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Background: Chemotherapy is an important approach to treating nasopharyngeal carcinoma (NPC). Unfortunately, the lack of
selectivity, insufficient tumor accumulation, uneven tumor distribution and severe systemic toxicity lead to the unsatisfactory
performance of these drugs. While a more precise drug delivery, on-demand drug release, and deep diffusion of drugs (homogeneous
distribution of drugs in the tumor) could improve the application, they remain challenging. Chemotherapeutic drug-loaded acoustic
nanodroplet with dual-imaging capacity is expected to solve these problems.

Methods: Folate (Fa)-modified and doxorubicin (Dox)-loaded acoustic poly (lactic-co-glycolic acid) (PLGA), low intensity focused
ultrasound (LIFU)-responsive perfluoropentane (PFP) and Fe;O,4 nanoparticles (designated as Fa-Fe@P-PFP-Dox) were integrated
by a double-emulsion method. After the synthesis, the LIFU-triggered acoustic droplet vaporization (ADV) effect, LIFU-triggered
drug release, cell targeting capability, in vitro cell-killing effects, biodistribution, PA/MR dual imaging (PA: photoacoustic; MR:
magnetic resonance), LIFU-augmented Dox distribution in tumors and chemotherapeutic efficacy of Fa-Fe@P-PFP-Dox were
investigated.

Results: The distribution of these drug-loaded nanodroplets was clearly monitored via PA/MR dual imaging. Upon LIFU irradiation,
PFP within the Fa-Fe@P-PFP-Dox nanodroplets underwent ADV, which led to the release of Dox and promoted the deep penetration
of Dox in tumor tissue, eventually achieving highly efficient chemotherapy against NPC. As a result, LIFU-triggered chemotherapy
exerted a highly efficient therapeutic effect with a tumor inhibition rate of 74.24 + 7.95%.

Conclusion: Fa-modified and drug-loaded acoustic nanodroplets have been successfully constructed for dual-imaging guided highly
efficient chemotherapy against NPC. This novel tumor drug delivery method is expected to provide an efficient, visualized, and precise
personalized treatment method for NPC patients with minimal side effects.
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Introduction

Nasopharyngeal carcinoma (NPC) is a malignant tumor that occurs in the nasopharyngeal cavity or upper throat, ranking
top in both incidence and mortality out of all head-and-neck tumors." And most NPC patients tend to present at an
advanced stage, since the anatomical sites and the early symptoms of NPC were not obvious.” Currently, radiotherapy
and chemotherapy are the main clinical therapeutic modalities for NPC.>* For patients with advanced NPC, the outcome
of radiation therapy is usually not satisfactory, and the 5-year survival rate is only 50%.> Chemotherapy is an important
part of the comprehensive treatment of NPC.%’ After intravenous administration, conventional chemotherapeutic drugs
can be distributed throughout the whole body with poorly targeted tumor specificity.® As a result, in order to ensure the
therapeutic efficacy of chemotherapy, a larger dose of drugs is used, which will inevitably cause systemic toxicity (eg,
organ dysfunction and bone marrow suppression).” Understandably, targeting chemotherapeutic drugs directly at the

tumor sites would significantly increase the therapeutic efficacy and reduce side effects.'®!!
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With the advancement of molecular biology, people have a better understanding of the molecular mechanism of tumor
occurrence, progression, and metastasis.'> Along with the development, a new concept, tumor(-specific)-molecular
targeted cancer therapy emerged.'”'* Previous studies have found that folate (Fa) receptors are overexpressed on the
surface of malignant tumor cells (eg, ovarian cancer, cervical cancer, non-small cell lung cancer), while the expression is
highly conserved in normal tissue cells.'> The higher expression of Fa receptors in tumor tissues lays the foundation for
targeted therapy of malignant tumors.'®'” In one of the malignant tumor scenarios, detected by immunohistochemistry,
the fresh NPC tissues were also found that the FA receptors were significantly highly expressed, with a positive rate of
85%, and nearly half of them were strongly positive.'® Consistent with the analysis of clinicopathological data, it was
found that NPC with advanced clinical stages had a higher positive rate of Fa receptors.'® Therefore, it is logical to take
advantage of the excessive Fa receptor as a target molecule. Moreover, Fa has the advantages of high affinity, small
molecular weight, good stability, and low cost, which makes Fa receptor a promising target against advanced NPC."”

