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The cellular effect of polypyrrole (PPy) nanoparticles with similar 

geometry (size and shape) was scrutinized by cellular uptake and in vitro 

cytotoxicity assessments in human lung epithelial A549 cell and human 

embryonic kidney epithelial HEK293 cells. PPy1~4 nanoparticles with a 
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diameter of ca. 50 nm and spherical shape were successively fabricated by 

four different polymerization methods, two dispersion polymerization and two 

microemulsion polymerization. Cellular uptake of PPy1~4 nanoparticles in 

both cell lines was evaluated by transmission electron microscopy. Cytotoxic 

effects were systemically investigated using cell viability, reactive oxygen 

species production, apoptosis/necrosis measurement, and live-cell microscopy. 

PPy3 nanoparticles using dodecyltrimetylammonium bromide exhibited the 

highest levels of toxicity in both cell lines, because of the cellular effects of 

unique physicochemical properties. In addition, viability in both cell lines was 

concentration- and cell-dependent with the nanoparticles. These findings may 

provide the methods-dependent nanotoxicity and uptake of PPy nanoparticles, 

which could be useful in their application toward biomedical and 

bioelectronics fields.  

 

Keyword: Polypyrrole nanoparticle, Polymerization method, 

Physicochemical properties, Cell viability, Cytotoxicity. Reactive oxygen 

species. 
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Chapter 1. Introduction 

 

1.1 Cytotoxicity of nanomaterials 

 

Recent advances in material science have resulted in the creation of 

nanomaterials, the materials of which a single unit is sized between 1 and 

1000 nanometers but is usually 1—100 nm (the usual definition of nanoscale 

[1]). However, years of research in this field, coupled with technological 

advances, have brought about a transformation in nanomaterial synthesis 

capabilities [2]. The unique physicochemical properties associated with 

engineered nanomaterials, including primary size, morphology, porosity, 

surface chemistry, core composition, and reactivity, differentiate them from 

their bulk counterparts and make nanomaterials attractive for use in 

commercial and scientific applications [3]. Currently over 1600 consumer 

products are on the market that incorporate nanomaterials, with applications 

spanning energy, electronic, biomedical, commercial, industrial, and research 

sectors. 

However, one considerable drawback associated with nanomaterial-based 

applications is the unintentional, and sometimes detrimental, cellular 

consequences that can occur following nanomaterial exposure [4]. The 
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observed cellular reactions associated with nanomaterial exposure have 

identified a differential response that can be directly linked to their unique 

physicochemical properties [5, 6], demonstrating that minute changes in 

nanomaterial properties can alter subsequent behavior and cause harmful 

effects to human organs. For instance, Jiang et al. showed that activation of 

protein expression and nanotoxicity strongly depend on nanomaterial size [7]. 

Ispas et al. observed that nickel dendritic clusters consisting of aggregated 60 

nm particles resulted in higher toxicity in zebra fish compared to spherical 

ones, suggesting that differences in shape and aggregation is responsible for 

increased toxicity [8]. In addition, as shown in Figure 1, cellular responses are 

known to be dictated by specific physicochemical properties. Due to this 

cytotoxic potential, the accurate and systemic nanotoxicity assessments of 

physicochemical properties should be implemented to ensure the safe 

application of nanomaterials [9]. However, the majority of researches are 

focused on the synthesis and development of novel nanomaterials and less 

than one percent have focused on nanotoxicity. Furthermore, comparing the 

cytotoxic effect of nanomaterials with similar physicochemical conditions has 

posed major obstacles because of the difficulty in synthesizing the 

nanomaterials. Therefore, there is a considerable gap between the available 

data on the nanomaterials production and cytotoxicity evaluations. The lack of 

cytotoxicity data can prohibit the safe design of nanomaterials [5].  
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Figure 1. Key physicochemical parameters of nanomaterials and a summary 

of the current state of knowledge on how these properties influence 

nanotoxicity. The most predominantly investigated include primary size, 

charge, surface chemistry, core composition, and morphology [10].  
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1.2 Conducting polymer nanomaterials 

  

Nanomaterials can be divided into nano-sized metal, inorganic material, 

semiconductor, biomaterial, oligomer and polymer, and so forth [11]. Among 

various types of nanomaterials, conducting polymer (CP) nanomaterials have 

attracted a great deal of interest because of their useful properties including 

good stability, sufficiently high electrical conductivity, ability to entrap, and 

release biomolecules. Furthermore, CP nanomaterials can be potentially 

modified for electrical, chemical, physical, and biocompatibility properties to 

better suit a specific application [12-15]. In addition, CP nanomaterials make 

it possible to produce flexible devices as an alternatives to previous carbon 

nanomaterials, such as carbon nanotubes (CNT) and carbon nanofiber (CNF) 

[16]. Many researches on fabricating CP nanomaterials have extensively been 

investigated to explore their potential in biomedical and bioelectronics 

applications. The most widely investigated CP nanomaterials include 

polypyrrole (PPy), polyaniline (PANI), poly(p-phenylene vinylene), 

polythiophene (PT), and its devivatives such as poly(3,4-

ethylenedioxythiophene) (PEDOT) [12,13,17,18].  

Particularly, PPy nanomaterials, one of the most attractive CP 

nanomaterials, exhibit high electrical conductivity, low cost, and ease of 

fabrication. PPy nanomaterials have also received extensive attention for use 
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in biomedical applications due to their excellent environmental stability. 

Martin et al. reported that PPy nanotubes promoted neurite outgrowth [19]. 

