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ABSTRACT: Mesenchymal stem cells (MSCs) have shown potential as an innovative
treatment for pulmonary fibrosis (PF), due to their capability of amelioration of
inflammation and moderation of deterioration of PF. The fate of the stem cells
transplanted into lung, including survival, migration, homing, and functions, however,
has not been fully understood yet. In this paper, we report the development of a CT/MR
dual-modal nanotracer, gold/gadolinium nanoclusters overcoated with a silica shell
(Au/GANC@Si0,), for noninvasive labeling and tracking of the transplanted human
MSCs (hMSCs) in PF model. The Au/GANC@Si0, nanotracer exhibits good colloidal
and chemical stability, high biocompatibility, enhanced longitudinal MR relaxivity, and
superior X-ray attenuation property. And the hMSCs can be labeled by
Au/GANC@SiO, effectively, resulting in significantly increased cellular CT/MR
imaging contrast, without any obvious adverse effect on the function, including
proliferation and differentiation of the labeled stem cells. Moreover, by using the
Au/GANC@Si0; nanotracer, the hMSCs transplanted in lung can be tracked for 7 d via
in vivo CT/MR dual modality imaging. This work may provide an insight into the role
the transplanted hMSCs play in PF therapy, and therefore promoting the stem cell-based

regenerative medicine.
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1. INTRODUCTION

Pulmonary fibrosis (PF) is one of the most serious diseases of the respiratory system
with a high mortality rate, however, the optimal method for PF treatment is not
established.!- 2 Previous studies revealed that mesenchymal stem cells (MSCs) derived
from adult tissues could directly target the lung lesions, secrete therapeutic factors and
participate in the lung tissue regeneration.>> These studies implied that MSCs-based
therapy may be developed for the effective intervention of lung diseases. However, the
MSCs-based lung disease therapy is still in the early stage of development due to the
lack of a profound and thorough understanding of the fate, such as distribution,
migration, survival, and functions, of the transplanted hMSCs.% 7 Histological
examination is a widely used method for obtaining the above information. However,
such a method is invasive and time-consuming. Therefore, the development of
advanced imaging techniques that provide noninvasive, reproducible, and synchronous
tracking of the cells after transplantation in vivo is highly desired.

In recent years, a variety of biomedical imaging techniques, such as positron
emission tomography (PET),® single photon emission computed tomography
(SPECT),’ magnetic resonance imaging (MRI),' magnetic particle imaging (MPI),'!-
12 computed tomography (CT) imaging,'* fluorescence imaging, ' 1
bioluminescence,!® 7 and multispectral optoacoustic tomography,'® 1° to name a few,
have been extensively exploited to track the transplanted stem cells noninvasively.
Among these imaging techniques, CT and MRI are two most commonly used imaging
tools in clinic. CT imaging has high spatial resolution and can quantify the cells.

3
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However, its detection sensitivity is very low. The use of CT contrast agents with
efficient X-ray attenuation properties could help, but the soft-tissue image contrast is
still very low.?%-22 On the contrary, MRI has high detection sensitivity and soft-tissue
contrast. To track the stem cells with MRI technique, the cells are usually labeled by
magnetic tracers, including iron oxide nanoparticles and gadolinium-based contrast
agents.”> 2* However, the low proton density of lung tissue influences the signal
intensity of MRI. Therefore, either CT imaging or MRI alone is insufficient to obtain
all the necessary information of the transplanted cells. The development of a
multifunctional platform that integrates CT and MR imaging modalities can overcome
the inherent shortcomings of each modality in the tracing of the hMSCs transplanted in
lung.

Many types of nanomaterials that combine CT and MR imaging techniques for tumor
detection have been developed.?> 2 However, in the design of nanotracers for MSCs
tracking, several criteria should be taking into consideration. First, the nanotracers
should be biocompatible and not interfere with the cell functions, including cell
viability, migration, and differentiation of the labeled MSCs. Second, the nanotracers
must maintain their physiochemical stability inside the labeled cells. Third, the
nanotracers should possess high cell labeling efficiency and imaging contrast to allow
detecting and monitoring of the transplanted cells in vivo.?” Last, the nanotracers should
possess long-period in vivo cell tracking performance. It takes periods spanning several
weeks for stem cells to exhibit their treatment efficacy, so the nanotracers are required
to trace the transplanted MSCs in quite a long period.!?> Gold nanomaterials are ideal

4
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CT nanotracers for MSCs tracking due to their strong X-ray absorption coefficient (5.16
cm? g7! at 100 keV), good colloidal stability and biocompatibility, sustained contrast,
shape and size controllability, surface modifiability, and little adverse effects on the
labeled MSCs.!3- 28-30 Furthermore, gadolinium (Gd) also absorbs X-ray radiation 2.5
times more than iodine, a widely used CT contrast agent in clinic,’!> 3 making it a
promising candidate for CT imaging.?® 3* Integrating of Au and Gd into a single
scaffold, it is expected, may produce synergistic effects, leading to better CT imaging
contrast than either Au or Gd alone.?* 3¢ Meanwhile, Gd is a superior MRI nanotracer
for cell tracking.3” Thus, the combination of the two elements into a single nanoplatform
may offer a potential strategy to realize CT/MR dual-modality imaging tracing of the
stem cells after transplantation into the lung.

