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Tunable hydrogel networks by varying secondary
structures of hydrophilic peptoids provide viable
3D cell culture platforms for hMSCs+
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Hydrogels have excellent ability to mimic the extracellular matrix (ECM) during 3D cell culture, yet it
remains difficult to tune their mechanical properties without also changing network connectivity.
Previously, we developed 2D culture platforms based on tunable hydrogels crosslinked by peptoids with
various secondary structures: helical, non-helical, and unstructured, which allowed control over hydrogel
mechanics independent of network connectivity. Here, we extend our strategy to 3D matrices by modify-
ing the peptoids with piperazine and homopiperazine residues to enhance water solubility without alter-
ing their secondary structure. Hydrogels crosslinked with helical peptoids exhibited significantly higher
stiffness compared to hydrogels crosslinked with non-helical or unstructured peptoids. Human mesench-
ymal stem cells (hMSCs) encapsulated within these hydrogels were assessed for viability, proliferation, and
immunomodulatory potential. The stiffest hydrogels promoted the highest rates of proliferation and
increased yes-associated protein (YAP) nuclear localization. Softer hydrogels, however, showed enhanced
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production of indoleamine 2,3-dioxygenase (IDO), both with and without interferon gamma (IFN-y)
stimulation, highlighting their potential in immunomodulatory applications. The biomimetic platform
developed here enables the study of how matrix mechanics influence stem cell behavior without con-
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1. Introduction

Hydrogels, polymeric networks capable of retaining large
amounts of water, have emerged as essential platforms for bio-
medical applications, particularly in the fields of tissue engin-
eering and regenerative medicine."”” Their biocompatibility,
high water content, and tunable mechanical properties make
them highly suitable for mimicking the extracellular matrix
(ECM) in 3D cell culture environments.>* 3D cell culture offers
several advantages over traditional 2D systems, particularly in
replicating the complex in vivo environment of tissues.? In 2D
cultures, cells are grown on flat surfaces, which limits their
interactions to a single plane, resulting in unnatural mor-
phology and behavior.>® In contrast, 3D cell culture allows
cells to grow in all directions, closely mimicking the native
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founding factors from network connectivity, leading to insights for (MSC-mediated immunomodulation.

ECM, which promotes more accurate cell-to-cell and cell-to-
ECM interactions.” This more realistic environment enhances
the expression of genes, proteins, and cellular behaviors rele-
vant to tissue development, differentiation, and disease
progression.®® Furthermore, the ability to modulate the
mechanical properties of 3D hydrogels is critical, as mechanics
is closely linked to cell adhesion, proliferation, differentiation,
and secretion of soluble factors.'®™"*

Traditional methods for tuning the mechanical properties
of hydrogels rely on altering the polymer concentration
or the number of crosslinks within the network, which
directly impacts the hydrogel stiffness and viscoelastic pro-
perties.'® While effective, these approaches couple hydrogel
stiffness to other factors that also depend on polymer con-
centration and network connectivity, such as porosity and
permeability.'®™*® This strategy also leads to biophysical pro-
perties that are different from the native ECM, which is com-
posed of structured biopolymers that exhibit high mechani-
cal stiffness even at low polymer content, offering a delicate
balance between structural integrity and transport of soluble
factors.>* >

In recent years, synthetic hydrogel systems have been devel-
oped to mimic the hierarchical organization of natural ECM,
introducing new strategies to control the mechanical pro-

This journal is © The Royal Society of Chemistry 2025
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perties of the hydrogel while preserving the network’s struc-
tural features,"”**° but there remains a lack of synthetic poly-
mers with defined secondary structures. Sequence-defined syn-
thetic polymers, such as peptoids (N-substituted glycines),
offer a promising approach to address this challenge. Peptoids
are typically synthesized using a submonomer method that
uses primary amines to incorporate side chains, enabling a
large chemical diversity and precise control over secondary
structure.®** Unlike most traditional synthetic polymers, pep-
toids can be designed to adopt specific conformations—such
as helices,**?** fibers,*® sheets,®” or random coils—that
influence their molecular rigidity.*®

This work employs a synthetic hydrogel system utilizing
peptoid-based crosslinkers with varying secondary structures
to systematically tune bulk hydrogel mechanics independent
of network connectivity. Previous data indicated that peptoid
helices have longer persistence lengths (a proxy for molecular
rigidity) than non-helical peptoids.*® In our previous investi-
gations, we developed a system for 2D cell culture that lever-
aged the rigidity of helical peptoid crosslinkers to increase
bulk hydrogel stiffness compared to hydrogels with non-
helical crosslinkers.”****®* However, because peptoid helicity
arises from bulky chiral side chains (often aromatic),>*° these
peptoid crosslinkers were not inherently water soluble, and
therefore are not appropriate for 3D cell culture applications.
Toward this end, we incorporate piperazine and homopipera-
zine residues into the peptoid sequence, thereby enhancing
their hydrophilicity and water solubility, and facilitating hydro-
gel formation in the presence of human mesenchymal stem
cells (hMSCs) for 3D encapsulation.

Herein, we explore the impact of three distinct peptoid
crosslinkers—helical, non-helical, and unstructured—on the
mechanical properties of the resulting hydrogels, which are
then evaluated for their capacity to support hMSC immunomo-
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dulatory activity. Secretion of immunomodulatory factors by
hMSCs has been shown to depend on ECM properties,
especially 3D geometries and matrix mechanics.’*™ We
hypothesized that the mechanical properties of our hydrogels,
determined by the relative rigidity of the peptoid crosslinkers,
would regulate encapsulated hMSC viability, proliferation, and
secretion. Specifically, we expected mechanics to influence the
production of indoleamine 2,3-dioxygenase (IDO), a key
mediator of immune regulation,*®** potentially offering new
insights into the design of 3D immunomodulatory biomater-
ials. Overall, this work seeks to establish a biomimetic plat-
form for creating tunable hydrogel systems with decoupled
mechanical and structural properties, enabling the systematic
study of how matrix mechanics influence hMSC behavior in
3D culture.

