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ARTICLE INFO ABSTRACT

Keywords: Treating diabetic retinopathy (DR) effectively is challenging, aiming for high efficacy with minimal discomfort.
Hydrogel While intravitreal injection is the current standard, it has several disadvantages. Implantable systems offer an
Biodegradable implant alternative, less invasive, with long-lasting effects drug delivery system (DDS). The current study aims to develop
i?;:s‘:;::l a soft, minimally invasive, biodegradable, and bioadhesive material-based hydrogel scaffold to prevent common
3D-printing issues with implants. A grid-shaped scaffold was created using coaxial 3D printing (3DP) to extrude two bioinks
Microfluidics in a single filament. The scaffold comprises an inner core of curcumin-loaded liposomes (CUR-LPs) that prepared
Hyaluronic acid by microfluidics (MFs) embedded in a hydrogel of hydroxyethyl cellulose (HEC), and an outer layer of hyaluronic
Chitosan acid-chitosan matrix with free resveratrol (RSV), delivering two Sirtl agonists synergistically activating Sirtl

Sustained release
Diabetic retinopathy

downregulated in DR. Optimized liposomes, prepared via MFs, exhibit suitable properties for retinal delivery in
terms of size (<200 nm), polydispersity index (PDI) (<0.3), neutral zeta potential (ZP), encapsulation efficiency
(~97 %), and stability up to 4 weeks. Mechanical studies confirm scaffold elasticity for easy implantation. The
release profiles show sustained release of both molecules, with different patterns related to different localization
of the molecules. RSV released initially after 30 min with a total release more than 90 % at 336 h. CUR release
starts after 24 h with only 4.78 % of CUR released before and gradually released thanks to its internal localization
in the scaffold. Liposomes and hydrogels can generate dual drug-loaded 3D structures with sustained release.
Microscopic analysis confirms optimal distribution of liposomes within the hydrogel scaffold. The latter resulted
compatible in vitro with human retinal microvascular endothelial cells up to 72 h of exposition. The hydrogel
scaffold, composed of hyaluronic acid and chitosan, shows promise for prolonged treatment and minimally
invasive surgery.

1. Introduction

Diabetes is a prevalent global problem, with an estimated 12 % of the
adult population aged 20-79 years-old worldwide expected to be
affected by 2045. Diabetic retinopathy (DR), a frequent complication of
diabetes, is projected to affect an increased population of 642 million by
2050 (Abou Taha et al., 2024). DR is defined as a microvascular and
neurodegenerative disease involving oxidative stress and inflammatory
conditions. Metabolic dysfunction related to lipids and glucose leads to
accumulation of reactive oxygen species (ROS), leukocyte activation,
angiogenesis, and microvascular complications (Leley et al., 2021). The
gold standard treatment for this pathology is the intravitreal injection of
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anti-VEGF agents. However, numerous drawbacks are associated with
this administration, including non-adherence and lack of persistence to
therapy, poor patient compliance, the need for repeated injections,
sustained elevation of intraocular pressure after injections, corneal
oedema, and a high risk of endophthalmitis (Cui et al., 2019; Forrester
et al., 2020; Liu et al., 2023). Despite the safety and high compliance of
non-invasive methods such as topical administration, the drug
bioavailability in the aqueous vitreous humor is generally less than 3 %
after instillation (Sigford et al., 2015). This is primarily due to poor
bioavailability of the molecules. This is caused by the presence of highly
selective barriers, such as the corneal epithelium, conjunctiva, sclera,
and the choriocapillaris, as well as the rapid drainage of the formulation
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into the nasolacrimal system, due to dynamic barriers, such as lacri-
mation, blinking, conjunctival hyperaemia, and conjunctival absorption
into the systemic circulation (Farkouh et al., 2016; Naageshwaran et al.,
2022). These factors make targeting drugs to the posterior eye a chal-
lenging task.

Implants have received much attention as they allow for extended
drug release, reduce the need for repeated administration, increase pa-
tient compliance, they are suitable for sterilization, and provide a
defined and proper concentration of the drug directly at the site of
administration. An increasing number of implants are now available in
the market. Among them, Vitrasert® was the first and is a non-
biodegradable implant. This was part of the first generation of im-
plants, along with Illuvien®, Retisert®, and Durasert®. The second
generation includes biodegradable implants such as Ozurdex® (Cao
et al., 2019; Jervis, 2017).

Compared to biodegradable implants, non-biodegradable implants
have some drawbacks, as they require surgical insertion and removal,
often through invasive procedures. Additionally, they can cause anterior
chamber migration, leading to corneal oedema and corneal decompen-
sation, as well as an increased incidence of post-operative cataracts
(Khurana et al., 2014).

Biodegradable scaffolds do not require surgical removal; thus,
despite their shorter lifespan compared to non-biodegradable ones, they
can ensure greater patient comfort and compliance. Within this cate-
gory, hydrogel implants offer the advantages of being softer, usefully
flexible for repositioning, and causing less discomfort. The main purpose
of the current study is to develop a highly biocompatible hydrogel
scaffold, made of biodegradable, highly biocompatible and bioadhesive
materials to prevent anterior chamber migration (Barth et al., 2016;
Rafael et al., 2023; Tan et al., 2022). The hydrogel scaffolds were pre-
pared using hyaluronic acid (HA) and chitosan (CS) by a 3D bioprinting
approach.