The cells are often reportedly labeled with CT and MRI contrast agents sequentially
for CT/MR dual-modality imaging tracing of the transplanted stem cells in vivo.?’
However, this two-step labeling strategy is laborious and time-consuming.3® To address
these issues, we report herein synthesis of a CT/MR dual-modal nanotracer by
formation of gold-gadolinium nanoclusters (Au/GdNC) through an albumin-mediated
strategy, followed by overcoating of a silica shell (Au/GANC@Si0,), for labeling and
tracking of human MSCs (hMSCs) after transplantation into PF murine model induced
by bleomycin (Figure 1). Previous studies demonstrated that small-sized AuNCs have
higher X-ray absorption performance and consequently exhibit better CT imaging
contrast than the large-sized AuNPs.?® The overcoating of a silica layer, it is expected,
not only enhances the imaging contrast of the Au/GANC@SiO, nanotracers,* but also
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improves its stability inside the labeled cells, and thus alleviates the dilution of
nanotracer concentration in the cells caused by stem cell division. Altogether, thus-
prepared Au/GANC@SiO, nanotracer may exhibit enhanced CT and MR imaging

contrast for efficient tracking of the labeled hMSCs in PF.

2. EXPERIMENTAL SECTION

2.1. Preparation of Au/GANC@SiO,. Au/GdNC stabilized by bovine serum
albumin (BSA) was first obtained by a facile route.*® Briefly, 5 mL of HAuCl, aqueous
solution (10 mM) and 0.15 mL of GdCl; aqueous solution (500 mM) were added to 5
mL of BSA solution (50 mg mL-") under vigorous stirring, the mixture was stirred at
37 °C for 10 min. Then, 0.75 mL of NaOH solution (1 M) was added, and the mixture
was continuously stirred at 37 °C for 12 h.

The Auw/GANC@SiO, nanotracer was obtained via modified Stober method.*
Typically, 300 pL of Au/GdANC (3 mM of Au) aqueous solution was added into 20 mL
of ethanol solution (containing 800 pL of NHj3-H,0O) under stirring. After 5 min, 200
pL of tetraethylorthosilicate (TEOS) was added under stirring. After 1 h, another 200
puL of TEOS was introduced under stirring. Then, the mixture solution was stirred at
room temperature for 24 h. Au/GANC@SiO, nanotracer was collected by centrifugation
at 9,000 rpm and then washed with ethanol and deionized water for several times until
the pH = 7. The purified Au/GANC@Si0, nanotracer was redispersed into deionized
water for further experiments.

2.2. Characterization of Au/GANC@SiO,. The morphology and size of

6
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Au/GANC@SiO, were characterized using transmission electron microscopy (TEM,
Tecnai G2 F20 S-Twin TEM) at an accelerating voltage of 200 kV, and a particle size
analyzer (ZEN3600-nanoZS, Malvern), respectively. An inductively coupled plasma
mass spectrometer (ICP-MS, Thermo Fisher Scientific) was used for the quantitative
analysis of element concentration. X-ray photoelectron spectroscopy (XPS) data were
obtained from a Thermo Esca lab 250 XPS equipment using monochromatic Al Ka
radiation (hn = 1486.6 eV). All binding energies were referenced to the extraneous
carbon Cls peak (284.6 eV). CT imaging was performed by a Micro-CT imager (Hiscan
XM). The parameters for scanning were according to our previous study. ¢ In vitro MRI
measurement was obtained using NMR analyzer (GY-PNMR-10, 0.5 T). 7} relaxation
time of the solution samples was measured with the inversion recovery method
(repetition time (TR) = 10 s). Longitudinal relaxivity (r;) was calculated by the linear
fitting of 1/T; versus Gd (III) concentration. 7;-weighted MR imaging was obtained
with spin-echo sequence under the following parameters: TR = 100.0 ms, echo time
(TE) = 8.6 ms, and the number of scans (NS) = 1. The curve fitting of 1/T; (s!) versus
the gadolinium concentration was performed to get the value of longitudinal relaxivity
(1)

