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ABSTRACT

Retinal degenerative diseases, such as retinitis pigmentosa, represent a significant fraction of the burden of
blindness. This kind of diseases involves the activation of microglial cells which causes neuroinflammation.
Flavonoids, such as naringenin (Nar), are able to modulate the pro-inflammatory behavior of the microglia cells
but their low bioavailability often hinders this activity. In this context, the aim of this research activity was the
development of implantable drug delivery systems through Nar encapsulation into a polymeric matrix, as a
valuable way to increase its bioavailability. For this purpose, a blend between microbial poly(3-hydroxybutyrate-
co-3-hydroxyvaerate) (PHBV) and poly(p,L-lactide-co-glycolide (PLGA) was processed by means of two different
fabrication techniques, i.e., melt-spinning and wet-spinning, to fabricate rods designed for ocular implantation.
The two developed kinds of rod had different morphology and thermal properties, as demonstrated by scanning
electron microscopy, thermogravimetric analysis, and differential scanning calorimetry. In addition, an increase
in Nar concentration in the starting polymeric mixture (1-5 wt% respect to device weight) determined a higher
drug encapsulation efficiency, with a resulting drug loading increasing from 0.5 to 3.5 % and from 0.4 to 4.4 %
for melt- and wet-spun rods, respectively. A significant effect of processing technique and drug loading on the
resulting release kinetics was also observed, with the devices loaded with a higher percentage of Nar reaching a
100 % cumulative drug release after 38 and 73 days in the case of wet- and melt-spun rods, respectively. In
addition, the wet-spun rods showed a first order drug release kinetics while the melt-spun rods a zero order one.
The bioactivity of the wet-spun rods was tested on lipopolysaccharide-activated BV2 as well as primary murine
microglia cells, thus demonstrating the ability of the released flavonoid to favor cell maturation from a pro-
inflammatory to an anti-inflammatory phenotype.

1. Introduction

this condition and the lack of a phenotypic shift towards a reparative
phenotype can have neurotoxic effects [5]. Indeed, this excessive and

Neurodegenerative diseases are a group of central nervous system
pathologies, whose mechanism involves oxidative stress, mitochondrial
dysfunction [1], alterations of the ubiquitin-proteasome system [2], and
abnormal accumulation of misfolded proteins [3], resulting in cell death
and damaging of nervous tissue. In particular, retinal degenerative
diseases, such as retinitis pigmentosa, age-related macular degenera-
tion, and diabetic retinopathy, make up a significant portion of the
burden of blindness, being often untreatable and characterized by a
progressive cell death within the neurosensory retina [4].

Microglial cells activation in a pro-inflammatory direction is neces-
sary for cell signaling of phagocytosis functions, but the persistence of
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persistent activation of the pro-inflammatory state and a resulting
chronic neuroinflammation have been linked to the underlying cause of
most neurodegenerative diseases. In particular, in degenerative retinal
diseases, the oxidative stress leads to photoreceptor degeneration and
activation of microglia cells [6], causing a shift to a pro-inflammatory
state necessary to eliminate damaged neurons. If the retinal microglia
cells do not return to homeostasis, the resulting chronic inflammation
can cause permanent vision loss.

Flavonoids have been reported to modulate the microglial responses,
inhibiting the pro-inflammatory shift, and concurrently offset oxidative
damage, protecting neurons in the retina [7]. They are polyphenolic

E-mail addresses: elisabetta.ferraro@unipi.it (E. Ferraro), dario.puppi@unipi.it (D. Puppi).

https://doi.org/10.1016/j.jddst.2024.105895

Received 25 March 2024; Received in revised form 12 June 2024; Accepted 14 June 2024

Available online 15 June 2024

1773-2247/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:elisabetta.ferraro@unipi.it
mailto:dario.puppi@unipi.it
www.sciencedirect.com/science/journal/17732247
https://www.elsevier.com/locate/jddst
https://doi.org/10.1016/j.jddst.2024.105895
https://doi.org/10.1016/j.jddst.2024.105895
https://doi.org/10.1016/j.jddst.2024.105895
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jddst.2024.105895&domain=pdf
http://creativecommons.org/licenses/by/4.0/

G. Pecorini et al.

compounds found in plants, with potential antioxidant,
anti-inflammatory, immunomodulatory, cardioprotective, antimicro-
bial, and anticancer activity [8]. One of the main shortcomings in using
flavonoids for therapeutic applications is represented by their low
bioavailability, mainly caused by low water solubility and limited
metabolic stability [9]. Indeed, oral treatment usually requires high
doses of flavonoids to reach a therapeutic level at the site of action [10].
A possible solution to this issue is encapsulating the flavonoid into a
polymeric matrix to develop oral formulations or implantable devices
for in situ controlled drug release rate [11]. This approach is aimed at
tuning critical parameters, such as drug biodistribution, half-life, and
concentration, as well as total drug exposure of the target tissue over
time [12]. Bioabsorbable polymers can be exploited in applications
requiring the implantation of a device only temporary needed, in order
to avoid a further surgical intervention for its removal. Bioabsorbable
drug release systems can be made of synthetic polymers, such as poly
(lactic acid) (PLA) [13], poly(lactic-co-glycolic acid) (PLGA) [14], and
poly(e-caprolactone) (PCL) [15], or natural polymers, such as chitosan
[16], hyaluronic acid [17], collagen [18], and gelatin [19]. Poly-
hydroxyalkanoates (PHA)s are aliphatic polyesters obtained by micro-
bial fermentation through industrial processes potentially complying
with the concept of sustainable development. Their natural synthesis,
cytocompatibility, and biodegradability, together with a thermoplastic
behavior, make them unique candidates for advanced biomedical ap-
plications [20]. Among them, poly(3-hydroxybutyrate) (PHB) has a high
degree of crystallization in the range 60-80 %, as a consequence of the
high stereochemical regularity, resulting in a stiff and brittle mechanical
behavior (elongation at break <10 %) with a high melting temperature
(Tm) [21]. Its copolymerization to obtain poly(3-hydroxybutyr-
ate-co-3-hydroxyvalerate) (PHBV) usually leads to a reduction of the
crystallinity degree, being around 60 % throughout a wide range of
composition from 0 to 95 % of 3-hydroxyvalerate units [22]. This results
in increased flexibility and ductility (elongation at break up to 50 %), as
well as a reduced Ty, down to 130 °C, enhancing polymer processability
through melt fabrication techniques [23]. In addition, blending with
other polymers, including PCL, PLA, and PLGA, has been demonstrated
to be a suitable means to improve PHBV processing properties. For
instance, PLGA blending was recently exploited to develop PHBV-based
solutions with optimized viscosity for fiber spinning approaches [24].

