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ABSTRACT: Controlling the relative concentrations of surfactant, oxidant iron (III) chloride, 3,4-ethylenedioxythiophene (EDOT)

monomer in water, and mechanical influences such as sonication and stirring, resulted in the synthesis of PEDOT nanoparticles with

various dimensions and aspect ratios. Having a ratio of two or more of surfactant compared to the oxidant led to a greater yield of

thinner nanofibers, as did utilizing a more dilute concentration of the reactants. These nanoparticles were shown to be cyto-

compatible in 3D culture for both human and mouse cells. The key feature is that PEDOT nanoparticles with a variety of morpholo-

gies can be obtained using water only without the need for hexanes in the procedures. The synthesized PEDOT nanoparticles absorb

light across the infrared spectrum and in turn are capable of generating heat for biologically relevant studies of hyperthermia in three

dimensional tissue phantoms. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43378.
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INTRODUCTION

Initially used exclusively as films, PEDOT is often blended with

polystyrene sulfonate (PSS) for enhanced solubility. Recently,

PEDOT has been synthesized into water-soluble dispersions of

nanoparticles.1–6 PEDOT nanofibers can be custom made using

a hard template method to control nucleation and growth, but

this method can require large investments in technology.7 It

would be advantageous to be able to make a variety of sizes and

shapes in a simple manner because both overall size and relative

dimensions (aspect ratio) govern particle properties, including

optical and electrical effects for displays, and with biological

applications such as synthetic cell interfaces, administration of

heat, and pharmaceutical therapy.7–12

Soft template methods take advantage of the thermodynamic

equilibrium of catonic, anionic, or non-ionic solute concentra-

tions.3 Surfactants, such as sodium dodecylsulfate (SDS) or

sodium bis (2-ethylhexyl) sulfosuccinate (AOT), can be used to

generate a micellar template, and the shape of the micelles is

dependent upon the hydrophobic nature of the material, sol-

vents, and concentrations used.13 AOT has been shown by

Zhang et al., to be useful in the synthesis of PEDOT nano-

tubes.5 Following similar procedures, we proposed that SDS,

which is a larger and longer-chained surfactant, with a higher

aspect ratio (relative to AOT) might promote high aspect ratio

particle formation, as shown in Schematic 1. The synthesis pro-

cedures described below utilize chemical oxidation polymeriza-

tion using iron chloride as the oxidizing agent and SDS as the

micelle template. Previously, it has been shown that the shape

of PEDOT nanoparticles was dependent upon the amount of

aqueous iron chloride to hexane, with higher ratios yielding

nanotubes.8 Yoon et al., explored the ratios of aqueous iron

chloride to EDOT to hexane, with the highest percentage of

nanotubes achieved with higher amounts of water and iron

chloride used.8 Paradee and Sirivat synthesized multiple distinct

shapes of PEDOT nanoparticles using an aqueous soft template

with peroxydisulfate (APS) as the oxidant, including raspberries,

coralliform, orange peel, plum and globular shapes.14 Following

similar protocols, we wished to make nanotubes and NF from

PEDOT by adapting aqueous based protocols instead of hexane

in order to avoid one source of potential cytotoxicity.

Hyperthermic temperatures above 45 8C lead to irreversible

denaturation of proteins. Consequently hyperthermia is often

explored in medicine to treat diseases, including the eradication

of cancer.15–19 Alternatively, mild hyperthermia (38–44 8C) has

been used to augment drug delivery and wound healing.20–27

Previous work done by our group has shown that PEDOT

nanoparticles can be incorporated into tissue phantoms for
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evaluation of photothermal ablation of cancer cells by capitaliz-

ing on the infrared absorption properties inherent in PEDOT.11

In the previous work, commercially purchased PEDOT ellipsoids

were used. The limitations of commercially produced PEDOT

nanoparticles include the lack of control over the shape and

corresponding optical properties. The most desirable PEDOT

nanoparticles for photothermal therapies are those with strong

absorption in the near infrared window between 700 and

900 nm, which is an absorption minima for water and hemo-

globin.28 The goal for the current work was to synthesize

PEDOT nanofibers (NF) and nanospheres (NS) with strong

infrared absorption and the potential for heat generation.

