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Hepatocellular carcinoma (HCC) is one of the most common malignant tumors in the world and in
China, Most patients are already in an advanced stage at the time of diagnosis, and the chance of
complete surgical resection is lost, therefore, drug treatment is particularly important. Angelica
sinensis polysaccharide (ASP) has natural liver-targeting properties, berberine (BBR) is a lipophilic
cation with anticancer activities and mitochondrial-targeting properties, and honokiol (HNK) has
mitochondria-dependent anticancer effects against cancer. Therefore, the aim of the present work
was to synthesize Angelica sinensis polysaccharide-berberineamphiphilic polymer (ASP-SS-BBR)
loaded with HNK to prepare the micelles ASP-BBR-PM@HNK to improve the hepatic targeting ability
of the nanopatrticles and the mitochondrial targeting ability in HCC cells and to enhance the anti-HCC
effect of HNK. The findings of this study demonstrate the successful synthesis of ASP-BBR-
PM@HNK, characterized by a particle size of 48.6 + 1.13 nm. The formulation exhibits commendable
stability, a sustained-release profile, and the capability for glutathione (GSH)-responsive release. ASP-
BBR-PM@HNK is efficiently internalized by HepG2 cells, exhibiting the highest rate of cell inhibition.
Additionally, the use of Gal and Man as receptor blockers confirmed the formulation’s superior
targeting capabilities, including exceptional mitochondrial targeting. Subsequent in vivo experiments
employing BALB/c nude mice as a model further corroborated these experimental outcomes. This
research has successfully developed an effective natural dual-targeting system, offering a novel

approach for the precise treatment of liver cancer.

Hepatocellular carcinoma (HCC) represents a significant threat to human
health and ranks among the five most prevalent malignant tumors, with its
incidence increasing annually. The World Health Organization projects that
liver cancer will result in more than 1 million deaths globally by 2030". The
onset of HCC imposes substantial economic and psychological burdens on
patients, and the clinical prognosis for patients with HCC remains sub-
optimal. Current therapeutic approaches for HCC primarily include sur-
gical resection, liver transplantation, chemotherapy, and immunotherapy.
Among these options, systemic chemotherapy is considered the most

effective strategy for extending patient survival. However, the systemic
distribution of chemotherapeutic agents postadministration results in
suboptimal drug concentrations within the target tissues and induces
cytotoxic effects on nontarget organs, leading to significant toxicity and
adverse side effects’. In recent years, the development of targeted nanodrugs
has provided a new method for the treatment of liver cancer. The distinct
expression of Galactose receptors (GR) and Mannose receptors (MR) on the
surface of liver cancer cells presents potential targets for the selective tar-
geting of these cells in therapeutic applications.
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Compared with normal tissues, nanosized particles demonstrate
enhanced extravasation and penetration into tumor tissues, thereby redu-
cing off-target toxicity and improving delivery to the intended site of action.
The term nanodrug delivery system (NDDS) generally refers to drug
delivery systems with particle sizes ranging from 10 to 1000 nm, including
liposomes, microemulsions, micelles, and nanoparticles’. NDDS can
enhance in vivo pharmacokinetic behavior, increase drug stability and
solubility, enable targeted drug delivery, control drug release, and possess
increased prospects for clinical translation®. However, several limitations
exist, including the absence of natural targeting mechanisms, elevated
production costs, and additional challenges™.

Polymer micelles (PM) are nanopreparations characterized by a core
shell structure that forms through the self-assembly of amphiphilic block
copolymers in aqueous environments. These micelles are capable of
encapsulating drugs with diverse properties”®. Typically, the hydrophilic
segment of a PM is modified with polyethylene glycol (PEG), while poly-
lactic acid (PLA) is frequently employed as the hydrophobic component.
Standard PMs lack intrinsic targeting capabilities. Therefore, the develop-
ment of naturally targeted and easily degradable PM materials holds sig-
nificant promise for future applications.

Angelica sinensis polysaccharide (ASP) is a principal bioactive con-
stituent of Angelica sinensis that has a range of health-promoting effects.
Empirical evidence indicates that ASP facilitates hematopoietic regenera-
tion and augments immunological responses. Additionally, ASP exhibits
notable antitumor and antioxidant activities. A distinctive feature of ASP is
its has high Galactose (Gal) density and Mannose (Man) and branched
structure, appropriate spatial structure and high affinity for GR and MR, so
it has natural liver targeting’"'. Moreover, ASP impedes the proliferation
and metastasis of neoplastic cells. The incorporation of ASP as the hydro-
philic segment of micelles can increase the efficacy of chemotherapy and
radiation therapy, positioning it as a potential complementary treatment for
cancer”. This strategy leverages the inherent liver-targeting properties of
ASP to facilitate rapid drug delivery to hepatic sites”’. Additionally, the
superior biocompatibility and biodegradability of polysaccharides address

limitations associated with traditional hydrophilic ends, such as PEG, which
can induce allergic reactions and lead to accelerated clearance of particles
from the bloodstream following repeated administration'*".

