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Improving acute cardiac transplantation rejection
therapy using ultrasound-targeted FK506-loaded
microbubbles in rats†

Jie Liu,‡a,b Yihan Chen,‡a,b Guohua Wang,c Qiaofeng Jin,a,b Zhenxing Sun,a,b

Qing Lv,a,b Jing Wang,a,b Yali Yang,a,b Li Zhang*a,b and Mingxing Xie *a,b

Targeted delivery of immunosuppressants to allografts can increase the concentrations of drugs in patho-

logical tissues, improve therapeutic effects and reduce unfavorable side effects. Therefore, we synthesized

FK506-loaded microbubbles (FK506-MBs) for site-specific release of FK506 into transplanted hearts by

the ultrasound-targeted microbubble destruction (UTMD) technique. The average particle size of FK506-

MBs was 1.65 ± 0.32 μm and they had high drug loading and encapsulation efficiency. The in vivo drug

concentration in transplanted hearts that were treated with FK506-MBs plus UTMD was about 1.64-fold

higher than that in grafts that received free FK506 at the same dosage. The degree of graft rejection in the

FK506-MB plus UTMD group was lower than those of other groups. Both infiltration of T cells and secretion

of inflammatory cytokines were significantly reduced in the FK506-MB plus UTMD group. More importantly,

the mean survival time of the grafts was significantly longer (16.00 ± 0.89 day) than those of the PBS group

(6.66 ± 1.36 day) and the FK506 group (12.83 ± 1.17 day). In addition, we also found that the concentration

of FK506 in whole blood was lower in the FK506-MB plus UTMD group than that in the FK506 group,

which would be beneficial for reducing the side effects. Hence, our results showed that combining FK506-

MBs with UTMD was an effective strategy to deliver FK506 to transplanted hearts, which can increase the

local drug concentration and enhance its efficacy on rejection. Ultrasound-targeted drug release is safe and

radiation-free, with great potential for clinical transformation, and could also be extended to the treatment

of other graft rejection cases, such as liver transplantation, kidney transplantation and so on.

1. Introduction

Heart transplantation (HT) is an effective treatment for
patients with end-stage heart diseases.1–4 The survival rate has
been improved due to advances in immunosuppressive treat-
ments. FK506, a calcineurin inhibitor, can be used to prevent
and treat acute rejection (AR) after HT.5–7

However, FK506 exhibits poor aqueous solubility, P-gp
mediated efflux, and extensive first-pass metabolism which
lead to low bioavailability following oral administration.8 In
addition, traditional methods for FK506 delivery (oral or intra-

venous administration) can cause adverse side effects, such as
nephrotoxicity, neurotoxicity, hyperlipidemia, hyperglycemia,
diarrhea, hepatic dysfunction, and infection.9,10 These side
effects have been shown to be associated with the concen-
tration of FK506 in the blood.11,12 Therefore, improved drug
delivery methods are urgently needed.

Ultrasound-targeted microbubble destruction (UTMD) has
been used for drug and gene delivery.13–15 Combined with
microbubbles (MBs), drugs or genes can be delivered to specific
tissues, such as tumors,16–18 blood vessels and hearts.19–22

When exposed to high ultrasound pressure, MBs collapse
and release energy which transiently and locally enhances the
permeability of the cell membrane and vessel wall of the
capillary.23,24 At the same time, drugs or genes encapsulated
in MBs are released, extravasated from blood vessels and then
distributed into the surrounding tissues.25 Therefore, the dose
of drugs or genes in the targeted organs or tissues is increased.
Meanwhile, distribution of drugs or genes in other parts of the
body is decreased and side effects are reduced.

Recently, UTMD has also been used in the treatment of
some inflammatory diseases. Jun-ichi Suzuki et al.26 used
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ultrasound microbubble-mediated intercellular adhesion
molecule-1 siRNAs for transfection of siRNAs into targeted
arteries to inhibit the formation of arterial intima and inflam-
mation. In addition, Wen-Shuang Sheng et al.27 prepared lipo-
somes containing the basic fibroblast growth factor (bFGF)
and then combined with UTMD for delivering the bFGF to the
kidney for preventing diabetic nephropathy. In this way, the
concentration of the bFGF in kidneys of diabetic rats was sig-
nificantly enhanced, thereby enhancing the therapeutic
efficacy, and inhibiting the inflammatory response.

