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YNpoaoBX OCTaHHIX POKiB Y HAHOTEXHOMNOTIT 3HaYHa yBara 3ocepekeHa Ha BUBHEHHI
BMACTUBOCTEWN HAHOYACTUHOK NPYCbKOi BnakuTi Ta ii aHanorie, AKMM NpuTaMaHHa nigsu-
LLIeHa KaTaniTMyHa akTUBHICTb. Taki HAHOYACTUHKN PO3MMALaloThb SK ansTepHaTUBY Npu-
POLHUM €H3VMMaM, KOTpi iHTEHCMBHO BMKOPUCTOBYHOTb y BioceHcopax, OiarHOCTUYHMX
Habopax i Giomean4HUX gocniokeHHsX. HelllogaBHo 3'sicoBaHo, WO 3aBASKM OKCUAOPE-
OYKTa3Hi akTUBHOCTI (OKCMAA3HIN, NnepokcuaasHiv, cynepokcuaancMyTasHin) HaHodac-
TUHKM NPYCbKOT OnakuTi Ta ii aHanoru, ski Wwe Has3uBakTb HaHO3MMaMu, MOXHa 3acTo-
COBYBaTW SIK CKaBeHIXepW akTuBHUX hopM OKCUreHy, a TakoX SK aHTMOakTepianbHi
Ta npoTusananbHi npenapati. IxHs GiocyMicHICTb i BioaerpagabensbHicTb pobuTb ix
ifeanbHUMKN KaHgmaaTaMum s BUKOPUCTaHHS in vivo. HaHoYacTuHKKM npycbkoi GrnaknTi
€ BUCOKOE(EKTUBHUMMN MEPEHOCHMKAMU ENEKTPOHIB, L0 MarTb OKUCHIOBarbHY Ta
BiQHOBMOBArbHY aKTUBHICTb, TOMY TX MOXHa po3rnagatv sik nepcnekTBHI Mediatopu
M KkaTanizaTopy OKUCHO-BIZHOBHMX peakLuii. OKpiM LibOro, HAaHOYaCTUHKN MpYCbKoi bna-
KUTI MOXHa 3aCTOCOBYBaTW SIK HOCii HaHOMIKIB i sk ©ionoriyHi gaTymkn 3aBAskM 3Ha-
YHi MUTOMIM NNOLLi IXHBOT NOBEPXHI, YHIKaNbHUM XiMIYHUM XapakTepUCTUKaMm i 3MiHHUM
di3nKO-XiMiYHMM BNACTUBOCTSAM, a Lie MOX€e 3Ha4YHO 30iNbLUMTL TepaneBTUYHUIA BNUB
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MeanYHUX npenapartiB. 3acToCcyBaHHA HAHOYACTMHOK NPYCbKOi BraknTi K TepaneBTny-
HUX i OiarHOCTMYHMX 3acobiB OOCArMO 3HAYHMX YCMiXiB Yy GiONOrivHii HAaHOMEOULUUHI.
Ller ornsg npucBsAYeHO MeTogam CUHTE3Y HaHOYACTUHOK MpPYCbKOi OnakuTi, Jocni-
IPKEHHIO CTPYKTYPW, BNACTUBOCTEM, iXHbOI POMi y CTBOPEHHI aHaniTU4YHMX OaTyuKiB,
a TaKoX nepcnekTnBaM iXHbOro 3aCToCyBaHHS B GioMegunLMHI.

Knroyosi crioea: HaHOTEXHOMOriT, HAHOYACTUMHKK, Npycbka GnakuTb i 1i aHanory,
HaHO3WM, LUTYYHUIN EH3UM

BCTYN

Mpycbka 6Gnakmute (MMB) — ue cnonyka 3 ®epymoM B aKTUBHOMY LEHTPI
Fe,[Fe(CN)s],xH,O, ne atomn Pepymy matoTb pisHi CTyneHi okncHeHHs (Fe?'/Fe®"),
a X — KinbkicTb Monekyn Boau. Nb € ogHieto 3 HaMbINbLL OXxapakTepu3oBaHNX KOOPAW-
HauiiHux cnonyk (Davidson, 1937). 3 MoMeHTy Bunaakosoro BiakputTs MNB VoraHHom
Akobom [isbaxom y 1704 p. 3Hagobunocs 6inbw Hixx 300 pokiB Ans iXHLOro 3acTocy-
BaHHS K enekTpoakTmBHoi nnieku (Kong et al., 2014). Moaundikauieto MNMb moxHa oaep-
XaTu HU3KY HOBMX KOOPAMHALMHUX CMOMyK Ha OCHOBI NepexigHWx meTanis, SKi Ha3u-
BaloTb aHanoramu npycbkoi 6nakuti (MBA) (Matos-Peralta & Antuch, 2020). CnisicHy-
BaHHA Fe®* i Fe?" ioHiB HagatoTb MNB LiHHI MarHiTHi, enekTpuYHi i ONTUYHI BNacTUBOCTI.
HanouvacTtuHkm (HY) MB Ta geskux MBA (Mb-HY i NMBA-HY) € wtyyHrMmn eHsumamn abo
HaHo3Mamm (H3), ocKinbKn BOHU MakoTb KaTaniTU4YHi BNAcTUMBOCTI. Y ranysi enekTpoxi-
mii MB-HY i MBA-HY (gani — MNB/MNMBA) 3acToCOBYIOTb SK KaTanisatopu 1 edpekTuBHI Megi-
aTopwy NepeHeceHHs1 eNeKTPoHiIB y cknagi (bio)nanueHmMx komipok i (6io)ceHcopis (Zhang
et al., 2016; Matos-Peralta & Antuch, 2020; Chen et al., 2020; Li et al., 2019). NB/NBA
MaloTb HaA3BUYaNHI XapaKTepUCTUKK, Taki SK MynsTUEeH3UMHa akTuBHiCcTb (Estelrich et
al., 2021), GiocyMicHicTb i 3gaTHICTb 4o GionoriyHoro posknagaHHs. 3aBasku NPOCTOTI
npoLeaypy CUHTE3Y Ta HN3bKIl BApTOCTi BUPOOHMLTBA LiMX CMOMYK, a TAKOX MOXITMBOCTI
KOHTpoOntoBaTtu ixHo dopmy Ta poamip, NB/MBA € ineansHMN MONEKYNAPHUMU HOCI-
MU AN pisHOMaHITHUX Giomornekyrn. Taki HAHOHOCIT LULMPOKO BUKOPUCTOBYHOTL Y Biome-
ONUMHI ANS UinboBOi 4OCTaBKM NikiB, giarHoCTmkK i Tepanii (Xu et al., 2019), 3okpema, sk
aHTMbakTepianbHMX, NpoTU3ananbHUX i NPOTUNYXNNHHMX NpenaparTis (Li et al., 2022).

Y upboMy ornagi MM NogaemMo MeToau cuHTesy Ta xapaktepuctuku MNB/TMNMBA, 3Bep-
Tar4n ocobnmBy yBary Ha ixHi MynsTUEH3MMHI BNacTMBOCTI 1 BioMegnyHe 3HaYEHHS.
MeTa poboTn — 0BrpyHTYBaTM BaXKMBICTb MOAANbLUMX OOCHIMKEHb Y ranysi po3pobku
MB/MBA Ta BUBYEHHS MEPCMNEKTUB TXHbOrO BUKOPUCTAHHSA B OioMeauuuHi ik HOBUX
TepaneBTUYHMX i AiarHOCTUYHUX 3aco0biB.

Mpycbka 6naknTk i it aHanoru. b, abo ®epymy (Ill) rekcauiaHodepar (1) HanexuTb
00 Aobpe BMBYEHOI POOUHN CUHTETUYHUX KoopAMHaUinHMX cnonyk i3 300-pivHoto icTo-
pieto. Y MuHyrnomy NMb BUpo6nsinm KOMepPLiAHO | BUKOPUCTOBYBasu sik NirMeHT ans dapb,
nakis, 6apBHuMKiB Ans npaHHs (Matos-Peralta & Antuch, 2020). INMb i ii aHanoru (MBA)
Nerko CUHTe3yBaTu, BOHW AeLLEBi, EKONOrYHO Ge3neyHi, MatoTb MOTEHLNHE 3aCTOCYBaHHS
y 6aratbox cdepax, BKrovatoum yHaaMmeHTanbHi AOCNIMAXKEHHA Ta NPOMUCHOBI ranyai,
a Takox y meguumHi (Qin et al., 2018). NBA matoTb cknagHy OyaoBy, sika 3Ha4HOK Mipoto
3anexuTb Big MeTogiB cnHTe3y 11 yMoB 36epiraHHst (Komkova et al., 2019; lvanov et al.,
2020; Qin et al., 2018), o B13Ha4ae ixHto 6aratodyHKLiOHanNbHICTb. 3aranbHo hopMy-
noto rekcauiaHodpeparis (HCF) € M,[Fe(CN),]-xH,O, ae M — nepexigHuit metan (puc. 1).
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Puc. 1. lekcauiaHodepaTy nepexigHux MeTanis: cknag, cTpyktypa, mogudikauis Ta CEM 306paxeHHs kpucTtanis pisHoi mopdonorii. A — MB-MK1: Mikpoky6u;
B — MNB-MK2: mikpoky6wu 3i 3pizaHumu kytamu; B — MNB-MK3: mikpokybu 3 roctpumu kpasimu; I" — NMB5-MK4: B 3 Buctynatounmm kpasmu; J — MNMB-MK5:
wectuHori; E — MNMB-MK6: wecTurpanHi 3ipku (Stasyuk et al., 2020; Estelrich et al., 2021; Matos-Peralta & Antuch, 2020, Wang et al., 2019)

Fig. 1. Hexacyanoferrates of transition metals: composition, structure, modification and SEM images of crystals of different morphologies. A — PB-MC1:
microcubes; 5 — PB-MC2: PB cubs with truncated corners; B — PB-MC3: PB cubs with truncated edges; I"— PB-MC4: PB cubs with protrusive faces;
A — PB-MC5: hexapods; and E —-PB-MC6: hexapod stars (Stasyuk et al., 2020; Estelrich et al., 2021; Matos-Peralta & Antuch, 2020, Wang et al., 2019)
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MBA 3a3Buyan oTpMMyHOTb Pi3HUMK MeTogaMu, BKItovatoum ximidHi (Ojwang et al.,
2017; Komkova et al., 2019; Komkova et al., 2018) Ta 6ionoriyni metoan (Gayda et al.,
2021). HannonynsapHiwwuMm € 3miwysaHHs FeCl, i K,[Fe(CN),], 3a3Bnyar 3a HasBHOCTI
NIMMOHHOT KUCIOTK, siKa YTBOPHOE KOMMIIEKCHU 3 ioHamu Pepymy i 3abesnevye GinbLu ogHo-
pigHi HY 3aBasikm 3MeHLIEHHIO LWBUAKOCTI 3apomkeHHsa (Shokouhimehr et al., 2010).
IHWIi MeToaM BKNHOYAKOTL MApOoTEPMANbHUA PO3KNag OAHOro Npekypcopa (Hanpuknag,
K;[Fe(CN),]) (Zheng et al., 2007) abo BigHoBneHHs FeCl,/K,[Fe(CN),] H,0, (Liu et al.,
2002). OcTtaHHin nigxig gae amory otpumMmyBaTn H3 “wtyyHoi nepokcmaasun”. KinbkicTb
AocnigXeHb, MPUCBAYEHMX perynoBaHHIO po3mipiea HY, oTpumaHux pegykytodmm MeTo-
OoM, gocntb obmexeHa. 3okpema, C. K. JTto Ta iH. onucyoTb oTpuMmaHHs HY HeBenuvkoro
po3mipy (npnbnusHo 50 HM) cnocobom noctynosoro goaasaHHsA FeCl, no K [Fe(CN),],
npuyomy obnaea posunHu mictatb H,O, (Liu et al., 2002). O6pobka ynbTpasBykom Aae
3Mory gogartkoBo 3ameHwnTn po3mip HY go 5 um (Fiorito et al., 2005).

