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A B S T R A C T   

Lung bacterial infections could result in acute lung inflammation/injury (ALI) that propagates to its severe form, 
acute respiratory distress syndrome (ADRS) leading to the death. The molecular mechanism of ALI is associated 
with bacterial invasion and the host inflammation response. Here, we proposed a novel strategy to specifically 
target both bacteria and inflammatory pathways by co-loading of antibiotics (azlocillin, AZ) and anti- 
inflammatory agents (methylprednisolone sodium, MPS) in neutrophil nanovesicles. We found that cholesterol 
infilling in the membrane of nanovesicles can maintain a pH gradient between intra-vesicles and outer-vesicles, 
so we remotely loaded both AZ and MPS in single nanovesicles. The results showed that loading efficiency of 
both drugs can achieve more than 30% (w/w), and delivery of both drugs using nanovesicles accelerated bac-
terial clearance and resolved inflammation responses, thus preventing the potential lung damage due to in-
fections. Our studies show that remote loading of multiple drugs in neutrophil nanovesicles which specifically 
target the infectious lung could be translational to treat ARDS.   

1. Introduction 

Pseudomonas aeruginosa (P. aeruginosa) is a Gram-negative bacterium 
that invades into the body leading to infectious diseases [1–3]. Since 
there is the natural resistance to antibiotics and the ability to form 
biofilms, understanding of metabolism of pathogens and developing 
vaccines are the major focus to treat infections [4,5]. P. aeruginosa is 
common to infect the lung. The lung infection causes the life threatening 
to patients with comorbidities [6] because it leads to a severe lung 
inflammation response [7]. Although the inflammation response is a 
protection effect, it results in acute lung inflammation/injury (ALI) if the 
inflammation is overwhelming and out of control. ALI may quickly 
propagate to acute respiratory distress syndrome (ARDS) and its mor-
tality is 30–50% [8–11]. To treat bacterial infections, high dose antibi-
otics are administered to patients for life saving, but this could induce 
the systemic toxicity [12,13]. Under the high dose and frequencies of 
administering antibiotics, pathogens are gradually resistant to the 
treatment [13,14]. It is critical to develop new delivery systems to 
concentrate drugs in infectious sites, thus possibly avoiding the anti-
microbial resistance [15–17]. 

In lung infections, lipopolysaccharide (LPS) derived from 

P. aeruginosa causes a host inflammation response. The inflammation 
induces neutrophils activated, and subsequently neutrophils bind to and 
transmigrate across activated endothelium in the lung to restrain the 
spreading of pathogens. Therefore, it has been proposed that neutrophil 
membrane-formed nanovesicles can home the infectious lesions in the 
lung and deliver therapeutics to treat lung infections [18–22]. However, 
the biomedical applications of nanovesicle-based delivery systems are 
limited by the low drug loading into nanovesicles. Polymeric nano-
particles have the high drug loading, so it was proposed to load poly-
meric nanoparticles inside cell-membrane derived nanovesicles [15, 
23–25], but it is unknown how effective this loading of NPs is inside 
nanovesicles. 

Cell membrane-derived nanovesicles are made of a lipid bilayer like 
liposomes, and it was first proposed to remotely load piceatannol (weak 
acid) inside nanovesicles via a pH gradient [20]. To maintain the pH 
gradient, cholesterol was added to nanovesicle suspensions [26]. In their 
studies, chloroform was used to dissolve cholesterol. However, this 
caused nanovesicle aggregation and denature targeted ligands on 
membrane of nanovesicles. As the remote loading represents one of most 
effective means of liposomal drug encapsulation [27–29]，the appli-
cation to neutrophil nanovesicles would open new opportunities for 
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developing the next generation of nanotherapeutics. Since the lung 
infection is involved with bacterial invasion and the host inflammation 
response induced by bacteria, the rapid removal of bacteria in the lung 
and restoration of the host homeostasis are critical to develop therapies 
for treating lung infections. Methylprednisolone sodium succinate is 
clinically used anti-inflammatory agent [30,31], and azlocillin (AZ) [32, 
33] is an acylampicillin antibiotic for treating infections by 
P. aeruginosa. Effective delivery of both drugs into the infectious lung 
could increase the therapeutic outcome in lung infections and avoid the 
systemic side effect. 

Here, we designed the co-loading of MPS and AZ inside single 
neutrophil nanovesicles via the pH gradient and found that cholesterol 
dissolved in pyridine can be efficient to infill in the membrane of 
neutrophil nanovesicles to maintain the pH gradient between intra- 
vesicles and outer-vesicles. In addition, embedded cholesterol did not 
change the membrane integrity of nanovesicles and their cellular tar-
geting to the lung vasculature. In the mouse lung model of P. aeruginosa 
infection, nanovesicles co-loaded with MPS and AZ cleared bacteria and 
decreased the cytokine storm in the blood and lung. Furthermore, the 
nanovesicles prevented the lung injury from edema and alleviated 
neutrophil infiltration to the lung. The results demonstrate that remote 
loading of multiple drugs to biomimetic nanovesicles represents the 
potential translation in treating a wide range of diseases including 
cancer. Fig. 1 shows the design of co-loading of multiple drugs to 
nanovesicles and the hypothesis that delivering both an anti- 

inflammatory agent and an antibiotic to the infectious site in the lung 
enhances the therapies to lung infectious diseases. 

