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1 Introduction

Label-free electrochemical immunosensor based
on gold nanoparticle/polyethyleneimine/reduced
graphene oxide nanocomposites for the
ultrasensitive detection of cancer biomarker
matrix metalloproteinase-1

Xinke Liu,®® Lu-Yin Lin,© Fu-Yen Tseng,® Yu-Cheng Tan,® Jian Li? Li Feng,®
Lijun Song,® Chih-Fang Lai, Xiaohua Li,** Jr-Hau He,**" Rajalakshmi Sakthivel** and
Ren-Jei Chung (2 *€

Matrix metalloproteinase-1 (MMP-1) is associated with many types of cancers, including oral, colorectal,
and brain cancers. This paper describes the fabrication of an MMP-1 immunosensor based on a gold
nanoparticle/polyethyleneimine/reduced graphene oxide (AuNP/PEI/rGO)-modified disposable screen-
printed electrode (SPE). A microwave-assisted single-step method was employed for the simultaneous
reduction of gold and graphene oxide in a PEl environment to avoid AuNP agglomeration. The crystal
structure, chemical composition, optical properties, and interior morphology of the materials were
probed by X-ray diffraction, Raman spectroscopy, UV-visible spectrometry, and transmission electron
microscopy techniques. To assemble a label-free MMP-1 immunosensor layer-by-layer, 3-mercaptopro-
pionic acid was utilized due to its strong sulfur-gold bonding ability, and its tail end was attached to a car-
boxyl group, allowing the MMP-1 antibody (anti-MMP-1) to be subsequently cross-linked using the tra-
ditional N-(3-dimethylaminopropyl) and N' ethylcarbodiimide hydrochloride method. Differential pulse
voltammetry analysis showed a linear relationship with MMP-1 concentration in the range of 1-50 ng ml™t
with an R? value of ~0.996 (n = 5, RSD < 5%). This immunosensor was successfully applied for MMP-1
detection in urine, saliva, bovine serum, and cell culture media (HSC-3 & C6) of oral and brain cancers
showing results comparable to those of the credible ELISA method.

MMPs have a three-domain structure consisting of a
C-terminal domain (Hpx) of a propeptide, a catalytic domain,

Matrix metalloproteinases (MMPs), or matrixins, are a group
of enzymes that degrade the extracellular matrix (ECM) pro-
teins. The MMP structure consists of a group of zinc-contain-
ing endopeptidases that vary in size and substrate specificity.
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and a heme-binding protein." Humans have 24 matrixin
genes, including the duplicate MMP-23 gene, making 23
unique MMPs in the human body. These MMPs play impor-
tant roles in normal and abnormal cells during the process of
tumorigenesis.” The breakdown of the extracellular matrix and
basement membranes by MMPs allows for easy penetration of
cancer cells into blood vessels and subsequently, tissues.’?
Among them, matrix metalloproteinase-1 (MMP-1) is an inter-
stitial collagenase that acts on fibrillar collagen. MMP-1 plays
a predominant role in the breakdown of the extracellular
matrix during ordinary physiological processes including
reproduction, embryonic development, tissue remodeling, and
disease processes, for example, arthritis and metastasis.*
Specifically, MMP-1 degrades fibrous collagen of types I, 1I,
and III. Numerous studies have demonstrated the association
of MMP-1 with metastasis or expression of various cancers,
including oral,>® colorectal,”® breast,’ thyroid,'® lung,"" pros-
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tate,? and bladder cancers.”® Biosensors have been used for
the determination of MMP-1 predominantly as point-of-care
devices, which should also enable further examination of a
diverse spectrum of diseases in clinical studies. In recent
years, there have been many studies on electrochemical cancer
detection due to the specificity, speed, portability, and low
cost of electrochemical detection methods providing excellent
utility in clinical care.'® Thus, electrochemical detection pro-
vides a label-free method for immunosensing, in which
MMP-1 antibodies (anti-MMP-1) can be modified by layer-by-
layer assembly, endowing it with the advantages of rapid detec-
tion and high sensitivity. This method is superior to tra-
ditional detection methods as it allows for a detection limit to
be established, is convenient and accurate,>'® and holds
promise for trampoline detection, which involves a detection
platform utilizing various body fluids for detecting the bio-
marker MMP-1. Previously, various nanomaterials were
applied for the electrochemical immunosensing of different
kinds of MMPs such as MMP-2, MMP-3, and MMP-9.'77%2
Hitherto, no one reported the electrochemical immunosensing
of MMP-1. For the first time, our research group reports an
electrochemical immunosensor for the detection of MMP-1
using AuNP/PEI/rGO nanocomposites.

