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ABSTRACT

Breast cancer remains a significant global health challenge, emphasizing the pressing need for innovative therapeutic approaches. Our
thorough research investigates the potential of mesoporous polydopamine nanoparticles (MPDA) as a targeted treatment for breast cancer.
Meticulously crafted, these nanoparticles were loaded with honokiol (HK), which is a natural product, and then coated with functionalized
hyaluronic acid (HA) to boost their ability to target breast cancer cells that overexpress CD44 receptors. The deep penetrating and
photothermal (PTT) composite nanosystem combined with low-dose metformin (Met) improves the efficacy of synergetic therapy against
breast tumors. The designed nanosystem exhibited exceptional biocompatibility and stability, suggesting its suitability for therapeutic use.
Our in vitro studies demonstrated that the nanosystem precisely targeted and penetrated breast cancer cells, resulting in significant cell death.
Additionally, in vivo studies showed that the nanosystem markedly inhibited tumor growth compared to the control group. This tumor-
inhibiting effect was due to the combined action of the encapsulated HK, free Met, and the photothermal effect induced by near-infrared laser
irradiation. This combination potently stimulates the expression of cleaved caspase-3 and cleaved PARP proteins, ultimately triggering cell
apoptosis and effectively curbing tumor proliferation. Our research not only underscores the promising potential of nanoparticles for targeted
breast cancer therapy but also sets the stage for further exploration and development of novel nanomedicine-based therapeutic strategies.
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NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0256571

INTRODUCTION come with significant drawbacks.” These include a high risk of tumor
Currently, cancer poses a formidable public health challenge in recurrence,’ inade(quate targeting, severe systemic toxicity from che;
China and globally," with breast cancer accounting for a staggering ~ motherapy drugs,” and the development of multidrug resistance.”
11.7% of all cancer cases.” Traditional tumor therapies, such as chemo- Consequently, there is a pressing need for the development of innova-
therapy, surgery, and radiation therapy,” are widely practiced but tive cancer treatment approaches.
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Photothermal therapy (PTT) has emerged as a promising
approach for tumor treatment, leveraging thermal ablation to effec-
tively eliminate tumor cells.” During PTT, photothermal agents absorb
external light energy and convert it into substantial heat energy. Given
that tumor cells exhibit lower heat resistance compared to normal cells,
this heat energy selectively ablates the tumor cells while minimizing
adverse effects on surrounding healthy tissues.” Among the various
light sources, near-infrared (NIR) lasers have gained widespread adop-
tion in PTT due to their exceptional tissue penetrability,' high resolu-
tion, temporal and spatial adjustability, and precise controllability."'
Photothermal nanomaterials, characterized by their nanoscale dimen-
sions, large specific surface area, and extended in vivo circulation time,
offer significant advantages in PTT.'” These materials can be tailored
to target tumor tissues through surface ligand modification and exploit
the enhanced permeability and retention (EPR) effect, which facilitates
their accumulation within tumor sites."” This targeted delivery enhan-
ces the efficacy of PTT while further reducing potential side effects on
normal tissues.

Dopamine, as a neurotransmitter and vasoactive substance, at
low concentrations can cause smooth muscle relaxation by activating
D1 receptors, leading to the dilation of renal vessels, mesenteric vessels,
and other blood vessels, resulting in blood pressure fluctuations,
increased heart rate, or arrhythmia.'* At high concentrations, dopa-
mine can stimulate ol receptors, causing contraction of vascular
smooth muscle, leading to peripheral vasoconstriction and increased
blood pressure.” Polydopamine (PDA) is a substance formed by the
polymerization of dopamine. Its structure is similar to that of dopa-
mine, but its main function in blood vessels is to form a biocompatible
coating. This coating can enhance the biocompatibility, targeting effi-
ciency, and integration with the surrounding tissues of implants,
reducing the risk of rejection or inflammation. Furthermore, PDA pos-
sesses outstanding photothermal conversion performance,'® demon-
strating strong absorption under 808 nm near-infrared light.'” This
unique property allows it to convert light energy into heat, which can
be harnessed for therapeutic purposes such as photothermal therapy.'®
Despite its many advantages, traditional polydopamine nanoparticles
have a limitation in their specific surface area, which can restrict their
efficacy in drug delivery applications. Compared with PDA, mesopo-
rous polydopamine nanoparticles (MPDA) exhibits a more abundant
pore structure and a larger specific surface area, thus possessing the
potential for drug delivery.'” The surface and mesopores of MPDA
nanoparticles are rich in a large number of phenyl, amino, and
hydroxyl functional groups, which enables them to effectively load var-
ious chemical drugs through -7 stacking or hydrogen bonding inter-
actions.”’ In addition, the unique physicochemical properties of
MPDA, including its  photothermal  conversion  ability,
microenvironment-triggered drug release mechanism, high chemical
reactivity, and ease of surface modification, all endow it with applica-
tion potential in drug delivery systems. The biodegradability and bio-
compatibility of MPDA ensure its good tolerance in vivo and
significantly reduce the risk of adverse side effects associated with tra-
ditional cancer treatment methods.”’ MPDA can achieve targeted
delivery to specific lesion tissues, making it a research focus in the
fields of tumor treatment and antibacterial therapy.”