Three- dimensional phantoms provide a means to mimic how

cells function and respond to hyperthermia. In addition, there

are numerous literature sources documenting that cells cultured

in two dimensional conductive substrates have enhanced prolif-

eration and upregulation in the production of cellular commu-

nication molecules.29–34 Cell culture in three dimensions has

been shown to be equally or even more sensitive to effects of

stimuli than standard two dimension culture.35–38 Collagen gels

are useful as a cost-effective three-dimensional structure in

which to evaluate cell manipulation and growth. Like polymer

chains, collagen molecules self-assemble to organize and align

into nanofibrils. Although other authors have previously dem-

onstrated that PEDOT fibers can be grown directly into soft

gels using electrochemical deposition, an alternative means is to

dope the gels with nanoparticles formed extrinsically.39 High

aspect ratio nanoparticles composed of conducting materials

like PEDOT represent an ideal addition for enhancing low con-

ductivity materials by creating a series of conductive pathways

that can overcome percolation thresholds often observed when

spherical nanoparticles are utilized. High aspect ratio nanopar-

ticles also interface with collagen fibers and may orient the

fibers, which may aid in directing cell growth.

EXPERIMENTAL

Materials

SDS, FeCl3, NaOH, PBS, EDOT, collagenase, PEDOT nanotubes

and Pluronic F127 were purchased from Sigma-Aldrich. Colla-

gen I from rat tail was purchased from Corning. Mouse fibro-

blast (Balb/c CL.7) and human palatal mesenchymal (HEPM)

cell lines were purchased from American Type Culture Collec-

tion (ATCC) and cultured in Dulbecco’s Modified Eagle

medium, supplemented with 1% L-glutamine, 1% penicillin/

streptomycin and 10% fetal bovine serum. All cells were incu-

bated in a humidified atmosphere of 5% CO2 at 37 8C in an

incubator.

Synthesis of PEDOT Nanoparticles

DI water (10 mL) was added to a 20 mL scintillation vial. SDS

was added followed by anhydrous iron (III) chloride in the

amounts shown in Table I. The solution was stirred, and in

some cases, sonicated using a water bath sonicator. EDOT was

then added dropwise and the solution stirred at discrete time/

temperature variables as shown in Table I. The solution was

centrifuged and re-suspended alternately in water or ethanol for

a total of 10 washes to remove residual surfactant and catalyst.

The product was vacuum filtered and dried to give the final

product. Other parameters were changed for several reactions:

syntheses 1–3 were bath sonicated for 30 s immediately before

their 30-min spin, and synthesis 7 took place in 15 mL of water

instead of the usual 10 mL.

Characterization

The full absorbance spectrum was measured using a Beckman

Coulter DU730 Life Science UV/Vis Spectrophotometer and the

concentration determined using a standardized concentration

curve at 800 nm. Raman spectra were recorded on a DeltaNu

Advantage 532 Raman spectrometer at 532 nm. Transmission

electron microscopy images were recorded on an FEI Technai

Schematic 1. Chemical structure of sodium bis (2-ethylhexyl) sulfosuccinate (AOT) and sodium dodecylsulfate (SDS).

Table I. Experimental Variables Evaluated for Production of PEDOT Nanoparticles Yielding Spheres, Fibers, or Mesh

# SDS (mg) FeCl3 (mg) EDOT (lL) Spin speed Sonication Temp (8C)/Time (h) Outcome

1 89 [7.4] 24 [2.0] 12 [1] 3 Bath, 30 s 80/3 followed by 20/18 Short fibers

2 90 [3.8] 53 [2.2] 24 [1] 3 Bath, 30 s 80/3 followed by 20/18 Sphere aggregates
and some fibers

