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Abstract. - OBJECTIVE: Anaerobic bacte-
ria can enter the solid tumor in the hypoxic re-
gion to colonize and proliferate. Aggregation of
nanoparticles in the tumor area can enhance
molecular imaging and therapy. It is hypothe-
sized that the combination of the two could pos-
sibly achieve better imaging and tumor treat-
ment. This study presents a biocompatible bac-
teria-based system that can deliver cationic
phase-change nanoparticles (CPNs) into solid
tumor to achieve enhanced imaging and treat-
ment integration.

MATERIALS AND METHODS: Cationic phase-
change nanoparticles (CPNs) and Bifidobacteri-
um longum (BF) were mixed to determine the
best binding rate and were placed in an agar
phantom for ultrasonography. BF-CPNs com-
plex adhesion to breast cancer cells was ob-
served by laser confocal microscopy. In vivo,
BF-CPNs and control groups were injected in-
to tumors in breast cancer nude mouse mod-
els. Nanoparticles distribution was observed
by ultrasound and in vivo fluorescence imag-
ing. HIFU ablation was performed after injection.
Gross and histological changes were compared
and synergy was evaluated.

RESULTS: Bifidobacterium longum (BF) and
CPNs were combined by electrostatic adsorp-
tion. The BF-CPNs particles could increase the
deposition of energy after liquid-gas phase-
change during High Intensity Focused Ultra-
sound (HIFU) irradiation of tumor.

CONCLUSIONS: This study shows a valid
method in diagnosis and therapy integration
for providing stronger imaging, longer retention
time, and more effective tumor treatment.
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Introduction

High-intensity focused ultrasound (HIFU) can
concentrate ultrasonic energy on a targeted re-
gion. Its intrinsic focusing and tissue penetration
support an exact tumor treatment'?. However,
HIFU application in larger tumor ablation has
some disadvantages such as long treatment time,
skin burns, and damage to surrounding normal
tissues. Attempts have been made to improve
safety and efficacy of HIFU treatment by optimiz-
ing the ultrasound irradiation parameters, chang-
ing the irradiation mode, and so on**. Ultrasound
contrast microbubbles can synergistically work
with HIFU as they have high acoustic impedance,
cause cavitation, and undergo rupture. They en-
hance tumor imaging and help monitor ablation
during the implementation of a therapeutic plat-
form>®. SonoVue synergist has been clinically
proved to be effective in shortening treatment
time and mitigating side effects”*!'. However, mi-
cron-size diagnostic ultrasound microbubbles are
too large to penetrate vascular endothelial space,
and they have short half-life. Thus, as an ablation
mediator for tumor treatment, it has been limited
in practicality'?. In comparison, nanoscale ultra-
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sound contrast agents have a good synergy and
can penetrate the high permeable tumor blood
vessel walls to reach into the interstitial spac-
es'*!%. Recent advances in targeted nanoparticles
(NPs) and acoustically activated microbubbles
created many new opportunities for molecular
targeting and image-guided therapy using clini-
cal ultrasound'>". Several researchers'>!*'®!* have
introduced liquid fluorocarbon-encapsulated NPs
for HIFU synergist. Nevertheless, NPs are ex-
tremely small, and their imaging is based on ag-
gregation. Echo signal resolution with nanobub-
bles is lower than that obtained by harmonic
imaging with microbubble-enhanced ultrasound.
Moreover, intravenous injection of the contrast
agents in the tumor and surrounding tissues can
damage adjacent normal organs. Therefore, we
aimed to improve NPs aggregation in the tumor
area, enhance ultrasound imaging, and adapt NPs
to HIFU treatment.

