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ABSTRACT: Herein, we report a 3D printable ink made of a peptide-polysaccharide ToCNF/Fmoc-FF
hybrid hydrogel composed of fluorenylmethyloxycarbonyl-diphenylalanine (Fmoc- e ¥

FF) peptide and TEMPO-oxidized cellulose nanofibrils (ToCNF), synthesized using
a pH-dependent sol—gel transition method. The ToCNF suspension is synthesized
through the mechanical breakdown of a cellulose pulp using a microfluidizer,
followed by its oxidation mediated with 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO). The properties of the hybrid inks are compared in the presence
(ToCNF/Fmoc-FF-Ca®") and absence (ToCNF/Fmoc-FF) of the divalent cation
Ca*', which acts as the cross-linker, at two optimized weight ratios (r) of TOCNF and
Fmoc-FF (r = 4.5 and 6.5). The rheological measurements show that the yield
strength of the ToCNF/Fmoc-FF-Ca®" gel is almost double that of the hydrogel
composite without Ca’* ions, especially at the concentration (C) of 10 mM CaCl,.
This finding is further verified by 3D gel printing, which produced good quality prints
with the cation cross-linked hydrogel. The structural analysis by Field Emission Scanning Electron Microscopy shows that the
calcium ions can cross-link the ToCNF and also enhance the self-assembly of Fmoc-FF, which leads to the formation of rigid
compact nanofibers even at physiological pH. The electrostatic interaction of the positively charged Ca®" ions onto the negatively
charged sutface carboxylate groups of ToCNF and Fmoc-FF is analyzed by zeta potential ({) measurements. Small-angle X-ray
scattering measurements give deeper structural insights into the interaction of Fmoc-FF with ToCNF. Cell responses to the
hydrogels are studied in human dermal fibroblasts (NHDFs) in a direct contact test using a live/dead assay and in extract test using
Alamar Blue and lactate dehydrogenase assays. The results show that high loading of Fmoc-FF decreases cell viability, while
additional cross-linking with calcium reduces this cytotoxic effect.
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B INTRODUCTION example, the mechanical properties of the hydrogel can be
changed of up to 4 orders of magnitude by changing some
conditions such as temperature, peptide concentration, pH of
the solution, and the addition of salt/additives/ cross-linkers. '
Therefore, the mechanical properties of the LMWGs hydrogels
can be tuned and used in 3D gel printing."”'*"> Among the
various peptidic-based systems, the fluorenylmethyloxy-carbon-
yl-diphenylalanine (Fmoc-FF) dipeptide is one of the most
suitable candidates for hydrogel preparation. Apart from the

In the past few decades, hydrogels have gained significant
interest in numerous fields such as 3D bioprinting, tissue
engineering, scaffold fabrication, drug delivery, and 3D cell
culture systems, thanks to their highly tunable physical and
chemical properties.'~” Even though 3D gel printing technology
has achieved dramatic improvement in recent years, 3D printing
of hydrogels prepared from low molecular weight gelators
(LMWGs) s still in its way of development. Over the traditional
gel materials, peptide-based self-assembled hydrogels offer many

advantages, including good mechanical strength, dynamic Received: July 16, 2025 mm%:“”‘
gelation behavior, biodegradability, and large possibility for Revised:  September 4, 2025 " 7
modulation by changing the peptide sequence.”™"" Moreover, it Accepted:  September 9, 2025

was reported that the structural and functional properties of Published: September 16, 2025

peptide hydrogels can easily be tuned by simply moditying the
gelation kinetics or through other external stimuli'” For
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relative cost-effectiveness and its chemical simplicity and
versatility, Fmoc-FF can form hydrogels even at physiological
pH, on which fibroblast 3T3 and HaCat cell lines can grow and
proliferate."®™"® Another advantage of using Fmoc-FF as a
building block for hydrogel preparation is its fast kinetics of
gelation, which occurs in a few minutes.'” In the appropriate
conditions, Fmoc-FF has the ability to self-assemble into a
supramolecular nanostructure, which finally yields a structured
three-dimensional gel. Tang et al.'® proposed an organization
model in which the Fmoc-FF peptides are arranged in an
antiparallel $-sheet pattern. The Fmoc groups from alternate -
sheets interlock with each other and form pairs that interact via
n-stacking. These Fmoc pairs are interleaved by phenyl rings.
Due to the intrinsic twist of the f-sheets, four sheets come
together to create cylindrical fibrils.'” An interesting feature of
these peptide-based systems is their ability to self-assemble into
a variety of functional nanostructures,” including spherical
particles,21 nanotubes,”” nanoribbons,*® or nanowires.*’

Raeburn et al.”* have reported that gels formed through the
solvent-triggered method outperform the mechanical properties
of those created via the pH-triggered method. However, since
the final pH in the solvent switch method tends to be around 4, it
restricts its suitability for biological applications. One should
also notice that the formation of Fmoc-FF nanowires at pH 7 is
still possible, but the formed gel is not as stiff and stable. Despite
their excellent mechanical properties, the processing of those
Fmoc-FF gels through 3D printing application continues to pose
a significant challenge due to their inherent stiffness and lack of
uniformity, especially in the pH switch gelation method, which
results in fragmentation during extrusion.”> One potential
approach to meet the required gel printing needs, or properties,
is to incorporate some additional functional components within
the Fmoc-FF matrix and create a hybrid gel system, thereby
enhancing the physicochemical properties of the resulting
material.**>* Gong et al.'” in their study revealed that the
introduction of polysaccharides into a peptidic system can
enhance the self-assembly process and also improve the
biocompatibility of the system. Xie et al.”” showed the influence
of calcium ions in the coassembly of Fmoc-FF and the alginate
system that was intended for drug delivery applications.

Following this strategy, this has greatly inspired us to develop
a new 3D printable hybrid peptide-polysaccharide system
composed of Fmoc-FF and ToCNF.

