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a b s t r a c t 

Mesenchymal stem cell (MSC) chondrogenesis is modulated by diverse biophysical cues. We have previ- 

ously shown that brief, low-amplitude pulsed electromagnetic fields (PEMFs) differentially enhance MSC 

chondrogenesis in scaffold-free pellet cultures versus conventional tissue culture plastic (TCP), indicating 

an interplay between magnetism and micromechanical environment. Here, we examined the influence of 

PEMF directionality over the chondrogenic differentiation of MSCs laden on electrospun fibrous scaffolds 

of either random (RND) or aligned (ALN) orientations. Correlating MSCs’ chondrogenic outcome to pFAK 

activation and YAP localisation, MSCs on the RND scaffolds experienced the least amount of resting me- 

chanical stress and underwent greatest chondrogenic differentiation in response to brief PEMF exposure 

(10 min at 1 mT) perpendicular to the dominant plane of the scaffolds (Z-directed). By contrast, in MSC- 

impregnated RND scaffolds, greatest mitochondrial respiration resulted from X-directed PEMF exposure 

(parallel to the scaffold plane), and was associated with curtailed chondrogenesis. MSCs on TCP or the 

ALN scaffolds exhibited greater resting mechanical stress and accordingly, were unresponsive, or nega- 

tively responsive, to PEMF exposure from all directions. The efficacy of PEMF-induced MSC chondrogene- 

sis is hence regulated in a multifaceted manner involving focal adhesion dynamics, as well as mitochon- 

drial responses, culminating in a final cellular response. The combined contributions of micromechanical 

environment and magnetic field orientation hence will need to be considered when designing magnetic 

exposure paradigms. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Mesenchymal stem cells (MSCs) exhibit multipotency to differ- 

ntiate into multiple cell lineages including osteoblasts, adipocytes, 

hondrocytes and myocytes [ 1 , 2 ]. Preclinical studies have demon- 

trated promising therapeutic applications for MSCs in cell-based 

trategies to repair or replace damaged or lost cells and tissues, 

ncluding articular cartilage [3–5] . MSC-derived cartilage conven- 

ionally has been shown to largely consist of fibrocartilage, in- 

erspersed with insubstantial amounts of hyaline cartilage and 
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hereby functionally lacking the biochemical composition and me- 

hanical strength of native cartilage [ 6 , 7 ]. Innovations are thus 

eeded to improve the functionality of MSC-based cartilage regen- 

ration. 

Studies have examined the interaction between stem cells 

nd different microenvironmental cues presented on functionalised 

caffolds [8] , as well as the efficacies of different stimulation proto- 

ols [ 9 , 10 ] in inducing MSC-based cartilage regeneration. Substrate- 

ediated and other forms of biophysical stimulation have been 

hown to influence cellular function through the recruitment of 

nzymatic cascades in common with mechanotransduction that ul- 

imately impact cell fate decisions [11–13] . ECM-binding by cells 

s assisted by membrane-embedded integrin receptors that con- 

ey mechanical signals internally from the cell periphery through 
irectionalities of magnetic fields and topographic scaffolds syner- 
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Table 1 

Nomenclature of test groups. 

Topography 

PEMF amplitude 

(mT) 

PEMF 

direction 

Plot 

abbreviation 

Tissue culture 

plastic (TCP) 

0 N/A NP 

1 Z Z 

1 X X 

Randomly-oriented 

fibres (RND) 

0 N/A NP 

1 Z Z 

1 X X 

Aligned fibres 

(ALN) 

0 N/A NP 

1 Z Z 

1 X X 

1 Y Y 

N/A : not applicable, mT : milliTesla; NP : no PEMFs 
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he focal adhesion complexes (FAs) and associated cytoskeletal el- 

ments, triggering intracellular signalling cascades that are ulti- 

ately transmitted to the transcriptional machinery within the nu- 

leus of the cell [14] . Mechanotransduction within the cell is de- 

endent on FA and cytoskeleton actin dynamics regulated by ty- 

osine (FAK) [15–17] and serine-threonine kinases (MAPK) [18] as 

ell as the transcriptional level (YAP/TAZ) [ 19 , 20 ], concomitantly 

ave been implicated in chondrogenic progression [ 21 , 22 ]. 

We have previously demonstrated that brief exposure to PEMFs 

10 minutes), applied once during early chondrogenic induction, 

ere most efficacious at promoting MSC chondrogenesis in pellet 

ultures [23] , whereby the exposure parameters were established 

y targeting the developmental expression of certain Transient Re- 

eptor Potential (TRP) channels previously implicated in chondro- 

enic induction and hence, unique in strategy and structure from 

ther magnetic exposure paradigms [23–25] . Nonetheless, despite 

he fact that investigations examining the effects of PEMFs over 

SC chondrogenesis have traditionally focused on scaffold-free 

ellet cultures [ 23 , 26–28 ], this platform lacks translational practi- 

ality for cell delivery, particularly for critically-sized cartilage le- 

ions. Here, MSCs were seeded onto randomly-oriented or aligned 

lectrospun scaffolds, subjecting the laden cells to distinctive me- 

hanical environments. MSC response to directional mechanical 

tress is dependent on orientation of the cell traction force, such 

s that generated on aligned fibres that ultimately influence fi- 

rochondrogenic differentiation [ 29 , 30 ]. Here, we further examined 

he influence of directionally applied PEMFs on the chondrogenic 

ifferentiation of MSCs laden onto topographically-variant fibrous 

caffolds. The objective was to investigate the interactions between 

asal mechanotransduction, substrate-mediated cellular alignment 

nd PEMF directionality over chondrogenic induction and to eluci- 

ate the underlying mechanisms and intracellular signalling path- 

ays elicited by the coupling of mechano-conditioning and pulsed 

agnetic field direction. 

. Materials and Methods 

.1. Fabrication and characterisation of electrospun fibrous scaffolds 

Poly(lacto-co-caprolactone) (PLCL, PURASORB PLC 7015, Cor- 

ion, the Netherlands) was dissolved in 1,1,1,3,3,3-Hexafluoro-2- 

ropanol (HFIP, Sigma-Aldrich, Germany) to form a 10% PLCL/HFIP 

olution. Electrospun scaffolds were manufactured using a custom- 

ade rotating mandrel collector (Cintechco Technologies, Singa- 

ore). Briefly, PLCL/HFIP solution was supplied to the electrospin- 

ing system at a speed of 1 ml/h with a voltage supply of 15 kV.

andomly-oriented (RND) and parallel aligned fibres (ALN) were 

abricated with the rotating collector set at 300 and 30 0 0 rpm, 

espectively. Scanning electron micrographs were taken using a 

EOL FEG-SEM instrument (JSM-6701F, Massachusetts, USA). The fi- 

re orientation and porosity of the scaffolds were measured us- 

ng ImageJ software (National Institutes of Health, Maryland, USA). 

niaxial tensile strength of the scaffolds was conducted by In- 

tron Model 5543 Pull Tester (Massachusetts, USA). Aligned scaf- 

olds were tested for both in parallel (Y) and perpendicular (X) fi- 

re orientations in relation to tensile force direction. The scaffolds 

ere kept in a dehumidified box until cell culture studies. 

