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Abstract: Logic-gate operations displaying macroscopic outputs are promising systems for the development
of intelligent soft materials that can perform effective functions in response to various input patterns. A
supramolecular hydrogel comprising the phosphate-type hydrogelator 1 exhibits macroscopic gel—sol
behavior in response to four distinct input stimuli: temperature, pH, Ca?*, and light. We characterized this
performance through microscopic, spectroscopic, and rheological measurements. On the basis of its multiple-
stimulus responsiveness, we constructed gel-based supramolecular logic gates from hydrogelator 1 that
demonstrated AND, OR, NAND, and NOR types of stimulus-responsive gel—sol behavior in the presence
of various combinations of the four stimuli. Implementation of such logic-gate functions into semiwet soft
materials (e.g., supramolecular hydrogels) is an important step toward the design of controlled drug delivery
and release systems. Indeed, we demonstrate herein that one of our gel-based supramolecular logic gates
is capable of holding and releasing bioactive substances in response to logic triggers. Furthermore,
combining our supramolecular gel-based AND logic gate with a photoresponsive supramolecular gel could
temporarily modulate the release rate of the bioactive substance.

Introduction

Following Aviram’s and de Silva’s pioneering investigations,'
molecular logic gates have been actively studied with the goal
of scaling down electrical and optical devices to the molecular
level.? In addition to attempts to improve information processing,
outputs manifested as effective functions controlled by particular
inputs are now regarded as another potential path for the
application of molecular logic gates.* When molecular logic
gates are installed rationally, the resulting designer materials
may become intelligent, i.e., exhibit macroscopic property
changes that are induced in response to plural external stimuli.

One of the significant advantages of supramolecular materials
is that appropriate design of small component molecules allows
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efficient control over the assembled structure and its function.*
In some cases, a response on the molecular level can directly
cause a physical or chemical change on the macroscopic level;
such supramolecular logic gates can therefore perform effective
functions depending on the input patterns. In this paper, we
describe four fundamental logic gates displaying macroscopic
outputs that can be installed in a single component of a
supramolecular hydrogel. The new phosphate-type hydrogelator
1 exhibits a macroscopic gel—sol behavior in response to four
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distinct stimuli: temperature, pH, Ca*", and light. Taking
advantage of these properties, we prepared AND, OR, NAND,
and NOR types of stimulus-responsive semiwet materials that
can hold and release bioactive substances selectively. Further-
more, a rational combination of our supramolecular gel-based
AND logic gate with a photoresponsive supramolecular gel
allowed us to further fine-tune the release function, e.g., the
release rate of the bioactive substance could be temporarily
modulated.

Results and Discussion
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Molecular Design of Phosphate-Type Hydrogelators. We
designed the phosphate-type hydrogelators 1 and 3—S5 on the
basis of a structural analysis of our previously established
glycolipid-type hydrogelator, 2.> We suspected that the am-
phiphilic structure of the phosphate-type hydrogelators would
result in a heat-induced gel—sol transition similar to that of other
small-molecule gelators.>® In addition, we expected (i) the
phosphate headgroup to potentially function as a moiety
responsive to metal cations and/or protons (i.e., to pH changes)
by changing the interfacial charge’ and (ii) the olefinic bond
incorporated into the spacer unit to alter the molecule’s
conformation between trans and cis under irradiation with light,
thereby perturbing the molecular alignment of the gelator (Figure
1a).%? These stimulus-sensitive modules could have positive or
negative influences on the macroscopic gel—sol state (Figure
1b).'® We prepared four phosphate-type hydrogelators with
various alkyl chains (CgH¢ in 1, C¢Hy, in 3, C4Hg in 4, and
C,H,; in 5). It was found that 1 showed the lowest critical
gelation concentration (CgC) (0.10 wt %) in the presence of
Ca’" (the values for 3 and 4 were 0.30 and 0.50 wt %,
respectively, while 5 was insoluble). Thus, we used 1 to test
the multiple-stimulus responsiveness in the following study.
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Figure 1. (a) Molecular structural changes in hydrogelator 1 in response
to a variety of stimuli. (b) Schematic representation of the hierarchical
molecular assembly of 1 to form a supramolecular hydrogel and its gel—sol
transition triggered by four distinct stimuli (temperature, pH, Ca", and light).

