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 Polypyrrole Composite Nanoparticles with Morphology-
Dependent Photothermal Effect and Immunological 
Responses 

   Ye    Tian     ,        Jianping    Zhang     ,        Shiwei    Tang     ,        Lei    Zhou     ,       and        Wuli    Yang   *   

 Recently, a class of taper structure, array of objects with 

gradually varying cross-section areas, has drawn mounting 

attention in photonic research for their light harvesting 

effect. [ 11 ]  Herein, the taper structure has been utilized in the 

design of high-performance photothermal conversion agent. 

We have developed a controllable approach to construct 

heterogeneous and anisotropic polypyrrole composite nano-

particles (PCNs). Polypyrrole (PPy), an organic conductive 

polymer with strong NIR absorption, has been intensively 

investigated as a photothermal conversion agent. [ 12 ]  In this 

work, PCNs with various morphology, spherical, patchy, gib-

bous, and raspberry-like, are obtained and it is evidenced that 

compared with pure PPy nanoparticles and spherical PCNs, 

the raspberry-like ones have a much better photothermal 

effect, owing to the light harvesting effect of the taper-like 

surface structure. The outstanding photothermal effect and 

the positive magnetic resonance imaging (MRI) contrast 

ability promise the use of the raspberry-like PCNs for the 

PTT of solid tumors. Moreover, the taper structure is able to 

activate the adaptive immune responses, making the PCNs 

potential adjuvants in the immunotherapy of cancer. 

 The synthesis of PCNs begins with the preparation of 

a polydopamine (PDA) core. Subsequently, the pyrrole 

monomer is incubated with the PDA core, followed by an in 

situ chemical oxidative polymerization on the surface of the 

PDA core initialized by Fe 3+ . In the process, sodium dodecyl-

sulfate (SDS) and polyvinyl alcohol are introduced as emul-

sifi er and stabilizer.  Figure    1  a (together with Figure S1 in 

the Supporting Information) illustrates that the morphology 

of the PCNs are controlled by the modifi cation of the feed 

amount of SDS. As shown in Figure  1 a, when a small amount 

of SDS is added to the system, the nanoparticles exhibit a 

uniform spherical core–shell structure with a diameter of 

≈150 nm, and the thickness of PPy shell increases as more 

pyrrole monomers are added to the system (Figure S2a in 

the Supporting Information, see detailed recipes in Table S1 

in the Supporting Information). Unexpectedly, protuberances 

are produced on the surface of the composite nanoparticles 

as the SDS feed amount increases. The number of protuber-

ances increases while its size decreases, making the mor-

phology of PCNs changing from spherical (SDS-5) to patchy 

(SDS-10), gibbous (SDS-20 and 40), and then raspberry-like 

(SDS-80 and 160). The surface structure of the PCNs is fur-

ther confi rmed by the N 2  sorption isotherms (Figure S3 in the 

Supporting Information).  DOI: 10.1002/smll.201503319
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  A vast diversity of natural hierarchical architectures with 

a range of scales has attracted artists and scientists alike. [ 1 ]  

There are innumerable examples in which the nano- and 

micrometer-scale architectures of materials in nature are cru-

cial to their functions, such as underlying mechanics, trans-

forming optics or even changing the building construction. [ 2 ]  

This revelation also establishes the design basis of novel 

artifi cial materials. [ 3 ]  The regulation of primary structure, 

size and shape, endows synthetic nanomaterials fascinating 

physicochemical properties. For instance, the optical proper-

ties of plasmonic gold nanostructures are determined by their 

diameter and morphology. [ 4 ]  By continuously increasing the 

size of spherical gold nanoparticles [ 5 ]  or changing their mor-

phology into rod-like, [ 6 ]  cage-like, [ 7 ]  star-like [ 8 ]  or fl ower-like 

shape, [ 9 ]  the localized surface plasma resonance band of the 

gold nanostructures can be broadened and shifted to the 

near-infrared (NIR) region. The noble metal nanostructures 

have thus been extensively explored for their photothermal 

conversion effects, namely, generating heat from absorbed 

NIR light and their potential clinical applications in the 

photothermal therapy (PTT) of cancer. [ 10 ]  However, to the 

best of our knowledge, the improved photothermal effects 

induced by the morphology-dependent optical properties 

have rarely been reported in organic nanomaterials, which is 

very important to the development of nanotechnology. 
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 We fi nd that the PDA core adopted here is crucial for 

