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Abstract

To date, the scaled-up manufacturing and efficient drug loading of exosomes are two existing 

challenges limiting the clinical translation of exosome-based drug delivery. Herein, we developed 

a facile magnetic extrusion method for preparing endosome-derived vesicles, also known as 

exosome mimetics (EMs), which share the same biological origin and similar morphology, 

composition, and biofunctions with native exosomes. The high yield and consistency of this 

magnetic extrusion method help to overcome the manufacturing bottleneck in exosome research. 

Moreover, the proposed standardized multi-step method readily facilitates the ammonium sulfate 

gradient approach to actively load chemodrugs such as doxorubicin into EMs. The engineered 

EMs developed and tested here exhibit comparable drug delivery properties as do native exosomes 

and potently inhibit tumor growth by delivering doxorubicin in an orthotopic breast tumor model. 

These findings demonstrate that EMs can be prepared in a facile and scaled-up manner as a 

promising biological nanomedicine for cancer drug delivery.
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A magnetic extrusion method is developed to prepare endosome-derived vesicles, also called 

exosome mimetics (EMs), in a facile and scaled-up manner. The engineered EMs share the same 

biological origin and similar morphology, composition, and biofunctions with native exosomes, 

which can be utilized as a promising biological nanomedicine for cancer drug delivery.
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Introduction

Exosomes are nanosized extracellular vesicles (30–150 nm) of endosomal origin secreted 

by most cell types[1,2]. The heterogeneous structure of exosomes features a lipid bilayer 

enclosing solubilized bioactive cargoes, mainly proteins and nucleic acids[3]. Upon 

secretion, exosomes travel long-distance and deliver their content to target cells thereby 

playing a key role in cell-to-cell communication and supporting both physiological (e.g., 

coagulation) and pathological processes (e.g., cancer metastasis)[1,2,4]. In recent years, 

exosomes have emerged as a novel class of versatile nanoparticles. In fact, exosomes mirror 

the secreting cell in composition therefore representing a novel source of diagnostic and 

prognostic biomarkers[1,2]. Furthermore, due to their unique structure, exosomes can be 

readily engineered and loaded with various therapeutic agents, constituting a promising 

class of biocompatible vehicles for targeted drug delivery[3]. As delivery vehicles, exosomes 

naturally combine unique features of biological functions such as organ tropism, breaching 

of biological barriers and poor immunogenicity and can outperform the majority of currently 

available synthetic nanoparticles (e.g., liposomes, and polymer nanoparticles) [3–5].
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Despite their potential, the clinical translation of exosome-based therapeutics has been 

hampered by critical challenges including poorly scalable isolation methods, limited 

yield and low drug loading efficiency. Conventional exosome isolation methods rely 

on time- and labor-intensive protocols (e.g., ultracentrifugation, density gradients, size-

exclusion chromatography) that require expensive instruments as well as trained personnel. 

Exosomes separated using conventional methods (e.g., ultracentrifugation, polymer-based 

precipitation, and size-exclusion chromatography) may suffer from variable degrees 

of particle aggregation, purity, sample loss and damage. Furthermore, the yields of 

conventional exosome isolation methods have been characterized as being approximately 

7×107, 6×108, and 1×1010 particles/million cells for size exclusion chromatography, 

ultracentrifugation, and tangential flow filtration, respectively[6–8]. The yields of these 

exosome isolation methods have yet to meet the rapidly growing needs for exosome-based 

drug delivery and diagnostic applications[9,10]. Common exosome loading strategies (e.g., 

passive mixing, electroporation, exogenous loading) often result in low loading efficiencies 

(< 30%) compared to synthetic nanomedicines[11–13]. These factors, and others, represent 

substantial challenges to the scale-up of exosome manufacturing for drug delivery purposes 

which, if overcome, could advance their translation into nanomedicine.

In order to accomplish this, we have developed a novel magnetic extrusion method to 

generate formulations of endosome-derived vesicles in a facile and scaled-up manner. 

Endosomes were collected from different cell sources using iron oxide nanoparticle (IONP)-

assisted magnetic separation and subsequently extruded, using a nanoporous membrane, 

into monodispersed endosome-derived vesicles. Given that the obtained endosome-derived 

vesicles share the same intracellular origin of the native exosomes, we will refer to 

them as exosome mimetics (EMs). We compared EM properties and in vitro and in vivo 
performances to those of small extracellular vesicles (EVs) isolated from conditioned media 

of the same cell line. Taking advantage of the controllable procedure of this method, 

we were able to readily use an ammonium sulfate gradient approach to actively load 

chemotherapeutic doxorubicin into EMs in a highly efficient manner. The engineered EMs 

loaded with doxorubicin (EM-Dox) were evaluated as a novel cancer nanomedicine in 

comparison with native small EVs and their drug delivery performance was determined and 

compared in vitro and in vivo.

