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ABSTRACT: Peptide-based hydrogels have gained considerable
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attention as a compelling platform for various biomedical i Jj‘
applications in recent years. Their attractiveness stems from their 77 0001 c:;’::"::tka": :‘iz:f:gglintd ?:u:lle il
ability to seamlessly integrate diverse properties, such as g pep yeres
biocompatibility, biodegradability, easily adjustable hydrophilic- G
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ity/hydrophobicity, and other functionalities. However, a signifi- = s =
cant drawback is that most of the functional self-assembling g “"“g"“gmm
peptides cannot form robust hydrogels suitable for biological & 107 = =
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applications. In this study, we present the synthesis of novel 8 Non-covalent peptide hydrogel E
peptide—PEG conjugates and explore their comprehensive hydro- % 11

gel properties. The hydrogel comprises double networks, with the 0
first network formed through the self-assembly of peptides to create

a f-sheet secondary structure. The second network is established

through covalent bond formation via N-hydroxysuccinimide chemistry between peptides and a 4-arm PEG to form a covalently
linked network. Importantly, our findings reveal that this hydrogel formation method can be applied to other peptides containing
lysine-rich sequences. Upon encapsulation of the hydrogel with antimicrobial peptides, the hydrogel retained high bacterial killing
efficiency while showing minimum cytotoxicity toward mammalian cells. We hope that this method opens new avenues for the
development of a novel class of peptide—polymer hydrogel materials with enhanced performance in biomedical contexts, particularly
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in reducing the potential for infection in applications of tissue regeneration and drug delivery.

B INTRODUCTION

Hydrogels represent a distinctive category of soft materials
capable of retaining substantial amounts of water while
preserving their intricate three-dimensional (3D) structures.'
Among different types of hydrogel materials, peptide-based
hydrogels show great biocompatibility, biodegradability,
injectability, and tunable mechanical stability.">~"" Over the
past few decades, significant strides have been made in
harnessing the potential of peptide hydrogels for therapeutic
purposes, spanning diverse applications such as drug delivery,
tissue engineering, wound healing, and biofabrication.'*™**
Peptide hydrogels are typically constructed through a self-
assembly process that involves intricate supramolecular
interactions unfolding along a hierarchical path in a
concentration-dependent manner. At the pinnacle of this
hierarchy lies the formation of hydrogels, which can be
achieved through either chemical or physical cross-linking.
Chemical cross-linking involves covalent bond formation,
while noncovalent cross-linking relies on interactions such as
hydrogen bonding, hydrophobic forces, electrostatic attrac-
tions, or van der Waals forces. In the past, most peptide-based
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hydrogels were characterized by a noncovalent network in
which individual peptide fibrils are physically cross-linked with
one another at a relatively high concentration. While the
supramolecular network is effective in promoting hydrogel
formation, the storage moduli of these soft hydrogels are
relatively low. A few studies reported peptide assemblies with
high storage moduli, but most of these systems require
significant acidity, therefore having limited utility for
biomedical applications.”’

Compared to noncovalent peptide hydrogels, hydrogels
based on covalent linking of multivalent polymers, such as
polyethylene glycol (PEG), have improved rheological proper-
ties.”**® These gels have been widely explored in drug
delivery and tissue engineering applications. Peptide—PEG
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conjugates have also been used for the development of PEG
hydrogels. Notably, the Yu group synthesized a collagen
mimetic peptide (CMP)—PEG conjugate. The CMPs
generated triple helix-mediated physical cross-links that
increased the stiffness of the CMP—PEG hydrogel.” Inspired
by these seminar work on PEG and PEG—peptide hydrogels,
herein, we report a novel approach to synthesizing peptide
hydrogels through a double network formation, employing a
covalent N-hydroxysuccinimide (NHS) coupling reaction to
generate peptide—PEG conjugates. The hydrogel consists of
two essential components: (1) a lysine-rich self-assembling
peptide characterized by an alternating hydrophobic—hydro-
philic sequence, resulting in a sandwich-like B-sheet structure.
The self-assembly of the peptide forms the first network within
the hydrogel and (2) an NHS-activated PEG polymer, where
the NHS group reacts with the amine side chains of the
peptide, establishing the second network in the peptide
hydrogel. The resulting double network significantly enhances
the storage modulus of the peptide-based hydrogels.
Furthermore, the method can be applicable to self-assembled
peptides that cannot form hydrogels when they are standing
alone. As shown in our study, for a viscous solution of self-
assembled peptides, the introduction of the covalent network
increases the storage moduli from 20 to 5500 Pa, therefore
greatly expanding the utility of this approach. We expect that
this innovative synthesis method will open new avenues for the
construction of peptide-based hydrogels with tailored rheo-
logical properties and diverse biological functionalities for a
range of biomedical applications.

