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indicated the optical behavior depending 
on particle size and shape. [ 2 ]  The origins 
of the NIR absorption bands of covel-
lite (CuS) remains controversial. In any 
case, CuS exhibits broad and strong NIR 
absorption beyond 1000 nm. This is dif-
ferent from Au nanorods, of which the 
band is mainly located at 800 nm when 
the appropriate aspect ratio for Au rods is 
applied in vivo. Although CuS nanoparti-
cles exhibit absorption around 800 nm, 
they potentially present a stronger photo-
thermal therapeutic effect in the second 
NIR window (1000–1350 nm), whereas 
Au nanorods have a stronger effect in 
the fi rst NIR window (650–950 nm). 
The length of an Au nanorod is usu-
ally prolonged to 300–600 nm, which is 
not suitable for in vivo studies, to make 
its longitudinal mode to appear in the 
second NIR biological region. [ 3 ]  The 
second region (1000–1350 nm) is recog-
nized to offer more effi cient tissue pen-
etration compared with the fi rst region 

(650–950 nm) when absorption and scattering effects in a 
tissue are considered. [ 4 ]  For example, hemoglobin has substan-
tially low absorption in the NIR wavelengths, and blood is suf-
fi ciently transparent in the range 1000–1350 nm. The reported 
photothermal therapeutic CuS [ 5 ]  has nearly been limited by use 
of 980 and 808 nm wavelengths for in vitro and in vivo irradia-
tion. Water has a strong absorption band at 980 nm and thus 
is the most concentrated NIR absorber in biological tissues. 
Continuous exposure to 980 nm irradiation can substantially 
increase temperature, thus damaging cells and tissues. [ 6 ]  No 
relevant information regarding the therapeutic effect of cov-
ellite CuS in the second NIR window is available. From the 
perspective of nanomaterial fabrication, previous studies have 
mainly focused on investigating nonhybrid and core–shell CuS 
nanoparticles. [ 5,7 ]  The rattle-type hybrid CuS nanoparticles have 
yet to be formed. The introduction of an additional iron oxide 
ingredient would immediately endow CuS with magnetic prop-
erties and applications as well as a photothermal benefi t. 

 We developed rattle-type Fe 3 O 4 @CuS NPs with delocal-
ized Fe 3 O 4  nanoparticles inside hollow porous CuS structures 
( Scheme    1  ). The rattle-type Fe 3 O 4 @CuS nanoparticles exhib-
ited broad NIR absorption from 700 to 1300 nm. A greater 
absorption coeffi cient ( ε  1064 nm  = 4.9 × 10 10  cm −1   M  −1 ) was 
obtained for 1064 nm irradiation than for 808 nm irradiation 
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  1.     Introduction 

 Materials absorbing radiation in the near-infrared (NIR) range 
are considered suitable agents for photothermal cancer therapy. 
In the past fi ve years, photothermal nanoagents, such as copper 
sulfi des, including covellite (CuS), and djurleite (Cu 2− x  S), have 
gained considerable attention. This is because of their appre-
ciable absorption in the NIR region, low cost of fabrication, 
and acceptable cytotoxicity. The  d – d  electronic transitions of 
Cu 2+  has been suggested to account for the broad absorption 
in the NIR region for covellite CuS. [ 1 ]  Nevertheless, the plas-
monic property has also been recently given discussion that 
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( ε  808 nm  = 3.5 × 10 10  cm −1   M  −1 ). Thus, the laser intensity obtained 
using 808 nm irradiation required a twofold increase to achieve 
the same damage in cells as that obtained using 1064 nm irra-
diation. Because of the favorable magnetism of Fe 3 O 4 , magneti-
cally guided photothermal tumor ablation conducted to assess 
808 and 1064 nm laser exposure. According to the results 
under the fi xed laser intensity and irradiation beam spot, irradi-
ation exposure at 1064 nm completely removed the tumor and 
showed no signs of relapse. Using 808 nm irradiation led to 
effective inhibition of growth that remained almost unchanged 
for up to 30 d, but the tumor was not completely eliminated. In 
addition, magnetic resonance imaging (MRI) was performed to 
monitor rattle-type Fe 3 O 4 @CuS localization in the tumor fol-
lowing magnetic attraction after tail vein injection. From the 
nanomedicine research perspective, we created a therapeutic 
carrier in the second NIR window that features magnetic target, 
MRI diagnosis, and photothermal therapy functions through 
the manipulation of a magnet and NIR laser. 

    2.     Results and Discussion 

  2.1.     Preparation, Characterization, and Formation of Rattle-Type 
Fe 3 O 4 @CuS NPs 

 In this study, we synthesized iron oxide (Fe 3 O 4 ) nanoparticles 
(NPs) from the precursors iron (III) acetylacetonate, triocty-
lamine, and oleic acid (OA) by using the thermal decomposi-
tion method presented in our previous report. [ 8 ]   Figure    1  a 
shows a transmission electron microscope (TEM) image of 
the OA-coated Fe 3 O 4  NPs measuring (length between diagonal 
apices) 27.8 ± 1.9 nm. Figure S1 of the Supporting Informa-
tion illustrates a high-resolution (HR)-TEM image of the Fe 3 O 4  
NPs, indicating that the Fe 3 O 4  NPs exhibit a truncated mor-
phology. The HR-TEM images obtained in the [110] and [001] 
directions reveal that the morphology of the synthesized Fe 3 O 4  
NPs is a truncated octahedron. The truncated octahedron in the 

[110] zone axis comprises eight {111} and six {001} planes. [ 8,9 ]  
The electron diffraction spectra indicated that the Fe 3 O 4  NP 
is a single-crystal structure. Furthermore, the electron diffrac-
tion points were distributed in a square shape, indicating that 
the crystalline phase of the Fe 3 O 4  particle is cubic phase 
(Figure S1d, Supporting Information). 

