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Age associated macular degeneration is the 3rd primary cause of blind fundus diseases globally. A reliable
and long-lasting method of intraocular drug delivery is still needed. Herein, this study was aim to
develop the novel fabrication of ranibizumab loaded co-polymeric nanomicelles (Rabz-CP-NMs) for
AMD. The CMC of co-polymeric nanomicelles was determined to be low, at 6.2 mg/ml. The ring copo-
lymerization method was employed to fabricate the NMs and characterize via FTIR, XRD, TEM, DLS and
Zeta potential. Rabz-CP-NMs was spherical shape with 10e50 nm in size. Stable and prolonged drug
release was achieved with the Rabz from CP-NMs at 48 h. D407 and ARPE19 ocular cell lines showed
dose-dependent cell viability with Rabz-CP-NMs. The Rabz-CP-NMs also had less toxicity, higher uptake,
lower cell death and prolonged VEGF-A inhibition, as shown by cytoviability assay. Thus, Rabz-CP-NMs
were safe for ocular use, suggesting that could be used to improve intraocular AMD treatment.

© 2024 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The primary cause of impairment in the older population in
developed nations is age-associated macular degeneration (AMD),
which is characterized by a gradual loss of visual acuity over time
[1]. A future public health concern and economic burden, AMD is
predicted to grow in number of people as life expectancy increases.
Consequently, various therapeutic approaches for treating AMD are
in development. Choroidal neovascularization, angiogenesis under
and/or through the retinal pigment epithelium, is characteristic of
the wet type of AMD, also known as the exudative form. One po-
tential treatment for AMD is the blocking of VEGF, a crucial mole-
cule involved in angiogenesis [2,3].

Nowadays, the primary approach to treating neovascular oph-
thalmopathy is by inhibiting VEGF activity. In most cases, anti-VEGF
intravitreal injections can enhance visual results by inhibiting
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retinal neovascularization and vascular leakage, according to
several surveys [4e6].

Several therapeutic techniques have been developed to lessen
the impact of fundus neovascular disease on public health. These
include vitrectomy, intravitreal steroid injection, anti-VEGF ther-
apy, and pan retinal photocoagulation [7e9]. To attain an effective
concentration of anti-VEGF medication in the eye, intravitreal in-
jection is required once monthly [10]. However, this solution can
somewhat block the continued production of retinal neo-
vascularization. Patients bear a disproportionate share of the
financial and emotional costs associated with intraocular in-
jections, and the risk of ocular and systemic disorders increases
dramatically as the number of injections increases [11,12].
Furthermore, with prolonged and repeated treatment, several pa-
tients demonstrated photoreceptor degradation and insensitivity to
anti-VEGF medications [13]. The pharmaceutical industry has
developed stronger, slowly-dissolving drugs with the goal of
releasing tiny doses of these drugs into organs and tissues over a
long period of time [14]. Research into controlled release methods
to increase the duration of anti-VEGF drug effect in the eye is
ongoing in the scientific community. To reduce the frequency of
intravitreal injections while yet achieving continuous release and
iety for Regenerative Medicine. This is an open access article under the CC BY-NC-ND
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significant therapeutic effects, anti-VEGF medicines can be encap-
sulated in sustained-release polymers.

Ranibizumab (Rabz), the Fab fragment of a human derivedmAbs
(48 kDa; Novartis, Switzerland) has an affinity for all isotypes of
VEGF-A and blocks its biological action. Research on the efficacy of
Rabz has been extensively studied in clinical studies, such as
MARINA (ranibizumab alone at various dosages) [15], ANCHOR
(ranibizumab vs. photodynamic rehab with verteporfin) [16,17],
and PIER (optimization of drug interval) [18,19]. As a first-line
treatment for AMD, ranibizumab has also received broad approval
for the control of macular edema caused by retinal veins blockage
[20,21] and diabetic macular edema [22]. Therefore, in order to
solve this problem, it is necessary to seek the administration of a
regulated drug delivery system.

According to the literature we study, nanotechnology improves
retinal medication delivery by increasing drug solubility, bioavail-
ability, penetration, absorption area, and injection frequency. For
effective ocular drug delivery, nanoparticle form, size, substance,
and surface must be considered. It should be large enough to
minimize rapid leaking into blood vessels but small enough to
inject or penetrate retinal cellular barriers [23,24]. Note that
nanoparticles with comparable sizes but varied surface qualities
may have different distributions inside the eye [25], which might
help optimize their physical-chemical properties for retinal medi-
cation delivery. In contrast, nanoparticles can be constructed for
non-direct drug administration. Therapeutic drugs can treat sight-
threatening retinal diseases at specific sites. This delivery strategy
is still being investigated for efficacy and safety [26]. To combating
this, Poly(lactic-co-glycolic acid)-PLGA and Polylactic acid- PLA are
attractive delivery carriers because to their stability, biocompati-
bility, and biodegradability, according to research. To reduce dosage
and frequency, PLGA polymeric nanoparticles increase drug release
and reduce eye discomfort. There has been great interest in
developing sustained anti-VEGF delivery systems in a bid to reduce
the frequency and risks of multiple intravitreal injections. Intra-
vitreal injection (IVT) of anti-vascular endothelial growth factors
(VEGF) (such as aflibercept, ranibizumab, and bevacizumab) effec-
tively treats neovascular AMD, but it's still invasive. Thus, biologic
drug delivery methods are popular in academics and industry.
Therefore, using innovative drugs delivery methods is crucial
[27e40].

