www.nature.com/scientificreports

OPEN

Received: 24 April 2017
Accepted: 12 June 2017
Published: xx xx xxxx

Folding driven self-assembly of
a stimuli-responsive peptidehyaluronan hybrid hydrogel
Robert Selegård
Daniel Aili 1

1

, Christopher Aronsson1, Caroline Brommesson2, Staffan Dånmark1 &

Protein-metal ion interactions are ubiquitous in nature and can be utilized for controlling the selfassembly of complex supramolecular architectures and materials. Here, a tunable supramolecular
hydrogel is described, obtained by self-assembly of a Zn2+-responsive peptide-hyaluronic acid hybrid
synthesized using strain promoted click chemistry. Addition of Zn2+ triggers folding of the peptides into
a helix-loop-helix motif and dimerization into four-helix bundles, resulting in hydrogelation. Removal
of the Zn2+ by chelators results in rapid hydrogel disassembly. Degradation of the hydrogels can also be
time-programed by encapsulation of a hydrolyzing enzyme within the gel, offering multiple possibilities
for modulating materials properties and release of encapsulated species. The hydrogel further shows
potential antioxidant properties when evaluated using an in vitro model for reactive oxygen species.
Smart soft materials have received a growing interest due to their ability to change properties in response to
environmental stimuli1–5. Responsive hydrogels in particular are widely used in applications such as tissue engineering6, controlled release7, 8 cell therapy9, 3D cell culture10, and bioprinting11. Hydrogels that respond to pH12,
temperature13, light14, 15, enzymatic interactions16, and metal ions17, have been reported. Protein-metal ion interactions are ubiquitous in nature and can induce conformational changes in proteins and trigger assembly of complex supramolecular architectures18, 19. Several peptides that fold as a result of metal ion coordination have been
designed de novo, offering robust alternatives to proteins in soft materials20–22. Self-assembly of peptide-based
hybrid hydrogels controlled by metal ion coordination is thus an interesting strategy that could facilitate development of responsive hydrogels with tunable properties. In addition, metal ions such as Zn2+ show antimicrobial
properties23 and promotes wound healing24. Zn2+ loaded hydrogels are thus of large interest for a wide range of
biomedical applications.
Hyaluronic acid (HA), or hyaluronan, is one of the main components in the extracellular matrix and regulates
numerous cellular processes and due to its biocompatibility, biodegradability and good gel-forming properties,
frequently used as a component in hydrogels for biomedical applications25–27. Degradation of HA by reactive oxygen species (ROS) has been linked to several diseases and conditions with an inflammatory component, including
rheumatoid arthritis and chronic wounds28. Interestingly, low molecular weight HA has been reported to exert
antioxidant activity, which is more pronounced upon coordination of metal ions, such as Zn2+ and Cu2+ 29–31.
Herein, we report on the development of a responsive physical hybrid hydrogel formed as a result of
Zn2+-induced peptide folding and dimerization of peptides conjugated to low molecular weight HA. The peptide (JR2E) is designed to fold into a helix-loop-helix motif and homodimerize into four-helix bundles in the
presence of Zn2+ 32. By conjugating the peptide to HA the self-assembly, disassembly and rheological properties
of the hydrogels can be tuned by the concentration of Zn2+, metal ion chelators, and by encapsulation of hydrolytic enzymes in the hydrogels, offering a novel strategy for obtaining responsive HA-based physical hydrogels.
Furthermore, an in vitro model with isolated neutrophil granulocytes was used to evaluate the effect of the hydrogel, including the role of Zn2+, on the production of ROS.

Results and Discussion

To conjugate the peptides to the HA backbone, HA was first modified with bicyclo[6.1.0]nonyne (BCN) to support a strain promoted azide-alkyne cycloaddition (SPAAC) reaction33. The resulting HA-BCN had a degree
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Figure 1. (a) Molecular structure and schematic illustration of HA-BCN that, when combined with the peptide
JR2EK-Az, undergoes a SPACC reaction forming the responsive hybrid material HA-JR2EK. (b) The peptide
component in HA-JR2EK exists as a random coil until addition of Zn2+ which causes it to fold and dimerize,
resulting in a supramolecular cross-linking and self-assembly of a hydrogel (c). Removal of Zn2+ returns the
peptides in HA-JR2EK to a random coil state and triggers disassembly of the hydrogel. Photographs of 2.5 wt %
HA-JR2EK without (top) and with (bottom) 10 mM Zn2+.