2. Materials and methods 

2.1. Chemicals and reagents 

Acetate sodium (NaAc), cholesterol (Chol), pyridine, dimethyl sulf-
oxide (DMSO) and other important chemicals prepared for buffers were 
purchased from Sigma-Aldrich (St. Louis, MO). The antibodies, such as 
anti-integrin β2, anti-integrin α4, PSGL-1, anti-PECAM-1, anti-αV, anti- 
TLR4 anti- Intercellular adhesion molecule-1 (ICAM-1) and anti- 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), were bought 
from Santa Cruz Biotechnology (Sanit Cruz, CA). The reagents for cell 
culture were obtained from Lonza (Walkersville, MD) and Life Tech-
nologies (Grand Island, NY). 

2.2. Cell culture 

Human myeloid leukemia HL60 cells were grown in a RPMI 1640 
medium (Lonza, Walkersville, MD) supplemented with 10% fetal bovine 
serum (Cat. No. S11550H, Atlanta, Flowery Branch, GA) and 1% Pen- 
Strep solution (Cat. No. 15140–122, life Technologies, Grand Island, 
NY). All cells were cultured at 37 ◦C in a humidified atmosphere with 5% 
CO2. Human umbilical vein endothelial cells (HUVECs, Lonza, 

Fig. 1. Schematic illustration for the simultaneous delivery of an anti-inflammatory agent and an antibiotic to the infectious site in the lung. (A) Activated neu-
trophils (HL-60 cells) are subjected to a cavitation force to produce cell membrane-derived nanovesicles. The nanovesicle membrane is infilled with cholesterol to 
maintain the pH gradient between intra-vesicles and outer-vesicles, so MPS and AZ can penetrate the membrane when D-COOH (D represents MPS or AZ) is neutral. 
After D-COOH is inside vesicles, DCOOH is deprotonated to become D-COO- and then it is entrapped inside vesicles. (B) In a lung infection mouse model, neutrophil 
nanovesicles will home to infectious sites when they are intravenously administered to the mice because the nanovesicles inherit the targeting adhesion molecules of 
neutrophils. Therefore, effectively delivering MPS and AZ to the lung mitigates inflammation responses and clears bacteria. NV denotes neutrophil membrane-formed 
vesicle. Chol denotes cholesterol. 
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Walkersville, MD) were cultured in EBM medium, supplemented with a 
culture kit (Lonza, Walkersville, MD), and used within passage seven in 
all experiments. All cells were cultured at 37 ◦C in a humidified atmo-
sphere with 5% CO2. 

2.3. Vesicle preparation and characterization 

HL60 cells were induced to differentiate by culturing in the presence 
of 1.25% DMSO (D4540, Sigma-Aldrich, St. Louis, MO) for 4 days. The 
mature cells were then collected and suspended at 107/ml in 250 mM 
NaAc at pH 8.8, and the cells were subjected to nitrogen cavitation twice 
under 500 psi, 20 min each time [18]. The cavitated suspension was 
centrifuged at 2000 g and then the supernatant was centrifuged at 100 
000 g for 30 min. The vesicles in pellets were washed once with 250 mM 
NaAc at pH 8.8. The prepared vesicles were incubated with 10% weight 
of cholesterol dissolved in pyridine at 37 ◦C for 60 min. The prepared 
vesicles were analyzed to measure their size and zeta potential using 
dynamic light scattering on a ZS90 nano sizer (Malvern, Malvern, UK). 

2.4. Measurement of pH inside nanovesicles 

To measure the inner pH values of NVs, a pH sensor, SNARF-1 car-
boxylic acid (Cat. No. S23920, Waltham, MA) at 3 μM was added into 
the cell suspension buffer, and then NVs were produced by nitrogen 
cavitation [5,18,34]. Next, 2%, 5%, 10%, 15% (ratio (w/w) of Chol and 
NV) or no cholesterol were added to the suspension. After incubation at 
37 ◦C for 30 min, the pH sensor contained NVs were purified as shown in 
section 2.3. The pH-sensor contained NVs were resuspended in PBS 
(pH7.4) and the emission fluorescence intensity was measured at 590 
nm and 640 nm excited at 488 nm. To calculate pH values, we obtained 
the standard curve by measuring the emission intensity of free SNARF-1 
in different pH buffers in the presence of 10% FBS. The pH values in the 
NVs were calculated based on the ratio of emission at 590 nm and 640 
nm. To evaluate the membrane permeability, the inner pH values at 0, 
30, 60, 90, 120 min post-resuspending were measured. To verify 
cholesterol increased the drug encapsulation, we used fluorescein so-
dium as a model drug. Fluorescein sodium at 5 μg/ml was added into the 
resuspending buffer before nitrogen cavitation to produce NVs. After the 
NV preparation, the fluorescent intensity at 515 nm was measured. 