Berberine (BBR) is a natural isoquinoline alkaloid'® that has several
significant pharmacological effects, including antibacterial’, antiviral®,
anti-inflammatory"’, and anticancer properties’. BBR is a lipophilic cation
with an amphiphilic structure and a delocalized positive charge that selec-
tively accumulates in the mitochondria of tumor cells’. Consequently,
incorporating BBR into drug delivery systems can facilitate the rapid tar-
geting of cell mitochondria to exert anticancer effects while also enhancing
membrane permeability and yielding a synergistic antitumor effect’”.

Honokiol (HNK), an active monomer derived from natural products,
has emerged as a promising candidate for antitumor therapy because of its
potent pharmacological properties™. It has been demonstrated to have
inhibitory effects on a range of cancers, including liver, breast, colon, and
lung cancer™*. Although HNK has mitochondria-dependent antitumor
effects, its clinical application is hindered by low oral bioavailability attrib-
uted to poor water solubility”’. Additionally, HNK may exhibit cytotoxicity
in certain contexts™, further limiting its potential for clinical use”.

Therefore, based on the natural targeting of ASP to liver cancer cells
and the natural targeting of BBR to mitochondria, HNK has mitochondria-
dependent anti-tumor effects, we constructed a natural double-targeted
drug delivery system. In this project, ASP functions as the hydrophilic
segment, whereas lipophilic BBR constitutes the hydrophobic segment,
encapsulating HNK through redox-sensitive disulfide bonds (ASP-BBR-
PM@HNK). The successful synthesis of ASP-BBR-PM@HNK was vali-
dated through a comprehensive series of characterization techniques, and its
dual targeting capabilities, along with its anti-HCC efficacy, were assessed
using both in vivo and in vitro experimental approaches.

Results

Characterization of BBRU

The results of '"H-NMR scanning of the purified BBR are shown in Fig. 1A.
Compared with BBR, BBRU has a characteristic peak of -OH at 9.11 ppm,
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Fig. 1 | Synthesis of ASP-SS-BBR. A 1H-NMR spectra of BBR and BBRU. B 1H-NMR spectra of HOOC-SS-BBR, ASP, and ASP-SS-BBR. C FT1IR spectra of BBRU, DTPA,
and HOOC-SS-BBR. D FTIR data for ASP, ASP-SS-BBR, and HOOC-SS-BBR. E DTA of ASP and ASP-SS-BBR.
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Fig. 2 | Characterization of ASP-BBR-PM@HNK. A TEM image of ASP-BBR-
PM@HNK solution (x350,000). B Particle size distribution and potential distribu-
tion of ASP-BBR-PM@HNK. C DTA of ASP-SS-BBR, HNK, ASP-SS-BBR + HNK,
and ASP-BBR-PM@HNK. D FTIR data for HNK, ASP-SS-BBR, ASP-BBR-

Time(h)

PM@HNK, and ASP-SS-BBR + HNK. E Characterization of the ASP-BBR-
PM@HNK stability spectrum of serum changes, particle size changes, potential
changes and encapsulation rate changes. F HNK cumulative release curve.

and BBR has characteristic peaks of -CHj at 4.07 and 4.10 ppm, whereas
BBRU has only one -CHj peak at 3.74 ppm. The characteristic peak of CH;
indicates that a -CH; on BBR was transformed into -OH, which can prove
that berberine was synthesized. The prepared BBRU was dark red powder
with a yield of 74%.

Characterization of HOOC-SS-BBR

The obtained HOOC-SS-BBR was scanned by '"H-NMR and FTIR, and the
results are shown in Fig. 1B, C. The 'H-NMR spectrum of HOOC-SS-BBR
revealed that the characteristic peak of -COOH appeared in the low field, the
characteristic peak of the four methylene groups (-CH,-) on the substituent
dithiopropionic acid appeared in the high field, and the parent characteristic
peak of BBR appeared, which confirmed the successful synthesis of HOOC-
SS-BBR. The FTIR spectrum of HOOC-SS-BBR revealed that the char-
acteristic peaks of HOOC-SS-BBR at 3434 cm ™" and 1690 cm™" were due to
the dimeric structure of HOOC-SS-COOH. The stretching vibration peak of
carboxylic acid-OH appeared near 2900 cm™’, and the C=O stretching
vibration peak appeared at approximately 1700 cm™. The characteristic
peaks of HOOC-SS-BBR at 2900 cm ™' and 2300 cm™' were due to the
stretching vibration peaks of unsaturated -C-H on the benzene ring of BBR
at approximately 2900 cm™'. The conjugate stretching vibration of the
benzene ring and -C=N peak appears on the left and right, which proves the
successful synthesis of HOOC-SS-BBR. The prepared HOOC-SS-BBR was
red powder with a yield of 34%.

