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Background: Staphylococcus aureus survival inside phagocytes is considered to provide 

a reservoir of bacteria that are relatively protected from antibiotics, thus enabling long-term 

colonization of the host and explaining clinical failures and relapses after antibiotic therapy.

Purpose: The objective of this study was to develop a nanovesicle using exosomes loaded 

with linezolid to overcome intracellular infections by pathogenic bacteria.

Methods: Exosomes were collected from the culture supernatants of RAW 264.7 cells. Their 

size distribution and zeta potential were characterized by dynamic light scattering, their morphol-

ogy was characterized by transmission electron microscopy, and their protein content (CD63 

and Flotillin 1) was assessed by Western blotting. Linezolid was incorporated into exosomes 

by co-incubation at 37°C and it’s accumulation in RAW264.7 cells and release in vitro were 

determined by high performance liquid chromatography. The intracellular bactericidal effect 

was evaluated in methicillin-resistant S. aureus (MRSA)-infected macrophages in vitro and 

MRSA peritonitis model in vivo. 

Results: We prepared a nanoformulation of the antibiotic linezolid using exosomes harvested 

from mouse RAW264.7 macrophages. The exosomal formulation of linezolid was more effec-

tive against intracellular MRSA infections in vitro and in vivo than the free linezolid. Our data 

also showed no signs of cytotoxicity in macrophages. 

Conclusion: Exosomes provide an effective alternative for intracellular antibiotic delivery of 

antibiotic that is efficacious, cost-effective, and safe. This regimen can be viewed as a potential 

antimicrobial agent for use against intracellular infections.
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Introduction
Staphylococcus aureus is the leading cause of human bacterial infections globally, such 

as sepsis, infective endocarditis, osteomyelitis, and necrotizing pneumonia, as well as 

skin and soft tissue infections. Methicillin-resistant S. aureus (MRSA) was first detected 

in hospitals in 1961 and has rapidly spread worldwide over the last several decades. 

MRSA is well known to be the major cause of nosocomial and community infections, 

which has led to difficulties in treating S. aureus infections. Moreover, S. aureus can 

invade and survive inside mammalian cells including the phagocytic cells. It has been 

well documented that the surviving S. aureus inside blood-borne phagocytes can get 

transferred to tissues and invade various nonphagocytic cell types. The intracellular 

localization of these bacteria creates a niche wherein bacteria can persist, causing 

cell alterations and possibly be selected for resistance if exposed to subtherapeutic 

concentrations of antibiotics.7 Therefore, in addition to treating extracellular S. aureus, 

antibiotic treatments should be optimized against intracellular S. aureus.
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However, currently, the treatment of intracellular bacte-

rial infections remains a major challenge because the major-

ity of existing antibiotics are inefficient to kill intracellular 

S. aureus both in vitro and in vivo. For example, linezolid 

(LZD), gentamycin, and β-lactams exhibit no or only mod-

est accumulation in eukaryotic cells,8 while macrolides and 

fluoroquinolones show poor retention inside the cells,9 which 

results in a drastic reduction in their effectiveness against intra-

cellular pathogens, leading to antibiotic failure in vitro and in 

vivo.8,9 Therefore, development of an effective carrier for the 

intracellular delivery of antibiotics is urgently needed.

Exosomes are membrane-encased vesicles of 40–200 nm 

that are secreted by cells via fusion of multivesicular bodies with 

cell plasma membranes.10 Exosomes have recently emerged as 

a promising drug delivery system with high biocompatibility, 

high efficacy of delivery, and low immunogenicity.11,12 Several 

groups have already used exosomes to deliver drugs for cancer 

therapy in animal models.13–16 Based on these findings, we 

hypothesized that antibiotic-loaded exosomes could improve 

the intracellular accumulation of antibiotics and enhance their 

bactericidal effect.