Honokiol (HK), a biphenolic compound derived from the outer
layer of both Magnolia officinalis and their varieties, holds a prominent
position as one of the primary medicinal constituents in Magnolia
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officinalis.”” This remarkable compound possesses a diverse range of
pharmacological properties, encompassing antibacterial, antioxidant,
anti-inflammatory, antiviral, and antitumor activities. It exerts pro-
found effects on various physiological systems, including the digestive,
nervous, cardiovascular, and respiratory systems.”* Recently, honokiol
has garnered significant attention due to its potential to induce apopto-
sis and manage malignant tumors, making it a highly promising candi-
date for anticancer drug development.” Its ability to target multiple
pathways and mechanisms within cancer cells underscores its potential
as a multifaceted therapeutic agent. Notably, HK demonstrates excep-
tional bioavailability, easily crossing the blood-brain and blood-spinal
fluid barriers, making it an attractive option for treating brain and spi-
nal cord tumors.”® The antitumor efficacy of HK is characterized by its
multi-target and multi-linkage approach, with low toxicity and potent
anti-proliferative effects on a wide range of cancer cells.” However,
despite its promising therapeutic potential, the challenges posed by
HK’s limited water solubility and low oral bioavailability have hindered
its development and clinical application. These issues have restricted
the compound’s ability to reach effective concentrations at tumor sites,
thereby limiting its efficacy. Consequently, there is an urgent need for
an effective method to deliver HK to tumor sites, overcoming the bar-
riers posed by its physicochemical properties.”® Researchers are
actively exploring various delivery strategies, such as encapsulation in
nanoparticles or liposomes, to enhance the solubility, stability, and bio-
availability of HK, thereby unlocking its full therapeutic potential.””
The development of such delivery systems could pave the way for the
successful translation of HK from the laboratory to the clinic, ulti-
mately benefiting patients with a wide range of cancers.

In the realm of tumor biology, metformin (Met) has demon-
strated the capacity to target multiple signaling cascades implicated in
cancer development and progression.”” However, the mechanisms by
which Met exerts its antitumor effects are multifaceted and not fully
understood. One key aspect of Met’s antitumor activity involves the
induction of apoptosis, a series of molecular events that lead to the
activation of caspase enzymes, which are critical for the proteolytic
cleavage of cellular substrates, ultimately resulting in cell death.”
Research has shown that Met can induce the cleavage of caspase-3 and
PARP in various cancer cell lines, including breast, prostate, and pan-
creatic cancers.”” These findings support the notion that Met may
exert its antitumor effects, in part, through the activation of the apo-
ptotic pathway.

In pursuit of enhancing the drug loading efficiency of PDA-based
nanoparticles, we meticulously designed and synthesized MPDA
nanoparticles using an efficient one-pot method, as illustrated in
Scheme 1. These engineered nanoparticles were employed as carriers
for HK, which was effectively encapsulated within their structure
through a combination of electrostatic interactions and n—m stacking,
This encapsulation strategy not only maximized the loading capacity
but also ensured the stable retention of HK within the MPDA nano-
particles. To augment the responsiveness and targeting precision of
MPDA toward the tumor microenvironment, we adopted a dual mod-
ification approach. PDA was combined with hyaluronic acid (HA),
leveraging their unique properties to enhance interactions with tumor
cells. This modification not only enhanced the biocompatibility and
stability of the drug-loaded MPDA but also promoted its recognition
and binding to specific receptors on cancer cell surfaces, thereby
improving its targeting capabilities. To evaluate the antitumor activity
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SCHEME 1. Schematic illustration of MPDA-HK@PDA-HA nanoparticles targeting pH response for drug/photothermal synergistic tumor therapy.

of the modified MPDA in vitro, we conducted experiments using
human breast cancer cells (MCF-7) and mouse breast cancer cells
(4T1). The results were promising, indicating that the modified
MPDA could effectively inhibit cancer cell proliferation. Furthermore,
we assessed the efficacy of metformin in combination with MPDA-
HK@PDA-HA as a potential in vivo antitumor therapy. This combina-
tion therapy aimed to harness the synergistic effects of Met and the
modified MPDA, with the goal of achieving more potent antitumor
activity and better patient outcomes. Collectively, these findings lay the
groundwork for further research and development of advanced antitu-
mor therapies utilizing MPDA nanoparticles.

RESULTS AND DISCUSSION

Preparation and characterization of
MPDA-HK@PDA-HA

In this investigation, MPDA NPs were successfully synthesized
through the polymerization of dopamine at the interface of an emul-
sion template, employing a method previously documented in the lit-
erature.” By utilizing Pluronic F127 and TMB as organic templating
agents, dopamine underwent self-polymerization to form PDA
within an alkaline milieu, facilitated by the catalysis of ethanol and
Tris. This process was driven by n-n stacking interactions stemming
from the TMB. The removal of the templating agents subsequently
led to the formation of a mesoporous structure. Honokiol (HK), a
hydrophobic compound, was efficiently loaded into MPDA via n-n
stacking and hydrogen bonding interactions, resulting in the formation
of MPDA-HK. Subsequently, the functionalization of MPDA-HK was

achieved through the self-polymerization of dopamine and hyaluronic
acid (HA) under mild alkaline conditions, which enriched the func-
tional interactions between them. The MPDA-HK@PDA-HA nano-
medical drugs that were designed and synthesized in this study aim to
enhance the targeting efficacy toward tumors, prevent premature drug
release, and synergize with photothermal therapy for comprehensive
tumor treatment.