.2. Human bone marrow-derived MSC culture 

Human bone marrow mesenchymal stem cells (MSCs) were 

urchased from RoosterBio, Inc. (Maryland, USA) at passage 3. 

SCs were further expanded in RoosterBasal TM Protein Free 

edium supplemented with RoosterBio Media Booster in a humid- 

fied, 5% CO 2 atmosphere at 37 °C. MSCs at passage 5 were used for 

tudies. 
2 
.3. MSC chondrogenic differentiation 

Chondrogenic differentiation of MSCs was induced three days 

fter seeding the MSCs onto three different topographies, namely, 

olystyrene tissue culture plastic (TCP; Cellstar R © 24-well multi- 

ell plates, Greiner Bio-one), randomly-oriented (RND) and aligned 

ALN) PLCL electrospun scaffolds. As MSCs on TCP and fibrous scaf- 

olds have drastically different proliferation rate, cell seeding on 

CP versus fibrous scaffolds was adjusted accordingly to ensure 

hat MSCs reached similar cell-cell contact at the time of PEMF 

nd chondrogenic induction. Briefly, cells were seeded at a density 

f 4 x10 3 cells/ml onto TCP and 60 x10 3 cells/ml onto fibrous scaf- 

olds to obtain similar cell confluence at the day of chondrogenic 

nduction. Cells were allowed for attachment and proliferation in 

xpansion medium. Chondrogenic differentiation was induced in 

edium comprised of high glucose DMEM (Gibco, Thermo Fis- 

her Scientific, Massachusetts, USA) supplemented with 4 mM pro- 

ine, 50 μg/ml ascorbic acid, 1% ITS-Premix (Becton-Dickinson, San 

ose, USA), 1 mM sodium pyruvate, 10 -7 M dexamethasone (Sigma- 

ldrich, St Louis, USA) and 10 ng/ml transforming growth factor- β3 

TGF- β3; R&D Systems, Minneapolis, USA) without antibiotic sup- 

lementation, for 14 days or 21 days. To study the involvement 

f focal adhesion kinase (FAK) FAK inhibitor, PF-573228 (20 μM; 

Z0117, Sigma-Aldrich) was added to chondrogenic media 1 h be- 

ore PEMF treatment and removed 1 h after PEMF treatment. 

.4. PEMF exposure paradigm 

The PEMF delivery device used in this study has been previ- 

usly described [ 23 , 31 , 32 ]. MSCs on TCP, RND and ALN scaffolds

ere first subjected to single exposures ranging from 0 - 3 mT 

or 10 min administered in Z direction. Using the topography on 

hich MSCs were most responsive to PEMFs, i.e. the RND scaffolds, 

he effect of magnetic field duration and efficacy of multiple expo- 

ures on MSC chondrogenic differentiation was further determined. 

riefly, MSCs on the RND scaffolds were subjected to either 5, 10, 

0 or 30 min of PEMF exposures once, or single (Day 1), double 

Day 1 and 2) or triple exposures (Day 1, 2 and 4). For directional- 

ty experiments, MSCs on different topographies were subjected to 

EMFs, applied in different directions, as shown in Figure 1 . Briefly, 

SCs in chondrogenic differentiation medium were exposed for 

0 min to PEMFs at an amplitude of 1 mT, administered in ei- 

her the Z or X directions - perpendicular (field lines directed up- 

ard) or parallel to the X-Y (culture dish) plane, respectively. As 

he cell alignment on ALN scaffolds was in the Y direction, Y- 

irected PEMFs were applied parallel to the long axis of embedded 

SCs. The nomenclature of the studied groups is listed in Table 1 . 
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Fig. 1. Magnetic field direction in relation to cell alignment. 
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.5. Cell apoptosis 

Caspase-3/7 activity was measured using the Caspase-Glo® 3/7 

ssay kit (Promega, Madison, USA). Briefly, the add-mix-measure 

eagent was added to MSC-seeded topographies at room tempera- 

ure and then was shaken at 400 rpm for 30 s, followed by a 30-

in of incubation at room temperature. The apoptosis assay was 

arried out at Day 1 and Day 3 of differentiation following PEMF 

xposure. 

.6. Cell proliferation 

Cell viability was evaluated with alamarBlue® Cell Proliferation 

ssay (Bio-Rad) according to the manufacturer’s protocol. Briefly, 

0x alamarBlue® was diluted to 1:10 ratio in the cell culture 

edium, and the diluted dye was added to each test group and in- 

ubated in the dark, humidified 5% CO 2 atmosphere at 37 °C for 2 h.

luorescent readings were obtained by a spectrophotometer (Tecan 

-Control Infinite 200 plate reader, Switzerland) at wavelengths of 

70 nm and 600 nm at day 1, 3, 5 and 7. Duplicates of triplicate

or each test group were measured and averaged before subtract- 

ng blank. alamarBlue® reduction percentile was calculated by the 

anufacturer’s reduction conversion formula. 

.7. Real-time PCR analyses 

Total mRNA was extracted using the TRIzol® Reagent (Thermo 

ischer Scientific) and purified using RNeasy® Mini Kit (Qiagen, 

ermany). Reverse transcription was conducted using the iScript TM 

DNA synthesis kit (Bio-Rad, USA) with a 100-ng total RNA. Real- 

ime PCR was performed on StepOnePlus TM Fast Real-time PCR 

ystem (Applied Biosystems, USA) with Tera-Cybr 2x Master Mix 

SGenix, Singapore) with the primers set in Supplementary Table 

 at 95 °C for 10 s and 40 cycles of amplification, which consisted 

f denaturation step at 95 °C for 30 s, and extension step at 60 °C
or 30 s. The gene expression level normalised to glyceraldehyde- 

-phosphate dehydrogenase ( GAPDH ) was calculated using the 

 

−��Ct formula with reference to the undifferentiated MSCs. 
3 
.8. Immunofluorescence staining 

Cells were fixed in 10% neutral-buffered formalin solution 

Sigma-Aldrich), permeabilised with Triton X-100 (0.1%, Sigma- 

ldrich), f ollowed by blocking in Ultra V Block (Thermo Scien- 

ific). Samples were treated with antibodies for ECM proteins; 

OL II (Clone 6B3; Chemicon Inc.), COL I (Clone C245B, Sigma- 

ldrich) and Aggrecan (AlexaFluor® 647-conjugated anti-mouse 

ggrecan, Santa Cruz Biotechnology), or cytoskeletal proteins pFAK 

ab81298, Abcam, Cambridge, UK) and YAP (sc-101199, Santa 

ruz Biotechnology, CA, USA), followed by AlexaFluor® 594 or 

88 secondary antibodies (Invitrogen), respectively. F-actin was 

tained with TRITC-conjugated phalloidin (Invitrogen). Nuclei were 

ounter-stained with 4’,6-diamidino-2-phenylindole (SlowFade TM 

old Antifade Mountant with DAPI, Thermo Fischer Scientific). The 

amples were then visualised with an Olympus IX81 motorised in- 

erted microscope system (Olympus, Japan). Fluorescence intensity 

f the ECM proteins or the number and length of FAK, and YAP lo- 

alisation were semi-quantified by a self-developed algorithm in 

mageJ on 15 image fields per test group [33] . The nucleus and 

ell circularity were evaluated using images of the nucleus- and f- 

ctin-stained cells. Circularity was presented as numbers between 

 and 1, where 1 is the perfect circle. 

