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a b s t r a c t
Because the boronic acid moiety reversibly binds to sugar molecules and has low cytotoxicity, boronic
acid-containing hydrogels are being used in a variety of implantable glucose sensors under development,
including sensors based on optical, ﬂuorescence, and swelling pressure measurements. However, some
method of glucose selectivity enhancement is often necessary, because isolated boronic acid molecules
have a binding constant with glucose that is some 40 times smaller than their binding constant with fructose, the second most abundant sugar in the human body. In many cases, glucose selectivity enhancement
is obtained by incorporating pendant tertiary amines into the hydrogel network, thereby giving rise to
a hydrogel that is zwitterionic at physiological pH. However, the mechanism by which incorporation of
tertiary amines confers selectivity enhancement is poorly understood. In order to clarify this mechanism, we use the osmotic deswelling technique to compare the thermodynamic interactions of glucose
and fructose with a zwitterionic smart hydrogel containing boronic acid moieties. We also investigate
the change in the structure of the hydrogel that occurs when it binds to glucose or to fructose using the
technique of small angle neutron scattering.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
The development of novel glucose sensors continues to be one
the most widely studied areas of sensor research, due to the continuing need for improvements in glucose sensors used in the
management of diabetes [1,2] and in control of fermentation processes [3,4]. The ﬁrst type of continuous glucose sensor developed
over 20 years ago was an amperometric electrochemical glucose
sensor that used the enzyme glucose oxidase (GOx) for glucose
recognition [5,6]. This type of glucose sensor is relatively fast and
small, and research on improvements to amperometric glucose
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sensors continues unabated [7–9]. However, even though GOx is
highly speciﬁc to glucose, the use of GOx as a recognition element for glucose suffers from the following disadvantages: (1)
the enzyme GOx is susceptible to denaturation with subsequent
loss of activity; (2) GOx requires oxygen or another redox mediator and is thus unsuitable for anaerobic fermentation reactors
[4]; (3) the reaction catalyzed by GOx continuously consumes the
analyte (glucose) and produces a potentially harmful by-product
(H2 02 ). This last point implies that sensors employing GOx are
transport sensors rather than equilibrium sensors, with sensitivities that vary with the glucose diffusion coefﬁcient. For these
reasons, many of the newer glucose sensors under development
use the boronic acid moiety rather than GOx as the recognition
element for glucose [10–27]. This includes sensors based on optical [11–14,16,18,20,21,27], ﬂuorescence [25,26], surface plasmon
[23], and swelling pressure measurements [17,24]. Small molecules
containing boronic acid have been known for over a century to
strongly yet reversibly bind cis-diols on glucose and other monosaccharides to give cyclic boronic acid esters in aqueous media [28],
as shown schematically in Fig. 1. Kataoka and co-workers appear
to be the ﬁrst research group to incorporate boronic acid moieties
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Fig. 1. From left-to-right, the interaction between the boronic acid moiety (on acrylamide monomer) and a hydroxyl group to form the charged boronate moiety; reversible
binding between the boronate moiety and a diol such as d-glucose to form a cyclic boronic acid ester (tridentate binding is also possible).

into smart hydrogels, thereby obtaining “totally synthetic” polymer
gels that reversibly swell in response to increases in the environmental glucose concentration [29]. At physiological pH (7.4), this
hydrogel is a slightly charged poly(anion), because the pKa value
for isolated boronic acid groups is about 8.86 [30]. Unfortunately,
this smart hydrogel and others of similar chemistry are actually
more responsive to fructose than to glucose. This is not surprising, because small molecule spectroscopic studies show that the
isolated boronic acid moiety has a binding constant with fructose that is about 40 times greater than its binding constant with
glucose [28]. Thus, even though the normal physiological concentration of fructose is approximately 200 times smaller than that of
glucose [31], some method of glucose selectivity enhancement is
thought to be necessary. In the last 10 years, a number of research
groups working on a variety of different types of glucose sensors
have determined that beneﬁcial effects can be obtained by using
zwitterionic polymers or zwitterionic hydrogels obtained by incorporating pendant tertiary amines into the polymers or hydrogels
nearby to the boronic acid moieties [12,14,18,20,21,24,27,30,32].
The chosen tertiary amines are Lewis bases that accept a proton
to become cations at physiological pH. In addition, for polymers at
least, the incorporation of tertiary amines facilitates the ionization
of nearby boronic acid groups [33]. As an example of the beneﬁts
to glucose selectivity of this approach, consider the results of Horgan et al., who developed a holographic glucose sensor in which a
diffraction grating is embedded within a glucose-responsive hydrogel [14]. The signal from this sensor is the measured change in
the wavelength of diffracted light in response to an increase in
the concentration of environmental glucose or fructose concentration from 0 to 5.7 mM, the normal glucose physiological value.
When the holographic sensor was used with a smart hydrogel containing boronic acid but no tertiary amines, the optical response
observed was a red shift of 761 nm for fructose, and a red shift
of 40 nm for glucose. On the other hand, when the holographic
sensor was used with a smart hydrogel containing an equimolar ratio of boronic acid and tertiary amine, the optical response
observed was a red shift of only 13 nm for fructose, and a blue
shift of 50 nm for glucose. The results of Horgan et al. are indicative of the two trends that have been observed by a number of
different research groups [12,14,18,20,21,24,27,32] when tertiary
amines are incorporated into glucose-responsive hydrogels containing boronic acid moieties: (1) an increase in the magnitude of
hydrogel glucose response relative to the magnitude of the fructose
or lactate response, and (2) a change in the direction of the hydrogel response to an increase in glucose concentration from swelling
to shrinking. A thermodynamic model based on reversible crosslinking proposed by Alexeev et al. [12] that explains both of these
trends has become widely accepted by other researchers in the ﬁeld
[14,18,20,21,24,27,32]. According to Alexeev et al. [12], glucose is
relatively unique among monosaccharides in that it can bind simultaneously to two different boronic acid moieties, thereby forming