2.5. Characterization of NVs 

Cholesterol in vesicles was measured using a cholesterol fluorometric 
assay kit purchased from Cayman chemicals (Cat. No. 10007640, Ann 
arbor, MI USA) and the measurement was performed following the 
manufacturer’s guideline. Protein contents were measured by a bicin-
choninic acid (BCA, Cat. No. 23228, Rockford, IL) kit. The vesicle sur-
face proteins were detected using western blotting. The samples (20 μg 
total proteins) were separated on SDS-PAGE and transferred to PVDF 
membranes. The membranes were then blotted with specific antibodies 
for each protein. Antibodies, such as anti-integrin β2 (Cat. No. 393790, 
clone C-4), anti-integrin α4 (Cat. No. 365569, clone C-2), PSGL-1 (Cat. 
No. 13535, clone KPL1), anti-PECAM-1(Cat. No. 376764, clone H-3) 
anti-αV (Cat. No. 376156, clone H-2), anti-TLR4 (Cat. No. 293074, clone 
25) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). 
Sheep anti-hCD47 polyclonal antibodies were obtained from R&D sys-
tems Inc (Cat. No. AF4670-SP, Minneapolis, MN). Next, the HRP- 
conjugated goat anti-mouse antibody (Cat. No. 2005) or donkey anti- 
sheep antibody (Cat. No. 2473, Santa Cruz, CA) was incubated 
following addition of West Femto Maximum Sensitivity Substrate (Cat. 
No. 34095, Thermo Scientific, Rockford, IL) for Western blot 
quantification. 

2.6. Cryo-TEM imaging 

Cryo-TEM images were taken by a TF20 transmission electrical 

microscope, equipped with a liquid nitrogen stage (FEI, Hillsboro, OR). 
To make the sample, a drop of NVs solution (1 mg/ml) was deposited on 
a carbon-coated grid. The grid was quickly dropped in liquid nitrogen 
and stored over-night after soaked with filter paper [18]. 

2.7. Drug loading 

After the prepared vesicles were infilled with cholesterol at 10% (w/ 
w), drug loading was conducted by incubating Chol-NVs with MPS (Cat. 
No. B4953, Apexbio technology LLC, Houston, TX) and/or AZ (Cat. No. 
J66895, Thermo Fisher Scientific, Ward Hill, MA) with different drug 
inputs at 37 ◦C for 1 h. The drug-loaded NVs were purified using a 5% 
glucose pre-equalized PD Minitrap Sephadex G25 column (Cat. No. 
28922530, GE healthcare, Buckinghamshire, UK) to remove free drugs. 
The loaded drug was measured by high performance liquid chroma-
tography (HPLC) after the drug-loaded NVs were extracted with ethanol 
at 9-fold volume. The loading yield was calculated as the mass of drug 
divided by the total mass of vesicles. The encapsulation efficiency was 
calculated as the mass of drug divided by the total mass of the drug 
input. 

2.8. Drug release profiling 

The drug release profiles of the formulations were measured using 
Slide-A-Lyzer G2 dialysis devices with a molecular weight cut-off of 20 
kDa (Cat. No. G235033, Spectrum Laboratories, Rancho Dominguez, 
CA). MPS and/or AZ-loaded vesicles were dialyzed against 50-fold vol-
ume of PBS pH 7.2 at 37 ◦C. 

2.9. MPS and AZ measurement by HPLC 

Measurement of MPS and AZ was performed using HPLC on a Waters 
2690 module with an ultraviolet detector. The same mobile phase 
including acetonitrile and sodium hydrate-adjusted 0.1 M acid acetate 
buffer (pH5.7) was used. The mobile phase ratio for MPS was set at 
32:68, and for AZ, 20:80 was used, respectively. The flow speed was set 
at 0.9 ml/min and the wavelengths were set at 250 nm and 209 nm, 
respectively. The chromatography was conducted on a 250 mm × 4.6 
mm Restek Ultra C18 5 μm column (Bellefonte, PA). The drug-loaded 
formulations were diluted with 9-fold ethanol to extract the drug 
before loading for analysis. 

2.10. HUVEC binding of Chol-NVs in vitro 

HUVECs (6-well plates) were treated with 50 ng/ml TNF-α (carrier 
free, Santa Cruz, CA) for 4 h. The activated HUVECs were then harvested 
and incubated with 2 and 20 μg/ml vesicles, pre-stained by lipophilic 
tracer benzoxazolium, 3-octadecyl-2-[3-(3-octadecyl-2(3H)-benzoxazo-
lylidene)-1-propenyl]-, perchlorate (DiO, Cat. No. V22889, Invitrogen, 
Waltham, MA), with or without additional cholesterol) at 37 ◦C for 30 
min. The cells were then analyzed for fluorescent intensity by Gallios 
flow cytometer (Beckman coulter, Brea, CA). 

2.11. In vivo visualizing adhesion of Chol-NVs on endothelium 

All experiments using animal models were approved by the Institu-
tional Animal Care and Use Committee of Washington State University, 
Pullman, USA. CD-1 male mice were purchased from Envigo (Denver, 
CO). 3 h after i. p. LPS challenging, 3 μg Alexa 647 labelled anti-CD31 
and 30 μg DiO-stained Chol-NVs, were i. v. Administered to mice via a 
tail vein. The mice were then anesthetized with ketamine (100 mg/kg) 
and xylazine (5 mg/kg) via i. p. Injection, and the cremaster tissue was 
exposed on an intravital microscopy tray [18,35]. The vasculature was 
imaged using our intravital microscope (A1R+, Nikon, Tokyo, Japan). 
The cremaster tissue was perfused with bicarbonate-buffered saline 
through the imaging period. 
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2.12. Biodistribution of NVs 

NVs were stained with DiD at 0.2% (w/w) at 37 ◦C for 30 min. The 
lung inflammation mouse model was generated by intratracheal 
administration of 15 mg/kg LPS. At 3 h after LPS challenge, 0.5 mg NVs 
were intravenously given to inflammatory or healthy mice respectively. 
The blood was collected in a tube with heparin as anticoagulant via 
facial vein. The mice were then euthanized, and major organs (heart, 
liver, spleen, kidney, and lung) were excised. The tissue was then ho-
mogenized and the suspension was centrifugated to obtain the super-
natants. The DiD contents in supernatants were measured at 640ex/ 
660em using a plate reader to quantify the biodistribution of NVs. 

