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A B S T R A C T

Here, we report that Fe ions delivered into human mesenchymal stem cells (hMSCs) by bioreducible metal
nanoparticles (NPs) enhance their angiogenic and cell-homing efficacy by controlling ion-triggered intracellular
reactive oxygen species (ROS) and improve cell migration, while reducing cytotoxicity. Endosome-triggered
iron-ion-releasing nanoparticles (ETIN) were designed to be low-pH responsive to take advantage of the low-pH
conditions (4–5) of endosomes for in situ iron-ion release. Due to the different redox potentials of Fe and Au, only
Fe could be ionized and released from our novel ETIN, while Au remained intact after ETIN endocytosis.
Treatment with an optimal amount of ETIN led to a mild increase in intracellular ROS levels in hMSCs, which
enhanced the expression of HIF-1α, a key trigger for angiogenic growth factor secretion from hMSCs. Treatmetn
of hMSCs with ETIN significantly enhanced the expression of angiogenesis- and lesion-targeting-related genes
and proteins. Transplantation of ETIN-treated hMSCs significantly enhanced angiogenesis and tissue regenera-
tion in a wound-closing mouse model compared with those in untreated mice and mice that underwent con-
ventional hMSC transplantation.

1. Introduction

Nanoparticles (NPs) offer major advantages to the biomedical field
but also pose considerable challenges for clinical application. Studies
have shown that NPs with diverse nanostructures and compositions
have potential for versatile application in gene delivery [1], drug de-
livery [2], and theragnosis [3]. The advantages of NPs include their
large surface area, controllable structures, and diverse surface chem-
istry [4,5]. Most studies on NPs have focused on the controlled release
of genes or drugs [1,2], ease of entry into cells for efficient drug de-
livery [6], and enhanced specific cell and tissue targeting efficiency for
reliable theragnosis [7]. However, the biodegradability of NPs must be
researched to avoid unfavorable accumulation of NPs within the body

as this can cause side effects such as inflammation and genetic mutation
[8,9].

NPs can act as therapeutic agents by releasing specific metal ions
into cells. Mesenchymal stem cell (MSC)-based therapies are a major
focus of regenerative medicine, which is concerned with treating var-
ious inflammatory, ischemic, and neurologic diseases. The advantages
of MSCs for cell therapy rely on their capacity to migrate toward a
lesion and secrete various paracrine factors for tissue regeneration. The
interaction between stromal cell-derived factor 1 alpha and its receptor
C-X-C chemokine receptor type 4 (CXCR4) has been reported to be
critical for regulating MSC migration [10]. A study suggested that
CXCR4 overexpression is induced by Fe ions [11]. However, Fe ions are
severely cytotoxic at high concentrations because of the oxidative stress
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that they can cause at such concentrations [12]. Therefore, the in-
tracellular delivery of Fe ions may lead to beneficial biological effects
such as cell migration and gene expression, without inducing cyto-
toxicity in MSCs. Thus, it may be feasible to use Fe-based bioreducible
NPs to enhance the therapeutic efficacy of MSCs.

In this study, novel bioreducible endosome-triggered iron-ion-re-
leasing nanoparticle (ETIN) were applied as a therapeutic substance for
the delivery of metal (Fe) ions to enhance human mesenchymal stem
cell (hMSC)-based wound healing. We designed the NPs such that Fe
ions could be released within the cells in response to the low-pH con-
ditions in endosomes. There are clear differences in the redox potentials
and chemical reactivities of Fe and Au; Fe has a comparatively low
standard redox potential in comparison with that of Au, which has a
high standard redox potential [13]. Fe can promptly react with hy-
drogen ions and forms Fe ions under low-pH conditions, while Au does
not react with hydrogen ions [14,15]. Therefore, the low-pH conditions
(4–5) of endosomes can trigger the in situ release of Fe ions by de-
gradation of ETIN after endocytosis (Scheme 1), while Au remains
unaffected. In this study, Au was selected to synthesize the Fe-ion re-
leasing NPs because Au is non-toxic and non-degradable and can be
used for tracking ETIN after endocytosis. Furthermore, a simple surface
modification of Au may provide more functions to the ETIN, such as
gene delivery and bioimaging, in addition to intracellular Fe-ion de-
livery.

