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Abstract

A three-dimensional porous network graphene aerogel (GAs) with large specific area and excellent conductivity was loaded with
[3-cyclodextrin polymer (P3-CD) to serve as a support for immobilization of antibodies. A highly sensitive immunosensor for the
cancer marker carbohydrate antigen 15-3 (CA15-3) was designed based on the use of P3-CD/GAs. The large specific area of
GAs warrants high loading with antibodies, and their excellent electrical conductivity warrants strong electrical signals. Based on
the synergistic effect of GAs and P3-CD, an immunoassay was designed that is making use of hexacyanoferrate as an electro-
chemical probe and having a pleasantly low working potential of 0.2 V (vs. SCE). Response is linear in the 0.1 mU mL™" to
100 U mL™" activity range, and the lower detection limit is 0.03 mU mL™" (at S/N = 3). The immunoassay is stable, selective and
reproducible. It was applied to the analysis of spiked samples, and results were satisfactory.
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Introduction

Breast cancer (BC) is one of the malignant tumors that
threaten the health of women of all ages. Moreover, the
mortality rate of BC is constantly increasing [1-3]. As the
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main specific biomarker of BC, the level of carbohydrate
antigen 15-3 (CA15-3) in blood serums can provide
some information for early diagnosis and therapy of BC
[4, 5]. Therefore, rapid and accurate detection of CA15-3
concentration is critical [6, 7]. Electrochemical immuno-
assay has attracted great attention in detecting tumor
marker because of its fast response, high sensitivity and
selectivity [8—11]. However, in the serums of early cancer
patients, the level of tumor marker is extremely low,
which results in a great challenge in monitoring. Hence,
improving the sensitivity of immunoassay for detecting
tumor marker has become the current focus of scientific
research.

Electrode interface and antibody immobilized method are
two of the most important factors influencing the sensitivity of
the immunosensor [12—15]. Usually, noble metal nanoparti-
cles including Au nanoparticles (Au NPs), Pt nanoparticles (Pt
NPs) and Pd nanoparticles (Pd NPs) are applied to immobilize
antibody via adsorption due to their high surface free energy
[16]. The method is effective, but these noble nanoparticles
are expensive. In addition, crosslinking and covalent bonding
are two of the most common cheap methods for antibody
immobilization. However, the procedures involved in the
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two methods are cumbersome and time-consuming, and the
use of cross-linking agents, such as glutaraldehyde can reduce
the activity of antibody [17, 18]. Therefore, developing a low-
cost and green antibody fixation method is essential in fabri-
cating high-performance immunosensor.

[3-Cyclodextrin ([3-CD), a toroidal shape oligosaccharide,
possesses a hydrophobic inner cavity and a hydrophilic exterior.
The hydrophobic inner cavity of 3-CD can selectively bind
various organic, inorganic, and biological guest molecules into
its cavities to form host-guest inclusion complexes [19-22].
The antibody with amino functional groups can bind in the
inner cavity of 3-CD through the host-guest interaction. This
unique feature has been promoted as novel immobilization
method for antibody in immunoassay. Unfortunately, owing
to the good water-solubility of (3-CD, the stability of the
immunosensor is poor [23]. In contrast, the 3-cyclodextrin
polymer (P3-CD) shows higher stability than (3-CD. P(3-CD
can also provide a number of 3-CD units to bind the guest
molecules [24]. However, the P3-CD displays poor conductiv-
ity and dispersity. To solve these problems, some conductive
materials were introduced into P(3-CD. For example, Chen
et al. [25] fabricated a prion immunosensor based on P(3-CD/
Au NPs composite platform. Au NPs with excellent conductiv-
ity as the bridge between PR-CD and glass carbon electrode
(GCE) not only enhanced the electron transfer at the electrode
interface, but also facilitated the immobilization of antibodies.
As a result, the immunosensor exhibited high sensitivity. Li
et al. [26] prepared a nonenzymatic electrochemical sensor for
uric acid based on P(3-CD/carbon nanotube ionic-liquid. The
synergistic effect between P(3-CD and carbon nanotube ionic-
liquid obviously enhanced the detection sensitivity of the sensor
for uric acid.