Cellulose nanomaterials extracted from wood biomass, in this
case ToCNF, are an attractive green platform and are extensively
studied, notably for their biocompatibility, renewability, hydro-
philicity, and good viscoelasticity, all of which are beneficial for
3D printing application.””** Several studies have reported on
the application of nanocellulose-based inks for 3D gel printing,
mainly in the context of potential biomedical gels for
regenerative medicine with self-healing behavior.””** The
pristine CNF is generally obtained through the mechanical
disintegration of a cellulosic pulp by using a microfluidizer. The
treatment of the obtained CNF with the 2,2,6,6-tetramethylpi-
peridine-1-oxyl, in combination with some sodium hypochlorite,
leads to the oxidation of the C4 primary hydroxyl functions
(glucose units) into carboxylic acid groups. The oxidized fibrils
carry an abundant number of negative charges onto their surface,
creating an electric repulsion between the fibrils, which lead to
an extremely stable suspension of TOCNF in water.”> Moreover,
structures based on ToCNF have the ability to absorb and retain
significant amounts of water while creating a complex network,
positioning them as a promising candidate for hydrogel

production. The hydrophilic nature of CNF, along with the
electrical sensitivity of cellulose to water vapor, enables CNF
structures to function as moisture sensors.*® For example, it can
be used in the effective monitoring of wound moisture, which
helps to maintain an adequate moist environment while
supporting cell proliferation and therefore affect the wound
healing time.*>*"~*

The aqueous dispersion of carboxylated CNFs can display a
“gel-like” consistency even at moderate concentrations, but it
can easily be disrupted by high shear rates, transitioning into a
flowable liquid because of its shear-thinning properties.”” To
improve the mechanical properties of ToCNF hydrogels, which
have characteristics similar to those of a weak gel system, the
ability of ToCNF to establish stronger ionic interactions with
metal ions could be utilized.*"** One straightforward method
for the CNF physical cross-linking is the addition of metal
cations (e.g, AP’*, Fe¥*, Zn**, Cu*, Ca®") into a ToCNF
suspension. The di- or trivalent metal cation can therefore
interact with the negative charges of the CNF (chelating effect)
and electrostatically cross-link the ToCNFE.*>** This enhances
rapid cross-linking, which initiates the gelation and reinforces
the network structures of the oxidized CNF-based hydrogels. It
also allows the tuning of the mechanical and rheological
properties of the gels by varying the cation nature and
concentration.””**

In this study, our main aim is to develop a hybrid 3D printable
ink made of ToCNF and Fmoc-FF and to compare the
properties of the gel in the absence or presence of the divalent
metal cation Ca**. Here, we expect the combination network will
enhance the stability of the gel due to the presence of both
noncovalent and ionic interactions when compared with the
Fmoc-FF or ToCNF hydrogel alone. The composite hydrogel
properties and their 3D printing performance are subject to
comprehensive evaluation in order to ascertain their bio-
compatibility and mechanical properties. The influence of the
calcium ion concentration and the solid content of the gel are
adjusted to investigate their effect on the mechanical properties,
printability, and print fidelity. The mechanical properties are
characterized through detailed rheological studies, while the
gelation process and structural features were analyzed using ¢
measurements and small-angle X-ray scattering (SAXS).

The cryogels, which are obtained through a freeze-drying
process of the hydrogel, are evaluated in terms of their
morphology. This evaluation is conducted through visual
inspection and field emission scanning electron microscopy
(FESEM). Biological evaluations are carried out in order to
investigate the hydrogel’s biological compatibility, including cell
viability and cytotoxicity assays. This research demonstrates the
fabrication of advanced material systems with a specific focus on
their ability to maintain structural integrity and highlights their
potential applications in 3D printing.

B MATERIALS AND METHODS

Materials. Fmoc-Phe-Phe-OH (Fmoc-FF) was acquired from BLD
Pharmatech. The dry cellulose material, elemental chlorine-free
bleached softwood kraft pulp, was obtained from MERCER Stendal
GmbH, Germany. The Northern bleached softwood kraft pulp sample
consisted of pine (30—60%) and spruce (40—70%) according to the
supplier’s specifications. The material was subjected to PFI milling at a
temperature of 23 °C with a relative humidity of 50%. The production
of cellulose nanofibrils (CNFs) was performed by processing the
softwood Kraft pulp through a Microfluidizer model M-110EH-30 from
Microfluidics. The grinding degree of the pulp was determined using a
Schopper—Riegler analyzer (KARL SCHORNER KG, Germany).

https://doi.org/10.1021/acsanm.5c03356
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Reagents, including 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO,
98%), hydrochloric acid (37%, HCI), ethanol (96%), sodium hydroxide
(NaOH), sodium bromide (99%, NaBr), and calcium chloride
dihydrate (99%, CaCl,), were purchased from Sigma-Aldrich and
employed without further purification. Sodium hypochlorite pentahy-
drate (minimum 40% available chlorine) was purchased from TCI
EUROPE N.V. with no further purification required. The synthesis
methods were conducted with Milli-Q water, previously purified to a
resistivity of 0.055 uS cm™" using a PURELAB Option-Q_System.

Bovine serum albumin (BSA, cold ethanol fraction, pH 5.2, >96.0%),
phosphate buffered saline (PBS), Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), 0.02% trypsin—EDTA solution,
and propidium iodide (PI) were purchased from Sigma-Aldrich.
Solution of penicillin—streptomycin and GlutaMAX supplement were
obtained from Gibco. Cytotoxicity Detection Kit (LDH, Roche),
CellTracker Green CMFDA dye, and AlamarBlue HS Cell Viability
Reagent were from Invitrogen.

Cells and Cell Culture Conditions. Normal adult human dermal
fibroblasts (NHDF) were purchased from Lonza (Basel, Switzerland).
NHDFs were cultured in DMEM containing low glucose (1 g-L™"),
sodium bicarbonate (3.7 gL ™"), 100 unitss-mL™" of penicillin, 100 ug:
mL™! of streptomycin, 2 mM GlutaMAX, and 10 vol % heat-inactivated
FBS. NHDFs were maintained in a humidified incubator with a 5% CO,
atmosphere at 37 °C. Cells were subcultured prior to reaching
confluence using trypsin—EDTA solution.

Production of Cellulose Nanofibrils (CNFs). The CNF was
prepared according to a previously reported procedure.” Briefly, the
cellulose pulp was first suspended in water and then ground to obtain a
75—80° SR (SR: Schopper—Riegler degrees, determined using the
Schopper—Riegler method (DIN EN ISO 5267-1)). After that, the
ground slurry was further refined with a microfluidizer under high
pressure by passing the slurry several times in different chambers with
orifice widths of 400 and 200 um (2 times, 15,000 ) and 200 and 100
pum (4 times, 25,000 y) successively. The resulting CNF was obtained
in the form of an aqueous gel with a concentration within the range of
2—3 wt %.

TEMPO-Mediated Oxidation of CNF. TEMPO-oxidized CNF
(ToCNF) was prepared by TEMPO-mediated oxidation in water at pH
10 according to a previously described method.*® According to this
method, 121 g of CNF suspension (2.9 wt %) was mixed with 520 mL of
distilled water, TEMPO (0.06 g, 0.39 mmol), and NaBr (0.36 g, 3.5
mmol). NaClO-5H,O (5.88 g, 79 mmol) was then added to initiate the
reaction. The reaction was made at room temperature, and the pH was
kept at 10 through the addition of a 0.5 M NaOH solution over a period
of 2 h. No further or slow pH changes were observed, indicating the
completion of the reaction. The reaction was then quenched through
the addition of 15 mL of ethanol, and the pH was lowered to 4 using a 1
M solution of HCI. The suspension was concentrated by centrifugation
to give a white gel, and the supernatant was discarded. The carboxylate
content of TOCNF was determined by conductometric titration using
0.05 M NaOH as the titrant. The excess salts and reagents present in the
obtained ToCNF were removed through a dialysis procedure. The
ToCNF was added to Thermo Scientific SnakeSkin Dialysis Tubing
(10 kDa) and submerged in 3 L of distilled water. This process was
repeated once, and the resulting TOCNF was concentrated by
centrifugation. In order to obtain a high concentration of ToCNF, 50
mL tubes were used, and centrifugation was carried out at 20,000 rpm
for 2 h. This method yielded ToCNF with a concentration in the range
of 4—5 wt %.

