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Purpose: Liver cancer is associated significantly with morbidity and mortality. The combination of low-intensity ultrasound with
nanomedicine delivery systems holds promise as an alternative for the treatment for liver cancer. This study focuses on the utilization
of folic acid (FA) modified nanoparticles, which are loaded with fluorescent dye DiR and liquid fluorocarbon (PFP). These
nanoparticles have the potential to enhance liver cancer targeting under ultrasound stimulation and future applications in vivo.
Methods: The pharmacokinetics and tissue distribution of folic acid-modified Crebanine polyethylene glycol-polylactic acid copo-
lymer nanoparticles (FA-Cre@PEG-PLGA NPs) were investigated. The pharmacokinetic parameters, liver targeting, and in vivo
distribution were assessed. Additionally, the inhibitory impacts of FA-Cre@PEG-PLGA NPs in combination with ultrasonic irradiation
on the proliferation and acute toxicity of H22 cells of mouse hepatoma were investigated in vitro. The tumor targeting and anti-tumor
efficacy of FA-Cre@PEG-PLGA NPs were assessed utilizing a small animal in vivo imaging system and an in situ hepatocellular
carcinoma transplantation model, respectively.

Results: The pharmacokinetic studies and tissue distribution tests demonstrated that FA-Cre@PEG-PLGA NPs conspicuously
prolonged the half-life and retention time of the drug in rats, and the liver targeting effect was pronounced. Additionally, the
in vivo acute toxicity test indicated that FA-Cre@PEG-PLGA NPs had minimal adverse reactions and could fulfill the aim of
attenuating the drug. The outcomes of the animal experiments further substantiated that FA-Cre@PEG-PLGA NPs had a longer
retention time at the tumor site, a superior anti-tumor effect, and less damage to liver and kidney tissue.

Conclusion: The integration of FA-Cre@PEG-PLGA NPs with ultrasound irradiation demonstrated exceptional safety and potent
anti-tumor efficacy in vivo, presenting a promising therapeutic strategy for the treatment of liver cancer through the combination of
ultrasound technology with a nanomedicine delivery system.
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Introduction

Cancer has always posed a formidable challenge to humanity, having a profound impact on human health and imposing
an enormous financial burden on patients and their families. The result is that it has emerged as an undeniable social
problem that demands immediate attention. Primary liver cancer, a malignant neoplasm originating in the digestive

International Journal of Nanomedicine 2024:19 10513-10536 10513
Received: 6 May 2024 © 2024 Cheng et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creati org/licenses/by-nc/3.0/). By accessing the

Accepted: 9 October 2024
Published: 17 October 2024

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0003-3794-8519
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Cheng et al Dove

system of the liver, ranks sixth globally in annual incidence and third in mortality, according to the American Cancer
Society.'~

Hepatocellular carcinoma (HCC) accounts for approximately 75% of all primary liver cancers, while cholangiocarci-
noma arising from bile duct epithelium is relatively rare occurrences.** While surgical resection remains the cornerstone
treatment for liver cancer, its high-risk profile, the substantial physical trauma inflicted on the patient, and elevated
postoperative recurrence rates significantly limit its clinical applicability.”’ In addition, conventional therapeutic
modalities such as chemotherapy, liver transplant, and ablation have shown limited efficacy with respect to HCC
treatment outcomes and prognosis improvement.® Hence, the urgent need for novel drugs that, alongside innovative
therapeutic approaches, boast minimal toxic side effects coupled with potent anti-tumor activity.” "'

In recent years, targeted drug delivery systems have emerged as a promising approach for specific accumulation of
drugs at tumor sites, offering distinct advantages over conventional drug therapies. Consequently, they have garnered
significant attention in the field of early diagnosis and precise treatment of liver cancer.'”'* Block copolymer micelles
are nanoscale aggregates formed through the self-assembly of amphiphilic polymers, with hydrophobic cores encapsu-
lated by hydrophilic shells serving as drug containers to enhance water solubility and drug efficacy.'>'® Polyethylene
glycol (PEG) exhibits excellent hydrophilicity, prolongs the circulation and retention time of drugs within the body, and
boosts stability.'® Polylactic acid-glycolic acid (PLGA) possesses good biocompatibility and safety and can be degraded
into non-toxic products in vivo, which can effectively enhance the solubility, dissolution, drug efficacy, and other
parameters of insoluble drugs.’**® Hence, the PEG-PLGA copolymer carrier augments the stability of the carrier,
extends the systemic circulation time, ameliorates the release kinetic characteristics of the drug, and heightens the drug
efficacy.”**> The abundant expression of receptors in cancer cells has rendered folic acid (FA) a widely employed
constituent in targeted drug delivery systems.?®’ Folate enters normal tissue cells primarily through the transmembrane
pathway. However, it selectively binds to folate receptors (FR) that are overexpressed across various cancer types and
exhibit a remarkable affinity towards FA-mediated internalization into cancer cells.”®* In order to achieve a dual
targeting system encompassing both passive and active mechanisms, the carboxyl group of the folic acid molecule
undergoes chemical modification to establish an intricate connection with the amino terminal of the PEG within the PEG-
PLGA construction. Thus, in obtaining a targeted carrier named polyethylene glycol-polylactic acid hydroxyacetic acid-
folic acid (PEG-PLGA-FA), which effectively mitigates toxicities and side effects associated with conventional drug
therapies while promoting enhanced drug accumulation at tumor sites.

The utilization of ultrasound imaging (US) in diagnostic imaging is widespread due to its physical properties, cost-
effectiveness, safety, and non-invasive nature. Additionally, the ultrasonic cavitation effect and thermal radiation effect
can induce thermal or mechanical effects that facilitate drug release from nanoparticles.**>* Moreover, ultrasound
enhances the instantaneous permeability of blood vessels and increases cellular uptake by facilitating drug transfer from
liquid fluorocarbon (PFP) nanobubbles to neighboring tumor cells through phase shift induced by a specific intensity of
ultrasonic irradiation. This approach not only improves therapeutic efficacy but also inhibits tumor cell metastasis.>*>
As a result, the combination of low-intensity ultrasound with nanomedicine delivery systems has emerged as a promising
alternative to cancer therapy. In our previous study, we prepared FA-Cre@PEG-PLGA NPs by encapsulating Crebanine
in PEG-PLGA nanoparticles modified with folic acid. We investigated the in vitro anti-tumor effect of combined
ultrasonic irradiation on BEL-7402 liver cancer cells and observed significant enhancements in proliferation inhibition
rate, anti-tumor migration ability, and cellular uptake.*®

In this study, a low-intensity ultrasound in combination with a nanomedicine delivery system was introduced. It was
affirmed by pharmacokinetic studies that FA-Cre@PEG-PLGA NPs can enhance the circulation time and bioavailability
of the drug in vivo. Moreover, tissue distribution studies indicated that it possesses liver targeting. In vivo small animal
imaging (IVIS) in conjunction with ultrasound therapy was employed to establish a quantitative fluorescence image
analysis method for evaluating the tumor targeting ability of FA-Cre@PEG-PLGA NPs. It demonstrated significant
tumor inhibition in situ hepatocellular carcinoma transplantation model. The targeted drug delivery of FA-Cre@PEG-
PLGA NPs under the guidance of low-intensity ultrasound not only exhibits low toxicity, low side effects and a favorable
anti-tumor effect but also has an imaging function, facilitating the monitoring and diagnosis of tumor progression and
providing a promising strategy for the subsequent diagnosis and adjuvant therapy of liver cancer (Figure 1).
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Figure | Combined application of FA-Cre@PEG-PLGA NPs and ultrasound imaging for precise treatment of hepatocellular carcinoma in mice (schematic).
Notes: (a) Establishment of an orthotopic transplantation tumor model of hepatocellular carcinoma in mice. (b) Intravenous administration of meticulously prepared FA-
Cre@PEG-PLGA NPs. (c) Ultrasonic irradiation treatment. (d) FA-Cre@PEG-PLGA NPs enters the tumor tissue, and ultrasonic blasting releases Crebanine and DiR.

