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The fabrication of reliable non- or minimally invasive glucose
sensors, including those that embody automated insulin-
delivery systems, has been a long-term goal of researchers
from a variety of disciplines. The foremost challenge is the
attainment of materials that are selective for glucose in bodily
fluids, wherein a vast number of potential interferences
exist.[1]

A number of chemomechanical polymers and related
hydrogels have been investigated as potentially useful mate-
rials for glucose monitoring. Recent examples include glucose
oxidase immobilized in hydrogels,[2] functionalized polymers
coated on electrodes,[3] a crystalline colloidal array embedded
in hydrogel networks,[4] and others.[5]

Few reports, however, describe fully synthetic hydrogel
materials that change size in actual biological media in
response to glucose. Asher et al. have described a boronic acid
containing material that promotes the detection of glucose in

tear solution.[4] Lowe and co-workers have reported glucose-
induced size changes in a boronic acid functionalized polymer
in cell-culture media.[6]

Herein we report a unique hydrogel which exhibits high
glucose selectivity over other common blood sugars, such as
fructose and galactose. It affords readily seen glucose-
promoted size changes in human blood plasma. To the best
of our knowledge, this is the first report of a chemomechan-
ical polymer composed entirely of synthetic materials that
exhibits a selective, rapid, and reversible size change in the
presence of glucose in human blood plasma.

This effort is a start towards creating new materials that
do not rely on biological materials for glucose-regulated drug
delivery and, moreover, towards understanding new classes of
chemomechanical polymers whose properties are highly
tunable and amenable to an extensive degree of optimization.
In this latter regard, the current study extends prior work,
whereby flexible, selective supramolecular binding sites are
introduced into pre-existing polymer networks in such a
manner as to promote selective and easily seen macroscopic
size changes.[7]

The chemomechanical polymer (A) is prepared
(Scheme 1) by modifying commercial poly(methyl methacry-
late) (PMMA; MW 350000 gmol�1) with diethylenetriamine
(1), dodecylamine (2), butylamine (3) and 3-aminophenyl-
boronic acid (4).

Polymer A is characterized by elemental analysis, solid-
state 13C cross-polarization magic angle spinning (CP-MAS)
NMR spectroscopy, and FTIR (see the Supporting Informa-
tion). Polymer A is allowed to swell completely for several
hours in water and is then cut into pieces of 8 8 4 8 1 mm3. The
cut polymer is immersed in a solution of glucose (0.005m,
approximating actual human physiological levels) and begins
to contract immediately. A significant size change is observed
over time (Figure 1). Polymer (B) is prepared under con-
ditions identical to those described for A, but in the absence
of 3-aminophenylboronic acid (4). No size change is observed
for polymer B after immersion in glucose solution for 50 min
(Figure 2). This indicates that the glucose-responsive behav-
ior is due to the boronic acid moiety.

Polymer A also exhibits reversibility. The contracted
polymer swells to its original size within two minutes after

Scheme 1. One-pot synthesis of polymer A. DMSO=dimethyl sulfox-
ide.
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immersion in a 0.05m NaOH solution. After it is removed
from the NaOH solution and washed with distilled water, the
swollen polymer contracts once more when immersed again
in a 0.005m glucose solution (Figure 3).

Further studies also show that polymer A is selective for
glucose over the other two common blood sugars, fructose
and galactose (Figure 4). The error bars in Figure 4 indicate
the reproducibility of the glucose-responsive contraction of
polymer A. Three different batches of polymer Awere tested
on three different days.

In a commercial sample of human blood plasma, similar
glucose responsiveness and reproducibility are observed. A
piece of swollen polymer A is immersed in a solution of
human blood plasma that contains 0.005m added glucose. The
polymer contracts sharply within 5–10 min (Figure 5). No
response is observed for galactose and fructose (see the
Supporting Information).

Bidentate binding of glucose by two boronic acid moieties
is known to occur, in certain cases, selectively over galactose
and fructose.[8] Shrinkage has been observed previously in
other examples of glucose-induced cross-linkage of boronic
acid containing polymers.[9] In our system, the glucose
molecule also acts as an additional cross-link (besides the
triamine). This results in the expulsion of water and gel
shrinkage.

Additionally, sugar-binding-induced H+ release has been
used previously by Arnold et al. (for signal transduction) in a
boronic acid containing hydrogel sensor for glucose.[10] In an

Figure 1. Behavior of polymer A in response to glucose. Top: original
sample, bottom: after 50 min in a 0.005m glucose solution.

Figure 2. Behavior of polymer B in response to glucose. Top: original
sample, bottom: after 50 min in a 0.005m glucose solution.

Figure 3. Contraction–expansion of polymer A in response to glucose
(0.005m). The polymer was expanded to its initial size between runs
by rinsing with 0.05m NaOH (dashed line). The size of the cut
polymer after swelling in water in this experiment is 5G5G1 mm3.

Figure 4. Selective response of polymer A to glucose over fructose and
galactose. All the three sugars are at the same concentration
(0.005m). The size of the cut polymer after swelling in water in this
experiment is 8G4G1 mm3.