HA is widely used in the formation of bioinks, and often function-
alized to improve its mechanical properties and slow its degradation. HA
is endogenous to the body and is non-immunogenic. Specifically, in the
eye, it constitutes a major component of the vitreous body (at concen-
trations of 140-340 pg/ml) along with collagen and it has ligands for
receptors found in many types of retinal cells, such as CD-44 (Mishra
et al., 2023; Zhang et al., 2021). Despite the aim of formulating a
hydrogel based on HA to be as compatible as possible with the target site
for intravitreal implantation, its poor mechanical properties and rapid
degradation in vivo are significant disadvantages and must be consid-
ered. The use of chitosan to prepare a polyelectrolyte complex (PEC)
with HA is a widely used strategy in the literature (Barroso et al., 2019;
Drozdova et al., 2022; Khoonkari et al., 2023; Maiz-Fernandez et al.,
2021). It serves as a secondary material aimed at forming an oppositely
charged PEC with HA, thereby enhancing its mechanical properties,
rendering HA mouldable, and increasing the bioadhesion of the system
(Amato et al., 2020; Li et al., 2014). The combination of two materials is
used to form bioink, but mostly both materials, in particular HA is
modified to allow the printing. Our work proposes a formation of bioink
without modification of polymers that resulted a challenge for printing
approach. Moreover, no studies in literature investigate the combination
of HA and CS for preparation of 3D printing hydrogel scaffold addressed
to the intravitreal implantation. A challenge is the printability of this
mixture reported as a difficult step. The aim to use CS lies in adhesive
properties with various mucous tissues and, owing to its positive charge,
can bind the negatively charged polymer network of vitreous humor,
primarily due to the presence of heparan sulfate. Polymers with cationic
properties could enhance tissue adhesion, thereby prolonging perma-
nence and preventing the typical disadvantage of anterior chamber
system migration associated with many implants. The use of coaxial 3D
printing allows to the constitution of system for delivery of two com-
pound at a time with different localization: one in the inner core and one
in the shell. This approach resulted a strategy not yet investigated in the
ocular field.
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Lipid-based nanoparticles (NPs) have been investigated as a
compelling strategy to enhance the solubility and bioavailability of
drugs with low water solubility, regulate release kinetics, increase
apparent solubility in water, boost drug loading, and reduce ocular
clearance (Chaw et al., 2021; Moiseev et al., 2022). Among these, li-
posomes have garnered significant attention for ocular administration
due to their pronounced biocompatibility and low cytotoxicity. Partic-
ularly, pegylated liposomes have demonstrated success in overcoming
vitreal barriers, improving retinal targeting, stability, and retention in
the retinal tissue (Tavakoli et al., 2020). Given the advantages associ-
ated with liposomes, this study aims to deliver a Sirtl agonist molecule
via a biodegradable implant. By combining two techniques, micro-
fluidics (MFs) and coaxial 3DP, it becomes feasible to deliver two mol-
ecules with Sirtl agonist properties simultaneously, enhancing
synergistic effects and exploring potential differences in behaviour be-
tween the internal and external matrices, as recently investigated by
Fratini et al., for wound healing treatments (Fratini et al., 2023). Coaxial
3DP offers the advantage of creating an internal core capable of housing
a hydrogel embedded with liposomes, thus delivering, and protecting,
one molecule inside, while also forming an external shell composed of
HA/CHI matrix embedded with a second molecule. Importantly, MFs
and 3DP are both environmentally friendly and economically viable
approaches (Weaver et al., 2022).

Several studies demonstrate a correlation between the down-
regulation of Sirtl and DR. This protein plays a cytoprotective role in
ocular tissues such as the retina and the optic nerve. Downregulation
leads to increased susceptibility of these tissues to degenerative disor-
ders (Hammer et al., 2021). Polyphenolic compounds function as acti-
vators of Sirt1, enhancing its activity by reducing the Michaelis constant
(Km) of its substrates, i.e. the substrate concentration at which an
enzyme is half saturated, which leads to a small amount of substrate
being required to saturate the enzyme. Recent studies indicate that
compounds such as resveratrol, curcumin, berberine, quercetin, and
others act as agonists of this protein (Wicinski et al., 2023). However,
their therapeutic efficacy is hindered by low solubility in aqueous en-
vironments, limited bioavailability, degradation in various environ-
ments, and instability over time (Wicinski et al., 2023). Resveratrol
(RSV) stands out as the most potent activator of Sirt 1in retinal cells, as it
allosterically binds to Sirtl and reduces the Michaelis constant of Sirtl
for acetylated substrate (Cao et al., 2020). Therefore, RSV has been
designated for incorporation into the outer hydrogel matrix. Curcumin
(CUR), a polyphenolic compound with Sirtl activator properties, is
extensively studied in the field of eye treatment and theranostics. A
water-soluble fraction of CUR at a low concentration (5 pM) induces a
cytoprotective effect in retinal cells exposed to oxidative stress
(Nedzvetsky et al., 2021). CUR also serves as an anti-VEGF agent,
beneficial for treating neovascularization in proliferative diabetic reti-
nopathy (Jiang et al., 2023). Encapsulating CUR inside liposomes en-
hances its protection and stability (Ballacchino et al., 2021). When RSV
and CUR are used together, they exhibit increased antidiabetic and
antioxidant effects. The combination of RSV and CUR leads to a greater
reduction in plasma glucose levels compared to either molecule alone.
Additionally, as hyperglycaemia exacerbates oxidative stress by
increasing reactive oxygen species (ROS) production, the combination
of RSV and CURC elevates levels of glutathione (GSH) and superoxide
dismutase (SOD) compared to individual molecules (Hussein and El-
Maksoud, 2013). The development of a hydrogel scaffold prepared
through a combination of microfluidics and coaxial 3DP, which simul-
taneously loads two molecules, represents a novel approach in the
ocular field since no studies with the same aim are present in the liter-
ature until now. MFs was utilized to produce DMPC:DSPE-PEG:Chol li-
posomes encapsulating curcumin for sustained and controlled release in
retinal tissues. Coaxial 3D bioprinting, on the other hand, was chosen to
combine CUR-LPs with hydroxyethyl cellulose (HEC) and a hybrid
hydrogel composed of HA and CS enriched with free RSV, achieving a
burst release of the active pharmaceutical ingredient (API) and prompt
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Fig. 1. The chemical structure of: (a) 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC), (b) 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(poly-
ethylene glycol)-2000] (ammonium salt) (DSPE-PEG2000), (c) Cholesterol, (d) Curcumin (CUR), (e) Sodium Hyaluronate from Bacteria (HA), (f) Chitosan (CS), and

(g) Resveratrol (RSV).

control of the inflammatory state. The resulting scaffolds were charac-
terized and analysed to confirm proper loading of the liposomes, effi-
cient release of both curcumin and RSV from the implant. Ultimately,
cytocompatibility in vitro was assessed by exposing the HS/CS hydrogel
scaffold with human retinal microvascular endothelial cells (HREMCs)
for 72 h in culture.

2. Materials and methods
2.1. Materials

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was pur-
chased from Sigma Aldrich (Germany). Cholesterol was purchased from

TCI (Japan). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG2000)

was purchased from Lipoid GmBH (Germany). Ethanol (>99,8 %),
Methanol (>99,9 %), acetonitrile (for HPLC, gradient grade, > 99,9 %),
Acetic acid (for HPLC, gradient grade, 99 %) and phosphate-buffered
saline tablets (PBS, pH 7.4) were purchased from Sigma-Aldrich (Ger-
many). Chitosan (CS) high molecular weight and hydroxyethyl-cellulose
(HEC) were purchased from Sigma-Aldrich (Germany). Sodium Hya-
luronate from Bacteria (HA) was purchased from TCI (Japan). CUR
[hydroalcoholic extract from Curcuma Longa L., rhizome; purity 95.0 %
by HPLC] and RSV [wrans-3,4',5-Trihydroxystilbene; hydroalcoholic
extract from Polygonum cuspidatum, Siebold et Zucc., roots; purity 99.0
% by HPLC] was produced by Giellepi SpA (Seregno, Italy) and kindly
gifted by Labomar SpA (Istrana, Italy). The chemical structures can be
seen in Fig. 1.
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Table 1

Molar ratio and FRR of Cur-LPs formulations.
Formulation code DMPC DSPE-PEG Cholesterol FRR
LPA-C 1:1 2 1 1.5 1:1
LPA-C 3:1 3:1
LPA-C 5:1 5:1
LPB-C 1:1 4 1 2.5 1:1
LPB-C 3:1 3:1
LPB-C 5:1 5:1
LPC-C1:1 1 1 1 1:1
LPC-C 3:1 31
LPC-C 5:1 5:1

