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Background: Transplantation of allogeneic adipose-derived regenerative cells (ADRCs) is a 

promising treatment modality for severe ischemic diseases. However, minimal information is 

available on the in vivo effects, fate, and migration of ADRCs, as well as the mechanisms of 

their therapeutic angiogenesis.

Materials and methods: In this study, green fluorescent protein-expressing ADRCs (GFP-

ADRCs) were obtained, labeled with acetylated 3-aminopropyltrimethoxysilane (APTS)-coated 

iron oxide nanoparticles (APTS NPs), and injected into an old apolipoprotein E knockout 

(ApoE-KO) mouse model with hind limb ischemia. Then, 3.0 T magnetic resonance imaging 

(MRI) was performed to dynamically trace the role of ADRCs targeting hind limb ischemia in 

the ApoE-KO mice model.

Results: Labeled cells were visualized as large hypointense spots in ischemic muscles by serial 

3.0 T MRI scans during a 4-week follow-up. The presence of labeled GFP-ADRCs was confirmed 

by Prussian blue staining and fluorescence microscopy on postmortem specimens.

Conclusion: This study showed that allogeneic ADRCs offer great potential application for 

therapeutic angiogenesis in severe ischemic disease based on the efficacy and feasibility of 

ADRC transplantation and on the available amounts of tissue.

Keywords: allogeneic adipose-derived stem cells, cell tracking, APTS nanoparticles, hind limb 

ischemia, ApoE knockout mouse

Introduction
Peripheral arterial occlusive disease (PAD) caused by atherosclerosis is becoming a 

critical public health problem in developed and developing countries.1,2 Hind limb 

ulceration and gangrene caused by progression of tissue hypoperfusion occur in the 

late stages of total occlusive peripheral vascular disease. Unfortunately, amputation 

is needed in more than a third of patients suffering from very severe PAD.3,4 Rapid 

and efficient revascularization of ischemic limb is significant to restore the function 

of lower limbs.5

Stem cells demonstrate tremendous potential to stimulate differentiation of vari-

ous tissues, such as ischemic lower limb,6 cardiac muscle,7 nerve,8 and bones.9 Recent 

reports have shown that adipose tissues could supply abundant adipose-derived 

regenerative cells (ADRCs), which are pluripotent stem cells that can self-renew and 

differentiate into various cell types and can regenerate damaged tissues and organs.10–12 

Thus, ADRCs offer great potential applications in regenerative medicine. However, 

the mechanism by which implanted ADRCs regenerate angiogenesis in ischemic 

tissues is unclear.
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To evaluate the effects of stem cell-based therapies that are 

used to repair ischemic lower limbs, we must noninvasively 

detect the location, migration, and long-term fate of implanted 

cells.13,14 This goal can be achieved through magnetic reso-

nance imaging (MRI) of the transplanted cells labeled with 

magnetically visible nanoparticles.15,16 The superiority of MRI 

in tracking and monitoring transplanted stem cells has been 

established using different cell types, such as bone mesen-

chymal stem cells (BMSCs), peripheral blood stem cells, and 

embryonic stem cells.17 Superparamagnetic iron oxide (SPIO) 

nanoparticles are the most sensitive MRI contrast agents used 

in cell labeling. They are safe and biodegradable, and they 

do not affect the proliferation and differentiation capacity of 

implanted cells in vitro and in vivo.18–20 However, minimal 

information is available on the outcome and therapeutic capac-

ity of ADRCs labeled with magnetic 3-aminopropyltrimethox-

ysilane (APTS)-coated iron oxide nanoparticles (APTS NPs) 

and in the absence of transfection agents.

Thus, the present study aimed to test the feasibility and 

efficacy of ADRCs labeled with APTS NPs and to evaluate 

cellular imaging of cell viability, distribution, and fate of 

labeled ADRCs transplanted into apolipoprotein E knockout 

(ApoE-KO) mouse model with ischemic limbs. We specially 

examined whether the transplanted ADRCs could regenerate 

collateral vessel formation over a long period of time.