Duan and coworkers suggested that electrodeeneural interface was improved 

by codeposited of PPy and SWNT film [20]. Recently, we have reported that 

PPy nanomaterials with various shapes and sizes were synthesized by 

chemical oxidation method and applied for biosensors and drug delivery [21-

23]. However, only a few papers have been published concerning the cellular 

effect of PPy nanomaterials [24,25]. Nanotoxicological evaluations should be 

performed more precisely using nanomaterials with fixed size and shape for 

widening rage of bio-applications. 
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1.3 Fabrication of nanomaterial  

  

The recent rise in the interest surrounding synthetic routes of 

nanomaterials stems from their potential to revolutionize diverse fields as 

engineering and medicine [26, 27]. Up to now, various synthetic strategies for 

fabricating nanomaterials have been developed, including seeded 

polymerization, dispersion polymerization, micro- and miniemulsion 

polymerization and electro spinning method, and so forth [28-33]. In 

particular, many efforts to prepare CP nanomaterials have focused on 

dispersion polymerization and microelmulsion polymerization which has been 

applied successfully in fabrication of various nanostructures including 

nanospheres, core-shell nanoparticles, hollow nanoparticles, nanotubes, 

nanorods and nanofibers [34-38].  

Dispersion polymerization is a well-established technique to produce CP 

nanomaterials in a single-batch process. Dispersion polymerization is a type 

of precipitation polymerization in which one carries out the polymerization of 

a monomer in the presence of a suitable polymeric stabilizer soluble in the 

reaction medium. The solvent selected as the reaction medium is a good 

solvent for the monomer and the initiator, but is a non-solvent for the polymer 

[39]. At the onset of polymerization, polymers remain in solution until they 

reach a critical molecular weight (MW), at which point they precipitate [40]. 
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These initial polymer particles are unstable and coagulate with other particles 

until stabilized particles form. After this point in the polymerization, growth 

only occurs by addition of monomer to the stabilized particles, leading to the 

formation of micrometer-sized particles. For example, few years ago, Jang et 

al. fabricated PPy nanoparticles by simple and effective dispersion 

polymerization method on the basis of water-soluble polymer/metal cation 

systems (Figure 2) [33].  

The other method, microemulsion polymerization, comprises clear, 

thermodynamically stable, isotropic liquid mixtures of oil, water and 

surfactant, frequently in combination with a cosurfactant. An important 

characteristic of microemulsions polymerization is the transient character of 

the self-assembly aggregates. Surfactant molecules can be spontaneously 

assembled into spherical, cylindrical, hexagonal, and lamellar micelle 

structures, which are utilized as “nanoreactors” [41-44]. Thus, the 

morphology of resultant nanomaterials is strongly dependent on the self-

assembly of surfactant. The typical microemulsion polymerization is 

illustrated in Figure 3 [45].  

Recent advances in synthetic routes, various polymerization parameters, 

such as the concentrations of the monomer and initiator, the nature and 

concentration of the surfactant and stabilizer have been found to play a crucial 

role in determining the physicochemical properties of nanomaterials which 

have a close association with nanotoxicity [46-50].  
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Figure 2. Schematic illustration of the formation of PPy nanoparticles in an 

aqueous dispersion of water-soluble polymer/metal cation complexes [33]. 

 

 

 

 

 

 

 

 

 

 

 



9 

 

 

 

 

 

Figure 3. Schematic illustration of the formation of PPy nanoparticles in 

DTAB/alcohol based microemulsion system [45]. 
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1.4 Physicochemical properties of nanomaterial  

 

From early nanotoxicological assessments, it became clear that cellular 

responses were strongly dependent on specific nanomaterial 

physicochemical properties. Although the identification of this phenomenon 

was straightforward, the elucidation of these unique correlations has 

presented a major challenge. Advances in material science have allowed for 

the precise synthesis of nanomaterials with tunable target parameters, 

including primary particle size, morphology, core material, and surface 

coatings, allowing for direct comparison. As the correlation of properties to 

toxicological outcomes is a critical area, there are a number of reviews 

focusing on this area. 

Primary particle size is arguably the most critical property pertaining to a 

nanotoxicological response, as it significantly influences both the mode and 

extent of cellular interaction. Previous studies have identified that the form 

of endocytosis, extent of nanomaterial internalization, and final intracellular 

fate are all dependent on particle diameter [51]. Focusing specifically on 

cytotoxicity, the majority of studies have arrived at a similar conclusion: that 

smaller particles induce a higher degree of cell death [52]. Moreover, these 

results were mirrored by a size-dependent increase in ROS generation, loss 

of mitochondrial integrity, and increased secretion of proinflammatory 
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cytokines. However, some exceptions have been noted, including zinc oxide, 

with no change in toxicity seen when nanomaterials are compared with the 

micron sized counterpart [53]. 

As a nanomaterial’s surface coating is the driving force for both 

interparticle interactions and formation of the nano-cellular interface, surface 

chemistry regulates the mechanism of cellular contact, degree of 

nanomaterial internalization, and resultant cytotoxicity. As different surface 

moieties possess distinctive charges, numerous studies have examined the 

role of nanomaterial surface charge in cytotoxicity and stress responses. 

