The 
wells were pre-coated with specific cytokine 
antibodies while each well received 100 µL retinal 
lysate (10 µg protein). This assay was performed as 
per the manufacturer's guidelines. In this assay, the 
cytokine concentration was directly proportional to 
the intensity of color developed.  

For the estimation of TNF - α (EA - 3001; 
Signosis), and IL1 - β (EA - 3005; Signosis), 
quantitative ELISA was performed with specific 
standards and retinal lysates. The assay was 
performed as per the manufacturer’s guidelines. The 
TNF - α and IL - 1β in the retina were estimated using 
the standard graph and expressed as pg/mg of 
protein. 

Statistical analysis 
Results were analyzed using GraphPad Prism. 

All the data were expressed as mean ± standard error 
of the mean (SEM). One-way analysis of variance and 
unpaired t-test was used to find the significant 
difference between the study groups. p < 0.05 was 
considered statistically significant.   

Results 
Isolated particles from MSCs were small 
extracellular vesicles 

Isolation of extracellular vesicles from hMSCs 
using the precipitation method yielded small 
extracellular vesicles [38] reproducibly (n = 14 
independent MSC culture experiments). The mean 
size of the extracellular vesicles was 155.1 ± 6.3 nm 
(Figures 2 A and 2 B). The mode size is 117.6 ± 8.4 nm. 
Additional images with intensity plots were provided 
in Figure S2. Ultrastructural evaluation of the EVs 
using transmission electron microscopy revealed 
abundant < 200 nm-sized round or oval-shaped 
particles (Figure 2C). Western blotting confirmed the 
presence of CD 63 and TSG 101 in the isolated sEVs 
and the MSCs, while GRP 94 was negative in isolated 
sEVs while present in MSCs (Figure 2D).  

Loading efficiency and concentration of 
bevacizumab in sEVs  

Loading of BZ to sEVs by various methods 
yielded nearly similar results (Figure S3). Freeze-thaw 
cycle, co-incubation at RT, saponin treatment and 
sonication resulted in loading of 61.38 ± 6.35 µg, 64.93 
± 2.86 µg, 73.63 ± 6.21 µg, 60.81 ± 5.94 µg of BZ 
respectively without significant difference between 
the methods as measured by an ELISA assay. 
Similarly, the freeze-thaw cycle, incubation at RT, 
saponin treatment and sonication resulted in the 
loading efficiency of 30.67 ± 3.17%, 32.43 ± 1.44%, 
36.78 ± 3.09%, 30.37 ± 2.96% respectively without 
significant difference between the methods. BZ 
loading using co-incubation at RT was used for all the 
further studies, as it is the simplest method to perform 
with minimal damage to sEV membrane compared to 
other methods.   
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Figure 2. Characterization of isolated human bone marrow derived MSC-EVs. A. Nanoparticle tracking analysis of MSC-EVs (n = 14 independent experiments) 
showing the consistent presence of small extracellular vesicles with comparable concentrations. B. Three-dimensional view of the same picture to demonstrate the size 
distribution. C. Ultrastructural evaluation of EVs using transmission electron microscopy revealed abundant < 200 nm sized round or oval-shaped particles. D. Western blotting 
images demonstrating the presence of CD 63 and TSG 101 in the isolated sEVs and the MSCs while GRP 94 was negative in isolated EVs while present in MSCs. 

 

EV-BZ demonstrates antiangiogenic efficacy in 
CAM assay  

To understand whether BZ retained its biological 
potency following its loading into EVs, instead of 
testing the efficacy in rat models directly, we have 
screened for the anti-angiogenic potential of EV - BZ 
using CAM assay (Figure 3). In a VEGF- 
supplemented CAM assay, the number of branching 
points at the start of the experiment (at 0 h) is similar 
in all the groups. However, at 24 and 48 h, the number 
of branching points was almost equally and 
significantly reduced in BZ (p < 0.01) and EV - BZ (p < 
0.01) treatment groups. No significant difference 
between the MSC - EVs group and the VEGF group at 
24 and 48 h while significantly reduced branching 
points in the EV - BZ group compared to the MSC - 
EV group (p < 0.05) demonstrate the partial 
angiogenic activity of MSC - EVs rather than 
antiangiogenic activity. This experiment demonstrates 

that BZ retained its biological potency like free 
bevacizumab in preventing anti-angiogenesis even 
after loading into EVs. 

Tracking of intravitreally injected EV - BZ in 
the rat retina 

Previous studies have demonstrated that 
intravitreally injected MSC - EVs reached different 
retinal layers and remained there for several weeks 
[30 - 32]. For tracking EV - BZ in the rat retina 
following intravitreal injection, BZ was conjugated 
with FITC (Figure S4) and EVs were labelled with 
PKH 26. We have observed FITC and PKH 26 labelled 
particles in different retinal layers, including the 
ganglion cell, inner nuclear, and out nuclear layers. A 
representative image is provided in Figures 4 A - D 
and 4e-4h. Also, BZ inside the EVs and free BZ in the 
extracellular matrix (Figure 4E and 4i-n and Figure 
S5), suggest BZ release from the EVs in the retina.   
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Figure 3. Evaluation of anti-angiogenic efficacy using CAM assay. The number of branching points was evaluated at 0, 24 and 48 h in the VEGF group, VEGF + BZ group, 
MSC-EVs group and VEGF-EV-BZ group. Values in the bar charts are presented as mean ± S.E.M for n = 5, day 9-post fertilization chicken eggs/group. **p < 0.01, *p < 0.05, ns 
= non-significant (One-way ANOVA). 

