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Photodynamic therapy (PDT) uses photosensitizing drugs and visible light to produce cytotoxic reactive oxygen
species for targeting cell death. The aggregation of photosensitizers poses a significant challenge to the delivery
of the treatment deeper within the tissue. In this study we developed 3D-printed hydrogels composed of gelatin/
alginate and Pluronic® F127/alginate polymers with various silk fibroin concentrations to act as reservoirs for
the sustained delivery of photosensitizers using water-soluble porphyrin and phenalenone as model drugs. We
used rheology and spectrophotometry to analyze the 3D hydrogel scaffolds, focusing on the effect of silk fibroin
on photosensitiser incorporation and release. The study showed that increased silk fibroin concentration affected
the mechanical strength and the printability of the hydrogels. Compression analysis showed decreased hydrogel
mechanical strength at higher silk fibroin concentrations, and cell viability assays indicated the biocompatibility
of these hydrogels. Rapid photosensitizer release was observed, aligning with first-order kinetics for gelatin-
based and the Higuchi model for hydrogels based on Pluronic® F-127. These findings highlight the potential
of 3D-printed hydrogels as a reservoir for the sustained release of photosensitizers and underscore the impor-
tance of hydrogel formulation.

1. Introduction

Photodynamic therapy (PDT) is a therapeutic approach that attrac-
ted attention thanks to its potential to treat ailments such as cancer,
microbial infections, age-related macular degeneration, and pre-
malignant conditions in a selective and minimally invasive fashion
[1]. PDT destroys the target cells through the simultaneous presence of a
photosensitizing agent, visible light, and molecular oxygen. Following
the absorption of light by the photosensitizers, energy (Type II) or
electrons (Type I) are transferred from the excited photosensitizer to
molecular oxygen, resulting in the generation of reactive oxygen species
(ROS), responsible for causing oxidative damage to biomacromolecules
in the vicinity of the photosensitizer, and ultimately leading to the death
of the cell [2]. The individual elements of PDT are virtually non-toxic,
and their co-localization in the target cells is the key to the selectivity
of the treatment and its ability to leave nearby healthy tissues un-
harmed. The possibility of delivering the treatment with few side effects,
especially compared to chemotherapy and radiotherapy, and the
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applicability in outpatient settings made PDT an extremely attractive
approach against cancer [3]. In parallel, the comparative ease of per-
forming light irradiation on the surface of tissues rather than within
them steered many applications of PDT toward treating malignant and
non-malignant affections of the skin and hollow organs [4].

Delivering therapeutic agents through the skin or the mucosae pre-
sents significant challenges. This is particularly true for the skin, whose
primary function is to create a protective barrier against external agents,
including toxins and pathogens. The structure of the stratum corneum,
the outermost layer of the skin, restricts the permeation of large and/or
hydrophilic molecules, preventing most therapeutic agents from
reaching the inner layers of the skin and the deeper tissues. Most pho-
tosensitizers display a high molecular weight and hydro-lipophilic fea-
tures that exacerbate the challenges to skin penetration. The
chromophore, responsible for the absorption of light that triggers the
photodynamic process, is often lipophilic, limiting the applicability of
the water-based formulations commonly used in topical delivery sys-
tems [5]. Chemical modifications aimed at achieving a favorable
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hydro-lipophilic balance for optimal skin penetration may afford species
that aggregate in water, a behavior that reduces photodynamic effi-
ciency [6]. Overcoming these challenges inspired the exploration of
different approaches to enhance the penetration of photosensitizers in
the skin, including micellar systems, lipid-based formulations [7],
hydrogels [8], and transdermal drug delivery systems relying on phys-
ical or mechanical methods, such as microneedles [9], ultrasound, or
electroporation [10,11], Most of these approaches, focused on
enhancing the effectiveness of phototherapy by mitigating its adverse
effects on the surrounding tissues and enabling control of the timing and
dosage of light exposure [12].

Our group recently focused on the potential of soft materials con-
taining Bombyx mori silk fibroin (SF) as a reservoir for the transdermal
delivery of porphyrin photosensitizers [13]. SF attracted considerable
interest as a material for biomedical applications due to its high
biocompatibility, low allergenic potential, tunable degradation rate,
capacity to form stable hydrogels, and ease of chemical modification
[14]. Thanks to the prevalence of $-sheet forming regions in its sequence
and to its hydrophobicity, SF self-assembles to give materials with
favorable mechanical properties, amenable to different fabrication ap-
proaches, including electrospinning, spin-casting, electro-spraying, and
freeze-drying [15]. SF is particularly suited for PDT applications due to
its inherent optical transparency, facilitating effective light penetration
for activating photosensitizers [16]. By utilizing SF hydrogels as carriers
for therapeutic agents, the controlled release of these agents at appli-
cation sites becomes possible, thereby promoting the selectivity of the
treatment and reducing damage to the surrounding tissues.

