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The preparation, drug loading and in-vitro NIR photothermal-
controlled release behavior of raspberry-like hollow polypyrrole
microspheres

Jie Wang, Fuxing Lin, Jinxing Chen, Mozhen Wang, and Xuewu Ge*

The combination of NIR photothermal therapy and chemotherapy is considered as the promising technique for the future
cancer therapy. The key point for this technique is the design and synthesis of photothermal agents with high-efficiency
phtotothermal effect and high chemical drug loading capacity. Herein, submicron-sized raspberry-like hollow-structured
polypyrrole microspheres (H-PPy) were facily prepared through the in-situ polymerization of pyrrole on monodispersed
polystyrene (PS) template microspheres with a diameter of 220 nm, followed by the chemical etching of the PS templates.
The prepared H-PPy microspheres show rapid and remarkable photothermal effect in water under the irradiation of NIR
laser (808 nm) only for 5 min. Further, a model small molecular drug, (S)-(+)-camptothecin (CPT), were loaded into the void
core by a simple dispersion-permeation process through the micro-pores on the raspberry-like PPy shell, with a load
capacity of 0.14 mg/(mg H-PPy). The MTT assay and the in vitro NIR-laser triggered release behavior indicated that the
pure H-PPy microspheres have good biosafety, but the release of loaded CPT in H-PPy microsphere can be achieved with
remarkable spatial/temporal resolution after NIR laser irradiation, which results in the excellent synergistic effect of
photothermal and chemical ablation on Hela cells, as proved by the fluorescence microscopy. This work provides a
convenient synthesis of a promising cancer therapy agent with high drug-loading capacity and efficient NIR light
photothermal effect, which can perfectly achieve the synergistic NIR photothermal therapy and chemotherapy of PPy
microspheres.

Introduction

The photothermal agents which exhibit strong photothermal
effect under the irradiation of near-infrared light (NIR, A = 700
- 1200 nm) have attracted much attention in the field of
biology during the last few years.l"6 Some of them have shown
encouraging application prospect in the photothermal ablation
of cancer cells because NIR laser has a deeper tissue
penetration and minimal tissue invasion, as well as an
excellent spatial/temporal resolution in biological tissues.” ™
Various inorganic nanomaterials, such as gold with various
nanostructures,lz"15 carbon nanomaterials,ls'18 copper-based
nanocrystals,w'21 WS, nanosheetszz, MoS, nanosheets,23 and
WO3,, nanoparticles,24 have been found to show available
photothermal effect to kill cancer cells. However, their low
photostability and potential long-term toxicity limit their
widespread applit:ation.z‘r"26 In contrast, polymeric materials
are considered to be promising ideal photothermal agents due
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to their effective photostability, excellent biocompatibility and
outstanding biodegradability.27'28 For example, in vitro and in
vivo experiments have indicated that polypyrrole (PPy) and its
composites exhibit excellent photothermal
efficiency and very low long-term cytotoxicity so as to have
outstanding therapeutic effect in shallow-located tumors.”**
At the same time, the light absorption of PPy microspheres is
very stable, and won’t be affected by long-time irradiation and
environmental pH.Zs’35 But for the ablation of deep-located
tumors, using the photothermal agents alone is not enough
due to the unavoidable depth-dependent attenuation of laser
intensity.%'37 Therefore, the
ablation and chemotherapy in one system becomes a hot spot
in the photothermic therapy.38 Liu et al. prepared a NIR-laser
triggered multifunctional drug delivery platform based on PPy-
coated magnetic nanoparticles, on which the drug molecules
with aromatic structures (e.g. DOX) can be loaded.*® The PPy
shell exhibited a strong photothermal effect, which enhanced
the chemotherapeutic efficacy, showing an outstanding in vivo

conversion

integration of photothermal

synergistic antitumor effect. However, the loading of drug
molecules only based on the physical adsorption on a surface
layer has some disadvantages, such as limited loading capacity
and easy molecule losing during the transferring process,
causing several side effects. Therefore, the synthesis of drug
delivery carrier with high loading capacity and stability is
necessary. But till now, the design and synthesis of such high
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efficient polymer microspheres which integrate
chemotherapeutic drugs and photothermal agents into one
system is still a challenge.