Three-dimensional (3D) graphene aerogels (GAs) self-
assembled with two-dimensional (2D) graphene sheets pos-
sess excellent electrical conductivity, good chemical and en-
vironmental stability and larger specific area [27, 28]. GAs as
carriers of functional materials enlarge the specific surface
area and enhance the conductivity of the material, and thus
improve the electrocatalytic properties of composite materials.
For instance, Chen et al. [29] reported the preparation of 3D
porous redox-active prussian blue/graphene aerogels (PB/
GAs) and the composite modified electrode was employed
as electrochemical H,O, sensor. The 3D PB/GAs owns large
accessible surface area, high conductivity, and the joint effect
of PB and GAs, which enables excellent detection perfor-
mance for H,O,. Our group [30] reported an enzyme-free
electrochemical sensor for organophosphate pesticide mala-
thion detection based on CuO-NPs/GAs. The interconnected
microporous GAs provided large specific area for the loading
of CuO nanoparticles, which offered a large number of active
sites for malathion adsorption and enhanced sensing perfor-
mance. Based on these excellent properties of GAs, it is be-
lieved that GAs can be employed as an ideal carrier to load
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PB-CD. However, to the best of our knowledge, the composite
of P3-CD and GAs as the immunosensing platform has not
been reported.

Herein, 3D GAs were synthesized by a hydrothermal meth-
od and the (3-CD was polymerized on the surface of GAs by
electropolymerization method. Then a novel label-free
immunosensor for detecting CA 15-3 was designed using
PB3-CD/GAs nanocomposite as the sensing matrix, in which
anti-CA 15-3 was fixed on the sensing interface via host-
guest interaction between P(3-CD and antibody. The designed
immunosensor presented high sensitivity because of the ad-
vantages of P3-CD/GAs nanocomposite, including large spe-
cific area, good biocompatibility and high supramolecular rec-
ognition ability.

Experimental
Reagents and material

Graphene oxide (GO) with the lateral size of 0.5-5 pm and the
thickness of 0.8—1.2 nm was received from XF NANO, INC
(www.xfnano.com). Carbohydrate antigen 15-3 (CA 15-3)
and anti-CA 15-3 were bought from Bosai Biotechnology
Co., Ltd. (www.chinabiocell.com). Human serum was
supplied by Jiangsu Baolai Biotechnology Co., Ltd. (www.
jsmlsw.com). Bovine serum albumin (BSA) was obtained
from Sigma-Aldrich (www.sigmaaldrich.com). f3-
Cyclodextrin (3-CD) and HC104 were purchased from
Aladdin Chemistry Co., Ltd. (www.aladdin-e.com).
Phosphate buffered (PB) solution (0.1 M) of different pH
was obtained by mixing standard stock solutions of
NaH,PO,4 (0.1 M) and Na,HPO, (0.1 M). Distilled water
was used in the whole experimental process. All other re-
agents were of analytical grade.

Apparatus

The electrochemical measurements, including cyclic voltamm-
etry (CV) measurement, different pulse voltammetry (DPV)
measurement and electrochemical impedance spectroscopy
(EIS) measurement, were performed on an electrochemical
workstation (CHI 660D, Shanghai, China). The morphologies
of various nanomaterials were taken with Hitachi S-4800 scan-
ning electron microscopy (SEM, Hitachi, Japan). FT-IR spec-
trums of different materials were collected by Spectrum Two
FT-IR Spectrometer (PerkinElmer, US). All electrochemical
experiments were performed using a conventional three-
electrode system containing a glass carbon electrode (GCE,
@ =3 mm) as the working electrode, a platinum sheet (counter
electrode) and saturated calomel electrode (SCE, reference elec-
trode). All potential values were cited versus SCE.
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Preparation of GAs

The graphene hydrogel (GH) was prepared according to the
reported literature with a little modification [31]. The experi-
ment method is given in the Electronic Supporting Material.
The surface water of GH was removed by freeze-drying at
—60 °C for 24 h to obtain GAs.

