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hored photoelectrochemical
detection of exosomes by in situ fabrication of CdS
nanoparticles with enzyme-assisted hybridization
chain reaction†
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Haixia Lyu *c and Yiting Chen*ad

Exosomes that carry large amounts of tumor-specific molecular information have been identified as

a potential non-invasive biomarker for early warning of cancer. In this work, we reported an enzyme-

assisted photoelectrochemical (PEC) biosensor for quantification of exosomes based on the in situ

synthesis of Ti3C2 MXene/CdS composites with magnetic separation technology and hybridization chain

reaction (HCR). First, exosomes were specifically bound between aptamer-labeled magnetic beads

(CD63-MBs) and a cholesterol-labeled DNA anchor. The properly designed anchor ends acted as

a trigger to enrich the alkaline phosphatase (ALP) through HCR. It catalyzed more sodium thiophosphate

to generate the sulfideion (S2�), which combined with Cd2+ for in situ fabrication of CdS on Ti3C2 MXene

resulting in elevated photocurrent. The Ti3C2 MXene-anchored PEC method was realized for the

quantitative detection of exosomes, which exhibited the dynamic working range from 7.3 � 105 particles

per mL to 3.285 � 108 particles per mL with a limit of detection of 7.875 � 104 particles per mL. The

strategy showed acceptable stability, high sensitivity, rapid response and excellent selectivity.

Furthermore, we believe that the PEC biosensor has huge potential as a routine bioassay method for the

precise quantification of exosomes from breast cancer in the future.
Introduction

Exosomes are a small homogeneous (50–150 nm) subgroup of
membrane vesicles originating from late endosomes and
secretions, which carry tumor-specic biomolecules, including
lipids, proteins, and nucleic acids.1,2 Besides, exosomes are
secreted by all types of cells and can be detected in a variety of
body uids, including blood, breast milk, tears, urine, amniotic
uid and saliva.3,4 The body uid samples are easy to obtain,
and most body uids are sampled without causing any damage
to the body. Therefore, exosomes are widely recognized as
a potential non-invasive biomarker for bioanalytical
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applications, cancer surveillance and disease therapeutics.5

Currently, increasingly new technologies have been proposed to
improve the sensitivity of exosomes, including surface
enhanced Raman scattering (SERS),6 electrochemistry,7 nano-
plasmonic sensors,8 localized surface plasmon resonance
(LSPR),9 colorimetry10 and so on. However, some analytical
techniques for exosome quantication relies on expensive and
specialized instruments with the expertise to operate. There-
fore, it is urgent to develop novel, highly sensitive and reliable
diagnostic techniques for tumor exosomes detection in the
clinical research.

Compared with other methods, the PEC biosensor with
higher sensitivity and lower background signal provides an
emerging approach,11,12 which is based on the photo-generated
electron transfer between the solution and the electrode surface
under the irradiation of light.13,14 Seeking high performance
materials is an effective means to break through the bottleneck
of PEC biosensor. Two-dimensional nanomaterials, transition
metal carbides/carbonitrides (MXenes), have attracted tremen-
dous attention to areas of importance in recent years due to
their ultrathin structure and excellent physiochemical proper-
ties. As has been reported,15–17 MXenes are synthesized by
extracting a kind of element A from the layered ternary carbides
of MAX phase, where M stand for an early transition metal (V,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (A) Schematic Illustration of Ti3C2 MXene-anchored photoelectrochemical detection of exosomes by in situ fabrication of CdS
nanoparticles with enzyme-assisted hybridization chain reaction and (B) the possible charge transfer mechanism for the in situ fabrication of
Ti3C2 MXene/CdS.
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View Article Online
Cr, Nb, Mo, Mn, Sc, Ti, Zr, Hf, Ta), A is a member from 12–16 A-
group element (S, P, As, Pb, Ti, Cd, In, Sn, Ge, Ga, Si, Al), and X is
either C or N. MXene not only has metal-like electrical
conductivity, but also has excellent chemical reactivity and
hydrophilicity due to its abundant functional groups such as –F
and –OH on its surface, which is expected to be an ideal matrix
material for the construction of nanocomposite structures.
However, due to the exposure of a high proportion of metal
atoms on the surface, MXene is easily oxidized and accompa-
nied by the collapse of two-dimensional structure. A great deal
of efforts has been made to enhance the interfacial interactions
between Ti3C2Tx layers, for example, by incorporating polymers
or metal ions into Ti3C2Tx as reinforcement llers. Li et al. re-
ported an effective ion sieving with Al3+-intercalated MXene
membranes for seawater desalination.18 Wu et al. prepared
hierarchical MoS2/Ti3C2-MXene@C nanohybrids with excellent
performance of Li storage and hydrogen evolution reaction,
which efficiently stabilized the structure of Ti3C2-MXene and
prevented its spontaneous oxidation.19

