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UchuUSULLh LLACULNRD LYUNUS,NRE3SNRLE

Uzluwwnwuph wpnhwlwunipiniup

Ybipoht wnwutwdjwlyubipnud pwngybinuiht  hhjwunnigniuutiph wpwg wép
hwugbigntiy £ wwpwpph unp  dbennubph  dwlydwu  wuhpwdbonnyew:
Nhnnigpuwiht hhywunnygniuutipp, (hutiin pwqdwqwu, hwdwlwpgywd Yepwny
wgnnd Gu dwpnne wwpptip opquuubph ypw: Ujuwhuny, pwnglbinh pnidnwdp
duwdwuwlwyhg ghwnnigyuwu  Yuwplnpwagnyt  fuunhputiphg £ Snjnuggnis niubu
pwngytinuhti  hhywunnipniubph - nbd wwjpwph  wwpplip - JdGennutbp’
phdhwpndnipnit,  Gwnwaqwend,  Jhpwpndniginiy b wgiu: Pdluiwu
ninnigpwpwunyjwu dbe glipitnwpwgnid (hhwbtipptipdhw) tgpnyep YGpwpbpnud |
pnidwywt  (pGpwwlwnpy)  Gnwuwyptu, bGpp  dwpdup  npnowlh hwnywodp
Bupwnpyymd £ 41 °C-hg pwpép obipdwihu dowldwu: (Fhpwhuwihu  hinudwdph
obpdwuwnhdwup 41 °C-hg dhusk 45 °C pwpdpwgubihu pwngybnuihu pehoubiph
Yauuntuwynieyntup uugnud £, huy upwiug qqujniuntginiup phdhwpnidnigjwu b
Swnwqwjpiwl  Uywwndwdp'  dedwund:  Rwnglbinh  pohoubinp  nsuswund G
dnnwynpwwbiu 43 °C gbpdwuwnh6wund, dhusnbin Unpdw| pohoubipp Ywpnn Gu
gnuwnbtp  wyblh  pwpdp, punhny  Jdhugl 46 °C gbpdwuwmphGwund  [1]:
Uwquhuwlwu gbipnwpwgnwdp gnpdnd £ hwdwudwu  ulygpniupny. UL-ubipp
utipwplynd Gu ninnigph hjpwgwdp, W wpnwphtu thnthnfjuwywu dwquhuwlwu
nwownh wanbgniejwdp Yuwnwnpynd § nbnuwiht mwpwgnud [2]: Stinndwgqhuwlwu
uwundwuuplutiph (BUL) nbwpnd wyn  wwpwgnup  hphduwywund  wbinh L
niubunwd  hpuptiptighuh  Ynpnwuwnubinh  hwoyht, puy  qbpuywpwdwqthuwluwu
uwundwuuplubph nbwpnd® LEGH W ppantuywu nbwpuwghwubph hwayhu [3]:

<hduwywu pwuwlwlwu wwpwdbwpp, npp punipwagpnud £ dwuthlubiph
whwwubijpniygniup dwquhuwlwyu  gbpnwpwgdwt  hwdwp'  Ynpnwunubph
wbuwlwpwp hgnpnuygniuu | (Specific Loss Power - SLP): SLP -u  dhwynp
quugywdny  dwqUhuwlwu  Unyeh  Yuwuws  LGYunpwdwqhuwwt  nuownh
tubpghwu £ L gnyg L wwphu  wundwuuhlubph  wwpwgdwu
wpryniwwybtitnnipyniup: SLP - gnpdwlygh wnpdtipp Ywiudwsd £ uwundwuuplubipp
swihtiphg, &uhg, pwnwnpnueniuhg,  dwuthlyubph  dholt  dwqUhuwlwu
thnfuwqnbgnieniuhg, |nWnyend dwuuhlubtiph Ynugbunmpwghwihg, huswbu twl
wpunwpht ElYunpwdwquhuwlywu nwonh hwwlunyegniuhg b wyunyphg [4-11]:
Ulubhwjwn E, np Yauuwpdrohwlywu Yhpwnnygniuutipnd Yaunwuh opquiuhquubiph
hwdwp uwundwuuhlyubpp whbwp £ hutiu ng pnitwynp Ynetiphg Ywd wbwp L
wwuwywd hubu YEuuwhwdwwmbntih hubpu Yngebpnd’ opowlw hynuywdputiph
htiwn Ynnduwlh wqnbgnigniututipp Ywutubiine hwdwp:

Uwquphuwlywu gbpunwpwgdwu dbe npubiu Yauuwhwdwwbintih htwpwynp
otipdwihu  thnfuwpyhsubip  wjunpbu  hbwnwgnunybp Bu Jwqubinpinp (FesOs)
Uwundwuupyubipp: Uwlwju dwqubnpwnh hwabigdwt dwgquhuwgywdnigniup (60-
80 Udyqg) thnpp b Gplwph hwgbgdwu dwquhuwgywdnieniupg (218 Ud2/Yyq):
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Lwuph  np dlinndwquhuwlwt  vwundwuthlyubph  hwdwp  SLP-U ninpn
hwdtidwwnwlwu £ hhuptipighuh onwyh dwybptuhu, www SLP-h dtS wpdtipubn
Ywnbih £ unwuw| hhdwuwlwu dwquhuwlwu punyewaptiph (Unkpghwnhy nd He,
duwgnpnwiht dwquhuwgywonieniu Mg, hwgbgdwt dwquhuwgywdniginiu Ms)
(wywgdwdp: Uu Ywywwnwyny Gplweh, Gplwph opupnh U gidbumnhunh® tnwppbip
dwquhuwlwu punypwgnpbipny unbindywsd Fe-FesOs4 U Fe-FesC «dhonty-punwup»
Ywnnigwdpny hwdwlwpgbipp  htwnwgnunnigjwu  puwywlwu  hGnwulwpwhu
opjGywubp LU, npnup Ubpwnnd  Bu uwle thnpp swithwiht o wnphpnypnd
dwytipnipwipu - U dhodwlbpunipwiht wagnbgnigniuutipp dwgqUhuwlwu
punipwgnbinh Yynw:

Woluwwnwuph tywinwlyp
Uwnbuwfununiejwu  uwywwwlu | upupbgl] gpwbhnwudwy  wdtuwduwhu

pwnwupny wwwnwsd «dhonily-punwie» Gwpnwpwwbungeudp  Bpydbnwn
dwquhuwlwu vwundwuuplubp' odindwd pwpsp Yuyniungejwdp W Yuwpguynpynn
dwqUhuwlwl  punyewapbnny (Ae, Mk, Ms), hpwlwuwgul] dwqUhuwlwl nt
dwqUhuwebpdwiht  thnfujuwwlgwd  hGunwgnunigniuubp’  Jdwguhuwlwu
glipnwpwgdwt puwgwyuwnnud Yhpwntipne hwdwp:

Shwnwlywl unpnypp

1. Ugwldby £ tplweh $unwinghwuhth (FeCsaHieNs) whundwaqwih whpnihgh
dbpnn, npp huwpwynpnipintt £ wwihu dhwihny Gnwuwyny  unwwine
ghwdbhunwudwt wduwduwiht wwunhény tplweh uwundwuuphlutip (Fe@C) L
wpjwd - pununpnipjuidp - Gplwe-tinueh - Yupphn o «dhgnuy-punutes
Swpunwpwuybinniyjwdp Jwquhuwlwu uwundwuuhlyubip (Fe-FesC@C),

2. Uowlydt & Fe@C uwundwuuplubph opuhnwgdwu dbpnn wnwug Juwubint
wdtuwduwjhu - wwwhép, wnpdwd  pununpniejwdp iphuwp-tplweh  opupn
«dhonwy-pwnuiup» Gwpnwpwwbtitnnywdp  duwgqhuwlwu  vwundwuuphyubip
unwuwint hwdwp (Fe-Fe30s@C),

3.Unwohi wuqwd punujuywsd nbuwngbyjwu Ywudwu unpp Yunnigywdph
(Extended X-ray Absorption Fine Structure (EXAFS)) hbtinwgnunniewu W
ntwywhy ndh  nuwowh  dnynyuwht nhuwdpyuh  dnnbwynpdwu
hwdwnpnigjwdp  punyewapyb £ «dhony-pwnwup» Jugdniypniup Fe-FesC
Gpydtbunwn vwundwuuplutipnud

4. Ujnupwnibpjwu  uwyblwpwswihnigywu  dbpnnny  hwuwnwwnyty § Fe@FesC
«dphonly-puwnwup»  Swpwwpwwbnnynup, huswybu  uwl punyewayb) §
GpYywpeh U gbdbuwnpwh dhedwltiplinyewiht winndwwt Yunngywdpp

5.Unwohtt  wuqwd  EGYwpnuwht  wwpwdwquhuwwu  nbgnuwuuwihu
uwblwpwswihnigjwu  dbpnnny  gpwugyt] £ uwungpudbivwhu  hhdpny
Ywnnigywdpubipnd  $tinndwqupuwlwu  nbgnuwuuwhu  Ywunwd: Snyg L
wpgb, np o wgnunh wwnndubipnyg  (Gghpywd  gpwdbuwht Yuunbpubpnud
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dwaquhuwlwu nbtgnuwuuwhu Ylwudwu Ynpp huwnbtigpwiwihu
hunbuuhynipjwt obpdwunmphwuwiht Yuwiunwip udwtu £ $bnndwqthuwlwu
pwnwnphsh hwagbgdwu dwquhuwgywdnigyuu otipdwunhé wuwht Yufudwun:

Uhpwnwlwb tpwliwynipiniup

Uhupbtgqwsd uwunywnnigywdpubipp Ywpnn Gu Yhpwndb] YGuuwpdoynyeywu
pUwqwywnnid Jwquhuwlywy wbnuihu gbpnwpwgdwu dbennny pwngybinwhu
pohoutinh  nstswgdwu  hwdwp, huswbu  twb  Yuwpnn Gu dwnwibp  npwbu
LiGywnpnnwihu upnetip pwpdp nlwwynyewdp gbpynunGuuwnnpubiph unbtinddwu
hwdwp:

Muwnywunipiwi dbphujwgynn hhduwlywy npniypubpp

1. Ubinwn-opquuwlwu  dhwgnigniuutiph - whundwquwihu  whpnihgh  dbpennp
huwpwynpnigyntt £ pudbnnid  unwuwine  huswbtiv - Gplweh  (Fe@C) L
ghdtiunhwp (FesC@C), wjuwbu | Gpydtitnwn Fe-FesC@C «dhonlly-punwup»
Swpunwpwybtitnnipjwdp dJwquhuwlwy bwundwuthlyubp wdtuwdup dby:

2.6pywph  twundwuuhlubph  opupnwgdwu Jdbennp  huwpwynpniginiu L
pudtnnud  wnwug Juwubint  gpwbhrnwudwt  wdfuwduwihu  wwwnhén,
unwuwint  dwqubiinhnph  (Fes04@C) L bGplydbwnwn Fe-FesO4@C  «dhonily-
pwnwup» Gwpunuwpwwbunyeuwdp dwquhuwlywu twundwuuhlubp wdfuwduh
dbio:

3. Cunuyugwsd nbungbiijwu Ywudwt unipp Yunngywdph uwblunpwswthniyjwu
Uppwndwdp JG& Goannpjudp Yupbh b hwunwmntb] Gplwe-gbdbunhn (Fe-
FesC) dwquhuwlwu uwundwuuhlubph «dhonty-punuue» Yunnigywdpn:

4. Ujnupwnibpjut uwtywnpwswihnigjwu  hGunwgnuniyejudp hwunwwnyb) £, np
Fe-FesC «dhontl-pwnwup» bwundwutuhlubiph dhedwquiht uwhuwjhtu gtipinp
wwjdwuwynpywd £ hpduwlwunwd  glidtunpinnd b 40:60  puwpwihu
hwpwpbpwygnyzjwdp udngh nbwpnd Yuqdnwd | gbidiumhnh 23%:

5. ElYwnpnuwiht wwpwdwgUhuwlwu nbgnuwuuh uyblupwswihny gpwugyb) &
$bEnndwquhuwlwu nbignuwuuwjhu Ywunt' wgnwuny tighpyws
uwungpwdbuwhtu Yuumbpubpny wsfuwduwihu Yunnigywdputipnud:

UWaluwwnwph dwdwip
Uwnbuwfununigyniup  pwnugwsd L ULbpwdnipiniuhg, 4 qnjuutiphg L

Udthnthnudhg, <wwwynidubiph b Spwlwunyzjwt gwuliaphg: UnGUwfununtgjwu
oSwywip Yuwgdnwd £ 136 L9, npp ubpwnnd F 61 uhwp L 12 wrgnwwly:
Spwlwunpjwu gwulynud pEpwsd £ 176 hnnud:

UWzluwwnwuph ubpluwywgnidp
Uofuwnwuph wpryniupubpp ubipyujwgyt GU' International Conference “Laser

Physics” (2022p., 2023p.) Uptpwpuwly, <uywutpwl, International Workshop “SpinS”
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(2019.), Myupnipg, Fapdwlpw, International Conference “Nanotech France 2015
Conference & Exhibition” (2015p.) Pwphq, Spwhupw, International Conference
“APS March Meeting”, (2017p., 2018p., 2019p., 2020p.,) Pnuippnt, UUL, 2nd
MaNaCa Workshop “Training Workshop & Summer School on Magnetic Nanohybrids
for Cancer Therapy” (2020p.), Uwntply, <niwuynwl, International Conference
“APRICOT 2023” (2023), bpluwl, <wjwuynwl, Online International Conference
“IEEE  Around-the-Clock  Around-the-Globe  Magnetics  Conference”  (2023)
ghwwdnnnyubpnud:  Upryniupubipp wwppbpwpwp  putwnpyyt  Gu d<h-h
ubidhuwpubiphu:

Lpwwnwpwynipiniuubpp

UwnbUwununigywt hhduwlwu wpryntupubpp hpwwnwpwyywd 5o gpwfunuynn
wduwgptph 8  hnnjuwdubpnud:  <pwwnwpwlyywsd  wofuwmnwupubiph  gniguyp
utipywywgywsd £ ubindwagph YGpenid:

uchiusuuvLr PNYULHUUNRESNRLE

Lbpwénipniunid  hhduwynpdwds L wouwwnwuph  wpnhwlwuniyeniup,
uwhdwuywsd £ wouwwmwuph tywwnwlyp, ubpyujwgywsd Gu ghunwywu unpnypp W
Uppwnwlwu vawuwyniyenup, pYwpyywd U wywrwmwwunyewu ubplwjwgywsd
hpduwlwu  npnypubtipp, pbpwd  Gu  wo2iuwwngEwt  Yunmgjwdpp L
wwnbuwununipjwu pdwny hpwwnwpwyywsd wotuwwnmwuputiph guuyp:

Qnifu 1-nd ubiplujugwsd b wwnbuwfununyguu  phdwhtu bpwpbpdnn
gpwlwunywu wluwnpyp: Wu Ywgdws £ 9 Gupwaupg b wwpniuwynd §
wbintiynipyniuubp dwathuwlwu gbipunwpwgdwu dbuwuhqdutiph, dwgquhuwlwu
uwundwuthlubtiph pwnwnpnijwu W npwiug wywwpwundwy dbpnnubiph, huswbiu
uwl npwug wnwydbneniuubph nt RBpnyeyniuutph dwupt: <pduwdnpywsd |
wwnbuwununipjwu pGdwih puwnpnigynlup:

9nifu 2-nud nwinwduwuhpyby Bu bwungpw$buwihu Yuwunbipubphg punugwsd
wdtuwduwihu  Jhypnguntiph Yunmgywdpp U dwquhuwlwu  hwinynygniuutpp’
wwngbnt hwdwp npuug htwpwynp ubpnpnuip hbunwgw dGunwn-wdfuwduw)hu
uwunyndwnghwnubiph  Jwquhuwwunygjuu  dbg: LY. T-nud  ufubdwinhynpbu
utipyujwgywd £ wdfuwduwiht dhypnquntinh ywwnpwuwndwu ufubidwy wudbunwn
diwnghwuhup b wnihbphituwhu  thnghtutiph  whundwquih  whpnihgh
Gnwuwyny: EYunpnuwihu dwupwnhundwu wpryniupnd wwpqyb £, np upuebigh
wpryntupnd wnwowgwd hnd wdtuwduwiht dhypngunbiph swithtpp thnthnfuynwd Gu
2-5d4d dhowlwypnid, npnup pwnyugwd Gu ninhn nt Ynpwgwd dh pwuh otipnhg
Ywauywd  uwungpuwdbvwhtu  Yuwuwmbpubphg W wdnpd  wdfuwduhg:
Ywnnigywdpwiht  nwnwiuwuhpnyginiuupp gnyg Gu wyb, np uwungpwdbiih
Yjwuwnbipubph swihtpp pulwsd Gu 5-10 ud dhowlwpnid:
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uljqpuwwu  phpniewu AT/At wpwgnyeniup: Fe@C, Fe-Fes04@C L Fes0.@C
udnwubiph SLP gnpdwyhgubiph hwyywplgwsd wpdbpubipu Gu 215, 174 L 124 duwn/q:
Wuwhuh uppp Yyywinwd £, np tGplweh opuhnwgdwu wuwnphtwuh dadwgdwup
gniapupwg SLP gnpdwlgh wndtipp ujwgnid k:

Udthmpbny thnpdtwslyuwsls wiprymiipinln e ipbuwlpuwil glwhwgpuwljustiiGnp, Gunpth
Lk Ggpuiljuuglity, np Fe@C bwiindwiubihliinh wiuphGwitiwupwn opupnuignidp hwitigigind
E piswbu dwqbihuwpniptnughte whgnippnuynyapwtn K hwagpapnidah, wytigu £ Ms
hwqbigdwti dwqbihuwgduidnipsputl bwquwl: Quugws uyu Gplne punipuwgntnp guipplin
Ybpwy Gl wignmid SLP gnpdwilgh dpuws, nputig dhwdwdwitiulyw bdugnidp hwbiqbiglinad £
dbnohtipu tquiuts:

uuenenhy
Uwinnple  tbipluyugywsd  Gu wnbuwlununyguu  opewtiwlubpnd - Yuwnwpywsd
htitnwgnwnnygniuutiph - hhduwwu - wyryniupubipp, npnup - wptwgnind - Gu - plidwh
wpnhwywuniegyniup, ghunwlwt unpnyen, htswbiu twle Yhpwnwuwt tpwtwynysniup.