Characterization of ASP-SS-BBR

The "H-NMR data of the prepared ASP and ASP-SS-BBR are shown in
Fig. 1B. The polysaccharide had only two characteristic peaks between 6
and 10 ppm, and the characteristic peaks of BBR were mostly in the low
field. The characteristic peak was masked by the characteristic peak of
polysaccharides, whereas the characteristic peak of BBR was between 6-10
ppm for ASP-SS-BBR, confirming the generation of ASP-SS-BBR. As
shown in Fig. 1D, ASP-SS-BBR and ASP have variable angle vibration

peaks of alcohol hydroxyl groupsat 1114 cm ™', 1036 cm ™, 1096 cm ™' and
1018 cm ™, indicating that ASP-SS-BBR has a polysaccharide structure,
and both ASP-SS-BBR and HOOC-SS-BBR have a ring breathing vibra-
tion peak of benzene at 1500 cm™', indicating the existence of a BBR
structure in ASP-SS-BBR. Notably, the ASP-SS-BBR polymer was suc-
cessfully constructed. Figure 1E shows that the first stage of thermal
decomposition of ASP and ASP-SS-BBR is from 32-200 °C, and the main
loss in this stage is water. The second stage of thermal decomposition is at
200-700 °C, indicating that the chemical bond between the two is broken.
ASP has the same polysaccharide structure as ASP-SS-BBR, so there is an
exothermic reaction at approximately 350 °C. However, there is one
exothermic reaction at 555°C for ASP-SS-BBR and two exothermic
reactions for ASP-SS-BBR at 494 °C and 635 °C. This can be explained by
the essential difference in structure between the two, and the synthesis of
ASP-SS-BBR can be explained.

Characterization of ASP-BBR-PM@HNK

The TEM morphology, particle size, PDI, and zeta potential data are shown in
Fig. 2A, B. ASP-BBR-PM@HNK was circular and had a uniform distribution,
with a particle size of 48.6 + 1.13 nm, PDI of 0.173 + 0.33, zeta potential of
—10.32 + 1.26 mV, EE% of 72.87 + 4.00%, and DL% of 8.94 + 3.62%.

As shown in Fig. 2C, HNK, ASP-BBR-PM@HNK, and ASP-SS-
BBR+ HNK all have an oxidative exothermic peak at approximately
650 °C, indicating that they all contain HNK structures, and ASP-BBR-
PM@HNK and ASP-SS-BBR have similar peak shapes at 397 and 357 °C,
respectively, and are different from the simple physical mixing of ASP-SS-
BBR + HNK, indicating that ASP-SS-BBR encapsulates HNK. ASP-SS-
BBR exists in the periphery, so the exothermic peak is similar to that of ASP-
SS-BBR, but after carrier consumption, the oxidative exothermic peak of
HNK reappears, thus proving that ASP-BBR-PM@HNK encapsulation is
successful.

As shown in Fig. 2D, HNK, ASP-SS-BBR, ASP-BBR-PM@HNK, and
ASP-SS-BBR + HNK have characteristic -OH peaks at 3400 cm ', and all
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Fig. 3 | Cellular uptake in HepG2 cells. A Uptake of different Cou-6 solutions by HepG2 cells (x200). B Flow cytometry analysis of the uptake of Cou6 preparations in each
group by HepG2 cells. C Quantitative analysis of Cou6 uptake via flow cytometry plots (n = 3, **p < 0.01).

HNK, ASP-SS-BBR-PM@HNK and ASP-SS-BBR + HNK lines have ben-
zene vibration peaks at 1500 cm ™', and HNK and ASP-SS-BBR are mix-
tures. The peaks of ASP-SS-BBR-+HNK and ASP-SS-BBR at
approximately 2300 cm™ are the conjugate telescopic vibrations of the
benzene ring and -C=N, which are the characteristic peaks of BBR, but there
are no such characteristic peaks at approximately 2300 cm-1 in ASP-BBR-
PM@HNK, indicating that the hydrophobic side face is masked by the
hydrophilic end after the formation of micelles. The characteristic peak of
BBR is weakened, and HNK is contained in the carrier, so its characteristic
peak is also weaker than that of the pure physical mixture.

The stability of the ASP-BBR-PM@HNK micellar solution in serum
for 48 h was investigated via a microplate reader, and the storage stability of
the nanoparticle size meter was measured for 7 consecutive days at 4 °C.
When the particle instability increased, the absorbance value increased, and
the particle size, potential, and encapsulation rate also changed greatly, as
shown in Fig. 2E. The absorbance of ASP-BBR-PM@HNK within 48 h was
maintained at 0.29+0.09 Abs. The particle size was stable at
45.14 + 0.67 nm within 7 days. The potential was stable at -10.46 + 0.60 mV.
The EE% was stable at 70.42 + 1.29%, and there was no large fluctuation,
indicating that the micelles had good serum and storage stability.

ASP-BBR-PM@HNK and free HNK release curves at different GSH
concentrations are shown in Fig. 2F. Within the first 12 h, free HNK was
released quickly, with a cumulative release rate of 79.75+2.13%. The
cumulative release of HNK from ASP-BBR-PM@HNK gradually increased
with increasing concentrations of GSH in the release medium. When the
concentrations of GSH in the release medium were 0.10 mM, 1.00 mM and
10.00 mM, the cumulative release rates of HNK after 48 h in ASP-BBR-
PM@HNK were 40.2 + 2.25%, 54.1 + 2.27%, and 78.5 + 1.25%, respectively.
The cumulative release rates at 72 h were 46.2 + 2.65%, 60.7 £ 2.26%, and
80.2 + 2.21%, respectively. The results showed that ASP-BBR-PM@HNK had
good GSH-sensitive drug release ability and that ASP-BBR-PM had good
sustained drug release ability as a carrier. The intracellular concentration of
glutathione (GSH) in tumor cells, ranging from 2 to 10 mmol/L, exceeds that
of the extracellular concentration by over 1000-fold (2 to 10 umol/L), and is
also four times greater than the GSH concentration found in normal cells”.
Notably, the concentration of GSH within the mitochondria of tumor cells is
even higher. The polymer carrier ASP-SS-BBR features a hydrophilic

component (ASP) and a hydrophobic component (BBR) that are inter-
connected by disulfide bonds, which exhibit sensitivity to GSH. The intro-
duction of GSH facilitates the cleavage of these disulfide bonds, resulting in
the release of HNK. Consequently, as the concentration of GSH increases, the
release of HNK from ASP-BBR-PM@HNK is also rise.

