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Tuning Embryoid Germ Layer Specification in Tryptophan
Zipper Hydrogels Through Pendant Matrix-Derived Motifs
Ashley K. Nguyen, Md Shariful Islam, Riddhesh B. Doshi, Mengbai Yu, Sara Romanazzo,
Juanfang Ruan, Richard D. Tilley, Tushar Kumeria, Jitendra Mata,
and Kristopher A. Kilian*

The ability of stem cells to sense and respond to nanoscale features in their
microenvironment underscores the need for tunable hydrogel nanostructures
in matrices for biofabrication. Here, a modular hydrogel platform is presented
that uses tryptophan zipper (Trpzip) based peptides functionalized with
extracellular matrix-derived adhesive motifs to create shear thinning bioactive
synthetic hydrogels with tunable mechanical and biochemical properties.
Rheological and small-angle neutron scattering analyses reveal that while the
addition of GRGDS, GFOGER, YIGSR, or IKVAV motifs has minimal impact on
nanofiber diameter and bulk hydrogel stiffness, they significantly alter
nanofiber flexibility and microscale hierarchical organization of Trpzip
networks. In concert with adhesive cues, these subtle differences in overall
hydrogel architecture influence lineage commitment of 3D encapsulated
human induced pluripotent stem cell embryoids. Trpzip matrices presenting
GRGDS best support mesodermal fates, IKVAV promotes ectodermal
commitment, and unmodified Trpzip matrices with no adhesive cues enhance
endodermal differentiation. The results suggest that ligand-driven modulation
of nanofiber rigidity and entanglement can contribute to pluripotent stem cell
lineage specification, supporting the potential of Trpzip hydrogels as
customizable reagents for biofabrication, stem cell manufacture, tissue
engineering, and regenerative medicine.

1. Introduction

In native tissues, cells inhabit highly organized fibrillar mi-
croenvironments defined by controlled spatial organization of
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extracellular matrix (ECM) proteins. This
complex biochemical and mechanical
landscape is essential for regulating tis-
sue development and directing stem cell
fate. For human induced pluripotent stem
cells (iPSCs), these matrix-derived cues
are essential for maintaining self-renewal
properties[1] or driving commitment into
specific tissue lineages.[2] However, con-
ventional iPSC culture systems, typically
based on 2D polystyrene or glass substrates,
fail to emulate the 3D, spatially-controlled
architecture of the in vivo niche. Further-
more, most iPSC differentiation protocols
rely on Matrigel, a complex and poorly
defined animal-derived ECM mixture that
presents a wide array of adhesion ligands
simultaneously,[3–6] making it difficult to
disentangle the specific effects of individual
matrix signals.
To overcome these limitations, there is

growing interest in engineering synthetic
stem cell niches that present user-defined
biochemical cues in a controlled mechan-
ical microenvironment. Among synthetic
hydrogel platforms, peptide-based systems

offer unique advantages owing to their well-defined chemical
composition, inherent cytocompatibility,[7] and ability to form
nanofibrillar structures reminiscent of native ECM proteins.[8]

However, the incorporation of adhesive motifs to achieve
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sufficient cellular recognition while maintaining network archi-
tecture and the desired mechanical properties remains a central
biomaterial design challenge. Many peptide hydrogels require
chemical modification,[9–12] co-polymerization with xenogenic
ECMproteins,[13] or suffer from limited control over supramolec-
ular organization, all of which can compromise reproducibility
and translation applicability.
We previously introduced a short self-assembling peptide

known as the tryptophan zipper (Trpzip), which forms nanofi-
brous hydrogels under physiological conditions, with unique
yield-stress properties that support suspension bioprinting, and
innate bioactivity without the need for canonical adhesion
ligands.[14] In the current study, we expand on this platform by
incorporating a series of ECM-derived adhesive ligands includ-
ing GRGDS (fibronectin),[15] GFOGER (collagen I),[16] YIGSR
(laminin 𝛽1),[17] and IKVAV (laminin 𝛼1)[18] into the original
Trpzip backbone. We systematically evaluate how these adhe-
sive cues influence both the nanoscale assembly and the cellular
bioactivity of Trpzip hydrogels. Using small-angle neutron scat-
tering (SANS) and rheological measurements, we characterized
changes in nanofiber rigidity, network structure, and mechani-
cal behavior upon ligand incorporation. In addition, we investi-
gated the ability of Trpzip-ligand hydrogels to support iPSC via-
bility, pluripotency, and directed trilineage germ layer differentia-
tions in 3D culture. Notably, we observe that specific ligands pro-
mote distinct lineage specification, suggesting that the interplay
between matrix mechanics, nanofiber architecture, and adhesive
presentation together shape the differentiation fate of encapsu-
lated iPSCs. This modular approach allows for fine tuning of the
tissue–hydrogel interface while preserving the desirable nanos-
tructure and mechanical properties of Trpzip matrices.

2. Results and Discussion

We previously reported that tryptophan zipper (Trpzip) based
short peptides can self-assemble into nanofibrous hydrogels un-
der physiological conditions and support the growth and prolif-
eration of mammalian cells and organoids encapsulated within,
without the need for canonical cell-adhesive ligands such as
RGD.[14] However, in some circumstances, additional bioactive
cues could prove advantageous for directing cell activity. To ex-
plore whether the incorporation of ECM-derived cell-adhesion
ligands into Trpzip matrices could further modulate cell behav-
ior, we created a series of Trpzip-ligand peptides derived from
common ECM proteins by appending GRGDS (Fibronectin),
GFOGER (Collagen), YIGSR, or IKVAV (Laminin) to the C-
terminus of the self-assembling Trpzip core motif (Figure 1A).
Here, we utilized the optimized Trpzip peptide with a glutamate
and valine substitution in the fifth and eighth positions in the
sequence, as described in previous work.[14] All binding motifs
were added to the Trpzip sequence without the use of any flex-
ibility linkers. These ligand-bearing Trpzip peptides were then
mixed with unmodified Trpzip to generate functionalized matri-
ces for 3D stem cell culture, where the adhesion sequence is di-
luted within the matrix to provide adequate space for integrin-
mediated biorecognition. Trpzip-ligand peptides were dissolved
in water and mixed with a 1% (w/v) solution of free Trpzip pep-
tides to achieve a concentration of 200 μM of ligand in the fi-
nal hydrogel. The resulting Trpzip solution was then mixed in

