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Abstract. During joint movement and mechanical loading, 
electric potentials occur within cartilage tissue guiding cell 
development and regeneration. Exposure of cartilage exogenous 
electric stimulation (ES) may imitate these endogenous electric 
fields and promote healing processes. Therefore, the present 
study investigated the influence of electric fields on human 
chondrocytes, mesenchymal stem cells and the co‑culture of 
the two. Human chondrocytes isolated from articular cartilage 
obtained post‑mortally and human mesenchymal stem cells 
derived from bone marrow (BM‑MSCs) were seeded onto a 
collagen‑based scaffold separately or as co‑culture. Following 
incubation with the growth factors over 3  days, ES was 
performed using titanium electrodes applying an alternating 
electric field (700 mV, 1 kHz). Cells were exposed to an electric 
field over 7 days under either hypoxic or normoxic culture 
conditions. Following this, metabolic activity was investigated 
and synthesis rates of extracellular matrix proteins were 
analyzed. ES did not influence metabolic activity of chondro-
cytes or BM‑MSCs. Gene expression analyses demonstrated 
that ES increased the expression of collagen type II mRNA 
and aggrecan mRNA in human chondrocytes under hypoxic 
culture conditions. Likewise, collagen type II synthesis was 
significantly increased following exposure to electric fields 
under hypoxia. BM‑MSCs and the co‑culture of chondrocytes 
and BM‑MSCs revealed a similar though weaker response 
regarding the expression of cartilage matrix proteins. The elec-
trode setup may be a valuable tool to investigate the influence 
of ES on human chondrocytes and BM‑MSCs contributing to 
fundamental knowledge including future applications of ES in 
cartilage repair.

Introduction

Cartilage defects are caused by various mechanisms, such as 
traumatic joint damage, osteochondrosis dissecans, as well as 
primary and secondary degeneration. The damage of the 
cartilage surface influences the cartilage mechanics resulting 
in enhanced wear rates, leading to osteoarthritis (OA). 
Catabolic events during the process of OA reduce the extracel-
lular osmolarity, which results in decreased viscoelasticity of 
the tissue and inferior biomechanical function (1). Because 
of the missing intrinsic regeneration capacity, the degenera-
tion of the cartilage proceeds and causes severe pain for the 
patient (2). No successful therapy is currently available which 
can stop or reverse the progression of OA. Current therapy 
approaches, including medication, analgesics and total joint 
replacement provide only palliative treatment (3). Therefore, it 
is necessary to find new therapeutic approaches to support the 
regeneration of hyaline cartilage.

A common repair technique for cartilage reconstruction 
is the matrix‑associated autologous chondrocyte implantation 
(MACI). This two‑step procedure includes the isolation of 
autologous chondrocytes from a minor load‑bearing area of 
patient's hyaline articular cartilage, followed by cell expansion 
in vitro and cell transfer onto a biomaterial for transplantation 
into the defect. A variety of different biomaterials (synthetic 
and natural) have been tested with respect to their applica-
tion for cartilage repair. Collagen as the common protein 
in the cartilage tissue has been widely studied for cartilage 
regeneration. In particular, collagen supports cell attachment, 
proliferation, migration and differentiation  (4,5). Studies 
had shown that collagen type I‑based biomaterials support 
the chondrogenic differentiation of rat bone marrow‑derived 
mesenchymal stem cells (BM‑MSCs) and increase production 
of extracellular matrix in human chondrocytes (CH) (6,7).

However, two‑dimensional (2D) environment and the 
cell expansion in vitro results in de‑differentiation of CHs 
to a fibroblast‑like cell phenotype. This is characterized by 
decreased collagen type II synthesis and increased collagen 
type I expression rates (8,9). The implantation of de‑differen-
tiated CHs could result in formation of fibrocartilage which is 
not able to withstand the high biomechanical loading in the 
knee joint (10,11). Therefore, de‑differentiated cells have to be 
re‑differentiated (by e.g., 3D cultures) to restore the defect with 
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hyaline‑like tissue. In various studies, BM‑MSCs are expected 
to be a useful cell source for cartilage tissue engineering due 
to the ease of harvest and the high differentiation potential of 
BM‑MSCs (12‑14). Especially, the co‑cultivation of both cell 
types results in a robust chondrogenic differentiation which 
is probably triggered by signaling via cell‑cell contacts and 
secreted factors generated by both cell types (15‑17). However, 
to create functional cartilage tissue for implantation, specific 
techniques are required to facilitate adequate chondrogenesis 
during in vitro cultivation (18). Besides adapting the cultiva-
tion conditions to the physiological in vivo situation, providing 
a cartilage‑like oxygen environment or the use of essential 
growth factors and cytokines, biophysical stimulation could 
be a promising approach to achieve hyaline‑like cartilage 
formation (1).