The delivery precision and efficacy are two of many challenges in the design of the molecule-targeted strategy.>*'
Engineered microbubbles are known to be responsive to ultrasound-targeted microbubble destruction (UTMD) technol-
ogy, which can be used as a switch for drug release.”*** Upon an enhanced delivery precision, the targeted organ could
receive a significantly higher drug concentration.”>** However, the tumor capillary endothelial space is only 100-780
nm, which forms a barrier that microbubbles can be too large to cross.”**° Fortunately, it has been reported that
perfluorocarbon-containing nanodroplets can undergo phase transitions through the acoustic droplet vaporization (ADV)
effect, where the droplets can be enlarged from nanosize into microscale.?®*” The planned transformation would then
enable an intelligent drug delivery, which circumvents the size limit of the vascular endothelial space and reaches the
tumor area more efficiently.”®** Upon low intensity focused ultrasound (LIFU) irradiation, the drug-loaded nanodroplets
grow larger until burst and release the loaded drugs.”®?° In the meantime, it has been reported that UTMD could dilate
the vascular endothelial space, which could be beneficial considering the high interstitial pressure, dense tumor mix, and
other complications in the tumor environment.”**> We expect that nanodroplets combined with LIFU irradiation can also
achieve a similar effect, thereby promoting the drugs in the blood circulation to enter the tumor tissue through the dilated
vascular endothelial space. The accumulation will in turn result in an enhanced release, thus strengthening the therapeutic
effect. Besides, the high interstitial pressure and dense tumor matrix are also major obstacles for drugs to enter the inner
tumor tissues.***' Drawing on UTMD technology to dilate the vascular endothelial space, the blast effect induced by
nanodroplets combined with LIFU irradiation may destroy the barriers, allowing the drug to penetrate away from the
blood vessels.>

In order to monitor the distribution of drug-loaded nanodroplets in the tumor, it is necessary to incorporate imaging
capabilities in these nanodroplets.*® > Magnetic resonance (MR) imaging is a non-ionizing diagnostic imaging modality
that utilizes strong magnetic fields and radiofrequency pulses to generate high-resolution images of anatomical
structures.’®*” However, the sensitivity of MR imaging is relatively low.*® Photoacoustic (PA) imaging, an emerging
medical imaging technique, combines the high contrast and sensitivity of optical imaging with the tissue penetration
depths of ultrasound (US), showing great potential for biomedical imaging applications.**** Therefore, to achieve
precise tumor imaging, an ideal approach is to incorporate photoacoustic and MR contrast agents on one nanocarrier
for MR/PA dual-modal imaging-guided delivery of chemotherapeutic drugs. Fe;0,4 nanoparticles, an excellent contrast

agent for MR/PA imaging,*'**

will be integrated into drug-loaded nanodroplets for monitoring the therapeutic process.

In this study, we rationally constructed Fa-modified and drug-loaded acoustic nanodroplets for dual-imaging guided
highly efficient chemotherapy against NPC (Figure 1). Fa-modified poly (lactic-co-glycolic acid) (PLGA) is used as
a carrier to load doxorubicin (Dox), a typical chemotherapeutic drug, and LIFU-responsive perfluoropentane (PFP)
within the core, and Fe;O,4 nanoparticles in the shell (designated as Fa-Fe@P-PFP-Dox). These Fa-Fe@P-PFP-Dox can
readily accumulate in NPC tumor regions with the guidance of Fa, which can be monitored by PA/MR dual-modal
imaging. Upon LIFU irradiation, PFP within droplets undergoes ADYV, releasing Dox and promoting the deep penetration
of Dox in tumor tissue, achieving highly efficient chemotherapy against NPC. This novel tumor drug delivery method is

expected to provide an efficient, visualized, and precise treatment with minimal side effects.
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Figure | Schematic diagram of the structure of Fa-Fe@P-PFP-Dox nanodroplets and schematic illustration of the theranostic functions of the drug-loaded acoustic
nanodroplets for dual-imaging guided highly efficient chemotherapy against nasopharyngeal carcinoma, including FA-mediated targeting capability, ADV-augmented deep
penetration of Dox, and guidance/monitoring by dual-modal (PA and MR) imaging.

Materials and Methods

Materials

PLGA-PEG3.4k and Fa-PLGA-PEG3.4k were purchased from Xi’an Ruixi Biotechnology Co., Ltd (Xi’an, China). PFP
and polyvinyl alcohol (PVA) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Doxorubicin hydrochloride
(Dox) was purchased from J&K Scientific Biotechnology Co., Ltd (Beijing, China). Oleic acid-stabilized iron oxide
(Fe;04) nanoparticles were purchased from Ocean Nano Tech, Inc. (AR, USA). 1,1’-dioctadecyl-3,3,3°,3’-
tetramethylindotricarbocyanine iodide (DIR) was purchased from Amy Jet Scientific Inc. (Wuhan, China). CCK-8 kits
were purchased from Dojindo (Japan). Dichloromethane (CH,Cl,) was purchased from Aladdin (Shanghai, China).

Synthesis of Fa-Fe@P-PFP-Dox

Fa-Fe@P-PFP-Dox was fabricated according to a double emulsion method (water/oil/water, W/O/W).** Briefly, 50 mg of
Fa-PLGA-PEG3.4k was dissolved in 2 mL of CH,Cl,, followed by the addition of 150 pL oleic acid-stabilized Fe;Oy,.
Then, 150 uL of PFP and 10 mg of Dox were mixed with the dichloromethane mixture and undergo an ultrasonic process
(100 W, 2.5 min) to obtain emulsion (W/O). After that, 5 mL of PVA was added to the above emulsion for the second
ultrasonic treatment at the same power intensity (O/W). To fully volatilize the CH,Cl,, 5 mL of 2% isopropanol was
added to the obtained emulsion, the mixture was then mechanically stirred for 5 h in an ice bath. After centrifugation
(10,000 rpm, 5 min), the Fa-Fe@P-PFP-Dox slurry was obtained for the following experiments. The fabrication
procedure of Fa-Fe@P-PFP-Dox was identical to the Fa-Fe@P-PFP-Dox except that Fa-PLGA-PEG3.4k was replaced
by PLGA-PEG3.4k.

