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Ultra-Small Iron Oxide Doped Polypyrrole Nanoparticles for
In Vivo Multimodal Imaging Guided Photothermal Therapy

Xuejiao Song, Hua Gong, Shengnan Yin, Liang Cheng, Chao Wang, Zhiwei Li,
Yonggang Li, Xiaoyong Wang, Gang Liu, and Zhuang Liu*

Recently, near-infrared (NIR) absorbing conjugated polymeric nanoparticles
have received significant attention in photothermal therapy of cancer. Herein,
polypyrrole (PPy), a NIR-absorbing conjugate polymer, is used to coat ultra-
small iron oxide nanoparticles (IONPs), obtaining multifunctional IONP@
PPy nanocomposite which is further modified by the biocompatible polyeth-
ylene glycol (PEG) through a layer-by-layer method to acquire high stability in
physiological solutions. Utilizing the optical and magnetic properties of the
yielded IONP@ PPy-PEG nanoparticles, in vivo magnetic resonance (MR) and
photoacoustic imaging of tumor-bearing mice are conducted, revealing strong
tumor uptake of those nanoparticles after intravenous injection. In vivo
photothermal therapy is then designed and carried out, achieving excellent
tumor ablation therapeutic effect in mice experiments. These results promise
the use of multifunctional NIR-absorbing organic-inorganic hybrid nanoma-
terials, such as IONP@PPy-PEG presented here, for potential applications in

cancer theranostics.

1. Introduction

Photothermal therapy (PTT) is able to burn cancer through
converting near-infrared (NIR) light energy into heat by using
NIR-absorbing agents.'’”) Compared with traditional cancer
treatment methods such as radiotherapy and chemotherapy,
PTT is highly effective in tumor ablation and exhibits minimal
damage to normal tissues. Currently, a large variety of nano-
materials have been developed as PTT agents, such as different
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types of gold nanomaterials (e.g., gold
nanorods, nanoshells, nanostars, and
nanocages)®” and carbon nanomate-
rials (e.g., carbon nanotubes and gra-
phene),B12 as well as a number of other
inorganic nanomaterials including CuS
nanoparticles,'**l  Pd  nanosheets.!’]
Although encouraging in vitro and in
vivo PTT therapeutic results have been
obtained by using those photothermal
nano-agents, the potential long term
toxicity of those inorganic nanomate-
rials, which usually would retain inside
the body for long periods of time, has
aroused widespread concerns.'®181 The
development of organic photothermal
nano-agents has, thus, received significant
interests.'22 Very recently, a number
of groups including ours have reported
that NIR-absorbing conjugated polymers,
such as polypyrrole (PPy), poly aniline,
and poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS), after appropriate surface coatings could serve as
strong photothermal agents, showing excellent cancer ablation
effect both in vitro and in vivo.l'?23-281 Qur latest work further
demonstrated that those conjugated polymeric nanoparticles
could also be used as drug delivery carriers for combined
photothermal and chemotherapy.2*30)

