40 HOW T B 2k Vol. 40 No.9
20234F 9 H Chinese Journal of Medical Physics September 2023 _ 1161 -
DOI:10.3969/j.issn.1005-202X.2023.09.017 i;}é]jj #}_3 7H—7H—

LETHEMNRNFEEDNEF ST PRINA

PRI F, KA, R R BRI A
HRERCE R TREOR B, Bl &8 ASF 830017

[EE]&& L HEmKET (PBNPs)\ THR T 5 TARAE TG LA BT R AAEE M Ae & AR50, 5k
FlAe ) 2k, BEPEANILLEMA B F 69451, PBNPs o] 45 4 22 2864 25 My B AR Fo sk S 4k R 42 P 04 17
JAAVE MRI A, 75 iR A5 6 2 HE A B, 7T A 2 2542 & B 1% 69 A% R 2 PBNPs 2 2406 7 A 44 K Bl 69 AR AL 38 57 o B AL FA3 A
AN ith T 07 2, AT AT R PBNPs /£ £ 4 B 5 ¥ AR5 04 97 7 dn o o A it 47 4538, B JE %) PBNPs #9748 X BF 5032 4%

}ﬁ%—l)
[XBRESEE; ARET AW EF R 5
[ES%ES]R318.08

[ZEktRERG]A

[ ZE 45 11005-202X(2023)09-1161-06

Application of Prussian blue nanoparticles in biomedical diagnosis and treatment

GU Yalong, ZHU Jingyu, XIONG Jiabao, ALIFU Nuernisha

School of Medical Engineering and Technology, Xinjiang Medical University, Urumqi 830017, China

Abstract: Prussian blue nanoparticles (PBNPs) have attracted extensive attention in recent years because of their adjustable

size, easy synthesis and surface modification, high photothermal stability and biocompatibility. The hollow mesoporous

structure and ion exchange characteristics of PBNPs allow it to be used as an ideal drug carrier and an antidote to radioactive

cesium or thallium poisoning. Being used as contrast agent in MRI and photoacoustic imaging can significantly improve the

image quality. In addition, PBNPs have achieved satisfactory efficacy in photothermal therapy and catalytic therapy of nano

enzymes. Herein an overview on the applications of PBNPs in biomedical imaging and treatment in recent years is presented

for providing some references for the related research of PBNPs.
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Table 1 PBNPs synthetic methods and characteristics
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JIK B il MRS, L6 1.4 THIREZ B r1=16.4 m/(M-s),
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IRE 10%. JEHIARY TR T REBGR TR R AV |
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R[] 25 S PR Rl 25 S M DR AIOR . Zhe 5527 R
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KR ] LASEEG R G087 A A kA i DLM
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it R A UL AR L, LA S5 R R IR RCR K
AARAERE S . PBNPs HH TR FAE A Ak 4 @A i
TS, Of H HAR b H40(1.16x10°) JL-F- LE Fe,O,
YRR (3.02x10°) fm — 4D . PBNPs 7E AR pH
TR R i A ALY (POD) 3t 48 AL S (CAT) Fl
A LYIE LR (SOD) A fbARM: , BEA R HLO, |
OH- F1HOO- % ROS™ ., [Ht,PBNPs L) 72 HIF
Y3l 117677 (Photodynamic Therapy, PDT) Fl$it &L iA
IT I

PDT & —FBi A BOAR | 8 i s S8R o 5
SR HAE R = A ROS R A FE a4 5 AEE: , AR 40174 i
AR (TME ) 25/ BRI PDT 99740, PBNPs HA7
CAT 194544, AT DL 38 15 Fenton 2 o K I eg (R 5 i e
& H,0, 50 0, , 3= PDTRCR . A 2F K iGr
Ce6 ¢ 2 51 v 25 -4 - 5 9 K il TR AuPt@HPBs 1,
345 Ce6-Au-Pt@HPB KUk, 3 ik B #f ik i 3
FN/NEAR NG, T S8 RR 1 1 5808 3% R KON
(Enhanced Permeability and Retention Effect, EPR) , 4}
ORI R AEAE R, K IR (oA Hhadd 1A H,O,
AL A K O, 1E 660 nm OGBS T, YGHH) Ce6
W O 5L A LR AS S ('0,) AFEIEE 40 AL, IR, 34T O,
AT LA FAAR g 07 HIF- 1o B 263K, DT /0 i e %)
%67 . Rt —4R s PDTIAYT RIS, Wang 2514041
H—FlOSE SSRGS AT T S . BER & ZFE(PEG)
£ 108 IR AN K 25%) PEG-Ce6-Pei@PB 1 I3 1 R 1
B PR , B 206 W e (PED) (O 41 i 2514 F11 PBNPs
YRR (1 PDT L [RIG 58 T e 91697 38R

