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Abstract 

Hypoxia, a hallmark of malignant tumors, often correlates with increasing tumor aggressiveness and 
poor treatment outcomes. Due to a lack of vasculature, effective drug delivery to hypoxic tumor 
regions remains challenging. Signaling through the chemokine SDF-1α and its receptor CXCR4 plays 
a critical role in the homing of stem cells to ischemia for potential use as drug-delivery vehicles. To 
harness this mechanism for targeting tumor hypoxia, we developed polymeric nanoparticle-induced 
CXCR4-overexpressing human adipose-derived stem cells (hADSCs). Using glioblastoma 
multiforme (GBM) as a model tumor, we evaluated the ability of CXCR4-overexpressing hADSCs 
to target tumor hypoxia in vitro using a 2D migration assay and a 3D collagen hydrogel model. 
Compared to untransfected hADSCs, CXCR4-overexpressing hADSCs showed enhanced 
migration in response to hypoxia and penetrated the hypoxic core within tumor spheres. When 
injected in the contralateral brain in a mouse intracranial GBM xenograft, CXCR4-overexpressing 
hADSCs exhibited long-range migration toward GBM and preferentially penetrated the hypoxic 
tumor core. Intravenous injection also led to effective targeting of tumor hypoxia in a subcutaneous 
tumor model. Together, these results validate polymeric nanoparticle-induced 
CXCR4-overexpressing hADSCs as a potent cellular vehicle for targeting tumor hypoxia, which 
may be broadly useful for enhancing drug delivery to various cancer types. 

Key words: malignant tumors; hypoxia; nanoparticles; adipose-derived stem cells; C-X-C chemokine receptor 
type 4 (CXCR4); glioblastoma. 

Introduction 
Hypoxia is a hallmark of malignant tumors and 

often correlates with increasing tumor aggressiveness 
and poor clinical outcomes.[1, 2] Most malignant 
tumors have been linked with tumor hypoxia, 
including glioblastoma multiforme (GBM),[3, 4] 
breast cancer,[5] prostate cancer,[6] and melanoma.[7] 
Malignant tumors contain a vascularized 
circumference, hypoxic intermediate layers, and a 
necrotic core. The increasing hypoxia within tumor 
core leads to upregulation of stromal cell-derived 
factor-1α (SDF-1α), also known as C-X-C motif 
chemokine 12 (CXCL12), and SDF-1α signaling has 

been observed in multiple cancers. [8, 9] Cancer stem 
cells and drug-resistant cancer cells are typically 
sequestered in the tumor's hypoxic and necrotic 
regions,[10] and the hypoxic microniche facilitates 
tumor initiation, progression, angiogenesis, and 
invasion.[10, 11] 

Given the central role of hypoxia in tumor 
progression and resistance to chemotherapy and 
radiation, targeting hypoxic tumor cells is critical for 
enhancing therapeutic outcomes. Previous attempts to 
target hypoxia sought to develop prodrugs that could 
be activated via enzymatic reduction in hypoxic 
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tissue, or small-molecule inhibitors against molecular 
targets involved in the survival of tumor cells in 
hypoxic tissues.[12, 13] However, these prodrugs and 
molecular inhibitors require efficient transport to 
target tissues, which is often greatly hindered in 
hypoxic tissues due to irregular blood flow and 
increased interstitial pressure.[14] As such, there 
remains a critical need to develop effective strategies 
for targeting tumor hypoxia for drug delivery. 

Hypoxia-inducible factor 1α (HIF-1α), a central 
mediator of tissue hypoxia, strongly induces 
expression of SDF-1α in cancer cells, and SDF-1α is 
correlated with increasing tumor cell motility and 
invasiveness.[15] Multiple growth factors and 
receptors modulate the homing capacity of stem cells 
toward ischemia,[16-18] including SDF-1α and its 
receptor CXCR4,[16, 19] suggesting that stem cells 
could serve as drug-delivery vehicles for targeting 
cancer. HIF-1-induced SDF-1α upregulation has been 
shown to increase the homing of circulating 
CXCR4-positive endothelial progenitor cells to 
ischemic tissue in a skin wound healing model and in 
a hind-limb ischemia model.[20, 21] In addition to 
their ability to home to ischemia, stem cells can 
migrate toward tumor tissues in vivo.[22, 23] 
Although the SDF-1α/CXCR4 signaling axis is also 
believed to play an important role in this homing to 
cancer,[24], [34-37] harnessing stem cells for targeting 
tumor hypoxia remain largely unexplored. 

