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Abstract

An on-column affinity smart polymer gel glucose sensor was developed as a non-
enzymatic glucose sensor. A copolymer of 3-acrylamidophenylboronic acid and acrylamide,
the so called “smart polymer”, was synthesized in situ in a 5 cm long capillary tube with a
detection window to provide the on-column detection. The optical density of this
semitransparent affinity smart polymer gel, coated inside the tube, decreased with increasing
glucose concentration and was detected using a UV-Vis detector at 500 nm. The capillary
tube was incorporated into a flow injection system. Under optimum conditions, a linear
dynamic range of 0.5-16.0 mM with a limit of detection of 0.5 mM (S/N > 3) was obtained. A
single coated affinity smart polymer gel had good stability for up to 250 consecutive
injections with relative standard deviation of less than 5%. The analysis time for each
injection was 6 minutes. Ten‘ glucose samples prepared in distilled water were analyzed by
the developed method and the results compared well with those obtained from the
conventional dinitrosalicylic acid (DNS) method (P>0.05). Real urine samples with known

glucose levels were analyzed and the developed sensor provided comparable results to those



27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

from the normal strip test technique. Acceptable percentage recoveries, rang

to 103+4% from the spiked urine sample, were obtained.

Keywords: non-enzymatic glucose sensor, on-column detection, phenylboronic acid, affinity

smart polymer gel

1. Introduction

The determination of glucose is very important in various processes, for example, the
monitoring of glucose level in either blood or urine for the treatment of diabetes or the
monitoring of cell growth in biotechnology and food industries where glucose is the primary
carbon source in most fermentation processes [1, 2]. The most commonly used method is by
an enzyme based sensor [3] because of its high selectivity to glucose. However, one of the
major problems is the low stability of the test enzymes. Their activities can be easily affected
by temperature, pH, humidity and toxic chemicals [1, 4-6]. Moreover, immobilization of an
enzyme on the electrode surface is needed and this may also decrease enzyme activity [6]. In
addition, the amount of dissolved oxygen in the sample can affect the accuracy of the results
and needs to be controlled [1, 4, 7]. For these reasons, a non-enzymatic glucose sensor has
been considered to overcome the previously mentioned drawbacks [6, 8]. One interesting
approach is the use of a smart polymeric material containing a glucose selective ligand, such
as phenylboronic acid [9, 10] because the smart polymer can reversibly change its physico-
chemical property according to the change in glucose concentration [11-14].

A number of phenylboronic acid based smart polymeric glucose sensors have been
studied in the past few years. Kabilan and co-workers constructed a holographic sensor that
showed a wavelength shift after binding with glucose [11]. This sensor worked well at pH

9.0. In the same year, the same group improved their holographic sensor to be able to operate
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at under pH 7.4 by changing the monomer from 4-vinylphenylboronic acid to 3-
aminophenylboronic acid [12]. This supported a former finding that incorporation of an
amino group into a phenylboronate polymer protected the borate-diol complex from
hydrolysis under physiological conditions of pH [2, 15]. In our earlier work, we also
presented an optical polymeric gel glucose sensor by detecting the optical density change (at
500 nm) of the copolymer of 3-acrylamido phenylboronic acid and acrylamide coated on a
glass slide in the presence of glucose. However, the response time of the sensor, 40-60
minutes, was too slow for practical use [13, 14].

In this article, we have proposed a capillary microfluidic flow injection system to
overcome such a limitation. The concept is based on the advantages of the microliter flow
detection system employed in both micro-high performance liquid chromatography (p-
HPLC) and capillary electrochromatography (CEC) because such a system uses a small
column, a minimal amount of mobile phase, a small sample volume and on-column detection.
This was applied in combination with the convenient detection of the change in optical
density of the affinity smart polymer gel in the presence of glucose. This was done by
incorporating a small capillary, with an inside coating of the smart polymeric gel network,
into a flow injection system. Glucose was then passed through the polymeric network of the
smart polymer gel coated inside the capillary instead of only on the polymer surface as in the
earlier work [13, 14]. It was expected that the analysis time would be improved and the shape
of the signal would be easier to handle. To obtain the highest sensitivity of the sensor, the
affecting parameters were first optimized and the analytical performances of the sensor were
then evaluated. The developed sensor was then applied for the analysis of glucose in real

samples, i.e., glucose in urine samples.
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2. Experimental
2.1 Materials

