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This study first reported enzyme-free impedimetric biosensor-based molecularly imprinted polymers for selective
and sensitive determination of L-hydroxyproline (L-hyp), a biomarker for the early diagnosis of bone diseases. In
recent study, utilizing a single 3-aminophenylboronic acid (3-APBA) to create imprinted surfaces could result in a
strong interaction and difficulty in removal of a template molecule. Hence, a mixture of monomer solution
containing 3-APBA and o-phenylenediamine (OPD) in the presence of the L-hyp molecule was co-
electropolymerized onto the screen-printed electrode using cyclic voltammetry (CV) to eradicate this
mentioned limitation. The detection principle of this sensor is relied on alteration of mediator’s charge transfer
resistance (R¢) that could be obstructed by L-hyp occupied in imprinted surface. The successfully fabricated
biosensor was explored by scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR),
and confocal scanning microscopy. Furthermore, the effect of polymer composition on the R response was
systematically investigated. The result exhibited that the mixture of monomers could provide the highest change
of R due to high selectivity from esterification of 3-APBA and from hydrogen bond of OPD surrounding the
template. The sensor showed a significant increase in R in the presence of L-hyp, whereas no observable
resistance change was detected in the absence thereof. The calibration curve was obtained in the range from 0.4
to 25 g mL ! with limits of detection (3SDpjank/Slope) and quantification (10SDpjank/Slope) of 0.13 and 0.42 pg
mL™}, respectively. This biosensor exhibited high selectivity and sensitivity and was successfully applied to
determine L-hyp in human serum samples with satisfactory results.

1. Introduction not reliable until the apparent change of 30%-40% in the bone density is

detected (Kontturi et al., 1974; Russell et al., 2001; Wasserman et al.,

Bone resorption is a part of the bone metabolism process associated
with the removal of old or damaged bone by osteoclast cells. The bone
metabolism can be imbalanced by some bone disorders such as osteo-
porosis, rheumatoid arthritis, and bone cancer (Feng and McDonald,
2011; Kotwal et al., 2019). Over several decades, the Dual energy x-ray
absorptiometry (DXA) and Radiological examination have been gener-
ally used to diagnose the bone diseases; however, these techniques are

2017). Consequently, the determination of a specific biomarker linked
with bone diseases has become an essential part of an early prognosis
and confirmation.

L-hydroxyproline (L-hyp) is a nonessential amino acid and non-
proteinogenic compound that differs from proline by its hydroxyl group,
produced via post-translational of proline, at the y carbon atom (Sri-
vastava et al., 2016). To date, there is a report describing the
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degradation of bone collagen in which L-hyp can be released during the
process. Additionally, 90% of the degradation process is metabolized in
the liver (Seibel, 2005). Hence, based on this previous study, the analysis
of L-hyp in a biological fluid would be the simplest way to sensitively
and rapidly detect an early stage of bone diseases (Ahmed et al., 2015;
Kontturi et al., 1974).

So far, numerous methods have been established for L-hyp deter-
mination in biological fluids, tissues, and food products. These devel-
oped techniques include colorimetric methods (Jamall et al., 1981;
Woessner, 1961), high-performance liquid chromatography (HPLC)
(Bianchi and Mazza, 1995; Messia et al., 2008; Ren et al., 2017; Teerlink
et al., 1989; Zheng et al., 2018), gas chromatography (Delport et al.,
2004), micellar electrokinetic chromatography (MEKC) and capillary
electrophoresis with electrochemiluminescence (Liang et al., 2005; Xu
et al., 2009), and MEKC with laser-induced fluorescence (Chan et al.,
1993; Dong et al., 2012). Each approach has its well-known performance
in terms of high sensitivity and selectivity. However, some drawbacks
such as complicated equipment, high maintenance cost, a requirement
of derivatization and sample preparation, lots of reagents, and long-time
analysis still exist.

