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Abstract 

In spite of rapidly increasing interest in the use of nanoparticle-mediated photothermal therapy 
(PTT) for treatment of different types of tumors, very little is known on early treatment-related 
changes in tumor response. Using graphene oxide (GO) as a model nanoparticle (NP), in this study, 
we tracked the changes in tumors after GO NP-mediated PTT by magnetic resonance imaging 
(MRI) and quantitatively identified MRI multiple parameters to assess the dynamic changes of MRI 
signal in tumor at different heating levels and duration. We found a time- and tempera-
ture-dependent dynamic change of the MRI signal intensity in intratumor microenvironment prior 
to any morphological change of tumor, mainly due to quick and effective eradication of tumor 
blood vessels. Based on the distribution of GO particles, we also demonstrated that NP-medited 
PTT caused heterogeneous thermal injury of tumor. Overall, these new findings provide not only 
a clinical-related method for non-invasive early tracking, identifying, and monitoring treatment 
response of NP-mediated PTT but also show a new vision for better understanding mechanisms of 
NP-mediated PTT. 
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1. Introduction 
In recent years, photothermal therapy (PTT) 

combined with nanotechnology has attracted tre-
mendous attention[1-4]. A large number of researchers 
are engaging in design and development of novel 
nanoparticles (NPs) that possess high tumor uptake 
and photo-heat transfer efficiency for achieving a rel-
ative high temperature (i.e. higher than 60 ºC), which 
is much more than the temperature of hyperthermia 
in clinical trial (40-44 ºC). Up to now, however, several 
important aspects about nanoparticles-meditate pho-
tothermal therapy (NP-mediated PTT) are still un-

clear: (i) which temperature is suitable for effective 
tumor ablation; (ii) what happens in intratumor mi-
croenvironment after NP-mediated PTT; and (iii) 
whether tumor therapeutic outcomes can be tracked 
early and monitored by noninvasive imaging tech-
niques. A better understanding of these questions will 
contribute to the guidance of nanoparticles design, 
dose optimization, and improvement of treatments on 
an individual level. 

Treatment accuracy is enhanced by incorporat-
ing different imaging techniques for monitoring and 
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evaluation. Magnetic resonance imaging (MRI) is an 
excellent clinically technique for the in vivo noninva-
sive evaluation of tissue changes. The regions of 
thermal damage can be visualized shortly after 
treatment with MRI[5, 6]. Considering potential tissue 
damage following focal hyperthermia, mul-
ti-parametric magnetic resonance imaging (MP-MRI) 
is more desirable for early monitoring of treatment 
response[7]. For example, the current MRI technique 
for evaluating vascular injury is Contrast-enhanced 
T1-weighted MR imaging (CE-MRI), in which tissue 
lacking blood perfusion appears as an area lacking 
signal enhancement[8]. A subset of thermal therapy 
cases may result in hemorrhage within the tumor. The 
breakdown products of hemoglobin exert a para-
magnetic effect which shortens T2 relaxation times, 
resulting in the presence of a characteristic hy-
pointenseonin T2-weighted (T2WI) or T2-star weighted 
(T2*WI) imaging which is important prognostic 
marker that can be used for detection of intramyocar-
dial hemorrhage[9]. Diffusion-weighted imaging 
(DW-MRI) is highly sensitive to factors that affect 
microscopic water motion, for detecting early is-
chemic changes in injury[10]. Apparent diffusion coef-
ficient (ADC) changes, the quantitative parameter of 
DW-MRI, have been proposed to evaluate brain tu-
mor response to radiation[11], to predict rectal cancer 
response to radiochemotherapy[12], to monitor pros-
tate thermal therapy [5] and to assess tissue damage 
under HIFU[13]. 

The intrinsic high absorption of near-infrared 
light by GO has contributed to increasing interest in 
PTT[14, 15]. In others and our studies, we have reported 
the nanographene sheets conjugated with polyeth-
ylene glycol (PEG) showed highly passive tumor tar-
geting and low retention in reticuloendothelial sys-
tems (RES)[16-19]. The functionalized GO anchored 
with magnetic nanoparticles (MNPs)[20] and semi-
conductor quantum dots[21] makes it feasible for im-
aging guided PTT. Based on these promising applica-
tions, in this study, we chose graphene oxide (GO) as 
a model NP. The over-arching objective of this study 
is to use non-invasive MP-MRI to investigate intra-
tumor variation after GO-meditate PTT and to un-
derstand the effect of heating levels and duration on 
tumor ablation. We also examined whether tumor 
therapeutic outcome can be early tracked and moni-
tored by noninvasive imaging techniques. 

