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ARTICLE INFO ABSTRACT

Keywords: Nanotechnology for tumor diagnosis and optical therapy has attracted widespread interest due to its low toxicity
Metal chelation and convenience but is severely limited due to uncontrollable tumor targeting. In this work, homologous cancer
MR imaging

cell membrane-camouflaged multifunctional hybrid metal coordination nanoparticles (DRu/Gd@CM) were
prepared for MRI-guided photodynamic therapy (PDT) and photothermal therapy (PTT) of tumors. Bimetallic
coordination nanoparticles are composed of three functional modules: dopamine, Ru(dcbpy)sCly and GdCls,
which are connected through 1,4-Bis[(1H-imidazole-1-yl)methyl]benzene (BIX). Their morphology can be easily
controlled by adjusting the ratio of precursors. Optimistically, the intrinsic properties of the precursors, including
the photothermal properties of polydopamine (PDA), the magnetic resonance (MR) response of Gd>*, and the
singlet oxygen generation of Ru(dcbpy)sCly, are well preserved in the hybrid metal nanoparticles. Furthermore,
the targeting of homologous cancer cell membranes enables these coordinated nanoparticles to precisely target
tumor cells. The MR imaging capabilities and the combination of PDT and PTT were demonstrated in in vitro
experiments. In addition, in vivo experiments indicated that the nanoplatform showed excellent tumor accu-
mulation and therapeutic effects on mice with subcutaneous tumors, and could effectively eliminate tumors
within 14 days. Therefore, it expanded the new horizon for the preparation of modular nanoplatform and
imaging-guided optical therapy of tumors.

Photodynamic therapy
Photothermal therapy
Homologous targeting

1. Introduction by offering superior thermal and photostability, water solubility, and

ROS production capabilities, marking them as promising next-gen

Optical therapy, recognized for its light-controlled, non-invasive,
and low-toxicity properties, has garnered considerable interest and un-
dergone significant advancements [1]. PDT and PTT are the two main
optical treatments for tumors [2,3]. In particular, PDT uses radiation,
oxygen, and photosensitizers to produce cytotoxic reactive oxygen
species (ROS) like hydroxyl radicals (¢OH), superoxide radicals (eO3),
and singlet oxygen (105), which effectively destroying tumor cells [4,5].
Photosensitizers are pivotal in this process, which directly affects the
effectiveness of treatment. Organic variants, such as porphyrins and
cyanine dyes, are prevalent in PDT due to their biocompatibility and
efficiency in singlet oxygen production. Yet, their drawbacks, including
limited water solubility and photobleaching susceptibility, hinder their
broader application [6,7]. Transition metal complexes, notably
ruthenium-polypyridine complexes, outshine their organic counterparts
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photosensitizers [8,9]. On the other hand, PTT leverages photothermal
agents to transform light into heat, exploiting the heat vulnerability of
tumor cells for elimination. The effectiveness of PTT hinges on the
photothermal agent’s conversion efficiency [10,11]. Several potent
photothermal agents, both inorganic (e.g., graphene, noble metals, alloy
nanoparticles) and organic (e.g., polypyrrole, porphyrin, poly-
dopamine/PDA), have been established, and their clinical efficacy in
tumor ablation is well-documented [12-16].

Though there’s been extensive research on PDT and PTT for tumor
treatment, the singular function and suboptimal efficacy of each method
when used in isolation hamper the evolution of phototherapy. The
integration of PDT and PTT aims to offset PTT’s heat shock effect and
PDT’s tumor hypoxia, achieving a synergistic outcome that elevates
tumor phototherapy’s effectiveness [17-19]. Moreover, challenges in
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visualizing tumor tissues and tracking photosensitizer distribution and
metabolism curtail phototherapy’s progress [20-22]. By integrating
photosensitizers or photothermal agents with polymers or embedding
them in nanocarriers, enhanced tumor targeting is achieved via the
enhanced permeability and retention (EPR) effect, while simultaneously
allowing visual imaging. Concurrently, precise imaging techniques
enable accurate laser application, minimizing damage to healthy tissues
and amplifying phototherapy’s safety [23-25]. Hence, pioneering
imaging-guided tumor phototherapies is imperative.

A pivotal aspect of image-guided therapy is crafting matrices that
offer multifunctional capabilities. Metal-doped nanomaterials, in recent
developments, have been synthesized with both imaging and thera-
peutic features. Coordination nanoparticles, hybrids of metal ions and
multidentate ligands, stand out due to their remarkable functional
integration, adjustable composition, size, and form. Such characteristics
have made them instrumental in gas adsorption and storage, separation,
and catalysis [26-30]. Their versatility further extends to various bio-
logical applications, encompassing early cancer detection, photo-
therapy, drug delivery, and imaging-guided therapy, especially when
response-triggering functions are incorporated [31-33]. Yet, the syn-
thesis of multifunctional coordination nanoparticles, via seamless inte-
gration of functional units, remains intricate. Furthermore, the immune
system often identifies and purges nanoparticles due to their heteroge-
neity [34,35]. Thus, ensuring nanoparticles remain inconspicuous
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within the immune system is crucial. Several nanoparticles have been
enhanced with group-targeting entities like antibodies and peptides to
optimize nanodrugs [36-38]. Despite this, such modified nanoparticles
often exhibit limited specificity, binding affinity, and short blood resi-
dence times at tumor sites. Hence, there’s a pressing need to refine the
concealment, targeting precision, and circulation longevity of these
nanoparticles. A burgeoning strategy involves leveraging cell membrane
camouflage technology for designing nanodrug systems tailored for
disease diagnosis and treatment. Vesicles derived from various cell
membranes, such as cancer cells, red blood cells, platelets, and stem
cells, have been under rigorous investigation [39-41]. These biomimetic
nanoparticles can enhance drug stability, elude immune detection, and
extend blood circulation. Notably, the adhesion molecules present on
cancer cell membranes, like adhesion proteins and integrins, grant them
innate recognition and targeting capabilities [42]. Thus, leveraging
homologous targeting holds promise for impactful tumor interventions.

