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Neovascular ocular diseases are among the most common causes of preventable or treatable vision loss.
Their management involves lifelong, intravitreal injections of anti-vascular endothelial growth factor
(VEGF) therapeutics to inhibit neovascularization, the key pathological step in these diseases. Anti-VEGF
products approved for ocular administration are expensive biological agents with limited stability and
short half-life. Additionally, their therapeutic advantages are hindered by high treatment resistance, poor
patient compliance and the need for frequent, invasive administration. Herein, we used electrospinning to
develop a unique, non-porous, PLGA implant for the ocular delivery of siponimod to improve ocular neo-
vascular disease management. Siponimod is an FDA-approved drug for multiple sclerosis with a novel
indication as a potential ocular angiogenesis inhibitor. The electrospinning conditions were optimised to
produce a microfibrous, PLGA matte that was cut and rolled into the desired implant size. Physical charac-
terisation techniques (Raman, PXRD, DSC and FTIR) indicated siponimod was distributed uniformly within
the electrospun fibres as a stabilised, amorphous, solid dispersion with a character modifying drug—
polymer interaction. Siponimod dispersion and drug—polymer interactions contributed to the formation
of smooth fibres, with reduced porous structures. The apparent reduced porosity, coupled with the drug’s
hydrophobic dispersion, afforded resistance to water penetration. This led to a slow, controlled, Higuchi-
type drug diffusion, with ~30% of the siponimod load released over 90 days. The released drug inhibited
human retinal microvascular endothelial cell migration and did not affect the cells’ metabolic activity at
different time points. The electrospun implant was physically stable after incubation under stress con-
ditions for three months. This novel siponimod intravitreal implant broadens the therapeutic possibilities

Received 6th March 2024,
Accepted 3rd August 2024

DOI: 10.1039/d4bm00339j

for neovascular ocular diseases, representing a potential alternative to biological, anti-VEGF treatments
due to lower financial and stability burdens. Additionally, siponimod interaction with PLGA provides a
unigue opportunity to sustain the drug release from the electrospun fibres, thereby reducing the fre-
rsc.li/biomaterials-science quency of intravitreal injection and improving patient adherence.

the leading causes of treatable and preventable blindness glob-
ally, with an expected increase in their prevalence due to an
ageing population.”” These debilitating diseases are character-
ised by regional hypoxia and inflammation that trigger neovas-
cularization in the ocular posterior segment. In contrast to
typical retinal vessels, neovascular blood vessels show defective
intercellular junctions and disrupted endothelial coverage,
leading to the leakage of blood and serum into the surround-
ing tissue, resulting in oedema, haemorrhage and progressive
vision loss.”

1. Introduction

Proliferative diabetic retinopathy, neovascular age-related
macular degeneration, and retinal vein occlusion are among
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Current management relies on inhibiting vascular endo-
thelial growth factor (VEGF), one of the most crucial, hypoxia-
induced, growth factors that triggers neovascularization. The
treatment protocol includes the lifelong, repetitive, intravitreal
injection of an anti-VEGF therapy, which neutralises VEGF in
the vitreous and posterior segment tissues. Currently approved

Biomater. Sci,, 2024, 12, 4823-4844 | 4823


http://rsc.li/biomaterials-science
http://orcid.org/0000-0003-2747-5084
http://orcid.org/0000-0001-6078-0027
http://orcid.org/0000-0002-6236-2977
https://doi.org/10.1039/d4bm00339j
https://doi.org/10.1039/d4bm00339j
https://doi.org/10.1039/d4bm00339j
http://crossmark.crossref.org/dialog/?doi=10.1039/d4bm00339j&domain=pdf&date_stamp=2024-09-05
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4bm00339j
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM012018

Open Access Article. Published on 19 August 2024. Downloaded on 1/21/2026 8:18:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

anti-VEGF agents are of biological origin* and have multiple
drawbacks, including a high rate of treatment resistance and
low real-life efficacy compared to clinical trials.>® These limit-
ations can be addressed, at least partially, by inhibiting other
signalling molecules leading to neovascularization. Faricimab-
svoa (VABYSMO®) is a bispecific monoclonal antibody,
approved by the FDA in 2022, that binds to VEGF-A and
Angiopoietin-2. Clinical trials are underway for RBM-007, an
RNA aptamer against basic fibroblast growth factor (bFGF)
(NCT04200248, NCT04895293),7 IBI302, a bispecific fusion
protein against VEGF and the complement cascade
(NCT04820452, NCT05961007),8 AR-13503, a Rho kinase and
protein kinase C inhibitor (NCT03835884), and sonepcizumab,
an antibody against the lipid mediator, sphingosine 1-phos-
phate (S1P) (NCT00767949, NCT01414153).

Another major challenge with currently approved anti-VEGF
therapies lies in their short half-life within the vitreous,
thereby requiring recurrent monthly intravitreal injections.’
Their biological nature also presents cost and stability con-
straints when designing sustained delivery systems to mini-
mise the frequency of intravitreal injection. Consequently,
other clinical trials have explored various small molecules and
more stable VEGF signalling inhibitors, including tyrosine
kinase inhibitors (TKIs).'® The small molecule properties help
to simplify their formulation into polymeric-drug delivery
systems (e.g., microparticles, injectable implants), which can
offer sustained drug delivery for 4-6 months (NCT04085341,
NCT04989699).

Siponimod, a sphingosine 1-phosphate receptor (S1PR)
modulator, is a promising small molecule that inhibits ocular
neovascularisation via a novel mechanism of action."" ™ It
exerts its actions via S1PR; modulation, inhibiting retinal
endothelial cell migration and protecting against endothelial
barrier breakdown in vitro."'™"® Subconjunctival adminis-
tration of siponimod has been shown to prevent the pro-
gression of corneal neovascularization in albino rabbits.'®
Siponimod did not show any toxic effects after intravitreal
injection in rabbits. However, its intravitreal half-life is very
short, <4 h, which necessitates the development of a sustained
drug delivery system to maintain therapeutic drug concen-
trations over an extended period."” Considering the novel
mechanism of action of siponimod as an angiogenesis inhibi-
tor, coupled with its small molecular weight and non-biologi-
cal origin, developing a sustained drug delivery system can
offer an alternative or additive treatment for ocular neovascu-
lar diseases with the added benefit of reduced injection
frequency.

Electrospinning is investigated in drug delivery applications
due to its ability to produce biocompatible systems with con-
trolled physical properties and tuneable drug delivery
rates.’®'® One of the most common polymers used in electro-
spinning is PLGA (poly(lactic-co-glycolic acid)), a slowly
degrading, hydrophobic polymer employed in more than 20
FDA-approved products,?® including the intravitreal injectable
implant Ozurdex® (Allergan, Dublin, Ireland; a dexametha-
sone implant for macular oedema and uveitis).* PLGA is also
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employed in GB-102, a depot forming microparticle formu-
lation carrying sunitinib maleate, which is currently in phase
II clinical trials for multiple ocular neovascular pathologies.*!

Electrospinning of PLGA is commonly investigated to
produce biomimetic fibrous meshes®” and has been previously
studied for ocular applications.?*"** However, due to the higher
porosity and surface area of electrospun matrices, compared to
melt-extruded or solvent-casted matrices, their drug release
rates tend to be less sustained.”>?® This has motivated other
researchers to employ complicated techniques during electro-
spinning to achieve the benefit of sustained drug delivery for
different therapeutic applications. These techniques include
the formation of a drug core in a polymer shell using coaxial
electrospinning,”’>° coating implants with electrospun nano-
fibres for sustained dual drug release®® and formation of nano-
particles®® or nanotubes in electrospun fibres.*> These tech-
niques were effective in sustaining drug release for up to three
months. However, added costs and complexity can limit their
scale-up potential.

