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Abstract
Lasers/LEDs demonstrate therapeutic effects for a range of biomedical applications. However,
a consensus on effective light irradiation parameters and efficient and reliable measurement
techniques remain limited. The objective here is to develop, characterise and demonstrate the
application of LED arrays in order to progress and improve the effectiveness and accuracy of
in vitro photobiomodulation studies.
96-well plate format LED arrays (400-850nm) were developed and characterised to accurately
assess irradiance delivery to cell cultures. Human dental pulp cells (DPCs) were irradiated
(3.5-142mW/cm2: 15-120s ) and the biological responses were assessed using MTT assays.
Array calibration was confirmed using a range of optical and analytical techniques.
Multivariate analysis of variance revealed biological responses were dependent on
wavelength, exposure time and the post-exposure assay time (P<0.05). Increased MTT
asbsorbance was measured 24h post-irradiation for 30s exposures of 3.5mW/cm2 at 470, 527,
631, 655nm, 680, 777, 798 and 826nm with distinct peaks at 631nm and 798nm (P<0.05).
Similar wavelengths were also effective at higher irradiances (48-142mW/cm2).
LED arrays and high throughput assays provide a robust and reliable platform to rapidly
identify irradiation parameters which is both time- and cost-effective. These arrrays are
applicable in photobiomodulation photodynamic therapy and other photobiomedicine research.
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1. Introduction

Phototherapy involves the application of light for the treatment of various medical conditions
and can be broadly classified into two catagories, either photodynamic therapy (PDT) or ‘low
level light (laser) therapy’ (LLLT) or the recently accepted, and more appropriately termed
Medical Subject Heading (MeSH), ‘photobiomodulation’ (PBM). Whilst the beneficial effects
of PDT are realised through an intermediatory photosensitizing step, PBM involves the
application of low powered (<500mW), non-thermal, non-ablative light sources,
predominantly lasers and light emitting diodes (LEDs), within the red to near infrared
wavelength range ~600-1000nm to directly stimulate or inhibit cellular and biological
processes. In either case, the therapeutic effects of light are attributed to the photophysical
characteristics of the applied light, which include specific irradiation parameters such as
wavelength, irradiance, exposure time and pulse frequency [1].
A significant number of articles have reported the beneficial effects of PBM in promoting
tissue healing [2], reducing inflammation [3], reduceing oedema [4], restoreing blood flow [5]
and induceing analgesia [6] in a range of healthcare areas, which include the treatment of
musculoskeletal injuries [2] and neurodegenerative diseases such as rheumatoid arthritis [7].
The application of PBM has also been suggested in other healthcare areas which include the
treatment of stroke and heart disease [8], macular degeneration [9] and dentistry [10-17].
Within a dental context, favourable data exists for oral health related conditions including oral
mucositis [10], dentine hypersensitivity [11] candidiasis [12] and others [13]. Odontoblastlike cell modulation has also been reported which has significance for treatment of diseases
such as dental caries [14-18]. Stimulation of the dentine-pulp complex has been shown to
modulate oxidative stress [17] and promote natural repair processes through reactive oxygen
species (ROS) activation of latent transforming growth factors (TGF-ẞ1). Subsequently,
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activation of these processes reportedly triggers the differentiation of stem cells into
odontoblast-like cells necessary for dental tissue regeneration [14-20].
Although beneficial clinical effects of PBM are commonly reported, the associated
photophysics of light delivery remains poorly understood and mis-reported in a significant
proportion of PBM publications. Undoubtly, this raises many questions about the reliability
and reproducibility of such studies [1]; both of which are concerns in many areas of science
[21]. These problems are further exacberated by the frequent reporting of incomplete,
inaccurate, and unverified irradiation parameters with ambiguous or incorrect terminology
despite several articles already emphasising their importance [1, 22]. There also currently
exists no common consensus for the most effective irradiation parameters for any given PBM
application. Consequently, data comparison between studies is often difficult and may have
led to applications where light delivery is less than optimal, resulting in nil or false negative
outcomes [23]. Such conculsions maybe ascribed to the existance of the Arndt-Schulz or
hormesis curve [24] where too much or too little energy, as well as pulse structure and
insufficient irradiation area [24-25] can result in non significant beneficial effects [25].
Whilst the irradiation parameters are a key component of PBM, their effects are also likely to
be cell specific. PBM effects have been attributed to light absorption by mitochondria [27],
therefore it may follow that cells with higher density of mitochondria will respond more
favourably compared with cells that have less. Furthermore, the sensitivity of specific cell
types to light may differ resulting in differences in biological response. Thus, it is likely that
specific irradiation parameters would be required to optimize therapeutic effects in any given
cell type.
The optimistaion of irradiation parameters to enhance PBM outcomes for specific cell types
and a better understanding of biological processes maybe achieved through the screening of
multiple irradiation and dosimetry parameters. In previous dose-response studies authors have
4

