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perthermia therapeutic approach that
employs photoabsorbing agents to
burn cancer cells by heat generated from
optical energy.'® Compared with tradi-
tional cancer therapies such as radiotherapy
and chemotherapy, PTT cancer treatment is
highly selective and minimally invasive, as
its therapeutic effect happens only at the
tumor site with both light-absorber accu-
mulation and localized laser exposure, with-
out damaging normal tissues. A variety
of nanomaterials, such as different gold
nanostructures,”™® carbon nanomaterials
(e.g., carbon nanotubes, nanographene),z'w’13
palladium nanosheets,'* and copper sulfide
nanoparticles,” which all show high absor-
bance in the tissue-transparent near-infra-
red (NIR) optical window (700—900 nm),
have been widely explored by many re-
search groups including ours as photother-
mal agents for PTT ablation of cancer.
However, most of these currently used PTT
agents were inorganic nanomaterials,
which are nonbiodegradable and usually
would remain in the body for long periods
of time, raising concerns regarding their
potential long-term toxicity."®
Organic nanoparticles, typically poly-
meric ones, have been extensively used in
nanomedicine as drug/gene delivery car-
riers, many of which have already entered
the clinic. Light-absorbing organic nanopar-
ticles as PTT treatment agents, however,
have been relatively less explored except
for recent papers demonstrating the
possibility of using polyaniline conduc-
tive polymers for photothermal killing of
cancer cells' and porphysome organic
nanoparticles for biophotonic imaging and
therapy.'® In our work here, we develop
a novel PTT agent based on poly(3,4-
ethylenedioxythiophene):poly(4-styrene-
sulfonate) (PEDOT:PSS), which is a widely
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agent based on poly-(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS), a con-

range of near-infrared
(NIR) light absorbing
nanomaterials, mostly

inorganic ones, have
been developed for
photothermal therapy
(PTT) of cancer. In this
work, we develop a
novel organic PTT

ductive polymer mixture with strong NIR absorbance, for in vivo photothermal treatment of cancer.
After being layer-by-layer coated with charged polymers and then conjugated with branched
polyethylene glycol (PEG), the obtained PEDOT:PSS-PEG nanoparticles are highly stable in the
physiological environment and exhibit a stealth-like behavior after intravenous injection with a long
blood circulation half-life. As a result, an extremely high in vivo tumor uptake of PEDOT:PSS-PEG
attributed to the tumor-enhanced permeability and retention effect is observed. We further use
PEDOT:PSS-PEG as a PTT agent for in vivo cancer treatment and realize excellent therapeutic efficacy
in @ mouse tumor model under NIR light irradiation at a low laser power density. Comprehensive
blood tests and careful histological examination reveal no apparent toxicity of PEDOT:PSS-PEG to
mice at our treated dose within 40 days. To our best knowledge, this work is the first to use
systemically administrated conductive polymer nanoparticles for highly effective in vivo PTT
treatment in animals and encourages further explorations of those organic nanomaterials for cancer

theranostic applications.
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used conductive polymer mixture in organic
electronics’® 2 and shows strong absor-
bance in the NIR region, for highly effective
in vivo photothermal ablation of tumors in a
mouse model. Via a layer-by-layer (LBL) self-
assembly approach, negatively charged
PEDOT:PSS nanoparticles are first coated
with positively charged poly(allylamine
hydrochloride) (PAH)** and then negative
charged poly(acrylic acid) (PAA). After
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cross-linking the two coating layers by amide formation, a
branched polyethylene glycol®® is further conjugated
onto these nanoparticles, improving their physiological
stability. The obtained PEGylated PEDOT:PSS (PEDOT:PSS-
PEG) nanoparticles exhibit a “stealth-like” behavior with a
long second phase blood circulation half-life of 21.4 + 3.1
h and, as a result, extremely high tumor accumulation
owing to the enhanced permeability and retention (EPR)
effect of cancerous tumors. We further utilize the strong
NIR optical absorption ability of PEDOT:PSS-PEG for in vivo
photothermal therapy and achieve highly efficient tumor
destruction by intravenous injection of PEDOT:PSS-PEG
and laser irradiation of tumors at a low optical power
density (0.5 W/cm?). Moreover, no obvious sign of toxicity
is observed for PEDOT:PSS-PEG-injected mice. Our work
achieves in vivo photothermal treatment of cancer with
excellent therapeutic efficacy using organic conductive
nanoparticles and highlights the promise of using light-
absorbing conductive polymers for phototherapy of
cancer.