2.2. Manufacturing of lipid nanoformulations

CUR-LPs were prepared using the dolomite MF system, consisting of
two separate pressure chambers, mitos flow sensors (0.2-5 ml/min) and
a system controller. The diamond-shaped chip used is made of Pla-
SCLEAR resin from ASIGA and developed using a 3DP technology as
reported in previous work from our lab (Sommonte et al., 2022). The
MFs parameters followed in this study have been fine-tuned based on
previous works (Ballacchino et al., 2021; Jaradat et al., 2023). Keeping
the mass ratios between the phospholipids and cholesterol (2:1)
different ratios between DMPC/DSPE-PEG/cholesterol, are investigated
(Table 1) to optimize the best formulations for curcumin loading in
terms of particle size, homogeneity, stability over the time and entrap-
ment efficiency. According to the work of Ballacchino and co-workers,
the best lipid for CUR encapsulation is DMPC, in terms of small size,
homogeneity, and stability (Ballacchino et al., 2021). Phospholipids and
CUR at 0.1 mg/ml (w/v) were dissolved in ethanol and sonicated for 2
min to guarantee complete solubilization. The lipid phase located in one
of the two chambers, and the phosphate buffered saline, prepared at pH
6.5 to ensure better stability of CUR, is inserted in the second one as the
aqueous phase. The ratio between lipids was chosen according to the
best composition between the materials using for pegylated liposomes
preparation described in previous works (Mare et al., 2018; Moiseev
et al., 2022). Different flow rate ratios (FRR; e.g., 1:2, 1:3, 1:5 ethanol:
water ratio) are investigated with the same total flow rate (TFR) of 1 ml/
min. According to Jaradat et al., (2022) a TFR of 1 ml/min produced
liposomes based on DMPC that were smaller and exhibited better sta-
bility (Jaradat et al., 2022). Ethanol was chosen as a solvent, as it is able
to solubilize both phospholipids and CUR and is compatible with ocular
administration, preferably employed at low concentrations. To ensure
maximum removal of the solvent and unencapsulated curcumin, puri-
ficative dialysis was adopted for all formulations. For empty liposomal
synthesis, CUR was omitted from the formulation. Lipids were combined
in ratios reported in table below, as to maintain 1 mg/ml total lipids in
the formulation and a 2:1 ratio of phospholipids to cholesterol. Every
formulation was prepared 3 times to allow for a statistical analysis.

2.3. Characterization of lipid nanoparticles

2.3.1. Particle size, polydispersity index and {-potential

Liposomes were characterized by determining the average particle
size, polydispersity index (PDI), and zeta ({) potential (ZP). The analysis
was conducted using the dynamic light scattering (DLS) Nanobrook
Omni™ particle sizer (Brookhaven Instruments, Holtsville, NY, USA).

Table 2

Different mixtures ratio HA/CHIL.
Sample HA CS
M1 1 1
M2 1 2
M3 1 4
M4 1 6
M5 1 8
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Each measurement was carried out in triplicate at 25 °C. 20 pL of the
samples were 1:100 diluted with PBS (pH 6.5) and placed into BI-SCP
plastic cuvettes. Both empty LPs and CUR-LPs were analysed. Each
measurement was made in triplicate.

2.3.2. Stability studies

Stability tests were performed on the LPs and CUR-LPs for up to four
weeks. The samples were split into three batches and stored at room
temperature (RT) and 5 °C, to mimic storage conditions and at 37 °C to
mimic body conditions after administration. Particle size, PDI, and ZP
were measured every week for up to 4 weeks, as previously described in
section 2.3.1.

2.3.3. Encapsulation efficiency (EE%) and in vitro release

The dialysis method was used to study the EE% of the drug into the
CUR-LPs. Before analysing the samples, dialysis tubes (cellulose mem-
brane, avg. flat width 10 mm, 0.4 in, MWCO 14.000, from Sigma
Aldrich, Germany) were hydrated and sterilized using boiling water.
Then, 1 mL of the CUR-LP solutions (LPA-C 3:1 and LPB-C 3:1) was
loaded into the tubes and soaked in 7 mL of medium (PBS pH 6.5/ MeOH
at a ratio of 70:30 ratio and Tween 80 at 0.5 % w/v) to help solubili-
zation of CUR. After 30 min, 500 pL of the outer liquid was collected and
placed in vials suitable for high-performance liquid chromatography
(HPLC). Analysis was carried out in triplicate and referred to a blank.
The free CUR was quantified by Ultraviolet (UV) High-Performance
Liquid Chromatography (UV-HPLC, 1220 Infinity LC™, from Agilent
Technologies, CA, USA) that was used to evaluate the unencapsulated
CUR in each sample at 425 nm using a C18 column (250 mm x 4.6 mm,
from Thermo Scientific, MA, USA). Each sample underwent an 8 min
elution gradient consisting of two solvents: (A) acetonitrile (ACN), and
(B) 3 % v/v acetic acid in water. A 66:34 ratio between solvent A and B
was employed. The overall flow rate used was 1 mL/min with a sample
injection volume of 50 pL. Results were related to a calibration curve
obtained for CUR in methanol which was linear in the concentration
range 0.098-50 pg/mL (R? = 0.9997) evaluating the resulting peaks. Eq.
(1) was used to calculate EE%.

ugofCURadded — ugoffreeCUR o

0, =
WEE 11gofCURAdded

100 @

The same method was used to perform the in vitro release. Before the
analysis Cur-LPs were purified to remove excess of CUR unencapsulated
following the method above. After 30 min purified CUR-LPs were placed
into dialysis tubing and placed into 7 ml of medium at 37 °C to initiate
release data. 0.5 ml Aliquots were taken at 0, 0.5, 1, 2, 3, 4, 6, 8, 24, 48,
72, 168, 240, and 336 h, replacing the external media with 0.5 ml of
fresh PBS at 37 oC after each 0.5 ml aliquot, to maintain sink conditions.
CUR in each withdrawal was quantified with HPLC according to the
method described above.

2.3.4. Fourier-transformed (FT-IR) Infrared spectroscopy

FT-IR was utilized to further delineate the materials existing within
the formulation. Analysis was undertaken using an attenuated total
reflection (ATR) module-FTIR spectrometer (Thermo fisher scientific,
Nicolet IS50 FTIR with built in ATR) on materials (DMPC, DSPE-PEG,
Cholesterol and CUR) and LPs and CUR-LPs solid samples obtained by
centrifugation (30 min at 14,000 rpm). Samples were measured over a
wave range of 4000-600 cm !, over 64 scans at a resolution of 4 cm ! at
an interval of 1 cm™!. Any background absorption was subtracted prior
to analysis.

