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Squaramide-Based Supramolecular Materials Drive HepG2

Spheroid Differentiation

Tingxian Liu, Linda van den Berk, Joeri A. J. Wondergem, Ciging Tong,
Markus C. Kwakernaak, Bas ter Braak, Doris Heinrich, Bob van de Water,

and Roxanne E. Kieltyka*

A major challenge in the use of HepG2 cell culture models for drug toxicity
screening is their lack of maturity in 2D culture. 3D culture in Matrigel
promotes the formation of spheroids that express liver-relevant markers, yet
they still lack various primary hepatocyte functions. Therefore, alternative
matrices where chemical composition and materials properties are controlled
to steer maturation of HepG2 spheroids remain desired. Herein, a modular
approach is taken based on a fully synthetic and minimalistic supramolecular
matrix based on squaramide synthons outfitted with a cell-adhesive peptide,
RGD for 3D HepG2 spheroid culture. Co-assemblies of RGD-functionalized
squaramide-based and native monomers resulted in soft and self-recovering
supramolecular hydrogels with a tunable RGD concentration. HepG2
spheroids are self-assembled and grown (~150 pm) within the
supramolecular hydrogels with high cell viability and differentiation over 21
days of culture. Importantly, significantly higher mRNA and protein
expression levels of phase | and 1l metabolic enzymes, drug transporters, and
liver markers are found for the squaramide hydrogels in comparison to
Matrigel. Overall, the fully synthetic squaramide hydrogels are proven to be
synthetically accessible and effective for HepG2 differentiation showcasing
the potential of this supramolecular matrix to rival and replace
naturally-derived materials classically used in high-throughput toxicity
screening.

other organic reactions, of these foreign
agents give rise to active or inactive metabo-
lites that can even be hepatotoxic.I') Toxic
insults to the liver from drug metabolites
can eventually result in acute or chronic fail-
ure, otherwise known as drug-induced liver
injury (DILI). DILI can occur from nearly
every class of medication, and when en-
countered often results in abandonment of
the therapy.?l Thus, a major challenge in
the drug discovery pipeline is to more ac-
curately predict DILI early on, as hepato-
toxic responses observed in animal mod-
els do not fully recapitulate those ob-
served in humans resulting in drug can-
didates that fail in late stage clinical tri-
als or even after approval in the clinic.’!

Primary human hepatocytes (PHH) are
the current gold standard for in vitro mod-
eling of liver metabolism and toxicity as
they represent 70% of total liver cell popu-
lation. However, these cells are challenged
by their limited availability and high donor
variability, rapid loss of metabolic activity
once harvested for ex vivo culture and costly
derivation.[*] As an alternative cell source
to model liver hepatic processes in vitro,
human liver carcinoma cells (HepG2) are

The liver is a critical organ of the human body that performs
the biotransformation of drugs and other xenobiotics. Chemi-
cal transformations, such as oxidation, reduction, hydrolysis or

used due their wide availability, immortality, facile handling, and
stable phenotype in culture. However, these cells often show
low expression levels of metabolic enzymes, namely cytochrome
P450s that are relevant for xenobiotic metabolism, which has
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been correlated with the 2D culture methods used to expand
them.[®] 3D culture methods have been used to improve the
metabolic characteristics of HepG2 cells mainly using Matrigel,
a biological matrix derived from murine tumor tissues, con-
sisting of laminin, collagen 1V, and entactin.”) When encapsu-
lated in Matrigel, HepG2 cells self-organize into spheroidal struc-
tures and differentiate resulting in increased levels of various
metabolic markers and can be dosed repeatedly with increased
sensitivity to various hepatotoxic agents in comparison to HepG2
cells cultured in 2D.1®%1 However, Matrigel is costly, lacks defini-
tion with lot-to-lot variability,”] its murine origin is problematic
for some applications and chemical modification or decoupling
of cues is difficult, leading to the exploration of synthetic poly-
mers for use in 3D hepatocyte culture.

