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cular sliding movement in peptide
hydrogels accelerates cell proliferation†

Shuxin Song,a Jingyu Wang,*b Zhifei Cheng,a Zhimou Yang, c Linqi Shia

and Zhilin Yu *a

Adjusting the mechanical cues generated in cellular microenvironments is important for manipulating cell

behaviour. Here we report on mechanically dynamic hydrogels undergoing directional domain sliding

motion and investigate the effect of the well-defined mechanical motion on accelerating cell

proliferation. The mechanically dynamic hydrogels were prepared via self-assembly of an amphiphilic

peptide consisting of two alternating polar and nonpolar domains cross-linked by disulfide bonds at

a nonsymmetrical position. The cross-linked peptide assembled into entangled nanofibers driven by the

hydrophobic collapse involving a partial-length sequence due to the covalent constraint. Reduction of

the disulfide bonds led to formation of non-equilibrated peptide bilayers, which underwent directional

domain sliding motion along each promoted by the thermodynamically favourable transition from the

partial to full hydrophobic collapse. The mechanical cues resulting from the directional domain sliding

motion within the mechanically dynamic hydrogels accelerated cell proliferation when incubating cells

on the hydrogel, compared to the thermodynamically static counterparts, via a mechanotransduction

mechanism as supported by the facilitated translocation of yes-associated proteins into the nucleus of

the cells. Our finding demonstrates the great potential of mechanically dynamic hydrogels as new-

generation biomimetic extracellular matrices in tissue engineering and regeneration.
Introduction

Mechanical cues surrounding cells play critical roles in modu-
lating cell behaviour and tissue generation.1–4 This natural
phenomenon has inspired design and creation of biomimetic
extracellular matrices (ECMs) exhibiting specic mechanical
cues for efficient manipulation of cell adhesion, spreading,
proliferation, and differentiation.5–9 Conventionally, the
mechanical cues within articial ECMs are associated with
external physical forces or the intrinsic mechanical properties
of so materials.10–16 On the one hand, the external physical
force can be applied from different sources with variable
strengths to stimulate the mechanotransduction pathway of
cells.17–19 On the other hand, a considerable number of
biocompatible hydrogels with tuneable interacting strengths
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with cells via incorporating cell-binding epitopes into hydrogels
or controlling the mechanical properties of hydrogels have been
developed and broadly utilized as articial ECMs.20–34 However,
while the former approach suffers from the less precise and
inefficient transduction of mechanical signals to in vivo cells,
the mechanical signals generated by the latter strategy exhibit
limited dynamic features to actively stimulate cells. To address
these challenges, alternative to the above two approaches,
creation of hydrogels undergoing internal mechanical move-
ments as articial matrices allows for generation of intrinsic
mechanical cues and thereby directly and efficiently manipu-
lating cell behaviour.35–41 In addition, precise control over the
mechanical movements within dynamic hydrogels potentially
leads to the mechanical cues with specic intensity and life-
time, which is benecial for different cellular processes with
distinct requirements. Despite the progress achieved in so
materials possessing unique mechanical cues, precise control
over the mechanical movements within biocompatible hydro-
gels beyond the dynamic motions to generate mechanical cues
remains challenging.

Self-assembly of peptides into well-dened nanostructures
has been considered as an efficient strategy to create advanced
so materials with great potential in tissue regeneration and
disease diagnosis and treatment.42–57 We have demonstrated
that rationally establishing structural complementarity at the
interacting interface between peptides allows for dictating their
Chem. Sci., 2020, 11, 1383–1393 | 1383
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self-assembly and precisely controlling their organization
within assemblies via covalent and/or noncovalent bonding
strategies.57 Conventionally, the association of peptides at their
desirable interacting interface during their self-assembly is
thermodynamically favourable.58 This implies that incorpora-
tion of stimulus-responsive groups into peptides potentially
leads to stimulus-dependent interacting interfaces between
peptides, thus promoting the transition between different
organizing fashions of peptides and creating hydrogels under-
going thermodynamically favourable well-dened mechanical
movements upon exposure to stimuli. On the basis of these
considerations, herein we report on mechanically dynamic
hydrogels consisting of amphiphilic peptide bilayers under-
going reduction-responsive directional domain sliding motion
and investigate the effect of the resulting sliding motion on cell
proliferation.