2. Results

2.1. Characterization of ETIN

Transmission electron microscopy (TEM) images of the ETIN
(Fig. 1A) showed spherical nanoparticles with an average size of
3.4 ± 0.4 nm (Fig. 1B). The high-resolution TEM images of a single
ETIN demonstrated that the NP has a single-crystalline nature (Fig. 1A).
All the ETIN X-ray powder diffraction (XRD) peaks were shifted to
slightly higher angles, compared with the XRD peaks for pure Au NPs
(Fm3m, a = 4.078 Å, Joint Committee on Powder Diffraction Standards

[JCPDS] file No. 04–0784) due to the smaller size of the Fe atom
compared with that of the Au atom (Fig. 1C). The UV–Vis spectra of the
ETIN showed the presence of a plasmon resonance peak at 520 nm
(Fig. 1D), revealing a slight red shift, compared with the spectra of pure
Au NPs [16]. We investigated Fe-ion release from ETIN at an acidic
condition (pH 4.5). A red-shifted absorption peak was observed in the
UV–vis spectrum under the acidic condition, whereas no change was
observed for the neutral condition (pH 7.0, Fig. 1D). The UV–vis results
showed that Fe ions were released from the ETIN under endosome-
mimicking conditions. The amount of released Fe ions under acidic
relative to that released under neutral pH conditions (4.5 and 7.0) was
evaluated by energy dispersive spectrometry (EDS) (Fig. 1E). The Au/Fe
atomic ratio under acidic conditions was approximately 3-fold higher
than that under neutral conditions. ETIN distributed in deionized (DI)
water, which served as the standard condition (pH 7–8), showed no
significant difference in the Au/Fe atomic ratio from that under neutral
conditions (Fig. 1E). The EDS profiles clearly showed that the ETIN only
comprised Au and Fe (Figs. 1F and S1). As shown in Fig. 1H, water-
based ETIN were synthesized by simultaneously adding HAuCl4 and
FeCl3 solutions to poly(vinyl pyrrolidone) (PVP) and stirring the mix-
ture at 600 rpm for 15 min at room temperature (RT). We thus syn-
thesized novel ETIN that can release Fe ions in a pH-dependent manner.
TEM and EDS mapping images of ETINs stored for 6 months at 4 °C
showed long-term stability, with uniform size, shape, and composition
(Fig. S1).

2.2. Cytotoxicity test of ETIN

Iron ions released from ETIN induced mild ROS generation in
hMSCs, which can affect the cellular microenvironment (Fig. 2A and B).
Severe ROS generation inside cells is known to upregulate the expres-
sion of apoptotic genes, such as BAX and CASPASE-3 [17]. In this study,
more than 25 μg/mL ETIN significantly increased BAX and CASPASE-3
expression (Fig. 2C and D). To confirm the cytotoxic effect of ETIN on
hMSCs, cell viability was evaluated by CCK-8 analysis. Cell viability
24 h after treatment with ETIN was not significantly different from that

Scheme 1. Schematic of (A) ETIN that can release Fe ions in a pH-dependent manner and (B) the molecular mechanisms underlying the enhanced cell migration and
secretion of angiogenic growth factors induced by intracellular Fe-ion release and mild ROS generation. (C) Intracellular delivery of pH-sensitive ETIN for Fe-ion
delivery to enhance the therapeutic angiogenic effect of hMSCs. Abbreviation: ETIN, endosome-triggered iron-ion-releasing nanoparticles; ROS, reactive oxygen
species; HIF-1α, hypoxia-inducible factor-1 alpha; CXCR4, C-X-C chemokine receptor type 4; CXCL12, C-X-C motif chemokine 12; VEGF, vascular endothelial growth
factor; FGF2, fibroblast growth factor2.
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in the no treatment (NT) group (Fig. 2E). However, when hMSCs were
treated with ETIN concentration of 25 μg/mL or higher, cell viability
decreased significantly while apoptotic activity increased significantly
compared with the respective levels in the NT group. TUNEL staining
revealed that a significant number of cells became apoptotic when
hMSCs were exposed to 25 μg/mL or more of ETIN (Fig. 2F, white ar-
rows). The effect of ETIN on cell morphology was observed through DiI
staining (Fig. 2G). When the concentration of ETIN exceeded 25 μg/mL,
a significant morphological change was induced in the hMSCs, and
round and irregularly shaped cells were found, as indicated using white
arrows in Fig. 2G [18]. The half maximal inhibitory concentration
(IC50) value of ETIN was 41.58 μg/mL (Fig. S2). The optimized con-
centration of ETIN was considered to be less than 15 μg/mL.

