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Abstract: A biosensor based on chitosan-gelatin composite biopolymers nanofibers is found
to be effective for the immobilization of horseradish peroxidase to detect hydrogen peroxide.
The biopolymer nanofibers were fabricated by an electrospining technique. Upon optimization
of synthesis parameters, biopolymers nanofibers, an average of 80 nm in diameter, were obtained
and were then modified on the working electrode surface. The effects of the concentration of enzyme,
pH, and concentration of the buffer and the working potential on the current response of the
nanofibers-modified electrode toward hydrogen peroxide were optimized to obtain the maximal
current response. The results found that horseradish peroxidase immobilization on chitosan-gelatin
composite biopolymer nanofibers had advantages of fast response, excellent reproducibility, high
stability, and showed a linear response to hydrogen peroxide in the concentration range from 0.1 to
1.7 mM with a detection limit of 0.05 mM and exhibited high sensitivity of 44 pA-mM~'em~2.
The developed system was evaluated for analysis of disinfectant samples and showed good
agreement between the results obtained by the titration method without significant differences at the
0.05 significance level. The proposed strategy based on chitosan-gelatin composite biopolymer
nanofibers for the immobilization of enzymes can be extended for the development of other
enzyme-based biosensors.
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1. Introduction

Recently, biosensors have become promising devices for analytical methods in several fields,
including clinical detection [1,2], the food industry [3,4], and environmental monitoring [5,6], due to
their unique high sensitivity, simplicity, lack of sample preparation, and fast analysis time. A biosensor
is an analytical device comprised of two components which are biological sensing elements and a
transducer. When the biological elements are specifically reacted with an analyzed target, a chemical
change signal is measured by a transducer [7]. Enzymes are often used as biological elements for
the development of biosensors. Effective immobilization of enzyme is one of the key steps that can
improve the biosensor response. In recent years, enzymes, such as horseradish peroxidase (HRP),
have been immobilized on several supporting materials, including 3-aminopropyl trimethoxy silane [8],
poly(aniline-co-N-methylthionine) [9], and poly(thionine) film [10]. Nanomaterials provide excellent
enhancement of enzyme immobilization efficiency. Owing to their dimensions in the range of 100 nm,
and the high surface-to-volume ratios provided, many have been successfully used for loading
various amounts of enzymes [11]. Among the various nanomaterials, nanofibers have recently gained
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increased interest due to their physical and chemical properties [11-13]. Nanofibers have several useful
properties, such as high specific surface area and high porosity [14,15]. Considerable attention has
been paid to the applications of nanofibers in biosensors.

Electrospinning is the most effective method which produces fibers in the range of nanometer in
diameter with high voltage electrostatic field. Electrically-charged jets were obtained when applying a
high voltage to polymer solution. During the time that these jets moved toward the collector, the solvent
evaporated and the nanofibers were obtained on the collector [16]. Electrospun nanofibers with small
diameter, long length, large surface area per unit mass, and tunable electron transport were applied to
improve the electrochemical biosensor performance [17,18]. There are a few reports on the employment
of nanofibers in biosensors. Therefore, we are interested in fabricating enzymatic biosensors based on
nanofibers for the detection of hydrogen peroxide using horseradish peroxidase as the biological element.
In this work, chitosan-gelatin composite biopolymers were used for the fabrication of the nanofibers.
Gelatin is a natural biodegradable polymer derived from collagens [19]. Nanofibers based on gelatin
have been prepared for many applications [20,21]. During the past decade, chitosan has been used as
a biocompatible matrix to immobilize biological sensing elements for biosensor construction [22,23].
The natural-biopolymer chitosan is a type of matrix for enzyme immobilization with excellent properties,
such as good adhesion, nontoxicity, and biocompatibility [24,25]. Moreover, it was chosen for nanofiber
fabrication because of its large quantities of amino groups, which have a strong binding with enzymes
via covalent bonding [26]. These outstanding properties make the gelatin and chitosan biopolymers
optimal candidates for nanofiber fabrication.

In the present work, we described the fabrication of novel hybrid biopolymer nanofibers for
hydrogen peroxide biosensor detection. The nanofibers were characterized with scanning electron
microscopy and electrochemical methods. To the best of our knowledge, this is the first fabrication
of chitosan-gelatin composite biopolymer nanofibers for a hydrogen peroxide biosensor based on
horseradish peroxidase. In addition, the experimental conditions for fabrication and analytical
performance of the biosensor based on nanofibers were optimized. Finally, we have investigated the
performance of the nanofiber biosensor, based on HRP immobilized on a chitosan-gelatin composite
biopolymer nanofibers-modified electrode, for the determination of hydrogen peroxide in real samples.