a 1:1 volumetric ratio with DMEM to trigger gelation via ionic
screening, producing hydrogels comprised of 5 mg mL−1 free Tr-
pzip peptide with an additional 200 μM Trpzip-ligand peptide.
All Trpzip-ligand formulations gelled rapidly under these condi-
tions, with visual and qualitative behavior very similar to that of
unmodified Trpzip hydrogels.
To assess whether the incorporation of adhesive motifs altered

hydrogel mechanics, we performed oscillatory shear rheology.
Time sweep measurements revealed that all formulations exhib-
ited similar gelation kinetics, with the storage moduli plateau
reached within ≈5 h (Figure 1B). While Trpzip-GRGDS and
Trpzip-GFOGER hydrogels achieved stiffnesses of 777 ± 193 and
722 ± 136 Pa, respectively, Trpzip-YIGSR and Trpzip-IKVAV hy-
drogels reached higher G’ values of 1323 ± 191 and 1119 ±
394 Pa (Figure 1C), possibly reflecting enhanced cross-linking
or favorable packing interactions conferred by the ligand se-
quences, although further characterization is needed to ascertain
this. Notably, hydrogels composed entirely of Trpzip-ligand pep-
tides could also be formed (Figure S1, Supporting Information).
For instance, although gels formed from 100% Trpzip-GRGDS
showed comparable mechanical stability to unmodified Trpzip
hydrogels, they exhibited slower gelation as defined by their t90
value (time taken to reach 90% of final stiffness), which was
10.1 h compared to 8.4 h for Trpzip only. They also exhibited a
lower overall stiffness (351 ± 13 Pa compared to 812 ± 179 Pa for
Trpzip only), likely due to disruption of the Trpzip self-assembly
pathway, ultimately limiting their suitability for in vitro applica-
tions.
Strain sweeps were also performed to probe the mechanical

stability of each Trpzip-ligand hydrogel (Figure 1D). All formu-
lations exhibited a characteristic yield point, defined here as the
strain at which G’ decreases by 10% from its plateau value in the
linear viscoelastic region. Unmodified Trpzip hydrogels yielded
at 0.29% strain, consistent with previous findings,[14] while
Trpzip-GRGDS, Trpzip-GFOGER, and Trpzip-YIGSR hydrogels
yielded at lower strains of 0.17%, 0.21%, and 0.23%, respec-
tively, indicating slightly decreased network stability (Figure 1E).
Trpzip-IKVAV hydrogels displayed the highest yield point at
0.47%, suggesting that incorporation of the IKVAV motif im-
proves not only the initial cross-linking of the Trpzip network,
but also provides additional mechanical stability post-gelation.
Altogether, these results demonstrate that Trpzip peptides can

be functionally modified with a range of cell-adhesive ligands
without substantially altering their ability to form robust hy-
drogels. This modular design provides a tunable platform for
creating biomimetic microenvironments with both defined me-
chanical and biochemical cues, supporting their use as synthetic
niches for guiding iPSC differentiation.
Next, to investigate how Trpzip-ligand incorporation affects

the nanostructure and hierarchical organization of the resul-
tant hydrogels, we performed small-angle neutron scattering
(SANS) on a variety of liquid and gelled Trpzip formulations.
We previously reported that Trpzip peptides assemble into
stacked disc-like lamellae, which organize into nanofibers that
subsequently entangle into branched microscale aggregates in
buffered solutions.[14] To better characterize the initial stages of
Trpzip self-assembly, scattering profiles were acquired for Tr-
pzip peptides dissolved in deuterated water (D2O), representing
the pre-gelation state, across a concentration series (Figure 2A).
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Figure 1. Trpzip hydrogel preparation strategy and mechanical characterization of various Trpzip hydrogel formulations. A) Schematic of the hydrogel
formulation process for ligand-functionalized Trpzip hydrogels. Trpzip-based peptides bearing different cell-adhesive motifs (GRGDS, GFOGER, YIGSR,
IKVAV) were synthesized by appending each motif to the C-terminus of a self-assembling Trpzip domain. These Trpzip-ligand peptides were dissolved
in water and added to a solution of free Trpzip peptides at 200 μ, then mixed 1:1 with cell culture media (e.g., DMEM or mTeSR) to induce self-assembly
and hydrogel formation. B) Time sweep rheology showing the evolution of storage modulus (G′, closed symbols) and loss modulus (G″, open symbols)
over 15 h of gelation for each Trpzip-ligand hydrogel. C) Equilibrium stiffnesses for Trpzip and Trpzip-ligand hydrogels. Data is shown as mean± s.d.
from n = 3 independently prepared gels. Statistical significance was determined using a one-way ANOVA with Tukey’s post-hoc test (p< 0.05 considered
significant). D) Strain sweep rheology showing the nonlinear mechanical response for each Trpzip-ligand hydrogel. E) Yield points for Trpzip and Trpzip-
ligand hydrogels. Data is shown asmean± s.d. from n = 3 independently prepared gels. Statistical significance was determined using a one-way ANOVA
with Tukey’s post-hoc test (*p < 0.05, **p < 0.01).
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Figure 2. Small angle neutron scattering of Trpzip solutions and hydrogels. A) Scattering intensity profiles of Trpzip solutions in D2O at varying concen-
trations. B) Representative fit of 0.5% Trpzip in D2O using a combination of cylinder and power lawmodels. C) Schematic of Trpzip self-assembly in D2O
based on SANS-derived trends showing decreased nanofiber radius, length, and effective interaction radius with increasing Trpzip concentration (values
from Table S2, Supporting Information); not to scale. D) Scattering profile of a 0.5% Trpzip hydrogel in DMEM-D2O, modeled with a flexible cylinder
and power law fit. E) Schematic of hierarchical assembly and structure formation in Trpzip hydrogels prepared in DMEM-D2O. F) CryoTEM image of
Trpzip nanofibers in D2O. G) Quantification of nanofiber radius of Trpzip peptides prepared in pure D2O. H,I) CryoTEM image of Trpzip nanofibers in
DMEM-D2O. J–M) Scattering profiles of 0.5% Trpzip-ligand hydrogels (GRGDS, GFOGER, YIGSR, IKVAV) in DMEM-D2O with combined flexible cylinder
and power law model fits.

