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Abstract—A possibility of determining concentrations of water-soluble carbohydrates by optical micrometry
using granules of polyvinyl alcohol (PVA) impregnated with sodium tetraborate is shown. The influence of
the acidity on the analytical signal is studied. The optimum pH range for the determination of the glucose
concentration in the presence of sucrose is 8.5—10.0. A sensitive polymer granule needs about 30 min to
achieve an equilibrium volume, and a change in the volume is reversible. The calibration plot for the deter-
mination of the glucose concentration in the range from 0 to 40 mmol/dm? is constructed. The impregnation
ofthe PVA granules with sodium tetraborate is shown to decrease the detectability threshold to 6.9 mmol/dm?>
and to increase the selectivity, which can be varied by changing the pH of the solution.
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INTRODUCTION

One of important problems of modern analytical
chemistry is the development of out-of-laboratory
methods for carbohydrate determination in food
products and also with purposes of clinical diagnos-
tics. To date, sensors and test systems of various types
that make it possible to determine concentrations of
glucose, sucrose, fructose, and other sugars without
complicated sample preparation were already devel-
oped for the solution of this problem. Among them are
amperometric [ 1—4], optical [S—7], thermometric [8§],
and other analytical systems, the principle of opera-
tion of which, in the most part of cases, is based on the
enzymatic cleavage of carbohydrates followed by an
analytical response to the reaction products. These
methods allow carbohydrate concentrations to be
determined at a level of ~1 mmol/dm? and lower with
the relative standard deviation to 10%. The main lim-
itation of this approach is a low stability of enzyme
leading to a short service life of sensors and their high
cost.

Another approach to the solution of the problem is
the application of sensor materials based on the poly-
mers with covalently immobilized phenylboronic acid.
In the majority of cases, similar studies were carried
out for photon-crystalline [9—11] and holographic
[12—14] sensors, whose principle of operation is based
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on a change in Bragg diffraction of light in the optical
wavelength range. When an analyte is deposited on a
photon-crystalline structure or its analog (e.g., holo-
graphic sensor), the degree of swelling of the sensitive
unit changes inducing a change in the period of the
photon crystal structure and in the effective reflective
index resulting in the shift of the maximum in the
reflection spectrum [14—16]. However, the cost of
these materials for glucose determination increases
because of the modification of the polymers with
expensive phenylboronic acid derivatives.

An alternative method for the determination of the
concentration of dissolved substances is optical
micrometry (OM), which allows the direct determina-
tion of the degree of swelling of polymers and serves as
a tool for physicochemical investigation of processes
resulting in a change in this value when the pure sol-
vent is replaced by a solution of the sample. In this
case, spherical granules of hydrophilic polymers are
used as a sensitive unit. Their volume changes with a
change in the composition of the solution in which
they are placed. The granule volume is measured by
processing photographs obtained with an optical
microscope equipped with a digital video camera.
Owing to possibilities of a special program package for
obtaining an analytical signal, the concentration of the
dissolved substance can be determined by the OM
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method from both measurements of the volume of the
granules stored in a solution of the sample to the state
of equilibrium [17, 18] and of the 3D kinetic surfaces
using kinetic coefficients obtained by experimental
data processing with the kinetic heterophase model of
the polymer gel structure composing the database of
the instrument [19—21]. The possibility of determin-
ing the concentration of dissolved carbohydrate by this
method was studied to date [22—24]. It was shown that
the equilibrium degree of swelling of the polymer in a
solution differed slightly from that in water and the
equilibration required from 2 to 5 h. All these facts
made impossible to analyze solutions containing car-
bohydrates from equilibrium data and, hence, the
kinetic surfaces with the characteristic minimum in
the initial region were constructed [23]. Nevertheless,
the absence of selectivity of the studied polymers to
water-soluble sugars made this approach possible only
for an analysis of individual model solutions and sub-
stantially restricted its application for an analysis of
real objects even when determining the total content of
carbohydrates.

This drawback can be eliminated by using polymers
impregnated or surface-modified with boronic acid or
its salts due to the complexation of the latter with 1,2-
or 1,3-diols. A similar approach was successfully
applied for the photon-crystalline massif with a sensi-
tive layer of polyvinyl alcohol [25] and in thin-layer
chromatography on the plates covered with SiO, [26].
In this work, the approach was proposed for the deter-
mination of the concentration of soluble carbohy-
drates by the OM method to enhance the sensitivity
and selectivity.

EXPERIMENTAL

The following reagents were used: polyvinyl alco-
hol (PVA) (trade mark 18/11), epichlorohydrin,
sucrose (analytical grade), D-glucose (high-purity
grade), NaOH, Na,B,0O; decahydrate (analytical
grade), NaCl (analytical grade), KCI (high-purity
grade), Na,HPO,12H,0 (high-purity grade), and
KH,PO, (high-purity grade).

