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Effect of Pulsed Electromagnetic
Fields on Human Tenocyte Cultures
From Supraspinatus and Quadriceps
Tendons

ABSTRACT

Denaro V, Ruzzini L, Barnaba SA, Longo UG, Campi S, Maffulli N, Sgambato A:
Effect of pulsed electromagnetic fields on human tenocyte cultures from supraspi-
natus and quadriceps tendons. Am J Phys Med Rehabil 2010;89:000–000.

Objective: To investigate the effects of pulsed electromagnetic fields
(PEMFs) on human tenocyte cultures and to assess whether PEMFs
could represent a viable therapeutic option in tendon pathologies.

Design: Controlled laboratory study in which primary human tenocytes
were isolated from healthy supraspinatus and quadriceps tendons and
were exposed to the electromagnetic field stimulation. Cell growth and cell
cycle were evaluated after 72 hrs, 5 days, and 7 days of continuous
PEMF exposure. In quiescent confluent tenocyte culture, an in vitro cut
was mechanically produced, and the width of the cell-free zone was
measured 12, 24, and 36 hrs after the injury in the presence of PEMF
stimulation. Total collagen accumulation was also evaluated after 5, 7, and
14 days of PEMF exposure.

Results: Tenocyte growth analysis, cell cycle analysis, and total colla-
gen accumulation did not show statistically significant differences between
exposed and control groups. Exposure to PEMF significantly accelerated
cut closure 12 and 24 hrs after the injury.

Conclusions: PEMFs comparable with the ones used for the manage-
ment of pseudoarthrosis stimulate closure of an in vitro laceration of a
tenocyte monolayer. Our results provide the preliminary in vitro work and
the basis to support the study of the in vivo effects of PEMFs on
tendinopathies.

Key Words: Human Tenocytes, Pulsed Electromagnetic Fields, Tendinopathy, Tendon
Healing
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Pulsed electromagnetic fields (PEMFs) can be
effective in the management of congenital pseudo-
arthrosis, delayed nonunited fractures, failed arth-
rodesis, and to decrease or reverse osteoporosis,
but the mechanism of clinical success remains
partially unexplained.1–3 The effect of this modality
on tendon repair is not well investigated, and con-
tradictory results have been reported.4–7

Tendon disorders are common and are respon-
sible for much morbidity both in sport and work-
place. Tendinopathy can be difficult to manage, and
at present, only limited scientifically proven man-
agement modalities exist.8,9 Tendon healing can
occur intrinsically, via proliferation of epitenon
and endotenon tenocytes, or extrinsically, by inva-
sion of cells from the surrounding sheath and
synovium. Internal tenocytes contribute to the in-
trinsic repair process secreting collagen fibers.10

Some studies suggested that both collagen-
producing cells and/or collagen itself may be af-
fected by electromagnetic fields.6,11,12

To our knowledge, no studies have evaluated the
in vitro effect of PEMFs used in clinical practice on
human tenocyte cultures. We therefore undertook an
in vitro investigation to ascertain whether PEMFs
could influence tendon healing using a modified in
vitro wound closure assay. We also investigated the
effects of PEMFs on human tenocyte proliferation,
cell cycle, and collagen production. We also asked
whether tenocytes from different tendons could be
differently affected by the same PEMF.

Our null hypothesis is that PEMFs do not affect
human tenocyte activities (cell proliferation and col-
lagen production) and do not promote “wound” clo-
sure after the production of a longitudinal laceration
in a tenocyte monolayer culture model.

MATERIALS AND METHODS
Reagents

Dulbecco’s modified Eagle’s medium was pur-
chased from Lonza Group (Geneva, Switzerland). All
other reagents were purchased from Sigma Chemical
Co. (St. Louis, MO) unless stated otherwise.

Electromagnetic Field Generation
We used a custom-made exposure system com-

posed of a waveform generator and a stimulation
coil. The stimulation coil was a solenoid of 15 cm
in diameter and 30 cm long (45 turns of a 20-gauge
magnet wire).

The PEMF value was generated according to
Food and Drug Administration–approved machines
for the treatment of nonunion or delayed union
bone fractures. The electromagnetic field value was
0.4 mT with a frequency of 50 Hz. The magnetic
field was parallel to the coil axis and was uniform
inside the coil.

