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Abstract

A capacitive sensor for saccharide detection is described in this study. The detection is based
on selective interaction between diols and aminophenylboronic acid (APBA) immobilized on a
gold electrode. Glucose, fructose, and dextran (MW: 40 kDa) were tested with the system over
wide concentration ranges (1.0 x 108 M - 1.0 x 1073 M for glucose, 1.0 x 103 M - 1.0 x 1072
M for fructose and 1.0 x 10710 M - 1.0 x 10~> M for dextran). The limits of detection (LODs)
were 0.8 nM for glucose, 0.6 nM for fructose, and 13 pM for dextran. These data were
comparable to the others reported previously. In order to demonstrate glycoprotein detection
with the same sensor, human immunoglobulin G (IgG) as well as horseradish peroxidase were
used as model analytes. The sensor responded to IgG in the concentration range of 1.0 x 10713
M - 1.0 x 1077 M with a LOD value of 16 fM. The performance of the assay of peroxidase was
compared to a spectrophotometric assay by determining the enzymatic activity of a captured
analyte. The results showed that the method might be useful for label-free, fast, and sensitive
detection of saccharides as well as glycoproteins over a wide concentration range.
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Introduction

Saccharides are some of the most important biomolecules which play a fundamental role in
biological systems [ 1] such as cell-to-cell interactions and biological recognition [2, 3]. Moreover,
since a range of compounds are glycosylated and in some cases the level of glycosylation gives
valuable clinical information, measurement of glycosylation level is very important in biological
systems. A very clear example is to monitor the level of exposure to high glucose concentrations
over time, and measurement of glycated hemoglobin (HbA1c) which gives an integrated measure
over exposure during a period of at least 3 months [4-6]. It ought to be possible to register the
presence of this kind of glycated compounds with sensitive and convenient assays.

Biological recognition elements especially lectins have been widely used in saccharide sensors
for saccharide detection. However, boronic acid-based synthetic recognition elements are better
choices with regard to stability and cost [7]. All these advantages showed promising results for
saccharide detection. The reversible covalent interaction of boronic acids with cis-1,2- or 1,3-diols
forms very strong binding affinity for saccharides in mM or sub-mM levels. Therefore, an
increasing interest has been seen for the use of boronic acid and its derivatives as recognition
elements for saccharide detection. Applications are seen in affinity chromatography, selective
aggregation of polymers, in sensors, etc. [8—15]. Boronic acid chemistry has been employed in
various sensing strategies including colorimetry [16], fluorimetry [17-21], surface plasmon reso-
nance (SPR) [22-24], quartz crystal microbalance (QCM) [22], and electrochemistry [25-27].

The use of electrochemical techniques in saccharide detection has several advantages over
other methods such as being simple, rapid, sensitive, and low-cost analysis [28-30]. Aytac et al.
reported a potentiometric saccharide sensor based on N-phenylboronic acid substituted polypyr-
role for saccharide detection. They reported the limit of detection (LOD) values as 0.17 x 103 M
and 0.008 x 1073 M for p-fructose and D-glucose, respectively [25]. Pablos et al. reported a solid
sensory kit based on phenylboronic acid for the detection and quantification of glucose, fructose,
and dopamine. LOD value was reported as 3—4 x 10# M for three of the analytes [15].
Assemblies of the 5-amino-2-fluorophenylboronic acid-modified silver nanoparticles were syn-
thesized by Cao et al. for colorimetric sensing of glucose over a concentration range of 0-20 x
1073 M at physiological pH of 7.4 and the LOD value was reported as 89.0 x 1076 M [31].

In the present work, the aim was to develop a sensitive, label-free, and fast detection system
for saccharide detection. For this purpose, capacitive sensors were used as the detection
technology owing to their advantages including highly sensitive [32], easy and label-free
detection, low-cost, and reduced sample volume [33-36].