  Because the surface of the as-synthesized Fe 3 O 4  particles was 
protected by OA (oleic acid), we used hexadecyltrimethylam-
monium bromide (CTAB) to convert oil-phase Fe 3 O 4  NPs into 
aqueous-phase Fe 3 O 4  through hydrophobic van der Waals inter-
action with OA long carbon chain interactions. The TEM image 
(Figure  1 b) indicates that the original truncated octahedral 
morphology was not infl uenced by the aqueous phase conver-
sion. The insets in Figure  1 a,b show that Fe 3 O 4  NPs dispersed 
in oil-phase n-hexane (the upper layer) and aqueous phase 
water (lower layer). The surface potential was measured using 
a particle size and interface potential analyzer (Dynamic Light 
Scattering, DLS). The resulting surface potential was +40.3 mV 
(Figure S2, Supporting Information), indicating the existence 
of positively charged CTAB for modifi cation on the surface of 
iron oxide. 

 The method used for preparing rattle-type Fe 3 O 4 @CuS NPs 
involving core–shell Fe 3 O 4 @Cu 2 O particles as sacrifi cial tem-
plates before replacing oxygen ions with sulfur ions through a 
modifi ed Kirkendall process (Scheme  1 ). [ 10 ]  The strategy for syn-
thesizing Cu 2 O particles entailed reducing copper ions (Cu 2+ ) 
to Cu 2 O NPs by using strong reductant hydrazine, followed 
by gathering small Cu 2 O NPs into large Cu 2 O NPs through 
physical adsorption by using polyvinylpyrrolidone (PVP). [ 11 ]  We 
used the property of Fe 3 O 4 @CTAB of having a positive charge 
on the surface because of the positive charge of the trimethyl-
ammonium (N(CH 3 ) 3  + ) functional group on CTAB and of PVP 
of having a negative charge because of a polarizable carbonyl 
(C=O) group to facilitate an electrostatic interaction between 
them. [ 12 ]  In addition, PVP was used to capture Cu 2 O NPs for 
forming core–shell Fe 3 O 4 @Cu 2 O NPs (Figure  1 c). The TEM 
image reveals that the resulting Fe 3 O 4 @Cu 2 O NPs exhibited a 
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 Scheme 1.    Illustration of the synthetic processes of the Fe 3 O 4 @CuS-PEG NPs for in vivo tumor treatment by means of magnetic targeting and NIR 
radiation (1064 and 808 nm).
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spherical morphology. The size of the Fe 3 O 4 @Cu 2 O NPs syn-
thesized using this strategy was controllable. The particle size 
of Fe 3 O 4 @Cu 2 O decreased as the total volume of the reaction 
solution increased (Figure S3, Supporting Information). On 
the other hand, Fe 3 O 4 @Cu 2 O showed a smoother (smooth sur-
face) and more integral circular morphology as its particle size 
increased. Considering the subsequent in vivo animal experi-
ments, we used Fe 3 O 4 @Cu 2 O with a particle size of 120 nm for 
further experiments. 

 Regarding the reaction mechanism underlying the conver-
sion of solid Cu 2 O into hollow CuS through the modifi ed Kirk-
endall process, keeping Cu 2 O in water or exposing it directly 
to air induces it to react with oxygen in the water or air and 
becomes oxidized into CuO; this is because Cu 2 O is unstable 
at room temperature, as explained by Pang and Zeng. [ 10 ]  There-
fore, when the Cu 2 O NPs were placed in water, their surfaces 
were oxidized to form a thin CuO lamella. When sulfur ions 
were added, the CuO lamella reacted with the added ions to 
form a CuS (copper sulfi de) lamella. Moreover, such a thin 
CuS lamella was used as a substrate for the subsequent nuclea-
tion and growth of CuS. As the reaction time increased, the 
inner layer of Cu 2 O was gradually oxidized to release copper 
ions, which were precipitated and eventually deposited on the 

outer CuS lamella to form hollow CuS NPs. 
Moreover, because Cu 2 O has a higher solu-
bility compared with CuO, Cu 2 O was directly 
dissolved to form CuS as one of the possible 
reaction mechanism. 

 According to Pearson’s hard and soft acid–
base principle, [ 13 ]  a soft base forms a stable 
complex with a soft acid, whereas a hard 
base forms a stable complex with a hard acid. 
Cuprous (Cu + ) and copper ions (Cu 2+ ) are soft 
acids, a sulfur ion is a soft base, and oxygen is 
a hard base; hence, the interaction of cuprous 
and copper ions with sulfur ions is stronger 
than their interaction with oxygen ions. 
Therefore, as Cu 2 O NPs undergo a sulfuriza-
tion reaction, a pure-phase CuS structure is 
available as long as suffi cient sulfur ions are 
added to the reaction. [ 5d   ,   10 ]  In this synthesis 
strategy, (NH 4 ) 2 S (ammonium sulfi de) was 
used as a source of sulfur ions to transform 
core–shell Fe 3 O 4 @Cu 2 O NPs into rattle-type 
Fe 3 O 4 @CuS NPs, and the absorption of 
CuS was controlled by changing the dosage 
of (NH 4 ) 2 S (Figure S4, Supporting Informa-
tion). Figure S4a of the Supporting Informa-
tion shows that when [(NH 4 ) 2 S]/[Cu 2+ ] = 1, 
the morphology of the CuS demonstrated 
a hollow structure, and as [(NH 4 ) 2 S]/[Cu 2+ ] 
was increased to 1.75, the morphology and 
size of the CuS NPs remained unchanged. 
The UV–vis–NIR spectra in Figure S4b of 
the Supporting Information indicates that 
the absorption of NIR increased with the 
dosage of (NH 4 ) 2 S; however, the NIR absorp-
tion did not show an apparent increase when 
[(NH 4 ) 2 S]/[Cu 2+ ] = 1.5–1.75. Therefore, we 

