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absorbance as well as high stability are greatly desirable. So far, 
carbon-based agents, such as fullerenes, carbon nanotubes, and 
graphene, are being considered as promising alternates owing 
to their distinctive physical and chemical properties. [ 5 ]  

 Generally, it would be critically important to understand the 
state of the agents after both in vivo administration and post-
treatment. Therefore, imaging-guided therapy is highly desir-
able. Currently, photoacoustic tomography (PAT) and magnetic 
resonance imaging (MRI) have been widely applied to imaging 
diagnostics in oncology clinics. PAT can depict subsurface 
tissue structures, while MRI can offer higher resolution and 
deeper tissue penetration. [ 6 ]  Therefore, it would be a wise pro-
tocol to integrate MRI and PAT into a single probe, which offers 
the possibility of combining the contrast-based volume imaging 
and edge detection, and realizes “self-confi rming for fault-free 
diagnosis”. [ 7 ]  Such a multimodality probe, which integrates dual 
modal imaging with therapeutic PTT, can further achieve early 
diagnosis and therapy of cancer. [ 8 ]  

 In recent years, novel theranostic agents, which are usu-
ally fabricated of functional nanocomposites for multimodal 
imaging-guided therapy, have exhibited great application poten-
tial in medicine. [ 9 ]  Under the guidance of PAT-MRI, the probes 
for PTT are usually allowed to serve as contrast agents for 
PAT by further transforming the resulted heat into ultrasound 
waves. In addition, with the aid of magnetic materials, hypo-
intensities on  T  2 -weighted MRI maps can be induced for better 
contrast effect. [ 10 ]  For instance, magnetic nanoparticle (NP)-
anchored graphene nanosheets and iron oxide-conjugated gold 
NRs have been applied in MRI- and PAT-guided PTT. [ 11 ]  How-
ever, these probes generally comprise multiple components, 
such as distinct magnetic and high-NIR-absorbance parts. 
Recently, Fe 3 O 4 @Cu 2-   X  S core–shell NPs were also reported for 
dual modal imaging and PTT, in which all the functionalities 
were realized within one core–shell particle. [ 4a ]  However, this 
protocol still needs intricate and multi-step synthetic processes, 
and most of the above-mentioned probes mainly rely on the 
passive targeting effect (i.e., the enhanced permeability and 
retention (EPR) effect for tumor targeting). It is worth noting 
that some tumors will not exhibit EPR effect and, consequently, 
there are great demands to fabricate multifunctional probes via 
simple methods and achieve specifi c interaction with certain 
cancer cells. 

 Recently, we reported the synthesis of magnetic Hägg iron 
carbide NPs (Fe 5 C 2  NPs) with a thin carbon shell coating by 
a one-pot synthetic method. [ 12 ]  Note that Fe 5 C 2  NPs possess 