of modification of ~7% based on 1H-NMR signals originating from the BCN group (Figure S1). The final
peptide-polymer hybrid (HA-JR2EK) was obtained by conjugating the azide containing Zn2+-responsive peptide
JR2EK-Az to HA-BCN via a SPAAC reaction (Fig. 1). The azide moiety in JR2EK-Az was included at position 22,
located in the peptide loop region, in order to minimize the influence of conjugation on peptide dimerization and
folding. 1H-NMR of HA-JR2EK confirmed the derivatization with a degree of modification of ~4% based on the
1
H-NMR signals originating from histidine and phenylalanine residues in the peptide (Figure S1). ATR FT-IR
further confirmed the derivatization by the evolution of strong amide I and II peaks (Figure S2). Consequently,
~10–15 JR2EK peptides were conjugated to each HA polymer resulting in a hybrid system with ~2:1 w/w ratio
of HA:peptide.
Aqueous solutions (pH 7) of 2.5 wt % HA-JR2EK self-assembled immediately into hydrogels upon addition of Zn2+, as confirmed by tabletop rheology (Fig. 1 and Supplementary Movie 1). To investigate the role of
peptide folding on hydrogelation, a second peptide-polymer conjugate was synthesized using a peptide with
identical primary sequence as JR2EK-Az but having all L-alanine amino acid residues exchanged by D-alanine.
This peptide, JR2EKref, is thus unable to fold and dimerize34. The secondary structure of the HA conjugated
peptides was characterized by circular dichroism (CD) spectroscopy. In the absence of Zn2+, the peptides in
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Figure 2. CD and DLS characterization of hydrogel formation induced by Zn2+. CD spectra of 0.1 wt % HAJR2EK and HA-JR2EKref with and without 10 mM Zn2+. Inset: Increase in helicity of 0.1 wt % HA-JR2EK
(at 222 nm) as a function of increasing [Zn2+]. The peptide unfolded upon addition of 10 mM EDTA. (b)
Normalized autocorrelation functions for 1.0 wt % HA-JR2EK and HA-JR2EKref with and without 10 mM Zn2+.
Normalized autocorrelation functions for 0.1 (c), 0.5 (d) and 1.0 (e) wt % HA-JR2EK with increasing [Zn2+].
HA-JR2EK were random coils. Addition of Zn2+ resulted in CD spectra with characteristic minima at 208 and
222 nm, indicating that the peptides adopted an α-helical conformation (Fig. 2a). A gradual increase in helicity
was seen when increasing the concentration of Zn2+, reaching saturation at 4 mM. Removal of the Zn2+ by the
chelating agent EDTA lead to unfolding of the conjugated peptides (Fig. 2a inset) and disassembly of the hydrogels (Supplementary Movie 2). Because of the mix of L- and D-amino acid residues in JR2EKref, HA-JR2EKref
showed a weaker CD signal than HA-JR2EK even though both conjugates had the same degree of derivatization
(Figure S1). HA-JR2EKref showed no ordered secondary structure in the absence nor in the presence of Zn2+.
Neither HA nor HA-BCN responded to Zn2+ (Figure S3), confirming that only the conjugate with JR2EK undergoes a conformational change when exposed to Zn2+.
For the peptide-polymer conjugate to assemble into a hydrogel, the peptide must not only fold but also dimerize in order to link the individual macromolecules into a supramolecular network. The assembly of networks was
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Figure 3. Rheological characterization of hydrogel formation induced by Zn2+. Rheological frequency sweeps
of 2.5 wt % HA-JR2EK (a) and HA-JR2EKref (b) with and without 10 mM Zn2+. (c) Probe tack tests of 2.5 wt %
HA-JR2EK and HA-JR2EKref with and without 10 mM Zn2+. (d) Probe tack test of 2.5 wt % HA-JR2EK with
increasing [Zn2+].