These studies have identified that positively charged nanomaterials, 

independent of composition, are more efficiently internalized and generate 

an augmented toxic response over negatively and neutrally charged particles 

[54]. Efforts to elucidate a correlation between a specific surface chemistry 

and target bioeffects are currently underway, but the results are not as clear-

cut as seen with charge. Currently, surface functionalization does not directly 

predict cytotoxicity, but many of the adverse nanomaterial implications can 

be mitigated or removed through coating processes. For example, surface 

chemistry influences the ionic dissolution rate, the kinetics of cellular 

internalization, and observed particle stability, and behavior [54-56]. Due to 

these responses, surface modification is being explored as a means to ensure 

biocompatibility. 

Although the addition of various surface coatings has been investigated 
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to mask the influence of internal nanomaterial composition, the degree and 

mechanism of cytotoxicity can still be traced back to a nanomaterial’s 

elemental core. Innate cytotoxic properties, the ability to disrupt chemical 

and biological molecule processes, and kinetic rates of ionic dissolution are 

all factors highly dependent on core material [57]. In general, these 

investigations identified certain elements, including Cu, Zn, Co, Ag, Ni, and 

Cd, as more cytotoxic than others, such as Au, Ti, and Fe. Recent reports 

have further explored the mechanism behind this composition dependent 

toxicity and identified a primary cause of death to be an augmentation of 

oxidative stress induced by the generation of ions from the nanomaterial 

surface [58].  

Current nanotoxicology research efforts are focused on linking 

nanomaterial shape to a biological outcome. The knowledge gap pertaining 

to morphological dependence is because the ability to uniformly and 

consistently synthesize nanomaterials of target shapes was only recently 

developed. Although a number of studies are beginning to emerge, there still 

exist a number of technical challenges and conflicting reports to consider 

before this effect can be fully clarified. It has been shown that spherical 

particles are internalized to a higher degree, in less time, and requiring less 

energy than rod or fiber shaped particles [59]. However, while nanorods may 

display reduced rates of cellular internalization, their larger contact area 

results in greater membrane and receptor interaction, which introduces a new 
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set of unique cellular consequences to be explored [60]. As new 

nanomaterial morphologies are continually emerging, the dynamic, 

developing correlations between geometric shape and bioeffects will be of 

tremendous importance for the design of nano-based applications. 

Although all nanoparticles within 1-100 nm size range were found to 

alter signaling processes essential for basic cell functions (including cell 

death), it has been found that nanomaterial with diameter of ca. 50 nm and 

spherical shape demonstrated the greatest effect [61]. 
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1.5 Objective of this study 

 

Here we report the fabrication of PPy nanoparticles with uniform size and 

shape (diameter ca. 50nm and spherical shape) by four different 

polymerization method, two dispersion and two microemulsion 

polymerization. Furthermore, we systemically investigate the key factors 

affecting cellular uptake and cytotoxicity of the PPy nanoparticles on human 

lung epithelial (A549) cell and human epithelial kidney (HEK293) cell lines. 

The cellular internalization of the PPy nanoparticles was observed by 

transmission electron microscopy. The cellular effects of the PPy 

nanoparticles on adenosine triphosphate (ATP) production, oxidative stress, 

apoptosis/necrosis based on mitochondrial dysfuction were evaluated in order 

to scrutinize the cytotoxicity of PPy nanoparticles based on polymerization 

method.  
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Chapter 2. Experimental 

 

2.1. Materials 

 

Poly(vinyl alcohol) (PVA) and decyl alcohol (99%) were purchased from 

Aldrich Chemical Co. and used without further purification. Pyrrole (98%) 

monomer was also obtained from Aldrich Chemical Co. and used as received. 

Ammonium persulfate (APS, 98%) and ferric chloride (FeCl3, 97%) were 

used as an initiator (Aldrich) and used without further purification. 

Surfactants, which were Pluronic F127 (PF127) and 

Dodecyltrimethylammonium Bromide (DTAB) were purchased from Aldrich 

Chemical Co. and Tokyo Kasei Koggo, respectively.  

 

2.2. Fabrication of PPy nanoparticles  
 

Polypyrrole (PPy) nanoparticles were fabricated by two synthetic routes, 

dispersion and microemulsion polymerization.  

In case of dispersion polymerization, each of PVA (MW : 9000) and APS 

were used as a dispersant and initiator to fabricate PPy1 nanoparticles, PVA 

(MW : 31000) and FeCl3 were used as a dispersant and initiator to synthesize 

PPy2 nanoparticles. The typical approach employed is briefly as followed. At 
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first step, PVA was dissolved in distilled water and stirred vigorously at room 

temperature. After stirring for 30min, each of initiator was added into the 

solution. Subsequently, pyrrole monomer was introduced into the solution and 

the polymerization process was carried out for 5h. The molar ratio of initiator 

to pyrrole monomer was set as followed ([APS]/[pyrrole] ; 1.2, 

[FeCl3]/[pyrrole] ; 4.6). In dispersion polymerization, the concentration of aq. 

PVA solution (1mM) and pyrrole monomer (0.1M) was fixed. The resulting 

PPy nanoparticles were collected after polymerization and washed with water 

for several times to remove impurities.  

In case of microemulsion polymerization, DTAB was used as a surfactant 

and decyl alcohol was introduced as a co-surfactant to fabricate PPy3 

nanoparticles. PF127 was used as surfactant to fabricate PPy4 nanoparticles. 

