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A novel affinity paper-based electrochemical impedance device (PEID) was first fully developed for cardiovas-
cular risk assessment. Herein, a simple folding PEID comprising a dual screen-printed electrode was fabricated
for label-free electrochemical impedance detection. The results demonstrated in a step-wise manner that the
phosphocholine-modified screen-printed carbon electrodes were highly responsive to the clinically required
range of C-reactive protein (CRP) (0.005 — 500 mgL™!; r? = 0.993) levels with a detection limit (30/slope) of
0.001 mg L~ . The optimal binding frequency of CRP-phosphocholine interaction was determined to be 100 Hz.
These results implied that our proposed system could be used for simultaneously measuring the CRP levels using
a single PEID platform in combination with the specific recognition elements. When assaying two levels of CRP,
the overall assay reproducibility for each concentration, expressed as relative standard error of the mean (RSE%;
n = 30), was 1.21%. The variation in the measurements between individual electrodes, expressed as the relative
standard deviation (RSD), was 2.82%. Using 2 measurement sites per device, the proposed sensor provided
excellent precision for the simultaneous detection of CRP. Moreover, the RSD for the CRP levels measured on ten
independently fabricated paper-based sheets was 2.11%, thereby offering an acceptable fabrication reproduci-
bility. The presented folding PEIDs were used forthe determination of CRP in patient-derived blood samples with
minimised bias and excellent correlation with a standard method (n = 15; CUSUM linearity test, p > 0.10),
thus permitting the potential application of PEID for assessing cardiovascular risk in individuals.

1. Introduction

Typically, the measurement of biomarkers for the early detection of
cardiovascular disease in asymptomatic individuals is vitally important
because the prevention of disease is better than the treatment. Thus, the
development of methods for detecting the markers of cardiovascular
risk assessment is absolutely crucial. Currently, although the determi-
nation of plasma lipid profiles, i.e. total cholesterol, triglycerides, and
high density lipoprotein cholesterol (HDL), is considered a useful
prognostic indicator of risk assessment for atherosclerosis, the picture
provided by lipid profiles alone is still incomplete for assessing the risk
of future coronary events in healthy individuals (Libby and Ridker,
2004). Recently, emerging evidence has suggested that the measure-
ment of inflammatory markers, particularly serum or plasma C-reactive
protein (CRP), improves the prediction of coronary risk evaluation
(Libby and Ridker, 2004; Ridker, 2003). CRP can predict the risk of
future coronary events in individuals without any prior evidence of

cardiovascular disease (Park et al., 2012). The elevated serum or
plasma CRP has been associated with increased future risk of acute
myocardial infarction (AMI) and thus helps with the implementation of
timely therapeutic interventions (Rifai and Ridker, 2001).

CRP, an acute phase protein, has attracted considerable attention as
a biomarker for global cardiovascular disease risk prediction and plays
a prominent role in the pathogenesis of atherosclerosis, which con-
tributes to myocardial infarction. The American Heart Association and
the United States Centre for Disease Control have classified the CRP
concentrations for evaluating the cardiovascular disease risk as follows:
a CRP concentration below 1.0 mg L™’ represents a low risk, the 1.0 —
3.0mg L' range an average risk, and levels above 3.0 mg L! represent a
high risk (Roberts, 2004). Reliable methods for the quantification of
CRP concentration have therefore become important for improving the
outcome of cardiovascular disease through appropriate interventions or
treatment.

