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 ABSTRACT 
We have synthesized water-stable polyaniline nanoparticles coated with tri-
armed polyethylene glycol chains using a solvent-shift method and confirmed 
their colloidal size and aqueous solubility. Furthermore, we have demonstrated
that the polyaniline nanoparticles can be doped with biological dopants to
produce distinct color changes allowing the detection of live cancer cells. 

 
 

Polyaniline (PAni) is a conducting polymer that has 
attracted recent interest because of its high con-
ductivity, the reversibility of its oxidation/reduction 
processes, the facile controllability of its redox state by 
doping, and the varying colors of its different redox 
states [1–4]. These unique characteristics have allowed 

PAni to find a variety of applications in electronic 
devices, sensors, actuators, and batteries [5–7]. 
Furthermore, the rapid development of nanotechnology 
and nanoscience has led to efforts to synthesize 
nanostructures such as nanofibers, nanowires, and 
nanospheres [8, 9]. Nanospheres are particularly 
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interesting for optoelectronics and sensors due to 
their large surface area relative to nanofibers and 
nanowires [10]. Importantly, the globular nature of 
the nanospheres enhances their solubility in common 
solvents facilitating structural characterization [11]. 
For many applications, colloidal solubility and stability 
of PAni nanostructures in aqueous solutions are re-
quired to optimize the physiological (pharmaceuticals, 
cosmetics, plant, protection, nutrition) or technical 
(varnishes, printing inks, toners) actions [12]. However, 
the development of simple synthetic procedures for 
the fabrication of uniform PAni nanoparticles remains 
challenging because as-synthesized PAni appears   
to intrinsically form fibrillar and linear molecular 
structures. The few examples reported of the synthesis 
of PAni nanoparticles in aqueous solutions include 
the use of templates such as polystyrene spheres, 
hydroxyl alkyl cellulose, and salicylic acid assisted 
polymerization [13–15]. There remains a need for   
a  practical  and  simple  synthetic  method  that  is 
capable of generating pure and water-soluble PAni  
nanoparticles in bulk quantities [16]. 

In our previous work, we prepared water-soluble 
PAni nanoparticles using a nanoemulsion method 
(volatile non-polar organic solvent emulsions in an 
aqueous solution) via a high energy process, such  
as ultrasonication, and subsequent removal of the 
organic solvent [17]. However, the poor solubility of 
PAni in weakly polar organic solvents, e.g., chloroform, 
induced a broad distribution of PAni nanoparticles 
with relatively large sizes (> 100 nm). Herein, we 
improve our method and formulate nanoparticles 
with smaller size and enhanced colloidal stability in 
biological media. We introduce a simple and quick 

process based on a solvent-shift method to fabricate 
the water-stable PAni nanoparticles (Scheme 1). With 
the solvent-shift process, hydrophobic molecules can 
be easily dispersed in aqueous media without a high 
energy step [18, 19]. Hydrophobic PAni was dissolved 
in a water-miscible polar aprotic solvent and sub-
sequently mixed with water to displace the solvent. 
To increase the colloidal stability of nanoparticles,  
we used Tween 80, which is a surfactant that has tri-  
arm polyethylene glycol chains. We investigated the 
potential ability of the Tween 80-coated PAni (TPAni) 
nanoparticles to act as a colorimetric probe by 
transitioning the doped states at varying redox values 
and monitoring the resulting color changes. Finally, we 
evaluated the possibility of using TPAni nanoparticles 
as indicators to confirm the redox status of proliferating  
cancer cells [17]. 

To prepare water-stable TPAni nanoparticles via 
the solvent-shift method, PAni was first synthesized 
by a chemical oxidation polymerization method using 
a previously published protocol [17]. TPAni nano-
particles were then prepared by dissolving different 
amounts (10, 50, 100, and 300 mg) of PAni in the 
emeraldine base (EB) state in 1.5 mL of N-methyl-2- 
pyrrolidinone (NMP) [20]. This solution was added 
to 20 mL of an aqueous solution containing 200 mg of 
Tween 80. The mixture was vigorously stirred at room 
temperature for 24 h. After the reaction, TPAni nano-
particles were purified by centrifugation (15,000 rpm 
for 30 min) in triplicate and the precipitated TPAni 
nanoparticles were dispersed in deionized water  
and excess surfactants were removed by a dialysis 
(molecular weight cut off: 25,000 Da). The colloidal size  
was confirmed using dynamic laser light scattering. 

