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 Plant Polyphenol-Assisted Green Synthesis of Hollow 
CoPt Alloy Nanoparticles for Dual-Modality Imaging 
Guided Photothermal Therapy 
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Furthermore, theranostic nanomaterials enable improved 

treatment effi cacy of cancer by multimodal image-guided 

combination therapy. [ 2 ]  Hollow nanoparticles are an impor-

tant type of theranostic nanomaterials due to their low den-

sity, reduced material use, and low costs. [ 3 ]  Moreover, the large 

pore volumes as well as the distinct properties of magnetism, 

electronics, and optics make hollow nanoparticles useful as 

a multifunctional platform for theranostic nanomedicines. [ 4 ]  

 Despite substantial advances in the synthesis of nano-

materials, there are still some drawbacks that must be 

addressed. For example, the use of toxic or expensive rea-

gents as stabilizing agents and structure-directing agents 

for nanomaterials synthesis may cause health and environ-

mental issues. [ 5 ]  Furthermore, the common synthetic strategy 

for hollow nano materials must use hard template materials, 

and one necessary step is the removal of the template. [ 6 ]  This 

post-treatment not only increases complexity and cost to the 

system, but also deforms the hollow structure. Therefore, it is 

still highly desirable to develop a straightforward and green 

synthetic strategy for nanomaterials. 

 Plant polyphenols are compounds with dihydroxy-

phenyl (catechol) and trihydroxyphenyl (pyrogallol) groups 

within the molecules. They are benefi cial to human health. [ 7 ]  

Recently, polyphenols have been utilized as stabilizing ligands 

or coordinating ligands for the synthesis of solid metal DOI: 10.1002/smll.201503250
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  1.     Introduction 

 The combination of nanotechnology and cancer theranostic 

has achieved great developments in the past few years. [ 1 ]  

Nanomaterials have many merits in biomedical applications, 

such as prolonged circulation time and easy functionalization. 
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nanoparticles and metal-phenolic networks. [ 8 ]  However, there 

has been no report using polyphenols for the preparation 

of hollow alloy nanoparticles. Recently, some methods have 

been developed for preparing alloy nanoparticles with various 

compositions. [ 9 ]  Of note, greener methods with the use of less 

toxic and more biocompatible agents are desired to obtain 

alloy nanoparticles with well-defi ned size and structure, which 

would be more favorable to biomedical applications. Here we 

report a facile, green, and size-controlled synthesis of hollow 

alloy nanoparticles using plant polyphenols as assisted agents 

( Figure    1  ). Hollow CoPt alloy nanoparticles (HCPA-NPs) 

with different sizes were obtained by changing the used poly-

phenols with different molecule size. The developed method 

also gives a universal approach to synthesize other alloy 

nanostructures, such as hollow NiPt alloy. Moreover, the as-

prepared HCPA-NPs showed good biocompatibility and high 

 T  2  relaxivity, exhibiting splendid magnetic resonance imaging 

(MRI) contrast enhancement. Besides, the HCPA-NPs pos-

sessed the properties of distinct near-infrared (NIR) absorb-

ance and high photothermal conversion effi ciency, which 

made HCPA-NPs able to be used as a photoacoustic imaging 

(PAI) contrast agent and a photothermal agent. We suc-

cessfully employed HCPA-NPs for MRI/PAI dual-modality 

imaging guided photothermal therapy (PTT) in vivo. 

    2.     Results and Discussion 

 HCPA-NPs were synthesized through co-reduction of the 

aqueous solutions of cobalt (II) chloride and potassium tet-

rachloroplatinate (II) in the presence of polyphenols by 

using NaBH 4  as a reduction agent (Figure  1 ). We fi rst inves-

tigated the effect of metal salt precursors on HCPA-NPs by 

using tannic acid (TA), a common polyphenol, as an assisted 

agent. The transmission electron micros-

copy (TEM) results from samples with 

different molar ratios of Co to Pt indi-

cate that hollow structures continue to 

form with the increase of the molar ratios 

(Figure S1, Supporting Information). The 

hollow structure was completely formed 

when the ratio reached to 1:1. As shown 

in high-magnifi cation TEM ( Figure    2  a), 

the center sections of the nanostructures 

are brighter than the edge sections, which 

indicates the formation of hollow struc-

tures. The average diameter of the HCPA-

NPs is about 20 nm with a shell thickness 

of about 3 nm. The elemental mapping 

images in Figure  2 b reveal that both Co 

and Pt are homogeneously distributed in 

sheath, confi rming the hollow morphology 

of the nanoparticles as well. Energy-dis-

persive X-ray spectroscopy (EDS) was 

also used to confi rm the chemical com-

position of the HCPA-NPs (Figure  2 c), 

showing peaks of the elements Pt and Co. 