3 139 [5.8] 50 [2.1] 24 [1] 3 Bath, 30 s 80/3 followed by 20/18 Thin fibers

4 92 [4.6] 43 [2.2] 20 [1] 3 None 80/3 followed by 20/18 Sheets made of
large fibers

5 165 [3.3] 82 [1.6] 50 [1] 3 None 80/3 followed by 20/18 Entangled fibers

6 165 [6.6] 50 [2.0] 25 [1] 2.5 None 80/3 followed by 20/18 Long, thin fibers

7 165 [3.3] 84 [1.7] 50 [1] 3 None 80/3 followed by 20/18 Mesh-like fibers

8 325 [6.5] 84 [1.7] 50 [1] 3 None 80/3 followed by 20/18 Spheres

The values in brackets indicate the ratio of SDS or FeCl3 to EDOT.
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BioTwin 120 keV TEM with digital imaging. Three hundred mL

volumes of aqueous solutions containing PEDOT NF (synthesis

6) or NS (synthesis 8) at concentrations of 0, 1, 10, 100, and

1000 mg/ml were placed into wells of a 48-well plate and the

starting temperature measured just prior to application of infra-

red light. Then, each well was exposed to 3 W of 800 nm light

for 60 s, using a continuous wave K-Cube diode laser from K-

Laser, USA.

Preparation of Tissue Phantoms

After PEDOT NP syntheses were complete, samples from proce-

dures 6 and 8 (NF and NS) were tested in vitro to investigate

the cytotoxicity of these particles as a function of aspect ratio

and concentration in Balb/c CL.7 and HEPM cells. PEDOT par-

ticles and cells were encapsulated in collagen gels by mixing 100

mL 10X PBS, 20 mL 1M NaOH, 130 mL of nanoparticle solution

in 1X PBS and 1 mg/mL PluronicVR F-127 (a cytocompatible

surfactant to aid in distribution of the nanoparticles within the

gels), 800 mL of collagen, and 250 mL of cell solution containing

106 cells in their appropriate cell culture media. This formula-

tion was added to three wells of a 12-well plate to generate trip-

licate samples for each variable. The nanoparticle solution had

10 mg/mL, 100 mg/mL, or 1000 mg/mL of the PEDOT particles,

or no particles for the control gels. To minimize nanoparticle

aggregation, gels were set by first incubating at room tempera-

ture for 30 minutes followed by an additional 30 minutes at 37

8C. After the gels were set, fresh media was added and replaced

every other day for one week. At the end of the week, the gels

were degraded with 2 mg/mL collagenase and the cells were

counted using using Trypan blue and a hemocytometer.

Photothermal Ablation of PEDOT Nanoparticles in 3D Gels

PEDOT NF (synthesis 6) or NS (synthesis 8) were tested in

vitro to assess thermal ablation capacity using similar three-

dimensional collagen gels in a 96-well plate with the HEPM

cells. PEDOT NP were distributed in collagen gels by mixing

12.5 mL 103PBS, 2.5 mL 1M NaOH, 16.25 mL of nanoparticles

in 1 mg/mL PluronicVR F-127 and 13PBS, 100 mL of 5 mg/mL

collagen, and 31.25 mL of 125,000 cells in culture media in each

well. The final concentrations of nanoparticles in the gels were

0, 1, 10, or 100 mg/mL. The gels were kept at room temperature

for 30 min and then 30 min at 37 8C to allow for the gels to

setup then 175 mL of media was added to the gels. The gels

were stored in the 37 8C incubator overnight and then laser

treated the next day. The laser parameters were 800 nm light,

continuous wave, 3 W for 60 s. Gels were laser treated on hot

water (42 8C) bottles to maintain the 37 8C temperature outside

of the incubator. After laser treatment, gels were incubated for

2 h at 37 8C to allow for cytoplasm fragmentation of the treated

cells to completely progress. After 2 h, the gels were degraded

with 2 mg/mL collagenase and the cells were counted using Try-

pan blue and a hemocytometer.

