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ABSTRACT: Intracelluar methicillin-resistant Staphylococcus aureus (MRSA) is extremely difficult to remove by 
common antibiotics, leading to infection recurrence and resistance. Herein we report a novel exosome-based antibiotic 
delivery platform for eradicating intracellular MRSA, where mannosylated exosome (MExos) is employed as the drug 
carrier and preferentially taken up by macrophages, delivering lysostaphin (MExoL) and vancomycin (MExoV) to 
intracellular pathogens. Combination of MExoL and MExoV eradicated intracellular quiescent MRSA. Moreover, 
MExos rapidly accumulated in mouse liver and spleen, the target organs of intracellular MRSA, after intravenous (IV) 
administration. Thus, the MExos antibiotic delivery platform is a promising strategy for combating intracellular infection. 
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1. Introduction 
The rising of bacterial resistance is a serious global public health problem 1. There are more than 200,000 neonatal sepsis 

deaths with multidrug-resistant pathogens in low-income countries every year 2. Staphylococcus aureus (S. aureus) is the main cause 

of bacterial infection in community settings and hospitals 3. Methicillin-resistant S. aureus (MRSA) remains a formidable clinical threat, 

due to persistently high morbidity and mortality 4. Macrophages are the first line of defense against bacterial infections by recognition, 

ingestion, and digestion of the invasive pathogens 5. However, S. aureus can survive after ingestion by macrophages 6. In this case, 

macrophages not only fail to eradicate bacteria but also serve as sources for bacterial propagation, leading to infection recurrence 

and resistance. More seriously, surviving bacteria in the host cells can protect themselves against the bactericidal action of antibiotics. 

In fact, most antibiotics are ineffective against intracellular pathogens due to their low retention inside the cells (i.e. macrolides or 

fluoroquinolones) 7, 8 or poor intracellular accumulation (i.e. β-lactams or aminoglycosides) 9, 10. In particular, vancomycin is the last 

resort against MRSA but cannot eradicate intracellular MRSA due to its low uptake by infected host cells 11. It is clear that despite 

considerable advances in antibiotic discovery, the treatment of intracellular bacterial infections remains a major challenge. Thus, 

targeted delivery of antibiotics to infected host cells especially macrophages is an important strategy to improve antibiotic therapy 

against intracellular infections. 

 

 

Figure 1. (1) Metabolic labeling of exosomes secreted by macrophages and bioorthogonal click conjugation for mannosylated 
exosomes (MExos); (2) Preparation of vancomycin (V) or lysostaphin (L) loaded mannosylated exosomes (MExoV or MExoL); (3) 
Eradication of intracellular MRSA by combination of MExoV and MExoL. SPAAC, strain-promoted azide-alkyne click chemistry 
reaction. 
 

Intracellular S. aureus often present in a metabolically quiescent state 12, 13, while most antibiotics including vancomycin are effective 

only against metabolically active bacteria. In this case, even increased intracellular uptake and accumulation of these antibiotics cannot 
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effectively eliminate intracellular bacteria. Lysostaphin is a 27-kDa antimicrobial enzyme and has antimicrobial activity specific against 

staphylococcal species in vitro and in vivo 14-19. Importantly, there is accumulating evidence that lysostaphin kills not only planktonic 

bacteria but also quiescent bacteria growing in a biofilm 20, 21. Lysostaphin is specifically able to cleave the cross-linking pentaglycine 

bides in the cell walls of S. aureus 15, which makes its antimicrobial activity independent of the bacterial metabolic state. Therefore, it is 

potential to utilize the lysostaphin to kill intracellular quiescent bacteria if this enzyme is delivered into infected host cells. Moreover, 

combination of lysostaphin and vancomycin have synergistic antibacterial activity against extracellular S. aureus and MRSA 22. It is 

presumed that if both lysostaphin and vancomycin are delivered into infected host cells, it would result in superior eradication of 

intracellular bacteria, decreased vancomycin treatment dose, reduced toxicity and resistance. 

Exosomes have attracted considerable attention as drug delivery vehicles in the past few years 23, 24. Exosomes are small 

intracellular membrane-based vesicles that are secreted by almost all kinds of cells 25. Exosomes play crucial roles in intercellular 

communication and can efficiently deliver cargo to the recipient cells 26, 27. Recently, exosomes, as drug delivery vehicles, have been used 

to treat various diseases, such as cancer 28, cardiovascular diseases 29, as well as Parkinson’s and Alzheimer’s disease 30, and others. In 

our previous study, we discovered that exosomes could deliver antibiotic into cells and enhance intracellular MRSA killing wi thout 

cytotoxicity 31. Compared to other nanoparticle carriers like liposomes and polymeric nanoparitcles, exosomes as drug carriers have many 

important advantages such as good biocompatibility, fewer side effects, long circulating half-life, and the intrinsic ability to target tissues 32, 

33. 

Herein, we report a strategy for targeted antibiotic delivery to macrophages to treat intracellular MRSA infection, utilizing 

mannosylated exosomes as the drug carrier (Fig. 1). In this approach, azides are efficiently integrated into exosomes by altering the 

metabolic processes of exosome-secreting cells. DBCO-mannosyl ligands are conjugated to the azide-integrated exosomes by strain-

promoted azide-alkyne click chemistry reaction (SPAAC), which would endow the exosomes with the advantages for targeted antibiotic 

delivery to macrophages that express high levels of the mannose receptor, as well as drug accumulation at bacterial infection sites 

through macrophage transport. Therefore, lysostaphin and vancomycin delivered to bacterial infection sites would exhibit enhanced 

eradication of intracellular bacteria. 

