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Artificial stem cells mediated 
inflammation‑tropic delivery of antiviral drugs 
for pneumonia treatment
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Abstract 

Background:  Cytomegalovirus (CMV) pneumonia is a major cause of morbidity and mortality in immunodeficiency 
individuals, including transplant recipients and Acquired Immune Deficiency Syndrome patients. Antiviral drugs gan-
ciclovir (GCV) and phosphonoformate (PFA) are first-line agents for pneumonia caused by herpesvirus infection. How-
ever, the therapy suffers from various limitations such as low efficiency, drug resistance, toxicity, and lack of specificity.

Methods:  The antiviral drugs GCV and PFA were loaded into the pH-responsive nanoparticles fabricated by 
poly(lactic-co-glycolic acid) (PLGA) and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), and further coated 
with cell membranes derived from bone marrow mesenchymal stem cells to form artificial stem cells, namely 
MPDGP. We evaluated the viral suppression effects of MPDGP in vitro and in vivo.

Results:  MPDGP showed significant inflammation tropism and efficient suppression of viral replication and virus 
infection-associated inflammation in the CMV-induced pneumonia model. The synergistic effects of the combina-
tion of viral DNA elongation inhibitor GCV and viral DNA polymerase inhibitor PFA on suppressing the inflammation 
efficiently.

Conclusion:  The present study develops a novel therapeutic intervention using artificial stem cells to deliver antiviral 
drugs at inflammatory sites, which shows great potential for the targeted treatment of pneumonia. To our best knowl-
edge, we are the first to fabricate this kind of artificial stem cell to deliver antiviral drugs for pneumonia treatment.
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Background
Respiratory infections are a major public health prob-
lem and the leading cause of morbidity and mortality 
worldwide. Viral pathogens significantly contribute to 
pneumonia, a common and severe infection that can 
cause a tremendous global health burden, with COVID-
19 pneumonia as the latest example [1, 2]. Cytomegalo-
viruses (CMVs) are species-specific viruses that belong 
to the β herpesvirus subfamily. CMV infection is often 
symptomatic and self-limited in healthy subjects. How-
ever, in immunocompromised individuals, such as trans-
plant recipients or AIDS patients, CMV infection leads 
to life-threatening pneumonia, sight-threatening retini-
tis, and other serious problems [3, 4]. In addition, CMV 
infection is a common form of congenital infection that 
may induce intrauterine fetal death or hearing loss, brain 
damage, or neurodevelopmental delay [5, 6].

Current treatment strategies for CMV infection involve 
administering antiviral drugs and alleviating immuno-
suppression. Ganciclovir (GCV), the therapy of choice 
for CMV infections, and phosphonoformate (PFA), a 
drug to treat GCV-resistant CMV infections, are the 
two most widely used antiviral drugs against herpesvirus 
infection. Dosage recommendations for GCV for adult 

transplant patients with impaired renal function (Cre-
atinine Clearance (mL/min) > 70) is less than 5.0  mg/kg 
q12 h [7], while 90  mg/kg q12 h for PFA [8]. However, 
the direct administration of these drugs may lead to acute 
organ injury and drug resistance, which counteracted 
their therapeutic effect [5, 9]. For example, a previous 
report indicated that the blood concentration of antivi-
ral drugs reduced to ~ 15% from the peak concentration 
within 8 h post intravenously administration [10], which 
may decrease the antiviral effect significantly. Novel 
strategies for the treatment of severe CMV pneumonia 
are in great demand.

The advances in stem cell therapy offer an alternative 
strategy for treating pneumonia. The therapeutic effects 
of mesenchymal stem cells (MSCs) on pneumonia were 
mainly attributed to MSCs’ regenerative and immu-
nomodulatory properties, which were confirmed by pre-
vious work [11]. The well-known pulmonary “first-pass” 
effect of MSCs after systemic administration may also 
favor treating lung disease using MSCs [12]. Moreo-
ver, MSCs possess inherent inflammatory migratory 
properties, mainly due to the various membrane recep-
tors on their surfaces [13]. However, MSCs therapy also 
showed some limitations, such as the risk of pulmonary 
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embolism induced by the micron-scale size, lack of large-
scale supply of MSCs with “stem” properties, and when 
considering live cells as a delivery system, a limited drug 
loading capacity.

Cell membrane-camouflaged nanoparticles have 
emerged as promising drug delivery systems [14–16]. The 
cell membrane coating endowed the nanoparticles with 
cell-like functions, which increased the circulating time 
of nanoparticles or conferred immunocompatibility and 
targeting capacity to the nanoparticles [17, 18]. Inspired 
by cell membrane camouflage technology, we evaluated 
whether MSCs membrane-coated nanoparticles can 
serve as an efficient drug delivery system for treating 
pneumonia. To our best knowledge, these MSCs mem-
brane-coated nanoplatforms for pneumonia treatments 
have not been reported yet.

