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Purpose: Hypoxia is considered to be obstructive to tumor treatment, but the reduced
oxygen surroundings provide a suitable habitat for Bifidobacterium bifidum (BF) to colonize.
The anaerobe BF selectively colonizes into tumors following systemic injection due to its
preference for the hypoxia in the tumor cores. Therefore, BF may be a potential targeting
agent which could be used effectively in tumor treatment. We aimed to determine whether
a novel BF-mediated strategy, that was designed to deliver AP-PFH/PLGA NPs (aptamers
CCFM641-5-functionalized Perfluorohexane (PFH) loaded poly(lactic-co-glycolic acid)
(PLGA) nanoparticles) by aptamer-directed approach into solid tumor based on the tumor-
targeting ability of BF, could improve efficiency of high intensity focused ultrasound (HIFU)
treatment of breast cancer.

Methods: We synthesized AP-PFH/PLGA NPs using double emulsion method and carbo-
diimide method. Then, we evaluated targeting ability of AP-PFH/PLGA NPs to BF in vivo.
Finally, we studied the efficacy of HIFU ablation based on BF plus AP-PFH/PLGA NPs (BF-
mediated HIFU ablation) in tumor.

Results: The elaborately designed AP-PFH/PLGA NPs can target BF colonized in tumor to
achieve high tumor accumulation, which can significantly enhance HIFU therapeutic effi-
ciency. We also found that, compared with traditional chemotherapy, this therapy not only
inhibits tumor growth, but also significantly prolongs the survival time of mice. More
importantly, this treatment strategy has no obvious side effects.

Conclusion: We successfully established a novel therapy method, BF-mediated HIFU
ablation, which provides an excellent platform for highly efficient and non-invasive therapy
of tumor.

Keywords: high intensity focused ultrasound, aptamers, nanoparticles, Bifidobacterium
bifidum, tumor treatment

Introduction

The treatment of cancer has been a universal conundrum for years. Despite the
unprecedented potential of high intensity focused ultrasound (HIFU) for cancer ther-
apy, to achieve precise HIFU ablation has remained a challenge.' > HIFU destroys the
tumor tissue by focusing the ultrasound from an in vitro transducer into tumor tissue to
generate a high temperature within a few seconds and then induces obvious thermal
coagulation necrosis.* Unfortunately, the efficacy of HIFU ablation is low when the
focused ultrasound reaches the deep-seated organs due to the attenuation of ultrasound
energy along the ultrasound pathway, which often needs higher ultrasound power and
longer ablation duration. The simple increase of ultrasound energy and ablation dura-

tion will cause undesired heating in tissues and lead to unknown adverse events to
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normal tissue.” Thus, obtaining higher therapeutic efficacy
with lower therapeutic power has remained a challenge in
HIFU therapy. The efficient route to enhance the efficacy of
HIFU ablation was by introducing synergistic agents to
change the acoustic environment of tissues, increase the
ultrasonic cavitation effect and enhance the energy
deposition.® Typically, microbubbles were used as synergis-
tic agents in HIFU ablation.””® However, microbubbles have
limited contributions to improve the efficiency of HIFU
ablation due to the particle size of several micrometers
which makes it difficult to penetrate tumor blood vessels
and enter the tumor tissue.'” Nanoscale bubbles also only
have very limited contributions to improve the efficiency of
HIFU ablation since the ultrasound responsiveness is
decreased significantly.'' How to minimize the particle size
yet retain the efficacy of HIFU ablation has remained impor-
tant in HIFU therapy. Fortunately, perfluorohexane (PFH)
loaded poly(lactic-co-glycolic acid) (PLGA) nanoparticles
(PFH/PLGA NPs) could efficiently solve this critical
issue.”!" PLGA is a favored substance for the fabrication
of nanoparticles (NPs) due to its specific features, such as
favorable biosafety and easy chemical modifications and is
approved by the United States Food and Drug
Administration (FDA).'>'> PFH also is a typical highly
biocompatible fluorocarbon with boiling point at 56°C."*
PFH/PLGA NPs are
transformation nanoparticles, which could be in situ trans-

special “small-to-big” phase-
formed into large microbubbles because of the temperature-
responsive liquid-gas phase transition of PFH by HIFU trig-
gering, and this further significantly enhances the HIFU
ablation efficacy by changing the acoustic environment and
enhancing the deposition of ultrasound energy. The particle
size of these PFH/PLGA NPs is a nanometer, making it
easier to accumulate in the tumor.'*'>"!"

To achieve precise HIFU ablation, the boundaries between
tumor and normal tissue should be distinguished. However,
most synergistic agents are stymied by non-specific organ
biodistribution. Therefore, it is a great challenge to improve
the targeting efficiency of synergistic agents. However, the
traditional targeting delivery of synergistic agents is based on
the marker molecules over-expressed by tumor cells.'®
Because of the heterogeneity of tumor, some tumor cells
may not express or have low expression of the corresponding
marker molecules, so the efficiency of synergistic agents’
delivery is not high. Tumor heterogeneity is also a key factor
leading to the failure of tumor targeted therapy.'**
Research shows that some species of anaerobic bac-

teria, such as Bifidobacterium, can selectively germinate

and grow in the hypoxic regions of solid tumors. There is
no proliferation in healthy tissues rich in oxygen. Thus,
Bifidobacterium may be a marker which would aid in
distinguishing tumor and normal tissues and could be
used effectively in tumor diagnosis or treatment.'~**
Therefore, we sought to harness the tumor-targeting ability
of BF to deliver AP-PFH/PLGA NPs into the tumor for
highly efficient HIFU therapy of cancer.