2. Materials and Methods

2.1. Reagents and Materials

Horseradish peroxidase (HRP), chitosan (medium molecular weight), hydrogen peroxide,
and gelatin were purchased from Sigma-Aldrich (St. Louis, MO, USA)). Acetic acid was purchased
from Ajex (Taren Point, Australia). Phosphate buffer solution (0.1 M) was prepared with Na, HPO4
and NaH,POy. All other reagents were of analytical grade. All aqueous solutions were prepared with
deionized water.

2.2. Preparation of Gelatin/Chitosan Nanofibers by Using the Electrospinning Method

A schematic drawing of the electrospinning setup for this work is presented in Figure 1.
Typically, electrospinning was performed by a DC power supply (Gamma High Voltage Research,
Ormond Beach, FL, USA) at 0-20 kV, a syringe pump (KDS100, KD Scientific Inc., Holliston, MA, USA),
and a collector. The graphite electrode (diameter = 2 mm), used as a collector, was connected
to the ground electrode of the power supply and was placed parallel to the needle of a syringe.
The electrospinning process was carried out at room temperature. The chitosan-gelatin solution was
loaded into the syringe and was ejected from the needle tip by a syringe pump. In this study, a constant
flow rate of 1.6 mL/h was applied to the chitosan-gelatin solution. The nanofibers were collected on the
graphite electrode surface that was placed on an aluminum foil rotating collector. The distance between
the needle tip of the syringe and the collector was 20 cm. The gelatin/chitosan nanofibers-modified
graphite electrode was obtained and ready to use for the enzyme immobilization step after drying.
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Figure 1. Schematic drawing of the electrospinning system.

2.3. Fabrication of the Enzymatic Biosensor Based on Nanofibers

The biosensor was prepared as follows: Firstly, nanofibers modified electrode was immersed into
2.5% v/v of glutaraldehyde for 20 min to make the covalent binding with enzyme. After washing,
the electrode was immersed in HRP for 12 h to be immobilized on the nanofibers. The electrode was
finally washed with phosphate buffer to remove unbound enzyme. Finally, 1% (v/v) nafion solution
was dropped onto the electrode and dried at room temperature. Hence, the modified electrode was
successfully achieved. The prepared electrodes were stored at 4 °C in a pH 7.00 phosphate buffer
solution until further use.

2.4. Characterization of Nanofibers

The morphology and diameter of nanofibers samples were determined using scanning electron
microscopy (SEM; JSM-6510, JEOL, Peabody, MA, USA). For SEM sample preparation, the sample was
attached to a SEM stub and then was sputtered with a thin layer of gold. SEM was performed under
an accelerating voltage of 5 kV.

2.5. Electrochemical Measurement

The electrochemical experiments were performed with a CHI660a electrochemical workstation
(CHI, Austin, TX, USA). All experiments were carried out with a three-electrode system with an enzyme
nanofibers-modified graphite electrode as the working electrode, a platinum wire as the auxiliary
electrode, and an Ag/AgCl/3.0 M KCl electrode as the reference electrode. Cyclic voltammetric
was performed in 10 mM Ks3Fe(CN)s/K4Fe(CN)s and 10 mM KCl solution to characterize the
immobilization steps on the electrode surface. Amperometric measurements were carried out under
stirred phosphate buffer solution (phosphate buffer, 0.15 M, pH 6.00) by applying the potential of
—0.3 V at room temperature (25 °C).

2.6. Optimizations of Experimental Conditions of Enzyme Biosensor

The performance of this biosensor was dependent on various factors, such as the concentration of
the enzyme, the pH and concentration of phosphate buffer, and the applied potential for the detection
of hydrogen peroxide. Therefore, these parameters were studied to obtain a high analytical signal.