Cellular uptake in HepG2 cells

Hoechst 33258 served as a specific nuclear dye to localize to cells, while
Cou6 acted as a fluorescent probe to monitor cell uptake. The results are
presented in Fig. 3A, which shows that for HepG2 cells at equal con-
centrations of Cous6, the uptake trend is as follows: Cou6 > ASP-BBR-
PM@Cou6 > Man+ASP-BBR-PM@Cou6 > Gal+ASP-BBR-PM@Cou6 >
Gal4+-Man+ASP-BBR-PM@Cou6. Furthermore, flow cytometry was
employed to investigate the in vitro uptake ability of various preparations
of Cou6 by HepG2 cells. The results are presented in Fig. 3B, C and
demonstrate that the uptake size of HepG2 cells follows the order
Cou6>ASP-BBR-PM@Cou6>Man+ASP-BBR-PM@Cou6>Gal+ASP-
BBR-PM@Cou6>Gal + Man + ASP-BBR-PM@Cou6>blank. Moreover,
the fluorescence signals of ASP-BBR-PM@Cou6 were 2.48, 2.57, and 3.09
times stronger than those of Man + ASP-BBR-PM@Cou6, Gal+ASP-
Ber-PM@Cou6, and Gal + Man + ASP-BBR-PM@Cous6, respectively.
This indicates that ASP-BBR-PM@HNK exhibits effective cellular uptake
capabilities and can specifically target GR and MR on the surface of
HepG2 cells.

Mitochondrial targeting

To investigate the ability of various Cou6 preparations to target the mito-
chondria of HepG2 cells, laser confocal microscopy was used with Cou6 as
the fluorescent probe and MitoTracker Red as the mitochondrial localiza-
tion reagent. The outcomes are shown in Fig. 4, which reveals that at the
same concentration of Cou6, the mitochondrial targeting trend of HepG2
cells follows the order: ASP-BBR-PM@Cou6 > Man + ASP-BBR-
PM@Cou6>Gal + ASP-BBR-PM@Cou6>Gal + Man + ASP-BBR-
PM@Cou6 > Coub. Following the interaction of HepG2 cells with ASP-
BBR-PM@Cou6, the red fluorescence of ASP-BBR-PM@Cou6 was the
strongest owing to the mitochondrial targeting ability of BBR. Nonetheless,
owing to the blocking effect of the Gal and Man receptors, the red
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fluorescence of ASP-BBR-PM@Cou6 diminished after the introduction of
Gal and Man. The findings demonstrated that the ASP-BBR-PM exhibited
effective mitochondrial targeting capabilities and further elucidated the
underlying mechanism responsible for this targeting ability.

In vitro cytotoxicity studies

Using the CCK-8 assay, the impact of ASP-BBR-PM blank micelles on the
HepG2 cell survival rate was evaluated, as displayed in Fig. 5A, and the
cytostatic rate of HepG2 cells was determined in different preparation
groups at various concentrations of ASP-BBR-PM blank micelles, as
illustrated in Fig. 5B. The inhibition rate of HepG2 cells in each sample
increased with increasing mass concentration within the range of
2.5-40 pug/mL, indicating that the inhibitory effect of HNK on HepG2 cells

was dose dependent. These findings suggest that increasing the con-
centration of blank micelles leads to a decrease in the survival rate of
HepG?2 cells and a certain degree of cytotoxicity. The inhibition of cell
proliferation was as follows: ASP-BBR-PM@HNK > Man + ASP-BBR-
PM@HNK > Gal + ASP-BBR-PM@HNK > Gal + Man + ASP-BBR-
PM@HNK > free HNK. Additionally, the cytostatic rate appeared to
decrease after the addition of Gal and Man, as observed through com-
parison. These results demonstrate that ASP-BBR-PM@HNK exhibits a
significant cell inhibition rate in HepG2 cells, thereby providing further
evidence of its underlying mechanism of action.

