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The core-shell composite of polypyrrole (PPy) coating on Au nanorods with high two-photon 

photothermal efficiency and well photostability have been fabricated via a facile interfacial 

polymerization. The relevant transmission electron microscope has confirmed the core-shell 

structure of the uniform Au-PPy nanorods. The core-shell composites improve the temperature 

elevation and photostability compared with pure Au nanorods. The composites internalized by 

cancer cells can be detected by strong two-photon fluorescence thereby minimizing 

photothermal damage to normal tissues. The cell cytotoxicity and two-photon efficiency 

experiments in vitro demonstrate that the composites of Au-PPy nanorods have high efficiency 

to inhibit tumor cell proliferation. 

 

 

1.   Introduction 

Due to the noninvasive and localized approaches, photothermal 

therapy has been proved to be a promising treatment in the past few 

years.[1-5] The near-infrared (NIR) light in the range of 700 to 1000 

nm was the optimum condition for photothermal therapy due to the 

high transparency of tissue.[5,6] Nanomaterials based on the NIR light 

induced heating conversion have attracted much attention in recent 

years.[7] Many of the photothermal nanomaterials including 

inorganic materials, polymers and carbon materials have been 

widely explored owing to their high optical extinction coefficients in 

the NIR wavelength range.[5, 8-13] Gold based nanomaterials such as 

Au nanoshell, nanorods, and nanocages have been proved to be good 

photothermal agents because the local temperature around gold 

nanoparticles can be increased by laser illumination in controllable 

manner through the tunable surface plasmon bands in the NIR 

region.[14-16] Moreover, gold rods with an excellent biocompatibility 

and low cytotoxicity showed strong two-photon activity in cellular 

imaging, which can avoid photoblinking or photobleaching under 

laser irradiation.[17,18] There are some advantages of the multiphoton 

microscopy over conventional confocal microscopy, for example, the  

photobleaching can be reduced by selective excitation of the focal 

volume, and the depth penetration in scattering samples can be 

improved by using excitation light within the optical transmission 

window of biological tissues (NIR spectral range, 700-1000 nm).[19, 

20] However, the NIR absorbance peak of Au nanorods would 

diminish after the irradiation due to the “melting effect”.[21] The low 

photostability or the often-observed clustering and aggregating 

limited the wide application of Au nanorods. The diversified 

architectures of self-assembly and co-assembly [22,23] of Au nanorods 

with mesoporous silica,[24, 25 ] biomolecule[16] and polymer[26, 27] have 

been explored to enhance the structural stability and improve the 

subsequent function. Polypyrrole (PPy) has great application in 

bioelectronics and biomedical field owing to their high conductivity, 

good biocompatibility and outstanding stability. [28, 29] Currently, PPy 

has been reported to be used as optical coherence tomography 

contrast agent for tumor imaging since their wide range of NIR 

absorption, which can be extend beyond 1300 nm.[30] Afterwards, it 

was found that the strong absorption of PPy nanoparticles in the NIR 

region can create significant photothermal effect. Very recently, PPy 

nanoparticles have been successfully used as a stable photothermal 

coupling agent with a high efficiency to kill cancer cells.[5, 8, 31] 

In this work, Au nanorods was coated with polypyrrole via a facile 

interfacial polymerization of pyrrole monomer to get high efficient 

and stable photothermal self-assembly architecture. The overall 

synthetic procedure is schematically illustrated in Figure 1. After 

coating, the photostability and the photothermal efficiency are 

enhanced, meanwhile, lead the characteristic absorption peak a 

significant red shift to the NIR region. With the detected strong two-

photon photoluminescence in tumor cells, the photothermal damage 

to normal tissue could avoid in some degree. The in vitro cell 

experiment proves that the core-shell composite can efficiently 

inhibit cancer cell proliferation, which has promising application in 

the cancer therapy. 
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2. Experimental 

2.1. Materials 

AgNO3, Pyrrole, Sodium dodecylsulfate (SDS), Ammonium 

persulfate (APS), NaBH4 and HAuCl4.3H2O were obtained from 

Beijing Chemical Reagent Ltd., China. Ascorbic acid, Nile red, 

Hexadecyltrimethylammonium bromide (CTAB) and Hoechst 33342 

were obtained from Sigma-Aldrich. 3-(4,5-Dimethylthiazolyl-2)-2,5-

diphenyl tetrazolium bromide (MTT) was purchased from Amresco. 

