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Herein, we report the development of a sensitive and selective dualmode electrochemical platform for the detec-
tion of glucose and H2O2. The platform is based on tungsten and gold microwire electrodes decorated with gold
nanoparticles (AuNPs) and colloidal platinum (colloidal-Pt), respectively. The nanostructured AuNPs electrode
was used as a supportmatrix for the immobilization of horseradish peroxidase (HRP) and the colloidal-Pt served
as the non-enzymatic glucose biosensor in the construction of a dual in-line electrochemical biosensor that pro-
vides a microenvironment for HRP and a pathway for analyte diffusion via the high surface area. The dual-mode
approach allows for the simultaneous detection of glucose and H2O2. The glucose biosensor exhibited a dynamic
linear range of 0.5 mM to 8mMglucose. Linearity for H2O2was up to 70 μM. Operational stability resulted in 75%
of the initial biosensor response after 27 days. The dual in-line biosensor showed good sensitivity of
0.403mAmM−1 cm−2 for glucose and 0.193mAmM−1 cm−2 for H2O2 in addition to good anti-interference abil-
ity. Thus, the low-cost and simple dual in-line biosensor can be used for the real-time detection of glucose and
H2O2 in the clinical, biological and environmental fields.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

The presence of elevated glucose and hydrogen peroxide (H2O2)
undoubtedly plays an important role in tissue inflammationwith the ca-
pability of damaging several cell types [1–5]. Glucose andH2O2 produced
bymammalian cells play a key role inmediating diverse physiological re-
sponses such as cell proliferation, differentiation, and migration [6]. For
example, elevated concentrations of glucose and H2O2 in the body are
considered as one of the important parameters that represent the differ-
ent states of disorder [7,8]. Consequently, many types of glucose and hy-
drogen peroxide sensors have been developed, among which sensors
based on the electrochemical principle have been of particular interests
due to their irreplaceableproperties, suchas lowdetections limit, high se-
lectivity and sensitivity [9–11]. In particular, electrochemical sensors are
capable of converting chemical or biological information rapidly, ranging
from the concentration of specific analyte to the total composition analy-
sis, into an electrical signal [12–18]. During the past a few decades, elec-
trochemical sensors have continued to attract significant attention
because of their unique advantages, such as ease of fabrication, rapid re-
sponse time, low limit of detection, high selectivity and sensitivity [9,19].

The determination of glucose and H2O2 has been widely utilized in
clinical and biotechonology industry [14]. Nowadays, there is an increas-
ing trend towards the integration of nanomaterials for electrochemical
sensing in order to improve the sensitivity among other properties of
the sensor. Most of the biosensors aimed at the detection of various
analytes consist of an array of “transducers” immobilized with “recep-
tors” such as enzymes, aptamers or antibodies [9,16]. Materials like
carbon nanotubes [20,21], metal oxides [22,23], nano-structured
conducting polymers [24–26], graphene [27], graphene-based hybrid
materials including graphene quantum dots [28], polyvinylpyrrolidone-
protected graphene /polyethylenimine functionalized ionic liquid [29],
reduced graphene oxide/PAMAM-silver nanoparticles nanocomposite
[30] and reduced graphene oxide-multiwalled carbon nanotubes [31]
have beenused to construct the transducer.Moreover, particular interest
hasbeen shown towards theutilizationofnoblemetals suchasgold, plat-
inum and silver nanoparticles/ nanofeatures in general because of their
unique electrochemical properties [11,32,33]. These nanoparticles not
only improve the direct electron transfer, signal transduction and effi-
ciency of the sensor, but it also provides anchorage for the effective and
organized immobilization of enzymes over the surface of the transducer
[34–36]. Furthermore, functionalizing the surface of the nanoparticle for
enzyme immobilization is an easy one-step process [32]. Platinumnano-
particles havebeen shown tohave thecapacity to directly electro-oxidize
glucose even in the absence of enzymes and mediators [37]. The large
surface area, good biocompatibility of nanoparticlesmakes nanoparticles
and nanocomposites attractive for the construction of biosensor [37–39].

