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Rapid and sensitive determination of doxorubicin in
human whole blood by vertically-ordered
mesoporous silica film modified electrochemically
pretreated glassy carbon electrodesy

Meifang Wang,}? Jing Lin,1° Jiawei Gong,® Mingchen Ma,® Hongliang Tang,*®
Jiyang Liu2? and Fei Yan (2 *2

Direct and accurate detection of doxorubicin (DOX) in unprocessed human whole blood is of vital
importance in medical diagnosis and monitoring. In this work, we demonstrate the utilization of
electrochemically pretreated glassy carbon electrodes (p-GCE) modified with vertically-ordered
mesoporous silica films (VMSF) for rapid and sensitive electrochemical detection of DOX. The
electrochemically pretreated process is a simple, cost-effective and environmentally friendly approach
for improving interface catalytic properties and introducing oxygen-containing groups into the GCE
surface, which could be suitable for stably growing VMSF without any adhesive layer simultaneously
retaining the underlying electrode activity. Benefiting from the highly sensitive electrode substrate of p-
GCE and electrostatic preconcentration effect of VMSF, the present VMSF/p-GCE sensor was able to
determine DOX with an ultrahigh sensitivity (23.94 pA pM™) and a relatively low limit of detection (0.2
nM) and a rather wide linear range (0.5 nM to 23 uM). Furthermore, direct and reliable electrochemical
detection of DOX in human whole blood without complicated sample pretreatments was achieved

rsc.li/rsc-advances

1. Introduction

DOX is an anthracycline molecule widely used as anti-cancer
and antitumoral drugs in clinical diagnosis and therapy.*
Although DOX is an efficient kind of chemotherapeutic drugs,
long-term use of DOX will produce adverse side effects, such as
intercalation into DNA with inhibition of macromolecular bio-
synthesis>* and formation of free radicals with induction of
DNA damage or alkylation.*® And the actual DOX concentration
in human blood samples is closely related to the clinical effec-
tiveness of treatment and patient safety. Therefore, rapid and
accurate determination of the DOX level in human blood
samples is of great significance. Several analytical approaches

“Department of Chemistry, Zhejiang Sci-Tech University, 928 Second Avenue, Xiasha
Higher Education Zone, Hangzhou 310018, PR China. E-mail: feifei19881203@126.
com

*The First Affiliated Hospital of Guangxi University of Chinese Medicine, Nanning
530023, China

‘Guangxi University of Chinese Medicine, Nanning 530020, China

“Affiliated Fangchenggang Hospital, Guangxi University of Chinese Medicine,
Fangchenggang 538001, China. E-mail: tanghl2004@gxtcmu.edu.cn

t Electronic supplementary information (ESI) available: More details of optimized
conditions for DOX detection and DPVs of DOX in human whole blood. See DOI:
10.1039/d0ra10000e

i The two authors contributed equally.

© 2021 The Author(s). Published by the Royal Society of Chemistry

owing to the excellent anti-fouling and anti-interference ability of VMSF.

have been developed to detect DOX, such as high-performance
liquid chromatography (HPLC),*” fluorimetry,® liquid chroma-
tography coupled with mass spectrometry®'® or electrochemical
techniques.”*> Among them, electrochemical methods have
been recently recognized as potential and practical tools due to
their simple operation, low cost, sensitive response and real-
time detection. However, surface fouling in biofluids, espe-
cially in human whole blood, is unavoidable due to the unde-
sirable adsorption of biological species (e.g. polysaccharides,
lipids, proteins, cells and some microorganisms), hindering the
effective electron transfer and signal transduction process and
thus affecting the sensitivity, reproducibility and reliability of
the sensors.'*¢

Vertically-ordered mesoporous silica films (VMSF) emerged
as a kind of anti-fouling and anti-interference electrode modi-
fier have received ever-increasing attention due to their well-
ordered nanochannels, uniform pore size, ultrathin thickness,
and high pore density.””® Such VMSF material with opening
nanochannels perpendicularly aligned to the electrode surface
can prevent the physical contact between the fouling agents and
the underlying electrode, providing a simple and rapid platform
for direct electrochemical analysis of complex samples.”>¢
They are often prepared on the solid electrode substrates (e.g.
indium tin oxide (ITO), gold, platinum, and glassy carbon
electrode (GCE)) by using Stober-solution growth® and

