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Introduction

The development of stimuli-responsive, synthetic molecules
for the construction of molecular memories, switches, and
machines[1–3] has been ongoing for more than two decades.
Nevertheless, substantial discrepancies between sophisticat-
ed molecules in solution and macroscopic materials display-
ing a macroscopic response have been recognized and inves-
tigated. In a pioneering approach, Stoddart and co-workers
created a monolayer assembly consisting of catenanes or ro-

taxanes, which could operate as a switch device to regulate
macroscopic electric capacity.[4] Further efforts are, however,
required before these small molecules can be applied to mo-
lecularly defined, macroscopic devices. Most stimuli-respon-
sive, macroscopic materials are synthesized from polymers,[5]

even though precise manufacturing is generally difficult in
polymer-based materials. Supramolecular polymers (nonco-
valently assembled, polymeric molecules) are regarded as
intermediates between molecules and conventional poly-
mers; therefore, it is envisioned that molecularly defined, in-
telligent materials may be constructed by using the supra-
molecular concept.[6]

We recently discovered a supramolecular polymer in the
form of a new hydrogel consisting of a low-molecular-
weight, glycosylated amino acetate (a so-called supramolec-
ular hydrogel) that displayed a unique property of thermally
induced, volume phase transition.[7] Stimuli-responsive, mac-
roscopic shrinkage/swelling in polymer-based hydrogels was
pioneered by T. Tanaka, and the potential use of such gels
as soft materials in diverse applications has been anticipat-
ed.[8] In contrast, few studies of responsive volume change
have been performed in supramolecular hydro- or organo-
gels, although there are many reports of responsive gel–sol
transitions.[9,10] This may be because noncovalent interac-
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Abstract: A pH-responsive volume-
change function was successfully intro-
duced into a supramolecular hydrogel
that contained GalNAc-appended
(GalNAc= N-acetylgalactosamine) glu-
tamate ester 1 by the simple mixing of
it with an appropriate amount of 2 a or
2 b amphiphilic carboxylic acid. In the
1:1 mixture (1:2), the hydrogel swelled
under neutral pH conditions, but
shrank to almost half of its original
volume under acidic pH conditions.
The structure and pH response of the
mixed hydrogel were characterized by

using X-ray diffraction (XRD), confo-
cal laser scanning microscopy (CLSM),
transmission or scanning electron mi-
croscopy (TEM, SEM), and Fourier
transform IR (FTIR) spectroscopy.
Well-developed fibers formed a stable
hydrogel by self-assembly, and under
acidic conditions the charge of the car-
boxylic acid terminal (from the carbox-

ylate anion) was neutralized and then
these fibers became densely packed.
This macroscopic pH response was also
applied to the pH-triggered release of
bioactive substances. In this mixed
supramolecular hydrogel, the hydroge-
lator 1 provides a stable hydrogel struc-
ture and the additive 2 acts as a
commander that is sensitive to an envi-
ronmental pH signal. The present
supramolecular copolymerization strat-
egy should be useful for the construc-
tion of novel, stimuli-responsive, soft
materials.
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tions, relative to covalent ones, are generally too weak to
maintain stable polymeric chains prior to and following
stimuli, and instead readily degrade into nonpolymeric units
producing a sol state but no volume change. Our report of
the thermal shrinkage of a supramolecular hydrogel suggest-
ed, however, that a thermally stable, noncovalent polymer
chain composed of multiply accumulated interactions can
display thermal shrinkage instead of simply dissolving.[7a, 11]

The design at the molecular level of such a unique feature
will provide a new category of supramolecular materials.
From this perspective, we have investigated supramolecular
systems that exhibit various stimuli-responsive volume
changes. We recently reported the addition of a carboxylic
acid derivative to the supramolecular gelator matrix to form
a highly stable, self-assembled nanofiber in small amounts.
This matrix revealed pH-dependent, thermal behavior of the
mixed hydrogel, that is, gel–sol transition at neutral pH and
volume phase transition at acidic pH.[9n] Here we describe
the successful pH-triggered shrinkage or swelling of a supra-
molecular hydrogel, which was produced by mixing opti-
mized structures and amounts of amphiphilic carboxylic
acids with the hydrogelator. This supramolecular copolymer-
ization strategy is widely applicable for the production of
novel, stimuli-responsive, supramolecular materials.[12]