In this study, we examined the possibility of using 

exosomes as antibiotic carriers for treatment of an intracel-

lular infection. We hypothesized that exosomes produced 

by macrophages could deliver an antibiotic into cells. Our 

investigations revealed robust accumulation and nearly 

complete colocalization of exosomes with lysosomes, and a 

greater therapeutic efficacy of exosomal antibiotic in vitro 

and in vivo compared to that of free antibiotic (LZD). Thus, 

exosome-based formulations may represent the next genera-

tion of intracellular antibiotic delivery systems, given their 

low immunogenic profile and low cytotoxicity.

Materials and methods
Materials
LZD was obtained from Beijing Solarbio Science & Technology 

Co. Ltd (Beijing, People’s Republic of China). The CD63 and 

flotillin 1 antibodies were purchased from Abcam Biotech-

nology (Cambridge, MA, USA). The β-actin antibody and 

goat-anti-rabbit horseradish-peroxidase (HRP)-conjugated 

secondary antibody were purchased from Beijing Biosyn-

thesis Biotechnology Co. Ltd (Beijing, People’s Republic 

of China). The MRSA strain WHO-2 (WHO-2) was kindly 

provided by Rongxin Qin (Army Medical University, 

Chongqing, People’s Republic of China).

cell culture
RAW264.7 cells were purchased from Shanghai Cell 

Bank of the Chinese Academy of Sciences (Shanghai, 

People’s Republic of China). Cells were maintained in 

DMEM (HyClone) supplemented with 10% FBS (v/v) and 

1% penicillin and streptomycin (v/v) at 37°C in a 5% CO
2
 

humidified atmosphere. The conditioned medium for exo-

some collection was DMEM plus 1% penicillin–streptomycin 

and 10% FBS pre-centrifuged at 120,000×g for 140 minutes 

to remove serum exosomes.

Isolation of exosomes
To isolate exosomes, cells were cultured with exosome-

depleted serum. We collected the conditioned medium to 

isolate exosomes using the ExoQuick-TC™ Kit (System 

BioSciences, Mountain View, CA, USA). The protein con-

centration of exosomes was measured by a bicinchoninic 

acid kit (Sangon Biotech, Shanghai, People’s Republic of 

China), which was used to represent the concentration of 

exosomes.

Preparation of lZD-loaded exosomes
The exosomal formulation of LZD (ExoLZD) was prepared 

by simple mixing of the LZD solution (dimethyl sulfoxide 

[DMSO]) with the exosome dispersion, while keeping the 

final solvent concentration #10% (v/v). The selection of the 

DMSO concentration was based on our previous observa-

tion that this concentration did not significantly affect the 

quality attributes of the exosomes. After mixing the LZD 

solution with exosomes, the mixture was incubated at 37°C 

for 1 hour and then centrifuged at a low speed of 10,000×g 

for 10 minutes to remove the unbound drug. The ExoLZD 

mixture was passed through a 0.22 µm syringe filter for 

sterilization and stored at -80°C until use.

The amount of LZD loaded into exosomes was measured 

by high performance liquid chromatography (HPLC). Briefly, 

an equal volume of acetonitrile (ACN) was added to the 

ExoLZD solution in a microcentrifuge tube and the mixture 

was vortexed, sonicated, and then centrifuged at 12,280×g 

for 10 minutes. Following centrifugation, the supernatant 

was removed and filtered through a Corning Regenerated 

Cellulose 0.2 µm syringe filter and transferred into HPLC 

autosampler vials. Ten microliter aliquots were injected 

into the HPLC system (Agilent 1260; Agilent Technologies, 

Santa Clara, CA, USA). All data were acquired using a C18 

column (Extend-C18, 250×4.6 mm, 5 µm, 100 Å; Agilent 

Technologies) with the mobile phase H
2
O:ACN (80:20, v/v) 

at a flow rate of 1 mL/min at 30°C. Absorbance was measured 

at 251 nm to monitor the elution of LZD. The standard curve 

for LZD was obtained from 0.5 to 40 µg/mL concentration 

range. For data acquisition and analysis, OpenLAB CDS 

ChemStation Edition software was used.
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Formulation characterization
Exosomes were characterized by dynamic light scattering 