In light of the fact that ocular drug delivery using nanomicelles
has been widely explored for various ocular indications due to the
advantages like controlled drug release, effective crossing of ocular
barriers and improved bioavailability with minimal ocular toxicity
[41,42]. Nanomicelles, due to their unique structure, can encapsu-
late highly hydrophobic drugs and enhance their solubility. This can
facilitate in drug penetration and effective drug delivery to the
target tissue. Mixed amphiphilic nanomicelles demonstrate a
stronger hydrophobic interactions and stronger hydrogen bonding
with the adjacent polymers [43]. Ophthalmic drugs, such as Rani-
bizumab, are hydrophobic; however, the nanomicelles made with
grafted co-polymer overcome this property, making them ideal for
topical delivery as aqueous-based solutions. When concentration
exceeds critical micelle concentration, self-assembly occurs. These
features also make the technique easily adaptable to large-scale
preparation, if desired. Several studies reported that copolymer
based nanomicelles formulations and its action [44e47]. In this
study, we have utilized a mixture of co-polymers; PLGA/PLA for the
nanomicellar formulation. These polymers are classified as
“Generally Regarded as Safe” (GRAS) by the US-FDA. Clear nano-
micellar solutions of hydrophobic drugs can be suitable for topical
administration and for intravitreal administration due to their
clarity [48]. In order to increase the long-acting intraocular
administration for macular degeneration, the present study sought
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to produce a unique fabrication of PLGA/PLA co-polymeric nano-
micelles loaded ranibizumab drug to reduce inflammation and
oxidative stress in retinal pigmented epithelilal cells, which is the
first sign of macular degeneration. For this, we developed a nano-
micellar formulation of ranibizumab (Rabz) using an optimized
mixture of two polymers, PLGA/PLA which were characterize via
FTIR, XRD, TEM, DLS and Zeta potential. An in vitro drug release
study of Rabz-CP-NMs was performed. In vitro cell cytotoxicity, in-
vitro cellular uptake of Rabz-CP-NMs as compared to drug (Rabz)
were evaluated using various ocular cell lines. Finally, the in vitro
bioactivity of Rabz-CP-NMs was performed using sodium iodate
induced inflammation and reactive oxidative stress on retinal
pigment epithelial cells.

2. Materials and methods

2.1. Chemicals

For the polymer synthesis, PLGA (MW, 12000 kDa, 50:50), PLA
(Mw ¼ 72,200 ± 15,000 Da), Tin(II) 2-octoate and CH₃(CH₂)₁₁OH (1-
dodecanol) were utilized. Else, N,N-dicyclohexyl carbodi-imide
(DCC), N-hydroxy succinimide (NHS), Dimethyl Sulfoxide (DSS),
Sodium hydroxide (NHS), Acetone, Potassium hydrogen phosphate,
NaCl and CaCl2�2H2O, NaOH, and NaHCO3 all of which were bought
from SigmaeAldrich Chemicals. The AnnexinV/FITC and PI Staining,
fluorescein isothiocynate (FITC), ELISA kits and dialysis membrane
were procured from Thermo Fisher Scientific Inc. (USA). Unless
then stated, all the chemicals were graded analytical reagents.

2.2. Fabrication of CP-NMs

The PLGA/PLA copolymers nanomicelles (CP-NMs) were fabri-
cated by ring-opening polymerization (ROP) method described by
Song et al. [49,50]. Briefly, PLA: 5.0 g and PLGA: 3.7520 g, were put
into a round-bottomed flask with 0.02 % tin-octanoate catalyst (of
the total dimers mass) and 0.01 % 1-dodecanol initiator. To initiate
the catalyzed polycondensation reaction, the flask was placed in a
preheated oil bath at 170e180 �C. Magnetic stirring was employed
throughout the synthesis to provide improved homogeneity. After
2 h the products was poured into a sealed flask in a refrigerator
at �20 �C.

2.3. Assessment of CMC

As a hydrophobic probe, iodine was used to estimate the CMC of
the CP-NMs. A standard iodine/potassium iodide solution was
prepared for the experiment by mixing 50 ml of distilled deionized
water with 1:2 iodine and potassium iodide [51,52]. In dH2O, the
CP-NMs was made at dose ranging from 1 to 40 mg/ml. The diluted
polymer solutions were mixed with 25 ml of I2/KI solution and
incubate in the dark room temp at 24 h. It follows that the UV
absorbance of different diluted concentrations was measured and
recorded at 366 nm after the incubation time. A graph interpolating
the absorbance against the polymer concentration (mg/ml) dis-
played the values. The CMC was determined by taking the interface
of the points where the absorbance grew rapidly and the absor-
bance remained constant; a rise in iodine concentration was
indicative of an increase in micelle concentration.

