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Abstract

The high water content and biocompatibility of amino-acid-based supramolecular hydrogels have
generated growing interest in drug delivery research. Nevertheless, the existing dominant approach
of constructing such hydrogels, the exploitation of a single amino acid type, typically comes with
several drawbacks such as weak mechanical properties and long gelation times, hindering their
applications. Here, we design a near-infrared (NIR) light-responsive double network (DN) struc-
ture, containing amino acids and different synthetic or natural polymers, i.e., polyacrylamide,
poly(N-isopropylacrylamide), agarose, or low-gelling agarose. The hydrogels displayed high me-
chanical strength and high drug-loading capacity. Adjusting the ratio of Fmoc-Tyr-OH/Fmoc-
Tyr(Bzl)-OH or Fmoc-Phe-OH/Fmoc-Tyr(Bzl)-OH, we could drastically shorten the gelation time
of the DN hydrogels at room and body temperatures. Moreover, introducing photothermal agents
(graphene oxide, carbon nanotubes, molybdenum disulfide nanosheets, or indocyanine green), we
equipped the hydrogels with NIR responsivity. We demonstrated the light-triggered release of the
drug baclofen, which is used in severe spasticity treatment. Rheology and stability tests confirmed
the positive impact of the polymers on the mechanical strength of the hydrogels, while maintaining
good stability under physiological conditions. Overall, our study contributed a novel hydrogel for-
mulation with high mechanical resistance, rapid gel formation, and efficient NIR-controlled drug
release, offering new opportunities for biomedical applications.

Keywords: baclofen, carbon nanomaterials, molybdenum disulfide, photothermal agents, poly(N-

isopropylacrylamide), self-assembly.



1. Introduction

Severe spasticity is a symptom characteristically observed in various neurological disorders,
generally causing excruciating pain and associated with several secondary complications [1]. Cur-
rently, the reference treatment for severe spasticity is the continuous intrathecal infusion of baclo-
fen, which is an effective yet highly invasive and costly mode of administration [2]. In recent
years, various delivery systems have been described for controlled and sustained release of baclo-
fen [3-6]. Nevertheless, we still lack a rival for the intrathecal infusion, motivating us to explore
alternative drug delivery platforms.

Owing to their high capacity and environmental responsivity, self-assembled hydrogels pose
an effective tool for controlled drug release applications [7, 8]. Virtually countless structurally
complex and functionally diverse compositions can be generated via molecular self-assembly, al-
lowing unique potentials in biomedical applications including and beyond controlled drug delivery
[8-10]. Among the possible compositions, low-molecular-weight supramolecular hydrogels often
stand out owing to their excellent dynamic responsiveness, high water content, and superior bio-
compatibility [11-13]. Their formation is predominantly regulated by noncovalent interactions,
such as electrostatic interactions, hydrogen bonding, van der Waals forces, and n-n stacking, often
through driving the self-assembly of molecules into three-dimensional networks of entangled fi-
bers [14]. Notably, such relatively weak interactions make low-molecular-weight supramolecular
hydrogels sensitive to local environmental changes, such as temperature, pH, and mechanical

stress, making them promising for controlled drug delivery purposes [15-17].



Recently, peptides and their derivatives have been widely investigated in designing biomed-
ical supramolecular hydrogels, often because of their adjustable viscoelasticity, biocompatibility,
and degradability [15,18-20]. Extensive research has focused on modulating the release behavior
of drug-loaded hydrogels by varying pH, temperature, light, and ionic strength, as controlled by
the peptide sequence (i.e., the number and position of amino acids, and the introduction of chem-
ical modifications) [19,21]. On another aspect, supramolecular hydrogels formed with peptides
protected at the N-terminus with a fluorenylmethoxycarbonyl (Fmoc) group exhibited improved
biocompatibility [22-26]. Fmoc-peptides can easily self-assemble in water to form fibrous hydro-
gels via intermolecular n-rt stacking of the Fmoc group and hydrogen bonding between the amino
acids [23]. However, peptide-based supramolecular hydrogels can lead to immunogenicity, in-
flammation, and, in severe cases, cytotoxicity [27,28]. In addition, peptide synthesis techniques
are relatively complex and costly [27-29]. As a result, the widespread use of peptide-based supra-
molecular hydrogels is currently far from reality in drug delivery.

In contrast to peptide-based cases, amino-acid-based supramolecular hydrogels come with
some critical advantages, such as their low cost, high biocompatibility, low cytotoxicity, low im-
munogenicity, and predictable degradation pathways [12,30,31]. Plus, similar to their peptide-
based counterparts, amino-acid-based supramolecular hydrogels can be formed by the self-assem-
bly of a single type of amino acid or co-assembly of different types [32]. In addition, this approach
is instrumental in introducing additional functionalities to the developed hydrogels. For instance,
the supramolecular hydrogels formed by the co-assembly of Fmoc-phenylalanine (gelation agent)

and Fmoc-leucine (antimicrobial building block) showed superior antibacterial activity against



drug-resistant strains, without increasing mammalian toxicity [32]. Still, while amino-acid-based
supramolecular hydrogels offer key advantages in drug delivery applications, there are various
limitations to overcome. For example, the low mechanical strength of most amino-acid-based hy-
drogels can lead to premature dissolution or escape from the local delivery site [27,33]. Neverthe-
less, there is an effective strategy to improve the mechanical properties of amino-acid-based su-
pramolecular hydrogels: integrating high-molecular-weight polymers in the self-assembled net-
work, resulting in a dense structure often referred to as a double network (DN) [12,19,34,35].

