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Abstract

The development of electroconductive biomaterials is critical for engineering functional
tissues, particularly those composed of electrically excitable cells such as skeletal muscle,
cardiac, and neural tissues. Traditional hydrogels often lack electrical conductivity, limiting
their ability to support key physiological processes such as cell proliferation, alignment,
and differentiation. This thesis presents the design, fabrication, and biological evaluation
of novel electroconductive microcarriers based on gelatin methacryloyl (GelMA),
integrated with either choline-based bio-ionic liquids (BILs) or poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS), providing ionic and

electronic conductivity, respectively.

Microfluidic flow focusing was employed to fabricate monodisperse microcarriers with
controlled size and tunable composition. Material characterization demonstrated that
increasing the concentration of either BIL or PEDOT:PSS significantly enhanced the
electrical conductivity of the hydrogels. Specifically, conductivity measurements showed a
maximum of 0.663 S/m for GelMA hydrogels containing 5% BIL (GB-7-5), and 0.90 S/m
at 1 mA and 3.63 S/m at 10 mA for hydrogels containing 2% PEDOT:PSS (GP-7-2),

confirming improved conductive performance with higher additive content.

Biological assays using C2C12 murine myoblasts demonstrated that both conductive
microcarrier types promoted significantly better cell adhesion and proliferation compared
to non-conductive controls. Live/dead, trypan blue/PrestoBlue staining confirmed high
viability (>85%) across all formulations. Immunofluorescence imaging revealed elongated

nuclei in conductive groups, especially in high-conductivity formulations. Flow cytometry



further showed enhanced Myosin Heavy Chain (MyHC) expression, indicating improved

myogenic differentiation, with up to a 1.5-fold increase observed in conductive groups.

Overall, this thesis demonstrates that combining ionic and electronic conductive strategies
with GelMA-based microcarriers offers a flexible, biocompatible, and functional platform
for engineering electro-responsive tissues. To the best of our knowledge, this is the first
report of monodisperse electroconductive microcarriers fabricated from GelMA-based
conductive microgels- using both an ionic (GelMA-BIL) and an electronic
(GelMA-PEDOT:PSS) strategy- produced via microfluidic flow-focusing. Beyond materials
development, we systematically demonstrated that these microcarriers are biocompatible,
support robust C2C12 adhesion and viability, and, crucially, accelerate myogenic
maturation as evidenced by elongated nuclei and a ~1.5-fold rise in MyHC-positive cells.
Taken together, the study establishes a scalable, dual-mode platform that bridges
microcarrier bioprocessing with the electrical cues required for muscle-tissue engineering .
The results lay the groundwork for future integration with dynamic electrical stimulation
systems and suggest broad potential for applications in muscle regeneration, bioelectronic

medicine, and cell manufacturing platforms.

Keywords: Electroconductive biomaterials, Gelatin Methacryloyl (GelMA), PEDOT:PSS,
Bio-lonic liquid, tissue engineering, microcarriers, myogenic differentiation, regenerative

medicine.
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1 Chapter 1: Introduction

1.1 Introduction: Research Objectives and Overview

This thesis focuses on the development and characterization of novel electroconductive
microcarriers for muscle tissue engineering, designed to support the differentiation of
electrically responsive cells such as skeletal muscle tissue, cardiac muscle tissue and
neural tissue. A key goal is to address the limitations of conventional microcarrier systems,
particularly their lack of electrical conductivity, which is crucial for mimicking the native

environment of excitable tissues like skeletal muscle, cardiac tissue, and neural networks.

To introduce conductivity, two strategies were employed: ionic conductivity through
choline-based bio-ionic liquids (BILs) and electronic conductivity using the conductive
polymer PEDOT:PSS. These materials were integrated into a Gelatin Methacryloyl
(GelMA) hydrogel matrix, chosen for its biocompatibility, tunable mechanical properties,
and proven ability to support muscle cell behavior. To our knowledge, this is the first time
such conductive hydrogels- combining BlLs and PEDOT:PSS- have been fabricated as
microgels using microfluidic techniques. BlLs support low-voltage, ion-based signaling
similar to natural physiological processes, while PEDOT:PSS provides stable electronic
conductivity suitable for bioelectronic applications. The microcarriers were fabricated using
microfluidic flow focusing technology, allowing precise control over size and shape, and
ensuring monodispersity. This approach overcomes the inconsistencies of traditional
batch methods and enables reproducibility, scalability, and tunable composition.
Comprehensive characterization of the microcarriers included analysis of swelling

behavior, size distribution, and conductivity to confirm their suitability for cell culture.



Biological evaluation involved culturing C2C12 murine myoblasts on both conductive and
non-conductive microcarriers. Key factors such as cell viability, attachment, proliferation,
and myogenic differentiation were assessed, with Myosin Heavy Chain (MyHC)
expression used as a marker of muscle maturation. Results demonstrated how both ionic

and electronic conductivity can influence muscle cell development and behavior.

In Chapter 1, we review the background literature on the advantages of microcarriers, the
properties of electroconductive hydrogels, and the rationale behind selecting the specific
materials used to fabricate the microcarriers. Chapter 2 focuses on the study of GelMA-
BIL microcarriers, while Chapter 3 explores the microcarriers composed of GelMA-
PEDOT:PSS. Finally, in Chapter 4, we present the conclusions of the study and discuss

potential directions for future work.

1.2 Microcarriers in Cell Manufacturing

1.2.1 Role and Advantages of Microcarriers

Microcarriers are small, often spherical particles used as scaffolding platforms to support
the growth of anchorage-dependent cells in suspension-based culture systems [3]. These
scaffolds are vital for scaling up cell production, particularly in bioreactor-based systems
where large quantities of cells are needed for therapeutic applications such as cell therapy,
tissue engineering, and vaccine production [4]. Typically ranging in size from 50 to 400
pum, microcarriers offer a high surface-area-to-volume ratio, which facilitates robust cell
attachment, proliferation, and differentiation within a compact culture volume [5-7]. Their
efficiency in promoting cell expansion is largely attributed to their ability to mimic the in

vivo extracellular matrix (ECM) environment, achieved through both physical structure and
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chemical composition. A wide variety of natural and synthetic materials are employed,
including gelatin, collagen, alginate, dextran, chitosan, cellulose, and poly(lactic-co-
glycolic acid) (PLGA) [5-8]. These materials influence surface chemistry, stiffness,
porosity, and topography, which regulate cell adhesion, spreading, and behavior. Porous
microcarriers, for example, enhance mass transport and cell-cell interactions, promoting

3D spheroid formation and tissue-like architecture [9-11].

Advanced fabrication techniques, particularly microfluidic technologies, have expanded
the functional capabilities of microcarriers. These techniques allow for the generation of
monodisperse microcarriers with tunable architectures and hierarchical features. Flow
focusing and T-junction devices in droplet microfluidics produce particles with less than
2%-5% size variation, a vast improvement over the 20%-40% variation seen in traditional
batch methods [12]. These systems can create porous or core-shell microcarriers that
emulate native cell niches and support multicellular aggregation. Such designs are
especially beneficial in stem cell culture, improving self-renewal and lineage-specific
differentiation [9, 13, 14]. For instance, Wang et al. demonstrated the use of a capillary
microfluidic system to produce porous microcarriers that promote 3D spheroid self-

assembly, protect from shear stress, and enhance viability and physiological function [9].

Microcarrier-based culture systems also allow precise control over process parameters
during scale-up in bioreactors. Unlike conventional two-dimensional flasks, microcarrier
cultures can be integrated into stirred-tank or wave bioreactors for automated, space-
efficient cell manufacturing [6, 15, 16]. Human mesenchymal stem cells (hMSCs)

expanded on microcarriers in stirred bioreactors maintained high viability and



differentiation potential, achieving clinically relevant cell numbers while preserving
immunophenotype and potency [15, 17]. Uniform microcarriers enable precise monitoring
and control of culture parameters such as pH, pO2, nutrient concentrations, and metabolite
accumulation [18, 19]. This control is crucial for maintaining optimal conditions and
minimizing variability across batches in industrial and therapeutic cell-based applications
[15]. Consistent microenvironments enhance scalability and compliance, while variations
in size and composition can significantly affect cell behavior, highlighting the need for
controlled manufacturing [9, 20]. Real-time bioreactor monitoring systems rely on uniform

microcarrier suspensions for effective feedback and process control [15, 18].

Despite these benefits, downstream processing of cells grown on microcarriers remains
challenging, particularly for efficient cell harvesting without compromising quality.
Traditional enzymatic detachment methods (e.g., trypsin) may damage cell surface
proteins. To address this, thermo-responsive microcarriers using temperature-sensitive
polymers like poly(N-isopropylacrylamide) (PNIPAM) have been developed. These
undergo hydrophilic-to-hydrophobic transitions, enabling reversible cell attachment and
enzyme-free detachment [21]. Dabiri et al. reported a thermo-responsive system (cytoGel)
made from PNIPAM, GelMA, and PEGDA, achieving over 70% detachment efficiency at
room temperature [21]. Biodegradable microcarriers provide an alternative by supporting
cell expansion and enabling direct transplantation without cell separation. Materials like
gelatin, collagen, and PLGA degrade in vivo, facilitating integration into host tissue [5, 7].
Handral et al. highlighted their relevance for allogeneic stem cell therapies requiring high

yields, minimal variability, and simplified post-culture processing [7]. These biodegradable



microcarriers eliminate the need for enzymatic or mechanical dissociation, thereby
simplifying downstream processing and reducing the risk of cell damage during harvest [7,

17]. They also serve dual roles as growth substrates and delivery scaffolds in vivo [7].

Microcarriers are also explored for controlled delivery of bioactive compounds. By
incorporating growth factors, cytokines, or drugs, they can release these agents in
sustained or stimuli-responsive manners, modulating cell behavior during or after culture
[13, 21]. For example, multifunctional microcarriers embedded with pro-chondrogenic
factors have been used in cartilage tissue engineering for simultaneous cell expansion
and differentiation [5]. In tissue engineering, microcarriers serve as cell-laden building
blocks for 3D bioprinting, enabling the construction of complex structures with
heterogeneous cell populations and ECM-like features. These bioinks enhance the
mechanical integrity of constructs while maintaining cell viability [5, 7]. Cartilage tissue
engineering, in particular, benefits from injectable scaffolds that combine encapsulation
and delivery functions [5]. Emerging designs such as edible, thermo-responsive, porous,
and ECM-mimetic microcarriers broaden their use in cultured meat and organoid
development [7, 20, 22]. Microcarriers now play a foundational role in bridging cell

manufacturing and therapeutic translation.

1.2.2 Limitations of Traditional Fabrication Methods

Traditional production methods like mechanical stirring, emulsification, and spray drying
suffer from polydispersity and scale-up challenges due to heterogeneous shear forces [23,
24]. This variability affects encapsulation efficiency, nutrient diffusion, and degradation

rates, as seen in studies noting poor batch consistency and adverse effects on cell



environments [12]. Batch methods also hinder real-time monitoring and feedback control,

critical for GMP-compliant production [23, 25].

1.3 Microfluidic Technologies for Microcarrier Fabrication

1.3.1 Advantages of Microfluidic Flow Focusing

Microfluidics overcomes these issues by enabling continuous, scalable, and controlled
microcarrier synthesis. Mahmoudi et al. used a cross-junction system to fabricate alginate
nanogels encapsulating TGF-B3 for cartilage regeneration, achieving high control over
size and loading [24, 26]. Liu et al. reviewed microfluidic fabrication of non-spherical
microparticles, demonstrating enhanced adhesion and proliferation [24]. The continuous
nature of microfluidics supports integration with real-time monitoring and automation, ideal
for industrial-scale manufacturing [27, 28]. Shao et al. encapsulated cells into double

emulsion droplets for hydrogel-based microcarriers in 3D culture and drug screening [23].

1.3.2 Customization Though Flow Control

Customization is possible by altering channel geometry, flow regimes, or cross-linking
chemistry to tune stiffness, degradation, and functionalization [13, 24]. Caldwell et al.
engineered microgels with distinct mechanical and biochemical zones to support co-
culture systems [13]. Multiple research teams [29-33], including our own [10, 21, 34], have
effectively employed microfluidic flow focusing technology to generate microcarriers for a

range of biomedical uses.



1.4 Electroconductive Biomaterials for Excitable Tissues

1.4.1 Physiological Role of Electrical Conductivity

Electroconductive biomaterials simulate the native electrical environment of excitable
tissues like cardiac, skeletal muscle, and neural tissue. Conductive polymer hydrogels
(CPHs), such as those based on PPy, PANI, and PEDOT, offer soft mechanics, high water
content, and tunable conductivity for biomedical applications [35, 36]. Their reversible
doping behavior enables dynamic electrical modulation at bio-interfaces [36]. Carbon-
based nanomaterials (e.g., CNTs, graphene) provide high conductivity and mechanical
strength, suitable for biosensing and tissue engineering [37]. For example, CNT-GelMA
hydrogels aligned by dielectrophoresis improved gene expression and contractility in
cardiac tissues [38]. Electrospun PANI/PLA nanofibers promoted synchronized

cardiomyocyte beating in 3D bio-actuators [38].

1.4.2 Conductive Materials and Their Biological Impact

In skeletal muscle tissue engineering, conductive scaffolds enhance alignment and
differentiation. Chen et al. used aligned PCL/PANi nanofibers to guide C2C12 myoblasts,
improving fusion and maturation indices by 30% compared to controls. The PANi
conductivity (~6.36 S/m) promoted electrical coupling and functional muscle fiber
formation [39]. Electrical stimulation further enhances cardiomyocyte function, with 1 Hz
pacing improving contractility and calcium handling [40]. Gold nanoparticle-incorporated
hydrogels also improved viability and synchronous contraction in cardiac models and are

adaptable to skeletal muscle [41, 42].



Electroconductive biomaterials promote cardiomyocyte alignment and maturation,
improving synchronous contraction [43, 44]. A micropatterned PGS-AT film enhanced
elongation and calcium transients in neonatal cardiomyocytes [44]. Dong et al. developed
elastic PEGS-aniline pentamer films for skeletal muscle scaffolds, supporting C2C12
proliferation and myotube formation with optimal mechanical and electrical properties [45].
Injectable GT/rGO microcryogels improved stem cell differentiation and regeneration in
VML models [46]. Nanofibrous scaffolds with PANI enhanced excitation-contraction
coupling and contractility via calcium signaling [47]. Shape-memory polymers further

supported myogenesis through mechanical and electrical mimicry [48].

Electroconductive substrates also support peripheral nerve regeneration. Wu et al.
developed a conductive polyurethane with aniline pentamer that upregulated neurotrophic
factor secretion and myelin gene expression in Schwann cells, enhancing neurite
outgrowth [49]. CNT-incorporated PLA scaffolds supported olfactory ensheathing cell
proliferation and adhesion [50]. Electroconductive microcarriers serve as active bio-
interfaces in neural repair, enhancing neural stem cell differentiation on PEDOT-based
scaffolds [47]. Graphene substrates improved action potential firing and synapse formation
[51, 52]. Ma et al.'s CS/PDA microcarriers promoted axonal regeneration and functional

recovery in a rat sciatic nerve model due to high porosity and conductivity [53].

In skeletal muscle, Dong et al.'s PEGS-aniline pentamer films and Zhang et al.'s GT/rGO
microcryogels enhanced myotube maturation and regeneration post-VML injury [45, 46].
In cardiac tissue, Spearman et al. reported that PPy-PCL scaffolds improved calcium wave

propagation, while Hua et al.'s PGS-AT elastomers promoted synchronized contraction



and functional tissue formation [44, 54]. Electroactive scaffolds and microcarriers thus
support cell adhesion, proliferation, and differentiation across excitable tissues, playing an

active role in functional tissue regeneration.