Matrices held together by covalent and non-covalent interac-
tions have demonstrated the capacity to form spheroids from
liver-derived cells in 3D, including a handful of recent reports
examining the effect of cell interactive moieties to facilitate their
differentiation and culture with varying degrees of success.[101°]
More recent studies have examined the capacity of the short
integrin-binding peptide RGD to guide this process highlight-
ing the importance of peptides derived from extracellular ma-
trix proteins in synthetic materials. While a fully synthetic and
covalent PEG hydrogel functionalized with RGD supported the
growth of liver organoids, the addition of laminin—entactin com-
plex was necessary for a non-covalent hydrogel based on a poly-
isocyanopeptide polymer to stimulate cell proliferative pathways
demonstrating the importance of peptide concentration.['” 18] We
thus became interested in examining a modular supramolecu-
lar polymer matrix based on stacked monomers for HepG2 cell
culture to improve their growth and differentiation in 3D. How-
ever, such supramolecular systems that have the short peptides
derived from matrix proteins is yet to be explored for the prepa-
ration of HepG2 spheroids, but can more broadly provide a pow-
erful synthetic polymer platform for 3D cell culture where the
peptide concentration can be tuned easily and facile cell seeding
and release can be achieved.

In order to construct supramolecular polymer materials,
monomers that contain highly directional, specific, and re-
versible non-covalent interactions are needed.>-**) In particular,
squaramide synthons because of their ditopic presentation of hy-
drogen bond donors and acceptors on a minimal scaffold in com-
bination with their synthetic accessibility are of interest for this
aim.[32] We recently demonstrated their application in a tripo-
dal hydrogelator for the culture of human induced pluripotent
stem cells (hiPSCs), using the soft and self-recovering nature of
the supramolecular matrix that supports cell self-assembly into
spheroids driven by cell—cell contacts.[*!] However, cell prolifer-
ation within these materials was found to be limited, pointing
out the need to further modify this synthetic matrix with bioac-
tive peptides to enable cell-matrix interaction. One short pep-
tide that has been implemented in materials to provide such in-
teractions is the RGD peptide, a short sequence derived from
the FN-III repeat in the tenth domain of fibronectin, that binds
the @581 and aVp3 integrins on the cell surface. We therefore
sought to introduce this cell-adhesive peptide within squaramide-
based supramolecular materials through co-assembly of func-
tional monomers as a facile means to tune peptide concentration
for applications in 3D HepG2 culture and differentiation.
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Earlier, we designed a tripodal squaramide-based monomer
(1) where three squaramides were embedded within a hydropho-
bic core consisting of tris(2-aminoethylamine) (TREN), aliphatic,
and a peripheral hydrophilic domain with oligo(ethylene glycol)
chains. In this study, we further sought to incorporate the RGD
peptide into these squaramide monomers (2) to aid in cell pro-
liferation, but also to provide a cell adhesive contact for cells.
(Scheme 1) However, the lack of reactive handle, namely the
terminal methyl group on the oligo(ethylene glycol) chains of
the monomer preclude it from further functionalization with
any cargo, such as fluorescent dyes, crosslinkers, peptides, or
proteins. Therefore, a desymmetrized tripodal squaramide-based
monomer where one of the three arms was end-functionalized
with an azide (3) was designed and synthesized starting from
a monotrityl-protected TREN core. The azide functionality
was first introduced onto tetraethylene glycol by tosylation.
(Scheme S1, Supporting Information)**! The tetraethylene gly-
col monomethyl ether and monoazide tetraethylene glycol were
then independently activated using 1,1-carbonyldiimidazole and
further reacted with monotrityl-protected C10 diamine in pres-
ence of N,N-Diisopropylethylamine (DIPEA) resulting in yields
of 63% (methyl-terminated) and 74% (azide-terminated), re-
spectively. The trityl protecting group was deprotected by TFA
under an inert atmosphere, followed by its subsequent reac-
tion with dibutyl squarate to provide the methyl-terminated and
azide-terminated squaramide amphiphiles in yields of 87% and
47%, respectively. (Scheme S2, Supporting Information) Subse-
quently, the methyl-terminated squaramide amphiphile was re-
acted onto the desymmetrized TREN core resulting in a yield of
54%. Last, the trityl group on TREN core was deprotected using
TFA and further coupled to the azide-terminated squaramide am-
phiphile giving the final compound 3 in a 56% yield. (Scheme
S3, Supporting Information) The RGD peptides (GGGRGDS,
PEP1) were then synthesized by solid-phase peptide synthesis
with the introduction of 4-pentyonic acid at the N-terminus to
provide a reactive handle for bioconjugation. In a final step,
the alkyne-ended RGD peptides (PEP2) were coupled to 3 by
copper(I)-catalyzed azide-alkyne cycloaddition (CuAAc) obtain-
ing the peptide-functionalized squaramide monomer 2 (Scheme
S4, Supporting Information). Monomers 1 and 2 were purified by
high performance liquid chromatography (HPLC) prior to self-
assembly and gel preparation. Detailed synthetic information can
be found in the Supporting Information.