1. Uhupbqyty Bu  uwungpuwdbuwihtu  Yluunbpubpng - wstuwduwhu - dhypnguntp’
[Gghpywsd  wgnnh  (juwnuniyught)  wwndubpny: - wwuwpbpds £openyp
PEnndwquhuwluwiunigniu gwdpebpdwuwnpwuwiht whpnyend’ wwjdwuwynpywd
uwungpwdbith  Jwglpuwlwu  ghgquqg  btgpbph  uwyhtbipnd, puswbu  vwl
fuwnunyuht wqnup wwnndubinh whpnihwwjhu L whphnhtwyhu
ynudhanipwghwutipny:  Unwoht  wuqwd  uwungpwdtith  Jpw  hhdujwsd
Yunngywdpubipnud gpwiugyt £ $bnndwquhuwlyuit ntignuwtuwhtu Yuitnud:

2. Uowldty £ Gphweh $uwinghwuhup (FeCaatheNs) whundwquyhti whpnihgh dbenn,
npp huwpwynpnuniu £ nwihu unwtwint gpubhunwodwy wdtuwduwhtu wwwnhény
huswbu Bplwph (Fe) b gtidGuwnhwnh (FesC) dwquhuwlwt twundwuthlubn, wiuwbu
bl Bplywe-gbdbunhuwiht (Fe@FesC) tipydtiinwn twundwuthlubn: Snyg § wipdty, np
whpnihgh sbpdwunhGwuh thninfunigniup (700 - 1100 °C) bwlwunpbu wgnnid &
Fe@FesC uwundwuuhlubiph  pwnwnpnzjwt  Jpw, huly whpnhgh  wnbnnnuejwu
thnthnfuniggniup (3 - 1020 p)' Jwuthyutiph dhehu swithbiph Ynu:

3. EXAFS wuwihgh U nbwlwnhy nidh nuownp' dnynywiht nhuwdhy uhdngughuwgh
hwdwnpnipjwdp  hwoduwpyywd  ownwynuwiht pwfugdwtu  $nllghwutiph
hwdtidwuinngggintup gnyg £ wyb, np nhnwpyywsd  Fe@FesC  Gipldbinwin
Uwundwuuhlubpp nubu «dhoniy-punuiup» Gwpnwpwwbinngnia® Fe dhoniyny U
FesC pwnwiueny:

4. Ujnupwnibipjwt uwblunpwnhndwy wpryniputiph epindnugggntuphg wwingubg &, np
Fe@FesC (40:60 pwyowyht hwpwpbpniyzjwdp) «dhgnilpwnwue» wundwuuhyutiph
dhodwquiht uwhuwhtu 26punp wwjdwuwynpywsd § hhduwlwund ghdtunhunny L
Ywqgunud £ punhwunip gtidtunhunh 23%:

5. Fe@fFesC (40:60 puwpwihtu hwpwpbpnygwdp) Uwundwuuhlubph  dwqUhuwgyuw-
Snijwt’  JwqUhuwlywu  nuowh  wpdwdnipniuphg  Ywiundubpp 10-300 4
obpdwumnphbwuwiht - whpnyend  gnigwptipt] Gu dwquhuwgdwu  Ywpnly pnhsp
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10.

Uhpwnywsd pnyl nwownbpnw, npp Ywpnn o owwdwuwynpgwd  hub) Fe-FesC
Uwundwuuhyubiph «dhoniy-puwnwue» Yunngywdpny:

Uhtupbqud (Fe-FesC)@C uwunyndwnghwnutiph 1dg/d) YnugbUuinpughwyny  spwihtu
Ywlunyputiph dwquhuwlwt glipthwpwgdwt hbunwgnunnuegniiubpnud wnwybugnyu
Ynpniuntubiph wbuwYwnuwip hgnpniejwiu SLP gnpdwlgh wipdtip' 419 Yw/q, gpwugyt
E whpnihgh 900 °C ebipdwuwp6wuh W 5 p wbnpnygudp udnpnd 375 U<g
hwawfunyzuidp U 60 US| jwjunyeny dwgUhuwuw nugunwd:

Lbdnhgh ybpinwonipjwt nunwduwuhpnygniuutipp gnyg Bu b, np (Fe-FesCy@C
uwunyndwnghwutinp niutiu gudp hbdnihrnwht nbwlghw (< 5%) thnpdwnlywsd 60
dya/dp L 250  dyg/d  YnugBuwnpwghwubph  nbwpnd, npp o Jyunud §
uwunyndwnghwnubiph Yuuwhwdwnbinbihnigjwu dwuht:

. Uwlyty & Fe@C uwundwuuhlubph opuhnwugdwt dbpnn’ wnwug  Juwubjng

gpwbhrnwtdwt wofuwduwiht wwuinhép, FesO:@C b tipydtunwn Fe-Fes04@C «dhoniy-
punwup»  Gwpunwpwwbnnwdp  dwqlpuwlwiu  bwundwuthlyubp  unwtwnt
hwidwin:

.8nyg L wpdti, npp o opupnwgdwup  gnigpupwg,  pwgh  hwagbtigdwu

dwqupuwgywdnygywu  tjwgndhg,  ujuwgnd £ uwl dwqUuhuwpnipbnuhu
wuhgnwnpnwnywu gnpdwlhgp:

8nyg L wpyby, np duwquhuwlwu hunntyghnt tnwpwgdwu nbwpnd SLP gnpdwygh
wnpdtipp ujwgnul £ Fe@C uwundwuuhlubph opuhnugdwup gngpupwg, npp wwj-
dwuwynpywd £ dwquhuwpniptinwihtu wiuhgnunpnunygjuwu gnpdwlgh uyuquwdp:

<nyud woluwwnwupubiph gnigwly

N.R. Datta, S.G. Orddfiez, U.S. Gaipl, MM. Paulides, H. Crezee, ). Gellermann, D.
Marder, E. Puric, S. Bodis, Local hyperthermia combined with radiotherapy and-/or
chemotherapy: Recent advances and promises for the future, Cancer Treatment
Reviews 41 (2015) 742-753.

