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Abstract PPY nanoparticles, as one of the important

organic photothermal agents has been attracted great

attention due to their good biocompatibility, high photo-

thermal efficiency, and low cost. In order to further

evaluate the size-dependent photothermal effect, PPY

nanoparticles with two different sizes have been prepared

with a facile method. The near infrared absorption and

photothermal effect of the two size PPY nanoparticles were

compared. The PPY nanoparticle with small size shows

better photothermal effect at the same condition. The

photostability, stability, and cytotoxicity in biologic system

have also been investigated. In addition, the PPY nano-

particles with small size can kill the cancer cells effectively

under the irradiation of 808 nm laser with a low-power

density. These findings may provide better information for

the application of the PPY nanoparticles on the photo-

thermal ablation of cancer cells.

Introduction

Cancer is the leading cause of death in economically

developed countries and the second leading cause of death

in developing countries [1]. Laser-induced thermal therapy

by converting optical energy into thermal energy can pro-

vide a minimally invasive and potentially more effective

treatment alternative to conventional surgical resection [2].

A prerequisite for the development of the photothermal

therapy is to gain strong light-absorbing materials as the

photothermal agents, especially near-infrared (NIR,

k = 700–1100 nm) absorbing materials due to NIR laser is

absorbed less by biological tissues and the typical pene-

tration depth of the NIR light can be several centimeters in

biological tissues [3]. Currently, several kinds of NIR

photothermal agents have been developed, including gold

[4], palladium [5] and silver [6] based metal nanostructure,

copper-based semiconductor [7], and carbon [8, 9] based

nanomaterials, and most of these photothermal agents show

excellent effect of cancer therapy. However, there are still

some limitations for these inorganic NIR absorbing mate-

rials. For example, the cost of the noble metal is very high,

and nearly all of these inorganic NIR absorbing materials

are non-biodegradable and usually remain in the body for

long periods of time [10]. Thus, there is still a challenge for

development biocompatible and efficient photothermal

agent.

Compared with the inorganic nanomaterials, the organic

nanomaterials show obvious advantages for the application

in vivo, such as good biocompatible and easy biodegra-

dation. Polypyrrole (PPY) is one of the well-known organic

polymers and widely applied in bioelectronics and bio-

medical due to their unique properties, including high

conductivity, outstanding stability, and good biocompati-

bility in vivo. Furthermore, PPY nanoparticles show strong
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absorption in the NIR region and have been demonstrated

to be a good organic photothermal agent with high-

photothermal efficiency, good biocompatible, and low cost

[10–12]. However, the size of the PPY nanoparticles used

in these report is different [10–12]. Recently, it has been

demonstrated that PPY nanoparticles with different sizes

show different cytotoxicity and innate immune responses

[13]. Thus, it is necessary to investigate the photothermal

effect of the PPY nanoparticles with different sizes.

In the present work, PPY nanoparticles with two dif-

ferent sizes have been synthesized by a facile one-step

aqueous dispersion polymerization using polyvinyl alcohol

(PVA) as a stabilizer and FeCl3 as an oxidant [10–12]. The

size can be tuned by the molecular weight of the PVA.

Then, the UV–Vis–NIR absorption and photothermal effect

of these two size PPY nanoparticles have been investi-

gated. HELA cells were used as the model cells to evaluate

the photothermal ablation cancer cells of the PPY

nanoparticles.

Experimental section

Materials

The pyrrole (98 %), iron(III) chloride hexahydrate (97 %),

and PVA (molecular weight: 9000 and 130000, respec-

tively) were purchased from Sigma-Aldrich. All the

chemicals were used without further purification.

Preparation of PPY nanoparticles

PPY nanoparticles were synthesized by a modified litera-

ture procedure [10–12]. In a typical procedure for 50 nm

PPY nanoparticles, FeCl3 (0.187 g) was added to 5 mL

7.5 % PVA (Mw = 9000) solution and stirred for 1 h.

Then, pyrrole monomer (34.6 lL) was added dropwise into

the above solution at 3 �C. The chemical oxidation poly-

merization of pyrrole monomer was carried out for 4 h at

3 �C. For 75 nm PPY nanoparticles, it only need to take

place of the PVA (Mw = 9000) with PVA (Mw = 130000).

The dark-green PPY nanoparticles were collected by

centrifugation.

