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Localised Therapies Using 3D-Printed Collagen-Based

Micro-Implant for Ocular Indications

Hamid Heidari Kashkooli, Arian Farokh, Sajad Mohammadi, Martina Marcotulli,
Silvia Franco, Roberta Angelini, Giancarlo Ruocco, Hanieh Khalili,* and Gianluca Cidonio*

Current limitations in treating retinal diseases like age-related macular
degeneration (AMD) and diabetic retinopathy (DR) are due to the short ocular
residence time of biologics and the difficulty of precise drug delivery. In turn,
frequent injections are required, hindering patient compliance, and increasing
healthcare costs. This study explores the development of a collagen-based
implant using 3D bioprinting platform to address these challenges. The
implant offers dual functionalities: i) sustained and localized drug delivery
using in situ polymerization collagen (IPC) to act as reservoirs for prolonged
release of biologics to the target tissue and ii) scaffold stability through the
incorporation of methacrylated hyaluronic acid (HAMA) to enhance the
mechanical properties of the IPC implant, making it suitable for 3D printing of
targeted drug delivery systems. This data demonstrates that IPC-HAMA
implants exhibit slow drug release and scaffold stability for over 80 days.
Additionally, 3D bioprinting enables precise targeting and volumetric control
within the simulated vitreous humor, overcoming challenges associated with
traditional injection methods. This innovative approach has the potential to

particularly devastating as they cause irre-
versible damage to essential retinal cells,
leading to blindness.[!] Ocular pathologies
present unique challenges due to the com-
plex physiological barriers protecting the
diseased area of the eye.[!l While intrav-
itreal injections of biologics targeting vas-
cular endothelial growth factor (VEGF) are
the mainstay for early-stage treatment, their
short ocular residence time necessitates
frequent injections, fails to restore vision,
and imposes a significant treatment bur-
den and healthcare costs.>*] These chal-
lenges highlight the clinical need for in-
novative treatment strategies that offer tar-
geted therapies that demonstrates both i)
sustained drug delivery to prolong the oc-
ular residence time of biologics and ii) tis-
sue engineering to develop specialized im-
plants capable of delivering cells to the

revolutionize drug delivery and localized tissue therapy for retinal diseases.

1. Introduction

Tissue and organ localized treatments are sought for a wide range
of conditions. Diseases affecting the retina, such as age-related
macular degeneration (AMD) and diabetic retinopathy (DR), are

target tissues, thereby replacing damaged
retinal cells.>®l Our goal is to develop a
collagen-based implant using 3D bioprint-
ing method to address these challenges and
provide localized therapies with dual functionalities. Central to
the success of such endeavors depends on the selection of bio-
materials and the methods employed for scaffold fabrication and
drug delivery.”]
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Collagen emerges as a favourable candidate among naturally
derived biomaterials, due to its exceptional biocompatibility,
biodegradability, and ability to interact with various cell types.[®?]
Injectable hydrogel materials have shown promise in various
ophthalmic applications,['®!!] leveraging their porous archi-
tecture to serve as reservoirs for drugs and/or cells, enabling
controlled and localized release of biologics to target tissues, /2]
while mitigating systemic exposure.>1*] Nonetheless, the inher-
ent high-water content and large pore dimensions of hydrogels
often result in a burst of initial drug release.l'>! Type I collagen
is considered an optimal gel system, capable of spontaneous
assembly upon neutralization and incubation at physiologi-
cal temperatures (37 °C), as well as rapid fibrillogenesis.!"®)
To improve the stability of collagen, we proposed the incor-
poration of ethylenediaminetetraacetic acid (EDTA) during
collagen preparation. This approach stabilizes the collagen in
solution at ambient temperature allowing it to fibrillate upon
exposure to physiological solutions at 37 °C.'7] The resulting
collagen is termed in situ polymerization collagen (IPC),!131°]
which offers the potential for direct injection as a liquid solu-
tion into the target tissue site, which is particularly beneficial
for minimally invasive procedures.?’! However, IPC applica-
tion as a 3D implant is somewhat constrained by the poor
mechanical properties.?!l To address this limitation, various
strategies have been suggested to enhance its biomechanical
properties encompassing chemical crosslinker, covalent con-
jugation, and polymer grafting, or blending.[??l We aimed to
incorporate and crosslink collagen with either methacrylated
hyaluronic acid (HAMA) or gelatin methacryloyl (GelMA) to
produce either IPC-HAMA or IPC-GelMA, respectively. The
inclusion of polymer content with tuneable crosslinking prop-
erties is appealing to sustain the release of encapsulated drug
cargos.

Traditional injection of biological drugs for retinal diseases
presents limitations. Highly trained personnel strife to localize
injection volumes within the vitreous humor.[?*] Furthermore,
the drug delivery method is heavily influenced by the unique
compositions of the vitreous humor.**! Indeed, the vitreous hu-
mor is a clear gel-like substance between the lens and retina
which plays a vital role in maintaining retinal function.[*! Al-
though it is composed of more than 90% water, the humor also
contains a network of collagen and hyaluronic acid Fibres.[¢]
However, the biomechanical properties of vitreous humor dete-
riorate with age, stimulating a cascade of events such as the de-
crease in viscoelastic characteristics, which in turn greatly limit
drug delivery,¥”%] and increase drug reflux, impairing the tar-
geting of specific areas for optimal treatment.!? Alternative plat-
forms capable of precise delivery of drugs to the eye tissues are
being explored.”! 3D bioprinting emerges as a revolutionary
approach for targeted drug delivery in the eye, offering preci-
sion and accuracy by controlling injection volume, depth, and
speed.3%31 This might reduce variability and ensure consistent
delivery to the desired location within the vitreous humor. The re-
search data here reported, demonstrate the use of a 3D bioprinter
to deposit different biomaterial blends (IPC and IPC-HAMA)
into specific locations within a simulated vitreous humor envi-
ronment (agarose-HA support bath), which in turn holds the po-
tential to revolutionize the field of drug delivery and localized tis-
sue therapy.
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2. Results and Discussions

Ocular delivery of therapeutic biologics is still challenging due to
the poor site retention as well as the precision in drug/volume de-
livery. Herein, we present a novel approach based on the use of a
custom-made 3D bioprinter extrusion system for the rapid, pre-
cise, and consistent injection of discrete volumes of drug-filled
biomaterials within a vitreous simulant platform.

