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Abstract

In this work, a novel label-free electrochemical biosensor is developed for the detection of
galectin-1 (Gal-1) based on the gold nanoparticles {AuNPs):loaded octahedral Cu,O
(Cu,0@Au) nanocomposites. The AuNPs on the surface:of Cu,O nanocrystals not only
enhance the electrochemical performance, but also can serve as the binding sites for lactose
ligand which can specifically bind with Gal-1. The Cu,O@Au nanocomposites provide the
synergic effect of electrochemical signal amplification and lactose-galectin reaction as the
recognition strategy. Under the optimal conditions, the proposed biosensor exhibit variations
of electrochemical responses to different concentrations of Gal-1 ranging from 0.1 pg/mL to
10 ng/mL. This work presents an alternative of eléctrachemical biosensor for the detection of
tumor biomarker based on simply and econoemically lactose ligand incorporated Cu,O@Au

biosensor platform..

Keywords: Galectin-1, nanocomposites,electrochemical biosensor, lactose ligand, detection

1. Introduction

Tumor markers are the molecules existed in blood, urine, or
body tissues, whose identification and determination are of
great importance in,oncology, especially for the early-stage
screening /f cancers [1]. Galectin-1 (Gal-1) is a prototype
member of the galectins family of glycan-binding proteins,
which playsamajorrole in the progression of different tumors
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[2,3]. There are widespread reports about the overexpression
of Gal-1 in human cancer, including thyroid cancer [4],
epithelial ovarian cancer [5], chondroblastic osteosarcoma [6],
pancreatic ductal adenocarcinoma [7,8], and oral squamous
cell carcinoma [9]. Thus, Gal-1 is a broad-spectrum biomarker
of tumors, and it is crucial to develop rapid, accurate, and
convenient analytical techniques for screening and clinical
diagnosis of cancers via Gal-1 detection.

The detection of Gal-1 for diagnosing tumors is arisen in
recent years, which is mainly implemented with the methods
like matrix-assisted laser desorption/ionization-time of flight-
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mass spectrometry (MALDI-TOF-MS) [10],
fluoroimmunoassay [4] and enzyme-linked immunosorbent
assay (ELISA) [5]. Nevertheless, these strategies suffer from
either instrumental sophistication or time-consuming process.

Recently, the bioassays based on the direct electronic
signal responses of electrochemical biosensors have been
widely used to detect tumor biomarkers, such as prostate
specific ~ antigen  [11], a-fetoprotein  [12] and
carcinoembryonic antigen [13], due to the ease of operation,
fast response, relative low cost and miniaturization feasibility.
So far, most of these electrochemical biosensors are
immunosensors regarding the specific responses between
antigens and antibodies. Actually, galectins are a sub-family
of lectins with a conserved carbohydrate recognition domain
(CRD) that can interact with beta-galactosides [14-16].
Various glycoconjugate ligands, for instance lactose has been
reported to recognize Gal-1 via galectin-beta-galactosides
interaction [17]. Hence in our study, electrochemical
biosensor based on lactose-Gal-1 interaction is proposed for
the sensitive detection of Gal-1.

The electrode materials are essential for the design and
construction of electrochemical biosensors, and with the rapid
development of nanotechnology, a variety of nanomaterials
with reversible redox activity have been used for modifying
the electrode as the electron mediators, such as metal oxides
[18], semiconductors [19], and noble metal nanoparticles [20,
21]. In particular, cuprous oxide (Cu,O) nanocrystals have
been widely used to fabricate electrochemical biosensors due
to the promising electrical catalytic characteristics, large
surface area as well as amenability of shape-controlled
synthesis [22] Among the noble metal nanoparticles, gold
nanoparticles (AuNPs) are superior for the auxiliary catalytic
activity and abundant binding sites [23]. The.combination of

Cu,0 Cu,0@Au
HAuCl,

B é)«
8

Cu20 nanocrystals and AuNPs can efficiently increase the
electron transfer efficiency and enhance the electrochemical
signal by a synergistic effect [24, 25]. Via this signal
amplification  strategy, the  resultant, #Cu,0@Au
nanocomposites show the better performance than
monometallic counterparts as the electrochemical biosensors.

Based on the specific galectin-lactose recognition, we
propose an innovative label-free electrochemical biosensor in
this study for the detection of tumor biomarker Gal-1 by using
Cu,0@Au as the transducing materials (Figure, 1). The
application of Cu,O@Au not only provides.a good deal of
active sites for binding sulfhydryl lactose ligands, but also
accelerates the electro transferrate to improve the sensitivity
of biosensors. In addition, the lactosedigand used to fabricate
biosensor is easy to prepare and economical. The proposed
biosensor is sensitive for the detection of Gal-1 via the specific
binding between macromolecular proteins and small
molecular sugar {ligands, hence hold great potential
applications for the rapid,screening of cancer.

