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A peptidic ‘nanomillipede’, consisting of a worm-like nanoscale
‘body’ and cysteine-terminated ‘legs’, was synthesized, tuned (with
ultrasound) and utilized to crosslink the vinyl sulfone-modified
dextran to form hybrid hydrogels with soft-tissue mimicking
tuneable mechanical strength, self-healing property, and tuneable
shear-thinning property, thereby indicating its potential use in
tissue engineering and drug delivery.

Hydrogels are widely used as a synthetic extracellular matrix
(ECM) to integrate cells into a well-defined 3D structure.1 Cells
are responsive to multiple stimuli from the ECM, and appropriate
mechanical properties are essential to stimulate the desired cell
growth.2,3 Many investigations have been carried out to tune the
mechanical properties of hydrogels, such as changing the polymer
concentration,4 varying the crosslinking molecule concentration5
or altering the strength of the crosslinked hydrogel network.6
These methods incorporate either composition change (content
of the individual chemical) or component change (incorporation
of new materials). Rarely, the properties of crosslinkers within the
hydrogel, including their size and geometry, have been investigated. We intend to study here the relationship between the
microscopic crosslinker properties and macroscopic hydrogel
mechanical properties.
The self-assembled oligopeptide nanostructures provide
flexibility to construct biocompatible materials with tuneable
properties.7,8 A polymer–peptide hybrid hydrogel is a representative, which can mimic the natural ECM bioenvironment,
while providing soft tissue-mimicking mechanical strength9
(e.g. liver and kidney tissues10), feasibility of fabrication11 and
tuneable mechanical properties.12 A previously reported method
to prepare peptide-based hydrogels involves construction of

peptide-grafted polymers or peptide block copolymers which
further self-assemble into a hybrid hydrogel network.13,14 With
this approach, however, the self-assembling process may be
hindered by the polymer backbone and the self-assembling
peptide (SAP) structure cannot be readily controlled.15 To finely
tune the peptide nanostructure, we took a different approach in
this work. The hydrogel formation started with the preparation
of a peptidic nanomillipede crosslinker, which is based on the
co-assembly of a normal nanomillipede-forming self-assembling
peptide (nNSAP) and a cysteine-terminated nanomillipede-forming
self-assembling peptide (cNSAP). Next, ultrasound was introduced
to tune the length of the nanomillipedes without changing the
chemical components and the density of the reaction sites for
crosslinking. This control of the crosslinker length can further
result in mechanical tuning within the hybrid hydrogel system
(Fig. 1). We hypothesize that the ‘bottom-up’ fabrication of hybrid
hydrogels and mechanical tuning through the SAP nanoscale
crosslinkers (assisted with ultrasound treatment) can provide a
new venue to design macroscopic hydrogel properties, namely, by
leveraging the control of the crosslinker nanostructure.
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Fig. 1 Schematic illustration of tuneable dextran/peptidic nanomillipede
hybrid hydrogel preparation.
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A thiol-containing peptidic ‘nanomillipede’ was prepared by
the co-incubation of nNSAP and cNSAP (Fig. S1–S7, ESI†). It
mimics the millipede in terms of the high aspect ratio and selfregenerative function, which will be further discussed. The
growth of the nanomillipede was characterized by atomic force
microscopy (AFM) and transmission electron microscopy (TEM).
The freshly prepared low aspect-ratio nanorods (Fig. S8, ESI†)
mature axially into high aspect-ratio worm-like nanomillipedes
after 48 h of incubation (Fig. 2a, b and Fig. S9, ESI†). Attenuated
total reflectance Fourier-transform infrared spectroscopy
(ATR-FTIR) was used to characterize the peptide secondary
structure within nanomillipedes (Fig. S10, ESI†). The band of
1625 cm1 (amide I stretch peak) and the shoulder of 1695 cm1
indicate the antiparallel b-sheet architecture.16 The b-sheet
secondary structure was further confirmed by the circular
dichroism (CD) spectrum, showing a positive peak around
198 nm and a negative peak around 215 nm (Fig. S11, ESI†).