Current methods to detect CRP levels depend heavily on antibody-
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based assays such as immunoturbidimetry (Borque et al., 2000; Dupuy
et al., 2003), immunoagglutination (Senju et al., 1986; Thomas and
Coakley, 1996), and the enzyme-linked immunosorbent assay (ELISA)
(Sadir et al., 2014; Wu et al., 2007), most of which rely on a wide range
of techniques, including optical methods (e.g., colorimetric detection
(Christodoulides et al., 2002; Vashist et al., 2014; Zhou et al., 2012),
chemiluminescence (Bhattacharyya and Klapperich, 2007), fluores-
cence (Ahn et al., 2003; Islam et al., 2010; Oh et al., 2005; Peoples and
Karnes, 2008; Phurimsak et al., 2016, 2014), surface plasmon re-
sonance (Hu et al., 2006; Meyer et al., 2006), metal clad leaky wave-
guide (Kim et al., 2014), white light reflectance spectroscopy
(Koukouvinos et al., 2016), and surface enhanced Raman spectroscopy
(Noble et al., 2012)), electrochemical methods (e.g., amperometric
techniques (de Avila et al., 2013; Kazimierczak et al., 2016), voltam-
metric techniques (Kokkinos et al., 2015; Zhou et al., 2010), electro-
chemical impedance spectroscopy (EIS) (Bryan et al., 2013; Fernandes
et al., 2014; Hennessey et al., 2009; Lehr et al., 2014; Park et al., 2008;
Prasad et al., 2013; Singal and Kotnala, 2017; Vattipalli et al., 2010;
Vermeeren et al., 2011), and electrogenerated chemiluminescence (Ala-
Kleme et al., 2006; Miao and Bard, 2003; O'Reilly et al., 2015)), mass
spectrometry (Kiernan et al., 2006; Meyer and Ueland, 2014), magnetic
permeability detection (Kriz et al., 2005; Meyer et al., 2007), piezo-
electric sensors (Gan et al., 2012, 2013), surface acoustic wave-based
sensors (McBride and Cooper, 2008; Mitsakakis and Gizeli, 2011), and
field effect transistor-based sensors (Kim et al., 2013a). The other
techniques for CRP determination are based either on biological or
chemical recognition elements such as DNA hybridisation (Songjaroen
et al., 2016), DNA or RNA aptamers (Centi et al., 2009; Pultar et al.,
2009; Yang et al., 2009)], phosphocholine residues (Deegan et al.,
2003; Goda et al., 2015; Kim et al., 2011; Kitayama and Takeuchi,
2014; Pomowski et al., 2015), phosphorylethanolamine (Raj et al.,
2007), and molecular imprinting polymers (Kumar and Prasad, 2012).
However, most of the aforementioned approaches require sophisticated
instrumentation with multiple operation steps. Moreover, some tech-
niques lack the desired sensitivity to determine the concentration of
CRP in apparently healthy persons. Consequently, the further devel-
opment of methods for determining the high-sensitivity CRP (hs-CRP) is
needed.

EIS-based platforms provide great potential for developing label-
free ultrasensitive diagnostic sensors for determining protein bio-
markers such as diabetic markers (Boonyasit et al., 2016a, 2015,
2016b), inflammatory markers (Fairchild et al., 2009; La Belle et al.,
2011), cancer markers (Elshafey et al., 2013), and cardiac markers
(Periyakaruppan et al., 2013). EIS provides a clear understanding of the
signal transduction processes occurring at the electrode interface, re-
flecting the physical and chemical structure in the amplitude and phase
of the response (Lasseter et al., 2004). More recently, a single frequency
impedance analysis has attracted great interest in biosensing applica-
tions since the measurement of impedance over a wide frequency range
is relatively time consuming (Katz et al., 2001; Shervedani and Hatefi-
Mehrjardi, 2007; Shervedani and Mozaffari, 2006). A unique frequency
upon binding occurs when the target molecule binds specifically to its
recognition element. Although a single frequency analysis was pre-
viously achieved on antibody-based sensors for CRP determination, the
analytical characteristics, i.e., sensitivity, selectivity, reproducibility,
and storage stability, need to be improved to meet the clinical re-
quirements (Singal and Kotnala, 2017).

Herein, a folding affinity paper-based electrochemical impedance
device (PEID) was developed for the ultrasensitive label-free EIS de-
tection of CRP over the clinically relevant concentration range. The
folding technique can be integrated with the fabrication of PEID, which
provides a one-step method for patterning paper-based devices.
Interestingly, a simple folding step aimed to create a small chamber for
the electrochemical cell buffer. The proposed PEID has been im-
plemented for hs-CRP determination based solely on the calcium-de-
pendent binding affinity of CRP for phosphocholine. The binding
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interaction between CRP and the phosphocholine-based recognition
was also investigated for the specific optimal binding frequency upon
binding. To the best of our knowledge, the presented PEID system is the
first one capable of assessing CRP levels in real clinical blood samples.
Moreover, CRP binding to the phosphocholine-modified screen-printed
paper-based electrodes offers a low-cost method as it is an antibody-free
specific binding platform. Our affinity-based PEID demonstrates great
improvement in hs-CRP assays, offering the potential to evaluate the
risk of future coronary events in individuals.