Multiple-Stimulus-Responsive Gel—Sol Transition of Hy-
drogelator 1. We initially examined the Ca’>" response of
hydrogelator 1 by comparing the CgC’s determined in the
presence and the absence of Ca®t (Figure 2a). It is clear that
the CgC decreased from 1.0 to 0.10 wt % upon the addition of
Ca?". On the other hand, the addition of EDTA, an effective
chelator for Ca**, completely destroyed the hydrogel, indicating
that the macroscopic gel—sol transition of 1 responds reversibly
to the Ca?>' concentration (Figure 2b). The results of a
rheological study (Figure 2c) were consistent with our macro-
scopic observations. For example, with 0.30 wt % 1 in the
absence of Ca’", the values of the storage modulus G' and the
loss modulus G" were in almost the same range (~1 Pa), and
both gradually decreased with decreasing rotational frequency.
This behavior is typical of a viscous solution state but not a gel

(10) For stimulus-responsive supramolecular hydrogelators, see: (a) van
Bommel, K. J. C.; van der Pol, C.; Muizebelt, I.; Friggeri, A.; Heeres,
A.; Meetsma, A.; Feringa, B. L.; van Esch, J. Angew. Chem., Int. Ed.
2004, 43, 1663-1667. (b) Zhou, S.-L.; Matsumoto, S.; Tian, H.-D.;
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2005, 71, 1130-1136. (c) Beck, J. B.; Rowan, S. J. J. Am. Chem. Soc.
2003, 725, 13922-13923. (d) Haines, L. A.; Rajagopal, K.; Ozbas,
B.; Salick, D. A.; Pochan, D. J.; Schneider, J. P. J. Am. Chem. Soc.
2005, 127, 17025-17029. (e) Kim, H.-L.; Lee, J.-H.; Lee, M. Angew.
Chem., Int. Ed. 2005, 44, 5810-5814. (f) Yang, Z.; Liang, G.; Wang,
L.; Xu, B. J. Am. Chem. Soc. 2006, 128, 3038-3043.
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Figure 2. Ca”>" responsiveness of hydrogelator 1. (a) Phase diagram of the gel—sol transition, revealing the number of equivalents of Ca®* required to
induce gelation at each gelator concentration. (b) Photographs of the Ca>*-induced sol-to-gel transition ([1] = 0.30 wt %; [Ca**]/[1] = 1.0; [Na,EDTAY/
[Ca®>"] = 10). (c) Corresponding dynamic viscoelastic properties before and after the addition of Ca®*.

state. After the addition of Ca?*, these values increased
remarkably (by 200- and 1400-fold, respectively), with the value
of G' being 10-fold greater than that of G" over the entire range
of rotational frequencies, indicative of a typical stable gel state.
We also found that the subsequent addition of EDTA caused
the values of G" and G" to return to their original values (data
not shown).

