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Background

Tumors pose a serious threat to human life and health due to their high incidence and
mortality rates (Siegel et al. 2023). In recent years, with the continuous advancement of
nanobiotechnology, nanocarriers have been widely applied in the field of tumor therapy
(Lin et al. 2023; Zhan et al. 2023; Li et al. 2023). For tumor treatment, nanomedicines
need to meet two fundamental requirements: firstly, excellent tumor targeting ability,
which is essential for ensuring the efficacy and biocompatibility of nanomedicines (Zeng
et al. 2023); secondly, effective therapeutic strategies that differ from conventional single-
modal chemotherapy and radiotherapy (Yang et al. 2023). Exploring novel combination
therapies is a necessary condition to improve the anti-tumor efficacy of nanomedicines.
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Regarding the tumor targeting issue of nanomedicines, there are mainly two
approaches: passive targeting and active targeting. Passive targeting relies primarily
on the enhanced permeability and retention (EPR) effect of nanomedicines, achieved
by adjusting the nanoparticle size to facilitate their accumulation in the tumor region
(Sun et al. 2022; Xu et al. 2023). However, the performance of the EPR effect var-
ies significantly among different individuals, leading to suboptimal outcomes in pas-
sive targeting(Zi et al. 2022; Jeon et al. 2022). In contrast, active targeting offers diverse
methods that take advantage of tumor-specific microenvironments, such as low pH and
hypoxia, to achieve specific surface modifications of nanomedicines, thereby enabling
active targeting accumulation (Visser and Joyce 2023; Cheng et al. 2022; Wan et al. 2023).
Magnetic targeting, unlike other techniques, not only possesses strong tissue-penetrat-
ing capabilities but also has no impact on normal tissues, making it an ideal external
stimulus (Ma et al. 2023a, b). Sun et al. utilized the vibrational properties of magnetic
iron oxide nanoparticles in an alternating magnetic field to convert magnetic energy into
thermal energy, thus achieving magnetic hyperthermia for tumor cell destruction (Sun
et al. 2023). Additionally, in the preliminary research of our research group, iron oxide
nanoparticles were combined with nanomedicines’ surfaces, achieving active targeting
aggregation at the tumor site under the control of an external magnetic field (Gao et al.
2020). Simultaneously, extensive research is dedicated to preparing cell membranes as
biomimetic materials, endowing nanomedicines with complex functionalities such as
ligand recognition targeting, immune evasion, and prolonged blood circulation, all cru-
cial for effective drug delivery to tumor lesions (Miao et al. 2022; Pan et al. 2022; Chen
et al. 2023a, b, c). For instance, employing the homologous targeting strategy, the cell
membrane of the same tumor type was isolated and integrated onto the surface of nano-
medicines, allowing them to evade recognition by macrophages during transportation in
the body while retaining self-recognition ability for similar tumor cells, thereby improv-
ing the active tumor targeting efficiency of nanomedicines (Zhu et al. 2016; Bai et al.
2022).

In addition, addressing the issue of traditional chemotherapy/radiotherapy being sin-
gle-modal and associated with significant toxic side effects, researchers have developed
numerous novel therapeutic strategies in recent years. These strategies include photo-
thermal therapy (Li et al. 2022a, b), photodynamic therapy (Zhu et al. 2022), immuno-
therapy (Chen et al. 2023a, b, ¢), and catalytic therapy (Fu et al. 2022), among others.
Building upon these advancements, various treatment modalities have been combined
to achieve synergistic effects in tumor therapy. In our previous research, our team
integrated different therapeutic modalities, and compared to traditional single-modal
chemotherapy/radiotherapy, the synergistic effect of multi-modal therapy significantly
improved the therapeutic efficacy of nanomedicines while concurrently reducing their
toxic side effects on normal tissues (He et al. 2022; Li et al. 2022a, b). In this process,
we noted that Polydopamine (PDA), as a synthetically derived polymer, finds extensive
applications in the field of drug delivery (Zhang et al. 2023; Qiu et al. 2023). PDA not
only boasts a straightforward synthesis method but also exhibits excellent biocompat-
ibility (Acter et al. 2023). Its remarkable self-assembly properties enable the formation
of uniform and dense coatings on various surfaces, as well as the self-assembly into
microsphere structures for drug encapsulation (Jiang et al. 2023; Chen et al. 2023a, b,
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). Additionally, PDA demonstrates excellent photothermal conversion capabilities, effi-
ciently absorbing 808 nm near-infrared (NIR) light and converting it into heat for tumor
photothermal therapy (Zhong et al. 2022).