 

 
Figure 4. Tracking of intravitreally injected EV-BZ in the rat retina. For tracking EV-BZ in the rat retina following intravitreal injection, BZ was conjugated with FITC 
and EVs were labelled with PKH 26. We have observed FITC (green) and PKH 26 (red) labelled particles in different layers of the retina including the ganglion cell layer, inner 
nuclear layer, and outer nuclear layer. A. FITC staining. Arrows indicate FITC positive staining B. PKH 26 labelling. Arrows indicate PKH 26 positive staining. C. DAPI (blue) 
counterstaining. D. Merging A, B and C to locate FITC positive, PKH 26 labelled EVs in different retina layers (Orange). Selected fields from D were demonstrated in e, f, g and 
h. E. Demonstration of free BZ and EV-BZ in the retina through dual immunostaining for BZ and EVs. At 24 h following intravitreal injection, EV loaded with BZ (orange colour, 
due to red + green) and free BZ (FITC conjugated, green) could be seen in retinal layers in the extracellular matrix, suggesting BZ release from the EVs in the retina.  Figures i-n 
demonstrate selected fields from E highlighting free BZ and EVs loaded with BZ. Arrows indicate FITC conjugated BZ, and arrowheads indicate EV loaded with BZ.  
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Figure 5. Estimation of retinal VEGF levels in different groups. Retinal VEGF levels were quantified using western blot at one month, two months and three months in 
different groups, namely diabetic retinopathy (DR) group, DR with intravitreal injection of MSC-EVs (DR + EV) group, DR with intravitreal injection of bevacizumab (DR+ BZ) 
group and DR with MSC-EV loaded with bevacizumab (DR + EV-BZ) group. The left panel indicates VEGF levels at one month, the middle panel indicates VEGF levels at two 
months, and the right panel indicates VEGF levels at three months. Values in the bar charts are presented as mean ± S.E.M for triplicate experiments. **p < 0.01, *p < 0.05, ns = 
non-significant (One-way ANOVA). 

 

EV - BZ reduces the frequency of intravitreal 
injection required for controlling VEGF levels 
in diabetic retinopathy 

To understand the effect of EV - BZ in reducing 
VEGF levels in the retina of DR rats at 4 months of 
uncontrolled hyperglycemia (Figure S6), rats were 
intravitreally injected with MSC - EVs (n = 9), BZ (n = 
9) and EV-BZ (n = 9) in different groups. Additional 
rats (n = 9) were used in the DR group without 
treatment. To quantify the VEGF levels, one set of rats 
was sacrificed at one month, two months, and three 
months following intravitreal administration (Figure 
5). Analysis of the data revealed that, at one month, 
VEGF levels were reduced in DR + BZ group (p < 
0.05) and DR + EV - BZ group (p < 0.05) compared to 
the DR group and DR + EV group. At the same time, 
no significant difference was observed between the 
DR group and DR + EV group.  Strikingly, at two 
months, VEGF levels were significantly lower only in 
the DR + EV-BZ group compared to the DR group, DR 
+ EV group, and DR + BZ group, while the DR + BZ 
group displayed similar VEGF levels compared to DR 
rats. 

Further analysis at 3 months following 
intravitreal administration showed no significant 
difference in VEGF levels between the DR group, DR 
+ EV group, DR + BZ group and DR + EV - BZ group. 
This is a novel and clinically significant finding 
demonstrating the sustained effects of sEV loaded 
with BZ (~ 2 months) over BZ (~ one month) in 
maintaining the lower levels of VEGF following 
intravitreal administration in DR to prevent 

angiogenesis. This finding of retinal VEGF levels at 1, 
2 and 3 months suggests that sEV loaded with BZ 
reduces the frequency of intravitreal injection 
required for treating diabetic retinopathy.  

To understand the available BZ levels at 
different time points in the retina, we have quantified, 
BZ using an ELISA. In the DR + BZ group, BZ levels 
were 13.71 ± 1.0, 10.30 ± 2.1, and 6.86 ± 1.8 ng/retina at 
one, two and three months following BZ 
administration. In the DR + EV - BZ group, BZ levels 
were 40.87 ± 3.3 (p < 0.01), 29.55 ± 4.4 (p < 0.05), and 
14.78 ± 3.3 ng/retina (p > 0.05) at the respective time 
points. This suggests that BZ is preserved for a longer 
time when loaded with EVs. Also, it suggests that 
such a low difference in BZ concentration in the retina 
could bring significant control of VEGF levels.   

Evans blue staining demonstrated a sustained 
effect of EV - BZ compared to BZ in reducing 
retinal leakages in diabetic retinopathy 

Since VEGF levels were lower at two months 
following intravitreal injection of EV - BZ, we 
evaluated Evans Blue staining of the whole-mount 
retina to evaluate retinal vascular permeability at one 
and two months from control, DR group, DR + BZ 
group, DR + EV group, and DR + EV - BZ group 
(Figure 6). No leakages were found in the control 
group, while 5.5 ± 0.96 leakages (p < 0.001 versus 
control) were observed at one month and 5.5 ± 0.65 
leakages (p < 0.001 versus control) at two months in 
the DR group. At one month, a significantly reduced 
number of leakages were observed in both DR + BZ 
group (1.5 ± 0.29, p < 0.01) and DR + EV - BZ group 
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(1.25 ± 0.25, p < 0.01) compared to the DR group. 
However, the number of leakages in the DR + EV 
group was not reduced compared to the DR group 
(4.5 ± 0.96, p > 0.05). There was no significant 
difference between the control, DR + BZ, and DR + EV 
- BZ groups, while DR + BZ and DR + EV - BZ groups 
also demonstrated no significant difference.  