Herein, we prepared a raspberry-like hollow polypyrrole (H-
PPy) microspheres with a size of about 220 nm by a sacrificial
template method. A model small molecular drug, (S)-(+)-
camptothecin (CPT), can be easily loaded into the void core
through the micro-pores on the raspberry-like PPy shell. The
hollow core of the H-PPy microspheres provides a high loading
capacity, and the PPy shell can act as a gatekeeper to prevent
the drug from escaping. The H-PPy microspheres show low
cytotoxicity, excellent photostability, and outstanding
photothermal conversion efficiency, which enables the NIR-
laser triggered release of the loaded CPT molecules. Thus the
CPT-loaded H-PPy microspheres show strong power to kill
Hela cells under the irradiation of NIR laser. This work
provides a potential application prospect for the efficient
synergistic NIR photothermal therapy and chemotherapy of
PPy microspheres.

Experimental
Reagents and materials

Potassium persulfate (KPS, 98%) recrystallized by
deionized water before used. Styrene (St, 99%) was distilled
under vacuum. Pyrrole (98%), tetrahydrofuran (THF, 99%),
dimethylsulfoxide (DMSO, 99%), ethanol (99.7%), ammonium
persulfate ((NH,),S,0s, 98%), polyvinylpyrrolidone (PVP, K30,
97%), and concentrated hydrochloric acid (36% ~ 38%) were all
purchased from Shanghai Chemical Reagents Corporation, and
used without further purification. Fetal bovine serum (FBS),
trypsin and Dulbecco’s modified Eagle’s medium (DMEM) were

was

obtained from GIBCO, and used as received. (S)-(+)-
Camptothecin (CPT, = 90%), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, 98%), 5-

carboxyfluorescein diacetate (5-CFDA), and propidium iodide
(P1) were purchased from Sigma-Aldrich, and used as received.

Synthesis of monodispersed polystyrene (PS) microspheres

Styrene (11 mL) was added into 90 mL of deionized water, in
which 2 g of PVP was dissolved. The mixture was degassed
with bubbling N,, and heated to 70 °C in an oil bath under
mechanical agitation (250 rpm). Then, an aqueous solution (1
mL) containing 0.1 g of KPS was dropped in to initiate the
polymerization of styrene. The polymerization reaction was
carried out for 24 h. The produced PS microspheres were
separated by centrifugation at 15000 rpm for 20 min, and
washed with deionized water and ethanol respectively for
three times.

Synthesis of hollow polypyrrole (H-PPy) microspheres

The as-prepared PS microspheres (0.1 g) were dispersed
ultrasonically in 100 mL of deionized water. Then a solution of
0.1 mL of pyrrole and 2.5 mL of ethanol was dropped into the
above aqueous dispersion under magnetic stirring. Then, the
system was put in an ice bath, and 9 mL of concentrated
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hydrochloric acid was added in. After the system was
continuously stirred magnetically for 2 h, an aqueous solution
of (NH,),S,05 (5 mL, 20 mg/mL) was added to initiate the
polymerization reaction of pyrrole. The polymerization
reaction lasted for 6 h. The products, termed as PS@PPy
microspheres, were centrifugated, and washed with deionized
water and ethanol respectively for 3 times. After being dried in
vacuum at 50 °C for 24 h, the PS@PPy microspheres were
dispersed in 25 mL of tetrahydrofuran (THF). The dispersion
was put in an oil bath at 40 °C, and magnetically stirred for 8 h
to remove PS microspheres. The final products, named as H-
PPy, were centrifugated, washed with deionized water and
ethanol respectively for 3 times, and freeze-dried.

