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Silk fibroin (SF) hydrogels are widely used in tissue engineering, thanks to its tunable physicochemical prop-
erties, aqueous processability and cytocompatibility. However, the use of SF-based inks in extrusion-based
bioprinting (EBB) is limited due to SF rheological properties. In this work, we used the de novo designed self-
assembling ultrashort ionic-complementary constrained peptides (UICPs) to modulate the rheological profile
of SF-based pre-gels. By leveraging the synergistic interaction between SF and UICPs, we successfully modulated
the molecular assembly of the pre-gel, significantly enhancing the rheological properties without compromising
the integrity of the system. The SF-UICP hybrid formulations were engineered to optimize hydrogelation kinetics
and mechanical stability. Furthermore, hyaluronic acid (HA) was incorporated to refine the shear-thinning
behavior of the pre-gel, facilitating high-fidelity deposition and reducing the spreading ratio during the extru-
sion process. Our results demonstrate that UICPs serve as effective enhancers of rheological profiles of SF for EBB.
The SF-based biomaterial ink offers an alternative biomaterial for the 3D printing of scaffolds for tissue engi-
neering and regenerative medicine applications.

1. Introduction low viscosities and poor shear thinning profile [12,13].

Another shortcoming in using SF-based biomaterial inks for EBB is

Extrusion-based bioprinting (EBB) is an additive manufacturing
technique used for the manufacturing of hydrogel-based complex
structures for tissue engineering [1-3]. The main challenge related to
this technique is the development of biomaterial inks with suitable
rheological properties able to guarantee material’s extrudability,
structural stability of printed objects over time and specific biological
outcomes [4-7].

Silk fibroin (SF) is as a promising material for tissue engineering due
to its biological properties, ease of functionalization as well as pro-
cessability in aqueous environments, and tunable mechanical properties
[8-11]. However, SF at usual working concentrations (i.e., 2-15% w/v)
exhibits unsuitable viscosity and viscoelastic properties for EBB, namely

the hydrogelation mechanism. In fact, physical hydrogels can be formed
through the natural conformational transition from random coil to
B-sheet of the SF chain, as happens in native spinning, without the need
for chemical functionalization of the protein [9,14]. This process can be
triggered by environmental stimuli (e.g., temperature, pH level, ionic
strength, protein concentration and organic solvents) or via mechanical
treatments (e.g., ultrasound exposure and flow-induced shear stresses)
[15]. Although these hierarchical molecular assembly mechanisms have
been widely exploited in traditional scaffold fabrication (films, sponges,
hydrogels) [16], only a few attempts have been reported for the
formulation of SF-based biomaterial inks suitable for EBB, mostly
requiring the use of coagulation baths or supporting materials to control
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shape fidelity and to tune the gelation kinetics [17]. To exploit the use of
SF-based biomaterial inks, other approaches reported in literature
attempted the increase of protein concentration up to 20-30% w/v,
crosslinking before printing [18], free-form printing [17,19] or blending
with other natural-based polymers [20-25] The latter is certainly
promising, as the use of polymers with shear thinning profiles (e.g.,
hyaluronic acid, alginate, pectin) enables facile and precise extrusion
and further printing of SF-based biomaterial inks [23,26].

De novo short peptides are interesting molecules able to effectively
triggering gelation and form hydrogels from the spontaneous self-
assembly into bioinspired supramolecular structures (e.g. p-sheets,
B-hairpins, a-helices and coiled coils, and others) through non-covalent
interactions, such as hydrogen bonding, electrostatic, n-stacking and
hydrophobic interactions [27]. A few recent studies reported the use of
peptides as enhancer of rheological profiles of biomaterial inks for EBB
[28,29]. Among these, peptides that self-assemble into stable B-sheet
nanofibers have gained significant attention due to their ability to form
hydrogels in aqueous and physiological environments [30]. In our pre-
vious work, we reported on the rationally designed ultrashort
ionic-complementary constrained peptides (UICPs), that are capable of
self-assembly into thermodynamically stable p-sheet nanofibers which
further entangle into mechanically robust supramolecular hydrogels
[31]. We have demonstrated the ability of fine-tuning both the nanofiber
morphology and the hydrogel rheological properties by the careful
molecular design of the amino acid sequence of UICPs, exploiting both
aromatic and electrostatic interactions [30,31].

Just recently, small synthetic peptides were used for the first time to
trigger SF conformational transition from random coil to p-sheet struc-
ture via hydrophobic and hydrogen bonding interactions, thus exploit-
ing a “bottom-up strategy” to produce hybrid hydrogels with tunable
properties [32,33]. The use of peptides as additives to SF helped
tailoring the biomechanical and bioactive properties of the formed
hydrogels; for instance, to improve cell adhesion, due to the lack of
RGD-like sequences to the SF primary structure. Moreover,
self-assembled peptides showed promising results in formulating
biomaterial inks for EBB applications either alone [29,34], or as rheo-
logical enhancer for shear thinning materials such as sodium alginate
[28] and methylcellulose [35].

