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ABSTRACT: Accurate diagnosis of tumor is promising to guide
photothermal therapy (PTT) for efficacious tumor ablation with minimal
damage to healthy tissues. Here, we report an activatable dual-modal
imaging agent, which is based on PEGylated-gadolinium metallofullerene-
polypyrrole nanoparticle (PEG-GMF-PPy NP) for imaging-guided PTT. A
contrast agent (gadolinium metallofullerene, GMF) with excellent magnetic
resonance imaging (MRI) performance and an ultra-pH-responsive
polymer (PEG-PC7A) are successively modified to the surface of
photothermal agent (PPy NP). The prepared PEG-GMF-PPy NPs show
strong absorption in the near-infrared (NIR) region, so they can be utilized
for photoacoustic imaging. Furthermore, in a tumor extracellular environ-
ment, the PEG-GMF-PPy NPs can achieve pH-enhanced MRI because of
the hydrophobic-to-hydrophilic conversion of the PC7A. Upon accurate
diagnosis-guided NIR laser irradiation, excellent tumor ablation effect is
achieved. The results suggest that the PEG-GMF-PPy NPs are promising agents for activatable imaging-guided PTT.
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1. INTRODUCTION

Photothermal therapy (PTT) is a promising cancer treatment
technique because of its effective tumor ablation.1−6 In the past
few years, various near infrared (NIR) light-absorbing
photothermal agents (e.g., metallic, transition-metal chalcoge-
nide-based, and carbon-based nanomaterials and organic NIR
dyes) have been developed for PTT of tumor.7−14 Particularly,
imaging-guided PTT has been considered as a promising
strategy for in vivo applications. Imaging can identify the
tumor location and size, and the NIR light can be applied only
in the tumor site; thus accurate imaging-guided PTT can
achieve improved selectivity and minimal damage to healthy
tissues.15−19

In order to achieve more accurate tumor diagnosis, various
activatable imaging probes that respond to tumor micro-
environments have been developed for enhanced tumor
imaging.20−22 Compared to conventional imaging probes,
activatable probes can enhance the target-to-background
contrast; therefore, the feature of interest is easier to be
distinguished.23,24 Gadolinium metallofullerene (GMF) has
been recognized as a potential next-generation contrast agent
for magnetic resonance imaging (MRI) because of its high
relaxivity.25−28 Furthermore, the gadolinium (Gd) ions, which
may cause associated toxicity, are confined inside fullerene
cages, making the GMF safer for in vivo applications when

compared to commercial Gd-chelator agents.29,30 Although
GMFs have been reported for tumor MRI detection, the
development of GMF-based activatable MR contrast agents is
scant until now.
Considering that each imaging modality suffers its own

limitations, another strategy to achieve accurate diagnosis is
employing multimodal imaging to furnish complementary
information.31−33 For example, MRI, which has advantages of
high spatial resolution and unlimited tissue penetration depth,
is a reliable noninvasive imaging modality.34−36 However,
monomodal MRI is difficult to provide sufficient information
for accurate diagnosis owing to its limited sensitivity.37

Photoacoustic imaging (PAI), which detects ultrasound
waves produced by contrast agents upon pulsed laser
excitation, is a new promising technique with the advantages
of both optical imaging and ultrasonic imaging (e.g., high-
sensitivity, deep-tissue penetration).38−43 Therefore, the MRI/
PAI dual-modal imaging would conduce to provide more
comprehensive imaging features.
Herein, we demonstrate an activatable cancer theranostic

agent based on poly(ethylene glycol) (PEG)-GMF-polypyrrole
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nanoparticles (PEG-GMF-PPy NPs) for dual-modal imaging-
guided PTT (Figure 1). In this system, PPy NPs, a kind of