(DLS; Nano ZS90; Malvern Instruments, Malvern, UK), 

transmission electron microscopy (TEM; HT7700; Hitachi 

Ltd., Tokyo, Japan) and Western blot analysis, as described 

previously.13

accumulation of exosomes and exolZD 
in raW264.7 cells
Exosomes were prelabeled with the fluorescent dye 3,3′-
dioctadecyloxacarbocyanine perchlorate (DiO) (Beyotime, 

Jiangsu, People’s Republic of China), and the extra dye was 

removed by MW 3000 Exosome Spin Columns (Thermo 

Fisher Scientific, Waltham, MA, USA). RAW264.7 cells 

were grown to 50% confluence in 24-well chamber slides 

and incubated with DiO-labeled exosomes (200 µg/mL) 

for 0.5, 4, and 24 hours. The cells were then washed two 

times with PBS solution. Subsequently, the cells were fixed 

with 4% paraformaldehyde (PFA, v/v) for 20 minutes and 

washed three times with PBS solution. Nuclei were stained 

using DAPI (Beyotime). Finally, the cells were rinsed 

with cold PBS and viewed under a confocal laser scanning 

microscope (Leica TCS SP8; Leica Microsystems, Wetzlar, 

Germany).

In vitro cytotoxicity assay
The cytotoxicity of exosomes and ExoLZD was evaluated by 

the tetrazolium-based colorimetric (MTT) assay. Cells were 

seeded in 96-well plates at a density of 5×103 per well and 

incubated for 72 hours with either vehicle (DMSO) or desired 

concentrations of exosomes or ExoLZD at 37°C in a 5% CO
2
 

incubator. Then, the medium was replaced with 100 µL of 

fresh medium without serum and 10 µL of MTT (5 mg/mL; 

Sangon Biotech) solution and incubated for an additional 

4 hours at 37°C in a 5% CO
2
 incubator. Subsequently, the 

medium was removed and 100 µL of DMSO was added. 

The absorbance at 490 nm was measured using a microplate 

reader (Bio-Rad Laboratories Inc., Hercules, CA, USA). Cell 

viability was calculated as the ratio of the absorbance of the 

treated cells to that of the control group cells.

Intracellular survival of Mrsa inside 
macrophages treated with exolZD in vitro
RAW264.7 cells were plated at a density of 4×105 cells/well 

and infected with MRSA WHO-2 at a ratio of 10–20 bacteria 

per macrophage as previously described.17 The infected mac-

rophages were incubated with LZD or ExoLZD (20 µg/mL 

equiv. LZD) for 2, 4, and 24 hours. At each time point, the 

medium was decanted and the cells were quickly washed 

twice with PBS. Then, the cells were lysed with Hanks 

Buffered Saline Solution (HBSS) supplemented with 0.1% 

BSA (w/v) and 0.1% Triton-X (v/v), and serial dilutions of 

the lysate were made in a PBS solution containing 0.05% 

Tween-20 (v/v). The number of surviving intracellular bac-

teria was determined by plating on tryptic soy agar plates 

with 5% defibrinated sheep blood (v/v). In this experiment, 

macrophage cultures were maintained in growth media 

supplemented with 50 µg/mL gentamycin to inhibit the 

growth of extracellular bacteria.

To further confirm the antimicrobial activity, the LIVE/

DEAD BacLight Bacterial Viability kit (Molecular Probes) 

was used. RAW264.7 cells were infected with MRSA 

WHO-2 as explained above for intracellular colony-forming 

unit (CFU) determination and then treated with LZD or 

ExoLZD (20 µg/mL equiv. LZD) for 4 hours. Then, the 

infected cells were washed three times with PBS, fixed 

with 4% PFA, and permeabilized with 0.2% Triton-X100. 

Subsequently, the cells were mixed with the LIVE/DEAD 

BacLight bacterial viability kit for 15 minutes in the dark. 

After washing with PBS, the RAW264.7 cells were viewed 

under a confocal laser scanning microscope (Leica TCS SP8; 

Leica Microsystems).

Quantification of released antibiotic 
inside the macrophages
RAW264.7 cells were infected in 24-well tissue culture 

dishes as described above for the determination of intracel-

lular MRSA survival. Infected cells were incubated with LZD 

or ExoLZD (200 µg/mL equiv. LZD) for 2 and 24 hours. 

