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Abstract 

Introduction Conducting polymers (CPs) have demonstrated promise for promoting tissue repair, yet 

their ability to facilitate cartilage regeneration has yet to be thoroughly investigated. Integrating CPs into 

common scaffolds for tissue regeneration, such as collagen, would enable mechanistic studies on the 

potential for CPs to promote cartilage repair. Here, we combine absorbable collagen sponges (ACS) with 

the CP PEDOT-S and show that the PEDOT-S-collagen composite (PEDOT-ACS) has enhanced 

chondrogenic potential compared to the collagen sponge alone.  

Methods PEDOT-S was incorporated through a simple incubation process. Changes to scaffold 

topography, elastic modulus, swelling ratio, and surface charge were measured to analyze how PEDOT-S 

affected the material properties of the scaffold. Changes in rat bone marrow mesenchymal stem cell 

(rBMSC) functionality were assessed with cell viability and glycosaminoglycan production assays.  

Results Macrostructure and microstructure of the scaffold remained largely unaffected by PEDOT-S 

modification, as observed through SEM images and quantification of scaffold porosity. Zeta potential, 

swelling ratio, and dry elastic modulus of the collagen scaffold were significantly changed by the 

incorporation of PEDOT-S. Cells seeded on PEDOT-ACS improved cell viability and enhanced 

glycosaminoglycan production.  

Conclusion We demonstrate a practical approach to generate PEDOT-S composites with comparable 

physical properties to pristine collagen scaffolds. We show that PEDOT-ACS can influence cell 

functionality and serve as a promising model system for mechanistic investigations on the roles of 

bioelectronic signaling in the repair of cartilage and other tissue types.  

Keywords: PEDOT, bioelectronics, chondrocyte differentiation, cartilage engineering 
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Abbreviations, symbols, and terminology: 

ACS – absorbable collagen sponges  

PEDOT-S - Poly(4-(2,3-dihydro-thieno[3,4-b][1,4]dioxin-2-ylmethoxy)-butane-1-sulfonic acid sodium salt 

PEDOT-ACS - Poly(4-(2,3-dihydro-thieno[3,4-b][1,4]dioxin-2-ylmethoxy)-butane-1-sulfonic acid sodium 

salt-absorbable collagen sponge composite 

CP – conducting polymer  
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Introduction  

Electrical signaling and stimulation can be a powerful tool for directing maintenance and repair of 

various tissue systems.1-3 To leverage the benefits of these signaling regimes, electroactive materials are 

increasingly investigated for their potential to facilitate regeneration. Conducting polymers (CPs), in 

particular, have been documented as beneficial and diverse tools in improving regenerative outcomes. 

CPs have demonstrated the capabilities to direct cellular phenomena, such as adhesion,4,5 migration,6-8 

and differentiation,9-11 and have shown potential for improving tissue regenerative outcomes in 

numerous tissue types including skin, nerve, and bone.12-15  

The use of CPs for supporting cartilage repair has also recently been demonstrated, although such 

investigations remain rare.16,17 Cartilage engineering is important for various musculoskeletal 

disorders18, with osteoarthritis being among the most common. Osteoarthritis is a highly prevalent 

degenerative joint disease in which cartilage degradation leads to limited mobility and joint pain.19 Over 

20% of adults develop osteoarthritis, yet it has no cure.20 A major complication in treating osteoarthritis 

and other cartilage-related injuries is the tissue’s limited capability for intrinsic repair.21 While the 

electromechanical properties of cartilage are well-documented, the potential for CPs and their 

associated bioelectronic devices to facilitate cartilage regeneration remains unclear.22,23 Using CPs to 

investigate the mechanisms by which electrical signaling promotes cartilage repair thus presents an 

opportunity to identify more effective therapeutic strategies, yet there is no existing platform well-

suited to perform comprehensive studies on the role of electrical signaling in regenerative engineering. 