As depicted in [Fig. 1(a)], the SEM images of MPDA NPs
reveal an average diameter of approximately 100 nm, exhibiting a
consistent and uniform spherical morphology. Upon loading HK
and modifying with HA [Figs. 1(b) and 1(c)], the nanoparticles
maintain their size and shape with minimal alteration.
Furthermore, TEM analysis confirms the presence of uniformly
distributed mesoporous surfaces on the MPDA NPs [Fig. 1(d)].
However, these mesoporous features diminish upon drug loading
and modification, as illustrated in [Figs. 1(e) and 1(f)]. The particle
size measurements depicted in [Fig. 1(g)] indicate that the
hydrated diameter of MPDA NPs is 313 nm, with a slight increase
to 350 nm following drug loading and modification. The surface
zeta potential of the NPs undergoes a shift from —21.77mV for
MPDA NPs to —27.47 mV for MPDA-HK@PDA-HA, potentially
attributed to the incorporation of negatively charged hyaluronic
acid during surface modification [Fig. 1(h)]. Fourier transform
infrared (FTIR) spectroscopy results exhibit characteristic peaks of
HK and HA within the ranges of 3010-3030 and 1650-1690 cm ',
respectively, providing additional evidence for the successful load-
ing of HK and modification with HA [Fig. 1(i)].

APL Bioeng. 9, 016115 (2025); doi: 10.1063/5.0256571
© Author(s) 2025

9, 016115-3


pubs.aip.org/aip/apb

b)

APL Bioengineering ARTICLE

pubs.aip.org/aip/apb

_/\,‘___/\/‘\/\/—

300 =
% 10
% 200 s
a p3
= 20
100 - 2
0 T L) T 0 T
w~ & N w~
<~ = o & K
I 8
o
o

= Xao10
T T ——  MPDA-HK@PDA-HA
& N — HA MPDA  —— HK
e\‘ I 1 I I 1 I
&.«5 4000 3500 3000 2500 2000 1500 1000 500
é""' Wavenumber(cm")

FIG. 1. SEM photos of (a) MPDA NPs, (b) MPDA@HK NPs, and (c) MPDA-HK@PDA-HA NPs. Scale bar: 100 nm. TEM photos of (d) MPDA NPs, (e) MPDA@ HK NPs, and
(f) MPDA-HK@PDA-HA NPs. Scale bar: 200 nm. (g) The particle size (h) and surface Zeta potential of MPDA NPs, MPDA@HK NPs, and MPDA-HK@PDA-HA NPs. (i) FTIR

images of HK, HA, MPDA, and MPDA-HK@PDA-HA.

Drug release and photothermal properties of MPDA

MPDA NPs have attracted significant attention as highly potent
drug carriers, owing to their distinctive pore size and considerable spe-
cific surface area. [Fig. 2(a)] displays the N, adsorption-desorption
curve of MPDA NPs, which, according to IUPAC classification, exhib-
its a type IV isotherm. The BET test data presented in [Fig. 2(b)]
reveals that the MPDA NPs possess a specific surface area of approxi-
mately 32.81 m*/g and a total pore volume of 0.082 cm’/g, indicating
their exceptional drug loading capacity. By utilizing high-performance
liquid chromatography to detect the HK concentration, we were able
to determine the drug concentration through peak area measurement.
The encapsulation rate and drug loading results depicted in [Fig. 2(c)]
demonstrate that MPDA NPs achieve a remarkable HK encapsulation
rate of 74.54% and a drug loading of 26.44%, further affirming their
high load efficiency. One of the limitations of HK is its poor water sol-
ubility; however, MPDA-loaded HK can be precisely targeted to deliver
the drug to the tumor site and efficiently release it. [Figure 2(d)] shows
the HK release profile of MPDA-HK@PDA-HA. Due to the protective
coating of HA, HK avoids premature leakage and rapid release.
Additionally, the acidic microenvironment influences its release, caus-
ing HK to be more fully released in such conditions. Specifically, at a
pH of 7.4, 58% of the drug is released, whereas at a pH of 5.5, 82% of
HK is released.

MPDA NPs excel as photothermal agents in PTT, thus rendering
the assessment of their photothermal conversion performance and effi-
ciency a pivotal benchmark. To delve into the photothermal attributes
of MPDA, we measured the temperature variations in MPDA solu-
tions of varying concentrations upon exposure to 1 W/cm® of 808 nm
near-infrared radiation for 10 min. [Figure 2(e)] illustrates that as the
MPDA concentration escalates, the temperature climbs more rapidly
upon illumination, achieving an impressive temperature rise of
56.7 °C, thereby demonstrating a concentration-dependent behavior.
[Figure 2(f)] depicts the temperature alterations in a 1 mg/ml MPDA
solution when subjected to NIR radiation of different power intensities.
Notably, the magnitude of temperature change intensifies with increas-
ing illumination power, showcasing a clear power density dependence.
To ascertain the impact of MPDA modification on its photothermal
conversion capabilities, we compared the temperature changes
between unmodified MPDA and MPDA-HK@PDA-HA at an equiva-
lent concentration. As evident from [Fig. 2(g)], the modified MPDA
retains its robust photothermal conversion capability, albeit without
significant alteration. Finally, to evaluate the stability of MPDA’s pho-
tothermal effect, we subjected a 500 ug/ml MPDA solution to repeated
laser irradiation at 1 W/cm? for three cycles, each spanning 10 min.
[Figure 2(h)] presents the results, revealing that the liquid temperature
consistently attains its peak during the initial irradiation cycle. This
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FIG. 2. Nitrogen adsorption isotherm of MPDA NPs. (a) Corresponding pore size distribution. (b) and (c) Drug loading and encapsulation rate of MPDA. (d) Drug response
release curve of MPDA-HK@PDA-HA. (e) Temperature change curve of H,0, MPDA (100, 200, 400, 600, and 1000 g/ml) under 808 nm laser irradiation (1W/cm?). (f)
Temperature rise curve of 1000 ug/ml MPDA in H,O under NIR laser with different powers (0.5, 1.0, 1.5, and 2.0 W/cm?). (g) Temperature rise curve of MPDA, MPDA-
HK@PDA-HA, and H,0 solutions under near-infrared radiation of 1 W/cm?. (h) Thermal stability curve of 500 pg/ml MPDA suspended in H,0 under three cycles of on/off near-
infrared (1 W/cm?) laser treatment.