Bifidocaterium longum (BF) is endemic pro-
biotic bacteria in human and other mammalian
intestines. It can proliferate in the hypoxic zones
of tumors® and has been used for biological
targeting in antitumor gene therapy?-*>. BF is
Gram-positive, and it has negative charges on its
surfaces since its cell walls contain a lot of pro-
teins. Thus, it is feasible to combine the positive
charge of cationic phase-change nanoparticles
(CPNs) with the negative charge of BF. In this
study, BF and CPNs binding were assessed in vi-
tro and in vivo, and their ultrasound imaging and
synergy with HIFU were evaluated.

Materials and Methods

Chemicals

All chemicals were directly used without
further purification. 1, 2-dioleoyl-sn-glyce-
ro-3-phosphocholine(DOPC),  3B-[N-(N’,N’-di-
methylaminoethane)-carbamoyl] cholesterol
(DC-chol)1, 2-distearoyl-sn-glycero-3-phosphoe-
thanolamine-N-[methoxy (polyethylene glycol
2000] ammonium salt (DSPE-PEG2000; Avanti
Polar Lipids, Alabaster, AL, USA). Perfluoro-
hexane (PFH; Apollo Scientific, Stockport, UK).
Bifidobacterium longum ATCC-15707 (American
Type Culture Collection, ATCC, Manassas, VA,
USA). Human breast cancer cells MDA-MB-231
(Laboratory of Life Sciences School, Chongqing
Medical University, Chongqing, China). 4°, 6-di-
amidyl-2-phenylindole (DAPI), 1, 1’-octadecyl-3,
3, 3°, 3’-tetramethylindocyanine iodide (DiR).

Fluorescein isothiocyanate (FITC), 1, 1’-diocta-
decyl-3, 3, 3°, 3’-tetramethylindocarbocyanine-
perchlorate Dil) (Sigma-Aldrich Corp., St. Louis,
MO, USA).

Instruments

Malvern laser particle size detector (Malvern,
UK). Flow cytometry (BD Bioscience, Franklin
Lakes, NJ, USA). Caliper IVIS Lumina II (CRi
Maestro; Cambridge Research & Instrumenta-
tion, Inc, Hopkinton, MA, USA). NikonA1R con-
focal microscope (Nikon Corporation, Tokyo,
Japan). NanoDrop™ 2000 ultramicro spectro-
photometer (Thermo Fisher Scientific, Waltham,
MA, USA), HIFU JC-200 ultrasound therapeutic
instrument (Haifu Company, Chongqing Medical
University, Chongqing, China). Philips EPIQ7
ultrasound diagnostic instrument (Philips, Am-
sterdam, the Netherlands).

Preparation and Characterization
of CPNs

CPNs were prepared by the film-ultrason-
ic technique®. Cationic lipid DC-cholesterol
and neutral phospholipids (DPPC and DSPE-
PEG2000) were dissolved at a 5:2:2 mass ratio in
chloroform and methanol (2:1 v/v). The solution
was spun in a rotary evaporator for 50 min to
remove the organic solvents and leave a uniform
lipid film at the bottom of the bottle. Then, 2
mL double-distilled water was added to the bot-
tle and the mixture was shaken until hydration
occurred. The resultant translucent suspension
was placed in an ice water bath. One hundred
microliters of PFH was dropwise added, and
the mixture was emulsified for 10 min with an
ultrasonic cell crusher at 150 W and a 5 s on /5
s off cycle. The NPs emulsion was centrifuged
at 8,000 g and 4°C for 10 min in a hypothermic
centrifuge. This process was repeated twice. To
prepare fluorescent NPs, Dil or DiR was added
to the solution, and then it was covered with sil-
ver papers in the dark to prevent light exposure.
Subsequently, the same procedures were adopt-
ed as detailed above. The NPs were resuspended
and stored at 4°C until later use. NPs size and
zeta potential were measured by a Malvern par-
ticle size analyzer.

Culture and Characterization of BF

BF was cultured in MRS broth under anaer-
obic conditions at 37°C for 24 h. Bacteria were
collected by centrifugation at 4°C and 6000 g
for 5 min, diluted with phosphate-buffered saline
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(PBS; pH 7.4), dyed with FITC, and stored in an
ice water bath until later use. Particle size and ze-
ta potential were measured in a Malvern particle
size analyzer.