1.5 Study Novelty and Research Gap

In this study, we report for the first time the fabrication of conductive microcarriers using
two distinct types of conductive components: a choline-based bio-ionic liquid (BIL) and the
conductive polymer poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS). The base matrix for both systems is gelatin methacryloyl (GelMA), a photo-
crosslinkable derivative of gelatin that possesses excellent biocompatibility, natural cell-
adhesive RGD motifs, and matrix metalloproteinase (MMP)-sensitive sequences, all of
which support robust cell adhesion, remodeling, and differentiation [55-58]. GelMA’s
tunable stiffness, photo-crosslinkability, and high transparency also make it highly suitable
for generating cell-laden, biomimetic structures via microfabrication [55]. These properties
have made GelMA a gold standard for musculoskeletal tissue engineering and an ideal

matrix for developing microcarriers [58].

The first conductive additive used was a choline-based bio-ionic liquid (BIL), introduced to
impart ionic conductivity to the GelMA microcarriers. BlLs can be chemically conjugated
into GelMA hydrogels through photo-crosslinking, forming what is referred to as “BioGel,”
an ionically conductive, soft, injectable hydrogel that supports localized and programmable
electrical signaling [2]. BioGels exhibit tunable mechanical and viscoelastic properties and
maintain high biocompatibility in vitro and in vivo. Unlike traditional conductive fillers, BlLs

impart conductivity without adding particulate fillers, preserving the optical clarity, softness,



and cell-compatibility of the hydrogel. This makes BlLs particularly suitable for creating

microcarriers intended for interfacing with soft, electrically active tissues such as muscle
[2].

It is important to distinguish ionic conductivity from electrical (electronic) conductivity, as
they operate through different mechanisms Electrical conductivity involves the flow of
electrons through a material, as seen in metals or conductive polymers like PEDOT:PSS.
Electrons hop between the localized sites of the PEDOT:PSS polymer and create electrical
conductivity. In contrast, ionic conductivity is based on the movement of charged ions
(such as Na*, K*, or Ca?") through hydrated polymer networks, similar to how signals
propagate in biological tissues. The choline acrylate-based ionic liquid used in the
microgels contains acrylate functional groups that co-polymerize with the methacryloyl
groups of GelMA upon light exposure, forming a covalently crosslinked network. In this
structure, the choline ion becomes covalently tethered to the GelMA matrix, serving as an
immobile “anchor” of positive charge. Upon hydration, the BIL partially dissociates,
releasing mobile counter-ions that enable ionic conduction throughout the hydrogel. The
resulting matrix contains a mix of ions, including acrylate, bitartrate, and chloride from the
BIL itself, as well as extracellular ions such as sodium and potassium from the surrounding
cell culture media. In essence, ionic conductivity arises from the mobility of these counter-
ions in association with the fixed choline acrylate moieties [2, 59]. In biological systems,
ionic signaling plays a pivotal role. For example, during skeletal muscle contraction, an
action potential triggers the release of Ca?" from the sarcoplasmic reticulum into the

cytosol, where it binds to troponin-C and initiates the cross-bridge cycling responsible for
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contraction [60, 61]. The intracellular cycling of Ca?* ions- enabled by ion channels and

pumps- is essential for contraction and relaxation and must be tightly regulated [62].
Therefore, integrating ionically conductive hydrogels into engineered microcarriers may
enable materials to better mimic this physiological behavior and interface with electrically

responsive tissues without the risks associated with high-voltage stimulation.

The second conductive component we selected was PEDOT:PSS, a conductive polymer
widely studied in tissue engineering and bioelectronics. PEDOT:PSS is known for its high
electronic conductivity (~20 S/cm in PBS and up to 40 S/cm in deionized water), excellent
mechanical compliance (Young’s modulus ~2 MPa), high stretchability (>35%), and
superior thermal and electrochemical stability [63]. These properties enable PEDOT:PSS
to function as a stable, long-lasting electrical interface within biological systems, where
conventional metal electrodes or rigid polymers fail due to mechanical mismatch [63, 64].
In our context, we chose PEDOT:PSS for its ability to form hydrated, soft, and stretchable
hydrogels compatible with cell-laden microstructures. PEDOT:PSS has also been shown
to enhance neural stem cell differentiation, support long-term neuronal survival, and
facilitate the formation of neuron-like morphologies when used as substrates [65].
Moreover, its efficacy in cardiac tissue engineering has been validated in vivo: a collagen-
PEDOT:PSS injectable hydrogel was shown to suppress ventricular tachycardia and
support hiPSC-cardiomyocyte function following myocardial infarction, restoring calcium

handling and contractility [66].

Our decision to integrate both ionic and electronic conductive materials into GelMA-based

microcarriers was driven by their complementary advantages and offering different
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applications based on the different nature of their conductivity. While PEDOT:PSS
supports rapid electron-based conduction necessary for signal fidelity and cell stimulation,
BlLs enable safe, low-voltage ionic signaling compatible with soft tissue environments [2,
63, 67]. Together, they allow for the development of multifunctional microcarriers that are
mechanically compliant, biologically interactive, and capable of participating in complex
electrophysiological processes across tissue types-from skeletal muscle, where Ca**-
driven contraction is key, to neural and cardiac tissues, where synchronized electrical

communication is essential for function.
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2 Chapter 2: Electroconductive GelMA-BIL Microcarriers for Skeletal
Muscle Tissue Engineering

Note: Submission to a journal is in progress. Immunofluorescence imaging (Figure 13) was generated by Esfandyar
Askari. Flow cytometry test and data analysis (Figure 15) was generated by Mahdieh Shokrollahi Barough. All other
experiments and analysis were performed by the candidate.

2.1 Introduction

Microcarriers are scaffolding materials that are essential for scalable production of cells
[5]. They provide a large surface area for cell attachment and proliferation [21], making
them highly effective for expanding cell cultures in bioreactors [15, 17]. In addition to their
capacity to support cell growth, microcarriers offer several other advantages, including
ease of handling, the ability to control particle size and surface properties, and versatility
in material composition [5, 10, 21]. Microcarriers’ uniformity enables effective monitoring
and regulation of factors like pH, oxygen levels (pO2), and concentrations of nutrients and
metabolites. Enhanced control over these parameters results in more consistent cell
cultures, which is essential for commercial cell-based applications [6, 9, 22]. Microcarriers
can also be designed to be biodegradable, ensuring they do not interfere with downstream
applications [7, 13]. Furthermore, their tunable mechanical and chemical properties enable
the creation of environments that closely mimic native tissues, making them highly

valuable in tissue engineering and regenerative medicine [18, 23].

Microcarriers have traditionally been produced using batch emulsion processes [68, 69].
However, these methods often suffer from limitations such as inconsistent particle size
distribution, low production efficiency, and difficulty in scaling up [69]. In contrast,
microfluidics offers a continuous, highly controllable production method that addresses
many of these limitations [21]. The continuous nature of microfluidic production enables

higher throughput, making the process more efficient and amenable to industrial-scale
13



production [28, 70]. Moreover, using microfluidic devices, particularly flow focusing chips,
allows for precise control over the size, shape, and monodispersity of microgels,
overcoming the variability issues seen in traditional methods [24, 35]. This precision is
achieved by manipulating fluid dynamics at the microscale, ensuring uniform particle
formation and enhancing reproducibility [26, 71]. Microfluidic systems also offer flexibility
in design, as properties can be easily altered by changing flow rates or channel
geometries, allowing for rapid prototyping and customization of microgel properties [21].
Furthermore, microfluidics can facilitate the encapsulation of cells or biomolecules with
high efficiency [25, 72], supporting their sustained release or providing a protective

environment [27, 73].

Electroconductive biomaterials have emerged as promising candidates for enhancing cell
processes, function, and maturity [74, 75]. Various conductive materials, including carbon-
based nanoparticles [38, 76], gold nanoparticles [42, 43], and conductive polymers [36,
37], have been explored, each offering benefits like high conductivity but also facing
challenges like cytotoxicity, cost, and stability [36-38, 42, 43, 76]. These materials facilitate
the electrical stimulation of cells, which can promote cell proliferation [39, 40],
differentiation [77, 78], and specific functional responses, in cardiac, neural tissue, and
muscle tissue [39-41, 44, 49-51, 68, 77-84]. Studies in cardiac tissue engineering, for
instance, have shown that substrates with conductive properties improve the alignment
[85] and maturation [45] of cardiomyocytes, leading to more synchronized contractions
[86] and enhanced tissue function. Muscle tissue engineering also benefits from

electroconductive biomaterials, as these substrates promote the alignment [87] and fusion
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of myoblasts into mature myotubes [48], resulting in enhanced contractility and structural
integrity of engineered muscle tissues [88]. Moreover, incorporating conductive scaffolds
has been demonstrated to improve myogenic differentiation in skeletal muscle [47], and

facilitating the formation of myotubes from C2C12 myoblast cells [46].

In the context of microcarriers, a few studies have demonstrated the feasibility of producing
electroconductive microcarriers from chitosan/polydopamine [54] and poly-(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) [67] and used them to grow
neural cells, L929 mouse, and MRC-5 human fibroblasts. These studies have shown the

cytocompatibility of such materials for cell culture applications [54, 67, 89].

Conductive scaffolds mimic the electrophysiological environment of the heart, enabling
better integration and communication between cells [90], which is critical for the
development of functional cardiac tissue. Similarly, in neural tissue engineering,
electroconductive materials have been demonstrated to guide neurite outgrowth [91], and
enhance the differentiation of neural stem cells into neurons [92, 93]. These conductive
platforms facilitate electrical signaling [52, 53], which is essential for the formation of
functional neural networks. Overall, the integration of electrical conductivity into
biomaterials provides a dynamic platform that not only supports cell growth but also
actively participates in the functional maturation of tissue constructs, making it a key

consideration for advancing regenerative medicine.

This study introduces, for the first time, a soft electroconductive microcarrier made of
gelatin methacryloyl (GelMA) and choline-based bio-ionic liquid (BIL). GelMA is

biocompatible and has tunable mechanical properties that make it an ideal matrix for
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supporting myoblast adhesion, proliferation, and differentiation [55-58, 94-96]. BIL
conjugated hydrogels exhibit a wide range of highly tunable physical properties,
remarkable in vitro and in vivo biocompatibility, and high electrical conductivity without the
need for additional conductive components [2, 97]. Employing microfluidic flow focusing,
we have established a continuous production protocol for monodisperse GelMA-BIL
microcarriers. Subsequently, we investigated the viability, proliferation, and differentiation
of C2C12 myoblasts cultured on these conductive microgels. Our findings assessed the
significant influence of electrical conductivity on cellular behavior and functionality,
suggesting the potential of these microcarriers for enhancing myoblast culture and tissue

engineering applications.

2.2 Experimental Section

2.21 Materials

A high-speed resin 3D printer (Photon Mono 2K, Anycubic, Shenzhen, China) was used
to fabricate the 3D-printed microfluidic droplet generator. A clear photopolymer resin
(Anycubic 405 nm UV-curing resin, Shenzhen, China) was used for the print. Essential
chemicals and reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA), including
lithium phenyl-2,4,6-trimethyl benzoyl phosphinate (LAP) (CAS# 85073-19-4), Span 80
(CAS# 1338-43-8), porcine-derived gelatin Type A (CAS# 9000-70-8), phosphate-buffered
saline (PBS) tablets, and methacrylic anhydride (CAS# 760-93-0). Additional biological
materials, such as fetal bovine serum (FBS) (Cat#16000044), Dulbecco’s Phosphate
Buffered Saline (DPBS) (Cat#14190144), trypsin/EDTA (Cat#15400054), and Dulbecco’s

Modified Eagle Medium (DMEM) (Cat#11965118), were sourced from Gibco (Grand
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Island, NY, USA). The Live/Dead viability and cytotoxicity kit for mammalian cells
(Cat#L3224) was supplied by Invitrogen through ThermoFisher Scientific (Waltham, MA,
USA). Furthermore, heavy mineral oil (Cat# 8042-47-5) was procured from Fisher
Chemical (Waltham, MA, USA), while a dialysis membrane with a molecular weight cutoff
(MWCO) of 12,000-14,000 was acquired from Fisher Scientific. Choline acrylate-based
bio-ionic liquid (BIL) (Patent No. 11,605,508 B2) was provided by Noshadi et al. from the

University of California, Riverside.

2.2.2 Synthesis of GelMA

GelMA was prepared according to a previously documented protocol [55]. To prepare
GelMA, 10 g of porcine skin gelatin was dissolved in 200 mL of phosphate-buffered saline
(PBS) at 60 °C, forming a 5% gelatin solution. Methacrylic anhydride (8 mL) was then
gradually added dropwise while stirring at 300 rpm for 3 hours to achieve a high degree of
methacrylation (DOM). To terminate the reaction, 300 mL of preheated PBS (40-50 °C)

was introduced, followed by continuous stirring for 15 minutes.

The resulting GelMA solution was filtered and transferred into dialysis membranes with a
molecular weight cutoff (MWCO) of 12—14 kDa. Dialysis was carried out at 40-50 °C for
two weeks to remove unreacted methacrylic anhydride and other impurities. During this
process, the membranes were immersed in distilled water, stirred at 50 rpom, and the water
was replaced twice daily, with the membranes being reversed each time to ensure
thorough purification. Finally, the purified GelMA solution was filtered once more and

lyophilized to obtain the final solid GelMA product.
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2.2.3 Design and High-Resolution Fabrication of the Microfluidic Chip Using 3D
Printing

The microfluidic chip (channel dimensions 500 to 750 um) was designed using
SOLIDWORKS™ software (Version 2025 SPO. University of Victoria academic license.
Waltham) and manufactured with a resin 3D printer (Photon Mono 2K, Anycubic,
Shenzhen, China). The selection of 3D printing was driven by its exceptional precision and
capability to create intricate microfluidic structures with high accuracy, ensuring consistent

reproducibility and precise control over channel dimensions.

Prior to each printing cycle, both the printer and resin vat were meticulously inspected to
remove any contaminants that could compromise print quality. Dust particles were
eliminated using compressed air, while impurities in the resin vat were carefully extracted

with a pipette.

After printing, the fabricated components underwent a thorough cleaning process with
isopropanol to remove residual uncured resin, ensuring the structural integrity of the
printed features. The cleaned components were then dried using compressed air and
subjected to post-curing in a Kudo3D curing chamber for 30 minutes at room temperature,
enhancing the microfluidic chip’s mechanical and chemical stability.

2.2.4 Microcarrier Fabrication and Purification via Microfluidic Flow Focusing and

Photo-Crosslinking

Microcarriers were generated using a microfluidic flow focusing systems as previously
described [21, 34]. For droplet formation, heavy mineral oil containing 10% (w/v) Span-80,

a non-ionic surfactant, was used as the continuous phase. Both the hydrogel (dispersed
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phase) and the continuous phase were loaded into plastic syringes and connected to the
microfluidic device using Tygon tubing. The continuous phase was introduced via a 50 mL
syringe, while the dispersed phase was delivered through a 3 mL syringe mounted on a
syringe pump (Harvard Apparatus PHD 2000, USA). The flow rates for the continuous

phase and the aqueous phase were 70 yL/min and 8 uL/min respectively.

Droplets were generated at the flow focusing junction of the microfluidic chip and
subsequently passed through a crosslinking module, where exposure to visible light
triggered in situ photo-crosslinking. This module was equipped with 20 standard 405 nm
LEDs, ensuring effective crosslinking of the microcarriers as they moved through the

system.

To eliminate residual oil and surfactants, the crosslinked microcarriers underwent
purification through centrifugation, followed by sequential washing steps. The purification
process involved two rinses with PBS containing 1% dish soap, two washes with a 50%
ethanol/PBS solution, and three final rinses with PBS. The purified microcarriers were then
either lyophilized and stored at 5 °C for future applications or immersed in cell culture

medium for 72 hours before biological studies.

2.2.5 Microcarrier Size Analysis and Monodispersity Assessment

The formation of microcarriers was further analyzed by measuring their size using a Zeiss
Axio Observer microscope (Germany). For this purpose, a drop of the microcarrier
suspension was placed between two coverslips and observed under the microscope to
capture bright field images. Imaged software (version 1.54d, National Institutes of Health,

USA) was used to determine the microcarrier sizes, enabling the assessment of how
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variations in flow rates affected the average size. The size distribution of the microgels
was plotted with 10 ym intervals, and their monodispersity was quantified by calculating
the polydispersity index (PDI) using Eq. 1, where o represents the standard deviation of

microgel sizes and D,, is the mean diameter of the microgels [21].