Considering all the above, we aimed to establish an
efficient FK506 delivery strategy for treating AR after HT by
combining FK506-loaded microbubbles (FK506-MBs) with
UTMD. In this study, we describe the characterization of
FK506-MBs and their ability to increase drug concentrations in
the transplanted hearts. Then we also evaluate the feasibility
and treatment efficacy of this drug delivery method in HT
models. We hypothesized that compared with an intravenous
injection of the same dose of FK506, this new drug delivery
strategy can reduce the blood concentration of FK506, improve
the drug concentration in the targeted organ, and enhance the
therapeutic effects. These are the important findings that vali-
date a novel formulation of FK506 for treating AR and present
a promising strategy to reduce side effects.

2. Materials and methods
2.1 Preparation of FK506-MBs

FK506-MBs were prepared by the thin-film hydration
method.28 Briefly, 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) (Avanti Polar Lipids, AL, USA) and 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (DSPE-PEG2000) (Corden Pharma Inc, Liestal,
Switzerland) at a molar ratio of 9 : 1 were dissolved in chloro-
form together with 250 μL FK506 stock solution (100 mg
FK506 dissolved in 2.5 mL purified ethanol) (Selleck, Catalog
No. S 5003). The solvent was evaporated using a steady stream
of nitrogen and dried under vacuum for over 2 hours. The
resulting lipid film was resuspended in a solution of
10 : 10 : 80 (v/v/v) glycerol : propylene glycol : 0.1 M Tris-
buffered saline (pH 7.4) at 55 °C to a final total lipid concen-
tration of 3 mg mL−1. To prepare FK506-MBs for the experi-
ments, the lipid solution was sub-packaged into vials (1 mL
each vial). After sealing the cap, the gas in vials was replaced
with perfluoropropane (C3F8) gas. Subsequently, the vial was
mechanically shaken for 30 s using an agitator. Then, the
bubble solution was stirred for 5 min at 1000 rpm, and a sus-
pension of MBs was obtained. To separate the free drugs (not
incorporated into the MBs) the FK506-MBs were washed
with PBS three times by centrifugal flotation. Finally, the
FK506-MBs were obtained. The blank MBs were similarly syn-
thesized without the addition of FK506. DiI-loaded MBs
(DiI-MBs) and DiR-loaded MBs (DiR-MBs) were prepared as
described above using 1,1′-dioctadecyl-3,3,3′,3′-tetramethyl-
indocarbocyanine perchlorate (DiI) (Beyotime, Haimen, China)

and 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine
iodide (DiR) (AAT Bioquest, California, USA) instead of FK506,
respectively.

2.2. Characterization of FK506-MBs

2.2.1. Particle size, drug loading efficiency, and drug
encapsulation efficiency. The particle sizes of MBs pre- or post-
destruction by UTMD were determined by a zeta potential ana-
lyzer (ZetaPALS, Brookhaven Instruments, USA). The concen-
tration of MBs was determined using a hemocytometer
(Qiujing, China). The morphologies of FK506-MBs and blank
MBs were determined with an optical microscope (Nikon,
Japan).

To evaluate the drug loading efficiency and drug encapsula-
tion efficiency, FK506-MBs were thoroughly dissolved in
methanol and sonicated for 20 min to extract the drug from
MBs. FK506 was measured via high performance liquid
chromatography (HPLC) (2695 Separation module, Waters Co.,
MA, USA), using a C8 column (4.6 mm × 150 mm, 5 μm) at
50 °C. The mobile phase solution consisted of 70 : 30 (v : v)
mixtures of acetonitrile and 0.1% phosphoric acid solution in
water. The flow rate was set at 1 mL min−1 and FK506 was
monitored at 210 nm. The drug encapsulation efficiency
and drug loading efficiency were calculated using the following
formulas:

Drug encapsulation efficiency ð%Þ ¼ weight of FK506 inMBs=

weight of the total amount of FK506 in preparation of

MBs� 100%

Drug loading efficiency ð%Þ ¼ weight of FK506 inMBs=

weightof total FK506�MBs� 100%

2.2.2. FK506-MB stability in vitro. The variations of the
storage time and temperature may result in changes of drug
loading efficiency and encapsulation efficiency. We monitored
the leakage of FK506 from FK506-MBs under different con-
ditions. FK506-MBs were stored in small glass vials at 4 °C or
37 °C for 1 h, 3 h, 5 h, 12 h and 24 h, respectively, and period-
ically centrifuged. The collected solution was used to estimate
the amount of FK506 leakage by HPLC. The FK506 leakage
percentage (%) = weight of the leakage of FK506/weight of
FK506 in MBs × 100%.