All concentrations exhibited a broad peak in the intermediate Q
range corresponding to ordered interfibrillar spacing, with the
peak’s intensity increasing with peptide concentration.
To extract quantitative structural information, scattering

profiles were fit using a combination of models: a Hayter–
Penfold rescaled mean spherical approximation to account for
electrostatic repulsion, a rigid cylinder model in the high-Q
regime, and a power law in the low-Q regime (Figure 2B; Table
S2 and Figure S11, Supporting Information). For more detailed

explanations of the model fits used, refer to the Supporting
Information Notes. As peptide concentration increased from
0.5% to 3%, the nanofiber radius (r) decreased from 2.26 ± 0.01
to 2.12 ± 0.002 nm, suggesting denser nanofiber packing at
higher concentrations (Figure 2C). This compaction may be the
result of a decrease in the number of peptides per lamellae or
disc, as indicated by a reduction in effective particle charge from
7.17 ± 7.57 to 4.77 ± 0.24. Interestingly, nanofiber length (l)
decreased significantly from 235.1 ± 14.4 to 99.7 ± 0.21 nm with
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increasing concentration, and the effective interaction radius
(Er) was reduced from 23 ± 0.09 to 13 ± 0.24 nm, indicating
weaker interfibril repulsion at higher concentrations. Addition-
ally, increasing peptide concentration also led to a decrease in
the Porod exponent from 2.94 ± 0.32 to 2.24 ± 0.17, indicating a
structural transition in the Trpzip network from compact tomore
densely branched fractal networks. Together, these data indicate
that Trpzip peptides in pure D2O form short, rigid cylindrical
nanofibers that organize into loosely connected mass fractals
with decreasing compaction at higher peptide concentrations.
Upon gelation of the Trpzip solution induced by the addition

of deuterated DMEM, the resulting hydrogel exhibited distinctly
different scattering behavior to Trpzip peptides in pure D2O. The
best model fit for the gelled Trpzip network was a flexible cylin-
der model in the high-Q regime, rather than the rigid cylinder
model used for peptide solutions (Figure 2D; Table S3 and Figure
S11, Supporting Information). For more detailed explanations
of the model fits used, refer to the Supplementary Notes. This
change in model fits suggests that during gelation, the initially
rigid and short nanofibers become more flexible and disordered,
enabling the entanglement and hierarchical branching that ulti-
mately form a Trpzip hydrogel (Figure 2E). The disappearance of
the intermediate-Q peak also suggests a loss of long-range order
in interfibrillar spacing.While the nanofiber radius remained rel-
atively unchanged (2.24± 0.03 nm) between Trpzip nanofibers in
the liquid versus gel state, the nanofiber length increased beyond
the instrument’s detection range (>1 μm), indicating extensive
fiber elongation occurring during gelation. Additionally, the low-
Q region suggested the formation of micro-scale aggregates with
rough surface features, supported by a Porod exponent of 3.57
± 0.039. Cryo-TEM imaging of Trpzip formulations further cor-
roborated our SANS findings. Trpzip nanofibers (0.5% in D2O)
appeared as long, unbranched filaments with an average radius
of 2.35 ± 0.17 nm (Figure 2F,G), closely matching the values ob-
tained from SANS fitting. The presence of extended, continuous
fibers likely reflects ongoing self-assembly during the overnight
incubation prior to snap-freezing. When prepared in deuterated
DMEM (0.5%), Trpzip nanofibers exhibited pronounced lateral
bundling and reduced interfiber spacing (Figure 2H,I), consis-
tent with enhanced ionic screening and reduced electrostatic re-
pulsion in the culture medium. These observations visually con-
firm the transition from discrete nanofibers in D2O tomore com-
pact, entangled aggregates in DMEM-D2O, aligning with the pro-
posed changes in nanofiber architecture from the SANS charac-
terization. These structural changes are also consistent with rhe-
ological data comparing 0.5% Trpzip in water versus gelled 0.5%
Trpzip in water/DMEM mixtures, with the rapid gelation of Tr-
pzip in water reflecting the fast organization of rigid and well-
ordered short nanofibers, while the slower DMEM-induced gela-
tion reflects a more disordered self-assembly process resulting
from the branched entanglement of longer nanofibers (Figure
S2, Supporting Information). Altogether, the scattering profile of
gelled Trpzip networks points to substantial structural reorgani-
zation during gelation, with longer and more flexible nanofibers
forming branched, entangled networks with rough fractal mi-
croscale aggregation.
We next examined the effect of adhesive ligand incorporation

on hydrogel nanostructure by performing SANSonTrpzip-ligand
hydrogel formulations (200 μm). Similar to unmodified Trpzip

hydrogels, all scattering profiles fit well with a combination of
a flexible cylinder model in the high-Q region and a power law
model in the low-Q region (Figure 2J–M; Table S3, Supporting
Information). Fiber radii remained consistent across all Trpzip-
ligand networks, ranging from2.13 to 2.28 nm (all± 0.02 nm), in-
dicating that ligand incorporation does not disrupt core nanofiber
dimensions, as also observed in cryoTEM imaging (Figure S4,
Supporting Information). However, notable differences were ob-
served in the Kuhn’s length (lk), which is a measure of nanofiber
flexibility. Trpzip-GRGDS, Trpzip-GFOGER, and Trpzip-IKVAV
hydrogels exhibited lk values of 6.21, 6.51, and 6.29 nm (all ±
0.02 nm), respectively, showing similar nanofiber flexibility to
that of unmodified Trpzip networks. However, Trpzip-YIGSR hy-
drogels showed a striking increase in Kuhn’s length (8.65 ±
0.17 nm), suggesting a much more rigid nanofiber network de-
spite unchanged fiber radius.
We then analyzed hydrogels composed entirely of Trpzip-