A clinical application of bioabsorbable polymers is based on their
intravitreal injection, for instance in the form of cylindrical implants,
sometimes referred to as rods or microrods, for localized ocular drug
release [25]. As an example, Ozurdex® is an implantable
dexamethasone-loaded depot made of PLGA (Allergan Inc., Irvine, CA),
approved by Food and Drug Administration for the treatment of ocular
macular edema [25]. These kinds of implants are designed to provide, at
the same time, a minimally invasive implantation procedure and a
long-term release (months) of the bioactive molecule. They are typically
produced through cutting of continuous drug-loaded polymeric fila-
ments obtained by extrusion. In particular, melt-spinning has been
investigated by different articles for the fabrication of drug-loaded
polymeric rods, thanks to its high versatility in terms of thermoplastic
polymers processing into filaments with a controlled diameter [26].
Wet-spinning represents another technique widely exploited in the
controlled drug release area thanks to its high versatility in terms of
material selection, bioactive agent loading strategy, and fiber
morphology tuning [27]. However, to the best of authors’ knowledge,
wet-spinning nor PHA have been investigated yet for drug-loaded
intravitreal rod development.

In this context, this research activity was aimed at the design,
fabrication, and characterization of PHBV/PLGA implantable devices
for spatial- and time-controlled delivery of an anti-inflammatory mole-
cule at a retinal level. The flavonoid naringenin (Nar, 5,7,4-trihydrox-
yflavanone) was selected as loading bioactive compound, since it has
shown encouraging results in terms of modulation of microglia pheno-
type in vitro [28]. The fabrication of PHBV/PLGA rods loaded with two
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different theoretical Nar concentrations (1 and 5 wt%) was investigated
by employing either melt- or wet-spinning. Previous articles have re-
ported that blending with other polymers can be exploited to optimize
the processing properties of PHBV as melt or solution in an organic
solvent. For instance, blending PHBV with poly(e-caprolactone) (PCL), a
biodegradable polyester with a low Ty, (around 60 °C), was proven to be
an effective strategy for the production of scaffolds by fused deposition
modeling [29]. Since neither melt-spinning nor wet-spinning of
PHBV/PLGA blends have not been reported in the literature yet, the here
described manufacturing processes were proposed as innovative ap-
proaches aimed at overcoming the limited processability of PHBV.
Encapsulation efficiency (EE), drug loading (DL), and drug release ki-
netics in phosphate buffered saline (PBS) of the fabricated rods were
determined using UV spectroscopy. Rods morphological characteriza-
tion was carried out through scanning electron microscopy (SEM)
analysis, while their thermal characterization by differential scanning
calorimetry (DSC). An in vitro biological evaluation was carried out
employing the BV2 murine microglia cell line, as well as primary murine
microglia cells. Cell viability was assessed via indirect immunofluores-
cence, while gene expression related to markers associated with the two
states of microglia activation was verified by real time
reverse-transcription  quantitative  polymerase chain reaction
(RT-qPCR).

2. Materials and methods
2.1. Materials

Naringenin (Nar, T, = 250-251 °C, ethanol solubility = 48 mg/mL,
water solubility = 10 pg/mL, LogP = 3.19 [30]) was bought from Sigma
Aldrich (Milan, Italy) and used without further purification. Poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV, M;, = 152 kDa, 19
mol% hydroxyvalerate) was provided by Biocycle (Serrana, Brazil). Poly
(p,.-lactide-co-glycolide) with a lactide/glycolide 50:50 molar ratio
(PLGA50:50, M, = 207 kDa) and with a 75:25 molar ratio (PLGA75:25,
M, = 207 kDa) were bought from Vornia Biomaterials (Dublin, Ireland).
Phosphate buffer saline (PBS) was prepared by dissolving 8 g of NaCl,
0.2 g of KCl, 0.2 g of KHoPOy, 1.44 g of NaHPO4-2H20 and 1 g of NaN3
in 1 L of deionized water and adjusting the pH to 7.4. Chloroform
(CHCl3) and absolute ethanol (EtOH) were provided by Carlo Erba
(Milan, Italy) and employed without further purification.

2.2. Melt-spinning

Given amounts of PHBV, PLGA50:50, and Nar were physically mixed
using a mortar. In particular, three different physical mixtures differing
for Nar concentration (0, 1, and 5 wt%) were prepared by keeping
constant a 50:50 wt% PHBV/PLGA ratio (Table 1). The physical mix-
tures were left in a desiccator for 24 h before processing, then 20 g of
each sample were processed employing a single screw melt-extruder
(Composer 350 Filament Maker 3Devo, Utrecht, Netherland). The
polymeric material was fed into a hopper and forced through a screw
into four sections kept at different temperatures (175, 185, 190, 170 °C)
to allow material melting and homogenization. The material was finally
extruded through a nozzle and the obtained filament cooled down by a
forced-air cooling process and then wrapped around a winder at room
temperature. The resulting filament was finally cut to the final rod

Table 1
Composition of the physical mixtures employed for melt-spinning (MS) and wet-
spinning (WS).

Rod PHBV [wit%] PLGA [wt%] Nar [wt%]
MS-Nar0/WS-Nar0 50.0 50.0 0
MS-Narl/WS-Narl 49.5 49.5 1
MS-Nar5/WS-Nar5 47.5 47.5 5
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length employing a scalpel blade.

2.3. Wet-spinning

PHBV was suspended in CHCl3 at 35 °C for 7 h, then the desired
amount of Nar was added to the suspension and the obtained mixture
was left under stirring at room temperature overnight. PLGA75:25 was
finally dissolved in the prepared suspension under magnetic stirring for
4 h at 35 °C. Like in the case of melt-spinning, mixtures containing
different amounts of Nar were prepared. The polymeric matrix was
made of PHBV and PLGA in a 50/50 % w/w ratio and the total con-
centration of the three components in CHCl3 was 20 % w/v (Table 1).
The prepared polymeric mixture was loaded in a glass syringe equipped
with a blunt needle with an inner diameter of 0.41 mm (22 gauge). Wet-
spinning was carried out using a customized apparatus constituted by a
translating syringe pump and a rotating mandrel, both of them
controlled by a dedicated software. The mandrel as well as the tip of the
needle were immersed in a 160 mL EtOH bath and the coagulating fiber
was wrapped around the rotating mandrel. At the end of the wet-
spinning process, the wrapped-filament was collected from the coagu-
lation bath, left overnight under a fume hood, and vacuum dried for 8 h.
After that, the filament was ground into a mortar with liquid nitrogen.