In recent years, photo-responsive hydrogels have been considered ideal platforms for con-
trolled drug delivery due to their photo-triggered release potential [36]. This strategy employs
photothermal agents to convert light into heat that disrupts the equilibrium of the gel system or
alters the internal structure of the gel, thereby controlling drug release [36]. Near-infrared (NIR)
light can penetrate safely into tissues down to a few cm, making it an ideal choice for photocon-
trolled drug release [37]. We previously demonstrated that Fmoc-Tyr(Bzl)-OH/Fmoc-Tyr-OH and
Fmoc-Tyr(Bzl)-OH/Fmoc-Phe-OH binary systems were able to form two hydrogels (hamed gel 1
and gel 2, respectively) [38]. The hydrogels were loaded with a photothermal agent (oxidized car-
bon nanotubes (CNTS) or graphene oxide (GO)) and a model drug (L-ascorbic acid), and they were
able to release a high amount of drug under NIR light irradiation. Nevertheless, the applicability
of those hydrogels for biomedical applications was hampered by their low mechanical stability.
Thus, several strategies have been considered to improve their mechanical properties to create
robust viscoelastic materials suitable for biomedical research. Among them, the development of

DN hydrogels is of particular interest, thanks to their superb mechanical performance combining



both strength and toughness [39]. Interestingly, this unique balance can be finely tailored through
the modulation of inter/intramolecular interactions and the structural composition of the two net-
works, playing with the chemical nature of the monomers and/or crosslinkers exploited [40,41].
Nevertheless, despite notable advancements made in the field, the applicability of DN hydrogels
in drug delivery still encounters several challenges. For instance, many DN hydrogels lack of re-
sponse to a specific external stimulus, which represents a major constraint for developing precise
controlled drug delivery systems [42]. Also, the progress made in the use of DN hydrogels for
photocontrolled drug release is still at an early stage, given that current systems do not allow low
photothermal agent usage, precise drug release, and low laser power utilization [43]. Additionally,
the complex synthetic steps involved in preparing most DN hydrogels limit their clinical applica-
bility [44]. Consequently, only few scientific research reports exist to date on physicochemical
crosslinked DN hydrogels, which are viscoelastic materials comprised of a noncovalent network
combined with a covalent one [45,46], which is the primary focus of our work reported herein.

In the present work, we designed a straightforward procedure to prepare DN hydrogels by
integrating a polymer network (agarose and polyacrylamide derivatives) in gel 1 and gel 2 to en-
hance their mechanical strength and shorten their gelation time, while maintaining their high pho-
tocontrolled drug release capacity. Agarose is a natural and FDA-approved polysaccharide, able
to form a porous gel structure in agueous media through noncovalent interactions like hydrogen
bonds and electrostatic attractions [47]. The gelation of agarose is primarily driven by the for-

mation of double helical structures within the agarose polymer chains. When heated, agarose mol-



ecules disperse in the liquid and remain in a solution state. As the temperature decreases, the aga-
rose chains start to align and form helices due to intermolecular hydrogen bonding. These helices
further aggregate and entangle to create a three-dimensional network structure, resulting in the
formation of a gel. Agarose has gained attention in the materials science, particularly for designing
DN hydrogels. Agarose-based DN hydrogels have been used for controlled drug release thanks to
their capacity to provide a matrix for controlled diffusion of therapeutic agents [47]. Meanwhile,
the mechanical properties of agarose-based DN hydrogels can be tailored by adjusting the concen-
tration of agarose and thus the degree of chemical crosslinking in the second network, making
agarose appealing for a wide range of applications, including tissue engineering and drug delivery
[48]. Low-gelling agarose (2-hydroxyethyl agarose, named L-agarose) can also be used, as the
chemical modification of agarose can govern the loading and release behavior of hydrogels [49].
Nevertheless, agarose-based hydrogels exhibit some limitations for drug delivery, such as low
degradation rates, low adsorption potential for hydrophobic drug molecules and slow adsorp-
tion/desorption of some drugs [47,50,51]. However, there is evidence that mixing agarose with
biomaterials or polysaccharides, such as sodium alginate and chitosan, can generate hydrogels
with improved drug delivery potential compared to agarose gels [47,50,52,53].

In our work, the gel-to-sol transition of agarose hydrogels at a critical temperature may po-
tentially improve the drug release characteristics of the amino acid hydrogels. Alternatively,
acrylamides and modified acrylamides are common free radical polymerization monomers pro-
ducing non-toxic polymers and hydrogels suitable for tissue engineering, drug delivery, and bio-

sensing [54]. Besides, polyacrylamide (PAAm) hydrogels display many advantages, including



high stretchability, good biocompatibility, and simple synthesis [55], increasing their application
potential as evidenced by clinical trials for their use in tissue regeneration or incontinence [56,57].
In addition, past studies have successfully employed PAAm-based DN hydrogels for controlled
drug delivery applications, exploiting their capacity to swell/shrink in response to external stimuli,
such as changes in pH or temperature for the controlled release of encapsulated drugs or therapeu-
tic agents [54]. On the other hand, in addition to PAAm, we also exploited poly(N-isopropylacryla-
mide) (PNIPAAmM), a prominent thermoresponsive polymer exhibiting highly reversible expansion
and contraction behavior in response to temperature fluctuations [58], making it likely the most
commonly used thermosensitive polymer for preparing drug-loaded hydrogels [59-61]. Notably,
PNIPAAmM-based hydrogels can undergo swelling and shrinking within the physiological temper-
ature range, effectively promoting drug release [62]. Furthermore, the presence of PNIPAAmM al-
ters the gel phase transition temperature, consequently modulating the gel thermal responsiveness
and ultimately enhancing the water and drug release performance [63]. Hence, the incorporation
of PNIPAAm as a second network into gel 1 or gel 2 could allow for better control of the drug
release thanks to the heat generated by the photothermal agents under NIR light irradiation. How-
ever, the weak mechanical properties, poor environmental responsiveness, and low drug-release
ability of common PAAmM and PNIPAAM hydrogels hinder their application potential in drug de-
livery [64,65]. At this point, introducing a secondary crosslinking network or adding a relatively
rigid component, such as gelatin or a polysaccharide, into the PAAmM or PNIPAAmM hydrogels,

appear to be effective strategies [56,64-67].