Alexa Fluor 488 was obtained from Molecular Probes Inc. All the 

materials were commercially available and used as received without 

further purification. The water used in all experiments was prepared 

in a Milli-QPlus 185 purification system (Millipore) with aresistivity 

of 18.2 MΩ·cm. 

2.2. Synthesis of Au nanorods 

A colloidal Au nanorods sample was prepared using a seed-mediated 

method in CTAB aqueous solutions. The seed solution was made as 

following, NaBH4 solution (0.12 mL, 0.01M) was added to the 

mixture solution of HAuCl4 (0.05 ml, 0.01M) and CTAB (1.5 mL, 

0.1M). Then, the mixed solution was kept at room temperature for at 

least 2 h before use. The growth of Au nanorods was carried out 

firstly by mixing CTAB (80 mL, 0.1M), HAuCl4 (4 mL, 0.01M), 

AgNO3 (1 mL, 0.01M), freshly prepared ascorbic acid solution 

(0.8mL, 0.1M), HCl (1mL, 1M) together. Secondly, the seed solution 

(0.2 mL) was added. Then, the mixed solution was left in a water 

bath for 10 h keeping the temperature around 28 oC.  

2.3. Synthesis of Au-PPy composites 

The coating on the Au nanorods was proceeding as below. Firstly, 

the prepared Au nanorods solution (4 mL) was centrifuged and 

washed for twice. The precipitate was redispersed in 2 mL water 

solution. Secondly, the mixture of pyrrole monomer (1 µM or 10 

µM) and SDS (10 µM) were added in the dispersion stirring for 30 

min. After the addition of APS (0.8 µM or 8 µM), the reaction 

mixture was stirring for 24 h to ensure the polymerization complete. 

Then the mixture was centrifugated and washed for use. The repeat 

coating experiment was carried out with the same method for the 

second time.  

2.4. Characterization 

The morphologies of the samples were examined by TEM conducted 

with a JEOL 2011 transmission electronic microscope working at 

200 kV. The elemental components were analyzed by an EDX 

analyzer as the SEM accessory.  A Hitachi U-3010 

spectrophotometer was used to record the UV-vis spectra. One-

photon and two-photon fluorescence images were obtained by a two-

photon laser scanning microscope (CLSM, Olympus FV500, 

Olympus FV500 with 60× and 100× oil-immersion objectives and a 

numerical aperture of 1.35). 

2.5. Cell Culture and Cytotoxicity Assay  

The human cervical cancer cell line (HeLa) was used for 

intracellular localization. The cells were cultured in DMEM medium 

at 37 °C in 5% CO2 with 70% humidity. 10% fetal calf serum, 1% 

penicillin and streptomycin were contained in DMEM medium. 

When the cells reached about 90% confluency, they were split into a 

35 mm Petri dish using a standard trypsin-based technique for 

imaging. When the cells were cultured in DMEM medium for 24 h, 

20 µL Au-PPy suspension was added to Petri dish for co-culturing 

for 24 h.  After the removing of the Au-PPy nanorods and dead cells, 

Alexa Fluor 488 and Hoechst 33342 (10 µL, 50 mg mL-1) were 

employed for stain the membrane and cell nucleus, respectively. 

Then the cells could be observed by CLSM. 

