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Versatile tuning of supramolecular hydrogels through
metal complexation of oxidation-resistant catechol-
inspired ligands†

Matthew S. Menyo,a Craig J. Hawker*b and J. Herbert Waite*ac

The mussel byssal cuticle employs DOPA–Fe3+ complexation to provide strong, yet reversible crosslinking.

Synthetic constructs employing this design motif based on catechol units are plagued by oxidation-

driven degradation of the catechol units and the requirement for highly alkaline pH conditions leading

to decreased performance and loss of supramolecular properties. Herein, a platform based on a 4-arm

poly(ethylene glycol) hydrogel system is used to explore the utility of DOPA analogues such as the

parent catechol and derivatives, 4-nitrocatechol (nCat) and 3-hydroxy-4-pyridinonone (HOPO), as

structural crosslinking agents upon complexation with metal ions. HOPO moieties are found to hold

particular promise, as robust gelation with Fe3+ occurs at physiological pH and is found to be largely

resistant to oxidative degradation. Gelation is also shown to be triggered by other biorelevant metal

ions such as Al3+, Ga3+ and Cu2+ which allows for tuning of the release and dissolution profiles with

potential application as injectable delivery systems.
Introduction

The remarkable functional behavior of biological materials is
enabled by, and intimately coupled to, dynamic structural
interactions that occur at multiple length and time scales. As
demonstrated by the mechanochemical analysis of titin1 and
spider silk,2 profoundly useful insights can be distilled from a
fundamental understanding of these interactions. In synthetic
polymeric systems, dynamic bonding has the ability to expand
the range of properties due to the inherent responsiveness to
local stimuli and healable nature of these bonds.3 This dynamic
nature is dramatically apparent in polymer hydrogels, where
factors such as pH,4,5 temperature,6 salt concentration,7 and
light8–12 can trigger reversible gel formation, dissolution,
reshaping, and/or internal healing. A wide variety of supramo-
lecular interactions, including hydrogen bonding,13,14 hydro-
phobic effects,15 p–p stacking,16 electrostatic attraction,17,18 and
metal–ligand coordination19–21 have been used to drive assembly.

Individual metal–ligand coordination sites can provide
stable, yet reversible, crosslinking points between polymers, in
contrast to other mechanisms of dynamic crosslinking, where
and Engineering, University of California,

bert.waite@lifesci.ucsb.edu

of California, Santa Barbara, CA 93106,

fornia, Santa Barbara, CA 93106, USA

(ESI) available: Multimedia showing
amic rheological characterization. See

10323
multiple weak interactions must act in concert to achieve self-
supporting gels.22 One particular metal–ligand interaction
observed widely in nature is that of catecholic ligands with
Fe(III). The coordination of ferric iron with enterobactin
(tripodal tris-catecholate siderophore from E. coli) has a
measured stability constant of 1052, equating to a free energy for
the complex 2 orders of magnitude higher than a single
hydrogen bond, 3 times as high as the “gold standard” non-
covalent interaction of biotin and avidin, and comparable to a
covalent bond.23 Similarly, the cuticle of the mussel byssal
thread employs DOPA residues to establish catechol-based,
Fe(III) crosslinks in composite systems that arrest crack forma-
tion and drive recoverability under the repetitive high strain of
waves and tides.24 In addition to its strength and dynamic
nature, catechol–Fe(III) complexation is highly pH-dependent.
Binding stoichiometry changes from a 1 : 1 mono complex at
low pH to a highly stable 3 : 1 catechol : Fe(III) tris state at
increased pH.

While biological systems have evolved to take advantage of
the uniquely high affinity of catecholic moieties for Fe(III), the
task of implementing catechol–Fe(III) coordination in materials
systems is fraught with peril. Catechols are prone to rapid auto-
oxidation at neutral to alkaline pH,25 forming a quinone species
which shows signicantly reduced affinity for Fe(III) and is
susceptible to covalent crosslinking through reaction with a
variety of nucleophiles, including catechol itself.26 Furthermore,
complexed Fe(III) can catalyze a one-electron ligand-to-metal
charge transfer to generate semiquinone and Fe(II), a process
which is greatly accelerated at low pH.27 This complex can
quickly dissociate, in which case Fe(II) typically generates free
This journal is ª The Royal Society of Chemistry 2013
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radicals via a Fenton pathway,28 while the semiquinone is
susceptible to further oxidation resulting in quinone and
covalent crosslinking.29 As a result, the dynamic nature of the
catechol–Fe(III) bond is undermined by the very conditions
which prompt its utility. Furthermore, achieving tris complexes,
responsible for the strongest metal binding, requires highly
alkaline conditions, due to strong proton competition for the
catecholate ligand. In a simple hydrogel system formed from
DOPA-functionalized poly(ethylene glycol) (PEG), Holten-
Andersen et al. found that substantial tris-catecholate–iron
complexation did not occur until pH 8, with complete complex
formation requiring pH � 12.19