P. Wust, B. Hildebrandt, G. Sreenivasa, B. Rau, J. Gellermann, H. Riess, R. Felix, P.
Schlag, Hyperthermia in combined treatment of cancer, The Lancet Oncology 3 (2002)
487-497.

A. Figuerola, R. Di Corato, L. Manna, T. Pellegrino, From iron oxide nanoparticles
towards advanced iron-based inorganic materials designed for biomedical applications,
Pharmacological Research 62 (2010) 126-143.

R. Hergt, W. Andrd, Magnetic Hyperthermia and Thermoablation, in: W. Andrd, H.
Nowak (Eds.), Magnetism in Medicine, st ed., Wiley, 2006: pp. 550-570.

S. Dutz, R. Hergt, Magnetic particle hyperthermia—a promising tumour therapy?,
Nanotechnology 25 (2014) 452001.

F. Shubitidze, K. Kekalo, R. Stigliano, |. Baker, Magnetic nanoparticles with high specific
absorption rate of electromagnetic energy at low field strength for hyperthermia therapy,
Journal of Applied Physics 117 (2015) 094302.

17



7.

8.

9.

10.

1.

1.

M. Wabler, W. Zhu, M. Hedayati, A. Attaluri, H. Zhou, ). Mihaloc, A. Geyh, T. L. DeWeese,
R. vkov, and D. Artemov, Int. J. Hyperthermia 30 (2014) 192.

M. Angelakeris, Zi-AnLi , M.Hilgendorff, K.Simeonidis, D.Sakellari, M. Filippousi, H. Tian,
G. Van Tendeloo, M. Spasova, M. Acet, M. Farle, ]MMM, 381 (2015) 179.

C. G. Hadjipanayis, M. |. Bonder, S. Balakrishnan, X. Wang, H. Mao, and G. C.
Hadjipanayis, Small, 4 (2008) 1925.

R. Hergt, S. Dutz, R. Muller and M. Zeisberger, J. Phys.: Condens. Matter, 18 (2006)
$2919.

H. S. Huang and J. F. Hainfeld, International Journal of Nanomedicine, 8 (2013) 2521.

Lpwunwpwyywsd woluwwmnmwupubph gnigul
Gyulasaryan, H.; Kuzanyan, A.; Manukyan, A.; Mukasyan, A. S. Combustion Synthesis of

Magnetic Nanomaterials for Biomedical Applications. Nanomaterials 2023, 13 (13), 1902.
Manukyan, A.; Gyulasaryan, H.; Kocharian, A.; Oyala, P.; Chumakov, R.; Avramenko, M.;
Sanchez, C.; Bernal, O. O.; Bugaev, L.; Sharoyan, E. Structure and Magnetism of Few-
Layer Nanographene Clusters in Carbon Microspheres. J. Phys. Chem. C 2022, 126 (1),
493-504.

Gyulasaryan, H.; Tolchina, D. B.; Avakyan, L. A.; Srabionyan, V. V.; Bugaev, L. A;
Kozakov, A. T.; Nikolskiy, A. V.; Mikheykin, A. S.; Pankov, I. V.; Tsaturyan, A. A;
Emelyanov, A. V.; et al. Graphene Clusters in Carbon: Structural Features and Magnetic
Properties. Applied Surface Science 2025, 687, 162284.

Avakyan, L.; Manukyan, A.; Bogdan, A.; Gyulasaryan, H.; Coutinho, J.; Paramonova, E.;
Sukharina, G.; Srabionyan, V.; Sharoyan, E.; Bugaev, L. Synthesis and Structural
Characterization of Iron-Cementite Nanoparticles Encapsulated in Carbon Matrix. J.
Nanopart. Res. 2020, 22 (1), 30.

. Gyulasaryan, H.; Avakyan, L.; Emelyanov, A.; Sisakyan, N.; Kubrin, S.; Srabionyan, V.;

Ovcharov, A.; Dannangoda, C.; Bugaev, L.; Sharoyan, E.; Angelakeris, M.; Farle, M.;
Spasova, M.; Martirosyan, K.; Manukyan, A. Iron-Cementite Nanoparticles in Carbon
Matrix: Synthesis, Structure and Magnetic Properties. JMMM 2022, 559, 169503.