used [(NH 4 ) 2 S]/[Cu 2+ ] = 1.5 for preparing the Fe 3 O 4 @CuS NPs. 
The TEM graph depicted in Figure  1 d shows the morphology 
of the as-prepared Fe 3 O 4 @CuS NPs, indicating that the particle 
size of hollow CuS is approximately 139.3 nm and that its shell 
thickness is approximately 26.6 nm. Nevertheless, because the 
atomic weight of iron (55.8) is approximately similar to that of 
copper (63.5), no apparent contrast was observed on the TEM 
image; hence, the TEM image did not indicate a clear rattle 
structure. To confi rm the existence of iron oxide in the synthe-
sized Fe 3 O 4 @CuS NPs, we conducted a magnetic attraction for 
the colloidal solution by using a magnet (inset of Figure  1 d). In 
addition, the proportion of copper and iron atoms in this mate-
rial was quantifi ed using an inductively coupled plasma-atomic 
emission spectrometer (ICP-AES). The results of this quantifi -
cation indicated that the molar ratio of copper and iron atoms 
was 5.3:1. 

 Figure  1 e illustrates the HR-TEM image of the Fe 3 O 4 @CuS 
NPs, and Figure  1 f depicts a partially magnifi ed section (cor-
responding to the red box) of this image, indicating that the 
CuS shell in the [010] zone axis direction has a (102) plane 
with a lattice spacing ( d -spacing) of 0.30 nm and a (103) plane 
with a lattice spacing of 0.28 nm. Therefore, the synthesized 
CuS shell can be assigned to be a hexagonal phase. [ 5b ]  In 
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 Figure 1.    TEM images show both a) hydrophobic and b) hydrophilic Fe 3 O 4  NPs; insets: Fe 3 O 4  
NPs dispersed in oil (top) or water phase (bottom). c) TEM image of Fe 3 O 4 @Cu 2 O NPs. 
d) TEM image of Fe 3 O 4 @CuS NPs; inset: Fe 3 O 4 @CuS colloidal solutions attracted by an 
external magnet. e) HR-TEM image of a single Fe 3 O 4 @CuS NP. f) The magnifi ed image of 
the CuS shell from the white marked area of (e). g) The electron diffraction pattern from the 
[010]-oriented Fe 3 O 4 @CuS NP.
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addition, the crystal face on the CuS shell was not continuous 
that shown in Figure  1 e, from which the SAED (selected area 
electron diffraction) spectrum in the [010] zone axis direction 
presented a polycrystal structure for the electron diffraction 
pattern (Figure  1 g).  Figure    2   shows the X-ray diffraction (XRD) 
spectra of the Fe 3 O 4  NPs, core–shell Fe 3 O 4 @Cu 2 O, and rattle-
type Fe 3 O 4 @CuS. The synthesized iron oxide exhibits a cubic 
inverse spinel structure (JCPDS card no. 19–0629) accompa-
nied with a diffraction peak of iron (α-Fe) giving a (110) plane 
at a diffraction angle of 45° (Figure  2 a). Figure  2 b indicates 
that the cuprous oxide of the core–shell Fe 3 O 4 @Cu 2 O NPs 
demonstrates a cubic phase (JCPDS card no. 05–0667). How-
ever, this XRD spectrum shows no Fe 3 O 4  diffraction peak; this 

is probably because the surfaces of the Fe 3 O 4  
NPs were covered by a cuprous oxide with a 
thickness of approximately 46 nm. Figure  2 c 
shows that the CuS shell of the rattle-type 
Fe 3 O 4 @CuS NPs exhibits a hexagonal phase 
covellite structure (JCPDS card no. 06–0464), 
and the diffraction peak of the Fe 3 O 4  (331) 
plane reappears at a diffraction angle of 36°. 
Therefore, the Fe 3 O 4  NPs were observed to 
coexist with a hollow CuS. 

  To prove that the Fe 3 O 4 @CuS NPs pre-
sent a rattle-type structure, we conducted 
energy-dispersive X-ray spectroscopy (EDS) 
for assessing the structure of these NPs. 
 Figure    3  a–e shows composition mapping 
for the Fe 3 O 4 @CuS NPs. A higher density 
of copper and sulfur elements was observed 
around the periphery than at the center, 
and iron elements were mainly distributed 
internally; these observations indicated that 

Fe 3 O 4  was enclosed in the hollow CuS. We also applied the 
EDS elemental analysis to different positions of this mate-
rial (Figure S5, Supporting Information). The results revealed 
that the iron elements were located in the center of the mate-
rial, whereas only copper and sulfur signals were observed in 
the shell. We further performed a line scan analysis for the 
Fe 3 O 4 @CuS NPs. We confi rmed that Fe 3 O 4  was in the inte-
rior, whereas the periphery was covered with hollow CuS 
(Figure  3 f). In addition, the different particles were examined 
for the line scan analysis, indicating that Fe 3 O 4  did not exist 
at a fi xed position inside the hollow nanostructure, giving 
that Fe 3 O 4 @CuS NPs have a rattle-type structure (Figure S6, 
Supporting Information). 
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 Figure 3.    a) TEM image of the as-synthesized Fe 3 O 4 @CuS NPs and the elemental analysis of b) Cu, c) Fe, d) S, and e) the merged image. f) The 
corresponding EDS line scan profi les, where the white line indicates the path of electron beam for the line-scan in (e). The EDS analysis was captured 
on the nickel TEM grids.