In this work, we combined PAAm, PNIPAAmM, agarose, and L-agarose with gel 1 or gel 2
loaded with a photothermal agent, resulting in the formation of eight different DN hydrogels. The
concentration of the polymerization initiators, namely ammonium persulphate (APS) and
N,N,N’,N’-tetramethylethylenediamine (TEMED), was optimized to reduce the residual amount
of acrylamide/N-isopropylacrylamide monomers. The hydrogels were characterized by nuclear
magnetic resonance (NMR), Fourier-transform infrared (FTIR), and circular dichroism (CD) spec-
troscopies, as well as transmission electron microscopy (TEM). The gelation time was modulated
by changing the ratio of Fmoc-Tyr-OH/Fmoc-Tyr(Bzl)-OH and Fmoc-Phe-OH/Fmoc-Tyr(Bzl)-
OH. Rheological experiments and stability studies were performed to assess the mechanical prop-
erties of the DN hydrogels and their stability under physiological conditions. The DN hydrogels
exhibited a high drug release capacity under NIR light irradiation, demonstrating their potential
for precise and controlled drug release. Remarkably, low concentrations of PAAm and PNIPAAmM
were used (much lower compared to previous studies [68,69]), thereby ensuring not only the bio-
compatibility of the DN hydrogels, but also providing ample room to fine-tune their properties.
Thus, overall, this work opens new avenues in designing baclofen-releasing hydrogels with imple-
mentations beyond drug delivery.

2. Experimental section
2.1. Materials and methods

Fmoc-Tyr(Bzl)-OH was purchased from Bachem, and Fmoc-Phe-OH and Fmoc-Tyr-OH

were procured from PolyPeptide Group. 40% acrylamide/bis-acrylamide (37.5:1), N-isopropy-

lacrylamide, agarose, L-agarose, TEMED, triethylene glycol dimethacrylate, baclofen, and RPMI-



1640 medium were purchased from Sigma-Aldrich, and ammonium persulphate and dimethyl sul-
foxide (DMSO) were from Fisher Chemical. Dulbecco’s Modified Eagle’s Medium (DMEM) and
fetal bovine serum were purchased from Lonza and Dominique Dutscher, respectively. Pristine
multi-walled CNTs (20-30 nm diameter, 0.5-2 um length, 95% purity; batch 1240XH) were pur-
chased from Nanostructured and Amorphous Materials. The oxidation of CNTs was prepared ac-
cording to our previous work [70]. GO was obtained from Grupo Antolin and molybdenum disul-
fide was from Acros Organics. The exfoliation of MoS> was carried out in an ethanol/water mix-
ture [71], as described in the Supplementary Materials. Indocyanine green (ICG) was purchased
from United States Pharmacopeia. The calibration curves of N-isopropylacrylamide, acrylamide
and baclofen were assessed by HPLC (Nucleosil 100-5 Waters C18 reverse-phase HPLC column
and Waters Alliance 2695 separation module) at 220 nm. The photothermal studies were per-
formed using a NIR laser (808 nm) (Changchun New Industry Optoelectronics Technology Co.,
China), and the thermal imaging camera was a Flir One product (M/N: 0005).
2.2. Amino acid hydrogel preparation

Each Fmoc-protected amino acid was separately dissolved into DMSO at an initial concen-
tration of 247 mM. Then, each Fmoc-protected amino acid solution was mixed at a ratio of 1:1,
1:1.5, or 1:2 and diluted with Milli-Q® water to a final concentration of 2.45:2.45, 2.45:3.7,
2.45:4.9 mM (Fmoc-Tyr-OH/Fmoc-Tyr(Bzl)-OH or Fmoc-Phe-OH/Fmoc-Tyr(Bzl)-OH). The so-
lutions were sonicated in a water bath (ElImasonic P, 100 W, 37 kHz, Germany) for 10 s and left
at room temperature. The gel formation was evidenced by the vial inversion test, i.e., putting the

vials upside down to see if the hydrogels are stable or not.



2.3. Polymer solution preparation

1. PAAm or PNIPAAmM

Different amounts of 40% acrylamide/bis-acrylamide (or N-isopropylacrylamide/triethylene
glycol dimethacrylate) were added into 10 mL of Milli-Q® water to prepare 1 wt%, 5 wt%, and 10
wit% acrylamide/bis-acrylamide (or N-isopropylacrylamide/triethylene glycol dimethacrylate) so-
lutions (Table S1). Then, a 10 wt% APS solution was prepared, and 2% (v/v) APS and 0.2% (v/v)
TEMED solutions were added in sequential order (optimized conditions). All mixed solutions
were homogenized with a vortex mixer (Top-Mix 94323, Bioblock Scientific, Germany) for 30 s
and left for 6 h to form PAAm (or PNIPAAM).

2. Agarose or L-agarose

10 mg of agarose or L-agarose were dissolved into 10 mL of Milli-Q® water and heated in an
oil bath at 90 °C for 10 min. The agarose (or L-agarose) gel was obtained when the temperature
was cooled down to room temperature.

2.4. Double network hydrogel preparation

The DN hydrogels were prepared in two steps:

1. Preparation of the amino acid solutions: 20 mg of baclofen and 2.55 mg of photothermal
agent (GO, CNTs, ICG, or MoS; nanosheets) were added to 10 mL of Milli-Q® water to reach an
initial concentration of 2 mg/mL and 225 ug/mL, respectively, and the suspension was sonicated
in a water bath for 3 min. Then, 480 pL of the baclofen/photothermal agent solution/dispersion
was mixed with 20 pL of the amino acid binary solution prepared following the protocol reported

in Section 2.2.



2. Addition of the PAAmM, PNIPAAm, agarose, or L-agarose solutions: Firstly, the PAAm,
PNIPAAmM, agarose and L-agarose solutions were prepared according to the protocol reported in
Section 2.3. Then, 500 uL of PAAm, PNIPAAm, agarose, or L-agarose solution were mixed with
the amino acid solution (500 pL). The resulting solution was mixed three times using a micropi-
pette.

2.5. NMR spectroscopy

The hydrogels were freeze-dried for 24 h using a lyophilizer (Cryotec, France). The dried
samples were solubilized in D20, and the solution was transferred into an NMR tube. Finally, *H
liquid-state NMR spectra were recorded in CDCls using a Bruker Avance 111 400 MHz. Mes-
tReNova was used to analyze the NMR data and measure the integrated area of the monomers
(acrylamide: 6.10 and 5.72 ppm; N-isopropylacrylamide: 6.05 and 5.66 ppm) and polymers
(PAAmM: 2.13 and 1.57 ppm; PNIPAAmM: 1.94 and 1.49 ppm) in the DN hydrogels.

2.6. FTIR spectroscopy

FTIR analysis was performed using a PerkinElmer Frontier™ FTIR spectrometer. The dried
hydrogel samples were placed on the attenuated total reflectance detector and measured under
ambient conditions (number of scans: 64).