For subsequent 3D cell culture studies, a supramolecular co-
assembly protocol was developed to mix both native monomer
1 and RGD-functionalized squaramide monomer 2 (Scheme 1A
and Figure S1, Supporting Information). DMSO stock solutions
of monomers 1 and 2 were first prepared at concentrations of
25 and 5 mM, respectively, followed by mixing in a controlled
and tunable manner based on concentration and volume calcu-
lations. The DM SO mixture was then exposed to nitrogen flow
overnight to obtain a dried film. Afterward, hydrogel preparation
was performed by rehydration in PBS, vortexing, and sonication
in an ice-water bath (4 °C, ~30 min). Last, the obtained transpar-
ent solution was incubated at 37 °C for 30 min and equilibrated
overnight prior to further use for subsequent experiments.

UV-vis spectroscopy measurements were performed to un-
derstand the effect of the mixing protocol on the functional
squaramide-based supramolecular monomers and mixtures at

© 2021 Wiley-VCH GmbH
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Scheme 1. A) Preparation of bioactive squaramide-based supramolecular hydrogels: native tripodal squaramide monomer (1) was mixed with an RGD-
functionalized monomer (2) in DMSO. The dried solid was rehydrated in phosphate buffered saline (PBS, pH 7.4) by sonication, followed by being left
to equilibrate overnight to obtain the co-assembled bioactive hydrogels. B) HepG2 spheroids cultured in bioactive squaramide-based supramolecular
hydrogel for 21 days: i) HepG2 cells were mixed and encapsulated within the hydrogel by pipetting using its self-recovery property; ii) HepG2 cells self-
assemble into spheroids, proliferate, and differentiate within the hydrogel; iii) HepG2 spheroids were released by dilution and used for further analysis

. Realtime-PCR

including cell proliferation and gene expression.

the molecular level. UV-vis spectra of both monomer 1 and
2 in DMSO showed a single band at 293 nm that consis-
tent with depolymerization of the squaramide monomers (Fig-
ure S1, Supporting Information).[?”) After rehydration of the
films in PBS, samples containing 2, 5, 10, and 15 mol%
of monomer 2 (SQ-2RGD, SQ-5RGD, SQ-10RGD, and SQ-
15RGD) displayed two absorption bands at 262 and 322 nm
corresponding to the HOMO—-LUMO+1 and HOMO-LUMO
transitions of squaramide, respectively. (Figure S5, Supporting
Information)?>3!] These bands are identical to the supramolecu-
larly polymerized monomer 1 on its own suggesting that the mix-
ing of monomer 2 up to 15 mol% does not modify its aggregation
at the molecular level. However, further increasing the amount

Adv. Healthcare Mater. 2021, 10, 2001903
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of monomer 2 up to 40 mol%, the HOMO-LUMO+1 and
HOMO-LUMO transitions were recorded at 267 and 319 nm,
pointing to a slightly lower degree of aggregation compared to
the native monomer 1. Together these results suggest DMSO
depolymerizes the squaramide monomers, including those with
the RGD peptide functionality, and repolymerization is achieved
when prepared as co-assemblies in buffered solutions.
RGD-functionalized squaramide hydrogels were prepared
with various mol% of monomer 2 and their capacity to gelate
water was first approximated by a gel inversion test. The total
squaramide monomer concentration was maintained at 3.1 mM
and the effect of increasing the amount of monomer 2 on
co-assembly was examined (0.06-0.45 mM RGD peptides).

© 2021 Wiley-VCH GmbH
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Figure 1. A) Gel inversion test of RGD-functionalized squaramide hydrogels (3.1 mM) prepared in PBS (pH 7.4) SQ-xRGD: hydrogels containing x mol%
of the monomer 2. Oscillatory rheology measurements: B) Averaged (N = 3) storage (G’) and loss (G'’) moduli of hydrogels (3.1 mM, PBS) collected at
37 + 0.2 °C by a time-sweep measurement with a fixed frequency of 1 Hz and strain of 0.05%. C) Amplitude sweep of RGD-functionalized squaramide
hydrogels at 37 + 0.2 °C with a frequency of 1 Hz and strain from 0.1% to 100%. D) Step-strain measurements of hydrogel SQ-10RGD (3.1 mM) at 37 +
0.2 °C with a frequency of 1 Hz. Frequency-sweep measurements (from 0.01to 2 Hz, y = 0.05%) were performed between application of low (0.05%)

and high strain (100%) (data not shown).

