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Abstract

Skeletal muscle's combination of three‐dimensional (3D) anisotropy and electrical

excitability is critical for enabling normal movement. We previously developed a 3D

aligned collagen scaffold incorporating conductive polypyrrole (PPy) particles to reca-

pitulate these key muscle properties and showed that the scaffold facilitated

enhanced myotube maturation compared with nonconductive controls. To further

optimize this scaffold design, this work assessed the influence of conductive polymer

incorporation and scaffold pore architecture on myogenic cell behavior. Conductive

PPy and poly(3,4‐ethylenedioxythiophene) (PEDOT) particles were synthesized and

mixed into a suspension of type I collagen and chondroitin sulfate prior to directional

freeze‐drying to produce anisotropic scaffolds. Energy dispersive spectroscopy

revealed homogenous distribution of conductive PEDOT particles throughout the

scaffolds that resulted in a threefold increase in electrical conductivity while support-

ing similar myoblast metabolic activity compared to nonconductive scaffolds. Control

of freezing temperature enabled fabrication of PEDOT‐doped scaffolds with a range

of pore diameters from 98 to 238 μm. Myoblasts conformed to the anisotropic con-

tact guidance cues independent of pore size to display longitudinal cytoskeletal align-

ment. The increased specific surface area of the smaller pore scaffolds helped rescue

the initial decrease in myoblast metabolic activity observed in larger pore conductive

scaffolds while also promoting modestly increased expression levels of the myogenic

marker myosin heavy chain (MHC) and gene expression of myoblast determination

protein (MyoD). However, cell infiltration to the center of the scaffolds was margin-

ally reduced compared with larger pore variants. Together these data underscore the

potential of aligned and PEDOT‐doped collagen scaffolds for promoting myogenic

cell organization and differentiation.
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1 | INTRODUCTION

Skeletal muscle is characterized by its highly organized structure that

is essential for effective force propagation and locomotion. Aligned

myofibers, the basic cellular component of skeletal muscle, are

grouped into large muscle fiber bundles called fascicles and ultimately

into a complete muscle unit.1,2 An intricate collagenous extracellular

matrix (ECM) mirrors the hierarchical structure of skeletal muscle

where individual muscle fibers are surrounded by the endomysium,

muscle fascicles (perimysium), and the muscle body (epimysium).3

Coordinated and efficient muscle contraction is facilitated by innerva-

tion of each myofiber by a single motor nerve from the peripheral ner-

vous system.1,4 Upon receiving an electrical stimulus from the

nervous system, the inherent electrical properties of skeletal muscle

allow for propagation of an action potential throughout the tissue,

resulting in rapid, homogenous contraction of the muscle unit.5,6 The

combination of the electrically responsive nature of muscle and its

highly organized structure is critical for effective tissue function.

However, during skeletal muscle injury or trauma both tissue

architecture and electrical conductivity can be disrupted, resulting in

compromised muscle function. Following most injuries skeletal muscle

is able to recover by employing a carefully coordinated inflammatory

response.7 By contrast, in the event of traumatic injuries like volumet-

ric muscle loss a significant portion of tissue is compromised, trigger-

ing an aberrant wound healing response characterized by chronic

inflammation, fibrosis, and ultimately a loss of muscle mass and func-

tion.8,9 Injuries of this nature usually occur as a result of high energy

trauma in military populations but can also result from myopathies

and surgical loss.10 Unfortunately, current approaches to treat trau-

matic muscle injuries are limited and often result in minimal levels of

functional recovery.11 Engineered biomaterials have emerged as an

attractive platform to address this clinical need and support improved

regenerative outcomes. These material systems can be designed to

provide biophysical signals including topographical features, growth

factors, and mechanical cues to direct cell fate.12–16 Biomaterial

porosity has also emerged as a critical regulator of regenerative effi-

cacy with various microporous designs displaying immunomodulatory

activity that leads to beneficial wound healing outcomes.17–19 Despite

these advances, many biomaterials fail to recreate key biophysical fea-

tures of skeletal muscle including the anisotropic organization and

electrical excitability that are essential to proper function.

To address current limitations in the field, our group recently

developed three-dimensional (3D) electrically conductive and aligned

collagen scaffolds for skeletal muscle tissue engineering.20 The scaf-

folds are manufactured by directional freeze-drying of a collagen-

glycosaminoglycan (CG) suspension resulting in aligned collagen struts

reminiscent of healthy skeletal muscle ECM. Unlike conventional

hydrogel biomaterials, freeze-dried CG scaffolds contain intercon-

nected networks of macropores (typically ~50–400 μm diameter)

enabling robust cell infiltration and acellular clinical application for

dermal17 and peripheral nerve21 repair. By incorporating electrically

conductive polypyrrole (PPy) particles into the CG scaffold we found

that mouse myoblast (C2C12) cells exhibited cytoskeletal alignment

and improved myogenic differentiation compared with cells in non-

conductive scaffolds. While this work highlighted the potential of con-

ductive scaffolds for skeletal muscle tissue engineering, the influence

of scaffold architecture, specifically pore size, on myogenic cell fate

remains unclear. Previous work demonstrated the importance of CG

scaffold pore size on dictating material surface area and permeability,

which in turn affects cell adhesion, proliferation, and phenotype.22–25

Here, we explore how collagen scaffold biophysical properties, includ-

ing pore size and electrical conductivity, impact skeletal muscle cell

metabolic activity, organization, and maturation.

2 | MATERIALS AND METHODS

2.1 | Polypyrrole and poly
(3,4-ethylenedioxythiophene) synthesis

PPy nanoparticles were synthesized as previously described.20 Briefly,

2 g pyrrole monomer was reacted with 72 mmol FeCl3 using vigorous

mixing for 24 h under ambient conditions. The resulting black precipi-

tate was washed repeatedly with water and vacuum filtered until the

washings were clear. The PPy powder was then dried overnight and

passed through a 325-mesh (45 μm) screen. Fourier-transform infra-

red (FTIR) spectroscopy was used to assess the chemical structure of

the PPy particles (Figure S1).