the synthesis of raspberry-like PCNs, since using polysty-

rene nanoparticles and magnetic colloidal nanocrystal clus-

ters as cores both induces the failure in the synthesis of 

raspberry-like PCNs (Figure S4 in the Supporting Informa-

tion). Considering the hydrophobic and π–π interactions 

between pyrrole monomer and PDA nanoparticles, we pro-

pose a hypothesis to illustrate the surface structure forma-

tion mechanism of the PCNs (Figure  1 b). In the incubation 

process, the pyrrole molecules are loaded into the PDA core 

due to their poor solubility in water. Then Fe 3+  ions approach 

the core particle surface to initiate the polymerization, 

which is attributed to their strong coordination affi nity to 

the catechol residue on the surface of PDA core. [ 13 ]  Upon 

initiation, the hydrophobic bulges are formed and stabilized 

by SDS and polyvinyl alcohol. At the same time, the limited 

free volume within the core inhibits the diffusivity of PPy 

chains inward, and the surface tension of PPy bulges toward 

water is regulated by the amount of emulsifi er, SDS. [ 14 ]  As a 

result, as more SDS is added, the protuberances are formed 

on the surface and the products are similar in appearance to 

a raspberry. 

 We also fi nd that the photothermal effect of the fabri-

cated PCNs depends sensitively on their morphology. In 

our experiment, the nanoparticles are dispersed in phos-

phate-buffered saline (PBS) at an equivalent concentra-

tion of 10 µg mL −1 , and irradiated with an 808 nm laser at 

3.85 W cm −2  for 500 s and pure PBS is used as a negative 

control. During laser exposure, the temperatures of all sam-

ples increase until equilibrium temperatures are reached 

( Figure    2  a). For the spherical nanocomposites (Figure S2b 

in the Supporting Information), the photothermal effect 

improves with the increasing thickness of PPy shell (Py-5, 

Py-10, and Py-20). And the maximum temperature changes 

of the composite nanoparticles synthesized with less amount 

of SDS (SDS-5, SDS-10, SDS-20, and SDS-40) are similar to 

that of pure PPy nanoparticles, which is 29.3 °C (Figure  2 b). 

However, the raspberry-like PCNs (SDS-80 and SDS-160) 

can raise the temperature by 39.9 and 59.9 °C, respec-

tively, much higher than that of pure PPy. Considering the 

low concentration employed in the study (10 µg mL −1 ), 

the photothermal effect of the PCNs, especially the SDS-

160 sample, is outstanding compared with the previously 

reported photo thermal conversion agents (Figure S5 in the 

Supporting Information). [ 4 ]   

 To reveal the nature of such excellent photothermal 

effects, we focus on two parameters that contribute to the 

photothermal performance. [ 15 ]  The fi rst one is photothermal 

conversion effi ciency ( η ). The measured  η  values of these 

nanocomposites (Figure S6 in the Supporting Information) 

are similar, suggesting that  η  is not the reason for the diverse 

photothermal performance. Another important parameter is 

the light absorbance of such a system in the NIR region. As 

indicated in Figure  2 b,c, SDS-80 and SDS-160 exhibit much 

higher absorbance values at 808 nm than other samples. 

Therefore, the strong light absorptions of the raspberry-like 
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 Figure 1.    a) Transmission electron microscope (TEM) images of PCNs synthesized with increasing SDS amount. The black bar indicates 50 nm. 
Figure S1 in the Supporting Information illustrates TEM images of larger populations of the same nanoparticles. Their corresponding structures are 
shown beside the TEM images. b) Schematic representation of the mechanism responsible for the formation of raspberry-like nanocomposites. 
Py and PVA stand for pyrrole and polyvinyl alcohol, respectively.
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PCNs are responsible for the improved photothermal effect 

in our system. To understand the physical mechanism of the 

enhanced light absorption, we note that the raspberry-like 

structure of these nanocomposites can be approximately 

modeled as a taper array as shown in Figure  2 b,d. In this 

model, the structure parameters, including the lattice perio-

dicity ( P ), taper height ( h ), and shape ( d ( z )), collectively 

determine the impedance of the medium ( Z  eff ) at a par-

ticular perpendicular position  z . [ 11a   ,   16 ]  Therefore, owing to 

the impedance matching between free space and the medium 

at the top, the incident light can be effi ciently transmitted 

through the subwavelength taper array and absorbed within 

the taper structure, leading to enhanced light absorption and 

diminished refl ection. [ 11,16,17 ]  The surface roughening of the 

nanocomposites, which expresses as the change of structure 

parameters, plays a major role in the absorption enhance-

ment and the photothermal effects of the nanoparticles are 

thus dependent on their morphology. [ 11a   ,   16,17 ]  