2.3. ETIN upregulate the expression of angiogenic genes in hMSCs

We examined the expression of angiogenic growth factor genes via
qRT-PCR. Fig. 3A shows that vascular endothelial growth factor (VEGF)
mRNA expression was significantly increased in hMSCs treated with 5
and 15 μg/mL ETIN (1 h, serum-free medium), compared with that in
the 0 μg/mL treatment group (NT, 1 h, serum-free medium). There was
similar VEGF upregulation at 6 h and 12 h after treatment with 15 μg/
mL of ETIN, compared with that at 1 h after treatment. However, VEGF
gene expression was downregulated at 6 and 12 h in the NT and 5 μg/
mL ETIN treatment groups. Fig. 3B shows that fibroblast growth factor
2 (FGF2) expression was also enhanced in the 5 and 15 μg/mL ETIN-
treated hMSCs compared with that in the NT group (1 h, serum-free
medium). In contrast to VEGF expression, FGF2 expression was

Fig. 1. Characterization of ETIN. (A) TEM images of pH-sensitive bioreducible ETIN (Inset: high-resolution TEM image of ETIN). (B) Size distribution of ETIN. (C)
XRD patterns of NPs. (D) UV–Vis spectra of ETIN under acidic conditions (pH 4.5, 12 h, blue) and neutral conditions (pH 7.0, 12 h, black). Red lines indicate Au NPs
exposed to neutral conditions (pH 7.0, 12 h). (E) Atomic ratio (Au/Fe) of ETIN according to the pH (pH 4.5 and 7.0, 12 h), as quantified by ICP-MS. (n= 3, *P < .05
compared with other groups). (F) EDS profile of ETIN. (G) Schematic of the ETIN synthetic process. Abbreviation: TEM, transmission electron microscopy; XRD, X-ray
powder diffraction; ICP-MS, inductively coupled plasma-mass spectroscopy; EDS, energy dispersive spectrometry. (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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Fig. 2. Cytotoxicity of hMSCs treated with various concentrations of ETIN. (A) Schematic of intracellular, mild ROS generation induced by ETIN. (B) Intracellular
ROS levels changed by ETIN treatment determined by FACS (DCFDA). Relative apoptotic mRNA expression of (C) BAX and (D) CASPASE-3 in hMSCs treated with
various concentrations of ETIN. (E) The viability of hMSCs after being treated with ETIN for 24 h (n = 4, *P < .001 compared with no treatment group (NT)). (F)
TUNEL staining (blue: nucleus; green: apoptotic cell) results from hMSCs treated with ETIN for 24 h. Scale bars indicate 50 μm. (G) DiI staining of hMSCs treated with
ETIN for 24 h (blue: cell nucleus; red: cellular membrane). Scale bars indicate 40 μm. Abbreviation: FACS, fluorescence activated cell sorting; DCFDA, 2′,7′-
dichlorodihydrofluorescein diacetate; TUNEL, terminal deoxynucleotide transferase-mediated deoxyuridine triphosphate nick end labeling; DiI, 1,1′-dioctadecyl-
3,3,3′,3′-tetramethylindocarbocyanine perchlorate. (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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Fig. 3. Enhanced angiogenic growth factor production in hMSCs treated with ETIN. Relative mRNA expression of (A) VEGF and (B) FGF2 in hMSCs treated with ETIN
for various time periods (n = 4, *P < .05 compared with all other groups). (C) Expression of angiogenesis-related genes in hMSCs after ETIN treatment. Relative
mRNA expression of (D) CXCL12 and (E) CXCR4 in hMSCs after treatment with various concentrations of ETIN for 1 h (n = 4, *P < .05 compared with all other
groups). FACS results showing cellular ROS levels in (F) hMSCs without ETIN treatment and (G) hMSCs with 15 μg/mL of ETIN treatment (n = 4). (H) ROS assay
results for hMSCs treated with (15 μg/mL) or without (0 μg/mL) ETIN (ROS; DCFDA, green). Scale bars indicate 50 μm. Duration of angiogenic growth factor and cell
migration related gene expression in hMSCs after treatment with ETIN for 1 h. Duration of (I) VEGF, (J) FGF2, (K) CXCR4, and (L) CXCL12 expression in hMSCs
treated with ETIN for 1 h compared with that in the no treatment (NT) group (n = 4, *p < .05 versus NT group). (M) Optical microscopy images illustrating cell
migration of hMSCs treated with 15 μg/mL of ETIN (ETIN) and without ETIN (NT). (N) Average percentage of cell migration (n = 6, *P < .05 versus NT group). (O)
TEM images of hMSCs (black arrows indicate NPs in endosomes of hMSCs, scale bars indicate 2 μm). (P) Amount of cellular uptake of ETIN for 1 h, as determined by
quantifying the amounts of Au and Fe in the hMSCs using ICP-MS (n = 4). (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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downregulated after 1 h in serum-free medium, regardless of ETIN
concentration and time. Fig. 3C shows that the mRNA expression of the
hypoxia-inducible factor-1 alpha (HIF-1α), a key factor of the angio-
genic signaling pathway in hMSCs, was increased in the 15 μg/mL
ETIN-treated group. VEGF and FGF2 expression were also enhanced
when hMSCs were treated with 15 μg/mL of ETIN under serum-free
culture conditions. The expression of C-X-C motif chemokine 12
(CXCL12) and CXCR4 was the highest in hMSCs treated with 15 μg/mL
of ETIN (1 h) compared with that in untreated hMSCs (Fig. 3D and E).
ETIN induced a low increase in the levels of ROS (Fig. 3F–H), which is
known to upregulate HIF-1α mRNA expression in hMSCs [10]. There-
fore, considering the results from cytotoxicity and angiogenic gene
expression profiling, 15 μg/mL of ETIN was chosen as the optimal
concentration for the following in vitro and in vivo studies.