To achieve the effective delivery, some antibodies,
peptides or aptamers have to conjugate with NPs to
prepare targeting nanoparticles. Aptamers are single-
stranded DNA or RNA typically screened through
Systematic Evolution of Ligands by Exponential
Enrichment (SELEX). Aptamers have unique tertiary
structures and can specifically bind with molecular tar-
gets by a combination of non-covalent interactions, such
as van der Waals forces, hydrogen bonding, and stacking
interactions.”> Aptamers have some advantages, such as
ease of chemical synthesis, small size, low molecular
weight and lack of immunogenicity compared with anti-
bodies. These features make aptamers a good candidate
for conjugation to nanoparticles for targeted imaging,
diagnostic and therapeutic purposes.”*>® Therefore, in
this study, specific delivery approaches, an aptamer-
directed method, were designed to deliver AP-PFH
/PLGA NPs into solid tumor based on the tumor-
targeting ability of BF for HIFU ablation.

In our study, the aptamers CCFM641-5-functionalized
PFH/PLGA NPs (AP-PFH/PLGA NPs) can target
Bifidobacterium bifidum (BF) colonized in tumor to
achieve high tumor accumulation, which were further
used to enhance HIFU therapeutic efficiency of solid
tumors. HIFU ablation based on BF plus AP-PFH/PLGA
NPs (BF-mediated HIFU ablation) can significantly inhibit
tumor growth and prolong the survival period of mice
bearing breast cancer xenografts, compared with tradi-
tional chemotherapy. Notably, this work is not purely
limited to construct a new targeting synergistic agent but
pave a direction to BF-mediated HIFU ablation using the
anaerobic bacterial approach for tumor therapy.

Materials and Methods

Materials

Polyethylene glycol (PEG), poly(lactic-co-glycolic acid)
(PLGA) (50:50, MW=15000) and PLGA-PEG-COOH was
purchased from Daigang BIO Engineer Ltd., Co. (Shan
Dong, China). Chloroform (CHCI3) and isopropyl alcohol
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were purchased from Chongqing East Chemical Industry
Ltd., Co. (Chongging, China). Poly(vinyl alcohol) (PVA,
MW=25000) were purchased from Sigma-Aldrich
Chemical Co. (St Louis, MO, USA). Fluorescein isothiocya-
nate (FITC) were purchased from BioFroxx Ltd., Co.
(Germany). 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbo-
cyanine iodide (DiR) was purchased from AAT Bioquest Inc.
(USA). 4,6-diamidino-2-phenylindole (DAPI) and 1,1'-
dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine perchlo-
rate (Dil) were purchased from Beyotime Biotechnology
Ltd., Co. (Shanghai, China). 1-ethyl-3- (3-dimethylamino-
propyl) carbodiimide hydrochloride (EDC),
N-hydroxysulfosuccinimide (sulfo-NHS), MES buffer and
PFH were purchased from Aladdin Co., Ltd. (Shanghai,
China).  Aptamer CCFM641-5%  (sequence:  5'-
AGCAGCACAGAGGTCAGATGTGCGTGAGCGGTAG-
CCCCGTACGACCCACTGTGGTTGGGCCCTATGCGT-
GCTACCGTGAA-3', 80 bp), 5'-NH2-modified CCFM641-
5 aptamer and 5'-FAM-modified CCFM641-5 aptamer were
synthesized by Sangon Biotech Co., Ltd (Shanghai, China).
Cell Counting Kit-8 (CCK-8) assay was purchased from
Dojindo Laboratories (Kumamoto, Japan).

Methods

Growth of Bifidobacterium bifidum Strain ATCC29521
Bifidobacterium  bifidum ATCC29521 (BF,
American Type Culture Collection) was anaerobically
cultured on de Man-Rogosa-Sharpe (MRS) broth sup-
plied with 0.05% L-cysteine hydrochloride monohydrate

strain

at 37°C to early-log phase. BF were collected by cen-
trifugation at 4000 rpm for 10 min at 4°C. BF concen-
tration was calculated by serially diluting the BF
suspension, anaerobically culturing the dilutions on
solid LB agar at 37°C for 72 h, and counting colony
forming units (CFUs). BF were resuspended with ice-
cold sterile PBS to adjust the concentration of 10® CFU/
mL for further use.

Cell Culture

The human breast cancer MDA-MB-231 cells and human
umbilical vein endothelial cells (HUVECSs) were obtained
from Chinese Academy of Sciences Cell Bank. All cells
were cultured in Roswell Park Memorial Institute-1640
(RPMI-1640) medium containing 1% penicillin/streptomy-
cin and 10% fetal bovine serum (FBS) and incubated
under 5% CO, atmosphere at 37°C.

Animal Model

All female BALB/c nude mice (6~8 weeks old) were
purchased from the Experimental Animal Center of
Chongqing Medical University and housed in a constant
temperature and humidity condition. For the establishment
of the MDA-MB-231 xenografts nude mice models,
female BALB/c nude mice were respectively subcuta-
neously injected in the right flank with 1x10° MDA-MB
-231 cells suspended in 100 pL. phosphate-buffered saline
(PBS). Generally, tumors were palpable within 14 days.
Tumor volume was calculated as (lengthxwidth?)/2. All
the experimental procedures were approved by the animal
ethics committee of Chongqing Medical University. All
procedures involving animals were conducted with the
guidelines of the Institutional Animal Care and Use
Committee of Chongqing Medical University.

In vivo Biodistribution of BF

To study the biodistribution of BF, when the tumor volume
reached approximately 100250 mm?>, 15 nude mice bear-
ing MDA-MB-231 xenografts were intravenously injected
with 0.2 mL PBS containing 10’ CFU of BF once every 24
h, three times in total. At 1 h, 24 h, 48 h, 120 h and 168
h after the third injection, mice were sacrificed (three per
time). Then their heart, liver, spleen, lung, kidney and
tumor were collected and weighed. Each tissue sample
was homogenized in PBS. The amount of BF in each
tissue was determined by serially diluting tissue homoge-
nates, anaerobically culturing the dilutions on solid LB
agar at 37°C for 72h and counting CFU.

