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1 Introduction

ABSTRACT

Nanocomposites combining magnetic and plasmonic components have
received widespread attention in recent years due to their potential applications
in biomedical research. Herein, we describe a facile method for growing small
iron oxide nanoparticles on various plasmonic core materials with different
shapes and surfaces by utilizing a polypyrrole interlayer. By focusing on Au
nanorod@polypyrrole@iron oxide (Au NR@PPy@Fe,O) nanocomposites, we show
that these systems exhibit a low r,/r; ratio of 4.8, making them efficient T; positive
contrast-enhancing agents for magnetic resonance imaging (MRI). Moreover,
we show that the nanocomposites are excellent photothermal agents in the second
near infrared region, with high photothermal conversion efficiency, reaching
up to 46%. In addition, the Au NR@PPy@Fe,O nanocomposites show very low
cytotoxicity. In summary, the present results highlight the great potential of
the synthetic method and the nanocomposites developed in this study for T;
MRI and/or infrared thermal imaging-guided photothermal cancer therapeutic
applications.

contrast-enhancing agents [1-4]. Such nanocomposites,
possessing both magnetization and near-infrared

Nanocomposites combining magnetic (e.g., iron oxide)
and optically active plasmonic (e.g., Au) components
have received widespread attention in recent years due
to their potential applications in biomedical research,
such as in magnetic field-assisted sensing and cancer
therapies, as well as drug-delivery vehicles and imaging
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(NIR) absorption properties, have the potential to
substantially improve current cancer therapeutic
treatments by enabling simultaneous imaging and
therapy (theranostics) [5-7]. In these nanocomposites,
the magnetic component can act as magnetic resonance
imaging (MRI) agent for cancer diagnosis, due to its
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high magnetic relaxivity and contrast-enhancing effect
[8]; at the same time, the optically active component,
with its surface plasmon resonance (SPR) characteristics,
has been found to be of potential use in bio-labeling
and photothermal therapy applications [9-13]. For best
imaging and therapeutic results, the optical absorption
of the nanocomposites needs to be tuned into the
NIR region, where the light absorption and scattering
by the tissues is at a minimum [14]. Thus, a tailored
combination of magnetic and optically active plasmonic
components is urgently needed to support MRI-guided
photothermal nanotheranostics applications.

MRI is one of the most powerful medical diagnosis
tools because it can provide highly detailed anatomical
and functional information based on soft tissue
contrast in a noninvasive way, also allowing real-time
monitoring [15-21]. The MRI contrast-enhancing agents
are generally categorized according to their effects
on the longitudinal (T;) and transverse (T,) proton
relaxations. T; contrast-enhancing agents provide a
bright signal against a dark background in T;-weighted
MRI, whereas T, contrast-enhancing agents result in
a negative contrast in T,-weighted MRI. However, the
intrinsic dark signal in T,-weighted MRI can sometimes
be misleading for the clinical diagnosis, because the
labeled tumor areas are often confused with other
hypointense areas such as those associated with
bleeding, calcification, or metal deposition [16, 22].
Therefore, T; contrast-enhancing agents can be more
desirable than T, ones for accurate high-resolution
imaging. Paramagnetic compounds including Gd*,
Mn?, and Fe* chelates with a large number of unpaired
electrons can be used as T; contrast-enhancing agents
[23-32]. It has been proven that the accessibility of
water molecules to the paramagnetic centers is the
critical factor for enhancing the resolution and signal-
to-noise ratio of T;-MRIL Although Gd** and Mn*
complexes are widely used as T; contrast-enhancing
agents, they have several disadvantages in clinical
settings, including potential cytotoxicity and short
circulating time due to rapid excretion in urine [33, 34].
In addition, they are difficult to functionalize for active
targeting purposes. Therefore, more biofriendly nano-
probes with easy surface functionalization are critically

needed as substitutes for Gd- and Mn-based T; MRI
contrast-enhancing agents.