Poly(3,4-ethylenedioxythiophene) (PEDOT) nanoparticles doped

with hyaluronic acid (HA) were synthesized using a previously estab-

lished protocol.26 First, 0.01 mol EDOT was added to 50 ml of deio-

nized (DI) water in a round bottom flask and mixed thoroughly. In a

separate flask sodium HA (0.05 g, Lifecore, MW ~ 82 kDa) and ammo-

nium persulfate (APS, 0.015 mol) were dissolved in 50 ml of DI water.

Oxidative chemical polymerization was initiated by adding the

HA/APS solution to EDOT under vigorous mixing for 24 h under

ambient conditions. Upon completion of the reaction, the resulting

black solution was collected and added to an equal volume of acetone

and centrifuged at 5000 rpm for 5 min. Unreacted side products were

removed by repeated centrifugation with ethanol and DI water. The

precipitate was collected and dried in a 60�C oven before being

passed through a 325-mesh (45 μm) screen. FTIR spectroscopy was

used to assess the chemical structure of the PEDOT particles

(Figure S1).

2.2 | Scaffold fabrication

CG scaffolds were fabricated by homogenizing a suspension of 1 wt

% microfibrillar type I collagen from bovine Achilles tendon and

0.133 wt % chondroitin sulfate derived from shark cartilage in 0.05 M

acetic acid. The suspension was prepared in a recirculating chiller and

stored at 4�C to prevent collagen denaturation. Conductive PPy and

PEDOT-doped scaffolds were created by mixing 0.5 wt % PPy and

1 wt % PEDOT nanoparticles, respectively, into the CG suspension via

vortexing. All scaffolds were fabricated via directional lyophilization in
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which the suspension was loaded into a thermally mismatched mold

and freeze-dried using a VirTis Genesis pilot scale freeze-dryer.20,23

Control of the freezing temperature during lyophilization allowed for

user-defined modulation of the resulting scaffold pore size. Scaffolds

with variable pore size were fabricated at freezing temperatures of

�10, �20, and �55�C (Figure S2). Following lyophilization, all scaf-

folds were dehydrothermally crosslinked at 105�C for 24 h.

2.3 | Scanning electron microscopy analysis

Scanning electron microscopy (SEM) coupled with energy dispersive

spectroscopy (EDS) was used to quantify PPy and PEDOT particle

diameter and distribution within the conductive scaffolds. PPy and

PEDOT particle size was quantified from three distinct fields of

view for a total of 150 particles using ImageJ's measure function.

The presence of chlorine was used to track the PPy content due to

the use of FeCl3 as a chemical dopant during synthesis as well as

its relative scarcity in collagen. Similarly, sulfur elemental mapping

was used to detect PEDOT particle distribution because it is a

major component of PEDOT's molecular structure and is not abun-

dantly found in collagen. Pore anisotropy was also characterized

using SEM of the transverse (orthogonal to freezing direction) and

longitudinal (parallel to freezing direction) scaffold planes under low

vacuum settings. No coating was applied to scaffolds prior to SEM

analysis.

2.4 | Scaffold hydration and crosslinking

Following freeze-drying scaffold cylinders (~15 mm length, 8 mm

diameter) were hydrated in 70% ethanol for 30 min before transfer to

PBS. The scaffolds were then chemically crosslinked using 1-ethyl-3-(-

3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-

hydroxysulfosuccinimide (NHS) at a molar ratio of 5:2:1 EDC:NHS:

COOH where COOH is the carboxylic acid content of the collagen.

CG scaffolds were incubated in sterile-filtered EDC/NHS solution for

50 min under moderate shaking before washing twice with PBS. The

scaffolds were then transferred to 70% ethanol to sterilize overnight

before washing repeatedly with sterile PBS. All scaffolds were stored

at 4�C in sterile PBS until use.

2.5 | Scaffold mechanical characterization

Scaffold compressive mechanical properties were assessed using an

TA Instruments Discovery Hybrid Rheometer 3 and a parallel plate

geometry (8 mm diameter) following hydration and crosslinking. Scaf-

folds were tested in longitudinal compression at a strain rate of

0.03 μm/s for a total displacement of 1 mm. Compression tests were

chosen for mechanical characterization because collagen scaffolds

typically fail in compression.27 Scaffold elastic modulus was calculated

by determining the slope of the linear portion of the stress versus

strain curve using a linear regression. All experimental groups were

tested in triplicate.

2.6 | Conductivity measurements

To decouple the electrical conductivity imparted by ions in PBS, all

scaffolds used to measure conductivity were hydrated in DI water.

Collagen scaffolds were loaded into a platinum electrode parallel plate

cell and the heights of the probes were adjusted to establish uniform

contact. The length (L) of the scaffold was measured as the distance

between the probes using digital calipers. Linear sweep voltammetry

(LSV) was applied to the parallel plate cell using EC-Lab® software

from Biologic Science Instruments. The resistance (R) of the scaffold

was calculated using the slope of the linear regression fit to the linear

portion of the LSV data (0.5–0.9 V) using Ohm's law. Conductivity (δ)

was calculated by Pouillet's law:

δ¼ L
RA

,

where L is length, A is the surface area of scaffolds, and A¼ πD2=4

where D is the sample diameter.28 Three scaffolds per experimental

group were tested.

2.7 | Cell culture

Immortalized mouse myoblasts (C2C12s) were purchased from ATCC

and used at passage 5. C2C12s were cultured in standard tissue cul-

ture flasks in growth media: high glucose Dulbecco's Modified Eagle's

medium (DMEM), 10 v/v% fetal bovine serum (Gibco), and 1 v/v%

penicillin streptomycin (Invitrogen). For differentiation experiments,

C2C12s were cultured in media composed of high glucose DMEM

supplemented with 2 v/v% horse serum (Gibco) and 1 v/v% penicillin

streptomycin. All cultures were performed at 37�C and 5% CO2.

