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Abstract: Advanced detection of biomarkers in biofluids
plays an important role in disease diagnosis and progno-
sis. Current techniques with pre-labelling suffer from high
cost and complicated operation, etc. Herein, we designed
a label-free electrochemical biosensor for rapid detection
of transferrin receptor with desirable linear range, sensitiv-
ity, specificity, reproducibility, and stability for practical ap-
plications.
/

Biomarker proteins in biofluid systems are widely used for bio-
logical research and clinical analysis, since their expression
levels directly reflect the physiological status and disease pro-
gression. Especially, the detection of certain biomarker pro-
teins in serum (e.g., transferrin receptor, TFR) has been demon-
strated as an effective manner in disease diagnosis and prog-
nosis, with high sensitivity and specificity."*? However, due to
the low abundance of biomarkers and high complexity of bio-
systems, quantitative detection of biomarkers is still challeng-
ing in real case biosamples.”’ To date, it is always in demand
to construct new platforms for biomarker detection toward
practical applications.

The specific bonding with target molecules is universally re-
quired in clinical detection of biomarkers.'>* The conventional
labelling approach such as immunoassay is based on antibody-
antigen recognition, which suffers from 1) low accuracy of mea-
surement due to labelling;*™ 1I) high cost of antibody and relat-
ed reagents;>® lll) complex and time-consuming operation;**7”
and V) susceptibility to environment (such as temperature and
light).®! Considering above aspects, label-free detection with
ligand-protein binding is desirable as an emerging choice of
molecular recognition, owing to its stability and easy accessibi-
lity.?>* For example, specific combination between transferrin
(TF) and TFR can be applied to quantitation and imaging,
which may characterize diseases such as anemia and cancer."”
Notably, such type of interaction is limited and few reported in
electrochemical sensing, with high precision and low cost.""
Furthermore, label-free method without pre-labelling process
represents the next-generation tool for its simple procedures
and requires smart design for practical use."? Hence, label-free
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electrochemical detection based on ligand-protein binding
may contribute to novel high-efficacy sensors toward disease
diagnostics.

Herein, we proposed a label-free electrochemical sensor for
TFR detection through ligand-receptor binding (Scheme 1).
The biosensor was fabricated through layer-by-layer deposition
method. We functionalized chitosan (Chi) on the indium tin
oxide (ITO) electrode to form a positively charged layer and
then assembled multi-walled carbon nanotubes in conjugation
with transferrin (MWCNTs-TF, negatively charged). The pre-
pared sensor afforded a linear range in TFR detection (1-
10000 ngmL™") and the limit-of-detection (LOD) reached
0.082 ngmL™", comparable with the best current results. We
also demonstrated the high specificity, reproducibility, and sta-
bility of sensors for biomarker detection. This work would con-
tribute to the development of platforms for TFR detection and
the design of ligand-based approaches for label-free analysis
of serum biomarkers in diagnostic applications.

The electrochemical biosensor was constructed through
layer-by-layer assembling (Scheme 1). The bare ITO showed
roughness caused by ITO nanoparticles (Figure 1a) according
to scanning electron microscopy (SEM). After dropping the chi-
tosan solution, a uniform layer was formed with positive charg-
es (Figure S1a), acting as a medium between negatively
charged ITO electrode™ and further assembling layer.
MWCNTs-TF with negative charges was then deposited and
showed enhanced surface roughness (Figure S1b). Blocking by
bovine serum albumin (BSA) didn't affect the surface morphol-
ogy (Figure 1b), agreed to the previous results." Atomic force
microscopy (AFM) results confirmed the change of roughness,
with the root-mean square (rms) roughness changing from
~446 nm to ~21.86 nm during the whole process (Fig-
ure 1c&d, Figure S1c&d). Furthermore, static contact angle
analysis was conducted to examine the assembly process from
triple replicate measurements (Figure 1e). The contact angle
decreased from 81.6+0.6° to 63.0+4.1° due to the hydrophi-
licity of carboxylated multi-walled carbon nanotubes
(MWCNTs-COOH)™ and then increased to 72.8+3.5° due to
the hydrophobicity of BSA."® Also, zeta potentials of materials
were measured in Figure 1f, consistent with other characteri-
zations on the layer-by-layer assembling. All above data dem-
onstrated the successful modification on the surface of electro-
des and the construction of biosensors.