reversible glucose-bis(boronate) cross-links in the hydrogel network. The associated thermodynamic model further assumes that
the free energy of mixing (mix ) of glucose with the hydrogel
is negligible implying that all glucose molecules bind onto the
boronic acid groups and do not inﬂuence the thermodynamic interactions between the polymer and the solvent, and thus the glucose
response of the zwitterionic smart hydrogel arises solely from the
formation or breakage of glucose-mediated cross-links [12]. However, as far as we know, there is of yet no direct spectroscopic
evidence that glucose-bis(boronate) cross-links form in hydrogels,
though NMR studies on small organic molecules show that both
glucose and fructose can simultaneously bind to two boronic acid
groups [28]. We do not dispute the importance of glucose-mediated
cross-links, but feel it is necessary in the following to re-examine
the additional assumption that the change in the free energy of
mixing (mix ) does not contribute signiﬁcantly to zwitterionic
hydrogel glucose response. To investigate the effect of glucose on
the thermodynamic properties of these gels it is important to separate the elastic and mixing free energy components. To this end we
made osmotic swelling pressure measurements on gels containing
relatively low amounts (8 mol%) of boronic acid moieties. The low
boronic acid content reduces the number of additional cross-links
formed in the presence of glucose.
2. Thermodynamics
Unconﬁned neutral hydrogels swell until the total change in
free energy, Ftot , reaches a minimum or, equivalently, until the
chemical potential of each mobile species becomes equal in the
coexisting phases. The mixing of water with the polymer chains
makes a negative contribution to the free energy (Fmix ), while
the stretching of the hydrogel network makes a positive contribution (Fel ). Assuming these terms are independent, we can write
[12,34–36]:
Ftot = Fmix + Fel .

(1)

In the case of charged hydrogels, the ions also contribute to
Ftot . However, at high ionic strength (0.16 M), the ionic contribution can be neglected [12], as shown by several experimental
studies on highly swollen polyelectrolyte hydrogels (e.g., polyacrylic acid gels, DNA gels) [36,37] as well as molecular dynamics
simulations [38].
In an osmotic swelling experiment the measurable quantities
involve derivatives of the free energy, i.e.
˘tot = −

1
V1



∂Ftot
∂n1



= ˘mix + ˘el ,

(2)

where tot is the swelling pressure of the gel, mix and el are
the mixing and elastic contributions of tot , respectively, V1 is the
molar volume of solvent (water), and n1 is the number of moles
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of water. At swelling equilibrium with the pure solvent tot must
equal zero. One can study non-zero values of the total swelling pressure by equilibrating the hydrogel with an osmotic stressing agent
of known osmotic pressure [36,37], or by squeezing the water out
of the hydrogel using a known mechanical (hydrostatic) pressure
[39].
According to a Flory–Huggins type equation, mix is given by:
˘mix = −

RT
[ln(1 − C) + C + 0 C 2 + 1 C 3 ],
V1

(3)

where C is the weight fraction of the polymer in the hydrogel,
0 and 1 are the Flory–Huggins parameters for binary and ternary
interactions, respectively, between the polymer network and the
solution, R is the gas constant, and T is the temperature. The elastic
contribution el at a given gel volume V is given by [12,36]:
˘el = −

 1/3
Vm
RTncr
Vm

V

−

 
1 V
m

2

V

= −G,

(4)