Combining CPs with natural polymers offers an opportunity to generate a biomimetic composite system 

that can act as both an engineered bioelectronic regenerative platform, as well as a tool for 

understanding the role of electroactive materials and bioelectricity in regeneration.24 If these materials 

are to act as a representative model for understanding the physiological role of electrical signals in 
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driving tissue regeneration, the scaffold should be comprised of components that mimic the native cell 

environment. ECM-based scaffolds, including those based on collagen, have shown promise for cartilage 

tissue engineering applications for their ability to promote cell adhesion and other desirable cellular 

functionalities.25,26 Despite these benefits, some limitations of current collagenous materials in cartilage 

engineering applications include its poor mechanical strength and inability to enhance chondrogenic 

outcomes, which potentially may be bolstered by augmenting collagen with electroactive properties. 

Absorbable collagen sponges (ACS) are commercially available 3D macroporous scaffolds comprised of 

type I collagen. Previous studies have demonstrated that such scaffolds are a useful platform to 

investigate novel cartilage regenerative strategies, such as molecular enhancements,27 cell therapies,28 

or structural augmentations29 that may promote tissue repair.  

The conducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT), often complexed with the dopant 

polystyrene sulfonate (PSS), is among the most widely explored CPs for tissue engineering applications 

and have been shown to improve functional outcomes in diverse tissue types.11,30,31 PEDOT:PSS owes its 

popularity to its biocompatibility and commercial availability, which makes it accessible for biomedical 

applications. A major drawback to aqueous dispersions of PEDOT, such as PEDOT:PSS, is the 

requirement of various low molecular weight additives,32 often ill characterized, which may limit its 

range of usable concentrations, and complicate coating uniformity, functionalization, and 

characterization.33,34 

One approach to mitigate these complications is to use a derivative of PEDOT which can be chemically 

modified to promote water solubility.33 Poly(4-(2,3-dihydro-thieno[3,4-b][1,4]dioxin-2-ylmethoxy)-

butane-1-sulfonic acid sodium salt (PEDOT-S) (Figure 1a) is an easily accessible self-doped PEDOT 

derivative that offers a more versatile solution to interface with biological materials.35,36 PEDOT-S also 

offers as a platform for further synthetic modification that may grant the molecule enhanced 

capabilities to influence cell functionality. 
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In this study, we demonstrate a facile approach to generate a CP-collagen composite using an 

absorbable collagen sponge (ACS) and PEDOT-S. We demonstrate that PEDOT-S incorporation into 

collagen scaffolds yields a composite that is structurally comparable to pristine collagen and bolsters rat 

bone marrow mesenchymal stem cell (rBMSC) viability. Additionally, we show preliminary evidence that 

the PEDOT-S-ACS composites (PEDOT-ACS) drive rBMSCs toward chondrocyte differentiation by 

analyzing glycosaminoglycan (GAG) production. The investigation presented here indicates that CP-

collagen composites can enhance chondrogenic differentiation compared to their inert counterparts. Up 

to this point, studies exploring the role of CPs for cartilage engineering have been scarce, and to the 

authors’ knowledge, no present study has explored the chondrogenic potential of PEDOT or its 

derivatives. Here, we lay the foundations for biomimetic, tissue-integrated CP bioelectronics and their 

potential to improve outcomes in cartilage engineering applications.  

Methods  

Polymer Synthesis  

Iron (III) chloride (FeCl3) was purchased from ThermoFisher Scientific (Ward Hill, MA). Sodium persulfate 

(Na2S2O8) was purchased from Acros Organics (Fair Lawn, NJ). All other chemicals were reagent grade 

and used as received. 4-(2,3-Dihydro-thieno[3,4-b][1,4]dioxin-2-ylmethoxy)-butane-1-sulfonic acid 

sodium salt (EDOT-S) was synthesized as previously described.37 PEDOT-S was synthesized via chemical 

oxidative polymerization using FeCl3 as a catalyst and Na2S2O8 as a primary oxidant according to 

previously published methods.36 This method is widely reported for PEDOT-S and similar conjugated 

homopolymers because of its simplicity and low cost.38 

Composite Formation 

Sheets of absorbable collagen sponges (ACS) (Helistat; Integra Life Sciences, Plainsboro, NJ) were cut 

into individual scaffolds (5mm ´ 5mm ´ 5mm). Polymer solutions were prepared by dissolving PEDOT-S  
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(20 mg mL-1) in Dulbecco’s phosphate buffered saline (DPBS) and shaking overnight. After the PEDOT-S 

was solubilized, 10 v/v% 1.24 M ammonium persulfate (APS) (Sigma; St. Louis, MO) was added to the 

PEDOT-S solution to ensure the molecule was fully doped.  