2. Results  
2.1 Preparation and characterization of 
GO-PEG and GO-PEG-Cy5.5 

GO-PEG was prepared from graphene oxide 
(GO) following previous protocol[18]. Atomic force 

microscope (AFM) images showed that GO-PEG were 
very small sheets with a size range of 10-30 nm (Fig. 
1b). In order to track graphene in vivo, we labeled 
GO-PEG with Cy5.5. The UV-vis spectra confirmed 
the existence of Cy5.5 in our labeled GO-PEG sample 
(Supplementary Fig. 1a). A rapid elevation of tem-
perature for GO-PEG solution was observed when 
exposed to the laser irradiation for 3 min (Supple-
mentary Fig. 1b-c). 

2.2 In vivo near infrared (NIR) fluorescence 
imaging of tumor uptake of GO-PEG 

Achieving an adequate tumor accumulation is a 
challenge for systemic delivery of nanomaterials. Be-
fore testing photothermal cancer therapeutic effect, 
we confirmed in vivo tumor-targeting capability of 
GO-PEG by NIR fluorescence imaging. GO-PEG la-
beled with Cy5.5 (GO-PEG-Cy5.5) (Fig. 1a) was in-
jected via tail vein into 4T1 tumor-bearing mice, and 
the images were acquired at the indicated time points 
postinjection (p.i.). As shown in Fig. 1c and d, signal 
intensity of the tumor (116.6 ±17.4) was clearly visu-
alized with a high contrast to the background (36.0 
±5.3) at 24 h in vivo. Quantitative analysis of the tu-
mor-to-background ratio (TBR; defined as the signal 
from the tumor divided by the signal from nearby 
normal tissue) was about 1.5 ± 0.2 at 30 min p.i., which 
increased to 3.0 ± 0.5 at 24 h. Significant particle ac-
cumulation in the tumor was further confirmed by ex 
vivo imaging of organs obtained by sacrificing the 
mice at 2 h (Fig. 1e and 1g) and 24 h (Fig. 1f and 1h) 
time points, respectively. Tumor signal intensity of 
GO-PEG-Cy5.5, at both 2 h (361.7±43.3) and 24 h 
(295.3± 55.7), were higher than those of reticuloendo-
thelial system (RES) organs, such as liver (at 246.6 ± 
35.4 at 2 h; 69.6 ± 12.3 at 24 h ), lung (176.5 ± 25.2 at 2 h; 
42.3 ± 9.6 at 24 h) and spleen (59.8 ±10.3 at 2 h; 36.3 ± 
7.6 at 24 h), indicating that GO-PEG is capable of ad-
equate tumor accumulation with limited RES capture. 
Furthermore, the tumor signal at 24 h was only 
slightly less than that at 2 h, which indicates a long 
circulation time of GO-PEG in vivo[22], and thus pro-
vides a broad time-window for laser irradiation in the 
later experiment.  

2.3 Non-invasive MRI monitoring of early 
changes in tumor  

As tumor responds to PTT, changes occur within 
the tumor. MRI is an effective imaging procedure that 
depicts physiological and molecular processes before 
morphological changes are visible in conventional 
imaging[23]. In this study, besides that of T2WI and T2* 
WI, we also utilized DW-MRI as MR imaging tech-
niques for monitoring tumor responses to PTT at early 
stages. To explore what happened upon laser irradia-
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tion, we hypothesized that these MRI tools could de-
tect early changes in the tumor prior to any morpho-
logical change in the tumor. After i.v. injections of 
GO-PEG (200 μL of 2 mg/mL solution for each 
mouse) for 24 h, the 4T1 tumors implanted BALB/C 
mice were irradiated by adjusting laser power (1.5-3 
W/cm2) until temperatures reached the expected 
temperature (about 1.5 min) and keeping this tem-
perature for 15 min. Mapping and quantifying the 
rising tumor temperatures was monitored by re-
al-time thermal imaging using a thermal camera. Fi-
nally, four representative temperatures (42 ºC, 48 ºC, 
53 ºC and 58 ºC) were determined, and subsequently 
the changes in the tumor region 30 min after irradia-
tion were observed with T2WI, T2* WI, and DW-MRI. 

As shown in Fig. 2a, compared to before irradia-
tion, the morphologies of tumors were not altered 
after irradiation at four temperatures. T2WI quantifi-
cation analysis of tumor volumes also revealed no 
obvious change before and after irradiation (Fig.2b). 