Cell Culture
The research protocol was approved by the Hu-

man Research Ethics committee of our institution.
Primary human tenocytes were isolated from

healthy supraspinatus and quadriceps tendons dur-
ing shoulder arthroscopy for shoulder instability
and anterior cruciate ligament reconstruction sur-
gery, respectively.

With written informed consent, we harvested
tendon tissue blocks (2 � 2 � 2 mm) from the
supraspinatus and quadriceps tendon of six pa-
tients (three from the supraspinatus and three
from the quadriceps).

The tendon samples were then washed with
sterile phosphate buffered saline (PBS) and cut into
small pieces. The samples were then subjected to
overnight collagenase (10% w/v) digestion in Dul-
becco’s modified Eagle’s medium containing 10%
(v/v) fetal bovine serum. The digestion product was
then centrifuged at 1500 rpm for 15 mins; the
supernatant was discarded; and the pellet was re-
suspended and cultured in 25-cm2 culture flasks in
Dulbecco’s modified Eagle’s medium supple-
mented with 1% penicillin-streptomycin, 1% glu-
tamine, and 10% fetal bovine serum at 37°C in a
humidified atmosphere of 5% CO2 in air. The me-
dium was changed every 3 days until the cells
reached confluence. Cells were then harvested by
trypsinization and centrifugation at 1500 rpm for 5
mins and were then resuspended in medium with
10% fetal bovine serum, 1% glutamine, 1% peni-
cillin-streptomycin, 50 �g/ml of ascorbic acid, and
seeded to 75-cm2 culture flasks for subcultures.

At confluence, cells were trypsinized and am-
plified for characterization and experimentation.
Only cells from the second and third passages were
used for the experiments to maintain a phenotype
as close as possible to that occurring in vivo.13

Cell Morphology
Cell morphology was observed under an inverted

phase-contrast light microscope after 72 hrs, 5 days,
and 7 days of PEMF exposure. We analyzed cell and
nuclear shape and cellular processes to verify the drift
of the phenotype under the effect of PEMF.

Cell Growth Analysis
Control and PEMF-exposed cells were incu-

bated separately inside two identical incubators to
avoid PEMF influence on the control cell cultures.
Separate cultures from quadriceps and supraspina-
tus tendons were exposed to electromagnetic field
stimulation for 72 hrs, 5 days, and 7 days. At each
observation time, the cell monolayers were washed
three times with PBS and detached with 0.25%
trypsin/ethylenediaminetetraacetic acid for 10 mins
at 37°C. Cell suspensions were centrifuged at 1200
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rpm for 10 mins at 25°C, and the supernatant was
discarded. The pellet was resuspended in PBS, and
the cells were counted using a cell counter. All assays
were performed in triplicate for each sample.

Flow Cytometry
For cell cycle analysis, exponentially growing

cultures of exposed and control cells after 5 and 7
days of culture were collected, washed with PBS,
fixed in 5 ml of 70% ethanol, and stored at 4°C.

For the analysis, cells were collected by cen-
trifugation, and the pellets were resuspended in 0.2
mg/ml of propidium iodide in Hanks balanced salt
solution containing 0.6% NP-40 and RNase (1 mg/
ml). The cell suspension was then filtered and
analyzed for DNA content on a Coulter EPICS 753
flow cytometer as previously described.14 The per-
cent of cells in different phases of the cell cycle and in
the sub-G1 (subdiploid DNA content) peak were de-
termined using a ModFit 5.2 (Verity Software House,
Inc.) computer program. The assays were repeated at
least three times for each sample.

Microcutting of Tenocyte Cultures
The procedure adopted was a modification of

that described by Chan et al.15 Tenocytes from the
second and third passages were subcultured in a
12-well plate. Once a confluent monolayer had
been established, a sterile anatomic forceps was
used to produce a cut across the cell layer. The tip
of the forceps was used to produce a cell-free zone
�800 �m wide. After cutting, the cells were
washed with sterile PBS, and fresh culture medium
was added. As previously described, the cells were
incubated in a 5% CO2 in air at 37°C. Three time
points (12, 24, and 36 hrs) were chosen after cut-
ting. At each time point, the laceration width was
photographed and measured in controlled and
PEMF-exposed cultures using a 1-mm2 eyepiece
grid under the same magnification. Triplicate mea-
surements were made in each sample.

