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Abstract

Supramolecular chirality plays an indispensable role in living and synthetic systems. However, the generation and
control of filament chirality in the supramolecular hydrogel of short peptides remains challenging. In this work, as the
first example, we report that the heterodimerization of the enantiomeric mixture controls the alignment, chirality, and
stiffness of fibrous hydrogels formed by aromatic building blocks. The properties of the resulting racemic hydrogel
could not be achieved by either pure enantiomer. Cryo-EM images indicate that the mixture of L and D enantiomers
forms chiral nanofibers, the percentage of which can be readily controlled through stoichiometric co-assembly of
heterochiral enantiomers. 2D NOESY NMR and diffusion-ordered NMR spectroscopy reveal that heterodimerization of
enantiomers plays a crucial role in the formation of chiral nanofibers. Further mechanistic studies unravel the mecha-
nism of supramolecular chirality formation in this two-component system. Molecular dynamics simulations confirm
that the intermolecular hydrogen bond and m—11 interaction of heterodimers play important roles in forming a chiral
hydrogel. Furthermore, regulation of the adhesion and morphology of mammalian cells is achieved by tuning the
relative ratio of L and D enantiomers at the same concentration. This work illustrates a novel strategy to control the
supramolecular chirality of aromatic peptide hydrogels for materials science.
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Introduction

Supramolecular chirality is a critical feature in living and
synthetic systems. Remarkable examples are the double-
helical DNA which stores genetic information and the
triple-helical collagen fibers that constitute the primary
structural element of the extracellular matrix (ECM) [1,
2]. The elucidation of atomic-resolution structures of
functional proteins also revealed that supramolecular
chirality prevails in almost all signal transduction pro-
cesses [3]. For example, the assembly of the death fold
domains, pyrin domain, and the caspase recruitment
domain into helical filaments amplifies caspase activation
to generate a sufficient cellular response [4]. The increas-
ing realization of the importance of supramolecular chi-
rality [5] in biological activities opens up opportunities
for developing soft materials (e.g., hydrogel) for chiral
recognition [6], drug delivery [7, 8], catalysis [5, 9], sens-
ing [10], and 3D cell culture [11].

Resembling the properties of native ECM, the supra-
molecular hydrogel has been attracting more and more
attention in different disciplines, including chemistry,
materials, and biology. To construct hydrogel with chiral
supramolecular structures, self-assembly through non-
covalent interactions is an efficient strategy [5, 7, 12—14].
A few approaches have been investigated to induce the
chirality of nanofibers within the hydrogel, including
metal ions, pH, achiral additives, and temperature. For
example, Feng group demonstrated that metal-ion could
mediate the supramolecular chirality of small molecules
to form hydrogel for cell adhesion [15]. Zhao and cow-
orkers employed achiral bis(pyridinyl) derivatives to tune
the handedness of nanofibers in C2 phenylalanine-based

hydrogel [16]. Jiang and Yang’s groups found that enzyme
instructed self-assembly of the peptide could induce
the formation of right-handed nanofibrous hydrogel to
modulate the immune response [17]. Although these
approaches are relatively successful and practical, the
requirement of external metal ions, enzymes, and achi-
ral inducers still limits their application. Another recent
finding revealed that molecular chirality could affect the
self-assembly of short amphiphilic peptides and dictate
the final morphological handedness by non-covalent
interactions [18-24]. For example, Adams and Serpell
have described a single amino acid variation could govern
the assemblies helicity of dipeptide [20]. Marchesan and
co-workers have shown that amino acid’s steric configu-
ration plays a key role in the self-assembly of unprotected
tripeptides and dipeptides [21]. Adams and co-workers
also demonstrated that the properties of gels could be
tuned simply by varying the chirality of dipeptide [22].
Cui and Stupp groups have described that the sequence
of amino acids in isomeric tetrapeptide with hydropho-
bic alkyl could dictate the final 1D nanostructures [25].
Despite these advancements, it remains challenging
to control the supramolecular chirality of nanofibrous
hydrogel with tunable alignment [26].

