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1. Introduction

Hepatocellular carcinoma (HCC) is an 
aggressive tumor with high mortality 
and limited choices of curative treatment 
strategies,[1] Liver resection (LR) has been 
considered as one of the most primary 
treatment choices,[2] but the 3 year and 
5 year in situ recurrence rates are ≈50% 
and 70%, respectively, in recent clinical 
statistics.[3] Therefore, better visualiza-
tion of HCC for presurgical diagnosis and 
planning, accurate intraoperative imaging 
guidance for precise resection, as well as 
effective adjuvant treatment right after the 
resection to minimize any invisible HCC 
residues are highly desirable for general 
surgeons, yet remain highly challengeable.

Magnetic resonance imaging (MRI) is 
a common modality for clinical diagnosis 
of HCC. However, it is difficult and expen-
sive to integrate MR scanners into opera-
tion rooms for real-time intraoperative 
imaging guidance of LR. Recently, NIR 
light induced photoacoustic imaging (PAI) 
and fluorescence imaging (FLI) have been 
developed for both diagnostic and surgical 
guidance applications.[4] Many clinical 
transformation studies have been reported 
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with encouraging clinical outcomes.[5] As PAI offering high 
imaging depth and FLI providing high imaging sensitivity and 
resolution,[6] the combination of these two modalities are highly 
recommended. Furthermore, NIR can also be utilized for 
inducing photothermal therapy (PTT) which can be regarded 
as an excellent adjuvant strategy for tumor treatment.[7] Particu-
larly, by utilizing a specially designed tumor-targeting nanopar-
ticles, the NIR laser irradiation can generate local hyperthermia 
as a tumor specific thermal ablation.[8] Thus, potential sub-
millimeter to millimeter tumor residues on and/or beneath the 
resection margin can be effectively eliminated, even they are 
difficult to be visualized by imaging or naked eyes.

In this study, we developed an MRI–PAI–FLI triple-modality 
imaging guided multifunctional nanoparticle for precise diag-
nosis of HCC, intraoperative imaging guidance of resection, 
as well as adjuvant PTT treatment post-resection (Scheme 1). 
Importantly, the theranostic nanoparticle decorated with an 
EpCAM antibody ab8666 (conjugated with fluorescein isothiocy-
anate (FITC)) for targeting the EpCAM protein. This biomarker 
has been proven to be highly expressed during the progression 
of early stage HCC, and highly correlated with HCC occurrence 
and recurrence.[9] We then used bovine serum albumin (BSA) as 
a nanocarrier to simultaneously load indocyanine green (ICG), 
gadolinium (Gd), and copper sulfide (CuS), so that this ICG–
Gd–CuS@BSA–EpCAM nanoparticle can not only be able to 
achieve in vivo triple-modality (MRI, PAI, and FLI) imaging but 
also provide high photothermal conversion efficiency due to the 
combination application of CuS and ICG for postsurgical pho-
tothermal treatment. Moreover, the as-designed nanoparticle 
can be further applied for cancer treatment in both subcuta-
neous and orthotopic HCC bearing mouse models. Our results 
demonstrated that this novel nanoparticle-based theranostic 

approach can effectively improve the sensitivity of preoperative 
diagnosis, intraoperative navigation to guide hepatectomy and 
eliminate residual lesions, thereby reducing the recurrence rate 
of liver cancer and improving patient survival time.