However, at two months, the number of leakages 
was significantly lower only in the DR + EV - BZ 
group (1.5 ± 0.29, p < 0.01) compared to the DR group, 
while DR + BZ group demonstrated exudates similar 
to the DR group (5.25 ± 0.48, p > 0.05). Further, no 
significant difference was observed between the 
control and DR + EV - BZ groups. This finding 
supports that intravitreal injection of sEV loaded with 
BZ provided an extended duration of BZ effects in 
controlling neovascularization and retinal leakages in 
DR.    

Treatment with EV - BZ reduces retinal 
leukostasis 

It is strongly believed that retinal vascular 
leakage is well associated with retinal leukostasis. The 
number of adherent leukocytes in the DR group is 
significantly high compared to the control group (p < 
0.001, Figure 7). Rats with DR treated with BZ and 
MSC - EVs failed to reduce the number of adherent 

leukocytes at two months (p > 0.05). However, 
treatment of EV - BZ in the rats with DR 
demonstrated a significant reduction in the number of 
adherent leukocytes to the vascular surface (p < 
0.001). However, the number of adherent leukocytes 
in the EV - BZ group is significantly higher compared 
to the control group (p < 0.01). 

Intravitreal injection of EV - BZ reduced cell 
death associated with diabetic retinopathy 

Multiple cell types, including the neural retina 
and vascular cells, undergo chronic cell death in DR, 
contributing to vision loss over the years. This study 
identified significant cell death in the DR group 
compared to controls (Figure 8). Evaluation of cell 
death at 2 months following intravitreal adminis-
tration of BZ or EV - BZ demonstrated a significant 
reduction in cell death in DR + BZ (p < 0.01) and DR + 
EV - BZ (p < 0.001) groups compared to the DR group. 
Further, the amount of cell death in the DR + EV - BZ 
group is significantly low (p < 0.01) compared to DR + 
BZ group. Also, compared to DR, the DR + EV group 
demonstrated a significantly lower number of cell 
death (p < 0.001). However, no significant difference 
was observed between the DR + EV group and the DR 
+ EV + BZ group. We have further evaluated if an 
additional injection of BZ in the second month has a 

 

 
Figure 6. Evaluation of retinal leakages in whole mount retina using Evans blue tracer. Retinal leakages were quantified using Evans blue staining and evaluated in 
whole mount retina in the control group, diabetic retinopathy (DR) group, DR with intravitreal injection of bevacizumab (DR+ BZ) group, DR with MSC-EV group, and DR with 
MSC-EV loaded with bevacizumab (DR + EV-BZ) group. The top panel indicates Evans blue staining of the whole mount retina at one month and the lower panel represents Evans 
blue staining at two months. The table in the lower panel represents the quantified values of retinal leakages at one and two months. Values in the bar charts are presented as 
mean ± S.E.M for n = 5 retinas from 5 animals. ***p < 0.001, **p   0.01, *p < 0.05, ns = non-significant (One-way ANOVA). 
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better effect in preventing cell death than a single dose 
of EV - BZ. Indeed, another injection of BZ in the 
second month demonstrated lower levels of cell death 
compared to the DR group (p < 0.001) which is better 
than the effect observed with a single dose of BZ (p < 
0.01). Interestingly, the amount of cell death observed 
in the DR + EV - BZ group is significantly low 
compared to another injection of BZ in the second 
month (p < 0.05). This demonstrates that EV - BZ 
provides additional neuroprotection against retinal 
cell death two months following intravitreal injection 
compared to monthly BZ administration.  

Intravitreal injection of EV - BZ failed to 
control chronic inflammation associated with 
diabetic retinopathy 

Chronic inflammation is an essential factor 
contriuting to the pathology of diabetic retinopathy. 
Chronic retinal inflammation in DR was evaluated, 
and the effect of treatment in controlling 
inflammation at two months following intravitreal 
administration of BZ and EV - BZ was analysed. 
Evaluation of multiple cytokines levels in the retina 
using ELISA strips reveals that TNF - α, IL - 1α, IL - 
1β, MCP - 1, and rantes were significantly 
upregulated in the DR group compared to naïve 
controls (NC, Figure 9, upper two panels). However, 
intravitreal administration of BZ or EV - BZ failed to 
reduce any upregulated cytokines compared to the 

DR group. To confirm these findings, we have 
estimated retinal TNF - α and IL1 - 1β levels using 
quantitative ELISA (Figure 9, lower panel).  This assay 
confirmed that TNF - α and IL1 - 1β levels were 
upregulated in the DR group compared to controls 
while intravitreal treatment of BZ, EVs, or EV - BZ to 
the DR rats failed to reduce their levels in the retina. 

