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Bio-inspired metal-coordinate hydrogels with
programmable viscoelastic material functions
controlled by longwave UV light†

Scott C. Grindy and Niels Holten-Andersen*

Control over the viscoelastic mechanical properties of hydrogels intended for use as biomedical

materials has long been a goal of soft matter scientists. Recent research has shown that materials made

from polymers with reversibly associating transient crosslinks are a promising strategy for controlling

viscoelasticity in hydrogels, for example leading to systems with precisely tunable mechanical energy-

dissipation. We and others have shown that bio-inspired histidine:transition metal ion complexes allow

highly precise and tunable control over the viscoelastic properties of transient network hydrogels. In this

paper, we extend the design of these hydrogels such that their viscoelastic properties respond to

longwave UV radiation. We show that careful selection of the histidine:transition metal ion crosslink

mixtures allows unique control over pre- and post-UV viscoelastic properties. We anticipate that our

strategy for controlling stimuli-responsive viscoelastic properties will aid biomedical materials scientists

in the development of soft materials with specific stress-relaxing or energy-dissipating properties.

1 Introduction

Hydrogel materials engineering is an increasingly active area of
biomedical research for applications in drug delivery and
synthetic tissues, as well as for studying how cells interact with
their surroundings.1,2 Since conventional, covalently cross-
linked hydrogels are typically mechanically weak and strategies
for optimizing their properties are limited, researchers have
recently turned to creating viscoelastic hydrogels with diverse
supramolecular architectures wherein the dominant interac-
tions between polymer chains are dynamic and reversible. This
research has lead to new hydrogels with viscoelastic properties
that afford vastly improved mechanical strength and toughness
over conventional hydrogels, and additional functions such as
stimuli-responsiveness or biodegradability can now be included by
proper engineering of the supramolecular interactions. A vast
array of supramolecular chemistries already exist, including ionic
interactions,3–6 hydrophobic associations,7,8 adaptable covalent
bonds,9 hydrogen bonds, protein-inspired associating domains,10,11

host–guest complexes,12 or metal–ligand coordination.13–18

Each of these strategies to design supramolecular networks
have varying advantages and disadvantages in ease and efficiency
of synthesis, possible mechanical property design space, and

responsiveness to various stimuli such as heat, light, or (bio)-
chemical cues. An excellent review of many of these strategies is
available in Zhao.19

In spite of this recent progress, designing materials with
specific viscoelastic properties a priori remains a more challenging
task than designing materials with specific elastic properties
because instead of optimizing the elastic modulus as a static
materials property, we must engineer the material functions of
the complex modulus G*(o) or relaxation modulus G(t) across
orders of magnitude in frequency or time.20,21 In addition,
modifying a material’s chemistry to optimize one part of the
material function (i.e. low frequencies or long timescales) may
have deleterious effects on another part of the material function
(i.e. high frequencies or short timescales).22 The main challenge,
therefore, lies in learning how to engineer a specific viscoelastic
material function rather than a single scalar materials property.
Generally, using conventional polymer engineering tactics such
as modifying molecular weight or blending multiple polymer
chemistries affects material structure and thereby the entire
material function rather than a single timescale.

Recently, it was shown that, in a 4-arm polyethylene glycol
based hydrogel crosslinked by mussel-inspired Histidine:M2+

coordinate bonds (4PEG-His:M2+), the characteristic energy
dissipation timescale can be controlled by selecting the transi-
tion metal ion acting as the crosslink center.23 Further, we
showed that by using mixed transition metals, we are able to
design hydrogels with multiple hierarchical mechanical energy
dissipation timescales while controlling the magnitude of the
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individual dissipation modes by varying the relative metal
concentrations.13 This platform of 4PEG-His:M2+ hydrogels
represents a synthetically-straightforward method for creating
hydrogel materials with precisely-engineered viscoelastic properties
over several orders of magnitude in time, and therefore a materials
platform where different parts of the viscoelastic material function
may be modified in an independent or quasi-independent fashion.

