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Abstract

In recent years, anti-angiogenic therapeutic agents (anti-VEGF) have contributed to the treatment of retinal vein occlusion (RVO). At the same
time, Mesenchymal Stromal Cells (MSCs) secretory agents protect the ganglion cells, limiting eye degeneration. An in vitro model to evaluate
medicines that may be effective in RVO therapy is missing. In an attempt to evaluate such a model, MEK kinase inhibitor-PD0325901 was
used to induce the expression of EPCR (Endothelial Protein C Receptor) on HUVEC (Human Umbilical Cord Endothelial Cell) culture. Anti-VEGF
encapsulated in thiolated chitosan (ThioCHI) nanoparticles, MSCs and a combination of these was applied to the cultures and their effect was
monitored. Net nanoparticles of CHI and ThioCHI were prepared by ionic gelation technique while ThioCHI was selected as polymeric matrix
for anti-VEGF encapsulation. Their full characterization was followed using Fourier-transform infrared spectroscopy, Differential scanning
calorimetry and X-ray diffraction. MSCs were prepared from human adipose tissue liposuction cultured up to five passages. Following 24hour exposure of HUVEC to PD0325901, the effect of anti-VEGF nanoparticles, MSCs, and a combination of these was assessed by quantifying
the secreted EPCR and time-controlled anti-VEGF release using a commercial ELISA assay. The modified prepared nanoparticles showed no
cytotoxic effect while antibody release was constant for 8 days. The abnormal EPCR levels were statistically significantly reduced after 24 and
48 hours following exposure of the abnormal endothelium either to the anti-VEGF nanoparticles or to MSCs. A combination of both agents
was more effective than either agent separately on 24 hours. The expression of EPCR on PD0325901 induced HUVEC cultures may be used as a
novel in vitro-RVO simulation model to test the efficacy of pharmaceuticals and other therapeutics, on RVO, reducing the animal cost for such
experiments. Using this model anti-VEGF ThioCHI nanoparticles, MSCs and a combination of these agents have been positively evaluated.
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Introduction
Retinal vein occlusion (RVO) is the second leading cause of retinal
vascular disease after diabetic retinopathy (DR) (Klein et al., 2000).
Although the pathogenesis of RVO is not yet fully understood, an
important event is the intraluminal thrombus formation. The blockage
of venous circulation causes an augmentation of intraluminal pressure
in the capillaries, leading to hemorrhages and leakage of fluid within
the retina, increase of interstitial pressure and a consequent reduction
of retinal perfusion. Ischemia may develop resulting in secretion
of vascular endothelial growth factor (VEGF) that causes further
vascular leakage and retinal edema. Nowadays, intravitreal injections
of anti-VEGF agents are administered aiming the improvement of the
clinical outcomes in these patients (Campa et al., 2016). However, the
advantages of anti-VEGF therapy can be diminished by the need for
prolonged treatment with repeated intravitreal injections, which can
cause severe problems like endophthalmitis and retinal detachment
(Farjo et al., 2010).
To overcome the above mentioned complications a slow constant antiVEGF delivery means could be used. Nanoparticles have been recently
used as drug and gene delivery systems. Their main characteristic is
the ability to target and efficiently deliver the incorporated substances
with reduced side effects to the patient. Due to its properties;
biocompatibility and biodegradability and no toxic effect, chitosan
is one of the most studied polymer in medical, biomedical and
pharmaceutical applications (Xu et al., 2003; Zhao et al., 2011). In order
to enhance its mucoadhesiveness, it is proposed the modification of its
structure with thiol groups which acts as cell receptors and facilitate
cell adhesion, proliferation and differentiation (Senni et al., 2011; Xian
et al., 2010). Chitosan nanoparticles have already been studied as drug
delivery systems, essential oil encapsulation and in water purification
systems. Antibodies delivery constitutes a new area for chitosan and
its analog nanoparticles to be used.
An other promising therapeutic approach for RVO may also be the
application of mesenchymal stromal cell (MSCs). Following recent
developments in the field of regenerative medicine, MSC therapies
have begun to be widely used for various forms of retinopathy
(Rajashekhar, 2014). Recent studies show that the functional action
of MSCs is related to secretory factors that protect the ganglion
cells, regenerating the axons in the optic nerve, limiting further
degeneration of the eye (Balmer et al., 2015; Mead et al., 2015). MSCs
have been shown to present neuroprotective effects on degenerated
retinal cells, which could be associated with delaying or even stopping
of uncontrolled cell death (Inoue et al., 2007; Park et al., 2016).
A variety of clinical trials are in the spotlight aiming the determination
of the therapeutic potency of MSCs in common retinopathies such as
DR, age-related macular degeneration (AMD), retinitis pigmentosa
(RP) and RVO (Rajashekhar, 2014; Balmer et al., 2015; Park et al., 2016;
Xu et al., Rajashekhar et al., 2014; Bharti et al., 2014). The most widely
used MSC are Adipose-derived Mesenchymal Stromal Cells (ASCs) that
can be easily isolated from adipose tissue obtained by the minimally
invasive procedure of liposuction.
An in vitro RVO model that could be used to test the above and other
therapeutic approaches before animal pre-clinical experiments would
be useful.
The inhibitor of MEK 1, 2 PD0325901 [N-(2,3-dihydroxy-propoxy)3,4-difluoro-2-(2-fluoro-4-iodo-phenylamino)-benzamide], has been
used in clinical trials for the treatment of solid tumors. However a
complication of this therapy was RVO, described by the presence of
cotton wool spots, hemorrhages, and vein occlusion. Based on this
evidence, PD0325901 has been successfully applied to induce RVO
following intravitreal administration to Dutch-Belted Rabbits providing

