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ABSTRACT: The growth relationship between exosomes
(EXOs) and the host cells is highly desired for tumor evaluations,
which puts forward high demand on the accurate and convenient
acquisition of their individual quantitative information. However,
the tedious and destructive separation process and the requirement
of dual-channel detection make it become an extremely challenging
task. Herein, we integrated an enzymatic biofuel cell (EBFC)-
powered biosensor with a flow cell-supported membrane
separation device (FMSC) to develop a continuous separation and detection platform for EXOs and host cancer cells in human
serum. The FMSC equipped with an aluminum oxide membrane served as a size-dependent sorting unit to nondestructively extract
EXOs from human serum within 5 min, representing a 99.3% reduction in isolating time compared to ultracentrifugation. The
EBFC-powered biosensors modified with different aptamers on anodes and cathodes were used as a dual-channel sensing unit. By
regulating the controlling valves of different fluid passages, the extracted EXOs and residual host cells could be successively inputted
into EBFC-powered biosensors, which generated a segmental degradation in output performance due to the EXO-and host cell-
caused increase in the steric hindrance of anodes and cathodes, respectively. Based on these degradations, we obtained the
quantitative information of EXOs and host cells with a record-breaking sensitivity (EXOs: 5.59 × 103 particles/mL and host cells: 25
cells/mL). Moreover, the growth relationship between EXOs and host cells was also built, which would be beneficial for the
disclosure of the growth state or even more detailed biology information of tumor.

■ INTRODUCTION

As a special kind of self-secreted extracellular vesicles,
exosomes (EXOs) carrying abundant tumor-derived cancerous
protein and nucleic acid have become an emerging biomarker
for early cancer diagnosis.1−7 Not only this, it is also revealed
that EXOs existing in a tumor microenvironment can regulate
the communication between tumor cells and their micro-
environment, which plays an important role in the tumor
growth and metastasis.8−11 In this context, we should not only
focus on the directive function of EXO analysis on tumor
occurrence but also should think about the potential
association between EXO quantitative information and
tumor growth or even metastasis. To cognize such potential
association, a primary demand is to build the growth
relationship between EXOs and host cancer cells, which can
provide more precious and in-depth information about tumors
and the EXO-secreting capability of host cells during different
growth periods.12 Although extensive efforts have been
dedicated to develop novel sensing strategies for EXO
detection, the simultaneous collection of the quantitative

information of EXOs and the host cells that can be conducive
to their growth relationship has not been touched yet.
EXOs contain similar surface markers to their host cells,

making it extremely difficult to specifically detect them
depending solely on the aptamer recognition strategy. The
expression level of EXOs in the body fluid is also low.13 In view
of these features, it is necessary to rapidly isolate and
concentrate EXOs from the host cell-containing body fluids
before detecting them. Ultracentrifugation is the representative
and commonly used EXO isolation method. However,
ultracentrifugation-based isolation methods are normally
time-consuming (>12 h) due to the small size of EXOs
(<300 nm). Moreover, the structure of EXOs is easy to be
destroyed by the powerful mechanical forces of ultra-
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centrifugation, which will bring unpredictable risks in the
detection accuracy.14,15 To address these issues, one promising
solution is to employ flow membrane separation technology,
which can isolate EXOs from host cells based on the size-
sieving function. In addition to its moderate separation
manner, circulating the fluid can reduce the time cost of
repetitive centrifugation and minimize the introduction of extra
fluid to dilute the target solution.
Regarding the sensing part, a general design is to develop