On the other hand, introducing imaging during therapy or,
namely, imaging-guided therapy has been proposed to be a
promising strategy to greatly improve the treatment efficiency.
As for photothermal cancer treatment, imaging-guided therapy
would be particularly interesting for the following reasons.
1) Imaging is able to provide usable information about the
tumor location, size, and shape, which are necessary to ensure
the whole tumor is effectively exposed to the light during
PTT treatment. 2) To achieve the highest photothermal abla-
tion effect, the NIR laser irradiation has to be applied when
the photothermal agent reaches the highest accumulation in
the tumor. The real-time track of the photothermal agent after
systemic administration by imaging is therefore important to
achieve the optimized therapeutic outcome. 3) Although tumor
sizes can be easily measured for subcutaneous tumors before
and after PTT is applied for primary tumor modals and, eventu-
ally, in real clinical applications, advanced imaging techniques
are required to monitor the therapeutic response after treat-
ment.['03132] Therefore, the development of multifunctional
theranostic agents with both imaging capability and strong
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Figure 1. The synthesis and characterizations of IONP@ PPy—PEG nanocomposite a) A schematic showing the fabrication process of IONP@ PPy—PEG
nanocomposite b) TEM images of IONP@ PPy nanocomposite before and after PEGylation. Insets are higher resolution images. c) Magnetization loops
of IONP@PPy and IONP@PPy-PEG. Inset is a photo of an IONP@PPy—PEG solution placed nearby a magnet. d) T2-weighted MR images (up) and
the T2 relaxation rates (R,) plot (bottom) of IONP@ PPy—PEG solutions at different iron concentrations. e) Photos of IONP@PPy and IONP@PPy—PEG
in different solutions. Those nanoparticles after PEGylation were stable in those solutions for at least one week without showing obvious aggregation.
f) UV-vis—NIR absorbance spectra of IONP@PPy and IONP@PPy—PEG solutions at the same PPy concentration (0.01 mg mL™"). g) Heating curves
of pure water and IONP@PPy-PEG solutions of different concentrations under an 808-nm laser irradiation at a power density of 1 W cm=2 for 5 min.

NIR absorbance is of great importance for imaging-guided
PTT of cancer. Although organic polymeric nanoparticles as
the photothermal agents have received significant attention
recently,[20-2429.3033] the development of multifunctional nano-
composites based on NIR-absorbing conjugated polymer for
in vivo multimodal imaging-guided photothermal therapy of
cancer upon systemic administration has not yet been reported,
to our best knowledge.

In this work, we use polypyrrole (PPy), a NIR-absorbing
conjugated polymer, to encapsulate ultra-small iron oxide
nanoparticles (IONPs), obtaining multifunctional IONP@
PPy nanocomposites with high NIR absorbance and strong
superparamagnetism for imaging guided photothermal cancer
treatment. In this system, PPy has previous been demon-
strated to be non-toxic and not harmful in the area of tissue
engineering,3*3% while various formulations of IONPs have
already been proven by U.S. Food and Drug Administration
(FDA) as the magnetic resonance (MR) contrast agents for clin-
ical use.3”" To offer IONP@PPy water-solubility and physi-
ological stability, those nanoparticles are modified by branched
polyethylene glycol (PEG) through a layer-by-layer (LBL)
method.*2*3] The obtained IONP@PPy-PEG nanoparticles

Adv. Funct. Mater. 2014, 24, 1194-1201

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

show no obvious toxicity to several types of cells and appear
to be highly effective in photothermal ablation of cancer
cells in vitro. Utilizing the magnetic and optical properties of
those nanoparticles, in vivo bi-modal MR and photoacoustic
imaging are carried out, revealing high tumor accumula-
tion of IONP@PPy-PEG nanoparticles 24 h after intrave-
nous (i.v.) injection. Based on the imaging information, we
then design and conduct the in vivo photothermal therapy on
tumor-bearing mice, whose tumors are completely eliminated
after NIR laser irradiation 24 h post i.v. injection of IONP@
PPy-PEG. The mice are tumor-free after treatment, without
showing obvious side effect or organ damage within 40 days
of observation. Our results suggest that the IONP@PPy-PEG
nanocomposite developed in this work may be a promising
multifunctional nanoplatform for cancer imaging and therapy.

2. Results and Discussion

The experimental method we used to fabricate IONP@
PPy-PEG is shown in Figure 1a. We firstly synthesized 6 nm
ultra-small TONPs according to the published protocol.* The
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obtained IONPs were modified by DMSA to increase their
water solubility. With IONPs serving as multiple-cores, we used
FeCl;-6H,0 as a polymerization inducer, dodecylbenzenesul-
fonate (SDBS) as an emulsifier, and polyvinyl alcohol (PVA,
M.W. 9000-10 000 Da) as a stabilizer, to synthesize PPy coated
IONPs (IONP@PPy). From the transmission electron micros-
copy (TEM) images (Figure 1b), we could see that IONPs were
evenly distributed inside PPy nanoparticles, which had an aver-
aged diameter of =100 nm. The PPy : IONP weight ratio was
estimated to be 1 : 2.2, by calculating the concentration of PPy
based on its absorption co-efficient, and measuring the concen-
tration of Fe by inductively coupled plasma atomic emission
spectroscopy (ICP-AES).

