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A Pro-Metastatic Derivatives Eliminator for In Vivo
Dual-Removal of Circulating Tumor Cells and
Tumor-Derived Exosomes Impedes their Biodistribution into
Distant Organs

Ying Sun, Lei Xing, Jun Luo, Ming-Tao Yu, Xiao-Jie Wang, Yi Wang, Tian-Jiao Zhou,
and Hu-Lin Jiang*

Circulating tumor cells (CTCs) and tumor-derived exosomes (TDEs) play an
irreplaceable role in the metastatic cascade and preventing them from
reaching distant organs via blood circulation helps to reduce the probability of
cancer recurrence and metastasis. However, technologies that can
simultaneously prevent CTCs and TDEs from reaching distant organs have
not been thoroughly developed until now. Here, inspired by hemoperfusion, a
pro-metastatic derivative eliminator (PMDE) is developed for the removal of
both CTCs and TDEs from the peripheral blood, which also inhibits their
biodistribution in distant organs. This device is designed with a dual
antibody-modified immunosorbent filled into a capture column that draws
peripheral blood out of the body to flow through the column to specifically
capture CTCs and TDEs, followed by retransfusing the purified blood into the
body. The PMDE can efficiently remove CTCs and TDEs from the peripheral
blood and has excellent biocompatibility. Interestingly, the PMDE device can
significantly inhibit the biodistribution of CTCs and TDEs in the lung and liver
by scavenging them. This work provides a new perspective on anti-metastatic
therapy and has broad prospects in clinical applications to prevent metastasis
and recurrence.
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1. Introduction

Tumor metastasis is the cause of ≈90% of
cancer-related deaths, with poor therapeu-
tic options.[1] Hematogenous metastasis is
the predominant method of metastasis.[2]

Circulating tumor cells (CTCs) shed from
the primary tumor into the peripheral blood
circulation, evade recognition by the im-
mune system, and infiltrate into distant
organs to form metastases.[3] The num-
ber of CTCs in the peripheral blood of tu-
mor patients is closely related to cancer
metastasis and recurrence.[4] Notably, in-
creasing evidence shows that tumor-derived
exosomes (TDEs, small extracellular vesi-
cles secreted by tumor cells that are 30–
150 nm in size) are also responsible for initi-
ating tumor metastasis.[5] TDEs act as mes-
sengers sent into blood circulation by the
primary tumor and reach specific distant
organs to prepare a pre-metastatic niche
for CTC colonization even before their
arrival.[6] The “seed and soil” hypothesis
suggests that CTCs (seeds) colonize in the

pre-metastatic niche (soil) to facilitate tumor metastasis.[2,6] TDEs
act as fertilizers to make the soil (pre-metastatic niche) fertile for
seeds (CTCs) growth. Earlier studies have shown that CTCs and
TDEs are organotropic to reach specific distant organs through
the blood circulation to form metastases (Figure 1A).[5b,7] In
short, in the metastatic cascade, both CTCs and TDEs are indis-
pensable to jointly initiate metastasis formation. Unfortunately,
after tumor patients receive traditional anti-tumor therapy such
as surgical resection, radiotherapy, or chemotherapy, the counts
of CTCs and TDEs in the bloodstream tend to increase, allow-
ing them to reach distant organs via the blood circulation and
increase the risk of tumor metastasis and recurrence.[8] Hence,
the key to solving this problem is to prevent CTCs and TDEs from
being distributed to distant organs. Until now, there has been no
well-established method to simultaneously prevent the biodistri-
bution of CTCs and TDEs via blood circulation to distant organs.
Therefore, we wondered whether we could simultaneously elim-
inate CTCs and TDEs in the bloodstream to prevent their biodis-
tribution in distant organs.
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Figure 1. A) A schematic diagram of the triangular relationship among TDEs, CTCs, and metastasis. B) Diagram illustrating the mechanism of the
pro-metastatic derivatives eliminator.

Recently, technologies for in vivo CTC removal have been de-
veloped. For example, injectable tumor-targeting magnetic nano-
materials that sufficiently interact with CTCs in vivo are com-
monly used for CTC removal.[9] Although this strategy opens a
way for CTCs to be removed by nanomaterials, there are still is-
sues to be addressed, including the low stability in blood, uncon-
trollable aggregation, and non-specific cellular internalization of
the nanomaterials. To overcome these problems, great scientific
efforts have been committed to the development of an integrated
trapped device (ITD) for local therapy to avoid systemic toxic-
ity. Such an ITD can selectively eliminate CTCs from the blood-
stream or specifically enrich and completely damage CTCs in
blood vessels by antibody-modified ITD, such as indwelling nee-
dles, 3D scaffold structures, and intravenous catheters.[4,10] Nev-
ertheless, the efficacy of inhibiting the biodistribution of CTCs
and TDEs in distant organs with these technologies has not been
proven. Moreover, these studies have focused only on the removal
of CTCs and have neglected the irreplaceable role of TDEs in tu-
mor metastasis. Therefore, strategies for dual-removal of CTCs
and TDEs from the peripheral blood and inhibiting their biodis-
tribution to distant organs with high biosafety are promising for
mitigating or even preventing metastasis.

Among these technologies for enriching CTCs or TDEs, the
general problem that remains is that the capture efficiency for
CTCs and TDEs is low when only the anti-EpCAM antibody
is used as the capture antibody.[11] The generally accepted rea-
sons are that CTCs often lose EpCAM expression by undergo-
ing phenotypic changes during epithelial-mesenchymal transi-
tion (EMT).[12] Therefore, to improve the capture efficiency of

CTCs and TDEs, a mixture of cancer cell membrane antibod-
ies, such as anti-EpCAM and anti-EGFR antibodies, was conju-
gated onto the surfaces of substrates.[11a,b] Although CTCs and
TDEs are pro-metastatic derivatives, they can be utilized as tumor
samples for noninvasive diagnosis.[13] In recent years, studies
have been conducted to isolate and detect CTCs and TDEs with
methods such as those utilizing immunomagnetic beads,[14] mi-
cro/nano substrates,[11b,15] and microfluidic chips.[16] However,
typical blood volumes (5–10 mL) for in vitro analysis account for
only approximately one-thousandth of the total amount of blood
in the body, which may show sampling bias, leading to false neg-
ative results.[10b] Ideally, a strategy for dual-enrichment of CTCs
and TDEs with improved capture efficiency from all of the blood
in the body can overcome this challenge.

Hemoperfusion is a widely used medical treatment in blood
purification technology. The principle of hemoperfusion is to
draw human blood out of the body by establishing an extracor-
poreal circulation branch to flow through a hemoperfusion de-
vice containing adsorbents to remove toxins by utilizing the bind-
ing of toxins and the adsorbent.[17] Herein, inspired by hemop-
erfusion, we developed a pro-metastatic derivative eliminator
(PMDE) for dual-removal of CTCs and TDEs from the peripheral
blood circulation to impede their biodistribution in distant or-
gans. The PMDE device consisted of immunosorbents function-
alized with two tumor-specific antibodies, a capture column, in-
travenous catheters, indwelling needles, and a peristaltic pump.
The immunosorbent was prepared by coupling anti-EpCAM
and anti-EGFR antibodies with Sepharose microspheres, which
have excellent hemocompatibility and are commonly used
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hemoperfusion materials, and that can be easily modified with
crosslinkers duo to the large number of hydroxyl groups.[18] The
principle of this device is to draw the peripheral blood out of the
body into an established an extracorporeal circulation branch so
that the blood flows through the capture column containing im-
munosorbents to simultaneously remove CTCs and TDEs by ex-
ploiting the binding of CTCs and TDEs to the immunosorbents
surface. Moreover, the captured CTCs and TDEs, as tumor sam-
ples, are released to provide materials for downstream analysis
(“turning waste into treasure”) (Figure 1B). Additionally, we per-
formed in vitro and in vivo safety assessments of the PMDE and
confirmed its outstanding biocompatibility and hemocompatibil-
ity. Overall, the PMDE device presented here has potential clin-
ical applications for anti-metastatic therapy, as it can lower the
burden of CTCs and TDEs in tumor patients and prevent their
biodistribution in distant organs.

2. Results and Discussion

2.1. Tumor-Specific Antibody Functionalization of Sepharose
Microspheres

According to the antibody coupling route (Figure 2A), Sepharose
microspheres (SMs) with an average particle size of 124.0 ±
2.7 μm (Figure S1, Supporting Information) were first epox-
idized, and the greatest epoxidation efficiency was 121.0 ±
6.8 μmol g−1 after optimization of the reaction conditions
(Figure 2B; Figure S2, Supporting Information). Within a certain
range, the density of epoxy groups increased as more epichloro-
hydrin (ECH) was added, and the maximum epoxy group density
was reached when the concentration of epichlorohydrin was 10%.
The optimal concentration of NaOH was 0.4 m, whereas at higher
concentrations, hydrolysis of the epoxy group caused a decrease
in epoxy group density. The color difference between SMs grafted
with epoxy groups (SMs-Epo) and SMs without epoxy groups
was evident after reaction with 3 mL of Na2S2O3 (1.3 m in ultra-
pure water) and 100 μL of phenolphthalein (inset of Figure 2B).
These results demonstrated that the SMs were successfully epox-
idized. The principle of the color development reaction is shown
in Figure S3 (Supporting Information).

Antibody coupling reaction was then carried out via a ring-
opening reaction between the epoxy groups of SMs-Epo and the
amino group of antibody in carbonate buffer. To examine the an-
tibody coupling density and efficiency of SMs-Epo, FITC-labeled
anti-EpCAM antibody was first used to establish a standard
fluorescence curve and fluorescence spectrograms (Figure 2C;
Figure S4, Supporting Information). The antibody coupling den-
sity (CD) and efficiency (CE) were calculated by Equation (1) and
Equation (2), respectively.

CD =
(C1 − C2) ⋅ V

Mg

(
μg∕mg

)
or

CD = n ⋅ NA
Mg

(
binding sites∕mg

)
(1)

CE =
C1 − C2

C1
(2)

