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Abstract: We have designed and synthesized a new hydrogelator Nap—FFGEY (1), which forms a
supramolecular hydrogel. A kinase/phosphatase switch is used to control the phosphorylation and
dephosphorylation of the hydrogelator and to regulate the formation of supramolecular hydrogels. Adding
a kinase to the hydrogel induces a gel—sol phase transition in the presence of adenosine triphosphates
(ATP) because the tyrosine residue is converted into tyrosine phosphate by the kinase to give a more
hydrophilic molecule of Nap—FFGEY—P(O)(OH), (2); treating the resulting solution with a phosphatase
transforms 2 back to 1 and restores the hydrogel. Electron micrographs of the hydrogels indicate that 1
self-assembles into nanofibers. Subcutaneous injection of 2 in mice shows that 80.5 + 1.2% of 2 turns into
1 and results in the formation of the supramolecular hydrogel of 1 in vivo. This simple biomimetic approach
for regulating the states of supramolecular hydrogels promises a new way to design and construct
biomaterials.

Introduction hydrogelators plays a key role during the process of gelation in

This article reports a general strategy to control the states of & supramolecular hydrogélherefore, triggering or regulat.lng

a supramolecular hydrogel via an enzymatic swliahd in vivo .the self-as_sembly of hydrogelators be(_:omes an essential step
formation of the supramolecular hydrogel. As one of the most N controlling the states and properties of supramolecular
utilized biomaterials in drug delivery, wound healing, and tissue hydrogels, which is normally achieved by chemical or physical
engineering, hydrogels usually use natural or synthetic polymersPerturbations (e.g., pH, temperature, ionic strength, and ultra-
as the gelatordLargely because of the study of low molecular ~Sonic agitation). In biomedical applications, enzyme-catalyzed,
weight organogelatofsand the demonstration of hydrogels in situ reversible self-assembly and gelation of the hydrogelators
made of self-assembled oligopeptides as scaffolds for tissueis advantageod®because it allows the hydrogels to respond to
engineeringd; ® the range of hydrogelators has expanded rapidly the expressions of specific enzymes for certain tissues, organs,
to include small molecules (which make possible supramolecular or diseases. Despite the use of an enzyme to cross-link polymers
hydrogels) in the past decad@. The self-assembly of the  to induce hydrogelatidd and reports on an enzyme-triggered

formation of supramolecular hydrogélghe use of enzymes to
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Scheme 1 of supramolecular hydrogels in a biological environment where
1 multiple enzymes exist.
P O ATP Results and Discussions
P hosphatase protein Design and SynthesisWe design NapFFGEY (1, Scheme
1) as both the kinase substrate and the hydrogelator because (i)
H,0 ( ’ ADP FF is prone to self-assembly, (i) Nap—FF gels water ef-
fectively (at 0.8 wt %8), and (iii) the residue of Glu-Tyr (EY)
2 accepts phosphorylation in the presence of a tyrosine kitfase.
One of the motivations to use naphthalene (Nap) rather than
o2 & o N-(fluorenyl-methoxycarbonyl) (FMOC) is that Nap should be
o o o 1 more bjocompatible, as e.videnced by several clinical drugs
H\.)LN H\)LN H\.)LOH consisting of a Nap motif (e.g.,l propranolol, naphazoline,
 H§ H § 3 R,Q\F{,O nafronyl). We choose to use glycine (G) to connect NBpf
@ \Q?, Hg OH with EY because glycine is the simplest amino acid. Unlike
[ 2 other pentapeptidésFFGEY is not a known epitope of any
R protein, but it carries the basic structural requirement to serve

as the substrate of the tyrosine kinase. After obtaidittgough

regulate supramolecular hydrogels (e.g., for reversible control spjid-phase synthes#8,we tested the hydrogelation ability of
of the self-assembly of the hydrogelators) has yet to be explored.1. via a slight adjustment of pH (from 7.8 to 7.5),forms a