(Figure 1A) Non-flowing hydrogel materials were observed up to
15 mol% 2. The mechanical properties of RGD-functionalized
squaramide hydrogels were further assessed quantitatively by
performing oscillatory rheology. From the time sweep measure-
ments, hydrogel formation was confirmed with storage moduli
(G’) being greater loss moduli (G’) for the various samples. Me-
chanically soft hydrogels were formed for all compositions with
a G’ lower than 100 Pa; a decreasing trend was observed with
the increase of monomer 2. (Figure 1B) An amplitude sweep
experiment in a range of strain from 0.1% to 100% was used
to determine the linear viscoelastic (LVE) region of the various
materials. In the case of hydrogels SQ-2RGD and SQ-5RGD, G’
and G’ remained constant until 4% strain, whereas for hydro-
gels SQ-10RGD and SQ-15RGD the exit from the linear regime
was observed at 6% strain. (Figure 1C) Moreover, frequency
sweep measurements showed rheological profiles consistent
with viscoelastic materials in a frequency range from 0.01 to
2 Hz for all hydrogels up to 15 mol% monomer 2 with G’ was
greater than G’ by an order of magnitude (Figure S2, Supporting
Information). Last, step-strain measurements were executed to
evaluate the effect of the added monomer 2 on the self-recovery
properties of the supramolecular hydrogels. With the addition of
monomer 2 up to 15 mol%, the RGD-functionalized squaramide
hydrogels showed similar self-recovery behavior to the previously
reported native hydrogel SQ, namely the decrease and inversion
of both moduli (G’ and G”) in response to large amplitude
strain, and recovery of the material to its initial state after its
removal over two cycles.B!! (Figure 1D and Figure S3, Support-
ing Information) To better understand the effect of increasing
peptide monomer concentration, a sample with a greater mol
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percentage of monomer 2 (SQ-40RGD) was examined. While G’
> G in time sweep measurements, G’ and G’ were found to
decrease (G’ = 1.26 Pa, G'" = 0.27 Pa) significantly (Figure S4,
Supporting Information) demonstrating a negative effect of the
peptide monomer on gelation properties.

Further insight into the origin of the measured rheological
properties was provided by cryogenic transmission electron mi-
croscopy (cryo-TEM). As shown in Figure S5, Supporting In-
formation, flexible, micron-length nanofibers were observed for
SQ-10RGD hydrogels (3.1 mM, PBS) indistinguishable from the
SQ hydrogels with a slightly smaller width of 4.8 + 0.4 nm.
Because of the difference in gel rheological properties with in-
creasing peptide concentration, we further examined the effect
of increasing monomers 2 on the nanoscale structure of the
squaramide-based supramolecular polymer fibers. Similarly, en-
tangled fibers were observed in SQ-40RGD solution, with compa-
rable fiber width of 4.6 + 0.6 nm, indicating that the co-assembly
of monomer 2 was comparable at the nanoscale level. (Figure S6,
Supporting Information)

RGD peptides bind cell-surface integrins and through these
receptors they stimulate actin polymerization upon cell attach-
ment, facilitating cell spreading and contractile movements.343]
Therefore, before applying the co-assembled supramolecular
polymers for 3D cell culture, we first investigated whether cells
can recognize and respond to the RGD peptides presented
by the squaramide-based polymers. Consequently, NIH3T3-
LifeAct-mCherry cells transduced to express m-Cherry-labeled
actin were encapsulated and cultured in squaramide-based
hydrogels. Branched, large protrusions (pseudopods) tipped
with actin rich filopodia outside of the cell body were observed

© 2021 Wiley-VCH GmbH
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Figure 2. A) Representative images of NIH3T3-LifeAct-mCherry cells cultured within squaramide-based hydrogels after 24 h, scale bar: 10 ym; B) Quan-
titative analysis of mean projected cell area, perimeter, circularity, and skeleton branch length from NIH3T3-mCherry-LifeAct cells cultured for 24 h within
squaramide-based hydrogel. For each data set, 74-100 cells were analyzed. The mean and standard deviation are marked within the graphs. (*P < 0.05,

