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Abstract
Chemotherapeutic e�cacy can be signi�cantly developed nanotheranostics systems of drug delivery in
tumor cells. In this work, we have demonstrated that the self-assembled by C225 conjugates Gd-PFH-NPs
(C-Gd-PFH-NPs) for low intensity focused ultrasound diagnosis ablation of thyroid cancer treatment. C-
Gd-PFH-NPs have shown excellent stability in PBS. Transmission electron microscopy (TEM) images also
exposed the effective construction of C-Gd-PFH-NPs with commonly spherical sized assemblies. The
incubation of the C625 thyroid carcinoma with C-Gd-PFH-NPs triggers apoptosis, which was con�rmed by
the �owcytometry analysis. The C-Gd-PFH-NPs, with remarkably displays the potent antitumor e�cacy in
a human C625 thyroid carcinoma xenografts. A histopathological result reveals that precisely achieved to
additional con�rm these outcomes. Further, we successfully examined the e�ciency of C-Gd-PFH-NPs
when used the thyroid carcinoma low intensity focused ultrasound diagnosis imaging (LIFUS) in vivo.
These �ndings clearable for LIFUS agents with high performing image and different therapeutic purpose
will have extensive possible for the future biomedical purposes.

1. Introduction
In a recent time, triggerable drug-charged nanocarriers coupled with multiple inner or external stimuli such
as pH, temperature, ultrasound, laser, and microwave radiation have been extensively explored for
personalized treatment to enable controlled release and have excellent possible to deliver an enhanced
anticancer treatment impact also decreased systemic toxicity [1–4]. Low-intensity focused ultrasounds
(LIFUS) have been exhaustively researched for tumour treatment and ultrasounds imaging analysis as
one of the probable exterior activates which is non-invasive and displays signi�cant tissue-penetrating
capacity. In particular, it can signi�cantly increase the e�cacy of chemotherapy, avoiding harm to the
nearby cells and reducing adversarial side effects [5–8]. Though, the discharge of LIFUS-triggered drugs
from nanocarriers and further tumour therapy is still unsatisfactory, largely attributable to the
comparatively less accumulation e�cacy of nanoparticles-charged nano transporters at tumour places.
There are numerous nanotransporters extensively examined on this basis to enhance the aggregation of
large number of tumors without causing any side effects [9–12]. Anaplastic thyroid carcinoma (ATC) is
one of the most malignant carcinomas, which is also comparatively rare, characterized by fast
proliferation, neck invasion, and remote metastasis. ATC’s severe prognosis is due to the tumors’ fast
progression before diagnosis [13–15]. Current treatment is based on different types of combinations in
chemotherapy and exterior ray radiation has unsuccessful to enhance existence, resulting in an average
existence rate of 4 to 6 months and less than 20% existence level in 12 months. Here are therefore
convincing explanations for developing a new theranostics approach for initial �nding and e�cient ATC
treatment [16–19].

Several reports have shown that overexpression of the epidermal growth factor receptor (EGFR) is
strongly associated with tumour progression, migration, and invasion. EGFR is common in ATC.
Antibodies or small molecules based on EGFR immunotherapy can signi�cantly increase the therapeutic
effect against ATC. A human murine chimeric EGFR-targeted monoclonal antibody called Cetuximab
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have higher empathy to human EGFR’s extracellular domain and inhibits the signals of its epidermal
growth factor in cells by delaying usual receptor function [20–22]. Food and Drug Administration
approved preclinical and preclinical treatments using Cetuximab for the treatment of EGFR-expressing
cancer tumors’ neck and head carcinoma and colorectal carcinoma. This C225 might be a suitable
objective for the nanocarriers’ structure to improve the therapeutic outcome of ATCs. Remarkably, some
researchers have revealed that for a wide spectrum of cancers, the blend of C225 with CPT-11 equivalents
such as Gd-PFH-NPs has signi�cant synergetic antitumor effects [23–25]. Hence, Gd-PFH-NPs in
combination with C225 could enhance the ATC diagnostics. But, owing to less vascular dispersal of C225
and hydrophobicity of the Gd-PFA-NPs, the NPs penetrability in the growth and the NPs quantity in the
tumor area were inherently imperfect, shows greatly debilitated their anticancer e�cacy [26,27].
Opportunely, the problems can be enhanced through incorporating Gd-PFH-NPs and C225 into a one
nanotransporters to attain C225 and Gd-PFH-NPs combination chemotherapy while simultaneously
providing targeting capability for nanocarriers [24,25,28,29].

