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Abstract

The use of exosomes as a drug delivery vehicle has gained considerable interest. To establish if 

exosomes could be utilized effectively for drug delivery, a better understanding of their in vivo 

fate must be established. Through comparisons to liposomal formulations, which have been 

studied extensively for the last thirty years, we were able to make some comprehensive 

conclusions about the fate of unmodified tumor-derived exosomes in vivo. We observed a 

comparable rapid clearance and minimal tumor accumulation of intravenously-injected exosomes, 

PC:Chol liposomes, and liposomes formulated with the lipid extract of exosomes, suggesting the 

unique protein and lipid composition of exosomes does not appreciably impact exosomes’ rate of 

clearance and biodistribution. This rapid clearance along with minimal tumor accumulation of 

unmodified exosomes limits their use as an anti-cancer drug delivery vehicle; however, when 

delivered intratumorally, exosomes remained associated with tumor tissue to a significantly 

greater extent than PC:Chol liposomes. Furthermore, experiments utilizing mice with impaired 

adaptive or innate immune systems, revealed the significance of the innate immune system along 

with the complement protein C5 on exosomes’ rate of clearance.
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Introduction

The growing evidence of exosomes’ innate ability to deliver naturally incorporated cargo to 

recipient cells has excited the drug delivery field [1–11]. Furthering this interest is the belief 

that exosomes are stable in vivo, as exosomes can be isolated from a multitude of biological 

fluids, including blood, urine, saliva, milk, and pleural effusions [12–14]. In addition, 

patient-derived exosomes are postulated to be immune compatible, which would be an 

advantage over current nanoparticle systems [15]. Given the excitement surrounding 

exosomes, it is not surprising that several groups have already used the vesicles to deliver 

therapeutics in animal models [16–20]. However, a better understanding of exosomes’ in 

vivo targets and mechanism of clearance is needed to foster the development of exosomes as 

a drug delivery vehicle.

Exosomes closely resemble liposomes in size and membrane structure. However, while 

exosomes have only recently been proposed for use in drug delivery, liposomes have been 

thoroughly investigated as a drug delivery vehicle for over thirty years. Despite the duration 

of this investigation, relatively few liposomal formulations have made it to the market. The 

rapid clearance of liposomes by the reticuloendothelial system (RES), overestimation of the 

enhanced permeation and retention (EPR) effect, and minimal cell penetration after 

extravasation from blood vessels by both passively and actively targeted liposomes, have 

prevented liposomes from becoming ubiquitous in cancer therapies [21]. It has been 

postulated that exosomes may avoid some of the pitfalls of liposomes due to their unique 

lipid and protein compositions. However, recent biodistribution studies of intravenously 

injected exosomes [19, 20, 22, 23], along with our own results, demonstrate the rapid 

clearance of exosomes by the liver and spleen.

We believe the importance of the unique composition of exosomes may be elucidated 

through comparisons with specific liposomal formulations. Here we demonstrate that the 

biodistribution and clearance of exosomes injected intravenously resembles that of various 

liposome formulations. The clearance of exosomes appears to be regulated, at least in part, 

by the innate immune system, likely mediated by complement opsonization. Furthermore, 

intravenous injection of exosomes had no greater accumulation in tumor tissue than 

liposomes; however, when delivered intratumorally, exosomes remain associated with 

tumors to a significantly greater extent than liposomes. This led us to compare the ability of 

unmodified tumor-derived exosomes loaded with doxorubicin with liposomal doxorubicin 

formulations to treat subcutaneous tumors when injected intratumorally.

Materials and Methods

Materials

L-α-phosphatidylcholine (Chicken Egg) (PC), L-α-phosphatidylserine (Porcine Brain) (PS), 

sphingomyelin (Porcine Brain) (SM), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 

(DOPE), and cholesterol were acquired from Avanti Polar Lipids (Alabaster, AL). Mouse 

mammary carcinoma (4T1) cells, human mammary adenocarcinoma (MCF-7) cells, and 

human prostate adenocarcinoma PC3 cells were purchased from ATCC (Manassas, VA). 

BCA Protein Assay Reagent was purchased from Fisher Scientific (Pittsburgh, PA). Roswell 
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Park Memorial Institute (RPMI) medium 1640, Dulbecco's Modification of Eagle's Medium 

(DMEM), Phosphate Buffered Saline (PBS), Fetal Bovine Serum (FBS), Trypsin, and 

Penicillin-Streptomycin were all obtained from Mediatech, Inc. (Manassas, VA). 

Plasmocin™ was obtained from InvivoGen (San Diego, CA). DIR (DiIC18(7) (1,1'-

Dioctadecyl-3,3,3',3'-Tetramethylindotricarbocyanine Iodide) was acquired from Life 

Technologies (Carlsbad, CA). Sepharose™ CL-4B was acquired from GE Healthcare 

(Uppsala, Sweeden). D(+)-Sucrose, 99.7%, for biochemistry, was bought from Acros 

Organics (Fairlawn, New Jersey). Indium-111 was purchased from Nordion (Ottowa, 

Canada). P6 size exclusion gel was purchased from BioRad (Hercules, CA). Balb/c, athymic 

nude (NU/J), and NOD.CB17-Prkdcscid/J mice, 4 weeks of age, were acquired from 

Jackson Laboratories (Bar Harbor, Maine). Doxorubicin was purchased from Tocris 

Biosciences (Bristol, United Kingdom). Matrigel was purchased from Corning (Corning, 

NY).