 

2. Materials and Methods 
2.1. Materials  

Chemicals were used as received without special purification unless stated otherwise. 1H and 13C NMR spectra were recorded at 

ambient temperature on a 400 MHz NMR spectrometer (100 MHz for 13C NMR). NMR results were reported in δ units, parts per million 

(ppm), and were referenced to CDCl3 (7.26 or 77.0 ppm) as the internal standard. The coupling constants J are given in Hz. Vancomycin 

(V) and lysostaphin (L) were purchased from Sango Biotech (Shanghai, China). CD63, tumor susceptibility gene 101 (TSG101) and 

Flotillin 1 antibodies were purchased from Abcam Biotechnology (Cambridge, MA, USA). β-actin and CD206 antibodies, and goat-anti-

rabbit horseradish-peroxidase-conjugated (HRP) secondary antibody were purchased from Proteintech (Wuhan, China). The MRSA strain 

WHO-2 (WHO-2) was kindly provided by Rongxin Qin (Army Military Medical University, Chongqing, China). Female Balb/C and Kun Ming 

(KM) mice (aged 6-8 weeks) were purchased from Chongqing Byrness Weil Biotechnology Co.Ltd (Chongqing, China). L-

Azidohomoalanine (AHA) was synthesized, purified and fully characterized as described previously 34, 35. 

 

2.2. Cell Culture 

RAW264.7 cells were purchased from Shanghai Cell Bank of Chinese Academy of Sciences (Shanghai, China). Cells were cultured 

in high-glucose DMEM (Hyclone) medium supplemented with 10% fetal bovine serum (FBS), 1% penicillin and streptomycin at 37 °C in a 

5% CO2 humidified atmosphere. For AHA-integrated exosomes production, cells were maintained in conditioned medium composed of 

methionine- and cystine- depleted DMEM (Gibico, Grand Island, NY, USA) with 10% exosome-free FBS in the presence of AHA (100, 200, 

300 and 400 μM) as previously described with minor modifications 36. FBS were centrifuged at 120, 000 × g for 140 min to remove serum 

exosomes. 

 

2.3. Isolation of Exosomes 

Exosomes were purified as previously described 36, 37 with minor modifications. Briefly, cells were cultured with conditioned medium 

for 48 h. The cell culture supernatant containing exosomes were centrifuged at 200 × g for 5 min, to remove cells, and then centrifuged at 

12,000 × g for 30 min, to eliminate dead cells and cell debris. The resulting supernatant was ultrafiltered through a 100 kDa membrane to 

concentrate the exosome-containing solution, which was used to isolate exosomes by ultracentrifugation at 100,000 × g (Beckman Corp, 

Brea, CA, USA) for 90 min. The pellet was washed with PBS and centrifuged at 120, 000 × g for 120 min. Finally, exosomes were 

resuspended in PBS and stored at -80 °C prior to use. All procedures were carried out at 4 °C. The exosome protein concentration was 

measured by BCA kit (Beyotime, China). 

 

2.4. Characterization of Exosomes 

Particle size and morphology were characterized according to our previous study 31. The particle size distribution and zeta potential of 

exosomes in suspension were measured using a multi angle particle size and high sensitive zeta potential analyzer (Brookhaven 

NanoBrook Omni, Brookhaven, USA). A transmission electron microscope (TEM; HT7700, Hitachi, Japan) was used to observe the 

morphology of exosomes. 

Protein levels in exosomes (CD63, TSG101 and Flotillin 1) were analyzed by western blotting as previously described 31, 38. 

Exosomes solution was denaturized with sodium dodecyl sulfate-polyacrylamide electrophoresis gels (SDS-PAGE) loading buffer at 

100 ℃ for 10 min. The exosomal proteins were separated by 12% SDS-PAGE and were then transferred onto polyvinylidene fluoride 

(PVDF) membranes. Subsequently, the PVDF were blocked in tris-buffered saline with 5% fat-free dry milk at room temperature for 2 h, 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 4 

breezed with desired antibodies including CD63, TSG101, Flotillin 1 and β-actin   overnight, and then incubated with secondary 

antibodies. Finally, the resolved bands were visualized by enhanced chemiluminescence (ECL)-detecting reagents (Beyotime, Jiangsu, 

China) on a ChemiDoc system (BioRad, Shanghai, China). 

 

2.5. Conjugation of DBCO-RohB with AHA-exosomes 

AHA-metabolized exosomes at concentration of 5 mg/mL of protein were incubated with DMSO solution of DBCO-RohB (10 μM final 

concentration) for 3 h at room temperature, followed by purification using MW 3000 Exosome Spin Columns (Thermo Fisher Scientific, 

Shanghai, China). The concentration of exosome was quantified by BCA protein assay, the RohB concentration was determined by 

measuring the absorbance of RohB using a SpectraMax® i3x microplate reader (SpectraMax i3x, Molecular Device, UK) and normalizing 

exosome protein concentration to 1 mg/mL. As a comparison, exosomes secreted from RAW264.7 cells without AHA pre-treatments were 

mixed with DBCO-RohB similarly. 

 

2.6. Intracellular Delivery of AHA-RohB Conjugated Exosomes 

RAW264.7 cells were seeded on coverslips in 24-well plates (2×104 cells/well) overnight and then were incubated with AHA-RohB 

exosomes (with 100 nM of RohB) for 3 h. Cells were washed three times with PBS solution and then fixed with 4% paraformaldehyde 

(PFA) for 20 min. Subsequently, cells were washed twice with PBS solution. Finally, cells were viewed under a confocal laser scanning 

microscopy (CLSM; Leica TCS SP8, Solms, Germany). Free DBCO-RohB or a mixture with exosome secreted by untreated RAW264.7 

cells were similarly exposed to RAW264.7 cells as negative controls. 

 

2.7. DBCO-mannose Conjugation 

For mannosylated exosomes, AHA-metabolized exosomes (5 mg/mL of protein) was incubated with DBCO-mannose (250 μM of final 

concentration) for 2 h at room temperature, followed by purification using MW 3000 Exosome Spin Columns (Thermo Fisher Scientific, 

Shanghai, China). The mannose-conjugated exosomes (mannosylated exosomes) were dispersed in PBS and stored at -80 °C before 

use.  