where Vm is the volume of the relaxed network, ncr is effective
number of cross-linked chains in the network, and G is network
elastic shear modulus. In their analysis of zwitterionic glucoseresponsive hydrogels, the main assumption of Alexeev et al. [12]
is that the hydrogel glucose response is dominated by the increase
in ncr with increase in glucose concentration; i.e. |el | » mix
for an increase in glucose concentration within the range of physiological interest (0–20 mM). It is this assumption that we check in
the following sections.
3. Experimental methods
3.1. Materials
The monomers used for preparation of the gels were
obtained as follows: acrylamide (AAM, Fisher Scientiﬁc),
N,N-methylenebisacrylamide
(BIS,
Sigma–Aldrich),
3-acrylamidophenylboronic acid (3-APB, Frontier Scientiﬁc, Logan,
UT, USA), and N-(3-dimethylaminopropyl acrylamide (DMAPAA).
The monomers were used as received. Ammonium peroxydisulfate (APS, Sigma–Aldrich), N,N,N ,N -tetramethylethylenediamine
(TEMED, Sigma–Aldrich), 2,2-dimethoxy-2-phenylacetophenone
(Sigma–Aldrich),
1-vinyl-2-pyrrolidinone
(Sigma–Aldrich),
d(+)-glucose
(Mallinckrodt
Chemicals),
d(−)-fructose
(Sigma–Aldrich), dimethyl sulfoxide (DMSO, Sigma–Aldrich),
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES,
Sigma–Aldrich), and Dulbecco’s phosphate-buffered saline solution (1× PBS, Sigma–Aldrich) were also used as received. Market
grade wire cloth mesh (type 304 stainless steel, 80 mesh, wire
opening 178 m, open area 31%) was obtained from Small Parts,
Inc., Miramar, FL, USA.
3.2. Hydrogel synthesis
Zwitterionic glucose-sensitive hydrogels (GSHs) containing
AAM/3-APB/DMAPAA/BIS at a nominal mole ratio of 80/8/10/2
were prepared by free radical cross-linking copolymerization. This
is the same composition previously studied by Tierney et al. [20,21]
and Lin et al. [24]. GSHs were prepared in molds of three different thickness values: 0.4 mm for samples used in glucose sensor
tests, 1 mm for samples used for osmotic swelling pressure and
SANS measurements, and 5 mm for samples used for shear modulus measurements. Samples 0.4 mm and 1 mm thick were prepared
by either thermal or UV curing, whereas only thermal curing
was used to prepare samples 5 mm thick. (In thicker samples UV
curing does not result in homogeneous gels.) The polymer concentration in the pre-gel solution prior to curing was 13 wt.%,

Fig. 2. Preliminary version of the chemomechanical sensor used in this study. A
piezoresistive pressure transducer with a cylindrical sensing area (A) is completely
covered with a disc-shaped hydrogel ﬁlm (B) of approximate thickness 400 . The
hydrogel is held in place by a cap (C) that has a top surface which is a replaceable
wire mesh/porous membrane (D) (from reference [40]).

or 20 wt.% in a few selected cases. In brief, stock solutions were
prepared of AAM and BIS in 1 mM HEPES buffer. Appropriate
amounts of the two stock solutions were mixed in a vial with
DMAPAA and TEMED in the case of thermal curing. In order to
dissolve 3-APB into the pre-gel solution, 10 vol% of DMSO was
added into the vial. In thermal curing, the free radical initiator
APS was introduced after purging the vial with N2 gas for 10 min,
after which the pre-gel solution was rapidly injected into a cavity between two square plates (polycarbonate and poly(methyl
methacrylate)) of surface area 60 cm2 . After approximately 12 h of
reaction at room temperature, the hydrogel slab was removed from
the mold and washed for at least two days with deionized water
and 1× PBS buffer (pH 7.4, ionic strength 0.16 M) before testing.
For UV curing, the photoinitator combination 2,2-dimethoxy-2phenylacetophenone/1-vinyl-2-pyrrolidinone was used instead of
the thermal initiator combination TEMED/APS. After purging with
N2 gas for 10 min, the pre-gel solution was injected into a cavity of
known thickness between a glass plate and a poly(methacrylate)
plate. Photopolymerization was induced by exposing the pre-gel
solution through the glass plate to UV light (365 nm, 10 mW/cm2 )
for 2.5 min. The GSHs obtained were ﬁrst washed with DI water
for about one day and then stored in 1× PBS buffer. The samples
were also subjected to two cycles of ionic strength change between
0.16 M and 0.05 M PBS in order to further clean the hydrogels. The
hydrogels were stored in 0.16 M PBS until testing. Prior to SANS
measurements, the water in the hydrogel was exchanged with D2 O
as described below. The solvent exchange did not cause appreciable
change in the swelling degree. In order to estimate the water content, GSH samples were dried in an oven at 50 ◦ C with the weight
monitored as a function of time. A GSH sample synthesized in 1 mM
HEPES buffer at 13 wt.% polymer and equilibrated with 1× PBS at pH
7.4 was shown to contain on average 88 wt.% water. A GSH sample
synthesized in 1 mM HEPES buffer at 20 wt.% polymer and equilibrated with 1× PBS at pH 7.4 was shown to contain on average
85 wt.% water.
3.3. Sugar sensor construction and sensor response tests
As analyzed in detail in recent publications in this journal
[24,40], the total osmotic swelling pressure tot of a smart hydrogel
can be obtained by conﬁning it between a porous membrane and
the diaphragm of a miniature pressure transducer. In such a sensing scheme, a change in the environmental glucose concentration,
as sensed through the pores of the membrane, changes tot (see
Equation (2)) which must at equilibrium equal the mechanical pressure measured by the pressure transducer. Fig. 2 shows a sketch of
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the chemomechanical sensor that was used. The sensor consists of
a piezoresistive pressure transducer (model EPX-N01-0.35B, MEAS
France, Les Clayes-Sous-Bois, France) with a cylindrical stainless
steel sensing area (diameter 3.5 mm) completely covered with a
hydrogel ﬁlm of thickness ≈400 m. The hydrogel is held in place
in the sensor by a cap with a top surface that consists of a replaceable porous membrane through which mass transfer can occur. In
keeping with the results obtained from our previous work [40], a
stainless steel wire cloth mesh (mesh size 80, wire opening 174 m,
31% open area) was used as the porous membrane. A GSH was synthesized and cleaned as described above, a circular biopsy tool was
used to cut a disc-shaped sample of appropriate diameter, and the
sample was then transferred from sugar-free PBS buffer (pH 7.4,
ionic strength 0.16 M) to the sensing surface of the pressure transducer using tweezers. The sensor cap with wire mesh was attached
to the sensor base by tightening three screws that were adjusted to
impose an axial compressive stress on the hydrogel in the sensor.
The sensor was then inserted into a large covered environmental
bath containing PBS buffer at room temperature and physiological
pH and ionic strength. This bath also contained a magnetic stirrer
used to minimize external mass transfer resistance to the sensor.
Sensor response tests were performed by either injecting solutions
of glucose or fructose into the environmental bath and then noting the time-dependent response of the pressure transducer, or by
rapidly switching the sensor into another environmental bath at the
same ionic strength and pH but with no sugar. The time-dependent
pressure signal was captured with an Agilent data acquisition
system.