2.8 | Scaffold culture conditions

C2C12 myoblasts were seeded and cultured within nonconductive as

well as conductive CG scaffolds doped with 0.5 wt % PPy or 1 wt %

PEDOT. Sterilized scaffold discs (8 mm diameter, ~4 mm thickness)

were washed repeatedly with PBS before incubation in growth media

for 30 min. Scaffolds were then blotted on a Kimwipe and 10 μl of cell

suspension (6.25 � 104 cells) was added to each scaffold and incu-

bated at 37�C for 20 min. Scaffolds were then turned over and

seeded with an additional 10 μl of cell suspension for a total of

1.25 � 105 cells per scaffold. Cell-seeded scaffolds were maintained

at 37�C and 5% CO2 in growth or differentiation media that was

changed every 3 days for the duration of the experiment. To assess

cell differentiation, myoblasts were first cultured in growth media for

3 days before transferring to differentiation media.
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2.9 | Quantification of cell metabolic activity

Myoblast cell health within CG scaffolds was assessed using an ala-

marBlue mitochondrial metabolic activity assay. Cell-seeded scaffolds

were incubated in alamarBlue solution for 1.25 h at 37�C with gentle

shaking. Following metabolic breakdown of the alamarBlue, the fluo-

rescent byproduct (resorufin) was measured using a Synergy 4 BioTek

fluorescence spectrophotometer. The relative cell metabolic activity

was calculated by interpolating fluorescence readings using a standard

curve derived from known cell numbers. Three scaffolds were tested

per experimental group.

2.10 | Scaffold pore size and specific surface area
analysis

Scaffold pore size (diameter) was analyzed using confocal microscopy

for four different freeze-drying conditions: nonconductive CG scaf-

folds frozen at �10�C and conductive CG scaffolds incorporating

1 wt % PEDOT frozen at �10, �20, or � 55�C. Scaffolds were stained

with a 2 μM solution of AlexaFluor 647 NHS ester in PBS for 20 min

under moderate shaking to visualize the pore microstructure. 10 μm

thick z-stacks of the transverse and longitudinal cross-sections were

imaged using a Leica SP5 confocal microscope. A custom MATLAB

program was used to compute the best-fit ellipse representation of

the pore shape from the confocal images.29,30 The pore diameter (d)

was calculated based on the values of the major (a) and minor (b) axes

of the best-fit ellipse using the following equation30:

d¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2þb2

2

s
:

Scaffold pore diameter for transverse and longitudinal planes was

analyzed for three scaffolds per experimental group.

CG scaffold specific surface area can be calculated by approxi-

mating the scaffold pore microstructure as a tetrakaidekahedral unit

cell that packs to fill space and minimizes surface energy.22 Using cel-

lular solids theory of open-cell foams, the specific surface area of CG

scaffolds can be approximated using the following equation:

SA
V

¼0:718
d

,

where (SA/V) denotes the specific surface area (surface area/

volume).24

2.11 | Immunocytochemistry

The collagen backbone was stained with a 2 μM solution of Alexa-

Fluor 647 NHS ester in PBS for 20 min under moderate shaking prior

to cell culture. After the culture period, all scaffolds were fixed in 10%

formalin and permeabilized with 0.1% Triton X-100 in PBS for 30 min.

Scaffolds were then washed thrice with PBS before additional

staining.

The extent of myoblast infiltration into 3D scaffolds was assessed

by acquiring tile scan images (5 � 1) of the fluorescently labeled colla-

gen backbone and DAPI-labeled nuclei. Scaffolds were cut in half

along the longitudinal plane to image myoblasts in the center of the

scaffold discs. The tile scan images were then divided into five zones

based on the thickness of the scaffold with zones 1 and 5 defined as

the top and bottom of the scaffold discs where cells were originally

seeded, zone 3 as the middle of the scaffold disc, and zones 2 and

4 as intermediate between the scaffold periphery and middle. The cell

nuclei in each zone were counted using ImageJ's analyze particle tool.

The quantified cell number per zone was normalized to the total num-

ber of cells within each scaffold and the thickness of each zone.

To visualize the cell cytoskeleton, scaffolds were incubated with

fluorescein phalloidin (1:200 dilution) in PBS for 30 min. For primary

antibody staining scaffolds were blocked in a 3 wt % BSA in PBS solu-

tion for at least 1 h to block nonspecific binding. Scaffolds were then

incubated overnight with a myosin heavy chain (MHC) antibody

(MF20, mouse monoclonal, eBioscience, 1:200) in 3 wt % BSA solu-

tion. Next, samples were washed three times with PBS for 5 min and

incubated with AlexaFluor 488-conjugated goat antimouse (1:200)

secondary antibody for at least 2 h. Following incubation, scaffolds

were washed twice more with PBS and finally the cell nuclei were

stained with DAPI (1:1000 dilution) in PBS for 5 min. Samples were

stored in PBS at 4�C and protected from light until imaging. Myoblast

differentiation was examined by measuring MHC expression via con-

focal microscopy across three scaffolds per experimental group (nine

fields of view).

2.12 | Assessment of scaffold strut and cell
alignment

Scaffold anisotropy and cell cytoskeletal alignment were quantified

using the “Distribution” function within the OrientationJ plugin for

ImageJ. Collagen strut alignment was determined for both the trans-

verse and longitudinal planes using backscattered SEM images. Cyto-

skeletal alignment was measured using confocal microscopy following

7 days of culture in growth medium. In both cases feature alignment

was characterized for three independent scaffolds per experimental

group. Feature anisotropy is reported in terms of orientation angle

(�90�- +90�) for samples taken from the transverse and longitudinal

planes.23 0� corresponds to the angle of heat transfer during direc-

tional lyophilization in longitudinal sections. For F-actin organization

results were normalized to the total amount of F-actin positive pixels

in the field of view to account for differences in cell density.