As in bone tissue, mechanoelectric transduction occurs 
naturally within the cartilage. During weight‑bearing and 
joint movement, the fluid flow over fixed ionized macro-
molecules within the cartilage tissue provokes strain‑ and 
diffusion‑generated electric potentials. Degeneration of the 
cartilage matrix results in a loss of this fixed microenviron-
ment, leading to the disruption of the physiological electric 
field which is important for tissue homeostasis (19).

Although therapeutic devices for electric stimulation (ES) 
of bone are entering the clinical market (1), there are only few 
studies dealing with ES of cartilage in vitro (19‑21). Most of 
the in vivo and in vitro approaches are based on pulsed electro-
magnetic fields (PEMF). Data from clinical trials suggest that 
PEMF are able to improve clinical scores and joint function in 
osteoarthritic patients (22). In vitro, it was found that PEMF 
increase the proteoglycan release of alginate‑encapsulated 
CHs  (23) and in OA cartilage explants  (24). Moreover, 
Brighton et al developed an experimental setup for capaci-
tive coupled ES in vitro (19‑21). In contrast to PEMF, higher 
frequencies up to 60 kHz are applied on cell cultures and 
cartilage explants enhancing the synthesis rates of collagen 
type II and aggrecan (20,21).

To investigate the influence of alternating current (AC) on 
cellular differentiation process, the aim of the present study 
was to develop an in vitro test setup for application of electric 
fields. The electrode design is based on previously published 
bone stimulation system, enabling direct coupling of AC 
and application of defined electric field (25,26). Using the 
in vitro test setup, we intended to analyze the effects of ES on 
hyaline‑like differentiation of human CHs, mesenchymal stem 
cells derived from human BM‑MSC as well as a co‑culture 
of both cell types. We assumed that ES of cartilage cells has 
an impact on chondrogenic differentiation and cartilage tissue 
regeneration. The evaluation of ES effects on activation of 
CHs and BM‑MSCs contributes to fundamental knowledge 
as a basis for future applications of ES to improve cartilage 
healing.

Materials and methods

Test system for ES. To investigate the influence of electric fields 
on human CHs and mesenchymal stem cells, an in vitro setup 
was developed following the construction of an ES system 
established by our working group (26). For better handling, 
the electrode setup was adapted to the dimension of a 6‑well 

plate (Fig. 1A). The cylindrical electrodes (length: 14 mm, 
diameter: 5 mm) were made of pure titanium and separated by 
a 5 mm‑long insulator made of polyetherether ketone (PEEK). 
The electrode holders were made of PEEK as well and 
warranted a gap of 3 mm between electrodes and well bottom. 
Thus, the cells could be cultured onto a scaffold below the 
electrodes (Fig. 1B). The lid of the 6‑well plate had pre‑drilled 
holes for the contact rods (length: 35 mm; titanium).

The electric potentials inside the stimulation chamber were 
measured as VRMS at defined coordinates at the well bottom 
using a DC‑free sine wave (1 kHz, 0.7 VRMS). The values were 
used to optimize the numerical simulation performed with the 
finite element method software Comsol Multiphysics (Comsol 
Multiphysics 5.2; COMSOL, Stockholm, Sweden). Based on 
these data, distribution of the electric potentials (Fig. 1C, left 
panel) and electric field norm (Fig. 1C, right panel) within the 
stimulation chamber was calculated by Comsol Multiphysics, 
indicating that the cells were stimulated by the electric field 
with field strengths of 20‑35 V/m.

