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Abstract: Due to the ageing population, there is a steadily increasing incidence of osteoporosis and
osteoporotic fractures. As conventional pharmacological therapy options for osteoporosis are often
associated with severe side effects, bone grafts are still considered the clinical gold standard. However,
the availability of viable, autologous bone grafts is limited making alternative cell-based strategies
a promising therapeutic alternative. Adipose-derived stem cells (ASCs) are a readily available
population of mesenchymal stem/stromal cells (MSCs) that can be isolated within minimally invasive
surgery. This ease of availability and their ability to undergo osteogenic differentiation makes ASCs
promising candidates for cell-based therapies for bone fractures. Recent studies have suggested
that both exposure to electrical fields and cultivation in 3D can positively affect osteogenic potential
of MSCs. To elucidate the osteoinductive potential of a combination of these biophysical cues on
ASCs, cells were embedded within anionic nanofibrillar cellulose (aNFC) hydrogels and exposed to
electrical stimulation (ES) for up to 21 days. ES was applied to ASCs in 2D and 3D at a voltage of
0.1 V/cm with a duration of 0.04 ms, and a frequency of 10 Hz for 30 min per day. Exposure of ASCs
to ES in 3D resulted in high alkaline phosphatase (ALP) activity and in an increased mineralisation
evidenced by Alizarin Red S staining. Moreover, ES in 3D aNFC led to an increased expression of
the osteogenic markers osteopontin and osteocalcin and a rearrangement and alignment of the actin
cytoskeleton. Taken together, our data suggest that a combination of ES with 3D cell culture can
increase the osteogenic potential of ASCs. Thus, exposure of ASCs to these biophysical cues might
improve the clinical outcomes of regenerative therapies in treatment of osteoporotic fractures.

Keywords: electrical stimulation; osteogenic differentiation; adipose-derived stem cells; 3D cell
culture; nanofibrillar cellulose

1. Introduction

In healthy individuals, bone tissue undergoes continuous remodelling which involves bone
resorption by osteoclasts and osteoblast-mediated deposition of new bone material. In ageing
individuals, this balanced process is biased towards bone resorption resulting in reduction of bone
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density and an increased prevalence of osteoporosis and risk of bone fractures [1]. Indeed, it has
been reported that between 30 to 50% of people over 50 develop osteoporotic fractures [2]. Although
several pharmacological treatment options for osteoporosis including bisphosphonates, calcitonin
and oestrogen-like drugs have been developed, they are often poorly tolerated and are frequently
associated with side effects including but not limited to inflammation, severe musculoskeletal pain,
and osteonecrosis [3]. Therefore, surgical procedures including autologous bone grafts and allograft
implantations are widely used to treat osteoporotic fractures [4]. However, even though bone grafting
is currently considered the gold standard in the treatment of complicated osteoporotic fractures,
the use of this technique is limited by high incidence of morbidity and lack of donor material [5–7].
To overcome these limitations, several cell-based therapies have been suggested including the use of
stem cells and progenitor cells either alone or in a combination with biomaterials [8].

Due to their intrinsic ability to differentiate into the osteogenic lineage as well their
immunomodulatory and anti-inflammatory potential, along with the potential to be used in
an autologous setup, bone marrow-derived mesenchymal stromal/stem cells (BM-MSCs) represent the
most promising cell type to achieve bone regeneration in an osteoporotic environment [9,10]. However,
there is increasing evidence that in osteoporosis, the number of BM-MSCs, their differentiation capacity,
and anti-inflammatory potential are markedly reduced [11–14]. As this can be attributed to a shift
from osteoblastogenesis to predominant adipogenesis in the bone marrow [1], MSCs from different
sources including ASCs could represent a viable cellular alternative.

Osteogenic differentiation of ASCs and MSCs can be induced by a combination of soluble factors
such as dexamethasone, ascorbic acid, and β-glycerophosphate and further increased by a wide range
of biophysical factors including nano-, micro-, and macrotopography [15,16], substrate stiffness [17],
fluid shear stress [18], nanovibration-induced displacement [19,20], and ES [21,22]. The effects of
ES on cells have been recently reviewed and they appear to include a profound impact on cellular
proliferation and osteogenic differentiation [23]. Sundelacruz et al. showed that the membrane potential
of MSCs is tightly linked to the differentiation ability and to their preference towards an adipogenic
or an osteogenic lineage [24,25]. Short-term ES has been shown to increase the osteogenic potential
beyond the treatment period [26]. Moreover, ES has been suggested as a potential approach to treat
osteoporotic bone fractures [26]. In 2007, Sun et al. exposed human BM-MSCs to ES with 0.1–1 V/cm and
observed that both conditions result in a decrease of calcium oscillation and an increase of osteogenic
differentiation [27]. Importantly, no significant differences in osteogenic induction potential were
observed between 0.1V and 1V. Although higher voltages are still used in the field [21,28,29], their
long-term application can result in electrochemical reaction in the medium and increased cell death
rates [30].

Most studies assessing MSC and ASC differentiation are traditionally conducted on flat
two-dimensional (2D) substrates that do not closely mirror the physiological and pathophysiological
bone niche. In this context, it has been reported that 2D culture can result in a loss of multipotency,
premature cellular senescence, and accumulation of chromosomal aberrations within the MSC
genome [31–33]. In contrast, 3D cell culture not only mimics the 3D structure of the bone tissue
but can also positively influence osteogenic differentiation of MSCs whilst simultaneously reducing
their cellular senescence [34]. MSCs of different tissue origin have been successfully cultivated in
a multitude of different solid 3D scaffolds and hydrogels including calcium phosphate ceramic [35],
apatite-wollastonite [36], poly(ε-caprolactone) [37], alginate [38] collagen [39], Matrigel [40],
bacteria-derived cellulose [41], and methylcellulose [42].

In our previous studies, we showed that hydrogels based on plant-derived nanofibrillar cellulose
(NFC) [43] as well as aNFC hydrogels represent suitable scaffolds for the expansion and osteogenic
differentiation of ASCs in 3D [44]. Briefly, we demonstrated that NFC does not negatively affect
proliferation of ASCs [43], whilst aNFC significantly increases their viability compared to 2D
controls [44].
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In the present study, we hypothesized that combining 3D cultivation of ASCs in aNFC hydrogels
with ES can positively influence their osteogenic differentiation potential. We have shown that ES of
ASCs can increase their osteogenic differentiation in 2D whilst decreasing the levels of adipogenic
differentiation. This work also identified that ES of ASCs embedded in 3D aNFC hydrogels increases
their osteogenic differentiation compared to unstimulated 3D controls.

2. Materials and Methods

2.1. aNFC

aNFC (GrowDexT®) was kindly provided by UPM Biochemicals, Helsinki, Finland. The handling
and preparation of the 0.2% aNFC hydrogel was performed as previously described [44].

2.2. Human ASCs

Human ASCs from 3 nondiabetic adult donor lipoaspirates characterised at passage 1 were
obtained from Lonza (Slough, UK). All ASCs have been characterised immunocytochemically and
by tri-lineage differentiation assay as detailed by the manufacturer and as recommended by The
International Society for Cellular Therapy [45].

2.3. Cultivation of ASCs as 2D Monolayer

ASCs from three individual donors were cultivated in DMEM high glucose, 2 mM L-glutamine,
100 U penicillin with 100 µg/mL streptomycin (all from Sigma-Aldrich, Gillingham, UK), 20% v/v
heat-inactivated FBS, (Sigma-Aldrich, lot: 8204188981), and 5 ng/mL basic fibroblast growth factor
(Peprotech, London, UK) [standard medium]. Cells were cultured in a humidified incubator (BINDER
APT.lineTM C150) at 37 ◦C and 10% CO2. Medium was changed every 2–3 days. All cells were used
between passages 7 and 11. For biological replicates, ASCs within a range of 3 passages were used.

2.4. Osteogenic and Adipogenic Differentiation in 2D

ASCs were plated in standard medium into tissue culture treated 6-well plates at a density of
density of 3.3 × 103/cm2. After 72 h, medium was replaced by StemPro® Osteocyte basal medium
supplemented with StemPro® osteogenesis supplement [osteogenic medium] or StemPro® adipocyte
differentiation basal medium supplemented with StemPro® adipogenesis supplement [adipogenic
medium] according to manufacturer’s instructions (all Life Technologies, Thermo Fisher Scientific,
Renfrew, UK). The experimental design is shown in Figure 1. Cells were cultivated for up to 21 days in
a humidified incubator at 37 ◦C and 5% CO2. Medium was changed every three days.