2.13. Anti-inflammatory efficacy of Chol-NVs in vitro 

HUVECs were passaged and seeded on a 24-well plate with 2 × 105 

cells per well one day prior to the experiment. The cells were activated 
using 50 ng/ml TNF-α for 5 or 10 h in the presence or absence of 100 μg/ 
ml MPS in the forms of free or MPS-NVs. Then, the cells were lysed with 
100 μl cell lysis buffer respectively and subjected for western blotting to 
detect the ICAM-1 expression using monoclonal anti-ICAM-1 antibody 
(Cat. No. 390483, clone H-4) normalized to anti-GAPDH (Cat. No. 
365062, clone G-9, Santa Cruz, CA). 

2.14. Anti-inflammatory efficacy of Chol-NVs in vivo 

For the in vivo anti-inflammation efficacy evaluation, a dose of 15 
mg/kg LPS (Escherichia coli 0111:B4, Sigma-Aldrich, St. Louis, MO) was 
intratracheally administered to CD-1 mice with a high pressure aero-
solizer (Penn-century Inc, Wyndmoor, PA) [19]. 2 h later, the mice 

intravenously received buffer, free MPS and MPS-MVs. The lung bron-
choalveolar lavage fluids were collected by washing the lung three times 
with 0.9 ml HBSS each time. The total cells were obtained by centrifu-
gation at 420g for 5 min and neutrophil percentages were determined by 
flow cytometry after the cells were stained with Alexa 488 conjugated 
anti-Ly-6G antibody (clone 1A8, Santa Cruz, CA). Cytokine levels and 
protein contents were measured using ELISA kits (San Diego, CA) and 
BCA method (Rockford, IL) respectively. 

2.15. Antimicrobial efficacy in vitro 

To measure in vitro antimicrobial efficacy of AZ-loaded NVs, 1 × 106 

CFU/ml P. aeruginosa was incubated in LB on a 96-well plate with 5% 
glucose, free AZ, and AZ-Vesicles for 16 h respectively. The bacterial 
growth was determined by measuring the optical density at 600 nm 
(OD600). The half maximal inhibitive concentrations (IC50) were then 
calculated with Prism GraphPad 6.0. The killing capability of AZ-loaded 
NVs was determined by incubating 106 CFU bacteria with 5% glucose, 
free AZ, and AZ-Vesicles for 20 min. The bacteria were then serially 
diluted and spread on LB plates to culture at 37 ◦C overnight. The CFU 
on the plates were counted to evaluate the bacteria-killing efficacy. 

2.16. Antimicrobial efficacy assay in vivo 

In the lung infection model, CD-1 mice were intratracheally given 5 
× 105 CFU of P. aeruginosa per animal. 4 h later, the animals were 
grouped and i. v. Given drugs in different formulations, and at the 
indicated time points, the animals were anesthetized with i. p. Injection 
of ketamine and xylazine mixture. The trachea was cannulated, and 1 ml 
of HBSS was intratracheally infused and withdrawn to obtain lavage 

Fig. 2. Infilling of cholesterol decreases the membrane permeability of NVs to establish a pH gradient between intra-vesicles and outer-vesicles. (A) Cryo-TEM image 
of NVs. (B) pH values in NVs measured using a pH indicator of SNARF-1 entrapped inside NVs and NVs were suspended in PBS at pH7.4; (C) Fluorescent intensity of 
SNARF-1 contained in NVs after the incorporation of cholesterol to NVs; (D) Fluorescent intensity of fluorescein sodium contained in NVs after the incorporation of 
cholesterol to NVs; (E) Cholesterol percentages in NVs determined using a cholesterol fluorometric assay kit; (F) Sizes of NVs with or without addition of cholesterol; 
(G) Zeta potentials of NVs with or without addition of cholesterol; In E, F and G, 10% (w/w) cholesterol was supplemented. Data presented as the mean ± SD, n = 3, 
6. **P < 0.01, ***P < 0.001. 
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fluid. This procedure was repeated twice more. The lung lavage fluids 
were spread on LB plates to measure CFU. The remaining lavage fluids 
were then centrifuged at 420 g for 10 min and the supernatants were 
removed to measure cytokine levels. The pelleted cells were suspended 
in PBS to count the total cell number with a hematocytometer. To 
measure the percentage of the neutrophils, Alexa Fluor 488 conjugated 
anti-mouse Ly-6G antibody (clone 1A8, Santa Cruz, CA) were used and 
then the stained cells were analyzed on flow cytometry. 

2.17. Statistics 

The differences among groups were evaluated using one-way 
ANOVA and were considered significant and extremely significant 
when P ≤ 0.05 and P ≤ 0.01, respectively. The IC50 were obtained by 
sigmoidal fitting with Prism GraphPad 6.0. 