 

2.8. Fluorescence Labeled Exosomes 

The lipophilic fluorescent dyes 3, 30-dioctadecyloxacarbocyanine perchlorate (DiO) and 1,1'-dioctadecyl-3,3,3',3'-

tetramethylindodicarbocyanine,4 chlorobenzenesulfonate salt (DiD)  (Beyotime, Jiangsu, China) were used to label lipid membrane of 

exosomes. Purified exosomes were incubated with 30 μM of DiO or DiD for 15 min at 37 °C, then the extra dye was removed by MW 

3000 Exosome Spin Columns. Labeled exosomes were then quantitated by determining the fluorescence intensity at an excitation 

wavelength of 484 nm and an emission wavelength of 501 nm. The labeled exosomes were resuspended in PBS prior to use.  

 

2.9. Uptake of DiO-labeled Mannosylated Exosomes in Cells 

For flow cytometry analysis, RAW264.7 cells or A549 cells were grown in 24-well plates at a density of 5 × 104 cells per well and 

incubated with DiO labeled exosomes or mannosylated exosomes (100 μg/mL) for 3 h. In the competitive inhibition assay, cells were 

incubated with D-mannosamine hydrochloride at a final concentration of 50 mM for 1 h before the addition of exosomes. Finally, cells 

were collected, washed three times with PBS, resuspended in 200 μL of PBS and subjected to flow cytometric analysis. For microscopic 

observation, RAW264.7 cells (2×104 cells/well) were seeded on coverslips in 24-well plates overnight. Cells were treated as described 

above in the flow cytometry analysis section. At the end of uptake, cells were washed three times with PBS solution and fixed with 4% 

PFA for 20 min. Then the nuclei were stained with 4’, 6-diamidino-2-phenylindole (DAPI; Beyotime, Jiangsu, China) and viewed with a 

CLSM (Leica TCS SP8, Solms, Germany). 

 

2.10. Preparation of Vancomycin-loaded Mannosylated Exosomes (MExoV) 

The vancomycin loaded exosomes were prepared with minor modifications as previously described 30. To load the exosomes with 

vancomycin, 100 μg of purified exosomes were mixed with 50 μg of vancomycin. The vancomycin-exosome mixture was sonicated using 

a Model 505 Sonic Dismembrator with 25″tip with the following settings: 20% power, 10 cycles of 4s pulse/2s pause. After 5 cycles, 

exosomes were cooled down for 2 min on ice, and then the other 5 cycles were performed. After sonication, the vancomycin-exosome 

mixture was incubated at 37 °C for 60 min to allow for recovery of the exosomal membrane. Recovery was assessed by DLS and TEM as 

described above (2.4). Excess free drug was separated from vancomycin-exosome mixture by ultrafiltration purification using Amicon1 

Ultra Centrifugal Filters (MWCO = 100 kDa, GE Healthcare, UK). The Exodrug mixture was filtered using a 0.22 μm syringe filter (Millipore, 

Billerica, MA) for sterility, and stored at -80 °C until use. 

The exosomes loaded with vancomycin (MExoV or ExoV) were quantified for the encapsulated vancomycin by a high performance 

liquid chromatography (HPLC) method as previously reported 31, 39, with minor modification. Specifically, appropriate volume of acetonitrile 

(ACN) was mixed fully with MExoV or ExoV solution in a micro-centrifuge tube. After sonication, the mixture was centrifuged at 18,000 × g 

for 10 min. Subsequently, the supernatant was taken and filtered through a syringe filter (0.2 μm) and transferred into HPLC autosampler 

vials. 20 μL of aliquot was injected into the HPLC system (Agilent 1260, Agilent Technologies, Palo Alto, CA). All analyses were 

performed using a C18 column (Extend-C18, 250 mm × 4.6 mm, 5 μm, 100 Å, Agilent) with a mobile phase of KH2PO4: ACN (90:10; v/v; 

pH = 3.2) at a flow rate of 1 mL/min at 30 °C. Absorbance was measured at 236 nm to monitor the elution of vancomycin. The standard 

curve for vancomycin was obtained from 0.5 to 100 µg/mL concentration range. For data acquisition and analysis, OpenLAB CDS 

ChemStation Edition software was used. 

 

2.11. Preparation of Lysostaphin-loaded Mannosylated Exosomes (MExoL) 
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Lysostaphin loaded exosomes were prepared as described above for MExoV, with a slight modification for sonication. The 

lysostaphin-exosome mixture was sonicated with the following settings: 30% power, 12 cycles of 4s pulse/2s pause. After 6 cycles, 

exosomes were cooled down for 2 min on ice, and the other 6 cycles were then performed. Excess free lysostaphin was also removed by 

ultrafiltration using Vivaspin500 (MWCO=100 KDa, GE Healthcare, UK). To determine drug loading efficiency, the concentration of 

lysostaphin in filter liquor was determined by BCA method. 

 

2.12. In vitro Release of Vancomycin 

The in vitro release profile of vancomycin was determined in four different media as previously described 31. The media included 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. Freshly prepared MExoV was placed in a dialysis bag (MW = 100K). Then the 

dialysis bag was placed in the above mentioned media, which were incubated with continuous shaking at 80 rpm in a shaker bath (WE-1 

Shaking water bath; Tianjin Honor Inc.) at 37 °C. At desired time point, 200 µL aliquots of the samples were collected and analyzed by 

HPLC. 

 

2.13. Intracellular Accumulation of Vancomycin in Macrophages 

RAW264.7 cells were seeded in 24-well plates ((5 × 104 cells/well) and infected by MRSA as described above for the determination of 

intracellular MRSA survival. After that, cells were incubated with V, ExoV or MExoV (100 µg/mL equiv. V) for 4 h. After incubation, cells 

were collected after thorough washing with pre-warmed PBS and lysed by adding ACN at a final concentration of 75% (v/v). Then, the 

antibiotic accumulation in cell lysates was determined by HPLC. 