Iron oxide is more biocompatible than gadolinium-
or manganese-based materials by virtue of the rich
iron species present in the body. However, commonly
prepared iron oxide nanoparticles are not appropriate
for T1-MRI, due to the high r,/r; ratio (>20) derived
from their intrinsic high magnetic moment. Therefore,
various systems such as organic, inorganic, and
inorganic/organic iron oxide hybrid nanoparticles
have been developed as T, MRI contrast-enhancing
agents [35-40]. Fortunately, the high ,/r; issue can be
solved by decreasing the physical size of the magnetic
nanoparticles [41]. Recently, it has been demonstrated
that iron oxide nanoparticles with ultra small sizes
can be good candidates as T; agents with low toxicity,
due to their reduced magnetic moment and the
enhanced accessibility of Fe paramagnetic centers
to water molecules [42-45]. However, to the best of
our knowledge a general method to simultaneously
integrate an optically active plasmonic component and
iron oxide into a multifunctional theranostic platform
for T; MRI imaging-guided photothermal therapy
has not yet been demonstrated.

Herein, we report a facile but efficient route
for constructing nanocomposites structured with an
optically active plasmonic core and an iron oxide
shell, in which Au nanocrystals of varying shapes or
transition metal selenide semiconductors (Cu,_,Se) act
as the core, a thin conjugated polymer polypyrrole
(PPy) works as the cohesive interlayer, and iron oxide
forms the outer nanoshell. For example, with Au
nanorods (Au NRs) as the core material, a conjugated
polymer (PPy) was used to encapsulate the Au NRs
and obtain Au NR@PPy by surfactant-assisted chemical
oxidative polymerization. Then, a large number of iron
oxide nanocrystals were formed on the surface of the
Au NR@PPy nanoparticles, in the presence of Fe*
and Fe’* under alkaline conditions. The resulting
Au NR@PPy@Fe,O nanocomposites exhibit excellent
NIR photothermal conversion efficiency (46%) and
biocompatibility, making them promising theranostic
agents for simultaneous T; MRI imaging and photo-
thermal therapy.
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2 Experimental
2.1 Materials

Cetyltrimethylammonium bromide (CTAB, 99%),
polyvinyl alcohol (PVA, 98% hydrolyzed, average
molecular weight 105,000), pyrrole (99%), and iron
(III) chloride hexahydrate (FeCly;:6H,O, 99%) were
obtained from Aladdin (Shanghai, China). L-ascorbic
acid, dodecyl sodium sulfate (SDS, 99%), ammonium
hydroxide (NH,OH, 28.0%-30.0%), sodium borohydride
(NaBH,, 96%), chloroauric acid tetrahydrate (HAuCly
4H,0), silver nitrate (AgNO;), ferrous sulfate (FeSO,-
7H,O, 99%), hydrochloric acid (HCL, 37%), sodium
oleate (NaOL, 99%), and dimethylsulfoxide (DMSO,
99%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Deionized (DI)
water was used in all experiments. All chemicals were
used as received without further purification.

2.2 Preparation of gold nanorods

Au NRs were synthesized by a previously described
seed-mediated method [46], with some minor
modifications. In a typical synthesis, CTAB-modified
gold seeds were first synthesized by chemical reduction
of HAuCl, with NaBH,, and 250 pL of 10 mM HAuCl,
was added to 9.75mL of freshly prepared 0.1 M
CTAB solution. Then, 0.6 mL of fresh ice-cold 0.01 M
NaBH, was injected into the Au (III)-CTAB solution
under vigorous stirring (1,200 rpm). The solution color
changed from yellow to brownish yellow and the
stirring was stopped after 2 min. This seed solution
was aged at room temperature for 1h before use.
To prepare the growth solution, 0.7 g of CTAB and
0.1234 g of NaOL were dissolved in 25 mL of warm
water (~50 °C). The solution was allowed to cool
down to 30 °C and 480 pL of 0.02 M AgNO; solution
was added. The mixture was kept undisturbed at
30 °C for 15 min, after which 25 mL of 1 mM HAuCl,
solution was added. The solution became colorless
after 90 min of stirring (700 rpm), and 300 pL of HCI
(37 wt.% in water, 12.1 M) was then introduced to
adjust the solution pH. After another 15 min of slow
stirring at 400 rpm, 80 uL of 0.1 M ascorbic acid (AA)
was added and the solution was vigorously stirred
for 30 s. Finally, 40 pL of as-synthesized seeds solution

