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Abstract: A tri-enzyme system consisting of choline kinase/choline oxidase/horseradish peroxidase
was used in the rapid and specific determination of the biomarker for bacterial sepsis infection,
secretory phospholipase Group 2-IIA (sPLA2-IIA). These enzymes were individually immobilized
onto the acrylic microspheres via succinimide groups for the preparation of an electrochemical
biosensor. The reaction of sPLA2-IIA with its substrate initiated a cascading enzymatic reaction
in the tri-enzyme system that led to the final production of hydrogen peroxide, which presence
was indicated by the redox characteristics of potassium ferricyanide, K3Fe(CN)6. An amperometric
biosensor based on enzyme conjugated acrylic microspheres and gold nanoparticles composite coated
onto a carbon-paste screen printed electrode (SPE) was fabricated and the current measurement was
performed at a low potential of 0.20 V. This enzymatic biosensor gave a linear range 0.01–100 ng/mL
(R2 = 0.98304) with a detection limit recorded at 5 × 10−3 ng/mL towards sPLA2-IIA. Moreover,
the biosensor showed good reproducibility (relative standard deviation (RSD) of 3.04% (n = 5). The
biosensor response was reliable up to 25 days of storage at 4 ◦C. Analysis of human serum samples for
sPLA2-IIA indicated that the biosensor has potential for rapid bacterial sepsis diagnosis in hospital
emergency department.

Keywords: amperometric biosensor; choline kinase; choline oxidase; horseradish peroxidase; sepsis;
bacterial infection; sPLA2-IIA

1. Introduction

Bacterial sepsis can be described as a condition in which patients experience systemic
inflammatory response syndrome associated with infection and one of the leading causes of death in
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Malaysia [1]. Currently available routine screening for bacterial sepsis include the white blood cell
(WBC) count, erythrocyte sedimentation rate (ESR), and C-reactive protein (CRP), although these have
poor sensitivity and specificity [2]. There is a need to distinguish biomarkers that are specific and
sensitive for bacterial sepsis detection. Pierrakos and Vincent [3] reported that the Secretory Group IIA
Phospholipase A2 (sPLA2-IIA) have high sensitivity and specificity in determining sepsis (~95%). This
biomarker was also tested positive in humans for the diagnosis of septicemia [4–6].

sPLA2-IIA is an acute phase protein and participates in the host response to inflammation and
generates inflammatory arachidonic acid metabolites [7]. The levels of sPLA2-IIA is effective in
measuring systemic of inflammation in various bacteremic and non-bacteremic infections [8–10] and in
differentiating between bacterial and viral infections [11]. Interestingly, the level of sPLA2-IIA correlate
well with the severity of septic shock and its outcome [12,13]. High or markedly increase levels of
sPLA2-IIA have also been shown to associate with adverse outcome in sepsis [14,15]. Rintala et al. [11]
have proved that sPLA2-IIA reached maximal levels even at the beginning of the follow-up and
suggested the cut-off value of 150 mg/L for sPLA2-IIA to identifying bacteremia within the first 24 h.

Current diagnosis of bacterial sepsis involves cumbersome and time-consuming methods of
bacterial cultures or ELISA (enzyme-linked immunosorbent assay) in which antibodies produced
towards the pathogen are measured. Thus, a rapid and simple technology to aid bacteria sepsis
diagnosis will be useful. Enzyme based electrochemical biosensors have a potential to fulfill the
requirements, through the development of portable instruments which is specific, fast and cost
effective with sufficient sensitivity and selectivity to diagnose sepsis directly.

In the present work, we developed a novel amperometric biosensor for direct determination of
the bacterial sepsis biomarker, sPLA2-IIA based on tri-enzyme system consisted of choline kinase
(ChKinase), choline oxidase (ChOx) and horseradish peroxidase (HRP), which were covalently
immobilized onto modified acrylic microspheres surface. The production of the enzyme sPLA2-IIA
during sepsis conditions can be reacted with the substrate, phosphatidylcholine (PC) to form
phosphocholine. Choline kinase (also known as choline phosphokinase) is an enzyme which catalyses
the conversion of phosphocholine to choline. This is then acted upon by the second enzyme choline
oxidase (ChOx) to produce hydrogen peroxide. Further, the third enzyme horseradish peroxidase
(HRP) was used to react with hydrogen peroxide and this reaction is indicated by the redox mediator,
potassium ferricyanide K3Fe(CN)6 operating at lower potential. The tri-enzyme system for sPLA2-IIA
determination is summarized in Figure 1.
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To fabricate an electrochemical biosensor, these enzymes were immobilized on acrylic
microspheres functionalized with succinimide groups (NBA-NAS). The quantities of immobilized
enzyme were optimized before immobilization onto the microspheres, independently. Thus, the
amount of enzyme needed for an optimum detection system can be controlled by mixing the right
weight of enzyme-conjugated microspheres before they were coated onto the electrode. Enzyme
loaded microspheres were subsequently mixed with gold nanoparticles (AuNPs) to form a composite
that was coated onto a carbon paste screen-printed electrode (SPE). The role of AuNPs is to improve
the electrode conductivity as acrylic microspheres do not possess electrical conductivity. The use of
acrylic microspheres modified with N-acryloxysuccinimide (NAS) for enzyme immobilization had
been reported for amperometric capsaicin biosensor [16], potentiometric formaldehyde biosensor [17],
and optical urea biosensor [18]. Enzymes deposited onto microspheres through covalent bonding have
benefited from leaching and instability issue, hence enhance the overall performance.