In this study, we aimed to develop an intravitreal implant to
sustain the delivery of siponimod using uniaxial electro-
spinning, a simple technique with a high probability of scaling
up. The drug-polymer interaction between siponimod and
PLGA was harnessed to produce distinctively less-porous
microfibres that sustain the drug release for a minimum of
three months, which could minimise the number of intra-
vitreal injections needed to manage ocular neovascular dis-
eases effectively. The microfibrous PLGA matrix was loaded
with a theoretical siponimod content of up to 10.7% w/w.
Implant fibre size, siponimod distribution in the fibres, encap-
sulation efficiency, release and stability were characterised to
investigate the feasibility of the implant to control release at
therapeutic levels for a minimum of three months. The study
also probed the detected interaction between siponimod and
the PLGA matrix to explain the relationship between fibre mor-
phology and release properties. The efficacy of the drug
released at day 90 was confirmed using retinal endothelial cell
migration. Any impact of the released drug and implant degra-
dation products on cell metabolic activity at various times was
examined using the Thiazolyl Blue Tetrazolium Bromide
(MTT) Assay. The integrity of the implant and the loaded drug
under stress conditions were also studied to confirm the suit-
ability of the implant for prolonged intravitreal implantation.

2. Materials and methods

2.1. Materials

Siponimod (BAF312, 516.6 g mol™') was a kind gift from
Novartis Pharma AG, Basel, Switzerland. Resomer RG858 S
(poly(lactic-co-glycolic acid) 85:15 (PLGA 85:15); Material no.
99023783) was purchased from Evonik GmbH, Darmstadt,
Germany. Dichloromethane (DCM), dimethylformamide
(DMF), acetone, ethyl acetate (EA), dimethyl sulfoxide (DMSO)
phosphate-buffered saline (PBS), acetonitrile (HPLC grade),
water (HPLC grade), phosphoric acid, FBS (Foetal bovine

This journal is © The Royal Society of Chemistry 2024
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2.4. Physical characterisation of the electrospun product

2.4.1. Differential scanning calorimetry (DSC). The
thermal behaviour of the electrospun fibres and their unpro-
cessed components was investigated using a TA Q1000 differ-
ential scanning calorimeter (TA instruments, USA). A known
weight of the material was placed in a hermetically sealed alu-
minium pan and heated to 380 °C using a ramp rate of 10 °C
per minute under a constant flow of nitrogen (flow rate
50.0 mL min~"). Furthermore, the glass transition of amor-
phous siponimod was determined using the same instrument,
by heating the drug sample at 10 °C min™" to 138 °C, then
cooling the sample at the same rate to 20 °C before heating
the sample for a second heating cycle to 380 °C at 10 °C
min~".

2.4.2. Powder X-ray diffraction (PXRD). The crystalline
structures of the unprocessed drug and polymer and the elec-
trospun fibres were investigated using a Stadi MP diffract-
ometer (STOE & Cie GmbH, Darmstadt, Germany) equipped
with a Cu X-ray source and a silicon strip detector. The diffrac-
tograms were recorded through a two-theta (26) range from 3°
to 90° at a scanning step size of 2°, and a step time of 90 s.
Data acquisition and management were achieved using
WinXPOW PowDat software (STOE & Cie GmbH, Darmstadt,
Germany).

2.4.3. Fourier transform infrared (FTIR) spectroscopy. FTIR
spectroscopy was conducted to investigate the potential inter-
action between siponimod and PLGA. The FTIR spectra of
unprocessed components and electrospun fibres
recorded using the Two™ FTIR Spectrometer equipped with a
LiTaOj; detector (PerkinElmer, Massachusetts, USA) with a sen-
sitivity of 0.5 cm™". The FTIR spectrum of each sample was
recorded within the range of 4000-450 cm™" using the average
accumulation of 16 scans per sample. Data acquisition and
handling were conducted utilising the PerkinElmer
Spectrum™ software. Similar experimental settings were used
to record the FTIR spectrum of a co-precipitated mixture of
siponimod and PLGA 85:15. To prepare the co-precipitated
sample, equal weight ratios of siponimod and PLGA 85:15
were dissolved in DCM (electrospinning solvent), and the
solvent was allowed to evaporate at room temperature. Then,
the sample was kept in a fume hood overnight to enable com-
plete solvent evaporation before storing the product at 4 °C
prior to analysis.

2.4.4. Raman spectroscopy. Unprocessed PLGA, unpro-
cessed siponimod and electrospun fibres were analysed at the
Centre for Advanced Photonics and Process Analysis (CAPPA),
Munster Technological University (Cork, Ireland) using a
Witech Alpha 300R Raman imaging microscope. The para-
meters used for the analysis are listed in Table S1.1 All the
measurements were conducted at a non-polarised, visible, exci-
tation wavelength of 633 nm. The spectral region between
1400-1700 cm ™" was identified as the region of interest. The
characteristic intense vibrational peaks for siponimod and
PLGA appeared at 1595 cm™' and 1453 cm™', respectively.
Raman maps were run on this spectral region to identify

were
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siponimod’s presence and distribution within the electro-
spun matte. The microfibres were imaged in visible light
using the confocal system of a Witech Raman microscope.
Raman spectra from individual points were then collected
and collated to form a “Raman map” to show the distri-
bution of siponimod in the fibres. Initially, larger area maps
with 100 data points (10 x 10 pm, 2.5 pm individual spot
size) were collected across different regions on the PLGA
scaffolds. This was followed by constructing higher-resolu-
tion maps for individual fibres. For maps with higher
spatial resolution, the confocal system measured the Raman
intensity of an individual fibre at each X-Y point focused on
the fibre’s surface. A filter was applied to the intensity at
1595 cm™" corresponding to the siponimod vibrational peak
and overlapped on the scan area in the visible image to
achieve the high-resolution Raman intensity maps.

2.5. High-performance liquid chromatography (HPLC)
analysis of siponimod

Siponimod concentration was quantified by HPLC (1260
Infinity chromatographic system, Agilent Technologies, Santa
Clara, California) and UV/VIS detection. Briefly, chromato-
graphic separation was achieved using a reverse phase 4.6 x
150 mm Eclipse Plus® column (particle size 5 pm) (Agilent
technologies). The mobile phase comprised 45% HPLC-grade
water supplemented with 0.01% v/v phosphoric acid, pH = 3.0
+ 0.1 (A) and 55% acetonitrile (B). The mixture was pumped at
1 mL min~?, and the effluent was monitored at 220 nm. Serial
dilutions of standard siponimod working solutions over the
concentration ranges of 0.5 pg mL™'-10 pg mL™" were pre-
pared in the mobile phase and were used to develop the cali-
bration curve.*®> Unknown siponimod concentrations were
determined using the straight-line equation of the average cali-
bration. All unknown samples were analysed in duplicate.

2.6. Drug content and encapsulation efficiency

The practical drug content (% w/w) and encapsulation
efficiency (%) of the electrospun fibres were computed by
determining the siponimod content in a known weight of the
electrospun product. Briefly, a known mass of the electrospun
product (3-6 mg) was dissolved in 10 mL of DMSO and soni-
cated (Elmasonic $10, Elma Schmidbauer, GmbH, Germany)
for 20 min to ensure complete drug release before dilution in
the mobile phase and quantification of siponimod by HPLC as
described in section 2.5. The practical drug content (% w/w)
and encapsulation efficiency (%) were calculated using the fol-
lowing equations:

Practical drug content(%)

- 1
_ mass (?f the drug 1.n implant « 100% (1)
implant weight
Encapsulation efficiency(%)
. 2
Practical drug content (w/w) « 100%. (2)

~ Theoretical drug content (w/w)

This journal is © The Royal Society of Chemistry 2024
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2.7. Siponimod release from the electrospun fibres in vitro

2.7.1. Siponimod release in phosphate-buffered saline
(PBS). The potential of the implant to sustain siponimod
release in vitro was evaluated using previously described protocols
for evaluating drug release from ocular implants.® Si:PLGA
(4:100) and Si:PLGA (8:100) were selected as the final formu-
lations to test the drug release based on pilot results that showed
that the steady-state siponimod concentration from both
implants was above its ICsofor S1IPR;. Given the high cost and
limited availability of siponimod, we focused on evaluating
implants with lower drug loads. Before the release experiments,
the exact mass of Si:PLGA (4:100) and Si:PLGA (8:100)
implants were recorded, and implants were added to a glass vial
containing 3 mL of PBS (pH 7.4 + 0.1). The samples were incu-
bated at 37 °C in a linear shaking water bath (GLS Aqua 18 plus;
Grant Instrument, Cambridgeshire, UK). At predetermined inter-
vals, the entire release medium (3 mL) was collected and immedi-
ately replaced with 3 mL of fresh PBS. Sampling intervals were
determined based on the investigation of siponimod stability in
solution (unpublished data). Before HPLC analysis, the collected
samples were filtered through a 0.22 pm cellulose acetate filter.
Each sample was analysed twice, and the experiment was inde-
pendently repeated six times (n = 6). The similarity between the
release profiles of different formulations was calculated using the
similarity factor described in section 2.12.

