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Introduction 
New advances in tissue engineering and regenerative medicine have brought hopes that it might be possible to fully repair damaged tissues and generate functional implants. Three key factors of tissue engineering are cells, scaffold, and stimulating factors such as growth factors and electrical induction that alter cell behavior and determine cell fate [1-3].
Exogenous electrical field (EF) as a stimulating factor has been vastly utilized for decades either in vivo or in vitro for clinical and tissue engineering purposes to induce diverse and sometimes contradictory cellular responses including differentiation, proliferation, alignment, adhesion, migration, and apoptosis [4-6]. Depending on the cell type, these cellular behaviors are manipulated by changing electrical stimulation (ES) parameters (amplitude and frequency) and regimens [7], as well as the methodology of ES delivery (direct, capacitive and inductive coupling) [1]. Although the effects of ES have been thoroughly investigated in the literature [8-10], the exact mechanisms are yet to be fully understood, regarding the complexity of the cell and EF nature [4, 5]. Nevertheless, almost all previous researches agree on the critical role of intracellular Ca2+ as an important second messenger in determining cellular fate and function and have demonstrated that the effect of ES on cells is mainly mediated by the entry of calcium ions into cells through voltage-gated calcium channels (VGCC) [7, 11, 12]. A possible explanation is that by applying ES, the cell membrane depolarizes which activates VGCCs and leads to an elevation in intracellular Ca2+ level [9, 13]. Ca2+ uptake further activates various signaling pathways such as Ca2+-calmodulin, mitogen-activated protein (MAP) kinase, and Rho A family-dependent pathways, followed by the activation of transcription factors and gene expression [14]. 
For functional differentiation, ES must be properly delivered to the seeded stem cells, in addition to mimicking their natural microenvironments. To this end, conductive biomaterials such as conductive polymers, metals, carbon materials and ceramics have been used to develop suitable scaffolds [1, 15]. Conductive polymers including poly (3,4-ethylene dioxythiophene), polypyrrole (PPy), and polyaniline are among excellent candidates due to advantages such as good electrical properties, ease of processing, high conductivity per weight ratio, and control of the electrical stimulus [12, 16, 17]. However, due to their poor biocompatibility, biodegradability and solubility, some modifications are required. Such modifications include but are not limited to combining with water-soluble and biocompatible materials, and using conductive oligomers instead of conductive polymers to enhance biodegradability [15, 18]. Oligoaniline-based biomaterials are promising candidates to fulfil the conditions of a proper scaffold. Our team recently constructed an electrospun scaffold made of oligoaniline blended with chitosan for bone tissue engineering [19].
Among various stem cell lineages, mesenchymal stromal/stem cells (MSCs) are widely used in tissue engineering. MSCs are multipotent stem cells, competent of differentiating into several cell lineages such as osteoblasts, adipocytes, chondrocytes, hepatocytes, cardiomyocytes, neurons, and muscle cells. In addition to differentiation, they have high capability of self-renewal and are easy to extract due to their ubiquity in the body [8, 20].
Since many previous works focused on characterizing hMSCs, their features are well documented in literature [21]. Effects of EF on MSCs have been extensively studied [22] and demonstrated that ion channels are highly expressed in their membrane [23, 24]. Efforts have been put to characterize these ion channels [7, 25], and their ionic currents have recently been mathematically formulated and modeled [26]. Results have confirmed the crucial role of Ca2+ levels and L-type calcium channels in the differentiation and proliferation [27]. Kawano et al. researched on Ca2+ channels and, along with Hou et al. reported a linkage between calcium oscillations and the differentiation in MSCs [12, 28].
Three different types of excitation (stimulation) for hMSCs have been observed, indicating that a random population of hMSCs is not uniform. hMSCs express different types of ion channels and might have distinct electrical behavior [25]. Based on experimental characterization [21, 25], five different functional ionic channels and currents have been identified in the plasma membrane of hMSCs:
1. Delayed rectifier-like hEAG1 potassium channels (IKdr)
2. Calcium-activated potassium channels (IKCa)
3. Tetrodotoxin (TTX)-sensitive sodium channels (INa), 
4. L-type calcium channels (ICa,L) and 
5. transient outward potassium channels (IKto).