Characterization of Fa-Fe@P-PFP-Dox

The morphological structure of Fa-Fe@P-PFP-Dox was investigated by scanning electron microscopy (SEM, JEOL
JSM-7800F) and transmission electron microscopy (TEM, Hitachi H-7600, Japan). The images of all samples were

International Journal of Nanomedicine 2022:17 https: 4881
Dove:


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

Yang et al Dove

captured. The average diameter of Fa-Fe@P-PFP-Dox was measured by a dynamic light scattering instrument (Nano,
7590, Malvern instrument Ltd., UK). To study the optical property, the UV-vis absorption spectra of Fa-Fe@P-PFP-Dox,
Fa@P-PFP-Dox, Fa@P-PFP, and Dox were recorded. After solvent extraction, the loading efficiency of Fe;0,4 in Fa-Fe
@P-PFP-Dox was determined by ICP-MS.

In vitro ADV Capability and Drug Release Behavior of Fa-Fe@P-PFP-Dox

The Fa-Fe@P-PFP-Dox suspension was irradiated by LIFU for different durations (pre, 1 min, 3 min, 5 min). The LIFU
parameter was set as follows: power intensity 3.0 W/cm?, 50% duty cycle, frequency 650 kHz. The corresponding optical
microscopy images were captured, and ultrasound imaging of Fa-Fe@P-PFP-Dox was operated on an ultrasound imaging
system. To detect the ADV-triggered drug release in vitro, Fa-Fe@P-PFP-Dox or Fa-Fe@P-Dox suspended in phosphate
buffer (PBS) was irradiated by LIFU (3.0 W/cm?) for 5 min. Then, 3 mL of the treated suspensions were then placed in
a dialysis bag with agitation. At each predetermined time point, 1 mL of aliquot was withdrawn for UV-vis examination.
To assess Dox content, the absorbance at 480 nm of each sample was recorded and analyzed. The Fa-Fe@P-PFP-Dox
without LIFU irradiation was set as the control group.

Cell Culture and HNEI NPC Tumor-Bearing Mice Models

The HNEI cell line was purchased from Shanghai Zhonggiao Xinzhou Biotechnology Co., Ltd (Shanghai, China), and
cultured in RPMI-1640 medium (Invitrogen) with 10% serum and 1% penicillin-streptomycin solution at 37°C. Cells in
the logarithmic phase were collected for the following experiments. BALB/c nude mice were purchased from Hunan
STA Laboratory Animal Co., Ltd. All animal experiments were performed according to guidelines approved by the
Medical Ethics Committee of Hainan General Hospital (Ethical approval No.: Med-Eth-Re-[2022]281). All procedures
were complied with the “Guiding Principles in the Care and Use of Animals” (China) and the “Regulations for the
Administration of Affairs Concerning Experimental Animals” (China). To establish NPC tumor-bearing mice models,
HNEI cells suspended in PBS (1 x 10° cells, 100 pL) were subcutaneously injected into the flank of the mice.

Intracellular Uptake and in vitro Chemotherapy of Fa-Fe@P-PFP-Dox
To evaluate the cellular uptake of Fa-Fe@P-PFP-Dox, pre-seeded cells were incubated with Fa-Fe@P-PFP-Dox or
Fe@P-PFP-Dox for different durations (1 h, 2 h, and 4 h), and fixed with 4% paraformaldehyde for 15 min. The cells
were stained with DAPI, followed by observation under confocal laser scanning microscopy (CLSM). Besides, the
intracellular uptake was also assessed by flow cytometry by measuring the fluorescence intensity of cells. In brief, cells
cultured in 6-well plates were incubated with Fa-Fe@P-PFP-Dox or Fe@P-PFP-Dox for different durations (1 h, 2 h, and
4 h). Subsequently, cells were washed with PBS three times and digested with trypsin. The fluorescence intensities of
cells were detected by flow cytometry.

To test the in vitro chemotherapeutic efficacy of Fa-Fe@P-PFP-Dox, HNE1 cells were cultured in 96-well plates for
24 h. Afterward, the cells were subjected to different treatments including (I) Control; (II) LIFU; (I1II) Fa-Fe@P-PFP-
Dox; (IV) Fa-Fe@P-Dox + LIFU; (V) Fe@P-PFP-Dox + LIFU; (VI) Fa-Fe@P-PFP-Dox + LIFU. For the last three
groups, cells were incubated with different nanoparticles for 4 h, received LIFU irradiation (3.0 W/cm?, 5 min), and
cultured for another 12 h. Finally, the relative cell viabilities were determined by a standard CCK-8 assay.