In this study, we delineate the fabrication of Ru, Gd combined metal
coordination nanoparticles via one-step metal chelation processing of a
dopamine, Gd**, and Ru(dcbpy)sCl, blend in the company of the BIX
ligand. This was followed by a homogenous cell membrane application
through a physical extrusion method, resulting in a nanoplatform (DRu/
Gd@CM NPs) purposed for imaging-guided optical therapy (as illus-
trated in Scheme 1). The coordinated nanoparticles’ dimensions and
structure are dictated by the precursor module ratios. Intriguingly, the

Extrude

DRu/Gd@CM NPs

MR imaging

Scheme 1. The synthetic route of biomimetic nanodrugs (DRu/Gd@CM NPs) and its subsequent application in targeted phototherapy of mice subcutaneous breast

cancer tumor model.
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synthesized multifunctional nanoparticles retain the distinct attributes
of each precursor, embodying the robust magnetic resonance feedback
of gadolinium ions, the potent photodynamic prowess of ruthenium
complexes, and the impressive photothermal attributes of dopamine.
Conclusively, this nanoplatform was employed for magnetic resonance
imaging-guided PDT/PTT interventions in tumor prototypes.

2. Experimental section
2.1. Materials

All chemicals and reagents were analytical grade and used without
further purification. Dopamine hydrochloride (DA, 99.0%), 1,4-Bis[(1H-
imidazole-1-yl)methyl]benzene (BIX) and 9,10-anthracenediyl-bis
(methylene) dimalonic acid (ABDA) were purchased from Aladdin
Chemistry Co. Ltd., Shanghai, China. Tris-(4,4"-dicarboxylic acid-2,2-
bipyridyDruthenium(II) dichloride (Ru(dcbpy)sCly) was purchased
from Shanghai Macklin Biochemical Technology Co., Ltd. (China). The
Cell Counting Kit-8 (CCK-8) was obtained from GLPBIO, America.
Gadolinium (III) chloride hexahydrate (GdClge6H30, 99.99%) was
purchased from Shanghai Meryer Chemical Technology Co., Ltd. The
reactive oxygen species (ROS) assay kit 2/,7-dichlorofluorescin diacetate
(DCFH-DA) and Roswell Park Memorial Institute medium 1640 (RPMI-
1640) were obtained from Solarbio Science & Technology Co., Ltd.
(Beijing). Fetal bovine serum (FBS) was purchased from Zhejiang
Tianhang Biotechnology Co., Ltd., China. Dimethylformamide (DMF)
and other solvents were obtained from Zhiyuan Chemical Reagent Co.,
Ltd., Tianjin, China.

2.2. Characterization

Transmission electron microscopy (TEM) images were performed on
a FEI Titan G260-300 microscope equipped with Super-X EDX detector
system. Ultraviolet—visible spectroscopy (UV-Vis) was recorded using a
UV-2700i spectrophotometer (Shimadzu, Japan). Dynamic light scat-
tering (DLS) and Zeta potential were determined through Malvern
Zetasizer Nano ZS90. X-ray photoelectron spectroscopy (XPS) was
collected by Scientific K-Alpha (Thermo Scientific). X-ray diffraction
(XRD) spectrum was collected by SmartLab SE (Rigaku, Japan). The
content of gadolinium was detected by Inductively coupled plasma mass
spectrometry (ICP-MS, PerkinElmer). Fourier transform infrared spec-
troscopy (FTIR) was acquired by Spectrum GX (Perkin-Elmer). Fluo-
rescent spectrum was obtained by a Fluo-romax-4P spectrometer
(Horiba).

2.3. Preparation of DRu/Gd NPs

The mixture of 95 mg Dopamine, 30 mg BIX, and 4 mg Ru(dcbpy)sCl.
was dissolved in 15 mL of DMF solution. The solution was magnetically
stirred at a speed of 900 rpm and heated to 100 °C. Add 44 mg
GdCl3-6H0 dissolved in 5 mL DMF drop by drop. Then, the reaction was
sustained at 100 °C for 2 h. After that, the prepared nanoparticles were
obtained by centrifugation at 8000 rpm and washed with anhydrous
ethanol 3 times.

2.4. Preparation of CM fragments

4T1 cells were purchased from Cell Bank of Type Culture Collection
of Chinese Academy of Sciences (Shanghai, China). Commonly, 4T1
cells were harvested and then resuspended in cold PBS. The collected
cells were suspended in a hypotonic lysing buffer containing PMSF
(Beyotime, China) and membrane protein extraction reagent. The 4T1
cells were incubated in ice bath for 15 min and then broken repeatedly
using a freeze-thaw method. After centrifugation at 800 x g for 10 min,
the supernatant was further centrifuged at 15,000 x g for 30 min to
obtain the cell membrane fragments. The membrane products of CM-
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4T1 were lyophilized and stored at —80 °C. The lyophilized mem-
branes are rehydrated in ultrapure water or PBS buffer.

2.5. Preparation of DRu/Gd@CM NPs

A successive extrusion approach was utilized to prepare the DRu/
Gd@CM NPs. Briefly, 1 mL aqueous solution of DRu/Gd NPs with varied
concentration (0.1, 0.2, 0.3, 0.4, or 0.5 mg/mL) was mixed with CM-4T1
dispersions (1 mL, 1.0 mg/mL). The DRu/Gd NPs and CM were trans-
ferred into a syringe and successively extruded through 800 nm, 400 nm,
and 200 nm water-phase filters, followed by centrifugation to remove
unloaded DRu/Gd NPs from the dispersions. Finally, a DRu/Gd@CM
dispersion with encapsulated DRu/Gd NPs at a high concentration (200
pg/mL) was obtained for further structural characterization and
measurements.

2.6. SDS-PAGE

To verify the successful coating of CM, the membrane proteins in CM
was characterized by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE). DRu/Gd, CM-4T1 and DRu/Gd@CM samples
were heated at 95 °C for 5 min in the SDS sample buffer. Samples and
protein markers were then slowly added to the pores of the gels. Elec-
trophoresis was carried out at a constant voltage of 100 V for 2 h. Then, a
gel was dyed with Coomassie brilliant blue staining solution, incubated
at room temperature for 2 h, dyed on a shaker for 90 min, and decolored
overnight for photographic analysis. And the results successfully showed
that DRu/Gd@CM had almost the same protein composition as the
original CM-4T1. As far as gadolinium is concerned, inductively coupled
plasma-mass spectroscopy (ICP-MS) data confirmed a total amount of
16.798% in the nanoparticles.