In this study, we developed a dual-targeting nanomedicine, PDA-DEM-Fe;0,@M,
which demonstrated a synergistic effect of photothermal therapy and chemotherapy.
This nanosystem is composed of PDA with photothermal effects (Hsieh et al. 2022),
diethyl maleate (DEM) as a chemotherapy drug to induce tumor apoptosis (Kang et al.
2023), iron oxide nanoparticles (Fe;O,) with magnetic targeting capability (Tao et al.
2022), and tumor cell membranes (M) with homologous targeting ability(Chi et al. 2022).
Using PDA as the core, DEM was loaded through covalent binding and charge adsorp-
tion, while Fe;O, nanoparticles and tumor cell membranes were conjugated to the outer
layer. The dual-targeting effect mediated by Fe;O, nanoparticles and the homologous
targeting effect of tumor cell membranes enhanced the accumulation of the nanocarrier
system at the tumor site. Under NIR light irradiation at 808 nm, the photothermal effect
of activated PDA facilitated the release of DEM, achieving a synergistic effect of chemo-
therapy and photothermal therapy.

Materials

Preparation of PDA-DEM-Fe;0,@M

Weigh 15.5 mg of dopamine and place it into a 50 mL beaker. Add Tris-HCl solution
(pH=8.5) and then add 150 pL of diethyl maleate. Stir the mixture using a magnetic
stirrer for 2 h at 3000 rpm. Centrifuge the mixture at 3000 rpm for 10 min, discard the
precipitate, and collect the supernatant. Centrifuge the supernatant at 12,000 rpm for
10 min, discard the supernatant, and wash the precipitate with 1 mL of ultrapure water,
repeating this process 3 times. Add the obtained precipitate to 10 mL of ultrapure water
and sonicate for 5 min to obtain the PDA-DEM solution for further use.

Take 10 mL of the PDA-DEM solution and add 10 mg of Fe;O, nanoparticles with a
particle size of 20 nm. Stir the mixture mechanically for 1 h and then centrifuge it at
3000 rpm. Remove the precipitate to obtain the PDA-DEM-Fe;O, nanoparticle solution.

Take HeLa cells, wash them 3times with PBS by centrifugation (1500 rpm, 5 min
each time). Resuspend the cells in 1 mL of deionized water in a 2 mL centrifuge tube.
Swell the cells at 37 °C for 30 min, followed by ultrasonic disruption (parameters: power
300 W, on for 2 s, off for 2 s, total duration 10 min, ice bath to maintain temperature
below 45 °C). After ultrasonic disruption, centrifuge at 3000 rpm for 10 min, discard the
precipitate, and then centrifuge the upper solution at 13,000 rpm for 1 h. Discard the
supernatant, add 1 mL of water, and sonicate for 15 min to obtain the disrupted HeLa
cell membrane solution.

Mix the disrupted HeLa cell membrane solution with the PDA-DEM-Fe;O, nanopar-
ticle solution. Add the prepared mixture into a polycarbonate membrane extruder for 10
cycles of repeated extrusion. Finally, obtain PDA-DEM-Fe;O,@M.

Characterization

Draw the solution of the test sample and drop it onto a carbon support film, allowing
the solution to air-dry at room temperature. Subsequently, observe the sample using a
Hitachi HT7700 transmission electron microscope. Place the test sample solution in an
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ultrasonic cleaner for 5 min to ensure uniform dispersion of the sample. Then, dilute the
test sample solution 10 times and measure its particle size distribution and zeta poten-
tial using a Malvern laser particle size analyzer, Zetasizer Nano ZS90.

Photothermal performance

Take 500 pL of the test sample solution in a 1.5 mL centrifuge tube. Employ an 808 nm,
2 W/cm?® near-infrared laser emitter to irradiate the test sample. Use a portable infra-
red thermal imaging camera (InfraTec VarioCAM) to measure and capture images of the

solution’s temperature. Record the temperature every 30 s during the irradiation process.