thus a reliable pre-clinical experimental model of the disease (Huang
et al., 2009). Rat retinal gene expression analysis has been performed
to evaluate the potential mechanism(s) of PD0325901-mediated RVO.
Preliminary results indicated the induction of soluble EPCR (Endothelial
Protein C Receptor) expression in retinal endothelial cells, that may
represent a critical factor for the development of RVO retinal damage
(Huang et al., 2009). Accordingly, the in vitro influence on PD0325901
induced endothelium EPCR expression may be useful as an in vitro
model for evaluating RVO therapeutics.
In the present study we used the above in vitro model to evaluate antiVEGF releasing nanoparticles, ASCs and a combination of them as RVO
therapeutics.

Materials and Methods
Materials and Reagents
Chitosan low molecular weight (50,000–190,000 Da, degree of
deacetylation ≥ 75%) was purchased from Sigma-Aldrich. Thioglycolic
acid (purum≥ 98%), N-Ethyl-N’-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDAC•HCl) (purum ≥ 99%) and N-Hydroxysuccinimide
(NHS) (purum 98%) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Triphenylphosphate (TPP) (purum ≥ 99%) used as ionic cross
linking agent was also supplied by Sigma-Aldrich. Phosphate Buffer
Saline (PBS) was used as purchased from SigmaAldrich (St. Louis, MO,
USA). Dulbecco’s Modified Eagle Medium (DMEM) high glucose w/L
glutamine w/sodium pyruvate, penicillin–streptomycin solution 100X,
fetal bovine serum (FBS) and trypsin-EDTA 1x in PBS were purchased
from BIOSERA (Kansascity, MO, USA), Osteogenesis, adipogenesis
and chondrogenesis medium from GIBCO-BRL (Grand Island, NY,
USA) while the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) powder-MTT and DMSO from Sigma Aldrich (St. Louis, MO,
USA).All other reagents were of analytical grade.

Synthesis of Thiolated Chitosan

Thiolated chitosan (TMC) was synthesized as previously reported
(Nanaki et al., 2012) by a two-stage procedure reported by Zhu et al.
(Zhu et al., 2012). In brief, 1 mL thioglycolic acid, 3.5 mg EDAC•HCl,
and 2.0 mg NHS were inserted into a flask containing 2 mL DMF and
the mixture was left under magnetic stirring overnight, resulting in
the synthesis of NHS–ester as an intermediate product. In the second
stage, 500 mg of low molecular weight chitosan was added to 4 mL
hydrochloric solution, 1 M in concentration, and diluted with water
to a final concentration of 2.5%. After that, NHS–ester was inserted
dropwise into the chitosan solution, and the pH value was adjusted
to 5. The resulting mixture was left under magnetic stirring overnight.
Synthesized TMC was lyophilized and washed in a Soxhlet extractor
until total elimination of unreacted monomers was achieved. After
lyophilization, TMS appeared as a white, odorless solid with a fibrous
structure.