In the present work, a low-cost and simple dual in-line biosensor is
developed for the quantitative determination of glucose and H2O2

based on colloidal-Pt and HRP/AuNPs electrodes, respectively. The
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Fig. 1. Solidworks rendering of in-line tube: (A) conceptual drawing of the in-line tube, (B) perspective view, (C) cross sectional view, showing the grooved slots for working electrode and
(D) 3D printed in-line tube.

Fig. 2. Cyclic voltammograms recorded in 10 mM phosphate buffer as a supporting electrolyte for (A) As-fabricated Ag/AgCl reference electrode (black curve) and (B) Pt wire electrode
(black curve) in 10 mM phosphate buffer solution. Commercially available glassy carbon electrode, Ag/AgCl and Pt wire were used as the working, reference and counter electrodes,
respectively. (C) Reference, counter and two working electrodes integrated into the 3D printed in-line tube (Insert: A'- top view).

57J.S. Narayanan, G. Slaughter / Bioelectrochemistry 128 (2019) 56–65



Scheme 1. Schematic representation of the integrated electrode with glucose and H2O2

sensing mechanism.
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AuNPs servedasa supportmatrix forHRP immobilizationand its synthesis
was successfully achieved using electrochemical deposition followed by
mercaptopropionic acid (MPA) and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) andN-hydroxysuccinimide (NHS) coupling. The ana-
lytical performances of the non-enzymatic glucose and enzyme (HRP)
electrodes were evaluated simultaneously using cyclic voltammetry
(CV) and chronoamperometry (CA). The colloidal-Pt andHRP/AuNPs bio-
sensor showed high sensitivity, good selectivity and stability to the oxida-
tion of glucose and the reduction of H2O2, suggesting the dual in-line
biosensor strategy can be extended to the development of multimodal
biosensors.

2. Materials & methods

2.1. Materials

Glucose, hydrogen peroxide, isopropyl alcohol (IPA), ethanol, sodium
hydroxide, horseradish peroxidase (HRP), glycol-chitosan, auric chloride
Fig. 3. SEM images of (A) electrodeposition of Colloidal-Pt on goldmicrowire and (B)magnified
(For interpretation of the references to colour in this figure legend, the reader is referred to th
(HAuCl4), silver wire (Ag, 99.9%), platinum wire (Pt, 99.9%), gold wire
(Au, 99.99%) and potassium phosphate monobasic were acquired from
Sigma-Aldrich (St. Louis, MO). 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) was bought
from Pierce Chemical Company (Waltham, MA). Phosphate buffer
(PBS) pH 7.4 were prepared with 18.2 MΩ.cm Milli-Q water. The
photoreactive Clear Resin L1 comprise methacrylated oligomers and
methacrylated monomer and photoinitiator and was acquired from
Formlabs (Somerville, MA).

2.2. Electrochemical measurements

Electrochemical measurements of the cyclic voltammetry (CV) and
chronoamperometry (CA) were performed with a BASi-Epsilon electro-
chemical workstation (BASi, Indiana, USA), using the setup of a four-
electrode electrochemical configuration, with the modified colloidal-Pt
and HRP/AuNPs as the dual in-line working electrodes, and platinum
wire and as-fabricated Ag/AgCl electrodes as the counter and reference
electrodes, respectively. Electrochemical measurements were con-
ducted in a sample volume of 200 μl electrolyte solution comprising
0.5mM to 13mMglucose and 0.5 μM to 70 μMH2O2, which are the con-
centration levels typically observed in tissue inflammation. All electro-
chemical experiments were carried out at room temperature. The
collection of blood samples from diabetic subjects have been previously
reported [40], wherein the extracted plasmawas flash frozen in−70 °C
freezer until used. Plasma glucose concentrations varied from 2.77 mM,
4.99 mM to 9.99 mM and were measured using a glucose analyzer
(Beckman, Fullerton, CA). The corresponding plasma glucose solution
was further spiked with H2O2 to obtain 10 μM, 25 μM H2O2 to 50 μM
H2O2.