B EXPERIMENTAL SECTION

Materials. Fmoc-protected amino acids, hexafluorophosphate
benzotriazole tetramethyluronium (HBTU), MBHA rink amide
resin, piperidine, diisopropylethylamine (DIPEA), pyridine, Mueller
Hinton Broth (MHB), and Agar were purchased from Sigma-Aldrich.
Reagents and solvents for peptide synthesis and purification including
dimethylformamide (DMF), acetonitrile (ACN), trifluoroacetic acid
(TFA), triisopropylsilane (TIS), phosphate-buffered saline (PBS)
10X, and a live/dead bacterial viability kit were purchased from Fisher
Scientific. 4-Arm PEG-GAS (M, 20 k) was purchased from Creative
PEG Works. Transmission electron microscopy (TEM) grids and
uranium acetate dihydrate were purchased from Ted Pella, Inc.
Escherichia coli (ATCC 25922) and Primary Dermal Fibroblast;
Normal, Human, Adult (HDFa PCS-201—012) were purchased from
ATCC.

Synthesis and Purification of Peptides. Fmoc solid-phase
peptide synthesis procedures were used to synthesize the peptides on
a Prelude peptide synthesizer at a SO pmol scale using MBHA rink
amide resin as the support. Fmoc groups were deprotected by 20%
(v/v) piperidine in DMF for S min (2 times). Fmoc-protected amino
acids, HBTU, and DIPEA (1:1:2) were dissolved in DMF and added
to the resin reservoir. Upon completion of the synthesis, acetylation of
the N-termini was performed in the presence of acetic anhydride and
DIPEA in DMF. The peptides were cleaved from the resin using a
mixture of TFA/TIS/H,0 (95/2.5/2.5 by volume) for 3 h. Through
filtration, the cleavage solution was collected, and the resin was
washed twice with neat TFA. Residual TFA was removed under
moderate airflow. The residual peptide solution was precipitated with
cold diethyl ether and then centrifuged 4 times. The crude peptide
was dried under a vacuum overnight before HPLC purification. The
peptide was purified using a preparative reverse-phase C4 column
with a linear gradient of water/acetonitrile containing 0.05% TFA.
Elution was monitored at 230 and 280 nm. The molecular mass was
confirmed by MALDI-TOF MS. For P1, the calculated mass of [M +
Na]* is 1376.60 and the experimental mass is 1376.46. For P2, the
calculated mass of [M + H]" is 1296.63 and the experimental mass is
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1296.85. For P3, the calculated mass of [M + H]" is 2147.68 and the
experimental mass of [M + H]* is 2147.50. For P4, the calculated
mass of [M + H]* is 3762.65 and the experimental mass is 3762.91.

Hydrogel Preparation. All hydrogels were prepared by reacting
succinimidyl NHS-terminated PEGs with lysine-containing peptides
at neutral pH. For example, to prepare 100 uL of gels, 2 mg of peptide
and 1 mg of PEG were dissolved in 50 yL of DI water and mixed with
an equal volume of PBS 2X to produce hydrogels at room
temperature. Gel formation was examined by a vial inversion method.