. Papadopoulou, E.; Tetos, N.; Gyulasaryan, H.; Chilingaryan, G.; Ginoyan, A.; Manukyan,

A.; Angelakeris, M.; Farle, M.; Spasova, M. Structural and Magnetic Properties of Carbon-
Encapsulated Fe/FesC Nanoparticles. Nano-Struct. & Nano-Objects. 2023, 34, 100959.
Gyulasaryan, H. T. Analysis of the Magnetic Characteristics of Single-Domain
Ferromagnetic and Superparamagnetic Nanoparticles in a Ni@C Nanocomposite. J.
Contemp. Phys. 2023, 58 (3), 282-286.

Gyulasaryan, A. T.; Castillo, K. A.; Bernal, O. O.; Kocharian, A. N.; Sisakyan, N.;
Chilingaryan, G. K.; Veligzhanin, A. A.; Gray, ). L.; Sharoyan, E. G.; Manukyan, A. S.
Synthesis and Structure of Fe-FesOs Nanoparticles with “Core-Shell” Architecture
Capsulated in a Graphite-Like Carbon Matrix. J. Contemp. Phys. 2021, 56 (2), 150-153.

18



3AKNKOYEHUE

Huxe npencTtaBlieHbl OCHOBHbIE pe3yNibTaTbl WUCCNeLOBaHWUA J],VICCCpTaLI,VIOHHOﬁ
pa6OTbI, KOTOpblEe OTpaMatoT €€ aKTyaJlbHOCTb, Hay4YHyt0 HOBU3HY W MNpaKTUYECKYHO
3HA4YNMOCTb!

1. CuHTe3npoBaHbl yrnepofHble MUKpocdepbl € HaHOTpaeHOBbIMU KnacTepami,
NernpoBaHHble aToMamu asoTa, KoTopble obHapykuBatoT cnabblii dheppomarHeTnam
B 0bnacTu HU3KMX TemnepaTyp. [TokasaHo, 4YTO 3TOT ohheKT CBA3aH C BIUAHUEM
3uUraaroobpasHblx KpaeBblX y4acTKOB HaHorpadeHa, a TakMe ¢ MMPONUTUYECKUMI U
MUPUANMHOBBLIMU  KOHpUTYpaLMAMK TErMpyroLux atomoB asoTa. Brepeble 6bino
ObHapy#eHO heppoMarHUTHOe pPe30HAHCHOe MOrNolleHne B HaHOrpacheHOBbIX

CTPYyKTypax.

2. PaspabotaH meTop TBepaochasHoro nuponusa cpranoumanuHa xenesa (FeCaHisNg),
nossonAloWMiA  nonydatb HaHodacTuubl menesa (Fe), uemeHTuta (FesC) wu
bumetannnyeckune HaHovacTuubl Fe-FesC ¢ yrnepopHoii obonoukoid. YcrtaHoBneHo,

o ie3
yto Temnepatypa nuponusa (700-1100°C) cyuiecTBeHHO BnWAeT Ha dpa3oBblid
cocTaB HaHo4acTuL, a MpPOROmKUTENnbHOCTE Nuponusa (3-1020 muHYT) - Ha ux
pasmep.

3. CpaBHuTenbHblii aHanua yHKUMIA paguanbHOro pacnpefenceHua  31emMeHTOB,
MoMydYeHHbIX C nomolblo aHanusa EXAFS, B codeTaHunm c pesynbTatamu
MOJEKYNIAPHO [IMHAMWYECKOTO MOLENMPOBAaHMWA, Mokasanu, YTO CUHTE3UPOBaHHblE
bumetannnyeckne HaHovacTuubl Fe-FesC obnapatot apxutekTypoil afpo-obonoyka
c agpom Fe n obonoukoii FesC.

4. AHanus JaHHbIX MEccbayspoBCKOW CMEKTPOCKOMMM Mokasan, YTO MHTepdelicHbI
CMUWHOBbIA cnoi Ha rpaHuue Fe-FesC B OCHOBHOM COCTOMT W3 LEMEHTUTa U
cocTaBnAeT NpubnuantenbHo 23% ot obLuero cofepmanna aToid asbl

5. 3aBMCMMOCTb  HamarHWM4YEHHOCTM  OT  MPUIIOKEHHOrO  MarHWTHOro MofAa B
TemnepatypHom pumanazoHe 10-300 K pna obpasua Fe@FesC (c maccoBbiM
cooTHolleHnem 40:60) nokasana peskuil cKaYoK HamarHUY4EHHOCTU MpW cnabdbix
MPUIOKEHHbBIX MOMAX, YTO CBA3AHO C apXMUTEKTYpOl «Afpo—obonoyKka» HaHOYacTuL,
Fe-FesC.

6. Vlsmepeva MarHUTHOro HarpeBa BOAHbIX cycneHsmﬁ CUHTE3NPOBaHHbIX

HaHokomnosnToB (Fe-FesC)@C npu  KoHueHTpauun Tmr/mn B nepemeHHOM
mMarHuTHom none c 4Yactotoil 375kly u amnautypoid 60mTn, nokasanu
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10.