The Biodistribution and PA/MR Dual Imaging of Fa-Fe@P-PFP-Dox
To detect the in vivo biodistribution of Fa-Fe@P-PFP-Dox, mice bearing NPC were intravenously administrated with
200 pL of DiR-labeled Fe@P-PFP-Dox or Fa-Fe@P-PFP-Dox (the corresponding PLGA concentration was 10 mg/mL)
Then the fluorescence images were recorded at 1, 2, 4, 6, and 24 h post-injection. Besides, at 2 h post-injection, the tumor
tissues and major organs were collected for ex vivo imaging. The corresponding fluorescence intensities were analyzed.
To evaluate the PA imaging capability of Fa-Fe@P-PFP-Dox, Fe@P-PFP-Dox suspension at varying concentrations
(1 mg/mL, 2 mg/mL, 3 mg/mL, 4 mg/mL, and 5 mg/mL) was irradiated by a PA laser and corresponding PA image were
acquired using Vevo LAZR PA imaging system (Visual Sonics Inc., Toronto, Canada). Finally, the PA signal intensity of
each image was measured by Vevo LAZR software. For the in vivo PA imaging, HNE1 tumor-bearing mice were
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intravenously injected with 200 uL of Fe@P-PFP-Dox or Fa-Fe@P-PFP-Dox (the corresponding PLGA concentration
was 10 mg/mL). Then, PA images within the tumor region were recorded at 1, 2, 3, 4, 6, and 24 h post-injection.
Furthermore, the PA signals were quantitatively measured.

To evaluate the MR imaging performance of Fa-Fe@P-PFP-Dox, the as-prepared Fa-Fe@P-PFP-Dox at the different
Fe concentrations (0, 0.06, 0.13, 0.25, 0.5, and 1 mM) were placed in 1.5 mL EB tubes and serials T2-weighted MR
scans were acquired using a clinical MR imaging system (Siemens Magnetom Skyra 3.0 T, Germany). Besides, HNEI
tumor-bearing mice were used for in vivo MR imaging. After intravenous injection of Fe@P-PFP-Dox or Fa-Fe@P-PFP-
Dox, the T2-weighted MR images were acquired at 1, 2, 4, 6, and 24 h post-injection, and the MR signals were analyzed.
Pseudo-coloring was applied to MR images using Matlab Software (2016). The percentage of signal decrease (PSD) was
calculated as follows.

PSD = (Signalpost — Signalpre) /Signalye x 100%

LIFU-Augmented Dox Distribution in Tumors

HNE]1 tumor-bearing mice were intravenously injected with Fa-Fe@P-PFP-Dox (the corresponding PLGA concentration
was 10 mg/mL). After 2 h of the injection, half of the mice were treated with LIFU irradiation (3.0 W/em?, 5 min). After
that, all mice were sacrificed and tumor tissues were harvested for the frozen section to observe the biodistribution of Fa-
Fe@P-PFP-Dox in tumors. The vessels were labeled by FITC-anti-CD31. To analyze the Dox accumulation in tumors,
the tumor tissues were homogenized in 500 pL of lysis buffer. Then tissue lysate was mixed with Triton-100. After
vertexing, 1 mL of the extraction solution was added to the above tissue lysate and the samples were stored at —20°C for
18 hours. After centrifugation for 15 min, the fluorescence of the supernatant was assessed.

In vivo Chemotherapy of Fa-Fe@P-PFP-Dox

HNEI1 tumor-bearing mice were randomly divided into six group (n = 5) including: (I) Control; (II) LIFU; (III) Fa-Fe
@P-PFP-Dox; (IV) Fa-Fe@P-Dox + LIFU; (V) Fe@P-PFP-Dox + LIFU; (VI) Fa-Fe@P-PFP-Dox + LIFU. Two hours
after the administration, LIFU at 3.0 W/cm? was employed to irradiate the tumor regions. The same process was repeated
every two days. The body weight and tumor volumes were recorded during the therapeutic periods. At the end of
treatment, the tumor tissues in each group were dissected for weight measurement and hematoxylin & eosin (H&E),
proliferating cell nuclear antigen (PCNA), and terminal-deoxynucleotidyl transferase-mediated nick end labeling
(TUNEL) staining. Besides, the major organs (heart, liver, spleen, lung, and kidney) were collected for H&E staining.
The apoptotic index and proliferation index after treatments were analyzed.

Statistical Analysis

All values were presented as mean values + SD. The statistical analyses were carried out using the SPSS software
(version 26.0), and the statistical analyses were conducted via a Student’s #-test. Values with P < 0.05 are considered
significant (*p < 0.05, **p < 0.01, ***p < 0.001).

Results and Discussion
Synthesis and Characterization of Fa-Fe(@P-PFP-Dox

In this study, Fa-modified and drug-loaded acoustic nanodroplets, Fa-Fe@P-PFP-Dox, were fabricated by a double-
emulsion method (Figure 2A).** Such Fa-Fe@P-PFP-Dox were shown to be featured with uniform spherical structure, as
evidenced by SEM (Figure 2B). Under TEM (Figure 2C), it was found that Fe;O,4 particles were dispersed on the PLGA
shell presented by the more evident darker contrast, indicating the efficient loading of Fe;O,4. Besides, the successful
encapsulation of Dox makes the Fa-Fe@P-PFP-Dox suspension red in color and all composites showed good dispersi-
bility in aqueous solutions (Figure 2D). The dispersibility is desirable for the following in vitro and in vivo applications.
As detected by dynamic light scattering (DLS), the hydrodynamic diameter of Fa-Fe@P-PFP-Dox was 215.7 + 62.86 nm
(Figure 2E). By recording the UV-vis spectrum of Dox, a characteristic absorption peak at 480 nm can be observed
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Figure 2 (A) Schematic illustration of the synthetic procedure of Fa-Fe@P-PFP-Dox nanodroplets. (B) SEM image and (C) TEM image of Fa-Fe@P-PFP-Dox nanodroplets.
(D) Photographs of Fa-Fe@P-PFP-Dox, Fa@P-PFP-Dox, Fa@P-PFP and Fa-Fe@P-PFP. (E) The average diameter of Fa-Fe@P-PFP-Dox as detected by DLS. (F) UV-vis
absorption spectra of Fa-Fe@P-PFP-Dox, Fa@P-PFP-Dox, Fa@P-PFP and Dox.

