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Supramolecular ﬁlament hydrogels are an emerging class of biomaterials that hold great promise for
regenerative medicine, tissue engineering, and drug delivery. However, ﬁne-tuning of their bulk mechanical properties at the molecular level without altering their network structures remains a signiﬁcant challenge. Here we report an isomeric strategy to construct amphiphilic peptides through the conjugation of
isomeric hydrocarbons to inﬂuence the local viscoelastic properties of their resulting supramolecular
hydrogels. In this case, the packing requirements of the chosen isomeric hydrocarbons within the supramolecular ﬁlaments are dictated by their atomic arrangements at the molecular and intermolecular levels.
Atomistic molecular dynamics simulations suggest that this design strategy can subtly alter the molecular
packing at the interface between the peptide domain and the hydrophobic core of the supramolecular
assemblies, without changing both the ﬁlament width and morphology. Our results from wide-angle
X-ray scattering and molecular simulations further conﬁrm that alterations to the intermolecular packing
at the interface impact the strength and degree of hydrogen bonding within the peptide domains. This
subtle diﬀerence in the isomeric hydrocarbon design and their consequent packing diﬀerence led to vari-

Received 8th August 2017,
Accepted 24th November 2017
DOI: 10.1039/c7bm00722a
rsc.li/biomaterials-science

ations in the persistence length of the individual supramolecular ﬁlaments. Microrheological analysis
reveals that this diﬀerence in ﬁlament stiﬀness enables the ﬁne-tuning of the mechanical properties of
the hydrogel at the macroscopic scale. We believe that this isomeric platform provides an innovative
method to tune the local viscoelastic properties of supramolecular polymeric hydrogels without necessarily altering their network structures.

Introduction
The mechanical properties of materials are known as the key
features that aﬀect their functionality. The rigidity of scaﬀolding
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materials, for instance, is a known physical cue that can impact
cellular behaviour at various levels.1–7 Such synthetic matrices
can be constructed by employing molecular self-assembly as the
fundamental principle, in which the building blocks associate
spontaneously into filamentous assemblies through noncovalent interactions.8–14 This strategy highlights the connections between the molecular design of the underlying building
blocks and the resulting properties of their supramolecular
assemblies, thus providing a possibility of controlling the
mechanical properties from the very bottom-up.15–19 In general,
the mechanical properties of these supramolecular matrices are
the combinative consequence of several factors, including the
stiﬀness and entanglement/alignment of the filaments, mesh
size (largely determined by the concentration of the building
units), as well as the presence of other additives such as multivalent ions or other types of molecules.20–23 Oftentimes, it is
diﬃcult to decouple the individual eﬀects of each factor from
the overall combinative eﬀect, and this in turn causes complications in interpreting the results of interfacing these supramolecular hydrogels with the cells of interest. In this study, we
report a strategy to tune the local viscoelastic properties of
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supramolecular filament networks without inducing any variations in the mesh size and salt concentration.
Supramolecular one-dimensional (1D) nanostructures can be
formed by the self-assembly of amphiphilic molecules that
intrinsically adopt strong, directional intermolecular interactions, such as hydrogen bonding or π–π interactions.24 These
1D supramolecular structures are regarded as semi-flexible filaments that can further entangle to form a 3D network.25–29
MacKintosh et al. showed that for solutions of entangled semiflexible filaments (such as F-actins), the storage modulus G′
scales as G′ ∼ κ2/kBTξ−2Le−3.20 Here, κ is the semi-flexible chain
bending modulus, ξ is the mesh size of the network related to
the monomer concentration, Le is the chain entanglement
length, kB is the Boltzmann constant, and T is the temperature.
The overall stiﬀness of such supramolecular networks is often
controlled by varying the bulk concentration of the monomers.30
While this approach usually enhances the mechanical strength
of the matrix, it is complicated by simultaneous changes in the
mesh size because both ξ and Le are dependent on the concentration.31 In particular, when Le ≥ ξ and the persistence length
lp ∼ κ/kBT ≥ ξ, it is found that Le ∼ (κ/kBT )1/5(acA)−2/5, where cA is
the concentration of the monomers of size a, and that
pﬃﬃﬃﬃﬃﬃﬃ
ξ  1= acA .32,33 Thus, for semi-flexible networks with Le ≥ ξ
and the persistence length lp ≥ ξ, the storage modulus G′ scales
with the concentration as G′ ∼ κ(κ/kBT )2/5(ac)11/5.20 For example,
the persistence length lp of biological filaments (such as F-actin)
can be related to the linear mass density λp of the filament such
that lp ∼ (Y/4πkBTρm2)λp2, where Y is the Young’s modulus of the
filament and ρm is the mass per unit volume.34 These studies
suggest that it is theoretically possible to use the bending
modulus, κ, to tune the mechanical properties of semi-flexible
filament networks without aﬀecting other network parameters
such as mesh size and monomer concentration.
Inspired by these pioneering studies, herein we present a
peptide-based supramolecular platform that utilizes isomeric
hydrocarbons to dictate the mechanical properties of supramolecular filament networks through the modulation of the bending
modulus of individual filaments. This strategy highlights the
control of the persistence length of individual filaments—not
through the variation of the linear mass density of the filament,
a common mechanism for biological filaments found in nature
—but through the modulation of the strength of the filament
interface due to diﬀerences originating from intermolecular
packing and hydrogen bonding. This strategy oﬀers an eﬀective
means to tune the mechanical properties of semi-flexible networks at the molecular level. Given the rapidly growing interest
in peptide-based supramolecular hydrogels,17,35–45 we believe
that our findings have broad implications for their biomedical
applications in regenerative medicine and drug delivery.