In the polymerization process of PPy3 and PPy4 nanoparticles, FeCl3 was 

equally used as an initiator. For the fabrication of PPy3 nanoparticles, DTAB 

was dissolved in the mixture of decyl alcohol (0.28M) and distilled water at 

3℃. The molar concentration of DTAB was 0.17M relative to the amount of 

water. After 30min of vigorous stirring, the mixture was aged with slowly 

stirring for 3h. Then, pyrrole monomer and FeCl3 (0.37M) was added 

dropwise to the solution at intervals of 1h. After polymerization for 2h, PPy3 

nanoparticles was separated from the solution by centrifugation and washed 

with ethanol for several times. For the fabrication of PPy4 nanoparticles, 



17 

 

PF127 was dissolved in distilled water at 3℃. The molar concentration of 

PF127 was 0.9mM relative to the amount of water. After 30min of vigorous 

stirring, the mixture was aged with slowly stirring for 3h. Then, pyrrole 

monomer and FeCl3 (0.37M) was added dropwise to the solution at intervals 

of 1h. After polymerization for 3h, PPy4 nanoparticles was separated from the 

solution by centrifugation and washed with distilled water for several times.  

 

2.3. Characterization of PPy nanoparticles 

     

Field emission scanning electron microscopy (FE-SEM) images were 

obtained with a JEOL JSM-6701F microscope. EDX measurement was taken 

with INCA energy dispersive X-ray spectrophotometer (Oxford Instruments 

Analytical Ltd. UK) linked with JSM-6701F SEM. Transmission electron 

microscopy (TEM) images were taken with a JEOL EM-2000 EX Ⅱ 

microscope. Zeta potential of PPy 1~4 nanoparticles were measured by 

Otsuka Electronics ELS-8000 (Osaka, Japan). Before measuring surface 

charge, each of nanoparticles (10 μg mL-1) were dispersed in distilled water. 

After that, these were sonicated for 10min. Fourier transform infrared (FT-IR) 

absorption spectra of the nanoparticles were obtained by Bomem MB 100 

spectrometer (Quebec, Canada) at a resolution of 4 cm-1 and with 32 scans.  
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2.4. Cell culture 

 

Human lung epithelial A549 and human epithelial kidney HEK293 cell 

lines were purchased from Korean Cell Line Bank (KCLB, Seoul, Korea). 

A549 cells were cultured with RPMI-1640 medium, with 10% fetal bovine 

serum, 1% penicillin-streptomycin solution, 300 mg L-1 Ｌ-glutamine, 25 

mM sodium bicarbonate, and 25 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES). HEK293 cells were maintained in 

minimum essential medium with 10% fetal bovine serum, 1% penicillin-

streptomycin solution, and 25 mM sodium bicarbonate. The cell lines were 

incubated in a humidity controlled 5% CO2 incubator at 37℃. The cells were 

placed in 75T flask and maintained at between 1	×	105 and 1	×	106 cells mL-1 

of medium. The medium was changed three times a week or as required.  

 

2.5. Transmission electron microscopy observation 

 

The cellular uptake of the PPy nanoparticles into A549 and HEK293 cell 

lines was observed by transmission electron microscopy (TEM; JEM1010, 

JEOL). The cells (2	×	105 cells mL-1) were cultured in sterile culture dishes 
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(Nunc, Thermo Fisher Scientific, USA) for 24h, and PPy nanoparticles (25 μg 

mL-1) were treated for another 24h. After incubation, the cells were rinsed 

with 0.1 M PBS and trypsinized with 0.25% Trypsin-EDTA (Gibco, USA). 

Collected cells were prefixed with Karnovsky’s fixative (22% 

paraformaldehyde and 2% glutaraldehyde in 0.1M PBS) for 3h and washed 

three times with 0.1M PBS. After washing, the cells were postfixed with 1% 

osmium tetraoxide for 2h, washed two times with distilled water and stained 

with 0.5% uranyl acetate for overnight. Above-mentioned experiments were 

conducted at 4℃. Then the cells were dehydrated by a gradient ethanol (30, 

50, 70, 80, 90, and 100%) and propylene oxide at room temperature. 

Embedding was conducted by spurr’s resin and the cells were hardened at 70℃ 

for 24h. Sectioning of resin blocks were conducted ultramicrotome (EM UC7, 

Leica, USA), and the cellular internalization of PPy nanoparticles was 

observed by TEM (JEM1010, JEOL, Tokyo, Japan).  

 

2.6. Cell viability assay 

 

The cell viability was measured using CellTiter-Glow® luminescent cell 

viability assay (Promega, Madison, WI, USA). This assay is a homogeneous 

method of estimating the number of viable cells based on quantification of the 
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adenosine triphosphate (ATP) in metabolically active cells. The cells were 

seeded at a density of 3 × 103 cells per well in white opaque 96-well plates 

and treated with different concentrations of PPy nanoparticles (5, 10, 50, 100, 

250 μg mL-1) for 24h. After incubation, following steps were conducted as 

manufacturer’s instruction. The luminescent signals were analyzed by Victor3 

Multilabel Readers (Perkin Elmer, Boston, MA, USA). 

