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Engineered Hydrogels for Organoid Models of Human
Nonalcoholic Fatty Liver Disease

Yueming Liu, Aidan E. Gilchrist, Patrik K. Johansson, Yuan Guan, Jaydon D. Deras,
Yu-Chung Liu, Sofia Ceva, Michelle S. Huang, Renato S. Navarro, Annika Enejder,
Gary Peltz, and Sarah C. Heilshorn*

Nonalcoholic fatty liver disease (NAFLD) is characterized by increased lipid
accumulation and excessive deposition of extracellular matrix (ECM) that
results in tissue stiffening. The potential interplay between matrix stiffness
and hepatocyte lipid accumulation during NAFLD has not been established.
Here, an in vitro NAFLD model is developed using chemically defined,
engineered hydrogels and human induced pluripotent stem cell-derived
hepatic organoids (HOs). Specifically, dynamic covalent chemistry
crosslinking, along with transient small molecule competitors, are used to
create dynamic stiffening hydrogels that enable the reproducible culture of
HOs. Within matrices that mimic the stiffness of healthy to diseased tissue
(≈1–6 kPa), lipid droplet accumulation in HOs is triggered by exposure to an
NAFLD-associated free fatty acid. These NAFLD model suggests that higher
stiffness microenvironments result in increased hepatic lipid droplet
accumulation, increased expression of fibrosis markers, and increased
metabolic dysregulation. By targeting the ROCK mechanosignaling pathway,
the synergy between matrix stiffness and lipid droplet accumulation is
disrupted. The in vitro model of NAFLD has the potential to understand the
role of mechanosignaling in disease progression and identify new pathways
for therapeutic intervention.
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD)
is a chronic condition that is the lead-
ing cause for end stage liver disorders.[1,2]

Affecting 32% of the adult population in
the world, NAFLD has only one avail-
able FDA-approved treatment.[3–6] NAFLD
is characterized by the onset of excess
lipid accumulation in hepatocytes, termed
steatosis, which can progress to Nonalco-
holic steatohepatitis (NASH), and poten-
tially to end-stage cirrhosis and hepatocel-
lular carcinoma (HCC).[7–9] Another impor-
tant hallmark of NAFLD is excessive ex-
tracellular matrix (ECM) deposition, which
causes fibrosis and a continuous stiffening
of the liver microenvironment.[10,11] Mech-
anistic studies of NAFLD progression are
complicated by the concurrence of mul-
tiple NAFLD symptoms: (i) elevated lipid
accumulation from circulating free fatty
acids (FFA), (ii) fibrotic liver stiffening,
and (iii) metabolic dysregulation.[12,13] To
address this challenge, here we introduce
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an engineered human model of NAFLD that enables indepen-
dent control of matrix stiffness and FFA presentation. While
ECM mechanical properties are known to affect hepatocyte
metabolic function and to activate hepatic stellate cells,[14–17] the
potential causative relationship between matrix stiffening and
hepatocyte lipid accumulation has not been demonstrated.
Studies of ECM stiffness during NAFLD pathogenesis have

provided suggestive evidence thatmechanosignalingmay impact
lipid accumulation;[18] however, they have been hindered by in-
adequate in vivo and in vitro models.[19,20] For example, human
studies on NAFLD are constrained by limited access to liver tis-
sue, requiring indirect assessments such as serum biomarkers,
elastography, or tracers.[21] Additionally, these studies are highly
complex due to the diverse influences of diet, genetics, and en-
vironmental factors.[21] Animal models of NAFLD capture his-
tological features of NAFLD, but do not demonstrate clinically
relevant disease progression.[22–25] To date, most in vitro stud-
ies into mechanosignaling pathways and hepatocyte metabolism
have been conducted on 2D substrates,[14–17,20] which are not rep-
resentative of the 3D liver tissue microenvironment. As an alter-
native, 3D in vitro models have been used to study diet-related
lipid accumulation and liver fibrosis,[19,26] although the role of
matrix stiffness on hepatocyte lipid accumulation has not been
explored.
Engineered matrices with tunable mechanical properties are

promising in vitro platforms for 3D culture to study the in-
terplay between matrix stiffness and cell response.[27–29] Cur-
rent 3D in vitro models of NAFLD include single cells encap-
sulated within a matrix or organoids cultured with a matrix or
liquid suspension.[30–34] Single cell cultures lack the complex
structure and biological function of the in vivo tissue. However,
organoid models have typically relied on animal derived matri-
ces, which have significant batch-to-batch variability and do not
allow for easily changing the stiffness without altering protein
concentrations.[35,36] As an alternative, engineered matrices with
well-defined biochemical and biophysical cues (e.g., adhesive lig-
and density and stiffness) provide a more reproducible and tun-
able biomaterial platform for 3D in vitro models.[37–40] For exam-
ple, chemically defined matrices with different mechanical prop-
erties have been successfully used to support the culture of hu-
man liver organoids[41–43] and to study mechanotransduction in
a mouse liver organoid model of fibrosis.[42]

Here, we establish a human NAFLD model using chemi-
cally defined, engineered hydrogels and human induced pluripo-
tent stem cell (hiPSC)-derived hepatic organoids (HOs) to study
how matrix stiffness impacts hepatocyte lipid accumulation, a
key indicator of NAFLD disease progression. iPSC-derived HOs
show structural, gene-transcriptional, and functional similari-
ties to liver tissue and consistently regenerate from single cells,
enabling reproducible and rigorous experimental design.[44,45]

Moreover, they have previously been used to develop models of
liver disease, including fibrosis.[46,47] We develop engineered ma-
trices with three distinct stiffness regimes that mimic the liver
tissue microenvironment in healthy, early-onset, and advanced
stages of NAFLD. Consistent with previous reports, we observe
that liver organoid cultures are less likely to form in high stiffness
matrices,[42] especially those that recapitulate advanced fibrosis.
Thus, to overcome this obstacle, we design a dynamic stiffening
matrix that is initially soft to support HO growth and then stiff-

ens over time to mimic fibrosis. Our results demonstrate that
a high stiffness microenvironment drives higher hepatic lipid
droplet accumulation and increased lipidmetabolism in the pres-
ence of FFA. Treating the organoids with inhibitors of mechano-
signaling moderates lipid droplet accumulation, suggesting that
mechano-therapeutics could be a potential way to slow down
NAFLD progression. Altogether, biomimetic, dynamic stiffening
hydrogels with human HOs offer a new platform to study the
mechano-signaling mechanisms underlying NAFLD and have
future potential as a novel drug screening platform.

2. Results and Discussion

2.1. Small Molecule Competitor to Achieve Dynamic Stiffening
Hydrogels

To investigate the effects of matrix stiffness on HO during
NAFLD, we initially explored a previously reported family of tun-
able, engineered hydrogels consisting of hyaluronic acid (HA)
and elastin-like protein (ELP), termed HELP (Figure 1A).[48–50]

HA is a common biopolymer found in liver ECM that increases
duringNAFLDprogression.[51] ELP is a recombinant, engineered
protein composed of alternating cell-adhesive domains for cell
adhesion and repetitive elastin-derived domains to provide struc-
tural support.[52] Elastin is a common connective tissue compo-
nent in normal liver tissue that also accumulates during liver
fibrosis.[53] Hydrogel formation is achieved by the crosslinking of
benzaldehyde-modified HA (HA-BZA) and hydrazine-modified
ELP (ELP-HYD) (Figure 1A; Figures S1 and S2, Supporting Infor-
mation), to formdynamic covalent hydrazone bond crosslinks.[48]

Elastin-like proteins are a type of intrinsically disordered pro-
tein that is highly dynamic.[54,55] Similarly, HA is a hydrophilic
biopolymer that is expected to follow a dynamic, self-avoiding
random walk configuration in physiological buffer. Thus, when
crosslinked together to form a hydrogel, the resulting HELP gels
are completely amorphous and devoid of any microscale mor-
phology, as previously demonstrated using Coherent anti-Stokes
Raman scattering microscopy.[48]