2.3. Cell Culturing. MSCs derived from the human umbilical cord (hMSCs) were
generously offered by Suzhou Jiulong Hospital (Suzhou, China). The hMSCs (passages
3-8) were cultivated with DMEM/F12 basic medium, which was supplemented with
penicillin-streptomycin (1%) and fetal bovine serum (10%). The hMSCs were
cultivated in a carbon dioxide incubator (Thermo 3111).
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2.4. Labeling hMSCs with Au/GANC@SiO,. The hMSCs (1 x 10 cells per dish)
were cultured in plastic cell culture dishes with 100 mm x 20 mm style (Corning Co.
LTD.) for 24 h. For electroporation (EP) labeling, the hMSCs precipitate was obtained
by trypsinizing and centrifuging at 800 rpm for 4 min. The cell precipitates were
resuspended in EP-buffer (200 uL, Etta Biotech, China) containing Au/GANC@SiO; at
different Au concentrations (0.075,0.15, 0.3, 0.6, 0.9 and 1.2 mM), and then transferred
to 96-well plate. Then the cells were EP-labeled using the X-Porator® EBXP-H1 (Etta
Biotech, China). The labeling parameters were set as follows: voltage = 110 V, pulses
=100 ps, time interval = 1 s, and the number of EP-labeling = 6. Afterward, the cells
were transferred in 2 mL of DMEM/F12 basic medium and recovered for 15 min. After
that, the hMSCs were washed with culture medium for three times to remove the
residual material at 800 rpm for 4 min. Then the precipitated cells were suspended in
DMEM/F12 medium for future use.

2.5. Measurement of the Intracellular Au and Gd Contents. Cellular Au and Gd
contents were detected by ICP-MS. The hMSCs labeled with Au/GANC@SiO, were
digested with 1 mL of aqua regia (mixture of HNO; and HCI at the volume ratio of
1:3). Then the samples were diluted with deionized water to 10 mL. ICP-MS was
applied to analyze the concentrations of Au and Gd. All the tests were repeated three
times in parallel and the average value was recorded.

2.6. TEM of the Labeled Cells. TEM was used to evaluate the intracellular
distribution of Au/GANC@Si0, after EP labeling. The labeled hMSCs were stained
with 1% OsO,, dehydrated in an acetone gradient, immersed in acetone solution
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containing epoxy resin for 1 h, and cured at 60 °C for 24 h. The cells were then
transferred into epoxy resin, fixing for 2 h. After that, the samples were put in a furnace
at 70 °C for 2 d to polymerize the epoxy resin, and then were sliced using a microtome.
Each slice was put on a grid for TEM characterization.

2.7. Cell Viability and Proliferation Analysis. The cell counting kit-8 (CCK-8)
assay was implemented to evaluate the viability and proliferation of the hMSCs after
labeling. This assay was detected in triplicate. For viability test, the hMSCs (5,000 cells
per well) EP-labeled with Au/GANC@Si0O, at diverse Au contents (0.075, 0.15, 0.3,
0.6, 0.9, 1.2 and 1.5 mM) were first seeded into 96-well plates, incubating for 24 h.
After that, the cell viability was tested by CCK-8. And the microplate reader was used
to record the absorbance value at 450 nm. The hMSCs without labeling were used as
control.

In the proliferation test, the hMSCs were first labeled with Au/GANC@Si0O, (1.2
mM of Au) by EP labeling. After labeling, the hMSCs were transferred into 24-well
plates, and each well contained 1 x 10* cells. After maintaining for 24 h, the cell growth
profile was monitored by CCK-8. The absorbance intensity at 450 nm was monitored
for 7 d. The hMSCs without EP labeling were act as the control.

2.8. Osteogenic and Adipogenic Differentiation Assay. The differentiation
capacity of Au/GANC@SiO, labeled hMSCs was examined by histological analysis.
The hMSCs were first EP-labeled with Au/GANC@Si0, (1.2 mM of Au). After that,
the labeled hMSCs were cultured into 24-well plates, and each well contained 1 x 10*
cells. After culturing for 24 h, the hMSCs were washed twice with PBS. Then the
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hMSCs were further cultured for three weeks with osteogenic induction differentiation
complete medium (Cyagen Biosciences Inc.), which was prepared on the basis of the
directions of manufacturer, to induce osteogenic differentiation. Afterward, the cells
were treated with paraformaldehyde (4%) and stained by Alizarin Red S (an organic
dye that can react with calcium nodules in osteoblasts to produce a dark red colored
compound). After staining, the samples were washed with PBS. The laser confocal
microscope was performed to observe calcium nodules. For quantitative detection, the
dye in the stem cells was dissolved using dimethyl sulfoxide (DMSO), and then the
absorbance value at 550 nm was recorded by a microplate reader. The hMSCs without
any labeling were taken as control.

To produce adipogenic differentiation, the labeled hMSCs were cultivated with
adipogenic differentiation induction medium and adipogenic differentiation
maintenance medium (Cyagen Biosciences Inc), which were prepared in accordance
with the directions of manufacturer, for 3 d and 1 d, respectively. After repeating the
procedure for 4-5 times, the cells were cultured using maintenance medium for 5-7 d,
and then treated with paraformaldehyde (4%) and stained with Oil Red O (a dye for fat
staining) for 30 min, washing with PBS for three times. The laser confocal microscope
was applied to observe the formation of lipid droplets. For quantitative detection, the
dye in cells was dissolved in DMSO, and the absorbance intensity at 490 nm was
measured by a microplate reader.