In this work, we took advantage of an enzyme-assisted
amplication strategy by hybridization chain reaction to
develop the Ti3C2 MXene-anchored PEC biosensor for the
detection of exosomes from breast cancer (Scheme 1). The
acquisition of enhanced photocurrent signals was derived from
the in situ synthesis of CdS nanoparticles on Ti3C2 MXene-
modied electrode through the exosomes-initiated DNA
cascades. As shown in Scheme 1, a considerable amount of
exosomes was specically captured by the CD63-MBs. Then, the
© 2022 The Author(s). Published by the Royal Society of Chemistry
exosomemembrane inserted the cholesterol-labeled DNA probe
(C1 and C2) and the base sequence from the 50 end of C2 probe
triggered a hybridization chain reaction. Meanwhile, introduc-
tion of streptavidin-labeled ALP interacted with the biotin
labeled DNA probe (H1 and H2). The ALP catalyzed the p-
nitrophenyl phosphate to suldeion and inorganic phosphate
in the presence of thioglycerol. CdS are generated in situ on
Ti3C2 MXenes by 1-thioglycerol as a protective agent. The in situ
synthesis of CdS nanoparticles on Ti3C2 MXene could effectively
inhibit the oxidation of MXene and improve the structural
stability due to its physical barrier and limited effect. Further-
more, the Fermi energy level of the two-dimensional Ti3C2

MXene layer could match the band gap energy of CdS, and it is
benecial to the separation and transmission of photo-carriers.
The difference between the valence band of CdS and the Fermi
level of Ti3C2 MXene led to the formation of a built-in electric
eld at the interface, which reduced the recombination of
electron–hole pairs and increased the PEC signal. Therefore, the
concentration of exosomes was a direct reection of the
photocurrent changes from the in situ growth of Ti3C2 MXene/
CdS composites, which could be explored for the sensitive
detection of low abundance exosomes in breast cancer.
Results and discussion
Characterization of Ti3C2 MXene/CdS composites

The morphology and microstructures of Ti3C2 MXene, CdS and
Ti3C2 MXene/CdS composites were observed by scanning
RSC Adv., 2022, 12, 14260–14267 | 14261
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Fig. 1 SEM image of (A) Ti3C2 MXene, (B) CdS, (C) Ti3C2 MXene/CdS. (D–I) The corresponding elemental mapping images of Ti, C, Cd, S and O in
Ti3C2 MXene/CdS, respectively.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

4:
26

:1
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
electron microscopy (SEM, Hitachi, SU8010, Japan). Fig. 1A
showed the organ-like structure of Ti3C2 MXene aer HF
corrosion, and the thickness of each layer was about tens of
nanometers. As shown in Fig. 1B, we could see clearly that the
CdS was granular with diameter of 80�120 nm. From the image
of Ti3C2 MXene/CdS composites (Fig. 1C), CdS nanoparticles
were embedded in the clearance between layers of the organ-
like structure of Ti3C2 MXene. Moreover, elemental mapping
was also performed to further conrm the composition and
distribution in Ti3C2 MXene/CdS composites. Ti-, C-, Cd-, S- and
O-based mappings of Ti3C2 MXene/CdS composites were pre-
sented in Fig. 1D–I, revealing that the CdS was uniformly
distributed on the surface of Ti3C2 MXene. SEM images proved
that the exosomes-triggered HCR signal amplication could
successfully generate CdS in situ on the surface of Ti3C2 MXene.

