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Abstract

Glycated hemoglobin (HbAlc) is formed by a nonenzymatic reaction of glucose with the N-terminal valine of adult hemoglobin’s
B-chain. The amount of HbAlc reflects the average concentration of glucose variation level over the preceding 2 to 3 months. Because
the boronate has antibody mimicking for HbAlc, often it is used to detect HbAlc. However, factors such as the ratio of the phenylbo-
ronic acid derivatives and diol composition, the pH of the solution, and the stereostructure of phenylboronic acid derivatives could influ-
ence the interactions between phenylboronic acid derivatives and diol composition. In this study, the factors were evaluated using surface
plasmon resonance (SPR). The results show that pH value is an important factor affecting HbAlc and phenylboronic acid to form the
complex and Lewis bases. This could change the stereostructure of phenylboronic acid to form B(OH); for binding with saccharine
easily. In addition, linear response appeared in HbAlc in the range of 0.43 to 3.49 pg/ml, and the detection limit was 0.01 pg/ml.
The results also demonstrated that an SPR biosensor can be used as a sensitive technique for improving the accuracy and correctness

of HbAlc measurement.
© 2008 Elsevier Inc. All rights reserved.
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Glycated hemoglobin (HbAlc)! is a stable glycated pro-
tein formed by a nonenzymatic reaction of glucose with the
N-terminal valine of adult hemoglobin’s B-chain [1-3] in
the human body. Red blood cells are made up of 80%
hemoglobin. The amount of HbAlc reflects the average
concentration of glucose variation level over the preceding
2 to 3 months that is attributable to the red cell’s life span
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of 100 to 120 days. In practice, 4 to 7% of HbAlc is con-
sidered normal. A person having more than 7% could be
diabetic. Therefore, the ratio of HbAlc becomes an impor-
tant clinical index in evaluation of long-term glycemic con-
trol for diabetes and related diseases.

Currently, HbAlc usually is measured as the percentage
of total hemoglobin by fluorescent sensing, cation
exchange chromatography, electrophoresis, and boronate
affinity chromatography [4,5]. The fluorescent sensing
method has the advantage of high sensitivity, but the disad-
vantage is that it requires labeling to detect HbAlc by com-
petitive reaction and, indirectly, to evaluate the amount of
sugar and kinetic parameters [6-10]. The cation exchange
chromatography [11] and electrophoresis [12] methods are
based on charge difference between hemoglobin fractions.
Indeed, some factors such as alcohol consumption and
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aspirin [13] have been reported to make falsely elevated
HbAIlc results in the cation exchange chromatography
and electrophoresis methods.

The boronate affinity chromatography method is based
on the specific interaction between phenylboronic acid
derivatives and diol composition. But this method yields
inaccurate results with variation of red blood cells such
as hemoglobin S (HbS) [14]. In a recent technical report
[15], the boronate affinity HPLC method overcame this
interference, but the normal detected range was too wide
to see errors by boronate affinity chromatography. Thus,
to promote the accuracy in HbAlc estimation by boronate
affinity chromatography, it is important to understand the
molecule interaction mechanism between boronic acid and
HbAlc.

Because it is well known that phenylboronic acid deriv-
atives and diol composition could form a complex, phenyl-
boronic acid derivatives often have been used to separate
and purify the carbohydrates. The phenylboronic acid
and diol composition interaction theory states that boronic
acid is a good binding affinity receptor for sugar aqueous
solution due to its 1,2- or 1,3-diols [16-19]. Also, the inter-
action between boronic acid and the cis-diol moiety of the
saccharides appears in the order of 2,3-cis-diol < 3,4-cis-
diol < 1,2-cis-diol [20]. However, there are many factors
that could influence the interaction between phenylboronic
acid derivatives and diol composition. Such factors include
the ratio of phenylboronic acid derivatives to diol compo-
sition, the pH of the solution, and the stereostructure of
phenylboronic acid derivatives.

