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ABSTRACT: The treatment of posterior eye segment diseases
through intravitreal injection requires repeated injections of an
active molecule, which may be associated with serious side effects
and poor patient compliance. One brilliant strategy to overcome
these issues is the use of drug-loaded microparticles for sustained
release, aiming at reducing the frequency of injections. Therefore,
the aim of this work was to assess the safety features of poly(lactic-
co-glycolic acid) (PLGA)-based, hyaluronic acid-decorated micro-
particles loaded with palmitoylethanolamide (PEA), citicoline
(CIT), or glial-cell-derived neurotrophic factor (GDNF). Micro-
particles were prepared by double emulsion−solvent evaporation
and fully characterized for their technological features. Micro-
particles possessed a satisfactory safety profile in vitro on human
retinal pigment epithelial (ARPE-19) cells. Interestingly, the administration of free GDNF led to a loss of cell viability, while GDNF
sustained release displayed a positive effect in that regard. In vivo results confirmed the safety profile of both empty and loaded
microparticles. Overall, the outcomes suggest that the produced microparticles are promising for improving the local administration
of neuroprotective molecules. Further studies will be devoted to assess the therapeutic ability of microparticles.

1. INTRODUCTION
There is an increasing necessity for improved therapeutic
strategies in the treatment of posterior eye segment diseases
such as diabetic retinopathy, age-related macular degeneration,
uveitis, and glaucoma. In actual fact, these pathologies are
chronic and progressive, and they are major causes of visual
impairment worldwide1,2 in elderly3 and working-age patients.4

To hinder the progression of these diseases, intravitreal (IVT)
injection is still the preferred route of administration in clinical
practice. Indeed, IVT injection allows direct access to the
vitreous body and retina, thereby favoring therapeutically
effective drug levels within the eye, along with a reduction of
systemic side effects.1,5 To provide a steady therapeutic regime,
IVT injection is usually performed every 1−3 months
according to the disease and the in vivo half-life of the chosen
drug. Unfortunately, this often results in unsatisfactory patient
compliance and high medical costs, as well as severe
complications including retinal detachment, cataract, vitreous
hemorrhage, and endophthalmitis, with an increasing chance of
occurrence with an increasing number of injections.6,7

Consequently, there is a clear-cut need for the design of
sustained release systems to address the challenges associated

with the existing therapy protocol for posterior eye segment
diseases.

In this perspective, we have recently devised and produced
biodegradable microparticles (MPs) for intraocular protein
release, consisting of a core based on poly(lactic-co-glycolic
acid) (PLGA) and externally decorated with hyaluronic acid
(HA).8−10 PLGA is a material of choice for the production of
sustained release systems because it has been approved by the
FDA for human use and is a generally regarded as safe (GRAS)
material, also for ocular administration.11 HA was selected as a
coating for the outer surface of MPs due to its prominence in
the vitreous body. This choice aimed at enhancing the
connection between the MPs and the gel-like intraocular
environment. Our previous findings substantiated this, showing
that the presence of HA on the MP surface did hinder their
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movement within the simulated vitreous body. This hindrance
was attributed to the promoted interactions between the HA
on the MPs and the HA in the gel.12,13 This is important since
it is expected to reduce the unrestricted MP diffusion within
the vitreous, which may interfere with visus.8 In this work, MPs
were loaded with three active molecules, namely palmitoyle-
thanolamide (PEA), citicoline (CIT), and glial-cell-derived
neurotrophic factor (GDNF), which were chosen for their
expected neuroprotective effect on injured inner retina.14−16

PEA is a poorly water-soluble endogenous analogue of the
endocannabinoid anandamide, endowed with a potent anti-
inflammatory activity, that has been shown to attenuate the
degree of retinal inflammation17 and optimize visual field of
glaucoma patients while decreasing intraocular pressure
(IOP).18 CIT acts as an intermediate in the synthesis of
membrane phospholipids and is involved in the preservation of
cellular homeostasis.15 In addition, its neuroprotective effect in
neurological diseases such as stroke19 and brain injuries20 is
known. CIT may play a role in the treatment of
ophthalmological diseases such as amblyopia, optic neuro-
pathies, glaucoma, and diabetic retinopathy.21,22 Indeed, the
ability of CIT to neutralize the excitotoxicity due to the action
of glutamate on damaged retinal ganglion cells (RGC) has
been shown both in vitro and in vivo.23,24 GDNF is a protein
belonging to a family of ligands, which play a crucial role in the
development and function of the nervous system and renal
growth.25 It has been demonstrated that GDNF has a
neuroprotective effect on photoreceptors and RGCs.26

Previous studies were mainly focused on the evaluation of
GDNF loaded in MPs, along with the technological character-
ization of the in vitro and in vivo model devices.27,28

The aim of this study was to assess the ocular safety profile
of the produced MPs in vitro and in vivo. The devices were
characterized for their technological features and their effects
on human retinal pigment epithelial (ARPE-19) cells evaluated
by the 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) conversion assay and cytofluorometric
assessment of apoptosis to verify the cell viability. Finally,
the in vivo response was assessed by histological and
immunohistochemical analysis in the rat retina.

