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1. Introduction

Coaxial dual-path electrochemical biosensing and
logic strategy-based detection of lung cancer-
derived exosomal PD-L1}

Jungiu Liu, @2 Zhaidong Liu,® Chungin Zhao,? Yuting Jiao,® Baohong Li, (2
Jiaju Shi, Zichao Chen*© and Zhen Zhang (2 *®

Exosomal programmed death ligand-1 (ExoPD-L1) is a vital marker of immune activation in the early
stages of tumor therapy and it can inhibit anti-tumor immune responses. However, due to the low
expression of ExoPD-L1 in cancer cells, it is difficult to perform highly sensitive assays and accurately
differentiate cancer sources. Therefore, we constructed a coaxial dual-path electrochemical biosensor for
highly accurate identification and detection of ExoPD-L1 from lung cancer based on chemical-biological
coaxial nanomaterials and nucleic acid molecular signal amplification strategies. The measurements
showed that the detected ExoPD-L1 concentrations ranged from 6 X 10? particles per mL to 6 x 108 par-
ticles per mL, and the detection limit was 310 particles per mL. Compared to other sensors, the electro-
chemical biosensor designed in this study has a lower detection limit and a wider detection range.
Furthermore, we also successfully identified lung cancer-derived ExoPD-L1 by analyzing multiple protein
biomarkers expressed on exosomes through the "“AND" logic strategy. This sensor platform is expected to
realize highly sensitive detection and accurate analysis of multiple sources of ExoPD-L1 and provide ideas
for the clinical detection of ExoPD-L1.

detection and highly accurate identification of lung cancer-
derived ExoPD-L1.

Exosomal programmed death ligand-1 (ExoPD-L1) promotes
the developmental process of cancer and is an important
marker for cancer immunotherapy. ExoPD-L1 plays a key role
in immunotherapy for many cancers, including lung cancer."?
Therefore, the detection and identification of lung cancer-
derived ExoPD-L1 is crucial for the treatment of lung
cancer.>® However, the existing methods not only lack
sufficient sensitivity but also cannot effectively identify the
cancer origin of ExoPD-L1 due to the content of lung cancer
ExoPD-L1 being very low in human blood. Therefore, there is
an urgent need to develop a novel sensor for highly sensitive

“Innovation Research Institute of Traditional Chinese Medicine, Shandong University
of Traditional Chinese Medicine, Jinan, 250355, China.

E-mail: zhangzhen19801981@126.com

baffiliated Hospital of Shandong University of Traditional Chinese Medicine, Jinan,
250355, China

‘Experimental Center, Shandong University of Traditional Chinese Medicine, Jinan,
250355, China. E-mail: chenzichaoll@126.com

School of Materials Science and Engineering, Sun Yat-sen University, Guangzhou
510275, China

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr00412d

8950 | Nanoscale, 2024, 16, 8950-8959

Compared with traditional detection methods such as fluo-
rescence, the use of electrochemical biosensors has gained
widespread attention in marker detection due to their high
sensitivity and ease of operation,*” but they still face chal-
lenges in the detection of low abundance ExoPD-L1. Advances
in nanotechnology have enabled nanomaterials to show out-
standing advantages in highly sensitive detection of electro-
chemical biosensors.® > Nanomaterials can increase the active
sites on the electrode surface and enhance the electron trans-
fer rate, which improves the sensitivity and response speed of
the sensor. Nucleic acid aptamers as probes are highly specific
for the target molecule, enabling selective detection of the
target.">"” DNA rolling ring replication (RCR), an isothermal
amplification method for detecting DNA signals,'®> can
further improve the specificity and sensitivity of electro-
chemical biosensors. Therefore, the development of novel
electrochemical biosensors that integrate nanomaterials and
the nucleic acid signal amplification strategy is expected to
realize high specificity and sensitivity analysis of lung cancer-
derived ExoPD-L1.

Hence, we constructed a coaxial dual-path electrochemical
biosensor combining nanopillar bioprobes for electrocatalytic
signal enhancement and DNA RCR amplification reaction for

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/nanoscale
http://orcid.org/0009-0008-7906-669X
http://orcid.org/0000-0002-9451-244X
http://orcid.org/0000-0002-3764-792X
https://doi.org/10.1039/d4nr00412d
https://doi.org/10.1039/d4nr00412d
https://doi.org/10.1039/d4nr00412d
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nr00412d&domain=pdf&date_stamp=2024-05-06
https://doi.org/10.1039/d4nr00412d
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR016018

Published on 17 April 2024. Downloaded on 11/4/2025 6:07:46 PM.