only investigated a limited number of wavelengths and irradiation parameters [17, 24, 28-30],
which may be due to time, equipment availability and financial constraints. Some studies have
utilised LED or laser arrays but where also limited by the number of wavelengths (12 x
785nm lasers [28], 24 x 855nm diodes [17] or 532nm and 630nm LEDs [29]). Similar devices
have also been developed for PDT studies which have interchangeable heads that can target
specific photosensitizers [30].
Consequently, the objective of this study was to develop multi-wavelength LED arrays and
demonstrate the application of an in vitro high-throughput screening assay to rapidly identify
enhanced irradiation parameters in specific cell types.
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2. Materials and Methods

2.1. LED Array Development

LED arrays were designed using CADSoft’s EAGLE software in a 96-microwell plate
configuration with sixty-centrally located LEDs (5mm epoxy encased; Roithner Laserthek,
Austria) of ten different peak wavelengths (400-830nm; n=6; Figure 1). The LEDs were
located centrally within the 96-microwell plate to limit the effects of media evaporation from
the outer wells during cell culture incubation; a phenomenom which could alter cell growth
rates and is known as the ‘edge effect’ [31]. Laminated non-conductive substrate (FR4,
130mm x150mm) was used to print conductive copper tracks to form a printed circuit board
(PCB) that connected the electrical components including resistors, LEDs, switches, voltage
regulators and potentiometers, where applicable (these components varied depending on the
board specifications and are described below). Initially, a narrow spectrum array was built
that consisted of wavlengths centred around those that are typically utilised in PBM studies
(660nm; 625-690nm, and 810nm; 780-820nm; n=6). Each channel was protected by a current
limiting resistor, which restricted the current to the appropriate levels for each group of LEDs.
The resistor value was calculated for each channel by dividing the expected voltage drop
across the resistor by the total current drawn by the parallel combination of the six LEDs in
that channel. The circuit was fabricated in-house as a single sided PCB of 1.6mm thick, glassreinforced epoxy laminate FR4 substrate, with 1oz weight of copper and a nickel/gold surface
finish. Since the array was desinged with only a single bank of current limiting resistors,
irradiance control individually in each channel was not possible in this narrow spectrum array.
A second broad spectrum LED array was designed and developed to incorporate a broader
range of wavelengths (400-830nm). The circuit was set up to have a potential divider on each
6

channel to allow independent voltage control for each set of LEDs. A 500Ω trimming
potentiometer was wired as a variable resistor (RS Electronics, UK), which provided a
variable current to the LEDs in order to control light output (irradiance control). A bank of
further resistors acted to limit the current for when the potentiometer resistance was set to
zero, this allowed for safe operation of the device. The value of the limiting resistor was
calculated by dividing the expected voltage drop across the limiting resistor by the maximum
current drawn through the parallel combination of the six LEDs in that channel.
For each array, a bespoke sleeve was manufactured by removing the clear plastic base of
black 96-well plates (Corning, Sigma-Aldrich, UK). Preliminary studies identified the
effectiveness of sleeves manufactured from clear, white and black plates and found that
sleeves made from black plates were more effective at reducing light bleeding between
adjacent wells. Thus the prepared plates had two functions; firstly, to house the LEDs
individually within the wells to limit the cross-contamination of light into adjacent wells;
secondly to provide accurate concentric alignment for irradiation of culture plates placed
directly above. A programmable bench top power supply (Iso-Tech, IPS-603, UK) was used
to power the arrays using appropriate stable voltage and current.