Herein, we report that controlling the intermolecu-
lar interaction of enantiomeric tripeptide with aromatic
modification affords a chiral nanofibrous hydrogel with
tunable alignment, which could not be achieved by either
pure enantiomer. We found that L enantiomeric peptide
forms an isotropic hollow nanofibrous hydrogel, while
its corresponding D isomer forms the anisotropic hydro-
gel with aligned hollow nanofibers. The mixture of the
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L and D isomers co-assemble to form chiral nanofibers
with controlled alignment and stiffness. Simply tuning
the ratio of L and D enantiomers, we can control the ratio
of chiral nanofibers in the molecular hydrogel. Detailed
mechanistic studies indicated that the chiral nanofib-
ers consist of the heterodimer of L and D enantiomers
through non-covalent interactions. Molecular dynam-
ics simulations confirm that intermolecular hydrogen
bonding and n—mt stacking play a key role in forming het-
erodimers. Moreover, we also demonstrate the good bio-
compatibility of the hydrogels by 2D and 3D cell culture.
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This work illustrates a new and efficient strategy to gen-
erate supramolecular chiral nanofibers with tunable
alignment and stiffness, which could be used to create
programmable niches for directing cell functions.

Results and discussion

As shown in Fig. 1, we designed low molecular weight
(LMW) building blocks based on the following ration-
ales: (i) Tryptophan-tyrosine (WY) are favorable amino
acid composition at the protein—protein interface,
which engage in hydrogen bonding and m-m stacking
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Fig. 1 Chemical structures of LMW-L1 and LMW-D1, and the illustration of self-assembly mechanisms for three kinds of low molecular weight
(LMW) hydrogels that formed at pH 7.4 aqueous solution. Homodimerization of LMW-L1 or LMW-D1 forms hydrogel with isotropic or anisotropic
nanofibers, while the mixture of enantiomer LMW-L1 and LMW-D1 co-assembles to form chiral nanofibrous hydrogel consisting of heterodimers.
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[27-29]; (ii) (Naphthalene-2-ly) acetyl group (Nap)
provides strong intermolecular aromatic-aromatic
interactions to enable self-assembly and maintain the
secondary structure of short peptides [30]; (iii) Phe-
nylalanine is a well-known amino acid to form amy-
loid-like deposits [31]. Therefore, we synthesized L
(LMW-L1) and D enantiomer (LMW-D1) of short pep-
tide 2-(naphthalene-2-yl)acetic-Trp-Tyr-Phe using solid
phase peptide synthesis (Additional file 1: Scheme S1)
using 2-chlorotrityl chloride resin and the correspond-
ing N%-Fmoc-protected amino acids with side chains
properly protected. We used high performance liquid
chromatography (HPLC) to purify all the molecules
and characterized them by NMR and LC-MS (Addi-
tional file 1: Figs. S2, S3, S8, S9).