2. Materials and methods
2.1 Peptoid synthesis

A series of peptoids, helical, non-helical, and unstructured
(Table 1), were synthesized using Rink Amide polystyrene resin
(0.3-0.6 meq g ', 100-200 mesh from Chem-Impex
International, Inc.) on a Prelude X automated peptide synthesi-
zer (Gyros Protein Technologies) at a scale of 250 pM according
to previously published submonomer methods.*>*® The synth-
eses were conducted as follows: fresh bromoacetylation
reagent was prepared by dissolving bromoacetic acid (98+%,
Thermo Scientific) in dimethylformamide (DMF) (99.8%,
Fisher Chemical) at 1.2 M. Bromoacetic acid and N,N'-diiso-
propylcarbodiimide (DIC) (99.5%, Chem-Impex International,
Inc.) were mixed with the resin and heated for 20 minutes
before draining and washing with DMF. Next, the bromine was
displaced with the primary amine or secondary amine in the

Table 1 N-Substituted glycine residues, sequences, and masses for each peptoid crosslinker

Nspe Nsce Nthe
N-(S-1-phenylethyl) N-(S-1-carboxyethyl) N-2-(thioethyl)
glycine glycine glycine
oy Lo
o HO' o o
NN NN N
oy R I e
Nmb Piperazine Homopip Sar
N-(+-1-phenylyethyl) Piperazine Homopiperazine N-methyl
glycine unit unit glycine
s, O S N
/N \ - /N
Ly ke s L Yy
Entry Name Total monomers Sequence Myps/Mipeor © Purity” (%)
1 H14 14 Nthe(NspeNsceNsce),Nthe 1930.6/1929.1 91
2 H14-pip 15 Pip-Nthe(NspeNsceNsce),Nthe 2057.4/2055.3 95
3 H14-hp 15 Homopip-Nthe(NspeNsceNsce),Nthe 2069.6/2069.3 98
4 H14-DHP 16 (Homopip),-Nthe(NspeNsceNsce),Nthe 2210.8/2209.5 93
5 N14-DHP 16 (Homopip),-Nthe(NmbNsceNsce),Nthe 2211.5/2209.5 100
6 U14-DHP 16 (Homopip),-Nthe(SarSarSar),Nthe 1384.8/1384.7 95

“ Mops were verified via LC/MS and Mypeo, Were calculated using ChemDraw. b Purity (%) was determined by comparing the area of our desired

product to the total chromatogram area using analytical HPLC.

This journal is © The Royal Society of Chemistry 2025
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case of boc-piperazine and boc-homopiperazine, mixed and
heated for 1 h, except the thiol containing amine that was
mixed and heated for 2 h. All displacement steps utilized 2 M
primary or secondary amines (Trt-Cysteamine*HCI (>99%, Iris
Biotech), r-alanine-tert butyl ester*HCI (>97.5%, Chem-Impex
International, Inc.), (S)-(-)-alpha-methylbenzylamine (99.52%,
Chem-Impex International, Inc.), pr-alpha-methylbenzylamine
(99%, Acros Organics Chemicals), methylamine, 40% w/w aq.
soln. (37-43% w/w, Thermo Scientific), homopiperazine (98%,
Sigma Aldrich), 1-Boc-piperazine (99.9%, Chem-Impex
International, Inc.), and 1-Boc-hexahydro-1,4-diazepine (98%,
Sigma Aldrich)) in N-methyl-2-pyrrolidone (NMP) (>99%,
Fisher Scientific), after freebasing the HCl-containing amines.
To maximize yield, the cysteamine displacement step was
repeated an additional time, as it was determined that this
reaction had a lower reaction efficiency.

Once complete, all syntheses were cleaved from resin with
5 mL of either 90:4:1:5 trifluoroacetic acid (>95%, Fisher
Scientific): DI~ water : triisopropylsilane ~ (98%,  Fisher
Scientific) : 1,2-ethanedithiol (>98%, Sigma Aldrich) for the
helical and non-helical peptoid or 94:1:2.5:2.5 of the same
species for the unstructured peptoid for 5 hours and then the
peptoid was separated from the resin by vacuum filtration. The
ratios of the cocktail cleavage were optimized by doing a series
of small-scale test cleavages at different cocktail ratios, and the
abundance of the cleaved peptoid was determined from Mass
Spectroscopy (MS) data collected from a Liquid
Chromatography(LC)/MS instrument (Agilent Technologies
6125B Single Quadrupole LC/MS). Prior to purification, the
peptoids were dried and re-dissolved at 10 mg mL™" in 50: 50
acetonitrile (>99.9%, Fisher Scientific) : DI water with 0.1% tri-
fluoroacetic acid. The crude peptoids were purified with a C18
column on a Dionex UltiMate 3000 Ultra-High-Performance
Liquid Chromatography (UHPLC) using a 50 min gradient of
acetonitrile in water (50%-100%, 10 mL min~"). After lyophili-
zation, masses were verified via LC/MS and purity was con-
firmed wvia  analytical High  Performance Liquid
Chromatography (HPLC) (Fig. S1 and S27).

2.2 Peptide synthesis

Two peptide sequences were synthesized: KCGGIQQWGPCK
(which was used as a peptide crosslinker control) and
GCGYGRGDSPG (which was incorporated in all in vitro studies
for cell adhesion). The peptide sequences KCGGIQQWGPCK
and GCGYGRGDSPG were selected based on their demon-
strated functional roles in hydrogel design and cell-matrix
interaction.””° The sequence GCGYGRGDSPG incorporates
the canonical RGD motif, a well-characterized integrin-binding
site that promotes cell adhesion across a wide range of cell
types and is widely used in hydrogels to recapitulate bioactivity
in otherwise inert synthetic matrices. The flanking sequences
in GCGYGRGDSPG additionally confer flexibility and enable
site-specific thiol-ene conjugation via the terminal cysteine,
facilitating uniform presentation within the hydrogel network.
The sequence KCGGIQQWGPCK is a well-studied scramble of
the enzymatically degradable KCGPQGIWGQCK derived from
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collagenase-degradable domains. The flanking cysteine resi-
dues once again allow for efficient crosslinking into thiol-reac-
tive networks, ensuring integration into the hydrogel structure.