  Over the past decade, cancer has been one of the most signifi -
cant causes of mortality worldwide. [ 1 ]  Fortunately, imaging diag-
nostic has been emerging a powerful technology in assisting 
cancer therapy in terms of early detection and targeting therapy. 
One of the key challenges in cancer therapy is to develop tumor-
selective methods that do not damage normal cells. As a min-
imal invasive local cancer therapy, photothermal therapy (PTT) 
— a cancer-cell “burning” treatment that uses electromagnetic 
radiation, specifi cally near infrared (NIR) energy with the help 
of a “photo-absorbing agent” — has attracted intensive interests 
recently. [ 2 ]  The materials applied for PTT usually hold strong 
optical absorbance in the NIR due to their surface plasmon 
resonance effects, for example, various gold-based nanostruc-
tures (gold nanorods (NRs), nanostars, nanocages, and gold 
shells). [ 3 ]  However, the morphology of part of these nanostruc-
tures will change under long periods of irradiation, which will 
subsequently alter their optical properties and decrease NIR 
absorbance. [ 4 ]  Therefore, alternative agents with strong NIR 
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magnetic features and a carbon-coated structure; they there-
fore provide a unique opportunity to develop multifunctional 
probes with MRI, PTT, and PAT for imaging-guided therapy. 
Herein, an Fe 5 C 2 -based probe is designed by modifying Fe 5 C 2  
NPs with 1,2-distearoyl- sn -glycero-3-phosphoethanolamine-
 N -[amino(polyethylene glycol)-2000] (DSPE-PEG-NH 2 ) and 
a new class of affi nity proteins (Z HER2:342  ) that can selectively 
bind to the extracellular domain of HER2 for ovarian-cancer 
targeting. [ 13 ]  The Fe 5 C 2 -based probe (Fe 5 C 2 -Z HER2:342 ) mainly 
possesses the following advantages ( Scheme    1  ): i) the high-sat-
uration-magnetization nature of the Fe 5 C 2  core makes the NPs 
an excellent candidate for  T  2  MRI contrast agents; ii) the carbon 
on the surface endows the NPs with high absorption in NIR for 
PTT and PAT, and also protects the Fe 5 C 2  core from oxidation, 
thus offering good stability of the agents; and iii) conjugation of 
the affi body makes tumor-only targeting theranostics feasible. 
The Fe 5 C 2 -Z HER2:342  probe exhibited enhanced hypo-intensities 
in MRI in comparison to Resovist, and induced a stronger pho-
toacoustic signal and photothermal effect than gold NRs. In 
vitro study indicates that the probe could selectively combine 
with HER2 overexpressed cells, and effectively induce mor-
bidity in the cell after exposure under NIR light. Long-lasting 
negative-contrast enhanced MRI as well as high PAT signals 
were observed at the tumor site in ovarian-tumor-bearing mice 
by i.v. injection. Under the guidance of imaging, the tumor 
was obviously ablated by PTT after NIR irritation. More impor-
tantly, almost no systematic side effects were observed during 
the treatment through the evaluation of the loss of body weight, 
and morphological and pathological examinations. To the best 
of our knowledge, Fe 5 C 2 -based NPs have not yet been explored 
as multifunctional platforms in imaging-guided therapy, and 
Fe 5 C 2 -Z HER2:342  is of great promise as a multifunctional probe 
for cancer theranostic applications.  

 Transmission electron microscopy (TEM) showed that the 
Fe 5 C 2  NPs has a core–shell structure with an overall diameter 
of about 20 nm, which was further confi rmed by dynamic light 
scattering (DLS) ( Figure    1  a and Figure S1, in the Supporting 
Information). As revealed from high-resolution TEM (HRTEM) 
and X-ray photoelectron spectroscopy (XPS) (Figure S2 and 
S3, Supporting Information), the shell structure was a layer of 

amorphous carbon, [ 12 ]  while the core part 
showed highly crystalline features with a lat-
tice spacing of 0.205 nm, which corresponds 
to the (510) plane of Fe 5 C 2 . X-ray powder 
diffraction (XRD) analysis confi rmed the 
chemical structure of Fe 5 C 2  (JCPDS no. 
36–1248; Figure S4, Supporting Informa-
tion). To endow a hydrophilic nature as 
well as long-circulation property to Fe 5 C 2  
NPs, DSPE-PEG-NH 2  was applied to form 
Fe 5 C 2 -PEG NPs; the coating amount for 
DSPE-PEG-NH 2  was 11.41% (Figure S5, 
Supporting Information). Both the mor-
phology and the size of the Fe 5 C 2 -PEG NPs 
were well maintained; the core part remains 
Fe 5 C 2 , and the hydrodynamic diameter was 
measured to be 50 nm (Figure S1, S4, and 
S6, Supporting Information), demonstrating 
the stability of the Fe 5 C 2 -PEG NPs.  