**P < 0.01, ***P < 0.001 one-way Anova)

in the SQ-10RGD and SQ-15RGD hydrogels, as previously
reported in ECM-derived collagen hydrogels.’**’l (Videos S1
and S2, Supporting Information) Additional to protrusion for-
mation, cell migration was also observed indicating extensive
cell-hydrogel interactions in 3D. In contrast, cells in native
SQ hydrogels displayed a highly rounded morphology, with
minimal spreading and were rarely observed to migrate. (Video
S3, Supporting Information) This indicates that the inclusion
of RGD peptides is essential for cell spreading and migration
in the squaramide-based supramolecular hydrogel. To further
quantify cell spreading efficiency as a function of RGD concen-
tration, cells were cultured in squaramide-based hydrogels for
24 h and then subsequently imaged (2.5 pm stepped z-stacks).
Using image analysis, all cells in each imaged volume slice were
recognized and a local 2D z-projection was made around each
cell to individually analyze and extract appropriate cell edges.
The cell edges were used to calculate morphological parameters
such as cell area, perimeter, circularity, summated skeleton
branch length, min- and max Feret diameter, and aspect ratio.
Cells tended to spread significantly more in RGD-functionalized
squaramide hydrogels, as shown in Figure 2A and Figure S8,
Supporting Information, and quantitatively displayed larger cell
areas and longer perimeters in comparison to those in SQ (P <
0.001, Figure 2B and Figure S8, Supporting Information). Con-
sistently, cell circularity was much lower in RGD-functionalized
hydrogels, calculated to be 0.726, 0.619, and 0.694 for cells in
SQ-5RGD, SQ-10RGD, and SQ-15RGD, respectively, in com-
parison to that in SQ (0.903). To gather further information of
cell protrusion formation, the cell shapes were skeletonized,
the Feret diameters were measured and aspect ratios were
calculated. Significantly larger Feret diameters were observed for

Adv. Healthcare Mater. 2021, 10, 2001903
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cells cultured in RGD-functionalized hydrogel in comparison
to that in SQ (P < 0.001), supporting cell elongation within the
RGD-presenting materials. Among them, the lowest aspect ratio
was calculated from cells cultured in SQ-10RGD, as shown in
Figure 2B. Moreover, the summated skeleton branch lengths for
each cell, used as an indicator of protrusion length, was found to
be 22.4 + 3.3 pm in SQ-10RGD, a 4-fold increase over thatin SQ
(5.2 + 1.2 pm). (Figure 2B and Table S1, Supporting Information)
Taken together, the cells displayed a more spread and branched
morphology with highly dynamic actin polymerization along the
cell membrane, especially at the end of branched protrusions as
a consequence of interaction with RGD peptides in the bioactive
squaramide-based hydrogels as previously reported in literature
powering cell migration within the hydrogels.[**

The aggregation of HepG2 cells into spheroidal structures that
resemble their presentation in vivo provide a versatile tool to
investigate hepatic metabolism, stemness, cancer, and chemical
safety assessment.33#] Because bioactive squaramide-based hy-
drogels containing an RGD-ligand support active cell migration
and proliferation, we became interested if these materials would
further enable the self-assembly of HepG2 cells into spheroids
and facilitate their differentiation. A recent study demonstrated
that low concentrations of RGD peptide (~0.2 mM) may be
not sufficient for human liver organoid proliferation,!'’! thus
bioactive squaramide-based hydrogels were examined at 0.3 and
0.45 mM RGD with hydrogels lacking the RGD monomer 2 and
Matrigel being used as controls. As expected, HepG2 cells grew
within SQ-10RGD hydrogel by starting from single cells (1 x
10° cells mL™!) on day 3 to small aggregates on day 7, and finally,
rounded spheroids on day 14 that continued to increase slightly
in size until day 21. (Figure 3A) HepG2 cells grew similarly in

© 2021 Wiley-VCH GmbH
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Figure 3. 3D HepG2 cell culture in squaramide-based hydrogels over a 21-day period. A) Bright field images taken on day 3 (D3), 7 (D7), 14 (D14), and
21 (D21). Scale bar: 200 pm. B) Size distribution of HepG2 spheroids during the 21-day culture period in squaramide-based hydrogels and Matrigel
(LOT5215008). For each group, 66 spheroids were measured in Fiji by manually drawing a straight line horizontally (angle < 3°). The means and standard

deviations are marked inside the graphs.