2. Experimental

2.1 Materials

Copper(lh). “nitrate hydrate (Cu(NOs3)2-3H20), polyvinyl
pyrrolidone (PWP), hydrazine monohydrate (N.Hs-H20),
sodium hydroxide (NaOH), and chloroauric acid (HAUCl,),
N,N-Dimethylformamide (DMF) (>99.9%), acetic unhydride
(Ac20), sodium acetate (NaOAc), boron trifluoride diethyl
etherate (BFs;-Et;0), potassium thioacetate (KSAc), sodium
methoxide (MeONa), methyl (MeOH) and PBS were
purchased from Aladdin chemicals (Shanghai, China). KCI,
Ks[Fe(CN)g], ethanol and sulfuric acid were obtained from

Figure 1. Schematic illustration of the fabrication process of the electrochemical biosensor.
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Sigma-Aldrich (Beijing, China). Galectin-1 was bought from
PeproTech (Suzhou, China). All the chemicals were used as-
received without further purification if not specific otherwise.
Millipore™ Milli-Q water (resistivity >18 MQ cm™ at 25 ‘C)
was used throughout the experiments.

2.2 Preparation of the lactose ligand

The sulfhydryl lactose ligand (Lactose-SH) was synthesized
by the method described previously [26] and the preparation
process was shown in Figure S1. Firstly, D-lactose was treated
in a mixture of Ac2O and NaOAc under reflux, giving the
peracetylated lactose 1. Subsequently, peracetate 1 proceeded
a glycosylation with 2-[2-(2-chloroethoxy)ethoxy]ethanol
under the promotion of BF3.Et,O to obtain glycoside 2, which
was further reacted with potassium thioacetate in DMF to give
thioacetate 3. Compound 3 was eventually deacetylated by a
catalytic amount of sodium methoxide in methanol, producing
the final sulfhydryl lactose ligand 4, which was directly used
as prepared.

2.3 Preparation of Cu,O nanocrystals and Cu,O@Au
nanocomposites

Cu20 nanocrystals were synthesized by the method previously
reported with some modifications [27]. In brief, 0.0048 g of
Cu(NO3)2-3H20, 12 mL of isopropanol and 0.04 g .of
polyvinyl pyrrolidone (PVP K30) were mixed by stirring, then
NaOH aqueous solution (0.012 g/mL, 1 mL) was added
dropwise to the mixed solution. After 10 min of stirring,
N2H2-H20 (35%, 80 pL) was added dropwise to the aqueous
solution. The mixture was stirred 10 min at room temperature.
The prepared samples were collected by centrifugation (10000
rpm, 10 min), and then thoroughly washed with absolute
ethanol to remove the impurities. Finally, the obtained solid
material (Cu,O) was dried in vacuum at roomtemperature. For
the preparation of Cu,O@Au nanocomposites, the dried Cu,O
nanocrystals were dispersed in 3.5 mL ultrapure water, and 3
mL of the Cu,0O solution and HAuUCI4/ (5 mM, 250 pL) were
mixed with stirring for 5 min. Subsequently, the prepared solid
materials were rinsed thrice by absoluteethanol and
centrifugation to remove impurities. "Finally, the obtained
Cu,O@Au nanocomposites/ were »dispersed in absolute
ethanol for further use. The,reaction for Cu,O@Au formation
is as follows:[28]
3Cu,0 + 2AuCly +6H* = 6Cu?* + 2Au + 3H,0 + 8CI~

2.4 Fabrication of the biosensors

The label-free electrochemical biosensors were fabricated as
the process illustrated in' Figure 1. Generally, the glassy
carbon electrode (GCE)was polished carefully to a mirror-like
surface by Al;O3; powder with particle size of 0.05 um, and
thoroughly: washed/ by ultrapure water and ethanol. The

prepared GCE was coated with Cu,O@Au (6 pL) and dried in
the air. Following that, the resultant electrode was incubated
with lactose ligand (6 pL, 10 ng/mL) and dried at room
temperature. After washing, the resultingeelectrode was
incubated with thiol-polyethylene glycol (PEG-SH).(6 puL, 10
mg/mL) for 1 h to block nonspecificarbinding, sites.
Subsequently, the electrode was washed thoroughly with
ethanol and PBS to remove the excess PEG-SH. The proposed
electrode after drying was incubated withwthe<different
concentrations of Gal-1 (0.1 pg/mL~10ng/mL, 6 pb) to allow
the reaction between ligand and Gal-1. Finally, the electrode
was washed extensively to remove unbounded molecules and
stored at 4°C for usage.

