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Abstract Tendons are dense, fibrous connective tissues
which carry out the essential physiological role of transmitting
mechanical forces from skeletal muscle to bone. From a clin-
ical perspective, tendinopathy is very common, both within
the sporting arena and amongst the sedentary population.
Studies have shown that light therapy may stimulate tendon
healing, and more recently, intense pulsed light (IPL) has
attracted attention as a potential treatment modality for
tendinopathy; however, its mechanism of action and effect
on the tendon cells (tenocytes) is poorly understood. The pres-
ent study therefore investigates the influence of IPL on an
in vitro bovine tendon model. Tenocytes were irradiated with
IPL at different devise settings and under variable culture con-
ditions (e.g. utilising cell culture media with or without the pH
indicator dye phenol red), and changes in tenocyte viability
and migration were subsequently investigated using Alamar
blue and scratch assays, respectively. Our data demonstrated
that IPL fluencies of up to 15.9 J/cm2 proved harmless to the
tenocyte cultures (this was the case using culture media with
or without phenol red) and resulted in a significant increase in
cell viability under certain culture conditions. Furthermore,
IPL treatment of tenocytes did not affect the rate of cell mi-
gration. This study demonstrates that irradiation with IPL is
not detrimental to the tenocytes and may increase their viabil-
ity under certain conditions, thus validating our in vitro model.

Further studies are required to elucidate the effects of IPL
application in the clinical situation.
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Introduction

Tendon is a highly organised, dynamic connective tissue
which performs the essential physiological role of trans-
mitting tensile forces from muscle to bone [1]. From a
clinical perspective, tendinopathy (defined as a syn-
drome of tendon pain, tenderness and swelling that af-
fects function) is very common, both within the sporting
arena and amongst the sedentary population [2, 3]. The
maintenance of the normal physiological function and
healing processes within tendon is dependent on tendon
cell (tenocyte) activities (i.e. viability, mobility and pro-
liferation [4]). Moreover, changes in the tendon extra-
cellular environment are sensed by the tenocytes, which,
in turn, results in a cascade of responses (e.g. cell acti-
vation, alterations in the expression of matrix proteins
and inflammatory mediators) [4–6]. Thus, the nature of
the tenocyte response is key to normal tendon function-
ing, as well as during the initiation of pathological pro-
cesses [7].

Optical devices have been demonstrated to have a
photobiomodulatory effect on different connective tis-
sues, such as tendons and skin [8, 9]. In tendon, the
outcomes of phototherapy (i.e. using laser and, to lesser
extent, light emitting diode [LED] light) in the treatment
of tendinopathy have been described as varying, and
this has been attributed to the diversity in targets and
light parameters [9–11]. In addition, most of the
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positive outcomes reported used monochromatic light-
producing optical devices (laser and LED) and were
based on clinical trials, with a limited number of
in vitro laboratory research studies evaluating the effect
of light-culture system interactions and their impact on
safety; however, the information gleaned from such
studies is important in informing the design of clinical
trials [12]. Moreover, in vitro cell culture models are
critical tools pre-clinically in investigating treatment mo-
dalities, as they provide a better understanding of path-
ophysiology, as well as in optimising parameters for
successful treatment [6, 13]. For example, laser treat-
ment of in vitro tenocyte cultures has been shown to
stimulate cell proliferation and to increase cell viability
and collagen synthesis [14, 15], whilst LED light has
been demonstrated to have a positive effect on growth
and migration of tendon cell cultures [16]. However,
different cell types have different thresholds for cell
thermal injury, according to their internal chromophore
absorption, and in cell cultures, this threshold is also
dependent on the light parameters and the overall rise
in temperature of the culture medium [12, 17].
Importantly, an understanding of these factors is key
to the validity and design of in vitro model systems.