2. Results and Discussion

Preparation and characterization of EMs.

The workflow of the magnetic extrusion method (as shown in Figure 1) takes advantage 

of the endosome-specific accumulation of magnetic IONPs via endocytosis-mediated 

cell internalization. The IONP-encapsulating endosomes are released from parental cells 

after hypotonic buffer treatment and homogenization and collected using magnetic 

separation. Purified endosomes are subsequently extruded as monodispersed endosome-

derived vesicles, also called EMs. Finally, IONP-free EMs are purified from free IONPs and 

IONP-encapsulating EMs by magnetic separation. Compared to many other established EM 

synthesis protocols based on plasma membrane extrusion[14–16], the method developed in 
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this manuscript provides the opportunity to obtain endosome-derived EMs that mirror the 

biological and physical properties of native exosomes.

To test our design, human breast cancer MDA-MB-231 cells were incubated with IONPs (10 

nm in diameter) for 12 h, allowing IONP internalization via clathrin-mediated endocytosis 

pathways to occur as previously reported[17–19]. Notably, as confirmed by transmission 

electron microscopy (TEM) studies, IONP accumulated specifically in the endosomes 

and not in the other intracytoplasmatic organelles (Figure 2A). MDA-MB-231 cells were 

then lysed using an established hypotonic treatment followed by a homogenization step 

in order to release the intracytoplasmic organelles in solution[20–22]. IONP-encapsulating 

endosomes were separated from other organelles (e.g., nuclei, and mitochondria) and cell 

debris using a magnetic separator and then washed with PBS (Figure 2A). The collected 

IONP-encapsulating endosomes were extruded through a nanoporous membrane (200 nm 

in diameter) to form monodispersed EMs derived from MDA-MB-231 cells (231-EMs)[23]. 

The majority of free IONPs were filtered by the nanoporous membrane during the extrusion 

step. The remaining IONPs, together with the IONP-encapsulating EMs, were subsequently 

eliminated from the final EM sample by magnetic separation. As shown in Figure 2A, 

like native exosomes, the resulting 231-EMs are characterized by a nanosized vesicle-like 

structure and are delimited by a lipid bilayer.

To demonstrate that this magnetic extrusion method enables the synthesis of EMs from 

different cell sources, we used the same method and experimental conditions to prepare 

EMs from normal murine fibroblast 3T3 cells (3T3-EMs). As shown in Figure 2B, both 

231-EMs and 3T3-EMs exhibit a highly similar hydrodynamic diameter of approximately 

160 nm as do native small extracellular vesicles (231-EVs and 3T3-EVs) collected 

from the same cell sources by ultracentrifugation. However, 231-EMs and 3T3-EMs 

exhibit a narrower size distribution than native small EVs, providing more consistent and 

reproducible biodistribution and circulation properties[24–26]. The EM yields of magnetic 

extrusion were determined to be 7.73 ×1010 particles/106 cells for 231-EMs and 5.29×1010 

particles/106 cells for 3T3-EMs as determined via nanoparticle tracking analysis (NTA) 

(Figure 2C). Significantly, these yields are approximately10-fold higher than those of native 

small EVs (231-EVs and 3T3-EVs) prepared by the conventional ultracentrifuge method 

(approximately 1.97–6.51 × 109 particles/106 cells).

Compared to native EVs, these EMs showed similar protein composition and 231-EMs 

and 231-EVs exhibited similar total protein concentrations, 17.2 µg/109 particles and 16.4 

µg/109 particles, respectively (Figure 2D). Similarly, 3T3-EMs and 3T3-EVs exhibited total 

protein concentrations of 19.4 µg/109 particles and 17.0 µg/109 particles, respectively. 

Furthermore, both 231-EM and native 231-EV samples were enriched in plasma and 

endosomal membrane proteins, namely cluster of differentiation (CD) 63 and CD73, both of 

which are EV biomarkers. Notably, EMs and EVs from both 231 and 3T3 cells exhibited a 

negative signal for Calnexin, an endoplasmic reticulum protein used to exclude the presence 

in the samples of intracytoplasmatic contaminant nanoparticles other than EVs or EMs 

(Figure 2E and F). Taken together, these results indicate that EMs exhibit a highly similar 

size, morphology and composition as do the native small EVs. We therefore hypothesized 

that these EMs might exhibit similar drug delivery performance as native exosomes. Given 
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the industrial readiness of magnetic separation and nanoporous membrane extrusion[23,27], 

our advanced magnetic extrusion method is amenable to large scale EM manufacture that 

can advance EM pre-clinical and clinical translation.