2.5. ALP Activity in 2D

ASCs were subjected to osteogenic differentiation or cultivated in standard medium for
7 days. Activity of ALP was assessed using the Alkaline Phosphatase Diethanolamine Detection Kit
(Sigma-Aldrich) including p-nitrophenyl phosphate (p-NPP) as a substrate according to manufacturer’s
instructions. Absorbance was measured at a wavelength of 405 nm using a SpectraMax iD3 plate
reader (Molecular Devices).

2.6. Alizarin Red S Staining in 2D

ASCs differentiated for 21 days were fixed for 15 min using 4% paraformaldehyde (PFA) followed
by 3 wash steps using PBS with 5 min per wash step. Calcium deposition was visualised by staining
the cells with 1% Alizarin Red S in double deionized water (ddH2O, Sigma-Aldrich) at pH 4.3 for
5 min at room temperature followed by imaging using a Nikon A1R inverted confocal microscope
(Nikon, Surbiton, UK). Alizarin Red S-based quantification of calcium deposition was performed as
described elsewhere [46].
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Figure 1. Schematic representation of the experimental design. (A) Experimental groups. In 2D,
adipose-derived stem cells were differentiated into osteogenic or adipogenic fate or maintained under
standard conditions with and without electrical stimulation (ES). In 3D, cells were differentiated into
osteogenic fate or kept in standard medium with and without exposure to ES. (B) After 4 days of
pre-cultivation, medium was replaced by osteogenic, adipogenic, or fresh standard medium. XTT assays
and immunocytochemical (ICC) staining against osteopontin (OPN) and osteocalcin (OCN) were
performed at day d7, d14, and d21. Alkaline phosphatase (ALP) activity was assessed at d7, whereas
Alizarin Red S staining, Oil Red O staining, live/dead assay and phalloidin staining were performed
at d21.

2.7. Oil Red O Staining in 2D

ASCs were subjected to adipogenic differentiation as described above and processed for Oil
Red O staining as described in [47]. For spectrometric quantification of Oil Red O, cells were fixed
with 4% PFA for 30 min followed by elution using 100% 2-propanol. Absorbance was measured at
a wavelength of 540 nm using a SpectraMax iD3 plate reader (Molecular Devices). For microscopic
analysis of the lipid droplets, cells were fixed and stained with Oil Red O as described above and
images were taken using an EVOS XL microscope (Thermo Fisher Scientific). Droplet size was analysed
using Fiji (a packaged version of ImageJ [48]).

2.8. ES in 2D

For ES in 2D, ASCs were plated into 6-well tissue culture (TC) treated non-pyrogenic polystyrene
plate (Corning) at a density of 3.3 × 103/cm2 and placed into an IonOptix C-pace EP system (IonOptix
LLC, Westwood, MA, USA). ES was conducted as described earlier [49] with some modifications.
Briefly, ES cells were paced with a frequency of 10 Hz, pulse duration of 0.04 ms and a voltage of
0.1 V/cm for 30 min per day for up to 21 days.

2.9. Cultivation of ASCs in 3D aNFC Hydrogels

After detachment with 0.05% trypsin/EDTA (Sigma-Aldrich), ASC suspensions were mixed with
stock aNFC at 1% w/v to obtain a desired hydrogel concentration of 0.2% w/v aNFC with cell densities
of 5 × 105 cells/mL. ASCs in 0.2% aNFC were cultivated in TC cell culture inserts (24-well format,
3.0 µm pores, 83.3932.300, Sarstedt, 100 µL/insert).

2.10. ES of ASCs in 3D

ASCs in 0.2% aNFC were cultivated in perforated TC inserts and 3 inserts containing 100 µL of the
hydrogel were placed into each well of a 6-well tissue culture treated non-pyrogenic polystyrene plate.
Stimulation was performed for up to 21 days using IonOptix C-pace EP system as described above.
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2.11. Osteogenic Differentiation, ALP Activity Assay, and Alizarin Red S Staining in 3D

For osteogenic differentiation in 3D, ASCs (5 × 105 cells/mL) in standard medium were embedded
in aNFC and 100 µL of the suspension was placed into TC inserts as described above. Medium was
changed after 24 h to osteogenic medium. For the control cells in 3D, medium was changed to fresh
standard medium. Control and differentiation media were replaced every 3 days and maintained at
37 ◦C and 5% CO2 for up to 21 days. Following the differentiation period, cells were washed with
PBS and fixed with 4% PFA for 30 min. For the assessment of ALP activity, cells were cultivated for
7 days, and washed with PBS. Detection of ALP activity was performed using the Alkaline Phosphatase
Diethanolamine Detection Kit (Sigma-Aldrich) including p-nitrophenyl phosphate substrate (p-NPP).
Briefly, 100 µL of lysis buffer (1% Triton X-100 in PBS) was added to the cell samples, incubated for
30 min, and the lysate was transferred to a 96-well plate and equilibrated at 37 ◦C for 5 min. Absorbance
was measured at a wavelength of 405 nm using a SpectraMax iD3 plate reader (Molecular Devices).
For Alizarin Red staining, Alizarin Red S staining solution (Sigma-Aldrich) at pH 4.3 was added to
cells and incubated for 45 min at room temperature (RT) at dark. The staining solution was removed,
and unbound dye was washed off by 5 washing steps with ddH2O. Images were taken using a Nikon
A1R inverted confocal microscope (Nikon). Quantification of Alizarin Red S signal was performed as
described earlier [50].

2.12. Viability Assays

XTT assays and calcein/ethidium homodimer-1 live/dead assays in 2D and 3D were performed as
described elsewhere [44].

2.13. Immunocytochemistry

ASCs were cultured in appropriate medium in 0.2% aNFC in TC inserts for up to 21 days
followed by fixation using 4% PFA for 20 min at RT. Unspecific antibody binding was blocked by
0.02% PBS-Tween with 5% horse serum for 30 min. Primary antibody against osteocalcin (OCN, 1:100,
mouse monoclonal, clone G-5, Santa Cruz Biotechnology Inc., Heidelberg, Germany), and osteopontin
(OPN, 1:100, mouse monoclonal, clone AKm2A1, Santa Cruz Biotechnology Inc.) were added in
0.02% PBS-Tween with 5% horse serum and incubated overnight at 4 ◦C in agitation. Cells were then
washed with PBS overnight at 4 ◦C in agitation followed by incubation with donkey α-mouse Alexa
Fluor 555 secondary antibody (Thermo Fisher Scientific, 1:300) in 0.02% PBS-Tween with 5% goat
serum overnight at 4 ◦C in agitation. Cells were then washed twice with PBS and incubated in PBS
overnight at 4 ◦C in agitation. Cells were counterstained with DAPI (1:2000, Sigma-Aldrich) in PBS
overnight at 4 ◦C in agitation and washed twice with PBS. Following the final wash, PBS was replaced
with 0.02% PBS-sodium azide and the samples were imaged using a Nikon A1R inverted confocal
microscope (Nikon).

2.14. F-actin Staining

Staining of F-actin was conducted as described in [44], with minor modifications. Briefly,
phalloidin-Atto 555 (Sigma-Aldrich) was used to label the actin filaments of fixed ASCs cultured in 0.2%
aNFC within TC inserts. Following fixation, cells were washed with PBS for 5 min and permeabilised
using PBS/0.1% Triton X-100 (100 µL) per well for 30 min at RT. Staining solution (100 µL) was added
to the cells and incubated overnight at 4 ◦C. Following overnight incubation, staining solutions were
removed, and the cells were washed once with PBS. Following the final wash, PBS was replaced
with 0.02% PBS-sodium azide and the samples were imaged using a Nikon A1R inverted confocal
microscope (Nikon).
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2.15. Statistical Analysis

Statistical analyses were performed using GraphPad Prism software (GraphPad version 8.4.3,
San Diego, CA, USA). Data were compared using either Student’s t-test (two-tailed, confidence interval
95%) or one-way analysis of variance (ANOVA) with Bonferroni correction (confidence interval 95%),
where appropriate. At least 3 independent experiments were performed in triplicate. p < 0.05 was
considered statistically significant.