Furthermore, for early diagnosis and tumor progression monitoring medical imaging is essential.
Numerous researchers proposed that LIFUS have the probable to achieve concurrent US and medication
transfer, meeting the present need for initial treatment and ATC therapy [30–32]. Due to variability and
huge dimensions of microbubbles to realize the tumor theranostic strategy conservative US agents, like
as microbubbles, demonstration outstanding US agents for imaging capability but these not appropriate
for drug delivery purposes. In order to avoid this problem, intensively studied phase-changing NPs that
could be activated via LIFUS [33–35]. The phase-changing NPs providing important bene�ts in tumor
theranostics for the supply of tumor ultrasound and ultrasound-triggered drug. This new strategy offers
the possible to develop malignancy treatment and addresses the present theranostic needs in
contradiction of ATC signi�cantly.

The objective of this work was to constructed the modi�cation of C225 nanocarrier to exactly prevent
ATC that might accrue in cancer cells, in addition to the EPR effect, through the great tumor homing
belongings of C225. The Gd-PFH-NPs payload could be released and LIFUS-triggered synergistic
chemotherapy with C225 may perhaps suggestively make best use of therapeutic e�cacy, improve USI
and diminish the side effects of chemotherapy. As shown in Fig. 1. Due to its tremendous
biodegradability and biocompatibility, we used a PHF (Per�uorohexane) core as the shell structure of the
nanocarrier. We then synthesized phase-changing NPs with Per�uorohexane liquid (PHF, 29 °C boiling
point). Meanwhile, Gd-PFH-NPs were burdened into the nanoparticles at the similar period of time as
C225 was conjugated on surface of manganese nanoparticles afford (C-Gd-PFH-NPs) C225-conjugated
Gd-PFA-NPs-charged phase transformation. To our knowledge, this is the �rst work of a LIFUS-mediated
C225 modi�ed nanosyste that assimilates tumor targeted both US imagery and US activated drug
conveyance to ATC.

2. Experimental Section

2.1. Characterization of C-Gd-PFH-NPs



Page 4/26

ptical microscopy ( CKX41; Olympus, Tokyo, Japan) and confocal laser scanning microscopy (CLSM) (
Nikon A1, Tokyo, Japan ) have observed the morphology and particle distribution of Gd-PFH-NPs and C-
Gd-PFH-NPs. A dynamic light scattering analyzer ( DLS) ( Malvern Instruments, Malvern, UK) was used to
determine the mean particle size, polydispersity index (PDI) NPs. Using transmission electron microscopy
(TEM) ( H-7500; Hitachi, Tokyo, Japan) the morphological characterization of NPs were carried out. The
mean particle size of the nanoparticles was determined by DLS tested within 7 days in order to better
illuminate the stability of the Gd-PFH-NPs and C-Gd-PFH-NPs.

2.2. Synthesis of C-Gd-PFH-NPs
Gd and PFH nanoparticles (Gd-PFH-NPs) were fabricated by a �lm hydration method coupled with a
double emulsion method [36–39]. 100 mL of Gd solution (10 mg/mL) were added to the CHCl3 solution.
The mixture was transferred into the rotary evaporator (Yarong Inc., Shanghai, China) and rotated at
55 rpm and 45 oC to clear the CHCl3. The thin lipid �lm formed was rehydrated with 5 mL PBS to generate
a brown suspension. The suspension was then dispersed with a high-speed homogenizer (FJ300-SH,
Shanghai, China) for 5 m after drop-by-drop addition of 500 mL PFH. The secondary emulsion was
performed by means of an ultrasonic oscillator (SONICS & MATERIALS Inc., USA) for 5 m in an icecold
environment (0 oC). Finally, the mixture of nanoemulsions was harvested and centrifuged (Eppendorf,
Germany) at 4500 rpm for 5 m and washed with deionized water for three times to sweep away
dissociative Gd and PFH. The �nal emulsion was collected and stored at 4 oC for further use.

