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Polydopamine as a Biocompatible Multifunctional
Nanocarrier for Combined Radioisotope Therapy

and Chemotherapy of Cancer

Xiaoyan Zhong, Kai Yang,* Zhiliang Dong, Xuan Yi, Yong Wang, Cuicui Ge,

Yuliang Zhao, and Zhuang Liu*

Development of biodegradable nanomaterials for drug delivery and cancer
theranostics has attracted great attention in recent years. In this work,
polydopamine (PDA), a biocompatible polymer, is developed as a promising
carrier for loading of both radionuclides and an anticancer drug to realize
nuclear-imaging-guided combined radioisotope therapy (RIT) and chemo-
therapy of cancer in one system. It is found that PDA nanoparticles after
modification with poly(ethylene glycol) (PEG) can successfully load several
different radionuclides such as *™Tc and "I, as well as an anticancer drug
doxorubicin (DOX). While labeling PDA-PEG with *™Tc (**™Tc-PDA-PEG) ena-
bles in vivo single photon emission computed tomography imaging, nano-
particles co-loaded with *'l and DOX ("*'I-PDA-PEG/DOX) can be utilized
for combined RIT and chemotherapy, which offers effective cancer treatment
efficacy in a remarkably synergistic manner, without rendering significant
toxicity to the treated animals. Therefore, this study presents an interesting
class of biocompatible nanocarriers, which allow the combination of RIT and
chemotherapy, the two extensively applied cancer therapeutic strategies,

1. Introduction

Nowadays, cancer as one of leading causes
of death remains to be a great challenge
to global healthcare.’?l Up to date, sur-
gery, radiotherapy, and chemotherapy
are still the three major cancer treatment
approaches widely used in the clinic.3
However, current chemotherapy and
radioisotope therapy (RIT) of cancer both
suffer from the nonspecific distribu-
tion and low effective tumor uptake of
therapeutic agents, severe side effects to
normal tissues, as well as the develop-
ment of multidrug resistance after a cer-
tain period of treatment.’271%l [n the past
few decades, nanomedicine that employs
nanoparticles as drug delivery carriers to
improve the pharmacokinetics and bio-
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availability of therapeutic agents, as well
as to realize tumor-targeted drug delivery,
has received tremendous attention in
both fundamental research and clinical
practices.'’4 Moreover, nanoparticles often could act as mul-
tifunctional platforms into which several different types of
therapeutic molecules together with imaging agents are loaded,
aiming at imaging-guided combination therapy of cancer to
achieve the optimized therapeutic outcomes.

Currently, there have been numerous types of nanomaterials,
including various inorganic and organic nanoparticles, being
explored as drug delivery systems. Among those nanocarrier
systems, polydopamine (PDA) has recently received substantial
interests owing to its excellent biocompatibility as well as easy
surface modification.’>”] In a number of latest studies, PDA
has been utilized as a universal surface modification agent
for functionalization of nanoparticles, a light-absorbing agent
for photothermal therapy, as well as a novel platform for bio-
sensing and bioimaging.>>3%* However, the use of PDA alone
as a biocompatible nanocarrier for the delivery of both radionu-
clides and anticancer drug to realize combined RIT and chemo-
therapy (radio-chemotherapy) in one nanoparticle system has
not yet been demonstrated to our best knowledge.

In this work, we develop PDA nanoparticles as multifunc-
tional nanocarriers to load with two types of radionuclides and
an anticancer drug, for imaging-guided combined internal
RIT and chemotherapy in cancer treatment (Figure 1). PDA
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Figure 1. Schematicto show **™Tcor 13"l labeled PEGylated PDA nanoparticles with DOX loading for SPECT imaging and combined radio—chemotherapy.