Preparation of chitosan and thiolated chitosan
nanoparticles
Net chitosan (CHI) and thiolated chitosan (ThioCHI) nanoparticles
were prepared according to ionic gelation technique (Siafaka et al.,
2015) with a slight modification. In brief, 200mg of CHI or ThioCHI
was dissolved in 25mL of aqueous solution of acetic acid, 1% v/v in
concentration. TPP aqueous solution, 2mg/mL in concentration and
25mL in volume, was inserted dropwise to the initial solution under
magnetic stirring. The final ratio of CHI and ThioCHI to TPP was 4/1
w/w. The resulting mixture was left under magnetic stirring for 4
hours. Nanoparticles were formed due to interactions taking place
between the negative groups of TPP and the positive charged groups
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of CHI or ThioCHI. After 4 hours the pH was adjusted to 6.5-7 using
aqueous solution of NaOH, 0.1M in concentration. Nanoparticles
were isolated by lyophilization.
Analogous procedure was followed in order to prepare ThioCHI
nanoparticles containing anti-VEGF. The polyclonal antibody-VEGF
(Millipore, MA, USA) was inserted to the initial TPP aqueous solution
with immediate adjustment of pH to 7 and all the other steps were
kept the same.

Characterization of Prepared Nanoparticles
Fourier Transform-Infrared spectroscopy (FTIR) was used in order to
reveal the successful bond formation. FT-IR spectra were obtained
on a Perkin-Elmer FTIR spectrometer (Spectrum 1, Waltham, MA,
USA) using pellets of nanoparticles dilutedin KBr. Infrared (IR)
absorbance spectra were obtained between 450 and 4000 cm−1 at
a resolution of4 cm−1 using 20 co-added scans. All spectra presented
are normalized and baseline-corrected .
X-ray diffraction (XRD) was used in order to examine the crystallinity
of CHI and ThioCHI before and after ionic gelation procedure. XRD
analysis was performed on prepared nanoparticles over the5–45 2θ
range, using a MiniFlex II diffractometer (Rigaku Co., Tokyo, Japan)
with Bragg–Brentanogeometry (θ, 2θ) and Ni-filtered Cu Kα radiation
(λ = 0.154 nm).
The morphology of the prepared microspheres was examined using
a scanning electron microscope (SEM), type Jeol (JMS-840, Peabody,
MA, USA). All the studied surfaces were coated with carbon black to
avoid charging under the electron beam.

Cell lines
Isolation, culture and characterization of ASCs
Isolation of ASCs from adipose tissue was performed as we have
previously described (Christodoulou et al., 2019). Briefly, after
liposuction adipose tissue was suspended in PBS (1X, pH 7.4) after
the consent of a healthy volunteer donor. Overnight digestion was
performed with 5 mg collagenase type I per 10gr adipose tissue.
One day after, the mixture was centrifuged at 850 g for 10 min. The
pellet was resuspended in DMEM supplemented with 10 % FBS and 2
% Penicillin/Streptomycin and plated in culture flasks for 72 hours until
cells’ adherence to the plastic surface (37 °C incubation with 5 % CO2).
Cells were cultured for 2-3 passages while medium was changed
every two days. Every cells’ detachment was performed with 0.05 %
Trypsin-EDTA.
Following media changes every 2-3 days and after 2-3 passages, the
cells were characterized via flow cytometry. Briefly, upon detachment
of cells and centrifugation at 800 g for 10 min, staining with
monoclonal antibodies (mAbs) CD45-PerCP-Cy5, CD34-FITC, CD90FITC, CD105-PE (BD Biosciences, SanJose, CA USA) was performed for
15 min in the absence of light and finally analysis in BD FACS Calibur
(BD Biosciences, San Jose, CA USA).
The induction of differentiation towards osteocytes, adipocytes and
chondrocytes was accomplished by introducing the appropriate
medium in the culture for 25-30 days accompanied with media
changes every 2-3 days. The success of differentiation was estimated
with alizarin red, oil red and alcian blue staining respectively according
to each differentiation medium manufacturer's instructions (Grand
Island, NY, USA).