(Figure 2F). Meanwhile, the spectrum of Fa-Fe@P-PFP-Dox showed a similar peak at 480 nm, suggesting the successful
encapsulation of Dox. However, there were no characteristic absorption bands detected with Fa@P-PFP. The loading
efficacy of Dox in Fa-Fe@P-PFP-Dox was calculated to be 25.6%. By utilizing the coupled plasma mass spectrometry
(ICP-MS), the loading efficacy of Fe;04 was quantified to be 90.7%.

In vitro ADV Capability and Dox Release of Fa-Fe@P-PFP-Dox

It is reported that perfluorocarbon (PFC) could generate liquid-gas phase transition upon laser or acoustic stimulation,
which can enable a controlled release.***> Some studies have developed PFC-based nanodroplets for US imaging
because of their smaller size and higher stability than traditional microbubbles.?®*® Assisted by US irradiation, nano-
sized droplets transfer to microbubbles, namely, the ADV effect.***® To investigate the liquid-gas phase transition effect,
the Fa-Fe@P-PFP-Dox were irradiated by LIFU at different times and visualized under optical microscopy. At 1 min
post-irradiation, no obvious microbubbles were observed, while a large number of microbubbles occurred at 3 min
(Figure 3A). After continuous irradiation for 5 min, almost all Fa-Fe@P-PFP-Dox nanodroplets were converted into
microbubbles. These results showed that the number of microbubbles increased with US irradiation time. Similar to the
nanodroplet-to-microbubble phase transformation tendency, the in vitro US imaging performance of Fa-Fe@P-PFP-Dox
was closely related to the LIFU irradiation time. Minimal echo enhancement was observed after 1 min of irradiation,
while marked enhancement was detected after irradiation for 3—5 min (Figure 3B), which was consistent with the time-
dependent bubble generation. The corresponding echo intensities were measured by US analysis software, which was in
accordance with US images (Figure 3C). Therefore, the PFP in the core of Fa-Fe@P-PFP-Dox demonstrated an
outstanding LIFU response and enhanced US imaging, providing the foundation for the following application.
Accompanied by increased size, the generated bubbles collapsed and the Dox in Fa-Fe@P-PFP-Dox would be
released during ADV. Hence, the Dox releasing rate at different time points was determined. The Fa-Fe@P-PFP-Dox
was irradiated by LIFU for 10 min at a power intensity of 3.0 W/cm?. As shown in Figure 3D, more than 50% of Dox in
Fa-Fe@P-PFP-Dox was released at 6 h and the release rate tended to flat out over 24 h. However, in the absence of LIFU
irradiation, only 37.03% of Dox was released within 48 h. Even with US irradiation, Fa-Fe@P-Dox without PFP
encapsulation could not release a large amount of Dox within 48 h (46.19%). These results demonstrated that both LIFU
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Figure 3 (A) Optical images of Fa-Fe@P-PFP-Dox before and after LIFU irradiation for different times (I min, 3 min and 5 min). (B) US imaging of Fa-Fe@P-PFP-Dox in
B mode and CEUS mode with prolonged LIFU irradiation time. (C) Echo intensities of FA-H@NDs in B mode and contrast mode. (D) Dox release curves of Fa-Fe@P-PFP-
Dox with or without LIFU irradiation and Fa-Fe@P-Dox with LIFU irradiation.

irradiation and PFP encapsulation are important factors affecting the release of Dox. LIFU could act as an external
stimulation to achieve the on-demand Dox release from Fa-Fe@P-PFP-Dox acoustic nanodroplets.

Cell Targeting Capability and in vitro Chemotherapy of Fa-Fe@P-PFP-Dox Against
HNEI

Efficient cellular uptake of Fa-Fe@P-PFP-Dox is a prerequisite for exerting a therapeutic effect. To improve the tumor
uptake of the as-synthesized acoustic nanodroplets, Fa, a targeting ligand, was conjugated to the surface of the
nanocarriers for their recognition of folate receptors that was overexpressed in NPC. Hence, the Fa-mediated endocytosis
was visualized by CLSM. As depicted in Figure 4A, without the guidance of Fa, minimal Fe@P-PFP-Dox accumulated
into the HNEI cells, while Fa-Fe@P-PFP-Dox was taken up efficiently by HNEI cells, and phagocytosis was enhanced
with prolonged incubation time. The fluorescence intensity of cells measured by flow cytometry in Fa-Fe@P-PFP-Dox-
treated cells was higher than that of Fe@P-PFP-Dox-treated cells (Figure 4B and C), which is similar to CLSM
observations, demonstrating that Fa favored the accumulation of Dox-loaded nanodroplets in HNE1 cells.

