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attention in recent years as a minimally 
invasive approaches for cancer treat-
ment because it involves delivery of high 
thermal energy to cancer tissue with little 
collateral damage to the normal tissue. [ 1–5 ]  
However, for effective, safe and personal-
ized PTT treatment, it is crucial to identify 
the location and size of the tumors before 
therapy, to monitor the in vivo distribution 
of photothermal agents during therapy 
and evaluate effectiveness after therapy 
with appropriate imaging techniques. [ 6–8 ]  
So theranostic agents with functions of 
both imaging, diagnosis, and therapy 
have attracted intensive research interests, 
allowing for therapeutic feedback through 
monitoring the status of injected agents 
and instantaneous responses to treat-
ment. [ 9–14 ]  In addition, the use of thera-
nostic agents can avoid administration of 
multiple doses of agents, hence reduce 
greatly putting additional stress on the 
body’s blood clearance. 

 Magnetic resonance imaging (MRI) is 
one of the most reliable diagnostic tools 
due to its capability to provide 3D topo-
graphical data and timely feedback infor-
mation of disease tissue in vivo. [ 15–18 ]  How-
ever, conventional clinical MRI systems 

can present merely a structure of soft tissues and bone marrow 
with a typical resolution to ca. 0.5 mm, which is not enough 
to identify microstructures and boundary of lesions. [ 19,20 ]  With 
the aid of the contrast agents, MRI can provide more detailed 
anatomical information with high quality and sensitivity and 
achieve molecular imaging. Iron oxide nanoparticles (NPs) are 
the fi rst clinically used T 2  contrast agent, [ 21 ]  but the induced 
negative contrast may be confused with areas of innate hypoin-
tensities. [ 22 ]  In contrast, T 1  contrast agents of Gd 3+  complexes 
have been the predominant in clinical MR imaging due to their 
high contrast capability without disruption of magnetic homo-
geneity. [ 23–27 ]  Compared with MRI, photoacoustic imaging 
(PAI) is a new emerging hybrid imaging modality based on 
the measurement of ultrasonic waves induced by biological 
tissues’ absorption of short laser pulses. [ 28 ]  In combination of 
spectral selectivity of laser light and high resolution of ultra-
sound detection, PAI has proven to be a promising technique 
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  1.     Introduction 

 Photothermal therapy (PTT) using photothermal agents in 
combination of near infrared (NIR) light has gained increasing 
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for visualizing tissue structures and functions with high con-
trast at unprecedented depth. [ 29–31 ]  However, a single-modality 
imaging technique usually provide insuffi cient information 
for diagnosis. Considering each imaging modality possesses 
its own advantages and limitations, multiple-modality imaging 
has drawn extensive attention in biomedical research recently 
because of its ability to provide more comprehensive informa-
tion for accurate diagnosis. [ 19,32,33 ]  Therefore, it is undoubted 
that the combination of magnetic resonance (MR) and photo-
acoustic (PA) imaging would conduce to accurate locating of 
cancerous tissue for more precise guidance of PTT. MRI can 
rapidly screen to locate the potential lesions, while PAI can 
provide high-resolution morphological structure and molecular 
information in highly sensitivity. As a result, a probe with prop-
erties of both strong magnetization and light absorption can 
serve as an excellent contrast agent when used for the dual MR/
PA imaging. 

 Currently, a large number of materials with strong optical 
NIR absorption have been explored as photothermal agents 
for PTT. [ 34–54 ]  In the past decade, PTT nanoagents were mainly 
focused on inorganic nanomaterials, such as gold nanomate-
rials (Au nanoshells, nanorods, and nanocages), [ 34–38 ]  carbon 
nanomaterials (carbon nanotube and graphene), [ 39–41 ]  copper 
sulfi de nanoparticles, [ 42–44 ]  and so on. Very recently, NIR-
absorbing conjugated polymers, such as polyaniline, poly(3,4-
ethylenedioxythiophene)poly(styrenesulfonate) (PEDOT:PSS) 
and polypyrrole (PPy) have been reported to act as photo-
thermal agents, showing promising cancer ablation effect both 
in vitro and in vivo. [ 45–51 ]  Among all these NIR absorbing nano-
materials, uniform PPy NPs are of particular importance as a 
novel promising photothermal agent for localized tumorous 
PTT because of their good in vitro and in vivo biocompatibility, 
signifi cant photothermal conversion effi ciency, and remarkable 
photostability. [ 52,53 ]  In addition, it has been demonstrated that 
PPy NPs show great potential to be used as a new polymer-
based nanoparticulate optical contrast agent to enhance PA 
imaging due to strong absorbance in the NIR region. [ 54 ]  

 This paper reports the fabrication of PEGylated polypyrrole 
nanoparticles conjugating gadolinium chelates (Gd-PEG-PPy 
NPs) for dual-modal MRI/photoacoustic imaging guided photo-
thermal therapy of cancer from the mixture of pyrrole (Py) and 
pyrrole-1-propanoic acid (COOH-Py) with different molar ratios 
through microemulsion method, followed by covalent attach-
ment of gadolinium chelate (Gd-DOTA) using polyethylene 
glycol (PEG)-bis-amine as bridge ( Scheme    1  ). The introduction 
of the PEG spacer endows the nanoparticle with good water-
solubility and physiological stability, greatly prolonging the 
blood circulation time. Both in vitro and in vivo experiments 

indicated that Gd-PEG-PPy NPs showed good biocompatibility 
and excellent performance for imaging guided photothermal 
therapy. Although the Gd-PEG-PPy NPs presented here may 
not work for all sorts of cancers, it provides a promising multi-
functional nanoplatform for further conjugation with targeting 
moieties and achieving specifi c cancer theranostics.   