We first examine the hydrogelation and self-assembly
performance of the molecules. We used the heating—
cooling strategy to form a hydrogel, a common strategy
to induce gelation [32]. After heating at 75 °C for 1 min,
the solution of the hydrogelator dissolves completely and
then cooling leads to hydrogelation. Dissolving in phos-
phate buffer (pH 7.4) at 0.3 wt%, LMW-L1 or LMW-
D1 forms a translucent hydrogel (Additional file 1: Fig.
S14) within 10 min by heating—cooling strategy. Further
gelation ability measurement shows that LMW-L1 and
LMW-D1 have similar critical gelation concentration
(CGC) of 0.2 wt%. Interestingly, the equimolar mix-
ing (0.3 wt %) of enantiomers resulted in rapid gelation
within 5 min to form a racemic hydrogel with excellent
stability at room temperature for several months. Cryo-
genic transmission electron microscopy (cryo-TEM) and
AFM images indicate that LMW-L1 forms hydrogel con-
sisting of randomly entangled hollow nanofibers with an
average diameter and height of 10 nm and 10 nm, respec-
tively. In contrast, the hydrogel of LMW-D1 composes of
extraordinarily long arrays of aligned hollow nanofibrous
bundles. The average diameter and height is 24 nm and
9 nm, respectively (Fig. 2; Additional file 1: Figs. S15—
$17), which differs from recent work showing that L and
D enantiomers of the peptide have similar morpholo-
gies [18, 33-35]. The equimolar mixture of LMW-L1 and
LMW-D1 assembles into supramolecular left-handed
nanohelices with a diameter and height of 19 nm and
7 nm (Fig. 2c, f; Additional file 1: Figs. S15-S17), respec-
tively. These results suggest the feasibility of enantio-
meric mixing to induce supramolecular chirality, which
has not been reported previously. Furthermore, to elimi-
nate the pre-formed nanostructures during the peptide
purification before the assembly, we dissolve the LMW-
L1 and LMW-D1 in 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP), respectively, after freeze- drying, we perform
the co-assembly experiments. The equimolar mixture
of LMW-L1 and LMW-D1 could also form nanohelices
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(Additional file 1: Fig. S18), consistent with the above
observations.

To investigate the secondary structure of hydro-
gels, we employed circular dichroism (CD) and Fourier
transform infrared spectroscope (FTIR). The CD spec-
trum (Fig. 2g) of LMW-L1 exhibits two negative peaks
located at 192 nm and 210 nm, which correspond to the
—m* transition and n—m* transition of peptide chromo-
phores, and one positive peak at 232 nm, which could
be attributed to the exciton coupling of the naphthalene
chromophores.[36] The hydrogel of LMW-D1 shows a
mirror symmetry to LMW-L1 hydrogel. The CD spec-
trum from the equimolar mixture of enantiomers (exper-
imental) is not identical to the simple sum (theoretical)
of two single-component spectra (Fig. 2g), suggesting the
co-assembly of enantiomers [33, 37]. Furthermore, we
recorded the HT data with the measurement of the CD
signals (Additional file 1: Fig. S19). We accounted for the
contribution of light scattering from the PBS, and the HT
data represented the corresponding absorbance of the
hydrogels. In the HT spectrum, the hydrogels showed
similar absorbance in UV-vis spectra. They exhibit three
absorption peaks located around 190 nm, 220-230 nm,
and 280-290 nm, corresponding to the m—m* transi-
tion, n—m* transition, and the absorbance of naphthalene
chromophore [20], respectively. In-situ FTIR spectros-
copy shows that the hydrogels formed by LMW-L1 and
LMW-D1 exhibit strong amide I stretch at 1615 cm™,
1623 cm™), and 1635 cm™! (Fig. 2h), which correspond-
ing to the B-sheet secondary structure [23]. In contrast,
the hydrogel co-assembled by equimolar of LMW-L1 and
LMW-D1 exhibit the red shift with two absorption peaks
at 1633 cm ™! and 1626 cm™}, indicating the co-assembly
property.

To further investigate the interaction between LMW-
L1 and LMW-D1, we examine the self-assembly perfor-
mance of these enantiomers at various relative ratios by
high-resolution TEM. Gelation test indicates that the
mixture of LMW-L1 and LMW-D1 at 0.3 wt% forms sta-
ble hydrogels despite the different relative concentrations
of LMW-L1 and LMW-D1 (Additional file 1: Fig. S14,
Table S2). As shown in Fig. 3a—i, supramolecular helical
structures gradually developed with the increasing per-
centage of LMW-D1, and the helical nanofibers consti-
tute almost 100% of nanostructures at the molar ratio of
1:1. Moreover, the hydrogel mainly consists of isotropic
nanofibers when LMW-L1 is the major component, while
anisotropic nanofibers are formed with the increase of
LMW-D1 (Fig. 3a-i; Additional file 1: Fig. $20). These
results, together with Cryo-EM experiments of hydro-
gels, indicate that drying has little effect on the structures
in our system [38], further suggesting that the supramo-
lecular chiral fibers are formed by the co-assembly of
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LMW-L1 and LMW-D1. This observation also demon-
strates that simple stoichiometric co-assembly of biomo-
lecular enantiomers is a new strategy to tune the chirality
and alignment of nanofibers [26].