photothermal conversion agent with high NIR absorbance and
significant photothermal stability, were used for PA imaging
and PTT. GMF was then absorbed on the PPy NPs through a
layer-by-layer method. Then, the GMF-PPy NPs were
m o d i fi e d b y p o l y ( e t h y l e n e g l y c o l ) - p o l y ( 2 -
(hexamethyleneimino)ethyl methacrylate)-(methacryloxy)-
succinimide (PEG-PC7A-NHS), obtaining PEG-GMF-PPy
NPs. At physiological pH (approximately 7.4), the poly(2-
(hexamethyleneimino)ethyl methacrylate) (PC7A) chains
were hydrophobic; thus, the GMFs were encapsulated into a
hydrophobic layer and show low water-exchange efficiency,
resulting in relatively low longitudinal relativity. However, in
the tumor microenvironment (pH < 6.8), the protonated
hydrophilic PC7A chains allow access of water molecules to
the GMF layer, leading to activated MR contrast. Thus, the as-
prepared PEG-GMF-PPy NPs can be used for activatable
imaging-guided PTT.

2. EXPERIMENTAL METHOD
2.1. Materials. GMF was purchased from SES Research. mPEG5k-

NH2 was purchased from Biochempeg. N-(2-Hydroxyethyl)-
hexamethyleneimine and polyethyleneimine (PEI, branched, Mw
1200) were purchased from Alfa Aesar. Poly(vinyl alcohol) (Mw
9000−10 000), 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid
N-succinimidyl ester (RAFT-NHS), methacryloyl chloride, triethyl-
amine, methacrylic acid N-hydroxysuccinimide ester (MANHS), 2,2′-
azobis(2-methylpropionitrile) (AIBN), ferric chloride, pyrrole,
pyrrole-3-carboxylic acid, and methyl thiazolyl tetrazolium (MTT)
were obtained from Sigma-Aldrich.
2.2. Synthesis of PEG-RAFT and PEG-PC7A-NHS. At first, a

PEG-RAFT agent was synthesized by the reaction between PEG-NH2
and RAFT-NHS (Scheme S1). mPEG-NH2 (500 mg) and RAFT-
NHS (50 mg) were dissolved in dichloromethane (10 mL). After 24 h
of reaction, 100 mL of diethyl ether was added to the mixture for
precipitation. The precipitate was then dried under vacuum. Then, 2-
(hexamethyleneimino)ethyl methacrylate (C7A) monomer was
synthesized according to a previous report (Scheme S2).44 The
PEG-PC7A-NHS was synthesized as follows: PEG-RAFT (0.1 mmol),
C7A (8 mmol), and AIBN (0.02 mmol) were dissolved in 1,4-dioxane
(5 mL) for polymerization (60 °C, 12 h). Then, MANHS (0.3 mmol)

was added into the mixture for another 12 h of polymerization. The
product was dialyzed against dimethylformamide and then against
pure water. The PEG-PC7A-NHS polymer was collected after freeze-
drying.

2.3. Preparation of PEG-GMF-PPy NPs. The Gd3N@C80−NH2
and PPy NPs were first prepared following reported procedures.27,45

The PEG-GMF-PPy NPs were prepared through a layer-by-layer
method by electrostatic interaction. First, negatively charged PPy NP
(5 mg) aqueous solution was added into a PEI (20 mg) solution
under sonication. The solution was sonicated and stirred at room
temperature and then purified by ultrafiltration (MWCO: 100 kDa),
obtaining positively charged P-PPy NPs. Then, the P-PPy solution
was added into Gd3N@C80−NH2 (1 mg) aqueous solution under
sonication. After 2 h of stirring, the solution was purified by
centrifugation (10 000 rpm, 15 min). PEG-PC7A-NHS (10 mg) was
dissolved in 2-(N-morpholino)ethanesulfonic acid buffer solution and
added into GMF-PPy NPs aqueous solution. After stirring for 30 min,
1-ethyl-3-(3-(dimethylaminopropyl)-carbodiimide) (5 mg) was
added for 6 h of reaction. Thereafter, the solution was dialyzed
(MWCO: 100 kDa) against 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (pH 7.4) buffer solution to obtain PEG-GMF-PPy NPs.

