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A B S T R A C T

Bioengineering strategies to enhance the natural targeting function of nanocarriers would expand their ther-
apeutic applications. Here, we designed bioengineered stem cell membrane-functionalized nanocarriers
(BSMNCs) harboring C-X-C chemokine receptor type 4 (CXCR4) to achieve robust targeting and also to increase
their retention time in ischemic tissue. Stem cell membrane coated nanocarrier (SMNCs) or poly (lactic-co-
glycolic acid) (PLGA) nanocarriers (PNCs) and BSMNCs were prepared by functionalizing PNCs with human
adipose-derived stem cells (hASCs) membranes and hASCs engineered to overexpress CXCR4-receptor, respec-
tively. The functionalization of PNCs with stem cell membranes derived from hASCs significantly enhance the
nanocarrier penetration across endothelial cell barrier compare to PNCs. In addition, stem cell membrane
functionalization on PNCs also significantly decreased the nanoparticles uptake in J774 (murine) and THP
(human) macrophages respectively from 84% to 76%–29% and 24%. Interestingly, BSMNCs showed much
higher level of accumulation in ischemic tissue than SMNCs. Systemic retro-orbital injection of BSMNCs loaded
with VEGF into mice with hindlimb ischemia resulted substantially enhancement of blood reperfusion, muscle
repair, and limb salvage compared to animals treated with SMNCs loaded with similar concentration of VEGF.
The reported strategy could be used to create biocompatible and custom-tailored biomimetic nanoparticles with
various hybrid functionalities, which may overcome the limitations of current nanoparticle-based therapeutic
and imaging platforms.

1. Introduction

Critical limb ischemia (CLI) is a severe form of peripheral arterial
disease associated with high morbidity and mortality [1]. Un-
fortunately, current surgical procedures or endovascular revascular-
ization cannot offer a cure for many patients, largely due to the intricate
anatomy of the vascular occlusion and other risk factors [2]. Recent
findings indicated that non-invasive stem cell therapy holds great

promise for the treatment of CLI [3–5]. Yellowley et al. showed that the
ischemic tissue-directed homing response of mesenchymal stem cells
(MSCs) is mediated by interactions between C-X-C chemokine receptor
type 4 (CXCR4) expressed on MSCs and stromal-derived factor (SDF), a
chemokine, secreted by injured tissues [6]. Genetic engineering ap-
proaches have been used to further improve stem cell migration and
homing to sites of injury [7,8]. However, numerous challenges must be
overcome before stem cell therapies can be successfully applied to CLI.
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In particular, issues related to cell product scalability and reproduci-
bility, as well as the challenge of the longitudinal monitoring of stem
cell fate in vivo, must be resolved before this technique can be used for
broad clinical applications [9–12].

Cell membrane-functionalized nanocarriers (CMNCs) have the po-
tential to address many of the shortcomings of cell therapy and pave the
way for therapeutic options that are more effective and safer than stem
cell therapy alone [13–15]. Recently, red blood cells (RBCs) and pla-
telets have been investigated as source materials for preparation of
CMNCs [13]. However, their membranes may not have all the func-
tional biomolecules required for efficient targeting to specific tissues
[16] and also lack engineering options to specifically customize the
cells for particle preparations. Furthermore, the large number of cells
required for the preparation of CMNCs and the practical difficulties of
genetic engineering are major factors that limit the clinical applications
of CMNCs prepared from RBCs or platelets [13,16,17]. Therefore, novel
strategies are required to improve the functional capability of CMNCs.
Recently several bioengineering strategies have been demonstrated to
enhance the functionality of cell derived materials [18,19].

In this study, we designed bioengineered stem cell membrane-
coated nanocarriers (BSMNCs) using bioengineered stem cell mem-
branes, with the goal of improving targeted delivery to ischemic hin-
dlimbs. To take advantage of the unique CXCR4-mediated stem cell
tropism, we engineered human adipose-derived stem cells (hASCs) to
overexpress CXCR4 on the membrane (CXCR4-hASCs) and used for
coating vascular endothelial growth factor (VEGF)-loaded poly (lactic-
co-glycolic acid) (PLGA) nanocarriers (PNCs) with these membranes.
Here, we report our plasma membrane isolation procedure that allowed
for the CXCR4 receptors remain embedded in the engineered hASCs
membrane of the resultant vesicles and maintain the structural integrity
of receptors, allowing targeting ligands for stromal cell-derived factor-1
(SDF-1), thereby enhancing targeted delivery of VEGF [20]. As a con-
trol, we also prepared non-engineered stem cell membrane-coated na-
nocarriers (SMNCs) using non-engineered hASC membranes.