Materials and Methods

Materials

The FA-Cre@PEG-PLGA NPs (prepared by the Pharmaceutical Laboratory of Yunnan University of Chinese Medicine)
with Crebanine content of 6mg/mL and an encapsulation rate of 83.78% were obtained. The particle size is (247.67
+2.49) nm, and the Zeta potential is (—9.40+0.54) mV). Heparin sodium injection was purchased from Changzhou
Qianhong Biochemical Pharmaceutical Co. Ltd. Penicillin-streptomycin (double antibody), fetal bovine serum, PBS
phosphate buffer, and RPMI 1640 medium were purchased from Shanghai Date Hill Biotechnology Co. Ltd. The CCK-8
reagent was acquired from Xi’an Ruixi Biological Technology Co. Ltd, while additional organic solvents used were of
high-performance liquid chromatography (HPLC) grade, sourced from Thermo Company in the United States.

Animals

The male Sprague-Dawley rats weighing 230-250 g and the male Kunming mice weighing 18-22 g were procured from
SPF (Beijing, China) Biotechnology Co. Ltd. All the animals were housed at the Experimental Animal Center with
Yunnan University of Chinese Medicine. The protocols for using animals in this study were approved by the Animal
Experimental Ethics Review Committee of Yunnan University of Chinese Medicine (Kunming, China) (R-062022082,
R-062023114). All experimental proceedings were conducted in compliance with the “Laboratory Animal Guideline for
Ethical Review of Animal Welfare (GB/T 35892-2018)”.

In vivo Pharmacokinetics Study

Experimental Design

Male Sprague-Dawley rats weighing 230-250 g were randomly assigned into two groups (n = 6) following a 12 hours
fasting period: the FA-Cre@PEG-PLGA NPs group and the Crebanine bulk drug group received a single dose of the
respective drug at a concentration of 3 mg/kg via tail vein injection. Subsequently, blood samples were collected through
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orbital blood collection at predetermined time intervals (5, 15, 30, 60, 180, 360, 600, 720, and 960 minutes). The
collected blood samples were subsequently placed in a centrifuge tube with heparin sodium, which were centrifuged at
a speed of approximately 6000 r/min for 10 minutes at 4°C to obtain approximately 300 pL aliquots. These aliquots were
subsequently stored at —80°C until further analysis using HPLC.

Pre-Treatment of the Plasma Samples

In plasma sample preparation, a 20 pL solution of verapamil (internal standard) was added to the 200 pL plasma sample
and vortexed for 3 minutes. Subsequently, 1.2 mL acetonitrile was added and allowed to stand for 5 minutes before being
centrifuged at 6000 r/min for 10 minutes at 4°C. The resulting supernatant (1.0 mL) was collected. The supernatant was
then dried using a nitrogen blower (HSC-12A, Tianjin Hengao Technology Development Company), followed by
addition of 200 pL methanol and vortexed for 3 minutes to redissolve it. Finally, the mixture was filtered through
a microporous filter membrane with a pore size of 0.22 um. The filtrate 100 pL. was sampled for HPLC analysis, and it
was ascertained that the peak regions Al corresponding to the Crebanine and A2 corresponding to the internal standard
verapamil solution. The ratio of these peak areas (A = A1/A2) was substituted into the regression equation derived from
the standard curve in order to calculate the blood concentration of Crebanine in rats at each time point studied.
Pharmacokinetic parameters were calculated using DAS 3.0 software.

Analysis Method

HPLC analysis was performed using an Agilent system equipped with Diamonsil C18 column (5 um, 250 x 4.6 nm)
while maintaining the column temperature at 30°C. The mobile phase consisted of methanol (A) and 0.2% triethylamine
solution (B), with an A: B ratio of 75:25. Detection was performed at a wavelength of 280 nm, with a flow rate of
1 mL/min and the injected volume of 10 pL.

Method Validation
The reliability of the HPLC method is verified by evaluating its specificity, linearity, quantization limit, accuracy, stability
and recovery rate.

Tissue Distribution

For the investigation of tissue distribution, male SD rats weighing 230-250 g were randomly divided into two groups (n
= 24): The FA-Cre@PEG-PLGA NPs group and the Crebanine bulk drug group received a single intravenous injection of
3 mg/kg of the respective drug through the tail vein. Samples of heart, liver, spleen, lung, kidney, and brain tissues were
collected at specified time points after euthanasia (30, 60, 120, 240 minutes), followed by rinsing with normal saline and
drying using filter paper. Tissue samples were processed according to the method described under “Pre-treatment of
Plasma Samples” and then injected for analysis following the “Analysis Method”. The Crebanine content was quantified
in each tissue sample. Maximum peak concentration ratio (Ce), selectivity index (Si), relative uptake rate peak
concentration ratio (Re), and targeting efficiency (Te) were employed to evaluate the targeting ability of FA-Cre@PEG-
PLGA NPs (Equations 1-4).

(Cmax)]v
(CmaX)D

where (Cpax) N and (Chax) p represent the peak mass concentrations of FA-Cre@PEG-PLGA NPs and Crebanine bulk
drug, respectively.

Ce =

(M

_ G

Si =
i o

2

where Cy and Cp denote the mass concentrations of FA-Cre@PEG-PLGA NPs and Crebanine bulk drugs at different
time intervals.

 AUCy

Re =
= auc,
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10516 "= International Journal of Nanomedicine 2024:19
Dove!


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

Dove Cheng et al

where the footpoints N and D refer to FA-Cre@PEG-PLGA NPs and Crebanine bulk drugs, respectively, the AUC value
represents the area under the drug concentration—time curve computed from the drug time curve.

AUCLiver

Te ==
AUCOther tissues

4)

Acute Toxicity in vivo

Male KunMing mice weighing 18-22 g were randomly allocated into six groups (n = 7) following a 12 hours fasting
period: the control group, 2 mg/kg group, 5 mg/kg group, 10 mg/kg group, 15 mg/kg group, and 25 mg/kg group. FA-Cre
@PEG-PLGA NPs were prepared at the required concentration for each dose group and administered intravenously.
Autonomic activity of mice in each group was closely monitored for more than 6 hours after administration to assess any
toxic manifestations and characteristics exhibited by the mice and to determine the onset and recovery time of any toxic
response, if present, as well as the mortality rate. In the case of mouse mortality, gross anatomical observations were
performed, while the surviving mice were allowed ad libitum access to food and water for 14 days. The daily
measurement of mice’s body weight after administration allowed for the calculation of the change rate (Equation 5).
The resulting post-administration body weight difference was then analyzed and compared to the original measurements.
Following this observation period, all surviving mice were euthanized for organ analysis. Heart, liver, spleen, lung and
brain tissue from each mouse were dissected and weighed to calculate organ indices (Equation 6). Subsequent fixation
with paraformaldehyde followed by embedding in paraffin wax enabled the preparation of HE stained sections,
facilitating microscopic examination of pathological changes.

Body mass change — (Preshent body mass — Primary body mass)

)

Primary body mass

. @)
Organ index = Lrean mass

6
Body mass ©)

In vitro and in vivo Ultrasonic Irradiation Methods for FA-Cre@PEG-PLGA NPs

Referring to the work of Tian Y,*” we aimed to achieve similar outcomes using diagnostic ultrasound and low-intensity
focused ultrasound. The ultrasonic diagnostic instrument (DP-50, Shenzhen Mindray Biomedical Electronics Co. Ltd,
China) equipped with a convex array probe (35C50EA) was selected for ultrasonic imaging. The normal ultrasound mode
is tuned to B mode. Other ultrasonic settings included a frequency of 8.5 MHz, depth of 3.7, and mechanical index (MI)
of 0.3. During the in vitro study, the ultrasonic probe was positioned vertically at the bottom of each well plate (96-well),
while air interference was eliminated using a coupling adhesive from Tianjin Jinya Technology Development Co. Ltd
(20190393). Intermittent ultrasound sessions were performed for each trap for a total irradiation time of 25 minutes. In
in vivo studies, ultrasound probes are placed vertically in the liver of tumor-bearing mice. All other conditions remain the
same as those used in vitro.