Optimum Binding Ratio of BF and CPNs

The CPNs and BF were diluted as described
above. OD, = 0.1 for both the CPNs and the BF.
The density of the latter was 6.2x10° cfu/mL. BF
and CPNs were mixed at 3:1, 5:1, 1:1, and 1:2. The
suspensions were observed with the unaided eye
and under a light microscope. Then, 1 mL each of
the Dil-stained 3:1, 5:1 BF-CPNs suspensions and
a negative BF control at the same concentration
were evaluated by flow cytometry.

Ultrasound Observation of
BF-CPNs Binding

A coagulated agar gel phantom was prepared
with surface conical holes of equal diameter. The
BF-CPNs mixture was added to the phantom and
compared with degassed water and BF alone or
CPNs alone. Two-dimensional ultrasound images
of all suspensions were obtained with a linear-ar-
ray ultrasonic probe at 8-12 MHz. Gray values
were determined with a DFY ultrasonic imaging
quantitative analyzer.

Observation of BF-CPNs
Cellular Adhesion

Human breast cancer cells (MDA-MB-231) in
log-phase were inoculated into confocal culture
dishes and 100 pL DAPI (10 pg/mL) was added.
The cells were incubated overnight. When all
cells had adhered to the vessel wall, the culture
medium and unreacted dye were removed. Then,
1 mL methanol was added, and the cells were
incubated for 10 min. The methanol was re-
moved and the cells were washed twice with PBS.
FITC-labeled BF and Dil-labeled CPNs (OD,, =
0.1) were mixed at a 3:1 volumetric ratio. Then,
100 pL of this mixture was added to the cell cul-
ture dish and left to react for 10 min. Unreacted
material was removed, and the cells were washed
twice with PBS. Control culture dishes were si-
multaneously prepared by adding equal volumes
of BF and NPs.

Animals and Model Establishment

This investigation was approved by the An-
imal Ethics Committee of Chongqing Medi-
cal University Animal Center. Female BALB/c
nude mice aged 2-4 weeks and weighing 14-18
g (Animal Experimental Center of Chongqing
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Medical University, Chongqging, China) were
placed in separate cages and fed a mixed diet.
All animal experiments were performed in ac-
cordance with the guidelines of the National
Institute of Health of the USA. Human breast
cancer cell lines were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) with high
sugar content (Gibco, Rockville, MD, USA)
and 10% (w/v) fetal bovine serum (FBS; Gibco,
Rockville, MD, USA). The cells were extracted
at the log phase and washed thrice and resuspen-
sion with PBS. The cell density was adjusted to
108 mL-". An injection of 0.1 mL suspension was
administered into the buttocks of healthy nude
mice. When the tumor volume reached about
100 mm?, the mice were sacrificed. The tumors
were excised and blocks of 1 mm?® were prepared
from them. The buttock skin and subcutaneous
tissue were separated to form a capsular bag in
which the tumor was implanted. The incisions
were closed with absorbable sutures. The mice
were fed ad libitum and tumor growth was mon-
itored. When the tumor diameter reached 1 cm
at 2-3 weeks after formation, the next phase of
the experiment was initiated.

Ultrasound-Guided Local Intratumoral
BF-CPNs Injection

BF and CPNs were mixed at a 3:1 volumetric
ratio. The optical density (OD,,) was set to 0.1
and 0.3, respectively, for the BF-CPNsl and BF-
CPNs2 experimental groups. OD, ,=0.3 was set
for the separate BF and CPNs which were used
as controls. PBS was the blank control. 30 tu-
mor-bearing nude mice were used, and there were
6 in each group. Linear array probes were used for
ultrasound inspection. The operating parameters
were 8-12 MHz, mechanical index 0.08, 2D mode,
and contrast-enhanced real-time display mode. 15
pL of the prepared solution were injected by mi-
crosyringe into the tumor center on the buttock of
each mouse. Ultrasonic images were recorded at
10 min, 30 min, 60 min, 90 min, 12 h, 24 h, and 48
h after injection. Changes in the mean local gray
values in the injection areas were measured by a
DFY ultrasound imaging quantitative analyzer.