Oscillatory Rheology. The rheological properties of hydrogels
were characterized by oscillatory rheology using the Anton par MCR
702 Multidrive with a 10 mm stainless steel parallel plate geometry at
25 °C. A sample size of ~200 uL of the hydrogel was delivered onto
the rheometer plate, followed by an adjustment of the parallel plate
geometry to have a gap height of 1 mm. A dynamic time sweep was
performed first for 1S min (frequency: 6 rad/s, strain: 0.2%), followed
by a dynamic frequency sweep (frequency range: 1—100 rad/s, strain:
0.2%). The hydrogel was then disrupted by a 1000% strain for 30 s at
a frequency of 6 rad/s, followed by a dynamic time sweep (15 min,
frequency: 6 rad/s, strain: 0.2%) to determine the storage modulus
recovery. Finally, a dynamic strain sweep was performed on each
hydrogel sample to determine the yield strain (strain range: 0.01—
100%, frequency: 6 rad/s). For samples with very low storage
modulus and loss modulus, only a dynamic time sweep was performed
for 15 min (frequency: 6 rad/s, strain: 0.2%).

Live and Dead Assay for Bacterial Cells. A 400 uL aliquot of
the bacterial suspension (E. coli, 10° CFU/mL) was seeded onto a
glass-bottom dish and incubated at 37 °C for 24 h. The bacterial
suspension was removed, and 1X PBS buffer was used to wash away
any nonadherent bacteria. 50 uL of the hydrogel in 1X PBS and 100
uL of the Mueller Hinton Broth (MHB) medium were mixed and
added to the dish. After incubation at 37 °C overnight, the MHB
medium was removed and washed with PBS buffer 3 times. Bacteria
were stained with the live/dead bacteria assay kit solution at room
temperature for 30 min. Finally, the bacteria were washed with PBS
buffer 3 times. Images were captured with an epifluorescence
microscope and processed using Image] software.

Inhibition Zone Assay. 150 uL of the bacterial suspension (E.
coli, 10° CFU/mL) was evenly streaked across an agar plate to ensure
confluent growth and complete coverage of the surface. Subsequently,
100 L of the hydrogel samples was carefully placed onto the surface
of the agar plates. The plates were then incubated at 37 °C for 24 h.
Following the incubation period, the agar plates were examined for
the presence of inhibition zones surrounding the hydrogel samples,
where no bacterial growth was observed. The diameter of these
inhibition zones was measured and compared across the different
samples to evaluate their antimicrobial efficacy.

Live and Dead Staining Assay for Mammalian Cells. The
viability of HDFa cells on hydrogels was assessed using a live & dead
viability/cytotoxicity kit (Invitrogen), wherein live cells are stained
green with calcein AM and dead cells are stained red with ethidium
homodimer-1 (EthD-1). After removal of the culture medium,
samples were rinsed with PBS twice and treated with 2 yM calcein
AM and 4 uM EthD-1 in DMEM for 30 min at 37 °C in the dark,
followed by rinsing with PBS twice. Samples were directly observed
under an inverted fluorescent microscope (Eclipse TiS, Nikon). Five
randomly selected fields of view were imaged using an inverted
fluorescent microscope. The obtained images were analyzed by
Image] software, and the number of live and dead cells in each image
was calculated. Cell viability is calculated by the following equation.

number of viable cells
X 100%

cell viability =
number of total cells
Hemolysis Assay. The peptide hydrogel hemocompatibility was
tested using washed human red blood cells (hRBC) in 96-well plates
following a previous protocol. Briefly, hRBCs were collected and
washed from whole blood using centrifugation at 250g for 15 min.
Then, the 96-well plate was coated with a 2% peptide hydrogel, and a
0.5% (v/v) diluted suspension of hRBC in PBS (1X) was added. PBS
(1X) and 1% Triton X were used as the negative and positive
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controls, respectively. The 96-well plates were incubated for 1 h at 37
°C on a shaker, and afterward, the plate was centrifuged at 1000g for
10 min. The hemolytic activity was analyzed through the super-
natant’s absorbance at 405 nm via spectrophotometry. Each assay was
performed in quadruplicate. The percentage of hemolysis was
calculated using the following equation.