  The size-controlled synthesis of HCPA-

NPs was also studied by using different 

polyphenols as assisted agents. Interestingly, HCPA-NPs with 

size of 9.6 ± 1.2 nm were obtained when using epigallocat-

echin gallate (EGCG), which has smaller molecule size and 

lower amounts of catechol and pyrogallol moieties than TA 

(Figure  2 d). Moreover, a further reduction in particle size 

of 6.6 ± 0.8 nm was achieved with ellagic acid (EA) as an 

assisting agent, which has smaller molecule size compared 

to EGCG (Figure S2, Supporting Information). The particle 

size distributions of these samples from TEM analysis were 

shown in Figure S3 (Supporting Information). Furthermore, 

the versatility of the synthetic strategy was studied by syn-

thesizing hollow NiPt and CoMo alloy nanoparticles under a 

similar procedure. Figure  2 e and Figure S4 (Supporting Infor-

mation) show the TEM image of the generated hollow NiPt 

and CoMo alloy nanoparticles with sizes of 17.6 ± 2.3 nm and 

16.7 ± 1.9 nm, respectively. The above results demonstrated 

that the synthetic strategy for hollow alloy nanostructures by 

using polyphenols as assisted agents has size controllability 

and versatility. 

 Although hollow CoPt nanoparticles have been reported 

in previous articles, our strategy utilized easily available 

and better biocompatible polyphenols as assisted agents. [ 10 ]  

Moreover, the diversity of polyphenolic compounds together 

with their unique ability to chelate various metals makes the 

strategy especially appropriate for the synthesis of hollow 

nanomaterials with different sizes and various compositions. 

To understand the formation mechanism, we changed the 

synthetic procedure by fi rstly adding NaBH 4  to the mixture 

of TA and Co salts, immediately followed by the addition of 

Pt salts. As shown in the TEM image (Figure S5, Supporting 

Information), only nanostructures with assembled small 

nanoparticles can be obtained, indicating that the formation 

mechanism is different from galvanic displacement. [ 10c ]  Based 

on the results, we speculate that the formation mechanism of 
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 Figure 1.    Schematic illustration of the synthesis and theranostic applications of HCPA-NPs.
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hollow nanostructure is polyphenols-directed manner rather 

than galvanic displacement. A deeper and more careful 

understanding of the mechanisms will be carried out in our 

further studies. 

 To extend the HCPA-NPs to biomedical applications, 

we functionalized the HCPA-NPs of about 20 nm with poly-

ethylene glycol (HCPA-NPs-PEG), which is a surface ligand 

typically used for improving the physiological stability of the 

nanomaterials. [ 11 ]  The HCPA-NPs-PEG has better water sol-

ubility than HCPA-NPs (Figure S6, Supporting Information). 

The dark cytotoxicity of HCPA-NPs-PEG was then studied 

on HepG2, MCF-7, and HeLa cells by a CCK-8 assay. The 

results showed that the viabilities of all three types of cells 

were not signifi cantly affected even when the concentration 

of HCPA-NPs-PEG reached 200 µg mL −1  

( Figure    3  ). These results indicate that the 

HCPA-NPs-PEG has better biocompat-

ibility and lower toxicity than previously 

reported cobalt-based nanoparticles, such 

as Co nanoparticles, Co@Au nanospheres, 

and CoPt nanoparticles. [ 12 ]  This is possibly 

due to the good biocompatibility and anti-

oxidation potential of polyphenols, which 

prevent the HCPA-NPs from releasing the 

toxic cobalt ions. 