Peptides were synthesized using the same resin and equip-
ment as the peptoids. Standard Fmoc-assisted coupling methods
were used at five-fold molar excess of amino acids and O-(1H-6-
chlorobenzotriazole-1-y1)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate (HCTU) (Chem-Impex International, Inc.) coupling
reagent, and a ten-fold excess of N-methylmorpholine (NMM)
(99%, Sigma Aldrich). All coupling steps were performed twice.

Once complete, syntheses were cleaved from resin with
5 mL of 92.5:2.5:2.5:2.5 trifluoroacetic acid (>95%, Fisher
Scientific): DI ~ water: triisopropylsilane ~ (98%,  Fisher
Scientific) : 1,2-ethanedithiol (>98%, Sigma Aldrich) for
4 hours and then the peptides were separated from the resin
via vacuum filtration. Prior to purification, the peptides were
precipitated into diethyl ether (>99%, Fisher Scientific), dried,
and re-dissolved at 10 mg mL™" in 20 : 80 acetonitrile (>99.9%,
Fisher Scientific) : DI water with 0.1% trifluoroacetic acid. The
peptides were purified in a similar manner to the peptoids but
used a 40 min gradient of acetonitrile in water (20%-100%,
10 mL min~"). After lyophilization, masses were verified via
LC/MS, and purity was checked using an analytical HPLC
(Fig. S37).

2.3 Synthesis of norbornene-functionalized hyaluronic acid
(NorHA)

NorHA was synthesized following a modified version of the
procedure outlined by Wade et al.>° Initially, hyaluronic acid
sodium salt (Na-HA, 72 kDa, Lifecore) was converted to its
tetrabutylammonium salt form (HA-TBA). The HA was dis-
solved in DI water at 2 wt% and stirred with Dowex 50 W ion
exchange resin (Sigma Aldrich) at a 5:1 resin-to-HA weight
ratio for at least 5 hours. The resin was then filtered out, and
the solution was adjusted to a pH of 7-7.1 using tetrabutyl-
ammonium hydroxide (Possible Missions), followed by freez-
ing and lyophilization.

Subsequently, the HA-TBA (2 wt%) was dissolved in anhy-
drous dimethyl sulfoxide (DMSO) (>99%, Fisher Scientific)
along with 5-norbornene-2-carboxylic acid (99%, Fisher
Scientific) at a 13:1 molar ratio to the calculated HA-TBA
repeat units and 4-(dimethylamino)pyridine (Fisher Scientific)
at a 3.2:1 ratio to the calculated HA-TBA repeat units. The
reaction occurred under argon at 45 °C. Di-tert-butyl dicarbo-
nate (Boc20, 99%, Fisher Scientific) was then added via
syringe in a 1.7:1 ratio to the HA-TBA repeat units, and the
reaction proceeded overnight. The reaction mixture was
quenched with a five-fold excess of DI water and dialyzed for
three days. On the third day, 1 g of NaCl per 100 mL of solu-
tion was added, and the solution was precipitated into cold
(4 °C) acetone (>99%, Fisher Scientific). The precipitate was
collected by centrifugation, re-dissolved in DI water, dialyzed
for an additional week, then frozen and lyophilized. Proton
nuclear magnetic resonance spectroscopy (‘H NMR) confirmed
that approximately 28-38% of HA repeat units were functiona-
lized with norbornene (Fig. S47).

This journal is © The Royal Society of Chemistry 2025
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2.4 Solubility in water

Peptoids with and without piperazine, homopiperazine, and
two homopiperazine modifications were weighed out to equi-
valent masses of 1 mg in a microcentrifuge tube. As described
by Darapaneni et al.,”" water solubility tests were carried out
by the gradual addition of 5 pL distilled water repeatedly. The
tubes were regularly vortexed and centrifuged until no solid
was visible. This point was taken to be the solubility limit for
that peptoid in water. Moreover, plate reader absorbance
measurements were conducted at 254 nm, and the absorbance
measurements were converted to transmittance using the tra-
ditional Beer-Lambert law for Transmittance equation:
Absorbance = 2-10g(%7). We chose 254 nm because this wave-
length is used to detect the presence of organic matter in
water with a scattering-independent absorption coefficient
below 0.1 m™" in the ultraviolet spectrum.’”

2.5 Circular dichroism (CD)

CD spectra were acquired from 185 nm to 280 nm using a
Jasco J-815 CD Spectropolarimeter at 25 °C. A total of
3 measurements were taken for each sample and averaged to
reduce noise. A spectrum of pure water was subtracted from
each sample spectrum to remove any baseline. Samples
(200 pL) were prepared at 0.05 mM in water for each of the pep-
toids. A quartz cuvette with a 1 mm path length was used for
all samples. Mean residue ellipticity was calculated using the
following equation:

[0] = m° x M/(10 x L X C X n) (1)

where m° is the CD given in millidegrees (i.e. the value
measured by the spectropolarimeter), M is the molecular
weight (g mol™), L is the path length of the cell in cm, C is the
concentration of peptoid in g L%, and n is the number of
monomers.

2.6 Hydrogel preparation

All pre-gel solutions were dissolved in 100% phosphate
buffered saline (PBS) with 0.05 wt% lithium phenyl-2,4,6-tri-
methylbenzoylphosphinate (LAP). All hydrogels were 3 wt%
NorHA crosslinked at an Ellman’s corrected 1:1 thiol:ene
ratio with either the peptide or peptoid crosslinker. First, the
Ellman’s correction was determined by quantifying the free
thiol content in the peptide or peptoid using an Ellman’s test.
Serial dilutions of the peptide or peptoid sample between
0 mM and 2 mM were exposed to a 10-fold excess of Ellman’s
reagent in triplicate. Absorbance was read at 412 nm, and the
average absorbance per concentration was compared to a
control sample, dithiothreitol (DTT). This calculation was used
to determine the amount of free thiols in the synthesized pep-
tides and peptoids (Fig. S61) and correct the gel formulation
stoichiometry to obtain a 1:1 thiol : ene ratio (Table $11).>*7°
The NorHA and peptoid precursors were mixed together after
being dissolved separately. Gelation was induced via exposure
to 365 nm light (10 mW cm™2, 120 s), as this time ensured that
each hydrogel reached its plateau modulus measured by rheo-

This journal is © The Royal Society of Chemistry 2025
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logical time sweeps. For experiments with live cells, the hydro-
gels were functionalized with the cell adhesive peptide at
2 mM to allow for attachment, and the pre-gel solution was
mixed with the appropriate concentration of cells (~1 million
cells per mL) and mixed well to ensure uniform suspension in
the resulting hydrogel.