2.7.2. Siponimod release in porcine vitreous. Siponimod
release from the electrospun implants and the stability of the
remaining implant in porcine vitreous were investigated in vitro.
Eyes were obtained from pigs under other ethically and regulat-
ory-approved studies at UCC and frozen before vitreous extraction.
They were kept on ice during the extraction process, which
involved incising the eyes open with a surgical blade and gently
separating the frozen vitreous from the surrounding tissue. The
isolated vitreous was thawed on ice before being centrifuged at
4500 rpm for 20 min at 4 °C (Rotanta 460r centrifuge, Hettich,
Tuttlingen, Germany), followed by filtration using a sterile
0.22 pm filter to eliminate cellular debris and possible bacterial
contamination. The resultant filtrate was collected and promptly
stored at —80 °C until use.

For release studies, the vitreous was thawed at room temp-
erature before mixing with 1% PENSTREP (penicillin/strepto-
mycin solution; Merck, Ireland). Then, siponimod-loaded
implants Si:PLGA (8:100) (average weight of 4.261 mg =
1.586 mg) were each combined with 1 mL of vitreous in
Eppendorf tubes and sealed with parafilm. Three separate
tubes were designated for each time point (n = 3). The tubes
were incubated at 37 °C using a shaker water bath. At pre-
determined time points (10, 20, 30, 40, 50, 60 and 70 days), the
samples were centrifuged at 14 000 rpm for 20 min to separate
the release medium (vitreous) and the remaining implant
(containing residual siponimod). Siponimod was quantified in
both the release medium and the implant.

To quantify siponimod in the release medium, the super-
natant was mixed with 1 mL of acetonitrile, vortexed, and then
stored at room temperature for 30 min for complete protein

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

precipitation. The samples were then centrifuged at 14 000
rpm for 10 min to remove the sediments. The supernatant was
collected, and the sample volume was reduced under vacuum
at 25 °C. After drying, the volume of the samples was adjusted
using the mobile phase before quantifying siponimod using
the established HPLC method described above.

To quantify the remaining siponimod in the implant, the
residual implants were collected after centrifugation, washed
three times with PBS, and dried under vacuum at 25 °C over-
night. Then, the dry implant was weighed, dissolved in 5 mL
of DMSO and sonicated for 30 minutes for complete drug
extraction. The solution was then diluted in the mobile phase
before quantifying siponimod by HPLC, according to the
method mentioned above.

2.8. Stability under stress conditions

To assess the physical and chemical stability of the microfibres,
the microfibrous implants were stored under stress conditions of
40 °C and 75% relative humidity (RH) in a controlled climate
chamber (Memmert, Buchenbach, Germany). At 30, 60 and 90
days, the physical integrity of the stressed samples was monitored
using PXRD, and the chemical integrity was observed by the
quantitative analysis of the drug content by HPLC.

2.9. Cell culture, Transwell® migration assay and Thiazolyl
Blue Tetrazolium Bromide Assay (MTT) assay

Human retinal microvascular endothelial cells (HRMEC) were
purchased from Cell Biologics (Chicago, IL) and were grown in
the complete growth medium (CGM) as described previously.*®
The Transwell® migration assay was employed to test the
ability of the released siponimod to inhibit HRMEC migration.
HRMEC (approximately 50000 cells, passage number 7-9)
were suspended in 100 pL of endothelial cell basal medium
and were added into the upper chamber of a polyethene tere-
phthalate (PET) Transwell® insert (pore size 8 pm, Sarstedt,
Nimbrecht, Germany). The inserts were fitted into a 24-well
plate, and the lower chamber was filled with 400 pL of endothelial
cell growth medium supplemented with 10% FBS (foetal bovine
serum) as a chemoattractant. For experiments containing siponi-
mod, samples from the release experiments in PBS were diluted
in the endothelial cell basal medium and added to the
Transwell® system to establish a final siponimod concentration
of 100 nM in both the upper and lower chambers to avoid any
chemical gradient. A control siponimod solution was freshly pre-
pared and diluted in the endothelial cell basal medium. The solu-
tion was used to establish a siponimod concentration of 100 nM
in the Transwell® system to compare the effect of the released
siponimod to the control siponimod. HRMEC were then allowed
to migrate towards the high chemoattractant concentration in the
lower chamber for 6 h. After the migration period, the inserts
were removed and gently washed with PBS, before being fixed in
ice-cold methanol for 25 min at 4 °C. Then, the inserts were
stained using crystal violet (0.5% w/v), prepared in methanol
(20% v/v in water solution) for 30 min. The non-migrating cells
from the upper chamber were gently removed using a wet cotton
swab. Finally, the inserts were dried at room temperature for
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30 min before visualising the migrating cells using light
microscopy (BX43 microscope, OLYMPUS®). For each indepen-
dent experiment (n = 4), at least two transwell inserts were
employed per treatment group, three random images were taken
per insert, and the migrating cells were counted in four random
fields in each image.

The MTT assay was employed to test the effect of the released
drug and polymer degradation products on the metabolic activity
of HRMEC. Approximately 4 000 cells per well were seeded in a
96-well plate containing CGM and allowed to adhere overnight.
On the following day, the culture medium was replaced with
fresh CGM containing 100 nM siponimod in PBS from the
release experiments at days 30, 63 and 90. After 72 h of incu-
bation, MTT solution was added to each well to achieve a final
concentration of 0.5 mg mL™". The plate was incubated for 2 h,
and then, the formazan crystals were dissolved with 100 pl of
alkaline DMSO solution (containing 800 mM of ammonia).
Absorbance was acquired at 570 nm using a Wallac Victor 2 plate
reader (PerkinElmer, USA). For each condition, the average absor-
bance of three wells (technical replicates) was employed as a
single value in the statistical comparison. The experiment was
independently conducted four times (n = 4).

2.10. Statistical analysis

The statistical analysis included all the data obtained; no data
points were excluded. Descriptive statistics (mean, standard
deviation) were used in all figures. The number of indepen-
dent replicates (1) is shown in the figure legends or table
footnote.

The similarity of siponimod release profiles from different
electrospun systems was investigated using the similarity
factor test using eqn (3) to calculate the F* value. The test uti-
lises the number of data points (n), and the percentage of drug
released at time ¢ from the reference formulation (R,) and test
formulation (Ty) to calculate the similarity factor (%) value. F*
values equal to or greater than 50 were considered indicative
of the similarity of the release profile, suggesting the absence
of a significant difference.

1 n , -0.5
1+EZ(Rt—Tt)} } (3)

t=1

F* =50 log{

Randomised block ANOVA (full factorial) was used to statisti-
cally compare the results of the Transwell® migration assay and
the MTT assay, which was performed using IBM® SPSS® version
28. Null hypotheses were rejected for p < 0.05, and post-hoc
(Tukey’s multiple comparisons) analysis was conducted.