Neural stem cells,[25-27] mesenchymal stem 
cells, [27, 28] embryonic stem cells[29] and induced 
pluripotent stem cells[30, 31] possess a remarkable 
capacity for migrating toward GBM cells and 
extensively investigated for targeted therapy and 
imaging. Although CXCR4 is highly expressed in 
mesenchymal stem cells in vivo, this expression 
markedly decreases during ex vivo expansion,[32, 33] 
which compromises the homing efficacy of these cells 
toward GBM. Given that in vitro expansion is often 
necessary to obtain clinically relevant numbers of cells 
for transplantation, it is critical to restore high CXCR4 
expression in stem cells if they are to be used to target 
cancer in vivo. Viral vectors are the current gold 
standard for achieving high gene-delivery efficiency 
into various human stem cells,[28, 34, 35] but broad 
clinical applications are limited by the possibility of 
immune responses and unintended genomic 
integration.[36, 37] To overcome these safety 
concerns, biodegradable polymeric nanoparticles 
(NPs) have been recently reported to enable efficient 
gene delivery to human stem cells.[24, 38] 

Here we have used our optimized polymeric 
NPs to restore high expression of CXCR4 in human 
adipose-derived stem cells (hADSCs) for targeting 
tumor hypoxia in vivo. We determined that polymeric 

NP-mediated transfection led to robust upregulation 
of CXCR4 in hADSCs with high cell viability, as 
characterized by flow cytometry, 
immunofluorescence, and western blotting. The 
hypoxia-targeting efficiency of 
CXCR4-overexpressing hADSCs was first evaluated 
in vitro using a transwell model and a 3D tumor 
sphere model. The ability of CXCR4-ADSCs to 
migrate toward tumors in vivo was subsequently 
examined using a mouse model of GBM. By 
comparing local intracranial delivery with systemic 
intravenous delivery, we characterized the effect of 
delivery route on the efficiency of targeting hypoxia. 
The results of this study validate the potential of 
nanoparticle-engineered hADSCs as a novel strategy 
for targeting tumor hypoxia in vivo, which may be 
broadly useful for enhancing drug delivery to various 
cancer cell types.  

Materials and Methods 
Cell Isolation and Cell Lines 

hADSCs were isolated from the abdominal fat of 
a patient, as previously described [39]. All procedures 
were approved (APLAC 28120) and performed in 
accordance with the Stanford Institutional Review 
Board protocol. Cells were expanded in growth 
medium containing Dulbecco’s Modified Eagle 
Medium (DMEM), 10% fetal bovine serum, 1% 
penicillin/streptomycin, and 10 ng/mL FGF-2. For 
brain tumor cells, we used cell line U87MG from the 
American Type Culture Collection. U87MG cells were 
transfected with GFP to facilitate in vivo cell tracking. 
All experiments were performed on cells in the 
logarithmic phase of growth. 

Synthesis of PBAE and Self-assembly of NPs 
Amino group-terminated PBAE was synthesized 

in a two-step reaction as described previously [38, 40]. 
Briefly, 1,4 butanediol diacrylate (C) (Sigma Aldrich) 
was reacted with 5-amino-pentanol (32) (Alfa Aesar) 
through a Michael addition reaction at 90 °C, and 
acrylate-terminated PBAE C32 was subsequently 
modified with an amino end group using 
tetraethyleneglycoldiamine (122) (Molecular 
Biosciences). After an overnight reaction at room 
temperature, amino-terminated PBAE was 
precipitated and purified in anhydrous diethyl ether 
(Fisher Scientific) and dissolved in 100 mg/mL 
dimethyl sulfoxide. Polymer stock solutions were 
stored in small aliquots at -20 °C until use. 

To self-assemble PBAE-plasmid DNA NPs, 
PBAE and plasmid DNA were each dissolved in 25 
mM sodium acetate buffer solution [pH 5.2]. 
Appropriate amounts of PBAE solution were mixed 
with diluted plasmid DNA solution in a 1.5 mL 
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Eppendorf tube and vortexed for 10 s. PBAE/pDNA 
NPs were incubated at room temperature for 10 min 
to allow self-assembly via electrostatic interactions. 

The size and zeta potential of PBAE-DNA NPs 
were determined via dynamic light scattering with a 
Zetasizer Nano ZS (Malvern Instruments, Ltd.). The 
shape and morphology of NPs were observed using 
transmission electron microscopy (JEOL-JEM 1400). 
For dynamic light scattering, PBAE-DNA NPs were 
suspended in fully supplemented DMEM containing 
10% fetal bovine serum to reach a final DNA 
concentration of 10 μg/mL. For transmission electron 
microscopy, the NP sample was negatively stained 
with sodium phosphotungstatic solution (2%, w/v) 
and air-dried. 

Optimizing NP-mediated Transfection 
DNA encoding EGFP was used as a reporter to 

titrate NP-mediated transfection in hADSCs. The day 
before transfection, 6 x 104 hADSCs were seeded in 
each well of 24-well plates pre-coated with 0.1% 
gelatin, allowed to adhere overnight, and treated with 
complete DMEM containing 10% fetal bovine serum 
and PBAE-pEGFP NPs with various w/w ratios of 
PBAE to plasmid DNA. The optimum DNA dose (3.3 
µg per 6 x 104 cells ) was used for transfection, as we 
previously reported [41] . After 4 h of incubation, NPs 
were removed and replaced with fresh culture 
medium. After another 44 h of incubation at 37℃ and 
5% CO2, EGFP expression in cells was detected via 
fluorescence microscopy (Carl Zeiss, ApoTome). 