2.3. Design of the in-line tubing

The 3D printing processwas carried out in a stereolithography (SLA)
3D printer (Form 2 SLA 3D Printer, Formlabs, Massachusetts, USA) and
the printing geometries were designed in Solidworks 2018 × 64 Editor.
Typically the printing of the samples was performed at a temperature of
35 °Cwith 50 μmof resolution. Basic 2D renderings and extrusionswere
used to designed the in-line tubing in SolidWorks to house the elec-
trodes. The length of the in-line tube is 15 mm with two 0.7 mm half-
hollowed cores in the inner tubing to house the common reference
and counter electrodes. Four grooves with a radius of 2.1 mm are incor-
porated to hold up to four working electrodes (Fig. 1A and B). A cross
sectional view of the designed in-line tube is shown in Fig. 1C, where
the outer tubing secures the electrodes mounted on the inner tubing
in place. Working electrodes can be easily mounted in north, east,
west and south side of the inner tube, while the reference and counter
electrodes reside separately in the half-hallowed cores. The 3D data
from SolidWorks were acquired with FormLabs 3D printer and con-
verted to .stl file, which was necessary for the 3D printer. The Form2
stereolithographic printer was used to produce prints at 50 μm
image of horseradish peroxidase (HRP) immobilized on electrodeposited AuNPs via MPA.
e web version of this article.)



Fig. 4. Simultaneous cyclic voltammagrams of dual in-line sensor in the absence (curves a) and in the presence (curves b–g) of A) glucose (0.5 mM–10mM) and B) H2O2 (1 μM–100 μM).
Linear dependence of C) glucose and D) H2O2 current response obtained from cyclic voltammetry.
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resolution with clear resin. The printed parts were post-processed with
two isopropyl alcohol washes followed by UV curing to realize the final
3D part rendered in Fig. 1D.

3. Reference and counter electrodes fabrication

A 20mm long and 1mmthick silver (Ag)wire is immersed briefly in
0.1 M HNO3 to remove any oxide layer formed on the surface of the Ag
wire and immediately rinsedwith DI water, IPA and dried in a streamof
N2 gas. The Agwire electrode is then oxidized in an electrolyte contain-
ing 3MNaCl at +700mVapplied potential using CA technique to form a
grayish-white coating of AgCl on the surface of the Ag wire. The fabri-
cated Ag/AgCl reference electrode is then rinsed and stored in 3 M KCL
for further use. A 20 mm long platinum wire (ϕ = 0.5 mm) was used
as a counter electrode. The as-fabricated Ag/AgCl electrode and a com-
mercially available Ag/AgCl reference electrode were evaluated in 3 M
KCl. The electrode potential, was measured by a multimeter in order
to calibrate the as-fabricated Ag/AgCl electrode potential. The potential
was 0.018 V versus the commercial Ag/AgCl electrode. In addition, the
performance of the Ag/AgCl reference electrodewas examined by cyclic
voltammetry in 10mMphosphate buffer solution using three-electrode
configuration, a commercial glassy carbon working and Pt counter
electrodes. A very good correlation was observed between the CVs
with the as-fabricatedAg/AgCl electrode and the commercially available
Ag/AgCl reference electrode as shown in Fig. 2A. The CV curve for the
as-fabricated reference electrode showed an increase in the oxidation
current compared to commercial Ag/AgCl, which is within the experi-
mental error. In addition, no significant potential differences were ob-
served. The Pt wire counter electrode was also examined versus
commercially available Pt electrode from BASi. The CV profiles were
identical as shown in Fig. 2B. Overall, the potential and peak current
profile for both the as-fabricated Ag/AgCl and Pt wire electrode
remained constant for multiple numbers of cycles, thereby signifying a
stable Ag/AgCl and Pt electrode [41]. Afterwards, all the electrodes are
soldered to electrical wire leads to enable easy handling and interroga-
tion by the electrochemical workstation (Fig. 2C). The electrodes are
then inserted into the electrolyte comprising of glucose and H2O2 for
further electrochemical characterizations.