However, under T2* WI and ADC map observation 
after irradiation, we found well-defined hy-
po-intensities at the host-tumor interface, especially 
under 48 ºC, 53 ºC and 58 ºC. The mean baseline ADC 
value in the tumor was 0.593×10-3 mm/sec2 ± 0.178 
and T2* value was 13.488 ms ± 2.41 (n=6). The mean 
ADC value and T2* values was significantly reduced 
in the post-treated tumor under 48 ºC (0.358×10-3 

mm/sec2±0.098, 10.542 ms±0.93), 53ºC (0.351×10-3 

mm/sec2±0.121, 9.395 ms±1.15) and 58 ºC (0.339×10-3 

mm/sec2±0.105, 9.198 ms±1.24) irradiation compared 
to those without and before treatment (p<0.01) (Fig. 2c 
and d). For the untreated tumor, no detectable signal 
change in T2*WI and ADC map was observed. The 
results demonstrated that MRI monitors early chang-
es in the tumor upon laser irradiation in a 
non-invasive manner, which provides a potential tool 
for early and non-invasive prediction of therapeutic 
response to NP-mediated PTT.  

 

 
Fig. 1. In vivo tumor targeting and biodistribution of GO-PEG-Cy5.5.(a) Schematic illustration of the preparation of GO-PEG-Cy5.5. (b) Atomic force 
microscopy (AFM) image of GO-PEG. (c) In vivo NIRF imaging of 4T1 tumor-bearing mice injected with GO-PEG-Cy5.5 over time. The images were 
acquired at the indicated time points. (d) Quantification analysis of the tumor-to-background ratio (TBR; defined as the signal from the tumor divided by the 
signal from nearby normal tissue) at different time points (n = 5). Ex vivo imaging of GO-PEG-Cy5.5 in heart, lung liver, spleen, kidney, intestine and tumor 
at (e) 2 h and (f) 24 h post injection, respectively. (g, h) Quantitative analysis of the signal from (e) and (f). 
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Fig. 2. In vivo MRI analysis of 4T1 tumor response to graphene oxide (GO) nanoparticle-mediated PTT. (a) Representative MRI of 4T1 
tumor-bearing mice before and 30 min after PTT at four different temperatures of 42, 48, 53 and 58 ºC, respectively (n=5/group). T2 WI, T2* WI, and 
DW-MRI were acquired and the tumor volumes (b) T2*values (c) and ADC values (d) were analyzed, respectively. Left tumor, untreated; right tumor, PTT 
treated. Data show mean ± S.E.M. (n=5/group, **p < 0.01, vs. corresponding untreated tumors) 

 

2.4 Longitudinal monitoring of therapeutic 
response to different heating levels 

Encouraged by the above results, we attempted 
next to detect such dynamic changes after 
NP-mediated PTT at different temperatures over time, 
using T2WI, T2*WI, and DW-MRI acquired before and 
after PTT under the different levels of heating (Sup-
plementary Fig.2a). The size of the tumors with 42 ºC 
treatment gradually increased over time, as shown by 
the analysis of T2 images, and had absolutely no sig-
nificant change at each of the indicated time points 
when compared to untreated tumor (Fig.3, left lane). 
However, as temperature increased to 58 ºC, an ob-
vious decrease of tumor size was observed as early as 
24 h after treatment, which was two days in advance 
of 48 ºC and 53 ºC treatment. Moreover, unlike the 
treatment at 58 ºC, the treatment at temperatures of 48 
ºC and 53 ºC did not entirely erase the tumor and 
tumor recurrence was found 5 days after treatment. 
These results suggest that the tumor ablation effect 
under laser irradiation increases as levels of heating 
increases. It also seems that higher temperatures eas-
ily cause obvious morphological changes in the tu-
mor, but no earlier than 24 h after treatment. 

We next determined whether the dynamic 
change of tumor was earlier than that of the change in 

tumor morphology under different treatment tem-
peratures, as manifested in T2* WI and ADC map 
signal intensity under the same conditions (Fig.3, 
middle and right lane). No significant dynamic 
changes of the T2* values and ADC values upon 42 ºC 
treatment were found by whole tumor ROI analysis at 
each indicated time point within 10 days of observa-
tion, which agreed with the results of Fig. 1a and b. 
For the treatments at 48 ºC, 53 ºC and 58 ºC, T2* values 
from 0.5 h to 12 h were apparently lower than those of 
the untreated groups, and the decrease in amplitude 
was amplified with the rising of temperature. In ad-
dition, the ADC map signal intensity also decreased in 
this time-window, showing a similar dynamic pattern 
with T2* values. Different from the T2* values, how-
ever, the ADC values were suddenly increased at 24 h 
(0.781×10-3mm/sec2±0.231 at 48ºC, 0.781×10-3mm/ 
sec2±0.259 at 53ºC, 1.109×10-3mm/sec2±0.334 at 58ºC) 
time point in comparison to those of untreated tu-
mors. At day 3, the ADC values of residual tumor 
reached peak at 58ºC treatment (1.284×10-3mm/ 
sec2±0.425) and return to baseline at 48ºC and 53ºC 
treatment. The above results show an interesting 
outcome where the non-invasive imaging 
time-window of tumor microenvironment changes 
prior to any morphological change. 
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Fig. 3. Kinetics of changes in tumor volume, T2 values and ADC values without and with 15 min PTT at different temperatures. Left 
lane, normalized tumor volume calculated from MRI. Middle lane, kinetic of changes in T2 values from MRI. Right lane, kinetic of changes in ADC values from 
DW-MRI. The T2 and ADC values at 58 ºC were not presented due to the tumors were completely ablated 5 d after PTT. Data shown are mean ± S.E.M. 
(n=5/group. Gray area, p<0.05; red, orange and purple area, p<0.01 vs corresponding untreated tumor for that time point). 