The goal of the current study was to directly detect
HbA ¢ without any labeling so as to understand the effect
of Lewis bases and salt concentration inclusive of different
pH values. This is with the use of surface plasmon reso-
nance (SPR), which has high sensitivity and directly detects
HbA1c without any labeling. In addition, using high-sensi-
tivity SPR, the study sought to determine the optimum
condition needed to detect HbAlc and to arrive at a proper
diagnosis in a clinical system.

Materials and methods
Chemicals and reagents

4,4-Dithiodibutyric acid (DTBA) was purchased from
Aldrich (USA). 3-Aminophenylboronic acid hemisulfate
(PBA), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
hydrochloride (EDC), and bovine serum albumin (BSA)
were obtained from Sigma (USA). HbAlc calibrators were
obtained from Primus (USA). Four kinds of buffer were
used in this study, as follows: (1) 50 mM phosphate buffer
(PB) with sodium chloride (0.3 M) at pH 9. (2) 50 mM PB
without the sodium chloride at pH 9. (3) 50 mM PB with-
out the sodium chloride at pH 5. (4) 50 mM sodium chlo-
ride solution (dissolved in DI water) at pH 5. Other
reagents and solvents were purchased commercially and
used without purification.

Synthesis of DTBA-PBA

Fig. 1 shows the synthetic scheme of phenylboronic acid
derivatives. PBA (930 mg) was dissolved in 20 ml of deion-
ized water, and the pH was adjusted to 4.8 using 0.1 N
NaOH and then cooled to 4 °C in an ice bath. DTBA
(447 mg) was dissolved in 30 ml of deionized water, and
the pH was adjusted to 4.8 using 0.1 N NaOH and then
cooled to 4°C in an ice bath. EDC (90 mg) was added
slowly to the PBA solution with stirring and was cooled
to 0 °C for 20 min. Then DTBA solution was put slowly
into the PBA solution while stirring. The reaction mixture
was stirred for 2 h in an ice bath and stored at 4 °C over-
night. Crude powder was collected by filtration and dried
at 0 °C under vacuum. The crude product was recrystal-
lized three times from methanol/water (1:1) at 80 °C under
vacuum.

Immobilization and characterization of DTBA-PBA
monolayer

In this work, BK7 optical glass substrates were used as
sensor chips and coated with a 2-nm adhesion-promoting
chromium layer and a 50-nm surface plasmon active gold
layer by thermal evaporation under vacuum. DTBA-
PBA self-assembled monolayers (SAMs) were formed by
soaking UV-cleaned, gold-coated substrates in a 1.0-mM
tetrahydrofuran (THF)/methanol (9:1) solution of
DTBA-PBA for 12 h overnight. The modified chip was
washed with methanol several times and dried under nitro-
gen. The DTBA-PBA monolayer was characterized by
attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy (FTS-40, Bio-Rad, USA), con-
tact angle, and electron spectroscopy for chemical analysis
(ESCA, Sigma Probe, Thermo VG Scientific, USA) analy-
ses. ATR-FTIR is a useful surface analytical technique and
can be applied to understand the structure or orientation of
organic molecules confined to metal surface as thin films
such as monolayer. Contact angle is an invaluable metric
for understanding material surface properties and the
effects of surface treatments. ESCA is a quantitative spec-
troscopic technique that measures the elemental
composition.

SPR spectroscopic measurement

A home-built SPR biosensor [21] based on wavelength
interrogation with a four-channel Teflon flow cell was used
to monitor recognition interaction between phenylboronic
acid monolayer and HbAlc. The sensor chip was attached
to the base of the prism, and optical contact was estab-
lished using refractive index matching fluid (Cargille,
USA). To obtain interaction measurements, the SPR was
first stabilized in carry buffer for 15 min. When the system
reached a steady state, the sample was injected for 150 s
(flow rate = 100 pl/min). Afterward, the carry buffer was
used for washing. Finally, the sample was diluted by carry
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Fig. 1. Synthetic scheme of phenylboronic acid derivatives. THF, tetrahydrofuran.

buffer. Four kinds of carry buffer (pH 9/50 mM PB, pH 5/
50 mM PB, pH 9/50 mM PB + 300 mM NaCl, and pH 5/
50 mM NacCl) were used in the experiment.