Morphological characterization

The morphologies of PS microspheres, PS@PPy microspheres,
and H-PPy microspheres were observed with scanning electron
microscope (SEM) (JEOL JSM6700, 5 kV) and transmission
electron microscopy (TEM) (Hitachi H7650, 100 kV).Samples
were prepared by dispersing a small drop of the ethanol
dispersion of the sample onto copper grids. The samples for
SEM observation were treated by spray-gold.

N, adsorption-desorption isotherms of the prepared
microspheres were conducted on a Micromeritics Tristar Il
3020 V1.03 analyzer after the samples were outgassed at
100 °C for 5 h. The specific surface area and pore size
distribution were analyzed by Brunauer—Emmett—Teller (BET)
and Barret-Joyner—Halenda (BJH) methods, respectively. The
total pore volume of the samples was calculated at P/P,= 0.97.
Fourier transform infrared (FTIR) spectra were recorded in the
range from 4000 to 400 cm™ with a Bruker VECTOR-22 IR
spectrometer using KBr pellets. Dynamic light scattering
analysis (DLS) were conducted on a Malvern Zetasizer Nano ZS-
2590 instrument using a deionized water dispersion of the
sample.

Measurement of the photothermal
microspheres

performance of H-PPy

The light absorption of H-PPy microspheres was analyzed by
the Ultraviolet-visible-near-infrared (UV-Vis-NIR) absorption
spectrum recorded by Shimadzu spectrophotometer (UV-
3600).

The photothermal performance of H-PPy microsphere in the
aqueous solution was measured on an 808 nm semiconductor
laser device (ADR-1860, China) with externally adjustable
power. The irradiation time was fixed to 5 min in all the
experiments. An online thermocouple (TP-01, Taiwan) with an
accuracy of 0.1 °C was immersed into the solution to record
the temperature once a second.

CPT loading into H-PPy microspheres

H-PPy microspheres (24 mg) were dispersed into the DMSO
solution of CPT (6 mL, 2 mg/mL). The mixture was magnetically
stirred in darkness at room temperature for 3 days to reach
the equilibrium state. The CPT-loaded H-PPy microspheres
were obtained by centrifugation at 10000 rpm for 6 min. The
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CPT-loaded H-PPy microspheres were dried under vacuum.
The loading capacity of CPT into H-PPy microspheres (Lcpr) Was
determined by the following Equation 1:

Lepr = mo_TceXV (mg/mg microsphere) (1)

Here, my is the original mass of CPT added in the solution, i.e.,
12 mg; c. is the concentration of CPT in the solution at a unit of
mg/mL after the adsorption of CPT in H-PPy microspheres
reached the equilibrium state, which was measured by UV-vis
spectroscopy (Shimadzu spectrophotometer, UV-2401PC) at
the wavelength of 366 nm. V is the volume of the adsorption
solution, 6 mL. M is the mass of the total H-PPy
microspheres added in the adsorption solution, i.e. 24 mg.

i.e.

The NIR-laser triggered release behavior of CPT loaded in H-PPy
microspheres

The NIR-laser triggered drug release experiments were
performed in 5 mL of DMSO aqueous solution (5% v/v), which
contained 0.4 mg of CPT-loaded H-PPy microspheres. For each
cycle, the suspension was first irradiated for 5 min at a power
density of 3.3 W/cmz, then the laser source was power off.
After 10 min, the suspension were sampled and centrifuged at
10000 rpm for 6 min to measure the amount of the released
CPT by UV-vis.

As a control, the release curve of CPT-loaded H-PPy
microspheres in the same solvent without laser irradiation
were also recorded.