Regulating VEGF levels and reducing retinal 
leakages are the core of anti - VEGF treatment for DR. 
Reduced VEGF and retinal leakages with bevacizu-
mab treatment are well established [9, 11-12, 21]. The 
half - life of intravitreally injected bevacizumab in 
human eyes was reported to be between 2.5 to 7.3 
days, with a mean value of 4.9 days [42]. In animal 
models, the vitreous half-life of bevacizumab was 
demonstrated as 4.32 – 6.6 days in different studies, 
while very low levels of BZ were maintained at one 
month [43, 44]. We observed a significantly higher 
level of BZ in the retina up to two months when 
intravitreal injection of EV loaded with BZ was 
compared to BZ alone administration. This is a 
possible reason for the sustained effects of EV loaded 
with BZ compared to BZ alone administration. To 
further understand the mechanism of sustained 
effects of sEV loaded with BZ in DR, the pharmaco-
kinetics and pharmacodynamics of EVs in the retinal 
tissues need to be studied in detail. It was 
demonstrated that the fusion of internalized EV 
membranes with endosomes/lysosomes, leads to the 

 

 
Figure 7. Evaluation of retinal leukostasis using concanavalin A perfusion. Retinal leukostasis was quantified using concanavalin A perfusion at two months following 
different treatments. Attached leukocytes could be seen inside the retinal vessels in the control group, diabetic retinopathy (DR) group, DR with intravitreal injection of 
bevacizumab (DR+ BZ) group, DR with MSC-EV group, and DR with MSC-EV loaded with bevacizumab (DR + EV-BZ) group. The table in the figure represents the quantified 
values of adherent leukocytes at two months in different groups. Values in the bar charts are presented as mean ± S.E.M for n = 5 retinas from 5 animals. ***p < 0.001, **p < 0.01, 
ns = non-significant (One-way ANOVA). 
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release of cargo to the cytosolic compartment of the 
cell [45]. Also, as secreted VEGF mostly functions in 
the extracellular matrix, it is possible that BZ released 
from the EVs into the extracellular matrix could 
directly control VEGF levels. As intravitreally 
administered sEVs are approximately one billion in 
this study, heterogeneous and gradual degradation 
over a long period could be a reason for sustained 
levels of BZ in the retina following EV - BZ treatment 
compared to BZ-only administration. Earlier studies 
have demonstrated that intravitreally injected MSC - 
EVs reached different retinal layers, and their 
presence was detected for several weeks in the retina 
[30-32]. Also, as the EV - BZ group carried a lower 
amount of BZ than BZ alone, their sustained 
biological function highlights the ability of EVs to 
preserve the bioactivity of loaded BZ for a prolonged 
duration inside the tissues.   

Discussion 
The present study provided significant evidence 

for the prolonged benefits of sEVs as a drug delivery 
system. Anti-VEGF therapy through repeated 
intravitreal injections is an established treatment for 
reducing VEGF levels in the retina for inhibiting 

neovascularization and leakage of hard exudates for 
preventing vision loss. Although anti-VEGF therapy 
has several clinical benefits, its monthly requirement 
potentially causes devastating ocular complications, 
including trauma, intraocular hemorrhage, retinal 
detachment, endophthalmitis, etc. A treatment that 
could reduce monthly intravitreal injection frequency 
is well considered for clinical applications. As MSCs 
and MSC - EVs demonstrated safety in several clinical 
studies, we have tested the efficacy of MSC - EV 
loaded anti-VEGF drug bevacizumab in controlling 
VEGF levels in a rat model of DR. The study identified 
a clinically important finding that sEV loaded with BZ 
reduces the frequency of intravitreal injection 
required for treating DR. The sustained effect is 
observed from the reduced levels of VEGF, the 
number of retinal leakages and leukostasis until two 
months following intravitreal injection of sEV loaded 
with BZ. At the same time, BZ alone could maintain 
reduced levels until one month. Although sEV loaded 
with BZ failed to reduce inflammation at 2 months, 
adherent leukocytes and cell death in the retina were 
consistently lower in this period compared to only 
bevacizumab. 

 

 
Figure 8. TUNEL assay for the evaluation of the retinal cell death. Retinal cell death was evaluated using TUNEL assay in the naïve control (NC) group, diabetic 
retinopathy (DR) group, DR with intravitreal injection of MSC-EVs (DR+ EV) group, DR with intravitreal injection of bevacizumab (DR+ BZ) group, DR with MSC-EV loaded with 
bevacizumab (DR + EV-BZ) group and an additional injection of BZ at second month (DR+BZ 2nd month) group. The upper panel indicates DAPI (blue) staining, the middle panel 
indicates TUNEL-positive FITC (green) staining and the lower panel indicates merged images (blue + green). The table in this figure represents the number of apoptotic cells per 
field in different groups. Values in the bar charts are presented as mean ± S.E.M for n = 5 retinas from 5 animals. ***p < 0.001, **p < 0.01, *p < 0.05, ns = non-significant (One 
way ANOVA). 
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Figure 9. Evaluation of retinal inflammation using ELISA for cytokines. Chronic inflammation in the retina was evaluated using rat inflammation ELISA strips in the 
naïve control (NC) group, diabetic retinopathy (DR) group, DR with intravitreal injection of bevacizumab (DR+ BZ) group, and DR with MSC-EV loaded bevacizumab (DR + 
EV-BZ) group. The following cytokines were evaluated using the strips: TNFα, IL-6, IFN-γ, IL-1α, IL-1β, MCP-1 and rantes (upper and middle panel). In the lower panel, 
quantitative ELISA results were demonstrated for TNF α, and IL-1β in the control group, DR group, DR + BZ group, DR + MSC-EV group and DR + EV-BZ groups. Values in the 
bar charts are presented as mean ± S.E.M for n = 5 retinas from 5 animals. ***p < 0.001, **p < 0.01, *p < 0.05, ns = non-significant (One way ANOVA). 