We first examined which cell-adhesive ligands were sufficient
to induce robust human hepatic spheroid growth in our minimal
matrix. Based on previous reports that the integrin-binding RGD
peptide can successfully support hepatic cultures in other engi-
neeredmaterials,[41,42] we incorporated an extended RGDpeptide
sequence derived fromfibronectin into our recombinant ELP.We
formulated hydrogels with RGD concentrations of 1 or 2 × 10−3

m, while keeping the total ELP-HYD concentration (2 wt%), HA-
BZA concentration (1 wt%), and matrix stiffness (G′ ≈ 3 kPa)
constant. In addition, other reports have suggested that the in-
corporation of laminin or laminin-derived peptides can improve
hepatic culture growth.[37] Thus, we also tested hydrogel with
ELP variants that incorporated the laminin derived YIGSR or IK-
VAV peptides (at 1 × 10−3 m each) while maintaining a constant
1 × 10−3 m RGD concentration.[52] Importantly, the concentra-
tion of ELP and HA were kept constant at 2 and 1 wt%, respec-
tively. In addition, we examined the impact of incorporation full-
length mouse laminin-111 (0.1 wt%) within our HELP formula-
tion. Based on bright fieldmicroscopy on day 9, theHELP formu-
lation with RGD and mouse laminin-111 resulted in an increase
in spheroids formed from single cells (Figure S3A,B, Supporting
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Figure 1. A library of hydrogels with different stiffness. A) Schematic of benzaldehyde-modified hyaluronic acid and hydrazine-modified elastin-like
protein (HELP), which can reversibly react. B) Storage modulus of HELP hydrogels with low stiffness (LO), medium stiffness (MED), high stiffness (HI),
the initial state of HELP HI with competitors (HI+ initial), and the final state of HELP HI with competitors after diffusion (HI+ final). C) Schematic of the
HELP hydrogel, with the reaction of aldehyde and hydrazine forming dynamic covalent crosslinks. The formation of crosslinks can be transiently hindered
by including a butyraldehyde competitor that reversibly reacts with hydrazine groups (Initial) and can diffuse out of the hydrogel over time, resulting in a
stiffer hydrogel (Final). Cross-linking sites are circled with dotted lines. D) Gelation time of different HELP gels formulations. E) Theoretically predicted
cumulative release of 10 × 10−3 m competitor over 20 d (gray dashed line), along with experimentally measured (black dots) and theoretically predicted
(blue solid curve) modulus recovery over time. Predicted modulus recovery is assumed to be directly related to the theoretical percentage of hydrazone
crosslinks formed. Data shown are mean ± sd of N = 3−4. Statistical significance was tested by one-way ANOVA with Tukey’s multiple comparisons
testing: ns = no significant difference, * = p < 0.05, ** = p < 0.01, **** = p < 0.0001.

Information). Thus, all HELP gels used for the in vitro model
throughout this study included these two components (RGD and
laminin-111).
Having identified the appropriate cell-adhesive ligands to in-

clude in our minimal hepatic matrix, we next sought to develop
HELP gels with a range of stiffness to mimic healthy (G′ ≈

0.8 kPa), early onset (G′ ≈ 3 kPa), and advanced NASH (G′ ≈

6 kPa).[56,57] Similar to HA and elastin, fibronectin is also upregu-
lated during NAFLD, with increasing expression correlated with
fibrosis.[58,59] Thus, we tuned the concentrations of our chemi-
cally modified biopolymers to form HELP gels with LO, MED,
and HI stiffness (Figure 1B). These gels all included laminin-
111 (0.1 wt%) and the RGD-containing ELP variant, with ELP-
HYD/HA-BZA concentrations of 1:1, 2:1, and 4:2 wt%, respec-
tively. While robust HO formation was observed in the HELP
LO and MED conditions, the HELP HI gels resulted in irrepro-
ducible, low levels of organoid formation (Figure S4, Supporting
Information). This observation is consistent with published re-
sults for mouse liver organoids, where higher stiffness matrices
resulted in less efficient organoid formation.[42] In addition, the
high biopolymer concentrations in HELP HI gels caused rapid
gelation (<10 s), frequently leading to inhomogeneous mixing

of cells and irreproducible cultures (Figure S4, Supporting Infor-
mation).
To overcome these challenges with the HELP HI gels, a small

molecule competitor, butyraldehyde (10 × 10−3 m), was added to
the HELP HI formulation to reversibly disrupt the hydrazone
crosslinks (Figure 1C).[60] We term this gel formulation HELP
HI+. As expected, this disruption of crosslink formation resulted
in a hydrogel with an initially decreased stiffness (Figure 1B,
HELP HI+ initial, G′ ≈ 1.5 kPa). When the gels are immersed
in competitor-free media, the competitors can diffuse away over
time to allow the formation of additional hydrazone crosslinks,
resulting in a final gel stiffness similar to HELP HI formulations
without competitor (Figure 1B, HELP HI+ final, G′ ≈ 6 kPa). Fi-
nal gel stiffnessmeasurements were taken on day 16 tomatch the
time period of hepatic organoid culture for these studies. More-
over, adding the competitor increased the gelation time from<10
s for HELP HI to >100 s for HELP HI+ (Figure 1D). By using
the 1D reaction-diffusion model we developed in previously pub-
lished work,[60] we theoretically predicted the competitor release
and crosslink recovery over time, which showed good agreement
with the experimentally measured storage modulus over 16 d
(Figure 1E). We confirmed that the competitors fully diffused out

Adv. Sci. 2025, e17332 e17332 (3 of 15) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202417332, W

iley O
nline L

ibrary on [15/05/2025]. 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.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Figure 2. HO growth in four different HELP hydrogel conditions. A) Brightfield images of HOs cultured in all HELP formulations at days 3, 9, and 16. B)
Confocal fluorescence of HOmorphology at day 16 in different HELP gels. C) Formation efficiency of spheroids on day 3. D) Growth rate of encapsulated
HOs through 16 d from single cells, as measured by the average organoid diameter. E) Metabolic activity of encapsulated HOs through 16 d. Data shown
are mean ± sd of n = 3 replicate cultures. Statistical significance was tested by one-way ANOVA with Tukey’s multiple comparisons testing: ns = no
significant difference, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.

of the gels within 16 d, and the final gel stiffness had recovered
to its expected value (≈6 kPa).

2.2. Liver-Mimetic Hydrogels Support Hepatic Organoid Growth

We then examined HOs formation and growth within all four
HELP gel formulations over time. As expected, on day 0 and
day 3, we observed more homogenous gels and more evenly dis-
tributed cells in HELP HI+ compared to HELP HI (Figure 2A;
Figure S5A, Supporting Information), presumably due to the in-
creased gelation time, which allows for more complete mixing.
Y-27632 is a Rho Kinase (ROCK) inhibitor that enhances the sur-
vival of human stem cells after disassociation into single cells[61]

and is commonly added to culture medium after organoid pas-
saging to increase cloning efficiency.[38,42] We observed that ad-
dition of Y27632 for the first 9 d of culture (and removed in
the following days) greatly enhanced spheroid formation and
growth (Figure S5B, Supporting Information). When following
this Y27632 protocol for all four gel formulations, spheroid for-

mation efficiency in HELP HI+ was qualitatively comparable to
the HELP LO and MED formulations (Figure 2A).
Importantly, the presence of the competitor in HELP HI+ did

not lead to an aberrant morphology compared to other condi-
tions (Figure 2B). In addition, the presence of competitor re-
sulted in organoid formation efficiency (≈20%, Figure 2C) and
organoid growth rate (Figure 2D) for HI+ that was significantly
higher than that for HI and comparable to LO andMED. Cellular
metabolic activity in HI+ was lower than LO and MED, although
HI+ did result in a statistically significant approximately three-
fold increase in metabolic activity compared to HI (Figure 2E).
Taken together, these data suggest that the dynamic stiffening
matrix resulted in a marked improvement in organoid culture
reproducibility, enabling the efficient formation and growth of
HOs within stiff matrices.
We next characterized the phenotype of hepatic organoids

grown within the LO, MED, and HI+ matrices. In growth
medium, hepatic spheroids cultured in these three matrices
showed similar morphology on day 9, with positive staining
for cell proliferation (Ki67) and the cell membrane protein E-
cadherin (Figure S6, Supporting Information). On day 9, we ex-
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Figure 3. Phenotypic analysis of HO differentiation. A) Representative confocal fluorescence images of differentiated HOs on day 16 in different HELP
matrices for hepatocyte (HNF4A, red) and cholangiocyte (KRT19, green) markers with nuclear DAPI counterstain (blue). B) qRT-PCR analysis of gene
expression of HO stem (LGR5) and differentiation markers (ALB, CYP3A4, HNF4A, KRT19, MRP2) for organoids grown in growth media (GM) and
differentiation media (DM). ΔΔCT relative to 𝛽-actin (ACTB) was normalized to HOs grown in GM in each stiffness condition. C) Gene expression of
HO differentiation markers was analyzed by RT-qPCR in differentiation media (DM). ΔΔCT relative to 𝛽-actin (ACTB) was normalized to HOs grown in
HELP LO. D) Albumin production was quantified from the supernatant of organoids grown within the three matrices in GM and DM and normalized to
total cell number. E) Urea production was quantified from the supernatant of organoids grown within the three matrices in GM and DM and normalized
to total cell number. Data shown are mean ± sd of n = 3–4 replicate cultures. Statistical significance was tested by one-way ANOVA (panel C) with
Tukey’s multiple comparisons testing or unpaired two tailed Student’s t test (panels B, D, E): * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p <
0.0001; n = 3–4 replicate cultures.