2.7. Transmission electron microscopy

TEM analysis was done using a Hitachi 7500 transmission electron microscope (Hitachi High
Technologies Corporation, Japan) equipped with an AMT Hamamatsu digital camera (Hamamatsu
Photonics, Japan) at an accelerative voltage of 80 kV. To prepare the samples, a volume of 1 mL

of hydrogel was shaken to allow taking 10 uL, which were deposited onto a carbon-coated copper



grid (Formvar/Carbon 300 Mesh, Cu from Delta Microscopies). The grids were dried under a fume
hood before observation. The width of the amino acid fibrils was measured using Nano Measurer
1.2 software.
2.8. Circular dichroism

Circular dichroism analysis was performed using a JASCO J-810 spectropolarimeter (JASCO,
Japan). First, 1 mL of the solution of amino acids or amino acid mixtures (2.45:3.7 mM) and
polymers (1% PAAmM or PNIPAAm; 0.1% agarose or L-agarose) was diluted 20 times and trans-
ferred to a 1 mm pathlength quartz cuvette. The CD analyses were performed directly after the
dilution and after 1 h (from 350 to 190 nm, 100 nm/min).
2.9. Rheology

Dynamic rheological measurements were performed on an AR2000 rheometer (TA Instru-
ments) operating in oscillatory mode, equipped with a Peltier plate temperature control and a
Couette geometry immersed inside the samples (300 uL), at 20 °C. Time sweep experiments were
carried out at constant shearing stress (0.5%) and at a 1 rad/s angular frequency, followed by fre-
quency (at a constant oscillatory stress of 1 Pa) and stress (at a constant angular frequency of 1
rad/s) sweep experiments.
2.10. Photothermal and drug release tests

The hydrogels were irradiated by the NIR laser (808 nm) at different powers (1, 2, or 4 W/cm?)
for 10 min (laser-sample distance: 3 cm). The temperature of the hydrogels was recorded in real
time every minute for 10 min using the thermal imaging camera. After 10 min, the solution re-

leased from the hydrogel was removed and centrifuged (15000 g) at room temperature for 10 min.



Finally, the supernatant was collected and diluted 20 times to assess the amount of baclofen using
HPLC (tr = 7.2 min at A = 220 nm).
2.11. Stability studies

After hydrogel formation (1 mL), 200 pL of 0.9% NaCl solution, RPMI and DMEM medium
with 10% fetal bovine serum were slowly added to the top of the hydrogel. After 24 h, the released
solution was collected and the total volume of supernatant was measured after centrifugation
(15000 g, 10 min, room temperature). HPLC was employed to determine the concentration of
baclofen in the released solution.
2.12. Data analysis

Each of the above set of experiments was repeated at least three times. The data are presented
as means and standard deviations. Statistical analysis was performed using SPSS Statistics 26.0
and GraphPad Prism 9. Statistical variability between samples was shown as *p < 0.05, **p < 0.01,
and ***p < 0.001.
3. Results and discussion
3.1. Double network hydrogel formation

The preparation of the DN hydrogels is illustrated in Figure 1. Firstly, gel 1 and gel 2 (amino
acid ratio of 1:1) were prepared based on our previous work (Figure 1A) [38]. Each amino acid
(Fmoc-Tyr-OH, Fmoc-Tyr(Bzl)-OH, Fmoc-Phe-OH) was dissolved in DMSO to reach an initial
concentration of 247 mM. 20 pL of a binary mixture (Fmoc-Tyr-OH/Fmoc-Tyr(Bzl)-OH (gel 1)
or Fmoc-Phe-OH/Fmoc-Tyr(Bzl)-OH) (gel 2) were mixed with 1 mL of MilliQ® water to reach a

final concentration of 4.9 mM in 2% DMSO/H-O (v/v) solution. In parallel, APS and TEMED



were added into the acrylamide/bis-acrylamide or N-isopropylacrylamide/triethylene glycol di-
methacrylate solutions to induce the free radical polymerization reaction to obtain PAAm or
PNIPAAm (Figure 1B). Alternatively, an agueous solution of agarose or L-agarose was heated at
90 °C for 10 min and left to cool down to room temperature (Figure 1C). Finally, a mixture of the
photothermal agent and baclofen in water were added to the solution of the binary mixture of
amino acids, followed by the addition of synthetic polymer or agarose/L-agarose solution (Figure
1D). In summary, to improve the properties of the amino-acid-based hydrogels, we introduced two
different types of compounds (agarose/L-agarose and PAAM/PNIPAAM) able to self-assemble
through different modes of interactions: while agarose/L-agarose gel formation is mainly driven
by hydrogen bonds, PAAM/PNIPAAmM is formed by covalent crosslinking.

To prepare such multicomponent hydrogels, we separately formulated both the amino acid
(gel 1 or gel 2) and the agarose/L-agarose or PAAM/PNIPAAm solutions, considered as the pri-
mary and secondary networks, respectively. Then, the mixing of the two solutions led to the for-
mation of a DN hydrogel, likely due to hydrogen bonding between the amino acids and
PAAM/PNIPAAmM or agarose/L-agarose. It is worth noting that all the gels exhibit a remarkable
stability after mixing, and all components, especially the photothermal agents, are uniformly dis-
persed within the gel (Figure 1). As shown in Figure S1A-B, we observed that gel formation of
gel 1 and gel 2 took around 1.5 h and 2 h, respectively, which could limit their application in the
biomedical field. To obtain fast-forming amino-acid-based DN hydrogels with improved mechan-
ical properties, we first optimized the concentration of the polymer. We observed that hydrogels

with 5 or 10% PAAm or PNIPAAmM (Figure S2) were stable, as well as 0.2, 0.5, or 1% agarose or



L-agarose hydrogels (Figure S3). In contrast, 1% PAAm or PNIPAAm formulation formed a so-
lution, while the 0.1% agarose or L-agarose formulation led to a weak hydrogel (Figure S2 and
Figure S3). Remarkably, these formulations formed stable hydrogels when added into the amino
acid solutions (Figure S1C-J). Therefore, the concentration of 1% PAAmM/PNIPAAmM and 0.1%
agarose/L-agarose in the DN hydrogels was used for the rest of the study. The gelation times of
1% PAAmM-gel 1, 1% PAAm-gel 2, 1% PNIPAAm-gel 1, and 1% PNIPAAmM-gel 2 were between
15 and 30 min (Figure S1C-F). This result showed that PAAmM or PNIPAAm rapidly formed DN
hydrogels with the amino acid fibrils, thus accelerating the gelation process. In contrast, the addi-
tion of agarose or L-agarose did not affect the gelation time of gel 1 and gel 2 (Figure S1G-J).
This might be because both agarose and amino acid hydrogels are stabilized by noncovalent inter-

actions which are relatively weaker in nature.