Because most enzymatic reactions are essentially irreversiblefransparent hydrogel in water at 0.6 wt?%The successful
a single enzyme hardly ever controls hydrogels in a reversible hydrogelation ofl implies that Nap-FF also may act as a useful
manner. Nature solves a similar dilemma by using a pair of motif to conjugate with other amino acid residues to construct
enzymes that have counteracting activities to switch the func- hydrogelators.
tions of proteins. We opt to mimic nature by using a kinase/ Enzyme Switch Controls the Phase Transition of the
phosphatase switch to regulate supramolecular hydrogels. AsHydrogel. After confirming that 1 is indeed an efficient
shown in Scheme 1, we synthesize a pentapeptidic hydrogelatorhydrogelator, we examined the use of the kinase/phosphatase
Nap—FFGEY (1), which forms hydrogels at 0.6 wt % via the switch to control the phase transition of the hydrogel. The
self-assembly ofl. Adding a kinase to the hydrogel in the addition of1 (3 mg) into a buffer (0.5 mL, containing 10 mM
presence of adenosine triphosphates (ATP) phosphorylates of ATP) creates a transparent hydrogel (gel I, Figure 1A) in 5
to give the corresponding phospha ¢hus disrupting the self-  min. Then 3 U of tyrosine kinase (5@L) was added on the
assembly to induce a gesol phase transition; treating the top of gel | to initiate the phosphorylation af After 24 h, gel
resulting solution with a phosphatase dephosphoryttegorm | turned into a clear solution (Figure 1B). An HPLC test of the
1, thus restoring the self-assembly to form the hydrogel. solution confirmed that-46% of 1 was converted t@. Because
Moreover, subcutaneous injection afin mice leads to the the phosphate groups @frepel each other to weaken the self-
formation of supramolecular hydrogel in vivo. In addition to assembly of the nanofiber and ren@emore hydrophilic than
being the first demonstration of an enzyme-switch-regulated 1, the get-sol phase transition occurs. The addition&f00 U
supramolecular hydrogel and the first formation of supra- of alkali phosphatase (10L) into the solution restores the
molecular hydrogels in vivo by an enzymatic reaction, the hydrogel (gel Il, Figure 1C) in 1 h. After another 4 h, HPLC
combination of the kinase/phosphatase switch with supra- analysis showed that 99.1% »transformed back t. Because
molecular hydrogels promises a new way to make and apply the catalytic activity of the phosphatase used in this experiment
biomaterials because phosphorylation and dephosphorylation,is about 1000 times higher than that of kinase, we are able to
as common yet important biological reactions, occur in many complete one cycle of the gesol—gel transformation. To cycle
organisms. Because many diseases (e.g., cahcéabeted? such a transformation many times, one might need to adjust
Alzheimer's diseas# and multiple scleros}8) are associated ~ the relative amounts of a pair of enzymes that have similar
with the abnormal activities of phosphatases and/or kinses, activities. Nevertheless, the result demonstrated here validates
enzyme-switch-regulated hydrogelation, compared with con- the concept of the regulation supramolecular hydrogels by an
ventional physical and chemical processes, should be superiof€Zyme switch. In addition, the new insight of the dynamic cell
because it enhances the biologically specific response of theSignaling suggests that a stimulus tips the protein kinase (PK)/
hydrogels regarding the level of enzyme expression. Further- Protein phosphatase (PP) balance by simultaneously activating
more, investigation of the enzyme-switch-regulated self-as- PKs and deactivating PP%This model implies that it would

sembly of hydrogelators helps us to understand the functions P€ easier to cycle the phase transition of the supramolecular
hydrogel in vivo using proper hydrogelators as the substrates,

which may lead to a drug delivery system that responds to
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Figure 1. Optical images and corresponding HPLC traces of (A) gel I; (B) the solution obtained after adding a kinase to gel I; and (C) gel Il. The hydrogels
are on the right side of the panels (A, C), viewing from the bottoms of the vials. The solution conthiami in almost 1:1 ratio forms a meniscus in
the tilted vial (panel B).

