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Fe3O4@SiO2@Au nanoparticles for MRI-guided 
chemo/NIR photothermal therapy of cancer cellsf
Alexey M aximenko, Joanna D epciuch ,C *3 Natalia Łopuszyńska,
M ałgorzata Stec, Żaneta Swiatkowska-W arkocka, Vadim Bayev,
P iotr M. Zieliński,® 3 Jarosław  Baran,c Julia Fedotova, 
and Magdalena Parlinska-W ojtan3

W ładysław  P. Węglarz

Novel functionalized (biofunctionalization fo llow ed by cisplatin im mobilization) Fe3O4@SiO2@Au 

nanoparticles (NPs) were designed. The encapsulation o f Fe3O4 cores inside continuous SiO2 shells 

preserves their initial structure and strong magnetic properties, while the shell surface can be decorated 

by small Au NPs, and then cisplatin (cPt) can be successfully im mobilized on their surface. The fabricated 

NPs exhibit very strong T2 contrasting properties fo r m agnetic resonance imaging (MRI). The 

functionalized Fe3O4@SiO2@Au NPs are tested fo r a potential application in phototherm al cancer 

therapy, which is simulated by irradiation o f tw o  colon cancer cell lines (SW480 and SW620) w ith  a laser 

( l  =  808 nm, W =  100 mW cm -2). It is found that the functionalized NPs possess low  toxic ity towards 

cancer cells (~10-15%), which however could be drastically increased by laser irradiation, leading to  

a m ortality o f the cells o f ~43-50% . This increase o f the cyto tox ic  properties o f the Fe3O4@SiO2@Au 

NPs, due to  the synergic e ffect between the presence o f cPt plus Au NPs and laser irradiation, makes 

these NPs perspective agents fo r potential (MRI)-guided stimulated chem o-photo therm al treatm ent o f 

cancer.

&

Introduction
B iocom patib le Fe3O4@Au n an opartic les  (NPs), w here Fe3O4 are 
superparam agnetic  cores coated  w ith  Au NPs, are b u ild in g  
agen ts w ith  m u ltip le  fun c tio n s for early d iagnostics a n d  for new  
noninvasive therap ies  for previously incurab le  d iseases. T his 
m akes th e m  p ro m isin g  for th eran o stics , w here im ag ing  a n d  
therapy  m odalities are in teg ra ted  w ith in  a  single p la tfo rm .1’2 
D ue to  th e  superparam agnetic  fea tu res o f  Fe3O4 cores, th e  NPs 
can  be driven in  b iological objects by th e  external m agnetic  field 
g rad ien t, a n d  can  th u s  be u sed  for labe ling  o f  b iom olecu les a n d  
for d ru g  delivery.3 M oreover, su perparam agnetic  Fe3O4 NPs 
exh ib it s tro n g  m agnetiza tion  in  ex ternal m agnetic  field, w hich  
co n trib u te  to  m agnetic  field p e rtu rb a tio n s. As a re su lt the 
d ep h asin g  o f p ro to n s is activated, lead ing  to  sh o rten in g  o f  the 
T2 tim e  (transverse or sp in -sp in ) relaxation  o f th e  n e ighbo ring  
reg ions.4 Also superparam agnetic  iron  oxide NPs w ith
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u ltrasm all size can  influence the  T4  tim e (long itud inal o r spin- 
lattice) re laxation .5 T his m akes Fe3 O 4 @Au NPs applicab le  as 
co n tra s t agen ts in  MR im ages. The presence  o f Au NPs, w hich  
have h ig h  X-ray ab so rp tion , m ake Fe3 O4 @Au NPs also  p ro m ­
ising  for en h an c in g  co m pu ted  tom ography  im aging .6 O n the 
o th e r h an d , superparam agnetic  Fe3 O 4  NPs are attractive 
can d id a tes  for novel th erapeu tic  app roaches for cancer cell 
selective trea tm en t. T hus, the  superparam agnetic  Fe 3 O 4  NPs 
can  be app lied  in  m agneto -m echan ica l cancer trea tm en t, w here 
NPs ac tu a ted  th ro u g h  th e  use o f su p e r low frequency  AC 
m agnetic  fields an d  con tribu te  to  cytoskeletal d is ru p tio n  an d  
su b seq u en t cell death , can  be selectively enac ted  u p o n  
cancerous cells, w hile leaving healthy  cells in tac t.7 Super- 
param agne tic  Fe 3 O4  NPs also  can  be ap p lied  for m agnetic  
partic le  hypertherm ia , w here the  NPs exposed to  a lte rn a tin g  
m agnetic  fields o f relatively h ig h  frequencies (~100 kHz), 
genera te  h e a t th ro u g h  Neel o r B row nian relaxation , w h ich  leads 
to  tem p era tu re  increase, causing  su b seq u en t dam age to  the 
su rro u n d in g  cells.8

Au NPs d e m o n s tra te  localized  surface  p la sm o n  re so n an ce ,9 
b a sed  o n  th e  collective o sc illa tio n  o f free e lec tro n s in  
co n d u c tio n  b a n d s .10 T hese p ro p e rtie s  o f  go ld  NPs find  an  
ap p lic a tio n  in  a m in im ally  invasive te ch n iq u e , w h ich  is called  
p h o to th e rm a l therapy . In  th is  th e rap y  p h o to th e rm a l ag en ts  
(gold NPs) convert th e  laser energy  to  h ea t, w h ich  k ills th e  
cancer cells. M oreover, Au NPs are  w idely u sed  as a p la tfo rm
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fo r d ru g  delivery, for exam ple c isp la tin  (cPt).11 In  th is  case, 
go ld  NPs w ith  im m o b ilized  cP t p rovide a  synergetic  effect in  
can cer tre a tm e n t.12 A nd th is  synergetic  effect cou ld  a lso  be 
en h a n c e d  in  co m b in a tio n  w ith  th e  p h o to th e rm a l th erap y  
desc r ib ed  above.13

C om bina tion  o f m agnetic  iron  oxide a n d  gold  NPs in  the 
fram ew ork o f one com pac t nanopartic le  (below 40 nm ), in  
w h ich  su perparam agnetic  p ropertie s o f iron  oxide NPs a n d  
surface p lasm on ic  p ropertie s  o f  go ld  NPs co m p lem en t each  
o ther, can  no ticeab ly  extend th e  th e ran o stic  p o ten tia l o f the 
system . However, a ttach in g  Au NPs to Fe3 O 4  is a  challeng ing  
p rob lem . O ne o f th e  effective strategy, em ploys an  in te rm ed ia te  
ad h esio n  layer o f am ino-m odified  silica, w h ich  coats th e  Fe3 O 4  

NPs, an d  to  w hich  Au NPs are a ttach ed .14’15 The la tte r strategy 
allows to  use hydrophob ic  iron  oxide NPs p rep a red  th ro u g h  
th e rm a l decom position  in  non -aq u eo u s m ed ia , w h ich  are 
nearly  m onod ispersive .16’17 Silica shells also  can  effectively 
en h an ce  b iocom patib ility , p reven t co rrosion  a n d  agglom era­
tion  o f Fe3 O 4  NPs a n d  im prove th e ir  stab ility  in  aqueous so lu­
tion . The p resence o f silano l func tiona l g roups o n  the  surface of 
th e  co re-sh e ll Fe 3 O4 @SiO 2  NPs m akes th e m  d ispersib le  in  po lar 
solvents such  as w ater, an d  also  provides easy fu rth e r m odifi­
ca tion  w ith  o th e r fu nc tiona l g roups, th u s  en ab lin g  coup ling  
w ith  d ifferen t d rugs a n d  biom olecu les. The im m obiliza tion  of 
cP t on  th e  nano p artic le s  surface, can  increase th e  th erapeu tic  
influence o f  th e  d ru g  a n d  m ake its im p ac t m ore contro llable. 
However, th e  co m bina tion  all o f  th e  th ree  co m ponen ts  in  one 
system  is a  challeng ing  prob lem .

H ere we design novel, ta rge ted  cP t-based Fe 3 O 4 @SiO 2 @Au 
NPs (Fig. 1), w h ich  will have an  im proved p o ten tia l in  m agnetic  
resonance  im ag ing  (M RI)-guided ch em o-pho to therm al s tim u ­
la ted  tre a tm e n t o f  cancer. For th is  pu rpose , o u r m agnetic  NPs 
w ere functionalized  by cPt, a  m etallic  p la tin u m  coo rd ination  
co m p o u n d  w ith  a  square p lan a r geom etry, w h ich  show s h igh  
an tican cer activity in  a variety o f tum ors, a n d  w hich  is w idely 
u sed  in  chem otherapy  m ed ica tion  to  tre a t a n u m b e r o f 
cancers .18 For th e  th e ran o stic  app lica tion , we te s ted  th e  effec­
tiveness o f th e  NPs as c o n tra s t agen ts for MRI an d  investigated  
in vitro  th e  chem o-pho to therapy  p o ten tia l o f th e  Fe 3 O4 @- 
SiO2 @Au nanosystem  o n  two co lon  cell lines: SW480 a n d  
SW620 in  te rm s o f cell viability (MTT assay) a n d  m orphological 
changes induced  in  tu m o r cells (optical m icroscopy). Because 
n ear-in fra red  (NIR) rad ia tio n  can  pen e tra te  in to  biological 
tissues several cen tim eters  deep, we chose a laser w ith  an  
808 n m  w avelength, w hich  is em ployed in p h o to th e rm a l 
therapy  in  th e  m ajority  o f cases .19 The m orphology, s truc tu re

Fig. 1 Scheme o f the Fe3O4@SiO2@Au NPs biofunctionalization 
process and process o f the cPt immobilization.

a n d  m agnetic  p ropertie s o f th e  Fe 3 O 4 @SiO 2  a n d  Fe 3 O 4 @- 
SiO2 @Au nanosystem s have b een  investigated  u sin g  tra n s ­
m ission  e lec tron  m icroscopy (TEM), X-ray d iffraction  (XRD), 
M ossbauer spectroscopy an d  SQ UID -m agnetom etry. The 
stability  o f th e  functionalized  Fe 3 O 4 @SiO 2 @Au NPs a n d  the 
verification o f th e  effective p rocess o f b io functionaliza tion  an d  
cPt im m obiliza tion  have been  carried  o u t u s in g  d ifferential 
scan n in g  calorim etry  (DSC), therm ograv im etric  analysis (TGA) 
a n d  R am an spectroscopy.