2.4. Films preparation

For the preparation of films by solvent casting to be used in encap-
sulation efficiency measurements (see section 2.7), the desired amount
of Nar and polymers or Nar-loaded rods were dissolved in CHCl3 (1 % w/
v) under magnetic stirring at 35 °C for 6 h. The obtained mixture was
then cast on a Petri dish that was maintained overnight in an environ-
ment near to CHCl3 saturation condition, and the resulting film was kept
under a fume hood for 24 h and finally vacuum dried for 8 h.

2.5. Scanning electron microscopy (SEM)

Rods external surface and transversal cross-section, the latter ob-
tained by fragile fracture in liquid nitrogen, were observed through
scanning electron microscopy (SEM, JEOL JSM 300, Tokyo, Japan). The
rods length and diameter were measured by Image J 1.43u software on
micrographs with 100 x magnification. Data were calculated over 3
measurements per scaffold.

2.6. Thermal characterization

Thermogravimetric analysis (TGA) was performed using a TGA Q500
instrument (TA Instruments, Milan, Italy) in the temperature range
30-700 °C, at a heating rate of 10 °C/min, and under an air flow of 60
mL/min. Scaffolds’ thermal degradation was evaluated by analyzing
weight and derivative weight profiles as a function of temperature.

Differential scanning calorimetry (DSC) analysis was performed
using a Mettler DSC-822 instrument (Mettler Toledo, Milan, Italy). The
samples were subjected to two heating cycles in the range —20 to 200 °C
at a heating rate of 10 °C/min, separated by a cooling cycle at a rate of
—20 °C/min and by isothermal steps, the first one at 200 °C and the
second one at —20 °C. The analyses were carried out under a nitrogen
flow of 80 mL/min. By analyzing the thermograms relevant to the first
and second heating cycles, polymer glass transition temperature (Tg)
was obtained at the inflection point, melting temperature (Tp,) as the
maximum of the melting peak, and crystallinity () as the ratio between
the sample melting enthalpy (calculated as the area under the melting
peak) and the melting enthalpy associated to 100 % crystalline PHBV
(109 J/g [31]). All thermal characterization tests were carried out by
analyzing three sample replicates.
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2.7. Evaluation of encapsulation efficiency (EE)

The solvent cast films, prepared as described in Section 2.4, were
kept in 40 mL of EtOH into a round bottom flask equipped with a reflux
condenser, at 80 °C for 6 h under magnetic stirring. The EtOH-rich
extract phase was analyzed after filtration employing a UV/Vis V-530
spectrophotometer (Jasco International Co., Ltd., Japan) with quartz
cuvettes. A calibration curve was employed to obtain Nar concentration
by analyzing data relevant to absorbance at 289 nm. Drug encapsulation
efficiency (EE) and drug loading (DL) were calculated using Eq. (1) and
Eq. (2), respectively.

mg of active agent actually encapsulated
mg of active agent theoretically encapsulated

EE [%] = x100 Eq. 1

mg of active agent actually encapsulated X

%) =
DL [%] mg of device

100 Eq. 2
All the analyses were carried out on three sample replicates.
2.8. Nar release kinetics

To determine the release kinetics of the developed devices, 355 mg of
rods were incubated in 16 or 48 mL of PBS in the case of rods loaded
with a theoretical Nar concentration of 1 or 5 wt%, respectively, on an
orbital shaker at 37 °C. At prefixed time intervals, 0.5 mL of the incu-
bation medium were collected from each bottle and replaced with fresh
PBS. The collected samples were analyzed by means of UV spectroscopy
using a V-530 spectrophotometer (Jasco International Co., Ltd., Japan)
and quartz cuvettes. The absorbance peak at 321 nm was used to
determine the concentration of the drug in PBS and checked against a
calibration curve. All the analyses were carried out on three sample
replicates.

2.9. Cell cultures

Murine BV2 microglia cells were grown in Dulbecco’s Modified Eagle
Medium (DMEM), containing GlutaMAX, Pyruvate, 4.5 g/L of p-Glucose,
5 % v/v Fetal Bovine Serum, and 1 % v/v Penicillin/Streptomycin at
37 °Cina 95 % O, and 5 % CO, humidified chamber. All reagents for
media preparation were from Thermo Fisher Scientific (Monza, Italy).
Microglial primary cultures were derived from cerebral cortices of post-
natal day 0-2 (p0-p2) wt mice. Following the removal of meninges,
cortical tissue was dissected and placed in cold HBSS (Hank’s Balanced
Salt Solution) supplemented with 10 mM HEPES (Gibco), devoid of Ca®t
and Mg?". The cortices were then minced into small fragments and
enzymatically digested using 0.25 % trypsin and 0.01 % DNasel.
Following dissociation and filtration through 70-mm filters, cells were
suspended in high glucose DMEM-F12 supplemented with Glutamax, 10
% FBS, and 1 % penicillin/streptomycin. After 9-11 days, cultures were
shaked for 2 h at 37 °C to detach and collect microglia cells.

2.10. Cell treatments

Two different experiments have been carried out in order to evaluate
the anti-inflammatory activity of wet-spinning rods loaded with a
theoretical Nar concentration of 5 % w/w (WS-Nar5 rods) and using
unloaded rods as reference (WS-Nar0). In the first type of experiments
rods (28,8 mg calculated considering the rods release kinetics, in order
to reach a 60 pM concentration of Nar in 24 h) were incubated in 10 mL
DMEM + P/S and placed on a mechanical wheel at 37 °C for 24 h. 6-Well
or 12-well plates were used and 11 x 10 or 4.4 x 10* cells/well were
plated in 2/1 mL of complete medium. After 24 h of incubation, DMEM
containing WS-PPNar5 and WS-PPNar0 (used as control) were centri-
fuged at 300 RCF for 5 min to remove the device. The supernatant,
which contained only DMEM + P/S and Nar released by the device, was
used to replace the cell medium in plates with the subsequent addition of
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3 % v/v FBS. After 6 h, the inflammatory activity of microglial cells was
stimulated using 100 ng/mL lipopolysaccharide (LPS). 18 h after the
administration of the inflammatory stimulus (LPS), the experiment was
stopped, the culture medium was removed and the extraction of RNA
was performed. In the second type of experiments, 28,8 mg of WS-Nar5
and 28,8 mg of WS-Nar0Q were placed in medium for 24 h, as described
for the previous experiment. After that, the medium containing the de-
vice was used to replace cell culture medium on cells. After 6 h, LPS was
added to the medium and after 18 h the experiment was stopped.