2.13 | RT-qPCR analysis

mRNA was extracted from scaffolds after 9 days of culture in differen-

tiation media using an RNeasy Plant Mini kit following the
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manufacturer's instructions. RNA was then reverse transcribed to

cDNA using the QuantiTect Reverse Transcription kit at 1 μg per reac-

tion. Quantitative real-time PCR reactions were performed in triplicate

using a Step One Plus Real-Time PCR system (Applied Biosystems) and

QuantiTect SYBR Green PCR master mix. All primer sequences were

derived from an online primer bank and synthesized by Integrated

DNA Technologies. Expression of the following markers was quanti-

fied: mouse myosin heavy chain 2 (Myh2), AAGTGACTGTGAAAACA-

GAAGCA and GCAGCCATTTGTAAGGGTTGAC; mouse myogenic

differentiation factor 1 (Myod1), ATCCGCTACATCGAAGGTCTG and

CTCGACACAGCCGCACTCTTC; and mouse glyceraldehyde 3-phos-

phate dehydrogenase (Gapdh), AGGTCGGTGTGAACGGATTTG and

TGTAGACCATGTAGTTGAGGTCA. Fold changes in gene expression

(normalized to the CG group at day 2) were calculated using the delta–

delta Ct method with Gapdh as the housekeeping gene.

2.14 | Statistical analysis

All data are presented as means and their standard deviations unless

otherwise indicated. Myoblast metabolic activity and percentage of

cells per zone were statistically analyzed using a paired two-way anal-

ysis of variance (ANOVA). A one-way ANOVA was used for all other

statistical tests. Upon finding any statistically significant differences

via ANOVA, post hoc multiple comparison tests of parameters of

interest were performed using Tukey's HSD. These statistical analyses

were conducted using GraphPad Prism 9.0. P-values < .05 were con-

sidered statistically significant.

3 | RESULTS AND DISCUSSION

3.1 | PPy and PEDOT particles were successfully
synthesized

While our previous work focused on the incorporation of PPy parti-

cles to create electrically conductive CG scaffolds,20 we have since

observed decreased cell metabolic activity when culturing lower pas-

sage C2C12 mouse myoblasts or human muscle progenitor cells in

PPy-doped CG scaffolds compared with nonconductive CG scaffolds.

Therefore, we were initially motivated to explore incorporation of

alternative conductive polymers that could maintain scaffold electrical

conductivity while improving sustained myogenic cell metabolic activ-

ity. Numerous electrically responsive polymers have been developed

for tissue engineering applications but PPy, polyaniline, and polythio-

phene polymers such as PEDOT are the most utilized conductive

polymers in the biomedical field.31,32 Furthermore, they are among

the few conductive polymers that have been utilized for 3D tissue

engineering applications.31 In particular, PEDOT shows superior elec-

trical conductivity and thermal stability compared with PPy while also

lowering its oxidation and reduction potential that could be damaging

to cells.33,34 PEDOT in combination with other materials also supports

cell adhesion, proliferation, and differentiation across numerous elec-

trically responsive cell types.35–37

Another key parameter toward the application of conductive poly-

mers is the type of chemical dopant, or charge carrier, used to enable

effective propagation of electrical signal. The choice of dopant can

have a profound effect on the conductive polymer properties including

electrical conductivity as well as structural properties such as porosity,

density, roughness, and wettability.38,39 We hypothesized that the

lower levels of cell metabolic activity observed in our PPy-doped scaf-

folds could be attributed to leaching of the iron (III) chloride (FeCl3)

dopant. We therefore chose to use HA as our PEDOT chemical dopant

in an effort to improve chemical stability while maintaining high levels

of conductivity. An additional advantage of HA is the presence of car-

boxyl groups that could be chemically crosslinked to the amines in the

CG scaffold, thus limiting leaching and improving material stability.

PPy and PEDOT conductive polymers were both synthesized by

chemical polymerization. PPy particles were prepared by an oxidation

reaction between FeCl3 and pyrrole40 while PEDOT particles were

synthesized by oxidizing EDOT in the presence of HA and APS.

Chemical synthesis of both conductive polymers was evaluated using

FTIR spectroscopy (Figure S1) and compared with previously pub-

lished spectra.26,40,41 For PPy particles, peaks at 1350 and 1220 cm�1

were indicative of C–H wagging and C–N in-plane stretching while

the peak intensity at 1580 cm�1 was associated with C=C stretching

that occurs along the π-conjugated polymer backbone.40,41 For

PEDOT the peaks at 1530–1470 cm�1 were characteristic of asym-

metric stretching of Cα=Cβ, while the peaks at 990, 860, and

700 cm�1 were attributed to C–S bonds in the thiophene ring.26 SEM

images revealed homogeneous PPy and PEDOT particles with an

average diameter of 0.52 ± 0.08 and 2.73 ± 0.44 μm, respectively.

This dissimilarity in particle size is likely due to the larger the molecu-

lar structure of EDOT and its chemical dopant, HA, as compared with

the iron chloride-doped pyrrole particles.

3.2 | PPy and PEDOT particles were uniformly
distributed throughout CG scaffolds

Nonconductive CG scaffolds were fabricated by first homogenizing

microfibrillar type I collagen and chondroitin sulfate in a recirculating

chiller. The resulting suspension was directionally freeze-dried using a

custom designed, thermally mismatched mold composed of an insulat-

ing Teflon block atop a thermally conductive copper plate.20,23 The

discontinuity in thermal properties within the mold directs heat trans-

fer during the freezing process through the conductive copper, result-

ing in elongation of the ice crystals in the longitudinal scaffold plane

and anisotropy of the collagen struts following sublimation.23 Electri-

cally conductive CG scaffolds were produced through homogeneous

incorporation of either 0.5 wt % PPy or 1 wt % PEDOT particles into

the CG suspension prior to directional freeze-drying.