 Figure 2.    XRD patterns of a) Fe 3 O 4  NPs, b) Fe 3 O 4 @Cu 2 O NPs, and c) Fe 3 O 4 @CuS NPs using 
a Cu  K α   radiation ( λ  = 1.5418 Å) source.
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    2.2.     Surface Modifi cation of Fe 3 O 4 @CuS NPs 

 To further increase the biological compatibility of the Fe 3 O 4 @
CuS NPs, we modifi ed polyethylene glycol (PEG) available on 
their surfaces. Modifying PEG can increase the residence time 
of nanomaterials in blood circulation. [ 14 ]  The method for pre-
paring the Fe 3 O 4 @CuS-PEG NPs involved forming a copper–
sulfur (Cu–S) bond [ 15 ]  to modify MPA (3-mercaptopropionic 
acid) on the surface of the material and then forming an amide 
bond to modify PEG (Scheme  1 ) on the surface; hence, a posi-
tively charged amino functional group (NH 2 ) was exposed on 
the surface of NPs. Because cell membranes have negatively 
charged surfaces, positively charged surfaces increase the likeli-
hood of NPs being ingested into the cancer cells. Figure S7a,b 
of the Supporting Information depicts the TEM images of 
the Fe 3 O 4 @CuS NPs with modifi ed MPA and PEG on their 
surfaces. Modifying MPA and PEG does not affect the mor-
phology of NPs. DLS was used to measure the Zeta potential 
and hydrodynamic diameter after each modifi cation procedure 
(Figure S8, Supporting Information). The surface charge of 
Fe 3 O 4 @CuS was −2.41 mV; however, its surface was negatively 
charged such that its potential became −26.7 mV because of the 
exposure of the carboxyl functional group after the modifi cation 
of MPA. Subsequently, the potential changed from negative to 
positive (+16.4 mV) after the PEG modifi cation, resulting in the 
exposure of the amino functional group on the surface. The 
hydrodynamic diameter of Fe 3 O 4 @CuS was 152.5 nm, which 
is greater than the average particle size observed in the TEM 
images because PVP used in the synthesis process covered 
the surface. However, the hydrodynamic diameter decreased 
to 140.3 nm after the MPA modifi cation, and this reduction in 
diameter was attributable to ethanol; this is because the MPA 
modifi cation procedure was conducted in ethanol. To prove 
that ethanol induced the removal of PVP from the surface of 
the material, we placed Fe 3 O 4 @CuS in an ethanol solution 
and stirred the colloidal solutions for 12 h (Figure S8c, Sup-
porting Information). The surface potential of Fe 3 O 4 @CuS 
changed from −2.41 to −17.1 mV because the sulfur ions (S 2− ) 
were exposed on the CuS shell. Moreover, the hydrodynamic 
diameter decreased from 152.5 to 140.1 nm. This suggests 
that ethanol induced the removal of PVP from the surface. 
The removal of PVP also enables MPA to be attached onto the 
surface of NPs smoothly. After the PEG modifi cation process, 
the hydrodynamic diameter increased to 146.9 nm again. This 
signifi es that PEG was successfully modifi ed on the surface of 
the material. Although Fourier transform infrared spectroscopy 
(FT-IR) is the optimal technique for confi rming the modifi ca-
tion of PEG on the surface, an strong absorption was observed 
at NIR for Fe 3 O 4 @CuS-PEG; hence, obtaining a high-quality 
FT-IR spectrum was diffi cult. Therefore, to prove that PEG 
was successfully conjugated onto the surface of NPs using a 
fl uorescence technique, fl uorescein isothiocyanate (FITC) was 
conjugated onto the surface through isothiourea bond forma-
tion because of the spontaneous reaction of the amino group 
(  NH 2 ) and isothiocyanate (  N  C  S). Figure S9a of the Supporting 
Information shows that the fl uorescence intensity of the FITC 
supernatants decreased compared with that of the initial FITC 
solution, and Figure S9b,c of the Supporting Information 
indicates the existence of a green fl uorescent signal on the 

fl uorescent image obtained after conjugating the surface of 
the material with FITC. However, no fl uorescent signal was 
observed for the NPs without FITC conjugation. This thus con-
fi rms the modifi cation of PEG on the surface of Fe 3 O 4 @CuS. 
To understand the stability of the synthesized Fe 3 O 4 @CuS-PEG 
NPs, the NPs having a copper ion concentration of 300 ppm 
were separately placed in 300 µL of water, PBS with a pH of 
5.0, PBS with a pH of 7.0, 10% fetal bovine serum (FBS) and 
cell culture Dulbecco’s Modifi ed Eagle Medium (DMEM); these 
mixtures were observed after 7 d. PBS with a pH of 5.0 was 
used to emulate the endosomal and lysosomal environment in 
the cells, and PBS with a pH of 7.0 was used to emulate the 
environment outside the cells. As illustrated in Figure S10 in 
the Supporting Information, the morphology of the Fe 3 O 4 @
CuS-PEG NPs did not change after placing them in the various 
solutions for 7 d, indicating that they exhibit extremely high 
structural stability. The surface area and pore diameter of the 
Fe 3 O 4 @CuS-PEG NPs was 41.4 m 2  g −1  and 10 nm, respec-
tively, as observed using the Brunauer–Emmett–Teller method, 
indicating that the CuS shell of the Fe 3 O 4 @CuS-PEG NPs is a 
mesoporous structure (Figure S11, Supporting Information). A 
band with peak appeared around 62 nm attributed to the hollow 
cavity of CuS. A superconducting quantum interference device 
was used to measure the magnetisms of aqueous-phase Fe 3 O 4  
and Fe 3 O 4 @CuS-PEG NPs (Figure S12, Supporting Informa-
tion). The saturation magnetizations (M S ) of Fe 3 O 4  and Fe 3 O 4 @
CuS-PEG were 96.3 and 89.9 emu g −1 , respectively. This shows 
that the hollow porous CuS shell did not signifi cantly infl uence 
the magnetism. The inset fi gure shows a magnifi ed portion 
of Figure S12 in the Supporting Information, and it indicates 
that both Fe 3 O 4  and Fe 3 O 4 @CuS-PEG NPs have ferromagnetic 
property because the synthesized Fe 3 O 4  NPs contain iron. The 
remnant magnetizations ( B  R ) of Fe 3 O 4  and Fe 3 O 4 @CuS-PEG 
were 9.5 and 8.9 emu g −1 , respectively, and their coercivities 
( H  C ) were 50.1 and 45.7 Oe, respectively.  