2.1. Collagen-based Biomaterials can be prepared to Augment
Collagen Propetties

The preparation of collagen-based biomaterials begins with the
generation of in situ polymerizing collagen (IPC). This first step
involves concentrating the collagen type I. Initially, collagen type
I was precipitated from an NaCl solution, as collagen is not
fully dissolved at high concentrations (Figure Sla, Supporting
Information). Dialysis was then performed against acetic acid
overnight, which resulted in the formation of a clear solution
within the dialysis membrane (Figure S1b, Supporting Informa-
tion). To further stabilize the collagen, the dialysis solution was
changed to a series of EDTA solutions with increasing pH levels
(ranging from pH 5 to pH 7). This gradual increase in pH allowed
EDTA to bind effectively to the collagen molecules, making them
soluble and stable at pH 7. In addition, the pH adjusted EDTA
solution allowed the production of colorless collagen. The use
of sucrose and D-mannitol in the EDTA solution during the last
step of dialysis aided in the stability of the viscous collagen.!17:1]
The collagen solution was collected in a clear and transparent
state, showing no signs of typical fibrillogenesis, unless it was
subjected to physiological stimuli (Figure S1c, Supporting Infor-
mation).

The fibrillation process of IPC occurred in a relatively short
time (5 min) after incubating with an aqueous PBS buffer at a
temperature of 37 °C. This caused the solution to transform from
a clear viscous state to an opaque, solid gel (Figure 1a). The pres-
ence of EDTA within the IPC formulation was crucial, as it was
introduced during dialysis to prevent spontaneous polymeriza-
tion. When exposed to heat and PBS buffer, the displacement of
EDTA molecules prompted the formation of banded collagen fib-
rils. Using a hydroxyproline assay, the concentration of IPC was
determined to be 23.72 mg mL™! (+1.99 mg mL~!, 12.5 mL). This
corresponds to a recovery yield of 99%, starting from 300 mg col-
lagen type [ and producing 296.5 mg IPC. The injectability of the
IPC gel was evaluated using different syringe sizes (22, 27, and
29 G). The gel was injectable with minimal pressure and did not
produce bubbles in any syringe size, even with the finest nee-
dle (25 or 29 G) (Figure 1b). However, 3D printing with IPC gel
alone resulted in scaffolds with insufficient mechanical strength
for stability. This was evident when depositing a canonical mesh-
like, 3D structure (Figure 1c). Scaffolds printed into the support
bath did not maintain their 3D properties after the fibrilization
process for more than 24 h (Figure 1d).

To address the limitations of IPC gel’s mechanical strength
for 3D printing, we investigated blending it with biocompat-
ible materials, like hyaluronic acid (HA) or gelatin. Particu-
larly, methacrylated HA, or HAMA emerged as a promising
candidate for IPC support due to the tuneable viscosity and
crosslinking potential.*2l We hypothesized that blending HAMA
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Figure 1. Images showing the IPC fibrilization, injectability and 3D printability, a) IPC fibrilization in PBS at 37 °C within 5-10 min, b) Injectability using
needle sizes 22 to 29 G without bubble formation, c) IPC-alone, 3D printed into the air, structure of scaffold collapsed due to weak mechanical strength
and d) Loss of 3D shape when IPC alone 3D printed into support bath, within 24 h. Scale bar (a,c,d) 3 mm.

or GelMA (methacrylated gelatin) with IPC could achieve a
trifecta of benefits: i) enhanced printability, ii) improved me-
chanical strength for stable 3D structures, and iii) prolonged
drug release. This composite material could then hold potential
for applications like micro-implants capable of sustained drug
release.

2.2. HAMA and GelMa Synthesis and Analysis

HAMA was synthesized by covalently modifying HA with
methacrylate groups. This modification targeted the carboxylic
acid groups in the HA structure, which were activated using
EDC, a common carbodiimide. EDC facilitated the formation
of reactive O-acylisourea intermediates, capable of reacting
with amines to create amide bonds.[**] To enhance the stability
of these intermediates, NHS was added, forming stable NHS
esters and reducing the risk of premature hydrolysis, thereby
improving the efficiency of the subsequent reaction with AEMA.
In the FTIR spectra of the product, all the fingerprint peaks of
HA (Figure S2a, Supporting Information) are demonstrated in
the FTIR spectra of HAMA, with peaks relevant to the content
of HA (Figure S3a, Supporting Information). The peaks ~1377
and 1410 cm™! could be respectively assigned to CH; and C-O
stretching vibrations in the carboxylate group (COO-), both of
which are part of the methacrylate moiety.

In the 'H-NMR spectra (Figure S2b, Supporting Information),
the sugar rings in hyaluronic acid can be seen between 3 and 4.5
ppm, along with two peaks ~6 ppm, representing the methacry-
lation (Figure S3b, Supporting Information), which was 14%.
Additionally, the sharp peak at 5.8 ppm is attributed to the self-
reacted EDC. As reported, using EDC/NHS may lead to produc-
ing side products.[**35] The initially formed active O-acylisourea
groups may react not only with primary amines and NHS but
also with EDC and water. The side reaction of O-acylisourea with
water results in hydrolysis, reducing the efficacy of EDC. To ad-
dress this, after synthesis, the HAMA was extensively dialyzed
with DI water to remove any residual EDC/NHS or impurities,
ensuring a pure product suitable for crosslinking and radical

Macromol. Mater. Eng. 2024, 2400236 2400236 (3 of 14)

polymerization.333¢1 GelMA synthesis typically involves react-
ing methacrylic anhydride (MA) with gelatin, but a byproduct,
methacrylic acid, lowers pH and hinders the reaction. To over-
come this, researchers have used methods like sequential MA
addition with pH control, as demonstrated by Lee et al.*”] and in
this study using PBS with pH 7.4. This maintains favorable re-
action conditions, promoting greater functionalization and min-
imizing byproducts.

As evidenced in the FTIR spectra (Figure S3c, Supporting In-
formation), identical peaks to those observed in gelatin were
noted in GelMA. At 1032 cm™', C-N stretching absorption could
mean that the NH2 groups in gelatine have been changed to NH-
R, meaning that the methacrylation has been successfully per-
formed. In the "H-NMR spectra (Figure S3d, Supporting Infor-
mation), the fingerprints of gelatin can be seen, along with two
peaks ~6 ppm, representing the methacrylation.