RESULTS AND DISCUSSION

Formation of PEDOT Nanoparticle Shapes

PEDOT molecules can self-organize into a semi-crystalline phase

of planar oriented polymer chains.40,41 In an effort to enhance

interfacial surface area, a cylindrical micelle is likely to form to

exclude the maximum amount of water, leading to more stable

micelles.8 Under these assumptions, in a completely aqueous

system there should be ideal concentrations for forming cylin-

drical surfactant micelles useful for templating PEDOT nano-

particles. Although soft templating techniques are limited by

not being able to have control over the precise morphology of

the nanoparticles, the current work eliminates hexane and uses

water for both the dissolution of the surfactant and of the oxi-

dant, FeCl3. We hypothesize that it is not water content attrib-

uting to the shape variations of the PEDOT NP, as others have

suggested when using both water and hexane, but specifically

the ratios between the surfactant and FeCl3 as well as overall

concentration of the surfactant in water. Whereas other authors

using aqueous soft templating have made PEDOT nanoparticles,

our synthesis produced the desired NF dependent upon the

ratios of the reactants, and processing parameters.14,41 SDS has

an anionic headgroup which ionically binds water, and the

hydrophobic tails of SDS orient to form a reverse micelle. The

presence of anionic surfactants can improve the conductivity by

serving as a counter ion in the PEDOT chains.13,42 The second

variable in controlling aqueously derived PEDOT NP is the

ratio of surfactant to iron chloride as the iron cations are

thought to alter the molecular packing of the surfactant by

increasing the effective area of the headgroup. Our synthesis

procedures produced NF and NS only, no nanotubes, because

of the use of water only whereas in procedure used to form

PEDOT nanotubes, the water displaced the hexane. In all syn-

theses, the nanoparticles described were gently stirred in an

effort to retain the cylindrical micelle template structure, leading

to the formation of NF in lieu of spheres. Major differences in

nanoparticle morphologies appear to be attributed to the ratios

of SDS and FeCl3 and also between SDS and water.

The results from these syntheses are controlled not only by the

relative ratios of the constituent chemicals but also by mechani-

cal disruption of the solution. The effects of these processes are

shown in Figure 1. Syntheses 1–3 are nearly identical with the

exception of their SDS concentrations. However, their products

are quite different: the lowest ratio of SDS to EDOT is 3.8 (syn-

thesis 2) and yields spherical aggregates and some fibers, while

increasing this ratio to 5.8 (synthesis 3) produces short, thin

fibers. Further increasing the ratio to 7.4 (synthesis 1) produces

long, thin fibers. When bath sonication is no longer applied,

these trends still hold but the ratios between SDS and EDOT do

not need to be so high before fibers can be generated. Given the

ratios enumerated before, one would expect synthesis 4 to have

a few wispy fibers and perhaps some still associating with spher-

ical aggregates. Even though the chemical ratios for synthesis 4

are intermediate between syntheses 2 and 3, its product is much

farther along the growth pathway as it yields large sheets made

from fibers. This outcome is sensible given that bath sonication

during the initial 30 s of template formation in synthesis 1-3

would disrupt the formation of longer templates. As a conse-

quence, it requires a higher concentration of the template mole-

cules before this disruption can be overcome, as demonstrated

in synthesis 5. Oftentimes objects larger than 100 nm are

excluded from being coined as nanoparticles; however, the

diameters of most of the synthesized fibers and spheres are

much less than a micron (30–500 nm) and in accordance with
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Figure 1. Transmission electron microscopy images of PEDOT nanoparticles synthesized according to the experimental parameters described in Table I.

Picture numbers correlate with the synthesis number.
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previous literature may be classified as nanoparticles.2,14,19,39,43

In fact, some of the images presented in Figure 1 look more

like large aggregates or ribbons, although closer inspection

reveals that sometimes meshes of many tightly associated NF

form.