a) 150 b) 1% c) 150
%k Xk % %k k
4k Kk *kk
120 120 — 120
B B B
el -l brd
Z 90— Z 90— Z 90
z z z
= = B
T 60 T 60 T 60
3 3 z
&} 9] 9]
30 30 30
0 T T T T 0 T T T T 0 T T T T T
0 25 50 100 0 25 50 100 0 125 25 50 100
d) e) )]
150 - 100 T 100 e
= ] == NIR(+) == NIR(+)
4k Kk
120 04 0 g0 KRE*
-~ o) —— o) -
* 9 £ *k kK
< < < .
£ 90 £ 60 *ok Kk £ 60+
2 s 2 =2 Fok ok
= = = —
= 60 > 40 e > 40
i - 3z — =
&} 9] &)
30 20 ﬂ 20
0 T T T T T 0 T T T 0 T T T
0 125 25 50 100 25 50 100 25 50 100
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underscores the photothermal effect’s substantial stability and com-
mendable reproducibility.

Biocompatibility of MPDA-HK@PDA-HA

In biomedical applications, the cellular and blood compatibility
of nanodrug delivery systems is critical. As illustrated in [Fig. 3(a)], the
MPDA solution exhibited minimal toxicity toward MCF-7 cells at the
tested concentrations. By examining the cytotoxicity of HK against
MCE-7 cells, [Fig. 3(b)] reveals that HK possesses a significant cell-
killing effect on these cells. Cytotoxicity experiments were further con-
ducted on both MCF-7 and 4T1 cells to assess the toxicity of MPDA-
HK@PDA-HA. The results, presented in [Figs. 3(c) and 3(d)], indicate
that MPDA-HK@PDA-HA demonstrated a robust tumor cell-killing
effect on both cell lines at the tested concentrations. Specifically, at a
liquid concentration of 100 ug/ml, the survival rate of both breast can-
cer cell types dwindled to approximately 20%.

To demonstrate a synergistic effect between HK and photother-
mal therapy, we examined the cytotoxicity of MPDA-HK@PDA-HA
with or without near-infrared laser irradiation. As shown in [Figs. 3(e)
and 3(f)], when the concentration of MPDA-HK@PDA-HA is 100 ug/
ml, the survival rate of 4T1 cells without near-infrared irradiation is
25.25%, and after photothermal treatment, the cell viability is reduced
to 12.56%, while the survival rate of MCF-7 cells is reduced from
35.19% to 12.98%. The effect of HK increased with the increase in con-
centration. These results indicate that MPDA-HK@PDA-HA can
achieve the synergistic therapeutic effect of chemotherapy and photo-
thermal PTT by absorbing near-infrared laser to produce a thermal
effect.

Nanomaterials, as carriers for drug release, inevitably come into
contact with erythrocytes during biological transportation. Therefore,
good blood compatibility is a must-have property for nano. In
this study, fresh rabbit blood erythrocytes were used to test the hemo-
Iytic toxicity of different concentrations of MPDA-HK@PDA-HA.
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As shown in [Fig. S1(a)], it can be visualized that the supernatants of
the negative control and experimental groups were clear and there was
no release of hemoglobin. While almost all red blood cells in the posi-
tive control group were ruptured. The specific hemolysis rate is shown
in [Fig. S1(b)], and the hemolysis rate of the MPDA-HK@PDA-HA
group is below 5%, which indicates that they are less destructive to
erythrocytes and have good blood compatibility.

To further clarify the application potential of MPDA-HK@PDA-
HA, its pharmacological properties were preliminarily evaluated. By
intravenously injecting MPDA-HK@PDA-HA into mice, the changes
in its blood drug concentration over time were detected. As shown in
[Fig. S2], the concentration of MPDA-HK@PDA-HA in the blood
rapidly decreased over time. After fitting and calculation, its half-life
(t12) was only 4.74 min. The drug circulates through the blood to
reach the heart, liver, spleen, lungs, and kidneys. The drug concentra-
tion was the highest in the heart, and then it was rapidly excreted
through the kidneys.

Cell uptake of MPDA-HK@PDA-HA in tumor cells

The endogenous capacity of MPDA-HK@PDA-HA cells was
investigated using MCF-7 cells. The uptake capacity of free C-6,
MPDA-C-6, and MPDA-C-6@PDA-HA cells was observed using C-6
and C-6-labeled MPDA and MPDA-HK@PDA-HA, respectively.
After incubation with drugs, the cells could be observed under confocal
laser microscopy, as shown in [Figs. 4(a) and 4(b)]. Apparent and
robust green fluorescence was observed in the cytoplasm of the
MPDA-C-6@PDA-HA group, while weak green fluorescence was
observed in the cells of the C-6 and MPDA-C-6 groups. These results
indicate that HK can effectively enter the cells through the encapsula-
tion of MPDA-HK@PDA-HA, laying the foundation for the subse-
quent drug release to exert tumor therapeutic effects. Since the CD44
receptor is highly expressed in 4T1°* and MCE-7"” breast cancer cells
but lowly expressed in normal cells such as 1929° cells, after external
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FIG. 4. (a) Cellular uptake of free C-6, MPDA-C-6, MPDA-C-6@PDA-HA, MPDA labeled with C-6. Nuclear staining with DAPI. (b) The relative fluorescence intensity of C-6,

MPDA-C-6, and MPDA-C-6@PDA-HA. Scale bar: 50 um, **p < 0.01.
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modification with HA, HA can target the highly expressed CD44
receptor on the tumor cell membrane, making the constructed
MPDA-HK@PDA-HA have a stronger targeting effect, which is con-
ducive to the uptake of tumor cells.