3.1. Working electrodes fabrication

Colloidal-Pt was electroideposited onto the surface of Au wire (l =
20 mm ϕ = 0.5 mm) using a three-electrode configuration in YSI
3140 platinizing solution, where Pt wire and Ag/AgCl electrodes served



Fig. 5. Cyclic voltammograms obtained by A) Collodial-Pt electrode in the presence of 5 mM glucose and B) HRP/AuNPs electrode in the presence of 25 μM H2O2. Scan rate range
10–100 mV s−1. C & D) Plot of Ip versus v1/2.
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as the counter and reference electrodes, respectively. A potential of
−225 mV was applied for 1500 s followed by DI rinsed to remove
loosely bound colloidal-Pt. The colloidal-Pt coated Au wire was baked
at a temperature of 260 °C for 5 min to improve solidity of the platinum
coating at the surface of the Au wire. The electrode surface is then
coatedwith 1% glycol chitosan to enhance the device selectivity towards
glucose. Tungstenwire (l= 20mmϕ=0.2mm)was cleanedwith IPA,
ethanol and dried in a stream of N2 gas followed by electrodeposition
AuNPs from 1 mM HAuCl4·nH2O solution at −0.2 V (vs. Ag/AgCl) for
50 s. The AuNPs electrode was incubated in 1 mM mercaptopropionic
acid (MPA) in phosphate buffer solution for 1 h. The thiol tail group
of MPA self-assembles on the surface of the AuNPs by forming a strong
covalent bond between the thiol group and gold. After surface
functionalization, the AuNPs electrode was washed with buffer to re-
move any unbound MPA. The carboxylic acid head group of MPA was
then activated by 0.8 mg EDC and 2.2 mg NHS along with 1 mg of HRP
in 100 mM PBS 7.4 overnight at 4 °C. In presence of the EDC, the N-
hydroxyl group of the NHS interacts with the carboxyl groups to form
reactive sites, where the amino group of HRP displaces the succinimide
group of NHS to form a peptide bond. The surface area of the HRP mod-
ified electrode is calculated to be 0.0314 cm2 using the geometric area.
The schematic representation of the fabricated electrode with their re-
spective reaction mechanism is shown in Scheme 1.

4. Results and discussion

4.1. Characterization of colloidal-Pt and HRP/AuNPs

An SEM image of the as fabricated colloidal-Pt and HRP/AuNPs elec-
trode structures as mentioned in the working electrodes fabrication is
shown in Fig. 3A and B, respectively. In the case of electrodeposition of
colloidal-Pt, the SEM result shows aggregated micron size cluster rod-
like morphology over the gold microwire surface (Fig. 3A). The
colloidal-Pt is composed of particles with diameter in the range of
300–450 nm and length of a few micrometers as seen in the Fig. 3A. In
addition, the colloidal-Pt exhibited irregular spheroidal and rod-like
morphologies, which are built with nanowires forming a hierarchical
micro/nanostructure. The SEM images of AuNPs and AuNPs modified
with HRP are also shown to depict the immobilization of HRP on the
surface of AuNPs. The morphology of the electrodeposited AuNPs is
depicted in Fig. 3B insert. One can see that the AuNPs coated the surface
of the tungstenmicrowire and the surface becomes rough. The tungsten



Fig. 6. (A, C–D) Calibration curve for glucose and H2O2 measurement (Insets C–D) Current-time response observed with colloidal-Pt and HRP/AuNPs to successive addition of a mixture
containing glucose and H2O2 in 10 mM phosphate buffer (pH 7.4). -100 mV applied was applied to both working electrodes.
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microwire surface showed the presence of HRP after covalent immobi-
lization with mean diameter of ∼200 nm as seen in Fig. 3B. The HRP en-
zymes completely covered the surface of the AuNPs electrode. This
Fig. 7. Selectivity behavior of the dual in-line electrochemical biosensor examined in the
presence of common interferring species such as acetaminophen, ascorbic acid and uric
acid.
covalent immobilization of HRP is useful in order to avoid desorption
of the enzymes during repeated successive usage.