RESULTS AND DISCUSSION

PEDOT:PSS is a complex between the conjugated
polymer PEDOT and the negatively charged polymer
PSS. In aqueous phase, PEDOT:PSS forms water-soluble
nanoparticles with diameters of ~80 nm."~2 In our
study, PEDOT:PSS-PEG nanoparticles were synthesized
from PEDOT:PSS through a LBL self-assembly proce-
dure (Figure 1a). First, raw negatively charged PEDOT:
PSS nanoparticles were modified by the cationic poly-
mer PAH with a molecular weight (MW) of 15 kDa by
electrostatic interaction, resulting in a positive charge
for PEDOT:PSS. Second, anionic PAA (MW = 1.8 kDa)
polymer was attached onto the surface of PEDOT:PSS/
PAH again by electrostatic interaction and then cross-
linked with the PAH layer by adding 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide to trigger amide
formation. Excess counter-charged polymer was
added at each step to ensure the full coverage of the
nanoparticle surface. The zeta potentials of nanoparti-
cles increased from —40 mV for PEDOT:PSS to +24 mV
for that of PEDOT:PSS/PAH and then decreased
to —32 mV after PAA coating (Supporting Figure S1),
indicating the successful LBL polymer adsorption on
PEDOT:PSS nanoparticles. Lastly, an amine-termi-
nated six-arm branched PEG (10 kDa) was conju-
gated to surface carboxyl groups on PEDOT:PSS/
PAH/PAA nanoparticles via amide formation, obtain-
ing PEDOT:PSS-PEG (PAH and PAA are omitted to be
concise in this abbreviation) used in our following
experiments. The composition of these complex
nanoparticles was estimated to be (PEDOT:PSS):
PAH/PAA:PEG = 1:0.8:1 by weight. While PEDOT:
PSS/PAH/PAA rapidly precipitated in the presence
of salts, PEDOT:PSS-PEG after PEG conjugation ex-
hibited remarkably improved stability in various
physiological solutions for several days including
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saline, cell medium, and serum (Supporting Figure
S2), suggesting successful PEGylation of these nano-
particles. Amino groups on the branched-PEG termi-
ni were available for bioconjugation and fluorescent
labeling.

The synthesized PEDOT:PSS-PEG nanoparticles
showed relatively uniform sizes with an average di-
ameter of 80—90 nm (Figure 1b) based on scanning
electron microscope (SEM) and transmission electron
microscope (TEM) images. As the number of polymer
layers during the LBL assembly process increased, the
sizes of the nanoparticles measured by dynamic light
scattering (DLS) also slightly increased (Figure 1c),
showing an average hydrodynamic diameter of
~130 nm for the final product PEDOT:PSS-PEG. Both
PEDOT:PSS and PEDOT:PSS-PEG nanoparticles displayed
high optical absorption in the NIR range with a peak
at ~830 nm (Figure 1d). To verify the potential of
using PEDOT:PSS-PEG as a PTT agent, a PEDOT:PSS-PEG
solution (0.1 mg/mL) was exposed to an 808 nm NIR laser
ata power density of 1 W/cm? When exposed to the laser,
the temperature of the PEDOT:PSS-PEG solution in-
creased rapidly, while pure water showed little change
(Figure 1e). Notably, under 808 nm laser irradiation, the
photostability of PEDOT:PSS-PEG was much better than
that of gold-based nanomaterials such as Au nanorods,
whose absorbance peak diminished under laser irradia-
tion at the same conditions, possibly due to the detach-
ment of conjugated PEG and/or the “melting effect"®?°
after a long period of laser exposure (Supporting
Figures S3, S4).

We next tested our PEDOT:PSS-PEG in biological
systems. Standard cell viability tests were carried out
first to test any potential in vitro toxicity of PEDOT:PSS-
PEG and PEDOT:PSS solutions to two different cell lines
including the murine breast cancer 4T1 cell line and the
human embryonic kidney 293T cell line. It was found
that PEDOT:PSS-PEG, even at high concentrations up to
0.2 mg/mL, exhibited no appreciable negative effect
on the viability of cells after exposure for 24 h, while
PEDOT:PSS without PEGylation was dose-dependently
toxic to the two types of cells (Supporting Figure S5).
Our results suggest that the cytotoxicity of conductive
polymer nanoparticles was closely associated with
their surface chemistry, and the PEG coating could
remarkably improve the biocompatibility of our nano-
particles and possibly reduce their nonspecific cell
internalization, as indicated by the long blood half-
life of these nanoparticles uncovered in the followed
studies.