Figure 1. Schematic illustration of the formation of the solutions of amino acids (A),

PAAM/PNIPAAmM (B), and agarose/ L-agarose (C), and the DN hydrogels containing baclofen and

the photothermal agents (D).



3.2. Optimization to minimize the residual monomer amounts

The residual amount of acrylamide or N-isopropylacrylamide monomer might induce some
toxicity, as they are known neurotoxins [72,73]. Therefore, we used HPLC to quantify the amount
of residual monomer in 1% PAAmM or 1% PNIPAAm solutions after free-radical polymerization
using different concentrations of APS and TEMED. The results showed that the remaining amount
of monomer in 1% PAAm and 1% PNIPAAm solutions decreased with increasing volumes of
APS and TEMED (Figure 2A and 2B, Figure S4-S6). The mixture of 200 uL of APS and 20 uL
of TEMED were the conditions we used in the rest of the study. We verified that the polymers
produced using these amounts of APS and TEMED could form stable DN hydrogels with gel 1
and gel 2 (Figure S7). Furthermore, to confirm the formation of the polymers used in the DN
hydrogels, we characterized the hydrogels, monomers, and polymers formed in the absence of gel
1 or gel 2 by NMR and FTIR spectroscopies. The FTIR spectra showed that the intensity of the
C=C vibration band in PAAm and PNIPAAm located at 1608 cm™ and 1634 cm™?, respectively,
was significantly decreased compared to the monomers, as a result of the free-radical polymeriza-
tion reaction (Figure 2C and D). In the *H NMR spectra, we observed the characteristic peaks of
PAAmM and PNIPAAm for the methylene protons (around 1.5 ppm) and methine protons (around
2.0 ppm) (Figure 2E and F) [74]. We also noticed that the NMR peak ratio of polymer to residual
monomer in the DN hydrogels was 6:1 (1% PAAm-amino acid gel, Figure S8) and 9:1 (1%
PNIPAAmM-amino acid gel, Figure S9), respectively. These results fully confirmed the presence

of polymers in the DN hydrogels.
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Figure 2. Residual amount of acrylamide (A) and N-isopropylacrylamide (B) monomer using dif-
ferent concentrations of APS and TEMED (the initial amount of monomer is 100 mg). Vertical
bars indicate standard deviations (n=3). FTIR spectra of 1% acrylamide, 1% PAAm, 1% PAAmM-
gel 1 and 1% PAAm-gel 2 (C), and 1% N-isopropylacrylamide, 1% PNIPAAmM, 1% PNIPAAmM-
gel 1 and 1% PNIPAAmM-gel 2, (D); the red arrow shows the location of the C=C vibration band.
'H NMR spectra of 1% PAAm-gel 1 and 1% PAAm-gel 2 (E), and 1% PNIPAAm-gel 1 and 1%
PNIPAAmM-gel 2 (F).
3.3. Optimization of the gelation times

A short gelation time is crucial for various biomedical applications [75-77]. Especially for
the injectable gels, the gelation time must ideally be quick (usually within a few min), given that
long gelation times may lead to the loss of injected solution in the body [78,79]. Therefore, another
focus of this study was to shorten the gelation time by modulating the amino acid ratio. As shown

in Figure S10 and Figure S11A-B, after adjusting the ratio of Fmoc-Tyr-OH/Fmoc-Tyr(Bzl)-OH



(gel 1) or Fmoc-Phe-OH/Fmoc-Tyr(Bzl)-OH (gel 2) to 1:1.5 and 1:2, the gelation time of gel 1
and gel 2 was notably shortened compared with the 1:1 ratio. The gelation time of the amino acids
was correlated to their concentration, probably because of faster self-assembly at higher concen-
trations [80]. Similarly, the gelation time of the DN hydrogels was significantly shortened by
changing the ratio of amino acids from 1:1 to 1:1.5 and 1:2, probably because the higher amino
acid concentration increased the density of the amino acid fibrils in the polymer network, favoring
gelation (Figure S11-13). Indeed, the gelation time of 1% PAAm-gel 1, 1% PAAm-gel 2, 1%
PNIPAAmM-gel 1 and 1% PNIPAAmM-gel 2 was less than 3 min, and in some cases, the gelation
was nearly instantaneous (around 20 s) (Figure S11C-D and Figure S12). Similarly, the gelation
time of 0.1% agarose-gel 1, 0.1% agarose-gel 2, 0.1% L-agarose-gel 1, and 0.1% L-agarose-gel 2
decreased to less than 50 min (Figure S11E-F and Figure S13). We then studied the incorporation
of a photothermal agent in the DN hydrogels. Not only carbon-based nanomaterials (e.g., GO,
CNTs) are efficient photothermal agents, but also ICG and MoS; nanosheets [81,82]. The presence
of a photothermal agent did not alter the gelation capacity of the different formulations (Figure
S14). Nevertheless, we observed that the DN hydrogels loaded with the photothermal agent using
an amino acid ratio of 1:2 were unable to release a high amount of water upon NIR light irradiation
(808 nm, 2 W/cm?, 10 min), contrary to the amino acid ratio 1:1.5 (Figure S15). Therefore, we
decided to choose a ratio of 1:1.5 for the subsequent experiments. Additionally, we attempted to
scale up the preparation of the DN hydrogels from 1 mL to 10 mL, and we again obtained stable
hydrogels (Figure S16). These results indicate the optimizable character of the developed hydro-

gel system, which make it promising for wider applications.