Materials and methods
Isolation of mouse aDrcs
ADRC cultures were prepared according to a reported proto-

col.21 Briefly, ADRCs were obtained from inguinal fat pads of 

green fluorescent protein (GFP)-transgenic mice with C57BL/6J 

background (n=30) under sterile conditions as described pre-

viously.21 Dulbecco’s Modified Eagle’s Medium (DMEM) 

containing 10% fetal bovine serum and antibiotic/antimycotic 

solution (Thermo Fisher, Carlsbad, CA, USA) was used.

On day 7, the expression profile of P3 attaching cell surface 

marker was evaluated by fluorescence activated cell sorting 

(FACS). Cells (5×105) were incubated for 30 minutes at 4°C 

with monoclonal antibody specific for mouse cluster of dif-

ferentiation (PECAM-1 or CD31, CD34, CD90, CD105, and 

MHC-II (Biomedical Technology Inc.) or with unstained con-

trol for FACS Calibur analysis using FlowJo software (Becton, 

Dickinson and Company, Franklin Lakes, NJ, USA).

aDrc culture and labeling
After 24 hours of incubation, the ADRCs were labeled with 

APTS NPs (25 μg/mL, a protocol with known safety and effi-

cacy22) for 20 hours. The control ADRCs were incubated with 

DMEM. The labeling efficiency of ADRCs was determined 

by Prussian blue staining. After 1, 3, 5, and 7 days of cultur-

ing, cell viabilities were assessed by Cell Counting Kit-8 

(CCK8; Dojindo Molecular Technologies, Japan). Absor-

bance measurements of the labeled ADRCs were compared 

with those of unlabeled ADRCs and were analyzed thrice. 

Moreover, the viability and apoptosis of ADRCs after label-

ing with APTS NPs were determined by 7 aminoactinomycin 

D (7AAD) and Annexin V staining and then analyzed by flow 

cytometry (BD Biosciences, Rockville, MD, USA).

cell differentiation
The capability of APTS NP-labeled and -unlabeled ADRCs to 

differentiate into adipocytes and osteoblasts was investigated 

as follows. Approximately 4×105 ADRCs per well were plated 

in a six-well plate and then cultured for 48 hours. Three cycles 

of induction with adipogenic and osteoblast induction medium 

(Cambrex) were added to the six-well plate to stimulate dif-

ferentiation of adipocytes and osteoblasts. After 3 weeks, the 

medium was gently suctioned, and the cells were fixed in 4% 

formalin and stained with Oil Red O and alizarin red. Accord-

ingly, expressions of the osteogenic representative gene 

(Runx2) and the adipogenic representative gene (PPARr) were 

analyzed using quantitative reverse transcriptase polymerase 

chain reaction (qRT-PCR). The cDNAs were analyzed using 

the following primers: Runx2, 5′ GGA CTG TGG TTA CCG 

TCA T 3′ and 5′ GGA GGA TTT GTG AAG ACT GTT 3′ 
and PPARr, 5′ CAC TCG CAT TCC TTT GAC AT 3′ and 

5′ TTG ATC GCA CTT TGG TAT TCT 3′.

elIsa
To investigate the role of paracrine factors regulated upon 

ADRC activation, we obtained conditioned medium from the 

labeled and unlabeled ADRCs at days 1, 2, and 3. Concen-

trations of mouse bFGF, SDF-1, VEGF, and HGF proteins 

(R&D Systems, Minneapolis, MN, USA) in the conditioned 

media were tested by enzyme linked immunosorbent assay 

(ELISA) following the manufacturer’s instruction.

In vivo cell delivery and MrI
All procedures were performed on 30- to 40-week-old female 

ApoE-KO mice (Shanghai Biomodel Organism Science &  

Technology Development Co. Ltd., Shanghai, People’s 

Republic of China; n=18) according to the guidelines prescribed 

by the Animal Experiment and Care Committee of Shanghai 

JiaoTong University, School of Medicine. All animal protocols 

were approved by the Animal Experiment and Care Committee 

of Shanghai JiaoTong University, School of Medicine. The 

mice were anesthetized via isoflurane (2%–3%) inhalation. 