To create the mechanically dynamic (MD) hydrogels, we
designed an amphiphilic peptide VECSS consisting of two
alternating hydrophilic (glutamic acid) and hydrophobic
(valine) domains cross-linked by disulde bonds at a non-
central position (Fig. 1). Based on the previous reports, alter-
nating polar and nonpolar peptides conventionally assemble
into nanobrils driven by the hydrophobic collapse into anti-
parallel b-sheet bilayers.59–62 Therefore, we hypothesize that the
covalent constraint arising from the disulde bonds leads to
formation of the hydrophobic interfaces between peptide VECSS

bilayers consisting of only a part of the residues within the
sequences, accompanied by two disordered segments
protruding along the bilayers. Reduction of the disulde bonds
eliminates the covalent constraint between the two domains,
Fig. 1 Schematic representation of mechanically dynamic hydrogels wi
peptide VECSS consisting of two alternating hydrophobic and hydrophilic
bonded VECSS into non-equilibrated VECSH bilayers, thus promoting th
directional mechanical motion accelerates cell proliferation when cult
involving the translocation of yes-associated protein (YAP) into the nucl

1384 | Chem. Sci., 2020, 11, 1383–1393
resulting in formation of non-equilibrated VECSH bilayers with
the hydrophobic interfaces involving only partial-length
sequences. The hydrophobicity of the protruding segments
promotes formation of the thermodynamically favourable
hydrophobic collapses involving the full-length sequences, thus
leading to the directional domain sliding movement along each
other within the non-equilibrated VECSH bilayers (Fig. 1).
Hence, self-assembly of VECSS into nanobers and reduction of
the disulde bonds potentially allow for creation of the
mechanically dynamic hydrogels undergoing well-dened
internal domain sliding motions, thus generating mechanical
signals that affect cell behaviour. In this study, we synthesized
and characterized the self-assembly of peptides VECSS and
VECSH, and prepared the hydrogels VECSS, VECSH, and VECSH-
MD via adding calcium chloride. We eventually investigated the
domain sliding movement within the mechanically dynamic
hydrogel VECSH-MD and cultured different cells on the resulting
hydrogels. There results allow us to elucidate the role of the
directional domain sliding motion within the mechanically
dynamic hydrogels in accelerating cell proliferation via
a mechanotransduction mechanism.

Results and discussion
Self-assembly of peptides

To conrm the hypothesis of the antiparallel organization of the
peptides, we characterized the secondary structures formed by
peptides VECSS and VECSH using circular dichroism (CD) and
Fourier transform infrared spectroscopy (FTIR) (Fig. 2A and B).
The CD spectrum of the peptide VECSS showed the negative and
th well-defined mechanical motion prepared via hydrogelation of the
domains cross-linked by a disulfide bond and reduction of the disulfide
e directional domain sliding motion along each other. The underlying
uring cells on the hydrogels via a mechanotransduction mechanism
eus.

This journal is © The Royal Society of Chemistry 2020
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positive exciton coupling peaks at 213 and 190 nm, indicative of
the formation of b-sheets for the peptide VECSS.63 Addition of
a reductive agent tris(2-carboxyethyl)phosphine (TCEP) to VECSS

led to reduction of disulde bonds and quantitative conversion
of the peptide VECSS to VECSH, which was veried by mass
spectroscopy and liquid chromatography (Fig. S4†). The nega-
tive and positive maximal CD peaks at 213 and 190 nm were
maintained in the spectrum of the peptide VECSH, suggesting
the formation of b-sheets for the peptide VECSH as well. In
addition, under the identical mass concentration, increase of
both the negative and positive maximal CD intensities of the
peptide VECSH compared with those of VECSS implies improved
b-sheet population.64 This improvement is potentially attrib-
uted to the transition from the partial to the full hydrophobic
collapse caused by the peptide VECSS or VECSH, respectively, as
a result of release of the covalent constraint within VECSH. The
secondary structures formed by peptides VECSS and VECSH were
conrmed by FTIR studies (Fig. 2B). FTIR spectra of both
peptides VECSS and VECSH displayed two transmittance peaks at
1624 cm�1 and 1692 cm�1, therefore indicating formation of
antiparallel b-sheets by peptides VECSS and VECSH.65 CD and
FTIR studies demonstrate that antiparallel b-sheets are formed
by peptides VECSS and VECSH, which is the basis for our
hypothesis of occurrence of the hydrophobic collapse transition
upon release of the disulde bond constraint.

We investigated the internal structural features of the
assemblies formed by peptides VECSS and VECSH using the
wide-angle X-ray scattering method (WAXS) (Fig. 2C and D).
WAXS spectra showed two Bragg reections at 20.3 and 4.6 Å for
the peptide VECSS and two reections at 21.8 and 4.6 Å for the
peptide VECSH, corresponding to the width of the monomers
and the periodic spacings of the b-sheet secondary struc-
tures.66–69 The smaller width of the VECSS monomers compared
with that of the VECSH dimers might be attributed to the
Fig. 2 (A) Circular dichroism (CD) spectra of peptides VECSS and
VECSH at an identical mass concentration diluting from the solution
aged for 2 days. (B) Fourier transform infrared spectroscopy (FTIR)
spectra of peptides VECSS and VECSH in the aged solutions. Wide-
angle X-ray scattering (WAXS) profiles of the powder of peptides VECSS

(C) and VECSH (D) obtained by lyophilizing the aged solutions.