3.4. Circular dichroism and transmission electron microscopy

To confirm whether the addition of the polymer affected the amino acid self-assembly process
or not, we characterized the amino-acid-based and DN hydrogels using CD and TEM. All hydro-
gels had no CD signal at the initial time (to). After 1 h, however, gel 1 exhibited a negative band
at ~220 nm, which was attributed to the n-n* phenyl side chain transition and hydrogen-bond
network involving the carbamate functionality, and a weak broad positive band with a low inten-
sity between 270 and 310 nm assigned to the n-n* Fmoc-Fmoc transition (Figure 3A and 3C)
[38]. Two negative bands were observed for gel 2 around 220 nm and between 270 and 310 nm
(Figure 3B and 3D). Most importantly, the DN hydrogels exhibited the same CD signals of gel 1
and gel 2 after 1 h, showing that the addition of the polymers, agarose, or L-agarose did not affect
the self-assembly of the amino acids. TEM images showed that gel 1 is composed of a large num-
ber of fibrils with a diameter of 70 + 14 nm (Figure 3E-F, Figure S17A). In the case of gel 2, the
fibrils showed a slightly bigger width (108 + 23 nm) compared to gel 1 (Figure S17B), but they
were longer (Figure 3G-H). When gel 1 and gel 2 were mixed with the polymers, similar fibrils
were observed (Figure 31-P). However, the fibril width of 1% PAAm-gel 1, 1% PNIPAAmM-gel 1,
1% PAAm-gel 2, and 1% PNIPAAmM-gel 2 increased to 150 £ 21 nm, 205 + 45 nm, 176 + 32 nm,
and 192 + 45 nm, respectively (Figure 31-L, Figure S18A-B, E-F). In 0.1% agarose-gel 1 (79
16 nm), 0.1% L-agarose-gel 1 (88 + 27 nm), 0.1% agarose-gel 2 (97 £ 11 nm), and 0.1% L-agarose-
gel 2 (106 + 22 nm), the fibrils had a similar width to that of the amino acid fibrils (Figure 3M-P,
Figure S18C-D, G-H). Overall, the TEM images revealed that the polymers did not disrupt the

amino acid self-assembly and could build DN hydrogels with the amino acid fibrils.
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Figure 3. CD spectra of 1% PAAm-gel 1 and 1% PNIPAAmM-gel 1 (A), 1% PAAm-gel 2 and 1%
PNIPAAmM-gel 2 (B), 0.1% agarose-gel 1 and 0.1% L-agarose-gel 1 (C), and 0.1% agarose-gel 2
and 0.1% L-agarose-gel 2 (D) at different time points; TEM images of gel 1 (E,F) and gel 2 (G,H),
and 1% PAAm-gel 1 (1), 1% PNIPAAm-gel 1 (J), 1% PAAm-gel 2 (K), 1% PNIPAAmM-gel 2 (L),
0.1% agarose-gel 1 (M), 0.1% L-agarose-gel 1 (N), 0.1% agarose-gel 2 (O), and 0.1% L-agarose-

gel 2 (P).



3.5. Impact of the photothermal agents on the gelation time

The gelation time was similar or shorter when the hydrogels were loaded with the CNTs, GO,
or MoSz nanosheets (Figure S19). In the case of ICG loading, the gelation time was similar or
higher. The decrease of the gelation time when nanomaterials were incorporated in the hydrogels
was certainly related to the high surface area of the nanomaterials that could promote the
nucleation of the fibrils. To verify whether the optimized DN hydrogels could be used as injectable
gels, we measured the gelation time at human body temperature. The gelation time of all the DN
hydrogels formed at the 1:1.5 amino acid ratio was significantly reduced at 37 °C compared with
the 1:1 ratio (Figure 4 and Figure S20). Moreover, the gelation time of 1% PAAm-gel 1, 1%
PNIPAAmM-gel 1, 1% PAAmM-gel 2 and 1% PNIPAAm-gel 2 loaded with the photothermal agents
was less than 10 min, which is relevant for their application as injectable hydrogels. However, the
gelation time of 0.1% agarose-gel 1, 0.1% L-agarose-gel 1, 0.1% agarose-gel 2 and 0.1% L-aga-
rose-gel 2 exceeded 60 min. This may be related to the gelation critical temperature of agarose and
L-agarose being lower than 37 °C [83,84]. For all hydrogels, the gelation time at 37 °C was notably

higher than that of at room temperature.
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Figure 4. Gelation time of the DN hydrogels loaded with the four photothermal agents at 37 °C

when different amino acids are used at different ratios: 1% PAAm-gel 1 (A), 1% PAAm-gel 2 (B),
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deviations (n=5). Note that, irrespective of the gel system and photothermal agent used, we ob-
served a clear transition (drop) in gelation times when the amino acid ratio was 1:1.5 instead of
1:1.
3.6. Photothermal and drug release study

We decided to load baclofen, a model drug used for treating severe spasticity [85], into the
DN hydrogels at a concentration of 0.96 mg/mL. We investigated the efficiency of the different
photothermal agents in triggering the drug release under NIR light irradiation. We first evaluated
the photothermal capacity of the four photothermal agents dispersed in water under irradiation at
808 nm and using different laser powers for 10 min (Figure S21). A higher temperature increase
was observed for ICG and CNTs compared to GO and MoS; nanosheets. The same tendency was
found for the DN hydrogels loaded with the photothermal agents independently of the laser power
(Figure 5, Figure S22, and Figure S23). The temperature increased more for higher laser powers
and was not dependent on the type of DN hydrogels, whatever they were composed of covalent

bonds (PAAM/PNIPAAM) or noncovalent bonds (agarose/L-agarose).
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Figure 5. Temperature increase of 1% PAAm (or 1% PNIPAAmM)-gel 1 loaded with the four pho-
tothermal agents (A), 1% PAAm (or 1% PNIPAAmM)-gel 2 loaded with the four photothermal
agents (B), 0.1% agarose (0.1% L-agarose)-gel 1 loaded with the four photothermal agents (C) and
0.1% agarose (0.1% L-agarose)-gel 2 loaded with the four photothermal agents (D) when exposed

to a NIR laser (at 808 nm, 2 W/cm?). The vertical bars indicate standard deviations (n=3).