4.2. Dual electrochemical behavior of colloidal-Pt and HRP/AuNPs

The electrochemical behavior of the dual in-line colloidal-Pt andHRP/
AuNPs towards the oxidation of glucose and reduction of H2O2 is studied
by cyclic voltammetry. Fig. 4 shows the cyclic voltammetry response of
colloidal-Pt (Fig. 4A) and HRP/AuNPs (Fig. 4B) recorded simultaneously
in 10 mM phosphate buffer solution (pH 7.4) and in the presence of the
electrolyte mixture containing various concentrations of glucose and
H2O2 in a potential window of −1.2 to +1.2 V recorded at 50 mV s−1

via a bi-potentiostat. Fig. 4A curve ‘a' shows the electrode response in
10mMphosphate buffer solution and curve ‘b’ through ‘g’ shows the re-
spective response in the presence of increasing glucose concentrations
(0.5 mM – 10 mM). The CV response of the colloidal-Pt modified
electrode exhibited a stable and broadly-defined oxidation peak corre-
sponding to glucose oxidation at +400 mV with an onset potential at
ca.-200 mV, which is comparable to the oxidation of glucose to
glucolactone catalyzed by the Pt nanoparticles observed by Ciu et al.
[42]. In the presence of glucose, a negative shift of the anodic peak poten-
tial and a substantial increase of current signal was observed in the pres-
ence of increasing glucose concentrations. It can also be observed that the
HRP/AuNPs electrode (Fig. 4B) presented a well-defined reduction peak



Fig. 8. Stability of the colloidal-Pt and HRP/AuNPs dual in-line electrodes examined for 27
consecutive days after the addition of mixture of 1 mM glucose and 100 μM H2O2.
(A) Colloidal-Pt and (B) HRP/AuNPs current-time response. Electrodes were stored in
10 mM PBS after every successive day of measurement.
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for H2O2 at ca. −200 mV, which is comparable to those previously re-
ported [11,43]. In the presence of increasing H2O2 (1 μM–100 μM) con-
centrations, the reduction current signals were observed to significantly
increased. Thereby indicating that the electron transfer mechanism
may involve the participation of both HRP and AuNPs and AuNPs may
act as an electronmediator. The above results indicate that the immobili-
zationofHRPon the surfaceofAuNPs improved theelectrocatalytic activ-
ity towards the reduction of H2O2. The electrodeposition of colloidal-Pt
and AuNPs on microwire electrodes takes advantage of the electrocata-
lytic activity and high surface area of both colloidal-Pt and AuNPs, and
provides an easy way to prepare nanostructured electrodes. Further-
more, the CV studies showed that in a mixture of glucose and H2O2, dis-
tinct peaks can be observed for each analyte, clearly demonstrating the
ability of each electrode to discriminate one analyte from the other.

The influence of scan rate on the current response for the anodic cur-
rent (Ipa) of glucose oxidation and cathodic current (Ipc) of H2O2 was
also studied. Fig. 5 shows the redox behavior of the colloidal-Pt and
HRP/AuNPs electrodes in phosphate buffer solution in the presence of
5 mM glucose and 25 μM H2O2 at different scan rates (10 mV s−1 to
100 mV s−1). At both colloidal-Pt and HRP/AuNPs electrodes, the cur-
rents of the corresponding oxidation and reduction peaks increased
with the increase of scan rate. As shown in Fig. 5, the peak currents for
glucose H2O2 show linear dependence on the square root of the scan
rate (R = 0.986 and R = 0.977), respectively and follows the Randles–