Posmip HY moxHa peryntoBaTy 3MiHOK KOHLIEHTpaL,ii BigHOBHMKa (aCKOpOiHOBOI
KUCIOTN) | JogaBaHHAM nonepeaHbo cdopmoBaHMx HY y peakuiHy cymill, y Lbomy
pasi giameTp reHepoBaHux HY He nepesuwiyBaB 150 Hm (Fiorito et al., 2005). Buko-
pUCTaHHS NIMMOHHOI Ta WaBneBol KACMOT sK BiAHOBHUKIB Ja€ 3aMmory ogepxysatn HY
He Tinbku neBHoro po3mipy (Khramtsov et al., 2022), ane 7 3 NigBULLEHOI KaTaniTy-
HOK aKTUBHICTIO, NOpPIBHAHO 3 HY, ski cMHTe3oBaHo TpaguuinHuMm metogom. Bukopuc-
TaHHS NoniMepiB € LLie OOHNM i3 BapiaHTiB peryrntoBaHHsi po3mipy b (Shiba et al., 2019;
Uemura et al., 2003).

B ocTaHHi gecatunittsa i3 po3BUTKOM HAHOTEXHOSOri 3HOBY 3pOCTaE iHTepecC y4ve-
Hux-enekTpoximikie 0o MNB/MNBA, cnpUYnHEHWUIA HaA3BUYAHMMMK BIIACTMBOCTAMU LUX
CMonyK, a caMe OKMCHO-BiAHOBHOK aKTUBHICTIO i HAOMarHiTHUMN XapakTepuCcTUKamu.
Mepenaya 3apsagy Big MeTany 4o MeTany Mk ABOMa ioHaMu nepexigHux metanis y coni
KOMMJIEKCHOI CMOmykn, a TakoX HaHopo3mip MNB/INMBA Bu3HauatoTb Taki BNacTMBOCTI,
AKi € HeobXigHMMK Ons 3acTocyBaHHA y OioceHcopax (Matos-Peralta & Antuch, 2020;
Komkova et al., 2018) i ansTepHaTMBHUX mxepenax eHeprii (He et al., 2019).

EH3nmonoaibHi BnactmeocTi BA y po3umHi BaXkko aHanidyBatu 4epes 3aat-
HicTb 1B Ta MNBA ogHOYaCHO IMITyBaTM aKTMBHICTb KiNIbKOX €H3UMIB, LLO reHepylTb
akTuBHi popmm OkcureHy (nepokcuaasu (MO), cynepokcugancmyTtasm (CO[) Ta kata-
nasu). YncneHHi pobotn onncytoTb 3aaTtHicTb [NBA pearyBatn 3 TunoBuMun cybeTpa-
TaMn UMX eH3umiB, Takumu sk 3,3',5,5'-tetpametundensngud (TMB), 2,2'-a3uHobic
[3-eTun6GeH3oTiasoniH-6-cynbgoHoBa kucrnota] (ABTC) Ta NADH (Wang et al., 2020).
Y xogi getanbHux gocrnigkeHb b sk MO-nogidHoro H3 cnoctepiranu kataniTuyHy
aKTUBHICTb okncHeHHst ABTC TigporeH nepokcugom (Zhang et al., 2014). KaTanis Bia-
OyBaBcs 3rigHo 3 KiHeTuko Mixaenica—MeHTeH, Npu4YoMy BUSIBIIEHO BMCOKY CriopigHe-
HicTb H3 go H,0,. IHwi HaykoBui gocnigxysanu Ky6iuHi kpuctanu Mb giametpom 15 Hm,
SKi Manu Bucoky kaTanitnuHy MO-noai6Hy aktuehictb (Cunderlova et al., 2016). 3na-
YeHHs K,,ans TMB ctanosumno 0,76 mkM, a ana H,O, — 840 mM. MpupogHa MO xpoHy
Ansa TuX xe cybeTpatiB mae 3HadeHns K, 0,147 Ta 3,7 MM, BignosigHo. 3'scoBaHo, Lo
MoamdikoBaHi HaHokpucTanu MNb npuaaTHi 4ns BUKOPUCTaHHS B GioaHanisi y npoueci
3B’A3yBaHHSA 3 BIOTMHOM i CMpPOBATKOBMM anbOymiHOM ntoguHu. BectaHoBneHo, wo H3
Ha OCHOBI koMno3auuii 6ioTMH-INE 30epiratoTb CBOK KaTaniTUYHy akTUBHICTb Wwoao TMB
ta H,0, (Cunderlova et al., 2016).

MB Ta lNBA ycnilHO BUKOPUCTOBYHOTL Y BioceHcopax 3aBasakm ixHiM MNO-noaibHnm
BnacTtnsocTtam (puc. 2) (Wang et al., 2019; Zhang et al.; 2016, Matos-Peralta & Antuch,
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Puc. 2. NO-nogibHa katanituyHa akTuMeHiCTb MBA sk nnatdopma Ans po3pobkm amnepoMeTpuyHnX i konopmumeTpunyHmx (6io)ceHcopis (Stasuk et al., 2020)
Fig. 2. PO-like catalytic activity of PBA as a platform for the development of amperometric and colorimetric (bio)sensors (Stasuk et al., 2020)
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2020; Stasuk et al.; 2021, Gayda et al.; 2021). lNepLie NOBIGOMIEHHS LLIOAO €NEKTPOXi-
MidHoro BigHoBneHHst H,O, Ha NMB-moandikoBaHoMy enekTpoai 3'asunocs we B 1986 p.
(Itaya et al., 1986). Y 2000 p. b ogepxana Ha3y “wTy4Ha 0" (Karyakin et al., 2001).
[MpoTarom ocTaHHWX AecATuniTb onybnikoBaHO GaraTto HaykoBMX Mpaub MPO BUKOPUC-
TaHHs INMB sk wryyHoi MO B amnepomeTpuyHmx bioceHcopax (Karyakin et al., 2001; Zang
et al.,, 2016; Wang et al., 2019; He et al., 2019; Wang et al., 2020; Komkova et al., 2020).

HocnipxeHHs MNO-noaibHoi akTUBHOCTI YOTUPBbOX HEOPTraHiYHMX KacTepis, yTBOpe-
HuX M6 i MNBA, 4ano MOXNMBICTb BUABUTU XEMINFOMIHECLIEHLLIIO 3@ HAABHOCTI JIIOMiHOMY
Ta H,0,, kaTanitTnyHe OKUCHEHHS AodaMiHy 4O aMiHOXPOMY Ta KaTaniTMyHe OKMCIIEHHS
NADH go NAD* 3a HassHocTi H,0O, (Vazquez-Gonzdlez et al., 2017). KatanitnyHa
aKTUBHICTb Oyrna pisHoOt0 Anga KoxHoi crnonyku: MNMb-HY Oynu HanedekTuBHilLMMK nig
Yyac okncHeHHs godaminy Ta NADH 3a gonomoroto H,0,, ToAi Sk Ans reHepauii xeminto-
MiHecueHLUiT HanedekTueHilwmm 6yB NBA, ytBopeHun Fe ta Co (CoFe-l1B).

MB 3 Bucokoto MO-noaibHo akTUBHICTHO BYro CMHTE30BaHO 3a 4ONMOMOTOH BiAHOB-
MEHHs Cymilli peareHTis, LWo yTBOpHOOTL B, 3 BUkopuctaHHam H,O, abo noniaHiniHy
(Komkovaetal.,2018). ABTOpM 3a3Ha4Mmnu, WO NoYaTkoBa LWBMAKICTb peakLii BiHOBMNEHHS
H,O,, kaTtanisoBaHa b, MiHiiHO 3anexuTb BiA KOHUeHTpauii H,O,, Lo Hikonun He cnocTe-
piranu Hi ansa MNO-nogibHnx H3, Hi gns npupogHux MO. Llen dakT cBigunTh, L0 akTMBa-
uisa H,O, HY BiobyBaeTbcst HabaraTo Kpalle HaBiTb MOPIBHAHO 3 MPUPOLHUM EH3MMOM.
BapTo 3a3Haunty, wo sBukopucTtaHi Nb-HY He BusiBnanu okcugasononibHoi akTMBHOCTI
(BiOHOBEHHS MOMEKYNSIPHOIO KUCHI0). HaBnaku, “HaHOKMITKW” (Big aHrm. cage — KniTka)
MBA, Wwo iMiTyt0Tb OKCMAA30MNoAibHY akTUBHICTb, Oyro 3aCTOCOBaHO A11s 6e3nepepBHOro
aHanisy rigporeH cynbdigy (Wang et al., 2020). OnucaHun paHiwe Co-lIBA (Cunderlova
et al., 2016) BMKOpPUCTOBYBanu Ans KaTanidy OKUCMEHHS L-TMpO3uHy B Oonaxpom
3a HasBHOCTI L-ackopbiHosoi kucnotu/H,0, (Hou et al., 2018). Ha nepwomy etani
L-TMpo3uH rigpokcuntoetbca 3 yTBopeHHsaM L-DOPA, a noTim OKMCHIOETbCA 40 Aona-
xpomy. Cymiw L-ackop6iHoBa kucnota/H,0, € kro4oBrM hakTopomMm, LLO MPOBOKYE Fiapo-
KCUMOBaHHSA L-TMpO3unHy.

MB, KoH'toroBaHi ©e3nocepedHbO 3 aHTUTINaMu, Gyno 3acTOCOBAHO B iMYHOEH-
3MMHOMY aHarnisi 3 BukopuctaHHam TMB gnsa giarHoctnkn ans6yminypii (Farka, 2018).
MeTogoM KONOPUMETPUYHOIO MOHITOPUHIY 3abapBneHOro NpoaykTy, reHepoOBaHOro Mig
yac okncHeHHst TMB, 6yno BMSBNEHO CMPOBATKOBUIA anbOyMiH NFOOUHN B CeYi, a TaKOX
aHTureH Salmonella typhimurirum y cyxomy MoroLi.

OCHOBHMMMK 0COBNMBOCTSIMM 3acTocyBaHHA MBA gk amMnepoMeTpUYHUX XiMiYHUX
ceHcopiB Ha H,0, € B1coka cTabinbHiCTb, YyTAMBICTb | cenekTuBHiCTb Ao H,0, y Haa-
3BUYANHO LUMPOKMX MiHIMHMX AOiana3oHax. NBA 3abe3nedvytoTb Ginblly CTabiNbHICTL
Yy HEWTparnbHUX i TYXXKHUX po3vmHax, nopiBHaHO 3 b (Karyakin et al., 2001; Komkova et
al., 2020; Sitnikova et al., 2011), wo gae amory npauBaTh y isdionoriYyHO CyMiCHOMY
cepenoBuLLi 3 eneMeHTamm Giopo3anidHaBaHHSA. [esiki 3 unx NBA matoTb XOpoLLy Cenek-
TUBHICTb | HE PO3LLENIIIOITL JIErKOOKUCHIOBAHMX cymnyTHix crnonyk (Matos-Peralta &
Antuch, 2020). H3 Ha ocHoBi NMBA, sik NMO-MiMETUKM, MOXYTb CTaTU NEPCNEKTUBHO
nnaTopMo0 ANs KOHCTPYHOBaHHSA BGiOCEHCOpPIB Yy KMiHIYHIN giarHocTuui, Tepanii, ons
KOHTpOIto ecbeKkTUBHOCTI Tepanii, pocTy i nponidepaduii knituH/TkaHnH (Matos-Peralta &
Antuch, 2020; Komkova et al.; 2019, He et al., 2019; Li et al., 2022).

Fi6puaHi HanowacTurku. M. Ny Ta . XKanr ynepue nosigomunu, wo HY 1-Fe,O,
mogudgikoBaHi b, matotb O-nogibHy akTuBHicTb (Zhang et al., 2010). 3 Takumm
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HaHOKOMMO3MTaMn CTBOPEHO MPOTOTUM iIMYHOEH3MMHOIO aHanisy. Y LboMy MeToAi cTa-
dinokokoBuin Ginok A OyB KOH’tOroBaHUI Ha MoBepxHi HY, i HaHO30HA cryryBaB Ans
BMsiBNeHHs1 IgG, immobinisoBaHoro Ha nnaHwertax. [isHiwe usa rpyna BsB4Yana 3actocy-
BaHHs y 6ioaHanisi HY deputuny, mogudikosanux MNMb (Zhang et al., 2013). Lia x rpyna
CUHTE3yBaria HaHOKOMMO3UTK 3 MOJiCTUPONy, MoandikoBaHoro Aypymom (nonictuporn-
Au-T1B) (Zhang et al., 2016). lNMi3Hiwe aBTOpM Big3Hauunu, wo MNb-HY geMoHcTpyoThL
cnabky MO-akTUBHICTb Y HENTPanbHUX po34nHax. binbL TOro, B ny>xHoMy cepenoBuLLi
BOHM Bynv Mamxe HeaKTUBHMMMU.