A 0.1 mg mL ™" GAs suspension was prepared by dispersing
0.5 mg of GAs into 5 mL deionized water. The GAs suspension
was sonicated for 30 min to obtain homogeneous dispersion.
Reduced graphene oxide (rGO) was obtained by reducing GO
with hydrazine hydrate using the Wallace method [32].

Preparation of the immunosensor

Prior to fabrication of immunosensor, the GCE was polished
with 0.05 wm alumina powders and ultrasonically cleaned
with distilled water, ethanol and distilled water, respectively.
The GAs modified electrode (GAs/GCE) was obtained by
casting the GAs dispersion (6 pL, 0.1 mg mL™") on the
cleaned electrode surface and drying in air. The GAs/GCE
was then immersed in the electrolyte solution (4 mL) contain-
ing 0.04 M 3-CD and 1 M HCIOy, and the 3-CD was elec-
trochemical polymerized on GAs/GCE by CV in a potential
range from 0 to 1.5 V with a scan rate of 100 mV s [25].
After polymerization, the P3-CD/GAs/GCE was cleaned with
distilled water to remove the electrolyte solution adsorbed on
the electrode and dried in air.

To obtain the anti-CA 15-3/Pf3-CD/GAs/GCE, the Pf3-
CD/GAs/GCE was incubated with anti-CA 15-3 (6 uL,
13.2 ug mL™") at 37 °C for 1.5 h, followed by washing with
distilled water. To block the non-specific sites, BSA (6 pL,
0.1 wt%) was incubated on anti-CA 15-3/P[3-CD/GAs/GCE
for 15 min, and then washed with distilled water. The
immunosensor (BSA/anti-CA15-3/P3-CD/GAs/GCE) was
stored at 4 °C before use. The fabrication and detection pro-
cess of the immunosensor is shown in Scheme 1.

Electrochemical measurements

The proposed immunosensor (BSA/anti-CA15-3/P3-CD/
GAs/GCE) was incubated with various concentration of CA
15-3 (6 uL) for 1.5 h at 37 °C, followed by washing thorough
with distilled water. The electrochemical immunoassay was
conducted in PB solution (0.1 M, pH 7.0) with 5 mM [Fe
(CN)]™* and 0.1 M KCL. The evaluation of analytical per-
formance of the immunosensor depends on the inhibition ratio
(Al/Ly), where, Al = (Iy-I), I and I, are the peak currents with
and without antigen, respectively. Differential pulse voltamm-
etry (DPV) measurement was performed from —0.2 to 0.6 V
(vs. SCE) with pulse period of 0.2 s and amplitude of 50 mV.
Electrochemical impedance spectroscopy (EIS) measurement
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Scheme 1 The fabrication sequence of PB3-CD/GAs based
immunosensor for the detection of CA15-3

was performed in the 0.1 Hz to 100 kHz frequency range with
amplitude of 5 mV and the applied potential of 0.24 V.

Results and discussion
Choice of materials

3-CD is well known for selectively binding various organ-
ic, inorganic and biological guest molecules, such as anti-
body due to its unique molecular structure containing a
hydrophobic inner cavity and a hydrophilic exterior [33,
34]. 3-cyclodextrin polymer (P3-CD) consisting of lots of
[3-CD units not only owns the unique properties of (3-CD,
but also shows higher stability as electrode material. These
interesting characteristics enable P(3-CD to be applied in the
fabrication of electrochemical immunosensor [25].
Unfortunately, P3-CD shows poor conductivity. It can be
rationalized that the utilization of carbon materials like
graphene as the supporting materials might effectively cir-
cumvent the drawbacks of P(3-CD [35, 36]. However,
graphene is prone to agglomerate because of the strong
7-7t stacking of individual graphene. In contrast, 3D GAs
with network structure can inhibit the restacking of individ-
ual graphene sheets. It not only possesses the intrinsic ex-
cellent properties of graphene, but also owns its unique
adjustable pore structure, large specific surface area, good
chemical and mechanical stability [27]. As a consequence,
it can be expected that the combination of GAs with Pf3-
CD serve as a high-performance immunosensing platform.