The in vivo behaviors of PEDOT:PSS-PEG nanoparti-
cles were then investigated. Cy5, a commonly used
fluorescent dye, was used to label the PEG termini of
PEDOT:PSS-PEG (Figure 1a, Supporting Figure S6). It
was estimated each PEG polymer on PEDOT:PSS-PEG
nanoparticles was labeled with ~0.7 Cy5 molecule
based on the absorbance of Cy5. The obtained
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Figure 1. PEDOT:PSS-PEG synthesis and characterization. (a) Scheme showing the fabrication process of PEDOT:PSS-PEG.
Note that a linear structure is drawn for simplification purposes to represent the branched six-arm-PEG-amine. (b) SEM image
of PEODT:PSS-PEG nanoparticles deposited on a silicon substrate. Inset: TEM image of a single PEDOT:PSS-PEG nanoparticle.
(c) DLS-measured diameters of PEDOT:PSS nanoparticles after step-by-step polymer coatings. (d) UV—vis—NIR spectra of
PEDOT:PSS and PEDOT:PSS-PEG solutions at a concentration of 0.02 mg/mL. Inset: Photo of PEDOT:PSS (left) and PEDOT:PSS-
PEG (right) solutions at a concentration of 0.1 mg/mL in water. () Heating curves of pure water and PEDOT:PSS-PEG (0.1 mg/mL)

under 808 nm laser irradiation at a power density of 1 W/cm?,

PEDOT:PSS-PEG-Cy5 (200 uL of 1 mg/mL per mouse, or a
dose of 10 mg/kg) was intravenously injected into Balb/
¢ mice with blood drawn at certain time intervals post-
injection (pi) (Figure 2a). The blood was solubilized by a
lysis buffer and measured by a fluorometer to determine
the PEDOT:PSS-PEG-Cy5 concentrations. The blood cir-
culation of PEDOT:PSS-PEG-Cy5 followed a typical two-
compartment model® After a rapid decay with the
first phase (distribution phase, usually a rapid decline)
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half-life of 0.3 £ 0.24 h, those nanoparticles in circulat-
ing blood exhibited a long second phase (elimination
phase, the predominant process for drug clearance)
half-life of 21.4 4+ 3.1 h. The long blood circulation
makes PEDOT:PSS-PEG “stealth nanoparticles”?”* and
is likely due to the condensed PEG coating on the
nanoparticles, which delays their macrophage clearance
in reticuloendothelial systems (RES), favorable for en-
hanced tumor targeting by the EPR effect.
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Figure 2. In vivo behaviors of PEDOT:PSS-PEG-Cy5 after intravenous injection (dose = 10 mg/kg). (a) Blood circulation curve of
PEDOT:PSS-PEG-Cy5 after intravenous injection as determined by measuring Cy5 fluorescence in the blood at different time

points post-injection. The unit is percentage of injected dose per
tumor bearing Balb/c mice at different time points post-injection

gram tissue (% ID/g). (b) In vivo fluorescence images of 4T1
of PEDOT:PSS-PEG-Cy5. The autofluorescence of the mouse

was removed by spectral unmixing. (c) Biodistribution of PEDOT:PSS-PEG-Cy5 in mice determined by the Cy5 fluorescence

from diluted tissue lysates.

Next, Balb/c mice bearing 4T1 murine breast cancer
tumors were intravenously injected with PEDOT:PSS-
PEG-Cy5 (200 uL of a 1 mg/mL solution for each mouse)
and then spectrally imaged by a Maestro EX in vivo
fluorescence imaging system (CRi, Inc.) (Figure 2b). The
mouse autofluorescence was removed by spectral
unmixing using the Maestro software, leaving pure
Cy5 fluorescence shown in Figure 2b. It was found
that PEDOT:PSS-PEG-Cy5 tended to be enriched in
the tumor over time, with prominent uptake of nano-
particles observed in the tumor at 48 h pi. Control
experiments uncovered that the majorities of free Cy5
(MW = 792 Da) and Cy5-labeled PEG (MW = 10 kDa)
were excreted within 4—8 h by fast renal clearance
(Supporting Figure S7), suggesting that the observed
fluorescent signals in PEDOT:PSS-PEG-Cy5-injected
mice were indeed from the labeled PEDOT:PSS-PEG
nanoparticles rather than free or detached fluorescent
dyes.