2. Results and Discussion

2.1. Synthesis and Characterization of ICG–Gd–CuS@BSA–
EpCAM Nanoparticles

The synthetic process of ICG–Gd–CuS@BSA–EpCAM nano-
particles is illustrated in Figure 1A. The variation of the solu-
tion color was observed during each synthetic step. After 
lyophilization, the dark green powder was obtained and it dis-
solved well in deionized water (Figure 1B). The transmission 
electron microscopy (TEM) image showed that the size of the 
nanoparticle was ≈10 nm (Figure 1C), and the hydrodynamic 
diameters (HDs) of ICG–Gd–CuS@BSA and ICG–Gd–CuS@
BSA–EpCAM were about 36.2 ± 2.5 and 38.1 ± 4.5 nm, respec-
tively (Figure 1D). Compared with ICG, BSA, and Gd–CuS@
BSA, ICG–Gd–CuS@BSA–EpCAM had the broadest absorp-
tion spectrum ranging from about 650 to 820 nm, and the peak 
was located at 800 nm (Figure 1E). Meanwhile, the UV–vis 
absorption curves and HD of NPs remained almost unchanged 
at different times to monitor serum biocompatibility (1, Sup-
porting Information). Based on this absorption spectrum, we 
applied an 808 nm laser with 1 W cm−2 power to verify its 
photothermal ability. Nanoparticles (1 mg mL−1) maintained a 
stable photothermal conversion after four cycles on and off irra-
diation, and the maximum temperature researched over 50 °C 
on the second cycle (Figure 1F).
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Scheme 1. Diagram of ICG–Gd–CuS@BSA–EpCAM multimodality-targeted nanoprobe for diagnosis of liver cancer microlesions and photothermo-
therapy. A) In situ hepatocellular carcinoma model, B) active targeting and passive uptake of nanoparticles in cancer cells, and C) navigation and 
real-time photothermal therapy with near infrared fluorescence.
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The ICG–Gd–CuS@BSA–EpCAM nanoparticle showed 
good linearity between the imaging intensity and its mass 
concentration in T1-weighted MRI, PAI and FLI (2, Sup-
porting Information, with r = 0.9970, 0.9987, and 0.9876 and 
R2 = 0.99, 1.00, and 0.98), which suggested that it could be used 
as a triple-modality imaging agent. Furthermore, as ICG, Gd, 
CuS, BSA, and EpCAM antibody have been all considered to 
be highly biocompatible,[9d,10] the synthetic nanoparticle also 
demonstrated good biosafety in 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, 
inner salt (MTS) assay. The cell toxicity assessments in LO2 
cells, Huh7 cells, and HepG2 cells all indicated that within 
the concentration of 2 mg mL−1, the relative cell viability 
researched over 80% even after incubation for 48 h (3A–C, Sup-
porting Information). Different concentrations of the nanopar-
ticle also showed different profiles of the photothermal effect 
(Figure 3SD, Supporting Information). Higher concentration 
resulted in quicker and higher increase of the temperature. For 
1 mg mL−1 nanoparticle solution, the temperature was raised to 
48 °C after 5 min continuous irradiation and the photothermal 
conversion efficiency was about 28.33%, whereas the deionized 
water did not show obvious temperature increase.

Moreover, the distinct advantage of EpCAM modification 
both in vitro and in vivo was depicted in Figure 2. The uptake of 
EpCAM-modified ICG–Gd–CuS@BSA nanoparticles in HepG2 
cells was more uniform than that of FITC-modified nanoparti-
cles (Figure 2A). The 488 and 660 nm dual-channel microscopy 

imaging visualized nanoparticle diffusion (FITC signal in 
green) and blood flow (Evans blue signal in red) inside HCC 
tissue. The continuously and steadily increasing signals of 
ICG–Gd–CuS@BSA–EpCAM in real time was better than that 
of FITC-modified nanoparticles (Figure 2B).

2.2. In Vitro Cell Uptake of ICG–Gd–CuS@BSA–EpCAM 
Nanoparticles

Laser scanning confocal microscope images showed that the 
EpCAM protein (green signal) was highly expressed in Huh7 and 
HepG2 (human HCC cell lines) cell membranes and cytoplasm 
(4, Supporting Information). However, the normal human liver 
cell line LO2 expressed much lower level EpCAM, which was con-
sistent with previous reports.[11] Because of this, the EpCAM tar-
geting nanoparticle demonstrated higher uptake (green signal) in 
Huh7 and HepG2 cells in comparison with LO2 cells (Figure 3).

