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In this study, a carbon nanofiber fabricated screen-printed
electrode (CNF-SPE) was modified using carbon nano-horns
(CNHs) and nafion (NAF) for the development of a label-free
electrochemiluminescence (ECL) biosensor. The goal was to
design a robust and sensitive biosensor for the detection of
porcine gelatin in food products, which will globally have a
significant impact on the halal food industry. Gelatin derived from
porcine has major religious and ethical concerns worldwide and
its use is gradually increasing in food-based products without
proper monitoring and observation. Henceforth, a biosensor was
developed over a CNFs-SPE/CNHs/NAF platform by immobilizing
biorecognition molecules (anti-gelatin), followed by non-specific
blocking by 0.1% bovine serum albumin (BSA). Further, energy
dispersive X-ray (EDX) and Fourier-transform infrared (FTIR)
spectroscopy were employed to characterize the CNHs/NAF
nanocomposite. Moreover, biosensor development was studied
both by ECL and electrochemical impedance spectroscopy.
Interestingly, the developed biosensor CNFs-SPE/CNHs/NAF/anti-
gelatin/BSA demonstrated extensive linearity of 1 pg mL™* to 8 ng
mL™? with a detection limit of 1 pg mL™. Therefore, with a
demonstrated wide linear range and low detection limit, this
proposed biosensor could be used to analyze real food samples.
Furthermore, the biosensor showed remarkable reproducibility
for porcine gelatin detection.

1. Introduction

Gelatin is a translucent, colorless protein extracted from
collagen, which can be abundantly found in animal skin,
cartilage, and bones." Gelatin has been in high demand in
different industries for various applications. A few important
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examples of gelatin-demanding industries include food,
pharmaceutical, and cosmetics, as well as sectors producing
photographic films and paper.”> Moreover, the sources of
gelatin include porcine, bovine, chicken, fish, and donkey.3
Therefore, the acceptability of gelatin highly depends on its
sources.” However, the usage of gelatin in food such as trifles,
candy corn, and gummy bears isolated from porcine and
bovine has major religious and ethical concerns across the
globe, especially among Muslims and Jews.>® Further, the
current trend of practicing vegetarian and vegan lifestyles
does not support the use of gelatin in different products from
animal sources.”

Whilst ELISA,® chromatography,” mass spectroscopy,'’
infrared-spectroscopy,’”” and PCR-based methods are
currently available to detect gelatin."> However, each method
has its limitation including low sensitivity, low specificity,
tedious, time-intensive, expensive, confinement, bulky
instrumentations, and the requirement of a trained person.
Moreover, none of these methods demonstrate the potential
to detect traces of porcine gelatin. Therefore, a highly
sensitive, highly specific, rapid, robust, inexpensive, portable
method with the potential to be used as an on-site testing
device is urgently required. Therefore, in this study, a label-
free electrochemiluminescence (ECL) biosensor over a carbon
nano-fiber screen-printed electrode (CNF-SPE) for the
sensitive detection of gelatin using nanostructured carbon
materials has been proposed.

Currently, different carbon nanostructured materials
(CNSMs) are being employed in developing biosensors for
the sensitive detection of target proteins.'® The integration of
different CNSMs in developing biosensors has attained
notable acceptability since the last decade'* as they provide
rapid and continuous signal measurement,'® high sensitivity,
high specificity with quick response time,">'” and require
fewer reagents and solution.'® For example, carbon nano-
horns (CNHs) and carbon nano-fibers (CNFs) have attracted
significant attention from researchers and scientists in
biosensing applications due to their novel properties.'®>’

© 2022 The Author(s). Published by the Royal Society of Chemistry
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CNHs are conically shaped, one-dimensional (1-D) CNSMs,
having high surface area, high electrochemical conductivity,
exceptional porosity, and remarkable catalytic properties.*!
Further, CNFs have a large electrochemical surface area and
high electronic conductivity.”> Moreover, a [Ru(bpy)s]*'/TPrA
system has demonstrated excellent ECL signal over a CNF-
based electrode.”®

In recent years, the ECL technique has obtained
remarkable attention in the development of biosensors due
to its versatility and stability.>**> Moreover, the incorporation
of different carbon-based nanomaterials has also aided the
trend of wusing ECL methods in developing nano-
biosensors.”®*” The core mechanism of an ECL-based
biosensor depends on the interaction between the
luminophore and the target protein or antigen.*® Hence, it is
extremely important to use a reliable luminophore and co-
reactant mixture to ensure stable and reproducible ECL
signals, which get amplified by nanostructured materials.>*"*°
Thus, in this study, we have selected tris(2,2"-bipyridyl)
dichlororuthenium(u) hexahydrate [Ru(bpy);]Cl,6H,O as the
luminophore and tripropylamine (TprA) as the co-reactant.