Results and discussion
Molecular design and assembly
We conjugated a series of isomeric alicyclic groups to an identical peptide segment to imbue the necessary overall amphi-
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Fig. 1 Design of self-assembling peptides with isomeric hydrocarbons
which form supramolecular ﬁlament networks. (A) Chemical structures
of the designed peptides investigated in this study and the estimation of
the ring size of the cycloalkyl chain in the peptides of interest. The ring
size in 3D space was estimated by using MarvinSpace and ChemAxon.
(B) Schematic representation of the self-assembling process of peptides
into supramolecular ﬁlament networks. (C) A snapshot of the supramolecular ﬁlament of MASP4 after 100 ns of simulation. The peptide
domain, cycloheptane ring, oligoproline segment, and water within 10 Å
of the peptide are displayed in green, yellow, pink, and cyan,
respectively.

philicity for self-assembly under aqueous conditions (Fig. 1A).
The diﬀerences in atomic arrangements oﬀer diﬀerent molecular packing requirements within the hydrophobic/hydrophilic interfacial area, further aﬀecting the mechanical properties of the respective supramolecular networks while ensuring identical surface functionality and similar pore/mesh size
at a fixed monomer concentration (the mesh size is a function
of the monomer size and concentration in such networks).20
This miktoarm star peptide platform includes a β-sheet adopting the peptidic domain GNNQQNY (originated from the yeast
prion Sup35),46 an oligoproline segment, and a cyclic hydrocarbon segment.47 The designed peptides MASP2, MASP3, and
MASP4 carried a cyclopentylpropionyl, a cyclohexylacetyl or a
cycloheptanecarboxyl group, respectively (Fig. 1A). The details
of molecular synthesis, purification and characterization can
be found in ESI, S1–S2 and Fig. S1–S3.† MASP1, an analogue
of the MASP series, which bears a linear but not cyclic hydrocarbon, has been reported previously in an eﬀort devoted to
developing enzymatically degradable supramolecular filaments.47 Since MASP1 contains two more hydrogen atoms
than MASP2–4 and thus cannot be considered as an isomer,
its assembly behaviour is not discussed in detail. Specifically,
the three chosen isomeric building units possess diﬀerent ring
sizes—five, six and seven carbons—with the remaining methylenes acting as spacer groups between the ring and carboxyl—
two, one and zero carbons, respectively. These diﬀerences are
expected to alter the packing within the hydrophilic/hydrophobic interfacial environment of the assemblies (Fig. 1B). We
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utilized atomistic molecular dynamics simulations of the preassembled filaments (Fig. 1C) to reveal that while the core
dimensions of the filament remain unchanged, the increasing
ring size of the isomer ultimately alters the molecular packing
at the interface. This diﬀerence in packing leads to a variation
in hydrogen bonding within the filament corona and also a
calculated variation in interfacial tension while maintaining
the same diameter of the three assemblies, ultimately causing
a variation in the persistence length of single filaments on the
order of 250–4000 nm.
Nanostructure characterization
The supramolecular nanostructures formed by the self-assembly of each isomeric peptide were characterized by transmission electron microscopy (TEM) and cryogenic-TEM (cryoTEM) (Fig. 2). When dissolved in water ( pH 4.5), all the three
designed molecules were found to associate into filamentous
assemblies of ∼10 nm in width, while the length could reach
several microns after one day of incubation at a concentration
of 1% (w/v, 2.1 mM). Circular dichroism (CD) spectroscopy
reveals that all the designed peptides showed characteristic
absorption of polyproline type II-like (PPII) secondary structures (strong negative peak at 205 nm, very weak positive peak
at 235 nm) (Fig. 3A). The expected characteristics of β-sheet
conformation of the Sup35 segments were not explicitly
revealed in the CD spectra, potentially due to their weaker
absorption intensity relative to the PPII-like conformation
stemming from the oligoproline segment.47 It is noteworthy
that MASP1 revealed a very similar assembly behaviour in
water, forming filamentous assemblies with a PPII-like peptide
conformation.47 Wide angle X-ray scattering (WAXS), however,
could confirm the presence of β-sheets for all the designed
peptides (Fig. 3B–D). The reflective peaks at ∼4.7 Å are indicative of the typical spacing of hydrogen bonds among the neigh-