 
Scheme 1 Schematic illustration of the preparation of water-soluble PAni nanoparticles coated by Tween 80 using a solvent-shift method.
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As the feed amount of PAni was decreased, the size 
of the resultant nanoparticles decreased from 26.4 ± 
3.7 nm with 300 mg of PAni, to 125.2 ± 24.9 nm with 
100 mg of PAni, and to 96.9 ± 21.2 nm with 50 mg of 
PAni. However, these relatively large TPAni nanopar-
ticles demonstrated poor colloidal stability in aqueous 
solution. Thus, a lower feed mass of 10 mg of PAni 
was used, which resulted in smaller (44.6 ± 10.6 nm) 
and more stable TPAni nanoparticles (Fig. 1(a)). We 
also confirmed the solubility of bare PAni in various 
solvents. In the case of deionized water, the bare 
PAni precipitated in the solution, and in the case of 
chloroform, the bare PAni nanoparticles had larger size 
and poorer solubility than in NMP (Fig. S1(a) in the 
Electronic Supplementary Material (ESM)). Furthermore, 
the solubilities of TPAni nanoparticles were higher 
those of bare PAni in deionized water, chloroform, 
and NMP (Figs. S1(b) and S1(c) in the ESM). Moreover,  

 

Figure 1 Characterization of TPAni nanoparticles. (a) Size distri-
butions of TPAni nanoparticles after varying the feed amounts of 
PAni in the EB state (300, 100, 50, and 10 mg). (b) Transmission 
electron microscope (TEM) image of TPAni nanoparticles (feed 
amount: 10 mg of PAni). (c) Fourier transform infrared spectros-
cope (FT-IR) spectra of TPAni nanoparticles (upper), Tween 80 
(medium), and bare PAni (lower). Asterisks represent interesting 
peaks described in more detail in the text. 

we also prepared TPAni nanoparticles by varying  
the feed amounts of Tween 80 from 0 mg to 500 mg 
(Fig. S2 in the ESM). As the feed amounts of Tween 
80 were increased, the size of TPAni nanoparticles 
decreased, but with 500 mg of Tween 80, the size of the 
resulting TPAni nanoparticles was over 1 μm because 
of aggregation of each TPAni nanoparticle. These 
results suggest that the size and stability of TPAni 
nanoparticles are predominantly affected not by the 
amount of Tween 80 but by the amount of PAni. A 
transmission electron microscopy image of TPAni 
nanoparticles shows the spherical morphology of the 
final nanoparticles (Fig. 1(b)). The high electron density 
of the PAni structure from the benzenoid and quinoid 
groups enabled TPAni nanoparticles to be observed 
without any staining steps. The chemical structure  
of TPAni was confirmed by peaks in the Fourier 
transform infrared spectra: 1,738 cm–1 (C=O from 
ester groups of Tween 80), 1,330 cm–1 (aromatic C–N 
stretching), 1,467 cm–1 (C=C and C=N stretching of 
benzenoid rings), and 1,563 cm–1 (C=C and C=N 
stretching of quinoid rings) (Fig. 1(c)). Collectively, 
these results confirm that small and stable TPAni 
nanoparticles can be fabricated by the solvent-shift 
method  without  requiring  an  additional  energy-  
intensive process. 

To investigate the influence of doping on the 
colorimetric potential, TPAni nanoparticles were 
doped with hydrogen chloride (HCl). Changes in  
the optical properties of TPAni nanoparticles due to 
protonation (with variation of HCl concentration 
from 10–1 to 10–10 M) were observed. Figure 2(a) shows 
the effects of HCl concentration on the colorimetric 
properties of TPAni nanoparticles. At high HCl con-
centrations (> 10–2 M), TPAni nanoparticles transitioned 
to an emeraldine salt (ES, green color) state. At lower 
HCl concentrations (< 10–3 M), TPAni nanoparticles 
transitioned to an EB state (blue color). Here, TPAni 
nanoparticles were not aggregated or precipitated 
under any pH conditions. Figure 2(b) shows the 
absorbance spectra (2120UV Mecasys, Korea) of TPAni 
nanoparticles over a range of HCl concentration. At 
10–1 M HCl concentration, TPAni nanoparticles were 
in the doped state (ES), as indicated by the presence 
of the π–π* transition of the benzenoid rings as  
well as polaron bands transitions at about 2.95 and 
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1.20–1.55 eV [21]. With decreasing HCl concentration, 
the polaron bands at 2.95 and 1.20–1.55 eV gradually 
decreased in intensity, and a strong absorbance band 
at about 2.07 eV was observed. The absorbance band 
at 2.07 eV is attributed to excitation from the highest 
occupied molecular orbital of the three-ring benzenoid 
part of the system to the lowest unoccupied molecular 
orbital of the localized quinoid ring and the two 
surrounding imine nitrogens in the EB state of the 
PAni nanoparticles [22]. In order to distinguish more 
specifically between the EB and ES doped states of 
TPAni nanoparticles, the absorbance ratios (Ep/Eq, 
p: polaron band, q: quinoid ring) were calculated at 
representative energies of the peaks for the EB (Eq) 
and ES (Ep) states (Fig. 2(c)). As the HCl concentration 
decreased from 10–1 to 10–7 M, the absorbance ratio 
also decreased, but it did not change further at lower 
HCl concentrations (< 10–7 M). These results indicate 
that the spectral changes of TPAni nanoparticles can 
be used to determine the specific redox state of a 