two independent detection units for the extracted EXOs and
the residual host cells in the body fluid. Obviously, such an
arrangement can avoid the interferences between EXOs and
host cells, but it also adds complexity and lowers the
integration degree between the separation and sensing part.
In this case, a dual-channel detection unit with the capability of
multi-target analysis is highly desirable. Enzymatic biofuel cell
(EBFC)-powered biosensors can provide continuous and real-
time signals depending solely on the output changes of
EBFCs.16−20 Because no external power is applied and the
enzyme catalytic electrode reactions are highly specific, the
EBFC-powered biosensors exhibit outstanding anti-interfer-
ence capacity and are capable of detecting the targets in situ
with high selectivity.21−23 More importantly, the dual-chamber
structure of EBFC-powered biosensors can guarantee
independent space for different targets, while the anode and
cathode can be designed to capture different targets by

modifying corresponding recognition elements. Therefore, we
deduced that the EBFC-powered biosensors have the potential
to become a dual-channel detection system if the input interval
of EXOs and their host cells is well-controlled.
In this study, we developed a damage-free and high-integrity

platform to rapid isolate and continuously detect EXOs and
host cancer cells for building their growth relationship, by
adopting a flow cell-supported membrane separation device
(FMSC) as a separation unit and EBFC-powered biosensors as
a dual-channel sensing unit. The HeLa cells were taken as the
research model. As shown in Scheme 1a, the FMSC was
equipped with a porous anodic aluminum oxide membrane
(AAO), whose pores were intermediate in size between EXOs
and HeLa cells (∼350 nm). During the EXO sorting process,
the tee valves were set to connect channels b and c, and the
human serum could be inputted into the FMSC in a circulation
flow mode (green route) with the aid of pump 1. With the
adjustment of pressure with a flow speed controller (no. 1), the
EXOs (<300 nm) could infiltrate into the upper chamber and
the corresponding collector (red route) within 5 min, realizing
the EXO isolation by the size sieving effect. The tee valves
(nos. 1 and 2) were then set to connect channels a and b for
initiating the host cell collection process. The HeLa cells
trapped in the lower chamber can be flowed into its collector
by the introduction of buffer solution under the drive of pump
2 (blue route). The HeLa cells existing in the bottle of human

Scheme 1. Schematic Diagram and Working Principle of the FMSC- and EBFC-Powered Biosensor Coupled Sensing System
for the Continuous Detection of EXOs and Host HeLa Cells (a) and the Design and Working Principle of EBFC-Powered
Biosensor for the Detection of EXOs and Host HeLa Cells (b)
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serum were transferred into lower chamber of the FMSC and
the corresponding collector in succession by repeating the
green and blue routes. Furthermore, by turning on the flow
speed controller (no. 2), the buffer can be flowed into the
upper chamber for transferring the residual EXO into its
collector. The purified EXOs were pumped into (pump 3) the
anode chamber of EBFC-powered biosensors, which could be
bound to the EXO−aptamer-modified anode via the
recognition of aptamer (AptCD63). At this time, the EXOs
generated a number (NEXOs)-dependent steric effect on the
anode (Scheme 1b), ultimately resulting in a NEXOs-dependent
decrease in the power output (Pmax) of EBFC-powered
biosensors. After that, the collected host HeLa cells were
pumped into (pump 4) the cathode chamber of EBFC-
powered biosensors. Since the cathode was pre-modified with
HeLa cell−aptamers (AptMUC1), thus the cells could be
captured on the cathode surface and generated a number
(Ncells)-dependent steric effect. At this moment, the Pmax of
EBFC-powered biosensors further decreased with an increase
in Ncells and exhibited a linear relationship with Ncells. As a
result, this novel system realized the detection of EXOs and
host cells and exhibited ultra-high sensitivities (EXOs: 5.59 ×
103 particles/mL and HeLa cells: 25 cells/mL) far exceeding
those of the most reported detection methods. Significantly,
this integrated platform successfully monitored the growth
process of EXOs and HeLa cells and revealed the growth
relationship between them to reflect the growth state of tumor.