Given these limitations and to address the above challenges,
alternative chelating functionalities with high coordination
affinity, pH-dependent speciation and lower susceptibility to
oxidation were examined. Focus was directed to two analogues
based on the parent catechol derivative: 4-nitrocatechol (nCat)
and 3-hydroxy-4-pyridinone (HOPO), as shown in Fig. 1. These
analogues withdraw electron density from the phenolate
moieties both inductively and through resonance effects, while
maintaining the desired bidentate phenolate nature of the cate-
chol. The net effect manifests in reduced phenolic pKa values
(pKa1 HOPO ¼ 3.6, pKa1 nCat ¼ 6.6, pKa1 catechol ¼ 9.2),30

increased oxidation potentials, and shied metal–ligand stoi-
chiometry. Measured stability constants for tris-Fe(III) complexed
nCat (log b3 ¼ 39.2)30 and HOPO (log b3 ¼ 37.6)31 are remarkably
high, though slightly lower than catechol (log b3 ¼ 43) due to
the “soer” nature of the phenolate ligands.

A 4-arm PEG backbone, where each chain end is function-
alized with a chelating functional group, was chosen as the
scaffold for hydrogel formation. This simple construct allows
clear determination of the relationship between metal–ligand
coordination and bulk hydrogel properties. The presence of a
single chelating functional group at each chain end, rather than
multiple moieties interspersed within a domain, is expected to
drive “crosslinking” intermolecular coordination rather than
“looping” intramolecular complexes, and allow for rapid gel
equilibration. This architecture is also advantageous for
potential biological application, as the high water content and
biocompatibility of PEG-based hydrogels are well established.32
Fig. 1 Cartoon highlighting translation of the strong, healable DOPA–Fe3+ crossl
ethylene glycol) (PEG) backbone with pendant catechol (Cat), nitrocatechol (nCat) a

This journal is ª The Royal Society of Chemistry 2013
Herein, we describe the synthesis and characterization of
hydrogels prepared from catechol-, nitrocatechol-, and
3-hydroxy-4-pyridinone-based 4-arm crosslinkers upon
complexation with Fe(III) and other metal ions with high affinity
for this class of chelators. The mechanical properties of the
hydrogels are found to be strongly dependent on pH, prepara-
tion conditions, and metal ion identity. HOPO in particular was
shown to be particularly attractive as a chelating functionality in
this architecture. It is able to rapidly shi to a tris coordinative
mode upon exposure to physiological pH buffer, allowing
liquid-to-gel transition with limited dissolution of the poly-
meric crosslinker or leakage of water-soluble cargo, as studied
with Acid Red 27 dye. These hydrogels exhibit high stiffness and
have long characteristic bond lifetime, leading to gels that
behave elastically over a wide range of frequencies. Further-
more, these gels have long-term stability both on the benchtop,
where the gels maintain their rheological behavior and dynamic
character, and in physiological buffer, where the gels were
observed to slowly dissolve over the course of several days.
Taken together, these characteristics make HOPO-based
hydrogels an appealing target for injectable gelling agents with
excellent encapsulation behavior and mechanical properties.
Results and discussion
Synthesis and gelation

A commercial 4-arm PEG–OH derivative (MW: 10 000 Da) was
selected as a common platform for chain end functionalization
and subsequent hydrogel formation studies. Chain end func-
tionalization was accomplished by initial reaction of the
terminal hydroxyl groups with ethyl bromoacetate followed by
hydrolysis of the ester groups to yield the desired 4-arm PEG–
COOH system with almost quantitative conversion of chain
end groups. From this common functional PEG derivative,
the different chelating units (dopamine, 6-nitrodopamine,
2-methyl-3-hydroxy-4-pyridinone ethylamine) were attached
through an amide coupling reaction with HBTU. Chain end
functionalization efficiencies were again shown to be high with
90%, 95%, and 96% conversion being observed respectively
which is in agreement with literature results.34 Hydrogels were
inks of the cuticle of Mytilus californianus, and the structure of the 4-arm poly(-
nd 3-hydroxy-4-pyridinone (HOPO) chelating moieties.

