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In vivo CT imaging of gold nanoparticle-labeled exosomes in a
myocardial infarction mouse model
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Background: Acute myocardial infarction (MI) is the primary factor leading to cardiovascular diseases,
which are the main causes of morbidity and mortality in developed countries. Mesenchymal stem cell
(MSC)-derived exosomes have been reported to improve heart function after MI; however, the molecular
mechanisms responsible for this are unknown. In vive imaging can reveal the trafficking process and in
vivo biodistribution of exosomes, which may provide an insight into the communication mechanisms and
pharmacokinetics of exosomes.

Methods: Glucose modified gold nanoparticles were used to label MSC-derived exosomes, aimed at
minimizing membrane damage and maintaining the integrity of the exosomes. After labeling, the exosomes
were visualized by iz vivo computed tomography (CT) imaging to determine the biodistribution at 4 and
24 h after injection into a MI mouse model.

Results: MSC-derived exosomes were successfully labeled by glucose modified gold nanoparticles and CT
imaging of these labeled exosomes indicated that MSC-Exo remained in the MI area for up to 24 h after
intramyocardial injection. Additionally, few MSC-Exo were observed in some other organs, particularly the
liver, spleen, and kidney.

Conclusions: A gentle method was used for loading GNPs into exosomes, and their successful labeling
without causing aggregation was verified. Ir vivo CT imaging revealed the retention of MSC-Exo in the MI

area, indicating their usefulness for improving heart function after infarction.
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Introduction $315.4 billion in 2010, and this number is projected to
be $918 billion by 2030, as 43.9% of the population is

In developed countries, cardiovascular disease is the
predicted to suffer cardiovascular disease (1,2). Among

leading cause of morbidity and mortality, resulting in
an extremely high economic burden (1). For example, cardiovascular diseases, acute myocardial infarction (MI),

the costs for cardiovascular disease-related care were which is defined pathologically as myocardial cell death due
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to prolonged ischemia, is the main contributor. Typically,
after MI, the damaged and relatively non-regenerative
myocardium undergoes a degeneration and reconstruction
process, causing heart failure and ultimately death.

Mesenchymal stem cells (MSCs) have been shown to
repair infarcted myocardium by activating endogenous
tissue repair through paracrine signaling as well as
exhibiting immunomodulatory properties, reducing
immune-mediated damage after MI (3,4). However, their
safety and effectiveness have been widely concerning
in clinical practice, with contamination related to cell
transplantation, cell death, and immune rejection being
the main problems (5-7). Therefore, alternative treatment
strategies must be developed (8,9). Numerous studies have
shown that the therapeutic effect of MSCs is due to their
paracrine effects, and MSC-derived exosomes (MSC-
Exo) can also improve heart function after infarction while
avoiding the problems caused by MSCs (10-13).

The term exosome [which differs from the exosome
complex involved in RNA degradation (14)] was initially
used to describe vesicles secreted by various cell types that
showed 5’nucleotidase activity (15). Subsequently, the
term exosome was adopted for small (30-100 nm) vesicles
of endosomal origin that are released during reticulocyte
differentiation (16). Exosomes are actually intraluminal
vesicles formed by the inward budding of the endosomal
membrane during the maturation of multivesicular
endosomes (MVE), which are intermediates within the
endosomal system, and are secreted after the fusion of MVE
with the cell surface (17,18). Exosomes were first found to be
vehicles for disposing of unwanted transferrin, and received
little attention for many years (19). In the mid-1990s, it was
reported that exosomes were secreted by B lymphocytes
and dendritic cells with potential functions in connection
with immune regulation, and were considered to be carriers
of anti-tumor immune responses (20,21). At present,
exosome secretion has been observed in most mammalian
cells, and the significance of exosome vesicles lies in their
capacity to transfer information to other cells to modify
the recipient cell’s function (22). Proteins, genetic material
(including, mRNAs, miRNAs, IncRNAs), metabolites, and
lipids are selectively recruited and loaded into exosomes,
which deliver these cargos to recipient cells and thus
act as vehicles of intercellular communication under
both physiological and pathological conditions (23-26).
Furthermore, exosomes possess an intrinsic ability to
cross biological barriers. Based on this, researchers pay
considerable attention to developing exosome-based

© Annals of Translational Medicine. All rights reserved.