Experimental section
M ateria ls

Tetraethyl ortho-silicate (TEOS, 99.0%), (3-aminopropyl)triethox- 
ysilane (APTES, 99%), polyoxyethylene (5) nonylphenylether (Ige- 
pal CO-520), tetrakis(hydroxym ethyl)phosphonium  chloride 
(THPC, 80% solution in H 2 O), hydrogen tetrachloroaurate(III) 
hydrate (HAuCl4  ■ 3H 2 O, 99.9% m etals basis), 16-mercaptohex- 
adecanoic acid (16-MHDA), dim ethylform am ide (DMF), penta- 
fluorophenyl (PFP), N ,N-diisopropylethylam ine (DIPEA) an d  N- 
cyclohexyl-N-(2-morpholinoethyl)carbodiimide metho-p-toluene- 
sulfonate (CMC) were pu rchased  from  Sigma Aldrich (USA). Ferric 
chloride hexahydrate (FeCl3  ■ 6H 2 O, 99%), sod ium  oleate (NaOA, 
95%) were purchased  from  Carl Roth. 1-Octadecene (ODE, tech. 
90%), oleic acid (OA, tech. 90%), po tassium  carbonate (K2 CO3 , 
99.0%) were pu rchased  from  Alfa-Aesar Chem icals. Cyclohexane 
(C6 H 1 2 , 99.5%), hexane (C6 H 1 2 , 97.0%), acetone (C3 H 6 O, 99.5%), 
am m onia  solu tion  (NH 3  ■ H 2 O, 25%), chloroform  (CHCl3 ), e thanol 
(C2 H 5 OH, 96%) were bough t from  POCH. U ltrapure w ater was 
used  th roughou t the experim ents. All the chem icals were u sed  as 
received w ithout fu rther purification.

Synthesis o f Fe3O4@SiO2@Au NPs

The p rocess  o f  syn thesis  involved th ree  stages: (a) th e  
syn thesis  o f  h y d ro p h o b ic  Fe 3 O 4  NPs, (b) e n cap su la tio n  o f  th e  
Fe 3 O 4  NPs in  a n  SiO 2  sh e ll a n d  (c) a tta c h in g  th e  Au NPs to  th e
Fe 3 O 4 @SiO 2 .

(a) H ydrophobic  Fe3O4 NPs. H ydrophobic  Fe3 O 4  NPs were 
fab rica ted  accord ing  to  th e  2-step therm al-decom position  
m e th o d  explained elsew here.16,17 Shortly, in  firs t step  a n  iron- 
oleate com plex was p repared . For th is  pu rpose , a so lu tion  of 
iron  ch loride (FeCl3 $6H2 O, 3.6 g) a n d  so d iu m  oleate (12.2 g) 
dissolved in  a m ixture o f e th an o l (27 mL), hexane (47 mL) an d  
d is tilled  w ater (20 mL) in  a  250 mL necked  ro u n d  b o tto m  flask 
was p repared . The above-m entioned  so lu tion  was h ea te d  to 
70 °C w ith  a co n s ta n t h ea tin g  ra te  o f  3.3 °C m in - 1  u n d e r  Ar flow 
a n d  w as k ep t a t  th a t  tem p era tu re  for 4 ho u rs . After the  reac tion  
was com plete  th e  u p p e r red  brow n layer o f iron  o leate was 
w ashed  th ree  tim es w ith  d istilled  w ater in  a separatory  funne l 
a n d  subsequen tly  d ried  in  air. In  th e  second  step , th e  syn the­
sized iron-oleate com plex (9 g) w ith  oleic acid  (1.43 g) were 
dissolved in  1-octadecene (63 mL) a t room  tem pera tu re . The 
so lu tion  p laced  in  a  250 mL necked  ro u n d  b o tto m  flask was 
hea ted  w ith  a co n s ta n t h ea tin g  rate  o f 3.3 °C m in - 1  to  reflux 
(318 °C) u n d e r argon  for 30 m in . At th e  en d  o f the  reac tion  the 
brow nish-b lack  so lu tion  w as cooled to room  tem p era tu re  an d
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th e  ob ta in ed  NPs w ere p rec ip ita ted  in  e th an o l (200 mL) a n d  
cen trifuged  for 5 m in u tes  in  50 mL flacons a t 4000 rpm . T hen  
th e  NPs w ere re-d ispersed  in  ch lo ro fo rm  an d  iso lated  by ad d in g  
acetone a n d  cen trifug ing  th e  o b ta in ed  so lu tion . T his w ash ing  
step  w as rep ea ted  two tim es a n d  th e  th ird  tim e th e  NPs were left 
in  a  ch lo ro fo rm /acetone  m ixture for 24 hou rs . The NPs w ere 
subsequen tly  co llected  by cen trifuga tion , d ried , re-d ispersed  
a n d  sto red  in  cyclohexane, w here th e  con cen tra tio n  o f NPs 
w as se t to  2.5 g  L- 1 .

(b) Fe3O4@SiO2 NPs. The Fe3 O 4 @SiO 2  com plexes w ere 
fab rica ted  by reverse m ic ro em u ls io n  m e th o d .20 Briefly, Igepal 
CO-520 (1.0 g) w as d isp e rsed  in  cyclohexane (22 mL) a n d  
so n ica ted  for 10 m in . T hen , 2 5% -am m on ium  hydroxide (0.4 
mL) w as a d d e d  to  1 mL o f  th e  as-p rep a red  Fe 3 O 4  NPs cyclo- 
hexane so lu tio n  a n d  s tirred  for 30 m in . Subsequen tly , TEOS 
(0.07 mL) w as a d d e d  to  th e  above m ix tu re  a n d  the  final so lu ­
tio n  w as left u n d e r  co n tin u o u s  s tirr in g  fo r 12 h o u rs . After th is , 
APTES (0.05 mL) w as d ro p p ed  in to  th e  m ix ture , w h ich  w as left 
u n d e r  c o n tin u o u s  s tirr in g  fo r a n o th e r  12 h o u rs . T he o b ta in e d  
Fe 3 O 4 @SiO 2  c o re -sh e ll N Ps w ere co llected  by cen tr ifu g a tio n  
a n d  w ash ed  w ith  e th a n o l th ree  tim es a n d  re -d isp e rsed  in  1 mL 
o f  e th an o l.

(c) Fe3O4@SiO2@Au NPs. The p rocedure o f Fe3 O 4 @SiO2  NPs 
deco ra tion  by Au NPs can  be d iv ided in to  two steps. The first 
s tep  is th e  synthesis o f Au NPs an d  th e  second  step  is a ttach in g  
th e  Au NPs on  th e  surface o f Fe3 O 4 @SiO2 , w h ich  is function- 
alized  w ith  APTES. Au NPs w ith  d iam eters  from  2 n m  to  6 n m  
w ere syn thesized  by d irec t red u c tio n  o f  HAuCl4 3H 2 O w ith  
THPC previously rep o rted  in  th e  lite ra tu re .21 Briefly, p o rtions o f 
so d iu m  hydroxide (1 m ol, 0.5 mL), th e  red u c in g  ag en t THPC 
(1%  aqueous so lu tion , 1 mL), an d  th e  m eta l sa lt HAuCl4  (1% 
aq ueous so lu tion , 2 mL) w ere a d d ed  successively to  38 mL of 
w ater w hile s tirr in g  a n d  th e  re su ltin g  so lu tion  w as aged for 
a  few days a t 4 °C, till o range-brow n hydroso ls o f  gold  w ere 
fo rm ed. T hen  the  so lu tion  o f  Fe3 O 4 @SiO2  NPs (0.5 mL) w as 
m ixed w ith  th e  5 mL o f gold  seed so lu tion . The ob ta in ed  Fe3 - 
O 4 @SiO 2 @Au NPs w ere co llected  by m ag n e t a n d  w ashed  w ith  
w ater a n d  e th an o l for two tim es.

B iofunctionaliza tion  o f th e  Fe3O4@SiO2@Au N Ps an d  
im m ob iliza tion  o f  cP t o n  th e ir  surface

In  o rder to a tta ch  th e  d rugs to  th e  stab ilized  Fe 3 O 4 @SiO2 @Au 
NPs, 16-MHDA w as u sed  as a linker. T his chem ical co m p o u n d  
h as 16 carb o n  atom s, a  th io l g roup  (-SH) o n  one side a n d  
a  carboxyl g roup  o n  th e  o th e r side. T hanks to  th e  th io l group , 
th e  16-MHDA is linked  w ith  th e  NPs surface an d  th e  COOH 
group  is linked  w ith  cPt. M oreover, u s in g  th is  linker, th e  active 
surface o f Au NPs w as n o t coated , as it  is in  th e  case w h en  e.g. 
polyethylene glycol (PEG) shell w as used . F irst, th e  NPs w ere 
in cu b a ted  w ith  MHDA for overn igh t a t 4 °C. After r in s in g  w ith  
DMF, th e  MHDA-covered N Ps-structures w ere in cu b a ted  in  
DMF so lu tion  o f PFP, DIPEA an d  CMC, d u rin g  30 m in  a t  25 °C. 
After repea ted  rin s in g  w ith  DMF an d  cen trifugation , a cP t 
so lu tion  w as ad d ed  a n d  in cu b a ted  for 30 m in  a t 25 °C. The 
schem e o f  func tiona liza tion  (b io functionaliza tion  a n d

im m obiliza tion  o f cP t o n  th e ir  surface) o f Fe3O4@SiO2@Au NPs 
is show n in  Fig. 1.

TEM charac te riza tion

The m orphology  o f  th e  fab rica ted  NPs w as investigated  by 
scan n in g  tran sm iss io n  elec tron  m icroscopy (STEM) u s in g  the 
h igh-angle a n n u la r dark-field  detec tor (HAADF). Selected area 
elec tron  d iffraction  (SAED) p a tte rn s  w ere tak en  in  th e  TEM 
m ode. Energy dispersive X-ray spectroscopy (EDS) w as u sed  to 
analyze th e  chem ical com position  o f  th e  syn thesized  NPs. All 
these  m easu rem en ts  w ere perfo rm ed  o n  a n  aberration- 
corrected  FEI T itan  e lec tron  m icroscope op e ra tin g  a t  300 kV 
eq u ip p ed  w ith  a  FEG cathode . The partic le  size d is tr ib u tio n  w as 
evaluated  b ased  o n  th e  HRSTEM im ages tak en  from  d ifferen t 
areas o f th e  TEM grids.

X-ray d iffraction

The crystal m icro struc tu re  o f th e  fab rica ted  NPs w as analyzed 
u s in g  a two-circle laboratory  d iffrac tom eter Panalytical X 'Pert 
Pro. The m easu rem en ts  w ere perfo rm ed  in  th e  s tan d a rd  6-26  
geom etry  u s in g  Cu Ka rad ia tio n  ( l  =  0.15406 nm ). The d isper­
s ion  o f  th e  NPs w as d ried  o n  a zero-background  h o ld er an d  was 
p laced  on  a sam ple sp in n er w ith  ro ta tio n  tim e ad ju s ted  to  16 
seconds. The da ta  w ere co llected  in  th e  range betw een 25-85° 
(26) w ith  a step  size o f 0.08°.