3-Aminophenylboronic acid monohydrate (98% purity), D-galactose, D-mannose,
sucrose and lactose were from Aldrich (St. Louis, MO, USA). Acrylamide (>99% purity),
N,N,N',N-tetramethylethylenediamine (TEMED) (99% purity), ammonium persulphate (> 98%
purity) were the products of Sigma Chemical Co. (St. Louis, MO, USA). Acryloyl chloride (>
96% purity) and D-(+)-glucose anhydrous were obtained from Fluka (Stienheim, France).
Sodium hydroxide and hydrochloric acid were from LAB-SCAN Analytical Science,
(Labscan Asia Co., Ltd., Bangkok, Thailand). Sodium dihydrogen orthophosphate and
disodium hydrogen orthophosphate were products of APS Finechem (NSW, Australia). N-
acryloyl-m-aminophenylboronic acid (NAAPBA) was prepared as described elsewhere [16].
Fused silica capillary tubings with various internal diameters (I.D.) were from Polymicro

Technology (Arizona, USA)

2.2 Instrumentation

The flow injection system (Fig. 1a) consisted of a pump (400 Solvent Delivery
System, Applied Biosystem, USA) to drive the carrier buffer, an injection valve (6 port valve,
Valco Instruments Co. Inc., USA) where the sample and regeneration solutions were
introduced and a UV-Vis detector (757 Absorbance Detector, Applied Biosystem, USA) for
on-column detection. The detection window in the middle of the coated capillary was
positioned at the level of the detection cell (Fig. 1b). The on-column detection was based on

the optical density change caused by the swelling and shrinking of the gel, observed at 500

nm [13-14].
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2.3 Procedures
2.3.1 In situ synthesis of the on-column affinity smart polymer gel

To obtain the affinity smart polymer gel of a 3-acrylamidophenylboronic acid
acrylamide copolymer (NAAPBA-co-AA), 9.6 mg of NAAPBA and 30.6 mg of acrylamide
were dissolved in 0.5 mL of ultrapure water at 60°C. The mixture was gently agitated by
manual shaking for dissolution. Two microliters of TEMED was added and gently agitated by
manual shaking for 1 minute for the solution to be completely mixed. The solution was then
degassed by purging with nitrogen. This solution was the “monomer mixture”. The “initiator
solution” was prepared by dissolving 19.9 mg of ammonium persulphate in 0.5 mL of
ultrapure water.

A fused silica capillary tube, 5 cm long with an 1D. of 0.32 mm, was first
used to optimize the affecting parameters. A detection window was made in the middle of the
tube by heating the capillary with a custom-made heating coil. In this process, an
approximately 2 mm length of the polyimide layer was removed from the tubes outer surface
leaving a clear portion of the capillary for the on-column UV detection window.

Twenty microliters of the monomer mixture was mixed with 10 pL of the
initiator solution. One end of the capillary tube, with its detection window, was immediately
dipped into the solution and the solution was drawn into the tube by capillary action. This
amount of solution could prepare 3 tubes. After a few minutes the semitransparent affinity
smart polymer gel was formed inside the capillary without further treatment, ready to be set
into the flow injection system. Phosphate buffer which was used as the carrier buffer in the
flow injection system was run through the three serially connected coated tubes for 30
minutes to stabilize the coated gel and to flush any remaining excess monomer mixture out of

the tubes. The tubes can be stored at room temperature before use.
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2.3.2 Detection principle of the sensor

In principle, the functional groups of the phenylboronic acid affinity smart
polymer gel exist in equilibrium between the neutral trigonal planar and tetrahedral anionic
forms. Glucose favors binding to the charged form. Therefore, when the concentration of
glucose increases, the equilibrium shifts increasingly towards the direction of the charged
borate. The concentration difference between ions in the gels and those in the surrounding
solution induces the Donnan potential and results in the swelling of the affinity smart
polymer gel [14]. The level of swelling is reflected by the decrease in the measured optical
density. Since the binding of boronic acid with glucose is by a reversible covalent bond,
when glucose is released from the affinity smart polymer gel, the gel shrinks and the optical
density returns to the original signal prior to the binding.