 

2.14. Intracellular MRSA Infection Model 

For both RAW264.7 macrophages and A549 cells, infection by MRSA WHO-2 was performed with minor modifications as previously 

described 31, 40. Cells were seeded in 24-well plates (5 × 104 cells/well) and incubated overnight. MRSA were then added to the cell culture 

medium of either RAW264.7 macrophages or A549 cells at a ratio of 10–20 bacteria per cell and maintained for 2 h (2 h infection model) 

or 24 h (24 h infection model) at 37 °C. Extracellular bacteria were killed by adding gentamicin (50 μg/mL). 

 

2.15. Effects of MExoV and MExoL on the Growth of Intracellular MRSA in 2 h Infected Macrophages and A549 Cells 

Infected cells (2 h infection model) were incubated with free vancomycin, lysostaphin, or their exosome formulations. After 24 h 

treatment, the medium was removed, and cells were quickly washed twice with PBS. Then cells were lysed with Hanks buffered saline 

solution (HBSS) supplemented with 0.1% bovine serum albumin (BSA) and 0.1% Triton-X, and serial dilutions of the lysate were made in 

PBS solution containing 0.05% Tween-20. The number of surviving intracellular bacteria was determined by plating on tryptic soy agar 

plates with 5% defibrinated sheep blood.  

 

2.16. MIC Determination for Free Antibiotics on Extracellular Planktonic Bacteria. 

Minimal inhibitory concentration (MIC) of vancomycin or lysostaphin against extracellular MRSA WHO-2 was determined using 

planktonic bacteria as previously described 41. Dilutions of drugs were made in the 96-well culture plate. Bacteria were cultured in Mueller-

Hinton broth II medium (Solarbio, Beijing, China). 5 × 104 colony forming units (CFU) of MRSA suspension from an exponentially growing 

culture were added into the plate with drug mentioned above. After incubation at 37 ℃ for 20 h, bacterial growth was monitored by 

reading the optical density (OD) at 600 nm. The concentration that inhibited bacterial growth by more than 90% was considered as the 

MIC of antibiotic.  

 

2.17. Time of Kill for Free Antibiotics on Non-replicating Bacteria 

Killing of non-replicating MRSA by free vancomycin or lysostaphin was determined as previously described 40. Briefly, MRSA WHO-2, 

from an overnight stationary phase culture, were incubated with or without antibiotics for 24 h. At each desired time, bacteria were 

collected and then cultured on agar plates to detect the CFU of surviving bacteria. 

 

2.18. Effects of Combination of MExoV and MExoL on the Growth of Intracellular MRSA in 2 h and 24 h Infected Macrophages 

After infection with MRSA for 2 h or 24 h, RAW264.7 cells were incubated with combination of MExoV and MExoL for 24 h. MExoV or 

MExoL alone treatment was used as the control study. After drug treatment, intracellular survival CFU of MRSA was accessed as 

described above (2.15) for the assessment of drug loaded exosomes against intracellular MRSA. For microscopic observations, cells 

were infected by MRSA and treated with drug as described above for CFU determination. After 24 h treatment, cells were washed by PBS, 

fixed with 4% PFA, and permeabilized with 0.2% Triton-X100 for 5 min. Then, cells were incubated with the mixture of the LIVE/DEAD 

BacLight bacterial viability kit for 15 min in the dark. After washing with PBS, cells were observed using a CLSM (Leica TCS SP8, Solms, 

Germany).  

 

2.19. Antibacterial Effects of MExoV and MExoL in MRSA-Infected Mice 

Mice were housed at 21 °C ± 1 °C with a 12-hour light/12-hour dark cycle. All animals had free access to food and water throughout 

the experiment. 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 test the antibacterial effect in vivo, bacteria-infected mouse model were carried out by intraperitoneal injection of MRSA (5×107 

CFU) with minor modifications as previously described 31, 42. After 24 h of infection (day 1), mice were randomly assigned into 6 treatment 
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groups (5 mice/group), including PBS, Vancomycin (V; 20 mg/kg), Lysostaphin (L; 5 mg/kg), MExoV (V = 20 mg/kg), MExoL (L = 5 mg/kg), 

MExoV and MExoL (V = 20 mg/kg; L= 5 mg/Kg).  

For testing efficacy in mouse peritoneum, each drug was injected intravenously at a single dose for 24 h. After treatment, mice were 

sacrificed and injected with 3 mL HBSS intraperitoneally. Then, peritoneal fluid was collected from the peritoneum, which was used to 

determine the total CFU count, extracellular count and intracellular count: (1) The total CFU in the peritoneal fluid was quantified before 

any further procedures were carried out; (2) Separation of extracellular and intracellular bacteria in the peritoneal fluid: the peritoneal fluid 

was equally divided into fractions A (extracellular CFU quantification) and fractions B (intracellular CFU quantification). For extracellular 

CFU count, fraction A was centrifuged at 300 × g for 10 min at 4 ℃ and the bacteria in the supernatant was quantified. For intracellular 

CFU count, fraction B was incubated with 15 µg/mL of lysostaphin (Sangon Biotech, Shanghai, China) for 20 min at room temperature. 

Subsequently, the lysostaphin was removed by washing three times with PBS. Finally, the samples were incubated with HBSS (0.1% BSA 

and 0.1% Triton-X) for 10 min and the intracellular CFU was quantified by tryptic soy agar plates.  

For testing efficacy in kidney, each drug was   administered intravenously once a day for 3 days. On day 4 after infection, all mice 

were sacrificed and kidneys were harvested in 1 mL of PBS. The tissue samples were homogenized with a high-throughput tissue 

homogenizer (Sceintz-48, Ningbo, China). The survival bacteria recovered per mouse (two kidneys) were measured by tryptic soy agar 

plates. 

 

2.20. Acute Toxicity of MExos and MExodrug in Mice 

Female Balb/C mice (aged 6-8 weeks) were treated with MExos (2.5 mg/kg), MEXoV (V=100 mg/kg) or MExoL (L=25 mg/kg) by 

intravenous injection. The control group was injected with PBS. Drugs were administered intravenously once a day for 3 days. On day 4 

after the first injection, all mice were sacrificed by intraperitoneal injection of pentobarbital sodium (1%). Then, the major organs (heart, 

liver, spleen, lung and kidney) were harvested, formalin-fixed, subjected to Hemotoxylin and Eosin (H&E) staining for evaluating 

histological morphology. 