Herein, we fabricated a novel style of artificial stem 
cells capable of loading the antiviral drugs, namely 
MPDGP. MPDGP was constructed with Food and Drug 
Administration-approved polymer poly(lactic-co-glycolic 
acid) (PLGA), combined with 1,2-dioleoyl-3-trimeth-
ylammonium-propane (DOTAP) to load the antiviral 
drugs (GCV and PFA), and further camouflaged with cell 
membranes derived from mouse bone marrow-derived 
MSCs (mBMSCs) (Scheme 1A). This style of biomimetic 
nanoparticles was expected to improve the targeted 
delivery and controlled release of drugs at inflammatory 
sites. Furthermore, we investigated the therapeutic effect 
of this type of artificial stem cell both in vitro and in vivo 
(Scheme  1B). The outcomes of testing this novel drug 
delivery system for CMV pneumonia treatments may 
also provide great potential for dealing with other lung 
infections, such as COVID-19 pneumonia.

Materials and methods
Virus and cell culture
Mouse Cytomegalovirus (MCMV) provides a valuable 
model for viral pathology since it is closely related to 
human CMV. MCMV (MCMV-GFP, Smith strain) was 
kindly provided by Dr. Minhua Luo from the Wuhan 
Institute of Virology, China. NIH 3T3 and MLE12 cell 
lines were cultured in DMEM and DMEM/F12, supple-
mented with 10% fetal bovine serum (FBS) (Gibco, USA), 
1% Pen-Strep (100 U/ml penicillin, 100 μg/ml streptomy-
cin) and 1% glutamine, respectively.

MCMV was grown and purified on NIH 3T3 cells. 
Briefly, NIH 3T3 cells were seeded in 15-cm dishes in 
complete DMEM and were infected with MCMV at a 
multiplicity of infection (MOI) of 0.1 for 3–4  days. The 
culture supernatants were then passed through a 0.45 μm 
filter, and virus particles were pelleted by ultracentrifuga-
tion through a 30% sucrose cushion (25,000 rpm for 3 h 
at 4  °C, Beckman SW32Ti rotor). Then, aliquots of the 

virus were kept at − 80 °C, and viral titers were measured 
by plaque assay in NIH 3T3 cells. Ten-fold serial dilutions 
of MCMV were added to NIH 3T3 cells of overnight cul-
ture for 3–6 h. Cell medium was removed and replaced 
with overlay medium supplemented with agarose, and 
the cells were further cultured at 37 °C for 4–5 days. And 
plaque-forming unit (PFU) was counted, which were 
identified by GFP expression using a Leica DMi8 micro-
scope (Leica, Wetzlar, Germany).

Isolation, culture, and identification of mBMSC
MSCs were isolated from the bone marrow of 4 ~ 6-week 
C57BL/6 mice under aseptic conditions. Briefly, bone 
marrow cells were separated and collected by flush-
ing the bone marrow cavity from femurs and tibiae 
of mice. After red blood cells were lysed, the remain-
ing cells were resuspended and cultured in L-DMEM 
complete medium containing 10% FBS at 37  °C and 5% 
CO2 incubator for 8–10  days. MSCs of passage 5 were 
detected by FACS for MSC surface antigens CD29 (eBio-
science, 17-0291-80), CD44 (eBioscience, 12-0441-81), 
CD105 (eBioscience, 12-1051-81), SCA-1 (eBioscience, 
45-5981-82), hematopoietic stem cells and endothelial 
cell markers CD45 (BD Pharmingen, 550994), CD31 (BD 
Pharmingen, 553372), CD34 (BD Pharmingen, 560230) 
and their isotypes. These cells were confirmed as MSCs 
by validating that they could differentiate into osteoblasts 
and adipocytes. All of the mBMSCs used in this study 
were collected in passages 3 to 8.

Preparation of antiviral‑drug‑loaded nanoparticles (PDGP)
PLGA/DOTAP nanoparticles loaded with antiviral drugs 
were synthesized by a double emulsification process, as 
previously reported [18]. In short, 2 mg of GCV (Mack-
lin, China) and 2 mg of PFA (Macklin, China) were dis-
solved in 500 μL of sterile normal saline at the weight 
ratio of 1:1, and the solution was added dropwise to 1 mL 
of the methylene chloride solution containing 20  mg 
of PLGA (Sigma-Aldrich, USA) and different mass of 
DOTAP (Alabama, USA) (1, 3, 6, 9, 12, and 15 mg) dur-
ing a probe sonicator (60 W, 2 s on,1 s off). Through the 
second sonication of 60 s, the mixture was quickly added 
to 2 mL of 2% PVA solution. The obtained product was 
added to 10 mL of 2% PVA solution and stirred for 5 h at 
room temperature to evaporate the organic solvent, and 
then centrifuged at 12,000 rpm for 30 min. The pellet was 
washed thrice and suspended in sterile normal saline.