2.11. Real-time RT-qPCR

The RNA isolation from BV2 and primary microglia cells treated as
above reported was performed by using the Invitrogen™ TRIzol™ Re-
agent following the manufacturer’s instructions. The cDNA was syn-
thesized by using 1-3 pg RNA and the GoScript Reverse Transcription
System (Promega) with Random Primers. Comparative qPCR was per-
formed with the SensiMix SYBR No-ROX (Meridian Bioscience) by using
the QuantStudio 3 (Applied Biosystem by Thermo Fisher Scientific).
Data were normalized to 18S gene and analyzed by using the 2—AACT
method. The sequences of the used primers are reported in Table 2. All
reactions were performed in duplicate. Data shown are the mean + SE
from n = 6 experiments each performed in triplicate.

2.12. Fluorescence microscopy

For immunofluorescence analysis, cells were fixed with 4 % w/v
paraformaldehyde (PFA) solution, with DPBS, permeabilized 0.4 % v/v
Triton-X-100 for 5 min, and blocked with 2 % v/v horse serum (HS) for
30 min.

After the blocking step, cells were incubated overnight at 4 °C with
antibodies against cytochrome ¢ (BD Biosciences; 556432) and cleaved
caspase-3 (Sigma-Aldrich; ab3623). Samples were then washed and
incubated for 1 h with a secondary antibody (1:500; Thermo Fisher
Scientific) at room temperature. Nuclei were counterstained with 4°,6
diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific), washed
with PBS and the coverslip was mounted on a slide in Aqueous Mounting
solution (Sigma-Aldrich, USA). The images were acquired with a Nikon
Eclipse Ti fluorescence microscope equipped with the software NIS-
Elements AR 5.11.03 (Nikon Corporation). Data shown are representa-
tive of n = 3 experiments.

2.13. MTS

MTS Cell Titer 96AQueous One solution cell proliferation assay was
performed according to the supplier’s instructions (Promega, Madison,
WI). The MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethox-
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] tetrazolium
compound is bioreduced into a colored formazan product by NADPH or
NADH produced by dehydrogenase enzymes in metabolically active
cells. In order to be sure to perform the assay on the whole cell popu-
lation including the dead cells, also the incubation medium was
analyzed. To this purpose, sedimentation of floating cell-rods from the
incubation medium was allowed (30 s on the bench) and supernatants
were centrifuged at high speed (500 g 10 min) to obtain a pellet. In
parallel, adherent cells were detached from the dish and added to the

Table 2
Primer sequences used for RT-qPCR.

Primer Forward sequence Reverse sequence

Actin TTGAATCCTGTGGCATCCATGAAAC  TTAAACGCAGCTCAGTAACA
IL-1p GACCTTCCATGAGGACA TCCATTGAGGTGGAGAGCTT
CCL2 AGGTCCCTGTCATGCTTCT CTCCAGCCTACTTGGGA
iNOS GGGTGGCCTCGAATTCCCAG CCATCCTTCGGCCCACTTCC

CD206  GACGGACGAGGAGTTCATTATAC GTTGGAGAGATAGGCACAGAAG
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floating cell-rods of the incubation medium previously sedimented,
centrifuged (300 g, 5 min), washed and incubated with trypsin, washed
two times and left 30 s on the bench to allow sedimentation of rods
which were removed. Cells were then centrifuged (300 g, 5 min) and the
obtained pellet was added to the one previously obtained from the in-
cubation medium. The control cells underwent exactly the same pro-
cedure as the rod-incubated ones. Cells were counted in order to perform
the MTS assay on the same number of control and rod-incubated cells.
Cells were plated in triplicate in 96-well plates at a density of 1 -10* cells
per well. Cell Titer 96Aqueous One solution was added to each well for 2
h and 30 min at 37 °C, and the light absorbance at 490 nm was recorded
using a 96-well plate reader (VERSAmax microplate reader). Values
were normalized to blank controls (culture medium and tetrazolium
without cells) whose signal represents the absorbance background at
490 nm. Data shown are the mean + SE from n = 4 experiments each
performed in triplicate.

2.14. Statistical analysis

Data were reported as mean + standard deviation or mean =+ stan-
dard error, where appropriate. Data sets were analyzed with pertinent
statistical testing (t-test or one-way ANOVA followed by Tukey HSD
test). The differences were considered significant for a p value < 0.05.

3. Results and discussion
3.1. Rods manufacturing

Experimental protocols for the fabrication of implantable rods made
of a PHBV-PLGA blend (1:1 wt ratio) and loaded with two different
theoretical Nar concentrations (1 or 5 wt%) were optimized by
employing either melt- or wet-spinning.

3.1.1. Rods fabrication by melt-spinning

This manufacturing approach involved processing by melt extrusion
a PHBV-PLGA mixture containing Nar to obtain rods with a diameter of
around 0.5 mm, suitable for intravitreal implantation [32]. In particular,
PHBV, PLGA50:50, and Nar powders were mixed using a mortar and the
resulting physical mixture was fed to a single screw extruder to produce
a continuous filament, collected by means of a rotating winder and
finally cut into rods with a length of around 6 mm (Fig. 1A). Mortar
grinding was selected as a suitable pre-extrusion physical mixing tech-
nique to minimize the use of the investigated polymers and bioactive
agent, as well as the risks of contamination. The homogeneity of the
physical blend after mortar grinding was visually checked before
extrusion. In addition, Nar loading was evaluated by analyzing rods
obtained at different extrusion times, achieving a low standard deviation
(see section 3.4), which suggested that the drug was quite uniformly
distributed along the filament. Indeed, melt extrusion is a technique
commonly employed for the preparation of polymeric blends as well as
for the efficient and homogenous dispersion of additives into a poly-
meric matrix [33]. By optimizing different processing parameters,
including the temperature of the four different extruder zones (170, 190,
185, and 175 °C) and the screw rotation rate (2 rpm), melt-spun rods
unloaded or loaded with a theoretical Nar concentration of 1 or 5 wt%,
referred to as MS-Nar0O, MS-Narl, and MS-Nar5, respectively (Table 1),
were successfully fabricated.