investigated using dynamic light scattering (DLS) (Fig. 2b). Addition of Zn2+ to 1.0 wt % HA-JR2EK resulted in
slower solution dynamics seen as an increase in lag times, strongly indicating assembly of larger networks. In
contrast, addition of Zn2+ to HA and HA-JR2EKref resulted in shorter lag times, probably due to a certain degree
of intramolecular coordination of Zn2+ via carboxylate groups in the HA backbone reducing the radius of gyration of the polymers (Figs 2b and S4). To further characterize the self-assembly process, samples with 0.1, 0.5
and 1.0 wt % HA-JR2EK were subjected to 0–10 mM Zn2+ (Fig. 2c–e). At 0.1 and 0.5 wt % the peptide-polymer
conjugates contracted with increasing concentrations of Zn2+, most likely due to a certain amount of HA-Zn2+
interactions and intramolecular dimerization of the peptides, resulting in denser individual clusters of molecules.
However, at 1.0 wt % the critical gelling concentration was reached and the probability of forming intermolecular
networks predominated, resulting in a loosely associated hydrogel network.
In order to study the mechanical properties of the peptide-polymer conjugates and the hydrogels, we increased
the concentration to 2.5 wt % and performed rheological frequency- and strain sweeps (Figs 3 and S5, respectively). At this concentration HA-JR2EK self-assembled into a soft viscoelastic hydrogel directly after addition of
Zn2+ (Fig. 3a), whereas the apo-material behaved as a liquid. No significant differences could be detected in the
rheological properties of HA-JR2EKref before and after addition of Zn2+ (Fig. 3b). It is thus clear that folding of the
peptides is the main driving force for the assembly of the hydrogels. In addition, the self-assembled HA-JR2EK
showed typical characteristics of supramolecular hydrogels, such as self-heling (Figure S6) and shear-thinning
(Figure S7) properties.
Since the hydrogels were fairly sticky (Supplementary Movie 1), we examined the adhesive properties of
HA-JR2EK and HA-JR2EKref when exposed to 10 mM Zn2+ using a probe tack test. Consistent with the hydrogel
self-assembly process, only HA-JR2EK with Zn2+ showed any adhesive properties, seen as a significant negative normal force when retracting the probe from the sample (Fig. 3c,d). Furthermore, the adhesive bond could
repeatedly be disrupted and reformed, once again showing the self-healing properties of the hydrogel (Figure S8).
To investigate the nanoscale morphology of the hydrogels, HA-JR2EK was imaged using scanning electron
microscopy (SEM) in the absence and presence of Zn2+. The hydrogels showed no fibrous structures indicating
that the self-assembly occurs in a non-directional process resulting in an amorphous material (Figure S9). Since
the samples had to be fixated using glutaraldehyde prior to imaging no significant differences could be seen
between samples with and without 10 mM Zn2+.
To aid in the visualization of the hydrogels as they are completely transparent, gold nanoparticles (AuNPs)
decorated with the same Zn2+-responsive peptide were introduced into the hydrogels. Peptide immobilization
on to the AuNPs was achieved by replacing the azide-modified lysine by a cysteine residue, to enable a thiol-Au
coupling. The peptide-functionalized AuNPs (JR2EC-AuNPs) self-assemble reversibly upon addition of Zn2+
as a consequence of peptide folding and a dimerization-mediated bridging of the AuNPs32. Since the peptides
SCieNtifiC REPOrTS | 7: 7013 | DOI:10.1038/s41598-017-06457-9
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Figure 4. Dissociation and enzymatic degradation of hydrogels over time visualized by release of incorporated
AuNPs. (a) UV-vis spectra of HA-JR2EK with JR2EC-AuNPs encapsulated within the hydrogel to visualize
dissociation over time (measured every 30 min for 7 hours), in a buffer with and without 5 mM Zn2+. (b)
Dissociation over time of hydrogels consisting of HA-JR2EK with and without 5 mM Zn2+ in the buffer and
HA-JR2EKref with Zn2+ in the buffer. (c) UV-vis spectra of HA-JR2EK with 200 nM hyaluronidase (Hya) in the
buffer or encapsulated within the hydrogel in a Zn2+ containing buffer. (d) Enzymatically catalyzed degradation
over time of HA-JR2EK hydrogels with 0–200 nM hyaluronidase encapsulated within the hydrogel or 200 nM
outside the hydrogel. HA-JR2EK and HA-JR2EKref concentrations were 2.5 wt % in all experiments and
hydrogels were assembled using 10 mM Zn2+.