.9. Western blotting 

Cells were harvested 1 h following PEMF exposure and lysed 

y M-PER® Mammalian Protein Extraction Reagent (Thermo Sci- 

ntific) supplemented with Pierce TM Protease and Phosphatase 

nhibitor (Thermo Scientific). Protein concentration was deter- 

ined using Pierce TM bicinchoninic acid (BCA) Protein Assay Kit 

Thermo Scientific). Twenty μg of protein samples were mixed with 

aemmli protein sample buffer (Bio-Rad), denatured at 95 °C for 

0 min, and electroporated on a 12% Mini-PROTEAN® TGX 

TM pre- 

ast gels (Bio-Rad). The separated proteins were then transferred 

o a nitrocellulose membrane (0.45 μm, Bio-Rad) and incubated 

ith anti- β-actin antibody (ab8226, Abcam), mouse anti-FAK an- 

ibody (ab72140, Abcam), rabbit anti-FAK (phospho Y576 + Y577; 

b76244, Abcam), mouse anti-ERK1 + ERK2 antibody (ab54230, 

bcam), rabbit anti-ERK1 (phospho T202) + ERK2 (phospho T185) 



C. Celik, A. Franco-Obregón, E.H. Lee et al. Acta Biomaterialia xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: ACTBIO [m5G; November 6, 2020;14:36 ] 

a

A

A

B

(

o

t

c

C

2

M

B

9

m

b

b

A

c

s

m

l

R

a

t

a

w

m

t

s

m

n

t

w

2

S

o

w

t

f

S

s

3

3

s

(

(  

±
a

s

p

t

s  

A

w

b

A

d

t

s

3

fi

t

fi

e

c

h

p

o

m

e

p

d

h

f

i  

l

e

o

a

o

c

p

a

s

e

m  

s

r

s

w

p

t

n

3

g

w

s

R

f

n

w

r

f

s

X

t

a

s

X

f

2

h

P

P

ntibody (ab76244, Abcam), mouse anti-P38 antibody (ab31828, 

bcam), rabbit anti-P38 (phospho T180 + Y182) antibody (ab4822, 

bcam) and mouse anti-YAP (63.7) antibody (sc-101199, Santa Cruz 

iotechnology). Blots were incubated in horseradish peroxidase 

HRP)-conjugated anti-mouse (ab97023, Abcam) or anti-rabbit sec- 

ndary antibodies (ab6721, Abcam). The protein bands were de- 

ected with SuperSignal® West Dura Extended Duration Substrate 

hemiluminescence kit (Thermo Scientific) and visualised via the 

hemiDoc TM MP Imaging System (Bio-Rad). 

.10. Mitochondrial Stress Measurements 

Effects of PEMFs on mitochondrial stress was assessed by the 

itochondrial Stress Test Complete Assay Kit (ab232857, Abcam). 

riefly, 6 x10 3 cells/well were seeded onto scaffolds, placed in a 

6-well plate, followed by overnight incubation for cell attach- 

ent. Next, the chondrogenic medium was introduced two hours 

efore PEMF exposure. 1.5 μM of Oligomycin, 2.5 μM of Car- 

onyl cyanide-4-phenylhydrazone (FCCP) and 1.0 μM of Antimycin 

 were separately supplemented into the media, containing extra- 

ellular O 2 probe, immediately post-pulse. The samples were then 

ealed using prewarmed HS mineral oil. The fluorescence measure- 

ent was carried out for excitation and emission at the wave- 

engths of 340 nm and 655 nm, respectively, by FLUOstar Plate 

eader (BMG) using time-resolved fluorescence mode at 37 °C for 

bout 1.1 hours. Briefly, multichromatic integration times were set 

o 30/70 μs for excitation filter and 30/30μs for emission filter for 

bout 30 cycles with a cycle time of 60 sec. The fluorescence data 

ere then converted to lifetime values (μs) according to the kit 

anufacturer’s formula, and the slopes from the plots of drug- 

reated samples (Oligomycin, FCCP and Antimycin A) and untreated 

amples were calculated by linear regression ( R 2 > 0.99). Using for- 

ulae provided by the kit manufacturer, the basal respiration, the 

on-ATP-coupled O 2 consumption, the ATP-coupled O 2 consump- 

ion, the spare respiratory capacity and the maximal respiration 

ere calculated for the evaluation of mitochondrial stress. 

.11. Statistical Analysis 

All experiments were performed in biological replicates (n = 3). 

tatistical analyses were assessed by Student’s t-test for comparison 

f PEMF directions within a topography; whereas ordinary one- 

ay ANOVA was used for multiple comparisons across different 

opographies in GraphPad Prism 8 software. Statistical significance 

or all data was set at p < 0.05. All data are presented as mean ±
D of triplicates from at least two independent experiments unless 

pecified otherwise. 

. Results 

.1. Characterisation of electrospun scaffolds 

SEM images ( Fig. 2 A) showed the distinct nanofibrillar organi- 

ations present in the random (RND) and aligned (ALN) scaffolds 

 Fig. 2 B). RND and ALN nanofibers had comparable fibre diameters 

 Fig. 2 C; 0.6 μm ± 0.02, p = 0.3909) and porosities ( Fig. 2 D; 75.31%

1.51, p = 0.0684). Uniaxial tensile testing also showed that RND 

nd ALN scaffolds had similar Young’s moduli ( Fig. 2 E) and tensile 

trengths ( Fig. 2 F) when measured in the longitudinal (Y-direction) 

lane to fibre alignment (4.3 MPa ± 0.21, p = 0.9980). By con- 

rast, tensile force (X-direction) applied perpendicular to the ALN 

caffolds resulted in collapse of the scaffold ( p < 0.05) ( Fig. 2 E-F).

pparent differences in Young’s moduli and strength when forces 

ere applied longitudinally (Y) versus perpendicularly (X) to fi- 

re alignment reflected uniformity of fibre orientation within the 

LN scaffolds. MSCs adopted distinct morphologies between the 
4 
ifferent scaffolds ( Fig. 2 G) and achieved similar confluencies at 

he time of chondrogenic induction and PEMF exposure under our 

eeding protocol ( Fig. 2 H). 