PHBV has a relatively narrow processing temperature range, be-
tween its Ty, and degradation temperature (~200 °C), as well as low
melt viscosity and elasticity, limiting its processing by melt-extrusion
[34]. However, blending with other polymers or low molecular weight
additives can improve its workability in the molten state. In particular,
PHBV blending with PLGA50:50, a polymer matrix of clinically
employed ocular implants [32], was effectively exploited to achieve a
uniform and continuous extrusion of the polymeric mixture. Attempts to
process by melt-spinning PHBV blends with PLGA75:25, the latter used
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Polymeric mixture
PHBV/(PLGA 50:50) 1:1

MS-rods

A) Single-screw extruder
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nt layer V. )
p L < Inss, | Syringe
| Virot ) Rotating
\ /i
mandrel
\') N v
B) Coagulation bath

Polymeric filament

WS-rods

Fig. 1. Rods manufacturing. Schematic representation of the processes for Nar-loaded PHBV/PLGA rods fabrication through A) melt-spinning, or B) wet-spinning.

instead in the case of optimized wet-spinning (see Section 3.1.2), were
not successful likely due to a high polymeric mixture viscosity.

3.1.2. Rods fabrication by wet-spinning

Polymeric mixtures to be processed by wet-spinning were obtained
through addition under magnetic stirring of PHBV and PLGA75:25 to
CHCl3, since PLGA can be completely solubilized in this solvent while
PHBV and Nar can form a stable suspension [35]. In particular, Nar was
suspended in CHCl3 before the addition of PLGA, because the solubili-
zation of the latter led to a significant increase of mixture viscosity.
PLGA75:25 was selected for this manufacturing process because it
resulted in a more viscous solution, in comparison to PLGA50:50, suit-
able for optimized welt-spinning.

Filament wet-spinning was carried through extrusion of a PHBV/
PLGA/CHCl; mixture, possibly containing Nar, through a needle whose
tip was immersed in an EtOH bath at room temperature. This solvent/
non-solvent system was selected to exploit the high miscibility be-
tween the two components and the optimized coagulating effect of EtOH
[24]. The polymeric fiber deriving from the non-solvent-induced phase
inversion process governing the solidification process was wrapped
around a rotating metal mandrel, immersed in the EtOH bath, whose
movement was controlled by means of a dedicated software (Fig. 1B)
[36]. The most influent optimized processing parameters were the
extrusion flow rate (F = 2 mL/h), the translation speed of the needle
(Virasl = 240 mm/min), the rotational velocity of the fiber collector (Vo
= 2 rpm), the distance on the Y axis between the needle tip and the
collector (dy = 5 mm), and the distance on the Z axis between the needle
and the collector (d, = 1 mm). Since the wrapped filament was welded at
the contact points forming a tubular cohesive assembly, it was not
possible to unwrap and then cut it to obtain fragments with a length
comparable to that of melt-spun rods (~6 mm). Therefore, the obtained
tubular samples were ground into a mortar, using liquid nitrogen to
make the material brittle and facilitating the process, obtaining rods of
smaller dimensions compared to those of melt-spun rods.

Wet-spun rods unloaded and loaded with a theoretical Nar concen-
tration of 1 or 5 wt%, referred to as WS-Nar0O, WS-Nar1, and WS-Nar5,
respectively (Table 1), were successfully fabricated by means of this

manufacturing process.

3.2. Scanning electron microscopy (SEM) analysis

Micrographs at different magnifications relevant to both the external
surface and the transversal cross-section of the two kinds of developed
rods were obtained by SEM analysis.

Micrographs of unloaded melt-spun rods (MS-Nar0) or those loaded
with a theoretical Nar concentration of 1 or 5 wt% (MS-Narl and MS-
Nar5, respectively) are reported in Fig. 2. These rods had a uniform
external surface morphology, characterized by a dense and continuous
polymeric matrix. Although there were no detectable differences be-
tween MS-Nar0 and MS-Nar1, a rough topography could be appreciated
on the external surface of the MS-Nar5 rods, likely due to adsorbed Nar
crystal microparticles.

A comparative analysis of micrographs relevant to melt-spun rods
transversal cross-section (Fig. 2A) highlighted a peculiar morphology in
the case of Nar-loaded samples, related to the presence of two different
polymeric phases. Indeed, this blend upon extrusion can lead to the
formation of a continuous PHBV matrix in which PLGA fibrils are
dispersed, due to shear forces acting on the melt material [24]. This
particular morphology was more evident in MS-Nar1 samples, suggest-
ing that the presence of Nar at a low concentration can favor this phase
segregation by causing a slower polymer solidification that allow poly-
mer chains to organize into a biphasic semicrystalline (PHBV) and
amorphous (PLGA) morphology, typical of immiscible polymers [37].
However, further tests should be carried out to evaluate this aspect and
confirm the possible interaction of Nar with the PHBV-PLGA polymeric
blend, e.g., through hydrogen bonding or as nucleating agent for crys-
tallization, as previously shown for other crystalline additives [38].

SEM micrographs of unloaded wet-spun rods (WS-Nar0), as well as
those of wet-spun rods loaded with a theoretical Nar concentration of 1
or 5 wt% (WS-Narl and WS-Nar5, respectively) are reported in Fig. 2B.
These rods were characterized by variable sizes (1-2 mm long and a
diameter of approximately 150-200 pm), smaller than those of melt-
spun rods, as a consequence of the different solidification process and
the manual milling procedure. The geometry of some samples was
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Fig. 2. SEM analysis. Micrographs at different magnifications of A) melt-spun and B) wet-spun rods unloaded or loaded with different concentrations of Nar.

approximately cylindrical, while an irregular shape was observed in
other cases. High magnification analysis highlighted that the rods sur-
face was characterized by a diffuse roughness, differently to what
observed in the case of melt-spun rods characterized by a more uniform
surface, while the presence of the flavonoid led to an increase in surface
roughness and the presence of micropores. Also in this case, an effect of
Nar on polymeric material solidifcation process can be hypothesized,
since a large body of literature has demonstrated the effect of additives
in the starting solution on non solvent-induced phase separation kinetics
and the resulting matrix morphology [27].

3.3. Thermal characterization

A thermogravimetric analysis (TGA) in air was carried out in order to
assess the thermal stability of Nar and the polymers employed for melt-
spinning (Fig. 3A and B). PHBV and PLGA50:50 thermograms were
characterized by a single weight loss event relevant to polymer thermal
degradation, with a maximum rate (Tpay) at 278 °C and 347 °C,
respectively, while Nar thermogram showed two degradation events,
the first one with a Tpax of 313 °C and the other one Tpax of 540 °C.
Onset temperatures (Topset) Of the three analyzed samples are all above
the temperatures employed for melt-spinning (T < 190 °C) indicating
that they were suitable for this processing approach.