Transfection efficiency was also quantified via 
flow cytometry. Briefly, culture medium was 
removed and cells were trypsinized, washed, and 
re-suspended in phosphate-buffered saline (PBS). 
Fluorescence-activated cell sorting of EGFP-positive 
cells was performed on a Scanford analyzer (Beckman 
Center, Stanford University). Cells transfected with 
pcDNA, a control vector, were used as a negative 
control and untransfected hADSCs were used to set 
the background. As a positive control, hADSCs were 
transfected with Lipofectamine 2000 and a DNA 
transgene in accordance with the manufacturer’s 
protocol (Invitrogen). Data were analyzed with 
Flowjo 1.50i software (Tree Star). 

Immunocytochemistry 
Immunostaining was performed to detect 

CXCR4 protein expression in hADSCs after transient 
transfection with PBAE-CXCR4 NPs. Briefly, hADSCs 
were placed on 8-well Millicell EZ slides (Merck 
Millipore) at a density of 3×104 cells/cm2 in growth 
medium. Cells were transfected with PBAE/pCXCR4 
NPs as described above. After 48 h of incubation at 
37℃ and 5% CO2, spent medium was removed; cells 

were rinsed once with PBS and fixed with 2% 
paraformaldehyde in PBS for 10 min at room 
temperature. Cells were rinsed 3 times with PBS and 
permeabilized in 0.1% Triton X-100 in PBS that 
contained 1% bovine serum albumin (PBS-BSA) and 
100 μg/mL RNase (Invitrogen) for 10 min at room 
temperature. After washing, cells were incubated 
with a blocking/permeabilization solution containing 
10% normal goat serum (Dako) for 1 h at room 
temperature. After washing three times with 
PBS-BSA, cells were treated with 
rhodamine-phalloidin (1:100, Molecular Probes) in 
PBS-BSA for 20 min in the dark. Cells were then 
incubated with rabbit polyclonal anti-human CXCR4 
(Abcam) diluted 1:100 in 0.5% Triton X-100 overnight 
at 4 °C. Secondary antibodies (Alexa Fluor 488 goat 
anti-rabbit secondary antibody; Invitrogen Life 
Technologies) diluted 1:500 in 0.5% Triton X-100 were 
subsequently added and incubated for another 2 
hours at room temperature. After three washes, cell 
nuclei were counterstained with 10 mM Hoechst 
33342 (Sigma-Aldrich) for 10 min at room 
temperature. Cells were imaged via fluorescence 
microscopy (Carl Zeiss, ApoTome). 

Quantitative Reverse-transcription PCR 
(qRT-PCR) 

Total RNA was isolated by homogenizing cells 
in buffer RLT and purifying the RNA via the Qiagen 
RNA extraction kit. Complementary DNA was 
synthesized using the SuperScript III First-Strand 
Synthesis kit (Life Technologies) in accordance with 
the manufacturer’s instructions. Cycling was 
performed on an Applied Biosystems 7900 Real-Time 
PCR system (Applied Biosystems, Life Technologies) 
using Power SYBR Green PCR Master Mix (Applied 
Biosystems, Life Technologies) in accordance with the 
manufacturer’s protocol. Primers were: GAPDH, 
5′-ACAGTCAGCCCGCATCTTCTT-3′ and 
5′-CGACCAAATCCGTTGACTC-3′; hCXCR4, 5′- 
TTCTACCCCAATGACTTGTG-3′ and 5′- 
ATGTAGTAAGGCAGCCAACA-3′. 

Western Blotting 
Cells were lysed with RIPA buffer plus 

proteinase inhibitors. Protein concentrations were 
measured via the Pierce BCA Protein Assay (Thermo 
Scientific) and equal amounts of cell extracts were 
loaded for western blotting. The primary antibodies 
used in this study were anti-human CXCR4 (Abcam, 
ab124824), anti-β-actin (Abcam, ab8227), and 
anti-PARP (Abcam, ab32138). 

Cytotoxicity Assay 
Cell viability was quantified using a colorimetric 

assay. The reduction of MTS tetrazolium by viable 
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cells yields a colored formazan product that is soluble 
in cell culture medium. Passage 3 hADSCs were 
seeded into 96-well plates (1 x 104 cells/well), grown 
overnight at 37 ℃ and 5% CO2, and transfected with 
PBAE-pcDNA, PBAE-pEGFP, or PBAE-pCXCR4 NPs 
as described above. hADSCs were transfected with 
positive controls Lipofectamine 2000/pEGFP and 
Lipofectamine 2000/pCXCR4 in accordance with the 
manufacturer’s instructions. Forty-four hours after 
transfection, the CellTiter 96® AQueous One Solution 
Cell Proliferation Assay kit (Promega) was used to 
determine cell viability in accordance with the 
manufacturer’s instructions. 