The results of previous experimental and computational investigations have divided hMSCs into three distinct types based on their electrical behavior [12, 14]. Only IKdr and IKCa pass through the first type of hMSCs membrane (type A). In addition to IKdr and IKCa, outward currents (INa and ICa,L) pass through the second type of hMSCs membrane (type B). In Mayourian et al. [26], it is supposed that all hMSCs in type B express both sodium and calcium channels. However, this seems incorrect scrutinizing the experimental data [25], which states that inward currents coexist with outward currents in about 30% of hMSCs. At the same time, the presence of INa is confirmed in the same percentage of hMSCs, which means that all hMSCs in type B express sodium channels. On the other hand, independent investigations prove that ICa,L exists in only 15% of hMSCs [21, 25, 40], indicating that only half of hMSCs in type B express functional VGCCs.
In terms of materializing ES effect, the role of gap junctions needs to be considered. Gap junctions are cell-cell channels constructed from membrane proteins called connexins (e.g., Cx43, Cx45 and Cx40) [29]. They control the transfer of small metabolites and secondary messengers, and contribute to the propagation of calcium ions to adjacent cells [30]. According to Dilger et al., MSCs connections are gap junction-mediated to a large extend [29] and in a study, it was observed that the expression of Cx43 increased in a co-culture of MSCs and cardiac myocytes after electrical stimulation [31]. On the other hand, it has been demonstrated that ES only affects confluent cell cultures and no detectable impact has been observed in low-density cell cultures [32]. Given these facts, it can be concluded that gap junctions play a key role in mediating the ES effect. In other words, Ca2+ ions enter the hMSCs that have functional VGCCs in their membranes and are distributed to other cells through gap junctions.
Despite all the advances in tissue engineering, almost all the researches are still done based on try and error and the demand to adopt in silico approaches to get a better and more specific understanding of cellular response to electrical stimulation is increasing [33]. Equivalent circuit modelling is commonly used to simulate the changes of current and potential through the cell membrane in any biological system [34].
In this research, we aim to specify the effect that ES has on the cells. To this end, we synthesized aniline pentamer scaffold and proposed an electrical equivalent circuit for our delivery system (i.e., conductive scaffold) by fitting an equivalent circuit to electrochemical impedance spectroscopy (EIS) data. Subsequently, we modeled membrane potential changes and Ca2+ influx into the cells, via VGCCs and gap junctions. Additionally, an equivalent circuit was proposed for a 2D layer of hMSCs based on the previous experimental and computational data [25, 26]. Finally, the obtained equivalent circuits were conjugated to analyze the influence of circuits on each other.
Materials and Methods
Scaffold Synthesis and Characterization
Aniline pentamer was synthesized as described previously [35, 36]. Briefly, aniline dimer was reacted with succinic anhydride to synthesize carboxyl capped aniline dimer. Then, phenylenediamine reaction with carboxyl-capped aniline dimer resulted in aniline pentamer formation. Aniline pentamer was reacted with chitosan using the carbodiimide reactions to form chitosan-aniline pentamer. 5% wt chitosan-aniline pentamer solution and 2% wt polyethylene oxide (PEO) solution in aqueous 50% wt acetic acid were prepared and mixed so that the ratio of chitosan-aniline pentamer to PEO was 1:1 in the final solution. The prepared solution was electrospun at room temperature using 20 kV voltage, 20 cm distance between the nozzle (10 ml syringe) and the collector (aluminum drum), and 0.3 ml/h flow rate to construct a nanofibrous mat.
Electrochemical Impedance Spectroscopy
After drying the scaffold, cyclic voltammetry was performed to study the electrochemical properties of the mat using 1 M hydrochloric acid. Afterwards, to obtain an equivalent electrical circuit for the scaffold, electrochemical impedance spectroscopy was implemented. For this purpose, a 1×1 cm2 sample of the scaffold, an Ag/AgCl electrode, and HCl solution (1M) as an electrolyte were used. A sinusoidal current with 380 mV amplitude was implemented, and the frequency was altered over a range of 10-3-106 Hz. After obtaining the results, the Bode and Nyquist plots were drawn, and based on previous efforts to assign equivalent RC circuits to bioelectrodes [37], impedance data were fitted to an equivalent circuit using ZView software. 