2.9. Animal Model. The animal experiment was approved by the Animal Ethics
Committee of Suzhou Institute of Nano-Tech and Nano-Bionics, Chinese Academy of
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Sciences (Suzhou, China). C57BL/6 mice (male, 10 weeks old, about 30 g) purchased
from Suzhou Industrial Park Elmet technology Co. Ltd. were administrated with
bleomycin (BLM) as described.*! Briefly, the mice were divided into two groups: the
saline control group (n=5) and the BLM group (n = 15). Those mice of the BLM group
were administrated with 50 uL of BLM (2 mg kg each mouse) intratracheally to induce
PF, while the mice of the control group were given saline (50 pL) instead. After 7, 14
and 21 d, the gross lung morphologies of the control group and BLM group (n =5 for
each time point) were observed by hematoxylin-eosin (HE) and Masson's trichrome
staining. For hMSCs tracking, the BLM-treated mice (n = 5) were transplanted with the
Au/GdANCs@SiO; (2.4 mM of Au) labeled hMSCs (2 x 10° cells in 100 pL of saline
each mouse) via intratracheal injection at the 7 d post-instillation of BLM. For hMSCs
therapy, BLM-treated mice (n = 5 for each group) were transplanted with either
unlabeled or labeled hMSCs (2 x 10° cells in 100 pL of saline for each mouse),
respectively, via intratracheal injection at 7 d post-instillation of BLM. The mice treated
with saline (the control group, n = 5) and the BLM-treated mice without hMSCs therapy
(BLM group, n = 5) were used for comparison. After 7 d, the gross lung morphologies
of the control group, the BLM group and the hMSCs therapy group (treated with
unlabeled or labeled hMSCs) were observed by Masson's trichrome staining,
respectively. Hydroxyproline (HYP) assay was used for analyzing the collagen content
in lung tissues as previously described.*?

2.10. In Vitro and In Vivo CT/MR Imaging. For in vitro imaging, the EP-labeled
hMSCs (2 x 10° cells) were washed and centrifuged to form precipitated cells. Then
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the cells were transferred into capillary tubes (1.0 mm-i.d.), and centrifuged at 800 rpm
for 4 min to produce 2 cm height for cells at the bottom of the capillary. According to
this method, the cell density can reach 1.3 x 108 cells mL-!, which is analogous to that
in many tissues (1.5~3 x 10% cells mL-").*3 The parameters of cellular CT and MR
imaging were described as above.

Micro-CT scanning in vivo was carried outat 3 h, 1 d, 3 d, and 7 d, respectively, after
tracheal injection of the labeled hMSCs into the BLM-treated mice at 7 d post-
instillation of BLM. The micro-CT equipment was described as above. After CT
scanning, the mice were processed in vivo MRI scanning immediately, placing in the
1.5 T imaging systems (35 °C). The detailed MR imaging experimental condition was
set as follows: number excitation = 1; TR/TE = 100/16.8 ms; matrix = 512 X 256; slice
thickness = 0.3 mm; 128 slices and no gap between slices.

2.11. Quantitative Analysis of CT Data. The Hounsfield unit (HU) value reflects
the degree of X-ray absorption of the tissue, which is usually used for quantitative
analysis of CT images.* The in vitro HU is obtained by linear extrapolation using

x — Hwater

HU = 1000 X —

Hwater — Hair

(D
where (t,, tyaer, and ;- are the attenuation coefficients of the sample, water, and air
obtained from CT scanning, respectively.!¢
To evaluate the average CT values (HU) of the transplanted hMSCs in the lung,
the CT signal intensity of myocardial was applied to adjust the attenuation value.*> The
in vivo HU value could be obtained by using the formula:
1040 x (4 — pm)

U=s———"+440 ()

Hm — Hair
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where ., 1, and u,;- represent the attenuation coefficients of the regions of interest
(ROI), myocardial, and air showed in CT equipment, respectively.

2.12. Statistical Analysis. The in vitro data are expressed as the mean + standard
deviation (SD) of three independent trials. Statistical comparisons between two groups
were performed via Student's t-test. Multiple group comparisons were made using a
one-way analysis of variance (ANOVA), in which P < 0.05 was considered statistically

significant.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Au/GANC@SiO; Nanotracer. The
principle of the synthesis of Au/GANC@SiO, is shown in Figure 1. Firstly, the
Au/GdNC was synthesized using BSA as the scaffold via the ambient biomineralization
approach as reported by Le et al..** Briefly, BSA was added to the mixed solution of
HAuCl, and GdCl; under vigorous stirring. BSA contains lots of active groups such as
sulfhydryl and carboxyl groups, which have a strong affinity to metal ions.*¢ After
adding NaOH, the BSA extended at pH 12 through the unfolding process, triggering
the reduction capability of the amino acid. To ensure the complete reduction of HAuCl,
and GdCl; by BSA, the reaction mixture was stirred for 12 h at 37 °C, obtaining
Au/GdNC. The size and morphology of thus-obtained Au/GdNC were characterized by
TEM. The results showed that the spherical hybrid NC had a size of 4.9 nm + 1.1 nm
with good monodispersity (Figure 2B), much bigger than AuNC (less than 2.0 nm,
Figures 2A and S1A), which was attributed to the involvement of Gd in the formation
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of the hybrid NC. However, the hydrodynamic size of Au/GANC was 14.7 nm with
narrow size distribution (Figure S1B), which was much larger than that observed from
the TEM imaging, due to the hydration of the particles.*’