Characterization of PPY nanoparticles

Sizes and morphologies of the PPY nanoparticles were

determined by a transmission electron microscope (TEM)

(JEOL 2100F). UV–Vis–NIR absorption spectra were

measured on a Cary 5000 UV–Vis–NIR spectrophotometer

using quartz cuvettes with an optical path of 1 cm. The

temperature was recorded by an online-type thermocouple

thermometer (DT-8891E Shenzhen Everbest Machinery

Industry Co., Ltd, China) with an accuracy of ±0.1 �C.

Measurement of photothermal performance

An 808 nm NIR laser and an NMR tube containing an

aqueous dispersion (0.6 mL) of the PPY nanoparticles at

different concentrations (i.e., 25, 50, 75, 100, and

150 ppm) were used to measure the photothermal conver-

sion performance. The concentration of the PPY nanopar-

ticles was calculated in the deionized water first as the

follow method. The weight of the aluminium foil box was

tested and marked as m1. Then, 1 mL PPY nanoparticles

dispersed in deionized water were added into the alumin-

ium foil box, and the deionized water was evaporated at

120 �C in an oven. At last, the weight of aluminium foil

box with PPY nanoparticles was tested after cooling and

marked as m2. Thus, the concentration of PPY nanoparti-

cles can be calculated by the equation (m2 - m1) g/mL.

The power of the 808 nm semiconductor laser device

(SFOLT Co. Ltd., China) can be adjusted from 0 to

0.55 W/cm2, and the laser diameter can be expanded to

5 cm. The online thermocouple thermometer (DT-8891E

Shenzhen Everbest Machinery Industry Co., Ltd, China)

with an accuracy of ±0.1 �C was used to record the

temperature.

Cytotoxicity assay

The in vitro cytotoxicity was measured using the methyl

thiazolyl tetrazolium (MTT) assay in human cervical car-

cinoma cell line HeLa. Cells growing in a log phase were

seeded into 96-well cell-culture plate at 5 9 104/well in

Dulbecco’s modified Eagle’s medium (DMEM) at 37 �C

and in the presence of 5 % CO2 for 24 h, and then the cells

were incubated with the PPY nanoparticles with different

concentrations (i.e., 0, 25, 50, 75, 100, and 150 ppm,

diluted in DMEM) for 12 and 24 h at 37 �C in the presence

of 5 % CO2. Subsequently, 10 lL of MTT (5 mg/mL) was

added to each well of the 96-well assay plate and incubated

for more 4 h at 37 �C in the presence of 5 % CO2. After the

addition of 10 % sodium dodecyl sulfate (SDS, 100 mL/

well), the assay plate was allowed to stand at room tem-

perature for 12 h. Multiskan MK3 monochromator-based

multifunction microplate reader was used to measure the

absorbance of each well with background subtraction at

492 nm. The tests were independently performed for three

times.

Photothermal ablation of cancer cells in vitro

Hela cells were plated in 12-well plates at a density of

15000 cells/mL and via a 24 h prior treatment. Then, the
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phosphate buffer solution (PBS) dispersion containing the

PPY nanoparticles with small size (75 ppm) as the treat-

ment group and the PBS alone as control group were added

into the wells. After 10 min irradiation of the 808 nm laser

with a power density of 0.25 W/cm2, the cells were stained

by 0.4 % trypan blue solution for 5 min. The images of the

labeled cells were recorded immediately using an inverted

biological microscope (XSP-18CE, Shanghai Changfang

Optical Instrument Co., LTD). Each experiment was per-

formed twice.

Result and discussion

The morphology and size of the as-synthesized PPY

nanoparticles was examined with a TEM (Fig. 1a, c).

Typical TEM imaging revealed that both the resultant PPY

nanoparticles were composed of mono-disperse nanopar-

ticles possessing a narrow-size distribution and uniformly

spherical in shape. The average diameter of the PPY

nanoparticles synthesized with the PVA 9000 is about

50 nm (Fig. 1a), while the average diameter is increased to

75 nm (Fig. 1c) when the high-relative molecular weight

polymer was used (PVA 13000). The size of the

synthesized PPY nanoparticles in aqueous solution was

measured by the dynamic light scattering (DLS) as shown

in the Fig. 1b, d. The DLS result demonstrated that the

synthesized PPY nanoparticles showed a narrow-size dis-

tribution even though in the aqueous solution. The size

distributions were located at the 50 nm (Fig. 1b) and

75 nm (Fig. 1d) for the two nanoparticles synthesized with

two different relative molecular weights of PVA, respec-

tively, which were corresponded with the TEM results.