Cell density was detected when the cut had
closed. To evaluate cell density, we measured cell
number per microscopic field at 20� magnification.
Triplicate measurements were made in each sample.

Collagen Accumulation
The quantification of total collagen in the teno-

cyte cell cultures was assessed after 5, 7, and 14 days
of PEMF exposure using the method of Scutt et al.16

At the end of PEMF exposure, cells were fixed with
ethanol. Cell layers were then stained with 0.1%
Sirius red F3BA in saturated picric acid for 18 hrs,
after which excess Sirius red was removed by washing
under running tap water. The dye was then eluted
with 0.1 N NaOH/methanol (50:50), and the collagen
was quantitated by measuring spectrophotometri-
cally at 490 nm. The values were then normalized

against total protein concentration. All assays were
performed in triplicate.

Statistical Analysis
Data are typical results from a minimum of

three replicated experiments and are expressed as
mean � SD. For each variable, effects across treatment
groups were compared using one-way analysis of vari-
ance. If the overall difference was significant, multi-
ple comparisons were performed between groups
using Tukey’s post hoc test. Statistical significance
was established at P � 0.05.

RESULTS
PEMFs of the same intensity of the one used in

clinical practice for treatment of nonunion speed up
closure of an in vitro laceration of a tenocyte monolayer.

FIGURE 1 In vitro wound closure assay in control cul-
tures (left column) and in pulsed electro-
magnetic field (PEMF)-exposed tenocytes
(right column) at time 0 (A, B), 12 hrs (C,
D), 24 hrs (E, F), and 36 hrs (G, H). After a
scrape was performed in the middle portion
of the confluent culture, the width of the
cell-free zone was measured at different
time points. The wound size was signifi-
cantly smaller in the PEMF-exposed group
after 12 and 24 hrs. After 36 hrs, the wound
was closed in both groups, but the exposed
group showed a higher cellular density in
the wound zone compared with the control
group (magnification, �10).
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The change in the wound width after the two
different treatments at each observation time is
shown in Figures 1A–H and 2. At time 0, the wound
width was 798.5 � 59.1 �m in the PEMF group and
836.4 � 63.8 �m in the control group. After 12 hrs,
the wound width was 624.2 � 53.8 �m in the
PEMF-exposed group and 712.1 � 51.3 �m in the
control group. PEMF group wound closed signifi-
cantly more (174.3 �m) when compared with the
control group (P � 0.05).

After 24 hrs, the wound width was 450 � 41.2
�m in the PEMF-exposed group and 565.2 � 46.2
�m in the control group. PEMF group wound
closed significantly more (348.5 �m) when com-
pared with the control group (271.2 �m; P � 0.05).

After 36 hrs, the wound had closed in both
groups, but the PEMF-exposed group showed a
higher cellular density (mean of 116.2 � 30.6) in the
wound zone compared with the control group (mean
of 63.8 � 26.7) at 20� magnification (P � 0.05).

Tenocyte morphology, growth, cell cycle, and
collagen production are not affected by PEMFs.
There were no differences in tenocyte shape and
morphology between controls and PEMF-exposed
cells at each observation time (Fig. 3A, B).

There were no statistically significant differ-
ences in cell growth between PEMF-exposed teno-
cyte cultures and control cultures at each observa-

tion time (Fig. 4). No floating cells were observed
in any sample. The analysis of cell cycle did not
show statistically significant differences between
the two groups (Fig. 5).

The collagen assay was performed on the in
vitro wound closure model and on the in vitro
cultures of human tenocytes after 5, 7, and 14 days
of exposure. There were no statistically significant
differences in total collagen accumulation between
PEMF-exposed tenocyte cultures and control cul-
tures at each observation time (Fig. 6A).

Quantification of total collagen of PEMF-
exposed in vitro wound closure models revealed
no statistically significant differences compared
with the untreated control group at each obser-
vation time (Fig. 6B). Cultured tenocytes from
supraspinatus and quadriceps tendons exposed to
the same PEMF gave similar results, showing no
statistically significant differences within fibro-
blast type.