With this principle, the carrier buffer was initially passed through the affinity
smart polymer gel to obtain the absorbance baseline (Fig. 2 inset). When the standard
solution of glucose was injected, the binding of glucose and phenylboronic acid in the affinity
smart polymer gel caused the gel to swell. At this moment the observed optical density
decreased. The chart recorder (BBC Goerz Metrawatt, Australia) was connected in such a
way that the measured signal (mV) will rise when the optical density decreases, (signal “a” in
Fig. 2 inset). Since the binding between glucose and phenylboronic acid is favored by a basic
solution, an acidic solution (phosphate buffer with an acidic pH) was employed to speed up
the release of glucose from the gel and to allow the gel to be reused. This regeneration
solution was introduced into the system via the injection valve; the dissociation between
glucose and phenylboronic acid caused the gel to shrink. This could be observed by the rapid
decrease of the signal (signal “b” in Fig. 2 inset). After the flow of the carrier buffer the pH
was quickly adjusted and the optical density returned to the original baseline within a few

seconds (signal “c” in Fig. 2 inset) and the next analysis can be immediately performed.
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To obtain the best performance of the sensor, affecting parameters such as the
concentration and pH of the carrier buffer and regeneration solutions, carrier flow rate and
sample volume were optimized (Table 1) by varying a single parameter and keeping others
constant. The highest signal with the shortest analysis time was used as the criteria to select
the optimum conditions. Under optimum conditions, performances of the sensor, for

example, linearity, limit of detection, accuracy, and precision were evaluated.

2.3.3 Methods comparison
In order to compare the performance of the on-column affinity smart polymer
gel sensor with the conventional method, 10 glucose samples, prepared in distilled water so
that any matrix effect was minimal were first tested. Each sample was analyzed with the
developed sensor and the conventional dinitrosalicylic acid (DNS) method [17] based on the
oxidation of the aldehyde functional group present in glucose and the reduction of 3,5-
dinitrosalicylic acid in an alkaline solution. The absorbance of the red-brown color compound
of 3-amino, S-nitrosalicylic acid was measured at 575 nm with a spectrophotometer. The
results analyzed by both methods were statistically tested with the Wilcoxon Signed Rank

technique.

2.3.4 Real sample analysis
Three urine samples from Songklanagarind Hospital, Hat Yai, Thailand were
analyzed. The samples were first passed through a filter paper (Whatman® grade 1, pore size
11 pm, Whatman International Ltd., Maidstone, England) to remove any particulates. Urine
samples spiked with a series of standard solutions of glucose were prepared to produce a
matrix matched calibration curve to investigate the matrix effect [18]. A standard curve was

also prepared using standard glucose solution. The slopes of the two curves (standard and
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matrix matched curves) were compared. If there is a significant difference between the
slopes, the matrix matched calibration curve will be used for the analysis of glucose in real
samples. The obtained concentrations of glucose in the urine samples as analyzed by the
affinity smart polymer gel sensor were then compared with the values obtained from the
hospital, analyzed using the strip test (ARKRAY AUTION™ Sticks, ARKRAY, Inc. Kyoto,

Japan), and the recoveries were calculated followed the EURACHEM guideline [18].

3. Results and discussion
3.1 Affinity smart polymer gel morphology

The morphology of the affinity smart polymer gel as observed by scanning electron
microscopy (SEM) (JSM 5200 microscope, JEOL, USA) showed a porous three dimensional
network (Fig. 1¢). This connected network of pores and channels allows fluid to flow through
the gel inside the capillary tube. This porous network also provides a high surface area for the

binding between glucose and phenylboronic acid.