PBNPs 9Kl fEHT & AR YT E R AR R T2 .
4 NAR N G T SR B A SR AR RN, SRR A
B M2k £ 74 , 3o Y ROS 5 [ (108 P 48 SE 7] 2
SRR O MR P FRAGY & 4 . Zhang %7
W —Fh3t T 224 33 & 15 (PMPB) f 324 1At
TT(Sim) B9IARITH . RN FMARSN LI R0 %3677 )
TR M AR T S koS R B A B e rb () S8 AR 1 38 A2
s o PR R s B VN BN v b | = =
Sy T R R i e AR LUK e ok e i ol S
B, R e sh Bk RERE AL . [RIRS, Rl Y Min® P 35,
& & H,0, 1) sh ks AR A AL 4 5E 1Y) MRI, BB I H,0,
FHSER SRS RERE AL A . Hou 251 1o Motk Y oSt
M A RBETrp s 1 P 90 K i (HPBzyme ) , 78K
RIS G 2 90 K ifiE 3 ROS Fl Racl-NF-xB 55
5 O B OGN SO DA RAE D An A
R AN I T, 39 i COL2 F1 Aggrecan 335,
PRI AT B B T R IR R

PBNPs 2K il i ] LIIG YT AAE M , 2 e ki 28
AU MR G O TE A2 . ROS o B 77 AR R S e 1

J 75 1 (14 S i, PBNPs 44 K il ] LU 358 BR 22 A 1Y)
ROS. Zhao 55" 2 5 £, 4 LI ot Bl (PVP) A& 1 1)
PBNPs(PPBs) , & /MATGKHIE T PPBs HLA7 Hi (LY ROS
TEBREE ST . 764 MR SR (Dextran Sulfate Sodium
Salt, DSS )75 5 45 1 28 /)N BT AR Py S 56 v & B0, 1
S A R K AL /N RS B B S S, IRl L, 420
03 MT R BN S DX ™ F AR | AR A K R
T ANZE 7 b K™ E A , M5 PPBs 41 /MR 25 7 6
DX SRAN S 7 AR et A , B LR s T 2 v iy
FEANML LT 504121 , 331 PPBs X} DSS i S 145 1 4
ANEREAT BRI ER . B35 ROS FAW)
J5T (RONS ) 9 3 15 7 A= Bl DA A 2 Ml A 4 174) X [R]
F. Zhang E0HF kT HAT ZEEE A O E 1 iE
YK (HPBZs) o RSN N AIFSE K BRI A0 K il g
RO AR A R B 3 AL PR TR TG R B Bl b 22
Prdrr, A B4 s e o P 463 475 (%) B 521, %
HABTF i o XL B AL RONS AHIC B 1)
W

7 RESRE

PBNPs J&: A= ) 5“0 v — b AR A A R TSt i)
GURFTRL, TELG MBIk FEAEERIMRRE B BUR DL
I MAUK R AEAL IR T 7 A N o ARk, Bt
FHILET PBNPs K T HZ M ZUIRE2)7 — Ik &,
WERRITERG e iRy DEsh nia kG 2 id
KA JXEET- B[RRI ] T PBNPs (9 2 FhILE 7E50
fISyr i R b B MBI RIRCR o (B2, X AT
AT I A B WK R PBNPs (9415247
MIATE TR A it — R 3 PBNPs ) 25103
JIFRHERVAE Y22 AV , ISR TE R IR R .