Tumor-targeting ability and mitochondrial-targeting ability of ASP-
BBR-PM. To investigate the tumor-targeting ability of ASP-BBR-PM in
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vivo, HNK was replaced with the NIR fluorescence of DiR. After ASP-BBR-
PM@DiR was intravenously injected into HepG2 tumor-bearing female
BALB/c nude mice, imaging was performed via an in vivo imaging system
(IVIS). The results (Fig. 6A) indicated that after intravenous injection of free
DiR, significant fluorescence was observed only in the liver within 2-48 h, and
no accumulation of DiR was observed at the tumor site. In contrast, in the
ASP-BBR-PM@DiR group, significant fluorescent signals were observed at
the tumor site as early as 2h, and the strongest fluorescent signals were
observed at 24 h. In addition, obvious fluorescent signals at the tumor sites
even remained strong for up to 48 h. These findings demonstrated the
excellent tumor targeting ability of ASP-BBR-PM as well as the ability of ASP-
BBR-PM to accumulate at the tumor site. Finally, in the Gal + ASP-BBR-
PM@DIR group, mild fluorescent signals were observed at 2 h. However, the
signal was not enhanced until 48 h. The possible reason was that Gal com-
peted for Gal receptors on hepatic carcinoma cells, resulting in weaker
fluorescent signals than those in the ASP-BBR-PM@DIiR group. Ex vivo
tumor and tissue fluorescence images also revealed that the fluorescence
intensity of the ASP-BBR-PM@DIR group tumors was the strongest after
24 h, indicating that ASP-BBR-PM could enhance drug targeting to tumors
(Fig. 6B). The mitochondrial antibody TOMM?20, which emits green fluor-
escence, was used to investigate the ability of ASP-BBR-PM to target
mitochondria™. Figure 6C shows that no fluorescent signal in the mito-
chondria was observed in the free DiR group. In contrast, in the ASP-BBR-
PM@DiR group, many green fluorescent signals were clustered in the
mitochondria of the tumors. However, the intensity of the fluorescent signals
in the Gal + ASP-BBR-PM@DiR group was lower than that in the ASP group
because of the antagonistic effect of Gal on the Gal receptor. These results
suggest that ASP-BBR-PM has superior mitochondrial-targeting ability
in vivo.

In vivo efficacy evaluation of ASP-BBR-PM@HNK

Figure 7 shows the changes in tumor volume and weight in each group of
BALB/c nude mice receiving therapy and the dissection of tumors and their
regeneration after treatment ended. The results revealed that the tumor
volume in each group increased with time, and compared with that in the
normal saline group, the tumor volume in the ASP-BBR-PM@HNK group
decreased significantly. Furthermore, in the ASP-BBR-PM@HNK group, the
tumor weight was substantially reduced, and the tumor weight inhibition rate
considerably increased 24 h after the last dose. These results demonstrate that
ASP-BBR-PM@HNK exhibits an excellent in vivo anti-HCC effect.

Immunohistochemistry assay

To further elucidate the mechanism of apoptosis in tumor cells, the protein
expression levels of Bcl-2 and CD31 in the mice were determined via
immunohistochemical experiments. High expression of Bcl-2 inhibits
apoptosis and accelerates cell growth, which in turn leads to tumorigenesis.
Positively expressed cells in the ASP-BBR-PM@HNK group appear purple.
However, via immunohistochemistry, CD31 was used to assess tumor
angiogenesis, and its upregulation may indicate the extent of a rapidly
growing tumor. Brown granules, indicating positive CD31 expression, were
not clearly observed in the mice treated with ASP-BBR-PM@HNK. Taken
together, these findings indicate that ASP-BBR-PM@HNK could sig-
nificantly induce apoptosis in tumor cells, thus simultaneously increasing
antitumor efficacy (Fig. 8).

Discussion

In this study, the ASP-SS-BBR polymer was synthesized by linking ASP to
BBR through disulfide bonds. Its successful synthesis was confirmed via
FTIR and '"H-NMR scanning. The ASP-BBR-PM@HNK micelle solution
was prepared through thin film hydration, resulting in a reddish-brown
solution with a uniform particle size distribution, high encapsulation rate,
drug load, stability, and sustained release effect in vitro. The ASP-BBR-
PM@HNK demonstrates not only a high entrapment efficiency but also the
capability for responsive release of glutathione (GSH), thereby exhibiting
distinct advantages over previous studies in the same domain.

HepG2 cells were used as a model, and Gal+ASP-BBR-PM@HNK,
Man+ASP-BBR-PM@HNK, and Gal+Man+ASP-BBR-PM@HNK were
used as controls. The ASP-BBR-PM@HNK group demonstrated stronger
tumor cell targeting, mitochondrial targeting, and inhibitory effects in vitro.
In vitro experiments demonstrated that ASP-BBR-PM@HNK exhibits sig-
nificant targeting capabilities and a high tumor cell inhibition rate, attributed
to the inherent dual targeting properties of ASP-BBR-PM. The observed
decrease in cell inhibition rate following the introduction of a receptor
blocker provides additional support for its targeting mechanism, which is
specifically designed to interact with GR and MR that are abundantly
expressed on the surface of liver cancer cells. This interaction enhances the
delivery of therapeutic agents to the tumor site, thereby improving efficacy.
When combined with the mitochondrial targeting properties of BBR, this
dual-targeting approach enhances the drug’s capacity to effectively eradicate
tumor cells. ASP-BBR-PM@HNK leverages the natural targeting properties
of the drugs and displays superior targeting ability towards tumor cells
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compared to conventional micellar formulations'**'. Additionally, it exhibits
comparable targeting capabilities to formulations with added targeting
groups, while also possessing mitochondrial targeting properties*.

