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Resumé 

LED teknologien giver helt nye muligheder for spektralt design, som er 
attraktivt inden for mange medicinske anvendelser. Ph.d. afhandlingen 
udforsker de potentielle sundhedsmæssige fordele, man kan opnå med 
ultraviolette og synlige LED lyskilder. 

Afhandlingen benytter en tværfaglig tilgang, der kombinerer kompetencer 
fra forskellige videnskabelige områder som fotonik, mikrobiologi, fotokemi, 
kronobiologi og obstetrik. Det er afhandlingens formål at undersøge de 
biologisk relevante effekter, som LED-belysning har, samt at give statistisk 
evidens for at disse LED-systemer kan forbedre menneskers sundhed. 

Et bærbar ultraviolet LED UV-belysningssystem blev fremstillet i ph.d. 
projektet. Belysningssystemet blev benyttet til at undersøge hvorledes 
bakterier i biofilm kunne inaktiveres ved at benytte smalbåndet UV-
bestråling i intervallet 250-340 nm. Det blev observeret at genvækst blev 
mest effektivt undertrykt af lyset i UVB-området. Blandt alle de undersøgte 
bølgelængder fremviste 296 nm det største potentiale for biofilm 
inaktivering. En strålingseksponering på 20.000 J/m2 var tilstrækkelig til at 
opnå fuldstændig inaktivering af biofilmen. Denne optiske behandlingsform 
viste sig at være mere effektiv til inaktivering af bakterier end: 1) 
fotodynamisk terapi, 2) antibiotika og 3) lige så effektive som 
kombinatoriske antibiotika. I ph.d. projektet er udviklet en ny metode "lys 
assisteret antibiotika", som giver en effektiv inaktivering på 99.9 % for 
modne biofilm. Sidstnævnte behandlingsform kan få stor betydning for 
behandling af infektionssygdomme i fremtiden, fordi mængden af 
antibiotika kan reduceres betydeligt. 

I projektet er ligeledes undersøgt, hvorledes UV LED kan benyttes til D-
vitaminberigelse af forskellige fødevarer. Indholdet af D-vitamin i svinehud 
kunne øges til et niveau på 0.5 µg/cm2 efter blot 7 sekunders eksponering, 
og D-vitamin indholdet i æggeblommer blev øget med en faktor 4. 

Den sidste del af ph.d. projektet omhandler, hvorledes synligt LED lys kan 
forbedre menneskers søvn, sundhed og præstationsevne. Konkrete 
eksempler er forbedring af ældre kvinders søvn, OL atleters reaktionsevne, 
samt inden for hospitalsanvendelser at reducere antallet af kejsersnit samt 
at øge evnen til at identificere blodårer. 
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Abstract  

LED technology offers flexibility of spectral design and comfort in operation. 
This PhD thesis explores the potential health benefits that can be imposed 
by light interventions performed with ultraviolet (UV) light emitting diodes 
(LEDs) or visible (VIS) LED lighting systems. 

Based on a cross-disciplinary approach, combining competences  from 
diverse scientific fields such as photonics, microbiology, photochemistry, 
chronobiology, and obstetrics the scope of this PhD project was 1) to 
investigate, by a systematic approach, effects imposed by narrowband UV 
irradiation, as emitted by LEDs, on systems with biological relevance and 2) 
to generate statistically significant evidence that VIS LED lighting systems, 
when used in a suitable manner, can improve several dimensions of human 
health and human performance. 

A portable UV irradiation setup was fabricated and characterized. Bacterial 
communities forming biofilms and their inactivation by narrowband UV 
irradiation in the range 250-340 nm, was investigated. It was observed that 
regrowth was suppressed more effectively after UVB irradiation. Among the 
UVB LEDs tested, the diode at 296 nm showed the greatest potential for 
biofilm inactivation; radiant exposure at 20.000 J/m2 was proven adequate 
to totally inactivate immature biofilms. This treatment was shown to be 
more effective than 1) photodynamic therapy, p=0.002 2) conventional 
antibiotics, p<<0.001; and 3) equally effective to combinatory antibiotics, 
p=0.12. However, effective inactivation (99.9%) on mature biofilms was 
only achieved after a novel treatment was invented, namely “light assisted 
antibiotics”.  Additionally, significant vitamin D enrichment of various food 
products was achieved. Especially the content of vitamin D in pig skin could 
reach 0.5 μg/cm2 after 7 sec. exposure versus the 0.005 µg/cm2 of not 
exposed samples, and 4 fold increase of vitamin D in egg yolk was 
demonstrated by direct illumination. 

Applying VIS LED illuminants with specific spectral power distribution in 
elderly houses resulted in better sleep for elderly women (p=0.007). Light 
interventions enabled elite athletes to conserve their sleep quantity and 
quality, despite their shifted circadian rhythm. Easier vein identification-
access was achieved by applying a special LED illuminant and a statistic 
evaluation of the human eye ability to identify veins was performed. Finally, 
lower risks for C-section (OR= 0.57; 95% CI 0.33-0.97) were attained when 
labor rooms were equipped with dynamic illumination.  
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Note: The holistic approach of benefits on human health induced by LED interventions 

followed throughout the present PhD study is not following the conventional path of 

contemporary academic work governed by high degree of specialization. This is a 

consequence of the project’s scope and the author’s diverse background. 
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1. Introduction 

 

 

 

1.1. Motivation 

 

Modern living separates humans from their natural surroundings and many 
might claim that this behavior is happening due to evolution mechanisms. 
However, when this separation is abrupt, it can have negative 
consequences.  One vital element that is shaping or/and giving form to the 
natural surroundings is sunlight. Humans evolved in outdoor environments 
and therefore under the exposure of natural light, over millions of years. 
Nowadays, most hours of the day are spent indoors and for this reason it is 
important to try to optimize the artificial light sources with the scope to 
support wellbeing.  

In the past, the gamut of available light sources for indoor illumination was 
quite limited. Technological development though, has brought us from the 
usage of torches and oil lamps, to three milestones of illumination: 
incandescent, fluorescent and LEDs. Incandescent and fluorescent lamps 
provide a spectral power distribution which is fixed, and as shown in Fig. 1.1 
their spectral power distribution is distinct from sunlight. Incandescent 
lamps provide a continuous spectrum but lack the blue-ish contents; while 
fluorescent lamps exhibit discontinuity. Sunlight exhibits blue enriched and 
blue suppressed phases during the diurnal period, which cannot be 
achieved either by incandescent or fluorescent lamps. 

On the contrary, solid state lighting (LEDs) offers the possibility to the light 
engineers to be creative with the spectral content and dynamically 
modulate it throughout a day. However, evidence for the possible positive 
effects of using a “spectrally creative” and time modulated indoor 
illumination, has not yet been extensively confirmed. 
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Fig. 1.1: Power spectral distributions as measured by a handheld spectrometer 
of a) an incadescent lamp b) a flourescent lamp c) morning sunlight d) 

afternoon sunlight. 

 

Furthermore, LEDs also open the road for performing narrowband 
exposures in the UV range. This asset offered by solid state lighting could be 
used for bio-application purposes, but requires extensive knowledge about 
the specific wavelength dependent effects induced by UV light and a more 
mature UV LED market. 

There is massive evidence that the LED markets both in the visible and UV 
region will continue growing primarily due to the energy saving benefits. 
Therefore, the (LED) costs are expected to fall drastically, enforcing wide 
acceptance of LEDs and out-phasing of the alternative lighting technologies. 
One must not forget that market development is a wheel of components: 
discovery, reflection, focusing, connection and enrichment that circulate 
creating a loop of feedback and progress [1.1]. This project focuses 
separately on VIS and on UV LEDs. 

Visible LEDs 

When this PhD project was initiated it was a moment where dynamic solid 
state lighting has matured in terms of technological development and 
several commercial products were available suggesting positive effects. 
However, the statistical demonstration of its possible positive effects on 
wellbeing and evidence that general health can be benefited by their usage 
was poor. The opinion, of the Illumination Engineering Society of North 

a) 

c) 

b) 

d) 
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America, that further research on the topic is essential, and not only with 
focus at LEDs, was clearly stated in 2008 [1.2, 1.3]. Concerning VIS LEDs, the 
purpose of this PhD thesis was to bridge that gap by generating more 
evidence and demonstrate statistically that the health benefits suggested 
were significant; by testing and characterizing existing commercially 
available LED systems. Populations with special healthcare needs were 
particularly in focus, since these groups are more vulnerable to negative 
consequences of inadequate lighting and attempts were made to even 
suggest novel light interventions. A scalable nanostructuring method for 
improving light extraction efficiency of LEDs was also suggested. 

UV LEDs 

In comparison to VIS solid state lighting, UV LEDs are still in the process of 
technological development and the effects of narrowband UV LED exposure 
are still unexplored. In this thesis, a systematic approach was implemented 
to investigate/discover the imposed effects of UV narrowband irradiation, 
as emitted by UV LEDs, in two critical areas which are indirectly connected 
to human health, namely vitamin D biofortification and biofilm 
disinfection/inactivation. By enriching the fields where UV LEDs can be used 
and connecting them to real life applications this PhD thesis contributes to 
re-enforce the loop of UV LED development.  

In conclusion, this study has been based on a cross-disciplinary approach, 
with the scope to explore the potential health benefits that can be imposed 
by VIS and UV interventions, as provided by solid state lighting (LEDs). 

 

1.2. Objectives 

 

The main objectives of the present PhD thesis are: 

 To explore the potential health benefits that can be imposed by LEDs as 
providers of electromagnetic radiation in the VIS and UV range 

 To propose and implement an irradiation method for inactivating 
resistant bacteria (target to achieve a 99.9% inactivation) and 
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investigate, in a systematic approach, the ability of UV LEDs to be used 
as biofilm disinfection tools 

 To systematically investigate the potential of vitamin D enrichment on a 
variety of food products by LEDs 

 To perform light characterization of commercially available LED systems 
on experimental location and in the lab 

 To generate evidence of possible beneficial effects of (LED) light 
interventions including better sleep quality of elderly and athletes; 
easier labor process for the mothers and the medical personnel 

 To develop an LED illuminant for improved visualization of veins that 
only minimally disturbs the circadian rhythm 

 To explore possible potential of nanoengineering into biomedical LED 
applications 

 To merge knowledge coming from diverse medical fields and identify 
how photonics can make a positive impact.  

 

 

 

1.3. Project Background and Collaborations 

 

The project is interdisciplinary and covers topics within the fields of LEDs 
and biophotonic applications for improved health and performance, as 
such, it combines competences coming from diverse scientific fields such 
photonics, analytical chemistry, performance analytics, chronobiology, 
photochemistry, odontology, microbiology and obstetrics. 

The project was carried out at the Department of Photonics Engineering, 
Technical University of Denmark (DTU) in collaboration with: PANUM 
Institute (Costerton Biofilm center and Department of Odontology, 
University of Copenhagen), medical doctors from Danish Hospitals 
(Nordsjællands Hospital – Hillerød and Glostrup Hospital), Aalborg 
University, Gate 21, DTU Food, DTU Compute, Team Denmark, as well as 
Danish industry (Hedegård Foods A/S, U-Vivo Aps, Hesalight etc.). 

The holistic approach followed throughout the present PhD study, to 
identify possible benefits on human health induced by light, required that 
skills and competences from diverse expertise were brought together. The 
present project would not be possible without the collaborations among 



PhD Thesis                       New light sources for biomedical applications                       A. Argyraki 

 

21 
 

the different Institutions mentioned above; and the irreplaceable 
contribution of the following persons:   

 Chapter 3: Main collaborators: M. Markvart and L. Bjørndal and T. 
Bjarnsholt and for their assistance:  C. Stavnsbjerg, A. Nielsen and M. 
Alhede. Section 3.6: H. Ou, Y. Ou and W. Lu. 

 Chapter 4: Main collaborators: J. Jakobsen and L. L. Barnkob and for her 
assistance: A. H. Pedersen.  

 Chapter 5.2:  Main collaborators: B. A. Sander, J. Markvart, L. Kessel, K. 
Johnsen and Gate 21 , Chapter 5.3: T. Wrønding and E. C. L. Løkkegaard, 
Chapter 5.4: J. H. Andersen, J. Broeng and from Team Denmark: L. 
Johansen and A. T. Adler. Chapter 5.5: L. K. H. Clemmensen. 

 

1.4. Thesis outline 

 

The key aspect of this thesis was to investigate how VIS and UV LEDs can be 
used to promote wellbeing. In the first part of the thesis, chapter 2, a basic 
introduction to the VIS and UV LEDs is given, together with the direct and 
indirect impact of UV/VIS electromagnetic radiation on human health. 
Moreover, since the results of this thesis are often statistical, some basic 
statistical tools are introduced. All the important findings produced during 
the PhD project are documented in the present thesis (divided in chapters), 
and in scientific publications or patent applications (see Publication list). 
The content of the peer reviewed scientific publications and the PhD 
chapters, is in some cases overlapping; in those cases the relevant 
publication is cited. The outline of the chapters and their novelty are shortly 
introduced. 

Chapter 3 is concerned with the usage of UV LEDs for biofilm inactivation. 
Biofilms are assemblies of microorganisms that join together into 
communities in order to enhance their survival chances against external 
treats, and are known for their antibiotic resistance and shielding 
mechanisms against immune response. The role of biofilms is central in 
infectious diseases, therefore alternative methods for achieving biofilm 
eradication is of vital importance. A systematic investigation about how UV 
LED light sources can be implemented to eliminate biofilms has not been 
reported in the past. Moreover, the inactivation efficacy of the suggested 
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approach of UV irradiation is compared to conventional treatments namely 
antibiotics [0.13] and photodynamic therapy [0.6, 0.16]. Finally a novel 
treatment is suggested to combat resistant biofilms [0.8], and discussed 
together with future possibilities of improving implants by exploiting 
nanoscale topography [0.4, 0.10]. 

In chapter 4, irradiation processes with UV LEDs for increasing the vitamin D 
content of a variety of food products (pig skin [0.2], salmon skin, eggs), are 
described. Vitamin D deficiency and insufficiency are common problems 
that have broad negative impact on general health status. Biofortification of 
food products with UV LEDs could be a way to circumvent this problem. 
Consumption of biofortified edible products produced with UV LEDs is 
excluding all dangers (cancer development, irritation of skin etc.) of direct 
skin exposure to UVB. Moreover, in terms of market product development 
the solution provided here adds an innovative aspect that has not been 
presented before, and has several advantages over the solutions presented 
in the past. Furthermore, the possibility of biofortifying farmed salmon skin 
with blue light as suggested by Pierens et al [1.4], was investigated, 
however, such a response was not observed.  