The optical properties of two-size PPY nanoparticles

with the same concentration were studied by using UV–

Vis–NIR spectroscopy (Fig. 2a). The spectra of two-size

PPY nanoparticles are similar with what has been reported

previously for the PPY nanoparticles, and they exhibit a

strong absorption at the NIR region, which is the charac-

teristic of the bipolaronic metallic state of PPY [10].

Importantly, the influence of the size on the absorption

intensity of the as-synthesized PPY nanoparticles is very

little as shown in Fig. 2a, which the PPY nanoparticles

with large size is little stronger than the small size one at

the NIR region with the same concentration. To demon-

strate the size effectiveness of PPY nanoparticles on the

photothermal conversion, we compared the temperature

elevation of the PPY nanoparticles of the two sizes with the

Fig. 1 TEM images and high

magnification TEM images

(inset) of the as-prepared PPY

nanoparticles with different

sizes: a 50 nm, c 75 nm, and

corresponding hydrodynamic

size (b) and (d)
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same concentration (150 ppm) under the irradiation of

808 nm laser with power density of 0.25 W/cm2. The

temperature elevation of the 50 nm is 29.4 �C in 10 min,

while that of the 75 nm PPY is 26.2 �C taking all other

reaction parameters unaltered (Fig. 2b). It is evident that

the NIR photothermal conversion efficiency of small-size

PPY nanoparticles has been improved by *12 % of

magnitude compared to that of large size one. It is evident

that the NIR photothermal conversion efficiency of PPY

nanoparticles with small size is better than the one with

large size. The high-photothermal effect of the PPY

nanoparticles with small size should be attributed to the

large-specific surface area of the PPY nanoparticle with

small size which can transfer the heat from the PPY

nanoparticles to water more quickly [14]. So, the small-size

PPY nanoparticles will be used as the typical sample to

investigate the properties of the PPY nanoparticles.

Giving that the concentration of photothermal agents is

very important for the bio-application, the temperature

elevation of PPY nanoparticle with small size dispersed in

deionized water with different concentration (25–150 ppm)

under the irradiation of 808 nm laser was investigated, and

pure water was used as the control (Fig. 3a). The temper-

ature of the solution can be precisely controlled from 21 to

51 �C by varying the concentration of the PPY nanoparti-

cles. Figure 3b showed the temperature change over

10 min versus the concentration of the PPY nanoparticles,

which calculated from the Fig. 3a. From Fig. 3b, it can be

seen that the temperature change goes up dramatically with

the increase of PPY nanoparticle concentration. These

results indicate that the PPY nanoparticles with small size

can convert the photo energy to heat efficiently and transfer

to water quickly. It can be used as excellent agents for

photothermal ablation cancer cells.

Photobleaching is the disadvantage for the most of the

organic photothermal agents, especially for the small

molecular weight one [2]. In order to investigate the photo-

stability of the PPY nanoparticles, the constant photothermal

conversion behavior of the PPY nanoparticles dispersed in

water was tested by treating it with the laser on-and-off

cycles. As shown in Fig. 4a, the temperature elevation of the

last cycles is the same with the first one even after six cycles

(the PPY nanoparticles was irradiated for 10 min in each

cycle). Figure 4b is the photograph of the PPY nanoparticles

dispersion before and after six cycles of laser on-and-off

treatment. There is no obvious color change for the PPY

nanoparticles dispersion after the test. Comparison of the

TEM images of the PPY nanoparticles which correspond to

before (Fig. 4c) and after (Fig. 4d) six cycles of laser on-and-

off treatment showed that there was no change in shape and

size of the PPY nanoparticles. These results demonstrated

that the PPY nanoparticles shown very good photostability

compared with conventional organic photothermal agents

with small molecular weight reported previously [2].

Fig. 2 UV–Vis–NIR spectra

(a) and temperature elevation

(b) of the PPY nanoparticles

with different sizes dispersed in

deionized water at same

concentration (150 ppm)

