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Abstract 
Stem cell therapy products have penetrated the medical market offering the treatment 

options for a variety of degenerative and inflammatory disorders, such as osteoporosis, 

osteoarthritis, macular degeneration and others. The advancement of stem cell therapies into 

clinical trials and practice currently outpaces the research necessary to ensure the consistent safety 

and efficiency of the final cell therapy products. Due to the plastic nature of stem cells, it is 

important to develop strategies to clinically administer stem cell products with precisely defined 

characteristics and in their most functional state. Those strategies must be tailored to the stem cell 

type to be used (e.g. mesenchymal stem cells, embryonic stem cell line, induced pluripotent stem 

cells) and application. The goal of this work is two-fold: 1) to develop a proof-of-concept strategy 

to treat bone defects and fractures by increasing specificity of osteogenic differentiation of 

embryonic stem cell lines (ESCs) and (2) to explore the potential of targeting bioelectrical 

properties of mesenchymal stem cells (MSCs) to enrich for stem cells with therapeutically desired 

phenotypes.  

Towards the first goal, we utilized a combinatorial approach of doxycycline-regulated 

expression of transcription factors FOXD3 and encapsulation of ESCs into collagen-functionalized 

hydrogel. We demonstrated that this approach leads to decreased pluripotency, increased 

specificity and enhanced osteogenic differentiation of ESCs. We demonstrate that the ability to 

tune the expression of genes responsible for pluripotency or differentiation commitment may 

provide a novel tool for developing safer and more efficient cell therapy products.  

Towards the second goal, we demonstrate that MSCs can be selectively enriched using 

mitochondrial and plasma membrane potential indicators. Electrically enriched MSCs are 

phenotypically distinct cells with distinct immunoregulatory capacities. In addition, we 



 xi 

demonstrate that MSCs possess bioelectrical plasticity and introduce novel assay that can be 

utilized to assess bioelectrical phenotype of MSCs. 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 



 1 

1. Introduction 
1.1. Problem Statement 

Stem cell therapies are promising treatment options for tissue regeneration and modulation 

of the immune system in patients with injuries, degenerative and auto-immune diseases. The 

therapeutic action of stem cells is due in part to their ability for differentiation into mature somatic 

cells, as in the case of embryonic (ESCs) and pluripotent stem cell lines (PSCs), while 

mesenchymal stem cells (MSCs) are recognized for their capacity to interact with innate and 

adaptive arms of the immune system to promote restoration of tissues and organs. Having 

demonstrated some success in preclinical and early clinical trials, all types of stem cells suffer 

from unique and considerable limitations that impede their advancement into mainstream 

clinical practice. For example, the efficacy and safety of ESC- and PSC-based products depends 

on our ability to restrict their fate towards a specific lineage (e.g. osteogenic for bone grafts 

applications) in order to reduce the risk of formation of teratomas and inferior heterogenous 

tissues. On the other hand, MSC-based therapies rely on expansion of large quantities of MSCs in 

vitro; however, it is associated with the dramatic changes in MSC state and function. Specifically, 

in vitro expanded MSCs undergo onset of senescence, spontaneous differentiation, loss of 

stemness and decreased immunomodulatory capacity, as well as increased phenotypic 

heterogeneity. To our knowledge, there is no single strategy to address the limitations of ESC- and 

MSC-based therapies. Based on the current understanding of stem cell biology and tissue 

engineering, we propose unique approaches towards more efficient and safe stem cell therapies. 

1.2. Specific Aims 

In Aim 1 of this dissertation, we developed a strategy for enhanced osteogenic 

differentiation of human ESCs for the treatment of bone defects. Our working hypothesis is that 
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the specificity of ESCs osteogenic differentiation can be manipulated through the expression of 

transcription factors associated with mesodermal commitment, while a biomaterial scaffold laced 

with osteogenic cues can further promote new bone formation. Specifically, we will focus on 

transgene-mediated overexpression of Forkhead Box D3 (FOXD3) transcription factor in ESCs 

encapsulated in poly(ethylene glycol) diacrylate-collagen (PEGDA-Col I) hydrogels. 

Aim 1. Evaluate the effect of FOXD3 overexpression on differential potential and 

pluripotency of embryonic stem cells in three-dimensional constructs. 

The hypothesis of Aim 1 is that ESC fate can be directed towards osteogenesis by 

controlled overexpression of transcription factor FOXD3 and encapsulation into a PEGDA-Col I 

hydrogels. ESC phenotype will be assessed with respect to lineage, germ layers and pluripotency 

markers. Bone formation will be assessed using mineral deposition assays. 

--------------------------------------------------------------------------------------------------------------------- 

In Aim 2 of this dissertation, we hypothesized that MSC state is determined, in part, by 

bioelectric signals generated within the cells, such as voltage potential across inner mitochondrial 

membrane (ΔΨM) and plasma membrane (ΔΨP). Bioelectrical properties of the cell are powerful 

modulators of cell phenotype. We developed a strategy for enrichment of MSCs with specific 

bioelectrical properties, the process we termed “electrical enrichment”. We hypothesized that 

electrical enrichment of MSCs based on ΔΨM and/or ΔΨP may allow isolation of populations with 

enhanced stemness, reduced senescence and improved immunomodulatory capacity, which may 

result in an enriched MSC population with greater therapeutic capacity. 

Aim 2. Characterize the relationship between bioelectrical properties and MSC state 

in terms of senescence, stemness, autophagy and immunomodulatory capacity.  
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The specific hypothesis of Aim 2 is that hMSCs with different ΔΨM and ΔΨP levels will 

manifest different stem cell states. Populations of hMSCs with varying levels of ΔΨM and ΔΨP 

will be isolated utilizing fluorescence activated cell sorting (FACS). MSC phenotype will be 

assessed be gene expression of key markers associated with stem cell state and function. 

Immunomodulation will be further assessed by co-culturing MSCs with pro-inflammatory 

macrophages. 

--------------------------------------------------------------------------------------------------------------------- 

In Aim 3 of this dissertation we developed a novel assay to characterize bioelectrical 

properties of MSCs. We hypothesized that the bioelectrical phenotype of MSCs can be described 

more accurately and rigorously by simultaneous evaluation of the signals generated by potentials 

across the mitochondrial inner membrane (ΔΨM) and plasma membrane (ΔΨP). 

Aim 3. Establish the strategy for the dual bioelectrical assessment of MSCs based on 

mitochondrial and plasma membrane potentials.  

The proposed strategy will utilize flow cytometry and potentiometric probes to characterize 

bioelectrical properties of the cell. We hypothesized that changes in MSC state due to extended 

culture in vitro, stimulation with inflammatory cytokines and culture in non-adherent aggregate 

conditions may be accompanied by transitions toward distinct bioelectrical states that may be 

characterized by dual bioelectrical assessment. The strategy employed in the assay can also be 

applied in cell sorting, similar to Aim 2, enabling more advanced and specific electrical enrichment 

applications. 
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1.3. Background and Significance 

1.3.1. Aim 1: FOXD3- and hydrogel-mediated osteogenesis of ESCs 

Clinical application of ESC for bone repair requires its osteogenic differentiation of ESCs 

to be a well-controlled process, as well as time‐ and cost‐efficient1–3. Current strategies for guided 

ESC ostegenic differentiation are limited by (a) long and complicated protocols that make them 

challenging and expensive for clinical implementation3,4 and/or (b) the lack of controllable 

differentiation that increases the risk of heterogeneous and ectopic tissue formation1,5. To achieve 

more controlled ESC differentiation into osteoblast‐like cells, one approach has been to first induce 

an intermediate, non-pluripotent and restricted phenotype (MSC-like)6–8 before osteogenic 

induction9 and seeding into 3D biomaterial10–12, however this approach is limited by the length of 

time it requires to obtain a relatively homogenous intermediate population10,13,14. An alternative 

approach is direct culture of ESCs in osteogenic conditions, which significantly accelerates 

osteogenesis of ESCs3,15,16, however elimination of the checkpoint between the undifferentiated 

state and osteoblastic state presents significant safety challenges in terms of tumorigenicity17,18. 

To address these limitations, our long‐term goal is to manipulate the fate of ESCs through 

overexpression of FOXD3, a critical regulator of embryonic cell fate, coupled with 3D culture 

under osteoinductive conditions. This strategy seeks to utilize a stable transgenic ESC line capable 

of overexpressing FOXD3 following stimulation with doxycycline to establish proof-of-concept 

for this approach. Fig. 1 summarizes the proposed mechanism of differentiation of ESCs towards 

the osteogenic lineage. In theory, this approach would avoid the labor‐intensive and time‐

consuming limitations associated with generating ESC‐ derived MSC‐like cells yet would still 

retain the associated control over ESC fate. 
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Figure 1. Proposed mechanism of action of specific differentiation of hESCs into osteogenic lineage. FOXD3 
overexpression is hypothesized to drive hESCs into paraxial mesoderm germ layer, while PEGDA-Collagen I 
hydrogel may promote osteogenic commitment of mesoderm germ layer, while PEGDA-Collagen I hydrogel 
may promote osteogenic commitment of mesodermal progenitor stem cells. 

1.3.2. Aim 2: Electrical enrichment of MSCs 

To achieve therapeutic efficacy, cell therapy applications require larger number of MSCs 

for transplantation into the patient. This necessitates ex vivo expansion of MSCs harvested from 

donors, which can last several weeks. Clinical trials typically inject about 1x106–5x106 MSCs/kg 

of body weight19–24, which must be expanded from about 50,000 MSCs collected from 18-55 ml 

of aspirated bone marrow25–27. In vitro expansion of MSCs was shown to cause the onset of 

senescence28, spontaneous differentiation29, loss of stemness30 and the decrease in 

immunosuppressive capacity of MSCs31. Moreover, MSCs also exhibit functional heterogeneity 

that may create subpopulations with different levels of senescence, stemness and 

immunomodulatory capacity32–37. To address these limitations, our long-term goal is to develop 

a comprehensive stem cell enrichment strategy that will enrich specific stem cell populations 

with reduced senescence and enhanced stemness and result in greater immunomodulatory 

and regenerative capacity of MSCs to be injected into the patient. This strategy seeks to 

harness MSC subcellular level electrical properties, such as mitochondrial membrane potential, as 
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a gauge of stem cell state that can be described by its senescence, stemness as well as 

immunomodulatory and regenerative capacity. Although subcellular electrical properties, ΔΨP and 

ΔΨM, have been investigated in prior works, whether electrical enrichment based on these 

properties can be exploited to derive MSCs with enhanced therapeutic capacity is still unknown. 

This study will deepen our understanding of stem cell state through association of electrical 

properties with senescence, stemness, autophagy and immunomodulation. Moreover, if proven 

successful, the electrical enrichment strategy can be easily integrated into the existing process flow 

of stem cell therapies. (Fig. 2).  

 

1.3.3. Aim 3: Dual bioelectrical assessment of MSCs 

Bioelectrical properties play a critical role in a variety of cellular and physiological 

processes. Embryogenesis,38,39 stem cell fate,40–45 cell-cell communication,46,47 neurogenesis,48–50 

wound healing,51,52 and immune response53–55 are among the wide range of processes influenced 

by bioelectrical signals. Recent findings suggest that tracking and modulation of bioelectrical 

properties of the cells and tissues may have promising implications for the fields of regenerative 

medicine and tissue engineering. The success of electrical enrichment in cell therapy applications 

Figure 2. The long-term strategy that involve isolation of hMSCs, expansion and enrichment of cells with 
desired electrical properties prior to injection into the patient. 
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may depend on our ability to accurately and completely characterize the bioelectrical phenotype 

of MSCs. Currently, most studies that measure endogenous bioelectrical properties rely mostly on 

assessment of ΔΨP. We propose that simultaneous assessment and visualization of both ΔΨP and 

ΔΨM using two different potentiometric probes may provide more complete information about 

cellular bioelectrical properties. Assessment of ΔΨM alongside with ΔΨp also has a technical 

advantage. Practically all ΔΨM probes are non-specific lipid-binding agents that accumulate in cell 

plasma and inner mitochondrial membranes. Thus, assessment of ΔΨp together with ΔΨM may 

allow to de-couple the contribution of ΔΨp and ΔΨM probes, and thus more accurately describe the 

bioelectrical phenotype of MSCs. Our long-term goal is to develop an assay to completely and 

accurately characterize bioelectric state of the cell in order to answer basic biological 

questions about the role of endogenous bioelectrical signals in MSC state and function, as 

well as towards development of more advanced electrical enrichment applications. The 

strategy seeks to utilize flow cytometry and the combination of anionic and cationic dyes to assess 

ΔΨP and ΔΨM, respectively. Simultaneous visualization of these properties on the single graph 

may enable identification of specific MSC subpopulations that would not be possible using only 

one indicator 
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1.4. Innovation 
 
1.4.1. FOXD3- and hydrogel-mediated osteogenesis of ESCs 

To our knowledge, none of the current clinical trials based on ESCs targets bone repair. A 

clinically feasible strategy for efficiently directed differentiation is yet to be developed. Strategies 

developed so far focus either on chemical cues from media or biomaterial directed osteogenic 

differentiation. We believe that in order to develop an efficient strategy for ESC osteogenesis, the 

approach needs to include osteogenic cues from 3D biomaterials and genetic tools that modulate 

transcriptional regulation in ESCs, such as overexpression of FOXD3. Overexpression of 

transcription factors to control stem cell fate is a relatively unexplored area of ESC biology, 

especially in 3D contexts. Our work may demonstrate that both biomaterial and genetic tools can 

be used complementarily to enhance the overall differentiation outcome. While our work utilizes 

FOXD3 as critical regulator of pluripotency, the similar approaches can be extended to other 

transcription factors, biomaterials and applications.  
1.4.2. Electrical enrichment of MSCs  

Scientific understanding of stem cell state is incomplete. So far, attempts to control stem cell state 

and function have been limited to biophysical and biochemical factors. Addition of bioelectrical 

parameters to the list of factors that govern stem cell state has not yet been attempted. Most 

importantly, translation of current understanding of stem cell state into strategies to improve 

therapeutic outcome is lacking. Specifically, a study of expansion conditions and enrichment 

strategies to promote a desired bioelectric state that will enhance the immunomodulatory potential 

of MSCs is both conceptually and practically innovative. While we are tailoring our work toward 

MSCs and immunomodulation, demonstrating the effect of electrical properties on MSCs’ state 

and function can be extended towards different stem cell types and regenerative applications. 
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1.4.3. Dual bioelectrical assessment of MSCs 

A greater understanding of the effect of bioelectrical signals on cellular behavior in 

different physiological and pathological contexts may significantly facilitate development of 

regenerative medicine solutions. Bioelectrical regulation of stem cell potency in tissue engineering 

and regenerative applications is largely unknown. Our proposed assay to characterize bioelectric 

phenotype of MSCs may advance novel avenues of research to target bioelectrical modulation of 

stem cell state and function. The flow cytometric strategy we are proposing using tandem 

potentiometric dyes for ΔΨP and ΔΨM (dual bioelectrical assessment) may enable researchers to 

map these cellular properties on a single chart to uncover previously unknown patterns and shifts 

in bioelectrical phenotype. Electrical enrichment based on dual bioelectrical assessment may 

identify more therapeutically efficient populations. The relative simplicity and low cost of the 

assay will allow researchers in different fields to apply it in variety of settings, experimental 

conditions and types of cells.  
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2. Tuning FOXD3 overexpression to promote 
specific osteogenic differentiation of human 

embryonic stem cells while reducing 
pluripotency in a three‐dimensional culture 

system* 
 

2.1. Introduction 
 
Critical size bone defects require surgical intervention to replace or regenerate the damaged 

bone tissue. Every year worldwide, 2.2 million bone grafting procedures are performed56. In cases 

where current graft options are unavailable or insufficient, bioengineered bone grafts based on 

human embryonic stem cells (hESCs) may hold promise as a therapeutic alternative. A prevailing 

paradigm in hESC-driven bone repair is to expand and/or differentiate hESCs in 2-dimensional 

(2D) culture formats, followed by encapsulation into a 3-dimensional (3D) biomaterial platform 

and culture in osteogenic medium for 2-3 weeks prior to implantation11,13,57,58. However, to come 

to clinical fruition, osteogenic differentiation of hESCs must be a controlled process, as well as 

time and cost efficient1–3. 