Sevcik equation ip ¼ 0:463 nFAC ðnFvDRT Þ12 . In this equation, ip is the
maximumcurrent, n is the number of electron transfer, F is Faraday con-
stant (C mol−1), A is the electrode area (cm2), C is concentration in mol
cm−3, R is the gas constant (8.314 Jmol−1 K−1), T is the room tempera-
ture (298.15K in this case),D is thediffusion coefficient (cm2 s−1), and v
is the scan rate (V s−1). The linear correlation between the catalytic cur-
rent and square root of the scan rate can be used to obtain the apparent
diffusion coefficient,D of the colloidal-Pt andHRP/AuNPsmodified elec-
trode, thereby indicating a surface controlled process.

4.3. Amperometry

Quantification of glucose and H2O2 was carried out by acquiring the
chronoamperograms of the colloidal-Pt and HRP/AuNPs in a stirring
10 mM phosphate buffer supporting electrolyte followed by successive
addition of glucose and H2O2 aliquots at the operating potential of
−100 mV, which resulted in the maximum oxidation and reduction
currents, respectively. Fig. 6 depicts the amperograms showing the ad-
dition of the aliquot solutions. The oxidation current increased almost
instantaneously to a steady state oxidation current within 3 s upon
the addition of the glucose and H2O2 aliquots (Fig. 6A and C), thereby
reflecting the sensitive response of the colloidal-Pt to glucose in the
dual in-line biosensor (Fig. 6C). At the same time, a steep increased in
the reduction current was observed at the HRP/AuNPs for H2O2

(Fig. 6B, D). The fast sensor response observed is attributed to the cata-
lytic activity on the colloidal-Pt and HRP/AuNPs, wherein electrons are
directly transferred to the electrode surface. The calibration curves
were constructed by plotting the steady-state current as a function of
glucose and H2O2 concentrations. The calibration plots exhibit a linear
behavior over the concentration range of 0.5 mM to 8 mM glucose (r2

= 0.984) and 0.5 μM to 70 μM (r2 = 0.987) for glucose and H2O2, re-
spectively. The detection limit was calculated using 3σ/S, where σ and
S is the blank standard deviation and sensitivity, respectively and was
found to be 430 μM for glucose and 0.41 μM H2O2, which exhibits en-
hanced detection limit than those reported for hydrogen peroxide
over the gold and silver nanocomposite electrode [44,45]. In addition,
the biosensor exhibited high sensitivity of 0.403 mA mM−1 cm2 to-
wards glucose and 0.193 mA mM−1 cm2 towards H2O2. The excellent
sensitivity of the biosensor indicates that there is a good degree of effi-
ciency associated with the electrodeposition of colloida-Pt and the im-
mobilization of HRP and AuNPs.

The dual in-line biosensor demonstrated an extended linear dy-
namic range, operational stability and good sensitivity when compared
to other dual glucose and H2O2 biosensors [45-47]. The glucose linear
range achieved in previous studies are not in physiological glucose or
H2O2 range [46,47], thereby limiting their application in glucose
and H2O2 determination in biological samples. Although the work
by Krishnan et al. [47] covered the physiological glucose range
(1–12 mM), the H2O2 range is well above the physiologic level
(1–5 mM).

4.4. The effect of interfering species

To demonstrate the selectivity of the fabricated electrodes for dual
glucose andH2O2 detection, a fewcommon interferentswere examined.
Fig. 7 shows the amperometric response towards the addition of a solu-
tion comprising 1mMglucose and100 μMH2O2 followed by1mMacet-
aminophen, ascorbic acid and uric acid injections. There were no
noteworthy amperometric responses observed when compared to the
response current of the biosensor in the presence of 1 mM glucose
and 100 μMH2O2. The interferents examined did not exhibit any signif-
icant response of the dual in-line biosensor. The enhanced selectivity
may be attributed due to the chitosan layer over the colloidal-Pt elec-
trode [48,49] and the HRP/AuNPs electrode. In addition, the applied po-
tential (−100 mV) is not as conducive to the oxidation or reduction of
the interfering species and thereby increases the selectivity in the pres-
ence of the interfering electroactive species.