In vivo Biosafety of BF
Experimental details can be found in the supporting
information.

Preparation of PFH/ PLGA NPs

PFH/PLGA NPs were prepared by a double emulsion
method.*>*' First, 100 mg PLGA-PEG-COOH was
added to the organic phase of 2 mL CHCI; and then
0.2 mL PFH was added. In an ice bath, the mixture was
emulsified by an ultrasonic cell crusher (Sonics &
Materials, Inc., USA) with power of 105 W for 1 min.
Subsequently, 4 mL cold PVA solution (4%, w/v) was
added into this initial emulsion. The mixture was emul-
sified again by the ultrasonic cell crusher with power of
105 W for 2 min 30 s to obtain the second emulsion.
8 mL 2% isopropyl alcohol solution was poured into
the second emulsion, and then the prepared emulsion
was mechanically stirred in an ice bath for 3-6 h to
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extract CHCl;. After the prepared emulsion was centri-
fuged at 9000 rpm for 5 min, the supernatant was dis-
carded and the precipitate was washed by deionized
water. The process of centrifugation and washing were
repeated three times. Finally, the precipitate was mixed
with 2 mL deionized water and lyophilized for 48 h. The
dried samples were stored at —20°C for use. To prepare
fluorescent PFH/PLGA NPs, Dil or DiR was added to the
CHCIl; solution in the dark. The rest of the steps are the
same.

Conijugation of AP to PFH/PLGA NPs

AP was conjugated to the surface of PFH/PLGA NPs
according to a carbodiimide method. The prepared PFH/
PLGA NPs (10 mg) was dissolved in 1 mL MES buffer
(0.1 mol/L, pH=5.5). Then 4 mg EDC and 11 mg sulfo-
NHS was added to the suspension and incubated for 30
min at room temperature.’>>* After solution was centri-
fuged at 9000 rpm for 5 min, the supernatant was dis-
carded and the precipitate was washed by deionized water
to remove excess EDC and sulfo-NHS. The process of
centrifugation and washing were repeated three times.
The precipitate and an appropriate amount of 5-NH,—
modified AP (1 ug/uL) was dispersed into MES buffer
(0.1 mol/L, PH = 8.0) and incubated for 12 h at room
temperature. The prepared aptamer-NPs conjugates were
washed and resuspended with deionized water. The sam-
ples were stored at —4°C for use. To prepare fluorescent
AP-PFH/PLGA NPs, PFH/PLGA NPs was replaced with
Dil-labeled PFH/PLGA NPs or DiR-labeled PFH/PLGA
NPs. The rest of the steps are the same. The AP-PFH
/PLGA NPs concentration “mg/mL” is calculated by
dividing the weight of AP-PFH/PLGA NPs by the volume
of the solution.

Assessment of Binding Between AP and PFH/PLGA
NPs

AP labeled with FAM was conjugated to PFH/PLGA NPs
as described previously. Flow cytometry (FCM, BD
FACSVantage SE, USA) was used to determine the bind-
ing efficiency between FAM-labeled AP and PFH/
PLGA NPs.

Characterization of AP-PFH/PLGA NPs
The
S-3400N, Japan) and transmission electron microscopy
(TEM, Hitachi H-7600, Japan) were used to evaluate the
morphological characteristics of AP-PFH/PLGA NPs. The
mean particle sizes and zeta potential of different NPs

scanning electron microscopy (SEM, Hitachi

were measured using a Malvern Zetasizer Nano ZS instru-
ment (Malvern Instruments, UK). Then, the mean particle
sizes of AP-PFH/PLGA NPs dissolved in PBS were mea-
sured with prolonged time duration (1, 2, 3, 4, 5, 6 and 7
days) and the AP-PFH/PLGA NPs (15 mg/mL) were also
observed by digital photographs.

Toxicity Evaluation of AP-PFH/PLGA NPs
Experimental details can be found in the supporting
information.

Targeting Binding Between BF and AP-PFH/PLGA
NPs

In order to detect the binding between BF and AP-PFH
/PLGA NPs in vitro, Dil-PFH/PLGA NPs and Dil-AP-
PFH/PLGA NPs was prepared as previously described.
BF was harvested by centrifugation at 4000 rpm for 10
min at 4°C. The concentration was adjusted to 10% CFU/
mL. After staining by FITC, 0.2 mL BF was divided into 2
test tubes (BF+PFH/PLGA group and BF+AP-PFH/PLGA
group). For BF+PFH/PLGA group, 0.5 mL Dil-PFH
/PLGA NPs (10 mg/mL) was added. For BF+AP-PFH
/PLGA group, 0.5mL Dil-AP-PFH/PLGA NPs (10 mg/
mL) was added. The mixed solution in each group was
reacted at room temperature for 2 h. The connection
between BF and NPs was observed under the confocal
laser scanning microscope (CLSM, LeicaSP8, Germany).
Similar to the methods for the CLSM test, FCM was also
carried out to examine the binding efficiency between BF
(without staining by FITC) and Dil-labeled NPs.

In order to detect the binding between BF and AP-PFH
/PLGA NPs in vivo, when the tumor volume reached
approximately 100-250 mm® after 14 days of inoculation,
9 nude mice bearing MDA-MB-231 xenografts were ran-
domly divided into three groups with 3 mice in each group
(AP-PFH/PLGA group, BF+PFH/PLGA group and BF
+AP-PFH/PLGA group). The mice in AP-PFH/PLGA
group, BF+PFH/PLGA group and BF+AP-PFH/PLGA
group were respectively intravenously injected with
0.2 mL PBS, PBS containing 10’ CFU of BF and PBS
containing 10" CFU of BF once every 24 h, three times in
total. On 7 d after the third injection, the mice in the AP-
PFH/PLGA group, BF+PFH/PLGA group and BF+AP-
PFH/PLGA group were respectively intravenously
injected with 0.4 mL DiR-AP-PFH/PLGA NPs (10 mg/
mL), DiR-PFH/PLGA NPs (10 mg/mL), DiR-AP-PFH
/PLGA NPs (10 mg/mL). Images were taken at different
time points (before injection, on 1 h, 8 h, 24 h and 48
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h after injection NPs) using the LB983 in vivo imaging
system (Berthold Technologies GmbH & Co. KG,
Germany). All nude mice in the three groups were eutha-
nized on 48 h after injection with NPs. Then tumors and
major organs were harvested for immediate observation of
fluorescence.