immobilized on the AuNPs are available and can dimerize with peptides conjugated to HA, the JR2EC-AuNPs can
be incorporated in the hydrogels during the hydrogel self-assembly process. The JR2EC-AuNPs were mixed with
HA-JR2EK prior to addition of Zn2+. Addition of Zn2+ resulted in self-assembly of hydrogels containing homogeneously distributed AuNPs (Figure S10). Absence of nanoparticle aggregation, as indicated by the position of
the localized surface plasmon resonance (LSPR) band (λmax = 525 nm)32, strongly indicate that the immobilized
JR2EC interact and dimerize with the HA conjugated JR2EK in the hydrogels. By monitoring the intensity of the
AuNP LSPR peak in the solution above the hydrogels we could visualize hydrogel disassembly caused by Zn2+
depletion since the JR2EC-AuNPs were released (Fig. 4a, see also Figure S10). When submerged into a buffer
without Zn2+, the hydrogel disassembled with a burst-like dissociation profile after about 2 hours incubation.
However, if Zn2+ was present in the buffer the hydrogel remained stable with only minor nanoparticle release
over an extended time period (Fig. 4a,b). HA-JR2EKref could not retain any JR2EC-AuNPs under any conditions.
Furthermore, we investigated if the degradation of the hydrogels could be controlled by subjecting them to
hyaluronidase (Hya). Hya is an enzyme that hydrolyses the 1,4-linkages between N-acetyl-β-D-glucosamine and
D-glucuronate in the HA backbone. Only minor degradation was seen when Hya (200 nM) was present in the
buffer, indicating that diffusion of the enzymes into the hydrogel was very limited. On the other hand, when the
same amount of Hya was encapsulated within the hydrogel a rapid degradation occurred (Fig. 4c). By varying the
concentration of encapsulated Hya, the rate of hydrogel degradation could be tuned (Fig. 4d, see also Figure S11).
The modest broadening and small red shift of the LSPR band indicate that residual HA-JR2EK was still attached
to the released JR2EC-AuNPs, preventing extensive aggregation of the AuNPs, which would otherwise occur due
to the Zn2+ content in the buffer (Fig. 4c)32.
To evaluate the impact of the hydrogel system and its components on ROS production, an in vitro model
with neutrophil granulocytes isolated from human whole blood was used. Neutrophil granulocytes are reactive
immune cells that produce large amounts of ROS upon activation35. As a positive control and to induce ROS
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Figure 5. ROS modulatory effects of hydrogels. DCF-DA loaded isolated human neutrophil granulocytes were
treated with ± HA-JR2EK (2.5 wt %) ± Zn2+ (10 mM) prior to PMA (1 µM) activation. Results are expressed as
% ROS production with respect to PMA control ± S.E.M.

formation, the cells were stimulated with phorbol 12-myristate 13-acetate (PMA) (1 µM). The presence of Zn2+,
alone or in combination with HA-JR2EK showed a moderate modulatory effect on the production of ROS as compared to the control, however, not statistically significant in the present setup (Fig. 5). Treatment with HA-JR2EK
alone prior to PMA stimulation did not induce a decrease in ROS production, suggesting that the Zn2+ could
play a role in the underlying mechanism although this requires further studies to be confirmed. Controls without
addition of PMA confirmed that none of the components provoked a ROS response on their own as compared to
resting control cells.

Conclusions

In conclusion, we have developed a peptide-hyaluronan hybrid that self-assembles into soft and adhesive hydrogels as a consequence of Zn2+-induced folding and dimerization of the peptides. The mechanical properties,
assembly and disassembly of the hydrogels could be tuned by the concentration of available Zn2+. We further
demonstrate that the degradation of the hydrogels could be time-programed by encapsulating different amounts
of hyaluronidase in the hydrogels. The Zn2+ containing hydrogel system also showed a potential ROS modulatory
effect in line with previously published observations30, 31. Combined, this results in a very dynamic and bioinspired hydrogel system providing unique possibilities to modulate materials properties and control the release of
encapsulated species.

Experimental section

General remark. All chemicals were purchased from Sigma Aldrich unless otherwise noted and used without further purification.
Peptide synthesis.