Cytotoxicity assay

The toxicity of H-PPy microspheres to cells was evaluated by
MTT assay. Hela cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% (v/v) fetal
bovine serum. The cells were cultured in 96-well plates at a
density of 5,000 cells/well and incubated at 37 °C in 5% CO, for
24 h. Then, the culture medium was changed and cells were
incubated with fresh medium containing the H-PPy
microspheres with different concentrations (10, 20, 40, 60, 80,
and 100 pg/mL) for 24 h. After that, 20 uL of MTT solution (5
mg/mL) was added to each well, and then was incubated for
another 4 h. The MTT solution was removed, and 150 uL of
DMSO was added to each well to dissolve the the formazan
crystals. The plates were shaken for 15 min to ensure
formazan crystals to be dissolved completely. Finally, the
absorbance was measured by microplate reader (Thermo
Fisher, USA) at 490 nm. Five replicates were done for each
treatment group.

Investigation on the in vitro therapeutic effect of the CPT loaded
H-PPy microspheres

Hela cells were cultured in 96-well plates and incubated at 37
°Cin 5% CO, for 24 h. Then, the culture medium was replaced
by the fresh culture medium which respectively contains PBS,
free CPT (5 pg/mL), H-PPy microspheres (35 pug/mL), and CPT-
loaded H-PPy microspheres (40 ug/mL). After 4 h, excess CPT

This journal is © The Royal Society of Chemistry 20xx

or H-PPy microspheres were removed by washing with PBS for
three times. Fresh culture medium was added to the wells
again. Then, the cells were irradiated by NIR laser (3.3 W/cmz)
for 5 min, and incubated again at 37 °C with 5% CO, for 24 h.
20 plL of MTT solution (5 mg/mL) was added to each well of the
plate, and then was incubated for 4 h. The MTT solution was
suctioned, and 150 pL of DMSO was added to each well to
dissolve the formazan crystals. The plates were shaken for 15
min to ensure formazan crystals to be dissolved completely.
Finally, the absorbance was measured by microplate reader at
490 nm. Five replicates were done for each treatment group.

The in vitro therapeutic effect of the samples was also studied
by the fluorescence imaging. The pre-treatment of the cells
was the same with the above MTT assay. The difference is that
the cells were incubated at 37 °C with 5% CO, for only 2 h after
being irradiated by NIR laser (3.3 W/cmz) for 5 min. After
washed with PBS, the cells were co-stained by 5-CFDA (2 uM)
and PI (4 uM). Finally, the fluorescence imaging of the cells
were conducted on fluorescence microscope (OLYMPUS IX71).

Results and Discussion

Preparation, morphology, and photothermal effect of the

raspberry-like H-PPy microspheres

Templating method is often used to produce hollow spheres.40
It is well-known that PPy nanoparticles can be readily

synthesized in water at room temperature using chemical
41-43

oxidants such as FeClz or (NH4)S,0g, and PPy is
preferentially deposited onto hydrophobic substrates.”
Therefore, the preparation of raspberry-like H-PPy

microspheres in this work can be achieved by in-situ formation
of PPy nanoparticles around on the polymer microspheres,
followed by removing the polymer microspheres, as illustrated
in Figure 1. Firstly, monodispersed PS microspheres with an
average diameter of 216 nm, as shown in Figure la and 1la’,
were synthesized through an emulsion polymerization of
styrene stabilized by PVP.*> The size distribution and the zeta
potential of PS microspheres also had been measured by DLS
(see Figure S1). The Z-average size is 225 nm, a little bit larger
than that measured from SEM images, since the size measured
from DLS is the hydraulic diameter of the particles. The zeta
potential of PS microspheres is —21 mV, which means the
surface of PS microspheres is negative charged. Next, the
prepared negatively charged PS microspheres were dispersed
into the acidic aqueous solution of pyrrole. Since pyrrole
monomer will be positive charged in the acidic polymerization
conditions, pyrrole will be tend to be adsorbed onto the
surface of PS mit:rospheres.46 As a result, pyrrole monomers
polymerized to form nanoparticles, resulting in the formation
of a raspberry-like particulate PPy shell on PS microspheres.
Figure 1b and 1b’ clearly exhibit the morphology of the
raspberry-like core-shell structured PS@PPy microspheres with
a larger average diameter of 240 nm. Finally, the prepared
PS@PPy microspheres were immersed into THF to etch the PS
core, and H-PPy microspheres were obtained, as shown in

