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Abstract

Cancer metastasis is the leading cause of death in cancer patients worldwide and one of the major challenges in
treating cancer. Circulating tumor cells (CTCs) play a pivotal role in cancer metastasis. However, the content of CTCs
in peripheral blood is minimal, so the detection of CTCs in real samples is extremely challenging. Therefore, efficient
enrichment and early detection of CTCs are essential to achieve timely diagnosis of diseases. In this work, we con-
structed an innovative and sensitive single-nanoparticle collision electrochemistry (SNCE) biosensor for the detection
of MCF-7 cells (human breast cancer cells) by immunomagnetic separation technique and liposome signal amplifi-
cation strategy. Liposomes embedded with platinum nanoparticles (Pt NPs) were used as signal probes, and home-
made gold ultramicroelectrodes (Au UME) were used as the working electrodes. The effective collision between Pt
NPs and UME would produce distinguishable step-type current. MCF-7 cells were accurately quantified according to
the relationship between cell concentration and collision frequency (the number of step-type currents generated per
unit time), realizing highly sensitive and specific detection of MCF-7 cells. The SNCE biosensor has a linear range of
10 cells-mL ! to 10° cells-mL ™! with a detection limit as low as 5 cells-mL . In addition, the successful detection of
MCF-7 cells in complex samples showed that the SNCE biosensors have great potential for patient sample detection.

Keywords: Circulating tumor cells; Single-nanoparticle collision electrochemistry; Immunomagnetic separation;
Liposome; Platinum nanoparticles

1. Introduction [8—11]. For example, Zhang et al. developed the

current lifetime-based SNEC sensor that could in-

Single-nanoparticle collision electrochemistry
(SNCE) has become an efficient analytical method
because of its high throughput and high sensitivity
[1-3]. In SNCE experiments, single nanoparticles
(NPs), driven by Brownian motion, diffuse onto the
surface of an ultramicroelectrode (UME) and
collide with it to generate transient currents [4—7].
The physicochemical properties of individual NPs
can be obtained by analyzing the collision fre-
quency, peak shape, and peak current intensity

situ monitor agglomeration/aggregation of indi-
vidual small size NPs, providing effective guidance
for practical applications of nanomaterials [12].
Meanwhile, SNCE technology has great potential
for application in the area of bioanalysis and
detection because of its advantages of low sample
consumption, fast response time and low cost
[13—18]. Previously, hindered SNCE was used to
directly detect biological entities [19,20] and non-
biological particles [21,22]. For example, Kim et al.
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found that when red blood cells (RBCs) were
introduced into the electrolyte, they would attach
to the electrode surface, and thus the mass transfer
of ferrous cyanide to the electrode was blocked,
resulting in a decrease in the steady-state current,
which enabled the detection of RBCs [23]. How-
ever, irreversible adhesion of impurities would
poison the electrode, and non-target substances
would also collide with the microelectrode to
generate signals. The specificity of hindered SNCE
is low. Therefore, the sensitivity and specificity of
SNCE may be greatly improved by converting the
detection of bioanalyte into the detection of elec-
troactive NPs employing electrocatalytic or self-
electrolytic. For instance, Li's group had developed
a size-resolved biosensor based on the catalytic
oxidation of hydrazine hydrate (N,H4) by Pt NPs,
which exploited differences in the shape of the
current in a single run to allow for multiple im-
munoassays of miRNAs in a single run [17].
Cancer metastasis refers to the separation of
CTCs from the primary tumor into the circulatory
system to form new tumors in other locations in
the body [24—27]. This process leads to the death of
a large number of cancer patients. CTCs have been
identified as important biomarkers for diagnostic
and prognostic assessments and for monitoring
responses to therapy [28—31]. Due to the rarity and
heterogeneity of CTCs, reliable techniques are
required for effective enrichment and detection
[32]. Currently, the enrichment methods of CTCs
are broadly categorized by physical selection
methods (size and density) and immunoaffinity
methods [33—36]. The key technical challenge is
how to efficiently capture CTCs in a way that is
easy for a subsequent processing and analysis. In
recent years, immunomagnetic beads (IMBs) have
been widely used to enrich biological samples in
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immunoassays due to their high capture efficiency
and strong anti-interference ability. The applica-
tion of IMBs in SNCE experiments can improve the
sensitivity of biosensors. In this work, human
breast cancer cells (MCF-7 cells) cultured in vitro
were used as the target CTCs for the study.