2.4. Physicochemical Characterizations of the PEG-GMF-
PPy NPs. The morphologies of the samples were observed by atomic
force microscopy and transmission electron microscopy (TEM). The
effective particle diameter and zeta potential of the samples were
determined by dynamic light-scattering (n = 3). Gd concentrations of
samples were measured by inductively coupled plasma mass
spectrometry (ICP-MS) (n = 3). The longitudinal relaxivities of
samples were measured using a 7 T MRI system (Bruker, Germany).
In vitro PA performance of PEG-GMF-PPy NPs was measured on a
Vevo 2100 LAZR system (VisualSonics, Inc., New York).

2.5. Measurement of the Photothermal Effect. The aqueous
solutions (200 μL) of samples were irradiated by a NIR laser (808
nm) for 300 s and their temperature changes were recorded by using a
FLIR thermal camera. To determine the photothermal conversion
efficiency (η) of the PPy NPs, the laser was turned on for 300 s and
then shut off; the temperature change was recorded in both heating
and cooling stages. Then, the η value was calculated following the
reported procedure.33

2.6. Cytotoxicity and in Vitro PTT. U87MG cells (from
American type culture collection) were seeded into 96-well plates
and treated with different samples for 2 h. Thereafter, 5 min of NIR
laser irradiation (1.0 W cm−2) was applied to the cells. The cell
viabilities were determined by using MTT assay (n = 5) and calcein
AM/propidium iodide (PI) co-staining assay.

2.7. In Vivo MRI and PAI. All animal work was performed under
protocols approved by the NIH Animal Care and Use Committee. To
prepare U87MG tumor-bearing mice, 2 × 106 U87MG cells were
subcutaneously injected into the right hind leg of athymic nude mice
(Harlan, Indianapolis, IN).

When the tumors reached 80 mm3, a total of 100 μL (Gd
concentration: 50 ppm) of PEG-GMF-PPy NPs solution was
intravenously injected into the mice. Then, MRI was performed on
a micro-MR scanner (7.0 T, Bruker, Pharmascan) by using a mouse
coil. The parameters were as follows: repetition time (TR) = 546.32
ms; echo time (TE) = 9 ms; matrix acquisition = 256 × 256.

PEG-GMF-PPy NPs solution (5 mg mL−1, 100 μL) was
intravenously injected into U87MG tumor-bearing mice. Then, a
Vevo 2100 LAZR system was used to perform PA imaging of tumor
regions at a wavelength of 808 nm.

2.8. In Vivo PTT. U87MG tumor-bearing mice were randomly
divided into four groups (n = 5). Two groups of mice were treated
with saline and the other two groups treated with PEG-GMF-PPy
NPs via intravenous injection. At 24 h postinjection, an 808 nm NIR
laser (0.8 W cm−2) was applied in one saline-treated group and one
PEG-GMF-PPy NP-treated group. Tumor size and body weight of the
mice were monitored every 2 days. At 2 h postirradiation, the tumors
of different groups were collected and fixed with Z-Fix solution. Then,
hematoxylin and eosin (H&E) staining was performed by BBC
Biochemical.

Figure 1. Schematic illustration showing the PEG-GMF-PPy NPs for
activatable dual-modal imaging-guided PTT.
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2.9. Histology Studies.Mice injected with saline and PEG-GMF-
PPy NPs were sacrificed at 30 d postinjection. The major organs of
mice were collected and fixed with Z-Fix solution for H&E staining
(performed by BBC Biochemical).

