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Abstract

A novel paper-based analytical device (PAD) couplgth a silver nanoparticle-
modified boron-doped diamond (AgNP/BDD) electrodasviirst developed as a cholesterol
sensor. The AgNP/BDD electrode was used as workiegtrode after modification by
AgNPs using an electrodeposition method. Wax pigntvas used to define the hydrophilic
and hydrophobic areas on filter paper, and themteouand reference electrodes were
fabricated on the hydrophilic area by screen-prgtin house. For the amperometric
detection, cholesterol and cholesterol oxidase (h®ere directly drop-cast onto the
hydrophilic area, and #, produced from the enzymatic reaction was monitorethe
fabricated device demonstrated a good linearitgq0ng di* to 270.69 mg dt), low
detection limit (0.25 mg db), and high sensitivity (49.61 pA miMcm?). The precision
value for ten replicates was 3.76 % RSD for 1 mMOH In addition, this biosensor
exhibited very high selectivity for cholesterol eeion and excellent recoveries for bovine
serum analysis (in the range of 99.6-100.8 %). fdwellts showed that this new sensing
platform will be an alternative tool for cholested®tection in routine diagnosis and offers
the advantages of low sample/reagent consumptbon cbst, portability, and short analysis

time.



1. Introduction

Cholesterol is an essential component of the mammalell membrane and is a
precursor of bile acid and steroid hormones. Hawrewabnormal cholesterol levels are
related to several diseases, such as hypertensioanpary heart disease, arteriosclerosis,
brain thrombosis, lipid metabolism dysfunction amgocardial infarction [1]. Thus, the
monitoring of the cholesterol level is very impartefor disease control and prevention.
Various analytical strategies for cholesterol asshgve been developed that can be sub-
classified into two groups, including a chemicatl@am enzymatic method [2-5]. Currently,
the enzymatic method has received greater atterfboncholesterol analysis because it
provides greater sensitivity and selectivity théwe tthemical method. The well-known
principle of an enzyme-based cholesterol senstypisally based on the reaction between
cholesterol and the cholesterol oxidase (ChOx) mezy Free cholesterol is oxidized by
cholesterol oxidase to produce 4-cholestene-3-onehgdrogen peroxide @@,), and the
H,O, generated can be used for indirect quantificatmin cholesterol [6-8]. The
electrochemical method, especially the electrochahbiosensor, is extremely attractive for
the determination of cholesterol because the @eloémical biosensors provide high
sensitivity, require inexpensive instrumentatiomd aare suitable for real-time analysis.
Previously, several methods have been used to inim®bhe enzyme onto an electrode,
such as entrapment in a polymer [9], covalent lyakavith glutaraldehyde [10] or a polymer
[11], and electrostatic adsorption [12]. Althougiese sensing platforms provide good
performance for cholesterol detection, limitati@tid remain in terms of time consumption,
detection performance and the ease with which theymee is denatured during its
immobilization. To overcome this drawback, it iscessary to design and fabricate a new
cholesterol sensor that offers simple fabricatiam,easy immobilization step, and a short

analysis time.



Recently, filter paper has received interest as otengial material for sensor
applications due to its large surface area andclast. In 2009, electrochemical detection on
a paper-based analytical device (PAD) was firsetgped by Dungchai and coworkers [13].
This platform became a new alternative analyticavick and was applied in many
application areas [14-19]. Their simplicity of fatation, portability and disposability
coupled with the small volume of reagent/samplaitsmh required for PADs make them
suitable and very appealing for the developmentest clinical diagnostic tools. Moreover,
the biocompatibility of filter paper makes it siota for immobilization of enzymes or other
bioreceptors [20-22]. However, the traditional @apased electrochemical devices with a
three-electrode system (consisting of a workingtebele (WE), a counter electrode (CE),
and a reference electrode (RE)) still have somédtians, including low sensitivity because
of a small electrode area and the use of carboasrkworking electrode [13, 23].