7

2.2. LED Array Characterization

2.2.1. Spectral characterization

To accurately assess light delivery during in vitro cell culture irradiation, a second 96-well
plate (Corning, Sigma-Aldrich, UK) was stacked directly above the bespoke sleeve with
LEDs inset (5mm). The alignment was such that the wells of the upper plate were concentric
with the wells of the lower sleeve. A fibre-based UV-Vis spectrometer was used to assess
each LED for absolute spectral irradiance using a UV-Vis spectrometer (USB4000, Ocean
Optics, UK; n=6). The spectrometer was coupled to a 200µm optical fibre and an opaline
glass CC3 cosine corrector (3.9mm diameter of collection area; 6mm outer diameter; Ocean
Optics, UK) which was calibrated to a National Institute of Standards and Technology (NIST)
traceable light source (Mikropack DH2000/ Ocean Optics, UK). As the wells of the 96-well
plate also had diameters of 6mm, it facilitated the insertion and reliable concentric alignment
of the cosine corrector into the wells to accurately assess the irradiance delivered at the base
of the well plate (i.e. at the cell culture surface). Spectral irradiance measurements (n=3) were
made using Spectrasuite software (Ocean Optics, UK) for each LED and the absolute
irradiance was determined by integration of spectral irradiance within the LED emission
region.
The broad spectrum array was further optimized by calibrating the variable resistors
(potentiometers) to regulate the voltage in each channel and achieve similar irradiances at
each wavelength. The spectral irradiance was monitored in real-time through Spectrasuite
software whilst adjusting the potentiometer screws, which in turn controlled the irradiance.
The screws were adjusted until the highest common irradiance value was obtained for all sets
of LEDs (~3.5mW/cm2), which is similar to the irradiance utilized previously for DPCs [14].
8

2.2.2. Real-time irradiance measurements

Following spectral irradiance measurements, each LED was assessed to ensure a stable
irradiance output over specific exposure times using a fibre-coupled UV-Vis spectrometer, as
described previously. The spectrometer was set to measure the change in irradiance by
integrating the peak areas of each LED. A high acquisition rate (0.20s-1) was obtained by
utilising the scope mode function of the software and the measured intensity counts were
converted into irradiance values and percentage change from known absolute irradiance
values. In addition to real-time irradiance measurements, the spectral outputs at the start and
end of irradiation were also recorded to assess any spectral shifts with time.

2.2.3. Absorption measurements

A broadband Deuterium-Tungsten NIST traceable light source (Mikropack DH2000) was
used to determine the absorption characteristics of the cell culture media (alpha MEM, Gibco,
UK) and the clear plastic base of 96-well plates. The light was guided through an optical fibre
(600μm) and passed through either air, an empty well of a 96-well plate, or a well containing
150μL of culture media before passing through a second optical fibre (600μm). The system
was calibrated so that a ‘light spectrum’ was stored in the presence of an equivalent amount of
PBS for the media measurements and the equivalent amount of ‘air’ for the measurement of
the clear plastic base. A ‘dark spectrum’ was stored with the light source switched off to
normalize the effect of ambient light.
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2.2.3. Beam profile

