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ABSTRACT

Bacterial collagen-like proteins (CLPs) are composed of tandem Gly-X-Y sequence repeats, but, unlike metazoan collagens, their
X- and Y-positions are enriched in hydrophobic and polar residues rather than proline. This distinctive sequence bias suggests
that CLPs may harbor sequence features that could promote amyloid-like assembly. Using bioinformatic screening of CLPs,
we identified amyloidogenic motifs enriched in alanine, isoleucine, leucine, or valine at the X-position and threonine at the
Y-position. Guided by these findings, we designed a focused library of peptides incorporating Gly-X-Thr triplet and the highly
abundant GATGVT sextet repeats. Peptides containing Gly-X-Thr produced insoluble fibers, restricting exploration of material
properties. In contrast, peptides containing GATGVT repeats formed micrometer-long fibers that physically crosslinked into a
robust hydrogel upon centrifugation. Circular dichroism (CD) and Fourier Transform Infrared Spectroscopy (FTIR) revealed
length-dependent variations in secondary structure. Imaging of the higher-order structures confirmed densely packed fiber
networks while rheological measurements indicated sequence-length-dependent viscoelastic behavior. Notably, a 30 residue
GATGVT peptide hydrogel supported high in vitro cell viability of fibroblasts. Overall, these findings suggest that CLPs are an

underexplored reservoir of sequence motifs with promising biomaterial potential.

1 | Introduction

The bacterial proteome is an inexhaustible source of biomaterials
due to the sheer diversity of bacterial species and the unique
proteins they express for survival in different environments [1].
The structural diversity and tunability of such proteins make the
proteome a vast and diverse library of biological building blocks
for biomaterials [2]. Of particular interest are proteins that form
higher-order amyloid-like structures that can be reprogrammed
to develop new structural materials such as adhesives [3, 4], and
biocompatible scaffolds [5, 6]. Such proteins, called functional
amyloids, often rely on imperfect tandem sequence repeats to
stabilize fibers and control aggregation [7].

For example, the Curli protein CsgA found in enteric bac-
teria such as Escherichia coli contains five imperfect repeats
of ~19-23 amino acid long sequences that drive amyloid for-
mation via stacking of $-strands [8]. Similarly, the core amy-
loid protein FapC from Pseudomonas species contains three
asparagine/glutamine-rich tandem repeats that drive amyloido-
genesis. Further, TasA from Bacillus subtilis contains two tandem
amyloidogenic stretches within the N-terminal half crucial for
amyloid-like fibrils [9]. Other prominent examples include Bap
[10] and Esp [11] proteins, which also contain imperfect tan-
dem repeats that drive amyloidogenesis. The imperfect tandem
repeats in these proteins constitute the core of the amyloids and
thus are able to form amyloid fibrils in vitro when expressed
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recombinantly or as peptides. For example, LNIYQY, VTQVGF,
and IYGYGG hexapeptides derived from the R1, R2, and R3
repeats of CsgA, respectively, form steric zipper fibrils [12]. This
reductionist approach, where short fragments of proteins known
to be amyloidogenic in the native state can also form amyloids
in vitro, is crucial to our ability to develop new biomaterials.
Thus, identifying more such proteins or fragments that can
form amyloid-like fibers can provide fine-tuned control over self-
assembly characteristics, mechanics, and functionality. Similarly,
the tandem repeats in biofilm-associated proteins (Bap) found
in several Staphylococcus, Salmonella, and Pseudomonas species
share a common STVTVTF motif with some variability in the
first and last sequence position. This specific heptameric peptide,
contained within the C-repeats of the Bap from Staphylococ-
cus epidermidis, forms amyloid fibrils with f-sheet secondary
structure [13]. Similarly, the N-terminus GNNQQNY and its
truncated analogue NNQQNY from yeast prion protein Sup35p
self-assemble into amyloid fibrils with cross-f structure [14].
Other examples of short peptides within the context of tandem
sequences that form amyloids are known [7].

Metazoan collagens share a characteristic structural motif called
a triple helix, which contains three supercoiled polypeptides [15].
The polypeptides are composed of tandem repeats of Gly-X-Ywith
glycine in every third position, X frequently proline, and Y'its post-
translationally modified analogue 4-hydroxyproline [16]. Based
on similarity to the Gly-X-Y triplet repeat, many proteins in other
taxonomic groups, such as bacteria [17] and viruses [18] have
been annotated as collagen-like proteins (CLPs) [18]. We have
recently shown that the frequency of amino acids in the X- and Y-
positions varies between the taxonomic groups [19]. In particular,
the sequence of bacterial CLPs diverges significantly from that
in eukaryotic collagens [17]. Proline no longer dominates the
X-position, which is now predominantly occupied by alanine,
while the Y-position is overwhelmingly threonine. Such tandem
repeats of alternating hydrophobic and polar amino acids are a
characteristic feature of amyloid-forming regions across many
proteins. In the case of bacteria, threonine residues in some
bacterial CLPs have been shown to be glycosylated [20-24].
While this post-translational modification (PTM) is crucial for
their ability to form triple helices [25] and contribute to biofilm
formation [26] and sporulation [22, 24], it likely also prevents the
native sequences from forming -sheets.

Several examples of full-length proteins that do not form
amyloid-fibrils but contain fragments that are amyloidogenic
have been reported [27]. Such aggregation-prone regions are
either sequestered into the protein core [28], shielding them from
pairing with other regions to initiate aggregation, or are post-
translationally modified [29, 30] to sterically prevent nucleation
of aggregation. Such aggregation hotspots can be frequently
identified using bioinformatic tools [31, 32]. Motivated by these
observations, we hypothesized that peptides containing tandem
repeats composed of Gly-X-Thr repeats might form g-sheet rich
amyloid-like fibrils that transition to interesting higher-order
structures. To this end, we bioinformatically investigated all
known bacterial CLPs and identified sequence features that could
enable amyloid-like fibrillation and higher-order assembly. We
then designed peptides that incorporate these sequence features
and, using a combination of secondary structure and morphology
analysis, establish that they form fibers and ultimately bio-

compatible hydrogels. Our results indicate that bacterial CLPs
sequences are an underexplored but potentially rich source of
features that may offer promising opportunities for biomaterial
development and applications.