Isolation and characterization of HUVECs
HUVECs (Human Umbilical Vein Endothelial Cells) were isolated as we
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have previously described (Koliakou et al., 2019). In brief, 20-25 cm of
umbilical cord near the placenta height, were collected and washed
twice. The umbilical cord was placed in a plastic surface with its both
ends cut transversely with a lancet, in order for the umbilical vein
to be visible from both sides. After a mild restrain with the use of
a pincher, a wash with PBS was performed 3 times from every side
of the umbilical cord in the internal side of the vein. Subsequently,
the one side of the vein was wide shut and in the one a PBS solution
supplemented with 25 mg collagenase was added, preheated in
37oC for 30 min, until the complete filling of the vein cavity. After
the closure of the open side, the umbilical cord was cautiously
transferred in a preheated saline solution in 37oC for 15 min. Upon the
complete incubation and the opening of the one side, the content
of the vein was collected following mild massages and washes. After
centrifugation, the pellet was resuspended in Endothelial cell growth
(Lonza, Basel, Switzerland) and was subsequently plated in a T-25
culture flask and incubated in 37oC with 5% CO2 with media changes
every 2-3 days. The cells were then characterized via flow cytometry
for the expression of the CD144 surface marker.

Induction of an in vitro PD0325901-mediated model of
RVO
Aiming the exposure of an endothelial cell line to PD0325901, 5 x
103 HUVECs per well were seeded in 96-well plates and incubated
until cellular attachment in the presence of Endothelial Cell Growth
Medium. PD0325901(Cayman Chemical, Michigan, USA) dissolved
and added to increased concentrations in cell culture supernatant for
24 h incubation.
In order to assess the cytotoxic impact of PD0325901 to HUVECs, cell
supernatant was removed and MTT reactant was introduced in a ratio
of 1:10 in culture medium for a 4 h incubation in 37°C with 5% CΟ2. Upon
the removal of the MTT, 200 μl/well of DMSO was introduced for one
additional hour of incubation in the same conditions. The reduction
of MTT was counted in 570 and 630 nm wave length (PerkinElmer,
Massachusetts, USA).
To determine the effect of MEK inhibitor on the level of EPCR, a
common RVO-related biomarker, HUVECs supernatant was collected,
centrifuged at 16000 g for 5 min while the levels of secreted EPCR
were measured using sEPCR ELISA kit (CUSABIO, Houston, USA).

VEGF transcriptional levels quantification with real-time
PCR

Aiming the quantification of the expression levels of VEGF gene to
the abnormal endothelium after 24h or 48h PD0325901 effect on it,
real time polymerase chain reaction (PCR) with the use KAPA SYBR
FAST one step qPCR Master Mix (2X) Kit was performed. Untreated
or treated with toxic concentration HUVEC were detached by using
0.05% Trypsin-EDTA followed by RNA extraction procedure according
to the manufacturer’s instructions (Macherey– Nagel, Du ¨ren,
Germany) and a subsequent RNA quantiﬁcation in a NanoDrop ND1000 UV–Vis Spectrophotometer. After a cautious primer design as
well as HPLC Puriﬁcation (Lab Supplies, Athens, Greece), Q-PCR for
10 ng of RNA template was performed, the results of which were
analyzed by using ddCt algorithm for the analysis of the relative
changes in gene expression.

Estimation of cytotoxicity effect of prepared nano-particles on ASCs
ASCs were exposed to both CHI and ThioCHI nanoparticles and the
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MTT assay was carried out for 24 h as described above. Nanoparticles
were added in the culture supernatants at five different concentrations:
0,1-1-5-10-20 mg/ml in DMEM. For the sterilization of the solutions, 0.22
μm filter units were used. Non-nanoparticles treated cells were used
as a control group in the same number as the other groups.

Quantification of time-control release of anti-VEGF in
culture

Upon sterilization with a 0.22μm filter, ThioCHI containing antiVEGF nanoparticles dissolved in culture medium in the highest noncytotoxic concentration. After ASCs seeding and development up
to 50 % confluency on plastic surfaces, the nanoparticles’ enriched
solutions were added for further incubation. ASCs, plated to similar
cellular density, remained in simple medium without nanoparticles as
control condition. Aiming to quantify the time-control release of antiVEGF in culture, within 8 days and for several time points supernatants
from all tested groups were collected, centrifuged at 16000 g for 5
min while the levels of released anti-VEGF were measured using VEGF
ELISA kit (CUSABIO, Houston, USA).