Cancer cell uptake of EMs

Next, we evaluated the drug delivery potential of EMs in vitro and in vivo. We selected 3T3-

EMs engineered from normal fibroblasts for our in vitro and in vivo drug delivery studies. 

Synthetic PEGylated liposome (PEG-LP), 3T3-EV, and 3T3-EM samples were fluorescently 

labeled with a lipophilic carbocyanine DiIC18 (DiR) probe that enables quantification and 

the ability to compare the particle uptake in vitro and the intratumor particle accumulation 

and organ biodistribution in vivo.

3T3-EM uptake by two cultured breast cancer cell lines, MDA-MB-231 and MDA-MB-436, 

was assessed using immunofluorescent staining and compared with the cellular uptake 

of PEG-LPs and 3T3-EVs (Figure 3A). After an 8h incubation with a fixed quantity of 

fluorescently labeled 3T3-EM-DiR or 3T3-EV-DiR and PEG-LP-DiR as controls, MDA-

MB-231 and MDA-MB-436 were imaged by confocal microscopy. As depicted in Figure 

3A, 3T3-EM-DiR, 3T3-EV-DiR, and PEG-LP-DiR were equally internalized by both breast 

cancer cell lines. The 3T3-EM-DiR, 3T3-EV-DiR, PEG-LP were found to be aggregated 

in the cytosol suggesting that these were internalized by cancer cells mainly through an 

endocytosis pathway. The 3T3-EM-DiR uptake from cancer cells was also determined 

by flow cytometry and compared with the uptake of the two controls, 3T3-EV-DiR and 

PEG-LP-DiR. The 3T3-EM-DiR were taken up at a similar rate as the 3T3-EV-DiR and 

PEG-LP-DiR by both MDA-MB-231 and MDA-MB-436 cells (Figures 3B and C).

Drug delivery properties of EMs

Compared to native exosomes, EMs offer an important advantage in that they can be 

efficiently loaded with small therapeutic molecules using active loading approaches (e.g., 
ammonium sulfate gradient loading[28]). In the course of the magnetic extrusion protocol, 

the aqueous solution inside IONP-encapsulating endosomes was replaced with a 240 

mM ammonium sulfate solution that generated a concentration gradient across the lipid 

membrane. Coupling the concentration gradient with a dialysis step, doxorubicin molecules 

in solution can actively enter and accumulate inside EMs with a high loading efficiency. 

EM loading efficiency was compared using two different mechanisms: direct encapsulation 

(passive loading) and ammonium sulfate gradient loading (active loading). As shown in 

Figure 3D, at the same doxorubicin concentration (1 mg/mL), the ammonium sulfate 

gradient method achieved a doxorubicin loading efficiency of 68% in 3T3-EMs, whereas 

only 23% of doxorubicin was loaded into the EMs by direct encapsulation. 3T3-EM loading 

efficiency was also evaluated at three different doxorubicin concentrations: 0.2 mg/mL, 

0.5 mg/mL, and 1 mg/mL, which are commonly used in nanomedicine preparation[29]. 

Interestingly, 3T3-EM loading efficiency was positively correlated with the concentration 

of the doxorubicin in solution (Figure 3E). This ammonium sulfate gradient protocol is 

a well-established method for the loading of many other types of therapeutic agents into 

synthetic liposomes such as, but not limited, small non-coding genetic material[30,31].
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Next, we determined the anti-cancer activity of our engineered doxorubicin-encapsulating 

3T3-EMs (3T3-EM-Dox). By incubating 3T3-EM-Dox with MDA-MB-231 or MDA-

MB-436 cells at serial concentrations of doxorubicin from 0 mg/mL to 5 mg/mL, we 

found that 3T3-EM-Dox effectively ablated both MDA-MB-231 and MDA-MB-436 cells 

(Figures 3F and G). The half-maximum inhibitory concentrations (IC50s) of 3T3-EM-Dox 

were 1.48 µg/mL for MDA-MB-231 cells and 0.41 µg/mL for MDA-MB-436 cells. In 

comparison, empty 3T3-EMs (vehicle) show no cytotoxicity in these tested cells, suggesting 

the 3T3-EMs are safe and biocompatible nanovehicles for cancer drug delivery. These in 
vitro results indicate that 3T3-EMs can effectively deliver doxorubicin into cancer cells, 

supporting the further investigation of their therapeutic efficacy in animal models.