(absorbance of peptide — absorbance of PBS)

(absorbance of triton — absorbance of PBS)

% hemolysis =

X 100%

B RESULTS AND DISCUSSION

Design and Synthesis of MDPs. All peptides were
synthesized using a standard Fmoc solid-phase peptide
synthesis strategy. Successful syntheses were confirmed via
MALDI-TOF mass spectrometry (Figure S1A—D). Purifica-
tion was assessed via high-performance liquid chromatography
(HPLC), the chromatograms of which show a single product
peak (Figure S1A—D). The primary sequences of the peptides
used in this study are listed in Table 1.

Table 1. Peptide Sequences Used in This Study

name N- sequences C-
P1 CH,CO K(QW)(QL)(QL)(QL)K CONH,
P2 CH,CO KK(QL)(QL)(QL)KK CONH,
P3  CH,CO KKK(QL)(QL)(QL)(QL)(QL)(QL)KK  CONH,
P4 CH;CO CONH,

KKKKKKKK(QF)(QF)(QF)(QF)(QF)
(QF)KKKKKKKK

All of the peptides are N-terminally acetylated and C-
terminally amidated. The self-assembling peptide sequence,
denoted P1, was formulated based on our prior investigation of
the MDP sequence Kyx(QL),K; (with K representing lysine, Q
representing glutamine, and L representing leucine). In this
context, X, Y, and Z represent the number of repeating units.
To simplify synthesis and enable scalability, we designed the
sequence K(QW)(QL);K, where X = 1, Y = 4, and Z = 1 with
one of the L residues replaced by W (tryptophan) for
ultraviolet—visible (UV—vis)-based concentration measure-
ments. As demonstrated in our previous research,** ™3 the
alternating hydrophilic—hydrophobic pattern of (QW)(QL)3
promotes the formation of sandwich-like nanofiber structures
with leucines and tryptophan embedded within the hydro-
phobic core of the assembly. The specific values chosen for X,

Y, and Z were intended to enhance the solubility of the peptide
assemblies while preserving the formation of secondary
structures, as established in prior work.'#*>~’

Molecular Design, Synthesis, and Characterization of
Peptide—PEG Hydrogels. The peptide—PEG hybrid hydro-
gel was synthesized via an NHS—amine reaction between
lysine-containing self-assembling peptide P1 and a 4-arm PEG
terminated with an NHS ester. P1 was first dissolved in
deionized water at a concentration of 4 wt % and further mixed
with an equal volume of PBS buffer (2x). The overall ionic
strength of the solution and especially the presence of
oppositely charged multivalent ions such as phosphate result
in quenching the repulsive charges between peptides and the
growth of nanofibers to form a weak hydrogel. When PEG is
introduced, it significantly enhances the hydrogel’s strength
through covalent bond formation between the amine groups in
the peptide and the reactive NHS group in the PEG. This
results in the formation of a double-network P1-PEG
hydrogel. The first network consists of self-assembled P1
nanofibers, while the second network is established by
covalently cross-linking between P1 and PEG, as illustrated
in Scheme 1.

To assess the strength of the formed hydrogel, we employed
a vial inversion test. In contrast to P1, which yields a highly
viscous solution (Figure 1a), PI—PEG generates a remarkably
robust hydrogel (Figure 1b).