In this current study, we have used for the first time p-sheet forming
peptides (namely UICP6 and UICP10) to direct the rheological behavior
of pristine SF and to formulate new biomaterial inks for EBB. Herein, we
show how the formulation of and the interactions within the biomaterial
ink drives a successful manufacturing of SF-UICP based three-
dimensional (3D) systems. To ensure hydrogel network homogeneity,
and further enhance printability tailoring rheological profiles compat-
ible with EBB, hyaluronic acid is included in the biomaterial ink opening
for new approaches to be implemented in tissue engineering and
regenerative medicine applications.

2. Materials and methods
2.1. Silk fibroin (SF) preparation

Bombyx morii silk cocoons (Chul Thai SilkCo., Phetchabun, Thailand)
were first degummed to remove the soluble protein sericin from the silk
fibroin fibers adapting a well-known protocol [10]. Briefly, 10 g of co-
coons were cut into small pieces and boiled for 30 min in 4 L of 0.02 M
sodium carbonate (NapCOs, Sigma-Aldrich) solution and washed three
times in DI water for 20 min at room temperature (RT) under stirring.
The fibers were then air dried under the fume hood for 48 h. The
degummed SF fibers were then dissolved in a 9.3 M LiBr aqueous solu-
tion at 65°C for 4 h and dialyzed against deionized (DI) water using
Slide-a-Lyzer dialysis cassettes (Spectra/Por Spectrum Laboratories,
3.5 kDa MWCO) for three days at RT to remove the excess of LiBr (aq.).
SF solution was centrifuged twice at 9000 rpm at + 4 °C for 20 min to
remove the impurities, concentrated in air for approximately 10 h upon
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reaching the concentration of 7% w/v and then stored at + 4 °C and used
within 7 days. The concentration of the solution was measured by
checking the intensity of the peak at 280 nm by UV spectroscopy
(Nanodrop 1000, ThermoFisher Scientific, Waltham, MA, USA).

2.2. Self-assembled hydrogel preparation

2.2.1. Peptides selection and peptide-based pre-gel preparation

Two peptides, Table 1, (Biomatik USA, LLC, purity >95%) were
selected to study the influence of the peptide charge on the SF self-
assembly and their interactions.

The selected peptides shared a similar self-assembly mechanism
[30]. The charge was calculated with Eq. 1:

H

10PKa 107
Z = ZiNllopH+10pKﬂi - Zjlvjlopli+10pl<nj

Nj,; represents the numbers while pKa;/; refers to the pKa values of
the basic (i - pKa > 7) and acidic (j - pKa < 7) groups in peptide.

The peptide-based hydrogels were prepared as previously described
in Wychowaniec et al. Wychowaniec et al. [31]. Briefly, peptide pow-
ders were dissolved in HPLC water by vortexing at 2500 rpm at RT. To
trigger the gelation, the pH of the peptide solution was adjusted to
4.5-5.0 by stepwise addition of 0.5 M NaOH solution (aq.), followed by
vortexing for 30-60 s between each addition, and being this the final pH
of pre-gels. Then, the final volume was adjusted by adding HPLC water
to obtain the target final concentrations (all tested conditions are re-
ported in Table 2). The as-prepared hydrogels were left at + 4 °C for
24 h. The Critical Gelation Concentration (CGC) was assessed via
inversion vial test by monitoring the minimum peptide concentration
necessary to have the formation of a gel-like structure without gravita-
tional flow as described in our previous works [30,31].

@

2.2.2. Standard mixing protocol for SF-UICP pre-gel preparation

For the preparation of the SF-UICP pre-gels, the peptide powder was
dissolved in HPLC water (two thirds of the final volume), and the pH was
adjusted at 3.5 by stepwise addition of 0.5 M NaOH (aq.). Then, the SF
solution was added in a 1:1 vol ratio to the peptide aqueous phase and
homogenized by gentle stirring. The pH was adjusted at 4.5-5.0 by
stepwise addition of 0.5 M NaOH solution to trigger the peptide gela-
tion. Final volume was adjusted with HPLC water to obtain the required
concentrations (Tables 3 and 4). Hydrogels were equilibrated at + 4 °C
for 24 h and characterized via inversion vial test for the detection of the
CGC and further physico-chemical characterization.

Only when explicitly reported, a 2.0% w/v of methacrylated hyal-
uronic acid (HAMA) aqueous solution was added to the SF-UICP solution
for printability studies (Table 5). The hyaluronic acid (HA, 1.0-1.5 MDa,
Glentham Life Sciences) methacrylation reaction was performed as re-
ported by Loebel et al. [36].

2.3. Characterization of the self-assembled pre-gels

2.3.1. Thioflavin T fluorescence assay (ThT)

The Thioflavin T (ThT) is a fluorescent dye that binds to amyloid-like
B-sheet fibrils structures, and the ThT assay allows to monitor the self-
assembly kinetics in vitro [37]. ThT assay was used in this study to
detect the p-sheet formation under the different conditions. A1 mM ThT
stock solution was prepared in HPLC water and then added to the pep-
tide aqueous phase with a final concentration of 100 uM before

Table 1
Tested peptides and properties, including name, sequence, molecular mass and
net charge at pH 4.5-5.0.