occurs at the interface between the solid polymer and the steel
rheometer plates, because then the true value of the shear strain
exerted on the sample will be unknown. Hence the standard rubber
testing handbook recommends lubricating the sample interface to
ensure that sample slip does occur, and then determining G in the
absence of “barrel” distortion by measuring the force needed to
apply compressive strains (uniaxial) on the sample [42].
Equilibrated gel samples were rapidly transferred from the dialysis bag into the TA XT21 HR apparatus, which measures the
compressive deformation (precision: ±0.001 mm) as a function of
an applied force (precision: ±0.01 N). Stress–strain isotherms were
determined at 25 ◦ C in about 3–5 min with no detectable change in
gel weight. The absence of sample volume change and barrel distortion was conﬁrmed, and stress–strain isotherms were found to
ﬁt the Mooney–Rivlin relation [35,43,44]
 = C1 ( − −2 ) + C2 (1 − −3 ),

(5)

where  is the nominal stress (related to the undeformed crosssection of the gel), is the deformation ratio ( = L/Lo , L and Lo are
the lengths of the deformed and undeformed specimen, respectively), and C1 an C2 are constants. The stress–strain data were
determined in the range of deformation ratio 0.7 < < 1.0. The value
of C2 proved to be negligibly small for the gel systems studied.
In this situation, the constant C1 can be identiﬁed with the shear
modulus (G) of the swollen network.
The swelling and mechanical measurements were carried out at
25 ± 0.1 ◦ C. Repeated measurements showed a mean change in the
osmotic swelling pressure and elastic modulus less than 2–3%.

3.4. Total osmotic swelling pressure (tot ) measurements
The reference environmental solution (inﬁnite bath) was chosen to be phosphate-buffered saline (PBS) solution at 25 ◦ C with
ionic strength 0.16 M and pH 7.4. In some cases, the environmental
solution also contained 5 mM glucose or 5 mM fructose. Hydrogels
of known dry mass md were equilibrated with this reference solution, at which point gel swelling pressure tot must equal zero.
Deswelling of the gels was achieved by enclosing them in a semipermeable membrane (dialysis bag, seamless cellulose tubing; cut off
molecular weight: 12 kDa, Sigma Chemical Co., St. Louis, MO, USA).
Known concentrations of an osmotic deswelling agent [poly(vinyl
pyrrolidone), PVP, Mn = 29 kDa] were added to the environmental
solution, and equilibrated with the gel for 8–10 days. The semipermeable membrane prevented penetration of PVP into the gel. At
equilibrium, the swelling pressure tot of the gel inside the dialysis bag is equal to the known osmotic pressure of the PVP solution
outside [41]. Periodically the mass of the gel mg was measured,
and used to calculate the total polymer weight fraction C = md /mg
(where md is the mass of the dry polymer), with hydrogel swelling
ratio Q ≈ 1/C. Equilibrium was achieved when no further changes in
either gel swelling degree or solution composition were detectable.
The gel samples were dried at 95 ◦ C. First, the mass of the saltcontaining gel was measured. Then the gel was soaked in large
excess of distilled water to remove the salt. The swelling ratio
was calculated by correcting the measured mass with the known
amount of salt.
Reversibility was checked by transferring gels into PVP solutions
at different osmotic pressure values.
3.5. Elastic (shear) modulus measurements
Shear modulus data of fully gelled materials were obtained from
uniaxial compression measurements using a TA.XT2I HR Texture
Analyser (Stable Micro Systems, UK). As discussed in a standard
rubber testing handbook [42], torsional measurements of the shear
modulus G of fully gelled polymers will be erroneous if sample “slip”