In addition, 36 nude mice bearing MDA-MB-231
xenografts were randomly divided into three groups with
12 mice in each group (AP-PFH/PLGA group, BF+PFH/
PLGA group and BF+AP-PFH/PLGA group) and received
the same treatment as those described above except that
the NPs were labeled with Dil. Three mice in each group
were respectively euthanized at 1 h, 8 h, 24 h and 48
h after injection. Then, tumors were immediately har-
vested for ultrathin sections and then the sections were
stained with DAPI for confocal laser scanning microscope
(CLSM, A1R; Nikon, Tokyo, Japan) detection.

Evaluation of Synergistic Effect of AP-PFH/PLGA NPs
for BF-Mediated HIFU Ablation

A Model-JC200 Focused Ultrasound Tumor Therapeutic
system (Chongqing Haifu Medical Technology Co., Ltd.,
Chongqing, China) was used for all HIFU experiments.
The focal length, diameter, and operating frequency used
in this study were 220 mm, 145 mm, and 0.94 MHz,
respectively. Two units, a therapeutic ultrasound unit and
a diagnostic ultrasound unit, compose this device. A high-
energy ultrasound beam was emitted from the therapeutic
transducer to damage the interesting tissue, and the ultra-
sound grayscale changes in the targeted tissue were mon-
itored using an ultrasound diagnostic transducer (Esaote,
Italy, with a probe frequency range of 3.5-5.0 MHz) and
analyzed by Gray Val 1.0 software provided with the
therapeutic system.

When the tumor volume reached approximately 400—
600 mm’, 40 nude mice bearing MDA-MB-231 xeno-
grafts were randomly divided into four groups (PBS
group, AP-PFH/PLGA group, BF+PFH/PLGA group,
BF+AP-PFH/PLGA group) with 10 mice in each
group. Mice in PBS group and AP-PFH/PLGA group
were intravenously injected with 0.2 mL PBS once
every 24 h, three times in total. Mice in BF+PFH/
PLGA group and BF+AP-PFH/PLGA group were
injected with 0.2 mL PBS containing 10’ CFU of BF
once every 24 h, three times in total. On day 7 after the
third injection, 0.4 mL PBS, AP-PFH/PLGA (10 mg/
mL), PFH/PLGA (10 mg/mL) and AP-PFH/PLGA NPs
(10 mg/mL) was respectively injected into the mice in

PBS group, AP-PFH/PLGA group, BF+PFH/PLGA
group and BF+AP-PFH/PLGA group. At 24 h after
injection, mice in the four groups were anesthetized
and placed on the HIFU treatment bed in a prone posi-
tion. The tumor site was completely immersed in
degassed water. All mice were treated with the same
power in the HIFU ablation experiments (acoustic
power 120 W, irradiation duration 3 s). Before and
after ablation, gray-scale of the targeted zone was auto-
matically compared using Gray Val 1.0 software
affiliated to the HIFU device. On 24 h after HIFU
ablation, 5 mice in each group were randomly sacrificed
and the tumors were harvested. The tumor was comple-
tely dissected and cut longitudinally from the middle in
the direction of HIFU ablation. Tumor tissue was
stained with 2,3,5-triphenyltetrazolium chloride (TTC)
solution at 37°C for 30 min to determine the coagulation
necrosis volume. The coagulation necrosis volume (V)
was calculated as follows: V (mm?®) = (n/6) x length x
width x depth. The remaining 5 mice in each group
were sacrificed and the tumors were harvested and
fixed in 4% polyoxymethylene routinely processed, par-
affin embedded and sectioned. H&E staining on tissues
sections was used for histopathological analysis. To
evaluate apoptosis, Terminal-deoxynucleotidyl
Transferase Mediated Nick End Labeling (TUNEL
assay) method was performed on these tissue sections.
The apoptotic index (Al) was calculated as the ratio of
positively stained cells to all cells, which were obtained
from at least 5 randomly selected fields (X400 magnifi-
cation) by blinded observers.

In vivo Anti-Tumor Effect of BF-Mediated HIFU
Ablation

When the tumor volume reached approximately 100—
250 mm’® after 14 days of inoculation, 15 nude mice
bearing MDA-MB-231
divided into three groups with 5 mice in each group
(PBS group, docetaxel group, HIFU + BF+AP-PFH
/PLGA group). Mice were euthanized once tumor volume
approached burden as defined by IACUC. Mice were
euthanized at day 70 after tumor inoculation, if they

xenografts were randomly

had not yet been euthanized. On day 0, mice in PBS
group were injected with PBS once per week and mice
in docetaxel group were injected with free docetaxel
solution (10 mg/mL of docetaxel concentration in PBS
containing 25% w/v tween 80 and 9.75%v/v ethanol) at
a dose of 10 mg/kg once per week.>>>* Mice in HIFU +

International Journal of Nanomedicine 2021:16

4647

Dove:


https://www.dovepress.com
https://www.dovepress.com

Tang et al

Dove

BF+AP-PFH/PLGA group were injected with 0.2 mL
PBS containing 10’ CFU of BF once every 24 h, three
times in total, and on day 7 after the third injection,
0.4 mL AP-PFH/PLGA NPs (10 mg/mL) was injected.
Then, 24 h after injection, mice were anesthetized and
placed on the HIFU treatment bed in a prone position.
Using point irradiation, intermittent emission therapy, the
treatment is layer by layer from the deepest to the shal-
lowest part of the emission source (acoustic power 120
W, irradiation duration 3 s). Treatment duration is 6-9
s. Tumor volumes and body weights of the mice were
recorded every 3 days. Digital photographs of the mice
were taken every 5 days for 20 days after the treatment.