Peptide name (Code) Peptide sequence Net Charge at pH = 4.5-5.0

UICP6 (P)
UICP10 (E)

Phg-Lys-Phg-Glu 0
Glu-Phg-Lys-Phg-Glu -1
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Table 2
Tested peptide-based formulations to assess the critical gelation concentration.
Peptide name (Code) Peptide final concentration [% w/v] Label
UICP6 (P) 0.5 P0.5
1.0 P1
2.0 P2
3.0 P3
4.0 P4
5.0 P5
6.0 P6
UICP10 (E) 0.5 EO0.5
1.0 El
2.0 E2
3.0 E3
4.0 E4
5.0 ES

Table 3
SF-E biomaterial ink formulations tested to assess hydrogelation.
Silk Fibroin [% w/v] UICP10 (E) [% w/V] Code
3.0 2.0 SF3-E2
3.0 SF3-E3
4.0 SF3-E4
5.0 SF3-E5

Table 4

SF-P biomaterial ink formulations tested to assess hydrogelation. Of note, the
concentration of P peptide tested is within the self-assembly concentration range
(Fig. 1D).

Silk Fibroin [% w/V] UICP6 (P) [% w/v] Code
2.0 2.0 SF2-P2
3.0 SF2-P3
4.0 SF2-P4
5.0 SF2-P5
2.5 2.0 SF2.5-P2
3.0 SF2.5-P3
4.0 SF2.5-P4
5.0 SF2.5-P5
3.0 2.0 SF3-P2
3.0 SF3-P3
4.0 SF3-P4
5.0 SF3-P5
3.5 2.0 SF3.5-P2
3.0 SF3.5-P3
4.0 SF3.5-P4
5.0 SF3.5-P5

Table 5
Biomaterial ink formulations tested to assess printability.
Silk Fibroin [% UICP6 (P) [% HAMA [% LAP [% Code
w/v] w/v] w/v] w/v]
3.5 - 2.0 0.5 SF3.5-H2
3.5 4.0 2.0 0.5 SF3.5-P4-
H2
2.0 0.5 H2

proceeding. A SpectraMax M5 spectrofluorometer plate reader (excita-
tion wavelength 440 nm, cutoff wavelength 475 nm, emission wave-
length 490 nm) was used to measure the fluorescence (scan range
460-600 nm) after 30 min, 1 h, 2h, 4h, 6 h, 8h, 24 h, 48 h, 72 h and
96 h. All conditions were performed in triplicates.

2.3.2. Attenuated total reflectance Fourier-transform Infrared Spectroscopy
(ATR-FTIR)

The secondary structure of the self-assembled pre-gels was deter-
mined by Fourier Transform Infrared Spectroscopy (FT-IR) using a
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Thermo Nicolet IR200 spectrophotometer equipped with a diamond
multibounce attenuated total reflectance (ATR) plate. Transmittance
measurements were carried out from 4000 to 400 cm ! at 128 scans and
a resolution of 2 cm ™! using HPLC water as the background. All spectra
were subtracted automatically from the background by OPUS software
version 8.1. Peak deconvolution for the amide I bands from 1600 to
1700 cm™ was then performed via OriginPro™ 2016 software to sepa-
rate peaks and determine the peak areas. -sheet content was estimated
per sample by calculating the percentage of the deconvoluted peak area
for the peak at 1620-1625 cm ™! in relation to the overall area of the
amide I band.

2.3.3. Rheological characterization

Rheological evaluations were performed on a Discovery Hybrid
Rheometer HR-2 rheometer (TA Instruments, The Netherlands) equip-
ped with a 25 mm parallel plate geometry and a Peltier plate for the
temperature control. A closed chamber was used to minimize solvent
evaporation. To investigate the flow behavior of the solutions, rotational
shear rate sweeps (0.1-50 s~1) have been carried out to analyze the
viscosity profile. An oscillatory stress sweep test (0.1-1000 Pa, 1 Hz)
was performed to determine the viscoelastic properties of the material:
storage (G’), loss (G’’) moduli, and loss factor (tand) were evaluated by
averaging the points (n = 10) in the LVER.

2.3.4. Morphological characterization: scanning electron microscopy
(SEM)

Scanning electron microscopy (SEM, Carl Zeiss EVO LS 15) was used
to investigate the inner morphology of SF-UICP pre-gels. The UICP and
the SF-UICP pre-gels were deposited on an aluminum stub with a carbon
tab, freeze-dried and gold sputter-coated before imaging.

2.3.5. Printability tests

Biomaterial inks were printed using a BIO X™ (CELLINK, Boston,
USA) extrusion-based bioprinter (EBB) equipped with pneumatic
printheads. Briefly, the solutions were loaded into a 3 mL cartridge
equipped with a 25 G polypropylene conical nozzle (length 32 mm,
diameter 0.25 mm) and printed on a Petri dish. Tests were performed
following our previous study [38]. The extrudability of the pre-gelled
biomaterial inks and the filament formation capability was evaluated
by slowly increasing the printing pressure until the biomaterial ink
started to extrude steadily, hence identifying the minimum extrusion
pressure defined as the minimum pressure allowing the extrusion of a
continuous and homogeneous filament from the nozzle. Straight line
geometries (5 strands of 3 cm length) were printed for each composition
at three different extrusion velocities and at three extrusion pressures to
optimize the printing parameters. Two quantitative parameters were
considered for the analysis of the shape fidelity: the Spreading Ratio (SR)
and the Uniformity Factor (UF), being respectively the ratio between the
width of the extruded strand over the printing needle diameter (250 pm)
and the ratio between the length of the extruded strand and the length of
the theoretical straight strand.