Conditioned Medium 
To examine the effects of hypoxia on SDF-1α 

release, 2 x 106 U87MG cells were suspended in 2.5 
mL DMEM and cultured under hypoxic (1% O2) or 
normoxic (20% O2) conditions for 72 h. Conditioned 
media were collected, centrifuged for 10 min at 600 × 
g, and stored at −80 °C until use. 

hADSC Migration Toward Tumor-derived 
Conditioned Medium Using a Transwell Assay 

The effects of tumor-derived conditioned 
medium on stem-cell migration were assessed using a 
transwell migration assay (ChemoTx® System, Neuro 
Probe Inc.). Passage 3 hADSCs (1 x 104 cells in 33 μL 
medium) pre-labeled with PKH26 (Sigma-Aldrich) 
were loaded into each transwell. Tumor-derived 
conditioned medium (hypoxia or normoxia) and base 
medium (55 μL/well) were loaded into a 96-well 
plate, into which the transwell was inserted. After 4 h 
of incubation, cells in the upper chamber were 
removed via aspiration and the porous membrane 
was carefully removed. Non-migrating cells on the 
origin side of the membrane were removed by gently 
wiping with a cotton swab. The nuclei of the cells on 
the membrane were counterstained with 10 mM 
Hoechst 33342 (Sigma-Aldrich) for 10 min at room 
temperature. At least five random fields of view on 
each membrane were selected, and cells were imaged 
with a fluorescence microscope (Carl Zeiss, 
ApoTome). Automated counting of nuclei was 
performed with ImageJ 1.5i (NIH). To determine 
whether the CXCR4 antagonist AMD3100 hindered 
hADSC migration, hADSCs were pre-incubated with 
100 ng/mL AMD3100 (Sigma-Aldrich) for 1 h before 
they were placed in the upper compartment of the 
transwell. 

Polarization and Penetration of hADSCs into 
GBM Spheroids 

To determine whether CXCR4 overexpression in 
hADSCs enhanced their sensing of tumors after 

transfection with biodegradable NPs, we also 
performed in vitro 3D co-culture using a collagen gel 
model that mimics a GBM spheroid grown in an 
extracellular matrix. Spheroids were formed via the 
“hanging drop” technique. Briefly, 15 μL of culture 
medium containing 1.5 x 103 U87MG cells were 
dropped onto the inside cover of a 15-cm petri dish, 
which was filled with 15 mL PBS to maintain 
humidity. The dish was inverted and incubated at 37 
°C with 5% CO2. After 4 days, spheroids were gently 
washed twice with DMEM. Each spheroid plus 600 
hADSCs were re-suspended in 200 μL 1 mg/mL 
collagen I (Rat tail-derived, Thermo Fisher Scientific) 
in DMEM. The solution was transferred to one well of 
a 48-well plate pre-coated with 1% agarose. The plate 
was incubated at 37 °C with 5% CO2 and imaged at 
various time points. 

Forty-eight hours after incubation, the collagen 
gel containing GBM spheroids and hADSCs was 
transferred to a tissue-culture plate, fixed with 
formaldehyde (10% w/v in PBS) for 30 min, and 
placed in a cavity microscope slide (Merck Millipore, 
Billerica MA). Z-stack images were obtained starting 
at the top of the spheroid in 20-μm intervals for a total 
of 100 μm into the spheroid using confocal laser 
scanning microscopy (Leica TCS SP5). 

Tropism and In Vivo Targeting of Hypoxia by 
hADSCs 

All animal procedures were performed with 
approval from the Stanford University 
Administrative Panel on Laboratory Animal Care and 
Use Committee. All procedures adhered to the US 
National Institutes of Health Guide for the Care and 
Use of Laboratory Animals. 

For mouse subcutaneous xenograft models, 5 x 
106 U87MG cells in 100 μL PBS were injected into the 
subcutaneous tissue of the right hind legs of 
8-week-old male athymic nude mice (Taconic, Nude 
NCr). When the tumors reached 0.7-0.9 cm in 
diameter, 2.5 x 106 untransfected hADSCs or 2.5 x 106 
CXCR4-overexpressing hADSCs were injected into 
the tail vein of tumor-bearing mice (3 mice per group). 
After an additional 5 days, the hypoxic marker 
hypoxyprobe-1 (pimonidazole) was injected 
intraperitoneally (60 mg/kg, 20 min before 
euthanasia); the mice were then perfused 
intracardially with 4% paraformaldehyde in PBS. 
Tumor tissues were harvested, sectioned for hypoxia 
staining with the HypoxyprobeTM-1 kit (Chemicon) in 
accordance with the manufacturer’s instructions, and 
mounted with Vectashield mounting medium with 
DAPI (VECTOR Lab. Inc.). Imaging was performed 
with a fluorescence microscope (Carl Zeiss, 
ApoTome). 
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For orthotopic human GBM xenografts, 4 x 106 
U87MG cells (in 6 μL PBS) were inoculated into the 
right striatum of anesthetized male NCr nude mice 
(4-5 weeks of age; Taconic) through a 29 G burr hole 
(stereotactic coordinates: 1.8 mm lateral, 0.6 mm 
anterior to the bregma, and 3 mm of depth). Twelve 
days after tumor inoculation, 2 x 106 PKH26-labeled 
hADSCs were implanted into the hemisphere 
contralateral to the tumor using the same coordinates 
(3 mice per group). Five days later, the hypoxic probe 
hypoxyprobe-1 was injected intraperitoneally (60 
mg/kg, 20 min before euthanasia); then the mice were 
perfused intracardially with 4% paraformaldehyde in 
PBS. Brains were harvested and sectioned for hypoxia 
staining using the procedure described above. 