The PEDOT-S solution was pre-incubated at 37 °C for 10 minutes prior to adding the sponges. ACS was 

incubated at a density of 5 scaffolds/1 mL of PEDOT-S solution for 30 minutes. After incubation, the 

sponges were rinsed in deionized (DI) H2O and soaked in DPBS overnight to allow any excess PEDOT-S to 

leech out from the sponge. PEDOT-S-collagen composites (PEDOT-ACS) were then rinsed in DI H2O, 

frozen in DI H2O at -80 °C, and lyophilized overnight. After incubation in PEDOT-S, the ACS demonstrated 

a visible color change, attributable to the presence of PEDOT-S and indicative of polymer incorporation 

within the collagen matrix (Figure 1b-c).  

Scanning Electron Microscopy 

All samples were directly mounted onto pin stubs with carbon tape prior to imaging and then sputter 

coated with 5 nm of gold/palladium with a Denton Desk IV Sputter Coater prior to imaging. PEDOT-ACS 

and ACS samples were imaged by scanning electron microscopy (SEM, Hitachi 4800-S) using an 

accelerating voltage of 5 kV. Images were captured with Hitachi S-4800 PC-SEM software.  

Confocal Microscopy   

The imaging of collagen scaffolds was performed on a Nikon A1 laser scanning confocal microscope with 

a 10x objective lens. Nikon Elements software was used to capture images. Because collagen is auto 

fluorescent, no exogenous dyes or visualization agents were necessary and scaffolds could be imaged as 

is.39 The scaffold fluorescence was recorded in the same channel as DAPI fluorescent stain, using a 405 

laser. ACS exhibits a high degree of planar heterogeneity, and thus z-stacks were taken to capture 

representative depictions of the cell morphology and autofluorescence throughout the scaffold depth. 
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Z-stacks were taken in randomly selected regions with depths greater about 400 μm. ImageJ was used to 

generate 3-D projections of the z-stacks. 

Swelling  

Samples were weighed before hydration and placed in DPBS at room temperature for 2 days. The 

samples were lightly blotted on a petri dish to remove excess water and weighed once more. Swelling 

ratio was calculated as the mass of the hydrated scaffold to that of the dry scaffold using the following:  

!"#$$%&'	)*+%, = 	.! −."
."

∗ 100 

Porosity and Pore Size 

The porous percentage of the scaffolds was determined according to the method originally described by 

Ma et al.40,41 Briefly, initial weight of scaffolds were measured, and they were then soaked in ethanol at 

room temperature for 24 hours. The final mass of the scaffolds after the ethanol soak was recorded and 

porosity was calculated according to the following equation41:  

 	

3,),!%+4	(%) = 	 (8! −8#)9$
9$8! + (9% − 9$)8#

∗ 100 

where ρ1 represents the density of collagen, 1.21 g/mL, and ρ2 represents the density of ethanol, 0.79 

g/mL.  

Pore size was quantified from SEM images. Two images were taken per scaffold and three different 

scaffolds were imaged per condition. An open source MATLAB code was then used to quantify pore 

radius as previously described.42,43  

Mechanical Testing 
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For mechanical testing, ACS and PEDOT-ACS scaffolds (n=5) were punched into 10-mm discs with a 

biopsy punch. Compressive tests were performed with a Dynamic Mechanical Analyzer (DMA) (RSA-G2 

Solids Analyzer, TA Instruments). Samples were tested at a constant linear strain rate of 2 mm/min at 

room temperature.44 The elastic modulus of the samples was calculated from the linear portion of the 

stress-strain curves. ACS and PEDOT-ACS composites were tested under both dry and wet conditions. 

For the wet conditions, samples were incubated in DPBS at room temperature for one week and excess 

liquid was then removed from the surface of the sample before testing by blotting on a petri dish. 