2. Materials and Methods

2.1. Reagents and Solutions

All chemicals from commercial sources were of analytical grade and used as obtained. Choline
oxidase from Alcaligenes sp., peroxidase from horseradish in lyophilized powder, approximately
150 U/mg and potassium ferricyanide, K3Fe(CN)6 were purchased from Sigma-Aldrich (Saint Louis,
MO, USA). The source of sPLA2-IIA is honey bee venom (Apis mellifera), salt-free in lyophilized powder,
600–2400 U/mg protein and the substrate, L-a-phosphatidylcholine was obtained from egg yolk, type
XVI-E (≥99%), 100 mg in lyophilized powder, ultrapure grade and kept in phosphate buffered saline
(Sigma). Choline chloride 99%, Choline Kinase-a Inhibitor (CK37), 5 mg, was obtained from Merck.
Potassium chloride (KCl), sodium hydroxide (NaOH), sodium acetate, sodium phosphate, n-butyl
acrylate (NBA), 2-2-dimethoxy-2-phenylacetophenone (DMPP), 1,6-hexanediol diacrylate (HDDA),
gold nanoparticles (AuNPs) and tris-hydroxymethyl aminomethane (Tris-HCl) were also supplied by
Sigma-Aldrich). N-acryloxysuccinimide (NAS), sodium dodecyl sulfate (SDS) and ethanol 95% were
from Systerm while hydrochloride acid 37% (HCl) from Riedel-de Haen. Phosphate buffer solution
(PBS) was prepared using potassium dihydrogen phosphate and dipotassium hydrogen phosphate
(Systerm) to achieve concentration of 0.1 M at pH 7. Preparation of standard solutions and cleaning
laboratory glassware were performed using deionized water.

2.2. Apparatus and Electrode Deionized Water Was Used

Differential pulse voltammetry (DPV) experiments were operated using potentiostat, Autolab
PGSTAT 12 (Metrohm, Herisau, Switzerland) at 0.02 mV step potential in the scanning range of
−0.4–0.4 mV. SPE (Scrint Technology (M) Sdn. Bhd., Penang, Malaysia) modified with acrylic
microspheres and gold nanoparticles (AuNPs) was used as working electrode. Meanwhile, a
glassy carbon electrode and Ag/AgCl electrode were used as auxiliary and reference electrodes,
independently. KCl solution of 3.0 M was utilized as the internal solution of the Ag/AgCl whereas all
potential measured in this study were later referred to Ag/AgCl electrode. Homogeneous mixture of
acrylic spheres was produced using sonicator bath, model Elma S30H and followed by centrifugation at
4000 rpm for 30 min (Centrifuge, HERMLE Z230A, 5500 rpm). These microspheres were washed three
times using 5 × 10−2 M K-phosphate buffer (pH 7.0) followed by air-drying at ambient temperature.
The morphology of poly(NBA) microspheres were analyzed using scanning electron microscope (SEM,
LEO 1450VP, 20 kV acceleration voltage).

2.3. Immobilization Matrix—Acrylic Microspheres

NBA monomer (7 mL, SDS (0.01 g), HDDA (450 µL), DMPP (0.1 g), NAS (6 mg) and deionized
water (15 mL) were mixed in a volumetric flask. At the end of sonication (10 min), the resulting
mixtures turned milky white and was subsequently photocured for 600 s under continuous nitrogen
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gas purging in an ultraviolet exposure unit (R.S. Components Ltd., Northants, UK) of 15 Watt light
intensity at 350 nm wavelength. Poly(NBA-NAS) microspheres were later collected by centrifugation
(4000 rpm) for 30 min and washed repeatedly with potassium phosphate buffer solution of 5 × 10−2 M
(pH 7) and dried at room temperature. The clean microspheres were stored at 4 ◦C when not in use.

2.4. Preparation of Modified SPEs

Screen-printed electrodes (SPEs) were cut into strips of 2.0 cm × 0.6 cm. The SPEs were modified
with gold nanoparticles (1 mg AuNPs was dissolved in 300 µL EtOH) and this was accomplished
by drop coating them on the SPEs. The three enzymes i.e., Horseradish peroxidase (4 µL), choline
oxidase (8 µL) and choline kinase (4 µL) (All the enzymes = 0.5 mg enzymes in 100 µL potassium
phosphate buffer solution of 0.01 M at pH 7) were immobilized separately on acrylic microspheres
(1 mg microsphere was mixed in 100 µL potassium buffer solution of 0.01 M at pH 7) for 24 h. After
overnight immobilization, all the mixture of acrylic microsphere (ACMS)-enzymes were centrifuged at
speed: 10,000 rpm; duration: 10 min; temperature: 4 ◦C and washed with PBS solution 0.01 M pH 7
for three times. Each enzyme-conjugated microsphere was suspended in buffer solution again before
carefully pipetted and dropped onto the confined area of the SPEs. The solution was left to dry on the
working electrode up to 2 h before proceeding with the analysis. The modified SPEs were stored at
chill temperature of 4 ◦C. The fabrication procedure of the biosensor is as shown in Figure 2.
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Figure 2. The fabrication procedure for amperometric biosensor for the determination of sPLA2-IIA as
an indication of sepsis conditions. Three enzymes are used to determine the sPLA2-IIA using cascading
enzymatic reactions. These enzymes are immobilized onto acrylic microspheres, (NBA-NAS), which
formed a composite with gold nanoparticles (AuNPs) to improve the electrode conductivity. The
composite is later deposited onto screen-printed electrode (SPE).

