J Mater Sci (2017) 52:6581-6590

@ CrossMark

Preparation and photothermal study of polystyrene
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ABSTRACT

Polystyrene coated with gold nanoshell composite particles, with good pho-
tothermal properties, were prepared by electrostatic self-assembly. Firstly,
polystyrene (PS) microspheres were synthesized by emulsifier-free emulsion
polymerization, and it is determined that the PS microsphere has an average
diameter of 165 nm, carboxyl on the surface, and its surface potential turned
into 4+-38.3 mV after modified by polyallylamine hydrochloride (PAH). Sec-
ondly, gold seeds, with an average diameter of 5.14 nm and surface potential of
—10.7 mV, were prepared via sodium borohydride reducing chloroauric acid.
Then, gold seeds were adsorbed on the surface of PS microspheres by electro-
static self-assembly and the composite particles were obtained after gold seeds
grew multiple times. Finally, 0.3 mg/mL composite particles dispersion was
irradiated with a near-infrared (NIR) light source and the temperature of the
dispersion increased 13 °C after 5 min.
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can cause destruction to normal cells as well as can-
cer cells, which damages the human body greatly [1].

Introduction

In recent years, cancer has become one of the major
diseases that threaten human health. The latest data
show that another 4.292 million people were diag-
nosed with cancer and 2.814 million people with
cancer died in 2015. Currently, the main methods to
treat cancer are surgery, chemotherapy and radio-
therapy. However, surgical treatment has some
problems of uncomplete cancerous tissues and cells
remove and possible recurrence. Due to the lack of
specific selectivity, chemotherapy and radiotherapy
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The novel nanomaterials with optical and magnetic
features provide an effective platform for fighting
against cancer, on which thermotherapy, a new kind
of cancer treatments, is developed [2-6]. The basic
mechanism of thermotherapy is that cancer cells are
more sensitive to heat than normal cells and can be
easily killed and destroyed at high temperature.
Compared with the above-mentioned treatments,
thermotherapy has more advantages such as stronger
specificity to cancer cells and less toxic side effect [1].
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Besides, nanoparticles can be endowed with func-
tions of thermotherapy, chemotherapy, photody-
namic therapy and drug delivery by structural design
and optimization. Photothermal particles are the core
and focus on the field of thermotherapy research
[7-14].

Photothermal therapy (PTT) is a method that cer-
tain nanoparticles can absorb NIR with good per-
meability to biological organs and generate heat to
kill cancer cells via surface plasmon resonance. Gold
nanoparticles, nanorods and nanoshells [11, 15-22],
carbon nanomaterials [23-29] and CuS/Se [30, 31] are
common photothermal particles. At present, scien-
tists have been constantly exploring new photother-
mal particles. We prepared PS microspheres by
emulsifier-free emulsion polymerization in this arti-
cle. On this basis, gold seeds were adsorbed on the
surface of these microspheres by electrostatic
adsorption. Finally, novel photothermal composite
particles with core-shell structure, polystyrene
coated with gold nanoshell (named as PS@Au), were
obtained via gold seeds growth and the photothermal
properties were characterized.

Experimental section
Materials

Styrene (St, TCRY) and acrylic acid (AA, TCRY) were
used after being distilled in vacuum. Potassium
persulfate (KPS), polyallylamine hydrochloride
(PAH), sodium borohydride (NaBH,4), chloroauric
acid (HAuCly) and other chemicals, purchased from
Sinopharm Chemical Reagent Co., Ltd, were directly
used without any treatment.

Preparation of gold seeds

37.5 mg NaBH, was dissolved in 50 mL 10 g/L tri-
sodium citrate aqueous solution, and 2.5 mL 10 g/L
HAuCl, aqueous solution was diluted with water to
250 mL. After magnetic stirring for 5 min, 2.5 mL
10 g/L trisodium citrate aqueous solution was added
to the above solution. One minute later, 2.5 mL
NaBH, solution prepared above was added to the
mixture, and after reacting for 5 min the products
were stored at 4 °C for later use [32-34].