3. Results and discussion 

3.1. Infilling cholesterol in nanovesicle membrane decreases membrane 
permeability to establish a pH gradient 

We produced neutrophil membrane nanovesicles (NVs) following the 
similar method [18,20], and the TEM image (Fig. 2A) shows that NVs 
are made of membrane structures like liposomes. Cholesterol is one of 
the major sterol component of animal cell membranes making up to 30% 
of the lipid bilayer and the amount is dependent on cell types [36]. 
Cholesterol can immobilize the lipid layer of membrane, thus reducing 
the membrane fluidity. Furthermore, the cholesterol amount in the cell 
membrane effects on the permeability of ionic molecules across the 
membrane [37,38]. We hypothesized that incorporating cholesterol in 
the membrane of neutrophil nanovesicles may establish a pH gradient 
between intra-vesicles and outer vesicles for remote drug loading. In the 
experiments, we observed that using chloroform as the solvent to 
dissolve cholesterol caused the aggregation of nanovesicles. We found 
that dissolving of cholesterol in pyridine did not cause the nanovesicle 

Fig. 3. Infilling of cholesterol to NVs does not impair the binding/uptake of NVs by activated endothelium. (A) Protein profiles of NVs and Chol-NVs. (B) Intercellular 
adhesion molecules on NVs measured by Western blot and their quantification. (C) The binding of Chol-NVs to activated vasculature determined by intravital 
microscopy of cremaster tissues of the live mouse. 3 h after intraperitoneal injection of LPS at 15 mg/kg, Chol-NVs were i. v. Injected and the live cremaster tissue was 
imaged using intravital microscope. The control is that the mouse was treated with PBS. Scale bar, 50 μm. (D) Uptake of DiO-Chol-NVs and DiO-NVs in HUVECs 
detected by flow cytometry and the quantification of their uptake. Scale bar = 100 μm. Data are presented as the mean ± SD, n = 3. Comparison was performed by 
one side Student’s t-Test and * *P < 0.01. 
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aggregation and we were able to add 15% (w/w) cholesterol to the 
nanovesicle suspension. 

We first tested our hypothesis that infilling of cholesterol into the 
membrane of nanovesicles will maintain the pH inside nanovesicles. To 
do that, we supplemented a pH sensor SNARF-1 inside nanovesicles 
during the production of NVs and then we added the different amount of 
cholesterol into the suspension of NVs. The pH inside nanovesicles was 
8.8 and the external medium had the pH of 7.4. Fig. 2B shows that 
nanovesicles rapidly decreased the pH values from 8.8 to 7.4 without 
addition of cholesterol, indicating that there was the same pH in intra- 
vesicles and external medium. However, when we increased choles-
terol to the suspension of NVs, we observed that NVs became to maintain 
the original pH at 8.8 and beyond 10% cholesterol added to NVs, the pH 
values were stable in NVs. The results indicate that infilling of choles-
terol to NVs decreased the membrane permeability, thus producing a pH 
gradient between the intra-vesicles and outer-vesicles. Furthermore, we 
measured the fluorescent intensities of SNARF-1 and found that the 
fluorescent intensities increased with adding of cholesterol to NVs, and 
it saturated after the addition of cholesterol beyond 10% cholesterol 
(Fig. 2C). This is consistent with the result in Fig. 2B. To further verify 
this observation, we added a fluorescent dye of fluorescein sodium (a 
model drug) inside NVs, and we measured its fluorescent intensities 
(Fig. 2D). We observed the same trend as in Fig. 2C. 

To determine whether cholesterol was infilled into the membrane of 
NVs, we quantitatively measured the cholesterol contents after we iso-
lated NVs. We found that NVs possessed 1.7% before adding exogeneous 
cholesterol. However, 5.9% cholesterol was in NVs when 10% (w/w) 
cholesterol was added to the suspension of NVs (Fig. 2E), and incorpo-
ration efficiency of cholesterol to the membrane of NVs was 42%. We 
also measured the size (Fig. 2F) and zeta potential of NVs (Fig. 2G) and 
we found that the size and zeta potential of NVs increased from 211.2 
nm to 228.0 nm, and from − 12.8 mV to − 11.1 mV, respectively. The 
increase in size and zeta potential further supports that cholesterol was 
infilled in NVs. 

3.2. Cholesterol infilling to NVs does not affect the targeting ability of NVs 

The previous studies have shown that the presence of cholesterol 
impacted on the membrane proteins [39] and the intermolecular in-
teractions [40]. To verify whether infilling of cholesterol to the mem-
brane of NVs effects on the targeting capability of NVs to activated 
vasculature, we studied the protein profile on NVs and found that there 
was no difference of major proteins after we embedded cholesterol into 
the membrane of NVs (Cholesterol infilled to NVs is referred as 
Chol-NVs) (Fig. 3A). Furthermore, we quantitatively analyzed major 
cellular adhesion proteins on NVs using western blotting and found that 
adding of cholesterol did not change the amount of these cellular 
adhesion proteins (Fig. 3B). We also compared these adhesion proteins 
on Chol-NVs with those on their parent cells (HL 60 cells). It was shown 
that GAPDH, a cytosol protein were significantly reduced in Chol-NVs 
(Fig. S1), indicating that Chol-NVs are mainly made from the source 
cell membrane, which is consistent with our previous studies [19–21]. 