2.5. Optimization of Bacterial Sepsis Biosensor

The response of bacterial sepsis biosensor was optimized to achieve the optimum working
conditions for sepsis determination. The AuNps deposition was optimized from 0.03 to 0.1 mg, whilst
acrylic microspheres (ACMS) were loaded between 0.02 and 0.2 mg onto the AuNPs-modified SPE
surface. Effect of buffer type to the enzyme biosensor was investigated by using K-phosphate, tris-HCl,
Na-phosphate and Na-acetate buffer. pH effect on the bacterial sepsis biosensor were carried out by
varying the electrolyte pH from 5.0 to 9.0. Ratio of enzyme (HRP:Chox:ChKinase) was loaded between
0:0:0 and 2:1:1 mg on the ACMS-AuNPs-SPE electrode. For the optimization of the response time, the
designed enzyme biosensors were dipped into a solution that contained the sPLA2-IIA enzyme at a
fixed concentration from 0 to 30 min.
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2.6. Selectivity Response

The selectivity response towards the biosensor was carried out with five metabolite compounds
that can be found in human body fluids (e.g., serum, whole blood, etc.) at concentrations of 40 ng/mL
and 80 ng/mL to match their concentrations in the diluted serum samples used for the tests later. The
chosen metabolite compounds were urea, ascorbic acid, glucose, sucrose and citric acid. The selectivity
study was carefully conducted via dipping the enzyme biosensor into the pure metabolite solutions
alone and the DPV peak current response was recorded immediately. The biosensor responses obtained
from these metabolite compounds were then compared to the response of the analyte sPLA2-IIA alone.

2.7. Amperometric Measurement

In order to detect sPLA2-IIA found in bacterial infection and sepsis, a potentiostat is used
to record the electrochemical measurements through three electrode system developed consists of
SPE as working electrode, a platinum electrode as counter electrode and a Ag/AgCl as reference
electrode, respectively. Amperometric measurements are performed using the enzyme modified-SPEs
as electrochemical transducer connected to a potentiostat (Metrohm Autolab B.V.) to generate electric
current, which correlated to the enzymatic reaction progress and concentration of hydrogen peroxide,
specifically. The response of the enzyme biosensor was obtained in a series of sPLA2-IIA enzyme
solution from 0.01 ng/mL to 100 ng/mL where a linear calibration curve and the lowest detection limit
were determined. The modified-SPEs were incubated for 10 min in 4 mL of solution containing PBS
buffer, sPLA2-IIA enzyme and its substrate phosphatidylcholine. After incubation, 1 mL K3Fe(CN)6

(1 mM) was added and further incubated of another 5 min before the current response parallel to the
enzymatic reaction was measured between the potential from −0.4 V to 0.4 V, where peak current was
registered at 0.2 V.

2.8. Human Blood Serum Analysis

Human blood serum was analyzed to verify the accuracy and validity of sepsis biosensor based
on developed amperometric method. These samples were collected using sterilized plastic bottles
and kept frozen at all times. Serum collection was fully handled by Universiti Kebangsaan Malaysia
Medical Centre (UKMMC). PBS buffer solution was added into serum samples to obtain 300 times
dilution before measurement and kept the similar matrix conditions as KCl standard solutions. The
samples were categorized into three categories, which were healthy samples, sepsis samples and septic
shock samples. These diluted samples were analyzed according to the procedure mentioned in 2.7
using the biosensor.

The serum samples collected were evaluated using an ELISA test kit (Enzyme Immunometric
Assay Kit; 585000, Cayman Chemical, Ann Arbor, MI, USA), concurrently. Each well of the plate has
been coated with a monoclonal antibody specific for sPLA2, known as sPLA2 capture antibody which
bind to any sPLA2-IIa introduced into the well. An Acetylcholinesterase:Fab’ Conjugate (AChE:Fab’)
binds selectively to a different epitope on the sPLA2 molecule and form a ‘sandwich’ by linking on the
opposite sides of the sPLA2 molecule.

These “sandwiches” were later deposited on the plate so the excess reagents would be washed
away. Ellman’s Reagent was added to each well and the concentration of the analyte was determined
by measuring the enzymatic activity of the AChE. The AChE:Fab’ was specific for sPLA2, and will
not cross-react with other types of sPLAs, or other inflammatory mediators such as interleukin-1,
platelet activating or tumor necrosis factor. The product of the AChE-catalyzed reaction has a
distinct yellow color, which absorbs strongly at 412 nm. The intensity of this color was determined
spectrophotometrically and proportional to the amount of bound conjugate, thus was also correspond
to the concentration of sPLA2. The concentration of sPLA2 in the serum was tested as triplicates,
indicated as pg/mL and determined against the standard curve of each ELISA assay. The ELISA kit
has a minimum detectable concentration of 15.6 pg/mL.
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3. Results and Discussion