Here, C1 (μg mL−1) is the initial concentration of the fluores-
cent antibody; C2 is the residual concentration of the fluores-
cent antibody, which was calculated according to the standard
curve; V (mL) is the volume of fluorescent antibody added; Mg
(mg) is the weight of the SMs; n (mol) is the molar amount of
the coupled antibody; and NA is Avogadro’s constant. The re-
sults indicated that the higher the concentration of anti-EpCAM
antibody was, the higher the antibody density was (Figure 2D;
Figures S5 and S6, Supporting Information). However, the cou-
pling efficiency slightly decreased from 33.20 ± 1.12% to 28.30
± 1.04% (Figure S7, Supporting Information), indicating that
more of the antibody was dissociated and had not coupled with
SMs-Epo. This may be related to the fewer epoxy groups com-
pared to the number of antibodies. Thus, accounting for the
cost and coupling density, an antibody concentration of 20 μg
mL−1 was chosen for subsequent experiments. Finally, a cou-
pling density of 3.18 ± 0.30 μg per 50 mg of SMs-Epo (Figure S6,
Supporting Information) was achieved at an antibody concen-
tration of 20 μg mL−1, which demonstrated that there was an
equivalent to 2.54 × 1011 binding sites per milligram of SMs-
EpCAM that can bind CTCs and TDEs (Figure 2D) according
to Equation (1). Theoretically, compared with previous stud-
ies, this immobilized antibody density is sufficiently high to
mediate the immunorecognition among the CTCs, TDEs, and
tumor-specific antibodies grafted on the SMs-Epo.[11b] Similarly,
a standard curve of FITC-labeled anti-EGFR antibody was es-
tablished (Figure S8, Supporting Information) to investigate the
coupling density and efficiency of the anti-EGFR antibody. The
SMs-Epo were coupled with an anti-EpCAM or anti-EGFR an-
tibody before being recognized and imaged using Alexa Fluor
647-labeled goat anti-mouse IgG. The results showed that the
fluorescence intensities of both samples were essentially the
same (Figure 2E; Figure S9, Supporting Information). Quanti-
tative analysis further indicated that when the same concentra-
tion of antibody (20 μg mL−1) was added, the coupling density
was 3.06 ± 0.36 μg per 50 mg of SMs-Epo (2.45 × 1011 bind-
ing sites per milligram), which was similar to that of the anti-
EpCAM antibody (Figure 2F). Next, SMs-Epo coupled with both
anti-EpCAM and anti-EGFR antibodies (SMs-EE) was investi-
gated. The results indicated that anti-EpCAM and anti-EGFR an-
tibodies could be successfully coupled with SMs-Epo (Figure 2G).
Further quantitative analysis showed that the coupling density
of the anti-EpCAM antibody was slightly higher than that of the
anti-EGFR antibody (Figure 2H). The antibody coupling den-
sities of the anti-EpCAM and anti-EGFR antibodies were 2.44
± 0.10 μg and 1.47 ± 0.15 μg per 50 mg of SMs-EE, respec-
tively, which was equivalent to 1.95 × 1011 anti-EpCAM anti-
body binding sites and 1.18 × 1011 anti-EGFR antibody bind-
ing sites per milligram of SMs-EE that can bind CTCs and
TDEs according to Equation (1). To investigate the capture ef-
ficiency of SMs coupled with different antibodies, four differ-
ent SMs were prepared (Figure 2G; Figure S10, Supporting In-
formation), including SMs-BSA (SMs coupled with BSA only
as a negative control), SMs-EpCAM (SMs coupled with anti-
EpCAM antibody only), SMs-EGFR (SMs coupled with anti-
EGFR antibody only), and SMs-EE (SMs coupled with both anti-
EpCAM antibody and anti-EGFR antibodies). Since the cou-
pling reaction was carried out under alkaline conditions, we
specifically examined whether the antibody still maintained
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Figure 2. The characterization and verification of sepharose microspheres functionalized with tumor-specific antibody. A) Schematic illustration of
tumor-specific antibody coupled with SMs. B) Optimal epoxy group density of SMs-Epo after reacting with Epichlorohydrin (n = 3, the control is zero).
C) The linear relationship between the concentrations of FITC-labeled anti-EpCAM antibody and fluorescence intensity. D) Estimated binding site den-
sity of CTCs and TDEs on sepharose microsphere surfaces coated with FITC-labeled anti-EpCAM antibody (n = 3). E) SMs-Epo was incubated with
anti-EpCAM antibody and anti-EGFR antibody, respectively, then with Alexa Fluor 647-labeled goat anti-mouse IgG. Scale bar: 100 μm. F) There is no
difference in coupling density between SMs-EpCAM and SMs-EGFR. G) Fluorescence image of SMs-EE (Alexa Fluor 647-labeled anti-EpCAM antibody
and FITC-labeled anti-EGFR antibody were used). Scale bar: 100 μm. H) The coupling density of anti-EpCAM and anti-EGFR antibody on SMs-EE. I,J)
The biorecognition activity of I) anti-EpCAM antibody and J) anti-EGFR antibody after overnight coupling reaction in the carbonate-bicarbonate buffer.
Scale bar: 20 μm. Data were shown as mean ± SD. *p <0.05, **p <0.01, ***p <0.001 and ns: not significant.

antigen-binding activity after the overnight coupling reaction in
carbonate buffer, thus we examined whether the anti-EpCAM and
anti-EGFR antibodies could bind effectively to the correspond-
ing antigens. The immunofluorescence assay revealed that the
antibodies were able to bind well to the corresponding antigen
on the cell membrane of MDA-MB-468 cells, maintaining their

original antigen binding activity (Figure 2I,J). In brief, the anti-
EpCAM and anti-EGFR antibodies can be coupled with SMs-
Epo simultaneously with high antibody density, and the anti-
bodies maintain their original antigen binding activity. This fa-
cilitate biorecognition and binding between CTCs, TDEs, and
immunosorbent.
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Figure 3. The capture of cancer cells and TDEs under static conditions. A) The 3D fluorescence images of MDA-MB-468 cells prestained with DiD
captured on SMs-EpCAM (FITC labeled anti-EpCAM antibody was used). Scale bar: 200 μm. B) Fluorescence images showing red spots on SMs-EpCAM-
exosome samples, reflecting the binding of Alexa Fluor® 647-labeled goat anti-rabbit IgG to CD81, thus the presence of exosomes only in this sample
compared to the three negative controls. Scale bar: 20 μm. C) Fluorescence spectra of DAPI-stained MDA-MB-468 cell suspensions before and after
capture by SMs-EE. D) Fluorescence spectra of DiR-stained MDA-MB-468 cells-derived exosome suspensions before and after capture. E) Standard
curves between cell density and fluorescence intensity. F) Standard curves between exosome concentrations and fluorescence intensity. G) The capture
efficiency of CTCs and TDEs captured by the four different functionalized SMs (n = 3). H) The capture efficiency as a function of the amount of SMs-EE
added (n = 3). I) The storage stability of SMs-EE at 4 °C (n = 3). Data were shown as mean ± SD. *p <0.05, **p <0.01, ***p <0.001.

2.2. In Vitro Static Capture of CTCs and TDEs

EpCAM-positive MDA-MB-468 cells and EpCAM-negative HeLa
cells were selected as model CTCs and control cells, respectively.
First, EpCAM and EGFR expression in both cell lines were exam-
ined by immunofluorescence assays (Figure S11, Supporting In-
formation). The results indicated that MDA-MB-468 cells indeed
highly expressed EpCAM and EGFR, while HeLa cells hardly
expressed EpCAM or EGFR, which is consistent with previous
studies.[19] Notably, cell passage did not affect the expression of
EpCAM or EGFR in MDA-MB-468 cells, indicating that capture
efficiency was unaffected by cell passaging (Figure S12, Support-
ing Information). Moreover, the expression of EpCAM and EGFR
in exosomes derived from these two cell lines was also investi-

gated by Western blot assay. The results in Figure S13 (Support-
ing Information) show that the exosomal EpCAM and EGFR ex-
pression is consistent with that of their parent cells. Therefore,
we chose MDA-MB-468 cell-derived exosomes as model TDEs
and those derived from HeLa cells as a negative control. To visu-
alize the cancer cells captured on the surface of SMs-EpCAM sur-
face, 2× 105 MDA-MB-468 cells stained with DiD were added into
a 2 mL EP tube with 50 mg of SMs-EpCAM and then incubated at
37 °C for 1 h. As displayed in Figure 3A, the confocal images (with
z-stock superimposed) showed significant capture of MDA-MB-
468 cells by SMs-EpCAM compared to SMs-BSA. Subsequently,
to examine the performance of SMs-EpCAM in capturing TDEs,
we performed an immunofluorescence assay using an antibody
that specifically recognizes a commonly used exosome marker
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protein, transmembrane CD81. As shown in Figure 3B, a strong
fluorescence signal was observed on the surface of SMs-EpCAM
when using a fluorescent antibody against CD81, while almost no
fluorescence signal was observed in the other three isotype con-
trols. Altogether, these results revealed that exosomes with intact
vesicle structures can be specifically captured by an anti-EpCAM
antibody on the surface of SMs-EpCAM. These fluorescent spots
may be generated due to aggregation of fluorescently labeled ex-
osomes, which is consistent with previous studies.[20] Notably,
we found that the fluorescence intensities of the DAPI-stained
cell suspensions and DiR-stained exosome suspensions changed
significantly before and after capture (Figure 3C,D), which indi-
cated that the counts of CTCs and TDEs in the suspensions de-
creased significantly and further demonstrating that CTCs and
TDEs were captured by the immunosorbents successfully.

Interestingly, there was an excellent linear relationship be-
tween the fluorescence intensity and concentrations of stained
cancer cells or TDEs (Figure 3E,F; Figure S14, Supporting Infor-
mation). Thus, this relationship was used as a quantitative tool
for capture efficiency. The capture efficiency of CTCs and TDEs
was calculated according to Equation (3) and Equation (4), respec-
tively.

CE =
N1 − N2

N1
(3)

CE =
M1 − M2

M1
(4)

where CE refers to the capture efficiency of CTCs or TDEs, N1
refers to the initial number of cancer cells added, and N2 refers to
the count of dissociated cancer cells in the supernatant after cap-
ture, which was calculated based on the fluorescence intensity,
volume, and the standard curve. M1 refers to the initial amount
(μg) of TDEs added, and M2 refers to the amount of dissoci-
ated TDEs in the supernatant after capture, which was calculated
based on the fluorescence intensity, the volume, and the stan-
dard curve. To verify the capture efficiency when adding CTCs
and TDEs simultaneously, as shown in Figure S15 (Supporting
Information), we added 2 × 105 MDA-MB-468 cells stained with
DAPI and 50 μg of MDA-MB-468 cell-derived exosomes labeled
with DiR simultaneously and incubated them with 50 mg of im-
munosorbents at 37 °C. The capture efficiency of cancer cells and
TDEs by SMs-EE showed a time-dependent increase, which was
optimal at 60 min (Figure S16, Supporting Information). We can
see that the capture efficiency of exosomes is lower than that of
cancer cells; therefore, perhaps more binding sites are required
to capture exosomes compared to cancer cells. Next, the capture
abilities of four different SMs (SMs-BSA, SMs-EpCAM, SMs-
EGFR, and SMs-EE) were investigated. Compared to the SMs-
EpCAM and SMs-EGFR, the SMs-EE exhibited the highest cap-
ture efficiency, reaching 73.3 ± 4.9% and 65.1 ± 1.6% for can-
cer cells and TDEs, respectively (Figure 3G). Hence, it is neces-
sary to enhance the capture efficiency by exploiting the bivalent
interactions between antibodies and antigens on the surface of
CTCs and TDEs with heterogeneous antigen expression, which
is consistent with previous studies.[11a,b] We then chose SMs-EE
for subsequent experiments. Notably, as the amount of SMs-EE
invested increased to 200 mg, the capture efficiency increased to

96.9 ± 4.8% and 93.1 ± 6.4% for cancer cells and TDEs, respec-
tively (Figure 3H). This is related to the larger surface area when
the amount of SMs-EE increased. Therefore, to a certain extent,
the capture efficiency can be adjusted and improved by increas-
ing the amount of SMs-EE. Then, the storage stability of the SMs-
EE was examined after storage in the dark at 4 °C for 90 days. We
found that the fluorescence intensity of SMs-EpCAM and SMs-
EGFR decreased slightly in the first 60 days (Figure S17, Sup-
porting Information). Similarly, the capture efficiency decreased
only slightly in the first 60 days (Figure 3I). The results indicated
that the antibody was not shed from the SMs-EE and maintained
good biorecognition, proving that SMs-EE had excellent storage
stability for up to 60 days. This antibody coupling strategy may
be productized for the immunosorbents. We can thus conclude
that: i SMs coupled with tumor-specific antibodies can success-
fully capture MDA-MB-468 cells and their exosomes, and SMs
functionalized with a bivalent antibody had the highest capture
ability; and ii) the capture efficiency was higher as more SMs-EE
were added. These works laid the foundation for the in vivo re-
moval of both CTCs and TDEs.