2.7. Detection of the ROS in vitro

ROS generation was determined by 9,10-anthracenyl-bi (methylene)
dimalonic acid (ABDA) and DCFH assay, respectively. Specifically, 100
pL of DRu/Gd@CM NPs with different concentration gradients (0, 5, 10,
25, 50, 75, 100, 200 pg/mL) to each well (96-well plates) DCFH with a
final concentration of 10 pmol/L. The experimental group was irradi-
ated with near-infrared light (660 nm, 0.5 W/cm?, 10 min), while the
control group was not exposed to near-infrared light. Molecular Devices
(SpectraMaxR i3X) were used to detect the fluorescence intensity at O,
10, 20, 30, 40, 50, and 60 min respectively, using the excitation wave-
length of 488 nm and the emission wavelength of 525 nm. For ABDA
assay. DRu/Gd@CM NPs were mixed with ABDA, then the mixture was
irradiated by a 660 nm laser. The absorption of ABDA at 378 nm was
monitored for every 5 min.

2.8. Photothermal performance

The photothermal properties of DRu/Gd@CM NPs were determined
using 808 nm near-infrared light. To investigate the concentration
dependence of the photothermal effect, various concentrations of DRu/
Gd@CM NPs in solution (0, 25, 50, 100, 200, and 400 pg/mL) were
irradiated for 10 min. To investigate the light intensity of the photo-
thermal effect, various light power (0, 0.5, 1, 1.5, 2, and 2.5 W/cm?)
were irradiated for 10 min at the concentration of 400 pg/mL of DRu/
Gd@CM NPs in solution. The photothermal stability of DRu/Gd@CM
NPs was evaluated by irradiated DRu/Gd@CM NPs solution (200 pg/
mL) in 5 repeated cycles of 10 min irradiation ON and 10 min OFF at
power densities of 1.5 W/cm?.

2.9. MR imaging

For relaxation measurement, different concentrations of DRu/
Gd@CM NPs (Gd: 0, 0.1, 0.2, 0.3, 0.4 mM) were placed in 2 mL
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Eppendorf tubes for MR imaging using an MR imaging scanning device
(GE Architect 3.0 T, America). The main MRI sequences included fast
spin echo (FSE) T1WI (TR/TE = 500/15 ms, NSA = 3, FOV = 80 x 80
mm, section thickness = 1.0 mm, matrix = 228 x 290) and mixed
inversion-recovery spin echo T1-mapping sequence (firstly with an
inversion recovery pulse: TR/TE/TI = 4000/160/400 ms; then a spin
echo pulse: TR/TE = 3500/20 ms, NSA = 1, FOV = 80 x 80 mm, section
thickness = 1.0 mm, matrix = 512 x 512). Moreover, by measuring the
longitudinal relaxation time (T1) and transverse relaxation time(T2) of
DRu/Gd@CM NPs with different concentrations using a 3.0 T MR in-
strument, the longitudinal relaxation rate (r1) and transverse relaxation
rate were calculated.

2.10. Cellular uptake

To study the uptake and targeting properties of DRu/Gd@CM NPs,
we conducted three groups of experiments. 4T1, L929, MDA-MB-231
and RAW 264.7 cells were seeded in a laser confocal plate at a density
of 5 x 10* cells per well and incubated at 37 °C for 24 h. Then remove
the medium and add the designed NPs for 4 h, respectively. The cells
were washed with PBS three times and stained the nucleus with Hoechst
for 15 min. Finally, cell imaging was performed using fluorescence mi-
croscopy. Firstly, mouse cancer cell 4T1, normal cell L929 and MDA-MB-
231 cells were selected to evaluate the ability to distinguish normal cells
from tumor cells. Secondly, DRu/Gd NPs and DRu/Gd@CM NPs were
co-cultured with 4T1 cells, respectively, to verify the homologous tar-
geting of cancer cell membranes. Finally, to verify the immune escape of
the cell membrane, DRu/Gd@CM NPs were co-cultured with Raw 264.7
cells.

2.11. Intracellular ROS generation

4T1 cells seeded in 6-well plates at a density of 2 x 10° cells per well
and incubated at 37 °C for 24 h. The 6-well plates were randomly
divided into five groups including (i) PBS, (ii) DRu/Gd@CM NPs (5 pg/
mL), (iii) DRu/Gd@CM NPs (5 pg/mL) irradiated with 660 nm laser at
0.5 W/cm? for 10 min, (iv) DRu/Gd@CM NPs (50 pg/mlL) irradiated
with 660 nm laser at 0.5 W/cm? for 10 min. The cells in various groups
were treated for another 4 h. The cells were incubated with 10 pM
DCFH-DA for 30 min. Subsequently, the fluorescence images were ac-
quired by fluorescence microscope.

2.12. In vitro cytotoxicity assays

4T1 cells (96-well plates) were cultured in complete culture medium
(RPMI 1640 medium with 10% fetal bovine serum) at 37 °C and 5% CO».
Interventions were initiated at 70% cell fusion. After 12 h, remove the
cell culture medium and then treated the cells in different groups: (i) PBS
group; (ii) DRu/Gd@CM group, DRu/Gd@CM NPs with different con-
centration gradients (0, 5, 10, 25, 50, 75, 100, 200 pg/mL); (iii) PDT
group, DRu/Gd@CM NPs with different concentration gradients (0, 5,
10, 25, 50, 75, 100, 200 pg/mL), and then irradiated with 660 nm laser
(0.5 W/crnz, 10 min); (iv) PDT group, DRu/Gd@CM NPs with different
concentration gradients (0, 5, 10, 25, 50, 75, 100, 200 pg/mL), and then
irradiated with 808 nm laser (1.5 W/cm?, 10 min); (v) PDT/PTT group,
DRu/Gd@CM NPs with different concentration gradients (0, 5, 10, 25,
50, 75, 100, 200 pg/mL), irradiated with 660 nm laser (0.5 W/ cmz, 10
min), and then irradiated with 808 nm laser (1.5 W/crnz, 10 min). The
cell viabilities were tested by a typical CCK-8 assay. Molecular devices
(SpectraMaxR i3X) were used to detect the OD value at the wavelength
of 450 nm. For flow cytometry assessments, 4T1 cells were cultured in 6-
well plates (2 x 10° cells per well) overnight. After various treatments,
the proportions of apoptosis in each group were analyzed. Furthermore,
cell viabilities were also visualized by CAM/PI staining.
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2.13. Animal model