Preparation of (a)ToCNF/Fmoc-FF Hydrogels. In this prepara-
tion method, a homogeneously dispersed solution of 0.017 g Fmoc-FF
was prepared in deionized water, which was then solubilized by the
dropwise addition of 1 M NaOH. It was then mixed well with 1.5 g of
ToCNF (5.1 wt %) suspension using a ROTISpeed stirrer. At this stage,
the pH of the gel was maintained at an alkaline pH of 10. The pH of the
gel was then adjusted to 7 with a solution of HCI (0.5 M). We followed
the same procedure for making different weight ratios (r) of ToCNF
and Fmoc-FF.

Preparation of (b)ToCNF/Fmoc-FF-Ca?* Hydrogels. The
procedure was the same as that for ToCNF/Fmoc-FF hydrogels.

Once the pH was adjusted to 7, a known amount of CaCl, was added.
To monitor the final hydrogel concentration and CaCl, concentration,
each time fresh starting buffer solutions were made, and an exact
volume of each was taken to keep track of the final concentration. We
tried different concentrations of calcium ions. For example, to prepare
the gels with 10 mM CaCl, and a solid gel content of 3.5 wt %, 0.27 mL
of a solution of CaCl, (100 mM) was added to the ToOCNF/Fmoc-FF
gel. Finally, the resulting gel was mixed using a ROTISpeed stirrer and
left for 2 h without disturbance. At each step of the procedure, the pH
was monitored.

3D Printing of Hydrogels and Cryogels Production. Different
models such as mug-shaped (15 mm X 10 mm X 10 mm) and flower-
shaped (16 mm X 16 mm X 3 mm) have been designed using
Fusion360 and 3D gel printed by pneumatic extrusion using a
CELLINK INKREDIBLE 3D bioprinter. A disposable gel cartridge was
charged and fitted into the print head. The printability was adjusted by
setting the pneumatic pressure to about 35 kPa to achieve stable and
consistent extrusion through the nozzle. The gel was printed with two
different conical nozzle diameters (0.58 or 0.41 mm) with a printing
speed of 30 mm/s. The printed structures were stored in a fridge until
they were frozen using liquid nitrogen and then freeze-dried using oil
pump vacuum up to 107> mbar to obtain the relative cryogels.

Characterization Methods. Field Emission Scanning Electron
Microscopy. All of the measured samples were freeze-dried to yield
cryogels and mounted on sample supports using carbon tape. The
sample surfaces were then coated with a S nm layer of Gold under an
inert atmosphere with a BIORAD SCS10 sputtering machine before
microscopic imaging. The morphological properties of ToCNF, Fmoc-
FF, and ToCNE/Fmoc-FE-Ca* composites were observed using an
ultrahigh-resolution field emission scanning electron microscope
(Quanta FEG Type 250, FEI Electron Optics SN:D9122, the
Netherlands) at an acceleration voltage of 10 kV and high-vacuum
conditions using an Everhart-Thornley Detector.

Rheology. Rheological tests were conducted on the samples using a
TA Instruments AR 2000ex rheometer with Advantage v5.8.2 software.
A 40 mm parallel plate configuration with a gap of 1000 pm was
employed with the gel positioned on the lower plate. A series of
frequency sweeps was conducted within the range of 0.1—100 rad-s™",
and a series of strain sweeps was carried out at an angular frequency of
6.28 rad-s™! to ensure that the measurements were taken within the
linear viscoelastic region (LVE). A shear stress ramp was applied to each
sample, increasing the strain from 0.01 to 100 Pa. Rotational shear
viscosity measurements were conducted in flow mode, with shear rates
ranging from 0.01 to 2000 s™'. The rheological properties were
evaluated at 25 °C to ascertain the viscosity behavior of the material
subsequent to 3D printing. The test sequence comprised a low shear
rate of 0.01 s~ for 200 s, followed by a high shear rate of 895 s~ for 100
s and concluded with a low shear rate of 0.01 s™* for another 200 s. The
yield stress was determined by applying an increasing shear stress and
monitoring the material’s viscoelastic properties (G’ and G”). The yield
stress was identified at the point where the viscoelastic response
decreased, indicating a transition from elastic to plastic behavior.

Synchrotron-Based Small-Angle X-ray Scattering. Small-angle X-
ray scattering (SAXS) measurements were conducted at beamline P03
of PETRA III at Deutsches Elektronen-Synchrotron DESY in
Hamburg.47 A beam diameter of 25 ym, with a wavelength of 1 =
0.105 nm and a sample-to-detector distance (SDD) of 5441.1 mm, was
used. A PILATUS 2 M detector (Dectris, Switzerland) with a pixel size
of 172 um was used, and each pattern was captured with an exposure
time of 10 s. All data underwent a background correction. The samples
were scanned over an area of 2 X 2 mm” with a step size of 0.1 mm, each
acquisition taking 1 s to minimize beam damage. Subsequent images
were summed and radially integrated for data analysis, allowing for the
derivation of intensity I(q) as a function of wavevector transfer g. For
data analysis, SASview version 5.0.5 was utilized in conjunction with y*
minimization (SasView Application. Version S. Released June 3, 2022,
https://www.sasview.org/). A mask file was applied prior to integration
of the 2D SAXS pattern. We used a sufficiently long cylindrical form
factor to statistically analyze the radii of the Fmoc-FF and the ToCNF
samples detected in the sample. The distribution of the detected
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Scheme 1. Schematic Representation of Each Component, ToCNF, Fmoc-FF, and CaCl, at pH 7 and the Interaction of ToOCNF
with Fmoc-FF under Varying pH Conditions and Ca>* Influence
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interaction between the Fmoc-FF and ToCNF structure domains was
fitted by using a Gaussian distribution.

Zeta Potential (§). The { of all the samples was calculated from their
electrophoretic mobilities, which were measured using a Zetasizer
Nano ZS from Malvern. A laser with a wavelength of 633 nm was used
and measured in a fast field reversal mode. The diluted solutions of
Fmoc-FF, ToCNF, and ToCNF/Fmoc-FF in the presence and absence
of Ca®" ions were measured at acidic, neutral, and basic pH.