Intense pulsed light (IPL) devices produce a polychro-
matic light, and their use is now popular in aesthetic med-
icine [8]; this is supported by in vitro studies demonstrat-
ing that irradiation of skin fibroblasts with IPL has a
stimulatory effect, e.g. improved cell viability and up-
regulation of collagen expression [18]. IPL devices have
recently attracted attention as a potential treatment modal-
ity for tendinopathy [19]; however, to our knowledge, no
studies to date have examined the effect of IPL on
tenocyte viability and migration (which forms part of the
tendon healing response). Since light treatments may have
various effects at the cellular level which could enhance or
compromise cell activity, the safety and efficiency of light
treatment are dependent upon the light parameters and cell
culture conditions [12]. For example, the type and nature
of the tissue culture media used will have a bearing on
the amount of light energy reaching the cells (media con-
taining the pH indicator dye, phenol red, have a distinctive
absorption peak not seen in phenol red-free media), and
such factors need to be taken into account when develop-
ing in vitro models [12]. Therefore, the aim of our study
was to investigate the effect of various IPL fluencies on
these parameters, in order to establish the safety and effi-
cacy of our bovine tenocyte model system. We specifically
examined the influence on light on cell viability and mi-
gration using specialised assays (namely Alamar blue and
scratch assays, respectively), with tenocytes cultured in the
absence or presence of phenol red-containing media, with
varying concentration of foetal bovine serum (FBS).

Materials and methods

Tendon cell isolation

Tendon cells (tenocytes) were isolated from adult bovine deep
digital flexor tendon (DDFT) [20]. Briefly, tendon explants
were chopped into small pieces (approximately 1 mm3) using
a sterile scalpel and washed with phosphate-buffered saline
(PBS), supplemented with penicillin and streptomycin
(100 U/ml) (Gibco Life Technologies, UK). Explants were
subsequently cultured at 37 °C in a humidified air/CO2 atmo-
sphere (19:1) in Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco Life Technologies, UK) containing 10% (v/
v) FBS (Gibco Life Technologies, UK) for 1 week using 24-
well tissue culture plates; this allowed cells to be released from
the tissue into the culture media and adhere to the plate.

Optimisation of cell culture conditions

Primary cell lines (third passage) harvested from bovine
DDFT (as described above) were used in setting up subse-
quent experiments. Briefly, bulk volumes of DMEM with or
without phenol red (all Gibco Life Technologies, UK), and
supplemented with 10% (v/v) FBS, were prepared to a cellular
density of 10,000 cells per ml and allocated to 24-well plates.
Blank wells containing bulk media (without cells) were in-
cluded on plates as controls, and coverslips were placed inside
the wells assigned for subsequent live/dead staining prior to
cell seeding. All experiments were conducted in quadruplicate
and repeated four times.

Plates were incubated for 24 h under normal culture
conditions to allow cell adherence. Thereafter, the culture
media was replaced with fresh phenol red-containing or
phenol red-free media supplemented in the absence or
presence of FBS (5 or 10% [v/v]). Plates were cultured
for a further 48 h in the absence of IPL treatment and
were thus designated as control cultures. The viability of
cultured tenocytes was measured as fluorescence intensity
using Alamar blue assay (Life Technologies, UK), per-
formed at the termination of culture in accordance with
the manufacturer’s protocol; measured data was expressed
as a fold change relative to the control group (i.e. in the
absence of FBS), in the absence or presence of phenol
red-containing DMEM culture media. Live and dead
tenocytes were then labelled with Cell Tracker Green 5-
Chloromethylfluorescein Diacetate (CMFDA) and ethidium
homodimer-II dye, respectively, following the manufac-
turer’s guidelines (Life Technologies, UK), with 4′,6-
Diamidino-2-Phenylindole (DAPI) as a nuclear counter-
stain. Sections were viewed under epifluoresence using a
Carl Zeiss microscope (Axio Imager 2 model), equipped
with AxioVision software for digital image acquisition.
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Optimisation of IPL fluence