2.4. Scaffold preparation and characterisation

2.4.1. Hydrogels and scaffold Manufacturing
For the optimization, several formulations and combinations of
hydrogels were prepared and tested to obtain the most suitable
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printability for coaxial 3D printing. For bulk hydrogels preparation,
separate solutions of sodium hyaluronate in water 1.5 % and chitosan 3
wt% were prepared in 1 % (v/v) acetic acid solution and then mixed at
different ratio (Table 2). After stirring the mixture, the precipitates were
left 2 h at room temperature to form the PEC. NaCl at 0.8 M was added to
the complex to promote a better sol-gel transition and formation of PEC
without aggregates for salt-in behaviour (Kundu et al., 2010). RSV was
added to the mixture at 1 mg/ml.

To form the inner core the hydrogel of CUR-LPs was prepared. Briefly
CUR-LPs was purified by dialysis method to remove the unencapsulated
CUR. The CUR-LPs formulation was made suitable for 3DP in terms of
viscosity, using 3 % w/v of HEC.

2.4.1.1. Rheological analysis. Rheological properties of the hydrogel
formulations (Table 2) were investigated using a rotational rheometer
(HAAKE™ MARS™, Thermo Fisher Scientific, USA) with a parallel plate
geometry (P35/Ti, Thermo Fisher Scientific, USA) of 35 mm diameter.
According to the protocols of Moroni et al., the shear rate, frequency
sweep, amplitude sweep, and three-interval thixotropy test (3ITT) were
performed at 25 °C, in triplicates for each mixture (Moroni et al., 2023).

2.4.2. 3D printing

The scaffolds prepared following the computer-aided design (CAD)
of Fratini et al., using the same procedure of coaxial 3D-printing (Fratini
etal., 2023). The aim is to obtain a hydrogel scaffold that will be cut into
smaller sizes for intravitreal surgical repositioning for personalised
treatment. Printing parameters have been fine-tuned to obtain the best
visual printability; 25 PSI and 75 PSI were chosen as the optimal pres-
sure values for the hydrogel in the filament’s core and shell, respectively
(1 PSI=6.894 kPa). The inner core of the filament embodies CUR-LPs
and HEC, while the outer shell is represented by a hybrid HA/CS
hydrogel. After printing, the scaffolds were soaked for 15 min in a
NaOH/EtOH solution (NaOH 1 M in EtOH 96 %) to let the cross-linking
reaction occur. Scaffolds were stored at 4 °C to avoid dryness.

2.4.3. FT-IR

Chemical structures of HA, CS, HEC, RSV, CUR, and spectra of blank
and CUR-LPs as well as the final dry scaffolds were analysed using the
same approach as described above.

2.4.4. Morphological evaluation of hydrogel scaffold

The examination of scaffolds’ dimensions, and the distribution of
inner core of CUR-LPs were evaluated trough microscopical analysis
performed with a Leica Microsystems EZ4W microscope on the hydrogel
scaffold after printing and before cross-linking process.

2.4.5. Mechanical studies

Compression tests were performed on the cross-linked scaffolds with
a MultiTest 2.5-dV™ from Mecmesin (West Sussex, UK) equipped with a
300 N load cell. Tests were conducted at a constant rate of 5 mm/min at
room temperature and a total of five samples were tested. Data was
collected as Force vs Displacement and then plotted as stress and strain.
The Young’s Modulus (YM) was determined from engineering stress/
strain curves and evaluating the slope of the linear region’s trend line.

2.4.6. Swelling ratio, water content and degradation

The scaffold’s swelling capability and water content were evaluated
over time. Dried scaffolds were weighed (m;) and then placed into 7 mL
of PBS (pH 7.4) at 37 °C. At different time points (e.g., 1, 2, 4, 8, 24, 48
and 72 h), the scaffolds taken out from the medium, excess PBS was
gently removed, and then reweighed (mg). Analysis was carried out in
triplicate. To calculate the swelling ratio (SWR %) and the scaffold’s
water content (WC %) the Egs. (2) and (3) were used.

SWR(%) = %}l)m(l)] x 100 )
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weio) — mis) —m)]

m(s)
Mass loss (ML%) was instead used to assess the degradation rate. The dry
scaffolds were weighed (mi) and then placed into 7 mL of PBS (pH 7.4) at
37 °C. At each time point (e.g., 24, 48, and 72, 168, 336 h), the scaffold

was removed from the medium, let dry overnight, and reweighed (md).
The percentage of mass loss was calculated using Eq. (4).

[m(i) —m(d)]
m(i)

x 100 3

ML (%) = x 100 &)

All tests were carried out in triplicate.

2.5. Drug loading

To verify the amount of CUR and RSV loaded into the scaffold, the
final crosslinked 3D printed scaffolds were dissolved into 10 mL of PBS
(pH 7.4) 4 % of acetic acid and 1 % of methanol at room temperature
and under mild stirring, following the procedure of Lazaridou et al.
(Lazaridou et al., 2024). After the scaffold was destroyed, 500 pL sample
was collected and analysed after centrifugation to remove eventual
piece of undestroyed scaffold. CUR was quantified according to HPLC
method described in section 2.2.4.

RSV was quantified according to a method modified by Zingale et al.,
(Zingale et al., 2024). Ultraviolet (UV) High-Performance Liquid Chro-
matography (UV-HPLC, 1220 Infinity LC™, from Agilent Technologies,
CA, USA) was used to evaluate RSV in each sample at 310 nm using a
C18 column (100 mm x 2.1 mm, from Thermo Scientific, MA, USA).
Each sample underwent a 15 min elution gradient consisting of two
solvents: (A) acetonitrile (CAN), and (B) water. A 17:83 ratio between
solvent A and B was employed. The overall flow rate used was 0.300 mL/
min with a sample injection volume of 5 pL. Results were related to a
calibration curve obtained for RSV in 30:70 EtOH/PBS which was linear
in the concentration range 2.5-30 pg/mL (R? = 0.9975) evaluating the
resulting peaks. The results for drug content of each molecule in the final
scaffold are reported as the weight of drug (pg) and as an average of four
replicates.

2.6. In-vitro drug release

Drug release studies were performed in PBS dissolution medium
(0.01 M, pH 7.4) under sink conditions at 37.0 + 0.5 °C. Static diffusion
method was applied for the analysis. All scaffold formulations were
immersed into vials containing 10 mL of medium and supernatant
samples were withdrawn at specific time points (0.5, 1,2 h, 4,6 h, 24 h,
48 h, 72 h, 168 h, 240 h, and 336 h), followed by the replenishment of
the withdrawn medium volume. Both drugs are quantified in each
withdrawn following the same HPLC method for CUR and RSV quanti-
fication, respectively.

2.7. Cell viability assay

HRMECs (Innoprot) were seeded on fibronectin-coated culture
dishes in Endothelial cell media (ECM, Innoprot), until confluency was
reached. A no-scaffold culture dish was used as control, when investi-
gating cell viability. After placing the scaffolds in the culture dishes,
fresh media was added on the cells HRMECs were exposed for 72 h to the
scaffold before assessing for cell viability. Cells were then washed with3
times with 1X PBS and fixed for 15 min at room temperature with 4 %
formaldehyde (ThermoFisher Scientific). After fixation, cell nuclei were
stained with Hoechst nuclear staining (ThermoFisher Scientific) for 15
min at RT. Cells were washed once with 1X PBS and then imaged with
the Leica DMi8 inverted microscope.
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Fig. 2. Physicochemical characterization of empty LPs (LPA 3:1 and LPB 3:1) and CUR-LPs (LPA-C 3:1 and LPB-C 3:1) in terms of (A) size, (B) PDI and (C) ZP.