3.1. FESEM Measurement of ACMS and Modified SPEs

Scanning electron micrograph (Figure 3) measured the average size of ACMS, approximately
from 1.0 to 25 µm (54%), with 5.0 µm as the dominant diameter size. The size distribution of the
microspheres will assure substantial enzyme binding capacity owed to its similar surface area of each
microsphere, thus making the biosensor more sensitive [19].
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The microspheres were subsequently modified in the presence of AuNPs/NBA-NAS/tri-enzyme
(ChKinase/ChOx/HRP) through covalent binding of highly reactive succinimide functional groups
towards amino groups of the respective enzymes (Figure 4).
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The differential pulse voltammograms of bare electrode and modified SPEs/nBA-NAS/AuNPs
using HRP enzyme that give response in H2O2 solution with 1.0 × 10−6 M concentration. The
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differential pulse voltammograms (DPV) of electrodes were obtained between −0.4 and 0.4 mV. The
signal showed the significant current change discovered between experiment (a) and (b). The HRP
was successfully immobilized onto the acrylic microspheres, whereas the succinimide group of acrylic
microsphere and amine group of HRP enzyme were bonded through covalent bond. Thus, there was
no peak in experiment (a) as no electron conductivity has taken place. Without the inclusion of gold
nanoparticles, acrylic microspheres and HRP enzyme on the SPEs, no current response was observed.
Ulianas et al. [20] has observed an increase in the electron transfer rate when AuNPs were deposited
on the SPE, corroborating that AuNPs as an effective electron transfer material as acrylic microsphere
were non-conductive. The remaining two enzymes were modified in the same manner to the SPEs,
which resulted in the same observation (Figure 5).
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(b) 

Figure 5. Differential pulse voltammograms of (a) bare electrode (b) modified HRP/NBA-NAS/AuNPs/
SPE electrode. The experiment was conducted in H2O2 solution with 1.0 × 10−6 M concentration.

3.2. The Optimization of Bacterial Sepsis Biosensor

The amount of AuNPs was initially optimized to produce the best bacterial sepsis biosensor
response performance via the hydrophobic and non-conductive microspheres. The optimized amount
AuNPs and ACMS loading on the enzyme biosensor response is shown in Table 1. The biosensor
response elevated with the increasing AuNPs loading from 0.03 to 0.05 mg, due to the increasing
electrons transfer between AuNPs through the ACMS matrix. When the AuNPs amount exceeds
0.05 mg, the enzyme biosensor response declined due to the surplus coverage of AuNPs on the SPE
surface, which limits electron transfer, resulting in low response of the biosensor. Rosmawani et al. [16]
recently reported similar observation, in which the gold nanoparticles are capable to retain the
bioactivity of the enzymes by providing stable immobilization on the homologous ACMS for their
development on amperometric capsaicin biosensor.

Table 1. The optimized amount of AuNPs and ACMS in the fabrication of the biosensor.

No. Parameters Value Range Optimal Value

1 Amount of AuNPs (mg) 0.03–0.1 0.05
2 Amount of ACMS (mg) 0.02–0.2 0.04

The effect of different buffer type toward the tri-enzyme biosensor response was shown in
Figure 6A. The DPV peak current response in K-phosphate buffer was found to be higher compared to
the DPV peak response obtained in the buffer of Tris-HCl, Na-acetate, and Na-phospate. The positive
response in the K-phosphate buffer was contributed by neutral properties and favourable protection
of K-phosphate buffer to the active biological cell and protein surface. Hence, excellent biosensor
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response at K-phosphate buffer was used to prepare the bacterial sepsis biosensor. The effect of pH on
the biosensor responses was calculated in the range of pH 5.0–9.0 (Figure 6B). The current response
increased with the increasing pH from 5.0 to 7.0. At pH approaching 7, the biosensor gave optimal
response, which implies that pH 7.0 was sufficient for covalent bonding between the enzymes’ amino
group and the succinimide ester of NAS. Thus, buffer at pH 7 is advisable to operate bacterial sepsis
biosensor. At pH above 7, an overall decrease in the response was associated with the deactivation of
enzymes. Furthermore, alkaline condition would impair the electrode. Similar trend was described by
other groups when using HRP for determination of H2O2 [21–23] in the fabrication of sensor.
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and (D) response time toward the DPV current of the enzyme biosensor in the presence of 80 ng/mL
sPLA2-IIA.

Effect of the volume ratio of HRP:ChOx:ChKinase can be seen as the biosensor signal increased
progressively with increasing volume ratio of HRP:ChOx:ChKinase from 1:1:1 to 1:2:1 v/v (Figure 6C),
due to increment quantities of enzyme (ChOx) attached to the acrylic-modified AuNPs-SPE
surface. The amperometric biosensor response decreased with the changing volume ratio of
HRP:ChOx:ChKinase from 1:2:1 to 0:0:0 (v/v) (Figure 6C), indicating decreased loading of enzyme
(ChOx) bonded to the acrylic-AuNPs-SPE surface. Therefore, a volume ratio of 1:2:1 v/v was taken as
for the enzyme biosensor.

The response time of the bacterial sepsis biosensor was estimated by exposing the biosensor to
different concentrations of sPLA2-IIA at a fixed time from 5 to 30 min before measurements (Figure 6D).
The DPV current response accordingly with the increasing incubation time from 0 to 10 min, indicating
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the collective reaction sPLA2-IIA with the tri-enzyme system. Meanwhile, the current signal stabilized
consistently after 10 min owed to the full attachment to the active site of the enzyme.

3.3. Selectivity Study

To determine the specificity of the bacterial sepsis biosensor towards spLA2-IIA, the interference
of important metabolite typically found in human body fluids such as urea, ascorbic acid, glucose,
sucrose and citric acid were investigated (Table 2). The DPV current for the sPLA2-IIA enzyme was
discovered to be higher than other metabolite compounds. The peak current percentages of ascorbic
acid were found to be 19.6–18.4%, whilst urea compound demonstrated in significant response to the
sepsis biosensor with peak current percentages between 11.4 and 10%. The peak current percentages
for sucrose, glucose and citric acid were below 10%. Thus, the proposed sepsis biosensor showed
selectivity towards sPLA2-IIA with maximum response.