Next, we established intravital microscopy to visualize whether 
Chol-NVs can still bind to activated vasculature [41–43]. We exposed 
the cremaster tissue to allow us to image blood circulation after the 
mouse was challenged with LPS to produce systemic inflammation [35, 
44]. Without LPS treatment to the mouse, we observed that Chol-NVs 
circulated in the bloodstream and never attached to the vasculature 
(Fig. 3C). In contrast, Chol-NVs bound to the vasculature when the 
mouse was treated with LPS, and we did not observe the detachment of 
Chol-NVs during imaging (Fig. 3C). Moreover, we studied the bio-
distribution of NVs after intravenous injection in acute lung inflamma-
tion mouse model and we found that NVs significantly accumulated in 
the inflammatory lungs compared to the healthy lung (Fig. S2). The 
results indicated that Chol-NVs may be internalized in vascular endo-
thelium. To confirm the targeting ability in vivo, we performed the in 
vitro studies on uptake of NVs by endothelial cells (HUVECs). Fig. 3D is 
the flow cytometry results, showing that the cellular uptake of NVs 
increased with the concentrations of NVs, and adding of cholesterol to 

Fig. 4. Remote loading of MPS in Chol-NVs and controlled release of MPS. (A) Schematic illustration for the remote loading of MPS inside NVs via a pH gradient. (B) 
Remote loading efficiencies of MPS in Chol-NVs is dependent on MPS input. The loading yield calculated by the amount of MPS divided by the mass of Chol-NVs. (C) 
Encapsulation efficiencies of MPS in Chol-NVs is dependent on MPS input. (D) The loading efficiency of MPS over incubation times. (E) Size and zeta potential of 
MPS-loaded Chol-NVs at what loading efficiency of MPS. (F) The release profile of MPS from MPS-Chol-NVs at what loading efficiency of MPS. Data presented as the 
mean ± SD, n = 3,6. 
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NVs did not affect the cellular uptake. However, it is interesting to 
observe that addition of cholesterol to NVs enhanced the cellular uptake 
compared to NVs (Fig. 3D). This may be associated with membrane ri-
gidity of NVs [45,46] to increase binding of intercellular adhesion 
molecules of NVs to endothelial cells. This is consistent with the studies 
that addition of cholesterol to neutrophils increased the binding of 
neutrophils to activated endothelium [47]. 

3.3. Remote loading of MPS in Chol-infilled NVs 

Methylprednisolone (MP) is a synthetic steroid and potent by a five- 
fold of the endogenous glucocorticoid hydrocortisone. It has been used 
to treat a wide range of inflammatory diseases including endocrine 
diseases, severe allergies, ulcerative colitis, multiple sclerosis, rheuma-
toid arthritis and osteoarthritis [48]. Due to the low water solubility of 
MP, MP is converted to methylprednisolone sodium (MPS) that is a 
water-soluble esterified prodrug of MP. MPS is a weak amphipathic acid, 
so MPS may be remotely loaded inside Chol-NVs via a pH gradient 

(Fig. 4A). To do so, we established a pH gradient where there was pH at 
8.8 inside Chol-NVs and pH at 7.4 outside of Chol-NVs. Then we 
measured the loading of MPS in NVs and we found that we can achieve 
15–17% (w/w) of MPS in NVs (Fig. 4B, Fig. S3). We also found that the 
encapsulation efficiencies decreased with increased MPS input (Fig. 4C). 
We also studied how incubation time of MPS with NVs effected on the 
drug loading efficiencies. It is shown that the loading yields reached to 
the peak 2 h after the incubation of MPS with NVs (Fig. 4D). In addition, 
we measured the size of Chol-NVs after loading of MPS and found that 
the size of NVs increased to 239.7 nm compared to Chol-NVs. The 
zetapotential did not change after loading of MPS (Fig. 4E). When MPS 
was loaded inside Chol-NVs, the release of MPS was slow and MPS was 
able to release for 24 h (Fig. 4F). The results indicate that we have 
successfully loaded MPS inside Chol-NVs via pH gradient. 

3.4. MPS loaded Chol-infilled NVs alleviate lung inflammation 

We examined whether MPS-loaded Chol-NVs inhibited the 

Fig. 5. MPS-loaded Chol-NVs regulates endothelium to alleviate the lung inflammation. (A) MPS-loaded Chol-NVs inhibit the ICAM-1 expression of HUVECs 
challenged by TNF-α (50 ng/ml) and their quantification. (B) The protocol for lung inflammation of the mouse model. MPS-loaded Chol-NVs mitigate the lung 
inflammation responses. Total cells (C), neutrophils (D), total proteins (E), TNF-α (F), IL-1β (G), IL-6 (H) in BALF. Data presented as the mean ± SD, n = 3. *P < 0.05, 
**P < 0.01, ***P < 0.001. 
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inflammation response in endothelial cells like free MPS [49,50] 
because we have shown that NVs specifically targeted activated endo-
thelium during inflammation as shown in Fig. 3. ICAM-1 is a marker of 
inflammation response after endothelium was treated with TNF-a [51, 
52]. HUVECs were treated with TNF-a at 50 ng/ml and simultaneously 
MPS or MPS-loaded Chol-NVs was added in the culture media. We 
studied the time course of ICAM-1 expression using Western blot 
(Fig. 5A), and we found ICAM-1 expression was decreased after the 
treatment with MPS or MPS-loaded Chol-NVs. We also quantified the 
Western blot, and we observed that MPS-loaded Chol-NVs had the 
similar anti-inflammatory effect to free PMS. This result indicates that 
MPS can be released from NVs, which is consistent with the release 
result as shown in Fig. 4F. 