2. MATERIALS AND METHODS
2.1. Materials. Poly(D,L-lactide-co-glycolide) (PLGA) (Support-

ing Figure 1C) (Resomer RG504H lactide/glycolide ratio of 50:50;
inherent viscosity: 0.57 dL/g in chloroform at 25 °C) was purchased
from Evonik (Essen, Germany). Hyaluronic acid (HA; Supporting
Figure 1D; Mw: 1.6 MDa; viscosity > 1.5 mm2/s) was provided by
DSM (Kaiseraugst, Switzerland). Two poloxamers (PEOa-PPOb-
PEOa) were employed: F127 (a = 100 and b = 65) and F68 (a = 76
and b = 29). They were provided by Sigma Aldrich like the following
other chemicals: bovine serum albumin (BSA), dichloromethane
(DCM), sodium phosphate (Na2HPO4), potassium chloride (KCl),
sodium chloride (NaCl), human GDNF (glial-derived cell neuro-
trophic factor), ELISA kit, dimethyl sulfoxide (DMSO), palmitoyle-
thanolamide (PEA) (Supporting Figure 1B), 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), and modified Eagle’s/
F-12 medium (DMEM/F-12). Citicoline (CIT) (Figure S1A) was
purchased from ACEF (Italy). Fetal bovine serum (FBS), penicillin,
streptomycin, and trypsin−EDTA were obtained from Gibco.
Acetonitrile (ACN) HiPerSolv-CHROMANORM and HPLC-grade
water were obtained from VWR. Disodium phosphate dodecahydrate
Na2HPO4·12H2O and sodium phosphate dihydrate NaH2PO4·2H2O
were purchased from Farmalabor (Italy). 3,3′-Dihexiloxalocarbocya-
nine iodide (DiOC6(3)) was obtained from Molecular Probes, Life
Technologies. 4′,6-Diamidino-2-phenylindole (DAPI) and donkey

anti-mouse antibodies were provided by ThermoFisher. Ketamine
1000 was purchased from Virbac, (Carros, France), while Rompun
2% from Bayer Sante ́ (Puteaux, France), mydriaticum 0.5% from
Thea (France), and tetracaine 1% from Faure (France). Paraformal-
dehyde and glutaraldehyde were obtained from LADD, Inland Europe
(Conflans-sur-Lanterne, France). Finally, the Leica Historesin
Embedding Kit was provided by Leica (Switzerland) and rabbit
anti-glial fibrillary acidic protein (GFAP) was obtained from Dako
(Trappes, France). All of the chemical substances were used without
any purification.
2.2. MP Formulation Method. MPs were fabricated by a slightly

modified double emulsion−solvent evaporation technique, with no
chemical reaction, following a previously published procedure.8−10

Briefly, unloaded MPs (named MP EMPTY) were produced by
emulsifying 0.25 mL of an internal aqueous phase (W0) (consisting of
a BSA solution 0.4% w/v in phosphate buffer) with 2.5 mL of PLGA/
F68/F127 (1:0.5:0.5 weight ratio) solution in methylene chloride
(overall polymer concentration: 20% w/v) using a high-speed
homogenizer (Diax 900 equipped with a 10G probe, Heidolph,
Germany; 11 000 rpm, 2 min). The obtained W0−O primary
emulsion was poured in 40 mL of an external aqueous phase (W1)
containing two poloxamers (F68 and F127; 0.0375 mg/mL
respectively) and HA (0.75 mg/mL; Mw:1600 kDa), and further
homogenized at 11 000 rpm (10G probe) for 2 min, to obtain the
final W0−O−W1 multiple emulsion. The organic solvent was
evaporated overnight under magnetic stirring (500 rpm, RT), and
the hardened MPs were centrifuged at 4 °C (5000 rpm, Universal
16R, Hettich Zentrifugen, Germany), washed with double distilled
water three times and lyophilized for 24 h (−80 °C, 0.1 mbar, 24 h;
LyoQuest, Telstar, Japan). The W0 phase contained 125 mg of CIT or
10 μg of GDNF, while 6.3 mg of PEA were solubilized in the O phase.
2.3. Microparticle (MP) Characterization. MP size and size

distribution were determined by laser diffraction (Mastersizer 3000E,
Malvern Panalytical, Malvern, UK). MPs were dispersed in double
distilled water under continuous stirring at 1500 rpm (λ = 632.8 nm).
The mean diameters and the standard deviation were expressed as
averaged triplicate samples. To provide a measure of the size
distribution of the produced MPs, SPAN values were calculated by
formula (1)

d d
d

SPAN
(90%) (10%)

(50%)
=

(1)

where d(n%) is the diameter at the percentile n of the cumulative
distribution.29

Scanning electron microscopy (SEM) (Ultraplus Zeiss) was
employed to analyze MP external shape and morphology. To this
aim, lyophilized MPs were mounted on a metal stub with double-
sided tape and coated with gold for 30 s under an argon atmosphere
using a plasma sputter. SEM acquisitions were performed at an
accelerated voltage of 15 kV and a magnification of 2000 times.

MP yield was gravimetrically obtained from the entire mass of MPs
recovered after lyophilization using formula (2)

yield%
weight of freeze dried MPs

total amount of PLGA active molecules
100=

+
×

(2)

Entrapment efficiency was determined by the direct method. In the
case of PEA or CIT-loaded MPs, 1.7 or 1.25 mL of the MP
suspension were placed in a volumetric flask after centrifugation, and
acetonitrile was added to a final volume of 10 mL for dissolution of
MPs. Then, CIT or PEA was quantified using a high-performance
liquid chromatography (HPLC) (Agilent series 1200) system
equipped with a G1314B UV detector.

The mobile phase was prepared by pouring 2.5 g of disodium
phosphate dodecahydrate into 700 mL of HPLC-grade water and
stirring until dissolution. Then, sodium phosphate dihydrate (0.5 g)
was added and, if necessary, the pH of the solution was adjusted to
pH = 7.4. Finally, water was added to a final volume of 1 L. The
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obtained solution was filtered through 0.2 μm cellulose acetate filters.
The running conditions for HPLC tests are reported in Table 1.