In-Vivo Fluorescence Observation

At 1 h, 24 h, and 48 h after injection, the rela-
tive fluorescence intensities of the tumor areas in
the CPNs and BF-CPNs2 groups were measured
by a Caliper IVIS Lumina II system. The exci-
tation and emission wavelengths were 748 nm
and 780 nm, respectively.
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BF Binding with CPNs Enhancement of
the HIFU Effect

At 48 h after injection, each group was re-
ceived the same power for systematic evaluation
by HIFU irradiation experiments (acoustic pow-
er 150 W, irradiation duration 2 s). Changes in
mean gray value and areas of the changes were
measured before and after ablation. 24 h after
HIFU treatment, the tumor tissues were dissect-
ed and one mouse was randomly selected per
group for histological blood and tissue culture
observations. Other tumors were stained with
2% TTC solution in 37°C for gross morphologi-
cal observation.

General Observation and
Measurement of Ablation Volume
and Evaluation Standard

Tumors were longitudinally cut into 2 mm
sections along the direction of incident irradiation
and stained with TTC. Coagulation necrosis was
observed by unaided eye. Ablated volumes were
measured and calculated as follows: V = w/6 X
length x width x depth (mm°).

After HIFU treatment, the mice were sacri-
ficed and the tumors were removed and were
fixed with 4% (w/v) paraformaldehyde for 24 h,
dehydrated, and embedded with paraffin. Paraffin
sections 4 um thick were prepared. Two sections
per group were randomly selected for hematoxy-
lin and eosin (H&E) staining and two others for
Gram staining. All were observed under micro-
scope.

Blood and Tissue Cultures

Nude mice were anesthetized and 0.5 mL
blood was aspirated from their hearts. Heart,
liver, spleen, lung, kidney, and tumor tissues
were excised after scarification, weighed, ho-
mogenized, and passed through 100-mesh sieves.
The samples were diluted with PBS to prepare
a concentration gradient. 100 pL dilutions were
cultured in solid BL medium for 72 h.

Statistical Analysis

Data were analyzed by Statistical Product
and Service Solutions (SPSS) version 19.0 (IBM
Corp., Armonk, NY, USA) and expressed as
means + standard deviation (SD). The SNK-q
test was used to compare pairs of group means.
p<0.05 indicated significant difference.

Results

Characterizations and In-Vitro Binding
of BF-CPNs

The CPNs suspension was milky white. Opti-
cal microscopy revealed that it contained numer-
ous refractive spherical NPs uniform in size and
with good dispersion. The particle size and zeta
potential were 314 + 52.6 nm and 29.7 + 7.6 mV,
and remained constant after 1 week storage at
4°C. The BF diameter was 4,104 + 547.3 nm and
the zeta potential was -31.6 = 5.8 mV. The zeta
potential of the BF-CPNs mixture was -0.4 + 2.9
mv (Figure 1A).

BF and CPNs suspensions mixed at various
ratios were observed with the unaided eye. Floc-
culent precipitation was occurred in the tubes
containing the 1:1 and 1:2 ratio BF and CPNs
suspensions. Light microscopy revealed aggre-
gation of large numbers of BF and NPs. The
3:1and S:lratio BF and CPNs suspensions did
not precipitate after standing 10 min. Dispersed
BF with NPs attached to their surfaces were
observed under a light microscope (Figure 1B).
Flow cytometry indicated that the binding rate
of the BF and NPs was 99.6% in the 3:1 mixture
(Figure 1C).