We then functionalized the as-made IONP@PPy by a LBL
polymer coating method. Firstly, negatively charged IONP@
PPy nanoparticles were modified by a cationic polymer poly
allylamine hydrochloride (PAH) by electrostatic interaction,
resulting in a positive charged IONP@PPy/PAH. Secondly,
an anionic polyacrylic acid (PAA) polymer was added and
cross-linked with the PAH layer by adding N-(3-dimethylami-
nopropyl-N’-ethylcarbodiimide) hydrochloride (EDC) to trigger
amide formation. The zeta potential of those nanoparticles
changed from -20 mV to +35 mV after PAH encapsulation,
and then back to 40 mV after PAA encapsulation. Lastly, an
amine-terminated six-arm branched PEG was conjugated to
surface carboxyl groups on IONP@PPy/PAH/PAA nanoparti-
cles via amide formation, obtaining IONP@PPy-PEG used in
our following experiments. After PEGylation, the zeta poten-
tial of nanoparticles showed an obvious increase to —12.5 mV,
due to the consummation of carboxyl groups in the PAA layer
and the introduction of amino groups on the branched PEG
(Supporting Information, Figure Sla). On the other hand, the
hydrodynamic sizes of nanoparticles gradually enlarged as
more layers of polymer coatings were added (Supporting Infor-
mation, Figure S1b). All these results convinced successful
coating of different polymer layers on IONP@PPy composite-
nanoparticles. Interestingly, after PEGylation of IONP@UPPy,
the size and morphology of nanoparticles became more uni-
form, indicating that the LBL polymer coatings might be able to
re-shape those nanoparticles by restricting the distortion of PPy
in the aqueous phase.

The magnetic properties of IONP@PPy-PEG nanoparticles
were then studied. The absence of a hysteresis loop in the field-
dependent magnetization measurement illustrated the super-
paramagnetic nature of our nanocomposite (Figure 1c). In
addition, T2-weighted MR images of a series of concentrations
of IONP@PPy-PEG solutions acquired by a 3-T MR scanner
revealed the concentration-dependent darkening effect. The
transverse relaxivity (r,) of IONP@PPy-PEG was calculated to
be 72.07 L mmol™! S7}(Figure 1d).

The PEGylated IONP@PPy exhibited excellent stability
in biological mediums, including saline, fetal bovine serum
(FBS), and cell medium, allowing those nanoparticles to
be further used in biological systems (Figure le). IONP@
PPy after PEGylation maintained high absorption in the NIR
region (Figure 1f). In order to further prove the potential use of
IONP@PPy-PEG as a PTT agent, IONP@PPy-PEG solutions of
different concentrations were exposed to an 808-nm NIR laser
at a power density of 1 W cm™2 for 5 min. When exposed to the
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laser, the temperature of the IONP@PPy-PEG solution even at
a low concentration rapidly increased, while pure water showed
little temperature change (Figure 1g).