nanoparticles are synthesized from dopamine hydrochloride by
a simple aqueous phase method and functionalized with poly-
ethylene glycol (PEG) to improve their physiological stability.
While ®™Tc, a radionuclide commonly used for single photon
emission computed tomography (SPECT) imaging, is intro-
duced to label PDA-PEG nanoparticles upon simple mixing
PDA-PEG with chemically reduced ?™Tc, 3!l which has been
widely applied in RIT can be conjugated on PDA-PEG nano-
particles via the standard chloramine T oxidation method. In
the meanwhile, doxorubicin (DOX), a chemotherapeutic drug,
also can be loaded on PDA-PEG nanoparticles with high effi-
ciency. SPECT imaging of tumor-bearing mice intravenously
(i.v.) injected with *™Tc-labeled PDA-PEG nanoparticles reveals
efficient tumor uptake of nanoparticles. In vivo combined RIT
and chemotherapy is further carried out with '3'I-labeled/
DOX-loaded PDA-PEG (**'I-PDA-PEG/DOX), achieving rather
effective cancer treatment efficacy in a mouse tumor model
with a superior treatment outcome realized compared to
the respective monotherapies. Furthermore, it is found that
BI1.PDA-PEG/DOX induces no obvious toxicity to treated mice
at the therapy dose within 80 d. Our work demonstrates that
PEGylated PDA nanoparticle can act as excellent biocompat-
ible multifunctional nanocarrier to load various distinctive
types of therapeutic and imaging molecules, and may become

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

a great platform to realize imaging-guided combination cancer
treatment.

2. Results and Discussion

In our work, PDA was synthesized from dopamine hydrochlo-
ride via a simple and green method according to the previous
protocol.3] Dopamine hydrochloride was polymerized at pH
9.0 by adding sodium hydroxide under vigorous stirring in the
presence of oxygen at 50 °C. After 5 h of polymerization, the
solution color changed into dark brown, indicating PDA forma-
tion. As revealed by scanning electron microscope (SEM), PDA
nanoparticles showed uniform spherical morphology, while the
hydrodynamic size of PDA was measured to be around =120 nm
by dynamic light scattering (DLS) (Figure 2a). Although as-
made PDA nanoparticles were well-dispersed in water, their
colloidal stability in physiological solutions containing salts was
not good. Therefore, amine-terminated PEG was introduced to
functionalize PDA nanoparticles under pH 12.0 via the Michael
addition and/or Schiff base reaction.l3>** The obtained PDA-
PEG nanoparticles exhibited great stability in various physi-
ological solutions (Figure 2c). Because of the PEG coating, the
average hydrodynamic diameter of PEG-functionalized PDA

Adv. Funct. Mater. 2015, 25, 7327-7336



NCED
FUNCTIONAL
MATERIALS

ol
Mektoss

www.MaterialsViews.com

PDA-PEG I

www.afm-journal.de

b 30
W PDA
B PDA-PEG
£ 20
=
[
e}
E
Z 101
100 1000 10000
Size(nm)
d 1.2
—_PDA

101 — PDA-PEG
o 08
2
& 0.64
S
3 04
e}
< 2]

0.0

200 400 600 800 1000

Wavelength(nm)

Figure 2. Preparation and characterization of PDA nanoparticles. a) SEM images of PDA nanoparticles. b) Size distributions of PDA and PDA-PEG in

water measured with DLS. c) Photographs of PDA and PDA-PEG in different solutions. d)

became larger (=200 nm) (Figure 2b). After PEGylation, the
zeta potential of nanoparticles also showed a slight increase
(Supporting Information). Similar to as-made PDA, PDA-PEG
solution exhibited broad band absorption from ultraviolet to
near-infrared ranges (Figure 2d).

We then would like to test the ability of PDA-PEG to load var-
ious types of therapeutic and imaging agents (Figure 3a). DOX,
a commonly used anticancer drug with an aromatic molecular
structure, could be loaded on the surface of sp>-bonded carbon
nanostructures or conjugated polymers via hydrophobic inter-
action and 77 stacking.['7:3046-33] We thus wondered whether
similar behavior could be observed for PDA, which also con-
tains conjugated polymeric structures. For DOX loading,
PEGylated PDA solution (1 mg mL™) was mixed with different
amounts of DOX at pH 7.4 for 6 h. Unbound DOX was com-
pletely removed by centrifugal filtration. The obtained DOX
loaded PDA-PEG nanoparticles (PDA-PEG/DOX) were readily
dispersed in water, forming a clear solution with reddish color
(Supporting Information, Figure S2). The loading of DOX on
PDA-PEG nanoparticles, which resulted in the increase of
nanoparticle zeta potential, was determined from the charac-
teristic UV-vis absorbance peak of DOX at 490 nm superim-
posed on the PDA-PEG absorption spectrum (Figure 3b and
Supporting Information, Figure S1). The DOX loading ratios
(DOX:PDA, w/w) increased with increasing amounts of added
DOX (Figure 3c). Considering the fact that too much DOX
loading would affect the stability of nanoparticles, PDA-PEG/
DOX with a moderate DOX loading of =66% (DOX:PDA, w/w)
achieved at a feeding DOX:PDA weight ratio of 1:1 was used for
our followed experiments. As expected, accelerated drug release
was observed for PDA-PEG/DOX at a lower pH, owing to the