2.2.3 In vitro UTMD-triggered FK506 release. An ultra-
sound probe (Sonitron 2000 V, Japan) was used to trigger the
release of FK506 from FK506-MBs. Briefly, 1 mL (4.35 ± 0.18 ×
109 MBs mL−1) FK506-MBs were diluted to 10 mL. Then
100 μL diluted FK506-MBs were mixed with 400 μL PBS and
injected into an agarose mold with a 5 mm diameter chamber.
Subsequently, these FK506-MBs were destructed by UTMD
(ultrasound frequency = 1 MHz; duty cycle = 50%; and ultra-
sound intensity = 2 w cm−2) with various irradiation times
(1 min, 2 min, and 3 min). Finally, the sonicated samples were
collected and centrifuged for 5 min at 1000 rpm. Then the
underlying liquid was analyzed by HPLC to quantify the
amount of FK506 released from FK506-MBs.

Paper Biomaterials Science

3730 | Biomater. Sci., 2019, 7, 3729–3740 This journal is © The Royal Society of Chemistry 2019

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 5
/1

7/
20

24
 1

0:
02

:1
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9BM00301K


2.3. In vivo studies

2.3.1. Heterotopic HT models. Male Brown Norway (BN,
180–230 g) and Lewis (180–230 g) rats were provided by Vital
River Laboratory (Beijing, China). All animal procedures were
performed in accordance with the Guidelines for Care and Use
of Laboratory Animals of the National Institutes of Health
(NIH), and approved by the Institutional Animal Care and Use
Committee (IACUC) of Tongji Medical College, Huazhong
University of Science and Technology. Heterotopic HT was per-
formed according to the method previously reported by us.29

In the allograft group the donor heart was transplanted from a
BN rat to a Lewis rat, while in the isograft group the graft was
transplanted from a Lewis rat to another Lewis rat. Briefly,
after the donor was anesthetized, its heart was harvested in
less than 40 minutes and placed in 4 °C saline until transplan-
tation. The transplantation was performed with end-to-side
anastomoses of the donor ascending aorta to the recipient
abdominal aorta and the donor pulmonary artery to the vena
cava of the recipient rat, respectively. After operation, the rats
were allowed to recover in a warmed cage and housed in a
sterile environment.

2.3.2. Optical imaging ex vivo. DiR-MBs were used as sub-
stitutes for FK506-MBs to investigate whether FK506-MBs +
UTMD could enhance the concentration of the drug at myocar-
dial tissues. Allograft group rats were divided into three groups
randomly: (1) PBS group; (2) DiR (dissolved in purified
ethanol) alone; and (3) DiR-MBs + UTMD (similar absorption
intensity to DiR). The ultrasound probe was placed at trans-
planted hearts for triggering drug release as shown in Fig. 1.
The optimized UTMD parameters (ultrasound frequency =
1 MHz; duty cycle = 50%; ultrasound intensity = 2 w cm−2; and
irradiation time = 2 min) were maintained throughout the

following experiments. At 10 min, 30 min, 60 min, 180 min
and 360 min after the treatment, all rats were euthanized, and
major organs including hearts, livers, cardiac grafts, spleens,
lungs and kidneys were harvested. Then ex vivo images of the
organs were captured and quantified using a small animal
imaging system (In vivo FX PRO, BRUKER).

2.3.3. Confocal laser scanning microscopy (CLSM). Further
experiments were performed to determine whether FK506-MBs
can pass through the endothelial barrier and capillary walls
and locate in the myocardial tissues. DiI-MBs were used
instead of FK506-MBs. Allograft group rats were divided into
two groups randomly: (1) DiI (dissolved in purified ethanol)
alone; and (2) DiI-MBs + UTMD (similar absorption intensity
to DiI). The UTMD parameters used were the same as those in
the above experiment. After 30 min, the rats were euthanized
and infused with 300 mL PBS to clear the blood from circula-
tion. The extracted hearts were embedded in the O.C.T. com-
pound (Sakura Finetek Japan Co., Ltd, Tokyo) and cut into
7 μm-thick sections. DAPI was used for staining cell nuclei and
an anti-CD31 antibody (ab64543, Abcam, Cambridge, UK) was
used to identify myocardial vessels. Finally, the images were
obtained with CLSM.