Table 2. Percentage DPV peak current of sepsis biosensor compared with the metabolite compound
i.e., urea, ascorbic acid, sucrose, glucose and citric acid.

Metabolite Compounds DPV Peak Current (µA)
Sepsis Biosensor (%)

80 ng/mL 40 ng/mL

sPLA2-IIA 16.11 ± 1.02 100 100
Ascorbic acid 3.16 ± 0.41 19.6 18.4

Urea 1.83 ± 0.07 11.4 10
Sucrose 1.58 ± 0.02 9.8 9.5
Glucose 1.24 ± 0.03 7.7 6.5

Citric acid 0.93 ± 0.02 5.8 4.9

3.4. Performances of Bacterial Sepsis Biosensor

The differential pulse voltammograms (DPV) response proportionally increased with increasing
concentration of human serum sPLA2-IIA (Table 3 & Figure 7), due to the electro-hydrolysis oxidation
of K3Fe(CN)6 during the enzymatic conversion of phosphatidylcholine to H2O2 molecule whilst
the inorganic compound redox reaction. Hence, it seemed possible to quantity H2O2 concentration
indirectly by measuring the increased current of the K3Fe(CN)6 oxidation.

Table 3. The data of DPV peak current (take at 0.2 V) toward various concentrations of sPLA2-IIA
verified by potassium ferricyanide, K3Fe(CN)6 as mediator.

Conc. (sPLA2-IIA) Mean ± SD (Current, µA) RSD (%, n = 3)

0.01 1.14 ± 0.053 4.673
0.10 1.88 ± 0.157 8.367

1 2.14 ± 0.049 2.287
10 3.09 ± 0.211 6.851
20 4.84 ± 0.509 10.525
40 6.95 ± 0.146 2.101
60 8.38 ± 0.684 8.162
80 9.94 ± 0.738 7.424
100 13.43 ± 0.882 6.567
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determined based on three times standard deviation of the biosensor response at the response curve 
approximating the limit of detection divided by linear calibration slope [24]. The limit detection of 
the proposed enzyme biosensor was estimated to be about 5 × 10−3 ng/mL (Figure 8). The excellent 
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surface area and homogenous micro-sized microspheres of ACMS-modified gold nanoparticles that 
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Figure 7. Differential pulse voltammograms of the electrochemical biosensor SPE/AuNPs/NBA-NAS/
HRP:ChOx:ChKinase procured from various concentrations of human sPLA2-IIA 0.01–100 ng/mL in
1 mM K3Fe(CN)6, 0.01 M PBS pH 7.0 and KCl 0.1 M.

The calibration curve displayed a linear relationship for current (µA) signal against various
concentrations of sPLA2-IIA in the range of 0.01–100 ng/mL (R2 = 0.98304). The detection limit is
determined based on three times standard deviation of the biosensor response at the response curve
approximating the limit of detection divided by linear calibration slope [24]. The limit detection of
the proposed enzyme biosensor was estimated to be about 5 × 10−3 ng/mL (Figure 8). The excellent
performances of the biosensor response probably originated from the highly monodispersed, high
surface area and homogenous micro-sized microspheres of ACMS-modified gold nanoparticles that
contributed to good diffusion layer on the surface electrode.Sensors 2018, 18, x FOR PEER REVIEW  11 of 15 
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Figure 8. Calibration curve showed a linear relationship for current against various concentrations of
human sPLA2-IIA 0.01–100 ng/mL in 5 mM K3Fe(CN)6, 0.01 M PBS pH 7.0 and KCl 0.1 M.

The reproducibility of the biosensor was produced based on five variation batches of sensor
responses, whereas each batch measurement was repeated three times for all concentrations of standard
solutions. The reproducibility was determined with relative standard deviations (RSD) of 3.04% (n = 5).
The shelf life of bacterial sepsis biosensor was later observed using a different biosensor electrode for
each measurement (data not shown). Hence, several electrode biosensors were assembled and kept in
K-phosphate buffer at 4 ◦C before being tested every five days before the biosensor responses start to
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deteriorate (Figure 9). The biosensor response was found stable up to 20 days of storage period with
satisfactory response retained between 90% to 95% when compared to its response on the first day.
After 20 days of storage, the biosensor response diminished up to 20% to 30% between 30 and 50 days
of storage period. Narang et al. [25] found that their multienzyme electrode can be used over 40 days
with minimal loss when stored at 4 ◦C.
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3.5. Validation of the Sepsis Biosensor Using Human Serum Smples

The data of DPV peak current toward various human sPLA2-IIA was triplicate and the detection
were verified by potassium ferricyanide, K3Fe(CN)6 as mediator (Table 4).

Table 4. The data of DPV peak current (take at 0.2 V) toward various human serum samples for
sPLA2-IIA detection verified by potassium ferricyanide (K3Fe(CN)6) as mediator.

Samples Mean ± SD
(Current, µA) RSD (%, n = 3) Plotted (ng/mL) Elisa Method

(ng/mL)

Healthy 1.934 ± 0.189 9.786 0.145 0.148
Sepsis 4.620 ± 0.465 10.061 24.349 24.30

Septic shock 5.551 ± 0.521 9.379 32.731 32.95

The standard deviation (SD) and relative standard deviation (RSD) of human sPLA2-IIA level for
three samples of human serum (Healthy, Sepsis and Septic Shock) was showed in Table 5.