changed the growth medium with differentiation medium for
7 further days of culture (i.e., total of 16 d). Histology (hema-
toxylin and eosin staining) showed that HOs cultured in LO,
MED, and HI+ stiffness conditions had similar size and mature
morphology after the full 16 d (Figure S7, Supporting Informa-
tion), similar to previously reported liver organoids.[44,62] Differ-
entiated organoids in all matrices expressed hepatocyte (HNF4A)
and cholangiocyte (KRT19) markers (Figure 3A). Compared to
organoids cultured in GM, organoids in DM showed signifi-
cantly decreased stem cell marker LGR5 expression and exhib-
ited significantly higher transcription levels ofmature hepatocyte
markers includingmulti-drug resistance protein 2 (MRP2), albu-
min (ALB), keratin 19 (KRT19), hepatocyte nuclear factor 4 al-
pha (HNF4A), and cytochrome P450 3A4 (CYP3A4) (Figure 3B),
with comparable expression in all matrix conditions (Figure 3C).
Quantification of albumin secretion (Figure 3D) and urea pro-
duction (Figure 3E) was found to be significantly higher for dif-
ferentiated organoids (DM) compared to undifferentiated con-
trol cultures (GM), with comparable levels of albumin and urea
produced across the three different matrix conditions. We fur-
ther conducted a rhodamine 123 transport assay to evaluate the
activity of multidrug resistant protein 1 (MRP1), an apical p-

glycoprotein efflux transporter that mediates drug secretion into
the lumen of the organoids.[63] When exposed to rhodamine 123,
organoids accumulated fluorescence inside their lumens (Figure
S8, Supporting Information). In contrast, organoids pretreated
with the MRP1 inhibitor verapamil showed an accumulation of
rhodamine 123 only in the cell cytoplasm, with no accumulation
in the lumens (Figure S8, Supporting Information), indicating
MRP1-specific transport. Thus, across our three stiffness condi-
tions at day 16, differentiated HOs displayed gene expression lev-
els, protein expression levels, and transport function indicative of
successful hepatic differentiation and maturation.

2.3. Increased Lipid Droplet Accumulation is Observed in High
Stiffness Matrices

Dietary habits such as high caloric intake and high carbohy-
drate/fat consumption are key risks associated with NAFLD.[64]

To develop steatosis models that capture this diet-related risk fac-
tor, we exposed differentiated HOs in the three HELPmatrices to
oleic acid (OA, 500 × 10−6 m) for 3 d (Figure 4A). OA is one of the
most abundant FFA in human plasma.[65] Without OA treatment,
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Figure 4. Lipid droplet accumulation post oleic acid (OA) treatment. A) Schematic of the HO culture protocol within HELP matrices. HOs were grown
from single cells to form differentiated organoids over 16 days, then treated with 500 × 10−6 m OA for another three days. B) Representative fluorescent
image max projections of HOs stained with DAPI (nuclei) and BODIPY (lipid droplets) in the three matrix conditions, either treated with 0 × 10−6 m
OA (Ctrl groups) or 500 × 10−6 m OA (OA groups). C,D) Image quantification of lipid area percentage in Ctrl (C) and OA (D) groups. Data shown are
mean ± sd of N = 12, n = 3–4 replicate cultures. Statistical significance was tested by one-way ANOVA with Tukey’s multiple comparisons testing: ns =
no significant difference, * = p < 0.05, ** = p < 0.01, **** = p < 0.0001. E) Triglyceride accumulation normalized to cell number in all conditions. Data
shown are mean ± sd of n = 4 replicate cultures. Two-way ANOVA with Tukey’s multiple comparisons testing; * = p < 0.05.

organoids showed relatively low amounts of lipid droplet stain-
ing (less than 10% of the organoid area at day 19, Figure 4B,C).
In contrast, with OA treatment, there was an increase in lipid
droplet accumulation across all matrix conditions, creating a
model of diet-related steatosis in NAFLD (Figure 4B,D). No-
tably, we observed significantly higher lipid droplet accumula-
tion in HI+ compared to LO and MED matrices (Figure 4D). As
OA is commonly converted and stored as triglycerides in liver
cells,[66] we quantified triglycerides on a per cell basis with and
without OA treatment. HOs within the HI+ matrix had statisti-
cally higher triglyceride concentration compared to LO andMED
(Figure 4E). These results suggested that matrix stiffness may
promote OA uptake and lipid droplet accumulation and encour-
aged us to further characterize the intracellular lipids.
To evaluate if potential changes in lipid composition are oc-

curring in different stiffness matrices, we used coherent anti-
Stokes Raman scattering (CARS) microscopy to visualize and
characterize the composition of individual lipid droplets. CARS
microscopy is a nonlinear optical imaging method that lever-
ages the inherent molecular vibrations of structures to visual-
ize them without the need for added labels or stains.[67] Due
to a quadratic signal dependence on the number density of the
probed vibrations, CARS microscopy of CH2 symmetric stretch-
ing vibrations visualizes lipid droplets with excellent contrast as
they contain a high concentration of methylene groups, which
allows their separation from other biomolecules (e.g., proteins
or DNA) with different molecular bond ratios.[68] In addition to
quantitative spatial information, CARS can also provide qualita-
tive chemical information about the lipid droplets in intact cells
by evaluating their vibrational spectra.[69] By multiplexing CARS
microscopy with fluorescence confocal microscopy, we were able
to image the lipid droplets (CARS), nuclei (fluorescence), and
actin morphology (fluorescence) within the same sample (Figure
5A). As a first analysis, we quantified the total lipid droplet vol-

ume per organoid, complemented by the average lipid droplet
size in HOs across all three conditions (Figure S9A, Support-
ing Information). The stiffer HI+ condition showed larger in-
dividual lipid droplet and larger total lipid droplet volumes per
organoid (Figure S9B,C, Supporting Information), which was in
good agreement with the observations made on the BODIPY
stained organoids (Figure S9B–E, Supporting Information). To
further evaluate whether there are lipid composition differences
between organoids cultured in LO and HI+ matrices, spectral
series of CARS images were collected and analyzed. While the
signal at 2850 cm−1 is assigned to CH2 symmetric stretching vi-
brations, 2930 cm−1 can be assigned to CH3 symmetric stretch-
ing (Figure 5B).[69] Thus, the ratio of the CARS intensity at these
two wavenumbers (I2850 / I2930) was used to define a parameter
that relates to the acyl chain length of lipids (since CH2 groups
are found along the length of the acyl chain, while a single CH3
group is found only at the end of the chain).[69] Interestingly, the
CARS spectra suggest that lipid droplet accumulated inHOs con-
tain lipids with shorter acyl chains in the stiffer HI+ condition
compared to the LO condition prior to OA treatment (Figure 5C).
Quantification of the CARS ratio showed a significantly lower
normalized intensity ratio for theHI+ condition (I2850 / I2930 ratio
≈ 1.8, suggesting relatively shorter acyl chains) to the LO condi-
tion (I2850 / I2930 ratio ≈ 2.4) (Figure 5D,E). This corresponds well
to results obtained from a lipidomic study of human liver biop-
sies, showing increased amounts of short and saturated fatty acyl
chain-containing species in fibrotic NASH relative to steatosis.[70]

Taken together, these data suggested that increased matrix stiff-
ness may result in altered regulation of lipid metabolism path-
ways, giving rise to different intrinsic lipid compositions. In con-
trast, the acyl chain ratio obtained from the spectral CARS images
was statistically similar for the two matrices post-OA treatment
(Figure 5C,F,G). This suggests that the uptake and processing
of exogenous fatty acids dominate the system and prevent detec-
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Figure 5. Lipid analysis using coherent anti-Stokes Raman scattering (CARS) microscopy. A) Representative multiplexed CARS/confocal fluorescence
image of a HELP-encapsulated HO stained with DAPI (nuclei) and phalloidin (actin) and with lipid distribution captured by CARS microscopy. B) CARS
spectrum of oleic acid demonstrating the characteristic peaks for CH2 and CH3 groups. 2850 cm

−1 is assigned to the CH2 symmetric stretching vibration,
and 2930 cm−1 is assigned to the CH3 symmetric stretching vibration. Hence, the peak intensity ratio I2850 / I2930 is defined as a parameter related to the
lipid acyl chain length. C) Representative maps of the CARS intensity ratio for lipid droplets in HELP-encapsulated HOs with or without OA treatment in
LO and HI+matrices. Droplets are color-coded from dark red to white to represent lower to higher I2850 / I2930 ratios, respectively. D,E) Average I2850 /
I2930 ratios for HELP-encapsulated HOs in (D) control groups without OA treatment and (E) OA-treated groups. F,G) Representative CARS spectra for
lipids in HOs in (F) control groups and (G) OA-treated groups. Data shown are mean ± sd ofN = 4–5 organoids from n = 3 replicate cultures. Unpaired
two tailed Student’s t test; ns = no significant difference, * = p < 0.05.

tion of endogenous changes in lipid composition. These results
prompted us to explore gene expression of some of the protein
pathways involved in lipid metabolism.