ligand peptides (e.g., 100% ligand-functionalized sequences
without unmodified Trpzip). These fully substituted matrices ex-
hibited distinct nanostructure features compared to unmodified
Trpzip hydrogels and mixed formulations (Figure S3A–D and
Table S3, Supporting Information). Specifically, Trpzip-GFOGER
and Trpzip-YIGSR formed highly rigid nanofibers (lk = 9.1 and
14.4 nm, respectively) and exhibited high Porod exponents (>3),
indicative of dense and well-ordered aggregates. In contrast,
Trpzip-IKVAV hydrogels formed more flexible nanofibers (lk =
4.02 nm) with a Porod exponent of 2.85, consistent with a more
disordered and branched fractal network. Trpzip-GRGDS hydro-
gels also formed branched networks but with slightly more rigid
nanofibers (lk = 5.9 nm) and a lower Porod exponent of 2.7, point-
ing to moderately rigid fibers comprising a more loosely entan-
gled network. Collectively, these SANS analyses demonstrate that
small variations in sequence, concentration, and buffer condi-
tions can significantly influence the nanostructure and hierar-
chical assembly of Trpzip-based hydrogels. This tunability allows
for the design of either softer, entangled networks or stiffer and
more ordered fibrillar scaffolds, providing a design roadmap for
engineering mechanical and biochemical properties in synthetic
Trpzip matrices.
Next, we investigated whether Trpzip hydrogels support the

growth and maintenance of human iPSCs in the absence of ad-
hesive ligands. To do so, we encapsulated dissociated iPSCs in-
side unmodified Trpzip matrices gelled with mTeSR, an iPSC-
specific culture medium. Cells were seeded either as single cells
or as small aggregates (20–100 μm diameter) in soft Trpzip hy-
drogels (˜1 kPa stiffness) and cultured for 7 days (Figure 3A).
By day 7, iPSCs embedded as single cells had merged into small
spheroids, while aggregate-seeded iPSCs had expanded ˜4 times
in size into substantially larger spheroids (Figure S5A,B, Sup-
porting Information). Furthermore, although iPSCs could sur-
vive dissociation and embedding in non-adhesive Trpzipmatrices
with no additional supplements, we found the addition of 10 μm
ROCK inhibitor during the first 24 h post-dissociation markedly
improved iPSC spheroid survival and growth (Figure 3A), as ex-
pected based on the known role of ROCK inhibitor as a preventor
of programmed cell death via anoikis.
Leveraging the low-yield stress behavior of Trpzip hydrogels,

spheroids were gently extracted from Trpzip matrices after 7
days in culture via user-applied shear force, which minimized

Adv. Healthcare Mater. 2026, 15, e03600 © 2025 Wiley-VCH GmbHe03600 (5 of 12)

 21922659, 2026, 8, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202503600 by U
niversity O

f N
ew

 South W
ales, W

iley O
nline L

ibrary on [06/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

Figure 3. Growth of iPSCs embedded in Trpzip hydrogels without adhesive cues. A) Schematic and brightfield images comparing iPSC seeding strategies
and the effect of ROCK inhibitor on iPSC growth and proliferation within Trpzip hydrogels. B) Brightfield image showing representative iPSC spheroids
released from Trpzip hydrogels after seven days of culture. C) Live/Dead staining of encapsulated iPSC spheroids in Trpzip hydrogels showing live
(green) and dead (red) cells. D) Immunofluorescence staining of iPSC spheroids for nuclei (blue) and the pluripotency markers OCT4 (red), Nanog
(orange), and SOX2 (purple). E) Immunofluorescence staining of iPSC spheroids for nuclei(blue) and early germ layer markers SOX17 (endoderm, red),
T-brachyury (mesoderm, green), and SOX1 (ectoderm, yellow).
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mechanical damage or loss of cell viability in spheroids
(Figure 3B). Live/Dead staining with Calcein AM and ethidium
homodimer confirmed high cell viability within Day 7 spheroids,
with little to no necrosis observed in the core of the spheroids
(Figure 3C). To assess the ability of iPSCs to maintain pluripo-
tency in Trpzip hydrogels, immunofluorescence stainingwas per-
formed. The extracted spheroids were stained for key pluripo-
tent transcription factors such as OCT4, Nanog, and SOX2
(Figure 3D). All markers showed strong and uniform nuclear
localization, and the compact spheroid morphology was accom-
panied by strong cortical F-actin expression, highly akin to typ-
ical pluripotent architecture seen in embryoid bodies formed
in suspension cultures (Figure S6A,B, Supporting Information).
In contrast, immunostaining for early germ layer markers such
SOX17 (endoderm), T-brachyury (mesoderm), and SOX1 (ecto-
derm) showed negligible expression in all spheroids (Figure 3E).
These results demonstrate that Trpzip hydrogels, even in the ab-
sence of exogenous adhesive ligands, can provide a supportive 3D
microenvironment that preserves iPSC viability, promotes prolif-
eration, and maintains pluripotency without spontaneous differ-
entiation.
Since adhesion motifs are known to exert an influence on

stem cell decision making, we next evaluated whether Trpzip
alone or the Trpzip-ligand hydrogels might bias iPSC differen-
tiation toward specific germ layer lineages. To do so, we encap-
sulated iPSC aggregates in Trpzip matrices functionalized with
200 μMGRGDS, GFOGER, YIGSR, or IKVAV, alongside unmod-
ified Trpzip as a control (Figure 4A). While Matrigel is a widely
used ECM matrix, it was not suitable as a control in this study.
In preliminary trials, iPSCs encapsulated in Matrigel dispersed
throughout the gel rather than forming stable spheroids, pre-
sumably due to the high content of ECM proteins, some of which
can facilitate migration.[19] Following encapsulation, spheroids
were allowed to stabilize for 7 days in mTeSR media prior to
the induction of each germ layer specification using defined dif-
ferentiation media targeting endoderm, mesoderm, or ectoderm
outcomes (Figure 4B). Over the 12-day differentiation timeline, a
four to fivefold increase in spheroid size was observed across all
lineages, regardless of ligand presentation in Trpzip hydrogels
(Figure 4C), suggesting that overall cell proliferation was not sig-
nificantly impacted by the presence or absence of specific adhe-
sive cues. No appreciable degradation was observed during the
12-day culture period, although future work will explore long-
term hydrogel stability and cell-mediated remodeling in the con-
text of extended tissue culture and organoid development.
To assess whether ligand presentation influenced iPSC lin-