■ EXPERIMENTAL SECTION

Preparation of the EBFC. Preparation of the GDL/
SWCNT/AuNPs/GOD Anode. The GDL/single-walled carbon
nanotubes (SWCNTs)/AuNPs electrode was selected as the
substrate electrode. We used glucose oxidase (GOD) and
bilirubin oxidase (BOD) as anodic and cathodic enzymes to
catalyze the electrode reactions of glucose oxidation and
oxygen reduction. Also, the GDL/SWCNTs/AuNPs electrode
was incubated with PBSE (1 mM) solution for 1 h. Benefiting
from the strong π−π interaction between PBSE and SWCNTs,
the PBSE was then immobilized on SWCNTs. After washing

the electrode with water to remove the excess PBSE, the
SWCNT/AuNP electrode was immersed in 0.5 mL of GOD
solution (10 mg mL−1) and incubated for 12 h at 4 °C. Then,
the electrode was washed with water to remove the excess
GOD.

Preparation of the GDL/SWCNTs/AuNPs/BOD Cathode.
The GDL/SWCNTs/AuNPs/BOD cathode was prepared
according to the fabrication method of the anode with BOD
(20 μL, 7 mg mL−1) taking the place of GOD.
This EBFC consisted of three compartments: an anode

chamber, a cathode chamber, and a gas compartment. The
GDL/SWCNTs/AuNPs/GOD and GDL/SWCNTs/AuNPs/
BOD electrodes were used as the anode electrode and cathode
electrode, respectively. Also, the gas chamber was continuously
fed with purified O2. The volume of the anode chamber and
cathode chamber both was 200 μL. On connecting the anode,
cathode, and gas chamber, the complete EBFC was obtained.
To determine the power output of the EBFC, we recorded

the polarization curves of the EBFC from open-circuit
potential to 0.0 V using a CHI 660C workstation and
calculated the power density according to the formula P = UI.

Construction of EBFC-Powered Biosensors. Prepara-
tion of the Sensing Anode of GDL/SWCNTs/AuNPs/GOD/
AptCD63. First, to modify the anode with AptCD63, 30 μL of SH-
AptCD63 (1 μM) was dropped on the GDL/SWCNTs/AuNPs/
GOD electrode and incubated at room temperature for 5 h.
Then, the AptCD63-functionalized GDL/SWCNTs/AuNPs/
GOD electrode was rinsed with ultrapure water to remove
the excessive aptamer. To block the nonspecific binding sites,
30 μL of 1 mM MCH was dropped on the GDL/SWCNTs/
AuNPs/GOD/AptCD63 electrode and incubated for 1 h at
room temperature, and then, this electrode was washed with
ultrapure water thoroughly to remove excessive MCH. The
obtained electrode was stored at 4 °C for the future use.

Preparation of the Sensing Cathode of GDL/SWCNTs/
AuNPs/BOD/AptMUC1. The fabrication method of GDL/
SWCNTs/AuNPs/BOD/AptMUC1 was identical to that of
GDL/SWCNTs/AuNPs/GOD/AptCD63, with AptMUC1 (30 μL

Figure 1. (a) Schematic diagram of the structure and the separation function of the FMSC. The dark-field images (b−d) (Scale bars: 10 μm) and
dynamic light scattering results (e−g) of the different systems: pristine human serum (b,e), the purified EXOs (c,f), and the purified HeLa cells
(d,g).
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and 1 μM) taking the place of AptCD63. The electrode was also
stored at 4 °C for further use.
By connecting the GDL/SWCNTs/AuNPs/GOD/AptCD63

anode, the GDL/SWCNTs/AuNPs/BOD/AptMUC1 cathode,
and the gas chamber, we obtained the complete three-
chambered EBFC-powered biosensors.
Preparation of the Flow Cell-Supported Membrane

Separation System. The FMSC consisted of two chambers,
which were separated by a porous AAO membrane with a pore
size of 350 nm and a diameter of 2.5 cm. Also, the volumes of
these two chambers were both 1.25 mL. The human serum
samples (1.5 mL) containing host cancer cells and EXOs were
injected into the lower chamber. Then, we adjusted the flow
rate of the flow cell to 4 mL min−1 to generate a pressure to
boost the size sieving functions of the FMSC. As such, the
small EXOs were isolated from the human serum and were
concentrated in the opposite chamber.