Statistical Analysis

All data were analyzed with GraphPad Prism 7.0 version.
Quantitative data are expressed as the mean =+ standard devia-
tion. Student’s #-test, one-way analysis of variance (ANOVA),
two-way ANOVA and Log-rank (Mantel-Cox) test were used

for data analysis. P values < 0.05 were considered statistically
significant, ¥*P <0.05, **P < 0.01, ***P < 0.001.

Results and Discussion
AP-PFH/PLGA NPs for BF-Mediated
HIFU Ablation

Herein, as shown in Scheme 1, the BF-mediated strategy
was designed to deliver AP-PFH/PLGA NPs by aptamer-
directed approach into solid tumors based on the tumor-
targeting ability of BF to enhance the treatment efficiency
of HIFU: the injection of BF first, followed by the admin-
istration of the aptamer-NPs conjugates to specifically
target BF colonized in tumor. Specifically, in the first
step, BF was injected into the nude mice bearing MDA-
MB-231 xenografts through the tail vein once every 24 h,
three times in total. The aptamer CCFM641-5 (AP) is an
aptamer specifically for BF and was used to guide target-
ing binding between BF and AP-PFH/PLGA NPs in the

|
|
|
|
bacterium |
|

O
|
|
|
AP- PFH/PLGA |

bacterlum NPs
conjugates

——

Scheme | Schematic illustration of targeting AP-PFH/PLGA NPs for BF-mediated HIFU ablation.
Abbreviations: PFH, Perfluorohexane; PLGA, poly(lactic-co-glycolic acid); NPs, nanoparticles; AP, aptamers CCFM641-5; BF, Bifidobacterium bifidum strain ATCC29521;

HIFU, High intensity focused ultrasound.
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tumor area. In the second step, on day 7 after the third
injection, AP-PFH/PLGA NPs were injected. Guided by
aptamers, AP-PFH/PLGA NPs can target BF in tumor. In
the third step, when a large amount of NPs accumulate in
the tumor 24 h after injection, HIFU ablation is used for
tumor treatment.

Tumor-Targeting Ability and Biosafety

Evaluation of BF

To determine whether BF could selectively germinate and
grow in tumors in vivo, nude mice bearing MDA-MB-231
xenografts were intravenously injected with BF once every
24 h, three times in total. At 1 h, 24 h, 48 h, 120 h and 168
h after the third injection, hearts, livers, spleens, lungs,
kidneys, and tumors were collected. BF in these tissues
was quantified by serial dilution homogenates and then
counted on solid LB agar plates. As shown in Figure 1A,
at 1 h after the third injection, sporadic colonies grew from
tumor homogenates and dense colonies grew from homo-
genates of major organs. However, at 168 h after the third
injection, almost no colonies grew from homogenates of
major organs and dense colonies grew from tumor homo-
genates. By counting the CFU in each tissue (Figure 1B),
it was found that the amount of BF in the tumor tissue
continued to increase for 168 h after the third injection.
Contrastingly, the amount of BF in normal tissues, such as
the heart, liver, spleen, lung and kidney, began to decrease
immediately after injection and BF was almost undetect-
able at 168 h after the third injection. These results indi-
cated that BF can survive and proliferates selectively in
tumor tissues, but cannot in normal tissues. This phenom-
enon may be attributed to the unique hypoxic microenvir-
onment of solid tumors and the anaerobic instincts of BF.
Abnormal growth of the vasculature of a solid tumor
usually creates a hypoxic area in the tumor.>® The hypoxic
regions of solid tumors with a significant proportion of
readings below 2.5 mmHg,** may provide BF a suitable
environment to germinate and grow.”' >* On the contrary,
the average partial pressure of oxygen in normal tissues is
24-66 mm Hg,*® which may prevent BF growing.

We also examined the toxicity of BF. First, the red
blood cell (RBC), white blood cell (WBC), platelet
(PLT), hemoglobin (HGB), mean corpuscular hemoglo-
bin (MCH), mean corpuscular volume (MCV), alanine
aminotransferase (ALT), aspartate aminotransferase
(AST), creatinine (CREA) and blood urea nitrogen
(BUN) were estimated on days 3, 7, 14 and 28 after

the third injection of PBS or BF. The result of routine
blood test and blood biochemical analyses in BF group
showed no apparent difference compared with PBS
group (Figure S1A). Next, H&E staining (Figure S1B)
of the major organs (heart, liver, spleen, lung and kid-
ney) indicated that BF did not damage the major organs.
Together, these results indicate that BF have excellent
tumor-targeting ability and biosafety. Therefore, BF is
a potential targeting agent which could be used effec-
tively in tumor treatment.