Representative beam profile images of each of the LEDs were recorded using a silicon based
CCD camera beam profiler (SP620, Ophir, Spiricon, Israel), which measured the spatial
distribution of irradiance for each of the LEDs. The experimental set up was identical to that
of the spectral irradiance measurements, i.e. the LEDs inset into the sleeve and a new 96-well
plate placed on top. The CCD camera was equipped with a 50mm CCTV lens (Ophir,
Spiricon, Israel) that was focused onto the clear plastic base of the plate corresponding to the
LED that was under test. A maximum CCD sensor area was utilized by enlarging the beam
image projected on the sensor by using spacer rings (Ophir, Spiricon; 20mm) between the
sensor and lens to reduce the focal length. An optical scaling calibration was then applied to
account for the enlarged image by measuring an object of known dimensions and calculating
a scaling factor, which enabled pixel dimension calibration in the plane of the target screen.
This process enabled precise linear measurement of the images and accurate beam diameter
determination. Prior to beam imaging in each measurement, the system was corrected for
ambient light and pixel response using the UltraCal function in Beam Gage Software (Ophir,
Spiricon, Israel). Pre-determined power values (PD300 photodiode, Ophir Spiricon) were
used for optical calibration. The diameter of the active light beam (D4σ or second moment
width, ISO Reference 11145 3.5.2) was determined automatically by the Beam Gage software
and was used to calculate the irradiance based on the input power values.

2.2.3. Thermal analysis

The thermal characteristics of each LED within the array were measured to ensure
temperature was not a confounding factor in the biological response to light irradiation.
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Sterile black 96-microwell plates with transparent bases were established containing 150µL of
warm (37˚C) culture media to replicate culture conditions for in vitro tests. A K-type
thermocouple (Maplin, UK; diameter 1.21mm) was embedded into a SubMiniature version A
(SMA) adapter (6mm outer diameter, 4mm aperture) which allowed direct insertion of the
thermocouple into the wells of the culture plate containing media. This ensured concentric
and rigid alignment of the thermocouple within the well. The plate containing the media was
aligned over the LED array and irradiated, replicating cell culture irradiation conditions (i.e.
all LEDs switched on). The temperature was measured continuously (± 0.5˚C) at an
acquisition rate of 2Hz for 120s through the multimeter device (Iso-Tech, IDM 207, UK) and
logged through data capture software (Virtual DMM, UK). The change in temperature was
calculated as the measured temperature minus initial temperature at t=0.

2.3. Biological Responses

2.3.1. Cell culture: Pulp cell isolation

Caries-free, intact wisdom teeth were obtained from Birmingham Dental Hospital following
ethical approval from BBC CLRN RM&G Consortium Office (Approval number:
BCHCDent334.1533.TB). Human dental pulp cells (DPCs) were isolated via the explant
procedure [32] by removing the pulpal tissue, dissecting and homogenizing the tissue into
small pieces and transferring into 25cm2 culture flasks which were supplemented with 2ml of
α-MEM (Biosera, UK)/20% fetal calf serum (FCS), 1% L-Glutamine and Amphotericin
(1µL/ml). Cultures were incubated at 37˚C in a humidified atmosphere containing 5% CO2
(Panasonic/MCO-18AC-PE, UK).
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DPCs at passages 2-4 were trypsinised and re-suspended in phenol-red-free α-MEM (Gibco,
UK)/10% FCS. Sixty centrally located wells of sterile black 96-microwell plates with
transparent bases (Corning, Sigma-Aldrich, UK) were seeded with DPC suspension (150µL;
25,000 cell/ml). Seeded plates were incubated at 37˚C in a humidified atmosphere containing
5% CO2 (Panasonic/MCO-18AC-PE, UK).

2.3.3. Irradiation of cultures

24h after seeding, cell culture plates were removed from the incubator and placed directly
above the LED array in concentric alignment with the sleeve. This allowed alignment of the
wells of the lower sleeve with the wells in the upper culture plate. Thus, the cultures were
irradiated from directly beneath using the bespoke LED arrays for time intervals of up to 120s
to represent exposure times within a clinically relevent timeframe. The specific irradiation
parameters in terms of irradiance, and radiant exposure for each time interval at each
wavelength are reported in Table 1. A full set of irradiation parameters are reported in
Supplementary Table 1. 54 culture wells were irradiated simultaneously with one group of
LEDs used as non-irradiated controls (n=6; Figure 1). Following irradiation, cultures were
incubated until required for further anlysis.