3. Results

3.1. Production, morphology, and size distribution of the
electrospun microfibres

The microfibres were successfully produced using electro-
spinning of PLGA 85:15. This specific grade of PLGA was
employed to achieve the maximum extended release properties
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due to a slower degradation rate arising from the increased hydro-
phobicity associated with a higher lactic acid content in the co-
polymer.** Electrospinning working conditions were optimised at
8% w/w polymer concentration, 16 kV applied voltage, flow rate of
0.7 mL h™ and 15 cm collecting distance to achieve a continu-
ous, bead-free, microfibrous matte. Polymer concentration
(Fig. S11) and solvent properties (Fig. S2 and Table S2t) were
shown to impact the morphology of the electrospun product. The
highly volatile DCM produced a bead-free, microfibrous matte of
PLGA 85: 15 at a relatively low concentration of 8% w/w (Fig. S1t)
compared to less volatile solvents (e.g:, ethyl acetate and DMF),
which resulted in beaded or a mix of beads and fibres at the
same polymer concentration (Fig. S27). Electrospun products pre-
pared using PLGA 85:15 8% w/w in DCM (Fig. S11) had a mean
fibre diameter of 1.85 + 0.81 pm (Fig. 1A), and narrow size distri-
bution, with 92.1% of fibres having a diameter between 0.5-3 pm
(Fig. 1B). Furthermore, SEM images of the electrospun (ES), drug-
free fibres showed nano-sized pores (100-300 nm) along the fibre
surface (Fig. 2A and B). Similar porous structures were evident
when PLGA was electrospun from DCM at lower concentrations
(Fig. S11) and when PLGA was electrospun from different solvents
(Fig. S27).

Drug-loaded microfibres were produced at different mass
ratios; details are outlined in Table 1. Electrospinning of drug-
loaded solutions showed a stable jet and continuous microfibre
formation. The electrospun fibres showed a high siponimod
encapsulation efficiency ranging from 77.68% + 7.5% to 85.48%
+ 8.9% of the loaded drug (Table 1). Incorporation of siponimod
at the lowest mass ratio Si: PLGA (0.5:100) did not alter the size
distribution of the fibres (Fig. 1C and D) or fibre morphology,
with individual fibres showing similar nano-pores on the surface
similar to drug-free fibres (Fig. 2C). Incorporation of siponimod
in higher ratios Si: PLGA (4 : 100), Si: PLGA (8:100) and Si: PLGA
(12:100) resulted in the formation of microfibres with compar-
able mean fibre diameters of 1.92 + 1.09 pm, 1.86 + 0.80 pm, 1.62
+ 0.74 pm, respectively (Table 1), and similar size distributions
compared to the drug-free fibres (Fig. 1F, H and J, respectively).
However, fibres with higher siponimod concentrations showed
distinctively less porous surfaces (Fig. 2D, E and F). This note-
worthy reduction in the porosity was also evident from the
surface area and pore analysis (method described in the ESI
section S1.3 and results are presented in Table S3).t The surface
area of drug-free ES PLGA (Fig. 2A and B) showed a total BET
surface area of 5.8 m® g™*, with a pore volume of 0.042 cm?® g™*
(Table S3, ESI datat). Notably, Si: PLGA (12 : 100) (Fig. 2F) showed
a noticeably smaller surface area of 3.9 m> g”* and a reduced
pore volume of 0.007 cm® g™ (Table S31). Finally, the contact
angle measurement of the electrospun mattes showed an increase
from 106.52° + 3.97° for ES PLGA to 114.00° + 19.98° for Si: PLGA
(12:100) (Table S4t); however, this increase was not statistically
significant (p > 0.05).

3.2. Physiochemical properties of the electrospun
microfibres

The thermal behaviour of unprocessed siponimod, unpro-
cessed PLGA and their electrospun formulations was investi-

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Representative scanning electron micrographs (left column) and size distribution histograms (right column) of electrospun PLGA 85:15 (ES
PLGA; panels A and B), Si: PLGA (0.5:100) in panels C and D, Si: PLGA (4:100) in panels E and F, Si: PLGA (8:100) in panels G and H and Si: PLGA
(12:100) in panels | and J. Details of each electrospun system are presented in Table 1. All scanning electron micrographs were captured at the
same magnification (x4000) and the scale bar shown on each image is 5 pm.

gated using DSC, Fig. 3A. Unprocessed siponimod showed a unprocessed PLGA 85:15 shows a characteristic glass tran-
melting endotherm characteristic of crystalline materials with ~sition (T,) at 54.9 °C followed by structural relaxation,*® with
Tm of 115.5 °C (Fig. 3A and Table 2). The thermogram of an extrapolated decomposition temperature of 336.5 ©°C
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(A) ES PLGA

(E) Si:PLGA (8:100)

Fig. 2 Representative scanning electron micrographs showing the surface morphology of the electrospun fibres. (A and B) Drug-free electrospun
PLGA 85:15 (ES PLGA), (C) shows Si: PLGA (0.5:100), (D) shows Si: PLGA (4:100), (E) shows Si: PLGA (8:100), and (F) shows Si: PLGA (12:100).
Details of each electrospun system are presented in Table 1. All SEM images were taken at the same magnification (x10 000) and the scale bar (1 pm)

is shown on each image.

(Table 2 and Fig. S47). This correlates well with the published
data on the same polymer.’” Electrospinning did not change
the thermal behaviour of PLGA. The electrospun PLGA 85: 15
fibres (ES PLGA) show a comparable T, of 55.2 °C and extrapo-
lated decomposition temperature of 333.14 °C (Table 2 and
Fig. S4%). Electrospun PLGA fibres containing siponimod in
different mass ratios exhibited polymer T, at lower tempera-
tures than unprocessed and electrospun PLGA (Fig. 3A and
Table 2). The maximum reduction in T, was ~5 °C, and
occurred with the highest siponimod ratio (Si:PLGA
(12:100)), Fig. 3A. Furthermore, drug-loaded fibres showed a
reduction in the decomposition temperature (extrapolated
decomposition onset temperature and the 1°* derivative peak
temperature) compared to drug-free fibres (Table 2). The mag-
nitude of reduction was proportional to the siponimod ratio in
the fibre, up to Si:PLGA (8:100). Additionally, no crystalline
melting endotherm corresponding to siponimod melting was
detected in the drug-loaded electrospun microfibres, even at
the highest ratio of siponimod. This suggests that siponimod
is molecularly dispersed in an amorphous state within the
polymer matrix (Fig. 3A). The glass transition of amorphous
siponimod was determined from the heat-cool-heat thermal
analysis of the unprocessed drug. The 2" heating thermogram
showed the loss of the crystalline melting endotherm and the
presence of a T, at 44.7 °C.

PXRD was performed to determine the physical form of
PLGA and siponimod in their unprocessed and electrospun
forms and confirm the hypothesised amorphisation of siponi-
mod in the electrospun fibres. The diffractograms of siponi-

4830 | Biomater. Sci, 2024, 12, 4823-4844

mod, PLGA and the prepared fibres are presented in Fig. 3B.
No significant peaks were recorded at 26 values greater than
60°. Consequently, only data between 3-60° are shown. The
XRD pattern of the unprocessed siponimod powder shows a
diffraction pattern characteristic of crystalline material with
distinctive sharp peaks recorded at the 26 values of 7.7°, 10°,
11.5°, 12.1°, 14.31°, 15.52°, 17.3°, 18°, 19.24°, 20.91°, 21.88°
and 23.26° (Fig. 3B). The X-ray diffraction pattern of unpro-
cessed PLGA shows a broad hump with no distinctive peaks,
which is characteristic of amorphous materials (Fig. 3B).
Similar observations were made in the case of the drug-loaded
microfibres (Fig. 3B).

3.3. Interaction between siponimod and PLGA

FTIR was employed to investigate the molecular changes and
possible interactions between PLGA and siponimod (chemical
structure in Fig. 4B). The FTIR spectra of unprocessed siponi-
mod, unprocessed PLGA, drug-free fibres, and siponimod-
loaded fibres are shown in Fig. 4. The FTIR spectrum of unpro-
cessed PLGA 85:15 shows characteristic absorbance bands at
2945 cm™' and 2993 cm™" that can be attributed to the ali-
phatic C-H stretch (Fig. 4A). The strong absorbance band at
1750 cm™" can be attributed to the carbonyl (C=O0) stretch,
while the absorbance bands at 1184 cm™" and 1086 cm™" can
be attributed to the ester C-O stretches (Fig. 4A). The FTIR
spectrum of PLGA agrees with previously published spectra of
the polymer.’”*® Unprocessed siponimod shows an FTIR spec-
trum that correlates to its functional groups, with a weak
absorption band of (O-H) stretch between 2985-2856 cm™*

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Physical characterisation of the unprocessed components and the electrospun fibres. Representative (A) DSC thermograms and (B) X-ray
diffractograms of unprocessed siponimod, unprocessed PLGA 85:15, ES PLGA and different siponimod-loaded electrospun fibres. Details of each

electrospun system are presented in Table 1.

and absorbance bands of aliphatic and aromatic C-H stretches
between 2845-2830 and 3045-2948 cm™', respectively. The
absorption band of carbonyl group stretch (C=O) can be
found at 1589 cm™', which fuses with the weak absorption

This journal is © The Royal Society of Chemistry 2024

band of conjugated C=N stretch in the oxime, appearing as a
small shoulder at 1561 cm™". The O-H bending can be allo-
cated to the medium absorption band detected at 1441 cm™".