Biological Characterizations. Direct Contact Test. Dry samples
were placed into wells of a 48-well plate, and 100 uL/sample of cell
suspension was added on top of the samples. Cells were seeded at a
density of 3 X 104 cells/sample. After cell suspension was absorbed by
the sample, 500 uL/well of medium was carefully added into the wells,
and cells were placed at 37 °C in a CO, incubator. After 24 h, old
medium was aspirated, and cells were stained with 500 uL/well of
medium with 1 yM CellTracker Green CMFDA dye (live cells) and 0.4
UM PI (dead cells) at 37 °C for 30 min. All the samples, namely,
ToCNF, Fmoc-FF, ToCNE/Fmoc-FF, and ToCNF/Fmoc-FF-Ca?* (C
=10 mM), were then washed in PBS and immediately imaged using an
upright CLSM microscope (Leica, Wetzlar, Germany) equipped with a
20X water objective. Confocal microscope images were processed by
using Image], Fiji-program.

Extract Test. Preparation of extracts: Each sample was weighed and
sterilized with ultraviolet (UVC) radiation for 30 min on each side.
Samples were then transferred into microtubes containing the
corresponding volume of complete cell culture medium containing
phenol red (extraction volume of 0.01 gmL™") and incubated at 37 °C
for 24 h. The next day, the extracts were visually inspected for the
presence of particles/debris and color change.

Sample swelling analysis: Swollen samples were weighed out, and the
mass swelling ratio was calculated using the following equation: Q =
W,/ Wy, where W, is the weight of the swollen sample after 24 h and Wy
is the initial weight of the dry sample.

Cell exposure to extracts: Cells were seeded in 96-well plates at a
density of 7000 cells/well and were allowed to adhere overnight. Next
day, old medium was aspirated, and 100 uL/well of undiluted extracts

18574

as well as extracts diluted with fresh medium in 1:3 and 1:9 ratio were
added to the cells before the plates were incubated at 37 °C in a CO,
incubator. After 48 h, cell culture medium was collected from each well
for analysis of acute cytotoxicity using lactate dehydrogenase (LDH)
assay according to the manufacturer’s recommendations with minor
modification: the reaction volume was reduced from 200 to 100 L. For
analysis of cell viability, the cells remaining in the wells were further
incubated in 200 yL/well of medium containing a 10 vol % alamarBlue
HS reagent for 1.5 h, after which the fluorescence intensity was
determined at an excitation/emission wavelength of 530/590 nm
(BioTek Synergy HT).

Toxicity of Fmoc-FF. Cells were seeded in 96-well plates at a density
of 7000 cells/well and were incubated at 37 °C in a CO, incubator
overnight. Next day, old medium was aspirated, and 200 uL/well of 1:3
serial dilution of Fmoc-FF in fresh medium was added to the wells.
Serial dilutions of Fmoc-FF were prepared in two steps: First, serial
dilutions of Fmoc-FF were prepared in DMSO and then further diluted
200 times in culture medium to a final concentration of DMSO of 0.5
vol %. The highest tested concentration of Fmoc-FF was 500 pM.
NHDFs were incubated with Fmoc-FF at 37 °C in a CO, incubator for
24,48, and 72 h. At each time point, acute cytotoxicity was determined
using lactate dehydrogenase (LDH) assay according to the
manufacturer’s guidelines, and cell viability was analyzed using
alamarBlue HS reagent as described in “Extract test”.

Statistical Analyses. The results are presented as mean =+ standard
deviation. Differences between the groups were assessed by one-way
analysis of variance test with Tukey post hoc analysis using IBM SPSS
Statistics 30 software. A p-value <0.05 was considered statistically
significant.

B RESULTS AND DISCUSSION

Cross-linked hydrogels are produced through the combination of
ToCNF and Fmoc-FF nanowires triggered through the introduction of
calcium cations (Ca®*). Following the process of defibrillation of CNF
via microfluidization, the CNF has undergone a TEMPO-mediated

https://doi.org/10.1021/acsanm.5c03356
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Table 1. Composition of Compounds and the Effect of CaCl, Concentration and ToCNF/Fmoc-FF Weight Ratio on Yield
Strength (pH 7) and the Linear Viscoelastic Region (LVE)

material composition weight ratio (r) of TOCNF and Fmoc-FF ~ CaCl, concentration (C) in (mM)  yield strength (Pa)  Giyg (Pa)  G{yg (Pa)
eFmoc-FF 40 S.S 453 87
oToCNF 274 0.4 12.46 2.58
ToCNF/Fmoc-FF-Ca* 4.5 10 630 2727 358
ToCNF/Fmoc-FF-Ca?* 4.5 4.5 125
oToCNF/Fmoc-FF 4.5 0 316 1226 172
oToCNFE/Fmoc-FE-Ca** 6.5 4.7 316 1107 165
® Fmoc-FF ® ToCNF/Fmoc-FF-Ca?* (r = 6.5, C = 4.7 mM) ToCNF/Fmoc-FF (r = 4.5)
ToCNF ® ToCNF/Fmoc-FF-Ca* (r=4.5, C=10 mM)
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Figure 1. Graphical representation of rheological test results; colors corresponding to each sample are displayed at the top; (a) shear stress ramp data;
(b) dynamic modulus under increasing stress to determine yield stress; (c) thixotropy tests with small (200 s™") and large (800 s™") pressure applied to
gels; (d,e) viscoelastic (storage modulus G’ and loss modulus G”) properties data measured with increasing angular frequency.

oxidation procedure as previously described in the literature.*® The freshly prepared sodium chlorite (NaClO,) solution prior to the
results of the NaOH titration demonstrate that the concentration of oxidation process might have contributed to minimizing the
carboxylate groups is 2.96 mmol-g~". The higher carboxylate content degradation of the oxidant.

may be attributed to the initial defibrillation of the cellulose, resulting in Both ToCNF and Fmoc-FF have been observed to undergo a pH-
an increased accessible surface area of the cellulose and, consequently, a dependent sol—gel transition. The transition is driven by the
greater interaction between the oxidant and CNF.*** Additionally, a deprotonation and protonation of their respective acid functions