The 2D ultrasonography in gel mode showed
poor images of pure BF or CPNs. On the other
hand, varying degrees of echo contrast were
obtained for the BF-CPNs mixtures. The gray
values of the 3:1- and 5:1-ratio BF-CPNs mix-
tures were the highest measured (Figure 1D)
and significantly differed from those for the
blank control and separate BF and CPNs. At
BF: CPNs= 3:1, the sonogram disclosed fine
uniformly distributed light spots whose gray
values were the highest. The gray value de-
creased with increasing CPNs proportion for
the tubes containing 1:1 and 1:2 BF: CPNs.
The gray scale images strongly revealed large
reflective spots in the dark background. This
observation was consistent with the nanoparti-
cle and bacterial aggregation observed micro-
scopically. The gray value of the 1:2 ratio BF:
CPNs suspension was lower than that for the
CPNs alone (Figure 1E).

CPNs Promoted BF Adhesion to Cells
with a Double-Sided Adhesive Effect
When NPs alone were added to the cells,
they accumulated around them (Figure 2A). In
contrast, BF alone did not adhere to the cells
(Figure 2B). When the BF-CPNs complex was
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Figure 1. A, Particle size and zeta potential of CPNs, BF, and BF-CPNs, respectively. B, Racket-shaped, pole-shaped, Y-shaped,
or V-shaped BF bonded to the surfaces of refractive NPs (magnification: 1000x). C, Flow cytometry disclosed that the BF-CPNs
binding rate increased with CPNs proportion. D, Ultrasonic images of phantoms to which various proportions of BF-CPNs were
added. Rectangular box indicates region of interest (ROI) based on gray value. E, Gray values for the sonograms of phantoms
to which various proportions of BF-CPNs were added; *difference from blank control was statistically significant, p<0.05;

Adifference from BF was statistically significant, p<0.05; ®*difference from 2:1 mixture was statistically significant, p<0.05.

Figure 2. Co-incubation with breast cancer cells observed under confocal microscope. BF was labeled green by FITC.
CPNs were labeled red by Dil. Breast cancer cell nuclei were labeled blue by DAPI (magnification: 800x). Pure NPs. A, CPNs
surrounded the breast cancer cells. B, with no CPNs adhered to the cells. C, NPs-covered BF adhered to the cells and the
overlapping staining was brown.
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added to the breast cancer cells, large amounts
of bacteria covered with NPs adhered to the
cells. Almost no uncombined NPs surrounded
the cells (Figure 2C)

Observation of Intratumoral
BF-CPNs Injection and Stability In Vivo
The 2D and contrast-enhanced sonograms of
each group at various time points were illustrated
in Figure 3. No evident enhancement was noted
for the BF and PBS groups at any time point. In
the CPNs group, weak localized spotty echo en-
hancement was observed in 2D mode immediate-
ly after injection. However, there was no evident
change in contrast mode. At 30 min, the local
echo was enhanced and enlarged in 2D mode,
spotty enhancement appeared in contrast mode,
and the echo decreased. No image enhancement
was observed in contrast mode after 12 h or in ei-
ther mode after 24 h. In the experimental groups,

the BF-CPNs complex was locally injected under
ultrasound guidance. The incident path of the
needle was detected in real-time in both the con-
trast and 2D modes. The injection area showed
patchy enhancement immediately after the needle
was retracted (Figure 4). Contrast signals were
visible in the injection area at all time points in
both the 2D and contrast modes. The echo in BF-
CPNs2 was stronger than that for BF-CPNslas
the former was more concentrated than the lat-
ter. The echoes of the contrast agent decreased
slightly and diffused after 48 h. The average
local gray values of the 2D ultrasound images
for each group at various time points were listed
in Table I. The average gray values of BF-CPNsl
and BF-CPNs2 at various time points were sig-
nificantly higher for the experimental group than
the control and blank groups. The gray value for
the CPNs group gradually peaked at 30 min-12 h,
whereas that of the BF group reached a maximum