To solve these problems, the use of a commercéatrelde coupled with PAD was
considered. Boron-doped diamond (BDD) thin filnme aovel carbon-based materials that
have very attractive properties compared to otbaventional electrodes in terms of (i) wide
electrochemical potential window; (ii) low and d&albackground current; (iii) resistance to
electrode fouling; (iv) high response reproducipiind long-term response stability; and (v)
biocompatibility. As advantages, we can concludat tthe BDD electrodes provide the
potential for electroanalysis application with higénsitivity [24-26]. To eliminate possible
interference from easily oxidizable species in dgital samples, cholesterol detection and
measurement via the monitoring 0f®4 reduction is proposed in this work. Unfortunately
the reduction of Bk, cannot be observed on a bare BDD electrode. Tdreresilver
nanoparticles (AgNP) have been considered as thdifigrofor modification of the BDD

surface because they have a large specific surfaea, @&xcellent conductivity and



extraordinary electrocatalytic activity. MoreoveAgNP also show an excellent
electrocatalytic activity for kD, reduction [27-30].

On this basis, we have developed a novel chotdsbeosensor based on a silver
nanoparticle-modified boron-doped diamond (AgNP/BDBlectrode with PAD. An
electrodeposition method was used to deposit Aghtl® the BDD electrode surface. The
resulting device possessed the advantages of sfaipieation, small sample volume/reagent
requirements, low cost and short analysis time. adidition, the AgNP/BDD electrode
exhibited a highly sensitive and selective respdnseetect cholesterol without disturbance
from interfering compounds such as ascorbic agid,acid, and glucose. To the best of our
knowledge, this the first report of the couplingai AgNP/BDD electrode with PAD to
fabricate a cholesterol biosensor. The results shimav this device displayed excellent

performance, a wide linear range, and a low detedimit for cholesterol detection.

2. Experimental

2.1 Chemicals and materials

Cholesterol and cholesterol oxidase (ChOx) frBmeptomyces sp. (25 U/mg) and
lipid cholesterol enriched from adult bovine serumre purchased from Sigma (St. Louis,
MO). Potassium dihydrogen phosphate ¢RB) was purchased from Carlo Erba Reagenti-
SpA (Val de Reuil, France). Hydrogen peroxide@b), disodium hydrogen phosphate
(NaoHP(Oy), potassium chloride (KCI) and boric acids;B03) were purchased from Merck
(Darmstadt, Germany). Silver nitrate (AghQvas purchased from POCH S.A. (Poland).
Glacial acetic acid (C¥€OOH) was purchased from Fisher Scientific (Pittghy PA).
Phosphoric acid (PO, 85%) was purchased from Carlo Erba (Rodano, NHAY Carbon
ink and silver/silver chloride (Ag/AgCl) ink werebtained from Gwent Group (Torfaen,

United Kingdom). Filter paper grade no. 1 (sizex4s7 cnf) was purchased from Whatman.



A stock solution of cholesterol was prepared dhaiydissolving cholesterol in a mixture of
Triton X-100 and isopropanol. This stock solutimas further diluted to make different
concentrations of cholesterol in 0.05 M PBS pH 7.Zhe solution was stirred with a
magnetic bar at 60 °C to obtain a homogeneousignluStock solution of ChOx was freshly
prepared by dissolving in 0.05 M phosphate buffgd (7.0). All chemicals were used

without further purification.

2.2 Sample preparation

The labeled concentration of cholesterol in adoltibe serum was used to represent
the serum sample. The serum samples were prepgretissolving adult bovine serum
powder in Triton X-100 and isopropanol, and dilgtimith 0.05 M PBS pH 7.4. The solution

was stirred with a magnetic bar at 60 °C.

2.3 Preparation of AQNP/BDD €lectrode

A simple one-step electrodeposition method was fsethe electrode modification.
A three-electrode system (Ag/AgCl (3 M KCI) electenas the reference electrode (RE), a
platinum wire as the counter electrode (CE) andDd Relectrode as the working electrode
(WE)) was used in this work. ElectrodepositionAgfNPs onto the BDD electrode surface
was accomplished by dipping the electrode in atmwluof AgNG; in Britton-Robinson
buffer (pH 2) and applying a potential with stiginThe electrode was then rinsed with water
to remove any physically adsorbed substances oel¢lctrode.

