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Purpose: Apatinib (Apa) is a novel anti-vascular endothelial growth factor with the potential 
to treat diabetic retinopathy (DR); a serious condition leading to visual impairment and 
blindness. DR treatment relies on invasive techniques associated with various complications. 
Investigating topical routes for Apa delivery to the posterior eye segment is thus promising but 
also challenging due to ocular barriers. Hence, the study objective was to develop Apa-loaded 
bovine serum albumin nanoparticles (Apa-BSA-NPs) coated with hyaluronic acid (HA); 
a natural polymer possessing unique mucoadhesive and viscoelastic features with the capacity 
to actively target CD44 positive retinal cells, for topical administration in DR.
Methods: Apa-BSA-NPs were prepared by desolvation using glutaraldehyde for cross- 
linking. HA-coated BSA-NPs were also prepared and HA: NPs ratio optimized. 
Nanoparticles were characterized for colloidal properties, entrapment efficiency (EE%), 
in vitro drug release and mucoadhesive potential. In vitro cytotoxicity on rabbit corneal 
epithelial cells (RCE) was assessed using MTT assay, while efficacy was evaluated in vivo in 
a diabetic rat model by histopathological examination of the retina by light and transmission 
electron microscopy. Retinal accumulation of fluorescently labeled BSA-NP and HA-BSA- 
NP was assessed using confocal microscope scanning.
Results: Apa-HA-BSA-NPs prepared under optimal conditions showed size, PdI and zeta 
potential: 222.2±3.56 nm, 0.221±0.02 and −37.3±1.8 mV, respectively. High EE% (69±1%), 
biphasic sustained release profile with an initial burst effect and mucoadhesion was attained. 
No evidence of cytotoxicity was observed on RCE cells. In vivo histopathological studies on 
DR rat model revealed alleviated retinal micro- and ultrastructural changes in the topical HA- 
Apa-BSA-NP treated eyes with normal basement membrane and retinal thickness comparable 
to normal control and intravitreally injected nanoparticles. Improved retinal accumulation for 
HA-BSA-NP was also observed by confocal microscopy.
Conclusion: Findings present HA-Apa-BSA-NPs as a platform for enhanced topical therapy 
of DR overcoming the devastating ocular complications of the intravitreal route.
Keywords: retinopathy, apatinib, bovine serum albumin, hyaluronic, mucopenetration, 
active targeting

Introduction
Diabetic retinopathy (DR) is a microvascular complication of diabetes and is the 
fourth leading cause of visual impairment and blindness world-wide.1 Nowadays, 
DR therapy depends mainly on invasive techniques such as intravitreal injections. 
One of the major drawbacks of intravitreal injections is patient discomfort and poor 
compliance worldwide. Moreover, they may result in ocular complications such as 
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intraocular bleeding and endophthalmitis. Topical ophthal-
mic dosage forms such as solutions, suspensions, oint-
ments, gels, or emulsions have shown promising 
outcomes in treating anterior eye diseases.2 Delivering 
drugs to the posterior region of the eye remains 
a challenge up to this day.3 The unique structure of the 
eye renders the passage of drugs extremely difficult as it 
combats multiple barriers of various properties.4 Topical 
delivery to the posterior of the eye faces many challenges; 
the cornea, conjunctiva, sclera, Bruch’s membrane and 
retinal pigment epithelium act as static barriers.5 On the 
other hand, tear fluid, lymphatic vessels, and conjunctival 
and choroidal blood flow act as a dynamic barrier. 
Therefore, owing to these barriers, the bioavailability of 
drugs administered topically to the posterior segment of 
the eye is 5% in the aqueous humor and less than that in 
the vitreous humor.6 The design of topical dosage forms 
that enhance the ocular bioavailability of drugs at the 
posterior of the eye has become very crucial.

Ocular drug delivery systems in the nano-range pro-
vide the advantage of protecting the cargo from external 
degradation, sustaining drug release, penetrating physiolo-
gical barriers, and delivering the drug to specific cells by 
targeting.7

Albumin is an extensively used macromolecule 
because of its natural properties including biodegradability 
and biocompatibility.8,9 Preparation of albumin NPs is 
relatively easy, and takes place under mild conditions 
either by emulsification, desolvation, complex coacerva-
tion, and electrospray.9 Moreover, carboxyl and amine 
functional groups found on the surface of albumin, play 
a role in surface modification and, hence targeting.10 This 
in turn enhances cellular uptake across the endothelial 
cells.11

Kim et al.12 reported that albumin formulations could 
provide a useful system to deliver various cytoprotectants 
to the eye anterior or posterior regions to prevent ocular 
diseases.12 Bovine serum albumin nanoparticles (BSA- 
NPs) have been reported to have the ability to permeate 
the rabbit’s cornea to deliver acyclovir to deep corneal 
layers without irritating the eye.13 Das et al.14 documented 
also that aspirin-loaded BSA-NPs had the potential to 
topically treat posterior eye diseases such as DR.