In this paper, we expand on the 4PEG-His platform by
exploiting the redox chemistry of metal-coordinate complexes
to create hydrogels in which the oxidation state of the transition
metal ion can be altered by using a UV-generated radical. We show
that changing the metal ion oxidation state using UV-generated
radicals dramatically alters the viscoelastic properties of the single
metal ion crosslinked hydrogels. UV-triggered metal ion redox
chemistry represents a novel processing step for the control over
the viscoelastic properties of 4PEG-His hydrogels, in addition
to the previously reported metal identity.13,23 Furthermore, we

demonstrate how careful selection of the metal ion mixture in
double metal ion crosslinked hydrogels allows us to control
viscoelastic material functions using the external stimulus of
longwave UV light. The end product is a family of hydrogels
that can be programmed to rapidly switch from one viscoelastic
material function to another in a facile manner.

2 Results and discussion

As introduced above, our model system for this work consists of
a 10 kDa 4-arm polyethylene glycol polymer with the end of
each arm functionalized with an N-terminal Histidine (4PEG-
His, Fig. 1). The His groups form relatively strong yet reversible
bonds with certain transition metal ions (here, M2+ = Ni2+, Co2+,
or Cu2+), which transiently crosslink the polymers into a
viscoelastic hydrogel. The ligand exchange kinetics between

Fig. 1 Our hydrogels are composed of 4-arm polyethylene glycol, where the end of each arm is functionalized with an N-terminal histidine residue
(4PEG-His). The histidines form complexes with transition metal ions M2+ (M = Ni, Cu, Co), which crosslink the 4PEG-His polymers resulting in a
viscoelastic hydrogel. We use a water-soluble radical photo-initiator, LAP, to create hydrogels with viscoelastic properties that are responsive to
longwave (B365 nm) irradiation. The radicals generated by the photodissociation of LAP react with the His:M2+ crosslinks in different ways depending on
the metal ion, resulting in a variety of viscoelastic properties which can be triggered by low-intensity UV irradiation, as shown in the bottom right figure:
Cu2+-based hydrogels lose all rigidity, while Co2+-based hydrogels become several orders of magnitude stiffer. In contrast, Ni2+-based hydrogels are not
strongly affected by UV-generated radicals.
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His and the metal ions primarily control the bulk network
viscoelastic relaxation, and therefore the choice of metal dras-
tically impacts the energy dissipative timescale(s) of the
hydrogel.7,13,16,17,23,24 Inspired by researchers using radical
photoinitiators to reduce Cu2+ - Cu1+ to catalyze the copper-
catalyzed alkyne–azide (CuAAC) ‘‘click’’ reaction,25,26 to reduce
Cu2+ - Cu0 to form Cu nanoparticles,27 and using hydrogen
peroxide to oxidize Co2+ - Co3+ in 4PEG-His hydrogels,28 we
introduced the water-soluble photoinitiator lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (also called lithium acyl-
phosphinate or LAP, Fig. 1) to our hydrogels to explore how
changing the redox state of His:M2+ complexes can affect
viscoelastic mechanical properties. As shown in Fig. S1 (ESI†),
LAP has a strong absorption band between 350–400 nm. Irra-
diating LAP-laden hydrogels with ca. 365 nm radiation causes
the LAP to dissociate,29 producing free radicals which can
oxidize or reduce the metal centers of the 4PEG-His:M2+ cross-
links. As discussed below, this change in oxidation state of the
metal ion in the coordinate crosslinks can have significant
effects on the bulk gel viscoelastic properties.

Single-metal gels

In Fig. 1, we show how 4PEG-His:M2+ hydrogels respond to
LAP + UV for each of the three metal ion crosslinks studied
here, as measured by the magnitude of the complex shear
modulus |G*|(o = 10 rad s�1). The three systems respond in
drastically different ways: 4PEG-His:Co2+ hydrogels stiffen by
several orders of magnitude, 4PEG-His:Ni2+ hydrogels are largely
unaffected, and 4PEG-His:Cu2+ hydrogels weaken significantly.