Rheological Study.To evaluate the viscoelastic properties factors likely contribute to the kinetics of self-assembly to give
of the gel, we first used dynamic strain sweep to determine the the better defined fibers in Figure 3B. First, compared to the
proper condition for the dynamic frequency sweep of gel I. As change of pH to afford gel | in Figure 3A, the dephosphorylation
shown in Figure 2A, the values of the storage moduluy (G of 2 by the phosphatase allows the nanofibers to form more
and the loss modulus ($ exhibit a weak dependence from slowly, thus permitting a more ordered self-assembled nano-
0.1 to 1.0% of strain (with Gdominating G), indicating that structure. Second, because the enzyme pair catalyzes both
the sample is a hydrogel. After setting the strain amplitude at phosphorylation and dephosphorylation during the formation of
0.8% (within the linear response regime of strain amplitude), gel I, we speculate that the tyrosine kinase probably phospho-
we used dynamic frequency sweep to study gel I. Figure 2B rylates the disorder regions in the nanofibers more easily than
exhibits that Gand G' slightly increase with the increase of it does to the ordered regions. So, the kinase helps to remove
frequency from 0.1 to 100 rad/s. The value dfi&about five the disorder parts by convertirfgto 2, and the phosphatase
times larger than that of ‘Gn the whole range (0-2100 rad/ transforms2 back to1 for reassembly. This equilibrium helps
s), suggesting that gel I is fairly tolerant to external force. to remold the nanofibers into more uniform nanotubes. In that

To study the enzymatic formation of gel Il, the mode of sense, the enzyme switch helps to reject defects in the self-
dynamic time sweep was chosen to examine the change ofassembly process for forming the nanotubed af gel Il.
viscoelasticity of the solution containingand?2 in a ratio of To understand the behavior @fbelow minimum gelation
1:1 upon adding the phosphatase. Alkali phosphatase (400concentration and at the stage shown in Figure 1B, we also used
U/mL) was added to the solution of 0.3 wt % bfand 0.3 wt TEM to examine the morphology of the cryo-dried solution of
% of 2 in the buffer for the rheological measurement. As shown 1 (0.3 wt %) and the solution containirig(0.32 wt %) and2
in Figure 2C, Gand G’ of the mixture are very small at the  (0.28 wt %). As shown in Figure 3C and 3D, TEM confirms
moment of the addition of the enzyme, indicating that the that there is no extensive formation of nanofibers in both cases
solution of 1 and 2 indeed behaves as a low-viscosity liquid except mainly amorphous solids and a small amount of short
when1 and?2 are in equal amount. Thereafter, both&ad G’ fibrous structures, suggesting that the concentrations of the
increase with time, and the value of &arts dominating Gin hydrogelator in these two conditions are too low to self-assemble
about 30 min after the addition of the phosphatase, suggestinginto a network of nanofibers for hydrogelation. This result is
the approach of the gelling point. After 1.5 h, the plateau value also consistent with the rheological behavior of the solution
of G' is about 10 times larger than that of’ Gndicating the containing a 1:1 mixture of and2.
extensive formation of a three-dimensional matrix in the  To further understand the molecular arrangement of the
hydrogel. The time needed to reach the gelling point is shorter hydrogel of1, we measured the circular dichroism and emission
than that of a free-standing sample (about 1 h), likely becausespectra of gels | and Il. The CD spectra (Figure 4A) of gels |
mechanical perturbations associated with rheological measure-and Il are almost identical, and both exhibit a positive band
ments also accelerate the dephosphorylation reaction catalyzethear 196 nm sz* transition), a negative band near 215 nm
by the enzyme. (n* transition), and a negative band near 287 nmr( of