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of PEG-GMF-
PPy NPs. The chemical structures of PEG-RAFT, C7A
monomer, and PEG-PC7A-NHS were analyzed by nuclear
magnetic resonance (NMR) and Fourier transform infrared
spectroscopy (Figures S1−S5) to confirm successful synthesis.
The polymer is suitable for development of tumor pH-
responsive systems because the PC7A chains can realize
hydrophobic to hydrophilic transition with a transition pH
(pHt) of about 6.9.20 Then, carboxyl-functionalized PPy NPs
were prepared by chemical oxidative polymerization of pyrrole
and pyrrole-3-carboxylic acid.46 The diameter of obtained PPy
NPs was around 60 nm (Figure 2b). The PPy NPs (Figure S6)
showed strong absorbance in the NIR region, and the
absorbance at 808 nm was linearly correlated with their
concentration (Figure S7). Then, the photothermal effect of

PPy NPs was evaluated in aqueous solution. Upon NIR laser
irradiation, the temperature of the PPy NPs solution increased
rapidly with a temperature change (ΔT) of 45 °C in 300 s
(Figures S8 and S9). The calculated η value of the PPy NPs
was 46.2%, which demonstrated great photothermal effect of
the PPy NPs. Furthermore, in five laser on−off cycles, the
solution temperature still been raised without deterioration,
suggesting good photothermal stability of the PPy NPs (Figure
S10). All of these results demonstrated that the PPy NP is a
great agent and can be used for PTT. One kind of GMF,
Gd3N@C80, was functionalized by amino groups and hydroxyl
groups to form water-soluble Gd3N@C80−NH2.

27,28 The as-
prepared functionalized Gd3N@C80−NH2 can be well
dispersed in water and showed a negative surface charge
(Figures S11 and S12).
PEG-GMF-PPy NPs were prepared by a layer-by-layer

method. At first, negatively charged PPy NPs were modified by
cationic PEI through electrostatic interaction, resulting in
positive charged P-PPy NPs. Then, negatively charged Gd3N@
C80−NH2 was absorbed on the surface of P-PPy NPs through
electrostatic interaction. Finally, PEG-PC7A-NHS was con-

Figure 2. Preparation procedure of PEG-GMF-PPy NPs (a). TEM images (b), particle size change (c), and zeta potential change (d) of PEG-
GMF-PPy NPs at different fabrication stages.

Figure 3. (a) Gd concentration (ppm) as a function of the concentration of PEG-GMF-PPy NPs. (b) Colloidal stability of PEG-GMF-PPy NPs in
water or culture medium + 10% fetal bovine serum. (c) Absorption spectra of the PPy NPs and PEG-GMF-PPy NPs aqueous solution. (d)
Photothermal heating curves of PEG-GMF-PPy NPs solution upon laser irradiation. (e) Longitudinal relaxation rates of PEG-GMF-PPy NPs at
different pH conditions. Inset: T1-weighted images of different samples. (f) PA signals of the aqueous solution containing PEG-GMF-PPy NPs as a
function of concentration. Inset: PA images of PEG-GMF-PPy NPs aqueous solution at different concentrations.
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jugated to the GMF-PPy NPs by the NHS/NH2 coupling
reaction, obtaining PEG-GMF-PPy NPs (Figure 2a). With
more layers of coatings, the size of NPs gradually enlarged
(Figure 2b,c). Moreover, after PEI and GMF modification, the
zeta potential of the NPs changed from negative to positive
and then back to negative; after PEGylation, the PEG-GMF-
PPy NPs showed a zeta potential of +6.4 mV (Figure 2d). The
diameter and zeta potential changes of the NPs indicated the
formation of the PEG-GMF-PPy NPs.
3.2. Property of PEG-GMF-PPy NPs. By using ICP-MS,

the concentration of Gd in PEG-GMF-PPy NPs solution was
determined, which further demonstrated successful formation
of PEG-GMF-PPy NPs (Figure 3a). Because of the
PEGylation, the PEG-GMF-PPy NPs exhibited good stability
(Figure 3b), allowing those nanoparticles for bioapplications.
The photothermal property of the PEG-GMF-PPy NPs was