18575 https://doi.org/10.1021/acsanm.5c03356
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within both structures to trigger gel formation. The gel composite in
question is produced by mixing the ToCNF with a Fmoc-FF solution at
pH 10 (Scheme 1). When the ToCNF gel is mixed with the Fmoc-FF
solution at pH 10, the —COOH groups dissociate into —COO™ groups
under alkaline conditions, thereby increasing the hydrophilicity and
electrostatic repulsion of the structure, which results in the observed
improved water absorption ability. The high pH value (pH 10) is
chosen to (A) solubilize the Fmoc-FF building blocks, which are
present in their ionized form, and to (B) largely inhibit their self-
assembly into nanostructures. After mixing the two components, i.e.,
the suspension containing ToCNF and the solubilized Fmoc-FF,
followed by a gradual reduction in pH, induces the gelation according to
the established pH switch protocol.'>*® During this process, the fibrils
come into closer proximity, as evidenced by the increased compaction
that leads to the formation of a gel network.>"*>**°!753 We noticed
that the gel has a slightly yellowish color at elevated pH, which
disappeared at pH 7. This may primarily result from the pH-induced
deprotonation, conformational changes, and assembly of both cellulose
nanofibrils and peptide molecules under alkaline conditions. The
mixture retained a smooth appearance during stirring with no evident
phase separation. The final pH of the composite is adjusted to a value of
7 by the addition of a solution of HCI, to maintain it in the physiological
pH range. Here, we exploit the advantage of using Fmoc-FF and its
ability to form hydrogels, even at a physiologically relevant pH value.
Tang et al.'® had investigated the impact of pH on the self-assembly
process of Fmoc-FF. Their findings indicated that a decrease in pH
facilitates the self-assembly of Fmoc-FF building blocks, which is
associated with two noticeable pK, shifts (approximately 6.4 and 2.2 pH
units) above the theoretical pK, value of 3.5. Corresponding to the first
pK, shift, within the pH range of 10—9.5, both protonated and
unprotonated molecules begin to self-assemble into paired fibrils. As
the pH decreases from 9.5 to 6.2, the surface charge of the fibers
declines, leading to the formation of large, rigid aggregates due to
increased lateral interactions among the fibers. Below pH 6.2
(specifically between 6.2 and 5.2), the second apparent FK“ shift is
observed, resulting in further aggregation of the peptides."

In spite of their ability to form hydrogen bonds>* and 7—r stacking
interactions, the strengths of these bonds might theoretically be
insufficient for the formation of a semistiff, stable gel at this
physiological pH, which is also evidenced by the rheology data. In
order to overcome this situation and to enhance the electrostatic and
chelation process for producing gels within physiological conditions, a
divalent counterion, Ca** of CaCl,, is introduced to induce cross-
linking of the system. Three possible cross-linkings could occur during
this addition: Fmoc-FF with Fmoc-FF, ToCNF with Fmoc-FF, and
ToCNF with ToCNF. This approach is inspired by previously
described methods for ToCNF, as reported by Mietner et al.** and
Xie et al.>” The requisite concentration of CaCl, (10 mM) enhanced
the ionic cross-linking of carboxylate groups on the ToCNF. The
precise concentration of calcium ions in the final hydrogel was carefully
controlled, with multiple concentrations tested to study their effect on
gel properties. Once within the dispersion, metal cations are capable of
initiating electrostatic interactions with carboxylate groups, which
exhibit negative electrical charge. This is evidenced by the change in gel
transparency and its transition to a turbid state (Scheme 1).

ToCNF/Fmoc-FF-Ca®" hydrogel was thoroughly mixed and left in
suspension for a minimum of two h to ensure complete diffusion of the
cations into the preformed gels. The resulting gel composite with a solid
content of 3.5 wt % was observed to be macroscopically homogeneous
and exhibited a hazy/cloudy appearance, in comparison to the starting
gels or gels prepared from Fmoc-FF.

Rheology. To investigate the distinctive characteristics of each gel
and the intermolecular interactions they exhibit, along with their
suitability for extrusion gel printing, a series of rheological tests were
conducted on each sample. To ensure consistency, the gels are prepared
using a standardized methodology, with identical preparation
techniques, overall concentrations, and pH values. The composition
of each sample is presented in Table 1.

The outcomes of these tests are presented in Figure 1. The figure
depicts a shear stress ramp, an effective method to assess the behavior of

gels under shear stress—such as during extrusion (3D printing)—to
determine whether the gels exhibit shear-thinning behavior.

Figure la (left) shows the logarithmic curves of Fmoc-FF (black)
and ToCNF (gray) gels. The Fmoc-FF gel exhibits relatively low
viscosities and low yield stress (intersection of both tangents: plateau
and viscosity drop).>® Fmoc-FF demonstrates a pronounced decline in
viscosity upon reaching a critical stress level, indicative of pronounced
shear thinning, whereas ToCNF exhibits a more gradual decline,
corresponding to a more robust structure. This difference may be
attributed to the longer polymer chains derived from the cellulose
structure. The remaining portion of the spectrum is displayed on the
right-hand side. The shear-thinning behavior is observed for the
ToCNF/Fmoc-FF and the ToCNFE/Fmoc-FF-Ca?* samples at higher
shear stress, also with a notable large increase in viscosity (if compared
to ToCNF or Fmoc-FF alone). This finding indicates the formation of a
highly interconnected network between Fmoc-FF and ToCNF,
resulting from their coordination alongside with the Ca** counterion.
The decrease in viscosity, while increasing the stress, is observed to be
more gradual, exhibiting a comparatively stronger internal structure in
comparison to each individual component. However, changing the
weight ratio r from 6.5 to 4.5, which means an increase of Fmoc-FF
content in the composite gels, results in an increase of the composite
viscosity. In both cases (ratio 4.5), with or without the presence of Ca*",
a consistent shear-thinning behavior is observed with an increase in
stress.

Figure 1b displays the plots of the storage modulus (G’) and loss
modulus (G”) while increasing the shear stress, in order to calculate the
yield stress. The lowest initial moduli are exhibited by ToCNF, which
yields at very low stress. The Fmoc-FF sample displays a comparatively
more elevated value, despite the fact that it still remains within an
overall low range. For the composites ToCNF/Fmoc-FF-Ca** (r = 6.5,
C = 47 mM) and ToCNF/Fmoc-FF (r = 4.5), a relatively notable
increase in yield strength is observed, accompanied by markedly
elevated dynamic moduli. The observed increase of approximately 58X
in comparison to the individual components serves as evidence to
confirm the formation of a highly cross-linked and robust structure. The
increase in Fmoc-FF content in the composite highlights its significance
impact, as even in the absence of the Ca** counterion, it is capable of
yielding to a similar extent as TOCNF/Fmoc-FF-Ca** (r = 6.5, C = 4.7
mM). With the highest initial moduli, ToCNF/Fmoc-FE-Ca®* (r= 4.5,
C =10 mM) yields at the highest stress, reflecting the strongest internal
structure among the samples. It can be attributed to the addition of
Ca*", which plays a role in the cross-linking.

Figure Ic illustrates the thixotropic behavior of the various gels. The
gels were subjected to a high shear rate for a period of time to finally
return to a low shear rate. The observed behavior of all samples is
suitable for 3D printing applications, as evidenced by the recovery of the
initial viscosity while removing the shear stress force.