2.4. Characterization of the printed hydrogels

2.4.1. Stability tests

The stability of the printable formulations was tested on hydrogels
immersed in phosphate buffered solution (PBS, Sigma-Aldrich P3816)
by monitoring their weight variation over time. Briefly, 500 uL of ma-
terial with 0.5% w/v of LAP were extruded in silicon molds (n = 3) and
exposed for 1 min to a 405 nm lamp. The obtained cylinders were
weighed as prepared (W) and immersed in 2 mL of PBS, then incubated
at 37 °C. At each timepoint (30 min, 1 h,2h,4h,8h,24 h,48 h,72 h,7
d, 14 d), samples were removed from the buffer, excess water was
absorbed with filter paper, and samples were weighted (W;). The
swelling ratio was calculated as in [39] with the Eq. 2:
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Swelling Ratio (%)= (W1 — W0)/WO0 2)

2.4.2. Morphological analysis

Field emission Scanning electron microscopy (FE-SEM, Carl Zeiss
Supra 40) was used to investigate the inner morphology of extruded and
photocrosslinked hydrogels. The hydrogels were prepared as described
in 2.4.1, freeze-dried and Pt/Pd sputter-coated before imaging.

2.5. Statistical analysis

The statistical analysis of the data was performed using a two-way
analysis of variance (ANOVA) using OriginPRO v2018. Bonferroni’s
multiple comparison test was used to evaluate significant differences
among the tested conditions. p-values were set at four levels having
p <0.05 and indicated in the figures as * p < 0.05, ** p < 0.01, ***
p < 0.001, **** p < 0.0001, ns > 0.05.

3. Results and discussion
3.1. Peptide-based pre-gels: selection and preliminary characterization

The molecular, physicochemical and mechanical properties of the
two peptides (Table 1) used for this study, i.e. UICP6 (referred to as P)
and UICP10 (referred to as E), were previously fully characterized in our
published work [30].

The two peptides were re-characterized for their self-assembly and
hydrogelation ability also in the current study for a comparison with the
SF-UICP pre-gels. The molecular design of the selected peptides was
bioinspired from a segment of the yeast nuclear protein Zuotin, where
the short sequence possesses alternating charges (either Lys or Glu) and
aromatic phenylglycine residues. This ionic self-complementary
sequence pattern allowed self-assembly into stable antiparallel p-sheet

B)

— UICPE {P)
——UICP10 (E)

Theoretical Net Charge (¢

D)

Transmitance [ a.u.

I L] ] I 1
1700 1650 1600 1550 1500
Wavenumber / em™
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fibrils [30,31,40]. These peptides, above a critical gelation concentra-
tion (CGC), can entangle and interact to form three-dimensional (3D)
networks with the ability of retaining water, thus forming
self-supportive hydrogels.

The chosen UICPs have different theoretical net charges (Z) at the
gelation pH 4.5-5.0, which is calculated as Z = O (i.e. neutral) for UICP6
and Z = -1 (i.e. anionic) for UICP10 (Fig. 1A and Table 1). The gelation
pH of both peptides is slightly above the isoelectric point of SF (pI =
3.8-3.9) [41], ensuring that the protein net charge is neutral to negative,
hence avoiding SF precipitation. In addition, both peptides exhibited the
highest f-sheet content at pH 4.5-5, which is expected to enhance the
UICP-SF co-assembly through f-sheet nucleation [30]. Cationic UICPs
were not used to avoid charge driven SF-UICP aggregating that could
lead to precipitation. A series of UICP6 and UICP10 concentrations were
prepared and screened for their ability to form stable hydrogels at the
concentration range 0.5-6.0% w/v at the same pH value (Table 2). For
ease reference to their concentration, from now on UICP6 and UICP10
are named P and E, respectively, and followed by a number indicating
their concentration (% w/v), as shown in Table 2. The CGC was esti-
mated through the inversion vial test, which was shown to be 3.0% w/v
and 2.0% w/v for P and E, respectively, and consistent with our previous
study (Fig. 1B) [30]. An increased opacity was observed as a function of
hydrogel concentration for both P and E peptides (Fig. 1B). This
behavior is a result of entanglement and further aggregation of p-sheet
bundles at higher hydrogel concentrations causing scattering of light
[42]. Scanning electron microscopy (SEM) micrographs of both P4
(Fig. 1C) and E5 (Fig. 1E) confirmed the ability of the two peptides to
form an organized structure at the CGC, with an internal microstructure
displaying an irregular filamentous porous network. The similarity of
the two morphologies was related to the shared self-assembly mecha-
nism [30].

Molecular characterization of self-assembly was performed using
ATR-FTIR analysis. The FTIR spectra of different P peptide concentra-
tions revealed a characteristic B-sheet peak at 1620 cm ™! with a random

P05 P1 P2 _P3 P4 P5 P6

TYYIY

)

s

7

Transmitance / a.u.

) T
1700 1650 1600 1550 1500

Wavenumber / em™?