2.7 Rheometry

A Discovery HR-2 rheometer (TA Instruments) with an 8 mm
flat stainless-steel geometry and a UV-transparent quartz plate
were used to perform all in situ gelation mechanics measure-
ments. The process included pipetting the precursor solution
(15 pL) onto the quartz plate, which was connected via liquid
filled light guide to a mercury lamp (Omnicure Series 1500)
with a 365 nm filter. The solution was exposed in situ to
365 nm light (10 mW cm™>, 5 min) to induce gelation. Five
minutes was chosen as it was long enough to ensure each
hydrogel reached its plateau modulus. For time sweeps, 1 rad
s™' and 1% strain were used ensuring that all measurements
were conducted in the linear viscoelastic region.

2.8 Gel fraction

To determine the hydrogel gel fractions, a procedure was
adopted from Meng et al.>® Briefly, each hydrogel (35 pL) was
made on a glass bottom dish (Cellvis). The hydrogels were
frozen overnight and lyophilized. For each condition, three
replicates were weighed to obtain the initial dry weight ().
The dried samples were subsequently immersed in water to
leach out any remaining unreacted precursors. Water was
changed every 2.5 h, and a total of three leaching cycles were
performed. Finally, the hydrogels were once again frozen and
lyophilized. The washed and dried samples were weighed to
determine the mass of the cross-linked fraction of the network
(myg). From this, the gel fraction was calculated as:

gel fraction = Mg (2)

i

2.9 Swelling ratio and calculated swollen modulus

To measure the swelling properties of each condition, hydro-
gels (35 pL) were formed on a 12 well, flat bottom tissue
culture plate (FisherBrand) in triplicate. Each hydrogel was
placed in its own well and submerged in 3 mL of PBS to
induce swelling. Each hydrogel was then incubated for 3 days
before being removed and weighed in a microcentrifuge tube.
This was taken to be the mass in the swollen state (my).
Subsequently, the hydrogels were frozen overnight, lyophilized,
and weighed again in the dry state (mg4). Volumetric swelling
ratio was calculated using the following formula:

1
Qs = o (3)
where ¢; is the polymer volume fraction, and it is given by:
T
Pw \Md
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where p,, is the density of the polymer (1.8 g em™) and p,, is
the density of water (1.0 g cm™).
A hypothetical swollen modulus was calculated using:

Q.
G =G x (= 5
x (Qr) (5)

where G, is the relaxed-state modulus measured on the rhe-
ometer, and Q; is the relaxed-state swelling ratio given by:

1
Q= 6
oz (©)
¢; is the polymer volume fraction, and it is given by:
-1

Pp (M
=1+ (-1 7
oo [ () ”

where m, is equal to mg plus the water contribution. All of
these derivations are based on equilibrium swelling theory pio-
neered by Flory-Rehner and modified by Peppas.”” "

2.10 Cell culture

hMSCs between passages 3-6 from a healthy 29-year-old male
(RoosterBio, Cat. #MSC-031, Tissue origin: Human Bone
Marrow; Lot. 310277) were used for all experiments. The
product information provided by the supplier confirms that
these cells preserved differentiation capacity to adipogenic and
osteogenic phenotypes and were positive for CD90 and CD166
surface markers, and negative for CD34 and CD45, indicating
their stemness. hMSCs were grown in alpha-minimum essen-
tial media (1x) (supplemented with r-glutamine, ribonucleo-
sides, and deoxyribonucleosides) (Gibco, Cat. #12561-056) con-
taining 20% fetal bovine serum (Gibco, Cat. #12662029), 1.2%
penicillin-streptomycin  (Corning, Cat. #30002CI), 1.2%
L-glutamine (Corning, Cat. #25005CI) and cultured at 37 °C in
a humidified atmosphere of 5% CO,.

2.11 Cell viability

hMSCs (cell density: 1 000 000 cells per mL) were encapsulated
within each hydrogel formulation (hydrogel volume: 35 pL)
and cultured for 3 days. The pre-gel solution (containing
NorHA, peptoid/peptide crosslinker, cell adhesive peptide, and
LAP) was used to resuspend the cell pellet. Then, after ensur-
ing the pellet was entirely resuspended, the pre-gel solution
was exposed to UV light at 10 mW cm ™2 for 2 minutes on glass
bottom dishes (Cellvis, Catalog #: NC0794151). Each hydrogel
was then suspended in 3 mL of media and allowed to culture
for 3 days. Once the culture was complete, the cell viability was
assessed via LIVE/DEAD™ assay (Invitrogen, Cat. #L3224).
Briefly, a solution containing 4 pM ethidium homodimer-1
and 1 pM calcein-AM in sterile DPBS (without Ca®>" and Mg*")
was added to each dish, followed by incubation for 30 min to
allow for the staining process. Next, a Nikon Eclipse
Ti2 microscope at a 10x magnification and in the Z-stack
mode was used to image the encapsulated cells in each hydro-
gel. Using Image] software, Z-stacks were compiled into a
maximume-intensity projection to quantify live and dead cells.

3384 | Biomater. Sci., 2025, 13, 3380-3394
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Over 5000 cells were counted for each condition across 4 hydro-
gel replicates.