Electrical Simulation of the Scaffold
It is known that scaffold behaves like semiconductors, so herein, a set of wire models was applied. A full-fledged circuit model, taking into account the parasitic capacitor, resistor, and the inductance of copper wire, is shown (figure 1). It can be observed that these extra circuit elements are not located in a single physical point but are distributed over the length of the copper wire. This distribution is necessary when the length of the wire becomes more extensive than its width. Inductive effects can be ignored if the resistance of the wire is substantial. It is worth noting that some parasitic effects are inter wire, creating coupling effects between different copper wires that are not present in the original schematic.
The culture medium is an electrolyte containing ions that mediate the transmission of electric current to the cells, in which distance between cells and scaffold was 100 nm, and permittivity was 80 [38]. It was considered that there are parallel capacitors and resistance between cells and scaffold (figure 2), which were modeled with equations (3) and (4), respectively. 


Electrical Simulation of Single Cells
The membrane potential of a single cell can be generally modeled as: 
       i=A, B1, B2, C 						(1)
where V, t, and Cm stand for voltage, time, and membrane capacitance, respectively. Istim is the stimulation current (in this work, the current that is induced by the current passing through the scaffold), and Itot,i is total transmembrane current. Itot,i for each type of hMSCs can be calculated as follow: 
Itot,A= IKCa+ IKdr+ IL,A										(2)
Itot, B1= IKCa+ IKdr+ INa+ IL, B1									(3)
Itot, B2= IKCa+ IKdr+ INa+ ICa,L+ IL,B2								(4)
Itot,C= IKCa+ IKto+ IL,C										(5)
where IL,i is the leakage current for other currents for type i that is not accounted for (i=A,B1,B2,C), which are calculated so that the resting membrane potential for hMSCs is about -35 mV [25, 26]. To calculate the aforementioned currents, equations and parameters in Mayourian et al.  were used, which are provided in the supplementary information. IL,B1, which was not considered before, is calculated according to Mayourian et al. [26].
Electrical Simulation for Seeded-Cells on The Scaffold
In the first step, a tetrad containing one cell from each type of hMSCs that are mutually connected via gap junctions was considered. For this system, the equation (1) is modified as below [39]:
       i=A, B1, B2, C					(6)
where Igap,i is the gap junction current between a cell and its adjacent cells. To calculate Igap,i, it was modeled as a linear resistor with the following equation [39]:
        i=A, B1, B2, C	(7)
where Ggap is the gap junction conductance, j indices represent the adjacent cells from various types of hMSCs, and V is transmembrane voltage. This equation leads to equivalent circuits schematically (figure 2).
Results
Scaffold Synthesis and Characterization
FTIR and cyclic voltammetry (CV) were performed on chitosan-aniline pentamer, exhibiting two and three peaks, respectively. The FTIR peaks showed the presence of the incorporated materials. In more details, a peak at 1647 cm-1 (corresponding to C=O stretching vibration) and a peak at 1570 cm-1 (corresponding to quinoid ring) indicated the presence of chitosan and AP, respectively. On the other hand, the absence of a peak at 1718 cm-1, corresponding to the COOH group at the end of the AP chain, indicated the formation of chitosan-grafted-AP. 
SEM images confirmed the formation of smooth nanofibers with an approximate diameter of 200 nm and inter-connected porosity. 
Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy was performed to assign an equivalent circuit to the scaffold, and the Nyquist plot of this system was drawn (figure 1). The Nyquist plots of such systems should be a semi-circle; however, an abrupt behavior was observed applying low frequencies to this system (frequencies below 10 MHz). That is because the measurement was performed in an acidic solution, and aniline-pentamer got involved in a redox reaction, and as a result, it was reduced to a leucoemeraldine state. The plotted Nyquist plot has maintained a semicircular state at a limited frequency rate. Still, due to chemical changes in the organic material of the scaffold, the data cannot be cited from a lower frequency, so we eliminated the data for frequencies below ten MHz and plotted the Nyquist plot and Bode plot (figure 1). Subsequently, the equivalent circuit fitted the experimental results (figure 2).