Nanoscale

highly accurate recognition and detection of lung cancer
ExoPD-L1 (Scheme 1). Firstly, nanopillar bioprobes were pre-
pared using electrostatic spinning and DNA modification tech-
niques. Secondly, the recognition-signal amplification probe
H1H2 was modified on the electrodes to recognize ExoPD-L1
(H1) and trigger the RCR response (H2). Thirdly, the above
recognition process and RCR reaction were triggered when
ExoPD-L1 was present, and the nanopillar bioprobe combined
with the rolled-ring programmed replication product to gene-
rate chemical-biological coaxial nanomaterials (CBCMs).
Based on the programmed amplification of coaxial electro-
catalytic nanomaterials (electron transfer capability), this
achieves programmed enrichment enhancement of electro-
chemical signals. Finally, the constructed sensing strategy was
logically analyzed to further identify the source of this
exosome. Only when all three signals of ExoPD-L1, exosome
marker proteins, and lung cancer marker proteins are output
simultaneously, it can be indicated that the target is ExoPD-L1
derived from lung cancer, and then high-precision recognition
and detection of lung cancer ExoPD-L1 are achieved. In
addition, the electrochemical biosensor is universal and can
detect ExoPD-L1 from different sources by specifically repla-
cing the corresponding aptamer sequence.
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2 Experimental section
2.1 Materials and reagents

Stannous chloride hydrate, polyvinylpyrrolidone (PVP, mole-
cular weight: 1.3 million), 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (EDC), tris(2-carboxy-ethyl) phos-
phorus (TCEP), indium(m) nitrate hydrate, 6-mercapto-1-
hexanol (MCH), streptavidin (SA), and thioglycolic acid (TA)
were purchased from Aladdin (Shanghai, China). Potassium
hexachloroplatinate and indium(im) acetate were ordered from
Maclean Biochemical Co., Ltd (Shanghai, China). Phi29 DNA
polymerase was ordered from Takara Biotechnology Co., Ltd
(Dalian, China). The experimental reagents used were of
analytical grade, and Millipore ultrapure water (>18.25 MQ)
was used throughout the experiments. DNA sequences and
phosphate buffered saline (PBS) were purchased from Sangon
Biotech Co., Ltd (Shanghai, China).

2.2 Instruments

Transmission electron microscopy (TEM, JEOLJEM-2100) pro-
vided TEM images and energy dispersive X-ray spectroscopy
(EDX) spectral data. The zeta potential was measured using
Nano ZS90 (Malvern, USA). A saturated calomel electrode
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Scheme 1 Schematic illustration of the construction of coaxial dual-path electrochemical biosensor for highly accurate recognition and detection

of lung cancer-derived ExoPD-L1.
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(Shanghai Yidian Scientific Instrument Co., Ltd) was used as
the reference electrode, a platinum electrode (Shanghai Yidian
Scientific Instrument Co., Ltd) was used as the auxiliary elec-
trode, and a gold electrode modified with functional nucleic
acid sequences was used as the working electrode in the detec-
tion system. All measurements of nanopillar-based cyclic vol-
tammetry (CV), differential pulse voltammetry (DPV) and
electrochemical impedance spectroscopy (EIS) were carried out
on a CHI660E electrochemical analyzer (manufactured by
Shanghai Chenhua Instrument Co., Ltd) at room temperature.
Cells were cultured in a carbon dioxide incubator (Thermo
Forma, USA) and observed using an inverted fluorescence
microscope (Olympus, JPN). Exosomes were extracted using an
ultra-high-speed centrifuge (Beckman, USA).