eage commitment, we performed immunofluorescence stain-
ing of early germ layer markers on the differentiated spheroids.
For endodermal differentiation, spheroids were stained for the
early endoderm marker SOX17 and the definitive endoderm
marker FOXA2 (Figure 4D; Figure S7, Supporting Information).
Surprisingly, unmodified Trpzip hydrogels (lacking any adhe-
sive ligand) supported the highest expression of both transcrip-
tion factors, followed by Trpzip-GRGDS matrices (Figure 4E).
Spheroids in Trpzip-GFOGER hydrogels exhibited the lowest
levels of endodermal expression. Mesodermal spheroids were
assessed for the early mesoderm marker T-brachyury, the cell
adhesion molecule N-cadherin, and Collagen IV, a basement
membrane protein that plays a crucial role in mesodermal

development (Figure 4F; Figure S8, Supporting Information).
Amongst all matrices, Trpzip-GRGDS hydrogels most robustly
promoted mesodermal differentiation, showing a threefold in-
crease in T-brachyury expression compared to unmodified Tr-
pzip, as well as significantly higher expression of N-cadherin
and Collagen IV (Figure 4G; Figures S8 and S9, Supporting In-
formation). Spheroids grown in Trpzip-GFOGER matrices also
showed enhanced T-brachyury expression relative to unmodified
Trpzip spheroids, albeit to a lesser extent. In contrast, YIGSR-
and IKVAV-functionalized hydrogels showed the lowest support
of mesodermal differentiation. For ectodermal differentiation,
spheroids were stained for the early ectoderm marker SOX1
and the neuroectoderm marker PAX6 (Figure 4H; Figure S10,
Supporting Information). Trpzip-IKVAV matrices showed the
strongest induction of both ectodermal markers, with a threefold
increase in SOX1 and a 2.5-fold increase in PAX6 expression in-
tensity relative to unmodified Trpzip hydrogels (Figure 4I). In-
terestingly, Trpzip-YIGSRmatrices enhanced early SOX1 expres-
sion but were less effective at upregulating PAX6, suggesting suf-
ficient support for early ectoderm but not further neural commit-
ment. In contrast, GRGDSmatrices showed twice the expression
of both SOX1 and PAX6 relative to the control, suggesting con-
sistent support of neuroectoderm fate. GFOGER-functionalized
and Trpzip-only hydrogels showed the lowest support for ectoder-
mal differentiation. In sum, it was found that unmodified Trpzip
matrices with no ligands present best support endodermal differ-
entiation, the presence of GRGDS enhances mesodermal com-
mitment, and IKVAV- and YIGSR-functionalized matrices pro-
mote ectodermal development. Of note, Trpzip-GFOGER hydro-
gels did not appear to improve the differentiation outcomes for
any of the three germ layers compared to other Trpzip-ligand hy-
drogels. Together, these findings demonstrate that Trpzip hydro-
gels presenting different adhesive cues can influence iPSC lin-
eage commitment in a ligand-specific manner.
Comparison of the macroscale properties (hydrogel stiffness

and mechanical strength) and nanoscale properties (nanofiber
dimension and rigidity) of the various Trpzip-ligand matrices re-
vealed distinct correlations with lineage outcomes (Figure 5). Un-
modified Trpzip hydrogels, which exhibited intermediate stiff-
ness andmechanical strength, combined with slightlymore flexi-
ble nanofibers, provided the strongest support of endodermal dif-
ferentiation. This finding aligns with previous studies suggesting
that integrin activation can suppress endodermal specification
by activating the Akt signaling pathway through integrin-linked
kinase (ILK).[20] In addition, successful endodermal differentia-
tion has been achieved in xeno-free hydrogels like alginate,[21]

which lack integrin-bindingmotifs altogether, reinforcing the no-
tion that integrin-free microenvironments are permissive for en-
doderm development. While the observed trends in SOX17 and
FOXA2 expression reflect the relative endodermal potential of
each matrix at the chosen endpoint, it is possible that other ma-
trix ligands more robustly promote endoderm fate before or af-
ter this narrowwindow. Future studies incorporating time-course
RT-qPCR will be valuable for resolving these temporal dynam-
ics and further elucidating how Trpzip matrix composition influ-
ences differentiation trajectories.
For mesodermal differentiation, Trpzip-GRGDS matri-

ces markedly enhanced expression of mesodermal mark-
ers compared to all other ligand-functionalized hydrogels.

Adv. Healthcare Mater. 2026, 15, e03600 © 2025 Wiley-VCH GmbHe03600 (7 of 12)
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Figure 4. Trilineage differentiation of iPSCs in Trpzip hydrogels. A) Schematic detailing experimental timeline for iPSC spheroid culture and differentia-
tion in Trpzip-ligand hydrogels. B) Brightfield images of iPSC spheroids undergoing directed differentiation toward endoderm, mesoderm, and ectoderm
fates at day 1 and day 12. Scale is 500 μm. C) Quantification of spheroid size during lineage-specific differentiation in Trpzip hydrogels functionalized
with different adhesive ligands. D) Representative immunofluorescence staining of endodermal markers SOX17 (red) and FOXA2 (purple) in spheroids

