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in water.

Introduction

Supramolecular hydrogels[” are a rapidly
expanding area of research, in particular
due to their possible practical applications
in biomedicine such as tissue engineering or
controlled drug release. Within this con-
text, the most important advantages com-
pared to conventional polymeric gels are a
better biodegradability and the possibility
of incorporating a drug or a bioactive
molecule directly into the gelling compo-
nent, without needing to capture it.2]

We have previously reported a brief
communication describing gold—glutathione
(GS-Au) supramolecular hydrogels.®! The
method describes a new concept for binding
together low molecular weight hydrogela-
tor molecules, based on the self-assembling
potential of gold(I) thiolates through aur-
ophilic attractions. Scheme 1 illustrates
the proposed structure of such hydrogels, in
which gold(I)-glutathione species self-
assemble into polymeric 2D sheets.l”! The
hydrophilic glutathione chains lye perpen-
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dicularly to both sides of the plane and
water molecules are trapped in between the
2D layers, which results in the formation of
a hydrogel.

Now we would like to present an
extension of the method for the preparation
of silver—glutathione (GS—-Ag) and copper—
glutathione (GS—Cu) supramolecular hydro-
gels. Silver(I) and copper(I) thiolatesl!
have been reported to self-assemble in a
similar manner to gold, forming polymeric
structures stabilized by metallophilic attrac-
tions. Here we demonstrate that in addition
to Aul salts, glutathione can also be
combined with Ag' and Cu" salts for the
fabrication of pH responsive supramolecu-
lar hydrogels.

Experimental Part

Preparation of Hydrogels (1% w/w)
GS-Au: HAuCl, - 3H,0 (99 mg, 0.25 mmol)
was dissolved in H,O (6 mL) and added to a
solution of glutathione (230 mg, 0.75 mmol)
in H;O (6 mL). After stirring for a few
seconds a colorless solution was formed,
and the pH dropped to 1.6. Then NaOH 1N
(0.5mL, 0.5 mmol) was added and a practically
transparent gel formed immediately.
GS-Ag: AgNOj; (42 mg, 0.25 mmol) was
dissolved in H,O (5 mL) and added to a
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Schematic representation of the structure of GS-Au supramolecular hydrogels.

solution of glutathione (76 mg, 0.25 mmol)
in H,O (5 mL). A white suspension was
formed immediately, as the pH dropped to
1.51. Then NaOH 1IN (0.5 mL, 0.5 mmol)
was added and a transparent solution was
obtained. Finally, the addition of HNO3; 1N
(0.13 mL, 0.13 mmol) gave a transparent
hydrogel.

GS—Cu: CuCl,-2H,O (43 mg, 0.25
mmol) was dissolved in H,O (5 mL) and
added to a solution of glutathione (153 mg,
0.50 mmol) in H,O (5 mL). After stirring
for a few seconds a colorless solution was
formed, and the pH dropped to 1.48. Then
NaOH 1IN (0.5 mL, 0.5 mmol) was added
and a transparent gel formed immediately.
The gel must be kept under an inert
atmosphere in order to avoid oxidation
and evolution of a blue color.

For IR, SEM and EDS analysis GS-Au
and GS-Cu hydrogels were washed to
eliminate the GS-SG released in the reac-
tion. The gels were diluted in HCl 10> N
(pH 3) and the resulting suspensions were
then centrifuged and washed several times
with HCl 107> N. The products were
freeze-dried to give white solids (GS-Ag
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was freeze-dried without washing). The
solids can be redissolved in water, and will
form gels at the appropriate pH.

Results and Discussion

Au™, Ag' and Cu" salts readily react with
glutathione to give the corresponding
metal(I) thiolate. The simplest reaction
mechanism is for silver, as its salt is already
in oxidation state +1 and does not need to
be reduced. Thus, the reaction could be
expressed as follows:

AgNO,+GSH — GS—Ag+HNO; (1)

In the case of gold(IIT) and copper(IT)
the metal needs first to be reduced to Au'
and Cu', respectively. The excess of GSH
used acts as the reducing agent, and it is
oxidized to GS-SG. Subsequently another
equivalent of GSH reacts with the metal in
oxidation state +1 to give the correspond-
ing thiolate. Overall, HAuCl, reacts with
3 molecules of GSH to give 1 molecule of
GS-Au, 1 molecule of GS-SG and 4 HCI
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Figure 1.

Photographs of upside down turned GS-Au (a), GS-Ag (b) and GS-Cu (c) hydrogels (1% w/w).

molecules (Equation 2). Similarly, each
CuCl, molecule needs to react with 2 mole-
cules of GSH to give GS-Cu, half an
equivalent of GS-SG and 2 molecules of
HCI (Equation 3).