Fig. 2 TEM and cryo-TEM micrographs of the supramolecular
ﬁlaments. The assembled ﬁlaments formed by MASP2 (A, D), MASP3 (B,
E) and MASP4 (C, F) in Milli-Q water ( pH 4.5) were observed in TEM
imaging (upper panels) and cryo-TEM imaging (bottom panels). The
regular TEM specimens were negatively stained with 2% uranyl acetate.
Peptide concentration = 2.1 mM. All bars = 200 nm.
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Fig. 3 Secondary structural analysis and measurements of the critical
aggregation concentration of isomeric peptides used in this study. (A)
CD spectra of MASP2–4. Spectra were recorded for 0.167% (w/v) solutions that were instantly diluted from 1% (w/v) solutions. (B–D) WAXS
patterns of MASP2–4 at 2% (w/v). The reﬂective peaks at ∼4.7 Å (indicated by the arrows) correspond to the spacing of intermolecular hydrogen bonds in a β-sheet. (E–G) Determination of the CAC values of peptides by Nile red encapsulation for MASP2 (E), MASP3 (F) and MASP4 (G);
the transition of I635/I660 indicated the intensity surge of Nile red when
exposed in hydrophobic environments when the peptide concentration
exceeds the CAC value. The obtained CAC values for MASP2, MASP3 and
MASP4 were ∼40 μM in 0.1 M MES buﬀer ( pH 4.5). Data are presented as
mean ± standard deviation (n = 3).