2. Materials and methods
2.1. Reagents and chemicals

All reagents and chemicals used in this experiment are described in
the Supplementary material.

2.2. Design and fabrication of the PEID

The simple affinity folding PEID comprised a dual screen-printed
working electrode and a counter-electrode coupled with a folding
multilayer of wax-penetrated papers. To prepare the two-sided wax-
based pattern on the 180 gsm office paper, the designed patterns of
hydrophobic barriers as a dark blue-colour on a white background were
fabricated using a slightly modified wax-printing procedure described
in our previous study (Boonyasit et al., 2016a). Experimental details
were described in Supplementary material. To assemble the whole
system, the folding technique was used for fabrication of PEID, as il-
lustrated in Fig. 1a. The designed wax-patterned paper electrochemical
cell was composed of two paper working zones (2mm in diameter)
surrounded by shared counter electrodes. The wax patterns around the
three electrodes constituted an insulator for the electrochemical cell
and served as a reservoir with a volume of approximately 30 pL.

2.3. Surface modifications of PEID

The experiment was described in Supplementary material. An affi-
nity-based impedance sensor was prepared by immobilising CDP-cho-
line on the surface of the screen-printed paper-based electrodes via
chitosan coating and glutaraldehyde cross-linking, as shown in Scheme
S1.

2.4. Apparatus setup for the electrochemical impedance measurement

Details of apparatus setup for the electrochemical impedance mea-
surement are in the Supplementary material. The configuration of the
proposed system is illustrated in Fig. 1b.

3. Results and discussion
3.1. Surface characterisation of the folding affinity-based PEID

After the curing process, the wax-patterned A4 sheet was prepared
for the screen-printing of the paper-based electrode configuration onto
the hydrophilic zones. The procedure in details is included in the
Supplementary material.

To investigate whether the surface of paper-based electrodes was
successfully modified with chitosan, the fluorescence imaging experi-
ment was also performed using the FITC staining technique. The FITC
solution, an amine-reactive derivative of fluorescein dye, was prepared
according to the manufacturer's instructions. Fig. 2a shows re-
presentative fluorescence micrographs of (1) a negative control without
the modification of chitosan prepared in the same manner as the paper-
based electrodes in the proposed PEID system and (2) a chitosan-
modified paper-based electrodes stained with FITC. The results revealed
that the paper-based electrodes were successfully modified with
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Fig. 1. Schematic representation of the proposed folding affinity-based PEID illustrating (a) the fabrication process for the paper-based electrodes and (b) the

configuration of the label-free electrochemical impedance system set-up.

chitosan due to a binding interaction of isothiocyanate to primary
amines present on the electrode surface. Additionally, the horseradish
peroxidase-based enzyme linked immunoassay (HRP-based ELISA) ap-
plication was also used for the detailed investigation of binding inter-
actions of the phosphocholine-modified paper-based electrodes to CRP.
To investigate whether the selective binding of phosphocholine re-
sidues and CRP molecules occurred on the surface of paper-based
electrodes, the CRP-conjugated HRP antibody combined with the Am-
plex® UltraRed reagent, a fluorogenic substrate for HRP, was used for
examining the presence of CRP on the sensing interfaces. Fig. 2b
(Supplementary material) represents the fluorescence micrographs of
(1) a negative control without CRP immobilisation and (2) CRP im-
mobilisation on the electrode surface. The presence of fluorescence
images implied that there was a specific binding of antigen-antibody
complexes occurring on the electrode surface, indicating the successful

immobilisation of CRP on the phosphocholine-modified paper-based
electrodes.