CHENG ET AL.

In order to understand the in vivo biodistribution
of PEDOT:PSS-PEG, 4T1 tumor-bearing Balb/c mice
injected with PEDOT:PSS-PEG (200 uL, 1 mg/mL) were
sacrificed at 24 and 48 h pi. The major organs of the
mice (n =4 per group) were weighed and solubilized by
a lysis buffer. The obtained homogenized tissue lysates
were diluted and measured by a fluorometer to quan-
titatively determine the PEDOT:PSS-PEG-Cy5 concen-
trations (see Experimental Section for detailed sample
preparation). Organs from a control mouse without
injection of nanoparticles were collected and used as
controls to subtract the autofluorescence background
in various tissues. High levels of PEDOT:PSS-PEG-Cy5
were observed in the tumor as well as RES organs such
as liver and spleen (Figure 2c). The latter were not seen
in in vivo fluorescent images due to the tissue penetra-
tion limit of Cy5 fluorescence. The tumor uptake was
measured to be 16.33% and 28.02% ID/g, at 24 and
48 h pi, respectively. The high tumor accumulation
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Figure 3. Invivo photothermal therapy using PEDOT:PSS-PEG. (a) Infrared thermal images of 4T1 tumor-bearing mice without
(upper row) or with (lower row) intravenous injection of PEDOT:PSS-PEG (10 mg/kg, 48 h pi) under 808 nm laser irradiation
taken at different time intervals. The laser power density was 0.5 W/cm?. Arrows point to the tumors. (b) Growth of 4T1 tumors
in different groups of mice after treatment. The relative tumor volumes were normalized to their initial sizes. For the
treatment group, 10 mice injected with PEDOT:PSS-PEG at 48 h pi were exposed to the 808 nm laser (0.5 W/cm?, 5 min). The
other three groups of mice were used as controls: untreated (control, n = 8); laser only without PEDOT:PSS-PEG injection (laser
only, n = 14); injected with PEDOT:PSS-PEG but without laser irradiation (PEDOT:PSS-PEG only, n = 10). Error bars were based
on standard deviations. (c) Survival curves of mice after various treatments as indicated in (b). PEDOT:PSS-PEG-injected mice
after PTT treatment showed 100% survival ratio over 45 days. (d) Representative photos of a PEDOT:PSS-PEG-injected mouse
at day 0 before PTT treatment and at day 10 after treatment. The tumor color turned obviously darker after PEDOT:PSS-PEG

injection at 48 h pi (left). Complete tumor elimination was achieved after PTT treatment (right).

of PEDOT:PSS-PEG could be due to the EPR effect in
cancerous tumors with tortuous and leaky vasculatures,
which tend to trap materials in the nanosize range.

Motivated by the high tumor accumulation of PEDOT:
PSS-PEG and its strong NIR optical absorption, we then
carried out an in vivo photothermal therapy using
PEDOT:PSS-PEG. For in vivo monitoring of the photo-
thermal effect generated from PEDOT:PSS-PEG, an infra-
red thermal mapping apparatus was used to record the
temperature change in the tumor area under irradiation
by a NIR laser. After being intravenously injected with
PEDOT:PSS-PEG solution (200 uL, 1 mg/mL) for 48 h,
mice bearing 4T1 tumors were anesthetized and ex-
posed to a 808 nm laser at the power density of
0.5 W/cm?. Under irradiation, the tumor surface tem-
perature obviously increased from ~30to ~51 °Cwithin
5 min (Figure 3a). In comparison, the tumor temperature
of mice without PEDOT:PSS-PEG injection under the
same laser irradiation showed little change.

CHENG ET AL.