2.8. Statistical analysis

Experiments were conducted on several samples (n) bigger or equal
to three (n > 3). All data, where possible, are expressed as mean +
standard deviation. One-way ANOVA analysis was used to determine
significance using Prism 9 software, with p <0.05 used to determine
significance.

3. Results and Discussion
3.1. Liposomes
3.1.1. Physicochemical and technological characterization
The MFs approach offers the ability to produce size-controlled and

homogeneously dispersed liposomal vesicles through the self-assembly
of phospholipids during the process. The selection -criteria for

A)

materials are based on curcumin encapsulation and achieving a small
size suitable for retinal delivery.

Among all the investigated formulations reported in Table 1, only
LPA 3:1 and LPB 3:1, were chosen as the ideal compositions to proceed
with, based on technological parameters and reproducibility. The
average size of the LPs was 168.64 + 5.55 nm for LPA 3:1 and 154.01 +
4.03 nm for LPB 3:1. In a normal condition neutral liposomes with a size
of less than 100 nm allowed for a passage of the vitreoretinal interface.
In case of DR, nanoparticles with a size until a 300 nm cross the vitre-
oretinal interface due to inflammation in Inner Limiting Membrane
(ILM). Considering that LPA-C 3:1 and LPB-C 3:1 could cross ILM ac-
cording to their size, neutrality and pegylation that better allows the
vitreo-retinal passage (Tavakoli et al., 2020). They are characterized by
a quite homogeneous size distribution indicated by PDI which was equal
to 0.175 £ 0.060 and 0.167 + 0.030, respectively and a slightly nega-
tive {-potential for the presence of DMPC and DSPE-PEG equal to
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Fig. 3. Stability studies in terms of size, PDI and ZP of (A) LPA-C 3:1 and (B) LPB-C 3:1 at different storage condition (4) °C, 21 °C and 37 °C respectively assessed up

to 4 weeks.
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—10.20 + 0.81 mV for LPA 3:1 and —9.57 + 1.01 mV for LPB 3:1. CUR
was included in the formulation to reach final concentration above 50
pM. At a concentration above 50 pM CUR strongly reduced the prolif-
eration of retinal cells (Hollborn et al., 2013). The inclusion of CUR
inside the liposomes does not induce significant changes, with only a
slight decrease in the average size. This is likely due to an interaction
between the flexible lipid chains and CUR, which probably aids in
forming more compact and stable particles by reducing the interlamellar
spacing and causing bilayer thinning (Weaver et al., 2024). PDI remains
below 0.2 and ZP remains almost unchanged (Fig. 2).

3.1.2. Stability studies

Stability studies are conducted on formulations to monitor any
changes over time (Fig. 3). The evaluation should consider that formu-
lations may be stored at different temperatures, and monitoring should
also account both for the transition from storage and the temperature of
ocular target site. The temperature of the eye ranges from around
30-34 °C, being lowest in the anterior part and gradually increasing
towards the posterior (34 °C and 35 °C for the vitreous and retina,
respectively), not exceeding 37 °C. A stability test conducted at 37 °C
ensures that the formulation’s behaviour under vitreous temperature
conditions is adequately assessed.

The formulations tested under different conditions are stable. Visu-
ally, no macroscopic instability phenomena are observed. After 4 weeks,
there is a slight increase in the size of LPA-C 3:1, which is more signif-
icant for storage at 21 °C than at 4 °C. Pegylated liposomes tend to be
more stable due to the hydrophilicity of PEG, which forms a surface
corona through covalent bonds, creating a hydrophilic layer that pre-
vents aggregation (Jaradat et al., 2023; Weaver et al., 2024). The
formulation does not exceed the 500-nanometer threshold, which is
crucial since the barrier meshwork between the vitreous humor and
retina is of this size. For better delivery, smaller sizes are generally
desirable (Tavakoli et al., 2020). The LPB-C 3:1 formulation shows good
stability until the end of the tested period. After 4 weeks, there is a
significant size increase at 21 °C and 37 °C. In terms of PDI and ZP, the
LPA-C 3:1 formulation is more stable, as no significant changes are re-
ported. Both formulations demonstrate good homogeneity with a PDI of
less than 0.3. However, there is a decrease in ZP after two weeks for the
LPB-C 3:1 formulation, shifting from around —10 mV to approximately
—20 mV. This increases in the negative value, compared to the value
observed at time 0, could be due to CUR being released from the lipo-
somes into the medium. The zeta potential of curcumin alone is —20.18

+ 0.46 mV, which supports this observation. This trend is not seen in the
blank formulation (Figure S1, Supplementary materials), confirming
that the increase in anionic charge is likely due to the release of the
active ingredient. The CUR release could also lead to precipitation as
crystals, resulting in aggregates that increase the average particle size
after 4 weeks.

3.1.3. EE% and in vitro release

Evaluation of encapsulation efficiency (EE%) is crucial to understand
the capacity of liposomes to retain a certain amount of drug, ensuring
proper concentration for treatment and minimizing drug wastage during
preparation. The calculated EE% was 96.24 + 1.59 % and 92.93 + 4.88
% for LPA-C 3:1 and LPB-C 3:1, respectively, as shown in Fig. 4A. This
high embedding efficiency aligns with previous studies using the same
microfluidic preparation method (Ballacchino et al., 2021). The high
efficiency within the liposomes is attributed to their effective retention
of CUR, likely due to its interaction with the phospholipids, particularly
DMPC (Jaradat et al., 2023; Sahu and Mishra, 2021). Short-chain
phospholipids and the amount of cholesterol enhance the entrapment
of a hydrophobic drug by increasing the membrane’s hydrophobicity
(Jaradat et al., 2022). Additionally, positioning lipophilic drugs in the
core allows for greater encapsulation (~90 %) due to the larger space of
the liposomal core compared to the hydrophilic matrix available for
hydrophilic drug accommodation (Jalili and Saeedi, 2016).

Assessing drug release under conditions that mimic physiological
conditions is crucial for predicting in vivo performance and drug sta-
bility in a simulated environment over time. Many factors influence
liposome release, such as cholesterol content, temperature, and pH of
the medium, salt concentration, the nature of the drug, and membrane
composition (Tamam et al., 2019).