Prolonged exposure to ETIN for 72 h resulted in the persistently
upregulated expression of VEGF and FGF2 genes compared with the
expression of these genes in the NT group (Fig. 3I and J). Similarly,
CXCR4 expression was also enhanced after treatment until 72 h, with a
significant difference in mRNA levels between 0 and 48 h (Fig. 3K). The
gene expression level of CXCL12 was significantly changed immediately
after treatment (0 h) (Fig. 3L). Based on the expression of CXCR4 and
CXCL12 genes, a cell migration assay was performed to investigate
whether the in vitro stem cell-homing capacity of ETIN-treated hMSCs
can be increased. hMSCs showed a 2-fold increase in cell migration at
24 h and 48 h after treatment with ETIN, compared with the cell mi-
gration in the NT group (Fig. 3M and N); the upregulated expression of
CXCR4 and CXCL12 may be the reason for the enhanced cellular mi-
gration ability of hMSCs. Expression of HIF-1α mRNA, the gene ex-
pression was upregulated for 12 h after ETIN treatment (Fig. S3). The
cellular uptake of ETIN by hMSCs was also examined and TEM imaging
of hMSCs confirmed the intracellular uptake of ETIN (Fig. 3O). The
amount of NPs internalized by hMSCs after treatment was determined
by quantifying the gold and iron in the cells using ICP-MS (Fig. 3P and
Fig. S8). Based on ICP data shown in Fig. 3P, we calculated the en-
capsulation efficacy of ETIN (intracellular Fe concentration/total
amount of Fe) to be 17.5 ± 0.3%. We added 15 μg/mL of Fe-ion so-
lution to hMSCs for 3 h to confirm the effect of Fe-ion delivery to hMSCs
via iron transporter and not endocytosis (Fig. S4). No significant dif-
ferences were found in VEGF and HIF-1α gene expressions levels be-
tween hMSCs treated with the Fe-ion solution and those in the NT
group.

2.4. ETIN prolong the enhanced gene expression in hMSCs

Treatment with 15 μg/mL of ETIN enhanced the cell viability of
hMSCs compared with that of hMSCs without ETIN treatment under
hypoxic culture conditions (2% O2, serum-free medium) for 48 h
(Fig. 4B and C); similar results were described for hMSCs cultured
under hypoxic conditions with VEGF or FGF2 supplementation
[19–22]. In addition, treatment of hMSCs with 15 μg/mL ETIN in-
creased the antiapoptotic effect and enhanced BCL-2 gene expression
and decreased CASPASE-3 gene expression when the hMSCs were ex-
posed to hypoxic conditions for 48 h (Fig. 4D–G). The BAX/BCL-2 ex-
pression ratio indicates the susceptibility of hMSCs to apoptosis [23].
The ETIN treatment group had a lower BAX/BCL-2 ratio compared with
that of the NT group (Fig. 4F), indicating an upregulated resistance to
apoptosis in hMSCs with ETIN treatment. Hypoxic in vitro cell culture
was applied to hMSCs with or without ETIN treatment to mimic the
ischemic wound area with minimal blood flow in a wound-closing
mouse model [24–27]. As shown in Fig. 4H and L, both hMSCs and
human dermal fibroblasts (HDFs) supplemented with conditioned
medium (CM) from hMSCs treated with ETIN (ETIN CM) proliferated
significantly compared with cells supplemented with CM from hMSC
without ETIN (hMSC CM). KI67, a cellular marker for proliferation, was
significantly enhanced in both hMSCs and HDFs with ETIN CM sup-
plementation compared with those with hMSC CM supplementation. In

contrast, the expression of the CASPASE-3 gene, a cellular marker for
cell death, was downregulated upon ETIN CM supplementation in both
hMSCs and HDFs compared with that upon hMSC CM supplementation
(Fig. 4I, J, M, and N). Additionally, upregulated proliferation and
downregulated cell death were also observed through FDA/EB staining
in Fig. 4K and O. In addition, we have also investigated the expression
of other angiogenesis-related proteins in the ETIN treated-hMSCs with
ETIN CM supplementation (Fig. S7). Pro-angiogenic proteins such as
pentraxin 3 [28], endoglin [29], endothelin-1 [30], FGF acidic [31],
FGF basic [31], and urokinase plasminogen activator (uPA) [32] were
more abundant in ETIN CM-supplemented cells than in NT CM; the anti-
angiogenic protein, serpin F1 was downregulated in ETIN CM-supple-
mented cultures [33].