 
Retinal cell death is well associated with DR 

[46,47]. Controlling persistent retinal cell death is 
essential to prevent vision loss in DR. Long-term 
increased levels of VEGF are known to induce 
apoptosis. At the same time, anti - VEGF treatment is 
concomitant with reduced levels of VEGF and 
apoptosis [48]. Further, the anti-apoptotic activity of 
therapeutic MSC - EVs in retinal pathology is well 
established [31, 32, 49]. Lower levels of apoptotic cells 
in the BZ group support the earlier findings of the 
anti-apoptotic effect of BZ. Interestingly, a compari-
son of apoptosis in the EV - BZ group versus the BZ 
group demonstrated significantly reduced cell death 
in the EV - BZ group suggesting that combined 
treatment is superior in providing anti-apoptotic 
effect to retinal cells in DR. Anti-apoptotic activity of 
MSC - EVs is mostly attributed to their therapeutic 
microRNAs which could modulate cell survival 
pathways [50, 51].   

Previous studies have demonstrated that retinal 
inflammation is directly linked with DR [52, 53]. 

Increased TNF α, IL - 1α, IL - 1β, MCP - 1 and rantes 
indicate chronic retinal inflammation in the present 
study. Most of these cytokines are upregulated in 
diabetic retinopathy in patients [54-57]. However, 
neither EV - BZ nor only BZ failed to reduce retinal 
inflammation at two months. Increased inflammation 
in the DR group and unaltered levels following 
treatment were further confirmed with quantitative 
ELISA for TNF α and IL - 1β, in DR + BZ, DR + EVs, 
and DR + EV - BZ groups. A significant number of 
adherent leukocytes still seen in the EV - BZ group 
could be a possible reason for unaltered inflammation 
with this treatment. Also, the present study was not 
targeting hyperglycemia which could be contributing 
to inflammatory response as hyperglycemia is directly 
linked with increased levels of pro-inflammatory 
cytokines [58] Alternatively the dose of VEGF and 
duration of treatment also could be contributing to the 
effectiveness in suppressing the inflammation as both 
responsiveness and unresponsiveness were reported 
with anti - VEGF treatments [59-60].  
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The anti-inflammatory activity of MSCs and 
derived EVs is well known [61-65]. However, MSC - 
EVs from every individual does not possess the 
highest levels of anti - inflammatory potential [65]. 
Selecting MSC - EVs with the highest anti-inflam-
matory potential could help to reduce inflammation 
following EV - BZ administration. Alternatively, sEVs 
loaded with a combination of anti-VEGF drugs and a 
nano dose of a clinically established long-acting 
anti-inflammatory drug could help to reduce the 
inflammation following intravitreal injection in 
diabetic retinopathy.  

In summary, the study identified a clinically 
important finding that MSC - sEV loaded with 
bevacizumab reduces the frequency of intravitreal 
injection required for treating diabetic retinopathy. 
While the effect of BZ alone was observed for one 
month, sEV - BZ demonstrated its effects until two 
months as the sustained effect was observed from the 
reduced levels of VEGF and the number of leakages in 
the diabetic retina. While sEV loaded with 
bevacizumab provided sustained neuroprotection to 
retinal cells, further improvements in the methodo-
logy or additional strategies could help to curb 
inflammation associated with DR. Also, for retinal 
application, EV-mediated drug delivery systems 
should work as they maintain vitreous clarity in the 
light path due to their composition being similar to 
cells. This study provided significant evidence for the 
prolonged benefits of MSC - sEV as a drug delivery 
system in managing diabetic retinopathy. Also, such 
sustained effects could be useful for treating several 
types of disorders that demand repeated invasive 
therapeutic interventions. 

Supplementary Material  
Supplementary figures.  
https://www.thno.org/v13p2241s1.pdf   

Acknowledgements 
This work was supported by the Department of 

Biotechnology, Govt of India, under Grant 
BT/PR26814/NNT/28/1476/2017 to D.U.  

Author contributions 
SR: In vitro experiments, animal experiments, 

data analysis, and manuscript writing. AB: Animal 
experiments. SS: Conceptualization and supportive 
supervision. RNS: Conceptualization, and supportive 
supervision. RC: Conceptualization and FITC-conju-
gation studies; RS: In vitro experiments and CAM 
assay; KP: Methodological support; TT: FITC 
conjugation studies; MM: Methodological support. 
AA: Data analysis and drafting of the manuscript. 
AKS: Conceptualization and drafting of the manu-

script. SA: Conceptualization and methodological 
support for animal experiments; VD: Methodological 
support for the animal experiments; MSM: MSC 
culture and quality assessment, DU: Conceptua-
lization, experimental designing, data analysis and 
manuscript finalisation. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Zheng Y, Ley SH, Hu FB. Global aetiology and epidemiology of type 2 

diabetes mellitus and its complications. Nat Rev Endocrinol 2018;14(2):88-98.  
2. Cole JB, Florez JC. Genetics of diabetes mellitus and diabetes complications. 