Chapter 5 is presenting the potential benefit that can be achieved with VIS 
LED lighting systems to populations with special health care needs. 
Interventions with VIS lighting are noninvasive, have minimal side effects 
and are easy to fit into everyday activities. Therefore the proof of the 
concept is expected to have big impact to society. Focus is put on elderly 
people [0.3], women in labor [0.7], midwives, and elite athletes [0.15]. 
According to our knowledge lighting has never been used in the past as an 
intervention for the labor process, neither as a tool for sustaining sleep 
quality of elite athletes under conditions of shifted circadian rhythm 
(jetlag). The chapter is finishing with the statistical demonstration that 
white illumination settings can affect the human ability to identify veins in 
the inner hand vasculature [0.1]. Veins are used as an “easy to handle” 
example that direct visual perception of biosamples can be improved if 
suitable general lighting is applied. 

 

Chapter 6 summarizes the main conclusions of the study together with the 
presentation of the future perspectives. 
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2. Theoretical background 

 

 

 

2.1. UV LEDs 

 

The ultraviolet (UV) LED market has grown noticeably the last years and 
both the number of companies manufacturing UV LEDs and UV LED 
adoption continue to accelerate [2.1]. UV-LEDs are LEDs that emit UV 
radiation with a wavelength of approximately 400 nm or shorter. Near UV 
LEDs, are having an emission wavelength of 300–400 nm, and deep UV LEDs 
at 200–300 nm. Technology and research developed for visible LEDs 
provide an existing infrastructure for near UV-LEDs, and progress in nitride 
semiconductors has driven commercial UV LEDs well into the 200–280 nm 
(UVC) band.  

In comparison to fluorescent UV lamps, UV-LEDs exhibit several advantages 
and therefore are expected to prevail in the future. UV LEDs are mercury 
free, have a longer lifetime and a more stable light intensity, as well as 
higher energy efficiency. It is easy to control their temperature, they are 
more compact, and most importantly they exhibit a narrow spectrum. 

The bandgap of pure gallium nitride (GaN) corresponds to 365 nm (Fig 2.1). 
The emitted wavelength can be increased towards violet and blue, by 
adding indium, while addition of aluminum decreases the wavelength 
towards deeper UVC wavelengths. Pure aluminum nitride (AlN) has a 
bandgap wavelength of 210 nm, which remains the shortest wavelength 
achieved by LEDs [2.2]. 

UV LEDs are typically grown on sapphire (Al2O3) substrates. The choice of 
substrate is very important for the performance in the deep UV region. A 
lattice mismatch between the substrate and the active AlGaN layer results 
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in a high defect density in the crystal and therefore a poor performance of 
deep UV LED devices [2.3]. As the aluminum concentration increases, 
reducing the LED wavelength, the lattice mismatch with sapphire becomes 
bigger and the external quantum efficiency decreases. Other substrates 
more rarely used are SiC [2.4], GaN [2.5, 2.6] and AlN [2.7, 2.8].  

 

Fig. 2.1: Bandgaps of the most common semiconductors used for UV LED 
production. The scale to the right presents the light wavelength, corresponding to 

the band gap energy. 

 

Researchers are exploring various manufacturing processes to gain better 
performance for UV LEDs [2.9] considering all efficiency parameters [2.10]: 
internal quantum efficiency, electron injection efficiency and light 
extraction efficiency. Approaches like photonic structures [2.11], novel chip 
geometries [2.12], and epitaxial lateral overgrowth [2.13] have been 
reported to substantially improve performance. The current state-of-the-art 
external quantum efficiency as obtained for LEDs in the UV region is 
presented in Fig. 2.2 [2.14-2.25]. 

UV LEDs have strong potential for applications in water [2.26] and air 
purification [2.27], phototherapy [2.28], biotechnology [2.29], UV curing 
[2.30, 2.31], banknote detection [2.32], sterilization [2.33], sensing [2.34, 
2.35], lithography [2.36, 2.37], microscopy [2.38], and many more.  

It is expected that due to the strong demand for an environmentally 
friendly, reliable, and energy efficient light source in the UV region, 
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researchers will be able to overcome the hindering challenges in the near 
future and provide users with UV LEDs at reasonable prices and satisfactory 
output power. 

 

Fig. 2.2: External quantum efficiency as a function of peak wavelength, as reported 
for state-of-the-art UV LEDs [2.14-2.25]. The figure is from Kneissl et al [2.14]. 

 

2.2 VIS LEDs 

 

LEDs are widely adopted in various environments and are accepted as an 
environmentally friendly light source [2.39]. Contrary to other light sources, 
LEDs are directly transforming electrical energy into light 
(electroluminescence), and therefore are considered as the ultimate form 
of lamp that theoretically can achieve almost 100% power to light 
conversion [2.40]. The current status for external quantum efficacy of 
InGaN and AlGaInP LEDs [2.41] is presented in Fig 2.3. The luminous efficacy 
of conventional light sources and LEDs, as expected to improve by 2020, 
was reported by Tsao et al. in 2004 [2.42]. 
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When electric current flows through the junction, holes and electrons are 
injected into the depletion region and into the neutral n- and p-type 
regions, these diffused excess holes and electrons get potential energy 
equal to the band gap energy and can recombine causing light emission. 
The light emitted exhibits relatively narrow-band spectra, meaning that 
inherently LEDs are colored light sources. However, white light with a 
dynamic broad spectrum can be produced by LEDs, offering again the ability 
to the modern human, which is usually acting in indoor environment, to 
enjoy an illumination setting that resembles natural sunlight. The dynamic 
broad spectrum can be achieved by using color mixing of independently 
controlled LEDs and the full potential of this type of lighting remain still to 
be explored. The biggest challenge for this approach is the gap in the 
efficiency in the green-yellow region (see Fig. 1.3, dotted line) [2.43]. 
Recent advances indicate that this issue can be overcome [2.44-2.47].  

 

Fig. 2.3: External quantum efficacy of InGaN and AlGaInP LEDs. The figure is from 
Shur et al [2.41]. 

 

Microscale implantable and wireless controlled LEDs are expected to push 

the frontiers of potential applications beyond imagination. LED systems at 
the microscale have already been reported to find success in 
optogenetics for brain stimulation and cellular imaging [2.48-2.51]. 
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2.3. VIS and UV electromagnetic radiation: direct and indirect 

impact on human health 

 

Electromagnetic radiation refers to the photons or waves (particle-wave 
duality) of the electromagnetic field, propagating through space carrying 
electromagnetic radiant energy [2.52, 2.53]. The electromagnetic spectrum 
in sequence of increasing wavelength (and decreasing frequency) consists 
of gamma rays, X-rays, UV radiation (UVC, UVB, and UVA), visible light, 
infrared radiation, microwaves, and radio waves (Fig. 2.4). 

 

Fig. 2.4: Electromagnetic radiation classification. 

 

Electromagnetic radiation in the visible wavelength region is an influential 
environmental factor and acts on the human body by two pathways 1) the 
primary optic tract which governs visual perception [2.54-2.55], and 2) the 
retinohypothalamic tract which governs endocrine, neurobehavioral, and 
circadian functions [2.56, 2.57]. Another pathway, namely direct brain 
stimulation, induced by VIS electromagnetic radiation is also discussed as a 
possibility with increasing evidence [2.58-2.60]. 

It was recently shown that for women whose melatonin release was 
repeatedly suppressed during their pregnancy weeks 37-40, by usage of 
light, the period for arriving at the labor stage was significantly prolonged 
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[2.61]. These facts should alert us for the quantity and quality of light 
human beings need, in order to function optimally during the day, and in 
various circumstances. Especially nowadays, that most of our lifetime is 
spent indoors, and thus we are mostly exposed to artificial light.  

Since the human race evolved in sunlight one would expect that the 
artificial light sources should mimic as closely as possible the natural light 
for promoting wellbeing. 

UV radiation has played a major role in the development of early life by 
providing the “praise” of mutation which is the underlying genetic 
mechanism of evolution [2.62]. UV radiation is also the best natural source 
of vitamin D. Vitamin D insufficiency could have a major impact on general 
health. Diminished bone mineralization, muscular weakness, hypertension, 
autoimmune diseases, multiple sclerosis, type 1 diabetes, schizophrenia, 
and depression are some of the diseases that could be attributed to vitamin 
D deficiency [2.63]. 

However, UV radiation can also be harmful, especially the shortest 
wavelengths (more energetic radiation). Skin cancer is one of the major 
negative effects that UV radiation is accused for [2.64]. The tradeoff 
between positive and negative effects of UV radiation is not easy to resolve 
and it is a matter of finding the proper balance among the parameters: UV 
wavelength, radiant exposure, and sensitivity of the organism involved. 

For microorganisms, which are quite often antagonists of human wellbeing, 
the effects of UV radiation can be fatal. The exact nature of the effect of 
ultraviolet light on microorganisms at the molecular level is a matter of 
intensive research. All UV wavelengths cause some photochemical effects, 
though, the UVC wavelengths are considered to be particularly harmful to 
cells because they are absorbed by DNA [2.65]. The inactivation 
effectiveness of UV wavelengths can vary between species. UVA 
inactivation effects are expected to be significantly less effective than UVC 
and UVB. The biological effects of UVA are generally credited to enhanced 
production of reactive oxygen species (ROS), which results in oxidative 
damage to lipids, proteins and DNA [2.66]. UVB and UVC photons cause 
more direct damage by inducing formation of DNA lesions (photoproducts), 
mainly pyrimidine dimers, which block DNA replication and RNA 
transcription [2.67]. DNA and RNA are responsible for microbial replication 
and protein synthesis and damage to these nucleic acids cause inactivation 
or failure to reproduce. Exposure to UVB also causes oxidative stress, 
therefore, UVB induced damage comprises elements of both direct and 
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indirect pathways of damage [2.68]. Ultraviolet light also causes 
photochemical reactions/damages in proteins (UV absorption peaks at 
about 280 nm). Absorption in the peptide bonds within proteins can 
happen at wavelengths below 240 nm. For bacteria in planktonic state, the 
germicidal effectiveness of UV radiation demonstrates a peak at around 
260–265 nm and this corresponds to the peak of UV absorption by bacterial 
DNA [2.69]. UV light could become a disinfection tool for medical 
instruments and devices [2.70] or even against bacterial infections. 

 

2.4. Statistical tools 

 

In this paragraph statistical tools used throughout this thesis are 
introduced. A common question often rising up during this work was “Is the 
response, of a parameter X, different among groups receiving diverse 
treatments?”. If 𝑌𝑘𝑖 is the observation of response for experimental unit 𝑖 in 
group 𝑘, 𝑖 ∈  {1, … . , 𝑚} and 𝑘 ∈ {1, … . , 𝑙} we assume: 

𝑌𝑘𝑖 = µ𝑘 + 𝜖𝑘𝑖 

where µ𝑘 is the mean in group 𝑘 and 𝜖𝑘𝑖 is the individual variation, and the 
observations are assumed to follow a normal distribution within each group 
with a common variance 𝜎2 (𝜖𝑘𝑖~𝑁(0, 𝜎2), 𝑌𝑘𝑖 ~𝑁(µ𝑘 , 𝜎2)). In one way 
analysis of variance (ANOVA) [2.71] there is only one hypothesis (null 
hypothesis), namely, “are the groups the same?” 

𝐻0 = µ1 = µ2 = ⋯ = µ𝑚 

If the hypothesis is accepted, p≥ 0.01 or 0.05 (depending on where the 
significance level is set to 1% or 5%) then we can assume a simpler model: 

𝑌𝑘𝑖 = µ + 𝜖𝑘𝑖 

where all responses are described by the common overall average or 
“grand mean” and the variance observed is only attributed to random 
error. The null hypothesis of equal means is rejected if p <0.01 or 0.05, i.e. 
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when the variation between groups is too large compared to the variation 
within the groups: 

∑(y𝑘𝑖 − 𝑦𝑚𝑒𝑎𝑛)2

𝑘𝑖

= ∑(𝑦𝑘𝑖 − 𝑦𝑘𝑚𝑒𝑎𝑛)2 = ∑(𝑦𝑘𝑚𝑒𝑎𝑛 − 𝑦𝑚𝑒𝑎𝑛)2

𝑘𝑖𝑘𝑖

 

 

 

then the differences induced by the different treatments are significant.  

A low p. value suggests that the sample tested (representing the entire 
population) provides enough evidence that we can reject the null 
hypothesis for the entire population. A specific p. value can be interpreted 
as following, (for example) p=0.001 means: assuming that the treatment 
applied had no effect, we would obtain the observed difference or more, in 
0.1% of tests due to random sampling error. For identifying where the 
differences are to be found (among which treatments) pairwise t-tests 
[2.72] can be performed and confidence interval (CI) limits can be used to 
determine how big or how little difference is enacted by a treatment 
compared to another [2.73]. The assumptions for variance homogeneity 
and normally distributed observations can be tested with Levene’s test 
[2.74] and QQ-plots [2.75], respectively.  

The experimental units used in this thesis were quite diverse: biofilms, pig 
skin, salmon skin, eggs, elderly people, women in labor, elite athletes, 
gamers, and vein observers. Similarly, the responses tested were also 
diverse: colony forming units (CFUs), vitamin D content, sleep pattern 
factors, several parameters of labor like acute caesarean section and use of 
additional syntocinon, reaction time, and vein identification output. The 
treatments on the other hand were all VIS or UV exposures, delivered 
mostly by LEDs and always intending to improve health and wellbeing. The 
amount of replications was determined by the resources available in each 
project and by time restrains. 

 

 

Variation between groups Variation within groups Total variation 
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Chapter 3 

 

 

 

3. Biofilm inactivation by UV LEDs and light assisted antibiotics 

 

Motivation 

Disinfection is a major issue in health care and especially disinfection of 
biofilms is a difficult task since the biofilm state is the mechanism 
implemented by bacteria in order to increase their chances of survival. A 
light based approach, for disinfection of biofilms, founded on 
implementation of UV LEDs could offer an alternative, additional tool to 
conventional treatments, which often are proven not to be adequate. 

 

Related PhD publications: 0.4, 0.5, 0.6, 0.8, 0.9, 0.10, 0.13, 0.14, 

0.16, 0.17 
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3.1. Introduction 

 

In the present chapter the ability of UV LEDs to inactivate biofilms is 
investigated. Biofilm survival of two different species of bacteria 
(Pseudomonas aeruginosa and Enterococcus faecalis) was studied as a 
function of UV radiant exposure. The maturity of the biofilm (growth stage) 
was considered as a factor that could affect the outcome of the UV 
treatment.  Moreover, the inactivation efficacy was systematically tested in 
a wavelength dependent manner for both bacterial species (P. Aeruginosa; 
E.faecalis [0.6]).  Conventional antibiotic treatments were compared for 
their efficacy in killing P. aeruginosa biofilms with a treatment comprising of 
specific exposure to UVB irradiation [0.13].  