Screen-printed electrodes offer reproducibility,
miniaturization, portability, and affordability with a high
potential for mass-production.’”*> Therefore, we have
proposed an ECL biosensor for the sensitive detection of
gelatin (gltn) over CNF-SPE modified with CNHs and Nafion
(NAF). In addition, to be a binder, NAF provides chemical
stability as well as good antifouling capacity.*®> Moreover, the
proposed  CNFs-SPE/CNHs/NAF/anti-gltn/BSA  biosensor
displayed a remarkable linear range of 1 pg mL™ to 8 ng
mL™" with a low detection limit of 1 pg mL™" to detect
porcine gelatin. Further, the CNFs-SPE/CNHs/NAF/anti-gltn/
BSA biosensor demonstrated high reproducibility in detecting
porcine gelatin.

2. Materials and methods
2.1 Reagents

Anti-porcine gelatin (anti-gltn) and porcine gelatin protein
(gltn) were procured from Alpha Diagnostics International
(Texas, USA). Bovine serum albumin (BSA), sodium azide
(NaN3), potassium chloride (KCL), potassium ferrocyanide
(K4[Fe(CN)g]), potassium ferricyanide (Kz[Fe(CN)y]), carbon
nanohorns, carbon nano chips, mesoporous carbon,
[Ru(bpy);]Cl,6H,0, TprA (98% purity), tris, disodium
phosphate, and monosodium phosphate were purchased
from Sigma-Aldrich (Saint Louis, USA). Carbon nano-onions
were purchased from carbon allotropes (Kensington,
Australia), binding agent, Nafion was purchased from Alfa
Aesar (Ward Hill, M.A.). For all the analysis, samples were
diluted using 10 mM PBS (pH 7.4). All chemicals and
reagents were of >95% purity. All reagents and solutions
were prepared utilizing freshly obtained Milli-Q water
(deionized with a specific resistance of ~18 M ecm™*). Each of
these analyses was done at least three times (n = 3), and the
average was presented with a standard deviation. All the
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experiments were done at a constant room temperature of 20
+ 0.5 °C.

2.2 Apparatus

ECL measurements were done using an MPI-A capillary
electrophoresis ECL analyzer system, which was bought from
Xi'an Yima Opto-Electrical Technology Co., Ltd. (China). An
in-house ECL cell was prepared to measure the light
produced from the reactions between the luminophore and
the coreactant at the working electrode. The ECL cell was
placed over the photomultiplier tube (PMT) attached to the
MPI-A software to determine ECL intensity. All the ECL
measurements were performed using equal volume (1 mL
each) of 100 mM [Ru(bpy);]Cl, solution and 1 mM TPrA
solution, and the total volume of cell was maintained at 4
mL using 10 mM PBS pH 7.4. The electrochemical
impedance spectroscopy study was performed using Autolab
PGSTAT101 11 potentiostat/galvanostat (Metrohm,
Netherlands) connected to a Nova software version 1.10. The
carbon nano-fiber screen printed electrodes were procured
from DropSens (Spain), where the reference electrode was
silver coated, and the counter electrode was coated with
carbon. The diameter of the working electrode was 4 mm
with a maximum working volume of 50 puL. Nanocomposite
characterization was performed using both Fourier-transform
infrared (FTIR) spectroscopy attached with a MIRacle single-
reflection attenuated total reflectance (ATR) (Shimadzu,
Japan), and energy dispersive X-ray (EDX) (Tokyo, Japan). All
the experiments were performed in an air-conditioned
laboratory having a constant temperature of 20 + 0.5 °C.