3.2. Surface modifications and EIS characterisation

A dual screen-printed working paper electrode was subjected to
step-wise modifications. The EIS measurements were carried out fol-
lowing each step of the surface modification at open circuit potential.
Nyquist plots for the impedance measurements in the presence of 5 mM
[Fe(CN)g]®7* at different stages of the modification process are shown
in Fig. 3a. Compared to the spectra obtained with the bare paper-based
electrodes (curve 1), an increase in the Rct value was observed when
the paper-based electrodes were modified with chitosan, which resulted
from the blocking of the diffusion of the redox species to the electrode
surfaces (curve 2). Subsequently, after modification of the chitosan-
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Fig. 2. Fluorescence micrographs of (a) FITC staining of the negative control without chitosan modification (1) and the positive control (2), and (b) Amplex®

UltraRED staining of the negative control without CRP immobilisation (1) and the positive control (2).
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Fig. 3. Impedance data obtained from (a) the Nyquist plots for the stepwise analysis of the (W) bare electrode, (l) chitosan-modified electrode, (A) glutaraldehyde-
treated electrode, and (+) phosphocholine-modified electrode; (b) the Nyquist plots of the phosphocholine-modified electrode after it was exposed to various con-
centrations of CRP: (A) 0.005mg L™, 0 0.05mgL™ ", (¥)0.5mgL™ !, )5mgL~", () 50 mg L™, and (M) 500 mg L.~ !; (c) the Nyquist plots after incubation with
(W) 0.5mg L™}, and () 5 mg L~ ! CRP standard solution. The solid lines represent curves fitted to the equivalent circuit in the inset. Inset: an equivalent circuit for
analysing the impedance data; Rs, Rct, CPE, and W represent the solution resistance, charge-transfer resistance, constant-phase element, and Warburg impedance,

respectively. The EIS spectra were obtained in 5 mM Fe(CN)¢>/*

amplitude, 10 mV); and (d) variation of the normalised Rct with respect to the concentration of CRP.
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solution prepared in a working buffer at an open circuit voltage from 100 kHz to 10 MHz (ac
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modified electrodes with the glutaraldehyde solution, a substantial in-
crease in resistance was observed (curve 3). The glutaraldehyde-acti-
vated electrodes were further modified with CDP-choline before ex-
posure to the various concentrations of CRP levels. The results showed
that the impedance spectra obtained from the phosphocholine-modified
electrodes were significantly lower than those from the glutaraldehyde-
treated electrodes (curve 4). This indicates the increased electron
transfer kinetics of the negatively charged [Fe(CN)]137* redox couple
due to the influence of the positive surface charge. However, the de-
crease in Rct after the immobilisation of CDP-choline cannot be fully
explained since, instead, it causes repulsion of the redox probe. To in-
vestigate whether the surface features of the paper-based electrodes
were successfully immobilised with CDP-choline, the control experi-
ments were also performed using a dual paper-based electrode without
immobilised CDP-choline prepared in the same manner as the proposed
system. Because of the lack of any interaction between chitosan and
CRP, the impedance signals remained unchanged compared to the
baseline signals of the chitosan-modified electrodes, as shown in Fig.
S2a. Additionally, the impedance signals of the glutaraldehyde-treated
electrodes were not in direct proportion to the various concentrations of
CRP, as shown in Fig. S2b, implying that the changes in impedance
were due to the specific binding between the phosphocholine-modified
electrodes and CRP.

3.3. Optimisation of the CRP assay

Some analytical parameters should be optimised, i.e., pH, chitosan
and glutaraldehyde concentrations, and immobilisation time, before EIS
measurements. Notably, the effect of pH has been widely perceived to
be the most crucial factor for binding affinity. Therefore, in this study,
the effect of pH on binding was investigated with a 0.1 M Tris-HCl
buffer solution containing 150 mM KCl and 5 mM CaCl, to maintain the
pH at 7, 8, or 9. As shown in Fig. S3 (Supplementary material), the
normalised Rct values of the PEID system were higher at pH 8 than at
pH 7. The results revealed that the sensitivity of the CRP assay in-
creased with increasing pH. Although the binding complexes at pH 9
provided the highest sensitivity, it was disregarded due to the narrow
linearity. Thus, pH 8 was used in all subsequent experiments, which is
in agreement with previous findings (Kim et al., 2011, 2013b;
Mackiewicz et al., 2010).

Different chitosan and glutaraldehyde concentrations were eval-
uated for sensor preparation using two clinically relevant levels of CRP
(0.5mg L't and 5 mg L'!). As shown in Fig. S4a and S4b (Supplementary
material), the Ret increased with increasing concentration until 0.5 mg
mL ! and 25%, respectively. These concentrations were, therefore, used
in all subsequent experiments.