3.6. Hydrogel swelling ratio measurements as a function of
temperature
A given hydrogel sample was immersed in a large stirred
temperature-controlled vessel containing either sugar-free PBS
buffer (pH 7.4, ionic strength 0.16 M), PBS buffer plus 5 mM glucose, or PBS buffer plus 5 mM fructose. Periodically, the gel sample
was withdrawn from the solution and weighed after removal of
excess surface solution by light blotting with a laboratory tissue.
The change in relative swelling ratio for a gel sample subjected to a
given change in temperature was calculated as (mf –m0 )/m0 , where
mf is the mass at the ﬁnal temperature, and m0 is the mass at the
initial temperature. Swelling ratio changes were measured for 3–4
small samples taken from the same reaction mold, and the standard deviation was taken as an estimate of the uncertainty in the
measured swelling ratio.
3.7. Small-angle neutron scattering
SANS measurements were made on gels on the NG3 30 m instrument [45] at the National Institute of Standards and Technology
(NIST, Gaithersburg, MD, USA). Gel samples were swollen in solutions of heavy water in 2 mm thick sample cells. The sample cell
consisted of 1 mm thick quartz windows separated by a 2 mm thick
spacer. The beam diameter was 20 mm. The measurements were
made at three sample-detector distances, 1.3 m, 4 m and 13.1 m,
with incident wavelength 8 Å. The explored wave vector range was
0.003 Å−1 ≤ q ≤ 0.2 Å−1 , and counting times from 20 min to 2 h were
used. The total counts of neutron at the detector varied in the
range 0.5–3 million. After radial averaging, corrections for detector response and cell window scattering were applied. The neutron
scattering intensities were calibrated using NIST absolute intensity
standards. The incoherent background was subtracted following
the procedure described in reference [46]. All SANS experiments
were carried out at 25 ± 0.1 ◦ C.
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Fig. 3. Time-dependent change in pressure relative to baseline measured by chemomechanical sensor of Fig. 2 in response to cyclic change in glucose at ﬁxed pH
7.4 and ﬁxed ionic strength 0.16 M in 1× PBS buffer. The environmental glucose
concentration, which was initially zero, was suddenly increased to 5 mM at time
equal zero, suddenly reduced to zero again at time equal 1100 min, and then the
cycle was repeated twice more (thermally cured zwitterionic GSH, pre-gel polymer
concentration 13 wt.%).

4. Results
4.1. Sugar sensor response results
Fig. 3 shows the response of the chemomechanical sensor (Fig. 2)
at 25 ◦ C to cyclic changes in the environmental glucose concentration between zero and 5 mM at ﬁxed pH (7.4) and ﬁxed ionic
strength (0.16 M). The response of the same sensor under the
same conditions to cyclic changes in environmental fructose concentration between zero and 5 mM is shown in Fig. 4. In both
cases, the GSH in the sensor was prepared by thermal curing a
pre-gel solution containing 13.0 wt.% polymer in a mold of thickness 400 m. In Fig. 3, the measured value of tot decreases in
response to the increase in glucose concentration from zero to
5 mM. Note that 5 mM is approximately the normal blood glucose
concentration in humans. The average magnitude of the decrease
is 9.1 kPa ± 0.05 kPa. The response time in the macrosensor is quite
large, but we have already demonstrated elsewhere a response time
of order 10 min using the same GSH in a microchip glucose sensor
[47]. In Fig. 4, the measured value of tot increases in response
to the increase in fructose concentration from zero to 5 mM. The
average magnitude of the increase is 5.6 kPa ± 0.2 kPa. Note that
the sensor fructose response magnitude in Fig. 4 is smaller than
the sensor glucose response magnitude in Fig. 3, even though we
introduced a fructose concentration some 200 times larger than
the normal human blood value [31]. Thus when monitoring blood
glucose concentration, one can safely neglect fructose interference
under most conditions using the GSH of Figs. 3 and 4. In addition,
Tierney and co-workers have demonstrated using an optical sensor
with the same GSH for glucose recognition that potential interference from physiological concentrations of lactate is negligible, and
that the glucose response is essentially the same in human blood
plasma as in PBS buffer, provided that the blood plasma does not
contain added heparin for anti-coagulation [21].

Fig. 4. Time-dependent change in pressure relative to baseline measured by chemomechanical sensor of Fig. 2 in response to cyclic change in fructose at ﬁxed pH
7.4 and ﬁxed ionic strength 0.16 M in 1× PBS buffer. The environmental fructose
concentration, which was initially zero, was suddenly increased to 5 mM at time
equal zero, suddenly reduced to zero again at time equal 1100 min, and then the
cycle was repeated twice more (thermally cured zwitterionic GSH, pre-gel polymer
concentration 13 wt.%).