2.12  Cell proliferation

Proliferative activity was evaluated using a Click-iT™ Plus EdU
(5-ethynyl-2-deoxyuridine) Alexa Fluor 488 Imaging Kit
(Invitrogen, Cat. #C10337). Like the cell viability study, hMSCs
at a concentration of 1 000 000 cells per mL were encapsulated
in hydrogels with each crosslinker of interest and cultured for
3 days (hydrogels were prepared in a glass bottom dish,
Cellvis, Cat. # D35-14-1.5-N). After three days of culture, half of
the medium was removed, and replaced by fresh medium con-
taining 20 mM of EdU, followed by incubation for 18 hours.
Then the samples were washed with DPBS followed by fixation
with 3.7% formaldehyde for 15 min at room temperature.
Next, permeabilization using 0.5% Triton X-100 was performed
at room temperature for 20 min. After the wash with 3%
bovine serum albumin (BSA) twice, the Click-iT reaction cock-
tail was added and incubated for 30 min at room temperature.
Following several washes with 3% BSA, nucleus staining was
performed with Hoechst 33342 for an additional 30 min of
incubation. Finally, samples were washed three more times
with DPBS. A Nikon W1 spinning disk confocal microscope at
20x was used to image the cells. Proliferating cells were visual-
ized using a filter with excitation/emission of 495/519 nm. The
percentage of EdU-positive nuclei as a measure of proliferation
was analyzed using Image] software. Over 200 cells were
counted for each condition across 4 hydrogel replicates.

2.13 Immunocytochemistry for YAP nuclear localization

Immunofluorescence staining was performed for the detection
of yes-associated protein (YAP) nuclear localization in hMSCs
(1000000 cells per mL) encapsulated in peptoid-crosslinked
hydrogels after 3 days of culture at 37 °C in a humidified atmo-
sphere of 5% CO, (hydrogels were prepared in a glass bottom
dish, Cellvis, Cat. # D35-14-1.5-N). Cells in hydrogel constructs
were fixed with 4% paraformaldehyde for 1 h at room tempera-
ture and washed 3 x 10 min with PBS. Next, samples were per-
meabilized with 1% Triton X-100 in PBS for 1 h and blocked
with 3% BSA in PBS (Blocking Buffer) for 1 h at room tempera-
ture. Later, the blocking buffer was replaced by the primary
antibody (mouse monoclonal YAP Antibody (63.7), Santa Cruz
Biotechnology, Cat. # sc-101199, 1:200) in 3% BSA and incu-
bated for 24 h at 4 °C. Then, samples were rinsed 3 x 10 min
with PBS and incubated with the secondary antibody
(AlexaFluor 488 goat anti-mouse, Invitrogen, Cat. # A32723,
1:200) in 3% BSA for 2 h at room temperature. Subsequently,
hydrogels were washed 3 x 10 min with PBS and AlexaFluor555
Phalloidin (Invitrogen, Cat. # A34055, 1:100 dilution) and
DAPI (Invitrogen, Cat. # A34055, 1:500 dilution) in PBS were
added to each well and incubated for 1 h at room temperature.
Finally, the samples were rinsed for 3 x 10 min with PBS
before being stored at 4 °C in PBS (protected from light) until
imaging. Images were acquired using a Nikon AXR confocal
microscope with a 40%, 1.25 NA silicone objective, and 3x
zoom was used to acquire z-stacks. Imaging was performed by

This journal is © The Royal Society of Chemistry 2025
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placing the gels in #1.5 glass bottom mini-Petri dishes
(Cellvis). YAP nuclear/cytosolic ratio was assessed by measur-
ing the fluorescent intensity of the nucleus and in the cyto-
plasm domain. The data was normalized to the volumes of the
nuclear and cytosolic domains within the cell following the
method published by Caliari et al.°®> Image] software was used
to analyze the maximum intensity projection of the images
and a DAPI staining image was used to delineate the nuclear
regions. At least 20 cells were counted for each condition
across 4 hydrogel replicates.

2.14 Secretion activity

IDO (indoleamine 2,3-dioxygenase) release by hMSCs
(1000000 cells per mL) encapsulated in each hydrogel con-
dition was measured and normalized per number of cells in
the presence and absence of IFN-y at a concentration of 50 ng
mL™" after 3 days of culture. The protocol as previously
described*>**** consisted of collecting 100 pL of media from
each condition and mixing with 100 pL standard assay mixture
(potassium phosphate buffer (50 mM, pH 6.5), ascorbic acid
(40 mM, neutralized with NaOH, Sigma, Cat. #50-81-7, mole-
cular weight: 176.12), catalase (200 pg ml™", Sigma, Cat. #9001-
05-2), methylene blue (20 uM, Sigma, Cat. #122965-43-9, mole-
cular weight: 319.85), and i-tryptophan (400 pM, Sigma, Cat.
#73-22-3, molecular weight: 204.23)) to allow IDO to convert
L-tryptophan to N-formyl-kynurenine. After incubation at 37 °C
and 5% CO, (protected from light) for 30 min, 100 pL of 30%
(wt/vol) trichloroacetic acid (Sigma, Cat. #76-03-9, molecular
weight: 163.39) was added to stop the reaction by incubating
the mixture at 58 °C for 30 min. Next, the solution was centri-
fuged at 10 000 RPM for 10 min. Finally, 100 pL of the super-
natant was mixed with 100 pL of Ehrlich’s reagent (2% (w/v)
p-dimethylaminobenzaldehyde in acetic acid, (Sigma, Cat.
#100-10-7, molecular weight: 149.19)) followed by incubation
for 10 min. A Synergy H1 Hybrid Multi-Mode Reader was used
to measure the absorbance of each sample at a wavelength of
490 nm, which subsequently was converted to a concentration
of N-formyl-kynurenine using a standard curve varying the
concentration of kynurenine (Sigma, Cat #2922-83-0). IDO
secretion was measured for each condition across 4 hydrogel
replicates.

2.15 Statistics

The results are presented as a mean + standard deviation.
Figure legends describe the sample size and control for each
experimental group. Shapiro-Wilks tests were conducted to
ensure normality and Levene’s tests were conducted to ensure
equal variance between groups (Section S1t). A one-way ana-
lysis of variance (ANOVA) with post-hoc Tukey HSD test was per-
formed to establish comparisons among groups. A p-value p <
0.05 was considered statistically significant, and * denotes p <
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. If the Shapiro-
Wilks test indicated the data violated normality, a nonpara-
metric Kruskal-Wallis test was conducted to compare results
(avoiding the assumption of normality) and verify the ANOVA
results to be appropriate.