PDI—U 1
=3 (D)

m

2.2.6 Assessment of Swelling Behavior of Fabricated Microcarriers

To analyze the swelling behavior of the fabricated microcarriers, they were first lyophilized
for 24 hours, and their average dry diameter was recorded. Subsequently, the
microcarriers were immersed in cell culture media and incubated at 37 °C for 70 hours,
during which their diameters were periodically measured. At designated time points,
optical microscope images were captured, and the diameters were quantified using
Imaged software (version 1.54d, National Institutes of Health, USA).The swelling capacity
was evaluated by calculating the ratio of the swollen diameter to the initial dry diameter,
as defined in Eq. 2 [98].In this equation, D, represents the microcarrier’s diameter in its

dry state, while D, denotes its diameter after swelling in the medium [98].

D¢ — Do
Do

Swelling capacity (%) = [ ] x 100 (2)

The diameter of the microcarriers increases until it reaches Dy;,4;. This final diameter was

used to calculate the swelling capacity percentage of each microcarrier group after 70

hours.
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2.2.7 Conductivity Measurement of Hydrogel Solutions

The conductivity of the hydrogel solutions was measured using a HACH SL1000 portable
parallel analyzer (No. 9430000, HACH, USA). To prevent unintended photo-crosslinking,
all measurements were conducted under limited light conditions. The device was
calibrated with a sodium chloride standard solution (Cat# 1440042, HACH, USA), and
conductivity readings were recorded in mS/cm. For each measurement, 4 mL of the
hydrogel solution was transferred into a 10 mL glass vial. The conductivity probe was then

inserted into the solution, ensuring a stable reading before recording the final value.

2.2.8 Cell Culture and Seeding on Conductive Microcarriers

To assess the biocompatibility of conductive microcarriers, C2C12 murine skeletal muscle
cells (American Type Culture Collection, Manassas, VA, USA) were cultured on the
microcarriers under controlled conditions. The cells were maintained in complete growth
medium composed of Dulbecco’s Modified Eagle Medium (DMEM) (Gibco), supplemented
with 10% fetal bovine serum (FBS) (Gibco), 1% penicillin/streptomycin (Gibco), and 1%
GlutaMAX (Gibco). Cultures were incubated at 37°C in a humidified environment with 5%

CO,, using passage 3 cells for all experiments.

Before cell seeding, sterile 96-well plates were coated with a 2% agarose solution (Fisher
BioReagents) prepared in phosphate-buffered saline (PBS) under aseptic conditions. The
coated plates were then incubated with DMEM at 37°C for 24 hours to optimize the surface
for cell culture. Simultaneously, sterile microcarriers were pre-incubated in DMEM for 72
hours at 37°C to enhance their cell-adhesive properties. On the day of seeding, the DMEM

was removed from the agarose-coated wells, and 100 L of pre-incubated microcarriers
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were added to each well, ensuring even distribution. C2C12 cells were detached using
0.05% trypsin-EDTA (Gibco) for 5 minutes, counted, and seeded onto the microcarriers at
a density of 40,000 cells per well. The plates were then incubated at 37°C with 5% CO,
for 4 hours, with gentle agitation every 15-20 minutes to promote uniform cell attachment.
Following this initial adhesion period, fresh culture medium was introduced into each well,
and the cells were cultured on the microcarriers for seven days under standard incubation
conditions.

2.2.9 Assessment of C2C12 Cell Viability on Conductive Microcarriers Using

Live/Dead Fluorescence Staining

The viability of C2C12 cells cultured on conductive microcarriers was evaluated using the
Viability/Cytotoxicity Kit for Mammalian Cells (L3224, ThermoFisher) in accordance with
the manufacturer’s instructions. This assay employs Calcein AM to label live cells and

Ethidium homodimer-1 (EthD-1) to identify dead cells.

Before starting the assay, the stock solutions from the live/dead kit were retrieved from the
freezer and allowed to equilibrate to room temperature in a dark environment to prevent
photobleaching. A 4 uM EthD-1 working solution was prepared by diluting 20 uL of the 2
mM EthD-1 stock solution in 10 mL of sterile, tissue culture—grade DPBS, followed by
vortexing to ensure thorough mixing. Next, 5 pyL of the 4 mM Calcein AM stock solution

was added to the EthD-1 solution, and the mixture was vortexed again for homogeneity.

The microcarriers were removed from the incubator, and the culture medium was
aspirated. A 200 uL aliquot of the prepared live/dead staining solution was then added to

the microcarriers, ensuring complete coverage. The samples were incubated for 2 hours
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at room temperature in the dark, allowing dye penetration while minimizing light-induced
degradation. After incubation, the staining solution was removed, and the samples were
washed by replacing it with DPBS to eliminate excess dye. Fluorescence imaging was
conducted using a Zeiss Axio Observer microscope (Germany) to assess the viability of
C2C12 cells on the conductive microcarriers. The prepared samples were then analyzed

to determine cell viability.

2.2.10 Assessment of Cell Viability Using Trypan Blue Assay

To assess C2C12 cell viability, a trypan blue exclusion assay was performed using Trypan
Blue Stain (Gibco, Cat# 15250061, Thermo Fisher Scientific) and a hemocytometer
(Thermo Fisher Scientific). Cells cultured on microcarriers were detached using
trypsinization. For each well of a 96-well plate, all microcarriers were removed and washed
twice with PBS to eliminate residual media and non-adherent cells. Trypsin (0.05%) was
added, and the samples were incubated at 37°C for 5-10 minutes to facilitate detachment.
Once complete detachment was observed, cell culture media was then added to neutralize
the trypsin. Then, the microcarriers were removed using cell sieves, ensuring that only the
dissociated cells remained in suspension. After that, the suspension was centrifuged at
300 g for 5 minutes to pellet the cells. The collected cells were resuspended in fresh culture
media, and an equal volume of trypan blue stain was added to the cell suspension. The
stained cells were loaded into a hemocytometer, and both live (unstained) and dead (blue-
stained) cells were counted under a Zeiss Axio Observer microscope (Germany). The

percentage of viable cells was calculated using the following formula:

Number of live cells
Total number of cells (live + dead)

Cell viability (%) = ( ) x 100 3)
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This method provided a quantitative measure of cell viability, ensuring accurate

assessment of the impact of BlL-containing microcarriers on C2C12 cell health.

2.2.11 Assessment of Cell Attachment and Proliferation on Conductive
Microcarriers

To assess the attachment efficiency of C2C12 cells on conductive microcarriers, four

randomly selected wells were analyzed after 24 hours of incubation. The same procedure

was performed as mentioned in section 2.2.10 to detach the cells and count the number

of the cells in each well. The attachment percentages were calculated using Eq. 4:

Number of counted cells after 24 hours

Attachment (%) = ( ) x 100 (4)

Number of seeded cells

To evaluate cell proliferation on the microcarriers over time, 50,000 C2C12 cells were
seeded onto the microcarriers in agarose-coated 96-well plates under static culture
conditions. Cell attachment was quantified on days 1, 3, 5, and 7 using the same
detachment and counting procedure described in section 2.10. This approach enabled the
monitoring of cell proliferation dynamics on the conductive microcarriers throughout the
seven-day culture period.

2.2.12 Immunofluorescence Staining and Morphological Analysis of C2C12 Cells

on Conductive Microcarriers

Immunofluorescence staining was conducted to examine the cytoskeletal organization and
nuclear morphology of C2C12 cells cultured on conductive microcarriers. F-actin flaments
were visualized using fluorescently labeled phalloidin, while DAPI (4',6-diamidino-2-

phenylindole) was employed to stain cell nuclei.

24



To prepare the samples, microcarriers were washed twice with PBS before being fixed in
4% paraformaldehyde (VWR) at 4°C overnight. The next day, they were washed again
with PBS and blocked with 5% (w/v) bovine serum albumin (BSA, VWR) in 0.3% Triton X-
100 (BIO BASIC) dissolved in PBS, followed by overnightincubation at 4°C. After blocking,
the solution was discarded, and the samples were incubated overnight at 4°C with 4 yg/mL
Alexa Fluor™ 488 Phalloidin (Thermo Fisher Scientific) diluted in blocking buffer (1:5
dilution) to stain the actin cytoskeleton. Subsequently, the phalloidin solution was
removed, and the samples were incubated with DAPI (4’,6-Diamidino-2-Phenylindole,
Dihydrochloride, Thermo Fisher Scientific) for 30 minutes at room temperature in the dark
to stain cell nuclei. Following two additional PBS washes, the microcarriers were
transferred onto glass slides for fluorescence microscopy analysis to assess cell

morphology.

During differentiation, C2C12 cells undergo morphological transitions, shifting from a
rounded shape to an elongated, tubular structure as they adhere, elongate, and fuse into
multinucleated myotubes [21, 34]. To quantify these morphological changes, ImageJ
software (version 1.54d, National Institutes of Health, USA) was used for structural
analysis. Nuclear elongation was evaluated by calculating the nuclear aspect ratio, defined
as the ratio of the longest to shortest nuclear diameter. Nuclei from randomly selected
images across experimental conditions were analyzed to quantify the extent of

morphological transformation.
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2.2.13 Flow Cytometric Analysis of MyHC Expression for Myogenic Differentiation

Assessment
Flow cytometry was employed to analyze the expression of myosin heavy chain (MyHC),
a key late-stage myogenic marker, to quantify the proportion of differentiated cells within
the population. This technique enables precise single-cell protein expression analysis,

providing an accurate assessment of differentiation status [99].

For sample preparation, cells were detached from the microcarriers by washing with PBS,
followed by enzymatic dissociation using 0.5% trypsin-EDTA. The resulting cell
suspension was passed through a 0.07 mm cell strainer to eliminate microcarrier
remnants. Following the established protocol by manufacturer, the cell concentration was
adjusted to 5000 cells/uL for subsequent staining. Cells were incubated for 30 minutes in
PBS containing 2% BSA, along with a PE-conjugated anti-mouse MyHC antibody (MF20,
BD-USA) and a FITC-conjugated anti-mouse MyoD antibody to label myogenic markers.
After incubation, the stained cells were resuspended in 500 yL PBS and analyzed using
an Attune NXT flow cytometer (Thermo Fisher, USA) to determine the proportion of
MyHC+ cells and evaluate the extent of C2C12 differentiation [99]. Flow cytometry data

analysis was done using FlowJo software (V X.0- BD USA).

2.2.14 Statistical Analysis

All experiments were conducted in at least three independent replicates, and results were
presented as mean * standard deviation (SD). Statistical analysis was performed using
one-way ANOVA followed by Tukey’s multiple comparisons test in GraphPad Prism 7.0

(GraphPad Software, San Diego, CA, USA) to evaluate differences between groups.
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Statistical significance was defined as follows: ns (not significant) for p > 0.05, * for p <
0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001. For the nuclei aspect ratio,

the analysis was done using unpaired t test, with **** for p < 0.0001.

2.3 Results and discussion

2.3.1 Conductive Microcarrier Fabrication

A microfluidic emulsion system was utilized to generate monodisperse conductive
microspheres. This method allows for the continuous production of uniformly sized
microcarriers with precise control over their dimensions [21]. Unlike conventional emulsion
polymerization, which requires post-processing steps such as sieving to achieve
uniformity, this approach inherently ensures size consistency. By modulating the flow rate
ratios, the microcarrier diameter can be finely tuned, and the formulation can be easily
adjusted to achieve the desired material properties [10, 21]. The conductive hydrogel
precursor solution comprised Gelatin Methacryloyl (GelMA) (7% wi/v), Choline acrylate
Bio-ionic Liquid (BIL) at concentrations of 2.5% and 5% w/v, and Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) (0.3% w/v), serving as the dispersed phase (Figure 1).

Detailed formulations and their respective codes are summarized in Table 3.
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Figure 1 Schematic of photo-crosslinked electroconductive GelMA-BIL hydrogel formed by
combining GelMA, BIL, and LAP under light exposure (reproduced with permission [57]).
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Table 3 The details of the microgels compositions and their corresponding codes.

BIL concentration (w/v%) Code
0 GB-7-0
25 GB-7-2.5
5 GB-7-5

GelMA forms a biocompatible hydrogel matrix, while BIL contributes ionic conductivity,
and LAP functions as a photoinitiator, facilitating the photo-crosslinking of the hydrogel
solution. LAP is a water-soluble, cytocompatible Type | photoinitiator commonly employed
in the polymerization of hydrogels and other biomaterials for biomedical applications. It is
favored over alternatives like Irgacure 2959 due to its superior properties, including higher
water solubility, faster polymerization kinetics under 365 nm light, and absorption at 400
nm, which enables polymerization using visible light. These advantages allow for efficient
cell encapsulation at lower initiator concentrations and longer wavelengths, minimizing
cytotoxicity and enhancing cell viability [100]. A constant concentration of GelMA (7% w/v)
and LAP (0.3% w/v), along with varying concentrations of BIL (2.5% and 5% w/v), were
dispersed in distilled water as the dispersed phase. This mixture was injected into a
solution of mineral oil with Span 80 (continuous phase) to produce the microcarriers (See
Figure 2). The experimental section provides a detailed description of the microcarrier
fabrication process. Figure 2(i) illustrates the microfluidic setup used for microcarrier

production.
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Figure 2 Microfluidic generation of conductive microcarriers. (i) Illlustration of the microfiuidic
droplet generation setup, where a GelMA-BIL solution is emulsified using a flow focusing
microfluidic device and subsequently subjected to in situ photo-crosslinking. (iij) Image of the flow
focusing droplet generator with designated inlets for the continuous (oil phase) and dispersed
(aqueous phase) flows, along with an outlet for collecting the generated microcarriers. (iii)
Schematic representation of the microfluidic chip and channels. (iv) Detailed diagram of the droplet
formation process within the microfluidic channels, showing the aqueous phase merging with the
continuous oil phase to form microcarriers. (v) Image of crosslinked microcarriers going through

the tubing after fabrication. (vi) The final crosslinked microcarriers in suspension. Scale bar= 5 mm.

Figure 2(ii) displays the flow focusing chip used for microcarrier generation, while Figure
2(iii) provides an illustration of the same chip. Figure 2(iv) offers a close-up view of the
flow focusing junction, highlighting the interaction between the continuous (oil) phase and

the aqueous (hydrogel) phase, leading to the formation of conductive microcarriers. These
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microcarriers then pass through a photo-crosslinking module equipped with 20 standard
LEDs (wavelength: 405 nm). As they exit through the output tubing (Figure 2(v)), the fully

crosslinked microcarriers are shown in suspension in Figure 2(vi).

The fabricated microcarriers exhibit a homogeneous size distribution, as seen in Figure 3,

which presents the microcarrier compositions: GB-7-0 (GelMA 7% wi/v), GB-7-2.5, and

GB-7-5.

Figure 3 Bright-field microscopy images comparing the size and uniformity of microcarriers: GB-7-
0, GB-7-2.5, and GB-7-5. Scale bars = 500 um.

Figure 4(A) illustrates the size distribution of these microcarriers, with average diameters
of 198.77 + 18.77 pym, 197.76 £ 11.53 ym, and 233.31 + 18.11 um, respectively. Figure
4(D) displays the polydispersity index (PDI) for each microcarrier group. The PDI serves
as a measure of size uniformity, with higher values indicating broader size distributions
within the sample [21]. The calculated PDI values for GB-7-0, GB-7-2.5, and GB-7-5 are
0.094, 0.058, and 0.077, respectively- all below 0.1- indicating a high degree of size

uniformity [101].
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Figure 4(A) Size distribution analysis of the conductive microcarriers fabricated under a fixed flow
rate condition (oil phase: 70 ulL/min, aqueous phase: 5 ul/min) (n > 100). (B) Polydispersity index
(PDI) of the microcarriers (n>100).