Cells

Murine hepatocarcinoma cell line H22 was purchased from the China Center for Type Culture Collection (CCTCC,
Wuhan, China). The H22 cell line was authenticated by amplification of gene COX1 and electrophoresis, which was
provided by Cellcook Biotech Co. Ltd (Guangzhou, China). The cell was cultured in RPMI 1640 medium (VivaCell,
#2222741, Date Hill Biotechnology Co. Ltd, Shanghai, China) containing 10% fetal bovine serum (VivaCell, #2144324,
Date Hill Biotechnology Co. Ltd, Shanghai, China) and 1% penicillin-streptomycin (PS) (VivaCell, #20010335, Date
Hill Biotechnology Co. Ltd, Shanghai, China) and maintained at a 37°C in a 5% CO, incubator.

Cell damage test by ultrasonic irradiation
Ultrasonic and non-ultrasonic groups were established. Methods: H22 cells in the logarithmic growth phase were seeded
onto 96-well plates at a density of 1 x 10* cells per hole. The ultrasonic group was subjected to ultrasonic irradiation for
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24 hours, followed by the addition of 10 uL. CCK-8 solution and additional incubation for 24 and 48 hours, respectively.
After an additional culture period of 2 hours, the absorbance (A) value was measured at a wavelength of 450 nm using an
enzyme labeler. The treatment procedure in the non-ultrasound group was identical to that in the ultrasound group, except
for the absence of ultrasound exposure. The cell mortality rate after ultrasonic irradiation was calculated as follows
(Equation 7).

(Anon—ultrasonic group — Aultrasonic group)

Cell mortality = @)

Aultrasunic group

In vitro Cytotoxicity

CCK-8 was used to evaluate the rate of proliferation inhibition in H22 cells with both the Crebanine bulk drug and FA-
Cre@PEG-PLGA NPs. Ultrasound group: hepatocellular carcinoma H22 cells were inoculated into 96-well plates
(density 1 x 10*) during the growth period, given different mass concentrations of Crebanine bulk drugs and FA-Cre
@PEG-PLGA NPs, set up control holes (without Crebanine) and blank holes (without Crebanine and cells), plus
ultrasound irradiation. In the non-ultrasonic group, except for the absence of ultrasound irradiation, the other conditions
remain unchanged. After incubation for 24 and 48 hours, CCK-8 was added to 10 pL and continued to be cultured for
2 hours. A value was read at 450 nm wavelength. Untreated cells with 100% cell viability were used as controls.
GraphPad Prism 8 software was used to calculate the half-maximal inhibitory concentration (ICsg). The rate of cell

proliferation suppression is calculated using the following equation (Equation 8).

(Acontrol - Atest)

Cell proliferationin hibition rate =
(Acontrol - Ablank)

®)

Animal Models

H22 cells were expanded in mice through intraperitoneal injection of H22 cells (density 5 x 107), and subsequently, H22
ascites cells (density 1 x 107) were inoculated into the left lobe of the liver to establish a mouse model for orthotopic

hepatoma transplantation.

In vivo Targeting

We previously prepared FA-Cre@PEG-PLGA NPs coated with DiR to evaluate the distribution and tumor targeting
efficacy of FA-Cre@PEG-PLGA NPs in mice with orthotopic hepatoma. The mice were randomly divided into two
groups: FA-Cre@PEG-PLGA NPs group and FA-Cre@PEG-PLGA NPs combined with ultrasound irradiation group.
A dose of 3 mg/kg of FA-Cre@PEG-PLGA NPs was administered via the tail vein. The mice were anesthetized with
isoflurane at 0.5, 1, 2, 4, 8, 24, 48, and 72 hours before and after administration, and the distribution and intensity of the
fluorescence signal were observed using [VIS spectroscopy. After 72 hours, all mice were humanely euthanized to extract
tumor tissue and organs including abdominal wall tumors, heart, liver, spleen, lung and brain for in vitro fluorescence
imaging analysis. Simultaneously, the fluorescence intensity was quantified by the IVIS spectroscopy.

To enhance the evaluation of the efficacy of tumor targeting, a matched IVIS imaging system was used to quantify the
fluorescence intensity in the whole body and tumor regions during in vivo imaging, and in the tumor and organ regions
during in vitro imaging.*®** The tumor targeting index (TTI) was calculated using Equation 9 at different time points
throughout the in vivo imaging process while for in vitro imaging. Furthermore, the area under the TTI-time curve
(AUTC) was calculated based on the trapezoidal rule. Equation 10 was employed to calculate the fluorescence intensity
ratio between the tumor and other organs.

Fluorescence intensity of tumor region
TTI% = Y g

- - 100% 9
Fluorescence intensity of whole body X ’ ©)

10518 "ee= International Journal of Nanomedicine 2024:19
Dove!


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

Dove Cheng et al

) . Fluorescence intensity of tumor
Intensity ratio =

(10)

Fluorescence intensity of organ

Anti-Tumor in vivo

To evaluate the in vivo anti-tumor effect, three days after modeling completion, the mice were randomly divided into six
groups (n = 7): No intervention was performed in any treatment group (Blank group), normal saline group (Placebo
group), hydroxycamptocampine injection group (HCPT group), Crebanine bulk drug group (Cre group), FA-Cre@PEG-
PLGA NPs group (NPs group), and FA-Cre@PEG-PLGA NPs combined with ultrasound irradiation group (NPs+
ultrasound group), The mice received different formulations every other day through the tail vein at doses of 8 mg/kg
for HCPT, 3 mg/kg for Cre and NPs. The mice received different preparations at doses of 8§ mg/kg HCPT, 3 mg/kg Cre
and NPs through the tail vein every other day, and ultrasound was followed by 10 doses in the NPs+ ultrasound group.
B-ultrasound imaging using Vetus7 color Doppler ultrasound (Shenzhen Mindray Biomedical Electronics Co. Ltd, China)
was performed 24 hours after the last dose. Blood samples were collected for serum biochemical analysis of ALT, AST,
BUN, CREA, P21, P27, TNF-qa, and IL-6 using an automatic biochemical analyzer (Shenzhen Leidu Life Technology
Co. Ltd, China) and ELISA kit (Hanke Biotechnology Co. Ltd, China). Abdominal adhesions, presence of ascites, and
abdominal wall tumors were observed. Photographs of the liver were taken, and tumors were weighed to calculate tumor
inhibition rate (TGI) (Equation 11). After statistical analysis, it was found that TGI (<40%) did not show effectiveness,
while TGI >40% and P <0.05 demonstrated significant effectiveness. The thymus and spleen weights were recorded to
calculate the organ index according to (Equation 6). Finally, liver and renal were fixed in 4% paraformaldehyde solutions.
The samples were then embedded in paraffin and sectioned and stained with hematoxylin and eosin (H&E) in accordance
with standard protocols.

(Wcontrul - Wdrug)

TGI =
Wcontrol

%100% (11)

where Wongror and Wy, are the tumor weights in drug treated group and control group, respectively.

Results
Validation of HPLC Methods for Detection of FA-Cre@PEG-PLGA NPs

The specific results demonstrated (Figure 2a) that under these chromatographic conditions, both Crebanine and internal
standard substance exhibited symmetrical peak shapes with excellent separation efficiency, without any interference from
endogenous substances, thereby confirming the specificity of the method. The linear relationship results (Figure 2b)
indicated a strong correlation between the plasma solution of Crebanine within the concentration range of 0.75 to 48 pg/
mL (R? = 0.999 8), with a lower limit of quantitation mass concentration at 45 ng/mL. Intraday precision, daytime
precision, and stability all exhibit RSDs below 10%, in addition, the recovery test revealed recoveries greater than 85%
for plasma samples across all concentrations, with RSDs less than 6%.