Fig. 3 a The temperature

elevation of the small size of

PPY nanoparticles dispersed in

aqueous with different

concentration and b the plot of

temperature change (DT) over a

period of 10 min versus the

concentration of the PPY

calculated by (a)
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The stability of materials in biologic system is also very

important for bio-application [15]. The PBS was simulated

biologic system to test the stability of the PPY nanoparticles

with small size. Figure 5a is the UV–Vis–NIR absorption

spectrum of the PPY nanoparticles dispersed in PBS with

different concentration after settling for 1 week. The

absorption peak of the PPY nanoparticles dispersed in PBS is

similar with the deionized water (Fig. 2a blue line). The

absorption strength of the PPY nanoparticles dispersed in

PBS at 808 nm versus concentration is shown in Fig. 5b. The

absorption strength for different concentrations still linearly

increased with the particle concentration even after settling

for 1 week, which means no precipitate formed in this per-

iod. Because the concentration of the PPY nanoparticles will

be changed and the absorption intensity will not be linearly

increased, if the solution gives a precipitate. So, the linearly

increased with the particle concentration can demonstrate the

good dispersibility of PPY nanoparticles in PBS. The pho-

tograph (inset of Fig. 5b) is the PPY nanoparticles dispersion

in PBS which left to stand for 1 week. There is no precipitate

found at the bottom of the tube, which further conforms the

good dispersibility of PPY nanoparticles in PBS. The good

dispersibility of PPY nanoparticles in PBS indicated the good

stability in biologic system.

For one kind of materials used in biological system,

the ideal photothermal agent should be nontoxic or low-

toxic [16]. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide (MTT) assay method and human

cervical carcinoma cell line Hela were used to evaluate the

cytotoxicity of the PPY nanoparticles with small size. In

Fig. 4 a Temperature

monitoring of a PPY

nanoparticles aqueous

suspension (150 ppm) during

six successive cycles of an on-

and-off laser. The laser

(808 nm, 0.25 W/cm2) was on

for 10 min in each cycle.

b Photograph of the PPY

nanoparticles aqueous

suspension before and after the

laser irradiation for six cycles

and corresponding TEM images

before (c) and after (d) laser

irradiation

Fig. 5 a UV–Vis–NIR

absorption spectra of the PPY

nanoparticles dispersed in PBS

with different concentrations

collected 1 week after the

dispersion. b Linear fitting of

the absorption strength of PPY

nanoparticles suspension at

808 nm versus the particle

concentrations. Inset

photograph of the PPY

nanoparticles dispersed in PBS

after 1 week
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order to get a reliable result, the cytotoxicity measurement

experiment was carried out for three groups in parallel and

the average values are shown in the Fig. 6. According to

the proliferation of the cells in Fig. 6, there are no obvious

differences without and with the presence of PPY nano-

particles with concentrations of 25–100 ppm, and cellular

viability was estimated to be higher than 90 % even after

24 h, which can be considered to have a very low cyto-

toxicity even at a high concentration (150 ppm). The very

low cytotoxicity of the PPY nanoparticles suggested that it

is an ideal bio-compatible photothermal agent.

To verify our hypothesis, the photothermal ablation

capability from PPY nanoparticles with small size was

investigated in vitro using the HELA cells derived from

human cervical carcinoma cell line as a model. As shown

in (Fig. 7), nearly all the cells are dead in the group treated

with both PPY nanoparticles with small size and the laser

irradiation (Fig. 7d), while the cell treated without the laser

and PPY nanoparticles with small size (Fig. 7a), with PPY

Fig. 6 Cell viabilities estimated by the MTT proliferation test versus

incubation concentration of PPY nanoparticles with small size. Hela

cells were incubated with 0–150 ppm PPY nanoparticles at 37 �C for

12 or 24 h

Fig. 7 a–d Optical images of the Hela cells treated with or without PPY nanoparticles (75 ppm) and laser (0.25 W/cm2, 10 min). Only dead

cells can be labeled with trypan blue (Color figure online)
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nanoparticles with small size (Fig. 7b), or with laser alone

shows no apparent cell death (Fig. 7c). Therefore, this PPY

nanoparticle with small size has great potentials to be used

as an ideal photothermal-coupling agent for photothermal

ablation of specific targets such as in vivo tumor tissues.

Conclusions

In summary, uniformly water-soluble PPY nanoparticles

with two sizes were synthesized by a facile method. The

NIR absorption and photothermal effect of the PPY nano-

particle with two sizes were investigated. With same con-

dition, the absorption of the two-size PPY nanoparticle

shows no obvious difference, while the photothermal effect

of the PPY nanoparticles with small size is better than the

one with large size. The PPY nanoparticles with small size

show good photostability, bio-stability, and low cytotoxicity.

Furthermore, it can efficiently kill the cancer cells under the

irradiation of 808 nm laser with a very low-power density of

0.25 W/cm2 over 10 min. These results demonstrate the

great potential application of PPY nanoparticles with small

size in photothermal ablation of in vivo tumor tissues.
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