Estimation of the influence of nanoparticles, ASCs or
their combination to the in vitro induced RVO model
Aiming the evaluation of the nanoparticles/ASCs combination’s impact
to the treated with PD0325901 HUVEC, semi-permeable transwell
membrane systems were used as decribed below. 2 x 105 HUVECs
were counted and plated per well in 24-well plates to be exposed to
PD0325901 upon their attachment to the plastic surface according
to the results of the referred to 2.6 section procedure. After the 24 h
exposure to the MEK inhibitor for the development of the in vitro RVO
model, cell culture inserts of 0.22μm pore size, were placed on the wells
containing 5 x 103 ASCs/well only, ThioCHI/anti-VEGF nanoparticles
or their combination. The co-culture systems were incubated in 37°C
with 5% CΟ2 while supernatant was selected, in different time points
without medium change previously, and EPCR secreted levels were
quantified using a commercial ELISA kit as previously described.

Statistical analysis
Data are presented as the mean ±SD and the Student’s t-test (unpaired,

two-tailed) was used for the two-group comparisons. Differences
were considered statistically significant at a value of p≤0.05.

Results
Characterization of the prepared nanoparticles

Nanoparticles of CHI and ThioCHI were prepared by the wellestablished technique ionic gelation. According to it there is a bond
formation between the anionic groups of chitosan chain, which are
negatively churched, and the cationic groups of a salt, TPP in this case,
which is positively charged. Bond formation leads to a stable matrix
which is difficult to be destroyed but has swelling properties that
makes them ideal for drug or antibodies delivery systems.
FT-IR was used in order to determine the bond formation CHI and
ThioCHI with TPP. As can be observed in Fig. 1a chitosan showed all the
characteristic peaks; a broad peak at the range 3000-3600 cm-1, owing
to stretching vibrations of O-H bonds, as well as to the intramolecular
bonds of polysaccharide chain. The peak at 2889cm-1is attributed to
stretching vibrations of methylene groups. The absorption peaks at
1665and 1563cm−1are due to amideI –NH2 bending and the amide II.
Shifts of the proper peaks were observed to net nanoparticles’ FTIR; i.e. at 2923, 1631 and 1589 cm-1 respectively indicating that bond
formation was conducted.
FT-IR spectra of ThioCHI (Fig. 1b) showed all the characteristic peaks as
referred in our previous study (Zhao et al., 2011); i.e. an amide bond at
1590 cm-1 and a peak at 2680 cm-1 owning to H-S bond. FT-IR spectra
of prepared nanoparticles showed shifts compared to the spectra of
ThioCHI ought to interactions took place between ThioCHI and TPP.
Furthermore, new peaks are appeared to the spectra; a small peak
at 1642cm-1 and another one at 813 cm-1, indicating bond formation
between TPP and ThioCHI.
XRD was used in order to study the crystallinity before and after
nanoparticles formation. As can be observed, CHI is a semi-crystalline
polymer with a relative high broad peak showed at 19.4 deg and
a smaller broad peak at 10.7 deg. TPP has high crystallinity. After
nanoparticles formation net nanoparticles showed to have lower
crystallinity with a small broad peak at 8.4 deg, a broad one at 22.5 deg
and a very small broad at 30.7 deg, showing that crystal structure of
chitosan was modified.

Fig. 1. FT-IR spectra of: (Α) nanoCHI and (Β) nanoThioCHI.
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Fig. 2. XRD patterns of: (Α) nanoCHI and (Β) nanoThioCHI formulations
Concerning ThioCHI as was referred previously (Nanaki et al., 2017)
is amorphous, with a broad peak be present in its X-ray diffraction
(Fig. 2). The amorphization of ThioCHI is an indication that successful
modification of CHI was conducted. Nanoparticles formed showed
different characteristics. As it was observed ThioCHI nanoparticles
showed a relative high crystallinity with a very high peak at 8.6
deg, i.e. at the same point where nanoCHI showed one also. There
are other peaks at 17.7, 19.1, 24.6, 26.8, 30.9, 32.0, and 35.9 deg, at
different degrees with that of TPP, indicating that the matrix formed
is high crystalline. This observation is probably attributed to the
modification in structure caused by the neutralization of pH after
their initial formation. Esquivel et all (Esquivel et al., 2015) studied
the influence of pH at nanoparticles formulation by ionic gelation
technique using CHI and ThioCHI as polymers.
Concerning CHI nanoparticles it was found that when the pH was at
the acidic region, and lower to 5.3 - a value near to pka of CHI, which
is 6.5, smaller nanoparticles were formed and aggregation was not
observed. This was found to be attributed to the protonation of
amine groups (NH3+) that favors the extension of CHI free chains.
As the pH increased near to isoelectric pH value, a deprotonation
process occurred, leading to microaggregation by decreasing
repulsion forces between particles. As SEM photos showed the
proper attitude was also observed in our study. CHI nanoparticles
formed (Fig. 3a) were spherical in shape, having size of about 380