The human cervical cancer cell line (HeLa) was used for 

cytotoxicity studies. HeLa cells were split into 48-well plates 

using a standard trypsin-based technique with a final concentration 

of 5 × 10 4 cells mL-1. When cells in 48-well plates were cultured at 

a concentration about 90% confluence, Au-PPys (at Au-equivalent 

does) with different concentration (0, 5.8, 11.6, 23.2 and 46.4 µg mL-

1) were added to per well and incubated for 24 h. The culture 

medium was changed to remove the Au-PPy that was not taken up 

by cells. The cells were irradiated with 808 nm light for 3 min and 

further incubated for 12 h. Cell survival was investigated by the 

standard MTT assay. In detail, cellular culture medium was removed 

and replaced. MTT (20 µL; 5 mg mL-1) in PBS was added to each 

well and incubated with the cells at 37 °C for 4 h. The remaining 

MTT was removed and dimethyl sulfoxide (DMSO, 200 µL in every 

well) was added to dissolve the purple formazan crystals, and then 

measured at a wavelength of 490 nm absorbance by a wallac 1420 

multilabel counter. 

 

Figure 1. The fabrication of Au-PPy composite nanorods and their 

application in cancer imaging and therapy by one-photon or two-

photon laser. 

3. Results and discussion 

3.1. Preparation and Characterization of Au-PPy nanorods 

 

Figure 2. TEM images of Au nanorods (A), and Au-PPy nanorods 

fabricated with the doses of pyrrole monomer 1 µM (B); 10 µM (C); 

10 µM repeat twice (D). All scale bars are 50 nm. 

Au nanorods were prepared by using a seed-mediated method as 
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described in the Experiment Method. Figure 2 have shown the TEM 

images of the as-prepared Au nanorods and Au-PPy nannorods with 

different conditions. As shown in the Figure 2A, the average 

diameter and length of the Au nanorods were about 15 nm and 50 

nm. After pyrrole monomer polymerized on the surface of the Au 

nanorods, the morphology differences can be seen in Figure 2B, 2C 

and 2D, respectively. The coating shells thicknesses could be 

increased with the increasing of concentration or coating times from 

very thin to about 8 nm or 13 nm. The coating of PPy was realized 

through surfactant-assisted chemical oxidative polymerization.[27, 32] 

In this process, sodium dodecylsulfate (SDS), an anionic surfactant 

can be adsorbed on the CTAB layers on the surface of the Au 

nanorods through electrostatic interaction. Then pyrrole monomers 

were trapped within the surfactant layers. Ultimately, with the 

addition of the oxidant, ammonium persulfate (APS), the 

polymerization of pyrrole were occurred. During the polymerization 

process, the introduced surfactant SDS stabilizes the Au nanorods to 

prevent the aggregation. [27] 

After coating, the color changes of the solution and the surface 

plasmon resonance feature have been shown in Figure 3A and 3B. 

Figure 3A was the photo images of the Au nanorods (a) and the Au-

PPy nanorods (b, c and d) solution corresponding to Figure 2 with 

equal Au concentration of 0.2 mg/mL, respectively. The color of the 

solution before coating was wine red, while the color becomes 

darker and darker after the polymerization of PPy with the coating 

thickness increasing. In addition, the zeta-potential of the Au-PPy 

nanorods in water solution (about pH 7) decreased from 12.3±1.5 to 

-13.9±0.4 mV. The negative charges on their surface might be due to 

the doping of SDS.[33] The UV-vis spectroscopic studies were 

preformed to monitor the surface plasmon resonance feature of the 

Au nanorods and the Au-PPy nanorods solution. The spectrum of Au 

nanorods had shown the characteristic absorption band at 841 nm 

(Curve c). However, after coating by the PPy, the surface plasmon 

peaks shifted to around 876 and 887 nm (Curve a and b) 

corresponding to Figure 2C and 2D, respectively. The coating of 

polymer shell makes the electron vibration in the Au nanorods 

confine in a smaller space, which shortens the extent of electron 

vibration. Moreover, as a conductive polymer, when PPy is polarized 

by exposed to external irradiation, the PPy shell can provide 

additional electrons oscillating with those accounted for the Au 

surface plasmon resonance. Thus the enhanced restore force and 

shortened the extent of electron vibration were the reason that the 

composite structures promoted the red shift of the characteristic 

absorption peak to NIR. [34, 35] 