At each time point, the supernatant and cellular fractions were 

collected, and ACN was then added to a final concentration 

of 75% (v/v) and the mixture incubated for 30 minutes. The 

cellular and supernatant extracts were lyophilized by evapo-

ration under a Termovap Sample Concentrator (Shanghai 

Joyn, Shanghai, People’s Republic of China), reconstituted 

in 100 µL of 50% ACN, filtered using a 0.2 µm syringe filter, 

and analyzed by HPLC.

In vitro release of lZD
The in vitro release profile of LZD from ExoLZD was 

determined in four different media: 1) PBS at pH 7.4, 2) 

sodium citrate 0.1 M citrated PBS (CPBS) at pH 4.5, 3) 

PBS at pH 7.4 with 1 mg of RAW264.7 cell lysates, and 4) 

CPBS at pH 4.5 with 1 mg of RAW264.7 cell lysates. The 

media were incubated at 37°C with continuous shaking at 

80 rpm in a shaker bath (WE-1 Shaking water bath; Tianjin 

Honor Inc.). At different time intervals, 200 µL aliquots of 

the samples were collected and analyzed by HPLC.
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localization of exosomes and exolZD 
in Mrsa-infected raW264.7 cells
For the intracellular localization studies, exosomes were 

prelabeled with DiO as explained above for the assessment 

of exosomes and ExoLZD accumulation in RAW264.7 cells. 

RAW264.7 cells were infected in 24-well chamber slides as 

described above for intracellular CFU determination. The 

infected cells were incubated with DiO-labeled exosomes or 

ExoLZD (Exo=200 µg/mL; LZD=20 µg/mL) for 0.5, 4, and 

24 hours. At the desired time point, the cells were washed 

twice with PBS solution and then incubated with 100 nM 

LysoTracker Red (Beyotime) for 30 minutes. Subsequently, 

the cells were washed with PBS three times and fixed with 4% 

PFA for 20 minutes. Finally, the cells were rinsed with cold 

PBS and viewed under a confocal laser scanning microscope 

(Leica TCS SP8; Leica Microsystems).

assessment of exolZD activity in vivo
Female Kun Ming mice (weight: 20–22 g) were purchased 

from Chongqing Byrness Weil Biotechnology Co. Ltd 

(Chongqing, People’s Republic of China) and were used for 

all studies. Each animal was housed under standard condi-

tions (21°C±1°C, 50%–10% relative humidity, 12 hours 

light/dark cycle) and had free access to food and water. All 

animal studies were approved by the Laboratory Animal 

Welfare and Ethics Committee of the Third Military Medical 

University, and the animal handling procedures followed the 

guidelines set by the Animal Care Committee, Third Military 

Medical University.

To confirm the antibacterial effect in mice, an MRSA 

infected peritonitis model was used and performed with minor 

modification as described previously.18,19 Mice were infected 

with 5×107 CFU of MRSA WHO-2 by intraperitoneal injec-

tion. After infection for 2 hours, antibiotic treatments were 

administered subcutaneously. At 4 or 24 hours after drug treat-

ment, the peritoneal wash was harvested by injecting 2 mL 

HBSS intraperitoneally, massaging the abdomen and opening 

the peritoneum to collect peritoneal fluid. The collected peri-

toneal fluid from one mouse was diluted 1:1 with HBSS. The 

total CFU count of the diluted sample was determined before 

any further procedures were performed. The diluted sample 

was then divided into two equal fractions of ~1.5 mL each 

(fractions A and B). For extracellular CFU quantification, 

fraction A was centrifuged at 300×g at room temperature 

for 10 minutes and the extracellular CFU in the supernatant 

was quantified. For intracellular CFU quantification, lyso-

staphin (Sangon Biotech) was added to fraction B to a final 

concentration of 15 µg/mL and the fraction was incubated for 

15 minutes at room temperature. These conditions ensured 

complete killing of the extracellular bacteria contaminating 

the preparation. Lysostaphin was removed by washing the 

sample four times with HBSS by centrifugation (300×g) for 

5 minutes at room temperature, and the fraction was prepared 

for CFU quantification as described previously.

statistical analysis
Data were expressed as the mean±SD, and P,0.05 was con-

sidered statistically significant. Student’s t-test was used to 

compare the means between two groups. Data analysis was 

performed using SPSS (V19.0; IBM Corporation, Armonk, 

NY, USA).