nm, while after the adjustion of pH at 6.5 aggregates were observed
(Fig. 3b). Analogous was the observation for ThioCHI nanoparticles
formation which showed to be bigger in size, about 430nm, compared
to nanoCHI (Fig. 3c) and spherical in structure and semispherical and
aggregated at pH=6.5 (Fig. 3d).
Aggregations can lead to crystalline structures formation. The
differences observed in XRD patterns concerning nanoformulation
are probably ought to different mechanisms of formation. As was
also referred in (Esquivel et al., 2015) nanoparticles are formed in two
stages; at the first stage chitosan chains are arranged from semi coil
state to expanded structure and at the second stage free CHI chains
are reorganized to semispherical shapes. Furthermore, modification
of CHI with thioglycolic acid affected structural reorganization ought
to stereochemical inhibition.
Aiming the production of a final product of nanoparticles with enriched
mucoadhesiveness, ThioCHI was selected as polymer for anti-VEGF
encapsulation also based on its low cell cytotoxicity effect as shown
by the cytotoxicity results below. SEM photo (Fig. 4) showed the
successful preparation of the proper nanoparticles. As was expected,
nanoparticles were smooth in surface but was agglomerated due to
the last stage of neutralization process. Their size was bigger than that
of net nanoThioCHI, showing that antibody was probably incorporated
to the nanoparticles.

Fig. 3. SEM photos of nanoCHI and nanoThioCHI at pH 4 (Α,Β) and 6.5 (C,D) respectively.
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Fig. 4. SEM photo of nanoThioCHI containing antiVEGF

ASCs and HUVECs characterization
The successful isolation of a purified ASCs population was confirmed by flow cytometry for the absence of expression of hematopoietic
markers (CD45 / CD34) and high co-expression percentage (approximately 88%) of CD90 / CD105 markers (Fig. 5a). The ability of ASCs to
differentiate into adipocytes, osteocytes and chondrocytes was confirmed after staining with the appropriate dyes, compared with the control
group that was not cultured in the presence of any differentiation medium and thus remained unstained (Fig. 5b).
We similarly confirmed the isolation of HUVECs both by flow cytometry for expression of endothelial markers (CD144 / CD146) and after
observation of their morphology via optical microscopy (Fig. 6).

Fig.5. (A) Immunophenotypic characterization of isolated ASCs at passage 2 (B) Morphological depiction of ASCs
differentiation capacity after specific staining towards adipocytes, osteocytes and chondrocytes in comparison with
undifferentiated cells.
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Fig. 6. (a) Immunophenotypic characterization of freshly isolated HUVEC (b) Morphological depiction
of HUVEC after detachment on plastic surface.

Evaluation of the in vitro induced model of RVO
In order to induce toxicity to the selected endothelial cell line aiming
the simulation of an in vitroRVO model, we gradually added increased
concentrations of PD0325901 in the HUVEC cell line. We observed that
the concentration of 500 µg MEK inhibitor per ml becomes statistically
significant (**p = 0.0072) toxic with an observed decrease in HUVEC
viability at 42.1%, similar to that of Triton-X-100 toxicity that was used
as control group (Fig. 7a).

EPCR levels were measured at, the determined as cytotoxic,
concentration of 500 µg / ml to confirm the toxic effect of PD0325901
on the endothelial cell line by enhancing the secretion of cytokines
associated with RVO models. The statistically significant (**p =
0.006) overexpression of soluble EPCR relative to the untreated with
the inhibitor-control group, implies the successful induction of the
in vitro induced model (Fig. 7b). Moreover 24 and 48h upon PD0325901
stimulation, HUVECs express in high transcriptional levels the VEGF
gene confirming that stressed endothelium also produces VEGF as a
consequence of MEK inhibitor effect in the proposed model (Fig. 7c).