3. Results

3.1. ES Increases Osteogenic Differentiation Potential of ASCs under 2D Cell Culture Conditions

To verify that ASCs display increased osteogenic differentiation without affecting their viability
after exposure to ES in 2D, cells in standard medium and osteogenic differentiation medium were
stimulated with 0.1 V/cm for up to 21 days followed by assessment of viability at day 7 (d7), day 14 (d14),
and day 21 (d21) using an XTT assay. As an early marker of osteogenic differentiation, ALP activity
was measured at d7. Alizarin Red S staining was used to assess the levels of mineralisation, whereas
immunocytochemistry and subsequent fluorescence microscopy were used for detecting the expression
levels of the osteogenic markers OCN and OPN at d21.

Measuring the cellular metabolic activity as an indicator of cell viability, XTT assay revealed no
significant differences in ASC viability at d7 independent of the cultivation medium and the presence or
absence of ES (Figure 2A). A small but significant decrease in viability was observed in cells cultivated
under differentiation conditions with ES compared to cells in standard medium exposed to ES at d14
(Figure 2B). However, no significant differences in cell viability between the experimental groups were
observed at d21 (Figure 2C).

Additional live/dead assays at d21 revealed no differences in viability between cells in standard
medium and osteogenic medium without ES (Figure 2D). A significantly higher viability was observed
in cells exposed to ES and osteogenic medium compared to cells treated with ES in standard medium
(Figure 2D).

Assessment of the ALP activity at d7 revealed no significantly higher ALP activity in ASCs
cultivated under osteogenic conditions, whereas cells subjected to electrical stimulation in osteogenic
differentiation medium showed significantly higher ALP activity than both cells subjected to ES
in standard medium and cells in osteogenic medium without ES (Figure 2E). To assess the levels
of mineralisation, cells were lysed at d21 and the absorbance of Alizarin Red S was measured by
photometry. ASCs subjected to ES showed the overall highest level of mineralisation compared to all
other groups (Figure 2F). In addition, significant differences were observed between cells subjected to
osteogenic differentiation with and without ES. Immunocytochemical analysis of the expression levels
of OCN at d7, d14, and d21 revealed a significantly higher expression levels in cells under osteogenic
conditions with and without ES (Figure 2G–I). At d14 and d21, ES resulted in increased OCN expression
in cells in osteogenic medium compared to cells cultivated under osteogenic conditions without ES
(Figure 2G–I).

Increased levels of OPN in cells in osteogenic medium compared to cells in standard medium
were detected at d7 and d14 (Figure 2J,K). In contrast, expression levels of OPN were not found to be
significantly different between all conditions although a trend towards higher expression was observed
in cells in osteogenic differentiation medium at d21 (Figure 2L).
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Figure 2. Electrical stimulation (ES) increases osteogenic differentiation of Adipose-derived stem cells
(ASCs) under 2D cell culture conditions. (A–C) ASCs were exposed to ES in standard and osteogenic
medium for up to 21 days followed by assessment of viability using XTT assays. At d7 and 21 ES,
no significant differences in viability were detected. At d14, ES of cells in osteogenic medium slightly
decreased the viability compared to cells exposed to ES in standard medium. (D) Calcein/ethidium
homodimer-1 based live/dead assay. Cells were cultivated in 2D in standard or osteogenic differentiation
medium with or without ES for 21 days followed by a live/dead assay. Data analysis revealed no
differences in relative viability in osteogenic differentiation medium compared to control cells and
a higher relative viability in cells subjected to osteogenic differentiation and ES compared to cells in
standard medium with ES. (E) After seven days, cells were assayed for activity of ALP. A significant
increase of ALP activity was observed in cells in osteogenic medium exposed to ES compared to
non-stimulated cells under osteogenic conditions. (F). Mineralisation was assessed by Alizarin Red S
assay on d21. ES in osteogenic medium significantly increased the levels of mineralisation compared
to cells cultivated under osteogenic conditions without ES. (G–I) Immunocytochemical analysis of
osteocalcin (OCN) at d7, d14, and d21. Cells in 2D were subjected to ES in standard of osteogenic
medium for up to 21 days followed by immunocytochemical staining and fluorescence microscopy.
At d14 and d21, significantly higher expression levels of OCN were observed in cells in osteogenic
differentiation medium exposed to ES compared to osteogenically differentiated cells without ES.
(J–L) Quantification of immunocytochemical analysis of osteopontin (OPN) expression at d7, d14,
and d21. No significant differences in OPN expression were found at d21, whereas ES of cells in
osteogenic medium significantly increased OPN expression at d7 and d14 compared to cells in osteogenic
conditions with and without ES, respectively. No significant differences were found between cells in
osteogenic medium with and without ES at all time points. Error bars: SEM. * p < 0.05, ** p < 0.01,
*** p < 0.0001. ns: not significant. nd: not detected.
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3.2. ES Decreases Adipogenic Differentiation of ASCs under 2D Cell Culture Conditions

ES has been reported to interfere with adipogenic differentiation of human ASCs [43]. To validate
these findings in our experimental system, ASCs were subjected to adipogenic differentiation with and
without ES for 21 days.

At d21, adipogenic differentiation was assessed by determining the absorbance of lipid droplets
stained with Oil Red O and by microscopy-based analysis of lipid droplet size. ES of ASCs under
adipogenic differentiation conditions resulted in slight and non-significant decrease of Oil Red O
absorbance compared to cells cultivated in adipogenic differentiation medium without ES (Figure 3A,B).
However, the average size of lipid droplets decreased in cells subjected to ES in the presence of
adipogenic medium as compared to both cells under adipogenic conditions without ES and control
cells (Figure 3C).
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Figure 3. Electrical stimulation (ES) interferes with adipogenic differentiation of adipose-derived stem
cells (ASCs). ASCs were cultivated in adipogenic medium or standard medium for 21 days followed
by staining of lipid droplets by Oil Red O, microscopy, and image analysis. (A) Microscopy revealed
multiple large lipid droplets in cells in adipogenic medium without ES and only a few in cells exposed
to ES. Scale bar: 50 µm. (B,C) Image analysis revealed a slight but not significant decrease of Oil Red O
absorbance and a highly significant decrease of the average size of the lipid droplets in cells cultivated
under adipogenic conditions exposed to ES compared to cells in adipogenic medium without ES. Error
bars: SEM. * p < 0.05, *** p < 0.0001. ns: not significant. Diff: differentiation.

3.3. Long-Term Cultivation of ASCs in Anionic Nanofibrillar Cellulose Does Not Affect Their Viability under
Standard and Osteogenic Differentiation Conditions

To determine if long-term cultivation of ASCs under standard conditions in 3D aNFC hydrogels
affects their viability, cells were cultivated for up to 21 days followed by assessment of cellular viability
using XTT assays. Analysis of XTT data revealed that 3D cultivation in aNFC did not change viability
of ASCs compared to 2D conditions when cultivated for 7, 14, and 21 days (Supplementary Figure S1).
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3.4. ES of ADSCs Embedded in 3D aNFC Hydrogel Only Moderately Decreases Their Viability under Standard
and Osteogenic Conditions

In order to assess the effects of ES on ASC viability in 3D under standard and osteogenic
differentiation conditions, cells were cultivated in the respective medium for 7, 14, and 21 days followed
by assessment of viability using XTT assays. On d21, additional live/dead staining with subsequent
confocal laser scanning microscopy was performed. While no differences in cell viability were detected
at d7 and d14, a small but significant decrease was observed in cells cultivated under osteogenic
conditions with ES compared to cells in 3D with ES on d21 (Figure 4A–C).