Secondly, Au/GANC@SiO, nanotracer was prepared by overcoating of a silica shell
onto the surface of Au/GdNC following the modified Stéber method.?® From the TEM
imaging, the size of Au/GANC@SiO, was determined to be about 35.9 nm £ 2.4 nm
(Figure 2C), and the hydrodynamic diameter of Au/GANC@SiO; increased to 90.6 nm
(Figure 2D), due to the overcoating of the silica shell. It was noticed that the
hydrodynamic diameter showed little change within 7 d (Figure S2), implying good
colloidal stability of Au/GANC@SiO,, which was beneficial to their biomedical
applications. Furthermore, the surface potential of Au/GANC@Si0, was determined to
be -28.1 mV, which was more negative than that of Au/GdNC (-19.1 mV). In our
work, the hMSCs were labeled with the nanotracer via electroporation-labeling
technique, which was not affected significantly by the surface potential of the
nanotracer.

The XPS results displayed the oxidation states of the Au and Gd elements in AuNC
and Au/GdNC, respectively. As shown in Figure S3A and S3B, the 417/, and 4f5), peaks
of Au in Au/GdNC could be observed at binding energies of 83.8 eV and 87.5 eV,
respectively, which were similar to that of Au in AuNC.#? In addition, the XPS peaks
of Gd in Au/GdNC appeared at 143.3 eV and 167.3 eV, respectively, attributing to the
4d region of Gd (Figure S3C). However, no characteristic peak for the 4d region of Gd
was observed in XPS of AuNC (Figure S3D). These results indicated the successful
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formation of Au/GdNC.

Both Au and Gd elements have high X-ray attenuation due to their high atom number
and electron density, and therefore are ideal CT contrast agents.3> Moreover, the signal
of CT imaging is proportional to the element content.” In order to obtain optimal CT
imaging contrast of Au/GdNC, the feeding ratio of HAuCl, to GdCl; was adjusted in
the synthesis of Au/GdNC. The molar ratio of Au to Gd (1:0.75, 1:1.4, 1:2, 1:3) in
Au/GdNC decreased with the decrease in the feeding ratio of HAuCl, to GdCl; (1:0.5,
1:1, 1:1.5, 1:2), as evidenced by the ICP-MS measurement (Table S1). Nonetheless,
the lower feeding ratio of HAuCl, to GdCl; (1:2.5) did not alter the molar ratio of Au
to Gd (1:3) in Au/GdNC any more, suggesting the maximum loading of Au and Gd on
BSA. Then, the X-ray attenuation coefficient was estimated for Au/GdANC with
different feeding ratio of HAuCly to GdCl;. As indicated in Figure S4, the X-ray
attenuation coefficients of Au/GdNC were measured to be 24.36, 39.05, 40.80, 32.36
and 32.75, respectively, for the feeding ratio of HAuCl, to GdCl; at 1:0.5, 1:1, 1:1.5,
1:2, 1:2.5. Au/GdNC exhibited the highest X-ray attenuation coefficient when the
feeding ratio of HAuCl; to GdCl; was 1:1.5 (molar ratio of Au to Gd was 1:2 in
Au/GdNC). With the Gd concentration increasing, the X-ray attenuation coefficient of
Au/GdNC reduced. This could be explained by that the Gd gradually occupied the
reaction site of Au on BSA with the increase in GdCl; concentration. However, the K-
edge energy of Gd (50.2 keV) was significantly lower than that of Au (80.7 keV),
resulting in the decreased X-ray attenuation coefficient of Au/GdANC.*® Therefore, in
the following experiment, the feeding ratio of HAuCl, to GdCl; was set to 1:1.5 in the
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preparation of Au/GdNC.

In addition, compared to AuNC, Au/GdNC exhibited significantly enhanced X-ray
attenuation coefficient (Figure 3A and 3B), implying that the existence of Gd in the
hybrid nanotracer contributed to the enhancement of X-ray attenuation, although the K-
edge energy of Gd was much lower than that of Au.*® After the coating of the silica
shell, the X-ray attenuation coefficient of Au/GANC@SiO, further increased, being 5.6
times and 42 times as much as that of Au/GdNC and Ioversol (CT imaging contrast
medium commonly used in clinic), respectively (Figure 3C and 3D), mainly due to the
aggregation of Au/GdNCs in Au/GANCs@Si0,.3%4 Moreover, with the increase of Au
concentration, all the three types of nanotracers, AuNC, Au/GdNC, and
Au/GANC@SiO, displayed brighter CT images. These findings indicated that the
combination of two radiodense elements within one system improved the X-ray
attenuation property via synergetic effect, and that the overcoating of a silica layer onto
Au/GdNC surface could further enhance the CT imaging contrast of the nanotracer.
Moreover, to assess the chemical stability, the Au/GANC@SiO, nantracers were
dialyzed against distilled water over 7 days, and the distilled water was changed every
24 h. As presented in Table S2, there was only a slight change in the concentrations of
Au and Gd in Au/GANC@Si0O, for 7-day dialysis, suggesting good chemical stability
of the nanotracer.