In this work, we describe novel photosensitizer-containing 3D-
printed scaffolds obtained using combinations of gelatin/alginate or
Pluronic® F-127/alginate and varying concentrations of SF. Our results
show that the formulation of the ink and the printing parameter plays a
significant role in achieving the desired mechanical strength and
favorable release profile of photosensitizer molecules. Our findings
demonstrate that the presence of silk fibroin markedly influences the
properties of the resulting structures, highlighting the importance of
fine-tuning the ink composition to achieve the desired photosensitizer
release profile and, ultimately, the efficiency of the photodynamic
treatment and the therapeutic outcome.

2. Materials and methods
2.1. Materials

All reagents used in this study were of analytical grade. Silk fibroin
was extracted from frisson extra silk (residues from silk processing),
provided by Bratac (Londrina, Brazil). Sodium carbonate, lithium bro-
mide, polyethylene glycol (average MW 6000, hereafter PEG-6000),
Pluronic® F-127 (hereafter, PL127) and 1H-phenalen-1-one (hereafter,
phenalenone) were purchased from Sigma-Aldrich (UK) and were used
as received. Gelatin from bovine skin (gel strength 225 g Bloom, Type B)
and alginic acid sodium salt were from Sigma (UK) and Acros Organic
(UK), respectively, and were used as received. 5,10,15,20-tetrakis-(4-
sulfonatophenyl)porphyrin tetrasodium was synthesized following
literature procedures [17]. Ultrapure water (18.2 MQ-cm) was obtained
from a Millipore Purification System. Cellulose dialysis membrane
tubing 12 kDa MWCO and 3.5 kDa MWCO (Sigma Aldrich, UK) were
used for the dialysis procedures. 3D printing was performed on a BIO X®
Cellink bioprinter using printing parameter detailed below.

2.2. Silk fibroin solution preparation

Bombyx mori fibroin was isolated by a procedure previously
described [13], which was adapted from Rockwood et al[18]. Briefly, 10
g of raw silk was degummed by soaking in aqueous 20 mM (1 L) Na;CO3
at 85 °C for 60 min to separate the sericin from the fibers. The degum-
med fibers were rinsed in deionized water for 30 min (3 times) and dried
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Table 1
Printing parameters for hydrogels prepared with either gelatin (15 %)/alginate
(2 %) or PL127 (30 %)/alginate (2 %) as the base.

Ink Gauge (mm) Pressure (Pa) Speed (mm/s) Temperature ( °C)

PL127 0.41 200 2 25
Gelatin 0.64 60-70 2 40

for 24 h at 72 °C. The fibers were dissolved in 9.3 M aqueous LiBr by
heating at 80 °C-100 °C on a hot plate with constant stirring to aid in the
dispersion of the fibroin. The solutions obtained were purified by dial-
ysis against water for 48 h to eliminate the salts and then were centri-
fuged to eliminate solid residues. The fibroin solution was further
dialyzed using a 3.5 kDa MWCO dialysis tube against 10 % w/v aqueous
PEG 6000 until a concentration of 7 % w/v was attained. The fibroin
concentration was determined by measuring the residual mass after
drying at 37 °C using Eq. (1):

SFS concentration % = (W, — W)/(W; — W) x 100 1)

where: W and W represent the plate mass before and after adding 1 mL
of silk fibroin solution, and W> indicates the plate weight after the so-
lution was dried at 60 °C for 4 h. The purified SF solution was stored at 4
°C until use and proved stable in this condition (no visible alteration) for
up to 2 months.

2.3. Ink preparation

Bioinks with different concentrations of SF (0 %, 2 %, 4 %, 6 %) were
formulated, using sodium alginate (2 % w/v) as the cross-linking agent
and either gelatin (15 % w/v) or PL127 (30 % w/V) as viscosity agents to
improve the mechanical properties and printability of the hydrogels. In a
typical preparation, 0.1 g of sodium alginate was dissolved in 5 mL of 7
% w/v aqueous SF at room temperature under stirring. For the SF/
alginate/gelatin ink, 0.75 g of gelatin was added to the mixture of
alginate and SF at 40 °C to maintain the ink in a liquid state. For the SF/
alginate/PL127 ink, 1.5 g PL127 was added at 4 °C. Both inks were
stored at 4 °C until used. Photosensitizer-containing ink formulations
were obtained following a similar protocol, adding the necessary
amount of photosensitizer during the process to a final concentration of
1 mg/mL within the hydrogel matrix.

2.4. Rheological properties

The viscoelastic properties of the hydrogels were analyzed using a
controlled-stress Malvern Ki nexus Lab + rheometer equipped with a
parallel plate geometry and a sample gap of 0.1 mm at room tempera-
ture. A constant shear stress of 1 Pa was selected to perform the fre-
quency sweep from 0.1 to 20 Hz (0.62-124 rad/s), and the storage(Gv)
and loss (G”) moduli were recorded. For the temperature ramp (0 °C
—40 °C) experiments, a fixed frequency of 1 Hz (6.28 rad/s) was used.