Synthesis and Characterization of
AP-PFH/PLGA NPs

In order to synthesize a synergistic agent to target BF,
PFH/PLGA NPs was constructed by the double emulsion
method, and then the AP specific for BF was further
coupled to the surface of the PFH/PLGA NPs by carbo-
diimide method (Figure 2A). First, FCM was applied to
confirm the binding efficiency between AP and PFH/
PLGA NPs. As shown in Figure 2B and C, the binding
efficiency between AP and PFH/PLGA NPs is 84.9% =+
11.1%. Therefore, we successfully prepared AP-PFH
/PLGA NPs. Subsequently, we characterized the NPs.
The high dispersity, well-defined spherical morphology
and homogeneous size of the AP-PFH/PLGA NPs was
revealed by SEM (Figure 2D). In TEM image of PFH/
PLGA NPs (Figure S2A) and AP-PFH/PLGA NPs
(Figure 2E), dark in the core can be directly observed,
indicating that the PFH are successfully encapsulated into
PLGA. The particle sizes of PFH/PLGA NPs and AP-
PFH/PLGA NPs were 216.3 = 19.4 nm and 232.4 + 25.6
nm (Figure 2F), showing a relatively narrow size distri-
bution. In addition, the average zeta potentials of the AP-
PFH/PLGA NPs and PFH/PLGA NPs were —20.0 £ 3.13
mV and —17.3 + 5.49 mV (Figure S2B). The grafting of
AP on the surface of polymer shells exerted no obvious
effect on the particle size of AP-PFH/PLGA NPs.
Because its particle size is between 200-300 nm and
<700 nm, this guarantees NPs can penetrate tumor
blood vessels and enter the tumor tissue.'®*' In addition,
PEGylation of the NPs can reduce the rapid elimination
by the mononuclear phagocytic system and increase the
accumulation by prolonging the circulation time of the
NPs.'? Meanwhile, within 7 days the mean particle size
of AP-PFH/PLGA NPs did not appreciably change when
dissolved in PBS, and the particle suspension did not
aggregate or precipitate (Figure 2G), revealing the
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Figure | Tumor-Targeting Ability of BF. (A) Homogenates of tumor tissues and the five organs on different time points after the third injection of BF were cultured on solid
LB agar at 37°C. (B) Quantification of BF per gram of tumor tissues and the five organs at different time points after the third injection of BF (n = 3).

Abbreviation: BF, Bifidobacterium bifidum strain ATCC29521.
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Figure 2 Characterization of AP-PFH/PLGA NPs. (A) The schematic diagram for the synthesis of AP-PFH/PLGA NPs. (B) Flow cytometry analysis binding between AP and
PFH/PLGA NPs. (C) Binding efficiency between AP and PFH/PLGA NPs (n = 3, ***P < 0.001). (D) SEM image and (E) TEM image of AP-PFH/PLGA NPs. (F) Size distribution
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/PLGA NPs dispersed in PBS (15 mg/mL).

Abbreviations: PFH, perfluorohexane; PLGA, poly(lactic-co-glycolic acid); NPs, nanoparticles; AP, aptamers CCFMé41-5; SEM, scanning electron microscopy; TEM,

transmission electron microscopy.

excellent long-term stability of the AP-PFH/PLGA NPs
for further utilization.

In vitro and in vivo Toxicity of AP-PFH/

PLGA NPs
To evaluate cytotoxicity of AP-PFH/PLGA NPs, MDA-MB
-231 and HUVECs cells were incubated with AP-PFH

/PLGA NPs at various concentrations, and then the cytotoxi-
city was tested using a standard CCK-8 assay. As shown in
Figure S3A, AP-PFH/PLGA NPs had no significant effect on
the survival of MDA-MB-231 and HUVECs: cells even when
the concentration of NPs increased to as high as 10.0 mg/mL.
The result of routine blood tests and blood biochemical

analyses showed no apparent difference compared with
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PBS group (Figure S3B—K). Furthermore, H&E staining of
major organs (heart, liver, spleen, lung and kidney) also
showed no noticeable damage in AP-PFH/PLGA group
(Figure S3L). These results indicated that the dose of AP-
PFH/PLGA NPs used in our work has favorable biosafety for
further utilization.
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Evaluation of Targeting Ability of AP-PFH/
PLGA NPs to BF

CLSM and FCM were used to evaluate the binding between
BF and AP-PFH/PLGA NPs in vitro. As shown in Figure 3A,
only when AP exists, BF (FITC-labeled BF presents green
fluorescence) can connect with PFH/PLGA NPs (Dil-labeled

Merge

* k%

Binding
efficiency (%)

[ v‘ |
Q\’O
N
<
R
&
Q

v.
Q\’O
&
<
Q OQ
v.

X
&

Figure 3 The binding between BF and AP-PFH/PLGA NPs in vitro. (A) CLSM images analysis binding between FITC-labeled BF and Dil-labeled NPs. (B) Flow cytometry
analysis binding between BF and Dil-labeled NPs. (C) Binding efficiency between BF and Dil-labeled NPs (n = 3, ***P < 0.001).

Abbreviations: PFH, perfluorohexane; PLGA, poly(lactic-co-glycolic acid); NPs, nanoparticles; AP, aptamers CCFMé41-5; BF, Bifidobacterium bifidum strain ATCC29521;
FITC, Fluorescein isothiocyanate; Dil, |,|’-dioctadecyl-3,3,3',3"-tetramethylindocarbocyanine perchlorate; CLSM, confocal laser scanning microscope.
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NPs presents red fluorescence). Similarly, the result of FCM
showed that (Figure 3B and C) the binding efficiency in the
BF+AP-PFH/PLGA group (81.54% =+ 5.98%) was signifi-
cantly higher than that of the BF+PFH/PLGA group (4.64%
+ 1.61%). These results shown that AP-PFH/PLGA NPs has
a high binding ability to BF.

In order to demonstrate whether AP-PFH/PLGA NPs
can be guided into tumor tissue based on the tumor-

targeting ability of BF, fluorescence imaging was

performed to detect the presence of NPs in tumor at
different time points after injection with DiR-labeled
PFH/PLGA NPs or AP-PFH/PLGA NPs and the corre-
sponding fluorescence intensities were quantified. As
shown in Figure 4A and B, fluorescence intensity of the
BF+AP-PFH/PLGA group were observed at the tumor site
8 h after injection, and it increased with time until it
reached a peak value 24 h after injection. The fluorescent
signal was still observed in the tumor 48 h after injection.
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Figure 4 Targeting ability of AP-PFH/PLGA NPs to BF in vivo. (A) Fluorescence imaging and (B) Quantitative fluorescence intensity of tumor tissue before injection and at |
h, 8 h, 24 h, 48 h after injection NPs (n = 3, **P < 0.001). (C) Fluorescence imaging and (D) Quantitative analysis of fluorescence intensity of tumor and major organs
excised from mice at 48 h after injection of NPs (n = 3, ¥***P < 0.001). (E) Ultrathin section of tumor tissues at | h, 8 h, 24 h, 48 h after injection of NPs detected by CLSM.
The scale bar is 50 pm.