■ RESULTS AND DISCUSSION
Investigation of the Size-Sieving Function of the

FMSC. The size-sieving function of the well-designed FMSC
was first investigated. It is well known that the EXOs are
smaller than 300 nm and the HeLa cells are larger than 1 μm.
To ensure that the small EXOs can unimpededly pass through
the separation membrane but the large cells are filtered, we
selected the AAO with a pore size of 350 nm (Figures 1a and
S2 and S3a) and adjusted the circulation flow rate of the
FMSC to 4 mL min−1. As the dark-field images showed, after
circulating for an ultra-short time of 5 min, the EXOs with a
size of 70−200 nm were selectively isolated from the human
serum containing HeLa cells (Figure 1b,c). On the contrary,
the large HeLa cells were trapped and concentrated in a cell
collector without any detectable EXOs (Figure 1d). The
dynamic light scattering results further confirmed that the
particles larger than 300 nm were not observed in the purified
EXOs and the particles smaller than 300 nm also could not be
detected in the purified HeLa cells, implying the highly
efficient and highly selective separation function of the FMSC

(Figure 1e−g). Taken together, the well-designed FMSC
realized a record-breaking EXO separation efficiency, saving
143 times time compared to the commonly used separation
technique of ultracentrifugation (>12 h). What is more, the
negatively stained transmission electron microscopy (TEM)
images demonstrated that the purified EXOs well preserved
their structural integrity (Figure S4). Also, no attached EXOs
were observed on the surface of AAO after separation (Figure
S3b). Taken together, the FMSC is highly efficient, highly
selective, and nondestructive in the isolation of EXOs and host
cells, effectively guaranteeing the detection efficiency and
accuracy of the EBFC-powered biosensor integrated with it.

EXO−and Host HeLa CellAptamer Screening. To
design the aptamer-modified sensing anode and cathode which
have high affinity for EXOs and HeLa cells, respectively, we
carried out colorimetric and electrochemical experiments to
screen out the optimum EXOs−aptamer cells−aptamer.13,23

For the HeLa cell-secreted EXOs, the representative surface
specific proteins which have been clearly identified were CD63,
EpCAM, and PTK-7, and their binding forces (AptCD63,
AptEpCAM, and AptPTK‑7) to EXOs were investigated using the
colorimetric method. These three aptamer molecules all could
attach themselves on the AuNP surface through weak binding
and nonspecific absorption, protecting AuNPs from aggrega-
tion in a high-salt solution. At this time, all of the aptamer/
AuNP solutions exhibited an absorption peak at ∼520 nm
(Figure 2a,b), while, in the presence of EXOs, the strong
binding force between aptamers and EXOs dragged away the
aptamers from the AuNP surface, resulting in the aggregation
of AuNPs. In this context, the solution color of AuNPs-
AptEpCAM and AuNPs-AptPTK‑7 changed to dark blue from red,
which was consistent with the red shift of the UV−vis
absorption peak, after adding EXOs. However, the solution
color of AuNPs-AptCD63 changed to purple and the absorption
intensity was lower, indicating that the EXOs caused more
serious aggregation of AuNPs.
Taken together, one can draw a rational conclusion that