Next, we tested the therapeutical effect of MPS-Chol-NVs in acute 
lung inflammation (ALI) [41,53]. We established ALI mouse model via 
intratracheal spray of liposaccharide (LPS) at 15 mg/ml (Fig. 5B) and 
administered therapeutics 2 h after LPS. 8 h later, we collected the 
bronchoalveolar lavage fluid (BALF) to evaluate the therapeutic 
outcome. We found that cytokines, infiltrated cells and total proteins in 
BALFs dramatically increased, but these parameters were undetectable 
in healthy mice. We observed that MPS-loaded NVs dramatically 
decreased leukocyte infiltration in the lung (Fig. 5C), and in particular, 
neutrophils contributed to this decrease (Fig. 5D). The results indicated 
that the loading of MPS in NVs enhanced inflammation resolution. 
Furthermore, lung vasculature permeability is a marker of lung injury 
after the inflammation response to LPS. The result showed that total 
proteins in BALF declined compared to the treatment of free MPS or the 
disease model (Fig. 5E), indicating that MPS-loaded NVs accelerated 
inflammation resolution to protect the lung damage. Meanwhile, the 
cytokines, such as TNF-α (Fig. 5F), IL-1β (Fig. 5G) and IL-6 (Fig. 5H), 
also decreased accordingly. Collectively, the results demonstrate that 
loading of MPS in NVs increased the delivery efficiency of MPS to the 
inflammatory lung tissue, thus accelerating lung inflammation resolu-
tion to prevent lung tissue damage. 

3.5. Co-loading of MPS and AZ in Chol-infilled NVs 

P. aeruginosa is Gram-negative bacteria and a common pathogen to 
invade in the lung, leading to ALI and ARDS [6]. Antibiotics are clini-
cally used to treat bacterial infections. Azlocillin (AZ) is an acylampi-
cillin antibiotic and highly potent to treat a broad range of bacteria 
including P. aeruginosa [54]. To effectively treat bacterial lung in-
fections, it is needed to deliver therapeutics in the infectious tissues to 
simultaneously control the host inflammation response and to eliminate 
bacteria. However, anti-inflammatory agents and antibiotics do not 
have the ability to target the infectious lesions in the lung. 

Here, we asked whether we can co-load AZ and MPS inside single 
NVs using remote loading approach as shown in Fig. 2. Using the similar 
approach, we added both AZ and MPS to the suspension of Chol-NVs and 
measured the loading of AZ and MPS inside NVs using HPLC. The results 
showed that the drug loading of AZ and MPS can reach up to 19.1% (w/ 
w) and 15.3% (w/w), respectively (Fig. 6A, Figs. S3 and S4), and the 
total drug loading efficiency in NVs was more than 30% (w/w). How-
ever, the encapsulation efficiencies were declined when the input of 
drugs was increased (Fig. 6B). We also measured the drug release of AZ 
and MPS co-loaded in NVs and found that their release trends were 
similar to that of single drug loaded in NVs (such as AZ-loaded in NVs). 
The drug release was controlled for 24 h (Fig. 6C). The size of AZ and 
MPS-coloaded in NVs was increased to about 250 nm compared to pure 
NVs. The zeta potential did not change, and it was around − 11.4 mV 
(Fig. 6D). To test the anti-P. aeruginosa potency of AZ-MPS-NVs, we 
conducted an in vitro bacterial killing assay, and found AZ-MPS-NVs 
exerted the bacterial inhibition capability (Fig. S5A). The IC50 of AZ- 
MPS-NVs was determined to be 1.8 μg/ml, statistically significant less 
than that of free AZ (Fig. S5B), indicating the carrier can enhance the 
anti-microbial potency of antibiotics, possibly via enhancing the uptake 
of the antibiotics by microbes. 

3.6. Co-loading of AZ and MPS in NVs enhances the clearance of bacteria 
and inflammation resolution 

We have successfully loaded both AZ and MPS in single Chol-NVs 

Fig. 6. Co-loading of AZ and MPS into single Chol-NVs. Co-loading efficiency (A) and encapsulation efficiency (B) of AZ and MPS and encapsulation efficiency in 
Chol-NVs. (C) Release profiles of AZ and MPS of co-loading of AZ and MPS in Chol-NVs. (D) Size and surface charge of AZ-MPS-Chol-NVs. Data presented as the mean 
± SD, n = 3. 
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and there are the high loading efficiencies in NVs (Fig. 6). We asked 
whether delivery of both AZ and MPS using NVs improve the therapy of 
bacterial infections. Therefore, we established a local lung infection 
animal model induced by P. aeruginosa. The lung infection was produced 
by intratracheal administration of 5 × 105 CFU P. aeruginosa in the 
mouse lung. 4 h later, the mice were treated with different formulations 
and 12 h after the administration of drugs, the blood and BALF were 
collected for evaluation of therapeutic effects (Fig. 7A). The results 
showed that the CFU counts of bacteria in circulation (Fig. 7B) and 
BALFs (Fig. 7C) were dramatically decreased when the mice were 
treated with AZ/MPS-loaded NVs compared to free drug formulations. 
Interestingly, we observed that only AZ can clear the bacteria rather 
than MPS when we compared free AZ to free AZ/MPS, suggesting that 
MPS (anti-inflammatory agent) did not affect the bacterial killing. 

