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Abstract 

Blood transferrin receptor-positive (TfR+) exosomes are a kind of optimized drug delivery vector 
compared with other kinds of exosomes due to their easy access and high bio-safety. Their 
application facilitates the translation from bench to bedside of exosome-based delivery vehicles.  
Methods: In this study, a pH-responsive superparamagnetic nanoparticles cluster (denoted as 
SMNC)-based method was developed for the precise and mild separation of blood TfR+ exosomes. 
Briefly, multiple superparamagnetic nanoparticles (SPMNs) labeled with transferrins (Tfs) could 
precisely bind to blood TfR+ exosomes to form an exosome-based cluster due to the specific 
recognition of TfR by Tf. They could realize the precise magnetic separation of blood TfR+ 
exosomes. More importantly, the pH-responsive dissociation characteristic of Tf and TfR led to the 
mild collapse of clusters to obtain pure blood TfR+ exosomes.  
Results: Blood TfR+ exosomes with high purity and in their original state were successfully 
obtained through the pH-responsive SMNC-based method. These can load Doxorubicin (DOX) 
with a loading capacity of ~10% and dramatically increase the tumor accumulation of DOX in 
tumor-bearing mice because of their innate passive-targeting ability. In addition, blood TfR+ 
exosomes changed the biodistribution of DOX leading to the reduction of side effects. Compared 
with free DOX, DOX-loaded blood TfR+ exosomes showed much better tumor inhibition effects 
on tumor-bearing mice.  
Conclusion: Taking advantage of the pH-responsive binding and disaggregation characteristics of Tf 
and TfR, the SMNC-based method can precisely separate blood TfR+ exosomes with high purity 
and in their original state. The resulting blood TfR+ exosomes showed excellent bio-safety and 
enable the efficient delivery of chemotherapeutics to tumors, facilitating the clinical translation of 
exosome-based drug delivery systems. 

Key words: blood TfR+ exosomes, superparamagnetic nanoparticles, pH-responsive, drug delivery, tumor 
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Introduction 
Exosomes have attracted increasing attention in 

recent years due to their huge potential in the field of 
drug delivery [1,2]. Since the first report on the 

delivery of exogenous siRNA [3], various therapeutic 
drugs, such as chemotherapeutics [4,5], 
sonosensitizers [6], small-molecule inhibitors [7], 
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proteins [8,9], and genes [10], have been delivered by 
exosome-based delivery vehicles. The state-of-art 
CRISPR/Cas9 system has also been successfully 
transported through exosomes recently [11,12]. 
Although great progress has been made, the clinical 
translation of these systems has still been a big 
challenge. The number of exosomes separated from 
current sources, such as cell culture medium, is 
extremely limited, hindering their mass production 
[13]. In addition, the bio-safety of these exosomes is 
modest since they often contain oncogenic or 
immunogenic components [14,15]. Therefore, it is 
necessary to choose the appropriate kind of exosomes 
as optimized vectors to facilitate their translation from 
bench to bedside. 

The blood of healthy animals contains plenty of 
transferrin receptor-positive (TfR+) exosomes, which 
are without immune-stimulating activity and 
cancer-stimulating properties [16]. For example, 
reticulocytes (RTCs) release ~1014 (at least 200 μg) 
TfR+ exosomes during their maturation into 
erythrocytes [17]. Their easy access and high 
bio-safety imply that blood TfR+ exosomes can be a 
promising alternative delivery vector. In addition, the 
successful blood transfusion between people of the 
same blood types further proves the operability and 
clinical translation potential of allogeneic blood TfR+ 
exosomes for drug delivery [16]. However, there are 
no reports on blood TfR+ exosomes-based drug 
delivery until now because the classical methods for 
exosomes separation cannot realize the precise 
separation of blood TfR+ exosomes. Exosomes 
separated by the “gold standard” ultracentrifugation 
method are frequently contaminated with other 
proteins and particulates [18]. Combining differential 
ultracentrifugation with a density-based technique 
helps remove these contaminants, but the non-ideal 
clumping of the exosomes is unavoidable [19]. 
Commercial precipitants, such as ExoQuick 
Precipitation Solution, can be adversely affected by 
contaminating proteins, which require additional 
filtration or ultracentrifugation steps for removal [20]. 
High-performance liquid chromatography on a gel 
exclusion column (HPLC-GEC) is also non-specific 
because of the size dependence of column packing 
materials. In addition, the interaction of exosomes 
with the elution buffer can cause them to degrade or 
aggregate, resulting in poor fractionation and 
decreased yields [19]. Taking advantage of the 
physicochemical characteristics of exosomes, such as 
viscoelasticity, many novel methods can obtain 
exosomes without the contamination of proteins or 
other kinds of vesicles [21]. However, further 
improvements in the ability to separate specific kinds 
of exosomes are needed. Therefore, exploiting an 

advanced method for the precise separation of blood 
TfR+ exosomes is the precondition for drug delivery. 

Magnetic particle-based or microfluidic-based 
magnetic separation methods, which depend on the 
surface composition of exosomes, have the potential 
for the precise separation of blood TfR+ exosomes. 
These methods have been utilized to separate specific 
kinds of exosomes, such as epithelial cell adhesion 
molecule (EpCAM) positive exosomes [22] and 
epidermal growth factor receptor (EGFR) positive 
exosomes [23]. However, the mild release of these 
exosomes from magnetic particles or microfluidic 
tubes has never been considered seriously. The 
commonly used methods for the dissociation of 
antibody and antigen, such as very low pH conditions 
(<3), would damage the structure and function of 
exosomes [24,25]. In addition, the large size of 
magnetic beads may also result in the destruction of 
exosomes. For example, Clayton et al. have proved 
that two or more exosomes potentially fuse together 
at the magnetic bead surface [26]. Hence, developing 
an upgraded magnetic separation method is an 
appropriate way to separate blood TfR+ exosomes for 
drug delivery.  

Here a superparamagnetic nanoparticles cluster 
(denoted as SMNC)-based method is developed for 
the precise and mild separation of blood TfR+ 
exosomes. In this upgraded immunomagnetic 
separation method, superparamagnetic nanoparticles 
(SPMNs) are adopted to reduce the potential risk to 
exosomes due to their small size. In addition, 
transferrin (Tf) is used as the ligand to obtain blood 
TfR+ exosomes. The specific recognition of TfR by Tf 
can realize the precise magnetic separation of blood 
TfR+ exosomes. More importantly, the dissociation of 
Tf and TfR is responsive to pH [27]. As shown in 
Scheme 1, holo-transferrin (contain ferric ion) could 
combine with TfR at pH 7.4. When pH is changed to 
5.0, holo-transferrin releases ferric ion to form 
apo-transferrin (ferric ion-free). However, 
apo-transferrin still combines with TfR until the pH is 
changed to 7.4 again. In view of the pH of the medium 
surrounding exosomes being shifted from 5.0 (in the 
multi-vesicular body) to 7.4 (in the extracellular space) 
during their formation process [28], we deduce the pH 
change between 5.0 and 7.4 would not damage 
exosomes. Therefore, the pH-responsive binding and 
dissociation characteristics of Tf and TfR can be used 
for the mild release of exosomes from SPMNs. 