M ossbauer spectroscopy

M ossbauer spectra  w ere reco rded  in  tran sm iss io n  geom etry  a t 
room  tem p era tu re  an d  a t 16 K u s in g  th e  spec trom eter MS4 
(SeeCo, USA) w ith  a 57Co/Rh source (12 mCi). Low tem p era tu re  
m easu rem en ts  w ere perfo rm ed  u s in g  a closed  cycle refrigerator 
system  CCS-850 (Janis R esearch C om pany, USA). The tem p e ra ­
tu re  w as con tro lled  u s in g  a  L akeshore tem p era tu re  con tro ller 
LS335 (Lake Shore C ryotronics, Inc., USA) w ith  d u a l ca lib ra ted  
DT-670 senso rs w ith  an  accuracy o f  ±0.005 K. The spectra  were 
fitted  u s in g  th e  MOSMOD softw are, assu m in g  a G aussian  
d is trib u tio n  o f th e  hyperfine m agnetic  field  (Hhf) a n d  quadru - 
pole sp littin g  w ith in  the  iron  nucle i.22 L oren tz ian  line shape  of 
source n a tu ra l line w id th  w as d e te rm in ed  from  th e  M ossbauer 
spec trum  o f a pu re  28 pm  th ick  a-Fe foil. The spectrom eter was 
ca lib ra ted  to  pure  a-Fe by co llecting  th e  spectra  o f a  s tan d a rd  a ­
Fe foil a t  room  tem p era tu re  a n d  16 K. All isom er sh ifts  (IS) are 
p resen ted  in  respec t to  a n  a-Fe stan d ard .

M agnetom etry

A SQ U ID -m agnetom eter (MPMS XL, Q u an tu m  D esign) w as u sed  
to  investigate th e  m agnetic  p ropertie s o f iron-oxide NPs. The 
zero-field cooled  (ZFC) tem p era tu re  d ependences o f the 
m agnetiza tion  w ere m easu red  by coo ling  th e  sam ple from  300 K 
to 5 K a n d  th e n  apply ing  a  field  o f 100 Oe to  reco rd  the 
m agnetiza tion , w hile th e  sam ple w as h ea te d  from  5 K to 300 K. 
The field  cooled  (FC) m easu rem en ts  w ere m ade  w ith  a field o f 
100 Oe app lied  d u rin g  the  cooling  process. The hysteresis 
curves w ere m easu red  a t  5 K a n d  300 K, respectively.
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UV-Vis m easu rem en ts

The UV-Vis m easu rem en ts  w ere perfo rm ed  w ith  a  L am bda 
Bio20 in s tru m e n t from  PerkinE lm er. The reso lu tion  w as chosen  
to  be 1 n m  a n d  the  scan  speed  w as 240 n m  m in -1 . The spectral 
range w as from  200 n m  to 800 nm .

p an s to  lim it th e  evapora tion  rate  a n d  m easu red  in  a tem p e ra ­
tu re  range from  the  am b ie n t tem p era tu re  to  500 °C. The 
tem p era tu re  ca lib ra tion  w as carried  o u t u s in g  n ickel a n d  alu- 
m el s tan d ard s . A dditionally , h ig h  re so lu tion  (H iRes TGA) m ode 
w as em ployed to  g a in  m ore precise  values o f th e  experim ental 
po in ts.

Oh
G

D
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<  p

MRI

To investigate th e  effectiveness o f th e  NPs as c o n tra s t agents, 
MR im ag ing  as well as relaxom etry w ere perfo rm ed  u s in g  a  9.4T 
B ruker B iospec 94/20 MRI scanner. For th e  acq u is itio n  o f the 
series o f axial im ages o f each  sam ple, th e  RARE w ith  variable 
rep e titio n  tim e TR (RAREVTR) a n d  th e  MSME im aging  
sequences w ere used . A pplication  o f RAREVTR sequence allows 
to  o b ta in  sim ultaneously  T1  a n d  T2  re laxation  tim es m aps of 
sam ples w ith  d ifferen t co n cen tra tio n s o f the  NPs. MSME 
sequence w as em ployed in  o rder to increase th e  n u m b e r o f 
echoes a n d  therefo re  to  o b ta in  be tte r quality  o f T2  m easu red  
a n d  T2 -w eighted im ages. For acqu ired  T1  a n d  T2  values, linear 
reg ression  o f re laxation  rates: R 1 — T1 - 1  a n d  R2 — T2 - 1  vs. NPs 
con cen tra tio n  in  sam ples w as perform ed:

R 1,2 — R 1S,2S + r 1,2C  (1)

w here: C -  th e  con cen tra tio n  o f NPs, R 1 2  th e  relaxation  rate  o f 
a  w hole sam ple, R 1 S , 2 S  -  th e  relaxation  rate  o f  a  so lvent w ith o u t 
co n tra s tin g  agent, r 1 > 2  -  th e  relaxivity o f Fe 3 O 4  NPs.

FTIR m easu rem en ts

The Fourier tran sfo rm  in fra red  ab so rp tio n  (FT-IR) spectra  in  the 
w avelength  range betw een 400-4000 cm - 1  w ere acqu ired  u sin g  
a n  EXCALIBUR FTS-3000 spectrom eter a t  room  tem p era tu re  
a n d  m easu red  for th e  respective sam ples m ixed w ith  KBr. The 
sam ple w as d ried  a n d  sandw iched  betw een  two KRS-5 w indow  
disks. The 64 scans w ere averaged a t a  reso lu tio n  o f 4 cm - 1 . 
D u ring  th e  experim ents, the  spectrom eter w as pu rged  w ith  dry 
n itrogen . B aseline co rrec tion  a n d  n o rm aliza tion  o f FTIR spectra  
w ere applied .

C alorim etrie  an d  TGA m easu rem en ts

C alorim etric  m easu rem en ts  w ere carried  o u t u n d e r dry 5.0 pure 
n itro g en  purge (25 m L m in - 1 ) o n  a TA In s tru m en ts ' DSC 2500 
differen tia l scan n in g  ca lo rim eter eq u ip p ed  w ith  a liqu id  
n itro g en  LN2P cooling  p u m p . T herm al behav iour o f  sam ples 
p laced  in  a lu m in iu m  p an s  an d  crim ped  w ith  herm etic  lids, w as 
s tu d ied  in  a tem p era tu re  range from  5 °C to  250 °C w ith  
a  m ax im um  h ea tin g  ra te  o f 5 °C m in - 1 . C alib ra tions o f the 
tem p era tu re  a n d  en thalpy  w ere perfo rm ed  u s in g  a n  in d iu m  
stan d a rd . A dditionally, m o d u la ted  d ifferen tia l scan n in g  calo­
rim etry  w as em ployed to  g a in  m ore th o ro u g h  in s ig h t in to  
th e rm a l p ropertie s o f th e  specim ens. TGA experim ents w ere 
carried  o u t u n d e r  flow ing synthetic  a ir (N 5 0 ) o n  a  TA In s tru ­
m en ts ' TGA 5500 h igh-reso lu tion  therm ograv im etric  analyser 
u s in g  p la tin u m  100 mL p an s  w ith  a m ax im um  h ea tin g  rate  o f 
5 °C m in - 1 . The specim ens w ere e ith e r directly  p laced  in  open  
100 mL p la tin u m  p an s  o r previously enclosed  inside  a lu m in iu m

FT-Ram an speetroseopy

FT-Ram an spectra  w ere reco rded  u s in g  a N icolet NXR 9650 FT- 
R am an  Spectrom eter eq u ip p ed  w ith  a n  Nd:YAG laser (1064 nm ) 
a n d  a g e rm an iu m  detec tor. The m easu rem en ts  w ere perfo rm ed  
in  th e  range from  150 cm - 1  to  3.700 cm - 1  w ith  a laser pow er of 
1 W. The unfocused  laser beam  w as u sed  w ith  a d iam eter o f 
approxim ately  100 mm a n d  a  spectral reso lu tion  o f  8 cm - 1 . 
R am an  spectra  were p rocessed  by the  O m nic/T herm o Scientific 
softw are based  on  128 scans.

Cell lines

As the  in vitro m odel, two h u m a n  co lon  cancer cell lines (SW480 
a n d  SW620) w ere used , w h ich  w ere o b ta in ed  due to  th e  courtesy 
o f Prof. C aroline Dive, P a te rson  In s titu te  for C ancer R esearch, 
U niversity o f M anchester. These cell lines w ere cu ltu red  in  
DMEM w ith  h ig h  glucose (C orning, NY, USA) in  a 37 °C 
hum id ified  a tm o sp h ere  w ith  5%  CO2 . All m ed ia  w ere supp le ­
m en ted  w ith  10%  fetal bovine se rum  (FBS, Biowest, N uaille, 
France) a n d  gen tam ic in  (50 mg m L- 1 ), (PAN-Biotech, Aiden- 
bach , G erm any). The cells w ere cu ltu red  by bi-weekly passages 
a n d  w ere regularly  te s ted  for Mycoplasma  sp. co n tam in a tio n  by 
PCR-ELISA k it (Roche, M annheim , G erm any) accord ing  to  the 
m an u fac tu re rs ' in s truc tion .

L ight m icroscopy im ages o f cells

The im ages o f cells a t  100 x m agn ifica tion  w ere tak en  u sin g  
M icroscope O lym pus IX70 (O lym pus C orpora tion , Tokyo, 
Japan).

L ight source a n d  cells ir rad ia tio n  protocols

The irrad ia tio n  o f  th e  cells w as conducted  by a  low -intensity  
laser op e ra tin g  a t  808 n m  w avelength. An ad ju s tab le  pow er 
supply w as connec ted  to  th e  se tup  to enab le  con tro l o f the 
pow er o u tp u t o f th e  laser w ith  in tensity  o f 100 m W  cm - 2  an d  
irrad ia tio n  tim e o f  5 m in u tes . The descrip tion  o f the  all 
sam ples, w h ich  w ere stu d ied  in  th is  experim ent, is p re sen ted  in  
Table 1.