The overall concentrations of surfactant and EDOT—not just

their ratio—also have an effect on nanoparticle growth. A com-

parison between syntheses 5 and 7, which differ only in their

total volume (10 vs. 15 mL water) show that diluting the solu-

tion appears to produce thinner fibers entangled in a mesh.

Another factor that seems to control product morphology is the

ratio of the SDS:FeCl3. Fibers do not appear on their own (that

is, without spherical aggregates) until the ratio of these two

reactants, without respect to the EDOT concentration, is about

2 (syntheses 3, 4, 5, and 7). Longer, more dispersed fibers

require a ratio closer to 3 (syntheses 1 and 6). Ratios much

higher than this stay near the sphere realm (synthesis 8). This

suggests that if the concentration of surfactant greatly outpaces

the concentrations of the other solutions, there is insufficient

material to fill out the template and the excess surfactant will

group together in spherical aggregates. Much higher concentra-

tions, as opposed to just ratios, also make longer fiber forma-

tion more difficult as it is more favorable to have many short

fibers instead of longer ones.13 This principle of surfactant and

iron (III) chloride mediated growth where spheres formed is

most clearly illustrated with synthesis 8.

Optical and Thermal Properties

As Yoon et al. has previously shown, synthesis of PEDOT nano-

particles using soft templating leads to oxidation of the particles

corresponding to strong NIR absorption due to polaron and

bipolaron formation.8 Polaron decay is ideal for enhancing the

photothermal potential of PEDOT for medical use.44–46 Both

PEDOT NS and NF have broad optical absorption throughout

the infrared region, as shown in Figure 2. The Raman spectrum

of our synthesized NF, as shown in Figure 3, matches closely

with the signature of commercially purchased PEDOT nanotubes,

even though the commercial material has a more rounded

“pillow-type” instead of tubular morphology. Based on polaron

theory PEDOT NF should be capable of generating heat when

stimulated with infrared light, and in this work an 800 nm diode

laser was used to evaluate bulk temperature increases of an aque-

ous volume containing increasing concentrations of NF. As

shown in Figure 4, both NS and NF generate heat when dis-

persed in aqueous media. For example, concentrations of NS at

10 mg/mL lead to a temperature increase of the solution of 1.3

8C and 10 mg/mL of NF lead to a 2.3 8C rise. At a concentration

of 100 mg/mL the NS are superior, generating a 15.9 8C increase

compared to NF’s 10.2 8C. These temperatures are biologically

relevant as a 7 8C increase above basal temperature would be 44

8C, which is in the range of mild hyperthermia and above which

is above the thermal ablation threshold for tissue.

Cell Viability in PEDOT- Doped Tissue Phantoms

Addition of PEDOT NP may assist with orienting the collagen

fibers as collagen polymerizes into a 3D matrix. Another benefit

of adding conducting polymer nanoparticles to collagen gels is

the potential for the particles to increase the electronic and

ionic conductivity of the network in which the cells are grow-

ing.39 As shown in Figure 5, neither the addition of 10 mg/mL

NS nor NF exhibits any significant color change in the collagen

Figure 2. UV-vis absorption spectrum of the synthesized PEDOT NF

(solid line) and NS (dashed line) in water.

Figure 3. Raman spectrum of synthesized PEDOT NF compared to NF

purchased commercially.

Figure 4. The change in temperature of 300 mL volumes of PEDOT NF or

NS in water, at different concentrations and exposed to 3 W of 800 nm

light for 60 s.
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gels. However, addition of 100 mg/mL NF does lead to a visible

darkening of the gels.