3.2 Optimization of the on-column affinity smart polymer gel sensor
3.2.1 Flow injection system

To obtain the best performance, parameters affecting the binding between the gel and
glucose in the flow injection system were optimized as follows.

3.2.1.1 Concentration and pH of regeneration solution

Since glucose prefers to bind with borate in the charged form rather than with

its neutral form, in the acidic pH range a reversible reaction will occur and glucose will be
rapidly released from the binding. To obtain the quickest dissociation of the binding between
glucose and phenylboronic acid, the regeneration solution was optimized. The concentrations

of phosphate buffer used for the regeneration were investigated at 15, 20, 25 and 30 mM,
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each with pH values of 5.00, 5.50, 6.00, 6.50 and 7.00. The initial conditions were: carrier
buffer 10 mM phosphate buffer at pH 7.30, sample volume 200 pL and sample flow rate 0.05
mL min™.

Neither the concentration nor the pH had a significant effect on the peak
height but had some effect on the analysis time. When the pH was decreased from 7.00 to
5.00, the dissociation time (time from point “1” to “2” of signal 4 in Fig. 2 inset) between
glucose and phenylboronic acid decreased from a few minutes to a few seconds while the
return to the baseline time increased. In the case of the concentration, the higher the
concentration the shorter was the time to return to baseline. For example, at 15 mM pH 5.50,
the return to baseline time (time from point “2” to “3” of signal ¢ in Fig. 2 inset) is 10
minutes, whereas it only took 5 minutes for the 20 mM to 30 mM buffer. Therefore, a 20 mM
regeneration phosphate buffer at pH 5.50 was used for further optimization since it provided

a relatively fast dissociation time (15 seconds) and a short time to return to the baseline (5

minutes).

3.2.1.2 Concentration and pH of carrier buffer

The concentrations of carrier phosphate buffer were investigated at 10, 15, 20
and 25 mM each with pH ranges from 7.00 to 8.00, at 0.25 intervals of pH. The optical
density change increased with buffer concentration from 10 mM to 15 mM for all studied
pHs then leveled off for higher concentrations, whereas the optical density change increased
with pH for all concentrations (Fig. 3). This is because in the basic range phenylboronic acid
is mostly in the charged form favoring glucose binding. For all concentrations, when the pH
was increased from 7.50 to 7.75, the optical density increased by 3.8+0.3 times while the
increase of pH from 7.75 to 8.00 increased the optical density change by only 1.3+0.1 times.

Therefore, 15 mM phosphate buffer pH 7.75 was chosen for further experiments.
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3.2.1.3 Sample volume and carrier flow rate

Sample volumes of 100, 200, 300 and 400 pL and a carrier buffer flow rate of
0.02 to 0.10 mL min™' (0.02 mL min™ interval) were then simultaneously optimized. For all
sample volumes, the smaller the flow rate the higher and broader was the peak. The analysis
time was also longer. For example, the signal from a 100 pL. volume at 0.02 mL min"' was
15.540.2 mV with an analysis time of 11 minutes whereas for 0.10 mL min” the signal was
only 6.5+0.3 mV with a 2 minute analysis time. This is because at a slower flow rate, glucose
has a longer time to be retained and to interact with the phenylboronic acid. For a larger
sample volume, the signal was higher with a longer analysis time. For example, at a 0.10 mL
min”' flow rate , when the sample volume was increased from 100 pL to 400 uL, the signal
increased from 6.5+0.3 mV (2 minutes) to 14.9+£0.7 mV (5 minutes), respectively. Creating
the right balance between a high signal and a short analysis time, a sample volume of 300 pL
and a flow rate of 0.08 mL min™' were selected for further use.