Gong et al. Visualizing gold nanoparticle labeled exosomes in vivo

therapeutic strategies for constructing natural drug delivery
vehicles loaded with a desired therapeutic molecule (27).

Exosomes can deliver miRNA that might be useful to
limit tissue injury, improve neovascularization, and prevent
subsequent negative cardiac remodeling that can lead to
heart failure. However, few studies have directly compared
the therapeutic effects of MSCs and MSC-Exo so far.
Therefore, it is uncertain whether MSCs can be replaced
by MSC-Exo for cardiac repair. Additionally, the molecular
mechanisms behind MSC- and MSC- Exo-mediated cardiac
repair are unknown. Moreover, the trafficking mechanisms,
in vivo biodistribution, and pharmacokinetics of exogenously
administered MSC-Exo must be revealed before it can
be used as a therapeutic agent (28). In vivo imaging of the
exosomes can provide important information for explaining
these issues (29-31). Among the imaging modalities, optical
imaging has been widely used for tracking and analyzing
a series of biomolecules; however, the limited ability to
visualize within deep sites confines its application in living
animals (32,33). CT is a non-invasive imaging method that
can take images of deep structures in the body and maybe
useful for exosome tracking in vive. However, exosomes
cannot be detected by CT directly, and CT contrast
agents must be added to label exosomes for visualization
by CT. Advances in nanotechnological techniques have
enabled the use of ultra-small gold nanoparticles (GNPs)
of several nanometers in size for labeling. And for their
strong X-ray attenuation, a high degree of flexibility in
terms of functional groups for coating and targeting, and
having been proved to be nontoxic and biocompatible i
vivo, GNPs are ideal contrast agents for in vivo CT imaging
and tracking of exosomes (34,35). Owing to their minute
size, these nanoparticles can be easily applied to label
nanovesicles such as exosomes (36).

For exosome labeling, an indirect strategy is typically
employed, wherein GNPs are added into the parent
cell culture medium and are taken up by cells through
endocytic pathways. Some of the contrast agents may
load into the exosomes during their biogenesis, and the
secreted exosomes are then isolated from the cell culture
supernatant (37,38). However, this indirect strategy results
in only a small fraction of GNPs loading into the exosomes
(39,40). Some direct strategies are used to introduce GNPs,
generally by instantaneous destruction of the exosomal
membrane, however this may damage the integrity and
functionality of the exosomes.

In the present study, we developed a gentle direct
method for loading GNPs into isolated MSC-Exo without
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damaging the exosomal membrane. A MI mouse model was
established by ischemia surgery, and GNP-labeled exosomes
were injected for iz vivo CT imaging of trafficking and in
vivo distribution analyses in living mice.

We present the following article in accordance with the
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-21-981).

Methods
Cell culture

Mouse MSCs were purchased from Cyagen Biosciences
(Guangzhou, China). The cells were maintained in a
culture medium in a humidified incubator with 5% carbon
dioxide (CO,) at 37 °C, and routinely detected and verified
to be free of mycoplasma contamination. Before collecting
the cell culture supernatant for exosome isolation, fetal
bovine serum (FBS, Biological Industries, Beit-Haemek,
Israel) was first depleted of exosomes. The exo-depleted
FBS was prepared by ultracentrifugation at 120,000 xg
for 18 h at 4 °C, and then, the supernatant was filtered
through a 0.22-pm filter unit. Complete culture medium
was prepared by supplementing 500 mL of Dulbecco’s
modified eagle medium (DMEM) (Gibco, Grand Island,
NY, USA) with 50 mL of exo-depleted FBS, 5 mL of 100x
L-glutamine (Amresco, Dallas, TX, USA), and 2.5 mL of
100x Penicillin-Streptomycin Solution (Solarbio, Beijing,
China). Approximately 3x10° C57BL/6 MSCs in 30 mL of
complete medium were seeded into each P150 tissue culture
plate. The cells were cultured for 72 h before supernatant
collection.