MTS assay

Cytotoxic activity o f NPs, cPt, laser irrad ia tio n  an d  co m b in a tio n  
o f these  th ree  factors ag a in s t h u m a n  co lon  cancer cells (SW480 
a n d  SW620) w as d e te rm in ed  u s in g  3-(4,5-dimethylthiazol-2-yl)- 
5-(3-carboxym ethoxyphenyl)-2-(4-sulfophenyl)-2H -tetrazolium  
(MTS) assay (CellTiter 96® AQueous O ne Solution  Cell Prolif­
e ra tio n  Assay, Prom ega, M adison , WI). Briefly, th e  cells were 
cu ltu red  in  fla t-bo ttom  96-well p la tes (Sarstedt, N um brech t, 
G erm any) a t  a  density  1 x 104  per well in  DMEM m ed iu m  
co n ta in in g  10% FBS. After 24 h, 20 mL o f 50 mg m L - 1
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Table 1 Description o f samples

S a m p le
N a m e  o f  th e  s a m p le s  
in  th e  m a n u s c r ip t

C o n tro l  s a m p le s  o f  SW 480 a n d  SW 620 ce ll l in e s  (ce lls  w i th o u t  a d d i t io n  o f  o th e r  s u b s ta n c e s  a n d  w i th o u t  la s e r  ir r a d ia t io n )  C trl 
C ells  c u l tu re d  w ith  F e3O 4@ SiO 2@ Au N Ps C @ N P s
C ells  c u l tu re d  w ith  5 mM o f  c is p la t in  C @ cP t
C ells  c u l tu re d  w ith  fu n c t io n a l iz e d  F e3O 4@ SiO 2@ Au N P s C @ cP tN P s
C o n tro l  s a m p le s  i r r a d ia te d  b y  th e  808 n m  la s e r  C @ 808
C ells  c u l tu re d  w ith  F e3O 4@ SiO 2@ Au N Ps a n d  i r r a d ia te d  by  th e  808 n m  la s e r  C @ 808N P s
C ells  c u l tu re d  w ith  5 mM c is p la t in  a n d  i r r a d ia te d  by  th e  808 n m  la s e r  C @ 8 0 8 cP t
C ells  c u l tu re d  w ith  fu n c t io n a l iz e d  F e3O 4@ SiO 2@ Au N P s a n d  i r r a d ia te d  by  th e  808 n m  la s e r  C @ 808cP tN P s
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G

D
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functionalized  Fe3 O 4 @SiO 2 @Au NPs as w ell as non- 
functionalized  so lu tions w ere a d d ed  to  th e  cells. After ad d i­
tiona l 24 h o u rs  o f cu ltu re , 20 pL o f MTS (CellTiter 96® AQueous 
O ne Solu tion  Cell P ro lifera tion  Assay, P rom ega) dye so lu tion  
w as ad d ed  per well an d  in cu b a ted  for 1.5 h . The quan tity  o f 
fo rm azan  p roduc t, directly p ro p o rtio n a l to  the  n u m b e r o f living 
cells in  cu ltu re , w as detec ted  by abso rbance  m easu rem en ts  a t 
490 n m  w ith  a 96-well p late  read e r (Spark® Tecan, M annedorf, 
Sw itzerland).

Analysis o f  cell viability d a ta

The ob ta in ed  MTS assay resu lts  are rep resen ted  as th e  m ean s  ±  
SEM (the s tan d a rd  e rro r o f th e  m ean). The quan tita tive  resu lts  
w ere finally com pared  w ith  th e  T test. P  value < 0.05 w as 
co nsidered  to  be statistically  significant. M oreover, in  th e  MTS 
test, d a ta  for each  tre a tm en t p o in t show s a n  average from  th ree  
para lle l w ells. The da ta  w ere analyzed a n d  p resen ted  graphically  
u s in g  th e  O rigin Lab2019b softw are.

Results and discussion
C haracteriza tion  o f  nanopartic les

T he th ree  stages o f  Fe 3 O 4 @SiO 2 @Au NPs syn thesis  are  sche­
m atica lly  re p re se n te d  in  th e  Fig. 2a. In  th e  firs t stage, syn thesis  
o f  h y d ro p h o b ic  m o n o d isp e rse  sp h erica l Fe 3 O 4  NPs w as m ade  
by th e rm a l d eco m p o s itio n  o f  iro n  p recu rso r u s in g  oleic ac id  as 
su rfa c ta n t.16’17 The p u rp o se  o f  th e  second  stage w as e n c a p su ­
la tin g  o f th e  Fe 3 O 4  NPs by a fu ll SiO 2  shell by reverse m ic ro ­
em u ls io n  m e th o d .20 At th is  stage two su b se q u e n t lig an d  
exchange reac tio n s  o ccu rred  o n  th e  surface o f  th e  Fe 3 O 4  NPs. 
At first, th e  lig an d  exchange w as betw een  chem ically  a d so rb ed  
oleic ac id  a n d  su rfa c ta n t Igepal CO-520, a n d  as a  re s u lt Igepal 
CO-520 w as chem ically  ad so rb ed  o n  th e  Fe 3 O 4  NPs surface. 
T hen , TEOS w as ad d e d  to  th e  m ix tu re  w here  it  hydrolyzed, 
p e rfo rm ed  lig an d  exchange w ith  Igepal CO-520 a n d  chem ically  
ad so rb ed  o n  th e  Fe 3 O 4  N Ps su rface . T he a d so rb ed  TEOS fo rm s 
a n  SiO2  she ll a fter its  co n d e n sa tio n  process. At th e  e n d  o f  th e  
second  stage, th e  surface o f  th e  co re -sh e ll NPs w as fu n c tio n ­
a lized  w ith  am in o  g ro u p s  u s in g  APTES, w here th e  zeta 
p o ten tia l value o f  th e  NPs surface w as in c reased  to  40 mV 
allow ing  th u s  fo r seq u en tia l a d so rp tio n  o f  Au NPs o n  th e  
surface o f Fe 3 O 4 @SiO 2  NPs w as a llow ed .15 At th e  th ird  stage Au 
NPs w ere fab ric a ted  by d irec t red u c tio n  m e th o d , w here

HAuCl4  3H 2 O w as u sed  as go ld  p recu rso r a n d  te trak is  
(hydroxym ethy l)phosphon ium  ch lo ride  (THPC) as red u c in g  
a g en t.21’23 T he fab rica ted  Au NPs w ere m ixed  w ith  th e  so lu tio n  
o f fu n c tio n a lized  Fe 3 O 4 @SiO 2  a n d  a d so rb ed  o n  th e ir  surface. 
As a resu lt, Fe 3 O 4 @SiO 2 @Au NPs w ere o b ta in ed . The 
m orpho logy  in v es tiga tion  a n d  chem ica l ch a rac te riz a tio n  o f 
th e  NPs a t  every stage o f th e  syn thesis  w ere m ad e  by tr a n s ­
m iss io n  e lec tro n  m icroscopy  (Fig. 2). In  Fig. 2 b -d  we p re se n t 
STEM HAADF im ages o f  Fe 3 O 4 , Fe 3 O 4 @SiO 2  an d  Fe 3 O 4 @- 
SiO2 @Au NPs, respectively. In  Fig. 2e, th e  SAED p a tte rn  fo r th e  
Fe 3 O 4  NPs a fte r syn thesis  is show n. T he EDX m ap s o f  Fe 3 - 
O 4 @SiO 2  NPs a n d  Fe 3 O 4 @SiO 2 @Au NPs are p re sen ted  in

Fi9- 2 Schematic diagram o f the three stages o f Fe3O4@SiO2@Au NPs 
synthesis (a); HAADF STEM overview o f Fe3O4 (b), Fe3O4@SiO2 (c) and 
Fe3O4@SiO2@Au (d) NPs; SAED pattern o f Fe3O4 NPs (e); EDX 
elemental maps o f Fe, Si, and Au distribution in Fe3O 4@SiO2 (f) and 
Fe3O4@SiO2@Au (g) NPs; the distributions of: Fe3O4 NPs size (h), SiO2 
shell thickness (i) and Au NPs size (j).
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Fig. 3 UV-Vis spectra of: Fe3O 4 NPs (black colour), Fe3O4@SiO2 NPs 
(red colour) and Fe3O4@SiO2@Au (blue colour).

Fig. 2f a n d  g. M oreover, th e  d is tr ib u tio n s  o f  Fe3 O 4  NPs size, 
SiO2  she ll th ick n ess  a n d  Au NPs size o b ta in e d  fro m  th e  a n a l­
ysis o f STEM HAADF im ages can  be fo u n d  in  Fig. 2 h - j . As it  can  
be seen  fro m  Fig. 2b a n d  h  in  th e  firs t stage o f  syn thesis , 
m o n o d isp e rsed  Fe3 O 4  NPs w ith  th e  average d iam e te r o f  11  n m  
w ere fab rica ted . T he d iffrac tion  rin g s o n  th e  SAED p a tte rn , 
Fig. 2e, w ere indexed  w ith  th e  p la n e s  co rre sp o n d in g  to  inverse 
sp in e l crystal s tru c tu re  typical for Fe3 O 4 .23 The successfu l an d  
u n ifo rm  e n cap su la tio n  o f Fe 3 O 4  NPs by th e  SiO2  shell in  th e  
second  stage o f  th e  syn thesis is p re se n te d  in  Fig. 2c a n d  f, 
w here  a w ell-defined  co re -sh e ll s tru c tu re  w ith  one  iron-oxide 
core su rro u n d e d  by a h o m o g en eo u s  SiO 2  shell is observed. 
The average th ick n ess  o f the  shell is a ro u n d  10 n m  (Fig. 2i). In  
th e  th ird  stage th e  Fe3 O 4 @SiO 2  c o re -sh e ll NPs w ere deco ra ted  
w ith  Au NPs w ith  a n  average size o f  4 n m , Fig. 2d, g  a n d  j. F rom  
Fig. 2d a n d  g, it  can  be seen  th a t  every Fe3 O 4 @SiO 2  co re -sh e ll 
n an o p a rtic le  h a s  a few Au NPs o n  its surface.

T he UV-Vis ab so rp tio n  spectra  o f d ifferen t Fe3 O 4  NPs w ith  
an d  w ith o u t a SiO2  shell as well as Fe3 O 4 @SiO 2  decora ted  by Au

NPs are p resen ted  in  Fig. 3. In  the  UV-Vis sp ec tru m  o f pure 
Fe3 O 4  NPs, no  obvious peaks w ere observed. However, en cap ­
su la tion  o f  the  m agnetic  NPs in  a 10 n m  SiO2  shell, caused  the 
appearance  o f  a peak  a t  250 n m  in  the  spectra  o f the  Fe3 O4 @- 
SiO2  NPs. T his peak  co rresponds to  the  c rea ted  co re -she ll 
s truc tu re  o f the  NPs, an d  m ay orig inate  from  the  changes o f the 
b a n d  gap  caused  by the  q u a n tu m  size effect an d  surface effect o f 
n an o stru c tu re s ,24 as w ell as from  the  Fe-O -S i b o n d s o f the  core­
shell NPs.25 M oreover, decora ted  Fe3 O 4 @SiO2  NPs w ith  4 n m  Au 
NPs caused  the  appearance  o f a b ro ad  peak  a ro u n d  ~ 540  nm , 
w h ich  orig inates from  the  gold  NPs.26 In terestingly , the  peak  a t 
250 nm , w hich  w as visible in  the  UV-Vis sp ec tru m  o f Fe 3 O4 @- 
SiO2 , w as sh ifted  tow ards low er w avelengths. T his can  suggest, 
th a t  the  syn thesis o f Au NPs on  the  Fe 3 O 4 @SiO 2  NPs surface 
caused  changes in  the  Fe-O -S i bonds, w h ich  are, as m o st 
n u m b er o f chem ical bo n d s, sensitive for the  local env iron­
m en ta l changes.25