Soft Matter, 2013, 9, 10314–10323 | 10315
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then formed through crosslinking metal–ligand coordination
between the 3 chelators investigated and metal ions known to
exhibit high binding affinities for bidentate catechol ligands.
Initial hydrogel formation followed the procedure of Holten-
Andersen et al.19

Briey, the 4-arm chelator was dissolved in deionized water,
and a solution of the metal chloride was added to achieve a 3 : 1
chelator : metal ion ratio. The acidity of the metal salt solution
and protons released during chelation ensured predominantly
mono-coordination and, as expected, no gelation was observed
in these cases. Final gel concentration and pH values was ach-
ieved by addition of an appropriate buffer solution, and veried
with a pH probe electrode. Gelation is attributed to the pH-
driven increase in binding stoichiometry leading to cross-
linking bis and tris complexes. For Fe(III)-bound gels, this
speciation could conveniently be tracked through distinct
spectrophotometric signatures for each stoichiometry. For gels
with more labile crosslinks, rigorous mixing led to uniform
gels in short order, however for hydroxypyridinone-based gels,
which exhibited notably longer effective bond lifetimes, equil-
ibration required long times (�2 hours).
Fig. 2 (a) Frequency sweep of hydrogels at pH 9 with storage (G0) and loss (G0 0)
moduli reported as closed and open symbols, respectively. (b) Relaxation of
hydrogels after subjection to a 20% shear step strain.
Effect of pH and chelating group

The dynamic mechanical properties of metal–ligand cross-
linked hydrogels are determined primarily by the dissociation
and reformation of the coordination bonds, though these are
difficult to measure quantitatively for high affinity complexes.
According to Bell Theory,35 bond lifetime scales with the expo-
nential of bond energy, however, metal–ligand dissociation
dynamics have been shown to dominate the dynamic mechan-
ical properties of lower affinity pincer-Pt/pyridine organogels.22

Studies of iron dissociation from natural and synthetic side-
rophores have established that chelator protonation is oen the
rate-limiting step in the dissociation process of a high affinity
Fe(III) complex.36 While catechol-based derivatives have the
highest stability constants with Fe(III), they also have the highest
proton affinity, as reected by phenolic pKa values (9.1 and 14
for catechol, 6.7 and 10.3 for nitrocatechol, 3.6 and 9.9 for
HOPO) and pH-dependent coordination stoichiometry.30,37,38

Based on these predictive small molecule data, we hypothesized
that hydrogels with nitrocatechol and HOPO-based crosslinks
would form robust hydrogels at pH values lower and more
feasible for biological application than catechol-based gels.

To test this hypothesis, 10% w/v hydrogels were prepared
from the same 4-arm PEG backbone with catechol, nitro-
catechol and 3-hydroxy-4-pyridinone (HOPO) chain ends and
Fe(III) at pH 9. This pH was necessary to yield gelation in the
case of catechol-based crosslinkers. Oscillatory rheology
(Fig. 2a) was used to probe the dynamic mechanical properties
of the hydrogels, and by extension, the nature of the metal–
ligand crosslinks. The hydrogels tested show similar plateau
moduli around 12 kPa, but characteristic relaxation time s
varied greatly: z0.09 seconds for catechol-, z8 seconds for
nitrocatechol- and >125 seconds for HOPO-based gels. Step-
strain experiments (Fig. 2b) show that all freshly synthesized
gels exhibit relaxation to a zero stress state aer 20% shear
10316 | Soft Matter, 2013, 9, 10314–10323
strain, indicative of gel networks crosslinked through dynamic
and not covalent bonding.

Both nitrocatechol and HOPO-based gels are predominantly
tris-coordinate at pH 9, whereas catechol-based gels have a large
amount of bis coordination, a supposition supported by spec-
trophotometric evaluation of the gels in comparison to solu-
tions and published data. Tris complexes are much more stable
than complexes of lower stoichiometry; a bis catechol–Fe(III)
complex (log b ¼ 33) has an associated free energy of
complexation almost an order of magnitude lower than that of
the tris complex (log b ¼ 43), and lower than the stability
constants of both nitrocatechol and HOPO tris chelates. Inter-
estingly, catechol-based gels at pH 12 and nitrocatechol-based
gels at pH 9, where small molecule speciation plots predict
essentially complete tris crosslinking, exhibit notably shorter
characteristic relaxation than HOPO-based gels at either pH 7.4
or pH 9. One proposed explanation is that the kinetics of ligand
exchange between HOPO–Fe(III) complexes are slower than that
of catechol–Fe(III). Additionally, the higher concentration of
This journal is ª The Royal Society of Chemistry 2013
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hydroxide ions at pH 12 results in increased competition for
catechol complexation with Fe(III).