Zeta Potential  

Approximately 10 mg of each scaffold variant was swollen in DI H2O to equilibrium state and then frozen 

in liquid nitrogen. The samples were then pulverized into smaller particles using a pestle and 

resuspended in 5 mL of a 0.01 M NaCl electrolyte solution. The pH of the suspension solution was 

adjusted to 7.4 using 0.01 M NaOH. The ground particulates were then filtered using a 70 μm strainer 

(Corning CLS431751, Corning, NY) and loaded into a Malvern DTS1070 capillary cell (Malvern, United 

Kingdom). The zeta potential was measured on a Malvern Zetasizer NanoZSP (Malvern, United Kingdom) 

applying the Smoluchowski equation for large particles.45,46 Measurements were taken in triplicates for 

each suspension of sponge particles and all results met quality criteria.  

Cell Viability  

Rat bone marrow mesenchymal stem cells (rBMSCs) from Cell Biologics were cultured according to the 

manufacturer’s instructions. Briefly, cells were cultured in low glucose DMEM (Lonza 12-707F) 

supplemented with 10% FBS (GenDepot F0600-050), 1% Glutamax (Gibco 35050-061), and 1% antibiotic-

antimycotic (GenDepot CA002-010). About 150,000 cells were seeded per scaffold.  

An alamarBlue cell viability assay (ThermoFisher DAL1025) was performed according to the 

manufacturer’s instructions to screen the composites for cytotoxic effects. Cells were incubated in cell 
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media containing 10% alamarBlue solution for 4 hours. Absorption of the solution was measured at 570 

nm and 600 nm in a 96-well plate, separate from the scaffolds. The 600 nm reading acts as a measure of 

background noise, and this is used to normalize the 570 nm reading. The assay was also performed on 

PEDOT-ACS and ACS scaffolds without cells to ensure that scaffold background absorption would not 

confound viability results. Measurements were taken on day 0, 1, 2, 3, 5, and 7, where day 0 was the 

day of cell seeding. Cell viability percentages were calculated by normalizing the absorbance readings of 

the experimental scaffolds to pristine ACS.  

Live/dead staining (Invitrogen L3224) was performed 72 hours after cell seeding to qualitatively examine 

the effects of the scaffold on cell viability and morphology. Imaging was performed on a Nikon C2+ 

scanning confocal microscope and images were captured with Nikon Elements Software. ImageJ was 

used to generate 3-D projections of the z-stacks. 

Dimethylmethylene Blue Assay 

The rBMSCs were cultured in chondrogenic media (ThermoFisher) for 14 days. Papain buffer was 

prepared with final concentrations of 5 mM l-cysteine (Sigma; St. Louis, MO), 0.1 mM EDTA (Sigma; St. 

Louis, MO), and 5 U/mL of papain (Sigma; St. Louis, MO). Samples were then digested in the papain 

buffer overnight at 75 °C. A DMMB assay was performed to quantify sulfonated glycosaminoglycan 

(GAG) production. Dimethylmethylene blue (DMMB) solution was prepared with 3.04 g glycine, 1.6 g 

NaCl, 95 mL of 0.1 M acetic acid, and 16 mg of 1,9-dimethylmethylene blue (Sigma, St. Louis, MO).47 

Samples were measured in a 96-well plate at 525 and 595 nm, where each well contained 180 μL of 

DMMB solution and 20 μL of sample. The absorbance at 595 nm was subtracted from the absorbance at 

525 nm to increase assay sensitivity.48 Measurements were calibrated using chondroitin sulfate salt from 

bovine trachea (Sigma, St. Louis, MO). Blank samples were analyzed to ensure that the scaffold itself did 

not cause measurement noise.  
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The GAG measurements were normalized to DNA quantity. DNA content of the samples digested in 

papain buffer was measured using a Quant-iT PicoGreen dsDNA Reagent (ThermoFisher) according to 

the manufacturer’s instructions. 

Statistical Analysis  

A two-tailed t-test was performed between all data comparing ACS and PEDOT-ACS, assuming equal 

variances in the samples analyzed. T-test was the statistical method of choice because the effects of only 

a single parameter, the presence or absence of PEDOT, were within the scope of this investigation. A 

95% confidence interval was assumed, where p<0.05 is considered significant. All results are reported as 

the mean ± standard deviation.  