Confocal laser scanning microscopy (CLSM) images of the
sol state stained with octadecylrhodamine B chloride (Cs-
rhodamine) [Figure 3a and Figure S4a in the Supporting
Information (a low-magnification image of Figure 3a)] and the
histogram of the corresponding fiber length distribution (Figure
3b) revealed the presence of many short fibers less than 1 um in
length together with a few of long fibers possessing submicrometer
diameters. On the other hand, in the Ca’*-induced gel state [Figure
3c and Figure S4b in the Supporting Information (a low-
magnification image of Figure 3c)], we observed a small number
of short fibers less than 1 um in length and a predominance of
longer fibers, as shown in Figure 3d. In addition, gelation increased
the number of cross-linking points from 30 (per 25 x 25 um area
in the sol) to 62 (per 25 x 25 um area in the gel), suggesting that
the long fibers more readily became entangled to form cross-linking
points in the gel state. In the sol state, the short fibers rapidly
fluctuated through Brownian motion because of the lack of efficient
cross-linking (Figure S4a in the Supporting Information), while
such fluctuating fibers were never observed in the Ca**-induced
gel state (Figure S4b in the Supporting Information). Interestingly,
from the real-time movie of the Ca?*-induced sol-to-gel transition
process, we noticed that short fibers were fused with other short
fibers to form the longer ones (Figure S4c and Movie S1 in the
Supporting Information). Transmission electron microscopy (TEM)
images of the gel (Figure 3e) indicated long, thin (average width
30 nm) entangled fibers; energy dispersive X-ray (EDX) analysis
traversing the fiber showed that peaks of C and P atoms due to
gelator 1 overlapped well with the peak of the Ca atom (Figure
3f). Such coexistence of the gelator 1 with Ca in the fiber may be
explained by Ca’* complexes with phosphates, which are well-
known to form one-dimensional polymeric structures in the
crystalline state.'' These lines of evidence suggested that neutral-
ization of the self-assembled fibers and interphosphate coordination
of the Ca®" ions facilitated the longitudinal growth of the fibers,
leading to a great enhancement of the degree of cross-linking
essential for gelation.

Similar to its response to the addition of Ca?", neutralization
of the anionic phosphate unit of the gelator 1 through acidifica-
tion also induced the macroscopic phase transition. The viscous
solution containing 0.30 wt % 1 became a stable hydrogel when

(11) Bissinger, P.; Kumberger, O.; Schier, A. Chem. Ber. 1991, 124, 509—
513.
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Figure 3. CLSM images of (a) sol 1 in the absence of Ca*" and (c) hydrogel
1 in the presence of Ca>" ([1] = 0.10 wt %; [Ca*"]/[1] = 0.8; [Cg-thodamine]
= 15 uM). The white arrows in (a) indicate short fibers less than 1 um in
length. The histograms of the fiber length distribution and the number of cross-
linking points in (b) the sol state and (d) the gel state were obtained from the
corresponding low-magnification CLSM images shown in Figure S4a,b in the
Supporting Information. Since CLSM observations give two-dimensional
images corresponding to a certain z-axis height of three-dimensionally entangled
fibers in hydrogel, it was difficult to precisely evaluate the length of the longer
fibers, unlike the short ones. (¢) TEM image (inset: STEM mode, bright-field)
of hydrogel 1 in the presence of Ca*>* ([1] = 0.30 wt %; [Ca?"]/[1] = 0.80).
(f) EDX line profiles recorded along the red line displayed in the STEM image
in the inset of (e).

the acidity was increased from pH 7.4 to 2."> The gel returned
to the sol state when the the pH was increased to 8 through the
addition of NH; (Figure S1 in the Supporting Information).
Thus, it is clear that these two stimuli (Ca’>* and pH) operate
as distinguishable inputs to produce a macroscopic output: the

(12) The pK, and pK,, of the monomethyl ester of phosphoric acid were
reported to be 1.5 and 6.3, respectively.'?
(13) Kumler, W. D.; Eiler, J. J. J. Am. Chem. Soc. 1943, 65, 2355-2361.
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Figure 4. Gel-based supramolecular logic gates. (a) Photographs of the
AND-type logic gate responses of hydrogel 1 ([1] = 0.30 wt %; [Ca*"]/[1]
= 0.60; pH 2) toward EDTA ([Na,EDTA]/[Ca’>*] = 3.0) and base (NHs,
pH 7—28) as input stimuli. (b) Photographs of the NAND-type logic gate
responses of solution 1 (0.15 wt %; cis-1 = ~35%; pH 7.4) toward visible
light and Ca** ([Ca?*}/[1] = 1.0) as input stimuli.