The degree of swelling of polymer granules was
studied on a setup consisting of a 48-well plate for bio-
chemical research or a cell and an optical microscope
equipped with a light source and a digital camera con-
nected to a personal computer with a program package
for obtaining and processing photographs [27].

Procedure of preparing stock solutions. A beaker
(volume 300 cm?) was loaded with NaCl (4.0 g), KCl1
(0.1 g), Na,HPO, (1.80 g), KH,PO, (0.12 g), and
Na,B,0; (9.53 g). The salts were dissolved in water on
heating and then cooled down to room temperature.
The required pH was attained by the addition of con-
centrated solutions of HCl or NaOH monitoring the
acidity with a pH meter. Then the obtained solution
was quantitatively transferred to a volumetric flask
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(500.0 cm?), the volume was made up with distilled
water, and the solution was stirred. The obtained solu-
tions contained 0.05 mole of sodium tetraborate in
1 dm?. Further these solutions were used to prepare
solutions containing glucose and sucrose.

Procedure of preparing spherical granules of polyvi-
nyl alcohol. The PVA-20 granules were prepared
according to the developed procedure [28, 29]. A PVA
weighing sample was poured with distilled water (100
cm?), and the solution was heated to 90—100°C attain-
ing the complete dissolution of the polymer and
removal of air bubbles. Then a solution of sodium
hydroxide (10 g in 20 cm? of water) was poured with
permanent stirring for 30 min. The obtained solution
was cooled to 30—40°C, and epichlorohydrin (20 cm?)
was added. The mixture was vigorously stirred, trans-
ferred to Nujol heated to 70°C, and hold at this tem-
perature with permanent stirring for 3 h. The formed
granules were separated from Nujol and several times
washed with acetone (to remove Nujol residues) and
distilled water.

Procedure of studying the acidity effect on the
degree of swelling of the granules. The PVA-20 granules
purified from contaminating substances were trans-
ferred from water to stock solutions with different pH
(from 7.5 to 10.5 with an increment of 0.5 units), and
the solutions were stored in a desiccator with the
tightly closed cover containing the same stock solution
on the bottom to the equilibrium state for 1 h. Then
the solution was poured down, and a fresh solution
was added (this procedure is necessary to maintain
constant concentrations of the components of the
stock solution during experiment).

The granules thus equilibrated with the stock solu-
tions were placed in wells of the plate filled with the
same solution and photographed with a digital cam-
era. Then their volume (V})) was determined. The stock
solutions were poured down from the wells and
replaced with solutions of carbohydrates with a con-
centration of 40 mmol/dm? (5 granules per each solu-
tion) prepared on the corresponding stock solutions.
The plates with the granules were placed in the corre-
sponding desiccators, stored for 1 h to the state of
equilibrium, and photographed again. The value of
V/V, was calculated from the photography data. The
dependence of the relative granule volume on the pH
of the solution was constructed for each carbohydrate
studied.

Procedure of studying the swelling kinetics of the
granules in carbohydrate solutions. The swelling kinet-
ics for the PVA-20 granules was studied according to a
described procedure [19, 20]. A PVA-20 granule equil-
ibrated with the stock solution at a certain pH was
placed in a measurement cell and photographed
5times. The value of ¥, was determined from the
obtained photographs. Then the stock solution in the
cell was replaced with a solution of carbohydrate of a
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certain concentration, and the photography of the
granule in the cell with a frequency of 1 frame/s was
started immediately. After 5 min, the photography fre-
quency was changed by 1 frame per 10 s. The time of
experiment was ~1 h. The consequent processing of
the photographs was performed in the same way as
that for V|, determination. The kinetic curves in the
coordinates V/V,—f(f) were constructed from the
obtained data for solutions with various concentra-
tions of carbohydrates in order to estimate the time
required for equilibration.

The PVA-20 granules purified from contaminants
were transferred from water to the stock solution with
the pH optimum for this carbohydrate, and the solu-
tion was stored for 1 h in a desiccator (containing the
same stock solution on the bottom) with the tightly
closed cover to the state of equilibrium. Then the solu-
tion was poured down, and a fresh solution was poured
(this procedure is necessary to maintain constant con-
centrations of the stock solution components during
experiment).

The granules thus equilibrated with the stock solu-
tion were placed in wells of the plate filled with the
same solution and were photographed. The granule
volume V;, was determined. Then the stock solution
was poured down from the wells and replaced with
carbohydrate solutions with the concentrations 2, 4, 6,
10, and 20 mmol/dm? (5 granules per each solution).
The plate with the granules was placed in a desiccator
with the stock solution on the bottom, stored for 1 h to
the state of equilibrium, and photographed again. The
value of V/V, was calculated from the photography
data. The calibrated plots were constructed from the
averaged data obtained and were used to determine the
carbohydrate concentrations in the analyzed solu-
tions.