Nar DSC thermogram (Fig. 3C) was characterized by a single endo-
thermic peak between 240 and 260 °C and centered at around 255 °C,

corresponding to drug crystals melting. Considering that melt-spinning
was carried out in the temperature range 170-190 °C, it is possible to
speculate that Nar remained in a crystalline state during processing.

DSC thermograms relevant to the first heating cycle for both typol-
ogies of rod (Fig. 4A-C) showed characteristic thermal transitions of the
two polymers: an endothermic peak centered at about 164 °C related to
PHBV crystallites melting, and an inflection point at around 50 °C cor-
responding to PLGA glass transition.

PHBV Ty, and crystallinity degree (x*), the latter normalized in
relationship to PHBV weight percentage in the polymeric matrix, were
significantly reduced both after melt- and wet-spinning (Tables S1 and
S2). This result can be related to an effect of PLGA on the PHBV crys-
tallization process starting from a melt or an organic solvent solution
which is then coagulated in a non-solvent [39]. In some cases, a sig-
nificant increase in PLGA Ty after processing was also detected, a phe-
nomenon already observed in previous studies on blends between
immiscible polymers, like in this case, attributable to the chain ends
tendency to converge at the interphase [40]. PLGA T, in wet-spun rods,
as well as PHBV T, in melt-spun rods, were significantly decreased upon
Nar loading. Polymer plasticization typically results in increased flexi-
bility of drug delivery devices favoring their adaptation to the site of
injection [41]. In addition, depending on the hydrophilic/hydrophobic
balance of the polymeric matrix, a reduction of polymer Ty below the
physiological temperature can also lead to an increased burst release,
like for instance in the case of aliphatic polyester colloidal suspensions
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[42]. Melt-spun rods thermograms also showed one or two overlapped
exothermic peaks just before the melting event, related to cold crystal-
lization of PHBV. As a result of the high PHBV y*, it was not possible to
observe in the first heating scan its glass transition for every analyzed
samples.

Instead, in the second heating scan thermograms (Fig. 4B-D) the
PHBV glass transition at around 0 °C was evident in the case of some
Nar-loaded samples, as a consequence of the relatively high cooling rate
of the previous cycle (—20 °C/min), which kinetically disadvantaged
polymer crystallization. For the same reason, an exothermic peak at
around 60 °C relevant to PHBV cold crystallization, overlapped with
PLGA glass transition inflection point, was detected also for Nar-loaded
wet-spun samples, with a significant larger cold crystallization enthalpy
(AH¢) in the case of WS-Nar5. In the case of the second heating scan of
MS-Nar0 and MS-Narl, a shift of cold crystallization peak at higher
temperatures in comparison to that of raw PHBV was evident, while in
the case of MS-Nar5 PHBV cold crystallization was suppressed. A
concentration-dependent significant effect of Nar loading on PHBV y*
was also observed during the first and second heating cycle, such as in
the in the case of MS-Nar5 showing a higher value than the unloaded
MS-Nar0 sample in the first cycle.

Summarizing, the obtained results demonstrated that Nar loading
affected the PHBV crystallization process both during rods
manufacturing and DSC heating/cooling scans. This evidence corrobo-
rates the hypothesis that Nar loading may have had an effect on polymer
solidification kinetics, influencing the resulting surface roughness and
biphasic morphology, as observed during SEM analysis. In addition,
these results can have a significant impact from an application point of
view, since the well-known effect of polymer crystallinity on material
wettability and biodegradation, as well as drug diffusivity through the
polymeric matrix, which are parameters of paramount importance to
understand the resulting drug release kinetics [43].
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3.4. Encapsulation efficiency (EE) and drug loading (DL)

The evaluation of Nar encapsulation efficiency (EE) and drug loading
(DL) in the polymeric matrix was carried out first through dissolution of
the rods in CHCl3 to prepare a film by solvent casting, in order to avoid
any effect of polymer matrix morphology on this quantitative analysis.
In order to evaluate the efficiency of this extraction method, solvent cast
films were also prepared starting from known amounts of polymers and
Nar, using the starting weight percentages employed for rods
manufacturing. Nar was then selectively leached from the different
kinds of the prepared films employing EtOH, and the extracts were
analyzed by means of UV spectroscopy (Fig. 5A). The leaching method
was optimized in terms of extraction solvent, temperature, and time.
Among the tested solvents (i.e., EtOH, isopropanol and hexane), EtOH
was selected because it is able to selectively dissolve Nar at high con-
centrations and resulted in the highest extraction efficiency. The opti-
mized extraction temperature was 60 °C, since lower temperatures
determined slower Nar dissolution, while higher temperatures led to
lower extraction efficiency probably due to Nar degradation. Finally, the
optimized extraction time resulted to be 6 h, since longer times did not
allow to further increase the extraction efficiency [44].

Table 3
Data relevant to the encapsulation efficiency (EE), drug loading (L) and fitting
data of the release kinetics curves of the developed rods.

EE [%] DL [%] Function R-squared
MS-Narl 47 £ 9 0.5 + 0.1%%* y =ax+b 0.99678
MS-Nar5 69 + 9*° 3.5+ 0.5*° Y =Yo+ Aekx 0.98513
WS-Narl 44 + 5° 0.4 £0.1° Y =Yo+ Aekx 0.96423
WS-Nar5 87 + 4** 4.4 + 0.1%* ¥ =Yo+ Ae™ 0.75009

Data are reported as mean + standard deviation (n = 3).

* ° Values marked with the same symbol are statistically different (p < 0.05).
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n=3).



G. Pecorini et al.

The EE of melt-spun rods was markedly lower than 100 % (Table 3),
likely due to the loss of Nar into the extruder, corroborating the results
reported in a previous study hypothesizing that the loading bioactive
agent remained attached to the screw metal surface [45]. The hypothesis
of Nar thermal degradation is unlikely, since its high thermal stability as
shown by TGA and DSC analysis (Fig. 3), as well as by UV spectroscopy
analysis (Fig. 5A). Indeed Nar spectra before and after extrusion were
overlapped, being characterized by two absorption bands, one centered
at 289 cm ! with a shoulder at around 325 cm’l, and the other one
centered at 210 cm ™! characteristic of the flavonoid [46], without any
signal related to Nar degradation products. In the case of wet-spun rods,
the limited values of EE were probably due to drug diffusion into the
coagulation bath, made of EtOH which is a good solvent for Nar.