SQ and SQ-15RGD hydrogels forming compact spheroids on day
14. As a control, spheroids cultured in Matrigel, the current gold
standard cell culture matrix, displayed a slightly less compacted
morphology throughout the culture period. Spheroid diameter
was measured to quantitatively compare the performance of the
supramolecular matrix against Matrigel in generating these mor-
phological structures. Increase in the spheroidal diameter over
the 21-day culture period was confirmed by plotting the mea-
sured size distributions in Figure 3B. Cellular aggregates of 58 +
18, 69 + 17, and 64 + 17 pm were obtained on day 7 in SQ,
SQ-10RGD and SQ-15RGD hydrogels, and grew into spheroids
with diameters of 116 + 40 pm, 112 + 32 pm, and 129 + 49 pm
on day 14, respectively. From day 14 to day 21, spheroids in SQ
and SQ-10RGD hydrogels were comparable in diameter, 127 +
30 pm and 119 + 30 pm, respectively. Conversely, HepG2 cells
cultured in Matrigel formed spheroids with average diameter of
102 + 31 pm on day 7 and increased in size to 128 + 40 pm on
day 14 and 122 + 22 pm on day 21, respectively. From all hydro-
gel conditions tested, the HepG2 spheroids in SQ-15RGD hydro-
gel displayed highest diameters at 163 + 66 pm on day 21, yet
remained below 200 pm providing sufficient oxygen diffusion
throughout the spheroid.[*}*?] This increase in spheroid diam-
eter in the squaramide-based hydrogels suggests proliferation of
HepG2 cells during the culture period.

Proliferation of the HepG2 spheroids cultured in the bioac-
tive squaramide-based hydrogels were further assessed by their
imaging with 5-ethynyl-2’-deoxyuridine (EdU). In order to facil-
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itate their staining, the HepG2 spheroids were released from
the hydrogels by dilution of the supramolecular matrix at pre-
determined time points, imaged and analyzed quantitatively for
EdU positive cells. Proliferative cells were observed to be ran-
domly distributed throughout the HepG2 spheroids suggesting
that sufficient nutrient diffusion through squaramide-based hy-
drogels and the spheroids occurs during culture. (Figure 4B) In
the SQ hydrogel lacking RGD peptides, HepG2 cells displayed
comparable proliferative activity based on the EdU-positive per-
centage over the culture period, namely 18 + 16.2% on day 7,
8 + 6.4% on day 14, and 10 + 6.2% on day 21, respectively.
In the RGD-functionalized squaramide-based hydrogel, HepG2
cells were found to proliferate actively at the beginning of the cul-
ture period with the measured percentage of EdU-positive cells
on day 7 being 25 + 9.9% and 45 + 8.4% in SQ-10RGD and SQ-
15RGD hydrogels, respectively. Notably, HepG2 cells cultured in
Matrigel displayed an EdU-positive percentage of 41 + 12.8% on
day 7 that declined to 7 & 5.0% on day 14 and eventually ended at
6 + 5.2%. As the culture progressed from day 7 to 14 in both Ma-
trigel and squaramide hydrogels, a dramatic decrease in the per-
centage of EdU-positive cells was measured pointing to decreased
proliferation and suggestive of their differentiation. SQ-15RGD
showed the highest proliferation of the HepG2 cells in compar-
ison to Matrigel, SQ and SQ-10RGD hydrogels on day 14, and
is consistent with the significantly larger measured diameter of
the spheroids. In the case of SQ-10RGD and SQ-15RGD slightly
increased proliferation of 13 + 9.2% and 14 + 2.8%, respectively,

© 2021 Wiley-VCH GmbH
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Figure 4. A) Cell viability assay of HepG2 spheroids cultured in SQ-10RGD hydrogel for 21 days stained by a LIVE/DEAD assay with calcein AM (viable
cells, green) and propidium iodide (PI) (dead cells, red). B) EdU staining of released HepG2 spheroids cultured in SQ-T0RGD hydrogels. Proliferating
cells were labeled with EdU-Alexa fluor 594 (red) and cell nuclei were stained with Hoechst 33 342 (blue). Scale bar: 50 ym. C) Quantification of EdU
percentage in HepG2 spheroids cultured within Matrigel, SQ, SQ-10RGD, and SQ-15RGD hydrogels. N = 3.