Nat Rev Nephrol 2020; 16(7):377-90.  
3. Chakraborty A, Hegde S, Praharaj SK, Prabhu K, Patole C, Shetty AK, et al. 

Age related prevalence of mild cognitive impairment in type 2 diabetes 
mellitus patients and association of serum lipids with cognitive dysfunction. 
Front Endocrinol (Lausanne) 2021; 12:798652 

4. Antonetti DA, Silva PS, Stitt AW. Current understanding of the molecular and 
cellular pathology of diabetic retinopathy. Nat Rev Endocrinol. 
2021;17(4):195-206.  

5. Davoudi S, Papavasileiou E, Roohipoor R, Cho H, Kudrimoti S, Hancock H, et 
al. Optical coherence tomography characteristics of macular edema and hard 
exudates and their association with lipid serum levels in type 2 diabetes. 
Retina 2016;36(9):1622-9.  

6. Wong TY, Cheung CM, Larsen M, Sharma S, Simó R. Diabetic retinopathy. Nat 
Rev Dis Primers 2016;2:16012.  

7. Duh EJ, Sun JK, Stitt AW. Diabetic retinopathy: current understanding, 
mechanisms, and treatment strategies. JCI Insight 2017;2(14):e93751. 

8. Sinclair SH, Schwartz SS. Diabetic retinopathy-an underdiagnosed and 
undertreated inflammatory, neuro-vascular complication of diabetes. Front 
Endocrinol 2019;10:843.  

9. Spaide RF, Fisher YL. Intravitreal bevacizumab (Avastin) treatment of 
proliferative diabetic retinopathy complicated by vitreous hemorrhage. Retina 
2006; 26(3):275-8.  

10. Boyer DS, Hopkins JJ, Sorof J, Ehrlich JS. Anti-vascular endothelial growth 
factor therapy for diabetic macular edema. Ther Adv Endocrinol Metab 
2013;4(6):151-69. 

11. Mehta H, Fraser-Bell S, Yeung A, Campain A, Lim LL, Quin GJ, et al. Efficacy 
of dexamethasone versus bevacizumab on regression of hard exudates in 
diabetic maculopathy: data from the BEVORDEX randomized clinical trial. Br 
J Ophthalmol 2016;100(7):1000-4.  

12. Mansour AM, Foster RE, Gallego-Pinazo R, Moschos MM, Sisk RA, et al. 
Intravitreal anti-vascular endothelial growth factor injections for exudative 
retinal arterial macroaneurysms. Retina 2019;39(6):1133-41.  

13. Striglia E, Caccioppo A, Castellino N, Reibaldi M, Porta M. Emerging drugs 
for the treatment of diabetic retinopathy. Expert Opin Emerg Drugs 
2020;25(3):261-71. 

14. Lee MW, Baek SK, Lee KH, Lee SC, Kim JY, Lee YH. Comparison of retinal 
layer thickness and microvasculature changes in patients with diabetic 
retinopathy treated with intravitreous bevacizumab vs panretinal 
photocoagulation. Sci Rep 2022;12(1):1570.  

15. Mansour SE, Browning DJ, Wong K, Flynn HW Jr, Bhavsar AR. The evolving 
treatment of diabetic retinopathy. Clin Ophthalmol 2020;14:653-78. 

16. Rodrigues MW, Cardillo JA, Messias A, Siqueira RC, Scott IU, Jorge R. 
Bevacizumab versus triamcinolone for persistent diabetic macular edema: a 
randomized clinical trial. Graefes Arch Clin Exp Ophthalmol 
2020;258(3):479-90. 

17. Pramanik S, Mondal LK, Paine SK, Jain S, Chowdhury S, Ganguly U, et al. 
Efficacy and cost-effectiveness of anti-VEGF for treating diabetic retinopathy 
in the Indian population. Clin Ophthalmol 2021;15:3341-50. 

18. Janoria KG, Gunda S, Boddu SH, Mitra AK. Novel approaches to retinal drug 
delivery. Expert Opin Drug Deliv 2007;4(4):371-88.  

19. Falavarjani KG, Nguyen QD. Adverse events and complications associated 
with intravitreal injection of anti-VEGF agents: a review of literature. Eye 
(Lond) 2013;27(7):787-94. 

20. Ong AY, Rigaudy A, Toufeeq S, Robins J, Shalchi Z, Bindra MS, et al. 
Intravitreal injections as a leading cause of acute postoperative 
endophthalmitis-a regional survey in England. Eye (Lond) 2023;37(1):163-169. 

21. Ozer F, Tokuc EO, Albayrak MGB, Akpinar G, Kasap M, Karabas VL. 
Comparison of before versus after intravitreal bevacizumab injection, growth 
factor levels and fibrotic markers in vitreous samples from patients with 
proliferative diabetic retinopathy. Graefes Arch Clin Exp Ophthalmol 
2022;260(6):1899-906.  



Theranostics 2023, Vol. 13, Issue 7 
 

 
https://www.thno.org 

2255 

22. Shah SS, Denham LV, Elison JR, Bhattacharjee PS, Clement C, Huq T, et al. 
Drug delivery to the posterior segment of the eye for pharmacologic therapy. 
Expert Rev Ophthalmol 2010;5(1):75-93.  

23. Osaadon P, Fagan XJ, Lifshitz T, Levy J. A review of anti-VEGF agents for 
proliferative diabetic retinopathy. Eye (Lond) 2014;28(5):510-20.  