2.3.4. 3-(4,5-Dimethyl thiazole-2-yl)-2,5-di-phenyl tetrazolium bromide (MTT) assay

Metabolic and mitochondrial activity was assessed via a modified 3-(4,5-Dimethyl thiazole-2yl)-2,5-di-phenyl tetrazolium bromide (MTT) assay. An MTT solution containing 0.005g/ml
of MTT reagent was made and aliquoted (15μL) into each culture well at 4h or 24h postirradiation. The cultures where re-incubated for 4h at 37˚C. Following the final incubation
12

period, the media and MTT reagent were removed from the wells and subsequently 50µL of
DMSO was added to the wells to solubilize the formazan crystals with gentle agitation for 10
mins. The absorbance of the resulting solution was determined at a wavelength of 570nm
(ELx800 Universal Micro-plate reader, Bio-Tek Instruments, UK).

2.4. Statistical analysis

Statistically significant differences were identified using multi-factorial analysis of variance
(ANOVA) and post-hoc Tukey comparisons (95% confidence level). The independent
variables (exposure times, wavelength and time at which measurement was taken) were
compared using General Linear Models (GLM) ANOVAs (P=0.05). Complimentary oneway ANOVAS and post-hoc Tukey comparisons were also performed to separate the
differences (P=0.05).
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3. Results and Discussion

3.1. Development and characterization of arrays for high-throughput analysis

LED arrays for in vitro phototherapy applications provide a relatively simple and unique
platform to assess a multitude of parameters associated with light delivery that include
wavelength, irradiance, exposure time, radiant energy and radiant exposure. Here, two LED
arrays comprising of ten different wavelengths (n=6) were developed; one having a narrow
range of wavelengths centered around those typically used in PBM studies (660nm and
810nm) [33-34] and the other with a broad range of wavelengths (400-850nm). Whilst other
studies have previously compared the effect of different wavelengths for PBM [1, 33-34],
there are no studies that have systematically compared an extensive range of wavelengths as
reported here. Furthermore, in comparison to studies where array type light sources were used
for specific purposes and targets [30], these arrays are not only applicable for in vitro PBM
studies both at short and long wavelengths [35] but also applicable in a range of other
research areas including PDT [30] and photodisinfection [17, 28-30]. In each case, the
application and understanding of the photophysics of light is critical in order to understand the
effects of dosimetry and any proceeding biological effect. Whilst some information of optical
properties is available through manufacturers data sheets for LEDs, these are usually
measured under ideal conditions which do not represent in vitro experimental conditions. The
differences between manufacturers data and experimental data are certainly evident in Figure
2 where the measured peak wavelengths are not in agreement with manufacturers data
(annotated Vs. legend respectively)

Furthermore, there exists a wide intra- and extra- batch

variations in terms of wavelength and power amongst similar light sources which is usually
minimized by a process known as ‘binning’ by light source manufacturers. Here, a range of
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optical-analytical techniques were employed to fully characterize the arrays within the remits
of the experimental conditions employed during cell irradiation, in order to accurately assess
the effects of dosimetry on relevant biological responses.
Whilst the arrays met the objective of providing a range of wavelengths within a narrow and
broad range (Figure 2), significant differences in irradiance were measured for the various
wavelengths in the narrow spectrum array (P<0.05). This was attributed to non-controllable
irradiance in each channel and the maximum power outputs of the LEDs being wavelength
dependent. However, the adjustable potentiometers of the broad range array allowed
calibration to standardize the irradiance to achieve a baseline irradiance value of 3.5mW/cm 2
at each wavelength (Figure 2). This value was chosen since our previous study reported the
stimulation of DPCs using red light emitting diodes (653nm) at similar irradiance [14]
although other irradiances have also been shown to be effective [15-18] for DPC stimulation.
Furthermore, a lower irradiance is likely to be more clinically relevant since attenuation by
dental tissues will reduce the irradiance delivered to dental pulp cells [36]. The irradiance
values (the integral of spectral irradiance) for each array are reported in Table 1.
Each array was further characterized in real-time to assess the stability of the delivered
irradiance, since any fluctuation would obviously alter the radiant exposure (the product of
irradiance and exposure time) and total energy delivered to cells [1]. These measurements
confirmed that neither array was susceptible to significant changes in irradiance and
wavelength over the exposure times utilized in this study and therefore accurate dosimetry
was verified. The real time irradiance traces and additional radiometric data (peak
wavelengths, absolute irradiance and full width half maximums) derived from the spectral
irradiance graphs are reported as Supplementary Table 2.
Another important consideration for accurate light characterization is the beam profile of the
light source since its distribution over a given area is usually non-homogenous [36]. LED
15