Cell culture. For the stimulation experiments, human CHs 
and mesenchymal stem cells were used. For CH isolation, 
human articular knee cartilage were obtained post‑mortally 
from human donors (n=7, male (n=6): 51±21 years; female 
(n=1): 52 years) within the first 72 h after the donor's death. 
The patients' anamneses and cause of death were unknown. 
All tissue samples macroscopically showed no indication of 
OA or degeneration. The study was approved by the Local 
Ethical Committee of the University of Rostock (registration 
no. A2011‑138). Due to forensic and legal reasons no written 
approval could be obtained from the patients. However, 
all issued information relating to the patients in the study 
are fully anonymized. Human CHs were isolated from the 
human knee cartilage under sterile conditions as previously 
described (27) and cultured in Dulbecco's modified Eagle's 
medium (DMEM; Invitrogen; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) containing 10% fetal calf serum (FCS), 
1% amphotericin B, 1% penicillin‑streptomycin and ascorbic 
acid (50 µg/ml; Sigma‑Aldrich; Merck KGaA, Darmstadt, 
Germany) at 37˚C under 5% CO2 and 5% O2 (hypoxia). The 
reduced oxygen level was used to mimic the low oxygen 
partial pressure within cartilage tissue (28). Human CHs have 
to be cultured up to the 2nd passage to achieve a sufficient cell 
number for the experiments. Therefore, cells in passage three 
were used for electric stimulation.

Human BM‑MSCs were obtained from ATCC® 
(Lot‑no.  63208778; LGC Standards, Wesel, Germany) 
and cultured in the recommended cell culture medium 
(Mesenchymal Stem Cell Basal Medium; ATCC, Wesel, 
Germany), supplemented with the suggested growth kit 
(Mesenchymal Stem Cell Growth kit for BM‑MSCs; ATCC) 
under standard cell culture conditions (37˚C, 5%  CO2, 
21% O2). As mentioned by Bentivegna et al (29), BM‑MSCs 
should be used for chondrogenic differentiation in  vitro 
between passage three and six, because number of culture 
passages strictly influences this type of differentiation 
capacity. Therefore, we cultured BM‑MSCs up to the 3rd 
passage to achieve a sufficient cell number for all the 
experiments. BM‑MSCs were used in passage four for the 
experiments.
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Cell experiments. For the ES experiments, the CHs or BM‑MSCs 
were seeded onto a bovine collagen‑based scaffold with a diam-
eter of 20 mm (1x105 cells/cm²). For the co‑culture experiments, 
the cells (CHs and BM‑MSCs) were mixed at a ratio of 1:2 
prior to cell seeding. The used matrix is a two‑layered, biore-
sorbable scaffold made of collagen type I (MedSkin Solutions 
Dr. Suwelack AG, Billerbeck, Germany). Before cell seeding, 
the scaffolds were stuck to the well bottom in the middle of the 
well using a biocompatible silicon glue (Korasilon paste; Kurt 
Obermeier GmbH & Co. KG, Bad Berleburg, Germany). The 
scaffolds were placed precisely under the electrode allowing 
a reproducible exposure of the cells to the electric field. After 
adhering for 30 min, the cell/scaffold constructs were overlaid 
by the cell culture medium DMEM containing 1% ITS™ 
(Insulin‑Transferrin‑Selenium; BD Biosciences, Franklin 
Lakes, NJ, USA), ascorbic acid (50 µg/ml), dexamethasone 
(100 nM; Sigma‑Aldrich; Merck KGaA), insulin‑like growth 
factor‑1 (IGF‑1, 50 ng/ml; R&D Systems GmbH, Wiesbaden, 
Germany) as well as transforming growth factor‑β1 (TGF‑β1; 
50 ng/ml; tebu‑bio GmbH, Offenbach, Germany) and were 
incubated for 72 h at 37˚C under 5% CO2 either at 21% O2 
(normoxia) or 5%  O2 (hypoxia)  (27,30,31). Prior to ES, 
the medium was replaced by the fresh cell culture medium 
(mentioned above), but without the addition of the growth 
factors TGF‑β1 and IGF‑1. AC as sinusoidal signal with a 
frequency of 1 kHz and 0.7 VRMS was applied to the stimula-
tion chamber for seven days using a Metrix GX 305 function 
generator (Metrix Electronics, Hampshire, UK). Cells were 
stimulated three times per day for 45 min each, with 225 min 
breaks between stimulations. During ES, cells were cultured 

at 37˚C under 5% CO2 and either at 21 or 5% oxygen level. 
For unstimulated control, cells were similarly cultured in the 
presence of the electrode system, however, without connection 
to the function generator.