Kinetic calculation

The affinity interactions between immobilized boronic
acid and HbA Ic in the solution were characterized by the
association rate constant (k,), dissociation rate constant
(kq), and equilibrium association constant (K.q). The data
were fitted using a simple 1:1 interaction model, 4 + B =
AB, where A is the injected analyte, B is the immobilized
ligand, and AB is the analyte-ligand complex formed dur-
ing the reaction. In the SPR system, the signal R is propor-
tional to the amount of [4B] and the R, is proportional
to the initial [B]. A set of differential equations is applied to
the data to find a solution for the three parameters: k,, kq,
and K., The experimental curves were recorded during the
association, equilibrium association, and dissociation
phases. The k4 was obtained from the dissociation phase
by Eq. (1) below. Then k4 was substituted in Eq. (2) below
for obtaining k, from the association phase. Finally, K,
was calculated as the ratio of association and dissociation
rate constants [22]:

dR

R — K [A]Rmax - e,(([A]KﬁKd)t)] 2)
([A]Ka + Kd)

Results

Characterization of DTBA—-PBA monolayer

The ATR-FTIR spectra (Fig. 2) have clear and strong
peaks that reflect the characteristic of DTBA-PBA pow-
der. The peaks of 2922, 1663, 1431, and 1342 cm™' repre-
sent asymmetric CH, stretching mode, C=0O stretching
mode, C-N stretching mode, and B-O stretching mode,
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Fig. 2. IR spectra of DTBA-PBA powder in KBr solid state and chip by
FTIR (a) and DTBA-PBA monolayer on Au surface by ATR-FTIR (b).

respectively. The peak of asymmetric stretching modes of
the CH, group is very small on the Au surface. The results
show that the DTBA-PBA monolayer stands nearly per-
pendicular to the substrate surface [23] and has well-packed
SAMs [24]. To understand the surface characterization of
the DTBA-PBA monolayer, we used the contact angle
and ESCA to verify the DTBA-PBA monolayer on the
Au surface (Table 1). The contact angle of bare Au was
84.5 &+ 1.97°. After forming the DTBA-PBA monolayer,
the contact angle was changed from 84.5+ 197 to
63.3 +1.03°. This change was attributed to the functional
group of phenylboronic acid, which is more hydrophilic

Table 1
ESCA and contact angle for analyzing the bare Au and DTBA-PBA
monolayer on the sensor surface

Condition ESCA (%) Contact
N B C S O Ag angl(®
Bare Au —  — — —  — 100 84.5+ 197
DTBA-PBA 543 523 5373 6.39 1636 12.85 633 +£1.03
monolayer
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than the bare Au surface. The calculations of DTBA-PBA
monolayer compositions (CgHoO3NSB) are as follows: C,
53.73%; N, 5.43%; S, 6.39%; O, 16.36%; Au, 12.85%. The
element ratio of Au/S approached 50% and the element
ratio of B/S approached 82% in ESCA data after phenyl-
boronic acid immobilization. Based on these results, we
should assume that the DTBA-PBA monolayer has an
orderly construction.

Interaction of DTBA—-PBA monolayer and HbAlc

To characterize the response of the SPR system, BSA
(10 pg/ml) was tested for nonspecific adsorption corre-
sponding to 1.7 ug/ml HbAlc followed by the DTBA-
PBA monolayer. The results of these experiments are
presented in Fig. 3. The SPR sensorgram obtained for
two samples is easily distinguishable, and the DTBA-
PBA monolayer was specific to glycated protein.