2.7. Evaluation of the Nanofiber Biosensor

Under optimum conditions, the performance of the biosensor system was evaluated by studying
the precision, linearity range, detection limit, storage stability, and application in real samples.
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3. Results

3.1. Compositions and Characterizations of Nanofibers

Figure 1 shows the schematic of the experimental setup used for the electrospinning process.
The nanofibers compositions were optimized by mixing the solution of chitosan and gelatin at different
ratios to obtain the best nanofibers. Nanofibers were electrospun from pure chitosan and the other four
sets of chitosan-gelatin with volume ratios of chitosan to gelatin solution of 50:50, 40:60, 30:70, and 20:80,
respectively. The morphological structures of the electrospun chitosan-gelatin composite nanofibers
are shown in Figure 2. The results found that pure chitosan cannot produce a continuous and uniform
fiber because chitosan molecules presented many amino groups resulting in high surface charge
densities of the jet. Thus, the electric field was not sufficiently strong. Charges on the droplet surface
did not overcome the surface tension, causing nonuniform and discontinuous fibers [27]. To overcome
this, different ratios of gelatin were added. The addition of gelatin decreased the conductivity of the
solution, thus producing continuous nanofibers. Therefore, chitosan and gelatin ratios of 40 to 60 were
selected. Small diameters of fibers without any beads were obtained.

Figure 2. SEM micrographs of nanofibers at different ratios of chitosan and gelatin: (A) 20:80; (B) 30:70;
(C) 40:60; and (D) 50:50, respectively.

3.2. Construction of HRP/Nanofibers/Electrode

As shown in Figure 1, we designed the construction of the nanofiber enzyme biosensor using HRP
immobilized onto a chitosan-gelatin composite nanofibers-modified electrode as a working electrode.
Modified electrodes were characterized by cyclic voltammetry in 0.1 M K3Fe(CN)s/K4Fe(CN)g at a
scan rate of 50 mV/s. Figure 3A displayed the cyclic voltammogram results obtained during each step
of immobilizations. The cyclic voltammogram of the bare electrode (a) showed complete oxidation and
reduction peaks of Fe(CN)g_/ 4~ redox. After the electrode surface was coated with chitosan-gelatin
composite nanofibers (b), the anodic and cathodic peak currents decreased, as indicated that the
nanofibers that were immobilized on the electrode. Then the redox peaks slightly decreased because the
amine groups of chitosan and gelatin on the surface of the electrode were activated with glutaraldehyde
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(c). Finally, after HRP was immobilized on the surface of the electrode, and the peak current decreased
greatly. These results confirmed that HRP was successfully immobilized on the nanofibers-modified
electrode. To test the activity of the enzyme-modified electrode, three electrodes were connected to
a potentiostat and immersed into 2 mL, 0.05 M phosphate buffer (pH 7.20). Methylene blue (MB)
was used as a mediator. The reaction occurred by adding hydrogen peroxide solution to reach a
final concentration 1 mM. The reaction mechanism of the hydrogen peroxide biosensor is reported as
follows [27]:

HRP(red) +H,O, — HRP(OX) + H,O (1)
HRP(OX) + MB(red) — HRP(red) + MB(OX) (2)
MB(OX) +2e — MB(red) 3)

The generated current was measured by the amperometric technique. The amperometric responses
of the nanofibers-modified electrode at a working potential of —0.2 V for each successive addition of
various amount of hydrogen peroxide are presented in Figure 3B. It was confirmed that nanofibers
were successfully used to immobilize the enzyme. In addition, the current decreased sharply to reach
a steady state value (ca. 95%) in less than 20 s, when the standard of hydrogen peroxide was added to
the phosphate buffer. Therefore, the enzyme-modified electrode via nanofibers showed good response
to hydrogen peroxide and was related to the concentration of hydrogen peroxide in solution.
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Figure 3. (A) Cyclic voltammograms obtained from different modified electrodes (a) bare,
(b) nanofibers, (c) glutaraldehyde, and (d) HRP in 10 mM K3Fe(CN)g /K4Fe(CN)g containing 0.1 M KCl1
at a scan rate of 50 mV s~1; (B) shows the amperometric responses obtained from nanofibers-modified
electrodes to successive addition of 1 mM hydrogen peroxide in phosphate buffer at the applied
potential of —0.2 V.

3.3. Effect of Electrospinning Parameters

There are many factors affecting the morphologies of electrospun nanofibers, such as solvent
polarity, applied voltage, feed rate, needle diameter, and collection distance. All of thsse factors
significantly affect the quality of the nanofibers. Therefore, these parameters were studied in this
present work.

In order to best optimize the nanofiber, the acetic acid concentrations were varied, ranging from
1 to 90%, whereas all other parameters were kept constant. Decreasing the acetic acid concentration
in the solvent increases the mean diameter of the nanofibers. An optimum size of nanofibers was
achieved and 60% acetic acid was found to be most suitable for the formation of uniform nanofibers.