.2. Optimisation of PEMF conditions for MSC chondrogenesis on 

brous scaffolds 

MSCs seeded onto TCP, RND or ALN scaffolds were subjected 

o Z-directed PEMFs, ranging from 1 - 3 mT for 10 min on the 

rst day of chondrogenic induction (see Fig. 2 H for cell conflu- 

ncy); a non-exposed group (NP) handled identically served as 

ontrols. MSCs on TCP underwent limited chondrogenesis and ex- 

ibited modest upregulations of COL II and ACAN in response to ex- 

osure at 2 mT PEMFs ( Fig. 3 A). By contrast, MSC chondrogenesis 

n the RND scaffolds was dramatically augmented by exposure to 1 

T PEMFs, associated with upregulations of SOX9, COL II and ACAN 

xpression by 1.61-, 38.4- and 4.55-fold, respectively, whereas ex- 

osure to 2 and 3 mT did not induce significant changes in chon- 

rogenic markers (p = 0.9578). A more modest and limited en- 

ancement of MSC chondrogenesis was observed on the ALN scaf- 

olds with only COL II expression showing an enhancement follow- 

ng exposures at 1 and 2 mT ( < 30-fold), albeit at a 19-fold lower

evel compared to that induced on the RND scaffolds upon 1 mT 

xposure for 10 min. 

We investigated the consequences of repetitive PEMF exposures 

ver MSC chondrogenesis on the RND scaffolds ( Fig. 3 B). PEMFs 

t 1 mT were administered once (day 1), twice (days 1 and 2) 

r thrice (day 1, 2 and 4) following chondrogenic induction to as- 

ertain potential dosing effects. A single PEMF exposure (1x) ap- 

lied at the initiation of chondrogenesis was the most effective 

t enhancing chondrogenesis. Multiple PEMF exposures either re- 

ulted in inhibition of chondrogenesis or rendered no additional 

nhancement. MSCs on the RND scaffolds were also exposed to 1 

T PEMFs in the Z direction for 5, 10, 20 or 30 min. Brief expo-

ures of only 10 minutes gave the greatest chondrogenic induction, 

eflected by increased expressions of SOX9, COL II, ACAN ( Fig. 3 C); 

horter or longer exposures gave weaker responses. From here on- 

ards, administered PEMF exposures were at 1 mT amplitude, ap- 

lied once for 10 min, on the first day of chondrogenic induc- 

ion and compared to non-exposed counterparts, unless otherwise 

oted. 

.3. Effect of directional PEMF on MSC chondrogenesis 

After defining a reference PEMF efficacy window, the chondro- 

enic consequences of directional PEMFs and surface topography 

ere examined ( Fig. 1 ). Z-directed PEMFs resulted in elevated tran- 

cript levels of SOX9, COL II and ACAN when applied to MSCs on the 

ND scaffolds, but not when applied to MSCs on TCP or ALN scaf- 

olds ( Fig. 4 A). By contrast, X-directed PEMFs either reduced or had 

o effect over the expressions of these same chondrogenic markers 

hen applied to MSCs on the RND scaffolds/TCP and ALN scaffolds, 

espectively. Notably, Y-directed PEMFs applied to the ALN scaf- 

olds, parallel to the longitudinal orientation of the cells, demon- 

trated strong inhibition. Accordingly, the ratios of COL I and COL 

 to COL II , indicators for the fibroblastic and hypertrophic pheno- 

ypes, respectively, were uniformly decreased and increased by Z- 

nd X-directed PEMFs, respectively, when applied to MSCs of RND 

caffolds. Unexpectedly, the ratio of COL X / COL II was increased by 

-directed, but not Y-directed, PEMFs for MSCs on the ALN scaf- 

olds. 

Immunofluorescence staining for COL II, ACAN and COL I at 

1-days following PEMF exposure demonstrated significantly en- 

anced depositions of COL II and ACAN in response to Z-directed 

EMFs delivered to MSCs on the RND scaffolds, compared to when 

EMF delivery was in the X direction or in non-exposed cells 



C. Celik, A. Franco-Obregón, E.H. Lee et al. Acta Biomaterialia xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: ACTBIO [m5G; November 6, 2020;14:36 ] 

Fig. 2. Structural and mechanical characterisation of electrospun scaffolds. (A) SEM micrographs. Segments presented as red indicates pores within the fibres. Scale bar 

applies to images of all three topographies. (B) Fibre orientation analysis, (C) fibre diameter, (D) porosity, (E) elasticity ( Young’s ) moduli and (F) tensile strengths of the RND 

and ALN scaffolds. Dat a shown represent means ± SD, n = 5. ∗ denotes significance of p < 0.05 compared to the perpendicular force applied on ALN (P). Red arrows indicate 

the direction of the force on ALN scaffolds. (G) MSC cell morphology on TCP, RND and ALN scaffolds. Scale bar represents 10 μm and applies to all images (H) Cell confluency 

on TCP, RND and ALN scaffolds at the day of chondrogenic induction. Scale bar represents 20 μm and applies to all images (red ≡ f-actin; blue ≡ nucleus). 
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 Fig. 4 B), reiterating that Z-directed PEMFs exert a clear chondro- 

enic effect over MSCs on RND scaffolds. Interestingly, COL I de- 

osition was strongly reduced by X-directed PEMFs delivered to 

SCs on the RND scaffolds. On the other hand, PEMFs of any di- 

ectionality were largely ineffective over the weak ECM deposition 

rom MSCs on ALN scaffolds. These results indicate that Z- and X- 

irected PEMFs (1 mT) bias chondrogenesis towards hyaline-like or 

ypertrophic phenotypes, respectively, in MSCs on RND scaffolds. 

.4. Effects of directional PEMFs on MSC proliferation and viability 

The effects of directional PEMF exposure over MSC apoptosis 

n TCP, RND and ALN scaffolds were analysed. Caspase-3/7 ac- 

ivity increased over three days for MSCs on TCP under all con- 

itions and was further augmented by X-directed PEMFs relative 

o non-exposed counterparts (NP controls) ( Fig. 3 D), indicating in- 

reased apoptosis. By contrast, MSCs on the RND scaffolds exhib- 

ted overall lower levels of basal apoptosis that were unaffected 

y PEMF exposure of any orientation. Apoptosis was initially low- 

st for MSCs on the ALN scaffolds and was further inhibited by 

EMFs in the plane of the dish (Y- and X-directed PEMFs) at day 3 

ut augmented by Z-directed PEMFs at day 1. Apoptotic and pro- 

iferative responses largely paralleled each other ( Fig. 3 E). MSCs on 

ither scaffold exhibited overall lower proliferation rates relative 

o TCP and Z-directed PEMFs had little consequence on prolifera- 

ion regardless of scaffold nature. By contrast, PEMFs applied in the 

lane of the dish either in the X- or Y-directions further depressed 
5 
SC proliferation on both the RND and ALN scaffolds. Changes 

n apoptosis following PEMF exposure were hence correlated with 

itochondrial-induced proliferation [34] subject to modulation by 

nalogous magnetic fields [31] . 