  2.     Results and Discussion 

  2.1.     Preparation and Characterization of Gd-PEG-PPy NPs 

 The COOH-PPy NPs were synthesized via a facile one-step 
aqueous dispersion polymerization using polyvinyl alcohol 
(PVA) as a stabilizer and FeCl 3  as an initiator. [ 55 ]  The mixture 
of pyrrole (Py) and and pyrrole-1-propanoic acid (COOH-Py) 
with different molar ratios was introduced into the aqueous 
dispersion of PVA and FeCl 3 , resulting in the formation of the 
PPy NPs with –COOH groups on the particle surface. It was 
found that the UV–vis absorbance of the obtained COOH-PPy 
NPs at 808 nm decreased as the molar ratio of Py to COOH-
Py decreased (Figure S1, Supporting Information). PPy NPs 
without COOH-Py owed the highest absorbance while COOH-
PPy NPs with 90% COOH-Py had the lowest absorbance. Based 
on the consideration of theranostic modifi cation, the optimal 
molar ratio of Py to COOH-Py should be 7:3 since the nano-
particles with this molar ratio showed a relatively high UV–vis 
absorbance and a relatively large amount of carboxyl groups on 
the particle surface for further conjugation of functional mol-
ecules, such as PEG and Gd-DOTA. 

 NH 2 -PEG-NH 2  was then conjugated to the surface of 
COOH-PPy NPs through the formation of stable amide bonds 
with NHS and EDC as coupling agents, obtaining NH 2 -PEG-
PPy NPs with free amine groups on the surface. The successful 
conjugation of NH 2 -PEG-NH 2  to the surface of COOH-PPy 
NPs was characterized by FT-IR spectra (Figure S2, Supporting 
Information). COOH-PPy NPs showed shoulder peaks at 
1729 cm −1  for the stretching vibration band due to the C=O in 
the free carboxyl group. After the conjugation, this character-
istic band disappeared while leaving only a characteristic band 
assigned to the -CONH- group at around 1645 cm −1 , indicating 
the reaction of NH 2 -PEG-NH 2  with the free carboxyl groups on 
the surface of COOH-PPy NPs.  1 H NMR spectra were further 
used to characterize the grafting of PEG onto the PPy particles 
surface (Figure S3, Supporting Information). The COOH-PPy 
NPs showed merely a water peak ( δ  4.7 ppm). On the contrary, 
an additional peak of PEG chain could be clearly detected as 
a symmetric singlet ( δ  3.6 ppm) for the NH 2 -PEG-PPy NPs. It 
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 Scheme 1.    Schematic illustration of the fabrication process of Gd-PEG-PPy NPs.
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provided a strong evidence that NH 2 -PEG-NH 2  was success-
fully conjugated onto the surface of PPy NPs. Then, Gd 3+  che-
lator of p-SCN-Bn-DOTA with active -SCN group was added 
and induced amide formation between NH 2 -PEG-PPy NPs and 
DOTA in the phosphate buffer solution (PBS) buffer. The zeta 
potential of the nanoparticles changed from –27.21 ± 1.99 mV 
to –9.15 ± 0.86 mV after the PEG-bis-amine conjugation, and 
then back to –38.68 ± 2.61 mV after p-SCN-Bn-DOTA conjuga-
tion (Figure S4, Supporting Information). 

 Finally, Gd 3+  was chelated into the DOTA ligand by heating 
GdCl 3  with the resulting DOTA-PEG-PPy NPs at pH 5.8. After 
chelation, the zeta potential of Gd-PEG-PPy NPs showed an 
obvious increase to –15.43 ± 0.73 mV due to the coordination 
of cationic Gd 3+  ions with the carboxylate groups of the DOTA 
ligand (Figure S4, Supporting Information). Although the zeta 
potential is somewhat low, the negative charge is suffi ciently 
strong to ensure a good colloidal stability with the assistance of 
the neutral PVA surfactant and PEG molecules on the surface 
of the particles. The TEM images revealed that the Gd-PEG-PPy 
NPs had a uniform diameter of about 69.3 ± 2.1 nm ( Figure    1  b), 
slightly higher than that of COOH-PPy NPs (64.9 ± 1.9 nm) 
(Figure  1 a). This result was well consistent with the hydrody-
namic diameters which were evaluated by the DLS measure-
ments (Figure S5, Supporting Information). The bigger particle 
size of Gd-PEG-PPy NPs should be mainly due to the introduc-
tion of PEG coatings on the nanoparticle surface. Moreover, the 
concentration of gadolinium as well as the number of Gd 3+  ions 

per Gd-PEG-PPy NP was determined using inductively coupled 
plasma optical emission spectrometry (ICP-OES). Determina-
tion of the Gd-PEG-PPy NPs concentration followed by theo-
retical calculation based on the average size of 70 nm revealed 
the total number of Gd 3+  ions per Gd-PEG-PPy NP to be about 
2.93 × 10 3 . [ 11 ]  All these results convinced that the Gd chelates 
were successfully attached to the surface of Gd-PEG-PPy NPs, 
which provided the basis for further MRI experiments.  

 The stability of the Gd-PEG-PPy NPs were investigated by 
incubating these nanoparticles in various biological mediums, 
including PBS, RPMI-1640 cell medium, fetal bovine serum 
(FBS), and simulated body fl uid (SBF). As shown in Figure S6A, 
S6B in the Supporting Information, the Gd-PEG-PPy NPs were 
well dispersed and exhibited excellent stability in all these bio-
logical mediums. No precipitation was observed and no obvious 
change in hydrodynamic particle size was found in the PBS solu-
tions after 1 week storage (Figure S6C, Supporting Information), 
allowing these nanoparticles to be further used in biological sys-
tems. Gd-PEG-PPy NPs maintained strong absorption in the NIR 
region as compared to the initial COOH-PPy NPs (Figure  1 c). An 
important feature of Gd-PEG-PPy NPs is their NIR light-induced 
thermal effect, which could be used for photothermal therapy. 
Figure  1 d shows the temperature change of an RPMI-1640 culture 
medium containing Gd-PEG-PPy NPs with different concentra-
tions. Under NIR laser irradiation (808 nm, 1.5 W cm −2 , 10 min), 
the control RPMI-1640 sample without Gd-PEG-PPy NPs showed 
little temperature change. In contrast, the temperature of the 
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 Figure 1.     TEM images of a) COOH-PPy NPs and b) Gd-PEG-PPy NPs. c) UV–vis–NIR absorption spectra of COOH-PPy NPs and Gd-PEG-PPy NPs 
solutions at the same concentration. d) Heating curves of RPMI-1640 medium containing different concentrations of Gd-PEG-PPy NPs under an 
808-nm laser irradiation at a power density of 1.5 W cm −2  for 10 min.
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Gd-PEG-PPy NPs solution (25 µg mL −1 ) increased from 25 to 
52 °C, which is suffi cient to kill tumor cells. [ 56 ]   