biological system. These results also indicate that 
TPAni nanoparticles can be doped with H+ ions and 
their counter-ions. As a result, the localized polaron 
transition and π–π* transition of the benzenoid ring are 
observed in the ES state. These transitions have specific 
peaks in the absorbance spectrum. For the localized 
polaron transition, a broad peak at 1.20–1.55 eV was 
observed, and in the case of the π–π* transition of the 
benzenoid ring, an absorbance peak at 2.95 eV was 
observed. Moreover, as the concentration of H+ ions 
decreased, the localized quinoid ring structure and 
the two surrounding imine nitrogens of the EB state 
were observed. Due to this structural transition of 
PAni, a strong absorbance peak at 2.07 eV is observed. 
As a result of these changes in absorption peaks, the 
valley of the absorbance spectra also changed as 
shown in Fig. 2(b). Generally, objects can be said to 
have the color of light leaving their surfaces, that is, 
the human eye can perceive the color of objects by 
receiving the reflected wavelengths of light from the 

 
Figure 2 The colorimetric properties of TPAni nanoparticles as a function of varying HCl concentration. (a) Photographs, (b) 
absorbance spectra, and (c) absorbance ratios (Ep/Eq) for TPAni nanoparticles (0.005 mg/mL) at various HCl concentrations. 
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object. Accordingly, we analyzed the valley of the 
absorbance spectra for each state of PAni, because the 
wavelength of the valley is correlated with the reflected 
light from PAni. The wavelength of the valley in the 
ES state is about 2.58 eV, and for the EB state, the 
wavelength of the valley is about 2.95 eV. As the wave-
length of valley is changed, the color of PAni solution 
also changes. As a result, the TPAni nanoparticles in 
the ES state exhibit a green color, whilst in the case of 
the EB state, the color is blue. Using this sensitive 
colorimetric sensing capability of TPAni nanoparticles 
for H+ ions, they can be used to determine the redox 
state of biological systems because the transfer of H+ 
ions can be detected using these TPAni nanoparticles. 
In the doping process for PAni (Fig. S2 in the ESM), 
H+ ions and their counter-ions play a dominant role. In 
other words, the doped state of PAni means that PAni 
receives H+ ions from other materials or biological 
systems, and these H+ ions are one of the materials 
participating in redox reactions. TPAni nanoparticles 
as a nanoprobe can sense various received dopants 
including lactic acid, pyruvic acid, and co-enzymes 
besides H+ ions. Therefore, TPAni nanoparticles can 
be used to determine the specific redox state of a  
biological system. 

In addition, TPAni nanoparticles were also char-
acterized by cyclic voltammetry (CV) in order to 
investigate their electrochemical activity such as their 
redox potentials. As shown in Fig. S4 (in the ESM), 
three pairs of redox peaks were observed in the 
potential range of –0.2 to 1.0 V vs. a standard calomel 
electrode (SCE). The first pair of redox peaks (denoted 
as Ox 1 and Red 1) corresponds to the interconversion 
of the leucoemeraldine (fully reduced) form to the 
emeraldine form, the second pair of redox peaks 
(denoted as Ox 2 and Red 2) is due to the degradation 
of products (from hydroquinone to quinone) and the 
last pair of peaks (denoted as Ox 3 and Red 3) results 
from the oxidation of emeraldine to pernigraniline  
(the fully oxidized form). 