Results  

PEDOT-ACS Maintains Collagen Macrostructure  

We sought to analyze whether the PEDOT-S incorporation compromised the structure of collagen or the 

overall properties of the material. To determine this, the sponge was first qualitatively examined using 

confocal microscopy. Composites derived from ACS demonstrate autofluorescence, due to the resonant 

structure of collagen, and this phenomena was leveraged to demonstrate maintenance of 

autofluorescence, and thus triple-helical collagen structure in PEDOT-ACS.39 The structure of PEDOT-ACS 

could be visualized under confocal microscopy without additional dyes or other imaging agents (Figure 

2a-b). This result indicates that the PEDOT-S does not damage collagen’s native crystalline triple helix 

structure responsible for the macromolecule’s autofluorescence.39 Although, the autofluorescence was 

visibly diminished in PEDOT-ACS compared to the ACS alone.  It is possible that a small spectral overlap 

between the primary absorbance of PEDOT-S (400 – 800 nm),36,49 and the emission of type I collagen 

(300 – 500 nm),50-52 may lead to the observed diminishment in autofluorescence through the inner filter 

effect, a well-known phenomenon when working with CPs.53  
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In addition to confocal microscopy, SEM was performed to examine the macro and microstructure of the 

scaffolds. Qualitative examination of the images taken indicate that the macrostructure of the sponge 

was maintained between the ACS and PEDOT-ACS conditions (Figure 2c-d). In both sponges, pores are 

visible and surrounded by sheet-like structures throughout the sponge. Upon closer examination of the 

scaffolds, fibrous structures were apparent throughout both the ACS and PEDOT-ACS scaffolds (Figure 

2e-f). Differences in microstructure were more closely analyzed by quantifying differences in porous 

volume (Figure 2g) and pore size distribution (Figure 2h). The porous volume of the ACS scaffold was 

found to be about less than 1% greater than the scaffold modified with PEDOT-S. While this difference 

was statistically significant, the low magnitude of the change in porosity indicates that the porous 

volume of the PEDOT-ACS remains comparable to the ACS alone. Changes to scaffold porosity were 

more closely analyzed by quantifying changes to pore size. Average pore size insignificantly changed in 

the CP scaffolds, where average pore radius for ACS and PEDOT-ACS scaffolds was about 7.3 ± 2.0 μm 

and 8.2 ± 1.9, respectively. The similarity in these averages is accompanied by pore size distributions 

that follow comparable trends between the modified and unmodified collagenous materials. 

Furthermore, the PEDOT-ACS scaffold microstructure remains largely comparable to that of the ACS 

alone following PEDOT-S incorporation.  

Effect of PEDOT-S on Physical Properties of Collagen 

Mechanical testing was performed to evaluate whether the PEDOT-S significantly compromised the 

structural integrity of the ACS (n=5). Under dry conditions, the average elastic modulus of ACS was 

about 7.15 ± 1.70 kPa, and the average elastic modulus of PEDOT-ACS was about 16.40 ± 4.08 kPa 

(p=0.001) (Figure 3a). Similarly, scaffolds were tested when wet, which more closely mimics the cellular 

environment. The average elastic modulus of the ACS when tested wet was about 0.518 ± 0.161 kPa and 

the elastic modulus of the PEDOT-ACS was about 0.529 ± 0.020 kPa (p=0.88) (Figure 3b). Although the 
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PEDOT-ACS had a significantly higher modulus when tested dry, there is no significant difference 

between the ACS and PEDOT-ACS when evaluated under wet conditions.  

In addition to the mechanical property evaluations, the swelling ratio of the scaffolds was also 

measured. The swelling ratio of the ACS alone was 361.5 ± 25.0 whereas the PEDOT-ACS swelling ratio 

was 337.7 ± 14.6 (p=0.02) (Figure 3c). This reduction was statistically significant, yet the change is only 

about 6%. Taken together, these results indicate that the overall mechanical and swelling properties of 

the collagen scaffold is maintained even when PEDOT-S is incorporated.    