gel—sol transition of the supramolecular hydrogel. The hydrogel
of 1 also exhibited a photoresponsive gel-to-sol phase transition
mediated by the photoinduced trans-to-cis conformational
change of the olefinic unit in 1.* A cis content of at least 13%,
produced through irradiation with UV light, effectively destroyed
the gel state ([1] = 1.0 wt %) to yield the viscous sol state,
which returned to the gel under irradiation with visible light in
the presence of a small amount of Br, (Figure S2 in the
Supporting Information). Furthermore, the thermally induced
gel-to-sol transition, akin to that of most other supramolecular
hydrogels, occurred at 95 °C for a 1.0 wt % content of 1 (Figure
S3 in the Supporting Information). These results indicate that
four distinct stimuli (Ca®*, pH, UV light, and temperature) can
be used as effective inputs mediating the gel—sol transition of
the hydrogel prepared from 1.

Construction of Four Fundamental Logic Gates of Supramo-
lecular Hydrogel 1. On the basis of its various response
properties, we obtained an AND logic gate using the Ca**-
complexed supramolecular hydrogel 1 at pH 2; this gate was
operated through the addition of EDTA (i.e., decreasing the Ca*"
concentration) and NHj (i.e., a basic pH shift) as inputs (1) and
(2), respectively. As indicated in Figure 4a, the gel state
remained unaltered (output = 0) upon the addition of one input
[either (1) or (2)], whereas the simultaneous addition of two
inputs [both (1) and (2)] clearly altered the gel to the viscous
sol (output = 1), regardless of the order of the inputs. Similarly,
we constructed an OR logic gate comprising a high concentra-
tion of 1 at neutral pH, for which UV light and heat served as
the two inputs. For this logic gate, it is clear that only one input
was required to induce the gel-to-sol phase transition (Figure
S5a in the Supporting Information). For our NAND and NOR
logic gates, we employed visible light/Ca’" and pH/Ca*"
stimulus pairs, respectively, as inputs. The sol-to-gel phase
transition occurred in the NAND logic gate only in the presence
of both visible light and Ca*" (Figure 4b), whereas at least one

a b
(0,0) (1,0) (0,0) (1,0

o1 (1,1 (0. 1) (1.1)
€ 0oy (0 4 (0,0)

|4mrn

(1)

(0,1) {0,1) (1.1)

Figure 5. Photographs of hydrogel chips as holding matrices for bioactive
substances [(a, d) Rh-ConA (0.5 mg/mL) under UV light at 365 nm; (b, c)
vitamin By, (0.5 mM) under white light] regulated by logic-gate processing:
(a) AND-type gate (initial gel: [1] = 0.30 wt %; [Ca’>*]/[1] = 1.0; pH 2);
(b) OR-type gate (initial gel: [1] = 1.0 wt %; pH 7.4); (c) NAND-type
gate [initial sol: [1] = 0.15 wt % (cis-1 = ~35%); pH 7.4]. (d) NOR-type
gate (initial sol: [1] = 0.30 wt %; pH 7.4).

input (pH or Ca?") was sufficient to cause the sol-to-gel change
in the NOR logic gate (Figure S5b in the Supporting Informa-
tion). In summary, we constructed four fundamental logic gates
using the single-component gelator 1.

Controlled Release of Bioactive Substances Performed by
Gel-Based Supramolecular Logic Gates. Gels can hold a variety
of substances in their networks, even when exposed to aqueous
solutions."* We used the logic-gate processing described above
to regulate the holding function of the gel formed from 1. After
mixing vitamin B, or the protein Rh-Con A [rhodamine-labeled
concanavalin A (a glucose-binding protein)] with the hydrog-
elator 1 arrayed on a glass plate, we applied the four types of
inputs to the mixture spot and then dipped the processed plate
into an aqueous buffer solution. Figure 5 displays a photograph
of the gel array after dipping. In all cases, the substances were
removed from the sol spots but remained in the gel spots. It is
significant that the four distinct logic gates clearly conferred
four different patterns in their behavior toward the holding
substances. Thus, the input-dependent gel—sol transition can
produce as an output a controlled release function, namely the
holding and releasing of incorporated substances.