A BALB/c nude mouse model was established, and Gal+ASP-BBR-
PM@DiR was used as a control. ASP-BBR-PM@DIR exhibited increased
liver and mitochondrial targeting in vivo. The tumor volume and weight of
model mice in the ASP-BBR-PM@HNK group were significantly lower
than those in the HNK and Gal4+-ASP-BBR-PM@HNK groups, with a
substantial increase in the tumor inhibition rate, effectively suppressing
tumor growth. The findings from the in vivo experiments further confirmed
the targeting capability and tumor inhibitory efficacy of ASP-BBR-
PM@HNK. In comparison to analogous studies***', ASP-BBR-PM@HNK
demonstrates significant advantages.

In this study, ASP and BBR, linked via a disulfide bond, were employed
to encapsulate HNK. ASP exhibits the ability to target GR and MR on liver
cancer cells, and when combined with BBR, it forms a dual-target system
that demonstrates enhanced specificity compared to prior studies™*’. The
superior targeting capability of ASP-BBR-PM facilitates precise delivery to
tumor tissues following HNK loading. Furthermore, the release of ASP and
BBR upon disulfide bond cleavage enhances the tumor inhibitory efficacy of
ASP-BBR-PM@HNIK, indicating a more pronounced anti-tumor potential
relative to previous analogous studies”*".

The findings substantiated that ASP-BBR-PM@HNK functions as an
effective adhesive polymer micelles, augmenting the liver-targeting efficacy
of nanoparticles and the mitochondrial-targeting capabilities within liver
cancer cells. Furthermore, it enhances the anti-liver cancer effects of HNK,
indicating significant promise for clinical application.

Methods

Chemicals

ASP, BBR, anhydrous tetrahydrofuran, 3, 3-dithiodipropionic acid,
4-dimethylaminopyridine (DMAP), oxalyl chloride, triethylamine, 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI), pyr-
ene, reduced glutathione were all purchased from Shanghai McLean Bio-
chemical Technology Co., Ltd. (Shanghai, China). HNK was purchased
from Dalian Meilun Biotch Co., Ltd. (Dalian, China). 1,1’- Dioctadecyl-
3,3,3/,3’-tetramethylindotricarbocyanine iodide (DiR), coumarin-6 (Cous),
Hoechst 33258, were all purchased from Sigma-Aldrich (Shanghai, China).

Synthesis and characterization of BBRU
Berberrubine (BBRU) was synthesized from Berberine (BBR). Briefly, BBR
was placed in a vacuum drying oven at 190 °C -210°C for 15-30 min to

activate BBR’s -OCH; to -OH. Under the polarity of dichloromethane:
methanol = 4: 1, column chromatography was used to separate and purify to
obtain BBRU. 'H-NMR scan was performed to confirm its successful
synthesis.

Synthesis and characterization of HOOC-SS-BBR

In an ice bath, 3,3-Dithiodipropionic acid (DTA) (50 mg, 0.24 mM) was
dissolved in 1 mL of anhydrous tetrahydrofuran solution, rapidly dropped
into oxalyl chloride (43.8 uL, 0.29 mM), and reacted for 10 min. After
mixing, transfer the vial to a 35 °C oil bath and continue the reaction for 2 h.
Then, the solvent was removed by rotary evaporation, BBRU (77.12 mg,
0.24 mM) was added, an appropriate amount of triethylamine was used as a
catalyst, and the reaction was continued for 3 h under a 45 °C oil bath.
HOOC-SS-BBR was separated and purified by column chromatography at
the polarity of dichloromethane:methanol = 4:1. The prepared HOOC-SS-
BBR was scanned by FTIR and "H-NMR to confirm its successful synthesis.

Synthesis and characterization of ASP-SS-BBR

Through esterification, HOOC-SS-BBR could be directly attached to ASP to
form the polymer ASP-SS-BBR. Add EDC and DMAP (HOOC-SS-
BBR:EDC:DMAP molar ratio = 1:1.5:1) to the anhydrous DMSO, followed
by ASP. After stirring at 45 °C for 48 h, ethanol was added and centrifuged to
obtain the pellet. The precipitate was washed with ethanol, tetrahydrofuran
and diethyl ether, and finally lyophilized to obtain ASP-SS-BBR. The pre-
pared ASP-SS-BBR was scanned by FTIR and 'H-NMR to confirm its
successful synthesis (Fig. 9).

Preparation of ASP-BBR-PM@HNK

Dissolve ASP-SS-BBR (5mg) and HNK (1 mg) in 10 mL of methanol,
thoroughly solubilize with ultrasound for 1 h, and remove organic solvents
by rotary evaporation (50 °C, 0.083 MPa, 30 min) until a homogeneous film
forms at the bottom of the bottle. Slowly add 5mL of deionized water
dropwise and place at the rotary evaporator for 2h to hydrate until the
membrane was completely dissolved in the deionized water. Finally, cen-
trifuge (10000r, 10 min) to take the supernatant through the 0.22 pm filter
membrane to obtain ASP-BBR-PM@HNK micellar solution.