Fig. 4 presents the dependence on the isotherms of the
DTBA-PBA monolayer and the HbAlc spectrum of the
four kinds of solutions. The results reveal that if the HbAlc
concentration is high in the solution, its corresponding signal
intensity also is high. Besides, the condition pH 9/50 mM PB
was better than the other conditions and had the maximum
signal change of the SPR of approximately 10 nm.

When the condition was pH 9/50 mM PB + 300 mM
sodium chloride, the maximum signal change was observed
for SPR. This change was approximately 7 nm and had
double- or multiple-layer adsorption at concentrations of
HbAlc higher than 22 nM. The SPR signal change was
smaller than that for the other conditions but also has dou-
ble- or multiple-layer adsorption at concentrations of
HbAIc higher than 50 nM.

The real-time kinetics of SPR (Fig. 5) exhibited a great
shift for pH 9/50 mM PB and the extent of shift in the
following order: pH 9/50 mM PB -+ 300 mM NaCl, pH

i I 10 ug/ml BSA
g4 — 1.7 ug/ml HbA1c

R.U. [nm]

-

Time [s]

Fig. 3. To characterize the response of the SPR system, BSA (10 pg/ml)
was tested for nonspecific adsorption, corresponding to 1.7 pg/ml HbAlc
followed by the DTBA-PBA monolayer. R.U. is abbreviated from
resonance unit.
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Fig. 4. Association isotherms for different concentrations of HbAlc: B,
pH 9/50 mM PB; @, pH 5/50 mM PB; A, pH 9/50 mM PB + 300 mM
NaCl; ¥, pH 5/50 mM NaCl. R.U. is abbreviated from resonance unit.
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Fig. 5. SPR sensorgrams of phenylboronic acid monolayer for HbAlc

(1.7 pg/ml) solution with different carry buffers: (a) pH 9/50 mM PB; (b)

pH 5/50 mM PB; (c) pH 9/50 mM PB + 300 mM NaCl; (d) pH 5/50 mM
NaCl. R.U. is abbreviated from resonance unit.

5/50 mM PB, pH 5/50 mM NaCl. The results showed that
the SPR signal shift at pH 5/50 mM NaCl was smaller than
at other conditions. This is because HbAlc was adsorbed
on the chip surface by nonspecific interaction. It also inter-
fered with the solute and substrate. Furthermore, the SPR
signal shift increased with an increasing pH and decreased
with a decreasing pH. Therefore, pH is an important factor
that influences recognition between HbAlc and phenylbo-
ronic acid.

Fitting analysis of nonspecific adsorptive kinetics

To understand the mechanism of molecule reorganiza-
tion, data fitting of the interaction was conducted under
a condition such as pH 9/50 mM PB + 300 mM NaClL
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Fig. 6. Peak fitting of SPR shifts of the interaction between HbAlc (1.7 pg/
ml) and phenylboronic acid monolayer in the condition pH 9/50 mM
PB + 300 mM NacCl: (a) specific interaction between HbAlc and phenyl-
boronic acid; (b) physical adsorption interaction between HbAlc and
HbA Ic on the surface; (c) resultant curve from adding curve a and curve b;
(d) experimental curve. R.U. is abbreviated from resonance unit.

Fig. 6 shows the adsorptive curve (experimental curve)
composed of specific and nonspecific adsorptions. The
curve of adsorption (dashed line) was fitted by Eq. (1),
which represents specific interaction between HbAlc and
phenylboronic acid. The dotted line represents the nonspe-
cific interaction between HbAlc and phenylboronic acid.
The dashed-dotted line is composed of a green line and a
red line. The results show that nonspecific adsorption was
enhanced under a high salt concentration. The kinetic data
were strongly supported by the isotherm data shown in
Fig. 4, where double or multiple layers of adsorption were
clearly demonstrated. As compared with the condition pH
9/50 mM PB (Fig. 5), adding a high concentration of salt
could enhance nonspecific adsorption and decrease specific
adsorption. This was due to hydrophobic interaction force
that is apparent under a high salt concentration. Because of
conspicuous hydrophobic interaction, the specific interac-
tion of HbAlc and phenylboronic acid decreased.