All optimized parameters and their optimum values are summarized in Table
1. With these conditions the analysis of glucose can be complete within 6 minutes and a

signal of 15.6+0.3 mV from a glucose concentration of 10.0 mM was obtained.

3.2.2 Internal diameter of the on-column affinity smart polymer gel sensor

The effect of the [.D. of the capillary tube (0.25 mm, 0.32 mm and 0.53 mm) on the
sensitivity (slope of the calibration curve) of the on-column affinity smart polymer gel
glucose sensor is shown in Fig. 4. The wider capillary tube provided a higher sensitivity. This
was because the larger tube can accommodate more affinity smart polymer gel that can
interact with glucose and result in a higher optical density change. In addition, the wider tube

also provided a longer path length for the light resulting in an increase in the sensitivity

according to Beer’s law.
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However, when the glucose standard solution higher than 8.0 mM was injected into
the 0.53 mm capillary tube, the signal leveled off from the linear range at a rather low
glucose concentration (10.0 mM) (Fig. 4). During this time, some gel was observed to be
emerging from the tube at the outlet of the flow injection system. This might be because the
affinity smart polymer was only maintained inside the tube by physical adsorption without
any cross-linking agent, and the polymeric network of the gel formed inside the capillary tube
is physical cross-linked during polymerization [13, 19]. Therefore, with a wider tube, it is
likely that the gel in the middle could be removed from the capillary tube during the swelling
especially at higher concentration of glucose when there is more swelling. After some of the
poated gel was removed, the optical density change did not increase with glucose
concentration resulting in a narrower linearity and higher RSDs. Even though the 0.53 mm
[.D. provided the highest sensitivity, in order to maintain the repeatability of the signal at the

higher concentration, the 0.32 mm L.D. capillary was selected for further investigations.

3.3 Analytical performance and method validation
3.3.1 Linearity and limit of detection

Using the optimum conditions (Table 1), the linearity of the on-column affinity smart
polymer gel sensor was evaluated by injecting glucose standard solutions from 0.5 mM to 18
mM (Fig. 2). The optical density changes were plotted against the concentrations of glucose
(data not shown). The linear dynamic range was found to be between 0.5 and 16.0 mM
[y(mV) = (7.140.2) x(mM)- (4+2), R*= 0.994] with a limit of detection of 0.5 mM (S/N > 3).
These detection range and detection limit are comparable to some recent glucose sensors
based on phenylboronic acid [20-22]. However, the method proposed in this work is easy; the

detection of glucose is simple and possible to be carried out automatically.
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3.3.2 Intra- and inter-day precisions

The sensor precision was evaluated within a single day (intraday precision) and on
three consecutive days (interday precision). On each day, 15 repetitive injections of an 8.0
mM standard glucose solution (midpoint of the linear dynamic range) were performed with
the same coated gel. For the intra-day precision, the relative standard deviations were 3.7%,
1.5% and 2.5% for the first, second and third days, respectively. The inter-day precision was
then calculated based on the same data as the intra-day precision and the relative standard
deviation of 2.8% was obtained [23]. Both sets of these values indicated that the on-column

affinity smart polymer gel sensor provided acceptable precision as recommended by AOAC

(RSD of 3.7% at the concentration of 8.0 mM glucose) [24].

3.3.3 Operational stability of the smart polymer gel sensor

The operational stability was studied for the number of injections that a single coated
affinity smart polymer gel could be used. The standard solution of glucose (8.0 mM, the
middle point of the linearity) was consecutively injected into the flow system. Peak heights
obtained from each injection were converted into a percentage response based on the 100%
response of the first injection. The plot between percentage responses against the number of
injection (Fig. 5) showed that for the affinity smart polymer gel the average response for 250
injections was 98+5%. With this injection numbers, the responses are within +10% (t.10) of
the signal from the first injection [23]. The reduction of the signal was only 0.036% for each
injection showing a very good repeatability with a relative standard deviation of 5%. This
250-times-injection was therefore considered to allow for enough use for each sensor and to
finish at least one set of experiments. In addition, the proposed sensor does not need to be

stored at 4°C as is always the case for an enzyme based sensor. As reported in the previous
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work, a freshly prepared affinity smart polymer gel can be used every day for at least one

month without changing its sensitivity [14].