Differential pulse voltammetry (DPV) and cyclic voltammetry
(CV) curves were recorded to characterize electrochemical
sensing of electrodes (Figure S2). For DPV curves (Figure 2a),
bare ITO afforded a reduction current peak of 8.68+0.22 pA.
After the modification of chitosan, the current peak increased
to 20.64+0.94 pA (p-value<0.001) and loading of MWCNTs-TF
induced a further increase to 29.74+0.78 uA (p-value <0.001),
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Scheme 1. The overall schematics showing fabrication of ITO-Chi-MWCNTs-TF-BSA biosensor and electrochemical detection of TFR.
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Figure 1. Characterization of materials. SEM images of a) bare ITO electrode,
b) prepared electrochemical sensor (ITO-Chi-MWCNTs-TF-BSA); AFM images
of c) bare ITO electrode, d) prepared electrochemical sensor (ITO-Chi-
MWCNTs-TF-BSA). The values of rms roughness were ¢) ~4.46 nm and

d) ~21.86 nm. e) Contact angle of i) bare ITO, ii) ITO-Chi-MWCNTs-TF, and

i) ITO-Chi-MWCNTs-TF-BSA; and f) zeta potential of i) chitosan, i) MWCNTs,
and ii)) MWCNTs-TF.

due to the high conductivity of carbon nanotubes."” Binding
of BSA caused a decrease of current peak to 27.6+0.25 pA (p-
value < 0.005), due to the low electric conductivity of BSA.l""'®
Notably, the electronic conductivity was enhanced by 3.18-fold
(p-value <0.001) through the whole process of biosensor fabri-
cation. The current responses in CV curves (Figure 2b) showed
the similar results with DPV and the statistical analysis of DPV
current peaks by five independent experiments was showed
with error bars in Figure 2c. Consequently, we concluded the
high reproducibility of the sensor through serial electrochemi-
cal measurements.
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After incubation of TFR, the value of current peak decreased
and the current change reflected the combined quantity of
TFR (Figure 3a). The device construction was shown in Fig-
ure S3. Before detecting the standard curve of TFR solutions
and serum samples, pH, temperature, and time of incubation
were optimized for later biosensing. As displayed in Fig-
ure 2d&e, current peaks appeared at pH of 7.0 and tempera-
ture of 37°C, showing the optimized condition similar to the
normal physiological state. Besides, with the increased incuba-
tion time, the current response became stable when the time
was over 30 min (Figure 2f), indicating that 30 min could be
the optimized condition for the TF/TFR incubation. These opti-
mizations of the sensor were critical for the next application
tests.

Specifically, the DPV curves of different concentrations (1-
10000 ngmL™") of TFR were measured using the optimized
conditions above. The current responses decreased as the TFR
concentration increased (Figure 3a), showing a linear regres-
sion equation of | (uA)=—1.47x log (concentration;s)+25.3
and a correlation coefficient of 0.99 (Figure 3b). According to
the regression plot, the LOD was calculated to be
0.082 ngmL™" (signal-to-ratio of 3) and corresponding current
value (26.90 pA) was the mean of the blank control minus 3
times of its standard deviations.**>'” The mean and standard
deviation of the blank control were calculated from 3 inde-
pendent experiments. The high accuracy, low LOD, and wide
linear range of TFR measurement demonstrated the potential
for clinical use.'%?'¥ We also detected TFR in serum with dif-
ferent dilutions (10° 10', 10, 10%fold). The values of current
peaks increased as the serum diluted (Figure S4). In addition,
we verified specificity, reproducibility, and stability of the bio-
sensor. For specificity, the current change for exclusive TFR was
approximate to the results of TFR mixed with other molecules,
showing the high selectivity of the biosensor (Figure 3c). For
reproducibility, the current peaks of standard solutions had
low variations (=5.0%), suggesting high inter-biosensor repro-
ducibility (Figure S5). For stability, the same biosensor afforded
stable performance (peak variation < 19%) after the storage at
4°C for 3 and 6days (Figure 3d). Notably, the high per-
formance of the sensor in this work could be comparable to
the best current results® "2 and further application in serum
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Figure 2. Electrochemical sensing and optimization. Typical a) DPV and b) CV curves of bare ITO, ITO-Chi, ITO-Chi-MWCNTs-TF, and ITO-Chi-MWCNTs-TF-BSA;
) average values of DPV current peaks of ITO, ITO-Chi, ITO-Chi-MWCNTs-TF and ITO-Chi-MWCNTs-TF-BSA. The means and error bars were calculated from 5