We next measure the mechanical properties of the
above hydrogels with rheometry. The hydrogel formed by
the equimolar mixture of enantiomers exhibits the high-
est rigidity, over 4 and 11 folds greater than that of the
hydrogel formed by LMW-L1 and LMW-D1, respectively
(Fig. 3j; Additional file 1: Figs. S21, S22, Table S3). Spe-
cifically, we could observe more anisotropic nanofibers
in the hydrogel with the increase of amount of LMW-D1,
and the mechanical strength of the corresponding hydro-
gel decreases gradually (Fig. 3j). The storage modulus of

hydrogel formed by LMW-D1 reaches the lowest, which
is consistent with the observation of Adams et al. in the
dipeptide system [22]. Adjusting the enantiomer ratios
enables us to modulate the mechanical properties of the
supramolecular hydrogels. More specifically, with the
increase of LMW-D1, the storage modulus of hydrogels
increases first and then decreases, which attained the
highest value at the molar ratio of 1:1. However, the val-
ues of storage modulus show a little difference with the
alternation of molar ratio from 1:0 to 0:1. The average
storage modulus is 124.7+28.4 Pa (1:0), 80.7+17.6 Pa
(10:1), 81. 6451 Pa (5:1), 21574303 Pa (2:1),
558.4-+46.9 Pa (1:1), 182.4-53.2 Pa (1:2), 85.1 +10.6 Pa
(1:5), 51.6414.1 Pa (1:10), and 482420 Pa (0:1),
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respectively. The molar ratio-dependent CD studies
indicate that the signal at 232 nm gradually decreases
with the increase of LMW-D1’s content. The CD signal
approaches almost the baseline when the molar ratio is
1:1, where the inter-chromophore orientation is chiral
but racemic (Fig. 3k), revealing the co-assembly state
in the supramolecular chirality. In the UV-vis spec-
tra, the hydrogels at different molar ratios of LMW-L1
and LMW-D1 show a redshift compared to monomers
(Additional file 1: Fig. S23a), indicating the formation of
aggregates. However, the hydrogel formed by equimolar
ratio of enantiomers only shows a little redshift of 1 nm
(Fig. 3l), indicating the interaction of racemic inter-
chromophores. The emission spectra (Fig. 3m) of hydro-
gels suggest the strong interaction between LMW-L1
and LMW-D1 within chiral nanofibers. For example, the
weakest emission at 328 nm of an equal molar mixture
of enantiomers suggests that the aggregation suppresses
most fluorescence (Additional file 1: Fig. S23c¢; Fig. 3m),
most likely due to the energy transfer from the mono-
meric to the excimeric Nap group [39].

To study the molecular packing of LMWs within
nanofibrous hydrogels, in situ wide angle X-ray diffrac-
tion (WAXS) experiments were performed. We observe
the uniform diffraction rings corresponding to the d
spacing of 1.62 A, 1.98 A, 2.80 A, and 3.26 A for LMW-
L1 (Fig. 4a). The diffractions of 1.62 A and 1.98 A indicate