Upon consideration of the final results of the syntheses, the two

dominant products were NF or NS. Syntheses 6 and 8 were

chosen to best represent these groups respectively and then

tested them in vitro to determine their cytocompatibility. The

addition of surfactant Pluronic F127 to the collagen gel to help

maintain dispersion of the nanoparticles most likely does not

affect their morphology, as the concentration is very low (100

fold less than the amount of surfactant required for nanopar-

ticle formation), and based on previous literature that conju-

gated polymer nanotubes and stable after formation and excess

surfactant is inert.11,47–49 Figure 6 shows that for the mouse

Figure 5. Collagen gels populated with one million HEPM cells and (A) no nanoparticles, (B) 10 mg/mL NS, (C) 10 mg/mL NF, (D) 100 mg/mL NF.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. (A) Normalized viability of mouse cells cultured with PEDOT NF or NS (concentrations in mg/mL). The particles cause no change from the

control in terms of viability, regardless of the aspect ratios or concentrations tested here. (B) Normalized viability of human cells cultured with PEDOT

particles from syntheses 6 (NF) and 8 (NS). The increase in cell viability is due to the concentration, morphology and electrically conductive nature of

the PEDOT NF.
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cells, the particles show no difference from the control group

regardless of the aspect ratio or 10-fold difference in concentra-

tion tested. The situation is similar with human cells, as previ-

ous work has shown that increasing concentrations of high

aspect ratio electrically conductive particles can actually improve

cell viability. The reason for the differences in cell viability

between human and mouse cells is because of the size of the

mouse versus human cells and their response to the nanometer

sized of the nanoparticles. Increased cell viability in part B is

most likely due to the HEPM cells responding to being cultured

in the presence of the electrically conductive PEDOT NF. It has

been documented in previous literature that nanofiber mor-

phology and the conductive nature of the material can improve

cell proliferation by mediating cell-cell communication.39,40 To

investigate this possibility, higher concentrations of the NF were

evaluated. Figure 6 demonstrates that some concentrations of

the particles can increase viability, but in the case of PEDOT

particles it is unable to differentiate itself statistically from the

control even if the concentration is quite high.

As shown in Figure 4, stimulation of the PEDOT nanoparticles

generates heat that can be beneficial for clinical hyperthermia,

for example ablation of diseased tissue. In an effort to gauge

the effectiveness of PEDOT nanoparticles for killing cells in a

three dimensional tissue phantom composed of collagen, HEPM

cells were contained within the gels and the gels exposed to

800 nm light (3 W, 60 s). As shown in Figure 7, in the absence

of infrared stimulation, the highest concentration (100 mg/mL)

of PEDOT NF leads to a slight, yet not statistically significant

decrease, in HEPM cell viability. Laser exposure increases the

number of viable cells when no or 1 mg/mL of either PEDOT

nanospheres or NF is used, as is commonly observed using this

wavelength of light.50 Although heat is generated by both types

of PEDOT nanoparticles, and the NF actually have better infra-

red absorption than the NS, the NF are ineffective at reducing

the number of viable cells compared to the NS. PEDOT NS

may be most effective for photothermal cell killing as there is

expected to be a higher number of nanoparticles to interface

with the cells and transfer heat per mass amount compared to

the NF.47 Greater reductions in cell viability might also be able

to be achieved by increasing the laser power or increasing the

concentration of PEDOT nanoparticles in the tissue phantoms.

CONCLUSIONS

In conclusion, PEDOT nanoparticles with a variety of morpholo-

gies can be obtained using water only without the need for hex-

anes in the procedures. Nanoparticle shape and size is governed

by an interaction of surfactant concentration with iron (III) chlo-

ride, and if the template has been disrupted or guided through

physical stresses such as sonication or stirring. Generally, increas-

ing surfactant concentration increases the propensity of fibers to

form, while increasing the concentration of iron (III) chloride

makes the particles less dependent on one another for stability.

However, increasing surfactant concentration alone results once

again in spheres. Sonication during template formation requires

a higher concentration of surfactant to overcome the dissociation

of the template, while slow stirring stretches the template and

favors fiber formation. Regardless of whether NS or NF are gen-

erated, both types are cyto-compatible, and for some concentra-

tions, increases the number of viable cells in a tissue phantom,

most likely by enhancing the electrically conductive pathway and

intercellular communication. The synthesized NS and NF are

capable of generating hyperthermia and were evaluated in a

three-dimensional tissue phantom, where NS were demonstrated

to be more effective at cell ablation than NF.
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