In order to more completely understand the effects of UV-
triggered radicals on the hydrogels’ viscoelastic mechanics, we
consider the entire material function, the complex modulus
G*(o) = G0(o) + iG00(o) rather than just the value of the modulus
at a single frequency. To do so, we use oscillatory rheology to
measure the storage modulus (G0) and loss modulus (G00) at
different angular frequencies and thereby characterize the relevant
energy dissipation timescales in our materials. The frequency
where G0 = G00 is an estimation of the dominant metal-coordinate
crosslink resonant energy dissipation timescale t of the material.

In cases where there is no observed crossover between G0 and G00,
we estimate t by extrapolating the expected terminal regime
scaling, G0 B o2 and G00B o1 to the frequency where G0 = G00. In
Fig. 2, we can observe that the relaxation times of 4PEG-His:M2+

hydrogels follow the pattern tNi 4 tCo 4 tCu, corresponding with
known trends of ligand dissociation rates.30

LAP has only small measurable effects on the rheological
properties of 4PEG-His:Ni2+ hydrogels as shown in Fig. 2a: UV-
irradiation only slightly decreases both the plateau modulus
and relaxation time. Even at higher LAP concentrations, the
relaxation time only drops from B4 s before UV exposure to
B1 s after UV exposure, and additional LAP does not decrease
the plateau modulus further (Fig. S2, ESI†) which pales in
comparison to the UV-responses of the viscoelastic properties
of 4PEG-His:Co2+ or 4PEG-His:Cu2+ crosslinked hydrogels.

As shown in Fig. 2b, the moduli of 4PEG-His:Cu2+ gels
decrease by several orders of magnitude after UV treatment.
As the LAP concentration is increased, the modulus approaches
that of the un-crosslinked polymer solution, and UV-irradiation
can decrease |G*| from B102 Pa to B10�1 Pa, a reduction by a
factor of 1000� (Fig. S3, ESI†). The drastic change in mechan-
ical properties is most likely caused by reduction of the Cu2+

metal center to Cu+ (see ESI† for details).
In contrast to Cu2+, the reaction of LAP with His:Co2+ cross-

links causes a significant increase in gel moduli overall (G0(o =
100 rad s�1) increases from E103 Pa to E104 Pa) and a dramatic
viscoelastic fluid to solid transition evidenced by the flat storage
modulus at low frequencies shown in Fig. 2c. As proposed by
Wegner et al.,28 this transition is likely caused by the oxidation of
Co2+ - Co3+ (Fig. S4, ESI†) because the His ligand exchange kinetics
are orders of magnitude slower for Co3+ than Co2+ complexes,30

and therefore His:Co3+ crosslinks are effectively permanent in
the frequency regime studied here. Despite the plateau of G0 at
low frequencies, after UV irradiation the fast energy dissipation
mode associated with His:Co2+ crosslinks remains, as shown by
the local maximum at o E 50 rad s�1 in Fig. 2, which suggests
UV irradiation incompletely converts Co2+ to Co3+.

Further study of the rheological properties of 4PEG-His:Co
hydrogels with different LAP concentrations support the

Fig. 2 Showing the viscoelastic moduli across an expanded frequency regime both pre- and post-UV treatment highlights the extreme differences in
response. Ni2+-Containing hydrogels are relatively unaffected, with a slight decrease in both plateau modulus GP (defined as G0(o - N)) and relaxation
time t(o(G0 = G00)�1). In contrast, Cu2+-based hydrogels become viscous fluids, with G0 and G00 decreasing by several orders of magnitude. Co2+-based
gels stiffen substantially post-UV, and gain a low-frequency modulus which explains their solidlike behavior. A high-frequency resonant dissipation mode
remains, although at lower frequencies (longer timescales) than the pre-UV hydrogels.
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conclusion that both His:Co2+ and His:Co3+ crosslinks are present
after UV-irradiation: the energy dissipation associated with His:Co2+

crosslinks at o B 50–100 rad s�1 after UV irradiation decreases
in magnitude with increasing LAP concentration, and the low-
frequency loss modulus associated with His:Co3+ crosslinks
increases with increasing LAP : Co ratio (Fig. 3). This inverse
relationship between the two dissipation modes (as quantified
by Gmax

00(101 o o o 102) and G00(o B 10�2)) suggests that
increasing the LAP concentration oxidizes a higher fraction of
Co2+ to Co3+.