As shown in Scheme 2, holo-transferrin is chosen 
as the ligand and is labeled on SPMNs. SPMNs can 
combine with blood TfR+ exosomes through the 
interaction of Tf and TfR to form SPMN-exosome 
complexes (denoted as SMNC-EXOs) at pH 7.4. Under 
an external magnetic field, SMNC-EXOs can be 
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separated, and they are easily re-dispersed once the 
magnetic field is removed. Although holo-transferrin 
transforms to apo-transferrin when the pH is changed 
to 5.0, SMNC-EXOs are still stable. Only when the pH 
is changed to 7.4 again, are they dissociated, and pure 
blood TfR+ exosomes (denoted as M-EXOs) can be 
obtained through magnetic removal of free SPMNs. 
The drug delivery potential of the resulting M-EXOs 
is confirmed using doxorubicin (DOX) as the model 
drug. The DOX-loaded M-EXOs (denoted as 
D-M-EXOs) show excellent in vivo tumor suppression. 
The SMNC-based method for the first time realizes 
the precise and mild separation of blood TfR+ 
exosomes, facilitating the clinical translation of 
exosome-based drug delivery. Furthermore, this 
methodology can inspire other researchers to exploit 
new ways for the exosomes separation from animal 
body fluid. 

Experimental section 
Materials and reagents 

Carboxyl-group functionalized superpara-
magnetic Fe3O4 nanoparticles were purchased from 
Nanjing Nanoeast Biotech Co., Ltd. Holo-transferrin, 
Fluorescein isothiocyanate (FITC), Doxorubicin 
hydrochloride (DOX), triethylamine, 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
hydrochloride (EDC), sulfo-NHS and 
2-mercaptoethanol were purchased from 
Sigma-Aldrich. A Bicinchonininc acid (BCA) protein 
assay kit and an enzyme-linked immune-sorbent 
(ELISA) assay kit were both purchased from Thermo 

Scientific. A Cell Counting Kit-8 was purchased from 
Dojindo Molecular Technologies Inc. NHS-Cy 5.5 was 
purchased from ApexBio Technology.  

The modification of SPMNs with Tf 
Carboxyl-group-functionalized 

superparamagnetic Fe3O4 nanoparticle solution (40 
μL, 2.5 mg/mL) was mixed with EDC and sulfo-NHS 
at a molar ratio of 1:2:3 (pH 5.5), and the mixture was 
incubated at room temperature for 1 h. Then, 1 μL of 
2-mercaptoethanol was added to terminate the 
reaction. The activated superparamagnetic Fe3O4 
nanoparticles were magnetically separated and were 
re-suspended in 200 μL of borate buffer (20 mM, pH 
8.5). Then, 10 μg of holo-transferrin was added, and 
the mixture was incubated for 12 h at 4°C under 
nitrogen. Finally, the SPMN-Tf complexes were 
purified by magnetic separation and washed three 
times with PBS. The resulting solution (200 μL) was 
stored at 4°C. 

The separation of SMNC-EXOs from serum 
First, 1 mL of serum was added to an 

ultrafiltration tube (Millipore, 100kDa) and 
centrifuged at 4000×g for 30 min at 4°C. Then, the 
serum solution was mixed with SPMN-Tfs solution 
and blended homogeneously using a vortex shaker. 
This mixture was incubated for 1 h at 37°C. The 
products were obtained after 40 min of magnetic 
separation and were washed three times with PBS. 
The resulting SMNC-EXOs were re-dispersed in PBS 
and were stored at 4°C until they were used.  

 

 
Scheme 1. The dissociation characteristic of transferrin and transferrin receptor. 
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Scheme 2. Schematic illustration of the separation of blood TfR+ exosomes for tumor-targeting drug delivery by the pH-responsive method. 

 

The separation of M-EXOs 
To obtain TfR+ exosomes, the stored 

SMNC-EXOs solution (pH 7.4) was firstly dialyzed 
against acetate buffer (pH 5.0) for 12 h at 4°C. The 
dialyzate was changed every 2 h. Then the dialysate 
was changed to PBS (pH 7.4) again, and the 
SMNC-EXOs solution was dialyzed for 12 h at 4°C. 
The dialyzate was also changed every 2 h. After 
dialysis, free SPMNs were magnetically separated 
(magnetic field intensity: 1T) and the supernatant was 
collected. M-EXOs dispersed in the supernatant were 
stored at 4°C until they were used. 

To determine the separation efficiency of 
exosomes, the change in CD63 concentration during 
the separation process was tested. The concentrations 
of CD63 in SMNC-EXOs solution (pH 7.4 and pH 5.0, 
separated from 1 mL of serum) and in the separated 
M-EXOs (pH 7.4, separated from 1 mL of serum) were 
measured by using a CD63 ELISA kit. 1 mL of PBS 
and 1 mL of serum were used as negative control and 
positive control.  

The measurement of the ferric ions 
concentration 

First, 300 μL of fresh separated SMNC-Tf 
solution and SMNC-EXOs solution were both divided 
into three equal parts (100 μL) and were placed into 
solution with different pH values (7.4, 5.0, and 7.4). 
After 12 h, they were mixed with 100 μL of 10 mM 
HCl and 100 μL of the iron-releasing reagent (1.4 M 
HCl and 4.5%(w/v) KMnO4 in H2O). These mixtures 
were incubated for 2 h at 60°C. After the mixtures had 
cooled to room temperature, 30 μL of the 
iron-detection reagent (6.5 mM ferrozine, 6.5 mM 

neocuproine, 2.5 M ammonium acetate, and 1 M 
ascorbic acid dissolved in H2O) were added to each 
solution. After 30 min, each solution was transferred 
into a well of a 96-well plate, and the absorbance was 
measured at 550 nm on a microplate reader. The iron 
content of the sample was calculated by comparing its 
absorbance to that of a range of standard 
concentrations of equal volume that had been 
prepared in a way similar to that of the sample 
(mixture of 100 μL of FeCl3 standards (0-128 μM) in 10 
mM HCl, 100 μL 50 mM NaOH, 100 μL releasing 
reagent, and 30 μL detection reagent). 