From a regulatory perspective, controlling and restricting hESC differentiation to a specific 

lineage is needed to reduce the risk of teratoma formation and increase the safety and efficacy of 

resulting cell-based products. To achieve more controlled hESC differentiation into osteoblast-like 

cells, one approach has been to first induce an intermediate, non-pluripotent and restricted 

phenotype (i.e. a mesodermal or mesenchymal stem cell (MSC) phenotype) by culturing hESCs in 

 
* This chapter previously appeared as: Kamaldinov, T. et al. Tuning Forkhead Box D3 overexpression to promote 
specific osteogenic differentiation of human embryonic stem cells while reducing pluripotency in a three‐
dimensional culture system. J. Tissue Eng. Regen. Med., 12, 2256-2265 (2018). 
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a feeder-free environment in the presence of serum until cells acquire fibroblast-like morphology7–

9,12,59,60 before seeding into a 3D biomaterial scaffold under osteogenic conditions10,11. Importantly, 

hESCs treated in this manner lacked markers of undifferentiated hESCs in vitro61 and appeared to 

avoid teratoma formation following in vivo implantation7,11,12,59. However, while this approach 

potentially offers significant safety benefits, it is limited by the length of time (between 4-6 cell 

passages) required for generation of a relatively homogenous intermediate MSC-like 

population10,14,62.  

Alternatively, studies suggest that direct culture of hESCs in osteogenic medium  – without 

an intermediate differentiation step – followed by 3D culture may be a simpler, faster, and less 

costly way to drive hESC osteogenic commitment without sacrificing the strength of the 

osteogenic response3,15,63. Despite this advantage, eliminating a checkpoint between the 

undifferentiated state and osteoblastic state may present significant safety challenges in terms of 

tumorigenic risk. Teratoma formation after 12-20 weeks of implantation was reported for hESCs 

pre-cultured in osteogenic medium for several passages17. When cells are implanted in vivo, an 

undifferentiated subpopulation of only 0.2% is sufficient to form teratomas18. 

To achieve both controlled and rapid hESC osteogenic differentiation, overexpression of 

critical transcription factors associated with mesodermal commitment coupled with 3D culture 

conditions that promote hESC osteogenic differentiation could be exploited as a novel strategy. In 

theory, this approach would avoid the labor-intensive and time-consuming limitations associated 

with generating hESC-derived MSC-like cells yet would still retain the associated control over 

hESC fate. Our previous work developed a transgene expression approach based on induction of 

the transcription factor Forkhead Box D3 (FOXD3) upon exposure to doxycycline (DOX)64.  

FOXD3 promotes pluripotency in a specified range of expression, outside of which endodermal 
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and/or mesodermal lineages are instead promoted. Specifically, in transgenic hESCs cultured in 

embryonic medium, induced FOXD3 overexpression significantly enhanced mesodermal 

commitment as evidenced by increased gene expression for BRACHYURY and FOXC2 as well as 

for paraxial mesodermal derivatives TBX6, SOX9, COLL2, and RUNX2. Strikingly, this 

differentiation occurred within 48 h of FOXD3 induction, whereas traditional methods to yield 

paraxial mesodermal phenotypes generally require weeks of differentiation64. While these results 

show the potential utility of FOXD3 overexpression for rapid and controllable hESC 

differentiation towards a restricted intermediate mesodermal lineage, whether FOXD3 

overexpression can be used to promote hESC osteogenic commitment is unknown. It is also 

unknown if, under these conditions, hESC osteogenic commitment will be function of the degree 

of FOXD3 overexpression, as has been observed in other osteogenic transgene approaches65. 

In the current study, our goals were two-fold. First, to assess the capacity of FOXD3 

overexpression to promote hESC osteogenesis within a 3D biomaterial environment, hESCs 

overexpressing FOXD3 were encapsulated into an interpenetrating hydrogel network consisting of 

poly(ethylene glycol) diacrylate (PEGDA) and collagen I. Following 2 weeks of culture in 

osteogenic medium, hESC osteogenic commitment was assessed by evaluating protein markers 

indicative of osteogenesis as well as calcium deposition. Second, to determine if the degree of 

FOXD3 overexpression can be manipulated to regulate the strength and specificity of hESC 

osteogenic commitment, the duration of FOXD3 induction prior to hESC encapsulation was 

varied. Following 2 weeks of culture in osteogenic medium, markers associated with osteogenic 

commitment, pluripotency and individual germ layers were then compared across treatment 

groups. In the long-term, we envision utilizing this transgenic hESC line to efficiently screen 

conditions and timing of FOXD3 overexpression towards rapidly producing hESCs primed to 
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respond with high specificity to subsequent osteogenic stimuli. We would then use this information 

to transition to a transient transfection strategy for FOXD3 overexpression in preparing hESCs for 

bone regeneration applications. 

2.2. Materials and Methods 

2.2.1. Preparation of diacrylate-terminated PEG 

Diacrylate-terminated PEG (PEGDA, Mn = 8 kDa; Sigma Aldrich) was prepared according 

to previously described protocols66–69. Acrylation of the PEG end hydroxyl groups was confirmed 

to be > 90% by proton nuclear magnetic resonance (1H-NMR).  

2.2.2. hESC culture 

In the present work, the stable transgenic hESC line RUES2(CAG: TetOn; TRE: Flag-

FOXD3) was utilized to allow for controlled FOXD3 expression64. These cells  –  hereafter termed 

RUES2(Flag-FOXD3) –  have been previously validated for general viability, normal karyotype, 

pluripotency and self-renewal and were maintained as previously described64 using Matrigel-

coated plates (BD Biosciences) and mouse embryonic fibroblast-conditioned HUES medium 

(MEF-CM) supplemented with 20 ng/mL basic fibroblast growth factor, 2 µg/mL puromycin and 

3.3 µg/mL blasticidin (BSD). In each of the study, transgene expression was induced by addition 

of 2 µg/mL DOX (Sigma-Aldrich) to the culture medium either 24 h or 48 h prior to hydrogel 

encapsulation.  

2.2.3. Fabrication of cell-laden constructs 

For each study, hESCs were harvested and resuspended in PBS.  These hESCs were either 

encapsulated at 1.5 x 106 cells/mL in collagen-PEGDA inter-penetrating network (IPN) hydrogels 

(3 mg/mL collagen infused with 10% w/w 8 kDa PEGDA) or re-plated on 2D culture surfaces (to 

serve as 2D controls). For encapsulation, hESCs were mixed in 3 mg/mL rat-tail collagen I (BD 
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Biosciences) for 1 h at 37 °C. The resulting gels were then infused with a PEGDA solution 

containing 0.26% w/v photoinitiator I2959 and subsequently exposed to longwave UV light 

(Spectroline, ~6 mW/cm2, 365 nm) to crosslink the PEGDA per Munoz et al.70. The 

cytocompatible nature of this fabrication process has been demonstrated previously for MSCs70. 

However, hESC viability 24 h following encapsulation was also confirmed herein to be greater 

than 90% using the Invitrogen LIVE/DEAD assay (Supplementary Materials, Fig. 9), consistent 

with literature on hESC viability following longwave UV-based encapsulation at similar intensities 

and exposure times (Amer et al., 2015).  

Constructs and associated 2D controls were immersed overnight in basal medium (DMEM 

(Invitrogen) supplemented with 10% MSC qualified FBS (Atlanta Biologicals), 2 µg/mL 

puromycin and 3.3 µg/mL BSD) with or without 2 µg/mL DOX. All groups were then transitioned 

to osteogenic medium (basal medium plus 0.1 µM dexamethasone, 50 µg/mL L-ascorbic acid 2-

phosphate and 10 mM β-glycerophosphate) with or without DOX. Medium was exchanged every 

other day for a period of 2 weeks, a culture duration selected to be consistent several previous 

reports of hESC osteogenic differentiation8,11,15,58. For each study, two separate encapsulation 

experiments, each with 6-8 independent samples per treatment group, were performed. 

2.2.4. Endpoint analyses 

For each treatment group for each experiment, one set of samples (n = 3-5) were allocated 

for western blot and multiplex protein analyses. These samples were homogenized in lysis buffer 

(100 mM Tris, 500 mM LiCl, 10 mM EDTA, 1% LiDS, 5 mM dithiothreitol, pH ~7.8) and the 

supernatant was retrieved and stored at -80 °C until use. Another set of samples (n = 3) were 

formalin fixed and immersed in OCT medium for subsequent cryosectioning and histological 

assessments. 
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Western blot and MAGPIX immunoassay multiplexing. Western blots were performed as 

previously described following protein separation by electrophoresis under denaturing and 

reducing conditions using 8% or 12% SDS-PAGE gels71. Homogenate/lysate volumes loaded for 

western blots contained equal amounts of DNA, as determined by the PicoGreen assay 

(Invitrogen). Protein levels of RUNX2 (clone M-70, Santa Cruz Biotechnology), osterix (OSX; 

clone M-15, Santa Cruz Biotechnology), tissue non-specific alkaline phosphatase (TNAP; clone 

TRA-2-54, Santa Cruz Biotechnology), SOX9 (clone E-9, Santa Cruz Biotechnology), collagen II 

(COL II; clone M2193, Santa Cruz Biotechnology), SOX17 (R&D Systems #AF1924), and 

BRACHYURY (R&D Systems #AF2085) were quantified via band densitometry.  

The protein levels of aggrecan (ACAN) and osteopontin (OPN) were quantitatively 

measured from sample homogenates using a premixed magnetic bead analyte kit (R&D Systems) 

and a MAGPIX detection system (Luminex) according to manufacturer’s protocols. 

Concentrations of each target protein were obtained from measured median fluorescence 

intensities (MFI) relative to a standard curve, and were subsequently normalized by sample DNA 

as assessed by the PicoGreen assay. Relative DNA levels for each treatment group for each study 

performed are shown in Supplementary Materials, Fig. 10. 
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Immunohistochemical analyses. hESC protein expression of OCT3/4 (clone 40/Oct-3, BD 

Biosciences), NANOG (clone H-155, Santa Cruz Biotechnology), and PAX6 (clone PAX6, 

DSHB) was analyzed by immunohistochemical staining. Hydrogel sections were rehydrated at 

room temperature for 15 min, treated with 0.1 % Triton100-X for in PBS for 10 min, and then 

blocked for 10 min by the addition of the background Terminator solution (BioCare Medical). 

Sections were subsequently incubated with the appropriate primary antibody overnight at 4 °C. 

Bound primary antibody was detected by incubating the samples with the appropriate AP-

conjugated secondary antibody (Jackson ImmunoResearch) for 1 h at room temperature followed 

by the application of Ferangi Blue Chromogen (Biocare Medical). Semi-quantitative staining 

assessments were carried out by counting positive stained cells according to previously validated 

methods by two independent observers72. For each cell, i, in a given section, a staining intensity, 

di, was recorded on a scale of 0–3, 0 = “no staining” and 3 = “highest intensity among all stained 

specimens for that study”. The cumulative staining intensity, d, for a given stain in a particular 

section was then calculated using the following equation: d =  (å di)/(total cell number). For all 

proteins analyzed by this method, four-to-ten sections per sample were counted. 

Von Kossa staining. Calcium deposition by encapsulated hESCs was assessed using a von 

Kossa staining kit (American Mastertech). Briefly, rehydrated sections were rinsed with deionized 

water, after which a 5% silver nitrate solution was applied. Sections were then exposed to full-

spectrum light in a humidified chamber for 1 h. After rinsing with deionized water, sections were 

exposed to 5% sodium thiosulfate for 3 min, rinsed with deionized water, and mounted. Stained 

sections were imaged using a Zeiss Axiovert microscope.   
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2.2.5. Justification of experimental parameters 

3D scaffolds based on collagen-PEGDA IPN hydrogels. In selecting a 3D hydrogel 

platform for the present studies, collagen I was chosen as a main component due to its capacity to 

intrinsically support osteogenesis in the presence of osteogenic medium73–75. However, collagen 

hydrogels have relatively weak mechanical properties and are susceptible to cell-mediated 

compaction/volume reduction70. PEGDA was therefore utilized to impart mechanical integrity to 

the scaffolds to achieve a stable environment over the course of the experiment. We have 

previously characterized the mechanical properties of the collagen-PEGDA IPN hydrogels utilized 

herein and have demonstrated stability in their physical properties over the course of 2 weeks of 

culture70. 

Osteogenic marker selection. hESC osteogenic differentiation was assessed for each 

study using 3 or more of the following osteogenic markers: RUNX2, OSX, TNAP, OPN and von 

Kossa staining76,77. Each of selected markers captures different aspects or phases of osteogenic 

commitment. RUNX2 and OSX are two “master switch” transcription factors of the osteoblastic 

lineage1,78, with RUNX2 being an early marker and OSX being a later marker of osteogenic 

differentiation79,80. OPN is a key component of bone ECM, expression of which has been 

consistently observed during ESC osteogenic commitment81–83. Furthermore, TNAP and von 

Kossa staining serve as indicators of calcium deposition84–87.  



 18 

Chondrogenic markers. Chondrogenic markers were analyzed in addition to osteogenic 

markers to gain initial insight into the mechanism of observed hESC osteogenesis. Specifically,  

chondrogenic differentiation is required for endochondral bone formation by ESCs88. The 

markers investigated were SOX9, COL II, and ACAN. SOX9 is a “master switch” transcription 

factor for chondrogenic differentiation89, activating the expression of COL II90 and ACAN91. 

COL II is the major collagen subtype and ACAN is a dominant proteoglycan found in hyaline 

cartilage.  

Pluripotency and germ layer. hESCs undergoing germ layer commitment lose the 

expression of the classical pluripotency markers OCT3/492–94 and NANOG9,59,61. The loss of 

pluripotency markers suggests a low potential for dedifferentiation and formation of 

teratomas95,96. To assess hESC germ layer commitment, we assessed one routinely utilized 

marker for each germ layer: PAX6 – neuroectoderm97, SOX17 – endoderm98, and 

BRACHYURY – mesoderm99.  

2.2.6. Statistical analyses 

Results are reported as mean ± standard error. Comparison of sample means was performed 

by ANOVA using SPSS software, with a p-value < 0.05 considered significantly different.  