3 Double-metal hydrogels

Previously, we showed that 4PEG-His transient network hydrogels
with combinations of different metal ions generally have multiple
characteristic relaxation timescales, and we demonstrated how the
relative contribution of these different relaxation modes to the
viscoelastic material function can be tuned by simply controlling
the metal ion composition.13 This is demonstrated in Fig. 4 for a
selected set of metal ion compositions. We observe that hydrogels
with both a ‘‘fast’’ crosslink (His:Cu2+, His:Co2+) and a ‘‘slow’’
crosslink (His:Ni2+) exhibit fast and slow relaxation modes that
approximately correspond in timescale to that of the single-metal
networks. On the other hand, hydrogels with two ‘‘fast’’ crosslinks
(4PEG-His:Co2+:Cu2+) display viscoelastic properties that are
difficult to distinguish from the pure single-metal networks
due to the similarity in relaxation timescales of His:Cu2+ and
His:Co2+ crosslinks.

Building on this previous work and the new demonstration
above that 4PEG-His:(Ni2+, Cu2+, Co2+) crosslinks each respond
in a drastically different way to photo-generated radicals, we
want to expand the possible design space of viscoelastic material
functions accessible with various combinations of His:(Ni2+,
Cu2+, Co2+) and photo-generated radicals. Specifically, we
set out to create double-metal ion hydrogels with program-
mable viscoelastic material functions that can be switched
from one target function to another by combining the
appropriate metal ion mixture with the stimulus of UV

irradiation. Below, we show how each pair of metal ions
studied here can indeed be used in different proportions to
program hydrogels with unique UV-switchable viscoelastic
material functions.

Fig. 3 4PEG-His:Co:LAP hydrogels stiffen dramatically under UV-illumination by gaining a low-frequency relaxation mode associated with His:Co3+

crosslinks. However, the hydrogels maintain their resonant energy dissipation at higher frequencies, similar to the timescale associated with the His:Co2+

crosslinks. This high-frequency energy dissipation decreases in magnitude with increasing LAP concentration, while low-frequency energy dissipation
increases in magnitude as shown at right. Error bars show standard deviations of 3 measurements.

Fig. 4 Because the ligand exchange kinetics for Ni2+ complexes are
B100� slower than Co2+ and Cu2+, using Ni2+ to crosslink 4PEG-His
results in a relatively slow dissipation timescale, while Co2+ or Cu2+ result
in hydrogels with much shorter, and similar, relaxation times. Hybrid
hydrogels made with Ni2+ and either Co2+ or Cu2+ show both slow and
fast energy dissipation timescales, which correspond to the fast and slow
dissipation timescales in single-metal hydrogels. All hydrogels shown use a
constant His : M2+ ratio of 2 : 1.
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Ni:Cu

As shown in Fig. 4 and 5, before UV irradiation 4PEG-His:Ni:Cu
hydrogels exhibit two characteristic relaxation modes approxi-
mately corresponding to the relaxation timescales of 4PEG-His:
Ni and 4PEG-His:Cu hydrogels, respectively. Of note is that,
even at relatively small concentrations of Cu, the fast relaxation
mode has a larger contribution to the modulus than its slow
mode counterpart (viz. Ni : Cu = 90 : 10 before UV, G00(50 rad s�1) 4
G00(1 rad s�1)). We attribute this to the relative binding strengths of
the complexes, as His:Cu bonds are much stronger than His:Ni
bonds: KNi

1 E 106.64; KCu
1 E 108.47,23 where KM

1 is the equilibrium
constant for the reaction His + M2+ - HisM2+. Accordingly,
in hydrogels with higher amounts of Cu (Z50%), the slower
Ni-relaxation mode cannot be observed in the pre-UV rheological
properties (Fig. 5, top).