The supramolecular hydrogel can be used not only as the
holding matrix but also as an intelligent barrier for the controlled
release of biological substances. When we employed the AND
logic gate as a barrier for vitamin B, and bioactive proteins
[fluorescein isothiocyanate (FITC)-insulin and FITC-bovine
serum albumin (FITC-BSA)], the supramolecular logic gate
executed a controlled release in response to the input patterns.
After we covered the glycolipid-type of photoresponsive hy-
drogel (photogel) 2 containing vitamin B, with a layer of the
Ca*"-complexed hydrogel 1 (the AND gel), we stimulated the
composite hydrogel using two distinct inputs. As indicated in
Figure 6a,b, no vitamin B, was released within 3 h in the
absence of the inputs or in the presence of only one input (i.e.,
the addition of either EDTA or NHj3). In contrast, when both
inputs were applied simultaneously to the composite hydrogel,
the AND gate hydrogel disappeared within 1 h because of
the gel-to-sol phase transition, causing the gradual release
of the vitamin B, molecules embedded in the photogel below

(14) (a) Qiu, Y.; Park, K. Adv. Drug Delivery Rev. 2001, 53, 321-339. (b)
Kikuchi, A.; Okano, T. Adv. Drug Delivery Rev. 2002, 54, 53-77. (c)
Miyata, T.; Uragami, T.; Nakamae, K. Adv. Drug Delivery Rev. 2002,
54, 79-98, and references cited therein.
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Figure 6. Controlled release of bioactive substances by supramolecular hydrogel 1 (as a logic-gate barrier) and photogel 2 (as a holding matrix) and
fine-tuning of the release function through a combination of AND logic gate operation and UV light stimulation. (a) Photographs displaying a supramolecular
hydrogel gate composed of AND logic gate gel 1 and photogel 2 containing vitamin B, in a 1 cm cell before and after the AND input; the logic scheme
is also shown. (b) Corresponding time courses for the release of the bioactive substances (vitamin By,, FITC-insulin, and FITC-BSA). (c) Photographs
showing the supramolecular hydrogel gate holding vitamin B, before and after application of UV light and the AND input and then after application of UV
light subsequently; the combinatorial logic scheme is also shown. (d) Corresponding time courses of the vitamin B, release. (e) Truth table for the combinational

logic circuit.

the AND gate hydrogel. Similarly, we observed the AND-type
release for insulin and BSA. In addition, we combined light-
induced control with our AND release system to fine-tune the
release function (Figure 6¢,d). For example, when we irradiated
the gel gate with UV light prior to applying the two AND inputs,
we observed a more rapid release of vitamin B,.%% On the other
hand, when we applied the light input after the two AND inputs,
the release rate of vitamin B, was temporarily modulated. This
is an example of the combination of AND and OR logic gates
in these supramolecular hydrogel materials (Figure 6e).

Conclusion

We have used a single-component, multiple-stimulus-
responsive hydrogelator 1 that displays a macroscopic gel—sol
response toward four distinct input stimuli (temperature, pH,
Ca’", and light) to construct gel-based supramolecular logic
gates displaying AND, OR, NAND, and NOR functions. Using
these logic gate functions, we developed gel-based supramo-
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lecular logic gates that were capable of holding and releasing
bioactive substances in response to various input triggers.
Combining our supramolecular gel-based AND logic gate with
a photoresponsive supramolecular gel allowed us to further fine-
tune the release function (e.g., the release rate of the bioactive
substance could be temporarily modulated). The present results
clearly indicate that the supramolecular approach is a powerful
one for flexible installation of responses to various stimuli in
soft materials. We believe that such intelligent supramolecular
soft materials may have a variety of applications, such as within
environment-sensitive actuators, cell cultures, and drug-delivery
and controlled-release systems.