To find out the entrapment efficiency of GDNF, lyophilized MPs
(5 mg) were dissolved in 0.7 mL of DCM and 0.7 mL of a 1% w/v
BSA in PBS solution (pH = 7.4) was added. Then, the samples were
vigorously vortexed for 1 min and centrifuged for 15 min (11 300
rpm, 24 °C; MKRO 200R, Hettich). Afterward, the supernatant was
removed and further 0.7 mL of 1% w/v BSA in PBS solution was
added to the organic phase. The sample was centrifuged three more
times under the same conditions and GDNF was quantified by an
ELISA test, employing a Human GDNF ELISA Kit. The linearity of
the response was assessed in the 2.24−222 pg/mL GDNF
concentration range (R2 > 0.995). The entrapment efficiency and
loading capacity were calculated employing eqs (3) and (4)

entrapment efficiency%
amount of encapsulated drug

total amount of drug
100= ×

(3)

loading capacity%
amount of encapsulated drug

total amount of polymer
100= ×

(4)

In vitro release kinetics of GDNF, PEA, and CIT were assessed as
described in our previous work.8−10 Briefly, lyophilized MPs loaded
with GDNF, CIT, or PEA were suspended in a simulated vitreous
body (SVB) (1:20 weight ratio) and 1 mL of PBS was added. The
samples were placed in a thermostatic bath at 37 °C and at pre-
established time points (once a week until 57 days) aliquots of the
supernatant PBS were recovered, replaced with the same volume, and
analyzed by ELISA to determine GDNF released content and by
HPLC to evaluate the amount of PEA and CIT released from MP
GDNF, MP PEA, and MP CIT, respectively. For all tests, results were
expressed as the mean values ± the standard deviation of triplicate
experiments.
2.4. Cell Culture. Human retinal Pigment epithelial ARPE-19

(ATCC-CRL-2302) cells were cultured in the DMEM/F-12 medium
supplemented with 10% v/v FBS, 100 U/mL penicillin, and 100 μg/
mL streptomycin. The cells were seeded in 75 cm2 flasks and placed
in a humidified atmosphere at 37 °C with 5% CO2 and then passaged
once a week using 0.25% Trypsin−EDTA. The FBS concentration
was lowered to 1% to perform experiments.
2.5. MTT Assay. The cell viability was determined using the 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) conversion assay. ARPE-19 cells were cultured in 96-well
plates and plated at 2 × 104 cells per well. Then, they were grown to
80% confluence before carrying out the experiments. After the
stimulation with empty MP, drug-loaded MPs, and active molecules
alone employing different concentrations (Table 2) for 24, 48, and 72
h, the cells were incubated with 20 μL of MTT solution (5 mg/mL)
for 4 h at 37 °C. Then, the formed formazan crystals were dissolved in
200 μL of DMSO and incubated for 15 min. The absorbance of each

well was measured at 570 and 750 nm, which served as the reference
wavelength, using a microplate reader (Victor, PerkinElmer). Cell
viability was expressed as the percentage of living cells with respect to
the untreated control. The % cell viability has been calculated as
follows

%viability
mean OD sample
mean OD blank

100= ×
(5)

The IC50 values for each compound were determined by first
assessing cell viability through the extraction of OD values from the
MTT assays. Subsequently, linear regression curves were utilized to
calculate the IC50 values, as shown in eqs 6 and 7.

y ax b( )= + (6)

b
a

IC
50

50 =
(7)

2.6. Cytofluorometric Assessment of Apoptosis. ARPE-19
cells were cultured in the same conditions described in Section 2.4.
The cells were stimulated with empty MPs, drug-loaded MPs, active
molecules alone (Table 2), and cisplatin (500 μM) for 24 h.
Thereafter, for apoptosis determination, cells were harvested and
stained for 30 min at 37 °C with the following: (i) 20 nM DiOC6(3)
for mitochondrial transmembrane potential (ΔΨm) quantification
and (ii) 1 μg/mL DAPI, a dye that incorporates only into dead cells
and is used for the determination of cell viability. Cytofluorometric
acquisitions were performed on a Miltenyi flow cytometer
(MACSQuant Analyzer 10) gating 6000 events per sample. Data
(FITC/VioBlue data) were analyzed using FlowJo software.
2.7. Animal Procedures. Thirty-nine male Wistar albino rats

(Janvier, Le Genest Saint-Isle, France; age: 8 weeks) were used in
accordance with the EU Directive 2010/63/EU for animal experi-
ments and followed the ARVO Statement on the Use of Animals in
Ophthalmic and Vision Research. Furthermore, studies were
approved by the local ethics committee “Charles Darwin” (#20648,
2019). Animals were fed with a standard laboratory diet and ad
libitum tap water at a controlled room temperature of 21−23 °C. The
cyclic light environment consisted of 12 h of light per day. Three rats
were used as control without injection, and all eyes were used for
histological examination. At the time of the experiment, rats were 10
weeks old and were anesthetized by intramuscular injection of 100
μL/100 g ketamine solution (40 mg/mL) and xylazine (4 mg/mL).
Topical ocular anesthesia with one drop of tetracaine hydrochloride
(Tetracaine 1%, Faure, Europhta Laboratories, Monaco) was
performed 2 min before the injection. Pupillary dilatation was
obtained by instillation of two drops of 2 mg/0.4 mL mydriaticum
(Theá, Clermont-Ferrand, France) and 10% phenylephrine hydro-
chloride (Faure, Europhta Laboratories, Monaco). 5 μL of MP
suspension was administered superiorly into the vitreous body using a
31G needle for insulin (100 U). Injections were performed under an
operating microscope by an ophthalmic surgeon and by placing a
microscope slide on the cornea to allow fundus observation.30

Animals that received intravitreal injections in both eyes of drug-
loaded MPs were randomized into four groups (n = 16): CIT, PEA,
and GDNF with dosages of 3.1, 0.32, and 47.6 ng, respectively, and
empty MPs as the control.