Fluorescent nanoemulsions were obtained according to the above procedure except that the DiI was
blended in the lipids solution.

2.3. C225 Conjugation
Conjugation of C225 to the Gd-PFH-NPs loaded nanoparticles was performed using carbodiimide
chemistry. Brie�y, the prepared HPNs were dissolved in 5 mL of MES buffer solution (0.1 M, pH 5.5)
together with a mixture of 3 mg of EDC and 10 mg of NHS, and then incubated vigorously for a period of
1 h on a gentle shaker. The resulting solution was centrifuged and washed three times with PBS to
remove unreacted EDC and NHS. Then, the sediment was redissolved in 5 mL of MES buffer solution
(0.1 M, pH 8.0). Next, excess C225 was dropped into the above solution and stirred on a gentle shaker for
another 2 h. After the reaction was completed, Gd-PFH-NPs were obtained by centrifugation, washed
thrice with PBS again to remove unconjugated C225 and preserved at 4 °C before use. All the
aforementioned procedures were carried out in an ice bath. PNs with C225 conjugation (C-Gd-PFH-NPs)
were also prepared using the same procedures.

2.4. Cell Culture and Nude Mice
The Cell Bank of the Chinese Academy of Sciences (Shanghai, China) acquired a human anaplastic
thyroid carcinoma line (C643). The cells were grown in medium RPMI-1640 containing 10% FBS and 1%
penicillin-streptomycin at 37 °C in humidi�ed air with 5% CO2. BALB/C Female both mice and nude mice
(balancing about 19 g, 25 days) were bought then raised. All animals on our studies were collected from
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the Ultrasound Department, The First A�liated Hospital of Jinzhou Medical University Laboratory Animal
Center and retained in accordance with rules authorized by the First A�liated Hospital of Jinzhou
Medical University Animal Ethics Committee (Harbin, China). Furthermore, all animal experimental
activities were strictly in line with the policy of the Harbin Medical University’s Institutional Animal Care
and Use Committee (IACUC), and this study was endorsed by the IACUC.

In order to start an ATC model in nude mice, C643 cells were collected, splashed thrice with the FBS free
medium of RPMI-1640, and subcutaneously inoculated into each mouse’s left �ank (3 × 107 C643 cells in
150 µL FBS free medium of RPMI-1640 each mice). A Vernier caliper was used to measure the length and
width of the tumour and the tumour quantity was considered by the calculation: volume-(length as width 
× 2)/2.

2.5. In Vitro Intracellular Uptake C-Gd-PFH-NPs
In cultivation dishes, seeded the C643 cells for CLSM at a mass of 1 × 106 cell mL/dish, grown at 37 °C in
moistened air comprising 5% CO2. The cells were spilt into four groups after 24 h of culture: C-Gd-PFH-
NPs were handled respectively with 10 min and 15 min Dil- labeled C-Gd-PFH-NPs (1 mg/mL), and after
blocking the cells were washed three times with PBS. Then, Dil- labeled C-Gd-PFH-NPs (1 mg/mL)
incubated the cells. The cells were washed with PBS three times after 2 h incubation with nanoparticles,
�xed with 4 percent paraformaldehyde (200 µL) for 15 minutes, and then gestated by DAPI (10 µg/mL,
200 µL) for 20 min. Lastly, CLSM pictured the dishes.

2.6. In Vitro Cytotoxicity Assay
The CCK-8 assay assessed the cell viability [40–42]. C643 cells were seeded into 96-well plates (1 × 103
cells per well, 100µL). After 24- hours’ incubation to assess the cell viability Gd-PFH-NPs and C-Gd-PFH-
NPs treated at levels of 10, 5, 2.5, 1.25, 0.625 and 0.312 µM for 24 hours. Gd-PFH-NPs and C-Gd-PFH-NPs
cells were incubated for 24 hours. The positive control used as the untreated C643 cells. The in vitro
cytoxicicty assay performed and the calculated made by the company manufactures guidelines.