In vivo biodistribution of EMs

We next investigated the tumor accumulation and organ biodistribution of 3T3-EMs in 

an orthotopic, syngeneic 4T1 breast tumor model using in vivo NIR fluorescent imaging 

(Figure 4A). Notably, this biodistribution study was conducted in immunocompetent 

BALB/c mice with their homologous 4T1 tumors, featuring a complete immune system that 

can more faithfully recapitulate the interactions between the breast tumor microenvironment 

and 3T3-EMs in comparison with other immunocompromised mouse models. Mice bearing 

orthotopic breast tumors received an intravenous injection of 3T3-EM-DiR, 3T3-EV-DiR, 

and PEG-LP-DiR at an equivalent dosage of 109 particles per animal. Twenty-four hours 

post-injection, mice were imaged by NIR fluorescent imaging. As shown in Figures 4B and 

D, mice treated with 3T3-EM-DiR and 3T3-EV-DiR showed comparable intratumor particle 

accumulation, approximately 1.5-fold higher than PEG-LP-DiR. These results suggest that 

the two biogenic nanoparticles, namely 3T3-EMs and 3T3-EVs, are more efficient in tumor 

targeting and accumulation compared to synthetic PEG-LP-DiR. The in vivo tumor uptake 

data obtained from live mice precisely matched ex vivo NIR fluorescent images of excised 

tumors (Figure 4C).

The accumulation of 3T3-EM-DiR, 3T3-EV-DiR, and PEG-LP-DiR in 6 major organs, 

namely brain, lung, heart, liver, spleen, and kidney (Figures 4E and F) was analyzed. Results 

showed that, like synthetic PEG-LP-DiR, the off-tumor accumulation of 3T3-EM-DiR and 

3T3-EV-DIR is in the liver, spleen, and lung. The interaction of the mouse immune system 

with the injected nanoparticles was investigated measuring the circulating leukocyte uptake 

of 3T3-EM-DiR, 3T3-EV-DiR, and PEG-LP-DiR. Mouse blood was collected 24h after 

the injection of 3T3-EM-DiR, 3T3-EV-DiR, and PEG-LP-DiR. Circulating leukocytes were 

isolated from the blood by red blood cell lysis followed by a centrifugation step. Leukocyte 

uptake was quantified using flow cytometry. As shown in Figure 4G, 3T3-EM-DiR, 

3T3-EV-DiR, and PEG-LP-DiR showed comparable uptake from circulating leukocytes. 

These in vivo biodistribution results suggest that EMs have a highly similar drug delivery 

performance compared to the native EVs collected from the same cell source and are 

significantly more efficient in reaching the tumor in comparison to liposomes.

In vivo therapeutic activity of EMs.

Next, using the established syngeneic 4T1 orthotopic breast tumor model, we investigated 

the in vivo antitumor activity of 3T3-EM-Dox (Figure 5A). 4T1 tumor-bearing mice were 
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randomly divided into four groups and received intravenous injections of PBS (sham), 3T3-

EMs (vehicle), free doxorubicin (free Dox), or 3T3-EM-Dox, at an equivalent doxorubicin 

dosage of 2.5 mg/kg via tail-vein injection. Dox-encapsulating native 3T3-EVs (3T3-EV-

Dox) were not able to be evaluated in this therapy study due to the inherent inability 

to prepare them with the same 3T3-EM-Dox parameters. As has been reported, the Dox 

loading efficiency of EVs has been reported to be only 10% using the ammonium sulfate 

gradient loading method[32], while the Dox loading efficiency for EMs is 68%. As shown 

in Figures 5B and C, after four treatments, 3T3-EM-Dox exhibited the highest inhibitory 

effect on 4T1 tumor growth among all tested groups. The quantified tumor volume and mass 

revealed that 3T3-EM-Dox significantly reduced 4T1 tumor growth by 41%, approximately 

1.34-fold more efficient than Free Dox (Figure 5D). During the treatment, we observed no 

weight loss (Figure 5E). These in vivo efficacy results indicate that 3T3-EM-Dox represent 

safe and efficient nanotherapeutics for the treatment of breast cancer.