2. Materials and methods

2.1. Materials

PLGA (50:50) (Resomer® RG 502H, molecular weight 7000–17,000)
was purchased from Sigma–Aldrich Co (St Louis, MO, USA). Fluorescent
lipid 1-oleoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl) amino]dodeca-
noyl]-sn-glycero-3-phosphocholine] (NBD-PC) was purchased from
Avanti Polar Lipids (Alabaster, AL, USA). 1, 1′-dioctadecyl-3, 3, 3′, 3′-
tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD)
dye was purchased from Invitrogen/Thermo Fisher Scientific
(Waltham, MA, USA). Cell culture media, including Dulbecco's mod-
ified Eagle's medium, fetal bovine serum, and penicillin/streptomycins
were purchased from Hyclone (Logan, UT, USA). EGM-2-BulletKit
medium was purchased from Lonza (Walkersville, MD, USA). ThinCerts
inserts were obtained from Greiner Bio-One International
(Frickenhausen, Germany). AccuPrep® PCR Purification Kit was pur-
chased from Bioneer (Daejeon, Korea). Anti-human CXCR4 antibody,
VEGF, and VEGF Quantikine ELISA kit was obtained from R&D Systems
(Minneapolis, MN, USA). Anti- CD44, -CD90, -CD105, -CD34, -CD45,
and -CD91 antibodies as well as APC-, PE-, FITC-, and PerCP-conjugated
IgG isotype controls were purchased from Biolegend (San Diego, CA,
USA). Cy3-conjugated anti-mouse IgG secondary antibody was obtained
from ABM (Richmond, BC, Canada). Horseradish perox-
idase–conjugated anti-mouse IgG secondary antibody was obtained
from Santa Cruz Biotechnology (Dallas, TX, USA). Cell Counting Kit-8
was purchased from Dojindo Molecular Technologies, Inc. (Rockville,
MD, USA). An anti-vascular endothelial (VE)-cadherin antibody was
purchased from Abcam (Cambridge, UK). C57BL/6 mice (10-week-old,
weighing 22–24 g) were purchased from Orient Bio Inc. (Seongnam,
Korea). Sterile 0.45 μm Millex-GP syringe filters and Amicon Ultra

centrifugal filter units were purchased from EMD Millipore (Billerica,
MA, USA). All other chemicals (unless otherwise specified) were pur-
chased from Sigma–Aldrich.

3. Methods

3.1. Isolation and characterization of hASC

hASCs were isolated from the infrapatellar fat pad, obtained from
informed and consenting patients during knee replacement surgery. All
experimental protocols were carried out in accordance with the ap-
proved guidelines of the ethical committee of CHA University. hASCs
were isolated as previously described [21]. The isolated hASCs were
cultured in Dulbecco's modified Eagle's medium supplemented with
10% (v/v) fetal bovine serum and 1% (v/v) penicillin/streptomycin at
37 °C in humidified air containing 5% CO2. To validate their lineage
integrity, the hASCs were analyzed by flow cytometry for positive MSC
markers (CD44, CD90 and CD105) and the absence of negative surface
markers (CD34, CD45 and CD91). Briefly, APC anti-human CD90, PE
anti-human CD105, FITC anti-human CD44, PerCP anti-human CD34,
FITC anti-human CD45 and FITC anti-human CD91 antibodies (1:100
dilution) were used for flow cytometry analysis. Positive populations of
APC-, PE-, FITC- or PerCP-conjugated antibody-treated hASCs were
normalized by APC-, PE-, FITC-, or PerCP-conjugated IgG isotypes
treated hASCs, respectively.

3.2. Bioengineering of hASCs to express CXCR4

CXCR4 was PCR-amplified from human mRNA using sense primer
5′-TGGAGGGGATCAGTATATACCAC-3′ and antisense primer 5′-TTAG
CTGGAGTGAAAACTTGAAGA-3´. PCR products were purified using the
AccuPrep® PCR Purification Kit and cloned into the pTOP TA V2 vector
(Enzynomics, Daejeon, Korea). To generate vector pMXs-CXCR4, the
constructs were subcloned into the EcoRI site of vector pMXs (Cell
Biolabs, San Diego, CA, USA). The expression vectors were purified
using a NucleoSpin® Plasmid EasyPure kit (MACHEREY-NAGEL, Düren,
Germany), and the insert was confirmed by sequencing. The GP2-293
retroviral packaging cell line was used to generate retrovirus. Briefly,
GP2-293 cells, grown to 70% confluence in 100-mm dishes were
transfected with 5 μg pMXs-CXCR4 and 3 μg pMXs-VSV-g using the
Convoy™ transfection reagent (ACTGene, Piscataway, NJ, USA). After
48 h of incubation, the retrovirus-containing supernatant was collected
in conical tubes and centrifuged at 1000 rpm for 5min to remove cell
debris. Subsequently, the supernatant was filtered using a Millex-HV
0.45-μm filter and ultracentrifuged at 22,000 rpm for 2 h. The pellet
containing virus aggregates was resuspended in 10ml of fresh growth
medium, supplemented with 8 ng/ml Polybrene, and then incubated
with hASCs for 24 h.

3.3. Flow cytometry

Membrane expression of CXCR4 on hASCs was confirmed by flow
cytometry. Retrovirally-transduced hASCs overexpressing CXCR4 were
detached from 100-mm culture dishes using trypsin-EDTA, centrifuged
at 1000 rpm for 5min, and washed with phosphate-buffered saline
(PBS). The cell pellet was resuspended and incubated at 4 °C for 1 h
with anti-human CXCR4 antibody in PBS containing 1% BSA.
Subsequently, the cells were washed three times in PBS, with cen-
trifugation at 1000 rpm for 5min. The pellet was resuspended with
Cy3-conjugated secondary antibody in PBS containing 1% BSA, in-
cubated at 4 °C for 30min, and washed three times with PBS. hASCs
labeled with Cy3-conjugated IgG isotypes were used as a negative
control. The fluorescence intensity on the membranes of CXCR4-over-
expressing hASCs was measured on an Accuri C6 (BD, MI) flow cyt-
ometer.
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3.4. Western blotting

Protein levels in hASCs overexpressing CXCR4 were measured by
western blotting. Cells were washed once with PBS, collected in 200 μl
of radioimmunoprecipitation assay lysis buffer (RIPA) at 4 °C, and
centrifuged at 13,000 rpm for 20 min at 4 °C. The supernatant was
collected in 1.5-ml tubes, and protein concentrations were determined
using a bicinchoninic acid (BCA) assay kit (Life Technologies, Rockford,
IL, USA). Subsequently, samples containing 20 μg of total protein were
separated by sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis (SDS-PAGE), and then transferred to polyvinylidene fluoride
(PVDF) membranes. The membranes were blocked with 5% skim milk
in Tris-buffered saline containing 0.1% Tween-20 (TBS-T) for 30 min,
washed three times with TBS-T, and incubated overnight at 4 °C with
the primary antibody (1:1000 dilution) in TBS-T containing 5% BSA.
Subsequently, the membranes were washed three times with TBS-T and
incubated with secondary antibody (1:2000 dilution) in 5% skim milk
in TBS-T at room temperature for 1 h. After three times washing with
TBS-T, the signal was developed using the Amersham ECL Select
Western Blotting Detection Reagent (GE Healthcare Life Sciences, Little
Chalfont, UK) on a ChemiDoc™ XRS + System (Bio-Rad, Hercules, CA,
USA).

