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Abstract

Objective—To evaluate the feasibility of visualizing bone marrow-derived human mesenchymal
stem cells (MSCs) labeled with a gold-coated magnetic resonance (MR)-active multifunctional
nanoparticle and injected via the carotid artery for assessing the extent of MSC homing in glioma-
bearing mice.

Materials and Methods—Nanoparticles containing superparamagnetic iron oxide coated with
gold (SPIO@Au) with a diameter of ~82 nm and maximum absorbance in the near infrared region
were synthesized. Bone marrow-derived MSCs conjugated with green fluorescent protein (GFP)
were successfully labeled with SPIO@Au at 4 ug/mL and injected via the internal carotid artery in
6 mice bearing orthotopic U87 tumors. Unlabeled MSCs were used as a control. The ability of
SPIO@Au-loaded MSCs to be imaged using MR and photoacoustic (PA) imagingatt=0h, 2 h,
24 h, and 72 h was assessed using a 7-T Bruker Biospec experimental MR scanner and a \evo
LAZR PA imaging system with a 5-ns laser as the excitation source. Histological analysis of the
brain tissue was performed 72 h after MSC injection using GFP fluorescence, Prussian blue
staining, and hematoxylin-and-eosin staining.

Results—MSCs labeled with SPIO@Au at 4 pg/mL did not exhibit cell death or any adverse
effects on differentiation or migration. The PA signal in tumors injected with SPIO@Au-loaded
MSCs was clearly more enhanced post-injection, as compared with the tumors injected with
unlabeled MSCs at t = 72 h. Using the same mice, T2-weighted MR imaging results taken before
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injection and at t = 2 h, 24 h, and 72 h were consistent with the PA imaging results, showing
significant hypointensity of the tumor in the presence of SPIO@Au-loaded MSCs. Histological
analysis also showed co-localization of GFP fluorescence and iron, thereby confirming that
SPIO@Au-labeled MSCs continue to carry their nanoparticle payloads even at 72 h after injection.

Conclusions—Our results demonstrated the feasibility of tracking carotid artery-injected
SPIO@Au-labeled MSCs in vivo via MR and PA imaging.
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Introduction

Mesenchymal stem cell (MSC)-mediated therapies have been revolutionizing oncology since
their discovery. They have been especially transformative as novel therapies for physically
sequestered, difficult-to-reach cancers, most notably the stage 4 astrocytoma glioblastoma
multiforme (GBM). To date, bioengineered MSCs have been used in a variety of successful
applications against GBM, for instance, to deliver chemotherapeutic drugs, antitumor
proteins such as interferon-g, and suicide genes that cause bystander killing [1-7]. By
following chemoattractant signals such as transforming growth factor B, platelet-derived
growth factor subunit B, and vascular endothelial growth factor, MSCs can migrate into
brain tumors and circumscribe both the developing tumor mass and the diffuse glioma stem
cells of the glioma “border zone” [8-12]. The discovery that MSCs can home to brain tumors
makes them of invaluable importance for targeting and treating GBMs, whether it is for the
delivery of payloads or for the enhancement of contrast imaging.

Although intravenous (1V) injection of MSCs for the treatment of cerebral pathologies has
been well studied alongside many other routes of administration, including intraventricular,
intralesional, and intrathecal injection, only a few studies have tested the viability of using
intra-arterial injection for MSC-mediated treatment of brain lesions [13-18]. There are many
advantages to administering MSCs intra-arterially, most notably that intra-carotid artery
injection provides a direct path for the migration of MSCs into the brain [19-21]. In contrast,
IV injection requires MSCs to navigate peripherally—through the heart and lungs—before
reaching the arterial circulation and entering the brain. This complicated route allows for
many unwanted side effects, including an increase in the risk of MSC accumulation in the
lungs, which can lead to iatrogenic atelectasis and an increased risk of pulmonary embolism
[20, 22]. MSCs injected into the carotid artery are less likely than IV-injected MSCs to
become entrapped in the lungs because their path to the brain is concurrent with the
direction of blood flow. For these reasons, intra-carotid artery administration is more
effective at targeting MSCs to the brain and has fewer systemic side-effects than IV
administration [19-21].