3. Conclusion

In summary, we have developed a novel and scalable magnetic extrusion method for the 

production of endosome-derived EMs that can be used as drug delivery vehicles for cancer 

treatment. The therapeutic payloads can be effectively loaded into EMs using an ammonium 

sulfate gradient method that is not limited to chemodrugs but is also expected to apply to 

other types of therapeutics (e.g., nucleic acids and proteins). These engineered EMs have 

broad drug delivery applications not limited to cancer that include other life-threatening 

diseases. Going forward, we intend to genetically modify the parental cell source of EMs 

in order to express tumor-targeting fusion proteins on the endosome membranes of cells 

thereby enabling us to develop active targeting EMs to optimize EM tumor specificity 

further and to reduce off-target adverse effects.

4. Experimental Section

Materials

Gibco® Dulbecco’s Modified Eagle Medium (DMEM), Roswell Park Memorial 

Institute 1640 Medium (RPMI-1640), Dulbecco’s phosphate-buffered saline (PBS), 

4′,6-diamidino-2-phenylindole (DAPI), Triton X-100, 0.25% trypsin/2.6 mM 

ethylenediaminetetraacetic acid (EDTA) solution were purchased from Invitrogen (Carlsbad, 

CA, USA). Iron oxide nanoparticles (10 nm in diameter) were purchased from Ocean 

Nanotech (San Diego, CA, USA) and were coated with oligosaccharides to improve 

their water solubility as previously reported[33]. Ammonium sulfate, glutaraldehyde, 

paraformaldehyde, picric acid, sodium cacodylate, uranyl formate, doxorubicin (Dox) 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). 1,1’-Dioctadecyl-3,3,3’,3’-

Tetramethylindotricarbocyanine Iodide (DiR), Pierce BCA Protein Assay Kit, polycarbonate 

track-etched (PCTE) membrane (200 nm in diameter), Lab-Tek II Chamber Slide 

System, and Slide-A-Lyzer dialysis cassette (MWCO20 KD) were purchased from 

Thermo Fisher Scientific (Pittsburgh, PA, USA). Red blood cell (RBC) lysis 

buffer (10X) was purchased from BioLegend (San Diego, CA, USA). 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC) and 1,2-distearoyl-sn-glycero-3 phosphoethanolamine-
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N-poly(ethylene glycol)-2000 (DSPE-PEG) were purchased from Avanti Polar Lipids 

(Alabaster, AL, USA). FLOAT-A-LYZER G2 dialysis tubing (MWCO1,000 kDa) was 

purchased from Spectrum Laboratories (Rancho Dominguez, CA, USA). The Dojindo 

cell counting kit CCK-8 was purchased from Dojindo Molecular Technologies (Rockville, 

MD, USA). Formvar/carbon-coated grid was purchased from Electron Microscopy Sciences 

(Hatfield, PA, USA).

Cell culture

Two human breast cancer cell lines (MDA-MB-231 and MDA-MB-436), one murine normal 

embryonic fibroblast cell line (3T3), and one murine breast cancer cell line (4T1) were 

purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). MDA-

MB-231, MDA-MB-436, and 3T3 cells were cultured in DMEM, 4T1 cells in RPMI-1640, 

with all recommended supplements. All cells were maintained at 37°C in a humidified 

incubator with 5% CO2.

EM preparation and isolation

EMs were prepared using a magnetic extrusion method developed by us. Briefly, 5×105 

MDA-MB-231 or 3T3 cells were seeded into each well of 6-well plate and iron oxide 

nanoparticles (IONPs, 10 in diameter) were added to cells at a final concentration of 50–200 

µg/mL. After 12 h incubation, non-internalized and cell surface-bound IONPs were removed 

by PBS (pH 7.4) washing. Cells taking up IONPs were collected by trypsinization and 

washed with PBS. The collected IONP-uptaken cell pellets were resuspended in a hypotonic 

buffer for 15 min followed by homogenization with 10 strokes of a Dounce homogenizer. 

After cell lysis, the IONP-encapsulating endosomes were isolated from cell debris and 

other cellular organelles by magnetic separation for 1 h. The purified IONP-encapsulating 

endosomes were washed by PBS and resuspended in 240 mM ammonium sulfate solution 

and were subsequently extruded into monodisperse nanoscale endosome-derived vesicles, 

also known as exosome mimetics (EMs) using a Lipex Extruder (Transferra Nanosciences, 

Burnaby, Canada) with a double-decked 200 nm polycarbonate track-etched nanoporous 

membrane. After extrusion, IONP-free EMs were further purified from free IONPs and 

IONP-encapsulating EMs by magnetic separation and were dialyzed in PBS (pH 7.4) using 

a Slide-A-Lyzer dialysis cassette (MWCO 20 kDa) overnight at room temperature (RT). 

