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Materials and Methods

Materials

Histidine rich peptides and Aclt-HR-peptides were purchased from GL Biochem
(Shanghai) Ltd. 4-Armed PEG-Aclt (Mw: 20000) was purchased from JenKem, Inc,
China. Mal-PEG-NHS (MW: 5 kDa) was purchased from NanoCS. (3-mercaptopropyl)
trimethoxysilane (MPTMS) was purchased from Sigma-Aldrich (shanghai, China). All
other chemical reagents, unless otherwise stated, were purchased from Sinopharm
Chemical Reagent Co., Ltd (China).

Scanning electron microscope (SEM)

SEM images were obtained using a Quanta Scanning Electron Microscope (Quata 200,
FEI) at 20 kV. The hydrogels were dialyzed in Milli-Q water for 24 h to remove the
unbound salts and lyophilized material prior to the measurement.

Swelling measurements

In a typical swelling experiment, the volume of the as-prepared HN-PH, gels before
dialysis was denoted as the initial volume (V3), and the volume of the HN-PH,, gels after
dialysis for 24 h in 1 M tris buffer (pH=7.60, containing 300 mM of KCI and an equal
molar ratio of ZnCl, to the peptide binding sites) was denoted as the swollen volume (V).
The swelling ratio (¢£') was calculated as & =V,/V;. All the experiments were undertaken at
constant room temperature.

Loading rate dependent SMFS experiments

The AFM single molecule force spectroscopy measurements with five different pulling
speeds (250 nm s, 500 nm s, 1000 nm s, 2000 nm s, 4000 nm s™*) were performed.
By fitting the data sets with Bell-Evans equation(31, 32), the dissociation rates of binding
(kofr) between different peptides and Zn?* as well as the distance of the transition state or
rupture distance (Ax) were quantified.
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F is the most probable rupture force, kg is the Boltzmann constant, T is the absolute
temperature.

SMFS experiments with EDTA as the competitive binding molecule

The SMFS experiments with EDTA as the competitive binding molecule were also carried
out on a commercial AFM (JPK ForceRobot 300) at room temperature (~25 °C) as
described in the Methods of the main text. In a typical experiment, EDTA was added into
1 M Tris buffer (pH=7.60, containing 300 mM KCI and 50 uM of ZnCly) to reach the final
concentration of 1 mM after the normal force spectra was keeping achieved for more than
half an hour. The sample rate of the data before and after the adding of EDTA was
recorded.

UV spectroscopy measurements

Peptide and ZnCl, stock solutions were prepared in 1 M tris buffer (pH=7.60, containing
300 mM of KCI), respectively. Then the solutions were mixed in a 1:8 molar ratio to
obtain a final peptide concentration of 0.5 mM and Zn®" concentration of 4 mM. All the
UV spectra was recorded using a V-550 (JASCO Inc., Japan) spectrophotometer. The
cuvette width was 1 cm and the bandwidth was 0.2 nm. As shown in Fig. S1IA-C, the



major UV absorption peak of the histidine imidazole ring was red-shifted by about 1 nm, 2
nm and 4 nm for PH;, PH3; and PHg, respectively. The red-shift of the peak was due to the
decrease of the electron density of the imidazole ring upon metal ion binding(49) .
Moreover, the magnitude of the UV shift was consistent with the binding affinity of the
peptides with Zn?* ions measured by the ITC experiments.

Raman spectroscopy measurements

PH31, PH3; and PHg peptides were dissolved in ultrapure water to the concentration of 12, 4
and 2 mM, respectively. Next, desired amount of ZnCl; solution was added to achieve the
final concentration of 12 mM. Then, the solution was adjusted to pH 8.0. 10 uL. of each
peptide solution was dried on a coverslip to form a peptide-metal ion film. These peptide-
metal ion films were then analyzed on a confocal Raman microscope (alpha300, WITec)
with a 532 nm laser under atmospheric conditions. The microscope was equipped with a
piezo scanner (P-500, Physik Instrumente) and a 100x objective (Nikon, NA 0.6). The
laser powers were lower than 2 mW during the measurements. The Raman scattered light
was detected on a thermoelectrically cooled CCD detector (DU401A-BV, Andor) with an
integration time of 10 s and 3 accumulations. For each sample, spectra from three
randomly chosen positions were collected and averaged. The measurement and subsequent
data analysis were performed with the software ScanCtrlSpectroscopyPlus (Version 1.38,
WITec) and Project FOUR (Version 4.1 WITec). The peaks for C,=Cs vibrations of the
imidazole ring were expected in the range from 15501640 cm *.(50) In the presence of
Zn** ions, the histidine peaks in all the peptides shifted to 1601 cm™, indicating the
coordination between histidine and Zn?* ions (Fig. S1D-F)(51).