2.5. Enhanced cell viability in the ETIN-hMSC group after in vivo
transplantation

After in vivo transplantation, the viability of hMSCs with ETIN
treatment was significantly improved. Human nuclear antigen (HNA)
staining showed more HNA+ cells in the wounded area in the ETIN-
hMSC group than in the other groups (Fig. 5B). Similar to HNA staining
data, the amount of human GAPDH measured by RT-PCR was found to
be the highest in the ETIN-hMSC group among all groups (Fig. 5C). As
shown in Fig. 5D, human VEGF gene expression in the skin wound area
was higher in the ETIN-hMSC group compared with that in the hMSC
group. Transplantation of hMSCs has been known to downregulate the
expression of pro-inflammatory cytokines, such as TNF-α and IL-12
[34]. The ETIN-hMSC group with enhanced hMSC viability had showed
the lowest inflammation-related gene expression among all groups
(Fig. 5E and F). Compared with the NT group, hMSCs with ETIN
treatment enhanced the mouse Vimentin (fibroblast marker) gene ex-
pression (Fig. 5G) [35,36]. Interestingly, mouse VEGF gene expression
from the entire wound region was significantly increased in the ETIN-
hMSC group compared with that in the NT group (Fig. 5H).

2.6. Enhanced skin wound-healing by ETIN-hMSC transplantation

The wound-healing area at various times points is expressed as a
percentage relative to the original wound size. Seven days after trans-
plantation with or without cells, the wound areas were not significantly
different among the groups (Fig. 6A). However, the ETIN-treated
groups showed a significantly enhanced wound-healing ratio
(96.2 ± 3.0%) compared with those of the other groups 14 days after
treatment (Fig. 6C). The wound size of the hMSC group was not sig-
nificantly different from that of the NT group at day 14 (80.3 ± 5.8
and 72.0 ± 7.5%, respectively). The best wound-healing results based
on the histological structure after H&E and Masson's trichrome staining
for the ETIN-hMSC group compared with those for the other groups at
day 14 are shown in Fig. 6D and E. In the ETIN-hMSC group, muscle
cells migrated to the wounded area from the side and collagen de-
position was improved compared with that in the other groups. How-
ever, the NT and hMSC groups showed incomplete epithelialization in
the wounded area, compared with the ETIN-hMSC group. To investigate
the degree of angiogenesis, blood vessels in the skin wound were im-
munostained with anti-CD31 and anti-SM-α antibodies and mRNA ex-
pression was evaluated by qRT-PCR (Fig. 6F–H). Fig. 6F shows that the
number of CD31+ blood vessels was highest in the ETIN-hMSC group.
Similarly, there were 3.1-fold and 1.8-fold increases in CD31 gene ex-
pression in the ETIN-hMSC group compared with that in the NT group
and hMSC group, respectively (Fig. 6G). However, the number of SM-
α+ vessels and SM-α gene expression were not significantly different
among the groups. Fig. 6I and J indicate that the ETIN-hMSC group
showed significantly enhanced regeneration in the epidermis layer and
basal layer, compared with the other groups.
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3. Discussion

MSC therapy has been known as a potential method for tissue re-
generation. However, because of the harsh microenvironment in the
wound area, transplanted MSCs exhibit a low survival rate and poor
sequential angiogenesis and tissue repair. Therefore, enhancing the
survival rate and cytokine expression of MSCs for angiogenesis can be a
solution to overcome this limitation. In this study, hMSCs were treated
with ETIN, which enhanced hMSCs viability even under hypoxic cell
culture conditions and improved the expression of angiogenic paracrine
factors. In vivo tests additionally demonstrated that hMSCs treated with
ETIN downregulated the gene expression of initial inflammation mar-
kers and upregulated the migration of fibroblasts to the wound site. To
the best of our knowledge, this is the first study to report the ther-
apeutic effects of ETIN applied to hMSCs as a therapeutic material re-
lated with early stage inflammation, migration of host derived cells,
and enhancement of therapeutic angiogenesis. Fig. 2A shows that pH-
sensitive ETIN delivered Fe ions in an intracellular manner without
causing severe cytotoxicity. We controlled the amount of Fe ions re-
leased to induce mild intracellular ROS in hMSCs by quantitative con-
trol of ETIN (Fig. 3F–H). Upregulated HIF-1α expression induced by
mild intracellular ROS generation enhanced the secretion of angiogenic
factors from and the migration capacity of hMSCs by upregulating VEGF
[37], FGF2 [38], CXCR4 [39,40], and CXCL12 [39,40] mRNA expres-
sion. Therefore, through the upregulation of specific genes, we con-
clude that hMSCs can undergo hypoxic preconditioning and, thus, have
an enhanced cell viability after transplantation to ischemic regions
[41,42].