Results and Discussion

Molecular design and gelation screening : GalNAc-appended
(GalNAc= N-acetylgalactosamine) glutamate ester 1 (which
was found by using a combinatorial approach to be an excel-
lent, low-molecular-weight hydrogelator) was used as the
fundamental gel matrix, because of its stable, nanofiber for-
mation.[11,13] As an additional component, three amphiphilic
carboxylic acid derivatives bearing different lengths of
methylene chains (2 a–c) were designed and synthesized on
the basis of their structural similarity to the hydrophobic
parts of 1 . Figure 1a shows the gelation capabilities of the
mixed gels under neutral pH conditions. A single compo-
nent of 2 a–c (i.e., molar ratio 1/2=0:10) is quite soluble in
water and, therefore, has no gelation capability with water.
On the other hand, a single component of 1 (i.e., molar

ratio 1/2= 10:0) forms a stable hydrogel. The mixing of
these components in various ratios produces solutions with
distinct macroscopic phases, such as a homogeneous so-
lution, an unstable hydrogel, and a stable hydrogel, depend-
ing on the ratio of mixing. Stable gels were formed following
the mixing of a single component of 1 and an almost equi-
molar amount of 2. The gelation capability of the mixed hy-
drogel is also influenced by the molecular structure of 2.
The mixture of 2 b and 1 gelates neutral water over the
widest ratio range among the three derivatives (1/2 b=10:0–
6:10). The addition of excess 2 (1/2 a>8:10, 1/2 b>6:10, 1/
2 c>8:10) produces a homogeneous solution instead of a hy-
drogel. In the case of 2 c, which has the longest methylene
chain, the almost equimolar mixture ratios (1/2 c=10:6–
8:10) produced unstable hydrogels.

Figure 1. a) Gelation screening of the mixed hydrogels consisting of 1
and 2a, b, or c. The content of the total components (1+2) is 0.5 wt % in
all cases. The stable hydrogel was not displaced upon inversion of the
test tube, whereas the unstable hydrogel collapsed. b) Photographs of a
typical example of the pH-responsive volume phase transition of the
mixed hydrogel (1/2 b=10:10) before and after shrinkage. c) Screening of
the pH-responsive volume-change function of the mixed hydrogel per-
formed as in a). d) Repeated shrinkage/swelling cycles resulting from a
change in pH and monitored by measuring gel transparency. The average
values and experimental errors from three independent experiments
were plotted.
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pH-Induced shrinkage of the two-component hydrogel : The
hydrogels were exposed to an acidic atmosphere (HCl
vapor) and changes in their macroscopic morphology were
observed. A typical example is shown in Figure 1b. Clearly,
shrinkage of the hydrogel takes place upon exposure to an
acidic vapor. Half of the volume of water was expelled from
the original hydrogel. In addition, the hydrogel changes
from almost transparent to opaque, and the shrunken gel
becomes stiffer than the original, swollen gel. As shown in
Figure 1c, such gel-shrinkage occurs only in those mixed hy-
drogels with almost equimolar ratios of 1 and 2, and was not
observed in the single component of 1 or in mixtures con-
taining the small amounts of 2. This implies that the pH re-
sponse requires both components to be present in an opti-
mal ratio. Interestingly, the pH-responsive volume change
was also sensitive to the molecular structure of the additive
2. The addition of 2 b affords pH-responsive gel shrinkage
over the widest ratio range among the three additives (10:6–
6:10), whereas 2 a, which bears the shortest methylene unit,
causes a macroscopic pH response of the hydrogel within a
rather limited range (10:8–10:10), and 2 c, with the longest
methylene chain, confers no pH-sensitive gel shrinkage at
all. This trend is in good agreement with the data obtained
for the gelation capability (Figure 1a). By using molecular
modeling to compare the molecular lengths of 1 and 2, it is
suggested that the hydrophilic carboxylic acid group in the
case of 2 b is slightly exposed at its interface with the hydro-
philic GalNAc groups of 1, but slightly buried in the case of
2 a, and very exposed in the case of 2 c.[14] It is interesting
that such a subtle structural difference appears to signifi-
cantly influence not only the gelation capability, but also the
resultant pH response of the mixed hydrogel. Another con-
trol sample, in which the methyl ester of 2 b was mixed with
1 in an equimolar ratio, displayed no pH-responsive volume
change. We also tested the formation of a 1/2 b (1:1 ratio)
hydrogel under acidic pH conditions (pH 4.0), which result-
ed in a shrunken, opaque gel comparable to the pH-trig-
gered shrunken gel. These results suggest that the charge al-
teration (from negative to neutral) at the interface is crucial
for the pH-responsive volume change.