FT-IR spectroscopy measurements

The HN gels were prepared in a rectangular shape with thickness of about 1.5 mm. Then
the IR spectra were recorded using a NICOLET iS10 (NICOLET, USA) spectrometer
directly without drying the samples. The reported spectra were the average of more than
35 scans to increase the signal-to-noise ratio. The background signals were subtracted.

Using EDTA to reversibly tuning metal chelation of the peptides in hydrogels

The Zn* ions in HN-PH, gels were removed by competitive binding by immersing the
hydrogels in EDTA solutions (50 mM in 1 M Tris buffer containing 300 mM KCl,
pH=7.60) for 48 h. To recharge the hydrogels with Zn** ions, the gels were first dialyzed
in 1 M Tris buffer (pH=7.60, containing 300 mM KCI) for 48 h to remove the EDTA and
then immersed 1 M Tris buffer (pH=7.60, containing 300 mM KCI and an equal molar
ratio of ZnCl; to the peptide binding sites) to reform the coordination bonds.

Mesh size of the HN-PH,, gels

The HN-PH, gels in the absence of Zn** ions were dialyzed in Milli-Q water for 24 h to
remove the unbound salts and lyophilized prior to the measurement. Then the SEM
images of the lyophilized samples were obtained using a Quanta Scanning Electron
Microscope (Quata 200, FEI) at 20 kV. The meshes were marked with ImageJ and the size
was measured according to the image scale.

Sol/gel fraction of the HN-PH,, gels without Zn?* ions: The HN-PH, gels without Zn**
ions were dialyzed in 1 M Tris buffer (pH=7.60, containing 300 mM of KCI) for 24 hours
and then in ddH,O for another 24 hours to remove the salt. The hydrogel samples were
weighted and the wet weight were recorded as W;. Then the hydrogel samples were



lyophilized and the weight was recorded again as W,. The sol/gel fraction (s ) was
calculated as s =W,/W; x100%.

Estimation of peptide concentrations in the HN-PH,, gels

The initial peptides added in the reaction mixtures to prepare the HN-PH,, gels were
measured as (W-). After the hydrogels were prepared, they were immersed into 8 x gel
volume of 1 M Tris buffer (pH=7.60, containing 300 mM of KCI) and allowed to
equilibrate for more than 24 hours. Then the mass of the peptides (W-) not being
incorporated in the hydrogel networks were estimated based on the UV absorbance at 220
nm of the released peptides in the buffer solution according to the calibration curves. The
incorporated peptides were calculated as o=(W1-W,)/W;x100%.

Calculation of the energetics of the free energy landscape
The calculation of the parameters describing the free energy landscape shown in Table S1
was as follows: The free energy barrier of dissociation (AG,) was calculated using the

Arrhenius equation: AG,; = —RTln(ki), where R is the gas constant, T is the absolute
off

temperature, ko is the thermal off-rate at zero force achieved form the dynamic force
spectroscopy measurements and A is the Arrhenius prefactor or the frequency factor. We
chose A of 10" s in our calculation. The energy barrier at the equilibrium state (AGgq)
can be calculated as follows: AG,, = AH — TAS, where AH is the enthalpy change and
AS is the entropy change for the binding of HR-peptides with Zn®* from the ITC
measurements. The energy barrier of association (AG,) was calculated as AG, = AG,; —
AGeg.

Multi-scale constitutive theory for hydrogels with metal-coordination interaction
Synthetic hydrogels, HN-PHg, with metal ion binding complex PHg are firstly considered.
As schematically shown in Fig. 6A, the synthetic material at the dry state without any
formed peptide-Zn®" is represented with a cube. Within this cube, eight chains cross-
linked at the cubic center extend from the cubic center to each corner of the cube, as in the
8-chain model (52) . At the dry state, the cube of the represented volume element (RVE) is
of dimension, I,. At the current state, the dimensions of RVE become [;, I,, and I5, due to
solvent absorption, metal ion binding, or mechanical loading, schematically shown in Fig.
6B. The volume of the RVE at the current state is assumed to be equal to the sum of the
volume of a dry polymer network and that of the absorbed water (53), i.e.,

LLlL =1 +QM, ?)

with Q being the volume per water molecule and M the number of water molecules within
the RVE.

Principal stretches of the RVE at the current state are given by A, = 1, /1y, 1, = 1, /1,
andA; = I3/1,, respectively.

Dividing both sides of Eq. (2) by l_o3 , We have

14+ QC = A4,4,15, 3)

where C = l_% is the nominal concentration of water.