PEDOT-S Influences Material Surface Charge 

Zeta potential measurements were conducted to examine differences in surface charge attributable to 

the addition of PEDOT-S. The differences in bulk conductivity of the material are not expected to be 

measurable, considering the heterogeneous structure of the sponge and the limited percolation of the 

PEDOT-S throughout the scaffold. The zeta potential of ACS particles was -9.9 ± 1.3 mV, while the zeta 

potential of the PEDOT-ACS particles was about -19.9 ± 1.2 mV (p=0.0005) (Figure 4). This decrease in 

zeta potential can be attributed to the presence of the negatively charged sulfonates tethered to, but 

not compensating electron holes, on the PEDOT backbone. This result indicates that the approach used 

here effectively altered the surface charge of the collagen scaffold.  

PEDOT-ACS Improves Cell Viability 

Live/dead staining was performed to qualitatively examine cell morphology and identify potential 

cytotoxic effects of the scaffolds. Images were captured 72 hours after MSC seeding, revealing that cells 

on the PEDOT-S scaffolds exhibited a more elongated morphology than on the ACS scaffolds. 

Additionally, cell density appeared higher and fewer dead cells were observed on the PEDOT-ACS than 

on the ACS (Figure 5a-b).  



14 
 

Besides the qualitative examination, the cell health was quantified with an alamarBlue assay. On each 

day measurements were taken (0, 1, 2, 3, 5, 7), the cells on the PEDOT-ACS demonstrated higher 

viability than the cells on the collagen-only scaffolds (p=0.02, 0.11, 0.001, 0.006, 0.08, and 0.012) (Figure 

5c). The results of the qualitative live/dead imaging and the quantitative alamarBlue assay emphasizes 

that the incorporation of PEDOT-S is not cytotoxic, and that these scaffolds promote more ideal cell 

morphology and measurably higher cell viability than the ACS alone.  

Chondrogenic Potential of PEDOT-ACS 

A DMMB assay was performed to quantify cell GAG production and screen whether the PEDOT-ACS 

scaffolds may promote chondrocyte differentiation. After normalizing for the total DNA content of the 

sample, cells seeded on the PEDOT-ACS demonstrated an increase in GAG production over 140% (Figure 

6). Normalized GAG production for PEDOT-ACS was (1.1 ± 0.2) whereas for ACS was (0.4 ± 0.2) (p=0.01). 

This result demonstrates that not only do the PEDOT-ACS scaffolds support cell viability more than their 

inert counterparts, but they also have the capability to influence cell functionality. The observed 

increase in GAG production also indicates that these scaffolds may have promise for facilitating cartilage 

engineering and also investigating the mechanisms of electrical signaling on cartilage repair.  

Discussion  

In this study, we propose a straight-forward approach for developing electroactive composites through 

the incorporation of a water-soluble CP into ACS. Traditional approaches for incorporating CPs into 

natural biomaterials are challenging, generally requiring arduous multi-step procedures, potentially toxic 

additives and reagents, and pose a barrier to accessing conducting biocomposites.24 The single 

component water-soluble CP PEDOT-S has been demonstrated here as efficacious for incorporating CP 

components into a collagen scaffold. Using this polymer in the material modification protocol offers 

more systematic control over CP concentrations than is possible with dilute aqueous dispersions such as 
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PEDOT:PSS. This method may be important for facilitating future investigations on the role of bioelectric 

signaling in tissue repair.  

Material properties of the scaffold were examined to determine whether this incorporation protocol 

sacrificed any of the biologically favorable properties of collagen. SEM and confocal microscopy 

qualitatively showed PEDOT-S addition maintained the bulk collagen macrostructure. Higher 

magnification SEM images revealed a maintenance of fibrous structures throughout both the ACS and 

PEDOT-ACS scaffolds. Analysis of porous volume and pore size distribution revealed the overall structure 

of the collagen remained comparable after PEDOT-S was incorporated into the scaffolds. This further 

emphasizes that this method of conductive polymer functionalization offers a promising opportunity to 

augment the electrical properties of collagenous materials. 