As the sensitivity for CRP recognition relies on the density of surface
bound phosphocholine groups, different concentrations of CDP-choline
were investigated. The Rct increased with increasing CDP-choline
concentration, reaching a maximum at approximately 50 pg mL™”,
which indicates that the surface is becoming fully saturated with CDP-
choline groups (Fig. S4c, Supplementary material). As a result, 50 ug
mL"? CDP-choline was used for preparation of the APBA modifications
in all subsequent experiments.

As the number of functional groups and CRP molecules on the
surface of the electrode affects the sensitivity of the sensor, the effect of
immobilisation and incubation time on the determined Rct values was
also studied. First, the time to immobilise 0.5 mg mL™ chitosan and 50
ug mL! CDP-coline on a dual electrode surface was investigated for two
different CRP concentrations (0.5 mg L™ and 5 mg L*). Then, the in-
cubation time of CRP was studied using a sensing surface prepared
based on the optimised immobilisation time. The Rct increased steadily
with the chitosan and CDP-choline immobilisation time from 5 to 30
min (Fig. S5a and S5b, Supplementary material), reaching a maximum
after about 20 and 15 min, respectively, when assaying high and low
CRP levels. This immobilisation time was used to prepare the sensing
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surfaces for further experiments. Similarly, the Rct increased with in-
creasing CRP incubation time (Fig. S5¢, Supplementary material), ap-
proaching a maximum after 10 min for both the high and low HbAlc
level. Thus, a 10-min incubation time was determined to be the op-
timum condition and was used throughout the studies.

3.4. Analytical characteristics

Under optimal conditions, a remarkable increase in impedance va-
lues with increasing concentrations of CRP was observed in the Nyquist
plot, as depicted in Fig. 3b. The binding interaction between the
phosphocholine-modified electrodes and the CRP contents hindered the
diffusion of redox species to the surface of paper-based electrode, thus
making the redox process more difficult and causing the impedance to
increase. Moreover, the dramatic changes in impedance were noticed at
a lower frequency range, as shown in Fig. S6a, thereby demonstrating
the sensitive response of the phosphocholine-modified electrodes to-
wards CRP. The phase shift increased steadily upon the immobilisation
of CRP and subsequent addition of higher CRP concentrations, as shown
in Fig. S6b. To provide quantitative information on the effect of dif-
ferent electrode modifications and CRP concentrations, the acquired
Nyquist plots were fitted to the modified Randles equivalent circuit
model (Fig. 3c, inset), which includes a series of two constant-phase
elements (CPEs) in parallel with two charge-transfer resistances (Rct)
and the Warburg impedance (W), along with the resistance of the
electrolyte solution (Rs). Ideally, Rs and W are not affected by mod-
ifications occurring at the electrode surface, whereas both Rct and CPE
are altered by electrode modifications. Table S1 (Supplementary ma-
terial) demonstrates the determined values of Rct, ZCPE (Q and a), and
the effective equivalent capacitance (C¢) derived from the ZCPE. Al-
though the value of C.y decreases as a consequence of successive
modifications, the trend in C¢ is not clear when incubated with various
CRP concentrations. The significant increases in Rct2 were observed
with increasing CRP concentrations, thereby representing a great value
for quantitative determination of CRP levels in blood samples. The solid
lines in Fig. 3c show the fitting of Nyquist plots acquired after in-
cubation with CRP standard solutions (0.5 mg L and 5 mg L"), in-
dicating that the equivalent circuit model describes the data well down
to the lowest frequencies. According to the impedance values obtained
from the fit to this equivalent circuit, an increase in the Rct was ob-
served in the presence of increasing CRP concentrations. The normal-
ised resistances derived from the fitted resistance values were plotted
versus the various concentrations of CRP. As depicted in Fig. 3d, the
substantial increases in impedance signal were directly proportional to
CRP levels over the concentration range of 0.005 mg L™ to 500 mg L,
with a regression equation of y = 0.3516 x + 0.7953 (r? = 0.993) and
a detection limit (30/slope) of 0.001 mg L