The therapeutic effect after PTT treatment was
further investigated. Ten mice bearing a 4T1 tumor
on their back were intravenously injected with PEDOT:
PSS-PEG (200 uL, 1 mg/mL). At 48 h pi, the tumor of
each mouse in the treatment group was exposed to an
808 nm laser at a power density of 0.5 W/cm? for 5 min.
Three other groups including untreated mice (control,
n = 8), mice exposed to the laser (laser only, n = 14),
and PEDOT:PSS-PEG-injected mice without laser
irradiation (PEDOT:PSS-PEG, n = 10) were used as
the controls. Tumor sizes were measured every 2 days
after treatment. After laser irradiation, tumors on PED-
OT:PSS-PEG-injected mice were completely eliminat-
ed one day post-irradiation (Figure 3b, d). In marked
contrast, neither laser irradiation at the current
power density nor PEDOT:PSS-PEG injection by
itself affected the tumor growth (Figure 3b). While
mice in the three control groups showed average
life spans of 16—18 days, mice in the treated group
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Figure 4. In vivo toxicology study. (a) H&E stained images of major organs. Mice with PEDOT:PSS-PEG injection that survived
after photothermal therapy (with tumors eliminated) were sacrificed 45 days after treatment. No noticeable abnormality was
observed in major organs including liver, spleen, kidney, heart, and lung. (b—d) Serum biochemistry data. Healthy female
Balb/c mice intravenously injected with PEDOT:PSS-PEG (dose = 10 mg/kg) were sacrificed at 7 days and 40 days pi for blood
collection. Untreated healthy mice were used as the control. (b) Levels of liver function markers including alanine
aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP) in the blood of different groups
of mice. (c) Albumin/globin ratios in different groups of mice. (d) Blood urea nitrogen (BUN) levels. No hepatic disorder was
induced by PEDOT:PSS-PEG as revealed by serum biochemistry data. Complete blood panel. Blood levels of white blood cells
(e), red blood cells (f), hemoglobin (g), mean corpuscular volume (h), mean corpuscular hemoglobin (i), platelets (j),
hematocrit (k), and mean corpuscular hemoglobin concentration (I) of control and PEDOT:PSS-PEG-treated mice. Gray areas:
reference normal ranges of various hematology data for healthy female Balb/c mice. All blood chemistry and hematological
data were within the normal range. Statistics were based on five mice per data point. Reference ranges of hematology data of
healthy female Balb/c mice were obtained from Charles River Laboratories: http://www.criver.com/EN-US/PRODSERV/
BYTYPE/RESMODOVER/RESMOD/Pages/BALBcMouse.aspx (last accessed March 4, 2012).

(PEDOT:PSS-PEG -+ laser) were tumor-free after treatment Our results suggested that PEDOT:PSS-PEG was a power-
and survived over 45 days without a single death (Figure 3¢, d). ful agent for in vivo photothermal ablation of cancer.
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Lastly, the potential in vivo toxicity of PEDOT:PSS-
PEG was also investigated. We carefully supervised the
behaviors of PEDOT:PSS-PEG-injected (10 mg/kg)
Balb/c mice in our experiments after PTT treatment
and tumor ablation and noticed no obvious sign of
toxic effect within 45 days. No significant body weight
drop was noted for mice in all four groups (Supporting
Figure S8). Mice were sacrificed at day 45 for careful
necropsy, which uncovered neither noticeable ab-
normality nor metastatic tumors. The major organs of
the mice were sliced and stained by hematoxylin and
eosin (H&E) for histology analysis (Figure 4a). Despite
the high RES uptake of PEDOT:PSS-PEG in liver and
spleen, no noticeable organ damage or inflammatory
lesion was observed in all major organs of mice 45 days
after PTT treatment.

To further study the potential toxicology of PEDOT:
PSS-PEG in relatively short and long terms, a serum
biochemistry assay and complete blood panel test
were carried on PEDOT:PSS-PEG-injected (10 mg/kg)
healthy Balb/c mice at days 7 and 40 pi. Excitingly, all
measured parameters fell within normal ranges
(Figure 4b—I). Our results collectively evidence that
PEDOT:PSS-PEG nanoparticles are not noticeably
toxic in vivo to mice at least at our tested dose.
However, much more effort is still required to system-
atically examine any potential long-term toxicity
of our organic nanoparticles at various doses to
animals.

CONCLUSION

In summary, PEGylated organic nanoparticles based
on PEDOT:PSS conductive polymers are fabricated and

EXPERIMENTAL SECTION

Synthesis of PEDOT:PSS-PEG. PEDOT:PSS conductive polymer
solution (CLEVIOS PH1000) was purchased from Baier Chemical
Industrial Co. PEGylated PEDOT:PSS was synthesized through
the LBL method.