Antitumor effect in vitro

Add HeLa cells to a 96-well plate with 100 uL of solution per well, containing 5.0 x 10*
cells per well. After incubating in a CO2 incubator for 24 h, add the test samples to the
wells. Prior to addition, filter the samples through a 0.22 um syringe filter for steriliza-
tion, and set up triplicate wells for each test sample. After a certain exposure time of
the samples to HeLa cells, remove the original solution, add 200 pL of 0.5 mg/mL MTT
solution to each well, and incubate for 4 hours in the incubator. Finally, discard the MTT
solution, add 150 puL of DMSO to each well, vigorously mix, and place the 96-well plate
in a multi-mode microplate reader (Molecular Devices M2e) to measure the absorbance
at 540 nm wavelength. Calculate cell viability using Eq. (1):

Cell viability (%) = ODgampie/ ODeontrol X 100 1)

Where ODg, ;. is the

average absorbance of the control wells (PBS).

is the average absorbance of the test sample wells and OD_, 1

Antitumor effect in vivo

The animal experiments conducted in this paper were carried out in accordance with the
regulations of the Animal Ethics Committee of Yanshan University. Kunming mice were
used for the experiments, and U14 cells were subcutaneously implanted into the right
hind limb of the mice. Tumor-bearing mice were randomly divided into groups, with 6
mice in each group. The tumor volume of each mouse was measured daily using calipers.
When the tumor volume reached 100 mm?, the drug treatment could be initiated. The

tumor volume (V) of each mouse was calculated using Eq. (2):

V = ab*/2 )

Where “a” is the maximum diameter of the tumor, and “b” is the minimum diameter of
the tumor.

The drug was administered via tail vein injection every other day, and specific groups
received corresponding light exposure treatments according to the experimental
requirements. In the magnetic field treatment group, a magnet was fixed at the tumor
tissue of the mice to provide a stable magnetic field. The mice’s weight and tumor vol-

ume changes were recorded every other day. After the completion of the drug treatment,
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the mice were euthanized by cervical dislocation, and the serum levels of ALT, AST, and
BUN indicators were detected using Elisa kits.

Statistical analysis

The obtained data are presented as mean =+ standard error (SE). Statistical significance

(*p<0.05 or **p<0.01) was evaluated using one-way analysis of variance (ANOVA). Data
analysis plots were generated using Origin 8.5 software.

Result and discussion
Characterization

Figure 1A and C depict the TEM images of PDA-DEM, PDA-DEM-Fe;O,, and PDA-
DEM- Fe;O,@M, respectively. From the images, it can be observed that the nanoparti-
cles exhibit a spherical structure, and with the encapsulation of Fe;O, and tumor cells,
there is an increase in the size of the nanoparticles. This observation is consistent with
the dynamic light scattering (DLS) results. The diameter of PDA-DEM is 51.24+ 1.6 nm
(Fig. 1D), PDA-DEM-Fe;O, has a diameter of 103.3+2.4 nm (Fig. 1E), and PDA-DEM-
Fe;0,@M has a diameter of 110.6+1.7 nm (Fig. 1F). Zeta potential results (Fig. 1G)

show that pure PDA nanoparticles possess a negative surface charge (—1.7+0.7 mV).
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Fig. 1 Transmission electron microscope images of (A) PDA-DEM, (B) PDA-DEM- Fe;0,, (C)
PDA-DEM-Fe;0,@M; Dynamic light scattering size analysis of (D) PDA-DEM, (E) PDA-DEM- Fe;O,, (F)
PDA-DEM- Fe;0,@M; (G) Zate potential; (H) Magnetic characterization of PDA-DEM- Fe;0,@M
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Upon loading with DEM and Fe;O, nanoparticles, the surface charge becomes positive
(4.5£0.3 mV, 3.9+ 0.4 mV). However, after the encapsulation of tumor cell membranes,
the surface charge of the nanoparticles decreases due to the negative charge on the cell
membrane surface (0.44+0.1 mV).

Furthermore, we validated the magnetic responsiveness of PDA-DEM-Fe;O,@M, as
shown in Fig. 1H. Over time, the nanoparticles gradually concentrate near the mag-
netically attracted sites, providing evidence for the excellent magnetic responsiveness
of PDA-DEM-Fe;0,@M. We also attempted to characterize the nanoparticles using
XRD, and the results are shown in Additional file 1: Fig S1. By comparing with the stand-
ard Fe;O, card, it was confirmed that Fe;O, is present in these nanoparticles. All these
results collectively confirm the successful synthesis of PDA-DEM-Fe;O,@M.