Surface coating of albumin nanoparticles with hyaluro-
nic (HA) acid has gained a lot of interest in the field of 
ocular drug delivery.15 HA hygroscopic characteristic 
enables it to form hydrogen bonds with mucin despite its 
anionic nature.16 HA is a biodegradable, non- 

immunogenic biopolymer, and might be an interesting 
molecule for targeted ocular delivery since it is a major 
constituent of the vitreous humor. It is found throughout 
the retina and has the ability to interact with Cluster of 
differentiation (CD44) receptors on the surface of many 
retinal cell types.17 It has been reported that HA-coated 
albumin NPs loaded with Cx43 mimetic peptide, exhibited 
enhanced in vitro cellular uptake and ex vivo retinal pene-
tration, compared to uncoated particles, via HA-CD44 
receptor mediated interactions.18,19 Moreover, degradation 
of endothelial HA could be observed in DR pathophysiol-
ogy. Therefore, maintaining HA could prevent further 
diabetic vascular complications and organ damage.20

Apatinib, (Apa) a novel and selective inhibitor of 
VEGF receptor 2, has been demonstrated recently to exhi-
bit anticancer efficacy by inhibiting the VEGF-signaling 
pathway.21,22 Kim and Suh23 investigated its antiangio-
genic effect on oxygen-induced retinopathy. This was 
explained by its selective binding to VEGF receptor 2 
that plays a crucial role in angiogenesis by stimulating 
auto-phosphorylation at the carboxy terminal tail and 
kinase-insert region, which is the most pro-angiogenic 
effect.23 Intravitreal injection of Apa attenuated retinal 
neovascularization in mice while proving to be non-toxic. 
Apa is insoluble in water; hence, nanoparticle encapsula-
tion avoids accumulation of the insoluble drug in the 
vitreous cavity, which is often associated with ocular 
toxicity.24 Lee et al.22 documented that Apa-human 
serum albumin (HSA)-conjugated polyethylene glycol 
(PEG) nanoparticles, are promising for the prevention 
and treatment of corneal neovascularization-related ocular 
disorders. In addition, intravitreal injection of Apa-HSA- 
PEG nanoparticles formulated by Jeong et al. inhibited 
retinal vascular leakage in STZ-injected diabetic mice.24

The objective of the current study is to develop topi-
cally delivered apatinib loaded bovine serum albumin 
nanoparticles coated with hyaluronic acid to achieve 
improved delivery to retinal cells for treatment of diabetic 
retinopathy.

Materials and Methods
Materials
Apatinib was purchased from ATK chemical (QingPu, 
Shanghai, China). Bovine serum albumin was obtained 
from (Biowest, USA). Hyaluronic acid sodium salt (Mwt 
1.4*106 Da) was provided by Euromedex (Strasbourg, 
France). Glutaraldehyde was from Al-Gomhureya 
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chemicals (Egypt). Hexadecyltrimethyl ammonium bro-
mide (CTAB) and porcine mucin were purchased from 
Sigma Aldrich (USA). Ethanol and Acetonitrile, HPLC 
grade were from Fisher Scientific (UK). All other chemi-
cals and organic solvents were of analytical grade.

Preparation of BSA-NPs and HA-BSA- 
NPs
BSA-NPs were prepared by the well-established desolva-
tion method.25 Briefly, BSA (25, 50 and 100 mg) was 
dissolved in 1 mL of 10 mM NaCl followed by stirring 
for 10 minutes. The pH was adjusted to 8 using 0.1 
N NaOH, then, the desolvating agent, absolute ethanol, 
was added dropwise (1 mL/min) till the formation of an 
opalescent dispersion. Subsequently, the desolvated BSA- 
NPs were cross linked with 25 µL of 8% (v/v) glutaralde-
hyde and the reaction was kept under constant magnetic 
stirring for 24 hours at room temperature. The resulting 
colloidal dispersion was centrifuged (Sigma Laboratory 
Refrigerated Centrifuge, Model 3K-30; Germany) at 
15,000 rpm for 25 minutes. The supernatant was then 
removed, and the cross-linked precipitated BSA-NPs 
were redispersed in 1mL PBS (pH 7.4). Apa loaded BSA- 
NPs were prepared by adding Apa (5 mg/mL in DMSO) to 
the BSA solution at the beginning of the process.

For the preparation of HA-coated BSA-NPs, the BSA- 
NPs dispersion pH was adjusted to 4.9 using 0.1N HCl, 
then added dropwise to (0.5, 1 or 2 mL) colloidal solution 
of HA (2 mg/mL). The mixture was then stirred for 2 
hours at 37°C.

Determination of Hyaluronic Acid 
Content
The efficiency of HA coating was tested by measuring the 
concentration of free HA in the supernatant following 
centrifugation using the cetyltrimethyl ammonium bro-
mide (CTAB) turbidimetric method.26 Briefly, an aliquot 
of 2 mL of CTAB reagent (2.5 g CTAB in 100 mL of 0.2 
mol/L NaCl) was precisely added to 1 mL of HA solution 
and gently shaken to ensure mixing. The timer was set to 
accurately control reaction time. At the 10th min, sample 
absorbance was measured using ultraviolet spectrophoto-
metry at λmax 400 nm. Deionized water was used as blank. 
HA concentration was then obtained from a calibration 
curve constructed using different dilutions of HA standard 
solution.

In vitro Characterization of BSA NPs
Colloidal Properties and Morphology
The mean particle size, polydispersity index (PdI) and zeta 
potential of BSA-NPs were measured by Zetasizer (PCS 
Zetasizer® Nano ZS Series DTS 1060, Malvern 
Instruments S.A., Worcestershire, UK) at a fixed angle at 
25°C using a 4 mW He–Ne laser at 633 nm. Dispersions 
were diluted in deionized water and measurements were 
performed in triplicate.

The morphology of BSA-NPs and HA-BSA-NPs was 
examined by transmission electron microscopy (TEM) 
using JEOL, JEM-100 CX Electron Microscope, Tokyo, 
Japan. Before analysis, the selected dispersions were 
sprayed onto copper grids without staining27 and shots 
were taken at x 30–50K magnification.