In order to evaluate the therapeutic effect of PTT, we incubated 
HepG2 cells with the nanoparticle and phosphate buffer saline 
(PBS), respectively. Fluorescence microscope images showed that 
high cell viability was presented in both groups (Figure 4A,B,E,F). 
However, after applying 5 min NIR laser irradiation, HepG2 
cells remained unaffected in the PBS group (Figure 4C,D), but 
distinctive cell rupture was observed in the nanoparticle group 
(Figure 4G,H). Quantitative analysis confirmed significant 
decrease (P < 0.001) of the cell viability in the nanoparticle group 
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Figure 1. Synthesis and characterization of ICG–Gd–CuS@BSA–EpCAM nanoparticles. A) Schematic illustration of ICG–Gd–CuS@BSA–EpCAM nano-
particles synthesis process. Variation of the solution color was observed in each step. B) Pictures of the lyophilized nanoparticle powder and its solution 
in deionized water. C) Transmission electron microscopy images of ICG–Gd–CuS@BSA–EpCAM. D) Measurements of the hydrodynamic diameter 
of ICG–Gd–CuS@BSA and ICG–Gd–CuS@BSA–EpCAM, which were about 36.2 ± 2.5 nm and 38.1 ± 4.5 nm, respectively. E) Comparison of optical 
absorption spectrums among ICG, BSA, ICG–Gd–CuS@BSA, and ICG–Gd–CuS@BSA–EpCAM. F) Photothermal transition curves of ICG–Gd–CuS@
BSA–EpCAM for four cycles on and off irradiation using an 808 nm laser. The irradiation lasted 5 min in each cycle.
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Figure 3. Comparison of ICG–Gd–CuS@BSA–EpCAM uptake in different cell lines. Green represents the FITC signal coming from the EpCAM antibody 
conjugated with nanoparticles. The uptake in HCC cell lines (Huh7 and HepG2) was much higher than that in the normal liver cell line LO2.

Figure 2. Morphological characteristics of EpCAM antibody-modified ICG–Gd–CuS@BSA in vivo and in vitro. A) the uptake of EpCAM or FITC-
modified ICG–Gd–CuS@BSA nanoparticles in HepG2 cells. B) The accumulation of the two nanoparticles in HepG2 cells-bearing nude mice (n = 3) 
at 12 and 24 h with the fiber viable laser confocal microscopy imaging.
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after the laser irradiation, but there was no significant difference 
in the PBS group before and after the laser irradiation (Figure 4I).

2.3. In Vivo Multiscale Observation of ICG–Gd–CuS@BSA–
EpCAM Biodistribution

In situ HepG2 tumor-bearing nude mice (n = 3) were tail vein 
injected with nanoparticles. The 96 h dynamic observation by 
NIR FLI demonstrated that nanoparticles specifically accumu-
lated in the tumor for 72 h postinjection (Figure 5A). The quan-
titative measurements indicated that the fluorescent signal of 
the tumor was over three times than that of the liver signal at 
24 h after intravenous injection and then slowly washed out in 
the following 72 h (Figure 5B). This kinetic behavior was very 
different with conventional clinically used Gd-based contrast 
agents and ICG, which demonstrated rapid washout within 
minutes after injection. The persistent signal enhancement was 
also confirmed by the in vivo endoscopic laser confocal micros-
copy. The 488 and 660 nm dual-channel microscopy imaging 
visualized nanoparticle diffusion (FITC signal in green) and 
blood flow (Evans blue signal in red) inside HCC tissue in real 
time through minimum invasion (Figure 5C), and the diffu-
sion showed a remarkable increase from 12 to 24 h postinjec-
tion. The ex vivo FLI and its quantitative measurements of the 

biodistribution at 24 h timing point revealed that the tumor had 
the highest nanoparticle uptake among all major organs, which 
was almost three times of the uptake in liver (Figure 5D,E). 
This suggested the possibility of applying the nanoparticle in 
orthotopic HCC mouse models.

In order to reflect the biodistribution of Cu and Gd elements, 
we collected the individual organs (heart, liver, spleen, lung, 
kidney, pancreas, and tumor) at 24 h after intravenous injection 
and utilized the inductively coupled plasma mass spectrometer 
(ICP–MS) to analyze the content of each element (5, Supporting 
Information). Compared with other organs, tumors accumu-
late the most Cu and Gd elements and also had the strongest 
fluorescent signal. Therefore, we believed that the fluorescence 
biodistribution of ICG could indirectly reflect the distribution of 
Cu and Gd elements combined with the results of ICP–MS.