  Although the most commonly used  T  2 -

weighted MRI contrast agents are super-

paramagnetic iron oxide nanoparticles 

(SPIO-NPs), Co nanoparticles are also 

effective MRI contrast agents and have their own advan-

tages, such as higher saturation magnetization value than that 

of SPIO-NPs. [ 13 ]  However, the instability of Co nanoparticles 

in the biological environment limits their biomedical appli-

cations. This weakness could be conquered by alloying Co 

nanoparticles with Pt, resulting in a stable CoPt alloy. The 

magnetic property and MRI contrast ability of HCPA-NPs-

PEG were then evaluated. Figure  2 f shows that HCPA-NPs-

PEG displays superparamagnetic behavior and has magnetic 

saturation value of 50 emu g −1  based on the Co content, 

which is comparable to that of previously reported solid 

CoPt nanoparticles. [ 14 ]  As shown in  Figure    4  a,b, the images 

turned darker as the concentration of the HCPA-NPs-PEG 

increased. The transverse relaxivity ( r  2 ) of HCPA-NPs-PEG 
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 Figure 2.    a) TEM image of the obtained HCPA-NPs using TA as an assisted agent. Inset: Magnifi ed TEM image of as-prepared HCPA-NPs. b) Elemental 
mapping images of HCPA-NPs: Co (top) and Pt (bottom) scale bar: 20 nm. c) EDS spectrum of HCPA-NPs. d) TEM image of the obtained HCPA-NPs 
using EGCG as an assisted agent. Inset: Magnifi ed TEM image of as-prepared HCPA-NPs. e) TEM image of the obtained hollow NiPt nanoparticles 
using TA as an assisted agent. f) The fi eld-dependent magnetization curve of HCPA-NPs prepared by using TA as assisted agents. Inset: the 
amplifi ed M–H curve.

 Figure 3.    Relative cell viability of HepG2, MCF-7, and HeLa cells after being incubated with 
different concentrations of HCPA-NPs-PEG for a) 24 h and b) 48 h, then evaluated by CCK-8 
assays.
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was calculated to be 316.1 × 10 −3   m  −1  S −1 , which is higher than 

that of iron oxide nanoparticles with similar particle size. [ 15 ]  

These inspiring properties demonstrated that HCPA-NPs-

PEG is an effi cient and safe MRI contrast agent. 

  Nanomaterials that have inherent photo-based thera-

nostic capabilities are attracting much attention lately. [ 16 ]  

We next studied the optical characteristics of HCPA-NPs-

PEG. As shown in Figure  4 c, HCPA-NPs-PEG exhibited 

strong absorbance in the NIR region. The photothermal 

performance of HCPA-NPs-PEG was also investigated by 

measuring the temperature evolution of HCPA-NPs-PEG 

aqueous solutions under NIR laser irradiation (808 nm, 

1 W cm −2 ). Figure  4 d shows that the temperatures of HCPA-

NPs-PEG solutions were elevated with the increase of the 

concentrations of HCPA-NPs-PEG and the laser irradiation 

time, while the pure water showed no obvious temperature 

change. Notably, the temperature of aqueous solution with 

30 µg mL −1  of HCPA-NPs-PEG reached 57 °C after laser expo-

sure for 10 min. Subsequently, the photothermal transduc-

tion effi ciency of HCPA-NPs-PEG was calculated to be 33% 

(Figure S7, Supporting Information), which is higher than 

that of previously researched Au nanorods (Figure S8, Sup-

porting Information, 21%). [ 17 ]  Furthermore, the HCPA-NPs-

PEG remained almost identical photothermal performance 

even after six cycles of laser on/off (Figure  4 e), whereas Au 

nanorods showed poor thermal stability after laser irradia-

tion. [ 18 ]  As a burgeoning imaging tool, PAI provides not only 

good spatial resolution but also high imaging depth by using 

contrast agents that have high NIR absorbance. [ 19 ]  The PAI 

contrast ability of HCPA-NPs-PEG was then evaluated. As 

shown in Figure  4 f,g, the brightness of PA images and the 

photoacoustic signals was enhanced with increased concen-

tration of HCPA-NPs-PEG, demonstrating that HCPA-NPs-

PEG can also be a good PAI contrast agent. 