Cell biological tests. Metabolic activity following ES was exam-
ined by water soluble tetrazolium (WST‑1) assay (Takara Bio, 
Inc., Shiga, Japan) as recommended by the manufacturer. This 
colorimetric assay is based on the reduction of tetrazolium salt 
into formazan salt catalyzed by intercellular dehydrogenases. 
The amount of generated formazan reflects the metabolic 
activity of the cells. Cell/scaffold constructs were incubated 
with diluted WST‑reagent (1:10 with cell culture medium) for 
60 min. Afterwards, the absorbance was measured at 450 nm 
(reference: 630 nm) using a spectrophotometer (Infinite® 200 
PRO; TECAN, Maennedorf, Switzerland).

Gene expression analyses. For gene expression analyses, scaf-
folds were digested by the cartilage tissue‑degrading enzyme 
collagenase A [2% in Hank's Balanced Salt Solution; (Gibco; 
Thermo Fisher Scientific, Inc.), Roche, Mannheim, Germany] 
for 60 min at 37˚C (32). The remaining cell suspension was 
centrifuged at 180 x g and the cell pellets were resuspended in 
TriReagent® (Zymo Research, Freiburg, Germany). According 
to the manufacturer's protocol, the total RNA was extracted 
by using the Direct‑zol RNA MiniPrep kit (Zymo Research), 
and the RNA concentration was determined by a spectropho-
tometer (Infinite 200 PRO; TECAN). Single‑stranded cDNA 
was synthesized from total RNA using the High Capacity 
cDNA Reverse Transcription Kit following the manufacturer's 

Figure 1. Overview of the in vitro test setup. (A) Three‑dimensional technical drawing and image of the stimulation chamber. (B) Human chondrocytes and/or 
mesenchymal stem cells were cultured onto a collagen‑based scaffold and were placed between electrodes and the well bottom. (C) Distribution of electric 
potential in V (left panel) and field norm in V/m (right panel) simulated by finite element method. The color‑coding of the scale bar identifies the range of values 
for either electric potential (V) or field norm (V/m).
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instructions (Applied Biosystems; Thermo Fisher Scientific, 
Inc.). Reverse transcription‑quantitative polymerase chain 
reaction (RT-qPCR) for collagen type I (Forward: 5'‑ACG​
AAG​ACA​TCC​CAC​CAA​TC‑3', Reverse: 5'‑AGA​TCA​CGT​
CAT​CGC​ACA​AC‑3'), collagen type II (Forward: 5'‑ATC​CCC​
TTC​GGA​GAG​TGC​TG‑3', Reverse: 5'‑CCT​TTC​TGT​CCC​
TTT​GGT​CCT​G‑3'), aggrecan (Forward: 5'‑ACA​AGG​TCT​
CAC​TGC​CCA​AC‑3', Reverse: 5'‑AAT​GGA​ACA​CGA​TGC​
CTT​TC‑3'), SOX9 (Forward: 5'‑AGT​ACC​CGC​ACC​TGC​ACA​
AC‑3', Reverse: 5'‑CGC​TTC​TCG​CTC​TCG​TTC​AG‑3') and 
alkaline phosphatase (Forward: 5'‑CAT​TGT​GAC​CAC​CAC​
GAG​AG‑3', Reverse: 5'‑CCA​TGA​TCA​CGT​CAA​TGT​CC‑3') 
were performed using the innuMIX qPCR MasterMixSyGreen 
(Analytik Jena AG, Jena, Germany). The cycling conditions for 
amplification were 95˚C for 2 min, 40 cycles of 95˚C for 5 sec 
and 65˚C for 25 sec. The expression of all genes was normal-
ized to the expression of the corresponding housekeeping gene 
hypoxanthine guanine phosphoribosyltransferase (HPRT, 
Forward: 5'‑CCC​TGG​CGT​CGT​GAT​TAG​TG‑3', Reverse: 
5'‑TCG​AGC​AAG​ACG​TTC​AGT​CC‑3') and analyzed by 2‑ΔΔCq 
method, as previously described (25,33).