Adv. Funct. Mater. 2015, 25, 7327-7336
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UV-vis—NIR spectra of PDA before and after PEGylation.

protonation of amino group in the DOX molecule that gives
DOX a positive charge and thus the enhanced hydrophilicity to
trigger DOX release (Supporting Information, Figure $3).154

In order to realize imaging guided RIT, radionuclides
9mTe and B!, were introduced to label PDA-PEG separately.
While ™Tc is a gamma-ray emitter widely applied for SPECT
imaging, 13!l that emits strong beta particles is particularly
useful in RIT of cancer. Owing to the existence of various
functional groups such as catechol, amine, and imine on the
surface of nanoparticles, PDA could be used as an excellent
nanocarrier to bind metal ion via chelation reaction.”>>% For
9mTc labeling, a *™TcO,~ solution (=1 mCi) was added into the
PDA-PEG solution in the presence of a reducing agent, stan-
nous chloride (200 pL, 5 mg mL™?), under magnetic stirring at
room temperature. After 1 h of reaction, the reduced *™Tc*
was completely chelated by the various functional groups on
PDA, obtaining *™Tc labeled PDA-PEG (**™Tc-PDA-PEG) with
excellent radio-stability in phosphate buffered saline (PBS) and
serum solutions at 37 °C (Figure 3a,d). The labeling yield was
determined to be as high as =99%. On the other hand, 3'I was
introduced to label PDA-PEG in the presence of chloramines-T,
which may oxidize I” ions into I atoms to attack benzene rings
in polymerized dopamine via electrophilic substitution reaction
(Figure 3a). The I labeled PDA-PEG exhibited a high radiola-
beling yield at 70%, as well as great radiolabeling stability in
PBS and serum at 37 °C (Figure 3a,e). Therefore, radionuclide
9mTe and 1 could be introduced to label PDA-PEG via dif
ferent mechanisms both with high efficiencies and stabilities
(Figure 3a).

Before studying in vivo combined radio-chemotherapy thera-
peutic performance of B!I-PDA-PEG/DOX, we first tested its
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Figure 3. Radiolabeling and drug loading on PDA-PEG. a) Schematic of radiolabeing and drug loading on PDA-PEG via different mechanisms.
b) UV-vis—NIR absorbance spectra of PDA-PEG and PDA-PEG/DOX obtained at different PDA:DOX feeding ratios. c) Quantification of DOX loading
at different feeding amounts of DOX. d) The radiostability of *™Tc-PDA-PEG and e) '3'I-PDA-PEG after incubation in PBS or serum.

potential toxicity to cancer cells using the cell counting kit-8
(CCK-8) assay. Murine breast cancer 4T1 cells were incubated
with PDA-PEG, free 13!, free DOX, B!'I-PDA-PEG, PDA-PEG-
DOX, and BN-PDA-PEG-DOX at different concentrations for
24 h. It was found that PDA-PEG induced no obvious toxicity
to cells even at an ultrahigh concentration of 1000 mg mL™},
suggesting the great biocompatibility of PEGylated PDA nano-
particles (Figure 4a). We next compared the potential toxicity of
free 13T and '3'I labeled PDA-PEG to 4T1 cells. Interestingly,
BI.PDA-PEG exhibited higher toxicity than free 13! under the
same doses of radioactivity (Figure 4b), owing to the greatly
enhanced cellular uptake of 13!l delivered by PDA-PEG (data
not shown), which has been demonstrated in our previous
work with another type of nanoparticle system.l!l In addition,
we also investigated the potential toxicity of free DOX and PDA-
PEG/DOX to cells. It was found that DOX loaded PDA-PEG
exhibited similar toxicity to cells compared with free DOX at
the same DOX concentrations (Figure 4c). For the combina-
tion of RIT and chemotherapy, 4T1 cells were incubated with

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

BIL.PDA-PEG/DOX, 3'I-PDA-PEG, and PDA-PEG/DOX at the
different concentrations for 24 h. The combined RIT + chem-
otherapy treatment with »'I-PDA-PEG/DOX was found to be
highly effective in destructing cancer cells, obviously superior
to single treatment by either 3!I-PDA-PEG or PDA-PEG/DOX
(Figure 4d). Therefore, 31 and DOX could be co-transported
into cells by PEGylated PDA nanoparticles to achieve the com-
bination of RIT and chemotherapy for rather effective cancer
cell killing.