Results
Preparation, purification, and 
characterization of exolZD
We collected exosomes from the culture supernatants of 

RAW264.7 cells. Their size distribution and zeta potential 

were characterized by DLS (Table S1), their morphology 

was characterized by TEM (Figure 1A), and their protein 

content was assessed by Western blotting (Figure 1B). 

Similar to previously published results,13 the exosomes were 

heterogeneous in size with an intensity-weighted z-average 

Figure 1 characterization of exos.
Notes: exos were collected from conditioned media of raW 264.7 macrophages and loaded with lZD. (A) The morphologies of exos and exolZD were examined by 
TeM. scale bars: 100 nm. (B) Significant amounts of Exos-associated proteins (CD63 and flotillin) were detected in Exos (lane 2) but not in cells (lane 1). In the Western blot 
analyses, each lane was loaded with 30 µg of protein.
Abbreviations: exos, exosomes; exolZD, exosome-entrapped linezolid; lZD, linezolid; TeM, transmission electron microscopy.
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diameter of 70.42±1.52 nm as determined by DLS. Exosomes 

were negatively charged (zeta potential -7.18±0.51 mV) in 

PBS. TEM showed a spherical morphology, as previously 

reported. As revealed by Western blotting, the exosomes 

were more enriched with CD63 and flotillin, two exosomal 

markers, than the cell lysate.

LZD was incorporated into exosomes by incubation at 

37°C. The obtained ExoLZD formulations were purified 

from the nonincorporated drug by low-speed centrifugation 

and analyzed by HPLC to determine the loading capacity. 

The loading capacity of the ExoLZD formulation was 

5.06%±0.45%. Interestingly, DLS studies revealed that the 

size of the ExoLZD nanoformulations increased slightly 

(Table S1). In addition, the loading procedures did not signifi-

cantly alter the zeta potential of the nanocarriers, suggesting 

that there were no major alterations to the lipid content of 

the exosomal membranes.

Uptake of exolZD by raW264.7 cells
The internalization of ExoLZD by RAW264.7 cells was 

investigated by confocal laser scanning microscopy. 

As shown in Figure 2, both exosomes and ExoLZD were 

efficiently and rapidly taken up by RAW264.7 macrophages 

in 24 hours. Interestingly, the cells displayed similar intra-

cellular fluorescence when treated with either exosomes or 

ExoLZD, which indicated that the drug payload did not affect 

the ability to deliver exosomes to macrophages.

cytotoxicity of exosome-delivered 
antibiotics
The cytotoxic effects of the exosomes-delivered antibi-

otic LZD were examined in RAW264.7 cells (Figure 3). 

Empty exosomes (10–200 µg/mL as quantified by the amount 

of total protein) had no effect on cell viability compared to 

the media control. Similarly, ExoLZD (LZD=10–200 µg/mL; 

exosomes=200 µg/mL) also had no effect on cell death 

compared to the media control. These results indicated that 

the exosomes themselves and ExoLZD had no significant 

inhibitory effect on cells viability.

Intracellular bactericidal effect of exolZD
MRSA-infected macrophages were treated with free LZD 

(20 µg/mL) or ExoLZD at the same concentrations for 

24 hours. At 2, 4, and 24 hours after treatment of the MRSA-

infected macrophages, free LZD failed to kill the MRSA 

strain WHO-2 in vitro, as the bacteria were sequestered inside 

Figure 2 Profound exos and exolZD accumulation in raW264.7 cells in vitro.
Notes: RAW264.7 cells were incubated with fluorescently labeled (green) Exos for various time intervals and the amount of nanocarrier accumulation was examined by 
confocal microscopy. The blue color represents the cell nuclei, which is used to show cytoplasmic and nuclear localization. scale bars: 10 µm.
Abbreviations: exos, exosomes; exolZD, exosome-entrapped linezolid.
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the macrophages exposed to clinically achievable concentra-

tions of the antibiotic (Figure 4A), consistent with previous 

studies. Interestingly, the CFU counts obtained at 2, 4, and 

24 hours after treatment with ExoLZD were ~0.6, 1.6, and 

1.5 log units lower than those obtained after treatment with 

the free drug, respectively (P,0.001).