One of the most promising applications of MSC-mediated therapy in the treatment of GBM
is the delivery of contrast agents to the region of the brain tumor. Upon arrival of contrast
agent-labeled MSCs at the region of brain injury, contrast imaging can be performed,
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essentially creating a map of the localization of MSCs in the neoplastic or ischemic lesion.
This application allows for precise visualization of the MSCs in the brain lesion, which is
important for clinical evaluations of MSC-based therapy. One imaging technique that is
currently being studied for use with contrast-labeled MSCs is magnetic resonance imaging
(MRI). MSCs labeled with superparamagnetic iron oxide (SPI1O) nanoparticles or
gadolinium diethylenetriamine pentaacetic acid can transmit MR-detectable signals through
the skull [23-26]. Notably, SP10-loaded MSCs have demonstrated quantitatively measurable
MR sensitivity as they migrate to and circumscribe the developing GBM [3, 26-29].

Although MRI has been previously studied for the mapping of GBM, there is little
information in the literature regarding the use of photoacoustic (PA) imaging with contrast-
labeled MSCs for mapping brain tumors. PA imaging is a higher-resolution alternative to
MRI that uses light pulses (or “chirps™) to excite molecular contrast agents, which generate
ultrasonic waves detectable by a transducer, creating a 3-dimensional image of the region of
interest [30-33]. Despite the advantages of MRI for basic monitoring of MSC-mediated
therapy, its low resolution, high cost, and immobile setup diminish its viability for dynamic
intra-operative use. In contrast, PA imaging uses a high-resolution, low-cost, portable device
that can be used multiple times intra-operatively for real-time 3-dimensional monitoring of
gold nanoparticle-labeled MSCs [30-33]. Additionally, encapsulation of SPIO with gold
creates a nanoparticle (SPIO@Au) capable of detection by both PA and MR imaging [30,
34-35]. The core-shell structure of this nanoparticle gives it its dual-modality activity: the
SPIQ in the core renders the nanoparticle MR-active, while the gold shell makes it
detectable by PA imaging. In this study, we labeled MSCs with an optimal concentration of
a multifunctional SPIO@Au nanoparticle to test whether this method is feasible for use in
real-time monitoring of MSC-mediated therapy delivered via carotid artery injection.

Materials and Methods

Materials

Tetrakis(hydromethyl)phosphonium chloride (THPC), chloroauric acid (HAuCly), ethanol,
ammonium hydroxide, tetraethyl-orthosilicate (TEOS), 3-aminopropyltrimethyloxysilane
(APTMS), potassium carbonate (KoCOg), polyvinylpyrrolidone (PVP), and O-[2-(3-
mercaptopropionylamino)ethyl]-O”-methylpolyethylene glycol (amino-functionalized
methyl-PEG) were purchased from Sigma Aldrich (St. Louis, MO). Formaldehyde was
purchased from EM Science (White House Station, NJ). Water-based SP1O nanoparticles
(EMG 304) were purchased from Ferrotec USA (Nashua, NH).

Synthesis of SPIO@Au Nanoparticles

The SPIO@Au nanoparticles were synthesized using the method described by Ji et al. [34].
SPIO nanoparticles of about 10 nm in diameter were coated with silica using the gel-sol
method and then seeded with gold to create a center of nucleation for future auric coating.
Next, a potassium chloroaurate solution (K-Au) was prepared by mixing 2 mL of 1% (wt)
H4AuCl, with 100 mL water containing 0.025 g potassium carbonate. Potassium
chloroaurate was then introduced to the silicated nanoparticles at a relative concentration of
10:1 (K-Au: THPC-SPIO@Au) with formaldehyde as the catalyst to promote the synthesis
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of a complete gold monolayer over the nanoparticle. PVP was added for stabilization, and
the stabilized nanoparticles were centrifuged at 6000 rpm for 10 min to obtain a pellet. The
supernatant was then removed, and the pellet was resuspended for further stabilization in a
1-mL solution containing 2 mg/mL of amino-functionalized methyl-PEG (SPIO@AuU-PEG).
The SPIO@AU-PEG solution was rotated at room temperature overnight to facilitate full
synthesis of the end product, SPIO@Au nanoparticles. The next day, the SPIO@Au
nanoparticles were washed 3 times via centrifugation at 8000 rpm for 10 min, then
resuspended in deionized water. The purified nanoparticles were resuspended in a final
solution of 2 mL deionized water and stored at 4°C.