2.3. Results 

2.3.1. Assessment of RUES2 osteogenesis in 3D collagen-PEGDA IPN hydrogels 

We are proposing the controlled overexpression of FOXD3 coupled with 3D osteoinductive 

culture conditions as a novel strategy to promote both controlled and rapid hESC osteogenic 

differentiation. To validate that our selected 3D culture platform enhances hESC osteogenesis 

relative to 2D culture, we first assessed the osteogenic differentiation of RUES2 hESCs either on 

2D coated plates or in 3D collagen-PEGDA IPN hydrogels following 2 weeks of culture in 
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osteogenic medium (Fig. 3A). Relative to day 0, day 14 hESC 2D cultures exhibited significantly 

increased protein levels of the early osteogenic marker RUNX2 (~1.9-fold, p = 0.016), but 

decreased levels of later-term osteogenic markers OSX (~2-fold, p = 0.045) and TNAP (~8-fold, 

p = 0.002; Fig. 4). In contrast, day 14 hESCs encapsulated within collagen-PEGDA IPN hydrogels 

displayed increased RUNX2 levels (~1.4-fold, p = 0.034) and no reduction in OSX levels relative 

to day 0. Moreover, hESC TNAP expression was increased ~2.2-fold (p = 0.027) in 3D hydrogels 

at day 14 relative to day 0 (Fig. 4). Cumulatively, these data suggest that 3D culture in collagen-

PEGDA IPN hydrogels increases hESC osteogenic differentiation in response to osteogenic 

medium relative to 2D culture.  

Figure 3. Schematic of the experimental designs. (A) In the first study, hESCs were cultured either on 2D coated 
plates or in 3D collagen-PEGDA IPN hydrogels and collected on day 0 or day 14 of culture in osteogenic 
medium. (B) In the second study, hESCs were cultured in basal media with or without DOX for 24 hours prior 
to encapsulation in collagen-PEGDA IPN hydrogels and subsequently cultured for additional 14 days in 
osteogenic media with or without DOX, respectively. (C) In the third study, hESCs were cultured in basal 
medium with DOX for either 24 h or 48 h prior to encapsulation in collagen-PEGDA IPN hydrogels and 
subsequently cultured for additional 14 days in osteogenic medium with DOX. 
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Figure 4. Relative protein levels of osteogenic markers in hESCs cultured on 2D coated plates or in 3D collagen-
PEGDA IPN hydrogels for 2 weeks in the presence of osteogenic medium. * Denotes a significant difference 
relative to day 0 (p < 0.05). 

2.3.2. Assessment of osteogenesis in 3D collagen-PEGDA IPN hydrogels with 
FOXD3-mediated differentiation 
 

We next sought to gain initial insight into the potential of FOXD3 overexpression to 

modulate hESC osteogenic differentiation in collagen-PEGDA IPN hydrogels. Specifically, 

RUES2(Flag-FOXD3) cells – either unstimulated (DOX(-)) or exposed to DOX for 24 h prior to 

encapsulation (DOX(+)24h) – were embedded in collagen-PEGDA IPN hydrogels and cultured in 

osteogenic medium either with or without DOX supplementation (Fig. 3B). After 14 days of 

culture, expression levels of key osteogenic (RUNX2, OSX, TNAP, OPN, mineralization) and 

chondrogenic markers (SOX9, COL II, ACAN) in the DOX(-) and DOX(+)24h groups were 

compared.  Although no differences were observed for RUNX2, DOX(+)24h cultures exhibited 

significantly increased expression of OSX (~1.4-fold, p = 0.013), TNAP (~2-fold, p < 0.001) and 

OPN (~1.7-fold, p = 0.045) relative to DOX(-) cultures (Fig. 5A). In terms of chondrogenic 

markers, DOX(+)24h cultures displayed significantly higher levels of SOX9 (~1.7 fold, p = 0.009) 

relative to DOX(-) cultures. Although ACAN appeared to be significantly increased with DOX 
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stimulation, this difference fell below statistical significance (Fig. 5B). Lastly, DOX(+)24h 

cultures also appeared to be associated with greater pericellular calcium deposition than DOX(-) 

cultures based on observed von Kossa staining (Fig. 5C). It should be noted that pericellular matrix 

deposition is standard for the PEGDA based hydrogels used herein due to their tight nanoscale 

mesh structure and slow in vitro degradation rate100–103. Cumulatively, these data suggest that 

FOXD3 overexpression initiated 24 h prior to encapsulation increases hESC osteogenic 

differentiation relative to uninduced controls, possibly through the endochondral ossification 

pathway. 

Since FOXD3 expression outside of specific ranges can promote pluripotency or off-target 

lineages, we also compared pluripotency and germ layer marker expression across treatment 

groups. Importantly, although no differences in OCT3/4 levels were observed, the DOX(+)24h 

cultures displayed significantly reduced expression of hESC pluripotency marker NANOG (~3.2-

fold, p = 0.001; Fig. 6A) and increased the expression of mesodermal marker BRACHYURY 

(~3.5-fold, p < 0.001; Fig. 6B) relative to DOX(-) controls. Furthermore, the levels of the 

neuroectoderm germ layer marker PAX6 were reduced in DOX(+)24h cultures (~1.6-fold, p = 

Figure 5. Relative protein levels of (A) osteogenic and (B) chondrogenic markers in hESCs cultured with or 
without DOX for 24 h prior to encapsulation in collagen-PEGDA IPN hydrogels followed by 2 weeks of culture 
in osteogenic medium with or without DOX, respectively. (C) Representative images of von Kossa stains. 
Positive staining (brown) is localized pericellularly, as is standard for PEGDA hydrogels. Scale bar = 50 µm 
and applies to both images. * Denotes a significant difference relative to the DOX(-) group (p < 0.05). 
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0.044), while expression of the endodermal marker SOX17 was not significantly altered by DOX 

stimulation. These results indicate that initiating FOXD3 overexpression 24 h prior to 

encapsulation enhanced hESC osteogenesis – likely through increased mesodermal commitment – 

while not promoting off-target effects. 

2.3.3. The degree of overexpression of FOXD3 alters hESC pluripotency and germ 
layer commitment 
 

To gain initial insight into the effects of varying the duration of FOXD3 overexpression, 

we pre-stimulated RUES2(Flag-FOXD3) cells with DOX for 24 h or 48 h prior to encapsulation 

in collagen-PEGDA hydrogels, followed by 2 weeks of culture in osteogenic medium with DOX 

stimulation (Fig. 3C). In terms of osteogenic differentiation, no differences in the expression levels 

of osteogenic markers RUNX2 and TNAP were observed between treatment groups (Fig. 7A). 

Although OSX and OPN levels appeared to be modestly increased in the DOX(+)48h cultures 

relative to DOX(+)24h cultures, these differences fell below statistical significance. However, 

hESC calcium deposition was noticeably reduced in DOX(+)48h cultures relative to the 

Figure 6. Relative protein levels of (A) pluripotency and (B) germ layer markers in hESCs cultured with or 
without DOX for 24 h prior to encapsulation in collagen-PEGDA IPN hydrogels followed by 2 weeks of 
culture in osteogenic medium with or without DOX, respectively. * Denotes a significant difference relative 
to DOX(-) group (p < 0.05). 
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DOX(+)24h cultures based on von Kossa staining (Fig. 7C). For chondrogenic markers, only 

ACAN was significantly increased (~1.5-fold, p = 0.023) in DOX(+)48h cultures relative to 

DOX(+)24h cultures (Fig. 7B). Combined, these data indicate that the extended FOXD3 

overexpression associated with the 48 h pretreatment group did not improve the osteogenic 

outcome. 

 

Figure 7. Relative protein levels of (A) osteogenic and (B) chondrogenic markers in hESCs pre-stimulated with 
DOX for either 24 h or 48 h prior to encapsulation in collagen-PEGDA IPN hydrogels followed by 2 weeks of 
culture in osteogenic medium with DOX. (C) Representative images of von Kossa stains. Positive staining 
(brown) is localized pericellularly, as is standard for PEGDA hydrogels. Scale bar = 50 µm and applies to both 
images. * Denotes a significant difference relative to DOX(+)24 h (p < 0.05). 

In terms of transcription factors associated with pluripotency, hESCs in DOX(+)48h 

cultures expressed significantly higher levels of OCT3/4 (~3.8-fold, p = 0.004), while NANOG 

levels remained unchanged relative to DOX(+)24h (Fig. 8A). In terms of germ layer intermediates, 

hESCs in DOX(+)48h cultures showed similar levels of BRACHYURY and SOX17 expression 

as DOX(+)24h cultures (Fig. 8B). However, levels of the neuroectodermal marker PAX6 were 

significantly increased in DOX(+)48h cultures (~2.4-fold, p = 0.002) over DOX(+)24h cultures. 

Cumulatively, these data indicate that 48 h of FOXD3 overexpression prior to encapsulation not 

only does not enhance hESC osteogenesis but also increases off-target effects relative to 24 h pre-
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stimulation. Thus, the duration of FOXD3 overexpression must be carefully tuned to ensure 

specificity of the hESC osteogenic response.  

 

Figure 8. Relative protein levels on day 14 of (A) pluripotency and (B) germ layer markers in hESCs pre-
stimulated with DOX for either 24 h or 48 h prior to encapsulation in collagen-PEGDA IPN hydrogels followed 
by 2 weeks of culture in osteogenic medium with DOX. * Denotes a significant difference relative to DOX(+)24 
h (p < 0.05).  

2.4. Discussion 

Current strategies for guided hESC osteogenic differentiation are limited by: 1) the often 

long and complicated protocols that make them challenging and expensive for clinical 

implementation3,4 and/or 2) the lack of controllable differentiation that increases the risk of 

heterogeneous and ectopic tissue formation1,5 and thus poses challenging safety hurdles104,105. To 

address these limitations, our long-term goal is to manipulate the fate of hESCs through 

overexpression of FOXD3, a critical regulator of embryonic cell fate, coupled with 3D culture 

under osteoinductive conditions. In the present work, we have utilized a stable transgenic hESC 

line capable of expressing FOXD3 following stimulation with DOX to establish proof-of-concept 

for this approach. 

Prior to examining the effects of FOXD3 overexpression, we first confirmed that our 

selected 3D culture platform was capable of enhancing osteogenesis of the RUES2 hESC line 
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relative to 2D culture. Following 2 weeks of culture in osteogenic medium, the 2D hESC group 

showed upregulation only for the early osteogenic marker RUNX2, with remaining osteogenic 

markers being reduced relative to day 0.  In contrast, day 14 hESCs encapsulated within collagen-

PEGDA IPN hydrogels displayed increased RUNX2 levels as well as increased expression of the 

mid-term osteogenic marker TNAP relative to day 0 (Fig. 4). These results are consistent with 

encapsulated hESCs being at a more advanced stage of osteogenesis relative to 2D controls80,106,107. 

More broadly, the present data are in agreement with several previous studies showing enhanced 

hESC osteogenesis following encapsulation in a 3D matrices and stimulation with osteogenic 

medium10,14,108. For instance, Arpornmaeklong et al. found that hESCs encapsulated in collagen 

scaffolds displayed increased TNAP activity and osteocalcin secretion relative to 2D cultures 

following 2 weeks of culture with osteogenic supplements14. The current results therefore add to 

the literature base supporting the use of 3D biomaterial scaffolds for promoting hESC osteogenic 

differentiation.  

 Next, we examined the capacity of FOXD3 overexpression – initiated 24 h prior to 

encapsulation – to induce osteogenesis in 3D encapsulated hESCs. Cumulative OSX, TNAP, OPN 

and calcium deposition results indicated that this FOXD3 overexpression increased the osteogenic 

differentiation of encapsulated hESCs (Fig. 5). Given the concomitant increase in SOX9 levels 

following FOXD3 overexpression, the observed osteogenesis may be occurring as a result of the 

endochondral ossification pathway11. Importantly, this duration of FOXD3 overexpression also 

markedly increased the levels of the mesodermal germ layer marker BRACHYURY relative to 

controls, while reducing expression of the hESC pluripotency marker NANOG and the 

neuroectodermal marker PAX6 (Fig. 6). Cumulatively, these data suggest that initiating FOXD3 
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overexpression 24 h prior to encapsulation is capable of enhancing osteogenic differentiation in 

hESCs seeded within 3D biomaterial scaffolds without promoting off-target effects.  

Finally, towards the goal of assessing the tunability and controllability of our FOXD3 

overexpression system, experiments were performed in which FOXD3 overexpression was 

initiated either 24 h or 48 h prior to encapsulation. Relative to 24 h, a 48 h pre-stimulation regimen 

was associated with a decrease in hESC specificity for the mesodermal lineage (↔ 

BRACHYURY, ↑ OCT3/4, ↑ PAX6; Fig. 8). Our results are consistent not only with those of 

Arduini et al. who showed that BRACHYURY expression was decreased after 24 h of FOXD3 

overexpression64, but also with those of Karner et al. who showed a dose/timing-dependent effect 

of overexpression of a key regulatory protein (OSX) on hESC osteogenic fate65.  Furthermore, 

extended FOXD3 overexpression did not appear to have beneficial effects on hESC osteogenesis 

(Fig. 7). Specifically, hESC calcium deposition appeared to be greater in the 24 h pre-stimulation 

group despite similar levels of remaining osteogenic markers among the two treatment groups. 

Thus, the reduced calcium deposition associated with 48 h pre-stimulation may be due to the same 

cellular machinery being used in a less phenotypically restricted manner. Cumulatively, the more 

restricted cell state observed with 24 h pre-stimulation would be necessary to control the safety of 

hESC-based cell products, as continued expression of pluripotency markers is associated with the 

potential to form teratomas even when a small percentage of cells remain in the pluripotent state18. 

Several limitations of the current studies merit comment. First, this was largely a proof-of-

concept study focused on demonstrating the feasibility of utilizing FOXD3 overexpression as a 

tunable system for hESC-driven osteogenesis. Thus, further in vitro studies will be needed to 

determine the “optimal” conditions and timing of overexpression towards rapidly producing 

hESCs primed to respond with high specificity to subsequent osteogenic stimuli. In addition, in 
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vivo studies will be needed to assess potential negative side-effects of early FOXD3 overexpression 

following implantation. Next, the findings of the current studies are each based on 2 unique 

encapsulation experiments (each with 6-8 independent samples per treatment group). While these 

results therefore meet minimum benchmarks for statistical assessment based on independent 

sample number requirements, the current statistical deductions should be interpreted with caution 

pending further independent confirmation. Finally, we only examined the influence of FOXD3 

overexpression on the osteogenic fate of the RUES2 hESC line over a two week period following 

encapsulation. Extended time periods will need to be examined in future work to better define 

differences in FOXD3 overexpression regimens. Furthermore, different hESC lines may respond 

differently to FOXD3 overexpression or require varying degrees of FOXD3 overexpression, which 

will need to be determined in future studies.  

2.5. Conclusions and Future Directions 

Current study demonstrated early proof-of-concept for a novel strategy to achieve cost- and 

time-efficient as well as controllable hESC osteogenic differentiation. Specifically, our results 

suggest that  

a) controlled FOXD3 overexpression can enhance the hESC osteogenesis supported by 

3D osteoinductive culture environments,  

b) phenotype of the hESCs can be modulated through tuning the duration of FOXD3 pre-

stimulation prior to encapsulation.  

c) relatively short duration (< 48 h) of FOXD3 overexpression prior to encapsulation may 

be necessary to promote the specific mesodermal differentiation and reduce 

pluripotency of hESCs.  
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Extensive future studies are necessary to demonstrate the safety and efficacy of proposed 

strategy. Specifically, they should address following questions: 

a) Longer in vitro studies to determine whether reduced pluripotency, increased 

specificity of germ layer commitments, and enhanced osteogenic differentiation can be 

observed beyond 14 days of culture, e.g. 28 days or longer? 

b) Studies using different human ESC lines (such as H9) to determine whether observed 

effect of FOXD3 overexpression in 3D constructs on hESCs pluripotency and 

differentiation is cell line-independent will be necessary to establish the efficacy of our 

strategy. 

c) Our studies have demonstrated that 24 h pre-stimulation with DOX led to more 

desirable outcomes than 48 h, however additional timepoints, such as 12 h and 36 h 

may provide greater understanding of FOXD3 overexpression on ESCs fate. 

d) The potential of our strategy to reduce teratoma formations and/or enhance bone tissue 

formation has to be demonstrated in in vivo studies using appropriate rodent models. 

