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[Abstract] Objective To systematically evaluate the in vitro cytotoxicity and hemocompatibility of fluorinated
polyurethane (FPU) micelles using international standardized methods, thereby providing a safety basis for their clinical
application. Methods Biodegradable FPU was synthesized using a two-step polymerization method. The hydrated
particle size and the zeta potential of the micelles were measured by dynamic light scattering, and their morphology was
observed by transmission electron microscopy. In accordance with the relevant standards for in vitro cytotoxicity testing
specified in the biological evaluation guidelines for medical devices (ISO 10993-5:2009, GB/T 16886.5-2017, and GB/T
16886.4-2022) NIH/3T3 and SKOV3 cells were used to assess the effects of FPU micelles at various concentrations on cell
proliferation, membrane permeability, and apoptosis after 24, 48, and 72 hours of treatment. Flow cytometry was used to
analyze the effects of FPU micelles on the cell cycle of NIH/3T3 and SKOV3 cells. Additionally, an in vitro hemolysis assay
was performed to evaluate the hemocompatibility of FPU micelles. Results The particle size of FPU micelles was
approximately 132.5 nm, with a polydispersity index (PDI) of 0.096, which is below 0.150, indicating uniform particle size.
The zeta potential of FPU micelles was —21.5 mV. After treatment with FPU micelles at various concentrations, the
proliferation activity of NIH/3T3 and SKOV3 cells was not affected, and no significant toxicity was observed.
Furthermore, cell membrane permeability was not significantly altered, and no significant apoptosis was induced. Cell
cycle analysis showed that after 72 hours of treatment, the proportion of cells in the GI1 phase increased, while the
proportions of cells in the S and G2 phases decreased, suggesting potential G1 phase arrest. However, no significant
toxicity was observed. Furthermore, hemocompatibility experiments demonstrated that FPU micelles did not cause

erythrocyte rupture or hemolysis, further confirming their favorable biocompatibility. Conclusion FPU micelles did not
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exhibit significant cytotoxicity or hemolysis in vitro, and cell cycle analysis indicated no notable toxicity, demonstrating

good biosafety.
[Key words]

Hemocompatibility
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Fig 1 Characterization of particle size (A), zeta potential (B), and morphology (C) of FPU micelles
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Fig 2 Effects of FPU micelles at different concentrations on
NIH/3T3 cell proliferation
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Fig 3 Effects of FPU micelles at different concentrations on

SKOV3 cell proliferation
48 h 72h

Control

0.248 mg/mL

0.62 mg/mL
1.24 mg/mL
4 AEREFPURSRANE48.72 h/EXINIH/3T3H -89 ( 200x )

Fig 4 Apoptosis of NIH/3T3 cells after 48 h and 72 h incubation with
FPU micelles (original magnification x 200)
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Fig 6 Effects of FPU micelles at different concentrations on LDH release in NIH/3T3 and SKOV3 cells
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Fig 7 The change of cell cycle in NIH/3T3 cells after incubating with FPU micelles at concentrations of 0.248, 0.62, 1.24 mg/mL for 48,72 h
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Fig 8 Effects of FPU micelles at different concentrations on the cell cycle of SKOV3 cells
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Fig 9 Effects of different concentrations of FPU micelles on

erythrocyte compatibility in vitro
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Fig 10 Hemolysis ratio of erythrocytes after incubation with FPU micelles of different concentrations

A, absorbance; B, hemolysis ratio. **P < 0.01.



E PSS AT RS R A

1l 2 oRAR A AE W 22 4 VA 1185

R A 25 5 ) B 04 [R]F, Ao A 9 KBR 0%) 240 A N 2 A4
AETVEAEEIE . GoodmanZ5:2 WFT A& PR, 7 IF H fa (= 3t
1B ) Y 4 AR B0 (AuNPs) i B 4iT i 2R Cos-1. £T 411
KRG AT TR RIS v BB, iy S Ay OR B4 ) 1Y
AuNPsIWITCHH 3. UAb, GRIBRL ) R 5 3R &
T A R 20 M R T A, AN Berry &R MEE R, gy
Fe,O, 4K 0kE (10 ~ 15 nm ) AH HLH, AL 8% 1 448 K ok
(8 nm) T ) W A0 MU FR L, DI S BOH i T3