RSC Adv, 2021, 11, 9021-9028 | 9021


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra10000e&domain=pdf&date_stamp=2021-02-27
http://orcid.org/0000-0003-3699-1646
http://orcid.org/0000-0002-2822-698X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra10000e
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA011015

Open Access Article. Published on 01 March 2021. Downloaded on 7/19/2025 10:59:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

electrochemically assisted self-assembly (EASA) approaches.?®?°
In comparison with the ITO electrode, GCE is a widespread and
electrochemically active carbonaceous electrode but often
encounters the poor adhesion issues when VMSF attaches to the
electrode surface, limiting the practical application. Organo-
silanes including mercaptopropyltrimethoxysilane and 3-ami-
nopropyltriethoxysilane (APTES) have been reported to serve as
the molecular glues to improve the adhesion of VMSF on the
gold or GCE, but meanwhile electrode passivation will be come
into play.**®** As we shall show in recent works, reduced gra-
phene oxide (rGO) sheets modified GCE not only enable stable
growth of VMSF based on the formed covalent bonding between
oxygen-containing groups of rGO and silanol groups, but also
act as an electroactive layer to further promote the electroana-
lytical performance.**** However, exploitation of such adhesive
layers requires more chemical materials, complex steps and
elaborate operations for uniform modification.

Electrochemical pretreatment is a simple, low-cost, and
environmentally-friendly approach to activate electrode surface
and displays more pronounced effect to the carbonaceous
electrodes, resulting in the fast reaction kinetics and highly
reproducible physiochemical characteristics.®® As compared
with other activated techniques including mechanical polish-
ing,* solvent cleaning,*® vacuum heat treatment,*” laser-based
thermal treatment,*® microwave plasma treatment,* and
radio-frequency plasma treatment,* electrochemical pretreat-
ment is fascinating and the pretreated carbonaceous electrodes
have been directly and extensively used for sensitive electro-
analysis of various analytes from environmental pollutants,
drugs to neurotransmitters.** It has been found that new
active defects/edge plane sites and oxygen-containing groups
produced in the process of electrochemical pretreatment play
important roles in accelerating the rate of electron transfer,
remarkably increasing the highly electrochemical activity and
excellent electrocatalytic activity of the electrodes.**** Moreover,
electrochemical pretreatment process provides the electrode
with rough surface and more functional groups, which could be
utilized to modify with other specific materials to further
improve selectivity and sensitivity of the electrodes.*®

In this work, we demonstrated a direct and sensitive elec-
trochemical approach for the detection of DOX in human whole
blood by modifying the electrochemically pretreated glassy
carbon electrode (p-GCE) with VMSF. Such obtained VMSF/p-
GCE sensor could not only detect DOX with high sensitivity
due to the superior electrocatalytic activity of p-GCE and elec-
trostatic enrichment effect of nanochannels, but also realize the
rapid and anti-fouling determination of DOX in complex
human blood sample owing to the excellent anti-fouling and
anti-interference of VMSF. In comparison with bare GCE, VMSF/
p-GCE presents more sensitive electrochemical performance,
which is very suitable for trace analysis. Furthermore, owing to
the oxygen-containing groups of p-GCE, the VMSF can be simply
and stably prepared on the p-GCE by the electrochemically
assisted self-assembly method in several seconds without any
adhesive layer, making the sensor more promising for practical
applications.
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2. Materials and methods
2.1 Chemicals and materials

DOX, tetraethoxysilane (TEOS), cetyltrimethylammonium
bromide (CTAB), potassium ferricyanide (Ks;[Fe(CN)s]), potas-
sium ferrocyanide (K,[Fe(CN)s]), glucose (Glu), citric acid (CA),
t-leucine (Leu), -threonine (Thr), glycine (Gly), acetaminophen
(APAP), ascorbic acid (AA), uric acid (UA), and dopamine (DA)
were purchased from Aladdin. Sodium nitrate (NaNO;) was
bought from Wuxi Zhangwang Chemical Reagent. Ethanol
(99.8%) and sodium hydroxide (NaOH) were obtained from
Hangzhou Gaojing chemical reagent. Hydrochloric acid (HCI)
was bought from Hangzhou Shuanglin Chemical Reagent.
Phosphate buffer solutions (PBS) were prepared by mixing
NaH,PO, and Na,HPO, in certain ratio. Human whole blood
samples were obtained from the Center for Disease Control and
Prevention (Hangzhou, China) approved by the Ethical Review
Board of Zhejiang Sci-Tech University. All chemicals and
reagents were directly used as received without further purifi-
cation. Ultrapure water (18.2 MQ cm) was used to prepare all
aqueous solutions throughout this experiment.