To investigate the phase structure of Ti3C2 MXene, CdS and
Ti3C2 MXene/CdS composites, X-ray diffraction (XRD, Rigaku,
Miniex, Japan) was used to characterize the samples. As shown
in Fig. 2A, we obtained the XRD pattern of amorphous pure CdS
(curve a) catalyzed by ALP, and the diffraction peaks appearing
at 26.94�, 44.26�, and 52.04� were indexed to the (111), (220),
and (311).20 Also, the peaks intensities of pure Ti3C2 (curve b) at
8.70� 18.24�, 28.12�, and 60.94� corresponded to the (002), (004),
14262 | RSC Adv., 2022, 12, 14260–14267
(006), (110) crystal plane of Ti3C2 MXene,21 indicating that the
Ti3C2 MXene was successfully fabricated. With the in situ
fabrication of CdS nanoparticles on Ti3C2 MXene (curve c), the
diffraction peak signals of Ti3C2 MXene declined signicantly,
while the peaks of CdS enhanced gradually. The diffraction
peak of Ti3C2/CdS composites (curve c) existed at both 8.70�,
60.94� and 26.94� matched with Ti3C2 MXene and CdS respec-
tively, and other diffraction peaks of Ti3C2 MXene/CdS
composites overlapped with those of CdS and Ti3C2 MXene.
This could be interpreted as the fact that CdS generated in situ
on the surface of Ti3C2 MXene. The X-ray photoelectron spec-
trum (XPS, Thermo Fisher Scientic, Verios G 4UC, USA) was
used to further investigate the elements of the Ti3C2 MXene/CdS
composites on the electrode surface, and accurately measure
the internal electron binding energy and chemical states of an
atom. As see from Fig. 2B, the survey spectrum of Ti3C2 MXene/
CdS composites consisted of predominant elements, including
Ti, C, O, Cd, F and S. In addition, the charge of F element could
be attributed to the residual HF in the etching process.22 Fig. 2C
shows that a high-resolution XPS spectrum of Cd 3d 411.92 eV
and 405.17 eV belonged to Cd 3d3/2 and Cd 3d5/2, respectively.
For the S 2p XPS spectra (Fig. 2C, inset), the binding energy of S
2p1/2 and S 2p2/3 located at 162.75 eV and 161.51 eV,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) XRD patterns of (a) CdS, (b) Ti3C2 MXene and (c) Ti3C2 MXene/CdS. (B) X-ray photoelectron spectroscopy (XPS) survey spectrum of
Ti3C2 MXene/CdS composites. High-resolution XPS spectra for (C) Cd 3d (insert: S 2p), (D) Ti 2p, (E) O 1s and (F) C 1s of Ti3C2 MXene/CdS
composites.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

4:
26

:1
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
respectively. As shown in Fig. 2D, the two peaks of Ti 2p located
at 461.14 eV and 455.01 eV, which were attributed to the Ti–C
bond.22–24 While the other two peaks at 464.54 eV and 458.85 eV
were assigned to the Ti–O bond.25 The O 1s peaks at approxi-
mately 529.4 eV and 531.8 eV (Fig. 2E) might be derived from the
bonds of Ti–O–Ti and O–H, respectively.26 Furthermore, C 1s
could be divided into four characteristic peaks, which located at
281.29 eV, 284.61 eV, 286.54 eV, and 288.43 eV, corresponding
chemical bonds with C–Ti, C–C/C–H, C–O, and C–F (Fig. 2F).23

All of the above results further conrmed that CdS formed in
situ in the interlayer space of Ti3C2 MXene.
Feasibility of Ti3C2 MXene-anchored PEC biosensor

In order to further verify the aptamer had been successfully
modied to the surface of MBs, the FT-IR spectrum (Thermo
Fisher Scientic, Nicolet iS5, USA) of carboxy-modied
magnetic beads (curve a) and CD63-modied MBs (curve b)
were measured in Fig. S1A.† The CD63 modied-MBs showed
the characteristic peaks of methylene asymmetrical C–H
stretching (2974 cm�1), C]O stretching vibration (1653 cm�1),
N–H bending vibration (1568 cm�1), –OH bending vibration
(1319 cm�1) and C]O stretching (1080 cm�1), which demon-
strated that CD63 had successfully coated amide bond with
MBs.27,28 As shown in Fig. S1B,† UV-visible (UV-vis) absorption
spectrum (Hitachi, U-3900, Japan) were used to monitor the
conjugate of MBs-CD63 aptamer (curve a), there was a distinct
peak at 269 nm, while the absorption of MBs (curve b) was
absent in this region. Obviously, the absorption at 269 nm could
be attributed to the characteristic absorption of the CD63
aptamer.29 These results veried that the aptamer was graed to
the MBs.
© 2022 The Author(s). Published by the Royal Society of Chemistry
To investigate the feasibility of the Ti3C2 MXene-anchored
PEC biosensor for the detection of exosomes, exosomes were
extracted from supernatant of MCF-7 cells. The morphology of
exosome samples was observed by transmission electron
microscope (TEM, HITACHI, HT7800, Japan). Fig. 3A displayed
that typical saucer-like exosome particles and had good struc-
tural integrity with an average diameter of about 130 nm, whose
size and morphology are consistent with previous reports.30 In
addition, the concentration of isolated exosomes was analyzed
by nanoparticle tracking analysis (NTA) as showed in Fig. S2.†
The average particle size was about 127 nm, which was
consistent with the typical size of exosomes (50–150 nm) and
TEM image. Western blot method was used to analyze the
effective exosome-specic surface proteins CD81 and TSG101.
As shown in Fig. 3B, the test results of CD81 and TSG101 label
proteins from the extracted exosomes were both positive by
western blot analysis, indicating that the extracted samples
were exosomes from MCF-7 cells. These results together
conrmed that exosomes had been successfully extracted from
MCF-7 cells, so these isolated exosomes could be used for
subsequent validation experiments.