2 | Results

2.1 | Amyloidogenic Propensities of Fragments
from Collagen-like Proteins

In order to identify sequence features from bacterial CLPs that
could be exploited to design amyloidogenic peptides, we isolated
the collagen-like domains from bacterial CLPs and assessed
their amyloidogenic potential using four prediction tools—
Aggregation Nucleation Prediction in Peptides and Proteins
(ANuPP) [33], CANYA [34], Prediction of Amyloid Structural
Aggregation 2.0 (PASTA2) [35] and TANGO [36]. ANuPP is an
ensemble machine-learning classifier trained on experimentally
validated amyloid-forming hexapeptides. CANYA employs a
convolution-attention hybrid neural network trained on a very
large experimentally validated dataset of 100 000 aggregating
peptides. On the other hand, PASTA2.0 calculates pairwise
interaction energy for self-interacting pairs of potential 5-strands
along the sequence based on statistical potentials obtained
from a large experimental dataset. TANGO employs a statistical
mechanical algorithm to compute aggregation propensity based
on physicochemical properties such as hydrophobicity, hydrogen-
bonding, and charge patterns. Thus, the four methods differ in
how they predict the amyloidogenic potential of a sequence.
With the exception of ANuPP, which gives a binary output of
whether or not a sequence contains amyloidogenic fragments,
all the remaining tools output scores. We obtained scores from
CANYA, PASTA2.0, and TANGO for collagen-like domains of
CLPs, extracted the top 1% scoring sequences, and assessed the
relative abundance of amino acids in the X- and Y-positions. In
the case of ANuPP, we collected all sequences predicted to contain
amyloidogenic fragments. As shown in Figure 1, threonine
dominates the Y-position in all highly scoring fragments, and
the X-position experiences variable abundances of predominantly
hydrophobic amino acids alanine, valine, isoleucine, and leucine
in that order.

Based on this observation, we hypothesized that peptides con-
taining Gly-X-T repeats, where X is alanine, isoleucine, leucine,
or valine, might exhibit aggregation tendencies and form S-sheet-
rich fibrillar assemblies reminiscent of amyloid structures. To test
this, we designed a small, focused library of peptides containing
either GAT, GLT, GVT, or GIT triplets. Close inspection of
CLPs that score in the top 1% with the amyloid prediction tools
revealed several examples of GAT triplet followed or preceded
by GVT. Further analysis suggests that G[A/V]G[A/V]T is the
most abundant among all sextet repeats (Figure S1). To test
the amyloidogenic potential of GATGVT, we obtained peptides
containing the sextet with length equal to those in the (Gly-X-
Thr), series (Table 1). To systematically understand how sequence
length affects secondary structure propensity and higher-order
self-assembly, shorter peptides containing 2-6 GATGVT repeats
were obtained. The length of all peptides was capped to 14 repeats
or 42 amino acids due to the ease of peptide synthesis using solid
phase approach.
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FIGURE 1 | Amyloidogenic propensities of collagen-like domains in bacterial CLPs. Heatmaps showing the relative abundance of amino acids in
the X- and Y-positions of Gly-X-Y repeats extracted from bacterial CLPs that are predicted to be amyloidogenic by four independent tools—ANuPP,
CANYA, PASTA2.0, and TANGO. For ANuPP, all sequences identified as containing amyloidogenic were included, while for the remaining tools, only

the top 1% scoring sequences were analyzed. The x- and y-axes represent the relative frequency of amino acids in the X- and Y-positions, respectively.

TABLE 1 | Peptides sequences employed in this study and their

acronyms.
Acronym Peptide sequence
(Gly-X-Thr),
GAT-42 Ac-(GAT),,-NH,
GLT-42 Ac-(GLT),,-NH,
GIT-42 Ac~(GIT),,-NH,
GVT-42 Ac-(GVT),,-NH,
GVT-30 Ac-(GVT),,-NH,
GVT-18 Ac-(GVT),-NH,
(Gly-X-Thr-Gly-Y-Thr),,
GATGVT-42 Ac-(GATGVT),-NH,
GATGVT-36 Ac-(GATGVT),-NH,
GATGVT-30 Ac-(GATGVT)s-NH,
GATGVT-24 Ac-(GATGVT),-NH,
GATGVT-18 Ac-(GATGVT),-NH,
GATGVT-12 Ac-(GATGVT),-NH,

2.2 | Physical State and Secondary Structures
Suspensions of (Gly-X-T), Peptides

Peptide GAT-42 was soluble in aqueous buffer, and its CD
analysis did not reveal any secondary structure features except
random coil within the employed concentration range (Figure 2).
It is known that glycosylation of threonine induces a peptide
containing 10 repeats of GPT to form a triple helix, while
the unmodified sequence remains a random coil [25]. The
glycosylation of the G-X-T sequence is also established in
bacterial collagen-like glycoproteins found in the exosporium
of some organisms of the Bacillus cereus family [24, 37]. It
is likely that this PTM facilitates folding into the quaternary
structure, though the exact mechanism remains unclear. The
GAT peptide is fully soluble and adopts a random coil confor-
mation as indicated by CD. Since these results suggested an
inability to form fibers or hydrogels under our experimental

conditions, and were unlikely to present any promising fea-
tures from a biomaterials perspective, we did not investigate it
further.

The crude peptides of GIT-42, GVT-42, and GLT-42 had lim-
ited solubility in water that improved only marginally upon
ultrasonication for >30 min. The suspensions obtained after
ultrasonication had a viscous consistency, i.e., the suspension
did not flow readily when we inverted the Eppendorf tubes.
We centrifuged the suspensions to separate the supernatant and
obtained a dense phase that had gel-like consistency for both
GIT-42 and GVT-42. The CD spectra of these gels resuspended
in Milli-Q water revealed 3-sheet signature (Figure 2), and the
AFM revealed micrometer-long fibers (Figure S2). To understand
if we could improve solubility and guide gelation at the same
time by changing the pH and temperature, we dialyzed the GIT-
42 and GVT-42 suspensions of crude peptides against phosphate
(pH 6.9), tris-HCI (pH 7.2), and citrate buffer (pH 3.8) at 5°C.
Dialysis did not significantly change the physical state of GIT-42,
and it was unable to form gel under these conditions. However,
GVT-42 formed a hydrogel in citrate buffer. The gel disintegrated
upon manual handling with a spatula suggesting a low yield
strength. In the hope of increasing the structural integrity of this
hydrogel, we lowered the sequence length of the GVT peptide
from 42 to 30 and 18 amino acids. Both GVT-30 and GVT-18
remained only partially soluble, and dialysis against citrate buffer
at pH 3.8 again resulted in a weak hydrogel similar to GVT-
42. The CD spectra of both shorter peptides indicated random
coil conformation, while the featureless AFM images of GVT-
18 were consistent with this observation. However, the AFM
image of GVT-30 shows fibers that were micrometer in length
(Figure S2). Since these analyses were conducted with crude
samples, it is impossible to conclude if the fibers result from
the peptides or unknown impurities. We attempted to purify the
GVT peptides by dissolving their crude forms in 6 M guanidinium
thiocyanate. GAmSCN is a strong chaotrope that denatured the
aggregates rendering all three peptides fully soluble. However, all
peptides formed copious aggregates upon dialysis against Milli-Q
water.