[5%30ik]

[1] Keggin JF, Miles FD. Structures and formula of the Prussian blues and
related compounds[ J]. Nature, 1936, 137(3466): 577-578.

[2] Uemura T, Kitagawa S. Prussian blue nanoparticles protected by poly
(vinylpyrrolidone)[ J]. JACS Au, 2003, 125(26): 7814-7815.

[3] YangR, Qian Z, Deng J. Electrochemical deposition of Prussian blue
from a single ferricyanide solution[J]. J Electrochem Soc, 1998, 145
(7): 2231.

[4] Kong B, Tang J, Wu Z, et al. Ultralight mesoporous magnetic
frameworks by interfacial assembly of Prussian blue nanocubes[J].
Angew Chem Int Edit, 2014, 53(11): 2888-2892.

[5] Vaucher SB, Li M, Mann S. Synthesis of Prussian blue nanoparticles
and nanocrystal superlattices in reverse microemulsions[J]. Angew
Chem Int Edit, 2000, 112(10): 1863-1866.

[6] Escosura AD, Verwegen M, Sikkema FD, et al. Viral capsids as
templates for the production of monodisperse Prussian blue
nanoparticles(J|. Chem Commun, 2008, 13(13): 1542-1544.

[7] WuL, Pang T, Wu L, et al. Preparation and characterization of Prussian
blue coated polymeric nanoparticles via dispersion polymerization
template[J . J Inorg Organomet P, 2020, 30(12): 5074-5084.

[8] Qin Z, Chen B, Huang X, et al. Magnetic internal heating-induced high
performance Prussian blue nanoparticle preparation and excellent



- 1166 -

e
AR

] 22

5540 %:

catalytic activity[ J]. Dalton Trans, 2019, 48(46): 17169-17173.

[9] LulL, Zhang C, Zou B, et al. Hollow Prussian blue nanospheres for
photothermal/chemo-synergistic therapy[ J 1. Int J Nanomed, 2020, 15:
5165-5177.

[10] Carniato F, Gatti G, Vittoni C, et al. More efficient Prussian blue
nanoparticles for an improved caesium decontamination from aqueous
solutions and biological fluids[J]. Molecules, 2020, 25(15): 3447.

[11] Feng K, Zhang J, Dong H, et al. Prussian blue nanoparticles having
various sizes and crystallinities for multienzyme catalysis and
magnetic resonance imaging[ J]. Acs Appl Nano Mater, 2021, 4(5):
5176-5186.

[12] Zhou T, Liang X, Wang P, et al. A hepatocellular carcinoma targeting
nanostrategy with hypoxia-ameliorating and photothermal abilities that
inhibits metastasis and recurrence combined with immunotherapy[J].
Acs Nano, 2020, 14(10): 12679-12696.

[13] Xu YT, Hao Y, Li W, et al. Near-infrared responsive doxorubicin loaded
hollow mesoporous Prussian blue nanoparticles combined with
dissolvable hyaluronic acid microneedle system for human oral cell
carcinomal J . J Biomed Nanotechnol, 2020, 16(5): 721-738.

[14] Feng T, Wan J, Li P, et al. A novel NIR-controlled NO release of
sodium nitroprusside-doped Prussian blue nanoparticle for synergistic
tumor treatment[ J |. Biomaterials, 2019, 214: 119213.

[15] Wu W, Yu L, Pu Y, et al. Copper-enriched Prussian blue nanomedicine
for in situ disulfiram toxification and photothermal antitumor
amplification[ J]. Adv Mat, 2020, 32(17): 2000542.

[16] Lin X, Cao Y, Li J, et al. Folic acid-modified Prussian blue/
polydopamine nanoparticles as an MRI agent for use in targeted
chemo/photothermal therapy[ J |. Biomater Sci-UK, 2019, 7(7): 2996-
3006.

[17] SuYY, Teng Z, Yao H, et al. A multifunctional PB@mSiO,-PEG/DOX
nanoplatform for combined photothermal-chemotherapy of tumor[ J].
ACS Appl Mater Inter, 2016, 8(27): 17038-17046.