0
Three states are assigned for PHg within HN-PHg, denoted as State “0”, State “1”, and
State “2”, respectively, illustrated in Fig. 3A. At State “0”, PHg-Zn?" is not formed yet; At
State “1””, PHg-Zn’* is formed with only one binding site being associated; At State “2”,
PHg-Zn?* is formed with both binding sites being associated. Following the Bell-Evan's



model (31, 32), the transition rate from State “1” to State “0”, denoted as K, 1]?}0, is given
by 01]:}0 K, ffeXp( Off) 4)

Where F is the chain force ¢, reflects the difference between the chain force and the force
on PHg-Zn?" at State “1” and is set to be 2.0 in the analysis, K ff is the breaking rate at

F=0, and F, 0/7 is a force scale. The transition rate from State “2” to State “1”, denoted
as K777, is given by Kot = 2K )¢ exp( Off) with ¢, reflecting the difference between

the chain force and the force on one bmdmg site of PHg-Zn*" at State “2” and is set to be
1.0 in the analysis.

The transition rate from State “0” to State “1”, denoted as K271, might be affected by a
variety of factors, such as the elasticity of the binding pair, the elasticity of the local
environment, initial length of the binding pair, separation of the binding pair depending on
the deformation, the competition of neighboring available binding sites, etc. Here, a

simple form for K2’ is adopted, which is given by (54) K21 = K2, exp (— %) where
B

¢ is the elastic energy within a PHe-Zn*" at State “17, K2, is the binding rate at =0, k is
the Boltzmann constant, T is the temperature, and «, reflects the effect of the elasticity of
the local environment. The transition rate from State “1” to State “2”, is denoted as K22,

given by (54) K122 = K2, exp (— %) where K2, is the binding rate at =0 and a,
B

reflects the effect of the elasticity of the local environment.

Let ng, Ny, and n, be the average number of PHg-Zn?* existing between two neighboring
covalently crosslinked sites within the chain network at State “0”, at State “1”, and at State
“2” respectively. The effective total number of PHg-Zn’" existing between two
neighboring covalently crosslinked sites within the chain network, denoted as n, is given
by n =no + ni+ ny.

It can then be derived that

dno
_ 0—>1
dn N - - -
d—tl = Kop''ng — Kc?ffl Koszlnz — Kon'?ny, )
dnz . .
- = —KZiin, + Kon?ny

The force-stretch curve of a polymer chain is described by the worm-like chain theory
(55), given by
kgT 1 2 1 x ) ) .
F = ~ L [= (1 - L_c) -, L_c]’ where & is the persistence length of the polymer chain
and L is its contour length.
When PHg-Zn?* within the polymer network are dynamically formed or broken, L. would
0

change, given by L. = , where L2 is the contour length of a polymer chain

ni+ny+10
existing between two neighboring covalently crosslinked sites within the chain network.

In the theory, the current state of the RVE is defined by 44, 4,, 13, ny, nq, and n,
With ny, n,, and n, being fixed at the current state, the principle of virtual work is
employed to solve the elastic field (3). Let the RVE at the current state change its
dimensions by infinitesimal small amounts, §1,, 61,, and, §15. According to the principle
of virtual work, the sum of the virtual work done by the applied forces, P,, P,, and P; and
that by the chemical potential of water, u, should be equal to the change in the internal
energy within the RVE, denoted as éu, i.e.,



With Egs. (2, 6), we have
—3 —3 —3
Su = (01 + %) > A, 584, + (02 + %) I,° A, 82, + (03 + %) 153 A 2,825,
(7)
where ag;, g, and o5 are three principal true stresses, given by a; =
03 = %, respectively.
12
Due to fixed n,, n1 and n, at the current state, we also have
]
Su = a—hml 5,12 ; 525. (8)
Combining Eq. (7) with Eq. (8) leads to
au

o~ (01 + 5) Aada] 02+ [57 = (00 + 5) daa | 02z + |57 = (03 + ) A 624 =
0, (9)
where6U=f—1§

0

Since 84;, 1=1,2, and 3, in Eq. (9) are arbitrary and independent variables, it should be

satisfied that
1 U
01 = £ _£
AA381; Q
_ 1 au u
%2 = o, 9 (10)
1 dU u
03 = ——=
MA, 813 Q

The change in U is the sum of the change in the elastic energy of polymer chains, and that
in the energy of mixing water with polymers, i.e.,

6U = 86U, + 8U,. (11)

In Eq. (11), U, = uN§e°h, where v represents the portion of effective chains within the

unit volume, N is the nominal density of polymer chains, given by N = 8/(%)3, with [

being the initial length of current polymer chains within the network, given by ,/2¢L,., and

e is the elastic energy of a single polymer chain within the RVE at the current state,
given by

_ ch_ -1 ch_ ch_1\2; 2
f@. Dl @TtLCO__u nw) _ G 00 _ELJ'

& L¢ 4 2L 4

(12)

2 2 2
where A" denotes the stretch of a polymer chain, given by A" = \//hTTZH13 '

The energy of mixing water with polymers is given by (53)

— xC
Uy = kgT [Clog e T 1+nc] (13)
where x is a measure of the interaction between polymer and water.