In this study, we constructed a neoteric SNCE
biosensor based on the oxidation of N,H, cata-
lyzed by Pt NPs to generate step-type current
transients for rapid identification and detection of
MCF-7 cells. The schematic diagram is shown in
Scheme 1. The anti-EpCAM antibody-modified
IMBs can specifically recognize and capture MCF-
7 cells for efficient separation. Biotin-modified,
platinum nanoparticle-embedded liposomes (Pt-
lip-biotin) with biotin-functionalized aptamers
can be connected through specific interactions
with streptavidin (SA). The Pt-lip-biotin signaling
probes specifically recognized and bound to the
EpCAM of MCF-7 cells to form complexes, and
rapid rupture of the liposomes in the presence of
the surfactant 1 x PBST and released the
embedded Pt NPs. The Pt NPs were collected for
SNCE experiments, which were performed to
establish a relationship between the concentration
of MCF-7 cells and the collision frequency of Pt
NPs and Au UME, realizing the rapid quantitative
detection of MCF-7 cells in the samples.

2. Experimental section

2.1. Materials

L-a-phosphatidylcholine, cholesterol and biotin-
coupled phosphoethanolamine (PE-PEG2000-bio-
tin) were purchased from Aladdin Industries, and
MBs were purchased from Ademtech. Anti-
EpCAM mouse monoclonal antibody (mAb) was
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Scheme 1. Schematic representation of the Pt NPs-based SNCE biosensor for detecting MCF-7 cells.
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obtained from Beijing Yigiao Shenzhou Technol-
ogy Co., Streptavidin was purchased from Prom-
ega. Hydrazine hydrate (85%) was purchased from
Shanghai Sinopharm Group. 10 x PBST (phos-
phate buffer containing Tween-20) was purchased
from Sangon Biotech (Shanghai) Co., Ltd. Aptam-
ers were provided by Bioengineer Biologics, as
shown in Table 1.

Table 1. Sequences of aptamer.

Sequence (5'—3')
Biotin-AAA AAA CAC TAC AGA GGT TGC

GTC TGT CCC ACG TTG TCA TGG GGG GTIT
GGC CTG

Apt-Biotin

2.2. Synthesis of Pt NPs

Added 0.2% H,PtCls-6H,0O (7.76 mL) to boiling
water (100 mL) and boiled for 1 min. Following
this, 2.37 mL of 1% CgHsNazO;-2H,O and 0.05%
CgHsNaz;0O,-2H,0 were added and boiled for an
additional 30 s. Subsequently, added a mixture
solution comprising fresh 0.08% NaBH, 1%
C6H5Na307 . 2H20 and 0.05% C6H807 : Hzo
(totaling 1.18 mL), and boiled for 10 min to obtain
seed Pt NPs (3~4 nm). Next, the Pt NPs seed so-
lution (1.0 mL) was combined with H,O (29.0 mL)
to synthesize a larger volume of Pt NPs at 25 °C.
While stirring, 1.25% ascorbic acid solution, 1%
CgHsNazO;-2H,0 solution (totaling 0.5 mL) and
0.5 mol-L™' H,PtCls solution (0.023 mL) were
added. The above solution was then boiled for a
total of 30 min to complete the reaction. After
cooling to room temperature, dialyzed in water for
24 h.

2.3. Preparation of anti-EpCAM antibody-modified
immunomagnetic beads

The IMBs were made biologically functional
through the covalent reaction of carboxyl-acti-
vated MBs with the amino group of the antibody.
First, mAb (200 pL, 5 mg-mLfl) was added to a
10 mmol-L~' PBS solution (pH = 6.8) enriched
with EDC (0.05 mol-L™") and NHS (0.05 mol-L™7),
and the reaction was oscillated at 37 °C for
30 min. The reaction mixture was magnetically
separated and then washed three times
consecutively with 10 mmol-L™" PBS (pH = 7.4).
Subsequently, mAb  (anti-EpCAM  mAb,
0.01 mg-mL ") was introduced, and the reaction
was carried out at 37 °C for 4 h. After another
round of three washes with above PBS, BSA (1%)
was added to block the unbound sites for 30 min
at 37 °C. The IMBs were dissolved in the above
PBS and stored at 4 °C.

2.4. Biotin-modified, Pt NPs-embedded liposome
(Pt-lip-biotin)

Total volume 1 mL chloroform dissolved L-a-
phosphatidylcholine, cholesterol, and biotin-
coupled phosphoethanolamine (total 5 mg) at the
molar ratio of 40:30:30 and mixed. After rotary
evaporation at 40 °C for 5 min, 5 mL of Pt NPs
solution was subsequently added to strip the lipid
film formed on the inner surface of the vials, and
Pt-lip-biotin was formed within 1 h. The milky
suspension was introduced into a microextruder
containing a polycarbonate membrane (400 nm) to
obtain liposomes of uniform diameter (400 nm).
The obtained solution was kept for later use after
1.5 h of dialysis.