Quantification of ECM components. After ES over seven 
days, supernatants were collected and stored at ‑20˚C. The 
amount of soluble pro‑collagen type I (CICP, MicroVue™ 
CICP EIA; QUIDEL Corporation, San Diego, CA, USA) 
and pro-collagen type II (CPII; IBEX Pharmaceuticals, 
Québec, Canada) within the cell supernatant was determined 
using enzyme‑linked immunosorbent assays (ELISA). 
The quantity of the C‑terminal pro‑peptides of both 
pro‑collagen types correlate with the synthesis rate of mature 
collagen, because the pro‑peptides are cleaved from the 
collagen molecules during incorporation into extracellular 
collagen fibrils (34,35). Both ELISA assays were conducted 
according to manufacturer's specifications. Absorbance was 
measured at a wavelength of 450 nm for CPII and 405 nm 
for CICP using the Opsys MR microplate reader (Dynex 
Technologies, Denkendorf, Germany).

The glycosaminoglycan (GAG) content was measured in 
the sample supernatant by Blyscan™ GAG assay (Biocolor 
Pharmaceuticals, Inc., Carrickfergus, UK). It quantifies the 
sulphated proteoglycans and GAGs using 1,9‑dimethylmeth-
ylene blue. Samples were digested by papain (20 units/mg 
in 0.2 M sodium phosphate buffer, pH 6.4; Sigma‑Aldrich; 
Merck KGaA) overnight at 65˚C. Afterwards, the assay was 
performed following manufacturer's instructions and absor-
bance was measured at 656 nm using a spectrophotometer 
(Infinite® 200 PRO; TECAN).

Additionally, the total protein content of samples was quan-
tified using Qubit® protein assay (Thermo Fisher Scientific, 
Inc.). Afterwards, collagen or GAGs contents were normalized 
to total protein amount.

Data illustration and statistical analysis. Data are presented 
as box plots, whereby the boxes identify the upper and lower 
percentile, the horizontal lines within the boxes indicate the 
median and the whiskers denote minimum and maximum 
values. For all analyses a minimum of three independent 
donors were used. Since the data obtained were assumed to be 
not normally distributed, the statistical tests were conducted 

using the Mann‑Whitney U test and for comparison of more 
than 2 data sets Kruskal‑Wallis test with Dunn‑Bonferroni 
post hoc tests were used (GraphPad Prism 6.0; GraphPad 
Software, Inc., La Jolla, CA, USA). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Cell viability following ES. Human CHs and BM‑MSCs were 
cultured onto a collagen‑based 3D scaffold either separately 
or as co‑culture (CH+BM-MSCs). The used collagen‑based 
scaffold was stabile over the whole cultivation period and 
no sign of size reduction was observed. Cells were exposed 
to an electric field for seven days and afterwards metabolic 
activity was measured by WST‑1 assay (Fig. 2), whereby a high 
optical density (OD) correlates with a high metabolic activity 
of the cells. Under normoxia for all three groups metabolic 
activity of cells exposed to electric field was not affected 
compared to respective control cells (Fig. 2A). Equally, under 
hypoxic culture conditions metabolic activity of CH and 
CH+BM‑MSCs was not influenced by ES (Fig. 2B). Metabolic 
activity of BM‑MSCs cultured under hypoxia and stimulated 
by ES was non‑significantly decreased by 40% compared to 
unstimulated control. Nevertheless, the metabolic activity of 
BM‑MSCs was still higher than metabolic activity of the other 
cells cultured under hypoxic condition.

Metabolic activity of human CH, BM‑MSCs and co‑culture 
of both cell types was not significantly influenced following 
ES which indicates that ES had no cytotoxic effect on cellular 
metabolism.

Alteration of gene expression pattern following ES. Gene 
expression in human CH, BM‑MSCs and CH+BM‑MSCs 
was analyzed after ES over seven days and presented in 
Fig.  3. Under hypoxia both CH and BM‑MSCs exhibited 
increased expression of collagen type I mRNA as a marker 
of unwanted fibrocartilage compared to unstimulated control. 
However, under both normoxia and hypoxia co‑cultured cells 
(CH+BM‑MSCs) displayed a lower level of collagen type I 
mRNA expression following ES. Regarding hyaline cartilage 
marker, the results showed that under hypoxia ES caused 
increased expression of collagen type II mRNA compared 
to unstimulated control. For CHs cultured under hypoxia 
collagen type II mRNA expression was significantly enhanced 
compared to CHs cultured under normoxia (P=0.0473). 
Additionally, in CH and CH+BM‑MSCs cultured under 
hypoxia ES caused the highest expression level of aggrecan 
mRNA. Under normoxia only the BM‑MSCs displayed 
increased expression of aggrecan and collagen type II mRNA 
following ES. Collagen type II mRNA expression of BM-MSCs 
was even significantly increased compared to collagen type 
II expression of CH (P=0.0188). The expression of alkaline 
phosphatase mRNA as hypertrophy marker was amplified in 
BM‑MSCs after ES under hypoxia, however, in co‑cultured 
cells it did not. Cultivation of CHs under normoxia resulted 
in significantly increased mRNA expression of alkaline phos-
phatase (P=0.0087) compared to hypoxia.