Characterization of ASP-BBR-PM@HNK

The prepared ASP-BBR-PM@HNK was diluted into a suspension with an
appropriate amount of deionized water, dropped onto a copper mesh,
negatively stained with 2% phosphotungstic acid, dried naturally and
observed under HT7700 transmission electron microscope. The Zetasizer

Fig. 9 | Schematic diagram of the synthesis of ASP-
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Nano-ZS90 nanometer particle size meter determines particle size, PDI and
zeta potential. HPLC (Waters, USA. Chromatographic column: Diamonsil
Cis (5 um, 4.6 x 250 mm), detection wavelength: 292 nm, mobile phase:
acetonitrile: water (volume ratio: 70:30), injection volume: 20 pL, column
temperature: 40 °C, flow rate: 1.0 ml/min.) determined the drugload (DL%)
and encapsulation rate (EE%) of ASP-BBR-PM@HNK (The formulas for
DL% and EE% are as formulas (1) and (2)). Differential thermal and FTIR
structure confirmation of ASP-BBR-PM@HNK. An appropriate volume of
the ASP-BBR-PM@HNK solution was dispensed into a 96-well plate con-
taining serum and incubated for 48 hours. During this period, absorbance
values were recorded hourly using a microplate reader to assess serum
stability. Post-incubation, the absorbance values of ASP-BBR-PM@HNK
were measured at various time points using a microplate reader set to a
wavelength of 490 nm. Significant changes in absorbance values would
indicate particle aggregation. The ASP-BBR-PM@HNK solution stored at
4 °C was taken and the Zetasizer ZS 90 nm particle size meter continuously
determined its particle size and potential value. HPLC was measured con-
tinuously for one week and its EE% change was calculated to investigate the
storage stability of the sample.

quality of HNK wrapped in micelles

EE% =
% quality of the input of HNK

% 100% (1)

quality of HNK wrapped in micelles
quality of HNK + quality of ASP — BBR — PM

DL% = x100% (2)

Drug release of ASP-BBR-PM@HNK

In our research, the release of HNK from ASP-BBR-PM@HNK micelles at
different glutathione (GSH) concentrations were studied by the dialysis
method. Put 1 mL of ASP-BBR-PM@HNK into a dialysis bag (MWCO
14000 Da). The two ends of the dialysis bag were clamped and immersed in
different concentrations of GSH (0.10 mM, 1.00 mM, or 10.00 mM) in PBS
(containing 0.5% Tween-80, pH 7.4), while the free HNK in the control
group was set. The mixture was shaken at 100 r/min for 72 h in a constant
temperature shaker at 37 °C. 1 mL samples were collected at predetermined
time points (0.5, 1,2, 4, 8, 12, 24, 48, and 72 h) and then supplemented with
the same volume of fresh release medium. The sample was passed through a
0.45 pm filter membrane and injected into HPLC to calculate the percentage
of cumulative release in vitro.

Cell culture

HepG2 cell line comes from the Molecular Biology Experiment Center of
Qigihar Medical University. (Qiqihar, China). HepG2 cells was cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with
10% (v/v) fetal bovine serum (Hyclone) and antibiotics (100 U/mL peni-
cillin and 100 U/mL streptomycin) (Hyclone) at 37°C in a humidified
atmosphere containing 5% CO?2.

Cellular uptake effects

HepG2 cells were seeded into specialized plates at a density of 1 x 10° cells/
wells and incubated overnight at 37 °C, in a 5% CO, incubator. Cou6-
labeled nanoparticles were prepared using the same method employed for
HNK-loaded nanoparticles. Serum-free medium containing free Cou6 or
ASP-BBR-PM@Cou6 was added to the cells and incubated at 37 °C for 1 h.
Additionally, a competitive inhibition experimental group was established
in which excessive free Man, Gal, or Gal + Man (1 mg/mL) were added to
the cells and incubated for 1 h prior to the addition of ASP-BBR-PM@Cous6.
The three groups off cells were recorded as Man + ASP-BBR-PM@Cous,
Gal + ASP-BBR-PM@Cous6, and Gal + Man + ASP-BBR-PM@Cou6. The
fluorescence density of each group was measured using flow cytometry™.

In vitro mitochondrial targeting
Grouping of experiments is the same as 2.7.1. HepG2 cells were seeded in
specialized plates ata density of 1 x 10* cells/well and cultured at 5% CO, and

37°C for 12 h. ASP-BBR-PM@Cou6 was added under the same culture
conditions for another 60 or 120 minutes. The cells were rinsed 3 times with
2 mL of PBS buffer under dark condition and then staining with the mito-
chondrial localization reagent Mitotracker Red (1 uM) and incubated under
the same culture conditions for 25 min. After completion of the incubation,
the cells were washed three more times with 2 mL of PBS buffer and the
fluorescence of the cells was observed using laser confocal microscopy.

Cytotoxic assay

Digested cells were seeded in a 96-well plate at a density of 1x10* cells/well
and cultured for 24 h. The medium was then aspirated out, and the cells with
culture medium served as the control group, while free HNK, ASP-BBR-
PM@HNK, Gal+ASP-BBR-PM@HNK, Man+ASP-BBR-PM@HNK, and
Gal + Man + ASP-BBR-PM@HNK were tested as experimental groups.
HNK mass concentrations in each experimental group were set to 2.5, 5.0,
10.0, 20.0 and 40.0 pg/mL, respectively, and 6 wells were utilized for each
group. After 48 h of culture, 10 pL of CCK-8 solution was added to each well
under dark conditions. The absorbance (OD) value of each well was then
determined at 450 nm after 4 h to calculate the cell inhibition rate.