First, 5 mL (0.5 mg/mL) of PEDOT:PSS solution was
dropwisely added into 5 mL of PAH solution (MW = 15000,
1 mg/mL) under ultrasonication for 30 min. After stirring for 6 h,
a PEDOT:PSS/PAH solution was obtained and purified by filtra-
tion through 100 kDa molecular weight cut-off (MWCO) filters
(Millipore) to remove excess PAH.

Second, the above PEDOT:PSS/PAH solution was dropwisely
added into 5 mL of PAA solution (MW = 1800, 2 mg/mL) under
ultrasonication for 30 min and then stirred for 6 h. The solution
was purified by filtration through 100 kDa MWCO filters two
times. After adjusting the pH to 7.4, 5 mg of N-(3-dimethylami-
nopropyl-N'-ethylcarbodiimide) hydrochloride (EDC, Fluka Inc.)
was added into this solution to induce cross-linking between PAH
and PAA layers on the nanoparticles. The reaction was allowed to
occur overnight, yielding a PEDOT:PSS/PAH/PAA solution, which
was purified by filtration through 100 kDa MWCO filters.

Lastly, to prepare PEDOT:PSS-PEG, a PEDOT:PSS/PAH/PAA
solution was sonicated to obtain a clear solution. A solution of
six-arm PEG-amine (Sunbio Inc. P6AM-10) at 2 mg/mL was
added into the PEDOT:PSS/PAH/PAA solution, and the mixture

CHENG ET AL.

used for highly effective in vivo PTT treatment of cancer
in animal experiments. Using the LBL method, PED-
OT:PSS polymeric nanoparticles were step-by-step
coated with charged polymers and then conjugated
with PEG, obtaining PEDOT:PSS-PEG with excellent
compatibility in physiological environments. With a
long blood circulation half-life, the stealth PEDOT:
PSS-PEG nanoparticles show surprisingly high in vivo
tumor uptake by the EPR effect after intravenous
injection and appear to be an excellent PTT agent for
tumor ablation, without rendering any obvious toxi-
city to the treated animals. This work for the first time
explores the in vivo behaviors, applications, and
potential toxicity of conductive polymers in animal
models and, most importantly, realizes in vivo photo-
thermal therapy in animals with excellent thera-
peutic efficacy under a low laser power using sys-
temically administrated organic nanoparticles. Addi-
tional functionalities in imaging and combined
therapies may also be achieved by carefully design-
ing and engineering these polymeric nanoparticles.
Conjugation of tumor-homing ligands on these na-
noparticles may further enhance their tumor-target-
ing capability. Although we are still not clear
whether or how PEDOT:PSS-PEG would degrade in
biological systems and its long-term excretion, me-
tabolism, and toxicology need many more careful
investigations, our results show promise for the use
of conjugated polymeric nanoparticles for PTT can-
cer treatment and encourage future research to
develop biodegradable light-absorbing organic nano-
materials for photothermal cancer therapy with real
potential in the clinic.

was sonicated for 30 min. Then 10 mg of EDC was added to the
mixture, and the pH adjusted to 7.4 by phosphate buffer. The
reaction was allowed to sit overnight, yielding a PEDOT:PSS-PEG
solution, which was purified by filtration and stored at 4 °C for
future use.

Fluorescent Labeling of PEDOT:PSS-PEG. After removing excess
PEG by filtration and repeated washing, the purified PEDOT:PSS-
PEG (0.5 mg/mL) was reacted with an amine reactive dye, Cy5-
SE (Fanbo Biochemicals Co., Ltd. Beijing, China), at 0.1 mg/mL
in a pH 7.4 phosphate buffer (0.02 M). The reaction was allowed
to sit overnight at room temperature in the dark. Excess
dye molecules were removed by centrifugal filtration through
100 kDa MWCO filters and washed away with water more than
three times until no noticeable color remained in the filtrate
solution.

Tumor Model. 4T1 murine breast cancer cells were cultured
under the standard conditions recommended by American
Type Culture Collection (ATCC). Balb/c mice were obtained from
Suzhou Belda Bio-Pharmaceutical Co., Ltd. and used under
protocols approved by Soochow University Laboratory Animal
Center. The 4T1 tumors were generated by subcutaneous
injection of 5 x 10° cells in ~100 uL of serum-free RMPI-1640
medium onto the back of female Balb/c mice.