Results demonstrated that ES tended to affect gene expression 
of important chondrogenic markers, especially under hypoxic 
culture conditions. However, findings were only preliminary 
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because differences did not reach level of significance probably 
due to the wide range of the single values in each group.

Synthesis of ECM proteins following ES. The release of 
collagen type I and II as well as GAGs was measured in the 
supernatant to investigate the production of ECM proteins 
following ES (Fig.  4). Under hypoxic culture conditions 
cells tended to produce more collagen type I than under 
normoxia, independent of exposition to an electric field. 
Especially, for unstimulated CH the collagen type I synthesis 

is 1.6‑fold increased (P=0.0001) after cultivation under 
hypoxia compared to normoxia (Fig. 4A). Simultaneously, the 
decreased oxygen level of hypoxia supported collagen type II 
production in CH (Fig. 4B). For CH, the exposure to an electric 
field under hypoxia resulted in a significant 1.5‑fold higher 
collagen type II release compared to unstimulated control 
(P=0.0188) and also compared to electrically stimulated CH 
under normoxia (1.4‑fold, P=0.04). The same development was 
observed for BM‑MSCs, but not for co‑culture CH+BM‑MSCs. 
Under normoxia, collagen type II was not upregulated.

Figure 2. Metabolic activity of CH, BM‑MSCs and co‑culture of the two (CH+BM‑MSCs) following ES under either (A) normoxia or (B) hypoxia. Data of OD 
were presented as box plots (CH, n=7; BM‑MSCs, n=9; CH+BM‑MSCs, n=3). CH, human chondrocytes; BM‑MSCs, bone marrow‑mesenchymal stem cells; 
ES, electric stimulation; OD, optical density.

Figure 3. Relative gene expression of CH, BM‑MSCs and co‑culture of the two (CH+BM‑MSCs) following ES for seven days under either normoxia (21% O2) 
or hypoxia (5% O2). Data of ES were normalized to unstimulated control and shown as box plots (CH, n=7; BM‑MSCs, n=9; CH+BM‑MSCs, n=3). *P<0.05 and 
**P<0.01, as indicated. CH, human chondrocytes; BM‑MSCs, bone marrow‑mesenchymal stem cells; ES, electric stimulation.
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Quantifying the amount of soluble GAGs using Blyscan™ 
assay, CH produced a 1.4‑fold increased GAG content following 
ES under hypoxic culture conditions (Fig. 4C). However, using 
BM‑MSCs a reduced GAG amount was detected following 
ES compared to unstimulated control under both hypoxic 
and normoxic culture conditions. Although the co‑cultured 
CH+BM‑MSCs showed in general a high level of GAG 
synthesis compared to CH and BM‑MSCs, the GAG release 
was not influenced during ES.

Even if the synthesis of the undesired fibrocartilage marker 
collagen type I was promoted under hypoxic culture condition, 
the production of collagen type II, an important cartilage matrix 
protein, and soluble GAGs were increased in CH following 
ES under hypoxia which is a promising result. Additionally, 
BM‑MSCs showed a tendency to increase collagen type II 
production following ES compared to unstimulated control, 
however, differences did not reach level of significance.

Discussion

A major challenge in orthopedic surgery is the limited healing 
capacity of cartilage tissue after lesion. Cell‑based treatment 

techniques include the isolation and cultivation of CHs and 
BM‑MSCs. Subsequently, cells were transferred onto a bioma-
terial and implanted into the defect site. However, during 
in vitro cultivation CHs de‑differentiate which could result in 
formation of fibrocartilage after implantation. A major goal 
of research is the induction of chondrogenesis of CHs and 
BM‑MSCs in vitro. Besides the application of growth factors 
and 3D cultivation, a new approach using biophysical stimula-
tion may be useful to enhance chondrogenesis. In the present 
study, we have introduced an in vitro test setup for the ES of 
human CHs and BM‑MSCs. The application of electric fields 
imitate endogenous electric signals initiating the process of 
chondrogenic differentiation (1,36). To investigate this effect, 
we cultured human CHs and BM‑MSCs either separately or 
as co‑cultures onto a collagen‑based scaffold. Exposure with 
electric field was performed over seven days and afterwards 
metabolic activity, gene expression and synthesis of matrix 
proteins were analyzed.