The peptides JR2EK (H2N-NAADLEKAIEALEKHLEAKGPKDAAQLEKQLEQAFE
AFERAG-COOH), JR2EKref (L-Ala substitute with D-Ala) and JR2EC (Lys-22 exchanged for Cys) were
synthesized on a Quartet automated peptide synthesizer (Protein Technologies, Inc.) using standard
fluroenylmethoxycarbonyl (Fmoc) chemistry. Peptide synthesis was performed on a 0.1 mmol scale using
Fmoc-Gly-Wang resin (Iris Biotech GmbH) as solid support and each amino acid (0.4 mmol, Iris Biotech
GmbH) was coupled with O-(7-benzotriazole-1-yl)-1,1,3,3-tetra-methyluronium tetra-fluoroborate (TBTU)
(0.4 mmol, Iris Biotech GmbH) as activator and diisopropylamine (DIPEA) (0.8 mmol) as base. Deprotection
of Fmoc groups was accomplished by treatment with piperidine (20% in DMF, v/v, Applied Biosystems). To
allow for a site specific incorporation of an azide moiety in the peptides loop regions of JR2EK and JR2EKref,
the side chain of Lys-22 was protected with an allylcarboxycarbonyl (Aloc) group. Prior to the last Fmoc
deprotection Lys-22 was orthogonally deprotected by treatment with tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4) (347 mg, 0.3 mmol) in a mixture of chloroform:acetic acid:morpholine (85:10:5 v/v/v) for
2 hours in a N2 atmosphere. The deprotected peptides were washed sequentially with DIPEA (30 mM in DMF)
and diethyldithiocarbamic acid (20 mM in DMF), followed by DMF and DCM. The resin was resuspended in
DCM and 3-azidopropionic acid (115 mg, 1 mmol), N-Hydroxysuccinimide (NHS) (115 mg, 1 mmol), 1-Ethyl3-[3-(dimethylamino)propyl]-carbodiimide (EDC) (191 mg, 1 mmol), and DIPEA (436 µl, 2.5 mmol) were
added and allowed to react for 3 hours to attain JR2EK-Az and JR2EKref-Az. The N-terminal Fmoc group was
removed by treatment with piperidine in DMF and JR2EK/JR2EKref were cleaved from their solid support by
exposure to a solution of trifluoroacetic acid (TFA), water and triisoproylsilane (95:2.5:2.5v/v/v) for 2 hours
followed by filtration and evaporation of the solvent. JR2EC was cleaved using an alternative cleavage cocktail
composed of TFA, ethanedithiol, water and triisoproylsilane (94:2.5:2.5:1 v/v/v/v). The peptides were precipitated twice in cold diethylether and purified using a gradient of aqueous isopropanol containing 0.1% TFA
on an ACE-5 C-8 column attached to a semi-preparative high-performance liquid chromatography (HPLC)
SCieNtifiC REPOrTS | 7: 7013 | DOI:10.1038/s41598-017-06457-9
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system (Dionex) (Figure S12). Post-synthetic modifications and the identity of the purified peptides were
confirmed by matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF
MS) (Applied Biosystems) in linear positive mode using α–cyano-4-hydroxycinnamic acid (CHCA) as matrix
(Figure S13).

HA-BCN synthesis.

Hyaluronic acid (200 mg, 0.5 mmol, Mw 100–150 kDa, Lifecore Biomedical) was dissolved in MES buffer (20 ml, 100 mM, pH 7.0) and agitated for 2 hours before N-[(1R,8S,9S)-Bicyclo[6.1.0]non
-4-yn-9-ylmethyloxycarbonyl]-1,8-diamino-3,6-dioxaoctane (BCN-NH2) (50 mg, 0.15 mmol) dissolved in 5 ml
acetonitrile: water (5:1 v/v), 1-Hydroxybenzotriazole hydrate (HOBt) (42 mg, 0.3 mmol) and EDC (118 mg,
0.6 mmol) was added. The reaction was allowed to proceed for 24 hours and HA-BCN was exhaustively dialyzed
(MW cutoff 12–14 kDa, Spectra/Por RC, Spectrum Laboratories Inc.) in a mixture of MQ-water and acetonitrile
(10:1 v/v) followed by MQ-water and finally lyophilized yielding HA-BCN with a degree of modification of ~7%
based on 1H-NMR (Figure S1).

HA-JR2EK/JR2EKref synthesis. HA-BCN (52 mg, 0.1 mmol) was suspended in MES buffer (15 ml, 10 mM,

pH 10.0) for 15 minutes until fully dissolved. JR2EK-Az alternatively JR2EKref-Az (63 mg, 0.015 mmol) were dissolved in MES buffer (10 ml, 100 mM, pH 7.0) and was added to the HA-BCN solution and the pH adjusted
to 7.0. The reaction was allow to proceed for 24 hours and the derivatized HA was exhaustively dialyzed (MW
cutoff 12–14 kDa, Spectra/Por RC, Spectrum Laboratories Inc.) in MQ-water and finally lyophilized yielding
HA-JR2EK/JR2EKref with a degree of modification of ~4% based on 1H - NMR signals for the amino acid residues
histidine and phenylalanine (Figure S1).

JR2EC-AuNP synthesis.

Gold nanoparticles (AuNPs) (20 nm, Cline Scientific AB) were functionalized
with the peptide JR2EC as described previously32, 36.