binding force of AptCD63 to EXOs was the strongest among the

Figure 2. (a) Color and (b) UV−vis absorption spectrum changes of AuNPs induced by the aptamer−EXO interaction recorded in high-NaCl
concentration solution: the AuNPs-AptEpCAM, AuNPs-AptCD63, and AuNPs-AptPTK‑7 in the absence (a,c) and presence of EXOs (a′−c′). (c) Peak
current changes at the cathode induced by the interaction between aptamer and host HeLa cells. The CV curves were recorded in the absence
(dotted line) and presence of HeLa cells (dashed line), scan rate (v): 10 mV s−1.
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three representative aptamers. Regarding HeLa cells, the
representative surface makers were CD63, Mucin1 (MUC1),
and arginine−glycine−aspartic−cysteine acid peptide
(RGDC). To select the optimal HeLa cell−aptamer, we
modified the aptamers of AptCD63, AptMUC1, and AptRGDC on
the SWCNTs/AuNPs/BOD cathode and monitored the
current change in the absence and presence of HeLa cells.
Results revealed that the HeLa cells could be captured by the
aptamer-modified cathode and hampered the cathodic
reaction, resulting in an obvious decrease in peak current.
However, the differences were that, in the presence of HeLa
cells, the current decay rates of the SWCNTs/AuNPs/BOD/
AptMUC1 electrode were 36.7% while those of the SWCNTs/
AuNPs/BOD/AptCD63 and SWCNT/AuNPs/BOD/AptRGDC
electrodes were only 24.4 and 31.5%, respectively (Figures
2c and S5). It was reasoned that AptMUC1 has stronger binding
force to HeLa cells compared to AptCD63 and AptRGDC (Figures
2c and S5). Taken together, AptCD63 and AptMUC1 were
selected as the aptamers to design the sensing anode and
cathode to specifically detect EXOs and HeLa cells,
respectively.
Construction and Feasibility of EBFC-Powered Bio-

sensors. With the optimal EXO−aptamer (AptCD63) and
HeLa cell−aptamer (AptMUC1) in hand, we tried to further
design the EBFC-powered biosensors. Scheme 1b gives the
detailed schematic diagram of an EBFC-powered biosensor
(S1). The GOD and BOD were used as the anodic and
cathodic catalysts to catalyze the glucose oxidation and oxygen
reduction, respectively. Also, the SWCNT/AuNP composite
was used as the electrode substrate material because it not only

could work as electronic wire to accelerate the electron transfer
between the enzyme and electrode but also could provide
abundant sites for the immobilization of AptCD63 and AptMUC1
(Scheme 1b and Figure S6). As TEM and DLS tests revealed,
the AuNPs were 13 nm in size and were uniformly dispersed
on the SWCNTs (Figure S6a,b). AptCD63 and AptMUC1 were
fixed on the SWCNTs/AuNPs/GOD anode and SWCNTs/
AuNPs/BOD cathode, respectively. The assembly steps and
sensing feasibility of the anode and cathode were verified using
the linear sweep voltammetry (LSV) tests (Figure 3a,b). For
the sensing anode, the oxidation current at the SWCNT/
AuNP electrode at ∼−0.45 V was extremely weak (curve I) but
the peak current significantly increased to as high as 0.34 mA
cm−2 after modifying the SWCNT/AuNP electrode with GOD
(curve II), confirming the high catalytic activity of immobilized
GOD toward glucose oxidation. After modifying SWCNTs/
AuNPs/GOD with AptCD63, the peak current slightly decreased
to 0.148 mA cm−2 due to the steric effects of AptCD63 (curve
III), confirming the successful fabrication of the sensing
SWCNTs/AuNPs/GOD/AptCD63 anode. Noticeably, in the
presence of EXOs, the peak current significantly decreased to
0.04 mA cm−2 (curve IV) (Figure 3a). From this, we could
conclude that the EXOs could be captured by the SWCNT/
AuNPs/GOD/AptCD63 anode and caused the electrode current
to drop, indicating the sensing feasibility of the well-designed
anode for EXOs.
Regarding the HeLa cell sensing cathode, compared with the

SWCNT/AuNP electrode at which hardly any reduction
current was observed (curve I), the cathodic current at the
SWCNT/AuNPs/BOD electrode at 0.5 V markedly increased