In  the  FTIR spectra  o f pu re  Fe 3 O 4  NPs, Fe 3 O 4 @SiO 2  NPs an d  
Fe3 O 4 @SiO2 @Au (Fig. 4) a  p eak  a t  590 cm - 1  co rresp o n d in g  to 
Fe3 O 4  is observed. M oreover, peaks a t  1110 cm - 1 , 920 cm - 1 , 
790 cm - 1 , 670 cm - 1  o rig ina ting  from  FeOH are no ticed . 
Fu rtherm ore , peaks ch aracteristic  for g-FeO(OH) an d  a- 
FeO(OH) are visible in  FTIR spectra  o f  Fe 3 O 4  NPs a t  1026 cm - 1 , 
1161 cm - 1 , 753 cm - 1  an d  890 cm - 1 , 797 cm - 1  w avenum bers, 
respectively.27 In  the  FTIR spectra  o f  Fe3 O 4 @SiO 2  NPs a n d  Fe3 - 
O 4 @SiO2 @Au a peak  a t  1560 cm - 1  co rresp o n d in g  to  C -N  
v ib ra tion  is visible. The p resence o f these  peaks ind ica tes th a t 
the  Fe3 O 4  NPs w ere successfully  m odified  by the  SiO2  groups, 
th u s  fo rm ing  Fe 3 O 4 @SiO 2  nan o p artic le s .28

T he crysta lline  s tru c tu re  o f  th e  NPs fab rica ted  a t every stage 
o f  th e  sy n th esis  w as inves tiga ted  u s in g  XRD (Fig. 5). T he XRD 
p a tte rn  o f  Fe3 O 4  w as re fin ed  w ith  th e  R ietveld m e th o d  u s in g  
th e  F u llp ro f so ftw are,29 w here  for peaks fittin g  a V oigt fu n c tio n  
in  th e  T hom pson-C ox-H astings ap p ro x im a tio n  w as ap p lied .30 
T he p ro m in e n t peaks a t  30.17° (220), 35.54° (311), 43.20° (400), 
53.59° (422), 57.13° (511), 62.74° (440) a n d  74.23° (533) 
m a tch ed  th e  m ag n e tite  p h ase . The ca lcu la ted  la ttice  c o n s ta n t

Fig. 4 FTIR spectra of: Fe3O4 NPs (black color), Fe3O4@SiO2 NPs (red 
color) and Fe3O 4@SiO2@Au (blue color).

Fig. 5 XRD patterns o f Fe3O4, Fe3O4@SiO2 and Fe3O 4@SiO2@Au NPs. 
On the top  and on the bottom  o f the image standard references o f Au 
and o f Fe3O 4 are added.36,37
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in  th e  F u llp ro f p ro g ram  w as a — 8.361(1) A. T he o b ta in ed  value 
is th e  average value o f  th e  la ttice  c o n s ta n t for b u lk  m ag n e tite  
(a — 8.39 A)31 a n d  fo r b u lk  m ag h em ite  (a — 8.33 A),32 w h a t is 
typical fo r Fe3 O 4  N Ps.33 T he XRD p a tte rn  o f  th e  Fe 3 O 4 @SiO 2  

co re -sh e ll NPs looks a lm o s t th e  sam e as th e  p a tte rn  fo r pu re  
Fe 3 O 4  NPs, excep t th e  b ro ad  peak , w h ich  o rig in a tes  fro m  th e  
a m o rp h o u s  SiO 2 . T he XRD p a tte rn  o f th e  Fe 3 O 4 @SiO 2 @Au NPs 
co n ta in s  extra w ide peaks, w h ich  can  be a ss ig n ed  to  th e  (111), 
(200), (220), (311) a n d  (222) d iffrac tion  peaks o f  sm all Au NPs 
w ith  fcc s tru c tu re .34 T h is allow s to  suggest th a t  th e  e n c a p su ­
la tio n  p rocess  o f  Fe 3 O 4  in  th e  SiO 2  shell h a s  n o  in fluence  o n  
th e  in itia l s tru c tu re  o f  th e  Fe 3 O 4  NPs, w h ich  does also  n o t 
change  d u rin g  th e  Au NPs dep o sitio n , due to  good  p ro tec tio n  
fu n c tio n  o f  th e  SiO 2  sh e ll.35

In  o rd e r to  en su re  th a t  th e  en cap su la tio n  in to  th e  SiO 2  shell 
h a s  no  s ig n ifican t in fluence  o n  th e  in itia l m ag n e tic  p ro p ertie s  
o f  th e  Fe 3 O 4  cores, a n d  to  evaluate th e  ap p lic a tio n  p o ten tia l o f 
th e  inves tiga ted  n an o sy s tem s for m ag n e tic  re so n an ce  
im ag ing , we m ad e  m ag n e to m etry  o f  th e  p u re  Fe 3 O 4  NPs a n d  
th e  Fe 3 O 4 @SiO 2  c o re -sh e ll NPs a t  ro o m  tem p e ra tu re  (300 K) 
a n d  a t  5 K (Fig. 6a a n d  b). As seen  fro m  th e  TEM im ages 
(Fig. 2), th e  SiO2  shell en tire ly  covers th e  n an o p artic le  a n d  
p ro tec ts  th e  iron-oxide core from  th e  en v iro n m en t, p rev en tin g  
its  fu r th e r  ox idation . T h is m e a n s  th a t  p oss ib le  ch an g es o f 
m ag n e tic  p ro p e rtie s  o f  th e  NPs m ay o ccu r only  a t  th e  stage of 
Fe 3 O 4  NPs e n c a p su la tio n  in to  SiO 2  shell, w h en  th e  iron-oxide 
core can  be oxidized. Also, a s  can  be seen  from  Fig. 2b a n d  
c, th e  SiO2  shell is th e  m a in  rea so n  for th e  relative decrease  o f 
iro n  oxide c o n te n t in  th e  p a rtic les , w h ich  w ill in fluence  th e  
to ta l value o f  sa tu ra tio n  m ag n e tiza tio n  o f  th e  NPs. I t  w as 
fo u n d  th a t  a t  300 K, p u re  a n d  co re -sh e ll NPs exh ib ited  
su p e rp a ram ag n e tic  b ehav io r w ith  n o  ev iden t coercivity  or 
re m a n e n c e .38 For Fe3 O 4 @SiO 2  NPs sa tu ra tio n  m ag n e tiz a tio n  is 
low er (MS (300 K) — 15 em u  g - 1 ) co m p ared  to  p u re  NPs (MS (300
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Fig. 6 The hysteresis loops o f pure Fe3O4 NPs (a) and Fe3O4@SiO2 
NPs (b) measured at 5 K and 300 K. The insets are an expanded view  o f 
the low -fie ld  region; (c) ZFC-FC curves o f pure Fe3O4 NPs and Fe3- 
O4@SiO2 NPs; (d) Fe3O4@SiO2@Au NPs w ithou t m agnetic field (left) 
and attracted by the magnet (right).

K) — 46 em u  g - 1 ). The red u ced  sa tu ra tio n  m ag n e tiz a tio n  o f  th e  
Fe3 O 4 @SiO 2  NPs, re su ltin g  in  dec reased  m ag n e tic  an iso tro p y  
a n d  a ttr ib u te d  to th e  relative decrease  o f  iro n  oxide c o n te n t in  
th e  p a rtic les , is m ain ly  exp la ined  by th e  p resen ce  o f the  silica 
shell co a tin g .39 It a lso  w o rth  m e n tio n in g  th a t  in  th e  case o f 
p u re  Fe3 O 4  NPs, th e  m e a su re d  values o f  M S  can  be red u ced  by 
th e  p resence  o f th e  p ro tective she ll o f o leic acid , w h ich  
p reven ts th e  in te ra c tio n  o f iron -based  NPs w ith  th e  a tm o- 
sp h e re .33’40 The te m p e ra tu re  d ep en d en ce  o f th e  m agnetic  
m o m e n t M(T) o f  th e  Fe3 O 4  a n d  Fe 3 O 4 @SiO 2  NPs u n d e r  an  
ap p lied  m ag n e tic  field (He x t  — 100 Oe) a fte r zero-field  coo ling  
(ZFC) a n d  a fter field  coo ling  (FC) w as m easu red  fro m  300 K to 
5 K (Fig. 6c). T h is d ep en d en ce  allow s to  d e te rm in e  th e  b lock­
in g  te m p e ra tu re  (TB ) o f  th e  NPs, b e in g  th e  tem p e ra tu re  above 
w h ich  th e  m ajo rity  o f th e  p artic les  becom es super- 
p a ram ag n e tic , a n d  above w h ich  th e  FC a n d  ZFC m ag n e tiza tio n  
curves co incide . For Fe 3 O 4 @SiO 2  NPs TB  — 88 K, w hile  fo r th e  
p u re  Fe 3 O 4  NPs TB  is h ig h e r (TB  — 132 K). T he sm alle r value o f 
TB  fo r th e  en c a p su la te d  Fe 3 O 4  NPs can  be exp la ined  by th e  
red u ced  d ip o le -d ip o le  in te ra c tio n  betw een  th e  iro n -b ased  
cores o f th e  Fe 3 O 4 @SiO 2  NPs in  c o m p a riso n  to  p u re  Fe 3 O 4  

NPs. L ikew ise, very in te re s tin g  re su lts  w ere o b ta in ed  fro m  FC 
(He x t  — 50 kOe) m ag n e tiz a tio n  h yste resis  loops reco rd ed  a t  5 K 
for p u re  Fe 3 O 4  a n d  Fe 3 O 4 @SiO 2  NPs. As expected  a t  th is  
tem p e ra tu re , th e  h yste resis  loops are  o p en ed  a n d  th e  N Ps are 
in  fe rro m ag n e tic  s ta te . Also th e  h yste resis  loops have a clear 
negative sh ift from  th e  o rig in  a lo n g  th e  field  axis a n d  evidence 
th e  p resence  o f a n  exchange b ias  field  (HE B ), w h ich  o rig in a tes  
from  th e  in terface  exchange co u p lin g  betw een  ferro(ferri) 
(F M )/an tiferrom agnetic  (AFM).41 T he p resence  o f  th e  exchange 
b ias  field  m ay  re s u lt in  h ig h e r  TB  values a n d  coercivity fields 
(HC ), in  co m p ariso n  to  p a rtic les , w here  su ch  fields are  ab sen t. 
For p u re  Fe 3 O 4  NPs th e  values H EB — 46 Oe, H C (5 K) — 287 Oe 
are  close to  th e  values H EB — 43 Oe, a n d  H C (5 K) — 268 Oe for 
Fe 3 O 4 @SiO 2  NPs (see th e  in se ts  in  Fig. 6a a n d  b). C h a lasan i 
et al. show ed th a t  in  Fe 3 O 4  NPs p ro d u ced  by th e  th e rm a l

Fig. 7 Mossbauer spectra o f the Fe3O4 NPs acquired at 290 K (a) and 
16 K (b) and o f the Fe3O 4@SiO2 NPs acquired at 290 K (c) and 16 K (d).
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Table 2 Fitting parameters o f Mossbauer spectra approxim ation

&Hs
D

a
Oj>

3  .