Statistical Analyses 
All variables were expressed as mean ± standard 

deviation. GraphPad Prism 6.0 (GraphPad Software) 
was used to perform statistical analysis. Statistical 
differences between test conditions were determined 
via Student’s t test. P < 0.05 was considered 
significant. 

Results 
Polymeric NPs Led to Robust Upregulation of 
CXCR4 in hADSCs with High Cell Viability 

The optimal transfection formulation for 
hADSCs using NPs was first determined using 
enhanced green fluorescent protein (EGFP) encoded 
on plasmid DNA as a reporter. Flow cytometry 
indicated that compared with Lipofectamine 2000, a 
commercially available transfection reagent, the 
leading NP formulation using (poly (β-amino ester) 
(PBAE)s (w/w/ ratio of polymer:pEGFP = 20:1) 
enhanced the transfection efficiency by ~5.48 fold 
(Figure S3A, B). Importantly, NP-mediated 
transfection led to high cell viability that was 
comparable to that of untransfected cells (Figure 
S3C). 

The biophysical properties of polymeric NPs that 
yielded the highest transfection efficiency were 
characterized using dynamic light scattering and 
transmission electron microscopy. The leading PBAE 
NPs had an average diameter of ~180 nm (Figure 1A), 
were spherical (Figure 1B), and had a zeta potential of 
43.22 ± 2.33 mV (Figure 1C). We also determined that 
assembling NPs in deionized water led to smaller NPs 
with positive surface changes, while 
serum-containing medium led to larger NPs with 
negative surface charge (Table S1). Varying the 
sequence of the plasmid had minimal effect on NP 
size and surface charge (Table S1). 

Using the leading PBAE NP formulation, 

hADSCs were transfected with a plasmid encoding 
human CXCR4. Immunofluorescence confirmed 
robust CXCR4 expression in hADSCs 48 h after 
transfection, while minimal signal was detected in 
untransfected passage 3 hADSCs (Figure 1D). Flow 
cytometry showed that 86.64 ± 8.32% of 
NP-transfected hADSCs expressed CXCR4 (Figure 
1E). While CXCR4 was expressed by untransfected 
hADSCs (passage 0) on western blotting, expression 
was rapidly lost after passage 1, and became 
undetectable by passage 3 (Figure 1F). Transfection 
with NPs carrying CXCR4 plasmid DNA successfully 
restored CXCR4 expression in passage 3 hADSCs to a 
level comparable to that of untransfected hADSCs 
(Figure 1F) without compromising cell viability 
(Figure 1G). 

CXCR4 Overexpression Enhances the 
Migration of hADSCs toward Tumor-derived 
Conditioned Medium Under Hypoxia In Vitro 

We next evaluated the behavior of 
CXCR4-overexpressing hADSCs toward conditioned 
medium collected from GBM cells cultured under 
hypoxic or normoxic conditions in vitro (Figure 2A). 
Data from our transwell migration assay indicated 
that conditioned medium from GBM cells cultured 
under hypoxia significantly enhanced the migration 
of hADSCs versus conditioned medium from cells 
cultured under normoxia; CXCR4-overexpressing 
hADSCs displayed the greatest migration (Figure 2B, 
C, Figure S5). Moreover, pre-incubation with 
AMD3100, an antagonist of CXCR4, reduced the 
migration of hADSCs (Figure 2B, C, Figure S5), 
confirming that CXCR4 plays an important role in 
targeting tumor hypoxia. Our enzyme-linked 
immunosorbent assay (ELISA) data revealed that 
hypoxia significantly upregulated the level of SDF-1α 
secreted by GBM cells by 2.52-fold (Figure 2D). 
Together, our results demonstrate that CXCR4 
overexpression enhances the migration of hADSCs 
toward tumor-derived soluble factors; in vitro, this 
migration is both induced and enhanced by the 
upregulation of SDF-1α secreted by GBM cells under 
the hypoxic conditions found in vivo. 