[image: ]
Figure 1: Scaffold detailed information. 1. Scaffold data were obtained through EIS measurements. 2. Electricity was applied to the scaffold to measure the impedance change by changing and increasing the applied frequency. EIS measurements were given to Z View software, and diagrams 3 and 4 were drawn. 3. Nyquist plot of the impedance of the scaffold model. The electrical behavior of the scaffold was disrupted in low frequencies (dispersed dots). The Nyquist plot should normally be drawn as a semicircle. Still, this system cannot be examined from one frequency onwards due to chemical changes in the organic material of the scaffold. 4. Bode plot of the impedance of the scaffold model. Nyquist and Bode plots of impedance magnitudes and phases measured after eliminating dots for the disrupted region (Y-Scale in Ohm). The copper wire model was used to represent the concept of distributed equivalent circuit schematically.	Comment by Admin: سباجان، لطفا ارجاع به شکلها در متن مقاله هم انجام شود. متشکرم. 
Electrical Simulation of the Scaffold
It was shown that the capacitor opens when the frequency is low (figure 1). Therefore, the scaffold model is equal to Rs in lower frequency ranges. After finding Rs, Rd can also be found considering the total resistance of the scaffold is Rs+Rd. The scaffold model with the resistance and the capacitor is demonstrated (figure 2). The design contains the source voltage, internal resistor, and external resistor for the setup (R-source) and the scaffold model. 
Matlab and Hspice were utilized for measuring Istim and membrane voltages. At first, the scaffold and cells were modeled together (figure 2). The scaffold contains N segments of cells, which are distributed. Regarding section 1.1, we take each cell equal to ∆Z, so ∆Z is 25μm (figure 2). Thus, the scaffold was modeled for a ∆Z. As can be seen here, there are cell, connection, and scaffold models.	Comment by Admin: این جمله صحیح است؟ here به چه چیزی اشاره دارد؟
	Comment by saba nateghi: از نظر من این جمله باید به اول بخش 3.5 منتقل شود. در اصلاح قبلی اشتباها همراه سایر متن آن را انتقال ندادم. در آنجا هم فکر می کنم منظور از کلمه here در واقع آن مدلسازی ها و فرمول ها باشد.
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Figure 2: The figure is modeling the process and equivalent circuits to predict cell membrane potential changes over time. Resistance and capacitance are assumed for cell membranes, scaffolds, and cell culture media. The circuit of section A represents the distributed model of the scaffold with the voltage source, in which the cells are not shown. Section B is a model of cell culture media, which is a connection between cell and scaffold and is called a connector. In this model parallel capacitors and resistors were used to model the culture medium between the cells and the scaffold. The circuit of section C is a part of the scaffold model connected electrically to a tetrad of four different types of MSCs marked with A, B(B1), C(B2), D in the figure. The connectors are also present between cell types and the scaffold. The circuit of section D is the total model of the scaffold and the cells.
Electrical Simulation of Single Cells
In this work, we concentrated on the calculation of Ca2+ influx to the cells. Our team noticed that type B could be further divided into type B1 and B2 as subgroups, expressing only TTX-sensitive sodium channels and TTX-sensitive sodium channels and L-type calcium channels, respectively. Also, there is the third type of hMSCs, which is distinguished from the other two types by the two currents IKCa and IKto (figure 4).	Comment by saba nateghi: برای این بخش آقای افتاده یک متن در پیش نویس خود آورده بودند که می تواند جایگزین شود. آن را در زیر آورده ام:
A new electrophysiological model was introduced here for the fourth type of hMSCs, following the simulation of ionic and total currents passing through the membrane of each hMSC.
Electrical Simulation for Seeded-Cells on The Scaffold
As can be seen here, there are cell, connection, and scaffold models. In the first step, a tetrad containing one cell from each type of hMSCs was assumed mutually connecting via gap junctions, and the scaffold model was modeled for 25um in this system.