was injected into the growth medium. The resultant
mixture was stirred for 30 s and left undisturbed at
30 °C for 12 h for NR growth. The final products were
isolated by centrifugation at 9,000 rpm for 20 min,
followed by removal of the supernatant. After discarding
the supernatant, the precipitate was dispersed in
20 mL of DI water for the next step, i.e., the synthesis
of polypyrrole-coated Au NRs hybrid nanomaterials.

2.3 Preparation of Au NR@PPy nanocomposites

As soon as the Au NRs were synthesized, 5 mL of
aqueous solution of Au NRs, 300 pL of 40 mM SDS
aqueous solution, and 200 pL of pyrrole monomer were
mixed together under vigorous stirring. Subsequently,
3 mL of 2 mM acidic (NH,),S,0s solution was added.
After being stirred for 10 s, the reaction mixture was
incubated at room temperature for 2 h to complete
the oxidative polymerization, until the color of mixture
turned to black. The PPy-coated NRs were purified
by centrifugation at 9,000 rpm for 10 min, repeated
three times. After removal of the supernatant, the con-
centrated PPy-coated Au NRs solution was collected
at the bottom of the centrifuge tube.

2.4 Preparation of Au NR@PPy@Fe,O nanocom-
posites

The Au NR@PPy nanocomposites solution obtained
in the above step was diluted with 2 mL DI water and
3 mL PVA (1%) aqueous solution under N, atmosphere
with vigorous stirring for 0.5 h. Then, 15 uL of a mixture
of 0.214 M FeCl; and 0.107 M FeCl, solutions was
added under N, atmosphere with vigorous stirring.
After 0.5 h, 300 uL of NH,OH (9%) solution was quickly
injected into the reaction solution at 70 ‘C under N,
atmosphere for another 1 h. The final products were
purified by centrifuging twice at 9,500 rpm for 10 min.
The supernatant was discarded and the precipitate
was redispersed in water under ambient conditions.

2.5 Synthesis of other plasmonic core nanomaterials

Au nanoparticles (4 ~ 17 nm) [47], Au nanostars (d ~
40nm) [48], Au triangular nanoplates (d~65nm)
[49], and Cu,_,Se nanoparticles (4 ~ 30 nm) [50] were
prepared separately following published procedures.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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2.6 Synthesis of core@PPy@Fe,O core-shell nano-
composites with different cores

Five mL of the aqueous solution of Au nanoparticles,
Au nanostars, Au triangular nanoplates, or Cu,..Se
nanoparticles were mixed with 300 uL aqueous solu-
tion of 40 mM SDS and 200 puL of pyrrole monomer
under vigorous stirring. Subsequently, 3 mL of 2 mM
acidic (NH,),5,0g solution was added. After being
stirred for 10 s, the reaction mixture was incubated at
room temperature for 2 h to complete the oxidative
polymerization process. Then, these PPy-coated nano-
structures were purified by centrifugation at 9,000 rpm
for 10 min, repeated three times. After removing the
supernatant, the concentrated PPy-coated nanocom-
posites solutions were used to grow iron oxide
nanoshells in the same way as described in section
2.4 above.