2.3.4. Quantification of the concentration of FK506 in
transplanted heart tissues and whole blood. The allograft
group was then further divided into 2 subgroups: (1)
FK506 group and (2) FK506-MB + UTMD group. The
FK506 group and FK506-MB + UTMD group were treated with
the same dose of FK506 (1 mg per kg body weight). To quantify
the concentration of FK506 in transplanted heart tissues,
12 rats (six in each group) were sacrificed 30 min after the
experiment, after which the transplanted hearts were harvested
and immediately stored at −80 °C. Another 12 rats (six in each
group) were randomly divided into the FK506 group and the

Fig. 1 Schematic diagram of the therapeutic process of FK506-MBs + UTMD in vivo.
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FK506-MB + UTMD group to compare the concentrations of
FK506 in whole blood at 2 h and 4 h after treatment. The
amount of FK506 was measured by ultra-high performance
liquid chromatography tandem mass spectrometry (UPLC–
MS). Analysis was performed using an UltiMate 3000 RS
system (Thermo Fisher Scientific Inc., USA) coupled with a
TSQ Quantum (Thermo Fisher Scientific Inc., USA).
Chromatographic separation was achieved using a Hypersil
GOLD chromatography column (100 × 2.1 mm, 1.9 μm). Mass
spectrometry (MS) was performed with electrospray ionization
(ESI) in positive ion mode. Mass spectrometric analyses were
performed in selective reaction detection (SRM) mode.

2.3.5. Western blotting. Western blotting was used to
detect the expression of CD3 and secretion of IL-2 and IFN-γ in
transplanted hearts. Briefly, proteins extracted from trans-
planted heart tissues were separated on 15% SDS-PAGE and
transferred to polyvinylidene difluoride (PVDF) membranes.
The PVDF membranes were blocked with 5% skimmed milk
for 2 h. Then, they were incubated with the primary antibodies
against CD3 (ab5690, abcam), IL-2 (ZI091710A, R&D), IFN-γ
(sc-59992, SANTA CRUZ), or GAPDH (ab9485, abcam) overnight
at 4 °C, followed by incubation with an HRP-conjugated sec-
ondary antibody for 2 h at room temperature. The specific
bands were detected using Super ECL reagent. Images were
obtained by using a BioSpectrum 600 Imaging System (UVP,
CA, USA). The intensity of the GAPDH band was used as a
loading control for comparison between samples.

2.3.6. Histological analysis and graft survival. To evaluate
the therapeutic efficacy, recipients were treated once a day for
continuous five days since the day of surgery. The animals
were euthanized at day 6 post-HT. Transplanted hearts were
perfused with PBS, removed and embedded in paraffin. Then
the tissues at the level of the papillary muscles were sliced and
stained with haematoxylin and eosin. AR was evaluated accord-
ing to the 2004 working formulation of the International
Society for Heart and Lung Transplantation (ISHLT).30 The
infiltration of T cells and secretion of proinflammatory cyto-
kines were evaluated by immunofluorescence staining.
Specific antibodies used included anti-CD3 antibody (ab5690,
Abcam, Cambridge, UK), anti-interferon gamma (ab216642,
Abcam, Cambridge, UK), and anti-IL-2 antibody (ZI091710A,
R&D). In the graft survival studies, another 24 rats were used
to evaluate the mean survival time (MST). The grafts were
monitored by daily abdominal palpation, and the endpoint of
the grafts was defined as the cessation of palpable heart
beating.

2.4. Statistics

Results were presented as the means ± standard error of the
mean (SEM) of at least three independent measurements.
Statistical comparison of the survival time was determined by
a Log-rank (Mantel–Cox) test, and other statistical evaluations
were carried out with unpaired two-tailed student’s t-tests. A
P value less than 0.05 (P < 0.05) was considered as statistically
significant.

3. Results
3.1. Characterization of FK506-MBs and drug release under
UTMD in vitro

FK506 encapsulated in MBs was detected by HPLC. The drug
encapsulation efficiency increased with the initial dose from
0 to 2.0 mg, after which it decreased (Fig. 2A). Therefore, we
used the initial dose of 2.0 mg to prepare FK506-MBs. The
average drug payload was 1.51 ± 0.18 mg mL−1, the drug
encapsulation efficiency was 77.6 ± 8.0%, and the drug loading
efficiency was 33.41 ± 2.69%.

The mean diameter, concentration, and PDI of the blank
MBs and FK506-MBs under optimized conditions are summar-
ized in Table 1. Fig. 2B shows the bright field of the blank
MBs and FK506-MBs. The microscopy images revealed that all
blank MBs and FK506-MBs were spherical and dispersive.
Fig. 2C shows the diameter distribution of the blank MBs and
FK506-MBs. The weight of the drug in FK506-MBs was rela-
tively stable at 4 °C for 5 h. Drug leakage was only 6.0 ± 1.0%
after 24 h when FK506-MBs were stored at 4 °C, but the
leakage changed from 2.10 ± 0.3% at 1 h to 4.30 ± 0.2% at 5 h
and 15.67 ± 2.0% after 24 h of storage at 37 °C (Fig. 2D).