Before conducting the cell related experiments, we studied
in vitro cytotoxicity of IONP@PPy-PEG via the standard cell
viability MTT assay for 4T1 cells and U937 cells. It was found
that IONP@PPy-PEG exhibited little toxicity to cells even under
high concentrations after 48 hours of incubation (Figure 2a,b).
In order to demonstrate the photothermal effect of IONP@
PPy-PEG at the cellular level, we tested the nanoparticle con-
centration-dependent as well as laser power density-dependent
photothermal cancer cell killing (Figure 2c,d). As expected, the
relative viabilities of cells decreased as we increased the con-
centration of IONP@PPy-PEG under the same power density
of laser. Increasing the laser power density would also result
in enhanced photothermal ablation of cancer cells as evidenced
by both MTT assay and Trypan blue stained cell images. When
treated with the laser at 2 W cm™2, almost all the cells were effec-
tive killed (Figure 2e). These data put together proved that our
IONP@PPy-PEG nanoparticle could be an effective PTT agent.

Utilizing both magnetic and optical properties of IONP@
PPy-PEG, we then carried out in vivo bi-modal imaging on
tumor-bearing mice. After been intravenously (i.v.) injected
with IONP@PPy-PEG (0.2 mL, 0.8 mg mL™!), MR images
of 4T1 tumor-bearing mice revealed the dramatic darkening
effect in the tumor area, which showed obvious T2-weighted
contrast just 1 h after injection and became even darker later
on (Figure 3a). The quantified T2-weighted MR signals in the
tumor also showed a gradual decrease over 24 h post injection
of IONP@PPy-PEG (as much as 75% of decrease at 24 h), sug-
gesting the high accumulation of those nanoparticles in the
tumor likely owing to the enhanced permeability and retention
(EPR) effect of cancerous tumors (Figure 3b).

On the other side, PPy with strong NIR absorption could also
serve as a contrast agent in photoacoustic imaging, which is
based on the photoacoustic effect of light-absorbers and offers
remarkably increased imaging depth compared with traditional
optical imaging techniques. 24 h after i.v. injection of IONP@
PPy-PEG, strong photoacoustic contrast showed up in the
tumor, whereas in the untreated mice only big vasculatures in
the tumor were visible in the photoacoustic image (Figure 3c).
The averaged photoacoustic signals in the tumor was also sig-
nificantly increased (Figure 3d), again demonstrating the high
tumor uptake of IONP@PPy-PEG nanoparticles. The combi-
nation of the two types of in vivo imaging contrasting abilities
endowed IONP@PPy-PEG with great prospect for imaging
guided photothermal therapy.

The effect of PTT depended on the amount of the photo-
thermal agent accumulated in the tumor site. As we have not
found a way to track the in vivo distribution of PPy, we took
advantage of the iron which can be stained by Prussian-blue in
the tissues to find out the distribution of those nanoparticles.
After being iv. injected with IONP@PPy-PEG (0.2 mL of
1 mg mL™! solution for each mouse) for 24 h, mice were sacri-
ficed with major organs collected, sliced, and stained with Prus-
sian-blue. High accumulation of IONP@PPy-PEG in both liver
and spleen, which were reticuloendothelial systems known to
engulf foreign nanoparticles by macrophage clearance, was
observed. The Fe levels in heart, kidney, lung and intestine

Adv. Funct. Mater. 2014, 24, 1194-1201
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Figure 2. In vitro cell culture experiments. a,b) Cell viability data obtained from the MTT assay of a) 4T1 cells and b) U937 cells incubated with IONP@
PPy-PEG at different concentrations. c) Relative viabilities of 4T1 cells treated by IONP@PPy-PEG without and with irradiation by the 808-nm laser
(1 W cm™2, 5 min). d) Relative viabilities of 4T1 cells incubated with IONP@PPy-PEG (0.05 mg mL™) after laser irradiation at different power densities
for 5 min. The cell viability values were all normalized to control untreated cells. ) Trypan blue stained images of 4T1 cells incubated with IONP@
PPy-PEG (0.05 mg mL™") after laser irradiation at different power densities for 5 min.

were relatively low (Figure 4a). In the tumor, many blue spots
could be found, evidencing the rich accumulation of IONP@
PPy-PEG nanoparticles in the tumor. In addition, Balb/c mice
bearing 4T1 tumors were sacrificed for biodistribution meas-
urement (Figure 4b). It was found IONP@PPy-PEG could
passively accumulate in the tumor site (tumor uptake of
=17%ID g1). The liver and spleen retention of IONP@PPy-PEG
were attributed to the macrophage uptake of nanoparticles in
reticuloendothelial systems (RES).