Successful confirmation of the beneficial effects of combinatorial 

transgene/biomaterial strategy may encourage further research into the potential 

application of the current strategy  
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2.6. Supplemental Materials 

 

Figure 9. LIVE/DEAD assessments of hESCs 24 h following encapsulation within collagen-PEGDA IPN 
hydrogels. Quantitative assessment of the LIVE/DEAD stain indicated 91.0 ± 0.1 % hESC viability. Scale bar 
= 100 µm. 

 

 

Figure 10. Relative DNA levels of hESCs across the three experiments. hESCs were cultured for 14 days in 
osteogenic media (A) in 2D and 3D formats, (B) in the presence or absence of DOX, or (C) with either 24 h or 
48 h of pre-stimulation with DOX. * Denotes a significant difference relative to Day 0 or DOX(-) for (A) and 
(B), respectively (p < 0.05). 
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3. Assessment of enrichment of human 
mesenchymal stem cells based on plasma 
and mitochondrial membrane potentials† 

 
3.1. Introduction 

Cell therapy based on mesenchymal stem cells (MSCs) is a promising treatment option for 

a variety of inflammatory and degenerative disorders. The therapeutic action of MSCs is due in 

large part to their ability to interact with the innate and adaptive arms of the immune system as 

well as delivery of regenerative cues through mostly paracrine signaling109. In addition, their 

ability to differentiate into different cell types, including osteoblasts, chondrocytes, myoblasts, 

stromal cells, and neurons, among others, contributes to their utility for clinical applications110. 

Having demonstrated some success in preclinical and early clinical trials111–114,  hMSC suffer from 

several limitations, including population heterogeneity that may result in variable clinical 

outcomes. Clinical trials typically inject about 1 to 5x106 MSCs/kg of body weight19–24, which 

must be expanded from about 50,000 MSCs collected from 18-55 ml of aspirated bone marrow25–

27. This indispensable expansion step may last several weeks and it is associated with the onset of 

cell senescence,28 spontaneous differentiation29, loss of stemness,30 and the general decrease in 

capacity of the MSCs to interact favorably with the immune system and target tissues31. In 

addition, MSCs can also be heterogeneous within the same population in terms of multipotency 

and differentiation potential32,33, cell size and proliferation rates34,35, metabolism36, and 

immunomodulatory capacity37.  

 
† This chapter previously appeared as: Kamaldinov, T., Erndt-Marino, J., Levin, M., Kaplan, D. L., & Hahn, M. S. 
Assessment of enrichment of human mesenchymal stem cells based on plasma and mitochondrial membrane 
potentials. Bioelectricity 2, 21-32 (2020). 
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Collectively, the theme(s) that emerge from these and many other studies are that: 1) our 

current knowledge of what factors render hMSCs most effective for therapy is incomplete, and 2) 

some subpopulations within MSC colonies can be more therapeutically beneficial than others. 

Hence, efforts are needed to deepen and integrate knowledge of stem cell state by monitoring 

factors from different cell processes in order to identify and enrich specific subpopulations for 

clinical applications.  

The overarching hypothesis of this work is that cell state can be defined, in part, by 

electrical and ionic biophysical parameters due to their established, emerging, and proposed role(s) 

in the regulation of a myriad of cell40–42,48,49,53–55,115–127 and physiological processes38,43,45,128–133. 

In terms of stem cell state, undifferentiated stem cells with greater proliferative capacity (than their 

differentiated progeny) have been suggested to be associated with a depolarized plasma membrane, 

while terminally differentiated and quiescent cells tend to be hyperpolarized131. This relationship 

may be true for hMSCs as well; modulation of plasma membrane potential via pharmaceuticals or 

changing the ionic milieu has been shown to be able to override biochemical signaling to prevent 

hMSCs differentiation43, or suppress their differentiated state44, even in the presence of the most 

potent chemical mediators known to drive differentiation down certain lineages. In addition, 

mitochondrial membrane potential may also be involved in differentiation and immunomodulatory 

functions of hMSCs. For example, hyperpolarization of mitochondrial membrane potential has 

been associated with osteogenic differentiation of hMSCs134. Lastly, the mitochondrial membrane 

depolarized within a population of hMSCs in response to aggregation135,136, a process known to 

preserve stemness137,138 and enhance immunomodulatory and regenerative capacity of 

hMSCs135,139,140. 
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Thus, the specific hypothesis of this study was that hMSCs isolated with depolarized 

electrical properties will exhibit features of reduced senescence, enhanced stemness, and improved 

immunomodulatory capacity. Here, we report the development of a strategy for generating 

electrically-enriched hMSCs (EE-MSCs) based on fluorescence activated cell sorting (FACS) with 

tetramethylrhodamine, ethyl ester (TMRE), a lipophilic, cationic, non-toxic, fluorescent indicator 

of plasma and mitochondrial membrane potentials (DY). While few studies have been performed 

to isolate therapeutically competent MSCs prior to or during expansion141–144, it is unknown if 

enrichment prior to injection after adequate cell numbers were achieved can improve therapies. 

Enrichment at this stage, rather than at the isolation stage, may be more appropriate because of the 

expansion needed to achieve adequate cell numbers. After determining the feasibility of the sorting 

procedures, the differences in phenotypes of populations with high and low TMRE intensities were 

investigated.  

3.2. Methods 

3.2.1. Mesenchymal stem cell culture 

Cryopreserved human bone marrow-derived MSCs (Texas A&M Institute for Regenerative 

Medicine) from donors 7071L, 8004L and 8001R were thawed and expanded in minimum 

essential medium-α (α-MEM, Gibco) supplemented with 16.5% MSC-qualified fetal bovine serum 

(FBS Premium Select; Atlanta Biologicals), 1% antibiotic solution (10 000 IU/mL penicillin, 

10 000 μg/mL streptomycin; Life Technologies), and 1% glutamine (Glutamax; Life 

Technologies) in a 37 °C, 5% CO2-jacketed incubator145. Cells were grown to 70-85% confluence 

and then harvested with TrypLE Express (Gibco) and re-plated for further expansion using a 1:4 

split. At passages 5-6, MSCs were harvested for FACS-sorting. The specific passage numbers for 

electrical enrichment were chosen according to current cell therapy standards146. 
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3.2.2. Fluorescence-activated cell sorting of hMSCs 

Human bone marrow-derived MSCs (passage 5-6) were collected and incubated with 25 

nM of TMRE (tetramethylrhodamine, ethyl ester) dye in PBS for 30 min prior to sorting. TMRE 

was selected based on studies showing its fast equilibration time, low mitochondrial binding and 

almost negligible electron transport chain inhibition if used at concentrations lower than 1 μM147. 

The concentration of 25 nM was chosen in order to avoid overloading of mitochondria with the 

dye which can result in self-quenching due to the formation of dye aggregates147. FCCP (carbonyl 

cyanide 4-(trifluoromethoxy) phenylhydrazone) was used as positive control for mitochondrial 

depolarization (Supplementary Materials, Figure 15). Sorting was performed using BD 

FACSAria. hMSC were gated to isolate live cells from dead cells and debris using forward scatter 

and side scatter channels. Live cells were then gated and sorted into two tubes to obtain two 

populations: Low 30% and High 10% of TMRE (PE-A channel) signal, labelled as MSC-DYL and 

MSC-DYH, respectively. A small aliquot of EE-MSC was re-analyzed with flow cytometry to 

confirm separation of hMSC post-sorting. Electrically enriched populations were either collected 

right after sorting or seeded on 24-well plates at a density of 5 x 104 per well and collected after 

24 h of culture using 500 µL of lysis buffer (100 mM Tris, 500 mM LiCl, 10 mM EDTA, 1% 

LiDS, 5 mM dithiothreitol, pH ∼7.8). Post-sorting analysis was performed using the FlowJo 

software (Treestar).  

3.2.3. MSC/Macrophage activation and co-culture 

A vial of cryopreserved Raw 264.7 (ATCC) murine macrophages was thawed and 

expanded in monolayer culture. Macrophages were maintained at 37°C/5% CO2 in cell culture 

medium, which consisted of Dulbecco’s Modified Eagle’s Medium (DMEM, Corning Cellgro) 

supplemented with 10% fetal bovine serum (FBS, Hyclone), 100 U/mL penicillin, and 100 μg/mL 
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streptomycin (Gibco).  A total of 2.5 x 104 RAW 264.7 (passage 19 from our cryo-stocks) were 

plated in 0.4-µm pore inserts for 12-well transwell plates (Falcon) in 500 µL of activation media 

(DMEM + 10% FBS Premium Select + 20 ng/mL IFN-gamma + 100 ng/mL LPS). To be consistent 

with macrophage nomenclature, we refer to our activated murine macrophages as M(LPS+IFNγ). 

After 24 h, 5 x 104 of EE-MSCs were added to the bottom of separate transwell plates in 1 mL of 

media (DMEM + 10% FBS) to achieve a 2:1 MSC:macrophage. This was selected to be consistent 

and comparable with prior work that assessed immunomodulatory effects of hMSC on target cell 

types148. After 4 h to allow for hMSCs to settle and attach, media was changed to remove dead 

cells and debris and inserts containing M(LPS+IFNγ) were added to the appropriate hMSC wells. 

Fresh 500 µL of activated media was added into the transwells. After 24 h of co-culture, cells were 

washed with DPBS and collected using 500 and 250 µL of lysis buffer for MSC and 

M(LPS+IFNγ), respectively and then stored at -80°C. The 24 h experimental timepoint was chosen 

to assess the phenotype of hMSCs within the expected timeframe of in vivo homing and therapeutic 

effects149–152. 

3.2.4. mRNA extraction and Quantitative reverse transcription PCR (RT-qPCR) 

 mRNA extraction was performed using Dynabeads mRNA direct kit (Life 

Technologies)145. RT-qPCR was performed to compare mRNA levels across the various 

experimental groups using a StepOne Real-Time PCR system and the SuperScript III Platinum 

One-Step qRT-PCR kit (Life Technologies) according to the manufacturer’s instructions. Primers 

were purchased from Eurofins (Operon) or OriGene and the sequences are provided in 

Supplementary Tables 1 and 2. Gene expression was normalized to 3 reference genes (GAPDH, 

L32, and β-actin) for hMSC and L32 for RAW264.7 and normalized across all groups. The choice 

of normalizers for hMSC was based on the assumption that plasma and mitochondrial membrane 
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potential differences may affect the expression of multiple housekeeping genes and hence using 

multiple reference genes may minimize any systematic errors due to normalization. The choice of 

reference genes for RAW 264.7 was based on relevant literature for macrophages153–156. Melting 

temperature analysis was performed for each reaction to verify the appropriate amplification 

product, and these values are reported in Supplementary Tables 1 and 2. 

3.2.5. Statistical analysis 

All results are reported as the mean ± standard error. The sample size, donor number, and 

number of experiments performed for each figure are reported in their respective legends. To 

assess relative differences between groups in terms of FACS parameters and mRNA expression, 

the means of each marker were compared using an independent-sample Student’s t-test between 

MSC-DYL and MSC-DYH or activated macrophages co-cultured with either MSC-DYL and MSC-

DYH. For all tests, a p-value < 0.05 was considered significant. Homogeneity of variance was 

verified using Levene’s test. SPSS software and Excel’s data analysis tool plugin were utilized to 

conduct statistical analysis.  

3.3. Results 

3.3.1. Cell enrichment strategy to obtain electrically enriched MSCs 

Populations of hMSCs were electrically enriched using TMRE, a lipophilic cationic dye 

that accumulates in the plasma and mitochondrial matrices depending on the magnitude of the 

voltage across these membranes. The events were inversely gated to remove dead cells and debris, 

and subsequently sorted for low 30% and high 10% of TMRE signal (MSC-DYL and MSC-DYH, 

respectively; Figure 11A). The different percentages were chosen to achieve large enough TMRE 

separation after sorting, while maintaining the relatively comparable number of EE-MSCs after 

sorting. Overall, across all sorting experiments we performed, post-sorting analyses of our 
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populations confirmed that MSC-DYH had approximately an order of magnitude greater median 

TMRE signal than MSC-DYL (15-fold, p < 0.001, Figure 11B). MSC-DYH also had significantly 

greater median forward scatter signal/cell size (2.4-fold, p < 0.001, Figure 11B), and this was 

confirmed visually using light microscopy. In addition, MSC-DYH had greater median side scatter 

signal relative to MSC-DYL (1.5-fold, p = 0.038, Figure 11B) which is an indicator of cell 

granularity/complexity. Throughout all experiments, we consistently observed the direct 

relationship between TMRE and FSC-A signal magnitudes (Figure 11C). In addition to 

fluorescence and size differences, sorting populations also differed in terms of sorting yield, 

defined as percentage of cells sorted as determined by automatic cell counter Eve (NanoEnTek) 

over the number of sorted events detected by FACS. Specifically, sorting yield was significantly 

Figure 11. (A) Gating strategy to obtain MSC-DYL and MSC-DYH populations. (B) Cumulative relative FSC-
A, SSC-A and TMRE intensities across all sorting experiments for MSC-DYL and MSC-DYH. (C) 
Representative FSC-A vs TMRE dot plot of MSC-DYL and MSC-DYH. (D) Sorting yield (cell count/sorted 
events) across all sorting experiments. (E) Cell viability after sorting as determined by Trypan Blue. Data 
represent mean ± standard deviation of at least four independent experiments. 
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lower for MSC-DYL with a mean yield of 16% relative to MSC-DYH with a mean yield of was 

42% (p < 0.001, Figure 11D). At the same time, average viability, assessed by trypan blue staining, 

between two electrically enriched population was not statistically different (p = 0.32, Figure 11E). 

Cumulatively, these results suggested that hMSC populations with distinct TMRE levels 

and no differences in terms of viability could be obtained, but this was associated with other 

parameters of the cells, including FSC and SSC. 

3.3.2. EE-MSCs exhibit phenotypical differences with respect to senescence, 

stemness, autophagy, and immunomodulation 

After confirming our ability to sort cells via TMRE staining, we aimed to assess potential 

phenotypic differences of MSC-DYL and MSC-DYH that were persistent across cell donors. 

HMSCs sorted from three donors were collected immediately after sorting and gene expression of 

some of the key markers associated with senescence, stemness (multipotency), immunomodulation 

and autophagy were assessed. Post-sorting analysis showed that TMRE, FSC-A, and SSC-A 

signals were greater in MSC-DYH group (Figure 12A), with the most notable difference being 

detected in EE-MSCs derived from donor 7071L (Supplementary Materials, Figure 16). In 

terms of gene expression for senescence, mRNA levels of cell cycle inhibitor p21 was significantly 

lower in MSC-DYL (1.3-fold, p = 0.001, Figure 12B). Conversely, the expression DNA 

methyltransferase (DNMT1), involved in maintenance of self-renewal of MSCs, was significantly 

upregulated in MSC-DYL (1.4-fold, p = 0.009, Figure 12B). Other senescence-associated 

lysosomal markers (β-galactosidase, GLB1, and α-fucosidase, FUCA1) were not statistically 

different across donors, although in one donor (7071L), they tended to be elevated in MSC-DYH 

(Supplementary Materials, Figure 16).  
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In terms of stemness markers, mRNA levels of CD44 (HCAM) and CD105 (Endoglin) 

were significantly higher in MSC-DYL relative to MSC-DYH (1.4-fold, p < 0.001 and p = 0.009, 

respectively, Figure 12C). Additionally, we found that the expression of autophagy-related gene 

ULK1 was significantly upregulated in MSC-DYL (1.4-fold, p = 0.003, Figure 12D).  