Fabrication of MPDGP
The mBMSCs were used to extract the cell membranes. 
In short, the mBMSCs were treated with 0.25% Trypsin–
EDTA Solution (Life Technologies, USA) and collected. 
The cell membranes were extracted by the Membrane 
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and Cytosol Protein Extraction Kit (Beyotime, China) 
according to the Manufacturer’s introduction. Specifi-
cally, the cells were scraped from the culture dish and 
centrifuged at 2000 rpm for 5 min to precipitate the cells, 
and then the supernatant was removed. The membrane 
protein extraction reagent A was added to resuspend the 
cells, and the cells were repeatedly freeze-thawed three 
times at liquid nitrogen and room temperature, followed 

by the centrifugation at 4 °C for 10 min at 700g to precipi-
tate the nuclei and unbroken cells, the supernatant was 
collected into a new centrifuge tube, and the supernatant 
was centrifuged at 4  °C for 30 min at 14,000g to collect 
cell membranes.

PDGP was mixed with the mBMSCs membrane at a 
weight ratio of 1:1, according to our previous work [17, 
18]. The mixture was sonicated for 5  min and extruded 

Scheme 1  Scheme illustration of biomimetic nanoparticles for the therapy of pneumonia. A The preparation of MPDGP; B The treatment with 
MPDGP for CMV induced pneumonia. mBMSCs mouse bone marrow mesenchymal stem cells, PLGA poly(lactic-co-glycolic acid), DOTAP 1,2-dioleo
yl-3-trimethylammonium-propane, GCV ganciclovir, PFA phosphonoformate, PDGP PLGA/DOTAP/GCV/PFA, MPDGP MSCM/PLGA/DOTAP/GCV/PFA, 
CMV Cytomegalovirus
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back and forth 15 times with a LiposoFast-Basic extruder 
(Avestin Inc., Ottawa, Canada) to obtain MPDGP.

mBMSC membrane protein validation
Sodium dodecyl sulfate–polyacrylamide gel electropho-
resis (SDS-PAGE) was used to characterize membrane 
proteins. In short, MPDGP was subjected to radioimmu-
noprecipitation analysis (RIPA) (Beyotime, China) with 
control of total mBMSC protein, mBMSC membrane, 
and MPDGP. The protein concentration was measured 
using the Pierce BCA protein assay kit (Life Technolo-
gies). All samples diluted with SDS-PAGE loading buffer 
(Invitrogen, USA) were boiled at 100 ℃ for 5 min. Then, 
samples of the same protein mass (30  μg/well) were 
resolved onto a 10% SDS-PAGE gel (Beyotime, China) by 
electrophoresis. The resulting gel was stained in Coomas-
sie blue, washed, and then imaged with the Amersham 
Imager 600 system (GE Healthcare Life Sciences, USA).

Size, zeta potential, and morphology
Prepare PDGP and MPDGP suspension in ultrapure 
water, respectively. The average particle size and polydis-
persity index (PDI) of PDGP and MPDGP were measured 
by Zetasizer (Nano ZS, Malvern). PDGP and MPDGP 
were stained with 1% uranyl acetate (JEM-2000FX, 
Hitachi) and then observed under a transmission elec-
tron microscope (TEM).

In vitro release studies
MPDGP filled with DiD (Solarbio, China) and FITC 
(Beyotime, China) was used for this purpose. An ali-
quot of 2 mL of MPDGP was loaded into a dialysate tube 
(Molecular weight cutoff, 3500  Da) and immersed in 
20 mL of dialysate with a given pH (pH 7.4 or 5.0). After 
incubation at room temperature for different time points 
(1, 2, 4, 6, 8, 10, 12, 24, 48, and 72 h), an aliquot of 10 mL 
dialysate was taken and added with 10 mL fresh dialysate. 
The ultraviolet intensity of the collected dialysate, which 
indicates the release of FITC and DiD from MPDGP was 
measured with an ultraviolet spectrophotometer.

Cellular uptake
To study the cellular uptake, the fluorescence dyes, FITC 
and DiD were loaded into the PLGA/DOTAP core. MLE-
12 cells were seeded into confocal culture dishes at a 
density of 1 × 105 cells per well. When the cells grew to 
about 80% confluence, they were pretreated with TNF-α 
(Peprotech, USA, 10 ng/mL) and IFN-γ (Peprotech, USA, 
10 ng/mL) for 24 h. The cells were washed and incubated 
in a freshly prepared Opti-mem medium containing 
MPD/DiD/FITC. The dosage of DiD or FITC was equiva-
lent to 0.1% of the biomimetic nanoparticles, respectively. 

After a specified incubation time, the medium was dis-
carded, and the cells were gently washed three times with 
PBS. The cell nuclei were stained with Hoechst and then 
washed with PBS repeatedly. Cell imaging was performed 
under a confocal laser scanning microscope (LSM 880, 
Zeiss). For FACS analysis, the adherent cells were sepa-
rated from the culture plate with 0.25% trypsin–EDTA 
solution (Life Technologies, USA) and suspended in 
50 μL PBS. The cell suspension was analyzed by FACS 
(ImageStreamX Imaging, Amnis Corporation, USA). In 
addition, cell uptake of MSCNP (80 μg/mL) overtime (4, 
8, 12, and 16 h) was also performed as above.