To investigate the colorimetric probe ability of TPAni 
nanoparticles, doping capability was evaluated using 
various dopants. The majority of cancer cells live  
and proliferate based on the Warburg effect (aerobic 
glycolysis—glycolysis even under aerobic conditions) 
rather than oxidative phosphorylation in the mito-

chondria [23]. As a result, unlike most normal cells, 
cancer cells derive adenosine triphosphates as a 
metabolic fuel from uptaken glucose and produce 
pyruvate and lactate as metabolites [24]. Therefore, 
two representative biological dopants (here, lactic 
acid and pyruvic acid) were selected and the doping 
potential of TPAni nanoparticles was assessed. By 
treatment of lactic acid with TPAni nanoparticles, 
colorimetric features were revealed and a doped state 
was observed with 1 M lactic acid (Figs. 3(a) and 3(b)). 
In particular, for pyruvic acid, the absorbance spectra 
showed that TPAni nanoparticles became fully doped 
with pyruvic acid on increasing the pyruvic acid 
concentration (Figs. 3(c) and 3(d)). However, even at 
high concentrations of sodium chloride (NaCl) and 
fetal bovine serum (FBS), no aggregation of TPAni 
nanoparticles (Figs. 3(e) and 3(f)) or color changes  
were observed (Figs. 3(g) and 3(h)).  

We subsequently evaluated the colorimetric capacity 
of TPAni nanoparticles as a redox indicator for live 
cancer cells. TPAni nanoparticles (0.1 mg/mL, 50 μL) 
were incubated with various statuses (live, fixation, 
and lysate) of MDA-MB-231 cells (5 × 106 cells/4.5 mL, 
respectively) for 48 h in order to observe colorime 
trically any change from an EB to an ES state. There 
was no cellular toxicity at the concentration of TPAni 
nanoparticles employed (Fig. S5 in the ESM). As shown 
in Figs. 4 and S6 (in the ESM), TPAni nanoparticles 
successfully acted as redox indicators after incubation 
with proliferating live MDA-MB-231 cells. TPAni 
nanoparticles treated with live MDA-MB-231 cells 
exhibited a green color of the supernatant obtained 
from the cultured medium, whereas fixed and lysed 
cells exhibited blue colors. As shown in Fig. 4(b), 
TPAni nanoparticles treated with live MDA-MB-231 
cells exhibited a polaron band at about 1.20–1.55 eV 
and a quinoid ring band at 2.07 eV with fixed and 
lysed MDA-MB-231 cells. Moreover, the absorbance 
ratio (Ep/Eq) was ca. 2 times and 1.75 times larger for 
TPAni nanoparticles treated with live MDA-MB-231 
cells compared with the corresponding values obtained 
with fixed and lysed cells, respectively (Fig. 4(c)). In 
order to obtain more specific details about biological 
dopants with TPAni nanoparticles, we assessed the 
color of the cells treated with TPAni nanoparticles. As 
shown in Fig. 4(d), TPAni nanoparticles were taken up  
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Figure 3 The colorimetric ability of TPAni nanoparticles with various biological dopants. Absorbance spectra and absorbance ratios (Ep/Eq) 
of TPAni nanoparticles (0.005 mg/mL) treated with (a) and (b) lactic acid, (c) and (d) pyruvic acid, (e) and (f) NaCl, and (g) and (h) FBS.

 
Figure 4 The colorimetric capability of TPAni nanoparticles with various statuses of cancer cells. (a) Photographs, (b) absorbance spectra,
and (c) absorbance ratios (Ep/Eq) for supernatants from cell cultured media after treatment with TPAni nanoparticles (0.01 mg/mL) under
the indicated conditions. (d) Photographs, (e) absorbance spectra, and (f) absorbance ratios (Ep/Eq) for precipitates from cell cultured 
media after treatment with TPAni nanoparticles (0.01 mg/mL) under the indicated conditions. 
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by MDA-MB-231 cells, therefore, TPAni nanoparticles 
treated with live MDA-MB-231 cells were affected by 
intracellular biological dopants such as pyruvic acid, 
and an increased polaron band intensity at 1.20–1.55 eV 
was observed as shown in Fig. 4(e). However, for the 
fixed MDA-MB-231 cells, the color of cells remained 
unchanged, showing that TPAni nanoparticles could 
not penetrate into the cells. Furthermore, the lysed 
MDA-MB-231 cells exhibited a blue color, characteristic 
of the EB state of TPAni nanoparticles, confirming that 
the cells had been broken down. We also analyzed 
absorbance spectra and absorbance ratios of the cells 
in each case. As mentioned earlier, in the case of the 
lysed MDA-MB-231 cells, the cellular structure was 
decomposed and the absorbance spectrum was similar 
to the EB state of TPAni nanoparticles (Fig. 4(e)). In the 
case of the live MDA-MB-231 cells, a slight increase 
in the intensity of the broad band at 1.77–2.07 eV was 
observed (Fig. 4(b)). This means that TPAni nano-
particles were taken up by MDA-MB-231 cells, so 
TPAni nanoparticles can be used to distinguish 
between the statuses of cells by means of its uptake 
efficiency. For a more specific classification, we also 
calculated the absorbance ratio in each case (Fig. 4(f)). 
The live MDA-MB-231 cells had the highest value. 
During cancer cell metabolism, redox stress induced 
by the Warburg effect increases the concentration of 
metabolites—such as pyruvic acid, lactic acid and 
co-enzymes—that can act as biological dopants [25]. 
Thus, the confined active doping effect from live 
cancer cells may prove to be a crucial factor in the 
doping of TPAni nanoparticles. It is also known that 
the transition from the EB state to the ES state of 
TPAni nanoparticles requires dopants [26]. Therefore, 
we speculate that biological dopants generated by 
proliferating cancer cells may result in the conversion  
of the doped state of TPAni nanoparticles. 