 As a novel promising cancer therapy strategy, PTT 

can effi ciently cause necrosis of cancer cells and ultimately 

eliminate tumors. [ 20 ]  Moreover, recent studies have shown 

that PTT can induce immune responses to inhibit cancer 

metastasis. [ 21 ]  The potential of HCPA-NPs-PEG to be a PTT 

agent was fi rst examined by propidium iodide (PI) staining 

experiments. As shown in confocal laser scanning micros-

copy (CLSM) results ( Figure    5  a), more red fl uorescence 

dots appeared as the laser irradiation time increased in the 

HCPA-NPs-PEG treated group, while only sporadic red 

fl uorescence can be observed in the control group. We next 

determined cell viability to quantitatively evaluate the PTT 

effect of different concentrations of HCPA-NPs-PEG after 

laser irradiation for 10 min (808 nm, 1 W cm −2 ). The results 

showed that the laser irradiation only and HCPA-NPs-PEG 

only controls had low effects on the cell viability (Figure  5 b); 

however, the cell viability sharply decreased when treated 

with HCPA-NPs-PEG and laser exposure. These good PTT 

performances of HCPA-NPs-PEG in vitro motivated us to 

further apply them for theranostic applications in vivo. 

  To realize the noninvasive and accurate imaging of tumor, 

the integration of MRI and PAI has become a promising 
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 Figure 4.    a)  T  2 -weighted MR images at 9.4 T of HCPA-NPs-PEG. b)  T  2  relaxation rates ( r  2 ) of HCPA-NPs-PEG solutions at different Co concentrations. 
The  T  2  relaxivity ( r  2 ) of HCPA-NPs-PEG was determined to be 316.1 × 10 −3   M  −1  s −1 . c) UV–vis–NIR absorption spectrum of 60 µg mL −1  HCPA-NPs-PEG 
solution. d) Photothermal heating curves of the HCPA-NPs-PEG with different concentrations under 808 nm laser irradiation (1 W cm −2 ). 
e) Photothermal heating curves of the HCPA-NPs-PEG over six cycles of NIR laser on/off. f) PA images and g) PA intensities of HCPA-NPs-PEG 
solutions with different concentrations.
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strategy that offers high optical sensitivity and fi ne spatial 

resolution. [ 22 ]  The HCPA-NPs-PEG was then used as a con-

trast agent for in vivo tumor MRI and PAI. Representative 

 T  2 -weighted MR images of a mouse bearing bilateral HepG2 

tumors are shown in Figure  5 c. The right tumor with HCPA-

NPs-PEG injection displayed a much darker image than the 

left tumor without HCPA-NPs-PEG injection, indicating 

that the HCPA-NPs-PEG is a good MRI contrast agent to 

improve the imaging contrast in vivo. The in vivo PAI con-

trast ability of HCPA-NPs-PEG was evaluated by scanning 

tumors before and after the injection of HCPA-NPs-PEG 

(Figure  5 d). Only the major blood vessels could be imaged 

without HCPA-NPs-PEG. By contrast, the tumor with 

HCPA-NPs-PEG injection showed a signifi cantly brighter 

image around the tumor region. These observations suggest 

that HCPA-NPs-PEG is a good MRI/PAI dual-modality 

imaging contrast agent. 

 We fi nally utilized HCPA-NPs-PEG for in vivo tumor 

PTT. HepG2 tumor-bearing mice were randomly divided into 

three groups with four mice per group when the tumor size 

reached about 100 mm 3 . These mice were then treated as: I) 

control group, NIR laser only; II) HCPA-NPs-PEG only; III) 

HCPA-NPs-PEG plus NIR (laser: 808 nm; HCPA-NPs-PEG: 

2 mg kg −1 ). The in vivo photothermal performance of HCPA-

NPs-PEG was studied with an Infrared (IR) thermal camera 

( Figure    6  a). After exposing the HCPA-NPs-PEG-treated 

mice to the NIR laser for 10 min, the tumor temperature was 

20 °C above body temperature (Figure  6 b). However, the tem-

perature of tumor in mice without injection of HCPA-NPs-

PEG showed little change after the same laser irradiation. 