 

2.7. Reactive oxygen species (ROS) 

 

The intracellular production of intracellular reactive oxygen species (ROS) 

was detected by 2 ,́7´-dichlorodihydrofluorescein diacetate (H2DCFDA, 

Invitrogen, Grand Island, NY, USA) staining. In the presence of ROS, non-

fluorescent H2DCFDA is converted to highly fluorescent derivative 2´,7´-

dichlorofluorescein (DCF). For ROS assay, the cells were plated in black 

opaque 96-well plates at a density of 3 × 103 cells per well and incubated 

with different concentrations of PPy nanoparticles (5, 10, 50, 100, 250 μg mL-

1) for 24h. After incubation, the cells were washed with 0.1M PBS and treated 

with 10 μM DCF-DA for 15min at 37℃. They were analyzed by Victor3 

Multilabel Readers (Perkin Elmer, Boston, MA, USA) at an excitation 

wavelength of 485 nm and an emission wavelength of 535 nm.  
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2.8. Measurement of mitochondrial superoxide 

 

Mitochondrial superoxide of the cells was measured by MitoSOXTM 

(Invitrogen, Grand Island, NY, USA). The cells exhibit red fluorescence since 

MitoSOXTM Red reagent is oxidized by superoxide in mitochondria. The cells 

(1	×	105 cells mL-1) were seeded in culture dishes for 24h, and incubated with 

PPy nanoparticles (25 μg mL-1) for another 24h. After incubation, the cells 

were washed, trypsinized, collected in FACs analysis tubes and resuspended 

in 0.1M HBSS (Hank’s Buffered Salt Solution). Measurements were 

conducted by FACs Calibur flow cytometry (Becton Dickson, USA) after 

15min MitoSOXTM loading at 37℃. To prevent cytotoxic effects, the 

concentration of the reagent working solution was optimized at 5 μM.  

 

2.9. Quantification of apoptotic and necrotic cells 

 

Alexa Fluor® 488 conjugated annexin V (aV) and propidium iodide (PI) 

staining (Vybrant apoptosis kit, Invitrogen, Grand Island, NY, USA) was used 

to quantify apoptotic and necrotic cells. The cells (1	×	105 cells mL-1) were 

spreaded in culture dishes, maintained for 24h and treated with PPy 

nanoparticles (25 μg mL-1). After 24h of incubation, cells were washed, 
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trypsinized and collected in FACS analysis tubes with 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer. The aV and PI staining were 

conducted as manufacturer’s instructions. Flow cytometric measurement was 

recorded by FACS Calibur flow cytometry (Becton Dickson, USA) at a 

wavelength of 530 nm for aV and 585 nm for PI. 1 × 104 cells were analyzed 

per sample and each experiment was conducted in triplicate. 

 

2.10. Live cell observation of apoptosis and necrosis in 

cells 

  

Cell apoptosis and necrosis were visualized using aV and PI staining. The 

cells were seeded in 8-well Lab-Tek™ Chambered Coverglass (Nunc, Thermo 

Fisher Scientific, USA) at a density of 3000 cells per well for 24h and 

incubated with PPy nanoparticles (10 μg mL-1) for another 24h. After that, aV 

and PI staining were carried out as manufacturer’s instructions (Vybrant 

apoptosis kit, Invitrogen, Grand Island, NY, USA). Live cell images were 

obtained by Axio Observer Z.1 fluorescence microscopy system (Carl ZEISS, 

Germany). aV and PI were excited by 488 nm laser line and 543 nm laser line, 

respectively.  
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Chapter 3. Results and Discussion 

 

3.1 Characterization of PPy nanoparticles 

 

The four different PPy nanoparticles were readily achieved via chemical 

oxidation polymerization of the corresponding monomer in aqueous solution. 

A water-soluble polymer PVA was equally used as a dispersant in dispersion 

polymerization to fabricate PPy1 and PPy2 nanoparticles while varying the 

initiator. On the other hand, FeCl3 was used as an initiator in common to 

fabricate PPy3 and PPy4 nanoparticles under the microemulsion 

polymerization system while varying the surfactant.  

Transmission electron microscope (TEM) and field emission scanning 

electron microscope (FE-SEM) images were displayed in Figure 4. These 

images show the resulting nanoparticles with monodispersity and exhibit 

uniform size and shape. Furthermore, ELS histograms indicated narrow size 

distribution of the nanoparticles with average diameter of ca. 50 nm (Figure 

5). The fabrication of four different PPy nanoparticles with a controlled size 

and shape allows our comparative cytotoxicity evaluation based on various 

polymerization methods, leading unique physicochemical properties.  

FT-IR spectra of the PPy1~4 nanoparticles were shown in Figure 6, and 
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their peak assignments are summarized in Table 1. The peaks at 1545 and 

1452 cm-1 are ascribed to C〓C stretching of PPy ring. The peaks at 1309 and 

901 cm-1 indicate 〓C一H bond in plane vibration of PPy ring and 〓C一H 

bond out of plane vibration, respectively. The peak at 1178 cm-1 is attributed 

to C一N asymmetric stretching. The peaks at 1042 and 789 cm-1 are also seen 

because of N一H wagging. In comparison with FT-IR spectrum of the PPy3 

and PPy4 nanoparticles, O一H stretching band at 3409 cm-1 is observed in 

PPy1 and PPy2 nanoparticles [62]. Furthermore, a strong C〓O stretching 

band at 1712 cm-1 is observed in spectrum of PPy1 and PPy2 nanoparticles 

than that of PPy3 and PPy4 nanoparticles. In other words, the amounts of 

hydroxyl and carbonyl groups are quite high in PPy1 and PPy2 nanoparticles 

compare to PPy3 and PPy4 nanoparticles, indicating the use of PVA has an 

effect on overoxidation of PPy nanoparticles [63].  