The GLT-42 peptide also had limited solubility in Milli-Q water,
but it did not result in a gel upon centrifugation. We diluted
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FIGURE 2 | Secondary structures of (Gly-X-Thr), peptides. CD spectrographs of the GAT-42, GIT-42, and GLT-42 peptide gels resuspended in
Milli-Q water, and that of GVT-42, GVT-30, and GVT-18 peptides after dialysis in citrate buffer at pH 3.8, resulting in a weak hydrogel. In order to
facilitate visual comparison of the spectral shape, the ellipticity of each spectrum is normalized with the absolute maximum intensity set to unity.

TABLE 2 | Solubility and habitus of the (GATGVT), peptide solutions pre- and post-dialysis.

Peptides Solubility—Pre-dialysis Solubility—Post-dialysis
GATGVT-12 Large aggregates Large aggregates
GATGVT-18 Clear solution Clear solution
GATGVT-24 Moderately soluble—slurry Viscosity increases
GATGVT-30 Moderately soluble—slurry Viscosity increases
GATGVT-36 Moderately soluble—slurry Viscosity increases
GATGVT-42 Clear solution Translucent, slightly viscous

the suspension obtained in the dense phase in Milli-Q water.
This revealed an intriguing CD spectrum with a maximum at
~240 nm and a minimum at ~ 220 nm. The spectral shape
as well as the position of the maximum and minimum are
reminiscent of the CD spectrum of streptavidin, which contains
antiparallel -sheets that fold into a S-barrel [38]. It is likely that
the GLT-42 spectrum is convoluted by the assembly of -sheet
secondary structures into a higher-order tertiary or quaternary
structure. Such convolutions resulting in variations in spectral
shape have been frequently observed in $-sheet rich proteins
[39]. The AFM of GLT-42 was largely featureless, which rendered
it less interesting from a biomaterial perspective (Figure S2).
Despite our best efforts, we could not obtain purified peptides
for testing gelation. We conclude that the inability of our Gly-
X-Thr peptides to form robust hydrogels is likely due to their
intrinsic biochemical properties that do not support formation of
entangled fiber networks and not due to suboptimal experimental
conditions.

2.3 | Physical State and Secondary Structures in
(Gly-X-Thr-Gly-Y-Thr),, Peptides

The solubility of the GATGVT peptides depended on the sequence
length in a non-linear fashion. The 42 and 18 aa sequences were
fully soluble in water, 24-36 aa sequences were partly soluble,
while the 12 aa sequence was largely insoluble. We were able
to purify the 18-42 aa crude peptides via dialysis. The physical
state of the peptides as observed in the dialysis tubes after 2 days
depended on the sequence length (Table 2 and Figure 3).

FIGURE 3 | Physical state of the (GATGVT), suspensions. The
images show length-dependent changes in aggregation propensity during
dialysis (top) and gels obtained after centrifugation (bottom) for the
(GATGVT),, peptides.

GATGVT-18 formed a clear solution, GATGVT-12 formed copious
aggregates, GATGVT of 24-36 sequence length formed a mod-
erately soluble viscous slurry, and GATGVT-42 had a viscous
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FIGURE 4 | Secondary structure of (GATGVT), peptides. Secondary
structure changes in peptides of the GATGVT series in the dialyzed
suspension (left) and after centrifugation (right). The ellipticity of each
spectrum is normalized with the absolute maximum intensity set to unity
for comparison.

and moderately translucent appearance. Previously, peptide and
protein suspensions have been compacted into hydrogels using
centrifugation, which presumably crosslinks the higher-order
structures to create a physically entangled network that traps
water. For example, silk fibroin nanofibrils and amyloidogenic
peptides have been physically crosslinked into a hydrogel using
centrifugation [40]. Upon centrifugation, GATGVT-12 resulted
in a compacted dense phase without gel-like consistency, while
GATGVT-18, which was the most soluble among all peptides, did
not result in a gel. The other four peptides formed hydrogels
upon centrifugation and could be manually handled without
significantly compromising their integrity. Presumably, our pep-
tide suspensions have some degree of network connectivity.
Upon applying a centrifugal field, the suspended particulates
are packed at the bottom of the tube, increasing local volume
fraction until the network propagates and behaves as a physical
gel supported by both physical entanglement and non-covalent
interactions. Following this promising lead, we analyzed the sec-
ondary structure characteristics of the gels using a combination
of CD and FTIR and fibril morphology using AFM and SEM.

2.4 | Secondary Structures in the GATGVT
Suspensions and Hydrogels

The hydrogels obtained from centrifugation were scraped with
a pipette tip, resuspended in ~200 uL of Milli-Q water via
vortexing, and the suspensions were analyzed using CD and
FTIR. As shown in Figure 4, the CD spectra of all suspensions and
hydrogels except GATGVT-24 are consistent with g-sheets. The
CD spectrum of GATGVT-24 suspension shows two prominent
minima at ~205 and 215 nm with [8],5 / [6],0s] > 1. The
positions of the minima, as well as their intensity ratio, are
indicative of a-helices. However, both minima are blue-shifted in
comparison to the typically observed values of 208 and 222 nm.
These shifts could result from a combination of factors, including
conformational change due to compaction, where helices are
packed into higher-order structures, or scattering from these
structures. The relative ratio of the minima increases significantly
with a concomitant red-shift towards the S-sheet minimum in
the hydrogel (Figure 4). Thus, the a-helical signature may also
represent kinetically trapped metastable states that ultimately
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FIGURE 5 | Time-and shear-dependent changes in secondary struc-
ture within hydrogels. CD spectra of hydrogels obtained on the day of
centrifugation, after storing the gels at 5°C for 7 days, and after applying
shear stress on a rheometer.

revert to the thermodynamic minimum represented by the
B-sheets.