This journal is © The Royal Society of Chemistry 2020
covalent constraint arising from disulde bonds, thus indi-
cating that the peptide VECSS is organized in a direction
perpendicular to the long axis of nanobers, in which the two
domains within the peptide VECSS localize in different faces
within the bilayers. In addition, while a Bragg reection at 9.8 Å
associated with the second order reection of the width of the
dimers was observed for the peptide VECSS, two reections at
10.5 and 7.3 Å associated with the second or third order of the
width of the dimers were detected for the peptide VECSH. WAXS
studies clearly reveal the formation of the b-sheets by both
peptides VECSS and VECSH with a conventional organizing
fashion of alternating hydrophobic and hydrophilic peptides.

We subsequently characterized the morphology of the
resulting nanostructures formed from peptides VECSS and
VECSH by transmission electron microscopy (TEM) and atomic
force microscopy (AFM) (Fig. 3A–D). TEM images showed that
the peptide VECSS assembled into exible nanobers entangled
with each other, whereas bundled stiff nanobers were formed
by the peptide VECSH. The width of the resulting exible and
rigid nanobers was estimated to be 4.47 or 5.93 nm, respec-
tively (Fig. S11†). The width of the nanobers formed by the
peptide VECSH is comparable with the length of the fully
stretched peptide backbone (Fig. S14†), suggesting the full
collapse of the hydrophobic interface of full-length sequences
to form the antiparallel b-sheets. However, the width of the
nanobers formed by the peptide VECSS is comparable to the
length of approximately 8-residue segments, which is consistent
with the length of the constrained hydrophobic interfaces
within the peptide VECSS (Fig. S13†). This result indicates that
only partial-length sequences within the constrained hydro-
phobic interfaces participate in the formation of antiparallel b-
sheets, accompanied by two protruding segments adopting
a exible conformation along the nanobers. This interpreta-
tion is consistent with the difference between the CD intensity
of peptides VECSS and VECSH, in which a lower intensity of the
b-sheet CD signals for the peptide VECSS compared to VECSH

was observed.
The morphology of the assemblies of peptides VECSS and

VECSH was conrmed by AFM (Fig. 3C and D), in which exible
and bundled nanobers with a height of 2.1 and 6.2 nm were
observed for peptides VECSS and VECSH, respectively. The
height of the VECSS nanobers suggests formation of the bilayer
structures consistent with the behaviour of alternating hydro-
philic and hydrophobic peptides. However, the height of the
VECSH nanobers implies that the nanober bundles consist of
approximately three individual nanobers. Combining the
morphological and conformational studies, the underlying
mechanism for the self-assembly of peptides VECSS and VECSH

into exible or stiff nanobers is illustrated (Fig. 3E and F).
Based on the formation of antiparallel b-sheets, the partial
hydrophobic collapse involving approximately 8-residue-length
segments promotes the self-assembly of the peptide VECSS into
exible nanobers appended with protruding disordered
segments along the nanobers, whereas stiff nanobers are
formed by VECSH driven by the full hydrophobic collapse
involving the full-length sequences. This mechanism
Chem. Sci., 2020, 11, 1383–1393 | 1385
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Fig. 3 (A–D) TEM and AFM images of the nanofibers formed by peptides VECSS (A and C) and VECSH (B and D) prepared from the aged solutions.
TEM samples were stained with uranyl acetate (2%). The insets in (C) and (D) indicate the height profiles of the selected nanostructures. (E and F)
Graphical representation of the resulting nanofibers formed from VECSS (E) and VECSH (F), in which the organizing models of peptides VECSS and
VECSH of the monomers within the nanofibers are shown.
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potentially allows for the hydrophobic collapse transition upon
reduction of the disulde bonds within the peptide VECSS.
Fig. 4 (A) Graphical illustration of the preparation of static hydrogels
VECSS and VECSH, and mechanically dynamic hydrogels VECSH-MD.
(B) Mechanical properties of static hydrogels VECSS and VECSH upon
addition of CaCl2 into the aged or annealed solution. (C) Time-
dependent mechanical properties of the mechanically dynamic
hydrogel VECSH-MD. (D) Time-dependent intensity of the CD signals
(@213 nm) of static hydrogels VECSS and VECSH, mechanically dynamic
hydrogels VECSH-MD, and the solution VECSH-MD. (E) AFM image of
non-equilibrated VECSH-MD assemblies prepared from the hydrogel
VECSH-MD aged for 2 h, in which the inset shows the height profiles of
selected nanofibers.
Preparation and characterization of hydrogels

To test the possibility of creation of peptide hydrogels, we
carried out the rheological studies of peptides VECSS and
VECSH. We found that addition of 7.5 equivalents of calcium
chloride into the aged VECSS