The negative shoulder peak at 228 nm represents a tryptophan
(W)-containing self-assembling peptide.17 A scrambled selfassembling peptide (SAP) mixture consisting of snNSAP and
scNSAP was also prepared as the negative control (Fig. S1–S7,
ESI†). The presence of a disordered random coil structure was

Fig. 2 Structural characterization of peptide nanomillipedes. (a) AFM
image. Scale bar: 200 nm. The TEM images of nanomillipedes treated
with (b) 0 min (c) 15 min and (d) 30 min. Scale bar: 100 nm. (e) Quantitative
analysis.
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confirmed by both ATR-FTIR18 (Fig. S12, ESI†) and CD spectra
(Fig. S13, ESI†).19 Tryptophan fluorescence measurement was
carried out to monitor the structural change during the selfassembly. For both the nanomillipede and the scrambled SAP
mixture, the fluorescence intensity reached a plateau after
48 hour incubation (Fig. S14, ESI†). The fluorescence intensity
of the tryptophan probe is highly environment dependent,
which is used to characterize the hydrophobic interaction
driven self-assembling process of the peptide or protein folding.20
Compared with the scrambled SAP mixture, the tryptophan
residues within the nanomillipede displayed a higher fluorescence intensity with blue-shifted maximal emission wavelengths
(from 348 nm to 343 nm) (Fig. S15, ESI†), which is in agreement
with the fact that tryptophan residues within the nanomillipede
buried in the more hydrophobic environment than those within
the scrambled SAP. These structural characterization data imply
that nNSAP and cNSAP co-assembled into an ordered b-sheet
secondary structure, which constructed a nanomillipede architecture with a high aspect ratio.
The length of the peptidic nanomillipede could be welltuned through varying the duration of ultrasound treatment.
Ultrasound can transmit energy via liquid (peptide buﬀer
solution) to cause a localized pressure change, where the
intermolecular interactions can be broken, essentially cutting
the peptide fragments. The feasibility of chopping the SAP
fibres by ultrasound was previously demonstrated by Zhang’s
group. The SAP sample was treated using ultrasound with a
fixed treatment time and the dynamic reassembly of the
chopped segments generated fibres with diﬀerent lengths.21
We show here that the SAP nanomillipede length can be simply
tuned by sonicating the nanomillipede sample for 0 min,
15 min, and 30 min in an ice bath in an ultrasonic cleaner
(Powersonic P1100D-45, maximal power setting). The TEM
samples were prepared immediately after ultrasonic treatment.
The number of nanomillipedes increased while the average
length decreased linearly upon increasing the ultrasound treatment time (Fig. 2b–e). The aspect ratio of the nanomillipedes
decreased to 60% (Fig. 2e, grey line).
To test the stability of the fragmented nanomillipedes, we
added the ultrasound-treated (30 min) nanomillipedes into a
buﬀer containing 50 vol% glycerol, mimicking the hydrogel
precursor milieu in terms of viscosity22 while allowing the
imaging of nanostructures. After 0 h, 12 h and 48 h incubation,
there was no significant change in their length (Fig. S16, ESI†).
The time frame being investigated is already much longer than
that of the gelation process, which is completed within 5 min.
The preformed mature nanomillipedes were used as the
crosslinkers to prepare hybrid hydrogels. The gelation condition was examined by an inverted vial test (Table S1, ESI†). Only
nanomillipedes with peptide concentrations higher than 2 mM
result in the formation of a hybrid hydrogel network (Exp. 1–Exp. 6).
The coexistence of the VS reaction sites on the dextran backbone
(Exp. 7 and Exp. 8) and the SH reaction sites on the nanomillipedes
(Exp. 9 and Exp. 10) is required for the formation of the crosslinked
hybrid network and further gelation. The necessity of an ordered
microscopic structure of nanomillipedes for gel formation was
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Fig. 3 Tuneable dextran/peptidic nanomillipede hybrid hydrogel characterization. (a) SEM image. Scale bar: 10 mm. (b) Tuneable mechanical
strength. (c) Tuneable viscosity. (d) Tuneable shear-thinning property. (e)
Step-strain measurement. (f) Tuning mechanical strength by varying Rc
value. Gel ‘L’, Gel ‘M’ and Gel ‘S’ represent hybrid hydrogels prepared from
long (no ultrasound), medium (15 min ultrasound treatment), and short
(30 min ultrasound treatment) nanomillipedes, respectively.