With Egs. (12-13), we have

YNA? IgF  kgT 1 1
o, = 1"l—+i[log(1— ) + ZXZZ]—E
A1dz5 31 A1dp25 MAds 2222221
YNAZ IgF k T 1 1
=—rz 4 | 7B [log( )+ + 2)22]—& (14)
Ao a1 T M) T Mdads | A2A2Z1 T @
VNAZ IgF = kgT 1 1
03=_3d — [log( )+ + 2)(2 2]_ﬁ
Aadzds 31 Mrzds) | tads | 2222221 a



Following the procedure described above, constitutive equations for HN-PH; or HN-PH3
can also be derived by noting that only two states are assigned for PH3-Zn?" in HN-PH; or
PH3-Zn?* in HN-PHj, as illustrated in Fig. 3A. In the subsequent analysis, the free
swelling state is considered as the initial state with three principal true stresses being zero.
The parameters employed in the analysis are listed in Tables S3. The theoretical
predictions are displayed in Fig. 6C-F.
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Fig. S1. Spectra characterization of HR peptides and molar ratios of zinc ions and the PHg
peptide in HN-PHg gels. (A-C) UV spectra of PH; (A), PH3 (B) and PHg (C) peptides (0.5
mM) without and with Zn** ions (4 mM) in 1 M Tris buffer (pH=7.60, containing 300 mM
KCI). (D-F) Raman spectroscopy of PH; (D), PH3 (E) and PHg (F) peptides formed at pH
7.6 without metals and with His: Zn?* ratio of 1:1. The peptide-Zn?* solutions were dried
on top of glass slides beforex measurement. (G) The molar ratios of zinc ions and the PHg
peptide in HN-PHg gels with different PHg concentrations. The red dots were calculated
from X-ray fluorescence spectroscopy (XRFS) and the black dashed line was a linear
fitting. The error bars correspond to the S.D. of three samples.
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Fig. S2. The ITC titration data of different HR-peptides with ZnCl, in 1 M tris buffer
(pH=7.60, containing 300 mM of KCI) at 25 °C to study the role of each amino-acid in the
final peptide structure. (A-D) The ITC titration data of GHGPH, GGHPH, GHHPG and
GHHGH peptides with ZnCl,, respectively. (E-F) The ITC titration data of (GHGPH).,

(GGHPH);, (GHHPG); and (GHHGH), peptides with ZnCl,, respectively.
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Fig. S3. Structure changes of HR peptides in the absence and presence of Zn** ions. (A-C)
CD spectra of designed peptides in the absence and presence of Zn** ions. (A) (GHGPH),.
(B) (GGHPH),. (C) (GHHPG),. (D-F) FT-IR spectroscopy of HN-PH; (D), HN-PH;3 (E)
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more obvious than that of PH3, indicating that PHg was more structured when binding with
Zn?" ions than PH.
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Fig. S4. Additional single-molecule force spectroscopy experiments. (A-C) Single-
molecule force spectroscopy for the rupture of PH,-Zn*" complexes in the presence of
EDTA. Typical force-extension curves for the rupture of PH;-Zn?* (red), PHs-Zn* (blue),
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complexes) of single-molecule force spectroscopy in 1M Tris buffer with and without 1
mM EDTA at a pulling speed of 1000 nm s. (E) Loading-rate dependent rupture forces
for PH;1-Zn?* complexes. The red line corresponds to the fit by the Bell-Evans model. (F)
Loading-rate dependent rupture forces for PHs-Zn?* complexes. The blue line corresponds
to the fit by the Bell-Evans model. (G) Loading-rate dependent rupture forces for PHg-
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indicate the mean + S.D. ***: p < 0.001.