Figure 1d,e shows the storage (G’) and loss (G”) moduli of the gels
as a function of the angular frequency. The analysis reveals their
viscoelastic behavior. ToCNF displays a complex response, with an
increase in G" and a decrease in G” at higher frequencies, an indication
of the presence of structural instability. TOCNF/Fmoc-FF (r =4.5) and
ToCNF/Fmoc-FF-Ca** (r = 6.5, C = 4.7 mM) samples exhibit stable
values with minimal fluctuations at higher frequencies, indicating
uniform viscous behavior. The ToOCNF/Fmoc-FF-Ca®* (r=4.5,C =10
mM) sample with a solid content of 3.5 wt % demonstrates the highest
and most stable values, exhibiting the strongest and most robust
rheological response across the frequency range.

Zeta Potential Measurements. The { measurement was used to
determine the surface charge present onto the ToCNF, the Fmoc-FF,
and the composite (ToOCNF/Fmoc-FF nanowire).

The { is an important parameter, as it determines the stability of the
suspension relative to the pH. A high positive, or negative, absolute {
implies a stable dispersion due to the strong electrostatic repulsion
between the particles. On the other hand, a low absolute { could lead to
the formation of aggregates.”® Fmoc-FF molecules can be self-
assembled into nanowires within a pH range of 6—8 and are stable
until pH 10. At pH higher than 10, hydrolyses can occur.®” Therefore, in
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Figure 2. Zeta potential of all the suspensions at different pH values.

pH

this study, it is relevant to consider the { of Fmoc-FF only within the pH
range of 6—10. The results are listed in Figure 2.

Interestingly, a jump of the { values was observed for Fmoc-FF from
around —40 to —90 mV, when the pH was increased from 6 to 10. A
similar trend was also observed for ToCNF, with the shift in { values,
approximately from —44 to —60 mV within the same pH range. This
may be due to the fact that carboxylic groups, which are present in both
ToCNF and Fmoc-FF, undergo protonation at low pH and
deprotonation at higher pH, making them stable in their suspensions
and their surface charge pH-dependent.>®

As shown in Figure 2, the negative ¢ values of ToCNF-Ca® and
Fmoc-FF-Ca®* decrease in magnitude within the pH range of 6—10,
approximately from —33 to —28 mV and —24 to —17 mV, respectively,
due to the introduction of Ca?* ions into the suspension. The
observation indicates effective masking of the surface charges by
divalent cations, which are able to form ionic cross-links between the
carboxylate groups.® This is consistent with the ¢ values of the hybrid
composites TOCNF/Fmoc-FF and ToCNF/ Fmoc-FE-Ca?*, which are
approximately from —40 to —58 mV and from —16 to —13 mV,
respectively. These results clearly demonstrate the effect of calcium-
mediated cross-linking and the intertwining of Fmoc-FF nanowires
with ToCNF nanofibrils.

Morphological Analysis Using Field Emission Scanning
Electron Microscopy. The samples were characterized by using
field emission scanning electron microscopy (FESEM). The resulting
FESEM images are presented in Figure 3. Prior to oxidation, the initial
unmodified CNF sample (Figure 3a) exhibited extensive fibril
agglomeration, with only large fibril aggregates recognizable. Attributed
to the strong hydrogen bonding network inherent in cellulose
nanofibrils, this characteristic is often observed and promotes the
fibril—fibril interaction and aggregation.*>®!

The image of the TOCNF sample (Figure 3b) shows a clear decrease
in fibril agglomeration, and large fibril aggregates can no longer be
observed. This defibrillation effect is attributed to the oxidation of the
CNF by TEMPO-mediated oxidation, which imparts a negative charge
on the fibrils, thereby enhancing electrostatic repulsion and reducing
fibril—fibril interactions.”**> The morphological analysis of Fmoc-FF
gels, both with and without calcium ions (Ca®"), reveals distinct
structural characteristics. Fmoc-FF gel formed in the absence of Ca*
ions a loosely packed and porous structure (Figure 3c), comprising a
network of entangled nanowires with significant voids. In contrast, the
Fmoc-FF gel formed in the presence of calcium ions exhibits a denser
and more compact structure, characterized by a material with a
smoother wrinkled surface, as shown in Figure 3d. This indicates that
the ionic interactions and cross-linking facilitated by the calcium ions
results in a more stable structure. The increased density and reduced

Figure 3. Representative field emission scanning electron microscopy
(FESEM) images of (a) unmodified CNF; (b) ToCNF; (c) Fmoc-FF;
(d) Fmoc-FE-Ca*; (e) ToCNF/Fmoc-FF (r = 4.5); and (f) ToCNF/
Fmoc-FF-Ca** (r = 4.5, C = 10 mM).

porosity observed in the Ca**-gelated sample indicate that it is a more
mechanically stable and robust hydrogel, which is consistent with the
role of divalent cations in promoting gelation through electrostatic
interactions.”’

Two distinct composite specimens were prepared through the
mixing of TOCNF with Fmoc-FF, in the presence or absence of Ca®*
counterions. The resulting images are displayed in Figure 3e,f. In the
absence of Ca?* (ToCNF/Fmoc-FF), the fibrils are effectively
dispersed due to the strong electrostatic repulsion between the

https://doi.org/10.1021/acsanm.5c03356
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negatively charged nanofibrils. This leads to the creation of a network
that is more homogeneous and exhibits a more uniform appearance. In
contrast, the composite comprising Ca>* (ToCNF/Fmoc-FF-Ca*)
demonstrated a reduction in the extent of electrostatic repulsion. This
results in the aggregation of the nanofibrils and the formation of denser
and more compact structures. The formation of these aggregates results
in a material that is more clustered and uneven in appearance.

Synchrotron-Based Small-Angle X-ray Scattering (SAXS). In
order to deepen the understanding of the nanostructure of the
materials, a series of SAXS measurements is performed. SAXS
experiments are carried out to characterize the ToCNF, the Fmoc-
FF, and the ToCNF/Fmoc-FF with and without the presence of Ca*.
All data are background corrected. We use the model based on double
cylinders with a Gaussian size distribution to accurately represent and
analyze the complex multiscale nanostructures observed in the
hydrogels. This model allows us to disentangle the scattering
contributions from individual nanofibrils and their larger assemblies
(bundles) or voids, leading to a more precise understanding of the
underlying architecture and material properties.