.5. Dynamic effects of directional PEMFs on cell morphology 

Changes in MSC morphology, indicative of mechanical force dis- 

ribution, were monitored on TCP, RND and ALN scaffolds immedi- 

tely before PEMF (bP), immediately post-PEMF (iPP), 1-hour post- 

EMF (1hPP) and 1-day post-PEMF (1dPP) exposure ( Fig. 5 A). MSC 

orphology on the RND scaffolds was more spherical than on TCP 

r the ALN scaffolds ( Fig. 5 C). Notably, cell body circularity further 

ncreased iPP and 1hPP for MSCs on the RND scaffolds following 

-directed PEMF exposure, reverting to normal by 1dPP, whereas 

-directed PEMFs exerted no change. On the other hand, for MSCs 

n TCP and the ALN scaffolds, cellular circularities were largely un- 

ffected by PEMF treatment regardless of directionality. 

.6. Effects of directional PEMF on focal adhesion kinase 

The response of MSCs to PEMF orientation and substrate was 

xamined at the level of focal adhesion assembly ( Fig. 5 B, D-E, F-G)

nd cytoskeletal organisation ( Fig. 5 B). MSCs on TCP were charac- 

erised by polygonal morphologies with randomly oriented lamel- 

ar cytoplasmic protrusions, peripheral and perinuclear pFAK dis- 

ributions ( Fig. 5 B) and prominent stress fibre networks ( Fig. 5 A).
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Fig. 3. Optimisation of PEMFs on the different surface topographies. (A ) Relative expression of chondrogenic markers on TCP, RND and ALN in response to PEMF exposure. 

MSCs on the different topographies were subjected to a 10 min pulse, ranging from 1 – 3 mT, on the day of chondrogenic induction. (B) MSCs on RND were subjected 

to a single pulse of 1 mT at Day 1 (x) or multiple pulses on either Day 1 and 2 (2x) or Day 1, 2 and 4 (3x). (C) MSCs on RND were subjected to a single pulse of 1 mT 

with differing durations of 5, 10, 20 and 30 min, on the first day of chondrogenic induction. Cartilaginous markers’ expressions at Day 14 were normalised to GAPDH and 

presented as fold change relative to levels in undifferentiated MSCs. (D) Caspase 3/7 activity measured by luminescence at Day 1 and Day 3 following PEMF exposure. Darker 

colours represent luminescence levels at Day 1 whereas lighter shades of respective colour represent luminescence levels at Day 3. (E) alamarBlue R © reduction measured 

at Day 1, 3, 5 and 7 following PEMF exposure, when PEMFs administered only once at different directions on the day of chondrogenic induction. Z, X and Y coordinates 

represent PEMF exposure direction; NP denotes no PEMFs. ∗ denotes significant change compared to non-exposed of respective topography at the same time point, whereas 

# denotes a significant decrease compared to non-exposed TCP control of respective time point ( p < 0.05). Data shown represent means ± SD, n = 6 from 2 independent 

experiments. 
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Fig. 4. Effect of directional PEMF on MSC chondrogenesis on different topographies. (A) Real-time PCR analysis of cartilaginous, fibroblastic and hypertrophic markers’ 

expression after 14 days of differentiation, normalised to GAPDH and presented as fold change relative to levels in undifferentiated MSCs. Expressions of COL I and COL X 

were presented as a ratio to COL II expression. Data shown represent means ± SD, n = 6 from 2 independent experiments. (B) Immunofluorescent staining for COL II, ACAN 

and COL I deposition on TCP, RND and ALN in response to PEMFs at Day 21 of differentiation. Scale bar represents 20 μm and applies to all images. (C) Bar graphs represent 

semi-quantification of IFS. Data shown represent means ± SD, n = 15. ∗ denotes significance level compared to the non-exposed TCP control. # denotes significance level 

compared to the non-exposed group of respective topography ( p < 0.05). Z, X and Y coordinates represent PEMF exposure direction; NP denotes no PEMFs. 

M

w

w

o

a

a

f

f

i

M

SCs on the RND scaffolds retained polygonal morphology but 

ere smaller in size and lacked prominent stress fibre networks, 

hereas MSCs on the ALN scaffolds were elongated, assuming the 

rientation of the scaffold fibre alignment, and exhibited parallelly 

ligned stress fibre networks ( Fig. 5 A). pFAK staining was discrete 
7 
nd uniformly-distributed in MSCs on both the RND and ALN scaf- 

olds ( Fig. 5 B), although of overall greater density on the RND scaf- 

olds ( Fig. 5 D). Developmentally, the number of pFAK complexes 

ncreased upon the administration of chondrogenic medium in 

SCs on TCP and was further accelerated by Z-directed, but not by 
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Fig. 5. Transient effects of directional PEMFs on pFAK in MSCs laden on TCP, RND and ALN. (A) Cell morphology under different conditions (green ≡ phalloidin). (B) pFAK 

probing by IFS (red ≡ pFAK; yellow dashes ≡ cell boundary). Scale bar represents 10 μm and applies to all images. Semi quantification of (C) cell circularity, (D) number 

of pFAK and (E) length of pFAK at bP, iPP, 1hPP and 1dPP. Data shown represent means ± SD, n = 15. (F) Western blot analysis for the effect of directional PEMFs on 

the activation of FAK, ERK and P38 expression in MSCs on different topographies at 1hPP. (G) Semi-quantification of phosphorylated FAK, ERK and P38 levels. Data shown 

represent means ± SD, n = 3 from 3 independent experiments. ∗ denotes significance compared to the non-exposed group of the respective topography ( p < 0.05). Z, X and 

Y coordinates represent PEMF exposure direction; NP denotes no PEMFs. 
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-directed PEMFs. Notably, MSCs on RND scaffolds demonstrated 

n immediate reduction in the number of pFAK in response to Z- 

irected PEMF delivery that persisted 1-hour post-PEMF, whereas 

-directed PEMFs did not induce a remarkable change. MSCs on 

he ALN scaffolds, on the other hand, demonstrated a generalised 

ransient increase in the number of pFAK-positive complexes with 

EMF exposure that was most pronounced for Y-directed fields. 

herefore, a generalisable inverse relationship was observed be- 

ween pFAK assembly and chondrogenic induction. pFAK size and 

imensions was also subject to modulation by field orientation. 

he pFAK staining observed in MSCs on TCP and the ALN scaf- 

olds were most elongated, whereas those in MSCs on the RND 

caffolds were more punctate, suggesting that MSCs on both the 

CP and the ALN scaffolds were experiencing greater substrate- 

ediated tensions ( Fig. 5 E). pFAK elongation was generally accen- 

uated by PEMF exposure to MSCs on TCP, whereas PEMF expo- 

ure to MSCs on the RND scaffolds did not influence pFAK length. 

y contrast, PEMF exposure consistently decreased pFAK length 

n MSCs on ALN scaffolds yet increased in overall number. pFAK- 

ediated mechanotransduction via the ERK and P38 signalling 

athways [35–37] was investigated ( Fig. 5 F-G). FAK phosphoryla- 

ion was reduced by Z-directed PEMFs for MSCs on TCP, whereas 

hey exerted no effect on MSCs on either the RND or ALN scaf- 

olds. By contrast, X-directed PEMFs increased FAK phosphorylation 
8 
or MSCs on both the RND and ALN scaffolds, whereas they had 

o effect on MSCs on TCP. ERK phosphorylation was reduced by 

-directed PEMFs on the RND and ALN scaffolds. Not ably, PEMFs 

f either Z or X orientation induced a significant increase in ERK 

hosphorylation on TCP to comparable levels as that detected at 

aseline (non-exposed) on the RND and ALN scaffolds. Overall, ERK 

hosphorylation was activated by: (1) all PEMFs on TCP; (2) Z- 

irected PEMFs on the RND scaffolds and; (3) not activated by Z- 

irected PEMFs on ALN scaffolds. By contrast, ERK phosphorylation 

as inhibited by: (1) X-directed PEMFs on RND scaffolds and; (2) 

- and Y-directed PEMFs on ALN scaffolds. pP38/P38 level was not 

ffected in all treatment groups. 