Exosome Isolation

Exosomes were isolated from the supernatant of 4T1, MCF-7, and PC3 cells as previously 

described [24]. Briefly, all cell lines were passaged three days prior to collecting the cell 

culture supernatant, allowing the cells to grow to 75% confluency. All cells were cultured in 

5-layer BD tissue culturetreated flasks (875 cm2). Exosomes were harvested from the cell 

culture supernatant by a series of centrifugation steps: 10 min at 300 × g, 20 min at 20,000 × 

g, and 2 hours at 120,000 × g. Concentrated exosomes were washed in 10 ml PBS and 

centrifuged at 200,000×g for 2 hours on a sucrose density cushion. The sucrose cushion 

consisted of three layers: 12% sucrose, 30% sucrose, and 50% sucrose. Exosomes have a 

density ranging from 1.1 to 1.2 g/cm3 [11, 25, 26]. Therefore, the 30% sucrose fraction and 

the top of the 50% sucrose fraction were collected, washed with 13 ml PBS, and centrifuged 

at 120,000×g for 2 hours. The pelleted exosomes were re-suspended in 200 µl PBS. 

Exosome protein content was quantified using the BCA protein assay.

Lipid Extraction

Lipids from 4T1-derived exosomes were extracted using the Bligh and Dyer method [27]. 

Briefly, approximately 1 milligram of exosomes (weight based on BCA protein content) in 

500 µl PBS was added to 1.9 ml of CHCl3:MeOH at a 1:2 mole ratio and vortexed. An 

aliquot (625 µl) of CHCl3 was then added to the mixture. A magnetic stir bar was placed in 

the vial and samples were stirred vigorously for 3 hours. Next, 625 µl dH2O was added and 

stirred vigorously for one additional hour. The sample was then centrifuged to separate the 

aqueous and organic phases. The organic phase was recovered and washed with 625 µl 

dH2O. The organic phase was then removed and dried under a nitrogen stream.

Liposome Preparation

Three liposomal formulations were used in this work. The first was synthesized from the 

lipid extracts of 4T1 exosomes. The second was formulated to mimic the lipid composition 

of exosomes [24, 28–32]. The third was a PC:Chol liposome. PC:Chol liposomes have been 

extensively studied and can be used for comparison to previous reports. To mimic the lipid 

composition of exosomes (SynExoLiposomes), liposomes were formulated with 

PC/PE/PS/SM/Chol at a mole percentage of 21/17.5/14/17.5/30 [24, 28–32]. PC/Chol 
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liposomes were formulated at a mole percentage of 67/33. Lipid mixtures in chloroform 

were dried in glass vials under a nitrogen stream and placed under vacuum to remove 

residual chloroform. To the glass vials containing the dried lipids, PBS was added and 

subsequently sonicated to remove lipids from the glass vial walls. The lipid/PBS mixtures 

were removed and extruded through 100 nm-pore sized polycarbonate membranes (Avestin, 

Ottawa, ON).

Sizing

The size of exosomes and liposomes was determined using a NanoSight NS300. Exosomes 

were analyzed prior to and after addition of doxorubicin. One microgram of exosomes 

(based on protein weight) or one microgram of liposomes was added to 1000 µl PBS. For 

analysis, samples were infused into the NanoSight NS300 using a syringe pump at a rate of 

10 (arbitrary units). Data for each sample was collected for 60 seconds and analyzed using 

NanoSight NTA 2.3 software.

Fluorescent Labeling of Exosomes and Liposomes

DIR was used to fluorescently label the lipid bilayer of exosomes and liposomes. DIR was 

incorporated into exosomes at a concentration of 0.5% by weight. Five microliters of DIR, at 

a concentration of 220 µg/ml in ethanol, were mixed with 220 µg exosomes or liposomes in 

100 µl PBS for one hour. Ethanol and any unincorporated DIR was removed using a 

Sepharose™ CL-4B column conditioned with PBS, pH 7.4. Note: No detectable amount of 

DIR remained unincorporated with liposomes or exosomes using this method.

Tumor-Bearing Mouse Models

In order to visualize the biodistribution of cancer cell-derived exosomes in tumor-bearing 

mice, Balb/c, nude, and NOD.CB17-Prkdcscid/J mice were inoculated with either 4T1 cells 

or PC3 cells. 4T1 cells (5 × 104), maintained in RPMI and supplemented with 10% FBS, 

were injected into the mammary fat pads of Balb/c, nude, and NOD.CB17-Prkdcscid/J mice 

in a volume of 30 µl of PBS. PC3 cells were maintained in DMEM and supplemented with 

10% FBS. In order to promote tumor formation, PC3 cells were suspended in ice-cold 

matrigel. PC3 cells (2 × 106) in 200 µl matrigel/PBS, 50/50 (v/v) ratio, were injected 

subcutaneously into the flanks of nude mice. All procedures were approved by the IACUC 

committee of The University of Colorado Anschutz Medical Campus, and conformed to the 

guidelines established by NIH.

In Vivo Imaging

Mice bearing 4T1 tumors in their mammary fat pads were monitored daily. Prior to exosome 

injection, the ventral hair of Balb/c and NOD.CB17-Prkdcscid/J mice was removed using 

Nair (Church & Dwight Co., Inc). When tumors reached a volume of 400 mm3, calculated 

by (width)2 × length/2, mice were injected intravenously (tail vein) with 60 µg DIR-labeled 

exosomes or liposomes in 200 µl PBS. Similarly, 60 µg of DIR-labeled exosomes or 

liposomes in a volume of 50 µl PBS were injected intratumorally in Balb/c mice bearing ≈ 

400 mm3 4T1 tumors. The biodistribution of exosomes or liposomes, in live mice under 

isoflurane anesthesia, injected either intravenously or intratumorally was determined using 
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an IVIS 200 Optical Imaging System (Xenogen, Caliper Life Sciences). Fluorescent 

background subtraction was performed, and the data displayed on a linear scale. At the 

conclusion of each study, organs were excised and their fluorescence imaged. Live Image 

4.2 Software was used for quantitative analysis. All mice were imaged with identical 

instrument settings. Allowing for direct comparison, using scale bars, of the mice within a 

sample group at each defined time point.