Tenocyte cell lines were irradiated with an IPL system
(iPulse i300, CyDen Ltd., Wales, UK; features as de-
scribed previously [21] (Table 1)) at three distinct flu-
encies over a 96-h treatment period (based on the World

Association for Laser Therapy (WALT) recommended
dosage) [11, 22]; using the IPL devise settings of 10,
15 and 20 J/cm2, the actual energy delivered was deter-
mined to be 7.3, 10.8 and 15.9 J/cm2, respectively (J.
Alzyoud—unpublished observations). In these experi-
ments, tenocyte cultures were prepared and cultured as
described, except that media supplemented with 10% (v/
v) FBS was used, as this was found to be the optimum
concentration based on the results of the previous ex-
periments. The first round of IPL treatment was applied
directly to the primary cell monolayer through the under
surface of the culture plates, and the viability of cul-
tured tenocytes determined using the Alamar blue assay
after 48 h in culture. The culture media was then
changed and a second round of IPL treatment applied
immediately to the cells, and the plates cultured for a
further 48 h, before Alamar blue assay and live/dead
staining, were performed. Experimental controls includ-
ed (i) non-irradiated cell cultures and (ii) irradiated me-
dia samples (in the absence of cells). All experiments
were conducted in quadruplicate and repeated four
times.

Table 1 Summary of intense pulsed light (IPL) system specifications
[21]

Light source Twin Xenon lamps

Wavelength range 530–1100 nm

Spot size on tissue 8.9 cm2

Pulse duration 10–110 ms

Pulse sequence Single or triple pulse flash
(modified to single pulse only)

Triple pulse 5–20 ms on time

7–30 ms off time

Repetition rate average or 0.25 Hz

Energy density (fluence) range 0–20 J/cm2

Cooling fan, air-cooling

(I) 

(II) 

a b c

d e f

Fig. 1 Analyses of the viability
of tenocytes cultured with or
without phenol red-containing
culture media, supplemented in
the absence or presence of FBS. I
Alamar blue viability assay of
tendon cultures. II Images
representing the results of
tenocytes subjected to live/dead
staining in the absence (control)
or presence (5 or 10% [v/v]) of
FBS in the culture media (panels
A and D, control; B and E, 5%
FBS; and C and F, 10% FBS).
The upper row (A, B and C)
represents cells cultured in clear
DMEM culture media, whilst the
lower row (D, E and F) represents
those cultured in phenol red-
containing media. Green, live
cells; red, dead cells; and blue,
nuclear counterstain
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Scratch assay (wound healing assay)

A scratch assay was performed as previously described
[23] to determine the effect of IPL treatment on tenocyte
migration under the optimum culture conditions of phenol
red-containing DMEM culture media supplemented with
10% (v/v) FBS and using a 15.9 J/cm2 IPL fluence.
Tenocytes harvested from four confluent cell line cultures
(1 million cells) were plated evenly onto 60 mm culture
dishes coated with 5 μg/ml fibronectin in duplicate, des-
ignated as control and IPL-treated. Cells were cultured
under normal culture conditions until confluent, before a
scratch gap was created. A single IPL treatment (15.9 J/
cm2) was applied to the culture dishes through the under
surface, and a phase-contrast inverted microscope
(Axiovert 40C, ZEISS) used to inspect the scratch gap
and to acquire the first image at zero time; subsequent
images were acquired every 2 h until the scratch gap
closed. The scratch assay images were subsequently
analysed for gap area at all time points using ImageJ soft-
ware, and results were expressed graphically as the gap
area percentage relative to the first image for each time
point. A time point representing a 50% gap closure was
selected for testing of cell migration.

Statistical analysis

Statistical data were analysed using SPSS software. Data were
presented as means plus or minus the standard error of the
means. Parametric data were tested with one-way ANOVA
to compare means, whilst the Kruskal-Wallis H-test was used
as for non-parametric data. Significance was determined at a P
value of 0.05.