Hematoxylin and eosin staining of tumor sections (Figure S9, 

Supporting Information) revealed that the tumor cells in NIR 

laser only group and HCPA-NPs-PEG only group remained 

well-shaped cell morphology. In contrast, the tumor cells in 

the HCPA-NPs-PEG plus NIR group showed necrosis with 

cells deformation due to PTT. Therefore, the HCPA-NPs-

PEG has no signifi cant toxicity but still has a good photo-

thermal performance in vivo. The body weights of all the 

mice were also recorded, showing no evident body weight loss 

during the treatment period (Figure  6 c). Moreover, changes 

in tumor sizes were monitored by measuring the tumor size 

every other day with a caliper. The results in Figure  6 d,e 

showed that tumors in HCPA-NPs-PEG plus NIR group were 

completely eliminated with no tumor re-growth after 16 d 

post treatment, while tumors in HCPA-NPs-PEG only group 

displayed rapid growth, similar to the tumors in the NIR laser 

only group. Particularly, the weights of mice treated with 

HCPA-NPs-PEG plus NIR have been monitored within 40 d. 

Neither death nor signifi cant body weight drop was observed 

(Figure S10, Supporting Information). Furthermore, major 

organs of mice were collected 40 d after the treatment for 

histology analysis, showing no evident tissue damage in the 

mice treated with HCPA-NPs-PEG plus NIR compared to 

the control healthy mice without treatment (Figure S11, Sup-

porting Information). These phenomena clearly suggest that 

the HCPA-NPs-PEG has good biocompatibility and can be 

used as a PTT agent for tumor therapy in vivo. 

    3.     Conclusion 

 In summary, we developed a facile and green strategy for the 

synthesis of hollow CoPt alloy nanoparticles. This innovative 

synthetic strategy uses plant polyphenols that have robust 
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 Figure 5.    a) CLSM images of differently treated HepG2 cells stained with PI: top panels: PI fl uorescence corresponding to dead cells, bottom panels: 
the overlay of PI fl uorescence and the bright fi eld image. a 1 ) 8 min laser; a 2 ) HCPA-NPs-PEG only; a 3 ) HCPA-NPs-PEG plus 2 min laser; a 4 ) HCPA-
NPs-PEG plus 8 min laser. b) Cell viability of HepG2 cells exposed to different concentrations of HCPA-NPs-PEG with or without laser irradiation. 
c) Representative  T  2 -weighted MRI scans of mice: left tumor without the HCPA-NPs-PEG, right tumor with the HCPA-NPs-PEG (the tumor areas are 
marked by the white circle). d) PA images of tumor site without and with injection with HCPA-NPs-PEG.
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metal-chelating ability as assisted agents. It can be used to 

construct hollow alloy nanoparticles of different sizes by 

using polyphenols of different molecule sizes. The strategy 

can also enable the generation of other hollow alloy nano-

particles with different metal compositions. The synthesized 

HCPA-NPs have high  T  2  relaxivity, strong NIR absorbance, 

and good photothermal performances. We further demon-

strated their ability to act as theranostic agents for MRI/PAI 

dual-modality imaging and PTT. Therefore, our work would 

extend potential applications of hollow alloy nanomaterials 

for theranostic applications. Moreover, this strategy is simple, 

inexpensive, size tunable and versatile. It will draw tremen-

dous attention in a variety of fi elds including catalysis, mag-

netic-storage, electronics, and biomedical applications.  

  4.     Experimental Section 

  Chemicals : Cobalt (II) chloride hexahydrate (CoCl 2 •6H 2 O) and 
TA were purchased from Sinopharm Chemical Reagent Co. Ltd. 
(China). Potassium tetrachloroplatinate (II) (K 2 PtCl 4 ), EGCG, and 
EA were purchased from Sigma-Aldrich. The dopamine modifi ed 
PEG (DA-PEG, MW 2000) was purchased from Xi’an Ruixi Biological 
Technology Co. Ltd. (China). All the other chemicals were of ana-
lytical grade and were used as received. Ultrapure water obtained 
from a Millipore water purifi cation system (18.2 MΩ resistivity) 
was used in all runs. 