 
We then evaluated the treatment efficacy of PTT 

at different heating levels. The median survival time 
of mice without treatment was only 7 days, which 
increased to 9 days at 42 ºC (p>0.05). In contrast, 
treatment under 48 ºC and 53 ºC increased median 
survival to 23 and 26 days (p<0.001), respectively. 
Particularly for 58 ºC treatment, a 60% survival rate 
was recorded within 45 days of the experiment (Sup-
plementary Fig. 2b). The mice survival percentage 
matched with the change in amplitude of ADC value, 
suggesting ADC measurements may be used as a 
non-invasive tool to evaluate response to PTT.  

2.5 NP-mediated PTT cause acute hemor-
rhage and necrosis 

To understand the reasons for changes of the 
tumor microenvironment, we compared tumor his-
tological changes before and after PTT. As observed in 
Fig. 4 and Supplementary Fig. 2a, the major varied 

region of T2* and DW-MRI signal distributed in the 
host-tumor interface.  Thus, the tumor tissue slices of 
this region were prepared at the indicated time points 
and were observed after application of hematoxylin 
and eosin (H&E) histological staining. As displayed in 
Fig. 4a, compared to untreated tumor tissues, a minor 
hemorrhage was seen 30 min after treatment at 42 ºC, 
whereas a large area of acute hemorrhage was found 
at 48 ºC, 53 ºC and 58 ºC, respectively. Further analysis 
of tumor tissue changes was executed through ob-
servation of the tumor tissues 24 h after irradiation. In 
agreement with acute hemorrhage, the treatment at 42 
ºC caused slight necrosis of tumor tissue, and the area 
of necrosis tissue was expanded with the rising of 
temperatures. It has been reported by others that 
acute hemorrhage and tissue necrosis significantly 
induce changes of MRI signal intensity[24].  

To explain why acute hemorrhage was easier to 
occur in the host-tumor interface, we prepared 
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PEGylated GO-iron oxide NPs (GO-IONP-PEG) for 
understanding the in vivo biodistribution of particles 
(Fig. 5a). As shown in Fig.5b, T2-weighted MR images 
of GO-IONP-PEG solutions display the signal inten-
sity of 1/T2 was increased as particle concentration 
increased, and the transverse relaxivity (R2) was about 
51.34 mM-1·s-1. Then we conducted MRI 24 h after 
injection of GO-IONP-PEG into 4T1 tumor-bearing 
mice under a 9.4T MR scanner. Fig. 5c shows accu-
mulation of a large amount of GO-IONP-PEG in the 
host-tumor interface (arrow), where acute hemor-
rhage easily appeared. The results revealed the tem-
perature changes of tumor microenvironment were 
GO-mediated, which plays a main role in inducing 
acute hemorrhage after laser irradiation. 

2.6 Thermal effect on blood vessels  
Thermal effect on blood vessels is assessed im-

mediately after treatment, which is visualized with 
CE-MRI. We first explored whether acute changes to 
tumor vascular occurred after PTT in this study. Fol-
lowing treatment at 42 ºC, 48 ºC, 53 ºC and 58 ºC, a 
series of CE-MR images were immediately acquired 
after the administration of gadolinium. Fig. 6 a-b and 
Supplementary Fig. 3 show the strong signal en-

hancement at the region of untreated tumor due to the 
abundance of blood perfusion, while the signal inten-
sity in the irradiated tumor was obviously lower than 
the untreated tumor, especially at 48 ºC, 53 ºC and 58 
ºC.  