2.4. ICG–Gd–CuS@BSA–EpCAM Enables Trip-Modality  
Orthotopic HCC Imaging

To determine whether ICG–Gd–CuS@BSA–EpCAM could be 
used for orthotopic HCC detection in intact living mice, we 
injected it into HCC bearing mice (n = 3) via tail-vein and per-
formed consecutive MR, PA, and FL imaging on each mouse 
preinjection and 24 h postinjection (Figure 6A–C).
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Figure 4. In vitro photothermal effect of ICG–Gd–CuS@BSA–EpCAM. A–H) Fluorescence images of HepG2 cells stained by calcein AM (living cells, 
green) and PI (dead cells, red). For PBS incubation, A,B) the control group and C,D) 808 laser irradiation group showed no difference. However, for 
nanoparticles incubation, E,F) the control group and G,H) the laser irradiation group showed obvious different cell viability. Mass cell rupture was 
induced by photothermal conversion. I) The quantitative comparison of HepG2 cell viability. *** indicates P < 0.001 and error bars represent SD.
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The postinjection images showed enhanced contrast of the 
suspected tumor tissue with all three modalities. The axial 
views of MRI and PAI showed a good colocalization of the 
tumor in the lower left hepatic edge (Figure 6A,B). The refer-
ence bioluminescence imaging (BLI) also demonstrated a good 
colocalization with FLI (Figure 6C,D). Furthermore, the sur-
gical view of the opened abdominal cavity (Figure 6E) and the 
following H&E staining (Figure 6F) both validated that the loca-
tion of the orthotopic HCC was indeed the same as the location 
visualized by three imaging modalities.

2.5. Intraoperative Surgical Guidance and Adjuvant PTT Treatment

Because of the unique kinetic behavior of the ICG–Gd–
CuS@BSA–EpCAM nanoparticle, one tail-vein injection 
gave us enough time window to perform surgical treatment 
after the preoperative diagnostic imaging. Simulated LR was 

performed on control (sham surgery and PBS) and experiment 
(ICG–Gd–CuS@BSA–EpCAM) groups (each group n = 10), 
respectively. We found that even all HCC bearing mouse 
models were established with exactly the same protocol, for 
part of them, it was still difficulty to visually distinguish tumor 
margins from surrounding liver tissues after surgical opening 
their abdominal cavities (Figure 7A). However, the nanopar-
ticle-based intraoperative NIR FLI provided a superb contrast 
of HCC on every mouse in the experiment group (Figure 7A), 
which may effectively benefit surgical outcomes through this 
real-time imaging guidance.

After that, NIR-based (808 nm irradiation with 1 W cm−2 power) 
adjuvant PTT treatment was immediately performed on PBS and 
experiment groups but not on the sham surgery group (Figure 7B). 
Infrared thermal images obtained at continuous timing points 
demonstrated a dramatic temperature increase in the experiment 
group during 300 s irradiation. Significant differences of the tem-
perature increase were found between the experiment and the two 
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Figure 5. In vivo biodistribution of ICG–Gd–CuS@BSA–EpCAM in HCC xenografts. A) In vivo continuous observation of HCC-bearing mice after 
nanoparticles administration using FLI. The orthotopic tumor was indicated by the red arrow. B) The quantification of the tumor to normal liver ratio 
profile indicated the peak accumulation in HCC at 24 h postinjection. Error bars represent SEM. C) In vivo dual-channel endoscopic laser confocal 
microscopy images of nanoparticle diffusion (FITC signal in green) and blood flow (Evans blue signal in red) inside HCC tissue at 12 and 24 h timing 
points. D,E) Ex vivo FLI of the tumor tissue and major organs and their corresponding quantifications of the signal-to-background ratio at 24 h postin-
jection, Error bars represent SD.
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control groups, respectively (both P < 0.001). Because of the nano-
particle accumulation in HCC, the average local maximum tem-
perature researched 55 °C in the experiment group (Figure 7C), 
which was 17 and 8 °C higher than that in the sham surgery and 
PBS groups, during the PTT treatment.

Moreover, we also performed photothermal therapy on 
residual lesions after conventional tumor resection in the HCC 
bearing mouse models (n = 3) . Bioluminescence imaging of 
tumors was not detected after photothermotherapy, indicating 
that residual liver cancer cells could be killed by photothermal 
(6, Supporting Information).

2.6. Comparison of Treatment Outcomes

After therapeutic interventions, we compared treatment out-
comes between the control (sham surgery and PBS) and experi-
ment (ICG–Gd–CuS@BSA–EpCAM) groups from multiple 
angles. The 15 d longitudinal observation of BLI demonstrated 