Fig. 7. Evaluation of the in vitro induced model of RVO (A) Quantification of PD0325901 toxicity on HUVECs viability with
MTT assay (B) Determination of EPCR secretion levels from PD0325901-treated HUVECs (C) HUVECs’ VEGF transcriptional
level 24 and 48h upon PD0325901 stimulation. Data are expressed as the mean ±SD from four independent experiments
(**p ≤ 0.01; n = 4).
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Estimation of the cytotoxic effect of the prepared
nanoparticles
The prepared chitosan and thiolated chitosan nanoparticles appeared
not to be particularly toxic upon addition in ASCs cultures, even at
high concentrations. In particular, nanoThioCHI appear to be safer
than nanoCHI as they show cell viability levels similar to control group
up to the concentration of 10 mg / ml (Fig. 8a). The observation of

Volume 7 Issue 1, January 2021
the morphology of the ASCs after the nanoparticles’ effect confirms the
MTT results with the maximum morphological apoptosis observed at
the concentration of 20 mg / ml (Fig. 8b).
Given the fact that nanoThioCHI, which were prepared for this
work aiming to enhance mucoadhesiveness and growth factors’
bioavailability, present ideally lower cytotoxicity than nanoCHI, we
continue the rest of our experiments by using only this category of
modified chitosan’s nanoparticles.

Fig. 8. (A) Determination of cell viability after the addition of increasing concentrations of nanoCHI and nanoThioCHI (n = 2)
(B) Morphological observasion of cell cultures 24hours upon treatment with nanoThioCHI

Time-controlled release of encapsulated anti-VEGF
The quantification of the progressively increasing amount of
secreted anti-VEGF from nanoThioCHI + anti-VEGF for 7 days, without
temporary change of supernatant, confirms its time-controlled and

sustained release (Fig. 9). The low secretion of anti-VEGF measured in
the presence of nanoThioCHI, demonstrates that the amount of antiVEGF that quantified is secreted by the nanoparticles in which it is
encapsulated and not as cellular response to nanoparticles’ addition
in general.

Fig. 9. Quantification of the released anti-VEGF from nanoThioCHI+anti-VEGF in 8days time period without medium
change (n = 4).
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Evaluation of the therapeutics influence on the
in vitro induced RVO model
The decrease in the secretion levels of the RVO specific marker,
EPCR, as a result of the presence of ASCs or their combination with
nanoThioCHI+anti-VEGF in culture demonstrates their efficient
activity. As we observed, the combination of cells and nanoparticles
in the induced damage model, as depicted in Fig. 10a, contributes
to a faster reduction of EPCR levels over a 24-hour period, as
opposed to simply addition of ASCs only which approach respective
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expression levels one day later, at 48h (Fig. 10b). More specifically,
the abnormal EPCR levels were statistically significantly reduced after
24 (*p = 0.04) and 48 (*p = 0.035) hours following exposure of the
abnormal endothelium either to the nanoThioCHI+anti-VEGF or to
ASCs.
ASCs effect was statistically significant better at 48 hours.
A combination of both agents was more effective than either agent
separately on 24 (**p = 0.008) and (**p = 0.006).
Morphological observation of the cells’ confluency demonstrates
even after 48 hours and for all conditions that the above results are
not affected by cells’ viability reduction.

Fig.10. (A) Depiction of the designed coculture system aiming to test the result of ASCs/nanoThioCHI+anti-VEGF impact on the
in vitro induced RVO model (B) Measurement of EPCR secreted levels from treated HUVEC as a response to combination
exposure (*p < 0.05, **p < 0.01; n = 4)

Discussion
RVO is the fifth leading cause of blindness. Although it’s exact
pathophysiology and etiology remain unknown, it is generally
accepted that the disease is related to conditions that cause
endothelial dysfunction (Karia, 2010; Ponto et al., 2015; Kida, 2017) and
is associated with increased risk of stroke (Li et al., 2016).
Innovative therapeutic approaches using intravitreal corticosteroids
and anti-VEGF are currently studied in clinical trials (Bremond-Gignac,
2016), and at least two medicines containing anti-VEGF are FDA and
EMA approved however the ideal therapeutic scheme remains to be
determined (Campa et al., 2016). On the other hand novel therapeutic
means such as MSCs may be also useful (Rajashekhar, 2014).
Huag et al (2009) have proposed the intravitreal administration
of PD0325901 to Dutch-Belted Rabbits as a reliable pre-clinical
experimental model of the disease (Huang et al., 2009). The same
substance induces in vitro the release of sEPCR on endothelial cells
(Huang et al., 2009). SEPCR has been also proposed as a disease
marker for RVO (Gumus et al., 2006).
SEPCR binds to the activated protein C inhibiting its anticoagulative
and antithrombotic activity (Liaw et al., 2000). Its release from
endothelial cells can be considered as a stress marker of the
endothelium (Saposnik et al., 2012) and a marker of hypercoagulation