The characterization of M-EXOS 
The size and number of M-EXOs were 

determined by recording and analyzing the Brownian 
motion of particles using a NanoSight NS300 system 
and Nanoparticles Tracking Analysis (NTA) software 
(Malvern, Worcestershire, United Kingdom). Zeta 
potentials of the M-EXOs were measured by dynamic 
light scattering (BI-90Plus, Brookhaven Instruments 
Ltd., USA), and their morphology was visualized 
using a high-resolution transmission electron 
microscope (TEM, JEM-2100F, JEOL Ltd., Japan) and 
scanning electron microscope (SEM, FEI Quanta 200, 
USA). 

The obtainment of M-EXOs was confirmed by 
western blot analysis. Briefly, M-EXOs were lysed, 
and lysates were separated and transferred to PVDF 
membranes. Membranes were rinsed with PBS for 
several minutes and blocked with Odyssey blocking 
buffer for 1 h at 22°C. Then, they were incubated with 
primary antibodies against CD9, CD63, CD81, and 
TfR (Zhongshan Bio Corp, Beijing, China), followed 
by incubation with fluorescent secondary antibodies 
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(Zhongshan Bio Corp, Beijing, China). Images were 
acquired with an Odyssey infrared imaging system 
and analyzed using software specified by the Odyssey 
systems. As a control group, exosomes separated by 
ultracentrifugation (denoted as UC-EXOs) were 
manipulated according to the abovementioned 
method. 

The cellular uptake of M-EXOs 
Confocal fluorescence microscopy was used to 

assess the intracellular trafficking of M-EXOs. Cells 
that had grown on the glass coverslips (pretreated 
with polylysine) of a six-well plate were incubated 
with FITC-labeled M-EXOs (FITC-M-EXOs) for 24 h. 
Following incubation, the cells were washed three 
times with PBS and fixed in paraformaldehyde for 15 
min. Localization of FITC-M-EXOs in cells was 
visualized using a confocal microscope (Carl Zeiss 
Microscope Systems, Jena, Germany) with identical 
settings for each confocal study. To quantify the 
cellular uptake efficiency, FITC signal uptake rates 
were detected using flow cytometry (Becton, 
Dickinson and Company, USA). 

To assess the intracellular trafficking of M-EXOs, 
H22 cells grown on the glass coverslips of a 6-well 
plate were incubated with FITC-M-EXOs for 4 h. 
Then, the cells were incubated with culture medium 
containing 50 nM of LysoTracker blue DND-22 for 0.5 
h. The cells were then washed three times with PBS 
and localization of FITC-M-EXOs in cells was 
visualized by confocal microscopy with identical 
settings for each confocal study. In addition, FITC 
signal uptake rates were detected using flow 
cytometry (Becton, Dickinson and Company, USA). 

Cell viability assay 
The cytotoxicity of M-EXOs in H22 cells was 

evaluated using a Cell Counting Kit-8. First, 4000 cells 
were seeded into 96-well plates and grown in 
complete medium at 37°C for 24 h. Subsequently, the 
culture medium in each well was replaced with a 
fresh medium that contained M-EXOs in a series of 
concentrations. Cells without the addition of M-EXOs 
were used as a control group. Each group included six 
replicates. After culturing for an additional 48 h, CCK 
solution was added and cell viability was calculated 
as the ratio of the absorbance of test and control wells. 
The absorbance was measured at 450 nm using a 
microplate reader. 

Blood compatibility assay  
First, 4 mL of mice whole blood was added to 8 

mL of saline, and red blood cells (RBCs) were isolated 
by centrifugation at 1,000 g for 15 min. RBCs were 
washed five times with sterile saline solution. 
Following the final wash, the RBCs were diluted with 

40 mL of saline. Then, 0.2 mL of the diluted RBC 
suspension was added to 0.8 mL of M-EXOs to 
achieve final M-EXOs concentrations of 10, 100, and 
1,000 μg/mL. The suspension was vortexed briefly 
before leaving it under static conditions at room 
temperature for 4 h. Thereafter, the mixture was 
vortexed briefly again and centrifuged at 1,000 g for 
10 minutes. Next, 400 μL of supernatant was 
measured using UV-Vis absorbance spectrum 
scanning. After that, 0.2 mL of diluted RBC 
suspension, which was incubated with 0.8 mL of 
saline and 0.8 mL of distilled water, was used as the 
negative or positive control. 

Drug loading and releasing  
DOX was used as the model drug. First, 20 μL of 

DOX solution (2 mg/mL) was added to the M-EXOs 
solution (200 μL, 1 mg/mL) with moderate stirring. 
After 30 min, 5 μL of triethylamine was added, and 
then the solution was stirred 1 h. D-M-EXOs were 
obtained via magnetic separation at 4°C. The amount 
of DOX that was loaded into the M-EXOs was 
calculated from a calibration curve acquired from 
UV-Vis spectrophotometer measurements based on 
the absorbance intensity at 485 nm. The release of 
DOX was performed as described previously with 
slight modifications. In short, 4 mL of D-M-EXOs 
solution was transferred into a dialysis tube 
(molecular weight cut-off: 14 kDa). The tube was first 
placed into 10 mL of PBS buffer (pH 7.4). After 10 h, 
the tube was placed into 10 mL of acetate buffer (pH 
5.0). The release of DOX was performed at 37°C. At 
selected time intervals, the dialysate was removed for 
UV-Vis spectrophotometer analysis and replaced with 
a fresh buffer solution. The concentrations of DOX 
were determined according to standard curves at the 
corresponding buffer solutions. 

Inhibition of tumor cells by D-M-EXOs 
The tumor inhibition effects of DOX and 

D-M-EXOs were evaluated using a CCK-8. First, 4000 
H22 cells or 4T1 cells were seeded into 96-well plates 
and grown in complete medium at 37°C for 24 h. 
Subsequently, the culture medium was replaced with 
complete medium containing 0, 0.25, 0.5, 1, 2, 4, 8, 10, 
and 12 µg/mL of DOX. The same procedure was 
carried out to study the influence of D-M-EXOs (with 
equivalent concentrations of DOX) on cell viability. At 
48 h, CCK-8 solution was added and cell viability was 
assessed. The cells without treatment were used as the 
control and cell viability was calculated as the ratio of 
the absorbance of the test and control cells.  

Confocal fluorescence microscopy was used to 
assess the intracellular trafficking of M-EXOs and 
DOX. Cells that had grown on the glass coverslips of a 
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six-well plate were incubated with DOX and 
FITC-labeled D-M-EXOs for 24 h. Following 
incubation, the cells were washed three times with 
PBS and fixed in paraformaldehyde for 15 min. 
Localization of FITC-M-EXOs and DOX in cells was 
visualized using confocal microscopy with identical 
settings for each confocal study. 