P1 or P1-PEG was dissolved in a PBS solution for the
examination of secondary structure formation and macroscopic
assembly using circular dichroism (CD) spectroscopy. The CD
measurement solution was prepared by diluting the peptide
stock solution, initially at 2 wt % in water, with PBS to achieve
a final concentration of 0.02 wt %. As anticipated based on the
MDP design, CD analysis of P1 revealed a distinct f-sheet
structure with a maximum at 198 nm and a minimum at 218
nm (Figure 2a). Following the addition of PEG to Pl to
generate PEG—P1, the secondary structure remained largely
unchanged, exhibiting a predominant f-sheet structure on CD.
Transmission electron microscopy (TEM) further substanti-
ated the self-assembly, illustrating the formation of long
nanofibers for P1, whereas PEG—P1 exhibited shorter
nanofibers (Figure 2b,c).

To identify the effect of the PEG/peptide ratio on the
hydrogel strength, a dynamic oscillatory time sweep was
conducted. Hydrogels were prepared by systematically adjust-

Scheme 1. Schematic Representation of Peptide—PEG Hydrogel Formation

Peptide-PEG Hydrogel

Double Networks

_ _  FirstNetwork
W Z, ‘—\'\\.
NG Physical 47 Self-

Second Network
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P1
I Ui
Covalent bond
formation
N PEG

“The first network is formed by the self-assembly of the peptide into sandwich-like supramolecular nanofibers that are physically cross-linked with
each other, and the second network is formed by the covalent formation between the NHS moiety in the PEG and amine residues in the peptide to

form a double-network hydrogel.
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Figure 1. Vial inversion method for assessing hydrogel strength. (a) P1 (2 wt %) in PBS 1X forms a weak hydrogel due to the self-assembly of P1.
(b) Addition of PEG (1 wt %) to P1, forming PI—PEG in PBS 1X, results in the formation of a highly rigid hydrogel due to the covalent bonds

connecting the self-assembly. Incubation time: 2 h.
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Figure 2. (a) CD spectra of peptide hydrogel P1 and P1—PEG showing the f-sheet conformation as characterized by the negative absorption at

215 nm. TEM images of (b) P1 and (c) P1-PEG.
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Figure 3. (a) Rheological properties of the peptide hydrogel (2 wt %) containing different ratios of PEG during time sweep (frequency: 6 rad/s,
strain: 0.2%). (b) Dynamic time sweep of P1 and the strongest PI—PEG gel (1:0.5) over 900 s (frequency: 6 rad/s, strain: 0.2%). At the 900th s, a
1000% strain was applied to completely disrupt the hydrogel, and the subsequent recovery of storage modulus was continuously measured. Solid

line: storage modulus; dashed line: loss modulus.

ing the PEG ratio while keeping the peptide concentration
constant at 2 wt %. In all peptide hydrogels, the storage
modulus (G’) significantly exceeded the loss modulus (G”)
within the relevant linear viscoelastic region, confirming the
formation of an elastic hydrogel (Figure 3a). Oscillatory time
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sweep experiments, conducted under an angular frequency of 6
rad/s and 0.2% strain for 900 s, revealed that the peptide alone
formed a hydrogel with a storage modulus of ~620 Pa and a
loss modulus of ~62 Pa. Upon adding PEG with a P1-PEG
weight ratio of 1:0.25, both the storage and loss moduli

https://doi.org/10.1021/acs.biomac.3c01450
Biomacromolecules 2024, 25, 2814—2822
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Figure 4. (a) Photograph showing the formation of the P3—PEG hydrogel. (b) Rheological properties of P3 and P3—PEG hydrogels during a time
sweep (frequency: 6 rad/s, strain: 0.2%). At the 900th s, P3—PEG was completely disrupted using 1000% strain, and the subsequent recovery of
storage modulus was continuously measured. The solid line represents the storage modulus, while the dashed line represents the loss modulus.
TEM images of (c) P3 and (d) P3—PEG reveal the presence of long nanofibers.