Lastly, in terms of immunomodulatory markers, TGF-β1 was also significantly upregulated 

in MSC-DYL relative to MSC-DYH (1.2-fold, p = 0.003, Figure 12E). In contrast, other prominent 

MSC-related immunomodulation markers HO-1/HMOX1 and IL-6 were significantly decreased 

in MSC-DYL (1.5-fold, p = 0.003 and 2.1-fold, p < 0.001, respectively, Figure 12E).  

Overall, gene expression analyses immediately post-sorting suggests that hMSCs with 

lower TMRE intensity may possess reduced senescence, enhanced stemness and elevated levels 

of autophagy. However, immunomodulation profiling revealed a marker-dependent relationship 

between MSCs sorted via TMRE intensity. 

Figure 12. (A) Relative median TMRE, forward and side scatter intensities of EE-MSCs obtained from three 
different donors. (B) Relative mRNA expression of markers associated with senescence, (C) stemness, (D) 
autophagy, and (E) immunomodulation from EE-MSCs collected immediately after FACS-sorting from three 
different donors. 
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3.3.3. EE-MSCs are phenotypically different 24 h after electrical enrichment 

Given the differences in mRNA expression immediately after the sorting, we asked 

whether the differences would persist in EE-MSCs cultured for 24 h after sorting.  The sorted cells 

from the donor with the most consistent mRNA expression in terms stemness, immunomodulation 

and senescence-associated markers were seeded (7071L; Supplementary Materials, Figure 17). 

In contrast to day 0 analyses, the difference in expression of senescence-associated markers p21 

and DNMT1 was lost at 24 h timepoint. Other senescence-associated lysosomal markers GLB1 

and FUCA1 were significantly lower in MSC-DYL relative to MSC-DYH (1.5-fold, p < 0.001 and 

1.2-fold, p = 0.003, respectively, Figure 13A).  

In terms of stemness markers, there was no difference in CD44 expression, while 

significantly lower levels of CD105 were noted in MSC-DYL (1.3-fold, p < 0.001, Figure 13B). 

Figure 13. (A) Relative mRNA expression of markers associated with senescence, (B) stemness, (C) autophagy, 
and (D) immunomodulation from EE-MSCs collected 24 h after sorting. Data are expressed as mean ± SEM of 
three independent sorting experiments. 
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In contrast, relative to MSC-DYH, MSC-DYL cells had significantly increased mRNA levels of the 

autophagic indicators p62 (1.8-fold, p = 0.012), ULK1 (1.2-fold, p = 0.045) and LC3B (1.2-fold, 

p = 0.002; Figure 13C) in parallel with increases in mRNA levels of immunomodulatory markers 

HO-1 (1.8-fold, p = 0.01) and IL-6 (1.6-fold, p = 0.009; Figure 13D).  Results for CD105, HO-1, 

and IL-6 were all opposite of what we observed at 0 h.  

Cumulatively, these data support the notion that cells sorted via TMRE intensity remain as 

distinct cell states even after culture. Moreover, focusing on consistencies between time points 

suggests that MSC-DYL exhibit features of reduced senescence and enhanced autophagy. At the 

same time, acknowledging differences between the 2 time points highlights diverging mRNA 

expression in terms of immunomodulatory markers HO-1 and IL-6, as well as stemness marker 

CD105 (Supplementary Materials, Figure 18). 

3.3.4. MSC-DYL suppress features of M(LPS+IFNγ) in co-culture 

In order to characterize possible functional differences between our two hMSC 

populations, we evaluated the potential immunosuppressive effect of EE-MSCs through a co-

culture with M(LPS+IFNγ). EE-MSCs were generated using the same gating strategy as Figure 

11 and representative FSC, SSC and TMRE spectrums post-sorting are shown in Supplementary 

Materials, Figure 19. After 24 h of co-culture, the mRNA levels of macrophage activation 

markers were assessed. Relative to MSC-DYH, M(LPS+IFNγ) exposed to MSC-DYL expressed 

significantly lower levels of classical pro-inflammatory (M1) markers NOS2 (1.3-fold, p = 0.048), 

IL-1β (1.8-fold, p = 0.04), IL-6 (1.3-fold, p = 0.002) and MCP-1/CCL-2 (1.02-fold, p < 0.001, 

Figure 14A). In addition to “M1” markers, MSC-DYL also decreased the expression of markers 

typically associated with the “M2” state, such as IL-10 (1.3-fold, p = 0.01), CCL-1 (2.5-fold, p = 

0.026), TGF-β1 (1.1-fold, p < 0.001) and SOCS3 (1.1-fold, p = 0.014, Figure 14B).  
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To gain insight into the differences noted in M(LPS+IFNγ), we also profiled the phenotype 

of EE-MSCs from the co-culture via mRNA expression of senescence and immunomodulatory 

markers. Consistent with 24 h mono-culture results (Figure 13), the expression of senescence-

associated markers p53 (1.6-fold, p < 0.001), GLB1 (1.4-fold, p = 0.04) and FUCA1 (2.9-fold, p 

< 0.001) were all significantly lower in MSC-DYL (Figure 14C). The lower levels of senescence-

associated markers were also associated with differential expression of the immunomodulatory 

marker HO-1. Specifically, HO-1 mRNA levels were elevated in MSC-DYL population (2.8-fold, 

p < 0.001) while levels of IL-6 and TGF-β1 were similar between the two groups (Figure 14D). 

These EE-MSC results are also relatively consistent with what was observed in mono-culture. 

Taken together, these results suggest that MSC-DYL may suppress the expression of genes 

associated with macrophage activation, and this response may be mediated in part by HO-1. 
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Figure 14. (A) Relative mRNA expression of markers associated with M1 and (B) M2 phenotype of activated 
macrophages after 24 h of co-culture with EE-MSCs. Relative mRNA expression of markers associated with 
(C) senescence and (D) immunomodulation in EE-MSCs co-cultured with activated macrophages for 24 h. Data 
represent mean ±  SEM of triplicate samples. 

3.4. Discussion 

Our long-term goal is to develop an enrichment strategy for specific stem cell populations 

with reduced senescence and enhanced stemness, potentially resulting in greater 

immunomodulatory and regenerative capacity of hMSCs. We envision that electrical enrichment 

may be implemented as a novel and complementary technology/concept for hMSC cell therapy. 

In this study, we sought to initially develop the idea of exploiting hMSC electrical properties, such 

as plasma and mitochondrial membrane potentials, which we and others have hypothesized to be 

associated with distinct cell states and functions48,49,53–55,115–117,126,127. Specifically, our goals were 



 43 

to begin to: 1) develop a protocol to achieve EE-MSCs with distinct electrical states through FACS 

TMRE intensity sorting, and 2) assess the potential relationship with respect to EE-MSC cell state 

and function. Both the idea to sort hMSCs based on electrical properties in addition to the 

combination of metrics/processes analyzed (autophagy, immunomodulation, 

multipotency/stemness, and senescence) to describe the stem cells are novel. Therefore, our 

discussion will first focus on technical considerations and observations followed by those of 

biological nature.  

Cell enrichment based on TMRE yielded two distinct stem cell subpopulations - MSC-DYL 

and MSC-DYH - characterized by an order of magnitude difference in signal intensity post-sorting, 

suggesting successful acquisition of distinct electrical properties. Interestingly, MSC-DYH also 

exhibited significantly larger cell size and granularity. Given the similarities between TMRE and 

FSC intensities, cell enrichment based on FSC may present an alternative, simpler strategy for 

stem cell enrichment in future work.  

We are unable to compare the associations between TMRE, FSC, and SSC to others who 

have performed similar sorting experiments in other cell types because FSC and SSC parameters 

were not reported40,42,118,121. Despite being commonly omitted, it is appropriate to comment on 

how these parameters may change interpretation of fluorescence as they relate to voltage. For 

example, the greater size of MSC-DYH is likely not a major confounding element based on 

previous experimental and computational work that measures or simulates fluorescence in 

response to cell and/or mitochondrial volume manipulations157,158. In other words, Nernstian dyes 

can be cell volume insensitive and thus size may not be a major contributor to the fluorescence 

intensity, likely because of the binding nature of the dyes to membranes. It remains a possibility 

that differential SSC signals, a potential indication of mitochondrial content differences159. in EE-
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MSCs could account for fluorescence differences between our sorted populations. Unfortunately, 

correcting for mitochondrial volume fraction, a known contributor to tetramethylrhodamine signal 

intensity, is technically challenging157, especially in light of recent results questioning the use of 

mitochondrial tracker dyes for mitochondrial mass assessment160. In addition, we are unable to 

establish specifically whether differences in TMRE levels between MSC-DYL and MSC-DYH 

populations are due to the mitochondrial or plasma membrane potentials as both are known 

contributors to TMRE signal157,161. These and other limitations of voltage sensitive dye utilization 

(including accounting for apparent activity coefficients and apparent charge of TMRE)  prevent 

us from definitively claiming that our populations are indeed distinct electrically based solely of 

fluorescence intensity comparisons, but we are able to assume so with a degree of confidence, as 

is done ubiquitously in the literature40,42,118,121,135,136. 

One of the main challenges we faced during our experiments was the sorting yield (the 

percentage of live cells as counted by cell counter or hematocytometer over sorted events 

registered by FACS). We found that while yield varied between experiments for both populations, 

it was consistently lower for MSC-DYL (5-30%) compared to MSC-DYH (25-65%) 

subpopulations. We have no definitive explanation for this result, but possibilities include 

technical limitations of FACS sorting of lower intensity signals or a differential capacity to handle 

sorting stresses between EE-MSC populations. The cell recovery and other problems we 

encountered might be improved through sorting and collecting hMSCs in medium containing some 

nutrients162, and/or by adjusting technical parameters of FACS (i.e. sheath pressure, nozzle size 

and sorting speed). 

After generating EE-MSCs with a degree of confidence, we asked whether these 

populations varied with respect to phenotypic and functional measures with the hypothesis that the 
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MSC-DYL population would exhibit features of reduced senescence with concomitant increases in 

stemness and immunomodulatory properties. In partial support for these relationships, we 

observed lower levels of the ‘pro-senescence’163–165 descriptors FSC, SSC, p21 mRNA, and higher 

levels of the ‘anti-senescence’166,167 DNMT1 marker in all three donors at time zero (Figure 12B), 

and lower levels of ‘pro-senescence’168–170 markers p53, GLB1, and FUCA1 after 24 h post-sorting 

(Figure 13A) in the MSC-DYL population. Although distinct from senescence, autophagy 

pathways have been shown to prevent senescence in ageing muscle stem cells in mouse model by 

decreasing p16 and H2AX expression, as well reducing senescence-associated β-galactosidase 

activity171. In line with this idea, we found that MSCs-DYL had greater expression of autophagic 

marker ULK1 right after sorting (Figure 12D) and increased expression of p62, ULK1 and LC3B 

at 24 h (Figure 13C).  

Even though specific senescence and autophagy markers may have switched between time 

points, at no point did we observe evidence to the contrary. Cumulatively, these data are consistent 

with the notion that MSC-DYL are in a state characterized by reduced senescence and enhanced 

autophagy relative to MSC-DYH. The mechanistic links between DYm and hMSC state and 

function are poorly understood but potentially numerous95-124. Focusing on the mitochondria as 

one example: DYm has been suggested not only to directly communicate with the nucleus to 

regulate gene expression126, but also DYm is an integration point for many processes of cell 

metabolism172, regulating mitochondrial reactive oxygen species173,174, mitochondrial respiration, 

and ATP synthesis175. Each metabolic parameter in turn is associated with a range of downstream 

effects, resulting in complex and incompletely understood systems-level interconnections that 

render cause-effect relationships difficult to tease out. 
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 As separate but related to senescence and autophagy, it is also useful to assess the 

expression of stemness (or multipotency) markers. Typically, these MSC markers, such as CD44 

(home cell adhesion molecule, HCAM) and CD105 (Endoglin), are known to decline with aging164 

and differentiation176–178. Both surface marker mRNA levels were elevated in MSC-DYL in all 

three donors (Figure 12C) suggesting enhanced stemness in MSC-DYL, consistent with not only 

with our hypothesis but also the general perception that MSCs with reduced senescence have 

greater stemness. However, once seeded and cultured for 24 h, phenotypic shifts were observed 

(Supplementary Materials, Figure 18). MSC-DYL exhibited lower levels of CD105 in 

comparison to MSC-DYH, this switch contrasts that of the senescence markers that cumulatively 

suggested a consistent senescent state. We have no explanation for this finding, but the data lend 

credence to the notion that stemness and senescence may be distinct processes with disparate 

functions.  

The relationship between the stemness and immunomodulatory properties still remains 

controversial with opposing findings present in literature179,180. The preservation of stemness 

remains one of the priorities in many in vitro investigations with the assumption that a more stem-

like state correlates with better therapeutic immunomodulation. We found that MSC-DYH had 

elevated mRNA expression of HO-1, a rate-limiting enzyme in heme metabolism, with anti-

inflammatory, antioxidative an anti-apoptotic functions181,182,  as well as pleiotropic cytokine IL-

6 which is heavily involved in immunomodulatory function of MSC. However, after 24 h of culture 

of EE-MSCs, we observed a shift toward greater expression of HO-1 and IL-6 in MSC-DYL. This 

shift in immunomodulatory markers coincided with a shift in opposing direction of CD105, a 

pattern that compares favorably with findings from Sempere et al. (2014)183. Specifically, they 

described populations of adipose-derived stem cells with low expression of CD105 yet greater IL-
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4 expression and a more inhibitory effect on lymphocyte proliferation, while MSCs with highly 

expressed CD105 secreted more pro-inflammatory cytokine IL-1β183. Together, these data suggest 

that the relationship between stemness and immunomodulation is not straightforward. 

Unfortunately, making definitive conclusions about stemness and immunomodulation/therapeutic 

efficacy is difficult due to the complexity of these processes, and the fact that both studies assessed 

a limited marker set.   

While we observed complex, marker-dependent phenotypic shifts of EE-MSCs after 

culturing for 24 h, the two populations were still distinct. To help improve clarity, we tested their 

immunomodulation capacity by co-culture with M(LPS+IFNγ). Since we observed that MSC-DYL 

were able to downregulate both M1 and M2 markers, we are not able to say that MSC-DYL induced 

a M2-like transition, a common finding when investigating MSC effects on macrophages184. 