3.3.4 Tube-to-tube coating reproducibility

The tube-to-tube coating reproducibility of the affinity smart polymer gel was studied.
Six capillary tubes were coated with the same monomer mixture and initiator solution and
tested in the flow injection system using 1.0-16.0 mM standard solutions of glucose. The
sensitivity (slope of the calibration curve) obtained from each tube was compared. The results
in Fig. 6 showed that the sensitivities of each gel are significantly different. This might be
because the coating of the gel inside the capillary tube merely relies on the physical
adsorption on the capillary wall surface. When the capillary tube was set into the flow
injection system and the carrier buffer was initially passed through the gel, some parts of the
gel that were not directly attached to the surface might be lost with the buffer resulting in a
different amount of gel inside the tube leading to the different sensitivities. However, with the
operational stability of 250 times (reported in section 3.3.3) the different sensitivity from the
different coating tube will not cause any problem since at least one set of experiment can be
finished with the use of a single coated affinity smart polymer gel. In the case where
fabrication reproducibility is required, chemically attachment of the polymer gel to the
surface might be employed. For example the capillary surface could be silanised and then
cross-linked with the polymer gel. Additional cross-linking agent could also be added to
provide the chemical cross-linked within the polymer gel [13]. With this procedure, the

coating reproducibility might be improved.
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3.3.5 Selectivity of affinity smart polymer gel

It is well known that phenylboronic acid is a ligand that can form a reversible
covalent bond to a variety of cis-diol containing compounds [12, 25-26]. Therefore, any
sensor system utilizing boronic acid ligands could be susceptible to interference from
competing cis-diol containing compounds in the sensing environment. The degree of cross-
reactivity of the on-column affinity smart polymer gel to other saccharides was then studied.
Mannose and galactose were two monosaccharides selected for this test since they have
similar structures to glucose. Sucrose and lactose were the two disaccharides that were also
used in this investigation.

A calibration curve was prepared for each sugar in the concentration range of 1.0 to
16.0 mM. Only the response to glucose provided the linear relationship from 1.0 mM to 16.0
mM whereas the linear dynamic ranges obtained from mannose, galactose, sucrose and
lactose were 4.0-16.0, 1.0-8.0, 2.0-8.0 mM and 4.0-16.0 mM, respectively. The sensitivities
of the on-column affinity smart polymer gel are shown in Fig. 7.

As can be seen the affinity smart polymer gel sensor was not selective for glucose,
and this agreed well with previous work [14, 26]. This sensor responded to mannose and
galactose with almost similar sensitivity whereas the sensitivities to sucrose and lactose were
very poor (almost 9 times lower). This is probably because of the steric effect caused by the
presence of a glycosidic bond and the fact that certain diol groups were no longer available
for binding [12]. Therefore, the benefit of this newly developed sensor is to be used as a
glucose, mannose or galactose sensor where it is known prior to the test that either of these
sugars are the only monosaccharide present , or it could be used as a monosaccharide
screening sensor. For example, it can be used for on-line monitoring of glucose in a

bioprocess or fermentation process. To improve the selectivity future work might include the
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3.3.6 Comparison with dinitrosalicylic acid (DNS) method

In order to compare the performance of the on-column affinity smart polymer gel
sensor with the conventional method, 10 glucose samples in the range of 5.0-50.0 mM,
prepared in distilled water where the matrix effect is minimal were tested. These glucose
concentrations are within the determination range of the strip test technique (2.8- 55.0 mM)
[28]. Each sample was analyzed with the smart polymer gel sensor and the conventional DNS
method [17]. Each sample was diluted with the different dilution factor to obtain the
concentration in the linear range and analyzed by both methods. The obtained signals were
converted to glucose concentrations by the linear equation of the calibration curve of each
technique and multiplied by the dilution factor. The comparison of glucose concentration
from both methods was shown in Fig. 8. Using the Wilcoxon Signed Rank test, it was found

that there is no significant difference between the two methods at the confidence level of 95%

(P>0.05).