Lysosomal escape
FITC and DiD are loaded into the MPD to assess lyso-
somal escape. MLE-12 cells were pretreated with TNF-α 
(10 ng/mL) and IFN-γ (10 ng/mL) for 24 h. The MLE-12 
cells were incubated with MSCM/PLGA/DiD/FITC or 
MPD/DiD/FITC for 4  h and 12  h. Next, the cells were 
washed three times and stained with LysoBlue (KeyGEN 
BioTECH, China) for 60  min. The cells were washed 
with PBS and imaged under CLSM (LSM880, Zeiss, 
Germany).

In vitro cytotoxicity study
The vitality/cytotoxicity kit (Beyotime, China) was used 
to test the in  vitro cytotoxicity of the nanoparticles. 
Briefly, MLE-12 cells were seeded into confocal dishes 
for a density of 1 × 105/well. To evaluate the cytotoxicity 
of MPDGP, when the cells grew to 80% confluence, the 
medium was replaced with a fresh medium containing 
MPDGP, which included an antiviral drug in indicated 
concentration. Cells treated with PBS or 75% EtOH were 
used as negative or positive controls, respectively. After 
incubation for 48  h, cells were stained with a Viabil-
ity/ Cytotoxicity kit and imaged under CLSM (LSM880, 
Zeiss, Germany).

In vitro inflammation targeting
MLE-12 cells in confocal culture dishes at about 80% 
confluence were washed and incubated in DEME/F12 
medium containing 10 ng/mL TNF-α and INF-γ for 24 h 
to manufacture an in  vitro inflammation model. Then, 
after incubating with MPDGP and loaded with DiD and 
FITC, respectively, for a specified time. Samples were 
analyzed under CLSM and by FACS, as mentioned above.

Viral inhibition in vitro
MLE-12 cells were cultured in complete DMEM/F12, 
which contained 10% fetal bovine serum, 100 units/mL 
penicillin, and 100 μg/mL streptomycin. Add the virus to 
MLE-12 cells (MOI = 0.1) to simulate cell infection, then 
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add different concentrations of MPDGP and incubate for 
a certain time. Observe the fluorescence intensity of GFP 
carried by the virus and detect the expression of MIE1 
(MCMV immediate-early gene 1) mRNA by quantitative 
real-time polymerase chain reaction (qPCR) to deter-
mine the inhibitory virus effect.

RNA isolation, cDNA preparation, and qPCR
Total RNA was extracted using TRIzol reagent (Invitro-
gen), and complementary DNA (cDNA) synthesis was 
performed using PrimeScript  RT Master Mix (Perfect 
Real Time) (Takara, Japan). The target gene was ampli-
fied by SYBR Green qPCR (Takara RR820L). Normal-
ized analysis of mRNA expression in  vivo and in  vitro 
using the 2 –∆ΔCt method against GAPDH. The primers 
sequence used are:

MIE1
Sense: 5’-TGA​GGT​GAC​CCG​CAT​CCC​AGTG-3’.
Antisense: 5’-CGA​GGA​GCA​GTG​CCA​GAA​GAAGC-3’.
GAPDH
Sense: 5’- TGC​ACC​ACC​AAC​TGC​TTA​GC-3’.
Antisense:5’- GGC​ATG​GAC​TGT​GGT​CAT​GAG-3’.

MCMV pneumonia model
All animals were purchased from Beijing Vital River Lab-
oratory Animal Technology Co., Ltd. (Beijing, China). 
We raised the animals in a specific pathogen-free (SPF) 
environment. All in  vivo studies were performed in 
accordance with the Institutional Authority for Labora-
tory Animal Care of Guangzhou Medical University. 
MCMV pneumonia model was created in 4 ~ 6-weeks-
old BALB/c-nu female mice. Briefly, after general anes-
thesia, Mice were infected with 2 × 105 PFU of MCMV in 
40 μL saline through intratracheal administration. Then 
the mice were randomized grouped to receive one of the 
following treatments: (1) Saline group: MCMV pneumo-
nia + tail vein injection of 200 μL saline to MCMV pneu-
monia mice; (2) MPDG group: MCMV pneumonia + tail 
vein injection of 200 μL MPDG; (3) MPDP group: 
MCMV pneumonia + tail vein injection of 200 μL MPDP; 
(4) GP group: MCMV Pneumonia + tail vein injection 
200 μL GP; (5) PDGP group: MCMV pneumonia + tail 
vein injection 200 μL PDGP; (6) MPDGP Group: MCMV 
pneumonia + tail vein injection of 200 μL of MPDGP. 
Mice of all groups also received GCV or PFA (5 mg/kg), 
respectively.