 

 

Figure 3. (A) The photo images of Au nanorods (a) and Au-PPy 

nanorods (b, c, d) water solution. (B) The UV-vis spectra of the Au 

nanorods (c) and Au-PPy nanorods (a and b). (C) FT-IR spectra of 

Au nanorods and Au-PPy nanorods; and (D) EDX analysis of Au-

PPy nanorods.  

To investigate the chemical components, the Au-PPy nanorods and 

Au nanorods were characterized by Fourier transform infrared 

(FTIR) and energy dispersive X-ray (EDX) analyzer. As Figure 3C 

shown, the broad peak centered at 3400 cm-1 result from the 

stretching vibrations of N-H. The peak at 1575 cm-1 was assigned to 

the stretching vibrations of C-C in the pyrrole ring. [36] The bands at 

1071 and 1370 cm-1 corresponded to the C-H deformation vibrations 

and C-N stretching vibrations.[37] The band at 1463 cm-1 was due to 

the fundamental stretching vibration of pyrrole rings.[38] The peak at 

1211 cm-1 was related to the in-plane vibrations of C-H.[36] 

Additionally, in order to confirm the PPy was coating on the surface 

of Au nanorods, the elemental analysis was carried out. The Figure 

3D has shown the present elemental components of C, N and Au in 

the Au-PPy nanorods. In this case, the atomic ratio of N/C was about 

1/4. It could be observed that the ratio of 1/4 fits well with the 

structure of PPy. The results demonstrated that PPy had been coating 

on the surface of Au nanorods successfully. 
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3.2. Photothermal Effect and Photostability of Au-PPy nanorods 

 

Figure 4. (A) The temperature elevation over a period of 380 s of 

exposure to a NIR laser (808 nm, 3 W) at different concentations of 

Au-PPy nanorods (a) 92.8 µg mL-1; (b) 46.4 µg mL-1; (c) 23.2 µg 

mL-1; (d) 11.6 µg mL-1; (e) 0 µg mL-1; (B) Temperature elevation 

record of 20 µg mL-1 Au-PPy (a) and Au (b) nanorods over four laser 

on/off cycles by a 3 W, 808 nm laser. 

The photothermal effect of Au-PPy nanorods was carried out by 

monitoring the temperature of 1 mL solution containing various 

concentrations (equal Au concentration 92.8, 46.4, 23.2, and 11.6 µg 

mL-1) using a NIR laser (808 nm, 3 W). As shown in Figure 4A, 

after the irradiation, the solution exhibited a temperature increment 

with the concentration increase. The Au-PPy solution with different 

concentration 92.8, 46.4, 23.2 and 11.6 µg mL-1 elevate the 

temperature 73.1, 61.8, 50.8 and 31.2 oC, respectively. The result 

indicated that the Au-PPy nanorods possess better photothermal 

performance. The stability of the solution before and after the 

irradiation had been monitored by UV-vis spectra (Figure S1A). 

After heating by NIR laser (808 nm 3 W) irradiation for an hour, 

there was no significant difference in the adsorption spectrum. The 

location and the intensity of the maximum peak almost had kept the 

same after the irradiation. The TEM image in Figure S1B also 

indicated that the rods structure of Au-PPy had retained well after 

irradiation. These data had proved that the Au-PPy nanorods stable 

enough to be used as an efficient photothermal agent. 