In vivo antitumor activity of MPDA-HK@PDA-HA

Since cytotoxicity experiments in vitro demonstrated the promis-
ing antitumor efficacy of MPDA-HK@PDA-HA, it becomes impera-
tive to delve deeper into its antitumor activity in vivo. Tumor-bearing
mice were randomly divided into five different groups: the PBS group,
the HK group, the MPDA+NIR group, the MPDA-HK@PDA-HA
group, and the MPDA-HK@PDA-HA-+NIR group. When the tumor
volume reached 100 mm?>, various drugs were administered via tail
vein injection. For the groups receiving light irradiation, an 808-nm
laser (with a power of 1 W/cm® for 5min) was applied the next day
[Fig. S3(a)]. There was a significant difference in tumor volume
between the treatment groups and the control group, and the treat-
ment groups showed the best tumor suppression effect [Fig. S3(b) and
S3(c)]. As shown in [Fig. S3(d)], the mice were euthanized after eight
days of treatment, and the tumor tissues were collected and photo-
graphed. The temperature change curve of the near-infrared group
shown in [Fig. S3(e)] confirmed that the MPDA nanoparticles had
excellent photothermal conversion ability in mice, efficiently convert-
ing near-infrared light absorption into heat energy, generating high
temperatures, and ultimately eliminating tumor cells. Additionally, the
body weight of mice in all groups remained stable during the drug
administration period, indicating that the drugs in each group caused
minimal toxicity [Fig. S3(f)].

pubs.aip.org/aip/apb

The in vivo multi-faceted activity of MPDA-HK@PDA-
HA in combination with metformin (Met)

The breast cancer tumor-bearing mice were randomly divided into
five groups: PBS, MPDA-HK@PDA-HA, MPDA-HK@PDA-HA +
NIR, MPDA-HK@PDA-HA + Met, and MPDA-HK@PDA-HA +
Met + NIR. To further enhance the in vivo antitumor efficacy of
MPDA-HK@PDA-HA, it was co-administered with low-dose metfor-
min (20mg/kg) for therapeutic intervention.”” As illustrated in
[Fig. 5(a)], the mice were intravenously injected via the tail vein with
100 ul of the corresponding drug on day 1, followed by irradiation with
an 808 nm near-infrared laser at a power density of 1 W/cm? for 5 min
on day 2. This treatment regimen was repeated over a total period of
8days. [Figure 5(b)] indicates that the MPDA-HK@PDA-
HA+Met+NIR group demonstrated the most potent inhibitory effect
on breast cancer growth, significantly surpassing the other groups. After
8 days, the mice were euthanized, and their tumor tissues were collected
and weighed. [Figures 5(c) and 5(d)] further indicate that the tumor
weight in the MPDA-HK@PDA-HA+Met+NIR group was the lightest,
further confirming that the combined use of MPDA-HK@PDA-HA,
metformin, and near-infrared therapy had the best antitumor effect.
Additionally, throughout the drug administration period, the body
weight of all groups of mice remained stable, indicating that the toxicity
of the drugs in each group was extremely low [Fig. 5(¢)].

To further investigate the antitumor effects of MPDA-
HK@PDA-HA and Met in vivo, we performed apoptosis analysis of
tumor histologic sections by hematoxylin and eosin (H&E) and
TDT-mediated dUTP nickel end labeling (TUNEL) staining. As
shown in [Fig. 6], HE staining showed that the cell density in the
tumor tissues treated with PBS and HK was significant, with round

a) b) Te =
—M- MPDA-HK@PDA-HA
1 4T1:1X 108 Cells l 808nm NIR S002] i SR GIDRTANE
“— ~¥- MPDA-HK@PDA-HA+Met
4T1 1 MPDA-HK@ PDA-HA:100ug/mL-100uL H 4 MPDAHK@PDAHAMet-NIR
injection Met:20mg/kg-100pL £
1 1111y 5
[
-7 0 1 2 3 4 5 8 Day B
Time(d)
c) d) e)
Ls *RKK " [-e ®BS ¥~ MPDA-HK@PDA-HA+Mef
124 T -8 MPDA-HK@PDA-HA A~ MPDA-HK@PDA-HA+NIR|
) —— 4~ MPDA-HK@PDA-HA*Met+NIR
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f§° 0.8 5
B 5
= 2
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£ Z 104
5
=
T T T 1
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FIG. 5. (a) An illustration depicts the therapeutic procedure. (b) Changes in tumor volume during treatment. (c) Representative pictures of tumor volume in each group after
treatment. (d) Tumor weight at the end of treatment. () Changes in body weight during treatment. “p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001.
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FIG. 6. H&E, TUNEL, and Ki67 staining images of different treatment groups. Scale bar: 100 xm.