With HOPO identied as a promising crosslinking func-
tionality, the effect of pH on the viscoelastic properties was
further investigated. Fig. 3a shows dynamic oscillatory rheology
on HOPO–Fe(III) gels synthesized at pH 4.5, 7.4 and 9. As gel pH
is raised from 4.5 (a mixture of bis and tris stoichiometry) to 7.4
(predominantly tris-crosslinked), increased elastic character in
the gels is readily apparent, though all gels exhibit the same
plateaumodulus. Fig. 3b highlights the changing absorbance as
pH increases from pH 3 to pH 9 in solutions of diluted 4-arm
HOPO and that of the gel formed at pH 7.4. Notable are the
virtually identical spectra for HOPO solution and gel at 7.4 and
9, conrming unchanged chelation stoichiometry above pH 7.4
in either gel or solution. Absorptions match previously assigned
spectrophotometric signatures for HOPO–Fe(III) binding stoi-
chiometries determined for the small molecule deferiprone.39

Therefore, the increased bond lifetime of hydrogels at pH 9
compared to pH 7.4 is attributed to slower ligand dissociation
Fig. 3 (a) Effect of pH on rheological behavior of HOPO hydrogels at pH 4.5
(black), 7.4 (blue) and 9 (red) and (b) the absorbance of 1% w/v HOPO cross-
linker–Fe3+ solutions and 10% w/v hydrogel with annotated photographs.

This journal is ª The Royal Society of Chemistry 2013
kinetics due to decreased proton concentration at higher pH
values, and not to a change in the degree of coordination.
Supramolecular assembly

The rapid and stable gelation seen for HOPO-based hydrogels at
physiological pH strongly suggests that gels could be formed
upon injection into a bulk buffer solution. To test this
hypothesis, unbuffered polymer solutions with a 3 : 1 chela-
tor : Fe(III) ratio were prepared to the desired nal gel concen-
tration and either dropped or injected into a buffer solution at
the desired gel pH (7.4 or 9). Indeed, this rapid change in pH led
to immediate formation of a distinct hydrogel, as shown in the
ESI video (S1).† Injected gels were equilibrated for 30 seconds,
removed from the buffer, briey blotted dry, and weighed. UV-
Vis spectroscopy detected no measureable absorption from the
high extinction coefficient chelator–metal complex in the buffer
solution.

Hydrogels prepared by injection from a 10% w/v polymer
solution show virtually identical rheological behavior to those
synthesized through the conventional “dilution” approach, as
Fig. 4 Effect of hydrogel preparation method and conditions on rheological
behavior evaluated by (a) frequency sweep and (b) step strain experiments.

Soft Matter, 2013, 9, 10314–10323 | 10317
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shown in Fig. 4. Furthermore, gels synthesized by injection of a
5% w/v solution had a plateau modulus an order of magnitude
lower than those from a 10% w/v solution, though exhibiting
similar characteristic bond lifetimes. This suggests that, while
the nature of the crosslinks is similar, the initial stiffness and
water incorporation of the gels is determined by the injection
solution, and hydrogels are not prone to equilibration with the
bulk solution over the time frame required for robust gelation.
In contrast, catechol and nitrocatechol-based gels showed no
gelation upon injection into pH 7.4 buffer solutions, and
signicant dissolution even into higher pH solutions (12 for
catechol and 9 for nitrocatechol) (ESI Fig. S2†).
Fig. 6 Relaxation of catechol and HOPO hydrogels after aging under ambient
conditions.
Gel stability

In all prior work on catechol-based, supramolecular hydrogels,
long-term stability is a major issue. This is due to the relative
ease with which catechol groups can be oxidized to quinone, a
reactive functionality prone to nucleophilic attack and phenolic
coupling reactions to yield covalent crosslinks and loss of
supramolecular characteristics.40 This oxidation can proceed
rapidly at neutral to alkaline pH in the absence of oxidizing
agents, with only trace amounts of oxygen necessary to trigger
this cascade. It is also well described in literature that catechol–
Fe(III) complexes are susceptible to a one-electron intracomplex
redox process, generating Fe(II) and a semiquinone, which again
is susceptible to further oxidation and crosslinking. This
process has been thoroughly and eloquently characterized for
PEG-based gel systems, and it was shown that 1 : 1 catechol–Fe
complexes at low pH values are especially vulnerable.29

With this in mind, the long-term stability of the hydrogels
synthesized was examined by initially storing a series of cate-
chol–Fe(III) gels, synthesized at pH 9, at room temperature and
exposure to light and oxygen for one week. Aging was visually
apparent in all samples with the initially wine red gel slowly
becoming muddy-brown in color, characteristic of catechol-
based oligomerization, with time. UV-visible spectroscopy of the
gel and representative solutions initially show a characteristic
3 : 1 catechol–Fe tris complex absorbances of the charge
transfer complex (lmax ¼ 480 nm) and the catechol (lmax ¼ 280
Fig. 5 (a) Absorbance of 1 wt% of catechol–Fe3+ crosslinker solutions at pH 9 imm
conditions (red circles), and compared to 10 wt% hydrogel after one week (blue tr

10318 | Soft Matter, 2013, 9, 10314–10323
nm), shiing to a broad, tailing absorbance with lmax¼ 267 nm,
indicative of covalent coupling of the catechol (Fig. 5a and b).41