the periodic distance between adjacent peptide and the
2.80 A and 3.26 A diffraction attribute to the periodic
intermolecular hydrogen bonding and m-m stacking
between adjacent peptide segments within the B-sheet
secondary structure. With the increasing percentage of
LMW:-D1, there appear two orientational signals corre-
sponding to the d spacing of 3.91 A and 4.40 A (Addi-
tional file 1: Fig. S24), indicating the orientational order
of nanofibers within the hydrogel and the formation of
well-aligned nanofibers is driven by strong m—m interac-
tion. Specifically, the hydrogel co-assembled by an equi-
molar mixture of LMW-L1 and LMW-D1 exhibits the
consecutive and strong diffraction rings, suggesting the
homogeneity of nanostructures in the hydrogels (Fig. 4b).
However, the hydrogel of LMW-D1 shows crystal-like
discrete diffraction rings (Fig. 4c), likely due to the rigid
anisotropic nanofibers within the hydrogels [40]. Fur-
thermore, the hydrogel of LMW-D1 also exhibits the
birefringent domains (Fig. 4e), while the other two kinds
of hydrogels appear entire isotropic with no birefringence
(Fig. 4d, f). These results further support that the simple
mixture of enantiomers could control the supramolecular
chirality and alignment of nanofibers.

We next use NMR further to investigate the specific
molecular packing within the assembled nanostructures.
Compared with the monomer in d,-DMSO, 'H NMR sig-
nals of LMW-L1 and LMW-D1 in D,O move to the lower
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Fig.4 a-cIn situ WAXS patterns and (d-f) birefringence of hydrogels formed by (a, d) LMW-L1, (b, €) LMW-D1, and (c, f) equimolar mixture of two
enantiomers. Scale baris 100 um

field with agminated and broadened peaks, revealing the
formation of assemblies (Fig. 5a; Additional file 1: Fig.
S25) [41]. The aggregation of peaks within the aromatic
region is more obvious. Together with structure—activity
relationship studies, these results suggest the importance
of the aromatic-aromatic interaction in the formation of
nanostructures (Additional file 1: Figs. S4-S7, S10-S13,
$26, S27). Moreover, the 'H NMR signal of the enantio-
meric mixture is not the simple sum of the LMW-L1 and
LMW-D1 spectra, further demonstrating that the chiral
nanostructures are formed through co-assembly. Diftu-
sion-ordered NMR spectroscopy (DOSY) reveals that
the diffusion coefficient of hydrogel formed by LMW-L1,
LMW-D1, and their equimolar mixture is 2.213 x 1071°
m® 57, 2.529x107° m* 57!, and 2.275x 107" m* 57!
(Additional file 1: Fig. S28-30), respectively. These results
suggest that LMW-L1 and enantiomeric mixture form
dimers and trimers, while the nanostructure formed by
LMW-D1 consists of monomers and dimers [42]. Fur-
thermore, we used 2D nuclear Overhauser effect spec-
troscopy (2D NOESY) to investigate the H-H correlation
(Additional file 1: Fig. $31-S33). Close contacts (<3 A)
are observed between the CH in Nap (§ =7.43 ppm) and
CH, in F and W (§=2.94, 3.55 ppm). We also find the

close contacts between CH in Nap (§=7.51 ppm) and
F (6§=6.99 ppm), CH in W (§=7.12, 7.05 ppm) and Y
(6=6.61, 6.58 ppm) (Fig. 5b). The correlation in spatial-
ity of Nap with F, Nap with W, and W with Y attribute
to the co-assembly of LMW-L1 and LMW-D1 (Fig. 1).
Furthermore, the temperature-dependent "H NMR spec-
tra show that the NMR signals moved to the lower field
when the temperature increased from 25 “C to 95 C, and
the shape of signals changed. The results indicate that the
aggregated state of LMW-L1 and LMW-D1 is dissociat-
ing. However, the aggregated state of the peaks could not
be disturbed totally even at 95 “C (5 min), indicating the
mixtures still hold the co-assembly state, revealing the
robust stability of nanostructure co-assembled by LMW-
L1 and LMW-D1 (Fig. 5¢, d).