Experimental animals

Animal Ethical Care Committee of Qigihar Medical University provided
ethical approval for the in vivo experiments. A total of 35 BALB/c nude mice
(six weeks old, 18-22 g) were purchased from the animal house colony of the
Department of Chemistry. All animal experiments in this study were con-
ducted following protocols evaluated and approved by the Ethical Committee
of Qigihar Medical University. Before the trials, the mice were allowed to
acclimate for one week at the animal house facilities, where they were kept in
constant environmental conditions at 22 + 3 °C and 50 + 5% relative humidity
including a 12-hour light/dark cycle and unlimited access to regular food pellets
and water. HepG2 cells were digested by pancreatic enzymes, centrifuged, and
dispersed innormal saline, with a final cell suspension concentration of 1 x 10’
cells/mL. 200 pL of cell suspension was injected into the left hind leg of nude
mice. The growth and tumorigenesis of mice were regularly observed™.

The type of anesthetic we use is animal grade isoflurane. The anesthesia
method is gas anesthesia, using 4% concentration of isoflurane to induce
anesthesia and 1% concentration of isoflurane to maintain anesthesia. Set a
tumor size of 2000mm’ as the humanitarian endpoint based on the animal
Experiment Humanitarian Endpoint Evaluation Guidelines(RBT173-2018,
Certification and Accreditation Industry Standards of the People’s Republic
of China). The euthanasia method we use is cervical dislocation after gas
anesthesia with isoflurane, which is carried out by professional technicians.

In vivo targeting evaluation

DiR-labeled nanoparticles were prepared using the same method employed
for HNK-loaded nanoparticles, and then injected into liver cancer model
mice through the tail vein at a DiR equivalent dose of 200 pg/kg. The mice
were randomly assigned to one of 3 groups of 5: free DiR, ASP-BBR-
PM@DiR, or Gal + ASP-BBR-PM@DIR groups. At 0, 2, 12, 24, and 48 h
after injection, the distribution of ASP-BBR-PM in vivo was observed and
images were acquired using the small animal in vivo imaging system. After
24 h, the mice in each group were sacrificed, and the tumors, as well as the
major organs, were dissected. Images of the isolated tumors and major
organs were then captured using the imaging system.

In vivo mitochondrial targeting

The TOMM20 protein expression was identified by IHC analysis. Wax
blocks P were then sectioned at a thickness of 4 um. The paraffin sections
were dewaxed in water and placed in EDTA buffer to microwave repair.
They were incubated with 5% normal goat blocking serum for 20 min at
room temperature. The blocked fresh serum were discarded, and the sec-
tions were incubated overnight at 4 °C with TOMM?20 (1:250) in a wet
chamber. The slides were then washed three times for 5 min. Fluorescent
secondary antibodies were added dropwise in a circular manner and
incubated for 60 min at room temperature. The section were cleaned with
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PBS, slight spin-dry, and incubated with DAPI dye solution in a circle for
10 min at room temperature, protected from light. The section were then
washed with PBS, slightly dried, and sealed with anti-fluorescence
quenching sealant. Finally, they were framed and photographed™.

In vivo pharmacodynamic evaluation

The liver cancer model mice were divided into a control group that received
normal saline and an experimental group that received HNK, Gal 4+ ASP-
BBR-PM@HNK, or ASP-BBR-PM@HNK group with 5 mice in each group.
A tail vein injection of 200 pL per dose every other day for 8 consecutive
doses at a dose of 7.5 mg/kg (HNK concentration). The length and diameter
of the tumors were measured using vernier calipers, and the body weight of
the mice was recorded. The tumor volume was calculated using the formula
(3). The mice were sacrificed on the day after the last dose, and the tumors
were removed and weighed. The tumor weight suppression effect was cal-
culated using the formula (4)”.

V =0.5%d, X d’ 3)

tumor weight suppression effect = tumor weight in the experimental group

/tumor weight in the control group % 100%

4)

Immunomodulatory effect studies

In order to further investigate the immune anti-tumor effect of ASP-BBR-
PM@HNIK, the expression levels of Bcl-2 and CD31 in mouse hepatocytes
from different treatment groups were detected to evaluate the significance of
inhibiting tumor growth. Four groups of mice carrying hepatoma cells (saline,
HNK, Gal4-ASP-BBR-PM@HNK, and ASP-BBR-PM@HNK) will be stained
and sliced to determine the content of Bd-2 and CD31 in mouse tumors™.

Data analysis

The data collected were presented as mean + standard deviation (SD).
Statistical significance was assessed using either Student’s t-test or one-way
analysis of variance (ANOVA), depending on the number of groups being
compared, followed by Bonferroni’s multiple comparison test. A sig-
nificance level of P < 0.05 was established.

Data availability
No datasets were generated or analysed during the current study. If need raw
data related to the experiment, please contact the corresponding author.

Glossary

GR Galactose receptor

MR mannose receptor

PM Polymer micelles

ASP Angelica sinensis polysaccharide

BBR Berberine

HNK Honokiol

BBRU Berberrubine

ASP- The product of ASP and BBR combined by disulfide bond
SS-BBR

ASP- Polymer micelles formed by encapsulating HNK with ASP
BBR- and BBR

PM@HNK
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