Because 4PEG-His:Cu2+ hydrogels significantly weaken upon
reacting with UV-generated radicals while 4PEG-His:Ni2+ hydro-
gels do not respond strongly to radicals, we should expect that
4PEG-His:Ni:Cu hydrogels contain a fast relaxation mode that
weakens significantly in response to UV irradiation. Indeed,
this is what we observe in hydrogels with at least 75% Ni: the
resonant energy dissipation peak at o B 50 rad s�1 disappears
(Fig. 5). However, the magnitude of the energy dissipation at
the slow timescale associated with His:Ni crosslinks increases
rather than remain constant as it does in 4PEG-His:Ni gels. A
logical explanation for this observation is that as UV-generated
radicals reduce Cu2+ - Cu1+, His ligands switch from binding
Cu to binding Ni. This increases the concentration of PEG
chains crosslinked by a His:Ni2+ crosslink, increasing the
energy dissipation associated with His:Ni2+ crosslinks. At lower

Ni : Cu ratios (r50% Ni), the terminal relaxation time after UV
irradiation (identified approximately by the arrows in Fig. 5) is
much slower than the relaxation time of the pre-UV hydrogels,
again in agreement with UV irradiation increasing the concen-
tration of His:Ni2+ crosslinks by effectively removing Cu2+

crosslinks.
Another way to examine the effect of His ligands switching

from Cu to Ni is to compare the change in terminal complex

viscosity Z0
�j j � lim

o!0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G
02 þ G

002
p .

o
� �

of 4PEG-His:Ni:Cu hydro-

gels caused by UV-irradiation. As shown in Fig. 6, at both high
and low Ni : Cu ratios, |Z0*| decreases after UV irradiation,
while at intermediate ranges of Ni : Cu ratio, the hydrogel’s
viscosity increases after UV irradiation. At high Ni : Cu ratios,
the mechanics of the hydrogel are dominated by His:Ni cross-
links in both the pre-UV and post-UV state, and therefore UV
irradiation causes the viscosity to decrease as it does in 4PEG-
His:Ni2+ hydrogels. At low Ni : Cu ratios, the viscosity decreases
because the mechanics of the hydrogels are dominated by
His:Cu bonds, which weaken significantly with UV irradiation.
However, at intermediate Ni : Cu ratios, UV irradiation causes
His ligands to switch from Cu to Ni, increasing the concen-
tration of slow, His:Ni crosslinks and therefore increasing |Z0*|.

Ni:Co

In a similar vein to 4PEG-His:Ni:Cu hydrogels, the pre-UV state
of 4PEG-His:Ni:Co hydrogels exhibit two distinct relaxation
times that correspond to the relaxation times in the single-
metal hydrogels (Fig. 4 and 7). However, in contrast to 4PEG-
His:Ni:Cu hydrogels, we should expect the fast relaxation time

Fig. 5 Because His:Cu bonds are effectively removed with LAP + UV, Ni:Cu hydrogels with a small amount of Cu exhibit a fast relaxation mode that can
be deleted with UV irradiation, leaving the slow Ni2+-controlled mode to dominate the post-UV viscoelastic properties. In hydrogels with a lower
concentration of Ni2+, there’s little evidence of a slow, Ni2+-associated energy dissipation mode before UV irradiation. However, a new relaxation mode
emerges in these hydrogels after UV irradiation which we associate with new His:Ni2+ crosslinks forming when His ligands switch from binding Cu to
binding Ni. Arrows indicate the approximate terminal relaxation time of the post-UV materials estimated by the limit of terminal regime scaling, G0 B o2

and G00 B o1. All hydrogels shown here use a constant His : M2+ : LAP ratio of 2 : 1 : 2.
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in 4PEG-His:Ni:Co hydrogels to become several orders of mag-
nitude slower upon UV irradiation due to the radical-induced
oxidation of Co2+ - Co3+. As observed in Fig. 7, UV irradiation
indeed results in an increase in G0 at low frequencies, supporting
the presence of a long-time relaxation mode associated with
His:Co3+ crosslinks.

Similar to 4PEG-His:Ni:Cu gels, in 4PEG-His:Ni:Co hydrogels
the resonant energy dissipation mode corresponding to His:Ni
crosslinks increases in magnitude post-UV, suggesting that His
ligands may switch from binding Co to binding Ni. However, in
4PEG-His:Ni:Co hydrogels the energy dissipation associated
with His:Ni crosslinks increases significantly as we decrease
the concentration of Ni2+ ions in the network. This is counter-
intuitive since we expect the energy dissipation associated with
a certain His:M crosslink to be directly proportional to the
concentration of that particular metal ion. This particular
paradox supports the general idea that the amount of energy
dissipation from a certain relaxation mode depends on the

spatio-temporal network context in which it operates, for
example the presence of other relaxation timescales in the
material; our investigation into this hypothesis is ongoing.