Radiolabeling of Exosomes and Liposomes

Indium-oxine was prepared as previously reported [33]. Briefly, 111In (4 mCi, 13 µL, 10 

mM HCl) was mixed with 10 µL of an 8 mM ethanolic solution of 8-hydroxyquinoline and 

150 µL of 0.2 M sodium acetate. This solution was extracted with 0.5 mL of chloroform and 

the organic layer dried under vacuum at 40 °C for 20 minutes. The residue was dissolved by 

adding 200 µL of 25 mM HEPES and briefly vortexing. The [111In]oxine was used 

immediately. Radiolabeling of the exosomes or liposomes (2.5–3.7 mg/mL) was performed 

by adding the reconstituted [111In]oxine at a ratio of 320 µCi 111In/mg exosome (or 

liposome). After briefly vortexing, the solutions were allowed to stand at ambient 

temperature for 20 minutes before being purified on a 10 mL P6 column eluted with 

phosphate buffered saline. One ml fractions were collected and the two main 111In-labeled 

exosome (or liposome) fractions pooled. The labeling efficiencies were 81%, 67%, and 61% 

for the PC3-exosomes, MCF7 exosomes and liposomes, and specific activity was 270, 220, 

and 180 µCi/mg, respectively.

In Vivo Biodistribution of Radio-Labeled Exosomes and Liposomes

Nude mice were injected with 130–140 µL of [111In]PC3-exosomes (7.6 µCi, 30 µg), 

[111In]MCF7-exosomes (7.2 µCi, 32 µg), or [111In]liposomes (6.1 µCi, 34 µg) in the tail 

vein. The syringes were measured in a CRC 25 dose calibrator (Capintec, Ramsey, NY) 

before and after injection. A standard of 0.76 µCi [111In]Cl3 was prepared at the time of 

injection and diluted to 1 ml. Serial blood samples (25–30 µL) were collected from the mice 

at 0.5, 1.5, 3, and 7 hours post injection by the modified tail clip method [34]. After 24 

hours, the whole body retention of 111In in the mice was measured in a dose calibrator and 

the mice were sacrificed by CO2 asphyxiation followed by cervical dislocation. Blood 

samples were immediately drawn by cardiac puncture and the mice were subjected to a full 

necropsy. Samples of all organs were collected, weighed, and counted in a 2480 Wizard 

gamma counter (Perkin Elmer, Waltham, MA) along with the blood samples and 111In 

standard. The gamma counter data was converted to a percentage of the injected dose (%ID) 

by considering the known activity injected and reference standard activity and the cpm of 

the organ and reference standard. The blood clearance data is expressed as %ID in blood. 

The total weight of blood in mice is estimated to be 5.5 ml/100 g [35]. Biodistribution data 

is expressed as a %ID/g of organ tissue.

Doxorubicin Loading into Exosomes

To 200 µl PBS containing 450 µg exosomes, 20 µl doxorubicin HCl, at 250 µg/ml in PBS, 

was added at 37°C. Samples were vortexed and incubated at 37°C for 2 hours. After 

incubation, samples were run through a Sepharose™ CL-4B column conditioned with PBS 

to remove unincorporated free doxorubicin. To measure the extent of doxorubicin 
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association with exosomes, a UV spectrophotometer (Agilent 8453 UV-visible Spectroscopy 

System) was used. Absorbance, not fluorescence, was used to measure doxorubicin 

association with exosomes because we were concerned that the fluorescence of doxorubicin 

might be quenched, at least partially, after association with exosomes. The molar extinction 

coefficient of doxorubicin (10,000 cm-1M-1 at 480 nm) was used to calculate the molar 

concentration of doxorubicin associated with exosomes. Using this method, doxorubicin was 

associated with exosomes at roughly 5% by weight.

Doxorubicin Loading into Liposomes

Liposomes were actively loaded with doxorubicin as previously described [36, 37]. Briefly, 

SynExoLiposomes and PC:Chol (mole ratio 2:1) liposomes were hydrated with 300 mM 

ammonium sulfate. Liposomes were subsequently prepared as described above. To remove 

ammonium sulfate from the extra-liposomal solution, liposomes were run through a 

Sepharose™ CL-4B column conditioned with PBS, pH 7.4. Subsequently, to 200 µl of PBS 

containing 450 µg of liposomes, 9 µl doxorubicin HCl at 2.5 mg/ml was added. Samples 

were then incubated at 60°C for 20 minutes. To remove unincorporated free doxorubicin, 

samples were run through a Sepharose™ CL-4B column conditioned with PBS, pH 7.4. 

Fluorescence was used to measure the incorporation of doxorubicin into liposomes. Using a 

Fluoromax, (Photon Technology International, Birmingham, New Jersey) with 2 nm slit 

widths, samples were excited at 480 nm and emission monitored at 565 nm. To ensure 

doxorubicin was not being quenched, liposomes were mixed with Triton X at a final 

concentration of 0.5% and vortexed for one minute prior to analysis. A standard curve of 

free doxorubicin was used to calculate the molar concentration of doxorubicin in each 

liposome sample.

Doxorubicin Release

To simulate in vivo conditions, exosomes and liposomes loaded with doxorubicin were 

stored in FBS/PBS (50/50 v/v ratio) and divided into 15 identical aliquots at 37°C. At times 

0, 1, 3, 7, and 24 hours, exosome or liposome samples, in triplicate, were passed through a 

Sepharose™ CL-4B column conditioned with PBS to remove released doxorubicin. The 

extent of doxorubicin incorporated in exosomes and liposomes at each time point was 

measured as described above.