To further understand the source of this shift, we incubated all
hydrogels for a week and obtained CD spectra. For most peptides,
incubation changes the ratio of the minima and maxima with a
moderate red shift in the maxima while the spectral signatures
remain consistent with §-sheets (Figure 5). However, GATGVT-
24 shows an increase in [6],;5 / [0],st ratio and the minima at
215nm red shift toward -sheet values. Peptides can get kinetically
trapped into a-helical conformation that revert to the thermo-
dynamically more stable -sheets [41, 42]. This transformation
can be affected by time or by providing mechanical energy in
the form of shear during centrifugation. To explore this, we
subjected the hydrogel samples incubated for a week to shear on a
rheometer. The CD spectra before and after applying shear stress
in a rheometer are similar in shape profile for all peptides except
GATGVT-24 (Figure 5). GATGVT-24 shows a further lowering of
the [6],5/[6],9s| ratio while the 215 minimum is now firmly in the
region expected for S-sheets. While these are not incontrovertible
proof of a conformational change, it does suggest that the initial a-
helical secondary structure is under kinetic control and that time
or shear results in a change to the thermodynamically more stable
B-sheets.

FTIR is a sensitive method for discriminating between the
secondary structures. It can also distinguish between parallel
and anti-parallel -sheets, 8-turns/loops, and strongly hydrogen-
bonded B-sheet as in the case of extended f-aggregates with
reasonable certainty. The spectrograph corresponding to the
amide I band (1700-1600 cm™!) provides detailed information on
the secondary structures of the peptides. Especially, the second
derivative plot of the amide I band reveals hidden peaks that allow
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FIGURE 6 | Secondary structure analysis using FTIR. Second deriva-
tive curves of the ATR-FTIR spectra of all 6 peptides in the GATGVT series
obtained in Milli-Q water. The maxima and minima in the peaks were
manually determined based on the peak intensity. (A.U. = arbitrary units).

a more fine-tuned interpretation of the secondary structures [43].
We obtained FTIR spectra of the dense phase obtained after
centrifugation i.e., both the aggregates and gels in Milli-Q water
(Figure 6).

The aggregate of the shortest peptide GATGVT-12 and the
hydrogel of the longest peptide GATGVT-42 show similar spectral
profiles with a dominant maximum at 1627, indicating S-sheets,
and weak maxima at 1618 and 1604-1606 cm™, often associated
with B-sheet aggregates. The spectrum of GATGVT-18 is also
consistent with -sheets, but additional higher frequency bands
between 1700 and 1675 cm™ point to antiparallel 3-sheet com-
ponents. The spectral profiles of GATGVT-30 and GATGVT-36
are similar across the entire frequency range, with minima at
1627 cm™! for B-sheets and a higher frequency band at ~1646 cm™
associated primarily with disordered regions and turns, with
possible a-helical contributions. This suggests a moderate degree
of secondary-structure heterogeneity hydrogels of both peptides,
a feature not apparent in the CD spectra, which predominantly
show B-sheet signatures. In contrast, the bands in the GATGVT-
24 spectra are consistent with a mixture of antiparallel 3-sheet and
helical/turn, indicating large-scale conformational heterogeneity
thatis also observed in the CD spectra. Overall, these data indicate
that all peptides ultimately adopt S-sheet-rich assemblies, but
that the balance between ordered (-sheets and disorder/turn-

like structures is strongly dependent on peptide length. This
length-dependent structural plasticity is likely to be an impor-
tant determinant of the self-assembly pathways and material
properties of the resulting hydrogels, as we discuss below.

2.5 | Higher-Order Structures Supporting the
Hydrogel

The higher-order structures present within hydrogels of the
GATGVT peptides were analyzed using AFM and SEM. As shown
in Figure 7, all four peptides form micrometer-long flexible fibers
of high aspect ratio. While a quantitative determination of the
fibril dimensions was not feasible due to extensive bundling,
qualitatively the GATGVT-24 and GATGVT-42 appear to form
shorter fibers, GATGVT-36 shows a larger distribution of fiber
length and GATGVT-30 forms relatively longer fibers. SEM
images generally reveal a dense laterally packed phase with very
little porosity. Whether the lack of porosity is due to the drying
effect, where fibers pack laterally due to capillary forces, or due
to syneresis when water is expelled due to centrifugal force is not
immediately clear to us. The SEM micrograph of GATGVT-24 gel
displays moderate porosity, while all the remaining peptides do
not contain discernible pores. Thus, it appears that the decreased
porosity is likely a result of syneresis. The high degree of lateral
packing of the fibers indicates strong attractive non-covalent
interactions between fibrils. When centrifugal force is applied,
these attractive interactions allow the fibrillar network to collapse
and efficiently expel water.

2.6 | Viscoelastic Properties of GATGVT Hydrogels

The viscoelastic properties of GATGVT-24 to -42 gels obtained
by centrifugation at 13.3xG were investigated using a rheometer.
Specifically, oscillating amplitude sweeps were measured, from
which the storage (G’) and loss (G”) modulus as a function of
applied strain at a constant frequency of 1 Hz were obtained.
In all cases, the gels had a G’ higher than G” in the low strain
regime (< 0.1%), indicating a higher elastic contribution and solid
characteristics at rest. Notably, all gels displayed a very short
linear viscoelastic region, which was exceeded upon reaching
strains over 0.2%. Both findings align with the petroleum-like
characteristics of gels observed during handling (Figure 8).

Deducing the strain at maximum oscillation stress, we observed
that all gels exhibited similar strains at maximum in the range
of 15%-20% strain, with the highest average strain measured for
GATGVT-24. However, the respective maximum stress measured
was highest for GATGVT-24 (2260 Pa + 1751 Pa), whereas average
values for GATGVT-30 to -36 were in a similar regime (30-aa:
701 + 516 Pa, 36-aa: 915 + 831 Pa, and 42-aa: 815 + 635 Pa,
respectively). Interestingly, comparing the strain of the cross-over
moduli, the strain at which the viscous contribution exceeded the
elastic contribution and hence indicating the flow point of the
hydrogels, GATGVT-24, -30 and -42 showed similar strains at the
cross-over point with GATGVT-30 gels in average exhibiting the
highest strain at the flow point (24-aa: 81.3 + 29.9%, 30-aa: 93.45
+ 88.88% and 42-aa: 72.8 + 66.2%) while GATGVT-36 gels were
found with the lowest strain (36-aa: 39.1 + 15.89%) at the flow
point. This finding supports the previously stated observation
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FIGURE 7 | Fibril morphology within hydrogels. AFM height image (A) and SEM micrographs (B) of hydrogel-forming peptides GATGVT-24,
GATGVT-30, GATGVT-36, and GATGVT-42.
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FIGURE 8 | Viscoelastic gel properties of GATGVT gels. Representative amplitude sweep curves showing storage and loss moduli (A) and stress
(B) as a function of strain measured at 1 Hz. Strain at the cross-over point of the storage and loss moduli (C) and maximum stress and strain (D), which

were deduced from amplitude sweep experiments.