Fig. 5. Total osmotic swelling pressure vs. polymer weight fraction C for thermally
cured zwitterionic GSHs at 25 ◦ C in sugar-free 1× PBS buffer (pH 7.4, 0.16 M ionic
strength), PBS buffer with 5.0 mM added glucose, and PBS buffer with 5.0 mM added
fructose. The continuous curves are least squares ﬁts to Equation (6) in the text
(pre-gel polymer concentration 13 wt.%).

This GSH contains both boronic acid moieties (≈8 mol% 3-APB)
and pendant tertiary amines (≈10 mol% DMAPAA). As shown elsewhere [14,20,24,32], in the absence of pendant tertiary amines,
a similar GSH would swell rather than shrink in response to an
increase in glucose concentration, with a magnitude considerably
less than the magnitude of the fructose swelling response. Thus
the incorporation of a relatively small mole fraction of tertiary
amines into the hydrogel is sufﬁcient to dramatically enhance
glucose selectivity, as noted by numerous other researchers
(Section 1).
It is also important to note that the kinetics of the swelling and
shrinking process, which governs the response time of gel biosensors to changes in glucose concentration, strongly depends on the
size and geometry of the sample. Fast responses can be obtained by
miniaturizing the system. Furthermore, the properties of the network polymer (e.g., chemical quality and distribution of monomers,
cross-link density, amounts of charged groups) also inﬂuence the
dynamic properties.
4.2. Osmotic swelling pressure and elastic shear modulus results
The results of the osmotic deswelling experiments are shown
in Fig. 5 where the swelling pressure tot of the zwitterionic GSHs
is plotted against the polymer weight fraction C, in three different
solvents: sugar-free PBS buffer (1×), PBS buffer plus 5 mM added
glucose, and PBS buffer plus 5 mM added fructose. It is apparent
that the GSH deswells when it is subjected to a given osmotic stress
exerted by the PVP solution as described in Section 3.4. The amount
of water retained by the GSH has its least value when placed in
the glucose solution, and has its greatest value when placed in the
fructose solution. The results obtained in sugar-free PBS are intermediate between the results obtained in the fructose and glucose
solutions, but closer to the fructose solution results. This is consistent with the sensor results (Figs. 3–4), which show that the GSH
exhibits a greater change when transferred from 1× PBS buffer to
the 5 mM glucose solution than to the 5 mM fructose solution. One
also observes in Fig. 5 that the tot value of the zwitterionic GSH
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Fig. 6. Logarithmic plot of elastic shear modulus G (in kPa) vs. polymer weight fraction C, as measured in the three different solutions studied in Fig. 5 (thermally cured
zwitterionic GSH, pre-gel polymer concentration 13 wt.%).

Fig. 7. Values of the Flory–Huggins binary and ternary interaction parameters as
obtained by least-squares-ﬁt of the data in Fig. 5 to Equation (6). The broken lines
through the data points serve as guides to the eyes.

exhibits a much steeper increase with increasing polymer weight
in the fructose solution. This implies that osmotic modulus
fraction
tot
= C ∂˘
of the GSH, its resistance to having its water content
∂C
T
reduced by compression, is larger in the fructose solution.
Combining Equations (2)–(4), one obtains the Flory–Huggins
theoretical prediction for the results of Fig. 5:

the zwitterionic GSH shrinks in response to glucose (Fig. 3), and
swells in response to fructose (Fig. 4).

˘tot = ˘mix + ˘el = −

RT
[ln(1 − C) + C + 0 C 2 + 1 C 3 ] − G.
V1

(6)

According to Equation (6), tot is the sum of a mixing contribution mix and an elastic contribution el , where the elastic
contribution is taken to be the negative of the shear modulus G
[36]. The value of G was independently measured as a function of
polymer weight fraction in the same three solutions (Section 3).
Fig. 6 shows the variation of the shear modulus G with the polymer
weight fraction of the zwitterionic GSH. In Fig. 6, at ﬁxed polymer weight fraction C, G is larger in the glucose solution than in
sugar-free PBS buffer, as might be expected if glucose-mediated
reversible cross-linking is occurring (Section 1). However, we also
have the puzzling result that at ﬁxed polymer weight fraction and
at (presumably) ﬁxed cross-link density, G is smaller in the fructose
solution than in sugar-free PBS buffer. This might be an indication
that the network chains are stiffer in the sugar-free PBS buffer
than in the fructose solution. A similar result was observed for
pH-responsive hydrogels in reference [48].
One can use Equation (6) in conjunction with the shear modulus values of Fig. 6 to perform a least-squares-ﬁt on the measured
values of tot . The results of this ﬁtting procedure are given by the
continuous curves in Fig. 5, and the ﬁt is seen to be excellent. This
ﬁtting procedure provides values for the Flory–Huggins binary (0 )
and ternary (1 ) interaction parameters, which are shown in Fig. 7
as obtained for the zwitterionic GSH in the fructose solution, in
the glucose solution, and in sugar-free PBS buffer. All three 0 values are similar, but 1 is signiﬁcantly larger in the glucose solution
than in the fructose solution (0.51 vs. 0.43), with an intermediate
value observed in sugar-free PBS buffer (0.46). From Equation (3),
the larger value of 1 implies that mix , which depends on thermodynamic mixing interactions rather than on cross-link density,
is considerably less favorable for swelling in glucose solutions than
in fructose solutions. This is consistent with the observation that