  2.2.     In Vitro Cytotoxicity and Photothermal Effect 
of Gd-PEG-PPy NPs 

 Excellent biocompatibility was very important for the application 
of a new theranostic agent. In vitro cytotoxicity of Gd-PEG-PPy 

NPs was fi rst studied by 3-(4,5)-dimethylthiahiazo(-z-y1)-3,5-di-
pheny-tetrazolium-romide (MTT) assay for testing the standard 
cell viability of four kinds of cells, including normal cell line of 
human umbilical vein endothelial cells (HUVEC), tumor model 
of human cervical carcinoma cells (HeLa cells), immunity cells 
of bone marrow dendritic cells (BMDCs), and T cells. It was 
found that HUVECs and HeLa cells exhibited the cell viability 
higher than 90% even at a high Gd-PEG-PPy NPs concentration 
of 0.5 mg mL −1  after 24 or 48 h of incubation ( Figure   2 A and  2 B). 
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 Figure 2.     A) Relative cell viability of HUVECs after treatment with different concentrations of Gd-PEG-PPy NPs for 24 h and 48 h. B) Relative cell 
viability of HeLa cells treated with different concentrations of Gd-PEG-PPy NPs and NIR laser irradiation for different time, ** p  < 0.01 versus control 
without light irradiation. Cytotoxicity of Gd-PEG-PPy NPs to BMDC cells C) and T cells D) as determined by MTT assay. E) Photothermal killing effect 
of Gd-PEG-PPy NPs to HeLa cells: a) no Gd-PEG-PPy NPs and no laser irradiation; b,c) laser irradiation only for 5 min and 10 min, respectively; 
d) 0.005 mg mL −1  Gd-PEG-PPy NPs only; e,f) 0.005 mg mL −1  Gd-PEG-PPy NPs combined laser irradiation for 5 min and 10 min, respectively. (NIR 
laser: 808 nm, 1.5 W cm −2 ).
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Similarly, Gd-PEG-PPy NPs exhibited little cytot-
oxicity to both BMDC and T cells from SD rats 
(Figure  2 C,D). Cells survival was then detected by staining with 
both calcein acetoxymethyl ester (calcein AM) and propidium 
iodide (PI) (Figure S7, Supporting Information). Fluorescence 
microscopy images showed that the BMDC cells and T cells 
treated with 0.5 mg mL −1  Gd-PEG-PPy NPs for 24 h exhib-
ited bright green color and no dead cells were observed, well 
consistent with the MTT results. For further investigating 
the in vivo toxicity in mice, a high dose of Gd-PEG-PPy NPs 
(200 µL, 10 mg mL −1  per mouse) was intravenously adminis-
tered. Histological sections of vital organs (heart, liver, spleen, 
lung, and kidneys) stained with hematoxylin and eosin did 
not show any apparent injury in cellular structures at 1 day, 
7 days and 25 days after intravenous administration of Gd-
PPy-PEG NPs (Figure S8, Supporting Information). All these 
data indicated that the Gd-PEG-PPy NPs had good biocom-
patibility. Although gadolinium complexes used for MRI are 
reported to cause cardio toxicity, [ 57,58 ]  macrocyclic Gd-DOTA 
showed greater stability than the conventional linear Gd-DTPA 
complexes, which theoretically might reduce biological interac-
tions in man. Gd-DOTA has been reported to show no direct 
deleterious effect on cardiac electrophysiology and especially on 
ventricular repolarization. [ 57,58 ]  Thus, the use of Gd-DOTA as an 
MRI-enhancing contrast medium in the clinical practice setting 
appears to be safe and effective.  

 Photothermal effect of Gd-PEG-PPy NPs were further dem-
onstrated at the cellular level. We chose HeLa cells as model 
cells to test the nanoparticle concentration-dependent pho-
tothermal cancer cell killing using a standard MTT assay 
(Figure  2 B). As expected, HeLa cells treated with Gd-PEG-PPy 
NPs without laser irradiation exhibited little toxicity. In con-
trast, the cell viability signifi cantly decreased when they were 
treated with Gd-PEG-PPy NPs followed by laser irradiation 
(808 nm and 1.5 W cm −2 ) for 5 and 10 min, respectively. The 
photothermal killing effi ciency increased with increasing the 
concentration of Gd-PEG-PPy NPs and laser irradiation time. 
After 5 min of laser treatment, only less than 40% of HeLa 
cells remained viable at the Gd-PEG-PPy NPs concentration of 
0.01 mg mL −1 . These results were also proved by the calcein-
AM/PI stained cell images (Figure  2 E). Cells treated with only 
laser irradiation or Gd-PEG-PPy NPs alone showed green 
fl uorescence of calcein, which indicated the survival of HeLa 
cells, suggesting that exposure of cancer cells to either Gd-
PEG-PPy NPs or a NIR laser alone caused almost no cell death 
(Figure  2 E(a-d)). On the contrary, the treatment with Gd-PEG-
PPy NPs in combination with NIR laser irradiation induced 
obvious cell killing (Figure  2 E(e) and  2 E(f)). In addition, 
longer laser irradiation time led to more effective cell death 
(Figure  2 E(f)). These results clearly revealed that the Gd-PEG-
PPy NPs could be an effective PTT agent.  