 Magnetization measurements showed that Fe 5 C 2  NPs pos-
sessed super-paramagnetic feature with a saturation magnet-
ization (Ms) of 125 emu g −1  at room temperature, no Ms value 
loss was observed after PEGylation (Figure  1 b). After storing 
in aqueous dispersion for 6 months, only a slight decrease 
of Ms value was observed (112 emu g −1 ), which is still higher 
than that of iron oxide (ca. 80 emu g −1 ); [ 14 ]  this can probably be 
ascribed to the protection by the carbon shell. The  T  2 -weighted 
MRI of Fe 5 C 2  NPs were taken on a 3 T clinic MRI scanner. As 
shown in Figure  1 c, the signal intensity decreased with the 
increase of iron concentration. Compared with Resovist, a com-
mercially available  T  2 -weighted MRI contrast agent consisting 
of Fe 3 O 4  NPs with comparable hydrodynamic diameters of 
60 nm, [ 15 ]  Fe 5 C 2  NPs can induce stronger hypo-intensities 
due to its higher magnetization. [ 16 ]  Transverse relaxivity ( r  2 ) is 
further calculated, which shows 312 mM −1  s −1  for Fe 5 C 2  NPs, 
higher than that of Resovist (174 mM −1  s −1 ) (Figure  1 d). 

 Considering the potential applications of Fe 5 C 2  NPs with a 
thin carbon coating in PTT and PAT, ultraviolet–visible–NIR 
optical absorption spectra of aqueous suspensions were exam-
ined. The NPs exhibited an appreciable absorbance in the 
NIR region, which locates at the tissue transparency window 
(Figure S7, Supporting Information). Taking the absorption 
at 808 nm, for example, the corresponding metal-atom (Fe) 
molar extinction coeffi cient was calculated to be 3672 cm −1  M −1  
(Figure S8, Supporting Information). The high NIR absorbance 
of Fe 5 C 2  NPs suggested that it would be an excellent photoab-
sorbing agent for potential PTT and PAT. 

 Under NIR laser radiation ( λ  = 808 nm, 2 W cm −2 ), Fe 5 C 2  
NPs exhibited signifi cant temperature increment, which is even 
greater than that of gold NRs (aspect ratio of 3.5) and Resovist 
(Figure  1 e). [ 17 ]  The decrease of either the concentration of Fe 5 C 2  
NPs or laser intensity will slow down the temperature incre-
ment, illustrating that the thermal energy was converted by the 
NIR optical absorbance of Fe 5 C 2  NPs (Figure S9, Supporting 
Information). The photothermal stability of Fe 5 C 2  NPs and 
gold NRs were investigated by TEM characterization, which 
clearly demonstrated that Fe 5 C 2  NPs are more stable during 
NIR irradiation, i.e., the morphology of Fe 5 C 2  NPs maintained 
integrity, while a signifi cant alteration was observed for gold 
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 Scheme 1.    Schematic illustration for the design of Fe 5 C 2  NPs as a targeted theranostic platform.
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NRs (Figure S10, Supporting Information). Photoacoustic sig-
nals from Fe 5 C 2  NPs was then detected on a home-made PAT 
system. [ 18 ]  A bright signal can be observed with the increase 
of the concentration of Fe 5 C 2  NPs (Figure  1 f). Compared with 
gold NRs (aspect ratio of 3.5), Fe 5 C 2  NPs can induce higher 
signal intensity (Figure S11, Supporting Information). 

 The HER2 receptor is found to be associated with homo- or 
hetero-dimerization by clustering on the plasma membrane of 
some specifi c cell lines. When Z HER2:342 -conjugated NPs bind to 
HER2 receptors, the receptor clustering is expected to induce 
the aggregation of a large amount of NPs with the cells. The 
targeting specifi city of Fe 5 C 2 -Z HER2:342  NPs to HER2-positive 
SK-OV-3 cells was assessed by  T  2 -weighted MRI. It presented an 
enhanced darkening compared to Fe 5 C 2 -PEG NPs, suggesting a 

much higher level of cellular uptake due to the Z HER2:342  con-
jugation ( Figure    2  a). The potential toxicity of Fe 5 C 2 -Z HER2:342  
NPs on macrophages (RAW 264.7), HER2-positive cells (SK-
BR-3 and SK-OV-3 cells), and HER2-negative cells (NIH 3T3 
and HeLa cells) were tested. [ 19 ]  As shown in Figure  2 b, no sig-
nifi cant cytotoxicity was observed within all cell lines under our 
investigated concentrations.  