2.3. Biomechanical Characterisation of Collagen-based
Biomaterials

To assess the mechanical properties of hydrogels before 3D print-
ing, the IPC-based scaffolds were created by blending with either
GelMA or HAMA using simple syringe-syringe mixing methods
(Figure 2). Cylindrical scaffolds with a volume of 70 uL were then
cast into molds and subjected to 405 nm light to initiate cross-
linking. As the transparent PDMS molds permitted light penetra-
tion, the photocrosslinking process stabilized the IPC-HAMA or
IPC-GelMA structure. By forming gels with a 1:2 volume ratio of
IPC to HAMA or GelMA, the optimal gelation was achieved. This
method produced structurally robust scaffolds, easily removable
from the molds, which were then immersed in PBS buffer solu-
tions to facilitate further fibrillation. The schematic illustration of
the interaction between HAMA or GelMA with IPC is shown in
Figure 3. Ru/SPS, acting as a photoinitiator, generated free radi-
cals upon light exposure in HAMA (or GelMA). These free radi-
cals initiated the polymerization of HAMA (or GelMA), leading to
the formation of a crosslinked hydrogel network. While IPC can
self-assemble into fibrils under physiological conditions to form

© 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 2. Representative preparation of IPC-blends biomaterials using PDMS molds, IPC-blend is colorless after being incubated in PBS for 24 h. Scale

bar i) 30 mm, i) 1 mm, iii, iv) 10 mm.

a basic collagen network,['”! it can interact with the reactive sites
on HAMA (or GelMA) through its functional groups (primary
amine and hydroxyl groups).[*! The primary amine on IPC can
then react with these sites, forming covalent linkages that further
enhance the mechanical properties of the hydrogel. Additionally,
Ru(III) species might oxidize tyrosine residues in collagen, gen-
erating tyrosyl radicals that may crosslink with methacrylate rad-
icals or other collagen molecules.[?*#0l After 24 h, the photoini-
tiator diffused out of the scaffolds, rendering them colorless gels.
These resulting gels, with their crosslinked networks, exhibited
sufficient mechanical strength for subsequent experimentation.

Ru*?+ SPS

Light 4/

Notably, visible light-based Ru/SPS photo-initiators offer accel-
erated polymerization and enhanced penetration, allowing uni-
form curing in deeper layers. Importantly, the Ru/SPS system
has demonstrated low cytotoxicity and high biocompatibility for
ocular applications.[384142]

2.4. Swelling and Degradation tests for Collagen-based
Biomaterial

The swelling, degradation rate, and stability of IPC-based bio-
materials casted in the cylindrical molds were investigated.

IPC HAMA IPC-HAMA
(b)
OH OH
o
NH, W)L N '
N + NH, Ru*2+ SPS ~NH. NH,
HO Light
o. ( N :
M )Jo\ o A\I\\//k
N
IPC GelMA IPC-GelMA

Figure 3. Schematic representation of the reaction mechanism for a) IPC-HAMA, and b) IPC-GelMA favored by the photocrosslinking mechanisms

exploited to ultimately crosslink the composites.
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Figure 4. Investigating simulated swelling and degradation of IPC. (Moulds fabricated by IPC-composites casting were crosslinked with visible light and
with temperature transition at 37 °C). Swelling a) can be controlled by the inclusion of polymeric fillers. Collagen-based hydrogels experienced b) slow
enzymatic degradation at a collagenase concentration 0.1 mg mL™" and c) rapid enzymatic degradation at 1.0 mg mL~". Mean + SD, n = 3, *¥¥%¥ p <

0.0001. Scale bar (a, b, ¢) T mm.

The fabricated biomaterials were observed to swell over time,
ultimately achieving a significantly lower percentage of volume
change compared to IPC alone (Figure 4a). The drastic alteration
of the swelling ability is due to the electrostatic interaction
between IPC and HAMA or GelMA, resulting in a more stable
assembly for printing or injection. The meshes were then ex-
posed to low (0.1 mg mL™", Figure 4b) and high (1.0 mg mL™",
Figure 4c) concentrations of collagenase enzyme to emulate
slow or fast degradation within a simulated in vivo scenario,
respectively. IPC alone displayed rapid degradation, losing mass
in less than 10 h when exposed to a high enzyme concentra-
tion. Blending IPC with either HAMA or GelMA significantly
slowed this degradation, with HAMA demonstrating the most
remarkable effect by stabilizing the material for over 70 h. Inter-
estingly, although the high enzyme concentration caused faster
degradation in IPC and IPC-GelMA, the HAMA composite
remained stable even after 40 days when using low enzyme
concentration.

2.5. Physical Characterisation of Collagen-based Biomaterial

Scanning Electron Microscopy (SEM) is a valuable tool for visual-
izing the surface morphology, texture and presence of pores and
Fibres in the biomaterials. In addition, pore size distribution can
be measured using SEM images. We used environmental SEM
(ESEM), which allows for the observation of samples in their
native, hydrated gel state. This is particularly advantageous for
studying biomaterials, as it eliminates the need for harsh drying
processes that can alter the sample’s morphology and properties.
Using ESEM enabled us to visualize the formation of collagen
fibrils in the IPC after being fibrilized at 37 °C and overall orga-
nization within the scaffold.

ESEM images of the IPC blends (Figure 5a) revealed distinct
morphological differences before (i-ii) and after collagen (iii-iv)
fibrilization. The collagen fibers formed in the IPC-HAMA ex-

Macromol. Mater. Eng. 2024, 2400236 2400236 (5 of 14)

hibited a more homogeneous and well-organized fibrillar net-
work compared to the IPC-GelMA and IPC alone. This suggests
that HAMA might promote a more efficient fibrilization process
with the IPC matrix. When observed under ESEM after being
3D printed and cross-linked (Figure 5b), the IPC-HAMA scaf-
fold exhibited both interconnected pores and well-organized col-
lagen fibers. This interconnected network of pores and fibers sug-
gests the potential of this biomaterial to serve as a scaffold for cell
attachment, proliferation, and potentially for sustained drug re-
lease within the pores. However, it is important to note that ESEM
is primarily a qualitative imaging technique and provides limited
quantitative information about the material’s properties. Further
work is necessary to fully characterize the mechanical properties
of the IPC biomaterials using a rheometer.

2.6. Rheological Characteristics of IPC Blends

The rheological characterization revealed the temperature-
dependent viscosity for IPC biomaterial with greater viscosity at
25 °C (Figure 6a) compared to 37 °C (Figure 6b). Both IPC and
its blended biomaterials exhibited shear-thinning behavior, char-
acterized by a decrease in viscosity as the applied shear rate in-
creases. This non-Newtonian behavior is typical of solutions con-
taining long, entangled molecules. High shear forces disrupt the
molecular interactions, leading to a decrease in viscosity. Conse-
quently, this shear-thinning behavior renders them impractical
for direct 3D printing in the air due to insufficient viscosity to
maintain structural integrity during the printing process. Inter-
estingly, IPC blended with HAMA or GelMA was found to be less
affected by temperature and characterized by the formation of a
Newtonian plateau at low and high shear rates (Figure 6b). This
observation suggested that the addition of HAMA or GelMA to
IPC modified its rheological properties, potentially due to inter-
actions between the components that alter the molecular confor-
mation and entanglement within the blend.