supported by the absence of gel formation when the experiments
were conducted using the scrambled SAP mixture (Exp. 11).
These series of experiments showed that the VS-Dex polymer
backbone is crosslinked by the peptidic nanomillipede crosslinkers to form the hybrid hydrogel network.
The microscopic morphology of the dextran-peptide hybrid
hydrogel was characterized by scanning electron microscopy
(SEM) and the result indicates a regular honeycomb-like porous
structure (Fig. 3a and Fig. S17, ESI†). This honeycomb-like
morphology presents a more uniform structure compared with
previously reported peptide–polymer hybrid hydrogel systems.23,24
The homogenous micropores with high continuity25 within the
hybrid hydrogel crosslinking network are around 10 mm size,
which may favour the migration of cells and nutrients into the
hydrogel scaffold.2
ATR-FTIR was used to characterize the secondary structure
of the peptidic nanomillipede crosslinker within the hybrid
hydrogel system. For a hybrid hydrogel, the peak near 1625 cm1
(amide I stretch peak) and the shoulder near 1695 cm1 indicate
the antiparallel b-sheet architecture of the incorporated peptidic
nanomillipede crosslinker16 (Fig. S18, ESI†). This result is in
agreement with the ATR-FTIR result of the nanomillipede crosslinkers alone, thereby indicating that the secondary structure
of the peptidic nanomillipede crosslinkers remains intact
after being incorporated into the hybrid hydrogel network.
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By contrast, the co-incubation of the VS-modified dextran and
the scrambled SAP mixture cannot result in hydrogel formation
and the peak near 1640 cm1 indicates a random coil architecture (Fig. S19, ESI†).18 This confirms that the hybrid hydrogel
network is crosslinker conformation-dependent, and only the
peptide self-assembly with ordered microscopic structure can
result in crosslinking and further gelation.
The mechanical properties of hybrid hydrogels were studied
by dynamic mechanical analysis (DMA). The dynamic strain
sweep test shows that the storage modulus (G 0 ) is higher than
the loss modulus (G00 ) and tan d (tan d = G00 /G 0 ) is much lower
than 1 across a wide strain (g) range, which indicates that the
elastic property is dominant over the viscous property. The
elastic hybrid hydrogel appears to form when g exceeds 30%
(G 0 o G00 ), thereby indicating structural disruption within the
crosslinked hydrogel network (Fig. S20, ESI†). The hydrogel-like
elastic property was also supported by the frequency sweep test
across the whole range of angular frequencies (0.1–100 rad s1,
g = 2%, Fig. S21, ESI†).
The dynamic frequency sweep test was also carried out to
characterize the shear stress change and viscosity change as a
function of shear rate (g 0 ). The viscosity decreases over three
orders of magnitudes with the increase of the shear rate, which
indicates prominent non-Newtonian shear-thinning (pseudoplastic) behaviour (Fig. S22, ESI†). We reason that the prominent
shear-thinning behaviour originates from a combination of
mechanical disruption and shear-induced realignment. First, the
hydrogel is a semi-liquid fluid system, which diﬀers from liquid
fluid where the viscosity originates from the friction between the
fluid molecules.26 The shear stress results in partial disruption of
the intermolecular physical interactions within the peptide nanomillipede crosslinker, while the dynamic reassembly-based crosslinker recovery process lags the shearing process. Second,
steady shear stress initiates localized microflow, which results
in the realignment of the high aspect-ratio peptidic nanomillipedes. This realignment process will, in turn, diminish the
shear resistance and facilitate the shearing process. This
property is especially beneficial for therapeutic cargo encapsulation under constant conditions and facile injection through
high gauge needles.27,28
Step-strain measurement was carried out to investigate the
self-healing properties. This measurement contains alternative
low strain (2%) and high strain (150%) measurement, which
represent the normal strain sweep test and high strain disruption, respectively. The low strain measurement was carried out
again after 30 min recovery period and prominent increase in
G 0 was observed. The recovered G 0 is at least 95% of the original
G 0 , which indicates rapid and eﬃcient self-healing property
(Fig. S23, ESI†). A possible mechanism of the self-healing
process is illustrated in Fig. S24 (ESI†). When the material
yields, the reversible intermolecular physical interactions are
partially disrupted while the chemical bonds remain intact.