2.2 Preparation of VMSF/p-GCE

GCE of 3.0 mm diameter was polished with 0.3 um and 0.05 pm
alumina slurries sequentially on polishing cloth and then
ultrasonicated cleanly in ultrapure water for 1 min prior to use.
Subsequently, the freshly cleaned GCE was electrochemically
pretreated by applying +1.8 V for 300 s in 0.1 M PBS (pH = 5.0),
followed by —1.0 V for 60 s according to the previous report.*
After being rinsed with water and dried under a N, stream,
electrochemically pretreated GCE was obtained, designated as
the p-GCE.

The VMSF was grown on the p-GCE by using the EASA
method as previously reported.> Typically, a precursor solution
composed of 20 mL ethanol, 20 mL NaNO; (0.1 M, pH = 2.6),
1.585 g CTAB and 2.833 g TEOS was pre-hydrolyzed under stir-
ring at room temperature for 2.5 h. Subsequently, a current
density (—0.74 mA cm %) was applied to the p-GCE for 10 s with
an Ag/AgCl (saturated KCl) as the reference electrode and
a stainless steel plate as the counter electrode. The resulting
electrode was immediately rinsed with large amounts of water,
dried under a N, stream and finally aged overnight at 80 °C.
Thus, VMSF with surfactant micelles (SM) confined in the silica
nanochannels was formed on the p-GCE, termed as SM@VMSF/
p-GCE. Extraction of SM was achieved by treating SM@VMSF/p-
GCE with 0.1 M HCl-ethanol solution under stirring for 5 min,
to obtain VMSF/p-GCE.

2.3 Measurements and instrumentations

Transmission electron microscopy (TEM) measurements were
carried out using a HT7700 transmission electron microscope
(Hitachi, Japan) at an acceleration voltage of 100 kV. The TEM
specimen was prepared by carefully peeling off the VMSF from
p-GCE surface, dispersing them in ethanol under ultra-
sonication before dropping onto copper grids. Scanning elec-
tron (SEM) images obtained on

microscopy were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Illustration of the preparation of the VMSF/p-GCE.

a GeminiSEM500 Scanning electron microscope (ZEISS, Ger-
many) operated at 3.0 kV. X-Ray photoelectron spectroscopy
(XPS) analysis was taken on a PHI5300 electron spectrometer
using 250 W, 14 kV, Mg Ka radiation (PE Ltd, USA). Contact
angle images were recorded by using a DSA 10-MK2 contact
angle system (Kruss, Germany). Electrochemical impedance
spectroscopy (EIS), cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) measurements were performed on an
Autolab PGSTAT302N electrochemical workstation (Metrohm,
Switzerland) at room temperature, using a conventional three
electrodes system with an Ag/AgCl electrode as the reference
electrode, a platinum electrode as the counter electrode and
a bare or modified GCE as the working electrode. The DPV
parameters used were as follows: step, 0.005 V; modulation
amplitude, 0.05 V; modulation time, 0.05 s; interval time, 0.2 s.
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3. Results and discussion
3.1 Characterizations of VMSF/p-GCE

Scheme 1 illustrates the preparation of the VMSF/p-GCE by
combining the electrochemical pretreatment and electrochem-
ically assisted self-assembly (EASA) methods. As shown, GCE
was firstly treated with electrochemical pretreatment, which
could not only achieve sensitive electrode surface but also
incorporate the oxygen-containing functional groups onto the
GCE surface, to obtain electrochemically pretreated GCE (p-
GCE). As characterized by contact angle, oxygen-containing
groups were generated on the electrode surface after electro-
chemical pretreatment (Fig. S1t). Incorporation of oxygen-
functional groups on the GCE surface was further proofed by
XPS. The results show that the intensities of C-O and O-C=0
obviously increased, suggesting the abundant -OH groups