For the MP injection procedure, 66% (w/v) suspensions of MPs
were prepared in balanced salt solution (BSS) and briefly vortexed

Table 1. Equipment and Experimental Conditions of PEA
and CIT MP Entrapment Efficiency

MP PEA MP CIT

mobile phase (A) ACN; (B)
phosphate buffer
pH:7.4

(A) ACN; (B) sodium phosphate
dihydrate solution 10 mM

elution mode Isocratic:
65% (A) − 35% (B)

Isocratic: 10% (A) − 90% (B)

flow rate 0.6 mL/min 1 mL/min
injection
volume

4 μL 10 μL

λ 210 nm 274 nm
column
temperature

25 °C 25 °C

run time 10 min 15 min
Rt 3.9 min 9.8 min

Table 2. Employed Concentration of Empty MPs, Drug-
Loaded MPs, and Active Molecules Alone as Stimulation
Treatment of the ARPE-19 Cells

concentration of
empty and drug-

loaded MPs (mg/mL)

concentration
of PEA alone
(mg/mL)

concentration
of CIT alone
(mg/mL)

concentration
of GDNF alone

(mg/mL)

C3: 5 × 10−4 C3: 2 × 10−4 C3: 2 × 10−4 C1: 5 × 10−4

C4: 5 × 10−6 C5: 2 × 10−8 C5: 2 × 10−8 C2: 5 × 10−6

C5: 5 × 10−8 C3: 5 × 10−8
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immediately before each injection to ensure homogeneity of MPs in
the injected suspension. 5 μL of MP suspension were administered
superiorly into the vitreous body using a 31G needle for insulin (100
U). After seven days, animals were euthanized by carbon dioxide
inhalation and both eyes were immediately enucleated with a piece of
tissue at the superior area for right orientation, one treated for
histology and the other one for immunohistochemical staining.
2.8. Histology. One eye from each rat was fixed with 4% v/v

paraformaldehyde and 0.5% v/v glutaraldehyde in PBS for 2 h for
histological analysis. After fixation, samples were washed and
dehydrated in a graded alcohol series: 2 h in 70% alcohol and 2 h
in 95% alcohol. Then, a mixture of the infiltration medium and 95%
alcohol for 2 h was employed. Finally, the samples were incubated in
the infiltration solution of the Leica Historesin Embedding Kit
overnight at 4 °C. Samples were embedded in the embedding
medium and attached to a block holder after polymerization. A plastic
section (5 μm thick) passing through the optic nerve head were
prepared on a microtome (Leica Microsystems, France), stuck on
slides, and stained for 15 min with 1% w/v toluidine blue solution.
Sections were observed with a microscope (Leica Microsystems,
Switzerland) and photographed with a Leica Microsystems camera.
2.9. Retina Thickness Measurement. The thicknesses of the

outer nuclear layer (ONL), inner nuclear layer (INL), and
photoreceptors segments were measured every 500 μm on the
section passing through the center of the optic nerve using ImageJ
software (1.53 k; bundled with Java 64-bit, 1.8.0.172). Measurements
of histological sections were performed across the whole retina,
considering the inferior pole to 0 from −4000 μm from the optic
nerve and the superior pole from 0 to 4000 μm from the optic nerve.
Thickness profiles along the retina were generated by averaging, for
each distance, the values obtained for all eyes treated similarly to give
a single value per group.
2.10. Immunohistochemical Analysis. The other eye for each

rat was fixed with 4% v/v paraformaldehyde in PBS for 2 h, washed
with PBS, and infiltrated in gradient sucrose series diluted in PBS

(10% w/v, then 20% w/v and finally 30% w/v for 2 h each). Then, the
eyes were further mounted on Tissue-Tek O.C.T. (Siemens Medical,
Puteaux, France) and frozen with dry ice. Frozen sagittal sections (10
μm) close to the optic nerve were cut using a microtome (Leica). The
sections were washed and permeabilized with 1% v/v Triton X-100
for 30 min. After rinsing with PBS, the cryo-sections were incubated
for 1 h at room temperature with different primary antibodies (GFAP,
1:200 and CD11b, 1:100) diluted in a primary antibody solution of
0.1% v/v Triton X-100 in PBS. Negative control sections were
incubated without primary antibodies. After washing with PBS, the
sections were incubated for 1 h with secondary antibodies coupled
with a fluorochrome (goat anti-rabbit 1:200) and donkey anti-mouse,
1:200 in a secondary antibody solution (0.1% v/v Triton X-100 in
PBS). Finally, after the rinsing with PBS, slides were stained for the
nuclei with DAPI (1:5000) for 5 min, washed again, and mounted
with a gel mount. Fluorescently labeled sections were observed under
an epifluorescence microscope (Olympus, Rungis, France) equipped
with a CCD camera (Olympus DP72) using identical exposure
parameters across samples to be compared. To evaluate activated
macrophages/microglial cells, GFAP, and CD11b level intensity were
measured on pictures acquired over the entire ocular cross sections at
the optic nerve level. Both GFAP and CD11b level intensities were
measured using ImageJ software. Intensity values were generated by
averaging the values obtained for all pictures treated similarly to give a
single value per group.
2.11. Statistical Analyses. Statistical analyses were performed

using GraphPad Prism 8.0.3 software. Statistical significance was
defined at *p < 0.05, **p < 0.01, and ***p < 0.001 by using one-way
or two-way ANOVA completed with Dunn’s, Dunnet’s, Kruskal−
Wallis, Tukey’s or Sidak’s testing for multiple comparisons. All results
are presented as mean ± standard deviations (SD) or standard error
of the mean (SEM, as mentioned in the figure legends).