The distribution of conductive particles within lyophilized scaf-

folds was evaluated using SEM and EDS elemental mapping. Since
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PPy particles were synthesized using FeCl3 as a chemical dopant, the

presence of chlorine (Cl) was used to quantify PPy distribution. Simi-

larly, due to the fact that sulfur (S) is a major component of PEDOT's

molecular structure and not abundantly found in collagen, it was used

to indicate PEDOT localization with the scaffolds. The EDS spectra

showed that there was significantly more Cl and S in PPy and

PEDOT-doped CG scaffolds, respectively, compared with nonconduc-

tive CG controls (Figure 1). In addition, EDS mapping showed that

both PPy and PEDOT were uniformly distributed throughout respec-

tive CG scaffolds as indicated by the green and pink pixels denoting

Cl and S, respectively.

3.3 | PEDOT-doped CG scaffolds had similar
conductivity to PPy-doped scaffolds but supported
increased myoblast metabolic activity

Following SEM/EDS characterization to confirm homogeneous con-

ductive particle distribution within CG scaffolds, we next evaluated if

the addition of conductive particles improved scaffold electrical prop-

erties. Scaffold conductivity was quantified using LSV in a parallel

plate cell. LSV has previously been used to evaluate electrical proper-

ties in biological sensors and 3D biomaterials by quantifying the cur-

rent at a reference electrode as voltage is swept linearly with

time.35,42 In addition, LSV allows for rapid and reproducible character-

ization of scaffold electrical properties regardless of material geome-

try. By applying a linear regression to the linear portion of the

voltage–current curve we were able to calculate scaffold resistance

and ultimately conductivity (Figure 2A,B). The addition of 0.5 wt %

PPy or 1 wt % PEDOT particles resulted in a threefold increase in

scaffold conductivity (2.86 ± 0.93 mS/m, 3.03 ± 0.55 mS/m, respec-

tively) compared with nonconductive CG controls (0.92 ± 0.09 mS/m).

These results indicated that conductive polymers were stably incorpo-

rated following scaffold hydration and allowed for improved propaga-

tion of electrical signals.

While the material conductivity values reported here are modest

they fall within the range of previously characterized electrically

responsive biomaterials.32,37,43–45 It is also important to note that we

quantified the overall conductivity of the highly porous scaffold

(~98%–99% porous), which likely underestimates the electrical prop-

erties sensed by cells in direct contact with the solid scaffold material

since the scaffold pores are filled with low conductivity fluid. Cellular

F IGURE 1 EDS mapping revealed uniform conductive polymer distribution throughout CG scaffolds. (A) EDS spectra of the 0.5 wt % PPy and

1 wt % PEDOT-doped CG scaffolds show elemental distributions across experimental groups, including distinct Cl and S peaks with the addition
of PPy and PEDOT, respectively. (B–D) EDS maps of Cl (green) and S (pink) content overlaid on SEM images of longitudinal scaffold planes show
homogenous distribution of conductive particles as indicated by the green and pink pixels, respectively, relative to nonconductive CG scaffolds.
Scale bar: 300 μm. n = 3 scaffolds per experimental group
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solids theory46 models the electrical conductivity of open cell foams

(δ�) like CG scaffolds as a function of the relative density, or the vol-

ume fraction of solid in the material (ρ
�
ρs

~1%–2% for our scaffolds

based on CG and conductive polymer content), the electrical conduc-

tivity of the solid scaffold (δs), and the electrical conductivity of the

fluid filling the scaffold pores (δf , with DI water having conductivity of

~10�5 S/m47):

δ� ¼1
3

ρ�

ρs
þ2

ρ�

ρs

� �3=2
" #

δsþ 1�ρ�

ρs

� �
δf :

From the above equation we would predict that the solid CG-

conductive polymer scaffold content has an electrical conductivity

closer to ~650 mS/m, or over 200 times greater than the measure-

ments made for the highly porous scaffold composites.

After evaluating scaffold conductivity, mouse myoblast (C2C12)

cells were cultured within conductive and nonconductive CG scaffolds

over the course of 7 days to evaluate if conductive polymer incorpo-

ration impacted cell metabolic activity (Figure 2C). Myoblasts initially

showed reduced metabolic activity within conductive scaffolds after

the first day of culture compared with nonconductive controls. This is

similar to previously observed results with cell culture in conductive

CG scaffolds.20 We hypothesize the reduced metabolic activity is due

to decreased initial cell adhesion resulting from conductive particles

blocking cell binding sites present on the collagen backbone. By con-

trast, following 4 days of culture PEDOT-doped scaffolds supported a

marked increase in myoblast metabolic activity that was statistically

similar to myoblasts on CG controls. After 7 days of culture PEDOT-

doped CG scaffolds continued to facilitate increasing myoblast meta-

bolic activity that was significantly greater than PPy-doped scaffolds.

3.4 | Control of freeze-drying conditions allowed
user-defined modulation of scaffold pore size

After exploring how conductive polymer incorporation influenced

myoblast metabolic activity, we next aimed to determine how scaf-

fold architecture (pore size) impacted myogenic cell behavior. Previ-

ous work clearly illustrated how CG scaffold pore size influences cell

adhesion,23,24,48 differentiation,48 and response to growth factor

stimulation23 through trade-offs in important scaffold properties. For

example, decreasing scaffold pore size increases specific surface

F IGURE 2 PEDOT-doped CG
scaffolds had similar conductivity to PPy-
doped scaffolds but supported increased
myoblast metabolic activity.
(A) Representative linear sweep
voltammetry (LSV) curves of
nonconductive CG scaffolds, PPy, and
PEDOT-doped scaffolds. (B) The
conductivity of CG scaffolds was

significantly increased with the addition
of both conductive polymers. (C) PEDOT-
doped scaffolds supported sustained and
increasing myoblast metabolic activity
when compared with PPy-doped scaffolds
after 7 days of culture. **p < .01,
***p < .001. n = 3 scaffolds per
experimental group
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area, enabling increased cell adhesion24 and cell–cell contacts,23 but

simultaneously decreases scaffold permeability.25 While it is

unknown how scaffold pore size influences myogenic cell behavior,

optimizing pore architecture is especially critical for skeletal muscle

tissue engineering since an idealized scaffold must support robust

cell infiltration and multicellular assembly into multinucleated myo-

tubes and myofibers.