The release of FK506 from FK506-MBs could be controlled
by UTMD, and the irradiation time was an important para-
meter. The drug releasing efficiency was 49.51 ± 5.0% at 1 min
and increased to 72.55 ± 2.0% at 2 min. Nevertheless, the
release of FK506 only improved slightly with the increase of
the irradiation time, reaching 76.52 ± 3.0% at 3 min (Fig. 2E).

The time–intensity curve (TIC) from ultrasound images
demonstrated that FK506-MBs and blank MBs had similar life
time in vivo (Fig. S1†). Therefore, after drug loading, FK506-
MBs appeared to retain good acoustic and physical properties
similar to pure blank MBs.

3.2. Drug-loaded MBs plus the UTMD technique improve the
concentration of drugs in transplanted heart tissues

After 10 min, 30 min, 60 min, 180 min and 360 min of treat-
ment, the fluorescence intensities of the cardiac graft in the
DiR-MB + UTMD group were significantly stronger than those
in the pure DiR group (Fig. 3A and B). In the DiR-MB + UTMD
group, the fluorescence intensity of the cardiac graft at 30 min
was stronger than that at 10 min (p < 0.05). The fluorescence
intensity at 60 min was not significantly different from that at
30 min. Then the fluorescence intensity decreased at 180 min,
and further decreased at 360 min. In addition, we found that
most of the organs showed the fluorescence of DiR after
administration, while the fluorescence intensities of the liver,
spleen and lung were stronger than those of other organs.

Fig. 3C shows the deposition of DiI in transplanted heart
tissues in the DiI group and DiI-MB + UTMD group. When irra-
diated with ultrasound, DiI-MBs were destroyed and released
DiI to the myocardial interstitium in transplanted hearts.
CD31 was used to mark blood vessels and DAPI was applied to
dye nuclei. As shown in Fig. 3C, red fluorescence was detected
in the graft section in the DiI-MB + UTMD group. But, the red
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fluorescence was not discovered in the myocardial interstitium
in the DiI group.

We further examined the concentration of FK506 in trans-
planted heart tissues by UPLC-MS. As shown in Fig. 3D, FK506
was detected in the transplanted heart tissues in the FK506 group
and FK506-MB + UTMD group. More importantly, the concen-
tration of FK506 was significantly greater in the FK506-MB +
UTMD group (3.17 ± 0.38 μg g−1 of tissue) than that in the
FK506 group (1.93 ± 0.29 μg g−1 of tissue). We also analysed the
concentration of FK506 in the whole blood. The FK506 levels in
whole blood at 2 h and 4 h were significantly lower in the FK506-
MB + UTMD group than that in the FK506 group (Fig. S2†). These
results showed that FK506-MBs combined with UTMD for drug
delivery increased the drug concentration in the transplanted
heart tissues and decreased the concentration in the whole blood.

3.3. FK506-MBs combined with UTMD treatment attenuated
the degree of AR

HE staining was used to analyze the pathological changes after
treatments. Fig. 4 shows the degree of AR in different groups.

In the isograft group, all rats had normal myocardial tissues
and no inflammatory infiltration, and they were classified as
grade 0 R according to ISHLT standardized cardiac biopsy
grading. All grafts in the PBS group were graded as grade 3 R
rejection which was characterized with diffuse inflammatory
cell infiltration, large areas of coagulative myocardial cell
necrosis, hemorrhages, edema and obviously vasculitis
(Fig. 4A). In contrast, in the FK506 group 50% grafts showed
weaker rejection, and these graft rejections were fit into the
1 R or 2 R grade of rejection. The rejection 1 R indicates only
one focus of myocardial cell damage. However, 2 R represents
more than two focuses of inflammatory cell infiltration and
myocardial cell damage. Compared with the FK506 group,
about 83% grafts in the FK506-MB + UTMD group belonged to
the 1 R or 2 R grade of rejection (Fig. 4B).