2.3 Preparation of indium tin oxide/Pt (ITO/Pt) nanopillars

3.815 g PVP, 0.221 g SnCl,-5H,0 and 1.0 g In(NO;); were dis-
solved in 19.5 g DMF and stirred magnetically at 25 °C for
19-20 h to turn into a homogeneous and clear DMF sol (Cpyp =
15.56 wt%).>*** 3.815 g PVP and 0.912 g K,PtCl, were dis-
solved in DMF and stirred magnetically at 25 °C for 19-20 h to
obtain a homogeneous and clarified DMF sol (Cpyp =
15.56 wt%).'®?® The electrospinning device was assembled
precisely according to the specifications, and the two types of
transparent solutes were transferred into two 5 mL transparent
syringes. Before installing and commissioning the electro-
spinning machine, the two 5 mL capacity transparent syringes
were placed into the electrically driven intelligent syringe
pump, and the double-drive inline needle was connected to
the electrospinning metal electrode. The receiving device con-
sists of a tinfoil and a grounding iron plate with a fixed dis-
tance adjustment of 180 mm between the grounding iron plate
and the dual-drive inline needle. The flow rate of electro-
spinning was set at 10 uL min~' and the voltage of electro-
spinning was 17 kV (DMF sol). After spinning for 8-10 h, the
electric smart syringe pump was stopped and the tin foil and
electrospinning material were removed and placed in a 65 °C
oven to dry for 16-18 h. The electrospinning material was
removed and then transferred into a muffle furnace, which
was heated up to 900 °C at a rate of 3 °C min~'. Mechanical
grinding was performed and ITO/Pt nanopillars were obtained
after the mixture was calcined for 120 min, naturally cooled to
25 °C and removed.

2.4 Electrochemical characterization of ITO/Pt nanopillars

The working electrodes were polished with 0.1 cm and 0.03 cm
of alumina powder in turn, followed by thorough rinsing with
water and ethanol, respectively, and then subjected to ultra-
sonic treatment to remove their excess alumina. The electrodes
were dried in a nitrogen environment before being decorated
and tested. 2 mg of ITO/Pt nanopillars were added to 2 mL of
ethanol and sonicated for 50-60 min to obtain ITO/Pt nano-
pillars (1 mg mL™). Electrochemical data were obtained by
scanning in 0.1 M potassium hydroxide solution (oxygen satu-
rated) at a scan rate of 100 mV s~" in the range of —0.9 V-0.2 V
for CV, DPV, etc.
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2.5 Preparation of ITO/Pt-H5 nanopillars

3 mg ITO/Pt nanoparticles were equally disseminated in
1.5 mL TA aqueous solution (2 mM). The resultant mixed solu-
tion needs to be treated with an ultrasonic device for 15-16 h
before being washed with water again to prepare the carboxy-
lated ITO/Pt coaxial nanomaterials ITO/Pt-TA. ITO/Pt-TA was
mixed uniformly with SA in 10 mM PBS (with 10 mM EDC).
EDC acted as a carboxylated amine-reactive cross-linking agent
in the preparation, which could promote the formation of
amino bonds between ITO/Pt-TA and SA to obtain ITO/Pt-SA
nanopillars. Finally, the ITO/Pt-SA nanopillars and H5 were
dispersed in 10 mM PBS at a mass ratio of 1:5 and a solid-
liquid ratio of 1:10, and reacted in a 37 °C oscillator for 2 h.
The ITO/Pt-H5 nanopillars were successfully obtained by
repeated washing and centrifugation with ultrapure water 3
times.

2.6 Fabrication of electrochemical biosensor

The electrodes were carefully polished twice with alumina
powder, extensively cleaned twice with water and ethanol, sub-
jected to ultrasonic treatment to remove excess alumina, and
dried with nitrogen. The working electrode was subjected to
redox cycling in a mixture of KCI (0.01 M) and H,SO, (0.05 M)
to activate the electrode for later modification. 10 pL of a solu-
tion containing 2 pM TCEP and 5 mM H1 sequence was taken
and added dropwise to the surface of the working electrode
over 17-20 h at 25 °C. TCEP was used to open disulfide bonds
in the DNA sequence, form Au-S bonds on the Au working
electrode, and modify the DNA sequence probe on the surface
of the Au electrode. The electrode was then washed with PBS 3
times to remove the non-specific adsorbed DNA sequences,
and then the modified Au working electrode was immersed in
1 mM MCH for 70 min to seal the surface. The working elec-
trode was then rinsed with PBS and 10 pL H2 sequence (5 pM)
was drop-coated on the modified electrode surface and reacted
with a DNA probe for 200 min at 37 °C. The modified electrode
was rinsed again 3 times with PBS, and the H3H4 sequence and
Phi29 DNA polymerase were added to the buffer solution for the
assay. The H3H4 sequence in the solution was allowed to
undergo a DNA RCR reaction with the H1 sequence on the modi-
fied electrode in the presence of the ExoPD-L1 target. The modi-
fied electrode was again rinsed with PBS 3 times, and the ITO/Pt-
RCR was obtained by incubating the reaction mixture with 5 mL
of ITO/Pt-H5 dispersion in the assay solution for 60 min at 37 °C.
After rinsing with PBS, the electrochemical signal of ExoPD-L1
was detected in O, saturated PBS (pH = 7.5, 100 mM).