  2.3.     In Vitro and In Vivo MRI 

 The MR imaging capability of Gd-PEG-PPy NPs were then 
investigated by measuring T 1  as a function of aqueous nano-
particles with different concentrations, which were determined 
using ICP-OES.  Figure    3  A showed  T  1 -weighted MR images 

with the incremental signal intensity indicated by the enhanced 
brightness in the range of Gd 3+  ion concentrations from 
18.75 to 300 × 10 –6   M . T 1  relaxation time increases with the con-
centrations of Gd 3+  ion increasing and the trend is well fi t by 
a linear line within the analyzed range of Gd 3+  ion concentra-
tions, revealing the concentration-dependent lighting effect. A 
high T 1  relaxivity coeffi cient ( r  1 ) value of 10.61 L m M  –1  s −1  was 
acquired on a 3T MR scanner for Gd-PEG-PPy NPs (Figure  3 B). 
This value was more than two times as high as that of Gd 3+  
DOTA ( r  1  = 4.2 L m M  –1  s −1 ) under a 3 T magnetic fi eld. It has 
been reported that the  r  1  values of various paramagnetic metal 
complexes could be highly enhanced by conjugating them 
onto the nanoparticle surface due to the reduction of tumbling 
rate of those paramagnetic metal complexes and the effective 
interaction between water and the paramagnetic metal com-
plexes. [ 59,60 ]  Hence, the  r  1  relaxivity of Gd-PEG-PPy NPs was 
strongly enhanced due to grafting Gd 3+  DOTA onto the PPy 
NPs surface and the introduction PEG spacers. The results 
imply that the present Gd-PEG-PPy NPs would be a promising 
candidate as a contrast agent for MR imaging of cancers.  

 To examine whether Gd-PEG-PPy NPs can be used to iden-
tify the tumors in living mice, MR images of mice bearing 
U87-MG tumor were acquired at different time periods (prein-
jection, 1, 18, and 24 h) after intravenous tail injection of Gd-
PEG-PPy NPs (100 µL, 5 mg mL −1 ). Figure  3 C,D showed the 
MRI signal and intensity distributions as a function of time 
for Gd-PEG-PPy NPs delivered systemically via tail vein injec-
tions. In the preinjection image, there were little intrinsic con-
trast between the tumors and surrounding tissue. At 1 h after 
Gd-PEG-PPy NPs injection, a slight MRI signal enhancement 
could be observed, and MR signals at the tumor sites gradu-
ally became stronger over time. After 24 h postinjection, the 
MRI signals reached a maximum and almost located inside 
the tumor. This suggested that large amount of Gd-PEG-PPy 
NPs circulated in the blood circulation and then accumulated 
at the tumor site, which proved the high effi ciency of tumor tar-
geting of these nanoparticles. Because of the enhanced permea-
tion and retention (EPR) effect of cancerous tumors, Gd-PEG-
PPy NPs around 69 nm could be passively accumulated into 
tumor. [ 61 ]  In addition, the introduction of the PEG layer onto 
the surface of PPy NPs contributes to the inhibition from the 
macrophage recognition at reticuloendothelial system (RES) 
of liver and spleen due to the excellent hydration property of 
PEG layer, resulting in a prolonged circulation time in blood. 
The tumor sites exhibited obvious enhancement in  T  1 -weighted 
MRI intensity compared with that before injection, indicating 
that Gd-PEG-PPy NPs remain in the tumor sites more than 
24 h to provide adequate time for the following photothermal 
therapy. The passive targeting and high MRI contrast ability of 
Gd-PEG-PPy NPs are favorable for precise cancer diagnosing 
and locating the tumor site to guide the external NIR laser irra-
diation for photothermal ablation of tumors in avoidance of 
damaging the surrounding healthy tissues.  

  2.4.     In Vivo Photoacoustic Imaging 

 The possibility of Gd-PEG-PPy NPs with strong NIR absorption 
to serve as a photoacoustic imaging contrast agent was evaluated 
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on a U87-MG tumor bearing mouse ( Figure    4  a), which was 
imaged before and after a single injection of Gd-PEG-PPy NPs 
(100 µL, 5 mg mL −1 ). Compared with intrinsic tumor image 
with only big vasculatures visible (Figure  4 c) before injection, 
the PA image showed greater clarity and signifi cant increase 
in the PA signal in the tumor after 24 h intravenous injection 
of Gd-PEG-PPy NPs (Figure  4 d,e). The signifi cantly increased 
photoacoustic signals in the tumor was attributed to the strong 
absorption of NIR laser pulses by Gd-PEG-PPy NPs, providing 
an additional evidence for the high tumor accumulation of Gd-
PEG-PPy NPs after a long-time circulation in blood vessels. 
Together with MRI imaging, the combination of the two types 
of in vivo imaging contrasting abilities enable Gd-PEG-PPy 
NPs to acquire the detailed structure of tumor region, showing 
great prospect for imaging guided photothermal therapy.  

 Gd-PEG-PPy NPs were passively delivered to the tumors tis-
sues through the EPR effect with high effi ciency, which made 
them enter the extravascular space from the systemic circula-
tion, facilitating to accumulate around tumor cells. [ 62,63 ]  How-
ever, heterogeneity in tumor blood supply and interstitial fl ow 
and physiological barriers may induce heterogeneous localiza-
tion of nanoparticles within the tumor. [ 64 ]  In addition, the EPR 
effect is very heterogeneous in nature and varies between dif-
ferent tumor types since different tumors have different pore 
dimensions in the vasculature. Thus, Gd-PEG-PPy NPs may not 

work for all kinds of tumors. Future work should be focusing 
on actively targeting to tumors by surface modifi cations of 
these nanoparticles with specifi c targeting moieties. [ 65,66 ]   

  2.5.     In Vivo Blood Circulation and Biodistribution 

 To confi rm the imaging results, the in vivo blood circulation and 
biodistribution of Gd-PEG-PPy NPs were examined after intra-
venous injection by measuring the Gd 3+  levels in blood samples 
and various organs using inductively coupled plasma mass spec-
trometry (ICP-MS). As shown in  Figure    5  a, Gd-PEG-PPy NPs 
displayed a prolonged blood circulation time. The half-life of 
Gd-PEG-PPy NPs was determined to be 12.47 ± 1.97 h, much 
longer than non-PEGylated PPy NPs (12 min). [ 49 ]  Biodistribution 
data of Gd-PEG-PPy NPs based on Gd 3+  levels at 24 h postinjec-
tion showed that Gd-PEG-PPy NPs were relatively low in heart, 
kidney, and lung. In contrast, high levels of Gd element were 
observed in the tumor, as well as reticuloendothelial systems 
(RES) such as liver and spleen (Figure  5 b). The tumor uptake 
was measured to be about 18.0% ID g –1  at 24 h post injection. 
This is likely due to the PEG coating on the surface of Gd-PPy-
PEG NPs, which can delay their macrophage clearance during 
blood circulation and favor to accumulate in the tumor by the 
EPR effect, especially those with long blood circulation time. 
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 Figure 3.     A) In vitro phantom MRI contrast images of Gd-PEG-PPy NPs at different concentrations:18.75, 37.5, 75, 112.5, 150, 300 × 10 –6   M ; B) Linear 
fi tting of the 1/ T  1  value as a function of Gd 3+  concentration in 0.9% saline; C) In vivo T 1 -weighted MRI imaging of mice a) before, b) 1 h, c) 18 h, and 
d) 24 h after intravenous injection of Gd-PEG-PPy NPs. The circles indicate the tumor; D) The normalized signal intensity of  T  1 -weighted MR signals 
from the tumor at different time post injection, ** p  < 0.01 versus 0 h or 1 h after injection.
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    2.6.     In Vivo Photothermal Therapy 