S a m p le  ( te m p e ra tu re ) S u b -sp e c tru m IS, m m  s 1 H hf, T Hhf-sigm a, T E , m m  s 1 A rea  ra tio ,

F e 3O 4 N P s (290 K) F e3+/F e 2.5+ 0.32 — — — 26
F e 3O 4 N P s (16 K) F e3+ a t  A s ite 0.21 51.1 0.14 0.04 36

F e3+ a t  B s ite 0.58 51.7 0.12 - 0 .0 2 47
F e2+ a t  B s ite 0 .96 48.8 5.5 - 0 .2 4 17

F e 3O 4@ SiO 2 N P s (290 K) F e3+/F e2.5+ 0.32 — — — 26
F e 3O 4@ SiO 2 N P s (16 K) F e 3+ a t  A s ite 0 .20 49 .4 0.11 0.04 35

F e 3+ a t  B s ite 0.38 50.8 0.07 - 0 .0 4 53
F e 2+ a t  B s ite 0 .90 47 .2 6.1 - 0 .4 7 12

d eco m p o s itio n  m e th o d , th e  exchange b ia s  fields o rig in a te  
fro m  th e  p resence  o f  trace  a m o u n ts  o f  w u stite  (FeO) a n d  th u s  
th is  h ig h e r c o n te n t o f  FeO is re sp o n sib le  for th e  larger 
exchange b ias  fie lds.42 The m a tc h in g  o f th e  values H E B  a n d  H C  

allow s to  conc lude  th a t  en cap su la tio n  o f Fe 3 O 4  cores by th e  
SiO 2  she lls  does n o t in fluence  th e  s tru c tu re  o f th e  Fe 3 O 4  cores. 
As it  can  be expected , th e  a tta c h m e n t o f sm all Au go ld  NPs 
does n o t in fluence  th e  m ag n e tic  p ro p e rtie s  o f  th e  Fe 3 O 4  NPs 
a n d  Fe3 O 4 @SiO 2 @Au NPs can  be easily  a ttra c ted  by a m ag n e t 

(Fig. 6d ).
For local s tru c tu re  c h a rac te riz a tio n  o f th e  as fab rica ted  

Fe 3 O 4  cores a n d  a fte r th e ir  e n c a p su la tio n  in  th e  SiO 2  shell, 
M ossbauer spectroscopy  m e a su re m e n ts  w ere perfo rm ed . 
F itted  5 7 Fe M ossbauer sp ec tra  are  show n in  Fig. 7, w hile 
hyperfine p a ram e te rs  o f  sub -spec tra  a n d  th e ir  relative c o n tr i­
b u tio n  (area ra tio ) are  su m m arized  in  T able 2. I t is e s tab lish ed  
by C h lan  et a l.43 a n d  S enn  et a l.,44 th a t  above th e  Verwey 
tra n s it io n  te m p e ra tu re  (125 K), s to ich io m etric  m ag n e tite  h as  
a  cub ic  Fd3m  sym m etry  w ith  inverse sp in e l cub ic  stru c tu re . 
T he cell u n i t  (Fe 3 + )A  (Fe3 + Fe 2 + )B  co n sis ts  o f  Fe 3 +  ions a t  th e  A­
site  (te trah ed ra l) a n d  Fe2 +  ions a t  th e  B-site (oc tahedra l). At 
te tra h e d ra l sites, Fe a to m s are  in  a +3 s ta te , w hile in  B p o si­
tio n s  th e  m e a n  valence is +2.5. M ossbauer sp ec tra  o f th e  as 
fab rica ted  Fe 3 O 4  core sam p les  a n d  a fte r th e ir  en cap su la tio n  in  
th e  SiO 2  sh e ll a t  ro o m  te m p e ra tu re  (Fig. 7a a n d  c), a re  ch a r­
ac te rized  w ith  sin g le t IS =  0.32 m m  s - 1 , w ith o u t reso lved  
q u ad ru p o le  sp littin g  co rre sp o n d in g  to  Fe 3 +  ions. T he observed  
b ro a d e n e d  b ase lin e  in  sp ec tru m  o f NPs, is m o s t p robab ly  
cau sed  by th e  p resence  o f  an  un reso lved  m ag n e tic  sex tet w ith  
w eigh ted  average iso m er sh ift ~ 0 .6  m m  s - 1  co rre sp o n d in g  to  
Fe 2 . 5 +  ions, w h ich  in d ica te s  a  su p e rp a ram ag n e tic  s ta te . At low 
tem p e ra tu re s , th e  s tru c tu re  o f  m ag n e tite  is m o n o c lin ic  w ith  
a  Cc space g ro u p  sym m etry .44 After Verwey tra n s it io n , th e  u n it  
cell becom es fo u r tim es  b igger th a n  cubic, d o u b led  in  th e  c 
d irec tio n , a n d  w ith  Fe io n s re s id in g  in  16 B in eq u iv a len t 
p o sitio n s  (8 Fe 3 +  a n d  8 Fe2 + ) a n d  8 A in eq u iv a len t p o s itio n s .43 
T he sp ec tru m  o f  Fe 3 O 4  NPs (Fig. 7b) o b ta in e d  a t  16 K, is 
deconvo lu ted  in to  th ree  sextets w ith  p a ram e te rs  co rre sp o n d ­
in g  to  Fe 3 +  ions a t  A site (IS =  0.21 m m  s - 1  a n d  H h f  =  51.1 T), 
Fe 3 +  ions a t  B site  (IS =  0.58 m m  s - 1  a n d  H h f  =  51.7 T) a n d  Fe2 +  

io n s a t  B site  (IS =  0.96 m m  s- 1  a n d  H h f  =  48.8 T), w h ich  is in  
good  a g re e m e n tw ith  th e  values p re se n te d  in  ref. 43. I t is w o rth  
m en tio n in g , th a t  acco rd in g  to  th e  re su lts  o f  sp ec tra  app rox i­
m a tio n  (Table 2), th e  ra tio  o f  th e  c o n tr ib u tio n  o f  sex te t o f  Fe 3 +

ions a t A site to  th e  c o n tr ib u tio n  o f  sextets o f Fe io n s a t B site  is 
0.56, w h ich  is very close to  th e  reference  value o f  s to ich io ­
m etric  m ag n e tite .45’46 At th e  sam e tim e  th e  relative co n tr ib u ­
tio n  o f su b sp e c tru m  a ttr ib u te d  to  Fe 2 +  ions a t  B site is less th a n  
expected  (only 17%  a g a in s t ~ 3 0 %  expected). T he low er 
co n tr ib u tio n  o f  Fe 2 +  ions in  M ossbauer sp ec tru m  co u ld  be due 
to  th e  p a rtia l ox id a tio n  o f  Fe 3 O 4  NPs le ad in g  to th e  fo rm atio n  
o f som e a m o u n t o f  m ag h em ite  o rw u s tite  a t t h e  su rface  o f  NPs. 
The Moossbauer sp ec tra  o f th e  Fe 3 O 4  cores a fte r th e ir  en cap ­
su la tio n  in  th e  SiO 2  shell (Fig. 7d) are  very s im ila r to  th o se  of 
th e  Fe 3 O 4  NPs, b u t w ith  sligh tly  sm a lle r va lues o f  IS a n d  H h f . As 
it  w as m e n tio n e d  by L yubu tin  et al.,47 th e  shell m a te ria l can  
in d u ce  p re ssu re  o n  th e  N Ps a n d  th is  effect can  change  th e  
Moossbauer p a ram ete rs . F rom  th e  o th e r  side, th e  sh ift o f IS a n d  
H h f  values m ay be a ttr ib u te d  to  th e  fo rm a tio n  o f  in te rfac ia l 
s tru c tu re .48 T he abo v e-m en tio n ed  re su lts  co n firm  th a t  th e  as- 
fab rica ted  Fe 3 O 4  NPs a n d  th o se  en cap su la ted  by th e  SiO 2  

shell p o ssess  a very s im ila r crystal stru c tu re .

MR im ag ing  o f Fe3O4@SiO2

In  o rder to  evaluate th e  th e ran o stic  p o ten tia l o f th e  stud ied  
nanopartic les, we investigated  th e  MRI en h an c in g  fu n c tio n  of 
th e  active e lem en t o f th e  nanopartic le  (i.e. Fe3 O 4 @SiO2 ), w hich  
can  influence the  MRI con trast. In  th is  experim en t we investi­
gate only th e  active e lem en t o f th e  nanopartic le  because it w as 
th e  only co m p o n en t exh ib iting  stro n g  m agnetic  p roperties, 
causing  local p ertu rb a tio n s  o f th e  m agnetic  field, w h ich  re su l­
ted  in  signal loss due to  sign ifican t sh o rten in g  o f th e  transversal 
relaxation  tim e  T2. In  ad d itio n , n e ith e r Au n an opartic les  (see 
Fig. 2g) n o r MHDA linker (see Fig. 1) fo rm  a co n tin u o u s shell 
a ro u n d  th e  Fe3 O 4 @SiO 2  NPs. As a  resu lt, th e  Au NPs an d  
a ttach ed  d rugs d id  n o t in terfe re  to  p reven t w ater m olecules 
from  possib le d irec t co n tac t w ith  th e  surface o f  the  active 
elem en t. A lternative behavior w as observed for the  case o f 
co n tin u o u s shell observed for NPs s tud ied , for exam ple, by Hou 
et a l.14 w here Fe3 O 4 @SiO 2  NPs w ere covered by 15 n m  gold 
co n tin u o u s shell. In  o u r case th e  w ater m olecu les w ere very 
close to  the  surface o f Fe 3 O 4 @SiO2  NPs a n d  th e  d ep h asin g  of 
p ro to n s w as activated  by m agnetic  field p e rtu rb a tio n s  in  the 
d irec t vicinity o f th e  Fe 3 O 4 @SiO 2  NPs. T hus, for MRI co n tras t­
ing  p ropertie s evaluation , we ca lcu la ted  th e  values o f  the 
relaxation  rates: R 1 a n d  R2 from  th e  m easu red  relaxation  tim es 
for Fe 3 O 4 @SiO 2  active e lem en t o f th e  NPs. The dependences of
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Fig. 8 R1 relaxation rate dependence on Fe3O4 concentration for 
Fe3O4@SiO2 nanoparticles (a); R2 relaxation rate dependence on 
Fe3O4 concentration fo r Fe3O4@SiO2 nanoparticles (b); axial images of 
samples containing d ifferent concentration o f Fe3O 4@SiO2 nano­
particles. MSME sequence: TR: 6000 ms, TE: 8 ms, FA: 180°, FOV: 40 x 
40 mm, slice thickness: 2 mm; fo r TE — 8 ms (c) and 105 ms (d) 
respectively. Concentrations o f Fe3O4 are marked in pictures (in m m ol 
L-1).