Materials and Methods
Materials

3-Aminophenylboronic acid monohydrate (APBA), N-hydroxysuccinimide sodium salt (NHS), 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), p-glucose, p-fructose, Dextran
from Leuconostoc spp. (Dextran 40, Mw ~40.000), sodium carboxymethyl cellulose (Na-CMC)
Mw ~90.000), and tyramine (99%, HOC¢sH4CH,CH,NH,) were obtained from Sigma-Aldrich
(Steinheim, Germany). 1-Dodecanethiol was purchased from Aldrich (Deisenhofen, Germany).
Human gamma globulin (human IgG) was purchased from Octapharma AB (Stockholm, Sweden).
Peroxidase (POD) from horseradish was purchased from Sigma-Aldrich (Deisenhofen, Germany).
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Aminophenylboronic Acid (APBA) Modification of Capacitive Gold Electrodes

In the first step, gold electrodes were cleaned with various solutions for 10 min in each step in
ultrasonic cleaner as described previously [37]. Following plasma cleaning of the electrodes
(Mod. PDC-3XG, Harrick, NY), electro-polymerization of tyramine was performed as de-
scribed in previous reports [34, 37, 38]. By this way, free primary amino groups were
introduced on the surface via the deposition of poly-tyramine.

Then, sodium carboxymethyl cellulose (Na-CMC) was dissolved in 0.05 M sodium
phosphate buffer (pH: 6.0) to a final concentration of 1.0% (w/v). Poly-tyramine coated
electrodes were immersed in this solution for 60 min at room temperature. CMC is a derivative
of cellulose formed by the introduction of carboxymethyl groups throughout the polymer
backbone. By this way, carboxyl groups were introduced on the surface of the electrode. This
treatment was parallel to what has been implemented in SPR where the sensor surface has been
modified in a similar way [39]. In the next step, for the activation of carboxyl groups,
electrodes were immersed in 1 mL of 0.05 M 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC) and 1.0 mL of 0.03 M N-hydroxysuccinimide sodium salt (NHS) in
phosphate buffer (pH: 6.0) for 2 h. NHS-activated carboxylic groups were then allowed to bind
with the primary amino groups of APBA (40 mM) in phosphate buffer (10 mM, pH: 7.0)
overnight, at room temperature. By the deprotonation of the activated carboxyl groups after
APBA treatment, tetrahedral boronate anion, which interacts with the monosaccharides to
form boronate-hydroxyl complexes, was introduced on the surface of the electrode. Finally, the
APBA-modified electrode was treated with 1-dodecanethiol (10 mM) in ethanol for 20 min in
order to ensure proper insulation of the gold electrodes.

Formation of tetrahedral boronate anions on the capacitive gold electrode after APBA
modification and interaction of these groups with saccharides and glycoproteins are shown
schematically in Scheme 1.
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Scheme 1 A Tetrahedral boronate anion formation on the capacitive gold electrode after APBA modification and
interaction of them with A saccharides and B 1gG

@ Springer



Applied Biochemistry and Biotechnology (2019) 188:124-137 127

Characterization of APBA-Modified Electrodes
Cyclic Voltammetry (CV) Studies

Cyclic voltammetry (CV) based on potentiostat/galvanostat (Autolab PGSTAT 12, Ecochemie,
Utrecht, Netherlands) was used for characterization of different immobilized layers and
evaluation of the extent of insulation of the modified surface after each step. A platinum wire
and a commercial Ag/AgCl electrode were used as the counter and reference electrodes,
respectively for CV measurements as described in previous reports [40, 41]. A solution of
KC1 (0.1 M) containing 0.1 M (K;[Fe(CN)y]) was used as the electrolyte solution as has been
reported before [38, 42].

Atomic Force Microscopy (AFM) Analysis

In order to register the change in surface morphology of bare gold electrode and APBA-
modified electrode, atomic force microscope (AFM) (Veeco Instruments Inc., USA) in tapping
mode was used. The scanning area was 10 um x 10 um and the vertical examination space
was 2.5 um in the analysis.

Scanning Electron Microscopy (SEM) Analysis

In order to characterize the surface morphology of bare electrode and APBA-modified
electrode, SEM analyses were performed with Quanta 400 F Field Emission SEM (USA).
For scanning electron microscopy, the electrodes were sputtered with gold/palladium.

Capacitive Measurements with APBA-Modified Electrode

Capacitive measurements (CapSenze Biosystems, AB, Lund, Sweden) were performed with
APBA-modified electrode inserted into the flow cell. Current pulse method was used for the
measurements [43].