The strong PTT effect of IONP@PPy-PEG shown in the
in vitro experiments together with the high tumor accumu-
lation of those nanoparticles as uncovered in our imaging
experiments inspired us to use them for in vivo cancer PTT

Adv. Funct. Mater. 2014, 24, 1194-1201
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treatment. Female BALB/c mice bearing 4T1 tumors (with
diameters of 5-7 nm) were intravenously injected with 200 puL
IONP@PPy-PEG at the PPy concentration of 0.8 mg mL. 24 h
after injection, the mice were exposed to the 808-nm laser irra-
diation at the power density of 1.5 W cm™ for 5 min. At the
same time, PBS injected mice were used as the control group.
The temperature change on mice was recorded by an infrared
thermal camera during laser irradiation (Figure 5a). The sur-
face temperature of the tumor in the treatment group rapidly
increased to about 58 °C within 5 min under laser irradiation,
while the control group only showed slight increase to about
41 °C. Figure 5b shows representative photos of an IONP@PPy-
PEG injected mouse and a PBS injected mouse at day 0 before
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Figure 3. In vivo multimodal imaging. a) T2-weighted MR images of
4T1 tumor-bearing mice i.v. injected with IONP@PPy—PEG (0.8 mg mL~
!, 0.2 mL) taken at different time post injection. White circles highlight
the tumor site. b) The quantification of T2-weighted MR signals from
the tumor at varius time post injection (p.i.) c) Photoacoustic images
of mice before injection and at 24 h post injection with IONP@PPy-PEG
(0.8 mg mL™", 0.2 mL). d) The quantification of photoacoustic signals
from the tumor site in (c).

PTT treatment and at day 2 after treatment. The tumors in the
treatment group (IONP@PPy-PEG + laser) were completely
burnt, leaving black scars at the original tumor sites which fell
off after about 10 d. The tumor sizes of each group were meas-
ured by a caliper every other day after treatment (Figure 5c).
Tumors on mice injected with IONP@PPy-PEG under laser
irradiation disappeared 1 day after treatment, whereas the other
groups showed rapid tumor growth. No tumor re-growth was
discovered within 40 d. The survival curves of different groups
showed that life spans of the mice of the three control groups
were no more than 18 days. In marked contrast, mice in the
treatment group survived over 40 days without a single death
(Figure 5d).

The potential in vivo toxicity of IONP@PPy-PEG was also
investigated. We supervised the behaviors of IONP@PPy-PEG-
injected Bal/c mice in our experiments after PTT treatment and
tumor ablation, noticing no obvious sign of toxic effect within
40 days. Hematoxylin and eosin (H&E) stained images of major
organs showed no noticeable organ damage or inflammatory
lesion in all major organs of mice 40 days after PTT treatment

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Biodistribution of IONP@PPy-PEG in 4T1 tumor-bearing mice.
a) Prussian-blue stained tissue slices of major organs collected from
mice 24 h after i.v. injection with IONP@ PPy-PEG. b) Biodistribution of
IONP@PPy-PEG in 4T1 tumor-bearing mice determined by ICP-meas-
ured Fe levels in major organs. High tumor uptake of IONP@ PPy-PEG
was observed

(Figure 5e). Therefore, our preliminary observation suggested
that our PEGylated IONP@PPy nanoparticles were not obvi-
ously toxic to the treated animals at our experimental dose.