The correlation between the CRP concentration and each frequency
was investigated to determine the optimal binding frequency at a spe-
cific binding constant. The relationship between the impedance signals
derived from the phosphocholine-modified electrodes and CRP con-
centration was compared at each frequency point in the range from 100
kHz to 10 MHz and further analysed by reaching a compromise be-
tween the R-squared value and the correlation's slope, at which the
maximised values were selected as the optimum binding target. The R-
squared value and the slope from a duplicate measurement on a single
paper-based electrode were plotted against the frequency range, as
shown in Fig. 4a. The R-squared value increased from the baseline and
reached a maximum value close to 1 before returning to a lower level,
whereas the slope gradually decreased until reaching a value close to 0
as the frequency increased. Hence, the optimal frequency of the binding
interaction between the phosphocholine-modified electrodes and CRP
was determined to be 100 Hz. The correlation, as shown in Fig. 4b,
represents an average impedance value of two different paper-based
electrodes at a frequency of 100 Hz over a wide concentration gradient
ranging from 0.005 mg L™ to 500 mg L}, with a regression equation of
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Fig. 4. Optimal binding frequency for (a) the phosphocholine-modified paper-
based electrodes and CRP interaction: () R-squared value of response versus
frequency, (A) slope of response versus frequency; and (b) correlation between
the average impedance response at a specific frequency and its associated CRP
concentration.

y = 0.3203 X + 1.6851 (r? = 0.994). We further investigated whether
the standard curve obtained from an impedance measurement at a
specific single-frequency could be used instead of that from an im-
pedance measurement recording the entire frequency range. Within the
95% confidence interval, a paired statistical analysis showed no sig-
nificant differences between the two methods (p-value = 0.001), in-
dicating the potential benefit of using a single frequency value for
analysis.

As demonstrated here, our PEID proposed for measuring cardio-
vascular risk markers not only improves the assay time by using a single
specific-frequency measurement but also offers a great sensitivity to
CRP values within the clinical requirement ranges. Our device is the
first report on the detection of CRP based on an affinity-sensing device
covering a broad clinical range. Table S2 in the Supplementary material
provides a brief summary of the current EIS-based devices for assaying
CRP. Thus, our proposed system provides a sensitive and cost-effective
paper-based device for assessing cardiovascular risk in individuals.

3.5. Regeneration and reproducibility

The reversibility of the interactions between CRP and its specific
recognition element was also investigated to assess the method's po-
tential for diagnostic applications. To evaluate the performance of the
regeneration procedure, the regeneration efficiency (RE) was calculated
according to the previous studies (Boonyasit et al., 2016b; Yakovleva
et al., 2002). Table S3 (Supplementary material) presents Rct data for
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the binding interaction on one electrode. In addition, 0.005 mg L'1 and
0.05 mg L' CRP caused an increase in Rct, similarly as shown in
Fig. 3b. After regeneration using 0.1 M Tris-HCl containing 150 mM
sodium chloride and 10 mM EDTA (pH 8), the Rct returned to the
original value due to the release of CRP in both cases. The RE was
99.34% and 99.17% after the first and second regeneration cycle, re-
spectively. After the second regeneration cycle, incubation with 0.005
mg L™ CRP still caused a similar Ret increase, as was initially observed
for that concentration. The results indicate that the interaction was
reversible, facilitating the construction of a reusable CRP assay system.
The reproducibility of our PEID was tested by determining both low
(0.5 mg L") and high (5 mg L'') CRP levels using a separate device for
each concentration. Ten measurement cycles per device, each followed
by a regeneration step, were run on each day for three consecutive days.
Each measurement cycle comprised 2 acquired impedance spectra using
a dual individually addressable measurement site on each device. The
variation in measurements between individual electrodes, expressed as
the relative standard deviation (RSD), was 2.82%. Considering the 10
measurement cycles per day for three days (n = 30), the overall assay
reproducibility for each concentration, expressed as the relative stan-
dard error of mean (RSE%), was 1.21%. Moreover, the RSD for the CRP
levels measured on ten independently fabricated paper-based sheets
was 2.11%, offering an acceptable reproducibility of fabrication. These
results indicate that our proposed system provides a great precision for
the detection of CRP with an acceptable reproducibility of fabrication.

The stability of the PEID system was investigated over a period of 7
days. The immobilised PEIDs were kept under dry conditions in a va-
cuum desiccator cabinet until assay. To evaluate the activity of the
individual paper-based electrodes, the impedance response was de-
termined every day using 5 mg L' CRP standard solution. Fig. S7
(Supplementary material) shows that the activity of the phosphocholine
sensing interface was 91.14% over a four-day period; however, after 7
days, the signal response had retained 80% of its initial response to
CRP. The decrease in signal was probably caused by the loss of binding
activity during the prolonged storage period. Long-term storage stabi-
lity of the device should be further investigated.