 We subsequently examined cell viability after exposure to 808 
nm laser (2 W cm −2  for 3 min) on SK-OV-3 cells by MTT assays. 
As predicted, a laser-induced therapeutic effect mediated by 
Fe 5 C 2 -Z HER2:342  NPs was more signifi cant compared to that by 
Fe 5 C 2 -PEG NPs. Additionally, there was almost no cytotoxicity 
observed in Fe 5 C 2 -Z HER2:342  alone or the laser group (Figure  2 c). 
By staining with Calcein-AM and PI, the photothermal effect 
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 Figure 1.    a) TEM image of as-synthesized Fe 5 C 2  NPs. b) Room-temperature magnetic hysteresis loops of Fe 5 C 2  NPs before (black line) and after 
(red line) modifi cation. The blue line is the room-temperature magnetic hysteresis loops for Fe 5 C 2  NPs after modifi cation and exposed in water for 
6 months. c)  T  2 -weighted MR images of Fe 5 C 2  NPs (upper) and Resovist (down) at various concentrations of iron at 3 T. The lower two rows are their 
corresponding pseudo-color images. d)  T  2  relaxation rate (1/ T  2 ) as a function of Fe concentrations for the Fe 5 C 2  NPs and Resovist. e) Temperature-
evolution curves for aqueous dispersions of pure water and Fe 5 C 2  NPs/Resovist/gold nanorods at the same concentration (0.5 mM Fe or Au) under 
continuous radiation of an 808 nm NIR laser at 2 W cm −2 . f) PAT images of Fe 5 C 2  NPs with different concentrations.
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was further investigated by distinguishing the apoptotic cells 
with living cells. Compared with the control group, severe cell 
death was observed when treated with Fe 5 C 2 -Z HER2:342  NPs 
along with laser irradiation (Figure  2 d). However, cells incu-
bated with Fe 5 C 2 -PEG NPs only underwent slightly apoptosis 
after exposure to laser. This effect was not observed in cells 
exposed to laser only or cells incubated with Fe 5 C 2 -Z HER2:342  
without irritation, which is in agreement with the MTT results. 

 Inspired by the promising in vitro data, we then utilized 
Fe 5 C 2  NPs as a multifunctional platform for in vivo tumor-
selective imaging. All the experiments involving animals were 
performed according to the guidelines approved by the Institu-
tional Animal Care and Use Committee (IACUC) of Tsinghua 
University.  T  2 -weighted MR images were taken before and 