70 or annealed VECSH solution
resulted in rapid hydrogelation caused by the Ca2+–COOH
coordination, leading to the formation of static hydrogels VECSS

and VECSH (Fig. 4A). The storage modulus of the resulting
hydrogels VECSS and VECSH was estimated to be 2569 and 3308
Pa, respectively (Fig. 4B). Compared to hydrogel VECSH,
decrease of the rigidity of hydrogel VECSS is attributed to the
partial hydrophobic collapse only involving the eight residues
localizing within the constrained hydrophobic interface. This
nding is consistent with the relationship between the rigidity
of the hydrogels formed by alternating amphipathic peptides
and their sequence length.61 Therefore, our rheological results
suggest that the static hydrogels VECSS and VECSH consist of
peptide bilayers with the partial or full hydrophobic collapse,
respectively. This inspires us to create a mechanically dynamic
(MD) hydrogel VECSH-MD undergoing the partial / full
hydrophobic collapse transition. The hydrogel VECSH-MD was
created via initially reducing the disulde bonds within equil-
ibrated VECSS bilayers in solution to produce non-equilibrated
VECSH bilayers, and immediately adding CaCl2 for hydro-
gelation (Fig. 4A). Time-dependent rheological studies deter-
mined the initial and nal storage modulus of the resulting
hydrogel VECSH-MD to be 2520 and 3319 Pa (Fig. 4C), which are
close to the moduli of the static hydrogels VECSS and VECSH,
respectively. These results indicate the transition from the
1386 | Chem. Sci., 2020, 11, 1383–1393 This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Schematic representation of themechanically dynamic process
within the mechanically dynamic hydrogel VECSH-MD upon reduction
of disulfide bonds and the resulting directional sliding movement
promoted by the thermodynamically favourable hydrophobic collapse
transition. The included molecular graphics are produced only for
illustration.
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partial to full hydrophobic collapse for the non-equilibrated
VECSH bilayers within the hydrogel VECSH-MD caused by the
release of covalent constraint upon reduction of the disulde
bonds, thus leading to a well-dened directional domain
sliding movement within the hydrogel VECSH-MD.

We further investigated the underlying mechanism for the
partial / full hydrophobic collapse transition within the
hydrogel VECSH-MD. Due to the strong correlation between the
hydrophobic collapse fashion and the b-sheet population,
recording the intensity of the b-sheet CD signals of the hydrogels
allows us to monitor the hydrophobic collapse transition of the
domains upon reduction of disulde bonds. CD spectra of the
hydrogel VECSH-MD showed a gradual increase of the b-sheet
signal intensity in the time range between 4 and 14 h and
a subsequent plateau value close to that of the hydrogel VECSH,
demonstrating occurrence of the partial / full hydrophobic
collapse transition for non-equilibrated VECSH bilayers within
the hydrogel VECSH-MD (Fig. 4D and S17†). Both time-dependent
rheological and CD studies suggest formation of the equilibrated
VESSH bilayers in the hydrogel VECSH-MD once the hydrophobic
collapse transition is complete. In contrast, CD spectra of the
static hydrogels VECSS and VECSH displayed constant b-sheet
intensities, indicating no change of the hydrophobic collapse
within the two equilibrated peptide bilayers. In principle, the
transition of the hydrophobic collapse of the non-equilibrated
VECSH bilayers could proceed via two plausible pathways: (1)
the dynamic dissociation–reassociation of the peptide VECSH; (2)
the directional domain sliding motion for the non-equilibrated
VECSH bilayers. It is reasonable that dissociation of the
domains will induce initial decrease of the b-sheet CD intensity of
the hydrogel VECSH-MD. However, this is in contrast to the
observed constant b-sheet CD intensity of the hydrogel VECSH-
MD at the beginning stage in the time-dependent CD studies.
Hence, our results exclude the dynamic dissociation–reassocia-
tion process during the hydrophobic collapse transition within
the hydrogel VECSH-MD, thus suggesting a directional domain
sliding mechanism for the hydrophobic collapse transition
within MD hydrogels (Fig. 4D). Gradual increase of the intensity
of the b-sheet signals was also observed in the non-equilibrated
VECSH solution (Fig. S18 and S19†), despite a relatively rapid
process compared to the hydrogel VECSH-MD. This might be
attributed to the trapping of the sliding motion within hydrogels,
resulting in a long period to reach the thermodynamic equilib-
rium. These results demonstrate successful creation of
mechanically dynamic hydrogels via reduction of the disulde
bonds within equilibrated VECSS and thereby leading to non-
equilibrated VECSH assemblies, which undergo the directional
domain sliding motion promoted by the thermodynamically
favourable hydrophobic collapse transition.

To conrm the mechanism of the directional domain
sliding movement for the hydrophobic collapse transition
within the mechanically dynamic hydrogel VECSH-MD, we
carried out an AFM experiment to estimate the morphology of
the nanostructures in the early stage of the hydrogel VECSH-MD
(Fig. 4E). The AFM image clearly showed formation of tangled
nanobers by the non-equilibrated VECSH bilayers with
a height of 2.2 nm, which is close to that of the nanobers
This journal is © The Royal Society of Chemistry 2020
formed by the peptide VECSS. This result demonstrates that the
organizing fashion of the non-equilibrated peptide VECSH

bilayers is maintained similar to that of equilibrated peptide
VECSS bilayers. This is consistent with the CD result of the
comparable intensity of b-sheet signals of the non-equilibrated
peptide VECSH bilayers and equilibrated peptide VECSS bila-
yers. Therefore, the AFM study conrmed the directional
domain sliding mechanism for the hydrophobic collapse
transition within the non-equilibrated VECSH bilayers, thus
implying creation of the mechanically dynamic hydrogel
VECSH-MD. The underlying mechanical movement within the
hydrogel VECSH-MD is initiated by reduction of the disulde
bonds, leading to the metastable VECSH bilayers stabilized by
the hydrophobic interactions involving only 8-residue-length
segments. The hydrophobicity of the two protruding
segments allows for thermodynamically favourable hydro-
phobic interactions involving the full-length sequences, thus
promoting the directional domain sliding movement within
the non-equilibrated peptide VECSH bilayers to form the
equilibrated VECSH bilayers through several intermediates
involving sequences in variable lengths (Fig. 5).
Cell proliferation on hydrogels