AWFFEARIEISO 10993-5:2009,. GB/T 16886.5-2017 1
GB/T 16886.4-2022, K FH E H-42 il X FPUME A A 7 41
BEPEIEAL o FPURSH Ry 94 K G e i Uk, 7T 7E 7K AR B
IR AE HLIIA) 00 A5 10 22 44, 55 0B 240 e 3 i 2 A
B WA RS o AR TR AR IR B R A A,
22 oo TR S A R HAE S P 1oy 37 5T X 248 B 7= £ 1 B
i B YA

R LR R, FPUR AL #E24, 48, 72 h, BB B
SZMRINTH/3 T340 . SKOV 32 fd 14 38 5 A1 20 g i s 1,
ARG S AN T, X AT B S5 FPUR IS 40K
RIS FER R AL A OC . S SRR Al D ol 5
AR AR R S A A, DT AR AT ] B

T2 B, 91 oK UK AT 38 38 22 AL 5% i) 4 Jif )]
THERE . GIRAR AT W e IO 97 40 A 2 A= G2/ MUY
RELYS , LAGEZE DN A 348 52 %75 Tij Fe, O, 24 A HURL U ] R
T IS S 22 S AR SRy, TR 22
FEE2 ARSI, FPURCRALBI72 h B 22 S e 2%
BB AT WG L L B3 i ka3, FERE S5 G230 H )
FEAR, 27 AT REAEAEGUIBIBH AT . 1278 Ak P R 5 oy 4t L 2%
JE (Rl B2 >90% ) JIT S5 42 Al 1 2 1 52 BRAG G, ik B4
BEPEVER, DR A0 MO T . R T SR oE ek S A D A 2
R ILSH

= FH A= W R B IR fige 7= 49 1 ML VRATG A5 7T RS
MR 5377 HE 5], JE R KA ) 25 ) B8R 2 i Ik
24 )5 B A 5 L0 A0 M Ak, DR LT 40 AR PR A T T
fli B B S AR AASNE i SE 3 PPN FPUMKE
IR I AR 5, 45 R R 25 MR BE FP U SR A AR 5 2 41
MBS MG . 7RI R, 32 RG22 (Y
A0 5 e 2 ) P S, X FE L TR T 38— i A SR I
B, TS B0 591 92 30 54k v s B il 58 oy 67 0L 9 17
Mo SR, ZIMB I TN EE R . 455K, FPURE
RS R AT 0 I AH 25, S PP U SR A I 2 G 1) [
FHERAE T B MR L A AR

25 LTk, ARG R 24 SR R RGN T
FPUMEH A A= e A, i o A0 MO 2 L A0 S 9 40 S

MR AR AR G A . SR A SRR W, AR E A4
ZRAFT B RAF A AL AR AP 5 4 2k, R 1A
W A RE B IS . ABIF S AIZZEAR AT
HEE A VETEN R T R G SIS Skl PR
BEE T AR 22 VSRR

* * *

FEETTIRE B EWIH A SHE SR R E 1R BFSE 7 18 A A i
T, IV ST IE AT L RIS BRSO E IR S AR, 2R
AR ST AR AR T, PRER I | BT I TR BRI BFE
i H BB, SO, B R SO BRI R S R SR T E
# O RO SRS P ST AT, I X B AR A RAS HEA T I 25 R, ELIR]
X TARR A I T 15T

Author Contribution Wang Chaoyang is responsible for the
conceptualization, writing--original draf, methodology, and investigation.
Sun Lu is contributed to formal analysis, investigation, methodology, and
writing--original draf. Li Jichua, Tan Hong, and Deng Ya are responsible for
formal analysis and supervision. Xu Jianguo and Liang Ruichao are
responsible for funding acquisition, project administration, resources,
supervision, conceptualization, and writing--review & editing. All authors
consented to the submission of the article to the Journal. All authors
approved the final version to be published and agreed to take responsibility
for all aspects of the work.

IR ASNEBEREERATIRME SR E . SRR
PRI R A R M TR AT, RZ AN E T, BRIt
B, BB S PR A AR 35 0

Declaration of Conflicting Interests Xu Jianguo is a member of the
Editorial Board of the journal. All processes involved in the editing and
reviewing of this article were carried out in strict compliance with the
journal's policies and there was no inappropriate personal involvement by

the author. Other than this, all authors declare no competing interests.