Additionally, the absorption bands at 1118 cm™" and 944 cm™"
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Table 2 The glass transition temperature (Tg), melting peak (T,,) and decomposition onset (°C) of unprocessed and amorphous siponimod, PLGA
and different electrospun formulations

Glass transition Melting endotherm Extrapolated decomposition 1% derivative peak
Drug-loaded composition temperature (Ty) (°C) (Tm) (°C) onset temperature” (°C) temperature (T},)° (°C)
Unprocessed siponimod (crystalline) nd‘ 115.5 nd nd
Amorphous siponimod 44.7 nd nd nd
Unprocessed PLGA 85 : 15 54.9 nd 336.5 368.6
ES PLGA 55.2 nd 333.1 366.3
Si: PLGA (0.5 : 100) 53.2 nd 330.7 362.09
Si: PLGA (4:100) 54.4 nd 318.6 347.5
Si: PLGA (8:100) 54.0 nd 310.74 351.51
Si: PLGA (12 :100) 49.5 nd 310.73 334.07

“ Decomposition extrapolated onset temperature is calculated from the TGA thermograms (ESI methods and Fig. S4+). 1 derivative peak temp-
erature (T},) represents the temperature of maximum decomposition rate and is calculated from the 1** derivative of the TGA thermograms. ‘ not
detected or determined (nd).
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Fig. 4 Representative FTIR spectra investigating siponimod and PLGA 85 : 15 interactions and their chemical structures. (A) FTIR spectra of unprocessed
PLGA 8515, unprocessed siponimod, electrospun PLGA (ES PLGA) and siponimod-loaded electrospun fibres at different loadings. Details of the electro-
spun fibres are presented in Table 1. (B) The chemical structures of siponimod and PLGA. (C) FTIR spectra of unprocessed PLGA, unprocessed siponimod
and their co-precipitated mixture from DCM in a 1:1 weight ratio. (D—G) Highlighted excerpts showing the recorded changes in specific peaks in the co-
processed sample. (D) Shows broadening and an increase in the intensity of the stretching vibration corresponding to the O—H stretch (originating from
siponimod) in the co-processed sample, (E) shows the broadening (double head arrow) of the carbonyl group stretch (originating from siponimod) in the
co-processed sample and shifting to a lower wavenumber, (F) shows substantial reduction in intensity and alterations in the shape and position of the
absorption bands corresponding to C—O stretching in the co-processed sample (originating from PLGA and detected initially at 1184 cm™ and 1086 cm™),
and (G) showing important changes in the intensity, shape or location of the peaks originating from siponimod at 835 cm™ and 878 cm™ (Fig. 4G).
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can be attributed to the ester C-O stretch and the oxime ether
N-O stretch, respectively (Fig. 4A and C). Peak assignments are
consistent with the previously published data for the same
functional groups.®**°

The FTIR spectrum of electrospun PLGA (ES PLGA) was
comparable to that of the unprocessed PLGA. The siponimod-
loaded PLGA fibres Si: PLGA (0.5:100), Si: PLGA (4:100) and
Si:PLGA (8:100) showed comparable spectra to that of the
electrospun and unprocessed PLGA with minor changes
including shifting and broadening of PLGA’s C=O0 stretch at
1750 cm™". Siponimod absorbance bands were not detected in
the spectra of these fibres due to the low % of the drug in the
samples (Fig. 4A). FTIR spectrum of Si: PLGA (12 : 100) showed
the characteristic bands of PLGA with the C=O stretch shifted
to a lower wavenumber. Furthermore, a weak signal of the
C=0O0 stretch originating from siponimod at 1589 cm™" can be
observed as a broad band at a lower energy (1586 cm ™).

To further investigate siponimod and PLGA interaction, the
FTIR spectrum of a co-precipitated sample with equal weight
ratios of siponimod and PLGA 85:15 was also recorded
(Fig. 4C). The spectrum shows noticeable broadening and an
increase in the intensity of the O-H stretching vibration orig-
inating from siponimod (originally detected between
2985-2856 cm™ ', Fig. 4D). Significant broadening of the
(C=0) stretching band originating from siponimod is also
evident (Fig. 4E). Furthermore, substantial changes in the fin-
gerprint region (between 1200 cm™" to 700 cm ™) were noticed.
These include a reduction in intensity and alterations in the

(A) Fingerprint region
1.2 4

2

2 1

g

.‘é 0.8

T 06

N

g 04

2 02

1400 1500 1600 1700 1800 1900

Raman shift (cm™')

(€)

Electrospun fibres Single fibre

View Article Online

Paper

shape and position of the absorption bands corresponding to
C-O stretches in PLGA (detected initially at 1184 cm™" and
1086 cm™') (Fig. 4F), changes in the shape and a shift to a
lower wavenumber (1030 cm™") of the absorption band orig-
inating from siponimod at 1040 cm™'. Changes in the inten-
sity, shape, or location of the peaks originating from siponi-
mod at 835 cm ™" and 878 cm™" (Fig. 4G) are also evident.

3.4. Siponimod distribution in the electrospun microfibres

Siponimod presence and distribution within the electrospun
fibres were investigated using Raman spectroscopy. Only fibres
with high ratios of siponimod (Si: PLGA (8:100) and Si: PLGA
(12:100)) were analysed to improve the signal sensitivity.
Raman spectra of unprocessed components and electrospun
structures are presented in Fig. 5. PLGA is a Raman-active
polymer and tends to produce a significant background signal.
Therefore, two regions were selected where the vibrational
peaks of siponimod have sufficient Signal Background Ratio
(SBR) compared to PLGA. In the fingerprint region, siponimod
shows a characteristic strong duplet at 1601.8 and 1614.6 cm ™"
and a single peak of weak intensity at 1563.6 cm™" (Fig. 5A). In
the high-energy region, a distinct peak at 2855.3 em™" orig-
inates from siponimod and does not interfere with the PLGA
signal (Fig. 5B). The Raman signal from siponimod in the
PLGA matrix was used to build a high-resolution microscopic
Raman image to understand the drug distribution among the
individual electrospun fibres. Fig. 5C and D show an X-Y map
of the surface of the microfibre. The confocal system is

(B) High energy region
1.2 1
—Unprocessed PLGA
> .
'.’7, 11 — Unprocessed siponimod
5 08 ES PLGA
E — Sipo:PLGA (8:100)
E 0.6 A sg512 28553 — Sipo:PLGA (12:100)
®
g 04 1
S
z 0.2 1
0 T T T i
2800 2900 3000 3100 3200
Raman shift (cm™')
(D)

Intensity map

Fig. 5 Raman spectra of unprocessed PLGA, unprocessed siponimod, ES PLGA, Si: PLGA (8 :100), and Si: PLGA (12 : 100) from (A) 1400-1900 cm™*
and (B) 2800-3200 cm™. (C) Raman images of the siponimod signal overlayed on confocal images in electrospun fibres (left) and a single fibre
(right). The red colour shows the Raman intensity collected from the drug. (D) Contour map (left) and intensity map (right) are shown to better view

the intensity of drug distribution in the X-Y plane.
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focused on the surface of an individual fibre, and spectra were
collected at individual points with an acquisition time of 25
seconds. Precisely, 400 points were measured in the X-Y plane
with 20 points per line in the X direction and 20 lines per
image in the Y direction for a 30 pm length of the fibre
(Fig. 5C). The contour lines depict the Raman intensity vari-
ation in a single X-Y plane (Fig. 5D). This was followed by 3D
scans of the same fibre. This was achieved by stacking Raman
signals from similar X-Y planes in the Z direction. To check
the Z (depth) distribution along the fibre, Z scans were per-
formed 10 pm into the depth of the sample. The 3D scans and
Z maps are shown in Fig. S5 and S6,1 respectively. The maps
show that the siponimod signal originates from homogenously
distributed points along the examined area, which suggests
homogenous and intact drug distribution within the fibre
matrix. Similar maps were performed for five different
locations in the sample to ensure uniformity. Larger area
maps (200 x 160 pum) with lower resolution were also per-
formed at different locations on the surface, and similar
Raman signals from the drug were observed.