The shrunken hydrogel was re-swelled and became almost
transparent by neutralization with neutral buffer solution
(pH 7), followed by slight warming (40 8C). The shrinkage/
swelling cycle can be repeated at least six times (Figure 1d),
as monitored by the change in transparency. The ability to
repeat the cycle indicates that the pH-induced gel shrinkage
is not caused by the chemical decomposition of the compo-
nent,[15] but by a reversible, physicochemical property
change in the mixed hydrogel.

Structural analysis of the two-component hydrogel : The
structure of the mixed supramolecular hydrogel was exam-
ined by using several microscopy and spectroscopy tech-
niques. The X-ray diffraction pattern (XRD, Figure 2) of the
mixed hydrogel displayed two peaks corresponding to
3.7 nm (2.48) and 0.4 nm (19.88), values that are almost com-
parable to those obtained for the single-component hydrogel

of 1.[16] From our previous study of 1, based on XRD data
and single crystal analysis, these values can be reasonably
assigned to the interdigitated bimolecular layer of 1
(3.7 nm) and the van der Waals packing distance of the cy-
clohexyl rings of the hydrophobic core (0.4 nm).[11] Interest-
ingly, good agreement between the long spacing in the
mixed hydrogel with that of the single-component hydrogel
1 indicates that the two-component hydrogel of 1 and 2 b
has a fundamental, bilayer-like structure comparable to the
single-component hydrogel 1.[17] Significantly, similar XRD
peaks appear in the spectra for the shrunken gel, suggesting
that the fundamental packing mode is not significantly dis-
turbed by the pH-induced volume change.

Confocal laser scanning microscopy (CLSM) produces a
wet gel morphology without a drying process. Figure 3a
shows a typical image of the mixed hydrogel that has been
stained by a nitrobenzoxadiazole derivative (HANBD), an
environmentally sensitive fluorophore that emits a strong
fluorescence with a blue-shifted wavelength in less polar en-
vironments. Long fibers with green fluorescence were ob-
served. The fluorescence spectrum of the area proximal to a
fiber (circled in Figure 3a), shows the stronger peak at
530 nm with a shoulder at 550 nm (Figure 3b). Compared to
the maximum peak of HANBD in aqueous solution
(550 nm), the presence of the mixed hydrogel causes a blue-
shift of 20 nm, which strongly suggests that HANBD is in-
corporated into a hydrophobic domain of the hydrogel
fibers, resulting in a strong emission. The shoulder peak at
550 nm implies that HANBD molecules partially distribute
in the aqueous region of the hydrogel. The continuous hy-
drophobic region is consistent with the mixed hydrogel
structure suggested by the XRD data described above. A
greater blue-shift in the single-component hydrogel 1 is ob-
served at 525 nm, indicating that the well-developed hydro-
phobic domains are slightly disturbed by 2 b in the mixed
hydrogel.

Thin fibers (10–100 nm diameter) of the mixed hydrogel
(1/2 b= 10:10), under both neutral and acidic conditions,
were also observed by using transmission electron microsco-
py (TEM, Figure 4a and b, respectively). This fibrous mor-
phology is almost the same as that of the single-component

Figure 2. XRD profiles of the mixed hydrogel (1/2b =10:10) before and
after gel shrinkage.
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hydrogel 1, indicating that the original self-assembly charac-
teristics are not disrupted by the additive 2 b. Interestingly,
the fibers in acidic pH become more densely entangled than
those in neutral pH. Entangled, fibrous, three-dimensional
networks were observed by using scanning electron micros-
copy (SEM, Figure 4c and d). Consistent with TEM obser-
vations, fibers in acidic pH conditions become thicker than
those in neutral conditions. These results suggest that the
macroscopic opaqueness of the hydrogel may be ascribed to
a thickening of the pH-induced fibrils, caused by the dense
packing of the self-assembled fibers.