In contrast with 4PEG-His:Ni2+:Cu2+ networks where the fast
energy dissipation mode is no longer present after UV irradia-
tion, the energy dissipation mode at o B 50 rad s�1 associated
with His:Co2+ crosslinks is still present in 4PEG-His:Ni:Co
hydrogels after UV, which suggests incomplete conversion of
Co2+ - Co3+.

Co:Cu

Prior to UV-irradiation, the relaxation times of 4PEG-His:Co and
4PEG-His:Cu hydrogels are relatively similar, with tE 0.01 s. There-
fore, unlike the previously discussed 4PEG-Ni:(Cu, Co) hydrogels,
mixtures of Co2+ and Cu2+ do not result in two clearly identifiable
viscoelastic energy dissipation timescales and hydrogels made with
mixtures of Co:Cu crosslinks resemble the viscoelastic properties of
hydrogels made entirely with Co2+ or Cu2+ (as shown in Fig. 4 and 8).
However, because His:Co2+ and His:Cu2+ bonds react in opposite
ways to photo-generated radicals, we should expect uniquely
different contributions to the viscoelastic material function after
UV irradiation: a gain in low-frequency modulus and a decrease
in high-frequency energy dissipation, respectively. This behavior
is confirmed in Fig. 8: the low-frequency modulus associated
with the His:Co3+ crosslink scales with Co : Cu ratio. As was the
case for 4PEG-His:Ni:Cu hydrogels before UV irradiation, a small
amount of Cu displays a disproportionate effect. Even in hydro-
gels with only 10% Cu, the low-frequency post-UV storage
modulus is diminished by over an order of magnitude, and with
Cu content as high as 25% the low-frequency relaxation is barely
noticeable. The fact that a relatively small amount of Cu2+ in the
network has a disproportionate effect on the viscoelastic proper-
ties may be caused by the large disparity in binding energies of
His:Cu2+ and His:Co2+ complexes: K1(His:Cu2+) E 108.47

c

K1(His:Co2+) E 104.99,23 so His ligands strongly prefer to bind
Cu rather than Co. Overall, 4PEG-His:Co:Cu networks represent

Fig. 6 Because UV-irradiation can cause His ligands to switch from
binding Cu to binding Ni, at intermediate Ni : Cu ratios, UV irradiation
causes the terminal viscosity |Z0*| of the hydrogel to increase (|Z0*|post-UV/
|Z0*|pre-UV 4 1).

Fig. 7 While 4PEG-His:Ni:Co hydrogels in the pre-UV state exhibit both a fast energy dissipation mode (o B 50 rad s�1) and slow energy dissipation
mode (o B 1 rad s�1) similarly to 4PEG-His:Ni:Cu hydrogels, their viscoelastic material functions respond very differently to UV-irradiation because
His:Co crosslinks strengthen in response to oxidation, while His:Cu crosslinks weaken.
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a family of hydrogels with very similar pre-UV yet vastly different
post-UV irradiation viscoelastic material functions programmable
with the Co : Cu ratio.

The results in Fig. 5–8 explicitly show that judicious choice
of the transition metal ions used to crosslink 4PEG-His net-
works can be used as a strategy to program energy dissipation
timescales in both the pre-UV and post-UV state. Of the
different chemistries discussed here, three distinct energy
dissipation timescales t = o�1 can be controlled: t c 102 s,
t B 101 s, and t B 10�2 s. The mapping of which sets of metal
ions and UV treatments correspond to which sets of energy
dissipation timescales is outlined in Table 1.