2.5. High-efficiency capture and accurate
quantitative detection of MCF-7 cells

First, IMBs were incubated with peripheral blood
samples for 15 min to isolate MCF-7 cells. Subse-
quently, magnetically separated collected IMBs-
cells (1 mL) were incubated with liposome-adap-
tors for 30 min at 37 °C. To release the Pt NPs from
liposomes, 20 uL of 1 x PBST was added within
2 min and then magnetically separated by centri-
fugation. The SNCE experiments were performed
in an electrochemical workstation (CHI 660E).
During the experiment, the supernatant containing
Pt NPs was introduced into the KCI solution. The
collision experiments were carried out using —0.2 V
vs. Ag/AgCl (3 mol-L~! KCl) potentials for 500 s.

3. Results and discussion

3.1. Two keys for SNCE: preparing and
characterizing Pt NPs and Au UME

Uniformly dispersed NPs and well-performing
electrodes are necessary to ensure that the SNCE
technique achieves the maximum analytical per-
formance and detects signals at the pA level. In this
work, we constructed an outstanding performance
SNCE biosensor based on the principle that Pt NPs
catalyze the oxidation of N,H, to generate a step-
type transient current. The Pt NPs were synthesized
by a seed-mediated method [37]. The surface
charge of the Pt NPs is negative (Fig. S1). It can be
seen from Fig. 1(a) that the Pt NPs were flower-
shaped and evenly dispersed. In Fig. 1(b), the size of
Pt NPs was approximately 24 + 4 nm. The concen-
tration of the synthesized Pt NPs was approximately
292 pmol-L ™" as determined by UV-vis absorbance
method (see Supporting Information S2).

In the SNCE experiments, the performance of
the electrodes also has a non-negligible impact on
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Fig. 1. (a) TEM image of Pt NPs; (b) Statistical graph of particle size of Pt NPs; (c) Micrograph of the prepared Au UME; (d) SEM image of the
surface of the gold wire after polishing and cleaning; (e) CV curvw of homemade Au UME in H,SO, (0.5 mol-L™); (f) Homemade Au UME

differential exploration.

the experiment. The preparation process of the Au
UME used in this study is shown in Fig. S3.
Fig. 1(c) is an optical microscopic image of the Au
UME, which clearly shows that the inside of the Au
UME was very clean with no liquid leakage and no
bending of the gold wire. Fig. 1(d) is SEM image of
Au UME, which shows that even after polishing,
the Au UME still maintained its original disc
structure. Therefore, the homemade UME could be
reused after activation, thus saving material and
preparation time. The Au UME was polished using
a polishing cloth and polishing powder, and then
placed in 0.5 mol-L™" sulfuric acid and 5 mmol-L !
K3[Fe(CN)]g (containing 0.1 mol-L~! KCl) solutions
separately for cyclic voltammetric (CV) scanning.

As shown in Fig. 1(e), redox peaks were observed
at the corresponding positions in the CV test per-
formed in 0.5 mol-L~' H,SO,, which proves that
the Au UME had been successfully prepared. In
addition, in Fig. 1(f), the CV curves were S-shaped
with minimal variation between measurements,
indicating that the differences between electrodes
were negligible. In the Supporting Information S3,
we calculated the radius of the homemade Au
UME (13.6 um), which matched the radius of the
original gold wire, proving that the preparation of
Au UME was successful.

In conclusion, we prepared the uniformly
dispersed Pt NPs (24 nm) and well-performed Au
UME (13.6 pm) for the SNCE experiments.
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3.2. Specific capture of MCF-7 cells by IMBs

In order to isolate MCF-7 cells quickly and effi-
ciently in complex samples, we introduced MBs
into the SNCE biosensor. As illustrated in Fig. 2(a
and b), TEM images show that MBs had good
dispersion. The diameters of 200 MBs were
randomly measured, yielding an average size of
approximately 434 + 150 nm. The magnetic frame
could capture MBs in 100 s with a capture effi-
ciency of up to 99% (Fig. S4). The anti-EpCAM
antibody attached to the MBs surface via an amide
bond. This allowed the preparation of IMBs with
both immunorecognition and magnetic properties.
To verify the specificity and sensitivity of IMBs to
different CTCs, we evaluated the capture efficiency
of IMBs. Human breast cancer cells (MCF-7) were
used as the experimental group, and human cer-
vical cancer cells (Hela), human malignant glio-
blastoma cells (U87), human umbilical vein
endothelial cells (HUVEC), and rat adrenal pheo-
chromocytoma cells (PC-12) were used as the
control groups. As demonstrated in Fig. 2(c),
different cells were captured using the modified
IMBs and unmodified MBs. For the MBs without
antibodies, the capture efficiency for these five
cells remained low at about 5.0%. However, the
capture efficiency of IMBs could reach 89.2% for
MCF-7 cells and remained around 5.0% for other
interfering cells. The above results indicated that
the recognition between IMBs and EpCAM-posi-
tive cells was specific and effective.