To further confirm the antimicrobial activity, additional 

confocal microscopy analyses were performed on infected 

cells treated with ExoLZD or free LZD. Using the LIVE/

DEAD BacLight bacterial viability assay, it was possible to 

distinguish between dead bacteria (labeled in red) and live 

bacteria (labeled in green). As shown in Figure 4B, most 

of the intracellular bacteria remained alive when incubated 

with free LZD, while treatment with ExoLZD succeeded 

in killing most intracellular bacteria, as soon as 4 hours 

after treatment.

Figure 3 cytotoxicity of exos and exolZD on raW 264.7 cells.
Notes: raW264.7 cells were incubated with exos (10, 20, 50, 100, and 200 µg/ml) 
or exolZD (exos=200 µg/ml; lZD=10, 20, 50, 100, and 200 µg/ml) for 72 hours. 
cell viability was assessed by the MTT assay. Data are represented as the mean±sD of 
three independent experiments in triplicate.
Abbreviations: exos, exosomes; exolZD, exosome-entrapped linezolid; lZD, 
linezolid.

Figure 4 (A, B) effects of exolZD on intracellular Mrsa, (C) its cellular accumulation in raW264.7 cells, and (D) release in vitro.
Notes: (A, B) Intracellular survival of Mrsa WhO-2 in raW264.7 cells after treatment with exos and exolZD. (A) Infected raW 264.7 macrophages were incubated for 
2, 4, or 24 hours with or without lZD or exoZlD (20 µg/ml, equiv. lZD). control cells were treated with PBs or exos. The intracellular bacteria were measured as cFU per 
mg of cell protein. (B) Infected raW264.7 cells were incubated with lZD or exolZD (20 µg/ml, equiv. lZD) for 4 hours and then stained with a lIVe/DeaD Baclight® kit. 
living (green) and dead (red) intracellular bacteria were examined by confocal microscopy. scale bars: 7.5 µm. (C) cellular accumulation of lZD in raW264.7 cells. after 
incubation with free lZD or exolZD (at 50, 100, and 200 µg/ml, equiv. lZD) for 1 or 24 hours, intracellular lZD was determined by hPlc method. (D) In vitro release 
of lZD from exolZD in four types of media. exolZD was incubated at ph 4.5 or 7.4 in the presence or absence of cell lysates at 37°c and lZD release was estimated by 
hPlc. Data represent the mean±sD of three independent experiments in triplicate.
Abbreviations: cFU, colony-forming unit; exos, exosomes; exolZD, exosome-entrapped linezolid; hPlc, high performance liquid chromatography; lZD, linezolid; Mrsa, 
methicillin-resistant Staphylococcus aureus.
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cellular accumulation of lZD in 
raW264.7 cells
The intracellular LZD concentration was assessed in all 

lysates of MRSA-infected RAW264.7 cells by HPLC. 

As shown in Figure 4C, uptake of the drug was dose depen-

dent in all studies; a higher concentration of initial LZD, in 

either the free LZD solution or the exosome formulation, 

resulted in more intracellular LZD. However, the intracel-

lular concentration of LZD following 1-hour incubation 

with the free LZD solution was greater than after 24 hours 

of incubation. This trend was also observed in macrophages 

treated with exosome formulations. Interestingly, at both 

1 and 24 hours, more intracellular LZD was observed in 

macrophages treated with the exosome formulations than in 

macrophages in the free LZD group. This was especially true 

at 24 hours when the concentration of intracellular LZD in 

macrophages treated with ExoLZD was approximately five 

times higher than that in the free LZD group. These data 

confirm the prior observations made by others that LZD 

accumulates in only modest amounts in eukaryotic cells. The 

increased intracellular accumulation of LZD delivered via 

exosomes may have marked bactericidal effects on intracel-

lular MRSA present within infected phagocytes.