As a powerful nano-delivery system, Fa-Fe@P-PFP-Dox acoustic nanodroplets offer significant potential for cancer
chemotherapy. Having demonstrated the intracellular uptake of Fa-Fe@P-PFP-Dox by HNEI cells, in vitro therapeutic
efficacy was assessed by the CCK-8 assay next. As is shown in Figure 4D, the majority of cells remained alive after
LIFU irradiation. In the presence of Dox, the cells suffered from serious damage. In detail, the cell viabilities in the Fa-Fe
@P-PFP-Dox group and Fa-Fe@P-Dox + LIFU were 76.66 + 10.34% and 68.24 + 8.94% respectively. Upon LIFU
irradiation, PFP-loaded nanocarriers underwent ADV and released Dox, which enhanced the chemotherapy with the cell
viability of 51.34 £ 6.02% in the Fe@P-PFP-Dox + LIFU treatment group, and the therapeutic efficacy was further
enhanced by Fa modification (Fa-Fe@P-PFP-Dox + LIFU, 30.84 £ 6.95%).

The Biodistribution and PA/MR Dual Imaging of Fa-Fe@P-PFP-Dox

To further assess the targeting ability of Fa-Fe@P-PFP-Dox in vivo, fluorescence imaging of nude mice bearing HNE1
xenografts was performed after intravenous injection of Fa-Fe@P-PFP-Dox or Fe@P-PFP-Dox labeled with DiR. As
shown in Figure 5A and B, fluorescence signals in tumor regions rapidly increased at 1 h after intravenous injection of
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Figure 4 (A) Intracellular uptake of Fa-Fe@P-PFP-Dox and Fe@P-PFP-Dox by HNEI cells was detected by CLSM after different incubation times (I h, 2 h, and 4 h). (B and
C) Flow cytometry analysis of intracellular uptake of FA-H@NDs and H@NDs. (D) Relative cell viabilities of HNEI cells after various treatments. The statistical analyses
were conducted via a Student’s t-test, *p < 0.05, **p < 0.01, **p < 0.001.

Fa-Fe@P-PFP-Dox, reached the peak at 2 h, and then gradually decreased. Fluorescence signals could still be detected 24
h after injection, indicating the long circulation time of Fa-Fe@P-PFP-Dox, which would be beneficial for Dox-based
chemotherapy. In contrast, negligible fluorescence signals were observed in tumors after injection of Fe@P-PFP-Dox,
which may be due to the lack of Fa guidance. This conclusion was further verified by ex vivo fluorescence imaging of
tumor tissues and major organs collected from mice (Figure 5C). The fluorescence signal of tumor tissue in the Fa-Fe
@P-PFP-Dox group was stronger than that of the Fe@P-PFP-Dox group (Figure 5D), which further demonstrated that
the modification with Fa greatly improved the tumor-targeting efficiency of such nanocarriers.

Precision medicine has made great progress in recent years, especially in the application of imaging-guided cancer
therapy.>**® Multimodal imaging could be used during the therapeutic process to trace the distribution of chemother-
apeutic drugs,*’ according to which the time window of external LIFU irradiation could be determined more accurately.
On account of the PA properties of Fe;0,4, Fe;04-loaded nanoparticles were anticipated to be an excellent PA imaging
contrast agent. Here, the PA imaging performance of Fa-Fe@P-PFP-Dox both in vitro and in HNE1tumor-bearing mice
was analyzed by a PA imaging system. As shown in Figure 6A, the PA intensity of Fa-Fe@P-PFP-Dox displayed
a concentration-dependent enhancement with a good linear correlation. Meanwhile, tumor-bearing mice were intrave-
nously administrated with Fa-Fe@P-PFP-Dox or Fe@P-PFP-Dox and the PA intensities of the tumors were compared.
Consistent with the fluorescence imaging, there was the highest PA signal at 2 h post-Fa-Fe@P-PFP-Dox injection, and
gradually decreased with blood circulation time (Figure 6B and C). As for the mice that received Fe@P-PFP-Dox
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Figure 5 (A) In vivo fluorescence imaging at different time points after intravenous injection of DiR-labeled Fa-Fe@P-PFP-Dox and Fe@P-PFP-Dox in HNEI tumor-bearing
mice. (B) the corresponding tumor fluorescence intensities over time. (C) Ex vivo fluorescence imaging pictures and (D) corresponding quantitative analysis of fluorescence
intensity of tumor tissues and major organs dissected from the above mice 2 hours after injection. The statistical analyses were conducted via a Student’s t-test, ***p < 0.001.

administration, the PA signal in the tumor region only increased slightly as a result of the limited aggregation of
Fe@P-PFP-Dox. In view of the above results, Fa-Fe@P-PFP-Dox has proved to be a desired contrast agent to enhance
PA imaging under the guidance of folate targeting.