J. Name., 2013, 00, 1-3 | 3
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Figure 1lc and 1c’. The H-PPy microspheres remain the
raspberry-like shape. Compared with Figure 1b’ and 1c’, the
hollow structure of H-PPy microspheres can be confirmed. The
PPy particulate shell has a thickness of about 30 nm. The DLS
result in Figure S1 also shows the H-PPy microspheres have a
Z-average size of 358 nm and a narrow size distribution, i.e.,
PDI is 0.116. The same narrow size distribution between PS
and H-PPy microspheres proves that PPy nanoparticles are in-
homogeneously on the surface of PS

situ  formed

microspheres.

pyrrole
(NH,),S,04/ HC1

PS microsphere

PS@PPy

Figure 1. Schematic illustration of the synthesis of H-PPy microspheres. The SEM
and TEM images of PS microspheres (a, a’), PS@PPy microspheres (b, b’), and H-
PPy microspheres (c, ¢’).

Journal Name

—PS
—— PS@PPy
——H-PPy

1449 cm™

N

1552 cm™

Transmission

— T T * T * T * 1
3500 1000

The FTIR spectrum of H-PPy microspheres is shown in Figure 2,
together with those of PS and PS@PPy microspheres. The well-
known characteristic symmetry and asymmetric stretching
vibration peaks of pyrrole ring located at 1552 and 1449 cm'l,
as well as the peak assigned to the C—N stretching vibration at
1176 cm'l, can be clearly seen on the FTIR spectrum of H-
PPy.44' 47 % At the same time, the characteristic stretching
vibration peaks of the aromatic rings at 1400-1500 cm™ and
the aliphatic C—H stretching vibration centred at 2848 and
2967 cm™ on PS molecular chains nearly cannot be detected,
although they all can be observed on the FTIR spectra of PS
and PS@PPy microspheres. The above results also indicate the
formation of the hollow PPy structure.

4000 3000 2500 2000 11500 500
‘Wavenumber (cm™)
Figure 2. FTIR spectra of PS, PS@PPy, and H-PPy microspheres
The N, adsorption-desorption isotherms of H-PPy

microspheres are displayed in Figure 3. It indicates a typical
type Il N, adsorption-desorption isotherms according to BDDT
classification.** There is nearly no hysteresis during the
desorption process, which means almost no existence of
mesopores. However, the rapid increase of the adsorption
observed when P/P, is above 0.9 implies the presence of
macropores. The pore size distribution curve also indicates a
microporous and macroporous structure of H-PPy. This result
is in accord with the morphology of H-PPy observed by TEM.
The BET surface area and total pore volume calculated by BJH
method are 66.2 m>.g " and 0.18 cm>.g”™", respectively.
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Figure 3. The N, adsorption-desorption isotherms of H-PPy microspheres. The
inset is the BJH pore-diameter distribution.

The UV-vis-NIR spectrum of H-PPy microspheres in Figure 4a
shows that H-PPy has a strong absorption of NIR light (800 —
1200 nm), which is in accord with the NIR absorption of
polypyrrole and its composites reported in literatures.™ Thus,
a 808 nm NIR laser was chosen in this work as the light source
to investigate the photothermal conversion performance of H-

This journal is © The Royal Society of Chemistry 20xx
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PPy microspheres. Figure 4b records the temperature change
of the aqueous dispersion containing a certain amount of H-
PPy microspheres (0.01 mg/mL) within 5-min’s irradiation of
808 nm laser with a different power density. It is seen that an
obvious increase of the temperature when the laser power
density reaches 3.3 W/cmz, which indicates the prepared H-
good photothermal effect.
Moreover, the larger the laser power density, the higher