2.3 Preparation of the nanocomposite

The preparation of the selected CNHs/NAF nanocomposite
was accomplished in-house at RT at 20 + 0.5 °C. In brief, for
the preparation of the CNHs/NAF nanocomposite, 0.5 mg of
CNHs were dispersed in 1 mL of autoclaved-distilled water.
To ensure the proper dispersion of the nanoparticle, it was
sonicated using an ultra-sonicator for 2.5 h. Following that, a
0.1% NAF solution was prepared by serially diluting it from
the original stock (5%) using 0.01 M PBS solution (pH 7.4).
Finally, for the synthesis of the final nanocomposite, 0.5 mg
mL™" of the CNH solution was mixed with the 0.1% NAF
solution at a 2:1 ratio and was mixed using a magnetic
stirrer for 5 h for proper dispersion. This in-house prepared
nanocomposite can be stored at 4 °C for further use. In
addition, before each use, the nanocomposite mixture was
sonicated for 30 min.

2.4 Fabrication of the porcine gelatin biosensor

Before the ECL signal determination, the CNFs-SPE working
electrode was incubated using 10 pL of the CNHs/NAF
nanocomposite and dried at RT. Following that, the electrode
was washed using 10 pL PBS solutions (10 mM). Then, 20 uL
of biorecognition molecules (anti-gelatin, 10 ug mL™") was
immobilized over a nanocomposite modified electrode and
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incubated overnight. The excess biorecognition molecules
were thoroughly washed using 10 pL of PBS buffer. This step
was followed by 45 min incubation with a 0.1% BSA solution
as a blocking agent to prevent any non-specific binding sites
on the fabricated electrode. Finally, the CNFs-SPE/CNHs/NAF/
anti-gltn/BSA biosensor was washed with 10 mM of PBS
buffer and used for ECL measurement or stored until the
next use at 4 °C. Biosensor fabricating and ECL signal
determination is illustrated in Scheme 1.

2.5 Electrochemiluminescence signal measurement

In order to determine the ECL signal, different
concentrations of the porcine gelatin were incubated over the
CNFs-SPE/CNHs/NAF/anti-gltn/BSA  biosensor for 60 min.
Next, the immunosensor incubated with gelatin (CNFs-SPEs/
CNHs/NAF/anti-gltn/BSA/gltn) was washed with the PBS
solution to remove any loosely bound or unbound porcine
gelatin from the surface of the biosensor and dried at RT.
Following, ECL readings in the cyclic voltammetric mode
were obtained at PMT tube voltage 800 V at the scan rate 100
mV s~'. The sensitivity and amplifying series were also kept
constant to minimize the background signal. The average
peak currents of each concentration were then analyzed and
calculated.

3. Results and discussion
3.1 Selection of carbon nanostructured materials

For the selection of the suitable carbon-based nanomaterial
to modify CNFs-SPE, we tested different types of CNSMs and
NAF composite: CNHs, carbon nanochips (CNCs),
mesoporous carbon (MC), and carbon nano-onions (CNOs).
Among them, CNHs showed the maximum ECL signal
(Fig. 1A). This may be due to one dimensional (1-D) conically
shaped CNHs having a high surface area, high
electrochemical conductivity, exceptional porosity, and
remarkable catalytic properties,> which enable them to give
stable ECL intensity over the CNF electrode.”* Moreover, the
production of ECL occurs followed by the application of a
voltage at the fabricated electrode, which leads to a redox
reaction between the luminophore ([Ru(bpy);]Cl,6H,0) and
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the co-reactant (TprA) over the electrode surface. The redox
reaction results in the formation of an excited state of the
luminophore (Ru®>"*), which relaxes to the ground state and
generates light at 1 = ~620 nm.*" This generated light is
recorded as an ECL signal."®