2.6. Apoptotic Staining
The morphological changes of the C643 cells were examined by biochemical staining, including acridine
orange-ethidium bromide (AO-EB) and Hoechst 33344 staining [43,44]. After incubating for 24 h, the cells
were seeded at a concentration of 1 × 104 onto 48 well plates. The cells were treated with Gd-PFH-NPs
and C-Gd-PFH-NPs at 2.5 µM concentration for 24 h. On the following day, the staining solution was
added. After incubating the plates with the staining solution, the plates were washed with PBS three
times. Images were obtained using a �uorescence microscope (Accu Scope EXI-310) at a magni�cation
of 20×.

2.7. Flow Cytometry/Annexin V-PI Staining
The �ow cytometry examination was examined by using the Apoptosis Detection Kit of
�uoresceinisothiocyanate (FITC) (Cell Signalling, China) utilized to con�rm the apoptotic ratio of C643
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cells. The cells were treated with Gd-PFH-NPs and C-Gd-PFH-NPs at 2.5 µM concentrations for 24 h. The
cells were washed thrice by using trypsin, and suspended in 1 × binding buffer (500 µL) with FITC
Annexin V (5 µL) and of PI (10 µL). After 20 min incubation, the samples were analysed by �ow
cytometry. The obtained results were investigated with the BD FACS CantoTM II �ow cytometer.

2.8. Evaluation of the In Vivo Drug Toxicity
The in vivo drug toxicity was investigated in ICR mice (4–5 weeks old). Healthy ICR mice were randomly
divided into 5 groups (n = 10 mice per group). Drugs were injected through the tail vein on days 0, 3, and
6. Mice were injected with Gd-PFH-NPs (2.5, and 5 mg/kg, Gd equivalent dose), C-Gd-PFH-NPs (2.5, and
5 mg/kg). Saline were injected as a control. The body weights of the mice were recorded every three days.

2.9. Histologic Analysis
For histological analysis, the organs from the sacri�ced mice were excised at the end of the treatments
with various drugs. After being �xed in 4% formaldehyde and embedded in para�n, the tumor tissues and
organs were further sectioned into 5 µm slices for hematoxylin and eosin (H&E, Sigma) staining. The
H&E-stained tissues were imaged by �uorescence microscopy (Olympus, IX71).

2.10. In Vivo Antitumor Activity
BALB/c nude mice (4–5 weeks old) were used for the evaluation of the antitumor activities of the
nanotherapies. The human prostate cancer cell line C643 was grown to 80% con�uence in 90 mm tissue
culture dishes. After cell harvesting, the cells were resuspended in PBS at 4 °C to reach a �nal
concentration of 2.5 × 107 cells/mL. The right �anks of the BALB/c nude mice were subcutaneously
injected with 200 µL of a cell suspension containing 5 × 106 cells. At 14 days after implantation, the
tumors reached approximately 60 mm3 in volume, and then the animals were randomly divided into �ve
groups (n = 7 mice per group). Mice bearing C643 tumor xenografts were injected intravenously with
samples solutions (Gd-PFH-NPs at 5 mg/kg, C-Gd-PFH-NPs at 5 mg/kg) three times on days 0, 3, and 6.
Saline were also injected as a control. Tumor volumes and body weights were monitored and recorded for
33 days. The lengths (L) and widths (W) of the tumors were measured with calipers, and the tumor
volume was calculated by the following formula: V = (L × W2)/2, where W is shorter than L. Mice were
sacri�ced by CO2 inhalation at the endpoint of the study [45–47].

2.11. Data Analysis

The data analysis of different groups was conducted with one-way ANOVA in GraphPad Prism 5
software. The signi�cant level were considered at P < 0.05 and greatly signi�cant at P < 0.001. All data are
presented as mean ± SD. (Unless otherwise stated, n = 3).