In summary, we have formulated redox-sensitive 
nanoprobes based on PAni using a solvent-shift 
method. The solvent-shift method is simple and quick 
and allows fabrication of water-stable TPAni nano-
particles without any additional energy input. The 
TPAni nanoparticles formed stable small colloids in 
aqueous solution without any aggregation or preci-
pitation. Moreover, TPAni nanoparticles could be 
doped by biological dopants. The resulting colorimetric 

changes allowed TPAni nanoparticles to recognize 
the redox activity and energetic process of live cancer  
cells. 

Experimental 

Synthesis of PAni: PAni was synthesized by a chemical 
oxidation polymerization method using a previously 
published protocol. In detail, PAni in the EB state 
was synthesized in the presence of excess HCl with 
ammonium persulfate as the oxidant. Aniline monomer 
(0.2 mol) was added to a 1 M HCl aqueous solution 
(300 mL). Polymerization was conducted by the drop- 
wise addition of ammonium persulfate (0.05 mol) 
solution prepared in 200 mL of a 1 M HCl aqueous 
solution as an oxidant for 6 h at room temperature. 
The precipitated polymer salt was recovered from  
the reaction vessel by filtration and re-dispersed in a  
1 M sodium hydroxide solution (500 mL). The depro-
tonated EB was then filtered and re-dispersed in 
acetone (500 mL). Finally, EB was obtained as a fine 
powder after filtration and drying in a vacuum oven  
for 48 h. 

Preparation of TPAni nanoparticles: TPAni nano-
particles were prepared by a solvent-shift method 
using Tween 80. First, 10 mg of PAni in the EB state 
dissolved in 1.5 mL N-methyl-2-pyrrolidinone was 
added to 20 mL aqueous solution containing 200 mg of 
Tween 80. The mixture was vigorously stirred at room 
temperature for 24 h. After the reaction, TPAni nano-
particles were purified by centrifugation (15,000 rpm 
for 30 min) three times, and the precipitated TPAni  
nanoparticles were dispersed in deionized water. 

Characterization: The size distribution of TPAni 
nanoparticles was first determined using dynamic 
laser scattering (ELS-Z, Otsuka, Japan) and confirmed 
by transmission electron microscopy (JEM-1011 JEOL, 
Japan). Fourier transform infrared analysis (Bruker) 
was used to investigate the chemical structure of TPAni 
nanoparticles. All absorbance spectra were acquired 
with a UV–Vis spectrometer (2120UV Mecasys, Korea). 

In vitro assay: The breast cancer cell line MDA-MB- 
231 (ATCC) was seeded at a density of 1 × 106 cells/dish 
on to a 100 mm × 20 mm cell culture dish and incubated 
for 24 h at 37 °C. Paraformaldehyde was used for cell 
fixation and a radioimmunoprecipitation assay buffer 
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was used for cell lysis. Subsequently, 4.5 mL of each cell 
culture medium (live, fixed, and lysed MDA-MB-231 
cells) was treated with 0.5 mL of TPAni nanoparticles 
(0.1 mg/mL) and incubated for 48 h. For the prepara-
tion of supernatants and precipitates, incubated cancer 
cells were collected from the cell culture dish and 
centrifuged (1,000 rpm, 3 min). After the centrifugation, 
the  supernatants  and  precipitates  were  collected  
separately for further experiments. 
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