replicate measurements. Current change of biosensors under different d) pH, e) incubation temperature, and f) TF/TFR incubation time using 100 ngmL™" TFR
solutions.
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Figure 3. Detection of TFR. a) Typical DPV curves and b) regression plot of standard TFR solutions with different concentrations ranging from 1-

10000 ngmL ' by triple independent tests; c) specific testing of biosensor using TFR, TFR+ BSA, TFR+glucose (Glu), TFR + sucrose (Suc), TFR+glycine (Gly);
and d) the current responses of biosensor after storage at 4°C for 0, 3, and 6 days. Standard solutions for incubation contained BSA, glucose, sucrose, and gly-
cine (each at a concentration of 100 ngmL™") in c). All standard solutions contained 100 ngmL~" TFR in ¢) and d).

analysis displayed the strong potential of the sensor in clinical ~ consumed (electrochemical biosensor: only 1 min for single
laboratory. DPV curve and =35 min for incubation and DPV measure-
Moreover, standard TFR solutions were tested by enzyme-  ments for 3 times; ELISA: ~ 100 min); and iii) lower cost of only
linked immunosorbent assay (ELISA), demonstrating the advan-  ~0.2 RMB for each biosensor without labor costs, including
tages of electrochemical biosensor further. As the regression  the bare ITO electrode (/0.14 RMB each) and other reagents (
plot (Figure S6), there was a polynomial relationship between  ~0.04 RMB for one prepared electrode), supporting for large-
concentrations of TFR and optical density at 450 nm (OD450), scale application.
and LOD was 75.7 ngmL~". Compared with ELISA, the biosen- In summary, we built a new label-free electrochemical bio-
sor afforded i) wider linear range and lower LOD; ii) less time  sensor (ITO-Chi-MWCNTs-TF-BSA) based on ligand-protein in-
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teraction with high-performance detection of TFR. The sensor
enjoyed the following major advantages: 1) capture of TFR by
TF in a label-free manner; 2) optimized performance with wide
linear range of 1-10000 ngmL~', LOD of 0.082 ngmL™', as well
as high specificity, reproducibility, and stability; and 3) real case
application in serum samples with less time, low cost and ideal
performance.

We anticipate several research lines following this work, in
the field of material development, analyte exploration, and
clinical analysis. For material development, design of bio-mate-
rial interface would improve the performance of the sensor fur-
ther. For analyte exploration, more analytes could be detected
with selected probes and methods. For clinical analysis, the
sensor might be applied to other application scenarios. As the
merits and directions are demonstrated above, we hope that
our approach may not only serve as a versatile platform for
specific biomarker detection and analysis but also increase the
application of electrochemical sensors in diagnostic applica-
tions.

Experimental Section

Synthesis of MWCNTs-TF. Carboxylated multi-walled carbon nano-
tubes (MWCNTs-COOH) and transferrin were linked to form
MWCNTs-TF  through 3-(3-dimethylaminoprophyl)-1-ethylcarbodii-
mide hydrochloride (EDC)/N-hydroxysuccinimide (NHS) reac-
tion.'*2" In order to activate carboxyl groups, MWCNTs-COOH
(12 mg, Chengdu Organic Chemicals Co. Ltd., Chinese Academy of
Sciences) were mixed with EDC (4.4 mg, 99%), NHS (3.2 mg, 98 %)
and Triton X-100/water solution (24 mL, 0.3% by VV )82 fo-
lowed by ultrasonicated for 1 h and stirred for 4 h at room temper-
ature. Whereafter, 12 mg transferrin (ProSpec company, Israel) was
added into the solution. After stirred in the ice for 1 h and kept at
4°C for over 20 h, the prepared MWCNTs-TF was centrifuged for
10 min (4°C, 8000 xg) and washed with deionized water for three
times. The final MWCNTs-TF were dispersed in 24 mL of Triton X-
100/HCI solution (0.3% by V/V, pH of HCI solution=5.0) and stored
at 4°C for later use.