Encapsulation Efficiency
Entrapment efficiency (EE%) was calculated by determin-
ing the concentration of free (un-entrapped) Apa in the 
supernatant after separation of BSA-NPs by centrifuga-
tion. A high-performance liquid chromatographic assay 
(HPLC-UV) was used for Apa determination as reported 
by Lee et al.22 Agilent Technologies-1260 infinity; Santa 
Clara, CA, USA was used. Separation was carried out on 
reversed phase C18 column (Kinetex™; 250×4.6 mm, 
particle size 5 μm, pore size 100 μm). An isocratic eluent 
consisting of acetonitrile and distilled water in the ratio 
45:55 v/v was used. The injection volume was 20 μL and 
the flow rate was adjusted to 0.5 mL/min. Peaks were 
detected at 347 nm using a UV detector. All solutions 
were protected from light and used within 24 h. Reversed- 
phase elution was carried out at room temperature. Apa 
concentration was calculated using calibration standards. 
Linearity was checked in the concentration range 50–5000 
µg/mL with a determination coefficient 0.999. The method 
was validated for limit of detection (LOD) and limit of 
quantitation (LOQ) which were 5.77 and 19.25 µg/mL, 
respectively. Measurements were done in triplicate. The % 
EE of Apa in BSA-NPs was calculated from the difference 
between the initial drug concentration added and the free 
drug concentration in the supernatant using the following 
equation:

% EE ¼
ðCi � Cf Þ � 100

Ci 

where Ci is the initial drug content and Cf is the free drug 
in the supernatant (unentrapped).
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In vitro Drug Release Study
The in vitro release profile of Apa from BSA-NPs and 
HA-BSA-NPs was studied using the dialysis method. The 
NPs were suspended in 1 mL of PBS and placed in the 
dialysis bag (VISKING® dialysis tubing MWCO 12,000– 
14,000) which was then suspended fully immersed in the 
release medium (PBS pH 7.4) maintaining sink conditions. 
The release of Apa was then determined at 37°C at 
100 rpm in a thermostatically controlled shaking water 
bath (Köttermann GmbH, Hänigsen, Germany). Samples 
were collected at predetermined time intervals (0.25, 0.5, 
1, 3, 5, 7 and 24 h) then filtered through 0.45µm 
Millipore® syringe filters, followed by compensation 
with an equal volume of fresh release medium. The con-
centration of the drug was determined by the HPLC assay 
described above. The % Apa released was calculated in 
triplicate.

In vitro Mucoadhesion Studies
The mucoadhesiveness of BSA-NP and HA-BSA-NPs was 
assessed in vitro by measuring the changes in viscosity 
and ZP upon formulation incubation with mucin as 
reported previously.28 Mucin was used in a concentration 
of 10% (w/v) with pH adjusted to 7.4 to mimic the ocular 
environment. Mucin was first hydrated with distilled 
water, followed by gentle stirring at room temperature 
for complete dispersion. Both viscosity and ZP measure-
ments were done in triplicate.

Viscosity Measurements 
BSA-NPs and HA-BSA-NPs were incubated with 
hydrated mucin in a 1:1 ratio for 30 minutes. NPs control 
samples were prepared by replacing mucin with distilled 
water, whereas mucin control sample was prepared simi-
larly but with the NPs being replaced with distilled water. 
Viscosity of 0.5 mL samples was measured using cone and 
plate viscometer (Brookfield, DV2T, USA) following 
equilibrium for 30 min at 100 rpm using spindle 40 for 1 
min, at 25 °C.

Zeta Potential (ZP) 
NPs interaction with mucin was also determined by mea-
suring the change in ZP of NPs/mucin mixtures in the ratio 
1:1 compared to NPs and mucin controls. Following incu-
bation for 2 h at room temperature, ZP was measured as 
previously described.

In vitro Cell Tolerability Assay on Rabbit 
Corneal Epithelial Cells (RCE)
The rabbit corneal epithelial cell line (RCE) was obtained 
from the European Cell Culture Collection (N° 95081046, 
ECACC, Salisbury, UK). Cells with passage numbers 10– 
15 were used. Cells were grown at 37 °C in a humidified 
atmosphere with 5% CO2. The growth medium had the 
following composition: Dulbecco’s modified Eagles med-
ium (DMEM) with Ham’s nutrient mixture F12 (1:1), 
L-glutamine (1% v/v, 2 mM), penicillin (100 IU/mL), 
streptomycin (0.1 mg/mL), amphotericin B (0.25 µg/mL), 
epidermal growth factor (10 ng/mL), insulin (5 µg/mL) 
and foetal bovine serum, 15% v/v. Cytotoxicity test on 
RCE cells was carried out using a WST-1 commercially 
available cell proliferation reagent. Cells were plated at 
3×105 cells/well in 96-well microtiter plates; 24 hours 
after plating, at 70% confluence and before the cultures 
became multilayered, the growth medium was removed 
and replaced with the test solutions (100 µL). After 30 
minutes exposure, the reaction medium was removed, the 
cells were washed twice with DMEM/F12, 100 µL fresh 
growth medium and 10 µL cell proliferation reagent WST- 
1 were then added in each well. The cells were incubated 
for 2 h at 37 °C in a humidified atmosphere with 5% CO2, 
then the microplate was thoroughly shaken for 1 min and 
the absorbance was measured at 450 nm using a microtiter 
reader (Asys UVM 340, Biochrom). The time of incuba-
tion with the WST-1 reagent was determined after a series 
of preliminary experiments. The background absorbance 
was measured on wells containing only the dye solution. 
The results were expressed as percent optical density of 
treated vs control untreated, serum-containing cultures.