3.4. FK506-MBs combined with UTMD treatment reduced
T cell infiltration and the expression of inflammatory
cytokines in transplanted heart tissues

FK506 is mainly used to modulate cell-mediated immune
responses, especially for inhibiting the proliferation of T cells
and the secretion of inflammatory cytokines. As shown in
Fig. 5, a high level of CD3+ cell infiltration was observed in the
PBS group. Comparatively, the FK506 group and FK506-MB +
UTMD group showed a markedly reduced CD3+ lymphocyte
infiltration. More importantly, there was dramatically dimin-
ished infiltration of CD3+ cells in the FK506-MB + UTMD
group versus the FK506 group.

Table 1 Characteristics of FK506-MBs and blank MBs

Mean diameter
(μm)

Concentration
(109 mL−1) PDI

FK506-MBs 1.65 ± 0.32 4.35 ± 0.18 0.16 ± 0.09
Blank MBs 1.20 ± 0.21 5.71 ± 0.15 0.12 ± 0.07

Fig. 2 Characterization of FK506-MBs and in vitro UTMD-triggered drug release. (A) Quantification of FK506 encapsulated in FK506-MBs. (B)
Microscopy bright field images of blank MBs and FK506-MBs. (C) Size distribution of blank MBs and FK506-MBs. (D) Cumulative release of FK506
from FK506-MBs into PBS at 4 °C and 37 °C at different time points. (E) The effect of the UTMD irradiation time on drug release from FK506-MBs
in vitro (n = 6), *P < 0.05; **P < 0.01.
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Then, the expression levels of IFN-γ and IL-2 in trans-
planted heart tissues were evaluated by immunofluorescence
staining and western blot. We observed elevated IFN-γ (Fig. 6)
and IL-2 (Fig. 7) expression in the PBS group, while the
expression of these factors decreased in the FK506 group.
Moreover, IFN-γ and IL-2 expression levels were significantly
less in the FK506-MBs + UTMD group compared to those of
other groups. Therefore, our study proved that FK506-MBs
combined with UTMD treatment reduced T cell infiltration
and the secretion of inflammatory cytokines in transplanted
heart tissues.

3.5. FK506-MBs combined with UTMD treatment prolonged
the survival of the transplanted hearts

To evaluate the therapeutic efficacy, the survival time of the
transplanted hearts was observed in all groups. The survival
data are graphically depicted in Fig. 8. All animals in the iso-
graft group had good pulsation during the observation period
and survived for more than 30 days. However, allografts were
promptly rejected in the PBS group and the MST of the cardiac

allografts was 6.66 ± 1.36 days. But the MST was significantly
prolonged in the FK506 group (12.83 ± 1.17 days vs. PBS group,
P < 0.0001) and FK506-MB + UTMD group (16.00 ± 0.89 days
vs. PBS group, P < 0.0001). The results also illustrated that the
treatment with FK506-MBs combined with UTMD significantly
prolonged the cardiac allograft survival time than that with
FK506 alone (P < 0.0001).

4. Discussion

Cardiac AR is essentially a cell-mediated immune reaction.
T cells play a key role in the pathogenesis and development of
AR. Activated T cells release cytokines to cause immunologic
injuries or damage the adjacent tissues directly. Inhibition of
T cell proliferation and activation is an effective method to
treat AR.31

FK506, also known as tacrolimus, is an immunosuppressive
drug used for AR treatment clinically. It inhibits the pro-
duction of IL-2, a molecule that promotes the development

Fig. 3 Drug-loaded MB plus UTMD technique improves the concentration of drugs in transplanted heart tissues. (A) Ex vivo images of the major
organs 10 min, 30 min, 60 min, 180 min and 360 min after injection of DiR and DiR-MBs, respectively. (B) Quantitative analysis of the fluorescence
intensity in the cardiac graft at 10 min, 30 min, 60 min, 180 min and 360 min (n = 3). (C) CLSM images show that DiI deposition in transplanted heart
tissues increases in the DiI-MB + UTMD group. (D) In vivo quantification of the FK506 concentration by UPLC-MS in transplanted hearts 30 min after
treatment (n = 6), *P < 0.05, **P < 0.01, ***P < 0.001.
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and proliferation of T cells, and thereby suppresses the rejec-
tion response. However, when given by intravenous or oral
administration, the risk of adverse reactions is unavoidable.6

Localized delivery of immunosuppressive agents is an alterna-
tive to safeguard the transplanted hearts while minimizing the
side effects of systemic immunosuppression.