Figure 3. Contrast (/eff) and two-dimensional (right) ultrasound images of the injection areas at various time points. No clear
imaging was detected for the blank (BLANK) and BF groups at any time point. There was light imaging in the CPNs group in
2D mode immediately after injection. Grayscale increased with dispersion (white arrow) within 30 min followed by markedly
weakened imaging. There was no image in the contrast mode at 12 h. The BF-CPNs group showed enhanced images in contrast
mode at all time points. The gray level increased with concentration of contrast agent then slightly decreased and dispersed

by 48 h (yellow arrow).
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Figure 4. In contrast (left) and 2D (right) ultrasound modes, strong echo contrast was detected by real-time monitoring when
BF-CPNs were locally injected under ultrasound guidance. Echo intensity = 109 dB in 2D mode. Injection needle (thin arrow).
BF-CPNs (thick arrow).

during the period of 0 h-90 min. For both groups,
the gray values substantially decreased thereafter.

The fluorescence assay in vivo showed that
local fluorescence in the tumors of the CPNs and
BF-CPNs groups increased after injection. Local
tumor fluorescence in the CPNs group markedly
decreased after 48 h while that for the BF-CPNs
group remained significantly higher than that of
the CPNs group (Figure 5). No evident fluores-
cence was detected in the other tissues or organs
of nude mice.

Intratumoral BF-CPNs Injection
Enhanced the Effect of HIFU Treatment
Ultrasonography was used during HIFU treat-
ment to observe changes in local gray value and
the areas of those changes (Figure 6A). After
HIFU irradiation, coagulation necrosis was gen-
erally and histologically observed. It appeared
as ovals or droplets with grayish-white medul-

lae and grayish-red hemorrhagic foci (Figure
6B). There were significant differences in these
parameters between the blank and the CPNs,
BF-CPNsl, and BF-CPNs2 groups and between
the BF-CPNs2 and CPNs groups (Figure 6C).
The necrosis boundary was clear in the PBS and
BF-CPNs groups. The BF-CPNs group presented
with a relatively clearer boundary and broader
ablation area than those of the control and PBS
groups. The volume of ablative necrosis increased
with BF-CPNs concentration (Figure 6C). After
HIFU treatment, the centers of the ablation ar-
eas were completely stained red by H&E. In the
experimental groups, cellular karyopyknosis and
fragmentation were observed at the edges of the
ablation areas. They formed a clear boundary
between the ablation and non-ablation zones.
The cells in certain normal tumor areas near
the necrosis area expanded into empty vacuoles
with large intercellular spaces (Figure 7A and

Table I. Average local gray value (dB) in 2D mode in each group; n = 6.

1 min 10 min 30 min 1h 90 min 12 h 24 h 48 h
Blank 18 +20.6 19+3.1 15+29 22420 21+34 12+£22 14+4.2 13+37
BF 59+£702%  62+4.7* 59 +£52% 52 +4.4% 53+£5.1* 25+3.9% 15£3.6  20+43*
CPNs 20+30.3%* 25+£2.3% 58+4.7%  65+4.1% T2+ 75% 64+ 5.8%  27+£42% 24+31*
BF-CPNs-1¢ 96+602 101+73 97+84 86+72 88+57 84+4.6 77+£53 67+4.8
BF-CPNs-2¢ 106 £5.9 109 +8.2 102+ 6.4 98 +7.8 100+ 7.5 94+£6.3 90£5.0 79+47

*Statistically significant difference from blank (p<0.05); “Statistically significant difference from BF (p<0.05); *Statistically
significantly different average gray values of BF-CPNs-1 and BF-CPNs-2 from BLANK, BF, and CPNs at each time point