Characterization. The scanning electron microscopy images
were taken by using a FEI Quanta 200F scanning electron
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microscope. Transmission electron microscopy images of the
nanocrystals were obtained using a Philips CM300 transmission
electron microscope operating at an acceleration voltage of
200 kV. Fluorescence spectra were obtained on a FluoroMax
4 luminescence spectrometer (HORIBA Jobin Yvon) with an
excitation source of the xenon lamp in the spectrometer.
UV—vis—NIR spectra were acquired by using a PerkinElmer
Lambda 750 UV—vis—NIR spectrophotometer.

In Vivo Fluorescence Imaging. Tumor-bearing mice were intra-
venously injected with 200 uL of 1 mg/mL PEDOT:PSS-PEG-Cy5
and imaged using the Maestro in vivo fluorescence imaging
system (CRi Inc.). Visible red light with a central wavelength of
605 nm was used as the excitation source. In vivo spectral
imaging from 640 to 800 nm (10 nm steps) was carried out with
an exposure time of 75 ms for each image frame. Autofluores-
cence (particularly from food residues in the stomach and
intestine) was removed by using the spectral unmixing
software.

Blood Circulation. Blood circulation was measured by drawing
~10 uL of blood from the tail vein of 4T1 tumor bearing Balb/c
mice post-injection of PEDOT:PSS-PEG-Cy5. Each blood sample
was dissolved in 1T mL of lysis buffer (1% SDS, 1% Triton X-100,
40 mM Tris acetate). The concentration of PEDOT:PSS-PEG-Cy5
in the blood was determined by the fluorescence spectrum of
each solubilized blood sample using a FluoroMax 4 fluorometer
(Horiba Jobin Yvon, France) with the excitation and emission
peaks at ~605 and ~670 nm. A series of dilutions of PEDOT:PSS-
PEG-Cy5 solutions were measured to obtain a standard calibra-
tion curve. Blank blood sample without PEDOT:PSS-PEG-Cy5
injection was measured to determine the blood autofluores-
cence level, which was subtracted from the fluorescence in-
tensities of injected samples during the concentration
calculation. The PEDOT:PSS-PEG-Cy5 is presented as the per-
centage of injected dose per gram of tissue (% ID/g).

Biodistribution Measurement. For biodistribution study, 4T1
tumor-bearing mice (tumor size ~100 mm?) were sacrificed at
24 and 48 h post-injection of PEDOT:PSS-PEG-Cy5. The organs/
tissues were weighed and homogenized in the lysis buffer (the
same as the above used in the blood circulation experiment)
with a PowerGen homogenizer (Fisher Scientific). Clear homo-
geneous tissue solutions were obtained and diluted 10—100
times to avoid significant light scattering and self-quenching
during fluorescence measurement. The fluorescence intensities
of both standard samples and real tissue samples were all
adjusted to be in the linear range by appropriate dilution. The
sample was measured in triplicate to ensure reproducibility and
measurement accuracy. The biodistribution of PEDOT:PSS-PEG
in various organs of the mice was then calculated and plotted in
units of % ID/g.

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, the laser beam with a diameter of
~10 mm was focused on the tumor area at the power density of
0.5 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/V; (Vg is the tumor volume when the treatment was
initiated).

Histology Analysis. Forty-five days after injection of PEDOT:
PSS-PEG (dose = 10 mg/kg), three mice from the treatment
group and three age-matched female Balb/c control mice
(without any injection of PEDOT:PSS-PEG) were sacrificed by
CO, asphyxiation for necropsy. Major organs from these mice
were harvested, fixed in 10% neutral buffered formalin, pro-
cessed routinely into paraffin, sectioned at 8 um, stained with
hematoxylin and eosin (H&E), and examined by a digital micro-
scope (Leica QWin). Examined tissues include liver, spleen,
kidney, heart, lung, and intestine.

Blood Analysis. Ten healthy Balb/c mice were injected with
200 uL of 1 mg/mL PEDOT:PSS-PEG (a dose of 10 mg/kg).
The other five mice were used as the untreated controls. Mice
were sacrificed to collect the blood (0.8 mL) for blood biochem-
istry assay and complete blood panel test at 7 and 45 days
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post-injection of PEDOT:PSS-PEG. The serum chemistry data
and complete blood panel were measured in Shanghai Re-
search Center for Biomodel Organism.
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