bouring peptides. Notably, MASP3 and MASP4 exhibited a
more diﬀusive peak at 4.7 Å than that of MASP2, an observation that is very likely linked to the molecular packing of the
isomeric hydrocarbons, which will be expounded in the
later discussion. The β-sheet conformation is considered
crucial for the formation and propagation of filamentous
nanostructures.48,49
The mesh/pore size is dependent only on the size and concentration of the monomer that forms the supramolecular filaments.20 In the case reported here, the isomeric peptides
diﬀer only in the hydrocarbons and are structurally identical
in the dominant peptidic segment. Hence, the monomer sizes
among MASP2–4 should be approximately the same, and thus
at the same monomer concentration the mesh size of their
resulting networks should be identical for all the three molecules. However, given that there exists a dynamic equilibrium
between the monomers and the assembled filaments and only
these assembled monomers actually contribute to the network
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mesh size, it is important to assess the critical aggregation
concentration (CAC) of the building blocks. The CAC value of
each molecule was thus measured by incubating the peptide
solutions of various concentrations with a reporter dye Nile
red.50 Nile red is a hydrophobic dye that exhibits a blue-shifted
fluorescence emission with enhanced intensity when exposed
to hydrophobic environments.51,52 Each isomeric peptide solution (in MES buﬀer, pH 4.5) at various concentrations was
mixed with a fixed content of Nile red, and then the emergence of the blue-shifted emission upon encapsulation within
the hydrophobic cores was carefully monitored as the peptide
concentration surpasses the CAC value (ESI S3 and Fig. S4†).
The transition concentration was determined by plotting the
ratio of the emission maximum of Nile red in hydrophobic
environments (λmax: 635 nm) to that under aqueous conditions
(λmax: 660 nm) against the bulk peptide concentrations. Our
results suggested that the CAC values of MASP2, MASP3, and
MASP4 are very similar and are in the range of ∼50 μM at pH
4.5 (Fig. 3E–G). These results implied that MASP2, MASP3, and
MASP4 would have the same proportion of building blocks
remaining in the assembled state at a given bulk concentration. Since our results from TEM imaging (Fig. 2) have
demonstrated that there were no distinguishable morphological diﬀerences between the filament length and width, we
speculate that the mesh size of the resulting hydrogels would
be essentially the same for all MASPs at the investigated concentrations (∼4.2 mM) in the limit of low filament bundling.
Molecular dynamics simulation
Simulations have become an indispensable tool to investigate
the
structure
of
peptide-amphiphile
filamentous
assemblies.53–55 We subsequently performed atomistic molecular dynamics (MD) simulations to provide molecular-level
insight into the diﬀerences of atomic arrangements in the
molecular packing and accordingly the mechanical properties
of the supramolecular filaments (ESI S4†).56,57 Three preassembled MASP supramolecular filaments were simulated for
100 ns, allowing the interfacial density profile to relax and the
peptides to form β-sheets along the filament axis. Each system
was pre-assembled into an 8-layered fibril with 9 monomers
per layer. The systems were neutralized by Cl− ions and solvated in a water box. The force field used in the MD simulations was AMBER ﬀ99SB.58 The force field for the hydrocarbon segments of the MASPs was parameterized using the
general AMBER force field (GAFF)59 with the atomic partial
charges assigned by using VCharge v1.01 (VeraChem, LLC),60
and the TIP3P model61 was employed for water. Atomistic MD
simulations were carried out using a parallel molecular
dynamics code NAMD2.62 All systems were simulated in the
NPT ensemble at 1 atm and 310 K for 100 ns with full periodic
boundary conditions (see the ESI† for additional simulation
methods).
The radial density profile was calculated for each component of the simulated MASPs to examine the correlation
between the ring size of the cycloalkyl chain and the molecular
packing (Fig. 4), with their filamentous nanostructures shown
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Fig. 4 Molecular dynamics simulation of the density proﬁle of each
component in assembled ﬁlaments. Snapshots (A, B), positions of hydrocarbon segments (C) and the radial density proﬁle (D–G) of each MASP
component in preassembled ﬁlaments after molecular dynamics simulation for 100 ns. The peptide domain, hydrocarbon segment (denoted
as R in Fig. 1A), and oligoproline segment are displayed in red, green and
blue, respectively, in the top (A) and side (B) view of the preassembled
MASP4 ﬁlament. Cycloalkyl rings of MASP2 and MASP4 in the ﬁlaments
are highlighted in red and blue, respectively, in (C). The density proﬁle is
averaged over the last 50 ns.

in Fig. S5.† These results showed that the filament widths
(∼12 nm) were nearly identical between MASP2, MASP3, and
MASP4 filaments (Fig. 4D), consistent with our experimental
observations from TEM imaging. We did notice a diﬀerence in
the molecular packing among the peptides. However, this
diﬀerence in packing did not propagate to the inner hydrophobic core of the oligoproline segments. The radial density
profile showed that the density of the isomeric hydrocarbons
of the MASP2 filaments exhibited a peak shifted towards the
location of the peptide domain, compared with the density of
the isomeric hydrocarbons of the MASP3 and MASP4 filaments. Furthermore, the peak density of the isomeric hydrocarbon of MASP2 (∼0.8 g cm−3) is lower when compared with
the peak density of the isomeric hydrocarbons of the MASP3
and MASP4 filaments (∼1.05 g cm−3), indicating that the
hydrocarbon density is distributed across a larger radius
(Fig. 4E). In contrast, the onset of the hydrocarbon density of
the MASP4 filaments in particular was shifted towards the
inner hydrophobic core (∼15 Å), compared with that of its
MASP2 counterpart (∼20 Å).
The diﬀerence could be rooted in the varied ring size, as
well as the variations in the length and flexibility of the iso-
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meric hydrocarbons. Since the cyclopentylpropionyl group of
MASP2 possesses a smaller ring, it could possibly extend
further due to its two alkyl carbons outside of the ring structure providing extra flexibility in comparison with the cyclohexylacetyl or cycloheptanecarboxyl groups on MASP3 or
MASP4, respectively. Moreover, this increased flexibility could
allow the hydrocarbon tails to adopt conformations that are
more favourable toward eﬃcient β-sheet formation compared
with the MASP4 filaments. The two cyclopentyl rings of neighbouring MASP2 molecules would be more distant from the
peptide backbones, causing less steric restrictions between the
neighbouring MASP2 molecules and allowing them to be
spatially close to form tighter intermolecular hydrogen bonds,
as shown in Fig. 5A. The formation of β-sheets and intermolecular hydrogen bonds at the simulation timescale was
also evaluated, finding that there was a corresponding
reduction of β-sheet formation in the peptide domain as the
ring size was increased (Fig. 5B). Likewise, both the total
number of hydrogen bonds and the fraction of intermolecular
hydrogen bonds to the total hydrogen bonds in the MASPs
decreased in a similar fashion (Fig. 5C).