4 Conclusions

In this paper, we have expanded the platform of 4PEG-His:M2+

hydrogels such that we can program specific hierarchical
viscoelastic material functions by exposure to long-wave, low-
intensity UV light. Transition metal ions form complexes with
histidine moieties, which act as transient crosslinks to control
the hydrogel’s dynamic viscoelastic properties, and different
metal ion complexes respond in dramatically different fashions

when exposed to UV-generated radicals. By carefully selecting the
transition metal ion mixtures which form the transient crosslinks,
it is possible to create materials with specific energy-dissipation
properties and therefore ‘‘designer’’ viscoelastic material functions.
With the understanding of how each metal ion complex responds
to UV-generated radicals, the energy-dissipation modes can be
programmed to adopt a new set of strengths and characteristic
timescales, creating materials with viscoelastic material functions
that are switchable with UV irradiation, as outlined in Table 1. In
this study, we focused on one-way transitions, where a material is
programmed to switch from one material function to another.
However, Fig. S4 (ESI†) suggests that it may be possible to reverse
UV-triggered transitions by modifying the oxidation state of the
metal ions a second time; this suggests that creating materials
with reversibly-programmable viscoelastic material functions
may also be possible. We envision that this type of program-
mable switching of hierarchical material energy dissipation
timescales and control over viscoelastic material functions could
have impacts in the design of soft adhesives or in the creation of
biomaterials optimized for specific dynamic loading contexts.

5 Methods

All chemicals were purchased from Sigma-Aldrich unless other-
wise noted.

Synthesis of 4PEG-His

4PEG-His was synthesized using appropriate modifications of
the procedure by Fullenkamp et al.23 Briefly: 1–5 g of 4-arm
PEG-NH2�HCl (0.25 eq. PEG, 1.0 eq. –NH2 groups) (JenKem
USA) was mixed with Boc-His(Trt)-OH (1.5 eq.) and BOP
reagent (1.5 eq.) and dissolved in 15 mL dichloromethane.
N,N-Diisopropylethylamine (DIPEA) (535 eq.) was added and
the reaction was allowed to proceed for 2 hours under N2.
The product was purified by precipitation in diethyl ether 1�,
methanol at �20 1C 3�, diethyl ether 1�, then vacuum dried.
Protecting groups were removed by a cleavage solution of 95 mL

Fig. 8 Because Co and Cu have relatively similar pre-UV viscoelastic properties, mixtures of the two metals do not result in large shifts in moduli. However,
they react very differently to photo-generated LAP radicals, as shown at right. Therefore, a wide array of post-UV viscoelastic property pairs can be achieved.

Table 1 Each pair of metal ions uniquely control the possible viscoelastic
material functions, both before UV irradiation and after UV irradiation.
Here, we list which metal ions control energy dissipation over the three
observed timescales t = o�1

Dissipation at

t c 102 s,
o { 10�2

t B 101 s,
o B 10�1

t B 10�2 s,
o B 102

Controlled by

Ni:Cu Before UV — [Ni] [Cu]
After UV — [Ni] —

Ni:Co Before UV [Ni] [Co]
After UV [Co] [Ni], [Co] [Co]

Co:Cu Before UV — — [Co], [Cu]
After UV [Co] — [Co]
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trifluoroacetic acid, 2.5 mL triisopropylsilane, and 2.5 mL H2O
for 2 hours. The solvent was removed under reduced pressure
and the product purified by re-dissolving in methanol, precipi-
tation in ether 3�, and vacuum drying.

Synthesis of LAP photoinitiator

Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (also called
lithium acylphosphinate, LAP) was synthesized according to
literature procedures.29,31 To an N2-purged round bottom
schlenk flask, 0.952 mL (1.02 g, 6.0 mmol, 1.0 eq.) dimethyl
phenylphosphonite (Alfa Aesar) was added. Under continuous
stirring, 1.0 mL (1.10 g, 6.0 mmol, 1.0 eq.) of 2,4,6-trimethyl
benzoyl chloride (Alfa Aesar) was added dropwise. The mixture
was stirred for 18 h, when 2.08 g (24.0 mmol, 4.0 eq.) LiBr
(Alfa Aesar) was dissolved in B30 mL 2-butanone (Alfa Aesar),
added to the reaction mixture, and the mixture was vented.
The mixture was then heated to 50 via an oil bath, and after
10 minutes the solution became cloudy. The heat was removed,
and after 3.5 h, the solution had a paste-like consistency due to
the precipitation of the product. Excess 2-butanone was added to
ease handling of the mixture, and the precipitate was centrifuged
and decanted with excess 2-butanone three times to remove
unreacted precursors, then vacuum dried overnight. Final yield:
1.58 g, 5.37 mmol, 89.5% yield based on moles of precursors.