2.3. Dual-Removal of CTCs and TDEs Using the PMDE in a
Closed-Loop Circulation System

To simulate the practical application conditions of PMDE, we per-
formed in vitro dynamic circulating experiments and further in-
vestigated the binding kinetics in a closed-loop circulation sys-
tem. (Figure 4A,B). As we can see in the video (Movie S1, Support-
ing Information), the SMs-EE were evenly dispersed in the cap-
ture column and moved rapidly. This ensured a high collision fre-
quency between the SMs-EE and CTCs and TDEs in circulation.
Similar to the static capture experiments, the capture efficiencies
of cancer cells and their exosomes increased as the amount of
SMs-EE put into the capture column increased, with the capture
efficiency nearly peaking at 300 mg, reaching 53.5 ± 5.9% and
42.02 ± 3.0% for CTCs and TDEs, respectively (Figure 4C). The
capture efficiency decreased significantly, compared to the static
condition. This may be related to the fact that the CTCs and TDEs
are subjected to large shear stress in the circulation system. To
some extent, we can improve the capture efficiency of CTCs and
TDEs by altering the amount of SMs-EE invested in the capture
column. Accounting for the capture efficiency and the cost, we
chose 300 mg of SMs-EE for subsequent experiments. We fur-
ther examined the effect of circulation time on capture efficiency
and found that the capture efficiency increased with circulation
time (Figure 4D). The capture efficiency of cancer cells peaked
at 30 min, while the capture efficiency of TDEs peaked sooner,
which may be related to the higher collision frequency between
exosomes and SMs-EE. In addition, compared to static condition,
the capture efficiency in the closed-loop circulation system peaks
in a shorter time. We can hypothesize that CTCs and TDEs have
a higher probability of collision with SMs-EEs in the closed-loop
circulation system with a flow rate of 10 mL min−1, which in-
creases the likelihood that CTCs and TDEs would come into con-
tact with SMs-EE for specific biorecognition. We also examined
the effect of flow rate on the capture efficiency and found that it
had almost no effect on the capture efficiency of exosomes, while
a large flow rate that was too high decreased the capture efficiency
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Figure 4. The removal of CTCs and TDEs by using PMDE in a closed-loop circulation system. A) Schematic illustration of PMDE for dual-removal CTCs
and TDEs. B) Photograph of the simulated circulatory system. C-E) The capture efficiency of cancer cells and TDEs as a function of C) the amount of
SMs-EE invested, D) circulating time, and E) flow rate (n = 3). F) The effect of the antigen expression level on capture efficiency (n = 3). G) The effect of
different circulation media on capture efficiency (n = 3). H,I) The effect of interaction between cancer cells and TDEs on capture efficiency (n = 3). Data
were shown as mean ± SD. *p <0.05, **p <0.01, ***p <0.001 and ns: not significant.

of tumor cells (Figure 4E). The reason for this may be that com-
pared to TDEs, CTCs are subject to larger shear forces and more
susceptible to changes in flow rate. Thus, both flow rates of 10
and 15 mL min−1 can be chosen. A rat model was chosen for the
subsequent in vivo capture experiment, and the blood flow rate
in rats is ≈10 mL min−1. Therefore, a flow rate of 10 mL min−1

was chosen for the subsequent study. To verify the objectivity of
using SMs-BSA as a negative control, since CD45 was negatively
expressed during CTCs identification,[21] we selected anti-CD45
antibody to couple with the SMs to prepare SMs-CD45 and found
that both SMs-BSA and SMs-CD45 had no significant capture ef-
fect on tumor cells or TDEs, which proved that it was reasonable
to use SMs-BSA as a negative control (Figure S18, Supporting
Information). To investigate the biospecificity of SMs-EE to cap-
ture cancer cells and TDEs, three different cell lines and their
exosomes, MDA-MB-468 cells (high EpCAM expression), MDA-
MB-231 cells (low EpCAM expression), and HeLa cells (EpCAM-
negative cells), were spiked into the closed-loop circulation sys-
tem, respectively. The capture efficiencies of MDA-MB-468 cells
and their exosomes (54.9 ± 3.2% and 45.1 ± 3.6%, respectively)
were higher than those of MDA-MB-231 cells and their exosomes
(40.7± 2.8% and 35.4± 1.4%, respectively) (Figure 4F). However,
almost no HeLa cells nor their exosomes were captured by SMs-
EE. These results showed that SMs-EE exhibited good biospeci-
ficity. Antigen expression in cancer cells and their exosomes sig-

nificantly affects the binding affinity between antigens and an-
tibodies on SMs-EE.[22] Next, we investigated the effect of the
circulating medium and the interaction between MDA-MB-468
cells and their exosomes and found that the capture efficiency
was the lowest when whole blood was used as the circulating
medium, and the platelet-poor plasma (PPP) was in the middle
(Figure 4G). We inferred that the viscosity of the medium and the
presence of many blood cells may impede the binding of CTCs
and TDEs to the tumor-specific antibody on the surface of the im-
munosorbent. Moreover, increasing the count of MDA-MB-468
cells slightly decreased the capture efficiency of tumor exosomes
(Figure 4H), while increasing the initial amount of MDA-MB-
468 cell-derived exosomes significantly decreased the capture ef-
ficiency of cancer cells decreased significantly (Figure 4I). We can
therefore infer that in the circulating capture system, CTCs and
TDEs might compete for the binding sites. Overall, we further
demonstrated the feasibility of using the PMDE to simultane-
ously remove CTCs and TDEs from the peripheral blood circu-
lation.

2.4. Releasing Cancer Cells and TDEs Captured by the PMDE

Current technologies for cancer diagnosis targeting CTCs or
TDEs suffer from sampling bias and possibly produce false
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Figure 5. Release of captured CTCs and TDEs. A) The release efficiency of CTCs and TDEs (n = 3). B) Western blot analysis for exosomes released from
PMDE or collected by UC (Ultracentrifugation). C) The relative purity of exosomes released from PMDE compared with exosomes collected by UC (n =
3). D) TEM images of exosomes released from SMs-EE. E) The size and concentration of the released exosomes by NTA. The inset is an image showing
the snapshot of video tracking (X10, 91.2 nm; X50, 139.5 nm; and, X90, 217.0 nm). F) Calcein and PI (Propidium Iodide) co-staining of the released
cancer cells. Scale bar: 100 μm. G) Captured cells remain viable for cell reculture and proliferate over a period of 5 days, as determined by a CCK-8 assay
normalized to the initial cell number (n = 3). Data were shown as mean ± SD.

negatives since these technologies process only approximately
one-thousandth of the total amount of blood in the body.[16] In
contrast, this PMDE has access to the entire peripheral blood sup-
ply, and the throughput of PMDE is much larger than that of the
current technologies, reaching 600 mL h−1 (Table S1, Support-
ing Information), thus allowing the acquisition of representa-
tive tumor samples for diagnosis and detection. After circulating,
we retrieved the SMs-EE from the capture column and released
the captured CTCs and TDEs using trypsin EDTA and pH 2.2
glycine-HCl buffer, respectively. The release efficiencies reached
92.7 ± 1.2% and 85.6 ± 1.3% for cancer cells and TDEs, respec-
tively (Figure 5A). The purity of the released exosomes reached
85.9 ± 3.2% that of the gold standard method (ultracentrifuga-
tion) (Figure 5B,C). The details of the evaluation methodology
are described in the experimental section of the Supporting In-
formation. The morphology and size of the released exosomes
were characterized by transmission electron microscope (TEM)
(Figure 5D) and nanoparticle tracking analysis (NTA) (Figure 5E),
and the video tracking of the released exosomes can be seen in
Movie S2 (Supporting Information). These results showed that
the exosomes maintained their intact structure and morphology

and were not destroyed by the capture and release process. More-
over, the released MDA-MB-468 cells maintained good cell viabil-
ity, as determined by calcein (green, live cells) and propidium io-
dide (PI) (red, dead cells) costaining (Figure 5F). Due to the rarity
of CTCs, cell reculture could be performed to meet the needs of
tumor diagnosis and detection, and the released cells were found
to possess high proliferative ability compared with tumor cells
without capture/release treatment by CCK-8 assay (Figure 5G).
Overall, it is feasible to use this PMDE to provide tumor sam-
ples for tumor diagnosis and detection by releasing the captured
CTCs and TDEs with high efficiency. This PMDE is expected to
compensate for the false negatives caused by other small sample
detection technologies such as microfluidics.

2.5. Hemocompatibility and Biocompatibility Evaluations of the
SMs-EE

To examine the clinical application potential of the PMDE, we
investigated the hemocompatibility and biocompatibility of the
SMs-EE in vitro. First, the erythrocyte compatibility of SMs-EE
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Figure 6. Blood compatibility and biocompatibility evaluation of SE-MM. A) Haemolysis ratio and digital photos of SMs-EE and Biosky (n = 3). (+):
positive control, deionized water; (−): negative control, normal saline. B) The protein adsorption amounts of SMs-EE and Biosky (n = 3). C) The
fluorescence images show SMs-EE and Biosky after incubation in FITC-labeled HSA solution. Scale bar: 100 μm. D) Generated concentrations of PF4
after incubation of SMs-EE and Biosky in whole blood (n = 3). E) TT, APTT, PT, and FIB in PPP after incubation with SMs-EE and Biosky, respectively.
(n = 3). F) Comparison of the blood cell count for normal whole blood and the blood after incubating with SMs-EE and Biosky, respectively. (n = 3,
WBC: white blood cell count, RBC: red blood cell, PLT: platelet count). G,H) Platelet and red blood cell volume and volume distribution of whole blood
and the blood after incubation with SMs-EE and Biosky, respectively (n = 3, MPV: mean platelet volume, MCV: mean corpuscular volume, PDW: platelet
distribution width, RDW: red cell distribution width). I) The cell viability of HeLa, MDA-MB-468, HUVEC, and L02 cells after incubation with SMs-EE and
Biosky by CCK-8 assay (n = 6). Data were shown as mean ± SD. *p <0.05, **p <0.01, ***p <0.001 and ns: not significant.

was investigated using hemolysis assays (Figure 6A; Figure S19,
Supporting Information). SMs-EE showed a lower hemolysis rate
(1.64 ± 1.1%) than Biosky (1.90 ± 0.47%) (a clinically applied
hemoperfusion adsorbent from Bosin Biotechnology Co., Ltd.).
This not only met the requirements of the hemolysis assay for
an applied material (ASTM, F756-2008) but also indicated bet-
ter erythrocyte compatibility.[23] After incubation and centrifuga-
tion, the supernatants of all groups containing different concen-
trations of SMs-EE were colorless, and the erythrocytes had intact
cell structures (Figure S20, Supporting Information). These re-
sults indicated that no hemoglobin was released and that the red
blood cells did not rupture. Next, human serum albumin (HSA)
was used to evaluate the plasma protein adsorption of the SMs-
EE. The results showed that compared to Biosky (3.87 ± 0.14 μg

mg−1), the plasma protein adsorption of the SMs-EE was lower,
at only 2.16 ± 0.13 μg mg−1 (Figure 6B). The reason for this is
that Biosky is synthesized from polystyrene divinylbenzene (PS-
DVB), which has strong hydrophobic adsorption, but Sepharose
microspheres contain many hydroxyl groups and are extremely
hydrophilic. The lower HSA adsorption capacity of SMs-EE was
further demonstrated by fluorescence imaging (Figure 6C), and
these data indicated good hemocompatibility and that some un-
desirable effects, such as albumin loss and thrombus formation,
could be reduced. Then, the effect of the SMs-EE on platelet ac-
tivation was investigated by measuring the platelet factor 4 (PF4)
concentration (Figure 6D). After incubation with SMs-EE, the
PF4 concentrations were lower than those after incubation with
Biosky and not significantly different from those after incubation
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in whole blood. This suggested that the SMs-EE did not induce
platelet activation because platelet activation releases PF4 when
the biomaterial is exposed to blood. In addition, the coagulation
properties of the SMs-EE were investigated, including analyses
of activated partial thromboplastin time (APTT), thrombin time
(TT), prothrombin time (PT), and fibrinogen (FIB) (Figure 6E).
APTT and TT can evaluate the in vitro antithrombogenicity of the
samples; PT can confirm the exogenous coagulation ability, and
FIB can evaluate the procoagulant activity.[24] The APTT, TT, PT,
and FIB values of the SMs-EE did not change significantly com-
pared with the PPP and Biosky groups, suggesting that the SMs-
EE almost did not cause whole blood coagulation. Subsequently,
the effect of SMs-EE on blood cells was investigated with an in
vitro blood test. The results showed that SMs-EE did not cause
significant changes in the count of blood cells (Figure 6F) or their
size (Figure 6G,H). Finally, the cytocompatibility of the SMs-EE
was further investigated using HeLa, MDA-MB-468, HUVEC,
and L02 cells as models. It was found that the SMs-EE did not
affect the proliferative activity of these cells, as they maintained
more than 90% of the proliferative activity (Figure 6I). Taken to-
gether, these results suggest that SMs-EE are safe when in direct
contact with blood, thus it is feasible to use SMs-EE as a bivalent
tumor-specific antibody functionalized immunosorbent for dual-
removal of CTCs and TDEs from peripheral blood circulation.