after intravenous injection of Fe 5 C 2 -Z HER2:342  or Fe 5 C 2 -PEG on 
female Balb/c mice bearing an SK-OV-3 tumor. Signal dropping 
at the tumor sites could be observed in both of groups, while 
the signal decreasing from the Fe 5 C 2 -Z HER2:342 -treated mice is 
more signifi cant ( Figure    3  a,b). The relative signal intensity was 
also calculated (Figure S12, Supporting Information). In both 
of groups, the lowest signal comes 24 h post-injection, making 
it the optimal time for tumor theranostics. Interestingly, after 
3 d, the MR signal from the Fe 5 C 2 -PEG treated mice begins to 
recover, while the Fe 5 C 2 -Z HER2:342 -treated group maintains the 
low signal, suggesting a longer retention of Fe 5 C 2 -Z HER2:342  NPs 
at the tumor site. One mouse from each group was sacrifi ced 
24 h or 7 d after injection for Prussian blue staining. More posi-
tively stained areas are observed in the Fe 5 C 2 -Z HER2:342 -treated 
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 Figure 2.    a)  T  2 -weighted MR images of Fe 5 C 2 -Z HER2:342  NPs and Fe 5 C 2  NPs treated with SK-OV-3 cells. b) MTT assays of Fe 5 C 2 -Z HER2:342  NPs on RAW 
264.7 cells, NIH 3T3 cells, SK-BR-3 cells, SK-OV-3 cells, and HeLa cells in tested concentration range (1–1000 µM Fe). c) MTT assays on SK-OV-3 
cells with Fe 5 C 2 -Z HER2:342  or Fe 5 C 2 -PEG with or without NIR irradiation. d) Fluorescence microscopy image of (left) necrotic or apoptotic cells, stained 
with PI; (middle) live cell, stained with Calcein-AM, and (right) merged image of SK-OV-3 cells incubated with Fe 5 C 2 -Z HER2:342 , and irradiated with NIR; 
SK-OV-3 cells incubated with Fe 5 C 2 -PEG, and irradiated with NIR; SK-OV-3 cells irradiated with NIR only; SK-OV-3 cells incubated with Fe 5 C 2 -Z HER2:342  
only; and SK-OV-3 cells without any treating, respectively (from top to bottom). Scale bars: 600 µm. In all the NIR irradiation experiments, irradiation 
was at a power density of 2 W cm −2  for 3 min within the white circle.
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mouse than the mouse administrated with Fe 5 C 2 -PEG NPs. 
Even 7 d post-injection, the strong blue signals from the 
Fe 5 C 2 -Z HER2:342 -treated mouse still remain, while an indis-
cernible signal is observed in the Fe 5 C 2 -PEG injected mouse 
(Figure S13, Supporting Information). Sequentially, we inves-
tigated the in vivo PAT of Fe 5 C 2  NPs (24 h post-injection) to 
confi rm the targeted tumor accumulation by Z HER2:342 . Strongly 
enhanced photoacoustic signals in the tumors were observed 
after injection with Fe 5 C 2 -Z HER2:342  NPs, while a much lower 
signal was emitted from the Fe 5 C 2 -PEG treated one, indicating 
that Fe 5 C 2 -Z HER2:342  NPs can also be used as a PAT probe for 
targeted tumor imaging (Figure  3 c–f).  

 Encouraged by the selective accumulation of Fe 5 C 2 -Z HER2:342  
NPs within tumor sites, we further carried out in vivo PTT 
under the guidance of imaging on ovarian-tumor-bearing 
mice. 30 mice were randomly divided into fi ve groups ( n  = 6): 
1) Fe 5 C 2 -Z HER2:342  treated group with NIR irradiation; 2) Fe 5 C 2 -
PEG treated group with NIR irradiation; 3) laser irradiation-
only group; 4) Fe 5 C 2 -Z HER2:342  treated-only group, and, 5) a 
control group with saline administration. After 24 h injection, 
when maximum NPs were accumulated into tumors, laser irra-
diation was performed at the tumor site for 3 min at a power 
of 2 W cm −2 . Within 2 min irradiation, the tumor center tem-
perature of Fe 5 C 2 -Z HER2:342 -treated group can elevate to ca. 
47 °C from ca. 26 °C, which is suffi cient to ablate the tumors. 
However, only slight temperature increments (Δ T  = 8 °C) were 
observed on the mice administrated with Fe 5 C 2 -PEG, and 
laser exposure-only induced negligible temperature increase 
(Figure S14, Supporting Information). The tumor volumes were 