Cnoco6om BupollyBaHHsi B Ha MikponopucTii MeTanoopraHiyHii ocHosi MIL-101
(Fe) 6yno cuHtesoBaHo HaHokomnosuT NB/MIL101 (Fe) (Cui et al., 2015). 3HaveHHs K,
ANSA UbOro KOMMO3uTy 3a cnopigHeHricTio go TMb ta H,0, ctaHoBnaTte 0,127 MM
i 0,0058 MM, BignoBigHO, LLO CYTTEBO HUXYE, HiX 3Ha4eHHs ana MIL-101 (Fe) gna tmux
camux cnonyk (0,490 i 0,620 mM, BignoBiAHO). BiAMiHHICTb 3Ha4YeHb K|, MOSICHIOETLCA
TUM, L0 HasBHICTb 1B y KOMNO3KUTi BKtOYae y Aito OinbLl akTUBHI canTu ansa cybcTparis
MO. NoBigoMneHo Npo CUHTE3 riGPUAHOro OpraHiYHO-/HEOPraHiyHOro rigporento, AK1in
MoXe imiTyBaTu Kinbka eHaumie (MO, COL i KAT) y npupogHin kackagHin cuctemi (Sahar
et al., 2020). b YacTKOBO OKMCHIOBanNu A0 6epniHCbLKOro 3eN1eHOoro i amilyBanu noro
3 TpiokcoBaHagaTOM HaTPIlo 3a HassBHOCTI noniBiHiNniponigoHy. MNicns nepemiwyBaHHs
Ta HarpiBaHHsi YTBOPIOBaBCS riOpuAaHWIA rigporenb, Akui Byrio BUKOPUCTAHO sIK Kac-
KagHy cuctemMy Onga geTekuii rmokosn, doTtonitorpadil rigporemnto, oOKMCReHHa goda-
MiHy Ta dpoTokaTaniTMYHOI OKMCHIOBArbHOI Aerpagauii geskux cybcTpariB y BOAHUX
cepegoBsuLax.

36inblUeHHA KaTaniTU4HOI aKkTUBHOCTI Oyno gocsarHyto B NMBA-HY, neroBaHux
MonibgeHom (Wang et al., 2020). MO-nogibHa akTMBHICTL Byna nigsuLLieHa BinbLu HixK
y 37 pasiB nopiBHAHO 3 HemoaudikoBaHum MNMBA. Kpim uboro, MNB/MNMBA 6yno Bukopuc-
TaHO ANdA BUSABMNEHHS KifTbKOX CMOSyK, 30Kpema, rfoKo3u, ryTaTioHy, [igporeH nepok-
cugy, lNgporeH cynbdigy n eTaHony.

Y GinbLWOCTi BMNagKiB OCHOBOK CMEKTPOOTOMETPUYHUX METOAIB aHanidy npak-
TUYHO BaXXSIMBUX aHaniTiB CNyryoTb: OKCMAasa, Nepokcngasa ta xpomoreH. Ha cbo-
roAHI NepCnekTUBHNUM 3aMiHHUKOM ICTUHHOI NepoKcMaasn € XeMOMIMETUK Nepokcmnaas,
Hanpuknag, Hepo34MHHI KOMMMEKCH rekcauiaHoepaTHmx meTanie. Ha puc. 3 nokasaHo
OCHOBHI peakuii, Wwo BigdyBatTbcsa 3a BukopuctaHHsa MNb-HY sk MO-noaibHmnx H3, xpo-
MOreHy 1 okcuaas. Hanpuknag, aepobHe OKMCHEHHS MHOKO3M 3a HasiBHOCTI ITIFOKO300K-
cupasm (MOx) gae rmiokoHoBy kucnoTy i H,0,. MiaporeH nepokeng y CynpspkeHivi nepok-
cuaasHin peakuil 3a y4yacTi HAQHO3MMY OKUCHIOE XPOMOreH A0 KOMbOPOBOro MPOAYKTY,
KU BU3Ha4YaoTb (POTOMETPUYHO.

3 HaBeJeHOoro BULLIE aHari3y nirepaTtypHuX AaHnx BUAHo, wo MNb-HY, ak MNO-noaibHi
H3, MOXXHa BMKOPUCTOBYBATHK SK YHiBepcanbHWI 3acid ans noOyaoBu KackafiB kaTtani-
TUYHUX peakuin, NpuaaTtHUX Ana aHanitudHux uinen. Nb-HY moxHa BMkopucTOoBYBaTH
OIS BUSIBIIEHHS KiNbKOX PEYOBUH, 30KpeMa, rMioKo3n, ryTaTioHy, [NigporeH nepokcuay,
nodaminy n etaHony (puc. 3). CTBOpeHi MeToan € 4YyTIIMBUMMW, CENEKTUBHMMU Ta
OELUEeBLUVMU Bif, €H3MMaTUYHUX.

Ina edektmBHoi gii MNB-HY sk gatumkiB y ceHcopax Taki H3 matoTb BignosigaTtu
NMeBHUM BMMOraMm, 30KPEMA: BWUCOKE CiBBIiOHOLUEHHS MOBEPXHS/06'E€M; CyMICHICTb
3 NPUPOLAHMMU EH3UMaMN, HASBHUMW B peakLUiHiin CyMilli; onTuMarbHe 3HayYyeHHs pH
01151 BiONOBIOHNX €H3MMIB; MOXIUBICTb BUKOPUCTaHHA s H3 Tnx cammx xiMivyHux cy6-
CTpariB, WO 1 ANs NPUPOAHNX EH3UMIB.
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H‘ 'H,0,'+ TMB  H,0 + TMBoxc
Fe(III
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ﬂocbaMlH + H,0,
— () m—
| e(lll)
Y(N=©) e(lih
H,O + amiHoxpom Hz0 + TMBoxc
III
;'H;‘o'27+ TMB  H,0 + TMBgkc
Inioko3a + O, &» TTIOKOHOBA + | H202.
kucnota T
WX
@ 9
B HaHouacTuHku npycbkoi 6nakuti (MB) Ak aHaniTU4HI AaTYnkm
JIiHIiHUA  HuxHA mexa
HaHo4acTuHkm Poamip, Hm AHanit OianasoH, BU3HAYEeHHS, [MocunaHHsa
MKM MkM
Mpycbka 6naknTtb <50 [ntoko3a 0,1-50 0,03
Mpycbka 6naknTtb <50 FigporeH nepokcng  0,05-50 0,031
Troacekuin
BioTnHinboBanun MNb 15 CUpOBaTKOBUIA 0,35-0,27 0,27
anbOymiH
"HaHosumu" NBA 60 FigporeH cynbdig 0,1-15 B3]
Monictupon-Au-NB 20 TTioko3a 15,6-250,0 3,9 Stasyuk
. . ) et al., 2020;
MNb, moandikosaHuin Co,0O, ~200 [myTatioH 0,1-10 0,021 Matos-Peralta &
MB-Ti,C,Tx - FigporeH nepokcng 2-240 0,4667 Antuch, 2020
MB-Ti,C,Tx - HodamiH 5-120 3,36
MB-Ti,C,Tx - [miokosa 10-350 6,52
MycTotinun MNMb ~20 [mioko3a 50-7300 40
MycTotini HaHoky6u NMB 80 ETaHon 0,043-11 0,03
MB/noninipon - FigporeH nepokeng  5-2775 1,6

Puc. 3. Peakuii ons okpeMux aHanitiB, BMICT siKux Bu3HadatoTb 3a gonomoroto MNMB/MBA sk MNO-nogibHux H3
(A). BukopuctanHs MB/MNBA y poni aHanitTuiHmx aatyukis (B) (Chen et al., 2018)

Fig. 3. Reactions for individual analytes, the content of which is analyzed using PB/PBA as PO-like
nanozymes (A). A table on the use of PB/PBA as analytical sensors (B) (Chen et al., 2018)

BiomeaunyHe 3acTtocyBaHHA. 3aBOSKM YyOOBUM XapaKTepucTukam, siki Bxe Oyno
onucaHo Buue, MNMB/MBA-H3 Wwnpoko BUKOPUCTOBYIOTL Yy DiOMeaMYHMX ranys3six, Takux
SK LinboBa goctaska nikis (Wu et al., 2015), a Takox sk areHTu Bidyanisauii (Nagarwal
et al.,, 2011). Y 2003 p. ynpaBniHHs 3 KOHTPOSO 3a AKICTIO Xap4OBUX NPOAYKTIB i Mean-
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kameHTiB CLUA cxBanuno MNMB-HY sk npenapaT ang nikyBaHHSA rocTporo Ta XpPOHiYHOro
OTpyeHHA Taniem abo 3abpyaHeHHs uepiem (Vincent et al., 2014; Qian et al., 2017).
30BCiM HejaBHO BUHUK iHTepec 40 BukopucTaHHsa [B-HY sk dhoToTepmiyHmMx areHTiB
y 6iomMeaunLmMHI Ta 4ONOMIDKHOI Tepanii 3 pis3HMMW MeTogamMU NiKyBaHHS paky.

OnucaHo 3actocyBaHHA NMB-H3 gk aHTMbakTepianbHMX i NpoTnsananbHuX 3acobis
019 BiOQHOBMNEHHSA Ta pereHepadii TKaHWH, 3aroeHHs paH, 3anobiraHHst peCTeHo3y CyauH
i nikyBaHHS xBopobwu lMapkiHcoHa (Wang et al., 2022; Ma X., 2022). Abxiwek Caxy Ta iH.
OLiHIOBanu Ha Mofeni paHu LLKipy TepaneBTUYHWUIA edpekT i 3'acyBanu, wo HY npuckopto-
l0Tb 3arOEHHA paH, BigKNageHHs KorareHy Ta MOXyTb e(peKTMBHO CTUMYInoBaTtu gude-
PEHLi0OBaHHSA KepaTUHOLUMTIB | HeoBackynsipm3aadito (Sahu et al., 2021; Wang et al., 2022).