5



Frequency

PH;

-
o«
1

Frequency
)
Frequency

o [}
1

0

0o 4 8 12

Mesh size um) @

8 12 4 8 12

Mesh size (Bm) esh size (um) Mesh size (um)

H |

$16 NS 160 NS

= NS & NS

&§12 NS 120 NS

5 — o —

g8 £ 80

) S 40

2 )

[¢] o

»n 0 0

PH,

PH; = PHq

HN-PH, HN-PH,HN-PH,

Fig. S5. Mesh size, sol/gel fractions, and the actual percent of peptides being incorporated
to the hydrogel network. (A-C) SEM images of the HN-PH; gel (A), the HN-PH;3 gel (B)
and the HN-PHj3 gel (C) before adding Zn** ions. (D-F) Mesh size distributions of the HN-
PH; gel (D), HN-PH; gel (E) and HN-PHg gel (F) estimated from the SEM images using
the ImagelJ software. (G) Average mesh size of HN-PH, gels in the absence of Zn** ions.
(H) Sol/gel fractions of different HN-PH,, gels prior to adding zinc. (I) The percentage of
peptides being incorporated in the hydrogel network. The initial peptide concentrations
were 0.3 M, 0.10 M, and 0.05 M for PHy, PH3, and PHg, respectively. The percentage of
the peptides being incorporated in the hydrogels was similar, as estimated by subtracting
the faction of eluted peptides from the total amount used. Error bars indicate the mean £

S.D. NS: p>0.05.

—&- Swelling ratio

Swelling Ratio
.
- [=2]

e}

10

L—

m Swelling ratio B

m  Swelling ratio without zn”
*kk

NS

1 HN-PHq C
| @ Swelling ratio

*%k

*k

NS

0 20 40 60 80
Concentration of PH,

- *dk
* %
ﬂ — * ek
PH, PH, PH

Sequence of Peptide

25 50 " 75
Concentration of PEG

Fig. S6. Swelling behavior of the HN gels. (A) The swelling ratios of HN-PHg gels
containing different concentrations (mg mL™) of PHs (B) The swelling ratios of HN-PH,,
gels with or without zinc ions (molar concentrations of 0.05, 0.10, and 0.30 M for PHs,
PH3, and PHy, respectively). (C) The swelling ratios of HN-PHg gels containing different
concentrations (mg mL™) of the primary cross-linker, 4-Armed PEG-Aclt. Error bars
indicate the mean £ S.D, n=3. ***: p < 0.001.; **: p <0.01; *: p < 0.05; NS: p > 0.05.



no Peptide ng Zo | B no,Peptide with Zn.

50um.- j ? 50 um
L

WA "o L= _DREN L I 3 A &

with Peptide/no er“‘ D with.Peptide with Zn

Fig. S7. SEM image of the HN-PHg gels. (A) Gel without PHg peptides and zinc ions. (B)
Gel with zinc ions and without PHg peptides. (C) Gel with PHg peptides (0.05 M) but
without zinc ions. (D) Gel containing both PHg peptides (0.05 M) and zinc ions.



A Tension-without Zn” " B Compression-without zn C Without Zn™*
804 — HN-PH, — HN-PH, = 8093 HNPH, @ HN-PH, @ HN-PH,
—— HN-PH; 804 — HN-PH, &
w© gg{ — HN-PH; — HN-PH,4 % 604 NS NS
¢ E] NS NS
>~ 3 NS NS
% 40 ’é 404 —— —_
& )
| QZO-DD' |j|j'
3
>_
O-u T T T T T T T 0+ - T —
50 100 150 0 20 40 60 80 Tension  Compression
Strain (%) Strain (%)
D Tension-PH, E Tension-PH; F Tension-PHg
801 — Initial 1607 initial — Initial
—— EDTA —— EDTA 4001 — EDTA
& 804 — Recovery w1207 — Recovery = —— Recovery
o o 300
=3 = =3
80
@ 20 @ 401 % 100-
o= _ 0 . . 0% . . .
0 20 40 60 80 100 0 40 80 120 0 40 80 120
Strain (%) Strain (%) Strain (%)
G Compression-PH;, H Compression-PH; | 300 Compression-PHg
404 — Initial 1001 — Initial — Initial
. —— EDTA . —— EDTA 2501 — EDTA
& 3] — Recovery & 807 — Recovery Ezoo— —— Recovery
=3 X X
- 5, 601 ~
% 20, 8
B = 40
5] n
10 20+
0= ! ! . . 0-; . ! = , : ! :
0 10 20 30 40 50 0 20 40 60 0 20 40 60 80
Strain (%) Strain (%) Strain (%)
J Tension K Compression
3 m@ Initial @ EDTA = = Initial = EDTA
£1204 @ Recovery 51201 @ Recovery
E} z
> =
8 80+ g 80
€ 1S
0 n
™ o
% 404 S 40
b Ij L D
0+— T T T ===
PH, PH,; PHg PH, PH, PHg