This journal is © The Royal Society of Chemistry 2025
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3 Results and discussion

3.1 Peptoids with increased water solubility maintain their
secondary structure

To decouple hydrogel stiffness and network connectivity, while
also allowing for 3D hMSC encapsulation, we first engineered
helical and non-helical peptoid crosslinkers that maintain a
high degree of water solubility. Darapaneni et al. showed that
the addition of piperazine or homopiperazine residues at the
N-termini of hydrophobic peptoids increased their water solu-
bility by providing hydrogen bond acceptors.®® Thus, we
designed a series of helical peptoids (H14) with piperazine
(H14-pip), homopiperazine (H14-hp), or two homopiperazines
(H14-DHP) at the N-terminus (Table 1 and Fig. 1A). This strat-
egy enabled us to use our previously investigated helical repeat
sequence with thiol functional groups for crosslinking.

To enable aqueous hydrogel formulation, a water solubility
of 15 mM was desired. H14 only showed a water solubility of
approximately 2.3 mM (Fig. 1B). Addition of a single pipera-
zine or homopiperazine monomer (H14-pip and H14-hp,
respectively) slightly increased the water solubility, but not
above 15 mM (Fig. 1B). However, when we added two homopi-
perazine monomers to the sequence (H14-DHP), we achieved a
water solubility of 22.9 mM (Fig. 1B). Two homopiperazines
were also added to the non-helical (N14-DHP) and unstruc-
tured peptoid sequences (U14-DHP) (Fig. 1A). N14-DHP
showed similar solubility to H14-DHP (Fig. 1B), perhaps unsur-
prisingly, as it has the same sequence as the helical peptoid
but in racemic form. Although the two homopiperazine mono-
mers were not needed for the unstructured peptoid to be water
soluble at the desired concentration, they were added as a
control. Visual inspection showed that all peptoids with two
homopiperazine monomers were soluble at and above 15 mM
in PBS, whereas H14, H14-pip, and H14-hp precipitated out of
solution at this concentration (Fig. 1C and Fig. S51). To verify
our qualitative results, transmittance measurements were con-
ducted (Fig. 1D). All peptoids with two homopiperazine mono-
mers showed transmittance values close to 100% compared to
a water control, whereas transmittance steadily decreased for
the more hydrophobic peptoids.

To ensure that the incorporation of the homopiperazine
residues did not alter helicity, circular dichroism (CD) was
used to measure the secondary structure of each peptoid. H14-
DHP retained its helicity, as indicated by the negative peak at
~220 nm corresponding to the n-n* transition of the amide
chromophore, another negative peak ~200 nm, and the posi-
tive peak at ~190 nm, corresponding to the high and low wave-
length components of the exciton split n—n* transition
(Fig. 2A).>> H14-DHP showed a similar CD profile in compari-
son to H14; however, H14-DHP showed a slight decrease in the
per residue molar ellipticity, which may indicate helices with
more conformational flexibility. As expected, neither N14-DHP
nor U14-DHP showed absorption profiles indicative of second-
ary structures (Fig. 2B). It is important to acknowledge,
however, that the absence of a CD signal does not conclusively
negate structure formation here; instead, it indicates the lack
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Fig. 1 Hydrophobic peptoid structures modified with two homopiperazine monomers provide adequate solubility for use in 3D cell culture. (A)
Sequences of helical (H14-DHP), non-helical (N14-DHP), and unstructured (U14-DHP) peptoids with the addition of two homopiperazine monomers
at the N-terminus of the structures. (B) Degree of solubility in water of each version of the helical peptoids, along with the non-helical and unstruc-
tured peptoids with two homopiperazine monomers (N14-DHP, U14-DHP). The dashed red line represents the minimum concentration needed to
form hydrogels in purely aqueous environments (15 mM) while the shaded red area represents solubility that does not satisfy this requirement. (C)
Representative images of all peptoids at a concentration of 15 mM in PBS, showing the degree of solubility at such concentration. (D) Transmittance
percentage from each peptoid determined using a plate reader at a wavelength of 254 nm. The error bars are presented as means + standard devi-
ations of n = 3.

of overall molecular chirality in N14-DHP and U14-DHP. 3.2 Crosslinker rigidity determines hydrogel bulk stiffness
Finally, we examined the peptide control (KCGGIQQWGPCK),

which showed a random coil structure with a negative peak at To determine if hydrogel bulk stiffness can be decoupled from
~200 nm (Fig. 2B), indicating no defined higher order network connectivity in a water soluble hydrogel system, we
structure.®’ incorporated our peptoid crosslinkers into norbornene-hya-

3386 | Biomater. Sci, 2025, 13, 3380-3394 This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Circular dichroism (CD) spectrum shows secondary structure of helical peptoid is maintained when two homopiperazines are added to the
main sequence. (A) Characteristic peaks for helical peptoids are shown with a decrease in signal for the H14-DHP, potentially indicating a decrease
in helicity. (B) No secondary structure is seen for N14-DHP and U14-DHP, while the peptide control shows a random coil structure.

luronic acid (NorHA) hydrogels via thiol : ene crosslinking.>*®

HA is an attractive starting material for the fabrication of
hydrogels because it is inherently biocompatible, bio-
degradable, and relatively non-immunogenic.®” Before making
the hydrogels, we measured the availability of free thiols on
the peptoid crosslinkers using Ellman’s test (Fig. S6f). All
peptoid crosslinkers showed similar thiol availability, where
H14-DHP showed 66% thiols available and N14-DHP and U14-
DHP showed 63% and 60% availability, respectively. The thiol
availability of the peptide control (~99%) was significantly
higher than that of the peptoids, potentially due to residual
water in the peptoid mass post-lyophilization. Alternatively,
the difference in thiol availability could be attributed to the
difference in monomers used between the peptide and
peptoid sequences. The peptide control used the cysteine
amino acid for the thiol availability (a chiral monomer),
whereas the peptoids used cysteamine (an achiral monomer),
which may affect thiol presentation. To account for the
reduction in thiol availability of the peptoids, the concen-
tration of the crosslinker was increased until 1:1 stoichio-
metry was obtained. Shear oscillatory rheology tests confirmed
that the additional crosslinker increased the storage modulus
of the formed hydrogels and added elastically effective lin-
kages (Fig. S71).