Female BALB/C mice (18-22 g) were feed at 25 °C and 55% of hu-
midity in Experimental Animal Center of Zhengzhou University
(Zhengzhou, China). All animal experiments were raised in accordance
with the guidelines of the Regional Ethics Committee and the Care
Regulations approved by The First Affiliated Hospital of Zhengzhou
University (ZZU-LAC20230804). The 4T1 tumor model was established
by subcutaneous injection of 5 x 10 cells in 100 pL PBS into the right
shoulder of the mice. The tumor size and body weight were measured
every two days.

2.14. In vivo MR imaging

First, tumor model mice were built by injecting 100 pL of 4T1 cells (5
x 108 cells/mL). After 7 days, the volume was 100 mm?, and a GE
Achitect 3.0 T MR scanner was employed to evaluate the in vivo MR
imaging performance of DRu/Gd@CM NPs. Before injection, the T1-
weighted MR imaging of the tumor site was recorded. Then, the
mouse was injected with 100 pL of DRu/Gd@CM NPs solution (20 pmol
Gd3* per kg) via a tail vein. After 1, 2, 4, 8, and 24 h, the T1-weighted
MR imaging was re-recorded.

2.15. In vivo biological distribution

After IR783 and the Ru/Gd@CM(IR783) nanoparticles were injected
through the tail vein, photos were taken using a live small animal
fluorescence imaging system at 1 h, 6 h, 12 h, 24 h, and 48 h, respec-
tively. Then the mice were dissected, and the heart, liver, spleen, lung
and kidney and tumor were collected and imaged using a fluorescence
imaging system to observe the metabolism of the drug in the internal
organs.

2.16. In vivo combination therapy

Anti-tumor experimental studies were performed with 4T1 tumor-
bearing BALB/c mice. After the tumor size reached about 100 mm?,
the mice bearing 4T1 tumors were randomly divided into 5 groups (six
mice per group) and treated with (i) PBS group; (ii) DRu/Gd@CM group,
DRu/Gd@CM NPs with different concentration gradients (0, 5, 10, 25,
50, 75, 100, 200 pg/mL); (iii) PDT group, DRu/Gd@CM NPs with
different concentration gradients and then irradiated with 660 nm laser
(0.5 W/ cmz, 10 min); (iv) PDT group, DRu/Gd@CM NPs with different
concentration gradients and then irradiated with 808 nm laser (1.5 W/
cmz, 10 min); (v) PDT/PTT group, DRu/Gd@CM NPs with different
concentration gradients (0, 5, 10, 25, 50, 75, 100, 200 pg/mL), irradi-
ated with 660 nm laser (0.5 W/cm?, 10 min), and then irradiated with
808 nm laser (1.5 W/cmz, 10 min). The mice were intravenously
injected with the corresponding nanoparticles (20 pmol Gd>* per kg).
Eight hours after the injection, the tumors were irradiated by 660 nm or
808 nm laser. The temperature changes in tumor areas were recorded by
a thermal camera. To monitor tumor progression, the tumor volume
changes were measured, and the mice bodyweight was also recorded.
After 14 days of treatments, the mice were sacrificed, and major organs
and tumors were obtained for further H&E, TUNEL, Ki67, and TNF-«
staining.

2.17. Statistical analysis

All statistical analyses were used GraphPad Prism. The results of
statistical analysis were presented as mean =+ SD. Statistical significance
was calculated by one-way ANOVA analysis. The statistical significance
was defined as *p < 0.05; **p < 0.01; ***p < 0.001.
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3. Results and discussion
3.1. Synthesis and characterization of DRu/Gd NPs

DRu/Gd NPs were produced using a straightforward one-step metal
chelation approach. Typically, these nanoparticles were derived from
GdCls, tris(4,4'-dicarboxylic acid-2,2-bipyridyDruthenium(II) dichlor-
ide (Ru(dcbpy)sCly), and dopamine hydrochloride, using the bidentate
ligand 1,4-bis(imidazole-1-ylmethyl)benzene (BIX). After stirring
continuously for 2 h at ambient temperature, the resulting dark pre-
cipitate was isolated using centrifugation and carefully rinsed with
ethanol to remove unattached ligands. Subsequently, the morphology,
composition, and properties of these nanoparticles were examined. TEM
images (Fig. 1a) display DRu/Gd NPs with consistent sizes around 210
nm and excellent water dispersion. A closer view in Fig. 1b reveals their
distinct hexagonal formation with polished borders. Concurrently, dy-
namic light scattering (DLS) indicates that the particle size distribution

a b
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for DRu/Gd NPs ranges from 150 to 420 nm, with an average size close
to 300 nm. This measurement is somewhat larger than the TEM obser-
vation, likely attributed to nanoparticle hydration (Fig. 1c).