Metal nanoparticles have received much attention in electro-
chemical and biosensor applications. Precious metal particles
with nanometer sizes, in particular gold nanoparticles (AuNPs),
have received much attention in various fields such as chem-
istry, medicine, biology, and materials science due to their
excellent electrical conductivity and optical, thermal, and cata-
lytic properties. In the field of electrochemistry, AuNPs have
enabled signal amplification in various types of sensors due to
their biocompatibility and excellent electrical conductivity, as
well as their specificity and ease of simple functionalization.>*"*
AuNPs are catalytically active because of their large surface-area-
to-volume ratio and dominant interfacial properties and can
reduce the overpotential of many electroanalytical reactions and
maintain the reversibility of redox reactions. These NPs have
also been reported for the detection of various substances such
as small molecules, toxic chemicals, and drugs.>® In this study,
an electrocatalytic method was used for detection, involving
modifying electrochemical cells for the detection of tumor cells.
AuNPs functionalized with antibodies were selectively bound to
molecules on tumor cells to catalyze hydrogen evolution in an
acidic environment, generating an electrochemical response.
Besides, 3-mercaptopropionic acid (3-MPA) acts as a building
block for complex arrays of AuNPs and the carboxyl (-COOH)
group of 3-MPA was activated by EDC/NHS. The MMP-1 anti-
gens were easily immobilized after activating the -COOH group
of 3-MPA with EDC/NHS.?*

Polymer-assisted synthesis of metal nanoparticles has
attracted great attention as it allows for the effective stabiliz-
ation of the nanoparticles by acting as both a stabilizer and a
reducing agent to effectively combine monodispersed particles.
Examples include NH,-containing,>” OH-containing,*® and
polychloride* polymers. Polymeric layers have also been used
to overcome the problem of selectivity.’® Polyethyleneimine
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(PED) is an amine-containing cationic PE and is also water-
soluble. Nowadays, linear PEI is utilized as both a reducing and
protecting/stabilizing agent for the preparation of AuNPs.*! PEI
is mixed with a variety of inorganic NPs to improve the thera-
peutic potential of nanosystems for biological activities via
their physical properties.”> Formerly, Khetani et al. reported
PEI modified graphene screen-printed electrodes for the highly
selective and sensitive determination of glial fibrillary acidic
protein in different biofluids. Also, PEI displayed some specific
properties such as stability at ambient temperature, quickly
rendered reduction to a Schiff’s base reaction using glutaralde-
hyde, and certainly adsorbed onto graphene surfaces, thus
making it a promising candidate for the rapid functionalization
of graphene.*® Hence, PEI was utilized in this work to simul-
taneously reduce GO to rGO and Au’* to Au® in AuNPs, and as
a stabilizing agent for preventing gold nanoparticles from
agglomeration. Graphene is the fundamental structural
element of graphite and carbon nanotubes. In graphite, adja-
cent graphene layers are bound through weak van der Waals
forces, allowing for easy mechanical separation into single gra-
phene layers. Graphene is a two-dimensional material in which
carbon atoms form an sp> honeycomb lattice®* and it exhibits
many unique properties such as the quantum Hall effect, elec-
tron mobility of more than 15000 cm® V™' s7,*® large specific
surface area, excellent mechanical properties, and excellent
thermal conductivity (3000-5000 W m™" K *).* Therefore, gra-
phene has been used widely in sensors, supercapacitors, fuel
cells, conductive films, and other fields.”” There are many gra-
phene composites currently used in the field of sensors;
however, graphene is a hydrophobic material, is largely in-
soluble in most solvents, and also lacks functional groups.
Oxidation of graphene to graphene oxide (GO) provides an
abundance of functional groups on the edges and surfaces of
the sheet, thus solving the problem of poor hydrophilicity and
allowing for further modification of the side chains.*®
Although graphene oxidation improves the hydrophilicity of
graphene, oxidation introduces defects into the C=C structure,
resulting in a decrease in conductivity. To restore the electrical,
mechanical, and thermal properties and high surface area and
conductivity,*® reduced graphene oxide (rGO) can be prepared
from GO. rGO has been prepared using various methods,
including electrochemical reduction, high temperature and
high-pressure processes, microwave reduction,*®*! and ultra-
violet (UV) reduction.”” None of these methods require a redu-
cing agent or other chemical agents. Amongst them, micro-
wave-aided synthesis techniques have numerous advantages,
including lower processing cost, rapid and uniform heating,
higher yield and shorter preparation time, energy saving
process, higher purity, no selective heating of the surface, and
smaller narrow particle size distribution, over other convention-
al techniques.*’ As a consequence, the microwave method for
chemical reduction is used to rapidly heat and simultaneously
reduce graphene oxide and gold ions and is the method
employed in the work described herein, which involves the
preparation of gold nanoparticle/polyethyleneimine/reduced
graphene oxide (AuNP/PEI/rGO), followed by the self-assembly
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of an immunosensor using grafted antibodies for the modifi-
cation of the surface of an electrode.

2 Experimental section
2.1 Materials

Graphite powder was obtained from Bay Carbon, USA. Sulfuric
acid, potassium permanganate, sodium nitrate, hydrogen per-
oxide, polyethyleneimine, potassium hexacyanoferrate(u), pot-
assium hexacyanoferrate(m), bovine serum albumin, and
3-mercaptopropionic acid were obtained from Sigma, USA.
Monosodium hydrogen phosphate, potassium dihydrogen
phosphate, and potassium chloride were obtained from ].T
Baker, USA. Gold(m) chloride and the MAB-901 MMP-1 anti-
body were obtained from Acros, Belgium, and R&D, USA,
respectively.  1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride, N-hydroxysulfosuccinimide sodium salt, and
fetal bovine serum were obtained from Thermo Fisher
Scientific, USA. Screen printed three-pole electrodes (model
TE-100) were obtained from Zensor, USA. All chemicals were
utilized without purification.