In this study, ETIN were applied to hMSCs as a therapeutic material.
To the best of our knowledge, few studies have analyzed gold-iron
nanoparticles [43,44]. Previous studies manipulated NPs in an organic
solvent such as octyl ether, or used high temperature with a toxic or-
ganic solvent to fabricate similar nanoparticles, which makes it difficult
for NPs to be applied in biomedical research. In addition, conventional
Fe-based nanoparticles, which represent inorganic nanoparticles (INPs),
are normally used as a bioimaging tool [45] and not as a therapeutic
material; for example, Fe3O4/carbon nanoparticles were recently re-
ported to be used in magnetic resonance imaging [46]. Herein, we
synthesized ecologically-friendly and low-toxicity ETIN for use as a
therapeutic substance and observed the improvement in the wound-
healing effect of ETIN-laden hMSCs. For making ETIN, we used an
environmentally friendly method using a low temperature and water-
based approach at atmospheric pressure (Fig. 1H).

A previous report has shown that a higher cell density can induce a
decrease in CXCR4 expression [47]. Therefore, despite the enhanced
CXCR4 expression in the ETIN-hMSC group, the higher cell density at
48 and 72 h may have down-regulated CXCR4 expression compared
with that at earlier time points. Another report has shown that the
accumulation of FGF2 can inhibit the CXCL12 expression through
FGFR1 IIIc expression [48]. An increase in HIF-1α gene expression in

hMSCs after ETIN treatment was apparent until 12 h compared with
that in the hMSC (Fig. S3) and then decreased by 24 h after ETIN
treatment; however, there was no significant difference in HIF-1α gene
expression between hMSCs with or without ETIN treatment.

Continuously upregulated VEGF and FGF2 expression up to 72 h
after ETIN treatment may enhance blood vessel development in the
wound area [24,49]. Furthermore, VEGF and FGF2 were reported to
show antiapoptotic effects and, thus enhance cell survival [24,25]. We
cultured hMSCs under hypoxic conditions to mimic the physiological
conditions of the wounded area where blood vessels are rare before in
vivo tests [26,27]. As shown in Fig. 4, The expression of the anti-
apoptotic gene, BCL-2, was enhanced by upregulated VEGF and FGF2
gene expression [19,50]. BCL-2 gene expression inhibits the expression
of the pro-apoptotic gene, BAX, which sequentially upregulates CAS-
PASE-3 expression and eventually induces apoptosis in hMSCs [51].
Treatment of hMSCs with ETIN upregulated HIF-1α expression and
enabled hMSC hypoxic preconditioning, which may be beneficial for
cell therapy [52,53]. hMSCs and HDFs play critical roles in the in-
flammatory and re-epithelialization phases of wound-healing [54,55]
and showed significantly enhanced proliferation and cell viability after
supplementation with ETIN CM (Fig. 4H–O). Based on Figs. 3 and 5 and
S8, we concluded that enhanced VEGF, FGF2, pentraxin 3 [28], en-
doglin [29], endothelin-1 [30], FGF acidic [31], FGF basic [31], and
uPA [32] secreted from ETIN-hMSCs could have improved the wound-
healing process compared with conventional treatment; additionally,
the anti-angiogenic protein, serpin F1 was downregulated [33]. Similar
to the in vitro test, as shown in Fig. 4A–G, the enhanced hMSC survival
rate in the ETIN-hMSC group could have increased the therapeutic ef-
fect of ETIN (Figs. 5 and 6). In Fig. 5E and F, pro-inflammatory cyto-
kines such as TNF-α and IL-12 were significantly decreased in the ETIN-
MSC group compared with those in the other groups, thus reducing
severe inflammation and enhancing wound-healing efficacy [34]. Fi-
broblasts also play vital roles during the wound-healing process
[56,57]. In our research, enhanced HDF proliferation and upregulated
Vimentin gene expression were observed (Figs. 4L–O and 5). Vimentin
expression may be particularly important as it promotes the prolifera-
tion of fibroblasts and collagen accumulation [35,36]. Therefore, the
wound-healing process may have been accelerated via decreased in-
flammation and increased fibroblast activity (Fig. 5).