HAuCl, + 3 GSH
— GS—Au+ GS—SG + 4 HCI ©)

CuCl, +2 GSH — GS—-Cu

3
+1/2 GS—SG +2 HCl ®)

(a)

[
2800

The proposed mechanism is supported by
the following evidence: GS-SG is the
mayor species present in the reaction
supernatant,'® and during the preparation
of the hydrogels, the pH drops drastically
indicating the release of acid.

These metal(I) thiolate species are able
to gelate 100 times their weight in water.
The resulting hydrogels are practically
transparent and colorless, as shown in
Figure 1. The gels are stable for months
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Figure 2.

IR spectra of free glutathione (a) and freeze-dried GS-Au (b), GS-Ag (c) and GS—Cu (d). The arrows indicate the

absence of the S-H stretching band.
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Table 1.

EDS elemental analyses of freeze-dried hydrogels. All results are given in atomic percent.

Sample % C % N % O % Na % S % Au % Ag % Cu % Total
GS-Au 1 56.33 10.10 18.28 - 8.47 6.82 - - 100.00
GS-Au 2 57.77 10.20 17.98 - 7.56 6.49 - - 100.00
GS-Au 3 55.20 9.58 20.22 - 8.39 6.60 - - 100.00
GS-Ag 1 8.04 14.85 53.94 19.95 1.55 - 1.68 - 100.00
GS-Ag 2 9.35 13.75 53.61 19.22 2.06 - 2.02 - 100.00
GS-Ag 3 4.8 18.03 55.26 20.63 1.01 - 0.89 - 100.00
GS—-Cu 1 62.57 4.08 18.73 - 7.16 - - 7.45 100.00
GS—Cu 2 63.06 4.84 17.75 - 6.83 - - 7.51 100.00
GS—Cu 3 60.48 4.06 18.54 - 8.12 - - 8.81 100.00

at room temperature, with the exception of
GS-Cu, which decomposes after several
days to give a blue solution (Cu'). However
this decomposition is considerably slowed
down if the gel is kept under an inert
atmosphere and protected from light.

The samples can be freeze-dried to give
white porous solids. If water is added a gel is
formed again. IR spectra of freeze-dried
gold, silver and copper hydrogels are shown
in Figure 2, together with the spectrum of
free glutathione. The S-H stretching band
at 2525 cm ™! is absent in the spectra of the
metal thiolate derivatives. Interestingly, the
supramolecular polymers show a much
simpler spectrum than glutathione, which
could be an indicative of a highly ordered
structure.l’”! The C=0 and C-O stretching
bands at 1724 and 1227 cm ™! respectively in
the spectra of GS—-Au and GS-Cu, which
were freeze-dried at pH 3, indicate the
presence of some protonated carboxylic
acid. Those bands shift to 1630 and
1384cm™' in the spectrum of GS-Ag,
freeze-dried at pH 5, indicating that at this
pH all the carboxyl groups are deproto-
nated.

Table 1 shows the semiquantitative ele-
mental analysis results obtained by energy
dispersive x-ray spectroscopy (EDS) of the
freeze-dried hydrogels. The results are
given in atomic percent, and three different
measurements are given for each of the
hydrogels. In all cases the data is consistent
with the proposed molecular formula,
having a 1: 1 metal-thiol ratio. The
presence of Na' in the case of GS-Ag
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Figure 3.
SEM micrographs of freeze-dried GS-Au (a), GS-Ag
(b) and GS—Cu (c) hydrogels. Scale bar corresponds to
50 pm.
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Scheme 2.
pH-induced reversible sol-gel transition of coinage
metal-glutathione supramolecular hydrogels.

arises from the NaNQOj that results from the
neutralization of NaOH with HNOj; this
hydrogel was not washed due to the fact
that GS-SG is not formed in the process.

SEM images of the freeze-dried gels are
shown in Figure 3. The porous microstruc-
ture appears to be similar for GS-Au,
GS-Ag and GS-Cu derivatives. As a
general rule, a porous network in the form
of flakes is observed in all cases.

The gels do not present thermal rever-
sibility, and can be heated up to ~100°C
without observing phase transition. On the
contrary, coinage metal-glutathione hydro-
gels demonstrate pH responsiveness
(Scheme 2). The polymers behave as a
gel in the pH 2-5 range. Above or below
this pH range the systems behave as clear
solutions, which can be reversibly con-
verted into gels by the addition of acid or
base, respectively. This sol-gel transition
can be repeated many times with no loss of
reversibility.

Conclusion

It has been shown that coinage metal salts
and glutathione can be used for the
construction of pH responsive supramole-
cular hydrogels. The novelty of the method
relies on the use of metallophilic attractions
as the driving key force to hold the hydro-
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gelator molecules together, and the princi-
ple can be widely applied for the synthesis
of designer hydrogels based on molecules
other than glutathione. The principal
requisite for a suitable hydrogelator mole-
cule is the presence of at least one thiol
group. The method offers the possibility of
using thiol-containing drugs or bioactive
molecules as the gelling agent, opening a
new and interesting perspective for biome-
dical applications.
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