@ Springer

J Mater Sci (2017) 52:6581-6590

Preparation of PS microspheres

PS microspheres were prepared by emulsifier-free
emulsion polymerization. A typical preparation pro-
cess is as follows: 2.56 g St and 0.44 g AA were dis-
solved in 80 mL water and the mixture was added to
a 250-mL three-necked flask. 0.07 g KPS was dis-
solved in 20 mL water to be added to the solution in
the flask. And then the emulsion in the flask would
react at 80 °C for 8 h with a stirring rate of 200 rpm.
After cooling to room temperature, the products were
stored for later use.

Surface modification of PS microspheres

Ten milliliters (solid content was 2 mg/mL) PS
microspheres emulsion was added to 100 mL PAH
aqueous solution with different concentration (1.5, 3,
4.5 g/L), respectively. After magnetic stirring for
30 min, the mixture was centrifuged for 20 min at a
rotational speed of 9000 rpm, then the supernatant
was removed and distilled water was added to clean
the products by ultrasonic. The above steps were
repeated twice to remove the PAH not adsorbing on
the surface of PS microspheres. Finally, the cen-
trifuged sample was dispersed in water for later use.

Preparation of PS@Au composite particles
Adsorption of gold seeds on the surface of PS microspheres

PS microspheres prepared above were diluted to
50 mL with water, gold seeds aqueous solution was
added, and the solution would react for 30 min with
magnetic stirring. Then, the obtained solution was
centrifuged for 15 min at a rotational speed of
10000 rpm, the supernatant was removed, and the
particles were dispersed into water by ultrasonic. The
centrifugal process was repeated, and the products
were dispersed in water for later use (dispersion 1).

Secondary growth of gold seeds on the surface of PS
microspheres

3.5 mL HAuCly (aq.) and 13 mL trisodium citrate
(ag.) were added to 223.5 mL water-diluted disper-
sion 1 (55 mL). After magnetic stirring for 5 min, a
certain amount of NH,OH-HCI (aq.) was added to
the mixture and the reaction was kept for 30 min.
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Table 1 Average diameter of

as-prepared gold seeds with No Concentration of HAuCly, (g/L) Average diameter of gold seeds (nm)
IC};Zferglt concentrations of 01 514
- 2 0.2 8.23
3 0.5 24.37

Multiple-growth of gold seeds on the surface of PS
microspheres

The growth of gold seeds on the surface of PS
microspheres was repeated until gold seeds grew big
enough to form composite particles with dense gold
nanoshells.

Characterization

The diameter and distribution of PS microspheres
were measured using America Beckman Coulter
LS13320 laser particle size analyzer. Surface Zeta
potential of particles was measured by US Malvern
company Zetasizer ZEN 3500 light-scattering spec-
trometer. Morphology of particles was characterized
by Tecnai G* F20 S-TWIN field emission transmission
electron microscope of America FEI Company. Sur-
face morphology of samples and energy-dispersive
spectroscopy (EDS) were characterized by America
FEI Quanta 400 FEG environmental scanning electron
microscope. X-ray diffraction (XRD) patterns were
tested by X-ray powder diffraction (XRD-7000S from
Shimadzu) to characterize the gold on the surface of
PS@Au composite particles. The NIR absorbance of
the samples was analyzed using a UV-Vis spec-
trophotometer (BlueStar, LabTech). Photothermal
effect was characterized by gauging the variation of
temperature by changing the radiation time, using
platinum and rhodium probe as the temperature
sensor, when the 0.3 mg/mL composite particles
dispersion was irradiated with a NIR light source
with a center wavelength of 808 nm and output
power of 0.97 W.