On the basis of the preparation and characterization of the
mechanically dynamic hydrogel VECSH-MD, we cultured both
human hepatocyte LO2 cells and rat aortic vascular smooth
muscle A10 cells on the mechanically dynamic hydrogels to
investigate the effect of the directional domain sliding motion
on the cell proliferation (Fig. 6). Meanwhile, the static hydro-
gels VECSS and VECSH prepared from the equilibrated solution
were also utilized as the culturing scaffolds to conrm the
effect of molecular sliding motion on cell proliferation. To
ensure the exposure of the cells to the domain sliding motion
promoted by the hydrophobic collapse transition, cells were
cultured on the hydrogels for various time points ranging from
4 to 48 hours, which cover the transition of the hydrophobic
Chem. Sci., 2020, 11, 1383–1393 | 1387
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Fig. 6 Graphical illustration of the preparation of the hydrogels and cell culture on the surface of static hydrogels VECSS and VECSH, as well as the
mechanically dynamic hydrogel VECSH-MD.
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collapse of the non-equilibrated VECSH bilayers. CCK-8 assay
revealed that culturing human hepatocyte LO2 cells on the
three hydrogels for 4 h resulted in an almost same cell viability
for the three hydrogels, indicating the identical cell adhesion
Fig. 7 (A) Representative fluorescence images of calcein AM-stained (A) h
16, 36 or 48 h. Scale bar: 50 mm. Cell viability of LO2 (B) and A10 (C) cells cu
hydrogels VECSH-MD for 4, 16, 36 or 48 h. *, **, ***: suggestive of sign
indicative of no significant differences.

1388 | Chem. Sci., 2020, 11, 1383–1393
of the three hydrogels. When the culturing time is prolonged
to 48 h, the cells incubated on the hydrogel VECSH-MD
exhibited the highest viability among the three hydrogels
(Fig. 7).
uman hepatocyte LO2 cells cultured on the hydrogel VECSH-MD for 4,
ltured on static hydrogels VECSS and VECSH andmechanically dynamic
ificant differences (ANOVA: *p # 0.05, **p # 0.01, ***p # 0.001). ns:
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Considering the fact that the assemblies within the hydrogel
VECSH-MD are the intermediates for the thermodynamically
stable nanostructures within the static hydrogels VECSS and
VECSH, the directional domain sliding movement with the
hydrogel VECSH-MD gives rise to the stiffness of the hydrogel
ranging between those of static hydrogels VECSS and VECSH as
revealed by rheological studies. In addition, the directional
domain sliding movement within the hydrogel VECSH-MD
potentially generates mechanical forces. Both the underlying
processes might affect the mechanical cues generated in the
mechanically dynamic hydrogel VECSH-MD. It is worth noting
that the equilibrated state of the hydrogel VECSH-MD consists of
identical structural components (equilibrated VESSH bilayers) to
those of the hydrogel VECSH. Hence we attributed the acceler-
ated cell proliferation to the mechanical cues resulting from the
directional domain sliding motion within the mechanical
dynamic hydrogels. To elucidate the effect of the directional
domain sliding motion on cell proliferation, we also cultured
rat aortic vascular smooth muscle A10 cells on the three
hydrogels (Fig. 7C and S20†). Analogous to the LO2 cells, the
viability of A10 cells incubated on the hydrogel VECSH-MD for
48 h is the highest one among the three matrices. This result
Fig. 8 (A) Representative fluorescence images of 40,6-diamidino-2-phen
cells cultured on the hydrogel VECSH-MD for 4, 16, 36, or 48 h. Blue: DAP
bar: 50 mm. The percentage of the EdU-incorporated cells of LO2 (B) and
16, 36 or 48 h. *, **, ***: suggestive of significant differences (ANOVA:
differences.

This journal is © The Royal Society of Chemistry 2020
conrms the pervasive effect of the domain sliding motion
within the hydrogel VECSH-MD on the acceleration of cell
proliferation. Considering the absence of specic binding
epitopes within the mechanically dynamic hydrogels to cells, it
is reasonable that the transduction of mechanical signals from
hydrogels to incubated cells is independent of the types of cells.
Hence, we believe that the acceleration of cell proliferation by
the mechanically dynamic hydrogels could be applied to many
other types of cells. Thus our ndings demonstrate the great
potential of mechanically dynamic hydrogels as articial scaf-
folds to accelerate cell proliferation.