Alternatively, electrochemical technique has gained considerable
interest for the development of simple, portable, and rapid detection
method because of its high sensitivity and selectivity (Azevedo et al.,
2019; Babadi et al., 2019; Bi et al., 2016; Govindasamy et al., 2019).
Recently, the first enzymatic electrochemical biosensor for L-hyp
determination using a screen-printed carbon electrode (SPCE) was
proposed (Sakamoto et al., 2015). In this reported platform, two en-
zymes and ferrocene carboxylic acid were used to specifically alter L-hyp
into electroactive species and to directly indicate the presence and
absence of target analyte, respectively. However, this introduced trou-
blesome platform requires a complicated process and the use of specific
enzymes, which is unstable in harsh working conditions or in a
longer-time storage. To overcome this challenge, developing a novel
methodology which is enzyme-free and can be portable for L-hyp
determination, is therefore necessary.

Molecularly imprinted polymer (MIP) has received great attention
and is now rapidly growing for the fabrication of electrochemical bio-
sensors (Sheej Ahmad, 2018). MIP offers the complementary shape, size,
and chemical fit for binding a target molecule on the generated poly-
meric film with high selectivity and specificity (Mujahid and Dickert,
2016). Therefore, the present study aimed to first develop MIP-based
electrochemical impedimetric biosensor for enzyme-free sensitive and
selective L-hyp determination. The MIP capture surface was created by
co-electropolymerization of a monomer solution containing 3-amino-
phenylboronic acid and o-phenylenediamine (0-PD) in the presence of
L-hyp molecule using a user-friendly and environmental cyclic voltam-
metry (CV) technique. Additionally, this proposed platform was suc-
cessfully applied to determine L-hyp in human serum without the
necessity of the sample pretreatment step. These obtained results indi-
cated that this proposed device has a great efficiency to be used as an
alternative tool for the clinical diagnosis of an early stage of bone
diseases.

2. Experimental
2.1. Chemicals and apparatus

The details of chemicals and apparatus used for MIP sensor prepa-
ration, L-hyp detection and also analytical performance study were all
specified in supporting information (SI) section 1 and 2, respectively.
2.2. Fabrication of the SPCE

The screen-printing technology was applied to fabricate the SPCE.

The electrode pattern was designed using the Adobe Illustrator program,
and a polyvinyl chloride (PVC) sheet with a thickness of 0.15 mm from
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IDee-craft Co. Ltd. (Bangkok, Thailand) was used as an electrode sub-
strate. The screen printing method and conductive ink used in this work
were mentioned in section 3 of experimental, SI.

2.3. Preparation of the MIP and non-imprinted polymer (NIP) biosensors

In Fig. 1, the preparation process of MIP was demonstrated step by
step. First, a mixture solution of 7 mM aminophenylboronic acid, 3 mM
0-PD, and 3 mM L-hyp in 0.1 M phosphate buffer of pH 7.4 was dropped
on the electrode surface, followed by a co-electropolymerization process
using CV as explained in section 1, SI. The potential range was scanned
from 0 to +1.2 V with a scan rate of 50 mV s~! for 15 cycles. Fig. 51
presents the obtained cyclic voltammograms. After the polymerization
process, the modified electrodes were then thoroughly rinsed with
MilliQ water, followed by immersing in 0.3 M H3SO4 for 15 min to
extract the L-hyp from the polymeric film. The specific cavities on the
MIP surface were eventually created in the final step, and this fabricated
biosensor was ready to use for the analysis of L-hyp. The same condition
was also applied to prepare a NIP, except that L-hyp was excluded from
the polymerization solution.

2.4. Electrochemical L-hyp determination

For the detection of L-hyp, the prepared MIP or NIP sensors were
incubated with 50 pL of L-hyp solution for 10 min, followed by rinsing
with MillQ water to eradicate the L-hyp molecule surplus. The presence
and absence of L-hyp were monitored by detecting the change in elec-
trochemical resistance at the electrode interface using EIS technique in
5 mM [Fe(CN)G]B’/ 4= redox probe. EIS was applied to conduct both
qualitative and quantitative analysis, and the applied potential was
+0.1 V (frequency range between 0.01 and 100,000 Hz with 57 fre-
quencies distributed logarithmically). The EIS data were reported as a
difference of charge transfer resistance (AR between the presence and
absence of target analyte. Additionally, CV was also used to further
verify the presence and absence of L-hyp. For CV technique, the analysis
was conducted by using the scanning potential ranging from —1.0 to
+1.2 V with a scan rate of 50 mV s~ Fig. 1 illustrates the detection
procedure.