To investigate the relationship of persistence of MRI signal 
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to cell survival and engraftment, we injected ~1×106 labeled 

and unlabeled ADRCs in 100 μL of phosphate buffer saline 

(PBS) into the right ischemic hind limbs of the mice. The 3.0 T 

MRI scans were obtained 1, 7, 14, 21, and 28 days after cell 

engraftment. At least three consecutive short-axis slices were 

obtained to confirm the area of cell injection. MR images were 

analyzed by ImageJ software (Bethesda, MD, USA). Signal 

intensity in the hind limb was also determined. Laser Doppler 

blood perfusion imagers (Omegaflow FLO-CI; Omegawave, 

Portland, OR, USA) were performed to measure the cutaneous 

blood flow at 4 weeks after transplantation.

histology and immunohistochemistry
The mice were euthanized 4 weeks after ADRC transplanta-

tion. Both hind limbs were embedded in paraffin and cut into 

5 μm sections. Hematoxylin and eosin (H&E) staining and 

Prussian blue staining were performed to identify the fate of 

the transplanted ADRCs. For iron particle staining, sections 

were incubated with Perls reagent in the dark for 30 minutes 

and then counterstained with fast red.

For histological examination via immunofluorescence, 

5 μm frozen sections were cut. For immunostaining, 

sections were incubated with primary antibodies, rabbit 

anti-mouse CD31 (Santa Cruz Biotechnology Inc., Santa 

Cruz, CA, USA), followed by incubation with secondary 

antibody, APC-conjugated mouse anti-mouse IgG (BD 

Pharmingen, NY, USA), and Alex 555-conjugated goat 

anti-rabbit IgG (Thermo Fisher), and then counterstained 

with 4′,6-diamidino-2-phenylindole (DAPI).

Lungs, liver, and spleen were collected, fixed, and 

embedded in paraffin. Serial sections were stained with H&E 

and iron staining to detect iron particles for evaluation of 

morphological changes. Controls were also established in 

the unlabeled groups.

statistics
Data are expressed as mean ± standard error of the mean. 

Statistical significance was evaluated using unpaired Stu-

dent’s t-test for comparison between two groups. Values of 

P,0.05 (*) denoted statistical significance.

Results
characterization of cultured aDrcs
P3 ADRCs are fibroblast-like cells in terms of shape and 

were culture expandable every other day (Figure 1A). The 

ADRCs obtained from GFP-transgenic mice continuously 

expressed Luc-eGFP reporter gene, which are shown green in 

Figure 1B. In addition, the Luc-eGFP activity did not change 

significantly in in vitro ADRC culture (data not shown).

FACS analysis showed that P3 ADRCs were positive 

for stem cell marker CD90 (59.7%±0.6%) and CD105 

(76.5%±0.8%) but negative for 1.3%±0.1% CD31 (a marker 

of endothelial cells), 1.2%±0.1% CD34 (hematopoietic and 

endothelial progenitor cell marker) cells, and 0.9%±0.1% 

MHC-II (Figure 1).

aDrc labeling and cytotoxicity
ADRCs were labeled with APTS NPs and tested for label-

ing efficiency and cell viability. Microscopic observation 

revealed APTS NPs in the cytoplasm. In Figure 2A, ~100% 

of the ADRCs incorporated APTS NPs and are stained blue 

after 24 hours of culturing. The unlabeled ADRCs showed no 

blue staining particles in the cytoplasm (Figure 2B). CCK8 

assay showed that viability of ADRCs remained at .95% 

after APTS NP labeling for at least 7 days ( Figure 3A), and 

no increase in apoptosis was observed on day 3 as shown 

by FACS analysis (Figure 3B). Moreover, no difference in 

the Annexin rates was observed between APTS NP-labeled 

(Figure 3C) and APTS NP-unlabeled ADRCs (Figure 3B).