In vitro release of lZD
The in vitro release profile of LZD was assessed in PBS 

(pH 7.4) or CPBS (pH 4.5) and compared with that in 

RAW264.7 cell lysates at predetermined time intervals. 

As shown in Figure 4D, the presence of cell extracts triggered 

fast LZD release, and LZD was released in a time-dependent 

manner irrespective of the release media. Only ~25% of LZD 

was released with ExoLZD treatment in either CPBS (pH 4.5) 

or PBS (pH 7.4) media at 2 hours, and the amount of LZD 

released increased to ~40% after 4 hours. The release kinetics 

was similar in the two media preparations, which suggests a 

minimal effect of pH. In the presence of cell lysates, ExoLZD 

released .50% of the drug at 2 hours, and then the amount of 

drug released increased to ~80% at 4 hours. ExoLZD exerted 

an obvious bactericidal effect on intracellular MRSA, likely 

due to the efficient release of this antibiotic.

Intracellular localization of exolZD vs 
bacteria in raW264.7 cells
To investigate the intracellular distribution, exosomes or 

ExoLZD labeled with DiO were incubated with RAW264.7 

macrophages. At 0.5, 4, or 24 hours, cells were treated with 

LysoTracker, a marker of late endosomal and lysosomal 

vesicles. Colocalization of exosomes or ExoLZD with the fluo-

rescent lysosomal marker was observed (Figure 5), which was 

similar to the results of a previous report. More importantly, 

the exosomes remained in the lysosomes for 24 hours.

antibacterial effect of exolZD in mice
Intra- and extracellular time-kill studies (24 hours exposure) 

with LZD and ExoLZD were performed in vivo. Mice were 

infected with MRSA WHO-2 by peritoneal injection for 

Figure 5 Intracellular pathway by which exos or exolZD entered macrophages.
Notes: Macrophages were incubated with DiO-labled exos or exolZD (green) for 0.5, 4, or 24 hours and then with lysoTracker red for 5 minutes before being observed 
by confocal microscopy. Yellow indicates the colocalization of exos or exolZD and lysosomes. scale bars: 10 µm.
Abbreviations: DiO, 3,3′-dioctadecyloxacarbocyanine perchlorate; exos, exosomes; exolZD, exosome-entrapped linezolid.
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2 hours and then treated with a single subcutaneous dose of 

LZD (17 mg/kg of body weight) or ExoLZD (LZD=17 mg/kg) 

(n=5). The peritoneal fluid was sampled just before (time 0) 

and at 4 and 24 hours after treatment onset and immediately 

processed for the intra- and extracellular separation assay 

and CFU determination. The results (Figure 6) show that 

compared to free LZD, our ExoLZD significantly inhibited 

MRSA infection in vivo at both 4 and 24 hours with one 

injection (P,0.01). These exciting results confirmed that 

LZD delivered by exosome had high antibacterial activity 

both in vitro and in vivo.

Discussion
The high prevalence of MRSA strains is a challenge in 

the treatment of S. aureus infections, and S. aureus is 

one of the most frequently occurring antibiotic-resistant 

threats because of its ability to form nongrowing, dormant, 

“persister” subpopulations.21,22 It has been reported that 

treatment of patients with invasive MRSA infections with 

conventional antibiotics has a failure rate of up to 50% and 

measurable outgrowth of antibiotic-resistant strains is not 

observable in most cases.17 Although considered an extracel-

lular pathogen, S. aureus can escape from the endosomes/

phagosomes of phagocytes and proliferate within the 

cytoplasm, which makes treatment of S. aureus infection 

difficult.6,7 The majority of existing antibiotics are inefficient 

at killing intracellular S. aureus both in vitro and in vivo.8 

LZD is usually recommended for the treatment of difficult-

to-treat staphylococcal infections, but it fails to kill intracel-

lular MRSA inside the macrophages exposed to clinically 

achievable concentrations.20 In this study, we found that 

administration of LZD in the exosome-encapsulated form 

considerably enhanced the killing of MRSA in macrophages 

in vitro and in vivo.