increased significantly, attributed to the augmented covalent
bonds connecting nanofibers formed by P1 self-assembly.
Increasing the weight ratio to 1:0.5 further enhanced the
hydrogel strength, demonstrating the positive effect of
increased PEG content on covalent connectivity between
nanofibers. However, beyond a 1:1 ratio, rigidity slightly
decreased, possibly due to saturation of reactive amine ends or
reduced quality of self-assembly with higher polymer content.
The 1:2 ratio resulted in a further decline in hydrogel strength
(Figure S2). The strongest hydrogel was formed by P1-PEG
(1:0.5), exhibiting a substantial storage modulus of ~6800 Pa
and loss modulus of ~710 Pa. Dynamic oscillatory frequency
sweep analysis across different PI-PEG ratios demonstrated
that the 1:0.5 ratio exhibited weak frequency dependence from
0.1 to 100 rad/s, outperforming other P1—PEG gels (Figure
S3). Dynamic strain sweep experiments confirmed the
mechanical stability, with P1-PEG (1:0.5) displaying the
highest yield point at 16% compared with other P1-PEG gels
and pure P1 (Figure S4). Based on rheology measurements,
the PI—PEG (1:0.5) ratio was determined to form the optimal
hydrogel, and this ratio was utilized in all subsequent
experiments. To assess the injectability of P1-PEG, a dynamic
time sweep was performed (Figure 3b). Measurements at an
angular frequency of 6 rad/s and 0.2% strain for 15 min,
followed by an increase to 1000% strain to disrupt the
hydrogel, showed ~100% recovery for P1—PEG, indicating its
potential as an injectable hydrogel for biological applications. It
is worth noting that this rapid shear thinning and recovery
persisted after four cycles (Figure SS). In contrast, P1 gels did
not exhibit robust recovery after disruption, emphasizing the
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advantages of using P1—PEG hydrogels in biological
applications.

The significance of self-assembly was assessed using a
monomeric peptide, P2. The CD spectra of P2 exhibited a
characteristic minimum at 195 nm, confirming a random coil
secondary structure of P2 (Figure SS). This outcome aligns
with expectations, considering that for long-range assemblies,
the packing of only three leucine residues must compensate for
the charge repulsion of four lysine residues. The vial inversion
method revealed that P2—PEG formed a viscous liquid (Figure
S$7), indicating that without the first network or the self-
assembly of the peptide, the second network alone could not
create a rigid hydrogel structure. Consequently, self-assembly
plays a crucial role in augmenting the rigidity of the hydrogel.
To validate this observation, a dynamic time sweep was
conducted for 15 min under an angular frequency of 6 rad/s
and 0.2% strain to measure the storage modulus and loss
modulus of the PEG—P2 sample, assessing hydrogel strength
(Figure S8). P2—PEG exhibited a liquid-like consistency with a
storage modulus of ~16 Pa and a loss modulus of ~4 Pa.
These results affirm our hypothesis that the self-assembling
nature of the peptide is essential for the formation of a rigid
hydrogel.

To assess the significance of the second network, involving
covalent bond formation between P1 and PEG, we substituted
NHS ester-terminated PEG with carboxylic acid-terminated
PEG¢opop to create PEGcoou—Pl. Due to the absence of a
reactive NHS group, there is no covalent bonding between P1
and PEGgooy. The vial inversion method revealed that
PEGcoou—P1 forms a weaker gel compared to P1 gel (Figure
S9). Oscillatory time sweep measurements of PEG¢qou—P1
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Figure S. Top panel: (a) Bacterial killing efficiency assay of PI—PEG and P4P1—PEG hydrogels against E. coli after 24 h. Fluorescence microscopy
images of E. coli through live and dead assays for (b) PI—PEG and (c) P4P1—PEG. Live bacteria were stained with SYTO9 (green), and dead
bacteria were stained with PI (red). Bottom panel: (d) Cell viability of HDFa cells in the presence and absence (control) of P4AP1—PEG gels after
24 h. Fluorescence microscopic images of HDFa cells through live and dead assays for (e) control and (f) cells incubated with PAP1—PEG after 24
h. Live cells are stained green with calcein AM, and dead cells are stained red with ethidium homodimer-1.

indicated that the resulting weaker gel had storage modulus
and loss modulus values of 87 and 17 Pa, respectively (Figure
S10). The time sweep demonstrated that over a 15-min period
under an angular frequency of 6 rad/s and 0.2% strain,
PEGcoou—P1 behaved as a weak gel. These observations
underscore the importance of the second network, specifically
covalent bond formation, in enhancing hydrogel strength.
Combining these results, both self-assembly and covalent
bonding are crucial for effective hydrogel formation.