In addition, elemental composition is analyzed by using elemental 

analyzer as described in Table 2. From the elemental analysis, it is confirmed 

that the elements of materials used in fabrication such as sulfur, iron, chlorine, 

and bromine atoms are remained even after washing process. Moreover, it is 

noticeable that the amount of oxygen atom is much higher in PPy1 and PPy2 

nanoparticles due to their higher amounts of hydroxyl and carbonyl groups 

[64]. To clarify overoxidation of PPy1 and PPy2 nanoparticles, zeta potential 

(ζ-potential) values of each PPy nanoparticles are also measured since ζ-
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potential value generally changes when polymer nanoparticles modified with 

different functional groups. As shown in Table 3, ζ-potential of PPy3 and 

PPy4 show similar value (about 21~23mV). On the other hand, much lower 

values of ζ-potential (about -16~18mV) can be obtained in PPy1 and PPy2 

nanoparticles. These results are quite reasonable considering previous report 

which showed surface modification with hydroxyl and carbonyl groups lower 

the value of ζ-potential [65].  
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Figure 4. SEM images of PPy nanoparticles with different polymerization 

methods; (a) PPy1 (b) PPy2 (c) PPy3 (d) PPy4. (insets : TEM images of a 

corresponding single PPy nanoparticle.) 
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Figure 5. Size distribution histrograms of PPy nanoparticles; (a) PPy1 (b) 

PPy2 (c) PPy3 (d) PPy4. 
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Figure 6. FT-IR spectra of PPy nanoparticles; PPy1, PPy2, PPy3, and PPy4. 
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Table 1. FT-IR assignment of PPy nanoparticles. 

Wavenumber (cm-1) Assignments 

789 N-H wagging 

901 =C–H bond out of plane vibration 

1,042 N–H wagging 

1,178 C–N asymmetric stretching 

1,309 =C–H bond in plane vibration 

1,452 C=C stretching of PPy ring 

1,545 C=C stretching of PPy ring 

1,712 C=O stretching band 

3,409 O–H stretching band 
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Table 2. Elemental ratio for PPy nanoparticles. 

 Atomic ratio (%) 

Element PPy1 PPy2 PPy3 PPy4 

C 64.45 61.57 71.38 71.75 

N 16.09 17.43 20.93 19.92 

O 18.50 17.28 3.26 3.69 

Cl  3.36 3.44 4.57 

Fe  0.36 0.21 0.06 

S 0.96    

Br   0.79  
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Table 3. Zeta potential of PPy nanoparticles. 

Samples PPy1 PPy2 PPy3 PPy4 

ζ-potential 

(mV) 
-17.3 -16.21 21.57 24.63 
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3.2 Cellular uptake of PPy nanoparticles 

   

As shown in Figure 7, cellular uptake of PPy nanoparticles was observed 

by Transmission electron microscopy (TEM). Two cell lines (Human lung 

epithelial A549 and human epithelial kidney HEK293 cell lines) were chosen 

for investigating cytotoxic effects of PPy nanoparticles. These cell lines were 

selected because skin (HEK293) and the respiratory (A549) track are the most 

likely route of human exposure. Figure 7 shows representative TEM images 

of A549 and HEK293 cells incubated with PPy1~4 nanoparticles. The 

majority of particles seem to be confined inside cells that are distributed 

across the cytoplasm, but which did not cross into the nucleus. Within the 

cytoplasm, the nanoparticles appeared to be located in vesicles. In addition, 

compared with the mitochondria distant from the PPy nanoparticles, the 

mitochondria near the nanoparticles appeared to be damaged (red arrows in 

Figure 7), suggesting that the internalized nanoparticles might have affected 

the mitochondrial dysfunction. The overall cell morphology did not change 

significantly, even though nanoparticles were internalized the cells, 

maintained its original shape. 

As shown in Figure 7, similar amount of PP1 and PPy2 nanoparticles was 

internalized into A549 and HEK293 cells. On the contrary, PPy3 and PPy4 

nanoparticles were more internalized into both cell lines. It was considered 
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that the surface charge of nanoparticles was an important factor of the uptake 

into cells. Since cell-membrane surfaces are dominated by negatively charged 

sulphated proteoglycans molecules that play pivotal roles in cellular 

proliferation, migration, and motility, negatively charged nanoparticles (PPy1 

and PPy2) adsorbed much less on the cell-membrane surface and 

consequently show lower levels of internalization as compared to the 

positively charged nanoparticles (PPy3 and PPy4) [65]. In contrast to the low 

level of cell interaction and internalization by negatively charged 

nanoparticles, positively charged nanoparticles exhibit greater cell-membrane 

penetration, cellular internalization, albeit a greater level of cellular toxicity 

can be observed. These results may provide a better understanding of 

correlation between physicochemical properties and cytotoxicity.  
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Figure 7. TEM images of overall morphology and higher magnification of 

A549 cells and HEK293 cells incubated with different types of PPy 

nanoparticles for 24h (25 ug mL-1) (right : corresponding magnified TEM 

images that yellow boxes indicate). Blue and red arrows indicate the PPy 

nanoparticles and mitochondrial damages respectively. 
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3.3 Cell viability 

 

Cell viability assay is an essential step in evaluating the cellular effects of 

external toxicants [9]. In order to investigate the viability of PPy 

nanoparticles-inserted cells, the number of viable cells are measured based on 

the amount of cellular ATP using a luminescence-based ATP assay (Figure 8). 