Based on the above results, we next investigated 
whether tumor blood vessels were destroyed after 
PTT. Tumors with and without treatment were iso-
lated 30 min after irradiation at different temperatures 
and subsequently CD 31, a marker of tumor angio-
genic blood vessels, was immunostained and ob-
served. As demonstrated by immunofluorescence in 
frozen tissue slices, the untreated tumor exhibited 
significantly more blood vessels than the treated (Fig. 
6c). Quantification analysis of CD 31-positive area 
fractions found that compared with 10.5 ± 3.5 % posi-
tive area of untreated tumor, the positive area of CD 
31 was decreased to 9.4 ± 3.8 %, 5.3 ± 1.1 %, 4.6 ± 1.8 %, 
and 1.47 ± 0.5% at 42 ºC, 48 ºC, 53 ºC and 58 ºC, re-
spectively (Fig. 6d). These results demonstrate that 
NP-mediated PTT causes acute damage of tumor an-
giogenic blood vessels and increases the damage in 
amplitude as the temperature increases. 

 

 
Fig. 4. H&E histological staining of tumor area without and with 15 min PTT at different temperatures. (a) Acute hemorrhage was ob-
served 30 min after PTT. (b) PTT caused a large area of tumor cell necrosis 24 h after PTT. Representative specimens are shown. Left tumor, untreated; 
right tumor, treated. 
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Fig. 5. Magnetic property of GO-IONP-PEG and in vivo biodistribution of particles. (a) Schematic illustration of the preparation of 
GO-IONP-PEG. (b) T2-weighted MR images and T2 transverse relaxivity (R2) of GO-IONP-PEG solutions at different iron concentrations. (c) T2-weighted 
MR images of 4T1 tumor-bearing mice before and 24 h after intravenous injection of GO-IONP-PEG. GO-IONP-PEG is abundant in the host-tumor 
interface (arrow). 

 

2.7 Rapid noninvasive assessment of tumor 
response to PTT with different heating dura-
tion  

To confirm whether the signal changes of MRI in 
tumor were corresponding to treatment outcomes of 
NP-mediated PTT, we further evaluated therapeutic 
response to different heating duration with noninva-
sive MRI treatment. Different PTT were introduced by 
adjusting irradiation duration at 48 ºC including 5 
min, 10 min and 15 min. As shown in Fig. 7a-c, T2* and 
ADC values in tumor were decreased 30 min after 
treatment compared to before, and the reduced values 
in amplitude was amplified as duration time increas-
es. On the contrary, at 24 h post-treatment, ADC val-
ues were elevated in a heating time dependent man-
ner. According to these results, we hypothesized the 
extent of the changes on MRI signal determined the 
mice survival. The survival rate of mice was subse-
quently evaluated, and as expected, showed that the 
survival curve was highly correlated with the reduced 
values in amplitude of MRI signal (Fig. 7d).  

3. Discussion 
Focal hyperthermia has shown to be effective for 

cancer treatment. It is a well-known fact that focal 
hyperthermia effects depend on tissue temperatures 
attained. Classical hyperthermia depends on a tem-
perature of 40°C to 44°C to cause irreversible cellular 
damage.The effects of hyperthermia tumors have 
been extensively presented in previous reports[25, 26]. 
Focal hyperthermia injury includes direct thermal 
injury and indirect thermal injury. The mechanisms of 
direct thermal injury involve complex interactions 
within tumor tissue at cellular and subcellular levels. 
Indirect thermal injury is progressive an injury which 
may involve microvascular damage, apoptosis, is-
chemia–reperfusion injury, alterations in the immune 
response and altered cytokine expression, usually 
with minimal injury to normal tissues[27-31]. In our 
study, the treatment at 42 ºC did not significantly in-
hibit tumor growth and therefore did not prolong 
survival of mice (Fig. 3). It is possible that surface 
temperature measurement we used did not reflect the 
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temperature of tumor core. Furthermore, hyperther-
mia in clinical trials tends to be applied as an adjunc-
tive with various established cancer treatment mo-
dalities such as radiotherapy and chemotherapy due 
to its limited therapeutic outcomes in mild heat 
treatment[32], especially for rapid growth of malignant 
tumor used in this study. As nanotechnology devel-
ops, treatment with higher temperatures (even more 
than 60 ºC), named “superthermia” here, is beginning 
to become a popular strategy for addressing this issue 
by combining physiochemical properties and tumor 
targeting of nanoparticles. Our results support that 

higher temperatures such as 58 ºC effectively erase 
tumor and avoid tumor recurrence. In addition, pro-
longed irradiation treatment time at 48 ºC signifi-
cantly improved the treatment response (Fig. 7). The 
results suggest that thermal temperature and irradia-
tion duration play important role in determining 
therapeutic outcomes of NP-mediated PTT. It also 
implies that establishing individual approaches is 
necessary for effective tumor treatment in PTT, 
thereby non-invasive in vivo monitoring of early 
treatment response, can potentially be used to guide 
personalized therapy. 