Table 5. The serum level of human sPLA2-IIA obtained from tri-enzyme bacterial sepsis biosensor for
three samples of human serum.

Samples sPLA2-IIA Level (ng/mL)

Mean ± SD RSD (%, n = 3)

Healthy 0.145 ± 0.009 6.174
Sepsis 24.35 ± 2.457 10.090

Septic shock 32.73 ± 2.102 6.423

SD = standard deviation; RSD = relative standard deviation.

Evaluation of the sPLA2-IIA in the human blood serum samples were achieved by both biosensor
and ELISA immunoassay method (Figures 10 and 11). The resulting biosensor demonstrated that the
relative standard deviation (RSD) and standard deviation (SD) were ≤10% and (0.01–2.46), respectively.
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While, ELISA immunoassay methods showed that the ≤10% for RSD and (0.01–3.37) for SD was
achieved. Based on the RSD and SD values obtained from both biosensor and ELISA methods gave
good consistencies for the detection of sPLA2-IIA in serum samples.
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Based on the calculated t values (Table 6), there are no significant differences between
concentrations measured by both biosensor and ELISA immunoassay methods for the detection
of sPLA2-IIA in human blood serum samples.

Table 6. Comparisons of the sepsis data measured with biosensor and ELISA immunoassay and
verified with t test values.

Samples
Biosensor Method ELISA Method

t Test
Current (µA) RSD (%, n = 3) Human sPLA2-IIA (ng/mL) Human sPLA2-IIA (ng/mL)

Healthy 1.93 ± 0.19 9.78 0.145 ± 0.01 0.148 ± 0.01 0.117
Sepsis 10.06 ± 0.37 7.90 24.349 ± 2.46 24.303 ± 2.31 0.018

Septic shock 5.55 ± 0.42 7.57 32.732 ± 2.10 32.950 ± 3.37 0.091

Note: t-experiment, t4 = 2.78 (95%, p < 0.05), RSD = relative standard deviation.
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The bacterial sepsis biosensor offered important advantages such that: (i) It can analyze a large
number of samples simultaneously; (ii) relatively short time is needed for result generation; (iii) high
specificity and good sensitivity; (iv) high-throughput system and potential for semi automation;
(v) high portability (can be used in disasters or remote areas when needed). Moreover, biosensor system
for sepsis diagnosis will enable rapid diagnosis of bacterial sepsis accurately and enable physicians to
immediately initiate appropriate antibiotic therapy. This invention can be used for detecting human
sPLA2-IIA level rapidly at patient bedside to detect bacterial infection. The conventional way for
detecting sPLA2-IIA using an ELISA assay is not user friendly and takes longer time for diagnosis.
Results generated always tend to be inconclusive, hence this makes an ELISA protocol less ideal
for sepsis diagnosis. In addition, the current ELISA kit available in the market is not licensed for
diagnostic use. As far as our knowledge is concerned there is no specific diagnostic and prognostic
kit available in the market to ‘clinically’ diagnose sepsis incidence. Our developed prototype will
enable rapid bacterial sepsis diagnosis to be carried out, assisting physicians in risk stratification for
effective patient management and improvement of clinical outcome. This will lead to shorter duration
of hospitalizations, reduction of patient morbidity and mortality, contributing towards enhancing the
quality of life for patients. Usage of this kit will not be limited to hospitals and medical fraternity, but
also in the community (nursing homes, military, sports center, pharmacies, schools and private homes),
revolutionizing infection diagnosis to become an accurate, rapid and commonly accessible process.

4. Conclusions

The electrochemical biosensor based on tri-enzyme system was successfully constructed for
the detection of human sPLA2-IIA in serum samples in diagnosis of sepsis and bacterial infection.
With the above results, sPLA2-IIa showed excellent performance and can be used as a versatile
biomarker to diagnose both sepsis and bacterial infection, independently. It may assist in early
antimicrobial administration and may be a useful tool, either alone or in combination with other
markers in identifying sepsis and bacterial infection. The detection level of sPLA2-IIA may expedite
the initiation of early antimicrobial therapy and sepsis bundle. The performances of enzyme biosensor
demonstrated the linear response range was 0.01–100 ng/mL (R2 = 0.98304) with limit detection of
5 × 10−3 ng/mL. The proposed enzyme biosensor is comparable with the conventional method based
on the ELISA immunoassay method for the evaluation of sPLA2-IIA in human serum samples. This
point-of-care sepsis and bacterial infection diagnostic kit will assist the physician rapidly diagnose
sepsis and bacterial infection worldwide.

5. Patents

This work has already been patented with Centre for Collaborative Innovation, Universiti
Kebangsaan Malaysia (Patent number: PI2016001396 through ETP-2013-050).

Acknowledgments: The authors gratefully acknowledge the financial support from Universiti Kebangsaan
Malaysia using Research University Fund; GUP-2016-059, ETP-2013-050 and GP-5179-2017 (UKM Chemical
Sensor and Biosensor Research Group).