Further, in order to figure out the suitable and
reproducible ~ working ratio between the selected
nanomaterial (CNHs) and binder (NAF), we studied multiple
probable ratios (i.e., 1:2, 2:1, and 1:3). Interestingly, the 2:
1 ratio of CNHs and NAF showed the highest ECL intensity
over CNFs-SPE, which was chosen for further study (Fig. 1B).
Furthermore, before selecting a working ratio between any
carbon-based nanomaterial and binder, first, we need to
evaluate that the binder is not interfering with the signal of
the selected nanomaterial performing any electrochemical
analysis such as ECL and electrochemical impedance
spectroscopy (EIS). Moreover, the main reason for choosing
nafion with CNHs was it provided stable, consistent, and
reproducible data in different experiments. In addition, the
ratio of 2:1 showed maximum ECL intensity compared to a
blank or bare electrode (CNFs-SPE). Therefore, the ratio
between CNHs and NAF of 2:1 was selected for further study.
Possibly, the stable electrochemical property of nafion played
a vital role in maintaining consistent and repeatable
results.*

3.2 EDX and FTIR characterization of the CNHs/NAF
nanocomposite

Both EDX and FTIR characterizations were employed for the
assessment of the successful formation of the CNHs/NAF
nanocomposite. CNHs and the CNHs/NAF nanocomposite
were spiked over 1 cm glass slides and dried overnight for
EDX characterization studies. Fig. 2A shows the highest peak
of carbon with a 33.27 elemental percentage. Moreover, sharp
peaks of fluorine (F) and sulfur (S) were observed (Fig. 2B) in
addition to the carbon peak when the CNHs/NAF
nanocomposite was studied. This study proved the successful
formation of the CNHs/NAF nanocomposite.

Fig. 3 shows the FTIR results of the CNHs/NAF
nanocomposite study. In the case of CNHs [Fig. 3 curve (a)],

3 5 - Without Gelatin
54
@ 3
[Ru(bpy)3]2* and TPra £ )
ECL Probe E 1 - With Gelatin
O
w 0
Time/s
w woosoe Y ¢ 0
CNFs-SPE Nafion CNHs Nanocomposite anti-gelatin BSA Gelatin

Scheme 1 Biosensor fabrication and ECL signal determination.
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Fig. 2 EDX characterization of the CNHs/NAF nanocomposite (A) CNHs; and (B) CNHs/NAF.

the most prominent peaks were observed in two separate
regions 700 to 1600 cm ™" and 2900 to 3400 cm ™. Besides, the
peak at 3410.29 cm™' signifies the ~OH stretching, and the
peak at 2924.21 cm ' shows the symmetric and anti-
symmetric alignments of the C-H groups.®” In addition, the
peaks at 1613.52 cm™* and 1219.06 cm™' denoted the SP?
hybridized aromatic carbon (C=C) and C-O stretching
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Fig. 3 FTIR characterization of the CNHs/NAF nanocomposite (a) CNH
and (b) CNHs/NAF.

© 2022 The Author(s). Published by the Royal Society of Chemistry

vibrations, respectively.’® For the CNHs/NAF nanocomposite,
the major FTIR spectra was observed at 600 to 1600 cm™* and
2800 to 3400 cm ' regions [Fig. 3 curve (b)].The peak at
3431.51 cm ' showed the bending vibrations of water
molecules (-OH) stretching.”” In addition, the peak at
1641.49 cm™ indicated the O-H bending vibrations,*® and
peaks at 1235.46 cm ' and 1053.18 cm ' denoted the
asymmetric CF, stretching and symmetric S-O bending
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Fig. 4 pH evaluation of the reaction medium.
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Fig. 5 ECL study of the CNFs-SPE/CNHs/NAF/anti-gelatin/BSA immunosensor (A) ECL curves; and (B) bar of the ECL peak, where: (a) bare CNFs-
SPE, (b) CNFs-SPE/CNHs/NAF, (c) CNFs-SPE/CNHs/NAF/ant-gltn, and (d) CNFs-SPE/CNHs/NAF/ant-gltn/BSA.

vibrations, respectively. Moreover, the peak at 965.41 cm™*
indicated the symmetric C-O-C alignments.*® Thus, the FTIR
spectra further confirmed the successful formation of the
CNHs/NAF nanocomposite.

3.3 pH evaluation of the reaction medium

The ionic strength of the medium influences the sensing
signal. Therefore, a medium of 10 mM PBS having optimum
ionic strength for sensing application has been wused
following standard references.>*** Moreover, to confirm the
optimum pH for the ECL signal of the biosensor, different
pH ranges (5.4, 6.4, 7.4, and 8.4) were tested. The biosensor
demonstrated the highest and stable ECL signal with 10 mM
PBS solution of pH 7.4 (Fig. 4). Therefore, 10 mM PBS
solution of pH 7.4 was used throughout the study.