Fig. 1

© 2021 The Author(s). Published by the Royal Society of Chemistry

(A) Top-view and (B) cross-section view TEM images of VMSF. The inset in (A) is the magnified images of top-view TEM.
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the magnified EIS plots of bare GCE, p-GCE and VMSF/p-GCE.

produced on the p-GCE surface (Fig. S2t). Then, originated
from the oxygen functional groups of p-GCE, VMSF can be
stably prepared onto the p-GCE surface by EASA method,
leading to a highly sensitive and anti-fouling electrode inter-
face. Note that the electrochemical pretreatment and EASA
processes could be performed in a very short time and the
operations are simple without any tedious modification steps.
Fig. 1 shows the top-view (A) and cross-section view (B) TEM
images of VMSF. As revealed, VMSF possesses highly regular
and uniform pores with a diameter of ~2.7 nm (Fig. 1A). No
obvious defects or cracks is observed over a large domain.
Cross-section view TEM image confirms that the straight
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Scheme 2 Electrochemical reaction mechanism of DOX.
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Fig.2 CV (A) and EIS (B) plots of the bare GCE, p-GCE, VMSF/p-GCE and SM@VMSF/p-GCE in 0.1 M KCl solution containing 2.5 mM Fe(CN)g>~
4~ The scan rate in (A) was 50 mV s~ . EIS experiment was conducted in 0.1 M KCl solution containing 2.5 mM Fe(CN)g

3=/~ and the inset in (B) is

nanochannels parallel to each other are oriented in one direc-
tion perpendicular to the substrate (Fig. 1B). And the homoge-
neous thickness of VMSF is ~88 nm. After growing VMSF onto
the p-GCE surface, compact and crack-free film with several
silica nanoparticle byproducts were observed (Fig. S3), which
was in agreement with those reported previously.*’
Electrochemical characterization was employed to study the
fabrication process of VMSF/p-GCE. Fig. 2A compares the cyclic
voltammetry (CV) responses of Fe(CN)s>~"*™ at the bare GCE, p-
GCE, VMSF/p-GCE and SM@VMSF/p-GCE. As seen, a pair of
well-defined redox peak was displayed for Fe(CN),*> "4~ at the
bare GCE. After the electrochemical pretreatment of the GCE,

B 30y
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(A) CV curves of bare GCE (black), p-GCE (blue) and VMSF/p-GCE (red) in 0.1 M PBS solution (pH 6.0) containing 10 uM DOX. The scan rate

was 100 mV s~ Inset: corresponding DPV curves. (B) Effect of the scan rate on the CV response obtained from the VMSF/p-GCE in 0.1 M PBS (pH
6.0) containing 10 uM DOX. The inset was the dependence of anodic and cathodic peak potential on scan rate.
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Fig.4 (A) DPV curves of VMSF/p-GCE in 0.1 M PBS solution (pH 6.0) containing DOX ranging from 0.5 nM to 23 uM. Insets are the amplified view

of the DPV curves (top) in the low-concentration region and the calibration curve (bottom). The error bars represent the standard deviation of
three measurements. The concentration of DOX were 0.5 nM, 10 nM, 50 nM, 100 nM, 0.2 uM, 0.3 uM, 0.5 uM, 0.8 uM, 1 uM, 2 uM, 5 uM, 8 uM, 10
M, 12 uM, 18 uM, 23 uM. (B) The current ratio (///o) obtained from VMSF/p-GCE for detection of 10 uM DOX in the absence (/) and presence (/o) of

added interfering species. The concentration of BSA is 0.4 mg mL™! and the concentration of other interfering species is 1 mM.