3.3. Feasibility of Pt NPs-SNCE for bioanalysis

In collision experiments, it was found that the
concentration of KCl affected the stability of Pt
NPs. As can be seen in Fig. S5, the particle size of
Pt hydrated nanoparticles was the smallest in KC1
with a concentration of 20 mmol-L™}, so
20 mmol-L™! of KCI was chosen. Meanwhile, the

type of collision signaling for the N,H, oxidation
reaction catalyzed by the Pt NPs was a potential-
dependent process. We performed the SNCE tests
on Pt NPs at five sets of voltages (i.e., 0V, —0.05 V,

-0.1 V, —0.15 V, and —0.2 V). The results are
shown in Fig. 3(a), the more negative the voltage,
the higher the collision frequency and the lower
the current intensity of the step-type peak. By
magnifying individual current signal, as shown in
Fig. 3(b), it was evident that the higher the negative
voltage, the more pronounced the “step” becomes.
This may be due to the increased electrostatic
repulsion between the Pt NPs and the electrodes at
lower voltages, preventing the particles from
moving towards the electrode surface. The gaseous
substance of nitrogen produced by the reaction is
thought to be responsible for the attenuation of the
electrocatalytic current because it blocks the elec-
trocatalytic reaction. Lower voltages lead to faster
electrochemical reactions and product generation,
but also to faster deactivation rates. In conclusion,
we had identified —0.2 V as the optimum voltage
for conducting Pt NPs collision experiments. As
can be seen in Fig. 3(c), N,H, was hardly oxidized
on the Au UME at —0.2 V. However, after the
addition of Pt NPs, an obvious transient current
appeared at —0.2 V (Fig. 3(d)), which indicated that
the oxidation reaction of N,H,; occurred in the
presence of the catalyst. The results indicated that
only in the presence of Pt NPs could N,H, be
oxidized at the voltage of —0.2 V. Effective colli-
sions of Pt NPs generated distinguishable step-
type transient current signals. The step-type sig-
nals were generated mainly due to the adhesion of
NPs to the electrode surface after collision with the
electrode, and the successive catalysis of the sub-
strate electrode led to the step-type rise of the
signals (Fig. S6).

In order to verify the feasibility of the prepared
Pt NPs as signaling markers for SNCE experi-
ments, we performed collision experiments using
the prepared Pt NPs in a three-electrode system.
100 pL, 200 pL, 300 pL, 400 pL, and 500 pL of Pt
NPs solutions were added into 20 mmol-L ™' KCl1
solution to make a total volume of 3.5 mL, and
then N,H,; (5 pL) was added into the solution to
obtain i-f curves by collision experiment. It is
worth noting that the current fluctuation gener-
ated by the collision is large, which may be due to
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Fig. 2. (a) TEM image of MBs; (b) Particle size statistics of 200 MBs; (c) Capture efficiency graphs of IMBs and MBs on different cells.
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Fig. 3. (a) i-t curves of Pt NPs colliding with Au UME at different applied voltages; (b) Localised magnification in Fig. (a); (c) CV curves of Au
UME in 20 mmol-L™t KCI with and without 10 mmol-L~! N,Hy; (d) i-t curves in KCI containing 10 mmol-L~! N,H,, with and without Pt NPs
(5 pmol-L™); (e) i-t curves recorded after collisions of different concentrations of Pt NPs (0, 5, 10, 15, and 20 pmol-L™") with Au UME; (f) Different

concentrations of Pt NPs versus collision frequency.

the inhomogeneity between individual Pt NP and
the difference between Au UME. Hence, the
SNCE quantification by using collision frequency
instead of current intensity is expected to avoid
the current fluctuation problem, showing the ad-
vantages of SNCE application in analytical
detection. In Fig. 3(e), it could be observed very

clearly that more and more collision peaks were
obtained with the increased concentration of Pt
NPs solution. As shown in Fig. 3(f), the concen-
tration of Pt NPs was linearly related to its colli-
sion frequency, demonstrating that the prepared
Pt NPs could be used as signal markers for SNCE
experiments.
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3.4. Quantitative and specific detection of MCF-7
cells