light sources commonly exhibit a Gaussian irradiance distribution with maximum exitance at
the centre of the diode that decreases towards the beam profile edge. Such non-uniformity will
result in spatial irradiance variation across the target area and more pronounced for larger
surface areas (an effect that will increase with increasing distance between the light source
and target). Non-uniform light irradiation is likely to affect biological responses and should be
minimized where possible by using suitable optics such as lens and diffusers. However, in the
current experiment, since the LEDs were appropriately matched and concentrically aligned
within the wells of the cultureware plastic, any effect of non-homogenous light distribution
were reduced. Nonetheless, ‘Gaussian’ irradiance distribution was apparent at all wavelengths
and these could be considered when interpreting biological data (Figure 3).
Other confounding factors that can affect light delivery were also eliminated through spectral
absorbance measurements of cell culture plasticware (base of micro-well plates) and the
culture media used during the irradiation procedure. Although media containing phenol red
has strong absorbance centered at 558nm, there is also weaker absorbance at other
wavelengths that were utilized in the LED arrays (~280-600nm; Figure 4). The phenol-red
free media also has weak absorbance within this range but no significant absorbance at 558nm
as found in the media containing phenol-red. The weak absorbance that is common in both
media is likely due to the different salts and FCS present in the media. Since cell cultures are
adherent and are irradiated through the bottom of the plates to maintain sterility, it could be
assumed that the media is unlikely to have any significant effect on the amount of light that is
delivered to the cells. In addition, whilst the characterization methods take into consideration
any reduction in irradiance due to the distance between the LED array and culture plate
(5mm) and any potential absorbance by culutureware plastic, absorbance measurements
further revealed no detectable absorbance due to the plastic between 400-850nm.
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Since PBM is not a heat-based therapy, the LED arrays were also characterized for thermal
output to abrogate any confounding effects of temperature. Heat energy can be transferred as
infrared radiation, which can result in increased temperatures in biological systems. Lowpowered LEDs are known to produce negligible or minimal heating during short-term
operation, however, it may be possible that thermal effects are enhanced in multiple LED
array devices. Temperature measurements revealed that the irradiation procedure did not
significantly affect the culture temperatures since the measured temperature decrease for the
irradiated groups exhibited similar characteristics to the non-irradiated control groups (Figure
5). Removal of cell cultures from the incubator resulted in a significant decrease in culture
temperature due to lower ambient temperature. In view of the fact that there were no
significant differences in temperature change for any of the wavelengths compared to a nonirradiated control, only minimal heating effects due to LED irradiation can be inferred.
Therefore, it can be reasonably assumed that any thermal effects are a negligible factor in the
photobiomodulatory effects reported here.

3.2. Application of LED arrays and high-throughput analysis

The second objective of this paper was met by using a combination of multiple wavelength
LED arrays and the modified MTT assays to demonstrate the application of an in vitro highthroughput screening assay to rapidly identify enhanced irradiation parameters in HDPCs.
The multivariate analysis revealed that the photobiomodulatory responses was dependent on
wavelength, exposure time and the post-exposure assay time point (P<0.05) for both LED
arrays. One-way ANOVAs and post-hoc Tukey comparisons revealed that 24h incubation
periods following irradiation resulted in significant increases in MTT absorbance compared
with 4h incubation periods (for the same exposure time and irradiances). In most cases
17