CXCR4 Overexpression Enhances hADSC 
Migration Toward and Penetration Into the 
Hypoxic Core of 3D Tumor Spheroids 

Large multicellular spheroids are 3D in vitro 
tissue models with an inherent gradient of oxygen: a 
central hypoxic core surrounded by quiescent viable 
cells and an outer layer of cells actively proliferating 
under normoxic conditions. To mimic tumor hypoxia 
in vivo, here we fabricated large 3D spheroids 
~500-600 µm in diameter with a hypoxic core (Figure 
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3A). To evaluate the ability of hADSCs to target tumor 
hypoxia in 3D, next we co-cultured tumor spheroids 
and PKH26-labeled hADSCs in a 3D collagen 
hydrogel (Figure 3B). CXCR4 overexpression 
enhanced hADSC migration toward tumor spheroids. 
CXCR4-overexpressing hADSCs responded most 
quickly by migrating toward GBM spheroids as early 
as 8 h, with migration increasing over time (Figure 
3C, D). By 48 h, CXCR4-overexpressing cells appeared 
on the surface of the spheroids (Figure 3C, D). In 
contrast, unmodified hADSCs responded more 

slowly and did not migrate as far toward the 
spheroid. 

To test the capability of hADSCs to penetrate 
tumor spheroids, we performed confocal scanning of 
GBM spheroids after 48 h of co-culture in a 3D 
collagen gel. CXCR4-overexpressing hADSCs 
penetrated the spheroid and accessed the hypoxic 
core; untransfected ADSCs did not (Figure 3E, F), 
suggesting that CXCR4 overexpression is required for 
effective targeting of the hypoxic tumor core in 3D. 

 
 

 
Figure 1. Polymeric NPs containing human CXCR4 DNA led to robust upregulation of CXCR4 in hADSCs with high cell viability. Physical 
characterization of NPs (20:1 PBAE/pCXCR4) using dynamic light scattering revealed the size distribution (A); transmission electron microscopy image (B) and 
surface charge (C) of NPs. CXCR4 expression was verified via (D) immunofluorescence, (E) flow cytometry (**p<0.01), and (F) western blotting. Scale bars = 20 μm. 
P, passage. (G) The MTS assay showed that cell viability did not significantly differ between untransfected hADSCs (defined as 100% viability) and cells transfected with 
NPs/pCXCR4 (48 h after transfection). N.S., no significant difference. 
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Figure 2. GBM-derived conditioned medium (CM) cultured under hypoxia enhanced hADSCs migration, and CXCR4-overexpression in 
hADSCs showed further enhanced migration. (A) Schematic of a transwell-mediated chemotactic migration assay of hADSCs toward tumor-derived 
conditioned medium cultured under hypoxia or normoxia. Tumor growth medium alone was included as a control. (B) Compared with untransfected hADSCs, 
overexpression of CXCR4 in hADSCs increased cell migration toward tumor-derived CM under normoxia. CM derived under hypoxia (O2, 1%) further enhanced 
migration of both hADSCs and CXCR4-hADSCs. Pre-incubation of hADSCs with the CXCR4 antagonist AMD3100 abolished such migration of both hADSCs and 
CXCR4-overexpressing hADSCs to a minimal level as the control. hADSCs were stained red with the fluorescent dye PKH26; nuclei were labeled blue with Hoechst 
33342. Scale bar = 200 μm. (C) Quantification of cell migration. CM, conditioned medium. αp<0.05 vs. hADSC migrated towards conditioned medium from normoxia 
(O2, 20%); βp<0.05 vs. hADSCs migrated towards CM-Hypoxia, γp<0.05 vs. CXCR4-hADSCs migrated towards CM-Normoxia. (D) Hypoxia significantly 
up-regulates SDF-1α secreted in U87MG glioma cells. The amount of SDF-1α in conditioned media from U87MG under hypoxia (O2, 1%) or normoxia (O2, 20%) was 
quantified using ELISA. **P<0.01. 

 
Figure 3. hADSCs respond to hypoxia in 3D tumor spheroids and penetrate into solid tumor spheroids. (A) Tumor spheroids comprise a normoxic 
outer shell, surrounding a hypoxic core. Hypoxia immuno-staining of 3D multicellular glioma spheroids using Hypoxyprobe-1 kit. Blue: Nucleus stained by DAPI. Red: 
Hypoxic region stained by hypoxyprobe-1 kit (pimonidazole). Scale bar=100 μm. (B) The schematic drawing shows a spheroid and hADSCs 3D co-culture model that 
mimicks tumor extracellular matrix (ECM). (C) CXCR4-hADSCs showed the faster response and migrated towards tumor spheroids over 48 h, while hADSCs 
showed a moderate level of tropism towards tumor spheroid. Scale bar=600 μm. (D) Quantification of hADSCs polarized to tumor spheroids. **p<0.01; N.S., 
non-significant. (E) Penetration of hADSCs into solid tumor spheroids. Confocal images of glioma spheroids after 48 h migration showed some of the red cells 
penetrated inside the glioma spheroid and accessed the hypoxic cells inside the spheroids. Z-stack images were obtained starting at the top of the spheroid in 25 μm 
intervals for a total of 100 μm into the spheroid. Red: PKH 26-labeled migrating cells. Green: GFP-positive tumor cells (U87MG). Gray: Bright field of collagen matrix. 
Yellow arrow indicates the migrated cells. Scale bar = 300 μm. (F) Quantification of hADSCs penetrated into tumor spheroids. *p<0.05; **p<0.01; N.S., no significant 
difference; N.A., not available. 
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Intracranial Delivery of 
CXCR4-overexpressing hADSCs Targets 
Tumor Hypoxia in an In Vivo Mouse 
Intracranial Brain Tumor Xenograft Model 