Figure 4. Electrical stimulation (ES) only moderately decreases viability of adipose-derived stem
cells (ASCs) in 3D under osteogenic cultivation conditions. (A–C) Assessment of viability using XTT
assays. ASCs embedded into 0.2% aNFC hydrogels were exposed to ES in standard and osteogenic
medium for up to 21 days followed by assessment of viability using XTT assays. No significant
differences in viability were detected at d7 and d14, whereas a slight but significant decrease was
observed in cells exposed to ES in osteogenic medium compared to cells in standard medium with
ES. (D,E) Calcein/ethidium homodimer-1 based live dead assay. Cells were cultivated in standard
or osteogenic differentiation medium with or without ES for 21 days followed by a live/dead assay,
and confocal laser scanning microscopy with subsequent 3D reconstruction. Data analysis revealed
higher relative viability in 3D cells in osteogenic differentiation medium compared to control cells in
aNFC and a higher relative viability in cells subjected to osteogenic differentiation and ES compared to
cells in 3D with ES. Error bars: SEM. * p < 0.05, *** p < 0.0001. ns: not significant.

However, there was no significant difference in viability between cells in osteogenic medium
with and without ES (Figure 4C). To validate the surrogate viability data obtained in the XTT assay,
a live/dead assay was also performed (Figure 4D). Confocal laser scanning microscopy and image
analysis revealed higher relative viability in 3D cells in osteogenic differentiation medium compared to
control cells in aNFC without ES. Similarly, a higher relative viability was observed in cells subjected
to ES under osteogenic differentiation conditions as compared to cells in 3D stimulated with ES in
standard medium (Figure 4E). A significant decrease of viability was detected in cells in standard
medium with ES compared to cells in standard medium without exposure to ES. Similarly, we detected
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a lower viability in cells with ES in osteogenic medium compared to differentiated cells without ES
(Figure 4E).

3.5. ASCs Exposed to ES in 3D Show Increased ALP Activity and Higher Levels of Calcium Deposition during
Osteogenic Differentiation

In order to determine early osteogenic differentiation, ALP activity was assessed at d7. We observed
that ALP activity was upregulated with and without ES compared to their respective controls (Figure 5A).
As a marker of late osteogenesis, levels of calcium deposition were measured using Alizarin Red S
with subsequent confocal laser scanning microscopy (Figure 5B,C).
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higher ALP activities were observed in cells in osteogenic differentiation medium than in standard 
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Figure 5. Electrical stimulation (ES) increases alkaline phosphatase (ALP) activity and the level of
mineralisation during osteogenic differentiation. (A) ALP activity in 3D. ASCs were exposed to ES in
osteogenic and standard medium for 7 days followed by an assessment of ALP activity. Significantly
higher ALP activities were observed in cells in osteogenic differentiation medium than in standard
medium with and without ES. ES resulted in a higher ALP activity in cells in osteogenic medium.
(B,C). Calcium deposition in 3D. ASCs were cultivated in standard or osteogenic cultivation medium
with and without ES. After 21 days, cells were subjected to Alizarin Red S staining and confocal
laser scanning microscopy. Osteogenic differentiation conditions led to an increase of mineralisation
compared to cells in control medium both with and without ES. ES resulted in significantly higher levels
of mineralisation in cells cultivated in osteogenic medium. Error bars: SEM. ** p < 0.01, *** p < 0.0001.

Image-based analysis of Alizarin Red S autofluorescence revealed a higher level of mineralisation
in cells under osteogenic conditions compared to the controls with and without ES (Figure 5B,C).
Notably, cells in osteogenic medium subjected to ES exhibited a significantly higher signal than cells
subjected to differentiation without ES (Figure 5B).
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3.6. ES under Osteogenic Conditions in 3D Increases Expression of OCN But Does Not Affect OPN Level in
ASCs

To study the effects of ES on the expression of the osteogenic markers OCN and OPN, cells were
differentiated in 3D aNFC hydrogels for up to 21 days followed by immunocytochemical staining,
confocal laser scanning microscopy, and subsequent image analysis.

Consistent with the results obtained in 2D, ES resulted in an increase of OCN expression in
cells under osteogenic conditions compared to their respective controls at d14 and d21 (Figure 6B–D).
Moreover, at d21, cells under osteogenic conditions with ES exhibited significantly higher levels of
OCN compared to cells in osteogenic medium without stimulation (Figure 6D).

Figure 6. Electrical stimulation (ES) increases expression of osteocalcin (OCN) in 3D. (A–D) ES increases
expression of OCN in 3D. (A–D) ASCs in osteogenic or standard medium were electrically stimulated
for up to 21 days and stained for OCN. Images were taken using confocal microscopy with subsequent
3D reconstruction. ES significantly increased the expression of OCN in cells in osteogenic medium
compared to stimulated cells in standard medium and osteogenic medium not exposed to ES at d14
and d21. Error bars: SEM. * p < 0.05, ** p < 0.01, *** p < 0.0001. ns: not significant.

Exposure of ASCs to ES resulted in an increased expression of OPN in cells in osteogenic medium
compared to cells in osteogenic medium without ES at d14 (Figure 7C). In contrast, no significant
differences in OPN expression between all conditions were found at d21 (Figure 7D).



Biomolecules 2020, 10, 1696 12 of 18

Figure 7. Electrical stimulation (ES) increases expression of osteopontin (OPN) in 3D at d7 and d14.
ASCs were cultivated in standard or osteogenic medium with and without electrical stimulation (ES)
for up to 21 days. (A) 3D reconstruction of z-sections. (B–D) Quantification of the data. ES resulted
in increased expression of OPN in cells under osteogenic conditions at d7 and d14. At d14, higher
expression level of OPN was observed in cells in osteogenic medium under ES exposure compared to
cells under osteogenic conditions without ES. No significant differences in OPN expression were found
at d21. Error bars: SEM. * p < 0.05, ** p < 0.01, *** p < 0.0001. ns: not significant.

3.7. ASCs Exposed to ES Display Highly Arranged Actin Cytoskeleton and Formation of Cell-Free Pores within
the 3D aNFC Hydrogel

Increased actin polymerization with perinuclear actin bundles framing the nucleus and alignment
of actin fibres in cell periphery are well characterised hallmarks of osteogenesis [51], reviewed in [52].
To visualise the actin cytoskeleton, ASCs under standard and osteogenic conditions with and without
ES were fixed and stained with phalloidin at d21 (Figure 8).

Image analysis showed highly aligned actin cytoskeleton in cells subjected to osteogenic
differentiation with and without ES. Overall, as shown by the more intense staining, a denser
actin cytoskeleton was detected in cells with ES in both standard and osteogenic conditions.
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Figure 8. Electrical stimulation (ES) of adipose-derived stem cells (ASCs) induces profound
re-arrangements of the actin cytoskeleton. ASCs in anionic nanofibrillar cellulose hydrogels (aNFC)
were differentiated in osteogenic differentiation medium for 21 day with and without electrical
stimulation (ES) followed by staining of the actin cytoskeleton using phalloidin with subsequent
confocal microscopy. Image analysis revealed highly aligned and dense network of F-actin fibres in cells
in osteogenic differentiation medium and in cells exposed to ES independent of the culture condition.
Images show maximum intensity projections of confocal z-stacks. Scale bar: 50 µm.

4. Discussion

In this study, we investigated the impact of ES on ASCs embedded within 3D aNFC hydrogels.
ES of ASCs as well as human and rat BM-MSCs in 2D has been reported to facilitate their osteogenic
differentiation [21,27,53]. To validate these findings, ASCs were cultivated as conventional 2D
monolayers and exposed to an electric field of 0.1 V/cm. We observed that ES does not affect the
viability of the cells under standard cultivation conditions up to 21 days in culture, whereas a small but
significant reduction of viability was observed under osteogenic conditions at d14. ASCs in 2D exposed
to ES showed increased ALP activity, calcium deposition, and an upregulation of OCN expression at
d21. In contrast, upregulation of OPN was observed at d7 and persisted until d14. This is in general
accordance with the finding that during in vitro differentiation, OPN is upregulated as early as 7 days
and subsequently gradually downregulated, whereas OCN is a late marker of osteogenic differentiation
which is still expressed at high levels at d21 [54]. In addition to its influence on osteogenesis, ES has
been shown to interfere with adipogenic differentiation of ASCs [55]. Similarly, in our hands, ES of
ASCs in 2D significantly reduced the size of lipid droplets in cells subjected to adipogenic differentiation.
Interestingly, in the osteoporotic bone marrow, a shift from osteoblastogenesis to adipogenesis negatively
affects matrix formation and mineralization via lipotoxic effects [1]. Furthermore, osteoporosis has
a negative impact on the number and osteogenic differentiation potential of MSCs [12] in favour of
adipogenesis [56,57]. Based on our 2D data, ES could be used to reverse this phenomenon by increasing
osteogenesis and decreasing adipogenic differentiation of MSCs.