3.5. Siponimod release from the electrospun implant and
kinetic modelling of the release profile

Siponimod release from the electrospun Si: PLGA (4 :100) and
Si:PLGA (8:100) implants was investigated in PBS (20 mM,
pPH = 7.2 + 0.2). Drug release from the Si:PLGA (8:100)
implant formulation was also investigated in porcine vitreous.
These implants were selected as the final formulations to test
the release behaviour because pilot studies showed that the
steady-state siponimod concentration was above its ICs,. Given
the high cost and limited availability of siponimod, we focused
on evaluating implants with lower drug loads. However, it is
reasonable to expect that the implant with a higher drug load
Si:PLGA (12:100) will have comparable release kinetics.
Additionally, it is important to highlight that implants with
lower loading doses of siponimod might reduce systemic drug
concentration and associated side effects, as higher doses of
siponimod were associated with a higher risk of negative
chronotropic effects**

Fig. 6A and B show the cumulative siponimod release from
Si: PLGA (4:100) and Si: PLGA (8:100) in PBS and the remain-
ing amount of siponimod in the implants after the release
period, respectively. Both drug-loaded implants showed com-
parable release behaviour in PBS (Fig. 6A), with an initial burst
release of approximately 5% in the first 5 days. This was fol-
lowed by a sustained steady release of approximately 30% of
the loaded drug over 90 days (Fig. 6A). The similarity of siponi-
mod release pattern from both formulations is also reflected
in the similarity factor test (F> value of 81). However, it is
important to note that in both experiments, the cumulative
drug release at the latest time point was below 85%, which
could impact the results of the F2 test. The data obtained from
drug release experiments were fitted to different kinetic
models using the equations described in the ESI methods
(section S1.41),*>** and the results are summarised in Table 3.
The fitting data shows that the Higuchi release model provided
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an excellent fit to the experimental data (R* of 0.996 and 0.999
for Si: PLGA (4:100) and Si: PLGA (8:100), respectively). After
90 days, siponimod cumulative % release was 30.6% from
Si:PLGA (4:100) and 33.2% from Si:PLGA (8:100), while
58.7% and 55.0% of the loaded drug remained unchanged in
Si: PLGA(4:100) and Si: PLGA (8:100) implants, respectively.

The concentration of the released siponimod in the release
medium (pg mL™") at each time point is presented in Fig. 6C.
These data show that the Si:PLGA (4:100) and Si:PLGA
(8:100) implants maintained siponimod concentration at
approximately 1 pg mL™' and 1.8 pg mL™', respectively
(Fig. 6D). The cumulative release of siponimod from Si: PLGA
(8:100) in porcine vitreous was comparable to the release in
PBS, with a similar pattern of initial burst release (6.8% after
10 days) followed by steady, sustained release over 70 days.
After 70 days, approximately 30% of the loaded siponimod was
released into the vitreous, with 60.8% of the drug remaining
in the implant.

After 30 and 70 days in the release media (PBS or porcine
vitreous), the structures of the fibre in the drug-free (ES PLGA)
and the drug-loaded (Si: PLGA (8:100)) implants were exam-
ined using SEM (Fig. 6E and F). After 30 days of incubation in
PBS, both ES PLGA and Si:PLGA (8:100) fibres largely
retained their morphology showing uniform structure. An
increase in the surface roughness and fibre porosity was
noticed in both electrospun systems. Similar changes were
observed after the implants were incubated in porcine vitreous.
After incubation in PBS for 70 days, ES PLGA showed a signifi-
cant loss of fibre structure, increased porosity and formation
of fused irregular polymer mass. A similar pattern was
observed when ES PLGA was incubated in the porcine vitreous.
However, while incubation of Si:PLGA (8:100) in PBS for 70
days led to thinning and pore formation, the fibres retained
their cylindrical shape and intact structure. Similar changes
were noticed when Si: PLGA (8:100) was incubated in porcine
vitreous for the same period.

3.6. Effect of siponimod on human retinal microvascular
endothelial cell (HRMEC) migration and metabolic activity

Siponimod released from Si:PLGA (4:100) and Si:PLGA
(8:100) at day 90 was used to test the ability of the released
drug to inhibit HRMEC migration towards the chemoattrac-
tant, 10% FBS (Fig. 7A and B). Standard siponimod solution
(100 nM) significantly inhibited HRMEC migration towards
10% FBS with the number of migrating cells decreased to 22.8
+ 9.3% of cell migration towards FBS control (Fig. 7A). This
concentration was employed based on our previous studies,
which showed that siponimod (100 nM) is an effective concen-
tration in vitro for reducing endothelial cell migration without
adversely affecting the metabolic activity of the cells or cellular
proliferation.”

Siponimod (100 nM) released from Si:PLGA (4:100) and
Si:PLGA (8:100) implants inhibited HRMEC migration
towards 10% FBS. Similar to the standard drug solution
control, the number of migrating cells reduced to 26.9 =
8.7% and 21.3 + 4.3% of the FBS control (73.1% and 78.7%

This journal is © The Royal Society of Chemistry 2024
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reduction in cell migration) for Si:PLGA (4:100) and
Si:PLGA (8:100), respectively. No statistically significant
difference was found between the standard siponimod solu-
tion and the effect of siponimod in Si:PLGA (4:100) and

This journal is © The Royal Society of Chemistry 2024

Si:PLGA (8:100) release media (Fig. 7A). This suggests that
the PLGA degradation products in the medium had no
effect on HRMEC migration or siponimod pharmacological
activity.
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Table 3 The release kinetics model parameters describing cumulative
siponimod release from drug-loaded electrospun fibres showing the
model constant (K) and the correlation coefficient (R?) for each model

Drug release in PBS

Si: PLGA (4 : 100) Si: PLGA (8: 100)

Model K R? K R*

Zero-order 0.323 0.963 0.335 0.942
First order 0.018 0.947 0.015 0.921
Hig’uchi model 3.031 0.996 3.354 0.999

The effect of the released drug and accompanying PLGA
degradation products on HRMEC metabolic activity was inves-
tigated. Incubation of HRMEC with the release medium from
Si: PLGA (4:100) (Fig. 7C) and Si: PLGA (8:100) (Fig. 7D) has
no statistically significant effect on the metabolic activity of
HRMEC at any of the tested time points. This suggests that
neither siponimod nor PLGA degradation products produce
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3.7. Stability under stress conditions

To investigate the physical stability of the microfibrous
implants and the loaded drug’s chemical stability under stress
conditions, the systems were incubated at 40 °C and 75% rela-
tive humidity for 3 months. The PXRD diffractograms taken on
days 30, 60 and 90 show that the drug-free and drug-loaded
electrospun fibres were able to retain their physical state for 90
days. No crystalline peaks that can be attributed to siponimod
or PLGA recrystallisation were noticed (Fig. 8A). Furthermore,
analysis of siponimod showed that no significant drug loss
was evident with approximately 82.4 + 15.4 and 87.6 + 7.1% of
the loaded drug being detected after 90 days of incubation.