To examine the ability of hADSCs to target brain 
tumor hypoxia in vivo, we utilized a mouse 
intracranial brain tumor xenograft model [39]. 
hADSCs were injected into the contralateral brain 
hemisphere of the tumor site, and brain tissues were 
harvested 5 days later for histological analyses of 
migration (Figure 4A). To facilitate the visualization 
of brain-tumor hypoxia, animals were injected with 
pimonidazole, which labels hypoxic cells green 
(Figure 4A). In the absence of tumor, hADSCs 
remained at the injection site; CXCR4 overexpression 
did not induce migration (Figure 4B). In contrast, in 
tumor-bearing mice, both CXCR4-overexpressing 
hADSCs and untransfected hADSCs migrated long 
distances from the initial injection site toward tumor 
hypoxia (Figure 4C, D). Only 5 days after 
contralateral injection, CXCR4-overexpressing 
hADSCs reached the tumor and co-localized with the 
hypoxic tumor cells (Figure 4C, D). 

Since the blood-brain barrier constitutes a major 
obstacle in the treatment of brain tumors, we sought 
to determine whether hADSCs could cross this barrier 
and migrate toward intracranial brain tumors. We 

therefore performed systemic delivery of hADSCs via 
intravenous injection through the tail vein (Figure 
S6A). Neither CXCR4-overexpressing hADSCs 
engineered with NPs nor untransfected hADSCs 
traversed the blood-brain barrier, and no hADSCs 
were detected in the brain (Figure S6B). Taken 
together, these results show that intracranial delivery 
is required for targeting brain tumor hypoxia using 
CXCR4-overexpressing hADSCs. 

Systemic Intravenous Delivery of 
CXCR4-overexpressing hADSCs Targets 
Tumor Hypoxia in a Subcutaneous Cancer 
Model 

We next investigated whether intravenous 
injection of NP-assembled, CXCR4-overexpressing 
hADSCs targeted tumor hypoxia outside the brain 
using a mouse subcutaneous GBM xenograft model 
(Figure 5A). Five days after intravenous delivery, 
hADSCs were found in solid GBM tumors, and 
CXCR4-expressed hADSCs displayed enhanced 
tumor hypoxia targeting versus unmodified hADSCs 
(Figure 5B, C). These results suggest that systemic 
delivery of hADSCs overexpressing CXCR4 via NPs 
enables these stem cells to penetrate solid tumors 
outside the brain, leading to the enrichment of 
hADSCs in the hypoxic zones of malignant tumors. 

 

 
Figure 4. CXCR4-overexpressing hADSCs enhance targeting of the hypoxic core of brain tumors in a mouse intracranial GBM xenograft model 
5 days after intracranial delivery. (A) Schematic of experimental design. i.c., intracranial. hADSCs was injected in the contralateral side of the brain from the 
intracranial GBM tumor. (B and C) Representative brain sections illustrate the migratory behavior of CXCR4-overexpressing hADSCs and untransfected hADSCs 5 
days after injection in the mouse brain tissue without or with GBM xenografts. (B) In the absence of tumor, both untransfected hADSCs and CXCR4-overexpressing 
hADSCs did not show any migration and remained at the site of injection. (C) In the presence of brain tumor, hADSCs (red) demonstrated long-range tropism across 
the brain toward tumor hypoxia (green). CXCR4 overexpression led to further enhanced co-localization of hADSCs and hypoxic tumor cells. Blue, cell nuclei stained 
with DAPI. Scale bars = 1mm. (D) Quantification of stem cells localized in hypoxia zone in tumor tissue. **p<0.01. 
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Figure 5. CXCR4 overexpression increased the enrichment of hADSCs in the tumor hypoxic region of a mouse subcutaneous GBM xenograft 
model 5 days after tail-vein injection. (A) Schematic of experimental design. i.v., intravenous; SQ, subcutaneous. (B) Representative sections of the hypoxia 
targeting of CXCR4-overexpressing hADSCs (C) and untransfected hADSCs in subcutaneous tumor tissue. Blue, cell nuclei stained with DAPI; green, tumor hypoxic 
regions stained with pimonidazole; red, hADSCs labeled with PKH26. Scale bars = 100 μm. (C) Quantification of stem cells localized in hypoxia zone in tumor tissue. 
**p<0.01. 