2.3.2 Material Characterization

To assess the physicochemical and electrical properties of the fabricated GelMA-BIL
microcarriers, a series of characterization experiments were performed. Figure 5 presents
the swelling capacity of the microcarriers over a 70-hour period. Based on Eq. 2, GB-7-
2.5 and GB-7-5 exhibit significantly lower swelling capacities, measuring 6.81% and
4.69%, respectively, compared to GB-7-0, which reaches 23.49%. This reduction in
swelling capacity upon the incorporation of an additive into the GelMA matrix aligns with
findings from previous studies, which also report a decrease in hydrogel swelling when

additional materials are introduced [1, 102, 103].
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Figure 6 (i) Swelling capacity of microcarriers with different BIL concentrations over 70 hours,
showing a significant reduction in swelling with increasing BIL content. Data represent an average
of at least seven replicates per time point in each group. (ii) Image of a dried GB-7-5 microcarrier
with a diameter of Dy , absorbing DMEM and swelling through time (D: ) and reach to the final
diameter (Dsnay) after 70 hours. Scale bar= 100 um.

Figure 6 presents a visual comparison of crosslinked GelMA-BIL hydrogels with varying
BIL concentrations (0% to 5% w/v). To prepare these samples, 1 mL of each solution was

transferred into separate bottles and crosslinked using a Kudo3D chamber for three

Figure 5 Photographic comparison of crosslinked GelMA-BIL hydrogels containing 0%, 2.5%, and
5% BIL (w/v). The increasing BIL concentration leads to a more pronounced yellow-orange
coloration, indicating successful incorporation of the bio-ionic liquid. Hydrogels were crosslinked
using a standard LED chamber (405 nm wavelength, 3 minutes).
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minutes under 405 nm wavelength light. As the BIL concentration increases, the hydrogels
develop a progressively deeper yellow-orange hue, signifying the successful incorporation
of the bio-ionic liquid into the hydrogel network. The distinct color variations among the
samples demonstrate the tunability of the hydrogel composition, which plays a crucial role

in influencing both its physicochemical and electrical properties.

To assess the impact of BIL concentration on the conductivity of aqueous solutions,
conductivity measurements for GB-7-0, GB-7-2.5, and GB-7-5 were performed.
Measurements were conducted using a HACH SL1000 portable parallel analyzer (Hach
Company, Loveland, CO, USA) at room temperature. For each concentration, three
independent 4 mL samples were prepared. The conductivity of each sample was
measured three times to ensure accuracy, and the readings were averaged to obtain a

single value per sample (Figure 7).

~Conductivity
! probe®

Figure 7 Measurement of aqueous phase conductivity using a HACH conductivity probe, with a

zoomed-in view of the GB-7-5 sample prior to measurement.

Figure 8 illustrates the conductivity values measured by the HACH conductivity probe,

showing a significant increase in conductivity as the BIL content rises. The mean
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conductivity values recorded were 0.066 S/m for GB-7-0, 0.347 S/m for GB-7-2.5, and
0.663 S/m for GB-7-5.These results demonstrate a direct correlation between BIL
concentration and the conductivity of the aqueous phase, indicating that higher BIL

concentrations enhance the ionic conductivity of the solution.
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Figure 8 Conductivity values (S/m) of GelMA (7%) + BIL (0%) (GB-7-0), GelMA (7%) + BIL (2.5%)
(GB-7-2.5), and GelMA (7%) + BIL (6%) (GB-7-5), showing a significant increase in conductivity
with higher BIL concentrations. Data are based on three replicates per group. Statistical analysis
was performed using one-way ANOVA (****p < 0.0001).

The addition of BIL leads to a notable increase in conductivity, with GB-7-2.5 showing a

marked improvement over GB-7-0, suggesting that the bio-ionic liquid effectively
introduces charge carriers into the hydrogel network [97]. The conductivity further
increases in GB-7-5, where the highest value is recorded, highlighting the crucial role of
BIL in enhancing ionic transport. Notably, the conductivity values measured for GB-7-2.5
and GB-7-5 fall within the typical range for skeletal muscle tissue (0.04 to 0.5 S/m) [104],
emphasizing their potential biomedical relevance. Statistical analysis using one-way

ANOVA confirms that the differences in conductivity among the three groups are highly
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significant (p < 0.0001). The error bars indicate consistency across replicates,
strengthening the reliability of these findings.

2.3.3 Evaluating Viability, Attachment, and Proliferation of C2C12 Cells on

Electroconductive Microcarriers

Evaluating biocompatibility is essential to confirm that biomaterials effectively support cell
adhesion, viability, and proliferation. To assess cytotoxic effects, a live/dead staining assay
was conducted on day 7 of cell culture on the microcarriers, distinguishing viable cells
(green) from non-viable cells (red). To determine initial adhesion efficiency, a cell
attachment assay was performed on C2C12 cells, as adhesion plays a critical role in
biocompatibility and tissue engineering applications. Additionally, the Trypan Blue viability
test was used to further assess potential cytotoxic effects of BIL. Finally, a proliferation

study monitored cell growth over time to investigate whether BIL enhances cellular

expansion through bioelectrical interactions.

Figure 9 Fluorescent staining of C2C12 cells cultured on microcarriers on day 7: live cell staining:
green and merged Live/Dead/Bright-field imaging (live: green, dead: red, bright-field: gray)- Scale

bar= 100 um. Samples were collected from 3 replicates.



Figure 9 displays fluorescent images of C2C12 cells cultured on microcarriers after seven
days. Live cells are stained green, while dead cells appear red. The bright-field overlay
images further provide structural details of the microcarriers. The images demonstrate that
C2C12 cells adhere well to the microcarriers in all conditions, with a high proportion of
green-stained live cells. The presence of only a few red-stained dead cells suggests
minimal cytotoxic effects across all formulations. Figure 10 quantifies the percentage of
cells attached to microcarriers 24 hours post-seeding. The attachment percentage for GB-
7-0, GB-7-2.5, and GB-7-5was 96.7% + 2.3, 95.5% + 4.5, and 88.75% + 8.9 respectively.
Statistical analysis of the results shows no significant differences (ns) in attachment
efficiency across the three formulations (GB-7-0, GB-7-2.5, and GB-7-5), suggesting that
BIL incorporation does not adversely impact initial cell adhesion.
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Figure 10 Cell attachment assay showing the percentage of C2C12 cells adhered to microcarriers
with varying BIL concentrations (0%, 2.5%, 5%) after 24 hours of incubation. Number of

replicates= 4. Statistical analysis was done by one-way ANOVA. (ns :not significant for p > 0.05)
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Figure 11 presents the percentage of live cells assessed using a trypan blue exclusion
assay on days 1, 3, and 7. The viability remains consistently high across all conditions,

with no statistically significant differences (ns) observed between groups at any time point.

These results further confirm that BIL-containing microcarriers support cell survival without
inducing cytotoxicity over the seven-day culture period. Finally, the proliferation of C2C12
cells cultured on microcarriers with varying BIL concentrations (0%, 2.5%, and 5%) was

monitored over seven days to assess the impact of BIL on cell growth.
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Figure 11 Percentage of live cells on day 1, 3,and 7 using trypan blue assay. Number of replicates=

4. Statistical analysis was done by one-way ANOVA. (ns :not significant for p > 0.05)

Figure 12 illustrates C2C12 cell proliferation over time, measured as total cell count on
days 1, 3, and 7. The proliferation trends observed in the plot indicate that all conditions
started with similar cell counts on Day 1. By Day 3, slight variations in proliferation
emerged, but no statistically significant differences were detected between the groups.
However, by Day 7, a clear difference in proliferation became apparent, with GB-7-0

exhibiting the highest cell count, followed by GB-7-2.5, while GB-7-5 showed the lowest
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proliferation. Statistical analysis confirmed a significant decrease in proliferation for GB-7-
5 compared to GB-7-0 (p < 0.01), whereas the differences between GB-7-0 and GB-7-2.5,

as well as GB-7-2.5 and GB-7-5, remained statistically insignificant (ns).
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Figure 12 Cell proliferation assay quantifying C2C12 cell growth on microcarriers with different BIL
concentrations on days 1, 3, and 7, highlighting the effect of conductivity on cell proliferation.
Number of replicates= 4. Statistical analysis was done by one-way ANOVA. (ns :not significant for
p >0.05 **forp <0.01)

To better understand the impact of BIL concentration on cell proliferation, the fold increase
in cell count from Day 1 to Day 7 was calculated. The results revealed that GB-7-0
exhibited the highest proliferation rate, with a 2.29-fold increase over the culture period. In
comparison, GB-7-2.5 displayed a 1.83-fold increase, while GB-7-5 exhibited the lowest
proliferation rate at 1.69-fold. These findings suggest that higher BIL concentrations may
not necessarily enhance cell growth. This study demonstrates that the incorporation of BIL
does not hinder C2C12 cell attachment, indicating that the modified microcarriers provide

a suitable surface for initial adhesion. However, long-term cell proliferation is adversely
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affected in BIL-containing conditions. A possible explanation lies in the natural progression
of muscle development, where myoblasts first undergo rapid proliferation before
transitioning into differentiation. Once committed to differentiation, these cells exit the cell
cycle, fuse, and begin expressing myogenic markers [105, 106]. The observed decline in
proliferation in the presence of BIL may be attributed to an accelerated shift toward
differentiation, suggesting that BIL could be influencing the transition from a growth phase
to a maturation phase, thereby limiting further cell expansion.

2.3.4 Functional Assessment: Impact of BIL on C2C12 Cell Morphology and

Myogenic Differentiation

The decline in C2C12 cell proliferation observed in BlL-containing microcarriers, as
discussed in the previous section, may be linked to the induction of myogenic
differentiation. To explore this possibility, we evaluated two key markers of differentiation:
nuclear elongation and myosin heavy chain (MyHC) expression. Nuclear elongation was
quantified using the nuclear aspect ratio, a widely recognized morphological indicator of
myoblast differentiation. Previous studies by T. M. Watanabe et al. have shown that as
C2C12 myoblasts transition into myotubes, their nuclear morphology undergoes
significant alterations, characterized by an increase in the nuclear aspect ratio. This shift
reflects the transition from a rounded myoblast state to an elongated myotube phenotype,
a hallmark of muscle differentiation [107]. The elongation of nuclei is driven by mechanical
forces exerted on the nucleus during differentiation, leading to structural reorganization
within the nuclear architecture [107]. As a result, the nuclear aspect ratio serves as a
reliable morphological marker of C2C12 differentiation [108]. Beyond changes in nuclear

shape, C2C12 differentiation is accompanied by broader cellular transformations,
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including chromatin remodeling and histone modifications, which play a crucial role in
regulating gene expression during muscle development. These molecular and structural
alterations collectively influence cell fate decisions, further reinforcing the role of nuclear

morphology in tracking myogenic differentiation [107].

In this section, an immunofluorescence-based assessment of C2C12 myoblasts cultured
on GelMA-BIL microcarriers with varying BIL concentrations (0%, 2.5%, and 5%) is
presented. Following the immunofluorescence imaging, two essential markers of
myogenic differentiation are evaluated: nuclear elongation and Myosin Heavy Chain
(MyHC) expression. These indicators provide valuable insights into the effects of BIL

incorporation on muscle cell maturation and differentiation.

Figure 13 Immunofiluorescence staining of C2C12 myoblasts cultured on GelMA-BIL microcarriers
with varying BIL concentrations. On the left: Merged images of DAPI-stained nuclei (blue) and actin
cytoskeleton (green), In the middle: actin staining, and on the right: DAPI staining. Scale bars: 50

um.
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Figure 13 displays immunofluorescence images showing actin cytoskeleton (green) and
nuclei (blue, DAPI-stained) for cells cultured on GB-7-0 (0% BIL) and GB-7-5 (5% BIL)
microcarriers. The DAPI-stained nuclei in GB-7-5 appear more elongated, whereas those
in GB-7-0 remain rounded, indicating potential differences in cellular maturation. This
observation suggests that higher BIL concentrations promote nuclear elongation, a key
feature of muscle differentiation. To quantify this observation, nuclei aspect ratio analysis
was done on DAPI stained images of both groups of microcarriers. Figure 14 illustrates
nuclear elongation by measuring the nuclear aspect ratio. The dot plot shows a significant
increase in the nuclear aspect ratio in GB-7-5 compared to GB-7-0. The average nuclear
aspect ratio in GB-7-0 was 1.30, whereas in GB-7-5, it increased to 1.49. This increase
suggests that nuclei in GB-7-5 are more elongated, a well-established hallmark of
myogenic differentiation. Additionally, the distribution of data points in GB-7-5 is broader,
indicating greater variability in nuclear shape, whereas GB-7-0 shows a more clustered

distribution, suggesting a predominantly rounded nuclear morphology. These findings
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Figure 14 Results of image processing of the nuclei aspect ratio across two groups done by ImageJ
threshold processing (Number of replicates > 230). Statistical analysis was done by one-way

ANOVA. (***p < 0.0001)
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support the hypothesis that BIL promotes nuclear elongation, likely due to mechanical

forces and cytoskeletal changes that occur during differentiation [107, 108].

Figure 15 evaluates myogenic differentiation by quantifying the percentage of Myosin
Heavy Chain-positive (MyHC+) cells, a widely recognized marker of muscle maturation.
The data from the flow cytometry analysis (Figure 15A) reveal a progressive increase in

MyHC+ cells with increasing BIL concentrations, confirming that BIL promotes myogenic

A
15¢{ GB-7-0 | 12.75 GB-7-2.5 . 7206

0 T T T
A5 08 A
O OQ)’ O
Figure 15 Assessment of myogenic differentiation, represented by the percentage of MyHC+ cells,
across varying BIL concentrations (0%, 2.5%, 5%). A) Flow cytometry plots showing the MyHC

expression result for the three conditions. B) A significant increase in MyHC+ cells is observed

with BIL incorporation. Number of replicates= 3. Statistical analysis was done by one-way ANOVA.
(ns= not significant p>0.05, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001)
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differentiation. Figure 15B, which a column plot demonstrating the results from Figure 15A,
shows that the percentage of MyHC+ cells in GB-7-0 is significantly lower compared to
GB-7-2.5 and GB-7-5. However, no significant difference (ns) was observed between GB-
7-2.5 and GB-7-5, suggesting that a 2.5% BIL concentration is sufficient to induce
differentiation, with no additional benefit at 5% BIL. Taken together, these results indicate

that BIL-containing microcarriers enhance myogenic differentiation in C2C12 cells

The observed increase in nuclear elongation (Figure 14) and MyHC expression (Figure
15) with higher BIL concentrations suggests that BIL facilitates the transition from a
proliferative to a differentiated state. However, the plateau effect in MyHC expression
between GB-7-2.5 and GB-7-5 suggests that higher BIL concentrations beyond 2.5% may
not further enhance differentiation. These findings highlight the potential of BIL-based
biomaterials in muscle tissue engineering, where electrical conductivity may play a role in

guiding myoblast differentiation and cytoskeletal organization.

2.4 Summary and Key Findings

This study successfully demonstrates the development and characterization of
electroconductive GelMA-BIL microcarriers for skeletal muscle tissue engineering
applications. Using a microfluidic flow focusing approach, we fabricated monodisperse,
tunable microcarriers incorporating bio-ionic liquid (BIL) to enhance their electrical
conductivity. Characterization of the microcarriers revealed a significant increase in
conductivity with higher BIL concentrations, with values aligning within the range of native

skeletal muscle tissue, highlighting their potential biomedical relevance.
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Biocompatibility assessments confirmed that BIL integration does not impair cell adhesion
or viability, as C2C12 myoblasts readily attached and remained viable on all microcarrier
formulations. However, cell proliferation was significantly reduced in BlL-containing
microcarriers, particularly at higher BIL concentrations, suggesting a shift toward early
differentiation. This hypothesis was further supported by morphological and functional
analyses, which demonstrated a notable increase in nuclear elongation and Myosin Heavy
Chain (MyHC) expression in cells cultured on BIL-containing microcarriers. These findings
indicate that BIL promotes myogenic differentiation, facilitating the transition of C2C12

cells from a proliferative state to a more mature myogenic phenotype.