Doxorubicin was then added to 1010 particles/mL EM solution to a final concentration of 

0.2–1 mg/mL and incubated for 6 h to facilitate active loading. The resulting doxorubicin-

encapsulating EM (EM-Dox) solution was dialyzed in PBS (pH 7.4) to remove free 

doxorubicin using a Slide-A-Lyzer dialysis cassette (MWCO 20 kDa) overnight at RT. 

Blank EMs were prepared using the same protocol save for replacing the ammonium sulfate 

solution with PBS (pH 7.4) without the active loading steps.

Native exosomes and polyethylene-glycol modified liposomes (PEG-LPs) were also 

prepared as controls. MDA-MB-231 or 3T3-derived small EVs (231-EVs or 3T3-EVs) were 

isolated using an established ultracentrifugation method previously reported by us[34,35]. 

Synthetic PEG-LPs were prepared by a lipid mixture of DOPC and DSPE-PEG(2000) at a 

molar ratio of 95:5 via an established nanoporous membrane extrusion method[36–39].
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EM characterization

The morphology of IONP-internalized MDA-MB-231 cells, IONP-encapsulating endosomes 

and extruded EMs was determined by transmission electron microscopy (TEM). These 

biological samples were first fixed with a mixed solution of 2.5% glutaraldehyde, 1.25% 

paraformaldehyde and 0.03% picric acid in 0.1 M sodium cacodylate buffer (pH 7.4) for 2 

h at RT followed by adsorption onto a Formvar/carbon-coated grid and staining with uranyl 

formate. The grids were imaged using a JEOL 1200EX transmission electron microscope 

(JEOL, Peabody, MA, USA) and images were taken with an AMT 2k CCD camera. The 

size and concentration of EMs, native EVs, and PEG-LPs were measured using nanoparticle 

tracking analysis (NanoSight NS300, Malvern Instruments, Malvern, UK). The protein 

concentration of EMs and native EVs were measured using a Pierce BCA protein assay.

Western Blot Analyses

Samples were mixed with lithium dodecyl sulfate (LDS)-sample buffer 4X reducing 

(Thermo Fisher Scientific) and boiled (5 min at 95 °C). MDA-MB-231 and 3T3 cell 

homogenates were used as controls for EM and EV sample analysis. Cell homogenates were 

obtained by adding Cell Lysis Buffer 10X (Cell signaling) to the culture plates. Cells were 

kept on ice for five minutes, scraped, and transferred into low protein binding microtubes 

for centrifugation (12,000 rcf for 5 min). Supernatants were collected for analysis. The 

protein content was measured with a Bradford assay (Bio-Rad) and the same amount 

of total protein (20 μg for cell homogenates, and 5 μg for EV and EM samples) was 

loaded, electrophoresed on a polyacrylamide gel (4–12%), and analyzed by Western blot. 

The following antibodies were used: rabbit polyclonal anti-Annexin A2 (1:500 dilution; 

clone 8235S; Cell Signaling), rabbit polyclonal anti-calnexin (1:1000 dilution; clone 

GTX112886; GeneTex), rabbit monoclonal anti-CD73 (1:500 dilution; clone D7F9A; Cell 

Signaling), mouse monoclonal anti-CD63 (1:500 dilution; clone TS63; abcam), anti-rabbit 

immunoglobulin G (IgG) secondary horseradish peroxidase (HRP)-linked antibody (1:3000; 

Cell Signaling Technology, USA), and anti-mouse IgG secondary HRP-linked antibody 

(1:3000; Thermo Fisher Scientific, USA). The WesternSure Pre-stained Chemiluminescent 

Protein Ladder (LI-COR, USA) was used to confirm the molecular weights of the target 

proteins. Immunoreactive bands were identified using the SuperSignal West Femto (Thermo 

Fisher Scientific, USA).