The electrodeposition parameters for the modificatof the electrode including
deposition potentials, deposition times, and cotraions of AgNQ could affect the

performance of the electrochemical response for HB®, reduction, which should be



optimized to increase the sensitivity. The rangesach parameter optimized are shown in

Table 1.

2.4 Fabrication of cholesterol sensor and analytical procedure

In this work, wax printing and filter paper (Whatmalo. 1) were selected for the
construction of the devices according to a pre\iousported method [31]. The patterned
PAD was designed by the Adobe lllustrator, and tthen patterns were printed onto paper
using a wax printer (Xerox Color Qube 8570, Japahfe printed PAD was heated on the
hot plate at 175 °C for 50 s to melt the printeck\sa that it penetrated through the paper to
form the hydrophobic and hydrophilic patterns. e®eorprinting in-house was used to
fabricate CEs and REs. Carbon ink was used foCteAg/AgCl ink was used for the RE
and conductive pads. The screen block was desigsiegy Adobe lllustrator software and
constructed by Chaiyaboon Co. (Bangkok, Thailamte CE and RE were screened onto the
hydrophilic area on the top of the PAD. The dowdited adhesive tape was punched to
create a 1.0 cm diameter hole. This double-sidbééside tape was used to attach the bottom
of the PAD and the AgNP/BDD electrode to compléie device. For the determination of
cholesterol, an optimal volume of ChOx was drop-easl dried onto the hydrophilic zone of
the PAD. Then, 10 pL of standard/sample cholektsamution was dropped, and
electrochemical measurements were performed witmadel PGSTAT 101 Autolab
Electrochemical System controlled with the NOVAts@re package (Kanaalweg 29-G 3526
KM Utrecht, The Netherlands) at room temperatugz£2 °C). The overall fabrication and

analytical procedure for the determination of cktdeol are shown in Scheme 1.

3. Results and Discussion

3.1 Device design



The coupling of the AgNP/BDD electrode with PAD ftine fabrication of a
cholesterol biosensor was designed to improve ligwtrechemical performance of the PAD
using the BDD electrode as the WE instead of theitional carbon screen-printed electrode.
A low background current at the BDD electrode carhamce the sensitivity for the
cholesterol detection. Moreover, the device tha thave designed can reduce the
consumption of standard/reagent solution and redbeetime required for the enzyme
immobilization step by direct drop-casting of Chomto the hydrophilic zone of the PAD.
The enzyme is immobilized on the filter paper by Husorption process. After addition of
the cholesterol solution, ChOx catalyzes the oxidabf cholesterol to generate,® and
cholest-4-en-3-one. The electrochemical reduabioH,O, occurs at the modified electrode
after a suitable potential is applied. The catbauirrents of HO, are recorded and used to
determine the concentration of the cholesterohengamples. The mechanism of cholesterol

detection is shown in Scheme 2.

3.2 Surface morphology of AQNP/BDD electrode

Scanning electron microscope (SEM) was used to actenize the surface
morphology of bare BDD electrode and AgNP/BDD efed¢ as shown in Fig. 1A and Fig.
1B, respectively. After electrodeposition of AgNRsnumber of nanoparticles were clearly
seen. The size of AQNPs was in the nanoscale. $agger particles may be possibly caused
by the aggregation. The distribution of ANPs ba electrode surface led to increase the

surface area and improve the electrochemical s@nhsinf the modified electrode.

3.3 Electrochemical behavior of standard H,O, and cholesterol on the AgNP/BDD

electrode coupled with PAD



Cyclic voltammetry was initially employed to intgmte the electrochemical
behavior of HO, on the AgNP/BDD electrode coupled with PAD. Thegclic
voltammograms (CVs) in the absence and presenteard¥l H,O,, recorded at the bare BDD
electrode and the AgNP/BDD electrode, correspontbnidne background at the scan rate of
100 mV §' are shown in Fig. 2A. The cathodic peak e®bidid not appear at the bare BDD
electrode, supporting the observation that thistedde has no electrochemical activity
toward HO,. For the AgNP/BDD electrode, a well-defined calicopeak of HO, can be
observed at a potential of approximately -0.61 VAG/AQCI, suggesting that the use of the
BDD electrode modified with  AQNPs can promote thHeceon transfer in the 1D,
reduction.