2.4. HOs Display Increased Expression of Fibrosis and Lipid
Metabolism Markers in High Stiffness Matrices

To characterize the gene expression of the encapsulated HOs
at the mRNA level, we performed qRT-PCR on cells cultured
within all three gel formulations in nontreated (Ctrl) and OA-
treated (OA) groups. Previous reports have shown that liver fi-
brosis increases during NAFLD progression, both in in vivo and
in vitro models.[9,10] Here, we found that organoids upregulated
expression of collagen 1 (COL1) in HI+ conditions compared
to lower stiffness matrices even when there was no OA stim-
ulation. (Figure 6A, ctrl). Post OA treatment, COL1 remained
upregulated in the stiffest HI+ matrices, and 𝛼-smooth mus-
cle actin (𝛼-SMA) upregulation was also observed in HI+ con-
ditions. (Figure 6B, OA). When each matrix stiffness condition
was considered individually, both 𝛼-SMA and COL1 were signif-
icantly up-regulated upon OA stimulation (Figure S10, Support-
ing Information). These data suggest that matrix stiffness and
OA treatment both were effective at driving the cultures towards
increased fibrosis in this HO model. To confirm this gene ex-
pression data at the protein level, we performed immunostaining
for COL1. Consistent with the qRT-PCR results, both increased
matrix stiffness and treatment with OA was found to statistically
increase COL1 immunostaining (Figure 6B,C). Importantly, this

level of COL1 expression in our model is insufficient to induce
further fibrosis or tissue stiffening, as we did not observe in-
creased stiffness of matrices after 16 d of cell culture (Figure S11,
Supporting Information).
NAFLD progression is also known to result in lipid metabolic

dysfunction;[71,72] thus, we next explored the impact of OA and
matrix stiffness on several genes involved in fatty acid transport
and lipid metabolism. In control groups, i.e., without exogenous
OA treatment, CD36 (a fatty acid transporter) and FATP5 (fatty
acid transport protein 5) had higher expression in HI+ com-
pared to LO and MED matrices (Figure 6D). HOs in HI+matri-
ces also showed increased expression of hydroxyacyl-CoA dehy-
drogenase (HADH), an enzyme that catalyzes the beta oxidation
in mitochondria, whereas other lipid metabolism-related genes
had comparable expression across different matrices. Since long
chain fatty acids are broken down during beta oxidation in mi-
tochondria, this result may explain the shorter acyl chain length
suggested by the CARS analysis of lipid droplets in the HI+ con-
dition (Figure 5C–E).
Post OA treatment, HOs in HI+ matrices displayed signif-

icantly higher expression of several lipid metabolism related
genes, including droplet coating protein perilipin 2 (PLIN2),
carnitine palmitoyltransferase 2 (CPT2), and patatin-like phos-
pholipase domain-containing protein 3 (PNPLA3). Furthermore,
while not statistically significant, expression levels of HADH
and FATP5 were trending upward in the HI+ stiffer matrices
post-OA treatment (Figure 6E). In patient data, PLIN2, CPT2,
and PNPLA3 upregulation is strongly associated with NFALD.[73]

The enzyme CPT2 plays a key role in transporting long-chain

Adv. Sci. 2025, e17332 e17332 (7 of 15) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 6. Expression of fibrosis markers and lipid metabolism markers in different stiffness matrices. A) mRNA expression of fibrosis genes in HOs in
different stiffness matrices with 0 × 10−6 m OA (Ctrl) or 500 × 10−6 m OA (OA) treatment. ΔΔCT relative to 𝛽-actin (ACTB) was normalized to LO. B)
Representative immunofluorescence images of COL1 immunostaining in HOs cultured in LO andHI+matrices with 0 or 500 × 10−6 mOA treatment. C)
Quantification of COL1. D,E) mRNA expression of lipid metabolism genes in HOs in different stiffness matrices with D) 0 × 10−6 m OA or E) 500 × 10−6

m OA treatment. ΔΔCT relative to 𝛽-actin (ACTB) was normalized to LO. F) Representative immunofluorescence images of PLIN2 immunostaining
in HOs cultured in LO and HI+ matrices with 0 or 500 × 10−6 m OA treatment. G) Quantification of PLIN2. Data shown are mean ± sd; Statistical
significance was tested by one-way (panels A, D, E) or two-way (panels C, G) ANOVA with Tukey’s multiple comparisons testing: * = p < 0.05, ** = p <
0.01, *** = p < 0.001, **** = p < 0.0001; n = 3–4 replicate cultures (panels A, D, E); n = 3–4 replicate cultures with N = 7–8 organoids (panels C, G).

fatty acids into the mitochondria where they can be broken
down by beta-oxidation.[72,74] PLIN2 is widely expressed in the
liver and plays an important role in lipid droplet formation and
accumulation.[75] PNPLA3 encodes for an enzyme that helps to
regulate fat metabolism and has been shown to be strongly asso-
ciated with NAFLD.[73,76] When comparing gene expression lev-
els pre- and post-OA treatment for each individual matrix stiff-
ness, PLIN2 and CPT2 increased significantly with exposure to
FFA. (Figure S10, Supporting Information) In contrast, peroxi-
some proliferator-activated receptor (PPAR𝛾 , a transcription fac-
tor related to lipid metabolism and inflammation) was relatively
stable pre- and post-OA treatment and across all matrix stiffness
conditions (Figure 6E; Figure S10, Supporting Information).
These results are in good agreement with previous findings

that FFA treatment can drive organoids towards more steato-

sis and metabolic dysfunction.[30,77] Moreover, these data suggest
that ECM stiffening, such as that which occurs during NAFLD
progression, can impact lipid metabolism of hepatic organoids.
Immunostaining for protein expression revealed that increased
matrix stiffness or exposure to OA could significantly increase
PLIN2 levels (Figure 6F,G). PLIN2 expression was highest in
the stiff HI+ matrix with OA treatment, suggesting the poten-
tial for greater lipid storage in this condition, which is consis-
tent with the previous lipid droplet measurements (Figure 5G).
In addition to alterations in lipid metabolism, NAFLD patients
also have decreased ability to metabolize drugs, toxins, and other
foreign organic molecules,[78] as characterized by a decrease in
the enzyme cytochrome P450 3A4 (CYP3A4).[79] Accordingly, we
observed a significant down-regulation of CYP3A4 in all stiff-
ness conditions post-OA treatment at both the gene expression

Adv. Sci. 2025, e17332 e17332 (8 of 15) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 7. Mechanosignaling inhibition with Y27632 in LO and HI+ matrices. A) Representative fluorescent images of HOs stained with DAPI (nuclei)
and BODIPY (lipids) in LO and HI+matrix conditions, treated with 0 × 10−6 m OA (Ctrl groups), 500 × 10−6 m OA, or 500 × 10−6 m OA, and 20 × 10−6

m Y27632. B) Quantification of lipid area as percentage of organoid area for each condition. C) Lactate dehydrogenase (LDH) cytotoxicity assay in LO
and HI+ matrices with 0 or 20 × 10−6 m Y27632, normalized to 0 × 10−6 m control. Data shown are mean ± sd; Statistical significance was tested by
one-way ANOVA (panel B) with Tukey’s multiple comparisons testing or unpaired two tailed Student’s t test (panel C): * = p < 0.05, ** = p < 0.01, ***
= p < 0.001, **** = p < 0.0001; n = 3–4 replicate cultures with N = 8–12 organoids (panel B); N = 3–4 replicate cultures (panel C).

(Figure S12A, Supporting Information) and protein expression
levels (Figure S12B,C, Supporting Information). Overall, these
results indicate that our model mimics many of the transcrip-
tional and protein changes associated with clinical pathologi-
cal progression of NAFLD, including markers for increased ex-
pression of matrix proteins, abnormal lipid metabolism, and im-
paired drug metabolism.