Microrheological measurements
The local viscoelastic properties of the resulting supramolecular materials were determined using particle-tracking microrheology. Unlike the conventional macrorheology, the particletracking rheology provides the information of local stiﬀness in

Fig. 5 Molecular dynamics simulation of the β-sheet formation. (A) A
snapshot of β-sheet formation in simulation. Two MASP2 monomers are
highlighted in blue and magenta. These two MASP2 monomers form
β-sheets (yellow arrows). Cyclopentyl rings are displayed in a van der
Waals model with the corresponding colours. (B) Percentages of
β-sheets in the peptide domain of MASP2, MASP3, and MASP4. (C)
Percentages of the intermolecular hydrogen bonds for the three studied
conjugates. In panel (C), the total numbers and percentages of intermolecular hydrogen bonds (H bonds) are presented in blue circles and
black bars, respectively.
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the materials at the submicron to micron scale.63–65 The viscoelastic properties are determined by tracking the movement of
the probing particles trapped within the studied viscoelastic
materials, in which the fluctuation of filaments governs the
motion of embedded particles and reveals the stiﬀness/flexibility of the surrounding materials. The mean-squared displacement (MSD), the critical parameter in microrheology, of the
embedded particles can be described by using the generalized
Stokes–Einstein equation.65–67 For viscoelastic materials, the
MSD of the embedded particles follows the relationship
〈Δr2〉 ∝ tα, where α is the logarithmic slope of MSD versus time
lag.64–66 At a fixed molar concentration (4.2 mM; 1 wt% for
MASP2–4), the ensemble-averaged MSD of the probing particles in the resulting scaﬀolds showed the trend, MSDMASP2 <
MSDMASP3 < MSDMASP4, at all monitored timescales (Fig. 6A).
The logarithmic slopes of MSD vs. time lag, α, of the probing
particles ranged between zero and unity, suggesting the subdiﬀusive behaviour of each hydrogel (Fig. S6†). The diﬀusion
coeﬃcient, D, is calculated from the MSD by using D =
MSD/4t.
de Gennes and co-workers have proposed that the motion
of a particle of diameter d through a network of average mesh
size ξ is an activated process dictated by the activation energy,
which is determined by the elastic free energy associated with
the expansion of a mesh formed by Gaussian chains.32,69 The
estimation for the diﬀusion coeﬃcient D can be derived as
follows:
D ¼ D0 expðβðd=ξÞδ Þ

ð1Þ

Fig. 6 Microrheological analysis of the hydrogels formed by submitted
MASP2–4. (A) Mean-squared displacement versus time lag probing particles embedded within 1% (w/v) MASP2, MASP3 and MASP4. (B–C)
Calculated storage modulus G’ according to the MSD proﬁle at two
chosen frequencies, 30 Hz (B) and 1 Hz (C). (D) Representative trajectories of the movement of the centre of a single probing particle
embedded within MASP2, MASP3, and MASP4 scaﬀolds. All bars = 1 μm.
Data are presented as the ensemble average ± standard error.
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where D0 is the diﬀusion coeﬃcient of the spheres in pure
solvent and β is the dimensionless coeﬃcient expected to be
on the order of one. For non-cross-linked networks, the exponent δ is 2.0. By using the prediction on the scaling of the
average mesh size in semi-dilute solutions with the polymer
concentration c, and the approximation ξ ∝ c−1/2 for rod-like
macromolecules,33 de Gennes and Schmidt and coworkers32,68,69 have derived the following relationship:
DðcA ; dÞ ¼ Dð0; dÞexpðβ′d 2 cA Þ