Adv. Healthcare Mater. 2026, 15, e03600 © 2025 Wiley-VCH GmbHe03600 (8 of 12)
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cultured in non-functionalized Trpzip and GFOGER-functionalized Trpzip hydrogels. E) Quantification of SOX17 and FOXA2 staining intensities across
Trpzip-ligand hydrogel matrices. Data is shown as mean± s.d. from n £ 9 spheroids. Statistical significance was determined using a one-way ANOVA
with Tukey’s post-hoc test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). F) Representative immunofluorescence staining of mesodermal markers
T-brachyury (red) and N-cadherin (purple) in non-functionalized Trpzip and GRGDS-functionalized Trpzip hydrogels. G) Quantification of T-brachyury
and N-cadherin staining intensities across Trpzip-ligand hydrogel matrices. Data is shown as mean± s.d. from n = 9 spheroids. Statistical significance
was determined using a one-way ANOVA with Tukey’s post-hoc test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). H) Representative immunofluo-
rescence staining of ectodermal markers SOX1 (red) and PAX6 (purple) in non-functionalized Trpzip and IKVAV-functionalized Trpzip hydrogels. Nuclei
are stained in blue (DAPI) in all panels. Scale is 100 μm. I) Quantification of SOX1 and PAX6 staining intensities across Trpzip-ligand hydrogel matri-
ces. Data is shown as mean± s.d. from n = 9 spheroids. Statistical significance was determined using a one-way ANOVA with Tukey’s post-hoc test
(*p < 0.05, **p < 0.01, ***p < 0.001-, ****p < 0.0001).

Trpzip-GRGDS hydrogels possessed similar mechanics and
nanofiber characteristics to other ligand formulations, sug-
gesting the presence of the GRGDS motif itself was the main
driver behind improved mesodermal commitment. This is
supported by studies showing that fibronectin, from which the
GRGDS motif is derived, plays a dominant role in promoting
mesodermal and endothelial differentiation in both 3D in vitro
and in vivo systems.[22] Interestingly, collagen matrices alone
were not effective at enhancing mesodermal development, an
observation that aligns with our findings. We similarly observed
that Trpzip-GFOGER hydrogels failed to promote mesoderm dif-
ferentiation as robustly as Trpzip-GRGDS matrices. In another
study, the loss of fibronectin-derived RGD motifs dramatically
impaired mesoderm development in both pluripotent mouse
cells and zebrafish embryos.[23] These studies highlight that
engagement of integrin-𝛽1 by GRGDS is critical for activating
signaling cascades that drive mesodermal fates. Conversely,
loss of collagen-derived GFOGER cues in the same models had
little impact on mesoderm differentiation efficiency, further
supporting the notion that RGD-mediated signaling plays a
more dominant role in mesodermal lineage commitment.
Finally, we observed that ectodermal fate was most enhanced

in Trpzip-IKVAV hydrogels. Other studies have similarly shown
that the IKVAV motif promotes neural differentiation of iPSCs
and neural progenitors in both 2D and 3D systems,[24] outper-
forming other laminin- or fibronectin- derived motifs such as
YIGSR and RGD. Another recent study investigating human

iPSC-derived neural differentiation on 2D peptide nanofibers
functionalized with IKVAV found that increased “molecular mo-
tion” of the peptide nanofibers played a key role in neural differ-
entiation andmaturation,[25] highlighting howboth IKVAV-based
adhesion and dynamic nanostructure properties can work com-
plementarily in directing ectodermal outcomes. Across all Trpzip-
ligand conditions, Trpzip-IKVAV hydrogels possessed higher
stiffness and mechanical strength alongside higher fiber flexibil-
ity at the nanoscale. These combined properties of Trpzip-IKVAV
hydrogels with stiffer bulk mechanics coupled with more local
matrix flexibility may mimic the mechanical landscape of the de-
veloping neuroepithelium and account for the improved ectoder-
mal and neural commitment observed.
There are a limited number of other studies that have inter-

rogated how ligand identity in fully synthetic 3D hydrogels in-
fluences germ layer specification of iPSCs. Many prior trilineage
differentiation studies in 3D engineered hydrogels have relied on
generic adhesive motifs such as RGD[26] or incorporated natural
proteins such as gelatin[27] to broadly support adhesion without
tailoring toward specific lineages. Some studies incorporate al-
ternate ECM-derived peptides, such as YIGSR and IKVAV, but
typically in the context of enhancing one target cell fate, such as
promoting lung[28] or neural progenitors.[29] Recent work utiliz-
ing 3D peptide hydrogels in iPSC trilineage studies have focused
only on the role of soluble cues such as BMP4[30] or embryoid in-
duction cocktails[31] in the absence of any adhesive ligands. Our
findings add to ongoing efforts to define how adhesive ligand

Figure 5. Conceptual summary of Trpzip-ligand hydrogels nanoscale and macroscale materials characterization and support of the three germ layer
commitments in differentiating iPSCs. A) Schematic displaying the overall differences in macroscale properties such as hydrogel stiffness and mechan-
ical strength (yield point) and nanoscale properties such as nanofiber radius and rigidity. B) Trpzip-ligand hydrogel that best supported the lineage
commitment of differentiating iPSCs to endoderm, mesoderm, and ectoderm fates.
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presentation contributes to iPSC fate specification, particularly
within synthetic 3D microenvironments. Such approaches will
be increasingly useful for refining how matrix composition can
be engineered to direct stem cell fate in reproducible, modular,
and xeno-free 3D culture systems.
Taken together, these results highlight that the biological out-

come of a synthetic niche is not dictated solely by individual
material parameters but rather by the combined presentation of
mechanical properties, nanostructure, and biochemical ligands.
While the Kuhn length and Porod exponent derived from the
SANS fittings provide ensemble-averaged estimates of nanofiber
rigidity, these parameters do not resolve molecular-scale flexi-
bility. Figure 5 should be interpreted as a conceptual summary
of experimentally observed trends rather than a molecular-level
model. Future studies employing complementary techniques
such as SAXS,molecular dynamics simulations, or dark-fieldmi-
croscopy for persistence length analysis are warranted to probe
Trpzip nanofiber flexibility at higher structural resolution. Future
work, such as combinatorial ECMmotif incorporation in precise
ratios using ligand blends could further improve the capability
of Trpzip hydrogels to mimic developmental microenvironments
and guide stem cell fate. In addition, integrating or layering Tr-
pzip variants presenting distinct adhesive motifs may provide a
way to spatially guide coordinated germ-layer patterning, poten-
tially enabling synthetic models of early tissue organization and
biofabricated constructs with hierarchical structure.