2.5. Inhibitor-Induced Reduction of Steatosis

As there are very few FDA-approved drugs for NAFLD, we next
explored the potential inhibitors that can be used to reducemark-
ers of steatosis within our HO model. Our gene expression data
suggested that fatty acid transporter FATP5 was up regulated in
stiffer HI+ stiffness matrices (Figure 6D). Secondary bile acids
have the potential to block fatty acid transporter function in liver
cells.[80] Specifically, deoxycholic acid (DCA) has been shown to
effectively inhibit FATP5 in mice to reduce diet-induced hepatic
FFA uptake and lipid accumulation.[80] Here, we added 20 × 10−6
m DCA during the 3-d OA treatment and quantified the lipid
droplet accumulation in both LO and HI+ conditions. As ex-
pected, both groups showed significant decrease of lipid droplet
accumulation compared to OA-treatment alone (Figure S13, Sup-
porting Information). Interestingly, even with DCA treatment,
we still observed an indication of different in lipid droplet accu-
mulation between the LO and HI+ stiffness conditions, which
motivated us to explore mechano-signaling inhibitors as a poten-
tial treatment.
Cells sense their surrounding matrix stiffness via several

mechano-signaling pathways. Rho/ROCK is a canonical pathway
through which mechano-stimuli (e.g., matrix stiffness) is con-
verted into biochemical signals within the cells.[81] Rho/ROCK
regulates remodeling of the actin cytoskeleton to generate intra-
cellular tension that leads to activation of metabolic functions,
gene expression, cell polarization, cytoskeletal organization, pro-
liferation, and differentiation.[82] ROCK1 is up-regulated in some
NAFLD models, and pharmacological blockade of ROCK is sug-

gested to prevent the progression of liver disease in these pre-
clinical models.[83,84] Here, we inhibited the Rho/ROCK path-
way using the antagonist Y27632 (20 × 10−6 m) during OA treat-
ment. Interestingly, Y27632 treatment significantly reduced lipid
droplet accumulation in the HI+ condition to be similar to that
in the LO condition (Figure 7A,B). Importantly, Y27632 treat-
ment did not induce any cytotoxicity at the concentrations we
applied (Figure 7C) and did not interfere with lipid droplet ac-
cumulation in the LO condition (Figure 7A,B). Together, these
data suggest that the ROCK mechano-signaling pathway is nec-
essary for the observed increase in lipid droplet accumulation in
stiffer matrices in our HO model, encouraging future work to
further study the ROCK pathway as a potential mechano-therapy
to inhibit NAFLD progression.

3. Conclusion

Altogether, our results revealed that matrix stiffness influ-
ences hepatic organoid lipid droplet accumulation and lipid
metabolism in a 3D microenvironment. We developed a fam-
ily of HELP gels with different stiffness that mimicked dis-
tinct stages during fatty liver disease progression. Using small
molecule competitors, we developed a dynamic stiffening hydro-
gel, which allowed us to achieve reproducible HO cultures even
in stiff matrices (≈6 kPa). HOs showed comparable formation
efficiency and growth rate in all stiffness conditions, with repro-
ducible emergence of internal lumens and expression of liver
differentiation markers. When treating HOs with OA, we ob-
served significantly more lipid droplet accumulation in higher
stiffness matrices. We further demonstrated that HOs showed
higher expression of fibrosis and lipid metabolism markers in
higher stiffness matrices. CARS analysis suggested that the ac-
cumulated lipid droplets in higher stiffness matrices had shorter
acyl chain lengths, which would be consistent with increased
beta oxidation. Finally, we showed that the stiffness-induced
steatosis in our HO model was prevented by treatment with a
ROCK-inhibitor (Y27632), encouraging further study of potential
mechano-therapeutics for NAFLD treatment.
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Currently, there is only one FDA-approved treatment for
NAFLD patients,[5,6] and the development of NAFLD in vitro
models for drug screening could significantly speed up the drug
discovery pipeline.[27,33,85] Compared to organoids cultured in
Matrigel or suspension, which can suffer from batch-to-batch
irreproducibility,[35,36] our platform uses a designed HELP hydro-
gel that offers a reproducible platform for HO culture and future
screening of potential drugs for NAFLD treatment. Importantly,
the ability to systematically tune the biochemical and mechani-
cal properties of HELP hydrogels will enable further mechanistic
studies to explore how changes in the matrix microenvironment
during NAFLD progression impact lipid metabolic dysfunction.
In future work, we can apply single or combined drug treatments
to our model and conduct more systematic analyses of lipid accu-
mulation, fibrosis marker expression, and metabolic function in
hepatic organoids to comprehensively evaluate drug efficacy and
mechanisms of action.
Our current HO model is well-suited for mechanistic stud-

ies to dissect hepatocyte cell signaling pathways and lipid
metabolism in response to matrix mechanics without confound-
ing signals from other cell types. This simplified model does
not include other cell types present in the liver, such as Kupffer
cells, hepatic stellate cells (HSCs), and liver sinusoidal endothe-
lial cells.[86–88] In the future, we could explore adding further com-
plexity by introducing other cell types, which may extend util-
ity of the model to other types of studies. For example, fibrosis
during NAFLD is a complex process that includes inflammation
and multiple cell types, most notably HSCs that are known to
be the main producers of fibrotic matrix.[87,89] This is likely why
we observed no extracellular deposition of collagen within our
cultures, despite up-regulation of COL1. By integrating these cell
types, we could develop a more comprehensive and physiologi-
cally relevant model of NAFLD that can better capture the multi-
cellular interactions and disease progression. This will enable us
to investigate the roles of these cell types in stiffness-mediated
lipid accumulation, fibrosis, and inflammation, as well as pro-
vide a more robust platform for drug screening and therapeu-
tic development. Similarly, our current system does not include
any vasculature structures, and instead relies on passive diffu-
sion to provide sufficient oxygen and nutrients for organoids.
More complex organoid models with coculture systems and/or
vascular-like structures would be particularly useful in studying
how matrix stiffness influences crosstalk between different cell
phenotypes.[32,90,91] CARS provides a noninvasive method to vi-
sualize lipid droplets and their spatial positions, although it pro-
vides only qualitative information about their chemical composi-
tion. Our CARS observations suggest that acyl chain length may
be impacted by matrix stiffness, which warrants further system-
atic investigation using metabolomics methods. In the future,
coupling in vitro engineered model systems with metabolomics
offers an exciting opportunity to explore the metabolic pathways
associated with NAFLD.
A key technological advance that enabled the development of

our new HO culture platform, was the use of a small molecule
competitor to create a dynamic stiffening biomaterial. With-
out this technology, HOs were unable to reproducibly form in
high stiffness matrices. The use of competitors not only de-
creased the initial stiffness for organoid formation, but also
increased the gelation time for homogeneous mixing. In fu-

ture work, the kinetics of the competitor can be tuned to
achieve different stiffness recovery profiles, which could be
computationally predicted through coupled reaction-diffusion
modeling.[60] As changes in matrix stiffness is common across
a wide range of different diseases,[14,92–94] this technological ap-
proach can be readily applied to other hydrogel systems with dy-
namic crosslinking to mimic the spatial and temporal changes
that occur within the matrix during disease progression and
aging.

4. Experimental Section
HA Synthesis and Modification: Hyaluronic acid (HA) was function-

alized using established methods.[49,60,95] 1 wt% HA (60 kDa, LifeCore
Biomedical HA 60 K) was dissolved in 2-(N-Morpholino) ethanesulfonic
acid (MES) buffer (0.2 m MES hydrate (Sigma M2933) and 0.15 m NaCl
in Milli-Q water at pH 4.5). Propargylamine (Sigma P50900) was added to
the reaction (6 eq. per HA unit group for 30% modification), and the pH
was adjusted to 6 using 1N NaOH. N-Hydroxysuccinimide (6 eq. to HA
unit group; Thermo Fisher 24500) and EDC (6 eq. to HA unit group for
30%modification; Thermo Fisher 22980) were added into the reaction se-
quentially. The reaction was allowed to stir continuously for 24 h at RT. The
solution was then dialyzed against Milli-Q water for 3 d and lyophilized.

Benzaldehyde was conjugated to HA-alkyne through a copper click re-
action with azido-benzaldehyde.[49,60,95] Briefly, 1 wt% HA-alkyne was dis-
solved in isotonic 10x phosphate-buffered saline (10x PBS; 81 × 10−3 m
sodium phosphate dibasic, 19 × 10−3 m sodium phosphate monobasic,
60 × 10−3 m sodium chloride in Milli-Q water, pH 7.4) with 1 mg mL−1

beta-cyclodextrin (Sigma C4767). The solution was degassed under ni-
trogen for 30 min after fully dissolved. 4.52 × 10−3 m sodium ascorbate
(0.18 eq. per HA unit group, Sigma A7631) and 0.24 × 10−3 m copper
(II) sulfate pentahydrate (0.0096 eq. per HA unit group, Sigma 209198)
were prepared in Milli-Q water and degassed for 30 min, and then the
solutions were added sequentially to the HA-alkyne mixture. Finally, azi-
dobenzaldehyde (2.0 eq. to alkyne groups for ≈30% modification) in an-
hydrous DMSO (Sigma 276855) was introduced to HA-alkyne solution
and degassed for an additional 10 min. The reaction proceeded for 24 h
under continuous stirring. An equal volume of 50 × 10−3 m ethylenedi-
aminetetraacetic acid disodium salt dihydrate (EDTA, Fisher O2793–500)
was added to chelate the remaining copper and terminate the reaction.
The solution was then dialyzed, sterile-filtered, lyophilized, and stored at
−20 °C. The HA-benzaldehyde was dissolved in D2O for nuclear magnetic
resonance spectroscopy analysis (1H NMR, 500MHz; Figure S1, Support-
ing Information). The modification percentage was determined by calcu-
lating the proton peaks of benzene ring (𝛿 ppm 7.93 and 7.82, 2H each),
triazole linkage (𝛿 ppm 7.9, 1H) and aldehyde group (𝛿 ppm 9.9, 1H) rel-
ative to the reference proton peaks of HA acetyl group (𝛿 ppm 1.8, 3H).