then evaluated in vitro. As shown in Figure 3c, compared to
PPy NPs, the PEG-GMF-PPy NPs maintained high NIR
absorption. Upon NIR laser irradiation (1.0 W cm−2), the ΔT
of PEG-GMF-PPy NPs solution (40 mg L−1) was 37.5 °C in
300 s, demonstrating great photothermal effect of the PEG-
GMF-PPy NPs (Figure 3d). To investigate the activated MR
imaging, the longitudinal relaxivity (r1) of the PEG-GMF-PPy
NPs aqueous solution at different pH values was measured. As
shown in Figure 3e, the Gd3N@C80−NH2 showed a high r1
value of 19.79 mM−1 s−1, demonstrating its great MRI
performance. The PEG-GMF-PPy NPs showed relatively low
MRI contrast capability with an r1 value of 3.99 mM−1 s−1 at
pH 7.4, which was similar to that of Gd-DTPA (4.58 mM−1

s−1); however, at pH 6.6, the PEG-GMF-PPy NPs showed a
remarkably increased r1 value of 11.86 mM−1 s−1, which is
about 3-fold higher than that examined at pH 7.4 (Figure 3e).

Figure 4. (a) Cytotoxicity of PEG-GMF-PPy NPs at different concentrations. (b) Relative viabilities of U87MG cells treated with PEG-GMF-PPy
NPs with or without 808 nm laser irradiation. (c) Fluorescence images of co-stained U87MG cells after different treatments. Living cells were
stained by calcein AM (green), whereas dead cells were stained by PI (red).

Figure 5. (a) In vivo MR images of U87MG tumor-bearing mice after intravenous injection of the PEG-GMF-PPy NPs. (b) SNR changes
calculated from the MR images at different time points. (c) In vivo tumor PA images of mice injected with PEG-GMF-PPy NPs. (d) Intensity
changes of tumor PA signal. ***P < 0.001.
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This pH-activated contrast amplification could be explained by
acid-triggered protonation of the coating polymer chains and
access of water molecules to the GMF layer. Because of the
acidic microenvironment of tumor, the PEG-GMF-PPy NPs
can realize tumor-specific MR imaging. We further investigated
the PA performance of the PEG-GMF-PPy NPs in vitro. The
PEG-GMF-PPy NPs in aqueous solution showed a good PA
imaging capability, and the intensities of PA signal at 808 nm
were linearly correlated with their concentrations (Figure 3f).
3.3. Cytotoxicity Study and in Vitro PTT. Then, the

cytotoxicity of the PEG-GMF-PPy NPs was studied in vitro on
293T cells and U87MG cells. Cells were incubated with PEG-
GMF-PPy NPs for 24 h, and then, the cell viabilities were
measured by the MTT assay. As shown in Figure 4a, the PEG-
GMF-PPy NPs did not show obvious toxicity to both 293T
cells and U87MG cells. Next, we used PEG-GMF-PPy NPs as
the photothermal agent for in vitro tumor cell ablation.
U87MG cells incubated with the PEG-GMF-PPy NPs without
laser irradiation did not show decreased viability (Figure 4b).
In contrast, upon 5 min of laser irradiation (1 W cm−2),
increasing the PEG-GMF-PPy NP concentration resulted in
lower tumor cell viability. When incubated with 25 mg L−1 of
PEG-GMF-PPy NPs, more than 90% of cell death was caused
by the PTT effect. The in vitro PTT effect was also proved by
the live/dead cell staining results. Both the laser-only and
PEG-GMF-PPy NP-only groups showed almost no cell death.
In contrast, significant cell death was caused by the treatment
of PEG-GMF-PPy NPs with laser irradiation (Figure 4c).
These results confirmed effective laser-induced photothermal
ablation of tumor cells.
3.4. In Vivo MRI and PAI. Then, U87MG tumor-bearing

mice were used to perform T1-weighted MRI in vivo. Before
injection of the PEG-GMF-PPy NPs, a relatively low MR
signal was observed in the tumor area. However, after
intravenous injection of the PEG-GMF-PPy NPs, increased