Fluorescent labeling of EMs

For cell uptake and biodistribution studies, EMs, native EVs, and PEG-LPs were 

fluorescently labeled with a lipophilic carbocyanine DiIC18 (DiR) dye. Briefly, 1010 

particles/mL EM solution was incubated with 40 µg/mL DiR on a rotator for 30 min at 

RT. The resulting DiR-labeled EMs (EM-DiR) were dialyzed in PBS to remove free DiR 

using a FLOAT-A-LYZER G2 dialysis tubing (MWCO 1,000 kDa) overnight. DiR labeled 

EVs (EV-DiR), and PEG-LPs (PEG-LP-DiR) were also prepared using the same conditions 

as controls.
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Cell uptake of EMs

100,000 cells (MDA-MB-231 or MDA-MB-436) were seeded in 8-well Lab-Tek II Chamber 

Slide System and allowed to attach overnight. Cells were incubated with EM-DiR, EV-DiR 

or PEG-LP-DiR at a concentration of 103 particles/cell in DMEM with 10% FBS for 8 h 

at 37 oC. DAPI was used to stain cell nuclei. After an 8 h incubation, cells which took 

up the EM were washed with PBS (pH7.4) and fixed with 4% Formalin solution and dried 

overnight in the dark. Fluorescent images of stained cells were obtained using a Leica TCS 

SP5 confocal fluorescent microscope (Leica Microsystems, Buffalo Grove, USA).

Doxorubicin encapsulation efficiency measurement

The doxorubicin encapsulating efficiency of EM-Dox and control liposomes was determined 

using a colorimetric assay. A standard calibration curve was first generated from serially 

diluted free doxorubicin solutions and appropriate backgrounds measured at an absorbance 

wavelength of 490 nm using a FilterMax F3 Multi-Mode Microplate Reader (Molecular 

Devices, San Jose, USA). Then, 500 μL EM-Dox or PEG-LP-Dox solution was added to 

500 μL of 0.5% Triton X-100 in a microcentrifuge tube and vortexed for 1 min to disrupt 

the structure of the lipid bilayer. This microcentrifuge tube was incubated at 37oC for 1h. 

The released doxorubicin was directly measured and calculated using its standard calibration 

curve.

In vitro therapeutic efficacy of EM-Dox

The in vitro therapeutic efficacy of EM-Dox was determined using a Dojindo cell viability 

assay. Briefly, 104 cells (MDA-MB-231 or MDA-MB-436) were seeded in each well of a 

96 well plate and incubated for 24 h. Cells were then treated with PBS, EM (vehicle), and 

EM-Dox at Dox concentrations ranging from 0 to 50 µg/mL for 8 h. Cells were rinsed with 

PBS and grown for 48 h. Cell viability was determined using a Dojindo cell counting kit 

according to the protocol provided by the manufacturer.

In vivo biodistribution and antitumor efficacy of EM-Dox

Animal studies were performed according to the protocols approved by the Institutional 

Animal Care and Use Committees of Boston Children’s Hospital. For in vivo biodistribution 

studies, orthotopic, syngeneic 4T1 breast tumors were established by orthotopically 

injecting 2×106 4T1 cells into the fourth right mammary fat pad of female BALB/c 

mice (EnvigoRMS, Indianapolis, IN, USA) as previously described by us[37,38,40,41]. When 

tumors volumes reached approximately 500 mm3, 4T1 tumor-bearing mice were randomized 

into three treatment groups (n=5 per group) and received intravenous administration of 

3T3-EM-DiR, 3T3-EV-DiR, and PEG-LP-DiR at an equivalent nanoparticle concentration 

of 109 particles in 100 µL PBS (pH 7.4) per mouse via tail-vein injection. At 24h after 

the injection, in vivo NIR fluorescence imaging was performed using an IVIS Lumina II 

system (Caliper, Hopkinton, MA, USA). All mice were then sacrificed and the ex vivo NIR 

fluorescence intensity of various organs (brain, heart, liver, lung, kidney, and spleen) and 

excised tumors was measured using IVIS Lumina II. Leukocytes were isolated from the 

whole blood of the mice via centrifugation at 1,200 rpm for 15 min followed by removal of 

the red blood cells using RBC lysis buffer. The fluorescence intensity of leukocytes treated 
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with 3T3-EM-DiR, 3T3-EV-DiR, and PEG-LP-DiR was quantified using a BD FACSCalibur 

Flow Cytometer (BD Biosciences, San Jose, USA).

For the antitumor efficacy experiments, when orthotopic 4T1 breast tumors reached 100 

mm3 in volume, mice were randomly divided into four different groups (n=7–8 per group) 

and received intravenous administration of PBS (sham), 3T3-EM without Dox (vehicle), 

free doxorubicin (Free Dox), and 3T3-EM-Dox at a Dox dose of 2.5 mg/kg at every two 

days using tail-vein injection. Tumor growth was monitored using a caliper and mouse body 

weights were measured every two days. Nine days after treatment, orthotopic tumors were 

excised to measure their mass.