2.5. Sample preparation

Human serum was taken from healthy patient and used without
purification process. Thereafter, the aliquots (50 pL) of sample were
then spiked with the designated concentrations of L-hyp and subse-
quently diluted with 0.1 M phosphate buffer to the final volume of 500
uL. By using these specified conditions, the analysis can be conducted
without a further pretreatment step.

3. Results and discussion
3.1. Characterization of the MIP sensor

To characterize the successful formation of MIP, the Laser scanning
confocal microscopy (LSCM) was used to verify the topology change on
various electrode surfaces. From the obtained image in Fig. 2, the 3D
profile roughness (Ra) was analyzed by scanning through the focus area.
As depicted in Fig. 2A, the bare carbon provided blue areas indicating
stacked surfaces of carbon sheets with an average roughness of 3.206
pm. Meanwhile, the electrode surface after the polymerization step
(Fig. 2B) presented a green image with decreasing value of roughness to
2.599 pm due to coating of polymer. After template removal step
(Fig. 2C), the scanning image turned to a dispersing of blue dots with an
increment of surface roughness to 2.873 pm, which obviously supported
the successful removal of template molecules and formation of the MIP
cavities on the electrode surface. All these results confirmed the suc-
cessful fabrication of the MIP sensor in a-step-by-step fashion. The
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Fig. 1. Schematic illustration of the fabrication and operation of MIP/SPCE biosensor.

prepared MIP sensor was further characterized by FTIR and SEM to
confirm the polymerization and formation of imprinted cavities. The
obtained results with its description can be found in SI, section 5.

To investigate the electrochemical behavior of the fabricated bio-
sensors, the modified SPCEs were characterized via CV using a 5 mM [Fe
(CN)6]3’/ 4= (Fig. 2D). With the bare carbon electrode (SPCE), a
reversible redox peak in a cyclic voltammogram was detected. However,
after the electropolymerization process (MIP/SPCE), a significant
decrease in the current response was observed. This result can be
explained by the hindering effect of the generated polymeric film on the
electrode surface, resulting in the diffusion and electron transfer of the
redox probe applied toward the electrode interface. Additionally, a
possible explanation is that the current response could be affected by an
entrapment of amino acids inside the polymeric layer, which conse-
quently resulted in the declining signal. As expected, the peak current
was increased after the removal of the template molecule. This improved
signal would be caused by the generation of the specific cavities on the
polymeric surface, enhancing an electroactive surface area. Based on
these obtained results, the diffusion and redox reaction of [Fe
(CN)6]3’/4’ would be much more enhanced. Upon the MIP was incu-
bated with L-hyp, the low-current response was observed. Additionally,
the redox peak of [Fe(CN)G]S’/“’ shifted positively. These obtained
results may be due to the rebinding of L-hyp on the electrode surface;
consequently, the obstruction of the electrode surface was generated,
resulting in poor electrical conductivity and accessibility of the sensor
and redox probe used, respectively.

Additionally, the successful fabrication of MIP was verified by EIS,
and the results were consistent with those achieved by the CV study.
Fig. 2E shows that the bare carbon electrode (SPCE) displayed low
resistance with an R¢e of 6.79 kQ, indicating high-electron transfer
capability. The polymerization then caused an increase in R of 14.6 kQ
as a result of the non-conducting polymeric film generated on the
electrode surface that obstructs the electron transfer. However, after the
removal of the template, the impedance once again decreased to 9.89
kQ, indicating the formation of unoccupied cavities. The holes among
polymer molecule arrangements help the redox probe to permeate and
deliver electrons easily. As expected, after the rebinding of the substrate,
the Rt response value dramatically increased to 13.5 kQ. This was due
to the shielding effect on the sensor surface created by occupied L-hyp.