Author Contributions: N.N.N.M., E.S. and D.F. performed the experiments; N.I.H. and L.Y.H supervised
N.N.M.M., T.T.L. and L.Y.H. conceived and designed the experiments; N.S.A. and K.T.A. completed the ELISA
analysis; D.N.N., A.I., I.Z.Z. and T.T.L. collected and analyzed the human blood serum, N.I.H. and L.Y.H. wrote
the paper; all the authors reviewed and approved the entire manuscript.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2018, 18, 686 14 of 15

References

1. Bone, R.C.; Balk, R.A.; Cerra, F.B.; Dellinger, R.P.; Fein, A.M.; Knaus, W.A.; Schein, R.M.H.; Sibbald, W.J.
Definitions for sepsis and organ failure and guidelines for the use of innovative therapies in sepsis. Chest
1992, 101, 1644–1655. [CrossRef] [PubMed]

2. Davis, B.H. Improved diagnostic approaches to infection/sepsis detection. Expert Rev. Mol. Diagn. 2005, 5,
193–207. [CrossRef] [PubMed]

3. Pierrakos, C.; Vincent, J.-L. Sepsis biomarkers: A review. Crit. Care 2010, 14, R15. [CrossRef] [PubMed]
4. Rintala, M.; Aittoniemi, J.; Laine, S.; Nevalainen, T.; Nikoskelainen, J. Early identification of bacteremia by

biochemical markers of systemic inflammation. Scand. J. Clin. Lab. Investig. 2001, 61, 523–530. [CrossRef]
5. Nuutila, J.; Hohenthal, U.; Laitinen, I.; Kotilainen, P.; Rajamäki, A.; Nikoskelainen, J.; Lilius, E.-M.

Simultaneous quantitative analysis of FcγRI (CD64) expression on neutrophils and monocytes: A new,
improved way to detect infections. J. Immunol. Methods 2007, 328, 189–200. [CrossRef] [PubMed]

6. Cardelli, P.; Ferraironi, M.; Amodeo, R.; Tabacco, F.; De Blasi, R.; Nicoletti, M.; Sessa, R.; Petrucca, A.;
Costante, A.; Cipriani, P. Evaluation of neutrophil CD64 expression and procalcitonin as useful markers in
early diagnosis of sepsis. Int. J. Immunopathol. Pharmacol. 2008, 21, 43–49. [CrossRef] [PubMed]

7. Nevalainen, T.J.; Eerola, L.I.; Rintala, E.; Laine, V.J.O.; Lambeau, G.; Gelb, M.H. Time-resolved
fluoroimmunoassays of the complete set of secreted phospholipases A2 in human serum. Biochim. Biophys.
Acta Mol. Cell Bol. Lipids 2005, 1733, 210–223. [CrossRef] [PubMed]

8. Guidet, B.; Piot, O.; Maury, E.; Offenstadt, G.; Masliah, J.; Bereziat, G.; Barakett, V. Secretory non-pancreatic
phopholipase A2 in severe sepsis: Relation to endotoxin, cytokines and thromboxane B2. Infection 1996, 24,
103–108. [CrossRef] [PubMed]

9. Nyman, K.M.; Uhl, W.; Forsström, J.; Büchler, M.; Beger, H.G.; Nevalainen, T.J. Serum phospholipase A2 in
patients with multiple organ failure. J. Surg. Res. 1996, 60, 7–14. [CrossRef] [PubMed]

10. Rintala, E.M.; Nevalainen, T.J. Group II phospholipase A2 in sera of febrile patients with microbiologically
or clinically documented infections. Clin. Infect. Dis. 1993, 17, 864–870. [CrossRef] [PubMed]

11. Rintala, E.; Pulkki, K.; Mertsola, J.; Nevalainen, T.; Nikoskelainen, J. Endotoxin, interleukin-6 and
phospholipase-A2 as markers of sepsis in patients with hematological malignancies. Scand. J. Infect. Dis.
1994, 27, 39–43.

12. Hietaranta, A.; Kemppainen, E.; Puolakkainen, P.; Sainio, V.; Haapiainen, R.; Peuravuori, H.; Kivilaakso, E.;
Nevalainen, T. Extracellular phospholipases A2 in relation to systemic inflammatory response syndrome
(SIRS) and systemic complications in severe acute pancreatitis. Pancreas 1999, 18, 385–391. [CrossRef]
[PubMed]

13. Faix, J.D. Biomarkers of sepsis. Crit. Rev. Clin. Lab. Sci. 2013, 50, 23–36. [CrossRef] [PubMed]
14. Tan, T.L.; Goh, Y.Y. The role of group IIA secretory phospholipase A2 (sPLA2-IIA) as a biomarker for the

diagnosis of sepsis and bacterial infection in adults—A systematic review. PLoS ONE 2017, 12, e0180554.
[CrossRef] [PubMed]

15. Tan, T.L.; Ahmad, N.S.; Nasuruddin, D.N.; Ithnin, A.; Tajul Arifin, K.; Zaini, I.Z.; Wan Ngah, W.Z. CD64
and Group II Secretory Phospholipase A2 (sPLA2-IIA) as Biomarkers for Distinguishing Adult Sepsis and
Bacterial Infections in the Emergency Department. PLoS ONE 2016, 11, e0152065. [CrossRef] [PubMed]

16. Rosmawani, M.; Ahmad, M.; Heng, L.Y. Amperometric capsaicin biosensor based on covalent immobilization
of horseradish peroxidase (HRP) on acrylic microspheres for chilli hotness determination. Sens. Actuators
B Chem. 2017, 241, 174–181.