that there was a continuous progression of HCC in both con-
trol groups (Figure 8A), despite the average bioluminescence 
intensity in the PBS group was significantly lower than that 
in the sham surgery group (Figure 8B, P < 0.01). However, the 
absence of bioluminescence signal in the experiment group 
suggested that there was no apparent post-treatment recurrence 
of HCC (Figure 8A,B). Quantitative measurements indicated 
that the average bioluminescence intensity in the experiment 
group was one to ten thousand times lower than that in the 
sham surgery (P < 0.01) and PBS (P < 0.05) groups. Mean-
while, we monitored the average body weight variation in all 
three groups (Figure 8C). All survival mice experienced the loss 
of weight during the 39 d observation, which was likely caused 
by both operation wound and tumor progression. However, the 
overall body weight in the experiment group was significantly 
higher than that in sham surgery (P < 0.001) and PBS (P < 0.05) 
groups. Mice in the experiment group also showed the best 
survival rate (Figure 8D), which was significantly higher than 
sham surgery (P < 0.001) and PBS (P < 0.05) groups.

Part. Part. Syst. Charact. 2019, 1900085

Figure 6. In vivo triple-modality imaging of orthotopic HepG2 tumor-bearing mice. A–C) MRI, PAI, and FLI of one HCC-bearing mouse pre and 24 h 
post tail-vein injection of nanoparticles. Both tomographic slices acquired by MRI and PAI showed colocalized signal enhancement of the lower left 
hepatic margin inside the mouse (red circles and white arrows). D) BLI confirmed the bioluminescence signal coming from the same region as the 
fluorescence signal in (C). E) The surgical view showed that the tumor tissue was indeed in the lower left hepatic area. F) H&E staining of a pathological 
specimen finally validated the HCC tissue.
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Finally, the H&E staining acquired 15 d post-treatment vali-
dated the treatment outcomes in each group (Figure 8E). HCC 
specimens obtained from both control groups displayed com-
pact tumor cell arrangement and exhibited active hyperplasia, 
whereas no obvious interstitial hemorrhage was observed. In 
contrast, HCC specimens from the experiment group showed 
loose arrangement of tumor cells with apparent karyolysis, and 
multiple interstitial hemorrhage was found (Figure 8E, white 
arrows). These differences provided solid evidences and proved 
the combination of intraoperative FLI guided surgery and adju-
vant PTT treatment mediated by proposed nanoparticles was 
able to improve the overall treatment outcomes of HCC.

2.7. Discussion

Surgical resection has been considered as one of the primary 
treatment choices of HCC in international guidelines for 
several decades.[12] However, both short- and long-term sur-
vival outcomes of liver resection still remain poor for HCC 

patients.[1a,13] We hypothesize that the lack of suitable imaging 
approaches for highly sensitive visualization of HCC in both 
preoperative diagnosis and intraoperative guidance as well as 
the absence of effective adjuvant treatment following resec-
tion for highly specific removal of possible HCC residues are 
likely to be the part of critical reasons of high HCC recurrence 
rate and poor overall survival. In this study, we designed and 
evaluated a novel multimodality and multifunction nanopar-
ticle, ICG–Gd–CuS@BSA–EpCAM, which could potentially 
enable radiologists and general surgeons to observe its specific 
accumulation in HCC before and during liver surgery. There-
fore, more accurate HCC resection can be achieved by using 
the nanoparticle to combine complementary strengths of MRI, 
PAI, and FLI. Moreover, surgeons can further apply the nano-
particle-mediated PTT as an adjuvant treatment strategy right 
after liver resection to wipe out microtumor residues that may 
be undetectable by imaging and naked eyes.

The in vitro cellular experiment demonstrated that our nano-
particle could specifically bind EpCAM protein expressed in 
HCC cell membranes and cytoplasm. Therefore, the integration 

Figure 7. Comparison of different treatment strategies applied on orthotopic HCC-bearing mice. A) The sham surgery, PBS-injected, and nanoparticle-
injected groups (each n = 10) all received surgical treatments. However, nanoparticle-based NIR FLI offered real-time intraoperative guidance of the 
lesion by showing a clear optical contrast (green) between tumor and surrounding liver tissues. B) Infrared thermal images acquired at different timing 
points during the PTT process conducted right after the surgical treatment in each group. C) Comparison of the temperature rise on irradiated livers 
in each group. Error bars represent SEM. *** indicates P < 0.001.
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of active EpCAM targeting and passive enhanced permeation 
and retention effect enabled its selective accumulation in HCC 
tissues in living mice, which was confirmed by both in vivo 
subcutaneous and orthotopic HCC mouse model experiments.