To compare the Au-PPy nanorods with Au nanorods for their 

photostability and the photothermal effect, four cycles of irradiation 

on/off with an 808 nm laser were carried out. With the same equal 

Au mass concentration (20 µg mL-1), the solutions of Au-PPy 

naorods and Au nanorods were irradiated for 3 min (ON), then 

cooling to room temperature without irradiation (OFF). As shown in 

Figure 4B, the temperature elevation were present as 23.25, 23.33, 

23.33 and 23.21 oC for four repeat times corresponding to Au-PPy 

naorods (Curve a), in the same condition, whereas the temperature 

elevation of Au nanorods (Curve b) have changed to 19.71, 17.20, 

16.73 and 16.67 oC, respectively. It was clearly indicated that the 

composite structure of Au-PPy nanorods showed higher 

photothermal conversion efficiency than pure Au naorods.[5, 33] The 

temperature elevation of Au nanorods changed from 19.71 oC to 

16.67 oC during the four cycles; however, there was no significant 

decrease was observed for Au-PPy nanorods. The four cycle 

experiment also proved the photostability of Au-PPy nanorods. The 

results further confirmed that the Au-PPy nanorods could act as an 

efficient photothermal agent. 

3.3. Photothermal Effect Induced by Au-PPy nanorods In Vitro 

 

Figure 5. (A) In vitro cytotoxicity results with different 

concentrations (a) negative control experiment; (b) 5.8 µg mL-1; (c) 

11.6 µg mL-1; (d) 23.2 µg mL-1; (e) 46.4 µg mL-1 with irradiation by 

a laser (808 nm 3 W) for 3 min. (B) Cell viability data obtained from 

HeLa cells incubated with Au-PPy at different concentrations for 24 

h. (a) negative control experiment; (b) 5.8 µg mL-1; (c) 11.6 µg mL-1; 

(d) 23.2 µg mL-1; (e) 46.4 µg mL-1. 

To further confirm the photothermal effect in cancer therapy, Au-PPy 

nanorods were incubated with HeLa cells for 24 h at different Au-

equivalent dose. After the removal of free Au-PPy nanorods, the 

cells were irradiated with 808 nm laser for 3 min and further cultured 

for 12 h. As shown in Figure 5A, it was found that the cell viability 

was reduced significantly with the increase of concentration, from 

68.1 % to 17.1 %. The result indicated that the cytotoxicity of Au-

PPy nanorods were concentration dependent under the certain 

condition of laser intensity. The ideal photothermal agent used in 

biological system should be nontoxic or lowtoxic. To evaluate the 

biocompatibility of Au-PPy nanorods without light, the MTT assay 

was performed. Figure 5B showed that the cells incubated with Au-

PPy nanorods at different concentrations had high cell viability. It 

was demonstrated that Au-PPy nanorods with good biocompatibility 

could be used as an efficient photothermal agent against tumor cell 

proliferation. 

3.4. Intracellular Distribution of Au-PPy nanorods  

To investigate the internalization of Au-PPy nanorods by cancer cells 

and further evaluate the potential use for in vitro imaging with two-

photon excitation, Au-PPy nanorods were incubated with HeLa cells. 

Nile red was used to monitor the internalization of Au-PPy nanorods 

in the HeLa cells with one-photon excitation. The red fluorescence 

in Figure 6C was the contribution of Nile red capsulated in the 

polymer layer excited by 559 nm laser. The red fluorescence in 

Figure 6D was corresponding to the Au nanorods excited by the two-

photon fluorescence microscopy at 880 nm. After incubation, the red 

fluorescence present in Figure 6C confirmed the taken up of Au-PPy  
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Figure 6. CLSM observation of HeLa cells incubated with Au-PPy 

nanorods for 24 h. (A) Blue nuclei excited by 405 nm laser stained 

by Hoechst 33342; (B) Green fluorescence corresponding to the 

membrane excited by 488 nm laser stained by Alexa 488; (C) Red 

fluorescence corresponding to Nile red capsulated in the polymer 

layer of the Au-PPy nanorods internalized by HeLa cells excited by 

559 nm. (D) Two-photon luminescence image of Au-PPy naorods 

scattered in the cytoplasm; (E) The merged image of A, B and C; (F) 