With its strong gamma-ray emission and short halflife
(6.02 h), #™Tc is a widely used radioactive tracer in the clinic
for SPECT imaging. In our work, *™Tc-PDA-PEG (800 mCi
per mouse, 10 mg kg™! of PDA-PEG) was intravenously (i.v.)
injected into 4T1 tumor-bearing mice, which were then imaged
by the U-SPECT system (MILabs, Utrecht, the Netherlands)
at different time points post injection (p.i.). Obvious tumor
uptake of ?™Tc-PDA-PEG showed up after 2 h p.i. (Figure 5a).
The tumors of mice treated with *™Tc-PDA-PEG were collected
after imaging scanning at different time points for quantitative

Adv. Funct. Mater. 2015, 25, 7327-7336
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These results showed that '*'I-PDA-PEG/DOX exhibited higher toxicity than '3'I-PDA-PEG or PDA-PEG/DOX treatment alone.

measurement by a gamma counter. It was found that *™Tc-
PDA-PEG could passively accumulate in the tumor, likely via
the enhanced permeability and retention (EPR) effect (Sup-
porting Information, Figure S4). In addition, substantial accu-
mulation of radioactivity was also noticed in the liver, kidney, as
well as bladder, the latter of which indicated the possible deg-
radation of PDA and/or partially detachment of *™Tc labeling
from PDA-PEG nanoparticles in vivo.

The short halflife of *™Tc makes it not ideal for in vivo
tracking over a relatively long period of time. We thus used
1] with a half-life of 8 d to track the blood circulation and bio-
distribution of PEGylated PDA nanoparticles, which were first
labeled with 13! and then loaded with DOX. After i.v. injection
of BI-PDA-PEG/DOX (10 mg kg™ of PDA-PEG, 20 mCi of
1311) into Balb/c mice with thyroid blocked with preinjection of
cold Nal, blood was drawn from the right side of orbital venous
plexus of mice at different time points p.i. and measured by a
gamma counter to determine the radioactivity of blood samples.
The blood circulation curve showed that the pharmacokinetics
of the B!I-PDA-PEG/DOX followed a two-compartment model.
The first and second phase blood circulation halflives were
measured to be 0.77 + 0.39 h and 11.58 + 4.43 h, respectively
(Figure 5b), which appeared to be rather long-time among var-
ious drug delivery carriers. For the biodistribution of *'I-PDA-
PEG/DOX, we sacrificed the mice at 24 h p.. and collected
their tumors and major organs for radioactivity measurement
by the gamma counter. It was found that B!I-PDA-PEG/DOX
exhibited substantial uptake in tumor, in which the radioactivity

Adv. Funct. Mater. 2015, 25, 7327-7336
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level ranked the 2nd among various major organs (about two-
thirds of the liver uptake) (Figure 5c). The retention of radioac-
tivity in reticuloendothelial systems (RES) became relatively low
at 24 h p.i., likely owing to the gradual degradation of PDA and
the clearance of radioactivity over time.