3. Conclusions

In summary, we have used a LBL method to synthesize PEG
modified IONP@PPy with excellent physiological stability,
strong superparamagnetism, and high NIR absorbance.
Without showing appreciable dark toxicity even at high con-
centrations, those IONP@PPy-PEG nanoparticles are highly
effective in terms of in vitro cancer cell ablation. Based on
the inherent magnetic and optical properties of those nano-
particles, tumor-bearing mice after i.v. injection with IONP@
PPy-PEG are then imaged by in vivo MR and photoacoustic
bi-modal imaging, both of which uncover efficient passive
tumor accumulation of IONP@PPy-PEG nanoparticles. Uti-
lizing the strong NIR absorbance and high tumor homing
ability of IONP@PPy-PEG, in vivo photothermal cancer treat-
ment is finally carried out, demonstrating great tumor ablation
effect with 100% of tumors eliminated after systemic admin-
istration of our composite nanoparticles and the followed NIR
laser irradiation. Moreover, histological examination reveals
no apparent toxicity of IONP@PPy-PEG to mice at our treated
dose within 40 days. This work presents a simple approach to
prepare multifunctional nanocomposites with great potential
in bimodal imaging-guided photothermal therapy of cancer,
and encourages further explorations of organic/inorganic
nanocomposites for applications in cancer theranostics.

Adv. Funct. Mater. 2014, 24, 1194-1201
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Figure 5. In vivo photothermal therapy using IONP@PPy—PEG. a) Infrared thermal images of 4T1 tumor-bearing mice without (upper row) or with
(lower row) i.v. injection of IONP@PPy-PEG (0.8 mg mL~", 24 h post injection) under 808-nm laser irradiation for 5 min. The laser power density was
1.5 W cm™2. b) Representative photos of saline and IONP@ PPy-PEG injected mice taken at day O before laser irradiation and at day 2 after PTT treat-
ment. The original tumor turned into a black scar. ¢) Growth of 4T1 tumors in different groups of mice after various treatments indicated. The relative
tumor volumes were normalized to their initial sizes. For the treatment group, six mice injected with IONP@PPy-PEG at 24 h post injection were
exposed to the 808-nm laser (1.5 W cm™2, 5 min). The other three groups of mice with six mice per group were used as controls: untreated; laser only;
injected with IONP@PPy-PEG but without laser irradiation. d) Survival curves of mice after various treatments indicated. IONP@PPy-PEG injected
mice after PTT treatment showed 100% survival ratio over 40 days. ) H&E stained images of major organs from untreated healthy mice and treated
mice with IONP@PPy-PEG injection taken 40 days after photothermal therapy (with tumors eliminated). No noticeable abnormality was observed in

major organs including liver, spleen, kidney, heart, and lung.

4. Experimental Section

Synthesis of IONP@ PPy-PEG: To synthesize IONPs,*l 4 mmol Fe
(acac)s (Sigma-Aldrich), 20 mmol 1, 2-Dexadecanediol (Sigma-Aldrich),
12 mmol oleic acid (OA, Sigma-Aldrich), 12 mmol oleylamine (OM,
Sigma-Aldrich), and 40 mL benzyl ether (Sigma-Aldrich) were mixed
and magnetically stirred under the flow of nitrogen. The mixture was
heated to 200 °C for 2 h, and then heated to 300 °C for 1 h under a
blanket of nitrogen. The black-colored mixture was cooled down to
room temperature. Under the ambient condition, ethanol (80 mL)
was added to the mixture. The obtained black solid was precipitated,
separated via centrifugation, and then dissolved in hexane in the
presence of OA and OM. Afterwards the product was precipitated
with ethanol, centrifuged to remove the solvent, and re-dispersed into
tetrahydrofuran (THF).