th e  relaxation  ra tes R 1  a n d  R2 on  th e  concen tra tio n  o f Fe3 - 
O 4 @SiO 2  n an opartic les  are p resen ted  in  Fig. 8a  an d  b respec­
tively. The effect o f increasing  NPs con cen tra tio n  on  the 
relaxation  rate is significantly  h ig h er for R2 , especially in  low 
con cen tra tio n  range, m o s t in te re stin g  for po ten tia l clin ical 
app lica tion  o f th e  th e ran o stic  agents. In  a concen tra tio n  range 
u p  to  0.1828 m m ol L- 1 , th e re  w as a very good  lin ea r dependence  
o f n anopartic les  co ncen tra tion  o n  th e  R 2  relaxation  rate  (R2  

above 0.99). For h ig h e r co n cen tra tions, th e  effect o f T2  sh o rt­
en in g  w as less p ronounced , w h ich  can  be a ttr ib u ted  to  c lus­
te r in g  o f NPs, as th e ir  concen tra tio n  in  th e  so lu tion  increases.49 
T his effect o f NPs c lu s te ring  w as observed visually in  sam ples 
w ith  th e  h ig h es t concen tra tio n  (Fe3 O 4  concen tra tions: 0.7311 
a n d  0.3655 m m ol L- 1 ), therefo re  the  specific relaxivity r 2  was 
d e te rm in ed  only for unc lu s te red  NPs. L inear reg ression  resu lts  
for R2  re laxation  ra tes  w ere: R2 S  =  1.894 ±  0.033 s- 1 , r2 — 579.5 
±  4.3 s- 1  m m o l- 1  L. Conversely, th e  effect o f T1  sh o rten in g  w as 
practically  n o t observed for low NPs co n cen tra tio n s u p  to 
0.0457 m m ol L- 1 , w ith  T1  values characteristic  for d istilled  
w ater, a n d  in  h ig h er concen tra tio n  range, it w as m u ch  w eaker 
th a n  observed for T2 . T his effect w as confirm ed  by o th er 
p ap e rs5’14 a n d  can  be a ttr ib u ted  to  lim ited  access o f w ater 
m olecu les to  superparam agnetic  cen te r (caused by SiO2  

coating), w h ich  is crucial for r1  en h an cem en t. Only significantly  
h ig h e r co n cen tra tio n s o f Fe 3 O 4 @SiO 2  NPs, provide enough  
superparam agnetic  cen te rs to  effectively change th e  T 1  relaxa­
tio n  tim e o f th e  w hole sam p le .50 L inear reg ression  resu lts  for R 1  

re laxation  ra te  were: R 1 S  — 0.3113 ±  0.0020 s- 1 , r 1  — 0.5665 ±
0.0070 s- 1  m m o l- 1  L, illu s tra tin g  th ree  o rders  o f m agn itude  
difference betw een  r2  an d  r 1  relaxivities.

The o b ta in ed  resu lts  show ed th a t  th e  exam ined  n a n o ­
capsu les exh ib it a  stro n g  effect o f R2  relaxation  ra tes. In  lower 
con cen tra tio n  range, w h ich  is m ore in te re stin g  in  view of

possib le  c lin ical app lica tions, th e  effect o f  T1  relaxation  tim e is 
very sm all, a n d  will have negligible effect o n  th e  MR im age 
co n tras t change. T herefore, th e  investigated  Fe3 O 4 @SiO 2  

nanopartic les, exh ib it very stro n g  T2  co n tra s tin g  p ropertie s 
(“negative” con trast), w h ich  is greatly  visible in  T2 -w eighted 
im ages (see Fig. 8c a n d  d). H ere, th e  MR im ages for h ig h  an d  
low NPs concen tra tio n  ranges are com pared  separately, to 
illu stra te  th e  possib ility  o f  effective co n tra s tin g  in  b o th  cases. 
For h ig h  co ncen tra tions how ever, m u ch  sh o rte r echo  tim e  (TE ) 
in  MRI pu lse sequences have to  be app lied  to  g e t reasonab le  
im ages.

Stability  o f th e  b io functionalized  Fe3O4@SiO2@Au NPs w ith  
im m obilized  cP t o n  th e ir  surface

In  o rder to  evaluate th e  stability  o f  th e  functionalized  Fe3 - 
O 4 @SiO 2 @Au NPs an d  to  verify th e  effectiveness o f  th e  bio- 
func tiona liza tion  a n d  im m ob iliza tion  process, R am an  
spectroscopy, as well as TGA a n d  DSC analysis, have been  
perform ed.

In  th is  study, we show  a successful b io func tiona liza tion  of 
Fe3 O 4 @SiO 2 @Au, w hich  is very im p o rtan t for an  effective 
delivery o f th e  d rug  to  cancer cells. For th is  pu rpose , R am an  
spectra  o f  fou r sam ples i.e. cP t (Fig. 9, b lack  spectrum ), pure 
MHDA (Fig. 9, red  spectrum ), the  MHDA capped  Fe 3 O 4 @- 
SiO2 @Au NPs (Fig. 9, b lue spectrum ) a n d  Fe 3 O4 @SiO 2 @Au NPS 
+ MHDA + cP t (Fig. 9, g reen  spectrum ) w ere acqu ired . In  the 
R am an  spec trum  o f  th e  MHDA sam ple a  peak  o f th e  th io l group  
(-SH) a t  2900 cm - 1  is v isible.51 The d isappearance  o f  th is  peak  
in  th e  b io functionalized  a n d  cPt co n ta in in g  sam ples confirm s 
a successful a tta c h m e n t o f th e  MHDA to th e  surface o f gold  NPs. 
M oreover, in  the  R am an spec trum  o f  Fe3 O 4 @SiO 2 @Au + MHDA 
+ cP t (Fig. 9, g reen  spectrum ), a  peak  co rresp o n d in g  to  th e  C = O  
v ib ra tions (1680 cm - 1 ) is observed.52 T his g roup  is responsib le  
for lin k in g  cP t w ith  b io functional su rfac tan ts  on  the  Fe 3 O 4 @- 
SiO2 @Au surface.51 B oth observations provide a n  evidence on

Fig. 9 Raman spectra of: cPt (black spectrum), the pure MHDA (red 
spectrum), the Fe3O 4@SiO2@Au + MHDA (blue spectrum), Fe3O 4@- 
SiO2@Au + MHDA + cPt (green spectrum).
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Fig. 10 Conventional (dashed line) and HiRes m ode (solid line) TGA (a) 
and DSC (b) experiments performed fo r functionalized Fe3O4@- 
SiO2@Au NPs. The inset presents com ponents o f the heat flo w  signal 
registered in MT DSC experiment.

th e  success o f  Fe3 O 4 @SiO 2 @Au b io func tiona liza tion  an d  cPt 
im m obilization .

The resu lts  o f TGA experim en ts p resen ted  in  Fig. 10 a, w ere 
m easu red  for liq u id  functionalized  Fe 3 O 4 @SiO 2 @Au NPs a n d  
w ere acqu ired  e ith e r directly  in  an  o p en  p an  or u s in g  a  herm etic  
a lu m in iu m  co n ta in e r w ith  a herm etic  lid, au tom atica lly  p u n c ­
tu red  rig h t before lo ad in g  th e  sam ple in to  the  TGA furnace. 
W hile th e  curve reg istered  in  th e  conven tional TGA m ode show s 
only stro n g  evapora tion  o f th e  solvent, th e  da ta  reco rded  d u rin g  
th e  H iRes m ode experim en t (solid  line), ind ica te  two m ajo r 
w eigh t loss reg ions. First, a  sm all, b u t still p ro n o u n ced  decrease 
o f m ass s ta rts  slightly  above 93 °C (7.14% w eigh t loss), a n d  the 
second , m u ch  larger one, follows from  ca. 103 °C (92.8% w eigh t 
loss). M ost probably  b o th  observed effects are due to  the 
conversion  o f th e  solvent itself, ra th e r th a n  o f th e  active p h a r­
m aceu tica l ing red ien t.

The DSC th e rm o g ram  reg istered  u p o n  h ea tin g  is d o m in a ted  
by a b ro ad  peak  s ta rtin g  a ro u n d  147 °C, o rig in a tin g  from  an  
en d o th e rm ic  process reflecting  a  decom position  o f  th e  sam ple. 
N evertheless, a  g roup  o f sm all th e rm a l anom alies  is also  visible 
betw een  95 °C an d  122 °C (Fig. 10b). A closer inspec tion  o f the 
h e a t flow curve m easu red  d u rin g  th e  MTDSC experim en t (inset 
in  Fig. 10b), revealed one exo therm ic th e rm al effect follow ed by 
two en d o th e rm ic  ones. F u rther analysis o f  the  h e a t flow signal

allow ed to conclude th a t these  anom alies  are strictly  k inetic, 
since they are co n tr ib u tin g  to  the  non-reversing  (kinetic) 
co m p o n en t o f th e  m easu red  h e a t flow.

The resu lts  o f b o th  TGA a n d  DSC m easu rem en ts , ind icate  
th a t th e  specim en  is therm ally  stab le  a t leas t u p  to  90 °C. 
However, fu r th e r study o f th e  anom alies revealed d u rin g  DSC 
a n d  TGA experim ents above 90 °C are necessary  a n d  m ig h t shed  
new  ligh t o n  decom position  k inetics o f the  functionalized  Fe 3 - 
O 4 @SiO2 @Au NPs.