Viral inhibition in vivo and cytokine determination
After treatment, the lung tissue of each mouse was taken 
for determination of viral MIE1 mRNA via qPCR and 
expression of viral GFP protein via Western Blotting. 
The expression of cytokines TNF-α and IL-6 were also 

accessed via qPCR and ELISA (Neobioscience, China). 
The primers sequence used are:

MIE1
Sense: 5’-TGA​GGT​GAC​CCG​CAT​CCC​AGTG-3’.
Antisense: 5’-CGA​GGA​GCA​GTG​CCA​GAA​GAAGC-3’.
TNF-α
Sense: 5’-CCC​TCA​CAC​TCA​GAT​CAT​CTTCT-3’.
Antisense:5’-GCT​ACG​ACG​TGG​GCT​ACA​G-3’.
IL-6
Sense: 5’-CCA​AGA​GGT​GAG​TGC​TTC​CC-3’.
Antisense:5’-CTG​TTG​TTC​AGA​CTC​TCT​CCCT-3’.
GAPDH
Sense: 5’-CCG​CGT​TCT​TCC​ATT​TGT​GT-3’,
Antisense: 5’-ACA​TGA​TTT​CGC​ATT​TCG​TCAT-3’;

Biodistribution in vivo
To detect the distribution in vivo, MPD/DiR was injected 
into the tail vein (DiR is equivalent to 0.1% weight of the 
MPD) and was tracked by the IVIS Lumina XRMS Series 
III (PerkinElmer, USA) at time points of 1, 6, 12, 24 and 
48 h. The mice were sacrificed, and organs were imaged. 
The fluorescence was analyzed with Living Image V4.5.5 
software.

Histological analysis and immunofluorescence staining
Tissues were fixed in 10% buffered formalin and embed-
ded in paraffin. The tissue sections were obtained from 
lung tissue and stained with hematoxylin–eosin (H&E). 
For immunofluorescence staining, the sections were 
rehydrated and washed in PBS, pretreated for 1 h at room 
temperature with protein block solution (Dako, Carpin-
teria, CA). After incubation with CD68 (Servicebio, 
GB14043, 1:200) and LY-6G (Servicebio, GB11229, 1:200) 
overnight at 4  °C, sections were washed and incubated 
with fluorescence-labeled secondary antibodies. After 
the nucleus was stained with Hoechst (Invitrogen, USA), 
samples were examined under the microscope.

Results and discussion
Synthesis and characterization of MPDGP
To fabricate the biomimetic nanoparticles, we used poly 
(lactic-co-glycolic acid) (PLGA), an FDA-approved drug 
delivery, combined with 1,2-dioleoyl-3-trimethylam-
monium-propane (DOTAP) (PLGA/DOTAP, PD) to 
load antiviral drugs (GCV and PFA) (PDGP) based on 
our previous study [18]. The incorporation of DOTAP 
provided the nanoparticles with pH sensitivity and con-
trolled release within the cells [18]. To optimize the 
ratio of PLGA to DOTAP, we performed a cell viabil-
ity analysis with cell counting kit-8 (CCK-8). We found 
that the ratio of PLGA to DOTAP at 10 to 3 showed low 
toxicity, even with a concentration of PD at 240  μg/mL 
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(Additional file  1: Fig. S1). The loading efficiency of PD 
for both drugs was ~ 80% (Additional file 1: Fig. S2), and 
the loading capacity was ~ 10% (Additional file 1: Fig. S3). 
Our previous work indicated that the weight ratio of the 
cell membrane to the PLGA-based core at 1:1 showed an 
ideal structure [18, 19], which was adopted in the follow-
ing experiments.

Transmission electron microscope (TEM) analysis 
indicated that PDGP showed a spherical morphology, 
of which the size was ~ 162  nm as tested by dynamic 
laser scattering (DLS) (Fig. 1A). The cell membrane was 
extracted from mBMSC and identified by flow cytom-
etry (FACS) analysis of mBMSC markers and endothe-
lial cell markers, including CD29, CD44, SCA-1, CD105, 
CD31, CD34, and CD45 (Additional file 1: Fig. S4). The 
coating with mBMSC membrane formed a surround-
ing layer on the PDGP (MPDGP), as shown by TEM 
analysis (Fig.  1A and Additional file  1: Fig. S5), which 
increased the size of nanoparticles to ~ 194 nm examined 
with the DLS analysis, with the zeta potential decreas-
ing from ~ 20 mV to ~ -20 mV (Additional file  1: Fig. S6). 

Noticeably, the hydrodynamic particle size is larger than 
the particle size under TEM because the samples for 
TEM analysis are in a dry state. In contrast, the ones for 
the DLS analysis in the hydrated state, as was confirmed 
by the previous work [20]. SDS-PAGE results indicated 
that MPDGP retained most of the membrane proteins 
of mBMSCs (Fig.  1B). Furthermore, the western blot-
ting analysis showed the presence of antigens, including 
CXCR4, CD44, and CD45, on MPDGP nanoparticles 
(Fig.  1C). The previous report indicated that the pro-
teins were nearly oriented in the right-side-out fashion 
entirely through the cell membrane camouflage technol-
ogy, which ensured the cell membrane proteins function-
ing [21–23]. To evaluate how drugs were released from 
MPDGP, we used fluorescent dyes, fluorescein isothiocy-
anate (FITC) and 1,1’-dioctadecyl-3,3,3’,3’-tetramethylin-
dodicarbocyanine perchlorate (DiD) to mimic GCV and 
PFA. The fluorescent profiles indicated that the release 
of both dyes from nanoparticles was higher in the acidic 
environment of pH 5.0 compared with the neutral one of 
pH 7.4 (Fig. 1D). At 72 h, the cumulative release ratio of 