 

 
Fig. 6. Changes of blood flow and vessels in tumors without and with 15 min PTT. (a) Representative CE-MRI maps of the blood flow changes 
in untreated and treated tumors, which were magnified from the whole tumor area images shown in Supplementary Fig. 3. The color scale represents the 
different enhancement effect of gadolinium in tumors. (Yellow represents highest and white represents lowest gadolinium enhancement effect.) (b) 
Quantification analysis of gadolinium signal intensity in tumor regions. High gadolinium enhanced signal intensity represents high tumor blood perfusion. (c) 
Immunohistochemical CD31 staining of tumor blood vessels before and after PTT at different temperatures. (d) Quantitative analysis of relative 
CD31-positive area for untreated and treated tumors. Data are presented as mean ± S.E.M. (n=3/group, **p < 0.01, ***p < 0.001vs. corresponding 
untreated tumor for that temperature). 
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Fig. 7. In vivo MRI prediction and assessment of tumor therapeutic response to different PTT at 48 ºC. (a) Exemplary T2, T2* and ADC 
images of mice before and after three different PTT treatment durations of 5, 10, and 15 min, respectively. Quantification analysis of T2* values and ADC 
values from (a) were shown in (b) and (c), respectively. (d) Kaplan-Meier survival curves of untreated and treated mice with different PTT treatment 
durations (n=5/group). 

 
In this study, for the first time, we demonstrated 

that MP-MRI provides a direct, non-invasive method 
for in vivo monitoring of the kinetics of early treatment 
response to NP-mediated PTT. CE-MR images 
showed a perfused tumor 0.5 h after PTT, which 
demonstrates the vascular occlusion, an indirect in-
dicator of tissue necrosis. At 0.5 h to 12 h, the ADC 
value within tumor was lower, on average, than that 
of the pre-treatment tumor, as a result of restricted 
waterflow due to ischemia and cellular disruption 
which may involve protein denaturation[13]. This 
outcome is consistent with previous studies which 
have been verified with pathologic examination[5, 13]. 
At the later time points, the average ADC value was 
increased within the ablated tumor, which presuma-
bly reflected that the barriers to restricted diffusion of 
water are removed by cell membrane breakdown and 
result in a corresponding increase in the ADC. In our 
study, at one to three days, the mean ADC value of 
the tumor reaching the peak (>1×10-3 mm2/s) when 
heating levels is 58ºC in our MRI set condition, and 

then the tumor is completely cured. As shown in this 
study, tumor recurrence was observed at 42-53 ºC 
when the average ADC value of the tumor was lower 
than 1×10-3 mm2/s at 24 h and returned to baseline 
level later. The exact mechanism for the change of the 
ADC in tissue treated with NP-mediated PTT is un-
known at present, but this change undoubtedly pro-
vides a technique parameter to noninvasively evalu-
ate treatment response.  

 Many factors in tumor microenvironment have 
big influence on direct thermal injury. Among them, 
tumor blood flow is a major determinant of direct 
thermal injury[31, 33]. Usually in focal hyperthermia, 
heat is absorbed by hemoglobin and transferred away 
from the region of focal hyperthermia. Thus, due to 
the heat dissipating, a lower thermal injury should 
exist in the host-tumor interface where blood vessels 
are abundant [31, 34, 35]. However, in NP-mediated PTT, 
the phenomenon is quite different. In our case, the 
acute hemorrhage were found in the host-tumor in-
terface (Fig. 4) at 30 min after treatment. According to 
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our findings, we suggest that this phenomenon may 
be relative to the distribution of the NPs, since most 
non-targeting nanoparticles penetrate into the tumor 
tissue based on enhanced permeability and retention 
(EPR) effect. Prior to tumor injury, more particles in-
duce higher temperature which may lead to endothe-
lial cell damage, increase of vessel wall adhesiveness 
and vascular leakage. These changes rapidly result in 
the decrease of MRI signal intensity in T2*WI and 
variation of ADC values. Additionally, hemorrhage 
causes a dark signal in T2*WI by hemosiderin deposition 
due to a significant shorten in T2* relaxation time. After 
initial NP-mediated PTT induced vascular damage, 
there was a progressive tissue necrosis which cause 
ADC values increase over the course of 24 to 48 h. It 
seems that these processes are closely related to 
post-treatment time points, and thus their kinetics 
contribute to the overall changes in T2* and ADC 
values.  

There were some limitations in our results. First, 
we measured tumor temperatures by using infrared 
thermo detector, which might not reflect the real 
temperature of core tumor. Second, MR imaging was 
performed with a 9.4T MR scanner, which may con-
tribute to different cutting-off ADC value when MRI 
set condition is changed. Lastly, distribution of NPs in 
tumor plays important in temperature elevation un-
der laser, so whether the distribution is parti-
cle-dependent needs to be further explored. 