Characterization of different nanomaterials

Scanning electron microscopy (SEM) was applied to charac-
terize the morphologies of different nanomaterials including

@ Springer



Page 4 of 7

Microchim Acta

PB-CD (Fig. S1A), GAs (Fig. S1B) and PB3-CD/GAs
(Fig. S1C). The FT-IR spectrums were used to confirm the
formation of P3-CD/GAs (Fig. S1D). These results indicated
that the fabrication of P3-CD/GAs was successful. The de-
tailed information was given in Electronic Supporting Material.

Electrochemical characterization
of the immunosensor

The stepwise-modified process of the immunosensor was
probed by differential pulse voltammetry (DPV). As
shown in Fig. S2A, compared with bare GCE (curve a),
higher peak current occurred at P3-CD/GAs modified
GCE (curve b), which was due to the good conductivity
of P3-CD/GAs nanocomposite. The peak current de-
creased when anti-CA 15-3 was incubated on P{3-CD/
GAs/GCE (curve c), since the nonconductive protein re-
tarded the electron transfer toward the electrode surface.
A further decrease of the peak current occurred when the
remaining nonspecific sites were blocked by BSA (curve
d). Finally, after modification in CA 15-3 (curve e), the
current decreased owing to the formation of anti-CA15-3
and CA15-3 immunocomplexes impeded the electron con-
duction. All these results indicated that the construction of
immunosensor was successful.

Electrochemical impedance spectroscopy (EIS) was fur-
ther applied to characterize the fabrication process of the
immunosensor. In Nyquist plot, the semicircle diameter at
high frequencies is equal to the electron-transfer resistance
(Ret). The linear portion at low frequencies responds to the
diffusion step of the overall process [9]. As shown in Fig.
S2B, bare GCE (curve a) showed a small semicircle, while
the Ret significantly decreased after GCE was modified
with P3-CD/GAs (curve b), which was because of the ex-
cellent conductivity of the nanocomposite. When anti-CA
15-3 was modified on PR3-CD/GAs/GCE (curve c), an ob-
vious increase in Ret was observed because the formation
of blocking layer impeded the electron transfer. The Ret
continued to increase upon the immobilization of BSA
(curve d) and CA 15-3 (curve e) successively due to a
barrier formed by proteins hindering the electron conduc-
tivity. These results illustrated that the immunosensor was
successfully fabricated, which was consistent with that of
the above measurement by DPV.

In order to understand the electrochemical mechanism, the
cyclic voltammetry (CV) of the immunosensor at various scan
rate (10300 mV s ') was investigated. As shown in Fig. S3A,
the redox peak current enhanced with the enlargement of scan
rate. As indicated from Fig. S3B, the redox peak current was
proportional to the square root of scan rate with the linear
relationships as I,. (cathodic peak current, uA)="7.876x +
11.509 (R2 =0.9983) and I,, (anodic peak current, uA) =

@ Springer

—7.854x-9.910 (R2 =0.9993), indicating that the electrode re-
action was a diffusion-controlled process.

The electrochemical surface area of the modified electrode
can be calculated from the voltammetric peak current by use
of the Randle-Sevcik equation [37]:

Ioe = 2.69 x 10° AD'/?n*/2y1/2 C

Where, L, is the cathodic peak current. A is the surface area.
n is the number of electron involved in redox reaction (n = 1).
D is the diffusion coefficient of the molecule in solution
(7.6 x 10 % cm? s 1) [38]. C is the concentration of the probe
molecule (5 mM [Fe (CN)(,]H +). v is the scan rate. From the
slope of the I, - v relationship (Fig. S3B), the electrochem-
ical surface area for the electrode modified with PB3-CD/GAs
was 0.2122 cm”.