 Being aware of the photothermal effect of the raspberry-

like PCNs, we conduct in vitro and in vivo studies to further 

demonstrate their potential in the cancer PTT. Human ade-

nocarcinoma alveolar basal epithelial cell line (A549 cells) 

is used as model. The cells are incubated with PCNs (SDS-

160 sample, 10 µg mL −1 ) for 2 h, followed by laser irradia-

tion (808 nm, 3.85 W cm −2 ). The cells within the laser spot are 

completely destroyed by hyperthermia in 300 s, which is char-

acterized with the calcein acetoxymethyl ester (calcein-AM)/

propidium iodide (PI) co-staining by confocal fl uorescence 

imaging (Figure S7a in the Supporting Information) and 

the expression of heat shock proteins (Hsp70) by Western 

blot (Figure S7b in the Supporting Information). MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide) assay is conducted ( Figure    3  a) to quantitatively eval-

uate the cell viability and shows that the growth inhibition 

ratio of SDS-160 is higher than that of pure PPy nanoparticles 

due to their better photothermal effect. Annexin-V-Fluores-

cein isothiocyanate (FITC)/PI co-staining study (Figure S7c 

in the Supporting Information) further illustrates that the cell 

death mode in the photothermal process is mostly apoptosis 

rather than necrosis.  

 For in vivo PTT, BALB/c nude mice bearing A549 xeno-

grafts are intratumorally injected with SDS-160 or pure PPy 

nanoparticles (dosage 0.5 mg kg −1 ) and then exposed to an 

808 nm laser at 0.62 W cm −2  for 300 s. Thermal imaging is 

used to monitor the treatment ( Figure    3  b and Figure S8a 

in the Supporting Information) and hematoxylin and eosin 

(H&E) staining of tumor slices collected after laser illumina-

tion suggests signifi cant cancer tissue damage (Figure S8b in 

the Supporting Information). After the treatment, the tumor 

sizes are recorded (Figure  3 c). SDS-160 injection plus laser 

illumination leads to a complete tumor remission, while PTT 

with PPy nanoparticles just inhibits the tumor growth com-

pared to the control group, which is also proved by the tumor 

weight two weeks after the treatment (Figure S7c in the Sup-

porting Information). 

 The Fe elements (Fe 3+ , Fe 2+ ) remained in the nanocom-

posites after initializing the pyrrole polymerization [ 18 ]  make 

it easy for us to track the PCNs in mice after the PTT. The 

amount of Fe elements in the SDS-160 is quantifi ed by 

thermal gravity assay (TGA, Figure S9a in the Supporting 

Information) and inductively coupled plasma atomic emis-

sion spectrometer (ICP-AES), and the clearance route of 
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 Figure 2.    a) Temperature elevation of PBS and the nanoparticle suspensions at an equivalent concentration (10 µg mL −1 ) as a function of irradiation 
time (808 nm, 3.85 W cm −2 ). b) A summary of the maximum temperature change of the nanoparticle suspensions during laser exposure, together 
with their absorbance at 808 nm. Inset: Schematic illustration of the taper-like structure on the PCN surface. c) The optical absorption spectra of 
the nanocomposites and pure PPy nanoparticles (10 µg mL −1 ). d) Sectional view of the taper array model.
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PCNs is demonstrated (Figure S9b in the Supporting Infor-

mation). The body weights of mice after PTT do not differ 

greatly from that of the control group (Figure S9c in the 

Supporting Information), indicating the PCNs do not exhibit 

severe systemic toxicity. [ 19 ]  And the blood chemistry reveals 

no obvious hepatic toxicity (Figure S9d in the Supporting 

Information) and all of the hematological parameters appear 

to be normal (Table S2 in the Supporting Information). The 

results above suggest that PCNs possess effi cient anti-tumor 

activity with the assistance of laser exposure and low toxicity 

and thus can act as a hopeful photothermal conversion agent 

in the PTT. Furthermore, the Fe 3+  species in the PCNs can 

contribute to the longitudinal relaxivity ( r  1 ) in the MRI. [ 20 ]  

SDS-160 shows an  r  1  of 2.51 s −1  m m  −1  with a transverse relax-

ivity ( r  2 ) of 2.78 s −1  m m  −1  (Figure  3 d and Figure S10 in the 

Supporting Information). Tumor tissue after PCN injection 

appears as a light area on the  T  1 -MRI (Figure  3 d), suggesting 

their effi cacy as a  T  1  contrast agent. 