Hence, immunomodulatory effects of MSC-DYH and MSC-DYL cannot be described by the 

M1/M2 paradigm. Given that both M1 and M2 markers are associated with pathologies185, the 

overall downregulation of inflammation-related genes may suggest that MSC-DYL may have 

stronger immunosuppressive effect relative to MSC-DYH. Profiling the EE-MSCs from the co-

culture revealed a marked increase in HO-1 in MSC-DYL, suggesting that effects on macrophages 

may be driven, in part, by higher expression of HO-1.  This is supported by several lines of in vitro 

and in vivo data demonstrating the impact of HO-1 on reduction of the pro-inflammatory 

phenotype of stimulated macrophages186–189, and specifically HO-1 derived from hMSCs190. In our 

study, MSC-DYH had greater expression of senescence-associated markers and reduced 

immunomodulatory markers HO-1 (and IL-6 in mono-culture). These findings are consistent with 

reports that senescent MSCs display reduced immunomodulatory capacity31. The effects of EE-
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MSCs on activated macrophages are more closely associated with phenotype of EE-MSC 24 h 

after co-culture, rather than immediately after sorting.  

Some limitations of our study must be taken into account when interpreting the results, 

aside from those relating to dye staining mentioned earlier. Our study was largely proof-of-concept 

in nature, so we were limited with respect to many of the analyses and types of experimental groups 

included. For example, the analysis of EE-MSCs was only performed utilizing mRNA levels. 

Owing to technical limitations of FACS sorting, the number of available cells is a limiting factor 

for protein expression analysis, as mentioned earlier. This is particularly a limitation for making 

claims regarding a metabolic process like autophagy, where definitive flux information cannot be 

deduced from mRNA levels. Second, the study could have benefitted from a comparison with cells 

that were expanded but not subjected to any enrichment. Third, within the scope of this work we 

decided to restrict the assessment of EE-MSCs to specific passage numbers (5-6) and timepoints 

(0 and 24h).  Lastly, while we were relatively extensive in our selection of processes and marker 

sets, we were by no means exhaustive. As we develop our knowledge of the enrichment process, 

deeper interrogation of cell state with functional, protein, metabolite, and electrophysiological 

analyses coupled with gold-standard comparisons will be the focus of future work. As a separate 

focus, we will pursue ionic and electrical manipulations during expansion of hMSCs in order to 

induce bioelectrical states associated with enhanced immunomodulatory/regenerative capacity. 
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3.5. Conclusions and Future Directions 

In this study, we have developed a protocol and conducted initial assessment of the 

enrichment strategy based on bioelectrical properties of hMSCs. The specific findings of the 

current study are as following: 

a) hMSCs can be enriched based on TMRE staining into two distinct populations – MSC-

DYL and MSC-DYH, likely reflecting differences in basal electrical states of these 

populations. 

b) phenotypical differences between MSC-DYL and MSC-DYH were observed 

immediately after and 24 h after enrichment. While a number of phenotypic markers 

switched or changed pattern during this period, MSC-DYL tended to consistently 

express lower levels of senescence-associated markers, and greater expression of 

autophagy markers. 

c) subsequent culture of EE-MSCs with M(LPS + IFNγ) suggested that MSC-DYL 

exhibits a more overall immunosuppressive potential.  

Cumulatively, our results deepen our understanding of hMSC cell state and suggest that 

future work developing EE-MSCs is warranted. However, extensive future studies are necessary 

to demonstrate that electrical enrichment may isolate stem cells with greater therapeutic capacity. 

Specifically, the following aspects of EE-MSCs warrant further investigations: 

a) Study of functional differences in phenotype of EE-MSCs such as protein levels of 

secreted immunoregulatory cytokines, measurement of autophagic flux, senescence-

associated secretome phenotype (SASP) and protein levels of senescence-associated 

b-galactosidase, as well as interrogation of metabolic features with respect to 

glycolysis and oxidative phosphorylation 



 50 

b) More extensive study of immunoregulatory effects of EE-MSCs on the phenotype of 

human activated macrophages, the suppression of T-cell proliferation and other 

functional assays involving target immune cells. 

c) Immunoregulatory differences of EE-MSCs will need to be assessed relative to 

expanded but not enriched MSCs to enable comparison to current standards of MSC-

based therapies 

d) Enrichment strategy needs to be refined to de-couple the contribution of plasma and 

mitochondrial membrane potentials in order to develop more specific enrichment step 

More selective enrichment strategy may prove to be crucial for consistent isolation of 

MSCs with select bioelectrical properties. 

 

3.6. Supplemental Materials 
 

 

Figure 15. Representative FSC-A, SSC-A (A) and TMRE spectrums (B) of negative control (TMRE-negative), 
TMRE-positive with FCCP uncoupler (depolarizes mitochondria by disrupting normal ATP synthesis process) 
and TMRE-positive cells. The trends are as expected confirming that TMRE dye can be used for electrical 
enrichment. 
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Figure 16. Donor-specific data for (A) relative median TMRE and forward/side scatter intensities of EE-MSCs 
obtained from three different donors, Relative mRNA expression of markers associated with (B) senescence, 
(C) stemness, (D) autophagy, and (E) immunomodulation from EE-MSCs collected immediately after FACS-
sorting from three different donors. Each data point represents a single technical replicate from each donor. 
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Figure 17. Representative post-sorting FSC-A, SSC-A and TMRE spectrum from electrical enrichment of MSC 
(donor 7071L) used to assess mRNA profile 24 h after sorting. 
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Figure 18. Relative time-dependent shifts in mRNA expression of markers associated with senescence, 
multipotency (stemness), autophagy and immunomodulation of EE-MSC immediately after electrical 
enrichment (0 h) and after 24 h of culture. 
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Figure 19. Representative post-sorting FSC-A, SSC-A and TMRE spectrum of EE-MSCs (donor 7071L) co-
cultured with M1-activated macrophages for 24 h. 
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Table 1. Primer sequences used for qRT-PCR analysis of genes associated with hMSC phenotype and the 
melting temperature of amplified product. 

 

Function Gene Marker 
(Supplier) 

Primer Sequence, Forward (F), Reverse (R) TM 

(°C)  
 Senescence p21 

(Operon) 
F: AGGTGGACCTGGAGACTCTCAG 
R: TCCTCTTGGAGAAGATCAGCCG 

83 

p53 
(Operon) 

F: CCTCAGCATCTTATCCGAGTGG 
R: TGGATGGTGGTACAGTCAGAGC 

81.8 

GLB1 
(Operon) 

F: CACTCCACAATCAAGACCGAAGC 
R: CTGTGCTGCATAGGGTGAGTTG 

82 

FUCA1 
(Operon) 

F: GACTTCGGACCGCAGTTCACTG 
R: CCAGTTCCAAGACACAGGACTC 

86.7 

DMNT1 
(Operon) 

F: AGGTGGAGAGTTATGACGAGGC 
R: GGTAGAATGCCTGATGGTCTGC 

88.7 

Stemness 
(Multipotency) 

CD44/HCAM 
(OriGene) 

F: CCAGAAGGAACAGTGGTTTGGC 
R: ACTGTCCTCTGGGCTTGGTGTT 

83.4 

CD105/Endoglin 
(Operon) 

F: CGGTGGTCAATATCCTGTCGAG 
R: AGGAAGTGTGGGCTGAGGTAGA 

83.7 

Immunomodulation HO-1/HMOX1 
(OriGene) 

F: CCAGGCAGAGAATGCTGAGTTC 
R: AAGACTGGGCTCTCCTTGTTGC 

84.9 

IL-6 
(Operon) 

F: AGACAGCCACTCACCTCTTCAG 
R: TTCTGCCAGTGCCTCTTTGCTG 

81.3 

TGF-β1 
(Operon) 

F: TACCTGAACCCGTGTTGCTCTC 
R: GTTGCTGAGGTATCGCCAGGAA 

83.8 

Autophagy p62/SQSTM1 
(Operon) 

F:  TGTGTAGCGTCTGCGAGGGAAA 
R:  AGTGTCCGTGTTTCACCTTCCG 

88 

ULK1 
(Operon) 

F: GCAAGGACTCTTCCTGTGACAC 
R: CCACTGCACATCAGGCTGTCTG 

87 

Beclin1 
(Operon) 

F: CTGGACACTCAGCTCAACGTCA 
R: CTCTAGTGCCAGCTCCTTTAGC 

80 

LC3B 
(Operon) 

F: GAGAAGCAGCTTCCTGTTCTGG 
R: GTGTCCGTTCACCAACAGGAAG 

80.3 

Reference/ 
Housekeeping 

RPL32 
(Operon) 

F: ACAAAGCACATGCTGCCCAGTG 
R: TTCCACGATGGCTTTGCGGTTC 

84.2 

β-actin 
(Operon) 

F: CACCATTGGCAATGAGCGGTTC 
R: AGGTCTTTGCGGATGTCCACGT 

85 

GAPDH 
(Operon) 

F: GTCTCCTCTGACTTCAACAGCG 
R: ACCACCCTGTTGCTGTAGCCAA 

84.1 
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Table 2. Primer sequences used for qRT-PCR analysis of genes associated with mouse macrophage phenotype 
and the melting temperature of amplified product. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Function Gene Marker 
(Supplier) 

Primer Sequence, Forward (F), Reverse (R) TM (°C) 

M1 iNOS/NOS2 
(Operon) 

F: GAGACAGGGAAGTCTGAAGCAC 
R: CCAGCAGTAGTTGCTCCTCTTC  

83.6 

IL-1β 
(Operon) 

F: TGGACCTTCCAGGATGAGGACA 
R: GTTCATCTCGGAGCCTGTAGTG 

82 

IL-6 
(Operon) 

F: TACCACTTCACAAGTCGGAGGC 
R: CTGCAAGTGCATCATCGTTGTTC 

79.5 

MCP-1/CCL2 
(Operon) 

F: GCTACAAGAGGATCACCAGCAG 
R: GTCTGGACCCATTCCTTCTTGG 

82 

M2 IL-10 
(Operon) 

F: CGGGAAGACAATAACTGCACCC 
R: CGGTTAGCAGTATGTTGTCCAGC 

84.1 

TGF-β1 
(Operon) 

F: TGATACGCCTGAGTGGCTGTCT 
R: CACAAGAGCAGTGAGCGCTGAA 

83.3 

SOCS3 
(Operon) 

F: GGACCAAGAACCTACGCATCCA 
R: CACCAGCTTGAGTACACAGTCG 

85.7 

CCL1 
(OriGene) 

F: GCTTACGGTCTCCAATAGCTGC 
R: GCTTACGGTCTCCAATAGCTGC 

81.2 

Reference/ 
Housekeeping 

RPL32 
(OriGene) 

F: ATCAGGCACCAGTCAGACCGAT  
R: GTTGCTCCCATAACCGATGTTGG 

83.5 
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4. Dual bioelectrical assessment of human 
mesenchymal stem cells using plasma and 
mitochondrial membrane potentiometric 

probes 
 

4.1. Introduction 

The biophysical parameters associated with endogenous ion flows through plasma and 

inner mitochondrial membranes play a critical role in a variety of cellular and physiological 

processes. Embryogenesis38,39, stem cell fate40–45, cell-cell communication46,47, neurogenesis48–50, 

wound healing51,52, and immune response53–55 are among the wide range of processes influenced 

by bioelectrical signals. Recent findings suggest that tracking and modulation of bioelectrical 

properties of the cells and tissues may have promising implications for the fields of regenerative 

medicine and tissue engineering. For instance, changes in voltage gradients across the plasma 

membrane (ΔΨP) have been observed with stem cell differentiation43, activation of inflammatory 

phenotypes in immune cells130, and attenuation of a catabolic phenotype in osteoarthritic 

chondrocytes119. Similarly, mitochondrial membrane potential (ΔΨM) has been associated with 

regulation of stemness in immune cells118,191 and stem cells40–42,121,123.  

A greater understanding of the effect of bioelectrical signals on cellular behavior in 

different physiological and pathological contexts will, in part, depend on our ability to measure 

bioelectrical properties and define specific bioelectrical states of the cells. Currently, most studies 

that measure bioelectrical properties use either ΔΨP or ΔΨM. For instance, we have previously 

separated human mesenchymal stem cells (MSCs) into subpopulations with low and high levels 

of mitochondrial potentiometric dye tetramethylrhodamine, ethyl ester (TMRE) and observed that 
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these subpopulations are phenotypically distinct and exert differential immunomodulatory 

effects192.  Here, we propose simultaneous assessment and visualization of both ΔΨM (as described 

by tetramethylrhodamine, methyl ester (TMRM)) and ΔΨP (as described by bis-(1,3-

dibutylbarbituric acid)trimethine oxonol (DiBAC4(3))) may provide more complete information 

about the bioelectrical properties of the cells. In addition, mapping these two properties on one 

chart may uncover data patterns that may not be identifiable when assessing only one of the two 

parameters.  

The goals of the current study are two-fold: 1) to develop a novel flow cytometric assay to 

assess cell bioelectrical properties associated with ΔΨM and ΔΨP, and 2) to demonstrate that this 

assay can identify distinct bioelectrical states than either marker alone. We hypothesized that 

MSCs may experience shifts in their bioelectrical properties when subjected to extended culture 

in vitro (“aging”), activation with pro-inflammatory cytokine IFN-γ, or culture under aggregate 

conditions. Our proposed assay revealed significant and distinct shifts in MSC bioelectrical 

properties in each case. 

4.2. Materials and Methods 

4.2.1. MSC expansion 

Cryopreserved human bone marrow-derived MSCs (Texas A&M Institute for 

Regenerative Medicine, Donor 7071L) were thawed and expanded in GM (minimum essential 

medium-α (α-MEM, Gibco) supplemented with 16.5% MSC-qualified fetal bovine serum (FBS; 

Gibco), 1% antibiotic solution (10 000 IU/mL penicillin, 10 000 μg/mL streptomycin; Life 

Technologies), and 1% L-glutamine (Glutamax; Life Technologies)) in a 37 °C, 5% CO2-jacketed 

incubator. Cells were grown to 70-85% confluence and then harvested with TrypLE Express 

(Gibco) and re-plated at 2000 cells per cm2 for further expansion.  
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4.2.2. Early vs late passage MSCs 

For assessment of the bioelectrical profile of early- and late-passage MSCs (passage 4-7 

and 14-17, respectively), cells were grown to 70-85% confluence, harvested as previously 

indicated and re-plated at a density of 4000 cells per cm2 in GM in 6-well plates (Falcon). After 24 

h, medium was changed to Dulbecco’s Modified Eagle’s Medium (DMEM, Corning Cellgro) 

supplemented with 10% FBS, and 100 U/mL penicillin, and 100 μg/mL streptomycin and cultured 

for further 24 h before flow cytometry analysis.  

4.2.3. IFN-g stimulation of MSCs 

For assessment of the bioelectrical profile of IFN-g primed MSCs (passage 4-7), cells were 

grown to 70-85% confluence, harvested as previously indicated and re-plated at the density of 

4000 cells per cm2 in GM in 6-well plates (Falcon). After 24 h, medium was changed to DMEM 

supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin, after which half 

the wells received activation medium (DMEM + 10% FBS + 100 U/mL penicillin + 100 μg/mL 

streptomycin + 20 ng/ml IFN-γ) for 24 h in activation media before flow cytometry analysis. 

4.2.4. Aggregate culture of MSCs 

MSCs were harvested and re-suspended in GM. Cells were seeded at 5000 cells/well of a 

96-well round bottom ultra-low attachment spheroid microplate (Corning) using 200 µl of 

medium. Spheroid formation was noticeable after 12 h. To avoid loss of spheroids due to pipetting, 

only 150 µl of medium was changed every 24 h of culture. After 72 h of culture, spheroids were 

washed in Dulbecco's Phosphate Buffered Saline (DPBS), transferred into round bottom 

polystyrene 5 ml tubes (Falcon), centrifuged for 5 min at 452g and re-suspended in 0.25% trypsin-

EDTA for dissociation. Spheroids were then placed into a 37 °C, 5% CO2-jacketed incubator for 

~12 min. Every 3-5 min, spheroids were gently pipetted to accelerate dissociation. Trypsin-EDTA 



 60 

was neutralized using an equal volume of culture medium, after which spheroids were centrifuged 

for 5 min at 452g, washed twice with DPBS.  