Characterization of SPIO@Au Nanoparticles

The average diameter of the synthesized SPIO@Au nanoparticles was measured using a
transmission electron microscope (TEM) (JEOL 2010, JEOL Ltd., Tokyo, Japan) at an
accelerating voltage of 80 kV. For sample analysis, a drop of the sample solution containing
the SPIO@Au nanoparticles was placed on a 400-mesh copper grid and left to dry. The
particle size in solution was determined using dynamic light scattering at a scatter angle of
90° on a ZetaPLUS particle size analyzer (Brookhaven Instruments Corp., Holtsville, NY).

The absorption of the SPIO@Au nanoparticles was determined using an ultraviolet (UV)-
visible absorption spectrophotometer (Cary60 UV-Vis, Agilent Technologies, Santa Clara,
CA), with a 1.0-cm-optical-path-length quartz cuvette.

Preparation and Labeling of Human MSCs

Male human MSCs were obtained from Lonza (Walkersville, MD). The cells were expanded
in alpha minimum essential medium (a-MEM) containing 10% fetal bovine serum (FBS)
(Sigma Aldrich), 1% 2 mM L-glutamine (Invitrogen, Carlsbad, CA), and 1% penicillin-
streptomycin (Lonza) in an incubator at 37°C in an atmosphere of 5% CO5. The cells were
used at passages 5 to 7.

The MSCs were transduced with green fluorescent protein (GFP) using a replication-
incompetent Ad5/F35-CMV-GFP vector (Vector Development Laboratory, Baylor College
of Medicine, Houston, TX) [21, 36]. Monolayers were treated at a multiplicity of infection
of 50 in 3 mL serum-free MSC-medium and shaken every 10 min at 37°C. After 1 h, MSC-
medium containing 10% FBS was added.

To label the GFP-positive MSCs with nanoparticles, 0.5 x 108 cells were cultured without
serum for 1 h and then incubated with different concentrations of SPIO@Au (1-10 pg/mL)
with or without 0.1% of the transfecting agent lipofectamine (Invitrogen) for 4 h. Cells were
stained with Prussian blue and examined using bright-field microscopy to qualitatively
confirm cellular uptake of the nanoparticles.

In Vitro Cell Viability Assay

At the optimal concentration of labeling, the viability of cells over time was also
investigated (t = 4, 24, and 72 h after labeling). The viability of labeled cells was determined
by seeding 2.5 x 103 cells in 100 pL of alpha minimum essential medium (a-MEM)
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containing 10% fetal bovine serum (FBS) (Sigma Aldrich), 1% 2 mM L-glutamine
(Invitrogen, Carlsbad, CA), and 1% penicillin-streptomycin (Lonza) per well in a 96-well
microtiter plate overnight in an incubator at 37°C in an atmosphere of 5% CO5,. The medium
was aspirated on the next day, and then 100 uL of 1:10 concentration Cell Titer 96 AQcous
One Solution cell proliferation assay reagent (Promega, Madison, WI) in a-MEM without
phenol red was added to each well. Cells were incubated for 1 h at 37°C in 5% CO,, and
then UV absorbance readings were taken using a VersaMax tunable microplate reader
(Molecular Devices, Sunnyvale, CA) to compare cell viability in nanoparticle-labeled and
unlabeled MSCs.