3.5. Preparation of bioengineered stem cell membrane-coated nanocarriers
(BSMNCs)

Bioengineered hASC-CXCR4 or non-engineered hASCs membrane-
derived vesicles were prepared by hypotonic cell lysis as previously
reported [22]. hASCs were washed with PBS and suspended in hypo-
tonic buffer (Tris-magnesium buffer: 0.01M Tris, and 0.001M MgCl2).
The washed hASCs were homogenized at 22,000 rpm for 1min on IKA
T10 basic homogenizer, and then purified by centrifugation (6000× g
for 15min). VEGF-poly (lactic-co-glycolic acid) (PLGA) nanocarriers
(PNCs) were prepared by a modified double-emulsion solvent-eva-
poration method. Briefly, 100 μl of VEGF in PBS was emulsified with
2% (w/v) PLGA in dichloromethane under sonication. The resulting
water-in-oil emulsion was then re-emulsified with water. The organic
solvent was completely evaporated, and VEGF-PNCs or plain PNCs were
collected by ultracentrifugation (60,000× g in a Beckman Coulter
Optima L-90K). For the preparation of Stem cell membrane coated
nanocarrier (SMNCs), Bioengineered stem cell membrane-functiona-
lized nanocarriers (BSMNCs), we used a simple sonication method re-
ported previously [23]. Briefly, stem cell derived Nano ghost was mixed
with PNCs. To a chive efficient coating, the mixture of PNCs and stem
cell derived membrane material at a polymer to membrane protein
weight ratio of 2:1 was then sonicated using an ultrasonic cleaner for
2–3min. Finally, the excess of stem cell derived membrane materials
were washed by ultracentrifugation process as mention early.

Encapsulation efficiency was calculated based on the amount of free
VEGF in the supernatant. For VEGF release studies, 8 mg of PNC or
VEGF-SMNC was dispersed in 1ml of PBS and placed in a shaker in-
cubator at room temperature. At specific time points, 400 μl of super-
natant was aspirated and stored at−80 °C, and the same amount of PBS
was added to the solution to keep volume constant. The quantity of
released VEGF level was measured by ELISA.

For confocal microscopy, 2 μg of DiD dye was added to the organic
solution prior to PNCs core synthesis. Similarly, to elucidate the
core–shell structure of SMNCs, NBD-PC was incorporated into hASC
membrane-derived vesicles, and the vesicles were then fused with DiD-
loaded PNC cores. For in vivo studies, Cy5.5 was conjugated to the PLGA
polymer as reported earlier method with modification [24]. Briefly,
24mg of carboxyl-modified Cy5.5 in 1ml dichloromethane (DCM) was
mixed with 8.8 mgN,N-dicyclohexylcarbodiimide for 5min. Then,
26ml of dichloromethane containing 5.2mg of 4-dimethylaminopyr-
idine and 1.28 g of PLGA was added to the above mixture and incubated
in the dark under gentle stirring. After 16 h, the reaction mixture was

dried by rotary evaporation at room temperature, dissolved in 20ml of
acetonitrile, and transferred to two 50-ml conical tubes. To purify the
product, 40ml of methanol cooled in a dry-ice bath was added to each
conical tube and centrifuged at 6000× g for 15min. The supernatant
was discarded, and the washing procedure was repeated twice.

3.6. Physiochemical characterization

Mean particle diameter (Z-average), size distribution (PDI), and zeta
potential (surface charge) of SMNCs and PNCs were determined by
dynamic light scattering (DLS) using a Zetasizer Nano ZS system
(Malvern Instruments Ltd., Worcestershire, UK). Shape and surface
morphology were confirmed by energy-filtered transmission electron
microscopy (EFTEM) and confocal microscopy (TCS SP5 II, Leica,
Heidelberg, Germany). Additionally the presence of CXCR4 on BSMNCs
were confirmed by Immunostaining followed by EFTEM [22]. Briefly,
20 μl of SMNCs or PNCs suspension (0.5 mg/ml) was deposited on a
200-mesh carbon-coated copper grid. Samples were blotted away after
30min. Then the SMHNPs were rinsed with anti CXCR4 antibody. After
25 s of treatment, the unbound antibodies were washed. Finally, the
anti-mouse IgG –gold antibody (Sigma-Aldrich) was added to the dro-
plet and then washed with 5 drops of distilled water. Then, SMHNPs
particle treated grid was stained with 1% uranyl acetate and visualized
using EFTEM (Carl Zeiss LIBRA 120).

3.7. Phagocytosis assay

The phagocytic uptake of SMNCs, BSMNCs and PNCs was studied
using murine J774 macrophages and human THP-1 monocyte cells.
Briefly, J774 and THP-1 cells were cultured in DMEM media supple-
mented with 10% FBS and seeded in 12-well plates at a density of
105 cells/well (BD Biosciences). Prior to the experiment, the cells were
washed with PBS, immersed in fresh medium, and incubated for 2 h
with 30 μg/ml of each of the experimental NCs. Subsequently, the cells
were washed with PBS and collected for flow cytometry analysis on a
C6 Accuri™ system (BD Biosciences, MI). NP uptake was calculated as
described previously [25].