The construction of the electrode system is based on the 
design of a stimulation system providing ES on bone cells 
used in previous studies (26). The electrode system used in 
the present study supply AC coupled directly to the cells to 

Figure 4. ES of CH, BM‑MSCs and co‑culture of the two (CH+BM‑MSCs) was performed under either normoxia (left panel) or hypoxia (right panel). 
Following this, the synthesis of (A) collagen types I, (B) collagen type II and (C) GAGs was detected in the supernatant and was related to total protein content. 
Data were presented as box plots (CH, n=7; BM‑MSCs, n=9; CH+BM‑MSCs, n=3). (A) ***P<0.001, as indicated for Control normoxia vs. Control hypoxia. 
(B) #P<0.05, as indicated; *P<0.05, as indicated for ES normoxia vs. ES hypoxia. CH, human chondrocytes; BM‑MSCs, bone marrow‑mesenchymal stem cells; 
ES, electric stimulation; GAGs, glycosaminoglycans.
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apply a defined electric field. Instead of direct current (DC) 
stimulation, AC stimulation was chosen, because DC causes 
additional electrochemical reactions like pH shift, hydrogen 
peroxide and formation of reactive oxygen species, which can 
damage exposed cells (37). The used stimulation parameters 
like voltage, signal form and stimulation period were chosen 
in accordance with ES stimulation of bone cells (26). However, 
frequency was selected due to findings from Brighton et al (21) 
who had shown that higher frequencies provide a stimulating 
effect on CHs. Therefore, we used a frequency of 1 kHz for 
stimulating CHs and BM‑MSCs instead of 20 Hz which had 
been used for ES of human osteoblasts.

The benefit of our approach was that we used a stimula-
tion system which was adapted to a 6‑well plate format and 
therefore easy to handle. Moreover, the experimental set up 
allowed the incorporation of a collagen‑based scaffold between 
well bottom and electrode. The use of a scaffold is benefi-
cial, because it mimics physiological environment. This 3D 
cultivation supports chondrogenic differentiation of CHs and 
BM‑MSCs (38). The scaffold used is proven for clinical therapy 
and showed high biocompatibility. Additionally, investigation 
of metabolic activity using WST‑1 assay detected no cytotoxic 
effects of exposed electric field.

In the present study, we have found out that exposure to an 
electric field increased collagen type II synthesis significantly 
in human CHs compared to unstimulated cells under hypoxic 
culture conditions. Other studies have also detected enhanced 
collagen type II production after electric field exposure using 
lower frequencies (1,36). However, Brighton et al (21) exposed 
CHs to capacitively coupled electric fields using much higher 
frequencies (60 kHz) resulting in a significant upregulation 
of GAG production. Our results for gene expression analyses 
and examination of soluble GAGs following ES showed that 
human CHs tended to express more GAGs than unstimulated 
controls. By applying increased frequencies for stimulation, 
proteoglycan production may be enhanced which has to be 
evaluated in further studies.

Using hypoxic culture conditions during cell cultivation 
creates more physiological conditions due to avascular nature 
of the cartilage. Jonitz‑Heincke et al (28) had reported that 
human CHs cultured in spheroid pellets showed superior 
collagen type II expression under hypoxic culture conditions 
compared to normoxia. Our results indicated a promoting 
effect of hypoxia on chondrogenic differentiation of human 
CHs. Additionally, gene expression of alkaline phosphatase as 
marker of undesired hypertrophy was significantly decreased 
after cultivation under hypoxia compared to normoxia, indi-
cating reduced terminal differentiation of cells which reduce 
quality of formed cartilage after implantation (39).