Next, the hydrogels were formed in situ on the rheometer to
test the gelation kinetics and storage modulus of each formu-
lation with the peptide or peptoid crosslinkers. NorHA and the
crosslinker were dissolved in PBS at the desired concentration
with LAP photoinitiator. For all rheometric experiments, the
precursor solution was exposed to light (365 nm, 10 mW cm™?)
at around 20 seconds. All formulations reacted very quickly,
with the crossover point of the storage and loss modulus
occurring ~20 seconds after light exposure (Fig. 3A). However,
the peptide control condition reached the plateau storage
modulus within 60 seconds after light initiation, whereas the

This journal is © The Royal Society of Chemistry 2025

peptoid conditions reached the plateau storage modulus
within 2 minutes of starting the reaction (Fig. 3A). This differ-
ence may be attributable to the presence of the homopipera-
zine monomers, which may inhibit the thiol reactivity and
slow the rate of reaction with the norbornenes on the HA back-
bone. The peptoid-containing formulations showed no signifi-
cant difference in reaction kinetics amongst themselves.
Altogether, hydrogels were formed within two minutes of light
exposure, a time that has previously been shown to facilitate
in vitro studies.®®*

The hydrogel plateau storage moduli (G.') were signifi-
cantly affected by the secondary structure of the peptoid cross-
linkers. H14-DHP hydrogels showed a G.' of 2500 Pa com-
pared to N14-DHP and U14-DHP hydrogels, which exhibited
similar G,,' of ~700 Pa (Fig. 3B). To verify this difference was
due to secondary structure and not different extents of reac-
tion, gel fraction studies were conducted to determine the
amount of sample that forms a system-spanning network. The
gel fractions of the peptoid-crosslinked hydrogels were very
similar, ~40% for all three conditions (Fig. S8t). Hydrogels
with the peptide crosslinker showed a similar G’ (2100 Pa) to
the H14-DHP hydrogels (Fig. 3B), but a much higher gel frac-
tion of 70% (Fig. S87). This result correlates with the higher
thiol availability seen via the Ellman’s assay compared to that
of the H14-DHP crosslinker. Overall, these results suggest that
the peptoid-crosslinked hydrogels achieved similar degrees of
crosslinking and network connectivity, and thus, hydrogel
stiffness was directly controlled by the crosslinker secondary
structures.

Due to our interest in exploring these hydrogels for cell
encapsulations, we quantified the swelling behavior for each
hydrogel condition. Mass swelling ratio was initially obtained
by determining the swollen and dry masses before and after
freezing and lyophilizing the hydrogels. All hydrogels swelled
considerably (Fig. 3C), with the U14-DHP crosslinked hydro-

Biomater. Sci., 2025, 13, 3380-3394 | 3387
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HSD test.

gels swelling slightly more than the other conditions. This
result aligns with the relatively high water solubility of the
U14-DHP crosslinker, which is based on sarcosine repeat units
and does not have any chiral side chains. The volumetric swell-
ing ratios were used to calculate the theoretical swollen
moduli, and the same trends in G.,' with secondary structure
were observed (Fig. S97). It was difficult to quantitatively verify
the swollen moduli with rheological measurements, due to
fact that inertial issues decrease the reliability of the measure-
ments for very soft materials, especially the N14-DHP and U14-
DHP hydrogels. However, the estimated stiffness range of the
swollen hydrogels (100-500 Pa) has been previously shown to
affect hMSC differentiation”®”" and proliferation”>”® in 3D
culture; thus, we proceeded with these formulations to in vitro
studies.

3.3 hMSC viability and proliferation in peptoid-crosslinked
hydrogels

In 2D, peptoid-crosslinked hydrogels were previously demon-
strated to be highly compatible substrates for hMSCs, facilitat-
ing improved therapeutic efficacy in comparison to tissue
culture plastic.>**>?® To translate our hydrogel design to 3D
cell culture applications, we tested the viability and prolifera-
tive capacity of encapsulated hMSCs (Fig. 4A). After 3 days of

3388 | Biomater. Sci, 2025, 13, 3380-3394

culture, hMSC viability in peptoid-crosslinked hydrogels was
assessed using a LIVE/DEAD™ assay (Fig. 4B and C). All
peptoid-crosslinked hydrogels indicated high viability (>90%)
of encapsulated hMSCs, similar to the peptide-crosslinked
hydrogel (positive control), which is known to be a cytocompa-
tible platform.” At this timepoint, the cells in all conditions
remained mostly rounded, indicating that even though hMSCs
release hyaluronidase,”””® the HA degradation was not fast
enough to lead to significant cell spreading. The degradability
of this platform could be further engineered to support cell
spreading by adding proteolytically-degradable sequence
motifs to the network,”””’® as the peptoids offer much higher
proteolytic stability than peptides.®>®

Next, we measured markers of proliferative ability for the
encapsulated hMSCs in our new hydrogel system and evalu-
ated whether the cells showed stiffness-dependent behavior.
Multiple studies have highlighted that the relationship
between matrix stiffness and hMSC proliferation in 3D is often
non-monotonic. Within a moderate range of stiffness values,
increasing rigidity can stimulate higher proliferation rates, but
when stiffness becomes exceedingly high, stress responses or
lineage-commitment pathways may overshadow self-
renewal.’>®3 In addition, if the matrix is too stiff or too dense,
small pore sizes can restrict cell spreading and diffusion of

This journal is © The Royal Society of Chemistry 2025
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dead cells, scale bar = 300 pm.

nutrients, ultimately diminishing proliferation rates.®* Here,
hMSC proliferation was evaluated by performing an EAU assay
after 3 days of culture (Fig. 5). Results showed increased hMSC
proliferation with hydrogel stiffness. Specifically, stiffer hydro-
gels (H14-DHP) significantly increased the percentage of EAU
positive cells (~40%) compared to the softest hydrogels (U14-
DHP) (~26%). Hydrogels crosslinked with N14-DHP showed an
intermediate percentage of EdU positive cells. The peptide
crosslinked hydrogel (control), which had similar stiffness to
the H14-DHP hydrogels, also showed a significant increase (p
< 0.05) in the percentage of EAU positive cells compared to the
U14-DHP hydrogels. Altogether, these results demonstrate that
hMSCs encapsulated in peptoid-crosslinked hydrogels pre-
sented significantly different levels of proliferation that
depend on the hydrogel’s mechanical properties.