  2.3.     UV–vis–NIR Spectra of Fe 3 O 4 @CuS NPs 

  Figure    4  a shows the UV–vis–NIR absorption spectra for the 
Fe 3 O 4 , Fe 3 O 4 @Cu 2 O, Fe 3 O 4 @CuS, and Fe 3 O 4 @CuS-PEG NPs 
dispersed in water. The aqueous-phase Fe 3 O 4  did not exhibit 
the characteristic absorption peak. After the cuprous oxide 
shell was coated onto the surfaces of the NPs, the absorption 
bands appeared in the positions less than 500 nm because of 
the contribution of cuprous oxide. According to theoretical cal-
culations conducted from the Mie scattering theory by Wang 
et al., [ 11,16 ]  dipole (350 nm), quadrupole (290 nm), and octu-
pole (230 nm) scattering peaks are located from right to left 
on the UV spectrum for the cuprous oxide structure. More-
over, an NIR absorption band with a broad absorption range 
(650–1300 nm) was generated resulting from the CuS shell 
contribution after the formation of Fe 3 O 4 @CuS, while the 
absorption less than 500 nm was attributable to the absorp-
tion of the CuS band gap. [ 5b   ,   5c   ,   17 ]  The UV–vis–NIR absorption 
behavior did not change after the PEG modifi cation on the sur-
face of Fe 3 O 4 @CuS. The absorption of the synthesized Fe 3 O 4 @
CuS-PEG NPs at NIR covered both ranges of 650–950 nm for 
the fi rst NIR biological window and 1000–1350 nm for the 
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second NIR biological window. [ 4a ]  Therefore, 808 and 1064 nm 
NIR laser irradiation can be potentially used for photothermal 
therapy. Considering the hollow structure of CuS nanoparticle, 
we have taken the average diameter, the shell thickness, and 
the density (4.76 g cm −3 ) together to estimate molar extinction 
coeffi cients at 808 and 1064 nm. According to Beer’s law, the ε 
values are 3.5 × 10 10  cm −1   M  −1  at 808 nm and 4.9 × 10 10  cm −1   M  −1  
at 1064 nm. The better photothermal therapy is expected if 
1064 nm NIR laser is used for Fe 3 O 4 @CuS-PEG. Furthermore, 
the molar extinction coeffi cient of our material at 1064 nm was 
higher than the value reported previously (2.6 × 10 7  cm −1   M  −1 ). [ 18 ]  
This indicates that the synthesized Fe 3 O 4 @CuS-PEG NPs 
are superior for applications for photothermal therapy in the 
second NIR biological window. 

    2.4.     Response to Laser Ablation for Colloidal Solutions 

 Because the Fe 3 O 4 @CuS-PEG NPs exhibited a strong absorp-
tion in the NIR region, we conducted a comparison to reveal 
the effi cacy in the photothermal heating observed at wave-
lengths between 1064 and 808 nm. However, both light inten-
sity (W cm −2 ) and beam size are vital variables for comparing 
photothermal effects, particularly in tumor photothermal 

therapy for animals. This is because the coverage of irradia-
tion tumors and the amount of irradiated NPs are determined 
according to the beam size. The beam size of the 1064 nm 
laser we used was 0.05 cm 2  and that of the 808 nm laser was 
0.16 cm 2 . To ensure a reasonable comparison of the 808 and 
1064 nm lasers, we reduced the beam size of the 808 nm laser 
to approximately 0.05 cm 2 . In the heating curve tests conducted 
for evaluating photothermal conversion, the Fe 3 O 4 @CuS-PEG 
solutions were irradiated using the NIR lasers (Figure  4 b–d 
and Figure S13, Supporting Information), and the temperature 
of the Fe 3 O 4 @CuS-PEG solutions increased with the 808 nm 
and 1064 nm laser irradiation as increased material dosage and 
irradiation power. According to the change in irradiation power 
(Figure  4 b,c) or material dosage (Figure S13, Supporting Infor-
mation), the heating effi ciency observed at an irradiation wave-
length of 1064 nm was superior to that of 808 nm. This result 
is consistent with our obervation where the absorption coeffi -
cient observed at the 1064 nm wavelength (4.9 × 10 10  cm −1   M  −1 ) 
was superior to that obtained at the 808 nm wavelength 
(3.5 × 10 10  cm −1   M  −1 ). The water without the NPs reached only 
27 °C after 15 min of irradiation. When we maintained the 
copper ion concentration at 300 ppm for comparing the 808 
and 1064 nm wavelengths, the irradiation intensity for 808 nm 
must be increased to 6 W cm −2  to ensure a comparable heating 
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 Figure 4.    a) UV–vis–NIR absorption spectra of the Fe 3 O 4 , Fe 3 O 4 @Cu 2 O, Fe 3 O 4 @CuS, and Fe 3 O 4 @CuS-PEG colloidal solutions. Temperature elevation 
profi les of Fe 3 O 4 @CuS-PEG solutions with Cu ion concentrations at 300 ppm under b) 1064 nm and c) 808 nm diode laser irradiation at different power 
intensities. d) Photothermal heating curves of Fe 3 O 4 @CuS-PEG solutions with Cu ion concentration at 300 ppm under 1064 nm laser irradiation at the 
power of 3 W cm −2  and 808 nm laser irradiation at the power of 6 W cm −2 .
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effect at 1064 nm, with an irradiation of 3 W cm −2 . Subse-
quently, the photothermal conversion effi ciency was quanti-
fi ed following the method developed by Roper et al. [ 19 ]  The 
temperature of the colloidal solution was recorded upon 808 or 
1064 nm illumination until reaching a steady state tempera-
ture, followed by an operation to shut off laser giving solution 
cooling process (Figure S14, Supporting Information). The heat 
conversion effi ciency was calsulated to be 15.7% at 808 nm 
and 19.2% at 1064 nm. Furthermore, according to Lu and co-
workers, [ 20 ]  the structure of the synthesized hollow-structured 
CuS NPs presented a collapse phenomenon after the 900 nm 
laser irradiation at 2.0 W cm −2  for 40 s. Therefore, after the syn-
thesized Fe 3 O 4 @CuS-PEG NP was irradiated with 1064 nm at 
3 W cm −2  for 15 min, the structure did not collapse, as observed 
in the TEM image (Figure S15, Supporting Information).  