2.5 Electrochemical measurements

All the electrochemical measurements were carried out on
CHI760E electrochemical work station (Shanghai CH
Instruments Co, China) using a three-electrode system
consisted of a modified GCE (3 mm in diameter) as the
working electrode, a platinum wire as the counter electrode,
and a saturated. calomel electrode (SCE) as the reference
electrode! The PBS,(pH=7.0) was used as base solvent and
electrolyte for all the electrochemical measurements. Cyclic
voltammetry (€V) experiments towards 5 mM Ka[Fe(CN)s]
solution/containing 0.1 M KCI were performed by scanning
the potential from -0.4V to 0.6V at 100 mV/s, and the CV
experiments towards H.O, were conducted by scanning the
potential from -0.2V to 0.6V at 100 mV/s. The alternating
current,(A.C.) impedance measurements were conducted with
frequency ranging from 0.01 to 10° Hz in the same electrolyte.
The differential pulse voltammetry (DPV) experiments was
conducted by scanning the potential from 0.3 VV to 1.0 V in
PBS solution (pH=7.0).

2.6 Characterization

The SEM images of the nanocrystals and nanocomposites
were acquired on a Sigma (Zeiss, Germany) field-emission
scanning electron  microscope. X-ray photoelectron
spectroscopy (XPS) was conducted on the ESCALAB 250Xi
XPS system (Thermo Fisher, USA). The X-ray diffraction
patterns were recorded on a D8 Advance X-ray diffractometer
(Bruker, Germany).

3. Results and discussion

3.1. Characterizations of Cu;0 nanocrystals and
Cu,O@Au nanocomposites

The morphology and structure of the Cu,O0@Au
nanocomposites are investigated and compared with the Cu,O
nanocrystals. Figure 2a and 2b show the SEM images of these
two nanoparticles. The synthesized Cu.O nanocrystals exhibit
uniform and homogeneous octahedral shape with an average
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diameter of approximately 450 nm (Figure 2a). The surface of
the octahedral Cu,O is quite smooth and neat. With the
oxidation-reduction reaction occurred on the surface of Cu,O
nanocrystals, the AuNPs grow evenly onto Cu,O, suggesting
the successful synthesis of Cu,O@Au nanocomposites. The
Cu,O@Au nanocomposites still maintain the uniform and
homogenous shape with only rougher surface (Figure 2b),
which might contribute to larger surface area. XPS is further
employed to confirm the chemical structure, and the spectra

show that the major peaks of Cu,O at 26 = 36.52°, 42.42°,
61.55° and 73.73° corresponding to (111), (200), (220) and
(311) planes, which match well with octahedral Cu,O [32].
The XRD pattern of Cu,O@Au also exhibit the characteristic
peaks of Cu,O, with additional major peaks of,Au at 20
=38.18°, 44.3° 64.5° attributing to (111),(200). and»(321)
planes. Taken together, the results indicate the successful
growth of AuNPs onto octahedral CuO:
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Figure 2. SEM images of Cuz0 (a) and Cu20@Au (b); XPS Cu 2p spectra of Cu20 (c) and Cu20@Au (d); Au 4f spectra of Cu20@Au

(e); XRD patterns of Cu20-and Cu20@Au (f).

are displayed in Figure 2c-2e. The Cu 2p spectrum of Cu,O
(Figure 1c) reveals twio main peaks at 932.25 and 952.15 eV,
corresponding to the,Cu 2ps,_and Cu 2pi. peaks of Cu(l)
and/or Cu(0), respectively[29,30]. Additionally, the other
XPS peaks located at 940.5 and 960.2 eV are the satellite
peaks [31]. Noteworthily,even though the Cu 2p spectrum of
Cu,O@Au (Figure 2d) contains the similar peaks, the intensity
of peaks is stronger, and Cu,O@Au is featured for two Au 4f
peaks at 87.6.and.83.8 eV (Figure 1e). XRD results (Figure 2f)

3.2 Comparison of the electro-catalytic properties
between  Cu,O  nanocrystals and  Cu,0@Au
nanocomposites

In the measurement of electrochemical biosensor, the catalytic
activity and conductivity are important for the sensitivity.
Control experiments of CV current response are carried out to
determine the catalytic activity of different materials for the
catalysis towards 5 M H20,. As shown in Figure 3a, response
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curves in electrolyte and those with the addition of 5 M H20;
are obtained from GCE modified with Cu2,0 and Cu,O@Au.
By adding H>0,, the redox current of Cu,O nanocrystals
increases from 49.8 pA (i) to 53.08 pA (ii), while the redox
current of Cu,0@Au nanocomposites increases from 58.03
LA (iii) to 62.56 pA (iv). It indicates that Cu,O@Au
nanocomposites exhibit better catalytic performance than
Cu;O nanoscystals. The loaded AuNPs with excellent
electronic conduction features are in association with the
Cu,0 substrates to improve the electrocatalytic property of
nanocomposites.