Once an electric field is applied, the surface of the polymer solution becomes charged.
Thus, the effect of the applied electric field was studied from 15 to 20 kV. The voltage was gradually
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increased up to 20 kV until the liquid came out through the needle and split into a web of fibers
collected on the aluminum foil. Twenty kilovolts was selected.

The flow rate of the polymer solution within the syringe is another important process parameter.
The flow rate was optimized in the range of 0.8-1.6 mL/h. At a low flow rate (0.8-1.4 mL/h) the
electrospun fiber is cylindrical and uniform. The results found that the continuous fibers were obtained
at the flow rate of 1.6 mL/h.

The effect of the diameter of the syringe needle was investigated from 0.5-0.7 mm. The increase
of the needle diameter from 0.5 to 0.6 mm significantly increased the average nanofiber diameter.
The nanofiber obtained with a larger needle diameter showed a more uniform fiber size distribution.
The optimum diameter of the syringe was 0.6 mm.

The distance between the collector and the tip of the syringe can also affect the fiber diameter and
morphologies. Thus, the collection distance was studied by varying it from 20 to 25 cm. At a distance
of 15 cm, the fiber will not have enough time to solidify before reaching the collector, whereas at a
distance of 25, fiber beads can be obtained. The optimum collection distance was at 20 cm.

The optimum conditions resulting in a continuous fiber with an average diameter of 80 nm are
featured in Table 1.

Table 1. Electrospinning conditions for fabrication of nanofibers.

Effecting Parameter Parameter Studied Optimum
Acetic concentration 1%-90% 60%
Applied electric field 15-20 kV 20kV
Flow rate 0.8-1.6 mL/h 1.6 mL/h
Needle diameter 0.5-0.7 mm 0.6 mm
Collection distance 15-25 cm 20 cm

3.4. Optimized Experimental Conditions for the Hydrogen Peroxide Biosensor

The nanofiber-modified electrode was immobilized with HRP and was then applied in a biosensor
for hydrogen peroxide detection. In order to obtain the highest sensitivity of the proposed biosensor
system, several parameters, including enzyme concentration, applied voltage, buffer concentration,
and pH of solution buffer, were studied.

First, the immobilizations of different amounts of HRP were optimized in the range of
2.0-8.0 mg/mL. Results obtained from the experiments are shown in Figure 4A. The biosensor response
was increased as the amount of HRP was increased, up to 4 mg/mL; after that it was decreased.
The current response decreased probably due to the steric hindrance effect caused by a high density of
immobilized enzyme on the electrode surface, and it created a difficulty in the transfer of electrons
between the enzyme and the electrode surface. Consequently, in this case, 4.0 mg/mL of HRP was
chosen for further optimization.

The influence of applied potential on the nanofiber-modified working electrode for amperometric
measurement, from —0.05 to —0.4 Vvs. Ag/AgCl onto the enzyme biosensor system was investigated.
Figure 4B shows the resulting plot of the current as a function of applied potential. It was found that
the current increased with the increasing potential from —0.05 to —0.3 V, and then decreased after
—0.3 V. Therefore, a potential of —0.3 V was selected as the applied potential.

The concentrations and pH of buffer, which were variable in the proposed work, could affect the
enzymatic biosensor for hydrogen peroxide detection. The effect of the different buffer concentrations
on the response of the nanofiber-enzyme electrode is shown in Figure 4C. The current response
gradually increased as the concentration increased from 0.05 to 0.15 M. The highest response
was achieved at 0.15 M. Thus, the optimal buffer concentration of 0.15 M was chosen for the
supporting electrolyte.

The pH value of the buffer is another variable that affects the biosensor measurement. The pH
effect on the biosensor performance was studied using a 0.15 M phosphate buffer solution, and pH
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varied between 5.00 and 8.00 (Figure 4D). The maximum current response was obtained at pH 6.00,
which was similar to that reported previously [28].
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Figure 4. Effect of (A) concentration of HRP; (B) applied potential; (C) concentration of buffer;
and (D) pH on the response current of the nanofiber electrode.

3.5. Nanofiber Biosensor Performance

Under the optimized conditions, the biosensor was evaluated by studying the analytical precision,
linear range, limit of detection, and storage stability.