© 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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(a) Biomaterial prepared in Mold

Before Fibrilization After Fibrilization
" -

IPC

IPC-HAMA

IPC-GelMA

IPC-HAMA

Figure 5. a) ESEM of biomaterials generated by molds, IPC, IPC-HAMA, and IPC-GelMA before and after collagen fibrilization (without Ru/SPS for
cross-linking). b) ESEM of IPC-HAMA after being 3D printed and cross-linked as a scaffold. Scale bars: a — (i, iii) 300 pum, (ii, iv) T mm; b — 200 pm.
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Figure 6. Rheological analysis of IPC-based composites. Investigation of viscosity at a) 25 and b) 37 °C. IPC-HAMA and IPC-GelMA demonstrated higher
viscosity and improved shear-thinning behavior compared to IPC at 37 °C.
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2.7. 3D Printing of the Collagen-based Biomaterials

Ideal scaffolds require biocompatibility, and biodegradability for
successful tissue integration.*}] They should be designed to
mimic surrounding ECM and to fit the targeted tissue, includ-
ing its mechanical properties.[**! While we are investigating the
biomechanical properties of IPC blends, we also recognize the
importance of a fabrication process that can produce scaffolds
with diverse architectures and dimensions that align with the
specific requirements of the target tissue. Using a 3D printer
with a 25-gauge needle and a printing speed of 160 mm min~",
we were able to fabricate cylindrical IPC-HAMA implants with
a diameter of 3 mm and a length of 10 mm (Figure S4a, Sup-
porting Information). These implants maintained their distinct
layers over time, as shown in Figure S4b, Supporting Infor-
mation, demonstrating good structural integrity. The photoini-
tiators (Ru/SPS) used at a safe, low concentration (1:10 ratio)
rapidly diffused outside the main printed structure, as previously
reported.[384]

Our aim is to develop a micro-implant for retinal regeneration.
The retina tissue is located at the back of the eye, in close prox-
imity to the human vitreous. Thus, the implant can be deposited
into the vitreous, which has unique mechanical and rheological
properties. Therefore, we designed the support bath not only to
maintain the 3D structure of the scaffold during and after the
printing process but also to mimic the properties of the human
vitreous. The viscosity of the prepared support baths is shown in
Figures S4 and S5, Supporting Information. Viscosity as a func-
tion of shear rate is shown in Figure S5, Supporting Information
for both agarose and agarose-HA fluid-gel supports. A clear shear
thinning behavior is observed for both samples with low viscos-
ity values for agarose-HA, pointing out that the addition of HA
tends to fluidize the sample. Figure S6, Supporting Information
highlights the transition from solid-like (G’ > G”) to fluid-like (G’
< G") behavior of both fluid-gel systems. This transition is nearly
reversible with essentially similar solid-like and fluid-like behav-
ior under low and high shear strains for agarose as the sample is
subjected to different cycles of low and high strain. The values of
the dynamical moduli almost recovered when deformation is re-
moved (y = 0, white regions). On the contrary, agarose-HA does
not recover completely its initial state, possibly due to the dis-
ruptive interaction of agarose with HA polymer chains, and the
lower content of agarose compared to the control fluid-gel. The
unique rheological properties of the prepared vitreous humor can
facilitate the biomimicry of the in vivo release of biological com-
pounds.

2.8. Sustained Drug Release from IPC Micro-Implant

Taking into consideration the physico-chemical properties of the
IPC-blends, we selected IPC-HAMA as the best candidate for
drug retention and tissue repair. Thus, the studies performed for
the investigation of sustained drug release and printability have
been carried out using exclusively this specific blend.

To study the release profile, an effective protein detection
method needed to be explored. Traditional UV-visible spec-
troscopy at 280 nm was not suitable for monitoring the release
profile of biologics from the IPC-based scaffold due to inter-
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ference from collagen, which also absorbs light at this wave-
length. To achieve this, IgG was fluorescently labelled with NHS-
rhodamine dye, addressing the limitation of protein quantifica-
tion in UV-visible spectroscopy. NHS-Rhodamine dye to anti-
body molar ratio of 10 was used to achieve 3.0 degrees of labelling
(DOL), which balanced detection sensitivity with minimal impact
on the drug’s functionality.[*6-48]

To ensure the stability and purity of the labelled IgG, size
exclusion chromatography (SEC) and SDS-PAGE analysis were
employed (Figure S7, Supporting Information). As is shown in
Figure S7a, Supporting Information, the SEC peak that appeared
for labelled IgG (1.0 mg mL') at 1.8 min was similar to the SEC
peak that appeared for the standard IgG (1 mg mL™), indicat-
ing that the labelling process did not affect the drug’s purity or
concentration. To further confirm the stability of the labelled IgG,
SDS-PAGE gels displayed one single band at about 150 kDa, con-
sistent with the expected molecular weight of IgG. In Figure S7b,
Supporting Information, lanes 3 and 4, no aggregation or dissoci-
ation of light and heavy chains was observed, and no extra bands
were detected compared to the control IgG.

Lyophilized labelled-IgG (2 mg), was then mixed with IPC
or IPC-HAMA (80 pL) and 3D printed into an HA-Agar sup-
port bath with a cylindrical shape (3 mm X 5 mm dimensions).
For photocrosslinking, the printed meshes were exposed to the
light and then transferred to a solution of PBS for fibrilization.
Fluorescence-based microplate readings were used to monitor
the cumulative release of biologics from these scaffolds. Figure
7avisually demonstrates a clear distinction in the release profiles
of labelled IgG between scaffolds fabricated with IPC alone and
those containing IPC-HAMA biomaterials. The IPC-only scaf-
folds exhibited a rapid release, with nearly all labelled IgG (pink
colour) released within the first 24 h. In contrast, the presence of
labelled IgG (pink colour) persisted within the IPC-HAMA scaf-
folds even after the more than 80 days study period, indicating
prolonged drug release. Quantitative analysis in Figure 7b con-
firms these observations. Scaffolds fabricated solely from IPC ex-
hibited a significant burst release, with over 72% of the loaded
labelled IgG released within the initial 48 h. Conversely, IPC-
HAMA scaffolds displayed a more controlled and sustained re-
lease pattern. This sustained release is statistically significant (p
< 0.05), suggesting that the incorporation of HAMA significantly
prolongs the release of the labelled IgG and reduces the initial
burst effect. Notably, IPC-HAMA scaffolds were able to sustain
the release of the loaded biologics, with ~70% of the drugs re-
leased in 82 days. SDS-PAGE analysis (Figure 7c) stained with
silver staining for enhanced sensitivity and detection of any trace
protein, demonstrates a stable, intact band (lanes 7 and 8) ~150
kDa for IgG released from IPC-HAMA scaffold after 28 and 52
days. Conversely, no band was observed (lanes 5 and 6) for the so-
lution collected from IPC-alone after 2 days. The results demon-
strate that IPC-HAMA scaffolds provide a more consistent and
sustained release profile, ensuring the structural integrity of the
scaffold and the released biologic, which is critical for achieving
therapeutic goals in sustained delivery systems.