Signal amplification

As controls, the immunosensor based on different
nanomaterials, including BSA/anti-CA15-3/GAs/GCE,
BSA/anti-CA15-3/P3-CD/GCE, BSA/anti-CA15-3/ Pf3-
CD/rGO/GCE and BSA/anti-CA15-3/P(3-CD/GAs/GCE
were applied to detect CA15-3 (37 U mL™"). The judgement
is based on the inhibition ratio of the immunosensor towards
the detection of CA15-3. As expected, the immunosensor of
BSA/anti-CA15-3/P3-CD/GAs/GCE exhibited the highest
inhibition ratio (37.77%), while the inhibition ratios of the
immunosensor of BSA/anti-CA15-3/GAs/GCE, BSA/anti-
CA15-3/PB-CD/GCE and BSA/anti-CA15-3/P3-CD/rGO/
GCE were 10.45%, 15.64% and 20.39%, respectively
(Fig. 1). This phenomenon can be attributed to the fact that
the 3D porous GAs matrix possessed larger specific area than
that of rGO, which increased the load number of P3-CD mol-
ecules and enhanced the sensitivity of the immunosensor.
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Fig. 1 Comparation of the detection performance for CA 15-3
(37 U mL™") using the immunosensor modified with different
nanomaterials: GAs, P3-CD, P3-CD/rGO and P3-CD/GAs
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Optimization of the method

The following parameters were optimized: (A)
Electropolymerization cycles of 3-CD; (B) concentration of
GAs; (C) pH of detection solution; (D) incubation time of anti-
body; (E) incubation time of antigen; Respective data and
Figures are given in the Electronic Supporting Material
(Fig. S4). The following experimental conditions were found to
give best results: (A) optimal electropolymerization cycle: 20;
(B) best concentration of GAs: 0.1 mg mL™"; (C) best pH of
detection solution: pH 7.0; (D) optimal incubation time of anti-
body: 90 min; (E) optimal incubation time of antigen: 90 min.

Analytical performance of the assay

Based on the optimized experimental conditions, the
immunosensor was applied to monitor various concentration
of CA 15-3 by DPV. As expected, from Fig. 2a, we can
clearly observe that the peak current reduced with the augment
of the concentration of CA 15-3. As presented in Fig. 2b, the
inhibition ratio and logarithm of the concentration of CA15-3
showed a good linear relationship from 0.1 mU mL™" to
100 U mL™". The linear equation was y =2.607x + 35.97
(R* =0.9993) and the detection limit was estimated to be
0.03mUmL ™" (S/N=3). The sensitivity of the immunosensor
was calculated to be 1.14 pA-(UmL ™')™ -cm 2. Moreover, the
performance of the prepared immunosensor was compared
with that of previously reported immunosensor. From
Table S1, we can see that the immunosensor showed a lower
detection limit than that of the previous reported [39—41]. The
good analytical performance was mainly due to the following
aspects: 1) GAs possess excellent conductivity and the 3D
interconnected framework can allow multidimensional elec-
tron transport; 2) The large specific area of 3D GAs can load a
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Fig. 2 a DPV responses of the immunosensor after immobilization with
different concentrations of CA15-3 (0, 0.0001, 0.001,0.01, 0.1, 1, 10, 20,
50 and 100 UmL™"). b Calibration plot for CA 15-3 determination at the
working potential of 0.2 V (vs. SCE) in 0.1 M PB solution (pH="7.0)

number of P3-CD and the immobilized P3-CD can effective-
ly capture anti-CA 15-3 to form stable host-guest complex.

Selectivity, reproducibility and stability

To verify the selectivity of the immunosensor, 100 ng mL ™" of
interferents, including prostate specific antigen (PSA), bovine
serum albumin (BSA), glucose (Glu), «-fetoprotein (AFP),
ascorbic acid (AA), with and without 1 U mL ™! of CA 15-3
solution were measured using the immunosensor. As shown in
Fig. 3, the variation of inhibition ratio was less than 5% of that
without interferents, indicating that the immunosensor pos-
sessed an acceptable selectivity.