OctaHHi gocnigxeHHsa B. Xoy Ta iH. Ha mMogeni LWypiB BKa3yloTb HA MOXIMBICTb
BMKopucTaHHs NB-H3, oTpymaHux rigpotepmanbHUM MEeTOAOoM, SIK npenapaTty nig vac
nikyBaHHsi octeoapTputy (Hou et al., 2021). MNMpenapat Nb-HY 3Ha4Ho0 Mipoto 3axuae
XOHAPOUMUTM i 3aTPMMYE NOYaATOK OCTE0APTPUTY Yepes curHanbHun wnax ROS i Rac1-
NF-kB, nocnabntoe 3ananeHHs, Aerpajadito no3akniTMHHoro matpukcy xpswa (ECM),
30inbLytoum ekcnpecito konareHy COL2 1 arpekaHy. KombiHoBaHa Tepanis lNMb-HY
y NO€OHaHHI 3 yrbTpasByKOBMMIK 3acobamm H13bKOi iHTeHcuBHOCTI (LIPUS) 3HmkyBana
BMIiCT akTuBHMX chopm OkcureHy, iHOyKyBana anonto3, MaTpuUKCHIi MeTanonpoTeiHasn
M eKcrnpecilo 3anarnbHUX LWUTOKIHIB, @ TakoX NpurHidysana gerpagauito pyrHyBaHHSA
No3aknNiTMHHOTO MaTPUKCY.

lMNosiBa HaHOMeanUMHM Hagana Nb-HY HoBoro 3Ha4YeHHs B ranysi cMcTemMun JOCTaBKK
nikis. NMB/NMBA-HY € nepcnekTMBHUMUN HAHOHOCIAMMW MIiKIB 3aBASKN HenepeBepLleHUM
XapakTepucTukam, Taknm siKk BUCOKa CTabinbHICTb ANCNEpPCiil, Nerkicte CUHTE3Y, HU3bKa
BapTIiCTb, 34aTHICTb A0 BionoriYyHOro po3knagaHHs Ta KOHTponboBaHa dopma. Hanpu-
knag, Nb-HY moxHa oTpuMaTu y BEMMKKX KifTbKOCTSX MPOCTMMWU METO4aMM 3a HU3bKUX
Temnepartyp, a NOPOXHUCTI abo mesonopucTi MNB-HY 3i 36inbLUeHOo NoLLe NoBEPXHI
MOXHa CUHTE3yBaTW Ha OCHOBI IXHIX KOOpAMHALIMHMX KapKacHUX CTPYKTYp. YeH Ta iH.
po3pobuny HaHOKOMMNO3MT Ha ocHoBi MB-HY, akui MicTuTb gokcopyOiunH i 1-TeTpage-
KaHof, O BUCTYMNAae 9K NOTEHLIMHWI HaBaHTaXyBay 4N JOCTaBKM MIKIB Y KIITUHK Mg
yac ximioTepanii, K OTOTEPMIYHMIN areHT i Yy4OBUIN KOHTPACTHWUI areHT 4115 MarHiTHO-
pe3oHaHcHoi Tomorpadii (Chen et al., 2018; Fu et al., 2021). Nig nazepHUM ONPOMiHEH-
HaAM NIR doToTepmiyHa peakuia Nb-HY 3 nikamn Moxe reHepyBaTtu Tenno, CNPUYMHUTU
NMaBneHHs Ta BUMBINbHEHHS iHKaNCynboBaHWX hapMaueBTUYHUX NpenaparTis, edek-
TUBHO iHAYKYo4M anonTto3. CTBOpeHa cucTtema 4OCTaBKM MiKiB € Ay>e NepcrneKkTMBHO
y NiKyBaHHi OHKOMOrYHMX Ta iHLUMX 3aXBOPHOBaHb.

C. KO. BaHr T1a iH. npogemMoHcTpyBanu nepuy cnpoby BukopuctaHHs MB-HY gna
pocTtaekn [HK-npenapatiB O pakoBuX KMITUH Ha Mogeri KMiTUH KapuMHOMKU NpocTaTn
noguHn 22rv1 (Wang et al., 2013). AHK-npenapatom—I16-H4 (dAODN@MUA-PBNP)
OyB onirogesokcuHykneotn (dODN), akui npurHivye ekcnpecito reHa STAT3, i aBa
Bnan FAM-miyeHnx dODN 3 amiHO- 11 TiofnloBMM NiHKepamu, NpUeaHaHMMK 00 Moandi-
koBaHux NB-HY 11-mepkantoyHaekaHoBow kucnototo (MUA), skuin ycnillHO nornu-
HaBcs pakoBMMW KniTuHamu 22rv1, iHgyKytoun anonto3 (puc. 4). OTxe, noBepxHeBa
dyHKUioHanbHicTb [B-HY Moxe He Tinbkn 3abe3nevnTy 4OCTaBKy NpenapartiB 4O pako-
BUX KMiTWH, ane n cnpuaTu iHTepHanisauii Ta piBHOMipHOMY po3noginy y Aocniaxysa-
HUX KNiTMHaX, iHAyKyto4n anonto3. Kpim Toro, Ginkosi, nentngHi ta OHK-npenapatu
3anuwarTbCa nepeoBuUMM Ana LOCHIIKEHHS CUCTEMW AOCTaBKM MiKiB Ha OCHOBI
MB-HY. Ix po3rnagatoTs ik HOBY TepaneBTUYHY MOMneKyny Ans NiKkyBaHHS OHKOMOTYHMNX
Ta IHEKLiMHMX 3aXBOPHOBaHHb.
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FAM FAM
MB-HY, MoaudikosaHi NH, SH
11-mMepKkanToyHAeKaHOBO MiyeHwnin oniroHykneoTtug

KNCIOTOH0

IHribyBaHHSA
ekcnpecii reHis

MR AnonTo3

OHK-npenapar-I1b-HY

Puc. 4. Cknag i mexaHiam gii HK-npenapaty—T1B-HY, skuit iHOykye 3HULWEHHA pakoBux knituH (Wang et al.,
2013)

Fig. 4. Composition and mechanism of action of the DNA preparation—PBNP, which leads to the destruction
of cancer cells (Wang et al., 2013)

3 6e3nepepBHUM po3BUTKOM HaHoMeauumHu MNB-HY npusepTtatoTb gegani GinbLuy
yBary 3 TOYKM 30pYy iXHbOrO NMOTEHLIVNHOIO BUKOPUCTaHHSA B BiomeanuuHi. OgHak Ha Cbo-
rOAHI BOHO BCe Lle OOMEeXyeTbCs eKCnepumeHTamMu Ha TBapuHax i AOCi odiliiHO He
3acTOCOBYBanocs Ans OOCATHEHHS KMiHIYHOro edekTy 3 nepcrnekTnBor cuctemaTmy-
HOro NiKyBaHHA Mogen y manbyTHbOMY.

BUCHOBOK

HaHouactuHkm B i MNMBA 3i cnpuatnMeoto GioCyMICHICTIO i YHIKanbHUMK BNacTu-
BOCTSAMMW NpuBepTaroTb yBary 6aratbox ocnigHukiB. Lli yacTuHkn goknagHo AocnigKeHi
3 TOYKM 30pYy CUHTE3Y i BENMKOrO0 aCoOPTUMEHTY KOMMO3ULiA, po3MipiB (Bi4 KiNbKOX A0
KifTlbKOX COTE€Hb HaHOMETPIB), 34aTHOCTI AEMOHCTPYBATU KaTaniTUYHi akTUBHOCTI. YHi-
kanbHi BnactusocTi MNB/INMBA-HY pobnaTth ix nepcnekTMBHUMU KaHanaaTamMmu aAng 3acTto-
CyBaHHS B KifNlbKOX Hanpsimax (puc. 5).

Po3pobneHo Ta gocnigxeHo edekTnBHe BukopucTaHHa MNb-HY sik HaHO30HAIB Ans
pi3HMX TUNiB 300paxeHb, Taknx 9k MPT, doToakycTnuHe 306paxeHHs1 abo sik 06’ekTu
doToTepMiYHOI Tepanii 4N NikyBaHHS paky Ta 3axonnieHHs ioHis Cs* i TI*.

Ha ixHin ocHoBi po3pobneHo Garato MeToaiB AeTeKUil NPakTUYHO BaXMBUX aHa-
niTiB. NB-HY npuBepTatoTb Aenani 6inbLuy yBary 3aBAsKM KaTaniTUYHIA akTUBHOCTI, LLO
cnpusie 3B’3yBaHHI0 akTUBHUX hopM OKCUreHy i 3MeHLUEHH0 3ananeHHs. Cuctema-
TWUYHI TOKCUKOMOTiYHI OOCTIIXEHHS in Vitro NOKasylTb HU3bKY TOKCUYHICTb LIMX HaHO-
YaCTMHOK i IXHI0 BUCOKY CTabinbHICTb y BionorivHnx piguHax. 3asasku 6iocyMicHOCTI Ta
BEnuKi noBepxHi 38’s3yBaHHs, [1b-HY 3gatHi goctaBnaTtu niku i AHK-30HAM B KNiTUHMK,
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Lo HeoOXxigHO Ansa Tepanii paky. YCi Ui OOCNIMKEHHST € NepLnM KPOKOM A0 BUKOPUC-
TaHHs MB-HY sk HoBMX 3acobiB y HaHOMeAWLMHI, NpOoTe AyXe BaXXNMBUM i HEOOXiAHUM
€ NigTBEPIKEHHS IXHBOI KITiHIYHOI NPUAATHOCTI.

20,+2H* H,0, + O,

CO[-nopibHa

[MO-nopnibHa ‘ KaTtanasonopibHa
aKTUBHICTb <= HAHOS/IMA | = aKTUBHICTb

H,0, + 2 AH 2H,0+0,

Mpycbka bnakutb
Ta aHanoru
NpyCbKOT BrakuTi

Puc. 5. MNpycbka 6nakuTb i i aHanory Sk WTy4Hi eH3VMU Ta NEPCMNEKTUBY IXHbOTO BUKOPUCTaHHS
Fig. 5. Prussian blue and its analogues as artificial enzymes and prospects for their use

ACKNOWLEDGMENTS

This research was partially supported by the National Research Foundation of
Ukraine (project Nos.: 2020.02/0100 and 2021.01/0010) and FEBS Ukrainian Short-
Term Fellowships 2022.

COMPLIANCE WITH ETHICAL STANDARDS

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

AUTHOR CONTRIBUTIONS

Conceptualization, [G.M.V.; D.O.M.]; methodology, [-]; validation, [-]; formal analy-
sis, [G.N.M.; N.O.T.]; investigation, [-]; resources, [-]; data curation, [-]; writing — original
draft preparation, [S.-L. O.V.; G.M.V.; G.N.M.; N.O.T.]; writing — review and editing, [G.G.Z;
ZM.L.; Z.A.E.]; visualization, [-] supervision, [G.M.V.; D.O.M.]; project administration,
[G.M.V]; funding acquisition, [-].

All authors have read and agreed to the published version of the manuscript.

ISSN 1996-4536 (print) ¢ ISSN 2311-0783 (on-line) e Bionoriyni Ctyaii / Studia Biologica e 2023 e Tom 17 / Ne 1  C. 99-114



110 0. M. [lemkie, H. €. Cmactok, I. 3. Matida ma iH.

REFERENCES

Chen, J., Wang, Q., Huang, L., Zhang, H., Rong, K., Zhang, H., & Dong, S. (2018). Prussian blue
with intrinsic heme-like structure as peroxidase mimic. Nano Research, 11(9), 4905-4913.
doi:10.1007/s12274-018-2079-8
Crossref @ Google Scholar

Chen, J., Wei, L., Mahmood, A., Pei, Z., Zhou, Z., Chen, X., & Chen, Y. (2020). Prussian blue, its
analogues and their derived materials for electrochemical energy storage and conversion.
Energy Storage Materials, 25, 585-612. doi:10.1016/j.ensm.2019.09.024
Crossref @ Google Scholar

Cui, F., Deng, Q., & Sun, L. (2015). Prussian blue modified metal-organic framework MIL-101(Fe)
with intrinsic peroxidase-like catalytic activity as a colorimetric biosensing platform. RSC
Advances, 5(119), 98215-98221. doi:10.1039/c5ra18589k
Crossref @ Google Scholar

Cunderlova, V., Hlavagek, A., Horidkova, V., Peterek, M., Némecek, D., Hampl, A, Eyer, L., &
Skladal, P. (2015). Catalytic nanocrystalline coordination polymers as an efficient peroxidase
mimic for labeling and optical immunoassays. Microchimica Acta, 183(2), 651-658.
doi:10.1007/s00604-015-1697-z
Crossref @ Google Scholar

Davidson, D. (1937). The Prussian blue paradox. Journal of Chemical Education, 14(5), 238-241.
doi:10.1021/ed014p238
Crossref @ Google Scholar

Estelrich, J., & Busquets, M. A. (2021). Prussian blue: a nanozyme with versatile catalytic properties.
International Journal of Molecular Sciences, 22(11), 5993. doi:10.3390/ijms22115993
Crossref « PubMed ¢ PMC e Google Scholar

Farka, Z., Cunderlova, V., Horackova, V., Pastucha, M., MikuSova, Z., Hlavacek, A., &
Skladal, P. (2018). Prussian blue nanoparticles as a catalytic label in a sandwich nanozyme-
linked immunosorbent assay. Analytical Chemistry, 90(3), 2348-2354. doi:10.1021/acs.
analchem.7b04883
Crossref @ PubMed e Google Scholar

Fiorito, P.A., Gongales, V. R., Ponzio, E. A., &de Torresi, S. I. C. (2005). Synthesis, characterization
and immobilization of Prussian blue nanoparticles. A potential tool for biosensing devices.
Chemical Communications, 3, 366—368. doi:10.1039/b412583e
Crossref @ PubMed e Google Scholar