2.2 Methods

The optical properties of the materials were investigated by
UV-visible spectrometry (Cary 5000 UV-vis NIR (Agilent, USA)),
and the chemical compositions of GO and rGO were con-
firmed by Raman spectroscopy (Ramboss 500i Micro
(DINGWOO/USA)). The crystal structures of the materials were
confirmed using X-ray diffraction (XRD) (X'Pert3 Powder
(PANalytical, the Netherlands)), and the microstructure was
studied by field emission scanning electron microscopy
(FESEM, Hitachi Regulus 8100) and transmission electron
microscopy (TEM) (JEOL 2100 F). A pH tester [pH510 (Eutech
Instrument/UK)] was employed to maintain the pH throughout
the experimental processes. The electrochemical characteriz-
ation of various modified electrodes was performed using a
CHI6114E instrument (CH Instruments, USA). The three-pole
screen printing electrode (SPE) acted as the counter, working,
and reference electrodes. The electrolyte solution contained a
mixture of 5 mM Fe(CN)g>~*~ dissolved in 0.1 M phosphate
buffered saline (PBS) and 0.1 M KCI (pH 7.4). The employed
electrochemical potential window ranges from —0.6 V to +0.6 V
and the scan sweep rate was 0.05 Vs~

2.3 AuNP/PEI/rGO preparation process

GO was prepared by a procedure based on modified Hummers
and Offeman’s methods.** To prepare the composite (AuUNP/
PEI/rGO), a mixture of 5.88 ml of GO and 0.12 ml of gold tri-
chloride solution was subjected to shock treatment for 20 min.
12 pl of PEI was then added to the mixture and ultrasonicated
for 10 min. The mixed sample was then placed in a microwave
oven (CEM Explorer-48) with the temperature and wattage set
to 150 °C and 150 W, respectively, for 5 min. The obtained
AuNP/PEI/rGO solution was centrifuged three times with DI
water.
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2.4 Preparation of chlorinated electrodes

The electrode was first cleaned 3-5 times with DI water before
being placed in an oven at 50 °C for 3 min. The silver electrode
in the SPE was used as the working electrode, and platinum
wire and Ag/AgCl were used as the counter and reference elec-
trodes, respectively. A 3 M KCl solution was used as the electro-
Iytic solution; a CHI641E electrochemical instrument was used
to chlorinate the electrode by amperometry. The chlorinated
electrode was rinsed with DD water, then dried and stored in a
dry box in the dark.

2.5 Fabrication of AuNP/PEI/rGO and immobilization of
MMP-1

The AuNP/PEI/rGO composite dispersed in solution was mixed
with ethanol in a ratio of 8:2, and approximately 6 pl of this
solution was then dropped onto the working surface of the elec-
trode, which was dried in an oven at 50 °C for 40 min. 1 pl of
the 3-MPA solution was drop-cast on the SPE surface and left at
room temperature for 6 h. A 0.2 M EDC/0.05 M sulfo-NHS solu-
tion was mixed at a volume ratio of 1: 1 for 30 min, followed by
the addition of 6 pl of the solution to the SPE for 30 min at
ambient temperature. The SPE surface was then washed with
PBS and placed in a fume hood to air dry. 4 pl of a 0.1 mg ml™"
solution of anti-MMP-1 was dropped onto the electrode, which
was then stored in a refrigerator for 6 h, then washed with PBS
and dried in an oven. A 1% BSA solution was prepared and 3 pl
was drop cast on the modified SPE and allowed to react at room
temperature for 30 min. Different concentrations of the MMP-1
antigen were prepared and 2 pl of each solution was drop cast
on an electrode and kept at 4 °C in a refrigerator for 2 h. The
electrode surface was washed with PBS and kept in a fume hood
to air dry. Detection of the MMP-1 antigen was performed by
differential pulse voltammetry (DVP). The fabrication process of
the modified electrode is shown in Fig. 1.

2.6 Collection of human samples

Urine and saliva samples were collected from a normal healthy
adult person and centrifuged at 9000 rpm for 15 min. The
acquired supernatant was then separated and stored at —20 °C.
These solutions were used in a real sample test. Ethical state-
ment: The research protocols of the urine sample were per-
formed in compliance with the relevant laws and institutional
guidelines for care and use of laboratory human subjects of
Chang-Gung Memorial Hospital. Informed consent was
obtained from all the human subjects for experimentation and
approved by the Institutional Review Board of Chang-Gung
Memorial Hospital (IRB no. 201801660B).

3 Characterization
3.1 XRD, Raman, and UV-vis spectroscopy

The structural features of the resultant materials were exam-
ined by various spectrometric techniques including XRD,
Raman, and UV-vis spectroscopy. The XRD pattern of GO is
shown in Fig. 2a. The characteristic carbon peak of GO appar-
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Fig. 1 Fabrication of AuNP/PEI/rGO/SPE and immobilization of MMP-1 antibodies for the immunoelectrochemical sensing of MMP-1.