We also investigated how in vivo angiogenesis and wound closure
were affected by upregulated angiogenic growth factors in the ETIN-
treated group. We demonstrated that the ETIN-hMSC group sig-
nificantly increased the number of CD31+ microvessels in the skin
wound region (Fig. 6H). The enhancement in the in vivo angiogenesis in
the ETIN-hMSC group may have been caused by the improvement of
cell viability and increase in angiogenic paracrine factor expression,
compared with those in the other groups. In addition, upregulated
CXCR4 and CXCL12 expression may enhance cell migration to the
wound sites, increasing the wound-healing rate [10,58,59]. CXCR4 and
CXCL12 expression improved the localization of hMSCs to the wound

Fig. 4. Cell viability of hMSCs with ETIN treatment (15 μg/mL) induced by upregulated VEGF and FGF2 secretion under hypoxic conditions (2% O2 and serum-free
medium for 48 h). (A) Schematic of the antiapoptotic mechanism. (B) The viability of hMSCs under hypoxic conditions without or with ETIN treatment (n = 8,
*P < .001 versus ETIN group). (C) Fluorescein diacetate and ethidium bromide (FDA/EB) assay to observe cell viability with or without ETIN treatment under
hypoxic conditions. Green colour indicates live cells and red colour indicates dead cells (white arrows). Red boxed regions are magnified (bottom). Relative mRNA
expression of (D) BAX, (E) BCL-2, (F) BAX/BCL-2 ratio, and (G) CASPASE-3 in hMSCs treated without or with ETIN under hypoxic conditions, as determined by qRT-
PCR (n = 4, *P < .05 versus NT group). (H) Relative viability of hMSCs supplemented with conditioned medium extracted from hMSCs with ETIN treatment (ETIN
CM) compared with that of hMSCs supplemented with conditioned medium extracted from hMSCs without ETIN treatment (hMSC CM) under hypoxic conditions
(n= 6, *P < .05 versus hMSC CM group). Relative mRNA expression of (I) KI67 and (J) CASPASE-3 from hMSCs treated with ETIN CM compared with that of hMSCs
treated with hMSC CM under hypoxic conditions for 3 days (n = 4, *P < .05 versus hMSC CM group). (K) FDA/EB assay to measure the viability of hMSCs treated
with hMSC CM or ETIN CM under hypoxic conditions for 3 days. Green colour indicates live cells and red colour indicates dead cells (white arrows). (L) Relative
viability of human dermal fibroblasts (HDFs) supplemented with ETIN CM compared with that of HDFs supplemetned with hMSC CM under hypoxic conditions
(n = 6, *P < .05 versus hMSC CM group). Relative mRNA expression of (M) KI67 and (N) CASPASE-3 from HDFs treated with hMSC CM or ETIN CM under hypoxic
conditions for 3 days (n = 4, *P < .05 versus hMSC CM group). (O) FDA/EB assay for the viability of HDFs supplemented with hMSC CM or ETIN CM under hypoxic
conditions for 3 days. Live cells are stained green and dead cells (white arrows) are stained red. Abbreviation: FDA/EB, fluorescein diacetate/ethidium bromide. (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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Fig. 5. Enhanced expression of hMSC viability and wound-healing related genes in the ETIN-treated group three days after transplantation. (A) Schematic diagram of
the mouse skin wound model. (B) Co-staining with DAPI (blue: nucleus) and human nuclear antigen (HNA, red: human cell) at the skin wound site. (C) Expression of
human GAPDH and mouse and human β-actin to compare the numbers of hMSCs remaining in the wounded area. Relative gene expression for (D) human VEGF, (E)
mouse TNF-α, and (F) mouse IL-12, (G) mouse Vimentin, (H) mouse VEGF from wound regions at 3 days after treatment (N/D: not detected (Fig. 5D), n = 3,
*P < .05 compared to all other groups, #P < .05 compared to no treatment (NT) group). Abbreviation: HNA, human nucleus antigen; IL-12, interleukin-12. (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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sites for tissue restoration and neovascularization [60–64]. Further-
more, upregulated wound-healing was accompanied by an improve-
ment in re-epithelization in the ETIN-hMSC groups with enhanced in-
volucrin and laminin expression (Fig. 6I and J). Involucrin is a protein
expressed in keratinocytes in the epidermis, and laminin is a component
of the basal lamina layer. Based on upregulated involucrin and laminin
expression, we conclude that ETIN-hMSCs could significantly enhance

the regeneration of the epidermis and the basal layer in wound areas
compared with conventional hMSC transplantation.

4. Conclusion

In this work, we demonstrate for the first time that INPs can be
applied to hMSCs as a therapeutic material related with early stage

