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Abstract: Photothermal therapy is a new type of tumor therapy that uses near-infrared laser to specifically
activate the photothermal agent accumulated in the lesion site, so as to achieve thermal ablation of cancer cells.
However, the long metabolic cycle and difficult clearance of photothermal agent materials in vivo are also one of
the major obstacles hindering their clinical transformation. In this work, we used hemoglobin as a novel stabilizer,
hexachloroplatinic acid as a novel oxidant, and pyrrole as a monomer to prepare hemoglobin-stabilized platinum-
based polypyrrole nanoparticles (Hb@PtP) by a one-step oxidative polymerization method and investigated in
detail to study their physicochemical properties, such as morphology and structure. After polyethylene glycol
modification, the particle size of obtained Hb@PtPP was 99.08 + 8.3 nm and the zeta potential was —18.7 £ 1.2 mV.
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Transmission electron microscopy showed that the Hb@PtPP nanoparticles exhibited irregular spherical shape and

uniform dispersion in the system. Under the irradiation of 808 nm laser with different power densities, Hb@PtPP

showed power density-dependent temperature-raising behavior, and CCK-8 and dead-live staining experiments

confirmed that they could effectively exert the photothermal effect to kill tumor cells. Small living animal imaging

results demonstrated that Hb@PtPP had good tumor targeting and retention ability, and achieved tumor growth

inhibition and ablation in vivo under laser excitation. All animal experiments involved in the study were performed

in accordance with the program approved by the Animal Care and Use Committee of the Chinese Academy of
Medical Sciences, Beijing Union Medical College, Institute of Radiation Medicine [IRM/2-IACUC-2312-005].
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Figure 1

The characterization of Hb@PtPP nanoparticles. A: TEM images of Hb@PtPP, scale bar: 200 nm; B: Hydrodynamic size of

Hb@PtP and Hb@PtPP; C: Zeta potentials of Hb@PtP and Hb@PtPP. n = 3, x = s. TEM: Transmission electron microscope
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Figure 2 Structural characterization and photothermal performance analysis. A: UV-vis spectra of Hb@PtPP at different concentrations;

B: Photothermal curve of Hb@PtPP under different power intensities (808 nm; 0.5, 1, 1.5, 2 W-cm™)
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Figure 3 Cytotoxicity of Hb@PtPP. A: Cell viabilities of 4T1 and 3T3 cells treated with Hb@PtPP; B: Cell viability of 4T1 cells treated
with Hb@PtPP and 808 nm laser irradiation (1, 1.5 W-em?, 5 min), n = 3, x+s P<0.001
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Figure 4 Live/dead assay of 4T1 cells incubated with Hb@PtPP followed by 808 nm NIR laser irradiation (1 W-cm?, 5 min). Scale bar:
50 um
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Figure 5 Tissue distribution and tumor suppression assays. A: /n vivo fluorescence imaging of 4T1 tumor-bearing mice after intravenous

injection of Cy5-labeled Hb@PtPP; B: Ex vivo fluorescence imaging of the tumor and major organs; C: Tumor growth curves of different

treatment groups, n = 5, x 5.

P <0.001; D: Changes in body weight of mice during treatment, n =

5, x £ s; E: Terminal deoxynucleotidyl

transferase-mediated dUTP-digoxigenin nick end-labeling (TUNEL) stained fluorescent images, scale bar: 50 um



1818 - Z4% %4k Acta Pharmaceutica Sinica 2024, 59(6): 1812-1818

SRR L 6 B2 05 I B M A AR 2 1,
B B0 e AR e 0, T SAIE 1 208 RN
ARRRE RIS . (51 ) 92 45 S 40
S, ZANRT 6 B8 ORI O B0 6 BT ik, X
RN B S O . 3T AL I — R
BIASBUR M T —Fh a3 i R ¥ 7 T B, B 13
TEiATT T 28 1R G T KT

A R T SRRV S0 A O S A
JAR YIRS, 2T T4 RSN I 15 R
ST 4 R R SCHR B MEBR R K
A5 SRR 0 58 PR 16 ST €5 SR AR SRR B 4

RIGERZE: A ST {1 75 WA LR R R

References

[1]  Pham TTD, Phan LMT, Cho S, et al. Enhancement approaches
for photothermal conversion of donor-acceptor conjugated poly-
mer for photothermal therapy: a review [J]. Sci Technol Adv
Mater, 2022, 23: 707-734.

[2] Fu M, Shen Y, Zhou H, et al. Gallium-based liquid metal micro/
nanoparticles for photothermal cancer therapy [J]. J Mater Sci
Technol, 2023, 14: 222-233.

[3] Shi XL, Tian Y, Liu Y, et al. Research progress of photothermal
nanomaterials in multimodal tumor therapy [J]. Front Oncol,
2022, 12: 939365.