ent at 12° represents the (001) plane.”> The XRD pattern of
AuNP/PEI/rGO is displayed in Fig. 2b. It can be seen that rGO
exhibits a characteristic peak at 25.6° which is attributed to
the (002) plane and AuNPs show peaks at 38.4, 45.4, and 60.3°
corresponding to the (111), (200), and (220) planes, respect-
ively [JCPDS no.: 04-0787].*° GO and AuNP/PEI/rGO were
characterized by Raman spectroscopy, which showed two
unambiguous peaks at 1350 cm " and 1595 cm™ ' corres-
ponding to the D and G peaks, respectively (Fig. 2c). These
peaks arise from the lattice defects in the atomic crystal struc-
ture of the carbon material. GO also exhibited a weak charac-
teristic peak in the Raman spectrum at around 2800 cm™',
which was not present in the spectrum of rGO, due to the
reduction of the functional groups in rGO. UV-vis spectropho-
tometry was used to check the absorbance variation in GO and
rGO, and the results are shown in Fig. 2d. The spectrum of GO
showed absorption peaks at 230 and 300 nm, corresponding to
the C-C © —» n* and C=0 n — n* electron transfer transitions,
respectively. However, the spectrum of AuNP/PEI/rGO syn-
thesized in this experiment showed a peak at ~270 nm, due to
a redshift of the = — n* transitions following the reduction.
Due to the reduction of the oxygen functional groups, the peak
at 300 nm disappeared, and a characteristic peak at 530 nm
confirmed the presence of AuNPs.

3.2 FESEM and TEM analyses

The structural morphologies of the GO and AuNP/PEI/rGO
nanocomposites were examined using FESEM and TEM ana-
lyses. Fig. 3(a-f) shows the FESEM images of GO and AuNP/

This journal is © The Royal Society of Chemistry 2021

PEI/rGO at various magnifications. GO shows a randomly
aggregated, thin, crumpled layer structure in Fig. 3(a-c) at
different magnifications. Besides, the AuNPs were decorated
on the sheet like structures of rGO in the composites (Fig. 3(d-
f)). Besides, the TEM images of the AuNP/PEI/rGO nano-
composites at lower to higher magnifications are presented in
Fig. 4(a-e). The AuNPs are decorated on the surface of the rGO
sheets via the microwave synthesis approach in a PEI environ-
ment. Fig. 4(f and g) shows the HRTEM image with crystal
lattice fringes and the SAED pattern of the AuNPs decorated
on the rGO. This result indicates the crystalline nature of the
AuNPs present in the prepared composite. The elemental
mapping results of the composites are depicted in Fig. 4h-1.
Furthermore, the weight percentages of the elements such as
Au = 39.19, C = 47.05, O = 7.58, and N = 6.17% present in the
AuNP/PEI/rGO composite were obtained by EDX analysis
(Fig. 4m and n). These results confirmed the successful for-
mation of AuNP/PEI/rGO nanocomposites.

3.3 Electrochemical impedance spectroscopy (EIS)

EIS is an efficient method for evaluating the electron transport
properties. The MMP-1 assembly on an immunosensor was
examined by EIS with 5 mM Fe(CN)s*>~*~ being dissolved in a
0.1 M PBS/0.1 M KCI (pH 7.4) electrolyte solution at a scan
rate of 50 mV s~!, and the obtained spectra are shown in
Fig. 5a. The EIS layers of each modified electrode, namely bare
SPE, Au/PEI/rGO/SPE, 3-MPA/Au/PEI/rGO/SPE, anti-MMP-1/
EDC/NHS/3-MPA/Au/PEI/rGO/SPE and BSA/anti-MMP 1/EDC/
NHS/3-MPA/Au/PEI/rGO/SPE, are shown in Fig. 5a. The large
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Fig. 2 XRD pattern of GO (a) and AuNP/PEI/rGO (b). Raman spectra of GO

semicircular regions correspond to the areas of high electron
transfer resistance (R.). The Au/PEI/rGO/SPE shows note-
worthy electron transfer kinetics between redox peaks which
means lower R.. than that of the bare SPE. Because of their
high surface area and highly conductive nature, rGO and
AuNPs were coated on the SPE surface. Moreover, the R, value
was considerably enhanced after the immobilization of the
antibodies on the SPE surface. This indicated the successful
formation of the anti-MMP-1 layer on the modified electrode
surface, which demonstrates the blocking effect on the elec-
tron transfer kinetics. After the layer-by-layer assembly, the fab-
ricated electrode resistance was gradually increased. Hence,
the R, value of the modified electrode was increased. The R,
values of the various modified electrodes are given in Table 1.

3.4 Optimization study

3.4.1 Current response under different microwave syn-
thesis conditions. Cyclic voltammetry (CV) was used to investi-
gate the AuNP/PEI/rGO nanocomposites prepared under
different synthesis conditions. An optimum current response
was obtained under the conditions of 150 W and 150 °C, as

4070 | Analyst, 2021, 146, 4066-4079

and AuNP/PEI/rGO (c). UV-vis spectra of GO and AuNP/PEI/rGO (d).

shown in Fig. 5b. These parameters produced a maximum
peak current and led to the optimum performance of the
AuNP/PEI/rGO nanocomposite. Upon reduction of the syn-
thesis temperature below 150 °C, no apparent change in the
structure was observed, due to the reduction reaction state
giving a sufficient number of functional groups for modifying
the AuNPs.”” Compared to the other modified electrodes, the
AuNP/PEI/rGO/SPE (150 W and 150 °C) shows the lowest peak
to peak separation and higher peak current ratio, due to the
higher electron transfer rate.