To investigate the relationship between R and the heterogeneous
electron transfer rate constant (K¢;), equation (1) was applied for each
electrode calculation (Bradbury et al., 2010; Jampasa et al., 2016).

RT

K PR AC W

A is the geometrical area of the electrode surface, and Credox is the
concentration of the [Fe(CN)6]3’/4’. From the calculation, K¢y was
found to be at 4.77 x 107>, 2.81 x 107>, 3.27 x 107>, and 2.22 x 107>
cm s~ ! for the unmodified SPCE, MIP/SPCE after polymerization, MIP/
SPCE after removal, and MIP/SPCE after rebinding template, respec-
tively. These obtained values reasonably correspond to the charge
transfer resistance of each electrode. The evidence here therefore veri-
fied the successful modification of the MIP sensor.

3.2. Optimization of experimental conditions

To improve the sensitivity of MIP/SPCE, the number of electro-
polymerization cycle, the concentration of L-hyp template molecule, 3-
APBA monomer, 0-PD co-monomer, the rebinding time, and removing
time were systematically optimized by using different electrodes. All
plotted data in the graph were from the average of three repeated
measurements (n = 3). The error bars seen in the graph were used to
represent standard deviation (SD) of each Fig. 5 data, and it was found
that the SD and %RSD values of less than 0.3 and 7.39% were achieved,
respectively. These results were acceptable in accordance with AOAC
method. Fig. S5A shows the AR of 1 pg mL~! L-hyp at the MIP sensor
prepared with different numbers of electropolymerization cycle. In
Fig. S5A, the progressive increment in AR, was observed; however,
these responsive values decreased with rising the electropolymerization
cycle. The film prepared at 15 cycles offered the highest sensitivity.
Based on this result, it can be concluded that less cycle number caused a
thin layer of polymer membrane, which is not sufficient for the forma-
tion of specific cavities and binding sites. So, it provided a negligible
change on the resistive response. After more cycles (more than 15 cy-
cles), the signal was remarkably declined because this condition could
increase the thickness of the polymer. The templates embedded in the
polymer layer are hard to be removed for the cavities fabrication, sub-
sequently resulting in low capacity of detection. Also, the 3-APBA and
OPD are non-conductive polymers that their thickness can provide the
high background resistance and reduce the sensitivity (Li et al., 2012;
Zhao et al., 2020). Thus, 15 cycles of the electropolymerization process
were therefore chosen for the next experiments.

Because template concentration is another parameter that enor-
mously affects the number and complementary shape of imprinted
cavities, the MIP solution with different L-hyp template concentrations
was subsequently optimized. Fig. S5B shows that the impedance
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Fig. 2. Confocal laser scanning microscopy images of the bare carbon electrode (A), electrode after polymerization (B), and after template removal process to
fabricate MIP (C). Characterization of the MIP/SPCE sensor: Cyclic voltammograms (D) and EIS Nyquist plot (E) using 5 mM K3[Fe(CN)gl/K4[Fe(CN)g] in 100

mM KCL

gradually increased with increasing the concentration of template
molecules and eventually reached the greatest value at 3 mM of L-hyp.
The AR, response was then declined at a higher concentration of L-hyp
since a large number of template molecules were embedded into the MIP
surface, causing the difficulty of template removal after an imprinting
process (Zhu et al., 2018). The evidence here therefore suggested that
the optimal condition for this parameter was 3 mM of template
concentration.

Because of a covalent bond formation of 3-APBA toward the target
molecule via boronate ester (Mujahid and Dickert, 2016), the effect of
3-APBA concentration on impedimetric response was studied. Fig. S5C
shows that the resistance of the electrode surface progressively
increased within the concentration ranging from 3 to 7 mM and then
reached a maximum value at 7 mM. Nevertheless, at conditions above
these limits, the decrease in electrode resistance was observed. This
considerable decrease is due to an increment of boronic acid functional
groups on the polymer surface that induce more template

immobilization and formation (Luo et al., 2017); thus, the diffusion of
analyte on the electrode surface was obstructed. Thus, the concentration
of 7 mM 3-APBA was selected as the optimal condition.