In Vitro Migration Assay

The migration potential of labeled MSCs was determined as previously described [37].
Briefly, 1 x 10% U87 GBM cells were cultured in 10 mL of serum-free medium for 48 h. The
resulting conditioned medium was collected, centrifuged, filtered, and placed in the lower
well of 24-mm Transwell tissue culture plates (Corning Inc., Corning, NYY; 8-um pore). The
upper well of the Transwell plates was coated with Matrigel (BD Biosciences, San Jose, CA;
0.7 mg/mL in MEM-nonessential amino acid) and plated with either SPIO@AuNP-labeled
or unlabeled MSCs (1 x 10°) in 1 mL of serum-free medium. After 48 h of incubation, the
migration of the MSCs through the Matrigel was determined by fixing the membrane,
staining the cells using a Hemaa3 staining kit (Fisher Diagnostics, Middletown, VVA), directly
counting the number of migrated cells in 10 high-power fields (x400), and calculating the
average number of cells that had migrated.

Differentiation of MSCs After Transfection

Pluripotency was tested in vitro to confirm the ability of labeled MSCs to undergo the 3
different fates of stem cell differentiation. Labeled and unlabeled MSCs were seeded at 1 x
104, 5 x 103, and 1.6 x 107 cells/cm? to test their ability to undergo adipogenesis,
chondrogenesis, and osteogenesis, respectively, using a STEMPRO adipocyte/chondrocyte/
osteocyte differentiation kit (Gibco, Grand Island, NY). Cells were allowed to attach for 2 h
in complete Dulbecco's modified Eagle medium, which was then replaced with prewarmed
differentiation medium. The cells were then cultured at 37°C in an atmosphere of 5% CO,
with the differentiation medium refreshed every 3 days. Cell culture was stopped after 14
days to determine adipogenicity and chondrogenicity and at 21 days for determination of
osteogenicity.

All cell monolayers were washed with phosphate-buffered saline (PBS) and fixed with 4%
formaldehyde for 30 min. Cells being tested for adipogenesis were then rinsed with PBS and
60% isopropanol, stained with Oil Red O (which selectively stains lipid vesicles) for 15 min,
rinsed again with 60% isopropanol, and finally rinsed in deionized water. Cells being tested
for chondrogenesis were rinsed with PBS, stained with 1% Alcian blue (which selectively
stains mucopolysaccharides and glycosaminoglycans) for 30 min, rinsed with 0.1 N HCI,
and finally rinsed with deionized water. Cells being tested for osteogenesis were rinsed with
deionized water, stained with 2% Alizarin red (which selectively stains basic calcium
phosphate crystals) for 3 min, and rinsed again with deionized water. Staining patterns in
MSCs with and without SPIO@Au labeling were compared.
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Cerebral Inoculation of U87 Glioblastoma in Nude Mice (nu/nu)

All animal studies were approved by the Animal Care and Use Committee and conducted in
accordance with the institutional guidelines of The University of Texas MD Anderson
Cancer Center. All studies used male athymic nude mice (NU/NU). U87 cells, the most
common and well-established glioma-forming cell line, were purchased from ATCC
(Manassas, VA) and authenticated using short tandem analysis DNA fingerprinting by the
Characterized Cell Line Core Facility at MD Anderson in 2012. U87 cells were cultured at
37°C in 5% CO, in a-MEM with 10% FBS and 1% penicillin/streptomycin.

For injection into the mice, monolayers of U87 cells were trypsinized, washed, and
resuspended in PBS at a concentration of 1 x 10° cells/uL. The mice were anesthetized with
ketamine/xylazine during the procedure. Inoculation of tumor cells in the brain was
performed via the guide-screw method described by Lal et al. [38]. Briefly, a drill hole was
made at a point 2.5 mm lateral and 1 mm anterior to the bregma. This point was chosen
because it is located directly above the caudate nucleus, which has been shown to be a
highly reliable intracranial site for tumor engraftment [39,40]. Five microliters of U87 cells
at a concentration of 5 x 10° cells were injected via a multiport microinfusion syringe pump
(Harvard Apparatus, Holliston, MA) to promote uniformity of xenograft growth. GBMs
were allowed a growth period of 1 week.