LZD accumulates in only modest amounts in eukaryotic 

cells, which explains the poor activity of this antibiotic 

against intracellular bacteria.20 Interestingly, exosomes 

delivered a sufficient concentration to the cells for bacterial 

killing, while this concentration showed less cytotoxicity to 

macrophages. In addition, more exosome-encapsulated LZD 

accumulated in RAW264.7 macrophages than free LZD 

within 24 hours. It is speculated that the bactericidal effects 

of ExoLZD against intracellular MRSA could be due to the 

fact that LZD may reach intracellular concentrations that far 

exceed the MICs for a prolonged time.

On the other hand, the LZD-loaded exosomes exhibited 

good colocalization to the lysosome, where S. aureus is 

expected to reside.9 Thus, treatment of intracellular infec-

tions by targeting a subcellular compartment is feasible 

since the colocalization of ExoLZD with bacteria in the 

same intracellular compartments should enhance the local 

concentration of the delivered antibiotic and improve the 

drug’s efficiency. Exosome uptake is clathrin independent, 

having an endocytic profile indicative of macropinocytosis 

with eventual delivery to the lysosomes.3,23 It has been docu-

mented that phagocytosis of S. aureus might be attributed to 

lysosome–phagosome fusion and a portion of the bacteria 

escape from the endosomes/phagosomes of phagocytes and 

proliferate within the cytoplasm.9 A plausible mechanism 

of action of this drug after being released into the acidic 

environment of the lysosomes is as follows: 1) a portion of 

the LZD kills bacteria in the lysosomes and 2) some LZD 

crosses the intracellular endolysosomal membranes into the 

cytoplasm and thereby exerts a bactericidal effect.

Figure 6 Time-kill curves showing changes in the numbers of cFU in the peritonea of mice (Δlog cFU, mean±sD; n=5) compared with lZD and exolZD (17 mg/kg).
Notes: Mice were inoculated i.p. with Mrsa hO-2 and then treated s.c. with a single dose of lZD or exolZD (17 mg/kg). The effect was estimated both in total and when 
divided into intra- and extracellular fractions. The ordinate shows the change in the number of cFU and the abscissa indicates the time of treatment with the drugs. The total 
and extracellular bacteria were measured as cFU/ml of broth, and the intracellular bacteria were measured as cFU per mg of cell protein.
Abbreviations: cFU, colony-forming unit; exos, exosomes; exolZD, exosome-entrapped linezolid; i.p., intraperitoneal; lZD, linezolid; Mrsa, methicillin-resistant 
Staphylococcus aureus; s.c., subcutaneous.
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Conclusion
This work demonstrates that exosomes are exceptionally 

effective carriers for therapeutic antibiotics. Exosomes loaded 

with LZD efficiently accumulated in macrophages and exerted 

a potent intracellular bactericidal effect. Exosomes could 

potentially load with both hydrophilic and lipophilic drugs, 

since they resemble liposomes with a bilipid membrane and 

an aqueous core. The use of an exosomes-based formulation 

could be a novel platform for delivering potent antibacterial 

drugs to treat intracellular infections. However, further stud-

ies are necessary to understand the exact mechanism of drug 

loading and release by exosomes in macrophages. Detailed 

pharmacodynamics and pharmacokinetic studies in different 

in vivo models are needed to fully assess the potential of 

ExoLZD for clinical applications. Additional researches are 

also warranted to translate our results from animal models 

into clinical applications in humans.
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Supplementary material

Table S1 Physicochemical characteristics of exo and exolZD

Formulation Size (nm) Zeta potential (mV) Loading capacity (%)

exo 70.42±1.52 -7.18±0.51 N/a

exolZD 76.04±0.68 -7.45±0.73 5.06±0.45

Note: Data is presented as mean±sD.
Abbreviations: exo, exosome; exolZD, exosomal formulation of lZD; lZD, linezolid.
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