In conclusion, our findings suggest that electroconductive GelMA-BIL microcarriers
provide a dynamic microenvironment that supports myoblast differentiation. The ability of
BIL to modulate cellular behavior through bioelectrical interactions presents a promising
avenue for enhancing skeletal muscle regeneration and tissue engineering strategies.
Future investigations should explore long-term functional assessments of these
microcarriers, including their effects on myotube formation, contractility, and in vivo
performance. By bridging the gap between biomaterial conductivity and muscle tissue
engineering, this study establishes a versatile platform for scalable muscle cell

manufacturing and regenerative medicine applications.
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3 Chapter 3: Conductive Microcarriers for Tissue Engineering: A
GelMA-PEDOT:PSS Platform

Note: Submission to a journal is in progress. Immunofluorescence imaging (Figure 27) was generated by Esfandyar
Askari. Flow cytometry test and data analysis (Figure 29) was generated by Mahdieh Shokrollahi Barough. All other
experiments and analysis were performed by the candidate.

3.1 Introduction

Producing large quantities of cells for tissue engineering, drug discovery, and therapeutic
applications is a major challenge. Bioreactors are essential for scaling up cell production,
as they provide a controlled environment for cell growth and expansion [109, 110]. To
cultivate adherent cells at large scale, microcarriers are necessary as substrates, offering
increased surface area for cell attachment and growth in suspension culture [109, 111-
114]. However, existing microcarrier systems are limited in mimicking the natural cellular
environment [110, 112-115]. Additionally, traditional microcarriers often require complex
manufacturing processes and may face issues with scaling production capabilities [109,
114]. To address these limitations, hydrogel-based microcarriers have emerged as a
promising alternative. These soft, porous, and often biodegradable substrates offer
several benefits, such as improved cell attachment, enhanced nutrient diffusion, and
easier cell harvesting [109, 110, 115]. Gel-based microcarriers can be designed to more
closely resemble the extracellular matrix (ECM) more closely, potentially improving cell
function and differentiation [110, 112-115]. Furthermore, some gel-based microcarriers
are dissolvable which simplifies downstream processing by eliminating the need for
microcarrier removal from the final product [109, 111, 115]. Although hydrogel-based MCs
have demonstrated the ability to support improved cell attachment, function, and
expansion, their application for tissues such as skeletal muscle where electrical activity
plays a critical role remains limited due to their lack of electrical conductivity [66, 102].
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Conductive materials have shown great promise in tissue engineering applications due to
their ability to mimic the electrical properties of native tissues, enhance cell signaling and
communication, and promote the regeneration of electrically responsive tissues such as
cardiac, neural, and musculoskeletal systems [104, 116-119]. These materials can
facilitate the integration of engineered constructs with the body's natural electrical
environment, improving functional outcomes and advancing the development of more
effective biomimetic tissue engineering solutions [104, 116, 120-123]. They also, at the

cellular scale, contribute to maturation and synchronous contraction [44].

Various electroconductive materials have been explored for tissue engineering
applications, including gold nanomaterials, graphene-based materials, and conductive
polymers [104, 116, 124, 125]. Gold nanomaterials, particularly gold nanoparticles
(AuNPs), have demonstrated excellent biocompatibility and the ability to regulate cell
differentiation and promote tissue regeneration in bone and cartilage engineering [124,
125]. Graphene-based materials offer high electrical conductivity and mechanical
strength, making them suitable for various tissue engineering applications [104, 116].
However, achieving conductivity with nanomaterials/particles in scaffolds often requires

high concentrations, which may raise concerns about toxicity and degradation [126-128].

Conductive polymers offer tunable conductivity, allowing precise control over electrical
stimulation to guide cell behavior and promote tissue regeneration. Additionally, these
polymers provide mechanical flexibility and softness, closely mimicking the native ECM of
soft tissues such as neural and cardiac tissues. This flexibility reduces the risk of

mechanical mismatch with host tissues, which is particularly important for maintaining cell
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viability and function [129-131]. Among conductive polymers, poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) has emerged as a
promising material for tissue engineering scaffolds [63-66]. PEDOT:PSS exhibits several
advantageous properties, including adjustable conductivity, good transparency to visible
light, excellent thermal stability, and biocompatibility [63-66]. These characteristics make
this material an ideal candidate for creating biomimetic environments that support cell
growth and function [65, 66]. PEDOT:PSS is particularly well-suited for growing cells due
to its ability to form stable hydrogels with high water content (80-87 w/v) and long-term
stability in wet physiological environments [63, 65, 66]. The material has high electrical
conductivity (approximately 20 S/cm in PBS and 40 S/cm in deionized water), which allows
for efficient signal transmission and cell-cell communication [63, 65]. Additionally,
PEDOT:PSS hydrogels exhibit low Young's modulus (~2 MPa) and high stretchability
(>35% ductility), which closely mimic the mechanical properties of native tissues [63, 65,

66].

Microfluidic flow focusing for the production of microcarriers has emerged as a highly
precise and efficient technique, enabling the generation of uniform, size-controlled
microcarriers with tailored properties for applications in drug delivery, cell culture, and
tissue engineering [132-134]. This method leverages the controlled manipulation of fluid
dynamics to create monodisperse droplets or particles, offering advantages such as
scalability, reproducibility, and the ability to incorporate functional materials or bioactive
molecules [135, 136]. As a result, microfluidic flow focusing has become a pivotal tool in

advancing the development of next-generation microcarriers for biomedical and
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therapeutic applications [132-134]. For example, studies have demonstrated the ability to
generate microcarriers with diameters ranging from 100 to 450 um with exceptional
uniformity (Polydispersity index as low as 3.4%) [134]. This level of control is significantly
superior to conventional methods, which often result in broader size distributions [134].
Several research groups [29-33], including ours [10, 21, 34], have successfully utilized
microfluidic flow focusing technology to produce microcarriers for various biomedical

applications.

In this work, we developed electroconductive microcarriers made of photocurable GelMA
and PEDOT:PSS microcarriers for the first time. We used microfluidic flow focusing to
produce microcarriers with high size uniformity, which is crucial for ensuring consistent cell
growth [133, 134]. We evaluated the impact of PEDOT:PSS content on cell attachment
and differentiation to ensure its suitability for large-scale production of skeletal muscle

cells.

3.2 Experimental Section

3.2.1 Materials

A high-speed resin 3D printer (Photon Mono 2K, Anycubic, Shenzhen, China) was used
to fabricate the 3D-printed microfluidic droplet generator. A clear photopolymer resin
(Anycubic 405 nm UV-curing resin, Shenzhen, China) was used for the print. Key
chemicals and reagents were sourced from Sigma-Aldrich (St. Louis, MO, USA), including
lithium phenyl-2,4,6-trimethyl benzoyl phosphinate (LAP) (CAS# 85073-19-4), Span 80
(CAS# 1338-43-8), porcine-derived gelatin Type A (CAS# 9000-70-8), phosphate-buffered

saline (PBS) tablets, and methacrylic anhydride (CAS# 760-93-0). PEDOT:PSS (PH 1000)
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(CAS# 155090-83-8) was purchased from Ossila. Additional materials such as fetal bovine
serum (FBS) (Cat#16000044), Dulbecco's Phosphate Buffered Saline (DPBS)
(Cat#14190144), trypsin/EDTA (Cat#15400054), and Dulbecco's Modified Eagle Medium
(DMEM) (Cat#11965118) were procured from Gibco (Grand lIsland, NY, USA). The
Live/Dead viability/cytotoxicity kit for mammalian cells (Cat#L3224) was supplied by
Invitrogen via ThermoFisher Scientific (Waltham, MA, USA). The PrestoBlue cell viability
reagent was supplied by Invitrogen via ThermoFisher Scientific (Cat#A13261). In addition,
heavy mineral oil (Cat# 8042-47-5) was obtained from Fisher Chemical (Waltham, MA,
USA), and dialysis membranes with a molecular weight cutoff (MWCO) of 12—14,000 were

sourced from Spectro/Por through Fisher Scientific.

3.2.2 GelMA Synthesis

GelMA was synthesized following a previously established protocol [137]. In brief, 10 g of
porcine skin gelatin was dissolved in 200 mL of PBS at 60 °C to create a 5% gelatin
solution. 8 mL of Methacrylic anhydride was added drop-wisely into the solution, which
was then stirred at 300 rpm for 3 hours to generate GelMA with high degrees of
methacrylation (DOM). To halt the reaction, 300 mL of preheated PBS (40-50 °C) was
added, stirring for 15 minutes. The resulting GelMA solution was filtered, and then poured
into dialysis membranes with a molecular weight cutoff (MWCO) of 12-14 kDa and
dialyzed for two weeks at 40-50 °C. To ensure complete removal of unreacted methacrylic
anhydride and other impurities, the membranes were immersed in distilled water, stirred

at 50 rpm, and the water was changed twice daily, with the membranes reversed each
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time. Finally, the GelMA solution was filtered and lyophilized to obtain a solid GelMA

product.

3.2.3 Microfluidic Device Fabrication Using 3D Printing

The microfluidic chip, featuring channel dimensions ranging from 500 to 750 um, was
designed using SOLIDWORKS™ software (Version 2025 SPO. University of Victoria
academic license. Waltham) and fabricated using a 3D printer (Photon Mono 2K,
Anycubic, Shenzhen, China). 3D printing was chosen for its high precision and ability to
produce intricate microfluidic features with exceptional accuracy, ensuring reproducibility

and fine control over channel dimensions.

Before each printing cycle, the printer and resin vat were carefully inspected to eliminate
any potential contaminants that could affect the print quality. Dust particles were removed
from the printer using compressed air, while any impurities in the resin vat were extracted
using a pipette. Following the printing process, the fabricated components underwent a
thorough cleaning procedure with isopropanol to remove any residual uncured resin,
ensuring high fidelity of the printed structures. The cleaned components were then dried
using compressed air and subjected to post-curing in a Kudo3D post-curing chamber for
30 minutes at room temperature to enhance the mechanical and chemical stability of the

microfluidic chip.

3.2.4 Microcarriers Generation
Microcarriers were produced using the hydrogel solution going through a microfluidic flow
focusing systems as previously described [10, 21]. To generate droplets, the continuous

phase consisted of heavy mineral oil mixed with 10% (w/v) Span-80, a non-ionic
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surfactant. The dispersed (hydrogel) and continuous phases were loaded into plastic
syringes and connected to the microfluidic device via Tygon tubing. A 50 mL syringe
introduced the continuous phase, while a 3 mL syringe, mounted on a syringe pump
(Harvard Apparatus PHD 2000, USA), delivered the dispersed phase. The flow rates for
the continuous phase and the aqueous phase were 70 yL/min and 8 pyL/min, respectively.
Droplets formed at the chip’s flow-focusing junction and passed through a crosslinking
module, where exposure to visible light induced in situ photo-crosslinking. This module,

equipped with 20 standard 405 nm LEDs, crosslinked the MCs as they flowed through.

The crosslinked MCs were washed via centrifugation to remove residual oil and
surfactants. The washing process involved sequential washing: two rinses with PBS
containing 1% dish soap, followed by two washes with a 50% ethanol/PBS solution, and
three rinses with PBS. Finally, they were soaked in 70% ethanol overnight for sterilization.
They were then washed twice using sterile PBS. Purified MCs were either lyophilized and
stored at 5 °C for future use or soaked in cell culture medium for 72 hours before biological

studies.

3.2.5 Microcarrier Size Characterizations

The formation of microcarriers was further analyzed by measuring their size using a Zeiss
Axio Observer microscope (Germany). For this purpose, a drop of the microcarrier
suspension was placed between two coverslips and observed under the microscope to
capture bright field images. Imaged software (version 1.54d, National Institutes of Health,
USA) was used to determine the microcarrier sizes. The size distribution of the

microcarriers was plotted with 5 um intervals and their monodispersity was quantified by
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calculating the polydispersity index (PDI) using Eq.1, where o represents the standard

deviation of microgel diameters and D,, is the mean diameter of the microgels [21].

PDI = - (1

m

3.2.6 Swelling Capacity Measurement

To investigate the swelling dynamics of the fabricated microcarriers, they were lyophilized
for 24 hours. Their average diameter when dried was measured. Then they were soaked
in cell culture media, and their diameters were measured over a 70-hour period of
incubation at 37 °C. At specific time intervals, optical microscope images were captured,
and the diameters of the microcarriers were measured using the ImagedJ (version 1.54d,
National Institutes of Health, USA).The swelling capacity was determined by calculating
the ratio of the measured diameter to the initial dry diameter, as defined by Eq.2 [98]. In
this equation, D, represents the microcarrier's diameter in its dry state, while D;

corresponds to its diameter after swelling in the medium [98].

D¢ — Do
Do

Swelling capacity (%) = [ ] x 100 (2)

The diameter of the microcarriers increases until it reaches Dy;,4;. This final diameter was

used to calculate the swelling capacity percentage of each microcarrier group after 70

hours.

3.2.7 Resistance Measurement of Hydrogel Solutions
To evaluate the conductivity of the crosslinked hydrogel microcarriers, electrical resistance

measurements were conducted using a four-point probe setup . A two mL aliquot of the
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hydrogel precursor solution was poured into a 35 mm petri dish and subsequently
crosslinked using Kudo3D post curing chamber for 10 minutes to form a uniform hydrogel
sheet with a height of approximately 2 mm. The four probes were carefully positioned on
the surface of the crosslinked hydrogel to ensure consistent contact, and resistance
measurements were done using a Keithley 6430 Sub-Femtoamp Remote Source Meter.
In this measurement setup, the probes were positioned 2 mm apart, and the current was
applied through the outer probes, and the voltage drop was measured across the inner
probes. The four-point probe method is preferred for soft materials like hydrogels because

it eliminates contact resistance errors.

3.2.8 Resistance Conversion to Conductivity
The measured resistance (R) was converted to electrical conductivity (o, in S/m) using the

following formula:

(3)

D=

Where resistivity (p) is calculated as:

—RA 4
p=R+ (4)

Where R is the measured resistance (Q), L =2 mm = 0.002 m (probe spacing), and A =w
x t is the cross-sectional area, approximated based on the hydrogel volume and dish
dimensions [138]. The average resistance values measured for GP-7-0, GP-7-1, and GP-
7-2 were used to calculate the corresponding conductivity values at different applied

currents (1 mA and 10 mA). The computed conductivity values were as follows:
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Table 4 Conductivity values calculated based on the resistance values from the four-point probe

measurement.
Sample Conductivity (S/m) at 1 mA  Conductivity (S/m) at 10 mA
GP-7-0 0.14 1.15
GP-7-1 0.34 1.69
GP-7-2 0.90 3.63

3.2.9 In-vitro Cell Culture

To evaluate the biocompatibility of the conductive microcarriers, C2C12 murine skeletal
muscle cells (American Type Culture Collection, Manassas, VA, USA) were seeded onto
the microcarriers and cultured under controlled conditions. C2C12 cells were maintained
in complete growth media consisting of Dulbecco's Modified Eagle Medium (DMEM)
(Gibco) supplemented with 10% fetal bovine serum (FBS) (Gibco), 1%
penicillin/streptomycin (Gibco), and 1% GlutaMAX (Gibco) at 37°C in a humidified

incubator with 5% CO,. Cells from passage 3 were used for the experiments.

Prior to seeding, sterile 96-well plates were prepared by coating the bottom of each well
with a 2% agarose (Fisher BioReagents) solution dissolved in phosphate-buffered saline
(PBS) under sterile conditions. These agarose-coated plates were then incubated with
DMEM at 37°C for 24 hours before cell seeding. Meanwhile, the sterile microcarriers were

pre-incubated in DMEM for 72 hours at 37°C to enhance their compatibility with the cells.
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On the day of seeding, the DMEM was removed from the agarose-coated wells, and
approximately 100 yL of pre-incubated microcarriers were added to each well, ensuring
complete surface coverage. C2C12 cells were detached using 0.05% trypsin-EDTA
(Gibco) for 5 minutes, counted, and seeded at a density of 40,000 cells per well onto the
microcarriers. The plates were incubated at 37°C with 5% CO, for 4 hours, with gentle
shaking every 15-20 minutes to facilitate uniform cell attachment. After this initial
attachment phase, fresh culture media was added to each well, and the cells were allowed
to grow on the microcarriers for seven days under standard incubation conditions. The cell

culture media was changed every other day.