To ensure the successful integration of the metallic elements Gd and
Ru into the nanoparticle matrix, we employed energy dispersive spec-
trometry (EDS). Fig. 1d demonstrates that the elemental spectrum of the
nanoparticles consists of C, N, O, Ru, and Gd, distributed uniformly
within the nanostructure. A subsequent XPS assessment provided a
detailed chemical and elemental profile for the DRu/Gd NPs, high-
lighting an abundance of C, O, N, Ru, and Gd (Fig. 1e). Detailed spectral
analysis, such as Cl1s, N1s, and O1s, revealed diverse bonding scenarios,
like C=C, C-C, C-O, C-N, and O-C-O (Fig. S1). Notably, the high-
definition spectrum showcased peaks correlating with Ru 3p at 464.7
and 485.3 eV, and those connected to Gd 4d at 142.7 and 147.7 eV.
These peaks solidify that both Gd and Ru are intertwined within the
DRu/Gd NPs framework (Fig. 1f-g) [43]. Furthermore, the powder
X-ray diffraction (XRD) pattern in Fig. 1h ascertained the synthesized
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Fig. 1. (a, b) TEM images of DRu/Gd NPs with different magnifications; (c) The size distribution of DRu/Gd NPs; (d) EDS elemental maps of C, N, O, Ru and Gd
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UV-vis absorption of Ru(dcbpy)sCl, and DRu/Gd NPs; (j) Fluorescence spectrum of Ru(dcbpy)sCl; and DRu/Gd NPs.
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nanocrystals possess a predominantly amorphous character [44].
Fourier transform infrared spectroscopy (FTIR) confirmed the presence
of Ru, DA and a BIX ligand coordinated to the Gd(III) metal ions
(Fig. S2). The FTIR spectrum shows the disappearance of the bands
corresponding to the catechol ~OH groups of DA in the range of v =
3000-3500 cm ™, reflecting their deprotonation, the stretching and
bending vibrations of the amine group (3340 and 1618 cm™, respec-
tively), and the stretching vibrations of C-H (3040 c¢m ) and C-C of the
aromatic ring (1550 em™ D). Moreover, the vibration band assigned to a
C-O stretch for the catechol coordinated to the metal appeared in the
frequency range 1200-1300 cm'. Additionally, typical vibrational
bands of the BIX ligand (v = 1520, 1262, 1105 em 1) were observed in
the FT-IR spectra [45]. Concerning gadolinium, the inductively coupled
plasma-mass spectroscopy (ICP-MS) results verified its presence at
16.8% within the nanoparticles. Next, the optical attributes of the
DRu/Gd NPs were assessed and juxtaposed with those of Ru(dcbpy)sCla.
As depicted in Fig. 1i, the UV-vis absorption of DRu/Gd NPs at 303 nm
and 475 nm aligns closely with Ru(dcbpy)sCly (304 nm and 479 nm),
suggesting that the integration of Ru(dcbpy)sCl; has a negligible effect
on these properties. Furthermore, the fluorescence emission patterns of
DRu/Gd NPs mirror those of Ru(dcbpy)sCly, with both exhibiting a
pronounced red fluorescence near 655 nm (Fig. 1j). These findings
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confirm the preservation of the red emission from Ru(dcbpy)sCls in the
nanoparticles, and that the coordination procedure doesn’t compromise
the DRu/Gd NPs’ optical features.

3.2. The synthesis and properties of DRu/Gd@CM NPs

Subsequently, the cell membrane from breast cancer cell 4T1 was
isolated (Fig. S3) and layered onto the nanoparticle surface via physical
extrusion. An examination of the physicochemical attributes of DRu/
Gd@CM NPs, before and after the cell membrane coating, was con-
ducted. Fig. 2a-b highlight a discernible core-shell design for DRu/
Gd@CM NPs and an uneven surface, signifying the presence of the
cancer cell membrane. The protein composition of DRu/Gd@CM NPs
was further analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). The results showed that DRu/Gd@CM NPs
had almost the same protein composition as the original 4T1 cell
membrane (Fig. 2¢), which further proved the success of cell membrane
coating. DLS data revealed an increase in diameter from 252 nm for
DRu/Gd NPs to 286 nm for DRu/Gd@CM NPs (Fig. S4). Concurrently,
the zeta potential of DRu/Gd@CM NPs was clocked at —21.23 mV,
resembling the potential of cancer cell membrane-derived vesicles
(—23.5 mV) but markedly diverging from the DRu/Gd NPs (—8.79 mV)
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Fig. 2. (a, b) TEM image of DRu/Gd@CM NPs with different magnifications; (c¢) SDS-PAGE-based protein analyses of DRu/Gd@CM NPs, 4T1 cell membrane and
DRu/Gd@CM NPs; (d) Thermal image of the solution with different concentration of DRu/Gd@CM NPs in 10 min; (e) Temperature curve of the solution with
different concentration of DRu/Gd@CM NPs in 10 min; (f) Temperature curve of the DRu/Gd@CM NPs solution with different radiated power of in 10 min; (g)
Temperature changes of DRu/Gd@CM NPs during five on/off cycles. (h) Longitudinal relaxivity r1 of DRu/Gd@CM NPs and the corresponding T1 and T1map images
inserted; (i) The corresponding UV-vis absorption spectra of the mixture of ABDA and the DRu/Gd@CM NPs with different irradiation time periods.
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(Fig. S5). Collectively, these observations attest to the successful coating
of the cancer cell membrane on DRu/Gd NPs.

Dopamine, acting as a precursor molecule, undergoes autoxidative
polymerization to generate polydopamine, equipping multifunctional
nanoparticles with photothermal agents [46]. Consequently, the pho-
tothermal conversion attributes of DRu/Gd@CM NPs were scrutinized.
Infrared thermal imagery and corresponding temperature graphs
(Fig. 2d—e) show that DRu/Gd@CM NPs’ temperatures vary based on
concentration and exposure duration to laser. Specifically, after a
10-min laser exposure (1.5 W/cmz), temperatures of DRu/Gd@CM NPs
solutions surged, with peaks at 23.1, 28.1, 33.8, 42.6, 49.6, 59.3 °C for
varying concentrations. Contrastingly, the equivalent volume of pure
water under identical conditions saw a modest 1.8 °C increase. More-
over, the temperature dynamics of the DRu/Gd@CM NPs solution also
exhibited dependence on laser power. Fig. 2f indicated that with apex
temperature rises as the at power densities increased respectively.
Additionally, DRu/Gd@CM NPs showcased steadfast photothermal
conversion throughout four laser cycles (Fig. 2g), signifying impressive
photothermal resilience without notable temperature drop-offs in the
subsequent photothermal reactions.