 

2.21. Localization of MExos in MRSA Infected RAW264.7 Cells 

RAW 264.7 cells were infected with MRSA for 24 h in 24-well chamber slides and were then incubated with DiO labeled MExos for 24 

h. Subsequently, cells were washed two times with PBS solution and then incubated with 100 nM of Lyso-Tracker Red (Beyotime, Jiangsu, 

China) for 30 min. After that, cells were washed with PBS three times and fixed with 4% PFA for 20 min. Finally, cells were observed 

using a CLSM (Leica TCS SP8, Solms, Germany). 

 

2.22. In vivo Biodistribution of MExos in Mice 

To study the biodistribution of exosomes, DiD-labeled MExos were injected into tail veins of KM mice. Then, the ex vivo images were 

visualized from sacrificed mice using an IVIS imaging system (PerkinElmer). 

Table 1. Physicochemical characteristics of exosomes and drug loaded exosomes 

Formulation Size (nm) PDI Zeta Potential (mV) Loading Capacity (%) 

Exos 96.39 ± 5.85 0.265 ± 0.004 -6.96 ± 1.25 N 

AHA-RohB Exos 93.10  ± 10.13 0.243 ± 0.004 -7.25 ± 1.38 N 

MExos 100.25  ± 5.80 0.251 ± 0.005 -10.85 ± 2.31 N 

MExos, sonicated 146.86 ±  5.76 0.253 ± 0.010 -9.13 ± 1.82 N 

MExoV 150.22 ± 13.77 0.240 ± 0.010 -8.22 ± 1.54 22.15 ± 3.21 

MExoL 152.25 ± 10.12 0.260 ± 0.020 -9.58 ± 2.05 15.52 ± 2.38 

Note: Data is presented as mean±SD. 

Abbreviations: Exos, AHA-metabolized exosomes; AHA-RohB Exos, DBCO-RohB conjugated AHA-metabolized exosomes; MExos, mannosylated exosomes; 

MExoV, V loaded mannosylated exosomes; MExoL, L loaded mannosylated exosomes; V, vancomycin; L, lysostaphin. 
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Figure 2. Characterization of unmodified and modified exosome formulations. Vancomycin or lysostaphin was incorporated into exosomes by sonication. (A) The 
morphology of drug-loaded exosomes was examined by TEM. (B) Western blot data indicated that formulations retained the exosome markers CD63, TSG101 
and flotillin 1 after the copper-free click chemistry and the sonication procedure. 1, cell lysis; 2, Exos; 3, AHA-RohB Exos; 4, MExoV. 

 

2.23. Statistical Analysis 

For the all experiments, data were expressed as the mean ± standard deviation (SD). Data analysis was performed by using the 

SPSS (V19.0, SPSS Inc., Chicago, IL, USA). Tests for significant differences between the groups were performed using student's t-

test or one-way ANOVA. P < 0.05 was considered statistically significant.  

 
3. Results and Discussion 
3.1. Preparation, Purification, and Characterization of AHA-exosomes 

The metabolized exosomes were obtained by co-culturing AHA with exosome-secreting RAW264.7 cells for three days and then 

isolating exosomes using differential ultracentrifugation. The size distribution and zeta potential of AHA-metabolized exosomes were 

determined by dynamic light scattering (DLS) analysis. As shown in Tab. 1, their average diameters were 96.39 ± 5.85 nm with a 

relatively low polydispersity, and they were negatively charged (zeta potential = -6.96 ± 1.25 mV) in PBS. The TEM images 

revealed that the isolated exosomes had a round morphology (Fig. 2A). Moreover, exosomal markers were detected by western 

blotting and exosomes were enriched with CD63, Flotillin 1 and TSG101 (Fig. 2B). These data showed that exosomes were 

successfully purified. 

To confirm the successful incorporation of AHA into exosomes during the cell co-culture process, DBCO-RohB was synthesized 

by the methods shown in Fig. 3. AHA-metabolized exosomes were incubated with fluorescent DBCO-RohB and the RohB 

conjugation efficiency was determined after removing the excess DBCO-RohB from the reaction mixtures. As shown in Fig. 4A, 

compared to the control exosomes, AHA-exosomes showed strong and increasing fluorescent intensity with increasing AHA 

concentrations, suggesting efficient click conjugation between AHA-metabolized exosomes and DBCO-RohB. Additionally, after 

DBCO-RohB clicking, the size and shape were not significantly changed (Tab. 1 and Fig. 2A). And 

 

 
 

Figure 3. Synthetic route to DBCO-RohB 
 
 

 

 

Figure 4.  (A) The mean fluorescence intensity of RohB in the DBCO-RohB conjugation of exosomes. DBCO-RohB was incubated with AHA- exosomes (AHA = 
100 - 400 μM) or the control exosomes. After conjugation, the RohB absorption was measured by a SpectraMax® i3x microplate reader and exosome protein 
concentration was normalized to 1 mg/mL. (B) CLSM images of RAW264.7 cells treated with i) DBCO-RohB mixed with unmodified exosomes, ii) Free DBCO-
RohB, iii) AHA-RohB exosomes for 3 h. Scale bars: 25 μm. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
 

the significant difference in exosome surface marker protein levels (CD63, Flotillin 1 and TSG101) was not observed between the 

control exosomes and AHA-exosomes (Fig. 2B). Taken together, these data showed that azides were efficiently integrated into 

exosomes and the conjugation had no impact on the exosome structure and function. The azide-integrated exosomes provide a 

convenient approach for functionalizing the exosome surface by SPAAC conjugation. 