Real Time Saccharide Detection with APBA-Modified Electrode

The first step in sample analysis sequence was regeneration of the surface (10 mM phosphate,
pH: 6.0) for 2.5 min. After a stable baseline was established by injection of running buffer
(10 mM phosphate, pH: 10.0), standard solutions of different concentrations of glucose (1.0 x
1078 M—1.0 x 1073 M), fructose (1.0 x 1078 M—1.0 x 1072 M), and dextran (mw 40.000 D)
(1.0x 10710 M~1.0 x 105 M) were injected into the system. When the target analyte was
captured by the electrode, this resulted in a decrease in the registered capacitance of the
system. This change was calculated as a function of time from the sensorgrams.

Real-Time Glycoprotein Detection with APBA-Modified Electrode
In order to demonstrate glycoprotein detection with the capacitive sensor, human immunoglob-
ulin G (IgG) was selected as a model glycoprotein. For IgG detection, all of the experimental

parameters were same with those used for the saccharide detection. IgG was analyzed as the
standard solutions with the concentrations between 1.0 x 10713 M and 1.0 x 1077 M.
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Comparison of Performance of APBA-Modified Capacitive System
with Spectrophotometric Assay

First of all, APBA-modified electrodes were exposed to a pulse of HRP and the change in
capacitance was registered. Then, the electrode was taken out for further analysis of HRP which
was captured by the electrode. The HRP activity was measured by incubating the capacitive
electrode with bound HRP in the substrates (TMB and hydrogen peroxide) [44]. First: 250 pl of
a solution containing 1 mgmL™ of HRP was injected into the APBA-modified capacitive
system and the capacitive change was registered. The amount captured was evaluated based on a
calibration curve of signal amplitude vs concentration of HRP. Then, the electrode was removed
without washing and incubated in 3.0 mL of substrate solution of TMB (0.416 uM) and
hydrogen peroxide (0.832 uM) in phosphate buffer (10 mM, pH 7.0) at room temperature
(25 °C). The activity was measured by registering at 650 nm. One enzyme unit was defined as
the amount of enzyme converting 1 wmol of TMB per minute at 25 °C and pH 7.0.

Results and Discussion

In the first step, the electrodes were coated with poly-tyramine layer. Then, carboxyl groups
were introduced on the poly-tyramine layer by immobilizing carboxymethyl cellulose (CMS)
and the carboxyl groups were activated by treatment with a mixture of 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS) activation procedure. In the last step, aminophenylboronic acid (APBA) was
immobilized on the NHS-activated surface. After detailed characterization of the APBA—
modified electrodes, saccharide detection was performed from aqueous solutions of glucose,
fructose, and dextran. Since the boronate functionalized sensor platform can interact with
sugar ligands through covalent binding on the 1,2-cis-diol of glycol structure, immunoglob-
ulin G (IgG) was chosen as a model glycoprotein to investigate the glycoprotein detection
with the developed system. In the last step, performance of APBA-modified capacitive
system was compared with the spectrophotometric method by comparing the amount of the
captured glycoprotein, HRP, which is enzymatically active, to the registered enzymatic
activity of the captured enzyme.

Surface Characterization of APBA-Modified Electrodes

Surface characterization of APBA—modified electrodes was performed by using the methods
listed below.

Proper insulation of the electrode surface is crucial in capacitive measurements [45,
46]. The degree of insulation of the electrodes was investigated by cyclic voltammetry
(CV) using Fe(CN)g* 73~ as the permeable redox couple. The scan range was between —
0.3 and + 0.8 V and the scan rate was 0.1 V-s~!. The results are shown in Supplementary
Information (S.I. Fig. 1).

AFM images of unmodified gold electrode (Fig. 1A) and APBA-modified electrode
(Fig. 1B) are shown in Fig. 1. The surface morphology and the surface topography changed
after modification with APBA. It can be clearly seen from the images that a rough surface
was obtained on the electrode after APBA modification. Detailed AFM images showing the
phase and height are shown in Fig. SI.2 (Supplementary Information).
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Fig. 1 AFM images of unmodified (A) and APBA—modified electrode (B)

Figure SI.3 shows the SEM images of APBA—modified electrode at different magnifica-
tions. The rough surface can be clearly seen in the images and it indicates the successful
modification of the surface with CMC+APBA.