Fig. 9. Temperature (A-B) and pH (C) dependence on colloidal-Pt and HRP/AuNPs microwire electrode in the presence of 5 mM glucose and 25 μM H2O2.
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4.5. Electrode stability

The operational stability of the fabricated dual in-line biosensor was
examined by monitoring the oxidation and reduction current response
of colloidal-Pt and HRP/AuNPs at−400mV for the oxidation and reduc-
tion of glucose and H2O2. The performance of the electrodes was tested
in 1mMglucose and 100 μMH2O2 daily for a period of 27 days. Both the
colloidal-Pt and HRP/AuNPs electrodes retained over 75% of their initial
current response as shown in Fig. 8. The dual in-line biosensor proved to
be stable and allowed the biosensor to be used for a period of 27 days
without significant loss of colloidal-Pt and immobilized HRP activity.
This is attributed to the robust nature of the glycol chitosan favourable
microenviroment and the covalent immobilization of the enzyme to
AuNPs to enable the biosensor to exhibit very good stability.

Since the catalytic activity of biosensors relies on different parame-
ters, a pH and temperature profile characterization was performed to
determine the working pH and temperature range. Fig. 9 shows that
the optimal working temperature of the colloidal-Pt and HRP/AuNPs
microwire electrode operating at a fixed pH of 7.4 is 30 °C and the opti-
mal working pH at room temperature is observed to be 7 for both elec-
trodes (Fig. 9C).

It is apparent that the reaction rates increase with temperature, up
to 30 °C and beyond this point theremay be an irreversible thermal deg-
radation in HRP and colloidal-Pt. The working temperature range for
colloidal-Pt is between 20 °C and 30 °C, while for HRP/AuNPs, the
range is slightly higher, up to 35 °C. Importantly, both electrode exhib-
ited a working pH range between 6 and 8, wherein the dual in-line bio-
sensor responses are observed to be reproducible and show good
sensitivity when operating outside optimum conditions.

In addition, the fabricated dual in-line biosensor exhibited good re-
sponse activity for the determination of glucose and H2O2 in blood
plasma (Fig. 10). The colloidal-Pt electrode exhibited a sensitivity of
0.0314 mA mM−1 cm−2 for the concentration range of 2.7 mM to
9.9mMglucose, while theHRP/AuNPs electrode exhibited a higher sen-
sitivity of 7.81mAmM−1 cm−2 for the concentration range of 10 μM to
50 μM H2O2. The difference in sensitivity is attributed to the accumula-
tion of protein in the extracted blood plasma and protein adhesion on
the surface of the biosensor, thereby, limiting the diffusion of the bio-
molecules to the surface of the sensor. This results shows that the dual
in-line biosensor can monitor glucose and H2O2 in biological samples.

5. Conclusion

A dual in-line biosensor for the ultrasensitive detection of glucose
and hydrogen peroxide has been successfully fabricated based on
colloidal-Pt and HRP/AuNPs, respectively. The electrodeposited AuNPs
served as a supporting nanomatrix for HRP immobilization via MPA
self-assembly and EDC/NHS coupling to result in a stable biosensor.
The sensor exhibited an excellent detection limit of 430 μM and 0.41
μM for both glucose and hydrogen peroxide, respectively. The dual in-



Fig. 10. Dual in-line biosensor amperometric response to glucose (A) and (B) H2O2 in
blood plasma.
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line biosensor exhibits a detection sensitivity of 0.403 mAmM−1 cm−2

for glucose and 0.193mAmM−1 cm−2 for H2O2. The sensor showed re-
markable selectivity in the presence of common interfering species due
to the lower operating potential. The dual in-line biosensor showed
high operational stability with a good linear dynamic range. Further-
more, the result indicates the biosensor can simultaneous and continu-
ous detect glucose and H2O2, which has practical applications in
clinincal and food industries.
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