Encouraged by the imaging and biodistribution data, we
then used *'I-PDA-PEG/DOX as a therapeutic agent for in vivo
combined RIT and chemotherapy. Balb/c mice bearing 4T1
tumors were randomly divided into six groups with five mice
per group including (1) PBS, (2) PDA-PEG, (3) PDA-PEG/DOX,
(4) BU-PDA-PEG, (5) the mixture of free DOX and *'1, and (6)
BIL.PDA-PEG/DOX. The doses of PDA-PEG, DOX, and ' were
10 mg kg!, 5 mg kg™!, and 200 mCi per mouse, respectively
(see detailed information in the Experimental Section). The
above treatments were given by i.v. injection into mice bearing
4T1 tumors every 4 d for four times. The tumor volumes were
monitored by a caliper every other day (Figure 6a). Compared
to control mice treated with PBS or free PDA-PEG, tumors
on mice after chemotherapy with PDA-PEG/DOX or RIT with
BI.PDA-PEG showed only partially reduced growth speed. In
marked contrast, mice after treatment with *'I-PDA-PEG/DOX
showed greatly inhibited tumor growth. The tumor sizes were
well controlled without further growth after four rounds of com-
bined chemotherapy + RIT with *'I-PDA-PEG/DOX. Notably,
the same doses of combination therapy with free DOX and free
31T resulted in unsatisfactory therapeutic effect, likely owing
to the poor pharmacokinetics profiles and low tumor retention
of those small molecule agents after i.v. injection. Importantly,
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compared to mice in those control groups which showed short To further investigate the tumor damage degree after dif-
survival time (two to three weeks), mice in the 3!I-PDA-PEG/  ferent treatments, we performed Hematoxylin & Eosin (H&E)
DOX treated group exhibited greatly prolonged survival without  staining to examine tumors from mice that received different
a single death within four weeks after treatment (Figure 6b). treatments at 16 d p.i. While partial tumor damages were
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morphological changes, compared with the control group.

noted for mice after treatment with 3'I-PDA-PEG, PDA-PEG/
DOX, as well as the mixture of free DOX and free 13!I, tumors
from mice receiving combination therapy with 3!I-PDA-PEG/
DOX showed the highest level of tumor cell damage, as indi-
cated by the complete loss of cell morphology and structures
in this group (Figure 6c). Although the detailed synergistic
mechanism in such combination therapy remains to be further
discovered, it is obvious that combining chemotherapy with
RIT using PEGylated PDA nanoparticles as the nanocarrier
offers remarkable advantages in cancer treatment with greatly
enhanced therapeutic efficacy.

Toxic side effects to normal tissues have been the main
problem of cancer chemotherapy and internal RIT. In this work,
we also investigated the potential toxicity of 3'I-PDA-PEG/DOX
to treated mice. Healthy Balb/c mice (n = 5) were i.v. injected
with B-PDA-PEG/DOX at the same therapeutic dose every

Adv. Funct. Mater. 2015, 25, 7327-7336
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four days for four times. Their blood was collected for blood
biochemistry and complete blood panel assay at 80 d p.i. Other
five age-matched mice were used as control. The liver and
kidney function markers and the ratio of albumin and globulin
(A/G) were measured to be normal compared with the control
group (Figure 7a—d). For blood routine examination, various
parameters were measured and fell well into the normal ref-
erence ranges compared with the control group, indicating
that 1311-PDA-PEG/DOX induced no obvious toxicity to treated
mice within 80 d (Figure 7e-l). Meanwhile, major organs from
mice treated with or without B!I-PDA-PEG-DOX were also
collected for H&E staining and histological examination. No
significant organ damage was observed in mice treated with
BI.PDA-PEG/DOX (Figure 7m). Therefore, the combination
treatment with 13'I-PDA-PEG/DOX showed no significant long-
term toxicity to the treated animals.
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3. Conclusion

In summary, our study presents a new type of multifunctional
nanocarrier based on polydopamine with great biocompatibility
for combination cancer treatment. In this system, PDA formed
by spontaneous air oxidization of dopamine is PEGylated by
simply mixing amine-terminated PEG with PDA nanoparticles
under a basic pH condition. The obtained PDA-PEG nanopar-
ticles showed great physiological stability and long blood circu-
lation time. Utilizing the unique chemical structure of PDA,
two types of radioisotopes, ?*™Tc and I, may be attached to
PDA nanoparticles with high radiolabeling yields and stabili-
ties. In the meanwhile, it is found that an aromatic chemo-
therapy drug, DOX, can be physically adsorbed on PDA-PEG
nanoparticles with high drug loading efficiency, likely via m—n
stacking and hydrophobic interaction. While *™Tc labeling ena-
bles SPECT imaging to real-time track the distribution of nano-
particles in mice, conjugation of 3!l and loading of DOX make
the obtained 'I-PDA-PEG/DOX nanoparticles a great nan-
odrug for combined radio-chemotherapy, which offers excellent
synergistic therapeutic outcomes to treat tumors on mice upon
systemic administration. Considering the great biocompat-
ibility of PDA and the no obvious toxic side effect observed for
mice after combination therapy with 3![-PDA-PEG/DOX, such
drug-loaded, radioisotope-labeled PDA nanoparticles may have
great potential as a safe and effective nanodrug promising for
combination therapy of cancer. Moreover, the unique radiola-
beling and molecular loading behaviors of PDA discovered in
this work may be extended to the other types of radioisotopes
(for imaging and therapy) or molecules (for imaging, therapy,
and targeting) of interests, to develop novel PDA-based nano-
agents with interesting functions and properties useful in
biomedicine.