3.8. Cytotoxicity assay

The cytotoxicity of SMNCs and PNCs on J774.1 and THP-1 cells was
evaluated using the Cell Counting Kit-8 (CCK-8) assay. Cells were
seeded in 24-well plates at a density of 6× 104 cells/well. After in-
cubation for 24 h, the medium was exchanged with 0.5ml of culture
medium containing of SMNCs or PNCs. Untreated cells were used as a
control. After incubation for 48 h, the culture medium was replaced
with 0.5 ml of CCK-8 reagent containing DMEM medium (1:10 dilution)
and incubated for 1 h at 37 °C. Absorbance at 450 nm was measured in a
Cytation 3 multi-mode microplate reader (BioTek Instruments,
Winooski, VT, USA). Cell viability was expressed as a percentage re-
lative to control (untreated) cells.

3.9. In vitro transendothelial penetration

Transwell experiments were performed as described previously
[26]. Briefly, human umbilical vein endothelial cells (HUVECs) were
obtained from the American Type Culture Collection (ATCC; PCS-
100–013; Manassas, VA, USA) and processed according to the instruc-
tions of the provider. Cells were cultured and expanded using the EGM-
2-BulletKit medium. During HUVEC expansion, 2 ng/ml VEGF and 2%
gentamycin (PAN Biotech, Aidenbach, Germany) were added to the
medium. After harvest, the cells were seeded on ThinCerts inserts. Be-
fore seeding, the membranes of the inserts were coated with 50 μg/ml
fibronectin from human plasma (F2006, Sigma–Aldrich) for 1 h. TNF-α
(0.1 μg/ml) was used to create an inflammatory state. Subsequently,
SMNCs or PNCs were added to the Transwell chamber. After incubation
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for 3 h, the medium was collected from each chamber. The lower
chambers were washed with PBS and scraped twice to recover all
particles. Filters bearing adhering cells were rinsed twice with PBS. The
collected particles underwent nanoparticle tracking analysis (NTA;
Nano Sight, Amesbury, UK). Samples were injected into a sample
chamber with sterile syringes (Discardit II, Becton Dickinson, Franklin
Lakes, NJ, USA) until the liquid reached the tip of the nozzle. All
measurements were performed three times at room temperature. The
NTA 2.3 software was used to analyze the results, and each sample was
measured for 40 s with manual shutter and gain adjustments. The mean
size and standard deviation (SD) values obtained by the NTA software
correspond to the arithmetic values calculated from the sizes of all
particles analyzed by the software. The number of filtered SMNCs was
adjusted relative to the cell-free control to correct for particle entrap-
ment in the filter itself.

3.10. Immunofluorescence staining

HUVECs were fixed with 4% paraformaldehyde, permeabilized with
0.1% Triton X-100, incubated with PBS containing 1% BSA, and then
immunostained with antibodies against vascular endothelial
(VE)–cadherin (1:200 dilution) for 40min at room temperature.
Cultures incubated with Alexa-488-conjugated goat IgG served as ne-
gative immunofluorescence controls. After washing, Alexa-488–con-
jugated donkey anti-goat secondary antibody (Invitrogen, CA, USA)
was added for 40min in the dark at room temperature.

3.11. Confocal microscopy

HUVECs were seeded at a density of 8× 104 cells/filter on
ThinCerts inserts coated with fibronectin and incubated for 3 h with
SMNCs and PNCs containing an appropriate fluorophore. Subsequently,
the cells were fixed and stained for actin as described by Parodi et al.
[26]. Images were acquired with a confocal microscope (TCS SP5 II,
Leica, Heidelberg, Germany) equipped with a 63× oil-immersion ob-
jective and running the Leica LAS AF Ver 2.6 software (Fuji photo film.
Tokyo, Japan).

3.12. Induction of hindlimb ischemia in a mouse model

All animal procedures were performed in accordance with a pro-
tocol approved by the institutional Animal Care and Use Committee
(IACUC) of CHA University (IACUC160052). A total of eight female
C57BL/6 mice (10-week-old, weighing 22–24 g) were raised at 55–65%
humidity and controlled temperature of 24 ± 3 °C, with a light/dark
cycle of 12 h. Mice had free access to food and tap water ad libitum. All
animals were anaesthetized with a mixture of tiletamine hypochloride/
zolazepam hypochloride (Zoletil, 50mg/kg, Virbac Laboratories,
France) and xylazine (Rompun, 10mg/kg, Bayer, Korea), in saline. The
femoral artery was ligated at two sites with a 6-0 silk suture. The fe-
moral artery was excised from the distal to the external iliac artery and
proximal to the popliteal arteries. After 3 days of induction, the tiptoes
turned black, indicative of severe hindlimb ischemia. Thereafter, 150 μl
of PBS containing SMNCs or BSMNCs loaded with VEGF (0.1 μg/mg
polymer) was retro-orbitally injected.

3.13. Fluorescence imaging analysis in ischemic muscles

SMNCs and PNCs encapsulating the near-infrared fluorescent (NIF)
dye (Cy-5.5) were injected retro-orbitally (150 μl of NPs) in ischemic
mice 3 days after surgery. Subsequently, the animals were scanned
using a Pearl Impulse small animal imager (Li-Cor, Bioscience, NE) to
monitor fluorescence signals in ischemic muscle 1, 3, 7 and 14 days
post-injection. The Pearl Impulse imager can use two excitation laser
lines for image acquisition, at wavelengths of 700 or 800 nm; in this
study, only the 700 nm excitation line was used. Each image was

acquired at a resolution of 85 μm. The images were analyzed to quantify
blood flow in the region of interest and mean values of fluorescence
intensity. The mice were anaesthetized with 2% isoflurane during
scanning and sacrificed at the end of experiment.