.7. Dynamic effects of directional PEMFs on YAP expression 

YAP, a mechanosensitive transcriptional co-activator [ 38 , 39 ], ex- 

ibited predominantly cytoplasmic localisation in MSCs on the 

ND scaffolds, whereas greater nuclear localisation was detected in 

SCs on TCP and the ALN scaffolds ( Fig. 6 A), agreeing with previ-

us data indicating that rounded MSCs on the RND scaffolds expe- 

ienced reduced levels of mechanical stress [40] . Z-directed PEMFs 

nduced further cytoplasmic redistribution of YAP in MSCs on the 

ND scaffolds, reflected as a reduction in YAP nuclear/cytoplasm 

atio, whereas X-directed PEMFs had no significant effect on YAP 
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Fig. 6. Effects of directional PEMFs on YAP localisation and expression in MSCs laden on TCP, RND and ALN. (A) YAP probing by IFS (green ≡ YAP; yellow dashes ≡ cell 

boundary; white dashes ≡ nuclei boundary). Scale bar represents 10 μm and applies to all images. (B) Semi-quantification of YAP localisation presented as nucleus/cytoplasm 

ratio. Data shown represent means ± SD, n = 15. (C) Western blot analysis of total YAP in MSCs harvested 1-hour post-pulse, where the bar graph represents the quantifica- 

tion of the total YAP protein at 1hPP. Data shown represent means ± SD, n = 3 from 3 independent experiments. ∗ denotes significance compared to the non-exposed group 

of the respective topography ( p < 0.05). Z, X and Y coordinates represent PEMF exposure direction; NP denotes no PEMFs. 
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ocalisation ( Fig. 6 B). Analogously, cytoplasmic redistribution of 

AP was observed in MSCs on ALN scaffolds in response to both 

-directed and X-directed, whereas Y-directed PEMFs had no ef- 

ect. PEMF exposure did not alter YAP localization in MSCs on TCP. 

otal YAP protein levels were reduced by Z- and X-directed PEMFs 

n MSCs on TCP but were unaffected in MSCs on RND and ALN 

caffolds. Uniquely, Y-directed PEMFs augmented total YAP levels 

n MSCs on ALN scaffolds ( Fig. 6 C). Therefore, a cytoplasmic YAP 

ocalisation correlated with chondrogenic induction by Z-directed 

EMFs on RND scaffolds and signs of reduced mechanotransduc- 

ion signalling. 

.8. Role of pFAK in transducing PEMF effect on MSC chondrogenesis 

Inhibition of FAK phosphorylation confirmed the role of pFAK 

n transducing the effects of directional PEMFs on MSC chondro- 

enesis within the RND scaffolds. The pFAK inhibitor, PF573228 

pFAKi), suppressed FAK phosphorylation in response to both Z- 

nd X-directed PEMFs to below the basal levels ( Fig. 7 A) as well

s suppressed the enhancement in ERK phosphorylation induced 

y Z-directed PEMFs ( Fig. 7 B). Notably, there were no significant 

hanges in the basal (0 mT) pFAK/FAK or pERK/ERK ratios fol- 

owing pFAK inhibition. Inhibition of FAK phosphorylation in itself 

as permissive for chondrogenesis under all conditions with ref- 

rence to ACAN and COL II expression, and was further accentu- 

ted by PEMF exposure, particularly when exposed to X-directed 

EMFs ( Fig. 7 C). The transcriptional enhancement of ECM pro- 

eins detected upon pFAK inhibition was corroborated at the pro- 

ein, showing a reversal of the suppression of COL II deposition 

y X-directed PEMF exposure to levels similar to those induced 

y Z-directed PEMFs ( Fig. 7 D-E). pFAK inhibition is thus capable 

f reversing the chondrogenic suppression induced by X-directed 

EMFs. 

.9. Effects of directional PEMFs on mitochondrial stress and the role 

f pFAK 

Prior reports have shown that analogous PEMFs exert de- 

elopmental consequences by modulating mitochondrial function 

 24 , 31 ]. We therefore examined the interplay between field direc- 

ionality and mitochondrial respiration in MSCs on the RND scaf- 

olds. Mitochondrial oxygen consumption rate (OCR) was gener- 

lly enhanced by PEMF exposure. Notably, X-directed PEMF ex- 

osure induced much greater increases in spare respiratory ca- 

acity and maximal respiration than Z-directed PEMF exposure 

 Fig. 8 ), whereas, the application of FAK inhibitor, applied only dur- 

ng PEMF exposure, suppressed both spare respiratory capacity and 

aximal respiration to similar levels. Basal respiration and ATP- 

oupled oxygen consumption rates were induced and inhibited by 

- and X-directed PEMFs, respectively, yet were strongly inhibited 

y FAK inhibition across the board. Finally, non-ATP-coupled OCR 

as uniquely increased by the Z-directed PEMFs but was strongly 

uppressed pFAK inhibition in all conditions. 

. Discussion 

Existing studies examining the capacity of PEMF-based strate- 

ies to promote MSC chondrogenesis have generated conflicting re- 

ults. Notable discrepancies surround the duration and frequency 

f exposure, where cumulative exposure is commonly in the order 

f hours over the course of a few weeks [ 26 , 41 , 42 ]. We have previ-

usly demonstrated that overexposure to PEMFs was developmen- 

ally counterproductive [ 23 , 24 , 31 ], and brief exposure to PEMFs (10

inutes), applied once, were most efficacious at promoting MSC 

hondrogenesis in pellet cultures [23] . Imperative to the described 

nique efficacy was the timing of PEMF exposure to coincide with 
10 
he developmental expression of TRPC1 channels [ 23 , 24 , 31 ], which

imited our window for PEMF exposure to the period of early 

hondrogenic induction and is specific to our unique exposure 

aradigm [23] . We have also previously found that sensitivity to 

ur PEMFs was modulated by the extracellular mechanical environ- 

ent [43] . The combination of these parameters define our expo- 

ure paradigm and distinguishe it from other published protocols. 

n this report, we extended our investigation of potential start- 

ng conditions with which to increase responsiveness to PEMFs by 

xamining the interplay between magnetic field orientation, cell 

lignment and basal mechanotransduction. 