2.6. Dual-Removal of CTCs and TDEs in Living Animals and In
Vivo Biosafety Assessment of the PMDE

The in vitro study results demonstrated that the PMDE was ef-
ficient and safe for the simultaneous elimination of CTCs and
TDEs. To further investigate the clinical application prospects of
the PMDE, we performed in vivo circulation experiments and tox-
icity assessments in a rat model. Indwelling needles were trans-
planted into the abdominal aorta and postcava of rats to establish
an in vivo circulation model (Figure 7A,B). Then, 2 × 105 MDA-
MB-468 cells stained with DAPI and 50 μg of MDA-MB-468 cell-
derived exosomes stained with DiR were injected through the
tee port of the catheter. PMDE-BSA, in which the capture col-
umn was filled with SMs-BSA, was used as a negative control
group, and the efficiency of PMDE-EpCAM (the capture column
was filled with SMs-EpCAM), PMDE-EGFR (the capture column
was filled with SMs-EGFR), and PMDE-EE (the capture column
was filled with SMs-EE) capture of CTCs and TDEs was inves-
tigated (Figure 7C). PMDE-EE had a higher capture efficiency
for MDA-MB-468 cells and their exosomes than that of PMDE-
EpCAM and PMDE-EGFR (Figure 4F). However, the capture ef-
ficiency of PMDE-EE did not increase exponentially. The funda-
mental factors affecting the capture efficiency mainly include the
antibody coupling density on the surface of the substrate and the
antigens expressed on the cell surface.[11b,22] Since MDA-MB-468
cells highly express EpCAM and EGFR, the main factor affect-
ing the capture efficiency is the antibody coupling density on the
SMs-EE. According to the results of the previous antibody cou-
pling experiments (Figure 2F,H), although the total antibody den-
sity on the surface of SMs-EE (3.13 × 1011 binding sites per mil-
ligram) is slightly higher than those of SMs-EpCAM (2.54 × 1011

binding sites per milligram) and SMs-EGFR (2.45 × 1011 bind-
ing sites per milligram), the antibody coupling densities of anti-

EpCAM (1.95 × 1011 binding sites per milligram) and anti-EGFR
antibody (1.18 × 1011 binding sites per milligram) on the surface
of SMs-EE was not exponentially higher than that of SMs-EpCAM
and SMs-EGFR. In addition, the spatial distribution of the two
antibodies on the SMs-EE surface may result in less than opti-
mal antibody utilization efficiency to capture CTCs and TDEs.
Notably, the capture efficiency in vivo was lower than that in vitro
dynamic circulation. It can be inferred from the above binding
kinetic study that this result was related to medium viscosity and
presence of many blood cells, which may impede the binding
of CTCs and TDEs to the tumor-specific antibody on the sur-
face of the immunosorbent. In addition, normal exosomes in
the bloodstream may block binding sites. Next, we used HeLa
cells as a negative control and found that PMDE-EE specifically
removed CTCs and TDEs in vivo (Figure 7D), which is consis-
tent with the above results in Figure 3F. Compared with all of
the currently available methods for the in vivo removal of CTCs
from peripheral blood circulation, the progressiveness of this
PMDE is the significantly improved in vivo capture efficiency
and efficient dual-removal of CTCs and TDEs from the whole-
body blood (Table S2, Supporting Information). To further inves-
tigate the in vivo toxicity of the PMDE, a blood routine exami-
nation was first performed on days 1, 7, and 14 after circulating
surgery (Figure 7E; Figure S21, Supporting Information). The re-
sults revealed an elevated white blood cell (WBC) count and a nor-
mal lymphocyte count in the early postoperative period, which
suggested an inflammatory response that was mostly caused by
surgery itself. After surgery, the WBC count recovered to normal,
showing that the PMDE did not elicit a significant immunologi-
cal response. In addition, there were no obvious changes in the
other hematologic indexes. Then, the blood biochemical param-
eters, including liver function, total proteins, blood lipids, blood
glucose, and renal function were analyzed on days 1, 7, and 14
after circulating surgery (Figure 7F; Figure S22, Supporting In-
formation). No noticeable changes in the blood biochemical in-
dex were observed. During 14 days after surgery, we also moni-
tored the body weights of the rats (Figure 7G). The results showed
that the rats showed slight weight loss after surgery, which might
be related to the the small amount of blood that was lost during
surgery. However, the body weights recovered in a short time. On
day 14, the heart, liver, spleen, lung, and kidney were sliced and
stained with hematoxylin and eosin (H&E) (Figure 7H). These re-
sults showed no obvious harmful effects on the five major organs.
Thus, these results demonstrate that the PMDE had no observ-
able toxicity or side effects. Overall, this PMDE effectively elimi-
nated CTCs and TDEs in the bloodstream and did not cause sig-
nificant toxicity in vivo. Future studies can focus on improving
the in vivo capture efficiency, such as optimizing the shape of
the capture column to increase the collision frequency and in-
creasing the amount of immunosorbent invested in the capture
column.

2.7. PMDE Inhibited the Biodistribution of CTCs and TDEs in
Distant Organs

Both CTCs and TDEs are the culprits in the initiation of metas-
tasis. To further investigate the potential of using this PMDE
for anti-metastatic therapies, we conducted a proof-of-concept
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Figure 7. Dual-removal of CTCs and TDEs in a rat model and in vivo biosafety evaluation of PMDE. A) schematic of in vivo circulating. B) Photograph
of in vivo circulating in a rat model. C) The capture efficiency of CTCs and TDEs by the four different functionalized SMs in a rat model (n = 3). D)
The specificity of PMDE to capture CTCs and TDEs in vivo (n = 3). E) Hematological analysis of the rats at days 1, 7, and 14 post-treatment (n = 3,
WBC: white blood cell count, PLT: platelet count, Lym: lymphocyte, RBC: red blood cell). F) Blood biochemical analysis of the rats at days 1, 7, and 14
post-treatment (n = 3, AST: aspartate aminotransferase, CK: creatine kinase, CREA: creatinine, CHOL: cholesterol). G) Body weight of rats after surgery.
H) H&E staining of heart, liver, spleen, lung, and kidney after surgery on day 14 (magnification: 20 ×). Scale bar: 100 μm. Data were shown as mean ±
SD. *p <0.05, **p <0.01, ***p <0.001 and ns: not significant.

experiment as shown in Figure 8A. To reduce experimental bias,
PMDE-BSA was used as a negative control and the untreated
group was used as a blank control. Representative in vivo fluo-
rescence images of mice acquired at 3 h after tail vein injection
are displayed in Figure 8B. The fluorescence signals of PMDE-
EE were significantly the lowest regardless of whether the ex-
perimental subject was CTCs, TDEs, or both (Figure 8C). Repre-
sentative in vitro fluorescence images of the heart, liver, spleen,
lung, and kidney from mice acquired at 3 h after tail vein in-
jection are showed in Figure 8D. Cancer cells and TDEs were
mainly distributed in the lung and liver. Importantly, compared

to PMDE-BSA, PMDE-EE significantly reduced the biodistribu-
tion of cancer cells and TDEs in the lung, and liver (Figure 8E;
Figure S23 Supporting Information). These results showed that
most of the CTCs and TDEs had been removed by PMDE-EE
before they arrived at distant organs. To further verify the in-
hibitory effect of PMDE-EE on the biodistribution of cancer cells
and TDEs, MDA-MB-468 cells stained with Hoechst and MDA-
MB-468 cell-derived exosomes stained with DiI were used. Flu-
orescence images of lung sections (Figure 8F; Figure S24A,C,
Supporting Information) and semiquantification by image J
(Figure 8G; Figure S24B,D, Supporting Information) showed
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Figure 8. PMDE inhibited the biodistribution of CTCs and TDEs to distant organs. A) Schematic diagram to validate the effect of PMDE on the biodis-
tribution of CTCs and TDEs. B,C) Representative in vivo fluorescence imaging of Balb/c mice at 3 h following injection and its ROS analysis (n = 3). (a)
Effect of PMDE on the biodistribution of cancer cells; (b) Effect of PMDE on the biodistribution of TDEs; (c) Effect of PMDE on the biodistribution of
cancer cells and TDEs. D,E) Representative in vitro fluorescence imaging of Balb/c mice at 3 h following injection and ROS analysis in (c) (n = 3). F,G)
Representative confocal imaging of the biodistribution of cancer cells and TDEs in the lung of Balb/c mice and its semi-quantitative analysis (n = 3).
Scale bar: 100 μm. Data were shown as mean ± SD. *p <0.05, **p <0.01, ***p <0.001 and ns: not significant.

that the PMDE-EE treatment group had the lowest fluorescence
intensity regardless of whether the experimental subject was
CTCs, TDEs, or both. In addition, fluorescence images of liver
sections (Figure S25A,C,E, Supporting Information) and semi-
quantification by image J (Figure S25B,D,F, Supporting Informa-
tion) showed the same results. This further indicated that PMDE-

EE simultaneously removed cancer cells and TDEs before they ar-
rived at distant organs. Compared with all the currently available
methods for the in vivo removal of CTCs from peripheral blood
circulation, this work validated for the first time that the dual-
removal of CTCs and TDEs from the peripheral circulation can
inhibit their biodistribution to distant organs, which is certainly
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promising for anti-metastatic treatment (Table S2, Supporting In-
formation). In hematogenous metastasis, both CTCs and TDEs
are distributed via the blood circulation to distant organs and play
an irreplaceable role in the metastatic cascade. TDEs act as mes-
sengers sent into the blood circulation by the primary tumor and
reach specific distant organs to prepare pre-metastatic niche for
CTC colonization even before their arrival. Importantly, this de-
vice can efficiently simultaneously remove CTCs and TDEs from
the peripheral blood circulation to impede their arrival at distant
organs. This PMDE is expected to prevent pre-metastatic niche
formation and the colonization of CTCs, and its application in
anti-metastatic therapies is promising.