To conrm the results of cell proliferation cultured on
peptide hydrogels, we also carried out DNA analysis by esti-
mating the percentage of 5-ethynyl-20-deoxyuridine (EdU)-
incorporating DNA in LO2 and A10 cells (Fig. 8 and S21†).
LO2 and A10 cells were cultured on the hydrogel VECSH-MD and
the static hydrogels for various time points in the presence of
EdU, which is a thymidine derivative and can be incorporated
into the cellular nucleus during DNA replication.71 We found
that the percentage of LO2 and A10 cells containing EdU
residue cultured on the three hydrogels for 4 h is identical and
pretty low due to the suppressed cell proliferation. Culturing
ylindole (DAPI) and Alexa Fluor 488 co-stained human hepatocyte LO2
I; green: Alexa Fluor 488; cyan: merged DAPI and Alexa Fluor 488. Scale
A10 (C) cells cultured on hydrogels VECSS, VECSH, and VECSH-MD for 4,
*p # 0.05, **p # 0.01, ***p # 0.001). ns: indicative of no significant
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both LO2 and A10 cells on the hydrogels longer than 16 h
exhibited an increase of the percentage of the cells containing
EdU, indicating the cell proliferation. The percentage of the
cells containing EdU was estimated to be 53.5 � 6.2% and 53.0
� 3.9% for LO2 and A10 cells, respectively, when incubating the
cells on the hydrogel VECSH-MD for 48 h (Fig. 8B and C). This
value is much higher than that of cells cultured on the static
hydrogels VECSS and VECSH. The results of the EdU assays
indicate the accelerated cell proliferation when culturing on the
hydrogel VECSH-MD compared to the two static hydrogels, thus
demonstrating the effect of directional domain sliding motion
within hydrogels on accelerating cell proliferation.
Mechanotransduction signals in cells

To further gain insight into the mechanism of the accelerated
cell proliferation induced by the mechanically dynamic hydro-
gels, we estimated the activity of the Hippo signalling pathway
in human hepatocyte LO2 cells cultured on the static hydrogels
VECSS and VECSH and the mechanically dynamic VECSH-MD by
monitoring the translocation of the downstream effector yes-
associated protein (YAP) in YAP-GFP overexpression (OE) LO2
cells (Fig. 9). The Hippo signalling pathway is a conventional
mechanotransduction pathway regulating cell proliferation,
apoptosis, and self-renewal associated with mechanical cues,72

in which a kinase cascade containing the phosphorylation of
the downstream transcription co-activator YAP protein takes
place.73 Previous studies have demonstrated that the mechan-
ical cues perceived by cells promote the nuclear translocation of
unphosphorylated YAP for downstream gene activation.74
Fig. 9 (A) Schematic representation of the mechanotransduction Hippo
cells. (B) CLSM images of the YAP-GFPOE LO2 cells cultured on static hyd
VECSH-MD for 36 h. Blue: DAPI; red: Alexa Fluor 647-phalloidin; gree
percentage of the cells containing nuclear or cyto-nuclear YAP cultu
(ANOVA: ***p # 0.001). ns: indicative of no significant differences.

1390 | Chem. Sci., 2020, 11, 1383–1393
Hence, monitoring the distribution of YAP in the cytoplasm and
nucleus allows us to estimate the mechanical cues generated in
the mechanically dynamic hydrogels and conrm the mecha-
notransduction pathway for the accelerated cell proliferation
induced by the directional domain sliding motion.

Confocal laser scanning microscopy (CLSM) images showed
that the YAP-GFP OE LO2 cells cultured on the static hydrogels
VECSS and VECSH and the mechanically dynamic hydrogel
VECSH-MD for 36 h contained the YAP localized in the cyto-
plasm, nucleus or cyto-nucleus (Fig. S22†), implying participa-
tion of the mechanotransduction pathway in cell proliferation
(Fig. 9B). In particular, the population of the cells with nuclear
or cyto-nuclear YAP cultured on the hydrogel VECSH-MD was
improved compared with that cultured on static hydrogels
VECSS and VECSH. Statistical analysis of the cells cultured on
different hydrogels revealed that the percentage of the cells with
nuclear or cyto-nuclear YAP was estimated to be 38.3%, 40.9%,
and 83.7% for the hydrogels VECSS, VECSH, and VECSH-MD,
respectively (Fig. 9C). The slight difference between the distri-
bution of the YAP protein in cells cultured on the static
hydrogels VECSS and VECSH might be attributed to the distinct
hydrogel stiffness. In contrast, the signicantly improved
translocation of the YAP into nucleus in cells cultured on the
hydrogel VECSH-MD compared to VECSS and VECSH is most
likely caused by the directional domain sliding movement
within the hydrogels. The YAP-GFP localization assays demon-
strate that the cells can sense the mechanical cues generated by
the mechanical movements within the mechanically dynamic
hydrogel VECSH-MD. It also supports a potential
pathway involving the translocation of YAP protein into the nucleus in
rogels VECSS and VECSH, as well as themechanically dynamic hydrogel
n: GFP labeled YAP. Scale bar: 50 mm. (C) Statistical analysis of the
red on different hydrogels. ***: suggestive of significant differences