3.3.7 Real sample analysis

To confirm the applicability of the on-column affinity smart polymer gel sensor for
the analysis of glucose in real samples, the developed method was used to detect urine
glucose. Although, the monitoring of glucose in urine cannot be used to substitute for blood
glucose, it can still provide useful information when blood glucose monitoring is not
available [29-30]. Three urine samples obtained from the Songklanagarind Hospital, Hat Yai,

Thailand were analyzed.
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The samples were filtered and first tested to see if there was any effect due to the
matrix. Filtered samples were spiked with three different concentrations of glucose to
produce the matrix matched calibration curve (4 calibration points including unspiked urine
samples with 3 replications for each concentration). The slopes of these matrix matched
calibration curves were compared with that of the standard curve. The significant difference
was determined using two ways ANOVA by R software [31]. The result showed that the
slopes of the matrix matched and standard curves were significantly different (P>0.05), and
clearly indicated that the matrix had some influence on the analysis. Therefore, the matrix
matched calibration curve was used to determine the concentration of glucose in urine
samples.

The signals from three un-spiked urine samples were 9.7, 7.2 and 9.0 mV and the
corresponding linear equations were y = (5.3£0.2)x + (9.6+0.8), y = (2.8+0.2)x + (7+1) and
y = (3.120.1)x + (8.9+0.2), respectively. The concentrations of glucose in the samples were
calculated from the extrapolation of the y-intercept of the matrix matched calibration curve
obtained from each sample, and they were found to be 1.8+0.2 mM, 2.5+0.4 mM and 2.8+0.1
mM for samples no. 1, 2 and 3, respectively (Table 2). The results of these three samples
provided by the hospital using the strip test were labeled at “trace level” (Table 2) meaning
that the concentrations of glucose in urine samples were less than 50 mg dL! (2.8 mM)
which is the limit of detection of this strip test [28]. In other words, the lowest concentration
of glucose that can be reported by the strip test is 2.8 mM. Whereas the proposed sensor, that
provided a 5.6 times lower detection limit, could report the lowest concentration of glucose at
0.5 mM.

Normally the concentration of glucose in urine is between 0.0-0.8 mM and when
glucose blood level exceeds the renal threshold of 10 - 12 mM, it is excreted in the urine.

This may indicate the presence of renal glycosuria or diabetes mellitus [32]. Therefore, if the



399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

17

method used to determine the concentration of glucose can provide more quantitative results,

it will provide further useful diagnostic information. From the results, the proposed sensor
can indicate very low quantitative concentrations that are normally identified only as “trace
levels” in the normal strip test.

To further validate the system, the recoveries were tested and calculated according to
the guideline from EURACHEM [18]. The concentration found in spiked urine sample was
subtracted with that of un-spiked sample and it was then divided with the fortified
concentration. The recovery was obtained by multiplying this value by a hundred. The

recoveries were obtained in the range of 88+2 to 103+4 (Table 2).

4. Conclusions

A simple on-column detection, non-enzymatic glucose sensor, based on the use of an
affinity smart polymer gel containing a chemoselective ligand, phenylboronic acid, was
obtained. This affinity smart polymer gel sensor provided good operational stability; a single
sensor can be reused up to 250 times with only a 0.036% reduction of the signal for each
injection and a short analysis time of 6 minutes per analysis. The limit of detection of the
sensor (0.5 mM) is suitable for analysis of glucose in several types of samples, such as urine,
human serum or cell growth media. Especially for glucose monitoring in urine, the developed
sensor provide more than a factor of 5 lower detection limit compared with that of the strip
test. Even though this affinity smart polymer gel does not display specificity to a particular
monosaccharide, in the case where it is known a priori that any of these would be the
dominant sugar, this sensor would be suitable. For example the use of this sensor to
determine glucose in the urine and blood as well as in some bioprocess where glucose is used

as the primary carbon source in cell growth media.
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Figure captions

Fig. 1 Schematic diagram showing the on-column affinity smart polymer gel glucose sensor
flow injection system (a), pictures of the detection cell and the coated smart polymer gel

capillary with the detection window in the middle (b) and a scanning electron microscopy

image at 1500x magnification of the gel (c).