Results and discussion
Properties of gold seeds

In order to realize gold seeds coating on the surface
of organic microspheres uniformly, the diameter of
gold seeds should be as small as possible. However,
in the process of preparing gold seeds via sodium

borohydride reducing chloroauric acid, chloroauric
acid concentration has a crucial impact on the
diameter of gold seeds. Therefore, the proportion of
chloroauric acid and sodium borohydride was kept
invariable, several different concentrations of
chloroauric acid were chosen to prepare gold seeds,
and the influence of the concentration of the
chloroauric acid on the diameter of the as-prepared
gold seeds was investigated.

Table 1 shows the particle size of as-prepared gold
seeds The data in Table 1 show that the diameter of
as-prepared gold seeds increases dramatically as the
concentration of chloroauric acid increases, which is
mainly caused by crystal nucleus growing faster in
high chloroauric acid concentration system after the
homogeneous nucleation. When the concentration of
chloroauric acid is 0.1 g/L, the average diameter of
as-prepared gold seeds is 5.14 nm, which is suit-
able for the requirements of subsequent organic
microspheres coating. And the surface Zeta potential
of gold seeds prepared with 0.1 g/L HAuCly is
—10.7 mV.

Properties research of PS@Au photothermal
particles

For exploring the morphology of PS microspheres,
TEM images were first analyzed and the result is
shown in Fig. 1, which exhibits that the microspheres
prepared by this method are spherical and the sur-
face is relatively smooth, meanwhile the diameters of

Figure 1 TEM images of PS microspheres.
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Figure 2 SEM images of PS
microspheres.
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Figure 3 Particle size distribution curve of PS microspheres.

the microspheres, with an average of 165 nm, are
quite uniform.

In order to further study the morphology of PS
microspheres, SEM images were characterized and
the result is shown in Fig. 2, which indicates that PS
microspheres are uniformly dispersed and with good
sphericity and smooth surface, which are very suit-
able for subsequent coating of gold seeds.

Figure 3 shows the particle size distribution curve
of PS microspheres, which shows that the particle
size distribution exhibits a unimodal pattern with a
narrow peak and the average diameter is 164 nm.
The result is consistent with the above analysis
results of TEM and SEM.

In the process of preparing PS microspheres, the
purpose of adding a small amount of AA copoly-
merized with St is to modify functional groups on the
surface of PS microspheres for subsequent adsorption
of gold seeds. The microsphere surface was tested to
have a negative charge of —31.9 mV. As depicted
above, the surface of gold seeds is usually with
negative charge. In order to realize electrostatic self-
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Table 2 Surface potential of PS microspheres modified with
different PAH concentrations

No PAH Surface Zeta Surface Zeta potential
concentration  potential value of  value of PS
(g/L) PS microspheres microspheres after
before modification (mV)
modification (mV)
1 15 -31.9 +28.1
3.0 +38.3
3 45 +27.8

assembly, the microspheres surface should be modi-
fied with positive charge and PAH is chosen to
modify their surface.

Table 2 shows the surface potential of PS micro-
spheres modified with different PAH concentrations,
from which it can be seen that, modified by PAH, the
surface potential of PS microspheres turns negative
into positive and its value first increases and then
decreases with the PAH concentration increasing.
When the PAH concentration is 3.0 g/L, the surface
potential of modified PS microspheres reaches a
positive maximum of +38.3 mV.

The possible reason is that the PAH adsorption
capacity and potential on the surface of PS micro-
spheres increase with the increase in PAH concen-
tration when it is low. When PAH concentration
reaches a certain value, increasing PAH concentra-
tion continuously causes seriously mutual exclusion
between PAH molecules, which prevents its adsorp-
tion on the surface of PS microspheres so that the
surface positive potential of modified PS micro-
spheres decreases.

PS@Au composite particles were prepared via
electrostatic self-assembly. The important factors
affecting gold content of composite particles surface
are potential value of PS microspheres surface and
subsequent gold seeds growing times. In order to
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Figure 4 TEM images of
PS@Au composite particles
prepared with different surface
charge on PS microspheres. a,
b +38.3 mV; ¢, d +27.8 mV.
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prepare PS@Au composite particles with excellent
properties, these two factors were studied in details.