Fig. 1. Characterization of UICP6 (P) and UICP10 (E) peptides: A) theoretical net charge, B) inverted vial tests (CGC framed in black), C) SEM micrograph of P4
(Scale bar = 50 um), D) ATR-FTIR spectra showing amide I band of P peptide samples at concentration range of 0.5-5% W/V, E) SEM micrograph of E5 (Scale bar =
50 um), F) ATR-FTIR spectra showing amide I band of E samples in concentration range of 0.5-5% w/v.
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coil peak at 1647 em~! at concentrations of 3.0-6.0% w/v (P3-P6,
Fig. 1D), while for the E peptide a sharp p-sheet peak (1625 em 1) in the
amide I region was observed at concentrations of 2.0-5.0% w/v (E2-E5,
Fig. 1F). A broad peak at 1525 cm ™! was also observed in amide II band,
indicating an extended f-sheet structure. These findings are in agree-
ment with our recent study by Soliman et al. [30]. The higher p-sheet
content observed with the E peptide is attributed to the difference in the
net charge between P and E peptides (Fig. 1A), suggesting that neutral P
peptide may be a more suitable candidate for interaction with SF. To
investigate this hypothesis, both P and E peptides were subsequently
formulated with SF in different combinations.

3.2. Self-assembled SF-UICP pre-gels: preliminary screening

Following characterization of P and E peptides, their interaction with
SF was studied as hydrogelation promotor and rheological enhancer
additives. Concentration ranges identified (Fig. 1) were selected for the
formulation of SF-UICP biomaterial inks for EBB.

First, the interaction of different concentrations of the anionic E
peptide (concentration range 2.0-5.0% w/v, Fig. 1F) with a 3.0% w/v SF
was explored, using the SF-E biomaterial inks detailed in Table 3.

From the inversion vial test, it was possible to confirm that all the
tested SF-E samples have successfully formed hydrogels, thus confirming
the suitability of the E peptide in facilitating the hydrogelation of 3.0%
w/v SF starting from a concentration of 2.0% w/v (Fig. 2). Of note and as
expected, pristine SF used as control failed to form hydrogel at pH 4.5,
which is well above the isoelectric point of the protein (pH = 3.8 — 3.9)
[41].

However, after stirring to check the homogeneity of the gel, all SF-E3
hydrogel displayed phase separation among the self-assembled material
(white gummy-like phase) and the water phase (transparent), as shown
in Fig. 2 insert. This behavior under the presence of external physical
stress could cause hydrogel syneresis [43]. Due to the observed insta-
bility, the SF-E biomaterial inks did not show suitable behavior for its
extrusion and further use for EBB.

We then tested the interaction of the neutral P peptide varying SF
concentrations (i.e., 2.0-3.5% w/v), limiting its concentrations in the
range of 2.0-5.0% w/v for ease comparison with E peptide, as reported
in Table 4.

Unlike SF-E pre-gels, a concentration dependent behavior between P
and SF was observed for all SF-P formulations (Fig. 3, inverted vial
tests). Whilst pristine SF and SF-P2 failed to form hydrogels as observed
from the inverted vial test (regardless of SF concentration); successful
hydrogelation of SF-P mixtures was achieved at P peptide concentra-
tions equivalent to or higher than the CGC value (i.e.,, > 3.0% w/v,
Fig. 3). The SF-P pre-gels had a translucent appearance, enhanced with
the increase of P concentration in the system (Fig. 3). Such visual dif-
ference in the hydrogels suggests structural re-organization of the fibrils
of both SF and P in the hydrogel network, which could have possibly

SF3 iSF3-E2 SF3-E3 SF3-E4 SF3-E5

[

Fig. 2. Assessment of SF-E hydrogelation behavior: Inverted vial test on SF3-E
formulations (on the left) and phase separation after shear (on the right). The
insert shows the details of phase separation after gentle stirring of SF3-E4
hydrogel, selected as example.

Next Materials 12 (2026) 102095

resulted in a homogeneous SF-P hybrid system.

Based on these hydrogelation studies, only the SF-P pre-gels were
used throughout the rest of this study to investigate its printability,
whilst the SF-E pre-gel was excluded due to the high potential of phys-
ical instability under external forces (e.g., flow-induced shear stresses).

3.3. Self-assembled SF-P system: hydrogelation mechanism and kinetics

To further understand the interaction between SF and P, molecular
secondary structure and nanoscopic morphology of the SF-P pre-gels
were studied using ATR-FTIR spectroscopy and SEM, respectively. In
addition, hydrogelation kinetics was evaluated via quantifying B-sheet
nanofiber formation using Thioflavin T (ThT) binding fluorescence
spectroscopy [37]. As SF-P hydrogelation was found to be concentration
dependent (Fig. 3), we then focused on the study of SF-P pre-gels using
the highest concentrations of SF (i.e., 3.0 and 3.5% w/v), with the aim of
maximizing the SF content in the biomaterial ink.

The ATR-FTIR spectra of both pristine SF and SF-P pre-gels presented
distinct prominent peaks at amide I region (C=O stretching;
1700-1600 cm ™) and at 1545 cm ™! assigned to the amide II region (C-
N stretching and N-H bending) (Fig. 4) [44]. The peak at 1250 em ™!
mainly present in SF samples was assigned to amide III region (C-N
stretching and N-H bending) [45].