To evaluate whether the Au/GANC@Si0, could act as a valid MRI nanotracer, the
longitudinal (7)) relaxation time was measured with a 0.5 T NMR analyzer at different
Gd concentrations. As presented in Figure 3E, the Au/GdNC showed a high r; value of
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8.68 s! per mM of Gd in PBS, from the linear fitting of the plot of 1/7; vs Gd
concentration, which was nearly twice as large as that of Magnevist (3.80 mM™! s71),
one of the most widely used MRI contrast agent in clinic.’’ Interestingly,
Au/GANC@SiO, exhibited a substantially higher value of ; (24.62 mM™' s7!) than
Au/GdNC (8.68 mM ! s7!) (Figure 3F). The dramatically increased relaxivity might be
due to the formation of Au/GANC aggregates encapsulated by the silica shell. 7-
weighted MR images and the corresponding signal intensity further demonstrated the
enhanced 7 imaging signal of Au/GdANC@Si0O, (Inset images in Figure 3F). Therefore,
the silica coating not only improved the chemical stability of the nanotracer, but also
enhanced the imaging contrast of the composite nanoparticles. The above results
demonstrated clearly that Au/GANC@SiO, could act as a high-efficiency CT/MR
nanotracer.

3.2. Au/GANC@SiO; Labeling and Its Effects on the Viability, Proliferation,
and Differentiation of the hMSCs. EP-labeling is widely used in cellular biology to
deliver hydrophilic xenobiotics into cells.’® Furthermore, EP-labeling has been
demonstrated to be a sustainable and cell biology preserving labeling method for
MSCs.3! To evaluate whether the hMSCs could be labeled with Au/GANC@SiO, via
the EP-labeling technique, the cellular TEM imaging was performed. Figure 4A
displays the TEM images of hMSCs after EP-labeling with Au/GANC@SiO, at once.
After EP-labeling, Au/GANC@SiO, entered into the labeled hMSCs and mainly
gathered on the cell membrane, which appeared to be fragmented. After 1 d culture and
recovery of the labeled hMSCs, the Au/GANC@SiO, nanotracers continued to migrate

17

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Bio Materials

into the cell inner, and were mainly distributed in the cytoplasm. The cell membrane
recovered to its regular shape (Figure 4B), which was consistent with the observation
in literature.?

To evaluate whether the cell viability and proliferation might be affected by
Au/GANC@SiO, labeling, the EP-labeled and unlabeled hMSCs were analyzed. As
shown in Figure 5A, the Au/GANC@SiO, labeled hMSCs showed inconspicuous
cytotoxicity with the Au content range from 0 to 1.2 mM. However, further increasing
of the Au concentration (1.5 mM) led to obvious cytotoxicity. Therefore, in the
experiments below, Au/GANC@SiO, at the Au concentration of 1.2 mM was adopted
for EP-labeling of hMSCs. As shown in Figure 5B, there was no visible dissimilarity
in proliferation behavior between the EP-labeled and the unlabeled hMSCs, indicating
that Au/GANC@Si0, EP-labeling imposed no significant influence on the proliferation
of the hMSCs.

Next, to assess whether or not the Au/GANC@Si0, labeling influences with the cell
differentiation potential, the EP-labeled hMSCs were induced to differentiate into
osteoblasts and adipocytes, respectively. The hMSCs labeled with Au/GANC@Si0,,
our experiment demonstrated, displayed osteogenic differentiation behavior analogous
to the unlabeled hMSCs. Both the unlabeled and the EP-labeled hMSCs produced
calcium nodules, the dark red deposits in Figure 5C, after Alizarin Red S staining.
Similar osteogenic differentiation behavior was further supported by quantitative
analysis (Figure 5D). Moreover, the absorbance intensity of Oil Red O extracted from
the unlabeled and the EP-labeled hMSCs lysates at 490 nm exhibited invisible
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difference, indicating the similar adipogenesis between the unlabeled and the EP-
labeled hMSCs (Figure SE and SF). In short, the multipotent performance of the
hMSCs was not affected by Au/GANC@SiO, labeling, indicating the prominent
biological safety of Au/GANC@SiO,.

3.3. In Vitro CT/MR Imaging of Labeled hMSCs. To evaluate the CT/MR imaging
performance of the hMSCs after labeling, the hMSCs were EP-labeled with
Au/GANC@SiO; at diverse Au contents, then washed and harvested into 1.0 mm-i.d.
capillary tubes, reaching a cell density (1.3 x 108 cells mL!) close to that of tissue
(1.5~3 x 10% cells mL").#* As the micro-CT imaging displayed, the labeled hMSCs
displayed stronger attenuation than the unlabeled hMSCs (78 HU) (Figure 6A). The
CT values were measured to be 88, 154, 273, 380, and 648 HU, respectively, for the
hMSCs EP-labeled with Au/GANC@Si0O; at the intracellular Au concentration of 7.22,
14.30, 34.80, 43.77 and 97.50 ug mL-!, suggesting that the CT signal was depended on
the intracellular Au content of the labeled hMSCs (Figure 6A). Moreover, the labeled
hMSCs displayed significantly enhanced MRI contrast compared to the unlabeled
hMSCs (Figure 6B). As the Gd concentration increased, the 7; MRI phantoms
gradually brightened, showing a dose-dependent behavior. Taken together, the
Au/GANC@Si0; labeled hMSCs showed good in vitro CT/MR dual-modal imaging
performance.