Integrated Pharmacokinetic Results

The blood concentration time profiles of the Crebanine bulk drug and the FA-Cre@PEG-PLGA NPs following caudal
vein injection are plotted in Figure 3. The plasma concentration of Crebanine in the bulk drug group was below
detectable levels after 600 minutes of administration, while FA-Cre@PEG-PLGA NPs were detectable for up to
960 minutes. Table 1 summarizes the relevant pharmacokinetic parameters for Crebanine bulk drug and FA-Cre@PEG-
PLGA NPs. Both Crebanine bulk drug and FA-Cre@PEG-PLGA NPs conform to the two-compartment model with high
correlation coefficients of R = 0.999 9 and R? = 0.998 7, respectively. The results demonstrate, compared to the
Crebanine bulk drug, FA-Cre@PEG-PLGA NPs that exhibited significantly increased AUC, t;,55, and MRT values (P <
0.05), along with a substantial reduction in CL value. Specifically, the AUC of FA-Cre@PEG-PLGA NPs was found to
be approximately 2.57 times higher than that of the Crebanine bulk drug. Similarly, the T, value is approximately 1.93
times larger than the Crebanine bulk drug. The MRT and the CL were 1.66 times higher and 0.38 times higher than that
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Figure 3 The mean plasma concentration-time curve of the Crebanine Bulk Drug and the FA-Cre@PEG-PLGA NPs after intravenous injection to rats (mean  SD, n = 5).

of the Crebanine bulk drug. These changes in pharmacokinetic parameters suggest that FA-Cre@PEG-PLGA NPs
effectively extend the half-life and retention time of Crebanine in rats while increasing its bioavailability through
a sustained-release mechanism.
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Table | Pharmacokinetic Parameters of Crebanine in Crebanine Bulk Drug

Group, FA-Cre@PEG-PLGA NPs Group (Mean * SD, n = 5)

Argument Unit Crebanine Bulk Drug | FA-Cre@PEG-PLGA NPs
AUC,_ , pg L h! 4.068+0.031 10.455+0.080*
AUC,. « pg L h! 4.333+0.025 1 1.4400.100%
MRT,. , h 2.424£0.016 4.015£0.010%
MRT,. = h 3.106£0.034 5.652+0.077%
ClLz Lh ' kg 692.349+4.052 262.246+2.299
ti2a h 0.91620.306 0.7240.100
tiap h 2.035£0.178 3.930£0.024%
Kio Ih 0.35520.164 0.260£0.010
K2 I h 0.402+0.83| 0.230+0.051
Kz Ih 0.774%0.826 0.65620.059

Tissue Distribution and Targeting Evaluation of FA-Cre@PEG-PLGA NPs

Tissue distribution results are shown in Figure 4a—d for the Crebanine bulk drug and FA-Cre@PEG-PLGA NPs after
intravenous administration in the caudate at a dose of 3 mg/kg. The distribution characteristics of Crebanine bulk drug in
various tissues were observed to be lung > liver > kidney > spleen > heart > brain. On the other hand, the distribution
pattern of FA-Cre@PEG-PLGA NPs in different tissues showed liver > lung > spleen > kidney > heart > brain between
30 and 120 minutes, and liver > spleen > lung > kidney > heart > brain between 120 and 240 minutes. These findings
confirm that FA-Cre@PEG-PLGA NPs primarily target the liver, lungs, and spleen. It has also been observed that
Crebanine bulk drugs are primarily metabolized by the liver and excreted through the kidneys. In addition, at 30 minutes
post-administration, the concentration of Crebanine was highest in the lungs, whereas for FA-Cre@PEG-PLGA NPs it
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Figure 4 Distribution of Crebanine bulk drugs and FA-Cre@PEG-PLGA NPs in various tissues at different time points (mean * SD, n = 5).

Notes: (a—d) 30, 60, 120 and 240 minutes respectively. A, Crebanine bulk drugs, B, FA-Cre@PEG-PLGA NPs. |, Heart, 2, Liver, 3, Spleen, 4, Lung, 5, Renal, 6, Brain.
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was highest in the liver at this time point. This indicates a gradual accumulation of the drug in the liver over time
following nanoparticle preparation, with peak levels reached at 120 minutes. At this time point, the concentration of FA-
Cre@PEG-PLGA NPs in the liver was found to be approximately 2.3 times higher than that of Crebanine bulk drug (P <
0.01), suggesting enhanced retention and slower decline rate compared to Crebanine bulk drug alone.

To better assess the distribution of FA-Cre@PEG-PLGA NPs in rats, the targeting ability of FA-Cre@PEG-PLGA
NPs was evaluated using Ce, Si, Re, and Te. A Ce value greater than 1 and a Re value greater than 1 indicate targeted
delivery of the drug formulation to a specific tissue. The results are presented in Table 2 and Table 3. FA-Cre@PEG-
PLGA NPs significantly enhanced the peak mass concentration of Crebanine in the liver, demonstrating a significant liver
targeting effect. The peak concentration ratio was found to be 1.890 (>1), with a relative uptake rate of 2.224 (>1). These
findings suggest that FA-Cre@PEG-PLGA NPs exhibit strong liver targeting capabilities. Comparing Te values across all
tissues revealed that heart, kidney, and brain exhibited Te values >2.5 for FA-Cre@PEG-PLGA NPs, indicating
preferential accumulation in the liver compared to Crebanine bulk drug administration alone. In addition, FA-Cre@PEG-
PLGA NPs effectively reduced drug accumulation in non-targeted organs. Analysis of Si values at all time points for
both FA-Cre@PEG-PLGA NPs and Crebanine bulk drugs demonstrated higher Si values for FA-Cre@PEG-PLGA NPs
except in lung tissue. This indicates that the concentration of Crebanine is consistently higher in the liver compared to
other tissues/organs throughout all time points examined — highlighting the significant and time-dependent liver targeting
effect associated with our nanoparticle formulation specifically.

Acute Toxicity

Previous studies have demonstrated that Crebanine hydrochloride solution has a relatively elevated toxicity, with
a median lethal dose (LD50) of 9.382 mg/kg.*® Furthermore, an acute toxicity experiment conducted by the previous
research group on the Crebanine bulk drugs revealed LD50 of 4.277 mg/kg, which presented a significant obstacle to its
development and application due to its extreme toxicity. In order to assess the attenuation effect of FA-Cre@PEG-PLGA

Table 2 Targeting Tissue Evaluation of FA-Cre@PEG-

PLGA NPs

Sample Re Ce Te

A B
Heart 1.153 1.043 2.571 4.960
Liver 2224 1.890 - -
Spleen 1.643 2.382 2.025 1.891
Lung 1.051 1.034 0.813 1.719
Renal 1.706 1.278 1.521 2.647
Brain 1.310 1.224 7.090 12.042

Notes: Tables 2, A, Crebanine bulk drugs, B, FA-Cre@PEG-PLGA NPs.

Table 3 Si Values of Crebanine Bulk Drugs and FA-Cre@PEG-PLGA NPs at
Different Time Points

Sample 30 min 60 min 120 min 240 min

A B A B A B A B

Heart 2772 | 4.742% | 2,615 | 4.726% | 2.579 | 5.021** | 2459 | 5.092%*

Spleen 1.956 2.007 1.960 1.914 2.053 1.923 2.065 1.805
Lung 0818 1.335% 0.798 1.532* 0.819 1.768* 0.8I13 1.933*
Renal 1.521 2.547* 1.501 2.609* 1.539 2.709* 1.509 2.604*
Brain 7.299 | 10.061%F | 7.126 | 10.996%F | 7.131 | 12.326%* | 6.930 | 13.058**
Notes: Tables 3, A, Crebanine bulk drugs, B, FA-Cre@PEG-PLGA NPs. vs Crebanine bulk drugs, *P < 0.05,
P < 0.01.
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Figure 5 Body mass change of mice in each group.
Notes: (a) body weight, vs the control group, *P < 0.05, **P < 0.01. (b) body miss change rate.