In the first 24 h, less than 30 % of the drug was released from LPA-C
3:1, and around 20 % was released from LPB-C 3:1 (Fig. 4B). The initial
burst release at 6 h, with a release of around 15 % and 12 % respectively,
is related to the concentration difference between the external medium
and the liposome core containing CUR. This difference allows a
controlled release of CUR in the following hours. This release is likely
facilitated by the PEG corona covalently linked to the liposome surface,
which delays the release of CUR. The release is controlled for 2 weeks
(336 h), with 36 % of the total CUR content released from LPA-C 3:1 and
around 50 % from LPB-C 3:1. The larger amount of CUR released by LPB-
C 3:1 after 168 h is consistent with the stability study results, where the
zeta potential decreases after 2 weeks of storage, further confirming the
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mixture after flipping.

release of CUR. This percentage could be further prolonged due to the
viscous nature of the vitreous humor, which slows down the dissolution
of liposomes.

Long-term release is important since DR is a chronic disease
requiring long-term therapies. Rapid release increases the risk of side
effects, reduces patient compliance due to the need for repeated
administration, and increases healthcare costs. Liposomes act as a long-
release system for at least 14 days, as reported by other studies (Fratini
et al., 2023). As expected, a 2:1 ratio of phospholipids to cholesterol in
liposomes helps achieve controlled drug release over time, as previously
investigated by Briuglia et al. (Briuglia et al., 2015). The concentration
of CUR released in the last 2 weeks by both formulations is sufficient for
the therapeutic effect of the Sirtl protein agonist, so both formulations
should be continued as suitable for the purpose of the work.

3.1.4. FT-IR analysis

The characterization of the liposome formulations using FTIR was
conducted to perform a comparative study between the phospholipids
and formulated liposomes, both loaded (LPA-C 3:1 and LPB-C 3:1) and
unloaded (LPA 3:1 and LPB 3:1) (supplementary materials; Figures S2
and S3, respectively). The main peaks identified in the analysis are
consistent with those reported in the literature and are represented in
Table S1 of the supplementary materials.

As shown in supplementary materials (Figures S2 and S3), the
spectra of blank liposomes are superimposable with those of CUR-
liposomes. All liposome preparations display similar spectra with
characteristic peaks between 2900 cm™! and 2800 c¢m™!, indicating
—-CH3 and -CH2 stretching vibrations, respectively, suggestive of the
acyl chain flexibility of the lipids used (Briuglia et al., 2015). The peak of
CUR around 3500 cm ! related to phenolic O-H (Ismail et al., 2014)
disappeared in the spectra of CUR-LPs indicating probably a good
encapsulation of the molecule inside the LPs (Zingale et al., 2022). After
encapsulation with CUR, a shift was observed in the symmetrical C-H

stretching region with a reduction in peak intensity in the C-H stretching
region and disappearance of a peak at 3016 cm ™. Also, slight changes in
the region of phosphate group (1300-900 cm !) are evident. The
possible interaction of CUR with phospholipids means that the polar
head groups of lipid molecules are more separated from each other and
have greater freedom of movement (Duda et al., 2020). All experimental
wavenumber for each FT-IR spectra is reported in Table S1 in SI.

3.2. Hydrogel scaffolds

3.2.1. Hydrogel mixtures evaluation

The primary aim is to create a hydrogel scaffold composed of highly
biocompatible and biodegradable materials. Using HA and CS allows for
a soft, deformable system suitable for intravitreal repositioning. HA, a
component of the vitreous humour, is rarely used alone and is often
functionalized (e.g., as methacrylate) to enhance its mechanical prop-
erties (Fan et al., 2020). Its high compatibility and transparency make it
an ideal candidate for intravitreal scaffolds. To address its poor me-
chanical properties, we chose to form a PEC with CS. CS, a natural
material, is known for its biodegradability and adhesive properties,
which help prevent the implant from migrating toward the anterior
chamber. This advantage is typical of many implants. Forming the
bioink from chitosan and HA without prior chemical modifications is
challenging. As reported by Mais-Fernandez et al., the printability of the
formed hydrogel is a significant challenge (Maiz-Fernandez et al., 2021).
The pH, salt concentration, and molecular weight of the materials can
influence the stability and printability of the bioink (Khoonkari et al.,
2023). To promote electrostatic interactions between the carboxylate
groups (-COO-) of HA and the amine groups (-NH3 + ) of chitosan, the
pH was adjusted to acidic during preparation to maximize the ionization
of both polyelectrolytes. Adding NaCl was used to enhance the forma-
tion of the complex by increasing salting-in phenomena and improving
material interactions (Khoonkari et al., 2023). FT-IR spectra, reported in
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Fig. 6. Printed scaffold with mixtures a) M1 1:1 (HA/CS); b) M2 1:2 (HA/CS); ¢) M3 1:4 (HA/CS); d) M4 1:6 (HA/CS); e) M5 1:8 (HA/CS) and CUR-LPS+3% of HEC.
Cross-linked scaffold after cross-linking (f) up view and (g) lateral view. Dried scaffold after cross-linking (h) and (i).

the supplementary materials (FigureS4), confirmed the formation of a
PEC between chitosan and hyaluronic acid due to a slight shift in the
amine bond bands (3300 cm_l), indicating interactions between the
polysaccharides (Barroso et al., 2019). This trend was not observed
under different conditions, such as without salt addition, confirming
that specific conditions are crucial for complexation.

Rheological studies were conducted for each mixture presented in
Table 2 before printing. As shown in Fig. 5A, all mixtures exhibited
shear-thinning behaviour, characterized by a decrease in viscosity as the
shear rate increased. Mixtures M3 and M5 presented high viscosity, with
M5 demonstrating the highest linearity, showing a very linear curve
with increasing stress and maintaining higher viscosity than others. The
increasing amount of chitosan in M5 resulted in higher viscosity due to
chitosan’s gelling properties and provided a good shear-thinning effect,
a fundamental requirement for achieving good printing performance
and avoiding the collapse of the printed scaffold (Cho et al., 2006).

All mixtures exhibited a similar trend in which G* was higher than
G’ (supplementary materials figure S5). Both values tended to increase
as the concentration of CS in the mixtures increased (Cho et al., 2006).
G’ represents elastic behaviour, while G** represents viscous behaviour.
Except for M1, which reported a G’* value higher than G’, likely due to
inadequate interaction between materials, the other mixtures showed a
G’ curve consistently higher and visually distinct from the G’ curve. Gel
and elastic behaviour predominated in all mixtures, indicating strong

gel formation optimal for preventing scaffold collapse after printing. It is
interesting to note that rheological studies related to vitreous humor
also reported a viscoelastic behaviour, with G’ higher than G’ (Cho
et al., 2006).

The 3ITT test provided essential information on the recovery rate
after extrusion, which is associated with mould fidelity. Therefore, vis-
cosity was analysed over time with different shear values applied to
simulate different stages of the printing process. Specifically, the re-
covery capacity was determined at three intervals with low, high, and
low shear values, simulating respectively: the resting phase before the
printing process, extrusion, and the period immediately after the
printing process. Although all blends exhibited very good recovery
values, the M5 blend (Fig. 5B) demonstrated, in line with the previous
rheological results, excellent formation of a transparent and viscous gel
suitable for high-quality printing (see Fig. 5C). Moreover, for intravitreal
implants, transparent materials may be preferred over opaque materials
(Garcia-Estrada et al., 2021).