Signicantly, the aged gels exhibit fundamentally different
rheological behavior than the freshly synthesized gels, evident
in dynamic oscillatory shear and stress relaxation experiments
(Fig. 6 and ESI Fig. S3†). Rather than rapid equilibration to a
zero stress state, as seen for the freshly synthesized gel, the aged
samples show an extended stress decay prole with �40%
residual stress. The combined mechanical and spectroscopic
evidence support the observation that the parent catechol
system is prone to oxidation and covalent crosslinking, leading
to a shi in properties towards a mixed mode covalent/dynamic
gel. This loss of supramolecular character was further corrob-
orated by dissolution studies which clearly show that newly
synthesized catechol-based gels quickly dissolve in pH 3 acetic
acid buffer (�15 seconds) while aged gels were not dissolved
over the course of 4+ months.

To further delineate the relative roles of auto-oxidation and
iron-catalyzed oxidation, hydrogels were also synthesized from
catechol–Al(III) crosslinks. As Al(III) does not have an available
ediately upon mixing (black squares) and after one week incubation at ambient
iangles). (b) Schematic depiction of the oxidative crosslinking.

This journal is ª The Royal Society of Chemistry 2013
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Al(II) state, the one-electron metal-triggered oxidation seen for
catechol–Fe(III) cannot occur in this system. In analogy with the
catechol–Fe(III) system, the rheological behavior of the catechol–
Al(III) gels formed at pH 12 switched from purely dynamic to a
mixed mode over the course of a week (ESI Fig. S4†). This
variation in rheological properties was accompanied by a
change in the color of the gel, from colorless to brown, which
was similar to that previously observed for catechol gels cross-
linked by chemical oxidation in the absence of Fe(III).19 From
these results it can be concluded that auto-oxidation proceeds
even in the presence of strongly tris-chelated catechol species
under ambient conditions.

The oxidative instability of the parent catechol systems then
prompted an examination of HOPO-based hydrogels with a view
to retaining the dynamic, supramolecular properties of these
materials. It was therefore pleasing to observe that aer 1
month of incubation under ambient conditions, HOPO–Fe(III)
gels at pH 9 displayed only minimal change in dynamic oscil-
latory or stress relaxation behavior (Fig. 6 and ESI Fig. S3†).42

Further evidence for the lack of covalent crosslinking could be
obtained from dissolution studies. Both as-synthesized and
aged HOPO gels dissolve in pH 3 buffer (�30 minutes) and
almost instantaneously under more acidic conditions, yielding
solutions that are spectrophotometrically identical to freshly
synthesized solutions at the corresponding pH. Isolation of the
4-arm PEG precursor by Fe/EDTA chelation and centrifuge
ltration followed by size exclusion chromatography analysis
showed no change in molecular weight or polydispersity.
Fig. 7 Effect of metal ion identity on relaxation of HOPO hydrogels sheared by a
20% step strain.
Inuence of different metal ions

Based on the advantages of Fe(III)–HOPO gels described above
when compared to traditional catechol systems, the versatility
of this design was further explored using additional metal ions
which have high affinities for hydroxypyridinone-based ligands.

Al(III) and Ga(III) are trivalent ions with similar atomic radii
and tris binding constants to Fe(III). (Fe(III) ¼ 37.2, Al(III) ¼ 32.3,
Ga(III) ¼ 38.4)37 Furthermore, speciation plots for model
3-hydroxy-4-pyridinones predict a similar coordination stoichi-
ometry prole for Fe(III), Al(III) and Ga(III), with predominantly
tris complexation at pH 7.4.43 For comparison, systems based on
Cu(II), only capable of mono and bis coordination modes,
though with a high binding constant (b2 ¼ 21.7)44 and Gd(III)
which has a lower stability constant (b3¼ 17.3), but is capable of
tris chelation, were examined.

HOPO–Al(III) gels were found to form strong hydrogels with
slightly shorter bond lifetimes than gels formed with Fe(III), as
reected by step strain (Fig. 7) and dynamic oscillatory experi-
ments (ESI Fig. S4†). In contrast, Ga(III)-based gels showed
markedly lower values for plateau moduli and characteristic
relaxation time. From a thermodynamics standpoint, Ga(III)-
based hydrogels would be expected to exhibit similar charac-
teristics to Fe(III)-based crosslinks, while Al(III) would exhibit
less elastic behavior, a result that is contrary to the observed
rheology, and suggests that ligand exchange kinetics play a role
in the observed mechanical properties. Water exchange rates
have generally been used as an approximation of ion lability in
This journal is ª The Royal Society of Chemistry 2013
ligand exchange reactions in aqueous media. Ga(III) is known to
be more labile than Fe(III), which in turn is several orders of
magnitude more labile than Al(III).45 As the observed hydrogel
elasticity trends do not correspond to predictions based solely
on thermodynamic or kinetic considerations, it appears that the
mechanical properties of the hydrogel are determined by a
combination of these factors that remain to be explored.