NPs, an acute toxicity test was performed. In our preliminary experiments, mice injected with 30 mg/kg FA-Cre@PEG-
PLGA NPs via the tail vein initially exhibited normal behavior for 30 seconds after injection, however, approximately
35 seconds later, they exhibited tumbling movements, dilated and protruding pupils, tics, urination problems and
impaired locomotion. The mice succumbed to the effects within a minute of the injection. The administration of FA-
Cre@PEG-PLGA NPs at 25 mg/kg and 15 mg/kg resulted in impaired locomotion resembling intoxication, with
convulsions. However, these effects resolve within approximately 60 and 20 minutes, respectively. At a dose of
10 mg/kg of FA-Cre@PEG-PLGA NPs, some mice experienced shortness of breath followed by a quiet rest in the
corner of their cage for approximately 30-40 minutes before returning to normal activity levels. Mice given doses of
5 mg/kg and 2 mg/kg FA-Cre@PEG-PLGA NPs showed normal activity with no significant adverse effects. Three mice
from the group receiving 25 mg/kg died on the first day of administration, while one mouse from the group receiving
15 mg/kg died on the third day. All the remaining mice survived 14 days under the administration. The body weight of
the mice in each group was compared, as shown in Figure 5a and b. On the 14th day post-administration, the body weight
of mice in the 2 mg/kg group was (26.40 = 0.84) g (P > 0.05), which did not show significant differences when compared
to the normal control group. Conversely, the body weight of mice in the 5 mg/kg and 10 mg/kg groups was (25.32 + 1.03)
g and (24.90 + 0.69) g, respectively (P < 0.05). Furthermore, a notable decrease in body weight was observed for mice
treated with doses of 15 mg/kg and 25 mg/kg, resulting in weights of (24.04 + 0.71) g and (22.58 + 0.86)
g correspondingly (P <0.01). The body mass change rate in the 2 mg/kg, 5 mg/kg, and 10 mg/kg groups was comparable
to that of the normal group, indicating minimal impact on the body weight of mice and low toxicity at these doses.
Conversely, the body mass change rate in the 15 mg/kg and 25 mg/kg groups was lower than that of the normal group,
supposing greater toxicity at these doses leading to an impact on the body weight of mice. The LD50 of FA-Cre@PEG-
PLGA NPs was calculated by Bilss using SPSS software. Statistical processing showed that the LD50 of FA-Cre@PEG-
PLGA NPs was 22.216 mg/kg, and the toxicity was less than that of Crebanine hydrochloride solution has (9.382 mg/kg)
and Crebanine bulk drugs (4.277 mg/kg). The objective of attenuated preparation can be accomplished.

The mice in each group were further dissected, and their organs were removed for weighing, organ index calculation,
and HE staining. As shown in Figure 6 and Table 4, mice in groups receiving doses of 10 mg/kg, 15 mg/kg, and 25 mg/
kg showed more pronounced effects on the liver and lungs. Inflammatory cell infiltration was observed to varying
degrees around hepatic and pulmonary cells. In contrast to the normal group, the tissue cells of the heart, spleen, kidneys
and brain in each dose group showed an orderly alignment without any abnormal pathological changes. Myocardial cells
and fiber appear normal with well-defined boundaries. No significant lesions or necrosis were observed in the glomerular
or tubular structures. The structure of the splenic corpuscles is clearly defined, while the brain cells exhibit organized
patterns. These findings suggest that FA-Cre@PEG-PLGA NPs have minimal effects on the heart, spleen, kidneys and
brain.

International Journal of Nanomedicine 2024:19 hetps: 10523
ove!


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

Cheng et al Dovepress

Control 2 mg/kg 5 mg/kg 10 mg/kg 15 mg/kg 25 mg/kg

- .. .-.

€

Liver

Figure 6 HE staining was used to detect organs of mice in each group morphology.

Study on Cell Damage Rate Under in vitro Ultrasound Irradiation

During long-term focused ultrasound for diagnostic antitumor therapy, the temperature of the probe increases, raising
safety concerns. To minimize potential harm to normal tissue, precise ultrasonic parameters are crucial. Previous studies
have demonstrated that specific ultrasound conditions (frequency: F8.5MHz, depth: d3.7, mechanical index: MI 0.3)

Table 4 Body Weight and Organ Index of Mice in Each Group (Mean + SD, n = 5)

Group Heart Liver Spleen Lung Kidney Brain

Normal 0.69+0.05 5.62£0.26 | 0.59£0.02 | [.11£0.10 | 1.39£0.09 | 0.95+0.06
2 mglkg 0.69+0.06 5.49£0.30 | 0.58+0.03 1.08+0.08 | 1.35+0.06 | 0.96+0.07
5 mg/kg 0.67+0.05 5.36£0.25 | 0.57+£0.03 | 1.01+£0.08* | 1.35£0.07 | 0.95+0.10
10 mg/kg | 0.64+0.04 5.26%0.15% | 0.57+0.04 | 1.01£0.06* | 1.33+x0.09 | 0.94+0.08
I5 mg/kg | 0.63£0.06 | 4.76+0.32** | 0.57+0.05 | 0.90£0.04** | 1.35£0.08 | 0.87+0.06
25 mg/kg | 0.59£0.03** | 4.31%0.27** | 0.54+0.05 | 0.83+0.08** | 1.33+0.07 | 0.86+0.09

Notes: vs Normal group, *P < 0.05, **P < 0.01.

I 05 24 https://doi.org/10.2147/IJN.S477027
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Figure 7 (a) Cells injury by ultrasound irradiation (b—e) Two Crebanine preparations on the proliferation inhibition rate of H22 cells studies.

Notes: (b) Unultrasonic condition, (c) Ultrasonic condition. vs Crebanine bulk drugs, 24 h, *P < 0.05, **P < 0.01. 48h, P < 0.05, #p < 0.01, (d) FA-Cre@PEG-PLGA NPs
ultrasound and Crebanine bulk drugs unultrasound 24h, 48h. vs Crebanine bulk drugs unultrasound, 24 h, *P < 0.05, **P < 0.01. 48h, "P < 0.05, *P < 0.01, (e) FA-Cre
@PEG-PLGA NPs ultrasound and FA-Cre@PEG-PLGA NPs unultrasound 24h, 48h. vs FA-Cre@PEG-PLGA NPs unultrasound, 24 h, *P < 0.05, **P < 0.01. 48h, #P < 0.05,
#p < 00l.

resulted in a cell mortality rate below 3% for H22 cells at both 24 and 48 hours (Figure 7a). This indicates that these
ultrasound conditions effectively ensure cell safety. Similarly, H22 cells exhibited a cell mortality rate lower than 3% at
both time points, suggesting that this particular set of ultrasonic parameters does not cause significant cellular damage

and can be considered safe for future experiments.

Cytotoxicity

The proliferation of H22 cells was dose-dependently inhibited by Crebanine bulk drugs and FA-Cre@PEG-PLGA NPs,
with the inhibitory effect increasing as the drug dose increased (Figure 7b). However, in the absence of ultrasound
therapy, FA-Cre@PEG-PLGA NPs showed a weaker inhibitory effect on tumor cell proliferation compared to Crebanine
bulk drugs at the same concentration and time. Previous findings on the release of FA-Cre@PEG-PLGA NPs indicated
slow drug release at 48 hours, suggesting that Crebanine is encapsulated within the nanoparticle. Consequently, the
inhibitory rate of tumor cells was comparatively lower than that observed with bulk Crebanine drugs. After 24 and
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48 hours of ultrasound treatment, the killing ability of FA-Cre@PEG-PLGA NPs against tumor cells was enhanced
(Figure 7c¢). Following ultrasonic treatment for 24 hours, various concentrations of FA-Cre@PEG-PLGA NPs showed
varying degrees of enhancement in their proliferation inhibition rate against H22 cells, and particularly significant
differences were observed between concentrations ranging from 150 pg/mL to 300 pg/mL when compared with
ultrasound treated Crebanine bulk drugs after 24 hours (P < 0.01). Furthermore, after ultrasonic treatment for
48 hours, the inhibitory rate of FA-Cre@PEG-PLGA NPs on cell proliferation continued to increase significantly
when compared with Crebanine bulk drugs at concentrations ranging from 50 pug/mL to 300 pg/mL (P < 0.01).
A comparison between FA-Cre@PEG-PLGA NPs treated with ultrasound at 24 and 48 hours and non-ultrasonic treated
Crebanine bulk drugs revealed that FA-Cre@PEG-PLGA NPs had a stronger inhibitory effect on H22 cells than
Crebanine bulk drugs. This difference became even more pronounced after a duration of ultrasonic treatment lasting
for up to or exceeding 48 hours (Figure 7d, P < 0.01). The inhibitory effect of FA-Cre@PEG-PLGA NPs on H22 cells
was enhanced when combined with ultrasound, as demonstrated in Figure 7e. Significant differences were observed
between FA-Cre@PEG-PLGA NPs after 24 or 48 hours irradiation and those without ultrasound within the concentration
range of 50-300 pg/mL (P < 0.01). The IC50 values for Crebanine bulk drugs and FA-Cre@PEG-PLGA NPs without
ultrasound at 24 hours were calculated to be (210.9 + 15.1) and (322.0 = 21.1) pg/mL, respectively, while at 48 hours,
they were (164.4 + 9.4) and (289.5 + 19.6) pg/mL, respectively. The IC50 values of Crebanine bulk drugs and FA-Cre
@PEG-PLGA NPs after 24 hours ultrasonic irradiation were (203.0 £ 12.0) and (155.4 + 11.1) ug/mL, respectively. The
IC50 values of Crebanine bulk drugs and FA-Cre@PEG-PLGA NPs after 48 hours ultrasonic irradiation were (157.3 £
10.7) and (117.3 £ 9.7) pg/mL, respectively. The effect of Crebanine bulk drugs on the proliferation inhibition rate of
H22 cells before and after ultrasound was not significant. After 24 and 48 hours of ultrasound, the IC50 of FA-Cre
@PEG-PLGA NPs decreased 2.07 times and 2.47 times compared with FA-Cre@PEG-PLGA NPs without ultrasound.
Compared with Crebanine bulk drugs, ultrasound decreased by 1.31 times and 1.34 times. After ultrasonic treatment, the
proliferation inhibition rate of H22 cells was significantly improved. It was speculated that FA-Cre@PEG-PLGA NPs
was broken in the ultrasonic irradiation area, which stimulated the phase transition of nanoparticles for drug release,
improved the accumulation of drugs in cells, and increased the proliferation inhibition rate of FA-Cre@PEG-PLGA NPs
on H22 cells. The results showed that FA-Cre@PEG-PLGA NPs combined with ultrasonic irradiation enhanced the
proliferation inhibition of H22 cells.