FTIR measurements of the mixed hydrogel before and
after shrinkage show a significant change in the equilibrium
between the carboxylic acid (COOH) and the carboxylate
ion (COO�) (Figure 5). In the shrunken gel, a shoulder peak

at 1713 cm�1 appears, which originates from the stretching
of the dimeric COOH, whereas a strong peak at 1555 cm�1,
due to COO� , disappears.[18] This result indicates that the
charged carboxylate state of 2 b shifts to the neutral carbox-
ylic acid state by exposure of the hydrogel to the acidic at-
mosphere. It may be reasonable to propose that, in addition
to increased osmotic pressure caused by the incorporation

Figure 3. a) CLSM image of the hydrogel (1/2 b=10:10, 0.5 wt %) con-
taining 20 mm HANBD under neutral pH conditions (in pH 7.0 phosphate
buffer). The white bar represents a distance of 500 nm. b) Fluorescence
spectra of the hydrogel fibers circled in a) (1/2b= 10:10, 0.5 wt %, mea-
sured by using CLSM), the single-component hydrogel 1 (1/2 b=10:0,
0.5 wt %) containing HANBD, and HANBD in aqueous solution (mea-
sured by using the conventional fluorescence spectrophotometer).

Figure 4. TEM images of the unstained a) swollen and b) shrunken hy-
drogel (1/2 b=10:10, 0.5 wt %). A piece of the gel was placed on a
carbon-coated, copper grid and dried for 6 h. SEM images of the
c) swollen and d) shrunken hydrogel (1/2b= 10:10, 0.5 wt %), which had
been coated by platinum vapor deposition (30 s). For SEM samples, the
swollen and shrunken hydrogel was frozen in liquid nitrogen and then
lyophilized in vacuo for 1 day.

Figure 5. FTIR spectra of the mixed hydrogel (1/2b =10:10, 0.5 wt %)
before and after gel shrinkage.
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of a counter cation, the charged gel fiber causes an interfi-
brous repulsion to yield a swollen gel. In contrast, suppres-
sion of such electrostatic repulsion and the decrease in os-
motic pressure caused by the release of counterions in the
neutral fiber, results in hydrogel shrinkage upon charge neu-
tralization.[8a,d] This explanation is supported by the observa-
tion that the inclusion of the methyl ester of 2 b induced no
pH response in the mixed hydrogel.

pH-Responsive drug release of the supramolecular hydro-
gel : Next, we investigated the pH-triggered release of bioac-
tive substances.[19] Water-soluble vitamins, such as vita-
mins B1, B6, and B12, were entrapped in the mixed hydrogel
(1/2 b= 10:10) as hydrophilic guest molecules during the gel
preparation process, and the environmental pH was gradual-
ly acidified. The time course of vitamin B12 release upon
acidification was quantitatively determined by using UV-
visible spectroscopy (Figure 6a). Under neutral conditions,

no release was observed due to the absence of gel shrinkage.
Vitamin B12 was released concurrent with gel shrinkage in
an acidic atmosphere of HCl vapor. The vitamin B12-entrap-
ped hydrogel shrank by up to one half of its initial volume
(see Figure 1b), and almost 50 % of the vitamin B12 was re-
leased within 60 min. The other two vitamin Bs (Figure 6b)
exhibited release behavior similar to that of vitamin B12.

These results indicate that, in pH-triggered release, the vita-
mins are released in the expelled water. In contrast, the
rather hydrophobic flavone derivatives, such as myricetin
and quercetin, were less efficiently released, in spite of gel
shrinkage (Figure 6a and b). This is because hydrophobic
substances localize predominantly in the hydrophobic
domain of the supramolecular gel fibers, with a lower
amount present in the expelled water. Therefore, controlled
release can be performed in this system by employing two
controlling factors; pH-induced volume change and the am-
phiphilic structure of the supramolecular hydrogel.

Conclusion

pH-Responsive characteristics were conferred to a supra-
molecular hydrogel by simple mixing of a hydrogelator with
small acidic molecules. Unlike the supramolecular hydrogels
reported by others,[9] which exhibited gel–sol transitions, the
hydrogel described here displays pH-responsive shrinkage
or swelling. The pH-induced shrinkage does not occur in the
case of single-component hydrogels 1 or 2 b, that is, 1 forms
a stable hydrogel without pH sensitivity and 2 b does not
form a supramolecular hydrogel. Therefore, it is conceivable
that the hydrogelator 1 provides a superior hydrogel matrix,
and that the additive 2 b acts as a commander that is sensi-
tive to environmental pH signals in this supramolecular hy-
drogel. The pH-induced volume change produces controlled
drug release. Such a supramolecular copolymerization strat-
egy (Figure 7) could be applied to other systems,[20] with the
aim of designing sophisticated materials that are responsive
to various stimuli.