Results

Effect of FBS on tenocyte viability

Analyses revealed that the viability of cultured tenocytes
was very low in the absence of FBS; however, this
showed a concentration-dependent change in the pres-
ence of 5 and 10% (v/v) FBS, with an approximate
1700- and 2600-fold increase in Alamar blue assay fluo-
rescent intensity, respectively (Fig. 1I). This trend was
similar in tenocytes cultured in the absence or presence
of phenol red-containing culture media, where cell via-
bility was found to be unaffected at the corresponding
concentrations of FBS. Statistically, there was a signifi-
cant difference when comparing the mean fold percent-
age change in primary tenocyte viability utilising culture
media with and without FBS (i.e. 0, 5 and 10%), and
this trend was similar using clear or phenol red-

containing culture media (p = 0.001, one way
ANOVA). Post hoc tests also revealed a significant dif-
ference in cell viability between all FBS concentrations,
for both types of culture media (p = 0.001, Dunnett T3
and Games-Howell). However, there was no significant
difference in the viability of tenocytes cultured in clear
or phenol red-containing media, when comparing the
corresponding FBS concentrations (p > 0.05, one-way
ANOVA).

The viability of tenocytes cultured in the absence or
p r e s enc e o f FBS was f u r t h e r a s s e s s ed u s i ng
immunolabelling (live/dead staining), revealing cell death
and a complete lack of cell proliferation in plates cultured
without FBS (Fig. 1IIA, D); in contrast, there was a
marked increase in the number of viable cells when the
FBS concentration in the media was increased from 5%
(Fig. 1IIB, E) to 10% (Fig. 1IIC, F). These findings were
similar in plates cultured using clear (Fig. 1IIA–C) or
phenol red-containing DMEM (Fig. 1IID–F).

Effect of IPL on tenocyte viability

Analyses revealed that tenocytes cultured in clear DMEM
and irradiated with increasing IPL fluencies (7.3, 10.8 and
15.9 J/cm2) showed no significant difference in viability
(p > 0.05, one-way ANOVA) compared with the control
group (i.e. no treatment) following the first and second
rounds of IPL treatment (Fig. 2IA, B). Similarly, there
was no significant effect of IPL treatment on the viability
of tenocytes cultured in phenol red containing-DMEM
following one round of IPL treatment (Fig. 2IC). In con-
trast, tenocytes cultured in phenol red-containing DMEM
and subjected to two IPL treatments over the 96-h culture
period (Fig. 2ID) showed a significant difference in via-
bility between treatment groups (p = 0.01, one-way
ANOVA); furthermore, post hoc analyses revealed that
tenocytes treated with a fluence of 15.9 J/cm2 showed a
significant increase in viability when compared with the
control group and 7.3 and 10.8 J/cm2 IPL treatment
groups (p = 0.037, 0.002, 0.037 respectively, Tukey
HSD).

The viability of tenocytes treated with or without IPL
was further assessed at the end of the 96-h culture period
using live/dead staining (Fig. 2II), and these data were
consistent with the results of the Alamar blue assay
(Fig. 2I). Analyses revealed the presence of confluent,
healthy cells in control cultures, with no evidence of cell
death in the absence (Fig. 2IA) or presence (Fig. 2IE) of
phenol red-containing culture media. Furthermore, data
demonstrated that cell viability was not affected by IPL
treatment at any energy level, in the absence (Fig. 2IB–D)
or presence (Fig. 2IF–H) of phenol red.
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Effect of IPL on tenocyte migration

Tenocyte migration, in the absence or presence of IPL
treatment (using a maximum IPL fluence of 15.9 J/cm2),
was assessed using the scratch assay. In these experi-
ments, it was first established that the cell migration rate
was dependent on cell passage number, using data
analysed for cultured finite cell lines. For example, the
results of the assay utilising third passage cell lines re-
vealed that it took 18 h for the cells to achieve a 50%
scratch gap closure (Fig. 3I and II, C1–C3 and D1–D3).
This was in contrast to seventh passage cell lines, which
took 30 h to achieve 50% closure of the scratch gap (Fig.
4I and II, C1–C3 and D1–D3). Furthermore, complete
closure of the gap had occurred after 48 h with cells at
third passage (Fig. 3I and II, E1–E3 and F1–F3), com-
pared with only a 40% closure with seventh passage cells

(Fig. 4I). Secondly, analyses of control and IPL-treated
cultures revealed no statistically significant difference in
the rate of cell migration at lower (third; Fig. 3I) or higher
passages at any time point measured (p > 0.05, Kruskal-
Wallis test).