MaKCHMMallbHoe 3HayeHue yHenbHOW MoluHocTn notepb (SLP) - 419 Bt/r pns
obpasua, nogeeprHytoro nuponusy npu temnepatype 900 °C B TeueHne 5 munyT.

WcecnepoBanua no aHanusy remonmsa nokasanu, 4To HaHokomnosutobl (Fe-FesC)@C
UMEIOT HU3KYIO (< 5%) reMONUTUYeCcKyto peaKkLuio Npy KOHLUEeHTpauuax 60 mkr/mn
u 250 wmKkr/mn, 4TO CBUAeTenbcTBYeT O  Xopollell  OMOCOBMECTUMOCTM
HaHOKOMIO3UTOB.

PaspabotaH meTop, okucneHua HaHouacTwl, Fe@C 6e3 noBpempeHWA yrnepopHoi
0bONOYKM, YTO MO3BONUIO CO3[aTb MarHUTHble HaHOYacTULbl C apXMTEKTYpOi
Appo-obonoyka Fes04@C n Fe-Fez04@C.

nOKaBaHO, 4TO B pesynbTate OKUCIEHWUA MOMUMO CHUMEHWA HaMarHWYeHHOCTKU
HacbILLEeHNA TaKKe nponcxogunTt yYMeHbLUEHWE KOBClZ)ClZ)VILI,VIeHTa
MaFHVITOKpVICTaJ'IJ'IVI‘-IeCKOﬁ aHU30TpOonnun.

I'IonasaHo, 4TO MpU MarHUTOMHOYKLNOHHOM Harpese 3Ha4YeHue SLP ymeHblLlaeTcA

no mepe OKUCIIEHWA HaHo4YacTul, FC@C, 4YTO CBA3aHO B MNeEpByO oYepedb C
YMEHbLUEHUEM KOHCTaHTbI MaFHVITOKpVICTaJ'IJ'IVI‘-IeCKOﬁ aHU30TpPONnn.
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SUMMARY

Below are presented the main results of the research conducted within the

framework of the dissertation, which reflect the relevance, scientific novelty, as well as
practical significance of the topic.

1.

Carbon microspheres containing nanographene clusters doped with nitrogen
atoms have been synthesized. Weak ferromagnetism was observed at low
temperatures, attributed to magnetic zigzag edge spins of nanographene, as well
as to pyrrolic and pyridinic configurations of the dopant nitrogen atoms.
Additionally, ferromagnetic resonance absorption in nanographene-based
structures was recorded for the first time.

A solid-state pyrolysis method for iron phthalocyanine (FeCsHisNs) has been
developed, enabling the synthesis of magnetic iron (Fe), cementite (FesC)
nanoparticles, and bimetallic Fe-FesC nanoparticles with a graphite-like carbon
shell. It has been demonstrated that pyrolysis temperature (700-1100°C)
significantly influences the composition of Fe-FesC nanoparticles, while pyrolysis
duration (3-1020 minutes) affects their average particle size.

Comparison of radial distribution functions obtained through EXAFS analysis
combined with reactive force field molecular dynamics simulations revealed that
the observed bimetallic Fe-FesC nanoparticles possess a core-shell architecture,
with an Fe core and an FesC shell.

Mbssbauer spectroscopy analysis indicated that the interfacial spin layer in Fe-
FesC core-shell nanoparticles (with a 40:60 mass ratio) primarily consists of
cementite, accounting for approximately 23% of the total cementite content.

The field dependence of magnetization in the Fe-FesC (40:60 mass ratio)
sample, measured between 10-300K, exhibited a sharp increase in
magnetization under weak applied fields, likely due to the core-shell structure of
the nanoparticles.

Magnetic  heating studies of aqueous suspensions of (Fe-FesC)@C
nanocomposites at a concentration of 1 mg/mL showed a maximum specific loss
power (SLP) of 419 W/g for samples pyrolyzed at 900 °C for 5 minutes, under
an alternating magnetic field of 375 kHz frequency and 60 mT amplitude.
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7.

10.

Hemolysis assays demonstrated that (Fe-Fe3C)@C nanocomposites exhibit low
hemolytic activity (<5%) at tested concentrations of 60 pg/mL and 250 pg/mL,
indicating good biocompatibility.

A method has been developed to oxidize Fe@C nanoparticles without damaging
their graphite-like carbon shell, enabling the creation of magnetic nanoparticles
with Fe304@C and bimetallic Fe-Fe304@C core-shell architectures.

It has been shown that oxidation not only reduces the saturation magnetization
but also decreases the magnetocrystalline anisotropy constant.

During magnetic induction heating, the SLP decreases with the oxidation of

Fe@C nanoparticles, primarily due to the reduction in the magnetocrystalline
anisotropy constant.
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