  2.5.     Biocompatibility Subjected to MTT Assay 

 Before the in vitro photothermal therapy experiments, MTT 
assay was used for examining cytotoxicity to identify the bio-
logical compatibility of the Fe 3 O 4 @CuS-PEG NPs. We used a 
HeLa cell line (human cervical cancer cell line) as a model. We 
treated the cells with the Fe 3 O 4 @CuS-PEG NPs at copper con-
centrations of 0, 25, 50, 100, 200, 300, 400, or 500 ppm and 
incubated the cells for 24 h at 37 °C. We observed that the sur-
vival rate of the HeLa cells was maintained at more than 90%, 
even after the copper ion concentration reached 500 ppm, with 

no signifi cant cytotoxicity (Figure S16, Supporting Informa-
tion). Hence, the Fe 3 O 4 @CuS-PEG NPs possess high biolog-
ical compatibility. Because the Fe 3 O 4 @CuS-PEG NPs contain 
iron oxide, an external magnet may be added to increase the 
material dosage accumulation within the cells through mag-
netic attraction. Therefore, we incubated 300 ppm of Fe 3 O 4 @
CuS-PEG NPs with the HeLa cells with (magnetic attraction for 
2 h) and without magnetic attraction (incubation for the same 
2 h) and used ICP-AES to quantify the copper ion concentration 
ingested by the cells. Only 22% of the copper ion concentration 
was ingested by the cells without magnetic attraction, whereas 
the concentration increased to 65% for the group containing 
the cells having magnetic attraction. Therefore, the material 
dosage ingested by cells may increase through magnetic attrac-
tion induced by an external magnet. For the subsequent in vitro 
photothermal therapy experiments, irradiations of 808 and 
1064 nm under magnetic and nonmagnetic attractions were 
observed.  

  2.6.     In Vitro Performance upon NIR Lasers Exposure 

  Figure    5  a shows a fl uorescent image indicating the effect 
of cancer cells poisoning observed in in vitro photothermal 
therapy. For cells fed with the Fe 3 O 4 @CuS-PEG NPs without 
laser irradiation, no effective cell damage effect was observed. 
This result is consistent with that of the aforementioned cytotox-
icity test. For the group subjected to the 1064 nm irradiation, 
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 Figure 5.    In vitro photothermal effi cacy for HeLa cells alone, HeLa cells with Fe 3 O 4 @CuS-PEG respectively with or without exposure of 1064 and 
808 nm diode lasers for 10 min exposure. For the groups with magnet, the magnet was applied with 2 h of magnetic attraction, followed by 10 min 
of laser irradiation. a) Fluorescence images of live and dead cells with different treatments. Green fl uorescence represents the live cells stained with 
Calcein, AM. Red fl uorescence represents the dead cells stained with propidium iodide (PI). The white dotted circles indicate the laser beam spot. 
b) Cell viability determined from the integrated intensity of the Calcein, AM fl uorescence enclosed in the laser beam spot (MFe 3 O 4 @CuS-PEG). The 
laser beam spot has been restricted to be ≈0.05 cm 2  for both 1064 and 808 nm lasers.
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the cells did not die when they 
were not fed with the NPs. How-
ever, when the cells were fed with 
the material followed by 1064 nm 
irradiation, a propidium iodide 
(PI) fl uorescent signal appeared 
within the beam size range in the 
fl uorescent image view. This iden-
tifi es that the cells died after the 
Fe 3 O 4 @CuS-PEG NPs were sub-
jected to the 1064 nm laser irradi-
ation at 3 W cm −2  for 10 min. The 
fl uorescent image indicates that 
when magnetic attraction was 
included followed by 1064 nm 
irradiation, the number of killed 
HeLa cells signifi cantly increased. 
For the 808 nm laser group, 
applying 3 or 6 W cm −2  irradiation 
without the feeding NPs did not 
result in cell death. Even when 
the cells were subjected to mate-
rial feeding in addition to mag-
netic attraction followed by the 
808 nm irradiation at 3 W cm −2 , 
no signifi cant poisoning effect 
was observed. According to the 
heating curve shown in Figure  4 c, 
the temperature reached only 
35 °C under this condi-
tion, indicating a negligible effect of photothermal therapy. 
However, when the NPs were fed in addition to magnetic 
attraction followed the 808 nm irradiation at 6 W cm −2 , 
clear PI fl uorescent signals were observed, indicating that the 
HeLa cells were killed. According to the results (Figure  5 b), the 
cell survival rate decreased to 63% when the Fe 3 O 4 @CuS-PEG 
NPs were subjected to 1064 nm irradiation for 10 min; the cell 
survival rate further decreased to 7% when magnetic attrac-
tion was included before irradiating the cells. This is because 
magnetic attraction possibly increased the dosage of the mate-
rial ingested by the cells, improving the photothermal therapy 
effect. This also proves that our NPs has potential applicability 
for magnetic targeting through the addition of a magnet. How-
ever, for the 808 nm experimental group, the cell survival rate 
was maintained at more than 95% under the condition of mag-
netic attraction and 3 W cm −2  irradiation. Nevertheless, with 
6 W cm −2  of irradiation, the cell survival rate was signifi cantly 
reduced to 7%, which is consistent with the result obtained 
using the 1064 nm irradiation at 3 W cm −2 . Therefore, at the 
same copper concentration of 300 ppm, the intensity of the 
808 nm laser irradiation applied to the Fe 3 O 4 @CuS-PEG NPs 
must be increased twofold to obtain a photothermal therapy 
effect similar to that observed at the 1064 nm irradiation. 