PPy microspheres show a
temperature the dispersion increases to, i.e., the stronger the
photothermal effect, within the same time. Considering the
application of NIR photothermal effect of H-PPy microspheres
on the living cells, a low laser power density of 3.3 W/em? is
adopted all through the following work to ensure the living
cells won’t be killed by the laser irradiation with a large power
density. Figure 4c shows the temperature changes of the
aqueous dispersion containing different content of H-PPy
microspheres within 5-min’s irradiation of NIR laser (808 nm,
3.3 W/cmz). The photothermal effect of H-PPy microspheres is
enhanced with the increase of their content in water. On the
contrary, the temperature change of the pure water is almost
negligible, i.e., doesn’t exceed 3 °C. Therefore, it can be
concluded that the H-PPy microspheres can convert the
absorbed photon energy into heat rapidly and efficiently. At
the same time, the photothermal performance can remain
without any loss after at least five cycles, as shown in Figure
4d. the H-PPy microspheres great
photostability for the long-time irradiation of NIR light because
no change on the morphology of the
microspheres before and after the five-circles’ irradiation of

Moreover, have

there appears

NIR light (Figure 4d, inset TEM images), unlike some other
nano-metal photothermal agents, such as Au nanorods, which
would “melt” and lose their NIR absorbance after a long period
of NIR laser irradiation.?® Therefore, it can be concluded that
H-PPy microspheres can be used as an ideal photothermal
agent in cancer therapy.

055 70
—— 1.8 W/em®
a —— 4.9 Wem? b
~ 050 607 ——82 Wiem?
2 o ]—1usWen
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Figure 4. (a) UV-vis-NIR absorption spectrum of the aqueous dispersion of H-PPy
microspheres; (b) The curves of temperature v.s. irradiation time of the aqueous
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dispersion of H-PPy microspheres (0.01 mg/mL) irradiated by 808 nm laser with
different power density; (c) The curves of temperature v.s. irradiation time of the
aqueous dispersion containing different content of H-PPy microspheres
irradiated by NIR laser (808 nm, 3.3 W/cm?); (d) Temperature variation of the
aqueous dispersion of H-PPy microspheres (0.06 mg/mL) over five laser
irradiation ON/OFF cycles (808 nm, 3.3 W/cm?). The insets are the TEM images
of the H-PPy microspheres before and after five-cycle’s irradiation.

The loading and NIR-laser triggered release behavior of CPT in H-
PPy microspheres

(S)-(+)-Camptothecin (CPT) is a well-known small molecular
drug for its wide clinical application in cancer therapy. But its
power to kill cancer cells is limited by its poor water-solubility
and cellular uptake efficiency. Herein, CPT can be firstly loaded
in the cavity of H-PPy microspheres by a common diffusion and
permeation method based on the micro-/macro-porous
structure of H-PPy microspheres, and then release on demand
triggered by the irradiation of NIR laser due to the remarkable
photothermal effect of the H-PPy microspheres, as illustrated
in Figure 5. Figure S1(c) proves that there are slight changes in
the size distribution and zeta potential of H-PPy microspheres
after the loading of CPT. The load capacity of CPT can reach
0.14 mg/(mg H-PPy). The cumulative release profiles of CPT
from H-PPy microspheres dispersed in the aqueous solution of
DMSO (5% v/v) within 48 h at 25 °C and 45 °C are studied to
make sure whether CPT can release rapidly at a relative high
temperature, as shown in Figure 5a. Evidently, a burst release
of CPT occurs at 45 °C, compared with that at 25 °C. 40% of the
loaded CPT will be released within 5 h, 4 times the release
amount at 25 °C. The maximum release amount of CPT within
48 h at 45 °C can achieve 70%, also much higher than that at
25 °C (30%).