2.7 Characterization

The morphology and size of the synthesized nano-
composites were characterized by transmission electron
microscopy (TEM) and scanning transmission electron
microscopy (STEM), using a FEI Technai G2 S-Twin
instrument at an acceleration voltage of 200 kV. The
sizes of all as-prepared nanomaterials were determined
from TEM micrographs using the Image] software
(V1.41, NIH, USA) for image analysis. The elemental
composition was analyzed by an energy-dispersive
X-ray spectroscopy (EDX) analyzer as TEM accessory.
UV-vis-NIR spectra were recorded on a Lambda-25
spectrophotometer (PerkinElmer Inc., USA) under
ambient conditions. Au and Fe concentrations of the
nanocomposite solution were measured by an induc-
tively coupled plasma optical emission spectrometer
(ICP-OES, PerkinElmer 2100 DV). The MRI relaxation
properties of the Au NR@PPy@Fe,O nanocomposites
(0.054-0.216 mM Fe) were scanned with a 0.5 T NMR
analyzer (Shanghai Huantong Corporation, GY-
PNMR-10). The measurement parameters were set as
follows: repetition time (TR) = 500 ms; echo time (TE) =
30 ms; number of excitations (NEX) = 1. The relaxation
rates r; and r, were calculated by a linear fit of the 1/T;
and 1/T, relaxation times versus the Fe concentration
(mM). The tetrazolium colorimetric assay (MTT) was
conducted using a Biotek Elx 800 Microplate Reader.

2.8 Photothermal performance of Au NR@PPy@Fe, O
nanocomposites in aqueous solution

To evaluate the photothermal heating performances of
the as-synthesized Au NR@PPy@Fe, O nanocomposites,
1.5 mL of an aqueous dispersion of Au NR@PPy@Fe, O
of different concentrations was placed in a quartz
cuvette and exposed to a 1,064 nm laser at different
power densities for 5 min. A thermocouple probe
with an accuracy of 0.1 °C was inserted into the nano-
composites solutions perpendicular to the laser path
to avoid direct light irradiation on the probe. The
temperature was recorded every 20s by a digital
thermometer.

2.9 Cytotoxicity assay of Au NR@PPy@Fe,O nano-
composites

The cytotoxicity of the nanocomposites was evaluated
on neural stem cells (NSC) by MTT assay. Briefly, the
NSC cells were seeded into 96-well plates at a density
of 1 x 10* cells per well and cultured for 24 h to allow
cells to attach at 37 °C in a humidified incubator, in
which the CO, level was maintained constant at 5%.
Afterward, the original culture medium was changed
to fresh medium, or to Au NR@PPy@Fe,O dispersions
in medium at the desired concentrations (50, 100, 150,
and 200 pM Au, respectively) for 24 h at 37 “C. Subse-
quently, the medium was removed and replaced by
10 uL of MTT reagent in 100 pL of serum-free medium.
After being incubated for additional 4 h at 37 °C, the
absorbance of each well at 490 nm was measured
using a microplate reader. The relative cell viability
was calculated as 100% x Ajest/Acontrol (Where Ay and
Aconirol are the absorbance of a well treated with and
without Au NR@PPy@Fe, O nanocomposites, respec-
tively), with three replicates carried out for each
treatment group.

3 Results and discussion
3.1 Synthesis of Au NR@PPy@Fe,O nanocomposites

The strategy to synthesize Au NR@PPy@Fe, O nano-
composites involved surfactant-assisted chemical
oxidative polymerization of pyrrole on the surface
of Au NRs, and subsequent formation of iron oxide
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nanocrystals at the outer shell of the Au NR@PPy
nanocomposite in the presence of Fe** and Fe** under
alkaline conditions, as illustrated in Scheme 1. In
particular, anionic surfactant SDS was first absorbed
onto the CTAB layers on Au NRs through electrostatic
interactions. Then, the pyrrole monomers introduced
into the aqueous solution were trapped within the
surfactant layers. Following the addition of an
oxidant (ammonium persulfate, (NH,),S,0s), pyrrole
polymerization occurred, resulting in the coating of a
PPy shell onto the surface of the Au NRs. In this
polymerization process, surfactant SDS served as a
stabilizing agent, preventing Au NRs aggregation and
allowing single NR encapsulation upon polymerization
[51-53].