that lowering the sequence length could contribute to hydrogel
integrity and potentially reflects the apparent distribution of fiber
morphologies observed by AFM. GATGVT-30 shows the most
extended cross-over point due to the presence of longer fibers and
hence stronger entanglement compared to GATGVT-36, which
had a mixed distribution of fiber sizes, limiting packing density
and bulk entanglement. Notably, this data can only be considered
as an approximation of the aforementioned observations on fiber
morphology identified by AFM, as non-linear material behavior
in the large amplitude oscillation strain regime does not follow
the same assumptions for the stress response as in the small
amplitude oscillation strain regime [44] and an in-depth analysis
was beyond the scope of this work.

2.7 | The GATGVT-30 Hydrogel is Biocompatible

To elucidate cytocompatibility of GATGVT gels, we chose a
NIH/3T3 mouse fibroblast cell line for basic characterization [45-
48] by seeding cells on the gels and conducting a live-dead assay,
which is based on the turnover of calcein-AM by metabolically
active cells (= alive, green) and intercalating of ethidium homod-
imer to accessible DNA (= dead, red). The GATGVT-30 peptide
was chosen for the live-dead assay, as this peptide is a sweet spot
considering the sequence length, fiber length, and the hydrogel
structural integrity to provide an ambient environment for cell
growth. The result of the live/dead staining clearly showed that
the gel yields cell viability (Figure 9). The cell count increased
exponentially through the week with a negligible increase in the
number of dead cells. Over a week, cell multiplication resulted in
clusters of live cells, which we suspect to be tissue-like structures.
These clusters were not evenly distributed throughout the gel,
likely a result of the difference in packing density of the gel.
Therefore, the cell migration in the peptide hydrogels is uneven.

3 | Discussion

Proteins from several taxonomic groups contain sequences that
are characterized by tandem repeats composed of alternating
polar and nonpolar amino acids. Such protein domains have
a high amyloidogenic tendency. Specifically, bacteria contain
several such proteins that play a central role in biofilm formation
[49-51]. These proteins are called functional amyloids [7], con-
trasting them against pathogenic amyloids implicated in many
human conditions. At the sequence level, the proteins that form
functional amyloids contain imperfect tandem repeats of low
sequence complexity, frequently rich in patterns of polar and
nonpolar amino acids. Presumably, the variations in the number
of repeats modulate amyloid fibril structure and mechanical
properties, imperfections in the sequence guard against excessive
aggregation propensity, and the polar-nonpolar patterns promote
anti-parallel beta-sheet secondary structure.

Many bacterial CLPs bear similarities to functional amyloid-
forming proteins with respect to repetitiveness, sequence imper-
fections within the repeats, and abundance of polar-nonpolar
amino acid patterns. In the context of native organisms, such
CLP domains are subject to PTMs and are present as part
of multidomain constructs, which likely prevents CLPs from
forming amyloids. Inspired by this information, we here designed
collagen-like peptides containing perfect tandem repeats of polar
and nonpolar sequence complexity that have a strong tendency to
form beta-sheet fibrils and ultimately hydrogels (Table 3).

In these peptides, the nature of hydrophobic amino acids as
well as the number of tandem repeats distinguishes non-specific
aggregation from well-formed beta-sheet fibrils. Branched-chains
amino acids isoleucine, leucine, and valine in the X-position of
Gly-X-T repeats predominantly result in low solubility fibrillar
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FIGURE 9 | Biocompatibility of hydrogels. Live/dead staining of the fibroblast cells on day 1 (A) and day 7 (B), showing the distribution of the live
(green) and dead (red) cells on the GATGVT-30 hydrogel. The images are representative of two replicates performed with independently prepared gels.

TABLE 3 | Summary of the solubility, gelation tendency, secondary structures, and morphological features of the peptides presented in this study.

Peptide Solubility Gelation CD FTIR AFM
GAT-42 Yes No Random coil — —
GLT-42 Insoluble No B-sheet — Aggregates
GIT-42 No No B-sheet — Fibres
GVT-42 Partially Weak B-sheet — Fibres
GVT-30 Partially Weak Random coil — Fibres
GVT-18 Partially Weak Random coil — Aggregates
GATGVT-42 Yes Yes B-sheet Beta-sheet Fibres
GATGVT-36 Partially Yes B-sheet Beta-sheet, Disordered, Turns Fibres
GATGVT-30 Partially Yes B-sheet Beta-sheet, Disordered, Turns Fibres
GATGVT-24 partially Yes a-helix, 3-sheet a-helix, -sheet Fibres
GATGVT-18 Yes No B-sheet Likely antiparallel S-sheet Aggregates
GATGVT-12 No No B-sheet B-sheet Fibres

aggregates, while alanine alone results in a fully soluble random
coil peptide that does not undergo higher-order assembly. Pep-
tides that contain alternating patterns of alanine and valine in the
Gly-X-T repeat form fibers and hydrogels. The morphology of the
fibers, their secondary structures, and the mechanical strength
of the hydrogel are dependent on the number of triplet repeats.
In general, shorter peptides tend to form fibers, but do not form
hydrogels.

Many other examples of self-assembling peptides that con-
tain perfect tandem repeats have been reported. For example,
the RAD16 and EAKI6 peptides containing two repeats of
ARADADAR and EAEAKAKA repeats form S-sheet fibers and
hydrogels driven by ionic interactions [52, 53]. Another promi-
nent example is the elastin-like polypeptides containing tandem
repeats of VPGVG that form a unique S-spiral with extended
nanoporous structures [54]. The tandem repeat peptides also
show a length-dependent variation in mechanical properties,
consistent with our observations. For example, amphipathic
oligopeptides containing repeats of FKEE form (-sheet fibrils,
and their hydrogels show a length-dependent variation in sheer
moduli and also the nature of charged and hydrophobic groups
[55].