 The strong in vitro photothermal effect of Gd-PEG-PPy NPs 
shown in the cell experiments together with the high tumor 
accumulation of these nanoparticles as uncovered in MR/pho-
toacoustic imaging experiments inspired us to use them for 
in vivo cancer PTT treatment. Female BALB/c mice bearing 
U87-MG tumor were divided into 6 groups with 8 mice in each 
group: agent (i.v.) only, agent (i.t.) only, saline (i.t.) only, agent 
(i.v.) + laser, agent (i.t.) + laser, saline (i.t.) + laser. (Here, i.v. 
denotes intravenous injection, and i.t. denotes intratumoral 
injection.) Gd-PEG-PPy NPs suspension in saline were intra-
venously (100 µL, 5 mg mL −1 ) and intratumorally (100 µL, 
2 mg mL −1 ) injected into the mice of agent (i.v.) only, agent 
(i.t.) only, agent (i.v.) + laser and agent (i.t.) + laser groups, 

respectively. After 24 h injection, the tumor areas of the mice 
in the three laser groups with continuous anesthesia were 
exposed to the 808 nm laser irradiation at the power density 
of 1.5 W cm −2  for 10 min. The tumor temperature change was 
monitored during laser irradiation ( Figure    6  A). In the agent 
(i.v.) + laser group the temperature in the tumor areas rapidly 
increased to about 53 °C within 2 min, and maintained at this 
temperature for nearly 8 min, which was enough to destroy the 
tumor in vivo. Similar result was observed for the local intra-
tumorally injected agent (i.t.) + laser group, showing slightly 
higher temperature of about 55 °C because of relatively higher 
concentration of Gd-PEG-PPy NPs in tumor area by intratu-
moral injection. In marked contrast, the control group without 
Gd-PEG-PPy NPs injection only showed slight increase to 
about 40 ºC within 10 min of laser irradiation, indicating that 
NIR laser irradiation at this condition could not cause damage 
to the tumors.  

 The therapeutic effectiveness was evaluated by measuring 
the tumor sizes of each group at certain day after treatment 
(Figure  6 B). It was found that inoculated tumors grew rapidly 
over time in the groups of agent (i.v.) only, agent (i.t.) only, saline 
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 Figure 4.     In vivo photoacoustic imaging. a) Photograph of the nude mice 
tumor before the data acquisition. b) Photograph of experimental setup. 
Photoacoustic images of mice before c) and d) 24 h after the tail intra-
venous injection of Gd-PPy-PEG NPs (100 µL, 5 mg mL −1 ). White circles 
highlight the tumor site. e) The quantifi cation of photoacoustic signals 
from the tumor site in (c) and (d), ** p  < 0.01 versus control.

 Figure 5.     a) Blood circulation and b) Biodistribution of Gd-PEG-PPy NPs 
after intravenous injection into healthy or tumor bearing mice as deter-
mined by measuring Gd 3+  concentrations in tissue lysates using ICP-MS. 
Error bars were based on the standard error of the mean (SEM) of trip-
licate samples. The unit was the percentage of injected dose per gram 
tissue (%ID g –1 ).
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(i.t.) only and saline (i.t.) + laser, showing similar tumor growth 
rate. For the agent (i.v.) only groups, tumor volume increased 
from 136.6 mm 3  to approximately 2783 mm 3  at 20 days after 
treatment. These results indicated that either Gd-PEG-PPy 
NPs or NIR laser irradiation alone did not affect the tumor 
growth. In stark contrast, the tumors were effectively inhib-
ited in both agent (i.v.) + laser and agent (i.t.) + laser groups. 
At 20-day after treatment, the tumor volume was maintained 
at about 150.5 mm 3  for the intratumoral injection group while 
from 135.0 mm 3  to 761.6 mm 3  for the intravenously injection 
group. It was well in agreement with the tumor temperature 
measurements, where higher temperature was obtained for the 
agent (i.t.) + laser group. The above results revealed that Gd-
PEG-PPy NPs in combination with NIR laser exposure could 
ablate tumor tissue effi ciently, which was further confi rmed 
by the representative mice photographs recorded before and 
after different treatments. Compared to the control groups 
(Figure  6 C,D), excellent therapeutic effectiveness of the agent + 
laser groups could be clearly observed, leaving black scars at the 
original tumor sites (on the diseased tissue) that fell off after 
about 16 days (Figure  6 E,F). Therefore, Gd-PEG-PPy NPs could 
be used as a powerful photothermal agent for in vivo PTT treat-
ment of cancer. 

 The potential in vivo toxicity of Gd-PEG-PPy NPs was also 
investigated. Change of mice body weight was usually used as 
a method for testing the treatment induced toxicity. As shown 
in  Figure    7  a, no apparent difference was observed among 

different groups within 20 days of observation, suggesting 
that all treatments were tolerated well by the tumor-bearing 
mice and the photothermal treatment showed no obvious 
sign of toxic effect. 20 days after treatment, the vital organs of 
mice including heart, liver, spleen, lung, kidney, and tumor 
were collected and used for further histological examination. 
Hematoxylin and eosin (H&E) stained images showed that the 
tumor tissues were disappeared after Gd-PEG-PPy NPs injec-
tion followed by laser irradiation. In contrast, neither noticeable 
organ damage nor infl ammation could be observed in all major 
organs of the treated mice (Figure  7 b), indicating that Gd-PEG-
PPy NPs induced no obvious side effect to the treated animals. 
It only exerted cytotoxicity after NIR laser irradiation, showing 
an enormous advantage over traditional chemotherapeutic 
drugs.  