Recently, we have shown that short-term cultivation of ASCs in plant-derived 3D aNFC hydrogels
increases their viability [44]. In contrast to other hydrogels, plant-derived aNFC does not require
cross-linking, is optically transparent and has high batch-to-batch consistency. Moreover, NFC-based
hydrogels have been shown to support growth of human MSCs and have been successfully applied in
clinical settings [58].

In order to determine if long-term cultivation of ASCs in 0.2% aNFC affects their viability, cells
were embedded into the hydrogels, cultivated in standard medium and viability assessed using XTT
assays at d7, d14, and d21. Data analysis revealed that 3D cultivation of ASCs in aNFC does not affect
their viability at all investigated time points. Combining 3D cell culture in aNFC with osteogenic
differentiation conditions and ES did not result in significant differences in cell viability detected
by XTT at d7 and d14. However, a small but significant decrease of viability was observed in cells
cultivated under osteogenic conditions with ES compared to cells in 3D without ES on d21. As XTT
assays measure mitochondrial enzyme activity as a surrogate for cellular viability, this can lead to false
positive and false negative results. Therefore, ethidium homodimer-1/calcein-based live/dead staining
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was used to validate the results of the XTT assays. Similar to the XTT results, a slight reduction of
cellular viability was observed in cells subjected to ES in both standard and osteogenic differentiation
medium compared to the respective non-stimulated counterparts. These results are in agreement with
previous reports indicating that the exposure of 2D-cultured MSCs to ES for up to 14 days results in
a slight reduction in cell viability [21].

Concomitant use of osteogenic differentiation medium and ES has been shown to increase ALP
activity and calcium deposition in human BM-MSCs in 2D [27]. In our study, we assessed ALP
activity, calcium mineralisation, and expression levels of the osteogenic markers OPN and OCN in
ASCs subjected to osteogenic differentiation and ES in 3D aNFC hydrogels. In contrast to the 2D
study by Sun and colleagues [27], exposure of ASCs to ES for 7 days did not significantly increase
the ALP activity in cells cultivated in the presence of osteoinductive factors comparted to cells in
osteogenic medium without ES. This discrepancy could be explained by cell type specific differences
(ASCs vs. BM-MSCs) or as earlier or later induction of ALP in 3D compared to 2D cultures. Moreover,
as close inspection of the individual data points potentially indicates two subpopulations with either
increased or unchanged ALP activity compared to cells without ES, these results could be explained by
donor variability. In contrast to the ALP activity, significantly increased levels of calcium deposition
were observed at d21 in cells exposed to ES and osteogenic factors compared to cells in osteogenic
medium alone. Interestingly, a significant increase of mineralisation was observed in cells exposed to
ES in standard medium compared to unstimulated controls. This might indicate that a basal level of
osteogenesis can be induced by ES in 3D, without biochemical osteoinductive cues. In agreement with
the results of the Alizarin Red S staining, we detected a significant increase in OCN expression at d21
in cells exposed to ES and osteoinductive cues compared to both cells with ES in standard medium and
cells in osteogenic medium without ES. In contrast, a significantly increased expression of OPN has
been observed in cells cultivated under osteogenic conditions with ES compared to cells in osteogenic
medium alone at d7 and d14, but not at d21. These results are in line with our experiments conducted
in 2D, where ES did not change expression levels of OPN at d21. The lack of significant differences at
d21 found both in 2D and 3D, could be explained by the fact that OPN is an earlier osteogenic marker
than OCN [54].

It is well established that osteogenic differentiation is associated with profound changes in
the actin cytoskeleton with increased actin polymerisation and alignment of actin bundles in the
periphery [51,52]. A recent study demonstrated that exposure of human BM-MSCs to ES in 2D resulted
in actin cytoskeleton rearrangements similar to those induces by osteoinductive factors [28]. Similarly,
we demonstrated that ES of ASCs in 3D leads to rearrangement of the actin cytoskeleton towards
a denser and more aligned F-actin network independent of the presence of osteoinductive factors. It can
be assumed that similar results could be obtained if other adult human stem cell types and biomaterials
would be applied in a similar setting. In this context, MSCs from other sources including the bone
marrow, umbilical cord, placenta, dental sources, or human neural crest-derived stem cells [47] could
be used for developing future therapies for osteoporotic bone fractures [59]. Moreover, in addition to
natural hydrogels, blends of electroconductive polymers and collagens can be applied in combination
with different sources of human stem cells [60]. However, translating the preclinical results into the
clinic will require not only clinically compliant stem cells and biomaterials but also GMP compliant
cultivation and differentiation protocols that still need to be developed.

Overall, our in vitro data suggest that 3D cell culture in combination with ES increases osteogenic
differentiation potential of ASCs. Future research will investigate if ES of ASCs can induce similar
effects in in vivo models of bone regeneration including rodent models and in sheep as a large animal
model that represents a closer approximation of bone degeneration and regeneration in humans.
Together, data presented in this study and follow-up in vivo data will facilitate development of
innovative therapies for osteoporosis and osteoporotic fractures in humans.
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5. Conclusions

Our study indicates that ES of ASCs in 3D hydrogels composed of aNFC increases osteogenic
differentiation in synergy with osteoinductive factors present in osteogenic differentiation medium.
Moreover, we provide evidence that ES in 3D aNFC can lead to osteogenic differentiation under
standard conditions, although to a lesser extent than in combination with osteogenic factors. Future
experiments with optimised parameters for ES and 3D cell culture might lead to a development of new
protocols allowing induction of osteogenic differentiation free of exogenous cues and potentially paving
the way for improved autologous stem cell-based bone grafts for treatment of osteoporotic fractures.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/12/1696/s1,
Figure S1: Long-term cultivation of ASCs in 3D aNFC does not affect their viability.

Author Contributions: Conceptualisation: D.W.; methodology: D.W., S.Y.B., G.S.C.; experimental work: M.B.;
formal analysis: M.B., D.W.; writing—original draft preparation: D.W., J.S., D.I.; writing—review and editing:
D.W., S.Y.B., J.S., G.S.C., D.I.; visualization: M.B., D.W.; supervision: D.W., G.S.C.; project administration: D.W.,
G.S.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of National Education of the Republic of Turkey, grant
number MEB1416.

Acknowledgments: aNFC used in this study (GrowDexT) was kindly provided by UPM Biochemicals,
Helsinki, Finland.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Demontiero, O.; Vidal, C.; Duque, G. Aging and bone loss: New insights for the clinician.
Ther. Adv. Musculoskelet. Dis. 2011, 4, 61–76. [CrossRef] [PubMed]

2. Ballane, G.; Cauley, J.A.; Luckey, M.M.; Fuleihan, G.E.-H. Worldwide prevalence and incidence of osteoporotic
vertebral fractures. Osteoporos. Int. 2017, 28, 1531–1542. [CrossRef] [PubMed]

3. McGreevy, C.; Williams, D.J. Safety of drugs used in the treatment of osteoporosis. Ther. Adv. Drug Saf. 2011,
2, 159–172. [CrossRef] [PubMed]

4. Sterling, J.A.; Guelcher, S.A. Biomaterial Scaffolds for Treating Osteoporotic Bone. Curr. Osteoporos. Rep.
2014, 12, 48–54. [CrossRef]

5. Pape, H.C.; Evans, A.; Kobbe, P. Autologous Bone Graft: Properties and Techniques. J. Orthop. Trauma 2010,
24, S36–S40. [CrossRef]

6. Giannoudis, P.; Arts, J.J.; Schmidmaier, G.; Larsson, S. What should be the characteristics of the ideal bone
graft substitute? Injury 2011, 42, S1–S2. [CrossRef]

7. Myeroff, C.; Archdeacon, M. Autogenous Bone Graft: Donor Sites and Techniques. J. Bone Jt. Surg. Am. Vol.
2011, 93, 2227–2236. [CrossRef]