2.7 Cell culture

Human non-small cell lung cancer (NSCLC) cells (A549),
mouse melanoma cells (B16F10), human breast cancer cells
(MDA-MB-231), human colorectal cancer cells (HCT116),
mouse breast cancer cells (4T1) and human normal hepato-
cytes (LO2) were all obtained from the Chinese Academy of
Sciences Cell Bank (Shanghai, China). These cells were cul-
tured in a medium containing 10% fetal bovine serum

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4nr00412d

Published on 17 April 2024. Downloaded on 11/4/2025 6:07:46 PM.

Nanoscale

(Lonsera, China) and 1% penicillin/streptomycin (Beyotime,
China), and cultured at 37 °C in a 5% carbon dioxide incuba-
tor. A549 and B16F10 cells were cultured with RMPI-1640
(Servicebio, China). MDA-MB-231, HCT116, 4T1, and LO2 cells
were cultured with DMEM (Servicebio, China).

2.8 Exosome extraction and identification

A549 cell-derived exosomes were extracted using ultracentrifuga-
tion: (1) A549 cells were cultured in 100 mm diameter Petri
dishes, and when the cells reached 70-80%, the culture medium
was discarded, washed 3 times with PBS, 10% serum-free
culture medium was added to continue the incubation for 24 h,
and the supernatant was collected; (2) the supernatant was cen-
trifuged at 300g for 10 min at 4 °C to remove A549 cells; the cell
supernatant was collected and transferred to a new centrifuge
tube; (3) the supernatant was centrifuged at 2000g for 15 min at
4 °C to remove dead cells, and the supernatant was collected; (4)
the supernatant was centrifuged at 10 000g for 30 min to remove
cellular debris, was filtered through a sterile 0.22 pm filter, and
then transferred to an ultra-high-speed tube; (5) the supernatant
was centrifuged at 100 000g for 80 min at 4 °C to obtain a super-
natant of A549 cells. Ultra-high-speed centrifugation was per-
formed for 80 min at 4 °C to obtain the heteroprotein and
exosome precipitates; and (6) the precipitates were resuspended
in PBS at 4 °C, and centrifuged again at 100 000g for 80 min at
4 °C to remove the heteroproteins. Finally, the exosome precipi-
tate was resuspended in PBS and stored at —80 °C.

Exosomes were characterized by transmission electron
microscopy (TEM). In detail: (1) 10 pL of exosome dispersion
was added onto a copper mesh, and the mesh was allowed to
stand at room temperature for 15 min; (2) excess liquid was
removed from the side of the mesh with filter paper, 10 pL of
2% phosphotungstic acid (pH = 6.5) was added onto the
copper mesh and the mesh was negatively stained at room
temperature for 1-2 min; (3) excess staining liquid was
removed with filter paper, and the copper mesh was dried at
room temperature; and (4) the morphology and number of exo-
somes were observed under a transmission electron micro-
scope, at a 120 kV observation voltage.

2.9 Western blot verifies the expression of relevant proteins

The extracted exosomes were lysed with RIPA lysis buffer, the
protein concentration of the samples was determined by using
Nanodrop lite, and denaturation was carried out with 1x
loading buffer at 100 °C for 5 min. Equal amounts of sample
proteins were separated by electrophoresis using 10%
SDS-PAGE, and then transferred to a PVDF membrane. After
transferring the membrane for 0.5 h, the PVDF membrane was
closed with 5% skimmed milk for 2 h. The primary antibody
was then incubated at 4 °C overnight. The non-specific
binding of the primary antibody was washed away with Tris-
buffered saline Tween-20 (TBST) and the membrane was incu-
bated with the secondary antibody for 1 h at room tempera-
ture. The non-specifically bound secondary antibody was also
eluted with TBST and protein bands were detected using a
multicolor fluorescence imaging system.