3.2.10 Live/Dead Assay

The viability of C2C12 cells cultured on conductive microcarriers was assessed using the
Viability/Cytotoxicity Kit for Mammalian Cells (L3224, ThermoFisher), following the
manufacturer’s protocol. This assay utilizes Calcein AM to stain live cells and Ethidium
homodimer-1 (EthD-1) to stain dead cells. To run live/dead assay, the culture MCs were
removed from the incubator, and the culture media was discarded. 200 uL of the prepared
live/dead staining solution was added to the MCs, ensuring complete coverage. The
samples were incubated for 2 hours at room temperature in the dark to allow the dyes to
penetrate the cells while minimizing light-induced degradation. Following incubation, the
live/dead staining solution was removed, and the samples were washed by replacing it
with DPBS to remove excess dye. Fluorescence imaging was performed using a Zeiss
Axio Observer microscope (Germany). The captured images were then analyzed to

determine the viability of C2C12 cells on the conductive MCs.
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3.2.11 PrestoBlue Assay

To evaluate the cytotoxic effects of the released components from MCs with or without
conductive material, extraction test was performed on the MCs. The extraction method
involves incubating a test material in a biological fluid (e.g., culture medium with serum)
under conditions that simulate clinical use, in order to isolate any leachable substances,
which are then tested for their potential cytotoxic effects on mammalian cells [139]. In this
method, the MCs were incubated under standard culture conditions in DMEM medium
supplemented with 10% FBS and 1% antibiotic for a total of 14 days. The extracts of the
MCs were collected at three different time points: Day 3, Day 5, and Day 14. These
extracts were stored under sterile conditions until further use in the cytotoxicity and viability

assays.

On Day 13, C2C12 cells were seeded in 2D culture at a density of 12,000 cells per well in
a 96-well plate to allow for attachment and growth overnight. On Day 14, the MC extracts
collected from different time points (Day 3, Day 5, and Day 14) were added to the
designated wells containing C2C12 cells. Wells designated as control groups received
fresh cell culture media instead of MC extracts. All wells were incubated at 37°C and 5%

CO, for 24 hours.

After 24 hours of incubation with MC extracts, the media was removed from all wells. A
1/10 dilution of PrestoBlue reagent was prepared in fresh cell culture media (e.g., 1 mL
PrestoBlue + 9 mL media), ensuring sufficient volume to treat all wells, including three
additional blank wells without cells. The working solution was warmed to 37°C in an

incubator prior to application. PrestoBlue working solution was then added to each well
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according to the recommended volume for a 96-well plate (110 yL per well). Three wells
containing only PrestoBlue and media (no cells) were included as blanks. The plate was
returned to the incubator for 30-40 minutes for wells with <50% confluency or 10-20
minutes for wells with >50% confluency to allow for optimal fluorescence development.
After incubation, 100 pL of the supernatant from each well was transferred to a fresh 96-
well plate for measurement. The fluorescence was recorded using a spectrophotometer
plate reader (Tecan, Model: Infinite 200 PRO®, Switzerland) at an excitation wavelength
of 560 nm and an emission wavelength of 590 nm. The scan was performed from the
bottom of the plate. The fluorescence readings from the blank wells were subtracted from
all experimental wells. The viability of the control condition, in which cells were incubated
with fresh media, was set as 100%. The viability of cells exposed to MC extracts was

determined relative to the control condition using the formula:

(5)

Cell Viability (%) = (Fluorescence Intensity of Treated Wells) % 100
et VIADIY W) = \ “Fluorescence Intensity of Control Wells

3.2.12 Cell Attachment and Proliferation Study on Conductive Microcarriers

To evaluate the attachment efficiency of C2C12 cells on conductive microcarriers, four
random wells were selected after four hours of incubation [134]. The microcarriers were
carefully washed with PBS to remove any unattached cells. To detach adhered cells,
trypsin-EDTA (5x) was added to the wells, followed by incubation at 37°C for 5-10 minutes.
After enzymatic detachment, cell culture media (DMEM) was added to the suspension to
neutralize trypsin. Then, the cell suspension was passed through a cell strainer to separate
the microcarriers from the detached cells. The collected filtrate was centrifuged at 300 x g

for 5 minutes, and the cell pellet was resuspended in DMEM for counting. The number of
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attached cells was quantified using a hemocytometer under the microscope. The

percentage of the attached cells were calculated using:

Number of counted cells after 24 hours
> x 100

Attachment (%) = ( (6)

Number of seeded cells

To assess cell proliferation on the microcarriers over time, 50,000 C2C12 cells were
seeded onto the microcarriers in agarose-coated 96-well plates under static culture
conditions. The number of attached cells was quantified on days 1, 3, 5, and 7 using the
same detachment and counting method described above. This allowed for the assessment

of cell proliferation dynamics on the conductive microcarriers over a seven-day period.

3.2.13 Immunofluorescence Staining Assay

On day 7 of culture, immunofluorescence staining was used to visualize the cytoskeletal
structure and nuclear shape of C2C12 cells grown on conductive microcarriers. F- Actin
filaments were stained using fluorescently labeled phalloidin, while DAPI (4',6-diamidino-
2-phenylindole) was used to label the cell nuclei. MCs were first washed twice with PBS
and then fixed in 4% paraformaldehyde (VWR) at 4°C overnight. The following day, the
MCs were washed again with PBS and blocked with 5% (w/v) bovine serum albumin (BSA,
VWR) in 0.3% Triton X-100 (BIO BASIC) dissolved in PBS, followed by overnight
incubation at 4°C. On the next day, the blocking solution was discarded, and the samples
were incubated overnight at 4°C with 4 ug/mL Alexa Fluor™ 488 Phalloidin (Thermo Fisher
Scientific) diluted in blocking solution (1:5 dilution) to stain the actin cytoskeleton. After the
antibody solution was removed, DAPI (4’,6-Diamidino-2-Phenylindole, Dihydrochloride,

Thermo Fisher Scientific) was used to stain cell nuclei, with samples incubated for 30
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minutes at room temperature in the dark. Following two additional washes with PBS, the
MCs were transferred onto glass slides and analyzed using fluorescence microscopy to

capture cell morphology.

During differentiation, C2C12 cells transition from a round shape to an elongated, tubular
morphology, as they adhere, elongate, and fuse into multinucleated myotubes [21, 34]. To
quantify these morphological changes, Imaged software (version 1.54d, National Institutes
of Health, USA). was used to analyze cell structure. Nuclei elongation was assessed by
measuring the nuclear aspect ratio, defined as the ratio of the longest to the shortest
nuclear diameter. Randomly selected nuclei from multiple images per condition were

analyzed to quantify morphological changes.

3.2.14 Flow Cytometry Analysis

Flow cytometry was used to evaluate myosin heavy chain (MyHC) expression, a key late-
stage myogenic marker, to determine the proportion of differentiated cells within the
population. This technique enables precise quantification of protein expression at the

single-cell level, allowing for an accurate assessment of differentiation status [99].

For sample preparation, cells were detached from the microcarriers by washing with PBS,
followed by enzymatic dissociation using trypsin-EDTA (10x). The cell suspension was
then filtered through a 0.07 mm cell strainer to remove microcarriers. A final cell
concentration of 5000 cells/uL was prepared for staining. Cells were incubated for 30
minutes in PBS containing 2% BSA, with PE-conjugated anti-mouse MyHC antibody
(MF20, BD-USA) and FITC-conjugated anti-mouse MyoD antibody to label myogenic

markers. After incubation, cells were diluted in 500 yL PBS and analyzed using a flow
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cytometer (Attune NXT, Thermo Fisher, USA) to quantify MyHC+ cells and assess the
extent of C2C12 differentiation [99]. Flow cytometry data analysis was done using FlowJo

software (V X.0- BD USA).

3.2.15 Statistical Analysis

All experiments were conducted with a minimum of three independent replicates, and the
results were expressed as mean = standard deviation (SD). Statistical analyses were
performed using one-way ANOVA followed by Tukey’s multiple comparisons test in
GraphPad Prism 7.0 (GraphPad Software, San Diego, CA, USA) to assess differences
between groups. Statistical significance was defined as follows: ns (not significant) for p >

0.05, * for p < 0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001.

3.3 Results and Discussions

We employed a microfluidic emulsion system to fabricate monodisperse conductive
microspheres (See Figure 17-i). This technique enables the continuous production of
uniform microcarriers with precise size control [10, 21]. Additionally, it eliminates the need
for downstream sieving typically required in traditional emulsion polymerization methods
to achieve consistent microcarrier sizes. By adjusting the flow rate ratios, we can
accurately regulate the size of the microcarriers, and the formulation can be easily

modified to obtain the desired properties [21].

The conductive hydrogel precursor solution consisted of GelMA (7% wi/v), PEDOT:PSS
(1% and 2% wi/v), and LAP (Lithium phenyl-2,4,6-trimethylbenzoylphosphinate) (0.3% w/v)
as the dispersed phase (Figure 16). The specific formulations and their corresponding
codes are outlined in Table 5.
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Table 5 The details of the microcarriers compositions and their corresponding codes.

PEDOT:PSS concentration (w/v%) Code
0 GP-7-0
1 GP-7-1
2 GP-7-2

GelMA provides a biocompatible hydrogel matrix, PEDOT:PSS imparts electrical
conductivity, and LAP serves as a photoinitiator to enable photo-crosslinking of the
hydrogel solution. LAP is a water-soluble, cytocompatibility Type | photoinitiator widely
used in the polymerization of hydrogels and other polymeric materials for biomedical
applications. Its popularity stems from its improved properties compared to alternatives
like Irgacure 2959, including increased water solubility, faster polymerization rates with
365 nm light, and absorbance at 400 nm that allows for visible light polymerization. These
characteristics enable cell encapsulation at lower initiator concentrations and longer
wavelength light, reducing toxicity and increasing cell viability [100]. The conductive

hydrogel solution (aqueous phase) was injected into a Mineral oil/Span 80 solution

{ ) { ) g PEDOT
I // \‘ [\ ) / \ ;
b \s/\\/s\,/k v S\//\ s CH\ I pui
t / ' \ / P
Il ; + 0 E Q o] + ‘ = © ' b
N N 0\_/ \_/ HsC CH. =

o}
0=é=0
GelMA Q/ Q/ PSS LAP

Figure 16 Chemical structure of the conductive hydrogel formulation composed of GelMA,
PEDOT:PSS, and LAP. These components are dispersed in PBS for MC production. Reproduced

with permission [1, 2]
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(continuous phase) for microcarrier fabrication. Details of the formulations used in this

process are provided in the experimental section (see Figure 17).

y Continuous phase i .
Crosslinking module;

---------
.

Crosslinked
_______ microcarriers

LOiI Channel

T Conductive
microcarriers

Figure 17 Fabrication and characterization of MCs using a microfluidic setup. (i) Schematic and
experimental setup for microcarrier synthesis using a flow focusing microfluidic device. Droplets
are generated from the conductive GelMA-PEDOT:PSS solution and crosslinked in situ using an
LED array. (ii) Image of the flow focusing droplet generator, highlighting the separate inlets for the
continuous and dispersed phases and the outlet for microcarrier collection. (iij) Schematic
representation of the microfluidic chip, illustrating the internal microfluidic channels, inlets, and
outlets. (iv) Detailed diagram of the droplet formation process within the microfluidic channels,
showing the aqueous phase merging with the continuous oil phase to form microcarriers. (v) Photo-
crosslinking module consisting of a 20-LED array at 405 nm, used to polymerize and solidify the
microcarriers during formation. (vi) Image of the crosslinked microcarriers flowing through the

tubing after fabrication
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Microscopic images in Figure 18 display GelMA (7%) microcarriers produced with varying
concentrations of PEDOT:PSS. The three images correspond to different PEDOT:PSS
levels: GP-7-0, GP-7-1, and GP-7-2. As PEDOT:PSS concentration increases, the
microcarriers appear slightly larger with minor variations in uniformity. The scale bar
indicates their size ranges between 200-300 um. To evaluate size distribution,
microcarriers were generated at an oil flow rate of 70 uL/min and an aqueous flow rate of

10 pL/min.

Figure 18 Microscopic analysis of the GelMA-based conductive microcarriers with different
PEDOT:PSS concentrations (GP-7-0, GP-7-1, GP-7-2). The images show variations in

microcarrier size and uniformity. Scale bar: 500 um.

Figure 19A illustrates the size distribution (n > 100), where the red curve represents GP-
7-0, with a mean size of 218.19 + 12.33 ym. The blue curve, corresponding to GP-7-1,
exhibits a slightly larger mean size of 241.54 + 17.93 um, while the green curve for GP-7-

2 shows the largest average size of 243.73 + 13.19 pm.

The polydispersity index (PDI) for the three groups, shown in Figure 19B, is 0.056 for GP-
7-0, 0.074 for GP-7-1, and 0.054 for GP-7-2, all below 0.1, indicating size uniformity [101].
These findings suggest that incorporating PEDOT:PSS does not significantly impact the
microcarrier generation process.
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Figure 19(A) Size distribution of the fabricated microcarriers, illustrating frequency distributions for
different PEDOT:PSS concentrations. A shift in size distribution is observed with increasing
PEDOT:PSS content. (B) Polydispersity index (PDI) analysis, showing variations in size uniformity
across different formulations. The microcarriers exhibit different degrees of polydispersity
depending on PEDOT:PSS concentration (n>100).

3.4 Material Characterization

To evaluate the physicochemical and electrical properties of the fabricated GelMA-
PEDOT:PSS microcarriers, a series of characterization experiments were conducted. In
Figure 20(i), the swelling capacity of the microcarriers is shown over a 70-hour time frame.
According to Eq. 2 and using D¢, as D, GP-7-1 and GP-7-2 demonstrate significantly
greater swelling capacities, both around 147.6%, whereas GP-7-0 exhibits a considerably

lower value of 75.35%.

This suggests that GP-7-1 and GP-7-2 exhibit nearly twice the water absorption capacity
of GP-7-0, which contrasts with the findings of several other studies which reported a
decrease in swelling with the addition of PEDOT:PSS [1, 103]. However, in the study by
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Wang et al. using 6% GelMA, a composition highly comparable to our own (7%), showed
an increase in the swelling ratio when PEDOT:PSS content was increased from 0.15% to

0.2% (w/v) [102].

| 200

h

150+

Swelling capacity (%)
o
o

Figure 20 (i) Swelling dynamics of microcarriers with different PEDOT:PSS concentrations,
measured over a 70-hour period to assess equilibrium swelling behavior. Number of replicates >4.
(i) Image of a dried GP-7-2 microcarrier with a diameter of Do , absorbing DMEM and swelling

through time (D; ) and reach to the final diameter (Dsina) after 70 hours. Scale bar: 100 um.

To explain this, we need to explore PEDOT:PSS and GelMA interactions and structures.
PEDOT:PSS affects GelMA crosslinking in several interconnected ways. Firstly,
PEDOT:PSS imparts a darker hue to the prepolymer solution, which significantly increases
light absorbance during photo-crosslinking. This can hinder light penetration to GelMA
structure and thereby reduce the efficiency of GelMA crosslinking [1]. Secondly,

PEDOT:PSS is an anionic polyelectrolyte that can electrostatically interact with positively
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charged groups (e.g., lysine residues) in the GelMA backbone. This interaction can inhibit
the availability of methacryloyl groups for radical polymerization, leading to a less

crosslinked network [102].