The evaluation of extracellular matrix protein synthesis 
showed that the collagen type I expression was on a very high 
level compared to collagen type II and glycosaminoglykans 
(GAGs). The enhanced collagen type I production was detected 
for all three cell types (CHs, BM‑MSCs and co‑culture) 
with and without application of an electric field under both 
normoxia and hypoxia, indicating that the high collagen type 
I synthesis was probably not caused by ES or oxygen condi-
tions, but rather by in vitro cultivation. High expression rates 
of collagen type I is characteristic for BM‑MSCs (40). For 
CHs this indicates a de‑differentiated cell status (41). Since we 

have determined enhanced collagen type I expression levels 
either in control or electrical stimulated cells we suspect that 
the stimulation period was too short to initiate hyaline‑like 
differentiation processes. Previous studies showed that induc-
tion of re‑differentiation using 3D cultivation in the presence 
of important growth factors, like fibroblast growth factor 
(FGF)‑2, TGF‑β1‑3 and IGF‑1 took several weeks to achieve 
hyaline‑like ECM (31,42). It should also be noted that the use 
of collagen type I‑derived scaffolds, which are usually applied 
for cartilage repair, will not reflect the physiological environ-
ment of chondrocytic cells.

MSCs play a key role for the treatment of cartilage regen-
eration, and therefore, the induction of chondrogenesis in vitro 
was investigated in different studies. Our findings showed that 
BM‑MSCs tended to increase collagen type II synthesis following 
ES compared to unstimulated control. However, differences did 
not reach level of significance. In the present study, the applica-
tion of growth factors occurred only for initial pre‑cultivation 
prior to ES to investigate the influence of electric field on chon-
drogenesis. Although, the essential importance of chondrogenic 
growth factors for the effect of ES on BM‑MSCs was described 
by Mayer‑Wagner et al (43). However, Kwon et al (44) found 
out that BM‑MSCs cultured in micromass cultures showed an 
upregulation of chondrogenic differentiation markers following 
ES also in the absence of growth factors. Micromass cultures 
are a scaffold‑free cultivation system in which cells form dense 
aggregates identical to those in the pre‑cartilage environ-
ment (45,46). Therefore, micromass cultures could be a key tool 
for induction of chondrogenesis and may be superior compared 
to artificial collagen type I scaffolds. For further imitating 
physiological in  vivo conditions, a biofunctionalized scaf-
fold could be integrated within the electrode system in which 
growth factors are incorporated (38,47). This could enhance the 
biological response of the BM‑MSCs regarding ES.

Different studies have described the promoting effect 
of co‑cultivation of CHs and BM‑MSCs on chondrogen-
esis (15‑17). Especially, regarding results of gene expression 
analyses co‑cultured cells displayed enhanced expression of 
collagen type II and aggrecan mRNA following ES compared 
to unstimulated control and single cultivation of BM‑MSCs. 
However, response was inferior compared to single cultivation 
of CHs. Regarding alkaline phosphatase as a hypertrophic 
marker, expression levels were decreased compared to unstim-
ulated co‑cultured cells. Our results suggest that the 
co‑cultivation of different cell types may be an important 
approach to realize a more physiological condition and has to 
be investigated in further studies.

After the initial growth factor pre‑incubation over three 
days, ES was performed over seven days. This stimulation 
period was suitable for analyzing ES effects on CHs and 
BM‑MSCs, however, differences between groups were rather 
detected by gene expression analyses than on protein level. 
Using prolonged stimulation period differences in protein 
synthesis might be detected more precisely. Furthermore, 
results of gene expression showed high inter‑individual ranges 
of single values, which probably was a consequence of high 
donor variability and low sample number impairing achieve-
ment of significance level. Additionally, for gene expression 
analysis, we used the whole scaffold for RNA isolation und 
subsequent reverse transcription. Consequently, the relative 
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gene expression rates of the investigated differentiation marker 
represent mean values of the cells distributed on the whole 
scaffold and exposed to the entire range of field strengths. This 
could also be a reason for high range of single gene expression 
values. In further studies we will analyze the cellular response 
within the respective electric field norms to find possible 
differences in gene expression rates depending on intensity of 
electric field. However, in this first set up, the primary goal of 
the study was to determine the overall effects of ES on human 
CHs and mesenchymal stem cells.

The design of the stimulation chamber is appropriate 
for the application of electric fields on cells cultured onto 
a 3D scaffold. This indicates that the presented stimulation 
system is a valuable tool to investigate the influence of ES on 
human CHs, BM‑MSCs and a co‑culture of both. Reduction 
of oxygen levels during cultivation could enhance cellular 
chondrogenesis. However, the culture conditions have to 
be further adapted to the particular needs of each cell type 
in order to optimize the ES parameters for ES of CHs and 
BM‑MSCs.
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