4.3. Small-angle neutron scattering measurements
To obtain information on the spatial organization of the polymer
molecules in these zwitterionic GSHs at the nanoscale, we made
SANS measurements. Fig. 8 shows the SANS spectra at 25 ◦ C for the
thermally cured GSHs of Figs. 3 and 4 swollen to the same extent
(12 wt.%) in three different solvents: sugar-free 1× PBS buffer, 1×
PBS buffer plus 5 mM added glucose, and 1× PBS buffer plus 5 mM

Fig. 8. Comparison of SANS spectra obtained from zwitterionic GSHs at 25 ◦ C in
sugar-free 1× PBS buffer (pH 7.4, 0.16 M ionic strength), PBS buffer with 5.0 mM
added glucose, and PBS buffer with 5.0 mM added fructose. The GSHs were obtained
by thermal curing of a pre-gel solution containing 13.0 wt.% polymer. The continuous
curves are least squares ﬁts of Equation (7) to the data.
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Table 1
Parameters from ﬁts of Equation (7) to the SANS spectra of thermal cured and UV
cured gels.
Sample

A1 (cm−1 )

T/glucose
T/buffer
T/fructose
UV/glucose
UV/buffer
UV/fructose

0.009
0.009
0.008
0.008
0.007
0.007

±
±
±
±
±
±

0.002
0.002
0.002
0.002
0.002
0.002

A2 (cm−1 )
1.58
1.29
1.24
1.56
1.46
1.24

±
±
±
±
±
±

0.4
0.3
0.3
0.5
0.4
0.3

(Å)
25
24
23
26
27
28

±
±
±
±
±
±

s
3
3
4
4
4
5

−3.77
−3.76
−3.78
−3.35
−3.74
−3.91

Fig. 9. Comparison of SANS spectra obtained from zwitterionic GSHs at 25 ◦ C in
sugar-free 1× PBS buffer (pH 7.4, 0.16 M ionic strength), PBS buffer with 5.0 mM
added glucose, and PBS buffer with 5.0 mM added fructose. The GSHs were obtained
by UV curing of a pre-gel solution containing 13.0 wt.% polymer. The continuous
curves are least squares ﬁts of Equation (7) to the data.

added fructose. Surprisingly, even though the swelling pressure of
this GSH responds very differently to fructose and glucose (Fig. 5 vs.
Fig. 6), the shape of the SANS spectra (Fig. 8) is similar in fructose
and glucose solutions. However, the scattering intensity from the
gel swollen in glucose solution is greater than from the corresponding gel swollen in fructose solution by roughly a factor of two. The
increase in intensity reﬂects a decrease in the osmotic modulus,
which is consistent with the swelling pressure observations. Fig. 9
shows the SANS response of a UV-cured GSH of the same nominal
composition, as obtained after swelling to equilibrium in the same
three solvents studied in Fig. 8. Comparing Figs. 8 and 9, one notes
that the curing procedure (thermal vs. UV) has a little effect on the
hydrogel structure in the low q (<0.007 Å−1 ) region, where the UV
cured gel in glucose solution exhibits a slightly less steep negative
slope.
The SANS curves were analyzed using Equation (7), which reproduces the main characteristic features of the scattering curves

I(q) =

A1
1 + q2

2

+

A2
,
qs

(7)

where is the polymer-polymer correlation length [49], and
A1 , A2 and s are constants. The intensities A1 and A2 are proportional to the average scattering contrast between the polymer and
the solvent. In Equation (7) the ﬁrst term (Lorentzian form factor) is primarily governed by the thermodynamic concentration
ﬂuctuations, while the second term arises from large-scale static
inhomogeneities frozen-in by the cross-links. These large objects
are not expected to make signiﬁcant contribution to the thermodynamic properties of the system [50,51].
The parameters obtained from the least-squares ﬁt of Equation
(7) to the SANS data (continuous lines in Figs. 8 and 9) are listed
in Table 1. The apparent invariance of with the solvent composition suggests that glucose induced cross-linking does not affect
appreciably the mesh size of these gels.

Fig. 10. Response of the relative swelling ratio to cyclic changes in temperature
between 50 ◦ C and 23 ◦ C in the solvents given in the legend (UV-cured zwitterionic
GSH, pre-gel polymer concentration 20 wt.%).