This journal is © The Royal Society of Chemistry 2024
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3 Results and discussion

3.1 Design of the coaxial dual-path electrochemical
biosensor for ExoPD-L1

In this study, a coaxial dual-path electrochemical biosensor for
ExoPD-L1 in lung cancer was constructed based on the syner-
gistic strategy between the signal amplification capability of
RCR products and catalytic properties of nanopillars. The cata-
Iytic signal amplifier was used as a multifunctional amplifica-
tion platform to convert the target recognition information
into electrochemical signals by using ExoPD-L1 as a target
molecule, which successfully achieved highly sensitive detec-
tion for low-abundance ExoPD-L1, and further combined with
the “AND” logic strategy to realize highly accurate analysis of
ExoPD-L1 in lung cancer.

The specific mechanism is as follows: ITO/Pt nanopillars
were prepared by using electrospinning technology. The
surface of the nanopillars was modified with the nucleic acid
sequence H5 through the biotin-streptavidin interaction,
resulting in the formation of ITO/Pt-H5 nanopillar bioprobes.
By utilizing the Au-S bond interaction, the H1 sequence was
modified on the surface of the Au electrode. Subsequently, H2
was further hybridized onto the electrode. When the target
ExoPD-L1 is present, H2 specifically binds to it and detaches
from the electrode, thereby exposing H1. Subsequently, trigger-
ing the hybridization between H1 and the loop H3H4, H4 with
a 3'-NH, blocking group detaches from the H3H4 loop. In the
presence of Phi29 DNA polymerase, H4 stimulates H1 and H3
to undergo RCR reaction, generating amplified products.
Finally, the ITO/Pt-H5 nanopillar signal probe with excellent
electrocatalytic performance hybridizes with the RCR products
on the electrode, achieving signal conversion and enrichment
amplification, significantly improving the sensitivity of
ExoPD-L1 detection. Furthermore, the source of exosomes was
further determined by combining the “AND” logic strategy. For
specific detection, H2 was replaced by sequence H6 recogniz-
ing the exosome marker protein CD63 and H7 recognizing the
lung cancer marker protein EGFR. When all three exhibit
signal output simultaneously, it can be proved that the target
is ExoPD-L1 derived from lung cancer, achieving high-pre-
cision recognition and detection of ExoPD-L1.

CBCMs were prepared using chemical nanomaterials and
nucleic acid aptamers. The self-assembly of CBCMs (ITO/Pt-
RCR) was successfully realized by forming a coaxial confor-
mational material with Pt-RCR products as the outer axes and
ITO nanopillars as the inner axes. The CBCMs were generated
in situ on a single electrode, and, as a three-dimensional
sensing bio-amplifier, the CBCMs have superior electron trans-
fer capability and biostability.

3.2 Characterization of the ITO/Pt nanopillars and exosomes

ITO/Pt nanopillars were successfully prepared based on the
electrostatic spinning technique and characterized by scan-
ning electron microscopy (Fig. 1A) and transmission electron
microscopy (Fig. 1B and C) with an average diameter of about
180 nm. Experimental data showed that Pt nanoparticles

Nanoscale, 2024, 16, 8950-8959 | 8953
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Fig. 1 Morphological characterization images of ITO/Pt nanopillars. (A) SEM image of ITO/Pt nanopillars. (B) TEM image of ITO/Pt nanopillars. (C)

TEM magnification of ITO/Pt nanopillars.

formed ordered dot-like nanoconfigurations in the outer layer
of the ITO nanopillars by the electrospinning stacking tech-
nique. Exosomes of lung cancer origin were extracted and iso-
lated by differential centrifugation (Fig. 2A), and transmission
electron microscopy was used to characterize the exosomes
(Fig. 2B and C), with particle sizes ranging from 50 to 150 nm.
The exosome marker proteins, CD63 and TSG101, were vali-
dated by western blot experiments (Fig. 2D). The expression of
PD-L1 on exosomes was also verified (Fig. 2D).
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The analysis of the target ExoPD-L1 protein was performed
by 1.0% agarose gel electrophoresis and ethidium bromide
(EB) staining activated the DNA RCR (Fig. 3A), providing
effective technical support for the production of ITO/Pt-RCR
(CBCMs). As shown in Fig. 3B, the zeta potential was character-
ized for ITO/Pt, ITO/Pt-TA, ITO/Pt-SA, ITO/Pt-H5 and ITO/Pt-
RCR, respectively, and the experimental data showed that the
CBCMs (ITO/Pt-RCR) were successfully achieved by self-assem-
bly, with the Pt-RCR products as the outer axes and ITO nano-
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pillars as the inner axes, forming a coaxial conformational
material.