3.6. Selectivity study

The evaluation of endogenous and exogenous interfering substances
present in clinical specimens is essential before the diagnostic system
can be implemented clinically. Thus, to assess the analytical perfor-
mance of the proposed system for measuring cardiovascular risk mar-
kers, human serum albumin, fibrinogen, and immunoglobulin G were
tested as potential interferences in the sensing interfaces. In this study,
a known quantity of each interfering substance was spiked into the 0.5
mg L' CRP standard solutions, and the recovery percentage was as-
sessed to determine how much the spiked signal increased or decreased
from the initial response signals. Table S4 (Supplementary material)
shows that 8000 mg dL™ of human serum albumin impacted the CRP
assays, resulting in the recovery of 122.6%. However, the measured
recoveries dropped to satisfactory levels of 102.8% and 99.8% when the
amount of human serum albumin was decreased to 6000 mg dL and
3000 mg dL?, respectively. Moreover, a fibrinogen concentration of
600 mg dL! and 100 mg dL' generated reasonable recovery signals of
105.1% and 101.2%, respectively. Similarly, the effect of im-
munoglobulin G covering a concentration range of 600-1800 mg dL!
was acceptable with recoveries between 100.0% and 104.7%. These
results indicate that the proposed PEID system was highly selective in
determining the CRP values in actual specimens, enabling the possibi-
lity of using the present method to assess the cardiovascular risk in
individuals.

3.7. Real sample analysis and assay comparison

A demonstration of the ability of the diagnostic system to detect the
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Fig. 5. Comparison of the proposed folding affinity-based PEID and the current
large-scale method for CRP measurements using (a) a Bland-Altman bias plot
and (b) Passing-Bablok regression analysis, respectively.

hs-CRP in real human blood samples is essential before it can be im-
plemented clinically. Thus, to further investigate its potential practical
application, the effectiveness of the proposed PEID for measuring CRP
values was assessed using the real blood samples of healthy, diabetic,
and hypertensive volunteers. Each plasma sample was measured in-
dividually using our system and with the automated clinical chemistry
analyser. The results obtained from the proposed PEID were compared
with those determined with the particle-enhanced immunoturbidi-
metric assay on an automated large-scale analyser. The agreement and
correlation between the two approaches were evaluated via a Bland-
Altman bias plot and a Passing-Bablok regression analysis, respectively.
As demonstrated in Fig. 5A, the data showed acceptable agreement
between the results provided by our proposed device and the com-
mercially available kit within an agreement interval of + 1.96 SD.
These results also showed zero bias and a reliable relationship, which
indicates that these two approaches could be used interchangeably.
Moreover, as shown in Fig. 5B, the regression equations according to
the Passing-Bablok analysis of the CRP was y = 0.9913 x + 0.0160.
These results indicated a good correlation between the two methods
throughout the entire measurement range. Within a 95% confidence
interval, the values of the y-intercept (0.0160 mg L) and the slope
(0.9913) were significantly reliable and covered a range from
-0.0309-0.0696 mg L' and 0.9615-1.0132, respectively. The data
presented in this proof-of-concept work demonstrates the validity of the
proposed device for the ultrasensitive detection of hs-CRP in clinical
diagnostics using actual clinical specimens. Our paper-based devices
offer the great benefit of an onsite clinical test for assessment of future
cardiovascular risk in healthy individuals.

Biosensors and Bioelectronics 130 (2019) 389-396

4. Conclusions

The proposed affinity-based PEID not only provides an ultra-
sensitive measurement of hs-CRP that covers the clinically relevant
ranges, but also offers a wide dynamic concentration range for assaying
CRP. This ultrasensitivity was obtained because of the simple folding of
the PEID forming a small electrochemical chamber. Antibody-free EIS
sensing on a paper electrode makes this cost-effective device useful for
assessing cardiovascular risk in healthy individuals. The system per-
formed well compared with the commercial automated method using
actual clinical samples. By monitoring at a single frequency value, the
proposed device has a considerable advantage over the conventional
EIS measurements in terms of assay time, allowing a decrease in the
data acquisition time.
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