3.4. Establishment of BLM-Induced PF Murine Model. The PF murine model
was used for hMSCs tracking in C57BL/6 mice which were intratracheal injected with
BLM (2 mg kg!). HE and Masson's trichrome stainings were applied to estimate the
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gross lung morphologies (Figure S5). In the next 7, 14 and 21 d after BLM instillation,
the BLM-treated mouse revealed severe tissue injury with massive immune cell
infiltration, and loss of normal alveolar, bronchi, and vasculature, as evidenced by the
HE staining results shown in Figure S5. In addition, an increasing aggregation of
collagen fiber deposition was observed in the lung of the BLM-treated mouse in the
next 7, 14 and 21 d post-treatment, in comparison with that in the lung of the saline-
treated mouse group (Masson's trichrome staining in Figure S5). The pathological
changes showed from HE and Masson's trichrome stainings with time increasing
indicated the successful pulmonary fibrosis modeling. In this work, in vivo cell tracking
experiment was performed at 7 d post-injection of BLM, because hMSCs treatment was
suitable for the early stage of PF.>3

3.5. In Vivo CT/MR Imaging of Labeled hMSCs. To validate the feasibility of
CT/MR imaging tracking of the transplanted hMSCs in vivo, the Au/GANC@SiO,
labeled hMSCs (2 x 106 cells) suspended in saline (100 pL) were injected into the lung
of PF murine model via intratracheal injection. After the injection, the mouse was
examined immediately by micro-CT and subsequent MRI scanning. Figure 7A reveals
the CT and MR images at 3 h, 1 d, 3 d, and 7 d post-transplantation of the labeled
hMSCs, while the CT and MR images obtained before transplantation were taken as
control. After the transplantation of the labeled hMSCs, the lung tissue exhibited
significant CT imaging signals at 3 h post-transplantation. The in vivo average CT
values of the transplanted hMSCs were calculated from three ROI. The CT values were
measured to be -138 (before transplantation), 80 (after transplantation at 3 h), 217 (after
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transplantation at 1 d), 66 (after transplantation at 3 d), and -97 (after transplantation at
7 d) HU, respectively (Figure S6). After injection of the labeled hMSCs, the CT values
increased with time, and reached maximum at 1 d, and then decreased gradually in the
next 7 d. However, significant MRI signals were obtained from the whole lung at 3 h
post-transplantation of the labeled hMSCs compared to the control. The labeled hMSCs
could be observed from all of the lung as MRI results showed. Since the detection
sensitivity of MRI is much higher than that of CT imaging,>* the effective dose of the
MRI component (in the micromolar level) is much lower than that of the corresponding
CT component (in the millimolar level) in the nanotracers.” Thus, at the same
concentration of the nanotracers, MRI signals were much easier to be observed than CT
signals. However, the spatial resolution of MRI signals was much lower than that of
CT signals. Similarly, the intensity of MRI signals gradually decreased in the next 3 d
and 7 d after injection of the labeled hMSCs. The labeled hMSCs kept division after
transplantation, which led to the dilution of nanotracer, and as a consequence, decreased
the detection sensitivity and the signal intensity.” To confirm whether or not the
Au/GANC@SI0; still stayed in the labeled hMSCs after transplantation, the PF mouse
was sacrificed at 7 d post-transplantation, and the lung tissue was extracted to prepare
frozen sections after dehydration. The Au/GANC@SiO, was pre-tagged with
rhodamine B isothiocyanate (RBITC), a fluorescent dye. And the cell membrane dye
3,3’-dioctadecyloxacarbocyanine perchlorate (DiO) was used to mark hMSCs before
transplantation. The fluorescence confocal microscopy images display that the red
fluorescence region (RBITC-Auw/GANC@SiO;) matched well with the green
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fluorescence region (Di0), distinctly demonstrating the presence of Au/GANC@SiO,
in the labeled hMSCs. Consequently, it is clear that the imaging signals were true signal
of the labeled cells (Figure 7B). In brief, the above results demonstrated that the
hMSCs labeling with Au/GANC@SiO; could be tracked for 7 d via CT/MR imaging
after transplantation in the lung.