In order to conrm the success of the hybrid chain reaction,
polypropylene gel electrophoresis (PAGE) analysis was per-
formed in Fig. 3C. Bands 1–4 clearly referred to the DNA sample
of C1, C2, H1 and H2, respectively. Lane 5 (C1 + C2) demon-
strated the emergence of a new band (about 80 bp), indicating
that a hybrid double strand could be formed by mixing C1 and
C2. When the bands H1 andH2 weremixed, only a band with an
equal base number of H1 and H2 were found, indicating that
the two kind of DNA coexisted stably without hybridization
chain reaction (Lane 6). When C1 was incubated with H1 and
RSC Adv., 2022, 12, 14260–14267 | 14263
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Fig. 3 (A) TEM image of exosomes, (B) Western blotting images of
TSG101 and CD81 proteins in the exosomes form MCF-7 cells. (C)
PAGE image of HCR assay. Lane M, 25–500 bp DNA marker; Lane 1,
C1; Lane 2, C2; Lane 3, H1; Lane 4, H2; Lane 5, C1 + C2; Lane 6, H1 +
H2; Lane 7, C1 + H1 + H2; and Lane 8, C1 + C2 + H1 + H2. (D)
Photocurrent responses of Ti3C2 MXene/Cd2+/FTO electrode in the (b)
absence and (a) presence of 1.825 � 108 particles per mL exosomes
compared with background signal of (c) Ti3C2 MXene/FTO.
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H2, the bands similar to Lane 1 (C1) and Lane 6 (H1 + H2) could
be seen in Lane 7, demonstrating that C1 could not open the
hairpin structure of H1 to form the hybridization chain reac-
tion. Compared with Lane 7, the incubation of C1, H1 with H2
in the presence of C2, a single obvious HCR band appeared
(Lane 8). These results suggested that the HCR strategy could be
implemented easily in the presence of C1, H1 and H2 with the
assistance of C2.

Logically, a question arises as to whether the target-triggered
HCR strategy could in situ generate Ti3C2 MXene/CdS compos-
ites that cause photocurrent changes for the detection of exo-
somes. Therefore, we investigated the feasibility of the Ti3C2

MXene-anchored PEC biosensor by tracking the photocurrent
variation of the photo-electrode at different stages (Fig. 3D). The
Ti3C2 MXene-modied photo-electrode obtained a relatively
weak photocurrent, suggesting that Ti3C2 MXene-anchored PEC
biosensor had a low background signal (curve ‘c’). As a non-
specic adsorption control test, the photocurrent response
was almost the same as the curve ‘a’ in the absence of the target
(curve ‘b’), which indicated that the non-specic adsorption had
little inuence on this PEC system. When the S2� generated
from enzyme-catalyzed reaction based on HCR to in situ fabri-
cation of CdS on Ti3C2 MXene in the presence of 1.825 � 108

particles per mL exosomes (curve ‘a’), the photocurrent had
obviously improved compared to the Ti3C2 MXene-modied
photoelectrode (curve ‘c’). The results were attributed to more
efficient transport and better charge carrier separation in the in
situ fabrication of Ti3C2 MXene/CdS composites.
Fig. 4 Effects of (A) TP concentration, (B) TG concentration, (C) Cd2+

ions concentration and (D) reaction time on the PEC photocurrent
response obtained in the test solution.
Optimization of PEC measurement conditions

In this work, to improve the excellent performance of exosome
detection, we optimized several conditions, such as Cd2+

concentration, sodium thiophosphate (TP) concentration, 1-
14264 | RSC Adv., 2022, 12, 14260–14267
thioglycerol (TG) concentration and enzyme-catalyzed reaction
time by HCR strategy in the test solution.