SAXS data of the TOCNF hydrogel (Figure 4a) reveal a hierarchical
nanostructure of cellulose nanofibrils, with isolated fibrils (9 + 1 nm

©  ToCNF
©  Fmoc-FF
©  ToCNF/Fmoc-FF

ToCNF/Fmoc-FF-Ca2*

I(q)/a.u

ql/ (A7)

Figure 4. 1D-SAXS curves and corresponding fits of air-dried samples:
(a) ToCNF (green), (b) Fmoc-FF (red), (c) ToCNF/Fmoc-FF
(magenta), and (d) ToCNF/Fmoc-FF-Ca** (r = 4.5, C = 10 mM)
(blue).

radius) forming elongated structures around 380 + 28 nm in length and
agglomerates or voids (35 + 8 nm radius) extending about 450 + 50
nm. Similarly, the Fmoc-FF hydrogel (Figure 4b) also shows two
identifiable cylindrical nanostructures, with small cylinders (26 + 1 nm
radius, 18.4 + 1 nm length) and larger cylindrical features (50 + 1 nm
radius, 10 + 1 nm length), contributing to the three-dimensional
structure. Additionally, there appears a new Gaussian contribution
corresponding to a characteristic length scale of about 10 + 1 nm. This
finding further indicates the presence of ordered coil structures within
the cylinders, suggesting that the molecules may form coil-like
arrangements on this nanoscale.

When the SAXS data of the ToCNF/Fmoc-FF (Figure 4c)
composite are compared with that of pure ToCNF, the individual
fibril dimensions (radius 9 + 1 nm, length 330 + 200 nm) remain
consistent across both samples. Similarly, the formation of bundles with
comparable sizes (radius 35.5 + 3 nm, length 480 + 30 nm) indicates
that the hierarchical architecture is preserved in the composite. The
observed variations in the distribution and the associated error margins
suggest that peptide incorporation may subtly influence the packing and
organization of the network, potentially leading to a more ordered
structure. The appearance of a broad structural feature, revealed by the
Gaussian band at around 7.1 + 2 nm, remains aligned with the
structural motifs observed in the pure Fmoc-FF hydrogel. This

observation indicates the presence of a regular, periodic structural
element associated with Fmoc-FF molecules. These hypotheses are
further supported by FESEM images (Figure 3).

When we compare the ToCNF/Fmoc-FF to ToCNF/Fmoc-FF-
Ca®* sample (Figure 4d), the fibril radius slightly decreases from ~9 to
~6 nm, suggesting that calcium ions may enhance tighter packing or
induce partial compaction of the individual fibrils. In addition, the
significant increase in the bundle radius from ~35.5 to ~75.5 nm and
decrease in length from ~480 to ~318 nm indicate that calcium ions
promote the aggregation by cross-linking into thicker fibrillar
assemblies, possibly leading to more robust, denser network domains,
as seen in FESEM images (Figure 3f). There are two Gaussian
contributions in a calcium cross-linked composite hydrogel, one at
~209 nm, reflecting the emergence of broad, long-range periodicities or
network mesh sizes likely linked to the cross-linking-induced
hierarchical organization. The other band is at ~9 nm, which is
consistent with the size of coil structures seen in previous data,
indicating the persistence of molecular or local ordering motifs despite
cross-linking.

3D Gel Printing. Different complex 3D shapes, such as mug and
flower, are successfully printed using the final composites ToCNE/
Fmoc-FF and ToCNF/Fmoc-FF-Ca?* using a 0.58 mm nozzle, as
depicted in Figure Sa—c. It has already been reported®” that, within a
dry matter content range of 1—S wt % in the gel-ink, the shear-thinning
rheological behavior and viscoelastic properties of the ToCNF
facilitated the continuous extrusion of hydrogel filaments, which
appeared to be true in our case as well, where the concentration of
ToCNF is ~2.7 wt %. The negatively charged carboxylate (—COO~)
groups on CNF fibrils allow compressive stiffness and shape fidelity of
the printed inks, which results in a continuous extrusion of the hydrogel
filament. The strength of the gel was further increased by the inherent
rigidity of the Fmoc-FF in ToCNF/Fmoc-FF hydrogel. From the
theological data, we choose ToCNF/Fmoc-FF-Ca®* (r = 4.5, C = 10
mM), with a solid content of 3.5 wt % as the suitable candidate for
printing, which exhibits the most robust rheological response
(consistent shear thinning and uniform viscosity). As anticipated,
calcium-mediated cross-linking improved the structural stability of the
complex geometries. It is well evident from the quality of the freeze-
dried 3D prints (Figure Sd—f) that the introduction of calcium ions has
significantly improved the interlayer bonding between the 3D-printed
ToCNF/Fmoc-FF-Ca>* hydrogel.64

Among the various factors, mixing time of the gel is also an important
parameter which can affect its homogeneity and the quality of the 3D-
printed structures.”>*® Even though we tried various techniques, we
found that mixing the gel with an agitator ROTISpeed prior to printing
for S min greatly reduced the clogging of nozzles and improved the print
quality. This presents a high potential for further exploration to develop
novel gels with innovative features. The freeze-dried samples which are
shown in Figure Sd—f show that the new composite hydrogel can
provide high potential, with robust mechanical properties.

Biological Studies. Next, we investigated the cell responses to the
hydrogels. As the hydrogels were intended for use as wound dressings,
human dermal fibroblasts (NHDFs) are chosen as a model cell type due
to their essential role in wound healing. Moreover, these cells are of
particular relevance for testing of hydrogels functionalized with Fmoc-
FF, as it has been demonstrated that fibroblasts can be more sensitive to
Fmoc-FF hydrogels than other cell types.””

First, NHDFs were cultured directly on the hydrogels for 24 h
(Figure 6a). Although we observed that cells were distributed
throughout the hydrogels, a live/dead analysis revealed that fibroblasts
retain high viability only on the ToCNF gels. A decrease in cell viability
is notably more pronounced on the ToCNF/Fmoc-FF gels, where most
of the cells appeared dead.

To explore why viability of cells grown on Fmoc-FF-functionalized
gels was low, we further analyzed the toxicity of the extracts obtained
from the gels (Figure 6b,c). Similar to observations from the direct
contact test, undiluted extracts from the ToCNF gels did not affect the
viability of fibroblasts, whereas all gels containing Fmoc-FF decreased
cell viability to less than S0% (Figure 6b). The cells release high
concentrations of LDH, indicating damage to the cell plasma
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Figure S. Pictures of 3D gel printed models: mug-shaped (15 X 10 X 10 mm), flower-shaped (16 X 16 X 3 mm). (a) ToOCNF/Fmoc-FF (r =4.5), (b,c)
ToCNF/Fmoc-FF-Ca®* (r = 4.5, C = 10 mM) samples (above) and corresponding freeze-dried samples, (d) ToCNF/Fmoc-FF (r = 4.5), and (e,f)
ToCNF/Fmoc-FF-Ca®* (r = 4.5, C = 10 mM) (below).
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Figure 6. Response of human dermal fibroblasts to hydrogels and Fmoc-FF substance. (a) Representative images of cells cultured on the hydrogels for
24 h. Live and dead cells were labeled with CellTracker (green) and propidium iodide (red), respectively. (b,c) Cell viability (b) and acute cytotoxicity
(c) after 48 h exposure to hydrogel extracts. Letters denote statistically significant differences (p value < 0.05) between bars within the same dilution.
Mean =+ standard deviation, n = 4—6/group. (d,e) Dose—response curves of cell viability (d) and acute cytotoxicity (e) after treatment with free Fmoc-
FF for 24, 48, and 72 h. Gray area indicates concentrations at which Fmoc-FF precipitate was visibly formed. Mean = standard deviation (n = 3).