In vivo Studies
Animals
Male Wistar rats, weighing 200–250 g, were provided by 
the animal facility of the Faculty of Medicine, Alexandria 
University. Rats were housed at ambient temperature with 
free access to food and water. Experiments were per-
formed in accordance with the guidelines of the 
Institutional Animal Care and Use Committee, Faculty of 
Pharmacy, Alexandria University (Approval number: AU- 
062021299).

Efficacy of BSA-NPs in a Diabetic Retinopathy Rat 
Model
For diabetes induction, rats were administered two intra-
peritoneal doses of streptozotocin (STZ) (65 mg/kg).29 

https://doi.org/10.2147/IJN.S316564                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 4484

Radwan et al                                                                                                                                                         Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Blood glucose levels were measured 3 days after STZ 
injection and monitored weekly thereafter. Rats were 
housed for 6 weeks following induction to ensure the 
development of diabetic retinopathy. Only rats with con-
sistently high glucose levels >170 mg/dL were included in 
the study. Following induction, rats were randomly 
divided into six groups (n = 5) as follows: normal control 
and positive control groups, two groups treated intravitre-
ally receiving a single 10 µL intravitreal injection of Apa- 
BSA-NPs and Apa-HA-BSA-NPs in the right eye follow-
ing anesthesia by an intraperitoneal injection of ketamine 
hydrochloride (20 mg/kg) and two groups treated topically 
administered 50 µL drops of the same formulations twice 
daily for two weeks. After dose instillation, the eyelids 
were held open for 10 secs to avoid rapid washout of the 
formulation. In all animals the left eye was not treated 
serving as a positive control. Following treatment admin-
istration, blood sugar level was measured routinely to 
make sure it does not exceed 350 mg/dl. At the end of 
the experiment, the rats were sacrificed, and the eyes were 
removed immediately for further investigations.

Histological and Morphometric Analysis 
Eyeball specimens were taken for histological and mor-
phometric assessment of the retina. The eyeball was 
excised and cut into 2 halves. One half was fixed in 10% 
formol saline, processed to get (3–5 μm) thick paraffin 
sections and then stained with Haematoxylin and Eosin 
(H&E) stain for light microscopic examination. From the 
other half the retina was excised immediately and cut into 
small pieces (1/2–1 mm2), fixed in 3% glutaraldehyde 
solution, and processed to get ultrathin sections for trans-
mission electron microscope (TEM) examination. Digital 
images from (H&E) stained sections were obtained at 
magnification (400X), using a digital camera (Olympus 
DP20) connected to a microscope (Olympus BX41) for 
histological examination and measuring the thickness of 
the retina (RT). TEM (JEOL JEM-2100F; Tokyo, Japan) 
was used to get images for ultrastructural examination of 
the retina and to measure the retinal capillary basement 
membrane (BM) thickness. Measurements were expressed 
using NIH Image J (v1.49) software as an average of 20 
measurements.

Retinal Distribution of BSA-NPs Following Topical 
and Intravitreal Administration
Preparation of Fluorescent Dye Conjugated BSA-NPs 
Ethanolic solution of 1′-dioctadecyl-3,3,3′,3′- 

tetramethylindodicarbocyanine perchlorate (DiD) solution 
in ethanol (0.5 mg/mL) was added dropwise to BSA solu-
tion in 10mM NaCl then the procedure continued as pre-
viously mentioned. To remove non-conjugated dye from 
the NP dispersion, the particles were centrifuged (15,000 
RPM, 25 min, at 4°C) and re-suspended in PBS.

Retinal Distribution Study 
The study was conducted on both normal and diabetic 
male Wistar rats divided into groups of three. DiD loaded 
BSA-NPs and HA-BSA-NPs were administered either 
topically or intravitreally. Rats in the treated groups were 
administered a single 10 µL dose injected intravitreally in 
the left eye and a 50 µL dose of the same formulation 
administered topically to the right eye. Five hours post 
administration, the animals were euthanized by cervical 
dislocation and their eyes were enucleated and fixed 
immediately with 10% formaldehyde solution. Isolated 
rat retina mounts were then used to visualize the retinal 
distribution of BSA-NPs by means of Laser scanning 
confocal microscopy (LSCM) (Leica TSC SPE II/DMi 8) 
post-administration. Fluorescence was observed with exci-
tation at 545 nm and emission at 550–600 nm. Confocal 
images were then analyzed using Image J software (v 
1.49). Mean corrected total fluorescence (MCTF) for iden-
tical areas of the analyzed image was calculated by sub-
tracting the background autofluorescence from the 
measured fluorescence intensity.

Statistical Analysis
All studies were performed in triplicate. Data were 
expressed as mean ± standard deviation (mean ± SD). 
t-test was performed using GraphPad QuickCalcs: t-test 
calculator to determine statistical significance. Differences 
were considered statistically significant if p ≤ 0.05.

Results and Discussion
Optimization and Physicochemical 
Characterization of BSA-NPs
BSA-NPs were prepared by the previously reported deso-
lvation method.25 The study of the effect of varying BSA 
concentration on the physicochemical properties of NPs 
revealed a significant decrease in particle size (PS) with 
increasing BSA concentration from 25 to 100 mg which 
was accompanied by a decrease in PdI at 50 mg followed 
by a significant increase in PdI at 100 mg (p≤0.05) 
(Table 1). The observed decrease in PS with increasing 
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BSA concentration is in accordance with the previous 
investigations of Rahimnejad et al.30 who reported that 
an increase in BSA concentration from 5 to 30 mg/mL 
resulted in PS reduction from 204 to 145.7 nm. Oppositely, 
Galisteo-González and Molina-Bolivar31 reported that the 
increase of BSA concentration from 12 to 100 mg/mL led 
to an increase in PS from 75 to 135 nm. The variation in 
the patterns of change in PS with changing BSA concen-
tration is probably a result of several factors other than 
BSA concentration working in harmony such as pH, salt 
concentration, temperature and volume and rate of addi-
tion of the dehydrating agent thus affecting protein pre-
cipitation by making changes in the environment altering 
its conformation.32