Subsequently, the electrochemical behavior of th@,roduced from the reaction
between cholesterol and ChOx was investigated okgdP/BDD electrode coupled with the
PAD. The results are shown in Fig. 2B. The cathqumiak of the kD, that was produced
appeared at a potential of approximately -0.71TWe reduction peak potential of the®}
that was produced shifted to a more negative vedmepared to the reduction peak potential
of standard KO, because of the effect of the Triton X-100 that wasd as the surfactant for
dissolving the cholesterol. The results indicateat the proposed device can be used as a
new biosensor for cholesterol detection. Then, dffiect of the enzyme volume on the
cathodic current of 38.7 mg/dL of cholesterol wasgestigated in the range of 0.2-1.0 pL.
The optimum volume of enzyme was 0.8 pL, and thisme was used for all experiments.

In addition, the effect of dissolved oxygen in wution was investigated by monitoring the
reduction current of bD, in this system, because the effect gfddring the electrochemical
measurements is an area of concern. From the sesidt net reduction currents (after the

subtraction of the background) from before andratite N purge were not significantly
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different, which agrees with the previous literat{82]. Thus, the cholesterol detection can

be carried out in an atmospheric environment.

3.4 Effect of the scan rate

The effect of the scan rate is the most importaxpeemental parameter for
evaluating the mass transfer of the reactant towsdelectrode via diffusion or adsorption
control. Fig. 3 shows cyclic voltammograms of 1 D, in the potential range of 0 V to -
1V vs. Ag/AgCI with different scan rates at theM®/BDD electrode coupled with PAD. At
the scan rate from 10 to 100 mV,ghe peak current i of H,O, was proportional to the
square root of the scan rate’fv (inset, Fig. 2; linear regression equation: y23.158x +
27.895 with R2 = 0.9946). The results suggestatitthe mass transfer in this system was a

diffusion-controlled process.

3.5 Selection of applied potential

Due to its high sensitivity and wide applicabilighronoamperometry was selected
for the electrochemical determination of choledterd’he sensitivity and selectivity of
electrochemical detection depended on the selecfidhe applied potential. To achieve the
lowest detection limit and highest selectivity, #hependence of the current response of the
fabricated biosensor on,8, reduction at applied potentials ranging from -®@5-1 V vs.
Ag/AgCl was examined in 0.05 M PBS (pH 7.4) contagnl mM H0O,. Fig. 4A shows the
i-E curve of the reduction current of 1 mM,® and the background current at each
potential. The reduction current of,®b and the background current were significantly
increased by increasing the detection potenti@ls.the basis of sensitivity and selectivity, a
hydrodynamic voltammogram of signal-to-backgrou8(B| ratios was considered instead of

using only reduction currents. The results are showFig. 4B. The signal ratio reached a
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maximum at the detection potential of -0.7 V vs/AgfCl. Therefore, an applied potential of
-0.7 V vs. Ag/AgCI was selected for the chronoaropeetric measurement in the following

experiments.