Real-Time Saccharide Detection with APBA-Modified Capacitive Sensor

In our experiments, current pulse method which was introduced by Erlandsson et al. [43] was
used for capacitance measurements [47] .
In these systems, the capacitance is measured according to Eq. (1):

1 1 1 1

Clot) ~ C (ins) T C (bio) T C (1)

(1)

where total change in capacitance is equal to the sum of capacitance contributions from
different layers; (Cj,), (Cpio), and (Cy), respectively. According to this equation, when a target
analyte binds to the surface, it will create a decrease in the total capacitance of the system via
the displacement of the counter ions (diffuse layer) around the gold electrode [43].

In the principle of recognition in the capacitive measurements, boronic functional groups play a
key role by forming complexes with compounds containing accessible diols through reversible ester
formation. The resulting boronate anion is stable between pH range 6 and 10. It was observed that
the affinity increased at higher pH values. This higher affinity to saccharides is due to the tetrahedral
form of boronic acids in basic medium that shows high affinity to saccharides. In basic conditions,
planar structure of boronic acid transforms to tetrahedral form and in this form, boronic acid
covalently binds to cis-diols of saccharides. In the light of information reported in the previous
studies [25, 26, 48], 10 mM phosphate buffer at pH: 10.0 was selected as the running buffer.
Standard saccharide (glucose/fructose/dextran) solutions containing different concentrations of
glucose (1.0 x 1078 M—1.0 x 103 M), fructose (1.0 x 108 M~1.0 x 102 M), and dextran (1.0 x
10710 M-1.0 x 1075 M) were injected sequentially into the capacitive system. For each assay, the
whole assay cycle including regeneration of the system and reconditioning was used. Each sample
solution was injected three times. After injecting the samples into the capacitive sensor, an average of
the last five readings before and after injection was calculated automatically. The calibration curves
that show the capacitance change [AC (- pF-cm2)] versus the logarithm of sugar concentration (M)
are shown in Fig. 2. As seen from the figure, the capacitance change (AC) increased linearly with the
saccharide concentration in all cases. The response of the AC value and the studied glucose
concentrations was AC = 1076,7xConc + 8362.6 (R2=0.9792). The results show that the developed
system is promising for sensitive glucose detection in a wide concentration range which is useful in
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Fig. 2 Capacitance change vs. logarithm of A glucose, B fructose, and C dextran concentrations for APBA—
modified electrode under optimum conditions (flow rate, 100 pL-min~!; sample volume, 250 pL; running buffer,
10 mM phosphate; pH, 10.0; regeneration buffer, 10 mM phosphate; pH, 6.0; T, 25 °C)

applications where measurement of glucose levels is critical [40] such as cell cultures and microbial
fermentation processes [49, 50].

For fructose, the response of the AC value and the fructose concentration was AC =
1799,3xconc + 13874 (RZ=0.9773).

For dextran, a linear relationship between AC and concentration was obtained in the range of 1.0 x
10719 M to 1.0 x 10~5 M with the regression equation of AC = 1511,7xconc + 15394 (R2=0.9248).

The limit of detection (LOD) values were determined as 8.0 x 10710 M for glucose, 6.0 x
10719 M for fructose and 13 x 10712 M for dextran, based on the IUPAC guidelines [51].

A comparison of the LOD values with previous studies [15, 26, 27, 31, 52-56] is shown in
Table 1. The LOD values obtained in this study are among the most sensitive values according
to the table. When a comparison is made between the dynamic ranges, it can be clearly seen
that the developed APBA-modified capacitive system can detect saccharides in a broader
concentration range compared to the previous sensor systems.

Real-Time Glycoprotein Detection with APBA-Modified Capacitive Sensor

Since boronate selectively captures molecules with 1,2- and 1,3-cis-vicinal diol moieties which
are mostly found in carbohydrates, it should be regarded as the first choice as an affinity ligand
for cis-diol containing compounds [58, 59]. Therefore, boronate functionalized matrix that can
capture glycol moieties through covalent binding with a 1,2-cis-diol of glycol-structure has
been used as a general sorbent in affinity chromatography [60] for purification of glycoproteins
and for the oriented immobilization of glycoproteins in cellulose supports [61].

In this study, human immunoglobulin G (IgG) was chosen as the model glycoprotein for
quantifying glycoproteins with the APBA—modified capacitive system. The operating conditions
were the same as the operating conditions for saccharide detection. Label-free IgG detection from
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aqueous IgG solutions was carried out with the APBA—modified electrode. IgG solutions containing
different concentrations of IgG (1.0 x 10713 M—1.0 x 1077 M) were prepared in the running buffer and
sequentially injected into the system. Triplicate measurements were performed for each concentration.