To further understand the effect of P peptide on the SF structure,
amide I band peak deconvolution was performed to analyze the SF-P
pre-gels secondary structure (Fig. 5). Pristine SF3 was mainly unstruc-
tured (~61% random coil) with minor 18% f-sheet population (Fig. 5A).
Interestingly, addition of P3 (i.e. SF3-P3) led to a 2-fold increase in
B-sheet structure (~36%) and a significant reduction in unstructured
population (~31% random coil) (Fig. 5B). Further increase in the pep-
tide concentration within the mixture (i.e. SF3-P4) only led to a slight
increase in p-sheet population (~40%) (Fig. 5C), with no further change
observed for SF3-P5 structure (data not shown). Likewise, the SF3.5
based formulations showed a similar secondary structure profiles, with a
significant increase in p-sheet population (~32%) with the addition of
P3 (i.e. SF3.5-P3) (data not shown).

The morphology of SF3-P4, SF3.5-P4, SF3-P5 and SF3.5-P5 samples
was further characterized by investigating SEM micrographs to confirm
the supramolecular assembly into nanofibers and formation of entan-
gled networks. All tested SF-P pre-gels showed a highly interconnected
porous structure (Fig. 6) similar to that observed for P4 self-assembled
hydrogels (Fig. 1C). The mean diameter of the pores for all the tested
formulations was in the range 10-50 um, considered acceptable for
promoting a biological outcome in future experiments [46].

Evaluation of the rate and extent of p-sheet nanofiber formation in
SF-P pre-gels, via ThT binding fluorescence assay, also revealed a pep-
tide concentration dependency (Fig. 7). Strikingly, the -sheet nanofiber
formation level of the individual mixture components (i.e., pristine SF3
and SF3.5, and the pure peptide samples P4 and P5), was lower than that
of the SF-P systems with significantly lower formation kinetics, implying
co-assembly through p-sheet nucleation (Figs. 7A and 7B), aligning well
with the molecular characterization of secondary structures (Fig. 5) and
the natural assembly process occurring in SF after its regeneration [47].
Blending SF with P led the system to a faster hydrogelation kinetics with
a correlation with both P and SF concentrations. Of note, a higher
fluorescence intensity (Fig. 7) corresponds to a higher SF concentration
in the system; nevertheless, a correlation with P concentration is
detected, confirming the dependence of P concentration in SF-P pre-gels
and consequent formation of p-sheet secondary structures (as shown in
Fig. 5).

Based on the above results, a hypothesis on the interaction mecha-
nism between SF and P was postulated. SF hydrogelation usually occurs
with a nucleation and growth process in which SF chains form f-crys-
tallites first, which evolve into f-crystallites networks (nanofibrils)
[48-50]. Nanofibrils growth and branching into single-domain fibril
then occur, which interpenetrate forming multidomain fibril network
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Fig. 3. Inverted vial test for SF-P mixtures: visual assessment of SF-P hydrogelation using different concentrations of SF and P peptide.
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with weak intra-domain interactions. With time, the domains stabilize to
form hydrogel networks, if the Gibbs free-energy barrier is overcome
[51].

In this study, the molecular secondary structure profiles and the
nanofibers formation kinetics of the SF-P systems suggest a nucleation-
mediated co-assembly mechanism. The P fibrils offered heterogeneous
nucleation sites for the p-sheet fibrils domains of SF, thus explaining the
faster hydrogelation kinetics and the higher -sheet content compared to
pristine SF (Fig. 8). The continuous increase in the ThT fluorescence of
SF-P systems up to 96 h suggested that 24 h was not the late-stage of
B-sheet crystallites formation, thus supporting the coexistence of
random coil and p-sheet structures (Fig. 7C). This confirmed the suit-
ability of P for its use as pre-crosslinker for SF in the design of a
biomaterial ink for EBB.

3.4. Rheology of SF-P hydrogels

To further investigate the suitability of SF-P pre-gels as biomaterial
inks for EBB, rheological tests were performed. As previously discussed,
the main challenge of using SF in EBB is the poor viscosity and visco-
elasticity. Previous tests show that the inclusion of P in SF solutions
promotes formation of p-sheet compared to pristine SF (Figs. 4, 5 and 7).
To further confirm the role of P as rheological enhancer of SF by
inducing a pre-crosslinking (i.e., a partial hydrogelation of the solution),
different tests were performed to meet the biomaterial inks attribute
requirements for the extrusion process.

Generally, a shear thinning behavior is required to enable the solu-
tion to flow through the printing needle when an extrusion pressure is
applied. Moreover, a viscosity in the range 1-6 x 10* Pas [52] is
requested for processing polymeric aqueous solutions with EBB without
the need of using a supporting material [19]. Flow sweep tests were
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Fig. 6. Scanning electron microscopy (SEM) micrographs showing the morphological features of A) SF3.5-P4, B) SF3.5-P5, C) SF3-P4 and D) SF3-P5 hydrogels (Scale

bars = 50 pym).

performed to test the viscosity profile of the pristine SF and SF-P pre-gels
(Fig. 9A). All the SF-P samples exhibited a decrease in viscosity with the
increase in the shear rate, thus confirming the non-Newtonian nature of
the materials, an essential feature to ensure printability. Of note, the
viscosity profile of SF3.5 demonstrated low viscosity values
(0.01-0.1 Pa-s) with a mild shear thinning behavior confirming the
unsuitability of using pristine SF as biomaterial ink for EBB.