24. Malakouti-Nejad M, Bardania H, Aliakbari F, Baradaran-Rafii A, Elahi E, 
Monti D, et al. Formulation of nanoliposome-encapsulated bevacizumab 
(Avastin): Statistical optimization for enhanced drug encapsulation and 
properties evaluation. Int J Pharm 2020;590:119895. 

25. Chirio D, Peira E, Sapino S, Chindamo G, Oliaro-Bosso S, Adinolfi S, et al. A 
new bevacizumab carrier for intravitreal administration: focus on stability. 
Pharmaceutics 2021;13(4):560. 

26. Chen C, Sun M, Wang J, Su L, Lin J, Yan X. Active cargo loading into 
extracellular vesicles: Highlights the heterogeneous encapsulation behaviour. 
J Extracell Vesicles 2021;10(13):e12163.  

27. Tao SC, Huang JY, Gao Y, Li ZX, Wei ZY, Dawes H, et al. Small extracellular 
vesicles in combination with sleep-related circRNA3503: A targeted 
therapeutic agent with injectable thermosensitive hydrogel to prevent 
osteoarthritis. Bioact Mater. 2021;6(12):4455-69.  

28. Walker S, Busatto S, Pham A, Tian M, Suh A, Carson K, et al. Extracellular 
vesicle-based drug delivery systems for cancer treatment. Theranostics 
2019;9(26):8001-17.  

29. Kim H, Lee MJ, Bae EH, Ryu JS, Kaur G, Kim HJ, et al. Comprehensive 
molecular profiles of functionally effective MSC-derived extracellular vesicles 
in immunomodulation. Mol Ther 2020;28(7):1628-44. 

30. Mathew B, Torres LA, Gamboa Acha L, Tran S, Liu A, Patel R, et al. Uptake 
and distribution of administered bone marrow mesenchymal stem cell 
extracellular vesicles in retina. Cells 2021;10(4):730. 

31. Safwat A, Sabry D, Ragiae A, Amer E, Mahmoud RH, Shamardan RM. 
Adipose mesenchymal stem cells-derived exosomes attenuate retina 
degeneration of streptozotocin-induced diabetes in rabbits. J Circ Biomark 
2018;7: 1849454418807827. 

32. Mathew B, Ravindran S, Liu X, Torres L, Chennakesavalu M, Huang CC, et al. 
Mesenchymal stem cell-derived extracellular vesicles and retinal 
ischemia-reperfusion. Biomaterials 2019;197:146-60.  

33. Hurwitz SN, Conlon MM, Rider MA, Brownstein NC, Meckes DG Jr. 
Nanoparticle analysis sheds budding insights into genetic drivers of 
extracellular vesicle biogenesis. J Extracell Vesicles 2016;5:31295.  

34. Rider MA, Hurwitz SN, Meckes DG Jr. ExtraPEG: A Polyethylene 
glycol-based method for enrichment of extracellular vesicles. Sci Rep 
2016;6:23978.  

35. Andreu Z, Rivas E, Sanguino-Pascual A, Lamana A, Marazuela M, 
González-Alvaro I, et al. Comparative analysis of EV isolation procedures for 
miRNAs detection in serum samples. J Extracell Vesicles 2016;5:31655.  

36. García-Romero N, Madurga R, Rackov G, Palacín-Aliana I, Núñez-Torres R, 
Asensi-Puig A, et al. Polyethylene glycol improves current methods for 
circulating extracellular vesicle-derived DNA isolation. J Transl Med 
2019;17(1):75.  

37. Somiya M, Kuroda S. Reporter gene assay for membrane fusion of 
extracellular vesicles. J Extracell Vesicles 2021;10(13):e12171. 

38. Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina 
R, et al. Minimal information for studies of extracellular vesicles 2018 
(MISEV2018): a position statement of the International Society for 
Extracellular Vesicles and update of the MISEV2014 guidelines. J Extracell 
Vesicles 2018 ;7(1):1535750.  

39. Haney MJ, Klyachko NL, Zhao Y, Gupta R, Plotnikova EG, He Z, et al. 
Exosomes as drug delivery vehicles for Parkinson's disease therapy. J Control 
Release 2015;207:18-30.  

40. Liu H, Shen M, Zhao D, Ru D, Duan Y, Ding C, et al. the effect of 
triptolide-loaded exosomes on the proliferation and apoptosis of human 
ovarian cancer SKOV3 cells. Biomed Res Int 2019;2019:2595801.  

41. Pescina S, Ferrari G, Govoni P, Macaluso C, Padula C, Santi P, et al. In-vitro 
permeation of bevacizumab through human sclera: effect of iontophoresis 
application. J Pharm Pharmacol 2010;62(9):1189-94.  

42. Moisseiev E, Waisbourd M, Ben-Artsi E, Levinger E, Barak A, Daniels T, et al. 
Pharmacokinetics of bevacizumab after topical and intravitreal administration 
in human eyes. Graefes Arch Clin Exp Ophthalmol 2014;252(2):331-7. 

43. Bakri SJ, Snyder MR, Reid JM, Pulido JS, Singh RJ. Pharmacokinetics of 
intravitreal bevacizumab (Avastin). Ophthalmology 2007;114(5):855-9.  