Injection of SPIO@Au-labeled MSCs

MRI

Labeled and unlabeled control MSCs were trypsinized, washed, and resuspended in
complete a-MEM at a concentration of 1 x 10% cells/uL and placed on ice until ready for
injection. Mice with right cerebral hemisphere U87 tumors were anesthetized with
isoflurane and prepared for surgery. The method used for internal carotid artery injection
was that described by Fidler et al. [41] with modifications. Using a dissecting microscope,
the right common carotid artery was identified and bifurcated to isolate the right internal and
external carotid arteries. The proximal portion of the common carotid artery and the right
external carotid artery were manually tied to ensure unidirectional flow of MSCs during
injection. A 30-gauge needle was used to inject 1 x 108 cells into the distal portion of the
common carotid artery. The internal carotid artery was then loosely tied above the injection
site to prevent back-flow of cells, while the common carotid and right external carotid
arteries were untied to allow for blood and MSC flow to the brain. Intratumoral injections
were also performed under the same parameters in a second cohort of identical mice using
the guide-screw method described by Lal et al. [38] for visualization of co-localizing iron
and GFP signals in the brain to confirm that SPIO@Au-labeled MSCs continue to carry their
nanoparticle payloads even at 72 h after injection. A small incision was made on the scalp to
expose the guide screw, and 1 x 106 cells were injected using a multiport microinfusion
syringe pump (Harvard Apparatus) to promote uniformity.

Prior to imaging, mice were anesthetized with 2% isoflurane gas in oxygen. Four nude mice
with U87 glioma tumors were injected with SPIO@Au-loaded MSCs via the internal carotid
artery, while 2 mice were injected with control MSCs. Precontrast T2-weighted images were
obtained at t = 0 h, and postinjection images were taken att =2 h, 24 h, and 72 h using a 7-T
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BioSpec experimental MRI scanner (Bruker, Bellerica, MA) equipped with 6-cm inner-
diameter gradients and a 3.5-cm inner-diameter linear volume resonator. MRI was
performed at the Small Animal Imaging Facility of MD Anderson Cancer Center. Axial
images of the brain were acquired using a multislice RARE sequence with T2 weighting
(repetition time/echo time, 3000 ms/57 ms; number of echoes, 12; signal average, 6;
bandwidth, 101 kHz; MTX, 256 x 192; field of view, 4 cm x 3 cm; slice thickness, 0.75
mm).

Prior to PA imaging, mice were anesthetized with 2% isoflurane gas in oxygen. Four nude
mice with orthotopic U87 glioma tumors were injected with SPIO@Au-labeled MSCs via
the internal carotid artery, while 2 mice were injected with unlabeled control MSCs. At 72 h
after MSC injection, background images of the GBM in the brain were acquired with B-
mode ultrasonography using a 21-MHz transducer. PA images of the MSCs were taken using
a Vevo LAZR ultrasonic photoacoustic imaging system (FUJIFILM VisualSonics, Inc.,
Toronto, Canada) after excitation with a near-infrared laser with a wavelength of 810 nm.
The reported PA signal values were obtained by averaging all PA intensity values above the
system-noise threshold within a defined region of interest.

Mice were anesthetized with isoflurane and euthanized via intracardiac perfusion of the left
ventricle with PBS and 4% paraformaldehyde 72 h following intratumoral injection of
SPIO@Au-labeled and unlabeled MSCs. The mouse brains were extracted, fixed in 10%
formalin, embedded in paraffin, sectioned into 5-um slices, and placed onto slides. The
slides were treated with hematoxylin and eosin and Prussian blue for visualization of the
cellular contours and SPIO@Au nanoparticles, respectively. Unstained slides were used for
visualization of GFP fluorescence.