In addition to acting as a PA contrast agent, Fe;O, has been used to enhance T,-weighted MR imaging.
Fe@P-PFP-Dox is expected to be desirable for contrast-enhanced T,-weighted MR imaging, which was further

4142 o

systematically evaluated both in vitro and in vivo. It was found that the brightness of corresponding MR images
declined with Fa-Fe@P-PFP-Dox concentration, presenting a well-correlated linear relationship between 1/T, values
and Fe concentration, based on which the r2 value of the Fa-Fe@P-PFP-Dox was calculated to be 60.14 mM ' s~
(Figure 7A). The transverse relaxation time was greatly shortened by the Fa-Fe@P-PFP-Dox, indicating the
outstanding contrast-enhanced performance of Fa-Fe@P-PFP-Dox for T,-weighted MR. Based on the in vitro MR
imaging performance of Fa-Fe@P-PFP-Dox, the in vivo MR imaging was further carried out. As shown in
Figure 7B and C, the PSD significantly increased to 74.95 + 5.30% at 2 h after intravenous injection of Fa-Fe
@P-PFP-Dox and gradually declined to 53.46 + 2.77% within 24 h, suggesting the effective accumulation of Fa-Fe
@P-PFP-Dox in the tumor tissues. However, the PSD only increased by less than 40% in the mice injected with
Fe@P-PFP-Dox. It is concluded that Fa-Fe@P-PFP-Dox was endowed with favorable PA and MR dual imaging
capability. The incorporation of the image-guidance capability to the external LIFU-triggered-responsive further
potentially pushed the development of precision medicine forward.
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Figure 6 (A) In vitro PA images and corresponding PA intensities of Fa-Fe@P-PFP-Dox at different concentrations. (B) In vivo PA imaging and (C) corresponding PA
intensities over time after intravenous injection of Fa-Fe@P-PFP-Dox.

LIFU-Augmented Dox Distribution in Tumors

When therapeutic drugs reach the tumor mass, they usually distribute near the vasculatures and hardly penetrate into inner
tissue due to the pathophysiological characteristics of tumors, resulting in unsatisfactory drug distribution, which seriously
hinders the anticancer efficacy.***° We attempted to improve the effective intratumoral diffusion of chemotherapeutic drugs
through the LIFU-triggered ADV effect in this study. Upon LIFU irradiation, the PFP can produce effective ADV followed
by tissue erosion, which is favorable to drug infiltration. The distribution of Dox in the tumor tissues was investigated by
comparing the red fluorescence of Dox with or without LIFU irradiation (ie, with or without ADV). As depicted in
Figure 8A, tumor vasculatures were stained by FITC- anti-CD31 (green fluorescence) and Dox presented red fluorescence.
Dox in the control group without LIFU irradiation only gathered near blood vessels. Comparatively, after LIFU irradiation,
Dox not only diffused around blood vessels but also penetrate into tumors farther away from blood vessels. In addition,
observation on Dox distribution in tumor tissue was conducted by frozen section. In the case of the ADV group, significant
red fluorescence was evenly distributed in tumor tissue, while only weak fluorescence can be detected in the group without
ADV (Figure 8B). The result illustrated that the LIFU-triggered ADV effect is essential to promoting drug permeation. The
Dox content in tumors was measured, and there was a significant difference between the two groups with or without LIFU
irradiation (Figure 8C). For the LIFU-triggered ADV group, the Dox content was 3.49 + 0.20 ug/g (Dox/tumor), higher
than that of the control group (2.55 + 0.23 pg/g). The result should be ascribed to the following four aspects: (1) LIFU-
triggered ADV effect disrupts tumor vascular endothelial gap, facilitating more nanocarriers in blood circulation to enter
into tumor tissues. (2) LIFU-triggered ADV effect could achieve the “on-demand” release of the loaded Dox at the tumor
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Figure 7 (A) The curve of |/T, versus Fe concentration under T,-weighted MR imaging. Inset: T2-weighted MR imaging of Fa-Fe@P-PFP-Dox at different Fe concentrations.
(B) MR images (top: grayscale images; bottom: pseudo-coloring images) of HNEI tumors (region enveloped by red dotted line) before and after intravenous injection of Fa-
Fe@P-PFP-Dox and Fe@P-PFP-Dox. (C) Quantitative analysis of decreased MR signal intensities over time.

sites, which has also been demonstrated in this study. (3) Compared with Dox-loaded overlarge size nanocarriers, the size of
released Dox is much smaller, and naturally smaller size drugs could easily penetrate into deep tumor parenchyma. (4) Blast
effect induced by nanodroplets combined with LIFU irradiation may destroy the barriers, allowing the drug to penetrate

away from the blood vessels.