[18] Peng J, Yang Q, Li W, et al. Erythrocyte-membrane-coated Prussian
blue/manganese dioxide nanoparticles as H,O,-responsive oxygen
generators to enhance cancer chemotherapy/photothermal therapy[ J].
ACS Appl Mater Inter, 2017, 9(51): 44410-44422.

[19] Ohara E, Soejima T, Ito S. Removal of low concentration Cs(I) from
water using Prussian blue[J]. Inorg Chim Acta, 2021, 514: 120029.

[20] Ishizaki M, Akiba S, Ohtani A, et al. Proton-exchange mechanism of
specific Cs" adsorption via lattice defect sites of Prussian blue filled
with coordination and crystallization water molecules [J]. Dalton
Trans, 2013, 42(45): 16049-16055.

[21] Lee WJ, Choi SS, Lee SH, et al. Physicochemical in-situ synthesis of
Prussian blue for cesium removal[J]. Mater Technol, 2021, 55(4):
591-595.

[22] Lavaud C, Kajdan M, Compte E, et al. In situ synthesis of Prussian
blue nanoparticles within a biocompatible reverse micellar system for
in vivo Cs* uptake[J]. New J Chem, 2017, 41(8): 2887-2890.

[23] Koshiyama T, Tanaka M, Honjo M, et al. Direct synthesis of Prussian
blue nanoparticles in liposomes incorporating natural ion channels for
Cs* adsorption and particle size control[ J]. Langmuir, 2018, 34(4):
1666-1672.

[24] Dumani DS, Cook JR, Kubelick KP, et al. Photomagnetic Prussian blue
nanocubes: synthesis, characterization, and biomedical applications
[J]. Nanomed-Nanotechnol, 2020, 24: 102138.

[25] Gao R, Xu Z, Ren Y, et al. Nonlinear mechanisms in photoacoustics-
powerful tools in photoacoustic imaging[ J |. Photoacoustics, 2021, 22
(6075): 100243.

[26] Park EY, Lee H, Han S, et al. Photoacoustic imaging systems based on
clinical ultrasound platform[ J]. Exp Biol Med, 2022, 247(7): 551-560.

[27] Liang X, Deng Z, Jing L, et al. Prussian blue nanoparticles operate as
a contrast agent for enhanced photoacoustic imaging [J]. Chem
Commun (Camb), 2013, 49(94): 11029-11031.

[28] Kim T, Lemaster JE, Chen F, et al. Photoacoustic imaging of human
mesenchymal stem cells labeled with Prussian blue-poly(l-lysine)
nanocomplexes[J]. ACS Nano, 2017, 11(9): 9022-9032.

[29] Kubelick KP, Emelianov SY. Prussian blue nanocubes as a multimodal
contrast agent for image-guided stem cell therapy of the spinal cord
[T]. Photoacoustics, 2020, 18: 100166.

[30] Bui NQ, Cho SW, Moorthy MS, et al. In vivo photoacoustic monitoring
using 700-nm region Raman source for targeting Prussian blue
nanoparticles in mouse tumor model[ J]. Sci Rep, 2018, 8(1): 2000.

[31] Shokouhimehr M, Soehnlen ES, Hao J, et al. Dual purpose Prussian
blue nanoparticles for cellular imaging and drug delivery: a new
generation of T,-weighted MRI contrast and small molecule delivery
agents[ J]. J Mater Chem, 2010, 20(25): 5251-5259.

[32] Cai X, Gao W, Ma M, et al. A Prussian blue-based core-shell hollow-
structured mesoporous nanoparticle as a smart theranostic agent with
ultrahigh pH-responsive longitudinal relaxivity[J]. Adv Mater, 2015,
27(41): 6382-6389.

[33] Perera VS, Chen G, Cai Q, et al. Nanoparticles of gadolinium-
incorporated Prussian blue with PEG coating as an effective oral MRI
contrast agent for gastrointestinal tract imaging[J ]. Analyst, 2016, 141
(6): 2016-2022.

[34] Fetiveau L, Paul G, Nicolas-Boluda A, et al. Tailored ultra-small
Prussian blue-based nanoparticles for MRI imaging and combined
photothermal/photoacoustic theranostics[ J]. Chem Commun (Camb),
2019, 55(98): 14844-14847.