2.4. Preparation of ranibizumab (Rabz) loaded CP-NMs

Ranibizumab (Rabz), an anti-VEGF drugs, was loaded into CP-
NMs adopting the nano-precipitation technique [53]. To prepare a
homogeneous solution,15ml of acetonewas used to dissolve 60mg
of CP-NMs and 3 mg of ranibizumab. After that, the surfactant
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Pluronic F-68 (1.5%) was added to 50 ml of water using a syringe,
and the combined solutions were stirred moderately. Instanta-
neously, Rabz-CP-NMswere synthesized. Using a Rotary Evaporator
(IKATechnology, Inc., Northridge, CA), the acetone was removed
from themixture. The newly produced nanomicelles were collected
by ultracentrifugation, washed three times with distilled water, and
then lyophilized (Beckmann Coulter, CA).

2.5. Characterization of Rabz-CP-NMs

2.5.1. FTIR and XRD analysis
The FTIR spectra of PLGA, PLA, Rabz, CP-NMs, Rabz-CP-NMs

were obtained (Bruker ALPHA II compact, Germany) at 4000 and
400 cm�1. The samples were prepared by spreading on the KBr-
pellet. The PXRD analysis was used to evaluate the distribution of
PLGA, PLA, Rabz, CP-NMs, and Rabz-CP-NMs. The D8-Advance
Bruker-AXS diffractometer was used to obtain the XRD patterns
by Cu Ka irradiation. It was performed in continuous mode at a
speed of 4�/min within the 2q range of 5e40�.

2.5.2. TEM, DLS and Zeta potential analysis
Morphological studies of the Rabz-CP-NMs were examined by

TEM (JEOL 1011, and Japan). The Rabz-CP-NMswere dropped onto a
microscope grid coated with copper with 0.5e0.05 % w/v drug
doses, respectively. The particle size of Rabz-CP-NMs (0.5 mg/ml)
was used to examined by DLS at room temperature (Beckman
Coulter, Inc. Delsa™). The surface charge of the Rabz-CP-NMs
(0.5 mg/ml) were examined by zeta potential Zeta-sizer Nano ZS
(UK) at ambient temperature.

2.6. Drug release activity

The impact of drug release were conducted to examine the
release of Rabz from fabricated Rabz-CP-NMs. A solution of 5 ml of
freshly prepared PBS with a pH- 7 and 0.1 mg/ml of bovine
pancreatic protease (Sigma, Germany) was used to disperse the
weighted nanomicelles (10 mg). Purposefully simulating the
intracellular milieu, where peptide bonds are hydrolyzed by pro-
teases [54,55]. The 22 mm � 20 mm pretreatment dialysis mem-
brane (MWCO 3500 Da, Serva) was used to collect the solution.
Placing the dialysis tubing in a beaker with 100 ml of newly made
PBS at a pH-7 followed by sealing it with Teflon clips. While incu-
bating at 37 �C, the resulting solution was continuously shaken at
90�g using a rotary shaker. The pattern of slow release was stable
for up to 48 h. At regular intervals, a volume of one milliliter of the
reaction mixture was withdrawn. The UV-Visible spectra (Perkin-
Elmer) was used to estimate the Rabz emitted, with a maximum
wavelength of 450 nm.

2.7. In vitro cytoviability assay

2.7.1. Cell culture
D407 and ARPE19, two types of macular pigmented epithelial

cells, were obtained from the ATCC and maintained in RPMI with
10% FBS at 37 �C in a humidified atmosphere with 5% CO2. The
ocular cells had been trypsinized with a PBS solution until they
reached 70% confluence in their tissue culture flask.

2.7.2. MTT assay
Ocular cells D407 and ARPE19 were used to assess the cellular

cytotoxicity of Rabz, CP-NMs, and Rabz-CP-NMs by MTT assay [47].
A cell density of 1 � 104 cells/well was used to seed ninety six well
plates, and 200 mL of full DMEM was used to suspend the cells.
Triton-X (5%: (þ) control) and blank (SFM: (�) control), CP-NMs,
Rabz drug alone and Rabz-CP-NMs doses of 20e100 mg/mL at
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24 h. The % of viability of ocular cells were estimated ¼ Abs of
samplee Abs of (þ) control/Abse Abs of (�) control x 100. Theywere
subsequently fixed on a microscope slide and examined for alter-
ations in ocular cell shapes using phase contrast and fluorescence
microscopy to determine their impact on mitochondrial function.
2.7.3. Cell proliferation assay
The quantity of alive cells was determined using the CCK-8-cell

counting kit made by Dojindo Molecular of Japan. The D407 and
ARPE19 (5000 ocular cells) were placed to each well and incubated
at 37 �C with 5% CO2, at 72 h which was then propagated into cover
slips and subjected to dose of 1 mg/ml CP-NMs, Rabz drug alone, or
Rabz-CP-NMs for 24 h. The results were then evaluated. In order to
measure optical density (OD), amicroplate reader (SpectraMaxM5,
USA) maintained a constant wavelength of 450 nm. Afterwards, the
ocular cells were subjected to a cold PBS wash, fixed for 15 min at
room temp with 4% formaldehyde and labelled with 1 mg/mL ac-
ridine orange. Fluorescence microscopy (Olympus Optical, Tokyo,
Japan) at 40 � mag was used to visually examine cell proliferation
after 10 min of incubation.
2.8. In vitro cell uptake studies