The H22 and 4T1 cells were seeded in a dish at a 
density of 5×105 cells/mL for 24 h to bring the cells to 
the desired confluence. The medium was replaced 
with fresh medium containing different drugs, and 
the cells were incubated for 48 h. Then protein lysates 
were separated using SDS-PAGE gel and were 
transferred onto PVDF membranes, then incubated 
with primary antibodies that could detect caspase-3 
and Bcl-2 (1:1000 dilution, Zhongshan Bio Corp.), 
followed by incubation with a secondary antibody 
(1:1000 dilution, Zhongshan Bio Corp.). The density of 
target protein signals was visualized by a 
chemiluminescent imaging system (Syngene G: BOX 
Chemi XR5) using an enhanced chemiluminescent 
detection kit. 

In vivo bio-distribution of D-M-EXOs 
To investigate the bio-distribution of D-M-EXOs 

and the change in bio-distribution of DOX by 
M-EXOs, free DOX and Cy5.5 labeled D-M-EXOs 
(Cy5.5-D-M-EXOs) were injected intravenously into 
tumor-bearing mice. D-M-EXOs were labeled by 
NHS-Cy5.5 (mass ratio of 1000:1) in pH 8.5 buffer 
solution. Kunming mice, four- to six-weeks-old, were 
purchased from Charles River (Beijing, China). H22 
cells were suspended in serum-free DMEM medium 
and inoculated subcutaneously to the flank of mice 
(2×106 cells per mice). All animal experiments were 
performed according to the protocols approved by the 
Institute Animal Care Committee. After tumors had 
grown to ~100 mm3, the mice were divided randomly 
into three groups. One group was injected 
intravenously with Cy5.5-D-M-EXOs solution (5 
mg/mL, 200 μL per mice). Another group was 
injected intravenously with DOX solution 
(0.5mg/mL, 200 μL per mice). The control group was 
injected with PBS (200 μL). After 24 h, whole-animal 
imaging was recorded using an IVIS Spectrum 
imaging system (IVIS 100, USA). After that, the mice 
were euthanized by cervical dislocation. Tumors and 
major organs were harvested, washed with PBS, and 
placed in a dish. Next, fluorescence imaging results 
and fluorescence intensities were recorded using an 
IVIS Spectrum imaging system. In addition, the 
tumors and major organs were harvested, washed 
with PBS, stored in liquid nitrogen, and triturated in 
mortar. The powder was then dissolved in 1 mL of 
borate buffer solution and ultrasonically lysed. After 

30 min, 1 mL of chloroform was added to the solution, 
and the mixed solution was shaken for 30 min. 
Finally, the solution was allowed to remain stationary, 
and the lower solution was absorbed. According to 
the absorption standard curve of DOX, the absorbance 
was measured at 480 nm to determine the DOX 
content. 

The distribution of D-M-EXOs in the tumor 
tissue was also confirmed. Kunming mice bearing 
H22 tumor were separated into three groups with six 
mice in each group. A single-dose of either PBS, DOX, 
or FITC-D-M-EXOs (5 mg/mL, 200 μL per mice) was 
injected via the tail vein. After 24 h, tumor tissues 
were isolated and were embedded in optimal cutting 
temperature (OCT) compound. Then, they were 
frozen rapidly at -20°C for 24 h. Tumor tissues were 
cut into 8 μm histology slices using a cryostat. Each 
section was dyed with 4',6-diamidino-2-phenylindole 
(DAPI) and covered with a coverslip. The frozen 
sections were observed using a fluorescence 
microscope from Olympus Corporation (FV1200, 
Tokyo, Japan). 

Cardiotoxicity and hepatotoxicity of 
D-M-EXOs 

Kunming mice, four- to six-weeks-old, were 
divided randomly into three groups. One group was 
injected intravenously with a solution of D-M-EXOs 
(~100 μg of DOX) and one group was injected 
intravenously with DOX solution (100 μg of DOX). 
The control group was injected with PBS. After 48 h, 
blood was collected through the tail cut. Then, the mice 
were euthanized, and livers and kidneys were 
harvested. The serum levels of aspartate 
aminotransferase (AST), alanine aminotransferase 
(ALT), alkaline phosphatase (ALP), creatine kinase 
(CK), creatine kinase-MB (CK-MB), and creatine 
kinase (LDH) were determined using commercially 
available ELISA kits. The organs were stored 
overnight in 2.0% (V/V) formaldehyde solution in 
PBS and were then washed twice with PBS to remove 
excess formaldehyde. Paraffin-embedded tissue 
sections were stained with hematoxylin and eosin 
(H&E) and observed through a microscope.  

In vivo antitumor efficiency of D-M-EXOs 
H22 or 4T1 cells were suspended in serum-free 

DMEM medium and were inoculated subcutaneously 
to the flank of the mice (2×106 cells per mice). After 
tumors had grown to ~100 mm3, the mice were 
divided randomly into three groups (PBS, DOX, and 
D-M-EXOs). Each group had five mice. Solutions were 
administered by intravenous injections every three 
days (5 mg of DOX/kg of body weight per dose) for 
three weeks. Tumor volume was measured from: 
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volume = length×width2/2. The mice were 
euthanized and the tumors were harvested. The 
tumors were photographed and their average masses 
were measured. Immunohistochemistry (IHC) was 
performed for analyzing the expression levels of 
Caspase-3 and Bcl-2. For the observation of tumor cell 
apoptosis, tumor slices were stained with H&E and 
terminal deoxynucleotidyl transferase (TdT)- 
mediated dUTP nick end labeling (TUNEL), 
respectively. 

Statistical analysis 
Statistical comparisons were achieved using a 

one-way ANOVA with a Dunnett post-hoc test using 
GraphPad Prism 6.0 software. 

Results 
pH-responsiveness of SMNC-based method 

Figure 1A shows the representative TEM images 
of magnetically separated samples at different pH 
values. The morphology of samples magnetically 
separated from serum (pH 7.4) was first observed. 
Dark spots surround spherical vesicles representing 
the cluster structures were formed during synthesis. 
When the pH was changed to 5.0, the structure of 

clusters was still stable. However, spherical vesicles 
disappeared in magnetically separated samples when 
pH was changed to 7.4. This may be because SPMNs 
were dissociated from blood TfR+ exosomes, and the 
re-dispersed magnetically separated products were 
actually SPMNs. The size of samples at different pH 
values was also detected (Figure 1B). The mean size of 
initial samples (pH 7.4) was ~100.36 nm and was 
similar to that of samples (~91.26 nm) re-dispersed in 
pH 5.0 solution. However, when samples were again 
re-dispersed in pH 7.4 solution, the mean size of 
magnetically separated samples was ~9.65 nm. These 
samples may be SPMNs since the mean size of 
commercial SPMNs was ~10 nm. In addition, the 
protein concentration of samples at different pH 
values was also measured (Figure 1C). The protein 
concentration of samples in pH 7.4 and pH 5.0 
solutions was similar and it was dramatically reduced 
when samples were again re-dispersed in pH 7.4 
solution. These results imply that SMNC-EXOs were 
formed in pH 7.4 serum and were stable even when 
they were dispersed in pH 5.0 solution. However, 
when they were again re-dispersed in pH 7.4 solution, 
SMNC-EXOs disintegrated, proving the 
pH-responsiveness of the SMNC-based method. 