After treating the different DN hydrogels loaded with baclofen and a photothermal agent with
NIR light for 10 min, we collected the water released from the hydrogels, quantified its volume,
and assessed the amount of baclofen by HPLC using a calibration curve (Figure S24). We ob-

served that the amount of released water and baclofen was correlated with the laser power for all

the DN hydrogels (Figure 6 and Figure S25-28). Indeed, the release of water was the lowest at 1



W/cm? (agarose- and L-agarose-based DN hydrogels were stable in these conditions and there was
no water/drug release), and it was the highest at 4 W/cm?. As shown in Figure S26, the water
release rate of PAAM/PNIPAAmM-based DN hydrogels was in the range of 50-65% under NIR light
irradiation at 2 W/cm?, but it was lower for agarose/L-agarose-based DN hydrogels (30-65%). This
difference was probably caused by the fact that agarose and L-agarose in the DN hydrogels did
not reach a complete gel-to-sol transition state under this low-power irradiation [83]. However, it
is worth noting that the water release rate of the 0.1% L-agarose-DN hydrogels was higher than
that of the 0.1% agarose DN hydrogels in these conditions (Figure S26C-D). This is likely because
L-agarose has a lower gel-to-sol transition temperature than agarose [49]. All agarose- and L-
agarose-based DN hydrogels showed a higher release of water when loaded with ICG and CNTs
(Figure S25A-B, Figure S26, and Figure S27), independently of the laser power, indicating that
the water released from these hydrogels was related to the photothermal behavior of the hydrogels,
as ICG and CNTSs showed better photothermal performance than GO and MoS2 nanosheets (Fig-
ure 5). We noted that the release of baclofen from the DN hydrogels correlated well with the
release of water. The baclofen release from the PAAM/PNIPAAmM-based DN hydrogels was in the
range of 40-60%, whereas it was between 25 and 60% from the agarose/L-agarose-based DN hy-
drogels at a laser power of 2 W/cm? (Figure 6). Interestingly, we observed less difference between
the PAAM/PNIPAAM- or agarose/L-agarose-based hydrogels at 4 W/cm?, showing a drug release
of ~55-80% (Figure S28). In all cases, the MoS»-loaded hydrogels showed the lowest drug release

rate.
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Figure 6. Drug release from 1% PAAm (or 1% PNIPAAm)-gel 1 loaded with the four photother-
mal agents (A), 1% PAAm (or 1% PNIPAAmM)-gel 2 loaded with the four photothermal agents
(B), 0.1% agarose (0.1% L-agarose)-gel 1 loaded with the four photothermal agents (C), and 0.1%
agarose (0.1% L-agarose)-gel 2 loaded with the four photothermal agents (D) when exposed to a
NIR laser (at 808 nm, 2 W/cm?). The vertical bars indicate standard deviations (n=3).

We can conclude that the CNTs were the best photothermal agents to incorporate in our hy-
drogels because of their high photothermal conversion efficiency for a low power density (808
nm, 1-2 W/cm?) [86-89]. Such laser power density does not lead to bystander tissue damage [90-
93]. In addition, the drug release from the CNT-loaded hydrogels was generally higher compared

to the GO-loaded hydrogels. In contrast, the hydrogels loaded with the MoS, nanosheets showed



the lowest drug release, while the gelation time of the ICG-loaded DN hydrogels was higher com-
pared to the other photothermal agents. Nevertheless, the drug release capacity of the DN hydro-
gels was similar (up to ~80%) at the highest laser power, showing that the type of amino acids and
polymers did not alter the performance of the hydrogels at beyond a certain threshold.
3.7. Rheological and stability study

Finally, to assess the impact of the presence of a secondary network (e.g., PAAmM or aga-
rose) on the mechanical properties of amino-acid-based hydrogels, we carried out rheological ex-
periments using the CNT-loaded formulations. Frequency sweep data of the samples (Figure 7A)
exhibited characteristic viscoelastic solid behaviors (with storage moduli G' > loss moduli G"),
confirming the formation of a hydrogel for gel 2-CNTs-baclofen, which was also the case with 1%
PAAmM or 0.1% agarose. However, while the presence of agarose did not impact the mechanical
properties of gel 2-CNTs-baclofen (G' ~ 100 Pa, G" ~ 20 Pa), PAAmM markedly improved the
stiffness of the gel, with G' > 1000 Pa. Such differences can be explained by the inherent chemical
structure of the added compounds, with agarose mainly interacting via noncovalent bonds (such
as hydrogen bonds), whereas the PAAmM network is held together by covalent bonds. To follow
the gelation process, time sweep experiments were performed (Figure 7B-D). Interestingly, at the
beginning of the measurement (i.e., a few tens of seconds after the formulation), all samples were
in a gel state (G' > G") even if weak, showing that very fast gelation processes occurred, with or
without the presence of a DN. However, a short period of time was necessary to reach a plateau
and to macroscopically observe the sol-to-gel transition, which was the fastest for the 1% PAAmM-

gel 2-CNTs-baclofen sample (3 min) compared to the 0.1% agarose-gel 2-CNTs-baclofen and gel



2-CNTs-baclofen hydrogels, with a sol-to-gel transition time of 15 and 13 min, respectively. Once
more, these data highlight that the DN formed with PAAm induced a significant improvement of
the mechanical (with stiffness improved by a factor of ~10 times) and kinetics (4 times faster)
properties of the hydrogels, confirming their interest. A storage modulus (G') value of ~1 kPa is
sufficient to design injectable hydrogels that are stable in the organism [94,95]. The lower me-
chanical strength of agarose-based DN hydrogels in comparison to the PAAm-based DN hydrogels
probably stems from the weak hydrogen bonds driving the agarose gel formation compared to the
covalent crosslinking of the acrylamide monomers leading to PAAm.

Besides, carbon-based nanomaterials and MoS; have been frequently employed as rein-
forcement agents in hydrogels owing to their remarkable mechanical strength. In this case, a rather
high content of such materials is needed, for example in the range 0.08-5.00 wt% [96-102]. In
contrast, we loaded our hydrogels with a much smaller amount of CNTs, GO, MoS;, and ICG
(only 0.0125 wt%). In our previous work, we conducted a comparative study of the mechanical
properties of the amino-acid-based hydrogels (gel 1 and gel 2) and the hydrogels loaded with car-
bon nanomaterials (gel 1 and gel 2 loaded with 0.025 wt% CNTs or GO). Those explorations
revealed that gel 1 and gel 2 exhibited a similar modulus of rigidity, and the addition of 0.025 wt%
CNT or GO had no notable impact on the mechanical strength of either gel 1 or gel 2 [38]. How-
ever, this concentration is sufficient to induce a photothermal effect to satisfy our drug release

requirements.
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Figure 7. Frequency sweep of gel 2-CNTs-baclofen, 1% PAAm-gel 2-CNTs-baclofen, 0.1% aga-
rose-gel 2-CNTs-baclofen at 20 °C (A). Evolution of the storage modulus (G'") and loss modulus
(G") as a function of time for gel 2-CNTs-baclofen (B), 1% PAAm-gel 2-CNTs-baclofen (C), and
0.1% agarose-gel 2-CNTs-baclofen (D).