The transmission properties of biofilms were also studied in order to 
develop a better understanding of how UV light interacts with bacteria in a 
biofilm state. A novel method “light assisted antibiotics” is suggested as an 
alternative approach for improving the killing efficacy of antibiotics on 
mature/persistent biofilms. Finally, this chapter contains a description of 
how nanoengineering, as a tool for implant improvement, may be used; 
and a method for fabricating cost effectively nanotopographies is 
introduced.  

UV light treatments are non-invasive and are expected to have a growing 
potential in medical disciplines like dermatology and dentistry, where the 
confinement due to the limited penetration depth is not prohibitive. 
However, UV irradiation can also be detrimental if applied in a non-suitable 
way. During the present study, the focus of the UV treatments applied was 
towards UV wavelengths and exposures that could be realized in summer 
sunlight in the Nordic countries. UVC treatments were also part of the 
investigation, but not with the intention to be used in vivo, due to the 
probable harmful consequences for the patients. 

The present chapter is the result of interdisciplinary research collaboration 
between DTU Fotonik, Department of Odontology and Department of 
Immunology and Microbiology, University of Copenhagen (M. Markvart, L. 
Bjørndal, T. Bjarnsholt). The antibiotic treatments were performed by 
Camilla Stavnsbjerg. 
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3.2.  Irradiation treatments of P. aeruginosa and E. faecalis 

biofilms with UV LEDs 

 

The present section focuses on the ability of UV LEDs to inactivate biofilms. 
The bacterial species studied were Enterococcus faecalis (E. faecalis) and 
Pseudomonas aeruginosa (P. aeruginosa). E. faecalis is a gram positive 
bacterium [3.1] and has a thick cell wall of peptidoglycan, while P. 
aeruginosa is a gram negative bacterium with a thin layer of peptidoglycan 
and an outer lipid bilayer into which porins and specific uptake channels are 
embedded [3.2].  

The inactivation of the biofilms was systematically investigated as a 
function of radiant exposure, in the range (approx.) from 70 J/m2 to 10.000 
J/m2, as well as in a wavelength dependent manner in the wavelength 
range 250-340 nm. Furthermore, the effect of maturity of the biofilm on 
the effectiveness of the treatments was tested, more specifically biofilms 
were left to grow for 24, 48 of 72hours before the treatment took place 
[0.6]. 

The efficacy of UVB (above 290 nm) or UVA irradiation to inactivate biofilms 
could be particularly interesting. For these wavelengths, the intervention 
can be performed in a way that could be characterized as “natural”, since 
they are part of daylight. The quantum flux density below 290 nm reaching 
the earth’s surface is about 1016 photons/cm2 per month, and can be 
considered negligible [3.3]. At extreme latitudes such as in Norway there is 
no detectable UVB irradiation below 300 nm [3.4]. During a summer day in 
Nordic countries the intensity of UV irradiance at noon is around 0.7 W/m2 
[3.5]. Therefore an exposure around 20.000 J/m2 could be reached after 6 
days in summer sunlight at noon time (2hours per day). 

The way of design of indoor illumination for environments that require high 
standards of sterility could be revolutionized by enriching them with UV 
LEDs, or UV transparent windows, or a combination of the two depending 
on the orientation of the location. Especially one of the two bacterial 
species tested here, P. aeruginosa, is frequently the reason for hospital 
acquired infections [3.6, 3.7]. 
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3.2.1. Materials and Methods 

 

The LEDs that were used to deliver the UV irradiation to the biofilms were 
purchased from Sensor Electronic Technology, Inc (SETi, Columbia, SC, USA; 
TO3 package, hemispherical lens window). A schematic representation of 
the setup is shown in Fig. 3.1a. The UV LEDs were operated in constant 
current mode. The UV irradiation measurement protocol is described in 
pages 82-83 [0.2]. The irradiance delivered on the biofilms was also cross 
validated with measurements on location (Fig. 3.1b) with a portable 
radiometer (NIST Certified UV Radiometer) at distance 1.5±0.1 cm. The 
biofilms were circular with diameter 1.0±0.2 cm (Fig. 3.2). In all exposures, 
the distance between the LED and the biofilm was kept constant at 1.5±0.2 
cm. All biofilms, before and after treatments, were stored in a UV-free 
environment. As a standard all treatments were performed on three 
different biological replicates in order to test the reproducibility. A 
biological replicate is either generated when biofilms are grown on 
different dates or when biofilms are grown on the same date but from 
different overnight (ON) cultures. Technical replicates were also generated, 
most of the time in triplicates. The outcome from the technical replicates is 
assumed to follow a normal distribution and only the mean value is 
presented. 

          

Fig. 3.1: a) Schematic representation of the UV irradiation set up. The agar plate 

carrying the biofilm is illuminated by the UV LED in a UV opaque box. b) The setup 

with portable radiometer to cross-validate irradiances delivered by the UV LEDs.  

b) a) 
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Fig. 3.2: Typical picture of prepared filter biofilms from three different overnight 

cultures. The biofilms are circular (diameter of 1 cm). The color of the biofilm and 

therefore their optical properties are not identical among overnight cultures. ON 1 

appears not as dark as ON 2 and ON 3. 

 

Bacteria were grown ON in Luria Broth (LB) medium at 37°C. The filter 
biofilms were grown on agar (2%) plates containing ABT minimal media 
supplemented with 0.5 w/v % glucose (ABTG plates). The Cellulose Nitrate 
Membrane (pores: 0.2µm, diameter: 25 mm, Whatman GmbH, Germany) 
filter was placed directly on the agar plate. The plate and filter were dried 
for 30 minutes at 37°C before the bacterial ON culture was added in a single 
spot on the membrane filter [3.8]. The biofilms were incubated for 24 hours 
(h), 48h or 72h, at 37°C. For a mature biofilm to develop, the membrane 
filter containing the growing biofilm was transferred to a fresh, dried ABTG 
plate every 24 h [0.6]. 

In order to perform the colony forming units (CFU) determination, the 
filters with the biofilms growing on top were transferred with sterile 
forceps to a 15 mL Falcon tube containing 5 mL of saline (0.9% NaCl). 
Samples were mixed for 15 seconds, degassed for 5 minutes (min) and 
sonicated for 5 min in an ultra-sonication bath to release the bacteria from 
the filter. Sonication fluids were serially diluted from 10-1 to 10-8, and 20 µL 
of all dilutions were spotted on LB agar plates followed by overnight 
incubation at 37°C. The system followed for the different dilutions plated 
on the agar disks is depicted in Fig. 3.3 a.  
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The CFUs were counted after 24h of incubation in the dark. The plates that 
exhibited zero counts were left in the incubation room for another 24h and 
checked again for possible delayed formation of CFUs. The CFUs included in 
the data set were as determined by the final counting. Control samples, i.e. 
biofilms which were not exposed to UV irradiation, were plated every hour 
and included in the study as a reference for growth. A typical example of an 
agar plate with regrown CFUs under the counting process is presented in 
Fig. 3.3 b.  

 

Fig. 3.3 a): Schematic explaining the way the serial dilutions were plated on the 

agar discs. b) Picture showing the counting machine for the CFUs loaded with a 

typical example of regrown CFUs after a moderately successful treatment. At 

higher dilutions well separated CFUs are formed and therefore are countable. At 

dilution order 4, nine CFUs are formed indicated by the arrow. At dilution order 3, 

sixty six CFUs are formed. 

Apart from quantitatively assessing the effectiveness of the various 
treatments by comparing CFU counts, another commonly used method in 
this work is comparing the log survival or log inactivation where the log 
survival stands for: 

𝐿𝑜𝑔 𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙 = 𝐿𝑜𝑔
𝑁 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 

𝑁 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
=−(𝐿𝑜𝑔𝑁𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐿𝑜𝑔𝑁𝑡𝑟𝑒𝑎𝑡𝑒𝑑) =

−𝐿𝑜𝑔 𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 = 𝑓 (𝑟𝑎𝑑𝑖𝑎𝑛𝑡 𝑒𝑥𝑝𝑜𝑠𝑒 𝑜𝑟 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ) (1) 

 

Ntreated is the number of CFUs after a UV radiant exposure (J/m2) is delivered 
to the biofilm, and Ncontrol is the number of CFUs on the controls (not UV 
exposed).  

a) b) 
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The number of CFUs can be calculated by the following formula: 

𝑇𝑚 = 𝑉[
𝐶𝑚

𝐷𝑚𝑢
]    (2) 

Tm is the estimated density of bacteria per initial volume, V is the original 
volume of the liquid the biofilm was placed into after the treatment, Cm is 
the CFU counts at the m order dilution, Dm is the dilution (=10-m, m is the 
dilution order), and u is the volume of the aliquot transferred (spotted) to 
each agar plate location (for the specific dilution, see Fig. 3.3.a) from the 
mth dilution tube. 

The E. faecalis biofilms were significantly thinner compared to P.aeruginosa 
biofilms. A possible reason for the poorer growth of E. faecalis could be the 
choice of growth media, which might have not been optimal for supporting 
growth. 

3.2.1.1.  UV Irradiation details for biofilm survival dependence on 

radiant exposure  

 

The influence of radiant exposure on the viability of biofilms was tested in 
the range 70-10.000 J/m2 for one UVB and one UVC LED. The spectral 
distribution of the two LEDs is shown in Fig. 3.4. The irradiance delivered on 
the biofilms, was varied between 19 and 108 W/m2 for the UVC LED;  

 

Fig. 3.4: Spectral distribution of UVB and UVC LEDs used for studying the effect of 

incident radiant exposure on the viability of biofilms, as measured in contact with 

the detector.  
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and between 1 and 15 W/m2 for the UVB LED. For all treatments, the 
exposure time was below twelve minutes. 

 

3.2.1.2. UV Irradiation details for biofilm survival dependence on 

UV wavelength 

 

The inactivation on the biofilms induced by UV irradiation treatments was 
investigated as a function of the central UV wavelength applied. The UV 
range investigated was from 250 nm to 380 nm, covering the whole UVB 
region, and partially the UVA and UVC regions of the UV spectrum. The 
spectral distribution of the LEDs used, is presented in Fig. 3.5. 

 

  

 

Fig. 3.5: Spectral distribution of UV LEDs used to investigate the effect of 

wavelength on the induced biofilm inactivation, as measured in contact with the 

detector. The central wavelengths are indicated in the respective label boxes.  
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Photochemistry occurs on a photon-by-photon basis, therefore, we 
intended to deliver equal amount of photons on the biofilm surface with 
the various light sources (instead of equal radiant energy). In order to 
achieve that the radiant exposure delivered to the biofilm surface was 
varying with the central wavelength of the diode (equations 3 and 4).  

𝐸𝑛𝑒𝑟𝑔𝑦  𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒

𝐸𝑚𝑜𝑙
= 𝑃ℎ𝑜𝑡𝑜𝑛 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒    (3) 

 

 

𝐸𝑚𝑜𝑙 =
ℎ𝑐

𝜆
𝑁𝐴    (4) 

 

 
Emol is the energy of a mol of photons, NA is Avogadro’s number, c is the 
speed of light in vacuum, h is Planck’s constant and λ is the irradiation 
wavelength in meters.  

With a central wavelength at 296 nm, a radiant exposure around 1.450 J/m2 
(similar radiant exposure is received in sunlight after approx. 50min) should 
induce a moderate inactivation effect on a 24h grown P. Aeruginosa 
biofilm. Choosing a UV radiant exposure where moderate inactivation 
effects are observed, could prevent observing saturation (observe total 
killing for all central wavelengths), and therefore, make it possible to 
identify if an optimum wavelength exists. Consequently, for the smallest 
central wavelength at 249 nm, a radiant exposure around 1.700 J/m2 was 
delivered; and for the longest central wavelength at 338 nm, a radiant 
exposure around 1.260 J/m2 was delivered. All exposures were kept within 
a timeframe up to two minutes. 

Similarly, for E.faecalis biofilms [0.6] a moderate total radiant exposure 
applied for identifying the optimal wavelength for inactivation was around 
480 J/m2 (this value was for the central wavelength at 281 nm). Exposures 
lasted less than one minute each. 

Finally, the prospect to achieve a total inactivation effect (no bacteria left) 
of 24h grown biofilms with UVB or UVA irradiation would be beneficial in 
numerous clinical related circumstances; advantage of “natural” treatment 
as described in section 3.2. Therefore, UVB and UVA treatments were also 
delivered at higher radiant exposures (similar UV is delivered in 12h of noon 
sunlight, in Denmark). For the LED with central wavelength at 296 nm the 
radiant exposure delivered was around 20.000 J/m2. As above, the radiant 
exposure delivered on the samples was modified with the different central 
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wavelength of the LEDs. However, in this occasion it was not possible to 
apply all the treatments in a consistent time frame, due to the different 
power profile of the LEDs. The longest treatment was 36min and 32sec (8 
W/m2, 330 nm) and the shortest 5min and 12sec (67 W/m2, 285 nm). 

 

3.2.1.3. Growth of biofilm 

For E. faecalis the maturity as an additional parameter was tested for the 
outcome of UVB irradiation at radiant exposure of 20.000 J/m2 [0.6]. 
Additionally, P. aeruginosa biofilms at different growth stages (grown for 
24, 48 and 72 hours), were treated with a radiant exposure around 20.000 
J/m2 (both with UVB and UVC irradiation), to investigate if and how the 
maturity of the biofilm might alter the outcome of the irradiation. 

 

3.2.2. Results 

3.2.2.1. Log survival of non-mature biofilms as a function of 

radiant exposure 

 

The log survival values of P. aeruginosa biofilms (24h grown), after being 
exposed to UVB or UVC irradiation with a central wavelength at 296 nm or 
266 nm, respectively, as a function of UV radiant exposure (dose) are 
presented in Fig 3.6. It was observed that UVB irradiation (Fig. 3.6 a) was 
much more efficient than UVC (Fig. 3.6 b) to inhibit regrowth P. aeruginosa 
biofilms. 