Photothermal performance

Due to the excellent photothermal conversion performance of PDA, which can absorb
near-infrared light and convert it into heat (Wu et al. 2023), we conducted photother-
mal performance characterization on PDA-based nanoparticles. As shown in Fig. 2A,
under near-infrared light irradiation at a wavelength of 808 nm and a power of 2 W/cm?,
the nanoparticles exhibited effective temperature elevation due to the presence of PDA.
After 10 min of irradiation, the temperatures of PDA, PDA-DEM, PDA-DEM Fe;O,, and
PDA-DEM-Fe;O,@M increased to 44, 44.5, 45.5, and 48 °C, respectively. Since tumor
cells are highly sensitive to temperature elevation, local temperatures reaching 42 °C are
sufficient to induce tumor cell ablation (Yang et al. 2022). Therefore, the photothermal
heating performance of PDA-DEM-Fe,O,@M fully meets the requirements of photo-
thermal therapy. Moreover, we recorded images of the in vitro photothermal heating
effect of PDA-DEM-Fe,O,@M using a thermal imaging camera, as shown in Fig. 2B,
which is consistent with the photothermal heating curve. These results collectively dem-
onstrate the excellent photothermal conversion performance of PDA-DEM-Fe;0,@M.

Antitumor effect in vitro

To demonstrate the in vitro anti-tumor effect of PDA-DEM- Fe;O,@M, we treated
HeLa cells with different nanoparticles and analyzed the tumor cell inhibition rate
using the MTT assay, as shown in Fig. 3A. PDA-DEM and PDA-DEM-Fe;O, exhib-
ited similar inhibitory effects on HeLa cells, with cell viabilities of 90 and 88.32%,
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Fig. 3 (A) Cell viability of Hela cells under different treatment conditions; (B) Fluorescence images of live/
dead staining of Hela cells; (C) Cell apoptosis of Hela cells under different treatment conditions; (D) Uptake
of PDA-DOX-Fe;0,@M by Hela cells at different treatment times

respectively. However, due to the tumor cell membrane encapsulation and the
homologous targeting effect, PDA-DEM-Fe;O,@M showed enhanced accumulation
within HeLa cells, resulting in improved inhibition with a cell viability of 81.92%. The
PDA-DEM + NIR and PDA-DEM-Fe;O,+ NIR groups, benefiting from their excel-
lent photothermal conversion performance, promoted the release of DEM inside the
cells and directly induced cell death through photothermal effects. Consequently, the
cell viabilities of these groups were significantly reduced to 54.03 and 48.16%, respec-
tively. In contrast, the PDA-DEM-Fe;O,@M + NIR group, benefiting from the com-
bined effects of targeting, photothermal therapy, and chemotherapy, exhibited the
most pronounced tumor cell inhibition, with a cell viability of only 19.21%. Figure 3B
presents the live/dead staining results for HeLa cells under different treatments.
Compared to other groups, the PDA-DEM-Fe;O,@M + NIR group had the highest
amount of dead cells (red), confirming the potent tumor cell inhibition effect of PDA-
DEM-Fe;O,@M under near-infrared light irradiation. In Fig. 3C, the apoptosis assay
demonstrated varying levels of tumor cell apoptosis under different treatments. The
PDA-DEM group primarily relied on the chemotherapy effect of DEM, resulting in
a limited apoptosis rate. However, the cell apoptosis rates of PDA-DEM and PDA-
DEM-Fe,;0, significantly increased under near-infrared light stimulation. The PDA-
DEM-Fe;O,@M + NIR group, benefiting from the synergistic effect of photothermal
therapy and chemotherapy, as well as the targeting effect of the cell membrane, exhib-

ited substantial tumor cell apoptosis, consistent with the MTT assay results.
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Cellular uptake

Furthermore, we investigated the cellular uptake capacity of HeLa cells for PDA-DEM-
Fe;O,@M. To replace DEM with a model drug, we used DOX, which possesses fluo-
rescent properties. The results, as shown in Fig. 3D, revealed that the red fluorescence
within HeLa cells gradually intensified with increasing incubation time. Similar experi-
mental results were observed in flow cytometry analysis (Additional file 1: Fig S2). This
indicates a growing accumulation of nanoparticles within tumor cells, facilitated by the
encapsulation of the nanoparticles with the tumor cell membrane. Studies suggest that
cells from the same origin exhibit excellent targeting effects (Ma et al. 2023a, b). Lever-
aging this principle, by coating nanoparticles with tumor cell membranes from the same
source, the targeting delivery efficiency can be significantly improved. This not only
enhances the delivery efficiency of nanoparticles and drugs but also reduces their toxic
side effects on normal tissues.