We proceeded to investigate if this method can be used for
other amine-rich self-assembling peptides. Another self-
assembling peptide, P3, was used as a model to test if this
method can be generalized. P3 contains five lysine residues
that can be used for making bonds with the NHS group. P3 at
2 wt % concentration forms a viscous solution, and no
hydrogel formation was observed in PBS. After the addition of
1 wt % PEG, a strong hydrogel was formed. The hydrogel
formation was confirmed by the vial inversion method (Figure
4a). TEM was used to confirm the formation of self-assembly
in P3, showing an extensive network of nanofibers (Figure 4c),
which was also observed in P3—PEG (Figure 4d), indicating
the formation of the first network, which is the self-assembly.
The rheology measurements were used to characterize
hydrogel formation. Dynamic time sweep measurements
unveiled a significant elevation in both storage modulus
(5500 Pa) and loss modulus (300 Pa) for P3—PEG compared
to P3 alone (20 and 6 Pa, respectively), as shown in Figure 4b.
The markedly higher storage modulus indicated the formation
of an elastic hydrogel. To evaluate the self-recovery of P3—
PEG, a high (1000%) strain was applied for 1S min to
completely disrupt the gel. Subsequently, rapid recovery at low
strain was observed, mirroring the trend observed in P1-PEG
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gels. Dynamic frequency sweep measurements indicated
minimal frequency dependence in these gels (Figure S11). A
strain sweep from 0.01 to 100% on P3—PEG revealed shear-
yielding behavior at high strain, with a crossover of storage/
loss modulus occurring around 16%, aligning with the behavior
observed in P1—PEG gels (Figure S12).

Evaluation of the Antimicrobial Activity and Cyto-
toxicity of Peptide—PEG Hydrogels. Synthetic antimicro-
bial peptides (AMP) can be easily integrated into hydrogels.
Specifically, we used a cationic AMP featuring the sequence
Kg(QF)¢Ks, where the subscript denotes the repeating units of
K (lysine) and the binary QF motif (Q: glutamine, F:
phenylalanine). P4 was designed to have the amphiphilic
structure of a conical AMP. The MIC of P4 was determined to
be 2.5 uM against E. coli. Due to the alternating hydrophobic
and hydrophilic residue pattern, P4 is expected to have a
favorable interaction with P1, which has the same pattern.
Therefore, it can be immobilized within or on the surface of
the hydrogel network and provide the desired antimicrobial
activity to hydrogels. Initial antibacterial assessments of the
P1-PEG hydrogel revealed a lack of significant antibacterial
properties. To enhance the antibacterial efficacy, P4 (5% of the
total weight) was introduced to the hydrogel, resulting in the
formation of hydrogels denoted P4P1 (Figure S13). TEM
images of P4P1—PEG show the formation of nanofibers,
confirming the self-assembly in the presence of P4 (Figure
S14). The incorporation of P4 led to a reduction in hydrogel
strength compared to P1—PEG alone (3750 vs 6800 Pa), likely
due to partial disruption of the fibrous packing between P1
(Figure S15). Nevertheless, the storage modulus is still higher
than typical peptide-based hydrogels, and our hydrogels are
suitable for various biological applications. Moreover, the time
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sweep data underscored P4P1—PEG’s excellent recovery
capability under 1000% strain, highlighting its potential for
efficient injectability. Dynamic frequency sweep analysis
revealed negligible frequency dependency within the P4P1—
PEG hydrogels, as depicted in Figure S16, signifying the
stability of their mechanical properties across different
frequencies. Furthermore, a strain sweep spanning from 0.01
to 100% elucidated shear-yielding behavior at elevated strains,
with a crossover of storage/loss modulus observed at 17%,
mirroring the behavior observed in P1—PEG gels (Figure S17).
Antibacterial assays conducted against E. coli demonstrated a
remarkable bacterial killing efficiency (nearly 100%) for the
P4P1—PEG hydrogels (Figure Sa). To ascertain whether the
enhanced antibacterial effect was solely attributed to the
antibacterial hydrogel or if it resulted from the released P4
peptide, a control experiment was conducted. The P4P1-PEG
hydrogel was incubated in PBS buffer for 24 h, after which all
supernatant was removed before the bacterial killing assay.
This control group is denoted P4P1—PEG¥. Interestingly,
P4P1-PEG* demonstrated impressive antibacterial efficacy,
albeit slightly lower compared to P4P1—PEG gels, suggesting
that the antibacterial effect of hydrogels is not solely due to the
presence of loose peptides but is also attributed to the
encapsulated P4 (Figure S18). The enhanced antimicrobial
activity of P4P1-PEG was further confirmed through a
bacterial live and dead assay of E. coli treated with P1I-PEG
and P4P1—PEG gels, as shown in Figure Sb,c. Larger number
of dead bacteria was observed for E. coli treated with P4P1—
PEG, whereas P1—PEG showed no significant bacterial killing.
To further assess the antimicrobial characteristics of the
hydrogel, an inhibition zone assay was conducted (Figure
S19). P4P1—PEG gels exhibited an inhibition zone extending
30 mm around the gel, whereas no distinct inhibition zone was
noted around the P1-PEG gel, consistent with the bacterial
live and dead assay results.