(a)G[}- Cu0
Cu, 0 with 5 M HO,
Cu 0@Au
304
<
= 0+
c
[
=
3
-30 4
-60 4
T T T T T
-0.2 0.0 0.2 04 0.6
Potential (V)

The strategy for electrochemical biosensing of Gal-1 is based
on the galectin-lactose interaction, and the fabricated
biosensors for Gal-1 recognition are illustrated in Figure 4a.
In particular, the Lactose-SH molecules are dntroduced onto
the surface of Cu,O@Au by gold-sulfur bondingpand PEG-
SH molecules are used to block the nonspecificbinding, sites.
It is proposed that the Lactose-SH on the surface of biosensor
can specifically capture Gal-1 by recognizing the
carbohydrate recognition domain’ (CRD) of Gal-1. In this
respect, the constructed biosensor canbe used to'detect Gal-1
by monitoring the change of electfrochemical,performance. In

5000
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Figure 3. (a) The current responses of different modified electrodesiin 10 mL eletrolyte (pH=7.0): (i) Cu20, (iii) Cu20@Au, and those
in electrolyte with addition of H202 (5 M, 10 pL): (ii) Cu20, (iv) Cuz20@Au; (b) Nyquist plots of the Cu20 and Cu20@Au modified
electrodes with A.C. impedance measurement in a solution containing 0.1M KCI and 5 mM K3s[Fe(CN)g] at potential of 0.20V with

frequency range of 0.1-10° Hz.

A.C. impedance measurements can give the information
monitoring the interfacial properties and“the changes of
electron transfer resistance (Ret), from which_the semicircle
portion at higher frequencies in the Nyquist plots of
electrochemical impedance spectroscopy (EIS) indicates the
electron transfer limited process and the‘semigircle.diameter
corresponds to Ret [33]. Herein, electrical conductivity of the
Cu;0 and Cu,O@Au are investigated by A.C. impedance
measurement in a solution containing 0.1 mol/L KCI and 5
mmol/L K3[Fe(CN)g]. As shown in"Figure 3b, the semicircle
portion of Cu,O@Au is much smaller than that of Cu,0O,
indicating that Cu,O@Au has better electric conductivity than
Cu0. The enhanced electrical conductivity of Cu,O@Au can
be ascribed to that AUNPS serve as electron mediators to
significantly improve the/electrical" conductivity and the
electron transfer _rate ‘of CusO electrode. Thus, A.C.
impedance measurement_“confirms that the Cu,O@Au
nanocomposites \is superior to Cu,O for the further
construction.of.electrochemical biosensors.

3.3 Electrochemical characterizations of the stepwise-
fabricated biosensors

a next step, the biosensor obtained is characterized by EIS and
CV measurements with the detection parameters being further
optimized.

EIS and CV responses are measured to investigate the
stepwise-fabrication of the biosensor and the results are
displayed in Figure 4b and 4c. In the PBS (pH=7.0) solution
containing 5 mM K3[Fe(CN)g] and 0.1 M KClI, the electrode
coated with Cu,O@Au exhibits a relatively small Ret (i). With
the binding of Lactose-SH ligand onto the modified electrode
surface, the semicircle diameter decreases obviously (ii) due
to the better electrical transport properties. The Ret increases
significantly after the electrode being blocked with PEG-SH
(iii), and increase further after incubation with 10 ng/mL Gal-
1, implying the successful capturing of Gal-1 by Lactose-SH.
The corresponding CV curves are also recorded as shown in
Figure 4c, since CV response is regarded as an effective
method for probing the interfacial properties of surface-
modified electrodes during the process of fabrication [34].
When the bare GCE is coated with Cu,O@Awu, the redox peak
current is 44.19 pA (i), and it obviously increases to 50.03 pA
(if) after binding Lactose-SH ligand onto Cu.O@Awu.
Noteworthily, the redox peak current gradually decreases to
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Figure 4. (a) Schematic illustration of the Cu20O@Au/Lactose-SH/PEG-SH biosensor for Gal-1 recognition; (b) EIS and (c) CV responses
of different electrodes in 5 mM Ks[Fe(CN)s] and 0:1 M KCI : Cu20@Au (i), Cuz0@Au/Lactose-SH (ii), Cu20@Au/Lactose-SH/PEG-
SH(iii), Cu20@Au/Lactose-SH/PEG-SH/Gal-1(iv); (d):Effect of pH and (e) Lactose-SH concentration on the electrocatalytic current
responses of biosensor towards PBS solution and that containing 5 mM Ks[Fe(CN)s] and 0.1 M KCI, respectively.