3. Conclusion

In this study, we developed a modular peptide hydrogel plat-
form based on the self-assembling Trpzip motif, engineered to
present a range of adhesive ligands derived from key ECM pro-
teins (fibronectin, collagen, and laminin). Through SANS and
rheological analyses, we demonstrate that integration of these
adhesion sequences only slightly modulates peptide network ar-
chitecture and bulk hydrogel mechanics. However, while Trpzip-
ligand hydrogelsmaintain similar nanofiber dimensions andma-
trix stiffness, it was found that incorporation of adhesive motifs
can subtly alter nanofiber flexibility and supramolecular orga-
nization. Of the different Trpzip-ligand hydrogels assessed, we
found endodermal commitment is enhanced by Trpzip matrices
of intermediate stiffness without integrin ligands, mesodermal
fate is promoted in softer matrices with flexible, GRGDS-bearing
nanofibers, and ectodermal lineages are best supported by stiffer
yet still flexible nanofibers presenting neural-promoting motifs
such as IKVAV and YIGSR. These findings establish a design
framework in which specific combinations of bulk hydrogel me-
chanics, nanofiber flexibility, and adhesive motifs can be selected
to steer iPSC fate toward desired lineages in a fully synthetic 3D
matrix.
As the demand for chemically defined and xeno-free bioma-

terials in biofabrication continues to grow, this work demon-
strates the potential of Trpzip-based peptide materials to fulfill
this need by coupling the advantages of fully synthetic hydrogels
with the biological functionality of native ECMs. By providing a
well-defined, fully syntheticmatrix withmodular biochemical ad-
hesion cues, this work establishes Trpzip hydrogels as a versatile
platform for engineering 3D stem cell niches and directing spe-
cific differentiation outcomes. Their simplicity, scalability, and

unique mechanical properties position them as promising bio-
materials for biofabrication with translational applications rang-
ing from developmental modeling, therapeutic cell manufactur-
ing, and 3D tissue biofabrication.

4. Experimental Section
Materials: Synthetic peptides (Trpzip, Trpzip-GRGDS, Trpzip-

GFOGER, Trpzip-YIGSR, and Trpzip-IKVAV) were purchased as the
formate salt (purity >98%) from GenScript Biotech (Singapore) Pte
Ltd and used without further purification. All peptide sequences are
listed in Table S1 (Supporting Information) and are as follows: Trpzip
(SWTWQGNVWTWK; 1578.75 g mol−1), Trpzip-GRGDS (SWTWQGN-
VWTWKGRGDS; 2051.21 g mol−1), Trpzip-GFOGER (SWTWQGN-
VWTWKGFOGER; 2125.33 g mol−1), Trpzip-YIGSR (SWTWQGN-
VWTWKYIGSR; 2155.4 g mol−1), and Trpzip-IKVAV (SWTWQGN-
VWTWKIKVAV; 2089.43 g mol−1).

Hydrogel Fabrication: Trpzip hydrogels were prepared by dissolving
lyophilized peptide in Milli-Q water at a concentration of 1% (w/v). Mag-
netic stirring on a hot plate (40 °C) was used to accelerate dissolution.
Gelation was triggered by adding cell culture media to a final concentra-
tion of 0.5% (w/v). Trpzip-ligand hydrogels were prepared using peptide
variants Trpzip-GRGDS, Trpzip-GFOGER, Trpzip-YIGSR, Trpzip-IKVAV. To
prepare Trpzip-ligand hydrogels comprising 200 μM concentration of a
ligand-containing peptide, peptides were dissolved inMilli-Q water (5mM
stock). Magnetic stirring on a hot plate (40 °C) was used to accelerate dis-
solution. Trpzip-ligand solution (400 μM) was added to pure Trpzip stock
solution (1% w/v) and mixed thoroughly. Gelation was then triggered as
usual, by adding cell culturemedia to achieve a final concentration of 0.5%
(w/v) solid content, and 200 μMconcentration of Trpzip-ligand. For Trpzip-
ligand hydrogels composed entirely of Trpzip-ligand peptides, 1% (w/v)
stock solutions were prepared using only the Trpzip-ligand peptides. Gela-
tion was induced as above by adding cell culture media to achieve a final
concentration of 0.5% (w/v).

Oscillatory Shear Rheology: Rheological measurements were per-
formed on an Anton Paar MCR 302e Rheometer equipped with a parallel
plate geometry (25 mm disc, 1 mm gap height, 560 μL of hydrogel). Oscil-
latory measurements were performed with 0.2% strain and 1Hz frequency
at 37 °C, unless specified otherwise. Strain sweep tests were performed im-
mediately following 15 h time sweeps with a log ramp up rate from 0.2%
shear strain up to 200% at 1 Hz frequency over 10 min. In all rheological
tests, a humidity chamber with a reservoir of water was used to prevent
drying of the peptide hydrogel.

Small Angle Neutron Scattering (SANS): Trpzip gels were prepared by
dissolving lyophilized peptide in deuterated DMEM before being trans-
ported to Australian Centre for Neutron Scattering (ACNS) at the Aus-
tralian Nuclear Science and Technology Organization (ANSTO). Deuter-
ated DMEM was prepared by lyophilizing high-glucose DMEM and recon-
stituting the remaining solid in an equivalent volume of deuterium oxide
(D2O). SANS measurements were performed on hydrogels samples at
37 °C. The structure of the hydrogels was analyzed using the Quokka pin-
hole small-angle neutron scattering instrument.[32] Samples were loaded
into 20 mm demountable cells with a 1 mm pathlength. Scattering data
of samples were collected across a full q range of 0.0007–0.73 Å−1 with
three detector configurations (20 m collimation with 8.1 Å neutrons), 12
m (12 m collimation with 5 Å neutrons) and 1.3 m (12 m collimation with
5 Å neutrons). The scattering profiles of the gels were recorded against the
scattering vector by using the following equation:

q = 4𝜋
𝜆
sin𝜃 (1)

where q is the scattering vector, 2𝜃 is the angle of scattering, 𝜆 is the wave-
length of the neutron beam. The obtained 2D raw scattering data were
reduced and converted to the absolute scale using the Igor Pro software
package[33] and Quokka SANS reduction macros. Igor Pro was used to
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subtract appropriate solvent background from each dataset. SasView was
used to fit the models to the scattering data.