No counts were found for all replicates after a UVB exposure of 10.000 
J/m2. A similar exposure with UVC resulted in a log survival = -1 or 10 fold 
decrease in amount of bacteria compared to control samples. The log 
survival values for E. faecalis (24hours grown biofilm) are presented in 
Table 3.1. It was observed that it was much easier to inactivate E. faecalis 
biofilms compared to P. aeruginosa biofilms. No counts were observed for 
biological replicates 2 and 3, for exposures at 720J/m2 or above [0.6]. 
Moreover, for E. faecalis biofilms it was not so clear from the present 
experiments whether UVB or UVC irradiation is more efficient, since from 
biological replicate 2 and 3, UVC seems to work more effectively than UVB, 
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but for biological replicate 1 some inconsistency was observed at the higher 
delivered exposures. 

 
 

         

Fig. 3.6: The log survival of the P. aeruginosa biofilms as a function of a) UVB (296 
nm central wavelength) radiant exposure and b) UVC (266 nm central wavelength) 

radiant exposure. The results from the three different biological replicates are 
indicated by different colors (green, red and blue). Notice the difference in y axis. 

UVB irradiation was observed to be much more efficient in inactivating 
P.aeruginosa biofilms than UVC. The error bar for biological replicate 1 is showing 

the deviation observed among the technical replicates. 

 

Table 3.1: Log survival values for E. faecalis after different exposures to UVB and 
UVC irradiation. It is not clear from the present results if UVB or UVC irradiation is 
more efficient in inactivating E. faecalis biofilms grown for 24h. Data adapted from 
Markvart et al. [0.6]. 

Radiant 
exposure 
(J/m2) 

Log survival of 
biological 
replicate 1  

Log survival of 
biological 
replicate 2 

Log survival of 
biological 
replicate 3 

UVB UVC UVB UVC UVB UVC 

70 -0.05 -1.06 -0.15 -1.45 -0.06 -1.34 

200 -0.70 -2.40 -1.03 -3.13 -1.11 -1.96 

720 
-3.44 -1.89 

no 
counts 

no 
counts 

no 
counts 

no 
counts 

1.440 
-3.09 

no 
counts 

no 
counts 

no 
counts 

no 
counts 

no 
counts 

2.000 no 
counts 

no 
counts 

no 
counts 

no 
counts 

no 
counts 

no 
counts 

6.000 no 
counts -3.89 

no 
counts 

no 
counts 

no 
counts 

no 
counts 

10.000 no 
counts -2.70 

no 
counts 

no 
counts 

no 
counts 

no 
counts 

b) a) 
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3.2.2.2. Log survival of non-mature biofilms as a function of UV 

wavelength 

 

The bacterial survival as observed for 24h grown P. aeruginosa biofilms, 
after the treatments by the different central-wavelength UV-LEDs were 
applied (0.0036 mol/m2 photon rate, corresponding to a radiant exposure 
around 1.450 J/m2 at the 296 nm), is presented in Fig. 3.7. Despite the 
differences at the specific values of log survival found for the different 
biological replicates, it was interesting to observe that the best inactivation 
performance was always attained with the same LED (with central 
wavelength at 296 nm). 

 

 

Fig. 3.7: Log survival of the 24hours grown P. Aeruginosa biofilms as a function of 
wavelength of the applied treatment (moderate radiant exposure; 1.260-1.700 
J/m

2
). The results from the three different biological replicates are indicated by 

different colors (red, blue and green). Independently of biological replicate, the 
optimal wavelength range for reducing survival of P. Aeruginosa biofilms grown for 

24h is 290-300 nm. 

 

For 24h grown E. faecalis biofilms, the bacterial survival values as a function 
of central wavelength of treatment applied are presented in Fig. 3.8 [0.6]. 
The radiant exposure applied ranged from 400-550 J/m2, depending on the 
central wavelength of the treatment, in order to deliver equal amount of 
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photons to the biofilm surface (see equations 3 and 4). The optimal 
wavelength region (for the central wavelength of the LEDs) for achieving 
maximal inactivation as experienced in the three biological replicates is 
280-296 nm. The peak performance was achieved with the LED, central 
wavelength at 285 nm, that resulted in zero counts for all biological and all 
technical replicates [0.6]. For one of the biological replicates (bio 3) of 
E.faecalis biofilms, all wavelengths in the range 249-296 nm resulted in zero 
counts. This result may indicate that satisfactory growth of E. feacalis 
biofilms (before treatment) was sometimes hindered [0.6]. 

By combining graphs in figures 3.7 and 3.8 (search for overlapping region 
where both bacterial are killed) one can conclude that for disinfecting an 
area infected with non-mature biofilms comprising of both gram negative 
and gram positive bacteria, the best LEDs to irradiate the area with, would 
be those exhibiting central wavelength at 290-296 nm.  

From the section 3.2.2.1 it was made clear that an increase in exposure 
could improve the disinfection potential. As discussed in section 3.2., the 
goal of the present study was to determine a UV treatment that could be 
characterized as natural, while resulting (if possible) no regrowth, 
therefore, a high exposure treatment (20.000 J/m2) was attempted with 
UVB and UVA wavelengths existing in sunlight. 

For E. faecalis only UVB and UVA treatments (around 20.000 J/m2) with 
central wavelength in the range 280-306 nm, resulted in no counts [0.6]. 
The results for P. aeruginosa non-mature biofilms are presented in Fig 3.9. 

For P. aeruginosa it was observed that when the higher exposure was 
delivered, the range of wavelengths that resulted in no regrowth was 290-
306 nm. However, one observation (see black arrow Fig. 3.9) was opposed 
to the trend observed in all other experiments (optimal wavelength for 
inactivation at 296nm, Fig. 3.7). Therefore, the specific experiment (296 nm 
central wavelength and 20.000 J/m2 exposure) was repeated with another 2 
biological replicates, with 2 technical replicates each; no regrowth was 
observed. 

The combination of all the above information indicated that a UVB 
treatment with the LED exhibiting central wavelength at 296 nm and a 
radiant exposure around 20.000 J/m2 could be a good candidate for 
disinfecting both gram negative and gram positive biofilms. 
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Fig. 3.8: Log survival of the 24h grown E. faecalis biofilms as a function of 
wavelength (moderate radiant exposure; 400-550 J/m

2
) of the applied treatment. 

The results from the three different biological replicates are indicated by different 
colors (blue, red, and green). For all the points in the blue transparent box no 

colony forming units were regrown after treatment. Adapted from Markvart et al. 
[0.6]. 

 

 

Fig. 3.9: Log survival of the 24h grown P. aeruginosa biofilms as a function of 
wavelength of the applied treatment (around 20.000 J/m2 radiant exposure). No 

regrowth was observed in the wavelength range 290-306 nm. The black arrow 
indicates an observation that was opposed to the trends observed in all other 
occasions, demonstrating that biological variance is something that cannot be 

easily controlled or predicted. 

No counts 

No counts 



PhD Thesis                       New light sources for biomedical applications                       A. Argyraki 

 

55 
 

3.2.2.3. Effect of growth 

 

For E.faecalis no regrowth (zero CFUs) was observed after the treatment 
(20.000 J/m2, central wavelength of LED at 296 nm) independently of the 
maturity of the treated biofilm [0.6]. The log CFU outcome for the P. 
aeruginosa mature biofilms (either 48 or 72 hours grown) after the UVB 
“natural” treatment was applied (20.000 J/m2, central wavelength of LED at 
296 nm), is presented in Fig. 3.10. The more mature the biofilm is, the less 
effective the treatment becomes.  

The inactivation, for the P. Aeruginosa mature biofilms (48hours grown) 
after UVC treatment (central wavelength at 266 nm, 22.200 J/m2), was for 
all biological replicates negligible, no reduction was observed for CFUs of 
treated samples compared to control/non-treated samples (Fig. 3.10). For 
non-mature biofilms, the UVC treatment resulted in around 1 log reduction. 

 

 

Fig. 3.10: Log CFUs of P. aeruginosa biofilms (either grown for 24, 48 or 72 hours) 
after UVB (20.000 J/m

2
,
 
central wavelength of LED at 296 nm), UVC (22.000 J/m

2
, 

central wavelength of LED at 266 nm) and no treatment (control). It is observed 
that the longer the growth of the biofilm before the treatment is applied, the lower 

the inactivation achieved. UVC was not tested on 72h grown biofilms (missing 
green column). 
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3.2.3. Discussion and Conclusion 

 

The systematic investigation, to identify the optimal UV irradiation 
treatment with LEDs in order to inactivate biofilms, showed that the 
potential optimal treatments might not be identical for different bacterial 
species. Moreover, the maturity of the biofilm was also proven to be an 
additional factor affecting the inactivation outcome of the UV treatments.  

In the case of the gram negative and gram positive species studied here, 
namely P. aeruginosa, and E. faecalis [0.6], it was found that treatments at 
moderate radiant exposure in the region 290-296 were resulting in very 
high inactivation for both species (specifically the LED with central 
wavelength 296 nm was the best for P. aeruginosa inactivation).  Total 
inactivation (no regrowth), at a higher radiant exposure (around 20.000 
J/m2), was observed for both species in the region 290-306 nm.   

The high exposure treatment with the UVB LED, central wavelength at 296 
nm was considered a good candidate for achieving biofilm inactivation in a 
“natural” way, for biofilms expected to grow in thick biofilms like P. 
aeruginosa.  

The effectiveness of treatments involving UV irradiation clearly depends on 
the opaqueness of the biofilm, which is dependent on the thickness. 
Unfortunately, in the present work it was not possible to control the 
thickness of the biofilms; and especially for E. faecalis the growth of the 
biofilm was such that resulted in thinner biofilms, compared to P. 
aeruginosa biofilms. In future studies, it would be interesting to investigate 
the correlations among the variables: biofilm thickness, biofilm opaqueness 
for various UV wavelengths, biofilm maturity, species of bacteria present in 
the biofilm, and inactivation efficiency of UV wavelengths. In the present 
work some fundamental steps were taken towards inactivation of biofilms 
with UV LEDs and a first foundation was shaped for developing irradiation 
treatments. 

Finally, it was demonstrated for the first time that UVC irradiation is less 
efficient than UVB in inactivating thick P. Aeruginosa biofilms, independent 
of the growth stage of the biofilm [0.9]. The reason must be the better 
penetration depth of the UVB photons to the complex structure of the 
biofilm. UVC photons are expected to “experience” very low transmission 
through biofilms [3.9].  
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3.3. Comparison of inactivation: UV versus antibiotics 

 

Biofilm infections are highly resistive to the immune response and are 
known for their tolerance to antibiotic treatments [3.10]. Moreover, the 
emergence of antibiotic resistance has evoked a turn towards antibiotics 
control programs [3.11]. For the mentioned reasons, alternative 
approaches different from conventional antibiotic treatments, are gaining 
increasing interest. Light-based treatments [3.2] are unconventional 
strategies for biofilm eradication that have met some success. 
Photodynamic therapy is a useful approach in inactivation of biofilms [3.12-
3.14], but requires light, photosensitizer and oxygen [3.12] for ensuring 
adequate efficiency. Blue light treatments, without the usage of exogenous 
photosensitizers, have been reported to reduce P. aeruginosa infection in a 
mouse model of burn wounds mice burns and prevent bacteremia [3.15]. 

In the present section the “natural” UVB irradiation treatment defined in 
the previous section, namely 20.000 J/m2 radiant exposure, with central 
wavelength at 296 nm, is compared in vitro to conventional antibiotic 
treatments (monotherapies and combinatory treatment)[0.13].  

 

3.3.1. Materials and Methods 

 

A summary of the antibiotic treatments tested in vitro on P.Aeruginosa 
biofilms can be found in table 3.2. For testing the antibiotic treatments 
filter biofilms were transferred to ABTG agar plates supplemented with 
either tobramycin (Eurocept International, Netherlands), or colistin sulfate 
salt (Sigma-Aldrich, USA) or a combination of the two. The filter biofilms 
were subsequently incubated at 37°C for 24 hours. The rest of the process 
for determining the CFUs and thereafter the log survival/log inactivation, 
was as described in section “Materials and Methods” 3.2.1; apart from 1) 
the serial dilutions which in this case were performed from no dilution to 
10-7 (instead of dilutions 10-1 to 10-8) and 2) the spotted volume which was 
10 µL (instead of 20 µL). The statistical analysis was performed with the R 
software package [3.16]. Pairwise t-tests were used to detect (inactivation 
efficacy) differences among the treatments. The tests with irradiation and 
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antibiotics were performed on different days; controls were produced on 
both days to assure that the comparison between treatments was 
reasonable. Target for the treatments was to achieve a 99.9% inactivation 
(3 log reduction).  

 

Table: 3.2: Summary of the antibiotic treatments tested. MIC stands for minimal 
inhibitory concentration. 

Antibiotic Concentration 

Tobramycin 100 MIC 

Colistin 100 MIC 

Tobramycin and colistin 100 MIC and 100 MIC 

 

3.3.2. Results 

 

The number of regrown CFU after the different treatments, both for 
24hours and 48hours grown P. aeruginosa biofilms is presented in Fig. 3.11. 
The difference in counted CFUs was insignificant  

 

Fig. 3.11: Regrowth of P. aeruginosa (log of CFUs per filter) after different 
treatments were applied on three biological replicates (2 technical replicates each); 

on 24h grown or 48h grown biofilms. One UVB sample (24h) was destroyed. 

No CFU counts 
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between the controls (p=0,87) therefore for the “log inactivation analysis” 
the controls were assembled in one group. A summary of the analysis for 
biofilms grown for 24hours is shown in table 3.3. For mature biofilms the 
analysis is presented in table 3.4. 

The UVB treatment was the most efficient of all for non-mature biofilms. 
For mature biofilms the combinatory antibiotic treatment and the UVB 
treatment were equally successful (p=0.12, hypothesis that the two 
treatment are similar is accepted).  

 

Table 3.3: Summary of log inactivation analysis of the different treatments on non-
mature biofilms. The 95% confidence interval (CI) is also presented for the log 
inactivation. P. values are from t-pairwise tests, where treatments are compared to 
the control. The values reported in parenthesis are after Bonferroni adjustment is 
applied.  

Treatment Log inactivation 95% CI p. value 

Control 0.0 -0.58 – 1.16 Not applicable 

Tobramycin 1.40 0.03 – 2.20 0.03 (0.11) 

Colistin 0.33 -0.40 – 1.10  0.50 (1.0) 

Tobramycin and 
colistin 

2.97 1.57 – 3.71 3.6-7 (1.3-5) 

UVB 7.18 5.78 – 7.91 8.0-15 (2.9-13) 

 

Table 3.4: Summary of log inactivation analysis of the different treatments on 
mature biofilms. The 95% CI is also presented for the log inactivation. P. values are 
from t-pairwise tests where treatments are compared to the control. The values 
reported in parenthesis are after Bonferroni adjustment is applied. The goal of 
99.9% inactivation (3 log inactivation) was not achieved by none of the treatments 
applied. 