From rotational shear rate sweeps, it was possible to notice that
SF3.5-P4 and SF3.5-P5 pre-gels displayed the highest viscosities when
compared to the equivalents SF3-P4 and SF3-P5 (Fig. 9A), as expected
and confirming the influence of SF concentration to match the range of
viscosities required for EBB [53]. It is worth noting that all the tests were
performed using shear rates in the range of 0.1-50 s* and avoiding the

use of higher shear rates to limit the phenomenon of edge fracture, as
reported in our previous work [38] and in literature [54,55].

Further, rheological tests were performed to determine the visco-
elasticity of the SF-P pre-gels under oscillatory stresses evaluating the
storage (G’) and loss (G’) moduli (Fig. 9B), which are usually correlated
to filament formation in EBB and shape retention after deposition on the
printing bed [7,38,56]. All SF-P pre-gels displayed G’ values with an
order of magnitude higher than G in the linear viscoelastic region
(LVER), confirming an elastic-dominated rheological behavior, previ-
ously observed in the inverted vial tests (Fig. 3). Differently from SF-P
pre-gels, pristine SF (SF3.5, Fig. 9B) had G’’ values higher than G’
values confirming a liquid-like behavior.

Of note, the highest increase in both G’ and G’ values was observed
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with 3.5% w/v SF concentrations (Fig. 9C). As expected, the SF con-
centration in the SF-P pre-gels enhanced the hydrogels mechanical
stiffness: 376 + 16 Pa (SF3-P4) vs 1254 + 121 Pa (SF3.5-P4) and 649
+ 21 Pa (SF3-P5) vs 2208 + 62 Pa (SF3.5-P5). The higher G’ values of
SF3.5-P4 and SF3.5-P5 pre-gels suggest a higher interaction among the

polymeric chains resulting in higher crosslinking degree with more
B-sheet nanofibers, in accordance with ThT binding fluorescence data
(Fig. 7). Interestingly, an increase in P concentration from 4.0% w/v to
5.0% w/v doubled the G’ value of SF-P pre-gels.

Finally, all the tested SF-P samples showed both a yield (i.e., the limit
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of the LVER) and a flow (i.e., the intersection point of G’* and G’ curves)
points (Fig. 9). These values, together with the loss factor (tan 8) values,
predict suitability of SF-P biomaterial inks for EBB. In the materials
herein tested, tan § is within 0.35-0.5 in the LVER, that is well in
accordance with the current state of the art for EBB that identifies and
optimal tan § range of 0.25-0.60 for printability [5,57,58].

3.5. Printability tests

Due to the favorable rheological properties, along with its lower
peptide content and higher SF content, SF3.5-P4 was selected as a
candidate biomaterial ink for EBB studies. A preliminary extrudability
test was performed following the protocol previously reported in [59].
Despite its promising rheological properties, SF3.5-P4 pre-gel could only
be extruded through a 25 G conical needle and using a minimum
extrusion pressure of 30 kPa showing a non-homogeneous and discon-
tinuous filament. Phase separation of liquid and gel phases was observed
during extrusion, with an appearance similar to that observed for SF-E
hydrogels (Fig. 2). This behavior is likely attributed to hydrogel syner-
esis happening during extrusion and due to shear stresses within the
printing nozzle, which could exceed the weak non-covalent interactions
within the SF-P nucleation-mediated co-assembled system (enhanced by
the presence of both shear and extensional flow in the syringe) [60,61].
To address this issue, it was decided to include a highly hydrophilic
viscous component with known shear thinning properties to the SF-P
pre-gel with the hypothesis to obtain a smooth and continuous fila-
ment. In specific, we selected the hyaluronic acid methacrylate (HAMA)

[62] thanks to its exceptional hydrophilicity and with the scope to retain
the liquid phase and prevent SF-P syneresis during extrusion. HAMA
concentration was optimized to obtain printable SF-based biomaterial
ink (data not shown), and identifying the most suitable concentration of
2.0% w/v HAMA. We further used the final composition of the bioma-
terial ink for EBB as SF3.5-P4-H2. Of note, SF3.5-H2 and SF3.5-P4
biomaterial inks were selected as controls.

Results of the rheological testing confirmed the shear-thinning
behavior of the SF3.5-P4-H2 ink to be almost identical to that of
SF3.5-P4, both with higher viscosity values when compared to SF3.5-H2
(Fig. 10A). These results confirm that the use of the peptide is beneficial
also in presence of a highly hydrated and shear thinning polymer, such
as HAMA, with viscosities of pre-gels being SF3.5-P4 > SF3.5-P4-
H2 > SF3.5-H2. Moreover, the viscoelastic profiles show a similar trend,
with SF3.5-P4-H2 with G’ values (~ 302 + 10 Pa) higher than SF3.5-H2
and lower than SF3.5-P4.