2.5. 3D printing process and printability assessment

The ink was transferred into a 4 mL syringe with a stainless-steel
nozzle, which was mounted on a pneumatic print head in the bio-
printer. Table 1 details the parameters used for printing the inks con-
taining gelatin or PL127.

A two-layer 10 mm x 10 mm x 1 mm square geometry with a grid
filament thickness of 1 mm and a 25 % infill was chosen as a model
scaffold for the 3D printing. The scaffold design and the g code file were
obtained using the CELLINK proprietary software HeartOS 2.4.4. Upon
printing completion, the scaffold was soaked in a 2 % (w/v) calcium
chloride solution for 5 min to promote cross-linking. The scaffolds were
used after preparation or stored at 4 °C until used for up to one week.
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2.6. Printing fidelity assessment

To assess the fidelity of various bioinks developed in this study, we
printed a simple square design and examined the accuracy of several
geometric parameters. Bright-field microscopy images were acquired
(1.5X and 43X magnifications), and the printing fidelity was assessed
using ImageJ (National Institutes of Health, USA). The filament uni-
formity and the printing fidelity were calculated using the following
equations as parameters to study the printing fidelity of the 3D-printed
scaffolds:

. . . Printed strand length
Filament uniformity = Designed strand length 2)
Pri
Printing fidelity — TTUed ared 144 ©)

Designed area

Printing fidelity is defined as the degree to which the 3D-printed
construct matches the geometry in terms of length and width of the
original design file [19].

2.7. Fourier transform infrared spectroscopy

FTIR spectra were recorded using a Spectrum Two FTIR spectrometer
(Perkin Elmer, UK) in absorbance mode in the 400—4000 em™! fre-
quency range.

2.8. Scanning electron microscopy

SEM images were acquired using an FEI Inspect F50 scanning elec-
tron microscope. Each scaffold was sputter-coated with 15 nm of gold,
and the images were produced using secondary electrons, 10 kV voltage,
and 4 mm spot size.

2.9. Swelling and degradation analyses

The stability and swelling properties of hydrogels were tested.
Samples of each print type (N = 3 per group) were weighted and added
to 10 mL of PBS (pH 7.4) and gently shaken in a water bath at 37 °C for
24 h. The hydrogels were removed from the bath, rinsed with deionized
water, blotted dry with filter paper to remove surface moisture, and
weighed (W) to determine the swelling ratio using Eq. (4).

w —w

Swelling ratio = x 100 4)

The samples were dried at 60 °C overnight and weighed again, and
the degradation ratio (mass loss) was calculated using Eq. (5).

Mass loss = % x 100 5)

where w is the initial dry mass of the scaffolds, w; is the mass of the
scaffolds after swelling, and wgq is the weight after drying overnight at 60
°C.

2.10. Compression analyses of the 3D-printed scaffolds

A compression test for the printed structures was performed using a
TA.XTplusC Texture Analyzer (Stable Micro Systems). The compression
speed was set to 0.1 mm/min with a fixed load cell capacity of 25 N. The
compressive modulus of the hydrogel was calculated from the slope of
the stress-strain curve in the linear region, which represents the stiffness
of the hydrogel under compressive forces.

2.11. Photosensitizer release

To evaluate the in vitro release profile of two photosensitisers from
the 3D prints, samples of the printed scaffolds (N = 3) containing
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photosensitizers were immersed in 5 mL PBS (pH = 7.4) at 37 °C. At
different time points (0.5, 1, 2, 3, 4, 5, 6, 7,8, 24, 48, and 72 h), 1 mL of
medium was removed from the receiving solution and replaced by an
equal volume of fresh PBS buffer, to maintain sink conditions. The
concentration of the photosensitive molecules in solution was measured
by absorption spectroscopy at A = 420 nm for the porphyrin and A = 360
nm for the phenalenone. The porphyrin and phenalenone concentrations
obtained were calculated using the equation of the regression lines ob-
tained by plotting the absorbance vs. concentration of known solutions
(expressed in mg/mL).

Phenalenone : y = (28.55 + 0.61)x + (0.070 & 0.003)

Porphyrin : y = (120.12 + 2.13)x + (0.0019 + 0.0013)

The points obtained (drug concentration vs. time) were fitted to four
different drug release models to analyze the kinetic of the release.

The cumulative drug release from the hydrogel matrix over time is
calculated by summing the drug concentration at each time point while
accounting for the removal of samples during the experiment. The
equation is expressed as:

n i-1
Cumulative drug release = Z (Ci_ V+ Z G. Vs> 6)

-1 j=i

where C; is the drug concentration in the release medium at a given
time i, V is the total volume of the release medium, and V; represents
the volume of the sample withdrawn at each sampling time. The second
summation term corrects for the cumulative loss of drug due to sam-
pling, ensuring that the total drug released is accurately calculated. This
approach is critical for maintaining mass balance in the system, espe-
cially in studies where aliquots are periodically removed and replaced
with fresh medium.