The luminescence signal generated when luciferin is changed to oxyluciferin 

in the presence of ATP. The viability of the PPy nanoparticles-treated cells 

increased in dose-dependent manner. In both cell lines, the number of viable 

cells decreased with increasing the concentration of the nanoparticles and 

cytotoxic effects of each concentration were in order of PPy3 > PPy4 > PPy2 

> PPy1 nanoparticles. The differences in cytotoxicity of PPy nanoparticles 

can be explained by followings: (1) PPy3 and PPy4 nanoparticles induced a 

significant decrease in the ATP contents compare to those of PPy1 and PPy2 

nanoparticles in both cell lines. It can be considered that the cytotoxicity of 

PPy nanoparticles was related to their cellular uptake efficiency. As 

mentioned earlier, these results are consistent with the findings of Jang et al. 

that the cell viability of anionic and neutral nanomaterials relatively increased 

in comparison with that of cationic nanomaterials due to their cellular uptake 

efficiency resulting from surface charge [66]. (2) The elemental composition 

of PPy nanoparticles have an influence on cytotoxicity to some extent. The 
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high cytotoxic effect of bromine and iron has been widely revealed by 

different studies compare to relatively less toxic chlorine and sulfur. In 

particular, bromine has been known to induce greater cytotoxic effect causing 

cell lysis, apoptosis/necrosis and tissue injury [67-70]. PPy2 nanoparticles 

showed lower cell viability than PPy1 nanoparticles since the iron and 

chloride are known to be more cytotoxic than sulfur. PPy3 nanoparticles also 

showed lower cell viability than PPy4 nanoparticles due to remaining bromine. 

Considering these results, it could be considered that unique physicochemical 

properties such as surface charge and elemental composition of PPy 

nanoparticles play a pivotal role in the cytotoxicity. Therefore, in this regard, 

it is important to note that the different cytotoxicity of nanomaterials can be 

contributed by difference in polymerization methods which is highly relevant 

to the physicochemical properties. In addition, the cell viability of the 

HEK293 was mostly lower compared to that of the A549 indicating the 

cytotoxic effect of PPy nanoparticles could be more induced by skin exposure.  
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Figure 8. Viability of (a) A549 and (b) HEK293 cells incubated with PPy 

nanoparticles for 24h, which is determined by the amount of ATP in the 

viable cells. 
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3.4 Reactive oxygen species 

 

ROS effects on the cells, including oxidative damage to DNA and protein. 

In addition, ROS are known to stimulate inflammation as well as to initiate 

pro-apoptotic cell signaling [71]. Moreover, oxidative stress followed by ROS 

production may cause external membrane damage or internal cell damage 

after nanomaterial uptake. Under our experimental conditions, 2’,7’-

dichlorodihydrofluorescein diacetate (DCF-DA) assay was performed to 

detect intracellular ROS production in the cells treated with the PPy 

nanoparticles. Both cell lines were incubated with PPy nanoparticles (25μg 

mL-1) for 24h. Then, the cells were stained with DCF-DA reagent. DCF-DA is 

inherently non-fluorescent; however, it is oxidized to fluorescent DCF in the 

presence of ROS [72]. The generated ROS from the cells can be measured by 

quantifying fluorescent intensity of DCF. Figure 9 represented the value of 

ROS as functions of the PPy1~4 nanoparticle concentration on both the cell 

lines. In both cell lines, PPy3 nanoparticles evoked more noticeable level of 

ROS than other PPy nanoparticles, and it could be also corroborated by 

viability results.  

Among various pathways, numerous results have been reported that show 

that intracellular ROS are mainly generated by mitochondrial dysfunction. As 

mentioned earlier, some mitochondria near the nanoparticles appeared to be 
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damaged, which could induce mitochondrial ROS generation. In this study, 

mitochondrial ROS production was measured with MitoSOXTM Red using 

flow cytometry. They can penetrate into living cells, react selectively with 

mitochondrial superoxide, oxidized by superoxide, and then emitted red 

fluorescence [73]. As shown in Figure 10, the amount of mitochondrial 

superoxide shows no significant difference in A549 and HEK293. However, 

the degree of superoxide was in order of PPy3> PPy4> PPy2> PPy1 

nanoparticles in both cell lines. These results are also in accordance with 

viability and intracellular ROS results indicating that the production of 

intracellular ROS was related primarily to the mitochondria.  
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Figure 9. ROS production of (a) A549 and (b) HEK293 cells incubated with 

PPy nanoparticles for 24h. H2O2 (0.7%) was used as positive control. 
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Figure 10. Mitochondrial ROS production of (a) A549 and (b) HEK293 cells 

incubated with PPy nanoparticles obtained by mitosox dye staining and 

measured by flow cytometry. Each experiment was performed in triplicate. 
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3.5 Apoptosis and necrosis 

 

Cell death mechanism was classified into two categories. One is apoptosis 

and the other is necrosis. Necrosis is the pathological process which occurs 

when cells are exposed to fast-acting metabolic poison or extreme variance in 

physiological conditions. Apoptosis, in contrast, is a programmed cell death 

that arises under normal physiological conditions. It is the default pathway of 

removing dead cells or unwanted cells during development and other normal 

biological processes. Phosphatidylserine (PS) and loss of membrane integrity 

are widely used as a diagnostic feature of apoptosis and necrosis, respectively. 