MBs, which consist of fluorocarbon gas encapsulated by a
lipid or a protein shell, are not only an ideal contrast agent for
ultrasound imaging, but also an excellent drug carrier for
therapy.32 Drug-loaded MBs could be manufactured by electro-
static or hydrophobic interactions, or physical encapsulation.
Due to its good lipid solubility, FK506 can be loaded onto the
membrane of microbubbles.33 In the current study, the drug
loading efficiency of FK506-MBs was up to 33.41 ± 2.69%,
which was much higher than that of FK506-loaded poly(ethyl-
ene glycol)-poly(D,L-lactide) nanoparticles (FK506/MPEG-PLA).
Although the drug loading ratio (%) varied with the ratio of
FK506 to MPEG-PLA, the maximum drug loading ratio was still
less than 20%.34 In order to change the poor aqueous solubi-
lity of FK506, Saba Khan et al. designed a stable nano-
structured lipid carrier for FK506 delivery. Different methods
of preparation had been tried, but the drug loading efficiency
was still under 10%.35 Moreover, to prolong the controlled
release and increase the bioavailability of FK506, nano-scale
liposomes with a binary lipid constituent have gained a lot of
attention.36 Yikang Dai et al. had shown that the drug encap-
sulation efficiency of liposomes was more than 90%, signifi-
cantly higher than that of the FK506-MBs which we prepared
(about 77.6 ± 8.0%). However, the drug loading efficiency of
liposomes is lower than that of FK506-MBs.37 The reason for
this might be the bigger size of MBs relative to that of nano-
particles. For a single particle, the larger the particle size, the

larger the surface area and the more drugs it contains. Similar
phenomena have also been confirmed in Ryo Kojima’s study.38

He prepared FK506-loaded microspheres composed of poly
(lactic-co-glycolic acid) (PLGA) and/or polylactic acid (PLA). The
drug loading ratio of FK506-loaded microspheres was about
30%, which was close to the level found in our FK506-MBs.

UTMD has been shown to be capable of improving the
efficiency of microbubble-based drug delivery across biological
barriers without causing cellular damage.21 By focusing the
ultrasound beam on transplanted hearts, the ultrasound only
triggers cavitation of MBs (oscillation and collapse) at the
heart site to locally enhance the permeability of the endo-
thelial barrier and cell membrane. Then, the drug extravasa-
tion can be improved.39,40 The concentration of FK506 in
transplanted hearts of the FK506-MBs + UTMD group was
1.64-fold greater than that of the FK506 group after 30 min
administration, which was similar to the result of the ex vivo
optical imaging. The fluorescence intensity of DiR was 1.7-fold
higher in the DiR-MB + UTMD group compared to that in the
DiR group at 30 min. After destruction, MBs split into nano-
sized fragments (Fig. S3†), which may delay the degradation
and metabolism of drugs. We found that the fluorescence
intensity was not significantly decreased at 60 min after UTMD
treatment, while it obviously decreased in the pure DiR group.

After 5 days of continuous treatment, the infiltration of
T cells in the myocardium was significantly reduced, as well as
IL-2 and IFN-γ secretion. The T lymphocyte is a major factor in
myocardial injury during acute rejection.41 Hence inhibition of
T cell infiltration can significantly reduce the degree of myo-
cardial injury. At the same time, reduction of T cells leads to
decreased secretion of inflammatory factors, such as IL-2 and
IFN-γ. IL-2 is an interleukin, mainly secreted by activated CD4+

Fig. 4 Histological analysis on the 6th day after treatment. (A) HE staining was used to evaluate the degree of AR. 0R: in the isograft group there is
no evidence of inflammation or myocyte damage; 3R: a high power view in the PBS group showed widespread inflammatory cell infiltration and
some damage; 2R: a high power view in the FK506 group showed focal inflammatory infiltration, myocyte damage and architectural distortion; 1R: a
high power view in the FK506-MB + UTMD group showed one focus of inflammatory cell infiltration without myocyte damage. (B) AR grades of the
isograft, PBS, FK506, and FK506-MB + UTMD groups (n = 6).
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T cells and CD8+ T cells. Its main function is to stimulate
T cell proliferation and promote the differentiation of T cells
into effector T cells and memory T cells.42,43 The reduction of
IL-2 also reduces T cell infiltration in grafts. IFN-γ is mainly
secreted by T helper cells and cytotoxic T cells. As a pro-inflam-
matory factor, it can enhance T-cell-mediated cellular immu-
nity and aggravate the AR after organ transplantation.44

Reducing the secretion of IFN-γ can effectively reduce the
damage of T cells to myocardium. Therefore, the attenuation
of these inflammatory factors is beneficial for prolonging the
survival of the transplanted hearts. On the other hand, the
drug concentrations in transplanted hearts were increased by
UTMD, but it only accounted for a small fraction of the initial
injection dose. Most of the drugs were distributed systemati-
cally and could reach organs of the immune system, such as
the spleen. As the biggest peripheral immune organ, the

spleen plays an important role in the immune reaction, includ-
ing activation and proliferation of T cells. Therefore, this part
of drugs could reduce T cell infiltration in transplanted hearts
by inhibiting T cell activation and proliferation. As a result of
the above two reasons, the therapeutic efficacy was remarkably
enhanced by FK506-MBs combined with UTMD. What’s more,
the concentration of FK056 in whole blood was lower in the
FK506-MB + UTMD group than that in the FK506 group, which
may be beneficial for reducing the side effects.