Kinetics calculation

The interaction process of HbAlc and phenylboronic
acid was divided into association and disassociation
phases, and the obtained kinetic parameters for the phases
are listed in Table 2. In the association phase, the condition
pH 9/50 mM PB and the condition pH 5/50 mM PB exhib-

Table 2
Kinetic parameters for the affinity interaction between HbAlc (1.7 pg/ml)
and phenylboronic acid monolayer in different buffers

Condition ko x 10° ka x 107 K, x 10° Runax
M's™h (s ™M™ (nm)
pH 9/50 mM PB 1.99 1.23 1.6 12.8
pH 5/50 mM PB 3.40 3.56 0.9 2.68
pH 5/50 mM NaCl 2.53 0.324 6.6 0.46

ited the same order association rate constant, but one small
difference is that HbAlc and phenylboronic acid charges
both were negative in alkalinity (pH 9/50 mM PB). There-
fore, the electrostatic force facilitated repulsion between
HbAlc and phenylboronic acid, which in turn decreased
the association constant to a smaller value as compared
with that in the other conditions. On the other hand, the
phenylboronic acid charge tended toward zero in acidity
(pH 5) and caused the electrostatic force to be
nonsignificant.

In the disassociation phase, the condition pH 5/50 mM
NaCl exhibited a slow disassociation rate constant of
approximately 0.324 x 10 s7!. Also, the condition of pH
9/50 mM PB and the fast disassociation constant rate
was approximately 3.56 x 10% s~! under the condition of
pH 5/50 mM PB. The disassociation rate constant ratio
of the condition pH 5/50 mM PB and pH 5/50 mM NaCl
was 10. When the HbAlc and phenylboronic acid complex
was formed under the condition that the HbAlc would
break away from the ester bond, pH value was an impor-
tant factor affecting the stability of the complex [18,19].
The pH 9 value could stabilize the complex stereostructure,
but HbAlc had broken away from the complex because the
ester bond easily hydrolyzes in acidity (pH 5). Therefore,
the condition pH 5/50 mM PB had a fast disassociation
rate constant. It exhibited that different concentrations of
salt could have significant effects on the disassociation rate
constant. Besides, HbAlc might adsorb tightly onto the
chip surface according to nonspecific adsorption with the
change of protein structure at pH 5/50 mM NaCl. This
lowered the disassociation rate constant much more than
the others did.

From the point of binding affinity, the maximum shift of
SPR signal represented the stability of the complex that
was formed on HbAlc and phenylboronic acid. In alkalin-
ity (pH 9), the R, ratios of pH 5/50 mM PB and pH
5/50 mM NaCl were 5- and 20-fold, respectively. The
HbAlc and phenylboronic acid formed a complex in an
alkaline condition easily, whereas forming a complex was
not easy to do in an acidic condition. The results reveal
that pH 9/50 mM PB for detecting HbAlc is the best con-
dition for specificity and stability.

Experiments with HbAlc

From the above results, we can conclude that the best
condition to detect HbAlc is pH 9/50 mM PB. To estimate
the detectable range for clinical diagnosis application, we
designed a concentration range of HbAlc between 0.43
and 3.49 pg/ml, which is 0.001-fold in the physiology range
(3-13 mg/ml) [25] for measurement. Fig. 7 shows the stan-
dard curve of HbAlc. In the range of the experiments, the
concentration of HbAlc and SPR signal corresponds with
a good linear fitting (R = 0.992, P < 0.0001). In our system,
the detection limit was 0.01 pg/ml. Compared with tradi-
tional methods [12,15], the sample concentration decreased
approximately 1000-fold by using the SPR system. The
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Fig. 7. Linear response to HbAlc in the range from 0.43 to 3.49 pg/ml in
the condition pH 9/50 mM PB buffer. R.U. is abbreviated from resonance
unit.

blood sample dilution can reduce the substrate interference
and enhance the signal/noise ratio to improve the accuracy
of detecting HbA lc¢. In addition, the blood sample quantity
used also decreased. Therefore, the results show that the
SPR system is enough to investigate changes in HbAlc
concentration in a physiological range. Overall, the SPR
system has good potential for clinical diagnosis.