3.4.2 Different compositions of the modified electrodes.
The CV responses of four different modified electrodes,
namely GO, rGO, AuNP/rGO, and the AuNP/PEI/rGO-modified
SPE, are shown in Fig. 5c. The rGO-modified electrode showed
a higher peak current response than GO due to the reduction
of GO creating defects and disorders that enhance the electro-
chemical performance. AuNP-decorated rGO showed a higher
peak current than the GO and rGO-modified electrodes. Owing
to the high conductivity and catalytic activity of the AuNPs, the
modified electrode exhibited good performance. The AuNP/
PEI/rGO-modified SPE exhibited an even larger peak current

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 FESEM images of GO (a—c) and AuNP/PEI/rGO (d-f) at various magnifications.

and well-defined redox peak. The addition of PEI prevented
the AuNPs from agglomeration by the stabilizing effect of the
amine groups, accounting for the excellent electrochemical
performance of the AuNP/PEI/rGO-modified SPE.

3.4.3 Testing the optimal conditions for Au-S bond modifi-
cation. The immunosensor developed in this study required
modification with antibodies for specific analyses. AuNPs are
commonly used for modifying the properties of other biological
materials, and thus functionalized AuNPs were also used in this
study. 3-Mercaptopropionic acid (3-MPA) was used as a source of
S, as it contains -SH and —-COOH functional groups. Natural
sulfur-gold bonding, along with the tail carboxyl groups, was
used to facilitate antibody modification. As can be seen in
Fig. 5d, the Au-S reaction is rapid, with a modification time of
just an hour producing substantial current changes. The peak
current was found to gradually decrease over time, due to an

This journal is © The Royal Society of Chemistry 2021

increase in the number of functional groups on the modified
SPE surface. This was seen as an increase in the peak current re-
sistance during the first 6 h, after which the electrode was stabil-
ized. Thus, an optimum modification time of 6 h was selected.
3.4.4 EDC/NHS cross-linking modification time. EDC/NHS
offers a traditional cross-linking method that has been widely
used for many years. In this method, EDC (1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide hydrochloride) is used to
couple a primary amine to a carboxyl or phosphate
group. This is often also used in combination with NHS
(N-hydroxysuccinimide) or sulfo-NHS (N-hydroxythiosuccinimide).
Since EDC is water-soluble and highly reactive, the main func-
tion of NHS is to serve as an intermediate for the reaction to
increase the stability of the active ester and improve the
efficiency of crosslinking. As can be seen in Fig. 5e, the cross-
linking reaction is quite rapid. As a result of the cross-linking

Analyst, 2021, 146, 4066-4079 | 4071
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Fig. 4 TEM images of AuNP/PEI/rGO at various magnifications (a—e). HRTEM (f) and SAED (g) patterns of AuNPs in the nanocomposite. Elemental
mapping results of the AUNP/PEI/rGO nanocomposite (mixture) in (h) the presence of different elements including Au (i), C (j), O (k), and N (l). EDX

result (m) and the corresponding weight percentage plot (n).

reaction, the surface of the electrode increased by a single
layer, resulting in a significant decrease in the current. The
reaction was completed in 30 min. Increasing the cross-linking
time resulted in poor electrode activity and a higher current.
Thus, 30 min was chosen as the optimum cross-linking reac-
tion time.

3.4.5 Optimal anti-MMP-1 modification time. The anti-
body modification time affects the amount of antibody
grafted, and subsequently the current, as the antibody con-
tains an amine group. Fig. 5f shows a current density plot,
with the current gradually increasing with the reaction time,
reaching a maximum value at a reaction time of 6 h. After 8 h,

4072 | Analyst, 2021, 146, 4066-4079

a drop in current was observed due to the modification reach-
ing saturation, with too many antibodies adhering to the
surface of the electrode causing biomolecular blockage of the
working electrode, with the current drop hindering electron
conduction. Thus, an optimal antibody modification time of
6 h was selected.

3.4.6 The optimal concentration of the anti-MMP-1 modi-
fier. In an immunosensor, the concentration of the antibody
modifier also affects the current response. Fig. 6a shows that
as the concentration of the MMP-1 antibody increases, the
number of active sites of the modified electrode also increases,
as shown by an increase in the current density. At an antibody

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (a) EIS spectra of different modified electrodes (conditions: 5 mM Fe(CN)¢>~/4~ dissolved in 0.1 M PBS/0.1 M KCl (pH 7.4), scan rate 50 mV
s7Y). (b) CVs of the AuNP/PEI/rGO-modified SPE (conditions: 5 mM Fe(CN)g>~/4~ dissolved in 0.1 M PBS/0.1 M KCL (pH 7.4), scan rate 50 mV s™%, n =
3) prepared under different microwave synthesis conditions. (c) CV responses of four different modified electrodes, namely GO, rGO, AuNP/rGO and
AuNP/PEI/rGO-modified SPE. (d) Plot of the 3-MPA modification time versus current change. (e) Plot of the EDC/sulfo-NHS modification time (0, 15,
30, 60, 120, and 240 min) versus current change. (f) Plot of the MMP-1 antibody modification time versus current change.

concentration of 0.1 mg ml™", the current density reached a
maximum, exhibiting a plateau as the antibody concentration
was increased further due to the saturation of the electrode
surface. Thus, an optimal antibody concentration of 0.1 mg
ml ™" was selected for the experiments.