(Yilmaz et al., 2015). Accordingly the hypersecretion of sEPCR by
HUVEC cells after PD0325901 stimulation as indicated by the results
of the present study mimics the stressed vascular endothelium in
RVO.
Furthermore, stressed endothelium produces also VEGF (Conklin
et al., 2002; Dabagh et al., 2019), that plays a central role in RVO
pathophysiology (Nishinaka et al., 2018). Accordingly, the results of
the present paper indicate that PD0325901 stimulation induces VEGF
expression on HUVEC cultures.
To our knowledge, this is the first use of a primary endothelial cell
line for the induction of a PD0325901-mediated RVO model, enabling
further investigation into the mechanisms underlying the disease
induction system using this inhibitor.
The results of the present study indicate that augmented levels
of secreted soluble EPCR were detected upon HUVECs’ exposure
to a cytotoxic dose of the inhibitor supporting its potential use as
a biomarker for RVO. The soluble form of EPCR has recently been
detected in RVO human plasma and in contrast to membrane-bound
EPCR (CD201), plays a prothrombotic role by inhibiting protein C
activation limiting the activation of anticoagulant pathway through
the thrombin-thrombomodulin complex (Saposnik et al., 2004;
Liaw et al., 2000). However, the mechanism by which PD0325901induction of antioxidant genes leads to increase secretion of EPCR
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remains to be clarified.
Having the above cell culture model of stressed endothelium, we
attempted to test novel means of RVO therapy either separately or in
combination.
It has been reported that the use of nanoparticles as the carriers for
related to antiangiogenic therapy drugs, could effectively protect the
drugs from inactivation, achieve sustained-release, controlled release
and targeted drug delivery, significantly enhance the bioavailability
and reduce the side effects (Lu et al., 2013; Wang et al., 2001).
Polymeric nanoparticles are currently a promising candidate for ocular
drug delivery because they are completely degradable, nontoxic and
easy to be functionalized with various types of drugs Shen et al., 2011).
Chitosan has already been used as a carrier for antibody delivery. Savin
et al. (Savin et al., 2019) used chitosan grafted-poly (ethylene glycol)
methacrylate for the near the retina delivery of bevacizumab (BEV), a
full-length monoclonal VEGF antibody. It was found that this modality
offered a prolonged local release up to 30 days, without showing any
cytotoxicity. BEV was also studied (Ugurlu et al., 2019) as antibody and
was successfully incorporated in chitosan nanoparticles prepared by
ionic gelation.
Based on all the above, we here prepared for the first time a novel
anti-VEGF nanocarrier of chitosan modified with thiol groups aiming
the increase of its adhesiveness on the administration environment
for locally targeted drug release. The data of the present study

indicate that nanoThioCHI has no cytotoxic effect upon its addition
in cell culture even in high concentrations while the respective antiVEGF nanocarrier is capable of time-controlled and sustained release
of the drug for 8 continuous days. This in vitro time period is likely to
correspond to an in vivo time period greater than the already referred
to the existed literature (Lu et al., 2013).
The paracrine properties of stem cells injected into the eye allow
continuous secretion of neurotrophic, immunomodulatory, and antiangiogenic factors that could potentially impact deteriorating retinal
cells for a considerable period of time, with the advantage of superior
potential than neurotrophic factors with a shorter half-lives and
injected in a timely manner (Puertas-Neyra et al., 2020). For this reason,
we here propose the combination of our prepared nanocarriers with
a purified expanded and fully characterized ASCs’ population as a
potential therapeutic regimen against RVO and other related to retinal
degeneration diseases.
Further research using an in vivo model of RVO, is required to verify
the presented results and evaluate the efficacy of the proposed
in vitro model.
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