Establishment of Orthotopic Hepatocellular Carcinoma Transplantation Model in Mice
After the modeling procedure, the mice did not exhibit any significant changes and their diet and activity remained within
normal parameters. On the third day after surgery, B-ultrasonography was performed to examine the liver of the mice
before humanely euthanizing them (Figure 8a and b). Based on the B-ultrasound imaging results and liver appearance, it
can be concluded that successful model building was achieved on the third day based on the modeling approach.
Subsequently, drug administration experiments were performed on the third day after the model was set up.

Tumor Targeting Study

Having demonstrated the efficacy of FA-Cre@PEG-PLGA NPs in combination with in vitro ultrasound irradiation, we
investigated the biologic distribution behavior of FA-Cre@PEG-PLGA NPS on a mouse model of orthotopic hepatoma
transplantation. Figure 8 shows representative fluorescence images of mice at different time points following tail vein
injection. All images were acquired using the same imaging setup for ease of comparison. In the FA-Cre@PEG-PLGA
NPs group, the fluorescence intensity at the tumor site peaks at 4 hours and gradually decreases over 72 hours.
Conversely, in the FA-Cre@PEG-PLGA NPs combined with ultrasonic irradiation group, the fluorescence intensity
reached its maximum at 8 hours and remained higher than that observed in the FA-Cre@PEG-PLGA NPs group
throughout all time points (Figure 9).

While IVIS spectroscopy has been widely employed to study the biological distribution of tumor-targeting nanocar-
riers, the evaluation of targeting capabilities has been based primarily on qualitative image analysis rather than
quantitative calculations.*' ™ Therefore, we adopt the approach of Liu et al*® to quantitatively evaluate the tumor
targeting effects of both FA-Cre@PEG-PLGA NPs and FA-Cre@PEG-PLGA NPs combined with ultrasound irradiation.
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Figure 9 In vivo FA-Cre@PEG-PLGA NPs fluorescent imaging.

The fluorescence intensity curves for each tumor region are plotted in Figure 10a (At 8, 24, 48 and 72 h, P <0.05). For all
imaging time points, FA-Cre@PEG-PLGA NPs combined with ultrasound irradiation exhibit significantly stronger
fluorescence than FA-Cre@PEG-PLGA NPs alone. It should be noted, however, that periodically intense tumor
fluorescence may be attributed to overall strong fluorescence intensity throughout the body, rather than solely indicating
a favorable anti-tumor targeting effect of the nanocarrier.* Therefore, we calculate the TTI value to assess whether the
fluorescence intensity in the tumor region genuinely reflects the drug accumulation inside the tumor, making the TTI

percentage proportional to the tumor targeting capability of the nanocarrier. Nevertheless, since TTI values can only
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Figure 10 Quantitative analysis of in vivo FA-Cre@PEG-PLGA NPs fluorescence imaging (mean + SD, n = 5).
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Figure 11 Ex vivo FA-Cre@PEG-PLGA NPs fluorescent imaging of tumors and organs/tissues from the mice.

indicate tumor targeting ability at a specific time point, we additionally computed AUTC as an indicator representing the
overall effectiveness of nanocarriers’ tumor targeting capability (Figure 10b, at 4, 8, 24, 48 and 72 h, P < 0.05). In
agreement with our findings in Figure 9, the average TTI values for FA-Cre@PEG-PLGA NPs combined with ultrasound
irradiation are consistently higher than those for FA-Cre@PEG-PLGA NPs across all evaluated time points. Moreover,
results from calculating TTI-Area under Time Curve (AUTC) demonstrated that AUTC for FA-Cre@PEG-PLGA NPs
combined with ultrasound irradiation was significantly greater than that observed for FA-Cre@PEG-PLGA NPs alone
(Figure 10c, P < 0.01), thereby indicating superior overall efficacy in terms of tumor targeting.

Representative fluorescence images of different groups of tumors, abdominal wall tumors and tissues are shown in
Figure 11. Under the same imaging setup, the fluorescence intensity of tumor and abdominal wall tumors in FA-Cre
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Figure 12 Quantitative analysis of ex vivo NIR fluorescence imaging (mean % SD, n = 5).

Notes: (a) The DiR fluorescence intensity of tumors/abdominal wall tumor and organs/tissues of the mice. (b—e) Fluorescence intensity ratios of tumor/abdominal wall
tumor to Heart (b), Lung (c), Kidney (d), and Brain (e). In figures (b—e), Left: Fluorescence intensity ratios of tumor to organs/tissues, Right: Fluorescence intensity ratios of
abdominal wall tumor to organs/tissues. In figure (a), Aw Tumer stands for abdominal wall tumor. vs NPs group, *P < 0.05, **P < 0.01.

@PEG-PLGA NPs combined with ultrasound irradiation is significantly stronger than in FA-Cre@PEG-PLGA NPs, in
agreement with in vivo imaging results. To further compare FA-Cre@PEG-PLGA NPs with FA-Cre@PEG-PLGA NPs
combined with ultrasound irradiation, we quantified the fluorescence intensity for each tumor, abdominal wall tumor and
tissue. The fluorescence intensity of tumors in both groups was higher than that in other tissues (except liver and spleen).
Moreover, the results from the FA-Cre@PEG-PLGA NPs combined with ultrasonic irradiation group were significantly
superior to those from the FA-Cre@PEG-PLGA NPs group (Figure 12a). The fluorescence intensity ratios of tumor/
abdominal wall tumor and heart/lung/kidney/brain were higher in the FA-Cre@PEG-PLGA NPs combined with ultra-
sound irradiation group compared to those in the FA-Cre@PEG-PLGA NPs group (Figure 12b—e). These findings
indicate that the combination of FA-Cre@PEG-PLGA NPs preparation with ultrasound irradiation exhibits excellent
tumor targeting properties.
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Antitumor Efficacy and Biocompatibility of FA-Cre@PEG-PLGA NPs

A situ model of liver cancer was administered to validate the therapeutic efficacy (Figure 13a). Initially, we monitored the
body mass of the mice in each group every other day. No mortality was observed in any of the mice across all groups
throughout the course of the drug treatment. Mice in both the blank and placebo groups had a peak in body mass at the
13th day, after which it showed a decreasing trend. The mice showed lethargy and general deterioration, resulting in
reduced food intake and reduced body mass. In turn, the mental states of the mice in the other groups appeared to be
more active than those in the blank and placebo groups. The group that received hydroxycamptothecin injection also
experienced a reduction in the body mass of the mice, suggesting that the higher toxicity of the hydroxycamptothecin
injection was responsible for the decrease in body mass (Figure 13b). The rate of weight change in the mice subjected to
FA-Cre@PEG-PLGA NPs combined with ultrasound irradiation remained relatively stable compared to the other groups,
suggesting that nanoparticle formulation using Crebanine with combined ultrasonic irradiation resulted in lower toxicity
and minimal impact on mice (Figure 13c).