  Apparatus : Ultraviolet-visible (UV–vis)–NIR absorption spectra 
were recorded using a SH-1000 Lab microplate reader (Corona 
Electric, Hitachinaka, Japan) at room temperature. A semi-
conductor laser unit (KS3-11312-110, BWT, Beijing Kaipulin Co. 
Ltd., China) was used for photothermal irradiation. The fl uores-
cence images of cells were taken on a confocal fl uorescence micro-
scope (Nikon C2). The thermal images were obtained using FLIR 
A35 thermal camera. 

  Preparation of HCPA-NPs-PEG : All used solutions of poly-
phenols were freshly prepared for immediate use. HCPA-NPs was 
synthesized through the co-reduction of 2 × 10 −3   M  CoCl 2 •6H 2 O 
and 2 × 10 −3   M  K 2 PtCl 4  in aqueous solutions containing 2 mg mL −1  
polyphenols by NaBH 4 . The reaction mixture was sonicated for 
30 min before centrifuging and washing with water for three times. 
The obtained HCPA-NPs were then mixed with 2 mg mL −1  DA-PEG 
and stirred overnight to get HCPA-NPs-PEG. Hollow NiPt alloy 
nanoparticles were synthesized by using TA as assisted agents 
according to the above method, except using NiCl 2  to replace 
CoCl 2 •6H 2 O. The mass concentration of HCPA-NPs-PEG was meas-
ured using the gravimetric method, and the molar concentration of 
cobalt was measured by inductively coupled plasma mass spec-
trometry (ICP-MS). 

  Preparation of Gold Nanorods (Au NRs) : According to the pre-
vious method, [ 17b ]  the seed solution was fi rst synthesized by 
adding HAuCl 4  (0.01  M , 0.25 mL) to the solution of cetyltrimeth-
ylammonium bromide (CTAB, 0.1  M , 10 mL). A freshly prepared, 
ice-cold NaBH 4  solution (0.01  M , 0.6 mL) was then added into the 
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 Figure 6.    a) IR thermal images of tumor-bearing mice after injection with PBS or HCPA-NPs-PEG exposed to the 808 nm laser (0.75 W cm −2 ) for 
different time. b) Tumor temperatures of mice monitored by the IR thermal camera as a function of the irradiation time. c) Body weights of mice in 
different groups. d) Tumor growth curves of different groups of tumor-bearing mice after treatment. e) Representative photos of different groups 
of mice before and after various treatments.
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mixture solution under stirring for 2 h. To grow Au NRs, HAuCl 4  
(0.01  M , 4.0 mL) were fi rst incubated with AgNO 3  (0.01  M , 0.8 mL), 
CTAB solution (0.1  M , 80 mL), and HCl (1.0  M , 1.6 mL), followed 
by the addition of ascorbic acid (0.1  M , 0.64 mL). Finally, the seed 
solution (192 µL) was injected into the growth solution, and the 
solution was gently mixed for 30 s and left undisturbed at 27–30 °C 
for 6 h to obtain the desired Au NRs. 

  Cellular Experiments : For cytotoxicity assay, HepG2, MCF-7, 
and HeLa cells were cultured in RPMI-1640 medium (Gibco) plus 
10% fetal bovine serum (Gibco) at 37 °C in a humidifi ed atmos-
phere with 5% CO 2 . In a typical experiment of the cytotoxicity 
assay, HepG2 cells were seeded in 96-well plates and incubated 
overnight at 37 °C in a humidifi ed 5% CO 2  atmosphere. The cells 
were then incubated with 100 µL of various concentrations of 
HCPA-NPs-PEG for 24 h at 37 °C in the dark. Cell viabilities were 
determined by CCK-8 according to the manufacture’s protocol. For 
PI staining experiments, HepG2 cells were incubated with various 
concentrations of HCPA-NPs-PEG for 4 h, followed by exposing to 
808 nm laser irradiation. Then the cells were imaged by confocal 
laser scanning microscopy after PI staining. 