4. Discussion

Ocular neovascular diseases are debilitating, sight-threatening
disorders that are currently treated by lifelong monthly injec-
tions of biological angiogenesis inhibitors. Such treatment

any toxic effects on HRMEC. protocols are associated with unsatisfactory gains in visual
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Fig. 7 The effect of the released siponimod on (A and B) human retinal microvascular endothelial cell (HRMEC) migration towards 10% foetal
bovine serum (FBS) and (C and D) metabolic activity. (A) Migrating cell count (% of control) on the bottom side of the membrane in the presence of
100 nM of freshly prepared siponimod solution (siponimod solution), or 100 nM of siponimod collected at day 90 from Si: PLGA (4 :100) or Si: PLGA
(8:100). Basal medium represents cell migration towards basal endothelial medium (0% FBS; negative control). The bars show the average, the error
bars show the standard deviation, and the white circles show the independent experiments in each treatment group (n = 4). (B) Representative
images from the bottom side of the Transwell® chamber after the migration period of 6 h showing different cell migration patterns. (C) and (D)
Metabolic activity of HRMEC, measured using the MTT assay, following 72 h treatment with the release medium. The medium, containing 100 nM of
siponimod was collected from release experiments in PBS for (C) Si: PLGA (4:100) and (D) Si: PLGA (8 :100) on days 30, 63, and 90. The bars show
the average, the error bars show the standard deviation, and the white circles show the independent experiments in each treatment group (n = 4).
No statistically significant difference was found between the metabolic activity of cells treated with release medium from Si: PLGA (4:100) and
Si: PLGA (8:100) (p > 0.05).
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Fig. 8 Stability of the electrospun implants under stress conditions (75% relative humidity and 40 °C) for 3 months. (A) PXRD of the drug-free elec-
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ditions. No statistically significant difference was found between the drug content at the tested time points for Si: PLGA (4:100) and Si: PLGA

(8:100) (p > 0.05) using randomized block ANOVA.

acuity, poor patient adherence and multiple side effects
related to frequent intravitreal injections. Siponimod is an
FDA-approved drug for multiple sclerosis with a novel inhibi-
tory effect on ocular angiogenesis that has shown effectiveness
in vitro and in vivo."> Herein, we successfully fabricated a
microfibrous implant requiring less frequent administration
than current therapies for sustained intravitreal delivery of
siponimod. Siponimod is a small-molecule angiogenesis

inhibitor with a novel mechanism of action and has lower

This journal is © The Royal Society of Chemistry 2024

stability and treatment resistance challenges compared to cur-
rently approved biologics.

The implant was produced by electrospinning the drug-
polymer solution to produce a bead-free, hydrophobic, microfi-
brous matte. The matte was then cut into squares and rolled
into a cylindrical implant, 9 mm in length and 2 mm in dia-
meter (ESI Fig. S31). These dimensions were chosen consider-
ing the diameter of the vitreous cavity of an average human of
17.2 mm (ref. 44) and considering the dimensions of the cur-
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rently approved implants for intravitreal use: OZURDEX® (bio-
degradable, 6 mm length x 0.46 mm in diameter), ILUVIEN®
(non-biodegradable, 3.5 mm length x 0.37 mm in diameter),
RETISERT™ (non-biodegradable, 5 mm length x 3 mm width)
and SUSVIMO® (8.4 mm length x 3 mm width).*

Our data indicate that siponimod was homogenously dis-
tributed within the electrospun fibres. Importantly, the drug-
polymer interaction reduced the fibres’ porosity, which hin-
dered water penetration, slowed the matrix degradation and
sustained the drug release for a minimum of 90 days. The
released drug after 90 days inhibited retinal microvascular
endothelial cell migration, and the remaining drug in the
implant after the release period was largely intact. The electro-
spun systems were stable under accelerated conditions,
showing both the physical stability of the amorphous form
and the chemical stability of the entrapped drug.

4.1. Siponimod alters the porosity of electrospun fibres due
to drug dispersion and drug-polymer interactions

The high volatility of DCM allowed the production of bead-free
microfibres (Fig. S2t) at a relatively lower polymer concen-
tration compared to other less volatile solvents under the opti-
mised electrospinning conditions.*>*® The drug-free fibres
showed characteristic nanopores (~200 nm in diameter) along
the fibre structure. Production of porous fibres after electro-
spinning of hydrophobic polyesters from DCM was previously
reported for PLGA*"*® and poly(lactic acid) (PLA) polymers.*’
Pore formation has been attributed to many factors, including
polymer composition, polymer-solvent interaction, solvent
vapour pressure and the humidity of the electrospinning
environment.’** Interestingly, the incorporation of higher
ratios of siponimod resulted in the formation of microfibres
with smoother surfaces, an apparent lack of porosity and a
noticeable reduction in the BET surface area and pore volume
(Table 1, Fig. 2 and Table S37). The reduced porosity after sipo-
nimod incorporation can be explained by the deposition of
siponimod as a solid dispersion within the polymer interstitial
spaces and the potential interaction between siponimod and
PLGA molecules.

The presence of siponimod as a solid dispersion within the
PLGA fibres was confirmed using DSC, PXRD and Raman spec-
troscopy. Thermal analysis of the drug-loaded electrospun
systems showed the lack of the crystalline melting endotherm
corresponding to siponimod melting (Fig. 3A and Table 2),
and the X-ray diffractograms also showed a broad hump
characteristic of amorphous materials (Fig. 3B). Both methods
confirm that siponimod is available as an amorphous solid
dispersion in the PLGA matrix. The Raman maps show that
the siponimod signal was homogenously distributed within
the fibre structures (Fig. 5, Fig. S5 and S67), suggesting that
siponimod is consistently dispersed within the fibres. Such
distribution could alter the morphology of drug-loaded fibres,
contributing to the loss of porosity due to siponimod disposi-
tion in interstitial spaces.

Furthermore, FTIR analysis confirmed the formation of
hydrogen bonds between siponimod and PLGA. The FTIR
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spectra of Si:PLGA (12:100) and the co-precipitated product
of siponimod and PLGA 85:15 showed distinctive changes
indicating hydrogen bond formation (Fig. 4), including signifi-
cant broadening and shifting to a lower wavenumber in
absorption bands associated with hydrogen bond forming
groups in both siponimod and PLGA. It is important to high-
light that the evident interaction in the co-precipitated siponi-
mod-PLGA mixture does not necessarily simulate the inter-
action between siponimod and PLGA in the electrospun fibres.
However, this experiment strongly suggests the potential inter-
action between both components when precipitated from
DCM, the same solvent used in electrospinning. Similar
changes were previously taken as indicators of drug-polymer
hydrogen bonding between tetracycline hydrochloride and
PLGA,>® triamcinolone and PEG-PDL’* and triamcinolone and
PLGA.”® Hydrogen bond formation between siponimod and
PLGA explains the ability of siponimod to interfere with the
molecular packing and plasticising of the PLGA matrix. This
plasticising effect was confirmed by thermal analysis as indi-
cated by the lower T, temperature and lower decomposition
temperature of drug-loaded fibres compared to control fibres
(Fig. 3A and Table 2). Similar interactions and outcomes were
previously reported for drugs incorporated in electrospun PVA,
where hydrogen bond formation between sodium salicylate or
diclofenac sodium and PVA were proposed to interfere with
polymer molecular packing, resulting in changes in the
melting temperature (7y,) of the crystalline polymer.’® A
similar plasticising effect was also reported for prodigiosin
and paclitaxel in PLGA-PEG microparticles. In this case, the
drug-loaded formulation exhibited lower T, and a decreased
decomposition temperature compared to the control
polymer.®”

The siponimod-PLGA interaction can also contribute to
reduced pore formation after electrospinning. For instance,
alteration of the morphology of electrospun products owing to
drug-polymer interactions was previously reported with teno-
fovir,>® where the formation of electrospun fibres with a
smooth surface was attributed to hydrogen bonding between
the drug and PLGA. In contrast, rough surface fibres occurred
when the drug was incorporated into other polymers.