For the purpose of studying cellular uptake, Rabz, CP-NMs, and
Rabz-CP-NMs in ARPE19 and D407 ocular cells were identified by
FITC labelling as per the protocol [47]. To begin with, 5 � 104 ocular
cells were propagated into a 24-well plate. Next, each well was
supplemented with 20 mL of FITC-tagged Rabz, CP-NMs, and Rabz-
CP-NMs with a period of 6e24 h. It was washed twice with DPBS at
each time point. The cells were then spun twice for 5 min at
20,000 rpm in FACS tubes after they were obtained. Finally, DPBS
was utilized as to make the sample. Using FACS at 490 nm, the
untreated cells, Rabz, CP-NMs, and Rabz-CP-NMs subjected cells
were compared to their mean fluorescence intensity.

Themorphology of D407 and ARPE19 ocular cell uptakewas also
determined through fluorescence microscopy. Methods for labeling
FITC to Rabz, CP-NMs, and Rabz-CP-NMs are detailed above.
Following that, 10 mL of Rabz, CP-NMs, and Rabz-CP-NMs were
administered to every chamber, and the therapy ended after 24 h.
Before being stained with DAPI dye, the ocular cells were rinsed
with PBS for thrice, fixed with cold 4% buffered paraformaldehyde.
Using a coverslip, the slides were covered and sealed. Following
two washes with PBS, the cells were prepared for Fluoromount
mounting.
2.9. Apoptosis assay

The effect of Rabz, CP-NMs, and Rabz-CP-NMs on cell death was
assessed by labeling D407 and ARPE19 ocular cells with Annexin V/
FITC and propodium iodide, and then figuring out the results via
flow cytometry. The ocular cells were propagated in a six-well dish
at a density of 2 � 101 cells. Following a 24-h attachment, the cells
were subjected to 1 mg/mL of Rabz, CP-NMs, and Rabz-CP-NMs.
Following 24 h of treatment, the ocular cells were takeout by
centrifugation. They were subsequently detached by adding 200 mL
of trypsin, rinsed twice with cold DPBS and PBS, and finally, given a
final rinse. Cells were carefully collected after the 24-h period and
stained according to the specified protocol using the Annexin V-
FITC Apoptosis Staining Kit (Abcam). In order to evaluate the cells
using flow cytometry (Millipore Corporation in Billerica, MA, USA),
5 mL of Annexin V-FITC was added to the cell suspension. After
incubating the cells for 15 min in the dark, 10 mL of PI was added.
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2.10. Examination of cell migration by wound scratch assay

To examine the migratory potential of D407 and ARPE19 cells
were carried out by wound scratch assay. The ocular cells (3 � 106)
were seeded in 60 mm culture dishes and incubated for 24 h. A
wound was made in the monolayer using a sterile pipette tip once
the cells reached confluence and the cells were individually
exposed to 1 mg/L of the Rabz, CP-NMs and Rabz-CP-NMs. Using
fluorescence microscopy, photographs of cells invading the wound
were taken at the indicated times (0e72 h).

2.11. In vitro antioxidant ability of ROS by DCFDA assay

DCFDA was used to measure ROS because it combines with
reactive oxygen inside the cell to produce dichlorofluorescein
(DCF), a molecule with a green fluorescent tint [56,57]. An initial
DCF-DA stock solution (10 mM) was made in methanol and then
diluted with growth medium to a final concentration of 100 mM.
Rabz, CP-NMs, and Rabz-CP-NMs (100 mg/ml) were administered to
D407 and ARPE19 ocular cells for a duration of 12 and 24 h. Along
with being treated, the ocular cells were also exposed to NAC, a
cellular ROS scavenger which were subsequently rinsed with cold
HBSS and treated with 100 mM DCFDA at 37 �C for 30 min. Fluo-
rescence microscopy was used to study the lysed cells, which were
subjected to alkaline solutions.

2.12. Anti-VEGF/ELISA-VEGF-A inhibition

The D407 and ARPE19 ocular cells were propagated in a
ninety six-plate at a rate of 1 � 104 cells. A 20 mL solution of SI,
with a dose of 1 mg/mL, was added to the cells and left to sit for
24 h. Afterwards, numerous treatment groups were introduced,
comprising 20 mL of Rabz-CP-NMs, CP-NMs, and Rabz medicine.
At 24 h, the cells supernatant medium was analyzed for pro-
inflammatory cytokines (TNFa, IL1b, IL6) and VEGF-A using
sandwich ELISA (e-Biosciences, USA), in accordance to the man-
ufacturers protocol.