Iron labeling of ADRCs with 25 μg/mL APTS NPs did 

not increase cell necrosis nor apoptosis (P=0.530) as revealed 

by flow cytometry (Figure 3B and C). Therefore, 25 μg/mL 

APTS NPs was suitable for the in vivo experiments.

cell differentiation
ADRCs could differentiate into mature adipocytes and 

osteoblasts in appropriate concentrations of adipocytes and 

osteoblasts differentiation media. In in vitro culture experi-

ments, differentiation of APTS NP-labeled and -unlabeled 

ADRCs into adipocyte lineages was identified through 

microscopic observation of intracellular red lipid droplets 

and positive reaction to Oil Red O (Figure 4A and B) and 

qRT-PCR of Runx2 (Figure 4C). Moreover, differentiation of 

APTS NP-labeled and -unlabeled ADRCs into the osteoblast 

was confirmed through alizarin red staining, and the result 

demonstrated that ADRCs could differentiate into calcium 

nodules (Figure 4D and E). The qRT-PCR of the relative 

adipocytes and osteoblasts gene expression levels in APTS 

NP-labeled groups showed no significant difference in the 

transcript levels of Runx2 (Figure 4C) and PPARr (Figure 4F) 

compared with the ADRCs control groups.

angiogenic cytokine production by 
aDrcs
To prove that ADRCs secrete a certain amount of paracrine 

factors, including bFGF, SDF-1, VEGF, and HGF pro-

teins, the conditioned culture medium analyzed by using 

ELISA. Concentrations of bFGF, SDF-1, VEGF, and HGF 
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in conditioned medium showed no significant difference 

between the labeled and unlabeled ADRCs (Figure 5).

In vivo tracking of aDrcs
The mice were scanned on days 1, 7, 14, 21, and 28 to inves-

tigate the migration of the engrafted cells in hind limb. The 

3.0 T MR images are shown in Figure 6. ADRCs could be 

clearly identified in the adductor muscles, and their migration 

could be monitored for at least 4 weeks. The hypointensities 

(“black spots”) were found in the region of ADRC injection 

in all the mice transplanted with APTS NP-labeled ADRCs 

(Figure 6A). In the cross section of the hind limb of the 

ApoE-KO mouse models 1 week after treatment, the site of 

injection exhibited wide hypointensities, which extended 

beyond the actual location of the labeled ADRCs (“bloom-

ing effect”), in addition, the hypointensities decreased with 

time. Control-unlabeled ADRCs or saline-injected groups 

showed no hypointensities in their muscles as revealed by 

MRI (Figure 6A). Four weeks after cell transplantation, black 

spots could still be observed under MRI (Figure 6A). Control 

animals injected with unlabeled cells expectedly showed no 

hypointensities MR signals, as expected. The data of the MRI 

signal values in the APTS NP-labeled groups were signifi-

cantly (P,0.05) lower compared with the unlabeled ADRCs 

groups and gradually increased to normal levels at 4 weeks 

(Figure 6B). Representative color laser Doppler images of 

superficial blood flow in lower ischemic limbs before and 

after treatment are shown in Figure S1. We found that the 

superficial blood flow was higher after the APTS NP-labeled 

ADRC treatment than before the treatment (Figure S1).

location of implanted aDrcs
We examined whether transplanted ADRCs could survive and 

differentiate into endothelial cells (ECs) in vivo. Immunofluo-

rescence staining showed that some of the GFP-positive cells 

were retained near vascular structures and capillaries stained 

with CD31 (Figure 7A–C) and some of the ADRCs were also 

GFP positive. Quantitative analysis demonstrated that capil-

lary density in ischemic hind limb muscles was significantly 

greater in the APTS NP-labeled and -unlabeled ADRCs 

groups than in the control groups (P,0.05 versus control; 

Figure 7D). Our findings indicated that the  transplanted 

Figure 2 aDrcs labeled with aPTs NPs.
Notes: (A) Prussian blue staining showed that ~100% of the aDrcs incorporated aPTs NPs and are stained blue after 24 hours of culturing. (B) The unlabeled aDrcs 
showed no blue staining particles in the cytoplasm. scale bar measures 100 μm.
Abbreviations: aDrcs, adipose-derived regenerative cells; aPTs NPs, 3-aminopropyltrimethoxysilane-coated iron oxide nanoparticles.