Further, the concentration of 0-PD was investigated as illustrated in
Fig. S5D. Similarly, the enhanced impedance was detected when the
concentrations of 0-PD ranging from 1 to 3 mM were used. However, at
any concentrations above 3 mM, the responsive resistance was
remarkably decreased. It can be concluded, based on these achieved
results, that the optimum mole ratio of 3-APBA, 0-PD, and L-hyp was
2:1:1 mol. In addition, the comparison of using single and two mono-
mers were studied by investigation of obtained resistance after sample
incubation on prepared MIPs: 3-APBA, OPD, and mixing of 3-APBA and
OPD. This evidence confirmed the high recognition capability of the
hybrid monomer, which is a consequence of their highly specific binding
site and geometrical selectivity initiated by esterification of 3-APBA and
hydrogen bond of OPD, respectively as described in SI, section 6.

In Figs. S5E and S5F, the influence of rebinding and removing time
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on the AR response was examined. Both resistances initially increased
with the elongation of time and then attained equilibrium at 10 and 15
min for the rebinding and removing time, respectively. In the case of
binding, it is presumed that the longer accumulation raises the amount
of L-hyp absorbing on MIP. However, in the case of the plateau response,
a possible description could be that the saturation of the electrode sur-
face is achieved at conditions above these limits (Shen et al., 2018).
Similarly, enhancing removing time also influenced the efficiency of
template removal.

3.3. Analytical performance

The analytical performance of MIP/SPCE was investigated after
achieving the optimal conditions. The changed AR of the proposed
biosensor after incubating with various concentrations of L-hyp ranging
from O to 25 pg mL ™! was accessed (Fig. 3A). In Fig. 3B, the AR was
plotted against logarithmic L-hyp concentration, and the result revealed
that good linearity was achieved from 0.4 to 25 pg mL™'. The linear
regression equation was AR (kQ2) = 12.207 C (pg mLfl) + 4.2322 (R2
= 0.9951) (Fig. 3B (inset)). The limits of detection (LOD) and quanti-
fication (LOQ) were calculated to be 0.13 and 0.42 pg mL ™! using the
equations of 3Sp/m and 10Sp/m, respectively. Sy is the standard devia-
tion of blank measurement (n = 7) and m is the slope of the calibration
curve. Comparison of analytical performance between the developed
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and previously reported methods related to electrochemical technique
for L-hyp determination in biological samples was discussed in SI, sec-
tion 8.

In term of stability and reproducibility, the experimental details and
results are also shown in SI section 9 and Fig. S6, respectively.

3.4. Influence of interferences

The commonly found interferences in human serum such as alanine,
glycine, histidine, lysine, proline, uric acid, creatinine, and ascorbic acid
were evaluated to further access the selectivity and specificity of the
created L-hyp biosensor. The mixture solution of L-hyp (0.5 pg mL™!)
and other interferences were prepared separately. In Fig. 4, the ARy
value was insignificantly changed when the L-hyp standard solution was
mixed with a 100-fold greater concentration of alanine, glycine, histi-
dine, lysine, and proline. Additionally, the impedance response was also
unaffected by the 10-fold of creatinine, uric acid, and ascorbic acid. All
these examined concentrations covered the concentration range of the
interferences that might exist in the real sample. Further, the error of
AR was found to be less than 5%, indicating high reproducibility. As
expected, the NIP electrode could barely interact with all analytes.
Based on these results, it can be therefore concluded that the high
selectivity achieved in this study was from the specific cavities caused by
complementary size, shape, and functionality.

To further confirm the specificity of this proposed biosensor, the
binding affinity of MIP toward L-hyp and other amino acids including
proline, lysine, and glycine was investigated using the calibration data
(Chen et al., 2018) as provided in SI section 10.