Fig. 6. Improved wound closing induced by ETIN-treated hMSCs in mouse skin wound model. (A) Representative photographs of full-thickness skin wounds on day 0,
7, and 14 after attaching Tegaderm over the wound site without treatment (NT group), with hMSC injection (hMSC group, 106 cells/200 μL of phosphate buffered
saline [PBS]), and treatment with ETIN-laden hMSCs (ETIN-hMSC group, 15 μg/mL, 106 cells/200 μL of PBS). Wound closure rates on day 7 (B) and 14 (C).
(*P < .001 versus ETIN-hMSC group, as analyzed by two-way repeated measures ANOVA followed by Bonferroni t-test). (D) Representative images of hematoxylin
and eosin (H&E)-stained sections (wound-healing regions on day 14 after treatments). Scale bars indicate 800 μm. (E) Representative images of Masson's trichrome-
stained sections (wound-healing regions on days 14 after wounding and treatments). Black arrows indicate initial wound area. Scale bars indicate 800 μm. (F)
Immunostaining of CD31 (green) or smooth muscle alpha actin (SM-α, green) in wound-healing regions on day 14 after wounding and treatments. Blue indicates
DAPI. Scale bars indicate 40 μm. (G, H) Analysis of gene expression by qRT-PCR of representative vascular marker (CD31 and SM-α) from wound sites on day 14 after
wounding and treatments (n= 4, *P < .05 versus ETIN-hMSC group). Representative images of immunostaining of (I) involucrin and (J) at the wound bed on day 14
after wounding and treatments. Blue indicates DAPI. Scale bars indicate 100 μm. Abbreviation: SM-α, smooth muscle alpha actin. (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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inflammation, the migration of host-derived cells, and the enhancement
of therapeutic angiogenesis by intracellular ROS control. Additionally,
the Au in ETIN that was used as an indicator of INP delivery can be
applied for non-invasive bioimaging [65], which can be adopted in
further studies. The ecologically-friendly synthesis of ETIN and the
upregulated therapeutic efficacy induced by the intracellular ROS
control in stem cells may lead to a wide range of new applications in
tissue regeneration using INPs.

5. Materials and methods

5.1. Synthesis of ETIN

ETIN was synthesized based on co-reduction method. Poly(vinyl
pyrrolidone) (PVP, Sigma-Aldrich, St. Louis, MO, USA) was fully dis-
solved in DI-water at RT. Sodium borohydride (NaBH4, Sigma-Aldrich)
solution was infused in PVP solution. With constant stirring of PVP
added NaBH4 solution, dropwise (slowly) Gold (III) chloride hydrate
(HAuCl4∙xH2O, Sigma) solution and iron (III) chloride (FeCl3, Sigma)
solution were injected into the solution.

5.2. Fe-ion release from the ETIN under acidic conditions

The amount of Fe ions released from the ETIN at different pH
conditions was determined using UV–Vis spectroscopy (Cary 60 UV–vis,
Agilent Technologies, Santa Clara, USA) and EDS (JEM-2100F, JEOL).
A pH of 4.5 was considered as the microenvironment of the endosome,
and pH 7 was considered as a neutral condition of the cell culture
medium. HCl was added to PBS (Gibco BRL, Gaithersburg, MD, USA)
solution to adjust the pH to the two different values (4.5 and 7.0). The
ETIN were then dispersed in PBS with different pH values of 4.5 and 7.0
at RT. After 12 h, each sample was centrifuged to separate the NPs from
PBS. The NPs were analyzed with EDS to confirm the Au/Fe ratio.

5.3. Reactive oxygen species (ROS) assay

ROS was measured using the fluorescent indicator DCFDA (D339
Invitrogen, Carlsbad, USA). After ETIN treatment, the cells were in-
cubated with 10 μM DCFDA in PBS solution for 20 min at 37 °C. After
staining, the samples were washed twice with PBS or FACS buffer so-
lution and examined by fluorescence microscopy (IX71, Olympus) and
FACS using a flow cytometer (MACSQuant® VYB, Miltenyi Biotec,
Bergisch-Gladbach, Germany).

5.4. Migration assay

hMSCs were grown to confluence in 6-well plates. Next, the cells
were incubated with or without ETIN for 1 h. A straight scratch was
made on the hMSCs using a P200 pipette tip. The cells were then wa-
shed with PBS three times, and further cultured in DMEM. After in-
cubation for 0, 24, and 48 h, the width of the re-populating scratch gap
was measured and recorded and then compared with the initial gap size
at 0 h [66]. The Photoshop CC program (Adobe Systems, San Jose, CA,
USA) was used to determine the size of the gap at each time point from
digital images [67].

5.5. Analysis of the ETIN CM components

To identify proteins from the CM, 1 mL of the basal medium, 1 mL of
the NT CM and ETIN CM were each loaded onto cytokine and angio-
genesis array membrane (R&D systems, Inc., Minneapolis, Minnesota,
USA). After blocking the array membrane with blocking buffer for 1 h
and membrane washing, the each of CM and array detection antibody
cocktail was mixed and added to the blocked membrane followed by
overnight shaking incubation at 4 °C. After washing, streptavidin-HRP
buffer was added to the membrane, and incubation was performed for

30 min. Following another washing, Chemi Reagent Mixture was added
to the membrane for reaction at room temperature and measured using
LAS-3000 system (Fujifilm, Tokyo, Japan).
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