The equation (8) is formulated to calculate Istim:
(8)



 In the first simulation, the effect of variation in the stimulation frequency on the membrane potential was examined (figure 3). In each simulation, the ES comprises DC stimulation with 2 V amplitude and AC stimulation with 0.1 V amplitude. The effect of the applied ES with 10, 100, 1000, and 10000 Hz frequencies on the membrane potential of various types of hMSCs was simulated. The results indicated that all types of hMSCs respond almost the same way to the frequency variation, where only 10000 Hz stimulation had a significantly more profound influence on membrane potential.
The effect of changing the amplitude of AC stimulation on the membrane potential was also investigated (figure 3). All stimuli comprised 2 V DC stimulation and AC stimulations with 100 Hz frequency, while the amplitudes of AC stimulations were 0.01, 0.1, 0.5, and 1 V. In this case, type B1 and B2 (with inward currents) acted similarly with a subtle difference in membrane potential alteration in response to amplitude changes. However, types A and C were more susceptible to amplitude changes, and higher amplitudes caused more depolarization. It is also worth mentioning that types B1 and B2 are more easily depolarized than types A and C.
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Figure 3: MSCs types detailed information. Diagrams in sections A and B show the types of MSCs. Diagrams in sections A and B show the effect of frequency change and Vin change, a sinusoidal function with a constant DC of 2, and a variable AC. Diagrams in section A show the effect of electrical stimulations with various amplitudes on different types of MSCs. Changing frequency in type A and, to some extent, type C caused a significant difference in membrane potential. Diagrams in section B show the effect of electrical stimulations with various frequencies on different types of MSCs. In all types of MSC, a significant difference in membrane potential was only achieved in 10 kHz frequency.
Discussion 
This study successfully developed an equivalent circuit model for a system consisting of mesenchymal stem cells, culture media, and a conductive scaffold as components involved in electrical transduction. To achieve this goal, a chitosan-aniline pentamer scaffold was synthesized, and its structure and electroactivity were later determined by FTIR and CV [17-19]. EIS was then performed on the scaffold using frequencies more than 1 Hz to apply in tissue engineering [20]. Based on previous reports [12], the data were fitted to an equivalent circuit to represent the scaffold. For scaffold electrical simulation, all calculations were done assuming that the cell diameter is 25 um [41]. Thus, if a scaffold with a 2.5 cm area was used, the number of segments is equal to 1250 (N=1250). Additionally, equivalent circuits were modeled individually for cell and culture medium compartments. 
The obtained circuits were finally conjugated to investigate further their impacts on each other (figure 2). To the best of our knowledge, our team was the first to combine three individual circuits to achieve a more comprehensive model for electrical induction research. This work complements previous studies that most of them relied on the medium resistance only and did not consider an equivalent capacitor for the culture medium [38, 41-44]. Kirkegaard et al. developed an equivalent circuit model combining cellular and medium resistance and capacitance; however, no scaffolds were used in the experiments and thus, not included in theoretical calculations [45]. Our proposed method can be used in any future work to investigate the electrical induction of scaffold-seeded cells by electric currents.
[bookmark: _Hlk81066500]Three different types of excitation (stimulation) for hMSCs have been observed, indicating that a random population of hMSCs is not uniform. hMSCs express different types of ion channels and might have distinct electrical behavior [25]. Based on experimental characterization [21, 25], five different functional ionic channels and currents have been identified in the plasma membrane of hMSCs:
6. Delayed rectifier-like hEAG1 potassium channels (IKdr)
7. Calcium-activated potassium channels (IKCa)
8. Tetrodotoxin (TTX)-sensitive sodium channels (INa), 
9. L-type calcium channels (ICa,L) and 
10. transient outward potassium channels (IKto).