Synthesis and Characterization of SPIO@Au Nanoparticles

The synthesized SPIO@Au nanoparticles were characterized by a core region composed of a
SP10O-silica composite surrounded by a gold outer shell. TEM images showed SP10
nanoparticles averaging 10 nm in diameter dispersed within a spherical silica matrix
(Figures 1A and 1C). The outside of the SP10-silica composite was coated with gold
nanoparticles averaging 7 nm in diameter in a noncontinuous shell. Dynamic light scattering
analysis showed the average diameter of the SPIO@Au nanoparticles to be around 82 nm,
with a hydrodynamic volume of between 75 and 110 nm (Figure 1B). Qualitative support for
these findings was provided by TEM images (Figure 1C). Analysis of the UV-visible spectra
demonstrated that SPIO@Au displayed strong plasmon absorption at 810 nm, corresponding
to the near-infrared (NIR) region (Figure 1D). The strong absorption of light in this region
allows SPIO@Au nanoparticles to be activated by NIR radiation and detected by PA
imaging (Figure 1E).
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Viability, Migration, and Differentiation of SPIO@Au-labeled MSCs

Bright-field images of MSCs stained with Prussian blue iron stain confirmed that SPIO@Au
nanoparticles were successfully loaded into MSCs (Figures 2A-2E). Increasing the amount
of SPIO@Au (from 0 to 10 pug/mL) led to a corresponding increase in the amount of
nanoparticles loaded into the MSCs. Use of 0.1% lipofectamine transfecting agent (TA)
further visibly increased the amount of SPIO@Au uptake (Figure 2E). Additionally, cell
viability was not compromised by increasing the amount of SPIO@Au or by adding
lipofectamine during incubation (Figure 2F). We also investigated the viability of MSCs
labeled with 4 ug/mL SPIO@Au over time and found that the doubling rate at which labeled
cells grew was significantly lower than that of unlabeled cells, although labeled cells
remained viable. Treatment with lipofectamine decreased cell proliferation further (Figure
2G). Although lipofectamine improved the transfection of SPIO@Au, we did not use
lipofectamine-treated MSCs in subsequent experiments because it decreased the viability of
transfected cells over time. We found no significant differences in the migration ability of
labeled and unlabeled cells (p = 0.16) (Figure 2H).

The differentiation capacity of MSCs was not altered by SPIO@Au labeling (Figure 3).
Specifically, MSCs labeled with SPIO@Au displayed Oil Red O-stained adipose vesicles
(Figure 3D), Alcian blue-stained proteoglycans (Figure 3E), and Alizarin red-stained
glycoproteins (Figure 3F), indicating that labeled cells retained pluripotency for
adipogenesis, chondrogenesis, and osteogenesis, respectively.

In vivo T2-weighted MRI and PA Imaging

Histology

Figure 4 shows T2-weighted MR images of a representative mouse brain bearing a U87
tumor before and after intra-carotid artery injection of SPIO@Au-labeled MSCs.
Progressive hypointensity of the tumor with time was clearly visualized fromt=0htot =
72 h. In contrast, tumors in mice injected with unlabeled MSCs did not show this
progressive hypointensity over time. Quantitative signal-to-noise ratio analysis comparing
the region of the tumor to the parenchyma-matched area in the contralateral brain further
confirmed tumor hypointensity in mice injected with labeled MSCs.

The PA imaging map of U87 tumors 72 h after intra-carotid artery injection of SPIO@Au-
labeled MSCs and unlabeled control MSCs is shown in Figure 5. Att = 72 h, the PA signal
(using an NIR laser with excitement at 810 nm) in mice injected with labeled MSCs was 2.6
times the preinjection signal (Figure 5, right). Mice injected with unlabeled MSCs exhibited
no increase in signal enhancement from baseline to 72 h (Figure 5, left). The yellow arrows
in the B-mode ultrasonography images indicate where the bolt was placed when the U87
glioma cells were inoculated. Because of imaging depth limitations, the PA signal
enhancement appears to correlate with the tumor-cell-containing bolt track and the most
proximal aspect of the tumor, while regions of hypointensity on MRI appear to correlate
more closely with the deeper-lying lesion as a whole.