2.12. Cytotoxicity test of the 3D printed hydrogels

The compatibility of the printed hydrogels with cell survival was
assessed by Resazurin viability assay (Sigma) on HaCat human kerati-
nocytes. Before the assays, the printed and freeze-dried scaffolds were
sterilized with gamma radiation (10 kGy). The cells were incubated in
96 well-plates (TPP) with 100 uL of DMEM high glucose, 5 % FBS culture
medium (Gibco) for 24 h at 37 °C with 5 % COs. Then, the printed
scaffolds were immersed in the cell-containing medium and left reacting
for 24 h. Afterwards, 10 uL of Resazurin was added in each sample and
kept on incubation for 4 h at dark. Triton-100X (Sigma) was used as cell
death control. The absorbance was measured at 570 nm (Multskan Go,
Thermo).

2.13. Statistical analysis

The data were presented as means + S.D. of three independent ex-
periments performed in triplicate. A standard significance level of p <
0.05 was used. The analyses were performed with GraphPad Prism 8.0
software (GraphPad Software, Inc., La Jolla, CA, USA) or Origin (Pro)
(Version Number 2019, OriginLab Corporation, Northampton, MA,
USA).

3. Results and discussion
3.1. Bioink formulation

The ability of SF to assemble into materials with high strength and
toughness makes it highly attractive for biomedical applications, espe-
cially those in which mimicry of the mechanical properties of tissues is
required [20]. The generation of SF-containing 3D structures by additive
manufacture, in particular 3D printing, became the object of investiga-
tion in regenerative medicine and wound management because it allows
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Fig. 1. Temperature ramp of hydrogels: A-D) Temperature ramp of gelatin (15 %)/sodium alginate (2 %) hydrogels with different concentrations of silk fibroin for
3D printed scaffolds; E-H) Temperature ramp of PL127 (30 %)/sodium alginate (2 %) hydrogels with different concentrations of silk fibroin for 3D printed scaffolds.

the combination of the extraordinary mechanical features of SF with the
fine spatial control of the resulting structure [21,22].

The extraction of SF from B. mori cocoons or processed fibers affords
SF aqueous solution that can be used to obtain various materials but that
do not lend themselves to be used in 3D printing inks because of their
low viscosity. One approach to overcome this issue entails the addition
of a viscosity enhancer to the SF solution. Biopolymers such as chitosan,
gelatin, alginate, or biocompatible synthetic polymers such as PVA or
PEG can be used to this effect. The choice of materials that behave as
viscosity enhancers and the possibility to vary the composition of the ink
to tune both the rheological properties of the ink and the mechanical
properties of the printed structure [23-26]. For our study, we chose two
viscosity enhancers: PL127 and gelatin.

PL127 is a triblock copolymer composed of poly(ethylene oxide)
(PEO) and poly(propylene oxide) (PPO) segments. It exhibits gel tran-
sition in the 20-30 °C range via a micelle packing mechanism triggered
by the aggregation of the PPO blocks. This forms a non-covalent cross-
linked network that traps water and other components in a gel-like
structure [27]. The sol-gel transition temperature of PL127 solutions is
affected by factors such as polymer concentration, molecular weight,
and the presence of other compounds in the environment [28,29]. The
association of PL127 or other poloxamers has been investigated to
obtain nanoparticles or hydrogels [30]. Youn et al. showed that PL127
improved the mechanical properties and reduced the degradation rate of

SF-containing hydrogel, enabling control over the release rate of hy-
drophobic drugs [31].

Gelatin is the product of the hydrolysis of collagen, and it has been
widely used in biomedical applications. Its degradability and ability to
promote cell attachment made it attractive for decades for drug delivery
and tissue repair/regeneration.

3.2. Rheology measurement

The favorable rheological properties of a hydrogel are fundamental
for the success of its application in 3D printing. Shear-thinning behavior
is highly desirable to ensure smooth extrusion and shape retention once
the filament is deposited on the print bed. Parameters such as yield stress
and G’ are also crucial to guarantee the integrity of the printed structure
upon handling. The rheological properties of hydrogels, which deter-
mine their transition between solid-like and liquid-like states, are
influenced by factors such as polymer concentration, pH, and temper-
ature [32]. Both gelatin and PL127 hydrogels are known to display a
temperature-dependent gelation [33]. Lending themselves to the gen-
eration of temperature-responsive inks. In particular, PL127 hydrogels
show thermal reversibility, as they liquefy upon cooling and solidify
upon heating: this enables the use of temperature as one of the key
printing parameters to achieve the desired properties in the printed
scaffold [34]. For temperature-responsive inks, the correlation between
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Fig. 2. Scaffold design for 3D-printed hydrogels: A) Target shapes of the 3D scaffolds: a square shape with a 10 mm length, made by 1 mm thick filaments; B) Gelatin

and Pluronic F127 3D hydrogel scaffolds prototypes.

temperature and hydrogel consistency is a crucial parameter that in-
fluences the mechanical properties of the ink during printing. This
relationship directly affects the ink’s printability, the printed scaffold’s
shape resolution, and its shape fidelity at the operating temperature. The
consistency of the hydrogel ensures that the ink behaves appropriately
under different temperatures, which is vital for achieving precise
structural outcomes and functional performance in the final application
[35]. Judicious formulation of the ink is therefore pivotal to ensure that
the temperature gelation range is optimal for the intended application,
enabling the use of temperature as a key printing parameter to impart
the desired properties in the printed scaffold.