This journal is © The Royal Society of Chemistry 2020
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mechanotransduction mechanism for the accelerated cell
proliferation of cells induced by the directional domain sliding
movement within the hydrogels. Hence our results clearly
demonstrate the implication of the mechanically dynamic
hydrogels as cellular matrices for accelerating cell proliferation,
thus providing an alternative material for tissue engineering
and regeneration.
Conclusions

In summary, we have created mechanically dynamic hydrogels
undergoing well-dened mechanical movement by designing
and synthesizing an amphiphilic peptide consisting of two
alternating hydrophilic and hydrophobic sequences cross-
linked by disulde bonds at a non-symmetrical position. Due
to the covalent constraint resulting from the disulde bonds,
the amphiphilic peptides formed the bilayers organized in an
antiparallel orientation and the exible nanobers stabilized by
the hydrophobic interactions involving only partial-length
sequences, accompanied by two disordered segments
protruding along the assemblies. Reduction of the disulde
bonds between the two domains within the hydrogels formed by
the amphiphilic peptides leads to the transition from a partial
to full hydrophobic collapse and thus promoting the directional
sliding motion for the two domains along each other, thus
creating mechanically dynamic hydrogels. The well-dened
directional mechanical motion at the molecular level within
the hydrogels accelerates proliferation of both human hepato-
cyte LO2 cells and rat aortic vascular smooth muscle A10 cells
when culturing cells on the hydrogels, compared to static
counterparts, through a mechanotransduction mechanism.
Our results demonstrate the great potential of mechanically
dynamic hydrogels as a new category of biomimetic extracel-
lular matrices in tissue engineering and regeneration.
Experimental
General materials

Rink amide 4-methyl-benzhydrylamine (MBHA) resin (loading
density: 0.436 mmol g�1) and all Fmoc-protected amino acids
used in solid-phase peptide synthesis were obtained from Bide
Pharmatech Co., Ltd (China). Hydrogen peroxide (30% H2O2)
and tris(2-carboxyethyl) phosphine hydrochloride (TCEP$HCl)
were purchased from J&K Scientic Ltd. Organic solvents for
peptide synthesis and purication were provided by Tianjin
Concord Technology Co., Ltd. Water used in all experiments
was puried using Arium Pro Ultrapure water systems (Sarto-
rius, 18.2 MU).
Peptide synthesis

Peptide VECSH-O. The starting material peptide VECSH-O for
the preparation of VECSS was synthesized via the standard Fmoc
solid-phase peptide synthesis (SPPS) using the CEM Liberty
Blue peptide synthesizer, accompanied by the catalyst DIC.
Piperidine (20%) in DMF solution was used to carry out the
Fmoc deprotection during SPPS. The peptide on the resin was
This journal is © The Royal Society of Chemistry 2020
cleaved from the resin by using a mixture of TFA/thioanisole/
ethanedithiol/anisole in a ratio of 90 : 5 : 3 : 2 for 3 h. Aer
cleavage, the ltered solution was concentrated by rotary evap-
oration, and the crude peptide was precipitated from cold
diethyl ether (�20 �C). The crude peptide was then puried
using a preparative reverse phase HPLC setup equipped with
a Durashell C18 column (C18, 10 mm, 150 Å, 30 � 150 mm). A
gradient from “5% acetonitrile + 95% water” to “95% acetoni-
trile + 5% water” was used as the eluent at a ow rate of 10
mL min�1.

Peptide VECSS. Peptide VECSS was prepared by the oxidation
of the thiol group within the peptide VECSH-O in the presence of
hydrogen peroxide, due to the stability of the peptide VECSH-O in
air. In detail, the peptide VECSH-O was dissolved in basic water
(pH ¼ 10) adjusted using NH4OH and treated with 0.67 molar
equivalent of H2O2 at room temperature for 48 h, resulting in
the peptide VECSS without further purication.

Peptide VECSH. Peptide VECSH was obtained from the
disulde reduction of the peptide VECSS. Initially the peptide
VECSS was dissolved in ammonia water (pH ¼ 10) and the pH
was adjusted to 5.4 with diluted HCl solution. Aer aging the
mild acidic solution for 48 h at room temperature, eight
equivalents of TCEP were added to the aged VECSS solution,
leading to quantitative conversion of VECSS to VECSH in 2 h.

Hydrogel preparation

Hydrogel VECSS. The solution of 2 wt% VECSS was prepared
by dissolving the peptide VECSS in ammonia water (pH ¼ 10) as
a clear solution and adjusting the solution pH to 5.4 with
diluted HCl solution. Prior to hydrogelation, the solution of the
peptide VECSS was aged for 2 days for thermodynamic equili-
bration of peptide self-assembly, leading to aged VECSS solu-
tion. Adding 7.5 molar equivalents of calcium chloride (CaCl2)
to the aged peptide solution led to formation of the static
hydrogel VECSS.