Figure 3. (a) LSV curves of the (I) SWCNTs/AuNPs, (II) SWCNTs/AuNPs/GOD, and (III) SWCNTs/AuNPs/GOD/AptCD63 electrodes in the
absence of EXOs and the LSV curves of (IV) SWCNTs/AuNPs/GOD/AptCD63 in the presence of EXOs. (b) LSV curves of SWCNTs/AuNPs,
(II) SWCNTs/AuNPs/BOD, and (III) SWCNTs/AuNPs/BOD/AptMUC1 electrodes, and the LSV curves of (IV) SWCNTs/AuNPs/BOD/
AptMUC1 in the presence of HeLa cells. Scan rate (v): 10 mV s−1. (c) Polarization curves of the EBFC equipped with the same anode and cathode
recorded in the two-chamber (black) and GDL-supported three-chamber electrolytic cell (red). (d) Power density vs time curve of the EBFC-
powered biosensor in cell culture medium.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.2c01680
Anal. Chem. 2022, 94, 7722−7730

7726

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c01680/suppl_file/ac2c01680_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c01680/suppl_file/ac2c01680_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c01680/suppl_file/ac2c01680_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c01680/suppl_file/ac2c01680_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c01680?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c01680?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c01680?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c01680?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c01680?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


to as high as 2.19 mA cm−2 in O2-saturated electrolyte (curve
II). This validated the successful immobilization of BOD and
its high activity toward oxygen reduction. The modification of
SWCNTs/AuNPs/BOD with AptMUC1 decreased the peak
current to 0.68 mA cm−2 due to steric effects of AptMUC1,
indicating the successful assembly of the sensing SWCNTs/
AuNPs/BOD/AptMUC1 cathode (curve III). Thanks to the
high affinity of AptMUC1 to HeLa cells, the HeLa cells could be
captured by the sensing cathode to produce an extra blocking
effect (Figure 3b). Therefore, a significant decrease in peak
current (0.42 mA cm−2) was observed in the presence of HeLa
cells (curve IV). Results demonstrated convincingly that the
well-designed cathode was able to detect the HeLa cells.
Also of note, the stability and sensitivity of EBFC-powered

biosensors are inextricably linked to the performance of
EBFCs. Also, one of the key factors limiting the performance of
EBFC-powered biosensors is the sluggish diffusion rate of
oxygen in biofluids. Given this, the gas diffusion electrode
(GDL) was selected as the support electrode because it could
generate an efficient three-phase interface to accelerate the
oxygen diffusion rate. As expected, the Pmax of the GDL-
supported EBFC was 1.5 times higher than that of the two-
chamber EBFC which used the dissolved oxygen (Figure 3c).
Also, the GDL-supported EBFC could work stably for 27 h
(Figure 3d). Taken together, the GDL-supported EBFC was
stable and efficient enough to work as the power source and
signal generator of EBFC-powered biosensors to endow the
EBFC-powered biosensor with superior sensitive and stability.
Detection Performance of the EBFC-Powered Bio-

sensor. With the successful construction of the EBFC-
powered biosensor, its sensing performance was further
examined. In the presence of purified EXOs, the Pmax of the
EBFC-powered biosensor decreased with the increase in the
number of EXOs (NEXOs) and exhibited a linear decline over a
NEXOs range of 1 × 103 to 1 × 107 particles (Figures 4a and S7
and S8). The relationship between the Pmax decrease caused by
EXOs (ΔPEXOs, max) and the NEXOs followed a regression
equation of ΔPEXOs, max = 6.3836 log NEXOs-14.0578 (R2 =
0.98). Therefore, the Pmax changes of the EBFC-powered
biosensors could provide the quantitative information of EXOs
(Figures 4b and S9). Also, the detection limit was as low as
5.59 × 103 particles/mL particles, which was significantly lower
than that of the biosensors based on fluorescence (1 × 106 to
1.0 × 109)24 and electrochemistry (1 × 105 to 13.7 × 108)7