The reassembly of the disrupted nanomillipedes enables the
healing of the hydrogel network, and is possible when the
proximity of the damaged nanomillipedes are facilitated by
local displacement derived from disruption.
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Then, we tested the influence of the length dimension of the
nanomillipede crosslinkers on the mechanical properties of
hybrid peptide–polymer hydrogels (Fig. S25, ESI†). About 47%
decrease in the storage modulus (G 0 ) was observed for the
hybrid hydrogel prepared from the 30-min ultrasound treated
crosslinkers (Fig. 3b, g = 2%, o = 10 rad s1, n = 3). Different
from the reported mechanical tuning method, the chemical
compositions and components remain unchanged in this work.
The hybrid hydrogel network is formed through crosslinking by
thiol-containing nanomillipedes. Ultrasound pretreatment will
result in tuning of the length of the nanomillipedes without
changing the overall number of the chemical crosslinking
density of the hybrid network. Longer nanomillipedes within
the hybrid hydrogel system provide more non-covalent intermolecular interactions, which are more resistant to external
mechanical forces and generate stronger hydrogels.
The tuneable shear-thinning property was characterized by a
viscosity change in the dynamic frequency sweep test (Fig. S26,
ESI†). The viscosity (at low frequency) decreased by 92%
(Fig. 3c, g = 2%, o = 0.1 rad s1, n = 3) and viscosity attenuation
factor (DNZ, low-frequency viscosity divided by high-frequency
viscosity, defined in eqn (S1), ESI†) decreased by 94% (Fig. 3d,
g = 2%, n = 3). This is in agreement with the proposed hypothesis
for the shear-thinning mechanism. At low frequency, the alignment eﬀect is minimal, and the viscosity is mainly derived from
the physical entanglement of the nanomillipedes. Longer nanomillipedes provide more physical entanglement and generate
higher viscosity (Fig. 3c). With the increase in frequency, the
alignment eﬀect turns prominent. The high aspect-ratio nanomillipede crosslinkers appear to align lengthwise toward the
directions of shear stress to minimize the interlamellar shearstress. Nanomillipedes with higher aspect-ratio have more prominent alignment eﬀect, thereby generating more prominent
shear-thinning properties (Fig. 3d).
The step-strain measurement was carried out for hybrid
hydrogels prepared from nanomillipedes with diﬀerent length,
and the result shows all hybrid hydrogels exhibit eﬃcient selfhealing property, (Fig. 3e) which is also reversible and can be
cycled (Fig. S27, ESI†).
The mechanical properties of the hybrid hydrogel were also
tuned by varying the reactive thiol group density on the
nanomillipede crosslinkers. Nanomillipedes with the same peptide
concentration but diﬀerent ratio of cysteine-containing peptide (Rc)
value (defined in eqn (S3), ESI†) were used to construct hybrid
hydrogels. The results (Fig. S28 and Fig. 3f, g = 2%, o = 10 rad s1,
n = 3, ESI†) show that a higher Rc value gives rise to a stronger gel.
This is because a higher Rc value represents a higher density of the
reaction sites for crosslinking, thereby generating a more densely
crosslinked hybrid gel network and stronger gels.
In conclusion, a peptidic nanomillipede-based dextran
hybrid hydrogel is synthesized. This new hybrid system incorporates both chemical crosslinking and physical intermolecular
interactions, which provide soft-tissue mimicking mechanical
strength and reversible properties (injectable, self-healing and
shear-thinning properties), respectively. What’s more, the length
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of the peptidic nanomillipede can be simply tuned by controlling
the ultrasound treatment time, and the mechanical properties of
gels can be further tuned. All these features endow this hybrid
hydrogel with promise as a new biomaterial platform for expanding its applications in tissue engineering and drug delivery.
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