We performed a temperature ramp to analyze the behavior of the
storage (G’) and loss (G’’) moduli of gelatin and PL127 hydrogels to
investigate the temperature responsiveness of their gelation (Fig. 1). For
all the gelatin-containing hydrogels, G’ is higher than G’’ throughout the
temperature range examined, indicating that the elastic component of
the hydrogel dominates (Fig. 1A-D). Although a drop in both G’ and G’
values is observed as the temperature increases, indicating a loss of gel
strength, the lack of interception between the G’ and G’’ curves suggests
that these measurements were performed below the gel transition
temperature. In the absence of SF, the gelatin shows a drop of G’ at
temperatures between 20 and 30 °C, which aligns with the behavior
reported in the literature [34]. The addition of 2 %, 4 %, and 6 % SF to
the composition (Figs. 1B-D) causes an increase in the temperature at
which the drop in the G’ and G** moduli is observed, indicating that the
presence of SF increases the mechanical strength of the formulation. The
values of G’ observed at lower temperatures decrease with adding SF.

The inks containing PL127 also displayed temperature-sensitive
behavior, showing a sharp increase of the G’ and G’’ values triggered
by temperature increase (Figs. 1E-H). Adding a higher percentage of SF
in the hydrogel causes a reduction in the magnitude of the increase of
both G’ and G”’ values, without significantly affecting the temperature
at which the change is observed. This change affects mostly the value of
G’ observed at low temperatures, possibly due to increased crosslinking
of the hydrogels [36]. As observed for the gelatin-containing hydrogels,
no crossover between the G’ and G’ values is shown. This behavior

suggests that the systems exhibit a degree of cross-linking, preventing
the full transition to the liquid state.

We performed a frequency sweep analysis to study the solid-like and
liquid-like behavior of the hydrogels in response to mechanical stimuli,
as this bears relevance to the suitability of the hydrogels as inks for 3D
printing (Figure S1 and S2). The shape of the oscillatory rheology fre-
quency sweep curve can provide insight into the structural and dynamic
properties of the material. A material with a high G’-G’’ crossover fre-
quency and a broad plateau region in the G’ curve indicates a highly
cross-linked and structured material. In contrast, a material with a low
G’-G”’ crossover frequency and a steep slope in the G’ curve shows a
propensity of the material to a liquid-like behavior and indicates a low
degree of cross-linking [37]. Figure S1 shows the frequency sweep
curves obtained from the gelatin-containing hydrogels with different
concentrations of SF over a shear rate range of 107-10% rad-s™. The n
and S parameters provide a quantitative estimation of the strength of a
hydrogel related to its crosslinking density [38]. The G, S, and low n
exponent values decrease with increasing SF, indicating that SF de-
creases the crosslinking density and gives weaker gel structures
(Table S1).

The G’ values of the PL127-containing hydrogels obtained in this
study do not show frequency dependence, indicating a viscoelastic
behavior (Figure S2). As observed for the gelatin-containing hydrogels,
the G’ values of the PL127 hydrogels were higher than the corre-
sponding G’ values throughout the frequency range examined. The
addition of SF caused an increase in the G’ and S values, indicating the
formation of more elastic and crosslinked structures, whereas the low n
exponent values did not show significant changes (Table S2).

At low frequencies, the material indicates a more viscous flow
behavior and shows little resistance to deformation. As the frequency
increases, the material behaves more like an elastic solid and exhibits
greater resistance to deformation [39,40]. No crossover point was
observed between the storage and loss modulus for the tested fre-
quencies, demonstrating that the tested hydrogels possess entangled
fibrous networks [41].

Overall, the data show that the presence of silk fibroin alters the
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2 % alginate for cross-linking promoted by calcium ions.

rheological parameters for both gelatin and PL127 hydrogels, as it can
affect the temperature at which significant changes in storage/loss
moduli are observed and the response of the mixture to mechanical
stimuli. Understanding the rheological behavior of these hydrogels can
help design and optimize their performance to match the requirements
of the intended application [20,42].

3.3. 3D printing

In this study, we used extrusion-based printing to prepare the 3D
scaffolds. This is a widespread technique, as it is relatively simple and
applies to a wide range of hydrogels with different physical and me-
chanical properties. 3D printing hydrogels allow for the generation of
scaffolds with defined customized geometry in a reproducible and
expeditious fashion, ensuring the uniform dispersion of bioactive ele-
ments and other components throughout the structure.