Therapeutic Experiments

Balb/c mice bearing 4T1 tumors were randomly split into six groups and received one of the 

following treatments in a volume of 50 µl PBS; 1 mg/kg free doxorubicin, 5 mg/kg free 

doxorubicin, 1 mg/kg doxorubicin loaded into 400 µg PC:Chol liposomes, 1 mg/kg 

doxorubicin loaded into 400 µg synthetic exosomes liposomes (SynExoLipsomes), 1 mg/kg 

doxorubicin loaded into 400 µg 4T1 exosomes, or control (PBS). All treatments were 

administered intratumorally on days 7, 11, and 15. Day zero was the day of tumor 

inoculation.
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Results

Generation of Exosomes and Liposomes

Exosomes were purified from the cell culture supernatant of 4T1, PC3, and MCF-7 cells by 

a series of ultracentrifugation steps as described above. Our previous work has thoroughly 

demonstrated the presence of exosomes in our samples through the use of electron 

microscopy, western blot analysis, nanoparticle tracking analysis, and mass spectrometry 

[24, 38]. Liposomes in this work were prepared to either mimic the lipid composition of 

exosomes (SynExoLiposomes) [24, 28–32], or to be comparable to a widely studied 

liposomal formulation, PC:Chol. Additionally, liposomes were created from the lipid 

extracts of exosomes. Tumor-derived exosomes have a distinct protein and lipid 

composition resembling that of the cells from which they are derived. It has been postulated 

that the unique lipid composition may play a role in exosome uptake and fusion with 

recipient cells [39]. While there does not appear to be a highly conserved lipid composition 

of exosomes derived from various cell types, some general trends are apparent. Exosomes 

have relatively high cholesterol content when compared to the lipid content of cell plasma 

membranes, constituting approximately 30% of exosomal lipids. Additionally, there is a two 

fold increase in the content of anionic lipids, most notably phosphatidylserine (PS). 

Similarly, sphingomyelin (SM) increases 2.5 fold in exosomes compared to the plasma 

membrane. The increase of cholesterol, PS, and SM all come at the cost of 

phosphatidylcholine (PC). Liposomes were formulated to mimic the lipid composition of 

exosomes (SynExoLiposomes). Furthermore, PC:Chol liposomes, were prepared allowing 

us to compare our observations to previous reports. Lastly, liposomes were formulated from 

the lipid extracts of 4T1 exosomes. While we did not analyze the lipid content of extracted 

lipids, we expect the lipid composition to be similar to what has been reported in the 

literature, and to have a matching lipid composition to 4T1 exosomes. Liposomes made 

from exosome lipid extracts will be referred to as ‘exoliposomes’. The sizes of all exosomes 

and liposomes used in this work, as measured by Nanosight, are presented in Figure 1. The 

negligible size differences between exosomes and liposomes allowed us to attribute any 

changes in biodistribution profiles and clearance rates to the physical properties of exosome 

and liposomal formulations.

Biodistribution of Exosomes and Liposomes

In order to compare the biodistribution of systemically delivered exosomes, to 

exoliposomes, and to PC:Chol liposomes, a tumor bearing mouse model was established. 

Balb/c mice, 4 weeks of age, were inoculated with 4T1 cells in the mammary fat pad. When 

tumors reached a volume of 400 mm3, 15 days after inoculation, mice were intravenously 

injected with 4T1 exosomes, 4T1 exoliposomes, or PC:Chol liposomes. Exosomes and 

liposomes were labeled with the lipophilic fluorescent tracer DIR. Long-chain 

dialkylcarbocyanines, such as DIR, are used extensively to label biological membranes, 

including exosomes and liposomes, for in vitro and in vivo tracking [20, 32, 40–44]. Balb/c 

mice intravenously injected with exosomes and liposomes were imaged using an IVIS 200 

Optical Imaging System at 1, 8, and 24 hours post injection. At the 24 hour time point, the 

mice were sacrificed and organs excised. One hour after intravenous injection, the majority 

of exosomes appeared to have accumulated in the liver and spleen. In fact, over the course 
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of 24 hours, we saw a decrease in fluorescence suggesting peak accumulation in liver and 

spleen occurred prior to the one hour time point. It is possible that the decrease in 

fluorescence over the course of the experiment was due to degradation of the fluorescent 

tracer DIR. Regardless, our results demonstrate the rapid uptake of exosomes by the liver 

and spleen, consistent with previous reports examining the biodistribution of exosomes [20, 

22, 23]. Interestingly, we observed a similar biodistribution profile for exoliposomes and 

PC:Chol liposomes. Both liposome formulations were rapidly taken up by the liver and 

spleen with no observable accumulation in tumor tissue. A necroscopy of the mice from 

each sample set revealed the significant uptake of exosomes and liposomes by the liver and 

spleen along with limited uptake by the lungs and kidneys. However, no accumulation was 

observed in tumor tissue (Figure 2).

To further characterize the biodistribution of exosomes and liposomes in vivo, PC3 

exosomes, MCF-7 exosomes, and PC:Chol liposomes were radiolabel with indium-111 and 

injected intravenously into nude mice bearing PC3 tumors or non-tumor bearing nude mice. 

In order to incorporate indium-111 into exosomes and liposomes, indium-111 was 

complexed to oxine molecules. Complexation with oxine, a hydrophobic molecule, allowed 

indium-111 to partition into the lipid bilayer of exosomes and liposomes. Indium-111 oxine 

complexes have previously been used to study the biodistribution of liposomes and cells in 

vivo [45–47]. Exosomes derived from both PC3 and MCF-7 cells were included in this 

experiment to elucidate any difference in the biodistribution of exosomes derived from the 

same cell lines as the tumor to that of any other origin. Furthermore, we aimed to identify 

any difference in exosome blood clearance and biodistribution profiles of tumor and non-

tumor bearing nude mice. The presence of a tumor may saturate the immune systems with 

tumor-derived exosomes, thereby reducing the rate of clearance of intravenously injected 

tumor-derived exosomes.