The sensorgram shown in Fig. 3B illustrates the decrease in capacitance signal that was
registered upon binding of IgG to the electrode surface. The calibration curve for IgG (M) is
shown in Fig. 3A. A linear relationship was obtained between the registered signal and the log
concentration of IgG with regression equation of AC =396,21xconc + 5449.6 (R2=0.9513).
LOD value was calculated as 16 x 10715 M based on IUPAC guidelines.

A comparison of the LOD values for glycoprotein detection obtained from previous
phenylboronic acid—based recognition systems [15, 48, 57, 62—68] show that (Table 2), the LOD

a 00
3000
2500

2000

ac

1500 .‘
1000 e

396.21x +5449.6

Ny o .0 y
500 R? = 0.9513

14 13 12 1 10 9 8 7 6 5

Log concentration of 1gG (M)

b 410

405
400
395
390
385
380

Capacitance (nF)

375

370

365

360
0 10 20 30 40 50 60

Time (min)

Fig. 3 A Capacitance change vs. logarithm of IgG concentrations for APBA—modified electrode under optimum
conditions. B Actual sensorgram showing the capacitance change of APBA—modified electrode after injection of IgG
solution (1.0 x 10~ M) under optimum conditions (i: before regeneration, ii: after regeneration, iii: before injection of IgG
solution, iv: after injection and re-equilibration with the running buffer). The dotted line is an extension of the stable
baseline before injection, and AC is the change in signal registered upon injection of a IgG containing sample
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value and the dynamic range for IgG demonstrate that the developed capacitive system is promising
to detect a glycoprotein in a very broad concentration range with high sensitivity. This comparison
also shows the high sensitivity of capacitive sensors compared to other sensing platforms.

Confirmation of Detection Performance of APBA-Modified Capacitive Sensor
with Spectrophotometric Measurement

In order to confirm the detection performance of APBA-modified capacitive system, the
amount of captured enzyme (HRP) quantified by the capacitive system was compared with
spectrophotometric results by monitoring the enzymatic activity. In the first step, HRP was
bound to the APBA-modified capacitive electrode and the amount of bound HRP was
registered by using the change in capacitance. Then, this electrode with bound HRP was used
to determine the enzymatic activity of HRP by using a spectrophotometric assay.

For this purpose, the HRP activity of the system was measured with a spectrophotometer
at 650 nm after HRP was captured by the APBA—modified electrode, taken out and treated
with the substrate (TMB+H,0,). One unit of enzyme was defined as the amount of enzyme
catalyzing the conversion of 1 pumol of substrate (TMB) per minute at 25 °C and pH 7.0. By
using this definition, the unit of HRP was measured as 5 mU/mL (0.0050 pmol'min~!) by
spectrophotometer and it was measured as 5.4 mU/mL (0.0054 umol'-min~!) by the capac-
itive system. This result shows that the amount of captured enzyme detected by the APBA—
modified capacitive sensor was correlative to the amount of captured enzyme spectrophoto-
metrically measured.

Conclusion

The work described herein is a model study to investigate the sensitive saccharide detection
with aminophenylboronic acid (APBA) based capacitive sensor. High sensitivity, fast mea-
surement, label-free detection, and low-cost are the main advantages of the system. Surface
modification method is the main reason for the poor selectivity. However, selectivity can be
improved by using multiboronic acids which possess multiple binding sites and thanks to the
improvements in synthetic and supramolecular chemistry and materials science.

The developed system can recognize different types of saccharides with high affinities in a
good linear relationship between registered signal and concentration of the target saccharide
with limit of detection (LOD) values as 0.8 nM for glucose, 0.6 nM for fructose, and 13 pM for
dextran. The system is suitable to operate in a broad concentration range with high sensitivity
and can be used in cases where glucose is free from the interference of fructose or glucose in
order to satisfy the selectivity requirement.

The developed capacitive system can also be used for very sensitive, label-free, and fast
glycoprotein detection with a LOD value of 16 fM which is very promising for further
applications where an ultrasensitive detection of a glycoprotein is required. Of special interest
today is the level of glycosylation of produced proteins. By combining affinity separation
based on the protein properties and a subsequent assay of level of glycosylation, it would be
possible to get a sensitive and quick assay of the level of glycosylation.
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