was recorded at the end of culture and is slightly greater than for
the SQ monomer (10 + 6.2%). (Figure 4C and Figure S10, Sup-
porting Information) Besides the early active cell proliferation,
HepG2 spheroids cultured within squaramide-based hydrogels
were largely calcein AM positive with few dead cells confirming
high cell viability and the absence of a necrotic core during the
culture. (Figure 4A and Figure S9, Supporting Information) Col-
lectively, RGD-functionalized squaramide hydrogels support the
formation of HepG2 spheroids with a size greater than 150 pm
initially showing active cell proliferation that decreases toward
the end of the 21-day culture period. The initial increased cell
proliferation could further affect HepG2 cell differentiation re-
sulting in the induction of metabolic enzymes and expression of
hepatic markers.

HepG2 cells showed spheroid formation in SQ, SQ-10RGD,
and SQ-15RGD hydrogels with high cell viability and increased
proliferation in the bioactive gels early on in the culture. How-
ever, it was previously demonstrated that the formation of
these in vivo mimicking structures in 3D in peptide nanofiber
hydrogel-based does not necessarily result in the distinct expres-
sion of metabolizing enzymes by RT-PCR.I"!] Consequently, to
assess the bioactive squaramide-based materials on the matura-
tion of HepG2 spheroids, RT-PCR experiments were performed
to evaluate the expression of a panel of metabolic enzymes and
hepatic markers. As hypothesized, the HepG2 spheroids showed
higher expression of various phase I and II metabolic enzymes
and drug transporters in the 3D cultures performed in compari-
son to 2D. (Figure 5A) mRNA expression of CYP1A2 measured
from cells cultured in 3D in the Matrigel matrix control was
over 40-fold in comparison to the 2D condition. Similarly, both
CYP2C19 and CYP3A4 showed an over tenfold enhancement in
3D in comparison to 2D culture and CYP2C9 and CYP2D6 ex-
pression was increased 3- and 4.5-fold, respectively. Addition-
ally, mRNA levels of the phase II xenobiotic-metabolizing en-
zymes UGT1A1 increased by over 45-fold and expression of hep-
atic markers HNF4a and NCTP were also found to increase
over two times during hydrogel-based culture. The overall higher
gene expression of metabolic enzymes and hepatic markers are
consistent with previous reports that the formation of compact
spheroids in 3D are beneficial for hepatocyte maturation.!®12]
When compared against the HepG2 spheroids cultured in Ma-
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trigel, cells cultured in the bioactive squaramide-based hydrogel
SQ-10RGD in 3D displayed significantly higher mRNA expres-
sion in case of CYP2D6 (4.7-fold), CYP2C19 (4.2-fold), CYP2C9
(3.6-fold), and NCTP (4.9-fold) and comparable level in CYP1A2
(1.8-fold), UGT1A1 (1.4-fold), CYP3A5 (1.5-fold), and HNF4a
(1.5-fold). These results strongly suggest that the fully synthetic
bioactive squaramide-based hydrogel can function well as an al-
ternative matrix of Matrigel for HepG2 culture. More impor-
tantly, in comparison to the control SQ hydrogel, cells were cul-
tured within SQ-10RGD hydrogel displayed significant improved
mRNA expression of NCTP (**P < 0.01) and advantageous ex-
pression of CYP2D6, CYP2C19, CYP1A2, HNF4a, and UGT1A1,
confirming the importance of incorporating bioactive peptides
to further stimulate differentiation. The overall enhancement in
gene expression in HepG2 spheroids by introducing RGD pep-
tides is less obvious than that of transferring cells from 2D to 3D
culture, implying cell—cell contact plays a critical role in their dif-
ferentiation rather than cell-matrix interactions, at least under
the tested cell seeding condition.[***! However, matrix proteins
have been earlier demonstrated to play an important role in the
assembly of HepG2 spheroids and this can also explain the subtle
increases between the RGD and native conditions.[*]

To further probe the differentiation of spheroids in 3D in
squaramide-based hydrogels, immunostaining of albumin, and
bile canaliculi-like structures through MRP2 was performed (Fig-
ure 5B and Figure S12, Supporting Information).®°1 Albumin
expression was present in both Matrigel and squaramide-based
hydrogels culture systems. In contrast, MRP2 expression was
localized in actin-rich regions suggesting bileduct formation,
with a more intense staining in hepG2 spheroids that were cul-
tured in SQ and SQ-10RGD hydrogels in comparison to those
in Matrigel. Conversely, MRP2 staining was hardly observed in
spheroids from the SQ-15RGD hydrogel that had the largest ag-
gregates. Moreover, f-catenin expression at the borders of the
hepG2 spheroids indicate that independent of the gel used the
cells establish basal-lateral polarity.