(except analgesic effects through neuronal blockade [6]), the effects of PBM are unlikely to
be instantaneous and the mechanism by which beneficial effects are realized are through
increases in cellular respiration and various other biological processes [14, 27]. The amount of
formazan produced by the MTT in a given time is dependent upon the metabolic activity of
cells and is proportional to the number of cells [37]. Since PBM effects are unlikely to be
instantaneous, longer incubation periods after irradiation are likely to improve the assay
detection ability to better differentiate between various irradiation parameters. However, this
experimental variable can be optimized for specific cell types which will aid in a more
effective identification of irradiation parameters. As no significant effects were measured at
4h, these data sets are reported in Supplementary Figure 2.
At 24h, significant increases in MTT absorbance were measured in a wavelength and
exposure-time dependent manner (P<0.05). Whilst 30s exposures significantly increased
MTT absorbance for both arrays (Figure 6), 60s exposures were only significantly effective
for the broad spectrum array (400-850nm); further increasing exposure time for this array
resulted in no significant effects (Figure 6b). Since the broad spectrum array was standardized
to deliver equivalent irradiance regardless of wavelength, the irradiance levels delivered were
relatively low compared with those of the narrow spectrum array (9-142mW/cm2, 625830nm), which delivered the maximum irradiance permissible by the design of that array.
Thus, for the same exposure times, the radiant exposure, or dose (product of irradiance and
exposure time) was significantly higher for the narrow spectrum array. Indeed, dosedependency relationships within PBM literatures exist and biphasic dose-responses are well
known [1, 3, 14, 24]. However, there currently exists no single study investigating the effect
of multiple wavelength and dose within PBM literature. Although the broad spectrum array
has the advantage of standardized irradiance to compare wavelength, in order to fully assess
the effect of dose combinations, different irradiances and exposures times should be applied
18

to independently assess each parameter. Here the combination of data from the two arrays
(albeit at different irradiances and radiant exposures) demonstrates the possibility to
investigate such an effect in a rigorous and systematic manner.
In addition, whilst the broad spectrum array is standardized in terms of irradiance, the energy
of the photons and the photonic flux (the number of photons delivered per square metre,
which is a function of irradiance and wavelength) would differ between wavelengths.
Therefore, even irradiance standardization would only give an estimation of wavelength and
dose-dependency relationships. Equivalent photonic flux (albeit at different irradiances) could
be calculated for each wavelength and irradiance values could be adjusted so that the same
‘dose’ is delivered as a function of wavelength with varying photon energy; a consideration
that is currently overlooked in PBM studies.
HDPC cultures at relatively early passage, as those used here, are likely to be heterogeneous
and contain stem/progenitor cells, endothelial cells and fibroblasts and hence may exhibit
significant in vivo relevance [38]. Whist HDPCs have in vivo relevance; the individual cell
types within this heterogeneous mixture may exhibit variable responses at specific
wavelengths and doses [35, 39]. Effects of light irradiation could be further investigated in
specific cell types to fully understand dosing relationships for specific purposes.
In the current study, significant increases in MTT absorbance were measured at multiple
wavelengths (Figure 6). Although not significant, at 470nm (120s exposure), MTT
absorbance was lower than all other groups. The cytotoxic effects of short wavelength UV
light are well known and longer wavelength visible blue light (~400-500nm) is considered to
be safer for human cells [40]. Whilst in the current study, the effects at 470nm where nonsignificant, these LED arrays could also be used to identify harmful wavelengths and
irradiation parameters to minimize risks when applied in vivo.
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Other biological assays such ATP and NO assays [14] can also be applied to identify effective
irradiation parameters [14, 17] using the proposed irradiation method. However, the MTT
assay is a relatively inexpensive and a rapid solution due to the almost instantaneous reaction
through reduction of the MTT dye by the enzyme succinate dehydrogenase, thus allowing
rapid high-throughput analysis of biological effects. Similar assays have been used in other
PBM studies to identify effective irradiation parameters and have been shown to correlate
with increased NO and ATP production as well as other signaling molecules such as growth
factors and reactive oxygen species leading to increased cell proliferation [14, 17]. The
success of this high-throughput assay is underpinned by the development of the LED arrays
and the subsequent characterization and calibration to accurately deliver light. These
developments present a novel method that can be used to systematically and rigorously
investigate various irradiation parameters in a range of cell types to assess PBM and
photocytotoxic effects. It may further be possible to investigate the spectral quantum
efficiency of applied light to provide a better insight into PBM mechanisms.
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4. Conclusion