 
 

 
Figure 1. The pH-responsiveness of SMNC-based method. (A) Representative TEM images of magnetically separated samples with the change of pH. (B) The diameter 
of magnetically separated samples at different pH values. (C) The protein concentration of magnetically separated samples at different pH values. 
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To further demonstrate the pH-dependent 
separation of TfR+ exosomes, the ferric ions 
concentration changes during the preparation process 
were tested by a colorimetric ferrozine assay. Figure 
S1-A was the absorbance of the Fe2+-ferrozine 
complex formed with increasing concentration of the 
standard FeCl3. The increase in absorbance was linear 
between 0.5-128 μM (A) and between 0.5-4 μM (B) of 
FeCl3. Furthermore, the absorbances at 550 nm of 
Fe2+-ferrozine complex in SPMN-Tfs solution and 
SMNC-EXOs solution were both measured. As shown 
in Figure S1-B, the pH change from 7.4 to 5.0 and 
again to 7.4 dramatically reduced the absorbance 
since ferric ions have been released from Tfs. 
According to the standard curve, the ferric ions 
concentration in SPMN-Tfs solution at initial pH 7.4 
was ~6 μM, which was similar to the theoretical value 
(5.2 μM). However, the ferric ions concentration in 
SMNC-EXOs solution at an initial pH of 7.4 was ~40 
μM, which was much higher than the theoretical 
value. This may be attributed to the composition of 
TfR+ exosomes. For example, TfR+ exosomes also 
contained holo-transferrins [29]. In addition, it should 
be specially noted that the ferric ions concentration at 
pH 5.0 was obviously higher than that a later pH 7.4. 
We deduced that SPMNs would release ferric ions in 
acidic conditions and disturb the measurement [30]. 
Regardless, the pH changes during the preparation 
process reduced the ferric ions concentration of the 
solution, which would induce the dissociation of TfR 
and Tf, indicating the separation of TfR+ exosomes 
was pH-dependent. 

To determine the separation efficiency of 
exosomes, the change in CD63 concentration during 
the separation process was tested. As shown in Figure 
S2, we measured the concentration of CD63 in 1 mL 
serum (positive control), in SMNC-EXOs solution (pH 
7.4 and pH 5.0), and in the separated M-EXOs (pH 
7.4). The results show that the total concentration of 
CD63 in 1 mL serum is ~106.44 pg/mL and is ~52 ± 2 
pg/mL in SMNC-EXOs solution (both at pH 7.4 and 
pH 5.0). A calculation shows that ~50% of total blood 
exosomes can be separated, and they are blood TfR+ 
exosomes. Furthermore, the total concentration of 
CD63 in M-EXOs solution is ~40.43 pg/mL, which 
demonstrates that 70%-80% of blood TfR+ exosomes 
can be separated from SMNC-EXOs solution by this 
pH-responsive method. 

The characterization of M-EXOs 
To further test whether a change in pH can lead 

to the disintegration of SMNC-EXOs, the 
morphologies of M-EXOs were characterized. As 
shown in the representative TEM images (Figure 2A), 
a typical spherical structure was observed in M-EXOs 

solution, implying the existence of exosomes. The 
representative SEM image also proved the existence 
of spherical vesicles (Figure 2B). The specific marker 
proteins of exosomes (CD9, CD63, and CD81) were 
detected in M-EXOs solution (Figure 2C), and 
exosomes separated by ultracentrifugation (denoted 
as UC-EXOs) were used as a control, proving the 
spherical vesicles were exosomes. The existence of TfR 
proved that these exosomes were TfR+ exosomes. 
Nanoparticles Tracking Analysis (NTA) was 
performed to further characterize the separated 
exosomes. As shown in Figure 2D, the size 
distribution of M-EXOs was centered at 
approximately 111 nm. Furthermore, the 
concentration of M-EXOs was estimated to be 
1.05×1012 ± 1.59×1011 particles/mL serum. In addition, 
the mean zeta potential of M-EXOs was ~-17 mV 
(Figure 2E). The negative zeta potential was beneficial 
to the drug delivery of TfR+ exosomes since 
nanoparticles with too high or too low surface 
potential were easily cleared by the immune system 
[31].  

To prove the high purity of M-EXOs, we 
compared M-EXOs with exosomes separated by 
ultracentrifugation and commercial precipitant. 
Figure S3-A shows the representative TEM images of 
exosomes separated by ultracentrifugation and 
commercial precipitant. Exosomes separated by 
ultracentrifugation were contaminated with proteins 
(indicated by the red arrows). Besides proteins, 
exosomes separated by commercial precipitant were 
also contaminated with large-size vesicles (indicated 
by the red arrows). These results imply that M-EXOs 
had a higher purity. To further prove this conclusion, 
we compared the amount of CD63 with that of total 
proteins in the exosomes solution (both separated 
from 1 mL of serum) (Figure S3-B). The ratio of the 
CD63 amount to the total proteins amount was the 
highest in M-EXOs solution, indicating their high 
purity. In addition, we investigated the stability of 
exosomes separated by different methods. At 4℃, the 
mean size of exosomes increased with the increase of 
storage time (Figure S3-C). This may be because of the 
aggregation of proteins or exosomes. Comparatively 
speaking, the size increase amplitude of M-EXOs was 
the smallest, further implying their high purity and 
high stability. 

The cellular uptake and bio-safety of M-EXOs  
The cellular uptake of the M-EXOs was tested. 