  Measurement of the Photothermal Performance : The photo-
thermal performance was investigated by recording the tempera-
ture changes of the solution under continuous laser irradiation. In 
a typical experiment, 1 mL aqueous dispersions of HCPA-NPs-PEG 
with different concentrations were irradiated by 808 nm laser for 
10 min (1 W cm −2 ). The temperature changes were monitored by a 
digital thermometer during the irradiation period. The photothermal 
conversion effi ciency ( η ) was calculated according to Equation  ( 1)   
in previous methods [ 16d ] 

    
η = Δ −

− −(1 10 )
max s

808

hA T Q
I A

  
(1)

 

 Where Δ T  max  is the temperature change at the maximum steady-
state temperature,  Q  S  is the heat dissipation from the light absorb-
ance of the solvent,  I  is the laser power (1 W cm −2 ),  A  808  is the 
absorbance of the determined HCPA-NPs-PEG solution at 808 nm. 
 hA  is determined by the following Equation  ( 2)  

    
τ =s

D Dm C
hA   

(2)
 

 Where  τ  s  is sample system time constant that can be obtained 
from the cooling period versus −ln(Δ T /Δ T  max ),  m  D  and  C  D  are the 
mass (1 g) and heat capacity (4.2 J g −1 ) of the used solvent. Using 
the above two equations, the photothermal conversion effi ciency 
( η ) of nanoparticles can be calculated. 

  Measurement of MRI Relaxation Properties : To measure the 
 T  2  relaxation properties, HCPA-NPs-PEG with different cobalt con-
centrations were prepared in 1% agarose solution and measured 
using a Bruker 9.4T small animal MRI scanner (94/20 USR, Bruker, 
Germany). The relaxation rate  r  2  was determined from the slope of 
1/ T  2  values as the function of cobalt concentrations.  T  2 -weighted 
MR images were acquired using a fast spin echo sequence with the 
following parameters: TR/TE = 1000/8.5 ms, 256 × 256 matrices, 
repetition time 1. 

  In Vivo MRI and PAI : All the animal experiments were carried 
out under protocols approved by Xiamen University Laboratory 
Animal Center. BALB/c nude mice (weight ≈30 g) were obtained 
from Shanghai SLAC laboratory Animal Co., Ltd. Tumor-bearing 

mice were prepared by subcutaneously injecting a suspension of 
2 × 100 HepG2 cells in phosphate buffered saline (PBS) (100 µL) 
into the back of the hind leg. All mice were anesthetized with 
1%–2% isofl urane mixed with pure oxygen via a nose cone before 
imaging. For in vivo MRI, axial and coronal 2D fast spin echo 
sequence images were fi rst acquired to ensure the imaging posi-
tion of the tumors. The following parameters were adopted for 
 T  2 -weighted multislice spinecho images: TR/TE = 1000/8.5 ms, 
matrix = 256 × 256, 9 contiguous slices. In vivo PAI was performed 
with an Endra Life Sciences Nexus128 instrument, which produced 
3D photoacoustic images by a hemispherical ultrasonic detector 
with 128 identical ultrasonic transducers spirally installed on the 
surface. PA images were scanned with and without the injection of 
HCPA-NPs-PEG. 

  In Vivo PTT : All mice were divided into three groups with four 
mice per group when the tumor size reached about 100 mm 3 . The 
mice were intratumorally injected with 50 µL of PBS and HCPA-
NPs-PEG, respectively (HCPA-NPs-PEG 2 mg kg −1 ). After injec-
tions, tumors were irradiated with or without NIR laser (808 nm, 
0.75 W cm −2 ) for 10 min. Infrared thermal imaging system was 
performed for studying the photothermal effect of HCPA-NPs-
PEG in vivo. The tumor sizes were measured by a digital caliper every 
other day. The tumor volumes were calculated through the equation: 
volume =  ab  2 /2, where  a  and  b  are the maximum diameter and 
the minimum diameter of tumor, respectively. Relative tumor 
volumes were calculated as  V / V  0 , where  V  0  is the tumor volume 
when the treatment was initiated. The body weights of mice were 
also measured every other day. 

  Histology Analysis : Animals with tumors were sacrifi ced and 
collected after PTT for histological examination using hematoxylin 
and eosin (H&E) staining method.  
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