No gelation was seen upon raising the pH of a polymer–
Gd(III) bound solution to 7.4, whereas increasing pH beyond this
point led to cloudiness in the solution, presumably due to
hydrolysis and higher order GdOx complexes. The fact that this
is not observed for higher affinity metal ions, especially Fe(III),
which have extremely low solubility at higher pH, highlights the
ability of the gels to bind and sequester the metal ions from
bulk solution. Finally, gelation with Cu(II) was explored. An
initially blue solution turned green upon titration to pH 9,
forming a very weak green gel upon pH adjustment to 12. In
agreement with this observation, dynamic rheological charac-
terization revealed very short characteristic bond lifetimes with
a high plateau modulus at high oscillatory shear frequencies.
Degradation and release properties

These promising properties for HOPO systems then prompted a
basic study of the degradation properties of Fe(III)–HOPO gels
formed by injection into physiological buffer solution. In
assessing potential stability for in vitro application, hydrogel
samples (150 mL) were incubated in a sealed vial at 37 �C with
gentle agitation in the presence of a ten-fold excess of pH 7.4
phosphate buffer solution. The buffer solution was changed
regularly, and the characteristic absorbance of the 3 : 1 HOPO–
Fe(III) tris-complexes was used to determine polymer concen-
tration in the supernatant. As Fig. 8 shows, gradual polymeric
mass loss results in complete dissolution aer 4 days. The iron
chelation efficacy of the clinically prescribed ligand deferiprone
and similar HOPO analogues under biological conditions
suggests that the degradation process would not release a
substantial amount of Fenton-active Fe(II).46
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Fig. 8 Degradation of HOPO–Fe(III) hydrogel samples in pH 7.4 buffer at 37 �C
(n ¼ 3, error bars represent standard deviation).
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Finally, the small molecule release proles were examined
for the HOPO-based hydrogels. The water soluble dye Amaranth
(Acid Red 27) was selected as a model small molecule drug
having no specic interactions with the gel being used, as the
tris HOPO crosslinks with trivalent ions carry no charge. The
hydrogel was synthesized through the previously described
injection strategy, where a 0.4% w/v loading of dye was incor-
porated into the pre-gel solution. The solution was dropped into
pH 7.4 phosphate buffer solution and incubated in a manner
consistent with the mass erosion studies, where the buffer
solution was changed at the indicated times. The concentration
of released dye was determined by measuring the absorbance
of the supernatant at 520 nm, and the normalized results
are shown in Fig. 9. Hydrogels with HOPO–Al(III) crosslinks
were used as these coordination complexes have no absor-
bance in the analytical range, in comparison to HOPO–Fe(III)
complexes, which absorb strongly in this region. Spectroscopic
Fig. 9 Dye release profile of Acid Red 27 from HOPO–Al(III) hydrogel into pH 7.4
buffer (n ¼ 3, error bars represent standard deviation).

10320 | Soft Matter, 2013, 9, 10314–10323
measurements show very high initial incorporation of dye,
with just 2.2� 0.5% of the initial dye payload released through
the injection and 30 second gelation period. Drug release can
be modeled by the Korsmeyer–Peppas equation,

Qt

Q
¼ ktn

where Qt is the release amount at time t, Q is the total amount
released, k is the kinetic constant, and n is the release index. A
release index of less than 0.45 indicates a purely Fickian diffu-
sion release mechanism, while a release index between 0.45 and
0.89 indicates a mixed mode release where both diffusion and
erosion play a role. A power law t of the data, shown on Fig. 9
(correlation constant, R ¼ 0.99) yields a value for n of 0.49. This
implied mixed release mechanism is in agreement with exper-
iment observation, as nal dye release occurs concurrently with
gel dissolution. As release is controlled in part by hydrogel pore
size, release kinetics could conceivably be tuned by changing
the distance between crosslinks in gels of this construct.
Conclusions

Examination of a number of catechol-based ligands for metal-
ion induced hydrogel formation has clearly demonstrated the
utility and advantages of HOPO as structural motif and show-
cases its function in a load-bearing role under biologically
mimetic conditions. Hydrogels formed by the chelation of Fe(III)
by 4-arm HOPO-terminated polyethylene glycol molecules
exhibit several advantages over more traditionally used cate-
chol–Fe(III) chemistry. First, the chelation stoichiometry of
HOPO is much better attuned to physiological conditions,
allowing almost instantaneous formation of robust gels upon
injection into physiological buffer without the need for an
external oxidizing agent. Gels encapsulated a model dye
compound with high efficiency, and slowly degraded over 4 days
in buffer solution, while catechol-based gels could not be
formed in this manner. Second, whereas the catechol–Fe(III)
complex is shown to be vulnerable to oxidative covalent cross-
linking under a wide variety of conditions, HOPO–Fe(III)
hydrogels were found to maintain robust, dynamic crosslinking
and subsequently stable rheological properties over the course
of months. Finally, HOPO is a versatile metal binding species,
capable of gelation at physiological pH with Al(III) and Ga(III),
and at higher pH with Cu(II) metal ions.
Experimental
Materials