3.4 ECL characterization of CNFs-SPE/CNHs/NAF/anti-gltn/
BSA

To perform the layer-by-layer ECL characterization of the
CNFs-SPE/CNHs/NAF/anti-gltn/BSA biosensor, each layer was
separately studied and data was recorded. At first, the ECL
signal of the bare CNFs-SPE was recorded [Fig. 5A curve (a)].
Next, the bare CNFs-SPE was incubated with the CNHs/NAF
composite and dried for 2 h, followed by measuring the ECL

124
4 [ °
€ 94 . LI
g . . =
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>~ 64 . ° ‘b
N . B
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34 " t
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LA
N/ : : :
0 Z' / KOhm

Fig. 6 EIS characterization of the CNFs-SPE/CNHs/NAF/anti-gltn/BSA
biosensor, where: (a) bare CNFs-SPE, (b) CNFs-SPE/CNHs/NAF and (c)
CNFs-SPE/CNHs/NAF/ant-gltn/BSA [5 mM Ks[Fe(CN)e¢l/K4[Fe(CN)g, 0.1~
100 kHz, ac amplitude 10 mV and number of frequency 50 Hz].
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signal. It was found that the ECL intensity of the CNHs/NAF
layer was much higher compared to that of the bare CNFs-
SPE [Fig. 5A curve (b)]. This may be due to the high
electrochemical conductivity of the CNHs facilitating
electron transfer between the ECL probe and the working
electrode. Later, the CNHs/NAF modified electrode (CNFs-
SPE/CNHs/NAF) was further incubated with biorecognition
molecules (anti-gltn), followed by blocking with 0.1% BSA to
inhibit the non-specific binding sites. The incubation of
biorecognition molecules showed a decrease in the intensity
of the ECL signal due to the formation of an insulating
layer (CNFs-SPE/CNHs/NAF/anti-gltn) over the CNFs-SPE/
CNHSs/NAF surface [Fig. 5A curve (c)]. Similarly, the
introduction of BSA further decreased the intensity of the
ECL signal [Fig. 5A, curve (d)] confirming the formation of
an additional insulating layer (CNFs-SPE/CNHs/NAF/anti-
gltn/BSA) and successful formation of the immunosensor
for the detection of gelatin. Fig. 5A bar (a)-(d) show the
peak of the ECL intensity of bare CNFs-SPE, CNFs-SPE/
CNHs/NAF, CNFs-SPE/CNHs/NAF/anti-gltn and CNFs-SPE/
CNHs/NAF/anti-gltn/BSA.

3.5 EIS study CNFs-SPE/CNHs/NAF/anti-gltn/BSA

In addition, electrochemical impedance spectroscopy (EIS)
was also employed for the characterization of biosensor
formation. The EIS data showcased semicircular patterns
along with some straight-line sections, which signified the
charge transfer resistance (R.) and diffusion-controlled
processes. According to the Nyquist theory, the charge
transfer resistance (R.) of the incubated layer is directly
related to the diameter of the semicircle.*”*' Fig. 6 shows the
EIS pattern of different layers of the fabricated CNFs-SPE/
CNHs/anti-gltn/BSA biosensor. Fig. 6 curve (a) depicts the EIS
signal of bare CNFs-SPE, whilst Fig. 6 curve (b) depicts the
EIS signal of CNFs-SPE/CNHs/NAF. CNFs-SPE demonstrated a
higher EIS signal compared to CNFs-SPE/CNHs/NAF. This is
attributable to the fact that CNHs provide high
electrochemical conductivity resulting in lower resistance
than the bare CNFs-SPE. However, Fig. 6 curve (c) shows the
EIS signal of CNFs-SPE/CNHs/NAF incubated both with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Reproducibility study of CNFs-SPE/CNHs/NAF/anti-gltn/BSA biosensors incubated with 100 pg mL™* porcine gelatin: (A) ECL intensity graph

of five biosensors; and (B) corresponding ECL intensity peak bar graph.

biorecognition molecules (anti-gltn) and BSA. The CNFs-SPE/
CNHs/anti-gltn/BSA biosensor showed an increase in the EIS
signal due to high resistance by the insulating layer of
biorecognition molecules and blocking agent. Indeed, the EIS
further confirms the formation of the CNFs-SPE/CNHs/NAF/
anti-gltn/BSA biosensor.

