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The biotin-based low molecular weight hydrogel (G1) is able to

entrap the epMB and as a consequence, the color of the epMB

changes from green to blue; the color change depends on the

state of the gelator, i.e. upon proceeding from sol to gel and

vice versa.

Hydrogels are very useful soft materials for many applications,

including tissue implanting,1 bio-sensing,2 and drug carrying.3

Fluorescently tagged oligonucleotides, such as molecular beacons

(MBs),4 are increasingly being used as diverse bio-sensing materials

for single nucleotide polymorphism (SNP) typing and to detect

target DNA. If a hydrogel can carry and release a DNA probe or a

DNA drug by recognizing a specific environment, such as pH,

enzyme, temperature, and salt concentration, this hydrogel might

be useful as an ‘‘intelligent’’ release material; subsequent release at

the target site occurs upon decay of the gel.

A sol–gel signaling system was developed to study DNA release

from a hydrogel. Although many kinds of gel systems have been

reported,5 to the best of our knowledge there has been no previous

report of the sol–gel transition of supramolecular hydrogels being

signaled through the use of a MB. The purpose of the sol–gel

fluorescence signaling system using MB is to study the DNA

release from the hydrogel under particular pH and presence of

enzyme. In this study, we examined an ethynylpyrene-labeled

molecular beacon (epMB) as an oligonucleotide signal unit

(Fig. 1).6 We used the biotin derivative7 as a gelator to entrap

the DNA; biotin is biocompatible and non cytotoxic, and thus

suitable for use in vivo.

To prepare the epMB probing system, we incorporated two

pyrene-labeled phosphoramidite building blocks into the stem

region of an oligonucleotide strand by using standard phosphor-

amidite methods and a DNA synthesizer (Fig. 2).8 This MB-like

probing system operates through self-assembly of the pyrene units

in the stem region of a hairpin oligonucleotide; the stacking of

these units leads to a new red-shifted band (green color) in a

hairpin state and, if there is target DNA, the stacking of the

pyrenes is broken: the red-shifted band changes to the blue band

region. The signal of the epMB is reversible and reproducible.

With this system, we could identify the sol–gel transitions of the

biotin-based gelator by monitoring the fluorescence changes of the

epMB probe molecule. We expected that sol–gel transition would

provide a new stable microenvironment for the epMB; i.e. one not

involving p-stacking, and, hence, induce a color change. Fig. 3
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Fig. 1 Cartoon representation of a pH- and enzyme-dependent gel–sol

transition system incorporating a molecular beacon.

Fig. 2 Structures of the fluorophore nucleoside, oligonucleotide, and

gelator used in this study.

Fig. 3 A. Emission spectra of (a) S1 (1.5 mM, 200 mL), (b) a mixture of

S1 (1.5 mM, 200 mL) and G1 (0.3%) after heating and cooling (gel

formation). B. Photographic image of A. All samples were prepared in

buffer (100 mM Tris–HCl (pH 7.2), 10 mM MgCl2, 100 mM NaCl) and

imaged at 20 uC under irradiation at 386 nm.
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shows the fluorescence changes of the epMB that occurred during

the sol–gel transitions of a biotin gel. In the solution state [i.e.

below the minimum gelation concentration (MGC) of the biotin

gelator] the epMB exhibited its original color (green), whereas in

the gel state (0.3% MGC), interestingly, it exhibited a blue color.

We believe that the stacking that occurs between the two pyrene

units in the sol state must be disrupted in the gel state because of

strong interactions between the gelator and the epMB.

To confirm if this epMB system can be used generally in other

gel systems, we screened several kinds of gels, such as

polyacrylamide, hydrophilic agarose, and other amino acid-

attached biotin gelators (Fig. S1). As expected, gels containing

polyacrylamide and biotin also show the color change. However,

agarose gel, which is hydrophilic and does not have a hydrophobic

region, did not show any color change. On the basis of these data,

we think that this epMB can be used as a probe for detecting

general sol–gel transitions.

We envisioned that this kind of system might be useful for

studying the delivery of oligodeoxynucleotide (ODN) strands to a

specific region of bio-organ.9 To examine the release of an epMB

from the gel phase into solution under specific conditions, we

monitored the fluorescence signal at various pH values (Fig. 4). At

pH 2 and pH 4 (acidic conditions), no phase change occurred and

the signals appeared at a lmax of 445 nm; at pH 7 (neutral

conditions), we observed only a slight change in the appearance of

the signal. However, at pH 7–10 (basic conditions), the gel was

disrupted quickly and the signal shifted from a value of lmax of

445 nm to 492 nm (blue to green), indicating that epMB has

reformed the hairpin conformation (Fig. 4A).

The self-assembly of biotin-based hydrogels occurs mainly

through hydrogen bonding between the carboxylic acid group of

the amino acid unit with the ureido moiety of the biotin unit.7

Under alkaline conditions, however, the carboxylic acid unit is

ionized and self-assembly is disrupted. As a consequence, the rate

of release of the epMB is increased.

The structure of our biotin gel moiety consists of normal leucine

peptide containing the carboxylic acid. Carboxypeptidase can

cleave the peptide bond by recognition of the carboxylic acid.

Carboxypeptidase Y was used for disruption of the biotin gel by

enzymatic cleavage. We added carboxypeptidase Y to the biotin

hydrogel containing epMB and incubated it for 10 min at room

temperature with shaking. The change of fluorescence from blue to

green was observed with disruption of the hydrogel (Fig. 4B). An

HPLC experiment demonstrated peptide bond cleavage; we

observed the normal leucine after treating the biotin hydrogel

with carboxypeptidase Y (Fig. S2).

To examine the functional reproducibility of the epMB after

release, we added the target complementary oligonucleotide (ODN

S2) into the released solution (Fig. 5). The color of epMB changed

to blue once again; i.e. this hairpin-type epMB changes its

conformation into a duplex upon binding with the target sequence

and, as such, it operates as a probe.

In summary, we have developed a novel reversible sol–gel

signaling system incorporating an epMB. We demonstrated the

controlled release of oligonucleotides from a hydrogel through

monitoring the color change of the epMB (as evidenced by its

fluorescence signal) that occurred upon its release from the gel into

solution. The release of this oligonucleotide from the biotin

hydrogel depends upon the presence of a specific enzyme and the

pH of the buffer. We believe that this epMB can be used as a signal

unit for general sol–gel transitions and such biotin hydrogels will

be useful materials for delivering oligonucleotide probe and drugs

to biological targets with physiological (pH) and enzymatic stimuli.
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