To perform the initial assessment of ink printability and fidelity to
the shape of the structures obtained, we chose the shape of a square
(Fig. 2). We reasoned that a simple geometry would be ideal to assess the
hydrogel’s quality in terms of fidelity to shape during and after printing.
The shape can be customized with different infill percentages, allowing
grids of different hydrogel densities to be obtained.

The printability of a material refers to its suitability for 3D printing
and considers factors such as its flow properties, curing behavior, and
adhesion to the printing surface. The printability of hydrogels is influ-
enced by their rheological properties, crosslinking density, and swelling
behavior [43,44]. A hydrogel ink suitable for 3D printing must flow
smoothly through the printing nozzle but regain viscosity quickly to

ensure optimal adhesion to the printing surface, integrity of the printed
scaffold, and fidelity to shape [45,46]. Initial optimization of the
printing parameters showed that the best results were obtained using the
parameters described in Table 1. We first investigated filament unifor-
mity and printing fidelity of the gelatin-containing hydrogels and veri-
fied that adding SF benefits both parameters (Figs. 3A and 3B). As we
observed previously, increasing the concentration of silk in the ink
composition decreases the viscosity of the hydrogel and thus facilitates
the extrusion of the ink through the nozzle (Figure S1 and S3A). The
hydrogel containing the 6 % SF gave the best results in terms of filament
uniformity (> 0.9) and printing fidelity (> 80 %), although it did not
allow it to reach the target values of 1 and 100 % the best scaffolds were
obtained with this concentration of SF (Figure S4). For the 3D printing of
PL127-based hydrogels, we used the parameters described in Table 1.
Fig. 3C and D show the printability of the PL137 hydrogels with different
concentrations of SF. In line with what the rheological parameters
described in the previous section, adding fibroin to the hydrogels in-
creases the G’ value of the PL127 hydrogel and its viscosity (Figure S2
and S3B), resulting in a more robust material capable of running
smoothly through the nozzle (Figure S4), yet of maintaining its structure
after the deposition on the printing surface. The ability of SF to improve
the shear thinning behavior and increase the viscosity of the hydrogel,
thus facilitating extrusion through the printing nozzle, has been re-
ported [47].

3.4. 3D-printed scaffolds characterization

All the 3D printed scaffolds were characterized by scanning electron
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Fig. 4. FTIR spectra ( % transmittance vs. wavenumber) of: A) 3D printed scaffolds obtained with PL127-based inks containing different concentrations of SF; B) 3D
printed scaffolds obtained with gelatin-based inks containing different concentrations of SF.

Fig. 5. SEM images of the 3D printed hydrogel scaffold: A) Gelatin-containing scaffolds (scale bar 200 um); B) PL127-containing scaffolds (scale bar 100 um). SFO: no

SF, SF2: 2 % SF, SF4: 4 % SF, and SF6: 6 % SF.

microscopy (SEM) and Fourier transform infrared (FTIR) spectroscopy.
Fig. 4 shows the spectra of the gelatin-based scaffolds with different SF
concentrations following printing. Several diagnostic peaks are shown in
the 4000-600 cm™! spectrum range (Fig. 4A), generated by the func-
tional groups in a protein [48]. Amide A and amide B bands, caused by
the N—H and C—H stretching, respectively, appear at ca. 3300 cm™ and
ca. 2925 em™ [49,50]. The peak generated by the peptide backbone
amide C=O stretching is visible at ca. 1650 cm™. Finally, the peaks
around 1550 cm™ are due to N—H bending and C—N stretching vibra-
tions in the amide groups [51].

The FTIR spectra given by the scaffolds printed with PL127-based
inks, with and without SF, are shown in Fig. 4A. The peaks generated
by the C—H stretching on the polymer chain are visible at 2900-3000
em’! [52]. The C—O stretching vibrations of the EO and PO blocks can
be observed in the 1100-1300 cm™ range. The PO block also shows a
characteristic peak at about 900 cm™), corresponding to the vibration of
the PO group [32,53]. The lack of peaks attributed to the amide groups
of SF can be rationalized based on its low concentration in the gel. The
absence of significant shifts in the positions of the peaks on the FTIR
spectra of gelatin or PL127 scaffolds following the addition of SF

suggests the lack of interactions between PL127 and the other polymers
in the mixture. However, these interactions could also be masked by the
prevalence of gelatin on PL127 in the gel.

SEM is routinely relied upon to gain insights into the structure and
morphology of hydrogels [54]. SEM images of the scaffolds printed with
gelatin- or PL127-based inks with different concentrations of SF are
shown in Fig. 5. In both gelatin-based (Fig. 5A) and PL127-based inks
(Fig. 5B), the scaffolds are characterized by a porous network where
interconnected fibers or filaments can be identified, in which the fibers
appear to be randomly oriented. The surface of the scaffolds appears
rough, with pores of different sizes and shapes. Several parameters can
affect the porosity and the pore size of 3D printed scaffolds;[2] in our
case, changing the SF concentration in the ink resulted in changes to the
scaffold structure . The addition of SF had a modest effect on the porosity
of the gelatin-containing scaffolds, but it considerably reduced the pore
size. The diameter of the fibers is also affected by the presence of SF,
although not in a concentration-dependent manner (Figure S6) [55].
PL127-containing scaffolds show a higher degree of porosity as a result
of the addition of SF (Figure S7), although not in a
concentration-dependent manner, and a reduction in pore size. The
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presence of SF does not cause any alteration to the diameter of the fibers.