This trend is also displayed by the tan § in the LVER with an increase
from approx. 0.45 for SF3.5-P4 to approx. 0.48 for SF3.5-P4-H2. The
higher tan § value of SF3.5-H2 is approx. 0.57, confirming the presence
of a highly hydrated viscous component (i.e., HAMA) in the blend SF3.5-
H2 and the lack of a pre-gelation of the biomaterial ink in terms of self-
assembling in the presence of the peptide. Importantly, the extent of the
SF3.5-P4-H2 LVER increases in comparison with the one of SF3.5-P4,
implying enhancement of elasticity and structural integrity of the pre-
gel (Fig. 10B) promising for its use as biomaterial ink.

Additionally, all the tested samples (SF3.5-P4, SF3.5-H2 and SF3.5-
P4) were able to recover their storage modulus G’ after the
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perturbation of the system (Figure S1) simulating the extrusion process
in a timeframe of 240 s, with different G’ values in accordance with
oscillation tests. The behavior highlighted is an indicator of self-healing
materials that can rapidly move from an elastic to a more viscous
regime, requirement for a 3D printable material with improved print-
ability and shape fidelity [7].

As the last step before printing, SF3.5-P4-H2 pre-gel was tested in its
extrudability: a smooth, continuous and uniform filament was observed
with a minimum extrusion pressure of 35 kPa, and no separation as
previously reported for SF3.5-P4. Therefore, only the SF3.5-P4-H2 and
SF3.5-H2 biomaterial inks were further tested to optimize printability
(Fig. 11B).

The shape fidelity of SF3.5-P4-H2 ink was examined by means of the
uniformity factor (UF) and the spreading ratio (SR) using standard
image analysis methods, and compared to SF3.5-H2 herein used as
control. Straight lines were printed at three different pressures (i.e., 35,
40 and 45 kPa) and three printing speeds (i.e., 5, 10, and 15 mm/s) to
determine the optimal printing parameters (Figs. 11A and 11B).

Noticeably, and as expected, the SR of both SF3.5-P4-H2 and SF3.5-
H2 increased while increasing the pressure and decreasing the velocity
(Figs. 11A, 11B, 11E and 11F). This phenomenon is well reported in
literature and attributed to the higher mass flow of material under these
processing conditions. Moreover, excessive velocity during printing is
reported to disrupt formation of a continuous filament while printing.

The UF values were all slightly higher than 1 but comparable in all
the conditions, indicating a balanced crosslinking, which ensured a
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smooth extrusion (Figs. 11C and 11D) [63]. Notably, SR values were all
in the range of 3-7 when using SF3.5-P4-H2 biomaterial ink (Fig. 11F),
while higher values were reported in the case of SF3.5-H2 biomaterial
ink (i.e., 4—11, Fig. 11E). This indicates and confirms that the use of P (i.
e., UICP6 peptide) significantly enhances the printability (both rheo-
logical profile and shape fidelity) of the biomaterial ink and that the
presence of HAMA counteracts any syneresis observed in SF-P pre-gels
as initially hypothesized.

3.6. Physicochemical analysis on extruded hydrogels

Selected hydrogels (i.e., SF3.5-P4-H2 and SF3.5-H2) obtained after
UV-crosslinking were tested in their stability in aqueous environment
with a swelling test. For such tests, a 2% w/v HAMA hydrogel (H2) was
used as a control. Fig. 12A showed a similar swelling profile of both the
formulations SF3.5-P4-H2 and SF3.5-H2 for up to 21 days with slightly
lower absolute values of the swelling ratio (range 35 — 65%), and
comparable to the control H2 (range 70 — 80%). This was expected due
to both the highly hydrophilic nature of HAMA, and the lower degree of
crosslinking in H2 when compared to the blends [64]. We further
investigated the inner morphology of SF3.5-P4-H2 and SF3.5-H2
(Fig. 12B) via FE-SEM. Both samples displayed a highly inter-
connected porous structure with mean diameters found to be in the
range of 80-200 pm. Moreover, FT-IR was used to analyze the chemical
composition of the samples and to evaluate their chemical composition
and eventual changes in the secondary structure (Figure S2).
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4. Conclusions

This study highlights the interaction of the de novo designed ultra-
short self-assembling peptide UICP6 (P) and SF, as a proof-of-concept
strategy for the use in extrusion-bioprinting (EBB). Results from the
inverted vial test, ATR-FTIR, ThT binding fluorescence assay and SEM
demonstrate that the inclusion of P triggers the hydrogelation of SF,
forming a co-assembled hydrogel at or above a critical gelation con-
centration of P (3.0% w/v). In particular, higher concentrations of SF
and P were associated with higher viscoelastic properties (G’ and G
values) and a modulation of the hydrogelation kinetics. Preliminary
extrudability tests revealed that SF-P systems could not form continuous
and homogeneous filaments due to syneresis. The incorporation of
HAMA improved flow properties and printability by limiting syneresis
effects, achieving better performance of the SF-P-HAMA when compared
to the SF-HAMA biomaterial ink. Further, and most significantly, the
inclusion of HAMA promotes a significant decrease of about 2.2-fold in
the spreading ratio, proving the benefits of using a combination of P and
SF in EBB for tissue engineering and regenerative medicine applications.
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