Figure 3 cell viability and apoptosis of aDrcs.
Notes: (A) Viability was assessed by ccK8 at 1, 3, 5, and 7 days. (B) annexin V/PI rate of aPTs NP-labeled aDrcs. (C) annexin V/PI rate of non-aPTs NPs labeled 
aDrcs.
Abbreviations: aDrcs, adipose-derived regenerative cells; aPTs NP, 3-aminopropyltrimethoxysilane-coated iron oxide nanoparticle.
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ADRCs already differentiated into the endothelial cells and 

possibly contributed to vascular formation to a certain extent. 

Furthermore, no tumors were formed in transplanted mouse 

after at least 30 days (data not shown).

histological analysis
ADRCs were particularly visualized in the ischemic zone 

of the hind limb after Prussian blue staining (Figure 8). No 

Prussian blue-positive cells were localized in the ischemic 

hind limb of the unlabeled group (Figure 8).

To further investigate whether the remaining APTS NPs 

could accumulate in different target organs, the liver, lungs, 

and spleens of the mouse models were collected and then 

stained them with H&E and Prussian blue staining. Prussian 

Figure 4 Multidifferentiation assays of aPTs NP-labeled and -unlabeled aDrcs.
Notes: adipocyte differentiation potential of the aPTs NP-labeled aDrcs (A) and aPTs NP-unlabeled aDrcs (B) was assessed by oil red O staining. (C) qrT-Pcr of 
runx2. Osteocytes’ differentiation potential of the aPTs NP-labeled aDrcs (D) and aPTs NP-unlabeled aDrcs (E) was assessed by alizarin s staining. (F) qrT-Pcr of 
PParr. scale bar measures100 μm.
Abbreviations: aDrcs, adipose-derived regenerative cells; aPTs NP, 3-aminopropyltrimethoxysilane-coated iron oxide nanoparticles; qrT-Pcr, quantitative reverse 
transcriptase polymerase chain reaction; rQ, relative quality.

blue-positive staining, which represents iron, presumably 

from APTS NP labeling of the ADRCs, was detected in 

the liver, spleen, and lung (Figure 8). The results showed 

that APTS NPs did not accumulate in the lungs of any 

of the mouse models. However, a small amount of APTS 

NPs was found in livers and spleens from APTS NP groups 

of mouse models.

Discussion
The present study found that 1) P3 ADRCs expressed mesen-

chymal stem cell markers and were negative for endothelial 

lineage markers (CD31) in vitro. 2) P3 ADRCs could be 

efficiently and safely labeled with APTS NPs. 3) Direct local 

implantation of APTS NP-labeled ADRCs into ischemic 
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Figure 5 elIsa of aPTs NP-labeled and -unlabeled aDrcs.
Notes: elIsa showed that aPTs NP-labeled and -unlabeled aDrcs secrete a certain 
amount of paracrine factors, including bFgF, sDF-1, VegF, and hgF proteins. There 
was no significant difference between the labeled and unlabeled ADRCs.
Abbreviations: aDrcs, adipose-derived regenerative cells; aPTs NP, 3- 
aminopropyltrimethoxysilane-coated iron oxide nanoparticle.

Figure 6 In vivo tracking of aPTs NP-labeled and -unlabeled aDrcs by 3.0 T MrI.
Notes: (A) Mice were scanned at days 1, 7, 14, 21, and 28 to investigate the migration of the engrafted cells in the hind limb ischemia. (B) Quantitative analysis of MrI signal 
values revealed that APTS NP groups exhibited significant difference compared to ADRC groups (*P,0.05).
Abbreviations: aDrcs, adipose-derived regenerative cells; aPTs NP, 3-aminopropyltrimethoxysilane-coated iron oxide nanoparticles; MrI, magnetic resonance imaging.

hind limb muscles could be monitored by 3.0 T MRI and can 

improve neovascularization.