3. Results And Discussion

3.1. Description of C-Gd-PFH-NPs
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Having these both compounds in hand, we have examined the TEM analysis of Gd-PFH-NPs (Fig. 1A) and
C-Gd-PFH-NPs (Fig. 1B). we next tested whether they are able to recapitulate self-assembly behavior in
aqueous solutions. For this purpose, we dissolved the C-Gd-PFH-NPs prodrugs in DMSO (10 mg/mL) and
then rapidly injected them into deionized (DI) water under ultrasonication. This procedure allows us to
validate the solution was found to be transparent and slightly bluish. Observation by electron microscopy
revealed that the drug molecules self-assembled to form a spherical nanoparticle structure. DLS showed
a single peak distribution of the nanoparticles. The average hydrodynamic diameter (intensity) of the Gd-
PFH-NPs was about ~ 77.1 nm, and the C-Gd-PFH-NPs was about ~ 100.0 nm (Fig. 1B and D). However,
there is a certain adhesion between the nanoparticles formed by the self-assembly of simple small
molecule drugs. Therefore, we have miscible with many hydrophobic drugs by combining the prodrug
with the appropriate amount of C225 molecules. These nano-assemblies are formed and have been
widely used for in vivo drug delivery, aiming to solve the problem of adhesion and to optimize cancer-
speci�c drug delivery. Then, we measured the stability of C-Gd-PFH-NPs with PBS which shows
signi�cantly stable size in various parameters (Fig. 1E and F). Taken together, although C-Gd-PFH-NPs
can self-assemble to form nanoparticles, they may not be stable enough. Therefore, C225 nanoparticles
loaded with Gd-PFH were investigated further to evaluate anticancer e�cacy in vitro.

3.2. In Vitro Intracellular Uptake
As illustrated in Fig. 3, the much tougher red �uorescence derived from Dil-labeled C-Gd-PFH-NPs was
additional obviously concentrated in the C-Gd-PFH-NPs group around the cytomembrane of C643 cells
compared to the non- target and antagonistic groups. Furthermore, bigger quantities of red �uorescence
were noted after exposure to C-Gd-PFH-NPs group. These �ndings stated that through the elevated
tumour -homing characteristics of C225, C-Gd-PFH-NPs could �x tightly to C643 cells, and considerably
encouraged intracellular uptake by the C643 cells. In the resentment group, C-Gd-PFH-NPs lost the
capacity to objective the C643 cells because the congested by surplus free C225, leading in small levels
of C-Gd-PFH-NPs around the cells and demonstrating that C-Gd-PFH-NPs desired targeting effectiveness
was the outcome of the EGFR- mediated directing capacity.

3.3. In Vitro Cytotoxicity Assay
The CCK-8 assay assessed the cell viability of different NP formulations at distinct levels, showing a dose
dependent model. The cell viability of nanoparticles in the analyzed dose range was noted at more than
80%, level at 10 mg/mL. The comparatively small insigni�cant viability proposed that the elevated
biocompatibility of phase-changing nanoparticles was appropriate aimed at in vivo application.
Reasonably, Gd-PFH-NPs and C-Gd-PFH-NPs cell viabilities decreased considerably as levels of C-Gd-PFH-
NPs also increased. In particular, the cell viability of the cells treated with C-Gd-PFH-NPs was the low at
the same concentration, implying that the mixture of C-Gd-PFH-NPs could boost cytotoxicity
synergistically. The cell viability of C-Gd-PFH-NPs. The remarkably improved cytotoxicity of C-Gd-PFH-
NPs may lead from the increased cell membrane permeability caused by the cavitation effect and the
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improved C-Gd-PFH-NPs at the objective place, which signi�cantly increased the inhibitory impression of
C-Gd-PFH-NPs on cell development.

3.4. Morphological Changes in C643 Cancer Cells
Dual staining AO-EB is a qualitative technique used to identify live, early, late apoptotic, and necrotic
cancer cells using �uorescent images to observe morphological changes in the nucleus of cells. AO
permeates the intacts membranes of usual and early apoptotic cell and binds to DNA, which �uoresces
uniform green in normal cells and as patches in early apoptotic cells due to chromatin condensations. In
difference, EB is only penetrable in the incapacitated membrane of late apoptotics and necrotics cell,
where it �uoresces as bright orange patch through its bindings to DNA fragment or apoptotic bodies in
late apoptotic cells, and as a unchanging orange �uorescence in the necrotic cell, due to have the nuclear
changes in the morphology of viable cell. AO-EB-stained C643 cells were incubated with Gd-PFH-NPs and
C-Gd-PFH-NPs for 24 h. As presented in Fig. 4, the presence of orange with reddish �uorescence with
chromatin fragmentation after treatment of C643 cells treated with Gd-PFH-NPs suggested that the C-Gd-
PFH-NPs largely induced apoptosis in C643 cells (Fig. 4C).