Fu, J.,, Wu, Q., Dang, Y, Lei, X,, Feng, G., Chen, M., & Yu, X.-Y. (2021). Synergistic therapy using
doxorubicin-loading and nitric oxide-generating hollow Prussian blue nanoparticles with
photoacoustic imaging potential against breast cancer. International Journal of Nanomedicine,
16, 6003—6016. doi:10.2147/ijn.s327598
Crossref @ PubMed ¢ PMC e Google Scholar

Gayda, G. Z., Demkiv, O. M., Gurianov, Y., Serkiz, R. Ya., Klepach, H. M., Gonchar, M. V., &
Nisnevitch, M. (2021). “Green” Prussian blue analogues as peroxidase mimetics for
amperometric sensing and biosensing. Biosensors, 11(6), 193. doi:10.3390/bios11060193
Crossref @ PubMed ¢ PMC e Google Scholar

He, L., Li, Z., Guo, C., Hu, B., Wang, M., Zhang, Z., & Du, M. (2019). Bifunctional bioplatform
based on NiCo Prussian blue analogue: label-free impedimetric aptasensor for the early
detection of carcino-embryonic antigen and living cancer cells. Sensors and Actuators B:
Chemical, 298, 126852. doi:10.1016/j.snb.2019.126852
Crossref @ Google Scholar

Hou, J., Vazquez-Gonzalez, M., Fadeev, M., Liu, X., Lavi, R., & Willner, I. (2018). Catalyzed and
electrocatalyzed oxidation of L-tyrosine and L-phenylalanine to dopachrome by nanozymes.
Nano Letters, 18(6), 4015-4022. doi:10.1021/acs.nanolett.8b01522
Crossref @ PubMed e Google Scholar

Hou, W., Ye, C., Chen, M., Gao, W., Xie, X., Wu, J., Zhang, K., Zhang, W., Zheng, Y., & Cai, X.
(2021). Excavating bioactivities of nanozyme to remodel microenvironment for protecting
chondrocytes and delaying osteoarthritis. Bioactive Materials, 6(8), 2439—-2451. doi:10.1016/j.
bioactmat.2021.01.016
Crossref @ PubMed ¢ PMC e Google Scholar

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) ¢ BionoriyHi CTyaii / Studia Biologica e 2023 ¢ Tom 17 / N2 1 e C. 99114


https://doi.org/10.1007/s12274-018-2079-8
https://scholar.google.com/scholar_lookup?title=Prussian%20blue%20with%20intrinsic%20heme-like%20structure%20as%20peroxidase%20mimic&journal=Nano%20Res.&volume=11&pages=4905-4913&publication_year=2018&author=Chen%2CJ%20X&author=Wang%2CQ%20Q&author=Huang%2CL&author=Zhang%2CH&author=Rong%2CK&author=Zhang%2CH&author=Dong%2CS%20J
https://doi.org/10.1016/j.ensm.2019.09.024
https://scholar.google.com/scholar_lookup?title=Prussian%20blue%2C%20its%20analogues%20and%20their%20derived%20materials%20for%20electrochemical%20energy%20storage%20and%20conversion&journal=Energy%20Storage%20Mater.&volume=25&pages=585-612&publication_year=2020&author=Chen%2CJ%20S&author=Wei%2CL&author=Mahmood%2CA&author=Pei%2CZ%20X&author=Zhou%2CZ%20X&author=Chen%2CX%20C&author=Chen%2CY
https://doi.org/10.1039/C5RA18589K
https://scholar.google.com/scholar_lookup?title=Prussian%20blue%20modified%20metal-organic%20framework%20MIL-101%28Fe%29%20with%20intrinsic%20peroxidase-like%20catalytic%20activity%20as%20a%20colorimetric%20biosensing%20platform&journal=RSC%20Adv&doi=10.1039%2Fc5ra18589k&volume=5&issue=119&pages=98215-98221&publication_year=2015&author=Cui%2CF&author=Deng%2CQ&author=Sun%2CL
https://doi.org/10.1007/s00604-015-1697-z
https://scholar.google.com/scholar_lookup?title=Skladal%20P%20%282016%29%20catalytic%20nanocrystalline%20coordination%20polymers%20as%20an%20efficient%20peroxidase%20mimic%20for%20labeling%20and%20optical%20immunoassays&journal=Microchim%20Acta&doi=10.1007%2Fs00604-015-1697-z&volume=183&pages=651-658&publication_year=2016&author=Cunderlova%2CV&author=Hlavacek%2CA&author=Hornakova%2CV&author=Peterek%2CM&author=Nemecek%2CD&author=Hampl%2CA&author=Eyer%2CL
https://doi.org/10.1021/ed014p238
https://scholar.google.com.ua/scholar?cluster=2302689485724341749&hl=uk&as_sdt=0,5
https://doi.org/10.3390/ijms22115993
https://pubmed.ncbi.nlm.nih.gov/34206067/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8198601/
https://scholar.google.com/scholar_lookup?title=Prussian%20blue%3A%20a%20nanozyme%20with%20versatile%20catalytic%20properties&journal=Int%20J%20Mol%20Sci&doi=10.3390%2Fijms22115993&volume=22&publication_year=2021&author=Estelrich%2CJ&author=Busquets%2CMA
https://doi.org/10.1021/acs.analchem.7b04883
https://pubmed.ncbi.nlm.nih.gov/29314828/
https://scholar.google.com/scholar_lookup?title=Prussian%20blue%20nanoparticles%20as%20a%20catalytic%20label%20in%20a%20Sandwich%20Nanozyme-linked%20immunosorbent%20assay&journal=Anal%20Chem&doi=10.1021%2Facs.analchem.7b04883&volume=90&pages=2348-2354&publication_year=2018&author=Farka%2CZ&author=%C4%8Cunderlov%C3%A1%2CV&author=Hor%C3%A1%C4%8Dkov%C3%A1%2CV&author=Pastucha%2CM&author=Miku%C5%A1ov%C3%A1%2CZ&author=Hlav%C3%A1%C4%8Dek%2CA&author=Skl%C3%A1dal%2CP
https://pubs.rsc.org/en/journals/journal/CC
https://doi.org/10.1039/B412583E
https://pubmed.ncbi.nlm.nih.gov/15645039/
https://scholar.google.com/scholar_lookup?title=Synthesis%2C%20characterization%20and%20immobilization%20of%20Prussian%20blue%20nanoparticles.%20A%20potential%20tool%20for%20biosensing%20devices&journal=Chem%20Commun&doi=10.1039%2FB412583E&volume=3&pages=366-368&publication_year=2005&author=Fiorito%2CPA&author=Gon%C3%A7ales%2CVR&author=Ponzio%2CEA&author=Torresi%2CSIC
https://doi.org/10.2147/IJN.S327598
https://pubmed.ncbi.nlm.nih.gov/34511902/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8418369/
https://scholar.google.com/scholar_lookup?journal=Int+J+Nanomedicine&title=Synergistic+therapy+using+doxorubicin-loading+and+nitric+oxide-generating+hollow+Prussian+blue+nanoparticles+with+photoacoustic+imaging+potential+against+breast+cancer&volume=16&publication_year=2021&pages=6003-6016&pmid=34511902&doi=10.2147/IJN.S327598&
https://doi.org/10.3390/bios11060193
https://pubmed.ncbi.nlm.nih.gov/34200755/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8229941/
https://scholar.google.com.ua/scholar?hl=uk&as_sdt=0%2C5&q=%E2%80%9CGreen%E2%80%9D+Prussian+blue+analogues+as+peroxidase+mimetics+for+amperometric+sensing+and+biosensing&btnG=
https://doi.org/10.1016/j.snb.2019.126852
https://scholar.google.com/scholar_lookup?title=Bifunctional%20bioplatform%20based%20on%20NiCo%20Prussian%20blue%20analogue%3A%20label-free%20impedimetric%20aptasensor%20for%20the%20early%20detection%20of%20carcino-embryonic%20antigen%20and%20living%20cancer%20cells&journal=Sensor%20Actuat%20B-Chem&volume=298&publication_year=2019&author=He%2CL&author=Li%2CZ&author=Guo%2CC&author=Hu%2CB&author=Wang%2CM&author=Zhang%2CZ&author=Du%2CM
https://doi.org/10.1021/acs.nanolett.8b01522
https://pubmed.ncbi.nlm.nih.gov/29745234/
https://scholar.google.com/scholar_lookup?title=Catalyzed%20and%20electrocatalyzed%20oxidation%20of%20l-tyrosine%20and%20l-phenylalanine%20to%20dopachrome%20by%20nanozymes&journal=Nano%20Lett.&doi=10.1021%2Facs.nanolett.8b01522&volume=18&issue=6&pages=4015-4022&publication_year=2018&author=Hou%2CJ&author=V%C3%A1zquez-Gonz%C3%A1lez%2CM&author=Fadeev%2CM&author=Liu%2CX&author=Lavi%2CR&author=Willner%2CI
https://doi.org/10.1016/j.bioactmat.2021.01.016
https://pubmed.ncbi.nlm.nih.gov/33553826/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7848724/
https://scholar.google.com/scholar_lookup?title=Excavating%20bioactivities%20of%20nanozyme%20to%20remodel%20microenvironment%20for%20protecting%20chondrocytes%20and%20delaying%20osteoarthritis&journal=Bioact.%20Mater.&doi=10.1016%2Fj.bioactmat.2021.01.016&volume=6&pages=2439-2451&publication_year=2021&author=Hou%2CW%20D&author=Ye%2CC%20Y&author=Chen%2CM&author=Gao%2CW&author=Xie%2CX&author=Wu%2CJ%20R&author=Zhang%2CK&author=Zhang%2CW&author=Zheng%2CY%20Y&author=Cai%2CX%20J

MPYCbKA BIAKUTb | Tl AHATNIOMM FK LUTYYHI EH3UMW 1 MEPCMEKTUBW IXHBOIO BUKOPUCTAHHSA 1 1 1

Itaya, K., Uchida, I., & Neff, V. D. (1986). Electrochemistry of polynuclear transition metal
cyanides: Prussian blue and its analogues. Accounts of Chemical Research, 19(6), 162—168.
doi:10.1021/ar00126a001
Crossref @ Google Scholar

Ivanov, V. D. (2019). Four decades of electrochemical investigation of Prussian blue. lonics,
26(2), 531-547. doi:10.1007/s11581-019-03292-y
Crossref @ Google Scholar

Jia, Z., & Sun, G. (2007). Preparation of prussian blue nanoparticles with single precursor.
Colloids and Surfaces A: Physicochemical and Engineering Aspects, 302(1-3), 326-329.
doi:10.1016/j.colsurfa.2007.02.053
Crossref @ Google Scholar

Karyakin,A.A.(2001). Prussianblue andits analogues: electrochemistry and analytical applications.
Electroanalysis, 13, 10, 813-819. doi:10.1002/1521-4109(200106)13:10<813::AlD-
ELAN813>3.0.C0O;2-Z
Crossref @ Google Scholar

Khramtsov, P., Kropaneva, M., Minin, A., Bochkova, M., Timganova, V., Maximov, A., Puzik, A.,
Zamorina, S., & Rayev, M. (2022). Prussian blue nanozymes with enhanced catalytic activity:
size tuning and application in ELISA-like immunoassay. Nanomaterials, 12(10), 1630.
doi:10.3390/nano12101630
Crossref @ PubMed e PMC e Google Scholar

Komkova, M. A., Andreey, E. A., Ibragimova, O. A., & Karyakin, A. A. (2019). Prussian blue based
flow-through (bio)sensors in power generation mode: new horizons for electrochemical
analyzers. Sensors and Actuators B: Chemical, 292, 284—288. doi:10.1016/j.snb.2019.04.134
Crossref @ Google Scholar

Komkova, M. A., Karyakina, E. E., & Karyakin, A. A. (2018). Catalytically synthesized Prussian
blue nanoparticles defeating natural enzyme peroxidase. Journal of the American Chemical
Society, 140(36), 11302—11307. doi:10.1021/jacs.8b05223
Crossref @ PubMed e Google Scholar