3. Conclusion

In the present study, by integrating SMs-EE with hemoperfusion
technology, we developed a pro-metastatic derivative eliminator
(PMDE). The PMDE with excellent biocompatibility was used
for the dual-removal of CTCs and TDEs in the bloodstream to
impede their biodistribution in vital distant organs and SMs-EE
were retrieved to collect tumor samples from whole-body blood
for downstream analysis. SMs were immobilized with bivalent
tumor-specific antibodies to enhance the capture efficiency of
CTCs and TDEs. Vascular cannulation of the abdominal aorta
and inferior vena cava was performed to construct an in vivo cir-
culation model in rats. Importantly, the biodistribution of CTCs
and TDEs in vital distant organs was significantly impeded by the
efficient removal of CTCs and TDEs from peripheral blood circu-
lation. This PMDE is expected to impede pre-metastatic niche for-
mation and the colonization of CTCs. In addition, the efficiency
of CTCs and TDEs release from SMs-EE was 92.7± 1.2% and 85.6
± 1.3%, respectively. The released tumor cells maintained excel-
lent cell viability and proliferation capacity, and the TDEs had an
intact vesicular structure, indicating that the capture and release
had little effect on the tumor cells and the TDEs. It is thus feasi-
ble for PMDE to provide tumor samples for downstream analysis
by efficiently releasing the captured CTCs and TDEs. The advan-
tages of the PMDE from this work over our previous work are
as follow. First, PMDE has a larger specific surface area and can
capture tumor exosomes with sizes up to 100 times smaller than
that of tumor cells. Second, the capture efficiency of the PMDE
is significant enhanced due to dual targets. Finally, PMDE sig-
nificantly inhibited CTCs and TDEs from reaching distal organs,
whereas the whole blood purifier (WBP) did not.[11c]

In current detection technologies, the volume of blood sam-
ples taken for detection is only one-thousandth of that of the pe-
ripheral blood. However, CTCs are rare, and therefore, there is
a sampling bias that leads to false negatives. Notably, the PMDE
can enrich all CTCs and TDEs as much as possible by contacting
the entire peripheral blood supply, thus obtaining a representa-
tive sample for tumor diagnosis and detection.

The antibody coupling route used in this study can couple
protein-like molecules with SMs-Epo, such as anti-EpCAM anti-
body, anti-EGFR antibody, and BSA under the same reaction con-
ditions. Perhaps, in clinical practice, the best identifying mark-
ers can be coupled with SMs-Epo to recognize CTCs and TDEs
that are selected according to the cellular phenotype of the tumor
patient to realize precise individualized treatment. Additionally,
for tumor patients with increased CTCs and TDEs in the blood-

stream, regular treatment with PMDE is administered first to re-
duce the burden of CTCs and TDEs and inhibit their distribu-
tion to vital distant organs, thereby mitigating tumor recurrence.
Moreover, at the end of each treatment, the individualized im-
munosorbent in the capture column is retrieved and the captured
CTCs and TDEs are released for tumor diagnosis and detection,
which helps to analyze the treatment effect as well as to make
the next treatment plan. In addition, the biocompatibility tests
were carried out to confirm the outstanding hemocompatibility
and biocompatibility of this device. Hemoperfusion technology
has been applied in the clinic for decades with abundant clini-
cal cases and experiences. Thus, the PMDE will be a promising
method to lower the CTC and TDE burden in tumor patients and
has great potential for clinical application.

In a follow-up study, we will construct a patient-derived tumor
xenograft model in the rats to evaluate the anti-metastatic thera-
peutic effect of PMDE. In addition to CTCs and TDEs, this de-
vice will be used to remove other pro-metastatic derivatives such
as tumor-induced immunosuppressive cytokines and cells.[6] It
has been shown that immune surveillance against CTCs can be
enhanced by antibody drugs to improve the ability of immune
cells to kill and eliminate CTCs.[25] Therefore, the combination
of drugs and medical devices is promising for anti-metastatic
therapy in the future. In conclusion, the present study provides
a promising method for simultaneously reducing the burden of
CTCs and TDEs in the bloodstream to prevent their biodistribu-
tion in distant organs and has broad prospects in clinical appli-
cations to prevent tumor metastasis and recurrence.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Experimental Section  

Materials: Sepharose 6FF was purchased from Beijing RuiDaHengHui 

Science&Technology Development Co., Ltd.. (Beijing, China). Epichlorohydrin was 

purchased from Aladdin Chemistry (Shanghai, China). Anti-EpCAM antibody, 

anti-EGFR antibody, Alexa Fluor® 647-labeled anti-EpCAM antibody, FITC-labeled 

anti-EGFR antibody, FITC-labeled anti-EpCAM antibody, anti-CD63 antibody, and 

TSG101 antibody were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, 

CA, USA). FITC-BSA was purchased from Solarbio (Beijing, China). Anti-CD45 

antibody was purchased from Invitrogen (Waltham, USA). Human serum albumin 

was purchased from Aladdin (Shanghai, China). FITC-HSA was purchased from 

Beijing Bersee Science and Technology Co., Ltd.. (Beijing, China). Alexa Fluor® 

647-labeled goat anti-mouse IgG, Alexa Fluor® 647-labeled goat anti-rabbit IgG, 

dyeing solution (DAPI, DiD, Hoechst 33342 and DiI), CD81 rabbit monoclonal 

antibody, Calcein/PI assay kit, BCA protein assay kit, and HRP-conjugated goat 

anti-mouse IgG were purchased from Beyotime Biotechnology (Shanghai, China). 

DMEM medium, CCK-8 kit, and Erythrocyte lysis solution were purchased from 



KeyGEN BioTECH (Nanjing, China). Trypsin-EDTA and Fetal bovine serum (FBS) 

were purchased from Gibco Life Technologies. Opti-MEM media were purchased 

from Thermo Fisher Scientific (Waltham, USA). DiR was purchased from Baisai 

Biochemicals (Shanghai, China). Special lysate for exosomal proteins (UR33101) was 

obtained from UmibioScience and Technology. Rat Platelet Factor 4 (PF4) kit was 

obtained from Mlbio Biotechnology Co., Ltd..(Shanghai, China). Sterile single-use 

syringes were purchased from Jiangsu ChangCheng Medical Equipment Co., Ltd.. 

Indwelling needles were purchased from Zhejiang Kangdeli Medical Equipment Co., 

Ltd..  

Preparation of SMs-Epo: To activate sepharose microspheres (SMs) with 

epichlorohydrin, 300 mg of washed and suction-dried Sepharose 6FF were suspended 

in 3.5 mL of dimethyl sulfoxide (DMSO) and mixed with 1 mL of 0.4 M sodium 

hydroxide solution, then 0.5 mL of epichlorohydrin was added. The suspension was 

incubated at room temperature (RT) for 5 h with shaking,100 rpm (THZ-312, 

JingHong, Shanghai, China). It was then transferred to a glass filter funnel and SMs 

was washed with 100 mL of ultrapure water.  

Measurement of the epoxy density: SMs-Epo was sampled to measure the epoxy 

density grafted on the SMs according to the method of Sundberg and Porath[1] and 

expressed as micromole per gram of suction-dried SMs-Epo. In brief, The washed 

SMs-Epo was filtrated to obtain the filter cake. Then, 200 mg SMs-Epo was mixed 

with 3 mL of Na2S2O3 (1.3 M in ultrapure water) and 100 μL phenolphthalein and 

stirred at RT for 30 min. The mixture was titrated with hydrochloric acid standard 
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solution (0.1 M in ultrapure water) until the color faded. The density of epoxy was 

calculated by Equation (1). 

𝐷𝑒𝑝𝑜𝑥𝑦 = 𝑀𝐻𝐶𝑙 ∙
𝑉𝐻𝐶𝑙

𝑀𝑔
                                                (1) 

in which MHCl was the concentration of the hydrochloric acid standard solution (0.1 

M). VHCl was the volume of hydrochloric acid standard solution used to neutralize the 

mixture. Mg was the weight of the suction-dried SMs-Epo. 

Preparation and characterization of immunosorbents: Firstly, antibody solutions 

were prepared in carbonate buffer (0.1M, pH=11): a. 500 μL of 20 μg mL-1 

anti-EpCAM antibody; b. 500 μL of 20 μg mL-1 anti-EGFR antibody; c. 500 μL of 20 

μg mL-1 anti-EpCAM antibody and anti-EGFR antibody; d. 500 μL of 20 μg mL-1 

BSA. Then, each of the above four solutions was added to a 2 mL Eppendorf (EP) 

tube containing 50 mg SMs-Epo and was placed in a constant temperature shaker at 

37°C, 100 rpm, overnight. To visualize the antibody-functionalized SMs, coupling 

experiments were performed using a FITC-labeled anti-EGFR antibody, Alexa Fluor® 

647-labeled anti-EpCAM antibody, and FITC-BSA. Briefly, These SMs were washed 

three times with PBS, imaged, and photographed using an inverted fluorescence 

microscope (Nikon Eclipse Ti., Nikon, Japan) or confocal laser scanning microscopy 

(CLSM) (LSM700, Carl Zeiss, Germany), and the average fluorescence intensity was 

calculated using Image J software. To further characterize antibodies immobilized on 

SMs successfully, Alexa Fluor® 647-labeled goat anti-mouse IgG was used to 

specifically bind mouse-derived anti-EpCAM antibody and anti-EGFR antibody 

coupled on the surface of the microspheres. Briefly, SMs-EpCAM and SMs-EGFR 



were washed three times with PBS, and 500 μL of Alexa Fluor® 647-labeled goat 

anti-mouse IgG (1:100 PBS dilution) was incubated with SMs-EpCAM and 

SMs-EGFR for 3 h, at 37°C, respectively. Then, SMs-EpCAM and SMs-EGFR were 

washed three times with PBS, imaged, and photographed using CLSM. 

Measurement of the antibody coupling density and efficiency: To further characterize 

the coupling density and the coupling efficiency, a standard curve of 

fluorophore-labeled antibody was first prepared with fluorescence intensity as the 

vertical coordinate and antibody concentrations as the horizontal coordinate. The 

coupling density (CE) and coupling efficiency (CD) was calculated according to 

Equation (2) and Equation (3), respectively. 

𝐶𝐷 =
(𝐶1−𝐶2)∙𝑉

𝑀𝑔
(𝜇𝑔/𝑚𝑔)    𝑜𝑟   𝐶𝐷 =

𝑛∙𝑁𝐴

𝑀𝑔
 (𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑠𝑖𝑡𝑒𝑠/𝑚𝑔)                   (2)                                                    

𝐶𝐸 =
𝐶1−𝐶2

𝐶1
                                                          (3) 

Here, C1 (μg mL-1) is the initial concentration of fluorescent antibodies; C2 (μg mL-1) 

is the residual concentration of fluorescent antibodies, which is calculated according 

to the standard curve; V (mL) is the volume of fluorescent antibody; Mg (mg) is the 

mass of the SMs; n (mol) is the number of moles of coupled antibody; NA is 

Avogadro constant. The fluorescence intensity of fluorescent antibodies was 

determined using a Multifunctional Enzyme Analyzer (Molecular Devices, USA). 

Cell culture: MDA-MB-468, MDA-MB-231, HeLa, L02, and HUVEC cells were 

purchased from the Chinese Academy of Sciences Shanghai Institute of Cell Bank 

(Shanghai, China) and cultured in Dulbecco’s Modified Eagle medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics 



(penicillin-streptomycin) at 37°C in a humidified incubator containing 5% CO2.  

EpCAM and EFGR expression in MDA-MB-468 and HeLa cells: EpCAM and EFGR 

expression in MDA-MB-468 and HeLa cells were analyzed by immunofluorescence. 

The cells were fixed with 4% PFA for 20 min at RT and washed with PBS. Fixed 

cells were washed three times with PBS and then blocked with 5% BSA/PBS for 30 

min at 37°C. Then cells were incubated with EpCAM mAb (1:100 dilution) or EGFR 

mAb (1:100 dilution) overnight at 4°C. After washing three times with PBS, the cells 

were incubated with Alexa Fluor® 647-labeled goat anti-mouse IgG (1:500 dilution) 

for 1 h in the dark at 37°C. Then, cell nuclei were stained with DAPI in the dark at RT 

for 5 min after washing three times with PBS. The cells were washed three times with 

PBS and the images were visualized by CLSM. 

Antibody activity examination: anti-EpCAM and anti-EGFR antibody were incubated 

in coupling buffer (carbonate buffer) for 12h at 37°C. This antibody was used for 

immunofluorescence experiments of MDA-MB-468 cell surface markers EpCAM and 

EGFR according to the above method. Untreated antibody was used as a control 

group for imaging with CLSM. 