ð2Þ

where the constant β′ has the dimension length/mass. This
conclusion
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ could further lead to another derivation
ξ ﬃ β=β′cA , which stated the same dependence of ξ on the
pﬃﬃﬃﬃﬃﬃﬃ
concentration as we previously introduced ðξ  1= acA Þ.
Moreover, it is implied that more factors besides the monomer
size can determine the mesh size ξ, which can be captured by
fitting the diﬀusion data. Here, D0 is calculated directly from
the Stokes–Einstein equation, D0 = kBT/6πηr, with the dynamics
viscosity of water η = 8.90 × 10−3 dyn s cm−2 and the particle
radius r = 0.5 µm. By plugging this D0 and the experimental
diﬀusion coeﬃcient D into the above equation, we estimated
the constant β′. Assuming β ≈ 1, as Schmidt and co-workers
suggested, the mesh size ξ was estimated: approximately
1219 nm, 793 nm, and 580 nm for MASP2, MASP3, and
MASP4, respectively. The storage modulus (G′) could be calculated by using the generalized Stokes–Einstein equation,
showing a trend of G′MASP2 > G′MASP3 > G′MASP4 at two frequencies (1 Hz and 30 Hz) (Fig. 6B and C).

Discussion
According to the theory depicted by MacKintosh et al., the
storage modulus G′ ∼ κ(κ/kBT )2/5(ac)11/5 for sterically entangled
semi-flexible networks.20 The persistence length lp could be
approximated by the MacKintosh scaling, when using the estimated values of mesh size derived previously and applying the
relationship between the bending modulus κ and the persistence length lp (κ ∼ lpkBT ). Using a = ∼4.7 Å, the corresponding
spacing of the hydrogen bonds of β-strands in the neighbouring peptides observed in WAXS for all designed peptides,
lp values were approximately 14 112 nm, 1995 nm and 340.5
nm for MASP2, MASP3, and MASP4, respectively by calculation. While the mesh size exhibited a 52% reduction from
MASP2 to MASP4, the persistence length plummeted for 98%.
For MASP2 and MASP3, the estimated persistence lengths were
much larger than their mesh sizes, and therefore they can be
regarded as networks composed of semi-flexible chains.
However, this expectation did not hold for MASP4 since its
estimated persistence length lp was not longer than its mesh
size ξ, which suggests that some of the assumptions for β and
ξ can be further clarified in future studies.
Since the lp values for MASP2–4 were calculated, the interfacial tension could also be roughly calculated by using the following relationship for a D*-dimensional object when the
rigidity is κ = Φγdc4−D* ∼ lpkBT, in which Φ is an interfacial
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coupling constant, γ is the interfacial tension, and dc is the
diameter of the hydrophobic core.70 The interfacial coupling
constant Φ ≈ 0.05 is found for cylindrical block copolymer filomicelles.70 Using D* = 1 and dc = 8 nm together with the previously mentioned Φ, we obtained the interfacial tension γ ≈
2267 pN nm−1, 320 pN nm−1, and 55 pN nm−1 for MASP2,
MASP3, and MASP4, respectively. The estimated γ values for
MASP2/MASP3 were greater than the typical interfacial tension
values, suggesting the necessity for characterization of the
interfacial coupling constant Φ of the assemblies in our
design platform, which could be obtained with further characterization of the mechanical properties through both experiment and simulation.71 One way to interpret this phenomenon
is to use the Gibbs adsorption equation, log γ/log C = −2.303
ΓRT, where C is the concentration, R is the gas constant, T is
the temperature, and Γ is the number of moles of the component adsorbed per unit area (mol m−2). The higher local
density of the hydrocarbon segment of MASP3 and MASP4
compared to that of MASP2 at the peak radius (Fig. 4B) might
partially contribute to their lower interfacial tension. Thus, we
showed that the conjugation of isomeric hydrocarbons
induced a variation in the expected interfacial tension, and
that their packing in the interfacial region of the selfassembled structures subsequently leads to diﬀerences in the
bending rigidity and the storage modulus. From the microrheological results, the larger the conjugated cycloalkyl group
in the amphiphilic peptides, the larger the magnitude of the
MSD. This was also evident from the representative trajectories
of an embedded particle in MASP2, MASP3, and MASP4, in
which the probing particles display a larger displacement over
a 7-second period when trapped in the relatively weaker hydrogel formed by MASP4 (Fig. 6D).
A number of previous reports have detailed the use of
diﬀerent peptide sequences to construct peptide-based hydrogels to control the mechanical properties, yet these reported
instances are often accompanied by changes in surface chemistry or fundamental self-assembling behaviour due to the
alteration of the peptide segments. For instance, Gooch and