The distinct substrates compared in this study established di- 

erse micromechanical cellular environments. MSCs on TCP and 

he ALN scaffolds displayed morphologies and cytoskeletal arrange- 

ents characteristic of cells experiencing axial mechanical tension, 

olygonal or fibroblastic, respectively ( Fig. 2 B, G), and were associ- 

ted with nuclear YAP localisation ( Fig. 6 A). Notably, MSCs on ALN 

caffolds were bipolarly aligned along the long axis of the scaffolds, 

hereas MSCs on TCP were multipolar ( Fig. 2 G). By contrast, MSCs 

n the RND scaffolds were spherically-symmetrical and exhibited 

redominantly cytoplasmic YAP localisation. 

MSCs with rounded morphologies are associated with greater 

hondrogenic potential [ 44 , 45 ], coinciding with evidence that low 

evels of cytoskeleton tension are more permissive for chondroge- 

esis [ 46 , 47 ] and arise from the sum of all cytoskeleton-substrate 

nteractions [48] . Focal adhesion complexes were smaller, more 

umerous and evenly distributed in MSCs on the RND scaffolds 

 Fig. 5 B), reflecting a greater number of substrate attachments 

f relatively lesser force. Despite FAK activation being required 

or MSC fate determination [ 49 , 50 ], MSC condensation leading to 

hondrogenesis [51] is favoured by transient FAK activation [52] . 

n the other hand, sustained cytoskeletal traction forces favour- 

ng nuclear YAP translocation [21] are associated with inhibition 

f MSC chondrogenesis [22] . It thus appears that the heightened 

hondrogenic potential conferred by the RND scaffolds is a conse- 

uence of their propensity to create low mechanical force environ- 

ents. 

Both RND and ALN fibrous scaffolds have previously been 

emonstrated to be conducive for MSC chondrogenesis [ 53 , 54 ], 

ith ALN fibres biasing differentiation towards a fibrocartilage 

henotype [ 29 , 30 ], seemingly contradicting with the current study 

emonstrating heightened COL I formation on the RND scaffolds 

 Fig. 4 C). The discrepancy might be due to the greater compliance 

f the elastomeric sub-nano-sized PLCL fibres used in the present 

tudy. Nonetheless, the RND and ALN scaffolds offered an opportu- 

ity to investigate the interactions of distinct mechanical environ- 

ents with magenetic field directionality. Chondrogenic enhance- 

ent was greatest for MSCs impregnated onto the RND scaffolds 

xposed to Z-directed PEMFs ( Fig. 4 ) and was associated with sup- 

ressions in the COL I/COL II and COL X/COL II ratios, indicating the 

romotion of hyaline cartilage. By contrast, PEMFs did not promote 

hondrogenic differentiation of MSCs on either TCP or the ALN 

caffolds, irrespective of field directionality. It thus appears that 

he lower levels of resting tension afforded by the RND scaffolds 

 Fig. 5 B) provided the best mechanical environment with which Z- 

irected PEMFs to promote MSC-chondrogenesis chondrogenesis. 

PEMFs administered parallel to the plane of the tissue culture 

ish, in either the X or Y directions, attenuated cell proliferation 

n either nanofibrous scaffold ( Fig. 3 E). Viability of MSCs was not 

ffected by magnetic field direction on the RND scaffolds ( Fig. 3 D), 

hereas the incidence of MSC apoptosis was increased and de- 

reased by “parallel ” PEMFs on TCP and the ALN scaffolds, respec- 

ively ( Fig. 3 D); Z-directed (“orthogonal ”) PEMF exposure of MSCs 

n the ALN scaffolds exhibited similar levels of viability as their 

espective RND counterparts. Taken together, the absence of PEMF- 

nduced MSC chondrogenesis in response to “parallel ” PEMFs on 



C. Celik, A. Franco-Obregón, E.H. Lee et al. Acta Biomaterialia xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: ACTBIO [m5G; November 6, 2020;14:36 ] 

Fig. 7. Role of pFAK signalling in transducing PEMF effect to MSC chondrogenesis on RND fibrous scaffolds. (A) Western blot analysis of FAK and ERK protein phosphorylation 

measured 1-hour following PEMF exposure in the presence (red bars) or absence (blue bars) of FAK inhibitor. (B) Semi-quantification of pFAK and pERK protein levels. Data 

shown represent means ± SD, n = 3 from 3 independent experiments. (C) Expression of COL II and ACAN by PEMF-treated MSCs in the presence (red bars) or absence of 

FAK inhibitor (blue bars). Data shown represent means ± SD, n = 6 from 2 independent experiments. (D) Immunofluorescent staining for COL II deposition in response 

to PEMFs at Day 21 of differentiation. Scale bar represents 20 μm and applies to all groups. (E) Semi-quantification of COL II by IFS. Data shown represent means ± SD, 

n = 15. ∗ denotes significance levels compared to the non-inhibited group in each treatment. # denotes significance compared to the non-exposed, non-inhibited control 

group, whereas + denotes significance levels comparing X to Z ( p < 0.05). Z, X and Y coordinates represent PEMF exposure direction; NP denotes no PEMFs. 
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he RND and ALN scaffolds cannot be attributed to compromised 

ell viability. 

Agreeing with our previous report examining PEMF-induced 

SC chondrogenesis in pellet cultures [23] , a single 10-min ex- 

osure administered at the start of differentiation induction was 

ore chondrogenically effective than longer or repeated exposures 

 Fig. 3 B-C). Here we add a further level of specificity by showing

hat MSCs on the RND scaffolds were more sensitive to magnetic 

xposure, responding best at 1 mT, rather than 2 mT for MSC pel- 

et cultures [23] , in response to PEMFs of the same orientation (Z- 

irected). Accordingly, we previously demonstrated that the cultur- 

ng microenvironment modulates the PEMF sensitivity of MSCs un- 

ergoing chondrogenesis [43] . These different mechanical microen- 

ironments likely elicited distinct mechanotransduction responses, 

ltimately influencing MSC responses to magnetic field stimulation 

y impinging upon a common second messenger signalling cas- 
11 
ades yet, via magnetic and mechanical transduction events. The 

utcome of the combined responses of substrate-based mechanical 

nput with field orientation would hence be cumulative and syner- 

istic. 

MSC chondrogenesis is best promoted by transient activation 

f FAK [52] , whereas its sustained activation impedes chondro- 

enesis [ 11 , 50 ]. Z-directed PEMFs applied to the RND scaffolds, 

educed pFAK ( Fig. 5 C), enhanced cytoplasmic redistribution of 

AP ( Fig. 6 B), increased ERK phosphorylation ( Fig. 5 F-G) and, ac-

ordingly, enhanced chondrogenesis. By direct contrast, X-directed 

EMFs applied to the RND scaffolds increased FAK activation, de- 

reased ERK phosphorylation ( Fig. 6 G), produced no detectable 

hange in YAP localisation ( Fig. 6 B) and inhibited MSC chondroge- 

esis. Since neither the macroscopic mechanical environment nor 

mplitude of the magnetic fields differ in the distinct orientations, 

ifferences in cell sheet spreading in the horizontal (plane of the 
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Fig. 8. Role of inhibition of FAK (red bars) on cellular respiration on the RND scaffolds. Dat a shown represent means ± SD, n = 6 from 2 independent experiments. ∗ denotes 

significance levels compared to the non-inhibited group (blue bars) in each treatment. # denotes significance compared to the non-exposed, non-inhibited control group, 

whereas + denotes significance levels comparing X to Z (p < 0.05). Z, X and Y coordinates represent PEMF exposure direction; NP denotes no PEMFs. 
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ish) and vertical planes are the most likely variable to account for 

he detected difference ( Fig. 1 B). These results reveal an interplay 

etween magnetic field directionality and the mechanical precon- 

itioning conferred by fibrous scaffolds, mediated via cytoskeleton 

ynamics involving the FAK/ERK/YAP signalling axis. 