First, the concentration of sodium thiophosphate (TP) was
optimized from 1 to 10mM as the substrate for enzyme catalysis
(Fig. 4A). The maximum photocurrent was obtained when the
TP concentration reached 8.0 mM, and then decreased with the
increase of TP concentration, which might be attributed to the
excessive deposition of sodium thiophosphate on the electrode,
resulting in inhibition of electron and proton transport.
Another key factor affecting photocurrent response was the
concentration of 1-thioglycerol (TG). The effects of 1-thio-
glycerol concentration were investigated to evaluate the optimal
response of Ti3C2 MXene-anchored PEC system (Fig. 4B). The
photocurrent increased sharply with the increase of TG
concentration from 0 to 0.7 M. In the presence of 0.7 M TG
solution, the photocurrent response value reached the plateau
stage, so this concentration of TG (0.7 M) was selected in the
follow-up experiments. TG severed as ligands of in situ CdS
nanoparticles and signicantly improved the redox reaction on
the electrode surface.31 Therefore, the concentration of TG and
TP was 0.7 M and 8 mM for enzyme-catalyzed reaction,
respectively. In addition, the concentration of Cd2+ ions had
a signicant meaning in the in situ generation of CdS nano-
particles on Ti3C2 MXene-modied photo-electrode. The low
abundance of Cd2+ might limit the detection range of this
proposed PEC sensing platform, and the high-abundant Cd2+

ions might hinder electron transport. As shown in Fig. 4C, when
the concentration of Cd2+ was 0.2 M, the photocurrent reached
its maximum value. Therefore, 0.2 M Cd2+ was used in the in situ
formation process of CdS nanoparticles.

Finally, the inuence of the enzyme-catalyzed reaction time
for sodium thiophosphate by HCR on the photocurrent was
monitored (Fig. 4D). The photocurrent increased with
increasing incubation time and the platform was observed at 90
minutes, demonstrating that the whole reaction time reached
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01545e


Fig. 5 (A) Photocurrent response toward the different concentrations
of exosomes: (a) 7.3 � 105 particles per mL, (b) 7.3 �106 particles per
mL, (c) 3.65 � 107 particles per mL, (d) 5.84 � 107 particles per mL, (e)
1.095 � 108 particles per mL, (f) 1.460 � 108 particles per mL, (g) 1.825
� 108 particles per mL, (h) 2.190 � 108 particles per mL, (i) 2.555 � 108

particles per mL, (j) 3.285 � 108 particles per mL. (B) Corresponding
calibration curve of biosensor platform. (C) The specificity of PEC
biosensors for exosomes (7.3 �106 particles per mL�1) compared with
interferences including CEA (100 ng mL�1), AFP (100 ng mL�1), PSA
(100 ng mL�1), TAT (100 ng mL�1). (D) The stability of the PEC
biosensor towards 1.825 � 108 particles per mL exosomes.
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equilibrium. Considering the above experimental results,
0.8 mM TP, 0.7 M TG, 0.2 M Cd2+ and the enzyme-catalyzed
reaction time by HCR of 90 min were applied to the subse-
quent experiments.
Quantitative analysis of exosomes via PEC biosensor

Taking advantage of the above optimal experimental condi-
tions, we further evaluated the performance of our PEC method
for quantitative detection of exosomes at different concentra-
tions. Fig. 5A illustrated that an increase in photocurrent
intensity with the increase of the exosome concentration from
breast cancer. Furthermore, a plot of the photocurrent response
against the concentration of exosomes showed a good linear
relationship within the detection range of 7.3 � 105 particles
per mL–3.285 � 108 particles per mL (Fig. 5B). The corre-
sponding equation correlation equation was DI¼ 72.920 + 1.172
� 10�6Cexosomes (R2 ¼ 0.995). The limit of detection (LOD) of
Ti3C2 MXene-anchored PEC biosensor was calculated as 7.875
� 104 particles per mL, based on 3s/k (s and k represent the
Table 1 Recovery results of the spike-in experiment for exosome qua
biosensor

Sample
Spike concentration
(particles per mL)