(Table S2). Regarding the quantitative analysis of HeLa cells,
we found that, in the presence of HeLa cells, the Pmax of the
EBFC-powered biosensors decreased further. The reason was
that the HeLa cells could be captured by the SWCNTs/
AuNPs/BOD/AptMUC1 cathode and the cathodic reaction was
inhibited, ultimately resulting in a further decrease in Pmax
(Figure S10). Considering that the total Pmax reduction of the
EBFC-powered biosensor (ΔPmax) which had been succes-
sively incubated with EXOs and HeLa cells was the combined
signals of EXOs and HeLa cells, we reasoned that the net signal
of HeLa cells (ΔPHeLa, max) could be extracted by subtracting
the Pmax reduction caused by EXOs (ΔPEXOs, max) from the total
Pmax reduction (ΔPmax). Significantly, as Figure 4a depicts, the
decrease in ΔPHeLa, max exhibit a linear relationship with Ncells
over a broad Ncells range of 5−50 000. Also, the detection limit
was determined to be 25 cells/mL, lower than that of the
reported tumor cells sensors (80−100 cells) shown in Table
S3,25−27 clearly proving the high sensitivity of the devised
EBFC-powered biosensor toward tumor cells.

Feasibility of the FMSC- and EBFC-Powered Bio-
sensor Coupled System in Actual Sample Analysis.
Given the rapid and nondestructive EXO isolation capacity of
the FMSC and the sensitive analysis capability of the EBFC-
powered biosensor for EXOs and host HeLa cells, integrating
the EBFC-powered biosensor with the FMSC is expected to
realize the rapid isolation and continuous detection of EXOs
and host HeLa cells in actual samples. To confirm this, we
directly injected the human serum containing known NEXOs
and Ncell into the FMSC- and EBFC-powered biosensor
coupled system. The human serum was circulated in the
FMSC for 5 min, and then the purified EXOs were pumped
into the anodic compartment. At this time, the Pmax of the
EBFC-powered biosensors significantly decreased. Also, the
values of ΔPEXOs, max caused by human serum containing
different NEXOs of 8.36 × 106 particles, 1.46 × 106 particles, and
3.76 × 105 particles were 30.28, 25.4, and 21.12 μW cm−2,
respectively (Figures 5a and S11). The NEXOs values
determined from the fitted standard curve in Figure 4b were
8.81 × 106 particles, 1.22 × 106 particles, and 3.24 × 105

particles, respectively. Therefore, the average recovery ratio of
EXOs in human serum reached 84.6% (Figure 5b). After 1
hour, the purified host HeLa cells were pumped into the
cathodic chamber. Compared to the EBFC-powered biosensor
which had already captured EXOs at the anode, the Pmax of the
EBFC-powered biosensors further decreased. Also, the ΔPHeLa,

max values caused by 20 000, 3500, and 900 HeLa cells were
determined to be 22.24, 18.88, and 16 μW cm−2, respectively
(Figures 5a and S12). Significantly, the detected Ncells values
calculated from the fitted standard curve in Figure 4b were 15
488, 2971, and 748, respectively, indicating a high average
recovery ratio of HeLa cells of 80.89% (Figure 5b). In
addition, the Pmax of the EBFC-powered biosensors exhibited a
sequential decline after circulating the cancerous serum in the

Figure 4. (a) Pmax curves of the EBFC-powered biosensor operating
in cell culture containing EXOs and later in cell culture medium
containing host HeLa cells. (b) Corresponding plots of ΔPEXOs, max vs
NEXOs and ΔPHeLa, max vs Ncells. Error bars reflect the standard
deviation of three independent measurements.
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FMSC and successively pumping the solutions in the EXO
collector and cell collector EBFC-powered biosensor coupled
system (Figures 5c and S13). In contrast, no obvious Pmax
change was discovered when the FMSC- and EBFC-powered
biosensor coupled system was fed with the serum derived from
healthy people (Figures 5c and S14). This corroborated the
detection specificity of this EBFC-powered biosensor. Taken
together, the devised platform integrated by FMSC- and
EBFC-powered biosensors holds great potential in rapid
isolating and continuously detecting EXOs and host cancer
cells.
Since the EBFC-powered biosensor could provide contin-