Figure 1. Representative SEM images of MPs: (A) EMPTY, loaded with GDNF (B), CIT (C), or PEA (D).

Table 3. Summary of Technological Features of Unloaded (Empty) and Loaded MPs with PEA, CIT, and GDNFa

formulation mean diameter (μm) ± SD SPAN ± SD E.E. (%) ± SD L.C. (%) ± SD

MP EMPTY 27 ± 2.0 3.1 ± 2.1
MP CIT 28 ± 2.0 2.9 ± 1.9 19 ± 8.0 8.0 ± 5.1
MP PEA 26 ± 3.0 3.3 ± 1.3 9.0 ± 6.0 2.1 ± 0.7
MP GDNF 39 ± 6.0 2.2 ± 1.8 68 ± 5.0 0.1 ± 2.3

aThe results are expressed as the mean value ± SD calculated on at least three repeats.
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3. RESULTS
3.1. Technological Characterization of Microparticles.

3.1.1. Morphological Analyses. MP morphology was studied
by SEM (Figure 1). In all formulations, spherical particles were
obtained. In the case of empty, GDNF- and PEA-loaded MPs,
a smooth surface was observed. Interestingly, SEM images
showed that the surface of CIT-loaded MPs exhibited
noticeable pores.
3.1.2. Dimensional Analysis, Entrapment Efficiency (E.E.),

and Loading Efficiency (L.C.) of MPs. The produced MPs
were loaded with three active molecules, palmitoylethanola-
mide (PEA), citicoline (CIT), and glial-cell-derived neuro-
trophic factor (GDNF). The mean diameter, entrapment
efficiency (E.E.), SPAN, and loading capacity (L.C.) of all of
the obtained MPs are summarized in Table 3.

The mean diameter of MPs was between 27 and 39 μm.
Even if the employed technique for MP production was the
same for all formulations, the entrapment efficiency was
dependent on the loaded molecule, ranging from 9 to 68%.
Correspondingly, the drug:polymer weight ratio was 0.0475,
0.00114, and 0.00002 for CIT, PEA, and GDNF, respectively.
3.1.3. In Vitro Drug Release. We analyzed the cumulative in

vitro release profile of GDNF from MPs in SVB, expressed as
pg of active molecule per mg of MPs as a function of time
(Figure 2A). After 7 days, the delivered GDNF was 327.1 ±
13.2 pg GDNF/mg MPs. Subsequently, a near-zero order
GDNF release was observed up to 57 days, with an
approximately constant rate of 26.62 ± 5.70 pg GDNF/mg
MP/day until the last time point of observation (57 days)
(Figure 2B).

The investigation of in vitro release kinetics of PEA and CIT
from MPs revealed that both the active molecules were
released in a span of approximately two weeks (data not
shown). In this regard, our data underscored that the release of
these drugs lacked adequate control. Consequently GDNF,
among other candidates, emerged as a preferable active
molecule for loading in the MPs.
3.2. Effects of Empty and Loaded MPs on Cell

Viability. To assess the toxicity of the MPs in vitro, we used
the human retinal pigment epithelial (ARPE-19) cells to
perform MTT and cytofluorometric analysis.

For the MTT assay, ARPE-19 cells were treated with
different concentrations of empty MPs, bare active molecules,
and active molecule-loaded MPs. In all experimental

conditions, the viability of untreated cells was comparable to
that of the other groups, therefore confirming that the empty
or loaded MPs are not toxic (Figure 3). Contrariwise, at each
time point considered, cisplatin,31 used as the internal positive
control of the experiment, induced significant cell death.
Interestingly, the cells treated with MPs loaded with GDNF
presented a significantly higher viability with respect to the
cells incubated with GDNF alone. This is ascribable to the
slow release of GDNF from MPs (Figure 3).

Next, in order to corroborate the non-toxicity of MP
treatments on ARPE-19 cells, we carried out a cell death assay
using flow cytometry. ARPE-19 cells were treated for 24 and
72 h with several concentrations of empty and drug-loaded
MPs and cisplatin, used as an internal positive control of the
experiment using untreated cells as control (Ctrl group). After
24 and 72 h of treatment, cells were stained with the ΔΨm-
sensitive dye DiOC6(3) and DAPI (Figure 4A,B). All of the
treatments did not induce cell death, confirming the MTT test
outcomes, except for cells treated with cisplatin, at both time
points (Figure 4). These results were also confirmed by the
estimation of the IC50 values of empty and loaded MPs in
ARPE-19 cells determined after 24, 48, and 72 h of treatment
(Table 4).
3.3. Safety Assessment of MP Formulations In Vivo.

Based on the results concerning the absence of toxicity of all
MP formulations in vitro, we decided to test them in vivo to
evaluate their potential toxicity in the rat posterior segment eye
tissues. Animals, randomized into four groups (n = 16),
received intravitreal injection (IVT) of empty MPs and three
different MP formulations loaded with the active molecules
(CIT: 3.1 μg; PEA: 0.32 μg, and GDNF: 47.6 ng), in both
eyes.