3.4 YAP nuclear localization is correlated with cell
proliferation and hydrogel stiffness

To investigate if the stiffness-dependent behavior of encapsu-
lated hMSCs in peptoid-crosslinked hydrogels is related to
known mechanotransduction pathways, we performed immu-
nofluorescence staining for Yes-associated protein (YAP) after

This journal is © The Royal Society of Chemistry 2025

3 days of culture. YAP is known as a mechanosensing molecule
in stem cells that plays an important role in cellular prolifer-
ation and differentiation.®>*® Previous work has shown that
activation of YAP depends on the translocation from the cyto-
plasm to the nucleus in response to multiple biophysical cues,
such as ECM stiffness,*>®” though 2D and 3D culture geome-
tries show conflicting results. In 3D, hydrogel stiffness has
been demonstrated to reduce YAP/TAZ nuclear translocation in
hMSCs,*®®° whereas hMSCs seeded onto stiff hydrogels in a
2D configuration showed increased nuclear YAP/TAZ.°*> In
other studies, nuclear localization of YAP directly correlated
with cell proliferation.’® For example, a reduced proliferation
rate of hMSCs in confined 3D microniches compared to 2D
culture was associated with low nuclear localization of YAP or
primarily cytoplasmic YAP localization.®®

Our results demonstrated that stiffer hydrogels (H14-DHP)
significantly increased the YAP nuclear localization of encap-
sulated hMSCs (Fig. 6A and B). The softest hydrogels (U14-
DHP) presented the lowest ratio of YAP nuclear-to-cytosolic
localization with a ratio of approximately 0.85. These results
indicate that the increased levels of proliferative ability
observed for hMSCs encapsulated in H14-DHP-crosslinked

Biomater. Sci,, 2025, 13, 3380-3394 | 3389
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ment of their immunomodulatory potential.**°* For this
study, we focused on the IDO expression of encapsulated
hMSCs in the stiffest condition (H14-DHP), the softest con-

hydrogels may be due to cells sensing their increased matrix
stiffness.

3.5 Immunomodulatory potential of encapsulated hMSCs in
peptoid-crosslinked hydrogels

With evidence that encapsulated hMSCs could sense matrix
stiffness in our 3D peptoid-crosslinked hydrogels, we studied
hMSC secretory activity through IDO production as a measure-

3390 | Biomater. Sci, 2025, 13, 3380-3394

dition (U14-DHP), and the peptide control. All conditions were
assessed after 3 days of culture in the absence and presence of
IFN-y supplemented in the culture medium. Conditions
without IFN-y supplementation showed that the U14-DHP
hydrogels (the softest condition) significantly upregulated IDO

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Softer peptoid-crosslinked hydrogels improve immunosuppression of encapsulated hMSCs. Quantification of N-formylkynurenine (IDO
activity) produced per encapsulated hMSCs in peptoid crosslinked hydrogels and the peptide crosslinked control (A) without IFN-y supplementation
(B) with IFN-y supplementation. All data is presented as mean + standard deviations of n = 4 hydrogel samples from each condition of two indepen-
dent studies. Within a condition, all conditions were compared (H14-DHP was compared with U14-DHP and both were compared to the peptide
crosslinked control). Additionally, each condition (including the peptide crosslinked control) were compared with and without IFN-y supplemen-
tation. * denotes p < 0.05 and **** denotes p < 0.0001. All statistics were calculated by one-way ANOVA with post-hoc Turkey HSD test. @ indicates
p < 0.01, & indicates p < 0.0001, and $ indicates p < 0.0001 between that condition with and without IFN-y.

production compared to H14-DHP hydrogels and the peptide
control hydrogels (Fig. 7A). A similar trend was reported in our
previous studies when hMSCs were seeded onto the hydrogel
surface.”®> However, in the present study, encapsulating the
hMSCs in the hydrogel substantially increased the IDO pro-
duction per cell from approximately 2200 pg per cell (2D)* to
about 9000 pg per cell (3D) for the softest condition. Because
IFN-y is known to promote the immunomodulatory potential
of hMSCs,”>** we looked at the effect of IFN-y supplemen-
tation in the culture media on IDO production (Fig. 7B). As
expected, the levels of IDO secretion in the presence of IFN-y
were significantly higher than conditions in the absence of
IFN-y for all conditions (Fig. 7A and B). In addition, these data
still showed stiffness-dependent results; the softer U14-DHP-
crosslinked hydrogels improved IDO production of encapsu-
lated hMSCs compared to control hydrogels and the H14-DHP-
crosslinked hydrogels.

4 Conclusion

In summary, this study illustrates the versatility of peptoid-
based hydrogel networks as effective biomimetic platforms for
applications in tissue engineering and 3D cell culture. By stra-
tegically modulating the secondary structures of peptoid cross-
linkers, we achieved control hydrogel mechanics
decoupled from changes in network connectivity or polymer
concentration. Our findings highlight the significant impact of
hydrogel stiffness on the behavior of hMSCs in 3D cell culture.
Stiffer hydrogels crosslinked with helical peptoids promoted
higher proliferation rates and increased YAP nuclear localiz-
ation. In contrast, softer hydrogels crosslinked with non-

over

This journal is © The Royal Society of Chemistry 2025

helical or unstructured peptoids demonstrated slightly
enhanced production of IDO, both with and without IFN-y
stimulation. Interestingly, the 3D culture geometry and stimu-
lation with IFN-y influenced IDO secretion on a per cell basis
more strongly than matrix stiffness, which may enable the use
of matrix stiffness to increase other cell processes important to
stem cell manufacturing, such as proliferative ability. The
implications of these findings are far-reaching, as they enable
increased understanding of how ECM properties influence the
production of highly potent, therapeutically relevant hMSCs.
Moreover, the ability to decouple mechanical properties from
network connectivity opens new avenues for investigating the
complex interplay between mechanical and biochemical cues
in the ECM and paves the way for design of advanced hydrogel
culture systems. In conclusion, this study not only reinforces
the importance of hydrogel mechanics in stem cell biology but
also highlights the potential of peptoid-based materials in the
design of next-generation biomaterials in the fields of regen-
erative medicine and immunotherapy.
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