Treatment Log inactivation 95% CI p.value 

Control 0.0 -0.47 – 0.1 Not applicable 

Tobramycin 0.1 -0.40 – 0.3 0.34 (1.0) 

Colistin 0.2 -0.06 – 0.44 0.19 (1.0) 

Tobramycin and 
colistin 

0.6 0.02 – 0.73 0.0005 (0.02) 

UVB 1.1 0.58 – 1.30 3.0-8 (1.1-6) 
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3.3.3. Discussion and Conclusion 

 

It was demonstrated that the suggested UVB treatment was adequate to 
inactivate non mature biofilms, in comparison to antibiotic monotherapies 
that induced only minor inactivation effects for the concentrations tested 
(100 MIC). The combinatory antibiotic treatment managed to reach a 3 log 
inactivation on non-mature biofilms, though it was significantly less 
effective than UVB treatment (p=8.5-7). 

For mature biofilms the combinatory antibiotic treatment and the UVB 
treatment were equally successful (p=0.12). However, none of the 
treatments can be characterized as adequate to inactivate mature biofilms, 
since none of the treatments reached the 99.9% inactivation goal (3 log 
inactivation).  

The inconsistency between the inactivation outcomes on the 48h grown 
biofilms, after UVB, observed in this paragraph (1.1±0.1 log inactivation) 
and paragraph 3.2.2.3. (3.2±1.3 log inactivation could not be explained. 

Colistin and tobramycin, both as monotherapies and combinatory 
treatment, were administrated directly onto the biofilm surface. Therefore, 
the conclusion drawn here that colistin and tobramycin impose an 
insignificant inactivation effect on biofilms, only refers to the specific 
method of administration and the concentration used here. Colistin and 
tobramycin were reported to be successfully used for the treatment of 
multidrug resistant P. aeruginosa in the past [3.17, 3.18]. 

 

3.4. Optical properties of biofilms 

 

The transmission of biofilms in the UV region was studied on quartz. 
Unfortunately, the membrane filters where the original biofilms were 
grown on were not transparent in the UV range. The transmission 
measurements were performed with a Cary 50 spectrophotometer. To 
grow the biofilms on quartz, quartz surfaces were embedded in bacterial 
culture for 28h. The biofilms grown on quartz were not expected to attain 
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the same thickness or structure as biofilms grown on membranes. 
However, still the transmission measurement could assist to get a better 
understanding of the UV wavelength dependent penetration ability into a 
thin layer of bacteria existing in a “biofilm state”. Especially the ratio of 
transmission properties at different wavelengths would provide valid 
information for understanding the process. 

Moreover, the biofilm thickness was not expected to be the same over the 
whole quartz surface, confirmed by observation of the samples by bare eye. 
The thickness variation of the biofilm grown at different locations of one 
quartz plate (“biofilm spot”) is attributed to the biological aspects of biofilm 
formation. Therefore, large variation for the absolute values of the 
transmission was expected; the location on the biofilm where the 
transmission measurement was taking place was not controllable. 

It was observed that in average (3 different spots, each on a different 
biofilm quartz sample, were measured) 10% less UV light was transmitted 
at a wavelength of 266 nm than at 296 nm, the transmission curve slope 
was found to be 0.33±0.07 (Fig. 3.12). 

 

Fig. 3.12: Transmission spectra of biofilms grown on quartz under the exact same 
conditions. It is observed that in average 10% more UV light is transmitted at a 

wavelength of 296 nm than at 266 nm. 

 

In case of biofilm 2 (obviously the thickest among the “biofilm spots” 
measured) only 37% was transmitted, at a wavelength of 266 nm. It is 
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believed that in the case of the biofilms grown on filters, which were much 
thicker, the UVC irradiation did not penetrate through the whole biofilm 
volume. 

Limited penetration depth of UVC photons to the biofilm means lower 
delivered dose, especially at the deepest layers of the biofilm, therefore 
presence of intact bacteria and significant regrowth. 

 

3.5. Light assisted antibiotics: a novel concept for disinfection 

 

Combinatory antibiotic therapies seem to be the solution for combating 
resistant biofilms present in chronic infections [3.19, 3.20]. On the other 
hand, the need to reduce the amount of antibiotics used for treatment, by 
identifying other methods that would increase the vulnerability of bacteria 
is increasing, since the overuse of antibiotics has stimulated bacterial 
resistance [3.21].  

In the present study, an alternative combinatory treatment is proposed for 
the first time, where the antibiotic administration is complemented by 
exposure to light. We call the treatment “light assisted antibiotics” and we 
believe that it will lead to new possibilities in treatment of a large number 
of infectious diseases, related to biofilms, in the future. 

The inactivation efficacy of light assisted antibiotics is compared to highly 
concentrated monotherapies and combinatory antibiotic treatments at high 
and lower concentrations. 

 

3.5.1. Materials and Methods 

 

A summary of the antibiotic treatments compared to the light assisted 
antibiotic treatment in vitro can be found in table 3.5. The P. aeruginosa 
biofilms used for the experiments were left to grow for 24 or 48 hours. The 
biofilm assay was prepared as explained previously and the process for 
preparing the CFU counting was the same as described in section 3.3.1. Also 
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here, the treatments were applied on filter biofilms from three different 
overnight cultures, and in doublet determination as a standard for testing 
reproducibility. The CFU counts per filter were calculated with the weighted 
average method. The antibiotics were purchased as described in section 
3.3.1. Experiments involving irradiation, described in paragraph 3.3 were 
performed on the same day as the light assisted antibiotic treatment 
(performed on biofilms grown from same ON cultures.) 

In the light assisted antibiotic treatment, UVB irradiation was delivered first 
on the biofilm and then the antibiotic treatment (tobramycin at 100MIC; 
100µg/mL). UVB irradiation was delivered on the samples with the help of a 
LED (SETi, Columbia, SC, USA; central wavelength: 296 nm, and full width 
half maximum: 9 nm). The radiant exposure was 20.000 J/m2. 

 

Table 3.5: Summary of the antibiotic treatments compared to the light assisted 
antibiotic treatment in vitro. MIC stands for minimal inhibitory concentration. 

 

Antibiotic Concentration Symbol/ Acronym 

Tobramycin 1.000 MIC (1000 µg/mL) t*1000 

Colistin 300 MIC (250 µg/mL) c*300 

Tobramycin and 
colistin 

1.000 MIC and 
300MIC 

c*300+t*1000 

100 MIC (100 µg/mL) and 100 
MIC (80 µg/mL) [same results as 
presented in section 3.2.2] 

c*100+t*100 
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3.5.2. Results 

 

The number of regrown CFU after the different treatments, both for 24h 
and 48h grown P. aeruginosa biofilms is presented in Fig. 3.13. 

 

 

Fig. 3.13: Regrown CFUs (Log CFUs) after the different treatments were applied. 
The points can represent more than one biological replicate as indicated in some 

cases by the arrows. Points inside the blue marked area indicate that no CFUs were 
formed after regrowth. Each treatment was repeated on three biological replicates. 

 

A summary of the log inactivation analysis for biofilms (P.aeruginosa) grown 
for 24h is shown in table 3.6. The p. value results from all possible pairwise 
t-test comparisons among the tested treatments are presented in table 3.7. 
For mature biofilms, the log inactivation analysis is presented in table 3.8. 
and p. value results from pairwise t-tests in table 3.9. 

No CFU counts 

2 replicates 

2 replicates 
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Table 3.6: Summary of log inactivation analysis of the different treatments on non-
mature biofilms. The 95% CI is also presented for the log inactivation. 

 

Acronym Treatment Log inactivation 95% CI 

No Control 0.0 -1.0 – 
0.5 

t*1000 Tobramycin (1.000 MIC) 2.9 1.5 – 3.6 

c*300 Colistin (300 MIC) 0.4 0.9 – 1.2 

c*300+t*1000 Tobramycin (1.000 MIC) 
and colistin (300 MIC) 

No regrowth  

c*100+t*100 Tobramycin (100 MIC) 
and colistin (100 MIC) 

3.0 1.6 – 3.7 

UVB+t*100 Light assisted antibiotic 
(UVB+100 MIC 
tobramycin) 

No regrowth for 2 
samples;3rd sample 
7.9 

 

 

 

Table 3.7: P. values from the pairwise t-tests among various treatment applied on 
24h grown P. aeruginosa biofilms. 

 

P. values 
 

Control t*1000 c*300 c*300+t*1000 c*100+t*100 

t*1000 1.9-5 - - - - 

c*300 1.0 0.0025 - - - 

c*300+t*1000 2.3-16 4.7-11 5.7-14 - - 

c*100+t*100 1.3-5 1.0 0.002 5.8-11 - 

UVB+t*100 2.5-15 1.1-9 6.5-13 Not applicable 1.4-9 
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Table 3.8: Summary of log inactivation analysis of the different treatments on 
mature biofilms. The 95% CI is also presented for the log inactivation. 

 

Acronym Treatment Log inactivation 95% CI 

No Control 0.0 -0.5 – 0.1 

t*1000 Tobramycin (1.000 MIC) 2.9 2.4 –3.1 

c*300 Colistin (300 MIC) 0.5 -0.1 – 0.6 

c*300+t*1000 Tobramycin (1.000 MIC) 
and colistin (300 MIC) 

4.4 3.9 –4.6 

c*100+t*100 Tobramycin (100 MIC) and 
colistin (100 MIC) 

0.6 0.0 –0.7 

UVB+t*100 Light assisted antibiotic 
(UVB+100 MIC 
tobramycin) 

2.9 2.4 –3.1 

 

 

Table 3.9: P. values from the pairwise t-tests among various treatment applied on 
48h grown P. aeruginosa biofilms. 

 

P. values 

 

Control t*1000 c*300 c*300+t*1000 c*100+t*100 

t*1000 1.9-15 - - - - 

c*300 0.08 8.9-12 - - - 

c*300+t*1000 <2.16-16 2.6-7 2.3-16 - - 

c*100+t*100 0.02 1.9-11 1.0 3.8-16 - 

UVB+t*100 2.0-15 1.0 9.4-12 2.4-7 2.0-11 
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3.5.3. Discussion and Conclusion 

 

Here, for the first time it was demonstrated that when antibiotics 
(tobramycin) are combined with light (UVB irradiation) the concentration of 
the antibiotic could be reduced by ten-fold without compromising the 
inactivation output even for mature biofilms. Moreover, the inactivation 
achieved by the light assisted tobramycin (100 MIC), was observed to be 
significantly more effective than the conventional combinatory antibiotic 
treatment tobramycin (100 MIC) and colistin (100 MIC) independently of 
the maturity of the biofilm. Tobramycin and colistin are known to have a 
synergetic action against gram negative bacteria [3.22].  

The combinatory treatment comprised of high concentration tobramycin 
(ten-fold more concentrated) and colistin (3-fold) resulted in a significantly 
more effective inactivation than the light assisted antibiotic, as expected. 
However, such high concentration antibiotic treatments can be challenging, 
due to potential side effects or accumulated toxicity [3.23]. 

Especially for mature biofilms, tobramycin alone at a concentration of 100 
MIC had no significant inactivation effect (see table 3.4), but when the 
same treatment was assisted by light the inactivation output was 3.0 log. 
The UVB treatment alone on a mature biofilm as shown in table 3.4 
resulted in a 1.1 log inactivation. This indicates that there is a synergetic 
effect of light and antibiotics. These treatments were all performed on 
biofilms grown from the same three ON cultures. 

In future, further research could enable the optimization of light assisted 
antibiotic treatments for combating persistent biofilms. The exact 
combination of wavelength and type of antibiotic is expected to be dictated 
by the taxonomic diversity present in the biofilm to be eradicated. 

The present achievement could motivate the development of light assisted 
treatments to successfully reduce the amount of antibiotics for treating 
infections, as well as to reduce successfully the bacterial load of persistent 
biofilms. 
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3.6. Nanoscale topography: future possibilities for implants and 

biofilm disinfection 

Nano and microscale topography exists in several circumstances in nature 
(lizard skin [3.24], butterfly [3.25], dental tubuli [3.26]) and with the rise of 
nano engineering the modification of surfaces at the nanoscale are 
becoming popular for improving performance of devices like implants [3.27, 
3.28], biosensors [3.29], photovoltaics [0.4], LEDs [0.4, 3.30], and many 
more. Specifically in the case of implants, a nano modification of the 
surface could impact both the cell proliferation enhancing the chances for 
acceptance and integration of the implant, but also affect (hinder) bacterial 
adhesion [3.31].  

The main barrier for nano engineering is the high cost. In the present PhD 
thesis a cost effective method for fabricating scalable nanostructures on 
surfaces was presented together with the effect of the presence of 
nanostructures on the optical and wetting properties of the material [0.10].  

The various nano structured landscapes attained by the method could be 
used in the future as a template for studying biofilm growth and cell 
proliferation; both becoming relevant in dental and implant science.  

In Argyraki et al. [0.10] aluminum was used as a coating for the nano 
landscapes and it was shown that the coating was following the 
morphology of the underlying surface. The prospect of using titanium 
dioxide (TiO2) instead and combine it with UV irradiation would open new 
possibilities in understanding the biofilm eradication, since several 
interactions should be expected among the biofilm growth/attachment, the 
nano landscape, the TiO2 photocatalyst and the UV irradiation (generated 
by LEDs). TiO2 is known as a photocatalytic disinfectant applied in medicine 
[3.32-3.36].  

 

3.7. Novelty of the Chapter  

 

Disinfection processes are vital in all clinical environments in order to 
reduce the incidence of hospital acquired infections [3.37, 3.38]. More 
specifically, biofilm contaminated medical devices are regularly the reason 
for infectious diseases [3.39, 3.40].  Traditionally, microbial infections are 
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treated by antibiotics however this approach raised the problem of 
antibiotic resistance [3.41, 3.42]. Therefore, the interest of the scientific 
community was directed towards alternative disinfection methods [3.2, 
3.43, 3.44]. Light based methods, which offer the advantage of non-
invasiveness, have been reported in the past to be able to inactivate 
microorganisms [3.45-3.51]. Extensive research on UVC LED disinfection of 
catheter biofilms has been reported by Bak et al [3.52-3.56]. UV wavelength 
dependent sensitivity and comparison of the different wavelengths killing 
efficacy has been reported before for bacteria in suspension both with 
broadband light sources [3.57, 3.58] and narrowband light sources [3.59].    