Figure 6. a) Time courses of the release of vitamin B12 (*) and quercetin
(~) substrates from the mixed hydrogel (1/2 b=10:10), caused by pH-
triggered gel shrinkage. b) The amount of five distinct substrates released
after 60 min for vitamin B1 (thiamine pyrophosphate), vitamin B6 (pyri-
doxal 5’-phosphate), vitamin B12 (cyanocobalamin), quercetin (3,3’,4’,5,7-
pentahydroxyflavone), and myricetin (3,3’,4’,5,5’,7-hexahydroxyflavone).
In both a) and b) the average values and experimental errors from three
independent experiments were plotted.

Figure 7. Schematic illustration of the supramolecular copolymerization
strategy used to design a hydrogel, and the subsequent pH-responsive
volume change.
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Experimental Section

Materials and methods : All chemical reagents were obtained from Al-
drich, Sigma, TCI, Wako, or Watanabe, and were used without further
purification. Solvents were dried according to standard procedure.
1H NMR spectra were obtained by using a JEOL-JNM-EX400 apparatus
(400 MHz). Mass spectra were recorded on a MALDI-TOF mass spec-
trometer PE Voyager DE-RP. SEM images were obtained by using an
Hitachi S-5000, acceleration voltage 25 kV. Conventional fluorescence
spectra were recorded by using an Hitachi F-4500 instrument. TEM
images were recorded by using a JEOL-JEM-2010 apparatus. FTIR spec-
tra were recorded by using a Perkin–Elmer Spectrum One on ATR
mode.

Synthesis : Compounds 1 and 2 were prepared according to the method
reported previously.[9n, 13]

Data for 2b : 1H NMR (400 MHz, CDCl3, TMS): d=6.81 (d, J =7.6 Hz,
1H; COCH(NH)CH2CH2CO), 6.12 (t, J=5.2 Hz, 1 H;
CHNHCOCH2CH2CONHCH2), 4.59 (m, 1H; COCH(NH)CH2CH2CO),
3.95, 3.89 (d, J =6.4 Hz, 4 H; 6.4 Hz, COOCH2C6H11), 3.22 (m, 2H;
NHCH2(CH2)5CH2COOH), 2.60–2.32 (m, 8H; COCH2CH2CO,
COCH(NH)CH2CH2CO, NHCH2(CH2)5CH2COOH), 2.22, 1.99 (m, 2H;
COCH(NH)CH2CH2CO), 1.80–0.91 ppm (m, 32H;
NHCH2(CH2)5CH2COOH, COOCH2C6H11); MALDI-TOF-MS: m/z :
calcd for C31H52N2O8: 580.37; found: 603.80 [M+Na]+ ; elemental analysis
calcd (%) for C31H52N2O8: C64.11, H9.02, N4.82; found: C64.11, H9.02,
N4.79.

Data for 2 a : 1H NMR (400 MHz, CDCl3, TMS): d=6.77 (d, J =7.2 Hz,
1H; COCH(NH)CH2CH2CO), 6.41 (m, 1 H; CHNHCOCH2CH2-

CONHCH2), 4.58 (m, 1H; COCH(NH)CH2CH2CO), 3.96, 3.89 (d, J =

6.4 Hz, 4 H; 6.4 Hz, COOCH2C6H11), 3.34 (m, 2H;
NHCH2CH2CH2COOH), 2.61–2.35 (m, 8 H; COCH2CH2CO,
COCH(NH)CH2CH2CO, NHCH2CH2CH2COOH), 2.20, 2.00 (m, 2 H;
COCH(NH)CH2CH2CO), 1.89–0.94 ppm (m, 24H;
NHCH2CH2CH2COOH, COOCH2C6H11); FAB-MS: m/z : calcd for
C27H44N2O8: 524.31; found: 525.40 [M+H]+ ; elemental analysis calcd (%)
for C27H44N2O8: C61.81, H8.45, N5.34; found: C61.72, H8.43, N5.28.