Preparation of model exosomes: Model exosomes were obtained from MDA-MB-468 

cells culture medium by differential ultracentrifugation, according to the protocol 

described by Th´ery et al[2] with some modifications. In brief, once 80% cell 

confluency was achieved, the media was carefully removed and the cells were washed 

twice with PBS. Then Opti-MEM media was added to the culture dish to replace the 

DMEM media and cultured for another 48 h. The media was collected to prepare 



model exosomes by ultracentrifugation. The collected medium was centrifuged at 300 

g for 20 min, 2000 g for 20 min, and then 10000 g for 30 min to remove cells, dead 

cells, and cell debris, respectively. (Centrifuge 5810R, Eppendorf, Germany). 

Afterward, the supernatants were ultracentrifuged at 110 000 g (SW 32 Ti rotor, 

Beckman Coulter, USA) for 70 min at 4°C to pellet the crude exosomes. The pellets 

were washed twice with PBS, resuspended in a defined amount of PBS, and stored at 

-80°C. 

The protein quantification of exosomes: BCA kit was utilized to measure the protein 

quantification of exosomes according to the reagent instructions. In brief, the BCA 

working solution was configured according to the 50:1 ratio of reagent A: reagent B 

in the BCA kit. Then, 200 μL of BCA working solution were added to each well in 

the 96 well plate, and 20 μL of the extracted protein sample were added to 96-well 

plate. Next, the plate was incubated at 37 °C for 30 min. A microplate reader was 

used to determine the absorbance of the sample at 562 nm. A standard curve was 

drawn, and the protein content in the sample solution was calculated according to the 

standard curve. 

Static capture and characterization of CTCs: Firstly,50 mg of SMs-EpCAM was 

taken in a 2 mL EP tube, then added 2×105 MDA-MB-468 cells and supplemented 

PBS to 500 μL, and then placed in a constant temperature shaker at 37°C, 100 rpm, 

for 1 h. To enable visualization of SMs-EpCAM that had captured CTC, a 

FITC-labeled anti-EpCAM antibody was used as a capture antibody, while tumor 

cells were labeled with DiD. After captured, SMs-EpCAM was washed three times 



with PBS to remove non-specific molecules adsorbed on the surface of the 

microspheres, stereoscopically (Overlay z-stock mode, taking one picture every 5 μm) 

imaged and photographed using CLSM. 

Static capture and characterization of TDEs: First, 50 mg of SMs-EpCAM was 

placed in a 2 mL EP tube, and then added 50 μg (total exosome protein) of 

MDA-MB-468 cells derived exosomes and supplemented PBS to 500 μL, then were 

shaken at a constant temperature of 37°C, 100 rpm, for 1h. To enable the visualization 

of SMs-EpCAM that had captured TDEs, immunofluorescence staining analysis was 

used for characterization. After centrifugation (1000 rpm, 3 min), the supernatant was 

discarded and SMs-EpCAM was thoroughly washed three times with PBS to remove 

non-specific molecules adsorbed on the surface of the microspheres. To verify the 

specific adsorption of exosomes on SMs-EpCAM, three isotype controls 

(SMs-EpCAM+cell lysate; SMs-EpCAM+exosome lysate; SMs-BSA+cell lysate) 

were set up and samples were blocked at room temperature for 1 h in 5% BSA/PBS 

and then incubated with CD81 rabbit monoclonal antibody (1:200 dilution) at 4 °C 

overnight. Subsequently, the samples were stained with Alexa Fluor® 647-labeled 

goat anti-rabbit IgG (1:500 dilution) for 1 h at RT. Finally, CLSM was used to image. 

Establishment of calculation methods for capture efficiency: MDA-MB-468 cells 

were stained with DAPI for 10 min at RT in the dark and a series of cell density 

gradients were set. Fluorescence spectra of different density gradients of 

MDA-MB-468 cells were recorded using a Multifunctional Enzyme Analyzer, with 

emission slit set at 5 nm, and excitation set at 360 nm. Fluorescence emission was 



exhibited in the 400-560 nm field. Meanwhile, the fluorescence intensity at the 

excitation wavelength of 360 nm and emission wavelength of 460 nm was recorded 

for fitting the standard curve. Exosomes were pre-stained with DiR, and Amicon Ultra 

100-kDa filters (Millipore Sigma) were used to wash away the excess DiR. 

Fluorescence spectras of exosomes were recorded using a Multifunctional Enzyme 

Analyzer, with emission slit set at 10 nm, and excitation set at 708 nm. Fluorescence 

emission was exhibited in the 748–818 nm field. Also, the fluorescence intensity with 

excitation wavelength at 708 nm and emission wavelength at 768 nm was recorded 

for fitting the standard curve. The capture efficiency of CTCs and TDEs was 

calculated according to Equation (4) and Equation (5), respectively. 

𝐶𝐸 =
𝑁1−𝑁2

𝑁1
                                                         (4) 

𝐶𝐸 =
𝑀1−𝑀2

𝑀1
                                                         (5) 

where CE refers to the capture efficiency of CTCs or TDEs, N1 refers to the initial 

count of CTCs added, and N2 refers to the count of dissociative CTCs in the 

supernatant after capture, which is calculated based on the fluorescence intensity of 

the sample, the volume, and the standard curve. M1 refers to the initial amount (μg) of 

TDEs added, and M2 refers to the amount of dissociative TDEs in the supernatant 

after capture, which is calculated based on the fluorescence intensity of the sample, 

the volume, and the standard curve. The fluorescence intensity was measured using a 

Multifunctional Enzyme Analyzer. 

In vitro circulating simulation experiments: Since both CTCs and TDEs are present in 

the bloodstream of cancer patients, we added MDA-MB-468 cells and MDA-MB-468 



cells derived exosomes simultaneously to perform in vitro circulating simulation 

experiments and investigate the factors affecting the capture efficiency. Firstly, the 

PMDE device was installed. Briefly, the PMDE consists of intravenous catheters 

(ABLE®, Guangdong, China), a capture column, and a peristaltic pump (F01A-STP, 

Kamoer, Shanghai, China) connected in sequence. The intravenous catheter is made 

of silicone and its inner and outer diameters are 6.4 mm, and 9.6 mm respectively. 

The capture column was modified from a 2.5 mL syringe. Briefly, the piston of the 

2.5 mL syringe is withdrawn, a 300 mesh screen is laid on the bottom of the column, 

which is then filled with 300 mg of SMs-EE, and finally, the piston is added, which is 

connected to an intravenous catheter through a modified syringe needle. Then 10 mL 

PBS with 2×105 MDA-MB-468 cells stained with DAPI in advance (total volume 200 

μL in PBS) and 50 μg MDA-MB-468 cells-derived exosomes labeled with DiR in 

advance (total volume 200 μL in PBS,) were added to the ampoule bottle; the 

peristaltic pump () was turned on, adjusted to the specified flow rate, cycled for the 

specified time, then the circulating medium was collected to separate the uncaptured 

MDA-MB-468 cells and MDA-MB-468 cells-derived exosomes. Specifically, the 

circulating medium was centrifuged at 1000 rpm for 3 min; the supernatant was 

concentrated to 200 μL with an Amicon Ultra 10-kDa filter (Millipore Sigma) and 

cell precipitation was resuspended with 200 μL PBS. Similarly, we used Equation (4) 

and Equation (5) to calculate the capture efficiency of CTCs and TDEs, respectively. 

To examine the effect of packing volume in the capture column on the capture 

efficiency of CTCs and TDEs. The amount of 100, 200, 300, 400, and 500 mg 



SMs-EE in the capture column was set respectively and was carried out in vitro 

circulating simulation experiments according to the above method and calculated the 

capture efficiency. The effect of circulating time on the capture efficiency of CTCs 

and TDEs was investigated. The groups of 10, 20, 30, 40, 50, and 60 min were set up 

respectively, and the in vitro circulating simulation experiments were performed 

according to the above method, and the capture efficiency was calculated. To 

investigate the effect of circulating flow rate on the capture efficiency of CTCs and 

TDEs, the groups of 5, 10, 15, and 20 mL min-1 were set up respectively, and the in 

vitro circulating simulation experiments were performed according to the above 

method, and the capture efficiency was calculated. To examine the specificity of 

SMs-EE to capture CTCs and TDEs, the high-EpCAM group (MDA-MB-468 cells 

and their exosomes), low-EpCAM group (MDA-MB-231 cells and their exosomes), 

and negative control (HeLa cells and HeLa cells derived exosomes) were set up, 

respectively. The in vitro circulating simulation experiments were performed 

according to the above method, and the capture efficiency was calculated. To examine 

the effect of circulating medium on the capture efficiency, we used whole blood 

(Blood was collected from the abdominal aorta of rats), platelet-poor plasma (PPP), 

and PBS as a circulating medium and performed in vitro circulating simulation 

experiments according to the above method and calculated the capture efficiency. The 

effect of the interaction between CTCs and TDEs on the capture efficiency was 

investigated. First, 50 μg of MDA-MB-468 cells-derived exosomes were fixed, and 

the count of MDA-MB-468 cells was increased sequentially from 2×105 to 106 



MDA-MB-468 cells, and the in vitro circulating experiments were performed as 

described above. Then, MDA-MB-468 cells were fixed for 2×105, thereby increasing 

the amount of exosomes, from 50 μg to 90 μg. The in vitro circulating simulation 

experiments were performed according to the above method, and the capture 

efficiency was calculated. 

Release of CTCs and TDEs from SMs-EE: After circulating, SMs-EE was retrieved 

from the capture column, first incubated with 0.25 % trypsin-EDTA for 3 min at RT, 

followed by dilution with PBS, filtered through a 300 mesh sieve, and then the cell 

precipitate was collected from the filtrate at 2000 rpm, 3 min and then used for 

reculture. The supernatant was reserved and named Supernatant 1. The SMs-EE was 

then incubated with pH 2.2 glycine-HCl buffer for 5 min at RT, and the supernatant 

was collected at 1000 rpm for 3 min and named Supernatant 2. Finally, Supernatant 1 

and Supernatant 2 were mixed and concentrated with Amicon Ultra 10-kDa filters 

(Millipore Sigma) for Western blot assay, NTA assay, and TEM photography. The 

release efficiency of CTCs and TDEs was calculated according to Equation (6) and 

Equation (7) below. 

𝑅𝐸 =
N3

𝑁1−𝑁2
                                                             (6) 

𝑅𝐸 =
M3

𝑀1−𝑀2
                                                             (7)   

Here, where RE refers to the release efficiency of CTCs or TDEs, N1 refers to the 

initial count of CTCs added, and N2 refers to the count of dissociative CTCs in the 

supernatant after capture, which is calculated based on the fluorescence intensity of 

the sample, the volume, and the standard curve. N3 refers to the count of released 



CTCs in PBS, which is calculated based on the fluorescence intensity of the sample, 

the volume, and the standard curve. M1 refers to the initial amount (μg) of TDEs 

added, and M2 refers to the amount of dissociative TDEs in the supernatant after 

capture, which is calculated based on the fluorescence intensity of the sample, the 

volume, and the standard curve. M3 refers to the amount of released TDEs in PBS, 

which is calculated based on the fluorescence intensity of the sample, the volume, and 

the standard curve. The fluorescence intensity was measured using a Multifunctional 

Enzyme Analyzer. 

Calcein-AM / PI double-staining assay: The released cells were co-stained using 

Calcein-AM and PI for 15min, washed three times using PBS, added on a slide, 

covered with a coverslip, and observed under an inverted fluorescence microscope for 

photographs.  

Cell viability: The released cells were inoculated into 96-well plates with 100 μL 

DMEM (supplemented with 10% FBS) per well and cultured for 5 days. On days 1, 3, 

and 5, respectively, cell viability was measured using the CCK-8 kit, and OD values 

at 450 nm were recorded using a Microplate Reader (Thermo, USA). 

Western blot assay of MDA-MB-468 cells-derived exosomes: Exosomes from 

ultracentrifugation or SMs-EE were lysed with special lysate for exosomal proteins. 