Komkova, M. A, Pasquarelli, A., Andreev, E. A, Galushin, A. A., & Karyakin, A. A. (2020). Prussian
blue modified boron-doped diamond interfaces for advanced H,O, electrochemical sensors.
Electrochimica Acta, 339, 135924. doi:10.1016/j.electacta.2020.135924
Crossref @ Google Scholar

Kong, B., Tang, J., Selomulya, C., Li, W., Wei, J., Fang, Y., Wang, Y., Zheng, G., & Zhao, D.
(2014). Oriented mesoporous nanopyramids as versatile plasmon-enhanced interfaces.
Journal of the American Chemical Society, 136(19), 6822—6825. doi:10.1021/ja501517h
Crossref @ PubMed e Google Scholar

Li, D., Liu, M., Li, W., Fu, Q., Wang, L., Lai, E., Zhao, W., & Zhang, K. (2022). Synthesis of Prussian
blue nanoparticles and their antibacterial, antiinflammation and antitumor applications.
Pharmaceuticals, 15(7), 769. doi:10.3390/ph15070769
Crossref @ PubMed e PMC e Google Scholar

Li, W. J., Han, C., Cheng, G., Chou, S., Liu, H., & Dou, S. (2019). Chemical properties, structural
properties, and energy storage applications of Prussian blue analogues. Small, 15(32),
1900470. doi:10.1002/smll.201900470
Crossref e PubMed e Google Scholar

Liu, S.-Q., Xu, J.-J., & Chen, H.-Y. (2002). Electrochemical behavior of nanosized Prussian blue
self-assembled on Au electrode surface. Electrochemistry Communications, 4(5), 421-425.
doi:10.1016/s1388-2481(02)00336-3
Crossref @ Google Scholar

Ma, X., Hao, J., Wu, J., Li, Y., Cai, X., & Zheng, Y. (2022). Prussian blue nanozyme as a pyroptosis
inhibitor alleviates neurodegeneration. Advanced Materials, 34(15), 2106723. doi:10.1002/
adma.202106723
Crossref @ PubMed e Google Scholar

Matos-Peralta, Y., & Antuch, M. (2020). Prussian blue and its analogs as appealing materials for
electrochemical sensing and biosensing. Journal of The Electrochemical Society, 167(3),
037510. doi:10.1149/2.0102003jes
Crossref @ Google Scholar

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) ¢ bionoriuni Ctyaji / Studia Biologica e 2023 ¢ Tom 17 / Ne 1 ¢ C. 99-114


https://doi.org/10.1021/ar00126a001
https://scholar.google.com/scholar_lookup?title=Electrochemistry%20of%20polynuclear%20transition%20metal%20cyanides%3A%20Prussian%20blue%20and%20its%20analogues&journal=Acc.%20Chem.%20Res.&doi=10.1021%2Far00126a001&volume=19&pages=162-168&publication_year=1986&author=Itaya%2CK&author=Uchida%2CI&author=Neff%2CVD
https://doi.org/10.1007/s11581-019-03292-y
https://scholar.google.com.ua/scholar?cluster=14927134631438734106&hl=uk&as_sdt=2005&sciodt=0,5
https://doi.org/10.1016/j.colsurfa.2007.02.053
https://scholar.google.com/scholar_lookup?title=Preparation%20of%20prussian%20blue%20nanoparticles%20with%20single%20precursor&journal=Colloids%20Surf%20A%3A%20Physicochem%20Eng%20Aspects&doi=10.1016%2Fj.colsurfa.2007.02.053&volume=302&issue=1-3&pages=326-329&publication_year=2007&author=Jia%2CZ&author=Sun%2CG
https://doi.org/10.1002/1521-4109(200106)13:10<813::AID-ELAN813>3.0.CO;2-Z
https://scholar.google.com/scholar_lookup?title=Prussian%20blue%20and%20its%20analogues%3A%20electrochemistry%20and%20analytical%20applications&journal=Electroanalysis&doi=10.1002%2F1521-4109%28200106%2913%3A10813%3Aaid-elan813%3E3.0.co%3B2-z&volume=13&pages=813-819&publication_year=2001&author=Karyakin%2CAA
https://doi.org/10.3390/nano12101630
https://pubmed.ncbi.nlm.nih.gov/35630852/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9147909/
https://scholar.google.com.ua/scholar?hl=uk&as_sdt=0%2C5&q=Prussian+blue+nanozymes+with+enhanced+catalytic+activity%3A+size+tuning+and+application+in+ELISA-like+immunoassay&btnG=
https://doi.org/10.1016/j.snb.2019.04.134
https://scholar.google.com/scholar?q=Prussian%20Blue%20based%20flow-through%20sensors%20in%20power%20generation%20mode:%20new%20horizons%20for%20electrochemical%20analyzers
https://doi.org/10.1021/jacs.8b05223
https://pubmed.ncbi.nlm.nih.gov/30118222/
https://scholar.google.com/scholar_lookup?title=Catalytically%20synthesized%20Prussian%20blue%20nanoparticles%20defeating%20natural%20enzyme%20peroxidase&journal=J.%20Am.%20Chem.%20Soc.&doi=10.1021%2Fjacs.8b05223&volume=140&issue=36&pages=11302-11307&publication_year=2018&author=Komkova%2CMA&author=Karyakina%2CEE&author=Karyakin%2CAA
https://doi.org/10.1016/j.electacta.2020.135924
https://scholar.google.com/scholar_lookup?title=Prussian%20blue%20modified%20boron-doped%20diamond%20interfaces%20for%20advanced%20H2O2%20electrochemical%20sensors&journal=Electrochim%20Acta&volume=339&publication_year=2020&author=Komkova%2CMA&author=Pasquarelli%2CA&author=Andreev%2CEA&author=Galushin%2CAA&author=Karyakin%2CAA
https://doi.org/10.1021/ja501517h
https://pubmed.ncbi.nlm.nih.gov/24786963/
https://scholar.google.com/scholar_lookup?title=Oriented%20mesoporous%20nanopyramids%20as%20versatile%20plasmon-enhanced%20interfaces&journal=J%20Am%20Chem%20Soc&doi=10.1021%2Fja501517h&volume=136&pages=6822-6825&publication_year=2014&author=Kong%2CB&author=Tang%2CJ&author=Selomulya%2CC
https://doi.org/10.3390/ph15070769
https://pubmed.ncbi.nlm.nih.gov/35890068/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9323998/
https://scholar.google.com.ua/scholar?as_vis=1&q=Synthesis+of+Prussian+blue+nanoparticles+and+their+antibacterial,+antiinflammation+and+antitumor+applications&hl=uk&as_sdt=0,5
https://doi.org/10.1002/smll.201900470
https://pubmed.ncbi.nlm.nih.gov/30977287/
https://scholar.google.com/scholar_lookup?title=Chemical%20properties%2C%20structural%20properties%2C%20and%20energy%20storage%20applications%20of%20Prussian%20blue%20analogues&journal=Small&doi=10.1002%2Fsmll.201900470&volume=15&publication_year=2019&author=Li%2CW-J
https://doi.org/10.1016/S1388-2481(02)00336-3
https://scholar.google.com/scholar_lookup?title=&journal=Electrochem%20Commun&doi=10.1016%2FS1388-2481%2802%2900336-3&volume=4&publication_year=2002&author=Liu%2CSQ&author=Xu%2CJJ&author=Chen%2CHY
https://doi.org/10.1002/adma.202106723
https://pubmed.ncbi.nlm.nih.gov/35143076/
https://scholar.google.com/scholar_lookup?title=Prussian%20blue%20nanozyme%20as%20a%20pyroptosis%20inhibitor%20alleviates%20neurodegeneration&journal=Adv%20Mater&doi=10.1002%2Fadma.202106723&volume=34&publication_year=2022&author=Ma%2CX&author=Hao%2CJ&author=Wu%2CJ&author=Li%2CY&author=Cai%2CX&author=Zheng%2CY
https://doi.org/10.1149/2.0102003JES
https://scholar.google.com/scholar_lookup?title=Prussian%20blue%20and%20its%20analogs%20as%20appealing%20materials%20for%20electrochemical%20sensing%20and%20biosensing&journal=J.%20Electrochem.%20Soc.&doi=10.1149%2F2.0102003JES&volume=167&issue=3&publication_year=2019&author=Matos-Peralta%2CY&author=Antuch%2CM

112 0. M. [lemkie, H. €. Cmactok, I. 3. Matida ma iH.

Nagarwal, R. C., Kumar, R., Dhanawat, M., Das, N., & K. Pandit, J. (2011). Nanocrystal technology
in the delivery of poorly soluble drugs: an overview. Current Drug Delivery, 8(4), 398—406.
doi:10.2174/156720111795767988
Crossref @ PubMed e Google Scholar

Qian, J., Cai, S., Yang, S., & Hua, D. (2017). A thermo-sensitive polymer network crosslinked by
Prussian blue nanocrystals for cesium adsorption from aqueous solution with large capacity.
Journal of Materials Chemistry A, 5(42), 22380-22388. doi:10.1039/c7ta08025e
Crossref @ Google Scholar

Qin, Z., Li, Y., & Gu, N. (2018). Progress in applications of Prussian blue nanoparticles in
biomedicine. Advanced Healthcare Materials, 7(20), 1800347. doi:10.1002/adhm.201800347
Crossref @ PubMed e Google Scholar

Sahar, S., Zeb, A, Ling, C., Raja, A., Wang, G., Ullah, N., Lin, X.-M., & Xu, A.-W. (2020). A hybrid
VO, incorporated hexacyanoferrate nanostructured hydrogel as a multienzyme mimetic via
cascade reactions. ACS Nano, 14(3), 3017-3031. doi:10.1021/acsnano.9b07886
Crossref @ PubMed e Google Scholar

Sahu, A., Jeon, J,, Lee, M. S, Yang, H. S., & Tae, G. (2021). Antioxidant and anti-inflammatory
activities of Prussian blue nanozyme promotes full-thickness skin wound healing. Materials
Science and Engineering: C, 119, 111596. doi:10.1016/j.msec.2020.111596
Crossref @ PubMed e Google Scholar

Shiba, F., Mameuda, U., Tatejima, S., & Okawa, Y. (2019). Synthesis of uniform Prussian blue
nanoparticles by a polyol process using a polyethylene glycol aqueous solution. RSC
Advances, 9(59), 34589-34594. doi:10.1039/c9ra07080;j
Crossref @ PubMed ¢ PMC e Google Scholar

Shiba, F., Nito, M., Kawakita, K., & Okawa, Y. (2015). Size control of monodisperse Prussian blue
nanoparticles by enforced-nucleation and additional-growth procedures in a citrate reduction
system. Particulate Science and Technology, 33(6), 671-676. doi:10.1080/02726351.2015.
1020181
Crossref ® Google Scholar

Shokouhimehr, M., Soehnlen, E. S., Khitrin,A., Basu, S., &Huang, S. D. (2010). Biocompatible Prussian
blue nanoparticles: preparation, stability, cytotoxicity, and potential use as an MRI contrast agent.
Inorganic Chemistry Communications, 13(1), 58—61. doi:10.1016/j.inoche.2009.10.015
Crossref @ Google Scholar

Sitnikova, N. A., Borisova, A. V., Komkova, M. A., & Karyakin, A. A. (2011). Superstable advanced
hydrogen peroxide transducer based on transition metal hexacyanoferrates. Analytical
Chemistry, 83(6), 2359-2363. doi:10.1021/ac1033352
Crossref @ PubMed e Google Scholar

Stasyuk, N., Smutok, O., Demkiv, O., Prokopiv, T., Gayda, G., Nisnevitch, M., & Gonchar, M.
(2020). Synthesis, catalytic properties and application in biosensorics of nanozymes and
electronanocatalysts: a review. Sensors, 20(16), 4509. doi:10.3390/s20164509
Crossref @ PubMed ¢ PMC e Google Scholar

Uemura, T., & Kitagawa, S. (2003). Prussian blue nanoparticles protected by poly(vinylpyrrolidone).
Journal of the American Chemical Society, 125(26), 7814—7815. doi:10.1021/ja0356582
Crossref @ PubMed e Google Scholar