In order to form iron oxide on Au NR@PPy, an
aqueous solution containing Fe*, PVA, and Fe? was
added into the system under N, protection. The formed
Au NR@PPy nanocomposites can be modified by
PVA, which functions as a capping agent to make the
particles highly hydrophilic [54-56]. Then, an ammonia
solution was dropped into the system with moderate
heating at 70 °C to coprecipitate the Fe’* and Fe** ions,
forming small iron oxide nanocrystals on the Au
NR@PPy nanocomposites.

Another way to coat PPy on Au NRs is by Fe3*-
mediated oxidative polymerization [56-59]. Compared
to the method using ammonium persulfate oxidant,
the polymerization process with Fe** as oxidant was
much faster and therefore difficult to control. Moreover,
we found that the surfactant SDS influences the
formation of Au NR@PPy nanoparticles prepared by

oommmmmm—— SDS j
Au nanorod
iron oxide
4
¥4
7’
I’
AuNR@PPy@ Fe, O

211N

Fe**-mediated oxidative polymerization, since the
excess surfactant SDS can act as a soft template for
free PPy formation. By increasing the added amount
of SDS, the amount of free PPy in solution increased,
along with a clear damping of the SPR absorption
from Au NRs (Fig. S1 in the Electronic Supplementary
Material (ESM)). Furthermore, a large amount of ferric
and ferrous ions from the starting Fe* and its reduced
form remained in the obtained Au NR@PPy solution.
When the ammonia solution was added directly into
the above Au NR@PPy solution without centrifugation,
iron oxide nanoparticles could form in situ both on the
Au NR@PPy nanocomposites and in solution (Fig. 52
in the ESM), likely due to the large amount of free PPy
formed in the reaction solution. One concern with the
Fe**-mediated polymerization is the oxidative etching
exerted by Fe** on the Au NRs. In order to check
whether the strong damping observed in Fig. S1(d)
(in the ESM) is due to this effect, the optical extinction
spectra of the prepared Au NRs before and after Fe**
treatment have been measured and compared (Fig. S3
in the ESM). The results highlight a slight decrease in
intensity and a blue shift of the longitudinal SPR
peak, indicating chemical etching of Fe* on Au NRs.
However, based on the magnitude of this change, the
involvement of Fe* in the large damping of the Au
NRs SPR can be ruled out.

The excess PPy in solution can be removed by
centrifuging the Au NR@PPy dispersion. A colorimetric
determination of the iron species showed that only a
small amount of ferric ions and no ferrous ions were
left after centrifugation (Fig. 54 in the ESM). Therefore,

%SOSOSOM

Polypyrrol\e (NH,),S,04
\
PvA L\
Fe3*
2+
i AuNR@PPy

Scheme 1 Schematic diagram illustrating the synthesis of Au NR@PPy@Fe,O nanocomposites.
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by adding a small amount of Fe** under alkaline
conditions, iron oxide nanocrystals can form on the
outer shell of the Au NR@PPy nanocomposites (Fig. S5
in the ESM), suppressing free iron oxides formation in
solution. However, due to fast polymerization when
Fe** was used as oxidant, neat PPy-encapsulated Au
NRs cannot be obtained (only thicker and irregular
PPy).

We also investigated the effect of the concentration
of ferric and ferrous ions on the formation of the
nanocomposites. With the concentration of ferric and
ferrous ions increased, the TEM image contrast of the
shell in the nanocomposites became darker, due to
larger amount of deposited iron oxides. When the

(d
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concentration of ferric and ferrous ions was high
enough, free iron oxides became clearly evident in
the reaction mixture (Fig. S6 in the ESM). Therefore,
the concentration of ferric and ferrous ions should be
kept below an optimal concentration in order to avoid
the formation of free iron oxide nanocrystals.
Previous work demonstrated that PPy, a conducting
polymer, can support the adhesion and growth of
different cell types and does not irritate the immune
system of mammalians, due to its high conductivity
and good biocompatibility [59-61]. In this study, the
thin PPy shell has served as cohesive layer to facilitate
coating of small iron oxides on the Au NRs. In the
absence of the PPy layer, iron oxides can still grow
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Figure 1 (a) and (b) TEM images at different magnifications of the as-synthesized Au NR@PPy@Fe, O nanocomposites. (c) STEM
image of the Au NR@PPy@Fe,O nanocomposites. (d) EDX elemental line scanning profiles for Au and Fe, showing that Fe is present in
the nanocomposites, distributed along the outer rim of the polymer shell. (¢) Bulk EDX analysis of Au NR@PPy@Fe,O nanocomposites
showing the presence of Au and Fe (Cu from the TEM grid). (f) UV—vis—NIR absorption spectra of the Au NRs, Au NR@PPy, and Au