4. Experimental Section

Synthesis and Functionalization of Polydopamine (PDA) Nanoparticles:
PDA nanoparticles were synthesized by a facile approach according to
the previous protocols.l In brief, 180 mg of dopamine hydrochloride
(Aldrich Chemical) was dissolved in 90 mL of deionized water, and then
added with 760 pL of sodium hydroxide (NaOH, 0.2 mol L") under
magnetic staining at 50 °C. The color of the solution changed from pale
yellow to dark brown gradually. After polymerization for 5 h, as-prepared
PDA nanoparticles were collected by centrifugation at 14 000 rpm and
washed with deionized (DI) water until no color in the supernatant. The
obtained PDA nanoparticles were covalently functionalized with amine-
terminated PEG (mPEG-NH,, 5kDa). 100 mg of mPEG-NH, dissolved
in 1 mL of DI water was added dropwisely into 5 mL of PDA solution
(2 mg mL™") at pH 12.0 under sonication for 30 min. The reaction
solution was stirred overnight, obtaining PDA-PEG nanoparticles which
were purified by filtration through 10 kDa molecular weight cut-off
(MWCO) Amicon filters to remove excess PEG and stored under 4 °C
for future experiments.

DOX Loading and Release: DOX (Beijing Huafeng United Technology
Co, Ltd.) loading onto PDA-PEG was conducted by mixing 1 mL
of PDA-PEG solution (1 mg mL™") with different amounts of DOX
(0.1-4 mg) in phosphate buffer (20 x 107 m) at pH 8. The mixture
was stirred for 6 h in dark. Unbound excess DOX was then removed
by centrifuge filtration with 10 kDa MWCO filters and washed with DI
water several times. The obtained DOX-loaded nanoparticles were
re-suspended in DI water and stored at 4 °C for next experiments. UV—
vis—NIR was used to measure the DOX loading efficiency. Fluorescence
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spectra of free DOX and PDA-PEG-DOX were measured by FluoroMax 4
fluorometer (Horiba). For DOX releasing measurement, PDA-PEG-DOX
solutions were dialyzed in PBS at pH 5.0 and 7.4 in dark and kept in
a 37 °C water bath. At different time points, DOX released from PDA-
PEG-DOX was collected and measured by UV-vis—NIR spectra.

31| Labeling: PDA-PEG was labeled with radionuclide *'I (purchased
from Shanghai GMS Pharmaceutical Co., Ltd) through a standard
chloramine-T oxidation method. In brief, 180 pCi of '*'I and 10 pL of
chloramine T (10 mg mL™") were added into the solution of PAD-PEG
(1 mg mL™", 1 mL). The mixture was then reacted in a pH 7.5 phosphate
buffer (50 x 1073 m) for 10 min at room temperature. Excess '*'l was
removed by centrifugation filtration through Amicon filters (MWCO =
10 kDa) and washed several times with DI water until no detachable
radioactivity in the filtration solution. For the radiolabeling stability
assay, 5 mL of the obtained '*'I-PDA-PEG (1 mg mL™") was mixed with
500 mL of PBS or serum at 37 °C in a water bath. Free "'l was removed
by centrifuge filtration through Amicon filters (MWCO = 10 kDa) and
washed with water for two times. The leftover '3'I-PDA-PEG after washing
was collected for gamma counting to measure the amount of retained
3] on PDA-PEG nanoparticles. Next, the obtained '3'I-PDA-PEG was
used to load DOX at the mass ratio 1:1 ('3'I-PDA-PEG : DOX) for 6 h.
Free DOX was removed by centrifugation and washed with water several
times. The achieved '3'I-PDA-PEG-DOX was used for in vitro and in vivo
experiments.