Vazquez-Gonzalez, M., Torrente-Rodriguez, R. M., Kozell, A., Liao, W.-C., Cecconello, A.,
Campuzano, S., Pingarron, J. M., & Willner, |. (2017). Mimicking peroxidase activities with
Prussian blue nanoparticles and their cyanometalate structural analogues. Nano Letters,
17(8), 4958-4963. doi:10.1021/acs.nanolett.7b02102
Crossref @ PubMed e Google Scholar

Vincent, T., Taulemesse, J.-M., Dauvergne, A., Chanut, T., Testa, F., & Guibal, E. (2014). Thallium(l)
sorption using Prussian blue immobilized in alginate capsules. Carbohydrate Polymers, 99,
517-526. doi:10.1016/j.carbpol.2013.08.076
Crossref @ PubMed e Google Scholar

Wang, Y, Liang, Z., Liang, Z., Lv, W., Chen, M., & Zhao, Y. (2022). Advancements of Prussian blue-
based nanoplatforms in biomedical fields: progress and perspectives. Journal of Controlled
Release, 351, 752—778. doi:10.1016/j.jconrel.2022.10.007
Crossref @ PubMed e Google Scholar

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) ¢ BionoriyHi CTyaii / Studia Biologica e 2023 ¢ Tom 17 / N2 1 e C. 99114


https://doi.org/10.2174/156720111795767988
https://pubmed.ncbi.nlm.nih.gov/21453258/
https://scholar.google.com/scholar_lookup?title=Nanocrystal%20technology%20in%20the%20delivery%20of%20poorly%20soluble%20drugs%3A%20an%20overview&journal=Curr%20Drug%20Deliv&doi=10.2174%2F156720111795767988&volume=8&issue=4&pages=398-406&publication_year=2011&author=Nagarwal%2CRC&author=Kumar%2CR&author=Dhanawat%2CM&author=Das%2CN&author=Pandit%2CJK
https://doi.org/10.1039/C7TA08025E
https://scholar.google.com/scholar_lookup?title=A%20thermo-sensitive%20polymer%20network%20crosslinked%20by%20Prussian%20blue%20nanocrystals%20for%20cesium%20adsorption%20from%20aqueous%20solution%20with%20large%20capacity&journal=Journal%20of%20Materials%20Chemistry%2C%20A&doi=10.1039%2FC7TA08025E&volume=5&pages=22380-22388&publication_year=2017&author=Qian%2CJ&author=Cai%2CS&author=Yang%2CS&author=Hua%2CD
https://doi.org/10.1002/adhm.201800347
https://pubmed.ncbi.nlm.nih.gov/29974662/
https://scholar.google.com/scholar_lookup?title=&journal=Adv.%20Healthc.%20Mater.&volume=7&publication_year=2018&author=Qin%2CZ&author=Li%2CY&author=Gu%2CN
https://doi.org/10.1021/acsnano.9b07886
https://pubmed.ncbi.nlm.nih.gov/32105066/
https://scholar.google.com/scholar_lookup?title=A%20hybrid%20VOx%20incorporated%20hexacyanoferrate%20nanostructured%20hydrogel%20as%20a%20multienzyme%20mimetic%20via%20cascade%20reactions&journal=ACS%20Nano&doi=10.1021%2Facsnano.9b07886&volume=14&pages=3017-3031&publication_year=2020&author=Sahar%2CS&author=Zeb%2CA&author=Ling%2CC&author=Raja%2CA&author=Wang%2CG&author=Ullah%2CN&author=Lin%2CXM&author=Xu%2CAW
https://doi.org/10.1016/j.msec.2020.111596
https://pubmed.ncbi.nlm.nih.gov/33321640/
https://scholar.google.com/scholar_lookup?journal=Materials+Sci+Eng+C+Materials+Biol+Appl&title=Antioxidant+and+Anti-Inflammatory+Activities+of+Prussian+Blue+Nanozyme+Promotes+Full-Thickness+Skin+Wound+Healing&author=A+Sahu&author=J+Jeon&author=MS+Lee&author=HS+Yang&author=G+Tae&volume=119&publication_year=2021&pages=111596&doi=10.1016/j.msec.2020.111596&
https://doi.org/10.1039/C9RA07080J
https://pubmed.ncbi.nlm.nih.gov/35530003/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9073861/
https://scholar.google.com/scholar_lookup?title=Synthesis%20of%20uniform%20Prussian%20blue%20nanoparticles%20by%20a%20polyol%20process%20using%20a%20polyethylene%20glycol%20aqueous%20solution&journal=RSC%20Adv&doi=10.1039%2FC9RA07080J&volume=9&issue=59&pages=34589-34594&publication_year=2019&author=Shiba%2CF&author=Mameuda%2CU&author=Tatejima%2CS&author=Okawa%2CY
https://doi.org/10.1080/02726351.2015.1020181
https://scholar.google.com/scholar_lookup?journal=Particulate+Sci+Technol&title=Size+control+of+monodisperse+Prussian+blue+nanoparticles+by+enforced-nucleation+and+additional-growth+procedures+in+a+citrate+reduction+system&author=F+Shiba&author=M+Nito&author=K+Kawakita&author=Y+Okawa&volume=33&issue=6&publication_year=2015&pages=671-676&
https://doi.org/10.1016/j.inoche.2009.10.015
https://scholar.google.com/scholar_lookup?title=Biocompatible%20Prussian%20blue%20nanoparticles%3A%20preparation%2C%20stability%2C%20cytotoxicity%2C%20and%20potential%20use%20as%20an%20MRI%20contrast%20agent&journal=Inorg%20Chem%20Commun&doi=10.1016%2Fj.inoche.2009.10.015&volume=13&pages=58-61&publication_year=2010&author=Shokouhimehr%2CM&author=Soehnlen%2CES&author=Khitrin%2CA&author=Basu%2CS&author=Huang%2CSD
https://doi.org/10.1021/ac1033352
https://pubmed.ncbi.nlm.nih.gov/21348441/
https://scholar.google.com/scholar_lookup?title=Superstable%20advanced%20hydrogen%20peroxide%20transducer%20based%20on%20transition%20metal%20hexacyanoferrates&journal=Anal%20Chem&doi=10.1021%2Fac1033352&volume=83&pages=2359-2363&publication_year=2011&author=Sitnikova%2CNA&author=Borisova%2CAV&author=Komkova%2CMA&author=Karyakin%2CAA
https://doi.org/10.3390/s20164509
https://pubmed.ncbi.nlm.nih.gov/32806607/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7472306/
https://scholar.google.com/scholar_lookup?title=Synthesis%2C%20catalytic%20properties%20and%20application%20in%20biosensorics%20of%20nanozymes%20and%20electronanocatalysts%3A%20a%20review&journal=Sensors&doi=10.3390%2Fs20164509&volume=20&publication_year=2020&author=Stasyuk%2CN&author=Smutok%2CO&author=Demkiv%2CO&author=Prokopiv%2CT&author=Gayda%2CG
https://doi.org/10.1021/ja0356582
https://pubmed.ncbi.nlm.nih.gov/12822995/
https://scholar.google.com/scholar_lookup?title=Prussian%20blue%20nanoparticles%20protected%20by%20poly%28vinylpyrrolidone%29&journal=J.%20Am.%20Chem.%20Soc.&doi=10.1021%2Fja0356582&volume=125&pages=7814-7815&publication_year=2003&author=Uemura%2CT&author=Kitagawa%2CS
https://doi.org/10.1021/acs.nanolett.7b02102
https://pubmed.ncbi.nlm.nih.gov/28656770/
https://scholar.google.com/scholar_lookup?title=Mimicking%20peroxidase%20activities%20with%20Prussian%20Blue%20nanoparticles%20and%20their%20cyanometalate%20structural%20analogues&journal=Nano%20Lett&doi=10.1021%2Facs.nanolett.7b02102&volume=17&issue=8&pages=4958-4963&publication_year=2017&author=Vazquez-Gonzalez%2CM&author=Torrente-Rodriguez%2CRM&author=Kozell%2CA&author=Liao%2CWC&author=Cecconello%2CA&author=Campuzano%2CS&author=Pingarron%2CJM&author=Willner%2CI
https://doi.org/10.1016/j.carbpol.2013.08.076
https://pubmed.ncbi.nlm.nih.gov/24274538/
https://scholar.google.com/scholar_lookup?title=Thallium%28I%29%20sorption%20using%20Prussian%20blue%20immobilized%20in%20alginate%20capsules&journal=Carbohydr%20Polym&doi=10.1016%2Fj.carbpol.2013.08.076&volume=90&pages=517-526&publication_year=2014&author=Vincent%2CT&author=Taulemesse%2CJ-M&author=Dauvergne%2CA&author=Chanut%2CT&author=Flaviano%2CT&author=Guibal%2CE
https://doi.org/10.1016/j.jconrel.2022.10.007
https://pubmed.ncbi.nlm.nih.gov/36216173/
https://scholar.google.com.ua/scholar?hl=uk&as_sdt=0%2C5&as_vis=1&q=Advancements+of+Prussian+blue-based+nanoplatforms+in+biomedical+fields%3A+progress+and+perspectives&btnG=

MPYCbKA BIAKUTb | Tl AHATNIOMM FK LUTYYHI EH3UMW 1 MEPCMEKTUBW IXHBOIO BUKOPUCTAHHSA 1 1 3

Wang, C., Wang, M., Zhang, W., Liu, J., Lu, M., Li, K., & Lin, Y. (2019). Integrating Prussian
blue analog-based nanozyme and online visible light absorption approach for continuous
hydrogen sulfide monitoring in brains of living rats. Analytical Chemistry, 92(1), 662—667.
doi:10.1021/acs.analchem.9b04931
Crossref @ PubMed e Google Scholar

Wang, D., Shi, R., Zhou, J., Shi, S., Wu, H., Xu, P., Wang, H., Xia, G., Barnhart, T. E., Cai, W.,
Guo, Z., & Chen, Q. (2018). Photo-enhanced singlet oxygen generation of Prussian blue-
based nanocatalyst for augmented photodynamic therapy. iScience, 9, 14-26. doi:10.1016/j.
isci.2018.10.005
Crossref @ PubMed e PMC e Google Scholar

Wang, H., Wan, K., & Shi, X. (2018). Recent advances in nanozyme research. Advanced
Materials, 31(45), 1805368. doi:10.1002/adma.201805368
Crossref @ PubMed e Google Scholar

Wang, S.-J., Chen, C.-S., & Chen, L.-C. (2013). Prussian blue nanoparticles as nanocargoes for
delivering DNA drugs to cancer cells. Science and Technology of Advanced Materials, 14(4),
044405. doi:10.1088/1468-6996/14/4/044405
Crossref @ PubMed e PMC e Google Scholar

Wang, Z., Long, Y., Fan, J., Xiao, C., Tong, C., Guo, C., Chen, X,, Liu, B., & Yang, X. (2020).
Biosafety and biocompatibility assessment of Prussian blue nanoparticles in vitro and in vivo.
Nanomedicine, 15(27), 2655-2670. doi:10.2217/nnm-2020-0191
Crossref @ PubMed e Google Scholar

Wu, M., Wang, Q., Liu, X., & Liu, J. (2015). Highly efficient loading of doxorubicin in Prussian blue
nanocages for combined photothermal/chemotherapy against hepatocellular carcinoma.
RSC Advances, 5(39), 30970-30980. doi:10.1039/c4ra16138f
Crossref @ Google Scholar

Xu, Y., Zhang, Y., Cai, X., Gao, W., Tang, X., Chen, Y., Chen, J., Chen, L., Tian, Q., Yang, S.,
Zheng, Y., & Hu, B. (2018). Large-scale synthesis of monodisperse Prussian blue
nanoparticles for cancer theranostics via an “in situ modification” strategy. International
Journal of Nanomedicine, 4, 271-288. doi:10.2147/ijn.s183858
Crossref @ PubMed e PMC e Google Scholar

Yang, W., Hao, J., Zhang, Z., & Zhang, B. (2015). PB@Co,0, nanoparticles as both oxidase and
peroxidase mimics and their application for colorimetric detection of glutathione. New Journal
of Chemistry, 39(11), 8802—8806. doi:10.1039/c5nj01744k
Crossref @ Google Scholar