In vivo Chemotherapy of Fa-Fe@P-PFP-Dox

Based on the aforementioned evaluation and discussion, the potential in vivo LIFU-triggered chemotherapy was
investigated. To this end, HNE1 tumor-bearing mice were assigned to the following groups: (I) Control; (II) LIFU;
(IIT) Fa-Fe@P-PFP-Dox; (IV) Fa-Fe@PFP-Dox + LIFU; (V) Fe@P-PFP-Dox + LIFU; (VI) Fa-Fe@P-PFP-Dox + LIFU.
According to the in vivo distribution (in vivo fluorescence imaging), PA, and MR imaging data, a large number of FA-
H@NDs were enriched in tumors 2 h after injection. Therefore, LIFU irradiation was employed 2 h after injection to
promote Dox release and deep tumor penetration. Treatments were performed every three days and the detailed
experimental scheme is displayed in Figure 9A. Tumour volumes and body weights were measured during the treatments.
According to tumor growth curves and digital photographs (Figure 9B and C), compared to the control group, the tumors
in the LIFU-treated group grew rapidly, exhibiting little therapeutic effect. The tumor growth in the Fa-Fe@P-PFP-Dox
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Figure 8 (A) Extravascular distribution of Dox (red fluorescence) with or without LIFU irradiation. Blood vasculature was stained in green. (B) Fa-Fe@P-PFP-Dox
distribution in different tumor sections with or without LIFU irradiation. (C) Dox contents in tumors with or without LIFU irradiation. The statistical analyses were

conducted via a Student’s t-test, **p < 0.01.

and Fa-Fe@P-Dox+LIFU groups was inhibited to a certain extent, but the tumors still maintained rapid growth.
Fe@P-PFP-Dox + LIFU and Fa-Fe@P-PFP-Dox + LIFU showed obvious inhibitory effects on tumor growth, indicating
that Dox was effectively released after LIFU irradiation, thereby killing tumor cells. Tumor mass and tumor volume
showed the same trend (Figure 9D). Comparatively, Fa-Fe@P-PFP-Dox + LIFU exhibited the highest tumor inhibition
rate (74.24 + 7.95%) among all groups (Figure 9E). During the therapeutic period, there was no significant fluctuation in
body weight (Figure 9F), indicating the high therapeutic biosafety of these drug-loaded acoustic nanodroplets.

At the end of treatments, HE staining was conducted to visualize the morphologic change of tumor cells (Figure 10A).
The results showed that the tumor cells in control and LIFU groups were closely arranged, with normal cell morphology or
status. However, different degrees of cell damage (eg, karyopyknosis, karyorrhexis, and karyolysis) occurred in the other
Dox-contained groups. The TUNEL staining was performed to detect apoptosis (green fluorescence) in tumors after various
treatments (Figure 10A and B). It turns out that the cells in Fa-Fe@P-PFP-Dox + LIFU group exhibited the highest apoptosis
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Figure 9 (A) In vivo therapeutic protocol of chemotherapy on HNEI tumor-bearing mice. (B) Time-dependent relative tumor volumes post-treatment for different groups.
(C) Digital photographs of tumor-bearing mice and the corresponding tumor masses at 20 days post different treatments. (D) Tumor weights post-treatment for different
groups. (E) Tumor inhibition rates in each group according to the tumor weights. (F) Time-dependent body-weight curves of mice in each group. The statistical analyses
were conducted via a Student’s t-test, **p < 0.01, ***p < 0.001.

index (93.54 + 4.64%) compared with other groups. The PCNA staining displayed the same tendency as HE and TUNEL
results, with the proliferation index (8.30 + 4.85%) in the Fa-Fe@P-PFP-Dox + LIFU group significantly lower than in other
groups (Figure 10A and C). Additionally, the major organs of mice were collected for HE staining (Figure 10D). It was found
that no significant adverse effects on the organs during the treatment period, further indicating the high biosafety of this
therapeutic modality. Based on these results, we conclude that the combination of Dox-loaded acoustic nanodroplets, Fa-Fe
@P-PFP-Dox, with LIFU irradiation could exert a powerful therapeutic effect on NPC. Indeed, our study demonstrated
desirable biosafety and excellent therapeutic effect of the nanodroplets, we are meticulously planning the next stage of work.
We think our strategy needs to be consolidated in the following perspectives. To begin with, we will optimize our preparation
method, so that the nanodroplets can be produced more efficiently, and also with a high standard of quality control.
Meanwhile, we will explore a proper storage method to make sure the reagents can be preserved in the mid-to-long term
without compromising their stability. Most importantly, more detailed biological safety assay will be explored. We will
continuously improve our results based on the experimental feedback.

Conclusion
In summary, Fa-modified and drug-loaded acoustic nanodroplets have been successfully constructed for dual-imaging
guided highly efficient chemotherapy against NPC. Upon intravenous administration, these acoustic nanodroplets
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Figure 10 (A) H&E staining, TUNEL staining, and PCNA immunofluorescence staining in tumor sections from each experimental group. (B and C) The corresponding
apoptotic index and proliferative index post-treatment for different groups. (D) H&E staining of major organs post-treatment for different groups. The statistical analyses
were conducted via a Student’s t-test, *p < 0.05, **p < 0.01, **p < 0.001.

exhibit enhanced intracellular uptake and tumor accumulation, which was visualized by PA/MR dual-modal imaging.
In the presence of LIFU irradiation at the tumor site, the accumulated nano-sized droplets would readily transfer into
microbubbles via the ADV effect. The droplets would continuously inflate until collapse, achieving an on-demand
release of Dox. Besides, Dox penetration could also be improved following LIFU irradiation. As a result, Fa-Fe
@P-PFP-Dox demonstrates significant therapeutic efficacy against NPC. Our study demonstrates that Fa-modified
acoustic nanodroplets can be an innovative drug carrier with a significantly improved anticancer efficacy
against NPC.
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