Discussion

Phenol red is added to culture media for the purpose of
monitoring pH changes during culturing [24]. In our
experiments, the viability of finite cell lines harvested
from bovine tendons was unaffected by the absence or
presence of phenol red within the DMEM, and these
results are in agreement with studies utilising cultured
HeLa cells, which found no evidence of cytotoxicity in
association with high concentrations of this pH indicator

(I)

(II)

Fig. 2 Analyses of the viability
of tenocytes cultured with or
without phenol red-containing
culture media in control (0) and
IPL-treated (7.3, 10.8 and 15.9 J/
cm2) samples. I Cell viability was
measured using the Alamar blue
viability assay after 48 h in culture
following one round of IPL
treatment (A, C) and again after
96 h in culture following a second
round of IPL treatment (B, D); FI
fluorescent intensity. II Images
representing the results of
tenocytes treated with or without
IPL and subjected to live/dead
staining at the end of the 96-h
culture period. Panels A and E, no
IPL treatment; B and F, 7.3 J/cm2

fluence; C and G, 10.8 J/cm2

fluence; D and H: 15.9 J/cm2

fluence. Upper row (A–D), cells
cultured in clear DMEM. Lower
row (E–H), cells cultured in
phenol red-containing DMEM.
Green, live cells; red, dead cells;
and blue, nuclear counterstain
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[25]. Other studies have also shown that the presence of
phenol red-containing culture media did not interfere
with Alamar blue viability assay fluorescence intensity
readings [26], which is consistent with our findings
(Fig. 1). Interestingly, our data showed that cell viability
increased in the presence of phenol red when treated at
the highest IPL energy (Fig. 2I). This may be due to
the fact that phenol red increases energy absorption and
heating of the culture media, which results in a
photobiostimulation effect through thermal reaction
[27], as the phenol red molecules are in close proximity
to the cell monolayer. Another possible explanation may
be that there is increased reflection of IPL light back to
cells, which further enhances viability. Interestingly, in
studies examining the impact of cell culture equipment
on energy loss, the use of phenol red-free media was
recommended, as media containing phenol red was
found to have a distinctive absorption peak at 560 nm
[12]. However, our results show that this absorbance
peak may have a positive impact on cell viability and
that the optical window for photobiomodulation is still
valid.

Serum provides various essential components, such as
growth factors and other proteins necessary for the sur-
vival of cultured cells [28, 29]. Indeed, our studies dem-
onstrate that cultures of primary tenocytes required sup-
plementation with FBS in order to survive and prolifer-
ate, with increased FBS levels associated with high vi-
ability (Fig. 1). Our results are in agreement with pre-
vious studies which report a dose-dependent effect of
FBS (0–20% v/v) on fibroblast proliferation rate [30].
Furthermore, ex vivo tendon tissue cultured using
serum-rich medium was found to enhance cell prolifer-
ation in the epitenon layer [31]. Whilst adding FBS to
culture media was shown to be important for tendon
proteoglycan (PG) synthesis [32], conversely a low rate
of PG synthesis was reported when tendon explants
were cultured in low-serum media [33, 34]. Therefore,
serum-rich media (5–10%) is required for the culturing
of bovine tendon [3, 28, 35].

In our experiments, tenocyte cultures were irradiated
every 48 h, consistent with WALT (2012) recommended
dosages, as well as other published literature incorporat-
ing laser or LED photobiomodulation treatment regimens.