3.14. Assessment of limb salvage

Tissue necrosis of the ischemic hindlimb was evaluated via both
gross observation of the hindlimb status and blood reperfusion. Gross
examination was performed 0, 1, 3, 7, 14 and 28 days after retro-orbital
(RO) injection, and scoring of hindlimb salvage was performed at the
final time point. Ischemic hindlimb severity was graded as: 1) limb loss,
2) limb salvage (10%) and 3) limb salvage (50%).

3.15. Histological analysis

Tissue samples of ischemic muscles were separated and fixed in 4%
paraformaldehyde for 24 h. Tissue blocks were sectioned at a thickness
of 4 μm. Sections were stained with hematoxylin and eosin for mor-
phological analysis, and with Masson's trichrome to evaluate fibrosis of
the ischemic muscle.

3.16. Laser Doppler imaging analysis

Laser Doppler imaging analysis was performed with a laser Doppler
perfusion imager (LDPI, Moor Instruments, Devon, UK). Blood flow to
the right and left hindlimbs was monitored for serial non-invasive
physiological evaluation of neovascularization 0, 1, 3, 7, 14, and 28
days after treatment. Mice were placed on a warming plate at 37 °C
before scanning was initiated. The limb perfusion ratio was calculated
from the ratio of ischemic to non-ischemic hindlimbs.

3.17. Statistical analysis

The experiments for each condition were performed in triplicate.
Data from replicate experiments were pooled, and standard errors of
the mean (SEM) were calculated. Analysis of variance (ANOVA) was
used to evaluate statistical significance, and the Bonferroni post-test
was used for comparisons between groups. Differences were considered
significant at P < 0.05. The GraphPad Prism software (version 5.02)
was used to perform statistical tests.

4. Results

4.1. Preparation and characterization of SMNCs

We used hASCs as a cell source for the preparation of stem cell
membrane-coated nanocarriers. To validate lineage integrity, each
batch of hASCs was analyzed by flow cytometry for the presence (CD44,
CD90, and CD105) and absence (CD31) of MSC markers [27]. As shown
in Fig. S1, the cells expressed all three positive hASC markers while
showing negative for CD31. For the preparation of SMNCs (Fig. 1A),
nanoghosts derived from non-engineered was prepared as per the pro-
tocols described previously [25,28]. The process of preparation of hASC
membrane-derived vesicles was monitored microscopically (Fig. 1B and
C). It is anticipated that the preparation process may allow the hASCs
derived vesicles maintain the structural integrity of transmembrane
receptors by keeping them in their physiological membrane [29].
Subsequently, VEGF-PNC cores were prepared and fused with hASC
membranes by previously reported sonication method [23]. It was
shown that the surface glycan's on cell membranes and the substrate
properties many play a crucial role in driving and directing the cell
membrane–particle assembly [30]. To achieve efficient coating, the
mixture of PNCs and stem cell derived membrane material at a polymer
to membrane protein weight ratio of 2:1 was then sonicated using an
ultrasonic cleaner for 2–3min. Finally, the excess of stem cell derived
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membrane materials were washed by ultracentrifugation process as
mention early. Functionalization of PNCs with engineered or non-en-
gineered hASC membranes resulted in an increase in particle size, from

97 ± 2 nm (PNCs) to 127 ± 6 nm (SMNCs) (Fig. 2A and Fig. S3), and
in zeta potential from −29.2 ± 1.6mV (PNCs) to −15 ± 1.3mV
(SMNCs) (Fig. 2B). EFTEM confirmed the formation of hybrid Nano

Fig. 1. Preparation of stem cell membrane-nanocarrier (SMNCs). (A) Schematic showing the concept and preparation of stem cell membrane nanocarriers
(SMNCs), (B) Schematic diagram details the preparation of hASC membrane-derived nanoghosts. (C) Microscopic observation of membrane separation from culture-
expanded hASCs. Nuclear staining (DAPI) was used to differentiate between cell debris and hASC-derived nanoghosts. (Scale bars, 100 nm).

Fig. 2. Characterization of stem cell membrane-nanocarrier (SMNCs). (A) Average hydrodynamic sizes of PLGA nanocarriers (PNCs) and SMNCs, (B) Zeta
potentials of non-functionalized PNCs and SMNCs, and (C) Transmission electron microscopy images of non-functionalized PNCs and SMNCs. SMNCs were negatively
stained with uranyl acetate (Scale bars, 50 nm). (C) CLSM images of PNCs functionalized with stem cell membranes. Confocal laser scanning micrographs showing the
core–shell structure of SMNCs. NBD-PC (green) was incorporated into hASC membrane-derived vesicles, and the vesicles were then fused with DiD(red)-loaded PNC
cores. (Scale bar, 1 μm). (E) Size, charge, and polydispersity index of SMNCs monitored by DLS. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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sphere consisting of a PLGA core covered by a thin lipid layer (Fig.2C
and Fig.S2) [19]. The core–shell hybrid structure of SMNCs was con-
firmed using a dual-fluorophore labeling technique: 1,1′-Dioctadecyl-
3,3,3′,3′-Tetramethylindodicarbocyanine, 4-Chlorobenzenesulfonate
(DiD) dye was loaded into the PLGA core, and the fluorescent lipid 1-
oleoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl) amino] dodecanoyl]-
sn-glycero-3-phosphocholine] NBD-PC was incorporated into the hASC
membrane-derived vesicles prior to hASC vesicle–PLGA fusion. The
dual-fluorophore-labeled SMNCs visualized by confocal laser scanning
microscopy confirmed the presence of DiD (red) and NBD-PC (green)
signals perfectly corresponding to the PNC core and membrane portions
of the SMNCs, respectively (Fig. 2D). In addition, the merged image
clearly demonstrated the successful fabrication of SMNCs with a
core–shell structure [31]. Next, we assessed the stability of SMNCs by
monitoring changes in their size and distribution by DLS (Fig. 2E)
[19,32]. The particle size increased slightly, from 127 nm to 139 nm,
whereas the polydispersity index (PDI) did not show much change. This
change in size and zeta potential were presumably caused by the fusion
of a small amount of excess vesicles in the particle suspension.