The combination of these effects- reduced photoinitiator efficiency due to higher light
absorbance and chemical interference with crosslinkable groups, results in a more loosely
crosslinked or diluted hydrogel structure. This structural change increases water uptake
capacity, thereby enhancing the swelling ratio. Additionally, SEM imaging of PEDOT:PSS-
laden GelMA hydrogels has shown a more porous network structure compared to pure

GelMA, further confirming this dilution effect [102].

Moreover, our results are in line with broader trends in GelMA hydrogel behavior. It is well-
documented that lower GelMA concentrations lead to higher swelling ratios due to reduced
crosslinking density and increased hydrophilicity. Ghazali et al. confirms that decreasing
GelMA concentration enhances swelling, which supports our interpretation that effective
crosslinking density in our PEDOT:PSS-loaded GelMA was lowered, functionally behaving

like a lower-concentration GelMA system [140].

In addition, the concentration of PEDOT:PSS used in our formulation was significantly
higher than in many other studies, which typically explore concentrations up to 0.3% (w/v)
[1, 102]. In contrast, we used a higher loading (1% (w/v) and 2% (w/v)), which may have
amplified the aforementioned effects to an extent where the swelling ratio increased
notably instead of decreasing. Together, these results underscore that while lower
concentrations of PEDOT:PSS may tighten the hydrogel matrix through better dispersion

and crosslinking interaction, higher concentrations- as used in our study- impede
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crosslinking and promote a more porous, hydrophilic, and ultimately more swellable
network. We speculate that this effect arises from reduced crosslinking density at elevated

PEDOT:PSS levels; however, the precise mechanism remains to be elucidated.

Figure 21 presents a visual comparison of crosslinked GelMA-PEDOT:PSS solutions
containing varying concentrations of PEDOT:PSS, ranging from 0% to 2% (w/v). The
increasing PEDOT:PSS concentration resulted in a more intense blue coloration,
indicating successful incorporation of the conductive polymer within the hydrogel network.
The distinct visual differences between samples reflect the tunability of hydrogel

composition, which can influence both physical and electrical properties.

GP-7-0 GP-7-1 G P-7-2

Figure 21 Visual representation of photocured GelMA-PEDOT:PSS solutions at varying
PEDOT:PSS concentrations, ranging from 0% to 2%. Scale bar: 5 mm.

Figure 22 shows the four-point probe measurement setup used to determine the electrical
resistance of the hydrogel sheet. The image displays four metallic probe tips in contact
with the hydrogel surface, positioned under a microscope for precise alignment. In this
configuration, the two outer probes are responsible for sourcing current, while the two inner

probes measure the resulting voltage drop across the sample. This arrangement
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minimizes contact resistance and ensures accurate resistance measurements. Refer to

the Experimental Section for detailed procedures and measurement parameters.

Source Meter

777, ]

.
I

Figure 22 Image of the four-point probe measurement setup used to evaluate the resistance of

crosslinked hydrogel sheets. Scale bar: 35 mm.

Figure 23 represents electrical resistance measurements of GelMA-based hydrogels with
different concentrations of PEDOT:PSS, evaluated under two different applied currents: 1
mA and 10 mA. These two currents were chosen as research indicates that the optimal

current range for four-point probe measurements of hydrogels was between 0.1 mA to 10
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mA [141]. This range was determined based on studies showing that hydrogel
conductance measurements conducted over a current range from 0.001 mA to 10 mA
exhibited varying degrees of accuracy and structural integrity. At a current level of 0.01
mA, measurement repeatability was compromised due to detection noise, making it
unreliable for precise conductance assessments. However, at currents above 0.1 mA,
measurement consistency improved, and conductance values remained relatively stable
up to 10 mA. Beyond this threshold, the hydrogel's conductivity exhibited gradual
degradation, likely due to permanent structural damage caused by excessive current.
Thus, the 0.1 mA to 10 mA range was identified as optimal, as it ensures repeatable
conductance measurements while minimizing measurement artifacts and preventing
hydrogel degradation [141]. The hydrogels tested include GelMA (7%) without
PEDOT:PSS (GP-7-0), GelMA (7%) with 1% PEDOT:PSS (GP-7-1), and GelMA (7%) with
2% PEDOT:PSS (GP-7-2). In Figure 23, when the applied current was 1 mA, the
resistance of GP-7-0 was the highest, measuring 13.84 £ 0.84 Q, whereas GP-7-1 showed
a significant decrease in resistance to 5.88 + 1.17 Q. The addition of 2% PEDOT:PSS
(GP-7-2) further reduces the resistance to 2.22 + 0.27 Q, indicating an increase in
conductivity with higher PEDOT:PSS content. When the applied current was 10 mA, a
similar trend appears but with overall lower resistance values. GP-7-0 exhibits the highest
resistance at 1.73 £ 0.13 Q, while GP-7-1 shows a reduction to 1.18 £ 0.05 Q, and GP-7-
2 demonstrates the lowest resistance, 0.55 £ 0.16 Q. The statistical comparisons confirm
a significant reduction in resistance with increasing PEDOT:PSS concentration. These
results demonstrate that PEDOT:PSS incorporation enhances the electrical conductivity

of GelMA hydrogels, as evident from the decrease in resistance with increasing
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PEDOT:PSS content. The effect is consistent at both low and high currents, though

resistance values are naturally lower at higher currents [141].
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Figure 23 Electrical resistance values of GP-7-0, GP-7-1, and GP-7-2 measured under two
currents of 1 mA and 10 mA. Results presented as mean + SD. Number of replicates= 3. Statistical
analysis was done by one-way ANOVA. ( *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.)

The electrical conductivity of skeletal muscle tissue typically ranges from 0.04 S/m to 0.5
S/m [104]. However, depending on the type of stimulation applied and the orientation of
the measurement relative to muscle fibers (i.e., parallel or perpendicular), reported values

can vary from 0.05 S/m up to 2.58 S/m [142, 143].

The average resistance values measured for GP-7-0, GP-7-1, and GP-7-2 were used to
calculate the corresponding conductivity values at different applied currents (1 mA and 10
mA). The computed conductivity values were as follows (see Experimental Section for

detailed formulations):
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Table 6 Conductivity calculated from four-point probe resistance values.

Sample Conductivity (S/m) at 1 mA  Conductivity (S/m) at 10 mA
GP-7-0 0.14 1.15
GP-7-1 0.34 1.69
GP-7-2 0.90 3.63

The conductivity values calculated for the hydrogel sheets using the four-point probe
method fall within a similar range, indicating comparable conductive properties. As shown
in Table 6, the electrical conductivity of the hydrogel samples increases with the addition
of PEDOT:PSS. At both 1 mA and 10 mA applied currents, GP-7-0 (0% PEDOT:PSS)
exhibited the lowest conductivity, while GP-7-2 (2% PEDOT:PSS) demonstrated the
highest. Specifically, conductivity rose from 0.14 S/m in GP-7-0 to 0.90 S/m in GP-7-2 at
1 mA, and from 1.15 S/m to 3.63 S/m at 10 mA. These findings confirm that PEDOT:PSS
effectively enhances the hydrogel’s electrical performance.

3.4.1 Evaluating Viability, Attachment, and Proliferation of C2C12 Cells on

Electroconductive Microcarriers

Assessing biocompatibility is crucial to ensure biomaterials support viability, cell adhesion,
and proliferation. PrestoBlue viability test was performed to further investigate the
cytotoxicity of the PEDOT:PSS (See Experimental Section). To evaluate initial adhesion
efficiency, a cell attachment assay was performed on C2C12 cells, a key factor in
biocompatibility and tissue engineering applications. Additionally, a proliferation study
tracked cell growth over a 7-day period, examining whether PEDOT:PSS enhances
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expansion through bioelectrical interactions. A live/dead staining assay was conducted on
day 7 of the cell culture process on the MCs to visualize viable (green) and non-viable

(red) cells, providing insight into the cytotoxic effects of PEDOT:PSS.

First, we conducted an extraction assay to evaluate the potential cytotoxicity of
PEDOT:PSS. As shown in Figure 24, the PrestoBlue assay assessed the effects of MC
extracts on C2C12 cell viability over a 14-day period. Cell viability remained consistently

high across all groups, with no significant differences observed at any time point.
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Figure 24 Cytotoxicity evaluation of the microcarriers using the PrestoBlue assay. the effect of the

microcarriers’ extract on C2C12 cells after 24 hours exposure. Number of replicates= 2.

Next, we investigated cell attachment efficiency, proliferation, and viability using a
live/dead assay over a 7-day period with MCs seeded in a 96-well plate. Attachment
efficiency was evaluated after four hours of incubation with C2C12 cells on MCs containing
varying concentrations of PEDOT:PSS (Figure 25). The results indicate that attachment

percentages were comparable among GP-7-0, GP-7-1, and GP-7-2 groups, with no
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statistically significant differences. This suggests that PEDOT:PSS, at the tested

concentrations, does not significantly affect initial cell adhesion.
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Figure 25 Cell attachment assay showing the percentage of C2C12 cells adhered to microcarriers
with varying PEDOT:PSS concentrations (0%, 1%, 2%) after 4 hours of incubation. Number of

replicates= 3.

Figure 26 presents the proliferation data over the 7-day period. All groups demonstrated
increased proliferation over time; however, GP-7-0 exhibited significantly higher
proliferation than GP-7-1 and GP-7-2 on day 7 (***p < 0.001). Proliferation rates between
GP-7-1 and GP-7-2 were similar, indicating that higher concentrations of PEDOT:PSS
may modestly reduce cell proliferation. This reduction correlates with an increased
percentage of myogenically differentiated (MyHC+) cells, supporting the hypothesis that

PEDOT:PSS promotes myoblast differentiation while limiting proliferation. This trend
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reflects the natural progression of muscle development, where proliferating myoblasts exit

the cell cycle to undergo fusion and maturation [144-147].
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Figure 26 Cell proliferation assay quantifying C2C12 cell growth on microcarriers with different
PEDOT:PSS concentrations (0%, 1%, 2%) at days 1, 3, 5, and 7, highlighting the effect of
conductivity on cell proliferation. Number of replicates= 4. Results presented as mean + SD.
Statistical analysis was done by ordinary one-way ANOVA.( ns: not significant p>0.05, ****p <
0.0001.)

Figure 27 presents fluorescent live-dead staining images of C2C12 cells cultured on MCs
with different PEDOT:PSS concentrations (GP-7-0, GP-7-1, and GP-7-2) at day 7. The
green fluorescence indicates viable cells, while the merged images combine bright-field,
live (green), and dead (red) staining for a comprehensive view of cell distribution and

morphology. The images show high viability among all MC groups.

These findings confirm that PEDOT:PSS, at the tested concentrations, is non-cytotoxic to
C2C12 cells and supports its biocompatibility. This study confirms that the integration of
PEDOT:PSS does not impair C2C12 attachment; however, it negatively affects long-term

cell expansion. One possible explanation is that, during muscle development, myoblasts
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initially proliferate before undergoing differentiation. Once committed to differentiation,
they exit the cell cycle, fuse, and express myogenic markers [105, 106]. The decrease in
proliferation in PEDOT:PSS-containing conditions may be directly related to the increase

in differentiation, as cells shift from a growth phase to a maturation phase.

Figure 27 Fluorescent staining of C2C12 cells cultured on GP-7-0, GP-7-1, and GP-7-2

microcarriers at day 7: Live cell staining (green) and Combined Live/Dead/Bright-field imaging (live:

green, dead: red, bright-field: gray). Scale bar: 100 um.

3.4.2 Functional assessment: Impact of PEDOT:PSS on C2C12 cell morphology

and myogenic differentiation
Based on the previous section, the use of PEDOT:PSS in microcarriers leads to a
decrease in cell proliferation, which may be attributed to the differentiation of C2C12 cells.
To investigate this hypothesis, we examined two key indicators of cell differentiation:

nuclear elongation and MyHC expression. Nuclear elongation was assessed using the
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nuclear aspect ratio. Previous research by T. M. Watanabe et al. has demonstrated that
the differentiation of C2C12 myoblasts into myotubes is associated with significant
changes in nuclear morphology, particularly an increase in the nuclear aspect ratio. As
C2C12 cells progress from rounded myoblasts to elongated myotubes, their nuclear

aspect ratio increases [107].

This change in nuclear shape is attributed to forces acting on the nucleus during the
differentiation process, indicating a reorganization of nuclear architecture [107]. The
increase in nuclear aspect ratio serves as a useful morphological indicator of myogenic
differentiation in C2C12 cells [108]. These alterations in nuclear morphology are part of a
broader set of changes that occur during C2C12 differentiation, including chromatin
remodeling and changes in histone dynamics, which collectively contribute to the

determination of cell fate in muscle development [107].

To assess the impact of conductive MCs on C2C12 behavior, we conducted
immunofluorescence staining of cells cultured on GelMA-PEDOT:PSS MCs with
increasing concentrations of PEDOT:PSS (Figure 28). These images provide insight into
cytoskeletal organization and nuclear morphology, which serve as critical markers of
cellular alignment and differentiation. Actin (green) and DAPI (blue) staining revealed clear
structural differences across conditions, with elongated nuclear shapes observed at higher

PEDOT:PSS concentrations.

76



Figure 28 Immunofluorescence staining of C2C12 myoblasts cultured on GelMA-PEDOT:PSS
microcarriers with varying PEDOT:PSS concentrations. On the left: Merged images of DAPI-
stained nuclei (blue) and actin cytoskeleton (green), In the middle: actin staining, and on the right:

DAPI staining. Scale bars: 50 um.

Figure 29 presents a quantitative analysis of the nuclear aspect ratio, reflecting cellular
elongation in response to substrate conductivity. The results demonstrate a significant
increase in nuclear elongation between GP-7-0 (GelMA only, 1.41 £ 0.11) and GP-7-1
(GelMA with 1% PEDOT:PSS, 1.51 + 0.03; *p < 0.05). However, no further increase was
observed at 2% PEDOT:PSS (GP-7-2, 1.51 £ 0.008), suggesting a plateau in the

elongation response. Since nuclear elongation is considered a hallmark of early myogenic
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differentiation, these findings indicate that 1% PEDOT:PSS is sufficient to promote this

phenotype, while higher concentrations do not confer additional morphological benefits.
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Figure 29 Results of image processing of the nuclei aspect ratio across groups done by ImageJ

threshold processing (Number of replicates > 230).

In addition to morphological indicators, we assessed a molecular marker of differentiation,
MyHC, as previously discussed in Section 3.3 [105, 106]. C2C12 cells were cultured on
MCs for seven days at 37°C in a 5% CO, atmosphere. On day seven, cells were
enzymatically detached and MyHC expression was analyzed via flow cytometry (Figure
30). The percentage of MyHC* cells was significantly higher in groups containing
PEDOT:PSS: 24.93% + 2.36 for GP-7-0, 52.56% * 2.06 for GP-7-1, and 59.93% + 6.27

for GP-7-2.
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Figure 30 Flow cytometry histograms showing MyHC expression in C2C12 cells after 7 days of
culture on MCs with 0% (GP-7-0), 1% (GP-7-1), and 2% (GP-7-2) PEDOT:PSS (Number of
replicates = 3).

These results are summarized in the column graph in Figure 31. One-way ANOVA
confirmed a statistically significant increase in MyHC™ cells between 0% and 1%

PEDOT:PSS (**p < 0.01), and between 0% and 2% (***p<0.001).
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Figure 31 Quantification of MyHC-positive (MyHC?) cells from flow cytometry. A significant
increase in MyHC * cells is seen with increasing the conductive material (Number of replicates =
3). Data are presented as mean + SD. Statistical analysis was performed using one-way ANOVA.
(ns = not significant p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Together, these results suggest that conductive MCs provide a favorable
microenvironment for myogenic commitment by enhancing both cellular morphology and
MyHC expression. Additionally, applying external electrical stimulation could further
enhance myogenic differentiation and counteract the proliferation decline. Previous
studies have shown that electrical stimulation synergizes with conductive biomaterials to
promote muscle cell alignment, fusion, and functionality [148, 149]. These findings are
consistent with previous proliferation results (Figure 26), which showed that C2C12
proliferation was significantly lower on PEDOT:PSS-containing MCs compared to the 0%
PEDOT:PSS condition. The relationship between reduced proliferation and increased
differentiation follows a well-documented trend in myogenic biology [105, 106], and our

results confirm this relationship.