Blank BSA-NPs prepared using 50 mg/mL and show-
ing an average PS, PdI and ZP of 212 ±0.354 nm, 0.207 
±0.053 and −29.5±0.05 mV, respectively, were chosen for 
further development. Indeed, the optimum protein concen-
tration range for BSA-NPs formulation has been pre-
viously reported to be 50–60 mg/mL.33 Apa loading into 
BSA-NP resulted in a slight reduction in PS (198.9 ± 3.52 
nm) with no change in ZP (−29.2 ± 1.3 mV).

To achieve successful coating with HA, pH of BSA-NP 
dispersion was adjusted to 4.9 which represents the iso-
electric point (IEP) of BSA at which both the positive and 
negative charges on the protein surface are equal. At pH 
4.9, ZP shifted from −29.2±1.3 to 6.03±2.1 mV. The 
negatively charged HA could then be coated onto the sur-
face of the positively charged BSA-NPs through electro-
static interactions. The increase in HA added to BSA-NP 
dispersion from 1 to 4 mg/mL (Table 1) resulted in 
a significant increase in PS with an increase in negative 
surface charge which prevents particle aggregation as evi-
denced by the reduction in PdI thus providing long-term 
stability of the particle suspension19 Apa-HA-BSA-NP2 
formula coated with 2 mg/mL HA and showing PS of 

222.2 ± 3.56 nm, PdI of 0.22 and ZP of −37.3 ± 1.8 mV 
was selected for further investigations.

Besides the increase in ZP observed with increasing 
HA concentration, the amount of HA that did not bind 
successfully to the selected HA-coated BSA NPs after 
centrifugation was determined to ensure efficient HA sur-
face coating by electrostatic interactions onto the surface 
of Apa-BSA-NP. This was done using the CTAB turbidi-
metric method.26 At the selected initial HA amount (2 mg/ 
mL), free unbound HA was found to be 2.4% indicating 
successful coating of Apa-BSA-NP.

The morphology of Apa-BSA-NP and Apa-HA-BSA- 
NP2 was investigated using TEM (Figure 1A). Images 
displayed solid spheres with smooth surface and narrow 
distribution (Figure 1A-a and A-c). Apa-HA-BSA-NP2 
exhibited a relatively larger size compared to uncoated 
Apa-BSA-NPs. These results were in agreement with 
those obtained using zetasizer. The images were further 
enlarged (Figure 1A-b and A-d) to clearly identify the 
shape and the morphological structure of the NPs. Apa- 
HA-BSA-NPs appeared as a dark core bounded by 
a lighter gray halo likely corresponding to the HA coat. 
Similar observations were reported for HA-based 
microgels34 and HA-coated gold nanoparticles.35 The 
size obtained by TEM was smaller than that obtained by 
PCS, this has been previously attributed to the sample 
preparation methods, probably leading to shrinkage of 
the hydrophilic shell during air-drying and also the con-
tribution of hydrodynamic diameter in PCS 
measurements.34,36

HPLC analysis of unentrapped Apa revealed that the % 
EE of Apa calculated for the selected HA-coated BSA- 
NPs (Apa-HA-BSA-NP2) was 69±1%.

The in vitro drug release profile of Apa from BSA-NPs 
in PBS pH 7.4 as a function of time is shown in Figure 1B. 
Both, Apa-BSA-NPs and Apa-HA-BSA-NP2 showed 
a biphasic release profile with an initial burst 

Table 1 Composition and Physicochemical Properties of BSA-NPs (n=3)

Formula BSA (mg) HA (mg) Particle Size (nm) ± SD PdI Zeta Potential mV ± SD

BSA-NP1 25 – 260.1±3.59 0.38 −32.3 ± 0.09
BSA-NP2 50 – 212.0 ±0.35 0.21 −29.5 ± 0.05

BSA-NP3 100 – 100.5±8.27 0.66 −25.7 ± 0.15

Apa-BSA-NP 50 – 198.9 ± 3.52 0.05 −29.2 ± 1.3
Apa-HA-BSA-NP1 50 1 161.3 ± 6.41 0.39 −27.3 ± 0.05

Apa-HA-BSA-NP2 50 2 222.2 ± 3.56 0.22 −37.3 ± 1.8

Apa-HA-BSA-NP3 50 4 390.0 ± 2.28 0.19 −39.4 ± 2.0
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Figure 1 In vitro characterization of BSA-NPs: (A)TEM images of (a, b) Apa-BSA-NP, (c, d) Apa-HA-BSA-NP at 30K and 50K X magnification, respectively (B) Apatinib 
release profile from BSA-NP and HA-BSA-NP formulations in PBS pH 7.4 at 37°C over 24 h (n=3).