In apoptotic cells, PS is translocated from inner (cytoplasm, normal state) to 

outer (cell surface, apoptotic state) leaflet of the plasma membrane. Exposed 

PS was detected with Alexa Fluor® 488 conjugated annexin V (aV), which 

played a role of apoptosis marker. Propidium iodide (PI) that was utilized to 

detect loss of the membrane integrity was employed for identifying necrotic 

cell death. Using properties of aV and PI, early apoptosis, late apoptosis, and 

necrosis can be verified [74]. In order to quantify the categorized cell death, 

aV/PI assays were performed by FACS Calibur flow cytometry. Statistical 

results were acquired from the dot plots using WinMDI software, based on the 

percentages of aV−/PI− (viable cells), and those with aV−/PI+ (necrotic 

cells), aV+/PI− (early apoptotic cells), and aV+/PI+ (late apoptotic cells). As 
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shown in Figure 11a, amount of viable cells decreased from 94.18 (untreated 

cells) to 94.05, 93.35, 90.27, 91.38 in the A549 treated with PPy1, PPy2, 

PPy3, and PPy4 nanoparticles, respectively. In the case of HEK293 (Figure 

11b), percentage of viable cells was declined from 92.67 (untreated cells) to 

89.5, 88.26, 76.97, and 78.9 at 24h. The ratio of viable cells after treatment of 

the PPy nanoparticles was also showed in order of PPy1 > PPy2 > PPy4 > 

PPy3 nanoparticles. These results were consistent with those of the viability 

and ROS assay. However, the reasons of cell death in two cell lines were 

different. The decreased viability in A549 was mostly due to apoptosis (early 

apoptosis and late apoptosis). In contrast, the viable HEK293 decreased 

mainly because of necrosis.  

Figure 12 exhibits microscopy images of live cells treated with the PPy 

nanoparticles in which the cells were stained with aV/PI. Unstained cells 

define viable cells, and green fluorescent labels/red fluorescent labels are 

classified as early apoptotic cells/necrotic cells. Dual-stained cells are 

categorized as late apoptotic cells. In both cell lines, higher green and red 

fluorescent dots appeared in the cells treated with PPy3 nanoparticles than any 

other PPy nanoparticles. In addition, one thing that we take notice is red 

fluorescent dots increased in HEK293 compared with in the A549, which is 

partly agreed with the FACS analysis. Considering these data, the apoptosis 

and necrosis in PPy-treated cells were PPy type- and cell type- dependent, and 
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especially cells treated with PPy3 nanoparticles which has remaining bromine 

were the most toxic in PPy-treated cells.  

  



45 

 

 

Figure 11. Apoptosis and necrosis ratio of PPy nanoparticles treated (a) A549 

and (b) HEK293 cells obtained by aV and PI double staining and measured by 

flow cytometry. Each experiment was performed in triplicate. 
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Figure 12. Live-cell fluorescence and differential interference contrast (DIC) 

images of PPy nanoparticles treated A549 cells (a-e) and HEK293 cells (f-j) 

(10 μg mL-1); negative control, PPy1, PPy2, PPy3, and PPy4. DIC images 

were taken at the same time corresponding to the cells. 
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Chapter 4. Conclusion 

 

In conclusion, monodispersed PPy1~4 nanoparticles with average 

diameter of ca. 50nm were synthesized via four different polymerization 

methods. The size and shape of the PPy NPs were uniform, which made it 

possible to conduct a comparative study of the methods-dpendent nanotoxicity. 

We systemically analyzed the cytotoxicity in human lung epithelial A549 cell 

and human embryonic kidney epithelial HEK293 cells incubated with PPy1~4 

nanoparticles. Cellular uptake of the nanoparticles was observed by TEM. The 

positively charged nanoparticles (PPy3 and PPy4) adsorbed much more on the 

cell-membrane surface and presented higher levels of internalization. Among 

PPy1~4 nanoparticles, PPy3 nanoparticles using DTAB as a surfactant 

exhibited the highest levels of toxicity in both cell lines, explained by their 

unique physicochemical properties including high surface charge and 

remained bromine atoms. Moreover, the cell viability of both PPy-treated cell 

lines was concentration-and cell-dependent. The viability of the HEK293 was 

mostly lower compared to that of the A549 indicating the cytotoxic effect of 

PPy nanoparticles could be more induced by skin exposure. These findings 

may useful to provide a better understanding of the biological effects of PPy 

nanoparticles contribute to the evaluation for their application in biomedical 

and bioelectronics fields. Furthermore, precise observation of cytotoxicity 
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associated with polymerization methods should be investigated in future 

research.   
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균일한 모양과 크 를 갖는 폴리피  나노 입자가 포에 미

는 향  사람  폐상피 포 (A549 cells)  아상피 포 

(HEK293 cells)를 이용해 체외 독  평가  알아보았다. 분산 합

과 에  주  합 법  이용하여  종  폴리피  나노 입

자가 구  약 50nm  크  조 었다. 폴리피  나노 입자  

포 는 과 자 미경  통해 찰했다. 포에 한 나노 

입자  포 독  효과는 포 생존 능 , 산소 생 , 아포토시

스/ 크 시스  생 포 미경 실험  통해 체계  조사 었

다. 롬 도데실트리 틸암모늄  이용하여 조한 폴리피  나노 

입자가  종  포 모 에  가장 높  독  나타냈다. 이것

 리 학  특 이 포에 미 는 향 때  단 다. 추가

  포  생존 능  평가한 결과 나노 입자  농도에 

존하는 경향  나타냈다. 이러한 연구 결과는 합 법에 따른 폴리

피  나노 입자  독 과 포 에 한 보  이  학이

나 이  자 학 분야에 용 었  때 용한 보를 공할 

 있  것  단 다.  
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주요어 : 폴리피  나노입자, 합 법, 리 학  특 , 포 생

존 능 , 포 독 , 산소. 
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