We next perform molecular dynamics (MD) simula-
tions to investigate the molecular interactions during the
self-assembly processes. The MD simulations were per-
formed by the Gromacs software package [43] under the
Amber99SB-ILDN force field [44]. Specifically, 50 LMW-
L1 and LMW-D1 molecules at a ratio of 1:0, 1:1, and 0:1
are randomly added into three indicate 8 nm periodic
boundary condition (PBC) boxes, separately, then the
boxes are filled with TIP3P water molecules [45]. We
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performed 5000 steepest descent steps and 5000 conju-
gate gradient minimization steps to achieve energy mini-
mization of the system. Then a 200 ps restraint simulation
at a time step of 1 fs was performed in the NPT ensemble
to make water molecules relax, followed by production
simulation of 100 ns in the NPT ensemble at a tempera-
ture of 398.15 K. We used the Particle Mesh Ewald (PME)
method [46] to treat long-range electrostatic interac-
tions with a cut-off value of 1.0 nm and then analyzed
the MD trajectory [47]. The peptides adopt the ran-
dom arrangement at 0 ns. However, the nanostructures
formed by LMW-L1 and an equimolar mixture of LMW-
L1 and LMW-D1 could rapidly form aggregates within
4 ns (Fig. 6a—c), which is faster than the nanostructure
formed by LMW-D1. The three kinds of aggregates tend
to stabilize after 8 ns and 20 ns. Moreover, the state of
equimolar mixture of LMW-L1 and LMW-D1 at 20 ns is

more similar to the final state (100 ns), which is different
from the aggregates formed by LMW-L1 and LMW-D1,
respectively. Finally, LMW-L1 and LMW-D1 could form
cylinder-like aggregates, and the diameter of LMW-D1
is larger than LMW-L1, consisting with the observa-
tion by TEM. The cylinder-like aggregates formed by
an equimolar mixture of LMW-L1 and LMW-D1 show
the nonuniform diameter, similar to helix-like nano-
structures (Additional file 1: Fig. S34). Furthermore, we
perform the MD calculations on homodimers and het-
erodimers formed by LMW-L1 and LMW-D1. We could
observe the intermolecular hydrogen bonding between
two N-H, C=0 and COOH, as well as m—m stacking
between Nap in the homodimers formed by LMW-
L1 (Fig. 6d). In the homodimers formed by LMW-D1,
hydrogen bonds between two N-H, N-H and C=0, as
well as m—mt stacking, stabilize the structure. Combining
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with the 2D DOSY results, the difference between inter-
molecular interactions and aggregate state may contrib-
ute to the nanofibers at different morphology formed by
LMW-L1 and LMW-D1. However, the hydrogen bonding
between two O-H and COOH appeared in the heter-
odimers formed by LMW-L1 and LMW-D1, which have
never been observed in homodimers. Meanwhile, we
hardly observe the direct interaction between LMW-L1
and LMW-D1 themselves. In addition, the relative total
energies for LMW-L1-LMW-L1 and LMW-D1-LMW-
D1 are — 169.1 kJ/mol and — 180.2 k]J/mol, respectively,
while the relative total energy for heterodimer of LMW-
L1 and LMW-D1 is — 186.8 kJ/mol (Fig. 6e), indicating
that the LMW-L1/LMW-D1 hetero-interactions are

more favorable than the homo-interactions. The MD
simulations also show the strong m—m stacking between
Nap (LMW-L1) and F (LMW-D1), and Nap (LMW-D1)
and W (LMW-L1) (Fig. 6¢) in chiral nanofiber, agreeing
with the 2D NOESY results. These results suggest that
the intramolecular hydrogen bonding and m—mn stacking
between Nap promote the self-assembly of LMW-L1 and
LMW-D1, respectively.