3.5. Determination of L-hyp in human serum samples

Human serum samples obtained from healthy patients were
employed in the entire process to test the applicability of the proposed
sensor for real sample analysis. These samples were spiked with different
L-hyp concentrations (0, 1, 5, and 20 pg mL™!) and tested after incu-
bation on MIP surface, resulted in the increase of resistance signal as
shown in Fig. 5. In Table 1, the reported concentrations were the average
of 3 repeated measurements of each spiked human serum sample. The
original concentration of L-hyp in the non-spiked sample ranged from
0.7 to 1.55 pg mL~! which was the normal range of L-hyp for healthy
human serum. The found L-hyp concentrations were compared with
standard HPLC-UV technique to confirm accuracy and precision of this
proposed sensor. The results exhibited that the concentrations of L-hyp
achieved from both detection methods were in good agreement. A
paired t-test at 95% confidence interval is accomplished using this
developed method. The t-calculated value of 1.565 is lower than 4.303,
the t-critical value, thereby obviously indicating that there is no sig-
nificant difference between the established and standard technique.
Also, the %recovery and %RSD were found in the range from 99.72 to
103.34 and from 2.14 to 4.62, respectively, further confirming the
sensor’s accuracy and precision.

4. Conclusions

An enzyme-free impedimetric biosensor-based on MIP for bone dis-
ease biomarker, L-hyp, was successfully developed and applied to
selectively detect human serum samples with differently spiked L-hyp
concentrations. Charge transfer resistance (R.) was significantly
increased only in the presence of the correct analyte. For the investi-
gation of binding affinity, the developed biosensor showed an excellent
specificity toward the L-hyp molecule rather than the other similar
structure amino acids confirmed with the Kq value of 27.56 + 1.77 uM.
Under the optimal conditions, the analytical performance was exam-
ined, and it was found that the developed biosensor exhibited a linear
relationship between 0.4 and 25 pg mL™'. By using this platform, the
LOD and LOQ values of 0.13 and 0.42 pg mL™! were obtained,



W. Jesadabundit et al.

1.20

Biosensors and Bioelectronics 191 (2021) 113387

@ MIP/SPCE m NIP/SPCE

1.00 A

0.80

0.60

0.40

DR/ KQ

0.20

0.00

Fig. 4. The selectivity test of MIP and NIP electrodes toward L-hyp and its molecularly similar structures.

20

+Blank

®Spike 0 pg/mL
#Spike 1 ug/mL
#Spike 5 pg/mL
®Spike 20 pg/mL

-2"/kQ

50

Z'/kQ

Fig. 5. Nyquist plots of the MIP/SPCE biosensor for the analysis of human
serum samples with differently spiked L-hyp concentrations (0, 1, 5, and 20 pg
mL™!) using the optimal conditions.

Table 1
Comparison of the achieved results between the proposed and standard HPLC-
UV method for the quantification of L-hyp (n = 3).

Sample Added (pg/  Found (ug/mL) % %
mL) HPLC-UV  Developed Recovery  RSD
biosensor
Human 0 0.91 + 0.98 + 0.05 - 4.62
serum 0.09
1 2.01 + 2.01 + 0.06 103.34 2.75
0.01
5 5.87 + 5.97 £ 0.13 99.72 2.14
0.16
20 21.07 + 21.34 £0.93 101.79 4.37
0.17

respectively. These obtained values cover the concentration interval of
L-hyp that can be found in healthy humans and patients with an early
stage of bone diseases. To the best of our knowledge, this is the first non-
enzymatic electrochemical biosensor for direct L-hyp determination in a

biological fluid. This fabricated biosensor offers several advantages
including simple operation, high selectivity, and long-term stability for
up to 18 days. Additionally, by using this developed method, sample
pretreatment steps are not required, thus reducing the analysis time.
Hence, it can be assumed that this fabricated L-hyp biosensor has a great
potential to be applied in a clinical field as an alternative tool to access
the risk development of bone diseases and also symptom tracking.
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