We evaluated the effects of all MPs on retina thickness
measurement. The evaluation of the outer nuclear layer
(ONL), inner nuclear layer (INL), and photoreceptor segment
thickness showed that all MPs did not affect the architecture of
the retina (Figure 5). The ONL and INL thicknesses were not
significantly different from control rats and when compared
with those injected with both loaded and unloaded MPs.

To corroborate these results, we also evaluated, in the same
treatment groups, the expression of GFAP (anti-glial fibrillary
acidic protein) and CD11b by immunohistochemistry. GFAP
is usually expressed by astrocytes in the normal retina, while it
is also expressed in activated Müller glial cells when gliosis is
present in the retina, reflecting retinal stress.32 CD11b is a

Figure 2. Cumulative release of GDNF from HA-decorated MPs in the simulated vitreous body at 37 °C. They are expressed as pg of GDNF
released from 1 mg of microparticles (A) or as the rate of GDNF release (pg/mg MP/day) (B). Results are expressed as the mean ± SD of three
replicates.
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marker for macrophages; in the retina, CD11b stained resident
retinal macrophages, the microglia, and infiltrated macro-
phages.33 In the absence of stress or degeneration, microglial
cells exhibit a ramified morphology with a small, round soma,
and various branching processes. Once activated, they
proliferated and gained shorter processes and an ameboid
form. In our experimental setting, we did not observe any

significant gliosis or inflammation throughout the retina, due
to the lack of activation of Müller glial cells and microglia cells.
In all treatment groups, the GFAP signal was only limited to
astrocytes in ganglion cell layer (GCL) and CD11b microglia
cells were only localized in the inner retina with a steady-state
phenotype (Figure 6). CD11b and GFAP signal intensity were

Figure 3. Effect of different MP formulations on ARPE-19 cell viability. Cells were treated with different concentrations of MPs unloaded
(EMPTY) or loaded with molecules. MTT assay was performed at 24 (A), 48 (B), and 72 (C) h after the treatment. Results are from four
independent experiments with four parallel samples per group in each experiment and shown as mean ± SEM. Ctrl = control; CISPL = cisplatin,
500 μM; CIT = citicoline; PEA = palmitoylethanolamide; and GDNF = glial-cell-derived neurotrophic factor. Statistical analysis was performed by
Kruskal−Wallis’s test with Dunn’s test for multiple comparisons, n = 3; *p < 0.05, **p < 0.01, ****p < 0.0001 when compared to control
conditions; °p < 0.05 when compared MPs GDNF to equivalent concentrations of GDNF alone. The concentration of EMPTY MPs and loaded
MPs is: C3 = 5 × 10−4 mg/mL, C4 = 5 × 10−6 mg/mL, and C5 = 5 × 10−8 mg/mL. The concentration of active molecules alone is: PEA C3 = 2 ×
10−4 mg/mL, PEA C5 = 2 × 10−8 mg/mL, CIT C3 = 2 × 10−4 mg/mL, CIT C5 = 2 × 10−8 mg/mL; GDNF C3 = 5 × 10−4 mg/mL, GDNF C4 = 5
× 10−6 mg/mL, and GDNF C5 = 5 × 10−8 mg/mL.
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not significantly different between three drug-loaded MPs
compared to unloaded ones.

4. DISCUSSION
Therapy of the diseases of the posterior eye segment
necessitates an effective concentration of the chosen active
molecules for long times in the target site. The concept of local
administration by biodegradable MPs able to sustain the
release of loaded drug(s) has been arising as an alternative to
the repeated intravitreal injection of non-encapsulated active
molecule(s).34

In this work, we have formulated HA-coated, PLGA-based
degradable MPs for the sustained release of GDNF, PEA, and
CIT by means of a fabrication technique already used to
produce nanoparticles, with slight modifications. In these
previous publications, the existence of the HA corona was
assessed by means of ζ potential, ELISA kit, atomic force
microscopy (AFM), and surface-enhanced Raman scattering
(SERS) spectroscopy.35,36 With regards to micrometric
devices, the presence of HA on MP surface was assessed by
Electron dispersive X-ray spectroscopy (EDS)9 and, further-
more, by determining the diffusion properties of MPs in
simulated vitreous body (SVB).8 Results indicated that, with
the same formulation proposed in this work, HA presence

hindered the transport of MPs in SVB, probably due to the
interactions of HA on MPs with the same polysaccharide in the
gel. This can be attributed to the enhanced chemical affinity
between MP corona and SVB. This is an important outcome
since freely diffusing MPs may interfere with the visus and lead
to blurred vision. These promising results have encouraged us
to continue the studies to also verify their safety, both in vitro
and in vivo. Thus, in this work, we have discussed the safety
assessment of PLGA-based, HA-decorated MPs for intravitreal
injection to verify the potential risks and benefits of the
produced MPs. This investigation helps to shed light on the
potential risk of inflammation, infection, and tissue damage
inherent to MP administration.

This outcome holds significance because MPs that are
allowed to move freely can disrupt vision and lead to blurred
vision.