4.4. Temperature-dependent GSH swelling behavior in fructose
and glucose solutions
In Section 4.2, it was shown that the thermodynamic interaction
of the zwitterionic GSH is favorable with fructose and unfavorable
with glucose (relative to sugar-free PBS buffer). In order to determine if this difference is enthalpic or entropic in origin, we compare
the temperature-dependent swelling response of the GSH in 5 mM
fructose solution, 5 mM glucose solution, and sugar-free PBS buffer
(Fig. 10). An increase in temperature is expected to favor processes
that increase entropy relative to processes that reduce enthalpy.
Fig. 10 shows the change in the relative hydrogel swelling ratio
in response to cyclic changes in temperature between 23 ◦ C and
50 ◦ C. The zwitterionic GSH in sugar-free PBS (1×) shrinks with
increase in temperature; the shrinkage is slight (≈2%) but reproducible. This is typical behavior for many water-soluble polymers;
it is thought to occur because the water molecules adopt a higher
degree of order (lower entropy) near the polymer in order to maintain hydrogen bonding [52]. This structuring of water gives rise
to the hydrophobic interaction force between polymer chains that
is largely entropic in origin. When the GSH is placed in the fructose solution, thereby producing a polymer network containing
adsorbed fructose molecules, the degree of hydrogel shrinkage
is even larger (≈6%) with increase in temperature. In striking
contrast, the GSH polymer network containing adsorbed glucose molecules is observed to swell with increase in temperature
(Fig. 10).
5. Discussion
The purpose of this study is to check the widely held assumption
[14,18,20,21,24,27,32], ﬁrst proposed by Alexeev et al. [12], that the
shrinkage of zwitterionic GSHs in response to an increase in glucose concentration arises almost entirely due to the formation of
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glucose-mediated cross-links (i.e., |el | » |mix |). Figs. 5–7 contain the data needed to check this assumption. Consider an increase
in environmental glucose concentration from 0 to 5 mM in PBS
buffer, which clearly causes the zwitterionic GSH to shrink in the
chemomechanical sensor (Fig. 3). At a ﬁxed polymer concentration
in the GSH (C = 0.15), this increase in glucose concentration results
in a decrease in total swelling pressure tot of ≈20 kPa (Fig. 5).
According to Fig. 6, the decrease in el (increase in G) under the
same conditions is approximately 3 kPa, thus mix is ≈−17 kPa. In
other words, when the glucose concentration is increased from zero
to 5 mM, 85% of the thermodynamic driving force for the shrinkage of the zwitterionic GSH can be attributed to the decrease in the
favorability of thermodynamic mixing interactions, and 15% of the
driving force can be attributed to the increase in shear modulus.
Note that the sensor signal in Fig. 3 is less than 20 kPa because the
hydrogel volume shrinks to some extent within the sensor due to
sensor compliance, as discussed in reference [40].
It should be pointed out that the relative contributions of el
and mix might be expected to differ when zwitterionic GSHs
of much greater boronic acid content (30 mol.%) than studied here
(8 mol.%) are subjected to large changes in environmental glucose
concentration (0–40 mM), as in reference [32]. This may explain
why the percentage increase in shear modulus due to the increase
in glucose concentration reported in reference [32] is much larger
than reported here in Fig. 6.
Since the difference between the degree of reversible crosslinking attributable to glucose and fructose is not great for our
zwitterionic GSH, an alternate explanation must be found to explain
the enhancement in glucose selectivity relative to fructose that
is obtained by incorporating tertiary amines into the hydrogel.
The results in Fig. 10 provide a clue. In PBS buffer and in the
fructose solution, the zwitterionic GSH shrinks with increase in
temperature, as expected to occur when water molecules near
the GSH are highly ordered in order to preserve a high degree of
hydrogen bonding [52]. By contrast, the zwitterionic GSH swells
with increase in temperature in the glucose solution. This suggests that the adsorption of glucose molecules by the hydrogel
may affect the arrangement of neighboring water molecules in
such a way that they do not have lower entropy than bulk water,
and do not preserve a high degree of hydrogen bonding. Such a
change in water structure would not be apparent in SANS spectra obtained from samples in heavy water. The loss in hydrogen
bonding with increase in environmental glucose concentration is
probably responsible for the decrease in the osmotic mixing pressure between the network and the solvent that causes the hydrogel
to shrink.

6. Conclusions
Copolymerization of tertiary amines (Lewis bases) into glucoseresponsive hydrogels containing boronic acid moieties creates a
zwitterionic hydrogel with an enhanced selectivity for glucose
relative to fructose, and also creates a hydrogel that shrinks
rather than swells in response to an increase in environmental
glucose concentration. Previously it had been thought that this
occurs because glucose can mediate the formation of reversible
cross-links in zwitterionic hydrogels, whereas fructose cannot.
However, we have shown that another signiﬁcant factor is the
change in the value of mix , which reﬂects the thermodynamic
mixing interactions between the network and solvent. The zwitterionic GSH shrinks upon glucose addition and swells upon
fructose addition because the change in mix is large and negative in the ﬁrst case, and large and positive in the second
case.
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