4. Conclusion  
NP-mediated photothermal injury is pro-

nounced due to the heat trapping which may be rela-
tive to the distribution of the NPs. Intratumor micro-
environment was rapidly altered upon nanoparti-
cle-mediated PTT, and the dynamic variation in am-
plitude was corresponding to heating levels and 
heating duration. We found these changes were non-
invasively well-tracked and evaluated by synergistic 
multi-parameters MRI as below: After treatment, 
CE-MRI can assess occlusion of blood vessels, an im-
portant event for tumor regression; T2*WI is highly 
sensitive to acute hemorrhage induced by tissue in-
jury; DW-MRI accompanying with ADC maps may 
provide a quantitative parameter for evaluation of the 
extent of treatment response. Our results can also be 
expanded for the prediction of other nanoparti-
cle-mediated photothermal therapeutic responses, the 
guidance to design powerful NPs with photothermal 
property and the selection of personalized therapeutic 
strategies. 

5. Experimental Section  
5.1 Preparation of GO-PEG, GO-PEG-Cy5.5 
and GO-IONP-PEG 

The GO, PEGylated GO and GO-IONP-PEG 
were prepared by following the previous reported 
methods[17, 18, 20]. An aqueous suspension (5 mL) of 
graphene oxide (GO) prepared by the modified 
Hammer’s method at a concentration of ~3 mg/mL 
was sonicated for about 30 min, then NaOH (0.12 
g/mL) was added to the GO suspension and bath 
sonicated for about 3 h. The resulting solution was 
neutralized and purified by repeated rinsing and 
centrifugation. A solution of 6-arm-polyethy-
leneglycol-amine (Sunbio Inc.) (3 mg/mL) was added 
to the GO solution(0.5 mg/mL), and the mixture was 
sonicated for 5 min. N-(3-dimethylaminopropyl- 
N-ethylcarbodiimide) hydrochloride (EDC, from 
Fluka Inc.) was then added to the mixture in two 
equal portions to give a final concentration of 1 
mg/mL totally. The reaction was allowed overnight 
to yield a GO-PEG solution.  

 For the labeling of GO-PEG with Cy5.5, the 
Cy5.5-NHS ester was incubated with the resulting 
covalent GO-PEG in phosphate buffer (pH 7.8) for 4 h. 
Free Cy5.5 was then removed by dialyzing the re-
sulting Cy5.5 conjugated GO-PEG in ultrapure water. 

 IONP deposited GO were synthesized by fol-
lowing a previously reported method [22, 36]. Then 25 
mg of C18PMH-PEG poly (maleicanhydride-alt-1- 
octadecene) was added into in a solution of GO-IONP 
(1 mg/mL, 5mL) to improve the biocompatibility and 
aqueous solubility and the solution was ultrasoni-
cated for 5 min at room temperature. Next, 5 mg EDC 
was added to the mixture and the solution was mag-
netically stirred overnight. The final product 
(GO-PEG or GO-IONP-PEG) was purified by a Mill-
pore ultrafiltration tube for 10 min and washed 5 
times with deionized water. 

5.2 Biodistribution 
Animal experiments were conducted under 

protocols approved by the Animal Care and Use 
Committee (ACUCC) of Xiamen University in China. 
Female BALB/C mice (5-6 weeks) were implanted 
subcutaneously with a suspension of 1×106 4T1 breast 
cancer cells in PBS (100 μl). 200 μl of GO-PEG-Cy 5.5 
(2 mg/ml) was injected via tail vein when tumors 
were up to a volume of 80-100 mm3. The fluorescence 
signal was observed using Carestream FX Pro at the 
indicated time points. At 2 h and 24 h p.i., tumors and 
organs including heart, liver, spleen, lung, kidney, 
intestine and tumor from 4T1 tumor-bearing nude 
mice were collected and visualized with Carestream 
FX Pro, respectively. For the biodistribution of 
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GO-IONP-PEG, 4T1 tumor-bearing BALB/C mice 
were intravenously injected with GO-IONP-PEG (200 
µl of 2 mg/ml). MR imaging was subsequently con-
ducted on a 9.4T MRI scanner. 

5.3 In vivo treatment 
4T1-tumor bearing mice were randomly divided 

into different groups (n=5 per group). For tumor re-
sponse using different temperatures (42, 48, 53, and 58 
°C), 4T1 breast cancer cells were inoculated into both 
sides of mouse hip. When the tumor volume reached 
80-100 mm3, 200 μl of GO-PEG (2 mg/ml) were in-
jected intravenously. The tumor on each mouse was 
exposed to an 808nm laser by adjusting laser power 
(1.5-3 W/cm2) until temperatures reaching wanted 
temperature in about 1.5 min and keeping this tem-
perature for 15 min. Thermal images of different 
groups were obtained real-time by FLIR Ax5 camera. 
Mapping and quantifying the increase in tumor tem-
peratures was monitored by real-time thermal imag-
ing. 