The influence of PEDOT-S on the overall architecture of collagen fibers may require further investigation 

and could be attributed to several different factors. Previous work has demonstrated that collagen 

fibrillogenesis is influenced by electrostatic interactions.54 For example, it is possible that PEDOT-S alters 

the electrostatic interactions of the collagen and drives fibril rearrangement. Hamedi et al. previously 

demonstrated that amyloid protein structures can act as a template for PEDOT-S binding and the 

formation of nanofibrillar networks.55,56 Xiao et al. similarly observed the formation of such fibrous 

structures when galvanostatically depositing PEDOT and collagen together.57 The observation that CP 

integration affects collagen fibrillar structures is thus supported by existing literature.  Despite this, 

further investigation is necessary to differentiate whether specific structures observed throughout the 

modified scaffold are PEDOT-S itself, PEDOT-S templated onto the existing collagen, or fibrillar collagen 

rearrangement due to changes in the local electrostatics. Since collagen is a major constituent of the 

extracellular matrix (ECM), it is highly relevant to understand the relationship between this protein 

structure and the electrical signaling that regulates homeostasis and repair.3,58 This system presented 
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here offers a model to study the fundamental influence of physiological electroactive signaling on the 

structure of cell environments.   

Compression testing was performed to determine whether the PEDOT-S influenced the bulk mechanical 

properties of the collagen structure. These experiments revealed that when wet, the PEDOT-ACS had a 

comparable modulus to ACS. Previous literature similarly demonstrates a decrease in swelling ratio and 

an increase in dry elastic modulus when PEDOT is incorporated into natural composites.59-61 When 

incorporated into the natural biopolymer system, unlike prior examples with neutral PEDOT, 61 PEDOT-

ACS showed a recovery of the elastic modulus when hydrated. This can be attributed to the hygroscopic 

nature of anionic PEDOT-S; a phenomenon readily observed in conjugated polyelectrolytes. This result is 

highly relevant to the ability of PEDOT-ACS composites to act as a future model system for investigating 

the interactions between cells and the bioelectronic signals that govern their behavior, since the PEDOT-

S increases the material electroactivity without changing the material mechanics.  

By quantifying cell health with an alamarBlue assay, we showed that the PEDOT-S incorporation was not 

cytotoxic. Cell health was significantly higher on PEDOT-ACS scaffolds than on ACS alone at several time 

points assessed. Live/dead staining showed rBMSCs had an elongated morphology on the scaffolds with 

PEDOT-S, indicating that the conductive polymer composite retained collagen’s ability to facilitate direct 

cell attachment.25,26 This agrees with other previous works that have demonstrated CPs can be used to 

tune and improve cell viability and adhesion.61 This is potentially attributed to the mixed ionic/electronic 

conduction mechanisms that make CPs unique compared to other traditional inorganic electronic 

materials.12 Future investigation between substrate oxidative state and/or conductivity and cell 

adhesion may be an interesting pursuit for this composite system to elucidate the cellular mechanisms 

by which bioelectronic signals can tune tissue functionality.  
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Lastly, we demonstrated that the PEDOT-ACS scaffolds may be used as a tool to alter cell functionality. 

GAG production, an indicator of chondrogenic potential,62 was measured after culturing cells in 

chondrogenic media for 14 days. GAG production was significantly upregulated when cells were cultured 

on PEDOT-ACS, proving that the electroactive scaffold influences functionality and potentially 

differentiation. This scaffold may be an advantageous tool for proceeding investigations aimed towards 

understanding processes by which bioelectronic materials and electrical signals specifically drive 

chondrocyte differentiation or cartilage tissue engineering. The improvement in GAG production points 

to the importance of electromechanical influences in cartilage engineering, which are not currently well 

understood in the context of regeneration. 

Conclusion  

Here, we demonstrated an approach to integrate a collagen-based material with the CP, PEDOT-S. This 

technique effectively yielded a collagen composite with electroactive components that is mechanically 

comparable to the pristine collagen scaffold. Following incorporation, the zeta potential of the 

composite significantly decreased, attributable to the presence of negatively-charged PEDOT-S sulfonate 

groups. Additionally, the PEDOT-S composite enhanced cell viability, and a preliminary GAG production 

assay revealed the scaffold’s promise to drive cells towards chondrogenesis.  