To evaluate the in-vitro degradation profile of the collagen-
based scaffolds under simulated physiological conditions rele-
vant to ocular drug delivery, a biodegradation test was conducted.
Collagen-based scaffolds (IPC alone and IPC-HAMA) loaded
with labelled IgG were submerged in PBS solution containing

© 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 7. a) Images of 3D-printed scaffolds with labelled IgG show colour changes over time, indicating drug release in PBS buffer solution. The IPC
scaffold collapsed immediately after the fibrillation process. It became colorless after 48 h, indicating a high level of drug efflux. By the tenth day, the
scaffold had degraded and dissociated. In contrast, IPC-HAMA scaffolds remained intact, suggesting sustained drug retention, with viable structures
up to day 82. Scale bar: 3 mm b) IgG release profile from IPC or IPC-HAMA scaffold in PBS. (*: p < 0.05, a significant difference between IPC scaffold
and the IPC-HAMA scaffold (n = 3)). c) The Novex Bis-Tris 4-12% gels stained with silver staining; Lane 1: Protein standard. Lane 2: 1gG (control). Lane
3: 1gG (post-purification control). Lanes 4-6: IgG solutions collected from IPC-alone scaffold day 2, 4, and 6. Lanes 7-8: IgG solutions collected from

IPC-HAMA scaffold days 28 and 52.

collagenase (0.5 mg mL™) and hyaluronidase (0.3 U mL™?) for
17 days. Collagenase specifically degrades collagen, a major com-
ponent of both the scaffolds and the vitreous humor, mimicking
the natural enzymatic breakdown within the eye. Hyaluronidase
breaks down hyaluronic acid (HA), another key component of
the vitreous humor, providing a more realistic representation of
the enzymatic environment. The chosen enzyme concentrations
represent a balance between achieving a measurable degradation
rate and maintaining relevance to physiological conditions.!**>"]
Based on the presence of these enzymes in the vitreous hu-
mor, we anticipated that the scaffolds would undergo a gradual
degradation process over time when exposed to the enzyme solu-
tion. Monitoring the scaffold integrity and the release of labelled
IgG throughout the 17-day test provided valuable insights into
their biodegradability profiles (Figure 8). As expected, the rate of
degradation was slower for IPC-HAMA compared to IPC alone
(Figure 8a). The IPC-alone scaffold was fully degraded after 7 days
in enzyme solution, while IPC-HAMA scaffold remained stable
until 18 days when all the IgG was released (Figure 8b).
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As demonstrated in Figure 8b, the release of biologics from
both IPC alone and IPC-HAMA scaffolds followed first-order
release kinetics, characterized by exponential decline in the
remaining drug concentration over time. The IPC-alone scaf-
folds, however, displayed a significant burst release when ex-
posed to enzyme solution. #31% of the loaded IgG was re-
leased within the first 3 h, followed by a rapid increase to 72%
release within 24 h. IPC-HAMA, in contrast, exhibited a sig-
nificantly slower release profile when exposed to enzyme so-
lution. Only 13% of the loaded biologics were released within
the first 3 h, with a total of 17% released after 24 h. This de-
layed release suggests that the HAMA component likely con-
tributes to increased scaffold stability, thereby reducing burst
effects, and enabling an extended-release profile. By day 15,
nearly 50% of the biologics had been released in an enzyme
solution from the IPC-HAMA scaffold. This continued release,
with 85% by day 17 when the scaffold was completely degraded.
The accelerated release was statistically significant (p-value:
0.0095).
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Figure 8. Biodegradation analysis of 3D collagen-based scaffolds a) Fluorescence microscopy images of labelled IgG released from scaffolds under
enzymatic degradation. The red fluorescence indicates where the labelled IgG is released from the scaffolds (yellow arrow). Scale bar: 3 mm b) Release
profiles of labelled 1gG from IPC and IPC-HAMA scaffold stored in an enzyme solution. Data are shown as means + SD (n = 2). Statistical significance
is indicated by **(p = 0.0095), indicating the levels of significant differences in release rates between the two scaffold types.

2.9. Localised Delivery of IPC-Biomaterials using 3D Printer

Using computer-aided design (CAD) and 3D printing, we wished
to deposit the biomaterials with interconnected pores in various
configurations and locations (Figure 9a) using different nozzle
sizes (25 and 21 G) and volumes (30 and 100 uL). Rhodamine dye
was added to collagen biomaterials to test the dye dispersion and
how dye diffused out of the biomaterial when deposited in the
HA-Agar support bath. A coloured dye was employed as a surro-
gate molecule to simplify the diffusion test. This approach facili-
tated visualization using imagining techniques, allowing for eas-
ier evaluation of drug release behavior. After 24 h, faster dye dif-
fusion was observed in the IPC alone and IPC-GelMA compared
to the IPC-HAMA biomaterials (Figure 9b). Notably, increasing
the biomaterial deposition volume led to even faster dye diffusion
in the IPC-GelMA, regardless of the nozzle gauge used. Interest-
ingly, HAMA appeared to play a crucial role in preserving dye
diffusion, particularly for low-volume depositions (30 pL). While
both blends exhibited faster dye diffusion with a larger deposi-
tion volume (100 uL), the inclusion of HAMA resulted in signifi-
cantly improved dye retention compared to controls, as shown in
Figure 9¢,d.

To repeat the dye diffusion test and explore how deposition lo-
cation affects stability, IPC composites were incorporated with a
biological drug similar in molecular size to IgG. The drug-loaded
biomaterials were then deposited at various locations within a
HA-Agar support bath using a 3D printer (Figure 9e,{). Initially,
IPC and IPC-HAMA scaffolds exhibited promising biologic re-
lease, with ~56% and 63% released, respectively, upon surface
deposition in the support bath.

Conversely, when deposited deeper within the support bath,
the IPC-HAMA biomaterials demonstrated superior stability
compared to other IPC blends, although other IPC biomaterials
also showed improved stability when deposited in a deep loca-
tion. This observation suggests that depositing the biomaterial
deeper within the vitreous humor might enhance the stability
of the scaffold. Furthermore, a notable decrease in biologic re-
lease to 16% for IPC and 14% for IPC-HAMA was noted upon
deep deposition in the vitreous simulant (Figure 9g), indicating
a significant impact of injection depth on release kinetics, likely
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due to concentration gradients and diffusion dynamics. As the
biomaterials absorbed water from the support bath, swelling oc-
curred, potentially contributing to dissociation if not adequately
supported. Deeper deposition within the bath might provide bet-
ter containment for the swelling pressure.

Further studies are necessary to elucidate the precise mecha-
nisms underlying the observed differences in stability based on
deposition location. This preliminary data suggests that by using
3D printing and CAD, we were able to successfully deposit bio-
materials at different locations within simulated ocular vitreous
with varying injection volumes.