and dense nuclei, and sporadic apoptosis and necrosis were observed,
indicating that the killing effect of HK on tumor cells was weak. The
tumor cell density in the MPDA-+NIR group was relatively high, and
some cells showed apoptosis and necrosis. The MPDA-HK@PDA-
HA+Met +NIR treatment group caused significant tumor tissue cell
necrosis, characterized mainly by nuclear pyknosis, nuclear rupture,
and nuclear adhesion. Compared with the HK treatment group,
MPDA-HK@PDA-HA-+Met+NIR showed more extensive apoptosis
and necrosis. In addition, HE staining images revealed scattered
necrotic areas of chromatin and nucleoli, as well as extensive lympho-
cyte infiltration into the tumor tissue and connective tissue. The results
of the TUNEL assay also indicated that the apoptosis of tumor cells in
the MPDA-HK@PDA-HA+Met+NIR group was significantly higher
than that in other treatment groups. In addition, the tumor sections of
each group were stained with Ki67 immunofluorescence. The MPDA-
HK@PDA-HA+Met+NIR group had the smallest green fluorescent
region, indicating that the growth of mouse tumor cells in the MPDA-
HK@PDA-HA+Met+NIR group was the most inhibited, and there-
fore the expression of nuclear protein related to cell proliferation was
the lowest. In summary, MPDA-HK@PDA-HA combined with met-
formin and PTT synergistic chemotherapy have good inhibition and
therapeutic effects on tumor growth in vivo. After treatment, HE stain-
ing was performed on the heart, liver, spleen, lung, and kidney of mice
in each group, as shown in [Fig. S4]. No obvious abnormalities were
found in the histological structure and cell morphology of mice in each
group. It shows that our nanoparticles have good biocompatibility and
will not cause toxic side effects.

Mechanism of apoptosis in Met cells

Metformin is a traditional hypoglycemic drug. However, studies
have found that using metformin in a fasting state can significantly

inhibit tumor growth. Through Western blot (WB) experiments, we
verified that Met inhibited the caspase 3/PARP signaling pathway of
MCEF-7 cell apoptosis. As shown in [Fig. 7(a)], MCF-7 cells treated
with metformin at 1, 5, 10, and 20mM concentrations for 48 h
decreased the expression of caspase 3 and PARP proteins with the
increase in metformin concentration compared with the control group
without treatment. The protein expression levels of cleaved caspase 3
and cleaved PARP increased with the increase in metformin concen-
tration. After 1 mM metformin treatment, MCF-7 cells could only
detect weak cleaved PARP protein, indicating that the apoptosis of
MCE-7 cells was very low at 1 mM metformin concentration. The WB
results of relative animal tissues are shown in [Fig. 7(b)]. The expres-
sion levels of caspase 3 and PARP in the metformin-treated group
were the lowest, and the proteins of caspase 3 and PARP were
increased, respectively. Therefore, metformin inhibits the expression of
caspase 3 and PARP proteins, stimulates the expression of cleaved cas-
pase 3 and cleaved PARP proteins, induces cell apoptosis, and thus
inhibits tumor growth.

CONCLUSION

In order to effectively treat breast cancer, a multifunctional nano-
material was prepared for microenvironment response and tumor-
targeted breast cancer photothermal therapy. In vitro experiments,
HK-loaded MPDA nanoparticles can effectively kill breast cancer cells,
and the antitumor effect is further improved under 808 nm near-
infrared irradiation. Cell uptake experiments showed that the MPDA
nanoparticles modified with hyaluronic acid had apparent tumor tar-
geting and could effectively accumulate in the tumor. In vivo experi-
mental studies, PTT therapy with drug-loaded MPDA nanoparticles
combined with low-dose metformin appears more effective in inhibit-
ing tumor growth than individual therapy. This indicates that com-
pared with single chemotherapy or photothermal therapy,
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FIG. 7. (a) Expression of related proteins after treatment with metformin at different concentrations (left panel); quantification of cleaved caspase3 and cleaved PARP
(right panel). (b) Expression of related proteins in mice after different treatments (left panel); quantification of cleaved caspase3 and cleaved PARP (right panel). ** p< 0.01

and “***p < 0.0001.

photothermal therapy combined with chemotherapy shows a signifi-
cant synergistic therapeutic effect, and the antitumor mechanism of
metformin has been further verified. The integration of these agents
may pave the way for personalized and advanced treatment strategies
that address the complex challenges associated with breast cancer.

METHODS
Materials

Honokiol (HK) was purchased from Aladdin Biochemical
Technology Co., LTD (Shanghai, China). Dopamine hydrochloride,
1,3,5-trimethylbenzene (TMB), Pluronic F127, and Tris (hydroxy-
methyl) aminomethane (Tris) were purchased from McLean
Biochemical Technology Co., LTD (Shanghai, China). DMEM culture
medium was purchased from Thermofisher (Shanghai China). The
remaining reagents are analytically grade reagents and do not require
further purification.

Cells and animals

Human breast cancer cells (MCF-7) and mouse breast cancer
cells (4T1) were obtained from Cell Bank/Stem Cell Bank, Chinese
Academy of Sciences. Female Balb/c mice were purchased from
Chonggqing Ensville Biotechnology Co., LTD (Chongqing, China).

Synthesis of MPDA nanoparticles

According to the literature review, mesoporous polydopamine
nanoparticles (MPDA NPs) were synthesized by the one-pot method.
60 ml H,O and 60ml ethanol were mixed into a 250 ml round flask,
370 mg F127 and 400 ul TMB were added to the above solution, and

then the solution was stirred for 30 min to be dissolved. Then, 100 mg
TRIS solution (5 ml water) and 100 mg dopamine hydrochloride solu-
tion (1 ml DI water) were added successively. The reaction was per-
formed at room temperature for 24h, and then 100 ml acetone was
added and stirred. The mixture was centrifuged at 11000 rpm for
15min at 4°C and then re-suspended with acetone/ethanol (1:2, v/v)
and ultrasonic precipitation for 30 min. The supernatant was centri-
fuged and repeated three times. The synthesized MPDA NPs were col-
lected by high-speed centrifugation, and the collected precipitate was
dried in an oven at 37 °C.