Four week old nude mice, either non-tumor bearing or bearing a PC3 tumor, with an average 

volume of 250 mm3, were intravenously injected with radiolabeled PC3 exosomes, MCF-7 

exosomes, or PC:Chol liposomes (Figure 3). Blood clearance of exosomes and liposomes 

was monitored over the course of 24 hours. At 24 hours post injection, the mice were 

sacrificed and organs excised and analyzed. Data analysis revealed the rapid blood clearance 

of both PC3 exosomes and MCF-7 exosomes along with PC:Chol liposomes in PC3 tumor 

bearing nude mice (Figure 3A). Less than 5% of the injected dose remained three hours post 

injection for both exosome types and PC:Chol liposomes. The rapid removal of PC:Chol 

liposomes from circulation and the limited accumulation of PC:Chol liposomes in tumor 

tissue, less than 2% of the injected dose per gram of tumor tissue, is similar to what has been 

observed previously for PC:Chol liposome formulations [48–50]. Furthermore, the 

biodistribution profile of PC3 exosomes, MCF-7 exosomes, and PC:Chol liposomes 24 

hours after intravenous injection (Figure 3B) appeared similar to the biodistribution profile 

we observed with 4T1 exosomes injected into Balb/c mice (Figure 2), where a higher 

proportion of exosomes appear to be associated with the liver, spleen and even the kidneys 

than other organs, including PC3 tumors (Figure 3B). Additionally, the presence of a tumor 

did not significantly affect the blood clearance of exosomes (Figure 3C) and we saw little 
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difference in the biodistribution profile of PC3 exosomes in mice bearing PC3 tumors and 

non-tumor bearing mice (Figure 3D).

Influence of the Immune System on Exosomes Clearance

In order to investigate the impact of the innate immune systems on exosome clearance and 

biodistribution in tumor-bearing mice, we intravenously injected 4T1 exosomes into Balb/c, 

nude and NOD.CB17-Prkdcscid/J mice. Each mouse strain was inoculated with a 4T1 tumor 

in the mammary fat pad. Comparison of nude mice, which suffer from a lack of adaptive 

immunity, along with NOD.CB17-Prkdcscid/J, which suffer from impaired innate immunity 

including impaired complement activity [51], with healthy Balb/c mice revealed the 

significance of the innate immune systems and complement on the rapid uptake of exosomes 

by the RES. Complement has been widely shown to mediate clearance of liposomal systems 

[52–57], suggesting activation of the complement system may also play an integral role in 

exosome clearance and biodistribution. In fact, exosomes have previously been shown to 

bind complement proteins in vitro and in vivo [58, 59]. 4T1 exosomes in Balb/c mice were 

taken up by the liver and spleen as fast as 20 minutes post injection, with little to no change 

over the course of 2 hours. A similar biodistribution pattern was observed in nude mice, 

suggesting the adaptive immune system is not responsible for the clearance of exosomes. 

Yet, in NOD.CB17-Prkdcscid/J mice, an increase in accumulation of 4T1 exosomes in the 

liver and spleen occurred between 20 minutes and 2 hours post injection (Figure 4). The 

slower uptake of exosomes by the RES in mice with an impaired innate immune system and 

a complement deficiency, suggests that the innate immune system, with help from 

complement opsonization, contributes to the removal of tumor derived exosomes from 

circulation.

Use of Exosomes as a Drug Delivery Vehicle

Our initial interest in exosomes was to explore their use as a drug delivery vehicle. 

However, based on our biodistribution studies, unmodified exosomes appear to be incapable 

of tumor-specific delivery. In addition to poor tumor targeting, over-dosing of exosomes has 

severe negative consequences. In our preliminary investigations, we observed what appeared 

to be asphyxiation of mice when 400 µg of syngeneic exosomes were injected intravenously. 

A shortness of breath along with heavy breathing was observed for approximately five 

minutes before mice recovered. While an injection dose of 60 µg had no observable side 

effects. In order to identify the cause of what appears to be asphyxiation, we injected one 

mouse with 400 µg DIR-labeled exosomes (Figure 5). Sadly, the mouse died within three 

minutes post injection. Imaging of the excised organs of the mouse revealed the 

accumulation of exosomes in the lungs.

Intratumoral Injection of Exosomes and Liposomes

Our previous work has demonstrated the superior association and internalization of 

exosomes compared to PC:Chol liposomes in vitro [24], suggesting exosomes injected 

intratumorally may associate with tumor cells to a greater extent than PC:Chol liposomes of 

a similar size. Balb/c mice bearing 400 mm3 4T1 tumors were injected intratumorally with 

4T1 exosomes and PC:Chol liposomes labeled with equal concentrations of DIR. Mice were 
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imaged at 1, 12, and 24 hours post injection (Figure 6A) before organs were excised and 

imaged (Figure 6B). Analysis of the excised tumors indicates that exosomes stay associated 

with the tumors to a significantly greater degree than PC:Chol liposomes (Figure 6C). Our 

results suggest that the protein and lipid composition of exosomes allow for efficient uptake 

by tumor cells when compared to liposomes.