3.6 Analytical performance

The relationship between the cathodic current dmed doncentration of cholesterol
was examined at the optimal detection potentialdof V vs. Ag/AgCl and recorded at the
apparent steady state current of 20 s. Fig. 5 shtbe chronoamperograms of cholesterol
calibration using the fabricated biosensor. Thihadic current increased with increasing
cholesterol concentration due to the reduction gdifenerated by the enzymatic reaction.
The linearity of the calibration curve is showrtlie inset. The cathodic currents exhibited a
linear correlation with the cholesterol concentmatacross the range from 0.39 to 270.69 mg
dL? (correlation coefficient of R= 0.9967) with a sensitivity of 49.61 pA mivem?, which
was calculated by dividing the slope of the calibra curve by the electrode surface area.
The limit of detection (LOD) was estimated as tl@aentration that produced three times
the standard deviation of the blank sample andfauasd to be 0.25 mg dt. Previously, the
national cholesterol education program (NCEP) legmonted that the normal level of total
blood cholesterol in a human is lower than 5.18 @#0 mg d*) [33]. This information
shows that the fabricated biosensor covers a veidge of cholesterol concentrations and can
be applied for cholesterol detection in the clihideagnostics. The apparent Michaelis—
Menten constantkf,) that gives an indication of the enzyme-substidtestics can be
estimated based on the Lineweaver—Burk equatio:=l(x,,/I,...)(1/C) + 11#,,.., wherer is
the steady-state curreny,, is the maximum current measured under the satlsatbstrate
conditions, andC is the cholesterol concentration. Thgvalue of the system in this work

was found to be 6.48 mM or 250.43 mg'dLThe performance of the proposed cholesterol
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biosensor compared to the previously reported vaushown in Table 2. The results
confirm that the proposed novel cholesterol biosensxhibited excellent sensing
performance. Moreover, our proposed biosensoroffee advantages of a simple and fast
immobilization process.

The repeatability of the sensor was evaluated. f@mecated sensor was evaluated by
repeating the measurement of 1 mMOnten times. The relative standard deviation (RSD)
was 3.76%, indicating that the biosensor measuremas highly repeatable. Moreover, the
reproducibility of the sensor was also evaluatadgishronoamperometric detection of 37.8
mg/dL cholesterol. The RSD of five different serssonder the same conditions was found

to be 3.5%, indicating that the fabricated biosehsal acceptable precision.

3.7 Interference study

The selectivity is an important factor for evalagtithe performance of sensors. The
effects of common interfering molecules that coexiith cholesterol in serum, such as
glucose (Glu), ascorbic acid (AA), and uric acidAjUvere investigated. Glu (1 mM), AA
(0.2 mM), and UA (0.2 mM) were added into 38.7 mig'ctholesterol standard solution
separately and then measured by the fabricate@énsos. The results showed the negligible
effect of these interferences on the current respai the fabricated cholesterol sensor as
shown in Fig. 6. The current ratios between thes@nce and absence of the interferences
were found to be 1.02, 1.01, and 0.99 for glucége, and UA, respectively. Thus, highly
selective detection of cholesterol was obtainetigishe proposed method. All the above
results demonstrated that the use of the AgNP-neadi8DD electrode facilitates the low
potential amperometric detection of cholesterol améhances the selective ability of the

biosensor.
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3.8 Sample analysis

To demonstrate the possible clinical applicatidhs, cholesterol sensor was used to
determine the cholesterol level in bovine serumhe Tesults are listed in Table 3. The
cholesterol concentrations determined by the fabett sensor are in good agreement with
the concentration of the cholesterol labeled intibeine serum sample. The values of the
recoveries obtained were in the range of 99.6-19.8These results clearly indicate that the

proposed method can be applied to measure chalestdyovine serum.

4. Conclusion

In summary, we have demonstrated a novel desigarf electrochemical paper-based
analytical device based on an AgNP-modified BDDcetele with PAD for use as a
cholesterol biosensor. This novel cholesterol biese offers the advantages of simple
fabrication, no requirement for an enzyme immobilg step, low consumption of
reagents/sample, low cost, and short analysis tiffilee most significant characteristics of
this cholesterol biosensor are its wide linear earigw limit of detection, high sensitivity,
good reproducibility, and freedom from interferericem easily oxidizable species such as
glucose, ascorbic acid, and uric acid. In addjtibws fabricated biosensor was successfully

applied to the determination of cholesterol in Inevserum.
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List of scheme captions

Scheme 1. Schematic representation of the fabrication andlyéical procedure for the
cholesterol sensor based on the coupling of theEXB®D electrode with PAD

Scheme 2. Schematic representation for the cholesterol detecprocesses on the

AgNP/BDD electrode coupled with PAD
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Fig. 1. SEM images of (A) bare BDD electrode and (B) AgBIPD electrode prepared by
electrodeposition at a potential of —0.5 V durin@ & from a pH 2 Britton-Robinson
containing 5 mM AgNG@