Both in the case of melt- and wet-spun rods, an increase in the
starting Nar concentration (1 or 5 wt%) led to a significant increase of EE
and therefore a smaller difference between the theoretical and actual DL
values (Table 3). This result could be related to different aspects, such as
an effect of Nar concentration on polymer coagulation kinetics, as pre-
viously discussed, which can be a critical factor influencing Nar disso-
lution in EtOH during extrusion. In any case, other studies have
previously shown that EE is directly related to the concentration of
loaded active ingredients [47,48]. Moreover, no significant differences
in terms of EE and L were detected by comparing samples fabricated by
using different techniques but the same starting Nar concentration.
Considering that a 6 mm length melt-spun insert (diameter of around
0.5 mm) has a mass of 3.3 + 0.4 mg (n = 5), the Nar dose of a single
implant would be 16.4 or 114.8 pg in the case of MS-Nar1 or MS-Nar5,
respectively. In the case of wet-spun rods, the different EE values should
be considered to reach the same injection dose, requiring multiple rods
due to their micronized size. For instance, in the case of WS-Nar5 rods a
mass of around 2.6 mg is required to have the same dose of an MS-Nar5
rod.

3.5. Nar release kinetics

Release kinetics of Nar from the developed rods was investigated
through sample incubation in PBS 0.1 M at 37 °C, under orbital shaking,
taking into account Nar solubility in these conditions (35.9 mg/L). The
relevant cumulative Nar release curves are reported in Fig. 5B. The
release rate of WS-Nar5 rods was high in the first hours (burst effect),
reaching a 51 + 2 % cumulative release in the first day. After that, drug
release continued more slowly but consistently, reaching about a 100 %
cumulative release after 38 days. In the case of MS-Nar5 rods, drug
release was detected only after the first week, and then Nar concentra-
tion in the incubation medium increased steadily until a roughly 100 %
cumulative release was reached after 73 days. This difference in drug
release kinetics is probably due to the different dimensions and surface
roughness of the two kinds of developed rods, determining for the wet-
spun ones a higher interface surface area with the aqueous medium. Also
in the case of a theoretical Nar concentration of 1 wt%, wet-spun devices
showed an initial burst release and melt-spun rods a delayed release.
However, the total cumulative release was much more attenuated,
reaching after 80 days a value of around 40 % in the case of wet-spun
rods, and 20 % in the case of melt-spun rods. The obtained results are
in agreement with previous studies demonstrating that a higher drug
loading in a polymeric matrix typically determines a faster release rate
[49]1.

Release kinetics curves of WS-Narl, WS-Nar5, and MS-Narl rods are
better fitted by an exponential curve with a first order profile [50], while
that of MS-Nar5 rods can be fitted by a linear function after an initial
time lag (Table 3). The main difference between the two kinetics is that
the first one involves a concentration-dependent release rate while the
second one a constant release rate [51]. For this reason, devices pre-
senting a zero order release kinetics are usually preferred because they
are suitable to tailor drug release rate to the rate of drug elimination
from the body. The result is a roughly constant drug concentration in the
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physiological medium at an effective but not toxic level, thereby mini-
mizing adverse effects and improving patient compliance.

3.6. In vitro biological characterization of Nar-loaded rods on microglia
cells

The anti-inflammatory effect of the WS-Nar5 rods was evaluated by
monitoring the expression of pro-inflammatory markers by microglia
cells. This device was selected since it was characterized by the fastest
drug release rate, allowing to optimize short-term in vitro tests. The
sterility of the rods was guaranteed by the fact that they were produced
in EtOH and then kept into sterile Petri dishes. All the biological tests
were carried out using the corresponding unloaded sample (WS-Nar0) as
a control. The inflammatory effect on microglia cells was generated
employing a lipopolysaccharide (LPS), which is an essential component
of the bacterial cell wall of several Gram-negative bacteria and thus
stimulates a strong inflammatory response in eucaryotic cells. The
amount of device added to the culture medium (28.8 mg/10 mL) was
calculated considering the release kinetics, with the aim of obtaining,
after 24 h of incubation, a 60 pM Nar concentration, value previously
reported to have an anti-inflammatory effect on microglia cells [28]. To
this purpose we used both the murine BV2 microglia cell line and
microglia primary cells isolated by post-natal day 1/2 (P1/P2) mice.

In a first kind of experiment, the WS-Nar5 rods were incubated for
24 h in growth medium and, after removal of the rods by centrifugation,
the anti-inflammatory activity of the released Nar was evaluated by
administrating this Nar-containing growth medium to BV2 cells and to
microglia primary cells for 6 h, after which LPS was added for further 18
h. RTqPCR analysis showed that the presence of Nar released by the rods
induces a significant decrease of the expression of the pro-inflammatory
genes IL-1f, iNOS, and CCL2, which are up-regulated by LPS in cells
treated with the medium incubated with the control rods (WS-Nar0).
Histograms relevant to genes expression measured on BV2 cells cultured
with medium previously treated with control rods WS-Nar0 or Nar-
loaded rods WS-Nar5 are reported in Fig. 6A. Moreover, it was
observed that the Nar released by the rods led to a significant increase of
the CD206 transcript levels, characteristic of the anti-inflammatory
phenotype (Fig. 6A). Analogous effects were reported when the same
experiment was performed on primary microglia cells; the Nar released
by the rods induced a down-regulation of IL-1p, IL-6, TNFa, iNOS, and
CCL2 genes, and an up-regulation of CD206 (Fig. 6B). These results
demonstrate that, after wet-spinning and polymer encapsulation, Nar
preserves its activity in counteracting the pro-inflammatory phenotype
induced by LPS in both BV2 and primary microglia cells.