Anti-Tumor Efficacy of Doxorubicin-Loaded Exosomes

We next aimed to investigate whether exosomes could deliver doxorubicin more efficiently 

and have a greater impact on tumor size than liposomes when injected intratumorally. In 

order to load exosomes with doxorubicin, we initially tried electroporation. Electroporation 

has been previously employed to load siRNA into exosomes [18], and more recently to load 

doxorubicin [20]. Unfortunately, in our hands, electroporation was unsuccessful. However, 

we found that at high doxorubicin concentrations (250 µg/ml), doxorubicin spontaneously 

incorporated into exosomes. Doxorubicin consistently incorporated into exosomes at 5 ± 1 

µg per 100 µg of exosomes. PC:Chol liposomes along with SynExoLiposomes were loaded 

with doxorubicin at a matching doxorubicin concentration of 5 µg doxorubicin per 100 µg 

liposomes, using well characterized pH loading techniques [36, 37]. Doxorubicin loaded 

exosomes and liposomes were incubated in 50% fetal bovine serum to simulate the presence 

of proteins in the intratumoral microenvironment. The release profiles of doxorubicin from 

4T1 exosomes and PC:Chol liposomes in 50% (v/v) FBS/PBS paralleled one another over 

the course of 24 hours (Figure 7A). After 3 hours incubation at 37°C, approximately 45% of 

doxorubicin had been released from both 4T1 exosomes and PC:Chol liposomes, while only 

25% of doxorubicin had leaked from SynExoLiposomes at 3 hours. Further, after 24 hours 

incubation, 30% of doxorubicin remained in 4T1 exosomes while approximately 20% 

remained in PC:Chol liposomes. Again, more doxorubicin remained entrapped in 

SynExoLiposomes (40%) after 24 hours incubation than both 4T1 exosomes and PC:Chol 

liposomes. The release profile of doxorubicin from PC:Chol liposomes in the presence of 

50% serum is consistent with what has been reported in the literature [60, 61]. The slower 

leakage of doxorubicin from SynExoLiposomes compared to PC:Chol liposomes suggests 

the unique lipid composition confers stability and decreased permeability of incorporated 

material under in vivo conditions.

To test the anti-tumor efficacy of exosomes loaded with doxorubicin in comparison to 

doxorubicin loaded liposomes of a similar size, Balb/c mice, inoculated with 4T1 tumor 

cells in the mammary fat pad were randomly split into six treatment groups. When tumors 

became palpable, seven days after inoculation, treatment was initiated. Mice received 

intratumoral injections on days 7, 11, and 15 with either (I) control PBS; (II) free 

doxorubicin 1 mg/kg; (III) free doxorubicin 5 mg/kg; (IV) 4T1 exosomes loaded with 1 

mg/kg doxorubicin; (V) PC:Chol liposomes loaded with 1 mg/kg doxorubicin; and (VI) 

SynExoLiposomes loaded with 1 mg/kg doxorubicin. Tumors volumes were measured every 

three days. There was a clear suppression of tumor growth in all mice receiving doxorubicin 

compared to controls. Further, tumor suppression of mice receiving 5 mg/kg free 

doxorubicin was significantly better than all other treatment groups. However, there was no 

significant decrease in tumor growth in mice that received exosomes or liposomes loaded 

with doxorubicin when compared to free drug at the same concentration. Interestingly, 
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exosomes loaded with doxorubicin suppressed tumor growth significantly better than 

PC:Chol liposomes (Figure 7B), as was hypothesized based on the greater retention of 

exosomes in the tumor tissue compared to PC:Chol liposomes (Figure 6).

Discussion

Exosomes are complex vehicles with an abundance of incorporated proteins and a unique 

lipid composition. The intricate combination of lipids and proteins makes elucidating their 

biological functions difficult. A huge effort has taken place over the last decade to 

characterize exosomes from various origins in order to gain insight into exosomes’ 

biological significance. Our research, aimed at exploiting exosomes’ drug delivery potential, 

has taken a more global approach in studying the importance of proteins and lipids in tumor-

derived exosomes. In order for unmodified exosomes to be used as a drug delivery vehicle, 

we needed to first study their biodistribution profiles when injected intravenously. Through 

comparison of biodistribution profiles of tumor-derived exosome to that of specific 

liposomal formulations, we were able to make some general conclusions about the 

importance of the protein and lipid components of exosomes.

The elevated levels of signal transduction, migration, adhesion, and antigen presentation 

proteins incorporated into the lipid membrane of exosomes, compared with proteins of 

various other biological functions [62–64], suggests exosomes may be important for cellular 

communication both locally between neighboring cells and to distant cellular targets. Here, 

we have shown that tumor-derived exosomes, in multiple mouse models, have similar 

biodistribution profiles to liposomes made from the lipid extract of exosomes (exolipsomes) 

and to PC:Chol liposomes. The similar rapid uptake of exosomes to exoliposomes, suggests 

that the protein composition of exosomes does not significantly impact the rate of exosome 

clearance by the RES. The rapid uptake of exosomes by the RES suggests that exosomes’ 

primary function is not likely communication with distant cellular targets, but possibly to 

exchange information with neighboring cells and cells of the immune system. Exosomes 

have been implicated in many immune-regulatory processes, including exposing activating 

ligands to NK cells and macrophages, transferring antigens to dendritic cells to allow 

activation of specific T cells, and direct T-cell activation [64–66].

Along with protein profile, it has been suggested that the unique lipid composition of 

exosomes may influence their in vivo circulation times. While there does not appear to be a 

conserved lipid composition for exosomes derived from different cells types, there does 

appear to be some general trends, including elevated cholesterol, sphingomyelin (SM), and 

anionic lipids in comparison to that of the plasma membrane of the cells from which the 

exosomes were derived [24, 28–32]. Drawing from liposomal literature, it is well known 

that incorporation of cholesterol and SM into liposomes decreases the rate of clearance of 

liposomes by the RES [67–69], while the incorporation of the anionic phospholipid 

phosphatidylserine (PS) increases the rate of clearance [70]. In fact, PS receptors on 

macrophages have been shown to bind PS in exosomes in vitro, likely having a negative 

impact on exosome circulation times in vivo [71]. To investigate the importance of the lipid 

composition of exosomes with respect to in vivo circulation, PC:Chol liposomes and 

liposomes formulated from the lipid extracts of 4T1 exosomes (exoliposomes) were 
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intravenously injected into Balb/c mice. The comparable biodistribution profile of 

exoliposomes to PC:Chol liposomes (Figure 2) implies that the unique lipid composition of 

exosomes does not considerably impact exosome circulation times in blood.