3.5. Apoptosis in C643 Cancer Cells
Apoptosis may be reckoned as an important obstacle for a damaged cell to become malignant tumors.
Since the complexes promote apoptosis induction in cancer cells, �ow cytometry using annexin V-FITC /
propidium iodide (PI) double staining was carried out for the quantitative discrimination of apoptotic
cells. Phosphatidylserine (PS) is a cell cycle signaling phospholipid located inner side of the membrane
of a healthy cell but is reverted to the outer membrane for recognition by neighboring cells at the time of
apoptosis. Hence, the translocation of phosphatidylserine is a morphological hallmark of apoptosis and
can be spotted by its binding with �uorescently labeled annexin V which in turn detected by �ow
cytometry. Further the addition of PI to annexin V stained cells is used to discriminate and concomitantly
quantify the live cells (lower left quadrant-annexin V(-)/PI(-)), early apoptotic cells (upper left quadrant-
annexin V(+)/PI(-)) and late apoptotic cells (upper right-quadrant-annexin V(+)/PI(+)) using FACS. As
projected in Fig. 4B, the incubation of Gd-PFH-NPs and C-Gd-PFH-NPs with C643 cells conspicuously
induced apoptosis. It is worth to note that the titled complexes induce apoptosis even at very low
concentrations which is less than their IC50. In comparison with control, the cell population was higher
(6–9%) in annexin V(+)/PI(-) (upper left) quadrant indicating the induction of early apoptosis (Fig. 4D).
This effect was ascertained to be high for C-Gd-PFH-NPs than the Gd-PFH-NPs analogous with the results
of MTT, and AO-EB staining assays. It is to note that the test samples displayed comparatively better
apoptotic induction on C643 cells.

3.6. In Vitro Ultrasound Imaging
Based on C-Gd-PFH-NPs targeted accumulation capacity in tumour cells, we gambled that the phase
changing nanoparticles can aid as US contrast to improve USI and treatment scratches. Following the
administration of various medicines before LIFUS irradiation, even less or anechoic and less contrast
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improved US signals were noted in each groups (Fig. 5). Six hours after the administration of various
treatments, LIFUS was performed in all groups same time periods with in vivo ultrasound imaging. In
comparison with the saline, expressively sturdier spot like echo signs slowly accrued in both modes at the
tumour places in the treated group, while no evident deviations were detected in the saline group, and
only negligible signs looked in the non-target group. This outcome recommended that C225 eased the
directing of tumour tissue accretion, and huge quantities of microbubbles were produced when phase-
changing NPs were subjected to ADV at the LIFUS triggered tumour site, resultant in improved US
imaging. Though, owing to the absence of C225-mediated targeting capacity, the C-Gd-PFH-NPs
inadequate ADV could not effectively improve ultrasound imaging. Furthermore, apparent enrichment
without LIFUS irradiation was not found in the Gd-PFH-NPs and C-Gd-PFH-NPs alone could not in vitro
improve the ultrasound imaging shown in Fig. 5B. These �ndings showed that because of their relative
stability, C-Gd-PFH-NPs were appropriate as ultrasound imaging agents and e�cient in vivo nanocarriers.

3.7. Histological Evaluation for Systemic Toxicity
The e�ciency of anticancer chemotherapeutic drugs is mainly validated by its selective action towards
cancer tissues leaving the normal organs undamaged. After the veri�cation of low systemic toxicity in the
mice injected with Gd-PFH-NPs (2.5, and 5 mg/kg), and C-Gd-PFH-NPs (2.5, and 5 mg/kg), histological
analyses were carried out to identify the structural changes in the tissues of vital of organs inclusive of
heart, liver, spleen, lung, and kidney of the mice treated with Gd-PFH-NPs and C-Gd-PFH-NPs and
compared with control, the saline received mice. Figure 6 represented the histological sections of the
heart, liver, spleen, lung, and kidney stained with hematoxylin and eosin (H&E).The photomicrographs of
the liver and spleen of the control, Gd-PFH-NPs and C-Gd-PFH-NPs treated groups displayed normal
cellular morphology. Under optical microscopy examination, the heart, lung, and kidney of Gd-PFH-NPs
and C-Gd-PFH-NPs treated animals showed normal cardiac muscle �bers, normal alveolar, and normal
glomerular histological characteristics respectively which were found to be similar histological
architecture as those of the control group with no treatment-related in�ammatory response.