Protein concentration was used to denote the content 
level of exosomes, similar to other researchers [3]. 
After 4 h incubation, the fluorescence signal of 
M-EXOs was detected in the cytoplasm (Figure 3A, 
left picture). Quantitative results showed that the 
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cellular uptake efficiency of M-EXOs was respectively 
35.20% and 75.13% at 100 μg/mL and 200 μg/mL 
(Figure S4). These results demonstrated the cellular 
uptake of blood TfR+ exosomes was concentration- 
dependent. The intracellular distribution of M-EXOs 
was also observed. We firstly labeled endosomes/ 
lysosomes with LysoTracker. The fluorescence signal 
of M-EXOs was matched to that of endosomes/ 
lysosomes (Figure 3A, right picture). A previous 
study has shown that exosomes were recruited to 
endosomes by clathrin-mediated endocytosis [32]. To 

test whether this mechanism was applicable to our 
research, we measured the cellular uptake efficiency 
of M-EXOs by H22 cells with or without incubation of 
chlorpromazine, which was usually used to inhibit 
clathrin-mediated endocytosis [33]. The flow 
cytometry analysis revealed that the cellular uptake 
efficiency of M-EXOs was reduced from 86.15% to 
27.07% (Figure S5) when H22 cells were pre-incubated 
with chlorpromazine. These results demonstrated the 
main cellular uptake mechanism of M-EXOs was 
clathrin-mediated endocytosis. 

 

 
Figure 2. The characterization of M-EXOs. (A) Representative TEM images of M-EXOs. (B) Representative SEM image of M-EXOs. (C) Western blot analysis of specific 
exosome marker proteins (CD9, CD63, and CD81) and TfR in M-EXOs solution. (D) The size distribution of M-EXOs. E) The zeta potential of M-EXOs. 
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Figure 3. The cellular uptake and bio-safety of M-EXOs. (A) Intracellular distribution in H22 cells of M-EXOs (exosomes were labeled with FITC). The bar is 200 μm. (B) 
Cytotoxicities of different concentrations of M-EXOs as examined in H22 cells by CCK-8 assay. (C) Hemolytic activities of M-EXOs and comparison with distilled water (positive 
control) and saline (negative control). 

 
The bio-safety of M-EXOs was evaluated. A Cell 

Counting Kit-8 (CCK-8) cell viability assay was 
performed on H22 cells to assess the cytotoxic effects 
of M-EXOs. In a 640 μg/mL M-EXOs solution, cells 
maintained as high as 85% viability (Figure 3B). To 
study the biocompatibility of M-EXOs in vivo, 
hemolytic activity tests were performed to evaluate 
blood compatibility. No hemolysis was observed 
(Figures 3C), demonstrating that M-EXOs are 
biocompatible as a drug delivery vehicle. 

The drug loading and tumor cell inhibition 
The drug loading ability of M-EXOs was tested. 

Different amounts of DOX were respectively added to 
M-EXOs solution (100 μg/mL), and the mixed 
solution was dialyzed to remove un-encapsulated 
DOX. The DOX-loaded M-EXOs were denoted as 
D-M-EXOs. The greater the amount of DOX added, 
the darker the color of the D-M-EXOs solution was 
(Figure 4A, inserted picture). Furthermore, the 
ultraviolet-visible absorbance of the D-M-EXOs 
solution at 480 nm was gradually increased upon 
increasing the added amount of DOX, and the 
quantitative analysis indicated a DOX loading 
capacity of ~10% (Figure 4A).  

To evaluate the drug-release behavior of 
D-M-EXOs, we determined the in vitro release profile 
of DOX from M-EXOs (Figure 4B). The pH of 
dialysate was changed to more realistically simulate 
the in vivo circulation process of D-M-EXOs. In the 
first 10 h, D-M-EXOs were placed in PBS dialysate 
(pH 7.4). The release curve reached a plateau quickly 
(~77% DOX was retained) indicating M-EXOs could 
effectively prevent the leakage of DOX in blood 
circulation. The released DOX (~30%) may be 
adsorbed on the surface of blood TfR+ exosomes 
rather than loaded in the phospholipid bilayer. After 
10 h, the dialysate was changed to an acetic acid 
buffer solution (pH 5.0). The releasing rate of DOX 
speeded up rapidly and ~70% of loaded DOX was 
released after 24 h. Decreasing the pH resulted in the 
protonation of DOX and accelerated their release. This 
result suggested that DOX was released rapidly and 
massively from M-EXOs after entering an acidic 
environment, such as late endosomes and lysosomes, 
of tumor cells. In addition, the result that not all DOX 
released from M-EXOs in 60 h implied there might be 
other paths for DOX loading apart from hydrophobic 
interaction. For example, DOX could be loaded onto 
nanoparticles by using supramolecular Π-Π stacking 
[34]. 
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Figure 4. The drug loading and tumor cell inhibition. (A) Absorption spectra of D-M-EXOs, with inset showing the image of D-M-EXOs. Significance level is shown as 
nsp>0.05. (B) Release profiles of DOX from D-M-EXOs. (C) Intracellular distribution of DOX and D-M-EXOs in H22 cells and the bar is 20 μm. (D) Intracellular distribution of 
DOX and D-M-EXOs in 4T1 cells and the bar is 20 μm. (E) Western blot analysis of Bcl-2 and Caspase-3 protein expression in H22 and 4T1 cells after treatment with DOX and 
D-M-EXOs. Cell cytoskeleton protein (β-Actin) was used as internal controls. (F) Cell viability of H22 cells exposed to different concentrations of DOX and D-M-EXOs. (G) Cell 
viability of 4T1 cells exposed to different concentrations of DOX and D-M-EXOs. 
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 The distribution of D-M-EXOs in tumor cells 
was examined. Both in H22 cells and 4T1 cells, nearly 
all DOX was distributed in the nucleus after 24 h of 
incubation (Figure 4C and 4D). These results implied 
D-M-EXOs had effective tumor inhibition ability. To 
prove this conclusion, the expression of Bcl-2 and 
Caspase-3 was assessed via western blot analysis after 
tumor cells were respectively treated with DOX and 
D-M-EXOs for 48 h. The DOX and D-M-EXOs groups 
both showed significantly increased Caspase-3 and an 
obvious decrease of Bcl-2 compared to the control 
group (Figure 4E). However, the half-maximal 
inhibitory concentrations (IC50) of D-M-EXOs on H22 
cells and 4T1 cells were ~0.36 μg/mL and ~0.38 
μg/mL, slightly higher than that of DOX (~0.29 
μg/mL and ~0.35μg/mL) (Figure 4F and 4G). These 
unsatisfactory results may be due to the incomplete 
and delayed release of DOX from D-M-EXOs. 
Although M-EXOs didn't enhance the tumor cell 
inhibition effect of DOX, they could improve the in 
vivo performance of drugs. 