£ % X W

[1] RautHK, DasR, LiuZ, et al. Biocompatibility of biomaterials for tissue
regeneration or replacement[J/OL]. Biotechnol J, 2020, 15(12): €2000160.
https://doi.org/10.1002/biot.202000160.

[2]  Patel H. Blood biocompatibility enhancement of biomaterials by heparin
immobilization: a review[]J]. Blood Coagul Fibrinolysis, 2021, 32(4): 237.
DOI: 10.1097/MBC.0000000000001011.

[3] UsuiA, Oshima H, Akita T, et al. Polydioxane (PDS) cord has insufficient
reliability to securely close the sternum([J]. ] Thorac Cardiovasc Surg,
2006, 131(5): 1174. DOI: 10.1016/j.jtcvs.2005.12.043.

[4]  Vert M. Degradable polymers in medicine: updating strategies and
terminology[J]. Int J Artif Organs, 2011, 34(2): 76. DOI: 10.5301/IJAO.
2011.6400.

[5] LiG,LiP, Qiu H, et al. Synthesis, characterizations and biocompatibility
of alternating block polyurethanes based on P3/4HB and PPG-PEG-
PPG[J]. ] Biomed Mater Res A, 2011, 98A(1): 88. DOI: 10.1002/jbm.a.33100.

(6] MIJRIB, Wi, 2R, 5. —FhRENRRAL MBS A R 2R
il 8 B HAEREWFIE (7], DU )1 R 224 4R (BE 22 i), 2024, 55(4): 853. DOL:
10.12182/20240760202.
Tian CX, Luo F, Li ] H, et al. Preparation and performance of a novel
polyurethane microporous film on polypropylene medical mesh
surface[]J]. J Sichuan Univ (Med Sci), 2024, 55(4): 853. DOI: 10.12182/
20240760202.

[7] LiD,YuL,LuZ etal Synthesis, structure, properties, and applications of


 https://doi.org/10.1002/biot.202000160
https://doi.org/10.1097/MBC.0000000000001011
https://doi.org/10.1097/MBC.0000000000001011
https://doi.org/10.1016/j.jtcvs.2005.12.043
https://doi.org/10.1016/j.jtcvs.2005.12.043
https://doi.org/10.5301/IJAO.2011.6400
https://doi.org/10.5301/IJAO.2011.6400
https://doi.org/10.5301/IJAO.2011.6400
https://doi.org/10.1002/jbm.a.33100
https://doi.org/10.1002/jbm.a.33100
https://doi.org/10.12182/20240760202
https://doi.org/10.12182/20240760202
https://doi.org/10.12182/20240760202
https://doi.org/10.12182/20240760202
https://doi.org/10.12182/20240760202
https://doi.org/10.12182/20240760202
https://doi.org/10.12182/20240760202
https://doi.org/10.12182/20240760202

1186

PR A=A (B 2D

5 5745

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

fluorinated polyurethane[J/OL]. Polymers, 2024, 16(7): 959. https://doi.
0rg/10.3390/polym16070959.

Venkatraman S, Boey F, Lao L. Implanted cardiovascular polymers:
Natural, synthetic and bio-inspired(J]. Prog Polym Sci, 2008, 33(9): 853.
DOI: 10.1016/j.progpolymsci.2008.07.001.

Han Y, Jiang Y, Tan P, et al. Waterborne fluorinated polyurethane
containing guanidine for antibacterial and anti-inorganic fouling coatings
with improved mechanical properties[J/OL]. Prog Org Coat, 2022, 173:
107219. https://doi.org/10.1016/j.porgcoat.2022.107219.

Chattopadhyay D, Raju K. Structural engineering of polyurethane
coatings for high performance applications[]J]. Prog Polym Sci, 2007,
32(3): 352. DOI: 10.1016/j.progpolymsci.2006.05.003.

Astafyeva K, Somaglino L, Desgranges S, et al. Perfluorocarbon
nanodroplets stabilized by fluorinated surfactants: characterization and
potentiality as theranostic agents[J]. ] Mat Chem B, 2015, 3(14): 2892.
DOI: 10.1039/c4tb01578a.

Seifu D, Isimjan T, Mequanint K. Tissue engineering scaffolds containing
embedded fluorinated-zeolite oxygen vectors[J]. Acta Biomater, 2011,
7(10): 3670. DOI: 10.1016/j.actbio.2011.06.010.