Exosome isolation

Exosomes were isolated by collecting the cell culture
supernatant into 50 mL Falcon tubes and centrifugation
with 1,000 xg at 10 °C for 5 min using a table-top centrifuge
(TDZ4-WS/TDZ4WS, Cence, Istanbul, Turkey). The
supernatant was pipetted into ultracentrifuge tubes
(65 mL/tube) and centrifuged at 15,000 xg for 45 min
at 4 °C to deplete apoptotic bodies, cell debris, and large
microvesicles. A Type 45-Ti ultracentrifuge rotor (pre-
chilled at 4 °C; Beckman Coulter, Brea, CA, USA) was
used for this and the following process. The supernatant
was subsequently filtered through a 0.22-pm filter and
centrifuged at 120,000 xg for 90 min at 4 °C to isolate the
exosomes. After the supernatant was carefully discarded, the
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pellets were resuspended in several milliliters of ice-cold
phosphate-buffered saline (PBS) in each tube. As for the
exosome washing process, all of the samples were combined
into one tube and the final volume was added to 65 mL
with ice-cold PBS, and then centrifuged at 120,000 xg for
another 90 min at 4 °C. The purified exosomes collected

into the pellet were resuspended in 200 pL of sterilized
PBS.

Exosome characterization

The size and concentration of exosomes were analyzed by
nanoparticle tracking analysis (NTA, Zetaview, Particle
Matrix). For NTA measurement, 5 pLL samples were diluted
(1,000x) to a volume of 5 mL in PBS. Next, the diluted
sample was injected into the sample chamber using a
disposable sterile syringe. Transmission electron microscopy
(TEM) was used to observe the morphology and size of
the exosomes. A 5 pL exosome suspension was dropped
on a 400-mesh copper grid and incubated for 20 min.
After washing with PBS and ultrapure water several times,
the sample was subjected to negative staining by adding
20 pL of 2% uranyl acetate, and incubated for 10 min. The
exosome samples were observed by TEM using a JEM
2100F (JEOL, Tokyo, Japan).

Surface modification of GNPs

GNPs were purchased from BBI Solutions (Crumlin, UK).
The glucose-modified GNPs were prepared as previously
described with some modifications (41-43). Briefly, 4 mL
GNP solution was filtered through Amicon Ultra-15
100 kDa centrifugal filter devices (Millipore, Billerica, MA,
USA), and ultrafiltration was carried out at 5,000 xg for
10 min. The GNPs were then resuspended in 4 mL
deionized water. This process was repeated twice to remove
the excess coating of polymers in the GNP solution. Next,
200 pL. 1 mM glucose-monofunctional polyethylene glycol-
thiol (glucose-mPEG-SH) was added to 1 mL 0.3 mM
GNP solution. The mixture was stirred for 24 h at room
temperature (25 °C) and ultrafiltration was conducted as
described above to remove excess glucose-mPEG-SH.

GNP characterization

TEM was used to evaluate the shape and size of the GNPs,
and these results were further verified by dynamic light
scattering. The average particle size and zeta potential of
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the prepared GNPs were analyzed with a Zetasizernano
7590 (Malvern, Ltd., Malvern, UK). The size and zeta
potential were measured at room temperature, and the
refractive index and viscosity of water were used to calculate
the results.