Statistical analysis

All of the experimental data were measured in triplicate at least and are presented as mean 

± standard deviation unless otherwise mentioned. Statistical variance of two comparison 

groups was performed at a significance level of P < 0.05 based on a paired Student’s t-test. 

One and two-way ANOVA with Bonferroni post hoc tests were used to analyze statistical 

variance when making multiple comparisons. All statistical analyses were performed using 

SigmaPlot 12.0 software.
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Figure 1. Schematic illustration of the magnetic extrusion method
Step 1. IONPs are internalized into endosomes via endocytosis. Step 2. IONP-encapsulating 

endosomes are released by hypotonic treatment and homogenization. Step 3. IONP-

encapsulating endosomes are isolated from other organelles and cell debris by magnetic 

separation. Step 4. IONP-encapsulating endosomes are extruded into monodispersed EMs 

via nanoporous membrane extrusion. Step 5. IONP-encapsulating EMs are eliminated from 

IONP-free EMs using magnetic separation.
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Figure 2. Preparation and characterization of EMs.
(A) The morphology and structure of parental cells with endocytosed IONPs, isolated 

endosomes, and extruded EMs characterized by TEM. The white arrows indicate IONP-

encapsulating endosomes. The scale bars represent 500 nm. (B) Hydrodynamic diameters 

of 231-EM, 231-EV, 3T3-EM, and 3T3-EV characterized by NTA. (C) Yield of EMs and 

native EVs prepared from MDA-MB-231 and 3T3 cells. (D) Total protein concentration of 

EMs and native EVs prepared from MDA-MB-231 and 3T3 cells. ***P<0.001. Western 

blot analysis of protein marker expression in EMs, EVs, and cell homogenates (H) from 

MDA-MB-231 (E) and 3T3 cells (F).
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Figure 3. Drug delivery properties of 3T3-EMs.
(A) Representative fluorescent microscope images of cell uptake of 3T3-EM-DiR, 3T3-

EV-DiR, and PEG-LP-DiR in MDA-MB-231 and MDA-MB-436 cells. The scale bars 

represent 50 µm. Relative cell uptake of 3T3-EM-DiR, 3T3-EV-DiR, and PEG-LP-DiR 

by MDA-MB-231 (B) and MDA-MB-436 cells (C) characterized by flow cytometry. (D) 

Encapsulating efficiency of 3T3-EM-Dox prepared by direct encapsulation (passive loading) 

and ammonium sulfate gradient (active loading). (E) Encapsulating efficiency of 3T3-EM-

Dox in response to different doxorubicin loading concentrations. Cytotoxic activity of 3T3-

EM-Dox in treating MDA-MB-231 (F) and MDA-MB-436 (G) cells.
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Figure 4. In vivo biodistribution of 3T3-EMs.
(A) Schematic design of orthotopic tumor biodistribution imaging. (B) In vivo NIR 

fluorescent images of BALB/c mice at 24 h after the administration of PEG-LP-DiR, 

3T3-EV-DiR, and 3T3-EM-DiR (n = 5 per group). (C) Ex vivo NIR fluorescent images 

of 4T1 tumors treated by PEG-LP-DiR, 3T3-EV-DiR, and 3T3-EM-DiR. (D) Quantified 

tumor accumulation of PEG-LP-DiR, 3T3-EV-DiR, and 3T3-EM-DiR. (E) Representative ex 
vivo NIR fluorescent images of major organs (brain, lung, heart, liver, spleen, and kidney). 

(F) Quantified organ distribution of PEG-LP-DiR, 3T3-EV-DiR, and 3T3-EM-DiR. (G) 

Circulating leukocyte uptake of PEG-LP-DiR, 3T3-EV-DiR, and 3T3-EM-DiR quantified by 

flow cytometry (n = 4 to 5 per group). * P<0.05, NS-not significant; unpaired student t-test.
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Figure 5. Therapeutic efficacy of 3T3-EM-Dox.
(A) Schematic design of orthotopic tumor therapy model. (B) Tumor progression was 

closely monitored by tumor volume measurement using a caliper. (C) Image of excised 

orthotopic TNBC tumors from mice treated with PBS (sham), 3T3-EM (vehicle), Free Dox, 

3T3-EM-Dox. (n = 7 to 8 per group). (D) Tumor mass at end point (day 9) was quantified by 

weight. (E) Mouse body weight during the treatment of PBS (sham), 3T3-EM (vehicle), Free 

Dox, 3T3-EM-Dox. *P < 0.05; ***P < 0.001.
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