the current response showed slight decrease. When the p-GCE
surface was coated with the SM@VMSF layer, no obvious fara-
daic current signals were observed, suggesting that the ingress
of Fe(CN)*~*~ to the underlying p-GCE was suppressed and
further proving the full coverage of VMSF on the p-GCE. By
comparison, the electrochemical response of Fe(CN)g>~*~ was
recovered after extracting the SM from the silica nanochannels
of VMSF. Arising from the negatively charged silica walls of
VMSF, the transport of Fe(CN)s>’*~ was electrostatically
repelled, leading to the decreased signal at the VMSF/p-GCE.
Moreover, the as-prepared VMSF on the p-GCE exhibits
obvious charge permselectivity, suppressing negatively charge
Fe(CN),>~ and attracting positively charged Ru(NH;)s*"
(Fig. S47), which is due to the deprotonation of silanol groups.
Fig. 2B displays the electrochemical impedance spectroscopy
(EIS) plots of the bare GCE, p-GCE, VMSF/p-GCE and
SM@VMSF/p-GCE in 2.5 mM Fe(CN)s>~/*~. The charge transfer
resistance (R.) is dependent on the diameter of the semicircle
in the high-frequency region. In comparison with the bare GCE,
the p-GCE exhibited slightly increased semicircle diameter,
confirming that the thin film containing oxygen functional
groups produced on the GCE during the electrochemical

pretreatment process inhibited the electron transfer. Appar-
ently, a much larger semicircle diameter was appeared at the
SM@VMSF/p-GCE, indicating the sluggish electron transfer at
the interface due to the isolation of VMSF and impermeable SM.
After the removal of SM, the sharply decreased semicircle
diameter obtained from the VMSF/p-GCE proved that the VMSF
with open channels are in favor of the electron transfer between
Fe(CN)¢>~*~ and VMSF/p-GCE.

3.2 Electrochemical behavior of DOX at the VMSF/p-GCE

Fig. 3A records the CVs and DPVs of 10 pM DOX dissolved in
0.1 M PBS (pH 6.0) at the bare GCE, p-GCE and VMSF/p-GCE.
Only weak cathodic peak current was observed at the bare
GCE. The p-GCE displayed not only much more obvious redox
peaks but also higher current response, which was due to the
efficient electrocatalytic activity of p-GCE towards DOX. The
electrochemical reaction of DOX at the electrode was shown in
Scheme 2, namely the electron transfer between quinone and
hydroxyquinone groups.*® At the VMSF/p-GCE, the addition of
10 pM DOX gives rise to an apparent increase of anodic peak
current by nearly 13.6-fold higher than that at the bare GCE and

Table 1 Comparison of the analytical performances of various electroanalytical methods for the determination of DOX*

Sensitivity
Sensor material Method Range (LM) (rA M) LOD (nM) Ref.
AgNPs-CDs-tGO/GCE DPV 0.01-2.5 0.0829 2 51
AuNRDs/1T-MoS,/SPE DPV 0.01-9.5 0.8952 2.5 52
BNNS-NiCo,0,/SPE DPV 0.01-600 0.0048 9.4 53
BPPDNIi/Pt:CO-NPs/CPE SWV 0.5-300 0.0685 100 54
OMWCNT/GCE SWv 0.04-90 0.3919 9.4 55
HMDE SWvV 0.5-10 2.55 100 56
VMSF/ErGO/GCE DPV 0.001-20 7.815 0.77 34
VMSF/p-GCE DPV 0.0005-2 23.94 0.2 This work
2-23 3.465

“ AuNPs, gold nanoparticles; CDs, carbon dots; rGO, reduced graphene oxide; AuNRDs, gold nanorods; 1T-MoS,, metallic phase molybdenum
disulfide; SPE, screen-printed electrode; BNNS-NiC0,0,, bird nest-like nanostructured NiCo,0,; BPPDNi, bis(1,10-phenanthroline)(1,10-
phenanthroline-5,6-dione)nickel(n) hexafluorophosphate; Pt:CO-NPs, Pt:Co nanoparticle; OMWCNT, electrochemically oxidized multiwalled
carbon nanotube; HMDE, hanging mercury drop electrode; ErGO, electrochemically reduced graphene oxide.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2021, 11, 9021-9028 | 9025
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1.4-fold higher than that at the p-GCE (the inset in Fig. 3A). As
reported previously,*>* negatively charged silica walls of VMSF
resulted from the deprotonation of silanol groups (pK, = 2-3)
favor the transport of molecules with the opposite charge. And
DOX in the experimental conditions carries positive charge (pK,
= 8.22).** By comparing the DPV responses of the used VMSF/p-
GCE and p-GCE in 0.1 M PBS (pH 6.0), DOX could be electro-
statically trapped into the nanochannels of VMSF, further
confirming the electrostatic effect between VMSF and DOX
(Fig. S51). This memory effect could be removed by immersing
the used VMSF/p-GCE electrode into 0.1 M HCl-ethanol solu-
tion under stirring for 2 min. Therefore, the advantage of VMSF/
p-GCE in the analysis of DOX arises from the electrocatalytic
activity of p-GCE and electrostatic preconcentration effect of
VMSEF. Fig. 3B shows the effect of scan rate on the redox peak
currents of DOX at the VMSF/p-GCE. As can be found, both
anodic and cathodic peak currents are linearly proportional to
the scan rate in the range of 40 mV s to 180 mV s, sug-
gesting an adsorption-controlled electrochemical process.