Figure 2 Viscosity (A) and zeta potential (B) values of BSA-NPs and HA-BSA-NPs before and after incubation with mucin as an indicator of mucoadhesion (n=3). *p<0.05 vs 
BSA-NP, #p<0.05 vs BSA-NP+mucin.
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corresponding to the drug physically bound to the surface 
followed by sustained release of the entrapped drug. This 
agrees with the heretofore reported release profiles of 
aspirin and salicylic acid from albumin NPs showing two 
distinct phases.14,37 Compared to Apa-BSA-NPs, the % 
Apa released was reduced significantly by the HA coat 
(98% and 66.67% at 24 h for Apa-BSA-NPs and Apa-HA- 
BSA-NPs, respectively). It has been shown previously that 
modifying the surface of nanoparticles with HA slows 
down drug release probably due to restricting release 
medium diffusion into the NPs matrix.18,38 Moreover, 
HA molecules produce a dense hydrophilic matrix around 
the nanoparticles, hence decreasing the release rate of 
hydrophobic drugs.39

In vitro Mucoadhesion Study
As a measurement of mucoadhesive potential, the interac-
tion of NP formulations with mucin was determined by 
analyzing the changes in viscosity following 30 
min incubation. Higher elevation in viscosity values 
reflects enhanced interaction between the NPs and 
mucin.28 As shown in Figure 2A, HA-BSA-NPs viscosity 
was significantly higher (p<0.05) than that of BSA-NPs 
(19.01± 2.3 and 5.05± 0.3 cP, respectively). Mucin control 
viscosity under the selected experimental conditions was 
10.5 ± 0.2 cP. Viscosity values of mucin/NPs mixture 
increased to 12.79± 0.38 and 28.42±1.25 cP following 
incubation with BSA-NPs and HA-BSA-NPs, respectively. 
Despite the significant increase in viscosity observed for 
the two tested formulations after mucin addition, the 
change in viscosity for HA-BSA-NPs was still higher 
than that observed for the uncoated BSA-NPs (9.41 and 
7.74 cP, when compared to NPs control, respectively). 
This could be attributed to the ability of HA linear mole-
cules to penetrate mucin coil structure forming hydrogen 
bonds with carboxyl and hydroxyl moieties in the amino 
groups producing a rather stable connection.28,40

Changes in ZP as an indicator of mucin/NPs interaction 
were also evaluated. As presented in Figure 2B, mucin 
particles ZP was about −10mV. A much higher ZP was 
observed for BSA-NP and HA-BSA-NP (−29.5 ± 0.05 and 
−37.3 ± 1.8 mV, respectively). Following incubation with 
mucin the change in ZP was significantly higher with HA- 
BSA-NPs than BSA-NPs (25.4 and 5.7 mV, respectively 
compared to NPs controls) to reach (−11.9 ± 0.8 mV and 
−23.8± 0.98 mV, respectively). Similar findings were 
obtained with the negatively charged HA-coated liquid 
lipid nanocapsules,41 showing a sharp decline in ZP to 

a value almost equal to that of mucin. A possible explana-
tion is the formation of a mucin layer covering NPs to 
a great extent. Even though, HA and mucin carry 
a negative charge, interaction in this case is not only 
attributed to electrostatic bonding as despite mucin net 
negative charge, positively charged regions exist in the 
non-glycosylated part. Furthermore, the hydrating nature 
and flexibility of HA enable it to interact with mucin 
glycosyl groups by the formation of hydrogen bonds.42

The above findings confirm the higher degree of inter-
action of HA-BSA-NP with mucin compared to the 
uncoated BSA-NP. This consequently results in better 
adhesion of the topical formulation enhancing ocular con-
tact and increasing pre-corneal residence time when admi-
nistered topically to the eye.

In vitro Cell Tolerability Assay
The tolerability of blank and Apa loaded BSA NPs was 
investigated on RCE cells by WST-1 assay. To test the 
potential cytotoxicity of BSA NPs, RCE cells were treated 
with BSA NPs at various concentrations. BSA NPs either 
blank or Apa loaded did not show any cytotoxicity against 
RCE cells whose cell viability values were always main-
tained above 95%; the cells grew well in all the concentra-
tions of BSA NPs tested compared to control. BSA 
implication in a variety of roles related to the survival 
and regeneration of cells has been widely investigated.43 

Huang et al previously reported excellent biocompatibility 
of BSA NPs on ARPE-19 cells showing no significant 
difference in cell viability between the free peptide and 
negative control (p > 0.05) after incubation with uncoated 
and HA-coated FITC-Cx43 MP-HSA NPs.18 BSA NPs 
retinal biocompatibility was also confirmed in vivo in 
Wistar rats.44 The retina, as well as other ocular tissues, 
kept its cytoarchitecture without showing signs of altera-
tion in the photoreceptor and neuronal layers or cellular 
infiltrations or vascular inflammation.44

In vivo Efficacy of BSA-NPs in Diabetic 
Retinopathy Rat Model
Histopathological changes in retinal sections of rats’ eyes 
with DR are shown in Figures 3 and 4. Light microscopic 
examination of retinal sections from the normal control 
group showed normal retinal architecture, with its different 
layers and normal vascularization (Figure 3A-a). On the 
other hand, retinal sections from the positive control group 
(diabetic untreated) showed, increased number of blood 
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vessels, some of them were dilated and congested 
(Figure 3A-b). Photomicrographs of retinal sections from 
groups administered Apa-BSA-NP either topically (50 µL) 
or intravitreally (10 µL) showed fewer blood vessels com-
pared to the positive control group (Figure 3A-c and A-d). 
Moreover, the groups receiving Apa-HA-BSA-NPs 
showed almost normal retinal vascularization comparable 
to the normal control group (Figure 3A-e and A-f).