27.66 pA and 26.57 pA respectivelyy aftersthe PEG-SH
blocking (iii) and Gal-1 capturing onto the surface of electrode
(iv). It indicates the efficiency of electron' transfer has been
inhibited. Both the CV and EIS results support-the successful
fabrication of proposed biosensor.

To optimize the analytical performance, the experimental
conditions including the pH value “of, electrolyte and the
concentration of Lactose-SH ligand are further investigated.
The pH value of electrolyte canaffect the amperometric
responses of the transducing materials, and the activity of
biological proteins [11].4n this/respect, PBS solutions with
different pH valdes are employed in the CV measurements
with the corresponding® results shown in Figure S2a.
According tosthe calibrated result shown in Figure 4d, the
current signal increases from 107.36 to 138.56 pA with the pH
value increasing from 5.6 to 7.0, and then decreases to 113.50
pA with the pHyvalue further increasing to 8.8. It indicates that

the optimal amperometric response can be obtained at the pH
value of 7.0. Moreover, the proteins can maintain their
bioactivity in this neutral condition [35], hence PBS at pH
value of 7.0 is recognized as the optimized electrolyte. The
amount of surface-modified Lactose-SH ligand is also vital to
the performance of biosensors for capturing Gal-1. Figure S2b
reveals the redox peaks of the biosensor with different
concentration of Lactose-SH ligand at the voltage range of
0.4~1.0 V, and the corresponding amperometric responses are
shown in Figure 3e. With the increase of Lactose-SH
concentration from 0.1 ng/mL to 10 ng/mL, the current
increases from 240.33 pA to 294.86 pA, and the current
subsequently decreases to 232.73 pA when the concentration
of Lactose-SH further increases to 1 pg/mL. It is evident that
the optimal amperometric response is achieved at a
concentration of 10 ng/mL, which is selected for the following
studies.
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Figure 5. (a) CV and (b) DPV curves for the detection of Gal-1 with different concentrations: 0.1 pg/mE), 1 pg/mL(ii),10 pg/mL(iii),

100 pg/mL(iv), 1 ng/mL(v), 10 ng/mL(vi).

3.4. Analytical performances of the biosensor

Under the optimal experimental conditions, the prepared
biosensor with Cu,O@Awu as signal amplification platform are
further applied for the Gal-1 detection. By adding different
concentrations of Gal-1, the CV and DPV responses are
recorded to study the analytical performances of biosensor
respectively. Figure 5a shows the representative relationship
between CV redox peak current and the concentration of Gal-
1. The redox peak current gradually increases with the
increase of Gal-1 concentration from 0.1 pg/mL to 10 ng/mL.
The average CV redox peak current obtained with‘three.sets
of measurements at different Gal-1 concentrations are shown
in Figure S3, in which the error bars and linear fit demonstrate
the reasonable detection reproducibility.” Meanwhile, as
shown in Figure 5b, the results of DPV measurement also
indicate the increase of peak current after increasing, the
concentration of added Gal-1. The DPV measurement has also
been conducted with the addition of 100pg/mEsbovine serum
albumin (BSA) into the Gal-1 solution, and/results in Figure
S4 also exhibit the increase of the current peak with the
increasing of Gal-1 concentration, which prelimarily indicates
the specificity of the biosensor. Different from the previous
study about the detection of Gal-1 based on the immunosensor
[36], our results demonstrate the feasibility of electrochemical
biosensor based on the galectin=lactoseinteraction, which can
also be used for the rapid and excepticnally sensitive detection
of Gal-1.

4. Conclusions

In this works.a nevel kind of label-free electrochemical
biosensor /£ ‘based .on galectin-lactose interactions s
successfully fabricated for the determination of tumor
biomarker Gal-1. The lactose ligands on the surface of the

prepared biosensor can capture Gal-1 and the detection signal
is amplified by the catalytic performance of Cu,O@Au
nanocomposites substrate; According to the promising results
for label“free  detection of galectins, such simply and
economical strategy may be valuable for the point-of-care
early screening of cancers.
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