4.2. Enhanced transendothelial penetration of SMNCs

Inflammation plays a pivotal role in endothelial dysfunction. Pro-
inflammatory cytokines such as tumor necrosis factor (TNF-α) con-
tribute to endothelial cell activation by promoting adhesion and mi-
gration of stem cells across the inflamed endothelium [24]. Hence, we
hypothesized that functionalization of PNCs with stem cell membranes
could enable the particles to readily penetrate the endothelium under
inflammatory conditions [33]. To investigate the mechanisms under-
lying this particular behavior of SMNCs, we established a Transwell-
based in vitro model system of endothelial cells (ECs) activated by TNF-
α, as shown in Fig.S4 (A). Indeed, TNF-α activation induced disruption
of intercellular junction structures between ECs, as demonstrated by the
patchy expression of VE-cadherin (Fig. 3A). Under normal condition, a
few PNCs crossed the EC barrier, whereas under inflammatory condi-
tion, considerable number of both PNCs and SMNCs crossed the barrier
(Fig. 3B). Interestingly, under inflammatory conditions, the number of
SMNCs that penetrated the EC barrier was much higher than the
number of PNCs [33]. Furthermore, cconfocal microscopy of HUVEC
treated with PNCs or SMNCs (Red and green merged) for 3 h showed

Fig. 3. Improved transendothelial penetration and reduced phagocyte uptake of SMNCs. (A) Schematic outline and fluorescence images of in vitro transen-
dothelial penetration following stimulation with the inflammatory mediator, TNF-α. VE–cadherin is shown in green (Scale bars, 25 μm). (B) The therapeutic potential
of stem cell membrane functionalization assessed using an in vitro transwell model comprising healthy endothelial monolayer versus inflamed (TNF-α -treated)
endothelial monolayers. (C) Schematic diagram of the internalization of PNCs and SMNCs by phagocytic cells. (D) Flow cytometry analysis of internalization of PNCs
and SMNCs by J774 and THP macrophage cells. (E) Confocal microscopic images showing internalization of PNCs and SMNCs by J774 cells. Fluorescent PNCs and
SMNCs were prepared by incorporation of DiD (red). Actin and the nucleus were stained with Alexa Fluor 488 (green) and DAPI (blue), respectively (Scale bars,
50 μm). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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reorganization of cytoskeletons (Fig.S4). The observed pattern was
consistent with the early reports by Parodi et al. [26].

4.3. Reduced in vitro phagocyte uptake of SMNCs

Systemic administration of nanomedicine often fails to translate to
clinical benefit due to rapid clearance of the therapeutic agents from
the circulation by macrophages [13,34]. Accordingly, preventing re-
cognition and delaying the uptake of PNCs by phagocytic cells is a
promising strategy for improving the efficacy of such therapies
[13,14,25]. MSCs, including ASCs, have hypoimmunogenic and strong
immune modulatory properties [35]. The interaction between MSCs
and immune cells is a key factor in the immunomodulatory effects of
MSCs [36,37]. Hence, we hypothesized that stem cell membrane
functionalization of PNCs could reduce phagocytic uptake (Fig. 3C). To
verify our hypothesis, we treated J774 and THP cells with DiD-labeled
SMNCs and PNCs, and then performed flow cytometry analysis. Fig. 3D
shows that the stem cell membrane functionalization of PNCs sig-
nificantly decreased the uptake by J774 and THP cells: 84% and 76% of
PNCs were internalized into J774 and THP cells respectively, which was
reduced to 29% and 24% in SMNCs. Fig. 2E shows a fluorescence image
of J774 cells cultured with SMNCs and PNCs. Confocal microscopy re-
vealed that both SMNCs and PNCs were phagocytosed into the cyto-
plasm, and that J774 cells internalized more PNCs than SMNCs, con-
sistent with the previous results. Overall, our studies showed that the
presence of stem cell membrane-derived lipids on PNCs inhibited par-
ticle uptake by macrophages. Macrophages are a type of white blood
cell that sense and internalize foreign materials, including nano-
particles, via a process called phagocytosis. Stem cell–mimetic func-
tionalization of the PNC surface could disguise PNCs as stem cells,
preventing recognition by macrophages and thereby decreasing SMNC
uptake. Notably, the functionalization of the PNC surface with stem cell
membranes did not affect the viability of murine or human

macrophages (Fig.S5).