Enzyme encapsulation and hydrogel disassembly and degradation. HA-JR2EK (50 µl, 2.5 wt
%) in Bis-Tris buffer (30 mM, pH 7.0) and JR2EC-AuNPs (2.5 µl, ~100 nM in Bis-Tris buffer) were added to a
semi-macro cuvette and mixed before Zn2+ (ZnCl2, 5 µl, 100 mM in Bis-Tris buffer) was added. The cuvette was
centrifuged to ensure that the formed gel where only distributed at the bottom of the cuvette (Figure S10). Bis-Tris
buffer with and without Zn2+ (5 mM) was added to the cuvette yielding a final volume of 1 ml. UV-vis measurements were commenced and the cuvette was rapidly shaken on an orbital shaker in-between measurements.
For the enzymatically catalyzed degradation experiments, freshly prepared hyaluronidase (5 µl, 0.025–2.5 mg/
ml, 0.4–40 µM in Bis-Tris buffer) was added prior to addition of Zn2+ when casting the hydrogels or into the
buffer after casting. After the last measurement 6 mM EDTA was added to completely dissemble the hydrogel to
define the maximum peak intensity for JR2EC-AuNP, which was used for the normalization and calculations of
percentage dissociation/degradation.
Reactive oxygen species scavenging. Neutrophil granulocytes were isolated from human whole
blood according to previously described protocols37. Samples were run in at least duplicates and the number blood donors were 2–3, depending on treatment. Cells (1 × 106/mL in HEPES buffer) were loaded with
2′,7′-Dichlorofluorescein diacetate (DCF-DA) (5 µM) for 30 minutes prior to addition of test substances
(HA-JR2EK (2.5 wt %) assembled using Zn2+ (10 mM), Bis-Tris buffer were used in control experiments) and
phorbol 12-myristate 13-acetate (PMA) (1 µM). Fluorescence was monitored with an Infinite M1000 Pro plate
reader (Tecan) (excitation wavelength of 485 ± 10 nm and emission wavelength of 530 ± 20 nm) during 80 minutes. Statistical significance was evaluated using paired t-test (GraphPad Prism ver 6.07).
Characterization. All measurements were performed in Bis-Tris buffer (30 mM, pH 7.0) at room temperature unless otherwise noted. Dynamic light scattering (DLS) measurements were carried out in prefiltered
(0.2 µm pore size, VWR) buffers at 21.5 °C on an ALV/DLS/SLS-5022F system (ALV GmbH), using a HeNe
laser at 632.8 nm with 22 mW output power. The signal was detected perpendicular to the laser and each experiment was averaged of 10 runs of 30 s each. Circular dichroism (CD) spectra were acquired using a ChirascanTM
spectropolarimeter (Applied Photophysics) using a 0.1 mm cuvette. Each CD experiment was run in triplicates,
averaged and background subtracted. Nuclear magnetic resonance (NMR) spectra were recorded on a Varian
instrument (1H 300 MHz) in D2O with an additive of NaOD. Chemical shifts were assigned with the D2O peak
as reference. Rheology experiments were carried out on a Discovery HR-2 rheometer (TA instruments) using
a 20 mm 1° cone plate working in oscillatory mode. Frequency sweeps were measured at a fixed strain of 1%
and amplitude sweeps at a frequency of 1 Hz. Gel recovery was evaluated at 1% strain and 1 Hz for 30 min after
exposure to 1000% strain at 1 Hz for 180 s. Probe tack tests were carried out using a 8 mm steel plate-probe. The
sample volume was 20 µl and the probe was lowered to a fix distance of 250 µm. After 60 s of incubation the probe
was retracted at a constant speed of 100 µm/s and the resulting changes in the axial normal force was measured.
The SEM measurements were performed on a LEO 1550 Gemini (Zeiss) operating at 5 kV. Samples containing
2.5 wt % HA-JR2EK with and without 10 mM Zn2+ were fixated with 1% glutaraldehyde over night at 4 °C. The
samples were dehydrated by incubation in increasing concentrations of ethanol and finally in hexamethyldisilazane and were sputter coated with Pt prior to imagine. The UV-vis measurements were performed on a UV-2450
spectrophotometer (Shimaduzu) and absorbance spectra were recorded with a resolution of 0.5 nm. ATR FTIR
measurements were performed on a Vertex 70 (Bruker Corp) with 750 scans for each sample and background
subtracted with a sample of Bis-Tris buffer.