The excellent contrast enhancement phenomenon of ortho-
topic HCC was observed by T1-weighted MRI, PAI, and FLI, 
24 h post the tail-vein injection of nanoparticles. MRI is rou-
tinely used in clinical practice for the diagnosis of HCC, 
whereas PAI and FLI are relatively new imaging techniques 
that can be applied for intraoperative imaging guidance of 
tumor resection.[14] PAI allows much deeper tissue imaging 
compared with FLI,[15] but FLI can offer higher sensitivity and 
real-time noncontact visualization of tumor during the entire 
surgical procedure.[4a,16] Because the nanoparticle selectively 
accumulated in HCC tissues for days with one intravenous 
injection, this kinetic behavior enabled feasible combination 
of pre- and intraoperative multimodality imaging in tracing 
the same molecular probe within a long observation window. 
Therefore, the complementary advantages of each imaging 
modality were effectively integrated. For example, in our ortho-
topic HCC bearing mice experiment, we made surgical plans 

based on contrast enhanced MR and PA images. Then, we 
adopted intraoperative FLI to define the tumor margin accu-
rately after opening the abdominal cavity, so that precise resec-
tion can be achieved with such imaging guidance.

Many preclinical and clinical studies have reported the 
strengths and clinical value of intraoperative NIR fluorescence 
imaging.[17] This approach makes the surgical procedure as 
the second imaging diagnostic window, so that tiny tumors 
(1–5 mm in diameter) that are not detectable by presurgery 
imaging may get pinpointed during the surgery. However, 
this still cannot guarantee a fully removal of tumor residues, 
especially for these undetected by neither imaging nor naked 
eyes. Therefore, we further applied the nanoparticle-mediated 
PTT as an adjuvant treatment. This strategy did not require 
any imaging guidance, and the NIR irradiation can penetrate 
soft tissues for 1–2 cm in depth.[6,18] Thus, HCC residues con-
taining high nanoparticle concentration were selectively heated 
to over 50 °C, but normal liver tissues remaining undamaged. 
Significant improvement of the overall survival rate was found 
in the FLI guided resection plus adjuvant PTT treatment group 
in comparison with sham surgery (P < 0.01) and PBS injected 

Figure 8. Comparison of treatment outcomes between different groups. A) The 15 d longitudinal observation of BLI for each group after surgical 
suture. B–D) Comparisons of the quantitative measurements of bioluminescence signal changes, mouse body weight changes, and overall survival 
rate changes versus observation days post treatment, respectively, between three groups. *P < 0.05; **P < 0.01; *** indicates P < 0.001. E) Histological 
analysis performed 15 d post-treatment demonstrated compact tumor cell arrangement and exhibited active hyperplasia in both sham surgery and 
PBS groups, but loose arrangement of tumor cells with apparent karyolysis and multiple interstitial hemorrhage (white arrows) were observed in the 
nanoparticle group.
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(P < 0.05) control groups. These results revealed this novel 
nano particle-mediated theranostic strategy improved surgical 
treatment of HCC.

The major limitation in our proposed nanoparticle-mediated 
theranostic strategy is the effective depth of the NIR irradiation 
in PTT treatment. Although NIR light (700–900 nm) has better 
tissue penetration ability comparing with visible light,[4a,16,19] it 
is still difficult to induce enough photothermal conversion for 
killing HCC tissues deeper than 2 cm beneath liver surface. 
Therefore, liver resection must expose HCC residues to the sur-
gical margin as much as possible. The surgical accuracy is still 
crucial to the final treatment outcomes.

3. Conclusion

In conclusion, we developed an MRI–PAI–FLI triple-modality 
imaging and multifunction nanoparticle (ICG–Gd–CuS@BSA–
EpCAM) for the diagnosis of HCC, intraoperative imaging guid-
ance of resection, as well as adjuvant PTT treatment post-resection. 
The multimodality and multifunction nanoparticle may provide a 
new theranostic strategy to improve surgical treatment of HCC in 
humans and may be a promising agent for clinical translation.

4. Experimental Section
Animal Models and Ethical Principles: All animal experiments were 

approved by Institutional Animal Care and the ethics committee of 
Zhujiang Hospital at Southern Medical University. The 4–6 week old 
male BALB/c nude mice were from Beijing Vital River Laboratory Animal 
Technology Co., Ltd., in China. All animal protocols were performed using 
3% isoflurane–air mixture anesthesia. Subcutaneous and orthotopic 
xenograft liver cancer nude mice models were created subcutaneously 
or using an in situ injection of 100 µL Matrigel (BD Biosciences, USA) 
including 2 × 106 HepG2 cells.