Experimental Section

General. Unless otherwise stated, all of the commercial reagents
were used as received. FITC-insulin and FITC-BSA were purchased
from Sigma. '"H NMR spectra were obtained on a Varian Mercury
400 spectrometer with tetramethylsilane (TMS) or residual non-
deuterated solvents as internal references. Fast-atom bombardment
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Scheme 1. Synthesis of Hydrogelator 1
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(FAB) high-resolution mass spectrometry (HRMS) was performed
using a Shimadzu QP5050A instrument with glycerol as a matrix.
Absorption spectra were measured using a Shimadzu UV-2550
spectrometer. Rheological measurements were carried out using a
Reologica DynAlyser DAR-100 with a parallel plate (diameter =
4.0 cm) at a strain of 0.10% and a gap of 1.6 mm for frequency
sweeps at 24 °C. Elemental analysis was carried out by the services
at Kyoto University.

Syntheses. Compound 6 was synthesized according to the
method reported previously by us.® The typical procedure for
the synthesis of the phosphate-type hydrogelator 1 is shown in
Scheme 1.

HO—(CH,)s— Fum—Glu—(O-cyclohexyl), (7). To a solution of
6 (500 mg, 1.00 mmol) and 8-amino-1-octanol (178 mg, 1.16 mmol,
1.2 equiv) in dry DMF (10 mL) was added dry pyridine (3 mL),
and the reaction mixture was stirred at room temperature for 8 h
under an argon atmosphere. After removal of solvent, the resulting
oil was dissolved in chloroform (100 mL) and washed with 0.1 M
aqueous HCI (100 mL x 3). The organic layer was dried over
anhydrous MgSO,, and the solvent was evaporated to dryness. The
resulting solid was washed with diisopropyl ether and dried in vacuo
to afford 7 (332 mg, 0.618 mmol) in 63% yield as a white solid.
"H NMR (400 MHz, CDCls, TMS, room temperature): 0 6.91 (d,
J = 15 Hz, 1H, Fum-H), 6.87 (d, J = 15 Hz, 1H, Fum-H), 6.72
(br, 1H, NH), 5.85 (br, 1H, NH), 4.86—4.79 (m, 1H, OCH),
4.79—4.72 (m, 1H, OCH), 4.70—4.63 (m, 1H, NHCH), 3.64 (t, J
= 6.8 Hz, 2H, (HOCH,), 3.38—3.33 (m, 2H, CH,NHCO),
2.46—2.28 (m, 2H, CH,CO), 2.28—2.20 and 2.10—2.01 (m x 2,
IH x 2, CH,CH,CO), 1.88—1.20 (m, 32H, CH,).

(HO),P(0)O—(CH,)s—Fum—Glu—(O-cyclohexyl), (1). Under
a nitrogen atmosphere, a solution of 7 (251 mg, 0.468 mmol) and
triethylamine (0.194 mL, 1.40 mmol, 3.0 equiv) in dry THF (9
mL) was added dropwise to a solution of distilled phosphoryl
chloride (0.45 mL, 4.68 mmol, 10 equiv) in dry THF (1 mL) on an
ice bath with stirring over 1.5 h. After removal of the precipitate,
ion-exchanged water was added to the filtrate, and the resultant
suspension was extracted with chloroform (80 mL x 3). The organic
layer was dried over anhydrous MgSO,, and the solvent was
evaporated to dryness. The obtained gel-like residue was washed
with acetone, suspended in ion-exchanged water, and lyophilized
to give hydrogelator 1 (144 mg, 0.234 mmol) in 50% yield as a
white solid. 'H NMR (400 MHz, CD;0D, room temperature): O
6.93 (d, J = 15.2 Hz, 1H, Fum-H), 6.90 (d, J = 15.2 Hz, 1H,
Fum-H), 4.83—4.77 (m, 1H, OCH), 4.77—4.72 (m, 1H, OCH),
4.52—4.49 (m, 1H, NHCH), 3.98—3.93 (m, 2H, (HO),P(O)OCH,),
3.29-3.26 (m, 2H, CH,NHCO), 2.44—2.40 (m, 2H, CH,CO),
224—2.17 and 2.03—195 (m x 2, 1H x 2, CH,CH,CO),
1.89—1.31 ppm (m, 32H, CH,). HRMS (FAB, glycerol): m/z
617.3210 (caled for CyoH5oN,0oP); m/z 617.3198 [M + H]™). Anal.
Calcd for CyoHyoN,OoP: C, 56.48; H, 8.01; N, 4.54. Found: C,
56.33; H, 8.24; N, 4.65.