808 nm laser

CPT release from H-PPy

100 100 s
. 25C a v ON and OFF
» . 48 oy iation of NIR laser b bes~
- - atiom of NIR laser (5
s e s
3 - 5 b4
Ted T 3 —a fss o
¥ % s = % : 3
2 -} . A 2
Ll . L0 s d
“ ] 4 a
=4 (-4 1 2
204 20 wE
e =
o 0 j—"" - 4 s L
° 10 P o o “ ° ” H 3% “
Time (h) Time (h)

Figure 5. Schematic illustration of the loading and NIR-laser-triggered release of
camptothecin (CPT) in H-PPy microspheres. (a) The release profiles of CPT from
H-PPy microspheres dispersed in the aqueous solution of DMSO (5% v/v) at 25 °C
and 45 °C; (b) The release profile of CPT from H-PPy microspheres dispersed in
the aqueous solution of DMSO (5% v/v) (0.1 mg/mL) under the irradiation of NIR
laser (808 nm, 3.3 W/cm?) for 5 min with a ON/OFF-mode every 12 h (-e-, Left
Ordinate), and the corresponding temperature of the dispersion at every ON and
OFF point (4, Right Ordinate). As a control, the release profile of CPT in the
same dispersion without the irradiation of NIR laser is also listed (-=-, Left
Ordinate).

The NIR-laser triggered release behavior of CPT in the same

solvent is recorded in Figure 5b. Here, the NIR laser trigger was
operated by laser ON for 5 min then laser OFF, i.e., a laser

J. Name., 2013, 00, 1-3 | §
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ON/OFF mode. This trigger operation was repeated every 12 h.
Both the accumulative release ratio of CPT and the
temperature of the H-PPy dispersion were recorded at every
laser ON and OFF points. During the first 24 h, a burst release
of CPT (about a 20% of release ratio) can be detected at every
laser OFF point, along with a temperature increase of about 25
degree of the H-PPy dispersion. Then, the release of CPT slows
down, till level off after 48 h. The total release ratio within 60
h reach 60%. As a comparison, the total release of CPT in the
H-PPy dispersion without any irradiation of NIR laser within
the same time doesn’t exceed 17%. The results confirm that
the photothermal effect of H-PPy microspheres is enough
efficient to be used in the controlled drug release stimulated
by NIR laser irradiation.

The in-vitro photothermal ablation of Hela cells using CPT loaded
H-PPy microspheres

The cell toxicity of H-PPy microspheres was evaluated by MMT
assay on Hela cells, as shown in Figure 6a. It proves that H-PPy
microspheres have good in vitro biosecurity at a content
ranging from 10 to 100 pg/mL. The NIR laser of 808 nm is also
safe to Hela cells basically, referring to the cell viability in
Figure 6b (NIR laser). However, the cell viability will decrease
to 57% in DMEM medium
containing H-PPy microsphere and irradiated by NIR laser (see
Figure 6b (H-PPy/NIR laser)), even lower than that incubated at
the present of CPT (76%, Figure 6b (CPT)) and CPT-loaded H-
PPy microspheres (62%, Figure 6b (H-PPy+CPT)). It indicates
that the photothermal effect of H-PPy microspheres has a
better power to kill HeLa cells in DEME medium than pure CPT
or CPT-loaded H-PPy microspheres which should be caused by
the poor solubility and the low uptake of CPT. The cell viability
will further decrease to 42% if Hela cells are incubated in
DMEM medium containing both H-PPy microsphere and CPT,
and then irradiated by NIR laser (see Figure 6b (H-PPy/CPT/NIR
laser). However, it is so exciting that the cell viability falls