Abbreviations: PFH, perfluorohexane; PLGA, poly(lactic-co-glycolic acid); NPs, nanoparticles; AP, aptamers CCFM641-5; BF, Bifidobacterium bifidum strain ATCC29521;
CLSM, confocal laser scanning microscope.
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Although in the other two groups, fluorescence was
observed at the tumor site 24 h after injection, no strong
fluorescence signal was observed in the tumor 48 h after
injection. Moreover, the fluorescence intensity of the BF
+AP-PFH/PLGA group was stronger than that of the other
two groups at 8 h, 24 h and 48 h after injection. Next, the
major organs and tumors were harvested 48 h after injec-
tion for in vitro fluorescence imaging and the correspond-
ing fluorescence intensities were quantified. Similarly, the
results showed that tumor in BF+AP-PFH/PLGA group
retained more of the fluorescent signals compared with
AP-PFH/PLGA group and BF+PFH/PLGA group
(Figure 4C and D). We also found that all groups showed
abundant fluorescence intensities in the liver and spleen
(Figure 4C and D), which can be attributed to the phago-
cytosis of the reticuloendothelial system.>* Consistently,
ultrathin tumor sections (Figure 4E) showed that tumor in
BF+AP-PFH/PLGA group contained more NPs 8 h, 24
h and 48h after injection, compared with AP-PFH/PLGA
group and BF+PFH/PLGA group.

These results indicate that NPs in all groups can be
delivered to solid tumors through blood circulation.
However, only when BF is present in tumor, the retention
of AP-PFH/PLGA NPs in the tumor is the largest and the
retention time is longer. Therefore, a BF-mediated strategy
to deliver AP-PFH/PLGA NPs by aptamer-directed
approach into solid tumors based on BF is a highly effi-
cient delivery strategy. This lays a foundation for enhan-
cing the treatment efficiency of HIFU.

Evaluation of Synergistic Effect of
AP-PFH/PLGA NPs for BF-Mediated
HIFU Ablation

In our preliminary experiment, we have demonstrated that
BF can be colonized in tumor tissues, and the retention of
AP-PFH/PLGA NPs in the tumor is the largest and the
retention time is longer when BF is present in tumor.
Therefore, a BF-mediated strategy to deliver AP-PFH
/PLGA NPs by aptamer-directed approach into tumor
based on BF can be used to enhance HIFU ablation.
Next, we evaluate the synergistic effect of AP-PFH
/PLGA NPs for BF-mediated HIFU ablation. Based on
the imaging results, we chose 24 h after NPs injection as
the time point for HIFU ablation. As shown in Figure 5A,
varying degrees of ultrasound grayscale changes were
observed after ablation in all groups. However, the ultra-
sound grayscale changes of BF+AP-PFH/PLGA group

was the most obvious and significantly differed from that
of other groups (Figure 5B). Next, tumors were harvested
24 h after HIFU ablation. Then, TTC staining was per-
formed to evaluate the size of coagulation necrosis. The
normal tissue appeared as red, and the coagulation necro-
sis area was not stained and appeared as white
(Figure 5C). After HIFU ablation, coagulation necrosis
was observed in all groups, however the volume of coa-
gulation necrosis was highest in BF+AP-PFH/PLGA
group that of the
(Figure 5D). By further microscopic examination after

compared with other groups
H&E staining (Figure 6A), a clear boundary between
ablated area and non-ablated area can be observed in all
groups. More importantly, BF+AP-PFH/PLGA group
could cause large-scale tumor necrosis leaving a mass of
substance stained evenly red, compared with other groups.
During HIFU ablation, an ultrasonic probe focuses a beam
of external high energy on tumor tissue in vivo, which
generates a thermal effect and induces coagulative necrosis
by transiently raising the tissue temperature to exceed
60°C. The efficacy of HIFU ablation is low when the
focused ultrasound reaches the deep-seated organs due to
the attenuation of the ultrasound energy along the ultra-
sound pathway, which often needs higher ultrasound
power and longer ablation duration. The simple increase
of ultrasound energy and ablation duration will cause
undesired heating in tissues and will lead to unknown
adverse events to normal tissue. The introduction of
micro- or nanoparticles could change the acoustic envir-
onment of tissues, thus enhancing the acoustic energy
deposition to improve the therapeutic efficiency of
HIFU.>'" This was also confirmed in our study. The
results determined that BF-mediated strategy to deliver
AP-PFH/PLGA NPs by aptamer-directed approach based
on BF can significantly enhance the effect of HIFU abla-
tion due to the AP-PFH/PLGA NPs being able to pass
through the vascular endothelia gap and to be retained in
the tumor tissue for a long time.

To further observe the effects centered on the cells
surrounding tissues over a time course after HIFU abla-
tion, pathological examinations were undertaken.
Apoptosis, programmed cell death, is a normal physiologic
process maintaining tissue homeostasis and can be induced
by heat, cold, ultraviolet radiation and other stimuli.***
Therefore, we evaluated whether the apoptosis of sur-
rounding tissue of ablated area was influenced after
HIFU ablation in different groups by TUNEL assay.

TUNEL assay showed that each group had different
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Figure 5 Evaluation of synergistic effect of AP-PFH/PLGA NPs for BF-mediated HIFU ablation in vivo. (A) ultrasonic grayscale changes of tumor tissues (red circle) before
and after HIFU ablation and (B) quantitative analysis of grayscale value (n = 10, ¥*P < 0.001). (C) Coagulation necrosis (red arrow) of tumors by TTC staining after HIFU

ablation and (D) quantitative analysis of necrosis volume (n = 5, ***P < 0.001).