 

Discussion 
The cores of solid malignant tumors are hypoxic 

core due to structural abnormalities in tumor 
microvessels and damaged microcirculation [42, 43]. 
This hypoxic core promotes more aggressive cancer 
phenotypes and leads to the resistance to 
conventional chemotherapy of cancer stem cells and 
progenitor cells within tumor tissues [10, 44]. Effective 
strategies for targeting tumor hypoxia remain lacking, 
posing a critical bottleneck for enhancing treatment 
outcomes for different types of malignant tumors. To 
overcome this obstacle, here we established a novel 
strategy for targeting tumor hypoxia by employing 
NP-engineered stem cells as cellular vehicles for 
potential drug delivery and harnessing 
CXCR4/SDF-1α signaling to further enhance the 
enrichment of stem cells within the hypoxic region of 
tumors. We specifically chose hADSCs due to their 
relative abundance, ease of isolation, and promise as 
an autologous cell source from individual patients. 
Using GBM as a model tumor, we demonstrated that 
hADSCs migrate toward tumor hypoxia in vitro 

(Figure 2) and in vivo (Figures 4, 5). NP-induced 
CXCR4 overexpression further enhanced hADSC 
penetration into the hypoxic core of solid tumors 
(Figure 3). 

Hypoxia leads to upregulation of HIF-1α, which 
interacts with HIF-1β and translocates to the nucleus, 
resulting in the transcription of downstream target 
genes including SDF-1α [10] [11]. Consistent with 
previous findings, here hypoxia led to upregulation 
and secretion of SDF-1α in tumor cells (Figure 2D). 
SDF-1α/CXCR4 signaling is one of the major 
pathways responsible for stem-cell homing to tumor 
tissues.[24, 45-48] CXCR7 is another chemokine 
receptor with high binding affinity to SDF-1α, 
however, the activation of CXCR7 by SDF-1α does not 
contribute to cell chemotaxis [49]. Here, CXCR4 
overexpression significantly enhanced the migration 
of hADSCs toward tumor-derived conditioned 
medium under hypoxic conditions (Figure 2B, C). 
Further, when co-cultured in 3D hydrogels with 
tumor spheroids, CXCR4-overexpressing hADSCs 
migrated more quickly toward tumor spheroids than 
untransfected hADSCs (Figure 3C, D), and penetrated 
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the hypoxic core of tumor spheroids more robustly 
than untransfected hADSCs (Figure 3E, F). 

To target tumor hypoxia in vivo, enabling the 
use of cells as drug-delivery vehicles, we sought to 
determine the optimal route for cell delivery. 
Intracranial injection of hADSCs led to long-range 
migration across the brain hemisphere toward GBM 
(Figure 4C). It is worth noting that both hADSCs and 
CXCR4-hADSCs can target both normoxic tumor and 
hypoxic regions, and CXCR4 overexpression 
enhanced the speed of migration of hADSCs towards 
tumor, and also increased the co-localization within 
the tumor hypoxic region (Figure 4C, D). The 
biodistribution of MSCs has been widely investigated 
in both animals and in human patients [2, 3]. 
Intravenous injection of MSCs resulted in the majority 
of the cells trapped initially in the lung, which was 
mostly cleared out by day 10. In contrast, more MSCs 
would be entrapped in spleen tissues by day 10 after 
transplant. Similar bio-distribution of MSCs have 
been observed in humans and animal models [3]. 
Given the similarities of MSCs isolated from bone 
marrow and adipose tissues [50], we expect a similar 
bio-distribution of hADSCs in tumor-bearing mice. 
When injected intravenously through the tail vein, 
neither CXCR4-overexpressing hADSCs nor hADSCs 
were detected in the brain (Figure S5B), suggesting 
that stem cells cannot overcome the blood-brain 
barrier when delivered systemically. Consistent with 
our findings, previous studies using neural stem cells 
to target brain tumors also reported that intracranial 
delivery is required for targeting intracranial brain 
tumors.[25, 27, 51-53] If the tumor is located outside 
the brain, then systemic delivery of NP-engineered 
hADSCs still effectively targets tumor hypoxia 
(Figure 5B, C). Thus, our data indicate that 
intracranial delivery is required for tumors within the 
brain, but systemic delivery is sufficient for malignant 
tumors located outside the brain. 

For clinical translation of stem cell-based 
therapies for tumor targeting, biosafety is an 
important aspect to consider. In a recent preclinical 
study on treating patients with mammary carcinoma 
using MSCs, Koç et al. demonstrated that intravenous 
injection MSCs in patients at a dose of 1 million cells 
per kg body weight resulted no noticeable side effects 
[2]. Safety of intravenous delivery of human 
adipose-derived MSCs was also confirmed in animal 
models and patients, with no detectable chromosomal 
abnormalities or tumor formation 8 months after 
injection [6]. These studies suggest human ADSCs can 
serve as a safe cellular vehicle for targeting tumor 
hypoxia when used at appropriate doses. Several 
biological drugs have been delivered by stem cells, 
including chemotherapeutics,[54-56] prodrugs,[57] 

and genetic signals.[58] Future studies may employ 
NP-engineered hADSCs as vehicles to deliver various 
therapeutic agents into hypoxic tumor cores, helping 
overcome the challenges of effectively targeting 
tumor hypoxia and enhancing therapeutic outcomes 
for drug-resistant malignant tumors. While this study 
employed GBM as a model tumor, the concept of 
harnessing NP-engineered hADSCs for targeting 
tumor hypoxia and enhancing drug delivery can be 
broadly applied to the treatment of other cancer types. 
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