Chemicals were purchased from Sigma Aldrich and used as
received. 6-Nitrodopamine was synthesized following a previ-
ously published method.33 1-(20-Aminoethyl)-2-methyl-3-
hydroxy-4-pyridinone dihydrochloride (HOPO) was synthesized
following the procedure of Dobbin et al.31 4-arm PEG–OH (MW:
10 000 Da) was purchased from Nanocs, Inc. N,N-Dime-
thylformamide (DMF) and dichloromethane (DCM) were
collected directly from a solvent purication system (PureSolv,
This journal is ª The Royal Society of Chemistry 2013
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Innovative Technology). Deuterated solvents were obtained
from Cambridge Isotope Laboratories, Inc.
Instrumentation
1H and 13C NMR spectra were recorded using a Varian 600 MHz
spectrometer with the solvent signal as internal reference. Gel
permeation chromatography (GPC) was performed on a Waters
2690 separation module equipped with Waters 2414 refractive
index and 2996 photodiode array detectors using CHCl3 con-
taining 0.25% triethylamine as eluent at a ow rate of 1 mL
min�1. Molecular weight distributions (PDIs) were calculated
relative to linear poly(ethylene oxide) standards. ESI mass
spectrometry was performed on a Micromass QTOF2 quadru-
pole/time-of-ight tandem mass spectrometer. UV-Vis spectra
were recorded on an Agilent 8453 spectrophotometer using
quartz cuvettes with 1 cm path length and blanked against the
relevant buffer solution.
Methods

Synthesis of 4-arm PEG–COOH. A solution of 10 kDa 4-arm
PEG–OH (2.14 g, 0.856 mmol –OH) in toluene (50 mL) was
azeotropically dried by removal of 10 mL of solvent. A mixture of
tert-butanol (2 mL) and potassium tert-butoxide (0.192 g,
1.712 mmol, 2 EQ/OH) was added to the solution and stirred for
3 hours at 50 �C. Ethyl bromoacetate (380.7 mL, 3.424 mmol,
4 EQ/–OH) was added, and the mixture was stirred overnight at
50 �C under an inert atmosphere. The solvent was removed in
vacuo and the residue was redissolved in 1 MNaOH (10 mL) and
stirred for 4 hours to hydrolyze the ethyl ester. The pH was then
adjusted to 1.5 with 1 M HCl, and the product extracted with
dichloromethane, dried with anhydrous sodium sulfate,
concentrated and precipitated in cold ether. The precipitated
product was ltered and dried under reduced pressure, to yield
2.01 g of white powder. NMR (CDCl3): 3.41 ppm (s, C–CH2–O,
8H), 4.16 ppm (s, CH2–COOH, 8H), 98% functionalization.

Synthesis of 4-arm PEG–chelators. PEG–(COOH)4 (500 mg,
0.2 mmol –COOH) was dissolved in 4 mL of a degassed 50/50
mixture of DCM and DMF with the desired chelator amine (0.4
mmol), HOBt (1-hydroxybenzotriazole) (108 mg, 0.8 mmol), and
triethylamine (139.5 mL, 1 mmol) to form a cloudy solution.
[2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexa-
uorophosphate] (HBTU) (151.8 mg, 0.4 mmol) in 2 mL of dry
dichloromethane was added, and the coupling reaction was
carried out under argon at room temperature for 1 hour. The
solution was concentrated, redissolved in 0.5 M HCl (10 mL),
and then puried via centrifuge dialysis (2 � 15 mL pH 3 HCl,
2 � 15 mL MilliQ water, 5000g, 20 min, MWCO: 3 kDa). Freeze
drying gave the desired PEG–(chelator)4 as a uffy white
powder.

PEG–(catechol)4 NMR (CDCl3): 2.70 (t, CH2–CH2–NH–C]O,
8H), 3.41 ppm (s, C–CH2–O, 8H), 3.93 (s, –CH2–CO–NH–CH2–,
8H), 6.57–6.82 (m, Ar–H, 12H), 90% functionalization, 90%
yield.

PEG–(nitrocatechol)4 NMR (CDCl3): 3.01 (t, CH2–CH2–NH–

C]O, 8H), 3.41 ppm (s, C–CH2–O, 8H), 3.95 ppm (s, –CH2–CO–
This journal is ª The Royal Society of Chemistry 2013
NH–CH2–, 8H), 6.96 (s, Ar–H, 4H), 7.88 (s, Ar–H, 4H), 95%
functionalization, 87% yield.