Antitumor effect in vivo

Due to the use of Ul4 cells in animal experiments, the cell membrane wrapped around
the nanoparticle surface was replaced with the U14 cell membrane to achieve homolo-
gous targeting effects in animal experiments. We first characterized the photothermal
therapy effect of PDA-DEM-Fe;O,@M in mice, as shown in Fig. 4A. Compared to the
saline control group, the PDA-DEM-Fe;O,@M-treated group exhibited a significant
increase in local tumor temperature upon exposure to 808 nm near-infrared light. After
10 min of irradiation, the temperature rose to 45 °C, reaching the temperature required
for tumor cell ablation, thus achieving the effect of tumor photothermal therapy. Subse-
quently, we observed the changes in body weight of mice in different treatment groups,
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Fig.4 A Infrared thermal imaging of tumor-bearing mice injected with PDA-DEM-Fe;O,@M and subjected

to near-infrared light irradiation; B Body weight change curve; C Tumor volume change curve in mice under
different treatment conditions; D Distribution of DEM in mice. E Detection of liver and kidney indicators ALT,
AST, and BUN in mice. F HE-stained images of various tissues in mice. Scale bar: 100 pm
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as depicted in Fig. 4B. During the treatment period, there was no significant change in
the body weight of mice in the various treatment groups compared to the blank control
group, indicating that the drug treatment did not significantly affect the health of the
mice.

Figure 4C shows the changes in tumor volume among different treatment groups.
From the graph, it can be observed that the PDA-DEM-Fe;0,@M + NIR group exhibited
the most significant tumor inhibition effect compared to other treatment groups. This
can be attributed to the following two factors. Firstly, guided by the homologous tar-
geting of the tumor cell membrane and the external magnetic field-guided tumor local
targeting of Fe;O, nanoparticles, the PDA-DEM-Fe;0,@M nanoparticles accumulated
effectively in the tumor tissue. Secondly, under external near-infrared light irradiation,
PDA could convert absorbed light energy into heat, exerting a photothermal therapy
effect on tumor cells. Simultaneously, the release of DEM at the tumor site accelerated
tumor cell apoptosis. With the synergistic effect of chemotherapy and photothermal
therapy, PDA-DEM-Fe;O,@M demonstrated a strong in vivo anti-tumor effect.

Biological safety

We investigated the distribution of nanoparticles in mice. The results, as shown in
Fig. 4D, indicate that after intravenous injection of nanoparticles, there was a notice-
able accumulation of the drug at the tumor site over time compared to other tissues.
Subsequently, due to metabolic processes, the drug content at the tumor site gradu-
ally decreases and undergoes metabolism in the liver and kidneys. In addition, we con-
ducted serum biochemical tests for liver function markers (ALT and AST) and kidney
function marker (BUN) on mice in the Saline group and the PDA-DEM-Fe;O,@M
group to further assess whether PDA-DEM-Fe;O,@M has an impact on normal physi-
ological functions. As shown in Fig. 4E, the levels of ALT, AST, and BUN in the serum
were measured. ALT and AST are primary parameters for evaluating liver function, and
their levels significantly increase when the liver is damaged. BUN is a marker of kidney
function, and elevated BUN levels indicate kidney impairment(Luo et al. 2022). Com-
parative analysis revealed no significant differences between the Saline group and the
PDA-DEM-Fe;O,@M group. This result indicates that PDA-DEM-Fe;O,@M has no sig-
nificant impact on liver and kidney functions in mice and demonstrates good biological
safety. We also performed tissue sectioning and HE staining. The results, as shown in
Fig. 4F, indicate that the treatment with nanoparticles did not cause significant damage
to the main organs of the mice. However, it demonstrated a noticeable destructive effect
on the tumor tissue. As a nanomedicine delivery system, PDA-DEM-Fe;O,@M shows
relative safety and reliability, suggesting promising prospects for clinical applications.

Conclusion

In this study, we designed and synthesized a dual-targeting nanomedicine delivery sys-
tem, PDA-DEM-Fe;O,@M, which combines magnetic and homologous tumor cell
membrane targeting. Through the synergistic effects of PDA’s photothermal therapy and
DEM’s chemotherapy, this system demonstrated excellent inhibition and killing effects
on tumor cells. These effects were effectively validated through both in vitro and in vivo
anti-tumor experiments. Furthermore, by assessing the liver and kidney indicators of
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mice treated with PDA-DEM-Fe;O,@M, we established its robust biological safety pro-
file. This finding also underscores the potential of this nanomaterial for clinical applica-
tion in tumor therapy.
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