Compared to beta-sheet rich hydrogels formed by silk proteins,
which undergo self-assembly and secondary structure changes
mediated by hydrophobic interactions, the major difference is

seemingly the macroscopic hydrogel structure and flow behavior.
Silk proteins form rigid and brittle hydrogels [56], which is
evident by a long linear viscoelastic region followed by a rapid
drop of the storage modulus, once exceeding the yield point,
shortly after followed by a cross-over of storage and loss modulus
[57]. The gels obtained from the collagen-like peptides used in this
study exhibited a short linear viscoelastic region but an extended
region until the cross-over point was reached, underlining the
differences in the structure and flow properties compared to
other beta-sheet based hydrogels such as those obtained from silk
and silk-inspired proteins. The gels formed start to flow rapidly,
and fibrils align parallel to the direction of shear rather than
undergoing fracturing and the formation of microcracks, which
is usually evident by an increase in the loss modulus exceeding
the yield point.

4 | Conclusion

The Gly-X-Y repeat sequence common to metazoan collagens
and CLPs across diverse taxonomic groups [15, 58, 59] is known
to form the characteristic triple-helical structural motif [60].
The stability of the triple helix is strongly dependent on a high
abundance of proline residues [16], which likely also prevents
exploration of other secondary structures. Inspired by the tandem
repeats found in bacterial proteins known to form functional amy-
loids, we hypothesized that the tandem Gly-X-Y repeat sequence

Advanced Functional Materials, 2026

9of 14

858017 SUOWWIOD 8AIIeID 8|qeotjdde au Aq pauienob ae Sspie YO ‘@SN Jo sa|n. 10y Alq1T8UlUO A8]IM UO (SUORIPUOD-PUR-SLLIBY/LI0D"AB | 1M AeIq 1 U1 |UO//ScIY) SUORIPUOD pue SWwe 1 8y} 885 *[9202/20/82] U0 AriqiTaulluo A8|Im ‘ineiAeg 1ee1sieAlun Aq SG0ZESZ0Z WIPe/Z00T 0T/I0p/LL00 A 1M AeIq Ul |Uo peoUeADe//SdIY o) papeo|umoqd ‘O ‘920 ‘8Z0E9TIT



devoid of proline and abundant in an alternating pattern of
hydrophobic and polar amino acids in the X- and Y-position,
respectively, could also form amyloids. Bioinformatic analysis of
bacterial CLPs revealed amyloidogenic fragments with preferen-
tial abundance of alanine, isoleucine, leucine and valine in the
X- and threonine in the Y-position. Peptides containing tandem
repeats of Gly-X-T were observed to form amyloid-like fibrils and,
in some cases, biocompatible hydrogels in a sequence-type and
length-dependent fashion. We have explored only a small portion
of the sequence space vis-a-vis residues in the X- and Y-positions
that could form amyloids. It is likely that other combinations of
hydrophobic amino acids, substituting threonine for serine and
sextet repeats containing leucine and isoleucine could improve
the structural properties of the fibers and hydrogels. While
scouting amino acids for generating amyloid-forming peptides,
we relied on a rudimentary method of selecting residues that are
preferentially populated in bacterial CLPs and were scored highly
by the amyloid prediction tools. An in-depth search of the top
scoring sequences could further reveal additional fragments, with
perhaps mixed abundance of residues in both sequence positions,
that expand the material properties of the amyloid fibrils and
hydrogels and find broad applicability as biomaterials.

5 | Methods and Experiments

5.1 | Identifying Amyloidogenic Sequences from
Bacterial CLPs

We queried UniProtKB database on 16.12.2024 for sequences
annotated by InterPro to contain collagen-like sequence
repeats in bacteria. The query term was “(taxonomy_id:2)
AND (xref:interpro-ipr008160)”, which resulted in 8923 protein
sequences. We clustered these sequences at 70% redundancy
using CD-HIT [61] to exclude those with high sequence
similarity, resulting in 8314 unique sequences. We then removed
sequences that contained unknown sequence identifier such
“X” or “B” and obtained 8215 sequences. From these sequences,
we extracted collagen-like domains as those containing 6 or
more contiguous repeats of Gly-X-Y repeats while disallowing
three or more continuous occurrences of glycines within
the domain. This resulted in 14022 collagen-like domains,
which were saved as FASTA format file and uploaded to
ANuUPP (https://web.iitm.ac.in/bioinfo2/anupp/homeseql/) and
PASTA2.0 (http://old.protein.bio.unipd.it/pasta2/) webservers.
The ANuPP webserver allows “prediction of amyloidogenic
hexapeptides” and “identification of amyloidogenic-prone
regions (APR) in protein sequences”. We used the latter option
with the default threshold of 0.52. ANuPP gives a binary output
labelling amyloidogenic sequences as “True” or “False”. We
extracted all collagen-like domains identified as “True” to
determine the relative abundance of residues in the X- and
Y-positions. In the case of PASTA2.0 webserver, we used the
“peptide” threshold with predefined top pairing energies of 1
and energy threshold of -5. These settings are noted to give a
true positive rate of 43.6%. We cloned CANYA (version2_09-
01-2025) from GitHub and installed it on Ubuntu 22.04.5 LTS
and predicted the CANYA scores on the local installation.
Similarly, we installed TANGO (tango_x86_64_release) on
the local machine via an academic license obtained from
http://tango.crg.es/ and performed amyloidogenesis prediction.

We extracted the top 1% scoring collagen-like domains from
PASTA2.0, CANYA, and TANGO outputs and computed the
relative abundance of residues in the X- and Y-positions. The
heatmaps depicting the relative abundances were created using
an in-house python script that converts the raw counts of
observed Gly-X-Y triplets into percentages of the total. Each
matrix cell = (count of that X-Y pair) + (sum of all pair counts) x
100.