Adipose tissues comprise two main cell types, namely, 

adipocytes and ADRCs.23 Studies have proven that ADRCs 

contain multipotent mesenchymal stem cells that can 

differentiate into various cell types. Thus, they offer great 

potential applications in regenerative medicine.24 MRI is 

a highly superior technique in tracking and monitoring 

transplanted stem cells labeled with contrast agents (such as 

SPIO).25 However, Kostura et al26 reported that chondrogenic 

differentiation of BMSCs but not adipogenesis could be 

impaired. In this study, APTS NPs were used instead of SPIO 

and found no significant difference in the differentiation poten-

tial between APTS-labeled and -unlabeled ADRCs. APTS 

NPs do not require addition of some transfection reagents to 

enhance the labeling efficiency compared with SPIO, which 

may inhibit stem cell differentiation ability into chondrocytes. 

The procedure used to label ADRCs with APTS NPs without 

poly-L-lysine (PLL) is highly efficient and safe, as well as 

more practical than that used in a previous study.27 We used 

a relatively low APTS NP concentration (25 μg/mL) as pre-

viously used in several trials, which have shown clear MRI 

visualization of ADRCs without altering the viability, apoptotic 

indices, survival, migration, and differentiation compared 

with those of their unlabeled counterparts.

Long-term observation of APTS NP-labeled ADRCs 

might be limited to a certain extent because of APTS dilution 
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Figure 7 Immunofluorescent staining of the ischemic muscles after ADRC transplantation.
Notes: representative immunohistochemistry staining of the microvessel densities for endothelial cell markers cD31 in the control groups (A), aPTs groups (B), and 
aDrc groups (C). (D) Statistical analysis of the microvessel densities revealed that APTS NP-labeled and -unlabeled ADRC groups exhibited significant difference compared 
to the control groups (*P,0.05). scale bar measures100 μm.
Abbreviations: aDrcs, adipose-derived regenerative cells; aPTs NP, 3-aminopropyltrimethoxysilane-coated iron oxide nanoparticle.

Figure 8 Immunohistochemistry staining of the muscles and the organs.
Notes: PB staining and h&e staining of the serial sections of the muscles, lungs, liver, and spleen. scale bar measures 100 μm.
Abbreviations: aDrcs, adipose-derived regenerative cells; aPTs, 3-aminopropyltrimethoxysilane; h&e, hematoxylin and eosin; PB, Prussian blue.
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as ADRCs divided. To date, some studies have proven that 

MRI signal originating from surviving APTS NP-labeled 

cells may be overestimated because of phagocytosis by 

macrophages and that extracellular iron particles contribute to 

MRI signal.28,29 To address these problems, we compared the 

use of GFP reporter gene marker and APTS NPs in labeling 

ADRCs in vitro and in vivo. After double labeling, the fate 

of implanted ADRCs could be simultaneously monitored by 

MRI and immunofluorescent microscope. It was found that 

the relative APTS NP-labeled ADRCs can be detected for at 

least 4 weeks by MRI and immunofluorescent microscope.

Limited information is available on the underlying mech-

anisms of allogeneic ADRCs in therapeutic angiogenesis. 

Boden et al30 showed that ADRC transplantation improved 

angiogenesis resulting from secretion of angiogenic factors. 

Moreover, this study demonstrated that ADRC implantation 

significantly augmented angiogenesis not only by endothelial 

differentiation (VEGF, HGF, and bFGF) but also by chemok-

ines, such as SDF-1. SDF-1 may play an important role in 

the ADRC-regenerated angiogenesis to a certain extent by 

facilitating mobilization of ADRCs.

Conclusion
Our study demonstrated that APTS NPs are safe and biode-

gradable and they do not affect the proliferation and differ-

entiation capacity of in vitro and in vivo of cells transplanted 

into the ischemic hind limb. The results of this study will 

provide a new source of seed cells for severe ischemic dis-

eases and bring new insights into regenerative therapies.
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Figure S1 Representative color laser Doppler images of superficial blood flow in lower ischemic limbs before and after treatment.
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