4.2.5. Flow cytometry 

MSCs were collected, washed with DPBS and incubated with 20 nM TMRM 

(tetramethylrhodamine, methyl ester) and 50 nM DiBAC4(3) (bis-(1,3-dibutylbarbituric acid) 

trimethine oxonol) in DPBS at the density of 1-1.5 x 105 per ml for 30 min at 37 °C and 5% CO2. 

TMRM was selected as the mitochondrial dye based on studies showing its fast equilibration time, 

low mitochondrial binding and almost negligible electron transport chain inhibition at 

concentrations lower than 1 μM147. The concentration of 20 nM TMRM was chosen in order to 

avoid mitochondrial overloading with the dye, which can result in self-quenching due to the 

formation of dye aggregates147.  Flow cytometry was performed using a BD LSRII. At least 10,000 

events were collected for each experimental group. FITC and PE channels were used to collect the 

data points from DiBAC and TMRM staining, respectively. To correct for the partial overlap in 

emission spectra of both dyes, the compensation matrix was calculated and applied to each 

experiment. Compensation values were acquired by incubating MSCs with either 20 nM TMRM 

or 50 nM DiBAC for 15 min at 37 °C and 5% CO2, following by addition of 10 μM oligomycin or 

2 μg/ml gramicidin, respectively, and incubating for another 15 min at 37 °C. The same 

compensation matrix was applied to all the experiments with similar photomultiplier voltage 

settings. Unstained and single-stained controls were included to monitor the contribution of 

autofluorescence. Single-stained controls were also used to ensure that the resulting values of 

double-stained samples after applied compensation agreed reasonably well with single-stained 

controls. (Supplementary Materials, Figure 27). Dyes were validated using drugs that are known 

to induce depolarization of plasma and mitochondrial membranes (Supplementary Materials, 
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Figure 28). Mitochondrial depolarization was induced by transient incubation with mitochondrial 

uncoupler BAM15193 (10 µM) and confirmed by FCCP194 (25 µM). Plasma membrane 

depolarization was induced by transient incubation with ionophore antibiotic gramicidin195 (2 

µg/ml). Data are reported as median fluorescent intensity (MFI). Analysis was performed using 

the FlowJo software (Treestar). To account for experimental variability, MFIs were normalized 

between the groups within individual experiments. 

4.2.6. Statistical analysis 

All results are reported as the mean ± standard error of the mean, unless otherwise 

indicated. The sample size and number of experiments performed for each figure are reported in 

their respective legends. To assess relative differences between the groups, the means were 

compared using an independent-sample Student’s t-test or, for experiments involving more than 

two groups, one-way ANOVA followed by Tukey’s post-hoc test. For all tests, a p-value < 0.05 

was considered significant. The normality assumption was verified using the Anderson-Darling 

test. For correlation analysis between TMRM, DiBAC, areas of forward scatter (FSC-A) and area 

of side scatter (SSC-A), the Pearson’s correlation coefficient was computed. The Coefficient of 

variation (CV) of a given distribution was calculated (CV = standard deviation of the 

distribution/mean of the distribution) to assess variability of TMRM, DiBAC, FSC-A and SSC-A 

distributions. SPSS software and Excel’s data analysis tool plugin were utilized to conduct 

statistical analyses. 

4.3. Results 

4.3.1. Dual bioelectrical assessment population and subpopulation characteristics 

Human MSCs were stained with two potentiometric dyes with distinct mechanisms of 

binding to lipid membranes, thus providing different but complementary information about the 
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bioelectrical properties of MSCs. TMRM, a lipophilic cationic dye, accumulates in the plasma and 

mitochondrial membranes depending on the magnitude of the voltage across these membranes. 

Due to the more negative voltage and increased surface area of the mitochondrial membrane versus 

the plasma membrane, TMRM primarily accumulates in mitochondrial membrane. DiBAC, in 

contrast, is a lipophilic anionic dye that accumulates only in the plasma membrane, and the extent 

of its binding is inversely proportional to the magnitude of the voltage across the membrane.  

Figure 20 illustrates the gating strategy to isolate live cells from debris and dead cells using 

area of forward scatter light (FSC-A) and area of side scatter light (SSC-A) (Fig. 20A), followed 

by isolation of single cells from cell clumps using height of forward scatter light (FSC-H) and 

FSC-A (Fig. 20B). The intensities of FSC-A and SSC-A are determined by cell size and granularity 

(complexity), respectively. While greater TMRM fluorescent intensity is commonly attributed to 

greater mitochondrial polarization, a more polarized plasma membrane exhibits a lower DiBAC 

signal due to the overall negative charge of DiBAC dye and thus its exclusion from an increasingly 

negatively charged plasma membrane (Fig. 20C). When the dyes are plotted against each other, 

the more polarized (hyperpolarized) cell subpopulation (in terms of both ΔΨP and ΔΨM) is located 

at the top left corner of TMRM-DiBAC plot, while the subpopulation with overall low ΔΨM and 

ΔΨP (depolarized) is located in lower right corner of the chart. 
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Figure 20. Gating strategy for assessment of bioelectrical state of MSCs. (A) Step 1: exclusion of debris, dead 
and apoptotic cells, (B) Step 2: exclusion of doublets, (C) Step 3: plotting TMRM vs DiBAC. 

To assess the extent to which the TMRM measures were reflecting ΔΨP as well as ΔΨM, 

we analyzed the correlation between TMRM and DiBAC intensities. Interestingly, we observed 

negligible correlation between the intensity of two dyes (r = -0.13, p < 0.0001, Fig. 21), suggesting 

that TMRM can be assumed to primarily reflect ΔΨM. TMRM intensity was, however, positively 

correlated with FSC-A and SSC-A (r = 0.65 and 0.51, respectively, p < 0.0001), suggesting that 

MSCs of greater size and granularity in general have greater TMRM signals. In addition, the 

magnitude of DiBAC signal was also moderately correlated with cellular granularity (r = 0.46, p 

< 0.0001), although the correlation between DiBAC and cell size was limited (r = 0.22, p < 0.0001). 
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Figure 21. Correlation analysis between FSC-A, SSC-A, TMRM and DiBAC. r = Pearson correlation coefficient 
± standard deviation. Representative data from 3 experiments (2-3 technical replicates each). 

In order to understand the degree of signal heterogeneity within the cell population, we 

binned and analyzed populations within high, medium, and low 20% of DiBAC signal (ΔΨPH, 

ΔΨPM, and ΔΨPL, respectively, Fig. 22A). The selected binning threshold is consistent with our 

previous work on electrical enrichment of MSCs192. We then compared DiBAC MFI of binned 

subpopulations and found ΔΨPH had an 8.7-fold greater DiBAC signal than ΔΨPL while ΔΨPM 

had on average a 3.2-fold greater DiBAC signal than ΔΨPL (p < 0.001, Fig. 22B). When examining 

TMRM MFI in the various subpopulations, ΔΨPL was associated with a 1.6-fold (p < 0.001, Fig. 

22C) and 1.1-fold greater TMRM signal (p = 0.026) than ΔΨPH and ΔΨPM, respectively. For stem 

cell granularity (SSC-A), ΔΨPH displayed a 1.7-fold difference with respect to ΔΨPL (p < 0.001) 

and ΔΨPM was 1.2-fold greater than ΔΨPL (p < 0.001, Fig. 22C, SSC-A). In contrast, cell size was 
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relatively evenly distributed between subpopulations (1.1-fold difference between ΔΨPL and 

ΔΨPM, and 1.2-fold difference between ΔΨPL and ΔΨPH, p < 0.001 for both, Fig. 22C, FSC-A).  

 

Figure 22. Binning the MSC populations based on top 20% DiBAC signal (ΔΨPH), medium (ΔΨPM), and 
bottom 20% (ΔΨPL). (A) Representative plots from 3 experiments (2-3 technical replicates each). Relative MFI 
of (B) DiBAC and (C) TMRM, FSC-A and SSC-A from 3 experiments (2-3 technical replicates each).* p < 0.05 
vs ΔΨPL, # p < 0.05 vs ΔΨPM. 

 More complex relationships were observed when we binned and analyzed populations at 

the high, middle and low 20% of TMRM signal (ΔΨMH, ΔΨMM, and ΔΨML, respectively, Fig. 

23A). ΔΨMH and ΔΨMM displayed a 5.3-fold and 2.6-fold greater TMRM MFI, respectively, 

relative to ΔΨML (p < 0.001, Fig. 23B). There was no statistical difference in terms of DiBAC 

signal between ΔΨMH and ΔΨMM subpopulations (Fig. 23C), although ΔΨML had a 1.8-fold and 

a 1.6-fold greater DiBAC MFI than ΔΨMM and ΔΨMH, respectively (p < 0.001, Fig. 23C). In 
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terms of cell size, ΔΨMH displayed a 1.7-fold greater FSC-A than ΔΨML, while ΔΨMM had a 1.3-

fold increase in FSC-A compared to ΔΨML (p < 0.001, Fig. 23C, FSC-A). Similarly, 1.7-fold 

greater cellular granularity was observed in ΔΨMH relative to ΔΨML (p < 0.001, Fig. 23C, SSC-

A), whereas the SSC-A of ΔΨMM was only 1.1-fold greater than ΔΨML (p = 0.001). These trends 

persisted when the gating threshold for DiBAC and TMRM binnings was instead set to 33% 

(Supplementary Materials, Figure 29 and 30, respectively). 

 

 

Figure 23. Binning the MSC populations based on top 20% TMRM signal (ΔΨMH), medium (ΔΨMM), and 
bottom 20% (ΔΨML). (A) Representative plots from 3 experiments (2-3 technical replicates each). Relative MFI 
of (B) TMRM and (C) DiBAC, FSC-A and SSC-A from 3 experiments (2-3 technical replicates each). * p < 0.05 
vs ΔΨML, # p < 0.05 vs ΔΨMM. 
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Cumulatively, these results suggest that: (1) MSC cultures are made of bioelectrically 

heterogeneous populations both in terms of TMRM and DiBAC, (2) MSCs with high TMRM or 

DiBAC intensities tend to exhibit much greater granularity than MSCs with middle or low TMRM 

or DiBAC intensities, and (3) despite an overall negligible correlation between TMRM and 

DiBAC at the individual cell level, the subpopulation of MSCs characterized by higher median 

DiBAC intensity also displayed a lower median intensity of TMRM. This latter observation 

suggests the presence of a distinctly “depolarized” MSC subpopulation within the larger more 

diverse population of cells. 

4.3.2. Extended in vitro culture shifts MSCs towards a hyperpolarized state 

After establishing a strategy for dual DiBAC and TMRM bioelectrical assessment, we 

hypothesized that extended passaging of MSCs may induce bioelectrical property changes as they 

acquire a more senescent phenotype. To test this hypothesis, we compared MSCs of passage 14-

17 (“aged”) that had doubled 30-40 times since thawing to passage 4-7 “young” counterparts that 

had undergone fewer than 10 doublings (Fig. 24A). Representative TMRM-DiBAC and FSC-

SSC-A plots are shown in Fig. 24B. Quantitatively, we found that late-passage MSCs had greater 

TMRM MFI than early-passage MSCs (1.6-fold, p < 0.001, Fig. 24C, TMRM), while also having 

lower DiBAC intensity (1.35-fold, p < 0.001, Fig. 24C, DiBAC). “Aged” MSCs also exhibited 

greater cell size (1.2-fold, p < 0.001, Fig. 24C, FSC-A) and granularity (1.2-fold, p < 0.001, Fig. 

24C, SSC-A) than “young” MSCs. In addition, “aged” MSCs displayed greater CV in terms of 

DiBAC, FSC-A and SSC-A distributions (1.1-fold, p < 0.002, Fig. 24D) than “young” MSCs, 

suggesting greater population heterogeneity in these signals in the “aged” population. 
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Figure 24. “Aged” MSCs (A-MSCs) are in a distinct bioelectrical state than “young” MSCs (Y-MSCs). (B) 
Representative contour plots of TMRM vs DiBAC and FSC-A vs SSC-A. (C) Relative MFI and (D) coefficient 
of variation from 3 experiments. * p < 0.05 vs Y-MSCs. 

Cumulatively, these results suggest that extended culture of MSCs in vitro is associated 

with shift in bioelectrical properties towards greater TMRM and lower DiBAC intensities. This 

may imply that processes associated with aging induce MSCs to acquire a more hyperpolarized 

state. 

4.3.3. IFN-γ priming depolarizes plasma membrane but increases TMRM signal 

Priming of MSCs with inflammatory cytokines is known to activate their 

immunosuppressive functions, with IFN-γ being a potent and well-studied stimulant196. We 

hypothesized that the bioelectrical properties of IFN-γ activated MSCs may be shifted from that 

of non-activated MSCs. Following 24 h exposure to medium supplemented with 20 ng/ml IFN-g, 

MSCs were collected for flow cytometry. Representative TMRM-DiBAC and FSC-SSC-A charts 
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are shown on Fig. 25A. We observed that activated MSCs had greater TMRM (1.4-fold, p = 0.001, 

Fig. 25B, TMRM) as well as DiBAC MFI (1.3-fold, p = 0.001, Fig. 25B, DiBAC) relative to non-

activated MSCs. In addition, activated MSCs had greater size (1.3-fold, p < 0.001, Fig. 25B, FSC-

A) and granularity (1.2-fold, p < 0.001, Fig. 25B, SSC-A) than non-activated controls. IFN-γ was 

also associated with lower CVs for the TMRM, DiBAC, FSC-A (1.15-fold, p < 0.001, Fig. 25C) 

and SSC-A (1.05-fold, p = 0.02, Fig. 25C) distributions, indicating decreased population 

heterogeneity in the activated MSCs. 

 

Figure 25. MSCs primed with IFN-γ are in a distinct bioelectrical state than unprimed MSCs. (B) 
Representative contour plots of TMRM vs DiBAC and FSC-A vs SSC-A. (C) Relative MFI and (D) coefficient 
of variation from 4 experiments. CNTR = unprimed MSCs. * p < 0.05. 

 Cumulatively, these results suggest that priming of MSCs with IFN-γ is associated with a 

shift in bioelectrical properties towards greater TMRM and DiBAC intensities, indicating that 

activated MSCs may possess lower ΔΨP and greater ΔΨM than non-activated MSCs. We also found 
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that MSC activation reduced population heterogeneity in terms of bioelectrical and cellular 

properties.   

4.3.4. Aggregate conditions shift populations towards partially depolarized state 

 Next, we hypothesized that culturing MSCs as non-adherent aggregates (also known as 

spheroids) would result in shifts in bioelectrical properties relative to adherent controls. We seeded 

5000 MSCs into ultra-low attachment plates and cultured them for 72 h prior to dissociation and 

running flow cytometry. Representative charts are shown in Fig. 26A. Aggregate conditions 

reduced MSC TMRM MFI with respect to adherent cells (1.4-fold, p = 0.02, Fig. 26B, TMRM). 