3. Conclusion

Intraocular injection remains a challenging clinical proce-
dure, demanding highly skilled personnel and specialized
equipment. Our study introduces a novel approach utilizing
biomaterial-based intravitreal implants composed of IPC blends.
These blends, incorporated with HAMA or GelMA, demon-
strate controlled swelling, enhanced degradation resistance, and
favourable rheological properties, making them ideal for 3D de-
position systems such as printing and injection. By employing
an agarose-HA simulant gel bath, we successfully deposited and
localized IPC composites in three dimensions, showcasing the
release of therapeutic compounds at various ocular depths. By
driving a 3D bioprinting platform and tailoring the deposition as
automated injection, we potentially ensured accurate placement
and dosage for individual patients. Our research illustrates that
integrating IPC with tailored biomaterials can achieve controlled
and sustained drug release for up to 80 days while maintaining
scaffold stability. This finding highlights the promising therapeu-
tic potential of this approach for localized tissue therapy. Further
investigation is needed to elucidate the pre-clinical functionality
of this approach, further ameliorating the automation and drug
delivery capabilities.

4. Experimental Section

Materials:  Pepsin Soluble Collagen (6 mg mL™") in 0.01 M HCI
100 mL (cat no. FS22005), purchased from Collagen solutions.

© 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 9. Deposition of IPC-based biomaterials using 3D printer for localized therapy. a) Bioprinting set-up in simulated vitreous humors at variable
heights (2, 5 and 10 mm from the bottom of the well plate). b) 24-well plate demonstrate the dye diffusion test for IPC-HAMA and IPC-GelMA at different
nozzle sizes and deposition volumes, c) dye released from micro-injected IPC-GelMA and IPC-HAMA at 30 uL and d) 100 pL for 25 and 21 G, respectively.
e) Superficial and deep injection of IPC-composites to surface and deep locations in the support bath. f) Deep deposition of IPC-biomaterials using 3D
printer resulted in improved scaffold formation. Mean + SD, n = 3, **** p < 0.0001. Scale bars: 3 mm, g) The initial burst release profile of IgG from
collagen-based composites injected at different depths within a 24-well plate. Mean values + SD (n = 3), **** p < 0.0007 and *** p < 0.001.
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Ethylenediaminetetraacetic acid (EDTA) disodium salt dihydrate (cat
no. ED2SS), D-mannitol (cat no. M9546, MW: 182.17), Sodium bicar-
bonate (NaCHCO3, cat no. 13418), Sucrose (cat no. S7903), Sodium
hydroxide (NaOH, 1 M, cat no. L1980), MES monohydrate (>99.0%,
cat no.69893), Sodium chloride (NaCl, >99.5%, cat no.S9888), 2-
aminoethyl methacrylate hydrochloride (AEMA, 90%, cat no.516155),
N-hydroxysuccinimide (NHS, 99%, cat no.56485), 1-[3-(Dimethylamino)-
propyl]- 3-ethylcarbodiimide methiodide (EDC) (cat no.03450), Ru —
Tris(2,2’-bipyridyl) dichloro-ruthenium (I1) hexahydrate (cat no. 224758),
Sodium persulfate (SPS) (cat no. 216232), Sodium phosphate monobasic
monohydrate (MW:139.9, cat.no.567545), Gelatin — type A porcine skin
(=300 g bloom) (cat no. G1890), Methacrylic anhydride (cat no. 276685),
Dulbecco’s phosphate buffered saline (DPBS) (cat no. D8537), Ruthenium
photoinitiator kit (cat no. 916811), Sodium Persulfate (cat no. 216232),
Collagenase type | (cat no. SCR103), Collagen Assay Kit (cat. MAK322)
and Agarose (cat. YA34896), Deuterium oxide (cat no. 320710075) was
all purchased from sigma Aldrich. Spectrum Labs Spectra/Por 2 and 4
12-14 kD MWCO Standard RC Dry Dialysis Kits (cat no. 15390762), NHS-
Rhodamine (cat no.46406), Dimethylsulfoxide (DMSO; cat no. 20688),
Slide-A-Lyzer Dialysis Cassette, 10K MWCO (cat no.66380), Invitrogen
NuPAGE 4 to 12%, Bis-Tris (cat no. 10338442), Thermo Scientific Pierce
Silver Stain Kit (cat no. 10096113), Gibco Collagenase, Type |, powder (cat
no.10114532) and Abnova Hyaluronidase (Bovine) (cat no. 16181770) all
were purchased from Fisher Scientific. Hyaluronic acid sodium salt (Low
molecular weight 40 — 50 kDa, cat no. FH01773) all were purchased from
Biosynth. ORENCIA (abatacept, 250 mg), RoActemra (tocilizumab, 200
mg/10 mL) were provided from Moorfield eye hospital.

Synthesis of In Situ Polymerized Collagen: ~ An in situ polymerizable col-
lagen (IPC) was synthesized following a protocol described in a published
patent!17'8] and further optimized in this study. Briefly, soluble type | col-
lagen (15.0 mL, 6 mg mL™") was precipitated with NaCl (35.0 mL, 0.8
M). The tubes were gently shaken to flocculate the collagen in the so-
lution before being centrifuged at high speed (4600 RPM) for 30 min at
4 °C. The white collagen precipitate collected at the bottom of each tube
was carefully removed, and the excess supernatant was slowly squeezed
out. The collected collagen was inserted into the washed dialyzed mem-
brane (MWCO: 12-14 kDa, 10.0 cm in length), and both ends of the mem-
brane were tied by dialysis tubing closures. The solution was then dialyzed
against 0.1 M acetic acid to remove residual salts for 24 h. Following the
initial dialysis, the collagen solution was then subjected to a second dial-
ysis against 35 mM EDTA at a starting pH of 5.0 + 0.2 for 24 h. The pH
of the collagen solution was gradually increased from pH 5.0 to pH 7.0
during stepwise dialysis over 5 days. During the last step of dialysis, the
collagen solution was dialyzed with 35 mM EDTA, 100 mM sucrose and
3.5% of D-mannitol.

To determine the concentration of the prepared IPC, a hydroxyproline
assay was performed in accordance with the collagen kit manufacturer’s
protocol.’'l The collagen assay was initiated with enzymatic digestion,
cleaving the protein into smaller peptides. Briefly, a serial dilution of a col-
lagen type | standard was prepared (100 pL, 50 to 15 ug mL™'). A master
reaction solution was prepared by mixing digestive enzyme (0.5 uL) with
a buffer solution (35.0 uL). Standard and IPC samples (20 pL) were trans-
ferred into a black, flat-bottom 96-well plate. The master reaction solution
(30.0 pL) was then added to each well, and the plate was incubated at
37 °C for 60 min. Following incubation, a dye reagent (40 uL) was added
to each well, and the plate was incubated for an additional 10 min. Finally,
a developer (8 pL) was added to all wells, followed by a final 10-min incu-
bation. Fluorescence intensity was measured at an excitation wavelength
of 375 nm and an emission wavelength of 465 nm using a fluorometer
plate reader (BMG FLUOstar Omega, Germany).