Fig. 2. (A) CVs of the bare BDD electrode (purple line) ahd AgNP/BDD electrode (blue
line) in 0.05 M PBS, pH 7.4. CVs of reduction oiniM H,0O, at the bare BDD electrode
(green line) and AgNP/BDD electrode (red line).ascate: 100 mV s-1. (B) CVs of the
AgNP/BDD electrode in the absence (blue line) are$@nce of 38.7 mg/dL cholesterol.

Fig. 3. CVs for 1 mM HO; in 0.05 M PBS (pH 7.4) at the AgNP/BDD electroamigled
with PAD for a series of scan rates (10, 20, 40,8 and 100 mV s-1). The relationship
between cathodic current (LA) and (scan f&tis)shown in the inset.

Fig. 4. (A) Hydrodynamic voltammograms of 38.7 mg/dL chodest (blue line) and
background (blue line) for 20 s sampling time. HB)drodynamic voltammogram of signal-
to-background ratios extracted from the data shiovpart A.

Fig. 5. Chronoamperograms of cholesterol (0, 0.4, 19.37,387.3, 116.0, 154.7, 193.4,
232.0, and 270.69 mg d. determination at -0.7 V vs.Ag/AgCl. The calilioat plot of the
cathodic currents at 20 s of sampling time fordegermination of cholesterol is shown in the
insert.

Fig. 6. The interference effect of 1 mM Glu, 0.2 mM AAdaD.2 mM UA in the detection of

1 mM cholesterol in 0.05 M PBS, pH 7.4.
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Table 1: Summary of the experimental parameters for meatiibn of electrode

Table 2. Comparison of analytical performances of differeleictrochemical biosensors for
the determination of cholesterol

Table 3. Determination of cholesterol in bovine serum samsiple
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Parameters

Range tested

Optimum value

deposition potentials (V vs Ag/AgCl)
deposition times (s)

concentrations of AgQNgXmM)

(-0.3) - (-0.7
25 - 300

0.25-10
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Table2
Cholesterol biosensor  Immobilization method Linear range LOD (uM)
(mM)
GCE/PTH/ChOx/HRP covalent linking 0.025-0.125 6.3
[34]
Nafion/ChOx/-FeOs/Ag co-immobilized 0.1-8.0 18
[35] with a-Fe,03 micro-pine
shaped hierarchical
structures
ChOx/Pt— adsorption 0.0001-0.7593 0.03
Au@ZnONRSs/CS-
MWCNTs/GCE [36]
ChOx/AuPt-Ch-IL/GCE cross-linking 0.05-6.2 and 10
[37] 6.2-11.2
ChOx—CS/Hb-CS/GCE encapsulation 0.01-0.6 9.5
[38]
AuE/dithiol/ AuUNPs/MUA covalent attachment 0.04-0.22 34.6
/ChOx [39]
(PAH-MCNTs— electrostatic interaction 0.18-11 20
GNPs/HRPY(PAH-
MCNTs—GNPs/ChOx)
[40]
G/PVP/PANI adsorption 0.05-10 1
nanocomposites [41]
AgNPs/BDDE coupled with adsorption 0.39-270.69 mg di 6.5

PAD (this work) or 0.01-7 mM
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Table3
Sample Labeled Determined value  %RSD Relative % Recovery
concentration (mg/dL) error (%)
(mg/dL)
A 40 40.61£1.4 3.4 +1.5 99.6
B 60 61.3+1.8 3.0 +2.1 100.7
C 80 79.4+£1.0 1.0 -0.3 100.8
D 100 99.6+1.0 1.3 -0.7 100.6




Highlights

Novel PAD coupled with AQNP/BDDE for cholesterol determination was devel oped.
Wide linear range, low detection limit and high selectivity were achieved.

This sensor was successfully applied for cholesterol determination in bovine serum.
This platform offers the advantages of low sample/reagent consumption and low cost.