S im ula tion  o f co m b ined  chem o-pho to therapy  o f co lon  cancer 
cells

M orphology o f colon cancer cells. The m orphological an a l­
ysis o f  th e  two lines o f colon cancer cells (Fig. 11), provides 
in fo rm atio n  ab o u t the  influence o f functionalized  Fe 3 O 4 @- 
SiO2 @Au NPs a n d  laser irrad ia tio n  effects o n  the  cells. D etailed 
in fo rm atio n  ab o u t th e  m orphology  changes in  cells cu ltu red  
w ith  functionalized  a n d  non-functiona lized  NPs, w ith  cPt, w ith  
a n d  w ith o u t irrad ia tio n  are p resen ted  in  th e  ESI in  Fig. S1.f The 
changes o f  th e  m orphology  o f cells w ere com pared  w ith  the 
con tro l SW480 a n d  SW620 cell lines p resen ted  in  Fig. 11a1 an d  
b1, respectively. L ight m icroscopy im ages o f SW480 a n d  SW620 
cells cu ltu red  w ith  Fe3 O4 @SiO 2 @Au + cP t a n d  irrad ia ted  w ith  
an  808 n m  laser, show ed th e  la rgest changes in  th e  m orphology  
a n d  th e  sm allest n u m b e r o f  living cells (Fig. 11a2 a n d  b2). In  
com parison  w ith  th e  contro l, only sm all d ifferences in  the 
m orphology  o f cells from  b o th  cell lines w ere visible in  the 
m icroscopy im ages o f cells cu ltu red  w ith  non-functiona lized  
n an opartic les  (Fig. S1a1 a n d  b1 f). These cells h a d  a spherical 
shape  a n d  evidently ad h ered  to th e  substra te . Strikingly, the 
ad d itio n  o f functionalized  n anopartic les  to th e  cells a n d  th e ir  
su b seq u en t irrad ia tion , show ed a  stro n g  effect o n  bo th : cell 
m orphology  an d  cell death . It w as re la ted  to  th e  im m obiliza tion  
o f cP t o n  th e  surface o f  NPs a n d  th e  p resence o f the  sm all Au 
NPs a t th e  surface o f th e  Fe 3 O 4 @SiO 2  NPs. C isp la tin  involves 
crea ting  a  cross-link ing  betw een  ad jacen t DNA stran d s  an d

Fig. 11 M icroscopy images o f co lon cancer cells (SW480, SW620) 
m orphology: C trl (a1 and b1); C@808cPtNPs (a2 and b2, respectively).
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w ith in  th e  sam e stran d . The fo rm ation  o f these  crosslinks 
preven ts DNA rep lica tion  a n d  cell d iv ision .53’54 M oreover, the 
p resence  o f  P t in  th e  s truc tu re  o f cP t causes, th a t  th is  d ru g  has 
catalytic p roperties, w h ich  are b e tte r a t  h ig h  tem p era tu res .55 
The h ig h  tem p era tu re  is induced  by the  laser irrad ia tio n  o f  the 
4  n m  Au NPs, w h ich  abso rb  ligh t an d  subsequen tly  they  convert 
th e  ligh t energy in to  h e a t energy. T his conversion is caused  by 
several photo-physical processes, w h ich  take place one after the 
o th e r .56 Firstly, ligh t ab so rbed  by Au NPs is quickly converted  to 
h e a t a n d  form s a h o t m etallic  lattice by two processes: e lec tro n - 
e lec tron  relaxation , w h ich  is observed in  fem toseconds a n d  
e lec tro n -p h o n o n  re laxation  -  p icoseconds. D uring  these  
processes, th e  tem p era tu re  in  the  Au NPs could  increase to 
ab o u t 1000 K. W hen the  lig h t beam  is tu rn e d  off, th e  p h o n o n -  
p h o n o n  relaxation  is s topped  a n d  th e  h e a t energy goes to  the 
cells.57 The cancer cells are sensitive to  h ig h  tem pera tu res , 
therefore, th e  laser irrad ia tio n  co m bined  w ith  Au NPs causes 
d ea th  o f cells, w h ich  w as observed in  th e  Fig. 11a2 an d  b2  as 
cells w ere n o t stick ing  to  th e  g round . M oreover, th e  sm all size of 
Au NPs caused , th a t  100%  o f th e  lig h t energy w as converted  in to  
h e a t energy.58

Viability. The viability te s t show ed, th a t  th e  sm allest cyto­
toxic effect for b o th  SW480 a n d  SW620 cell lines w as observed 
for th e  C@808, ~ 2 %  an d  C@ cPt, 4%  a n d  2% sam ples. M ore­
over, th e  MTS assay show ed a relatively sm all decrease o f 
viability o f cancer cells cu ltu red  w ith  th e  Fe3O4@SiO2@Au NPs. 
The sm all cytotoxicity o f Fe3O4@SiO2@Au NPs can  be caused  by 
th e  m ed ium , in  w h ich  th e  cells w ere cu ltu red , because th is  
m ed iu m  reduces th e  repulsive forces am o n g  th e  NPs, therefore 
aggregation  o f Fe3O4@SiO2@Au NPs, w as possib le .59 However, 
a  ce rta in  toxicity effect w as observed in  th e  MTS resu lts , Fig. 12.

Fig. 12 Viability o f colon cancer cells: SW480 (a); SW620 (b) after 
addition o f cPt, Fe3O 4@SiO2@Au, functionalized Fe3O4@SiO2@Au and 
laser irradiation in the presence o f these three systems. Data was 
considered as significant when *p < 0.05 vs. control.

I t  can  be caused  by th e  in te rac tio n  betw een  th e  nanopartic les 
a n d  th e  p ro te in s, w h ich  are in  th e  cell m em b ran es .60 F u rth e r­
m ore, th e  accu m u la tio n  o f nanopartic les, as w ell as th e ir  cyto­
toxicity effect is d ep en d en t n o t only from  th e ir  size o r shape , b u t 
also  from  cells line, w h ich  w as cu ltu red  w ith  th e  nano- 
partic les.61 T herefore, in  o u r study we observed d ifferences in  
th e  viability betw een  th e  cells from  d ifferen t lines. M oreover, 
th e  observed toxicity d ifferences betw een th e  cell lines, cou ld  be 
caused  by th e  fac t th a t  th e  SW480 cell line o rig inates from  the 
p rim ary  tum or, w hereas the  SW620 line is from  a m etasta tic  
lesion to  th e  lym ph node, a lth o u g h  b o th  cell lines orig inate  
from  th e  sam e pa tien t. The m etasta tic  les ion  cells are very often  
m ore aggressive th a n  cells from  th e  p rim ary  tu m o r.62

Laser irrad ia tio n  o f the  cells cu ltu red  w ith  cP t caused  12% 
a n d  8% m ortality  o f th e  SW480 an d  SW620 cell lines, respec­
tively, w h ich  is a ro u n d  th ree  a n d  fou r tim es h igher, th a n  the 
m orta lity  effect o f cells cu ltu red  w ith  cPt, b u t n o t sub jected  to 
irrad ia tion .

Cells cu ltu red  w ith  non-functiona lized  Fe3O4@SiO2@Au NPs 
a n d  irrad ia ted  by laser, exh ib ited  a very h ig h  m orta lity  in  
com parison  w ith  o th e r sam ples. T his effect w as caused  by the 
Au NPs deco ra ting  th e  Fe3O4@SiO2 NPs. Gold NPs show  p h o ­
to th e rm a l effects o f p lasm on-resonance , w h ich  depend , am o n g  
o thers, on  th e  NPs size. T herefore, it can  be assum ed , th a t Au 
NPs w ere u sed  as p ho to sensitize rs  in  th is  study. The tem p e ra ­
tu re  effects, co rre la ted  w ith  th e  nanopartic le  sizes w ere th eo ­
retically explained by Ja in  et al.63 They show ed th e  re la tio n sh ip  
existing  betw een th e  size o f  th e  Au NPs d iam eter a n d  th e  optical 
ab so rp tio n  o r sca tte ring  propertie s o f these  n an opartic les  u sin g  
th e  Mie theory. Indeed , for the  gold  n an opartic les  w ith  ~ 2 0  n m  
diam eter, th e  m a in  co n tr ib u tio n  to  th e  to ta l ex tinction  o f ligh t 
w as ab so rp tion . In terestingly , w ith  th e  increase o f th e  n a n o ­
partic le  size up  to ~ 4 0  n m , th e  values o f lig h t ex tinction  were 
d ep en d en t on  th e  sca tte ring  effects. W hen  th e  partic le  size w as 
~ 8 0  n m , th e  ex tinction  o f gold  nano p artic le s  w as caused  by 
bo th , ab so rp tio n  a n d  sca ttering .64 M oreover, Jiang  et al. calcu­
lated, u s in g  experim en ta l da ta  as w ell as th e  Mie theory, the 
dependence  betw een th e  partic le  size a n d  p h o to th e rm a l 
conversion  efficiency o f spherica l gold  n an opartic les  a n d  they 
show ed, th a t  sm aller n anopartic les  can  m ore efficiently tra n s ­
duce th e  energy from  ligh t to  h e a t th a n  larger Au N Ps.65 The 
h ighest, ~ 50%  a n d  ~ 43%  m orta lity  o f  th e  SW480 an d  SW620 
cells w ere observed in  th e  case o f  C@ 808cPtNPs sam ples. T his 
could  be caused  by synergistic effect o f b o th  co m ponen ts  cP t 
a n d  Au NPs, as w ell as th e  en h an cem en t by laser irrad ia tio n .66

Conclusions
In  conclusion , a  new  type o f com pac t Fe3O4@SiO2@Au n a n o ­
partic les (below 40 n m  in  size) for th e ran o stic  app lica tions w as 
designed , syn thesized  an d  investigated . The fab rica ted  n a n o ­
partic les w ere un ifo rm , w ell d ispersed  in  w ater a n d  h a d  low 
d is trib u tio n  in  sizes o f th e  spherica l Fe3O4 core (= 1 1  nm ), the 
th ickness o f SiO2 shell (= 1 0  nm ), an d  Au nanopartic les 
( = 4  nm ) deposited  on  SiO2 shell. The investigated  n a n o ­
partic les show ed p ro n o u n ced  superparam agnetic  p ropertie s a t 
room  tem p era tu re  w ith  h ig h  sa tu ra tio n  m agnetiza tion , w h ich  is

26518 | RSC Adv, 2020, 10,26508-26520 This journal is © The Royal Society of Chemistry 2020

https://doi.org/10.1039/d0ra03699d
http://creativecommons.org/licenses/by/3.0/


Paper

V ie w  Artic le  Online

RSC Advances

&Hs
D

3  .

<  P

caused  by Fe3 O 4  core. The superparam agnetic  sta te  w as 
confirm ed  by M ossbauer spectroscopy, w h ich  show ed a  sh o rt 
re laxation  tim e o f th e  NPs m agnetic  cores. I t w as fo u n d  th a t the 
struc tu re  an d  m agnetic  p ropertie s  o f th e  Fe3 O4  core w ere stable 
a n d  w ere very sim ilar before a n d  after th e ir  en cap su la tio n  in  the 
SiO2  shell, w h ich  stab ilized  th e m  an d  m ade  d ispersib le  in  
w ater. The s tu d ied  n an opartic les  exhib ited  very stro n g  T2 con ­
tra s tin g  p roperties, w h ich  is nicely visible in  T2 -w eighted 
im ages, an d  w hich  m ade  the  n an opartic les  applicab le  in  d iag­
nostics, as c o n tra s t agen ts in  MRI. The investigated  n a n o ­
partic les also  dem o n s tra te  low  toxicity, because o f the 
b iocom patib le  SiO2  c o n tin u o u s shell, w h ich  reliably  prevents 
th e  co n tac t o f th e  Fe3 O 4  m agnetic  core w ith  th e  env ironm ent. 
M oreover, functionalized  n an o p artic les  show ed a  synergetic 
effect o f  investigated  n an opartic les  a n d  an tican cer d rugs in  
ch em o-pho to therm al s tim u la ted  tre a tm en t o f cancer. All o f the 
as m en tio n ed  p ropertie s o f th e  n anopartic les  show ed th e ir 
po ten tia l in  m agnetic  resonance  im ag ing  (M RI)-guided chem o- 
p h o to th e rm al s tim u la ted  tre a tm en t o f  cancer.
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