3.4.7 Optimal bovine serum albumin (BSA) modification
time. Detection by using an immunosensor involves specific

This journal is © The Royal Society of Chemistry 2021

binding between the antigen and antibody. Following the
modification of the antibody on the working electrode, non-
specific sites on the surface of the electrode must be blocked
to prevent them from affecting antigen detection. Errors, as
well as the modification time, can also affect the results of
such blockage. Fig. 6b shows a plot of the BSA modification
time versus the current response. The blocking response was
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Table 1 Electrochemical impedance values for the different modified
electrodes

Impedance radius

Modified material (Ohm)
Bare SPE 116.35
Au/PEI/rGO/SPE 104.49
3-MPA/Au/PEI/rGO/SPE 156.82
anti-MMP-1/EDC/NHS/Au/PEI/rGO/SPE 225.87
BSA/anti-MMP-1/EDC/NHS/Au/PEI/rGO/SPE 256.93

shown to be rapid, with a modification time of 30 min giving
optimum performance, and an increase in the modification
time leading to poor activity.

3.5 Layer-by-layer analysis of the electrochemical sensors

Electrochemical changes in the various modified electrodes
were evaluated by CV. The CV responses of the differently
modified electrodes (bare SPE, AuNP/PEI/rGO/SPE, 3-MPA/
AuNP/PEI/rGO/SPE, anti MMP-1/EDC/NHS/3-MPA/AuNP/PEI/
rGO/SPE and BSA/anti-MMP-1/EDC/NHS/3-MPA/AuNP/PEI/
rGO/SPE) for MMP-1 sensing in 5 mM Fe(CN)s>~/*~ dissolved
in 0.1 M PBS/0.1 M KCI (pH 7.4) are evaluated at a scan rate
of 50 mV s (Fig. 6¢). The bare SPE exhibited poor catalytic
activity and electron transport properties compared to the
other modified electrodes. The AuNP/PEI/rGO-modified nano-
composite on the SPE showed a better response than the
bare SPE, due to the electron transfer-promoting properties
of the Au nanocomposite and the PEI amine base being ben-
eficial for the red blood salt K3[Fe(CN)g]. Furthermore, the
Au/PEI/rGO graph displays a weak peak at around —0.4 V
due to the combination of gold ions with the polymer
material in the potassium chloride/ferro-ferricyanide solution
system.*® The yellow blood salt K,[Fe(CN)] is close to each
other, so the overall resistance decreases, and the current
density increases. Subsequently, following the 3-MPA modifi-
cation, the current density decreased and the resistance
increased due to an increase in the thickness of the film
layer, confirming the 3-MPA modification. The AuNP/PEI/
rGO/SPE has Au attached to the S atom of 3-MPA, generating
a thiol-functionalized gold (Au-S) bond. Subsequently,
the terminal carboxylic acid group (-COOH) of 3-MPA was
activated by the modification of the EDC/NHS solution.
Using EDC/NHS as a cross-linking agent for anti-MMP-1
modification resulted in an increase in the current-reducing
resistance, with the antibody crosslinking hindering the elec-
tron transfer. Herein, the 3-MPA has a terminal —COOH
group which is covalently bound to the terminal -NH, group
of anti-MMP-1 through the EDC/NHS cross-linking chem-
istry." The binding of anti-MMP-1 to MMP-1 was highly
specific, with the non-specific sites likely being occupied
by BSA as a barrier. This further reduced the electron
conduction, increasing the current resistance due to the
decrease in the current density. Thus, the successful modi-
fication of BSA/anti-MMP-1/EDC/NHS/3-MPA/AuNP/PEI/rGO/
SPE was evident.

4074 | Analyst, 202,146, 4066-4079

View Article Online

Analyst

3.6 Analysis of different scan rates

Analysis of the electrochemical kinetics, including the identifi-
cation of the rate-determining step, was performed using CV
with different scan rates. The reaction rate at the electrode
surface was rapid, allowing for the effective transfer between
the electrode and the solution interface. CV is performed with
scan rates in the range of 0.01-1 V using 5 mM Fe(CN)g>~/*~
dissolved in a 0.1 M PBS/0.1 M KCl solution (pH 7.4) (Fig. 6d).
The CV results showed that changing the scan rate produced
changes in the peak current and potential. Linear regression
of the redox peak current values obtained at different scan
rates showed a linear relationship with the square root of the
rate, allowing the rate-determining step of diffusion to be
defined for this sensor using the Randles-Sevcik equation:*°

ip = 2.69 x 10° An*/?Dv'/? (1)

where i, is the cathodic or anodic peak current in the CV
curve, A is the electrochemical reaction area, n is the number
of electrons transported in the redox reaction, C is the concen-
tration of the reactant in the solution, D is the diffusion coeffi-
cient of the reactant, and v is the scan rate. From Fig. 6d, it is
apparent that the relative redox peak current value increases
with the reaction rate, and the current density and v*/* are line-
arly derived from Fig. 6e. The correlation coefficients of the
oxidation and reduction peaks were both R> = 0.999. Thus, the
rate-determining step of the immunosensor was found to be
related to the diffusion, and the electrons were stable during
the transfer process. Besides, Fig. 6f shows the calibration plot
for the log of peak current response versus the log of scan
rates.