Biofilms are less prone to antibiotics and other antimicrobial agents than 
their planktonic counterparts [3.60]. It is validated that the minimal 
inhibitory concentration (MIC) for biofilms is considerably higher (approx. 
10–1.000 times) compared to planktonic bacterial cells [3.61]. Tobramycin 
specifically is an antibiotic often used in management of chronic P. 
aeruginosa infections [3.62] and colistin has been currently reestablished in 
clinical practice due to the emergence of multidrug-resistant gram-negative 
bacteria [3.63]. Therefore comparison of these well-established antibiotics 
to light based UV irradiations treatments would have considerable impact 
in the field.  

The novelties, related to UV LEDs and disinfection, achieved by the author 
of this thesis are presented below: 

 systematic investigation of the inactivation efficacy of UV LEDs on 
biofilms in the whole UV range 

 discovery of the fact that UVB wavelengths which exists in sunlight can 
be more efficient in killing biofilms than UVC wavelengths [0.9]; 
transmission properties of biofilms 

 killing efficacy comparison of UVB irradiation to conventional antibiotic, 
and combinatory antibiotic treatment [0.13]  

 proposal of a novel method for disinfection comprising of UVB 
pretreatment (central wavelength 296 nm) and topical administration 
of antibiotic (tobramycin) for combating resistant biofilms 

 Development of a new low cost method, which uses thin aluminum film 
as the etching mask to form nanostructures. The method could easily fit 
to existing LED production lines [0.4] to enhance LED light extraction 
efficacy or for changing optical, wetting or attachment surface 
properties [0.10]. 
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3.6. Summary 

In this Chapter of the thesis, the ability of UV LEDs to inactivate biofilms 
was systematically investigated. The bacterial survival/inactivation was 
studied as a function of radiant exposure [0.9] and wavelength, for two 
different bacterial species (P. aeruginosa; E. faecalis [0.6]). Moreover, the 
maturity stage of the biofilm was considered as a parameter that could 
affect the inactivation ability of the treatment. The transmission properties 
of biofilms were investigated in the UV range, showing that UVC has limited 
penetration ability. 

A UVB treatment was specified as a good candidate for disinfection and its 
inactivation efficacy was compared to conventional antibiotic treatments 
[0.13]. It was shown that the treatment suggested was more efficient than 
the antibiotic treatments and photodynamic therapy [0.6, 0.16].  

A novel method “light assisted antibiotics” was suggested for fighting 
persistent biofilms and it was demonstrated for the first time that the 
concentration of the antibiotic could be reduced by ten- fold without 
compromising the inactivation output.  

As a final point, a “diverse toolbox” was assembled consisting of: 1) the UV 
LED (wavelength range 250-340 nm) treatments; 2) a method to fabricate 
different nano landscapes [0.4, 0.10] (optimally with a TiO2 coating); 3) 
knowhow in biofilm growth and inactivation (also on different bacterial 
species); and 4) their relevance in dentistry and implantology that could 
contribute to an optimized and all-embracing disinfection approach. 
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Chapter 4 

 

 

 

4.  Vitamin D increase in food products using UV LEDs 

(biofortification) 

 

Motivation 

Vitamin D deficiency is a global health problem. Vitamin D can be 
synthesized by exposure to UV light or taken by food intake or vitamin 
supplements. Fortification of food with vitamin D is a public health policy 
that aims to reduce the population suffering from hypovitaminosis D. 
However, vitamin D fortification of food is highly regulated and judged in 
Europe and vitamin D supplement intake may often lead to unwanted side 
effects, while direct UV exposure of humans can result in skin cancer.  

UV exposure of farm animals with UV lamps was proposed in the past as an 
alternative approach (biofortification) to solve the vitamin D deficiency 
problem. However, UV lamps do not provide enough control of the 
exposure process and exhibit several disadvantages as light sources (see 
theoretical background, section 2.1). 

UV LED technology would be a more appropriate approach for this concept. 
At the moment, UV lamps are much cheaper than UV LED, although, it is 
believed that this fact will change within the next years, as UV LED 
technology follows an exponential growth development. 

 

Related PhD publications: 0.2 
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4.1. Introduction 

 

The present chapter includes several aspects related to the development of 
LED irradiation protocols to bio-fortify with vitamin D a variety of food 
products. There is strong evidence that having insufficient vitamin D levels 
or deficiency, have broad negative influence on the general health and 
therefore more attention should be given to improve the vitamin D status 
of the general population [4.1]. We investigated the vitamin D response 
spectra of pig skin in a wavelength range 280-340 nm. For the optimal UV 
region identified, the vitamin D production was studied as a function of 
radiant exposure. Moreover, the reciprocity hypothesis [4.2] was tested 
within a 2 fold range for irradiance. Apart from pig skin, we proposed to 
biofortify (with vitamin D) by using LEDs, eggs and salmon skin. Egg bio-
fortification can be intended either by direct UV exposure; or indirectly by 
illuminating the egg-laying hens. Each method has advantages and 
disadvantages and this thesis introduces the approaches egg companies can 
take, to decide which approach would fit best to their production line 
needs. Finally, the possibility of bio-fortification of farmed salmon was 
investigated with UVB (central wavelength 296 nm), UVA (central 
wavelength 338 nm) and blue light (central wavelength 454 nm).  

The present chapter is the result of interdisciplinary research collaboration 
between DTU Fotonik, and DTU Food (Line Lundbæk Barnkob, Anja 
Hvonbech Pedersen and Jette Jakobsen).  

 

4.2. Investigation of the effect of UV-LED exposure conditions on 

the production of vitamin D in pig skin 

 

 

The suggested daily intake for vitamin D is 10-20 μg [4.3], however, the 
world recorded vitamin D intake is well below that value. A way to improve 
the daily vitamin D intake is dietary supplement, unfortunately though, the 
uptake from supplements does not normally exceed 40%. Black et al. [4.4] 
reported in 2012, that vitamin D status could be improved by consuming 
“enriched vitamin D” food products.  
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The present section focuses on the possibility of increasing vitamin D 
contents in the edible parts of pork skin by illuminating tissue. The ideal 
conditions of UV exposure for achieving that, by using LEDs, are 
investigated.  

Direct illumination of human skin as a vitamin D source could be dangerous 
if not applied with precautions. On the other hand, consumption of edible 
biofortified pork products produced by UVB irradiation excludes any risk 
(cancer development, irritation of skin etc.) of direct skin exposure to UVB.  

In terms of market product development the solution suggested here, 
namely edible biofortified pork products, by UV LEDs which are easily 
compatible with food production lines, add an innovative aspect that has 
not been presented before, and has several advantages over solutions 
presented in the past. For example, UV LEDs may be effortlessly 
implemented in existing food production facilities, without major 
modifications to the processes or the processing equipment.  

Finally, it must be mentioned that according to the Worldwatch Institute 
[4.5] pork is the most widely consumed meat in the World. 

 

4.2.1. Materials and Methods 

4.2.1.1. Irradiation setup 

 

The experimental setup is shown in Fig. 4.1, and was located in the sample 
preparation room of the National Food Institute (DTU Food). The ability to 
transfer the setup physically close to the laboratories where the vitamin D 
analysis was performed was of major importance, since it enabled an 
undisturbed and convenient workflow. All exposures were performed in the 
same period and under the same environmental conditions. The objective 
was to determine how 1) wavelength, 2) incident radiant exposure (dose) 
and 3) irradiance influence the vitamin D production, when pig skin is 
exposed to UV. The distance between the LEDs and the sample of pig skin 
was kept constant for all exposures at 1.5 ± 0.1 cm. All exposures were 
repeated on two samples of pig skin (n=2) to test reproducibility of the 
outcome. 
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Fig. 4.1: The setup for irradiation of pig skin samples with UV light. The orange box 
is opaque to UV light and is used for protection from the irradiation. The distance 
between the light source and the surface of the sample was kept constant in all 
experiments. The zoom in section shows the pig skin sample under irradiation 

generated by an LED light source. 

 

4.2.1.2. Pig skin samples 

 

The skin samples were taken from the back of a slaughtered mini pig which 
had not been exposed to UV irradiation; it spent all its life indoors without 
access to UV irradiation. The carcass had been stored at -20 °C for 2 years 
before the removal of the skin took place. Hair and subcutaneous fat were 
cautiously removed from the skin. Total hair removal was not possible as 
shown in Fig. 4.2, though, the remaining hair was not considered to be a 
detrimental bias for the outcome of the study.  A scalpel and a ruler were 
used to cut the skin into 1x1 cm pieces. The average weight of the pig skin 
samples was 0.498±0.015 g. All samples were kept at -20 °C before and 
after exposure to UV irradiation. Before exposure the samples were left to 
reach room temperature. After the exposure the samples were kept in 
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airtight nitrogen flushed bags. Control-samples (samples not exposed to UV 
irradiation), were included in the investigation. All samples were kept in an 
UV free environment, both before and after the experiment. 

 

 

Fig. 4.2: Typical picture of pig skin sample demonstrating that total hair removal 
was impossible. The remaining hairs are indicated with a black arrow. The 

remaining hairs are considered to be an insignificant bias to the final outcome of 
the experiment. 

 

4.2.2. Results 

 

4.2.2.1.  Identifying the optimal wavelength 

 

Twelve UV-LEDs (purchased from SETi, Columbia, SC, USA), emitting with 
central wavelengths in the range 280-340 nm, were used for investigating 
the effect of wavelength on the production of vitamin D in pig skin. The 
effect was determined at two different incident radiant exposures, namely 
300 J/m2 and 7.000 J/m2, to ensure the observation of vitamin D increase; 
while avoiding observing saturation.  The LEDs were operated at constant 
current mode, in the region between 100-600 mA. Operating only within 
this current regime should ensure a good viability of the LEDs according to 
LED provider. The exact operation current, irradiance and exposure time 
are presented in table 4.1 for each incident radiant exposure. The precision 
of the exposure time was estimated to ±0.5 sec to cover the 
experimentalist’s response time to the timer. 
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Table 4.1: The effect of wavelength on the production of vitamin D in pig skin was 
determined at two different incident radiant exposures (doses) 300 J/m

2
 and 7.000 

J/m
2
. The exact operation current, the irradiance and exposure time for each of the 

(central) wavelengths of the LEDs are given for each of the doses. 

 

 300 J/m2 7.000 J/m2 

central 
wavelength 
(nm) 

current 
(mA) 

Irradiance 
(W/m2) 

exposure 
(sec) 

 current 
(mA) 

Irradiance 
(W/m2) 

exposure 
(sec) 

281 100 10 31 200 21 330 

285 100 11 28 200 23 304 

292 200 12 26 200 14 500 

296 500 11 26 200 3 2188 

300 300 11 26 200 8 854 

306 400 10 29 200 6 1167 

310 400 9 32 200 6 1250 

313 400 9 32 200 6 1250 

318 300 12 24 200 9 778 

330 600 8 37 200 2 3500 

336 200 11 26 200 11 625 

338 200 10 31 200 10 729 

 

 

The spectral distribution of the UV-LEDs was measured by an External 
Optical probe (EOP-146, Instrument Systems GmbH, Munich, Germany) and 
a monochromator (bandpass: 1 nm, scan step: 1 nm, detector: 
Photomultiplier). The spectrometer, coupled to the monochromator, was a 
SPECTRO 320 (D) Release 5 (Instrument Systems GmbH) and operated in 
the wavelengths between 200 nm and 900 nm. The measurements were 
performed in close proximity between the detector and the light source, 
and subsequently a correction was introduced for the distance introduced 
between the sample and light source. The relation between irradiance 
percentage and distance was measured and is displayed in Fig. 4.3. The 
spectral distribution obtained with each of the LEDs is presented in Fig. 4.4.  
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Fig. 4.3: Dependence relation between total irradiation percentages delivered on 

the sample and distance between UV LEDs and sample.  

  

Fig. 4.4: Spectral distribution of the various UV-LEDs used in the experiments. The 

specific spectral irradiances are obtained from UV LEDs operating at 200mA, in 

close proximity with the detector. 

Based on the Gaussian fit (with OriginPro 9.0 software) the central 
wavelength, the area and full width half maximum (FWHM) were 
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estimated. The estimated values are displayed in Table 4.2.  The range was 
determined as plus/minus three standard deviations (SD). Irradiance of the 
exposures was calculated by taking the integral of spectral irradiances 
(area) of all emitted wavelengths for each LED and by adjusting with a 
correction factor, based on figure 4.3, for the distance introduced during 
exposures. 

 

Table 4.2: The central wavelength, full width at half maximum (FWHM), and range 
(±3 SD.) were estimated based on the Gaussian fit of the spectral distributions for 
each of the 12 LEDs. 

Central wavelength (nm) FWHM 
(nm) Range (nm) Purchased as Measured as 

280 281 11 266-296 

285 285 11 270-300 

290 292 10 280-304 

295 296 9 284-308 

300 300 10 288-312 

305 306 11 291-321 

310 310 10 298-322 

315 313 10 301-325 

320 318 10 306-330 

330 330 16 309-351 

335 336 12 321-351 

340 338 11 323-353 

 

The content of vitamin D in the pig skin as a function of wavelength is 
displayed in Fig. 4.5; for incident radiant exposures of 300 J/m2 and 7.000 
J/m2.  The curves for both doses have similar shape, with maximum around 
296 nm, but differing in the maximum vitamin D content (some saturation 
is observed at 7.000 J/m2). Minor amounts of vitamin D were produced at 
318 nm, while no vitamin D production was observed at or above 330 nm. 
The quantification limit for vitamin D was 3 ng/cm2 pig skin. The content of 
vitamin D in the control sample (not exposed) was 5 ng/cm2. 
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Fig. 4.5: Content of vitamin D in pig skin as function of wavelength after incident 
radiant exposures of a) 300 J/m

2
 (281-338 nm) and b) 7000 J/m

2
 (281-338 nm). No 

vitamin D production was observed at or above 330 nm. The maximum vitamin D 
production was observed around 296 nm. The two different replicates are 

indicated by red and black [0.2]. 

 

4.2.2.2.  Effect of dose (with the optimal wavelength) 

 

We used the optimal LED (296 nm central wavelength) to determine the 
effect of incident radiant exposure (dose) on the vitamin D production in 
pig skin. The skin samples were exposed to doses in the interval 200-20.000 
J/m2. For all tests the LED was run at 600 mA. The exposure times and 

incident radiant exposure are shown in Table 4.3. 

 

Table 4.3: The exact exposure details for the determination of the effect of dose 
are presented. 