[35] Fu G, Liu W, Feng S, et al. Prussian blue nanoparticles operate as a
new generation of photothermal ablation agents for cancer therapy/[J].
Chem Commun (Camb), 2012, 48(94): 11567-11569.

[36] Gao X, Wang Q, Cheng C, et al. The application of Prussian blue
nanoparticles in tumor diagnosis and treatment[J]. Sensors, 2020, 20
(23): 1-22.

[37] Zhu W, Liu K, Sun X, et al. Mn?"-doped prussian blue nanocubes for
bimodal imaging and photothermal therapy with enhanced performance
[J]. ACS Appl Mater Inter, 2015, 7(21): 11575-11582.

[38] Shou P, Yu Z, Wu Y, et al. Zn** doped ultrasmall Prussian blue
nanotheranostic agent for breast cancer photothermal therapy under
MR imaging guidance[ J]. Adv Healthc Mater, 2019, 9(1): 1900948.

[39] Li D, Wang T, Li L, et al. Designed formation of Prussian blue/CuS
Janus nanostructure with enhanced NIR-I and NIR-II dual window
response for tumor thermotherapy|[J ]. J Colloid Interf Sci, 2022, 613:
671-680.

[40] Jia X, Cai X, Chen Y, et al. Perfluoropentane-encapsulated hollow
mesoporous Prussian blue nanocubes for activated ultrasound imaging
and photothermal therapy of cancer[ J]. ACS Appl Mater Interfaces,
2015, 7(8): 4579-4588.

[41] Zhang N, Wang R, Hao J, et al. Mesoporous composite nanoparticles
for dual-modality ultrasound/magnetic resonance imaging and
synergistic chemo-/thermotherapy against deep tumors [J]. Int J
Nanomed, 2017, 12: 7273.

[42] Shu X, Chen Y, Yan P, et al. Biomimetic nanoparticles for effective
mild temperature photothermal therapy and multimodal imaging|[J ].
J Control Release, 2022, 347: 270-281.

[43] Cao J, Zhu W, Shen AG, et al. Rational synthesis of three-layered
plasmonic nanocomposites of copper Sulfide/Gold/Zinc-doped
Prussian blue analogues for improved photothermal disinfection and
wound healing[J]. J Colloid Interf Sci, 2022, 610: 621-633.

[44] Estelrich J, Busquets MA. Prussian blue: a nanozyme with versatile
catalytic properties[J . Int J Mol Sci, 2021, 22(11): 5993.

[45] Shen W, Han G, Yu L, et al. Combined Prussian blue nanozyme
carriers improve photodynamic therapy and effective interruption
of tumor metastasis[ J]. Int J Nanomed, 2022, 17: 1397-1408.

[46] Wang H, Qu R, Chen Q, et al. PEGylated Prussian blue nanoparticles
for modulating polyethyleneimine cytotoxicity and attenuating tumor
hypoxia for dual-enhanced photodynamic therapy[J ]. J Mater Chem
B, 2022, 10(28): 5410-5421.

[47] Zhang Y, Yin Y, Zhang W, et al. Reactive oxygen species scavenging
and inflammation mitigation enabled by biomimetic Prussian blue
analogues boycott atherosclerosis[J]. J Nanobiotechnol, 2021, 19(1):
1-13.

[48] Hou W, Ye C, Chen M, et al. Excavating bioactivities of nanozyme to
remodel microenvironment for protecting chondrocytes and delaying
osteoarthritis[ J]. Bioact Mater, 2021, 6(8): 2439-2451.

[49] Zhao J, Cai X, Gao W, et al. Prussian blue nanozyme with multienzyme
activity reduces colitis in mice[ J ]. Acs Appl Mater Inter, 2018, 10(31):
26108-26117.

[50] Zhang K, Tu M, Gao W, et al. Hollow prussian blue nanozymes drive
neuroprotection against ischemic stroke via attenuating oxidative
stress, counteracting inflammation, and suppressing cell apoptosis[ J].
Nano Lett, 2019, 19(5): 2812-2823.

(%3 %8 A)