Given the capability of PEDOT-doped CG scaffolds to reach

equivalent electrical conductivity levels to PPy-doped scaffolds while

supporting significantly higher myoblast metabolic activities we

focused our remaining experiments with conductive scaffolds on

PEDOT-doped materials only. Conductive PEDOT scaffolds with

variable pore sizes were fabricated by controlling freeze-drying

parameters during directional lyophilization. Specifically, altering

freezing temperature enabled user-defined modulation of scaffold

pore size. At higher freezing temperatures, ice crystals aggregate in

a process known as coarsening to maintain a more thermodynami-

cally favorable state.22,24 In contrast at lower temperature freezing

conditions, nucleation of ice occurs rapidly and remains stable pro-

vided the temperature is constant, resulting in the formation of

small, discrete ice crystals (Figure S2). Subsequent sublimation

during lyophilization results in a scaffold pore geometry defined by

ice crystal size with lower freezing temperatures producing smaller

pores.

Nonconductive CG scaffold controls were prepared at a freezing

temperature of �10�C while PEDOT-doped constructs were fabri-

cated at freezing temperatures of �10, �20, and �55�C. Scaffolds

prepared at �10�C produced the largest average pore diameter as

expected, which was not altered by the presence of PEDOT

(Figure 3, Table 1). Scaffolds fabricated at �20 and �55�C displayed

significantly reduced pore size as freezing temperature decreased.

No significant variation in scaffold pore diameter was observed

between the longitudinal and transverse scaffold planes. The resul-

tant pore sizes observed were similar to previously published work

for nonconductive CG scaffolds fabricated at similar freezing tem-

peratures.24 Characterization of scaffold mechanical properties

showed that neither changes in pore size nor conductivity altered

scaffold elastic modulus (Figure S3). While �55�C was the lowest

freezing temperature possible with our freeze-drying approach,

future work could consider alternative methods to freeze scaffolds

at lower temperatures (e.g., in a liquid nitrogen bath) to promote

smaller pore size formation.

F IGURE 3 Control of freeze-drying conditions allowed for user-defined modulation of scaffold pore architecture. Pore microstructure was
evaluated via confocal microscopy of the fluorescently labeled scaffold transverse (A–D) and longitudinal (E–H) planes as a function freezing
temperature. Decreasing freezing temperature resulted in scaffolds with smaller pore diameters. Insets: best-fit ellipse representations of pore
shape generated from MATLAB analysis. (I) Box plot of transverse and longitudinal scaffold pore diameters as a function of freezing temperature.
Data presented for each group include the mean (bar) while whiskers represent the minimum and maximum. Boxes represent the second and
third quartiles. Scale bar: 100 μm. **p < .01, ***p < .001. n = 3 scaffolds per experimental group

TABLE 1 Summary of scaffold material properties as a function of freezing temperature and PEDOT incorporation

CG (�10�C) PEDOT (�10�C) PEDOT (�20�C) PEDOT (�55�C)

Conductivity (mS/m) 0.92 ± 0.09a 3.03 ± 0.55b 3.23 ± 0.52b 2.73 ± 0.31b

Transverse pore size (μm) 226.0 ± 16.7a,b 237.5 ± 41.0a 165.3 ± 33.7b,c 97.9 ± 7.9c

Longitudinal pore size (μm) 253.4 ± 82.4a 256.6 ± 47.4a 198.3 ± 39.4a 127.7 ± 16.8b

Specific surface area (μm) 0.0032 ± 0.0002a 0.0031 ± 0.0006a 0.0045 ± 0.0008b 0.0074 ± 0.0006c

Note: Values are presented as mean ± standard deviation. Statistical differences were analyzed using Tukey's post hoc tests after performing a one-way or

two-way ANOVA. Values with the same letter were not significantly different (p > .05), while values with dissimilar letters were significantly

different (p < .05).
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3.5 | Scaffolds showed anisotropically aligned
collagen struts regardless of freeze-drying conditions

Given the importance of anisotropic organization on skeletal muscle

function, we next assessed if altering freezing temperature and pore

size affected the longitudinal alignment of scaffold pores. Scaffold

anisotropy was analyzed using SEM images of both the transverse

and longitudinal planes. Control of local heat transfer during freeze-

drying using a custom designed thermally mismatched mold allowed

for alignment of ice crystals prior to lyophilization. Orientation analy-

sis of the scaffolds showed that collagen struts had increased align-

ment in the longitudinal plane corresponding to the direction of heat

transfer compared with the transverse plane (Figures 4 and S4). Ori-

entation analysis also revealed that the addition of PEDOT particles

did not alter collagen strut alignment compared with nonconductive

CG scaffolds. Furthermore, scaffold anisotropy proved to be indepen-

dent of scaffold freezing temperature as indicated by an increased fre-

quency of pore alignment in the direction of heat transfer for all

scaffold variants.