We next set out to test if tumors can saturate the host immune system with exosomes by 

constantly releasing tumor-derived exosomes into the circulation, potentially leading to a 

decrease in the clearance rate of intravenously injected exosomes derived from the same 

cells as the tumor. To test our hypothesis, radiolabeled PC3-derived exosomes were injected 

into nude mice bearing a PC3 tumor or into non-tumor bearing nude mice. Nude “NU/J” 

mice are athymic but have B, NK, and antigen presenting cells, as well as complement 

activity. The blood clearance profiles of tumor-derived exosomes in tumor and non-tumor 

bearing mice were identical. This suggests that the continual release of exosomes from 

tumors into circulation does not saturate the RES, nor has the immune system become 

accustomed to the presence of tumor-derived exosomes. Additionally, there was no change 

in the biodistribution of exosomes in tumor-bearing mice and non-tumor bearing mice.

In a similar experiment, we investigated whether exosomes from the same cell line as a 

tumor in a mouse model, or of other origin, accumulated in the tumor tissue to a greater 

extent. We found no difference in the accumulation of PC3 exosomes in PC3 tumors in 

comparison to MCF-7 exosomes, nor was there any difference in the rate of exosome 

clearance. However, there was some difference in the biodistribution profile between 

exosome types. PC3 exosomes, from the same cell line as the xenograft tumor, were taken 

up to a greater extent in the liver and to a lesser extent in the spleen, compared to MCF-7 

exosomes. These results suggest that there may be some differences in how each of the two 

exosome types interacts with the RES. It is also important to point out that these 

experiments utilized human tumors and exosomes derived from human tumors in a mouse 

model. While the species differences between the exosomes and animal model (i.e., human 

vs. mouse) could contribute to the results described here, experiments with exosomes 

derived from mouse tumors (4T1) exhibited a similar biodistribution profile (described 

below).

In addition to having similar clearance and biodistribution profiles, both exosomes and 

PC:Chol liposomes only minimally accumulated in tumor tissue after 24 hours circulation 

(Figure 3B). The limited accumulation of PC:Chol liposomes per gram of tumor tissue that 

we observed is consistent with what has previously been observed for similar liposomal 

formulations [48–50]. Likewise, a relatively small fraction of the injected dose of PC3 and 

MCF-7 exosomes accumulated in tumor tissue (Figure 3B). Less than two percent of the 

injected dose per gram of tumor tissue for both exosomes types, and PC:Chol liposomes was 

associated with tumor tissue 24 hours post injection. Our results suggest that the use of 

unmodified exosomes as a tumor drug delivery vehicle is limited due to poor tumor 

accumulation.

Furthermore, our work suggests that the rate of exosome clearance from circulation is likely 

controlled, at least in part, by the cells of the innate immune system, facilitated by the 

opsonization of exosomes with complement proteins, and not through antibody-mediated 

clearance. The rate of exosome uptake by cells of the RES in the liver and spleen of 
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NOD.CB17-Prkdcscid/J mice is retarded when compared to Balb/c and nude mice (Figure 

4). If exosomes were being cleared by an antibody-mediated response, we would expect the 

rapid clearance of exosomes in Balb/c mice bearing 4T1 tumors, while a slower rate of 

exosome clearance would be observed in nude mice bearing 4T1 tumors. The presence of a 

4T1 tumor in Balb/c mice would expose the mouse immune system to 4T1 exosomes, 

potentially resulting in an antibody response. We observed no apparent difference in the 

uptake of exosomes by the RES in Balb/c and nude mice, suggesting antibodies were not 

responsible for exosome clearance. Furthermore, NOD.CB17-Prkdcscid/J mice suffer from 

impaired natural killer cell function, a functionally less mature macrophage population, and 

are deficient for the complement protein C5 [51]. C5 is required for hemolytic complement 

activity [51], acts as a chemoattractant for cells of the RES [72], and promotes phagocytosis 

[73–75]. Work with liposomal formulations has demonstrated that the deposition of 

complement proteins to the surface of liposomes plays an integral role in their clearance by 

the RES [52–57]. Because exosomes resemble liposomes, it is likely that exosomes also 

activate the complement system. In fact, complement proteins have been shown to be 

associated with exosomes in vitro and in vivo [58, 59]. The impaired rate of exosome uptake 

in NOD.CB17-Prkdcscid/J mice suggests that the innate immune system, along with 

complement protein C5, is involved in the clearance of exosomes by the liver and spleen. 

For a comprehensive view of exosome interactions with the immune system, please see the 

works of Thery et al., [64] and Robbins et al. [66].

In a preliminary investigation, we attempted to intravenously inject a bolus dose upwards of 

400 µg exosomes into the tail vein of Balb/c mice. Surprisingly, we found that injection of 

over 400 µg of syngeneic exosomes caused the rapid asphyxiation of mice. Numerous 

studies have injected exosomes intravenously; however, we have not come across a report 

that has described these types of negative consequences. This is likely due to the fact that 

most studies intravenously inject less than 100 µg/mouse [18, 19, 22, 76–78] with one study 

using as much as 200 µg/mouse [79]. We postulate two possible explanations for the 

observed results: exosomes may be aggregating in lung tissue upon first passage through the 

lungs, or exosomes are aggregating after intravenous injection and accumulating in the 

lungs. Both scenarios would result in the asphyxiation of the mice. This post injection 

aggregation phenomena has been observed with liposomal and lipoplex systems [80–83]. 