 Many other hyperthermic methods, such as radiofrequency 
(RF), microwaves, magnetic fi elds, or ultrasound, have been 
used to heat tumors to cause irreversible cellular damage 
and ultimately result in cell death. However, there are still 
some limitations due to their damage to surrounding healthy 
tissue. [ 67 ]  In contrast, Gd-PEG-PPy NPs mediated photothermal 
therapy can confi ne thermal damage to the tumor by carefully 
control the light irradiation and selectively heat the target area 
under the guidance of MRI/PAI bimodal imaging. 

 Compared with other conjugated polymers based thera-
nostic agents, Gd-PEG-PPy NPs show a prolonged blood circu-
lation time and an effective tumor accumulation. In addition, 
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 Figure 6.     A) Temperature change curves of the nude mice tumor after treatments with saline or Gd-PEG-PPy NPs (tail vein or tumor injection) in 
combination with exposure to the 808 nm laser at a power density of 1.5 W cm −2 ; B) Quantitative measurement of tumor volume in mice after dif-
ferent treatments, ** p  < 0.01 versus saline or laser or agent only treatment. Representative photographs of tumors in mice before and after various 
treatments for 2 d, 8 d, 12 d, 16 d, and 20 d; C) tail vein injection of Gd-PEG-PPy NPs only; D) tumor injection of Gd-PEG-PPy NPs only; E) tail vein 
injection of Gd-PEG-PPy NPs and NIR laser irradiation; F) tumor injection of Gd-PEG-PPy NPs and NIR laser irradiation. (Circles indicate the tumor)
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polypyrrole is a material showing superior biocompatibility, [ 52,53 ]  
and Gd-DOTA is also a safe and effective MRI-enhancing con-
trast agent. [ 57,58 ]  Therefore, Gd-PEG-PPy NPs, the conjugate 
of polypyrrole and Gd-DOTA, would be a very promising nan-
otheranostic agent for accurately visualizing the size and loca-
tion of the tumor, guiding and monitoring the therapeutic 
process. 

 A major drawback of Gd-PEG-PPy NPs is its lack of specifi c 
or active targeting of tumor tissues. Further modifying this 
materials with tumor-homing ligands for its specifi c cancer 
theranostics is needed to extend its applications. On the other 
hand, the long-term in vivo toxicity of Gd-PEG-PPy NPs is a pri-
mary concern. PPy has been widely used in biosensors, drug 
delivery and nerve regeneration, its biocompatibility has been 
extensively studied in vitro and in vivo and shows no reports 
of major toxicity issues. [ 68–70 ]  Nevertheless, its elimination 
from the body is still unclear and needs further systematic 
investigation.   

  3.     Conclusion 

 In summary, we have successfully constructed a theranostic 
agent of Gd-PEG-PPy NPs with excellent physiological stability, 
strong NIR absorption, and high magnetization. Gd-PEG-PPy 
NPs showed little appreciable dark toxicity and highly effec-
tive cancer cell ablation upon irradiation of NIR light in vitro. 

Based on the bi-modal MR/PAT imaging ability of Gd-PEG-PPy 
NPs, tumor site and size of the treated mice could be clearly 
identifi ed, indicating passive targeting and effi cient accumu-
lation of Gd-PEG-PPy NPs. Signifi cant tumor ablation was 
achieved after both systemic and tumor local administration of 
Gd-PEG-PPy NPs, followed by NIR laser irradiation. In addi-
tion, histological examination demonstrated no apparent tox-
icity of Gd-PEG-PPy NPs to the treated mice during the whole 
study period. Therefore, Gd-PEG-PPy NPs hold great potential 
for accurate cancer diagnosing and locating the tumor site to 
guide the external NIR laser irradiation for effi cient photo-
thermal ablation of tumors without damaging the surrounding 
healthy tissues.  

  4.     Experimental Section 
  Materials : Pyrrole, pyrrole-1-propanoic acid, and polyvinyl alcohol 

(PVA, 86–89% hydrolyzed, 10 kDa MW), PEG-bis-amine (98%, 3350 MW), 
 N -hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) were purchased from Sigma–Aldrich. p-SCN-
Bn-DOTA (1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid, 
2-[(4-isothiocyanatophenyl)methyl]-) was obtained from Macrocyclics. 
Propidium iodide (PI) and calcein acetoxymethyl ester (calcein AM) were 
the products of Sigma–Aldrich. 3-(4,5)-dimethylthiahiazo(-z-y1)-3,5-di-
pheny-tetrazolium-romide (MTT) was purchased from Beijing Biotopped 
Science&Technology Co., Ltd. Deionized (DI) water (18.2 MΩ cm) was 
obtained by a Milli-Q Water Purifi cation system. Simulated body fl uid 
(SBF) were prepared according to the literature. [ 71 ]  All other chemicals 
and reagents were of analytical grade and used without further 
purifi cation. 