3.6 | PEDOT-doped CG scaffolds supported
sustained myoblast metabolic activity independent of
pore size

Previous work has highlighted the influence biomaterial pore size can

have on cell adhesion, proliferation, and differentiation.23,49,50 To

determine if differences in scaffold pore microstructure affected myo-

blast cell adhesion and metabolic activity, C2C12s were cultured

within PEDOT scaffolds fabricated at freezing temperatures of �10,

�20, or �55�C. Interestingly, PEDOT scaffolds prepared at �55�C

supported statistically similar levels of cell metabolic activity com-

pared with nonconductive CG scaffolds (Figure 5) following 1 day of

culture. In comparison, �10 and �20�C PEDOT scaffolds supported

marked reductions in metabolic activity after 1 day in culture, similar

to data shown earlier (Figure 2). This disparity in metabolic activity is

likely due to increased initial cell adhesion in scaffolds fabricated at

lower freezing temperatures with higher specific surface areas. This is

supported by prior work finding that MC3T3-E1 mouse osteogenic

cells cultured within CG scaffolds of decreasing pore size (lower freez-

ing temperature, higher specific surface area) also had increased cell

attachment.24 The increased cell adhesion was positively correlated

with specific surface area due to the increased availability of cell

adhesive ligands.24 In addition, they found that specific surface area

was inversely proportional to pore size, meaning that scaffolds with

smaller pores contained greater amounts of available cell adhesive

sites. Therefore, the �55�C PEDOT scaffolds possessed a significantly

F IGURE 4 Scaffolds showed anisotropically aligned collagen struts independent of PEDOT content and freezing conditions. SEM images
(A–D) show a random pore structure along the transverse plane and (E–H) aligned collagen struts in the longitudinal plane that was
independent of freeze-drying temperature or addition of conductive particles. (I) Histogram of scaffold strut orientation angles in the transverse
(dashed lines) and longitudinal (solid lines) planes. Scale bar: 300 μm. n = 3 scaffolds per experimental group

F IGURE 5 PEDOT-doped CG scaffolds supported sustained
myoblast metabolic activity independent of pore size. Quantification
of metabolic activity after 1 day of culture showed that scaffolds with

a larger specific surface area (�55�C) allowed for statistically similar
levels of cell adhesion following addition of PEDOT compared with
nonconductive CG controls. After 7 days of culture PEDOT-doped
scaffolds supported sustained myoblast metabolic activity regardless
of pore size that was statically similar to nonconductive CG scaffolds.
n.s., no significant differences, **p < .01. n = 3 scaffolds per
experimental group
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greater specific surface area than scaffolds manufactured at other

freezing conditions (Table 1). The resulting increase specific surface

area and thus ligands for cell binding likely helped rescue cell adhesion

in PEDOT-doped CG scaffolds to similar levels observed in noncon-

ductive scaffolds prepared at �10�C following initial cell seeding.

Continued culture of myoblasts over the course of 1 week showed

that all scaffold groups supported sustained and increasing metabolic

activity regardless of pore size or the presence of conductive particles.

It is important to note that cell metabolic activity does not necessarily

correlate with cell number and is instead an indicator of overall cell

health and respiration. Future work could quantify DNA content over

time to gain a more complete understanding of cell viability and prolif-

eration in these scaffolds. Overall these results indicate that, while

specific surface area is an important factor driving initial cell adhesion,

it is not necessarily a critical regulator of sustained cell metabolic

activity.

3.7 | Scaffold pore size marginally influences
myoblast infiltration

While the data on myoblast metabolic activity provided strong evi-

dence that PEDOT-doped CG scaffolds supported sustained overall

myoblast health, we next wanted to obtain a clearer picture of the cell

distribution within scaffolds of variable pore size. By dividing images of

the longitudinal scaffold plane into distinct zones we were able to char-

acterize cell infiltration as a function of distance within the scaffold

thickness. Confocal microscopy showed that after 7 days of culture

higher cell fractions adhered to the scaffold periphery (zones 1, 5) com-

pared with the middle zones regardless of pore size or conductivity

(Figure 6). This was unsurprising given that myoblasts were statically

seeded on both sides of scaffold discs (8 mm diameter, ~4 mm thick-

ness) as previously described for CG scaffolds.20,23 However, scaffolds

with smaller pore size consistently showed reduced cell fractions in the

middle zones with the PEDOT �55�C scaffolds displaying significantly

lower cell fractions in zones 3 and 4 compared with larger pore scaf-

folds. The more uneven 3D cell distribution in smaller pore scaffolds

could be due to steric hindrances impeding myoblast migration toward

the scaffold center, although it is important to note that even the smal-

lest pore diameter examined (~100 μm) is larger than individual cells

and orders of magnitude larger than the nanoscale mesh sizes in con-

ventional hydrogels. The reduced cell infiltration in smaller pore scaf-

folds could also be attributed to decreased permeability and nutrient

transport to the middle of the scaffold. This theory is supported by pre-

vious work showing that CG scaffold permeability is inversely propor-

tional to pore size.25 In addition, quantification of the total number of

nuclei throughout the scaffold thickness revealed that there were no

statistically significant differences between experimental groups, indi-

cating similar levels of cell proliferation over the 7 day culture.

Together, these results indicate that while smaller pore sizes and

F IGURE 6 Larger pore size allowed marginally improved myoblast infiltration to the middle of the scaffolds. Confocal microscopy images after
7 days of culture showed marginally improved cell penetration to the scaffold center as pore size increased (A–D). Dashed white lines denote
scaffold zones where scaffold thickness in the longitudinal plane was divided into fifths (1: top, 3: middle, and 5: bottom) used for cell nuclei
quantification. (E) The percentage of cells per zone was highest at the scaffold periphery (zones 1, 5) and decreased toward the center (zones 2–4)
as expected based on the cell seeding method. However, scaffolds with larger pore size facilitated significantly increased myogenic cell infiltration as
indicated by the greater percentage of cells in middle scaffold zones. (F) Quantification of the total number of nuclei revealed that there were no
statistically significant differences between experimental groups. Scale bar: 300 μm. *p < .05. n = 3 scaffolds per experimental group
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increased specific surface area allow for improved initial cell adhesion,

steric hindrances and/or reductions in permeability and nutrient trans-

port could limit cell infiltration.