8. O’Keefe, R.J.; Tuan, R.S.; Lane, N.E.; Awad, H.A.; Barry, F.; Bunnell, B.A.; Colnot, C.; Drake, M.T.; Drissi, H.;
Dyment, N.A.; et al. American Society for Bone and Mineral Research-Orthopaedic Research Society Joint
Task Force Report on Cell-Based Therapies. J. Bone Miner. Res. 2019, 35, 3–17. [CrossRef]

9. Antebi, B.; Pelled, G.; Gazit, D. Stem Cell Therapy for Osteoporosis. Curr. Osteoporos. Rep. 2014, 12, 41–47.
[CrossRef]

10. Phetfong, J.; Sanvoranart, T.; Nartprayut, K.; Nimsanor, N.; Seenprachawong, K.; Prachayasittikul, V.;
Supokawej, A. Osteoporosis: The current status of mesenchymal stem cell-based therapy. Cell. Mol. Biol. Lett.
2016, 21, 1–20. [CrossRef]

11. Saito, A.; Nagaishi, K.; Iba, K.; Mizuec, Y.; Chikenji, T.; Otani, M.; Nakano, M.; Oyama, K.; Yamashita, T.;
Fujimiya, M. Umbilical cord extracts improve osteoporotic abnormalities of bone marrow-derived
mesenchymal stem cells and promote their therapeutic effects on ovariectomised rats. Sci. Rep. 2018,
8, 1161. [CrossRef] [PubMed]

12. Wang, Q.; Zhao, B.; Li, C.; Rong, J.-S.; Tao, S.-Q.; Tao, T.-Z. Decreased proliferation ability and differentiation
potential of mesenchymal stem cells of osteoporosis rat. Asian Pac. J. Trop. Med. 2014, 7, 358–363. [CrossRef]

http://www.mdpi.com/2218-273X/10/12/1696/s1
http://dx.doi.org/10.1177/1759720X11430858
http://www.ncbi.nlm.nih.gov/pubmed/22870496
http://dx.doi.org/10.1007/s00198-017-3909-3
http://www.ncbi.nlm.nih.gov/pubmed/28168409
http://dx.doi.org/10.1177/2042098611411012
http://www.ncbi.nlm.nih.gov/pubmed/25083210
http://dx.doi.org/10.1007/s11914-014-0187-2
http://dx.doi.org/10.1097/BOT.0b013e3181cec4a1
http://dx.doi.org/10.1016/j.injury.2011.06.001
http://dx.doi.org/10.2106/JBJS.J.01513
http://dx.doi.org/10.1002/jbmr.3839
http://dx.doi.org/10.1007/s11914-013-0184-x
http://dx.doi.org/10.1186/s11658-016-0013-1
http://dx.doi.org/10.1038/s41598-018-19516-6
http://www.ncbi.nlm.nih.gov/pubmed/29348535
http://dx.doi.org/10.1016/S1995-7645(14)60055-9


Biomolecules 2020, 10, 1696 16 of 18

13. Tan, J.; Xu, X.; Tong, Z.; Lin, J.; Yu, Q.; Lin, Y.; Kuang, W. Decreased osteogenesis of adult mesenchymal stem
cells by reactive oxygen species under cyclic stretch: A possible mechanism of age related osteoporosis.
Bone Res. 2015, 3, 15003. [CrossRef] [PubMed]

14. Zheng, C.-X.; Sui, B.-D.; Liu, N.; Hu, C.-H.; He, T.; Zhang, X.-Y.; Zhao, P.; Chen, J.; Xuan, K.; Jin, Y.
Adipose mesenchymal stem cells from osteoporotic donors preserve functionality and modulate systemic
inflammatory microenvironment in osteoporotic cytotherapy. Sci. Rep. 2018, 8, 1–13. [CrossRef]

15. Greiner, J.F.W.; Gottschalk, M.; Fokin, N.; Büker, B.; Kaltschmidt, B.P.; Dreyer, A.; Vordemvenne, T.;
Kaltschmidt, C.; Hütten, A.; Kaltschmidt, B. Natural and synthetic nanopores directing osteogenic
differentiation of human stem cells. Nanomed. Nanotechnol. Biol. Med. 2019, 17, 319–328. [CrossRef]

16. Vordemvenne, T.; Wähnert, D.; Koettnitz, J.; Merten, M.; Fokin, N.; Becker, A.; Büker, B.; Vogel, A.;
Kronenberg, D.; Stange, R.; et al. Bone Regeneration: A Novel Osteoinductive Function of Spongostan by
the Interplay between Its Nano- and Microtopography. Cells 2020, 9, 654. [CrossRef]

17. Olivares-Navarrete, R.; Lee, E.M.; Smith, K.; Hyzy, S.L.; Doroudi, M.; Williams, J.K.; Gall, K.; Boyan, B.;
Schwartz, Z. Substrate Stiffness Controls Osteoblastic and Chondrocytic Differentiation of Mesenchymal
Stem Cells without Exogenous Stimuli. PLoS ONE 2017, 12, e0170312. [CrossRef]

18. Yourek, G.; McCormick, S.M.; Mao, J.J.; Reilly, G.C. Shear stress induces osteogenic differentiation of human
mesenchymal stem cells. Regen. Med. 2010, 5, 713–724. [CrossRef]

19. Tsimbouri, P.M.; Childs, P.G.; Pemberton, G.D.; Yang, J.; Jayawarna, V.; Orapiriyakul, W.; Burgess, K.;
González-García, C.; Blackburn, G.; Thomas, D.; et al. Stimulation of 3D osteogenesis by mesenchymal stem
cells using a nanovibrational bioreactor. Nat. Biomed. Eng. 2017, 1, 758–770. [CrossRef]

20. Orapiriyakul, W.; Tsimbouri, M.P.; Childs, P.; Campsie, P.; Wells, J.; Fernandez-Yague, M.A.; Burgess, K.;
Tanner, K.E.; Tassieri, M.; Meek, D.; et al. Nanovibrational Stimulation of Mesenchymal Stem Cells Induces
Therapeutic Reactive Oxygen Species and Inflammation for Three-Dimensional Bone Tissue Engineering.
ACS Nano 2020, 14, 10027–10044. [CrossRef]

21. Eischen-Loges, M.; Oliveira, K.M.C.; Bhavsar, M.; Barker, J.H.; Leppik, L. Pretreating mesenchymal stem
cells with electrical stimulation causes sustained long-lasting pro-osteogenic effects. PeerJ 2018, 6, e4959.
[CrossRef] [PubMed]

22. Chen, C.; Bai, X.; Ding, Y.; Lee, I.-S. Electrical stimulation as a novel tool for regulating cell behavior in tissue
engineering. Biomater. Res. 2019, 23, 1–12. [CrossRef] [PubMed]

23. Leppik, L.; Oliveira, K.M.C.; Bhavsar, M.; Barker, J.H. Electrical stimulation in bone tissue engineering
treatments. Eur. J. Trauma Emerg. Surg. 2020, 46, 231–244. [CrossRef]

24. Sundelacruz, S.; Levin, M.; Kaplan, D.L. Membrane Potential Controls Adipogenic and Osteogenic
Differentiation of Mesenchymal Stem Cells. PLoS ONE 2008, 3, e3737. [CrossRef] [PubMed]

25. Sundelacruz, S.; Moody, A.T.; Levin, M.; Kaplan, D.L. Membrane Potential Depolarization Alters Calcium
Flux and Phosphate Signaling During Osteogenic Differentiation of Human Mesenchymal Stem Cells.
Bioelectricity 2019, 1, 56–66. [CrossRef]

26. Jing, D.; Li, F.; Jiang, M.; Cai, J.; Wu, Y.; Xie, K.; Wu, X.; Tang, C.; Liu, J.; Guo, W.; et al. Pulsed Electromagnetic
Fields Improve Bone Microstructure and Strength in Ovariectomized Rats through a Wnt/Lrp5/β-Catenin
Signaling-Associated Mechanism. PLoS ONE 2013, 8, e79377. [CrossRef]

27. Sun, S.; Liu, Y.; Lipsky, S.; Cho†, M. Physical manipulation of calcium oscillations facilitates osteodifferentiation
of human mesenchymal stem cells. FASEB J. 2007, 21, 1472–1480. [CrossRef]