2.13. Statistical analysis

All the measurements were done in triplicate, and the results
were expressed as arithmetic mean ± SD. At the point, the general
ANOVA F-test was broke down utilizing Tukey's test for a post hoc
examination. Statistical analysis of the data was assessed by stu-
dent's t-test and Graph Pad Prism®® 8.4.3 software (GraphPad
Software, San Diego, CA, USA). A value of significance p < 0.05 was
considered to be significant.

3. Results and discussion

3.1. Fabrication and characterization of Rabz-CP-NMs

Employing a nanotechnologyway, CURmicelles were developed
in order to enhance the drug's bioavailability, stability, and pro-
longed release. A possible use for nanomicelles in eye therapy is as a
nano drug delivery system. Research studies have proven that
nanomicelles can improve the eye drugs' solubility and perme-
ability [48,68,69]. This study demonstrated the effective synthesis
of CP-NMs using the ROP reaction as a catalyst and 1-dodecanol as
an initiator (Fig. 1 shows the synthesis scheme). The prepared CP-
NMs were further tested for their potential as a vehicle for drug
delivery. Using the nano-precipitation technique, nanomicelles
were effectively produced. To our knowledge, this is the first pub-
lication to detail a novel, simple, and cost-effective process for
synthesizing Rabz-CP-NMs, which have potential future uses as a
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vehicle for sustained intraocular delivery. Several characterisation
studies further underscored the effective synthesis of Rabz-CP-
NMs.

The FTIR spectra of Anti-Vegf drug-Rabz, PLGA, PLA, CP-NMs,
drug loaded CP-NMs nanomicelles (Rabz-CP-NMs) are presented
in Fig. 2A. Absorption bands at 3046 cm�1 (¼C-H bending of
aromatic ring), 2990 and 2530 cm�1 (-CH3 stretching), 780 cm�1

(C-H bending of naphthyl ring), and 908 cm�1 (-C-H bending of
pair di-substitution of aromatic ring) are identified in the FTIR
spectra of PLGA. The main absorption peaks of the PLA FTIR
spectrum can be seen at 1735 cm�1, 2864 cm�1, and 1107 cm�1,
respectively, and correspond to the -C-O-C bending of alicyclic
ethers, alkanes, and ester groups. With a wide -O-H stretching
band at 3000e3700 cm�1, the physical mixture revealed spectral
similarities to Rabz and CP-NMs. The characteristic absorption
bands of Rabz-CP-NMs shows that NeH stretching vibrations at
3512 cm�1 while linkages in polymer backbone was confirmed
by-NH-CO-vibration band at 1393 cm�1. The obvious presence of
esters in the polymer chain was verified by the vibration band at
1736 cm�1. The FTIR spectra of the Rabz-loaded CP-NMs
formulation showed no absorption bands of Rabz because the
drug was dissolved and encapsulated in the nanomicelles [70].
This finding is in strong agreement with previous research that
used a ROP method to create a triblock copolymer [PCL-PEG-
PCL] [31].

The XRD as displayed in Fig. 2B, CP-NMs was similar to that
PLGA and PLA, and there were no typical crystal peaks of Rabz
which were observed at 5� to 60� (2q). It can be concluded that
Rabz was encapsulated in the CP-NMs in the form of an amorphous
state rather than the free crystal drug. This suggests that the
entrapped and conjugated drug forms are in an amorphous state
because they are unable to form a crystal lattice inside the polymer.
All of these signs point to the drugs being dispersed throughout the
nanostructure, which is the most important thing for a good DDS
[71,72].

In Figs. 3 and 4A, B the distribution of sizes of Rabz-CP-NMs was
displayed. It was suggested that the surface charge of Rabz-CP-NMs
was almost neutral by their zeta potential of around �0.71 mV. The
average size is 26.29 nm, and the size distribution patterns are
relatively narrow. The morphology of the generated nanomicelles
was studied under TEM and was 10e50 nm in size, with a smooth
surface and a spherical form. Micelles stand out on the TEM grid as
distinct, luminescent spherical globules. There was concordance
between the particle sizes seen by TEM and DLS. Despite its water-
like appearance, the formulation reveals mixed nanomicelles filled
with drugs. In contrast to the polymers, an assembly of HCO-40
along with OC-40 produced nanomicelles which were appro-
priate for ocular delivery of drugs since their size was less than
40 nm [43,73,74].

When considering the nanomicelles from a pharmacological
perspective, their shape is crucial. Due to their strong propensity to
entangle, particles having a cone or crystal-like shape can influence
pharmacokinetic parameters and the drug release profile.
Conversely, it is thought that, particularly in terms of drug distri-
bution, particles with a spherical morphology are superior. Prior
research also corroborated the generated nanomicelles spherical
shape [75].