MRI stands as a pivotal tool in disease diagnosis due to its non-
invasiveness and high-resolution capabilities. Metal ion complexes,
namely those involving manganese, gadolinium, and iron, have emerged
as instrumental for MRI. However, these complexes grapple with a slew
of challenges, such as pronounced toxicity, abbreviated half-life, and
attenuated signal strength [47,48]. Addressing this, the conveyance of
metal ions via DRu/Gd@CM NPs seeks to elevate the imaging efficacy of
these metal complexes. As the concentration of Gd amplifies from 0.01
mM to 0.4 mM, there’s a marked increase in the T1-weighted MRI signal
intensity mediated by DRu/Gd@CM NPs. The longitudinal relaxivity
coefficient (rl) registers at 5.66 mM! s7! (Fig. 2h), which outstrips
most of the hitherto reported T1-weighted contrast agents. Hence, this
amalgamation of findings points to the potential of DRu/Gd@CM NPs
acting as formidable CAs for T1-weighted MRI in tumor imaging.

Photodynamic therapy (PDT) has gained traction as a benign ther-
apeutic modality to extirpate afflicted tissues via a photosensitive pro-
cedure. As shown in Fig. S6, the generation of singlet oxygen (105) by
Ru-complexes has been ascertained by the electron spin resonance
(ESR). Given that 'O, interacts with ABDA, causing a dip in its absorp-
tion at 378 nm, it’s thus feasible to gauge 10, generation. Upon amal-
gamating Ru(dcbpy)sCl; or the DRu/Gd@CM NPs (80 mM) with ABDA
(100 mM) and subsequently subjecting them to 660 laser exposure (0.5
W/cm?), there’s a conspicuous reduction in absorption of 88.6% for Ru
(dcbpy)sCly and 91.1% for the DRu/Gd@CM NPs, all within a span of
25 min (Fig. 2i). These observations underscore the formidable 102
generation prowess of DRu/Gd@CM NPs, which stems from the ligand,
Ru(dcbpy)sCly. In stark contrast, the control samples exhibited tena-
cious stability under analogous conditions (Fig. S7). Moreover, when
subjected to 660 nm laser irradiation, the fluorescence intensity of the
solution amalgamating DRu/Gd@CM NPs and DCFH, illuminated at
525 nm, considerably surpasses its non-irradiated counterpart. This
disparity is both concentration and time-sensitive (as seen inFig. S8).
Such revelations reinforce the premise that DRu/Gd@CM NPs are adept
at generating 'Oy, thereby accentuating their potential in photodynamic
therapy.

3.3. Cell uptake and in vitro anticancer performance

A salient property of tumor cells is their homologous targeting,
which is primarily predicated on the specific protein displayed on the
cancer cells. Empirical research has indicated that nanoparticles
camouflaged with cancer cell membranes can modify the cellular uptake
dynamics. Western blot analysis was performed to confirm the cell
adhesion molecules (EpCAM, galectin-3, and CD-47) expressed by 4T1
tumor cells, which is relevant for homotypic targeting and reduction of
uptake by macrophages, thus realizing the specific recognition and
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binding of CM coated nanoparticles and cancer cells (Fig. S9). The
effective internalization of therapeutic nanoparticles into tumor cells is
paramount to achieving a robust therapeutic outcome. From the data
presented in Fig. S10, it’s evident that 4T1 cells rapidly internalize the
DRu/Gd@CM NPs, with the fluorescence intensity inside the cells
showing an incremental pattern over the span of 4 h.

To investigate the specificity of DRu/Gd@CM NPs to homologous
4T1 cells, the targeting capability of DRu/Gd@CM NPs to 4T1 cells,
L1929 and MDA-MB-231 cells were verified by CLSM. The results showed
that the 4T1 group had the highest uptake efficiency and fluorescence
intensity, demonstrating the specific binding ability of DRu/Gd@CM
NPs to homologous 4T1 cells (Fig. 3a&3b). Further experimentation,
where both DRu/Gd NPs and DRu/Gd@CM NPs were co-cultured with
4T1 cells as depicted in Fig. S11. Using laser confocal microscopy as a
tool, it was discerned that nanoparticles encapsulated within cell
membranes exhibit superior internalization by the 4T1 cells, thus
signifying their inherent targeting capabilities. A significant advantage
of biomimetic nanomaterials, especially those encapsulated with tumor
cell membranes, lies in their capacity to evade macrophage clearance,
thereby ensuring optimal accumulation in tumor tissues. In experiments
that incubated macrophage-like RAW 264.7 cells with both DRu/Gd NPs
and DRu/Gd@CM NPs, confocal laser scanning microscopy (CLSM)
observations (Fig. S12) indicated a palpably diminished fluorescence
intensity in the DRu/Gd@CM NPs cultured cells when compared to the
DRu/Gd NPs. This substantiates the premise that a cancer cell mem-
brane coat can markedly attenuate immune clearance. To further probe
the reactive oxygen species (ROS) generating potential of DRu/Gd@CM
NPs within cancer cells, Ru/Gd NPs were incubated with the probe 2/, 7
dichlorodihydrofluorescein diacetate (DCFH-DA). As elucidated in
Fig. 3c&d, 4T1 cells treated with DRu/Gd@CM NPs and DCFH-DA
manifested pronounced green fluorescence under 660 nm laser expo-
sure, with the fluorescence intensifying in a concentration-dependent
manner. Contrarily, the control group exhibited negligible green fluo-
rescence signals, underscoring the fact that DRu/Gd@CM NPs can
potentiate ROS production post-irradiation within cancer cells.