Fig. 2 Characteristics of the sensor signals at various concentrations of glucose. Inset; the
optical density change after (a) 6.0 mM glucose was injected, (b) regeneration solution was
injected to the flow injection system, (c) pH adjusted to its original value. Analytical
conditions: sample flow rate 0.08 mL min™, sample volume 300 pL, carrier buffer 15 mM
phosphate buffer pH 7.75, regeneration solution 20 mM phosphate buffer pH 5.50, detection
wavelength 500 nm. The time taken between points 1 and 2 is the dissociation time and

between point 2 and 3 is the return to baseline time.

Fig. 3 The effect of pH and concentration of carrier phosphate buffer on the signal of the on-
column affinity smart polymer gel glucose sensor. Analytical conditions: sample flow rate
0.05 mL min™', sample volume 200 uL, regeneration solution 20 mM phosphate buffer pH

5.50, glucose concentration 8.0 mM, detection wavelength 500 nm.

Fig. 4 The effect of the internal diameter (1.D.) of the capillary tube on the sensitivity of the
on-column glucose sensor. Three replications were done for each point of the calibration
curves. Analytical conditions: sample flow rate 0.08 mL min”', sample volume 300 uL,

carrier buffer 15 mM phosphate buffer pH 7.75, regeneration solution 20 mM phosphate

buffer pH 5.50, detection wavelength 500 nm.
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Fig. 5 The operational stability of the affinity smart polymer gel. Analytical conditions:
sample flow rate 0.08 mL min™, sample volume 300 pL, carrier buffer 15 mM phosphate
buffer pH 7.75, regeneration solution 20 mM phosphate buffer pH 5.50, glucose

concentration 8.0 mM, detection wavelength 500 nm.

Fig. 6 The sensitivities of six different coated affinity smart polymer gel sensors prepared
from the same coating solution. Three replications were done for each point of the calibration
curves. Analytical conditions: sample flow rate 0.08 mL min™, sample volume 300 pL,

carrier buffer 15 mM phosphate buffer pH 7.75, regeneration solution 20 mM phosphate

buffer pH 5.50, detection wavelength 500 nm.

Fig. 7 The sensitivities of the on-column affinity smart polymer gel for various saccharides.
Three replications were done for each point of the calibration curves of each saccharide.
Analytical conditions: sample flow rate 0.08 mL min™', sample volume 300 pL, carrier buffer

15 mM phosphate buffer pH 7.75, regeneration solution 20 mM phosphate buffer pH 5.50,

detection wavelength 500 nm.

Fig. 8 Comparison of glucose concentrations in samples obtained from the affinity smart

polymer gel sensor and DNS method (mean+SD, n=3)
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Table 1 Optimization of parameters for measuring glucose the on-column affinity smart

polymer gel flow injection system

Phosphate as carrier buffer
concentration (mM)
pH

Phosphate as regeneration buffer
concentration (mM)
pH

Sample volume (uL)

Flow rate (mL min’ )

10-25

7.00-8.00

15-30

5.00-7.00

100-400

0.02-0.10

15

7.75

20

5.50

300

0.08

Thammakhet et al.
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Table 2 The results from the analysis of three urine samples compared with

strip test provided by the hospital

. Affinity smart polymer gel sens

l & y 18i02 traée level® 105#1‘ 99¥1 100+6
2 2.5+0.4 trace level® 989 95£10 88+2
3 2.8%0.1 trace level” 9145 962 99+6
“n=3
® Less than 50 mg dL™' or 2.8 mM of glucose
Thammakhet et al.
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