To modified as-made IONPs, 20 mg meso-2, 3-Dimercaptosuccinic
acid (DMSA, Sigma-Aldrich) was dissolved in 1 mL water containing

Adv. Funct. Mater. 2014, 24, 1194-1201
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Na,CO;, and slowly added into a THF solution containing 20 mg IONPs
under ultrasonication for 30 min to transfer IONPs into the aqueous
phase. After stirring at room temperature for 2 h, the solvent was
removed by centrifugation at 4800 rpm. The DMSA modified IONPs
could be easily dissolved in water with excellent stability.*’]

The Fe;O,@PPy composites were synthesized by an in situ chemical
oxidative polymerization in the presence of DMAS-modified IONPs. In
a typical procedure, 10 mg DMAS-modified IONPs were added into an
aqueous solution containing 5 mg dodecylbenzenesulfonate (SDBS,
Sigma-Aldrich) and 15 mg polyvinyl alcohol (PVA, Sigma-Aldrich). The
solution was then ultra-sonicated to make IONPs well dispersed. Then
the solution was stirred at room temperature for 20 min and then added
with 20 pL of pyrrole (Sigma-Aldrich) monomer. After further stirring for
30 min, 20 mg FeCl; solution was dropwisely added into the reaction
mixture to induce the polymerization reaction. The mixture was then
polymerized for 6 h at room temperature to obtain IONP@PPy core-
shell nanocomposites with dark green color.

wileyonlinelibrary.com
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The synthesized IONP@PPy nanoparticles were negatively charged
and modified through a LBL method by electrostatic interaction. First,
10 mg IONP@PPy nanoparticles in water was added into an aqueous
solution containing 20 mg of a cationic polymer poly allylamine
hydrochloride (PAH, Sigma-Aldrich). After ultrasonication for 30min,
the solution was stirred at room temperature for about 6 h and then
purified by filtration through 100 kDa molecular weight cut-off (MWCO)
filters (Millipore) to remove excess PAH. The obtained IONP@ PPy/PAH
nanocomposites which were positive charged were added into 10 mL
of polyacrylic acid (PAA, Sigma-Aldrich) (4 mg mL™") solution under
ultrasonication for 30min and then stirred for 6 h. After adjusting the
pH to 7.4 by a NaOH solution, 10 mg of N-(3-dimethylaminopropyl-
N’-ethylcarbodiimide) hydrochloride (EDC, Fluka Inc.) was added into
the mixture to induce cross-linking between PAH and PAA layers on the
nanoparticles. The reaction was allowed to occur overnight, yielding an
IONP@PPy/PAH/PAA solution, from which excess PAA and EDC was
removed by filtration through 100 kDa MWCO filters. Lastly, a solution
of six-arm PEG-amine (Sunbio Inc. P6AM-10) at the concentration of
5 mg mL™" was added into the IONP@PPy/PAH/PAA solution under
sonication for 30 min. 10 mg of EDC was then added into the mixture,
whose pH was adjusted to 7.4. The reaction was allowed to sit overnight,
yielding an IONP@PPy-PEG solution which was purified by filtration
through 100 kDa MWCO filters.

Cellular Experiments: The murine breast cancer 4T1 cell line and the
U-937 cell line were originally obtained from American Type Culture
Collection (ATCC). All cell culture related reagents were purchased from
HyClone. Cells were grown in normal RPMI-1640 culture medium with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.

The in vitro cytotoxicity was measured using a standard methyl
thiazolyl tetrazolium (MTT, Sigma-Aldrich) assay. 4T1 and U937 cells
were seeded into 96-well cell-culture plates at 1 x 10* well™ and then
incubated for 24 h at 37 °C under 5% CO,. After incubating 4T1 and
U937 cells with various concentrations of free IONP@PPy-PEG for 24 h
and 48 h, the standard MTT assay was carried out to determine the cell
viabilities relative to the control untreated cells.