then measured with an interval of 3 d. As shown in  Figure    4  a,b, 
a remarkable decrease in the tumor volume was observed from 
the third day in the Fe 5 C 2 -Z HER2:342  with NIR group, and from 
the sixth day on, tumors were eliminated completely without 
relapse within 45 d. For the mouse group administrated with 
Fe 5 C 2 -PEG NPs, tumors were slightly inhibited in the prelim-
inary 6 d, but recrudesced in the following days. No obvious 
tumor regression was observed in the Fe 5 C 2 -Z HER2:342 -only, 
laser-only, or control groups during the treatment. One mouse 
from each group was sacrifi ced on the fourth day post-treat-
ment, and hematoxylin and eosin (H&E) staining was applied 
on the tumor. Apparent extensive necrosis appeared on mouse 
treated with PTT, which was mediated by Fe 5 C 2 -Z HER2:342  NPs, 
while less necrotic areas were observed in the mouse subjected 
to PTT by Fe 5 C 2 -PEG NPs. No obvious malignant necrosis was 
exhibited in the other three groups (Figure  4 c). MR images 
which were taken on the 45th day post-treatment demonstrated 
that tumors in the Fe 5 C 2 -Z HER2:342  treated without laser group 
boomed dramatically, while for the mice under PTT by Fe 5 C 2 -
Z HER2:342 , no tumor could be observed (Figure  4 d). No mice 
died during the course of therapy. Moreover, no abnormality 
in body weight, eating, drinking, or other daily activity was 
observed (Figure  4 e). Mice were then sacrifi ced at the 45th day 
for examination of any effects on major organs by investigating 
viscera index and H&E staining, which revealed no signifi cant 
abnormality in major organs (Figure S15 and S16, Supporting 
Information). The results proposed that Fe 5 C 2 -Z HER2:342  NPs 
might be an ideal candidate for targeted therapeutics by photo-
thermal ablations.  
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 Figure 3.     T  2 -weighted MR images of SK-OV-3 tumor-bearing mice before and after intravenous injection of: a) Fe 5 C 2 -Z HER2:342 , and, b) Fe 5 C 2 -PEG for 
different time points. The tumor sites are in the right axillary region, and circled by a yellow dashed line. The lower row of each fi gure is the pseudo-color 
image for the tumor site. c–f) PAT results of tumor site: c,e) before, and, d,f) after intravenously injecting with: d) Fe 5 C 2 -Z HER2:342 , and, f) Fe 5 C 2 -PEG 
for 24 h. Scale bars are 1 mm. The tumor sites are at the right rear fl ank. Grey bars are photoacoustic signal intensity.
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 In summary, we have successfully designed Fe 5 C 2  NPs as 
a probe with multifunctional feature for targeted tumor diag-
nosis and therapy. This new class of NPs reveals small sizes, 
high magnetization, satisfi ed stability, as well as high NIR 

absorbance and conversion. Benefi ting from these fantastic 
properties, the Fe 5 C 2 -based probe exhibits high contrast in 
MRI, enhanced photoacoustic tomography and effi cient photo-
thermal therapy. By conjugating with the targeted affi body 

 Figure 4.    a) Tumor growth curves of different groups of tumor-bearing mice after treatment. The tumor sites are at the right rear fl ank, and the tumor 
volumes were normalized to their initial sizes. Error bars represent the standard deviations of 5 mice per group. b) Photographs at day 45 of representa-
tive mice from group: b1) Fe 5 C 2 -Z HER2:342  with laser, b2) Fe 5 C 2 -PEG with laser, b3) laser only, b4) Fe 5 C 2 -Z HER2:342  only, and, b5) control. The second row 
is the enlargements of the cited parts in the fi rst row. c) H&E stained tumor sections collected from different groups of mice 4 days post treatment: 
c1) Fe 5 C 2 -Z HER2:342  with laser; c2) Fe 5 C 2 -PEG with laser; c3) laser only; c4) Fe 5 C 2 -Z HER2:342  only; and, c5) saline. Scale bars are 50 µm. d)  T  2  MR images 
of mice: d1,d3) before, and, d2,d4) 45 d after treating; the (d2) mouse was injected with Fe 5 C 2 -Z HER2:342  only, and the (d4) mouse was injected with 
Fe 5 C 2 -Z HER2:342 , and irradiated under 808 nm for 3 min at the tumor site 24 h after injection. e) Body weight of mice in different groups. The error bars 
represent the standard deviations (5 mice per group).
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Z HER2:342 , the Fe 5 C 2 -based probe can target tumor cells with low 
cytotoxicity, and selectively kill them through laser radiation. 
Moreover, the Fe 5 C 2 -Z HER2:342  probe achieved in vivo effi cient 
tumor ablation, excellent MRI, and photoacoustic tomography 
contrast effect. No noticeable side effects were observed from 
our injected dose. This work highlights the great potential of 
Fe 5 C 2  NPs as multifunctional probes for imaging-guided cancer 
therapy.  
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