Consequently, the actual maximum IPL dose received by
the tenocytes was in line with WALT recommendations
(i.e. 12 J/cm2) [22, 36, 37]. Importantly, our results show
that IPL irradiation did not have a detrimental effect on
cell viability (i.e. there was no decrease compared with
untreated cultures); moreover, an increased cell prolifera-
tion was seen when higher levels of energy were delivered
to the cells, with a significant increase in cell viability at
the highest fluency, thus confirming the safety/validity of
the devise in our in vitro system (Fig. 2). This may be
explained by the fact that higher energies enable deeper
penetration and absorption of light into tissue targets, es-
pecially at higher wavelengths (600–900 nm) [38]. In ad-
dition, high fluency IPL treatments have been shown to be
safer than higher energy laser treatments, which supports
the use of the former in the clinical situation. Our findings
are also consistent with a number of laboratory and clin-
ical studies investigating the effects of IPL treatment on
skin using high fluencies (up to 75 J/cm2), which report
increased cell proliferation and viability with no evidence
of cytotoxicity, as well as improved clinical assessment
scores with few side effects [18, 39, 40]. Proposed mech-
anisms for IPL enhancement of cell viability include the
reversal of cell senescence via reduced reactive oxygen
species production and enhanced telomerase activity, as
well as activation of cytochrome-c oxidase and release
of nitrous oxide, leading to activation of cell signalling
pathways [8, 38, 41, 42].

In our studies, the cell migratory rate, as well as the popu-
lation doubling time, slowed as the cell passage number in-
creased (third versus seventh passage) with or without IPL
treatment (Figs. 3 and 4). This may be explained by the pro-
gressive ageing of the tenocytes in culture (senescence), as
their proliferative ability, motility and metabolic rate de-
creases, leading to a decline in their regenerative ability
[43–45], and is in keeping with previous studies. However,
in contrast to our data, low-level laser irradiation has been
found to stimulate tenocyte migration using an in vitro model
[14, 15]. The lack of detection of any effect of IPL on cell
migration in our system might be due to a rapid proliferation
of cells over a short period, or the lack of cumulative effect of
multiple treatments over a longer period [14]. Future studies
could therefore be aimed at investigating a longer dosing
regimen.

Conclusion

This study investigates for the first time the effect of IPL on a
bovine tendon model system; IPL fluencies of up to 15.9 J/
cm2 were proven harmless to the tenocyte cultures, and this
was the case using culture media with or without phenol red.
Furthermore, there was a significant increase in cell viability

�Fig. 3 Analyses of tenocyte migration in the absence or presence of IPL
treatment, using third passage primary tenocytes. I Graph showing
percentage of scratch gap relative to time zero in control and IPL-
treated cultures. Black arrow denotes the 50% closure of the scratch
area (18 h). II Images representing the scratch assay for tenocytes
treated with or without IPL (n = 3). Panels A1–A3, C1–C3, and E1–E3,
control cultures at 0, 18 and 48 h, respectively; B1–B3, D1–D3 and F1–
F3, IPL-treated cultures at 0, 18 and 48 h, respectively. Scale
bar = 250 μm
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following irradiation with the highest energy under certain
culture conditions. Future translational studies should be

carried out to elucidate the effects of IPL application in the
clinical situation.

(I)

(II)

Fig. 4 Analyses of tenocyte
migration in the absence or
presence of IPL treatment, using
seventh passage primary
tenocytes. I Graph showing
percentage of scratch gap relative
to time zero in control and IPL-
treated cultures. Black arrow
denotes the 50% closure of the
scratch area (30 h). II Images
representing the scratch assay for
tenocytes treated with or without
IPL (n = 3). Panels A1–A3 and
C1–C3, control cultures at 0 and
30 h, respectively; B1–B3 and
D1–D3, IPL-treated cultures at 0
and 30 h, respectively. Scale
bar = 250 μm
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