Solutions of the product in MilliQ H2O show a strong
absorbance peak at B370 nm, corresponding to the established
spectra of LAP (Fig. S1, ESI†). We confirmed the activity of LAP
by using it to photocure a 4-arm PEG-acrylate hydrogel. 10 kDa
4-arm PEG-acrylate was purchased from JenKem USA and used
as-received. A 100 mg mL�1 4-arm PEG-acrylate solution in
MilliQ H2O with a 1 : 1 ratio of acrylate groups:LAP was loaded
onto the rheometer, and the storage and loss moduli were
measured at an angular frequency of 1 rad s�1. After 5 minutes,
the UV lamp was turned on, and the hydrogel reached full cure
in B5–10 minutes (Fig. S1, ESI†).

Hydrogel formation

Hydrogels were formed by mixing appropriate volumes of,
in order: (1) 200 mg mL�1 solution of 4PEG-His in MilliQ
H2O, (2) 1.0 M 3-(N-morpholino)propanesulfonic acid (MOPS)
buffer at pH 7.4, (3) MilliQ H2O, (4) aqueous solution of LAP
(briefly sonicated via bath sonicator to aid in dissolution),
and (5) aqueous solution of NiCl2�6H2O, CuCl2�2H2O, or
CoCl2�6H2O. The final buffer concentration was 0.2 M in all
hydrogels in this work. Upon adding the M2+ solution, gelation
was observed nearly instantaneously at the site of injection.
Samples were thoroughly homogenized by vortex mixing,
centrifuged for 5 minutes to remove air bubbles, and stored
at room temperature in the dark for at least 12 h prior to
characterization.

UV-rheology apparatus and procedure

For rheological measurements, hydrogels were loaded on to a
custom-built apparatus to irradiate samples while simultaneously
measuring rheological properties, schematically outlined in Fig. S5
(ESI†). The light source used was an inexpensive hand-held 365 nm

LED flashlight (‘‘HQRP Longwave 12 LED UV Flashlight 365 nm’’)
modified to fit in the testing apparatus and powered by either a
Hewlett Packard E3612A DC power supply or a Hewlett Packard
6212A DC power supply set in current-limiting mode to 30 mA. The
operating voltage was B3.2 V.

Measurements were conducted on an Anton Paar MCR 302
stress-controlled rheometer in a parallel-plate geometry with a
25 mm-diameter plate and a 0.2 mm gap, at room temperature.
Samples were first pre-sheared at _g = 0.1 s�1 for 5 minutes and
rested for 5 minutes to erase memory of the loading history. We
then conducted a frequency sweep at g0 = 5% strain amplitude to
measure pre-irradiated rheological properties. The samples were
then measured at a constant frequency o = 0.5 rad s�1 for M2+ =
Ni2+ samples or o = 1 rad s�1 for M2+ = Cu2+, Co2+ and all mixed-
metal samples, and a constant strain amplitude g0 = 5% in the
dark for 10 minutes, at which point the UV lamp was turned on
for 1 hour. After 1 hour of irradiation, the UV lamp was turned
off and mechanical properties were measured in the dark for 1
more hour. Finally, a second frequency sweep was conducted at
g0 = 5% strain to establish post-irradiated rheological properties.

Dissolution of 4PEG-His:Co hydrogels

A 4PEG-His:Co:LAP hydrogel, using a His : Co : LAP ratio of
2 : 1 : 2 (previously used for rheological testing) was split into
three pieces using a razor blade and each piece was immersed
in 0.5 mL (i) MilliQ H2O, (ii) 50 mM ethylenediaminetetraacetic
acid (a broad-spectrum metal chelator), or (iii) 50 mM ascorbic acid
(a reducing agent). The samples were stored at room temperature,
and solutions were replaced after 10 h, 24 h, and 48 h.
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