ELP Expression and Modification: Recombinant elastin-like protein
(ELP) was produced and purified as previously described.[49,60,96] In sum-
mary, BL21(DE3) pLysS Escherichia coli (Invitrogen C606003) were trans-
formed with pET15b plasmids carrying the ELP sequence with an RGDmo-
tif (Figure S2A, Supporting Information). The bacterial culture was grown
in Terrific Broth (Thermo Fisher H26824.36) at 37 °C until reaching an
optical density of 0.8 at 600 nm, at which point ELP expression was ini-
tiated with 1 × 10−3 m isopropyl 𝛽-D-1-thiogalactopyranoside (Thermo
Fisher BP1755). Following a 7-h expression period at 32 °C, cells were har-
vested by centrifugation and lysed in TEN buffer (10 × 10−3 m Tris (Fisher
BP152-1), 1 × 10−3 m EDTA (Fisher BP2482100), and 100 × 10−3 m NaCl
(Fisher BP358-212), pH 8.0), supplemented with 10 × 10−6 m DNase I
(Sigma DN25) and 1 × 10−3 m phenylmethanesulfonyl fluoride (PMSF;
MP Biomedicals 195381) as a protease inhibitor. ELP was extracted from
the bacterial pellet through three freeze–thaw cycles with alternating cen-
trifugation steps at 4 and 37 °C. The final product underwent dialysis
against Milli-Q water for 3 d at 4 °C, was subsequently lyophilized, and
stored at −20 °C.

Adv. Sci. 2025, e17332 e17332 (10 of 15) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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The ELP hydrazine modification was following previously reported
protocols.[49,60,96] The lyophilized ELP was dissolved at 3 wt% in a 1:1 mix-
ture of anhydrous dimethyl sulfoxide (DMSO; Sigma 276855) and anhy-
drous dimethylformamide (DMF; Sigma 227056). Tri-Boc hydrazinoacetic
acid (Sigma 68972) was dissolved in DMF at 2.1% w/v at 2 molar eq.
per ELP amine groups. Hexafluorophosphate azabenzotriazole tetram-
ethyl uronium (HATU; 2 eq. per ELP amine groups; Sigma 445460) and
4-methylmorpholine (5 eq. per ELP amine groups; Sigma M56557) were
added into the tri-Boc hydrazinoacetic acid solution to activate for 10 min.
Then the activated solution was slowly added to the ELP solution, and
the reaction was allowed to proceed for 24 h at room temperature. The
modified ELP was precipitated by ice-cold diethyl ether (Fisher E138), col-
lected via centrifugation (18000 g, 25 min) and dried overnight under ni-
trogen. The removal of Boc-protecting groups was conducted by dissolv-
ing the modified ELP in a 1:1 mixture of dichloromethane (DCM; Sigma
DX0835-3) and trifluoroacetic acid (TFA; Sigma T6508) containing 5% v/v
tri-isopropylsilane (Sigma 233781) for 4 h at room temperature. The ELP-
hydrazine was precipitated, centrifuged, dried under nitrogen gas. The re-
sulting samples were resuspended in water, dialyzed, sterile-filtered and
lyophilized, and was stored at −20 °C. The ELP products were dissolved
in DMSO-d6 for nuclear magnetic resonance spectroscopy analysis (1H
NMR, 500 MHz; Figure S2B,C, Supporting Information). The modifica-
tion percentage was determined by calculating the proton peaks of boc-
protected ELP and modified ELP tyrosine residues (𝛿 ppm 7.00 and 6.62,
2H each); Boc groups on boc-protected ELP (𝛿 ppm 1.46 and 1.39, 27H
groups).

Hydrogel Rheological Characterization: Mechanical characterization of
HELP hydrogels was performed using a stress-controlled AR-G2 rheome-
ter (TA Instruments) with a 20 mm cone-plate geometry (1° cone angle,
28 μm gap). All tests were conducted on 50 μL hydrogel samples, repre-
sentative values are composed of 3–4 replicates per gel formulation.

4 wt% HA and 10 wt% ELP were dissolved in 10x PBS at 4 °C overnight
before use. When forming a gel, HA and ELP solution were diluted to de-
sired concentration, then 25 μL of the HA solution was pipetted onto the
rheometer stage, then 25 μL of the ELP solution was pipetted directly into
the droplet of HA and was quickly mixed. The geometry was immediately
lowered to the geometry gap, and silicone oil was added to the gap to pre-
vent dehydration. Hydrogel samples first reacted at 4 °C for 5 min under
1% oscillatory strain and 1 rad s−1 angular frequency, followed by a tem-
perature ramp to 23 °C within 10 s, and another time sweepmeasurement
at 23 °C for 15 min is performed. Finally, a last temperature ramp to 37 °C
within 10 s was performed, and a final time sweep measurement at 37 °C
for 15 min was completed under 1% oscillatory strain and 1 rad s−1 angu-
lar frequency. A frequency sweep from 0.1 to 100 Hz at 1% strain at 37 °C
was performed to measure the elastic modulus of hydrogels. The reported
shear modulus was the values from frequency sweep at 1 rad s−1 angular
frequency.

Gelation Time: 25 μL HA and 25 μL ELP were quickly mixed using a
pipette tip on the rheometer stage at 4 °C, then the geometry was imme-
diately lowered to the geometry gap to start the modulus measurement.
A timer was started upon mixing and the gelation time was indicated by
the crossover point, where the storage modulus (G′) was observed to be
equal or greater than the loss modulus (G′′). Representative values are
composed of 3–4 replicates per condition.

Rheological Characterization with Competitors: Butyraldehyde was pre-
pared into 100 × 10−3 m stock solution in 10x PBS. Butyraldehyde was
premixed with ELP solution for 30 min, and then mixed with HA solution.
The final competitor concentration in HELP hydrogel was 10 × 10−3 m.
Rheological characterization protocol was the same as described above.
For the initial state of the HELP HI+ gel, HELP HI with 10 × 10−3 m bu-
tyraldehyde was directly mixed on the rheometer platform, and the storage
modulus was measured at 37 °C, frequency sweep from 0.1 to 100 Hz and
1% strain. For the final state of the HELP HI+ gel, HELP HI with 10 × 10−3

m butyraldehyde was prepared in 8-mm molds, then immersed in 1 mL
PBS to let the competitor diffuse out of the gel and into the surrounding
saline. The entire sample was kept at 37 °C, and surrounding PBS was re-
freshed every 3 d. On day 16, gels were scooped out from the molds, and
stiffness was measured using oscillatory rheometer at 37 °C, frequency

sweep from 0.1 to 100 Hz and 1% strain. The reported shear modulus
was the values from frequency sweep at 1 rad s−1 angular frequency.

Rheology Recovery During Competitor Release: HELP HI formulation
50 μL hydrogels were prepared with or without competitors on ice in 8mm
molds in a 24-well plate. Hydrogels were kept on ice for 10 min, followed
with 15 min at room temperature and 15 min at 37 °C. Then the samples
were added with 1mL of DPBS and incubated at 37 °C. DPBS was changed
every 3 d.

Mechanical recovery characterization was performed on HELP hydro-
gels using a stress-controlled AR-G2 rheometer (TA Instruments) and an
8 mm plate geometry. The gels were gently moved from the molds using
a spatula and moved to rheometer stage. The geometry head was lowered
onto the sample until≈1000 μmgap was achieved. The modulus of hydro-
gels were measured under a frequency sweep from 0.1 to 100 Hz at 1%
strain at 37 °C. The final shear modulus was reported from the frequency
sweep at 1 rad s−1 angular frequency. Representative values are replicates
of 3–4 gels condition, and data was normalized by modulus of HELP HI
without competitors on each day.

Hepatic Spheroid Generation and Passaging in Matrigel: HOs were de-
rived from iPSCs using previously reported methods.[44] For all exper-
iments, single cells are cultured into hepatoblast progenitor spheroids
in growth media, then dissociated into single cells for passaging. Cells
were used between passage of 5 and 15. Single iPSCs derived hepato-
blast progenitor cells were cultured in 50 μL Matrigel (Corning, 356231)
domes at 200 μL−1 seeding density within 24-well plate to generate hepatic
organoids. Spheroids were passaged every week. To passage spheroids,
Matrigel domes were covered with 1 mL ice-cold, 5 × 10−3 m EDTA for
30 min to disassociate the gel. Then the cell pellet was collected by cen-
trifuging at 500× g for 5 min, and treated with TrypLE (Thermo Fisher Sci-
entific) for 6 min at 37 °C. The TrypLE was then quenched with 40% FBS in
PBS and centrifuged for 5 min at 500× g to collect the cell pellet. The cells
were resuspended in growth medium, and the desired number of cells
were collected and resuspended in Matrigel solution at 200 cells μL−1 on
ice. The matrigel domes were allowed for gelation at 37 °C in the incu-
bator for 10 min, then 700 μL of organoid growth medium was added to
each well. 10 × 10−6 m Y-27632 (Cayman Chemical 10005583) were added
to the medium for the first media change. Media was changed every 2–3
d.