28. Mobini, S.; Talts, Ü.-L.; Xue, R.; Cassidy, N.J.; Cartmell, S.H. Electrical Stimulation Changes Human
Mesenchymal Stem Cells Orientation and Cytoskeleton Organization. J. Biomater. Tissue Eng. 2017, 7, 829–833.
[CrossRef]

29. Leppik, L.; Han, Z.; Mobini, S.; Parameswaran, V.T.; Eischen-Loges, M.; Slavici, A.; Helbing, J.; Pindur, L.;
Oliveira, K.M.C.; Bhavsar, M.B.; et al. Combining electrical stimulation and tissue engineering to treat large
bone defects in a rat model. Sci. Rep. 2018, 8, 6307. [CrossRef]

30. Kwon, H.J.; Lee, G.S.; Chun, H. Electrical stimulation drives chondrogenesis of mesenchymal stem cells in
the absence of exogenous growth factors. Sci. Rep. 2016, 6, 39302. [CrossRef]

31. Ben-David, U.; Mayshar, Y.; Benvenisty, N. Large-Scale Analysis Reveals Acquisition of Lineage-Specific
Chromosomal Aberrations in Human Adult Stem Cells. Cell Stem Cell 2011, 9, 97–102. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/boneres.2015.3
http://www.ncbi.nlm.nih.gov/pubmed/26273536
http://dx.doi.org/10.1038/s41598-018-23098-8
http://dx.doi.org/10.1016/j.nano.2019.01.018
http://dx.doi.org/10.3390/cells9030654
http://dx.doi.org/10.1371/journal.pone.0170312
http://dx.doi.org/10.2217/rme.10.60
http://dx.doi.org/10.1038/s41551-017-0127-4
http://dx.doi.org/10.1021/acsnano.0c03130
http://dx.doi.org/10.7717/peerj.4959
http://www.ncbi.nlm.nih.gov/pubmed/29910982
http://dx.doi.org/10.1186/s40824-019-0176-8
http://www.ncbi.nlm.nih.gov/pubmed/31844552
http://dx.doi.org/10.1007/s00068-020-01324-1
http://dx.doi.org/10.1371/journal.pone.0003737
http://www.ncbi.nlm.nih.gov/pubmed/19011685
http://dx.doi.org/10.1089/bioe.2018.0005
http://dx.doi.org/10.1371/journal.pone.0079377
http://dx.doi.org/10.1096/fj.06-7153com
http://dx.doi.org/10.1166/jbt.2017.1631
http://dx.doi.org/10.1038/s41598-018-24892-0
http://dx.doi.org/10.1038/srep39302
http://dx.doi.org/10.1016/j.stem.2011.06.013
http://www.ncbi.nlm.nih.gov/pubmed/21816361


Biomolecules 2020, 10, 1696 17 of 18

32. Bara, J.J.; Richards, R.G.; Alini, M.; Stoddart, M.J. Concise Review: Bone Marrow-Derived Mesenchymal
Stem Cells Change Phenotype Following In Vitro Culture: Implications for Basic Research and the Clinic.
Stem Cells 2014, 32, 1713–1723. [CrossRef] [PubMed]

33. Turinetto, V.; Vitale, E.; Giachino, C. Senescence in Human Mesenchymal Stem Cells: Functional Changes
and Implications in Stem Cell-Based Therapy. Int. J. Mol. Sci. 2016, 17, 1164. [CrossRef] [PubMed]

34. Yin, Q.; Xu, N.; Xu, D.; Dong, M.; Shi, X.; Wang, Y.; Hao, Z.; Zhu, S.; Zhao, D.; Jin, H.; et al. Comparison of
senescence-related changes between three- and two-dimensional cultured adipose-derived mesenchymal
stem cells. Stem Cell Res. Ther. 2020, 11, 1–12. [CrossRef] [PubMed]

35. Edreira, E.R.U.; Hayrapetyan, A.; Wolke, J.G.C.; Croes, H.J.E.; Klymov, A.; Jansen, J.A.; Beucken, J.V.D. Effect
of calcium phosphate ceramic substrate geometry on mesenchymal stromal cell organization and osteogenic
differentiation. Biofabrication 2016, 8, 025006. [CrossRef] [PubMed]

36. Müller, S.; Nicholson, L.; Al Harbi, N.; Mancuso, E.; Jones, E.; Dickinson, A.M.; Wang, X.N.; Dalgarno, K.
Osteogenic potential of heterogeneous and CD271-enriched mesenchymal stromal cells cultured on
apatite-wollastonite 3D scaffolds. BMC Biomed. Eng. 2019, 1, 1–10. [CrossRef]

37. Guarino, V.; Scaglione, S.; Sandri, M.; Alvarez-Perez, M.A.; Tampieri, A.; Quarto, R.; Ambrosio, L.
MgCHA particles dispersion in porous PCL scaffolds: In vitromineralization andin vivobone formation.
J. Tissue Eng. Regen. Med. 2014, 8, 291–303. [CrossRef]

38. Ho, S.S.; Murphy, K.C.; Binder, B.Y.; Vissers, C.B.; Leach, J.K. Increased Survival and Function of Mesenchymal
Stem Cell Spheroids Entrapped in Instructive Alginate Hydrogels. Stem Cells Transl. Med. 2016, 5, 773–781.
[CrossRef]

39. Lund, A.; Stegemann, J.; Plopper, G. Mesenchymal Stem Cells Sense Three Dimensional Type I Collagen
through Discoidin Domain Receptor. Open Stem Cell J. 2009, 1, 40–53. [CrossRef] [PubMed]

40. Yamaguchi, Y.; Ohno, J.; Sato, A.; Kido, H.; Fukushima, T. Mesenchymal stem cell spheroids exhibit enhanced
in-vitro and in-vivo osteoregenerative potential. BMC Biotechnol. 2014, 14, 105. [CrossRef]

41. Favi, P.M.; Benson, R.S.; Neilsen, N.R.; Hammonds, R.L.; Bates, C.C.; Stephens, C.P.; Dhar, M.S.
Cell proliferation, viability, and in vitro differentiation of equine mesenchymal stem cells seeded on
bacterial cellulose hydrogel scaffolds. Mater. Sci. Eng. C 2013, 33, 1935–1944. [CrossRef] [PubMed]

42. Cochis, A.; Grad, S.; Stoddart, M.J.; Farè, S.; Altomare, L.; Azzimonti, B.; Alini, M.; Rimondini, L.
Bioreactor mechanically guided 3D mesenchymal stem cell chondrogenesis using a biocompatible novel
thermo-reversible methylcellulose-based hydrogel. Sci. Rep. 2017, 7, srep45018. [CrossRef] [PubMed]

43. Azoidis, I.; Metcalfe, J.; Reynolds, J.; Keeton, S.; Hakki, S.S.; Sheard, J.; Widera, D. Three-dimensional
cell culture of human mesenchymal stem cells in nanofibrillar cellulose hydrogels. MRS Commun. 2017,
7, 458–465. [CrossRef]

44. Sheard, J.J.; Bicer, M.; Meng, Y.; Frigo, A.; Aguilar, R.M.; Vallance, T.M.; Iandolo, D.; Widera, D. Optically
Transparent Anionic Nanofibrillar Cellulose Is Cytocompatible with Human Adipose Tissue-Derived Stem
Cells and Allows Simple Imaging in 3D. Stem Cells Int. 2019, 2019, 3106929. [CrossRef]

45. Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.;
Keating, A.; Prockop, D.; Horwitz, E. Minimal criteria for defining multipotent mesenchymal stromal
cells. The International Society for Cellular Therapy position statement. Cytotherapy 2006, 8, 315–317.
[CrossRef]

46. Zeuner, M.-T.; Didenko, N.N.; Humphries, D.; Stergiadis, S.; Morash, T.M.; Patel, K.; Grimm, W.-D.;
Widera, D. Isolation and Characterization of Neural Crest-Derived Stem Cells From Adult Ovine Palatal
Tissue. Front. Cell Dev. Biol. 2018, 6, 39. [CrossRef]

47. Hauser, S.; Widera, D.; Qunneis, F.; Müller, J.; Zander, C.; Greiner, J.; Strauss, C.; Lüningschrör, P.; Heimann, P.;
Schwarze, H.; et al. Isolation of Novel Multipotent Neural Crest-Derived Stem Cells from Adult Human
Inferior Turbinate. Stem Cells Dev. 2012, 21, 742–756. [CrossRef]

48. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.;
Saalfeld, S.; Schmid, B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012,
9, 676–682. [CrossRef]

49. Paudyal, A.; Dewan, S.; Ikie, C.; Whalley, B.J.; De Tombe, P.P.; Boateng, S.Y. Nuclear accumulation of myocyte
muscle LIM protein is regulated by heme oxygenase 1 and correlates with cardiac function in the transition
to failure. J. Physiol. 2016, 594, 3287–3305. [CrossRef]

http://dx.doi.org/10.1002/stem.1649
http://www.ncbi.nlm.nih.gov/pubmed/24449458
http://dx.doi.org/10.3390/ijms17071164
http://www.ncbi.nlm.nih.gov/pubmed/27447618
http://dx.doi.org/10.1186/s13287-020-01744-1
http://www.ncbi.nlm.nih.gov/pubmed/32517737
http://dx.doi.org/10.1088/1758-5090/8/2/025006
http://www.ncbi.nlm.nih.gov/pubmed/27150445
http://dx.doi.org/10.1186/s42490-019-0015-y
http://dx.doi.org/10.1002/term.1521
http://dx.doi.org/10.5966/sctm.2015-0211
http://dx.doi.org/10.2174/1876893800901010040
http://www.ncbi.nlm.nih.gov/pubmed/20589230
http://dx.doi.org/10.1186/s12896-014-0105-9
http://dx.doi.org/10.1016/j.msec.2012.12.100
http://www.ncbi.nlm.nih.gov/pubmed/23498215
http://dx.doi.org/10.1038/srep45018
http://www.ncbi.nlm.nih.gov/pubmed/28332587
http://dx.doi.org/10.1557/mrc.2017.59
http://dx.doi.org/10.1155/2019/3106929
http://dx.doi.org/10.1080/14653240600855905
http://dx.doi.org/10.3389/fcell.2018.00039
http://dx.doi.org/10.1089/scd.2011.0419
http://dx.doi.org/10.1038/nmeth.2019
http://dx.doi.org/10.1113/JP271809


Biomolecules 2020, 10, 1696 18 of 18

50. Schürmann, M.; Wolff, A.; Widera, D.; Hauser, S.; Heimann, P.; Hütten, A.; Kaltschmidt, C.; Kaltschmidt, B.
Interaction of adult human neural crest-derived stem cells with a nanoporous titanium surface is sufficient
to induce their osteogenic differentiation. Stem Cell Res. 2014, 13, 98–110. [CrossRef]

51. Titushkin, I.; Cho, M. Modulation of Cellular Mechanics during Osteogenic Differentiation of Human
Mesenchymal Stem Cells. Biophys. J. 2007, 93, 3693–3702. [CrossRef] [PubMed]

52. Khan, A.U.; Qu, R.; Fan, T.; Ouyang, J.; Dai, J. A glance on the role of actin in osteogenic and adipogenic
differentiation of mesenchymal stem cells. Stem Cell Res. Ther. 2020, 11, 1–14. [CrossRef] [PubMed]

53. Zhang, J.; Neoh, K.G.; Kang, E.-T. Electrical stimulation of adipose-derived mesenchymal stem cells
and endothelial cells co-cultured in a conductive scaffold for potential orthopaedic applications.
J. Tissue Eng. Regen. Med. 2018, 12, 878–889. [CrossRef] [PubMed]

54. Beck, J.G.R.; Zerler, B.; Moran, E. Phosphate is a specific signal for induction of osteopontin gene expression.
Proc. Natl. Acad. Sci. USA 2000, 97, 8352–8357. [CrossRef]

55. Hernandez-Bule, M.L.; Martinez-Botas, J.; Trillo, M.A.; Paino, C.L.; Ubeda, A. Antiadipogenic effects of
subthermal electric stimulation at 448 kHz on differentiating human mesenchymal stem cells. Mol. Med. Rep.
2016, 13, 3895–3903. [CrossRef]

56. Jing, H.; Liao, L.; An, Y.; Su, X.; Liu, S.; Shuai, Y.; Zhang, X.; Jin, Y. Suppression of EZH2 Prevents the Shift of
Osteoporotic MSC Fate to Adipocyte and Enhances Bone Formation During Osteoporosis. Mol. Ther. 2016,
24, 217–229. [CrossRef]

57. Shen, G.-S.; Zhou, H.-B.; Zhang, H.; Chen, B.; Liu, Z.-P.; Yuan, Y.; Zhou, X.-Z.; Xu, Y. The GDF11-FTO-PPARγ
axis controls the shift of osteoporotic MSC fate to adipocyte and inhibits bone formation during osteoporosis.
Biochim. Biophys. Acta BBA Mol. Basis Dis. 2018, 1864, 3644–3654. [CrossRef]

58. Koivuniemi, R.; Hakkarainen, T.; Kiiskinen, J.; Kosonen, M.; Vuola, J.; Valtonen, J.; Luukko, K.; Kavola, H.;
Yliperttula, M. Clinical Study of Nanofibrillar Cellulose Hydrogel Dressing for Skin Graft Donor Site
Treatment. Adv. Wound Care 2020, 9, 199–210. [CrossRef]

59. Kaltschmidt, B.; Kaltschmidt, C.; Widera, D. Adult Craniofacial Stem Cells: Sources and Relation to the
Neural Crest. Stem Cell Rev. Rep. 2011, 8, 658–671. [CrossRef]

60. Iandolo, D.; Sheard, J.; Levy, G.K.; Pitsalidis, C.; Tan, E.; Dennis, A.; Kim, J.-S.; Markaki, A.E.; Widera, D.;
Owens, R.M. Biomimetic and electroactive 3D scaffolds for human neural crest-derived stem cell expansion
and osteogenic differentiation. MRS Commun. 2020, 10, 179–187. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.scr.2014.04.017
http://dx.doi.org/10.1529/biophysj.107.107797
http://www.ncbi.nlm.nih.gov/pubmed/17675345
http://dx.doi.org/10.1186/s13287-020-01789-2
http://www.ncbi.nlm.nih.gov/pubmed/32678016
http://dx.doi.org/10.1002/term.2441
http://www.ncbi.nlm.nih.gov/pubmed/28482125
http://dx.doi.org/10.1073/pnas.140021997
http://dx.doi.org/10.3892/mmr.2016.5032
http://dx.doi.org/10.1038/mt.2015.152
http://dx.doi.org/10.1016/j.bbadis.2018.09.015
http://dx.doi.org/10.1089/wound.2019.0982
http://dx.doi.org/10.1007/s12015-011-9340-9
http://dx.doi.org/10.1557/mrc.2020.10
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	aNFC 
	Human ASCs 
	Cultivation of ASCs as 2D Monolayer 
	Osteogenic and Adipogenic Differentiation in 2D 
	ALP Activity in 2D 
	Alizarin Red S Staining in 2D 
	Oil Red O Staining in 2D 
	ES in 2D 
	Cultivation of ASCs in 3D aNFC Hydrogels 
	ES of ASCs in 3D 
	Osteogenic Differentiation, ALP Activity Assay, and Alizarin Red S Staining in 3D 
	Viability Assays 
	Immunocytochemistry 
	F-actin Staining 
	Statistical Analysis 

	Results 
	ES Increases Osteogenic Differentiation Potential of ASCs under 2D Cell Culture Conditions 
	ES Decreases Adipogenic Differentiation of ASCs under 2D Cell Culture Conditions 
	Long-Term Cultivation of ASCs in Anionic Nanofibrillar Cellulose Does Not Affect Their Viability under Standard and Osteogenic Differentiation Conditions 
	ES of ADSCs Embedded in 3D aNFC Hydrogel Only Moderately Decreases Their Viability under Standard and Osteogenic Conditions 
	ASCs Exposed to ES in 3D Show Increased ALP Activity and Higher Levels of Calcium Deposition during Osteogenic Differentiation 
	ES under Osteogenic Conditions in 3D Increases Expression of OCN But Does Not Affect OPN Level in ASCs 
	ASCs Exposed to ES Display Highly Arranged Actin Cytoskeleton and Formation of Cell-Free Pores within the 3D aNFC Hydrogel 

	Discussion 
	Conclusions 
	References