Analytical precision was carried out by measuring the current response of the same
nanofibers-enzyme electrode in the presence of 1 mM hydrogen peroxide. The average mean
steady-state of the current response was 1100 nA with the relative standard deviation (RSD) of
3.3% for twelve successive assays. Therefore, the nanofiber-modified electrode showed high precision.

Figure 5 shows the resulting calibration curve for hydrogen peroxide detection over the
concentration range of 0.1-4.0 mM. The linear calibration range of the nanofiber biosensor was
observed from 0.1 to 1.7 mM with a correlation coefficient of 0.9996. The nanofiber biosensor showed
a sensitivity of 44 pA/mM/cm? and the response time of the proposed method was around 10 s.
A detection limit of 0.05 mM (S/N = 3) was obtained.

The selectivity of the fabricated sensor was tested with possible interferences, such as ascorbic
acid, glucose, and uric acid. It was found that that there was no significant change of the current
responses generated from ascorbic acid, glucose, and uric acid compared to the response of HyO5.
Therefore, the proposed sensor was selective to HyO, detection.

Additionally, the stability of the fabricated sensor was evaluated by amperometric measurements
in the presence of H,O;. No significant decrease of current was measured after the electrode was
studied 20 times continuously. Additionally, the storage stability of the nanofibers enzyme-modified
electrode was studied by monitoring the current response of 1 mM of hydrogen peroxide every week
and it was stored at 4 °C in a refrigerator after use. The results show that there was only a 14% loss
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from its initial current response after two months of use, indicating that the immobilized HRP on
gelatin/chitosan nanofibers possessed good bioactivity.
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Figure 5. Calibration curve at different concentrations of hydrogen peroxide. The error bars show
standard deviations for n = 3. Inset: the linear part of the calibration curve.

3.6. Comparison of Current Response between Nanofibers and Thin Film-Modified Electrodes

The generated current was measured by the amperometric technique. Figure 6 showed the
comparison current response obtained from (a) nanofiber- and (b) thin film-modified electrodes.
The thin film-modified electrode was carried out by dropping a mixture solution of chitosan gelatin
with volume ratios of 40:60, respectively, on the working electrode and then allowed to dry at room
temperature. The thin film-modified electrode was immersed into 2.5% v/v of glutaraldehyde for
20 min and was immersed in HRP for 12 h. Finally, the electrode surface was cover with 1% (v/v)
nafion solution. The results found that the nanofibers-modified electrodes provided higher response
than the thin film-modified electrodes. This confirmed that nanofibers were successfully applied for
use as an enzyme biosensor.
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Figure 6. Amperometric responses obtained from nanofiber (A) and thin film (B) modified electrodes to
successive addition of 1 mM hydrogen peroxide in phosphate buffer at the applied potential of —0.3 V.
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3.7. Application to Real Samples

To investigate the feasibility of the nanofiber biosensor system for analysis of hydrogen peroxide
in different brands of disinfectant was evaluated. The dilution of samples was required with
phosphate buffer in order to fit the linear range. All samples were analyzed by the proposed
method and the titration method. The redox titration was used as the standard method. This method
utilizes the reduction of potassium permanganate (KMnQOj) by hydrogen peroxide in sulfuric acid.
KMnOy; solution (0.02 M) was employed for the standard solution. The endpoint of the titration is the
point at which the last drop of KMnOy added to the solution causes it to turn pink. Results obtained
with the proposed method were compared statistically with those obtained with the titration method
(Table 2). There was no significant difference between the two methods for hydrogen peroxide detection
from disinfectant samples at the 0.05 significance level. This experiment showed that the nanofiber
biosensor achieved the analysis of hydrogen peroxide in real samples.

Table 2. Determination results of hydrogen peroxide in real samples.

Concentration of Hydrogen Peroxide (mM)

Sample
Nanofiber Biosensor Titration Method
Sample-1 873 871
Sample-2 826 824
Sample-3 851 853

4. Conclusions

From the above results, we have concluded that the nanofibers-modified electrodes exhibited
good efficiency for immobilization of enzyme on the electrode surface resulting in enhancing the
sensitivity of biosensor system for hydrogen peroxide detection. The detection limit and sensitivity of
these electrodes was found to be 0.05 mM and 44 pA/mM/cm?, respectively. This present work had
advantages, such as easy electrode preparation, long-term stability, and good repeatability compared
to other previous works [9,22]. In addition, the nanofibers coated on the surface of the electrode not
only offer biocompatibility for enzyme immobilization, but are also successful in their application to
real sample analysis.
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