CLSM Observations. A suspension of hydrogelator 1 (0.10
wt %, 1.6 mM) in 100 mM Tris-HCI buffer (pH 7.4) containing
C,g-thodamine (Molecular Probes) (15 uM) for staining gel fibers
was heated to form a homogeneous solution. This solution (30 L)

1

was dropped to a glass-bottom Petri dish (Matsunami) and then
observed with an inverted confocal laser scanning microscope
(Olympus, FV1000, IX81) equipped with a 100x, NA = 1.40 oil
objective and a 543 nm He—Ne laser by time-scan mode before
and after the addition of 10 mM aqueous CaCl, solution (4.0 uL,
0.80 equiv/1). The obtained images were analyzed by software
embedded in the apparatus.

TEM Observations. A suspension of hydrogelator 1 (0.10
wt %, 1.6 mM) in 100 mM Tris-HCI buffer (pH 7.4) was heated to
form a homogeneous solution, and then 1.3 mM aqueous CaCl,
solution (0.80 equiv/1) was added to the solution to form a gel.
The gel (10 uL) was dropped on a copper TEM grid covered by
an elastic carbon-support film (20—25 nm) and then dried under
reduced pressure for at least 12 h. TEM observations were carried
out using a JEOL JEM-1025 microscope (accelerating voltage 100
kV). STEM observations and EDS line-scan analyses were carried
out using an FEI TECNAI-20 microscope (accelerating voltage 200
kV).

Photoisomerization. For trans-to-cis isomerization, the sample
was irradiated with UV light in a quartz cell by a xenon lamp (500
W, Ushio Optical Modulex SX-UI5S00XQ) at 15 °C. For cis-to-
trans isomerization, a sample containing a small amount of bromine
was irradiated with visible light by the xenon lamp through two
cutoff filters that blocked light with wavelengths of less than 300
and 350 nm. The photoisomerization ratios (trans/cis) were
determined by 'H NMR spectroscopic measurements after the
samples were lyophilized and subsequently dissolved in CD;OD.

Preparation of Controlled-Release Gel Systems. To a 1 cm
quartz cell were added the bioactive substance (vitamin B;,, FITC-
insulin, or FITC-BSA) and then the solution of hydrogelator 2 (600
uL, 0.10 wt % in ion-exchanged water) to form a photoresponsive
hydrogel containing the bioactive substance. Above the hydrogel,
the solution of hydrogelator 1 [600 L, 0.20 wt % in 100 mM Tris-
HCI buffer (pH 7.4)] was added, and then the mixture of 50 mM
aqueous CaCl, solution (39 uL, 1.0 equiv/1) and 1.0 M aqueous
HCI (25 uL) was added to form the AND-type logic gate gel. After
ion-exchanged water (1.2 mL) was carefully added on top of the
hydrogel, UV —vis absorption spectra of the upper-layer water were
measured every 1 h to determine the release ratio. The two input
stimuli were added after 2 and 5 h.

Final concentration of bioactive substances: [vitamin B;,] = 0.10
mM (detection wavelength = 550 nm), [FITC-insulin] = 15 uM
(detection wavelength = 491 nm), [FITC-BSA] = 2.0 uM (detec-
tion wavelength = 491 nm).

Input stimuli: EDTA: 0.50 M, 58.4 uL (15 equiv/Ca’"). NH;:
1.0 M, 20 uL (until pH 8). UV light: xenon lamp (no filter),
40 min.
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