The viscoelasticity and supramolecular chirality of a
hydrogel play important roles in controlling cell adhesion
and morphologies. Therefore, we investigate the cyto-
compatibility and cell adhesion of the above hydrogels to
evaluate their potential applications in tissue engineer-
ing and regenerative medicine. Live/dead assay shows
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excellent biocompatibility of hydrogels in 2D cell culture
(Fig. 7), as evidenced by incubating human cervical can-
cer cells (HeLa) on top of the 0.3 wt% hydrogels. Interest-
ingly, the population of HeLa cells differs in the hydrogels
with different mechanical properties. Specifically, more
cells can be found on the hydrogel with the highest
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mechanical strength (Figs. 7b—f, 3j; Additional file 1:
$35). We also find that HeLa cells growing on LWM-L1
hydrogel tend to form aggregate while spreading well on
the hydrogel with high LMW-D1 content (Fig. 7g-k).
When the HeLa cells are located at the LWM-L1 hydro-
gel, the cytoskeleton of cells is round, and the cells are
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Fig. 7 a 2D cell culture procedure. i. The various hydrogels are spread on the bottom of 96-well plate; ii. The different kinds of cells are seeded on
the surface of hydrogels; iii. Live/dead assay or iv. Tubulin tracker staining. Live-dead assay (b—f) and tubulin staining (g—k) of Hela cells incubated
on the hydrogels formed by LMW-L1 and LMW-D1 at a molar ratio of b, g 1:0, ¢, h 5:1,d,i 1:1, e,j 1:5,and f, k 0:1 after 24 h. Scale bar of b—f and
g-kis 50 um and 5 pm, respectively. | The statistical analysis of cell adhesive and (m) circularity quantification of Hela cells incubated on hydrogels
formed by LMW-L1 and LMW-D1 at different molar ratio
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close to each other. For the cells growing on other kinds
of hydrogels, the cells are dispersive, and the microtu-
bules extend through the whole cell body. To quantify
the effect of different hydrogels on HeLa cell adhesion,
we evaluate the morphology (circularity) of cells. Quan-
titative measurement of the adherent HeLa cells shows
that the circularity index is lowest for hydrogels formed
by equimolar LMW-L1 and LMW-D1 (Fig. 7i, m), which
is lower than the HeLa cells incubated with culture
medium, the results are consistent with the cell adher-
ent number, indicating the favorable adhesion property
[48]. To further demonstrate the biocompatibility of our
hydrogels, we next perform 3D cell culture by the hydro-
gels since the rapid formation of hydrogels guarantees the
homogeneous distribution of cells (Additional file 1: Fig.
S36). Live-dead assays by CLSM show that the cells dis-
tribute homogeneously in the hydrogel. During the cul-
ture period, the cells are alive in all the tested hydrogels,
as evidenced by the green fluorescence from the cells,
indicating the promising application of our hydrogels in
3D cell culture. We also investigate the influence of our
hydrogels on three other cell lines, including two can-
cer cell lines (Saos-2 and Neuro-2a) and one normal cell
line (HS-5) (Additional file 1: Figs. S37-S39). The results
show that the cells located on the hydrogels formed by
LMW-L1 and LMW-D1 at different molar ratio represent
versatile morphologies and the chiral supramolecular
hydrogels formed by equimolar of LMW-L1 and LMW-
D1 exhibit superior capability towards 2D cell culture,
which suggest the broad feasibility of our hydrogel for
controlling the adhesion and morphologies of various
cell lines. These results together suggest that a simple
mixture of enantiomers could be a facile strategy to tune
both mechanical properties and supramolecular chirality
of peptidic hydrogel for cell adhesion and morphologies.

Conclusion

In summary, this work describes a novel approach to
control the supramolecular chirality and stiffness of
molecular hydrogel. Our results highlight the importance
of dimerization of aromatic molecules in supramolecular
chemistry and represent a general way to create and con-
trol supramolecular chirality for various applications in
different disciplines [49]. For example, incorporating the
ligands of two interacting proteins into our system would
enable easy manipulation of their interactions in a spati-
otemporal manner. The strategy demonstrated here may
be useful for developing adaptable materials with con-
trollable chirality for tissue engineering and generating
biomolecular condensates in the living system.
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