Fig. 1  The characterization of bioinspired nanoparticles. A TEM and DLS analysis of nanoparticles. B SDS-PAGE analysis of protein compositions. C 
Western blotting analysis of cell markers. D The cumulative release of encapsulated fluorescence dyes (n = 3). PDGP, PLGA/DOTAP/GCV/PFA; MPDGP, 
MSCM/PLGA/DOTAP/GCV/PFA; MSCM, MSC membrane
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DiD and FITC at pH 5.0 was over 80%, whereas, at pH 
7.4, it was less than 50% (Fig.  1D). Although the use of 
sensitive fluorescence dyes would not completely show 
the release profile of drugs, the data confirmed the pH-
responsiveness of the nanoparticles, which was useful 
in drug release after the cellular uptake. These data indi-
cated that the biomimetic nanoparticles were fabricated 
and could release encapsulated components in an acidic 
environment. In addition, this mBMSC membrane cam-
ouflaged nanoplatform endowed the nanoparticles with 
a cell-like structure, which may inherit the circulating 
characteristics and tissue distribution properties.

Cellular uptake
We studied the cellular uptake of the synthesized nano-
particles in the simulated inflammatory environment. 
Considering GCV and PFA can’t be detected by the flu-
orescent method, we used FITC (green) and DiD (red) 
as indicators to track the cellular uptake of nanoparti-
cles. We asked whether the cellular uptake was different 
between inflamed cells and uninflamed ones. With the 
increase of incubation time from 4 to 12  h, CLSM and 
FACS analysis indicated that the FITC/DiD dual positive 
cells increased significantly (Additional file  1: Fig. S7). 
In addition, the cellular uptake was approximately one-
third higher in the inflammatory environment produced 
by TNF-α (10  ng/mL) and IFN-γ (10  ng/mL) compared 
with ones without cytokine stimulation (Additional file 1: 
Fig. S7). The evidence indicated that the biomimetic 
nanoparticles showed inflammatory tropism, which was 
consistent with the previous report, revealing that proin-
flammatory cytokine changed the structure and function 
of the cell membrane [24]. In the present study, we iden-
tified 624 differentially expressed proteins in inflamed 
MLE-12 cells, compared with untreated MLE-12 cells 
by proteomic analysis (Additional file 2: Appendix 1). In 
addition, TNFα has been shown to increase the perme-
ability across the endothelial cell [25], contributing to the 
increased uptake of nanoparticles during inflammation. 
These differentially expressed proteins may be responsi-
ble for the selective uptake of nanoparticles, although we 
could not clarify which protein(s) may be the most criti-
cal. Our future study will investigate the detailed mecha-
nisms underlying the uptake of nanoparticles in inflamed 
cells.

We further investigated the cellular uptake of a gradi-
ent concentration of biomimetic nanoparticles. Both 
CLSM and FACS analysis indicated that at a concentra-
tion of 80 μg/mL, the number of FITC and DiD dual pos-
itive cells reached a plateau, which was ~ 97% (Fig.  2A). 
We further analyzed the time course of cellular uptake. 
CLSM analysis indicated that most nanoparticles were 
taken up by the cells after being incubated for 12  h 

(Fig. 2B). Quantitative analysis by FACS showed that the 
FITC and DiD dual positive cells were more than 96% 
at 12  h. Further extension of incubation time did not 
increase the cellular uptake. Thus, this optimized condi-
tion, namely 80 μg/mL and 12 h, was adopted for further 
experiments. These data indicated that TNF-α and IFN-γ 
treatment facilitated the uptake of mBMSC camouflaged 
nanoparticles and the cellular uptake of biomimetic nan-
oparticles was dosage and time-dependent.

The evaluation of anti‑virus effect and cytotoxicity in vitro
We evaluate the antiviral and cytotoxic effect of these 
nanoparticles in CMV-GFP (Cytomegalovirus-green flu-
orescent protein) infected MLE-12 cells at a multiplicity 
of infection (MOI) of 0.1. Firstly, the effect on viral sup-
pression was assessed by the measurement of GFP fluo-
rescence. The nanoparticles at the dosage of 80  μg/mL 
showed a maximal antiviral effect, and a higher dosage 
of 100 μg/mL did not exert a more potent antiviral effect 
(Fig. 3A). Secondly, the expression of MCMV immediate 
early gene 1, namely MIE1 was detected by quantitative 
PCR (qPCR) analysis, which indicated that the dose-
dependent inhibition of MIE1 level induced by biomi-
metic nanoparticles was consistent with the evaluation 
of GFP as a reporter (Fig. 3B). Thus, the dosage of 80 μg/
mL was selected for further experiments. We also found 
that the treatment with MPDGP showed a more effec-
tive antiviral effect than the treatment with GCV or PFA 
along, and also MPD-encapsulated single-drug formula-
tions (MPDG and MPDP) as indicated by the presence 
of GFP and the level of MLE1 (Fig. 3C, D). The live/dead 
assay was performed to assess the safety of the nanoparti-
cles. CLSM analysis showed the nanoparticles no signifi-
cant cytotoxicity at the working concentrations, which 
demonstrated the safety of the biomimetic nanoparticles 
(Fig. 3E). The above results indicated the practical antivi-
ral effect of the synthesized nanoparticles with low cyto-
toxicity in vitro.