Preparation of biosensors. The biosensor was fabricated through
layer-by-layer deposition method. The bare ITO electrode (25 mm X
75 mmx1.1mm, 5-7Q, Luoyang Tengchang Xukun Biotech-
nology) was divided into three regions by insulating membrane.
The ITO electrode was cleaned with ultrasonic washer in ethanol,
acetone, 2-propanol, and deionized water alternately and dried
before use. Then, chitosan was dispersed in acetate buffer
(pH 3.0)"% and 40 pL of chitosan solution (0.5 mgmL~") was
dropped onto the ITO electrode and dried at 50°C to form a thin
chitosan layer (positively charged). Subsequently, 20 puL of
MWCNTs-TF solution (negatively charged) was deposited onto chi-
tosan layer and dried naturally for 1 h. Afterwards, the electrode
was incubated in 0.1% bovine serum albumin (BSA) solution for
30 min for blocking.™*** The final ITO-Chi-MWCNTs-TF-BSA biosen-
sor was washed with deionized water and stored at 4°C until fur-
ther use.

Characterization. The surface morphology of electrodes was inves-
tigated by scanning electron microscopy (SEM) on Hitachi/S-4800.
Atomic force microscopy (AFM) was used to study the root-mean
square (rms) roughness using Nanonavi E-Sweep. The contact
angle measurement was performed on KRUSS/DSA100 by drop-
ping 5 L deionized water onto the biosensor. Zeta potential was
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tested using Zeta-sizer Nano ZS instrument (Malvern Instrument
UK) by dispersing the materials into deionized water.

Human serum collection. Serum samples were harvested and
saved in tubes according to the standard protocol as reported.”
3-4 mL of venous blood was injected into a special serum collec-
tion tube and overturned up and down for 5-8 times. Then the
blood was kept at room temperature for 30 minutes followed by
centrifuged at 3500 rmin~" for 10 min. All the samples must be
transported at 2-8°C and saved at —80°C. All of the investigation
protocols in this study were approved by the institutional ethics
committee School of Biomedical Engineering, Shanghai Jiao Tong
University.

Electrochemical detection & ELISA. The whole electrochemical
measurements, including differential pulse voltammetry (DPV) and
cyclic voltammetry (CV) were performed on a CHI660E electro-
chemical workstation (Shanghai CH Instruments Co., China)
equipped with a Pt indicator electrode, an Ag/AgCl (saturated KCI)
reference electrode and an ITO working electrode. The prepared
ITO working electrode, indicator electrode, and reference electrode
were inserted into the electrochemical cell through the three-elec-
trode holder.”® The electrodes were dipped in 50 mL of electrolyte
consisted 0.5 mm K;[Fe(CN)gl/K,[Fe(CN)¢] and 0.005m KCL2?” The
DPV curves were conducted from 0.5V to —0.1 V with a pulse am-
plitude of 50 mV, a pulse width of 50 ms and a quiet time of 2.
The CV curves were also conducted from 0.5V to —0.1V with a
scan rate of 0.01Vs™', a sweep segment of 2, a sample interval of
0.001 V and a quiet time of 2 s. The ELISA kit was purchased from
CUSABIO TECHNOLOGY LLC. All ELISA experiments and data proc-
essing were conducted according to the given protocol. Optical
density (OD) was measured using BIO-TEK ELX800 and each OD
value was obtained as the mean of measurements for 3 times.

Statistical analysis. All statistical analysis in this work was per-
formed on the SPSS software (version 24.0.0.0, IBM SPSS Statistics)
to calculate the p-value by Independent Student’s t-test for statisti-
cal demonstration."™®
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