FF were found to be less cytotoxic compared to the ToCNF/Fmoc-FF
gel, contrary to our expectations.

To determine whether the observed toxicity could be attributed to
Fmoc-FF itself, we tested the fibroblasts’ response to Fmoc-FF
substance. As can be seen from Figure 6d,e, cell viability decreased in

membrane (Figure 6¢), which is in agreement with previous reports
showing that cells exposed to Fmoc-FF hydrogel leachate undergo
necrotic cell death.”” The greatest decrease in the cell viability was

observed for the TOCNE/Fmoc-FF gel. The gels based solely on Fmoc-
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a time- and dose-dependent manner after treatment with Fmoc-FF. The
half-maximal inhibitory concentrations (IC50) were 473 + 154, 85 +
37,and 64 + 36 uM after 24, 48, and 72 h, respectively. It is noteworthy
that Fmoc-FF precipitated at higher tested concentrations in culture
medium (>100 gM), which is in agreement with previous reports.*®
The precipitate that formed partially covered the cell monolayer,
potentially contributing to the observed decrease in cell viability. The
tested gels contained Fmoc-FF at a 14 mM concentration exceeding
IC50; hence, we hypothesize that the observed cytotoxicity can be
partially attributed to a high amount of Fmoc-FF release over time.
Martin et al.*” have reported in their study that higher concentrations
(>0.1% (w/v) or >2.1 mM) of Fmoc-FF are well beyond the limit of
ordinary cytotoxicity studies (around 0.05—0.5 mM), and some cell
toxicity can be seen. According to them, the toxicity maybe due to the
salts present in the cell culture media, which are disturbing the self-
assembly that is observed in the fibers, resulting in smaller aggregates
that most likely interact with the cell membrane.

In the experiments with extracts, we also tested gel swelling and
change in pH of culture medium after 24 h incubation with the gels
(Figure 7). Notably, when ToCNF/Fmoc-FF gels were submerged in

e\

without gel

20

Mass swelling ratio

ToCNF

ToCNF/ ToCNF/
Fmoc-FF  Fmoc-FF-Ca?*

Fmoc-FF gel

Figure 7. Swelling of hydrogels after incubation in cell culture medium
for 24 h. Mean =+ standard deviation, 4—6 hydrogels/group. The letter
“a” denotes statistically significant differences (p value < 0.01) between
ToCNEF gels and ToCNF/Fmoc-FF gels as well as ToOCNF/Fmoc-FF-
Ca®(C = 10 mM) gels. The letter “b” was used to indicate significant
difference between Fmoc-FF gels and all other hydrogels (p value <
0.001). Top panel shows changes in the color of cell culture medium
after 24 h incubation with the hydrogels. Cell culture medium
contained a pH indicator phenol red. The photographs are arranged in
the same order as the bars on the histogram. The photograph on the
right shows control medium without hydrogel.

culture medium, the color of the medium around the samples changed
to orange-yellow, indicating a drop in pH. After microtubes were
flipped up and down, the medium restored its color to the initial red-
pink. After 24 h extraction, the culture medium in this group had a color
different from the control sample, indicating a decrease in pH. This
effect was less pronounced for ToCNF/Fmoc-FF-Ca**(C = 10 mM)
gels. The most significant pH shift was observed for Fmoc-FF gels,
while no change in color was noted for ToCNF gels. It should also be
noted that the TOCNF/Fmoc-FF and ToCNF/Fmoc—FF-Ca“(C =10
mM) gels exhibited comparable swelling, which was larger than that of
ToCNF gels.

Taken together, these results suggest that Fmoc-FF may be released
from the gels into culture medium and thus may be a factor causing
cytotoxicity. However, Fmoc-FF release alone cannot fully explain why

18580

the highest cytotoxicity was observed in the ToCNF/Fmoc-FF group
rather than in Fmoc-FF gels.

In this case, we therefore assume that the presence of the ToOCNF can
affect the self-assembly process of the Fmoc-FF nanowires, during the
formation of the ToCNF/Fmoc-FF gel composite, which in turn makes
more Fmoc-FF moieties available to interact with the cell. It is also
observed that the toxicity caused by ToCNF/Fmoc-FE-Ca** (C = 10
mM) is less pronounced and the cells are more viable compared to the
hydrogel composite without calcium ions. This can be explained by the
fact that the surface carboxyl groups of ToCNF are cross-linked by
calcium ions, which also facilitate the self-assembly of Fmoc-FF
molecules into their nanowire structures via noncovalent interactions,
as the negative charges of the carboxyl groups are reduced by the
calcium ions. Thus, calcium ions acts as an inducer to assemble the
composite hydrogel, making it more stable and helps to immobilize the
Fmoc-FF which in turn can lower the amount of Fmoc-FF released into
the cell culture medium.”” This assumption correlates well with the
measurements, where there is a reduction in the net surface charge of
the gels in the presence of divalent cations. Similar results were reported
by Nguyen et al,’® where the addition of ToCNF to a cationic
polyelectrolyte hydrogel showed good cell viability toward 1929 and
MC3T3-El cells. They have reported that the improved biocompat-
ibility was due to the combination of positively charged chitosan and
negatively charged ToCNF, creating differences in the gel surface.

Bl CONCLUSIONS

In summary, we developed a series of hybrid gels made of
ToCNF and Fmoc-FF, with and without the presence of a
cationic calcium cross-linker. The mechanical properties of the
gels are evaluated through rheology, and their suitability for 3D
printing is also assessed. The viscoelastic and shear-thinning
behavior show the better response for the ToCNF/Fmoc-FF-
Ca’" composite with a weight ratio of 4.5, 10 mM Ca®', and a
solid content of 3.5 wt %, which is also reflected in the quality of
3D prints. The effect of calcium ion cross-linking and
intertwining of Fmoc-FF with ToCNF are further evidenced
by zeta potential analysis. Differences in the structures of the
individual ToCNF and Fmoc-FF gels as well as the hybrid
composites are verified by FESEM analysis. SAXS analysis
demonstrates the presence of physical cross-linking between
ToCNF and Fmoc-FF moieties, which is facilitated by calcium
ions. Cellular studies indicate that higher concentrations of
Fmoc-FF in the gels decrease cell viability and increase toxicity.
Based on these observations, we conclude that considerations of
Fmoc-FF concentration and calcium cross-linking are crucial for
the development of multifunctional hybrid hydrogels suitable
for 3D printing and biological applications.
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