It has been demonstrated that the synthesized Pt
NPs could be used to detect MCF-7 cells. There-
fore, the cells solutions with concentrations of 10,
10, 103, 10*, and 10° cells-mL~! were placed in
strictly sterilized centrifuge tubes, to which IMBs
as well as Pt-lip-biotin linked to aptamers were
added. After incubation for 15 min, the obtained
MCF-7 cells were enriched in PBS solution by
magnetic separation. After adding 1 x PBST to the
PBS solution, the magnetic separation was per-
formed again, at this time, the liposomes would be
ruptured. The internally embedded Pt NPs would
be released into the solution and taken for the
collision experiments. The results of three collision
experiments were counted, and the obtained rela-
tionship is shown in Fig. 4(a). The figure shows that
the logarithm of cell concentration is linearly
related to the collision frequency, allowing quan-
tification of the MCF-7 cells concentration in the
complex samples. As demonstrated in Fig. 4(b), the
proposed SNCE biosensor could specifically
distinguish MCF-7 cells from other interfering
cells, showing the high selectivity of the method.

3.5. Applications in complex samples

In order to investigate the stability in the appli-
cation of this signal-resolved SNCE, about 300
MCEF-7 cells were put into PBS, FBS and serum,
separately. After the magnetic separation, the
enriched cells were used for SNCE quantification
experiments. As shown in Table 2, the i-t curves of
all corresponding NPs showed significant transient
currents and almost similar collision frequency. It
indicated that the colliding NPs were almost un-
affected in different samples. The relative standard
deviation (RSD) values were 5.61%, 4.18% and

Table 2. Statistics of collision frequency in different complex samples.

Sample Frequency/Hz Mean SD RSD
1 2 3

PBS 0.1850 0.1800 0.1700 0.1783 0.0076  5.61%

FBS 0.1800 0.1750 0.1900 0.1817 0.0076  4.18%

Serum 01750 0.1750 0.1900 0.1800  0.0087  4.83%

4.83% in PBS, FBS and serum, respectively. It
proved that the method has good practicality and
repeatability. Overall, our constructed SNCE
biosensor has great potential in complex sample
detection.

4. Conclusions

In this study, we constructed a novel SNCE
biosensor based on step-type currents generated
by the catalytic N,H, oxidation of Pt NPs for rapid
identification and detection of MCF-7 cells. A
signal amplification strategy of liposome embed-
ding and magnetic separation was used. MCF-
7 cells were accurately quantified according to the
relationship between the cell concentration and
collision frequency derived from the SNCE ex-
periments, and a highly sensitive and specific
detection of MCF-7 cells (5 cells-mL™!) was ach-
ieved. The successful detection of MCF-7 cells in
complex samples showed that SNCE biosensors
have great potential for patient sample detection.
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TSR BURIRNE 131 AL <A P T PR AG U PLARE MCE-7 411

SE R, B, FNCR, 3C N, sk, TAE, A BT
WACA /N T2 RS HE S I S SLE0 S, AHLIEE D T A SN B E TR E NS, WAtk 1k
AR TR, WidE ®I 430062

THE

FEhE AL RS R e Bl R W E BRI, RIRYOEE R E BBk — . TEARE AN (CTCs)
TEFIE B R B OMER . (HU2, CTCs FEAMA LA F & i /b, 78 SEBRERAS A CTCs
ELPkbRE, SOE s EE ARSI CTCs X T M ISHE W B B, A TAERIF S 8oy B BOR
FR S S O SRISAEE T — PGB 0 RS % 09 A MCF-7 4 A\ 2L 4 ) SNCE
LIRS . DAELHENAK TR, ( PtNPs ) MRS S-HE, LLE SR ( Au UME )
K TAEHM .. Pt NPs 55 UME (43K A RO AR 2= A2 ] X 43 B RR Y v . AR A i e 8 5 il e
B (CBANLITE] Y BRI IR RO ) Z RIS &R, KT MCF-7 4T 1 ks i, S 7 % MCF-
7 ALY e R BB RIVRE SPEAG I . 1% SNCE AL IR ER e EE R A 10 cellssmL-' % 10° cells'mL-,
KM BRAG A 5 cellsmL, AL, FEEZAHFEA RN E] MCF-7 4Hjt, i SNCE AL e 1E
SEE ARSI 5 i 2 A B R ).

KB PRI IR SURRERR AL SRR B IRITUUR; BRAKIBURL
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