Exosomes labeled with glucose-coated GNPs

Since the exosomal membrane was similar to the parent
cell membrane in terms of topology and structural features,
it was possible to label exosomes directly rather than by
employing indirect strategies through the parent cell taken-
up process (44). 100 pLL exosomes suspended in PBS were
mixed and then incubated with 100 pL 0.3 mM glucose-
coated GNPs for 3 or 10 h at 37 °C. The separation of
exosomes from unlabeled GNPs was achieved by density
gradient ultracentrifugation.

Density gradient ultracentrifugation

Density gradient ultracentrifugation was conducted to
purify the exosomes and remove excess GNPs that failed
to enter the exosomes. The density of exosomes was
1.15-1.19 g/mL, and the density of GNPs was estimated to
be 2.4 g/mL. Three sucrose solutions (10 mL each), with
concentrations of 25%, 45%, and 60% were prepared at
densities of 1.1036, 1.2025, and 1.2865, respectively. Ultra-
clean centrifuge tubes with a volume of 4 mL were used.
First, 1 mL 25% sucrose solution was injected into the
tube, and then 1 mL 45% sucrose solution was injected into
the bottom layer under the initial 25% solution with a long
syringe needle. Subsequently, the 60% sucrose solution
was similarly injected into the bottom layer under the 45%
solution. The samples were then placed on top of the 25%
solution. Ultracentrifugation was conducted at 150,000 xg
for 4 h at 4 °C in an SW60 ultracentrifuge rotor (pre-chilled
at 4 °C; Beckman Coulter).

Ischemia surgical and exosome administration

C57 BL/6 male mice (8 weeks, 25-30 g) were conditioned
in a 12:12 h light/dark cycle with free access to fodder
and water, under a fixed temperature (23 °C) and humidity
(50%). The mouse model of MI was established as
previously described (45,46). Eight-week-old male mice
were anesthetized via intraperitoneal injection using
mixture of ketamine and pentobarbital sodium. The mice
were then weighed and the weight was recorded, and
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their chest walls were shaved prior to the surgery. The
mice were placed in the supine position, and tracheal
intubation was performed under a direct laryngoscopy. A
small animal respirator was used to assist the breathing
of the mice during the surgery. Correct intubation was
confirmed by observing the expansion and contraction
of the chest during assisted breathing. The ischemia
surgical operation was carried out by ligating the left
coronary artery using a 10-cm 7-0 silk suture through
a 15-mm opening at the fourth intercostal space. A
plain knot was tied and the mice were left in situ for
10 min. Accomplishment of ischemia was verified by
the appearance of discoloration of the heart surface. For
intramyocardial injection, 20 pL of labeled exosomes
with a total number of approximately 2.8x10° were
administered slowly at three different sites around the
discolored area. The chest cavity was carefully closed
in layers, and the mice were gradually weaned from the
respirator. The endotracheal tube was removed once
spontaneous respiration resumed, and the mice were
then recovered under a heating lamp. The mice were
maintained in a supervised setting until completely
conscious, and were then provided with free access to
standard chow and water after returning to their cages.

Experiments were performed under a project license
(No. SYXK(HU)2018-0029) granted by Laboratory Animal
Welfare Ethics Committee of Shanghai University of
Medical and Health, in compliance with Chinese national
or institutional guidelines for the care and use of animals.

CT imaging

In vivo CT imaging of the whole body was performed using
a micro-CT scanner (PINGSENG, NEMO® Micro CT,
KunShan, China) with a nominal resolution of 7.5 pm,
1 mm aluminum filter, and a tube voltage of 70 kV. The
mice were scanned at 4 h and 24 h after injection of the
exosomes. Reconstruction was conducted with an ordered
subset expectation maximization iteration algorithm
accelerated by graphics processing unit (GPU). Ring artifact
reduction and scatter correction were applied.

Statistical analysis

Data are presented as mean = SEM. All statistical analyses
were performed with Statistical Product and Service
Solutions (SPSS) software (version 17.0, SPSS, USA), and
P<0.05 was considered statistically significant.
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Figure 1 The characterization results of isolated exosomes. The
NTA result of the exosomes (A). And the TEM image with a scale
bar of 100 nm of the exosomes (B). NTA, nanoparticle tracking

analysis; TEM, transmission electron microscopy.