In vivo bio-distribution 
The in vivo bio-distribution of D-M-EXOs in 

tumor-bearing mice was tested. As shown in Figure 
5A and 5B, the fluorescence signal of D-M-EXOs is 
observed at tumor sites. Furthermore, the 
fluorescence intensity in the tumor was higher than 
that observed in other tissues (heart, spleen, lung, and 
kidney) except for the liver. The quantitative test 
result also proved the high accumulation of 
D-M-EXOs in tumor and liver (Figure 5C). The 
accumulation of D-M-EXOs in the tumor may be 
because of the innate passive-targeting ability of 
blood TfR+ exosomes. In addition, the fluorescence 
intensity of D-M-EXOs in the liver was much higher, 
implying their metabolism clearance was mainly 
through the liver, which was consistent with other 
researches [29,35]. It should be noted that the 
fluorescence excitation wavelength was selected as 
670 nm for the detection of Cy 5.5. However, the 
fluorescence signal of DOX cannot be excited under 
this condition. Therefore, no fluorescence signal was 
observed in the DOX group in the heart and liver, yet 
this didn’t necessarily mean that DOX didn’t 
distribute in the heart and liver.  

M-EXOs changed the bio-distribution of DOX. 
As shown in Figure 5D, when compared with free 
DOX, D-M-EXOs could enhance the concentration of 
DOX in the tumor, potentially improving the tumor 
suppression efficiency. Furthermore, D-M-EXOs 
reduced the amount of DOX in the heart and liver. 
This was facilitated to diminish the side effects of 
DOX. The fluorescence signal of DOX from the 
D-M-EXOs in the tumor section was much stronger 

than that of free DOX further indicating that 
D-M-EXOs improved the tumor-targeting efficiency 
of DOX (Figure 5E). 

Cardiotoxicity and hepatotoxicity 
To verify whether D-M-EXOs indeed reduced 

the side effects of DOX, their cardiotoxicity and 
hepatotoxicity were tested. The serum levels of 
alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), and alkaline phosphatase 
(ALP) were respectively measured (Figure 6A). 
Compared with free DOX, D-M-EXOs didn’t 
obviously induce the expression of ALT, AST, and 
ALP. In addition, the serum levels of creatine kinase 
(CK), creatine kinase-MB (CK), and creatine kinase 
(LDH) in the D-M-EXOs group were much lower than 
that in the free DOX group (Figure 6B). The serum 
levels of these factors reflected the function of the 
liver and heart. The normal expression of these factors 
indicated that D-M-EXOs showed mild cardiotoxicity 
and hepatotoxicity. The results of the histological 
sections of liver and heart stained with H&E (Figure 
6C) further proved this conclusion. In addition, the 
histological sections of other main organs (spleen, 
lung, and kidney) stained with H&E were also 
examined (Figure S6). There was no obvious toxicity 
of DOX in these organs. This may be because the 
accumulation amount of free DOX in these organs 
was low and D-M-EXOs can control the release of 
DOX. 

Tumor suppression by D-M-EXOs 
The tumor inhibition effects of D-M-EXOs on 

H22-bearing mice were investigated. Mice were 
injected intravenously with free DOX and D-M-EXOs 
on days 7, 10, 13, 16, 19, 22, and 25. To examine the 
kinetics of tumor growth, tumor volume was 
monitored using a caliper before each injection and 
calculated as [(length × width2)/2]. The tumor 
volumes of mice treated with PBS increased rapidly 
within six days (Figure 7A). In contrast, DOX could 
inhibit the tumor growth to some extent and the 
tumor volume of mice in the free DOX group was 
obviously smaller than that in the control group. 
D-M-EXOs showed a stronger ability to inhibit tumor 
growth compared with DOX. This result indicated the 
enhanced bioavailability of DOX as a result of the 
passive targeting ability of blood TfR+ exosomes. The 
tumor masses harvested from the mice on day 25 were 
~3.12 g, ~1.35 g, and ~0.67 g in mice treated with PBS, 
DOX, and D-M-EXOs, respectively (Figure 7B). We 
also examined the expression levels of Caspase-3 and 
Bcl-2 in tumor tissues harvested from these mice by 
using immunohistochemistry analyses (Figure 7C). 
D-M-EXOs could dramatically inhibit tumor growth 
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and up-regulate apoptosis in H22 cells by decreasing 
Bcl-2 expression and increasing Caspase-3 expression. 
The fact that D-M-EXOs could effectively trigger the 
apoptosis of the tumor cells was also confirmed by the 
direct observation of the slices stained with H&E 

(Figure 7D) and TUNEL (Figure 7E), respectively. The 
effective inhibition of tumor growth indicated the 
feasibility of applying the blood TfR+ exosomes-based 
drug delivery system. 

 

 
Figure 5. In vivo bio-distribution of D-M-EXOs. (A) Noninvasive NIRF imaging of Cy5.5-labeled D-M-EXOs in Kunming mice after 24 h intravenous injection. (B) 
Representative ex vivo NIRF optical images of tumor and major organs. 1: heart; 2: liver; 3: spleen; 4: lung; 5: kidney; 6: tumor. (C) Radiant efficiency of Cy5.5-labeled D-M-EXOs 
in tumors and major organs. (D) Levels of DOX in tumors and major organs. (E) Accumulation of FITC-labeled D-M-EXOs in tumor section was evaluated using fluorescence 
microscopy, and the bar is 200 μm. Significance levels are shown as nsp>0.05, *p<0.05, **p<0.01, and ****p<0.001. 
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Figure 6. The cardiotoxicity and hepatotoxicity of D-M-EXOs. (A) Effects of D-M-EXOs on serum levels of alanine aminotransferase (ALT), aspartate aminotransferase 
(AST) and alkaline phosphatase (ALP). (B) Effects of D-M-EXOs on serum levels of creatine kinase (CK), creatine kinase-MB (CK) and creatine kinase (LDH). (C) Histological 
sections of liver and heart stained with H&E, and the bar is 200 μm. Significance levels are shown as nsp>0.05, *p<0.05, ***p<0.005 and ****p<0.001. 

 
Figure 7. Efficacy of D-M-EXOs for H22 subcutaneous tumor therapy. (A) Growth evaluation of H22 subcutaneous tumor in Kunming mice after sample 
administration; tumor volume was examined every three days for 18 consecutive days. (B) The average mass of the obtained tumor tissues. (C) Immunohistochemistry analyses 
of the expression of Caspase-3 and Bcl-2 in each group, nuclei are stained blue, and the proteins are stained brown. The bar is 200 μm. (D) H&E staining and (E) TUNEL analysis 
of the tumor tissues from the mice in each treatment group. In TUNEL staining, normal cell nuclei are stained blue and apoptotic cell nuclei are stained red. Significance levels are 
shown as *p<0.05, **p<0.01, and ****p<0.001. 
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Figure 8. Efficacy of D-M-EXOs for 4T1 subcutaneous tumor therapy. (A) Growth evaluation of 4T1 subcutaneous tumor in Kunming mice after sample administration; 
tumor volume was examined every three days for 18 consecutive days. (B) The average mass of the obtained tumor tissues. (C) 4T1 tumor tissues obtained from euthanized mice 
18 days after sample administration. (D) Immunohistochemistry analyses of the expression of Caspase-3 and Bcl-2 in each group, nuclei are stained blue, and the proteins are 
stained brown. The scale bar is 200 μm. (E) H&E staining and (F) TUNEL analysis of the tumor tissues from the mice in each treatment group. In TUNEL staining, normal cell nuclei 
are stained blue and apoptotic cell nuclei are stained red. The scale bar is 200 μm. Significance levels are shown as *p<0.05 and ****p<0.001. 