Synthesis of Methacrylated Hyaluronic Acid and Methacryloyl Gelatin:
HAMA polymer was prepared by coupling the primary amine group of
EDC/NHS with the carboxylic acid (ACOOH) group of HA (MW: 30 000—
40 000) according to previously published protocols.[>233] Briefly, 2%
(w/v) HA was dissolved in a 0.05 M MES buffer solution (pH 6.5, 100
mL) containing NaCl (0.5 M). Then, the HA carboxylic acid groups were
activated by adding NHS (46 mM) and EDC (59 mM) to the solution. Af-
ter being completely dissolved, AEMA (0.76 g) was added dropwise to the
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mixture and stirred at room temperature for 24 h. The cross-linked HAMA
was washed with acetone and dialyzed (MWCO = 3.5 kDa) against deion-
ized water for 3 days. The final products were the lyophilized and stored
at4°C.

In the second method, GelMA synthesis was carried out following a pre-
viously reported protocol.433] Briefly, 10% (w/v) gelatin (type A3, ~300
Bloom from porcine skin) was dissolved in PBS (10%, pH 7.5 + 0.5) at
50 °C. Methacrylic anhydride (MA, 0.8 mL g~') was then added to the
gelatin solution dropwise under vigorous stirring (500 RPM), and the
mixture was allowed to react for 3 h at 50 °C in chemical safety fume
hood. To eliminate toxic by-products, the resulting GelMA solution was
dialyzed against deionized water using 1-2 kDa cut-off dialysis tubes for
~5 days while the temperature was maintained at 50 °C. Finally, GelMA
was lyophilized and kept at 4 °C for further use.

IPC-HAMA and IPC-GelMA Biomaterials: The biomaterials were pre-
pared by dissolving either hyaluronic acid methacrylate (HAMA) or gelatin
methacrylate (GelMA) (2% w/v) in 0.5 mL of deionized water (dH20O) un-
der constant stirring at 40 °C for 1-2 h. The solutions were then trans-
ferred to black Eppendorftubes to avoid light exposure. Sodium persulfate
(SPS) (10 mM) and tris(2,2-bipyridyl) dichlororuthenium (I1) hexahydrate
(Ru) (1 mM, 10 pL) were added as photoinitiators, followed by thorough
mixing using a vortex mixer. Next, the biomaterials were aspirated into
3 mL syringes with Luer-lock tips. These syringes were covered with alu-
minium foil to prevent light exposure during handling. A separate syringe
was filled with IPC (250 pL, 23.7 mg mL™"), maintaining a ratio of 1:2 to
the HAMA or GelMA solution. The IPC gel and HAMA (or GelMA) were
mixed using a syringe-to-syringe mixing method in a dark conditions to
avoid light-induced reactions.

To study the biomechanical properties of IPC-blends biomaterials prior
to 3D printing, poly (dimethyl siloxane) (PDMS, 5 mm diameter) molds
were used. The biomaterials were then exposed to visible light (405 nm) for
10 min to induce photo-crosslinking. Finally, the cross-linked biomaterials
were carefully removed from the molds and transferred to a 96-well plate
containing PBS buffer (pH 7.4, 100 mM) for collagen fibrilization.

Preparation of Support Bath: Biomaterials were deposited using a 3D
printer into a specialized support bath. Two support baths were prepared:
(1) Agarose 0.5% w/v and (2) Agarose 0.2% w/v mixed with the HA (MW:
40-50 kDA, 0.15% w/v) to mimic the viscosity of the vitreous humor,
which were used as simulated vitreous. Briefly, a 0.5% w/v solution of
agarose was heated in an autoclave at 121 °C. The solution was then
cooled with constant stirring to ensure even particle distribution as previ-
ously reported.[®]

The HA-Agar support bath was prepared by slowly adding 0.2% (w/v)
agarose to PBS solution with a pH of 7.4 (100 mM) while stirring on a
magnetic stirrer at 600 rpm for 10 min.[>’] To solubilize the agarose in
a hot buffer solution, the suspension was exposed for at least 20 min to
saturated steam at 127 °C using an autoclave. The bottle containing the
solution was allowed to slowly cool down in the autoclave at least 1 h to
reach 80 °C. Hyaluronic acid (0.15%) was then immediately added to the
suspension, followed by stirring at 700 rpm at room temperature for 24 h.

Swelling Ratio and Degradation Test: The swelling ratio and enzymatic
degradation tests were performed on IPC biomaterials, following previ-
ously employed protocols.[*8] To measure the swelling, gel samples were
immersed in the PBS buffer solution and incubated at 37 °C. The blot-
ting meshes were dried and weighed immediately after crosslinking and
recorded as Miygy 4ry- The swollen weight (Mgy,jien) Was then recorded af-
ter 1 day. The swelling ratio (SR), was calculated using the following equa-
tion:

Mswollen—Minitial, dry

Swelling ratio = % 100% M)

Minitial,dry

To conduct the degradation test on the IPC-based biomaterials, collage-
nase type-l was dissolved in a solution containing «aMEM and CaCl, (0.3
M). Two concentrations were used for collagenase (0.1 and 1 mg mL™")
for the slow degradation and fast degradation tests, respectively. The IPC-
based biomaterials, with an average initial scaffold weight of ~0.6 g, were
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removed, dried, and weighed every 24 h. The percentage of degradation
was calculated by the following formula:[°]

W W,
0

D x 100% @

where W, was initial weight of the samples and W, is the weight at pre-
determined time points of the IPC samples and D is the percentage of
degradation.

Rheological Testing: Rheological characterization of IPC, IPC-GelMA,
and IPC-HAMA biomaterials was carried out using an MCR102 rheometer
(Anton Paar, Austria) with a stepped Peltier plate. The temperature and
time were controlled using a plate setup with a stainless-steel cone (plate
diameter = 24.964 mm, cone angle = 2 degrees, truncation = 104 um). An
evaporation control system and an isolation hood were used to prevent
solvent evaporation and sample drying. Flow curves were measured at T
=25 and 37 °C in the shear rate range y'= (0.1-1000) s~'. A pre-shear of
y'="500s"" for 30's, followed by a rest of 300 s before each measurement
to erase any mechanical history. The amplitude sweeps with the frequency
of 26 discrete steps were represented in a diagram with shear stress plot-
ted on the x-axis and the storage modulus G’ and loss modulus G” plotted
on the y-axis by maintaining a 1% strain over a range from 0 to 100 Hz.
Creep recovery measurements tests monitoring the storage, G’, and Loss,
G”, moduli were also performed on Agarose and Agarose HA in oscillatory
configuration at angular frequency @ = 6.28 rad s~', during which imme-
diate steps in deformation y = 1% and y = 200% were applied for almost
150 s followed by an interval at rest (y = 0).