Abbreviations: PFH, perfluorohexane; PLGA, poly(lactic-co-glycolic acid); NPs, nanoparticles; AP, aptamers CCFM641-5; BF, Bifidobacterium bifidum strain ATCC29521;

HIFU, high intensity focused ultrasound.

extents of apoptosis (Figure 6B). The apoptotic index (AI)
of tumor cells in the BF+AP-PFH/PLGA group was sig-
nificantly higher than that of any other groups (Figure S4).
Research suggests that heat stress during HIFU exposure
enhanced by microbubbles can be related to more apopto-
tic events.** More apoptosis in the surrounding areas
might enlarge the area damaged by HIFU ablation, which
might be useful for inhibiting tumor growth after HIFU
ablation. Therefore, BF-mediated HIFU ablation can not
only improve the ablation efficiency of HIFU, but also can
increase the apoptosis of the surrounding tissues of the
ablation area. These lay a foundation for HIFU highly

efficient treatment of tumors.

In vivo Anti-Tumor Effect of BF-Mediated
HIFU Ablation

The effects of HIFU ablation on tumors were enhanced
by AP-PFH/PLGA NPs combined with BF, which may be
beneficial in the clinical application of HIFU therapy. To
further investigate the potential of the use of BF-
mediated HIFU ablation for the non-invasive treatment
of tumor, we evaluated the therapeutic efficacy of this
strategy in vivo. Docetaxel is a potential anti-tumor drug
with a broad anti-tumor spectrum and it has shown anti-
tumor effects in breast cancer, non-small cell lung cancer
and prostate cancer.”>*®*>*¢ This study used docetaxel
as a positive control method to treat breast cancer, and
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Figure 6 (A) H&E staining and (B) TUNEL assay in tumor tissue in different groups after HIFU ablation (H&E: X200 magnification, TUNEL assay: X400 magnification). All the

scale bars are 50 um.

Abbreviations: HIFU, high intensity focused ultrasound; H&E, hematoxylin and eosin staining; TUNEL, Terminal-deoxynucleotidyl Transferase Mediated Nick End Labeling.

then the efficacy of BF-mediated HIFU ablation technol-
ogy was assessed in the treatment of breast cancer to
demonstrated the potential utility of BF-mediated HIFU
ablation.

Overall survival and tumor growth inhibition were
used as metrics to determine efficacy. As shown in the
Figure 7A and D, both docetaxel group and HIFU+BF
+AP-PFH/PLGA group (BF-mediated HIFU ablation)
can inhibit the growth of tumors, but the BF-mediated
HIFU ablation shows a higher inhibitory effect. We
also found that survival times of mice treated with
docetaxel (37 days) or saline (28 days) was signifi-
cantly shorter than those of mice treated with BF-
mediated HIFU ablation (60 days) (Figure 7B). After
BF-mediated HIFU ablation treatment, the weight fluc-
tuations of nude mice bearing MDA-MB-231 xeno-
grafts were negligible (Figure 7C). In addition, H&E
staining was performed on the main organs of the
mice, including the heart, liver, spleen, lung and kid-
ney after BF-mediated ablation. As shown in Figure
S5, no significant damage to major organs were found
during the treatment period.

These results show that BF-mediated HIFU ablation
can significantly inhibit tumor growth, prolong the survi-
val period of mice, and has no significant effect on normal
tissues. Overall, BF-mediated HIFU ablation is a new
promising therapeutic method for non-invasive tumor
ablation.

Conclusion

This is the first study to report a BF-mediated strategy to
deliver AP-PFH/PLGA NPs by aptamer-directed approach
into solid tumor based on the tumor-targeting ability of BF to
improve the efficiency of HIFU. In summary, we have treated
breast cancer more efficiently by taking the novel strategy of
BF-mediated HIFU ablation. Specifically, we successfully
synthesized AP-PFH/PLGA NPs using double emulsion
method and carbodiimide method. The elaborately designed
AP-PFH/PLGA NPs can target BF colonized in tumor by
receptor-ligand interaction to achieve high tumor accumula-
tion, which can significantly enhance HIFU therapeutic effi-
ciency. Compared with the typical cancer-treatment
protocols, such as chemotherapy, BF-mediated HIFU abla-
tion can significantly inhibit tumor growth and prolong the
median survival time. Therefore, this novel strategy shows
great potential in tumor treatment. Because bifidobacteria
target the hypoxic area of the tumor instead of targeting
specific proteins or surface antigens overexpressed on cancer

cells, 22

theoretically speaking, regardless of the tumor
type, when the tumor has a hypoxic area, bifidobacteria can
target tumors by virtue of their preference for the hypoxia in
the tumor cores. Bifidobacteria can effectively be used in
treatment of different tumors. Therefore, BF-mediated HIFU
ablation may also be used in the future for a variety of other
cancers, including liver cancer, melanoma, head and neck
tumors, etc. What needs to be pointed out is that the main

limitation of BF-mediated HIFU ablation strategy involves
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Figure 7 In vivo anti-tumor effect evaluation. (A) Tumor growth inhibition, (B) survival, (C) body weights and (D) photographs after different treatment in mice bearing

MDA-MB-231 xenografts (n = 5, **P < 0.001).

the size of tumor. Research shows that when the tumor is
small, the existing vasculature system is able to supply suffi-
cient oxygen and nutrients to the tumor cells until the solid
tumors grow to a size of about 1-2 mm.*’ For this reason,
BF-mediated HIFU ablation may not be a highly efficient
strategy for treating tumors with a size of below 1-2 mm. To
provides more effective tumor treatment, BF-mediated HIFU
ablation strategy could be further optimized by tuning the
doses and treatment times as well as incorporating immu-
notherapy in the future research. In short, our BF-mediated
HIFU ablation therapy may provide a new way to treat
cancer and also provides a versatile approach for the accu-
mulation enhancement of synergistic agents for HIFU cancer

surgery.
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