ISO 10993-5: 2009 International Organization for Standardization.
Biological evaluation of medical devices-Part 5: Tests for in vitro[S].

GB/T 16886.5-2017 B&S s MLE M~ FATA S 530 50: PROMIAERE IR (S).
GB/T 16886.5-2017 Biological evaluation of medical devices-Part 5: Tests
for in vitro cytotoxicity[S].

GB/T 16886.4-2022 P& A bR AW)~# A 5543 50: 15 MU OAH BLAR I
BEPELS].

GB/T 16886.4-2022 Biological evaluation of medical devices-Part 4:
Selection of tests for interactions with blood([S].

Liu T, Hu S, Liu D, et al. Biomedical nanoparticle carriers with combined
thermal and magnetic responses[J]. Nano Today, 2009, 4(1): 52. DOL: 10.
1016/j.nantod.2008.10.011.

Minchin R, Martin D. Minireview: nanoparticles for molecular imaging-
an overview[J]. Endocrinology, 2010, 151(2): 474. DOIL: 10.1210/en.2009-1012.
Wu W, Jiang C, Roy V. Designed synthesis and surface engineering
strategies of magnetic iron oxide nanoparticles for biomedical
applications[J]. Nanoscale, 2016, 8(47): 19421. DOI: 10.1039/c6nr07542h.
Aillon K, Xie Y, El-Gendy N, et al. Effects of nanomaterial
physicochemical properties on in vivo toxicity[J]. Adv Drug Del Rev,
2009, 61(6): 457. DOI: 10.1016/j.addr.2009.03.010.

Oberdorster G, Oberdorster E, Oberdorster J, et al. Nanotoxicology: an

emerging discipline evolving from studies of ultrafine particles[J].

Environ Health Perspect, 2005, 113(7): 823. DOI: 10.1289/ehp.7339.
[21] Powers K, Palazuelos M, Moudgil B, et al. Characterization of the size,
shape, and state of dispersion of nanoparticles for toxicological studies[J].
Nanotoxicology, 2007, 1(1): 42. DOI: 10.1080/17435390701314902.
[22] HeC,HuY, Yin L, et al. Effects of particle size and surface charge on
cellular uptake and biodistribution of polymeric nanoparticles[J].
Biomaterials, 2010, 31(13): 3657. DOI: 10.1016/j.biomaterials.2010.01.065.
[23] Boyoglu C, He Q, Willing G, et al. Microscopic studies of various sizes of
gold nanoparticles and their cellular localizations[J/OL]. Isrn
Nanotechnology, 2013: 123838. https://doi.org/10.1155/2013/123838.
[24] Hoshino A, Fujioka K, Oku T, et al. Physicochemical properties and
cellular toxicity of nanocrystal quantum dots depend on their surface
modification[J]. Nano Lett, 2004, 4(11): 2163. DOI: 10.1021/n1048715d.
[25] Goodman C, McCusker C, Yilmaz T, et al. Toxicity of gold nanoparticles
functionalized with cationic and anionic side chains[J]. Bioconjug Chem,
2004, 15(4): 897. DOI: 10.1021/bc049951i.
[26] Berry C, Wells S, Charles S, et al. Cell response to dextran-derivatised iron
oxide nanoparticles post internalisation[J]. Biomaterials, 2004, 25(23):
5405. DOI: 10.1016/j.biomaterials.2003.12.046.
Asharani P, Mun G, Hande M, et al. Cytotoxicity and genotoxicity of
silver nanoparticles in human cells[J]. ACS Nano, 2009, 3(2): 279. DOI:
10.1021/nn800596w.

Auffan M, Decome L, Rose J, et al. In vitro interactions between DMSA -

[27]

(28]
coated maghemite nanoparticles and human fibroblasts: a
physicochemical and cyto-genotoxical study[J]. Environ Sci Technol,
2006, 40(14): 4367. DOI: 10.1021/es060691k.