FTIR and TH-NMR Analysis: ~ Fourier Transform Infrared (FTIR) spec-
trum of the individual components was examined on an Alpha FTIR Spec-
trometer (Bruker Optics, New Zealand) in order to evaluate the methacry-
lation of HAMA and GelMA. The freeze-dried samples were placed directly
onto the ATR crystal, and FTIR spectra were obtained in the wavenum-
ber range of 500 — 4000 cm~" at 4 cm~" resolution. Proton nuclear mag-
netic resonance ('H-NMR) (Bruker Avance Neo) operating at 600 MHz
was used to investigate the purity and degree of methacrylation of HAMA
and GelMA.[01 TH.NMR samples were prepared by dissolving 2% (v/w)
of HAMA or GelMa in deuterium oxide (D20). The solutions were trans-
ferred to 5-mm "H-NMR glass tubes and spectra were obtained without
allowing it to solidify completely.

SEM Imaging: The morphology and structure of molded specimens
and 3D printed scaffolds were visualized by environmental scanning elec-
tron microscopy (SEM). Three solutions of IPC, IPC-HAMA, and IPC-
GelMA were prepared and fibrilized by adding PBS buffer (pH 7.4) at 37 °C.
The meshes were then mounted on a gold grid for analysis by environmen-
tal SEM.

Printing Parameters: The 3D printed cylinder construct was designed
using computer-aided design (CAD) and Repetier-Host slicer software. In
this study, two types of 3D bioprinters (3DBPs) were used to ensure repro-
ducibility in the evaluation of the properties of IPC biomaterials. A custom-
made 3DBP,[6" was employed for the dye dispersion tests, while a com-
mercially available (BioX Cellink) 3DBP was utilized to fabricate composite
hydrogel scaffolds for the drug release study. To generate continuous fila-
ments of the different material inks, the printing parameters were adjusted
to produce cylinders with a diameter of up to 10 mm and layer height of
3 mm. The syringe tip had an inner diameter of 250 um, with a flow rate
of 1517 uL min~" and print head speed of 160 mm min~". Finally, the
printed cylinder was cured by exposing it to visible light at the wavelength
of 405 nm for 10 min.

Drug Release Study in HA-Agar Support Bath: 1gG antibody
(tocilizumab, MW 150 kDa) was first labelled with the amine-reactive
fluorescence dye, NHS-Rhodamine (MW of 528 Da), following the
protocol.[6283] The labelled 1gG was then lyophilized using a freeze-drier,
and the stability of lyophilized powder was studied using SDS-PAGE and
Size-exclusion Chromatography (SEC). For the drug release study, the
labelled IgG (2 mg) was mixed with biomaterials, followed by adding SPS
(10 mM) and Ru (1 mM). The mixture was loaded into a 3D bioprinter
(BioXCell). Two biomaterials were used for the comparison: IPC alone as
a control and IPC-HAMA.

Macromol. Mater. Eng. 2024, 2400236 2400236 (12 of 14)

www.mame-journal.de

A cylindrical scaffold construct with specific dimensions (3 mm x 10
mm) and deposition volume (80 uL) was selected. After printing, the scaf-
folds were fibrilized and photo-crossed-linked. A sink condition was es-
tablished by transferring the scaffolds into PBS buffer (1.0 mL, pH 7.0).
Samples (1.0 mL) were collected for a duration of 82 days and replaced
with 1.0 mL of PBS buffer. The fluorescence intensity of released 1gG was
measured at an excitation wavelength of 544 nm and an emission wave-
length of 590 nm using a microplate reader.

To investigate 1gG release in the context of enzymatic degradation and
to evaluate the biodegradability of 3D-printed collagen-based scaffolds,
a separate set of scaffolds was placed in a solution containing collage-
nase (0.5 mg mL™") and hyaluronidase (0.3 U mL™"). The solution was
refreshed daily with 1.0 mL of fresh enzyme solution, and the released 1gG
was measured until the scaffolds were completely degraded. The stability
of the released 1gGs was also analyzed using SDS-PAGE and silver staining
techniques.

Images of collagen-based scaffolds undergoing enzymatic degradation
were taken at intervals during a degradation study, specifically on ran-
dom days within the experiment timeline. A Nikon SMZ18 microscope
equipped for epifluorescence was used to take the images, utilizing spe-
cific filter sets: rhodamine (TAMRA, BODIPY-TMR analogues), GFP/Em:
580/ (+) 60 (PyMPO). For experiments that examined the distribution of la-
belled 1gG with fluorescent probes, a 300X objective was used, and the mi-
croscope settings, including fluorescence intensity and exposure at 25%
and 300 ms time, were applied for each scaffold.

Dye Dispersion Studies in HA-Agar Support Bath:  The HA-Agar support
bath was transferred in a 12-well plate and placed on the print bed. Rho-
damine dye was mixed with IPC-based biomaterials and loaded into the
syringes. Two different sizes of syringes, 21 and 25 G were used. Two vol-
ume sizes, 30 and 100 pL of bioinks, were deposited within the support
bath using the 3D bioprinter. The printed structures were exposed to vis-
ible light (405 nm) and the dyes were allowed to migrate for 30 min. The
progression of rhodamine dyes was imaged and measured before and af-
ter fibrilization with a stereomicroscope (Zeiss) and diffusion was investi-
gated using Image) software.

Localised Drug Delivery Using 3D Printer: A biologic (2.0 mg), a Fc-
fusion protein with a structure similar to aflibercept (an anti-VEGF Fc-
fusion protein approved for the treatment of AMD), was mixed with differ-
ent biomaterials (1.0 mL each) of IPC alone, IPC-HAMA and IPC-GelMA.
The drug-biomaterial mixtures (50 uL) were loaded into a syringe of a 3D-
bioprinter and deposited into two different locations within 12-well plates:
the surface and a deeper location within the HA-agar support bath. Photo-
crosslinking of the deposited biomaterials was achieved using visible light
(405 nm) for 10 min. After crosslinking, 1.0 mL of PBS buffer (pH 7.4) was
added to each well. The plates were then incubated at 37 °C to promote
fibrilization. To study drug release, the buffer solution containing the re-
leased drug (1.0 mL) was removed from each well at specific time points
(1, 18, and 24 h) and replaced with fresh PBS buffer (1.0 mL). The concen-
tration of released biologic was measured using size exclusion bioHPLC
column (Agilent Zorbax GF-250, USA) with an Agilent Infinity [ HPLC sys-
tem (Agilent, Waldbronn, Germany).

Statistical Analysis: Al experiments were performed in n > 3 and were
presented as the mean =+ standard deviation (SD). Statistical differences
were evaluated using one way ANOVA test with post-hoc Tukey’s test. The
significance was also determined as a p-value (< 0.05) using Prism 10.0.0
(GraphPad Holdings, San Diego, CA, USA).
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