For photothermal cancer cell killing, 4T1 cells were incubated with
different concentrations of IONP@PPy-PEG at 37 °C. An 808-nm
optical fiber-coupled diode NIR laser (Hi-Tech Optoelectronics Co.,
Ltd. Beijing, China) was used to irradiate cells at a power density of
1 W cm~2 for 5 min. The cell killing efficiency after photothermal ablation
was determined by a standard cell viability assay using MTT. For trypan
blue staining experiment, 4T1 cells were incubated with 0.05 mg mL™
IONP@PPy-PEG in 35 mm culture dishes. After irradiation by the
808-nm laser at different power densities for 5 min, cells was washed
with PBS and stained with 0.04% Trypan blue solution (Sigma Inc.)
for 5 min. Microscopic images of cells were then taken using a Leica
microscope.

Animal Model: BALB/c mice (=20 g) were purchased from Nanjing
Pengsheng Biological Technology Co, Ltd and used under protocols
approved by Soochow University Laboratory Animal Center. For the 4T1
murine breast tumor model, =5 x 10° 4T1 cells in =60 pL of serum-free
RMPI-1640 medium were subcutaneously injected onto the back of each
mouse. The mice were used when their tumor volumes approached
60-70 mm3.

Multimodal Imaging: IONP@ PPy—PEG solutions with concentrations
ranging from 0.003 to 0.084 mg mL™" of Fe were scanned under a 3-T
clinical MRI scanner (Bruker Biospin Corporation, Billerica, MA, USA) at
room temperature. The signal intensity was measured within a manually
drawn region-of-interest for each sample after acquiring the T2-weighted
MR images. Relaxation rates R2 (R2 = 1/T2) were calculated from T2
values at different iron concentrations.

For in vivo MR imaging, BALB/c mice bearing 4T1 murine breast
cancer tumors were intravenously injected with IONP@PPy—PEG
(0.2 ml of Tmg mL™" solution for each mouse). MR imaging was
conducted on a 3-T clinical MRI scanner equipped with a special coil
designed for small animal imaging. Whereas for in vivo photoacoustic
imaging, mice i.v. injected with the same dose of IONP@PPy-PEG
were imaged before injection and 24 h post injection, by using an Endra
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Nexus 128 PA imaging system (Endra Inc., Michigan, USA) in the Center
for Molecular Imaging and Translational Medicine, Xiamen University.

In Vivo Photothermal Therapy: An optical fiber coupled 808-nm high-
power diode-laser (Hi-Tech Optoelectronics Co., Ltd. Beijing, China)
was used to irradiate tumors during our experiments. For photothermal
treatment, BALB/c mice bearing 4T1 murine breast cancer tumors were
i.v. injected with IONP@PPy-PEG (0.2 mL of Tmg mL™" solution for each
mouse) at the power density of 1.5 W cm™ for 5 min. Infrared thermal
images were taken by an ICl 7320 Pro thermal imaging camera. The
tumor sizes were measured by a caliper every other day and calculated
as volume = (tumor length) x (tumor width)?/2. Relative tumor volumes
were calculated as V/Vy (Vg is the tumor volume when the treatment was
initiated).

Tissue Slicing and Staining: BALB/c mice bearing 4T1 murine breast
cancer tumors were i.v. injected with IONP@PPy—PEG (0.2 mL of
1 mg mL7' solution for each mouse) and sacrificed at 24 h post
injection. Major organs from these mice were collected, fixed in 10%
neutral buffered formalin, processed routinely into paraffin, sectioned at
8 um, stained with Prussian-blue, and examined by a digital microscope
(Leica QWin). Examined tissues included liver, spleen, kidney, heart,
lung, and intestine and tumor.

Forty days after injection of IONP@PPy-PEG (dose = 10 mg kg™),
three mice from the treatment group and three age-matched female
Balb/c control mice (without any injection of IONP@PPy-PEC) were
sacrificed. Major organs from these mice were fixed in 10% neutral
buffered formalin, processed routinely into paraffin, sectioned at 8 um,
stained with hematoxylin and eosin (H&E), and examined by a digital
microscope (Leica QWin). Examined tissues included liver, spleen,
kidney, heart, lung, and intestine.
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Supporting Information is available from the Wiley Online Library or
from the author.
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