if HelLa cells are incubated

straight down to only 20% when Hela cell is incubated at the
presence of CPT-loaded H-PPy microspheres along with 5-
min’s NIR laser irradiation (Figure 6b (H-PPy+CPT/NIR laser)),
which means a synergistic enhancement on the ability to kill
HelLa cells attributed to photothermal ablation of H-PPy
microspheres and the chemical ablation of CPT released from
H-PPy microspheres triggered by the irradiation of NIR laser.
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Figure 6. (a) The cell viability of HelLa cells after being incubated in DMEM
medium with different content of H-PPy microspheres for 24 h. (b) The cell
viability of Hela cells after being incubated in DMEM medium containing
different active species: i) 35 ug/mL of H-PPy microspheres (H-PPy), ii) 5 ug/mL
of pure CPT (CPT), iii) pure DMEM under the irradiation of NIR laser (NIR laser),
iv) 40 pug/mL of CPT-loaded H-PPy microspheres (H-PPy+CPT), v) 35 pg /mL of H-
PPy microspheres under the irradiation of NIR laser (H-PPy/NIR laser), vi) 35
ug/mL of H-PPy microspheres and 5 pug/mL of pure CPT under the irradiation of
NIR laser (H-PPy/CPT/NIR laser), and vii) 40 pg/mL of CPT-loaded H-PPy
microspheres under the irradiation of NIR laser (H-PPy+CPT/NIR laser). The
conditions of the NIR laser irradiation: 808 nm, 3.3 W/cmz, for 5 min.

To further validate the synergistic photothermal and chemical
ablation effect of CPT-loaded microspheres, the Hela cells
were co-stained by 5-carboxyfluorescein diacetate (5-CFDA)
and propidium iodide (PIl) to differentiate live (green) and dead
(red) cells respectively, as shown in Figure 7. It is obviously
discovered that Hela cells are efficiently killed only when they
are treated with CPT-loaded H-PPy microsphere under the
irradiation of NIR laser (Figure 7f). For comparison, H-PPy
microspheres, free CPT and CPT-loaded H-PPy microspheres
without any irradiation of NIR laser can only show a moderate
or negligible power to kill Hela cells (Figure 7b — 7d), as well as
the case of the unloaded H-PPy microspheres under the
irradiation of NIR laser (Figure 7e). The results are in accord
with the MTT assay in Figure 6, which confirms the synergistic
photothermal and chemical ablation effect of CPT-loaded
microspheres.
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Figure 7. The fluorescence microscopy images of Hela cells treated with a) PBS. b) H-
PPy microspheres (35 pug/mL). c) free CPT (5 pug/mL). d) CPT-loaded H-PPy microspheres
(40 pg/mL). e) H-PPy microspheres (35 pg/mL) under the irradiation of NIR laser. f) CPT-
loaded H-PPy microspheres (40 pg/mL) under the irradiation of NIR laser. Viable cells
were stained green with 5-CFDA, dead cells were stained red with PI. The conditions of
the NIR laser irradiation: 808 nm, 3.3 W/cmz, for 5 min. g) The dead/live ratio of Hela
cells of a) — f).

This journal is © The Royal Society of Chemistry 20xx
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Conclusions

In this work, monodispersed raspberry-like hollow-structured
PPy microspheres (H-PPy) with an average size of 220 nm were
successfully prepared through the in-situ growth of PPy
nanoparticles on PS template microspheres, followed by the
etching of PS template with THF. When the H-PPy
microspheres were dispersed in aqueous solution and
irradiated by NIR laser (808 nm), they showed significant
photothermal conversion effect, and also had excellent
photostability. CPT can be conveniently loaded through a
simple dispersion-permeation method, with a load capacity of
0.14 mg/(mg H-PPy). The MTT assay and the in vitro NIR-laser
triggered release behavior indicated that the pure H-PPy
microspheres have good biosafety, but the release of loaded
CPT in H-PPy microsphere can be achieved with remarkable
spatial/temporal resolution after NIR laser irradiation, which
results in the excellent synergistic effect of photothermal and
chemical ablation of Hela cells. The high drug-loading capacity
and efficient NIR light photothermal effect, as well as the
convenient synthesis route, make the raspberry H-PPy
microspheres have the potential to be used as a promising
cancer therapy agent.
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Graphic Abstract
Raspberry-like hollow polypyrrole microspheres (H-PPy), which is prepared through templating method, exhibits

promising synergistic cancer therapy effect.
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