Lysosome escape
Endocytosis is a primary mechanism of nanoparticles 
uptake, as indicated by previous reports [26, 27]. Lyso-
some escape is essential for the nanoparticle to exert 
desired cellular effects. In the present study, DOTAP-
containing PLGA nanoparticles were synthesized, 
considering DOTAP has been shown to facilitate the 
lysosome escape of nanoparticles in previous reports 
from our and other’s groups [18, 28]. We evaluated the 
lysosomal escape ability of delivery in  vitro, which is 
an essential parameter in influencing the drug release 
[29–31]. The fluorescent dyes, FITC and DiD were used 
as model drugs, and the lysosomes were stained with 
lysotracker blue. After incubation for 12  h, the green 
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Fig. 2  Cellular uptake of biomimetic nanoparticles. A Dosage-course of cellular uptake. MLE-12 cells were pretreated with TNF-α (10 ng/mL) and 
IFN-γ (10 ng/mL) for 24 h. MLE-12 cells were incubated with biomimetic nanoparticles in concentrations of 20, 40, 60, 80, and 100 μg/mL for 12 h. 
B Time-course cellular uptake. MLE-12 cells were incubated with biomimetic nanoparticles with a concentration of 80 μg/mL for 4, 8, 12, and 16 h, 
respectively. Scale bar, 20 μm
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and red fluorescence separated from the blue one in the 
MPD group (MPD/DiD/FITC) (Fig. 4, top). However, the 
MSCM/PLGA DiD/FITC without DOTAP showed an 
overlap of green, red, and blue fluorescence still (Fig.  4, 
down). We also quantified the lysosomal escape abil-
ity of the formulations by analyzing the co-localization 
between the components and lysosome, which indicated 
that the co-localization ratio of red/blue or green/blue 
induced by PLGA/DOTAP showed a significant decrease 
(from ~ 80% at 4 h to ~ 15% at 12 h), compared with the 
ones induced by PLGA (from ~ 80% at 4  h to ~ 50% at 
12  h) (Additional file  1: Fig. S8). The blue fluorescence 

represented lysosomes reduced after the treatment with 
(MPD/DiD/FITC, which might be due to the addition 
of DOTAP improving the lysosomal escape by fuso-
genic property or proton sponge effect [18, 19]. To clear 
the concerns on the potential toxicity, we optimized the 
dosage of DOTAP, which showed cell viability over 80% 
when the ratio of PLGA to DOTAP was 10/3 (Additional 
file 1: Fig. S1) and adopted in the following experiments. 
Furthermore, the drug-loaded nanoparticles, MPDGP, 
also showed high cell viability without significant cell 
death examined by Live/Dead staining (Fig. 3E). The dif-
ferences between MSCM/PLGA and MPD-based nano-
particles treated cells indicated that DOTAP facilitates 
the escape of nanoparticles from lysosomes.

Biodistribution of biomimetic nanoparticles
Prerequisites for systemically administered nanoparticles 
to exert cellular activities include: (1) nanoparticles can 
reach target tissue; (2) nanoparticles can be taken up by 
the cells; (3) nanoparticles can escape from lysosomes. 
To demonstrate the biodistribution of the biomimetic 
nanoparticles, we used an in the vivo tracking system to 
monitor the DiR (1,1-dioctadecyl-3,3,3,3-tetramethyl-
indotricarbocyanine iodide) labeled nanoparticles. The 
fluorescent images showed that the biomimetic nanopar-
ticles MPD/DiR accumulated and retained in the lung of 
MCMV-infected mice during the observation period up 
to 48  h, indicating a specific delivery of antiviral drugs 
to the pneumonia sites (Fig.  5A). Conversely, no mat-
ter whether infected or not, the bare nanoparticles PD/
DiR (without the camouflage of the mBMSC membrane) 
mainly accumulated in the liver, and the fluorescence sig-
nal quickly declined after 24 h (Fig. 5A).

The major organs, including the heart, liver, spleen, 
lungs, and kidneys, were examined individually. Ex vivo 
fluorescence showed that MPD/DiR nanoparticles mainly 
accumulated in CMV-infected lung tissues, with much 
less distribution in other organs, while most PD/DiR 
accumulated in the liver and spleen from CMV-infected 
mice (Fig.  5A, B). Consistent with in  vivo observation, 
both MPD/DiR and PD/DiR accumulated in the liver and 
spleen of uninfected mice, with minimal pulmonary tar-
geting. The quantitative analysis further confirmed the 
above results (Fig.  5C). These results indicated that the 
BMSC membrane camouflaged nanoparticles possessed 
inflammatory tropism properties in vivo.