5.2 | Synthesis of Peptides

All peptides were synthesized via solid phase peptide syn-
thesis using cycles of Fmoc-deprotection using piperidine
base and amino acid coupling with Oxyma Pure and N, N-
diisopropylcarbodiimide (DIC). Amino acids—glycine (Fmoc-
Gly-OH; Iris Biotech 29022-11-5), threonine (Fmoc-L-Thr(OtBu)-
OH; Iris Biotech 71989-35-0), alanine (Fmoc-L-Ala-OH; Iris
Biotech 35661- 39-3), valine (Fmoc-L-Val-OH,; Iris Biotech 68858-
20-8), isoleucine (Fmoc-L-Ile-OH; Iris Biotech 71989-23- 6)
and leucine (Fmoc-L-Leu-OH; Iris Biotech 35661-60-0)—were
dissolved in DMF (N,N-Dimethylformamide >99.8%, AnalaR
NORMAPUR; VWR 68-12-2) and coupled to a rink amide resin
(Tentagel S RAM Resin; Rapp Polymere GmbH S30023; 0.22-
0.24 mmol/g) after activation with 1:0.75 molar ratio mixture of
DIC (N,N*-Diisopropylcarbodiimide 99%; Sigma—-Aldrich 693-13-
0) and Oxyma Pure (CEM 3849-21-6). GATGVT-12 and GATGVT-
18 were synthesized on a 4-methylbenzhydrylamine (MBHA)
resin with a loading of 0.5-1.5 mmol g~' to increase the weight
yield of the peptides. Fmoc was deprotected with 10% (v/v)
piperidine (> 99%, for synthesis; Carl Roth 110-89-4). After
coupling of the last amino acid, Fmoc was deprotected, and
the resin washed five times with 5 mL of dichloromethane
and dried overnight under nitrogen purging. The N-terminal
free amine was acetylated with an equimolar mixture of N,N-
diisopropylethylamine and acetic anhydride in dichloromethane
for 30 min with two changes of the reactants. The acetylated
resin was washed five times with 5 mL dichloromethane and
dried overnight by purging nitrogen. Peptide was cleaved off the
resin with 10 mL total volume of trifluoroacetic acid (PEPTIPURE
>99.9%; Carl Roth 76-05-1) containing 0.25 mL triisopropylsilane
(98%; Sigma-Aldrich 6485-79-6) and 0.25 mL Milli-Q water.
The cleaved peptides were precipitated by dropwise addition
to ice-cold diethyl ether (with the exception of GLT discussed
below) and filtered using a 0.4 um polytetrafluoroethylene (PTFE)
membrane filter under vacuum. The peptides were washed with
50 mL diethyl ether and dried over vacuum. The dried peptides,
which appeared as off-white flakes, were collected and stored
without further derivatization for further analysis. Peptide GLT
did not precipitate upon lowering the solvent polarity of TFA with
diethyl ether. Instead, we precipitated it by dropwise addition into
ice-cold water, washed with 50 mL water and recovered the crude
peptide without further derivatization.

5.3 | Mass-Spectrometry using Matrix-Assisted
Laser Desorption/Ionization Mass Spectrometry
(MALDI-MS)

A small granule of each crude peptide was dissolved in Mili-
Q water. 1 pL of this solution was mixed with 1 uL of 60
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weight percent solution of a-cyano-4-hydroxycinnamic acid in
acetonitrile containing 0.1% TFA and spotted onto a ground steel
MALDI plate and analyzed on a Bruker micro-TOF spectrometer.
Mass spectra were acquired in either linear or reflectron positive
ion mode using FlexControl software. The obtained mass spectra
were analyzed using mMass v3.2 [62].

5.4 | Peptide Purification

Due to the high content of hydrophobic amino acids, the peptides
had limited solubility, which ruled out purification using high-
performance liquid chromatography. Instead, we purified the
peptides using dialysis to remove impurities like TFA salts
and other small organics. All peptides (except GLT discussed
below) were ultrasonicated in Milli-Q water at 5 mg/mL con-
centration for 15-30 min, centrifuged at 10 000 rpm in 2 mL
Eppendorf tubes to remove insoluble material, poured into pre-
washed dialysis tubes with 100-500 Da molecular weight cut-off
(Spectra/Por Dialysis Membrane Biotech CE Tubing; #131048;
capacity: 0.32 mL/cm) and dialyzed against 5 liters of Milli-Q
water for 3 days with four changes of water. The dialyzed peptide
solutions of GAT-42 and GATGVT-42 were flash frozen in liquid
nitrogen and lyophilized until a visibly dry peptide was observed.
This peptide powder was used for all further analysis. For all
other peptides, the dialyzed solutions were used for gelation and
characterization.

5.5 | Solubility and Gelation

In case of GAT and GATGVT-42, the lyophilized peptide powder
was suspended in Milli-Q water via ultrasonication at ~ 10 mg/L
for 15-30 min and poured into clear dialysis tubes with 100-
500 Da molecular weight cut-off and dialyzed against 5 liters of
Milli-Q water in a cold room. In the case of the other peptides,
crude peptide pellets were dissolved in Mili-Q water, ultrason-
icated, and loaded into the dialysis tubes and monitored for 2
days while periodically changing the water. The dialysis against
buffers was done in the cold room. In the case of GATGVT gels,
reduced temperatures were not needed for inducing gelation, but
only to retain the gel integrity over a period of time. Hence, the
dialysis was performed in RT. The physical state of the suspension
was recorded after 2 days, where no further change was observed.
The dialyzed suspension of peptides in the GATGVT series was
centrifuged in Thermo Scientific Fresco 17 centrifuge at 13 300
G and 10°C for 10 min to physically crosslink the 8-sheet fibers,
resulting in hydrogels, while the supernatant was discarded. The
prepared hydrogels were stored in the cold room at 4°C for further
characterization.

5.6 | Circular Dichroism Spectroscopy

The peptide secondary structures were determined using JASCO-
815 CD spectropolarimeter. The concentrations differed based on
the amino acid sequence and the length of the peptides. Solutions
of GAT, GIT, GLT, and peptides in the GVT series were prepared
in Milli-Q water at a concentration of 0.1 mg/mL, while the
peptides in the GATGVT series were prepared at 10 mg/mL.
Ellipticity was recorded as a function of wavelength (between

250 and 190 nm), as the characteristic triple helix maxima is
observed at 225 nm. To obtain the spectra, two types of quartz
cuvettes (0.1 cm and 0.001 cm pathlength) were used, depending
on the concentration of the sample -0.1 mg/mL and 10 mg/mL,
respectively, that was pre-calibrated to 5°C (the experimental tem-
perature). Peltier temperature controller (PTC-423S), attached
to the CD spectropolarimeter, was used to monitor and control
the temperature of the cuvette holder. The spectrographs were
recorded at a bandwidth of 1 nm and scanning rate of 50 nm/min,
with a response time of 8 s, data pitch of 0.1 nm, and averaging
3 scans for every data point. The peptides lack chromophores
to determine accurate concentrations, while the fibers induce
scattering. Thus, the calculation of molar residual ellipticity could
not be performed. In order to allow visual comparison of the
spectral shape, all curves were normalized such that the peak with
maximum intensity is set to unity using GraphPad Prism version
10.