Preparation of MPDA-HK@PDA-HA NPs

MPDA NPs and HK were dispersed in ultra-pure water at a
mass ratio of 1:5 and stirred for 24 h to load the drug. HK gradually
accumulated in mesoporous polydopamine through n-n accumu-
lation and hydrophilic/hydrophobic action. The 1 mg MPDA-HK
nanoparticles were dispersed in Tris (10 mmoL, pH 8.5) buffer
solution, added with an appropriate amount of PDA and HA,
stirred at 37 °C for 4h, centrifuged at 13000 rpm for 10 min, and
the precipitation was collected. In the same way, HK was changed
into coumarin 6 (C-6), and fluorescent nanoparticles MPDA-
HK@PDA-HA-C-6 were synthesized.

Scanning electron microscopy of nanoparticles

Appropriate amounts of nanoparticles were taken, sprayed with
gold for 80 s, and then the floating powder was blown away and
imaged under a scanning electron microscope at 5kV.
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Transmission electron microscope

The appropriately diluted nanoparticles were absorbed and
dropped on the copper mesh, respectively. After settling for 30 min,
the excess float was absorbed with filter paper, left to dry, and imaged
under a transmission electron microscope at 200 kV.

Fourier transform infrared spectral analysis

The characteristic functional groups of HA, HK, MPDA, and
MPDA-HK@PDA-HA were analyzed by infrared spectroscopy. All
samples for infrared analysis were freeze-dried into powder samples
using the Cary 630 infrared spectrometer. The ATR method recorded
spectral data from 4000 to 400 cm ™', and the measured signal resolu-
tion was 2 cm™ ! absorption.

Loading rate and encapsulation rate

Magnolol was analyzed by high-performance liquid chromatog-
raphy (HPLC) under the following conditions: C18 column was used
with a mobile phase consisting of acetonitrile/water (70:30, v/v), the
flow rate was 1 ml/min, the sample size was 50 ul, the detection wave-
length was 254 nm, and the column temperature was 30°C. The super-
natant after MPDA-HK was collected by centrifugation and filtered
and the HK content was detected by HPLC. The dosage of the drug in
the preparation is Wh, and the total weight of the drug-loaded nano-
particles is Wt. The formula for the loading rate is as follows:

h
Drugload(%) = WW x 100. (1)
i

The amount of free drug is denoted as A0, while the total amount
of added drug is represented by At. The formula for calculating the
encapsulation efficiency is presented as follows:

. A0
Encapsulationrate % = 1 — At x 100. 2)

Drug release studies in vitro

1 mg MPDA-HK@PDA-HA was added into a centrifuge tube
and then suspended in 2ml PBS buffer solution containing 0.5%
Tween-80. The centrifuge tube was then placed in a water bath at
37°C for a drug release study in vitro. At a predetermined time point
(0,05,1,2,4,8, 12, 24, 36, 48, 60, 72, 84, and 96 h), an equal amount
(1 ml) of PBS buffer was removed and an equal volume of fresh PBS
solution was added. The sample was centrifuged at 13000 rpm for
10 min to exclude nanoparticles. The supernatant was filtered by a
0.22 um filter head and the HK release was determined by HPLC.
Each experiment was repeated three times.

Study on cytotoxicity of MPDA-HK@PDA-HA

Cell Counting Kit-8 (CCK-8) was used to detect the cytotoxicity
of HK, MPDA, and MPDA-HK@PDA-HA on 4T1 cells and MCF-7
cells. MCF-7 and 4T1 cells were inoculated into 96-well plates with a
density of 1 x 10* cells/well, and incubated for 24 h. HK, MPDA, and
MPDA-HK@PDA-HA were dissolved or dispersed in dimethyl sulfox-
ide (DMSO), respectively, and then diluted into a series of concentra-
tions by the medium. A medium of mixed drugs was added to the
Petri dish to keep the final concentration of DMSO below 0.1%. The

pubs.aip.org/aip/apb

cells were incubated for 24 h and incubated with 10% CCK-8 reagent
for 2 h. The absorbance was measured at 450 nm, and the cell survival
rate was calculated based on this. Each experiment was repeated three
times.

Apoptosis analysis after laser irradiation

4T1 and MCE-7 cells (1 x 10* cells/well) were inoculated on 96-
well plates and incubated for 24 h. Fresh medium containing different
concentrations of MPDA-HK@PDA-HA was added, incubated for
12h, and irradiated with an 808 nm near-infrared laser (1 W/cm?) for
5min or no irradiation. After continuing incubation for 12 h, each
well was incubated with 10% CCK-8 reagent for 2 h, and absorbance
was detected at 450 nm to evaluate the cell viability.

Cell uptake study

To determine the cellular uptake behavior of MPDA-HK@PDA-
HA in tumor cells, the fluorescent dye coumarin 6 (C-6) was embed-
ded in the mesopore of MPDA. MCF-7 cells were inoculated (5 x 10°
cells/well) in confocal Petri dishes and incubated for 12 h. The cells
were then placed in a fresh medium containing free C-6, MPDA-C-6,
and MPDA-C-6@PDA-HA, incubated for 2 h, washed three times
with PBS, fixed with 4% paraformaldehyde, and stained with DAPL
After mass washing with PBS, the cells were observed under confocal
laser microscopy.