 
To further confirm the therapeutic effect, the in 

vivo tumor inhibition effects of D-M-EXOs on 
4T1-bearing mice were investigated. The tumor 
volumes of mice treated with PBS increased rapidly 
within nine days (Figure 8A). The tumor volume of 
mice in the free DOX group was obviously smaller 
than that in the control group indicating the tumor 
inhibition efficiency of DOX, while D-M-EXOs 
showed a stronger ability to inhibit tumor growth 
compared with DOX. The tumor masses harvested 
from the mice on day 25 were ~3.15 g, ~1.58 g, and 
~0.8 g in mice treated with PBS, DOX, and D-M-EXOs, 
respectively (Figure 8B). Figure 8C was the picture of 
4T1 tumor tissues obtained from euthanized mice. 
The results of immunohistochemistry analyses 
(Figure 8D), H&E (Figure 8E), and TUNEL (Figure 8F) 
further proved the effective inhibition of tumor 
growth by D-M-EXOs. 

Discussion 
Here we exploited a kind of pH-responsive 

method for the separation of blood TfR+ exosomes. In 
this method, the pH of reaction solutions changed 
from 7.4 to 5.0 and again to 7.4. In our opinion, the pH 
change couldn’t cause serious damage to exosomes 
because they went through a similar pH change 
during their formation process. The inward budding 
of endosomal membranes led to the accumulation of 
intraluminal vesicles (ILVs) in large multi-vesicular 
bodies (MVBs, pH 5.0). Intracellular MVBs can either 
traffic to lysosomes where they are degraded or to the 

cell membrane to release ILVs into the extracellular 
space (pH 7.4). ILVs released into the extracellular 
space were denoted as “exosomes” [36]. Therefore, 
the separated blood TfR+ exosomes could effectively 
maintain their structural and functional integrity. 

SMNC-EXOs, actually, could be directly applied 
to drug delivery since the labeled SPMNs had little 
influence on blood TfR+ exosomes [37]. However, the 
potential cumulative toxicity of SPMNs would limit 
their long-term clinical application. Blood TfR+ 
exosomes separated by the pH-responsive 
SMNC-based method were natural nanocarriers 
without any modification, avoiding the potential side 
effects during long-term application. Recently, cells 
membrane was often used as a coating to shield the 
surfaces of nanoparticles, such as gold nanoparticles 
[38], silicon nanoparticles [39], polymeric 
nanoparticles [40], metal-organic framework 
nanoparticles [41], and magnetic nanoparticles [42], 
for enhancing their biocompatibility. Therefore, the 
high bio-safety of blood TfR+ exosomes was 
foreseeable because of the similar structure and 
composition between exosomes membrane and cells 
membrane. In addition, the successful in vivo drug 
delivery using nanoparticles that were coated with 
blood cells membrane implied the feasibility of blood 
TfR+ exosome-based drug delivery. Furthermore, 
blood cells membrane needed to be extruded during 
the coating process [43]. The membrane structure of 
blood TfR+ exosomes was potentially more complete 
than that of blood cells membrane-coated 
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nanoparticles, which might be more conducive to the 
in vivo application of blood TfR+ exosomes. All in all, 
the high bio-safety of blood TfR+ exosomes is their 
inherent advantage compared with synthetic 
nanocarriers. 

In some respects, however, the performance of 
blood TfR+ exosomes is still insufficient when 
compared to synthetic nanocarriers. As an example, 
the drug loading capacity of blood TfR+ exosomes 
was moderate, and some artificial nanoparticles had a 
better performance. This might because of the 
difference in the drug loading mode. Current 
nanoparticles often utilized their large volume and 
hydrophobic cores to load drugs [44], but it was 
difficult to access the interior of blood TfR+ exosomes 
due to their membrane structure. We utilized the 
hydrophobic interaction between DOX and the lipid 
bilayer of blood TfR+ exosomes to form D-M-EXOs. 
Therefore, taking advantage of the internal space of 
exosomes was a feasible way to further enhance their 
drug loading capacity. 

In addition, the uniformity of blood TfR+ 
exosomes was poorer than that of synthetic 
nanoparticles. The size distribution of blood TfR+ 
exosomes was much broader. More importantly, 
blood TfR+ exosomes may derive from different cell 
types. These exosomes may have different properties. 
For example, chlorpromazine didn’t inhibit the 
cellular uptake of M-EXOs completely. This may be 
because the cellular uptake pathway of blood TfR+ 
exosomes derived from varied parent cells was 
different. Furthermore, even the same exosomes may 
possess two or more cellular uptake pathways [45]. 

This work was a continuation of our previous 
research [37], wherein the focus was on the formation 
of SMNC-EXOs to simultaneously realize the 
separation, purification, and tumor targeting of 
exosomes. In contrast, here, the dissociation of 
SMNC-EXOs was our purpose, since the lesser 
modification of exosomes betters their long-term 
application. How to realize the separation of ligands 
labeled on SPMNs and receptors expressed on 
exosomes was the focus. Fortunately, it had been 
proved that the disaggregation of Tf and TfR was 
responsive to pH, and blood TfR+ exosomes were 
widespread in the blood. Therefore, we successfully 
separated exosomes from blood using a 
pH-responsive method for the first time. We believed 
that this study could inspire researchers to exploit 
new methods for the precise separation of exosomes. 
For example, other stimulating factors, such as 
temperature and ion strength, could lead to the 
disaggregation of ligands and receptors realizing the 
separation of exosomes.  

Conclusion  
In summary, taking advantage of the 

pH-responsive binding and disaggregation 
characteristics of transferrin and transferrin receptor, 
the SMNC-based method can precisely separate blood 
TfR+ exosomes and realize their mild release from 
superparamagnetic nanoparticles. The resulting blood 
TfR+ exosomes show excellent bio-safety and enable 
the efficient delivery of chemotherapeutics to the 
tumor. This is the first time that their structural 
features were taken advantage of to realize the precise 
and mild separation of blood exosomes. Furthermore, 
the investigation of the drug delivery potential of 
blood exosomes facilitates the clinical translation of 
exosome-based drug delivery systems.  
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