To assess and compare the in vitro cytotoxicity of PDT effect of Ru-
complex and, PTT effect arisen from PDAs, CCK-8 assay was per-
formed. 4T1 cells were cultured with DRu/Gd@CM NPs, and radiated by
NIR laser (660 nm with 0.5 W/cm?, 808 nm with 1.5 W/cm? or 660,/808
nm with 0.5 W/cm? and 1.5 W/em?, respectively) for 10 min. Fig. 3e
indicates that treating the cancer cells with DRu/Gd@CM NPs concen-
trations between 0 and 200 pg/mL showed no notable cytotoxicity in the
case of no irradiation, highlighting the biocompatibility of the nano-
particles. On the contrary, cells subject to NIR irradiation feature a
positively dose-dependent cytotoxicity. DRu/Gd@CM NPs treated by
the combined NIR laser irradiation (PDT/PTT: 660/808 nm) display the
highest cytotoxicity. Especially, the cell viability is 28.3% for DRu/
Gd@CM NPs treated group after the combined PDT/PTT treatment.
While it is 47.9% or 41.8% for DRu/Gd@CM NPs treated group
receiving PDT or PTT alone. Collectively, these results clearly displayed
that DRu/Gd@CM NPs maintained both photothermal and photody-
namic functions and they showed combined effect of PTT and PDT
against tumor cells. The therapeutic efficacy against tumor cells by PDT/
PTT was further confirmed by fluorescent staining of live/dead cells
(Fig. 3f&g). The 4T1 cells were then stained with FITC/PI to verify that
cell death occurred via the apoptotic pathway, i.e., programmed cell
death. It is widely believed that Annexin V binds to exposed phospha-
tidylserine on the cell surface, especially in early apoptosis. As shown in
Fig. 3h, the groups of Control, DRu/Gd@CM, PDT, and PTT all induced
evident apoptosis in 4T1 cells (6.6 %, 11.31 %, 60.1 %, 72.23 %) which
was much weaker than the dual laser-induced apoptosis (89.25 %) in
DRu/Gd@CM NPs (PDT + PTT group). This significant difference is
mainly attributed to the excellent optical therapy capability of DRu/
Gd@CM NPs, including PTT and PDT. Notably, the apoptotic fraction of
treatment with PDT or PTT alone is lesser than the PDT/PTT group,
showcasing the synergistic potency of both PTT and PDT.
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Fig. 3. (a) Fluorescence images of uptake from L929, MDA-MB-231 and 4T1 cells against DRu/Gd@CM NPs, scale bar: 10 pm; (b)Semi-quantitative analysis
indicated targeting for 4T1 cells; (c) CLSM images of intracellular ROS generation from intact 4T1 cells with 660 nm photoirradiation (0.5 W/cm?) in different
concentrations (scale bar: 100 pm); (d) Related of fluorescent semi-quantitative analysis of DCFH; (e) The cell viability of 4T1 cells after incubation with a series
concentration of DRu/Gd@CM accompanied with different treatments, PDT: irradiated with 660 nm laser, PTT: irradiated with 808 nm laser; (g) Quantification bar
plots for live/dead staining; (f) Live/death staining of 4T1 cells after treated with PBS, DRu/Gd@CM, PDT, PTT, and PDT + PTT, Scale bar: 100 pm; (h) Flow
cytometry assay of 4T1 cells after being incubated with different group for 24 h.

In order to investigate the tumor-targeting behavior of the proposed
nanoplatform, the in vivo distribution of DRu/Gd@CM was further
evaluated in a 4T1-bearing nude mice model. Considering that the
quenching effect of PDA on fluorescent ruthenium complexes may affect
the imaging effect, we tagged the DRu/Gd@CM NPs with the near-
infrared dye IR783 for in vivo tracking. As shown in Fig. 4a, 12 h post-

injection, the fluorescence signal in the free IR783 group noticeably
dwindled, suggesting rapid body clearance of unbound IR783. Concur-
rently, DRu/Gd@CM/IR783 NPs exhibited a preferential tumor accu-
mulation, peaking in fluorescence intensity at the 6-h mark.
Remarkably, the tumor fluorescence intensities of the DRu/Gd@CM/
IR783 NPs were obviously stronger than that of free IR783 in different
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Fig. 4. (a) Time-dependent fluorescence imaging of 4T1-Balb/c mice intravenously injected with the DRu/Gd@CM NPs; (b) Quantification of the fluorescence trends
of the corresponding treatment; (c) Ex-vivo NIR fluorescence images and (d) related intensity of IR783 in the harvested organs (heart, liver, spleen, lung, kidney) and
tumors at 48 h post-administration (n = 3); (e) T1-weighted MR images of mouse Balb/c 4T1 breast cancer in axial and (f) MR signal intensity of tumors before and

post the intravenous injection of DRu/Gd@CM NPs.

time points. Moreover, the fluorescence persisted even after 48 h,
indicating sustained retention within the tumor (Fig. 4b). Furthermore,
the fluorescent images of heart, liver, spleen, lung, kidneys, and tumor
were recorded for capturing the distributions of DRu/Gd@CM in these
major organs so as to precisely assess their tumor targeting. Fig. 4c ex-
hibits that almost no fluorescence was detected in the major organs and
tumors of the free IR 783, suggesting IR 783 was removed from the body
after 48 h injection. In the DRu/Gd@CM/IR783 NPs groups, fluores-
cence appeared in the liver and tumor, while the group of DRu/
Gd@CM/IR783 presented the strongest signal in tumors at 48 h
(Fig. 4d).

Given the decent r1 relaxivity and the good cytocompatibility, the
feasibility of Gd-doped nanoparticles as MR T1 contrast agents for tumor
imaging was investigated. DRu/Gd@CM NPs was intravenously
administered into a tumor-bearing mouse to further evaluate its tar-
geting MRI capacity in vivo with 3.0 T MR scanner. The mouse with
subcutaneous tumor was imaged pre- and post-injection of DRu/
Gd@CM NPs and the obtained MR images are presented in Fig. 4e.
Compared to the pre-injection MR image, a marked enhancement in the
tumor region at 3 h post-injection of DRu/Gd@CM NPs is evidenced and
the enhanced MR contrast lasts at least for 9 h, confirming that the DRu/
Gd@CM NPs can accumulate in the tumor region (Fig. 4f). Such results

demonstrate that a large amount of DRu/Gd@CM NPs accumulates in
the tumor owing to the active targeting ability of the cancer cell mem-
brane and the enhanced permeability and retention (EPR) effect
occurring in the vessels of the cancer tissues. Importantly, the
enhancement of the MRI signals in the tumor is capable of continuing for
24 h, which provides adequate time for guiding the following treatment.