Fig. S8. Mechanical characterizations of the hydrogels without Zn?* or perturbing the His-
Zn interaction with EDTA. (A-B) Tensile (A) and compressive (B) stress-strain curves of
the hydrogels without Zn®*. (C) Young’s modulus of HN-PH;, HN-PH; and HN-PHg
hydrogels without Zn?*. Error bars indicate the mean + S.D, n=3. NS: p > 0.05. (D-F)
Tensile mechanical properties of initial HN-PH, hydrogels, HN-PH, hydrogels with
EDTA and recovered HN-PH, hydrogels recharging with Zn®*. (G-1) Compressive
mechanical properties of initial HN-PH, hydrogels, HN-PH, hydrogels with EDTA and
recovered HN-PH, hydrogels recharging with Zn*". (J) Normalized young’s modulus of
HN-PH, hydrogels, HN-PH, hydrogels with EDTA and recovered HN-PH, hydrogels
recharging with Zn" in tensile tests. Error bars indicate the mean + S.D, n=3. (K)
Normalized young’s modulus of HN-PH,, hydrogels, HN-PH, hydrogels with EDTA and
recovered HN-PH, hydrogels recharging with Zn** in compressive tests. Error bars
indicate the mean + S.D, n=3.
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Fig. S9. Mechanical properties of the HN-PHg gels with varied PHg, 4-Armed PEG-Aclt
or acrylamide concentrations. (A) The uniaxial stretching stress-strain curve of HN-PHg
gels at different PHg concentrations. (B) The uniaxial stretching stress-strain curve of HN-
PHs gels at different 4-Armed PEG-Aclt concentrations. (C) Uniaxial stress-strain curves
of HN-PHg gels with varied acrylamide concentrations under tension. (D) Uniaxial
stretching-relaxation cycles of HN-PHg gels with acrylamide concentration of 335 mg mL"
! at different strains (100, 200 and 300%). The curves were offset for clarity and the
overlapped curves are shown as the insets. (E) Uniaxial stretching-relaxation cycles of
HN-PHs gels with acrylamide concentration of 450 mg mL™ at different strains (200, 300
and 400%). The curves were offset for clarity and the overlapped curves are shown as the
insets. (F) Toughness of HN-PHg gels with varied acrylamide concentrations. All the
concentration reported here corresponded to the concentration before swelling. Error bars
indicate the mean £ S.D of three samples. ***: p < 0.001.
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Fig. S10. Hysteresis of the HN-PHg hydrogels at different strains and strain rates. (A) and
(B) Uniaxial stretching/compression-relaxation cycles of HN-PHjg gels at different strains.
The curves were offset for clarity and the overlapped curves are shown as the insets. (C)
Uniaxial stretching-relaxation cycles of HN-PHg hydrogels at the strain rates of 0.54, 5.4,
54 and 540 mm min™. (D) Summarized dissipated energy of HN-PHs hydrogels at the
strain rates of 0.54, 5.4, 54 and 540 mm min™. Error bars indicate the mean + S.D of three
samples. ***: p < 0.001.
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Fig. S11. Mechanical performance of HN-PHg gels in the multi-cycle tests without any
waiting time. (A) Stretching-relaxation cycles of the same HN-PHg gel for 20 consecutive
cycles without waiting between each cycle. (B) The maximum tensile stress of the HN-
PHe gel in the 20 cycles shown in (A). (C) The compression-relaxation cycles of the same



HN-PHs gel for 50 consecutive cycles without waiting between each cycle. (D) The
maximum compressive stress of the HN-PHs gel in the 50 cycles shown in (C).

- B
1001 — 0.54 mm mim”' 300 _e— Fracture strain 300 <
— 5.4 mm mim” 50— Fracture stress Logg @
801 54 mm mim’” & ]
P S < [+)
g 60— 540 mm mim” = 200 200 4
= %150+ L150 2
@ 40 v g
% é 1004 100 g
3]
207 € 50 r50 =
L. Y
D-I T T T D- T T T r 0 E
0 40 80 120 1 10 100
Strain (%) Strain rate (mm min'1)
c —— 0.54 mm mim’" D300 —e— Fracture strain 300 <
o
1504 — 244 mm n._"nl ,\;250_ —&- Fracture stress L 250 g
—— 54 mm mim 3
— — 4 L «Q
& — 540 mm mim”’ c 200 200°G
1007 £ 150+ L150 3
2 - g
2 21001 L100 £
& 507 2 @
S 50 H50 =
I o)
R N S 3 S O
0 50 100 150 200 1 10 100
Strain (%) Strain rate (mm mini)
E - F
—— 0.54 mm mim
i r300
12001__ 5.4 mm mim”" 300 -8<
1000 54 mm mim” 950 2503
g im’ £ 200 &
< 800+ —— 540 mm mim 200 3
gSOU- $150_ -150‘:2)_
= 400+ 21004 r100 2
o _—
200 E 50- —— Fracture strain 50 £
04 . . . o —&— Fracture ‘stress . Lo o
0 100 200 300 1 10 100 1
Strain (%) Strain rate (mm min )