SCieNtifiC REPOrTS | 7: 7013 | DOI:10.1038/s41598-017-06457-9

7

www.nature.com/scientificreports/

References

1. Stuart, M. A. C. et al. Emerging applications of stimuli-responsive polymer materials. Nat. Mater. 9, 101–113 (2010).
2. Shu, J. Y., Panganiban, B. & Xu, T. Peptide-polymer conjugates: from fundamental science to application. Annu. Rev. Phys. Chem. 64,
631–657 (2013).
3. Koetting, M. C., Peters, J. T., Steichen, S. D. & Peppas, N. A. Stimulus-responsive hydrogels: Theory, modern advances, and
applications. Mater. Sci. Eng. R-rep. 93, 1–49 (2015).
4. Jonker, A. M., Löwik, D. W. P. M. & van Hest, J. C. M. Peptide- Protein-Based Hydrogels. Chem. Mater. 24, 759–773 (2012).
5. Kopeček, J. & Yang, J. Smart Self-Assembled Hybrid Hydrogel Biomaterials. Angew. Chem., Int. Ed. 51, 7396–7417 (2012).
6. Fairbanks, B. D. et al. A Versatile Synthetic Extracellular Matrix Mimic via Thiol-Norbornene Photopolymerization. Adv. Mater. 21,
5005–5010 (2009).
7. Dai, Y. et al. Up-Conversion Cell Imaging and pH-Induced Thermally Controlled Drug Release from NaYF4:Yb3+/Er3+@
Hydrogel Core–Shell Hybrid Microspheres. ACS Nano 6, 3327–3338 (2012).
8. Gupta, P., Vermani, K. & Garg, S. Hydrogels: from controlled release to pH-responsive drug delivery. Drug Discov. Today 7, 569–579 (2002).
9. Burdick, J. A., Mauck, R. L. & Gerecht, S. To Serve and Protect: Hydrogels to Improve Stem Cell-Based Therapies. Cell Stem Cell 18,
13–15 (2016).
10. DeForest, C. A. & Anseth, K. S. Cytocompatible click-based hydrogels with dynamically tunable properties through orthogonal
photoconjugation and photocleavage reactions. Nat. Chem. 3, 925–931 (2011).
11. Li, C. et al. Rapid Formation of a Supramolecular Polypeptide–DNA Hydrogel for In Situ Three-Dimensional Multilayer Bioprinting.
Angew. Chem., Int. Ed. 54, 3957–3961 (2015).
12. De, S. K. et al. Equilibrium swelling and kinetics of pH-responsive hydrogels: models, experiments, and simulations. J. MEMS. 11,
544–555 (2002).
13. Klouda, L. & Mikos, A. G. Thermoresponsive hydrogels in biomedical applications. Eur. J. Pharm. Biopharm. 68, 34–45 (2008).
14. ter Schiphorst, J. et al. Molecular Design of Light-Responsive Hydrogels, For in Situ Generation of Fast and Reversible Valves for
Microfluidic Applications. Chem. Mater. 27, 5925–5931 (2015).
15. Zhao, Y.-L. & Stoddart, J. F. Azobenzene-Based Light-Responsive Hydrogel System. Langmuir 25, 8442–8446 (2009).
16. Ayyub, O. B. & Kofinas, P. Enzyme Induced Stiffening of Nanoparticle–Hydrogel Composites with Structural Color. ACS Nano 9,
8004–8011 (2015).
17. Grindy, S. C. et al. Control of hierarchical polymer mechanics with bioinspired metal-coordination dynamics. Nat. Mater. 14,
1210–1216 (2015).
18. Brodin, J. D., Carr, J. R., Sontz, P. A. & Tezcan, F. A. Exceptionally stable, redox-active supramolecular protein assemblies with
emergent properties. Proc. Natl. Acad. Sci. USA 111, 2897–2902 (2014).
19. Berg, J. M. & Shi, Y. The Galvanization of Biology: A Growing Appreciation for the Roles of Zinc. Science 271, 1081–1085 (1996).
20. Micklitsch, C. M. et al. Zinc-Triggered Hydrogelation of a Self-Assembling β-Hairpin Peptide. Angew. Chem., Int. Ed. 50, 1577–1579
(2011).
21. Kohn, W. D., Kay, C. M., Sykes, B. D. & Hodges, R. S. Metal Ion Induced Folding of a de Novo Designed Coiled-Coil Peptide. J. Am.
Chem. Soc. 120, 1124–1132 (1998).
22. Peacock, A. F. A. Incorporating metals into de novo proteins. Curr. Opin. Chem. Biol. 17, 934–939 (2013).
23. Xu, C., Cai, Y., Ren, C., Gao, J. & Hao, J. Zinc-Triggered Hydrogelation of Self-assembled Small Molecules to Inhibit Bacterial
Growth. Sci. Rep. 5, 7753 (2015).
24. Lansdown, A. B. G., Mirastschijski, U., Stubbs, N., Scanlon, E. & Ågren, M. S. Zinc in wound healing: Theoretical, experimental, and