MPs produced by the double emulsion−solvent evaporation
technique allow sustained drug release and provide protection
of proteins from denaturation,34 with a formulation selected in
a previously published paper,10 were loaded with CIT, PEA, or
GDNF. BSA has been employed in the production of
biodegradable MPs to safeguard GDNF from potential
inactivation or denaturation upon encountering the polymeric
matrix. Specifically, the quantity of BSA present in the

Figure 4. Effect of different MP formulations on cell death at 24 (A) and 72 h (B). ARPE-19 cells were treated as indicated and then double-
stained with DiOC6(3) and DAPI. The black portions of the columns refer to DAPI+ population (dead) and the remaining part of the column
corresponds to the DiOC6(3)low/DAPI− (dying) population. Columns indicate means ± SD. Figures are representative of one experiment where
each condition has been performed in triplicate. Ctrl = control; CISPL = cisplatin, 500 μM. CIT = citicoline, PEA = palmitoylethanolamide, and
GDNF = glial-cell-derived neurotrophic factor. Statistical analysis was performed by two-way ANOVA with Sidak’s test for multiple comparisons
(****p < 0.0001 vs control condition).

Table 4. IC50 Values of CIT, PEA, GDNF, Empty, and Loaded Microparticles (MPs) Were Calculated at 24, 48, and 72 h after
MTT Experimentsa

IC50 (mg/mL)

drug 24 h 48 h 72 h

MP EMPTY 2.47 × 10−4 ± 5 × 10−5 2.49 × 10−4 ± 1.80 × 10−5 2.62 × 10−4 ± 3.4 × 10−5

CIT 1.02 × 10−4 ± 1 × 10−5 1.01 × 10−4 ± 1 × 10−5 1.09 × 10−4 ± 1.1 × 10−5

MP CIT 2.54 × 10−4 ± 2.1 × 10−5 2.60 × 10−4 ± 1.1 × 10−5 2.97 × 10−4 ± 2.5 × 10−5

PEA 9.7 × 10−5 ± 1.8 × 10−5 2.96 × 10−4 ± 3.6 × 10−4 1.06 × 10−4 ± 1.9 × 10−5

MP PEA 2.26 × 10−4 ± 4.4 × 10−5 2.83 × 10−4 ± 6.9 × 10−5 2.98 × 10−4 ± 9.3 × 10−5

GDNF 3.04 × 10−4 ± 9.9 × 10−5 3.49 × 10−4 ± 1.38 × 10−4 3.19 × 10−4 ± 5.9 × 10−5

MP GDNF 2.24 × 10−4 ± 3.6 × 10−5 2.39 × 10−4 ± 3.3 × 10−5 2.30 × 10−4 ± 5.8 × 10−5

aIC50 values are expressed as mean ± SD (n = 4).
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microparticles largely exceeds that of GDNF, increasing the
probability of interaction with the organic matrix in
comparison to GDNF. This protective mechanism ensures
the preservation of the growth factor biological activity
throughout the experimental timeframe.27,37,38

The entrapment efficiency ranged from 9 to 68%, and was
heavily dependent on the nature of the encapsulated molecule,
probably because of the different affinity between each active
molecule and the inner organic phase of the emulsion used to
produce the MPs. Different molecules were also associated

Figure 5. Retina thickness representative images from male rats injected with empty MPs (A) or MPs loaded with CIT (B), PEA (C), and GDNF
(D). The scale bar is 10 μm. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigmented epithelium.
Effects of MP formulations on retinal thickness of segments (E), ONL (F), and INL (G). Values are presented as means ± SD (n = 4−5).
Statistical analysis was performed by Kruskal−Wallis’s test with Dunn’s test for multiple comparisons. The injected doses to perform in vivo
experiments were: 0.32 μg of PEA, 3.1 μg of CIT, and 46.1 ng of GDNF.
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with obvious morphological changes, as clearly shown in SEM
micrographs. Specifically, the surface of CIT-loaded MPs
exhibited noticeable pores. This can be explained by the high
hydrophilicity of CIT and its significantly higher quantity
compared to GDNF and PEA. Taking into account the values
of encapsulation efficiency, CIT content is 3492-fold higher tha
GDNF and 41.7-fold higher higher than PEA. Consequently,
the polymeric matrix of CIT-loaded MPs is more hydrophilic
compared to other formulations and therefore, during the
evaporation step, the organic solvent is removed more rapidly.
This, in turn, results in the formation of noticeable porosities
on the external regions of the MPs.28

The loading efficiency of GDNF within the MPs (68%) was
satisfactory, being higher than previous findings in the
literature (approximately ranging from 29 to 49%), where
the neurotrophic factor was loaded into MPs composed solely
of PLGA.27,38 This can be reasonably attributed to the
presence of amphiphilic poloxamers within the polymeric
matrix of MPs that can encourage interactions with hydrophilic
active molecules. Another contributing factor to the high
encapsulation efficiency is the high concentration of polymers
in the organic matrix of the MPs. This results in an increased
viscosity of the polymeric solution, which restricts GDNF
migration toward the external aqueous phase of the emulsion
used to produce MPs. In comparison to GDNF, CIT and PEA
exhibit significantly lower loading efficiencies. The diminished
loading efficiency of CIT, a highly hydrophilic molecule, can be

attributed to its lower molecular weight (488 Da) when
compared to GDNF (approximately 30 kDa) which,
correspondingly, facilitates its migration outward. On the
other hand, the low efficiency observed for PEA indicates an
extensive loss of the active molecule during MP production.