intensities of tumor MR signal were observed (Figure 5a). The
signal-to-noise ratios (SNRs) before and after injection were
calculated for quantitative analysis of tumor signal. At 24 h
postinjection, the tumor T1 signal intensity increased by 1.63-
fold when compared to preinjection (Figure 5b), which should
be attributed to the tumor accumulation and further MR signal
activation of the PEG-GMF-PPy NPs. In vivo PA imaging was
subsequently carried out. As shown in Figure 5c, PA images
were acquired at preinjection and 4, 24, and 48 h postinjection.
The intensities of PA signal in the tumor region gradually
increased until 24 h, showing 5.88-fold increase at 24 h
postinjection when compared with the PA signal pre-injection
(Figure 5c,d), indicating capability of the PEG-GMF-PPy NPs
for PA imaging. These in vivo imaging results suggest that the
PEG-GMF-PPy NP is a great agent for tumor dual-modal
imaging.

3.5. In Vivo PTT. To perform the in vivo PTT treatment,
saline or PEG-GMF-PPy NPs were intravenously injected into
U87MG tumor-bearing mice. At 24 h postinjection, a 5 min of
808 nm NIR laser irradiation (0.8 W cm−2) was applied on
tumor areas. As shown in Figure 6a,b, for the mice injected
with the PEG-GMF-PPy NPs, the temperature of tumor region
rapidly increased during laser irradiation and reached to about
55 °C in 2 min. However, for the saline-treated mice, the
temperature of the tumor region showed a slight increase (∼5
°C). These results confirmed great photothermal effect of the
PEG-GMF-PPy NPs in vivo. After laser irradiation, one mouse
in each group was euthanized and the tumors were harvested
for H&E staining to determine the PTT effect. As shown in
Figure 6f, for the PEG-GMF-PPy NP-and laser irradiation-
treated group, the tumors showed obvious cell damage, which
was attributed to the hyperthermia induced by the photo-
thermal effect. As a result, the tumors were completely
eradicated without recurrence in the PTT group (Figures 6c
and S13). Furthermore, the survival of the mice with PTT

Figure 6. (a) Thermal images of mice irradiated with NIR laser at 24 h postinjection of saline or PEG-GMF-PPy NPs. (b) Temperature changes of
the tumor regions during laser irradiation. ***P < 0.001. (c) Tumor growth curves, (d) body weight changes, and (e) survival rate curves of
different groups. (f) H&E staining images of tumor sections after laser irradiation. Scale bar is 20 μm.
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treatment was greatly prolonged (Figure 6e). In contrast, the
PEG-GMF-PPy group and laser-only group showed negligible
antitumor effect. During the experiment, no noticeable body
weight loss was observed in all of the four groups, indicating no
systemic toxicity (Figure 6d). The H&E staining of major
organs collected at 30 d postinjection demonstrated that no
noticeable organ damage was caused by PEG-GMF-PPy NPs
(Figure 7).

4. CONCLUSIONS
In summary, a theranostic agent (PEG-GMF-PPy NPs) was
developed for activatable MR/PA dual-modal imaging-guided
PTT. Through layer-by-layer modification, a potential next-
generation MR contrast agent (GMF) and an ultra-pH-
responsive polymer (PEG-PC7A) were successively modified
to the surface of photothermal agent (PPy NP). The obtained
PEG-GMF-PPy NPs showed strong NIR absorption, good
biocompatibility, and stability. At tumor extracellular pH, the
PEG-GMF-PPy NPs can achieve pH-activated MR and
effective PA dual-modal imaging to guide PTT. In vivo cancer
treatment showed efficient tumor ablation upon NIR laser
irradiation. The in vitro and in vivo results suggest that the
PEG-GMF-PPy NPs is a promising theranostic agent for
accurate diagnosis-guided cancer PTT.
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