5.7 | Fourier Transform Infrared Spectroscopy
(FTIR)

Fourier transform infrared spectroscopy is a common and widely
used analytical technique to identify secondary structures of pep-
tide and protein molecules by analyzing their infrared absorption
spectra. The measurements were carried out on a Bruker TEN-
SOR 27 FTIR spectrometer with an attenuated total reflectance
stage (Pike Technologies; #18717) with a germanium crystal. The
instrument was under constant airflow and cooled using liquid
nitrogen. The device was operated using OPUS 8.1 software set to
Miracle_ GE.XPM experiment mode. The sample analysis range
was in the mid-infrared region between 4000 and 800 cm™, and
the main region of interest was the amide I band (1700-1600 cm™)
for understanding the secondary structures present in hydrogels.
The background compensation was measured with atmospheric
air for the instrument to perform baseline and atmospheric
components correction. In a typical measurement, a small drop
(approximately 10 uL) of the gel sample was placed on the crystal
surface and allowed to dry for 5 min to enhance peptide contact
with the crystal. The absorbance was recorded in attenuated
total reflectance mode. The infrared spectrum was acquired at a
resolution of 4 by averaging 100 scans. The obtained spectra were
normalized and deconvoluted on OriginPro. The amide I peak
(1700-1600 cm ™) was baseline-corrected using a spline operation,
and the second derivative graphs were obtained for comparison
of the secondary structures [43]. The plots were created using
GraphPad Prism version 10.

5.8 | Rheology

The hydrogel samples were tested for rheological properties using
the Discovery Hybrid Rheometer (DHR Series; TA Instruments
Waters LLC). The rheological properties were measured using
a 25 mm stainless-steel parallel plate with a geometry gap of
200 pm. Amplitude and frequency sweeps (oscillation) were
recorded at 20°C. For the amplitude sweep, the frequency was
fixed at 1.0 Hz with varying strain between 0.1 and 1000%,
recording 5 points per decade. Time sweeps were conducted
before and after the amplitude and frequency sweeps for 60
and 180 s, respectively, at 0.25% strain and 1.0 Hz frequency.
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The hydrogels were loaded on the Peltier stage to measure the
rheological properties [63].

5.9 | Atomic Force Microscopy (AFM)

AFM was used to view the microstructures of the GATGVT
series peptides. The samples were diluted with Milli-Q water to
prevent overcrowding of the microstructures on the surface and
to obtain a clear and well-defined image. Approximately 1 uL
of the 10 mg/mL sample was resuspended in 40 pL of Milli-Q
water. The diluted sample was drop-cast on a mica disc freshly
cut out of Muscovite Mica, V-5 (Science Services; #71850-01; 0.15-
0.21 mm thick). The sample was allowed to adhere to the mica for
3 to 5 min and blotted from the sides using soft tissue. The mica
disc was mounted on a metal disc with carbon tape. The samples
were dried overnight before imaging on the Nanosurf Flex Axiom
NIR. The images were acquired using the tapping mode with
the Tap 190AI—G (Budget Sensors) cantilever under ambient
atmosphere. To prevent interference from external vibrations, the
device was connected to Isostage 300. The images were acquired
at 0.5 s/line raster speed. The height profiles of the peptides
obtained were processed using Gwyddion software.

5.10 | Scanning Electron Microscopy (SEM)

The GATGVT peptide assemblies were imaged using SEM to
study fiber morphology, packing, and hydrogel porosity. The
peptides were cast as discs of ~2 mm thickness and roughly
0.5 cm diameter on a 2 mL Eppendorf lid and allowed to rest
for an hour. The samples were then frozen in liquid nitrogen
for 20-30 min. The frozen discs were cracked using a needle
and lyophilized overnight (~24 h). The lyophilized peptides
were mounted on SEM stubs with conductive carbon tape. To
increase the electric discharge and minimize the charging effect,
adhesive aluminum tape was used to connect the sample to
the metal stubs. The samples were sputter-coated with platinum
for a thickness of 2 nm in an argon vacuum atmosphere using
Leica Microsystems EM ACE600 sputter coater. The samples
were imaged with FEI/ThermoFisher ApreoVS SEM device at
3 kV employing various detectors. The images were obtained at
different magnifications between 25,000 X and 250,000 X. For
imaging up to 100 000 X ETD detector was employed, and above
100 000 X T1 and T2 detectors were used.

5.11 | Cell Culture

The cells were thawed and resuspended in freshly prepared
9 mL complete growth media. The cells were 2D cultured and
monitored closely with periodic media changes when a change
in pH (color change from pinkish red to an orange hue) was
observed in the media. The cells were harvested using trypsin
and subcultured on reaching approximately 80% confluence to
prevent overgrowth. During media change and subculturing, the
cells were rinsed with DPBS. After attaining 80%-90% confluence,
the cells were harvested using trypsin to detach them from the
flask and counted on a Neubauer Chamber post-staining with
Trypan blue. The volume of media was calculated to have 1
million cells. It was centrifuged at 200 rpm, and the supernatant

was discarded. 500 pl of fresh media was added to the cell pellet,
and cells were resuspended. This cell suspension was used to
seed the hydrogel. The hydrogel of GATGVT-30 was cast as thin
discs of ~1-1.5 mm thick on an 8-well slide and left to set for
an hour at 5°C. The hydrogels were sterilized in the laminar
airflow chamber by exposure to UV radiation for 45 min. On the
sterilized hydrogels, 50 uL cell suspension was loaded, and the
cells were allowed to adhere to the gels for 30 min in the incubator
at 37°C. Thereafter, 250 pL of fresh growth media was added to
each well. The cell culture was maintained for 1 week to witness
cell viability. Media was changed every 24 h in all the wells. Cell
viability was calculated using the live/dead assay.

5.12 | Live Dead Assay

For live/dead assay, the cells were stained with calcein AM (green;
live cells) and ethidium homodimer (red; dead cells) at 0.1% w/v
in DPBS. The assay was performed every alternate day, starting
from day 1 by staining 2 wells for each imaging. The cells were
washed with DPBS twice, and then 200 pL of staining solution
was added to the 2 wells for imaging, while fresh media was added
to the other wells. The culture slide was incubated for 30 min.
After incubation, the stain was removed, and the cells were
washed with DPBS, and fresh media was added to the stained
hydrogels. The cells were imaged under a fluorescent microscope
(Leica DMi8 microscope; LAS-X software) using FTC and TXR
filters to view live and dead cells, respectively. The procedure
was carried out in the dark as the stains were light-sensitive. The
images were used to calculate the number of live and dead cells
using ImageJ software. The cell viability is reported in terms of
percentage.
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