44. Sinapis CI, Routsias JG, Sinapis AI, Sinapis DI, Agrogiannis GD, Pantopoulou 
A, et al. Pharmacokinetics of intravitreal bevacizumab (Avastin®) in rabbits. 
Clin Ophthalmol. 2011;5:697-704. 

45. Joshi BS, de Beer MA, Giepmans BNG, Zuhorn IS. Endocytosis of extracellular 
vesicles and release of their cargo from endosomes. ACS Nano. 2020; 
14(4):4444-4455.  

46. Barber AJ, Baccouche B. Neurodegeneration in diabetic retinopathy: Potential 
for novel therapies. Vision Res 2017;139:82-92. 

47. Feenstra DJ, Yego EC, Mohr S. Modes of retinal cell death in diabetic 
retinopathy. J Clin Exp Ophthalmol 2013;4(5):298. 

48. Rossino MG, Dal Monte M and Casini G. Relationships between 
neurodegeneration and vascular damage in diabetic retinopathy. Front. 
Neurosci 2019;13:1172. 

49. Moisseiev E, Anderson JD, Oltjen S, Goswami M, Zawadzki RJ, Nolta JA, et al. 
Protective effect of intravitreal administration of exosomes derived from 
mesenchymal stem cells on retinal ischemia. Curr Eye Res 2017;42(10):1358-67. 

50. Duan Y, Luo Q, Wang Y, Ma Y, Chen F, Zhu X, et al. Adipose mesenchymal 
stem cell-derived extracellular vesicles containing microRNA-26a-5p target 
TLR4 and protect against diabetic nephropathy. J Biol Chem 
2020;295(37):12868-84.  

51. Mead B, Tomarev S. Bone marrow-derived mesenchymal stem cells-derived 
exosomes promote survival of retinal ganglion cells through 
miRNA-dependent mechanisms. Stem Cells Transl Med 2017;6(4):1273-85.  

52. Rübsam A, Parikh S, Fort PE. Role of Inflammation in Diabetic Retinopathy. 
Int J Mol Sci 2018;19(4):942.  

53. Forrester JV, Kuffova L and Delibegovic M. The role of inflammation in 
diabetic retinopathy. Front Immunol 2020;11:583687. 

54. Meleth AD, Agrón E, Chan CC, Reed GF, Arora K, Byrnes G, et al. Serum 
inflammatory markers in diabetic retinopathy. Invest Ophthalmol Vis Sci 
2005;46(11):4295-301.  

55. Chen H, Zhang X, Liao N, Wen F. Assessment of biomarkers using multiplex 
assays in aqueous humor of patients with diabetic retinopathy. BMC 
Ophthalmol 2017;17(1):176.  

56. Taghavi Y, Hassanshahi G, Kounis NG, Koniari I, Khorramdelazad H. 
Monocyte chemoattractant protein-1 (MCP-1/CCL2) in diabetic retinopathy: 
latest evidence and clinical considerations. J Cell Commun Signal 
2019;13(4):451-62.  

57. Wooff Y, Man SM, Aggio-Bruce R, Natoli R, Fernando N. IL-1 family members 
mediate cell death, inflammation and angiogenesis in retinal degenerative 
diseases. Front Immunol 2019;10:1618. 

58. Esposito K, Nappo F, Marfella R, Giugliano G, Giugliano F, Ciotola M, et al. 
Inflammatory cytokine concentrations are acutely increased by hyperglycemia 
in humans: role of oxidative stress. Circulation 2002;106(16):2067-72. 

59. Imazeki M, Noma H, Yasuda K, Motohashi R, Goto H, Shimura M. Anti-VEGF 
therapy reduces inflammation in diabetic macular edema. Ophthalmic Res 
2021;64(1):43-9. 

60. Sun H, Zou W, Zhang Z, Huang D, Zhao J, Qin B, et al. Vitreous inflammatory 
cytokines and chemokines, not altered after preoperative adjunctive 
conbercept injection, but associated with early postoperative macular edema 
in patients with proliferative diabetic retinopathy. Front Physiol 
2022;13:846003. 

61. Long Q, Upadhya D, Hattiangady B, Kim DK, An SY, Shuai B, et al. Intranasal 
MSC-derived A1-exosomes ease inflammation, and prevent abnormal 
neurogenesis and memory dysfunction after status epilepticus. Proc Natl 
Acad Sci U S A 2017;114(17):E3536-45. 

62. Zhao M, Liu S, Wang C, Wang Y, Wan M, Liu F, et al. Mesenchymal stem 
cell-derived extracellular vesicles attenuate mitochondrial damage and 
inflammation by stabilizing mitochondrial DNA. ACS Nano 
2021;15(1):1519-38. 

63. Upadhya D, Shetty AK. Extracellular vesicles as therapeutics for brain injury 
and disease. Curr Pharm Des. 2019;25(33):3500-3505.  

64. Qin X, Fei J, Duan Y, Ceylan AF, Zhang F, Ren J. Beclin1 haploinsufficiency 
compromises mesenchymal stem cell-offered cardioprotection against 
myocardial infarction. Cell Regen 2022;11(1):21.  

65. Kim DK, Nishida H, An SY, Shetty AK, Bartosh TJ, Prockop DJ. 
Chromatographically isolated CD63+CD81+ extracellular vesicles from 
mesenchymal stromal cells rescue cognitive impairments after TBI. Proc Natl 
Acad Sci U S A 2016;113(1):170-5. 