Results
Characterization of exosomes

The cell culture supernatant (180 mL) was collected and
subjected to ultracentrifugation to isolate the exosomes.
Following this process, some sediment was visible by
direct observation. The sample size was measured to be
97.7 nm (Figure 14) by N'TA, which was also confirmed by
TEM analysis (Figure 1B). The sample concentration was
approximately 2.3x10"" particles/mL.

Surface modification of GNPs

Glucose-modified GNPs were prepared by mixing glucose-
mPEG-SH with GNPs. After reacting with the thiol group
of glucose-mPEG-SH on the surface of GNPs, the original
coating polymers were washed off by ultrafiltration. TEM
revealed the same gold core size for both the original and
glucose-modified GNPs, while the distance among the
GNPs increased after surface modification (Figure 2A,B),
indicating that the glucose-mPEG-SH had a longer chain
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Figure 2 TEM images of the GNPs. TEM image of the original
GNPs (A). And TEM image of the glucose-modified GNPs
(B). TEM, transmission electron microscopy; GNPs, gold

nanoparticles.

Table 1 Average size and zeta potential of original and
glucose-modified GNPs

Size (nm) Zeta potential
Original GNPs 7.5+0.2 -23.4+2
Glucose-modified GNPs 32.5+1 -6.2+0.4

GNPs, gold nanoparticles.

than the original coating polymers. In addition, TEM
indicated that glucose-modified GNPs were prepared
without forming aggregates. The sizes and zeta-potentials
of the resulting GNPs were measured (7uble 1). The average
size of the original GNPs was ~7.5 nm, and increased to
~32.5 nm after surface modification, which concurred with
the TEM results. The zeta potential results indicated that
glucose-modified GNPs had a more neutral surface.

GNPs labeling of exosomes

Exosomes were incubated with glucose-coated GNPs
for 3 or 10 h at 37 °C to load GNPs into exosomes. The
particle ratio of GNPs and exosomes was approximately
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Figure 3 Exosome samples (left) and GNPs (right) after density
gradient ultracentrifugation. GNPs, gold nanoparticles.

200:1 during the incubation process, and GNPs that failed
to enter the exosomes were isolated by density gradient
ultracentrifugation. A sample of GNPs alone was used as a
control during density gradient ultracentrifugation. Excess
GNPs in the exosome sample were detected at the same
level as the control in the gradient, as shown in Figure 3.
GNPs were not detected at the bottom of the tube, possibly
because the centrifugation time was too short.

After loading the GNPs into the exosomes, N'TA was
conducted for size measurement and aggregate detection.
The results showed that the curve shapes were very similar
to each other, exhibiting only a slight shift, which indicated
an increase in size (Figure 44,B,C). This size increase may
have been caused by internalization of the GNPs. No
obvious peaks indicating large-size particles were observed,
indicating that aggregation of the exosomes was limited.
The size and shape of the curves was consistent with those
reported previously (44).

TEM imaging depicted an obvious dark spot, which
was confirmed as GNPs, in the same location as that of the
exosomes (Figure 5). Thus, the GNPs appeared to have
entered the exosomes.

In vivo CT imaging

GNP-labeled exosomes were injected at three different points
around the discoloration area after ischemia surgery. In vivo
CT imaging was conducted at 4 h (Figure 64) and 24 h (Figure
6B) after injection of the exosomes. GNPs were obvious in
the CT images (red area) both at 4 and 24 h, and the red
area was found to have expanded after 24 h compared to at
4 h, indicating that MSC-Exo remained in the myocardium
for up to 24 h. Additionally, some other organs, particularly
the liver, spleen, and kidney, were monitored to detect

© Annals of Translational Medicine. All rights reserved.