We evaluated the cytotoxicity of P4P1—PEG toward HDFa
cells by incubating cells with P4P1—PEG. The results show
that P4P1—PEG exhibited good cytocompatibility (Figure 5d)
with ~99% cell viability. Live and dead assays show that most
of the cells are viable after 24 h of incubation with the gels
(Figure Se,f). Furthermore, the hemolysis assessment was
conducted to evaluate the hemocompatibility by exposing
hRBCs to the gel at 37 °C for 1 h. The hemolytic rate was
quantified by measuring the amount of hemoglobin released in
the supernatant via absorbance at 405 nm using a
spectrophotometer. Compared with the positive control
(Triton X), P4P1—PEG and P1-PEG only showed minor
hemolysis, with values of 1.17, and 1.05%, respectively, as
shown in Figure S20, indicating that the gel was exceptionally
hemocompatible. The high antimicrobial activity and low
cytotoxicity of P4P1—PEG make these gels useful for the
treatment of bacterial infections.

B CONCLUSIONS

We demonstrated an efficient method for synthesizing double-
network peptide—polymer hydrogels. The incorporation of
lysine-containing self-assembling peptides with NHS-group-
containing PEG results in the formation of covalent bonds,
thereby reinforcing the interactions between the self-assembled
peptides. This covalent linkage strengthens the overall
structure of the hydrogel. Notably, the formed hydrogel
exhibits robust recovery after complete disruption, highlighting
excellent injectability. Furthermore, our study reveals the

versatility of this hydrogel formation method, extending its
application to other self-assembling peptides with reactive
amine groups. The conversion of self-assembling peptides into
injectable hydrogels holds immense potential for biomedical
applications, particularly in targeted delivery systems. As part
of an application study, we encapsulated the hydrogel with
antimicrobial peptides (AMPs), resulting in an antimicrobial
hydrogel. The outcomes demonstrate that the antimicrobial
hydrogel exhibits approximately 100% bacterial killing efficacy
with minimal cytotoxicity. This underscores the promising
prospects of our method in the development of advanced
biomedical solutions, particularly in the realm of targeted
antimicrobial delivery.
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