MP mean size is suitable for injecting the suspension by
means of a standard needle (31G). Additionally, a sustained
GDNF release for at least two months was obtained.
Differently, we found that the release of PEA and CIT is not
effectively controlled, thus underlining that GDNF is the only
molecule among the three studied that benefits from loading
into biodegradable MPs. In detail, the release profile of GDNF
from MPs exhibits a moderate initial burst, with a release rate
range of 20−50 pg GDNF/mg MPs/day. This characteristic
provides clear advantages compared to MPs composed solely
of PLGA.38 The favorable release behavior can be attributed to
the thorough mixing between the active molecule and the
polymer matrix, which limits the localization of the loaded
protein near the surface of the MPs and reduces the burst
effect. More in detail, the mechanism of drug release from MPs
developed in this study involves a combination of drug
diffusion and MP degradation. In the case of polymers that
undergo bulk degradation, such as PLGA, water absorption
leads to chain lysis throughout the matrix, thereby resulting in
a decrease in average molecular weight.39 However, the overall
mass of MPs remains relatively stable until the polymer chains
reach a small enough size to become soluble and diffuse out of

Figure 6. Representative images of MP EMPTY (A;E), MPs CIT (B;F), MPs PEA (C;G), and MPs GDNF (D;H). Scale bar: 50 μm. INL, inner
nuclear layer; ONL, outer nuclear layer; GCL, ganglion cell layer. 4′,6-Diamidino-2-phenylindole (DAPI) stained blue the nuclei in ONL; GFAP
stained red the astrocytes in GCL. CD11b stained resident retinal macrophages, the microglia, and infiltrated macrophages. The graphs (I) and (H)
report the intensity level of GFAP and CD11b of MP EMPTY or loaded with CIT, PEA, and GDNF. Values are showed as means ± SD (n = 4).
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the matrix.40 The rate of this process depends on the initial
molecular weight of the polymer and the composition of the
polymer matrix. In a recent study, we provided evidence that
the incorporation of poloxamers into the PLGA matrix has
dual effects on the degradation/erosion of MPs. First,
poloxamers enhance the hydrophilicity of the MPs, thus
promoting their erosion. However, at the same time, they
dilute the PLGA, reducing the autocatalytic effects that
contribute to erosion, thus delaying it. Consequently, this
interplay between factors results in a steady and prolonged
release profile.10 The nearly zero order release observed for
GDNF indicates that controlled degradation and increased MP
hydrophilicity caused by poloxamers are fairly balanced in the
produced MPs throughout the investigated release timeframe.

Also, as shown in the results paragraph, this controlled
amount of GDNF showed a lack of cytotoxicity on ARPE-19
cell viability in 3 days, which could be correlated to its intrinsic
neuroprotective activity. In vitro studies performed in this work
were conducted with the aim of figuring out the possible
cytotoxic and apoptotic effects of MPs on ARPE-19 cells. The
comparison with the positive control (cisplatin) clearly
indicated that the MPs are not toxic in vitro against ARPE-
19 cells. Altogether, results proved that intravitreal injection of
the produced MPs does not induce toxic effects on retinal
neurons. This confirmed the safety of use and the
biocompatibility of the devices obtained with a view to
releasing drugs to the posterior segment of the eye.
In vivo safety experiments also showed no inflammatory

response due to the lack of activation of Müller glial cells and
microglia cells. Interestingly, the outcomes were similar for all
groups, underlining that irrespective of the presence/absence
of each active molecule, the MPs were safe in vivo.

5. CONCLUSIONS
The rational treatment of posterior eye segment diseases by
intravitreal injections requires careful consideration of
mitigating undesirable effects associated with this adminis-
tration route. This necessitates precise control over the release
kinetics of active molecules within the intravitreal space,
ensuring sustained delivery. Achieving this control involves the
meticulous design of micrometric devices capable of delivering
these molecules at minute levels within the vitreous body. In
this study, we have proved that the produced MPs can
effectively sustain the release of GDNF at a fairly constant rate
for several weeks, while showing a limited control over the
release kinetics of PEA and CIT. The safety of MPs was
verified through MTT and cytofluorimetric analysis, which
showed the absence of cytotoxicity in ARPE-19 cells. Notably,
the uncontrolled administration of GDNF resulted in
decreased cell viability, while the sustained release of this
molecule exhibited a positive effect in this regard, and this
strongly underlines the need for GDNF encapsulation within
biodegradable MPs.

These findings were further supported by in vivo measure-
ments of rat retina thickness and immunohistochemical
analysis, which revealed no significant impact on retina
histology following intravitreal injection of both unloaded
and loaded MPs.

This approach can be extended to other therapeutic
molecules, including potential combinations, to facilitate a
multi-drug therapy approach. In conclusion, the designed MPs
have demonstrated great promise as a safe platform for
delivering active molecules to the posterior segment of the eye.

A forthcoming study will expand on the findings of this
research by exploring the therapeutic effects of GDNF
encapsulated in the produced MPs. The investigation will
involve examining a diverse range of drug concentrations, and
the outcomes will be detailed in an upcoming publication.
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CTRL:control
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EE:entrapment efficiency
GCL:ganglion cell layer
GDNF:glial-cell-derived neurotrophic factor
GRAS:generally regarded as safe
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IVT:intravitreal injection
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MP EMPTY:microparticles empty
MP CIT:microparticles citicoline
MP PEA:microparticles palmitoylethanolamide
MP GDNF:microparticles GDNF
MTT:3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide
O.C.T.:optimal cutting temperature
O.D.:optical density
ONL:outer nuclear layer
PEA:palmitoylethanolamide
PLGA:polylactic-co-glycolic acid
PLGA MPs:polylactic-co-glycolic acid microparticles
RGCs:retinal ganglion cells
RPE:retinal pigmented epithelium
SEM:scanning electron microscopy
SVB:simulated vitreous body
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