3.4. In vivo anti-tumor therapy

Motivated by the promising antitumor effects of DRu/Gd@CM NPs in
vitro, we further investigated their therapeutic efficacy in vivo. The
performance of DRu/Gd@CM was tested on 4T1 tumor-bearing BALB/c
mice. Once the primary tumor volume reached approximately 80 mm?>,
mice were grouped randomly (n = 6) and treated with PBS, DRu/
Gd@CM, PDT, PTT, and PDT + PTT as depicted in Fig. 5a. To begin, we
evaluated the in vivo photothermal properties, as illustrated in Fig. 5b.
When subjected to 808 nm laser (1.5 W/cmz) for 10 min, the tumor
temperature in the PTT group soared to 53 °C. In contrast, the control
group showed negligible change, underscoring the potent photothermal
effects of DRu/Gd@CM NPs (Fig. 5c). Using calipers, tumor volumes
were recorded, with the growth curves depicted in Fig. 5d. Notably,
Fig. 5e demonstrated the treatment outcomes across groups over a 14-
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day period. The PDT + PTT group, in comparison to PBS and other
groups, exhibited remarkable tumor growth inhibition. This antitumor
effect became even more apparent when examining the excised tumors
after the 14-day treatment window (Fig. 5f). The tumors, post-study,
were also weighed (Fig. 5g), corroborating the earlier observations.
Throughout the treatment duration, mice body weight remained rela-
tively stable across groups (Fig. 5h). Besides, histological analysis
including H&E and Tunel staining of tumor tissues showed the typical
histomorphological structures and apoptosis in tumors (Fig. 5i), which
were corresponding to the above results in different groups. These
outcomes declared that the PDT/PTT combined tumor therapy by DRu/
Gd@CM NPs could efficiently inhibit the tumor growth.

The antitumor mechanism of DRu/Gd@CM NPs under irradiation was
explicitly researched for deeply digging into how it fulfilled such an
effective tumor-inhibitory efficacy. Immunofluorescence staining of the
proliferation cell biomarker, Ki-67, was carried out to evaluate the cancer
cells proliferation rate in different groups, 14 days after treatment. This
biomarker is commonly used in the clinic for identifying the prognosis
and effectiveness of treatment in patients [49]. According to the immu-
nofluorescence analyses (Fig. 6a) and their corresponding quantitative
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values (Fig. 6b), the percentages of the tumor cells that were positive for
the Ki-67 biomarker were 78.4 + 5.6%, 66.8 + 4.2%, 41.2 + 4.5%, 31.2
+ 3.8%, and 5.9 + 3.1% for the control, DRu/Gd@CM, PDT, PTT, and
PDT -+ PTT groups, respectively. Therefore, the PDT + PTT group with a
lower percentage of Ki-67-positive tumor cells could effectively control
proliferation compared with the other groups. As a representative cyto-
kine of cellular immunity, the serum tumor necrosis factor TNF-a, plays
an important role in tumor immunotherapy [50]. To further analyze the
immune mechanism of PDT + PTT on tumor inhibition, we detected the
expression of immune cytokine TNF-a. As expected, PDT + PTT treatment
could effectively promote the expression of immune cytokine TNF-a
(Fig. 6¢). This was ascribed to that PDT and PTT are immunogenic cell
death (ICD) inducers via stimulating necrotic cells release damaged
associated molecular patterns (DAMPs), triggering the production of
TNF-a. Therefore, this result further indicates that the combination of
PDT and PTT can effectively activate anti-tumor immune response and
inhibit the growth of tumor cells.

Then, histological analysis of the major organs (heart, lung, liver,
spleen, and kidney) harvested from mice post DRu/Gd@CM NPs assisted
PDT, PTT or PDT/PTT treatment were also carried out by staining to
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Fig. 6. (a) Ki67 and TNF-« stained images of the tumors from different groups on day 15 (scale bar: 100 pm, n = 3); Quantification of the fluorescence intensity of (b)
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assess their in vivo cytotoxicity. Fig. 6d shows representative pictures of
these organs at different time intervals. Compared to the images from
control group, no apparent histological abnormalities or inflammation
lesions could be seen in all these organs from mice treated with DRu/
Gd@CM NPs assisted PDT, PTT or PDT/PTT treatment, thus giving solid
evidence to their positive biocompatibility in vivo. To estimate the po-
tential cytotoxicity to the body post PTT/PDT combined treatment, a
hematology study was carried out. As shown Fig. 6e, no discernible
pathological abnormalities in blood index were observed in all groups.
Collectively, these results suggest that the combined PTT and PDT
mediated by DRu/Gd@CM NPs offers an optimal in vivo therapeutic
approach for treating solid tumors.

4. Conclusion

In summary, we successfully synthesized a multifunctional nano-
platform camouflaged with a cancer cell membrane, termed DRu/
Gd@CM, through a multifaceted approach. This novel construct facili-
tates magnetic resonance imaging-guided combined photothermal and
photodynamic tumor therapies. The morphology of these structures can
be fine-tuned by varying precursor ratios. Encouragingly, inherent traits
of these precursors, such as PDA’s photothermal attributes, magnetic
resonance (MR) responsiveness of gadolinium ions, and the singlet ox-
ygen production capacity of Ru(dcbpy)sCl,, remain intact within these
combined metal nanoparticles. In vitro studies revealed that nano-
particles encapsulated with homologous cell membranes demonstrated
enhanced 4T1 cell internalization and superior immune evasion when
compared to their coordinated counterparts. In vivo, this multifunctional
structure emitted vibrant MRI signals and exhibited both photothermal
and photodynamic therapeutic actions. This culminated in the efficient
curtailment of tumor growth, even leading to complete tumor eradica-
tion within a 21-day window. This successful creation of biomimetic
bimetallic coordinated nanoplatforms, achieved via a multi-pronged
approach for significant advancements in the amalgamation of multi-
ple modules within theranostics. Such developments hold promising
implications for future innovations in bioimaging, biomedicine, and
related domains.
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