(9<0.05).
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Figure 5. In vivo fluorescence imaging showed that the local tumor fluorescence intensity in the control group gradually
decreased with time (4p<0.05; 44p<0.01). In contrast, there was no evident decrease in local tumor fluorescence intensity
for the experimental group. The difference in local tumor fluorescence intensity between both groups was statistically
significant by 48 h (*p<0.05). There was almost no fluorescence signal in the other tissues or organs of both groups at
any time point.
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Figure 6. A, Change in the local gray value and the area of change before and after HIFU ablation combined with BF-
CPNs injection. B, Gross section of tumor ablation (TTC staining) in each group. The white area is coagulation necrosis
and the red area is unablated. There was a clear boundary in the experimental group. C, Changes in gray scale and the
volume of gross necrosis were measured and compared among groups. *Significantly different from the blank and BF
group (p<0.05). *Significantly different from the CPNs group (p<0.05). 4Significantly different from the BF- CPNs-1
group (p<0.05).
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7B). In the CPNs group, a wide thermal necrosis
zone at the edge of the ablation zone was ob-
served. The cells became misshapen as a result
of karyopyknosis and fragmentation. Island-like
residual areas were also seen in Figure 7C. Gram
staining of the experimental groups disclosed
numerous blue-stained (Gram-positive) regions
of focal aggregations of rod-shaped bacteria in
the tumor area. The blue staining in the ablation
area consisted of bacterial debris as the particles
had different sizes and irregular dot-or strip-like
shapes (Figure 7D and 7E). In the non-ablation
area, the bacterial morphology was relatively in-

tact (Figure 7F). Bacterial growth was observed
only in the tumor homogenate of the BF and BF-
CPNs groups at 72 h. No bacterial growth was
detected in the blood or other tissue homogenates
(Figure 7G).

Discussion

In our study, CPNs with the positive charge
bound to BF with negative charge at a high rate.
The BF surface area is much larger than that of
CPNs. Thus, numerous nanoparticles can attach

HEART

TUMOR LIVER

SPLEEN

/ »
~ "

BLOOD

LUNG KIDNEY

Figure 7. A, Boundaries among the coagulation necrosis area, the non-ablation area, and the edema zone were visible under
x 100 light microscopy. A narrow band shaped karyopyknosis area (B) was observed at the edge of the coagulation necrosis
zone. It was stained red in the center and the nuclei were absent (magnification: 200x). In the control group, there was a residual
island-shaped non-ablation area (arrow) (C) and a wide karyopyknosis area at the edge of the necrosis area (magnification: 100x).
Blue-stained BF in the necrosis area (magnification: 400x). D, BF fragments in the necrosis region (magnification: 1000x). E,
Morphology of the BF in the non-ablation zone was intact (F, magnification: 400%). Growth of BF colonies (G, dilution factor =
10-4) was observed in the homogenized anaerobic cultures of the BF (upper) and BF-CPNs2 (lower) groups after 72 h.
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to a single bacterium. This process is more ef-
fective than biotin-avidin or specific antibody
binding, and it can result in substantial particle
accumulation. Therefore, this synergistic agent
can be used for in vivo and in vitro ultrasonic
tracking. The properties and binding rates of var-
ious liposome-bifidobacterium complexes were
investigated to determine the optimum binding
ratio. The best echo contrast was obtained under
2D ultrasonography and it facilitated local injec-
tion and irradiation under ultrasound guidance.
Image enhancement of BF-CPNs under ultra-
sonic exploration might be explained by a large
number of nanoparticles enveloping the bacterial
surfaces. This reaction creates acoustic imped-
ance interfaces between the bacteria and the
surrounding liquid. The net particle sizes of the
nanoparticle-BF complex are comparable to those
of micron-scale ultrasound contrast agents which
scatter very effectively in diagnostic ultrasound.
We further observed the interactions between
BF-CNPs and tumor cells in vitro. Confocal mi-
croscopy showed that CPNs could promote adhe-
sion between BF and tumor cells by functioning
as a “two-sided glue”. Adhesion is essential to the
interaction between bacteria and host cells**. For
this reason, nanoparticles may play this role after
entering the body so as to enhance the aggrega-
tion of BF-CNPs complex in tumor.