Discussion
Effect of pH

The experimental results exhibit that the adsorption
behavior at low HbAlc concentration resembles the
Langmuir isotherm. In addition, the alkaline condition
(pH 9) has greater adsorption than the acidity condition
(pH 5). This means that phenylboronic acid transitioned
from binary form, B(OH),, to ternary form, B(OH)s, in
the alkaline solution. It also created the stereostructure
for binding the HbA1 c to form a stable complex. There-
fore, the SPR signal has a greater shift in the alkaline
condition than in the acid condition. However, in the lat-
ter, the environment’s pH value was smaller than the
pK, of phenylboronic acid and the p/ of HbAlc. Thus,
the electric charges of HbAlc and phenylboronic acid
are positive and zero, respectively. This resulted in a
decreasing electrostatic force, and phenylboronic acid
existed in a binding form that decreases the specific inter-
action, thereby decreasing the SPR signal shift.

Effect of salt concentration

Electrostatic interaction is shielded by the presence of
ions and the effects of salt. According to protein compo-
sition, the polar and nonpolar regions are separated. The
charge and polar region of the protein are dependent on

the protein’s p/ and the environment’s pH value. Fig. 4
shows high ion strength that could shield the electrostatic
interaction between HbAlcs and phenylboronic acid. It
also enhanced hydrophobic interaction. On the other
hand, it has a double-layer adsorption between HbAlc
at concentrations of HbAlc higher than 22nM, and
the adsorption behavior is toward the Freundlich type
of adsorption.

In a low salt concentration, the interaction behavior is
similar under alkalinity (pH 9, 50 mM PB) and acidity
(pH 5, 50 mM PB.). This proves that the molecule interac-
tion is not significant in a low salt concentration. However,
the adsorption behavior was different in a high salt concen-
tration. This proves that the interaction process is not facil-
itated by only one adsorptive mechanism.

Effect of Lewis bases

In experimental conditions, adding Lewis bases in
carry buffer influences the phenylboronic acid sterco-
structure. When the concentrations of HbAlc were lower
than 50 nM, the addition of Lewis bases could help to
enhance the specific interaction between HbAlc and
phenylboronic acid (Fig. 4). The SPR signal improved
five times better due to Lewis bases that could change
the stereostructure of phenylboronic acid for binding
with saccharine.

From the adsorption process, the signal of interaction
between HbA 1c and phenylboronic acid was not significant
without the Lewis bases. A little shift was due to nonspe-
cific interaction. It also demonstrated that the Lewis bases
could change the stereostructure of phenylboronic acid to
form B(OH); for easy binding with saccharine.

Conclusion

The pH value is one of the important factors that affect
the formation of a stable complex between HbAlc and
phenylboronic acid. When the pH value is higher than
the pK, of phenylboronic acid, the phenylboronic acid
exists as an anion. This anion is easy to bind with diol com-
positions. The addition of Lewis bases can help phenylbo-
ronic acid to reduce the sensitivity to pH and change the
structure. Furthermore, nonspecific interaction is enhanced
and the specific interaction is decreased in a high salt
concentration.

This work has demonstrated that SPR can successfully
detect and quantify the binding of HbAlc to phenylbo-
ronic acid monolayer by the specific interaction. This meth-
odology may prove to be useful in clinical diagnosis and
serve as an assay for HbAlc binding ability.
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