The electron transfer rate constant was calculated using the
following equations:”"

o [RT RTk\
E, =E" + (TnF In P Inv (2)
B logRT a(1 — a)nFAE
log ks = alog(1 —a) 4+ (1 — a)loga — oy 2303RT
3)

where kg is the surface electron transfer rate constant, a is
the electron transfer coefficient and AE is the peak potential
difference. a was calculated using the following equation
(equation (4)):

1.857RT

’Ep _Ep/2| =T anF

(4)
where E,, is the potential corresponding to half of the
peak current and E, is the peak potential. The values were
determined to be as follows: @ = 0.663, v = 0.001 V s,
F=96485 Cmol™', n =1, E° = —0.6 V, Ep, = 0.12 V, R =
8.314 Jmol ' K ', E, = 0.192 V, and T = 298.15 K, respectively.
Then the electron transfer rate (k) was calculated to be
0.174 s

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (a) Plots of the MMP-1 antibody modification concentration (0.05, 0.075, 0.1, 0.125, and 0.15 mg ml™) versus current change and (b) BSA
modification time (0, 15, 30, 60, and 120 min) versus current change (conditions: 5 mM Fe(CN)¢>~4~ dissolved in 0.1 M PBS/0.1 M KCL (pH 7.4), scan
rate 50 mV s™%, n = 3). (c) Electrochemical CV responses of the various modified electrodes for MMP-1 sensing in 5 mM Fe(CN)¢>~/#~ dissolved in 0.1
M PBS/0.1 M KCl (pH 7.4), scan rate 50 mV s™2. (d) CVs of different scan sweeps ranging from 0.01 to 1V s™* with 5 mM Fe(CN)¢>~/4~ dissolved in 0.1
M PBS/0.1 M KCl (pH: 7.4). (e) Calibration plot for the square root of the scan sweeps versus anodic and cathodic peak currents. (f) Calibration plot

for the log of the scan sweeps versus the log of peak current.

3.7 DPV analysis of MMP-1

Differential pulse voltammetry is one of the important useful
techniques for measuring the sensitivity, detection limit, and
dynamic linear range of a chemical reaction. As shown in
Fig. 7a, the differential pulse voltammetry (DPV) response

This journal is © The Royal Society of Chemistry 2021

decreases when the antigen concentration is higher, due to the
increased antigen concentration hindering the electrode
surface. Hence, the corresponding electron transfer rate also
decreased. Owing to the formation of antigen-antibody
immune complexes, they create an insulating layer and evolved
repulsive electrostatic interaction between antigen and
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ing substances versus relative error percentage. (d) Storage stability over 7 days at a temperature of 4 °C versus I/1, (%). Reproducibility analysis (e).

[Fe(CN)e]>™"*~. As shown in Fig. 7b, the MMP-1 concentration
shows a near-linear relationship with the current density in
the range of 1-50 ng ml™'. The corresponding linear
regression equation is as follows: current density (A cm™) =
0.860 concentration (ng ml™') - 62.546 with an R> value of
0.996 (n = 5, RSD < 5%). The lowest detection limit (LOD: 3 x
SD/b) was calculated to be ~0.219 ng ml™".

4076 | Analyst, 2021, 146, 4066-4079

3.8 Selectivity, stability, and reproducibility analyses

Effectively avoiding interference is a basic requirement of an
immunosensor. To investigate the interference effects of the
MMP-1 sensor in this study, several interference substances
(vitamin C (AA), protein (BSA), and glucose) and the MMP
family (MMP-2 and MMP-9) were tested. In the human body,
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the normal blood glucose concentration is 70-110 mg dlI™".
The concentrations of the interference substances were tested
at a glucose concentration of 200 mg dl™*, higher than that in
the body, while the concentrations of the MMP family inter-
ference substances were found to be ten times higher than the
concentration of MMP-1. The concentrations used were as
follows: 200 mg dl™" for the interfering substances BSA,
glucose, and vitamin C, and 250 ng ml™" for the interfering
substances MMP-2 and MMP-9, with an MMP-1 antigen con-
centration of 25 ng ml™'. The antigen was used without
adding interference substances as a control, and the test
results are shown in Fig. 7c. Upon the addition of AA, BSA,
glucose, MMP-2, and MMP-9 to the MMP-1 antigen, the rela-
tive error percentage was calculated to be less than 5% (n = 5).
This result suggested that the MMP-1 immunosensor had
good specificity for MMP-1 binding. The stability of the sensor
is also important to retain the specificity. The stability of the
sensor was measured while storing the electrode at 4 °C for
one week, with the results shown in Fig. 7d. The obtained rela-
tive standard deviation (RSD) was approximately 94%, which
was only 6% lower than that obtained on the first day. This
result indicated that the sensor remained stable while stored
at 4 °C, retaining the excellent anti-MMP-1 activity. The repro-
ducibility was evaluated using six different MMP-1/BSA/anti-
MMP-1/EDC/NHS/3-MPA/AuNP/PEI/rGO  fabricated working

Table 2 Light absorbance values for each standard concentration

Standard (pg mL™") Optical density (450 nm)

Standard A 18 000 2.00845
Standard B 6000 1.39651
Standard C 2000 0.8366
Standard D 666.7 0.27699
Standard E 222.2 0.14259
Standard F 74.07 0.09131
Standard G 24.69 0.06721
a)
20 -
15|
2 1o}
I
a
o
05 -
n
-
00 -
n 1 2 1 1 1 n 1 n 1 2 1 n
10 15 20 25 30 35 40 45

Log MMP-1 Concentration
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SPEs via the single measurement. The RSD was assessed to be
3.68% based on the electroanalytical signal of the six replicates
(Fig. 7e), demonstrating the good reproducibility of the devel-
oped immunosensor.