NR@PPy@Fe,O nanocomposites.
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along the outer border of the Au NRs, albeit in a very
uneven manner (Fig. S7 in the ESM).

3.2 Characterization of Au NR@PPy@Fe, O nano-
composites

As discussed above, under optimized experimental
conditions, uniform Au NR@PPy@Fe,O nanocomposites
exhibiting an evident core-shell structure were
successfully synthesized, as shown in Figs. 1(a) and
1(b). The size of the Au NR core is 16 nm x 92 nm,
whereas that of the PPy coating is ~18 nm, and the iron
oxide nanoparticles display a very small size (difficult
to identify by TEM). The STEM image clearly shows
that Fe,O nanoparticles (NPs) are distributed along
the outer rim of the polymer shell, judging from the
image contrast (Fig. 1(c)) as well as the elemental line
profiles (Fig. 1(d)). The elemental composition of the
as-synthesized nanocomposites over a larger area was
determined using EDX (Fig. 1(e)), further confirming
the presence of Fe. The X-ray diffraction (XRD) patterns
of the nanocomposites only display Au diffraction
peaks (Fig. S8 in the ESM), indicating either very small
or amorphous iron oxide nanoparticles.

Next, UV-vis-NIR spectroscopy measurements were
conducted to analyze the surface plasmon resonance
features of the Au NRs, Au NR@PPy, and Au
NR@PPy@Fe, O nanocomposites. As shown in Fig. 1(f),
the localized surface plasmon resonance (LSPR) of
Au NRs was centered at ~980 nm. This peak was red-
shifted by 100 nm after PPy shell coating as a result
of the changed dielectric environment. The Au
NR@PPy@Fe,O exhibited a broader and further damped
LSPR peak extending from the visible to the NIR

(a) 0.55 y

0.50 41
r,=1.07mM s

0.45 R =0.998

0.40

1T, (871

0.351

0.30

0.05 010 015 020 025 0.30
Fe concentration (mM)

region with a maximum at nearly 1,100 nm.
3.3 Magnetic resonance relaxivity measurement

The relaxivity of the as-synthesized Au NR@PPy@Fe,O
nanocomposites was examined to evaluate their
potential use as MR contrast-enhancing agents.

Figures 2(a) and 2(b) show the longitudinal (1/T})
and transverse (1/T,) relaxation rates of protons in
Au NR@PPy@Fe,O aqueous solution as a function of
the iron concentration at 0.5 T magnetic field. The
longitudinal relaxivity (r,, i.e., the longitudinal relaxation
rate per mM of iron) and transverse relaxivity (r,,
transverse relaxation rate per mM of iron) of the
Au NR@PPy@Fe,O were estimated to be 1.07 and
5.1 mM™-57, respectively. The r,/r; ratio measured for
the Au NR@PPy@Fe,O nanocomposites is thus 4.8.
The measured relaxivity of 1.07 mM™-S™is comparable
to that recently reported for FeOOH-silica nanoco-
mposites (0.48-2.12 mM™-5™) by Chou and coworkers
[62]. Their relatively low r,/r; value demonstrates that
Au NR@PPy@Fe,O has the potential to be utilized as
an effective T;-weighted positive contrast-enhancing
agent for MRIL. We also investigated the MR relaxivity
of the Au NR@PPy@Fe,O nanocomposites with different
iron oxides densities (samples shown in Figs. S6(b)
and S6(d) in the ESM). It was found that the r; and r,
values do not depend on the amount of iron oxide
nanocrystals in the nanocomposites (Fig. S9 in the ESM).
In contrast, larger Fe,O on Au NR@PPy showed a
much higher r,/r; value (~9), making them effective
T,-weighted negative contrast-enhancing agents for
MRI, with no apparent Fe,O NP density dependence
observed either (Fig. 510 in the ESM).
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Figure 2 T (a) and 7 (b) relaxation rate of the Au NR@PPy@Fe,O nanocomposites as a function of the iron concentration.
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Our results are significantly different from those
first reported by Han et al [58], and more recently by
He and coworkers [57], on the formation of iron oxide
nanocrystals on PPy NPs or shells. The iron oxide
synthesized here has a much smaller size, making
it better suited for enhancing the T; MRI contrast
[42-45]. The small nanocrystal size is a result of the
experimental protocol employed here, in particular,
the use of a thin PPy layer prepared by ammonium
persulfate oxidative polymerization and the addition
of PVA.