3.2. Assessment of CMC

Drug bioavailability is influenced by the critical micellar con-
centration (CMC), a key performance indicator of the drug delivery
carrier [58]. When it comes to ophthalmic applications, a higher
CMC value for a specific polymer can cause the drug to release
sooner than expected. This has the potential to cause the loss of



Fig. 1. Scheme representing the synthesis of Anti-VEGF drug ranibizumab loaded PLGA/PLA co-polymeric nanomicelles.
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ocular formulations administered topically or intravitreally as well
as the early release of the drug at a non-target location [59]. One
way to reduce this loss is to encapsulate hydrophobic drugs in the
basis of nanomicelles that have a reducedmolecular weight [60]. To
avoid tear dilution-induced nanomicellar structural rupture, a
nanomicellar formulationwith a lower CMC value is preferable. The
current investigation determined that the CMC of CP-NMs to be
6.2 mg/ml, as illustrated in Fig. 5A, which is a graph depicting the
relationship between absorbance and copolymer content.
Fig. 2. A) FTIR spectra and; B) XRD patterns of a. PLGA, b. PLA, c. Copolymeric nanomicelles
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Consistent with earlier findings, the CMC values discovered were
acceptable [61]. Forming thermodynamically stable NMs, the
copolymer was found to have an extremely low CMC value. Ocular
medication administration is made safe with copolymers because
of their low CMC values, which allow micelles to be generated with
minimal amounts of polymer, unlike higher CMC values that
require more surfactant, which could be harmful to employ.
Reportedly, the CMC and thermal stability of a polymer are both
affected by the length of its hydrophilic block [62,63]. The long
(CP-NMs), d. Rabz drug and e. drug loaded copolymeric nanomicelles (Rabz-CP-NMs).



Fig. 3. The morphology of Rabz-CP-NMs: TEM images at different magnifications with spherical shape in 10e50 nm size (A,B,C,D).

Fig. 4. The stability of Rabz-CP-NMs: A) Zeta potential analysis and; B) Size distribution of Rabz-CP-NMs by DLS.
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Fig. 5. A) The Critical Micelle Concentration (CMC) of copolymeric nanomicelles (CP-NMs) and; B) In vitro drug release of ranibizumab from Ranibizumab loaded copolymeric
nanomicelles (Rabz-CP-NMs).
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hydrophobic chain of the polymer is responsible for its low CMC
value. Some have postulated that the stability of the produced
nanomicelles is inversely related to CMC. As the CMC value de-
creases, the produced nanomicelles become more stable and
resistant to breakage caused by fast dilution. Hence, on the basis of
lower CMC, it is proposed that the prepared CP-NMs is very suitable
for the efficient drug loading and drug delivery to the systemic
circulation [64e67].
Fig. 6. In vitro cell viability assessment by MTT assay: A) Cell viability (%) of D407 and ARPE19
viability (%) of D407 ocular cells after treatment with Rabz, CP-NMs and Rabz-CP-NMs at 2
Rabz-CP-NMs at 24 h. Data are presented as mean ± standard deviation (SD). *p � 0.05 in
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3.3. Drug release activity

The study of in vitro release supported the controlled release of
Rabz from the physiological pH 7.4 of Rabz-CP-NMs, as shown in
Fig. 5B. In comparison, the drug release of Rabz from Rabz-CP-NMs
reaches at 23.7 % at 48 h but in the case of Rabz, it reaches 96.2 %. It
indicating that the use of CP-NMs in drug delivery causes a slow
and long-term release of the drug. This indicated that Rabz-CP-NMs
cells after treatment with Rabz, CP-NMs (20e100 mg/ml) at 24 h; Comparison of B) Cell
4 h; C) Cell viability (%) of ARPE19 ocular cells after treatment with Rabz, CP-NMs and
comparison to the respective control.



Fig. 7. Morphological examinations of cell viability: A) Phase contrast microscopic images and: B) Fluorescence microscopic images on D407 and ARPE19 ocular cells after treatment
with Rabz, CP-NMs and Rabz-CP-NMs at 100 mg/ml for 24 h.
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had a better controlled-release characteristic in their in vitro dis-
tribution profile. Increased drug acceptability, decreased drug side
effects, and increased drug frequency are all possible outcomes.
Likewise with the findings of Ashwinikumar et al. [76], which
documented the drug delivery pattern of nanomicelles loaded with
5-FU andMTX, these results show that 75% of the controlled release
PBP copolymer is present at 900 min. Also, according to Peppas's
concept of drug release, the release patternwas present in all of the
combinations tested [77].

3.4. In vitro cytoviability

Rabz, CP-NMs, and Rabz-CP-NMs were tested for in vitro cyto-
toxicity on ARPE and D407 ocular cells. The purpose of this research
was to determine whether Rabz-CP-NMs and its constituents were
safe for use with ocular cells. Molecular biology techniques such as
the MTT cell proliferation assay, cellular uptake assay, apoptotic
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flow cytometry assay, and antioxidant ability of ROS by DCFDA
assay were used to examine cell viability after treatment with the
cells. Additionally, the inhibition of VEGF-A by anti-VEGF/ELISAwas
evaluated.
3.4.1. MTT assay
In this assay, viability of cells was assessed with Rabz, CP-NMs

and Rabz-CP-NMs on D407 and ARPE19 ocular cells for 24 h. In
Fig. 6A illustrates that 90 % cell viability and nontoxic effect of the
Rabz-CP-NMs on D407 and ARPE19 cells at 100 mg/ml when
compare to the control. The % of cell viability was found to increase
in dose dependent and time dependent manner as seen from Fig. 6B
and C on both ocular cells. At 100 mg/ml of Rabz-CP-NMs was found
to be 99.9 % on D407 cells whereas as 98.6% on ARPE19 cells which
calculated from the dose response curve. In Fig. 7A and B displayed
the morphology of D407 and ARPE19 ocular cells when exposed to