9mTc  Labeled PDA-PEG for SPECT Imaging: Technetium-99m
(**™Tc, purchased from Shanghai GMS Pharmaceutical Co., Ltd) with
radioactivity of 6 mCi was added into the PDA-PEG solution (5 mL,
0.2 mg mL™") in the present of 200 pL of stannous chloride (SnCl,,
5 mg mL" in 0.1 m HCl) and then stirred gently for 1 h at room
temperature. The obtained *™Tc labeled PDA-PEG solution were
purified by ultrafiltration to remove free *™Tc. The radiolabeling yield
was determined to =99%. For SPECT imaging, mice bearing 4T1 tumors
were intravenous injected with **"Tc-PDA-PEG nanoparticles at 800 mCi
per mouse and imaged by in vivo animal SPECT (MlLabs, Utrecht, the
Netherlands) imaging system at various time points p.i.

Cellular Experiments: 4T1 murine breast cell line was originally
obtained from American Type Culture Collection (ATCC) and cultured
in RPMI-1640 supplemented with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin in a humidified atmosphere containing 5%
CO, at 37 °C. For the in vitro cytotoxicity assay, 4T1 cells were first
seeded into 96-well plates at a density of 5000 cells per well overnight,
and then incubated with free DOX, '*'l, the mixture of DOX and '3'l,
PDA-PEG, PDA-PEG-DOX, ''I-PDA-PEG, and '*'I-PDA-PEG-DOX at
various concentrations for 24 h. Cell counting kit-8 (CCK-8) assay was
then conducted to determine the relative cell viabilities related to the
untreated control.

Blood Circulation and Biodistribution: All animals were acclimated
to the animal facility for 7 d prior to experimental procedures. Healthy
female Balb/C mice were intravenously injected with '3'I-PDA-PEG
(20 pCi of 13"l corresponding to 10 mg kg™' of PDA-PEG per mouse).
Blood circulation was measured by drawing =20 pL of blood from one
side of orbital venous plexus at various time points post injection (p.i.).
The radioactivity in blood samples were measured by a gamma counter
(LB211, Berthold Technologies Gmbh & Co.KG). In order to test the
tumor uptake of *'I-PDA-PEG, mice bearing 4T1 tumor were injected
with the same dose of "*'I-PDA-PEG and sacrificed at 24 h p.i. Major
organs including liver, spleen, kidney, heart, lung, stomach, intestine,
skin, muscle, bone, brain, and tumor were collected, weighed and
measured by the gamma counter.

Combination Therapy: To generate the tumor model, 2 X 10° of 4T1
cells suspended in 50 pL of PBS were subcutaneously injected into
the right back of each mouse. Upon the tumor volume reached above
0.15 cm? (after nearly 7 d inoculation), the mice were randomly divided
into six groups with five mice per group and then differently treated
with: 1) PBS, 2) PDA-PEG (10 mg kg™"), 3) the mixture of DOX and "'
(5 mg kg™' of DOX, 200 mCi of 'l), 4) PDA-PEG-DOX ( 5 mg kg™' of
DOX), 5) *'I-PDA-PEG (200 mCi of "3"l), and 6) '3'I-PDA-PEG-DOX
(5 mg kg™" of DOX, 100 mCi of 13'l). The above agents were i.v. injected
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into mice bearing 4T1 tumor modal every 4 d at day 0, 4, &, and 12.
The tumor volumes were monitored by a caliper every the other day, and
calculated according to the following formula: Volume (cm®) = length
(cm) X width? (cm?)/2.

Blood Chemistry Analysis and Histology Examinations: Healthy female
Balb/c mice with and without i.v injection of '3'l-PDA-PEG-DOX
(n =5 per group) at a dose of 10 mg kg™' of PDA-PEG (corresponding
to 100 mCi of 13", and 5 mg kg™' of DOX) for four times were sacrificed
at 80 d p.i. Blood samples (=0.8 mL) from mice were collected for blood
biochemistry examination and complete blood panel. Meanwhile, major
organs including liver, spleen, kidney, heart, lung were collected, fixed in
4% formalin, conducted with paraffin embedded sections, stained with
H&E, and examined under a digital microscope (Olympus).
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