3.4 Photothermal performance of Au NR/PPy@Fe, O
nanocomposites

Photothermal therapy is an emerging technique
that utilizes photothermal agents to convert photons
into local heat and kill cancer cells at the target
tumor sites. The photothermal properties of the Au
NR@PPy@Fe, O nanocomposites were first studied by
monitoring the temperature change of 1.5 mL of Au
NR@PPy@Fe,O nanocomposites solution at various
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concentrations (spanning 50-200 uM Au) under the
irradiation of a 1,064 nm continuous wave laser. At
a laser power density of 1 W/cm? with the nano-
composites concentration increasing, the solution
temperature elevation increased from 10 to 16.5°C
after 5min of laser irradiation, while pure water
showed little heating effect at the same power density
(Fig. 3(a)). The final temperature increase at the end
of the laser irradiation period as a function of the
nanocomposites concentration is plotted in Fig. 3(b).
The temperature elevation profile flattens out with
increasing nanocomposites concentrations, due to the
logarithmic absorbance dependence on the fraction
of incident radiation. When the nanocomposites con-
centration was fixed at 200 uM, a strong dependence
of the photothermal effect of the nanocomposites
on the laser power clearly emerged, with the highest
temperature elevation up to 16.5°C obtained at
1 W/em? (Fig. 3(c)). These results indicate that the
Au NR@PPy@Fe,O nanocomposites can rapidly and
efficiently convert the energy of a 1,064 nm laser into
thermal energy.

0 50 100 150 200
Au concentration (uM)

0 200 400 600 800 1,000 1,200
Time (s)

Figure 3 (a) Temperature elevation curves of plain water (0 uM) and Au NR@PPy@Fe, O nanocomposites aqueous solutions at
different concentrations (50-200 uM) under laser irradiation. (b) Temperature change versus concentration of Au NR@PPy@Fe O
nanocomposites after exposure to laser for 5 min. (¢) Temperature elevation profiles of 200 uM Au NR@PPy@Fe, O nanocomposites
aqueous solutions under different laser power densities. (d) Monitored temperature profile of Au NR@PPy@Fe,O nanocomposites
aqueous solution (200 uM) irradiated by laser for 600 s, followed by natural cooling with laser light turned off. Unless otherwise noted,
a 1,064 nm laser was used at a power density of 1 W/em?, and the error bars represent standard deviations (n = 3).
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In all present photothermal measurements, the
nanocomposites solution was exposed to laser for
three times and a similar temperature change was
observed, indicating good photostability of the Au
NR@PPy@Fe,O nanocomposites.