Materials: ICG, which was certified by the Chinese Food and 
Drug Administration for clinical applications, was obtained from 
Dandong Pharmaceutical Co., Ltd. (Liaoning, China). EpCAM antibody 
(B29.1 [VU-1D9]; FITC, ab8666) was ordered from Abcam. Bovine 
serum albumin (BSA) was obtained from Adams Reagents Co., Ltd. 
Gadolinium (III) chloride hexahydrate (GdCl3•6H2O) was ordered from 
Alfa Aesar Chemical Co., Ltd. (Shanghai, China). Copper (II) chloride 
dihydrate (CuCl2•2H2O) and sodium hydroxide were purchased from 
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Sodium 
sulfide nonahydrate (Na2S•9H2O) was obtained from Acros Organics. 
The live/dead cell viability kit (calcein AM and propidium iodide (PI)) 
was acquired from KeyGEN Biotech (Nanjing, China). The MTS cell 
proliferation colorimetric assay kit was purchased from Dojindo 
Laboratory. All chemicals were utilized without further purification.

Probe Synthesis: ICG–Gd–CuS@BSA–EpCAM nanoparticles were 
created in aqueous solution using a biomineralization strategy at 
37 °C. CuCl2•2H2O aqueous solution (0.05 mmol, 5 mL), GdCl3•6H2O 
aqueous solution (0.025 mmol, 1 mL), and BSA aqueous solution 
(50 mg mL−1, 5 mL) were added to a single-neck flask (25 mL) subjected 
to magnetic stirring. Light green turbidity appeared when the solutions 
were mixed. At 3 min after the reaction, sodium hydroxide (1 M, 500 µL) 
was admixed to regulate the PH of the system to 12. Subsequently, the 
color of admixture became a transparent deep blue. Further, Na2S•9H2O 
(0.403 mmol, 400 µL) was rapidly added to mixture, and the solution 
became dark brown. ICG aqueous solution (0.003 mmol, 3 mL) was 
blended in 3 h after the reaction. The reaction was finished after 30 min. 
The mixture was dialyzed (molecular weight cutoff = 3500) in deionized 
water for 24 h to remove the additional ICG, Cu2+, and Gd3+. Lyophilized 

dark green powder formed and dissolved with 3 mL of phosphate-
buffered saline (PBS) (1×; PH, 7.4).[10a] Meanwhile, Proteins could be 
incorporated into albumin-based nanoparticles through desolvation.[20] 
Therefore, it was believed that EpCAM antibody could be physically 
and stably bound to albumin-based nanoparticles through desolvation. 
The EpCAM antibody was mixed with the aforementioned mixture at a 
volume ratio of 1:100 and incubated at 4 °C overnight.

Characterization of ICG–Gd–CuS@BSA–EpCAM Nanoparticles: The 
optical absorption spectra and stability of nanoparticles were detected 
by an ultraviolet-visible spectrophotometer (UV-2450; Shimadzu, Japan). 
Nanoparticle morphology was measured by TEM (JEOL, Japan). The HD 
was measured using a zetasizer (Malvern, Worcestershire UK).

Measurement of Aqueous ICG–Gd–CuS@BSA–EpCAM Nanoparticles 
Photothermal Effect: The aqueous nanoparticles solution (500 µL) 
was placed in centrifuge tube and exposed to the NIR laser (808 nm, 
1 W cm−2) for 5 min. Simultaneously, a thermocouple probe connected 
digital thermometer (with an accuracy of 0.1 °C) was inserted into 
the solution to measure the real-time temperature, and the change of 
temperature was recorded every 30 s.

Cellular Targeting Uptake in Cells: Cells (LO2, HepG2, and Huh7) 
were seeded in a laser confocal dish and cultured for 24 h. Nanoprobe 
solution (1 mg mL−1) was incubated with cells for 3 h. The cells were 
fixed with paraformaldehyde (300 µL, 4%) for 3 min and were blocked 
with BSA (1% BSA, 500 µL well−1) for 20–30 min. The nucleus was 
stained with 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride 
(DAPI) (5 µg mL−1) for 5–10 min. Photographs were obtained using a 
laser scanning confocal microscope (Zeiss, Germany).