One of the key features of retinal affection in DR is the 
thickening of the retina.45 As shown in Figure 3B, the 
retinal thickness (RT) of the DR control group (220.24 
µm) was significantly higher than the normal control 
group (151.84 µm) due to edema and retinovascular dila-
tion. Whereas Apa-BSA-NPs and Apa-HA-BSA-NPs 
applied either topically or IVT presented a significant 
decline in RT versus the DR control group, solely topical 
Apa-HA-BSA-NP formulation showed RT comparable to 
the control group (158.97 µm, p>0.05). Moreover, intravi-
treally injected formulations resulted in a subnormal RT 
even less than that of the control group. This further 
decline may be associated with intravitreal injections of 
anti-VEGF as mentioned by Kniggendorf et al.46

TEM imaging of retinal sections (Figure 4) showed 
findings comparable to those of the light microscopic 
ones. The electron micrographs of retinal sections from 
the normal control group showed normal retinal ultra- 
structure, . The photoreceptor cell layer showed the photo-
receptor cells with regular horizontal lamellar discs. 
Minimal intercellular spaces between nuclei of photore-
ceptor cells were revealed. Blood vessels showed normal 
thickness of the basement membrane. On the other hand, 
those from diabetic group, showed distorted retinal ultra- 
structure, as the photoreceptor cell layer showed distorted 
lamellar discs with vacuolations of the outer segments and 
increased interdisc spaces. In addition, wide spaces were 
noticed between photoreceptor cells’ nuclei. Blood ves-
sels showed thickened basement membrane. These results 
were in accordance with Gawish et al47 who reported that 
the retina of diabetic group showed distortion lamellar 
discs and wide spaces between nuclei of photoreceptor 
cells. Besides, thickening of the blood vessels is a well- 
known finding in diabetic retinopathy.48 Intravitreal Apa- 
BSA-NPs group showed areas of distorted lamellar discs 
and other normal retinal ultra-structure. On the other 

Figure 3 Retinal histology on day 14 following topical and intravitreal administration of Apa-BSA-NPs and Apa-HA-BSA-NPs (A) Histopathological photomicrographs of 
H&E stained retinal sections (a) Negative control group showing normal retinal architecture, with its different layers and normal vascularization. (b) Positive control group 
showing increased number of blood vessels, some of them are dilated and congested. (c) Intravitreal Apa-BSA-NP and (d) Topical Apa-BSA-NPs showing a fewer number of 
blood vessels than diabetic group. (e) Intravitreal Apa-HA-BSA-NPs and (f) Topical Apa-HA-BSA-NPs showing, almost normal retina. (black arrow); Blood vessels. (white 
arrow); Nerve fiber layer. (G); Ganglion cell layer. (IPL); Inner plexiform layer. (INL); Inner nuclear layer. (OPL); Outer plexiform layer. (ONL); Outer nuclear layer. (PRL); 
Photoreceptor layer. (B) Morphometric analysis of full retinal and basement membrane thickness, µm (n=20). *p<0.05 vs negative control, #p<0.05 vs positive control.
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hand, the topical Apa-BSA-NPs group showed distorted 
retinal ultra-structure with only few normal areas. As 
regard Apa-HA-BSA-NPs groups almost normal retinal 
ultra-structure was revealed following both intravitreal 
and topical administration. In all treated groups normal 
thickness of the basement membrane of the blood vessels 
was noticed.

The observed changes in the vascular BM thickness 
were confirmed by morphometrical analysis. Figure 3B 
illustrates the significant increase in vascular BM thick-
ness in the positive control group compared to the negative 
control. BM thickening is a fundamental structural altera-
tion of small blood vessels and a histological hallmark of 
diabetic microangiopathy. Further progression of BM 
thickening in DR leads to ischemia and retinal capillaries 
degeneration.49 All treatment groups showed a highly 

significant decrease in BM thickness compared to the DR 
control group (p<0.05) with the HA-coated NPs, either 
topical or IVT reaching a comparable thickness to the 
normal control group (0.09 µm).

The results of histopathological examination of rat 
retinas by both light and electron microscopes demon-
strated efficacy of Apa-BSA-NPs in DR rat model follow-
ing both intravitreal and topical administration. HA 
coating of BSA-NPs resulted in efficacy enhancement 
following application by either route. Achieving DR reso-
lution by topical route similar to intravitreal injection and 
comparable to negative control group is very promising. 
The mucoadhesive nature of HA as well as its interaction 
with hyaluronan receptors on corneal epithelial cells may 
result in prolonged precorneal-retention.50 This was pre-
viously reported by Kyyrönen et al. where hyaluronic acid 

Figure 4 Electron micrographs of retinal sections from negative control show normal organized photoreceptor cell layer (PRL), the photoreceptor cells are with regular 
horizontal lamellar discs (D). Outer nuclear cell layer (ONL) shows minimal intercellular spaces between nuclei (N) of photoreceptor cells. Normal blood vessel (BV) with 
normal thickness of the basement membrane is noticed. Electron micrographs from positive control show disorganized photoreceptor cell layer (PRL) with increased 
interdisc spaces (*), photoreceptor cells show distorted lamellar discs (D) and vacuolated outer segments (OS). ONL shows wide spaces between photoreceptor cells’ 
nuclei (N). Notice BV with thickened basement membrane. Electron micrographs from Apa-BSA-NPs (IVT) group show PRL with few distorted lamellar discs and vacuolated 
OS and increased interdisc spaces (*), these findings are more prominent in Apa-BSA-NPs (Topical) group. Electron micrographs from Apa-HA-BSA-NPs (IVT) and Apa-HA- 
BSA-NPs (Topical) groups show almost normal retinal ultra-structure. All treated groups showed normal BV basement membrane thickness.
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ester preparations increased the residence time of methyl-
prednisolone in the tear fluid of rabbits.51 Likewise, HA 
coating on chitosan NPs resulted in improved bioavailabil-
ity of dexamethasone due to its precorneal retentive 
potential.50 Moreover, HA speed up NPs cellular uptake 
by receptor-mediated endocytosis probably due to its bind-
ing to CD44 receptors.52 The CD44 receptor is a cell sur-
face glycoprotein and is a receptor for the major 
extracellular matrix (ECM) component hyaluronan (HA) 
contributing to its binding, endocytosis, and metabolism.53 