Data for 2c : 1H NMR (400 MHz, CDCl3, TMS): d= 6.71 (m, 1H;
COCH(NH)CH2CH2CO), 6.14 (m, 1H; CHNHCOCH2CH2CONHCH2),
4.58 (m, 1H; COCH(NH)CH2CH2CO), 3.94, 3.88 (d, J =6.0 Hz, 4 H;
6.4 Hz, COOCH2C6H11), 3.21 (m, 2 H; NHCH2(CH2)9CH2COOH), 2.60–
2.25 (m, 8 H; COCH2CH2CO, COCH(NH)CH2CH2CO,
NHCH2(CH2)9CH2COOH), 2.17, 1.97 (m, 2 H; COCH(NH)CH2CH2CO),
1.80–0.85 ppm (m, 40H; NHCH2(CH2)9CH2COOH, COOCH2C6H11);
FAB-MS: m/z : calcd for C35H60N2O8: 636.43; found: 637.50 [M+H]+ ; ele-
mental analysis calcd (%) for C35H60N2O8: C66.01, H9.50, N4.40; found:
C65.89, H9.47, N4.37.

Synthesis of methyl ester of 2b : The methyl ester of 8-aminoctanoic acid
was used for the condensation step in the synthesis of 2b to yield the
target methyl ester as a colorless solid. 1H NMR (400 MHz, CDCl3,
TMS): d=6.60 (d, J =7.6 Hz, 1 H; COCH(NH)CH2CH2CO), 5.88 (m,
1H; CHNHCOCH2CH2CONHCH2), 4.59 (m, 1 H; COCH(NH)CH2CH2-

CO), 3.94, 3.88 (d, J=6.8 Hz, 4 H; 6.8 Hz, COOCH2C6H11), 3.67 (s, 1 H;
COOCH3), 3.22 (m, 2 H; NHCH2(CH2)5CH2COOCH3), 2.58–2.28 (m,
8H; COCH2CH2CO, COCH(NH)CH2CH2CO,
NHCH2(CH2)5CH2COOCH3), 2.21, 1.99 (m, 2H; COCH(NH)CH2CH2-

CO), 1.80–0.94 ppm (m, 32 H; NHCH2(CH2)5CH2COOCH3,
COOCH2C6H11); FAB-MS: m/z : calcd for C32H54N2O8: 594.39; found:
595.4 [M+H]+ ; elemental analysis of methyl ester calcd (%) for
C32H54N2O8: C64.62, H9.15, N4.71; found: C64.66, H9.08, N4.65.

Evaluation of the pH-responsive volume change of the mixed hydrogel :
The gelator 1 and the additive 2 were mixed in test tubes in molar ratios
from 0:10–10:0 and a buffer solution (25 mm Na/K phosphate buffer,
pH 7.0, 0.5 mL) was added. To obtain homogenous solutions, the reaction
mixtures were gently heated and then incubated at room temperature for
one day. The gelation capabilities were determined by observing displace-
ment of the gels upon inversion of the tubes. The tubes of hydrogel solu-
tions were weighed and then incubated for 20 min in a box that contained

a tube of conc. HCl, whose vapor provided an acidic atmosphere. The
tubes were then re-weighed to determine the mass and, therefore,
volume of water expelled for each mixed hydrogel. After exposure to
HCl vapor, the expelled water had a pH value of 1–2. The shrinkage
ratio was estimated by dividing the final weight of the hydrogel by the in-
itial weight. Macroscopic morphology changes were observed and record-
ed by using a digital camera.

X-ray powder diffraction : The xerogel was placed in a glass capillary
tube (F =0.7 nm) and the X-ray diffractogram (MAC Science M18XHF)
was recorded on an imaging plate by using Cu radiation (l=1.54178 �)
at a distance of 15 cm.

CLSM observation : The hydrogel sample was placed on a glass substrate
and covered with a cover glass. A confocal laser scanning microscope
(Carl Zeiss: LSM510META) with an argon laser (excitation wavelength
488 nm) was used. Fluorescence spectra of the gel fibers were also ob-
tained by using this microscope.

Controlled release of the entrapped substances : Vitamin B12 was added
to the suspension of 1 and 2 b in phosphate buffer solution (25 mm Na/K
phosphate buffer, pH 7.0, 0.5 mL) and the mixture was heated to obtain
a clear, homogeneous solution (vitamin B12 = 0.5mm, 1=3.95 mm, 2 b=

3.95 mm). After incubation at room temperature for 1 day, the hydrogel
containing vitamin B12 formed. This hydrogel was exposed to HCl vapor
for 15 min and the expelled solution was collected, as described above.
After neutralization and appropriate dilution, the concentration of the
released vitamin B12 was determined by using a UV/Vis spectrophotome-
ter (Shimadzu UV2550). This method was employed for the other sub-
stances investigated.
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