Incident radiant exposure 
(J/m2) 

exposure 
(sec) 

210 14 

1.010 68 

2.000 135 

6.000 405 

10.000 675 

20.000 1.350 

a) b) 
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The LED was operated at a constant current mode and the irradiance 
arriving at the sample surface was approx. 15 W/m2. The content of vitamin 
D resulting from the different doses is presented in Fig. 4.6. The relation 
between vitamin D content and dose seems to follow logarithmic kinetics. 
The content of 7-DHC (provitamin D) in control skin samples (unexposed 
samples) was found to be 79±6 µg/cm2 (n=3). The highest obtained content 
of vitamin D in the pig skin was found to be between 3.5-4 µg/cm2, which 
was around 4 % of the 7-DHC content in control skin. Thus, the capacity for 
increase of vitamin D is expected to have additional potential.  

 

 

Fig. 4.6: Production of vitamin D in pig skin as a function of incident radiant 
exposure (dose). The pig skin samples are irradiated with a UV LED exhibiting 

central wavelength at 296 nm, which was determined as the optimal wavelength 
for pig skin bio-fortification [0.2]. 

 

In the past [4.6], human skin, obtained by surgery, was exposed to different 
doses of UV irradiation in the interval 10.000-300.000 J/m2 using a 
wavelength of 295 nm; total conversion of provitamin D to vitamin D was 
not reached, despite the fact that the highest dose applied was 300.000 
J/m2. At this dose of 300.000J/m2 approx. 70 % of the initial 7-DHC was 
converted to vitamin D [4.6]. There is agreement in the literature [4.6, 4.7] 
that higher dose of UV will result in a higher content of vitamin D, and at 
some point a plateau will be reached (logarithmic kinetics).  
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4.2.2.3.  Reciprocity: effect of irradiance and exposure time 

 

In photobiological processes it is often assumed that the extent of a 
response should depend on stimulus extent, rather than on the rate the 
stimuli is delivered, or duration of exposure to the stimuli. This hypothesis 
is called reciprocity [4.2]. However, responses of cells and tissues to 
electromagnetic radiation frequently involve a cascade of biological 
interactions making a linear dose-time relationship less likely. Therefore, 
reciprocity must be tested. In order to test the reciprocity, the irradiance 
emitted by the UV LEDs was varied between 0.1-43 W/m2 (at four different 
levels) by adjusting the operation current at the interval 8 to 600mA; and 
the production of vitamin D content was subsequently measured. The test 
was performed with three different LEDs exhibiting central wavelengths: 
292 nm, 296 nm, and 300 nm, around the identified optimal wavelength. 
The delivered stimulus (incident radiant exposure) was approx. 300 J/m2. 
The specific LED settings used for each exposure are presented in Table 4.4. 

 

Table 4.4: The exact exposure details for testing reciprocity are presented. 

Central 
Wavelength (nm) 

Current 
(mA) 

Irradiance 
(W/m2) 

Exposure 
(sec) 

292 8 0.1 3.000 

70 3.0 100 

400 27.2 11 

600 43.0 7 

296 30 0.1 3.000 

200 3.0 100 

400 8.4 36 

600 14.8 20 

300 10 0.1 3.000 

100 2.4 125 

300 11.4 26 

600 26.8 11 
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The results for the production of vitamin D are shown in Table 4.5. One-way 
ANOVA (two tailed) [2.71] was conducted, for each of the wavelengths, to 
test the null hypothesis of no difference between the different levels of 
irradiance used. For the tested range of irradiance values, no clear 
deviation from reciprocity is evident (null hypothesis is accepted p>0.05), 
and therefore, it is possible to deliver a specific dose of UVB over a short or 
long exposure and achieve the same vitamin D level (at least within the 
tested range of irradiance values). 

 

 

Table 4.5: The content of vitamin D is presented after incident radiant exposure 
approx. 300J/m

2
 (295-302 J/m

2
).  Reciprocity was tested with LEDs at central 

wavelengths 292, 296 and 300 nm; at four different levels of irradiance. P-values 
from one-way ANOVA (two tailed), testing for no differences between irradiances, 
at each of the wavelengths, are shown. 

 

Wavelength 

(nm) 
Irradiance 

(W/m2) 
Vitamin D 

(µg /cm2) 
P-value  

292 

0.1 0.57 0.41 

0.62 
3.0 0.46 0.36 

27.2 0.46 0.45 

43.0 0.53 0.57 

296 

0.1 0.31 0.83 

0.96 
3.0 0.43 0.63 

8.4 0.63 0.61 

14.8 0.53 0.58 

300 

 

0.1 0.47 0.58 

0.06 

2.4 0.71 0.77 

11.4 0.56 0.43 

26.8 0.57 0.52 

 



PhD Thesis                       New light sources for biomedical applications                       A. Argyraki 

 

89 
 

4.2.3. Discussion and conclusion 

4.2.3.1.  Discussion 

 

Studies have shown that UVB exposure of dairy cows and pigs can enrich 
milk and pork with vitamin D [4.8]. However, to apply this method in the 
food production necessitates the development of light sources that can 
comply with all requirements existing in food production lines.  

UV-LEDs as light sources are suitable to fit into a food production line, due 
to their compact design and low energy consumption. Furthermore, LEDs 
can easily be implemented in industrial settings; to the contrary traditional 
bulky sources of narrowband UV can only be practical for laboratory use. 
LEDs allow spectral selectivity of the emitted light, and can be effortlessly 
integrated into electronic systems for automation. Moreover, LED 
technology can provide dust- and moisture - proof solutions, as well as, 
ensure lack of toxic compounds, and mechanical stability. Furthermore, 
LEDs produce minimal radiant heat, in comparison to other UVB-light 
sources and the non-desirable surface heating can be avoided [4.9]. 

Energy consumption and safety are some of the first challenges that need 
to be addressed when installing UV-light sources in a food production 
facility. Up-front costs of installing an UVB-LED based lighting system are at 
present high. However, costs are expected to fall in the near future [4.10], 
and LED performance is expected to continue to advance [4.11, 4.12]. LED 
systems have longer expected lifetimes, and lower maintenance costs than 
other UVB-light sources. Therefore, the specific application potential of the 
emerging technology of UV-LEDs cannot be overlooked. 

According to the observations, vitamin D in a food product containing pig 
skin can be modulated by adjusting the applied exposure to the UVB 
irradiation. Moreover, since the vitamin D content at a specific dose is 
independent of the inversely related parameters total irradiation and 
exposure time (up to the irradiance values studied in this work), the 
exposure time can be freely designed to fit the needs of the specific 
production line. 

Fortification in terms of addition of vitamin D to the “end product” has 
been introduced in several countries. The option of bio-fortification, by 

adding more vitamin D to the feed of animals has expanded further the 
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acceptance. Though, in Europe the addition of vitamin D in feed of 
animals is restricted within specific limits [4.13]. The alternative 
principle of biofortification by usage of UV irradiation of animals or 
food, is approved for use in the production of vitamin D both in the 
United States [4.14] and in the European Union [4.15], and imposes 
no restriction as normal biofortification, through feed, does. 

The novelty proposed here for the first time is the ability of production of 
vitamin D biofortified pork products, with a light source (consisting of UV 
LEDs) that could easily become compatible with the requirements of a food 
production line. 

Additionally, the UV LED found to be the optimal for biofortifying with 
vitamin D, could delay or even eliminate undesirable microbial growth (see 
chapter 3). Finally, considering the significant problem arising in pig farms 
with antibiotic resistant bacteria like MRSA and the demand for higher 
quality pork meat, in this work some substantial steps were taken towards 

the development of an LED lighting system that will be able to cover these 
needs and also being environmentally friendly. 

 

4.2.3.2. Conclusion 

 

In this Chapter we have shown that food products containing pork skin can 
be enriched by UVB LED exposure to elevate their content of vitamin D. The 
optimal wavelength for the production of vitamin D in pig skin irradiated 
with LED-UV was determined to be 296 nm. The effect of dose on the 
production of vitamin D in pig skin followed logarithmic kinetics, and the 
maximum incident radiant exposure (dose) used (20 kJ/m2) resulted in a 
vitamin D content of 3.5-4 µg/cm2.  

It was confirmed that the reciprocity hypothesis is valid (for the tested 
irradiances),  and therefore, the exposure duration needed to obtain a 
specific content of vitamin D can be freely selected; within the limits that 
the power of the LEDs dictate.  

It was demonstrated that a good level of vitamin D enrichment (0.5 µg 
/cm2) of pig skin can be achieved with UV LEDs only by a few seconds 
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exposure (7 sec), even though currently available UV LEDs are limited in 
output power. 

 

4.3.  Investigation of the effect of LED irradiation in the UVB, 

UVA and blue range on the production of vitamin D of 

farmed salmon skin 

 

The present section focuses on the possibility to increase vitamin D content 
in farmed salmon skin (S. salar) by irradiation in the UVB, UVA and blue 
range.  Salmon is known to contain high amount of vitamin D. However, 
several studies have reported that farmed salmon contains less vitamin D 
than wild salmon, ranging from 1.6-7.6 μg/100g in farmed salmon, to 9.6-
26.5 μg/100g in wild salmon [4.16-4.19].  

Recently, it was reported that it was possible to increase the vitamin D 
content of trout skin by exposure to solar spectrum or by exposure to blue 
light [4.20]. Moreover, Tilapia after exposure to UVB irradiation was 
reported to increase its vitamin D content up to three times [4.21]. Though, 
photolysis of vitamin D by sunlight, in fish skin, is not expected to be a key 
source for vitamin D in fish. UV rays from sunlight are expected to 
penetrate only the upper levels of ocean waters (50 m), where the marine 
photosynthesis happens [4.22].  

Salmon consumption needs are mainly covered by farmed salmons [4.19]. 
Therefore, it is interesting to investigate if it is possibile to biofortify farmed 
salmon skin by implementing a specially designed LED lighting system (UVB, 
UVA or blue). In terms of market demand it would be even more interesting 
if biofortification could take place in the fish farm, while the fish were alive. 
Therefore, the fish samples were also placed under water, to test if 
biofortification is totally prohibited when water is present. 

 

4.3.1. Material and methods 

A summary of the exposure details for investigating the possibility of 
biofortifying farmed salmon is presented in table 4.6.  The exposure of the 
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skin was performed in laboratory glassware/beaker containing cold tap 
water and the fish sample was positioned approx. 1 cm underneath the air-
water interface. The radiant exposure reported was the one incident to the 
air-water interface. To secure the fish samples at a certain position, a thick 
layer of adhesive tape was located in the beaker (Fig. 4.7) and two needles 
were used for clamping the fish skin. The fish samples were cut in pieces of 
approx. 1x2cm2. The central 1cm2 piece of the fish skin was used for the 
vitamin D analysis, while the excess ends of the samples were only used for 
attachment to the tape layer. The needles were disinfected with ethanol 
and cleaned from vitamin D traces every time before “pinching”. Similarly, 
clean water and tape layer was introduced every time in the beaker, before 
exposure. The weight of 1 cm2 salmon skin varied between 0.08 g to 0.19 g. 
Pieces for control and exposure were cut from the same skin area (e.g. back 
(BA) or belly (BE)) but opposite fish part (left (L) and right (R)). The controls 
were taken from left side and test samples from right side. It was assumed 
that BA and BE could exhibit different amount of vitamin D content, due to 
proximity to  

 

Table 4.6 : The exposure details for testing probable biofortification of farmed 
salmon. 

 

 UVB  
(cw 296 nm) 

UVA 
 (cw 338 nm) 

Blue (cw 454 nm) 

Radiant 
exposure 
(J/m2) 

6.00
0 

60.00
0 

6.00
0 

60.00
0 

6.00
0 

60.00
0 

120.00
0 

Irradiance 
(W/m2) 

14.8 14.8 9.8 36.2 40 40 40 

replicates 3 3 3 2 3 3 2 
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Fig. 4.7: The fish skin sample prepared for exposure. The skin is resting on the tape 

layer (black arrow) with the help of two needles (red arrows); the fish flake- surface 

is facing the air-water interface (purple arrow). 

 

different organs of the fish. L and R side of the fish are not expected to 
exhibit any difference in vitamin D content due to inherent symmetry.  

All samples were kept in a UV free environment before and after exposure. 
After exposure the samples were kept in airtight nitrogen flushed bags, and 
until the analysis of vitamin D they were kept at -20 °C. The set up for UV 
irradiation was the same as shown in Fig. 4.1. The set up and the spectral 
irradiance of the blue LED used for the exposure is presented in Fig. 4.8. 
The blue LED was purchased from Philips (Royal Philips, Amsterdam, The 
Netherlands), and was controlled by the hue Philips app. The spectral 

distribution of the UVB (296 nm) and UVA (338 nm) LEDs are the same 
as described in 4.2.2.1. 



PhD Thesis                       New light sources for biomedical applications                       A. Argyraki 

 

94 
 

     

Fig. 4.8: a) Setup for blue light exposure. b) Spectral irradiance of the blue LED used 
for exposure of fish skin. 

 

4.3.2. Results 

 

The assumption that belly and back of the fish could exhibit different 
content of vitamin D was tested by a one way ANOVA (two tailed). The 
content of vitamin D at the two fish parts (left back (LBA), n=8 or left belly 
(LBE), n=10) is presented in figure 4.9.  It was demonstrated that the 
vitamin D content was independent of the fish part the sample was taken 
from p=0.5. Hypothesis of no difference for the mean value of vitamin D 
content between fish-part was accepted. In general, the variance from fish-
to-fish sample was observed to be as big as 0.07 µg/cm2; see spread of 
points Fig. 4.9. Therefore, in the following analysis effects are considered 
significant, only if they are bigger than this fish-to-fish variation.  The 
content of vitamin D found in the skin of salmon before exposure (control) 
and after exposure to UVA (338 nm), UVB (296 nm) and blue light (454 nm) 
is shown in table 4.7. The raw data are presented in Fig. 4.10. Since no 
significant difference was found in the average content of vitamin D in the 
controls, taken from back and belly, it was decided to group all the samples 
(independently of the fish part they were taken) into one group.  

a) b) 
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Fig. 4.9: The content of vitamin D at the two fish-parts left back (LBA), n=8 and left 
belly (LBE), n=10 are presented respectively in red and green color. 

 

Table 4.7: The content of vitamin D found in the skin of salmon before exposure 
(control) and after exposure to UVA (338 nm), UVB (296 nm) and blue light (454 
nm) presented together with standard deviation (SD). 