The reproducibility of the immunosensor was investigated
using five identical fabricated immunosensor for detecting CA
15-3 (1 UmL ). The relative standard deviation (RSD) of the
tests for five immunosensor was 2.67%, suggesting satisfac-
tory reproducibility of the immunosensor.

To assess the long-term stability of the immunosensor, the
fabricated immunosensor was stored in refrigerator at 4 °C
and measured at an interval of every 2 days. After storage
for 2 weeks, the current retained 95.17% of the original cur-
rent measured. The result confirmed the immunosensor had
good stability.

Reversibility

The reversibility of the immunosensor was investigated by de-
tecting 100 U mL ™' CA 15-3 with the same immunosensor.
After detecting CA 15-3, the electrode was immersed in a base
solution containing 0.2 M NaOH and 0.5 M NaCl for 30 min to
disrupt the antibody-antigen bonds and then washed with dis-
tilled water. The consecutive measurements were repeated five

b
2t { i
! } i
r } 420 = 2.607x +35.97
S R =0.9993
—3f 8 I3
~ I ~
— | z
< . 30
24
| 24
. S5 4 3 2 a4 0 1 2
18}F LgCep 15y / (UmL™)
A A A A A
0 25 50 75 100
C /(UmL™)

CA 153

containing 5 mM [Fe (CN)s]> "+ and 0.1 M KCI. Inset: Linear plot of the
immunosensor inhibition ratio vs logarithmic concentration of CA15-3.
Error bar=SD (n=3)
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n

Fig. 3 Inhibition ratio of the immunosensorto (1) 2 U mL ' CA15-3;(2)
2 UmL™' CA15-3+100 ng mL™" BSA; (3) 2 U mL™' CAI5-3+
100 ng mL™" glucose; (4) 2 U mL™' CA15-3 + 100 ng mL ™" PSA; (5)
2 UmL " CA15-3+100 ng mL™' AFP and (6) 2 U mL™' CA15-3 +
100 ng mL ! ascorbic acid. Error bar=SD (n=3)

times, and the RSD was 4.7%. These results indicated that the
reversibility of the immunosensor was acceptable.

Real sample analysis

The immunoassay of CA 15-3 in human serum sample was
carried out using recovery test by spiking different known
amounts of CA15-3 into serum samples to test the accuracy
of the electrochemical quantification approach. The human se-
rum sample obtained from Bosai Biotechnology Co., Ltd. was
diluted one hundred times with PB solution (0.1 M, pH =7.0)
and mixed with different concentrations of CA 15-3 (0, 0.001,
0.1,1,20U mLfl). The samples were detected by DPV method
and the response of current was recorded at 0.2 V (vs. SCE)
with hexacyanoferrate as the redox probe. The recoveries were
found to be between 99.43%—103.57% with the RSD (n =3)
less than 3.59% (Table S1). These results manifested that the
immunosensor can be applicable for serum sample analysis.

In order to further evaluate the feasibility of the
immunosensor for clinical application, three serum samples ob-
tained from the Jiangxi Tumor Hospital (Nanchang, China) was
measured. The result was compared with the commercial
enzyme-linked immunosorbent assay (ELISA) method. As
shown in Table S3, the results from our proposed method were
in good agreement with ELISA method. And the relative error
between the two methods was in the range from —5.3%-3.47%,
suggesting the feasibility of the immunosensor for the clinical
determination of CA 15-3.

Conclusions

In summary, a sensitive label-free electrochemical
immunosensor was successfully constructed and realized the
quantitative detection of CA15-3 using 3D P3-CD/GAs com-
posite as the efficient platform. The antibody immobilization
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principle is based on the host-guest interaction between 3-CD
and antibody. GAs was employed as support for high disper-
sion of P3-CD. Besides, the excellent conductivity of GAs
accelerates the electron transfer between the mediator of
hexacyanoferrate and the electrode, which resulted in an am-
plified electrochemical detection signal. The proposed label-
free electrochemical immunosensor possessed excellent spec-
ificity, good reproducibility and acceptable stability.
Therefore, this designed strategy might provide an effective
candidate in clinical research.
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