3.3 Electrochemical detection of DOX in buffer solution

The effects of the pH of supporting electrolyte and preconcen-
tration time on the electrochemical performance of VMSF/p-
GCE were investigated. As depicted in Fig. S6 and S7,T pH 6.0
and mechanical stirring for 50 s were adopted as the optimal
experimental conditions in the following study. Moreover, the
anodic and cathodic peak potentials shift linearly toward
negative values with the increase of pH ranging from 4 to 8 (the
inset in Fig. S61). The slopes (AE,/ApH) were —59.7 mV pH !
and —63.6 mV pH ', demonstrating that the number of proton
and electron involved in the electrochemical reaction was equal.

Fig. 4A shows the DPV responses of the VMSF/p-GCE upon
successive increasing the concentrations of DOX in the range of
0.5 nM to 23 puM. The magnitude of the anodic peak current
increases gradually with increasing the concentration of DOX.
The corresponding calibration (the inset of Fig. 4A) displays two
linear ranges, namely 0.5 nM to 2 uM and 2-23 uM. DPV curves
in the low concentration range from 0-100 nM was presented in
the ESI (Fig. S8%). The fitting regression equations are I (LA) =

View Article Online

Paper

23.94C (uM) + 1.392 (R* = 0.9943) and I (pA) = 3.465C (uM) +
40.78 (R*> = 0.9988), respectively. And the limit of detection
(LOD) was calculated to be 0.2 nM (S/N = 3). Moreover, Table 1
compares the analytical performances including linear range,
sensitivity and LOD of the present VMSF/p-GCE with other
electrochemical sensors. The VMSF/p-GCE exhibits a rather
high sensitivity, a wide linear range and a low LOD.

The anti-interference ability and long-term stability of the
VMSF/p-GCE was also investigated. As shown in Fig. 4B, various
possible interferents including metal ions (Na*, K, Mg*>*) and
biological substances (Glu, CA, heme, Leu, Thr, Gly, APAP, UA,
AA, DA and protein (BSA)) were selected and 100-fold of them
(except for 0.4 mg mL ™" BSA) almost have no influence on the
detection of 10 pM DOX. This suggests that the VMSF/p-GCE
has excellent anti-interference ability. The magnitude of
oxidation current value still remains 82% after eight days and
the RSD of intra- and inter-day measurements were less than
5%.

3.4 Electrochemical detection of DOX in human whole
blood

In order to verify the practical performance of the proposed
sensor, the VMSF/p-GCE was used to detect DOX in undiluted or
50-times diluted human whole blood with 0.1 M PBS (pH 6.0).
As shown in Fig. 5A, the VMSF/p-GCE exhibits sharp anodic
current peak to various concentrations of DOX in 50-times
diluted human whole blood sample and yields two linear ranges
in the ranges of 0.5 nM to 2 pM and 2-20 uM. The sensitivities
are 20.32 pA pM ! and 2.696 pA uM ™, respectively, which is
close to that obtained in buffer solution. For comparison, the
bare GCE and p-GCE were also employed to detect DOX and the
results were shown in Fig. S9 and S10.f The VMSF/p-GCE
presents more wider linear range, much higher sensitivity and
lower LOD than that obtained at the bare GCE and p-GCE
(Fig. 5B and Table S1t). It could be found that electrostatic
attraction and anti-fouling ability afforded by VMSF and elec-
trocatalytic activity of the p-GCE substrate enhance the sensi-
tivity at the VMSSF/p-GCE, displaying 19-fold higher than that at
the p-GCE and 65.6-fold higher than that at the bare GCE. The
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A vE
: :5;15 ‘ 204
0.5nM . 0.5nM A /
0 1 - = 08 0.7 06 0.5 04 03 0 1 i
Potential/V
-0.8 -0.6 -0.4 -0.2 0.0 0 5 10 15 20
Potential/\V Concentration/uM