4.2. Siponimod-loaded fibres showed exceptionally extended
drug release due to the lack of porosity and presence of
hydrogen bonding

Siponimod release from the electrospun Si:PLGA (4:100) or
Si:PLGA (8:100) implants in PBS showed a type II biphasic
release, which follows the release of PLGA systems loaded with
hydrophobic drugs.>*®® The biphasic release constitutes an
initial burst of less than 10% of the loaded drug and a slow
and sustained release of ~30% of the drug load over 90 days
(Fig. 6). The release pattern in PBS showed an excellent fit to
the Higuchi release model, which describes the drug release
from a non-swellable, non-soluble matrix, where the drug con-
centration in the matrix system exceeds its saturation
solubility.*>®" This suggests that the release of siponimod
from the electrospun matrix follows Fickian diffusion, where

This journal is © The Royal Society of Chemistry 2024
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the drug release amount is proportional to the square root of
time.*? Additionally, it suggests the rate-controlling step is the
diffusion of siponimod through the polymer, not the dis-
solution of the drug. The initial burst release could be attribu-
ted to non-encapsulated drug molecules loosely bound to the
fibre surface,’®®® and the extended and steady drug release
can be partially attributed to the significant reduction in the
surface area and pore volume of the electrospun fibres. One
of the most important factors that governs the drug release
rate from polymer matrices is the rate of drug diffusion
through the water-filled pores, which is dependent on the
extent of porosity and tortuosity of the pore network, drug-
polymer interactions, drug hydrophobicity and drug dis-
solution rate.®® Therefore, the lack of a porous structure in the
siponimod electrospun fibres is a crucial factor contributing
to the uniquely long drug release period. A similar association
between porosity and higher drug release was previously
reported for the release of human growth hormone from PLA
and PLGA microspheres,®* the release of paclitaxel from PLGA
disks®® and the release of salicylic acid from PEG/PLA
nanofibres.®°

It is worth noting that the drug-free electrospun matte (ES
PLGA) was significantly hydrophobic (water contact angle of
106.52° + 3.97°), which is to be expected considering the
hydrophobicity of PLGA 85:15, the dense microfibrous struc-
ture of the matte and the presence of interfibre pores filled
with air.°””®® Incorporating siponimod in the highest ratio
Si:PLGA (12:100) resulted in a non-significant increase in the
contact angle to 114.00°. Contact angle and wettability are less
sensitive to small nanopores within the fibres compared to
larger interfibre pores (which did not change due to siponi-
mod incorporation).®® This can explain the non statistically
significant increase in the contact angle of Si: PLGA (12 :100)
compared to drug-free fibres. However, the overall porosity still
plays a crucial role in drug release as it slows down the rate at
which the release medium penetrates the mat, leading to a
more controlled and sustained drug release, as previously
discussed.

Furthermore, hydrogen bonding between siponimod and
PLGA can retard the drug release from the PLGA matrix,
contributing to the sustained release profile. This was pre-
viously shown for the antiviral drug tenofovir, where hydro-
gen bond formation between the phosphonic acid group in
tenofovir and PLGA was responsible for the slower drug
release from the PLGA matrix compared to the faster drug
release of the prodrug tenofovir disoproxil fumarate, which
lacked the reactive phosphonic acid group.”® These data
suggested that the hydrogen bonding between tenofovir may
be necessary for stabilising and inhibiting its release from
polyester fibres.

Our results also show that siponimod release from
Si:PLGA (8:100) in porcine vitreous was comparable to the
release profile in PBS. This indicates that the vitreous environ-
ment did not have a noticeable effect on siponimod release or
the mass loss of the implant, with the implant able to retain
siponimod release for a minimum of 70 days.

This journal is © The Royal Society of Chemistry 2024
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4.3. Siponimod-loaded fibres showed slower degradation of
the PLGA matrix, possibly due to the lack of porosity

The degradative changes observed in drug-free electrospun
PLGA fibres after 70 days were comparable to previously
reported degradation of electrospun PLGA incubated in
aqueous media.”"””> They showed a significant loss of the fibre
structure and the formation of a fused irregular mass.
Interestingly, changes in the degradation of siponimod-loaded
fibres Si:PLGA (8:100) were less substantial, showing slower
deformation of the fibre structure and the overall integrity rela-
tively maintained (Fig. 6F). The slower degradation of siponi-
mod-loaded matrices can also be attributed to the lack of poro-
sity, which retards the water diffusion into the fibres slowing
the matrix degradation. The change in the degradation behav-
iour can also be influenced by siponimod’s hydrophobicity,
which can resist water penetration thereby slowing both matrix
degradation and drug release. This effect of drug properties on
both the mechanism and rate of polymer degradation was pre-
viously shown, where hydrophilic drugs and excipients
increased water penetration into the polyester matrix and
impacted subsequent hydrolytic changes,”® while hydrophobic
drugs slowed down both processes.”*”>

4.4. Siponimod amorphous solid dispersion is stable under
stress conditions

As previously mentioned, the solid-state characterisation
showed that siponimod is homogenously distributed within
fibres as an amorphous solid dispersion. This can be concern-
ing as drugs in their amorphous state are typically less stable
than their crystalline counterparts and are highly susceptible
to recrystallisation over time. However, our results show that
under stress conditions (40 °C and 75% relative humidity for
3 months), the electrospun fibres maintained their physical
stability, as confirmed by PXRD (Fig. 8), with no evidence of
siponimod recrystallisation. Siponimod loaded into the
implant showed no significant loss after incubation under
stress conditions, as confirmed by the drug content in the
fibres over 90 days of incubation (Fig. 8). This physical and
chemical stability can be attributed to the presence of a
polymer matrix, which can offer significant stabilisation for
the dispersed amorphous drug.”®”’® The polymer matrix can
reduce the molecular mobility of dispersed drugs, inhibit the
molecular recognition required for nucleation and increase
the energy required for crystallisation’®”® resulting in a stable
amorphous solid dispersion as previously described.”®*°

4.5. Released siponimod from implants successfully
inhibited retinal endothelial cell migration and did not affect
cells’ metabolic activity

The concentrations of the released siponimod in the release
medium from Si:PLGA (4:100) and Si:PLGA (8:100)
implants were maintained at approximately 1 pg mL™" and
1.8 pg mL ™", respectively (Fig. 6). These concentrations were
above the ICso of siponimod at S1PR; (0.39 nM, 0.000201 pg
mL™") and the highest effective dose that was previously tested
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in vitro (100 nM, 0.052 pg mL~")."® The released siponimod at
day 90 (diluted to 100 nM) inhibits HRMEC migration towards
10% FBS to the same extent as freshly prepared siponimod
solution of the same concentration (Fig. 7). Siponimod
released from both implants reduced HRMEC migration by
more than 70%. This indicates that the drug released after 90
days can produce a pharmacological effect that is comparable
to the standard unprocessed drug solution. Furthermore, the
release medium from Si: PLGA (4:100) and Si: PLGA (8:100)
had no significant adverse effect on the metabolic activity of
HRMEC at days 30, 63 and 90. This indicates the drug loaded
in both systems is sufficient to maintain effective angiogenesis
inhibition in vitro with no toxic effect observed over the experi-
mental timeframe.

5. Conclusion

We fabricated an electrospun microfibrous PLGA implant
loaded with siponimod with distinctively reduced porosity for
the long-term management of neovascular ocular diseases.
The implant sustained siponimod release and maintained its
physical and chemical stability for at least three months.
Compared to drug-free electrospun fibres, drug-loaded fibres
showed a smoother surface and lacked a porous morphology,
features that can be partially attributed to drug-polymer inter-
action. The lack of porosity resulted in a unique prolonged
release of siponimod for a minimum of 90 days and signifi-
cantly slower degradation of the PLGA matrix. The released
drug showed comparable efficacy to the freshly prepared stan-
dard solution. The siponimod signal was homogenously dis-
tributed within the fibre structure as an amorphous solid dis-
persion. Both physical and chemical stabilities of the drug
were maintained over 90 days under stress conditions.

Taking into consideration siponimod’s advantages, includ-
ing its novel mechanism of action and its small molecular
weight, in contrast to the currently approved large molecular
weight anti-VEGF treatments that require frequent intravitreal
injection, the developed implant can also minimise the
number of intravitreal injections needed to achieve a satisfac-
tory effect in neovascular ocular diseases. To advance this
research, testing the implant’s potential side effects and any
inflammatory responses in vivo is crucial. Thereafter, demon-
strating the ocular compatibility and the long-term efficacy of
the implant in the relevant disease model are necessary.
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