    2.7.     In Vivo Studies in Photothermal Therapy, Toxicity, 
and MR Imaging 

 We conducted a subsequent in vivo photothermal therapy 
experiments. In this experiment, the laser power was fi xed at 

3 W cm −2  for comparing the tumor growth inhibition effect at 
the 808 and 1064 nm wavelengths. HeLa cells were injected 
into the backs of nude mice through subcutaneous injection, 
and 24 mice having tumors were randomly grouped into six 
groups. For the group involving material injection, we intrave-
nously injected 20 mg kg −1  of Fe 3 O 4 @CuS-PEG NPs into the 
nude mice through the tail vein. Furthermore, regarding the 
group involving magnetic attraction, we injected the material 
into the mice; next, we conducted magnetic attraction 30 min 
by using an external magnet as well as uniform laser irradiation 
onto the tumor for 30 min. The beam size of the laser was fi xed 
at 0.05 cm 2  that it cannot cover the entire tumor. Therefore, 
we arbitrarily selected three sites on the tumor and irradiated 
each site for 10 min.  Figure    6   shows that when only PBS was 
injected, for which a group with 1064 nm irradiation only and 
Fe 3 O 4 @CuS-PEG injection in addition to magnetic attraction 
without laser irradiation all existed, tumors increased with the 
number of observation days. Nevertheless, all groups subjected 
to material injection in addition to laser irradiation (Fe 3 O 4 @
CuS-PEG + 1064 nm; Fe 3 O 4 @CuS-PEG + magnet + 808 nm; 
Fe 3 O 4 @CuS-PEG + magnet + 1064 nm) exhibited certain levels 
of tumor growth inhibition effects. In the fi rst 8 d after laser 
irradiation, the difference in the tumor sizes of the mice in the 
three groups was not signifi cant. The tumor sizes remained 
unchanged, without enlargement or shrinkage. Therefore, 
we injected the second dose on the 8th day and repeated the 
same operating modes: Fe 3 O 4 @CuS-PEG + 1064 nm; Fe 3 O 4 @
CuS-PEG + magnet + 808 nm; and Fe 3 O 4 @CuS-PEG + magnet 
+ 1064 nm. The results indicated that the tumors of the mice in 
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 Figure 6.    a) Tumor growth curves with different treatments ( n  = 4). b) The photographs of mice taken before 
and after treatments at different dates. NIR illumination was, respectively, performed using 1064 and 808 nm 
diode lasers for 30 min exposure at 3 W cm −2 . For the groups with magnet, the magnet was applied with 
30 min of magnetic attraction, followed by the laser irradiation of 30 min.
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the Fe 3 O 4 @CuS-PEG + magnet + 1064 nm group were signifi -
cantly inhibited and even completely disappeared on the 12th 
day, with no tumor recurrence up to the 30th day. Regarding the 
Fe 3 O 4 @CuS-PEG + 1064 nm and Fe 3 O 4 @CuS-PEG + magnet + 
808 nm groups, the tumors could not be completely removed; 
however, a tumor growth inhibition capability was observed. 
Remarkably, compared with the Fe 3 O 4 @CuS-PEG + magnet + 
808 nm group, the Fe 3 O 4 @CuS-PEG + 1064 nm group exhib-
ited better inhibitory effect on tumors growth. In general, the 
tumors of the mice in the Fe 3 O 4 @CuS-PEG + magnet + 808 nm 
group enlarged slowly. The results indicated that tumors can 
be effectively removed at 1064 nm with facilitation of magnetic 
attraction. However, although the performance of 808 nm in 
photothermal ablation was not comparable to that of 1064 nm, a 
certain level of tumor growth inhibition was still observed. 

  Figure S17 of the Supporting Information shows the biodistri-
bution after injection of Fe 3 O 4 @CuS-PEG NPs into mice bearing 
HeLa tumors through tail vein with or without 
30 min of magnetic targeting. The tissues were 
surgically removed after 30 min, 7 d and 30 d 
of injection. Heart, liver, spleen, lung, kidneys, 
and tumor tissues were taken and subjected 
to ICP-AES analysis to determine quantita-
tively the contents of NPs in these tissues. In 
comparison, the amount of NPs accumulated 
at the tumor in the group with the magnetic 
attraction is larger than that observed in the 
tumors of the group without magnetic attrac-
tion after 30 min. The attraction of external 
magnetic fi eld contributed to the accumula-
tion of suffi cient NPs in the tumor and thus 
improved the effect of subsequent treatments. 
Basically, the NPs were gradually eliminated 
as time prolonged from both nil- and with-
magnet groups. According to the report of 
Lu and co-workers, PEGylated CuS NP was 
considered as biodegradable nanoparticles. In 
living animals, the elimination of CuS NPs in 
liver may majorly be attributed to Cu metabo-
lism by the hepatocytes through hepatobiliary 
excretion within a month. [ 15a ]  The experi-
ment for the biological toxicity examination 
involved intravenously injecting 20 mg kg −1  
of the Fe 3 O 4 @CuS-PEG NPs into the nude 
mice with tumors through the tail vein. One 
group was subjected to magnetic attraction for 
30 min, whereas the other group was not. The 
mice were sacrifi ced after 30 min, 7 d and 
30 d, respectively, and their blood was used for 
blood biochemical analysis to examine liver 
(ALP, AST, ALT, and TBIL) and renal func-
tion (BUN, UA, and CRE) indices. The experi-
mental results indicate that within the fi rst 
30 d, no difference existed between the experi-
mental groups and control group subjected to 
PBS injection (Figure S18, Supporting Infor-
mation). In addition, we resected and then 
dissected the organs of the heart, liver, spleen, 
lung, and kidney for histological analysis at 