  Synthesis of Gd-PEG-PPy Nanoparticles : COOH-PPy NPs were 
synthesized through the microemulsion method. [ 47,52 ]  Briefl y, 1.0 g PVA 
(≈10 kDa) was fi rst dissolved in 40 mL deionized water by magnetically 
stirring at 60 °C for 20 min. After cooling to room temperature, 
FeCl 3 •6H 2 O (1.26 g) was added, followed by stirring for 30 min. After 
cooling to 5 °C, the mixture of Py and COOH-Py (2 mol) with different 
molar ratio of 10:0; 9:1; 7:3; 5:5; 3:7; 1:9 was added dropwise to the 
reaction solution. The polymerization proceeded while stirring and the 
mixture solution turned black within a few minutes. After polymerization 
for 24 h, the resulting black dispersion was washed for several times 
by using ultrafi ltration fi lters with molecular weight cut off (MWCO) 
of 100 kDa which could remove excess PVA.   The COOH-PPy NPs 
were then modifi ed with PEG-bis-amine according to the reported 
method. [ 72 ]  Briefl y, 1 mL of COOH-PPy NPs aqueous dispersion (5 mg 
mL −1 ) was incubated with 50 µL l50 mg mL −1  EDC and 50 µL 150 mg 
mL −1  NHS for 20 min at room temperature with gentle stirring. The 
resulting NHS-activated NPs were then covalently linked to PEG-bis-
amine (90 mg mL −1 ). The resulting NH 2 -PEG-PPy NPs were purifi ed by 
ultrafi ltration fi lters with MWCO of 100 kDa and dispersed in PBS buffer 
for subsequent experiments.   NH 2 -PEG-PPy NPs were conjugated with 
chelator of p-SCN-Bn-DOTA according to the literature. [ 73 ]  In brief, NH 2 -
PEG-PPy was dispersed in PBS buffer (0.1M, pH8.5) at a concentration 
of 20 mg mL −1  and mixed with 20-molar excess of p-SCN-Bn-DOTA 
(50 mg mL −1 ) dissolved in ethanol. The reaction mixture was slowly 
stirred at 4 °C for 24 h. Excess chelator was removed from the solution 
of DOTA-PEG-PPy NPs by ultrafi ltration fi lters with MWCO of 100 kDa.  
 The GdCl 3  was mixed with the DOTA-PEG-PPy NPs suspension with a 
20:1 molar ratio of Gd(III) to DOTA-PEG-PPy. [ 74 ]  The mixture was sealed 
in a 10 mL vial under continuous stirring in an oil bath at 70 °C for 2 h. 
After cooling down to room temperature, Gd-PEG-PPy NPs were purifi ed 
by several cycles of washing/centrifuging to remove excess Gd(III) ions 
using acetate buffer (pH 5.8) and PBS (10 × 10 –3   M , pH 7.4), respectively. 

  Nanoparticle Characterization : UV–vis absorption spectra of the 
nanoparticles at different fabrication stages were analyzed using 
a UV–vis spectrophotometer (Varian Cary 4000) with a quartz 
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 Figure 7.     a) Body weights of mice at different time points after various 
treatments; b) Histology staining of tissues slices (heart, liver, spleen, 
lung, kidney, and tumor) collected from different groups of mice 20 days 
after treatment.
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cuvette of 1 cm optical path length. Fourier-transform infrared 
(FT-IR) spectra of the nanoparticles were recorded using a FT-IR 
spectrometer (Varian 3100) in the transmission mode using KBr 
powder as pellet press materials. The size distributions and zeta 
potentials of the nanoparticles were evaluated by a 90Plus/BI-MAS 
instrument (Brookhaven Instruments Co., U.S.A). The morphology 
of the nanoparticles was observed using a FEI Tecnai G2 Sphera 
transmission electron microscope (TEM) with the accelerating voltage 
of 120 kV. Determination of Gd contents of Gd-PEG-PPy NPs in vitro 
and in vivo was performed by inductively coupled plasma optical 
emission spectrometry (ICP-OES) and inductively coupled plasma 
mass spectrometry (ICP-MS) after decomposing the Gd-PEG-PPy 
NPs containing samples by aqua regia. A noncompartmental 
pharmacokinetic analysis using the KineticaTM software package 
(version 5.0, Thermo Fisher Scientifi c Inc., MA, USA) was performed 
to determine the key parameter of half-life ( t  1/2 ). Photographs of 
the aqueous dispersions of the nanoparticles were taken by a digital 
camera (Canon 600D). 

  Measurement of Photothermal Effect of Gd-PEG-PPy NPs : Different 
concentrations of Gd-PEG-PPy NPs solutions dispersed in RPMI-1640 
medium (total volume of 3.0 mL) were placed in a quartz cuvette, then 
irradiated using a continuous-wave diode 808 nm NIR laser (Xi’an 
Minghui Optoelectronic Technology, China) with an output power 
density of 1.5 W cm –2  for 10 min. The temperature was monitored and 
periodically measured by a digital thermometer with a thermocouple 
probe at 10 s interval. RPMI-1640 medium without nanoparticles were 
also exposed to the NIR laser light as controls. The heating curve was 
determined by plotting the measured temperature to the irradiation 
time. 

  Cell Culture : The human cervical carcinoma cells (HeLa) originally 
obtained from American Type Culture Collection (ATCC) were cultured 
in RPMI-1640 medium (GIBCO) with 10% fetal bovine serum (FBS) at 
37 °C in a humidifi ed atmosphere containing 5% CO 2 . Bone marrow 
dendritic cells (BMDC) were generated by culturing bone marrow stem 
cells from SD rats in complete IMDM (Iscove’s Modifi ed Dulbecco’s 
Medium) with 20 ng mL −1  recombinant granulocyte/macrophage colony 
stimulating for 6 days at 37 °C and T cells obtained from SD rats were 
cultured in cIMDM at 37 °C. 

  In Vitro and In Vivo Biocompatibility of Gd-PEG-PPy NPs : 
Biocompatibility of the Gd-PEG-PPy NPs to four kinds of cells, including 
HeLa cells, HUVECs (Human Umbilical Vein Endothelial Cells), BMDC 
cells, and T cells, were investigated by the MTT assay. Briefl y, HeLa cells 
and HUVECs cells were fi rst seeded in 96 well plates (1 × 10 5  cells per 
well) in a humidifi ed atmosphere containing 5% CO 2  for 24 h. The cell 
culture medium was then replaced with 0.2 mL fresh culture medium 
containing different concentrations of the nanoparticles from 0 to 
0.5 mg mL −1 . After further incubation for another 24 h or 48 h, the 
cell viabilities to HeLa cells and HUVECs cells were determined by 
the conventional MTT assay. Five replicate wells were run for each 
concentration and each experiment was repeated three times. BMDC 
cells and T cells were also used for evaluation according to the same 
procedure as descried above. After incubation with Gd-PEG-PPy NPs 
for 24 h, cell viability was further determined by staining with both 
calcein-AM and PI, and observed using a fl uorescence microscope. 