Fig. 8. Cell proliferation determination by CCK-8-cell counting kit: A) Acridine orange stained fluorescence images and; B) Percentage of proliferated D407 and ARPE19 ocular cells
after treatment with Rabz, CP-NMs and Rabz-CP-NMs at 1 mg/ml for 24 h.
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Rabz,CP-NMs and Rabz-CP-NMs at 24 h. It shows no alteration in cell
structure and influence the cell viability at 100 mg/ml.

3.4.2. Cell proliferation
With the intent of assessing cell proliferation, to anticipate the

no. of cells after 24 h subjected to the dose of 1 mg/ml of Rabz, CP-
NMs, and Rabz-CP-NMs which were imagined under fluorescence
microscopy (Fig. 8A). As it can be observed, Rabz, CP-NMs, and
Rabz-CP-NMs influence the cell proliferation as compared to con-
trol cells. Also, as seen in Fig. 8B, cells that were exposed to Rabz-
CP-NMs proliferated more rapidly than cells that were untreated
at 24 h.

3.4.3. In vitro cell uptake studies
The cellular uptake of Rabz, CP-NMs and Rabz-CP-NMs were

determined on D407 and ARPE19 cells to figure out the distribu-
tion of the NMs underneath the ocular cells (Fig. 9A). This inves-
tigation additionally served to compare the drug intake in Rabz
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alone from Rabz-CP-NMs. As seen in Fig. 9B and C, the mean
fluorescence intensity of FITC-labelled Rabz-CP-NMs was statisti-
cally higher than the corresponding control and FITC-labelled Rabz
treatment groups in both ocular cells at 24 h. The internalization of
Rabz-CP-NMs in these cells increased with time and similar results
were obtained in both the cell lines. Conversely, a weaker fluo-
rescence for FITC-labelled Rabz was seen in the entire cell lines at
all the time points as compared to the FITC-labelled Rabz-CP-NMs
group. This indicates that the Rabz-CP-NMs is more rapidly
absorbed by the ocular cells compared to the equivalent drugs.
This is because the amphiphilic polymers bind to the cell lipid
bilayer more strongly. The results of the FACS study can be
matched to the results of the CLSM analysis of Rabz-CP-NMs
compared to Rabz. The outcomes corroborated those of a prior
publication [43] that addressed the cellular uptake of cidofovir
pro-drug nanomicelles in cornel and retinal cells. Furthermore,
there was an uptake rate that varies with time, as were seen with
TAC and TAC-NMF [47].



Fig. 9. Time dependent cellular uptake of FITC-labelled Rabz, CP-NMs and Rabz-CP-NMs: A) DAPI stained fluorescence images of D407 and ARPE19 ocular cells after treatment at
24 h; B) Mean fluorescence intensity of ARPE19 ocular cells and; C) Mean fluorescence intensity of D407 ocular cells. Data are presented as mean ± standard deviation (SD).
*p � 0.05 in comparison to the respective control.

Fig. 10. Determination of apoptosis in D407 and ARPE19 ocular cells after subjected to Rabz, CP-NMs and Rabz-CP-NMs: A) Flow cytometry images by Annexin V/FITC and PI-
Staining and; B) Percentage of cell apoptosis (%) at 24 h determined by FACS. Results are expressed as a mean ± standard deviation (SD). *p � 0.05 in comparison to the
respective control.
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Fig. 11. Fluorescence images for determination of cell migration by wound scratch assay: A) D407 cells and; B) ARPE19 cells at 0e72 h subjected to Rabz, CP-NMs and Rabz-CP-NMs.
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3.4.4. Apoptosis assay
The apoptotic effects of Rabz, CP-NMs, and Rabz-CP-NMs on

D407 and ARPE19 ocular cells were tested using a flow cyto-
metric assay at 24 h. The percentage of cells that have under-
gone apoptosis following treatment with Rabz, CP-NMs, and
Rabz-CP-NMs in D407 and ARPE19 RF/6A ocular cells is shown
in Fig. 10A. Labelling with Annexin V/FITC and PI allows for the
detection of cells that have entered the late stage of cell death.
Both the control and treatment groups exhibit very similar
percentages of apoptotic cells. Inferring from this, it appears that
the tested samples do not significantly induce cell death when
exposed. Treatment with increasing concentrations of Rabz-CP-
NMs resulted in a reduced percentage of cells undergoing
apoptosis in both cell lines compared to the control group, as
shown in Fig. 10B. Curiously, this percentage is reduced across
the board in the cell lines treated with CP-NMs. An indication
that the regulated release of the drug may be responsible for
making Rabz drugs less harmful to the ocular cells is the sta-
tistically reduced % of apoptotic ocular cells in the CP-NMs
group.
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3.5. Examination of cell migration by wound scratch assay