Detected
(particles

1 7.3 � 106 6.941 � 1
2 7.3 � 107 7.679 � 1
3 1.752 � 108 1.696 � 1

© 2022 The Author(s). Published by the Royal Society of Chemistry
standard deviation of the blank sample and the slope of the
equation, respectively).
The stability, reproducibility and selectivity of the constructed
PEC system

In view of practical application, it was of great signicance to
test the stability, reproducibility and selectivity of Ti3C2 MXene-
anchored PEC biosensor. Our proposed PEC approach for exo-
some detection mainly relied on the specic recognition
between aptamer and exosome. To further investigate the
selectivity of this PEC biosensor, we used different types of
cancer biomarkers in human serum for PEC sensing analysis,
e.g. carcinoembryonic antigen (CEA), prostate-specic antigen
(PSA), alpha-fetoprotein (AFP), thrombin-antithrombin
complex (TAT). As displayed in Fig. 5C, the photocurrent
signal generated by exosomes (7.3 �106 particles per mL) was
signicantly higher than other interferers. And the photocur-
rent response of other interferers was similar to the background
signal. Furthermore, in the presence of 7.3 �106 particles
per mL exosomes and interfering substance, the photocurrent
values were similar to those in the presence of 7.3 �106 parti-
cles per mL exosomes alone. The result revealed that the
interferences had little effect on the detection of exosomes and
provided sufficient possibilities for selective detection of
exosomes.

The stability of the as-prepared Ti3C2 MXene/Cd2+/FTO
photoelectrode was monitored by assaying 1.825 � 108 particles
per mL exosomes standard sample. As shown in Fig. 5D, the
photocurrent was basically stable and conformed to high
stability through the automatic control of “on–off” light irra-
diation (10 times). The photocurrent response with 10 cycles
was recorded with a relative standard deviation of 2.83%. The
interaction between Cd2+ and oxygen-containing functional
groups on the surface of MXene nanosheets could x the layer
spacing. The in situ synthesis of CdS nanoparticles on Ti3C2

MXene could effectively inhibit the oxidation of MXene and
improve the structural stability due to its physical barrier and
limited effect.

To investigate the reproducibility of the PEC sensor, the
photocurrent values of ve independently as-prepared Ti3C2

MXene/Cd2+/FTO photo-electrode were measured for moni-
toring1.825� 108 particles per mL exosomes standard. The date
indicated that the relative standard deviation (RSD) was calcu-
lated as 4.34%. As a proof of principle, the above results
preliminarily proved the feasibility of PEC scheme and was ex-
pected to realize the practical application of exosomes.
ntitation in 5% diluted supernatant of fetal bovine serum by the PEC

concentration
per mL) Recovery (%) RSD (%)

06 95.08 2.05
07 105.19 1.69
08 96.80 3.85
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Biological sample testing

To explore the potential application of the proposed Ti3C2

MXene-anchored PEC biosensor, we simulated biological
samples by injecting exosomes to 5% diluted supernatant of fetal
bovine serum. As shown in Table 1, the photocurrent signal
increased signicantly with the increase of spiked exosomes
concentration. The recoveries of exosomes were 95.08–105.19%,
indicating that the accuracy of the proposed PEC biosensor for
clinical sample testing was acceptable. These observations
further demonstrated that our strategy might be of value for the
detection of target exosomes in practical application.
Conclusions

In summary, this work established the Ti3C2 MXene-anchored
PEC biosensor based on the in situ synthesis of Ti3C2 MXenes/
CdS composites by coupling with an enzyme-assisted ampli-
cation strategy for the quantitative detection of exosomes.
Above all, magnetic separation technology and HCR strategy not
only specically enriched the target exosomes and simplied
the operation, which was conducive to the construction of
a universal and easy-to-operate platform, but also an ampli-
cation strategy to introduce more enzymes through DNA
assembly. Such a strategy focused on enzyme-induced CdS
deposition on Ti3C2 MXene to form Ti3C2 MXenes/CdS
composites, which produced a built-in electric eld in the
tight interface between CdS and MXenes, and promoted the
separation andmigration of photo-generated carriers due to the
matching energy level. Whereas, our method still has some
shortcomings. But still, the proposed strategy remained some
drawbacks. The individual detection steps were various and
time-consuming, which limited its clinical application. Inspir-
ingly, the testing process of this novel PEC biosensor didn't
require the additional purication of samples, and obtained
satisfactory performance, acceptable stability and reproduc-
ibility. As a consequence, our diagnostic approach could
provide a viable option for sensitive detection of exosomes and
expand to other clinical applications.
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