Increasing evidence has suggested that CD44 play 
a significant role in the development of various inflamma-
tory diseases and is over expressed in disease 
conditions.53,54 It has been reported that CD44 receptors 
affinity for HA enables cells to internalize large HA- 
coated molecules. This receptor mediated uptake allows 
negatively charged NPs to still be taken up efficiently by 
retinal cells.17 The improved efficacy of HA-coated BSA- 
NPs is thus expected to allow for enhanced Apa delivery 
to cells overexpressing CD44 receptors enabling receptor- 
mediated endocytosis.

In addition to the role of HA coating, NP surface 
properties have been shown to play a critical role in the 
diffusive mobility of NPs through the vitreous as well 
as their penetration across the retina.55 The nature of 
the vitreous humor plays a key role in charge-related 
particle distribution due to its anionic structure56 as it 
is composed of a three-dimensional network of col-
lagen fibrils bridged by anionic proteoglycans.57 This 
substantially restricts the movement of cationic and 
large-sized particles after intravitreal injection via 
hydrophobic, electrostatic, or steric effects while 
allowing the distribution of anionic particles without 
any major restrictions. Kim et al. tracked the move-
ment of intravitreally injected human serum albumin 
nanoparticles as a function of surface charge and ret-
inal injury, showing that anionic nanoparticles readily 
traversed the vitreous compared to cationic nanoparti-
cles thus reflecting their potential for drug delivery to 
the subretinal space and the RPE.58 The particle char-
acteristics of BSA-NPs prepared in this work, includ-
ing the highly negative surface charge (−29.5 ± 0.05 
and −37.3 ± 1.8 mV) and the relatively small particle 
size (212±0.35 and 222.2±3.56 nm) for uncoated and 
HA-coated NPs, respectively, seemed to avoid particle 
trapping within the vitreous meshwork allowing them 
to freely diffuse towards the retina. Huang et al.59 

investigated HA-coated HSA-NPs biodistribution and 

retention in vivo showing their rapid diffusion through 
the vitreous and penetration across the neural retina, 
till reaching the RPE layer.

Retinal Distribution Study
Confocal laser microscopy was used to detect the presence 
of the uncoated and HA-coated BSA-NPs in rat retinal 
mounts five hours post administration. Fluorescence inten-
sity of different formulations was compared for normal 
and diabetic rats (Figure 5A). In normal rats no significant 
difference was observed between the different groups stu-
died (p>0.05) with a mean fluorescence intensity of 
2.82±0.67.

A highly significant increase in fluorescence intensity 
was observed following IVT administration of both 
uncoated and HA-coated BSA-NPs in diabetic rats (7.93 
±0.93 and 9.42±1.62 fold, respectively) compared to nor-
mal rats. This could be attributed to remodeling of retinal 
architecture in DR disrupting ocular physiology.60 The 
retinal blood vessels and the retinal pigment epithelium 
both act as barriers to fluorescent dye leakage within the 
retina in a normal eye. Moreover, the tight junctions of 
the endothelial cells in retinal capillaries and in the 
retinal pigment epithelium provide an outer blood-retinal 
barrier preventing penetration into the retinal tissues.60,61 

On the other hand, in DR fluorescent dye leakage can 
result from disruption of the retinal vascular endothelial 
cell tight junctions or the breakdown of tight junctions 
between retinal pigment epithelial cells. Intense leakage 
can also be explained by the retinal neovascularization in 
DR.60,61

Regarding topical administration, a significant increase 
of fluorescence intensity in DR was only observed for HA- 
coated nanoparticles (4.3±0.48 fold) compared to normal 
rats (Figure 5B). Moreover, a significantly higher fluores-
cence intensity in diabetic rats was observed with HA- 
coated BSA-NPs compared to uncoated NPs (12.28±1.39 
and 3.55±0.81, respectively, Figure 5A) further elaborating 
the benefits of HA coating in enhancing ocular drug pene-
tration and diffusion to the posterior segment of the eye 
via a non-invasive route of administration. A single 
administration of HA-coated BSA-NPs topically suc-
ceeded in achieving a fluorescence intensity of 44% rela-
tive to intravitreal route. This explains the comparative 
efficacy observed in the in vivo study following repeated 
daily administration for two weeks.
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Conclusion
Treating DR topically is a challenging objective due to the 
unique structure of the eye as it combats multiple barriers 
of various properties rendering the passage of drugs extre-
mely difficult. A delivery system based on HA-coated 
BSA NPs was developed for the topical administration of 
Apa – a recently discovered anti VEGF receptor 2. BSA 
NPs were prepared by the desolvation method and opti-
mized for PS, PdI and ZP. Efficient HA acid coating on 
selected preformed BSA-NPS based on electrostatic inter-
action between HA and positively charged BSA-NPs was 
achieved. In vitro mucoadhesion and in vivo efficacy and 
biodistribution data obtained implied possible targeting of 
the posterior eye via the topical route by HA-BSA-NPs. 
The results obtained promote topical Apa-HA-BSA-NPs 
as a mucoadhesive, safe alternative to invasive intravitreal 

route currently adopted for DR treatment with low toxicity 
as evidenced by the in vitro cytotoxicity study on RCE cell 
line and put forward a potential therapy with fewer com-
plications and enhanced patient compliance.
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