30 min, 7th day, and 30th day post-injection for any change in 
the morphology due to material toxicity (Figure S19, Supporting 
Information). Once again, one group was subjected to magnetic 
attraction for 30 min, whereas the other group was not. The tis-
sues after hematoxyline and eosin staining showed well organ-
ized cell structure as that of the control set. Especially, the intact 
morphology of spleen, which play important role in blood purifi -
cation do not show any change in morphology due to absence of 
immune activity. With these preliminary toxicological results, it 
is believed that the current NPs proposed have no acute toxicity 
as a cancer medicine. 

 Finally, because iron oxide NPs could be used as  T  2  contrast 
agents for MRI, Fe 3 O 4 @CuS-PEG NPs were prepared in 1.3% 
agarose gel at various iron ion concentrations. A 9.4 T USR Pre-
clinical MRI System for animals was used to measure  r  2  values 
of the Fe 3 O 4  and Fe 3 O 4 @CuS-PEG NPs and they were 314.37 
and 302.02 mM −1  s −1 , respectively ( Figure    7  ). The difference 

 Figure 7.    The  r  2  values of a) Fe 3 O 4 , and b) Fe 3 O 4 @CuS-PEG NPs were calculated by  T  2  relaxa-
tion ( T  2  −1  / s −1 ) rate versus iron concentration. c) The  T  2 -weighted images of Fe 3 O 4 @CuS-PEG 
NPs were monitored using a 9.4 T animal microMRI system as the NPs were administrated 
by the intravenously injection at the dose of 20 mg kg −1 . The images were captured on the 
pre-injection and post-injection for 30 min, 1 h, and 24 h after particles administration. For the 
group with the magnetic attraction, the magnet was applied on the tumor site for 30 min after 
injection of NPs. White arrows indicate the location of tumor.



FU
LL

 P
A
P
ER

6536 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2015, 25, 6527–6537

www.afm-journal.de
www.MaterialsViews.com

between the  r  2  values of the Fe 3 O 4  and Fe 3 O 4 @CuS-PEG NPs 
was not signifi cant because the CuS was a hollow porous struc-
ture; hence, water molecules could have readily accessed the inte-
rior of CuS. The mice were injected with HeLa cells hypodermi-
cally. The experiments were conducted after 8 d of tumor growth, 
and the tumors then were subjected to the measurements using 
a 9.4 T animal micro MRI system. Fe 3 O 4 @CuS-PEG NPs were 
administrated by the intravenously injection at a dosage of 
20 mg kg −1 . The external magnet was applied for 30 min after 
injection (without magnet as sham control). The contrast change 
in signal was monitored at pre-injection, 30 min, 1 h, and 24 h 
post-injection for MR images. The quantitative analysis showed 
the contrast decrease as time with the contrast signal of tumor 
after magnetic attraction reduced to 65% after 1 h (Figure  7 c). 
Contrarily, the nil-magnet group in the tumor only displayed a 
slight drop with 88% in intensity after 1 h. This indicates that 
once the Fe 3 O 4 @CuS-PEG NPs was injected into mice’s body, the 
manipulation by an external magnet caused the NPs to accumu-
late at the tumor in large quantity in a fairly short period of time, 
which signifi cantly improved the negative contrast effect at the 
tumor. Apart from confi rming that Fe 3 O 4 @CuS-PEG NPs is an 
effective MRI T 2  contrast agent, it also evidences that the NPs can 
be used as an effective magnetic target. It is noted that although 
MR image indicated greater NPs accumulation at post-1 h 
injection, the early stage in NPs accumulation (30 min) upon 
magnetic attraction has allowed us to readily discriminate in vivo 
phoththermal effi cacy between 808 and 1064 nm laser irradiation. 

     3.     Conclusion 

 We have fabricated an effective NIR responsive rattle-type 
Fe 3 O 4 @CuS nanoparticles that display broad NIR absorption 
covering 1st and 2nd biological windows. The 1064 nm reveals 
higher absorption coeffi cient than that of 808 nm. Consequently, 
twofold larger in laser intensity was needed for 808 nm relative to 
for 1064 nm in order to exhibit the same effi cacy for cancer cells 
damage in vitro. However, both 808 and 1064 nm irradiation 
display the capability to control tumor size in growth. Although 
808 nm cannot completely remove tumor, the tumor growth can 
be inhibited in a certain degree. Perhaps, the multiple dosing in 
particle and laser exposure is necessary when using 808 nm. On 
the other hand, the 1064 nm with larger absorption coeffi cient 
and better tissue penetration has shown promising results to 
completely eliminate tumor. Because of the presence of the mag-
netic Fe 3 O 4 , the multifunctional rattle-type Fe 3 O 4 @CuS features 
magnetic guidance, photothermal ablation and diagnosis pro-
viding a potent therapeutic choice in the biomedical fi eld.  
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