RESULTS AND DISCUSSION

Reaction of polyvinyl alcohol with sodium tetrabo-
rate. It is known [30, 31] that boronic acid and its
derivatives are capable of reversibly reacting with 1,2-
and 1,3-diols to form chelate esters. They were named
in such a way, since they contain five- or six-mem-
bered cycles (chelates) with the boron atom as the cen-
tral atom and polyatomic alcohols as ligands. In par-
ticular, the following reaction occurs when polyvinyl
alcohol is treated with a sodium tetraborate excess in a
weakly alkaline medium:

OH (0]
+ [B(OH)4]™
OH

\g/OH
o ou

—2H,0

The following process can occur upon the interac-
tion of thus treated PVA with a weakly alkaline solu-
tion containing a water-soluble carbohydrate:
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Additional cross-linkages are formed in the poly-
mer network during this process resulting in a decrease
in the degree of swelling of the polymer gel. An
increase in the carbohydrate concentration can induce
the further desorption of boron-containing groups

from the PVA surface, which results in its complete
regeneration [22].

The response of the polymers covalently modified
by phenylboronic acid or its derivatives is based on the
same principle. The main distinction is that the carbo-
hydrates determined in the solution are directly bound
to the functional groups of the polymer; i.e., the
chemisorption of the carbohydrates occurs [9]. How-
ever, as mentioned previously, the cost of phenylbo-
ronic acid and its derivatives is fairly high, and the
modification of the known polymers by organic
reagents of this class proceeds sometimes in several
stages each of which is associated with the necessity to
remove excesses of participants of the reaction [32],
which results in still higher increasing cost of the pro-
duced sensitive units. The application of polyalcohols
impregnated with boronic acid or its salts, which are
more available and cheaper reagents, and simplicity of
the impregnation stage make it possible to use the pro-
cedure proposed for carbohydrate determination in
almost all laboratories and mobile stations engaged in
out-of-laboratory analysis.

Acidity effect on the degree of swelling of PVA-20 in
carbohydrate solutions. As in any case of complexation
involving the ligand representing a weak acid, the
acidity of the solution exerts a substantial effect on the
formation of ester chelates. We obtained the depen-
dence of the equilibrium volume of the PVA granules
on the pH of a phosphate buffer containing glucose
and sucrose in a concentration of 40 mmol/dm? in the
presence of 0.05 mol/dm? Na,B,0, (Fig. 1). It is seen
from the plot that the volume of the granules stored in
glucose solutions decreases with increasing pH from
7.5 to 8.5 and remains approximately constant in the
range from 8.5 to 10.0. This effect can be related to an
increase in the fraction of deprotonated alcohol
groups of glucose and, as a consequence, to an easier
ligand exchange process. The formation of a boron
complex with PVA is more favorable at the pH higher
than 10.0 due to an increase in the fraction of depro-
tonated hydroxyl groups of the polymer, which results
in a reverse increase in the granule volume. It should
be mentioned that no response to sucrose is observed
in the pH range from 8.0 to 10.5. This can be associ-
ated with a weak ability of sucrose to form complexes
with boron because of the absence of cis-diol frag-
ments in the carbohydrate molecule. For the further
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Fig. 1. Relative volume of the PVA-20 granules in solutions
of (1) sucrose and (2) glucose as a function of the acidity of
the medium; phosphate buffer, Ceimponydrate =

0.04 mol/dm?, Cny,p,0, = 0.05 mol/dm>.

study of the behavior of the PVA granules in glucose
solutions, we chose pH 8.5 for the buffer solution.

Swelling kinetics of PVA-20 in glucose solutions.
When determining the concentration of the dissolved
substances using sensitive polymers, it is necessary to
store them in a solution of the sample to the state of
equilibrium. This is often accompanied by a loss in
express analysis, since for a series of polymers the time
of achieving the equilibrium degree of swelling is more
than 30 min and, in some cases, several hours. There-
fore, it is proposed to use data on the kinetics of
changing the polymer gel volume with analytical pur-
poses.

The swelling kinetics of the PVA-20 granules
during their transfer from the stock solution to a glu-
cose-containing solution was studied in this work. The
obtained kinetic data are shown in Fig. 2. The depen-
dences represent the descending curves reaching equi-
librium, which confirms the formation of additional
transversal cross-linkages in the granules through the
boron atom. Thus, the compression rate of the gran-
ules is defined by the desorption rate of boron from the
PVA surface (from the viewpoint of the quasi-homo-
geneous model of the polymer gel structure). This
means that the curves cannot be described in the
framework of the classical heterophase model of the
polymer gel structure [20], since this model ignores
the chemisorption or chemidesorption of the sub-
stances dissolved in water. Note that this is impercep-
tible on the curve corresponding to a glucose concen-
tration of 1 mmol/dm?, because this concentration is
lower than the detectability threshold for glucose. It is
seen that about 30 min are needed to achieve the equi-
librium degree of swelling of the granules, which is
substantially lower than that of unmodified PVA.
Probably, the replacement of PVA by the matrix that
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Fig. 2. Kinetic curves of the change in the volume of the
PVA granules upon their dislocation from the stock solu-
tion to solutions of glucose: Cypyeose = (1) 1, (2) 8, and
(3) 40 mmol/dm>.

forms less stable complexes with boron would addi-
tionally decrease this parameter.