Hydrogel VECSH. Adding 8 equivalents of TCEP to the aged
solution of the peptide VECSS for disulde reduction within 2 h
and annealing the resulting solution resulted in the annealed
VECSH solution with equilibrated assemblies. Mixing 7.5
equivalent of CaCl2 with the annealed VECSH solution led to the
formation of the static hydrogel VECSH.

Hydrogel VECSH-MD. The mechanically dynamic hydrogel
VECSH-MD was prepared by initially adding 8 equivalents of
TCEP to the aged solution of the peptide VECSS for production
of non-equilibrated VECSH bilayers within 2 h and subsequently
mixing with 7.5 equivalents of CaCl2.

Cell culture on hydrogels

Peptides were sterilized upon exposure to UV light for 60 min
prior to usage. The solution of VECSS (2 wt%) was prepared by
dissolving the peptide VECSS in ammonia water (pH ¼ 10) as
a clear solution and adjusting the solution pH to 5.4 by using
diluted HCl solution. The VECSS solution was aged for 2 days
prior to the preparation of the static hydrogel VECSS promoted
by addition of 7.5 equivalents of CaCl2. The aged VECSS solution
was mixed with 8 equivalents of TCEP to reduce the disulde
Chem. Sci., 2020, 11, 1383–1393 | 1391
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bonds within 2 h. Annealing the resulting solution led to the
equilibrated peptide VECSH solution, which was used to prepare
the static hydrogel VECSH by adding 7.5 equivalents of CaCl2.
On the other hand, the aged VECSS solution was converted to
the non-equilibrated peptide VECSH within 2 h aer adding 8
equivalents of TCEP, to which 7.5 equivalents of CaCl2 were
immediately added to prepare the mechanically dynamic
hydrogel VECSH-MD. It is worth noting that in each well of 384-
well plates, 20 mL of corresponding peptide solutions was added
and mixed with 1 mL CaCl2 (2 M) solution to prepare the
hydrogels. Aer incubating at room temperature for 30 min, the
hydrogels in 384-well plates were centrifuged at 2000 rpm for
20 min and washed with 60 mL of Dulbecco's Modied Eagle
Medium (DMEM) until the colour of the medium was main-
tained. In the cases of the solutions treated with TCEP, the
centrifugation–washing process was repeated until no TCEP
was detected to avoid cytotoxicity.
YAP-GFP OE LO2 cell culture on the hydrogel VECSH-MD

To prepare the YAP-GFP overexpression (OE) LO2 cells,
a mixture of pEGFP-YAP plasmid (500 ng) and P3000 (1 mL) was
dissolved in Opti-MEM medium (25 mL), and lipofectamine
3000 (0.75 mL) was diluted in Opti-MEM medium (25 mL). The
diluted plasmid solution was mixed with the diluted lipofect-
amine 3000 reagent and incubated for 15 min. Subsequently,
the original LO2 cells were incubated with the plasmid–lipid
complex for 24 h, leading to the YAP-GFP OE LO2 cells used in
the following cell culturing experiments. The protocol for
culturing the YAP-GFP OE LO2 cells on static hydrogels VECSS

and VECSH and the mechanically dynamic VECSH-MD for 36 h is
identical to that for the general cells as described in the above
section.
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Mater., 2019, 18, 1015–1023.

10 B. D. Hoffman, C. Grashoff andM. A. Schwartz, Nature, 2011,
475, 316–323.

11 D. Seliktar, Science, 2012, 336, 1124–1128.
12 X. Du, J. Zhou, J. Shi and B. Xu, Chem. Rev., 2015, 115, 13165–

13307.
13 M. J. Webber, E. A. Appel, E. Meijer and R. Langer, Nat.

Mater., 2016, 15, 13–26.
14 L. Montero de Espinosa, W. Meesorn, D. Moatsou and

C. Weder, Chem. Rev., 2017, 117, 12851–12892.
15 K. Uto, J. H. Tsui, C. A. DeForest and D.-H. Kim, Prog. Polym.

Sci., 2017, 65, 53–82.
16 K. H. Vining and D. J. Mooney, Nat. Rev. Mol. Cell Biol., 2017,

18, 728–742.
17 N. Kong, Q. Peng and H. Li, Adv. Funct. Mater., 2014, 24,

7310–7317.
18 J. Zhang, C. Cheng, J. L. Cuellar-Camacho, M. Li, Y. Xia, W. Li

and R. Haag, Adv. Funct. Mater., 2018, 28, 1804773.
19 K. A. Günay, T. L. Ceccato, J. S. Silver, K. L. Bannister,

O. J. Bednarski, L. A. Leinwand and K. S. Anseth, Angew.
Chem., Int. Ed., 2019, 58, 9912–9916.

20 A. M. Kloxin, A. M. Kasko, C. N. Salinas and K. S. Anseth,
Science, 2009, 324, 59–63.
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