3.8. In Vivo Antitumor E�cacy in C643 Xenograft Tumor
Model
Considering the promising in vitro biological activity pro�les, the in vivo pharmacological e�cacy was
further investigated in a C643 thyriod xenograft tumor model. In the experimental process, body weight of
animals in each group was stable. It suggested that the experimental doses in all groups were tolerable.
As shown in Fig. 7A-C, we found an obvious retardation of tumor growth for animals treated with Gd-PFH-
NPs and C-Gd-PFH-NPs, as compared to the control group. Speci�cally, nanoparticles delivering C-Gd-
PFH-NPs more e�ciently suppressed tumor growth than administered Gd-PFH-NPs and saline (Fig. 7)
panels a tumor site(s) via the EPR effect. Moreover, these C-Gd-PFH-NPs did not signi�cantly affect the
body weights of mice, indicating that the delivery materials and Gd-PFH-NPs have low systemic toxicity.
Most importantly, treatment with the combination of C-Gd-PFH-NPs could signi�cantly enhance the
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e�cacy of chemotherapy for C-Gd-PFH-NPs, as evidenced by more remarkable slow-down for tumor
growth in relative to the Gd-PFH-NPs and saline (P < 0.05). On day 33, animals in saline groups performed
a high average tumor weight of 1.58 g (Fig. 7D). The animals treated with Gd-PFH-NPs and saline
exhibited lower mean tumor weight of 0.99 g, 0.55 g, and 0.13 g, respectively. A signi�cantly lower mean
tumor weight was obvious for C-Gd-PFH-NPs compared to Gd-PFH-NPs and saline (P < 0.05). The results
of H&E, TUNEL and Ki67 histopathology analyses were consistent with the results of these therapeutic
studies, showing extensive intratumoral apoptosis and reduced cell proliferation caused by the
nanoparticle treatments (Fig. 7E). In addition, in H&E staining of the a C643 thyriod tumor slices, we
found extremely aberrant histological structures. Compared with the Gd-PFH-NPs tumor tissues, C-Gd-
PFH-NPs tumors presented more abundant extracellular matrix with messier cell distribution, which
closely recapitulates tumors in thyriod cancer patients.

4. Conclusion
The data offered here highpoint a strategy rationale for concurrently attractive the effectiveness and
safety of extremely Gd-PFA-NPs. As the synthetic Gd-PFA-NPs and C-Gd-PFA-NPs are fully biocompatible
composites with minimal modi�cations, the safety risks can be minimized when considering their clinical
translation. Furthermore, given the ability of Gd-PFA-NPs to overcome the Cetuximab (C225)-Conjugated
C-Gd-PFA-NPs, it was expected that our approach could have high value as an optional therapeutic
platform to treat patients with drug-resistant cancer. Lastly, we envision that in addition to taxane agents,
this C-Gd-PFA-NPs -based approach could be a simple yet broadly applicable strategy to make improved
tolerated and more well-organized cytotoxic nanotherapeutics from other antitumor agents.
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Figure 1

Schematic illustration of the microstructure of C-Gd-PFH-NPs and the phase-transformation process by
means of LIFUS ultrasound irradiation. Meanwhile, a schematic of LIFUS ablation principles.
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Schematic illustration of the microstructure of C-Gd-PFH-NPs and the phase-transformation process by
means of LIFUS ultrasound irradiation. Meanwhile, a schematic of LIFUS ablation principles.