Special lysate for exosomal proteins (UR33101, UmibioScience and Technology) was 

used to lyse exosomes according to the reagent instructions. In brief, the exosome 

samples were mixed with the lysate at a volume ratio of 1:1 and lysed on ice for 10 

min, then centrifuged at 12,000g for 5 min at 4°C to collect the supernatant. Next, the 



concentration of total protein in the supernatant was determined using the BCA 

protein assay kit. The supernatant was mixed with 5× protein loading buffer and 

boiled for 5 min to denature the protein. Equal total exosome protein was separated in 

10% SDS-PAGE and electrically transferred to a polyvinylidene difluoride (PVDF) 

membrane. The membrane was blocked with 5 % skim milk in Tris-buffered 

saline/0.1% Tween-20 (TBST), and incubated with anti-CD63 antibody and TSG101 

antibody (diluted at 1:1000) overnight at 4°C. After washing three times with TBST, 

the membrane was incubated with HRP-conjugated anti-mouse IgG antibody (diluted 

at 1:1000) at room temperature for 2 h. Finally, it was washed three times with TBST, 

and 1 mL of chemiluminescence detection reagent was added dropwise, and placed in 

the imager (Tanon 4200, Shanghai, China) for imaging and taking pictures. The 

relative purity of exosomes released from SMs-EE was calculated according to 

Equation (8) below. 

𝑃𝑅 =
𝐺𝑆𝑀−𝐸𝐸

𝐺𝑈𝐶
                                                         

(8) 

Here, PR refers to the relative purity of the exosomes released from SMs-EE 

compared to those isolated by ultracentrifugation. GSMs-EE refers to the grayscale value 

of the protein band generated by exosome maker CD63 when exosomes are from 

SMs-EE; GUC refers to the grayscale value of protein band generated by exosome 

maker CD63 when exosomes are from ultracentrifugation. The grayscale value was 

calculated using Image J software. 

Morphology and characterization of the released TDEs by transmission electron 



microscopy (TEM): TEM images of exosomes released from SMs-EE were acquired 

by an H-7800 TEM system (Hitachi, Tokyo, Japan). PBS-diluted samples were 

stained with 2% phosphomolybdic acid after drying on the Formvar-coated copper 

grids. 

Size and characterization of the released TDEs by nanoparticle tracking analysis 

(NTA): NTA was carried out by Zetaview (Particle Metrix, Germany). The Zetaview 

was first calibrated using a 100 nm standard substance. PBS was used to dilute the 

released exosome samples to evaluate particle size, and the results were displayed in 

the form of Particles/mL - Diameter (nm).  

Hemolysis rate: The hemolysis test was carried out to evaluate the erythrocyte 

compatibility of SMs-EE. Blood from a rat was collected using vacuum tubes (5 mL, 

Jiangsu Kangjian Inc., China) containing sodium citrate. Rat whole blood was 

centrifugated at 2000 rpm for 10 min for isolating red blood cells (RBCs) from 

plasma and the centrifugation procedure was repeated until the supernatant was 

clarified and colorless. The separated erythrocyte suspension was configured with 

saline to 2% (V/V) of erythrocyte suspension. The diluted erythrocyte suspension was 

added to 50 mg of SMs-EE previously soaked overnight in PBS and incubated for 3 h 

at 37°C. Saline was chosen as a negative control and deionized water as a positive 

control. The suspension was then centrifuged at 3000 rpm for 5 min and the 

absorbance of the hemoglobin released from the suspension was measured at 540 nm 

using a Microplate Reader, and the hemolysis rate of SMs-EE could then be 

calculated by Equation(9). 



𝐻𝑎𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 𝑟𝑎𝑡𝑖𝑜(%) =
𝐴𝑠−𝐴𝑛

𝐴𝑝−𝐴𝑛
× 100                                 （9） 

Where As is the absorbance of the samples, Ap and An are the absorbances of the 

positive control and negative control, respectively. 

Protein adsorption: Protein adsorption experiments were carried out with HSA 

solution under static conditions. Firstly, 50 mg SMs-EE was pre-immersed in PBS 

overnight and then incubated at 37 °C for 1 h. Then the microspheres were immersed 

in PBS solution, containing HSA with a concentration of 1 mg mL-1, and incubated at 

37 °C for 1 h. The supernatant protein concentration was determined using a BCA kit. 

Protein adsorption of SMs-EE (μg mg-1) was calculated according to Equation (10). 

Protein adsorpted (𝜇𝑔/𝑚𝑔) =
(𝐶1−𝐶2)𝑉

𝑀
                                (10) 

Here, C1 refers to the initial concentration of HSA, C2 refers to the residual 

concentration of HSA, V refers to the volume of HSA solution, and M refers to the 

weight of SMs-EE added. In addition, the distribution of proteins adsorbed on the 

surface of SMs-EE was explored using FITC-labeled HSA. First, 1 mg L-1 of 

FITC-HSA was dissolved in PBS, and then 50 mg of SMs-EE was immersed in this 

solution for 1 h at 37°C. Finally, the SMs-EE was washed three times with PBS and 

observed under an inverted fluorescence microscope. 

Evaluation of platelet activation: Platelet activation was evaluated by enzyme-linked 

immunosorbent assay using the Rat Platelet Factor 4 (PF4) kit. SMs-EE (10 mg) was 

pre-soaked in PBS and placed in 1.5 mL EP tubes overnight. Then, PBS was removed, 

and 150 μL of rat whole blood was added. After incubation at 37°C for 1 h, the whole 

blood was centrifuged at 2500 g for 10 min (2-8°C) to obtain plasma. Next, 



enzyme-linked immunosorbent assays were performed according to the instructions of 

the Rat Platelet Factor 4 (PF4) kit. 

Evaluation of blood routine: First, 50 mg of SMs-EE was pre-soaked in 1.5 mL EP 

tubes of PBS (pH = 7.4) overnight and equilibrated at 37°C for 1 h. Secondly, fresh 

whole blood from rats was collected using EDTA-K2 anticoagulated blood collection 

tubes. After the removal of PBS, 500 μL of fresh rat whole blood was introduced into 

each tube. Then, SMs-EE was incubated with whole blood for 60 min at 37°C and 

then collected the remaining blood. Differential counts of whole blood cells were 

measured with an automated hematology cell analyzer (BC-2800vet, Mindray 

Biomedical Electronics Co., Ltd., Shenzhen, China) according to the instructions 

provided. 

Blood coagulation analysis in PPP after incubation with SMs-EE: The procedure was 

as follows:10 mL of rat blood was added to sodium citrate anticoagulation collection 

tubes and then centrifuged at 4000 rpm for 15 min to obtain PPP. Then 0.5 mL of PPP 

was added to 50 mg of SMs-EE in a 1.5 mL EP tube and shaken gently at 37°C for 1 

h. PPP without SMs-EE was the control treatment. The tests were performed by an 

automatic blood coagulation analyzer RAC-1830 (Shenzhen Rayto Life Science Co, 

China).  

Cytotoxicity tests: MDA-MB-468, HeLa, HUVEC, and L02 cells were grown in 

DMEM supplemented with 10% FBS and 1% antibiotics (penicillin-streptomycin) in 

a humidified incubator at 37°C with 5% CO2. The cytotoxicity of SMs-EE was 

assessed by a CCK-8 cell viability test kit. Before the measurement, 2 g of SMs-EE 



was pre-soaked in DMEM (10 mL) and incubated at 37°C for 24 h. The supernatant 

was then filtered and sterilized with a 0.22 μm microporous membrane to obtain the 

supernatant. Cells at the required density (1 × 104 cells per well) were seeded in 96 

well plates for 24 h. After washing with PBS, 100 μL of supernatants was added into 

the culture medium and incubated at 37°C for 24 h under the above conditions. The 

control group was incubated with 100 μL culture medium DMEM without SMs-EE 

and the blank group contains DMEM medium and CCK-8 without cells. Then, CCK-8 

solution (10 μL) was added and incubated for 4 h. The OD value was obtained at 450 

nm by using a Microplate Reader. Each sample was tested six times in parallel. Cell 

viability was calculated according to Equation (11). 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦(%) =
𝐴𝑠−𝐴𝑏

𝐴𝑐−𝐴𝑏
× 100                                                (11) 

Where, As refers to the absorbance of experimental wells, Ab refers to the absorbance 

of blank wells, and Ac refers to the absorbance of control wells. 

In vivo circulating experiments in a rat model: All animal experiments were 

conducted according to the experimental practices and standards approved by the 

Ethics Committee of China Pharmaceutical University (Approval ID: 2022-10-014). 

SD rats (male, 280-300 g), 9 weeks old, were kept in pathogen-free conditions for 

seven days. Experimental procedures were conducted under general anesthesia 

induced by intramuscular injection of 5% pentobarbital (10 mg kg-1). The surgical 

procedure was as follows: Firstly, the PMDE device was installed, and the catheter 

was first filled with sodium heparin solution. Air bubbles were removed from the 

catheter, and an indwelling needle was attached to the end of the catheter; then the 



indwelling needle was inserted into the abdominal aorta and inferior vena cava, and 

the indwelling needle and vessel were fixed with surgical sutures. At the end of the 

procedure, the peristaltic pump was turned on (10 mL min-1), and then 2×105 

MDA-MB-468 cells stained with DAPI and 50 μg of MDA-MB-468 cells-derived 

exosomes stained with DiR were injected through the tee port of the catheter. The 

circulating time was 30 min and 1 mL blood samples were collected through the tee 

port of the catheter at the 1st and 30th minutes for the calculation of capture efficiency. 

Sodium heparin solution was injected through the tee port of the catheter every 5 min 

during this period. The blood samples were processed as follows: First, the collected 

blood samples were centrifuged at 2000 rpm for 3 min. Then, the supernatant was 

collected and concentrated to 200 μL using an Amicon Ultra 10-kDa filter for 

calculating of capture efficiency of TDEs. Next, for cell precipitation, erythrocytes 

were lysed using erythrocyte lysis solution, and then the remaining cells were 

resuspended with 200 μL PBS for calculating of capture efficiency of cancer cells. 

Finally, The fluorescence intensity was measured using a Multifunctional Enzyme 

Analyzer. Similarly, we used Equation (12) to calculate the capture efficiency.  

𝐶𝐸 =
𝐹1−𝐹2

𝐹1
                                                         (12) 

Where F1 refers to the fluorescence intensity generated by CTCs or TDEs in 1ml 

blood at the 1st minute of circulating; F2 refers to the fluorescence intensity generated 

by CTCs or TDEs in 1ml blood at the 30th minute of circulating. 

In vivo toxicity of PMDE: To investigate the in vivo toxicity of PMDE, blood samples 

were collected from the tail vein on days 1, 7, and 14 for routine blood tests and blood 



biochemical analysis by automated hematology cell analyzer and automatic 

biochemical analyzer (Chemray 240, Mindray Biomedical Electronics Co., Ltd., 

Shenzhen, China). Rat weight was monitored every two days after surgery. The rats 

were sacrificed on day 14, and then, major organs, including the heart, liver, spleen, 

lung, and kidney, were collected and stained with hematoxylin and eosin (H&E). 