Morphological and Spectral Studies.Because they are  naphthyl aromatics), coinciding with the CD spectra of the
formed via different processes, gels | and Il offer a fine nanofibers of oligopeptidésnd indicating3-sheet features. The
opportunity to evaluate the influence of the enzyme on the self- fluorescent spectra (Figure 4B) show a peak centered at 338
assembly process. According to the cryo-TEM images of the nm for the solution ofl and asymmetric peaks with the
gels (Figure 3)1 self-assembles into nanofibers of various sizes maximum at 340 nm for gel | and at 342 nm for gePdl,
in gel I (with the diameters of 2& 5 nm) and into uniform  jndicating monomeric naphthalene moieties. Although the lack

nanotubes in gel Il (with diameters of 8 1.5 nm and wall  of a significant excimer peak of naphthalene (about 456nm
thicknesses of 6 nm), indicating that the enzyme switch regulates
the self-assembly process to afford better nanofibers. Two (21) Ikeda, H.; lidaka, Y.; Ueno, AOrg. Lett.2003 5, 1625-27.
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of Nap—FF20

Molecular Arrangements. On the basis of the TEM, CD,
and fluorescence spectra of the hydrogelladind the X-ray favors their further aggregation to form nanotubes (Figure 5D).
structure of Nap-FF, we propose the molecular arrangement Although it is impossible to rule out entirely other modes of
of 1 in the nanotubes: the hydrogen bonds and hydrophobic molecular packing, the superstructure depicted in Figure 5 is
interactions (Figure 5A) cooperatively induce the self-assembly the most probable one because it conforms to the structures of
of 1to yield supramolecular polymers, whose molecular packing the NAP-FF segment, complies with the CD and emission
(Figure 5B) exposes the donors and acceptors of the hydrogenspectra ofl in hydrogels, and allows Glu-Tyr groups to be
bonds that originate from Glu-Tyr fragments (Figure 5C) and accessible by the enzymes.

J. AM. CHEM. SOC. = VOL. 128, NO. 9, 2006 3041
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Figure 5. One of the possible molecular arrangement4 af nanotubes
of gel ll: thef-sheet features due to hydrogen bonding (A); the molecular "
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Figure 7. (A) Optical image of the hydrogel formed subcutaneously 1 h
after injecting2 into the mice; (B) the optical image of the abdominal cavity
of a moug 1 h after the injection 02; (C) HPLC trace of the hydrogel

125 uM _show_n in2Figure 7A; and (D) HPLC trace of the abdominaldldih after
=Y 250 uM injecting 2.
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Figure 6. MTT assay on the Hela cells treated byand 2. 1.0 —e—s.C.
1.2 , , . . ; ;
Biocompatibility of the Hydrogelator and Enzymatic 1 2 o4 5 6 7
Hydrogelation in Vivo. To verify the biocompatibility of the Time (day)
hydrogelator, we used an MTT assay to examine the cell 3.0 E]
viability in the presence ol or 2. After 24 h incubation of 2.5 /%
HelLa cells withl and2, 68 and 46% of the cells survived at T 20] /+/+
125uM of 1 and2, respectively. From the results depicted in @ 15 /+
Figure 6, 1Go on the Hela cell are calculated to be 608l 2 +/%
for 1 and 93uM for 2, respectively. Although? at high -% 07 / /%
concentration shows an inhibitory effect on the proliferation of 2 0.5 + /}
the HelLa cells, the hydrogelatot)(is highly biocompatible. 5, 0.0 +/
The biocompatibility of 1 would be expected to play an g-o.s- /
important role when the hydrogel is used as material for 1.0 —
biomedical applications. 5] % } —— fontrol
After the preliminary cytotoxicity test confirmed thatwas 20 —*—i.p.
biocompatible, we injected the solution®in mice to evaluate ' 1 2 4 s 6 7
the formation of the supramolecular hydrogel bfin vivo. Time (day)