Zhang, C., Xu, Y., Zhou, M., Liang, L., Dong, H., Wu, M., Yang, Y., & Lei, Y. (2016). Potassium
Prussian blue nanoparticles: a low-cost cathode material for potassium-ion batteries.
Advanced Functional Materials, 27(4), 1604307. doi:10.1002/adfm.201604307
Crossref @ Google Scholar

Zhang, W., Hu, S., Yin, J.-J., He, W., Lu, W., Ma, M., Gu, N., & Zhang, Y. (2016). Prussian blue
nanoparticles as multienzyme mimetics and reactive oxygen species scavengers. Journal of
the American Chemical Society, 138(18), 5860—5865. doi:10.1021/jacs.5b12070
Crossref @ PubMed e Google Scholar

Zhang, W., Ma, D., & Du, J. (2014). Prussian blue nanoparticles as peroxidase mimetics for
sensitive colorimetric detection of hydrogen peroxide and glucose. Talanta, 120, 362—-367.
doi:10.1016/j.talanta.2013.12.028
Crossref @ PubMed e Google Scholar

Zhang, W., Zhang, Y., Chen, Y., Li, S., Gu, N., Hu, S., Sun, Y., Chen, X., & Li, Q. (2013). Prussian
blue modified ferritin as peroxidase mimetics and its applications in biological detection.
Journal of Nanoscience and Nanotechnology, 13(1), 60—67. doi:10.1166/jnn.2013.6871
Crossref @ PubMed e Google Scholar

Zhang, X.-Q., Gong, S.-W., Zhang, Y., Yang, T., Wang, C.-Y., & Gu, N. (2010). Prussian blue
modified iron oxide magnetic nanoparticles and their high peroxidase-like activity. Journal of
Materials Chemistry, 20(24), 5110-5116. doi:10.1039/c0jm00174k
Crossref @ Google Scholar

Zhang, X.-Z., Zhou, Y., Zhang, W., Zhang, Y., & Gu, N. (2016). Polystyrene@Au@prussian
blue nanocomposites with enzyme-like activity and their application in glucose detection.

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) ¢ bionoriuni Ctyaji / Studia Biologica e 2023 ¢ Tom 17 / Ne 1 ¢ C. 99-114


https://doi.org/10.1021/acs.analchem.9b04931
https://pubmed.ncbi.nlm.nih.gov/31834784/
https://scholar.google.com/scholar_lookup?title=Integrating%20prussian%20blue%20analog-based%20nanozyme%20and%20online%20visible%20light%20absorption%20approach%20for%20continuous%20hydrogen%20sulfide%20monitoring%20in%20brains%20of%20living%20rats&publication_year=2019&author=C.%20Wang&author=M.%20Wang&author=W.%20Zhang&author=J.%20Liu&author=M.%20Lu&author=K.%20Li&author=Y.%20Lin
https://doi.org/10.1016/j.isci.2018.10.005
https://pubmed.ncbi.nlm.nih.gov/30368078/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6203243/
https://scholar.google.com/scholar_lookup?title=Photo-enhanced%20singlet%20oxygen%20generation%20of%20Prussian%20blue-based%20nanocatalyst%20for%20augmented%20photodynamic%20therapy&journal=iScience&doi=10.1016%2Fj.isci.2018.10.005&volume=9&pages=14-26&publication_year=2018&author=Wang%2CD
https://doi.org/10.1002/adma.201805368
https://pubmed.ncbi.nlm.nih.gov/30589120/
https://scholar.google.com/scholar_lookup?title=Recent%20advances%20in%20nanozyme%20research&journal=Adv.%20Mater.&doi=10.1002%2Fadma.201805368&volume=31&issue=45&publication_year=2019&author=Wang%2CH&author=Wan%2CK&author=Shi%2CX
https://doi.org/10.1088/1468-6996/14/4/044405
https://pubmed.ncbi.nlm.nih.gov/27877590/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5090316/
https://scholar.google.com/scholar_lookup?title=Prussian%20blue%20nanoparticles%20as%20nanocargoes%20for%20delivering%20DNA%20drugs%20to%20cancer%20cells&journal=Sci.%20Technol.%20Adv.%20Mater.&doi=10.1088%2F1468-6996%2F14%2F4%2F044405&volume=14&issue=4&publication_year=2013&author=Wang%2CSJ&author=Chen%2CCS&author=Chen%2CLC
https://doi.org/10.2217/nnm-2020-0191
https://pubmed.ncbi.nlm.nih.gov/33179590/
https://scholar.google.com/scholar_lookup?title=Biosafety%20and%20biocompatibility%20assessment%20of%20Prussian%20blue%20nanoparticles%20in%20vitro%20and%20in%20vivo&journal=Nanomed&doi=10.2217%2Fnnm-2020-0191&volume=15&pages=2655-2670&publication_year=2020&author=Wang%2CZ&author=Long%2CY&author=Fan%2CJ&author=Xiao%2CC&author=Tong%2CC&author=Guo%2CC
https://doi.org/10.1039/C4RA16138F
https://scholar.google.com/scholar_lookup?title=Highly%20efficient%20loading%20of%20doxorubicin%20in%20Prussian%20Blue%20nanocages%20for%20combined%20photothermal%2Fchemotherapy%20against%20hepatocellular%20carcinoma&journal=RSC%20Advances&doi=10.1039%2FC4RA16138F&volume=5&pages=30970-30980&publication_year=2015&author=Wu%2CM&author=Wang%2CQ&author=Liu%2CX&author=Liu%2CJ
https://doi.org/10.2147/IJN.S183858
https://pubmed.ncbi.nlm.nih.gov/30643406/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6312061/
https://scholar.google.com/scholar_lookup?title=Large-scale%20synthesis%20of%20monodisperse%20Prussian%20blue%20nanoparticles%20for%20cancer%20theranostics%20via%20an%20%E2%80%9Cin%20situ%20modification%E2%80%9D%20strategy&journal=Int%20J%20Nanomed&volume=14&pages=271-288&publication_year=2019&author=Xu%2CY&author=Zhang%2CY&author=Cai%2CX&author=Gao%2CW&author=Tang%2CX&author=Chen%2CY&author=Chen%2CJ&author=Chen%2CL&author=Tian%2CQ&author=Yang%2CS&author=Zheng%2CY&author=Hu%2CB
https://doi.org/10.1039/C5NJ01744K
https://scholar.google.com/scholar_lookup?title=PB%40Co3O4%20nanoparticles%20as%20both%20oxidase%20and%20peroxidase%20mimics%20and%20their%20application%20for%20colorimetric%20detection%20of%20glutathione&journal=New%20J%20Chem&doi=10.1039%2FC5NJ01744K&volume=39&pages=8802-8806&publication_year=2015&author=Yang%2CWS&author=Hao%2CJH&author=Zhang%2CZ&author=Zhang%2CBL
https://doi.org/10.1002/adfm.201604307
https://scholar.google.com/scholar_lookup?title=Potassium%20Prussian%20blue%20nanoparticles%3A%20a%20low-cost%20cathode%20material%20for%20potassium-ion%20batteries&journal=Adv.%20Funct.%20Mater.&doi=10.1002%2Fadfm.201604307&volume=27&publication_year=2017&author=Zhang%2CC
https://doi.org/10.1021/jacs.5b12070
https://pubmed.ncbi.nlm.nih.gov/26918394/
https://scholar.google.com/scholar_lookup?title=Prussian%20blue%20nanoparticles%20as%20multienzyme%20mimetics%20and%20reactive%20oxygen%20species%20scavengers&journal=J.%20Am.%20Chem.%20Soc.&doi=10.1021%2Fjacs.5b12070&volume=138&pages=5860-5865&publication_year=2016&author=Zhang%2CW
https://doi.org/10.1016/j.talanta.2013.12.028
https://pubmed.ncbi.nlm.nih.gov/24468383/
https://scholar.google.com/scholar_lookup?title=Prussian%20blue%20nanoparticles%20as%20peroxidase%20mimetics%20for%20sensitive%20colorimetric%20detection%20of%20hydrogen%20peroxide%20and%20glucose&journal=Talanta&doi=10.1016%2Fj.talanta.2013.12.028&volume=120&pages=362-367&publication_year=2014&author=Zhang%2CW&author=Ma%2CD&author=Du%2CJ
https://doi.org/10.1166/jnn.2013.6871
https://pubmed.ncbi.nlm.nih.gov/23646698/
https://scholar.google.com/scholar_lookup?title=Prussian%20blue%20modified%20ferritin%20as%20peroxidase%20mimetics%20and%20its%20applications%20in%20biological%20detection&journal=J.%20Nanosci.%20Nanotechnol.&doi=10.1166%2Fjnn.2013.6871&volume=13&pages=60-67&publication_year=2013&author=Zhang%2CW
https://doi.org/10.1039/c0jm00174k
https://scholar.google.com/scholar_lookup?title=Prussian%20blue%20modified%20iron%20oxide%20magnetic%20nanoparticles%20and%20their%20high%20peroxidase-like%20activity&journal=J.%20Mater.%20Chem.&doi=10.1039%2Fc0jm00174k&volume=20&pages=5110-5116&publication_year=2010&author=Zhang%2CX.-Q.&author=Gong%2CS.-W.&author=Zhang%2CY.&author=Yang%2CT.&author=Wang%2CC.-Y.&author=Gu%2CN.

114 0. M. [lemkie, H. €. Cmactok, I. 3. Matida ma iH.

Colloids and Surfaces A: Physicochemical and Engineering Aspects, 490, 291-299.
doi:10.1016/j.colsurfa.2015.11.035
Crossref @ Google Scholar

Zheng, X.-J., Kuang, Q., Xu, T., Jiang, Z.-Y., Zhang, S.-H., Xie, Z.-X., Huang, R.-B., &
Zheng, L.-S. (2007). Growth of Prussian blue microcubes under a hydrothermal condition:
possible nonclassical crystallization by a mesoscale self-assembly. The Journal of Physical
Chemistry C, 111(12), 4499-4502. doi:10.1021/jp065055n
Crossref ® Google Scholar

PRUSSIAN BLUE AND ITS ANALOGUES AS ARTIFICIAL ENZYMES
AND PROSPECTS FOR THEIR APPLICATION

O. M. Demkiv'?, N. Ye. Stasyuk', G. Z. Gayda', A. E. Zakalskiy',

N. M. Grynchyshyn?, M. R. Hrytsyna?, O. T. Novikevych?, M. L. Zastryzhna?,

O. V. Semiion-Luchyshyn®, M. V. Gonchar'

" Institute of Cell Biology, NAS of Ukraine, Drahomanov St. 14/16, Lviv 79005, Ukraine

2 Stepan Gzhytskyi National University of Veterinary Medicine and Biotechnologies

50 Pekarska St. , Lviv 79010, Ukraine

3Danylo Halytsky Lviv National Medical University, 69 Lviv, Pekarska St. , Lviv 79010, Ukraine

In recent years, Prussian blue nanoparticles (PB-NPs) and theire analogues, that
exhibit an increased catalytic activity, have attracted considerable attention in nanotech-
nology. Such nanoparticles are regarded as an alternative to natural enzymes and are
intensively used in biosensorics, diagnostics and experimental biomedicine. Recently,
it has been shown that Prussian blue nanoparticles and their analogs, also referred to
as “nanozymes”, can be used as active oxygen scavengers and antibacterial or anti-
inflammatory drugs due to their polyenzymatic activities, namely oxidase, peroxidase,
superoxide dismutase. Their excellent biocompatibility and biodegradability mean that
they are ideal for in vivo use. Prussian blue nanoparticles are highly efficient electron
transporters that engage in oxidation and reduction activity, which makes them promis-
ing mediators and catalysts of reactions. They also show great promise as nanodrug
carriers and biological detection sensors due to their large specific surface area, unique
chemical characteristics, and variable qualities, which, more importantly, can signifi-
cantly increase their therapeutic effect. Prussian blue nanoparticles, as therapeutic and
diagnostic tools, have achieved significant success in biological nanomedicine. This
review is devoted to the methods of synthesis of Prussian blue nanoparticles, the study
of their structure, properties and role in the creation of analytical sensors and their
promising significance for biomedicine.

Keywords: nanotechnology, nanoparticles, Prussian blue and its analogues,
nanozyme, artificial enzyme
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