Histological analysis of slides from the intratumoral injection study showed that GFP-
conjugated MSCs were co-localized with the Prussian blue-stained SPIO@Au nanoparticles
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within the tumor 72 h after injection. GFP fluorescence was measured using a fluorescein
isothiocyanate filter. To further ensure the integrity and specificity of the GFP signal,
background fluorescence was measured using tetramethylrhodamine and subtracted from the
gross fluorescein isothiocyanate fluorescence measurement. Prussian blue staining revealed
the presence of SPIO@Au in the location within the brain tumor corresponding to the GFP
fluorescence signal indicative of MSCs (Figure 6, top). No co-localization of the 2 signals
was seen in control MSCs (Figure 6, bottom). These results confirm that SPIO@Au-labeled
MSCs continue to carry their nanoparticle payloads even at 72 h after injection.

Discussion

This study demonstrates that PA imaging, in conjunction with MRI, is potentially useful for
planning and real-time monitoring during stem cell-mediated therapy for brain tumors. Our
results show that MSCs labeled with an optimal concentration of the multifunctional
nanoparticle SPIO@Au and injected into the internal carotid artery of mice bearing U87
tumors were able to localize to brain tumors and provide both PA and MR images co-
localized with tumor cells, as validated by histologic examination.

We previously demonstrated that SPIO@Au nanoparticles efficiently labeled adipose-
derived stem cells isolated from pigs [42] and that its optimal labeling concentration was
similar to the optimal concentration used for human bone marrow-derived MSCs. Stem cells
labeled with 4 ug/mL of SPIO@Au with and without lipofectamine demonstrated sufficient
uptake of nanoparticles. However, because lipofectamine significantly reduced cell
proliferation, we did not use it in subsequent experiments. At a higher concentration of 10
ug/mL, cell viability decreased by about 10%, and at lower concentrations of 1 ug/mL and 2
pg/mL, the amount of SPIO@Au was deemed insufficient. Thus, we used 4 pg/mL
SPIO@Au without lipofectamine in the subsequent in vitro and in vivo studies.

MSC:s labeled with 4 pg/mL of SPIO@Au also exhibited full retention of pluripotency; they
were able to undergo adipogenesis, chondrogenesis, and osteogenesis. Cellular mobility at
this labeling concentration was also preserved, as demonstrated by a migration assay.

Numerous studies indicate that magnetically labeled MSCs can be successfully tracked
using MRI [43]. Our previous results showed that SPIO@Au nanoparticles were able to
infiltrate liver fibroses following laser ablation [42]. Here, in vivo T2-weighted imaging of
U87 tumors showed a clear difference between the precontrast images of the brain and those
taken after carotid artery injection of SPIO@Au-labeled MSCs. The marked progressive
hypointensity of the tumor over 72 h after injection corresponded to the localization of
SPIO@Au-labeled MSCs into the tumor. Alternatively, in mice injected with control
unlabeled MSCs, MR images of the tumor remained isointense before and after injection.
Although the hypointensity was evident in SPIO@Au-injected tumor images, the MR
images gave only a rough location of the tumor and were unable to delineate the tumor
margins, where infiltrative tumors reside. PA imaging at t = 72 h also showed a significant
2.6 times increase in signal enhancement in mice injected with SPIO@Au-labeled MSCs
compared with those injected with control MSCs, which did not show a significant increase
in signal enhancement from baseline after 72 h. Used in conjunction, PA and MR imaging
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constitute a comprehensive method for tracking MSCs in real time during stem cell-
mediated drug delivery or surgery, which would aid in planning and treatment monitoring.

Although the idea of using MRI and PA imaging in conjunction has been previously tested
by another group [30], the route of administration used in that study was mainly V. Recent
studies have demonstrated unfavorable biodistribution of I\V-administered stem cells, finding
significant numbers of transplanted cells in organs other than the brain and citing passage
through the lungs as an obstacle preventing transplanted cells from reaching the diseased
brain [44-47]. Penharkar et al. [49] demonstrated that intra-arterial delivery allows a
significantly larger number of neural stem cells to reach the ischemic brain than does the IV
route. Thus, the route of administration plays an important role in the localization and,
therefore, the efficacy of the imaging. Our study confirmed that we can deliver MSCs
carrying the dual-modality, multifunctional SPIO@Au nanoparticle into the brain via intra-
carotid artery injection.