co-workers reported that the storage modulus of peptide
hydrogels could decrease by a factor of ∼4.8 after incorporating
a RGD segment into their peptidic building blocks.72 In
another study, an enzymatic cleavable peptide was included
within the building units to form hydrogels, leading to the
reduction of storage moduli from >300 kPa to 43 Pa.73
Although using isomeric peptides as building blocks or incorporating diﬀerent hydrophobic side chains have both shown to
be possible strategies to control the morphology of the
assembled structures,74,75 the use of this rationale to control
the mechanical properties has been scarcely reported. Most
recent work has focused on the biophysical consequences of
the materials after modifying the amino acid order in the peptidic domains. For example, an interesting study reported by
Pashuck et al. utilized a series of peptide amphiphiles with
diﬀerent combinations of valine/alanine to construct hydrogels with diﬀerent mechanical properties, and further demonstrated that the intensity of β-sheet signals in the circular
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dichroism spectra was associated with the stiﬀness of the
hydrogels.76 A recent study conducted by Schneider and coworkers has shown that a single amino acid change in a
20-amino acid peptide, APC1, could provide drastic diﬀerences
in rheological behaviours (such as the sol–gel transition and
shear-thin recovery).77 These examples stressed the control of
mechanical properties from the peptidic domains, and the
origin of stiﬀness change was due to the order of intermolecular interactions among the side chains of the amino
acids. Recently, Tantakitti et al. showed that the mechanical
properties (governed by hydrogen bonding along the filament
at the amino acid level) can be modulated due to the strength
of the local salt concentration.78
In our case, the reported design platform keeps the peptide
segment unchanged among all the designed building blocks
to guarantee the same surface functionality, without changing
the local electrostatic environment and with a similar contour
length per filament. From our microrheological results, we
observed a trend of lower stiﬀness of hydrogels when conjugating large-ring bearing side chains to the peptide segments. As
stated previously, the mesh/pore size of all peptides in this
study was similar at a fixed bulk concentration. Therefore, it
was unlikely that the stiﬀness variations of MASP2–4 hydrogels
were due to the diﬀerences in the mesh/pore size.
Interestingly, the results from microrheological studies were in
good correlation with our results of peptide secondary conformation study and prediction of simulation. A reported study
has suggested that the alignment of hydrogen bonds in
peptide amphiphiles can dictate the mechanical stiﬀness of
hydrogels, showing that increased stiﬀness could originate
from the ordered β-sheet formation along the length of the
fibre.76 Experimentally, we have observed a reduction of the
ordered β-sheet structure in WAXS when a bulkier hydrocarbon
was incorporated into the peptide. This is complemented by
our data from molecular simulations that suggest that the
observed shift in mechanical properties for these MASP filaments could arise from cooperative eﬀects due to (1) the shift
in hydrocarbon locations towards the inner hydrophobic core
with the increase in ring size, and (2) decrease in the degree of
hydrogen bond formation within the peptide domain and subsequent decrease in β-sheet formation (due to the increase in
the hydrocarbon ring size). The experimental observations
from WAXS and microrheology can be traced down to the
molecular design, where the size of the ring of the isomeric
hydrocarbons alters the packing in the hydrophilic/hydrophobic interfacial environments in the filaments without
causing alterations in the surface chemistry.

Conclusions
In conclusion, we have developed an isomeric platform to construct 3D matrices that allows control over the local viscoelastic properties without aﬀecting other material parameters,
an ability that originates from the bottom-up design of synthetic peptides. Since such peptide-based hydrogels are rela-
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tively clean systems for further applications compared with
many naturally occurring matrices, the fine-tuning of the local
mechanical properties will be highly eﬀective if these synthetic
materials are applied in cell culture. We believe this design
rationale could also be an eﬀective means to construct synthetic materials with an aim to elucidate or diﬀerentiate the
roles of local mechanical properties and geometric sensing in
directing cell behaviors with controlled surface chemistry and
mesh size.
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