LED arrays were developed, characterized and then applied to identify effective irradiation
parameters for HDPC stimulation. The optimization of the technique allowed increased MTT
absorbance to be measured 24h post-irradiation for 30s exposures of 3.5mW/cm2 at 470, 527,
631, 655nm, 680, 777, 798 and 826nm with distinct peaks at 631nm and 798nm. The
development and application of LED arrays and high throughput assays provide a robust and
reliable platform to rapidly identify irradiation parameters which is both time- and costeffective. These arrays can be used to identify effective or optimised irradiation parameters in
a range of cell types and the spectral quantum efficiencies for various PBM applications.
Furthermore, these arrrays are also applicable in other photomedicine research areas such as
photodynamic therapy and photocytotoxicty screening.
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Supporting Information
Additional supporting information may be found in the online version of this article at the
publisher’s website.

Figure S1: The real time irradiance measured to assess fluctuations in irradiance during the
irradiation procedure. The charts show no significant changes in irradiance over the exposure
times used thus confirming accurate delivery of irradiance and radiant exposure.

Figure S2: Percentage changes in MTT absorbance of irradiated compared to non-irradiated
control groups measured 4hrs after irradiation. No significant differences were identified
through One-Way ANOVAs and post-hoc Tukey comparisons (P<0.05).

Figure S3: Percentage changes in MTT absorbance of irradiated groups compared to nonirradiated control groups measured 24hrs after irradiation for the narrow spectrum array. *
represent significant increases in MTT absorbance assessed through One-Way ANOVAs and
post-hoc Tukey comparisons (P<0.05).

Figure S4: Percentage changes in MTT absorbance of irradiated groups compared to nonirradiated control groups measured 24hrs after irradiation for the broad spectrum array. *
represent significant increases in MTT absorbance assessed through One-Way ANOVAs and
post-hoc Tukey comparisons (P<0.05).

Supplementary Table 1: Specific wavelengths, irradiance and radiant exposures delivered to
cell cultures using each of the arrays for the full set of exposure times utilized in this study.

Supplementary Table 2: The radiometric data derived from the spectral irradiance graphs
which confirm accurate delivery of irradiance and wavelengths.
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Figure 1. Image and schematic representations of the LED arrays. In each array, columns 1 and 12, and rows A and H were not used as the outer
wells may be more susceptible to media evaporation which is known to effect biological outcomes. Shaded areas within the schematic diagrams
represent the active areas were cells were cultured and irradiated at specific wavelengths.
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Figure 2. The spectral irradiance of the LEDs measured using a fibre-coupled UV-Vis
spectrometer. For the broad spectrum array, spectral irradiance was re-measured following
irradiance standarisation. The integral of the peaks represent the absolute irradiance emitted
by each set of LEDs (these values can be found in the supplementary data section).
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Figure 3. The beam profile images showing the distribution of irradiance across the culture
surfaces of 96-well plates. Whilst there is a ‘Gaussian’ distribution in irradiance, the LEDs
are appropriately matched to irradiate the full culture areas.
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Figure 4. The absorption profiles of the media used to culture cells and the absorption profile
of the base of the micro-well plate for which light penetrates to reach cells during irradiation.
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Figure 5. The temperature change during irradiation following immediate removal from 37˚C
incubator.
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Figure 6. Percentage changes in MTT absorbance of irradiated groups at selected exposure
times compared to non-irradiated control groups measured 24h after irradiation. * represent
significant increases in MTT absorbance assessed through One-Way ANOVAs and post-hoc
Tukey comparisons (P<0.05). The full set of data can be found in the supplementary
information section.
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Table 1. Specific wavelengths, irradiance and radiant exposures delivered to cell cultures using each of the arrays.
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