3.5. Compression analysis

A compression test involves applying a force to the sample and
measuring the resulting deformation or displacement. The force-
displacement data obtained from the test can be used to calculate pa-
rameters such as compressive strength, compressive modulus, and strain
at failure [20]. This is important because it allows for predicting the
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printed object’s behavior during handling and use. The higher the
compressive strength, the more resistant the scaffold is to compression,
and this parameter is determined by the printing parameters, the
composition of the gel, the printing pattern, and the post-printing
treatment [56].

Adding silk fibroin to both gelatin- and PL127-containing inks de-
creases the compression force of the printed scaffolds and results in
lower Youngs modulus (Fig. 6). The addition of SF can affect the gelation
process of gelatin due to its ability to form hydrogen bonds with water
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Fig. 7. 3D printed scaffolds swelling (orange bars) and mass loss (green bars) analysis: A) Gelatin-based scaffolds; B) PL127-based scaffolds. (*) p-value < 0.05, (**)

p-value < 0.01, and (***) p-value < 0.001.
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Fig. 8. Photosensitizers release from gelatin- and PL127-based scaffold in PBS at 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 24, 48, and 72 h: A) Phenalenone released from gelatin-
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Porphyrin released from PL127-based scaffold (2 % SF).

molecules. Silk fibroin has a high affinity for water, and this can cause
water to be drawn away from the gelatin, leading to a delay or inhibition
of the gelation process [57]. This effect can be controlled by adjusting
the ratio of silk fibroin to gelatin and/or the processing conditions, such
as the temperature and time of gelation. The same behavior can be
observed in the scaffolds containing PL127. With the formulations used
in this study, exposing the printed scaffolds to a solution containing
calcium ions is critical for cross-linking the hydrogel and obtaining a
scaffold for handling. The decrease in Youngs modulus could be due to
SF delaying the diffusion of calcium chloride through the structure,
interfering with the gelation process of the hydrogel (Fig. 6B).

3.6. 3D hydrogels swelling and loss mass analysis

Hydrogels are three-dimensional networks of hydrophilic polymers
that absorb and retain large amounts of water. The swelling behavior of
hydrogels can be described by their swelling ratio, which is defined as
the ratio of the swollen volume to the dry volume [58]. The swelling
properties of 3D-printed hydrogels can be optimized by carefully con-
trolling the material composition, printing parameters, and
post-processing conditions [59]. This can help ensure that the hydrogel
retains its ability to absorb water and maintain its structural integrity,
which is critical for most biomedical applications.*” For example, algi-
nate hydrogels have high swelling ratios and can absorb up to several
hundred times their weight in water [60]. Gelatin and silk fibroin
hydrogels, on the other hand, have lower swelling ratios but can be
modified to have tunable mechanical properties [61].

The presence of SF affects the swelling ratio and mass loss of the 3D-
printed scaffolds obtained from gelatin-based inks (Fig. 7A). The
swelling behavior of the hydrogels decreases slightly but significantly
with the addition of silk fibroin, which could be attributed to a higher
extent of cross-linking in the structure [60]. Hydrogels with a high

crosslink density usually present a lower swelling ratio than soft cross-
linked hydrogels due to the lower diffusion of the water through the
structure [62]. A similar behavior is observed with scaffolds obtained by
printing PL127-based inks, for which the swelling ratio decreases with
increasing SF concentration. For both gel series, the degradation of the
scaffolds decreases with an increase in SF concentrations within the
structure due to the low degradability and solubility of the fibroin,
compared with the other components of the 3D scaffolds (Fig. 7). This
indicates that the presence of SF enhances mechanical properties,
increasing scaffold stiffness and stability. This improvement is linked to
higher cross-linking density, which strengthens the structure and re-
duces swelling and degradation [63].