To make complete hepatic growth media, RPMI media was supple-
mented with 1x B27 (Thermo 17504044), 250 × 10−9 m LDN-193189 (Cay-
man Chemical 19396), 3 × 10−6 m CHIR99021 (Cayman Chemical 13122),
10 × 10−6 m A83-01 (Cayman Chemical 9001799), 100 ng mL−1 EGF (Cay-
man Chemical 32057), 10 ng mL−1 FGF10 (Cayman Chemical 32056),
20 ng mL−l HGF (Cayman Chemical 32052).

Hepatic Organoid Culture in HELP: Lyophilized HA and ELP were dis-
solved in 10x PBS at stock concentration of 5 and 12 wt%, respectively.
For organoids cultured in HELP with competitors, butyraldehyde was pre-
mixed with ELP solution overnight before use. Hepatic spheroids were re-
leased from Matrigel and dissociated into single cell suspension as de-
scribed above. 6 mg mL−1 laminin-111 (R&D Systems 344600501) were
added into ELP solution to achieve a final concentration of 0.1 wt% in
all HELP formulations. The desired number of cells resuspended in stock
solution of ELP and laminin. To form HELP gels, HA solution was first
added to a custom 4 mm diameter silicone mold affixed to a glass cover
slip within a 24 well plate as previously reported. Then calculated volume
of ELP solution was pipetted into the molds and immediately mixed with
HA. The hydrogels were incubated on ice for 10 min, followed by another
10 min at RT and a final 10 min at 37 °C. After complete gelation, 1 mL
prewarmed growth media was added in each well and media change was
performed every 2–3 d.

Tomake complete hepatic differentiationmedia, hepatic media (Lonza,
CC 3198) was supplemented with 10 × 10−6 m DAPT (Cayman Chem-
ical13197), 10 ng mL−1 oncostatin M (Peprotech 300–10), 20 ng mL−1

HGF (Cayman Chemical 32052), 10 × 10−6 m dexamethasone (Cayman
Chemical 11015), 10 ng mL−1 BMP4 (Peprotech 120-05ET) and 0.5%
Penicillin–Streptomycin (Thermo Fisher Scientific 15140122). Differenti-
ation media was added to spheroids on day 9 and was changed every 2–3
d for a week.
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Table 1. Antibody information.

Target Species Vendor Product # Dilution

Ki67 Rabbit Cell Signal. Tech 12202 1:200

Cytokeratin 19 Mouse DAKO M088801-2 1:50

HNF4A Rabbit Invitrogen PA5-82159 1:100

CYP3A4 Mouse Santa Cruz Biotechnology Sc-53850 1:50

COL-1 Mouse Santa Cruz Biotechnology sc-59772 1:100

PLIN2 Rabbit Abcam Ab52356 1:100

E-Cadherin Rabbit Cell Signal. Tech 3159 1:400

Organoid Formation Efficiency and Diameter Quantification: Organoid
formation efficiency and diameter were quantified using previously re-
ported method.[60,94] To analyze organoid formation efficiency, brightfield
images were taken under 20xmagnification on day 3 via phase contrast us-
ing a THUNDERmicroscope (LeicaMicrosystems). For each gel,≈150 μm
z-volume and 10 z-slices were taken, and at least 3 non-overlapping fields
of view were chosen for analysis. Assuming uniform cell distribution,
organoid formation efficiency was calculated by extrapolating the organoid
numbers in the z-stack volume in each view and comparing it to the initial
cell seeding density. Averaged formation efficiency from 3 replicate cul-
tures was reported. To measure organoid growth rate, hepatic organoids
were imaged every 3 d from Day 0 until Day 16 at 10x magnification. 3
replicates and at least 9 non-overlapping images were taken for each ma-
trix stiffness condition. Organoid area was measured by manually drawing
a circle over each organoid using ImageJ (NIH, v.2.1.0/1.53c), and diam-
eter was calculated by assuming the shape of organoid a perfect circle.

AlamarBlue Assay: Cell metabolic activity wasmeasured using alamar-
Blue assay (Thermo Fisher Scientific A50100) to quantify the cell prolifera-
tion in different stiffness HELPmatrices. Hepatic organoids were cultured
in different HELPmatrices, as outlined above. Following the assay instruc-
tions, alamarBlue was added into cell culturemedia and incubated at 37 °C
for 4 h. Then 100 μL of media was taken out to measure the fluorescence
at 560/590 nm (excitation/emission) using the plate reader. The data was
normalized to the fluorescent signal on day 0. N = 3 replicate cultures for
each condition were analyzed. Fresh media were changed to the cells for
continuous cell culture.

HELP Hydrogels Sectioning: Hepatic organoids were cultured in HELP
gels in 5 mm molds as described above. Samples were fixed using 4%
PFA for 15 min and three 10 min washes of PBS were performed. 30%
sucrose solution was added to each sample and incubate at 4 °C overnight.
Gels were placed into Tissue-Tek Cryomold molds (Sakura Finetek USA,
Torrance, CA), and then embedded into a 1 mL mixture of 30% sucrose
and Tissue-Tek O.C.T Compound (Sakura Finetek USA, Torrance, CA) at
1:1 ratio. After for 24 h incubation at RT, samples were moved onto dry ice
for rapid freezing (≈10min). The samples were then snap frozen on dry ice
and cryo-sectioned into 40 μm sections using a Leica Cryostat instrument.

Sectioned samples weremelted at 50 °C for 5–10min and subsequently
washed with DPBS to melt and removed excess O.C.T. The gel sections
were circled with lipid-repellent marker pen for further staining. The stain-
ing process was described as below. The stained samples were mounted
to No.1 glass over slides with ProLong Gold Antifade Reagent for 24–48 h
at RT in dark. Stained samples were imaged using a confocal microscope
(Leica SPE) and image analysis was done by ImageJ (NIH, v.2.1.0/1.53c)

Histology and Immunocytochemistry: Organoids in HELP gels were
collected and fixed for 15 min at room temperature in 4% paraformalde-
hyde (PFA). The samples were then embedded inHistoGel (ThermoFisher,
USA) and followed by paraffin. The samples were cut into 8 μmof sections
and deparaffinized. Hematoxylin and eosin (H&E) and Sirius Red staining
was performed according to standard protocols.

Organoids were fixed with 750 μL of 4% PFA for 15 min and washed
for three times 10 min by DPBS. Cells were permeabilized with 0.5% Tri-
ton X-100 for 1 h, then blocked for 3 h in blocking solution (5% goat
serum, 0.5% Triton X-100 and 5 wt% BSA in DPBS). Primary antibodies

(Table 1) were prediluted in DPBS with antibody dilution solution (2.5%
goat serum, 0.5% Triton X-100 and 2.5 wt% BSA) at 4 °C overnight. Sam-
ples were washed with PBST (DPBS with 0.1% Triton X-100) three times
for 20 min before secondary antibodies were added. Secondary antibodies
were diluted at 1:500 in antibody dilution solution and samples were in-
cubated at 4 °C overnight. After three times 20 min PBST wash, samples
were stained with DAPI (5 mg mL−1) at 1:2000 dilution and tetramethyl-
rhodamine (TRITC)-phalloidin (100 μg mL−1) at 1:400 dilution in PBST
overnight at 4 °C. Samples then were washed with PBST (3×5 min) and
mounted toNo.1 glass over slides with ProLong Gold Antifade Reagent for
24–48 h at RT. Stained samples were imaged using a confocal microscope
(Leica SPE) and image analysis was done by ImageJ (NIH, v.2.1.0/1.53c).

Albumin Production: Albumin production wasmeasured using human
albumin ELISA kit (Abcam 108788). Hepatic organoids were cultured in
different HELP matrices as outlined above. After 16 d of culture, cell su-
pernatant was collected for albumin production analysis by following the
assay instructions. N = 4 replicate cultures for each condition were an-
alyzed. Organoids were released from HELP gels and disassociated into
single cells for cell counting. The final albumin production was normalized
to cell numbers in each gel.

Urea Production: Urea production was measured using human urea
assay kit (Abcam 83362). Hepatic organoids were cultured in different
HELP matrices as outlined above. After 16 d of culture, cell supernatant
was collected for urea production analysis by following the assay instruc-
tions.N= 3 replicate cultures for each conditionwere analyzed.Organoids
were released from HELP gels and disassociated into single cells for cell
counting. The final albumin production was normalized to cell numbers
in each gel.