FSC-A and SSC-A signals were also significantly lower in spheroids compared to adherent cells 

(1.5- and 1.45-fold, respectively, p < 0.003, Fig. 26B). However, we observed inconsistent relative 

DiBAC intensities between adherent and aggregate MSCs (Fig. 26B, DiBAC). Despite the lack of 

a statistical difference between DiBAC MFI of adherent and aggregate MSCs, we observed lower 

CV in the DiBAC distribution within aggregates (1.5-fold, p = 0.006, Fig. 26C, DiBAC). In 

contrast, TMRM, FSC-A and SSC-A distributions were more variable in spheroids (1.3-, 1.1- and 

1.3-fold, respectively, p < 0.004, Fig. 26C) than adherent cells. 

 Aggregate conditions have been suggested as a means of priming of extensively cultured 

MSCs to enhance their efficacy, mostly in terms of secretion of immunoregulatory proteins197. 

Thus, we asked whether culturing “aged” MSCs in aggregate conditions may bioelectrically 

rejuvenate them by shifting their bioelectrical properties towards a more depolarized state, i.e. 

opposite of aging effect observed in Fig. 24. Representative charts are shown in Fig. 26D. The 

shift in TMRE, FSC-A, and SSC-A intensities for “aged” MSCs (passage 12-17) due to aggregate 

conditions was consistent with the shift of “young” MSCs from “aged” MSCs under 2D conditions. 

However, we observed that instead of increasing DiBAC MFI, 72 h culture of late-passage MSCs 
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under aggregate conditions decreased the DiBAC signal (2.7-fold, p < 0.001, Fig. 26E) suggesting 

hyperpolarization of ΔΨP. In addition, unlike “young” MSCs, aggregate culture of “aged” MSCs 

did not decrease the CV in the DiBAC distribution (Fig. 26F).  

 

Figure 26. The effect of aggregate conditions on bioelectrical state depends on the age of MSC. (A) 
Representative contour plots of TMRM vs DiBAC and FSC-A vs SSC-A of Y-MSCs aggregates. (B) Relative 
MFI and (C) coefficient of variation of Y-MSCs aggregates. (D) Representative contour plots of TMRE vs 
DiBAC and FSC-A vs SSC-A of A-MSCs aggregates. (E) Relative MFI and (F) coefficient of variation of A-
MSCs aggregates. Results are from at least 3 experiments. * p < 0.05 vs adherent MSCs. 

 Cumulatively, these results suggest that aggregate conditions shift the bioelectrical state of 

MSCs primarily by reducing mitochondrial polarization. However, aggregate culture of “aged” 

MSCs resulted in a different bioelectrical shift with respect to “aged” adherent cells than early-

passage MSCs. 

4.4. Discussion 

Recent findings in the field of bioelectricity indicate that bioelectrical signals play a critical 

role in cellular phenotype and tissue organization, in part through a complex feedback mechanism 

between bioelectric properties of cells and gene expression patterns126,192,198–201. The bioelectrical 

properties of cells are defined mostly by ΔΨP in current literature. Here, we propose simultaneous 

assessment and visualization of both ΔΨM (as described by TMRM) and ΔΨP (as described as 
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DiBAC4(3)) may provide more complete information about cell bioelectrical properties. ΔΨM is 

another powerful bioelectrical parameter and serving as a torque for ATP synthesis is just one of 

its many functions. It also has a variety of non-energy-producing functions that are essential for 

the maintenance of cellular homeostasis, including mitochondrial quality control, reactive oxygen 

species generation, and mitochondria-to-nucleus retrograde signaling202.  

Assessment of ΔΨM alongside with ΔΨp also has a technical advantage. Practically all ΔΨM 

probes are non-specific lipid-binding agents that accumulate in charged membranes of both the 

mitochondria and cytosol. DiBAC, on the contrary, binds exclusively to the plasma membrane due 

to its negative charge, thereby serving as reliable indicator of ΔΨP as well as an indirect measure 

of the contribution of the ΔΨM probe to the ΔΨP signal. Other limitations of ΔΨM probes are 

necessary to keep in mind when interpreting results. For instance, ΔΨM probes have common 

limitations, including non-specific and ΔΨM-independent binding to intracellular components, the 

contribution of mitochondria:cell volume fraction (or surface-to-volume ratio) to the intracellular 

dye concentration, as well as partial electrical transport chain inhibition147,203. However, the 

general consensus is that TMRM is a reasonable choice for the relative assessment of ΔΨM levels. 

In spite of ΔΨP being a known contributor to the TMRM signal, a low correlation coefficient was 

observed (r = -0.13) between DiBAC and TMRM levels, suggesting that the TMRM signal has 

limited impact on MSCs ΔΨP. In contrast, significant correlation was observed between TMRM 

and cell size (FSC-A) and cell granularity (SSC-A), suggesting that mitochondria may contribute 

significantly to MSC cell size and cell complexity measures.  

Our proposed assay revealed that MSCs cultured in vitro had a distinct subpopulation of 

cells characterized by a depolarized phenotype (low TMRM – high DiBAC) (Fig. 24B, Fig. 26A). 

This subpopulation displayed even greater separation at later passages, as cells shifted towards a 
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hyperpolarized state. We have also found that MSCs are a heterogeneous population in terms of 

DiBAC and TMRM levels, as ΔΨMH had a 5-fold difference in TMRM relative to ΔΨML, while 

ΔΨPH had an 8-fold difference in DiBAC relative to ΔΨPL.  

We envision that our assay can be applied to study the bioelectrical phenotypes of the non-

excitable cells in various contexts. Specifically, here we studied the shifts in MSC bioelectrical 

properties in well-studied cases that are known to significantly impact MSC state and function. 

Previous studies of the bioelectrical properties of MSCs have been limited to characterization of 

ΔΨP or ΔΨM. To our knowledge, this is the first study to attempt to simultaneously measure 

changes in both bioelectrical properties due to extended passaging, stimulation with IFN-γ and 

culture in aggregate conditions. 

 Extended passaging of MSCs is often necessary to generate a sufficient number of patient-

isolated cells for therapeutic applications. This step is associated with onset of senescence28, 

spontaneous differentiation29 and a decrease in immunoregulatory capacity31. We hypothesized 

that extended passaging would also be associated with a change in MSC bioelectrical properties. 

We observed that late-passage MSCs transitioned to a hyperpolarized state described by greater 

levels of TMRM (higher ΔΨM) and low levels of DiBAC (higher ΔΨP). Previous attempts to 

compare the levels of ΔΨM of the early- and late-passage MSCs using the ratiometric probe JC-1 

have reported conflicting results204,205, due in part to technical limitations surrounding the JC-1 

probe147,202. 

Stimulation of MSCs with inflammatory cytokines, such as IFN-γ, induces MSCs to 

polarize towards a T-cell inhibitory and immunoregulatory phenotype, characterized by increased 

expression of indoleamine-pyrrole 2,3-dioxygenase (IDO)206, C-X-C motif chemokine (CXCL) 9, 

10 and 11207, prostaglandin E2 (PGE2), transforming growth factor-beta (TGF-β)208 and other 
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cytokines. We hypothesized that IFN-γ-primed MSCs would display different bioelectrical 

properties than resting MSCs. Indeed, MSCs stimulated with 20 ng/mL IFN-g had increased 

TMRM and DiBAC levels, suggesting depolarized ΔΨP but hyperpolarized ΔΨM. Our results are 

in contrast to previous findings by Liu et al. (2019) who reported decreased TMRM levels of MSCs 

primed with 40 ng/mL IFN-γ209. The discrepancy may be due in part to the differences in 

experimental conditions, such as dosing. Liu et al. also washed out the TMRM dye following 

incubation, which could have disrupted the Nerstian equilibrium and the total available dye 

concentration. The complex nature of IFN-γ stimulation is further illustrated by the fact that reports 

on the metabolic reconfiguration of IFN-γ-primed MSCs differ between separate studies209,210, 

thereby warranting greater scope of experimental conditions and sources of MSCs in future 

studies. 

Self-assembly of MSCs into aggregates under non-adherent conditions is well-known to 

alter stem cell state and function. Aggregate-derived MSCs were reported to have increased 

expression of pluripotency-related genes211, decreased expression of senescent markers212, and 

increased glycolytic metabolism136. Functionally, the therapeutic capacity of aggregate-derived 

MSCs appears to be enhanced in part due to increased expression of angiogenic and anti-apoptotic 

factors (e.g. epidermal-, insulin-like, hepatocyte-, and vascular endothelial growth factors)213–215, 

anti-inflammatory factors (e.g. tumor necrosis factor-inducible gene 6 protein, prostaglandin 

E2)139,140, as well as increased survival of MSCs in vivo212. Altogether, these reports prompted us 

to hypothesize that the bioelectrical properties of MSCs in aggregates may differ from MSCs in 

monolayer. Indeed, we observed that TMRM levels were lower in aggregates (passage 4-7, 5000 

cells per aggregate) than in monolayer, which is consistent with previous reports135, suggesting 
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lower ΔΨM. However, unlike ΔΨM probe levels, we did not observe consistent differences in ΔΨP 

between adherent and aggregate derived MSCs.  

Recently, Bartosh and Ylostalo (2019) demonstrated that the effect of priming MSCs with 

aggregate conditions becomes more prominent when applied to MSCs of later passages197. Hence, 

we asked whether the shift in MSC bioelectrical properties would differ if the aggregates were 

generated from late-passage MSCs. Based on literature, we hypothesized that aggregate conditions 

may shift the bioelectrical properties of “aged” MSCs in the opposite direction of the bioelectrical 

shift associated with extended 2D culture, i.e. towards a depolarized state (low TMRM – high 

DiBAC). Interestingly, while we observed a shift in TMRM towards a depolarized state, aggregate 

conditions of “aged” MSCs also induced a decrease, rather than increase, in DiBAC levels, 

suggesting hyperpolarization of ΔΨP. While our results suggest that 3D priming of extensively 

passaged MSCs may not rejuvenate MSCs from the bioelectrical perspective, additional studies 

with varying culture duration, aggregate size and method of aggregate dissociation would be 

required to confirm this. 

4.5. Conclusions and Future Directions  

Our study introduces a novel approach to characterize the bioelectrical properties of MSCs 

by simultaneously evaluating bioelectrical parameters of MSCs associated with ΔΨP and ΔΨM. 

Our simple flow cytometric strategy using tandem of potentiometric dyes (DiBAC and TMRM) 

enables researchers to map bioelectrical properties of the cell on the single chart to uncover 

previously unknown patterns. In the current study, we demonstrated reconfiguration of the 

bioelectrical properties of MSCs due to distinct and well-characterized processes, such as extended 

in vitro culture, IFN-γ priming and aggregate culture. Greater understanding of bioelectrical 

phenotype of MSCs and other cells in various contexts may deliver critical insights to design more 
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effective regenerative medicine therapies. Future work will attempt to further elucidate the 

relationship between bioelectrical properties of MSCs and their functional properties, specifically 

by conducting following studies: 

a) Comparison of bioelectrical phenotype of MSCs with known differences in 

immunoregulatory properties. Certain species- and donor-dependent 

immunomodulatory capacity of MSCs are well-documented and such knowledge can 

be harnessed to identify most desirable bioelectrical phenotype of MSCs with enhanced 

immunoregulatory capacities. 

b) Analysis of bioelectrical properties of MSCs alongside the intracellular staining of 

immunomodulatory proteins, such as IDO, or surface markers associated with 

multipotency and immunomodulatory properties of MSCs. Experiments in (a) and (b) 

may allow to identify possible association between immunoregulatory and bioelectrical 

properties of MSCs. 

c) Contribution of mitochondria:cell volume ratio to the magnitude of bioelectrical 

properties needs to established and controlled for in future experiments. Failure to 

control for mitochondria:cell volume ratio in case its extensive contribution may result 

in inaccurate assessment of bioelectrical phenotype of MSCs. 

d) In its current state, dual bioelectrical assessment is based on relative shifts in 

fluorescent intensities of signals generated by the potentiometric dyes. Development of 

the calibration procedure for quantitative assessment of mitochondrial and plasma 

membrane potentials using flow cytometry will be necessary to definitively probe the 

role of bioelectrical properties of MSCs in the cellular state and function. 
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4.6. Supplementary Materials 
 

 

Figure 27. Representative plots of unstained, single TMRM stained, single DiBAC stained, and dual TMRM + DiBAC 
stained MSCs samples. 

 

 

 

Figure 28. Representative plots of controls for (A) plasma membrane depolarization using gramicidin and (B) 
mitochondrial depolarization using FCCP and BAM15. MSCs were incubated with respective drugs for 15 min at 37C 
before assessing TMRM and DiBAC intensities along with non-treated and unstained samples. 
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Figure 29. Binning the MSC populations based on top 33% DiBAC signal (ΔΨPH), medium 33% (ΔΨPM), and bottom 33% 
(ΔΨPL). (A) Representative plots from 3 experiments (2-3 technical replicates each). Relative MFI of (B) DiBAC and (C) 
TMRM, FSC-A and SSC-A from 3 experiments (2-3 technical replicates each). Error bars represent standard error of the 
mean. * p < 0.05 vs ΔΨPL, # p < 0.05 vs ΔΨPM. 
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Figure 30. Binning the MSC populations based on top 33% TMRM signal (ΔΨMH), medium 33% (ΔΨMM), and bottom 
33% (ΔΨML). (A) Representative plots from 3 experiments (2-3 technical replicates each). Relative MFI of (B) TMRM and 
(C) DiBAC, FSC-A and SSC-A from 3 experiments (2-3 technical replicates each). Error bars represent standard error of 
the mean. * p < 0.05 vs ΔΨPL, # p < 0.05 vs ΔΨPM. 
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5. Conclusion 
The mechanisms underlying the regenerative and immunoregulatory potential of stem cells 

remain to be largely unknown. The variety of available stem cell types and applications that cell 

therapies may target, necessitates consideration of unique solutions tailored for each particular 

stem cell type and application. The present thesis aimed to assess the potential of two separate 

strategies, one for ESC-based cell therapy towards bone repair applications and another for MSC-

based cell therapy towards immunomodulatory applications, such as osteoarthritis and rheumatoid 

arthritis.  

Towards bone repair using ESCs, we have demonstrated the promise of combining 

transgenic (FOXD3) and biomaterial (PEGDA-collagen I) tools to enhance osteogenic 

differentiation of ESCs. We have shown that highly tunable nature of transgene overexpression 

may reduce off-target differentiation of ESCs and expression of pluripotency markers, thus 

providing more safety to ESCs-based cell therapy. Transgene-regulated ESCs encapsulated in 

osteoinductive hydrogel can be implanted into the bone defects to enhance new bone formation. 

Our results suggest that future research into safety and efficiency of the potential cell therapy 

products based on inducible transgenes and biomaterials is warranted.  

Towards immunomodulatory applications, we have investigated harnessing the bioelectric 

properties of MSCs to derive more efficient cell therapy product. We have demonstrated that 

MSCs can be enriched for the cells with specific levels of bioelectric properties such as TMRE. 

Such enrichment resulted differential expression of genes related to MSC senescence, 

multipotency, autophagy and immunomodulation. The results suggest that bioelectrical properties 

may underlie therapeutic efficiency. In addition, dual bioelectrical assessment of MSCs for plasma 

and mitochondrial membrane potential indicators may enhance our understanding of bioelectrical 
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regulation of MSC phenotypes and provide with more precise electrical enrichment strategy. 

Future research is warranted into the development of cell therapy products based on enrichment of 

MSCs with desired bioelectrical properties. 
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