In order to further investigate whether the modified exosomes could efficiently transport cargo into cells, RAW264.7 cells were 

incubated with AHA-RohB conjugated exosomes and visualized by CLSM. As shown in Fig. 4B, treatment of RAW264.7 cells with 

AHA-RohB conjugated exosomes resulted in significant RohB accumulation in the cytosol, whereas no obvious RohB fluorescent 

signal was observed in cells treated with a mixture of DBCO-RohB and unmodified exosomes, and free DBCO-RohB. These results 

suggested that AHA-integrated exosomes could conjugate with DBCO-cargo and efficiently deliver them into cells. Thus, surface 

functionalized exosomes could serve as a novel nanocarrier for targeted drug delivery. 
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3.2. Preparation and Characterization of Mannosylated Exosomes 

DBCO-mannose was synthesized and the synthetic route is illustrated in Fig. 5. To obtain mannosylated exosomes (MExos), 

DBCO-mannose was reacted with azide-integrated exosomes to form stable triazole linkages using copper-free click chemistry. The 

size distribution, zeta potential and morphology of mannosylated exosomes were also similar to that of unmodified exosomes (Tab. 1, 

Fig. 2A and B), suggesting DBCO-mannose conjugation did not alter the structure and function of exosomes. 

 

3.3. Cell Uptake of Mannosylated Exosomes.  

To demonstrate that mannosylated exosomes could indeed facilitate entry into macrophages, mannosylated exosomes and 

unmodified exosomes were labeled with lipophilic dye DiO. These DiO labeled exosomes were incubated with RAW264.7 cells and 

A549 cells, respectively. The DiO fluorescence of cells was analyzed by FACS and CLSM. RAW 264.7 cell is a mouse macrophage 

cell line, expressing high levels of mannose receptor on the cell surface, whereas A549 cell is a human bronchial epithelial cell line 

with no expression of this receptor. According to the flow cytometric analyses, the strongest fluorescence was measured in 

macrophages after incubation with DiO labeled mannosylated exosomes for 3 h (Fig. 6A). However,  
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Figure 5. Synthetic route of DBCO-Mannose 

 

 

 

pretreatment of macrophages with D-mannosamine (a known mannosamine inhibitor) significantly decreased intracellular 

fluorescence level, while this phenomenon was not observed in A549 cells, suggesting that the mannosamine inhibitor competitively 

prevented entry of mannosylated exosomes into macrophages. CLSM images also showed that treatment of macrophages with 

mannosylated exosomes exhibited higher fluorescence intensity of DiO than that of unmodified exosomes at the same exosome 

concentration (Fig. 6B). This suggests that a specific interaction between mannosylated exosomes and the cell surface might occur. 
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Figure 6. Uptake of Exos and MExos by RAW264.7 cells and A549 cells. The mean fluorescence intensity of cells was determined by flow cytometric analyses 
after incubation with DiO labeled Exos, MExos or MExos (sonicated) at the same dose of exosomes (A). The photos were taken with confocal microscopy (B). In 
the competitive inhibition assay, cells were incubated with D-mannosamine hydrochloride at a final concentration of 50 mM for 1 h before the addition of 
exosomes. Scale bars: 10 µm. Exos, exosomes; MExos, mannosylated exosomes. *, p < 0.05; **, p < 0.01. 

 

3.4. Manufacture and Characterization of Drug Loaded Mannosylated Exosomes 

Vancomycin and lysostaphin exhibit poor intracellular penetration into cells, and both of them are unable to eradicate intracellular 

MRSA, although they have good extracellular antibacterial effect. To test the potential of the mannosylated exosomes as a carrier for 

these antibacterial drugs, vancomycin (V) or lysostaphin (L) was incorporated into mannosylated exosomes by mild sonication and 

their loading efficiency (MExoV and MExoL) were 22.15% ± 3.21% and 15.52% ± 2.38%, respectively (Tab. 1). DLS studies revealed 

that the size of MExodrug nanoformulations increased similarly (Tab. 1) and exosomes sonicated in the absence of drug were even 

larger than the naive exosomes, but the zeta potential of these all nanocarriers were not significantly altered. In addition, retention of 

shape and round morphology of exosomes (Fig. 2A) were observed under TEM. Interestingly, MExoV were also enriched with 

exosomal markers (CD63, TSG101 and Flotillin 1) (Fig. 2B). These data suggested that there was no major alteration of the lipid 

content of exosomal membrane and its membrane microviscosity was completely restored after sonication. 

3.5. In Vitro Release of MExoV 

We next determined the in vitro release profiles of vancomycin in four different media (buffer solution at pH 4.5 and 7.4 with or 

without cell lysates). As shown in Fig. 7A, MExoV showed burst release within the first four hours in media with cell lysates, and 

thereafter displayed a sustained release profile thereafter. Specifically, 18.79 ± 1.53% and 18.53 ± 2.52% of the total encapsulated 

vancomycin were released from exosomes in 1 h for media with cell lysates at pH 4.5 and 7.4, respectively, and reached 68.92 ± 
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5.03% and 64.35 ± 4.04% in 4 h, respectively. When not incubated with cell lysates, the cumulative drug release reached 66.02 ± 

2.52 and 70.7 ± 1.0% in 8 h at pH 4.5 and 7.4, respectively, which was lower than that for media with cell lysates (85.49 ± 2.65 and 

79.48 ± 0.58%, respectively). Moreover, the release kinetics was similar in CPBS (pH 4.5) and PBS (pH 7.4), suggesting a minimal 

effect of pH. It is worth noting that cell lysates promoted the cumulative release of vancomycin from exosomes. 

  

 

Figure 7. In vitro release and cellular accumulation of vancomycin in exosome formulations. (A) In vitro release of V from MExoV in four types of media. MExoV 
was incubated at pH 4.5 or 7.4 in the presence or absence of cell lysates at 37 ℃ and V release was estimated by HPLC. Data represent the mean ± SD of three 
independent experiments in triplicate. (B) Cellular accumulation of V in RAW264.7 cells. After incubation with free V, ExoV or MExoV (V = 100 µg/mL) for 4 h, 
intracellular V was determined by HPC method. V, vacomycin; ExoV, vancomycin loaded exosomes; MExoV, vancomycin loaded mannosylated exosomes. *, p < 
0.05; **, p < 0.01. 
 