17. Ling, Y.P.; Heng, L.Y. A potentiometric formaldehyde biosensor based on immobilization of alcohol oxidase
on acryloxysuccinimide-modified acrylic microspheres. Sensors 2010, 10, 9963–9981. [CrossRef] [PubMed]

18. Ulianas, A.; Heng, L.Y.; Ahmad, M. Biosensor for Urea from Succinimide-Modified Acrylic Microspheres
Based on Reflectance Transduction. Sensors 2011, 11, 8323–8338. [CrossRef] [PubMed]

19. Liu, X.Q.; Guan, Y.P.; Liu, H.Z.; Ma, Z.Y.; Yang, Y.; Wu, X.B. Preparation and characterization of magnetic
polymer nanospheres with high protein binding capacity. J. Magn. Magn. Mater. 2005, 293, 111–118.
[CrossRef]

20. Ulianas, A.; Heng, L.Y.; Ahmad, M.; Lau, H.-Y.; Ishak, Z.; Ling, T.L. A regenerable screen-printed DNA
biosensor based on acrylic microsphere-gold nanoparticle composite for genetically modified soybean
determination. Sens. Actuators B Chem. 2014, 190, 694–701. [CrossRef]

http://dx.doi.org/10.1378/chest.101.6.1644
http://www.ncbi.nlm.nih.gov/pubmed/1303622
http://dx.doi.org/10.1586/14737159.5.2.193
http://www.ncbi.nlm.nih.gov/pubmed/15833049
http://dx.doi.org/10.1186/cc8872
http://www.ncbi.nlm.nih.gov/pubmed/20144219
http://dx.doi.org/10.1080/003655101753218283
http://dx.doi.org/10.1016/j.jim.2007.09.002
http://www.ncbi.nlm.nih.gov/pubmed/17905303
http://dx.doi.org/10.1177/039463200802100106
http://www.ncbi.nlm.nih.gov/pubmed/18336730
http://dx.doi.org/10.1016/j.bbalip.2004.12.012
http://www.ncbi.nlm.nih.gov/pubmed/15863368
http://dx.doi.org/10.1007/BF01713312
http://www.ncbi.nlm.nih.gov/pubmed/8740100
http://dx.doi.org/10.1006/jsre.1996.0003
http://www.ncbi.nlm.nih.gov/pubmed/8592435
http://dx.doi.org/10.1093/clinids/17.5.864
http://www.ncbi.nlm.nih.gov/pubmed/8286627
http://dx.doi.org/10.1097/00006676-199905000-00009
http://www.ncbi.nlm.nih.gov/pubmed/10231844
http://dx.doi.org/10.3109/10408363.2013.764490
http://www.ncbi.nlm.nih.gov/pubmed/23480440
http://dx.doi.org/10.1371/journal.pone.0180554
http://www.ncbi.nlm.nih.gov/pubmed/28671974
http://dx.doi.org/10.1371/journal.pone.0152065
http://www.ncbi.nlm.nih.gov/pubmed/27003588
http://dx.doi.org/10.3390/s101109963
http://www.ncbi.nlm.nih.gov/pubmed/22163450
http://dx.doi.org/10.3390/s110908323
http://www.ncbi.nlm.nih.gov/pubmed/22164078
http://dx.doi.org/10.1016/j.jmmm.2005.01.051
http://dx.doi.org/10.1016/j.snb.2013.09.040


Sensors 2018, 18, 686 15 of 15

21. Hirst, N.A.; Hazelwood, L.D.; Jayne, D.G.; Millner, P.A. An amperometric lactate biosensor using H2O2

reduction via a Prussian Blue impregnated poly(ethyleneimine) surface on screen printed carbon electrodes
to detect anastomotic leak and sepsis. Sens. Actuators B Chem. 2013, 186, 674–680. [CrossRef]

22. Kafi, A.K.; Lee, D.Y.; Park, S.H.; Kwon, Y.S. A hydrogen peroxide biosensor based on peroxidase activity of
hemoglobin in polymeric film. J. Nanosci. Nanotechnol. 2007, 7, 4005–4008. [CrossRef] [PubMed]

23. Tan, X.C.; Zhang, J.L.; Tan, S.W.; Zhao, D.D.; Huang, Z.W.; Mi, Y.; Huang, Z.Y. Amperometric hydrogen
peroxide biosensor based on immobilization of hemoglobin on a glassy carbon electrode modified with
Fe3O4/chitosan core-shell microspheres. Sensors 2009, 9, 6185–6199. [CrossRef] [PubMed]

24. Diaz, A.N.; Peinado, M.C.R.; Minguez, M.C.T. Sol-gel horseradish peroxidase biosensor for hydrogen
peroxide detection by chemiluminescence. Anal. Chim. Acta 1998, 363, 221–227. [CrossRef]

25. Narang, J.; Minakshi; Bhambi, M.; Pundir, C.S. Fabrication of an amperometric triglyceride biosensor baed
on PVC membrane. Anal. Lett. 2010, 43, 2009–2019.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.snb.2013.06.090
http://dx.doi.org/10.1166/jnn.2007.095
http://www.ncbi.nlm.nih.gov/pubmed/18047105
http://dx.doi.org/10.3390/s90806185
http://www.ncbi.nlm.nih.gov/pubmed/22454579
http://dx.doi.org/10.1016/S0003-2670(98)00080-4
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Reagents and Solutions 
	Apparatus and Electrode Deionized Water Was Used 
	Immobilization Matrix—Acrylic Microspheres 
	Preparation of Modified SPEs 
	Optimization of Bacterial Sepsis Biosensor 
	Selectivity Response 
	Amperometric Measurement 
	Human Blood Serum Analysis 

	Results and Discussion 
	FESEM Measurement of ACMS and Modified SPEs 
	The Optimization of Bacterial Sepsis Biosensor 
	Selectivity Study 
	Performances of Bacterial Sepsis Biosensor 
	Validation of the Sepsis Biosensor Using Human Serum Smples 

	Conclusions 
	Patents 
	References