3.3 Electrochemical characterization of ITO/Pt nanopillars

The catalytic performance of the ITO/Pt nanopillars were
characterized using electrochemical cyclic voltammetric curve
experiments. Pt nanoparticle modified electrodes exhibit a
clear reduction peak appearing at —0.43 V (Fig. 4A, curve a),
while the reduction peak of the ITO/Pt nanopillars was signifi-

>

B

cantly enhanced (Fig. 4A, curve b), indicating that ITO/Pt nano-
pillars have visible electrocatalytic activity. The electrochemical
stability of the ITO/Pt coaxial nanopillars was verified using
100 CV cycles (10 mV s') with a 0.1 M oxygen-saturated pot-
assium hydroxide solution, and the experimental data showed
that the change in the current density after 100 cycles was very
small, which hardly affected the catalytic activity of the ITO/Pt
nanopillars (Fig. 4B, curves a and b). In contrast to the ITO/Pt
nanopillars (Fig. 4C, curve a), the CBCMs showed greater inter-
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particles and (b) ITO/Pt nanopillars. (B) CV curves of ITO/Pt nanopillars in 0.1 M KOH oxygen saturated solution. (C) EIS plots recorded in oxygen-
saturated PBS (0.1 M, pH 7.6) for (a) ITO/Pt nanopillars and (b) CBCMs. (D) Changes in DPV responses to different concentrations of ExoPD-L1: (a—h)
0-6 x 108 particles per mL. (E) Corresponding calibration curves for ExoPD-L1 analysis. (F) Peak current intensity of ExoPD-L1 (6.0 x 10° particles
per mL) detected by DPV curves in PBS and human serum. (Mean values of DPV curves were obtained from 3 replicate experiments with error bars
as standard deviation of the 3 tests, and blanks were subtracted from each value.)
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facial charge-transfer resistance (R.) (Fig. 4C, curve b), and the
experimental data demonstrated that the RCR nucleic acid
shells had been successfully modified on the surface of the
ITO/Pt nanopillars.

3.4 Optimization of the experimental conditions of the
biosensor

Polymerase is one of the important factors affecting the ampli-
fication of electrochemical sensing signals. On comparing the
electrochemical signals of the Phi29 DNA polymerase dosage
ranging from 0.2 U pL™" to 0.7 U uL™", the results showed that
0.5 U pL™" of polymerase was the optimal dose (Fig. S11). The
electrochemical signals of the chemical biosensor were evalu-
ated under different temperature conditions (6.0 x 10> par-
ticles per mL, ExoPD-L1 protein of lung cancer origin), and the
result showed that the optimal reaction temperature for
obtaining the signals was 37 °C (Fig. S2t), so 37 °C was chosen
as the reaction temperature for subsequent experiments.

In order to achieve the optimal performance of the chemi-
cal bioamplifier, the pH of ExoPD-L1 to be detected and the
reaction time were compared experimentally. Fig. S3 demon-
strates the effect of pH on the electrochemical reaction signal
of DPV, and the optimal value of Al was obtained at pH = 7.5,
so a buffer solution of pH = 7.5 was chosen for the subsequent
experiments. Meanwhile, the reaction time is also one of the
important factors affecting the biological activity of the
enzyme and DNA hybridization. It was found that the incu-
bation time had a positive correlation with the amplification
signal, and the signal of the bioamplifier increased rapidly
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during the experiment, and reached the peak value after the
experimental reaction reached 200 minutes (Fig. S4t). Based
on this experimental result, 200 minutes should be chosen as
the reaction time in subsequent experiments.