We caution future researchers as to the deleterious effects of the intravenous injection of 

high concentrations of exosomes. In order for exosomes to be used as a therapeutic or drug 

delivery vehicle, limited bolus dosing or slow infusion may be required, unless very high 

drug loading can be achieved. However, even with very high drug loading, the rapid 

clearance by the liver and spleen will likely present toxicity issues for chemotherapeutics.

Our previous work has shown that exosomes associate and internalize with cancer cells to a 

greater extent than PC:Chol liposomes in vitro [24]. Unfortunately, the vast majority of 

unmodified exosomes injected intravenously are cleared by the RES before reaching tumor 

tissue, preventing the direct comparison of exosome and liposome uptake by tumors. 

Exosomes injected intratumorally associated with tumors to a greater extent than PC:Chol 

liposomes over the course of 24 hours (Figure 6). These observations suggest that exosomes 

may be more effective at delivering therapeutic material to tumors than liposomes. 
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However, treatment of a mouse model bearing a 4T1 mammary tumor with 4T1 exosomes, 

PC:Chol liposomes, or SynExoLiposomes loaded with doxorubicin had no greater impact on 

tumor growth than free drug; however, exosomes loaded with doxorubicin impaired tumor 

growth to a significantly greater extent than PC:Chol liposomes (Figure 7B). The decreased 

tumor growth again suggests that exosomes are associating with tumor tissue to a greater 

extent than PC:Chol liposomes.

Conclusions

Unmodified tumor-derived exosomes are rapidly taken up by the RES in the liver and spleen 

when injected intravenously. The rate at which exosomes are cleared from circulation and 

their biodistribution profile is similar to both PC:Chol liposomes and liposomes made from 

the lipid extract of exosomes, suggesting that the unique protein and lipid components of 

tumor-derived exosomes does not promote extended circulation times. Our results suggest 

that unmodified tumor-derived exosomes cleared, at least in part, by the innate immune 

system, likely mediated by the complement system. The rapid clearance of unmodified 

exosomes inhibits their accumulation in tumor tissue to any significant level, limiting their 

use as a drug delivery vehicle when injected intravenously; however, when injected 

intratumorally, exosomes remain associated with tumor tissue to a greater extent than 

PC:Chol liposomes. In fact, unmodified tumor-derived exosomes loaded with doxorubicin 

were able to inhibit tumor proliferation to a significantly greater extent than doxorubicin 

loaded PC:Chol liposomes. Finally, we conclude that unmodified exosomes are unlikely to 

be useful as a systemically administered tumor-specific delivery system.
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Figure 1. 
Size and standard deviations for each exosome or liposome utilized in this work. All 

measurements were made using a NanoSight NS300.
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Figure 2. 
Balb/c mice bearing 4T1 tumors in their mammary fat pads were injected intravenously with 

either 60 µg 4T1 exosomes, 60 µg 4T1 exoliposomes, or 60 µg PC:Chol liposomes in a 

volume of 200 µl PBS. Exosomes and liposomes were labeled with the lipophilic fluorescent 

probe DIR. A scale of the radiance efficiency is presented to the right of each live mouse 

image.
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Figure 3. 
Exosomes and liposomes radiolabeled with indium-111 were injected into the tail vein of 

PC3 tumor-bearing mice and non-tumor bearing mice. A) Blood clearance profile of PC3 

exosomes, MCF-7 exosomes, and PC:Chol liposomes in PC3 tumor-bearing nude mice. B) 

Biodistribution of PC3 exosomes, MCF-7 exosomes, and PC:Chol liposomes in PC3 tumor-

bearing nude mice 24 hours post injection. C) Blood clearance profile of PC3 exosomes in 

PC3 tumor-bearing nude mice and non-tumor bearing mice. D) Biodistribution of PC3 

exosomes in PC3 tumor-bearing nude mice and non-tumor bearing mice 24 hours post 

injection.
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Figure 4. 
Intravenous injection of 4T1 exosomes into Balb/c, nude and NOD.CB17-Prkdcscid/J mice. 

Each mouse strain bearing a 4T1 tumor was intravenously injected with 60 µg 4T1 

exosomes labeled with DIR in 100 µl PBS. Mice were imaged at 20 minutes and 2 hours 

post injection. Organs were excised and imaged after 2 hours. A scale of the radiance 

efficiency is presented to the right of each live mouse image.
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Figure 5. 
Excised organs of a Balb/c mouse injected with 400 µg 4T1 exosomes labeled with the 

fluorescent tracer DIR.
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Figure 6. 
Intratumoral injection of exosomes and liposomes. A) 60 µg 4T1 exosomes or 60 µg 

PC:Chol liposomes in 50 µl PBS were injected intratumorally into Balb/c mice bearing a 

400 mm3 4T1 tumor. 4T1 exosomes and PC:Chol liposomes were labeled with equal 

concentrations of DIR. Two mice from each group were imaged simultaneously for direct 

comparison. B) The organs from four mice receiving either 4T1 exosomes or PC:Chol 

liposomes were imaged after 24 h. C) The average radiance per gram of tumor tissue from 

panel B was quantified using Live Image 4.2 Software. The asterisk indicates a significant 

difference (p < 0.05, student t-test)
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Figure 7. 
A) Doxorubicin release profile from 4T1 exosomes, PC:Chol liposomes, and 

SynExoLiposomes. Exosomes and liposomes were incubated in 50% (v/v) FBS/PBS at 37°C 

for 24 hours. B) Balb/c mice inoculated with 4T1 tumors were randomly divided into six 

groups. Each group of six mice received one of the following intratumoral injections: 

Control (PBS), PC:Chol liposomes loaded with 1 mg/kg doxorubicin, free doxorubicin 1 

mg/kg, SynExoLiposomes loaded with 1 mg/kg doxorubicin, 4T1 exosomes loaded with 1 

mg/kg doxorubicin, and free doxorubicin 5 mg/kg. Treatment was administered on days 7, 

11, and 15 (arrows).
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