One of the important factors of using granules as
sensitive units is reversibility of the swelling when
transferring from the solvent to solution and back. The
kinetic curves of the direct and backward experiments
are presented in Fig. 3 and show that a PVA-20—tetra-
borate system is reversible. This is especially signifi-
cant for manufacturing sensor devices based on the
PVA—tetraborate interaction and designed for multi-
ple use, which allows researchers to perform measure-
ments under the repetition conditions.

When analyzing real objects, another useful appli-
cation of the swelling kinetics of polymer gels is a pos-
sibility to determine several simultaneously present
analytes [18]. In this case, the kinetic curves are con-
sidered as multidimensional data, and the use of
mathematical algorithms, such as multiple linear

1

0 1000 2000
f,s

3000 4000

Fig. 3. Kinetic curves obtained in the (/) direct and
(2) backward experiments; Cyj;cose = 40 mmol/dm”.
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Fig. 4. Relative volume of the PVA-20 granules as a function of the glucose concentration: (a) Cy,,p,0, = 0.05 mol/dm3 and

(b) aqueous solutions of glucose; phosphate buffer, pH 8.5.

regression, regression on principal components, and
the fractional least-squares method, would make it
possible to solve similar problems.

Calibration plot for glucose determination and esti-
mation of the detectability threshold. The calibration
plot (Fig. 4a) was constructed for the quantitative
determination of glucose and estimation of its detect-
ability threshold. The plot represents the dependence
of the relative equilibrium volume of the PVA granules
on the glucose concentration in the presence of
0.05 mol/dm? Na,B,0, at pH 8.5 in the range of glu-

cose concentrations from 0 to 40 mmol/dm?3. The ear-
lier obtained data [20] were used to construct the
dependence of the minimum depth on the kinetic
curves on the glucose concentration in an aqueous
solution in the range from 0 to 2 mol/dm? (Fig. 4b).

Both plots shown in Fig. 4 are linear concentration
dependences of the analytical signal in the chosen
concentration ranges. The detectability threshold of
glucose was found to be 6.9 mmol/dm? in the presence
of sodium tetraborate in the solution and 0.2 mol/dm?
in the absence of sodium tetraborate. In other words,
the sensitivity of glucose determination due to the use
of PVA complexation with boron in a weakly alkaline
medium increases by nearly 30 times, which makes it
possible to perform analyses in such a concentration
range where the activities of water of the stock solution
and that of the sample solution are almost equal.
Owing to this, the polymer would not react to other
substances dissolved in water. This implies a high
selectivity to carbohydrates. In addition, unmodified
PVA responds to both glucose and sucrose, and the
sensitivity to sucrose is twice as high as that to glucose,
whereas the selectivity to one carbohydrate can be
achieved by the variation of the pH of the solution as
shown previously when PVA modified with sodium
tetraborate is used. Therefore, the use of the complex-
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ation of boron with PVA followed by the ligand
exchange results in a significant increase in the selec-
tivity and sensitivity of the polymer to carbohydrates
and allows the determination from equilibria data in
the corresponding concentration range to be per-
formed for such glucose-containing food products as
honey, fruits, vegetables, and vitamin complexes and
medical syrups for children.

Thus, we studied the possibility of application of
polyvinyl alcohol impregnated with a sodium tetrabo-
rate solution for the determination of concentrations
of carbohydrates (glucose and sucrose) dissolved in
water. The material demonstrated a high selectivity for
the determination of the glucose concentration in a
weakly alkaline medium in the presence of sucrose
and a sensitivity sufficient for an analysis of such food
products as honey, vegetables, fruits, confectionery,
etc. The selectivity is achieved by the variation of the
pH of the solution in the range from 8.5 to 10.0. Fur-
ther we are planning to study swelling of PVA granules
with boron complexes formed on the surface in solu-
tions of other carbohydrates. The main restriction of
the optical micrometry method is a broad confidence
interval for the measured analytical signal, which can
be associated with the nonuniformity of the cross-
linking reagent distribution inside the granules of one
set or their nonideal sphericity. The most probable
area of application of this polymer would be manufac-
turing from it photon-crystalline and holographic sen-
sors and the development of approaches to an analysis
of food products using the PVA granules.
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