uous signals, we reason that this coupled system was able to
monitor the growth of EXOs and host cells to reveal the
detailed growth relationship between them. To test this, we fed
this system with the HeLa cell culture media cultured for
different times and recorded the corresponding Pmax changes.
Also, the NEXOs and Ncells values at different time points could
be calculated from to the standard curves in Figure 4b. As
shown in Figure 5d, the HeLa cells were at their early cell
proliferation stage in the initial 20 h due to the slow
proliferation rate. It is worth noting that, in this period, the
NEXOs secreted by HeLa cells also was low; however, the
amount ratio of NEXOs and Ncells increased sharply. As time
went by, the HeLa cells grew rapidly during 24−72 h,
indicating that the HeLa cells were in the logarithmic phase.
Yet, the NEXOs/Ncells cells kept increasing during 24−48 h but
started to fall after 48 h. The above results corroborated that
the FMSC- and EBFC-powered biosensor coupled system was
able to provide accurate information about the growth of
EXOs and the host cancer cells. A deeper conclusion was that
the ability of HeLa cells to secrete EXOs was strong at the
proliferation stage and during the early logarithmic phase but

began to decay during the late logarithmic phase. Therefore,
the absolute signals of EXOs and cancer cells can only prove
the occurrence of tumor. Significantly, the growth relationship
between EXOs and host cancer cells can provide in depth the
growth status of tumor cells, which provides guidance
information for determining the state of tumor and can further
guide optimization of treatment protocols.

■ CONCLUSIONS
In summary, a time-saving and highly integrated platform has
been developed to nondestructively isolate and continuously
detect EXOs and their host cells via integrating the dual-
channel EBFC-powered biosensor with a flow cell-supported
membrane separation device. This system isolated EXOs and
host cancer cells from human serum within 5 min, cutting the
99.3 percentage of time cost compared to ultracentrifugation.
Moreover, this system successively detected EXOs and the
host HeLa cells in human serum with high sensitivities (EXOs:
5.59 × 103 particles/mL and HeLa cell: 25 cells/mL), only by
controlling the injection time of EXOs and host cells after the
separation with the FMSC. The growth relationship between
EXOs and host cancer cells has also been revealed by this
integrated system, which would be beneficial to determine the
growth state of tumor and guide the optimization of treatment
protocols. This study not only opened a sunshine avenue to
isolate and assess EXOs and host cells but also pioneered a
new type for probing the potential association between the
quantitative information of EXOs and tumor growth.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.analchem.2c01680.

Figure 5. (a) Power output and (b) corresponding detection recovery rate of the FMSC- and EBFC-powered biosensor coupled sensing system:
these tests were carried out by injecting human serum containing different concentrations of EXOs and HeLa cells into this system and then
monitoring the Pmax of the EBFC-powered biosensor via pumping in turn the purified EXOs and purified HeLa cells into the EBFC-powered
biosensor system. (c) Interference test: the Pmax change of the EBFC-powered biosensor induced by cervical cancer serum (black) and blank serum
(red). (d) Growth relationship between EXOs and host HeLa cells. The inset represents the growth curves of EXOs and HeLa cells.
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SEM images of the AAO, negatively stained TEM image
of EXOs isolated using the FMSC system, DLS results of
the AuNPs and the zeta potential of AuNPs, SWCNT,
SWCNT/PDDA, and SWCNT/AuNPs, particle size
distribution and the concentration of EXOs, power
output curves of the EBFC-powered biosensors in the
presence of different numbers of EXOs and HeLa cells,
power output curves of the FMSC- and EBFC- powered
biosensor coupled system in cervical cancer serum and
human serum from healthy people, and EXOs and cell
detection performance of the recently reported bio-
sensors (PDF)
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