With the amount of gold seeds unchangeable,
modified PS microspheres with surface potential of
+38.3 and +27.8 mV were chosen, respectively, to
prepare composite particles. Figure 4 shows that both
of two kinds of PS microspheres with different sur-
face potential adsorb gold seeds on the surface,
forming the morphology of composite particles
coated by gold seeds. Comparing the two kinds of
composite particles with different surface potentials,
it is found that the adsorption capacity of gold seeds
of PS microspheres surface with higher potential is
more than that with lower potential. This is because
gold seeds are attached to PS microspheres surface by
electrostatic adsorption. For PS microspheres with
the same diameter, the higher the surface charge
density is, the more the adsorption capacity of gold
seeds is, so the coating effect becomes much better. It
can be concluded that the coating effect of PS
microspheres gets better with the increase in PS
microspheres surface charge density. So improving

the surface charge density of PS microspheres effec-
tively is a prerequisite for the formation of dense
coating.

The PS@Au composite particles were characterized
by XRD, and the result is shown in Fig. 5. It can be
seen that the composite particles show four strong
diffraction peaks. Compared with gold XRD standard
card (JCPDS 04-0784), it is confirmed that the com-
posite particles contain gold.

Figure 4 also shows that PS@Au composite parti-
cles do not form dense gold nanoshells after gold
seeds being adsorbed on the surface of PS micro-
spheres, so further gold seeds growth is needed.
Adding reducing agent into chloroauric acid solution
directly to prepare gold seeds is a homogeneous
nucleation process. According to laws of thermody-
namics, the free energy of this system (AGy) will
decrease due to generation of solid phase in this
process, but continuous formation of solid-liquid
interface will increase the surface energy (AGg) of
solid interface. In the stage of nucleation, the diam-
eter of crystal nuclei is very small and the total
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energy of the system increases (AGs> AGy), so
homogeneous nucleation is not a spontaneous pro-
cess. For chloroauric acid solution, different reducing
agents need different energy of homogeneous
nucleation, and the stronger reducing power is, the

PS@Au
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Figure 5 XRD of PS@Au composite particles.

Figure 6 TEM images of
PS@Au composite particles
with different gold seeds
growing times. a PS
microspheres adsorbed gold
seeds; b two times; ¢ three
times; d four times.

150nm

@ Springer

J Mater Sci (2017) 52:6581-6590

easier homogeneous nucleation is. However, the
heterogeneous nucleation will occur if there are some
seeds that have the same crystal structure as sub-
stance to be crystallized in the system. At this time,
the nucleation energy (AGc) is close to zero and
crystallization can be approximated as a spontaneous
process. Thus, gold produced by the reduction of
chloroauric acid can grow on the surface of gold
seeds spontaneously after adding gold seeds, without
a secondary homogenous nucleation process.
According to the above theory, to ensure that gold
reduced subsequently grows on the surface of gold
seeds, hydroxylamine hydrochloride, with weaker
reducing capacity than sodium borohydride, was
chosen as a reducing agent, lowering the possibility
of the secondary homogenous nucleation. Mean-
while, to decrease the secondary nucleation caused
by high chloroauric acid concentration, chloroauric
acid was added repeatedly to keep gold seeds
growing. Figure 6 shows TEM images of the mor-
phology of PS@Au composite particles prepared with
different gold seeds growing times, illustrating that,
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Figure 7 SEM images of
PS@Au composite particles
with different gold seeds
growing times and EDS. a PS
microspheres adsorbed gold
seeds; b two times; ¢ three
times; d four times; e EDS.
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with the increase in gold seeds growing times, the
diameter of gold particles on the surface of PS
microspheres increases gradually, leading to a ten-
dency for the formation of a gold nanoshell. When
gold seeds have grown for four times, most PS
microspheres form dense structure coated with gold
on the surface, achieving the desired objectives.