4.4. Preparation of BSMNCs from CXCR4 expression engineered hASCs

Our main strategy was to compare non-engineered SMNCs and en-
gineered BSMNCs as schematically illustrated in Figs. 1A and 5A. To
generate CXCR4-expressing hASCs, a retroviral vector system encoding
CXCR4 was used. CXCR4 expression was detected by fluorescence mi-
croscopy (Fig. 4A), confirming that the retroviral particles expressing
CXCR4 were correctly packaged, and CXCR4 expression at the mRNA
level was verified by quantitative reverse transcription polymerase
chain reaction (qRT-PCR) (Fig. 4B). The number of cells expressing
CXCR4 protein was significantly elevated following retroviral trans-
duction (30 ± 2.0%) in comparison with controls (4.4 ± 0.8%;
p < 0.05) (Fig. 4C). This result was further confirmed by western
blotting, which demonstrated higher expression of CXCR4 protein in
hASCs after transduction with RV-CXCR4 (Fig. 4D). BSMNCs was also
prepared from the nanoghosts derived from bioengineered hASCs
(CXCR4-hASCs) by the same protocols as described previously [25,28].

4.5. Biodistribution and time-dependent targeting capability of BSMNCs

To improve the targeting ability of SMNCs, we prepared membranes
from hASCs bioengineered to overexpress CXCR4 receptor.
Bioengineered membrane coated SMNCs (BSMNCs) were prepared from
nanoghosts derived from CXCR4-hASCs (Fig. 5A). The western blotting
and EFTEM-immunostaining (Fig. 5B) confirmed the successful transfer
of the engineered stem cell membranes onto the PNCs and validated the
orientation of CXCR4 on the surface of BSMNCs [13]. These results
demonstrate that this fabrication technique is able to induce the ex-
pression of CXCR4 proteins on reconstructed hASC membranes trans-
ferred onto the surface of BSMNCs. The time-dependent targeting effi-
ciency of SMNCs and BMSNCs was investigated in a murine model of

Fig. 4. Validation of CXCR4 expression on hASCs. (A) Immunofluorescence analysis of CXCR4 expression on membranes of hASCs using an anti-CXCR4 primary
antibody and a Cy3-conjugated anti-mouse IgG secondary antibody. (B) Quantification of CXCR4-positive hASCs by flow cytometry. (C) Quantification of CXCR4
mRNA levels by quantitative PCR. (D) Western blot analysis of CXCR4 (40 kDa) and β-actin (42 kDa) expression in hASCs.
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severe hindlimb ischemia that was induced 3 days after artery excision.
In these experiments, Cy-5.5–labeled SMNCs and BMSNCs were ad-
ministered intravenously. Fig. 5C–E shows the biodistribution of SMNCs
and BMSNCs after a 14-day exposure. Cy-5.5 fluorescence signals were
predominantly detected in the liver, kidney, and spleen, whereas no
signal was detected in lung or heart tissues (Fig. 5C). Ex vivo fluores-
cence intensity quantitative analysis demonstrated the superior tar-
geting ability of BSMNCs to ischemic muscle tissues compared to
SMNCs (Fig. 5D). Whole-body fluorescence imaging revealed the time-
dependent and tissue-specific BSMNC tropism towards ischemic tissues
(Fig. 5E). Upon intravenous administration of Cy-5.5-labeled BSMNCs,
the fluorescence signal from BSMNCs in the ischemic tissues remained
stronger for over 14 days, whereas the signal raised from SMNCs de-
creased rapidly within 3 days. These studies demonstrated the potential
use of BSMNCs for targeted therapeutic delivery to hindlimb ischemic
tissues.

4.6. Enhanced blood reperfusion and improved limb salvage by BSMNCs

To evaluate the efficiency of VEGF mediated reperfusion that can be
achieved by BSMNCs loaded with VEGF we first characterized PNCs
loaded with VEGF. The in vitro VEGF release profile of VEGF-PNCs is
shown in Fig.S6. VEGF release from PNCs exhibited a biphasic pattern
with an initial burst followed by sustained release. The burst within 1

day resulted in release of more than 35% of the VEGF into the super-
natant; nearly 70–80% of VEGF was released within 1 month. By con-
trast, hASC cell membrane functionalization of PNCs efficiently con-
trolled the kinetics of VEGF release, with release of 15% and 55% by
day 1 and day 30, respectively. These experimental results show that
the surfaces of hASC membrane-functionalized PNCs can act as a dif-
fusion barrier, which could slow down VEGF release in comparison
PNCs without membrane [13].

We evaluated the therapeutic efficacy of SMNCs and BMSNCs
loaded with VEGF by monitoring functional blood reperfusion and limb
outcome [38,39]. A total of 150 μl of PBS containing SMNCs or BMSNCs
loaded with VEGF (0.1 μg/mg polymer) was delivered into hindlimbs
via RO injection at 3 days after artery excision. To investigate func-
tional blood reperfusion, we performed laser Doppler imaging analysis.
For serial non-invasive physiological evaluation of neovascularization,
blood flow to the right and left hindlimbs was monitored at days 0, 1, 3,
7, 14 and 28 after treatment with VEGF-SMNCs or VEGF- BMSNCs. The
ischemic status of the limb was confirmed at day 0 post-surgery. As
illustrated in the laser Doppler images (Fig. 6A), the groups treated with
BSMNCs exhibited significantly enhanced blood reperfusion at days 7,
14 and 28 than the SMNC-treated and control groups (P < 0.01 and
P < 0.001 versus control and SMNCs, respectively). The relative ratio
of limb perfusion (Fig. 6B) revealed significant improvement in blood
reperfusion after day 3 in the BSMNC-treated group, whereas the