3.6 Analytical performance of the biosensor

The analytical performance of the proposed CNFs-SPE/CNHs/
NAF/anti-gltn/BSA  biosensor was evaluated by testing
different concentrations of gelatin from 1 pg mL™ to 8 ng
mL™". Fig. 7A shows the concentration-dependent graph of
the biosensor to detect porcine gelatin. Fig. 7B shows the

© 2022 The Author(s). Published by the Royal Society of Chemistry

calibration plot between
porcine gelatin and ECL intensity. With the increase in the

logarithmic concentrations of

concentration of the porcine gelatin, the ECL intensity
correspondingly decreased. This could be attributed to the
insulating nature of porcine gelatin that inhibits electron
transfer between the ECL probe and the working electrode

surface.***?

Thus, up to saturation concentration (8 ng
mL™"), the biosensor responded to bind porcine gelatin, and
correspondingly the ECL intensity decreased.*’ Further, this
evaluated concentration range is acceptable for detecting
gelatin in food.** Moreover, the proposed biosensor was
experimentally demonstrated detect the lowest
concentration of 1 pg mL™" of gelatin.?*** This low limit of

detection of the immunosensor could be due to the

to
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synergistic electrochemical conductive properties provided by
both CNFs and CNHs.?"*?

3.7 Label-free detection principle

ECL scan rate study of the CNFs-SPE/CNHs/NAF/anti-gltn/BSA
biosensor incubated with gelatin was performed to evaluate
the electrochemical diffusion control process. The ECL scan
rate study showed an increase in the ECL signal with an
increase in the scan rate (Fig. 8A). Further, a linear
relationship between the peak value of the ECL intensity and
the square root of scan rates was observed with an “R” value
of 0.9778 (Fig. 8B). This established that the developed CNFs-
SPE/CNHs/NAF/anti-gltn/BSA biosensor followed
electrochemical diffusion control kinetics for the detection of
porcine gelatin.>***

3.8 Reproducibility performance

To evaluate the reproducibility performance, five CNFs-SPE/
CNHs/NAF/anti-gltn/BSA  biosensors were developed and
incubated with 100 pg mL™" of porcine gelatin. ECL intensity
was recorded (Fig. 9A), and the corresponding bar graph was
plotted (Fig. 9B). The proposed biosensor demonstrated
commendable reproducible capability to detect porcine
gelatin.

4. Conclusions

In this study, a highly sensitive CNFs-SPE/CNHs/NAF
platform was developed for the fabrication of a biosensor to
detect porcine gelatin. Interestingly, a carbon nanostructured
material-based surface (CNFs-SPE) was modified with another
carbon nanostructured material (CNHs) using NAF. Indeed,
for the first time, a composite of CNHs/NAF was used to
modify CNFs-SPE. Further, the CNHs/NAF nanocomposite-
modified CNF-SPE platform exhibited notable capability to
enhance the ECL intensity. Moreover, the developed CNFs-
SPE/CNHs/NAF/anti-gltn/BSA biosensor demonstrated a wide
linear range of 1 pg mL™" to 8 ng mL™" with a detection limit
of 1 pg mL™" to detect porcine gelatin. In addition, the CNFs-
SPE/CNHs/NAF/anti-gelatin/BSA  biosensor ~ demonstrated
excellent reproducibility. This developed biosensor has great
economic significance in halal industries to be used as an
on-site testing device to detect porcine gelatin. However, for
the on-site deployment of the developed biosensor for the
robust and reliable detection of porcine gelatin, further
selectivity, specificity, and potential to detect porcine gelatin
in real samples are proposed to be evaluated.** Moreover, the
CNFs-SPE/CNHs/NAF platform could further be used to
develop ECL and electrochemical biosensors for the sensitive
detection of different bioanalytes of interest, including
ovalbumin and tropomyosin using suitable biorecognition
molecules.
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