3.2.2. 3D printed hydrogel scaffolds

Different mixtures with different HA:CS ratios (1:1, 1:2, 1:4, 1:6 and
1:8) are tried and printed as shown in Fig. 6(a-e). Implants were
designed by Tinkercad and manufactured by an extrusion method by
coaxial 3DP. The only mixture that retained its structure after being
printed without collapsing was the HA:CS with 1:8 ratio.

Fig. 7. Inside of the scaffold after all printing (A), after first layer (B) and (C)filament inside of CUR-LPs.
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Fig. 8. A) Scaffold’s swelling (%) through time; B) Scaffold’s mass loss (%) and (C) visual observation of scaffold in PBS after 336 h.

RSV was embedded in mixture at a concentration of 50 pM. RSV at
concentrations of 50 pM was protective in retinal cells against cell
proliferation, migration, and fibronectin synthesis, typical of advanced
stages of diabetic retinopathy through the regulation of a Sirtl-related
pathway (Cao et al., 2020; Ishikawa et al., 2015).

The condition (printing pressure: 25.1 PSI inner core and 74.6 PSI
outer core at 25 °C) was selected as optimal printing condition to obtain
scaffold as in Fig. 7e and applied in later experiments as a better printing
result can be enabled under this condition.

Once the scaffold is obtained, it needs to be cross-linked to obtain a
solid structure that can be managed for subsequent studies. One of the
most used solutions of multivalent ions of opposite charge, CaCl; is the
one most used to promote crosslinking of HA with polymers by covalent
bonds, such as CS in our case (Khunmanee et al., 2017). The trial did not
yield any results probably due to the lower proportion of HA in the
mixture. Glutaraldehyde acting as a cross-linker for CS made it possible
to obtain a more structured scaffold. To avoid using glutaraldehyde, a
NaOH/EtOH solution was tried for placement in ocular tissues, with
very good results. Following the work of Lazaridou et al., this solution
helps the cross-linking of structures with CS, and it is an optimal alter-
native to conventional use of dialdehydes which presents cytotoxicity
and biocompatibility issues (Lazaridou et al., 2024). Only in the mixture
with a ratio of 1:8 HA/CS was it possible to achieve cross linking of the
layers (Fig. 6f) without affecting the inner liposome core and to avoid a
degradation of the curcumin liposomes (from yellow to red colour
change of curcumin that degrades in basic environments) Fig. 6g. The
hydrogel obtained from the HA/CS 1:8 polyelectrolyte complex provides
protection of the inner layers of the scaffold. The efficiency of the
crosslinking can be observed in Fig. 6h and 6i in which the scaffold is
detached from the petri dish where it was printed and a precise (Fig. 6h)
and deformable (Fig. 6i) scaffold is evident. At alkaline pH values amino
groups are deprotonated, which induces CS polymer precipitation and
formation of easily manipulated gels that can be used as matrix material
to build tridimensional scaffolds to be implanted in vivo (Martin-Lopez
et al., 2012). The use of the light microscope made it possible to detect
the presence of the inner filament consisting of CUR-LPs as shown in
Fig. 7. Staining of the liposomes was not necessary as CUR is a visibly
detectable molecule and allowed sharp images of the inner filament to
be obtained. It is homogeneously distributed in all layers within the HA/
CS hydrogel matrix after the printing process, which did not affect the
liposome structure.
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Filament homogeneity and uniformity are important parameters that
need to be considered. The pore size of the scaffold has an average
diameter of 3.66 mm =+ 0.28 mm, based on eight samples tested. The
theoretical value is 4 mm. The actual size is 91.5 % of the theoretical
value, representing a good result for a multilayer structure composed of
hydrogels, which are exposed to swelling and deformability during 3D
printing process due to their nature.

3.2.3. FT-IR analysis of the 3DP scaffolds

FT-IR analysis is important here to define the formation of the
polyelectrolyte complex in the HA-CS mixture, which was reported in
supplementary materials (Figure S6). In this section, an analysis made
on three different locations of the scaffold under investigation will be
shown to assess the homogeneous distribution of the materials. As re-
ported also in the table S2 in supplementary materials, the characteristic
peaks of chitosan appear at 1648.17 cm ! and around 1500 cm ™! (small
peaks) corresponding to amide I and amide II bands, respectively. It also
shows the twisting of ~CH2 group at 1374.24 cm ™! and C-N stretching at
1311.28 cm ™. The amide I and amide II bands of HA are observed at
3279 cm™1 and 1604.19 cm™! respectively, the asymmetric and sym-
metric stretching of carboxylate group appears at 1604.19 cm ™
1405.35 as well as C-N stretching at 1375.32 cm ™. There is a shift be-
tween 3289.49 (CS) corresponding to stretching vibration of free amine
(-NH2) and hydroxyl (-OH) groups and the same for the peak at
3272.69 cm ! of HA when they are in mixtures. There is an overlapping
of the peaks and a shift when the mixture is present and even more
evident in the scaffold under analysis. The interaction means that there
is a single peak around 3342 cm™! by interaction of the two molecules
forming the PEC (Martin-Lopez et al., 2012). The same is reported for
the peak at 1648.17 cm ™! corresponds to Amide I (RC=0-NH2) proper
to CS appeared slightly displaced in the mixtures which were presum-
ably related to the formation of weak electrostatic bonds with HA. The
observed overlap of CS and HA bands suggests the involvement of both
polysaccharides in HA/CS systems. The interaction found in the mixture
(Figure 28I) is also evident in the spectra of the final scaffold where three
points are randomly analysed and in which the maintenance of inter-
action may be attributed to increased interpenetration during the layer-
by-layer deposition after printing. In the fingerprint region (900-1500
cm 1) the mixtures exhibited bands at a lower wave number compared
to the CS or HA individual molecules, indicative of the weak electro-
static bond formation (Barroso et al., 2019).
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The RSV peaks are not visible as they fall within the peak of the
mixture in particular the peak the distinctive peak at 3177.83 ecm ™},
characteristic of phenolic compounds and at 1604.75 cm™! typical of
C-C aromatic double bond stretching. Concluding, the FTIR data
(supplementary material; Figure S6) shows three completely over-
lapping spectra indicating that all materials are homogeneously
distributed within the scaffold. The absence of this peak, as observed for
CUR-LPs, indicates that RSV and CUR are well incorporated into the
mixture. The peaks of the zone of analysis in the scaffold are reported in
Table S2 together with a mean peak of raw materials.

3.2.4. Swelling ratio and degradation

The dry scaffold exhibited a notable swelling capability immediately
after 1 h of being soaked in 7 mL of PBS at 37 °C, reaching a maximum
peak of 120.58 + 10.03 % of swelling after 24 h (Fig. 8A). The total
water content was assessed to be 54.60 £ 2.11 %. It is crucial that the
implant does not undergo excessive swelling, as it could pose risks such
as increased pressure in the vitreous chamber, inflammation, fragmen-
tation with migration, and discomfort (Roh et al., 2018).