3.8 | Myoblasts conformed to contact guidance
cues provided by scaffold architecture regardless of
conductivity or pore size

After showing that PEDOT-doped scaffolds supported sustained myo-

blast metabolic activity with cells distributed throughout the 3D scaf-

fold volume, we next analyzed myoblast cytoskeletal organization

within all scaffold groups. F-actin cytoskeletal staining revealed that

myoblasts organized along the contact guidance cues provided by the

scaffold architecture (Figure 7). In addition, similar levels of cell orga-

nization and spreading were observed regardless of scaffold pore size

or conductivity, indicating that cell organization was governed by

scaffold microstructure and geometry. Orientation analysis of F-actin

staining showed an isotropic, random alignment of cells in the trans-

verse plane regardless of scaffold group. In addition, a modest level of

anisotropic cytoskeletal alignment was observed along the longitudi-

nal plane where collagen struts were aligned in the direction of heat

transfer. These results are similar to those observed in prior studies of

aligned CG scaffolds and are reminiscent of the high level of organiza-

tion seen in native skeletal muscle.20,23

3.9 | Scaffold pore architecture influenced
myogenic differentiation

After evaluating myoblast organization within scaffolds, we finally

aimed to characterize the combined influence of electrical conductivity

and pore architecture on myogenic differentiation. Previous work

highlighted the importance of CG scaffold architecture on tendon cell

phenotype with larger pores leading to enhanced metabolic activity,

proliferation, and migration.23 However, it remains unclear how scaf-

fold pore size impacts myogenic cell phenotype. Analysis of MHC

expression, a marker of myogenic differentiation involved in muscle

contraction, using confocal microscopy showed no statistical differ-

ences in the fraction of cells expressing MHC between experimental

groups (Figure 8). Similarly, no differences were observed myoblast

fusion index. Interestingly, PEDOT-doped scaffolds prepared at �55�C

promoted the greatest area percentage of MHC-positive staining that

was statistically greater than the PEDOT-doped �10�C group. RT-PCR

further supported these findings showing a significant increase in gene

expression of myoblast determination (MyoD), a transcription factor

that regulates early myogenesis, in �20 and �55�C scaffolds when

compared with scaffolds with larger pore size. These results may indi-

cate that the increased specific surface area present in smaller pore

scaffolds is important for enhanced cell adhesion, cell–cell signaling,

and subsequent myogenic differentiation. This is corroborated by previ-

ous work demonstrating that C2C12 myogenic differentiation is regu-

lated in a density-dependent manner,51 where myoblasts require

contact from sufficient neighboring cells to undergo fusion and matura-

tion.52 We therefore hypothesize that the smaller pore diameter and

increased specific surface area provide by �55�C PEDOT scaffolds

allowed for increased cell–cell contacts and myogenesis. Further sup-

porting this hypothesis is that scaffolds fabricated at �10�C (both non-

conductive CG and conductive PEDOT) displayed the lowest levels of

MHC staining and MyoD gene expression when compared with other

experimental groups. These results support the claim that cell–cell con-

tact is a primary driver of 3D myogenic cell differentiation. While it

appears that pore size alone has a modest influence on myogenic dif-

ferentiation, it is clear that additional improvements must be made to

F IGURE 7 Scaffolds guided myoblast cytoskeletal organization independent of conductivity and pore size. Confocal imaging showed that
cells organized along the collagen backbone (red) and conformed to the contact guidance cues presented. Myoblasts displayed relatively isotropic
organization in the transverse planes (A–D) regardless of pore size or addition of PEDOT. Similarly, myoblasts showed modest levels of alignment
in the longitudinal planes (E–H) that was independent of scaffold conductivity or pore architecture. (I) Histogram indicating F-actin cytoskeletal
alignment in the longitudinal (solid lines) versus transverse (dashed lines) planes. Scale bar: 100 μm. n = 3 scaffolds per experimental group
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create an impactful scaffold design for skeletal muscle tissue engineer-

ing. Future work will investigate the influence of mechanical and/or

electrical stimulation as well as the source of density of seeded myo-

genic cells on driving myogenesis.

4 | CONCLUSIONS

In this study, we aimed to explore the combined effects that CG scaf-

fold pore architecture and conductivity have on myogenic cell meta-

bolic activity, alignment, and differentiation. Incorporation of distinct

conductive polymers, PPy and PEDOT, into freeze-dried collagen

scaffolds resulted in significantly enhanced electrical properties when

compared with nonconductive CG scaffolds. In addition, the inclusion

of PEDOT particles facilitated superior metabolic activity compared

with PPy-doped scaffolds. To assess if scaffold architecture impacted

myogenic cell phenotype, control of freezing temperature during

lyophilization allowed modulation of scaffold pore size and specific

surface area. PEDOT-doped scaffolds with pore diameters ranging

from ~100 to 240 μm were successfully fabricated. Furthermore,

directional lyophilization produced a highly organized pore structure

that was not altered by the presence of conductive particles or chang-

ing of freezing temperature. Scaffolds with smaller pore size and

larger specific surface area allowed for improved initial cell adhesion,

F IGURE 8 Smaller pore conductive scaffolds supported modest increase in MHC staining. Confocal microscopy images showed similar levels
of MHC expression following 7 days of culture in differentiation media (A–D). (E) The fraction of MHC-positive cells was consistent across all
experimental groups while (F) the area percentage of MHC-positive staining was elevated in smaller pore scaffolds prepared at �55�C. Scale bar:
100 μm. (G) Fusion index, measured as the fraction of MHC+ cells incorporated into multinucleated myotubes, showed no statistical difference
across experimental groups. (H) qRT-PCR data showed significant upregulation of MyoD in smaller pore scaffold groups (�20, �55�C) compared
with larger pore scaffolds. (I) However, there were no statistically significant differences in MHC expression observed. Data are expressed as the
mean fold change normalized to expression in the CG group. *p < .05, **p < .01. n = 3 scaffolds per experimental group
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higher levels of MHC staining, and increased MyoD gene expression,

which is perhaps due to the increased cell–cell contacts facilitated by

the scaffold architecture. However, smaller pore sizes also led to mar-

ginal reductions in myoblast infiltration toward the center of the scaf-

folds. Together, these results highlight the utility of PEDOT over PPy

for promoting superior myoblast metabolic activity at similar electrical

conductivity levels, and that PEDOT-doped CG scaffold pore size can

influence initial cell metabolic activity, 3D distribution, and subse-

quent differentiation.
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