Blood compatibility

Take fresh rabbit blood, centrifuge at 2000 rpm for 3 min, discard
the supernatant, wash twice with physiological saline, and collect the
precipitate. Then resuspend the rabbit red blood cells with physiologi-
cal saline to prepare the blood cell suspension. Dilute MPDA-
HK@PDA-HA with physiological saline to a final concentration of
12.5-100 pug/ml. Add the same volume of the blood cell suspension
and different concentrations of MPDA-HK@PDA-HA to sterile tubes,
with PBS as the negative control and 0.1% Triton-X100 as the positive
control. Cultivate in a 37°C constant temperature incubator for 1 h,
then centrifuge at 2000 rpm for 5 min, take pictures, and record. Take
the supernatant and put it into a 96-well plate, measure the absorbance
at 450 nm with an enzyme detector, and calculate the hemolysis rate.
The formula is as follows:

oD le) — OD t
Hemolysis(%) = (sample) (negative)

= 3
OD(positive)-OD(negative) 3)

The in vivo metabolism and distribution of MPDA-
HK@PDA-HA

Healthy 4-6-week-old SPF-grade female Balb/c mice were fasted
for 12h before the experiment and were kept with normal water sup-
ply. All mice were injected via tail vein with a dose of 20 mg/kg. Blood
samples from each group of mice were collected from the carotid arter-
ies at the following time points after administration: 1, 5, 15, and
60 min. Three mice were selected at each time point. The blood sam-
ples were collected in heparin sodium-treated centrifuge tubes, centri-
fuged at 4000 rpm/min for 10min, and the upper plasma was
aspirated and stored at —80°C for later use. 100 ul of plasma was
taken, and 300 ul of methanol protein precipitation was added. After
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ultrasonication, the supernatant was collected and centrifuged at
12000 rpm/min, and the upper clear liquid was aspirated and stored
for later HPLC analysis to determine the content of MPDA-
HK@PDA-HA in the samples.

Antitumor effects of MPDA-HK@PDA-HA in vivo

All animal experiments have been approved by the Ethics
Committee of the Chongqing Institute of Green and Intelligent
Technology, Chinese Academy of Sciences (No. 2024.024). A Balb/c
mouse (6-8 weeks old, female) breast cancer tumor model was estab-
lished by subcutaneously injecting 100 sl 1 x 10° 4T1 cells into the
proper posterior back of Balb/c mice. When the tumor size was about
100 mm?, the mice were randomly divided into five groups (n=5):
PBS, HK, MPDA+NIR, MPDA-HK@PDA-HA, and MPDA-
HK@PDA-HA+NIR. The mice were intravenously injected via the
tail vein with 100 ul (1 mg/ml) of the corresponding drug on day 1, fol-
lowed by irradiation with an 808 nm near-infrared laser at a power
density of 1 W/cm” for 5min on day 2. This treatment regimen was
repeated over a total period of 8 days. Tumor volume was monitored
and recorded during treatment. The tumor volume is calculated as fol-
lows: V=(a x b%/2, where “a” is the tumor length and “b” is the
tumor width. To evaluate toxicity, the weight of the mice was mea-
sured and recorded every other day. After 8 days of treatment, the
mice were killed, and tumor tissue was collected.

Antitumor effect of MPDA-HK@PDA-HA combined
with Met in vivo

The modeling method for breast cancer mice is the same as
before. The mice were randomly divided into five groups (n=>5),
namely, PBS, MPDA-HK@PDA-HA, MPDA-HK@PDA-HA+NIR,
MPDA-HK@PDA-HA+Met(20mg/kg), and MPDA-HK@PDA-
HA-+Met (20 mg/kg)+NIR. The tail vein of 4T1 tumor-bearing mice
was injected with 100 ] of different drug solutions (1 mg/ml), and the
NIR group was irradiated with a laser for 5min. The tumor volume
was monitored and recorded during treatment, and the weight of the
mice was measured and recorded every other day. After 8 days of treat-
ment, the mice were killed, tumor tissues were collected, and the
tumors were fixed with 4% paraformaldehyde and then sliced and
embedded after dehydration. Tumor sections were stained by H&E,
TUNEL, and Ki67 and then scanned.

Western blot analysis

Western blot was used to detect the presence of specific pro-
tein markers and autophagy/apoptosis-related proteins. After the
protein glue was transferred to the PVDF membrane and closed
with 5% BSA, the PVDF membrane was incubated at 4°C over-
night with the following primary antibodies (1:1000): caspase 3,
PARP, cleaved caspase 3, cleaved PARP, and f-actin. After being
completely washed, the membrane was incubated with a secondary
antibody (1:2500) for 1 h. After being fully cleaned, the membrane
was contacted with the ECL developer evenly and observed with a
chemiluminescence imager.

pubs.aip.org/aip/apb

MPDA-HK@PDA-HA+Met toxicity in vivo

The mice killed after treatment were dissected, the heart, liver,
spleen, lung, and kidney were collected, and the toxicity of nanomate-
rials to major organs was observed by HE staining.

Statistical analysis

All experiments were replicated at least three times, all data were
expressed as mean, and ANOVA and pair comparison by independent
t-test determined standard deviation (SD) and statistical significance.
P < 0.05 was considered statistically significant.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information on
blood compatibility of MPDA-HK@PDA-HA (Fig. S1), the metabo-
lism and distribution of MPDA-HK@PDA-HA in plasma, heart, liver,
spleen, lung, and kidney were detected by HPLC (Fig. S2), antitumor
activity of MPDA-HK@PDA-HA in vivo (Fig. S3), and HE staining
images of major organs of mice were obtained after treatment (Fig.
S4).
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