Berry C, Wells S, Charles S, et al. Dextran and albumin derivatised iron

[29]
oxide nanoparticles: influence on fibroblasts in vitro[J]. Biomaterials,
2003, 24(25): 4551. DOLI: 10.1016/S0142-9612(03)00237-0.
(2025 — 04 — 231itHi, 2025 — 09 — 04f& )
TR S
FERORER A SCfd A8 AR 5 2 A — AR i M 6
AT 40 PRiF T ML (CC BY-NC 4.0), PEAI{R BiE Vi
https://creativecommons.org/licenses/by-nc/4.0/,
OPEN ACCESS This article is licensed for use under Creative Commons
Attribution-NonCommercial 4.0 International license (CC BY-NC 4.0). For more
information, visit https://creativecommons.org/licenses/by-nc/4.0/.
© 2026 {PUJIIR2F 241 (B 2E R D23

Editorial Office of Journal of Sichuan University (Medical Sciences)


https://doi.org/10.3390/polym16070959
https://doi.org/10.3390/polym16070959
https://doi.org/10.1016/j.progpolymsci.2008.07.001
https://doi.org/10.1016/j.progpolymsci.2008.07.001
https://doi.org/10.1016/j.porgcoat.2022.107219
https://doi.org/10.1016/j.progpolymsci.2006.05.003
https://doi.org/10.1016/j.progpolymsci.2006.05.003
https://doi.org/10.1039/c4tb01578a
https://doi.org/10.1039/c4tb01578a
https://doi.org/10.1016/j.actbio.2011.06.010
https://doi.org/10.1016/j.actbio.2011.06.010
https://doi.org/10.1016/j.nantod.2008.10.011
https://doi.org/10.1016/j.nantod.2008.10.011
https://doi.org/10.1016/j.nantod.2008.10.011
https://doi.org/10.1210/en.2009-1012
https://doi.org/10.1210/en.2009-1012
https://doi.org/10.1210/en.2009-1012
https://doi.org/10.1210/en.2009-1012
https://doi.org/10.1039/c6nr07542h
https://doi.org/10.1039/c6nr07542h
https://doi.org/10.1016/j.addr.2009.03.010
https://doi.org/10.1016/j.addr.2009.03.010
https://doi.org/10.1289/ehp.7339
https://doi.org/10.1289/ehp.7339
https://doi.org/10.1080/17435390701314902
https://doi.org/10.1080/17435390701314902
https://doi.org/10.1080/17435390701314902
https://doi.org/10.1080/17435390701314902
https://doi.org/10.1016/j.biomaterials.2010.01.065
https://doi.org/10.1016/j.biomaterials.2010.01.065
https://doi.org/10.1155/2013/123838
https://doi.org/10.1021/nl048715d
https://doi.org/10.1021/nl048715d
https://doi.org/10.1021/bc049951i
https://doi.org/10.1021/bc049951i
https://doi.org/10.1016/j.biomaterials.2003.12.046
https://doi.org/10.1016/j.biomaterials.2003.12.046
https://doi.org/10.1021/nn800596w
https://doi.org/10.1021/nn800596w
https://doi.org/10.1021/es060691k
https://doi.org/10.1021/es060691k
https://doi.org/10.1016/S0142-9612(03)00237-0
https://doi.org/10.1016/S0142-9612(03)00237-0
https://doi.org/10.1016/S0142-9612(03)00237-0
https://doi.org/10.1016/S0142-9612(03)00237-0
https://doi.org/10.1016/S0142-9612(03)00237-0
https://doi.org/10.1016/S0142-9612(03)00237-0
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

	1 材料与方法
	1.1 细胞和实验动物
	1.2 主要试剂和仪器
	1.3 FPU胶束的合成
	1.4 动态光散射测定FPU胶束粒径和Zeta电位
	1.5 透射电子显微镜观察FPU胶束外观形貌
	1.6 FPU胶束对细胞增殖的影响
	1.7 FPU胶束对细胞膜完整性的影响
	1.8 FPU胶束对细胞凋亡的影响
	1.9 FPU胶束对细胞周期的影响
	1.10 FPU胶束细胞溶血实验
	1.11 统计学方法

	2 结果
	2.1 FPU胶束粒径、Zeta电位和形貌表征
	2.2 FPU胶束对细胞增殖的影响
	2.3 FPU胶束对细胞凋亡的影响
	2.4 FPU胶束对细胞膜通透性的影响
	2.5 FPU胶束对细胞周期的影响
	2.6 FPU胶束体外红细胞相容性考察

	3 讨论
	 作者贡献声明
	 Author Contribution
	 利益冲突
	 Declaration of Conflicting Interests
	参考文献