DISCUSSION
PEMFs of the same intensity used in clinical

practice for acute fractures and pseudoarthrosis
promote in vitro tenocyte monolayer “wound” clo-
sure. This study also showed that human tenocyte
proliferation, cell cycle, and collagen production in
a monolayer culture are not influenced by PEMFs.

FIGURE 2 Charts showing the wound size at different time points (0, 12, 24, and 36 hrs). After 12 and 24 hrs,
the size of the wound was significantly smaller in the pulsed electromagnetic field–exposed group
compared with the control group. After 36 hrs, there was no measurable cell-free space in both groups
(*P � 0.05).
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One of the strengths of this study is that ex-
periments were conducted in well controlled and
reproducible conditions in tenocyte cultures from
two different healthy tendons (supraspinatus and
quadriceps) providing similar results. Tenocyte
culture provides a uniform and controlled environ-
ment to study the in vitro effects of PEMFs, limit-
ing the uncontrolled variables and avoiding the
confounding influences present in animal models.

Obviously, there are limitations to extrapolating
in vitro findings to clinical situations, as many other
factors interact in the human body, including inflam-
matory reactions, circulation, and other cytokines
and growth factors. Shortcomings of this study in-
clude the fact that we did not assess gene expression,
did not perform collagen typing experiments, and did
not evaluate collagen cell accumulation in the cul-
ture medium. We used a monolayer culture model.

FIGURE 3 No differences in cell morphology between pulsed electromagnetic fields (PEMF)-exposed (A) and
control culture (B).
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We are aware that a monolayer culture does not
reproduce the physiologic environment of tenocytes,
although high cell concentrations are necessary for
appropriate collagen synthesis to take place.17 Moreover,

in our study, tenocytes were isolated from healthy ten-
dons harvested from patients with shoulder joint pathol-
ogy or knee joint pathology; therefore, tenocytes from
these tendons had the potential to be prestimulated.

FIGURE 5 Chart showing no statistical significant differences between the two groups in cell cycle analysis at
each observation time.

FIGURE 4 Tenocytes cell growth. Control (Cx) and pulsed electromagnetic fields (PEMF)-exposed tenocytes were
incubated separately inside two identical incubators and exposed to the electromagnetic field
stimulation for 72 hrs, 5 days, and 7 days. There were no statistically significant differences in cell
growth between PEMF-exposed tenocyte cultures and control cultures at each observation time.
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Another limitation of our study is that we con-
tinuously exposed cell culture to PEMFs. In a clinical
situation, PEMF exposure for nonunions and acute
fractures is limited to several hours per day.18 Never-
theless, to our knowledge, this is the first study to
describe the in vitro behavior of human tenocytes
exposed to PEMFs in a monolayer culture.

Traumatic tendon injuries and tendinopathies
are increasingly common in sports medicine and

orthopedic practice, and recovery from these inju-
ries can be difficult.19–21,13

The biology of tendon healing has been widely
investigated on transected animal tendons or rup-
tured human tendons, and their relevance to heal-
ing of tendinopathic human tendons remains un-
clear.10 Tendons can heal after injury, but the
repair tissue is functionally inferior to normal ten-
don tissue and is at risk of further injury.22 Tendon

FIGURE 6 Chart showing tenocyte collagen accumulation after 5, 7, and 14 days of pulsed electromagnetic field
(PEMF) exposure. There were no statistically significant differences in total collagen accumulation
between PEMF-exposed tenocyte cultures and control cultures at each observation time (A). Quan-
tification of total collagen of PEMF-exposed in vitro “wound” closure models revealed no statistically
significant differences compared with the untreated control group at each observation time (B). Cx,
control.
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healing is a highly dynamic process involving com-
plex interactions of various blood and tissue cells,
inflammatory mediators, and extracellular matrix
molecules. It starts with an inflammatory phase, an-
giogenesis, and cell proliferation, followed by a pro-
liferative phase characterized by collagen production
and a remodeling phase.9,23 Intrinsic tendon healing
can also occur, resulting in better biomechanics and
fewer complications. It is achieved by proliferation of
internal tenocytes that contribute to secrete large and
mature collagen fibers.24,25