.1. Mitochondrial interplay between mechanotransduction and 

agnetoreception 

We have previously demonstrated that PEMFs induce cal- 

ium entry through transient receptor potential (TRPC1) chan- 

els [24] , promoting both in vitro chondrogenesis [23] and myo- 

enesis [31] by activating a calcium-dependent mitochondrial- 

ranscriptional axis. On one level, TRPC1 function has previously 

een linked to both cellular mechanotransduction [55] and mag- 

etoreception [ 23 , 31 ], which, in turn, would influence cytoskele- 

al remodelling and associated mechanotransduction [56] . On an- 

ther level, mitochondrial activation and the production of reactive 

xygen species (ROS) has been reported for both TRPC1-mediated 

agnetoreception [ 24 , 31 ] and mechanotransduction [ 57 , 58 ]. It is

hus consistend with available evidence that mechanotransduction 

nd magnetoreception interact via a mutual impingement upon 

itochondrial respiration. Here, we show that PEMF directionality 

ifferentially modulates mitochondrial respiration in MSCs under- 

oing chondrogenesis. Z-directed PEMFs applied to MSCs on the 

ND scaffolds moderately stimulated basal respiration that corre- 

ated with enhanced chondrogenic outcome, whereas X-directed 

EMFs produced more exaggerated increases respiratory capaci- 

ies ( Fig. 8 ) that instead coincided with compromised chondro- 
12 
enic induction ( Fig. 4 A). Subtle differences in ROS levels have 

een shown to have disparate effects on MSC-derived chondogen- 

sis [57–59] . For instance, whereas NADPH oxidases-generated ROS 

re indispensable for survival and deposition of sGAG in the early- 

tage of chondrogenesis [ 60 , 61 ], excessive ROS have been shown to 

romote hypertrophic switching during chondrocyte differentiation 

 62 , 63 ]. Hence, the exaggerated level of oxygen consumption, the 

rime source of mitochondrial ROS, produced by X-directed PEMF 

xposure likely stymied chondrogenic progression and accounted 

or the hypertrophy development ( Fig. 8 ). Excessive ROS produc- 

ion also has been shown to inhibit phosphatases implicated in 

he MAPK cascades [64] , thereby accounting for the reduction in 

RK activation we observed by X-directed PEMFs ( Fig. 5 F-G). No- 

ably, FAK inhibition effectively normalised mitochondrial respira- 

ory differences between all conditions to below basal levels, indi- 

ating that FAK is activated under all conditions, including the un- 

xposed, contributed to calpain-dependend proteolytic modulation 

f FAK downstream of TRPC1-mediated calcium entry [65] , possi- 

ly modulated by both ambient and supplemental magnetic fields 

31] . 

TRPC1 is activated by ROS [66] and conversely, TRPC1-mediated 

alcium entry stimulates mitochondrial ROS, revealing a system 

f mutual reinforcement [31] . Cellular mechanotransduction may 

ence set the redox background whereupon magnetic fields subse- 

uently act to regulate MSC differentiation via a process described 

s magnetic mitohormesis [31] . FAK staining indicates that resting 

ytoskeletal tensions of MSCs are least on the RND scaffolds and 

ighest on TCP ( Fig. 5 B, D-E). Accepting that PEMF exposure and 

esting mechanotransduction act cumulatively in a mitohormetic 
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ashion, increases and decreases (excessive mitochondrial activa- 

ion) in FAK phosphorylation in response to magnetic exposure 

f fixed amplitude substantiates pre-existing low and high lev- 

ls of resting mechanical tension, respectively, correspondent to 

-directed PEMFs applied to MSCs on the RND scaffolds and Z- 

irected PEMFs applied to MSCs on TCP ( Fig. 5 D-E). It must be

tipulated, however, that these results are cumulative, represent- 

ng the combined mitochondrial responses of cytoskeletal-based 

echanotransduction in conjunction with those induced by mag- 

etic fields, both impinging on TRPC1. Therefore, within a wider 

itohormetic context sensitivity to PEMF directionality and ampli- 

ude is likely to differ depending on the nature of the microme- 

hanical environment and should be accounted for when designing 

agnetic exposure paradigms for tissue engineering means. 

.2. Influence of magnetic field directionality 

Previous studies have demonstrated an anisotropic relationship 

etween magnetic field direction and induced mitochondrial respi- 

ation [67] . Having shown that similar PEMFs to those employed in 

resent study induce mitochondrial respiration in other progenitor 

ell classes [ 24 , 31 ], we examined the contribution of field align-

ent over mitochondrial responses in MSCs undergoing chondro- 

enic induction. At the quantum biological level, it has been shown 

hat Z- and X-directed electromagnetic fields disparately modulate 

itochondrial respiration [67] . We also demonstrate an interaction 

etween magnetic field directionality and cell orientation, an ef- 

ect that was best revealed by employing the ALN scaffolds. Any 

uch effect would have been averaged out in MSCs impregnated 

nto the RND scaffolds or TCP. At the level of cellular alignment, it 

as previously calculated that magnetic fields perpendicular to the 

ong axis of cylindrically modelled cells would have a greater effect 

n induced ion motion, such as that for calcium, at the cell surface 

han fields parallel to the long axis of said cells that would trans- 

ate into differences in cell response [68] . Our reported responses 

ith reference to magnetic field directionality hence reflect a com- 

ination of these two biophysical properties of magnetic fields over 

ellular mitochondrial responses. Here, we presented two cell sce- 

arios where field directionality was either orthogonal or parallel 

o general cell alignment and associated with relative maxima and 

inima: 1 ) cells plated in 2D in the X-Y plane in response to Z-

irected fields and; 2 ) Y-aligned cells exposed to Y-directed fields, 

espectively, in accordance with this proposed mechanism. 

. Conclusion 

Chondrogenic responses to PEMF exposure were modulated by 

oth micromechanical environment as well as the degree of cross- 

lignment of cells with the fields. Our results indicate that the 

fficacy of PEMF-induced MSC chondrogenesis is regulated in a 

ultifaceted manner involving focal adhesion dynamics, cytoskele- 

on remodelling, as well as mitochondrial responses that will ulti- 

ately need to be taken into consideration when developing future 

issue engineering platforms aimed at magnetically-assisted MSC- 

erived chondrogenesis. 
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