 

 

Figure 8. Effects of drug loaded unmodified exosomes or modified exosomes on intracellular MRSA in 2 h infected RAW264.7 cells (A) and A549 cells (B). MRSA 
WHO-2 infected cells were incubated with V, ExoV, MExoV, L, ExoL or MExoL (10 μg/mL, equiv. V; 5 μg/mL, equiv. L) for 24 h. The control group was treated 
with PBS. The intracellular bacteria were measured as CFU per mg of protein of cells. V, vacomycin; ExoV, vancomycin loaded exosomes; MExoV, vancomycin 
loaded mannosylated exosomes; L, lysostaphin; ExoL, lysostaphin loaded exosomes; MExoL, lysostaphin loaded mannosylated exosomes. Data represent the 
mean ± SD of three independent experiments in triplicate. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 

 

3.6. Cellular Accumulation of Vancomycin in RAW264.7 Cells 

We further determined the cellular accumulation of vancomycin in 4 h for MExoV in MRSA-infected RAW264.7 cells, which were 

compared with that for ExoV and free V. As shown in Fig. 7B, the highest concentration of intracellular vancomycin was observed in 

macrophages treated with MExoV, followed by ExoV and free V. When macrophages were incubated with MExoV, the intracellular 

drug accumulation (82.68 ± 3.46 μg/mg.protein of cells) was significantly higher than that treated with ExoV (31.57 ± 1.51 

μg/mg.protein of cells). The intracellular accumulation of free vancomycin (6.36 ± 0.88 μg/mg.protein of cells) was approximately 

twelve times lower than that of MEoxV after four hours of incubation. This result showed that MExos could increase intracellular 

accumulation of vancomycin, which was effectively released into the cells. Similarly, lysostaphin also has good intracellular release 

(Fig.S14). 

 

3.7. In vitro Intracellular Bactericidal Effect of MExoV or MExoL 

As MExos enhanced drug delivery into macrophages and MExodrug exhibited good intracellular drug accumulation, we 

proceeded to investigate their ability to clear intracellular MRSA in 2 h infected RAW264.7 cells or A549 cells by counting CFU of 

surviving intracellular bacteria. After 24 h of treatment, MExoV and MExoL exhibited significantly better inhibitory effects against 

intracellular bacteria compared to ExoV and ExoL in MRSA-infected macrophages (Fig. 8A), which was not observed in MRSA-

infected A549 cells (Fig. 8B). Free vancomycin and lysostaphin had no significant inhibitory effect, showing similar CFU as the 

control that received no treatment. These data demonstrated superior killing of intracellular MRSA by MExodrug, which can be 

accounted for by its efficient drug delivery to MRSA infected RAW264.7 cells.  
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Figure 9. (A) MIC determination for V and L on planktonic bacteria MRSA WHO-2 (n = 4). (B), (C), Time of kill for free antibiotics on non-replicating MRSA. The 
non-replicating bacteria were incubated with V, L or combination of V and L (V = 10 μg/mL; L = 2 μg/mL; n = 3) for 24 h. V, vacomycin; L, lysostaphin. 

 

3.8. In vitro Killing of Intracellular Non-replicating MRSA with Combined MExoV and MExoL 

As lysostaphin’s antimicrobial activity is independent of the bacterial metabolic state, we speculate that lysostaphin could exhibit 

potent antibacterial activity against non-replicating MRSA. For planktonic bacteria, lysostaphin and vancomycin showed similar MIC 

(2 μg/mL) (Fig. 9A). As predicted, lysostaphin could effectively kill non-replicating MRSA in 24 h at the MIC concentration (Fig. 9B 

and C). However, vancomycin had moderate effect on recovery of persister cells even treatment with five-times MIC concentration 

(Fig. 9B and C), consistent with the previous report 40. Interestingly, combination of vancomycin and lysostaphin obviously eliminated 

the non-replicating MRSA in the culture medium. Lysostaphin could kill not only planktonic bacteria but also quiescent bacteria 

growing in a biofilm 20, 21. Vancomycin exerts antimicrobial effects when the bacteria are replicating, because of its effect mechanism 

by primarily inhibiting the biosynthesis of Gram-positive cell walls 43. The previous study demonstrated that combination of 

lysostaphin and vancomycin exhibited synergistic antibacterial activity against extracellular S. aureus and MRSA 22. Based on these 

data, it is speculated that combined MExoV or MExoL could elimilate intracellular non-replicating bacteria. 
 
 

 
 

 

Figure 10. Intracellular antimicrobial activity of combined MExoV and MExoL in the 2 h and 24 h infection models. After 2 h (A) or 24 h (B) infection with MRSA, 
RAW264.7 cells were treated with MEoxV, MExoL or combination of MEoxV and MExoL for 24 h. The intracellular bacteria were determined as CFU per mg of 
cell protein after treatment. Data represent the mean ± SD of three independent experiments in triplicate. The living (green) and dead (red) intracellular MRSA 
were also stained with Live/Dead Baclight®kit and observed by confocal microscopy. Scale bars: 10 µm. All treatments were equivalent to 10 µg/mL of V and 5 
µg/mL of L. V, vancomycin; L, lysostaphin. *, p < 0.05; **, p < 0.01; ***, p < 0.001. 

 

It is well documented that after invasion of host cells, S. aureus could enter a dormant state to survive within cells, leading to 

treatment failure 44. However, at present, it is not clear when bacteria fully enter a dormant state after invasion of host cells, most 

likely due to technical limitations and the ability of persister cells to revert rapidly in the extracellular milieu. Therefore, to fully explore 

the intracellular antibacterial effect against non-replicating bacteria in vitro, MExoV or MExoL was tested in two kinds of intracellular 
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infection models, including 2 h infection model and 24 h infection model. As shown in Fig. 10A and B, the intracellular bactericidal 

effect of MExoV in the 24 h infection model was significantly lower than that of 2 h infection model. It could be speculated that more 

bacteria go into a dormant state in cells in the 24 h infection model. Interestingly, combination treatment of MExoV and MExoL 

exhibited significantly better inhibitory capability against intracellular MRSA than that of them alone in both infection models (Fig. 10A 

and B). Especially, in the 24 h infection model, the CFU of surviving intracellular bacteria treated with combination of MExoV and 

MExoL was about 3.44 and 2.35 logCFU lower than that of them alone, respectively. CLSM images displayed similar results (Fig. 