Fig. 5. Characterization of bioengineered stem cell membrane nanocarriers (BSMNCs) and time-dependent in vivo distribution of BSMNCs and SMNCs in
murine hindlimb ischemia. (A) Schematic showing the concept and preparation of bioengineered stem cell membrane-nanocarriers (BSMNCs). (B) TEM images of
immunostaining micrograph showing CXCR4 orientation on SMNCs stained with CXCR4 antibodies and a secondary anti-CXCR4 (upper) (Scale bars, 50 nm). Western
blot analysis showing translocation of CXCR4 from hASCs to the surface of BSMNCs (lower). (C) Biodistribution of BSMNCs and SMNCs after 14 days. Ki: kidney, Sp:
spleen, Lu: lung, He: heart, Li: liver. (D) Quantitative image of ex vivo fluorescence intensity of ischemic induced muscles after IV injection of SMNCs or BSMNCs. (E)
In vivo images of mice retro-orbitally injected with SMNC-Cy5 or BSMNC-Cy5 nanocarriers, before injection and 1, 3, 7 and 14 days after injection.
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SMNC-treated and control groups exhibited less or no therapeutic effect
at day 3. The efficacy of BSMNCs and SMNCs for limb salvage was
evaluated by assessing the physiological status of the ischemic hin-
dlimbs 28 days after treatment with VEGF-SMNCs or VEGF- BMSNCs
administered via RO injection. Tissue necrosis of the ischemic hindlimb
was evaluated by both gross observation of hindlimb status and blood
reperfusion at the final time point. The severity of hindlimb ischemia
was categorized into three levels: limb loss, 10% limb salvage, and 50%
limb salvage (Fig.S7). The results indicated improved limb recovery and
superior therapeutic response in 50% of the tested animals (n=6) in
the BSMNC-treated group. The untreated group exhibited a higher
percentage (83%) of limb loss, whereas treatment with SMNCs (33%)
and BSMNCs (17%) efficiently prevented limb loss (Fig. 6C). The su-
perior ischemic tissue-specific accumulation of BSMNCs led to stable
blood reperfusion, thereby improving limb salvage while reducing limb
loss in the animals tested. Furthermore, histological analysis of the is-
chemic tissue also demonstrated enhanced muscle fiber regeneration in
the BSMNC-treated group (Fig. 6D). Overall, BSMNCs significantly
improved therapeutic outcome in terms of limb recovery and sig-
nificantly reduced limb loss in the animals tested.

5. Discussion

Peripheral vascular disease (PVD) causes significant morbidity and
mortality in high-risk populations [40]. Numerous therapeutic strate-
gies have been developed to promote vascular growth and regenera-
tion, including gene therapy, growth factor delivery, and stem cell
therapy [40]. Among these treatment strategies, engineered stem cell

therapy has been extensively studied because of its unique ability to
customize the properties of stem cells [5,41]. However, the potential of
engineered stem cells for PVD treatment has not been realized, largely
due to challenges related to safety, scalability and reproducibility. Al-
ternatively, CMNCs have been developed to overcome the limitations of
cell-based therapy [13,17].

In this study, both non-engineered SMNCs and engineered BSMNCs
were prepared by general methods as described previously [13,42]. We
found that bio-functionalization of nanocarriers with engineered stem
cell membranes expressing CXCR4 exhibited improved tropism towards
the ischemic tissue, leading to faster restoration of blood perfusion and
rapid limb salvage even in a severe hindlimb ischemia model of PVD.
By comparison, non-engineered SMNCs exhibited poor homing to the
ischemic tissue, leading to poor blood perfusion and limb loss compared
to CXCR-SMNCs. Histological analysis further confirmed that the pre-
sence of CXCR4 on BSMNCs accelerated the regeneration of new muscle
fibers in ischemic tissues 28 days after BMSNC treatment. These find-
ings also demonstrated that BMSNCs exert a beneficial effect on limb
recovery in ischemic tissues in vivo. CXCR4–SDF interactions con-
tributed to BSMNC-enhanced tropism towards ischemic tissue, which
promoted an early angiogenic response and strong reperfusion action,
resulting in improved limb healing. These findings were further sup-
ported by our in vitro data. Stem cell membrane functionalization of
NCs considerably decreased their uptake by phagocytes and sig-
nificantly promoted their penetration across inflamed endothelial bar-
rier. By contrast, uncoated PNCs were efficiently taken-up by immune
cells and exhibited a limited ability to penetrate across endothelial
barriers. Collectively, our results provide proof of principle for a

Fig. 6. Revascularization of ischemic limb and reduction of limb loss by SMNCs and VEGF-BSMNCs in a severe hindlimb ischemic mouse model. (A)
Representative laser Doppler perfusion imaging of hindlimb ischemia treated with SMNCs or VEGF-BSMNCs at the indicated time points after injection. (B)
Quantitative analysis of blood perfusion ratio (ischemic/normal) on days 1, 3, 7, 14 and 28, (**P < 0.01, ***P < 0.001 versus control and SMNCs). (C)
Physiological status of ischemic hindlimb before and 28 days after VEGF-NC injection. (D) Histological analysis of ischemia induction. Samples were stained with
Masson's trichrome.
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versatile strategy for improving targeting of stem cell–nanoparticle
hybrids through functionalization of polymeric NCs with membranes
isolated from genetically-engineered hASCs expressing CXCR4. The
advantages of stem cell membrane coating were demonstrated in vitro
by phagocytosis and transwell assays.

In summary, BSMNCs enabled natural targeting to ischemic tissues,
leading to rapid blood perfusion and limb salvage. Stem cell membrane
coating of PNCs considerably decreased their uptake by immune cells
and promoted their translocation across endothelial barriers.
Furthermore, our approach could be generalized by engineering stem
cells with different functional proteins of interest and/or adding a drug
payload within the polymeric core. Thus, the BSMNCs described here
have tremendous potential for use in therapies based on systemic de-
livery, and could be applied in a broad range of biomedical contexts.
Moreover, given the benefits of scalable stem cell sources and the
biodegradability of the polymeric core, our approach could be easily
translated to the bedside.
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