 Besides photothermal therapy, immunotherapy is also an 

effective treatment of cancer in which the immune system is 

stimulated to reject and destroy tumors. [ 21 ]  Dendritic cells 

(DCs), one of the most important antigen presenting cells, [ 22 ]  

play an important role in the initiation and regulation of 

innate and adaptive immunities. In order to investigate how 

immune system responds to PCNs, bone marrow-derived 

DCs separated from BALB/c mice are incubated with PPy 

nanoparticles, the spherical nanocomposites (SDS-5) and the 

raspberry-like ones (SDS-160) at a concentration of 50 µg 

mL −1  for 12 h. We fi nd that the SDS-160 is able to up-regulate 

the expression of CD80 and CD86 ( Figure    4  a and Figure S11, 

Supporting Information), costimulatory molecules that mark 

the maturation of DCs, [ 23 ]  and the secretion levels of inter-

leukin 1β (IL-β) and interleukin 12 (IL-12) signifi cantly after 

incubation (Figure  4 b), while the spherical nanocomposites 

(SDS-5) and pure PPy nanoparticles show much weaker 

effects.  

 Then, healthy BALB/c mice are subcutaneously injected 

with PPy nanoparticles and the nanocomposites (dosage 

0.5 mg kg −1 ). The mice are sacrifi ced 4 d after the treatment 

and the nearest lymph nodes are harvested. CD11c, the spe-

cifi c marker of DCs, [ 24 ]  CD80 and CD86 costaining assay 

indicates that SDS-160 can induce the migration of a larger 

number of DCs into lymph nodes (Figure  4 c) and facilitate 

the maturation of DCs (Figure  4 d). And also, the secretion 

levels of the cytokines including IL-β, IL-12, interleukin 

6 (IL-6), and tumor necrosis factor α (TNF-α) in the 

mouse serum exhibit obvious elevation after the injection 

of SDS-160, while the effects of PPy nanoparticles and the 

spherical nanocomposites (SDS-5) are limited (Figure  4 e). 

From the results above, it is demonstrated that the immune 

responses to the nanocomposites are also dependent on 

their morphology. We suppose that this may be related to 

their cell recognition and uptake difference. [ 3 ]  The rasp-

berry-like PCNs are able to activate systemic adaptive 

immune responses, making them novel adjuvants in the 

immunotherapy. 

 In conclusion, we have developed an approach to syn-

thesize polypyrrole composite nanoparticles with controlled 

morphology. Spherical, patchy, gibbous, and raspberry-like 

anisotropic composite nanoparticles are obtained and their 
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 Figure 3.    a) Cell viability of PBS, PDA, PPy nanoparticles, and SDS-160 (10 µg mL −1 ) treated A549 cells with NIR laser irradiation (808 nm, 
3.85 W cm −2 ) for 0–300 s. ***,  P  < 0.001 versus PBS and PPy + laser groups,  n . s ., no signifi cant difference. b) Thermal images of A549 tumor-bearing 
BALB/c nude mice exposed to an 808 nm laser (0.62 W cm −2 ) for 5 min after the injection of PBS, PPy nanoparticles or SDS-160 (0.5 mg kg −1 ). 
c) In vivo effects of the PTT on the growth of A549 tumor. d) Top:  T  1 -MRI of SDS-160 in aqueous solution at different Fe concentrations. Bottom: In 
vivo  T  1 -MRI of mice after intratumorally injected with SDS-160. Orange and green circles point out tumors before and after injection, respectively.
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photothermal effects are proved to be different. The raspberry-

like composite nanoparticles have a much stronger photo-

thermal effect than the spherical ones, which is attributed to 

the light harvesting effect of the taper-like surface structure. 

The morphology-dependent photothermal effect and 

immune responses of nanomaterials are revealed. In vitro 

and in vivo studies promise the use of raspberry-like PCNs 

in the PTT and MRI and their potential as adjuvants in the 

immunotherapy of cancer. The photothermal and immuno-

logical performance of PCNs offers a novel generation of 

photothermal conversion agent, and the concept that the 

properties of materials are determined by their structure can 

be extremely useful in the design of novel materials with high 

performances.  

 Figure 4.    a) Quantifi cation of CD80 and CD86 on bone marrow-derived DCs after incubation with PPy nanoparticles and PCNs (50 µg mL −1 ) for 12 h. 
Lipopolysaccharides (LPS) are used as positive control. b) Secretion of IL-1β (left) and IL-12 (right) by DCs after incubation with PPy nanoparticles 
and PCNs, analyzed with enzyme-linked immunosorbent assay (ELISA). c) Representative histograms of CD11c expression on cells harvested from 
the nearest lymph nodes of healthy BALB/c mice 96 h after injection with PPy nanoparticles and PCNs (0.5 mg kg −1 ). Inset: Quantifi cation of CD11c +  
cells. d) In vivo DC maturation induced by PPy nanoparticles and PCNs, determined by their expression of CD80 and CD86 gated by CD11c +  DCs. 
e) Cytokine levels in serum.
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