clinical aspects. Wound Repair Regen. 15, 2–16 (2007).
25. Bulpitt, P. & Aeschlimann, D. New strategy for chemical modification of hyaluronic acid: Preparation of functionalized derivatives
and their use in the formation of novel biocompatible hydrogels. J. Biomed. Mater. Res. 47, 152–169 (1999).
26. Tan, H., Chu, C. R., Payne, K. A. & Marra, K. G. Injectable in situ forming biodegradable chitosan–hyaluronic acid based hydrogels
for cartilage tissue engineering. Biomaterials 30, 2499–2506 (2009).
27. Singh, A. et al. Enhanced lubrication on tissue and biomaterial surfaces through peptide-mediated binding of hyaluronic acid. Nat.
Mater. 13, 988–995 (2014).
28. Šoltés, L. et al. Degradative Action of Reactive Oxygen Species on Hyaluronan. Biomacromolecules 7, 659–668 (2006).
29. Balogh, G. T., Illés, J., Székely, Z., Forrai, E. & Gere, A. Effect of different metal ions on the oxidative damage and antioxidant capacity
of hyaluronic acid. Arch. Biochem. Biophys. 410, 76–82 (2003).
30. Halicka, H. D., Mitlitski, V., Heeter, J., Balazs, E. A., & Darzynkiewicz, Z. Attenuation of the oxidative burst-induced DNA damage
in human leukocytes by hyaluronan. Int. J. Mol. Med. 695–699 (2009).
31. Ke, C., Sun, L., Qiao, D., Wang, D. & Zeng, X. Antioxidant acitivity of low molecular weight hyaluronic acid. Food Chem. Toxicol. 49,
2670–2675 (2011).
32. Aili, D. et al. Folding Induced Assembly of Polypeptide Decorated Gold Nanoparticles. J. Am. Chem. Soc. 130, 5780–5788 (2008).
33. Dommerholt, J. et al. Readily Accessible Bicyclononynes for Bioorthogonal Labeling and Three-Dimensional Imaging of Living
Cells. Angew. Chem., Int. Ed. 49, 9422–9425 (2010).
34. Enander, K., Aili, D., Baltzer, L., Lundström, I. & Liedberg, B. Alpha-Helix-Inducing Dimerization of Synthetic Polypeptide Scaffolds
on Gold. Langmuir 21, 2480–2487 (2005).
35. Dupré-Crochet, S., Erard, M. & Nüβe, O. ROS production in phagocytes: why, when, and where? J. Leukocyte Biol. 94, 657–670 (2013).
36. Selegard, R., Enander, K. & Aili, D. Generic phosphatase activity detection using zinc mediated aggregation modulation of
polypeptide-modified gold nanoparticles. Nanoscale 6, 14204–14212 (2014).
37. Abrikossova, N., Skoglund, C., Ahrén, M., Bengtsson, T. & Uvdal, K. Effects of gadolinium oxide nanoparticles on the oxidative
burst from human neutrophil granulocytes. Nanotechnology 23, 275101 (2012).

Acknowledgements

The authors acknowledge the financial support from the Swedish Research Council (VR), the Swedish Foundation
for Strategic Research (SSF), Carl Trygger Foundation, Forum Scientium and the Swedish Government Strategic
Research Area in Materials Science on Functional Materials at Linköping University (Faculty Grant SFO Mat LiU
No. 2009 00971).

Author Contributions

R.S. and D.A. conceived the work and wrote the paper with contributions from all authors. R.S. synthesized
peptides, peptide-hyaluronan hybrids and peptide functionalized AuNPs. R.S. and S.D. performed C.D. and
D.L.S. measurements. C.A. performed the rheological- and tack measurements. C.A. was responsible for
photographs and movies. R.S. and C.A. performed the SEM measurements. R.S. did the degradation/dissociation
experiments. C.B. performed and evaluated ROS experiments. All authors have given approval to the final version
of the manuscript.
SCieNtifiC REPOrTS | 7: 7013 | DOI:10.1038/s41598-017-06457-9

8

www.nature.com/scientificreports/

Additional Information

Supplementary information accompanies this paper at doi:10.1038/s41598-017-06457-9
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2017

SCieNtifiC REPOrTS | 7: 7013 | DOI:10.1038/s41598-017-06457-9

9