In conclusion, MCs containing PEDOT:PSS promote nuclear elongation and MyHC
expression, both key indicators of myogenic differentiation. The increased nuclear aspect
ratio suggests that PEDOT:PSS enhances cytoskeletal remodeling by improving
conductivity and mechanical properties, thereby serving as a bioelectronic cue for
myoblast differentiation. This finding aligns with previous studies demonstrating that
conductive materials mimic the native muscle environment, thereby promoting cell
maturation [144-147]. The findings indicate that both 1% and 2% PEDOT:PSS optimally
promotes differentiation. Future research should investigate the effects of dynamic

electrical stimulation to further optimize its application in muscle regeneration.
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3.5 Summary and Key Findings

This study introduces a novel electroconductive microcarrier system composed of GelMA
and PEDOT:PSS, engineered to support cell adhesion, differentiation, and electrical
conductivity for tissue engineering applications. Using microfluidic flow focusing,
monodisperse microcarriers with precise size control and tunable properties were

fabricated, offering a scalable and reproducible platform for regenerative medicine.

Material analysis confirmed structural stability and enhanced conductivity, with the 2%
PEDOT:PSS formulation (GP-7-2) exhibiting the lowest electrical resistance.
Biocompatibility assays demonstrated high cell viability (>90%), minimal cytotoxicity, and
efficient cell attachment across all formulations, with PEDOT:PSS showing no adverse

impact on adhesion.

Proliferation studies revealed that GelMA-only microcarriers (GP-7-0) supported higher
cell growth, while PEDOT:PSS-containing variants (GP-7-1 and GP-7-2) showed reduced
proliferation over time. This decline corresponded with a higher percentage of MyHC*
cells, indicating that PEDOT:PSS promotes myogenic differentiation at the expense of
continued cell expansion- paralleling natural muscle development where cells exit the

cycle to fuse and mature.

Differentiation assays confirmed a significant increase in MyHC expression with
PEDOT:PSS, although no notable difference was observed between 1% and 2%
concentrations. Immunofluorescence analysis further supported these findings, showing
increased nuclear elongation in PEDOT:PSS groups-an indicator of myogenic

differentiation- without significant differences between concentrations.
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While PEDOT:PSS Iimits proliferation, it enhances differentiation. External electrical
stimulation could further promote differentiation and mitigate reduced proliferation. Prior
studies suggest that electrical cues synergize with conductive materials to improve muscle

cell alignment, fusion, and function.

Future work should explore the impact of dynamic electrical stimulation on myotube
formation, contractility, and gene expression, along with in vivo assessments to validate

biocompatibility, degradation, and integration within living tissues.

Overall, GeIMA-PEDOT:PSS MCs represent a promising platform for conductive tissue
engineering, particularly in skeletal muscle, cardiac, and neural regeneration. This work
contributes to the advancement of bioelectronic medicine and next-generation

biomaterials designed to guide functional tissue repair and regeneration.
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4 Chapter 4: Conclusion and Future Work

41 Conclusion

This thesis explored the development of electroconductive microcarriers designed for
skeletal muscle tissue engineering using two complementary conductive strategies- ionic
conductivity via bio-ionic liquids (BlLs) and electrical conductivity via PEDOT:PSS. The
study aimed to fabricate monodisperse, biocompatible microcarriers using a microfluidic
flow focusing technique and to assess their physical, electrical, and biological properties
in the context of supporting C2C12 myoblast adhesion, proliferation, and differentiation.
The research contributes to addressing a major gap in traditional microcarrier systems,
which typically lack electrical functionality and therefore fail to replicate the

electrophysiological environment of excitable tissues.

In Sections 2.1 and 3.1, the rationale for selecting Gelatin Methacryloyl (GelMA) as the
base material was established. GelMA offers several advantages, including tunable
mechanical properties, excellent biocompatibility, enzymatic degradability, and functional
groups for chemical modification. These properties make GelMA ideal for constructing
injectable, photo-crosslinkable microcarriers that can support dynamic cell-material
interactions. The incorporation of choline-based BlLs and PEDOT:PSS into GelMA was
introduced to provide ionic and electronic conductivity, respectively, mimicking the natural

ionic flux and membrane potentials found in muscle and nerve tissues.

Sections 2.2 and 3.2 detailed the fabrication of microcarriers using a microfluidic flow
focusing platform, which enabled the generation of monodisperse hydrogel particles with

consistent geometry. The advantage of this method over conventional emulsification

83



techniques lies in its high reproducibility, tunability, and scalability. Droplets were photo-
crosslinked downstream to form hydrogel microcarriers, and their sizes were characterized
by brightfield microscopy, confirming the successful formation of spherical particles in the
200-300 ym range. This section also introduced the different formulations tested, ranging

from 1% to 5% BIL and 0.1% to 2% PEDOT:PSS.

In Sections 2.2.6 and 3.2.6, the physical properties of the microcarriers were
characterized, while Sections 2.2.7 and 3.2.7-3.2.8 focused on their electrical
characterization. Swelling tests revealed that increasing concentrations of BIL and
PEDOT:PSS reduced the swelling capacity, indicating increased crosslinking density and
stability of the hydrogel networks. Conductivity measurements showed a clear trend of
enhanced electrical performance with increasing conductive additive concentrations.
Specifically, GeIMA-BIL hydrogels containing 5% BIL (GB-7-5) reached a conductivity of
0.663 S/m (Section 2.3.2), while the GelMA-PEDOT:PSS microcarriers with 2% polymer
(GP-7-2) exhibited a maximum conductivity of 0.90 S/m at 1 mA and 3.63 S/m at 10 mA,
with the lowest electrical resistance measured at 0.55 +0.16 KQ (Section 3.4.1). These
results confirmed that both BIL and PEDOT:PSS significantly enhanced the electroactive
properties of the GelMA matrix, though through distinct conduction mechanisms—ionic vs.

electronic.

Section 2.2.9 and 3.2.10 reported the biocompatibility and cytotoxicity results. Both the
BIL and PEDOT:PSS microcarriers demonstrated excellent cell viability, with trypan blue
and live/dead staining indicating over 85% viability across all tested formulations.

Importantly, there was no statistical evidence of cytotoxicity, confirming that both
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conductive additives were safely integrated into the GelMA matrix. Section 2.2.11 and
3.2.12 discussed cell adhesion and proliferation, showing that higher conductivity
correlated with enhanced C2C12 attachment within 4 hours post-seeding. Proliferation
assays further supported this finding, as conductive microcarriers demonstrated a
consistent increase in cell number over 7 days, with the PEDOT:PSS 2% and BIL 5%

groups showing the highest proliferation rates.

Cell morphology was addressed in Section 2.2.12 and 3.2.13. Immunofluorescence
imaging of F-actin and nuclei revealed that cells cultured on conductive microcarriers
exhibited more elongated nuclei compared to the non-conductive control. These structural
changes are characteristic of early myogenic commitment and reflect the role of
conductivity in directing cell morphology. In Section 2.2.13 and 3.2.14, functional
differentiation was assessed through Myosin Heavy Chain (MyHC) expression, a marker
of mature muscle phenotype. Flow cytometry results showed a significant upregulation of
MyHC in conductive microcarriers, with the GP-7-2 and GB-7-5 groups exhibiting up to a
1.5-fold increase in MyHC+ cells relative to controls, validating the hypothesis that

electroconductive environments promote myogenic differentiation.

Collectively, this thesis demonstrates the successful development and validation of a dual-
platform electroconductive microcarrier system. Both ionic and electronic conductive
strategies yielded functional benefits, but each offered unique advantages. The BIL-based
microcarriers provided softness, transparency, and ionic signaling aligned with natural
physiological processes, without the need for solid conductive fillers. This system is ideal

for interfacing with soft tissues where ion-mediated bioelectrical activity is dominant. In
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contrast, PEDOT:PSS-based microcarriers offered stable, robust electronic conductivity,
structural integrity, and compatibility with external bioelectronic systems, making them

well-suited for applications involving electrical stimulation or device integration.

The fabrication approach using microfluidic flow focusing was central to the success of this
study. As shown throughout Chapters 2 and 3, the method enabled precise control over
size, composition, and geometry, all of which contributed to reproducible results and
reliable biological performance. This platform is highly adaptable and can be extended to

a variety of biomaterial systems and cell types.

From a biological perspective, the findings underscore the critical role of electrical cues in
regulating cell behavior in tissue engineering. By demonstrating that microcarrier
conductivity enhances not just viability and proliferation but also myogenic differentiation,
this work lays the foundation for the use of conductive microcarriers as scalable platforms
for cell therapy, tissue regeneration, and bioelectronic interfaces. The modularity of the
system makes it well-suited for injection-based delivery, dynamic stimulation, and

integration into 3D bioreactor systems.

In conclusion, this thesis provides a robust, reproducible, and biologically effective
approach for engineering electroconductive microcarriers using GelMA, BIL, and
PEDOT:PSS. The dual-mode conductive strategy allows for tailoring materials to specific
tissue engineering needs-whether favoring soft ionic communication or robust electronic
signal transmission. The work presents a significant advancement in microcarrier-based

platforms and opens new directions for future studies in electroactive tissue engineering,
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especially when combined with in vitro electrical stimulation or in vivo delivery in muscle

regeneration models.

4.1.1 Comparative Insights: lonic- vs. Electrical-Conductive Microcarriers

The two studies presented in Chapters2 (GelMA-BIL) and 3 (GelMA-PEDOT:PSS)
collectively demonstrate that both ionic and electronic strategies can be seamlessly
integrated into a monodisperse GelMA microcarrier platform, yet they modulate the

cell/material interface in distinct, sometimes complementary, ways.

4.1.1.1 Material architecture and baseline physicochemical properties

Neither additive compromised droplet formation: both GelMA-BIL and
GelMA-PEDOT:PSS spheres retained tight size distributions with PDI < 0.1, confirming
that microfluidic flow-focusing is tolerant to either solute chemistry. Interestingly, the
additives produced opposite water-handling behaviours. BIL suppressed swelling to <7 %
(vs. 23 % for GelMA alone), whereas PEDOT:PSS nearly doubled water uptake to ~148 %

, a divergence that could be exploited to match tissue hydration needs.

4.1.1.2 Electrical performance

As expected, PEDOT:PSS delivered the higher absolute conductivity (0.90 Sm™ at 1 mA,;
3.63Sm™ at 10 mA for 2 % wi/v), while BIL provided a gentler ionic window topping at
0.663 S m™ for 5 % wi/v. Notably, the BIL range already overlaps native skeletal-muscle
conductivity (0.04-0.5 S m™), whereas the PEDOT:PSS range extends into values useful
for low-impedance bioelectronic readouts. Thus, ionic GelMA-BIL carriers may suit
low-voltage physiological signalling, whereas electronic GelMA-PEDOT:PSS carriers can

support higher-fidelity stimulation or sensing.
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4.1.1.3 Biocompatibility trends

Live/dead, PrestoBlue and extract tests confirmed > 85 % viability for both systems, with
no leachable-toxicity detected for PEDOT:PSS over 14 days. Early adhesion was
comparable across all formulations, but growth kinetics diverged: Both BIL and
PEDOT:PSS MCs showed a modest proliferation slowdown by day 7. This suggests that

electroconductive MCs bias cells toward exit from cycle and maturation.

4.1.1.4 Myogenic differentiation and functional read-outs

Both additives promoted hallmark cues of myogenesis, nuclear elongation and MyHC
expression, but with different dose-response ceilings. BIL raised the nuclear aspect ratio
from1.30 > 1.49 and lifted MyHC* cells ~1.5-fold, plateauing beyond 2.5% wi/v.
PEDOT:PSS induced a sharper jump: MyHC* cells rose from 25 % (0 %) to 53 % (1 %)
and 60 % (2 %), again with a plateau above 1 % w/v, while nuclear elongation stabilised at
~1.51. Taken together, ionic conduction was sufficient to trigger early differentiation cues,
but electronic conduction delivered a larger absolute pool of mature (MyHC™*) myotubes,

albeit at the expense of proliferation.

4.1.1.5 Design implications

These findings position the two microcarrier chemistries as complementary tools along the
myogenic pipeline. GelMA-BIL spheres are well-matched to bioreactor expansion stages
where high viability and moderate conductivity guide early lineage commitment without
throttling growth. GeIMA-PEDOT:PSS spheres excel as “maturation boosters,” providing
higher conductivity and electronic coupling for late-stage fusion or integration with

exogenous pacing electrodes.
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By juxtaposing the ionic and electronic routes, this work underscores how tuning the
nature—not just the magnitude—of conductivity unlocks orthogonal levers over
muscle-cell fate, offering a rational framework for selecting (or stacking) conductive

additives to meet specific manufacturing or therapeutic endpoints.

4.2 Future Work

This study has laid the groundwork for using electroconductive GelMA-based
microcarriers to enhance skeletal muscle tissue engineering. The incorporation of BlLs
and PEDOT:PSS showed promising results in improving cell adhesion and myogenic
differentiation. Building on this, several future directions are proposed to explore the full
potential of these materials and further optimize their application in scalable tissue

engineering systems.

4.2.1 Refining Conductivity Levels and Cellular Response

Although the results clearly indicated a positive correlation between conductivity and cell
performance, future studies should determine the optimal conductivity range for specific
biological outcomes. Microcarriers with finer gradations of BIL or PEDOT:PSS
concentrations can be fabricated and tested to better understand the relationship between

electrical environment and cell behavior. Key areas of investigation include:

e Determining the threshold conductivity required to trigger enhanced myogenic

differentiation.

e Mapping dose-response relationships between conductivity and cell morphology

using live-cell imaging.
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e Using impedance spectroscopy and electrical modeling to predict in vitro

performance.

4.2.2 Coupling with Electrical Stimulation Platforms

To mimic physiological environments more closely, the next logical step is to integrate
these conductive microcarriers with dynamic electrical stimulation systems. This could
significantly enhance the functional maturation of excitable tissues like skeletal muscle

and heart. Future work could include:
e Designing custom bioreactor setups for uniform electrical field exposure.
o Testing stimulation frequencies and voltages that mimic muscle contraction or
cardiac pacing.
o Assessing downstream effects such as contractile force generation and alignment

of myotubes.

4.2.3 Expanding to Other Cell Types and Co-Culture Models
The current study focused on C2C12 myoblasts, but the conductive microcarriers could

benefit a broader range of cell types and tissues. Future research can explore:
e« Seeding neural stem cells or cardiomyocytes to evaluate cross-platform
compatibility.
e Developing co-culture systems (e.g., muscle + endothelial cells) to model

vascularized muscle tissue.

« Investigating electrical influence on intercellular communication and ECM
deposition.
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4.2.4 In Vivo Validation and Degradation Analysis
To support clinical translation, in vivo studies are necessary to assess safety, bio-

integration, and degradation behavior. Suggested steps include:
o Implanting microcarriers into skeletal muscle injury models.

e Using imaging (MRI, ultrasound) and histology to evaluate tissue regeneration and

immune response.

e Monitoring degradation rate and metabolite clearance over time.

4.2.5 Smart Harvesting and Delivery Approaches
Conductive microcarriers may provide novel methods for cell harvesting or delivery due to

their electroactive nature. Future directions:

o Explore electrophoretic harvesting as a gentle, enzyme-free method for detaching

cells.
« Test injectability and retention of microcarriers in soft tissue.

« Evaluate the ability of microcarriers to act as both scaffolds and delivery vehicles in

regenerative applications.

4.2.6 Real-Time Biosensing Integration

Lastly, incorporating biosensing features could elevate these microcarriers into smart
platforms. By enabling real-time feedback on culture conditions, they could enhance
quality control and consistency in manufacturing environments. Future possibilities

include:
91



Embedding sensing modules to detect pH, oxygen, or glucose changes.
Using conductivity shifts to infer cell density or viability.

Building automated feedback loops for adaptive cell culture control in bioreactors.
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