Fig. S12. Tensile mechanical properties of the HN-PH,, hydrogels at different strain rates.
(A) Uniaxial stress-strain curves of HN-PH; hydrogels under tension at the strain rates of
0.54, 5.4, 54 and 540 mm min™. (B) Summarized fracture strain and Young’s modulus of
HN-PH; hydrogels at the strain rates of 0.54, 5.4, 54 and 540 mm min*. (C) Uniaxial
stress-strain curves of HN-PH3 hydrogels under tension at the strain rates of 0.54, 5.4, 54
and 540 mm min™. (D) Summarized fracture strain and Young’s modulus of HN-PH;
hydrogels at the strain rates of 0.54, 5.4, 54 and 540 mm min™. (E) Uniaxial stress-strain
curves of HN-PHg hydrogels under tension at the strain rates of 0.54, 5.4, 54 and 540 mm
min™. (F) Summarized fracture strain and Young’s modulus of HN-PHg hydrogels at the
strain rates of 0.54, 5.4, 54 and 540 mm min™. Error bars indicate the mean + S.D of three
samples.

Table S1. Free energy landscape for the binding/unbinding of Zn** with PH;, PH3 and
PHs peptides. Data are presented as average = s.d. *

Ko (1) AH (kJ mol™) AS (kJ mol* deg) AG, (kI mol™)  AGeq (kJ mol™) AGyq (kJ mol™)
PH, 9.49#534 -16.14+1.35 -0.056 + 0.0047 -29.75+041  -462+23 -34.36 + 1.57
PH; 2.91+128 -32.99+273 -0.069 + 0.0021 -2487+093  -12.43+0.68 -37.30+1.18
-17.20 £ 0.96 (AH;)  -0.076 + 0.0031 (AS;) -5.45 + 0.94 (AGeq1)
PHs 0.56 +0.45 -30.3+2.11 -41.37 +2.75
-15.45+ 0.66 (AH,)  -0.033 £ 0.0013 (AS,) -5.62 £ 0.52 (AGeq)

* There are two AH and AS values from the ITC measurements of PHg and Zn** binding
since PHg has two binding sites.



Table S2. Mechanical properties of PAM, HN-PH;, HN-PH3 and HN-PHg gels containing
different concentrations of peptides. Data are presented as average + s.d. *

Molar concentration Swelling ratio Tension strain limit Tension stress limit
of HR-peptide (mM) (VIV) (%) (kPa)
PAM / 4.68+0.41 282.08 + 33.04 106.05 +2.93
HN-PH; 300 441+£0.30 125.29 + 15.80 83.35+20.15
HN-PH; 100 3.93+0.22 179.05 + 13.49 169.67 + 15.19
16.7 2.88+0.25 243.91+17.89 413.36 + 23.32
HN-PH, 333 2.45+0.20 246.16 + 15.43 715.38 £ 30.17
50 2.23+0.18 275.45+7.31 1379.08 + 166.09
66.6 1.87+£0.20 172.94 + 18.47 807.00 + 70.96
Compression strain Compression stress Young’s modulus Toughness
limit (%) limit (kPa) (kPa) (kI m3)
PAM 85.50+2.78 75.24 + 6.10 26.95+6.73 143.76 + 17.79
HN-PH; 71.45+2.09 46.88 + 3.38 58.61 + 4.97 50.27 + 17.51
HN-PH; 86.47 +2.24 128.20 + 7.66 70.52 + 6.47 136.83 + 15.13
89.81+1.77 22443 +12.99 100.78 + 10.36 420.94 £ 36.35
HN-PH, 84.78+2.14 343.74 £ 15.56 150.43 + 4.39 683.15 + 49.94
94.10+ 1.49 1005.67 + 74.77 221.37+7.72 1327.76 + 125.67
7258+ 1.82 350.43 + 24.29 303.53 +5.56 571.83 £ 94.59

* PAM gel refers to hydrogels containing only the primary network: polyacrylamide
cross-linked by 4-Armed PEG-Aclt. All hydrogels were charged by Zn?* ions.

Table S3. Parameters for simulation of uniaxial stretching (S)/compression (C)- relaxation

of gels
LY (nm) 80 nm Q (nmd) 0.03 (53)
ks T (pNenm) 414 u 0
P 0.2 (53) a 2
Io(nm) 9.24 & 1
Default parameters v 0.6
Loading rate for 03
uniaxial stretch-relaxation (/min) '
Loading rate for uniaxial
: . . 0.1
compression-relaxation (/min)
Parameters of different gels DN-PH; DN-PH;,4 DN-PHg DN-PH3gs DN-PH3g,
' s s 3.96x10° 6.31x10’ 7.81x10 7.81x10 2.65%10°
K (s
’ C 3.96x10? 6.31x10? 7.81x10? 7.81x10? 2.65x10°
. S — 2.65x10° — —
-1
Ky () .
C — — 2.65x10 — —
S 0.3 0.4 0.4 0.4 0.01
a
' c 05 0.4 0.4 0.4 0.14
S — — 0.01 — —
a3
C — — 0.32 — —
0 S 9.49 2 0.56 0.56 0.56
kofr (57)
C 9.49 2 0.56 0.56 0.56