To summarize, the quantified mRNA expression of metabolic
enzymes and hepatic makers from HepG2 cells cultured in
squaramide-based hydrogels confirms our hypothesis that our
bioactive and chemical-defined synthetic matrix can be an
alternative to Matrigel to support their 3D cell culture, and

© 2021 Wiley-VCH GmbH
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Figure 5. A) Real-time PCR analysis of metabolic enzymes and liver-specific markers in 2D and 3D culture. Fold change gene expression levels of HepG2
spheroids after 3D culture for 21 days compared to 2D culture for 3 days. Data are collected from three biological replicates. (*P < 0.05, **P < 0.01, ***P
< 0.001, ****P < 0.0001 one-way Anova). B) Immunofluorescence staining of the liver markers albumin (upper row), MRP2 (middle row) and p-catenin
(lower row) in green, and counter-stained with F-actin rhodamine phalloidin (red) and the nuclear stain Hoechst33342 (blue). Merged channels consist
of all three stainings. Scale bar: 100 ym.
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importantly, incorporation of cell adhesion motifs (RGD) en-
hanced cell proliferation, and thus improve cell hepatic makers
expression in 3D. Still, as observed from real-time PCR analysis
in Figure 5A, some variation between biological replicates was
observed in the gene expression, which was comparable to
that of Matrigel from different lots (Figure S11, Supporting
Information), especially with respect to CYP1A2 and UGT1A1
expression. Likely these variations are due to the non-uniform
size of the formed spheroids in 3D within the materials that
influence the metabolic activity of the HepG2 cells and further
refinement of the overall synthetic matrix composition and/or
culture protocol will require methods to control spheroid size
prior to cell culture within the materials.[“**’] Gratifyingly, this
fully synthetic supramolecular squaramide-based matrix can
support HepG2 early proliferation and differentiation with
the expression of several key metabolic enzymes and hepatic
markers to a greater extent than Matrigel.

A fully synthetic and bioactive squaramide-based supramolec-
ular hydrogel material bearing RGD peptides was prepared for
3D cell culture. The co-assembly approach of the synthesized
monomers 1 and 2 to prepare the hydrogel materials enables tun-
ing of the peptide concentration within the materials. The RGD-
functionalized squaramide-based hydrogels were demonstrated
to be optically clear, mechanically soft, and self-recovering. En-
capsulated cells recognize the RGD peptides (0.15-0.45 mM) em-
bedded within the network by spreading, initiating actin poly-
merization, and inducing cell migration in 3D. These RGD-
functionalized squaramide hydrogels support the growth of
HepG2 cells into compact spheroids with high cell viability, ac-
tive proliferation, and differentiation, resulting in significantly
higher gene expression of metabolic enzymes and hepatic mark-
ers as well as the formation of liver structures and basal-lateral
polarization. This chemically well-defined monomers enable a
facile preparation protocol through their co-assembly, cytocom-
patibility, and capacity to trigger differentiation on par with nat-
ural materials challenging Matrigel, the current gold standard
for liver spheroid culture, but can be more broadly applied in
other areas of tissue culture where cell-matrix interactions are
necessary to facilitate various aspects of cell behavior. Moreover,
their self-recovering properties enable gentle spheroid release
which can be used for downstream analysis. Finally, the termi-
nal azide on squaramide monomer 3 leaves the door open to fur-
ther chemically modification and crosslinks for future biomateri-
als designs, for example, tuning the stiffness of supramolecular
network in a straightforward manner to provide a closer in vivo
mimicking microenvironment for cells.

Experimental Section

Experimental details including synthetic procedures and character-
ization, oscillatory rheology, UV-vis spectroscopy, cryogenic transmis-
sion electron and confocal laser scanning microscopy, RT-PCR, and im-
munofluorescence analysis are described in Supporting Information.

Supporting Information

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