3.9 Real sample analysis

3.9.1 Enzyme immunoassay. To verify the accuracy and
practicability of the electrochemical method for MMP-1 detec-
tion in different environments, enzyme immunoassays were
used to detect the presence of MMP-1 in real samples. A com-
mercial human MMP-1 ELISA kit was also purchased for an
authentic sample content analysis of MMP-1 for comparison.
Using standard concentrations of 18 000, 6000, 2000, 666.7,
222.2, 74.07, and 24.69 pg ml™', the absorbance of each
sample was measured using a full-wavelength absorption light-
fluorescence composite analysis system at a wavelength of
450 nm (Table 2), and logarithmic regression curves were
obtained using the equation y = 0.331x> — 1.187x + 1.098, R> =
0.9904 (Fig. 8a). As shown in Fig. 8a, the absorbance and con-
centration are determined from the regression curve.

3.9.2 Determination of MMP-1 concentrations in various
body fluids. In these experiments, the concentrations of
MMP-1 in different body fluid environments, including cell
culture media of oral cancer cells with MMP-1 and brain
tumor cells without MMP-1, were determined. Since the
human serum is difficult to obtain, it was instead simulated
using bovine serum, saliva, and urine samples. The three
samples were first centrifuged, followed by the removal of the
supernatant and addition of the MMP-1 antigen to each
sample. Cell culture media for detecting human oral squa-
mous carcinoma (HSC-3 and JCRB) and brain tumor (C6 and
ATCC) cell lines were prepared similarly. Table 3 shows the
MMP-1 concentrations measured by the electrochemical
method, and Table 4 shows the MMP-1 concentrations deter-
mined by the ELISA method. The concentrations of MMP-1
and cell culture fluids in various environments were thus esti-

I Electrochemical Method
18 |- | [ ELISA

16 -

14

Concentration (ng/ml)

FBS Urine Saliva

Oral Cancer  Brain Cancer
Medium Medium

Fig. 8 (a) Graph of the log of the MMP-1 concentration versus absorbance. (b) Comparison of ELISA and electrochemical methods used for the

measurements in real samples.
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Table 3 MMP-1 concentrations in the real samples measured by the
electrochemical method (n = 3)

Average measured Calculated

electrochemical amount
Electrochemical response RSD detected
detection (Acem™) % (ng mL™")
FBS —6.08 X 107> 1.69% 2.04
Urine —5.65x 107" 3.07% 7.43
Saliva —6.19 x 107 6.19% 0.72
Oral cancer medium —4.73x107° 5.84% 17.71
Brain cancer medium —6.27 x107° 1.92% -0.21

Table 4 Measurements for the enzyme immunoassays (MMP-1, n = 3)
of authentic samples

Average Calculated

measured amount

response RSD detected
ELISA (0.D.) % (ng mL ™)
FBS 0.824 2.2% 2.157
Urine 1.488 3.7% 7.78
Saliva 0.657 2.9% 0.791
Oral cancer medium 1.97 1.6% 16.293
Brain cancer medium 0.046 0.5% 0.037

FBS - fetal bovine serum; O.D. - optical density; and RSD - relative
standard deviation.

mated by both the enzyme immunoassay and the electro-
chemical method. Interestingly, the concentration value
detected in the brain tumor cell culture solution was negative,
indicating that no MMP-1 was detected by the electrochemical
method, with only a low concentration detected by the ELISA
method. Thus, the results of this study did not indicate the
presence of MMP-1 in brain tumors. As shown in Fig. 8b, the
error (the difference between the results of the two methods)
is less than 10%. Thus, the similarity of the results obtained
by the electrochemical measurements and enzyme immuno-
assay indicated that the proposed sensor is highly practicable.

4 Conclusion

In this study, an AuNP/PEI/rGO composite was prepared using
a microwave reduction technique involving the simultaneous
reduction of GO and gold chloride in a polyethyleneimine
environment. The as-prepared material was examined by suit-
able spectrophotometric and voltammetric techniques, and an
optimization study revealed the following optimum conditions
for synthesis: (i) a microwave temperature of 150 °C and a
power of 150 W, (ii) a modification time (for 3-mercaptopropio-
nic acid) of 6 h, (iii) an EDC/NHS optimum crosslinking time
of 30 min, (iv) an anti-MMP-1 modification time of 6 h, (v) a
optimal concentration of the anti-MMP-1 modifier of 0.1 mg
ml~" and (vi) a time of 30 min for the BSA blocking reaction.
The EIS and CV results were used to compare the differently
modified electrodes for the detection of the MMP-1 antigen.
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DPV showed a dynamic linear range of 1-50 ng ml™" with a
LOD of ~0.219 ng ml™" and a sensitivity of 0.086 mA cm™>.
The proposed modified electrode showed excellent selectivity
and stability, and a comparison of ELISA and electrochemical
methods showed that the modified electrode is highly practic-
able for the determination of MMP-1 concentrations in body
fluids.
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