Furthermore, we analyzed the leukocyte lung infiltration, finding 

that AZ-MPS-NVs prevented leukocyte infiltration compared to free drug 
formulations (Fig. 7D), and the decrease of leukocyte infiltration came 
from neutrophils (Fig. 7E). The lung permeability is a hallmark of lung 
damage after bacterial infections [8]. The measurement of total proteins 
in BALF showed that AZ-MPS-NVs decreased the protein contents in the 
lung compared to other formulations (Fig. 7F), indicating that the 
inflammation was resolved to repair the lung edema. We also quanti-
tatively measured cytokines (TNF-a, IL-1b and IL-6) in blood and the 
lung. Cytokines in BALF (Fig. 7G) and plasma (Fig. 7H) were decreased 
after treating mice with AZ-MPS-NVs compared to free drug formula-
tions. Collectively, our data show that NVs increased the delivery of both 
AZ and MPS into the infectious lung, and AZ and MPS target the path-
ogens and inflammatory pathways, respectively. Therefore, 
AZ-MPS-NVs improve the therapeutic outcome of lung infection by 
P. aeruginosa. 

Fig. 7. Co-loading of AZ and MPS to NVs ameliorates bacterial burden and inflammation-induced lung damage in a mouse lung infection model. (A) Animal protocol 
for evaluating the therapeutic effect of AZ-MPS-NVs in the lung infection. CFU of bacteria in blood (B) and in the lung (C). Leukocytes (D) and neutrophils (E) in 
BALF; (F) the lung permeability determined by total proteins in BALF. Cytokines in BALF (G) and in blood (H). Data presented as the mean ± SD, n = 3,4. *P < 0.05, 
**P < 0.01, and ***P < 0.001. 
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Lung bacterial infections can cause the severe lung damage, such as 
ALI and ARDS, leading to the death. The molecular mechanisms of 
pathogenesis of ALI and ARDS are well-studied [8,55,56]. During lung 
infections, bacteria (such as P. aeruginosa) invade in the airspace of the 
lung and cause the host inflammation response. The lung vascular 
endothelium is activated to express intercellular adhesion molecules 
that recruit neutrophils into the lung. ALI or ARDS happens if inflam-
mation response is out of control. Therefore, the invasion of pathogens 
and the host inflammation response are major targets to treat lung in-
fections. However, specifically, and effectively delivering antibiotics 
and anti-inflammatory agents in the infectious lung is challenging 
because most these drugs do not have the tissue targeting ability. 

In this paper, we proposed a novel strategy to effectively load both 
antibiotics and anti-inflammatory agents in single Chol-infilled NVs 
using pH gradient, and NVs can home to inflammatory vasculature 
because NVs possess vascular targeting ligands of their parent neutro-
phil membrane. We discovered that adding of cholesterol into the lipid 
bilayer of NVs can increase the membrane integrity of NVs to produce a 
pH gradient between intra-vesicles and outer vesicles (Fig. 2). Interest-
ingly, dissolving of cholesterol in pyridine enhances the infilling of 
cholesterol to NVs and avoids the aggregations of NVs and denature of 
targeting protein ligands on NVs compared to using chloroform [26]. 
The studies have shown that adding of cholesterol to NVs does not 
change the amount of cellular targeting proteins on NVs, and the binding 
of NVs to activated endothelium in the live mouse inflammatory model 
(Fig. 3). Surprisingly, adding of cholesterol to NVs increases the uptake 
of NVs in activated vasculature, thus possibly improving the drug de-
livery efficiency. 

Initially, we loaded single drug of MPS into NVs via pH gradient, and 
the drug loading efficiency can be achieved to 15% (w/w) (Fig. 4). To 
target both pathogens and inflammatory pathways, using the same 
approach we have successfully loaded both AZ and MPS into single NVs. 
We found that the maximum loading efficiency of AZ and MPS can be 
19% (w/w) and 15% (w/w) (Fig. 6). Compared to single drug of MPS 
loaded to NVs, we found that individual drug loading does not interfere 
each other. In addition, we can reach the drug loading of AZ and MPS to 
be more than 30% (w/w), which could impact the translation of our 
remote loading technology. Finally, we tested our co-loading of AZ and 
MPS to NVs in the lung infection mouse model. We found that this novel 
formulation mitigated the inflammatory response and accelerated the 
bacterial clearance in the lung. Most interestingly, we observed that this 
novel formulation can accelerate the inflammation resolution to prevent 
the lung damage. 

4. Conclusion 

In summary, we demonstrate that infilling of cholesterol into the 
membrane of nanovesicles is a novel strategy to build the pH gradient 
between intra and outer-vesicles for remote drug loading. We can load 
single or multiple drugs into single nanovesicles, and the loading effi-
ciency could be more than 30% (w/w). We also discover that adding of 
cholesterol in NVs enhances vasculature targeting because cholesterol 
increases the stiffness of NVs to facilitate the binding affinity of NVs to 
vasculature. In the lung infection mouse model, we have shown that co- 
loading of antibiotics and anti-inflammatory agents in NVs accelerates 
the bacterial clearance and inflammation resolution, thus preventing the 
potential of lung damage to lead to ARDS. Remote loading in liposomes 
has been successful to translate them to treat a wide range of diseases, 
such as vascular diseases and cancer. However, liposomal formulations 
lack of tissue targeting, thus decreasing the drug delivery efficiency. Our 
nanovesicles are biomimetic drug delivery platform to selectively target 
infectious sites, thus we expect the combination of remote loading of 
multiple drugs and our nanovesicle platform would be in a good position 
to translate our technology and approach in the future. 
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