 For tumor response using ~48 °C with different 
heating duration (5, 10 and 15 min), tumor cells were 
inoculated into one side of hip. After 24 h injection of 
200 μl of GO-PEG (2 mg/ml) intravenously, the mice 
were irradiated to 5 min, 10 min and 15 min, respec-
tively.  

 For all PTT treatment groups, tumor responses 
were monitored before and after PTT by T2-weighted 
MRI, T2*-weighted MRI, and DWI and CE-MRI at the 
indicated time points. The end time point of survival 
was determined when tumor volume reached a spe-
cific volume (600 mm3). 

5.4 MRI experiments 
Magnetic resonance images were acquired using 

a 9.4T small animal MRI scanner (Bruker, Germany). 
All the mice were anesthetized with 1.5% isoflu-
rane/air mixture via a nose cone and were placed a 
respiratory sensor in a stretched prone position. To 
ensure the imaging position of the implanted tumor, 
axial and coronal two-dimensional (2D) fast spin-echo 
sequence images were first acquired. The images were 
acquired using the following parameters: (1) 
T2-weighted MRI: TR/TE = 2500/33 ms, field of view 
(FOV) = 4×4 cm matrix = 256 ×256, FA =180°, slice 
thickness = 1.5 mm, 11 contiguous slices; (2) T2*-map: 
TR = 1500 ms, TE =10, 16, 22, 28, 34, 40, 46, 52, 58, 64 
and 70 ms. FOV = 4×4 cm, matrix = 256× 256, FA 
=180°, slice thickness = 1.5mm, 11 contiguous slices, 
T2*-map was created by using built-in software (Para-
vision5.1, Bruker); (3) DWI: using spin echo sequence, 
TR/TE = 3000/27 ms, FOV= 4×4 cm, matrix = 
128×128, FA =90°, slice thickness = 1.5mm, 11 con-
tiguous slices, b values =0,1000s/mm2. Diffusion gra-

dients were applied in three orthogonal directions. 
Trace images were obtained by using the same above 
mentioned software. ADC maps were created in all 
groups. (4) Contrast enhanced T1-weighted MRI: 
TR/TE: 960/10ms, FOV = 4×4 cm, matrix = 256×128, 
slice thickness = 1.5mm, FA =180°. 

 The tumor sizes were measured with a caliper 
tool to the nearest millimeter on axial T2-weighted 
images and the tumor volumes were computed using 
A×B2/2, where A is the largest and B is the smallest 
diameter of a tumor. T2* maps and ADC maps were 
calculated on a pixel-by-pixel basis using the built-in 
software.  

 For T2* value and ADC value measurement, the 
ROIs of tumor were drawn on the first echo of 
T2*-map and the image with no diffusion sensitizing 
gradient of DWI, which most clearly depicted tumor 
boundary, and subsequently copied to the parametric 
maps. T2* relaxation time and ADC values were ob-
tained by averaging all voxels of all subjects within 
each ROI. ROIs were drawn throughout the whole 
tumor from each slice. To minimize a potential de-
pendence of the results on the accuracy of ROIs defi-
nition, the ROI analyses were carried out by two in-
dependent readers and the results were determined 
by consensus. 

5.5 Histological study  
After 48 h treatment, one animal from each 

group was sacrificed for histological analysis. Each 
tumor was cut in half. Half of tumor was fixed in a 4% 
formaldehyde solution at room temperature for 48 h 
using haematoxylin and eosin (H&E) staining. The 
other half was collected in optimal-cutting- 
temperature (O.C.T.) compound, and was fixed with 
ice-cold acetone for 20 min before CD31 staining. For 
CD31 staining, after blocking with 1% BSA for 30 min, 
the sections were incubated with rabbit anti-mouse 
CD31 primary antibody diluent (1:50) for 1 h at room 
temperature. After rinsing with PBS (3 × 10 mines), a 
biotinylated anti-rat IgG secondary antibody solution 
(1:50) was applied and incubated for 30 min at room 
temperature. After washing with PBS, the whole 
slides were mounted with DAPI-containing mounting 
medium. Fluorescence images were obtained with a 
fluorescence microscope (Leica, Germany). Quantita-
tive analysis of positive areas of CD31 blood vessels 
was performed by using ImageJ software.  

5.6 Statistical analysis  
The statistical analysis was determined by 

two-tailed student’s t-test and one-way ANOVA fol-
lowed by Bonferroni’s post hoc test. P <0.05 indicates a 
significant difference. 
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Supplementary Material  
Supplementary Fig. 1-3. 
http://www.thno.org/v05p1444s1.pdf 
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