3.6. Effect of hMSCs on the Therapeutic Efficacy of BLM-Induced Pulmonary
Fibrosis. PF is a severe lung disease with high mortality. However, there remains a
lack of effective therapies for PF. The hMSCs have been proven promising in tissue
engineering by migrating to the damaged tissue to facilitate tissue repair.>-> To evaluate
whether or not the labeled hMSCs mitigate the symptoms of pulmonary fibrosis,
hMSCs (2 x 10° cells) were transplanted into the lung of the BLM-treated mice via
intratracheal instillation at 7 d post-injection of BLM, and the histological analysis was
performed at 7 d post-transplanted of the labeled hMSCs. Masson's trichrome staining
of the lung sections indicated that the collagen fiber deposition decreased after the
transplantation of the unlabeled or the labeled hMSCs, which was confirmed by HYP
assay (Figures 8 and S7). However, the BLM group without hMSCs transplantation
did not show any improvement. Thus, the administration of hMSCs, no matter whether
the labeled or the unlabeled hMSCs, relieved and ameliorated BLM-induced

histopathological damage.

4. CONCLUSIONS

A CT/MR dual-modal nanotracer, Au/GANC@SiO,, was developed and used to label
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and track the hMSCs in the lung. The integration of Au and Gd elements into the
nanotracer led to substantially improved CT and MR signals, with 42 times increase in
X-ray attenuation coefficient and 6.5 times increase in MR r; relaxivity, respectively,
compared to clinically used Ioversol and Magnevist. Particularly, the Au/GANC@Si0O,
nanotracer exhibited high labeling efficiency for hMSCs via electroporation without
affecting their viability, proliferation, and differentiation capacity. With a PF murine
model, the transplanted hMSCs were tracked for 7 d in vivo via CT/MR dual-modal
imaging by Au/GdANC@SiO, nanotracer labeling. Furthermore, a preliminary
experiment with the lung sectioning results showed that the labeled hMSCs
significantly alleviated the PF after being transplanted to the BLM treated mice. This
work highlighted the promise of Au/GANC@Si0, as an efficient and safe CT/MR dual-
modal nanotracer for in vivo hMSC tracking, and consequently, may provide a powerful
and convenient tool to monitor the transplanted hMSCs in vivo, and further guide the

stem cell-based therapy in tissue engineering and regenerative medicine.
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Figure captions
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Figure 1. Schematic illustration of the synthesis of Au/GANC@SiO, nanotracer and its application
for CT/MR dual-modal imaging tracking of the transplanted hMSCs in a murine model of BLM-

induced PF.
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Figure 2. TEM images of (A) AuNC, (B) Au/GdNC, and (C) Au/GANC@SiO,. Insets show the
size distribution of AuNC, Au/GdNC, and Au/GANC@SiO,, respectively. (D) Dynamic light
scattering data of Au/GANC@SiO, in aqueous solution.
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Figure 3. Transverse CT images and plot of calculated HU of (A) AuNC, (B) Au/GdNC, and (C)
Au/GANC@Si0; as a function of the Au concentration, respectively. (D) Transverse CT images and
calculated HU values of Ioversol as a function of the iodine concentration. And 7;-weighted MR
images of (E) Au/GdNC and (F) Au/GANC@Si0, at various Gd concentrations and their relaxivity.
The r; value was determined from the slope of the plot
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Figure 4. TEM images of the hMSCs EP-labeled with Au/GANC@Si0O; (A) immediately, and (B)
after 1-day culture and recovery.
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Figure 5. (A) Relative viability of the hMSCs EP-labeled with Au/GANC@SiO, at various Au
concentrations after 1-day culture. (B) Proliferation profiles of the hMSCs unlabeled and EP-labeled
with Au/GANC@Si0, (1.2 mM of Au). The data were expressed as mean + standard deviation and
the error bars were based on triplicate samples. (C) Alizarin Red S staining and (D) quantification
of Alizarin Red S extracted from the osteogenic cells at 550 nm. (E) Oil Red O staining and (F)
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quantification of Oil Red O extracted from the adipogenic cells at 490 nm.
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23 Figure 6. (A) In vitro transverse CT images and plot of calculated HU of the hMSCs (2 x 10° cells)
24 EP-labeled with Au/GANC@SiO, as a function of Au concentration. (B) 7;-weighted MR images
of the hMSCs (2 x 10° cells) EP-labeled with Au/GANC@SiO, at various Gd concentrations and
27 their 7 relaxivity.
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Figure 7. (A) In vivo micro-CT and MR images of the Auw/GANC@SiO, labeled hMSCs
transplanted into the lung of BLM-induced PF mouse after 3 h, 1 d, 3 d and 7 d transplantation,
respectively. The images of lung before transplantation were served as the control. The same mouse
was observed continuously for 7 days. (B) Fluorescence images of pulmonary frozen sections from
the PF mouse sacrificed at the 7d post-transplantation of the labeled hMSCs. The labeled hMSCs
were pre-tagged with DiO before RBITC-Au/GANC@SiO, labeling; green fluorescence and red
fluorescence refer to DiO-stained cell membrane and RBITC-Au/GANC@SiO,, respectively.
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Figure 8. Masson's trichrome staining of the BLM-treated lung sections without and with the
18 unlabeled and the labeled hMSCs transplantation at 7 d post-transplantation. The mice treated with
19 saline were taken as control.
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