The ocular (D407 and ARPE19) cell migration were examined
via the wound scratch assay. Through this experiment, we were
able to found whether cells could migrate and heal the wound
when Rabz, CP-NMs, and Rabz-CP-NMs were present. Wound
repairing was visually inspected by fluorescence microscopy at
0e72 h after exposure. As in the previous experiments, we
observed that cells subjected to Rabz, CP-NMs, and Rabz-CP-NMs
presented a comparable migratory behavior as control cells.
Fig. 11 shows that Rabz-CP-NMs migrated rapidly than the con-
trol group, which was able to mend the wound and show a
significant increase in comparable to cell number in the prolif-
eration assay.
3.6. In vitro antioxidant ability of ROS by DCFDA assay

A specific probe, DCF-DA, was used in fluorescence micro-
scopy methods to evaluate reactive oxygen species (ROS). To



Fig. 12. Fluorescence images displays the cellular ROS by DCFDA assay: A) D407 cells and; B) ARPE19 cells at 12 and 24 h subjected to Rabz, CP-NMs and Rabz-CP-NMs.

J.-f. Xu, Y.-p. Wang and X.-h. Liu Regenerative Therapy 26 (2024) 620e634
measure ROS generation, ocular cells D407 and ARPE19 were
utilized. Rabz, CP-NMs, and Rabz-CP-NMs were administered to
the cells for 12 and 24 h at the appropriate doses. Results
showing the average fluorescence intensity of Rabz, CP-NMs, and
Rabz-CP-NMs treated ARPE19 and D407 cells for 24 h are shown
in Fig. 12. Compared to control cells, ARPE19 and D407 cells
subjected to Rabz-CP-NMs displayed an increase in the intensity
of the green fluorescent color. The levels of ROS intensity in cells
treated with Rabz-CP-NMs are considerably reversed by pre-
treatment with N-acetyl cysteine (NAC), a cellular ROS scav-
enger. It is clear that treated cells can drastically decrease ROS
production at increasing dose 100 mg/ml of Rabz and Rabz-CP-
NMs at 12 and 24 h. Rabz and Rabz-CP-NMs may be able to
lower ROS levels in both types of retinal pigment epithelium
cells.

3.7. Anti-VEGF/ELISA-VEGF-A inhibition

The bioactivity of Rabz, CP-NMs and Rabz-CP-NMs was eval-
uated on D407 and ARPE19 ocular cells treated with NaIO3 (SI).
The oxidative stress (OS) that NaIO3 causes in the RPE cells
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induces the demise of photoreceptors and early-stage AMD
[78,79]. The first phase of AMD is considered a surge in both
inflammation and OS in the retinal cells [80]. Specifically, ARPE19
and D407 cells were cultured in well plates, subjected to SI for
24 h, and then treated for further 24 h with Rabz, CP-NMs, or
Rabz-CP-NMs. Using sandwich ELISA, the inflammatory cytokines
found in the residual substrate, comprising TNFa, IL6, IL1b, and
VEGF-A, were tested. The levels of TNFa, IL6, IL1b, and VEFG-A
were decreased in the cells treated with SI compared to the
control, as shown in Fig. 13AeD. This may be useful in confirming
that the model is appropriate for OS induction and the subse-
quent release of cytokines and VEFG-A. Furthermore, across all
five graphs, the SI-treated group generated somewhat greater
inflammatory cytokines and VEFG-A than the Rabz-CP-NMs
group. There was a concentration (20 ml) based reduction in
the amounts of inflammatory cytokines and VEFG-A released by
Rabz-CP-NMs and Rabz compared to the groups treated with SI
and those with Rabz free CP-NMs. This indicates that the levels of
TNFa, IL6, IL1b, and VEGF-A in D407 and ARPE19 cells decrease
as a function of concentration following 24 h of treatment with
Rabz-CP-NMs and Rabz.



Fig. 13. In vitro release of: A) IL-1b; B) TNFa; C) IL-6 and; D) VEGF-A from D407 and ARPE19 ocular cells subjected with SI for 24 h exposure of Rabz, CP-NMs and Rabz-CP-NMs using
ELISA. Results are expressed as a mean ± standard deviation (SD). *p � 0.05 in comparison to the respective control.
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4. Conclusion

In the current investigation, fabricated the novel Rabz-CP-NMs
solution which could potential to be used as an intraocular drug
delivery for AMD. With a neutral charge and NMs sizes with
10e50 nm, the improved formulation maximized uptake in ocular
cell lines. Both in-vitro dual ocular cell D407 and ARPE19 showed
remarkable trans-well permeability and higher % of cell viability. It
also showed the decrease levels of ROS and inflammatory cytokine
which suggesting that high biocompatibility of Rabz-CP-NMs.
Henceforth, the Rabz-CP-NMs showed no toxic and safe for ocular
use which can could be a good candidate for improving intraocular
delivery of AMD treatments.
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