The results of previous experimental and computational investigations have divided hMSCs into three distinct types based on their electrical behavior [12, 14]. Only IKdr and IKCa pass through the first type of hMSCs membrane (type A). In addition to IKdr and IKCa, outward currents (INa and ICa,L) pass through the second type of hMSCs membrane (type B). In Mayourian et al. [26], it is supposed that all hMSCs in type B express both sodium and calcium channels. However, this seems incorrect scrutinizing the experimental data [25], which states that inward currents coexist with outward currents in about 30% of hMSCs. At the same time, the presence of INa is confirmed in the same percentage of hMSCs, which means that all hMSCs in type B express sodium channels. On the other hand, independent investigations prove that ICa,L exists in only 15% of hMSCs [21, 25, 40], indicating that only half of hMSCs in type B express functional VGCCs.
Among the shortcomings of our model, it is worth mentioning that a functional ion channel (i.e., inward rectifier potassium current) is not considered despite contributing to the membrane's resting potential [46]. Furthermore, due to limitations in performing cellular tests, we could not include impedance alterations caused by changes in cells’ morphology and distribution. Additionally, this model can be further modified by importing the electrodes as other transducing elements in the equivalent circuit model.
One of the novelties in this study was developing an electrophysiological model for the fourth type of MSCs in addition to previously introduced models for three types of MSCs [11]. Initially, five ionic currents distinguished in hMSCs were simulated based on experimental data (figure 4). Subsequently, total currents passing through each type of hMSCs were simulated, considering their functional ionic currents (figure 4). Later on, hMSCs were seeded on the scaffold and stimulated by a range of frequencies and voltage amplitudes [19].
There are five distinct currents in which inward currents (C and D demonstrating calcium and sodium currents) have similar patterns (figure 4). On the other hand, although distinguished between B1 and B2 cells, both types have similar simulated total currents passing through their membranes (figure 4). This similarity is perhaps why related papers consider three main induction types rather than four [26], yet this model supports experimental data [21, 23-25, 46]. Type B MSCs have different induction patterns than types A and C and are more easily depolarized (figure 3).
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Figure 4: Diagrams in section A are schematic representations of five different ionic channels present in MSCs while maintaining membrane potential constant in each plot. In this section, graphs C and D are related to sodium and calcium channels, which have similar and inward currents. Diagrams in section B are schematic representations of total passing current through the membrane of four types of MSCs while maintaining membrane potential constant in each plot.
In recent years, scientists have taken approaches towards manipulating the behavior and destiny of stem cells, including MSCs by genetic and epigenetic alteration employing genome editing methods (such as CRISPR) [47], RNA interference [48], applying specific nutritional or drug regimens [49, 50] such as epigenetic drugs that stimulate DNA methylation [51], opening new opportunities to curing injuries and illnesses [52, 53]. In one study, some genes are introduced to be engineered for osteogenic differentiation of MSCs [54].
Taking into account the fact that type B of MSCs is easier to stimulate and with regards to the important role of L-VGCCs in the proliferation and osteogenic differentiation of MSCs [27, 55], It is suggested that in future work, depending on the purpose of the study, mesenchymal cells be manipulated with the mentioned techniques and stimulate or inhibit the expression of these channels. Similar work was done by Grajales et al., who elevated the expression of calcium channel subunits by applying bone morphogenetic protein-4 to the cells [45].
Conclusion and Future Remarks
In summary, we have demonstrated that our proposed equivalent circuit model can effectively simulate the electrical behavior of MSCs when exposed to a stimulatory current and is compatible with experimental data. In the way described in this work, the combination of individual circuits offers a more inclusive model, taking into account the role of each transducing component of the system. Additionally, by dividing type B of MSCs into B1 and B2 subtypes, a similar induction pattern was observed to distinguish between type A and C of MSCs.
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Graphical Abstract
[image: ]
The three main components, scaffold, MSCs, and culture medium, were modeled into equivalent circuit models 1, 2, and 3. These models were put into a general model to take into account their relationships with each other. In this total model, the connections of four cell types A, B(B1), C (B2), and D to each other are shown, and an impedance is considered for each of their membranes. Then, these MSCs are shown to be connected to their culture medium and scaffold. Electrical induction is then applied to the cells and affects their ion channels to evaluate the membrane voltage changes over time. With this modeling and resulted diagrams, it is possible to predict how the calcium channels behave and whether they are open or closed with different applied current strengths.
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