In a second type of experiment, the WS-Nar5 rods were incubated for
24 h in growth medium, after which the growth medium containing the
WS-Nar5 rods was administered to BV2 cells for 6 h and, subsequently,
LPS was added for further 18 h. It was observed that BV2 cells tend to
detach from the bottom of the Petri dish and to adhere to the surface of
the rods (Fig. 7A). Cell detachment from the dish surface occurs in all
areas of the cell plate and was more pronounced where the rods
randomly accumulated; in such areas the dish surface was almost
completely free of cells and the cells were localized on the device. This
phenomenon does not depend on the presence of Nar, indeed it happens
upon both WS-Nar5 and WS-Nar0 rods incubation (Fig. 7A). Being the
loss of cell adhesion typical of apoptotic cells, we wondered if rods
would affect cell viability, and, in order to clarify this issue, we evalu-
ated the extent of apoptosis only in BV2 cells treated with WS-NarO rods;
in fact, detachment of cells is independent on the presence of Nar into
the device. We performed immunofluorescence of cleaved active cas-
pase 3 (Cl Casp 3) and we realized the analysis of Cl Casp 3 fluorescence
was difficult due to the auto-fluorescence of rods which interferes with
the distinct detection of Cl Casp 3 fluorescence, especially for cells
attached to the surface of the rods (Fig. 7B). However, besides the strong
auto-fluorescence of the device, this figure shows that only few cleaved
Casp3-positive apoptotic cells (Fig. 7B; white arrows) are present on the
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Fig. 7. Binding of BV2 cells to rods and assessment of apoptosis and cell survival. (A) Bright field images of BV2 microglia cells untreated (CTRL) or treated
with WS-PPNar0/5. (B) Indirect immunostaining for Cl Casp 3 (red) of BV2 cells treated with WS-PPNar0 as in A. White arrows highlight examples of Cl Casp3-
positive apoptotic cells. The large blurry shapes are due to the autofluorescence of the rods (both in red and blue). (C) BV2 cells incubated with WS-Nar0 as in B
were un-treated (-Act) or treated (+Act) with Actinomycin 20 pM for further 6 h before immunostaining for Cl Casp 3 (red). DAPI was used to visualize all nuclei
(blue). The large blurry shape is due to the autofluorescence of the rods. Scale bar: 100 pm. (D) MTS assay on BV2 microglia cells untreated (CTRL) or treated with
WS-PPNarO for 24 h. MTS was performed on the same number of CTRL and WS-PPNarO-treated cells which were counted for this purpose. Not significant (n.s.) by
unpaired Student’s t-test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

total number of cells (Fig. 7B; DAPI/nuclei). Moreover, we treated 24 h micrographs in Fig. 7C; +Act). By contrast, WS-NarO-incubated BV2

WS-NarO-incubated BV2 cells with Actinomycin D - a transcription in- cells not treated with Actinomycin D remained attached to device
hibitor acting as apoptotic inducer - and we observed that apoptotic BV2 (Fig. 7C; Act™), thus further demonstrating that cells on the surface of
cells completely detached from the dish and also from the device (see the devices were alive. To finally assess this issue, we performed the

10



G. Pecorini et al.

MTS cell toxicity assay on both control cells and WS-NarO-treated cells,
and we did not observe any difference between these two conditions
(Fig. 7D), further demonstrating the absence of rod toxicity. It is known
that the migratory behavior of microglia cells is strongly influenced by
substrate and extracellular matrix components [52]. In particular, it has
been reported that PLGA particles are engulfed, therefore recognized, by
macrophages although their effect on these cell activation is highly
dependent on particles size [53]. Also, macrophages, therefore pre-
sumably microglia, might change polarization status depending on
biomaterial features, such as size, geometry, hydrophobicity, and sur-
face chemistry [54]. However, it is still not clear if microglia migration
and recruitment by this device depend on the material or on the device
surface morphology.

Differently from BV2 cells, primary microglia cells did not detach
from the dish when incubated with WS-PPNar0/5 rods. Therefore, we
could easier evaluate the extent of apoptosis in primary microglia cells
through the immunofluorescent staining of active Cl Casp 3. As shown in
Fig. 8, we confirmed that cells incubated with WS-PPNar0/5 rods are
viable since there is not increase of active Cl Casp 3 staining or a higher
number of picnotic nuclei compared to control cells where only a basal
physiological apoptosis is observed. Since primary cells do not detach
from the dish, we could collect them upon direct incubation with the
device, extract RNA, and analyze gene expression. Fig. 6C shows that,
also upon direct incubation, the WS-PPNar5 rods display an anti-
inflammatory effect on LPS-treated primary microglia cells, compared
to WS-PPNar0 rods.

Cl Casp 3

CytC

WS-Nar( CTRL

WS-Nar5
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4. Conclusion

A key result of this research activity was the development of novel
protocols for the fabrication of Nar-loaded rods based on microbial
PHBV blended with PLGA, as novel intravitreal implants. In particular,
two types of rods were developed by means of optimized melt- and wet-
spinning techniques. Both typologies of rods were loaded with two
different concentrations of Nar (theoretical values of 1 and 5 wt%)
obtaining an EE from 44 to 87 % in relationship to the fabrication
technique and Nar loading. In addition, the different employed fabri-
cation approaches resulted in rods with different dimensions (i.e.,
diameter and length), morphology (e.g., surface roughness), and ther-
mal properties (e.g., crystallinity degree), as shown by SEM and DSC
analysis. As a result, they demonstrated different Nar release kinetics
when incubated in PBS at 37 °C. In particular, wet- and melt-spun rods
loaded with a 1 wt% theoretical concentration of Nar showed a first
order release kinetics, while MS-Nar5 rods showed a zero order release
kinetics with a release rate roughly constant until reaching almost 100 %
cumulative release after 73 days. WS-Nar5 rods showed an initial burst
release phase (releasing 51 % of the encapsulated Nar in 24 h) followed
by a sustained release with a decreasing rate up to 38 days when a total
cumulative release was reached. Given this fast initial release allowing
to optimize short-term in vitro biological investigations, this last kind of
rods was tested for its anti-inflammatory properties by employing both
murine BV2 and primary microglia cells treated with LPS. The anti-
inflammatory activity of the WS-Nar5 rods was demonstrated by the
decreased expression of the pro-inflammatory markers IL-1f, IL-6, CCL2,
and iNOS compared to WS-NarO treated cells, and by the increased levels

Nuclei Merge

Fig. 8. Primary microglial cells incubated with rods do not undergo apoptosis. Primary microglial cells were untreated (CTRL) or pre-treated with WS-Nar0 or WS-
Nar5 rods for 6 h and then administered with LPS for further 18 h before fixation and immunostaining for Cl Casp 3 (red) and Cyt C (green). Counterstaining with
DAPI was used to visualize all nuclei (blue). Scale bar: 50 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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of the anti-inflammatory CD206 transcript. Moreover, these experi-
ments revealed that microglia - the central nervous system macrophage
cells - were attracted by the device and migrated from the plate to the
rod surface, independently on the presence of Nar. The cytocompati-
bility of the device and the viability of the attached cells was also
demonstrated.

Overall, these results suggest that an intravitreal implant based on a
PHBV-PLGA blend loaded with the antioxidant molecule Nar could
potentially be a therapeutic tool for the treatment of inflammation-
induced ocular diseases. A natural progression of this study would
therefore be the in vivo investigation of the developed rods for advanced
intravitreal implantation and controlled drug release, as well as for other
chronic inflammatory conditions.
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