To further quantify the photothermal transduction
efficiency, we recorded the temperature change of the
200 uM solution as a function of time, under continuous
irradiation by a 1,064 nm laser for 600 s at the power
density of 1 W/cm? (Fig. 3(d)). The nanocomposite
dispersions were illuminated until reaching a steady
state temperature, at which point the light source was
removed, and the solution was allowed to cool down
naturally. During this cooling stage, the temperature
decrease was monitored to determine the rate of heat
dissipation from the system to the environment, which
was obtained by fitting the measured cooling curve
(Fig. S11 in the ESM). According to the obtained data
and the reported method [63, 64], the photothermal
conversion efficiency of the Au NR@PPy@Fe,O nano-
composites can reach up to 46%. As Au NRs are
reported to have a lower photothermal transduction
efficiency of ~25%, experiments on Au NR and Au
NR@PPy were also conducted. These systems were
found to exhibit lower conversion efficiency of 28.6%
(Fig. S12 in the ESM) and 37.5% (Fig. S13 in the ESM),
respectively. Furthermore, the photothermal perfor-
mance of a black Fe,O colloidal solution was also
checked, and the measured conversion efficiency was
36.5% (Fig. S14 in the ESM). These results clearly show
that the Au NR@PPy@Fe,O nanocomposites are highly
efficient and photostable photothermal agents.

3.5 Cytotoxicity of Au NR@PPy@Fe,O
nanocomposites

Au, PPy, and iron oxide are all known to be biocom-
patible with little cytotoxicity. The cytotoxicity of the
synthesized Au NR@PPy@Fe,O nanocomposites was
evaluated on neural stem cells using the standard
MTT assay (Fig. S15 in the ESM). NSC cells incubated
with Au NR@PPy@Fe,O nanocomposites did not display
any obvious cytotoxicity over a wide concentration
range (0200 uM Au) for 24 h. The percentages of viable
cells for NSC were 82.0% =+ 8.4%, after being exposed to
the nanocomposites with a concentration of 200 uM
Au for 24 h, demonstrating good biocompatibility of
the Au NR@PPy@Fe,O nanocomposites, and confirming
their great potential to be used as biocompatible
theranostic agents.

3.6 General method for coating iron oxides on
different cores

PPy coating and subsequent growth of an iron oxide
shell on nanocrystals is a facile and cost-effective method,
which is also independent of the geometry and com-
position of the core materials and surface properties.
Using the thin polymeric PPy shell as cohesive layer,
we extended the coating of iron oxides onto a variety of
different materials. For example, we have successfully
fabricated Au triangular-plate@PPy@Fe,O (Figs. 4(a)
and 4(e)), Au nanostar@PPy@Fe,O (Figs. 4(b) and 4(f)),
and Au nanoparticle@PPy@Fe,O (Figs. 4(c) and 4(g))
nanocomposites by using various Au core shapes. In
addition, semiconductor Cu,_.Se was also prepared to

Figure 4 TEM images of core@PPy@Fe,O nanocomposites with different core materials: (a) and (e) Au triangular nanoplates;
(b) and (f) Au nanostars; (c) and (g) Au nanoparticles; (d) and (h) Cu,_,Se nanoparticles.
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form Cu, Se@PPy@Fe:O nanocomposites (Figs. 4(d)
and 4(h)).

These as-synthesized nanocomposites, with both an
optically active plasmonic core and a magnetic shell,
have the potential to be used in future applications as
both magnetic resonance imaging and photothermal
therapy agents for simultaneously performing imaging
and therapeutic administrations.

4 Conclusions

In summary, we have developed a facile and versatile
strategy that enables formation of small iron oxide
nanocrystals on a variety of cores made of different
materials with the help of a thin inner-layer PPy
as cohesive layer. The obtained Au NR@PPy@Fe O
nanocomposites were found to be effective photo-
thermal agents, exhibiting good dispersity, intense
NIR absorption, photostability, and high photothermal
conversion efficiency. Additionally, we demonstrated
that these nanocomposites can be used as effective
contrast agent for T; MRI imaging. Furthermore, the
nanocomposites show very low cytotoxicity, which
highlights their potential use as biocompatible multi-
functional photothermal agents. Therefore, we anticipate
that the nanocomposites developed in this study have
great potential for T;-MRI and/or infrared thermal
imaging-guided photothermal cancer therapeutic
applications.
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