Several investigations tried to elucidate the fac-
tors that mediate and promote tendon healing and
repair. Among these, several biophysical modalities
have been developed to manage tendinopathy, includ-
ing extracorporeal shock wave therapy,26–29 laser
therapy,30–33 radiofrequency coblation,34 ultrasound
therapy,35–38 and pulsed magnetic fields.4–7

Biophysical input, including electric and electro-
magnetic fields, regulates the expression of genes for
structural extracellular matrix proteins, resulting in
an acceleration in tissue repair.39 Pulsed magnetic
fields enhance healing of delayed and nonunion frac-
tures, acute fractures, spine fusions, and congenital
pseudoarthrosis, acting to bone cells activity and DNA
and protein synthesis.40–42

In the late 1980s, several clinical and labora-
tory studies tried to investigate the biological ef-
fects of PEMFs on tendinopathic tendons and teno-
cyte cultures showing contradictory results.43–45

PEMFs increase tensile strength up to 69% in rat
Achilles tendon after transection.12

The mechanism of action of the pulsed mag-
netic field signal on tendon repair has not yet been
investigated, although PEMFs can increase teno-
cyte collagen production and protein synthe-
sis.43–46 In contrast with these cell culture studies,
our results show that human tenocyte prolifera-
tion, cell cycle, and collagen accumulation are not
influenced by PEMFs.

In this study, we also evaluated the effects of
PEMF on an in vitro tenocyte “wound” closure
model. A significant decrease in the “wound” width
was found after 12 and 24 hrs of PEMF exposure
compared with the control group.

This simple in vitro model of tendon injury is
a valid assay to reproduce a tenocyte response to
wounding, although a three-dimensional high-
density culture may be a better model to investi-
gate the effect of tendon-affecting agents in vitro.47

We demonstrated that PEMFs that are usually used
for the management of acute fractures and pseudo-
arthrosis can effectively accelerate the repair of an
in vitro tenocyte monolayer laceration.

We can speculate that PEMFs may be a healing
promoting agent in tendon injury. This kind of
exogenous stimuli could accelerate the intrinsic
tendon healing process acting directly on tenocytes

that are the basic cellular component of tendon
tissue and synthesize collagen and all components
of the extracellular matrix.48

We have not studied the molecular mecha-
nisms underlying the early acceleration of “wound”
closure, but our study clearly demonstrates that
this type of electromagnetic fields does not affect
tenocyte proliferation and cell cycle. For this rea-
son, we can speculate that the tenocytes behavior
in the in vitro “wound” closure assay could be
explained by chemotactic effects that are usually
implicated in tendon healing.

Our results also show that collagen production
was not enhanced by PEMFs in the “wound” clo-
sure assay, and no differences in total collagen
accumulation were detected between the lacerated
and nonlacerated tenocytes monolayer.

Total collagen production in tenocytes from
normal tendons is not influenced by PEMFs, al-
though further investigations should be performed
to better evaluate whether the production of differ-
ent types of collagen is influenced by this kind of
signal. We used tenocytes from apparently healthy
tendons because our target was to evaluate the
effect of PEMF on different tendon fibrobasts inde-
pendently from the status of the tendon; neverthe-
less, it would be also of interest to evaluate the
effects of these stimulations on tenocytes from
tendinopathic and injured tendons.

In conclusion, PEMFs can enhance tenocyte
migration rates in an in vitro lacerated monolayer
of cells from healthy supraspinatus and quadriceps
tendons. The use of electromagnetic fields in soft
tissue healing is still relatively recent, and more
studies are needed to better understand the under-
lying cellular signalling alterations that may ex-
plain the effects of this biophysical stimulus. We
exposed tenocytes to electromagnetic fields of the
same intensity used for bone healing, and it would
be of interest to use other exposure regimes to
evaluate whether different field features such as
frequency or shape could differently affect tenocyte
cell cultures.

Our results provide the necessary in vitro work
and the rational basis to support the study of the
effects of this safe, easily administrated and nonin-
vasive biophysical stimulation on in vivo tendon
repair.
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1—Please confirm whether affiliations are OK as given.

2—Please confirm whether correspondence information is OK as edited.

3—Please confirm whether Cx used as abbreviation for control is correct.

4—Please define label A and B in Figure 3 caption.
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Figure 3 is the wrong figure. Figure legend is right. The right figure will be attached as a separate file in the e-mail.