Electrostatic adsorption-induced binding is
simple and effective but its stability and du-
rability still need a verification. In the present
study, sustained levels of synergistic agents were
detected in localized areas by ultrasonography
and fluorescence in vivo. A similar phenomenon
was observed in the tumor using intravenous
CPNs and bifidobacterial in another study of our
team®. Nanoparticles bounding to BF have long
retention time because nanoparticles accumulat-
ing in response to bifidobacterial adhesion will
not disperse into the interstitial space. Moreover,
continuous bifidobacteria growth increases the
local negative charge and tightens binding be-
tween BF and CPNs. In addition, covering spe-
cific antibodies on bacterial surfaces with cations
may protect the nanoparticle complex from being
captured and eliminated by the reticular system
in the tumor area.

In the present study, intratumoral BF-CPNs
injection was observed in animal models by ul-
trasound guidance. The local acoustic impedance
differed markedly from that of the surrounding
area after intratumoral injection. It formed a
strong contrast on the sonogram with gray values

> 100 B. Furthermore, the contrast increased with
the concentration of the mixture being injected.
Forty-eight hours after injection, the agent could
still be traced on the sonogram. This phenome-
non has a profound impact on HIFU treatment
under ultrasound guidance. It could be used for
precise pre-treatment mapping of the synergistic
area. Targeted ablation at the injection site of the
synergistic agent could increase its therapeutic
effect and reduce the risk of excessive ablation as
the high echo in the ablation zone vanished after
the microbubbles broke.

PFH was the core of the cationic nanoparti-
cles. These were relatively stable, had a boiling
point of 56°C, and were able to pass into the gas
phase under ultrasound and thermal radiation.
Previous studies'**?® showed that synergists
such as PFH emulsion and lipid- or polymer-en-
capsulated PFH enhanced HIFU treatment. In the
present work, bifidobacteria were more effective
than pure nanoparticles injection in promoting
nanoparticles accumulation and enhancing HIFU
treatment. The former resulted in complete coag-
ulation necrosis and a clear boundary between the
normal tissue and the ablation area. In contrast,
pure nanoparticles injection may result in rapid
dispersion, diffuse energy deposition, low dis-
persed nanoparticles concentrations, incomplete
ablation, relatively wide thermal necrosis zones,
and island-shaped residual lesions that could re-
cur after HIFU treatment.

The biosafety of orally and intravenously ad-
ministered bifidobacterium has been previous-
ly established®?'. In our study, bifidobacterium
was administered by local intratumoral injection
which has the advantages of strong targeting, low
effective doses, and minimal impact on the whole
body. However, synergistic agents will inevitably
leak along the needle path into the surrounding
normal tissues and are quickly absorbed by them.
No bifidobacteria were found in the blood or solid
organs. It was metabolized and scarcely affected
the surrounding normal tissues. Moreover, no
wound infection or death occurred in the nude
mice during the experiment. Injections must be
applied slowly. It is preferable to pause momen-
tarily before withdrawing the needle to minimize
leakage of the synergistic agent.

Local BF-CPNs injection based on the synergy
between phase-change liquid fluorocarbon and
bifidobacterial bio targeting and safety could en-
hance HIFU treatment efficacy under real-time
ultrasonography. The BF-CPNs complex as a
synergistic agent at the clinical trial level should
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be verified. In future research, we will explore
the correlations between injection dosage and
synergistic effect, and we will try our best to im-
prove the synergistic strategy and the assessment
of ultrasound-based ablation efficacy.

Conclusions

BF and CPNs bind via electrostatic absorption.
BF-CPNs can enhance accumulation and reten-
tion in tumors and are traceable by ultrasound.
BF-CPNs can serve as a synergistic agent for
HIFU treatment.
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