10C). These results revealed the superior inhibition of intracellular bacterial growth by combination treatment of MExoV and MExoL, 

which can be accounted for by the different bactericidal mechanisms of vancomycin and lysostaphin.  

 

3.9. In vivo Antibacterial Effect of MExoV and MExoL 

To further explore the antibacterial effect in vivo, MExoV or MExoL was tested in abdominally infected mice. As shown in Fig. 

11D, combination treatment of MRSA-infected mice with MExoV and MExoL significantly eliminated detectable bacteria in kidneys, 

whereas the efficacy of free drugs was limited. In the peritoneal fluid, except for the extracellular bacteria (Fig. 11B), MExoV and 

MExoL exhibited a better inhibitory effect than their free form (Fig. 11A and C). Interestingly, intracellular bacteria were efficiently 

killed by combination of MExoV and MExoL (Fig. 11C), which is consistent with that observed in vitro. These data demonstrated that 

MExos encapsulated molecules were able to efficiently inhibit the growth of intracellular bacteria in vitro and in vivo.    

 

 

Figure 11. Evaluation of antibacterial efficiency of MExodrugs in MRSA infected mice (CFU, mean±SD; n = 5). (A-C), MRSA-infected mice were injected 

intravenously with a single dose of V (20 mg/kg), MExoV (V = 20 mg/kg), L (5 mg/kg), MExoL (L = 5 mg/kg), or combination of MExoV and MExoL (V = 20 mg/kg, 
L = 5 mg/kg). The control group was injected with PBS. After 24 h treatment, survival of MRSA in the peritoneal fluid was determined. The effect was estimated 
both in total (A) and when divided into extra- (B) and intracellular (C) fractions. (D) Infected mice were treated with drugs as described above (A-C) by intravenous 
injection once a day for 3 days. Survival bacteria was tested in per 2 kidneys by the agar plate. V, vacomycin; MExoV, vancomycin loaded mannosylated 
exosomes; L, lysostaphin; MExoL, lysostaphin loaded mannosylated exosomes. 

 

3.10. In vivo Toxicity of of MExos and MExodrug 

To evaluate the toxicity of MExos and MExodrug in vivo, the major organs (heart, liver, spleen, lung, kidney) of the tested mice 

were collected after three days of treatment with five times of the therapeutic dose and tested by H&E staining. There was no death 

and lose of weight in all treatment groups. In Fig. 12, the organs of all the treatment groups exhibited normal histomorphology and no 

significant pathological abnormality. In the meantime, the biocompatibility of MExos and MExodrug was also tested in vitro, which 

showed no significant cytotoxicity in cell culture (Fig. S15). These results suggested that MExos and MExodrug had good 

biocompatibility in vitro and in vivo. 
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Figure 12. Acute toxicity of MExos, MExoV and MExoL to major organs in mice. Mice were treated with MExos (2.5 mg/kg), MExoV (V = 100 mg/kg) or MExoL (L 
= 25 mg/kg) by intravenous injection once a day for 3 days. The control group was injected with PBS. Various organs from treated or untreated mice were stained 
with hematoxylin and eosin (H&E). Scale bars: 75 µm.  

 

 

Figure 13. (A) Intracellular pathway of MExos in RAW264.7 cells after 24 h incubation. Scale bars: 50 µm. (B) Ex vivo imaging of major organs in 24 h post-
injection. 
 

3.11. Intracellular Localization of MExos and their Tissue Distribution in Mice 

Furthermore, we determined the intracelluar localization of MExos in MRSA infected RAW264.7 cells. Infected cells were 

incubated with DiO-labeled MExos for 24 h and the lysosomes were labeled with LysoTracker red. CLSM images suggested that 

MExos likely co-localized with the lysosomes (Fig. 13A), which is the shelter for S. aureus within cells7. Additionally, we assessed the 

tissue distribution of MExos in vivo. KM mice were injected with DiD-labeled MExos via tail vein and imaged over time using an IVIS 

imaging system. As shown in Fig. 13B, strong DiD signals were observed in the liver and spleen in 24 h, followed by lung. Very weak 

signals were observed in other organs. More importantly, MExos rapidly accumulated in the liver and spleen at 0.5 h post-injection. It 

is well known that the liver and spleen are the target organs where infected macrophages are predominantly located 45. Thus, the 

mannosylated exosomes could preferentially deliver the encapsulated antibiotic to macrophages, and transport the antibiotic to the 

bacterial infection site in vivo.  
 

4. Conclusions 
In summary, we developed a novel nanoparticulate platform that employs the mannosylated exosomes to deliver lysostaphin and 

vancomycin to bacterial infection sites to eradicate intracellular MRSA. Lysostaphin is targeted against Staphylococcus species and 

showed no toxicity. The combination bactericidal strategy would reduce the dose of vancomycin, and thereby toxicity, as well as 

resistance. This strategy opens a new avenue in combating invasive bacterial infections of macrophages such as MRSA. 
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Highlights 

► Mannosylated exosomes with the capabilities of macrophage cell-targeting were developed using the 

metabolic labeling and click chemistry.  

► This mannosylated exosome could enhance the delivery of antibiotics to intracellular pathogens. 

► Combination of vancomycin and lysostaphin loaded exosomes displayed pronounced eradication of 

intracellular quiescent MRSA. 

► These antibiotics loaded exosomes showed no toxicity. 

► The exosomes encapsulated antibiotics will reduced the dose of vancomycin, followed by decreased 

toxicity and resistance.  
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