According to the B-ultrasound imaging and anatomical results, the FA-Cre@PEG-PLGA NPs combined with
ultrasound irradiation group exhibited a lower number of metastatic tumor nodules (indicated by red arrows) compared
to the blank group and placebo group (Figure 13d and e). The incidence of severe abdominal adhesion in the control
group and placebo group exceeded 85%, while the degree of abdominal adhesion was significantly reduced in other
treatment groups. Among them, the FA-Cre@PEG-PLGA NPs combined with ultrasound irradiation group demonstrated
the most effective outcome, with a complete absence of severe abdominal adhesion (Table 5). Additionally, noticeable

Table 5 Comparison of Abdominal Adhesion Grade Among the Four Groups [n=7]

Adhesion Grade | Blank Group | Placebo Group | HCPT Group | Cre Group | NPs Group | NPs+ Ultrasound Group
Lv.0 0% 0% 28.6% 0% 0% 42.9%
Lv. 2160 0% 0% 42.9% 28.6% 28.6% 42.9%
Lv. 2161 14.3% 14.3% 14.3% 57.1% 42.9% 14.3%
Lv. 2162 28.6% 14.3% 14.3% 14.3% 28.6% 0%
Lv. 2163 57.1% 71.4% 0% 0% 0% 0%
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blood ascites were observed in both the control group and placebo group, indicating extensive tumor infiltration. In turn,
mice treated with FA-Cre@PEG-PLGA NPs combined with ultrasound irradiation showed a significant reduction in
ascites occurrence rate and volume. The ascites volume for the blank group and placebo group was measured at (10.357
+ 1.314) mL and (10.000 + 1.414) mL, respectively. For hydroxycamptothecin injection treated mice, it was recorded as
(5.333 £ 2.160) mL, whereas for those receiving original drug treatment it was noted as (8.167 + 0.075) mL, finally for
FA-Cre@PEG-PLGA NPs it amounted to (5.667 + 1.211) mL. However, when FA-Cre@PEG-PLGA NPs combined with
ultrasound irradiation, this volume decreased significantly to only (2.250 + 1.258) mL compared to other groups (P <
0.01). The rate of abdominal wall tumors was significantly reduced in each administration group compared to the blank
and placebo groups. The weight of abdominal wall tumors in the blank group and placebo group was (1.833 £ 0.473)
g and (1.894 £ 0.468) g, respectively. In the hydroxycamptothecin injection group, the weight of abdominal wall tumors
was (0.382+0.153) g. The Crebanine bulk drugs group had an abdominal wall tumor weight of (0.814 + 0.205) g. The
FA-Cre@PEG-PLGA NPs group had an abdominal wall tumor weight of (0.439 + 0.118) g. Compared to other groups,
the combination treatment of FA-Cre@PEG-PLGA NPs and ultrasound irradiation significantly reduced the weight of
abdominal wall tumors to (0.128 + 0.040) g (P < 0.05). FA-Cre@PEG-PLGA NPs combined with ultrasound irradiation
can significantly reduce the occurrence rate and weight of abdominal wall tumors. Compared with IVIS imaging results
(Figure 12b—d), FA-Cre@PEG-PLGA NPs combined with ultrasound irradiation have better targeting efficiency for
abdominal wall tumors than heart, lung, kidney and brain tissues. These findings indicate that FA-Cre@PEG-PLGA NPs
in combination with ultrasonic irradiation have a higher effective therapeutic effect (Table 6). The mice were euthanized
24 hours after the final treatment, and the final tumor volume and weight were reassessed by surgical resection. Of these,
tumors in the FA-Cre@PEG-PLGA NPs combined with ultrasound irradiation group showed the most significant
reduction compared to the blank group. Although other treatment groups also showed a decrease in tumor size, it was
not as substantial as observed in the FA-Cre@PEG-PLGA NPs combined with ultrasound irradiation group. The TCI
value of FA-Cre@PEG-PLGA NPs combined with ultrasonic irradiation group reached 63.94%, which was 2.86 times,
1.68 times, and 1.26 times higher than that in the FA-Cre@PEG-PLGA NPs group, Crebanine bulk drugs group, and
HCPT injection group, respectively (Figure 13f and g). In summary, these results suggest that the combination of FA-Cre
@PEG-PLGA NPs with ultrasound irradiation effectively inhibits tumor cell proliferation.

In this study, we not only assessed efficacy but also investigated the biosecurity of FA-Cre@PEG-PLGA NPs in
combination with ultrasound irradiation. The safety of this treatment has potential translational clinical implications.
First, to determine whether FA-Cre@PEG-PLGA NPs exhibit any toxic effects on immune organs, we measured spleen
and thymus indices. The results demonstrated that both hydroxycamptothecin injection group and Crebanine bulk drug
group exhibited significantly lower spleen and thymus indexes compared to the blank group, indicating certain toxic
effects on these organs (P < 0.01). Conversely, the spleen and thymus indexes in the FA-Cre@PEG-PLGA NPs group
were significantly higher than those in the blank group (P < 0.01). When combined with ultrasound irradiation, FA-Cre
@PEG-PLGA NPs showed a slight increase or decrease in spleen and thymus indices compared to the blank population.
We hypothesized that both FA-Cre@PEG-PLGA NPs alone and when combined with ultrasound irradiation may enhance
nonspecific immunity in mice (Figure 13h and i). ALT, AST, BUN, and CREA are sensitive marker enzymes that reflect

Table 6 Comparison of Tumor Status of Mice in Each Group (n = 7)

Group Ascites Occurrence Ascites Abdominal Wall Tumor Abdominal Wall Tumor
Rate (%) Volume(mL) Occurrence Rate (%) Weight(g)

Blank group 100% 10.357+1.314 100% 1.833+0.473

Placebo group 100% 10.000+1.414 100% 1.894+0.468

HCPT group 85.7% 5.333+2.160 " 57.1% 0.382+0.153 “#*

Cre group 100% 8.167+0.0753 * 71.4% 0.814+0.205**

NPs group 85.7% 5.667+1.211 ** 71.4% 0.439+0.118 ™

NPs+ ultrasound 57.1% 2.250+1.258 " 57.1% 0.128+0.040 “##"

group

Notes: vs blank group, *P < 0.05, **P < 0.0, vs Cre group, #P < 0.05, P < 0.01, vs HCPT group, P <0.05, P <0.0l.
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Figure 14 (a) ALT. (b) AST. (c) BUN. (d) CREA. (e) P21. (f) P27. (g) TNF-a. (h) IL-6 levels of mice in each group.
Notes: (a—h) vs blank group, *P < 0.05, *P < 0.01. vs Cre group, *P < 0.05, P < 0.01. vs HCPT group, P < 0.05, P < 0.01.

liver and kidney injury, and their levels can partially indicate the extent of damage to liver and kidney cells. The results
of this trial demonstrated that all treatment groups showed varying levels of reduction in ALT, AST, BUN and CREA
levels compared to the blank and placebo groups. Moreover, when compared with the hydroxycamptothecin injection and
Crebanine bulk drugs group, both the FA-Cre@PEG-PLGA NPs group and the FA-Cre@PEG-PLGA NPs combined with
ultrasonic irradiation group showed a significant decrease in ALT, AST, BUN, and CREA levels (P < 0.01) (Figure 14a—
d). These findings suggest that the injection of hydroxycamptothecin injection and the Crebanine bulk drug resulted in
severe impairment of liver and kidney function in mice. However, FA-Cre@PEG-PLGA NPs showed some protective
effects on the liver and kidneys of mice with in-situ liver cancer. Additionally, ELISA analysis was conducted to
determine serum levels of P21, P27, TNF-a and IL-6 in all groups of mice. The results also indicated that combination
therapy involving FA-Cre@PEG-PLGA NPs along with ultrasound irradiation significantly increased P21 and P27 levels
while significantly decreasing TNF-a and IL-6 levels (P < 0.05) (Figure 14e-h). Finally, histological tests were
performed on the liver and kidneys of each group of mice using HE stain. Hyperplastic and cancerous nodules were
observed in the liver cells of both the blank and placebo groups of mice. Tumor cells exhibit tight alignment, deep
nuclear staining, and infiltration of inflammatory cells. In the FA-Cre@PEG-PLGA NPs group combined with ultrasound
irradiation, significant improvement was observed in the pathological structure, along with a notable reduction in
inflammatory cells and cancer cells (Figure 15). The renal glomeruli and renal tubules showed normal structural
characteristics without any discernible differences compared to the control group when FA-Cre@PEG-PLGA NPs

Blank group Placebo group HCPT group Cre group NPs group NPs+ ultrasounds group

Liver

Kideny

Figure 15 HE staining images of liver and kidney.
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were combined with ultrasound irradiation (Figure 15). No significant pathological changes such as oedema or necrosis
were observed.