3.5 Analytical performance of the biosensor

To evaluate the analytical performance of this biosensor in
detecting ExoPD-L1, the intensity variation of DPV peak cur-
rents was detected for different concentrations of lung
cancer-derived ExoPD-L1 (0, 6 x 10, 6 x 10%, 6 x 10, 6 x 10°,
6 x 10° 6 x 107 and 6 x 10° particles per mL) after optimiz-
ation of the reaction conditions. The constructed dual coaxial
biosensor was capable of highly selective and sensitive detec-
tion of lung cancer ExoPD-L1 protein with a dynamic detec-
tion range of 6 x 10°-6 x 10° particles per mL (Fig. 4D).
Linear regression follows the equation Al = 3.0661g C — 4.944
(Fig. 4E), the calibration curve has a correlation coefficient R>
of 0.997 (30), and the detection limit is estimated to be 310
particles per mL (S/N = 3). The electrochemical biosensor has
a lower detection limit and a wider detection range than
other sensors (Table S27). Fig. 4F shows that DPV marginally
reduces the background signal in human serum in response
to the ExoPD-L1 detection signal, whereas PBS does not,
which may be due to interference from complex components
in human serum.

The temporal stability of the sensor’s DPV signal is also
critical for clinical applications, and the DPV response of
ExoPD-L1 remained above 95.7% over the 7-day test cycle. The
repeatability of the sensor was tested using seven different par-

PD-L1

SUYEyElS

CD63-T,

Fig. 5 Analysis of target identification based on the "AND" cascade logic strategy. (A) General principles of the three aptamer-based cellular reco-
gnition and separation logic device. (B) Activation mechanism of three aptamer binding targets. (C and D) Truth tables for the “AND" strategy. Signal
output is only possible when EGFR, CD63, and PD-L1 are present at the same time.
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cancer-derived ExoPD-L1.

allel electrodes, and the calculated deviation was less than
6.2%. The results show that the electrochemical biosensor has
good stability and repeatability. In order to investigate the
selectivity of the developed sensor, we detected four common
interfering substances in serum: ascorbic acid (AA), glucose
(Glu), bovine serum albumin (BSA), and immunoglobulin
(IgG). It can be seen that these four interfering substances do
not significantly affect this electrochemical biosensor
(Fig. S51). The results confirmed the good specificity of the
prepared sensor for ExoPD-L1.

3.6 Analysis of target identification based on the “AND”
cascade logic strategy

It should be noted that to further confirm that the target is
lung cancer ExoPD-L1, two additional probes, which recognize
the lung cancer marker protein EGFR*’>° and the exosome
marker protein CD63, were added and analyzed by the “AND”
logic strategy (Fig. 5A and B). Three independent variable
inputs are defined as “1” when they are present and “0” when
they are absent. An output signal will only be generated when
all three are present, meaning they are all “1”. At this point,
the output signal is “1”, confirming that the target is
ExoPD-L1 derived from lung cancer. Based on the logical
sequence of the cascade reaction, we obtained the truth value
table shown in Fig. 5C and D.

3.7 Comparative experiments with different cells

In order to verify the selectivity of the experimental protocol,
we also chose four tumor cells, B16F10, MDA-MB-231,
HCT116, and 4T1, as well as exosomes secreted by LO2 from
normal hepatocytes as a control group.**” Under the same
experimental conditions, the electrochemical signals of exo-
somes from these six cell sources were detected. As shown in
Fig. 6A, the highest values of exosome electrochemical signals

This journal is © The Royal Society of Chemistry 2024

were obtained from A549 cells, followed by B16F10,
MDA-MB-231, HCT116, and 4T1 cells, and the lowest values of
exosome signals were obtained from LO2 cells. Analogous to
the logic device in Fig. 5, the lung cancer marker protein EGFR
was replaced with marker proteins of other cancers by introdu-
cing their corresponding aptamers, thus confirming that the
target was ExoPD-L1 of the target cancer (Fig. 6B).

4 Conclusions

In conclusion, we constructed an electrochemical biosensor
for high-precision detection of lung cancer ExoPD-L1, which
utilized the excellent electrocatalytic properties of Pt-doped
nanopillars and the DNA rolling circle replication amplifica-
tion strategy to achieve highly sensitive detection of lung
cancer ExoPD-L1 in the concentration range of 6 x 10> to 6 X
10° particles per mL. Meanwhile, accurate detection of lung
cancer-derived ExoPD-L1 was achieved by logically analyzing
multiple signature proteins on exosomes. In addition, the
sensor is universal and can be used for the detection of
ExoPD-L1 in more cancers by modifying the aptamers of other
cancer marker proteins. We believe that this coaxial dual-path
electrochemical biosensor construction idea is important for
the high sensitivity and specificity detection of low-abundance
ExoPD-L1, as well as the high-accuracy identification of cancer
sources, and is expected to be used for the detection and ana-
lysis of more low-abundance biomarkers.
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