Fig. 5

(A) DPV curves of VMSF/p-GCE in 50-times diluted human whole blood sample containing various concentrations of DOX ranging from

0.5nMto 20 uM. Insets are the real human blood sample diluted by 0.1 M PBS (pH 6.0) (top) and the amplified view of the DPV curves in the low-
concentration region (bottom). (B) The linear relationship between the anodic peak currents and DOX concentration obtained at the bare GCE,
p-GCE and VMSF/p-GCE. The error bars represent the standard deviation of three measurements.
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Fig. 6 Normalized oxidation peak current ratio (//lp) on the VMSF/p-
GCE (red) and p-GCE (black) towards 5 uM DOX in 50-times diluted
human whole blood sample. | and /o represent the anodic peak
currents recorded at different time and the first detection, respectively.

anti-fouling ability of VMSF/p-GCE was further confirmed by
continuously recording the current responses of the VMSF/p-
GCE and p-GCE to 5 pM DOX in 50-times diluted human
whole blood within 24 min. As seen in Fig. 6, the VMSF/p-GCE
remains 91% of its initial signal, whereas only 52% for the p-
GCE after 24 min, showing the good long-term antifouling
and stability of the VMSF/p-GCE.

Fig. 7 compares the DPV curves of the bare GCE, p-GCE and
VMSF/p-GCE in undiluted human whole blood sample con-
taining 1 puM DOX. Obviously, the VMSF/p-GCE displays not
only sharper anodic peak but also much higher anodic peak
current than that of bare ITO and p-GCE, suggesting that the
VMSF layer is able to prevent the contact of other unwanted
redox interfering substances with the underlying p-GCE. Note
that the complexity of undiluted human whole blood can give
rise to the more serious matrix effect than diluted blood,
leading to the decreased current response of DOX at the same

R
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<
=
c 81
o
5
O 4 bare GCE
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0-
07 06 -05 -04 -03
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Fig. 7 DPV curves of the bare ITO, p-GCE, and VMSF/p-GCE in
undiluted human whole blood sample containing 1 uM DOX. Inset is
the photograph of the undiluted human blood sample.
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Table 2 Recovery of DOX in undiluted human whole blood (n = 3)¢

Added Recovery
Sample (nM) Found (uM) RSD (%) (%)
Blood 1.00 0.963 1.7 96.3
2.00 2.01 2.1 100.5
10.0 9.92 1.9 99.2
15.0 15.1 2.9 100.7

¢ Average of three detections.

concentration. In addition, satisfactory recoveries (96.3%-
100.7%) and low relative standard deviations (RSD < 2.9%) were
obtained at the VMSF/p-GCE for DOX detection in undiluted
human whole blood sample (Table 2). All above results indicate
that the VMSF/p-GCE sensor could be applied to directly and
sensitively detect DOX in human whole blood, without any
complex pretreatments.

4. Conclusions

In this study, a rapid and sensitive electrochemical sensor
based on the p-GCE modified with VMSF has been successfully
constructed for the detection of DOX in human whole blood.
Electrochemical pretreatment of GCE renders the electro-
catalytic activity and more oxygen-containing functional groups
onto the GCE surface, allowing the stable growth of VMSF
without any adhesive layer. Due to the electrocatalytic activity of
p-GCE and electrostatic preconcentration effect of VMSF, the
present VMSF/p-GCE sensor exhibits superior electroanalytical
performance for DOX including an ultrahigh sensitivity, a wide
linear range and a rather low limit of detection. The proposed
method provides a simple and sensitive electrochemical
method for direct analysis of human whole blood, owing to the
excellent anti-fouling and anti-interference ability of VMSF.
Furthermore, combination with the functionalized or nano-
materials could extend the applications of VMSF/p-GCE based
sensor in the development of disposable sensors.
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