To further study the surface morphology of PS@Au
composite particles with different gold seeds growth
times, SEM and EDS were characterized and the
results are shown in Fig. 7. It can be seen that the
diameter of gold particles on the surface of PS
microspheres is increasing and there is a trend of
forming a gold nanoshell with the increase in gold
seeds growing times (Fig. 7a—d). When gold seeds
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Figure 8 UV-Vis spectrum of PS@Au composite particles.
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have grown for four times, most PS microspheres
form dense structure coated with gold on the surface,
achieving the desired objectives, which is consistent
with the results of TEM images. To further verify that
the surface particles were gold nanoparticles, EDS
was characterized and the result is shown in Fig. 7e,
which illustrates that PS@Au composite particles
contain gold element and the content is 19.52%
(W.t.%).

Photothermal properties study of PS@Au
composite particles

In order to study the photothermal properties of
PS@Au composite particles, UV-Vis spectrum was
firstly characterized (Fig. 8), which shows that the
maximum absorption peak of the PS@Au composite
particles redshifts to 635 nm, comparing with the
peak of gold nanoparticles at 520 nm [1]. As the
increase in the wavelength, the absorbance decreases
slowly in the range of 700-900 nm, which confirms
that the composite particles have NIR absorption.
Then, these particles were dispersed into water and
the temperature variation of different irradiation time
was tested and compared to pure water, which was
irradiated with a NIR light source with a center
wavelength of 808 nm and output power of 0.97 W.
The results are shown in Table 3 and Fig. 9. It is
shown that the elevated temperature of PS@Au
composite particles with fewer gold seeds growth
times is not obvious, almost as same as pure water.
However, the temperature of PS@Au composite
particles with four gold seeds growing times reaches
38 °C as it goes up for 5 min. The reason is that gold
particles are at dispersed state on the surface of PS
microspheres, and the surface plasmon resonance

J Mater Sci (2017) 52:6581-6590

absorption of each gold particle is mainly at 530 nm
when gold seeds grow for fewer times, so little heat
generates when irradiated with NIR light. With the
increase in gold seeds growing times, gold particles
begin to connect each other and gradually form a
shell structure, whose surface plasmon resonance
absorption redshifts, therefore resulting in pho-
tothermal properties in the NIR region.

Through the above research and analysis, PS@Au
composite particles, with core-shell structures and
photothermal properties in the NIR region, were
prepared successfully via electrostatic self-assembly
method, and the preliminary purposes were
achieved.
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Figure 9 Photothermal properties curves of water and PS@Au
composite particles with different gold seeds growing times. a pure
water; b one time; ¢ two times; d three times; e four times.

Table 3 Photothermal data of water and PS@Au composite particles with different gold seeds growing times

Sample name Initial temperature

Temperature of the The elevated

°C) system after 5-min irradiation temperature of the system

(°C) 0

Pure water 25.0 29.7 4.7

PS@Au composite particles growing one time 25.0 30.1 5.1

PS@Au composite particles growing two 25.0 335 8.5
times

PS@Au composite particles growing three 25.0 379 12.9
times

PS@Au composite particles growing four 25.0 38.0 13.0

times

@ Springer



J Mater Sci (2017) 52:6581-6590

Conclusions

PS@Au composite particles with good photothermal
effect were prepared successfully. Firstly, PS micro-
spheres, with negative charge on their surface, were
synthesized by emulsifier-free emulsion polymeriza-
tion, whose surface Zeta potential turned into
+38.3 mV after modified with PAH. Secondly, gold
seeds were prepared via sodium borohydride
reducing chloroauric acid. It is confirmed that they
have small particle size and negative charge on the
surface. Then, through electrostatic self-assembly,
gold seeds were easily adsorbed on the surface of PS
microspheres modified with PAH. When gold seeds
have grown for four times, PS@Au composite parti-
cles, coated with gold nanoshells, were obtained.
Finally, photothermal properties study shows that
PS@Au composite particles have good photothermal
effect and can be used as photothermal particles in
cancer PTT.
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