In conclusion, these results demonstrate the efficacy and safety of combining FA-Cre@PEG-PLGA NPs with
ultrasound irradiation to significantly enhance the therapeutic effect on in-situ hepatocellular carcinoma while promoting
immune activity. This combination strategy provides an active physical dual targeting effect that facilitates the better
release of Crebanine at the tumor site for improved therapeutic outcomes.

Discussion

Liver cancer has a high incidence and mortality rate, making it a malignancy. Although commonly used in clinical
treatment, chemotherapy still has drawbacks such as lack of targeting and significant side effects. While inhibiting the
growth of liver cancer cells, it also causes damage to normal cells. To overcome these limitations in the clinical treatment
of liver cancer, there is a pressing need to develop drug delivery systems for early detection and targeted treatment.

In recent years, precision medicine has paved the way for the widespread use of functional nanodrug delivery systems
in liver cancer research.** These systems incorporate ultrasound imaging, drug delivery mechanisms, and therapeutic
genes. To enhance their accumulation at tumor sites, nano drug delivery systems can be modified with sugar groups, folic
acid (FA), or antibodies to achieve active targeting effects and improve anti-liver cancer efficacy.*>*® In this study, we
have designed a nanocarrier that integrates active targeting, ultrasonic physical targeting, and fluorescence localization,
and verified its efficacy in the treatment of liver cancer, laying a foundation for the early diagnosis and treatment of liver
cancer.

After the intravenous injection of Crebanine injection, it was rapidly and widely distributed in rabbits, with a half-life
time of less than 1 hour.*’ In this study, the pharmacokinetic results of FA-Cre@PEG-PLGA NPs and Crebanine bulk
drug after intravenous administration in rats demonstrated that the elimination phase half-life time in vivo was prolonged,
reaching more than 2 hours for both. Furthermore, the in vivo AUC of FA-Cre@PEG-PLGA NPs was significantly
higher than that of Crebanine bulk drug, indicating that the formulation of Crebanine nanoparticles could enhance
bioavailability in vivo. The in vivo retention time of drugs MRT and elimination-phase half-life time of FA-Cre@PEG-
PLGA NPs were significantly higher than those of Crebanine bulk drug, while the distribution-phase half-life time and
total body clearance were lower than those of Crebanine bulk drug. It was confirmed that FA-Cre@PEG-PLGA NPs
exhibited the characteristics of faster distribution, longer retention time, and prolonged elimination in rats.

PEG-PLGA polymer nanocarriers are extensively utilized in drug delivery due to their excellent biocompatibility. We
have developed folic acid-modified Crebanine polyethylene glycol-polylactic acid copolymer nanoparticles, namely FA-
Cre@PEG-PLGA NPs. In this investigation, we monitored the pharmacokinetics of FA-Cre@PEG-PLGA NPs. The
outcomes demonstrated that, in contrast to Crebanine, FA-Cre@PEG-PLGA NPs exhibited a certain sustained-release
effect. It is hypothesized that this slow-release effect might stem from the shell material PLGA, which has a sluggish
degradation rate in vivo, thereby prolonging its action duration. These findings are in line with previous in vitro release
experiments and further validate that FA-Cre@PEG-PLGA NPs can notably enhance the bioavailability of Crebanine.
Ce, Si, Re, and Te were employed in tissue distribution experiments to further explore the targeting capability of FA-Cre
@PEG-PLGA NPs. The results imply that FA-Cre@PEG-PLGA NPs have a specific liver-targeted accumulation effect.

Ultrasound targeted microvesicle technology serves a dual purpose by enabling simultaneous diagnosis and treatment.
Drug-loaded microbubbles can precisely target tumor sites and release drugs under ultrasound while concurrently
mediating tumor cell apoptosis and growth inhibition, thereby achieving targeted anti-tumor effects. Among the
ultrasonic diagnostic parameters, frequency and mechanical parameters are the key factors influencing ultrasonic
cavitation and facilitating the phase transition of nanoparticles.*® In accordance with FDA regulations, the MI limit set
for diagnostic ultrasound is 1.9. The higher the frequency or the lower the peak negative pressure, the smaller the MI
value and the lower the likelihood of a cavitation effect.*’ Recent studies have demonstrated that when MI is 0.3,
ultrasonic energy can induce transient cavitation of microvesicles in blood vessels without causing adverse reactions
resulting from high peak negative pressure.’® Additionally, within the ultrasonic irradiation range of 1.8-12 MHZ,
microbubbles can exert a strong cavitation effect.”’
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Non-invasive, safe and effective low-intensity ultrasound was used in this study. In combination with previous
studies, higher frequency and lower mechanical index were chosen to achieve in vitro ultrasonic demulsification of
nanoparticles.’> Minimal cell damage and a mortality rate of less than 3% were observed after ultrasound irradiation,
indicating that it is suitable as a source of cell ultrasound in vitro. The results of the CCK-8 experiment confirm that FA-
Cre@PEG-PLGA NPs in combination with ultrasound irradiation exhibit an enhanced inhibitory effect on tumor cell
proliferation. Presumably, ultrasound irradiation not only ruptures microvesicles but also enhances cell membrane
permeability and promotes endocytosis, thus improving drug uptake by cells and thus enhancing the therapeutic efficacy
of the drug, as supported by previous studies of uptake in liver cancer Bell-7402 cells.*

The establishment of animal models is of vital significance for the success of the experiments, offering insights into
the pathogenesis of the disease and the effects of drug treatment. Previous studies have demonstrated that FA-Cre@PEG-
PLGA NPs in combination with ultrasound irradiation exhibit a favorable anti-tumor effect in the treatment of
subcutaneous liver cancer in mice and display a certain dose dependence.” Therefore, this study aims to further
investigate the therapeutic effect and biological distribution behavior of liver cancer in mice under previous studies
optimal treatment dose. By comparing factors such as weight change, tumor weight, tumor volume, B-ultrasound
imaging, ascites volume, abdominal wall tumor weight, spleen and thymus index, ALT, AST, BUN, CREA, P21, and
other indicators including P27, TNF-a, and IL-6 indexes, the results once again confirmed that FA-Cre@PEG-PLGA NPs
combined with ultrasonic irradiation exerted specific anti-tumor effects while causing minimal damage to immune
organs, liver and kidney tissues. It has been proposed that the cavitation effect induced by ultrasound irradiation plays
a crucial role in enhancing anti-tumor therapy.

The present study, however, exhibits certain limitations, including suboptimal active targeting efficiency of the
nanoparticles and insufficient optimization of the ultrasound parameters. Consequently, future investigations will focus
on refining the nanoparticle preparation scheme for enhanced targeted therapy of liver cancer.

Conclusion and Future Perspective

In conclusion, FA-Cre@PEG-PLGA NPs demonstrate significant efficacy in tumor inhibition and exhibit a favorable
safety profile. It is anticipated that the combination of FA-Cre@PEG-PLGA NPs with ultrasound irradiation will emerge
as a novel strategy for the diagnosis and treatment of liver cancer.
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