PTT Effect on Cells In Vitro: To evaluate PTT function of ICG–Gd–CuS@
BSA–EpCAM nanoparticles regarding the lethal effects of liver cancer cells, 
cells were preincubated with 1 mg mL−1 concentrations of nanoparticles in 
24-well plates and 96-well plates. After 4 h, cells were irradiated by an 808 nm  
laser at a power of 1 W cm−2 for 5 min. A mixed solution including 8 ×  
10−6 m of PI and 2 × 10−6 m of calcein AM was mixed in the wells. Cells 
in 24-well plates were washed with PBS after being stained for 40 min  
and tested using a fluorescence microscope to obtain their status (live or 
dead). Cells in 96-well plates were bathed with sterile PBS, and 120 µL 
MTS-complete Dulbecco’s modified Eagle media (DMEM) (including 
20 µL MTS) was admixed in each well. Cell viability was assessed by 
measuring the absorbance at 490 nm using a Synergy HT plate reader.

In Vivo Photoacoustic, Fluorescence and MR Imaging: To study in 
vivo fluorescence imaging, nanoparticles (8 mg mL−1, 150 µL) were 
injected into tumor-bearing nude mice by intravenous administration. 
Fluorescence imaging was performed prior to injection and at 0, 6, 12, 
24, 48, 72, and 96 h after injection using an in vivo imaging system (IVIS;  
PerkinElmer, USA). Photoacoustic (PA), fluorescence, and MR imaging 
(MRI) at nanoprobe 24 h postinjection were acquired using a multispectral 
optical tomography (MSOT) imaging system, IVIS, and MRI, respectively. 
MRI (1.5 T, M3TM; Aspect Imaging, Israel) parameters for axial slices of 
T1-weighted images were: repetition time, 110.7 ms; echo time, 5 ms; 
and slice thickness, 1 mm. Spectra of the MSOT 128 PA system were 
performed at 740, 760, 780, 800, 820, 840, 860, and 980 nm. The spectra 
of the IVIS spectrum imaging system included the excitation spectra at 
745 nm and emission spectra at 840 nm of ICG.

Microscopic Imaging of Tumor Areas: The fiber viable laser confocal 
microscopy imaging (Cellvizio, France) was used to analyze the 
microvascular nanoprobe distribution in subcutaneous liver tumors. 
First, ICG–Gd–CuS@BSA–EpCAM nanoparticles in PBS solution were 
injected into the mice via tail vein. After 24 h, Evans blue with 660 nm  
of excitation was injected for blood vessel imaging. Subsequently, 
30 min later, mice were anesthetized and placed in the supine position. 
The confocal microprobe neared the tissues through a small incision 
and recorded the distribution of ICG–Gd–CuS@BSA–EpCAM and the 
microvasculature of the tumor.

Fluorescent Navigation PTT, Survival, and Weight Testing: For 30 
tumor-bearing nude mice, all surgeries were performed under general 
anesthesia. Ten mice in the probe group were injected with the probe. 
Fluorescence navigation PTT (1 w cm−2, 5 min) with our customized 
NIR fluorescence imaging surgery guiding system was performed at 
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24 h after injection. PTT was performed twice at 3 min intervals. The 
abdomen was closed after PTT. Ten mice in the PBS group were injected 
with PBS. After the abdomen was exposed, the tumor was treated with 
PTT as previously described. Open and closed abdominal surgery only 
in the sham surgery group was implemented at 24 h after injection. 
The bioluminescence of the three groups of nude mice after treatment 
were detected by the IVIS at 3, 6, 9, 12, and 15 d. The body weight of 
mice were measured every 2 d. The survival of nude mice was recorded 
every day for 39 d.

Histological Analysis: Liver tissue from three groups of nude mice were 
collected after the observation period. These tissues were embedded in 
paraffin. Three pieces with each thickness of ≈5 µm was obtained from 
paraffin block specimen in every group and subjected to hematoxylin 
and eosin (H&E) staining to acquire an image with a Leica camera.

Statistical Analysis: Two-way analysis of variance was used to compare 
the fluorescence intensity, bioluminescence quantification, body weight, 
and infrared temperature quantification of the sham surgery group, PBS 
group, and probe group. The Gehan–Breslow–Wilcoxon test was used 
to analyze the survival rate of the three groups. Continuous data are 
expressed as means ± standard deviation (SD). The P-value was set at 
0.05.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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