A 3D CLSM image of HeLa cells was cut to form xz and yz 

sections. The two yellow lines correspond to xz (bottorm) and yz 

(right) side views at a given z. 

nanorods by HeLa cells. From the overlay image (Figure 6E), it 

could be observed that the nanorods were distributed in the 

cytoplasm around the cell nucleus. To further prove the uptake of 

nanorods, Z-sectioning was performed for identification of nanorods 

intracellular location. As shown in Figure 6F, the nanorods (red 

fluorescence) encapsulated by cytomembrane (green fluorescence) 

could be observed in xz and yz sides by 3D reconstruction to show 

the cell endocytosis. Additionally, it was notable that there was no 

detectable fluorescence from Nile red outside the nanorods location, 

suggesting the premature leaking of the payload did not occur. It was 

also indicated that the Au-PPy nanorods could be used as drug 

carriers which had promising application for the combined therapy. 

Moreover, at this stage, the two-photon image was shown in Figure 

6D. The red fluorescence could be attributed to the two-photon 

photoluminescence of Au nanorods under the plasmon-resonant 

condition collected in the red channel. Compared with Figure 6C, the 

location of red fluorescence in Figure 6D did not have significantly 

differences. It indicated that the composites could be localized in 

tumor tissues and further internalized by tumor cells,[39] then well 

detected by two-photon photoluminescence. Meanwhile, the tumor 

location could be selectively destroyed by a NIR laser thereby 

minimizing damage to the surrounding normal tissues. The results 

suggest that the Au-PPy nanorods with the strong two-photon 

fluorescence and excellent stability might offer great potential for 

imaging and related biomedical applications, as deep imaging within 

tissue with high resolution has become possible by two-photon 

fluorescence microscopy. 

Figure 7. The CLSM images of HeLa cells during the time scanning 

process with a two-photon laser at 880 nm.  

3.5. Two-photon Photothermal Effect of Au-PPy nanorods In Vitro 

To further evaluate the potential use of Au-PPy nanorods as 

photothermal agent excited by two-photon, Au-PPy nanorods were 

incubated with HeLa cells for 24 h. After the removal of the 

nanorods in the cell culture medium, the cells were excited by a two-

photon fluorescence microscopy at 880 nm (0.86 J cm-2) with a time 

scanning. As shown in Figure 7, the image was recorded every 30 s, 

one can see that the bubble induced by thermal effect came into 

being, grew bigger and more gradually with time increasing. This 

indicated that the enhanced local heating effect was time dependent 

with the certain laser intensity. When time came to 570 s, the cancer 

cells were destroyed completely. The control experiment without Au-

PPy was also carried out at the same condition (Figure S2). The cells 

morphology almost had no difference during the irradiation of two-

photon laser. It was demonstrated that the result of photothermal 

treatment was caused by the Au-PPy under the two-photon laser 

rather than the laser damage. The time scanning images clearly 

demonstrated the cell morphological changes during the process of 

the photothermal treatment with a two-photon laser and the result 

vividly proved that photothermal treatment regime by two-photon 

therapy can dramatically destroy tumor cells in vitro. 
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4. Conclusions 

In summary, we have successfully developed the Au-PPy core-shell 

nanorods for two-photon photothermal cancer therapy in vitro. The 

as-prepared complex exhibited good biocompatibility, photostability 

and enhanced photothermal effect. After the internalization, the 

composite in cancer cells could be well detected by two-photon 

microscope which can be used to minimize photothermal damage to 

normal tissues. The complex nanorods showed high photothermal 

efficiency to kill cancer cells, which also can be used for drug carrier 

for combined cancer therapy. Therefore, this core-shell structure 

with a polymer layer surface and Au nanorods core might create a 

new type system for cancer therapy, deep imaging, drug delivery, 

and diagnosis application. 
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The core-shell composite of Au-polypyrrole nanorods with high two-photon photothermal effect 

and stability could efficiently kill tumor cells under irradiation. 
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