3.7. Photosensitizer release analysis

To evaluate the potential of the scaffold to act as a drug reservoir for
photodynamic therapy, we investigated the release of two photosensi-
tizers from the 3D-printed hydrogels. The release profile of a drug from a
hydrogel is dictated by the properties of the hydrogel (i.e., porosity,
stiffness, and swelling behavior) and the aqueous solubility of the drug.
For example, hydrogels with higher porosity, swelling, and degradation
rate display a faster release because they facilitate the diffusion of the
drug through the matrix [64]. On the other hand, the release of the drug
from a stiffer hydrogel may be hampered by reduced swelling and
increased resistance to drug diffusion [65]. For our study, we selected a
water-soluble  porphyrin  (5,10,15,20-tetrakis(4-sulfonatophenyl)
porphyrin tetrasodium salt) and a phenalenone as model photosensi-
tizers due to their favorable singlet oxygen quantum yields and their
used in different applications as antibacterial and wound healing
[66-69]. These experiments were performed on a gelatin-based scaffold
containing 6 % SF and a PL127-based scaffold containing 2 % SF due to
their favorable printability and mechanical properties.
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Fig. 8 shows the release profile of both species from the scaffolds. For
both gelatin- and PL127-containing scaffolds, the release starts promptly
(30 min) and reaches a plateau after a few hours. There is no significant
difference between the efficiency of release of the two scaffold matrices.
For the phenalenone, more efficient release seems to occur from gelatin-
based scaffolds compared to PL127 scaffolds, whereas no statistically
significant difference of release efficiency is shown for the porphyrin.

The variability in drug release between samples is primarily due to
the progressive and non-uniform degradation of the hydrogel scaffolds
upon immersion in PBS. This degradation alters the available surface
area for drug diffusion, leading to inconsistencies in release kinetics
[70]. Additionally, differences in hydrogel swelling behavior, influenced
by polymer crosslinking and environmental factors, further impact drug
diffusion rates. Non-uniform drug distribution within the hydrogel
matrix also contributes to variations, as localized concentration gradi-
ents can cause some samples to release the drug faster than others [71].
Mechanical factors, such as fluid dynamics and agitation differences,
further exacerbate these inconsistencies by affecting how the drug dif-
fuses into the release medium [72].

To better characterize the release profile of the photosensitisers from
the printed scaffolds, we attempted to fit our data into different drug-
release models (Table S3). These mathematical models describe the
release of drug molecules from different drug delivery systems,
including 3D-printed scaffolds and hydrogels, and they are instrumental
in helping predict the release profile of a therapeutic agent and develop
new drug delivery systems [73].

The different drug release models are based on different assumptions
and mathematical principles. For this study, we chose the five models
most commonly adopted to describe the release of a drug from a
hydrogel structure [74]. We selected a zero-order model, which assumes
that drug release occurs at a constant rate, regardless of the drug con-
centration [75], and a first-order release model, which assumes that
drug release occurs at a rate proportional to the amount of drug
remaining in the drug delivery system [73]. The third model we used is
the Higuchi model, which is based on the assumption that drug release
occurs by diffusion through a matrix and that the process rate is pro-
portional to the square root of time [76]. The fourth model we chose is
the Korsmeyer-Peppas model, which is particularly useful for describing
the drug release rate from a polymeric matrix and assumes that the drug
release rate is proportional to the fractional power of time [77,78].
Lastly, the Hixson-Crowell cube root law, also known as the Hixson
model, is a widely used treatment that assumes that the rate of drug
release from a solid matrix is proportional to the surface area of the
matrix and the difference in drug concentration between the matrix

10

surface and the bulk of the matrix [79].

The release from the PL127-based scaffolds was best characterized
by the Higuchi model, indicating that the drug release mechanism
through the hydrogel occurs via Fickian diffusion. Conversely, the
release from the gelatin-based scaffold was more accurately modeled by
the first-order kinetics, where the release rate depends on the drug
concentration within the matrix.

3.8. Cell viability

Any device intended for human, or animal use must exhibit low
cytotoxicity or cytotoxicity levels deemed acceptable considering the
intended application. According to ISO 10993-5 regulations, materials
with cell viability percentages exceeding 80 % are classified as non-
cytotoxic, those with viability between 80 % and 60 % are considered
weakly cytotoxic, and viability below 40 % indicates materials with
moderate or potent cytotoxicity. Resazurin viability assay performed on
HaCaT keratinocytes following 24-hour incubation with the scaffolds
showed at most weak cytotoxicity, compared to Triton-100X, a cell
death control, indicating that the scaffold components are compatible
with cell survival and suitable for use as drug reservoirs (Fig. 9).

4. Conclusions

This study aimed to study the potential of hydrogels as inks for the
bioprinting of photosensitizers reservoirs for photodynamic therapy. We
studied eight hydrogel formulations containing either gelatin or PL127
as the main component and varying concentrations of silk fibroin (from
0 % to 6 %). The printability of the hydrogels was determined by the
nature of the main hydrogel component. Still, the addition of silk fibroin
significantly impacts the rheological properties of the ink and the
structural and mechanical features of the printed scaffold (e.g.,
compressive strength, porosity, etc.). Two model photosensitisers were
easily incorporated in the ink formulation, and their release from the
printed scaffold was already taking place after 30 min. Although the
release of the drugs follows different kinetics (the Higuchi model
described better the release of the photosensitisers from gelatin-based
scaffolds, whereas the first-order model was better suited for the
release from PL127-based scaffolds), all scaffolds display favorable
swelling/degradation properties for the delivery of photosensitisers.
This, together with good compatibility with cell viability, encourages
further research toward applying these materials as reservoirs of ther-
apeutic agents for photodynamic therapy.
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