In addition, UTMD mediated drug delivery is safe and non-
invasive, with great potential for clinical transformation. At
present, UTMD targeted drug delivery has achieved good
results in the treatment of neoplastic diseases and Alzheimer’s
disease. UTMD open blood–brain barrier treatment of
Alzheimer’s disease has been applied in clinical practice.45

What’s more, many studies have used UTMD for heart dis-

Fig. 5 The expression of CD3+ T cells in transplanted hearts. (A) Immunofluorescence staining showed that in the FK506-MB + UTMD group, the
CD3+ cells in the myocardial tissue were significantly reduced (n = 6); (B) representative blots of the expression of CD3 in transplanted heart tissues
in different groups. (C) Relative quantitative analysis of the CD3 protein in each group (n = 3), ***P < 0.001.
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eases. These results indicated that UTMD did not cause heart
injury.46 In our study, we also found that MBs and UTMD did
not affect blood cells (Table S1†). They also did not produce
toxicity (Fig. S4†) and did not cause pathological damage to
the heart and other vital organs (Fig. S5†). Therefore, UTMD is
a promising method for drug delivery.

Although the results obtained in this study were encoura-
ging, there are some limitations concerning the research. First,
the sample used in our experiment was small. Second, there
are some practical issues which need to be addressed in the
clinical application of the UTMD technique for drug delivery.
Even though several studies have reported that UTMD is a safe
technique for the diagnosis and treatment of diseases,47,48 the

long-term impact of continuous and repeated use of UTMD
still requires further exploration.

It has to be pointed out that we used an abdominal hetero-
topic heart transplantation model in this study. The heteroto-
pic heart transplantation model in rats and mice is the most
commonly used model to study the allograft immune
response.29,49,50 The transplantation was performed with ana-
stomoses of the donor ascending aorta and pulmonary artery
to the abdominal aorta and vena cava of recipient rats.
Because the rat strains were different, the major histocompat-
ibility antigens between donors and recipients were mis-
matched. The recipient immune system recognized alloanti-
gen. T cells were activated and migrated to graft hearts to

Fig. 6 The secretion of IFN-γ was analysed by immunofluorescence staining and western blot. (A) After treatment with FK506, the secretion of IFN-
γ was decreased, and this effect was more pronounced in the FK506-MB + UTMD group (n = 6); (B) representative blots of the expression of IFN-γ in
transplanted heart tissues in different groups. (C) Relative quantitative analysis of the IFN-γ protein in each group (n = 3) *P < 0.05.
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induce rejection, which was similar to the pathological process
of rejection in orthotopic heart transplantation.

5. Conclusion

In conclusion, lipid microbubbles are excellent drug carriers
for FK506. FK506-MBs had a high drug loading efficiency.
Combined with UTMD, FK506 could be selectively delivered
to transplanted heart tissues and released locally, which
enhanced the local drug concentration while reducing sys-
temic cytotoxic effects. In addition, with the help of ultrasonic
cavitation, the therapeutic effect of drugs was further strength-
ened. These data may lead to future clinical translation to

Fig. 7 The secretion of IL-2 was analysed by immunofluorescence staining and western blot. (A) After treatment with FK506, the secretion of IL-2
was decreased, and this effect was more pronounced in the FK506-MB + UTMD group (n = 6); (B) representative blots of the expression of IL-2 in
transplanted heart tissues in different groups. (C) Relative quantitative analysis of the IL-2 protein in each group (n = 3), **P < 0.01.

Fig. 8 The survival time of the cardiac grafts. In the FK506-MB + UTMD
group, the mean survival time of the grafts was significantly longer
(16.00 ± 0.89 day) than those of the PBS group (6.66 ± 1.36 day) and the
FK506 group (12.83 ± 1.17 day) (n = 6).
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combat AR in cardiac transplant patients. Furthermore, this
strategy potentially can be extended to transplant rejection in
other organs, such as the liver and kidney.
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