Figure 5. Contraction of polymer A in the presence of reconstituted
human plasma containing 0.005m glucose. The size of the cut polymer
after swelling in water in this experiment is 8G7G1 mm3.
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analogous manner, we propose that the presence of emerging
cationic charge from water and glucose bound to boron
should stabilize the anionic nature of glucose-bound boron,
thereby reducing the electrostatic repulsion and solvation by
water that would lead to swelling. This may serve as an
additional and/or alternative mechanism to glucose cross-
linking through bidentate binding to boron.

Conversely, treatment with hydroxide deprotonates the
amino groups on the polymer and also adds to boron. The
concomitant increase in anionic charges enhances electro-
static repulsion and solvation in the hydrogel, causing it to
swell very nearly to its initial size.[11]

Kataoka and co-workers have reported innovative strat-
egies towards synthetic hydrogels that have been proposed as
glucose detection/self-regulated insulin-delivery systems.[12,5a]

Polymer sensitivity was heightened through rational design of
the copolymer structure. In their material, as well as in most
other boronic acid containing hydrogels reported to date, the
hydrogels were prepared through the polymerization of
boronic acid containing monomers. In contrast, our method
for the preparation of glucose-responsive hydrogels involves
simple modification of commercial PMMA to achieve glucose
selectivity as well as a more-rapid equilibration time. Fur-
thermore, the type of macroscopic response (shrinkage or
expansion) and the selectivity to a certain stimulus of the
hydrogels can be controlled by simply varying modifiers
(Table 1).

When the polymer is modified with the long-alkyl-chain
amine, dodecylamine (modifier compound 2, Scheme 1), it
exhibits expansion in all three sugar solutions (Table 1,
entries 1 and 2). This may be attributed to steric hindrance
of the alkyl chain towards bidentate binding of glucose by two
boronic acid moieties. Thus, the binding of sugar molecules
enhances the formation of charge on boron atoms and
increases the polarity and water content of the polymer,
resulting in polymer expansion rather than contraction.

In the case of butylamine (modifier compound 3,
Scheme 1), the smaller butyl chain apparently does not
significantly hinder bidentate binding of glucose. The cross-
linking of polymer chains by glucose molecules can thereby
overcome the effect of charge accumulation (see above),
resulting in gel contraction (Table 1, entry 3). Furthermore,
when a mixture of dodecylamine and butylamine is used (with
half the original amounts each), as in polymer A (Table 1,
entry 4), the gel contracts but to a lesser extent than when

incorporating butylamine alone. This affords additional
evidence that dodecyl sterically hinders cross-linking and
contraction.

A significant difference in size change is observed when
the length of the cross-linker is varied (Table 1, entries 1 and
2). In the presence of the same alkyl amine (dodecyl), the
hydrogel with the longer-carbon-chain cross-linker (modifier
5, Scheme 1) exhibits a greater degree of expansion as
compared with the case in which the shorter-carbon-chain
cross-linker (1) is used. This is attributed to the fact that
longer-chain cross-linkers provide wider cavities for the
uptake of water.

The optimized polymer C (Table 1, entry 3) exhibits the
highest degree of selective contraction in the presence of
glucose. Importantly, we find that the swelling ratio of
polymer C exhibits a linear decrease proportional to increas-
ing glucose concentrations (Figure 6).

Figure 7 shows that polymer C serves as a “chemical
corkscrew”. After contraction triggered by glucose, release of
the compound inside the capillary occurs (green ink solution
for visualization). This methodology may thus promote the
eventual optimization of self-regulating actuators that can
work without interfacing to external devices.[7]

In summary, the general synthetic procedure developed[7a]

for chemomechanical polymers is highly useful as the
recognition groups can be readily introduced and the proper-
ties of the polymer can be easily optimized.[7] Current efforts
involve further optimization of hydrogel properties through
side-chain modification and miniaturization, which is known
to enhance the performance of related materials.[7] Many
challenges besides achieving glucose selectivity remain before
a self-regulated insulin-delivery system can be imple-
mented.[1] These include controlling potential interactions of
the deliverable drug with the polymer,[13] response time,
biocompatibility, calibration, and the materialAs lifetime.
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Table 1: Response (shrinkage or expansion) and selectivity of the
hydrogels to a certain stimulus.[a]

Entry Polymer
modifiers

Swelling ratio
glucose
(0.005m)

galactose
(0.005m)

fructose
(0.005m)

1 5+2+4 1.70 1.61 1.50
2 1+2+4 1.22 1.25 1.31
3 1+3+4 0.63 0.96 0.93
4 1+2+3+4 0.83 0.99 0.97

[a] The size of the cut polymers is 8G4G1 mm3. Swelling ratios are
obtained after 25 min.

Figure 6. Swelling ratio of polymer C in the presence of various
concentrations of glucose at 25 8C. The values are the average of three
consecutive determinations after 20 min. The size of the cut polymer
after swelling in water in this experiment is 14G7G1 mm3.
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Figure 7. A demonstration with polymer C in glucose-regulated chem-
ical delivery. A capillary tube is filled with ink and sealed with swollen
polymer C. The capillary is immersed in H2O (control, cuvette on the
left in each picture) and in 0.005m glucose solution. After 25 min, the
ink is released only in the glucose solution owing to the contraction of
the polymer (right).
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