The stability of the DN hydrogels in physiological environments (0.9% NaCl solution, RPMI
or DMEM medium) was studied (Figure S29-31). After 24 h, all hydrogels showed a water and
drug release below 15% in the three physiological environments, suggesting good stability. In
comparison, the water release from the gel 2-based DN hydrogels was lower than that of the gel
1-based DN hydrogels in some cases. We observed no major difference of stability between the

PAAM/PNIPAAm-based DN hydrogels and between the agarose/L-agarose-based-DN hydrogels.



Taken together, we have successfully designed stable DN hydrogels using amino acids and
polymers or agarose/L-agarose. The addition of a photothermal agent endows the DN hydrogels
with NIR-responsiveness and photothermal behavior. The DN hydrogels can carry high doses of
baclofen and release large amounts of the drug under NIR light irradiation. The water and drug
release rates can be adjusted with the power of NIR light. Our strategy has allowed us to overcome
the low mechanical strength and long gelation time of amino-acid-based hydrogels. The high me-
chanical properties of the hydrogels, rapid gel formation, and adjustable drug release properties
under NIR light irradiation could enable their use as subcutaneous injectable hydrogels, which
would represent an alternative to the continuous intrathecal pumps for controlled release of baclo-
fen in vivo and spasticity treatment. There is a limited number of studies in the literature on the
design of hydrogels for the controlled release of baclofen through an oral or intrathecal admin-
istration [4,5,103]. Although these previously reported hydrogels are able to achieve cumulative
baclofen release rates of over 80% in a sustained-release process of several hours, they have some
limitations. For example, the sustained-release process is generally difficult to control, especially
during the initial stage of the drug release. This can be problematic, as a large release of baclofen
can lead to toxic effects [4,103]. For instance, the instability of chitosan thermosensitive gels in
the gelling process at body temperature makes the release of baclofen unpredictable [5]. Therefore,
our NIR-responsive hydrogels are promising alternatives for the controlled baclofen release.
Among all the different formulations we tested, we found that the PAAM/PNIPAAmM-gel 2 hydro-

gels loaded with the oxidized CNTs and baclofen have the highest drug release capacity while



displaying high mechanical properties and good stability under physiological conditions. The in-
novative aspect of our work lies in the simplicity of the synthesis process, distinguishing it from
most existing literature that often involves complex and tedious preparation steps [44].
4. Conclusion and outlook

In this study, our primary objective was to design photothermally responsive DN hydrogels
for baclofen release. The first network, consisting of amino acids, is physically crosslinked, allow-
ing for the incorporation of a second network that can be either physically or chemically cross-
linked, resulting in the formation of physical/physical DN hydrogels or physical/chemical DN hy-
drogels. These two categories of DN hydrogels may exhibit variations in gelation time, mechanical
properties, and drug release capacity. Agarose and PAAm are exemplary polymers that can be
either physically or chemically crosslinked and are frequently employed as secondary networks
within the gel, especially photothermal responsive hydrogels. Hence, agarose and PAAmM were
selected as subjects of comparison in this study, to explore the distinctions between physical/phys-
ical and physical/chemical DN hydrogels concerning essential aspects such as gelation kinetics,
mechanical characteristics, and drug release behavior. This investigation sought to determine
which type of DN hydrogel (physical/physical crosslinked or physical/chemical crosslinked) could
find potential utility in our subsequent biological applications.

We have synthesized a series of stable amino acid/polymer-based (PAAM/PNIPAAmM, aga-
rose/L-agarose) DN hydrogels with a low gelation time, high drug loading, and NIR-responsive

drug release capacity. We confirmed the formation of PAAm and PNIPAAm polymers by FTIR



and NMR spectroscopy. We optimized the formulation to decrease the residual amount of acryla-
mide or N-isopropylacrylamide monomers, thus minimizing the risk associated to their toxicity.
The conditions were also tuned to shorten the gelation time and enhance the mechanical properties
of the hydrogels. Adjusting the ratio of the amino acids (Fmoc-Tyr-OH/Fmoc-Tyr(Bzl)-OH or
Fmoc-Phe-OH/Fmoc-Tyr(Bzl)-OH) significantly decreased the gelation time. At body tempera-
ture, the gelation time of the 1% PAAm- or 1% PNIPAAmM-based DN hydrogels was less than 10
min. These hydrogels remained stable under physiological environment, meeting a key standard
for injectable gels. All the DN hydrogels could carry a high load of baclofen and release a high
dose of the drug under NIR light irradiation, providing perspectives for the controlled administra-
tion of baclofen. Besides, we demonstrated that the formation of polymers in the supramolecular
amino acid fibril network enhanced the mechanical properties of the hydrogels in comparison to
the addition of agarose.

In future work, we will assess the ability of the DN hydrogels for sustained release of baclofen
in vivo and their therapeutic efficiency to treat severe spasticity. We will also expand our hydrogels
to other types of drugs and evaluate their release profile, which will enormously broaden the bio-
medical application potential of our DN hydrogels. Secondly, the gelation time and mechanical
strength of the agarose/L-agarose-based DN hydrogels are the areas that require further optimiza-
tion to enhance their overall performance. Addressing these aspects would contribute to the im-
proved efficacy and utility of our hydrogels. We also plan to evaluate the biocompatibility of the
DN hydrogels. As an alternative to the intrathecal baclofen therapy using pumps, we also aim to

inject our DN hydrogels subcutaneously in vivo in a spasticity mouse model, to precisely modulate



the release of baclofen in a spatiotemporally controlled and sustained manner. The liberation of
baclofen would be remotely triggered upon NIR light irradiation, thus avoiding the implantation
of an intrathecal minipump with possible adverse events.
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