However, hyaluronic acid-based hydrogel resulted in a soft and safe
material for intravitreal implantation, with biodegradation depending
on material modifications. After 24 h, a plateau in the swelling trend is
observable until a trend reversal occurs due to the degradation process
taking place. We anticipated these results since no modifications were
made to HA (Avitabile et al., 2001). This can be confirmed by evaluating
the scaffold’s mass loss over time (see Fig. 8B). The scaffold becomes
thicker but maintains its structure until the final analysis, as reported in
Fig. 8C.

It’s interesting to observe, from video S1 provided, that the scaffold,
although folding upon placement in an aqueous environment such as
could be the vitreous humor of the eye, maintains its original shape. This
observation is very interesting because, in the scenario of minor surgery
requiring folding and positioning of the scaffold at the target site, it
would regain its original shape once placed there.

3.2.5. Mechanical evaluation of the scaffolds

The 3D-printed scaffolds underwent compression testing to investi-
gate their mechanical properties, specifically their Young’s Modulus (E),
which was determined as the slope of the linear segment of the
stress-strain curve and was found to be 1.12 4+ 0.087 MPa. CS typically
exhibits a Young’s Modulus ranging from 7.06 MPa to 9.5 MPa
depending on its molecular weight (Bentley et al., 2022; Le et al., 2012).
However, studies have shown that when combined with other materials
such as HA, this value tends to decrease, rendering the scaffold stiffer
and more elastic. A low Young’s Modulus indicates that the scaffold
possesses elastic properties, undergoing significant (elastic) deformation
under relatively low loads. The scaffold demonstrates high flexibility, as
depicted in Fig. 8. The selected printing mixture yielded hydrogels with
flexible drug delivery properties, crucial for optimal implant
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repositioning during intravitreal surgery. Nonetheless, it is essential for
the mechanical strength to remain intact to facilitate implant placement
and drug delivery without significant bending or breakage of the
implant system, thereby ensuring the scaffold’s elastic behaviour allows
it to withstand pressure during implantation without deformation
(McAvoy et al., 2018).

3.2.6. Drug loading and in vitro release

The in vitro release test is essential for evaluating whether the
amount of drug released is adequate to produce a therapeutic effect.
Obtaining results directly comparable to in vivo tests, especially for
implants designed for posterior eye delivery, presents challenges, but
efforts are made to closely simulate the physiological environment
(Adrianto et al., 2022). In our case, with a dual-loaded drug exhibiting
different localizations, it is crucial to assess the actual release of the two
molecules over time. A static diffusion test was adopted to best analyze
both drugs from the scaffold, considering the degradation nature of the
scaffold itself, and PBS at a pH of 7.4 was used as a medium to better
simulate the conditions of the vitreous humor (Adrianto et al., 2022).
Fig. 9 reported the release pattern observed for both molecules from the
scaffold. The amount of RSV found within the scaffold in the hydrogel
matrix of HA/CS is 190.30 £ 3.01 pg, and that of CUR is 3.40 & 1.07 pg.
The release of RSV from the scaffold commences at 30 min, with
approximately 20 % released, reaching a maximum release after two
weeks of 93 %. This aligns with the swelling activity observed at 1 h,
suggesting that the rapid release of RSV may be related to this phe-
nomenon. The quantity of RSV released within the first 30 min is already
sufficient to activate Sirtl. Cao et al., (2020) reported that concentra-
tions as low as 30 pM, administered via intravitreal injection, are
effective in restoring the activity of Sirtl in retinal ganglion cells (Cao
et al., 2020). In contrast, the release of CUR is slow, involving an initial
release from the liposomes followed by subsequent release from the
hydrogel as it degrades through swelling or flaking. CUR release from
the scaffold initiates at 24 h, indicating delayed drug release, with only
4.78 % released before 24 h. The release gradually increases to 28.28 %
by 336 h. Additionally, the amount of CUR released starting from 48 h
(11 % cumulative release) is sufficient to activate Sirtl. A concentration
of 1 pM CUR is adequate to enhance Sirtl regulation, and the concen-
tration released by our scaffold surpasses this requirement (Yang et al.,
2013). The dual and differential localization of the two drugs enables an
initial release of RSV, which, as a potent Sirtl agonist, exhibits anti-
inflammatory action. As CUR is released, it contributes to antioxidant
effects and anti-VEGF activity. Slow release is significant in ocular
degenerative diseases as it obviates the need for repeated and invasive
administration to the posterior tissues. Hydrogel scaffolds offer localized
controlled drug release over an extended period, addressing the thera-
peutic needs effectively.
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Fig. 10. Representative brightfield images of HRMECs in vitro to assess cell viability of untreated cells (top row) and exposed to hydrogel scaffold for 72 h (bottom
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3.2.7. Hydrogel scaffold biocompatibility in vitro

One of the aims of the work is to develop a highly biocompatible
hydrogel scaffold. Natural or endogenous materials such as HA, a major
constituent of the vitreous humor, were used for this purpose. The
cytocompatibility of the scaffold was tested on human retinal endothe-
lial microvascular cells (HRMECs). Cells exposed for 72 h showed no
signs of stress after exposure with the HA/CS scaffold, proving the
biocompatibility of the system (Fig. 10). The loaded system was not
compatible under these conditions. From our release studies previously
described, loaded scaffolds release an RSV concentration of approxi-
mately 300 pM after 72 h. A concentration of RSV above 150 pM is not
tolerated by cell in vitro, and it has been reported to increase the
expression of the proapoptotic effectors Bak and Bax, inducing cell death
(Nakagawa et al., 2001). Further studies will be conducted to investigate
the optimal concentration of drug within the system, to improve the
compatibility of RSV-loaded hydrogel scaffolds.

4. Conclusions

The successful integration of liposomes (LPs) and hydrogels in the
creation of 3D-printed (3DP) hydrogel scaffolds enables the delivery of
different molecules, such as RSV and CUR, which are differently local-
ized within the system, ensuring bulk and sustained release. The study
demonstrates that MFs and 3D bioprinting can be effectively combined
to produce versatile carriers capable of accommodating various APIs,
thereby achieving multiple release profiles. The resulting hydrogel
scaffold exhibits features suitable for intravitreal implantation and the
treatment of diabetic retinopathy. With their softness and high
biocompatibility, hydrogels are optimal candidates for ophthalmic ap-
plications, and hydrogel-based nanosystems with biocompatible and
bioadhesive properties show promise in this preclinical technological
study. While the primary aim of this study was to demonstrate the
synergy between these two methodologies, additional cellular research
is required to confirm the scaffold’s effectiveness in a diabetic retinop-
athy model. This represents an important step in exploring different
platforms such as implantable devices and investigating the potential of
personalized medicine, facilitated by 3DP approaches. Developing and
improving these treatments is crucial for creating effective dressings that
deliver molecules effectively to the posterior segment of the eye,
reducing the need for repeated administrations in chronic diseases, and
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enhancing patient compliance among affected individuals.
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