Rhodamine 123 Transportation Assay: Hepatic organoids were cultured
in different stiffness HELP for 16 d of maturation. To test the activity of
multidrug resistant protein 1 (MRP1) transporter, organoids were treated
with 100× 10−6 m rhodamine 123 (Thermo Fisher) for 30min in differenti-
ationmedia at 37 °C. The organoids were then washed with DPBS for three
times. For control groups, organoids were treated with 20 × 10−6 m vera-
pamil (Sigma-Aldrich) for 30 min before addition of rhodamine 123 to in-
hibitMRP1-dependent transporter activity. The fluorescent organoidswere
imaged with a Leica Thunder microscope (Leica Microsystems, THUN-
DER Imager 3D Cell Culture) at excitation 488 nm and emission 529 nm.

Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR):
Targeted quantification of mRNA expression was achieved with qRT-PCR
as reported before.[95] First, hydrogels were treated with equal volume of
elastase (500 U mL−1; GoldBio) and hyaluronidase (2000 U mL−1; Sigma-
Aldrich) for 1 h at 37 °C to release encapsulated organoids fromHELP. The
samples were then resuspended in 500 μL of TRIzol reagent (Invitrogen)
and stored in −80 °C freezer until use. For RNA extraction, the samples
were disrupted for 3 times with probe sonication (Heilscher UP50H, 50%
amplitude, 30-kHz frequency, 0.5-s cycle). mRNA was extracted by phenol-
chloroform and 5PRIME phase lock gels (Quantabio) and purified by iso-
propyl alcohol precipitation and ethanol washes. The samples were dried
at RT for 1 h and dissolved in nuclease free water. The mRNA concentra-
tion was measured using NanoDrop (Thermo Fisher Scientific), and 50–
100 ng of mRNA was reverse transcribed using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). 5 × 10−6 m stock solu-
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tion of primer pairs (Integrated DNA Technologies; Table S1, Supporting
Information) was prepared in advance and stored in −20 °C. qPCR was
performed on 6.6 μL cDNA mixed with 0.9 μL solution of primer pairs and
7.5 μL of Fast SYBR Green Master Mix (Applied Biosystems). Reactions
was run with the StepOnePlus Real Time PCR System (Applied Biosys-
tems). Cycle threshold (CT) values were calculated using the StepOne-
Plus software (v.2.3) and normalized to analyzed by 𝛽-actin using theΔCT
method.

Oleic Acid Treatment: Oleic acid (in ethanol, Cayman Chemicals
90260,) was added at desired dilution (5 mL differentiation media +
1.41 μL oleic acid) to prewarmed hepatic organoid differentiation media
and stirred for 1–3 h at 37 °C. Control media was prepared by adding the
same volume of ethanol. Hepatic organoids cultured in HELP were added
1 mL differentiation media with or without oleic acid and cultured for 3 d
in the incubator.

BODIPY Staining of Lipid Droplets: BODIPY 493/503 (ThermoFisher,
D3922) was dissolved in DMSO at 5 × 10−3 m stock solution until use. For
staining, BODIPY stock solution was diluted at 1:2500 in PBS every time
before use. Samples were washed with DPBS for 5 min, three times, and
BODIPY staining solution was added and incubated at 37 °C for 30 min.
Three times DPBS washing was performed and then the samples were
fixed using 4% PFA for 15 min. Fixation solution was then removed and
three 10 min washes of DPBS were performed. Samples were stained with
DAPI (5 mg mL−1) at 1:2000 dilution and tetramethylrhodamine (TRITC)-
phalloidin (100 μg mL−1) at 1:400 dilution in PBST overnight at 4 °C. Sam-
ples then were washed with PBST (3×10min) and imaged using a confocal
microscope (Leica SPE) and analyzed using ImageJ (NIH, v.2.1.0/1.53c).
Lipid percentage quantification was based on 2D area of max projec-
tion. Lipid droplets were quantified using BODIPY staining lipid area, and
organoid area was quantified by phalloidin staining organoid area.

Triglyceride Assay: Triglyceride quantification in organoids was mea-
sured using Triglyceride-Glo assay (Promega J3160). Hydrogels were
treated with equal volume of elastase (500 U mL−1; GoldBio) and
hyaluronidase (2000 U mL−1; Sigma-Aldrich) for 1 h at 37 °C to release
encapsulated organoids from HELP. Organoids were disassociated into
single cells with TrypLE and centrifuged for cell counting. The resulted
cells were lysed, and triglyceride concentration was measured for differ-
ent conditions by following the assay instructions. The final triglyceride
concentrations were normalized to cell numbers in each gel and averaged
through N = 4 replicates for each condition.

CARS Setup and Data Collection: Lipid droplets were mapped in the
HOs by probing CARS signals of their CH stretching vibrations using an
inverted microscope (Nikon, Ti2-E equipped with a C2 confocal scanning
head and a Nikon CFI Plan Apo IR 60XC water immersion objective, NA
= 1.27). The scanner was equipped with a dual-beam input module (Op-
tique Peter) that allowed switching between linear and nonlinear excitation
modes for overlapping scanning confocal fluorescence images. In CARS
acquisitions, CH vibrations were coherently excited by the interaction of
two temporally and spatially overlapping laser beams. These beams were
produced by a picosecond-pulsed laser system comprising a 1031 nm fiber
laser and an optical parametric oscillator (OPO) tunable between 690–
960 nm (APE picoEmerald S, 2 ps pulse duration, 80 MHz repetition rate,
and 10 cm−1 bandwidth). The OPO wavelength was set to 797 nm to ad-
dress the methylene symmetric stretching vibrations at 2850 cm−1. The
methyl stretching vibrations at 2930 cm−1 was measured by tuning the
OPO to 791.8 nm. 55 mW excitation powers of the OPO beam and 32 mW
of the 1031 nm Stokes beam were used for the samples. The CARS sig-
nals were collected in the forward direction using a photomultiplier tube
(Hamamatsu, R6357) equipped with hard-coated optical filters (Semrock,
one shortpass FF01-750/SP and two bandpass FF01-643/20). The dwell
time was ≈5.5 μs per pixel and the pixel size was <200 nm. The 1031 nm
Stokes beam at 20 MHz was amplitude-modulated and CARS signal was
isolatedwith a lock-in-amplifier (Zürich Instruments, HF2LI) synced at this
modulation frequency to minimize the impact of background signals. For
each organoid, stacks with >15 steps and 0.5 μm step size were acquired.
For measurements of full spectra in the CH stretching region, sequential
stacks were collected for which the OPO wavelength was tuned between
801 and 785.5 nm with a step size of 0.5 nm (32 steps in total). The exci-

tation powers were reduced by ≈30% for the full spectral acquisitions to
minimize the risk of photodamage.

The acquired images were prepared and analyzed in ImageJ. The
lipid droplet maps were generated by treating the images captured at
2850 cm−1 with a gaussian blur filter (sigma = 1.2) and background sub-
traction with a rolling ball radius of 30 pixels, followed by thresholding
initially with the Intermodes routine and manual optimization to ensure
all lipid droplets were included. The lipid droplets were separated with
the Disconnect Particles plugin and the resulting mask was used in sub-
sequent analyses, including size evaluation by extracting the lipid droplet
volumes with the 3D Objects Counter plugin. The average signal within
the boundaries for each isolated feature in the mask was determined at
each wavenumber using the Intensity Measurements 2D/3D plugin. Acyl
chain length maps was produced by forming maps where each droplet is
assigned its average intensities at 2850 cm−1 and 2930 cm−1 and then
taking the ratio between them. The script for image analysis was supple-
mented in Methods S1 in the Supporting Information.

Lactate Dehydrogenase-Metric of Cytotoxicity: The cytotoxicity of
Y27632 was performed using LDH-GloTM Cytotoxicity Assay (Promega
J2380). HOs were cultured in HELP formulations for 16 d as outlined
above. On day 16, organoids were treated either with 20 or 0 × 10−6 m
Y27632 for 3 d. LDH storage buffer (200 × 10−3 m Tris-HCl (pH 7.3), 10%
Glycerol, 1% BSA) was prepared according to the assay instructions. 10 μL
of culture media was stored in LDH storage buffer at −80 °C until mea-
surement. Percentage cytotoxicity was normalized to HELP formulation
with no Y27632. N = 4 replicates for each condition were analyzed.

Statistical Analysis: The statistical significance was used for all tests: *
= p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. All the data
presented are mean with standard deviation. Data from Figures 1, 2, 3c,
4c, 6a,d,e, and 7b were analyzed by one-way analysis of variance (ANOVA)
with Tukey’s multiple comparisons testing to compare individual means.
The data from Figures 3b,d,e, 5d,f, and 7c were analyzed via unpaired, two-
tailed Student’s t-test. The data from Figures 4e and 6c,g were analyzed by
two-way ANOVA with Tukey’s multiple comparisons testing to compare
individual means. The data in Figures S3,S9, and S13 in the Supporting
Information were analyzed using one-way ANOVA with Tukey’s multiple
comparisons testing. The data in Figures S10,S11, and S12 (Supporting
Information) were analyzed via unpaired, two-tailed Student’s t-test. All
statistical analysis was performed using GraphPad Prism 10.0 software
(GraphPad Software).

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