The effects of nanoparticles on viral suppression in vivo
We evaluated the effects of synthesized nanoparticles 
on viral suppression and proinflammatory cytokine lev-
els. MCMV-infected pneumonia mice were treated with 
saline, MPD-encapsulated GCV or PFA alone (MPDG or 

Fig. 3  Exploration of dosing conditions. A Fluorescence image of 
viral GFP protein. B qPCR analysis of MIE1 level. Effect of different 
concentrations of drugs on the expression of MIE1 mRNA of the 
virus. C Fluorescence image of viral GFP protein. D qPCR analysis of 
MIE1 level. Effect of different drugs on the expression of MIE1 mRNA 
of the virus. E Live and dead staining image. For all graphs: *p < 0.05, 
***p < 0.001, and ****p < 0.0001, n = 3, and values represent the 
mean ± SEM
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Fig. 4  The evaluation of lysosome escape. MLE-12 cells were pretreated with TNF-α (10 ng/mL) and IFN-γ (10 ng/mL) for 24 h. After incubation with 
MPD/DiD/FITC or MSCM/PLGA/DiD/FITC for 12 h, the cells were stained with Lysotracker blue and analyzed with CLSM

Fig. 5  Exploration of in vivo targeting ability. A In vivo imaging images of each group of mice at different times. B In vivo imaging images of various 
organs. C The quantitative analysis of fluorescence intensity in various organs (n = 5)
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MPDP), bare GCV and PFA (GP), naked nanoparticles 
loaded with GCV and PFA (PDGP), and MPD loaded 
with GCV and PFA (MPDGP). qPCR results showed the 
most significant inhibition of MIE1 in the lung tissue of 
mice treated with MPDGP compared with other groups, 
and the MIE1 level was approximately 100-fold lower 
than the saline-treated mice (Fig.  6A). Western blotting 
results also showed the elimination of the GFP signal 
in lung tissue completely, suggesting potent viral sup-
pression induced by MPDGD (Fig. 6B). The anti-inflam-
matory effect of nanoparticles was evaluated by the 
expression level of proinflammatory cytokines, includ-
ing TNF-α and IL-6. MPDGD treatment most effec-
tively suppressed proinflammatory cytokines, led to a 
90% or 86% reduction of TNF-α and IL-6 mRNA expres-
sion, respectively, when compared with the saline group 
(Fig.  6C and D). ELISA results further confirmed the 
reduction of the TNF-α and IL-6 from lung homogen-
ate after MPDGD treatment compared with other groups 
(Fig. 6E and F).

To investigate the effects of nanoparticles on inflamma-
tory cell infiltration in the lungs, LY6G (a biomarker for 
granulocytes and neutrophils) and CD68 (a biomarker 
for macrophages) were detected by immunofluorescence. 
The results showed that MPDGP significantly reduced 
the number of LY6G or CD68 positive cells compared 
with other groups, indicating that MPDGP markedly 
suppressed the infiltration of inflammatory cells in the 

lung (Fig. 7A and B). These results revealed that the fab-
ricated antiviral drug-loaded biomimetic nanoparticles 
inhibited MCMV infection-associated inflammation 
mainly by inhibiting inflammatory cell infiltration. In 
addition, histological analysis of the lung tissue showed 
MPDGP treatment significantly alleviated pulmonary 
histopathological changes, such as increased alveolar 
airspace and decreased alveolar tissue, compared with 
other groups (Fig. 7C). Although the strategy by MSCM 
mediated inflammation-tropic delivery showed effective 
inhibition of MCMV infection-associated inflammation, 
we considered that the MPDGP was also applicable in 
the immunocompromised or immunodeficient individu-
als suffering from CMV, which was evidenced by PDGP 
without inflammation-tropic property also showed con-
siderable inhibition of MIE1 and the viral GFP expres-
sion (Fig.  6A and B). Taken together, the above results 
suggested that the MPDGP showed a better therapeutic 
effect on MCMV-infected mice compared with other 
groups.

Conclusion
In conclusion, we have developed a novel style of artificial 
nanoparticles, which enable us to deliver antiviral drugs 
effectively to the inflamed lung. Based on the natural cell 
membrane camouflaged nanostructure, the nanoparti-
cles tend to accumulate in the inflammatory tissues and 
facilitate the delivery of antiviral drugs for pneumonia 

Fig. 6  Virus suppression effect and changes in cytokine levels. A Viral MIE1 gene expression. B Viral GFP protein expression; C, D Lung TNF-α and 
IL-6 gene expression. E, F Lung TNF-α and IL-6 protein levels. (n = 4; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). MPDP, MSCM/PLGA/DOTAP/
PFA; MPDG, MSCM/PLGA/DOTAP/GCV; GP, GCV/PFA; PDGP, PLGA/DOTAP/GCV/PFA; MPDGP, MSCM/PLGA/DOTAP/GCV/PFA
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treatment. Notably, we found that the synergetic inhibi-
tion of the viral DNA elongation and the activity of viral 
DNA polymerase suppressed the inflammation effi-
ciently. Our work provides a novel strategy for CMV 
pneumonia treatments, which might be adapted easily 
for dealing with other lung infections, such as COVID-19 
pneumonia.
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