PEG–(HOPO)4 NMR (CDCl3): 2.68 (s, CH3–Ar, 12H), 3.41 ppm
(s, C–CH2–O, 8H), 3.95 ppm (s, –CH2–CO–NH–CH2–, 8H), 4.42
(t, CH2–CH2–NH–C]O, 8H), 7.07 (s, Ar–H, 4H), 7.96 (s, Ar–H,
4H), 96% functionalization, 92% yield.

Formation of hydrogels

“Dilution” gelation followed a slightly modied version of the
procedure established by Holten-Andersen et al.19 Briey, a
200 mL 10% w/v hydrogel was made by dissolving 20 mg of the
relevant 4-arm crosslinker in a minimum amount (25 mL) of
unbuffered Milli-Q water. To this solution was added 10 mL of a
0.19 mM FeCl3$6H2O solution to achieve a chelator : Fe(III) ratio
of 3 : 1. Finally, the hydrogel was formed by addition of 120 mM
buffer solution (165 mL). This buffer addition was veried to
yield the desired hydrogel pH by determination with a pH probe
electrode.

“Injection” gelation followed the same initial dissolution
and FeCl3 binding steps. This iron-bound polymer solution was
diluted with unbuffered Milli-Q water to achieve 200 mL of
solution which remained below the gel point for all chelators
(pH � 3). This solution was dropped or injected into a 3 mL
reservoir of the desired 120 mM buffer solution. In the case of
Fe(III)–HOPO solutions into pH 7.4 phosphate buffer or pH 9
bicarbonate buffer, distinct gelation was immediately apparent.

Dynamic rheology

Rheological experiments were performed on a Rheometrics
Scientic ARES II rheometer with parallel plate geometry (25
mm or 8 mm diameter rotating top plate) at 23 �C. Initial time
sweeps were carried out (1% strain, 1 Hz) to ensure gel equili-
bration, and further rheological testing proceeded only aer a
stable G0 value had been achieved (up to 10 minutes for highly
elastic hydrogels). Strain sweep experiments (1 Hz) determined
the linear viscoelastic region to extend to 30–50% strain for all
hydrogels tested. Oscillatory shear testing of gels as a function
of frequency was performed using 5% strain. Characteristic
relaxation time, s, was determined as the inverse of the cross-
over frequency of the storage (G0) and loss (G0 0) moduli. Step
strain testing was performed by applying a 20% strain and
monitoring the relaxation modulus G(t). Initial relaxation
modulus values were normalized to allow comparison between
hydrogels of different pH, chelator and metal ion identity.
Sample dehydration was minimized through the use of an
enclosed, humidied chamber during testing. Data points
represent the average of testing on two separate gels each
measured in duplicate.

Hydrogel dissolution studies

150 mL HOPO–Fe(III) hydrogel samples (n ¼ 3) were placed in a
2mL vial on a shaker in a 37 �C incubator. The gels were covered
with 1.5 mL of 0.12 M phosphate buffer solution (pH 7.4) and
gently shaken. The supernatant was collected every 30 minutes
for the rst 2 hours, and once a day thereaer. The gels were
patted dry and weighed, and the supernatant was subjected to
Soft Matter, 2013, 9, 10314–10323 | 10321
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UV-Vis. Reference 4-arm HOPO–Fe(III) solutions allowed the
determination of molar absorptivities for the HOPO ligand
(272 nm, 3 ¼ 8010 M�1 cm�1) and the charge transfer absor-
bance (460 nm, 3 ¼ 653 M�1 cm�1). The concentration of the
4-arm chelator complex in the supernatant was determined by
measurement of these absorbances, and used to calculate the
mass of hydrogel remaining.
Small molecule release studies

Samples for small molecule release studies were synthesized in
a manner analogous to the “injection” gelation strategy out-
lined above. 150 mL of a 10% w/v “pre-gel” solution was
prepared by dissolving 15 mg of 4-arm PEG–HOPO in 102 mL of
Acid Red 27 dye solution (0.66 mg, 0.4 mmol) in deionized water
and 48 mL of AlCl3 solution to achieve a 3 : 1 chelator : Al3+

stoichiometry. This dark red solution was injected in 50 mL
aliquots into 1 mL reservoirs of 120 mM PBS buffer (pH 7.4),
leading to immediate gelation. The supernatant was removed
aer 30 seconds of setting and the gels were centrifuged to
collect at the bottom of 1.5 mL Eppendorf tubes. The samples
were then covered with 0.5 mL of fresh pH 7.4 buffer solution.
Samples were incubated with gentle shaking. At the times
indicated, the supernatant was removed and replenished. The
concentration of eluted dye was determined by measuring the
absorbance at 520 nm.
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