Future work should be aimed at more in-depth investigations on the ability of electroactive materials 

such as PEDOT-S to drive cell phenomena and tissue repair. In the future, using a model system with a 

simpler architecture would allow for more elaborate studies on the mechanisms by which PEDOT-S 

complexes with dense protein structures and affects composite electroactivity. The approach described 

here incorporates CP into the scaffold only where there is an existing collagen structure, rather than 

through a method where PEDOT would form an independent percolative pathways as would be 

accomplished through in situ polymerization or other functionalization method.  Because the ACS is a 
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highly porous, tortuous material, the PEDOT-S that templates onto it similarly has low percolation 

throughout, limiting the global conductivity of the PEDOT-ACS. The extent to which PEDOT-S enhances 

electronic and ionic conductivity of collagen could furthermore be better understood in the case of a 

simpler collagenous system. Additionally, more studies are warranted on the capability for electroactive 

materials to influence chondrogenesis specifically. Such studies would benefit by refining the approach 

presented here in a way that allows for variable material conductivity (i.e. polymer loading, chemical 

modification, etc.), without significantly impacting other important material properties, such as elastic 

modulus and macroscale architecture.  
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Figure Legends 

Figure 1. Scheme for Generation of CP-Collagen Composites (a) The facile approach described for 

adding the CP PEDOT-S to collagen matrices is shown here. (b-c) The ACS (left) demonstrates a visible 

color change, which can be attributed to the presence of PEDOT-S in the collagen matrix (right).  

Figure 2. PEDOT-ACS Maintains Collagen Molecular Integrity, Macrostructure (a-b) Confocal imaging in 

the absence of added dyes demonstrate collagen sustained autofluorescence following the 

incorporation of PEDOT-S into the scaffold matrix. SEM micrographs (c-d) show that PEDOT-ACS 



28 
 

maintains qualitatively similar macrostructure based on the pore and sheet geometry of the scaffold 

structure compared to ACS control. Higher magnification SEMs (e-f) show the microstructure of these 

scaffolds qualitatively maintains fibrous structures in both ACS and PEDOT-ACS. Differences in porous 

microstructure of these scaffolds were quantified by measuring (g) scaffold volume porosity (n=3) 

(p=0.04) and (h) the distribution of pore radius for pores with radii up to 25 μm.  

Figure 3. Influence of PEDOT-ACS on Collagen Structure (a) Compression testing (n=5) of PEDOT-ACS 

that had been cut into 10-mm discs revealed that materials have a significantly higher elastic modulus 

(16.40 ± 4.08 kPa) when dry compared to ACS (7.15 ± 1.70 kPa)  (p=0.001). (b) Wet compression testing, 

however, revealed that PEDOT-ACS has a comparable modulus to the ACS (0.518 ± 0.161 kPa; 0.529 ± 

0.020 kPa) (p=0.88). (c) Swelling properties of the scaffolds was analyzed after incubating scaffolds in 

DPBS for 2 days (n = 5). The sponge with PEDOT-S demonstrated a reduced swelling ratio (337.7 ± 14.6) 

compared to the ACS alone (361.5 ± 25.0) (p=0.02).  

Figure 4. PEDOT-S Decreases Scaffold Surface Charge Zetasizer analysis, performed in triplicates on a 

single solution of scaffold particulates resuspended in 0.01 M NaCl, showed that PEDOT-ACS scaffolds 

had significantly lower surface charge (-19.9 ± 1.2 mV) compared to ACS (-9.9± 1.3 mV) (p=0.0005). 

Figure 5. PEDOT-ACS Promotes Cell Viability Live/dead assays were performed with rBMSCs seeded on  

(a) ACS and (b) PEDOT-ACS. Cells on PEDOT-ACS were more elongated than the cells observed on ACS.  

(c) An alamarBlue cell health assay suggested that the PEDOT-S did not cause cytotoxicity. 

Measurements were performed to quantify cell health on days 0, 1, 2, 3, 5, and 7 (n=3) (p=0.02, 0.11, 

0.001, 0.006, 0.08, and 0.012). 

Figure 6. PEDOT-ACS Demonstrates Chondrogenic Potential A DMMB assay (n=3) was performed with 

rBMSCs cultured in chondrogenic media to measure cell GAG production, as an indicator of the potential 



29 
 

for PEDOT-ACS to induce chondrocyte differentiation. PEDOT-ACS demonstrated significantly higher 

GAG production per DNA content (1.1 ± 0.2) compared to ACS (0.4 ± 0.2) (p=0.01). 
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