Gong et al. Visualizing gold nanoparticle labeled exosomes in vivo

A T

1.0 4 B

Concentration relative
o o o
B (] [ee]
| ! )
\ | \

o
S}
L
L

o
=}

-
o

100 1000
Diameter (mm)

los)

N o o -
IS o © o
| | 1 |
! L ) )

Concentration relative

o
o
L
L

o
)

—

<)

100 1000
Diameter (mm)

0O

N o o =
IS o ® o
| | | |
! L ) )

Concentration relative

o
S
L
L

o
)

-

=)

100 1000
Diameter (mm)

Figure 4 NTA results of exosomes with different incubation
conditions. N'TA results of exosomes incubated without GNPs for
3 hat 37 °C (A). NTA results of exosomes incubated with GNPs
for 3 h at 37 °C (B). And NTA results of exosomes incubated with
GNPs for 10 h at 37 °C (C). NTA, nanoparticle tracking analysis;
GNPs, gold nanoparticles.

GNPs. However, few GNPs were observed in these organs,
demonstrating that most GNPs remained in the MI area.

Discussion

Due to the low efficiency of the indirect approach for loading
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Figure 5 TEM image of exosomes incubated with GNPs for 10 h
at 37 °C. GNPs, gold nanoparticles.

the GNPs, several direct labeling methods have been
reported for loading contrast agents into purified exosomes
directly. For example, electroporation is an efficient method
of loading exosomes with drugs (47), RNA cargo (48-50),
or 5 nm superparamagnetic iron oxide nanoparticles (51). A
long electric pulse is used in electroporation to temporarily
disturb the phospholipid bilayer, and gives rise to temporary
pores in the membranes that permit molecules to pass
into the exosomes (31). However, electroporation may
increase exosome aggregation and damage the integrity of
the exosomes. A gentle method was used in this study that
maintains the dispersant ability and integrity of exosomes
during the labeling process.

Exosomes were incubated with glucose-coated GNPs
for 3 or 10 h at 37 °C, as GNP internalization is known
to be energy dependent and 37 °C is more suitable than a
low temperature (44). The internalization process is also
associated with the glucose transporter (GLUT-1), and
thus glucose modification of GNPs is necessary. Excess
free glucose should be washed off to prevent occupation
and saturation of GLUT-1 at the exosome surface, which
would prevent internalization (44). Ultrafiltration was
conducted to remove free glucose. Similarly, excess GNPs
were removed by density gradient centrifugation after co-
incubating of GINPs and exosomes, avoiding the effect of
unlabeled gold nanoparticles on CT imaging results.

The NTA results of the exosomes before and after
the GNPs labeling changed little, and no large particles
appeared after labeling, indicating that the labeling process
did not cause the agglomeration of exosomes. The TEM
images confirmed this result, meanwhile, the colocalization
of GNPs and exosomes was also observed, indicating the
successful labeling of GINPs.

The retention of exosomes in the myocardium was
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Figure 6 In vivo CT imaging at different time after injection. In
vivo CT imaging at 4 h after injection (A). And In vivo CT imaging
at 24 h after injection (B).

observed at 4 and 24 h after the injection, indicating
that the exosomes injected into the myocardium can
stay for enough time and may help repair the damaged
myocardium. Nonetheless, additional studies are necessary
to determine the exact mechanisms by which MSC-derived
exosomes improve heart function. And the results also show
that the GNPs labeling can be used for studying the in
vivo biodistribution and pharmacokinetics of exogenously
administered exosomes.

Conclusions

In this study, a gentle method was used for loading GNPs
into exosomes, and their successful labeling without causing
aggregation was verified. In vivo CT imaging revealed the
retention of MSC-Exo in the MI area, indicating their
usefulness for improving heart function after infarction.
The ability to track exosomes in the hearts of living bodies
using conventional CT approaches significantly advances
translational exosome science. Thus, it may be possible
to conduct high-resolution, sensitive, and non-invasive
tracking of exosomal nanomedicines for MI applications.
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