S 20.61 17.92 17.18 17.18 17.18
F (pN)
c 20.61 17.92 17.18 17.18 17.18
s 20 8 3 3 3
n
C 20 8 3 3 3

Parameters of gels with
different content of PH6

DN-PHs (0%)

DN-PH; (2%)

DN-PH¢ (4%)

DN-PH; (6%)

DN-PHs (8%)

P, S 7.81x10 7.81x10° 7.81x10 7.81x10 7.81x10
on (S
C 7.81x102 7.81x10% 7.81x10° 7.81x102
s S 2.65x10° 2.65x10° 2.65x10° 2.65x10° 2.65x10°
on s
C 2.65x10° 2.65x10° 2.65x10° 2.65x10°
S 0.4 0.4 0.4 0.4 0.4
“ C 0.4 0.4 0.4 0.4
S 0.01 0.01 0.01 0.01 0.01
2 C 0.32 0.32 0.32 0.32
S 0.56 0.56 0.56 0.56 0.56
kg (57)
C 0.56 0.56 0.56 0.56
S 17.18 17.18 17.18 17.18 17.18
B (pN)
C 17.18 17.18 17.18 17.18
S 0 1 2 3 4
n
C 0 1 2 3




Table S4. Mechanical properties of HN-PHg gels and other tough hydrogels.

Sample code Water Young’s Break Fracture  Toughness Fracture  Recovery  Recovery
content  modulus  strain strength (MJIm?®) energy time efficiency
(wt%o) (MPa) (mm/mm) (MPa) (kI m?) (min) (%)

HN-PHg" 80.4 0.27 4.12 3.02 4.03 - ~85

St(PGs)-DN3(2) 87 0.33 4.73 0.96 3.7 -- - -

St(HA)-DN1(2) 89.4 0.1 1.97 1.15 1.16 - -- --

St(CS)-DN4(2) 88.43 0.3 4.26 0.71 2.26 - -- --

Supramolecular 80 0.016- 107 1.8 -- - 30 ~100

polymer 0.42

network(8)

L-NC gel(9) 62 43.2 7.4 1.6 7.38 - -- --

B-DN3 gel(11) 44 +2 22+0.2 57+0.7 105+14 -- 285+ 5 ~85
0.22

CCP-MCP1 32 0.145 5.49 2.6 - 1.33 >15 --

gel(12)

Hybrid gel(13) 86 0.029 23 0.156 -- 8.7 1440 74

DN-Sul gel(14) 54.6 0.8 5.05 3.7 7.6 9.8 240 >90

DN-Cit gel(14) 56.9 1.3 5 5.6 12.1 14 240 96.6

P(urea-IL,- ~50 197 + 478+0.24 190 + 6.70 £ 0.10 - 120 ~85

SPMA)-3d 0.12 0.12

gel(15)

Agar/PAM gel(16) 79.4 0.082 22.4 1.23 8.96 - 10 (100 ~90

OC)

EG-15 gel(17) ~65 ~12.5 ~4.7 ~12 ~40 - 240 78

D-hydrogel- 60-70 ~1.75 7.48 5.9 27.2+1.01 - 240 87.6

0.15(18)

PAM-CS-A DN ~80 0.318 + 4.7 2.12 -- 129+1.3 240 95

gel(19) 0.042

PAM-CS-S DN ~80 0.357 + 5.6 1.94 -- 8.3+0.8 240 90

gel(19) 0.045

Crystallized PVA- 62 5 ~3.8 2.5 -- 14 1440 >90

PAAmM gel(20)

(FL)g gel(23) 70 0.016 + 45+0.9 0.035+ -- - 20 ~85

0.003 0.006

CBJ8] gel(35) 90 0.0046 24 ~130 - 0.75 % 3 ~100
0.04

PU/DHIR-0.244- 82.35+ 214 + 8.25 +0.59 479+ -- 2.493 + 360 ~100

20% gel(57) 0.26 0.43 0.55 0.138

Movie S1: Cyclic compression of the HN-PHg hydrogel (to ~70% strain) at a frequency of ~1.6

Hz.

Movie S2: Cyclic stretching of the HN-PHg hydrogel (to ~150% stain) at a frequency of ~1.6 Hz.

Movie S3: Compressing the HN-PHg hydrogel using a sharp blade.
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