Conclusion

In conclusion, our data establish that intra-carotid artery injection of MSCs labeled with
nanoparticles is a promising, minimally invasive route of introduction for stem cell-based
therapies. By using a dual-modality, multifunctional nanoparticle, we were also able to show
proof-of-concept that PA imaging can be used in conjunction with MRI for planning and
realtime monitoring during stem cell-mediated therapy. The presence of gold on the
nanoparticle surface also makes it possible to use laser ablation to kill cancer cells. Our
previous publications on the SPIO@Au nanoparticle show that this nanoparticle can be
delivered specifically to tumor cells and can also be heated by lasers for photothermal
ablation therapy [35, 41]. Further in vitro and in vivo studies need to be performed to
confirm whether MSCs labeled with SPIO@Au can serve as a laser ablation-mediating
agent.
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Figure 1.
Synthesis and characterization of SPIO@Au nanoparticles. (A) Schematic illustration of

SPIO@Au nanoparticle containing superparamagnetic iron oxide (SP10) core, silica, and
gold coating. (B) Dynamic light scattering analysis and (C) transmission electron
microscopic image of SPIO@Au indicating the size of the nanoparticle. (D) Ultraviolet-
visible light absorption spectrum and (E) photoacoustic (PA) profile of SPIO@A..
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Figure 2.
In vitro characterization of SPIO@Au-labeled MSCs. (A-E) Bright-field micrographs of

Prussian blue-stained MSCs loaded with different concentrations of SPIO@Au (A, no
SPIO@Au; B, 1 pg/mL; C, 2 pg/mL; D, 4 pg/mL; E, 10 pg/mL + 0.1% lipofectamine). (F)
Quantification of the viability of MSCs loaded with different concentrations of SPIO@Au
with and without a transfecting agent (TA) at 4 h. Data are shown as means * standard
deviations (error bars). (G) Cell viability at 4 ug/mL SPIO@Au with or without 0.1% TA at
different time points after MSC loading (t =4 h, 24 h, 72 h, and 7 days). (H) Percent
migration of labeled versus unlabeled MSCs (p = 0.16).
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Osteogenesis

Figure 3.
Micrographs comparing the ability of MSCs with and without SPIO@Au labeling to

differentiate toward adipogenic (A, D), chondrogenic (B, E), and osteogenic (C, F) lineages.
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Figure 4.

Representative T2-weighted MR images of the mouse brain at various times (t = 0, 2h, 24h,
and 72 h) after intra-carotid artery injection of SPIO@Au-loaded MSCs or unlabeled MSCs
(top). Quantification of the T2-weighted signal of the tumor against that of the contralateral
brain (bottom).
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Figureb.
In vivo photoacoustic (PA) imaging of mouse brain at 72 h after intra-carotid artery injection

of SPIO@Au-labeled MSCs or MSCs alone. Yellow arrows on B-mode ultrasound (US)
images of the brain indicate the bolt placement where the U87 cells were implanted into the
brain. The PA images were taken at 810 nm, and the signal intensity was calculated within
the green regions of interest. Average PA (PAayve) values were obtained by averaging all PA
intensity values above the signal-noise threshold within the regions of interest.

Nanotechnology. Author manuscript; available in PMC 2019 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qiao et al.

Page 19

H&E FITC-GFP Iron Staining

SPIO@Au +
Stem Cells
¥

v

- %

g0®

- c

c E_Q

3a" £

- i

5 e
eI
el i
RN

Figure 6.
Histologic analysis after intra-carotid artery injection showing SPIO@Au-loaded MSCs

homing to the U87 brain tumor. Hematoxylin and eosin (H&E) staining of the mouse brain
with U87 tumor (left). GFP fluorescence microscopy image at 20x magnification showing
presence of MSCs (middle). Prussian blue staining of SPIO@Au indicating co-localization
of the GFP-labeled MSCs and the iron of the SPIO@Au nanoparticle (right). This co-
localization was not observed with the control (GFP-labeled MSCs not loaded with
SPIO@Au).
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