Cryogenic TEM: Hydrogel (4 μL) was applied to glow discharged cop-
per grids (Quantifoil R2/2, Quantifoil Micro Tools) and blotted for 4.5 s
in a 100% humidity chamber at 4 °C, with a blotting force of 0. The grids
were then plunge-frozen in liquid ethane using a Vitrobot Mark IV device
(Thermo Fisher Scientific). The grids were imaged using a Talos Arctica
cryoTEM (Thermo Fisher Scientific), operating at 200 kV with the speci-
men held at liquid nitrogen temperatures. Images were captured using a
Falcon 3EC direct detector camera in linear mode.

Human iPSC Culture: Human iPSCs (ATCC, ACS-1020) were authen-
ticated by ATCC using STR profiling and karyotyping, as confirmed by
the Certificate of Analysis provided upon purchase. Pluripotency was also
authenticated via immunofluorescence staining of pluripotency markers
OCT4, SOX2, and Nanog prior to differentiation. iPSCs were cultured on
plastic substrates coated with hESC-qualifiedMatrigel (Corning, #354277)
diluted in DMEM/F12 media (STEMCELL Technologies, #36254) accord-
ing to manufacturer’s instructions. Media changes consisting of mTeSR
Plus (STEMCELL Technologies, #100-0276) occurred every 24 h, except
for one 48 h exchange once per week. iPSCs were passaged once they
reached 70–80% confluency, approximately every 5–6 d. Cells were pas-
saged using ReLeSR (STEMCELL Technologies, #100-0483) to selectively
detach pluripotent colonies and mechanically fragmented into 50–100 μm
aggregates before being reseeded at a density of 500 colonies mL−1. All
cultures were maintained at 37 °C and 5% CO2. iPSCs were used between
passages 19–29 for all experiments.

iPSC Encapsulation in Trpzip Hydrogels: For single cell dissociation,
iPSCs were incubated with StemPro Accutase Cell Dissociation Reagent
(Gibco, #A1110501) using a volume of 1 mL per 35-mm dish at 37 °C for
7 min. To ensure a single cell suspension, the harvested iPSCs were me-
chanically fragmented using a P1000 pipette until a single cell suspension
was obtained. To collect iPSCs as small aggregates (˜50–100 μm), iPSCs
were incubated with ReLeSR using a volume of 1 mL per 35-mm dish for
10 s at RT, followed by aspiration of ReLeSR and an additional incuba-
tion for 3 min at 37 °C. Detached iPSC colonies were collected in mTeSR
media and fragmented into appropriately sized aggregates using a 5 mL
serological pipette. Cells were resuspended in 1 mL mTeSR medium sup-
plemented with 10 μMROCK inhibitor (STEMCELL technologies, #72304)
and countedmanually using a hemocytometer. Either single iPSCs or iPSC
aggregates were mixed with Trpzip hydrogels (100 μL per 96-well) at a den-
sity of ˜10–15 aggregates per gel. Trpzip gels with iPSCs were allowed to
stiffen at 37 °C for 1 h before mTeSR medium supplemented with 10 μM
ROCK inhibitor was gently overlaid on top of the gel surface. All media
changes with mTeSR Plus following seeding occurred daily without ROCK
inhibitor. All cultures were maintained at 37 °C and 5% CO2.

Cell Viability Staining: For live/dead staining, Calcein-AM
(0.5 μL mL−1) and Ethidium–Homodimer-1 (2 μL mL−1) from the
LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells (Invitrogen,
#L3224) were added to cell-laden Trpzip gels for 40 min at 37 °C before
being washed twice with PBS prior to imaging.

Trilineage Differentiation: iPSC spheroids seeded in Trpzip hydrogels
were cultured in mTeSR medium, with daily media changes for 7 d prior
to initiating trilineage differentiations. Differentiation was achieved us-
ing the STEMdiff Trilineage Differentiation Kit (STEMCELL Technologies,
#05230), prepared according to manufacturer’s instructions.

Immunofluorescence Staining: Cells in Trpzip gels were fixed in 4%
methanol-free PFA for 45 min at RT. Excess PFA was removed, and gels
were washed three times in PBS. Samples were then permeabilized with
0.1% (v/v) tween-20 in PBS (10 min at RT). Blocking was performed us-
ing a blocking buffer (1% bovine serum albumin and 0.1% triton X-100
in PBS) for 20 min at RT. Primary antibodies were diluted in blocking
buffer to their working concentration and incubated with fixed hydrogel
samples overnight at 4 °C. Fixed samples were then washed in block-
ing buffer at least three times over the span of 1d before secondary an-
tibodies were diluted in blocking buffer to their working concentration
and incubated overnight at 4 °C. Fixed samples were then washed in
blocking buffer at least three times over the span of 1 d before confocal
imaging.

Confocal Microscopy: All immunofluorescence samples were imaged
in 96-well glass bottom plates fitted with high-performance #1.5 cover
glass using a Zeiss LSM 800 confocal microscope and Zen Blue software.

Statistical Analysis: GraphPad Prism (version 10.5.0) was used for sta-
tistical analysis of all data. Storage and lossmoduli for strain sweep curves
were normalized usingmin-max normalization. Data is presented asmean
± SD, with n = 3 sample size unless otherwise stated. Statistical signifi-
cance was calculated using an ordinary one-way ANOVA with Tukey’s mul-
tiple comparisons post-hoc test. Differences were considered significant
when p < 0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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