Figure 2

A) TEM image of Gd-PFH-NPs and B) C-Gd-PFH-NPs. Scale bars, 100 nm (B and D) DLS image of Gd-
PFH-NPs and C-Gd-PFH-NPs. (E and F) Stability of Gd-PFH-NPs and C-Gd-PFH-NPs. in water with PBS at
37℃.

Figure 2
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A) TEM image of Gd-PFH-NPs and B) C-Gd-PFH-NPs. Scale bars, 100 nm (B and D) DLS image of Gd-
PFH-NPs and C-Gd-PFH-NPs. (E and F) Stability of Gd-PFH-NPs and C-Gd-PFH-NPs. in water with PBS at
37℃.

Figure 3

Cellular uptake of C-Gd-PFH-NPs with 10 min and 15 minutes interval.
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Figure 3

Cellular uptake of C-Gd-PFH-NPs with 10 min and 15 minutes interval.

Figure 4

A) Dual AO/EB staining assay for examining Gd-PFH-NPs and C-Gd-PFH-NPs -induced cell death in C643
cells. The cells were treated with Gd-PFH-NPs and C-Gd-PFH-NPs at 2.5 µM concentration for 24 h. B)
Quanti�cation of apoptosis ratio. The cells were quanti�ed by image J software. C) Apoptotic analysis of
C643 cells using �ow cytometry. The cells were treated with Gd-PFH-NPs and C-Gd-PFH-NPs at 2.5 µM
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concentration for 24 h and then stained with FITC annexin V/PI for �ow cytometry analysis. D) Apoptosis
ratio of C643 cells.

Figure 4

A) Dual AO/EB staining assay for examining Gd-PFH-NPs and C-Gd-PFH-NPs -induced cell death in C643
cells. The cells were treated with Gd-PFH-NPs and C-Gd-PFH-NPs at 2.5 µM concentration for 24 h. B)
Quanti�cation of apoptosis ratio. The cells were quanti�ed by image J software. C) Apoptotic analysis of
C643 cells using �ow cytometry. The cells were treated with Gd-PFH-NPs and C-Gd-PFH-NPs at 2.5 µM
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concentration for 24 h and then stained with FITC annexin V/PI for �ow cytometry analysis. D) Apoptosis
ratio of C643 cells.

Figure 5

A) In vitro B-mode US imaging of Saline, Gd-PFH-NPs, and C-Gd-PFH-NPs before and after NIR laser
irradiation. B) Gray values of B-mode US imaging of Saline, Gd-PFH-NPs, and C-Gd-PFH-NPs before and
after NIR laser irradiation. **P < 0.01.
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Figure 5

A) In vitro B-mode US imaging of Saline, Gd-PFH-NPs, and C-Gd-PFH-NPs before and after NIR laser
irradiation. B) Gray values of B-mode US imaging of Saline, Gd-PFH-NPs, and C-Gd-PFH-NPs before and
after NIR laser irradiation. **P < 0.01.
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Figure 6

H&E staining of the major organs (kidney, liver, lung, spleen and heart) excised from different treatment
mice groups. Scale bar: 100 μm.
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H&E staining of the major organs (kidney, liver, lung, spleen and heart) excised from different treatment
mice groups. Scale bar: 100 μm.

Figure 7

In vivo antitumor activity of Saline, Gd-PFH-NPs, and C-Gd-PFH-NPs compared to saline. C643 tumor
xenograft-bearing BALB/c nude mice were administered with various drugs via intravenous injection at
days 0, 3 and 6. A) Changes in tumor volumes. B) Body weights. C) Represent tumor photograph. D)
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Tumor weights. The data are presented as the means ± SD (n = 7). E) Representative H&E staining, Ki67,
and TUNEL histopathological analysis of the tumors.

Figure 7

In vivo antitumor activity of Saline, Gd-PFH-NPs, and C-Gd-PFH-NPs compared to saline. C643 tumor
xenograft-bearing BALB/c nude mice were administered with various drugs via intravenous injection at
days 0, 3 and 6. A) Changes in tumor volumes. B) Body weights. C) Represent tumor photograph. D)
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Tumor weights. The data are presented as the means ± SD (n = 7). E) Representative H&E staining, Ki67,
and TUNEL histopathological analysis of the tumors.