Compound? (0.5 mL, 0.8 wt %) was injected into each mouse

that 80.5+ 1.2% of 2 turns into1 (Figure 7C), which is

indicates that 86.2% d? changes back ta (Figure 7D). By

of 1 and 2 with known concentrations, we estimated the total
amount of compounds (both & and1) that remained in the

3042 J. AM. CHEM. SOC. = VOL. 128, NO. 9, 2006

. . . ; Figure 8. Weight gain of the micen(= 6, initial body weight= 20 + 2
via a subcutaneous mode (i.e., under the skin) and an intra-g) after (A) subcutaneously and (B) intraperitoneally injecting 0.5 m2 of
peritoneal mode (i.e., into the abdominal cavity). After 1 h, we at 0.8 wt % concentration. Saline solution (0.5 mL) served as the controls

observed that the hydrogel formed at the location of subcutane-for both modes of injection.
ous injection (Figure 7A). HPLC analysis of the hydrogel reveals site of injection relative to the initial amount @finjected. For
the subcutaneous injection, the value is about 88.4%; for the
responsible for the hydrogelation. Although no hydrogel forms intraperitoneal injection, the value is about 76.8%. These results
in the abdominal cavity, an HPLC test of abdominal fluid suggest that it is crucial to restrict the diffusion of the precursor
of the hydrogelator in tissues or organs to ensure the enzymatic
comparing HPLC traces in Figure 7C,D with the HPLC traces hydrogelation in vivo.
We also monitored the weight change of the mice after
injecting 2 to assess the in vivo cytotoxicity @ As shown in
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Figure 8A, the mice that received subcutaneous injectiod of 2 transforms tol eventually, no long-term in vivo toxicity of
(0.5 mL, 0.8 wt %) lost body weight (mean 0.55 g, 2.8% the hydrogelator is observed for intraperitoneal injection.

decrease) in the first day and so did the mice in the control
group (mear= 0.44 g, 2.2% decrease). The two groups of mice

both started to gain body weight after the second day. The |5 summary, we have demonstrated the use of enzymes to
weight loss and gain of the mice in the two groups remained regylate formation/dissociation of self-assembled nanostructures
statistically the same, suggesting that subcutaneous administrazng the corresponding macroscopic transition in a supra-
tion of 2 at the experimental dosage results in little acute toxicity molecular hydrogel. The successful in vivo enzymatic hydroge-
to the mice. As shown in Figure 8B, the mice that received |ation suggests that this strategy may allow minimal invasive
intraperitoneal injection o2 (0.5 mL, 0.8 wt %) lost weight  gelivery of the hydrogels in the form of liquid precursors by
(mean= 1.1 g, 5.5% decrease) in the first day whereas the syringes and needles, renders the hydrogels to bear a desirable
mice in the control group gained weight (mear0.50 9, 2.5%  response in a biological environment, offers precise control at

increase). The two groups of mice, however, had almost the the molecular level, and promises a new means to engineer
same rate of weight gain (0.34 g/day) from the second day to higmaterials.

the seventh day. This result indicates that although the intra-

peritoneal administration & at the experimental dosage results ~ Acknowledgment. This work was partially supported by RGC
in acute toxicity in the first day the conversion®fo 1reduces ~ (Hong Kong) and HIA (HKUST).

the toxicity remarkably after 24 h. The different responses
regarding the injection sites are consistent with the amount of
2 diffused away from the injection sites and the in vitro
cytotoxicities of1 and2. Being confined in the subcutaneous
site, only a small amount &f can circulate into the blood and
distribute to organs and other tissues, thus lowering the acute
toxicity in vivo significantly for subcutaneous injection. Because JA057412Y

Conclusion

Supporting Information Available: Synthesis ofl and 2,
optical image of the hydrogel df in water, details of in vitro
and in vivo assays, and the conditions for HPLC analyses. This
material is available free of charge via the Internet at
http://pub.acs.org.
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