[4] Yang XZ, Wen LF, Xu G, et al. Multifunctional organic nanoma-
terials with ultra-high photothermal conversion efficiency for
photothermal therapy and inhibition of cancer metastasis [J].
Bioorg Chem, 2023, 130: 106220.

[5] Lv ZQ, He SJ, Wang YF, et al. Noble metal nanomaterials for
NIR-triggered photothermal therapy in cancer [J]. Adv Healthc
Mater, 2021, 10: ¢2001806.

[6] Wang XX, Cao DW, Tang XJ, et al. Coating carbon nanosphere
with patchy gold for production of highly efficient photothermal
agent [J]. ACS Appl Mater Interfaces, 2016, 8: 19321-19332.

[7]  Sun TT, Dou JH, Liu S, et al. Second near-infrared conjugated
polymer nanoparticles for photoacoustic imaging and photothermal
therapy [J]. ACS Appl Mater Interfaces, 2018, 10: 7919-7926.

[8] Yang HF, Amari H, Liu LJ, et al. Nano-assemblies of a soluble
conjugated organic polymer and an inorganic semiconductor for
sacrificial photocatalytic hydrogen production from water [J].
Nanoscale, 2020, 12: 24488-24494.

[91 Wang W, Zhang SL, Zhang LH, et al. Electropolymerized bipolar
poly(2,3-diaminophenazine)cathode for high-performance aqueous
Al-ion batteries with an extended temperature range of —20 to
45 °C [J]. Adv Mater, 2024. DOI: 10.1002/adma.202400642.

[10] VonWald IA, Moog MM, LaJoie TW, et al. Morphology, structure,

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

and enhanced intramolecular conduction in ultralong conjugated
polymer brushes [J]. J Phys Chem, 2018, 122: 7586-7596.

Xu BB, Lu M, Kang JH, et al. Synthesis and optical properties of
conjugated polymers containing polyoxometalate clusters as
side-chain pendants [J]. Chem Mater, 2005, 17: 2841-2851.

Yan J, Huang Y, Liu XD, et al. Polypyrrole-based composite
materials for electromagnetic wave absorption [J]. Polym Rev
(Philadelphia, PA, U. S.), 2021, 61: 646-687.

Lapka T, Vil¢akova J, Kopecky D, et al. Flexible, ultrathin and
light films from one-dimensional nanostructures of polypyrrole
and cellulose nanofibers for high performance electromagnetic
interference shielding [J]. Carbohydr Polym, 2023, 309: 120-126.
Geng SN, Zhao H, Zhan GT, et al. Injectable in situ forming
hydrogels of thermosensitive polypyrrole nanoplatforms for
precisely synergistic photothermo-chemotherapy [J]. ACS Appl
Mater Interfaces, 2020, 12: 7995-8005.

Li HY, Li YH, Su LN, et al. Enzyme-empowered "two birds
with one stone" strategy for amplifying tumor apoptosis and
metabolic clearance [J]. Adv Sci (Weinh), 2024, 11: e2308251.
Wang ML, Pan W, Xu Y, et al. Microglia-mediated neuroinflam-
mation: a potential target for the treatment of cardiovascular
diseases [J]. J Inflamm Res, 2022, 15: 3083-3094.

Leiva A, Saldias C, Quezada C, et al. Gold-copolymer nanopar-
ticles: poly(e -caprolactone)/poly(N-vinyl-2-pyrrolydone) biode-
gradable triblock copolymer as stabilizer and reductant [J]. Eur
Polym J, 2009, 45: 3035-3042.

Lei C, Liu XR, Chen QB, et al. Hyaluronic acid and albumin
based nanoparticles for drug delivery [J]. J Control Release,
2021, 331: 416-433.

Phan TTV, Bui NQ, Moorthy MS, et al. Synthesis and in vitro
performance of polypyrrole-coated iron-platinum nanoparticles
for photothermal imaging [J].
Nanoscale Res Lett, 2017, 12: 570-582.

Wang QY, He J, Qi YC, et al. Ultrasound-enhanced nano catalyst

therapy and photoacoustic

with ferroptosis-apoptosis combined anticancer strategy for meta-
static uveal melanoma [J]. Biomaterials, 2024, 305: 122-134.

Xu X, Mao HF, Wu YC, et al. Fabrication of methylene blue-
loaded ovalbumin/polypyrrole nanoparticles for enhanced photo-
therapy-triggered antitumour immune activation [J]. J Nanobio-
technology, 2022, 20: 297.

Jin YS, Yang X, Tian J. Targeted polypyrrole nanoparticles for
the identification and treatment of hepatocellular carcinoma [J].
Nanoscale, 2018, 10: 9594-9601.

Alayash AI. Oxygen therapeutics: can we tame haemoglobin?
[J]. Nat Rev Drug Discov, 2004, 3: 152-159.

Zheng T, Wang WT, Ashley J, et al. Self-assembly protein super-
structures as a powerful chemodynamic therapy nanoagent for

glioblastoma treatment [J]. Nanomicro Lett, 2020, 12: 151.