  In Vitro Photothermal Ablation of Cancer Cells : Photothermal 
cytotoxicity of the Gd-PEG-PPy NPs was evaluated with HeLa cells. 
HeLa cells were fi rst seeded in 6-well plate (5 × 10 5  cells per well) and 
incubated at 37 °C in a humidifi ed atmosphere containing 5% CO 2  
for 24 h. Then the cells were incubated with Gd-PEG-PPy NPs at the 
concentration of 5 µg mL −1  for 4 h, followed by washing with phosphate 
buffer solution (PBS, 10 × 10 –3   M , pH 7.4) and exposure to a laser diode 
with a wavelength of 808 nm and output power density of 1.5 W cm –2  
for different time (0, 5, 10 min) based on our previous study. [ 75 ]  After 
incubation for another 2 h, the HeLa cells were conventionally stained 
with calcein AM and PI. The fl uorescence images were obtained by an 
inverted fl uorescence microscope (Olympus, Japan) equipped with 
a cooled CCD camera (Keyence, Japan).   For quantitative evaluation, 
MTT assay was further used to test the photothermal cytotoxicity of the 

Gd-PEG-PPy NPs. Briefl y, HeLa cells were incubated in 96-well plate with 
density of 5 × 10 4  cells per well for 24 h. Then, different concentrations of 
Gd-PEG-PPy NPs were added and incubated for another 24 h, followed 
by washing with PBS (10 × 10 –3   M , pH 7.4) and exposure to a laser diode 
with a wavelength of 808 nm and output power of 1.5 W for different 
time (0, 5, 10 min). Cell viabilities were determined by MTT assay after 
further culturing the cells for 24 h. 

  In Vitro and in Vivo MRI Measurement : In vitro MR imaging of 
Gd-PEG-PPy NPs of different concentrations were carried out on a 
Philips 3.0 T whole-body magnetic resonance imaging scanner (PHILIPS-
14B464A) at 25 °C. The array was embedded in a phantom consisting 
of a tank of water to allow appropriate image acquisition. The following 
parameters were adopted: repetition time (TR) = 2300 ms, echo 
time (TE) = 15.5 ms, number of averages = 3. The relaxivity value ( r  1 , 
L m M  –1  s −1 ) was calculated using T 1  measurements with a series dilution 
of the nanoparticle dispersions in 0.9% saline. For in vivo magnetic 
resonance imaging, nude mice bearing U87MG tumor was used as 
a model. Gd-PEG-PPy NPs (100 µL, 5 mg mL −1 ) were intravenously 
injected into the nude mice via the tail vein and imaged with a Bruker 
Pharmascan 70/16 US In vivo MRI system (TR = 1000 ms; TE = 9 ms) at 
different time intervals (0, 1, 18, 24 h). 

  In Vivo Photoacoustic Imaging : The in vivo PA imaging of Gd-PEG-PPy 
NPs was carried out on U87MG tumor-bearing nude mice (18–20 g). 
The photoacoustic signals were excited by using a Q-switched Nd:YAG 
laser (LS-2137/2, LOTIS TII, Minsk, Belarus) and a pumped tunable 
Ti:sapphire laser (LT-45 2211A, LOTIS TII, Minsk, Belarus). An unfocused 
ultrasonic transducer with a central frequency of 2.25 MHz was used to 
detect the photoacoustic signals. Before imaging, the mouse was fi rst 
anesthetized and placed on a homemade shelf. Then a thin layer of 
ultrasonic coupling gel was coated on the tumor, followed by protruding 
into the water tank fi lled with water through a hole in the tank’s bottom. 
PA imaging data of tumor site were collected before and after the tail 
intravenous injection of Gd-PEG-PPy NPs for 24 h (100 µL, 5 mg mL −1 ). 

  Blood circulation and biodistribution measurement : After injection of 
Gd-PEG-PPy NPs into the healthy Balb/c mice (5 mg mL −1 , 100 µL), 
about 10–15 µL of blood was drawing from the mouse tail vein at 
different time-intervals post injection. Each blood sample was weighted 
and then dissolved in aqua regia. The obtained homogeneous solution 
was then diluted with deionized water. The concentrations of Gd 3+  in 
the blood samples were measured by inductively coupled plasma mass 
spectrometry (ICP-MS). For biodistribution study, three female Balb/c 
mice bearing U87-MG tumor were sacrifi ced at 24 h after i.v. injection 
of Gd-PEG-PPy NPs (5 mg mL −1 , 100 µL). Major organs including heart, 
liver, spleen, lung, kidney, and tumor were collected, weighed, and then 
solubilized by aqua regia. The concentrations of Gd 3+  in those tissue 
lysate samples were measured by ICP-MS. The levels of Gd-PEG-PPy 
NPs in blood and various organs are presented as the percentage of 
injected dose per gram of tissue (%ID g –1 ). 

  In Vivo Photothermal Therapy : The protocol experiments were 
approved by the Institutional Animal Care and Use Committee at the 
Institute of Biophysics of Peking University. Female BALB/c athymic 
nude mice (5–6 weeks old) were implanted with Human glioma 
U87-MG cells by a subcutaneous injection of ≈3 × 10 6  cells in PBS. 
Treatments were started when the tumors volume reached ≈135 mm 3 , 
which was designated as day 0. Nude mice were randomly divided into 
six groups ( n  = 8). The tumor-bearing mice were intratumorally (i.t.) 
or intravenously (i.v.) injected with 100 µL of 2 mg mL −1  or 5 mg mL −1  
Gd-PEG-PPy NPs, respectively, and then irradiated by an optical fi ber 
coupled 808 nm power laser diode (Hi-Tech Optoelectronics Co., Ltd. 
Beijing, China) at 1.5 W cm –2  for 10 min. [ 62 ]  The other four groups 
including untreated mice (saline (i.t.) only), mice exposed to the laser 
(saline (i.t.) + laser), and Gd-PEG-PPy NPs injected (i.t. or i.v.) mice 
without laser irradiation were used as the controls. According to prior 
report, [ 76 ]  an electrical temperature detector was inserted into the 
tumors to monitor the temperature variation during the laser irradiation. 
The tumor sizes were measured by a caliper at certain time interval, 
tumor volume was calculated as  V  = ( L  ×  W  2 ) π /6, where L and W are the 
longer and shorter diameter of the tumor, respectively. In addition, mice 
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were sacrifi ced for necropsy after 20 days, major organs including heart, 
liver, spleen, lung, kidney, tumor tissues, or tissues at the original site of 
tumor were collected and fi xed in formalin. Fixed tissue specimens were 
embedded in paraffi n, stained with hematoxylin and eosin (H&E), and 
subsequently examined by light-fi eld microscopy.  
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