In vivo and ex vivo fluorescence imaging: First, 2×105 MDA-MB-468 cells and 50 μg 

MDA-MB-468 cells-derived exosomes were stained with DiR, respectively, then was 

performed in vitro circulating for 30min at 10mL min-1. To reduce the bias brought by 

the experimental procedure, the PMDE-BSA group was used as a negative control 

and the untreated group as a positive control. i: CTCs as the experimental subject: 

after circulating, the circulating medium was centrifuged for 2000 rpm, 3 min, and the 

precipitate was resuspended with 100 μL PBS, injected into the tail vein of Balb/c 

mice, and after an interval of 3 h, in vivo, fluorescence imaging was performed 

(IVIS® spectrum, PerkinElmer, USA). ii: TDEs as experimental subjects: the 

circulating medium was concentrated to 100μL using Amicon Ultra 10-kDa filters, 

injected into the tail vein of Balb/c mice, and after an interval of 3 h, in vivo 

fluorescence imaging was performed. iii: CTCs and TDEs as experimental subjects: 

The circulating medium was centrifuged at 2000 rpm for 3 min. The precipitate was 

resuspended with 100 μL PBS; the supernatant was concentrated to 100 μL using an 

Amicon Ultra 10-kDa filter. Then the above-concentrated solution was injected into 

the tail vein of Balb/c mice, and after 3h intervals, in vivo fluorescence imaging was 

performed. After all, in vivo fluorescence imaging was completed, and the heart, liver, 



spleen, lung, and kidney of each mouse were collected for in vitro fluorescence 

imaging. 

Tissue section scanning: MDA-MB-468 cells were stained with Hoechst, and 

exosomes were stained with DiI. Operating as described above, 3 h after tail vein 

injection, the liver and lung of each mouse were collected for paraffin sectioning, 

followed by imaging using CLSM, and the average fluorescence intensity was 

calculated using Image J software (National Institutes of Health, USA). 

Statistical Analysis: All data were shown as means ± standard deviations (SD). To 

compare significant differences among the experimental data, unpaired two-tailed 

t-tests were used for two-group comparisons and the one-way analysis of variance 

(ANOVA) with LSD was used for multiple comparisons. All tests were two-sided, the 

p > 0.05 presented not significant (ns), *p < 0.05 presented significant, and **p < 0.01 

even ***p < 0.001 presented highly significant. Comparisons of all groups were 

analyzed using the SPSS 19.0. 

 

 

 

 

 



 
Figure S1. The size distribution of sepharose microspheres. Scale bar: 100 μm. 

 

 

 
Figure S2. The optimal concentration of A) ECH and B) NaOH reacting with SMs. 

 

 

 

 

 



 

Figure S3. Principle of color development of SMs-Epo in sodium 

thiosulfate-phenolphthalein solution. 

 

 

 

 

Figure S4. Fluorescence spectra of different concentrations of FITC-labeled 

anti-EpCAM antibody.  

 

 

 

Figure S5. A) Fluorescence images of SMs-Epo incubated with different 

concentrations of FITC-labeled anti-EpCAM antibody from 5 to 25 μg mL-1. Scale 

bar: 100 μm. B) Quantitative analysis of the fluorescence intensity using Image J 

software (n=3). Data are the mean ± SD. *p <0.05, **p <0.01, ***p <0.001. 

 



 

 

 

Figure S6. The coupling density of anti-EpCAM antibody at different concentrations 

(n=3). Data are the mean ± SD. 

 

 

 

Figure S7. The coupling efficiency of anti-EpCAM antibody at different 

concentrations (n=3). Data are the mean ± SD. 

 



 
Figure S8. The linear relationship between the concentrations of FITC-labeled 

anti-EGFR antibody and fluorescence intensity. 

 

 

 

Figure S9. SMs-Epo was incubated with anti-EpCAM antibody and anti-EGFR 

antibody, respectively, then with Alexa Fluor® 647-labeled goat anti-mouse IgG and 

its semi-quantitative analysis of mean fluorescence intensity (MFI). Data were shown 

as mean ± SD. *p <0.05, **p <0.01, ***p <0.001 and ns: not significant.  

 



 

Figure S10. The different functionalized SMs. (FITC-BSA, Alexa Fluor® 647-labeled 

anti-EpCAM antibody, and FITC-labeled anti-EGFR antibody were used.) Scale bar: 

100 μm. 

 

 

 

 

 
Figure S11. A, B) The expression of EpCAM (the right) and EGFR (the left) in 

MDA-MB-468 and HeLa cells by immunofluorescence staining. Scale bar: 20 μm. 

 



 
Figure S12. A, B) The EGFR expression of MDA-MB-468 cells (passage3 and 

passage9) was confirmed by confocal laser scanning imaging and its semi-quantitative 

analysis by using Image J software (n=3). Scale bar:20 μm. C, D) The EpCAM 

expression of MDA-MB-468 cells (passage3 and passage9) was confirmed by 

confocal laser scanning imaging and its semi-quantitative analysis by using Image J 

software (n=3). Scale bar:20 μm. Data are the mean ± SD. *p <0.05, **p <0.01, ***p 

<0.001 and ns: not significant. 

 

 

 

 

 

 

 

 



 

Figure S13. Differential expression of exosomal EpCAM and EGFR in 

MDA-MB-468 and HeLa cells, respectively. 

 

 

 

 

 

 

 

Figure S14. A) Fluorescence spectra of different cell densities of MDA-MB-468 cells 

prestained with DAPI. B) Fluorescence spectra of different concentrations of 

MDA-MB-468 derived exosomes prestained with DiR. 

 



 
Figure S15. Schematic illustration of the CTCs and TDEs captured under static 

conditions. 

 

 

 

 

 

 
Figure S16. Screening for optimal static capture time (n=3). Data are the mean ± SD. 

 

 

 

 

 



 

Figure S17. A) Stability of SMs-EpCAM and SMs-EGFR stored at 4oC for 90 days. 

B) The semi-quantitative analysis by fluorescence intensity (n=3). Data are the mean 

± SD. 

 

 

 

 

 

 

 

 

Figure S18. The comparison among SMs-CD45, SMs-BSA, and SMs-EE to capture 

CTCs and TDEs in a closed-loop circulation system. Data were shown as mean ± SD. 

*p <0.05, **p <0.01, ***p <0.001 and ns: not significant. 

 



 

 

Figure S19. Comparison of the HCT (%) and HGB (g L-1) after incubation of Biosky 

and SMs-EE in whole blood (n = 3, HCT: hematocrit, HGB: hemoglobin). Data are 

the mean ± SD. *p <0.05, **p <0.01, ***p <0.001 and ns: not significant. 

 

 

 

Figure S20. A) Digital photos of the RBC suspensions after incubation with different 

concentrations of SMs-EE. All the supernatants with different concentrations of 

SMs-EE were colorless, which indicated that there was no erythrocyte rupture and 

hemoglobin release. The experiments were performed independently in duplicate with 

similar results. B) Typical microscopy images showing the morphologies of RBCs. 

(−): negative control, normal saline. (+): positive control, deionized water. Scale bar: 

100 μm.  

 



 

Figure S21. Hematological analysis of the rat after surgery at Day 1, Day 7, and 

Day14 (n = 3, MPV: mean platelet volume, HCT: hematocrit, HGB: hemoglobin, GR: 

granulocyte, MCH: mean corpuscular hemoglobin, MCHC: mean corpuscular 

hemoglobin concentration, MCV: mean corpuscular volume). Data were shown as 

mean ± SD. 



 

Figure S22. Blood biochemical analysis of the rat after surgery at Day 1, Day 7, and 

Day14 (n = 3, GLU: glucose, ALB: albumin, ALP: alkaline phosphatase, ALT: 

alanine amiotransferase, TB: total bilirubin, TG: triglyceride, TP: total protein). Data 

were shown as mean ± SD. 

 

 
Figure S23. A) ROI analysis of in vitro fluorescence imaging of Balb/c mice at 3h 

following injection of cancer cells (n=3). B) ROI analysis of in vitro fluorescence 

imaging of Balb/c mice at 3h following injection of TDEs (n=3). Data were shown as 

mean ± SD. *p <0.05, **p <0.01, ***p <0.001 and ns: not significant. 

 



 

 

Figure S24. A, B) Representative confocal imaging of the biodistribution of CTCs in 

the lung of Balb/c mice and its semi-quantitative analysis (n=3). Scale bar: 100 μm. C, 

D) Representative confocal imaging of the biodistribution of TDEs in the lung of 

Balb/c mice and its semi-quantitative analysis (n=3). Scale bar: 100 μm. Data were 

shown as mean ± SD. *p <0.05, **p <0.01, ***p <0.001 and ns: not significant. 

 

 

 



 

Figure S25. A, B) Representative confocal imaging of the biodistribution of CTCs in 

the liver of Balb/c mice and its semi-quantitative analysis (n=3). Scale bar: 100 μm. C, 

D) Representative confocal imaging of the biodistribution of TDEs in the liver of 

Balb/c mice and its semi-quantitative analysis (n=3). Scale bar: 100 μm. E, F) 

Representative confocal imaging of the biodistribution of CTCs and TDEs in the liver 

of Balb/c mice and its semi-quantitative analysis (n=3). Scale bar: 100 μm. Data were 

shown as mean ± SD. *p <0.05, **p <0.01, ***p <0.001 and ns: not significant. 

 

 

 

 



Table S1. Comparison of our method with other methods for isolating CTCs or TDEs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Separation 

category subcategory 
Method 

Capture 

subject 

Selection 

criteria 
Throughput 

Sample 

volume 

Immunomagnetic 

positive enrichment 

MagSweeper[3] CTCs EpCAM 9 mL/h 9 mL 

Mini-SEC[4] TDEs CSPG4  1 mL 

Immunoaffinity 

CellSearch[5] CTCs EpCAM  7.5 mL 

Polymer surfaces[6] TDEs EpCAM, 

HER2, 

EGFR 

2.5 mL/h 10 mL 

Microfluidic positive 

immunocapture 

HTMSU[7] CTCs EpCAM 1–2 mL/h 1 mL 

CTC-Chip[8] CTCs EpCAM 1–2 mL/h 2.7 mL 

GO chip[9] CTCs EpCAM 1–3 mL/h 1 mL 

FluidporeFace-Chip[10] TDEs EpCAM 30 μL/h 100 μL 

Negative 

immunomagnetic 

enrichment 

Negative 

microfluidic 

platform[11] 

CTCs CD45 2 mL/h 2 mL 

Size-based separation 

FMSA[12] CTCs 8 μm pores 45 mL/h 7.5 mL 

Parsortix[13] CTCs 4.5-10 μm 

gap size 

10 mL/h 4 mL 

N/A This work 
CTCs, 

TDEs 

EpCAM, 

EGFR 
600 mL/h 

The entire  

peripheral 

blood 



Table S2. A comparison of all the currently available methods for in vivo removing 

CTCs from peripheral blood circulation 

 

 

 

 

 

 

 

 

 

 

 

 

Method Features 
Capture 

subject 

Selection 

criteria 

Capture 

efficiency

(in vivo) 

Throughput 

Whether to 

validate the 

effect on 

biodistribution 

MagWIRE[14] 

Antibody-coated magnetic 

particles for labeling 

CTCs;magnetic wire for 

intravascular retrieval and 

enrichment 

CTCs EpCAM 1-8 % 20 mL/min No 

HBGO chip[15] 
A microfluidic device for in 

vivo enrichment of CTCs 
CTCs EpCAM 0.00762% 0.3 mL/min No 

CTC-Net[16] 

An injectable and 

retractable 3-D probe for in 

vivo intravascular capture 

of CTCs. 

CTCs EpCAM 3.5% 0.2 mL/min No 

BPNSs-catheter[17

] 

A black phosphorus and 

antibody functionalized 

intravenous catheter;killing 

CTCs on site. 

CTCs EpCAM 2.1% 5.2 mL/min No 

MPC/NF-catheter[

18] 

A flexible electronic  

intravenous catheter; killing 

CTCs on site. 

CTCs EpCAM 22.3% 5 mL/min No 

HA-MVS[19] 

An implantable magnetic 

vascular scaffold; killing 

CTCs on site. 

CTCs CD44 
5.82- 

13.26% 
5 mL/min No 

This work 

Enrichment of CTCs and 

TDEs from peripheral 

blood into versatile module 

in vitro 

CTCs, 

TDEs 

EpCAM, 

EGFR 

34.3% and 

27.7 % 
10 mL/min Yes 
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