 

 
 

Radiant 
exposure (J/m2) 

Vitamin D 
(µg/cm2) 

SD of Vitamin D 
(µg/cm2) 

Non exposed 0 0.030 0.015 (n=18) 

UVB  
(cw 296 nm) 
 

6.000  0.037 0.003 (n=3) 

60.000  0.143 0.045 (n=3) 

UVA  
(cw 338 nm) 
 

6.000  0.012 0.004 (n=3) 

60.000  0.023 0.000 (n=2) 

Blue  
(cw 454 nm) 
 

6.000  0.015 0.008 (n=3) 

60.000  0.021 0.007 (n=3) 

120.000  0.014 0.002 (n=2) 
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Fig. 4.10: The content of vitamin D (µg/cm
2
) of salmon, after the various treatments 

were applied. The different radiant exposures (doses) are indicated by the different 
colors. 

 

T-pairwise tests among the different treatments showed that only the UVB 
(60.000 J/m2) was significantly different from all other treatments with 
p<<<0.001. The increase in vitamin D content achieved by this treatment, 
compared to unexposed salmon, was 0.10 µg/cm2. Based on the 95% CI the 
increase achieved could be as much as 0.14 µg/cm2 or as little as 0.09 
µg/cm2. UVA and blue exposure didn’t increase significantly the vitamin D 
content compared to the control, independently of the exposure applied. 

Finally, the water was removed from the beaker and exposure with UVB 
was performed (on three samples with 6.000 J/m2; and one sample with 
60.000 J/m2), as before. The influence of the presence of water during 
exposure on the vitamin D content of salmon is presented in Fig. 4.11. 
Anova analysis accepted the hypothesis (both for 6.000 J/m2; p=0.38 and 
60.000 J/m2; p=0.75) that the medium (water or absence of water; 

6.000 J/m2 

 

No exposure 

60.000 J/m2 

 
120.000 J/m2 

 

No exposure 

6.000 J/m
2
 

60.000 J/m
2
 

120.000 J/m
2 

 

6.000 J/m2 
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indicated as dry) as applied here, imposed no significant changes at the 
vitamin D outcome; dry/wet difference (approx. 0.02 µg/cm2) was much 
less than fish-to-fish variation). 

 

Fig. 4.11: The content of vitamin D (µg/cm
2
) of salmon, after UVB treatments were 

applied. The presence or absence of water (indicated as “water” or “dry”) is 
indicated by the different colors. 
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4.3.3.  Conclusion 

 

It was demonstrated that farmed salmon skin can be biofortified by UVB 
LED illumination. An exposure of 60.000 J/m2 was able to increase vitamin D 
content in average by 0.1 µg/cm2. However, the vitamin D levels reached 
were not comparable to those obtained by exposure of pig skin. UVA and 
blue irradiation did not affect the vitamin D content in the range of 
exposures applied in this experiment. Moreover, the presence of approx. 1 
cm of water above the sample imposed no significant changes at the 
vitamin D outcome. 

 

4.4.  Vitamin D biofortification in eggs with UV LEDs: indirectly by 

illuminating hens or directly on egg content  

 

According to the present European legislation, it is not allowed to further 
increase the vitamin D content in eggs through feed, because the level of 
vitamin D added to the feed contains already the maximum permitted 
amount. Illumination with UVB-LEDs has potential to be used as an 
alternative or supplementary fortification method in egg farms, since 
requirements in terms of safety, energy and maintenance, could easily align 
with the advantages LED technology offers. Bio-fortification of eggs could 
possibly raise the vitamin D status in the global population since their 
consumption is very widespread. The reason why eggs are of special 
interest in regards to bio-fortification is the fact that they are easily 
accessible at a reasonable price to the majority of people, and additionally 
is a product which is palatable and easily digestible [4.23]. Moreover, hen’s 
eggs, when compared with other natural food products, are rated very high 
as sources of both vitamin A and D. 

Our ambition was to investigate the possibility of increasing the vitamin D 
content in eggs by exposing (vitamin D) supplemented hens to UVB from 
above using LED technology. The scenario of convincing egg companies to 
adopt only the alternative (vitamin D) biofortification method, on non 
(feed) supplemented hens could be considered too unrealistic. Moreover, if 
UVB-treatment is to be implemented in egg production facilities it would be 
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necessary to develop solutions where the hens are irradiated from above, 
to avoid the vast amount of cleaning and maintenance that would be 
required if the illumination was from below. 

LED technology offers the chance to choose a narrower wavelength range 
than with traditional UV-light sources. As shown in the previous section 4.1, 
the optimal wavelength for achieving maximum increase of vitamin D when 
irradiating through skin is around 296 nm. Moreover, compared to other 
UV light sources LED technology provides high degree of control over the 
directionality of the output beam; greatly reducing delivery of light outside 
the region of interest. 

Finally, the idea about increasing the vitamin D content of eggs by direct 
illumination (section 4.3.2) on the egg yolk and egg white was tested, and 
the penetration depth of UVB light in egg yolk, egg white and egg mix was 
investigated. 

Since UVB irradiation can also be used successfully for killing bacteria (see 
chapter 3), egg products would be ideal candidates for UVB irradiation 
processing, during pasteurization or packaging, able to assist both in terms 
of vitamin D enrichment and lower bactericidal load. 

 

4.4.1. Indirect biofortification of eggs by illuminating hens 

 

4.4.1.1. Materials and Methods 

4.4.1.1.1. Experimental setup 

40 Lohmann-LSL layers (type of laying hens) were reserved from a herd of 
62.000 hens in enriched cages (eating eniriched food) and delivered by 
Hedegaard A/S, Denmark. The hens were 28 weeks of age upon arrival and 
their average weight was 1.67 kg ± 0.14 kg (as measured in the herd).  The 
hens were placed in the same type of cages as Hedegaard A/S uses in the 
production (type Euro SO 10, Hellmann Poultry, Germany). Each cage could 
house up to 10 hens and the cage dimensions were 120.5 cm in length and 
62.5 cm in depth. A total of 753 cm2 per bird was available; for a cage 
hosting 10 hens. There was a nesting area in the cages, with a red curtain in 
front and on top of it there was located a scratching area. The cages were 
linked two and two and shared the water drinking nipples. The cage is 
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shown in Fig. 4.12. UV opaque material was placed between the cages in 
order to avoid UV “contamination” (Fig. 4.13). The feeding tray was placed 
along the complete length of the cage. 

 

Fig 4.12: A three dimensional sketch of the hens cage. The irradiation was entering 
the cage as indicated by the black arrows. A nesting area was separated by a red 

curtain. 

 

The hens were fed a standard feed which contained 3000 IU/kg vitamin D 
(Hedegaard-Agro, Denmark). 1 IU is the biological equivalent of 0.025 µg 

cholecalciferol (one of the D vitamins). Feed and water was offered ad 
libitum and the feed intake was determined on a week-basis. 

General illumination was on from 01:30-16:30 each day, as in the 
production facilities. In this way it was ensured that the hens would be 
laying their eggs in the morning. Fluorescent tubes were used for the 
general illumination of the location that the experiment took place; again 
same type as used in the production. No dimmer was available in the 
existing illumination system therefore the light was dimmed by using white 
paperboard. The usage of paperboard did not change the spectral 
distribution of the lamps (as confirmed by a handheld spectrometer, 
UPRtek (MK350, Zhunan, Taiwan)). The illuminance at eye level of the hens 
was measured to be 6 lx. This level of illuminance was comparable to the 
level used in the production at Hedegaard A/S (6 lx). The acclimatization 
period was 2 weeks. General illumination is a critical factor in poultry since 
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cannibalism and aggressive behaviours have been reported in the past in 
bright environments [4.24, 4.25]. 

The Danish Animal Experiments Inspectorate provided the needed ethical 
approval. The authorization number given was 2014-15-0201-00254 C1 and 
the experiments were administered by the National Food Institutes in-
house Animal Welfare Committee for animal care and use. 

The UVB LED source was attached to the cages as shown in Fig. 4.13. 
Sixteen UVB-LEDs were purchased from Sensor Electronic Technology, Inc 
(SETi, TO3 package, flat window, half angle 60 degrees) and were 
assembled in two modules of eight diodes to fit the cage dimensions. The 
spectral distribution of the 16 LEDs is shown in Fig. 4.14. The average 
central wavelength of the UVB-LEDs was 307 ± 2 nm (std.dev.) with range 
290-335 nm and was determined from the Gaussian fit of the spectral 
distributions. The resulting mean irradiance, of the two modules was 
respectively 0.76W/m2 and 1.06W/m2. The irradiance was measured at a 
distance of 25 cm which was the average distance between the hens and 
the LEDs; which was determined by observation of the daily activity of the 
hens (average distance between moving hens and light source, when 
accounting that hens move towards the feed tray and stay there with head 
downwards quite often ¾ of activity, or to the drinking nipples ¼ of 
activity). These data came from regular observation (10-15 minutes every 3-
4 days) of hens in the created environment. The measurements were done 
using an integrating sphere and a spectrometer (QE 65000, Ocean Optics). 
The range of the analysis was 200-700 nm. 

 

Fig. 4. 13: Picture of the hens’ cage with “UV opaque wall”; red arrow. Green 
arrows show the attached LEDs. 
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The two LED assemblies (LED module 1, LED module 2) were designed with 
the intention to create an identical 3D irradiance pattern in the two cages. 
The 8 LEDs in the two irradiance groups were  

 

Fig. 4. 14: The spectral distribution of the 16 LEDs used to assemble the two 
modules used to illuminate hens from above.  

placed at the top front of their cage respectively. 3D measurements with a 
cosine diffuser were performed on location to confirm that the irradiance 
patterns were comparable. Moreover the measurements showed that no 
UVB irradiation was accessing the nesting area (behind the curtain). 

 

4.4.1.1.2.  Irradiation protocol on hens 

 

An overview of the irradiation protocol followed in the experiments with 
hens with goal to biofortify eggs by implementation of UVB illumination 
from above is presented in Fig. 4.15. The original plan to run 2 experiments 
each for the duration of a month and have a weekly collection of eggs was 
unfortunately not followed, due to unexpected problems. 

 The UVB light was delivered continuously in the first phase of the trial 
(from 04:00-11:38, for the 29.000J/m2/day exposure, and from 03:00-15:47 
for the 35.000J/m2/day). In the second phase of the trial, the time schedule 
for the turning on/off of the UVB irradiation has been calculated to 



PhD Thesis                       New light sources for biomedical applications                       A. Argyraki 

 

103 
 

maximize the “rest” between exposures of 20 minutes. In the third phase of 
the trial the exposure was split into time intervals of 1 min spread evenly 
over the entire daylight period (12 min exposure in total). 

 

 

 

 

Fig. 4.15: Schematic presenting an overview of irradiation protocol on hens, in 
three phases of the trial (shown as separate columns). Information about 

irradiance, incident radiant exposure (dose), duration of trial-phase, size of hens’ 
group, visual observation about the condition of hens and action taken, is given. 
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4.4.1.2. Results 

The content vitamin D and 25(OH)D determined in each egg yolk,  after trial 
phase one, is shown in Table 4.8. The increase in vitamin D content of the 
eggs (the hens were laying) was in average 85-93% in phase one of trial, 
compared to eggs from non-illuminated hens. Unfortunately severe 
sunburns were observed on the irradiated hens, and therefore the 
(irradiated) hens were terminated and the trial was redesigned. There were 
no significant increase in the content of 25(OH)D in the treatment groups 
compared to the control. 25(OH)D is usually used to determine the vitamin 
D status of an organism. No significant difference between the LED-UVB 
treatments was observed.  

Additionally, UV irradiation at a dose of 19.000 J/m2/day was delivered at a 
separate hens group with a UVB-tube; the vitamin D content of egg yolk in 
that case was increased by 45%. 

Table 4.8: Content of yolk vitamin D and 25(OH)D  in eggs from hens after trial 
phase one. The exposure lasted 7 days. 

 
Dose 

J/m
2
/day 
 

Irradiance 
W/m

2
 

25(OH)D ng/g D ng/g 

ng/g average std. dev. ng/g 
avera

ge 
std. 
dev. 

0  0 

16.4 

16.6 1.6 

37.1 

34.6 5.2 
17.7 32.0 

18.0 40.4 

14.4 28.7 

 
29.000 

 
1.06 

18.5 

18.7 3.1 

58.5 

64.1 8.3 

21.1 52.0 

23.4 76.6 

16.4 65.9 

17.6 64.5 

15.1 67.2 

 
35.000 0.76 

18.3 

18.8 1.5 

62.5 

66.9 9.3 

19.6 65.7 

18.6 68.7 

17.1 54.0 

21.4 82.3 

17.9 68.3 
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Then, at the second phase of the trial, a lower dose (4.000 J/m2) was 
addressed and the eggs reached a 51% increase in their vitamin D content 
compared to eggs from non-illuminated hens, but still indications of dried 
skin and moderate sunburn were observed. It was interestingly observed 
that the vitamin D content of eggs continued to increase even after the UVB 
irradiation was stopped as shown in Fig. 4.16. 

 

Fig. 4.16: Vitamin D content in egg yolk (± SD) as a function of number of days after 
first exposure; 2

nd
 trial phase. The dose used in the UVB-treatment was 4.000 

J/m
2
/day. The UVB-treatment was stopped after 7 days of exposure, due to 

observed erythema at the hens’ comb.   

Further decrease of the dose in phase three of the trial resulted in 
completely healthy chicken even after 4 weeks of exposure, though no 
significant increase in vitamin D content was observed compared to eggs 
from non-illuminated hens. The detailed data are presented in table 4.9. 

Table 4.9: The content of vitamin D and 25(OH)D in egg yolks; 3
rd

 phase of trial. 

Dose 
(J/m2/day) 

24 days of exposure 28 days of exposure 

yolk vitamin D 

(ng/g) 
yolk 25(OH)D (ng 

/g) 
yolk vitamin D 

(ng/g) 
yolk 25(OH)D 

(ng/g) 

0 
26.4 12.0 24.4 10.7 

36.8 16.4 34.5 15.0 

547 
32.6 13.5 28.7 11.8 

24.0 12.8 24.9 14.5 

0
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 D
 n
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g 

 

Number of days after the first exposure 

UVB irradiation was stopped 
 after 7 days due to observed  
erythema at the comb 
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4.4.1.3.  Discussion  

 

Basic guidelines regarding the suitable dose and way of delivery 
(continuously “light on” versus interrupted mode with introduction of “rest 
periods”) were introduced. We believe that a dose higher than 550 J/m2 
and lower than 3.500 J/m2 would be appropriate to serve the purpose of 
biofortifying eggs without harming the specific type of “all white” grown 
indoors hens (this type of hens has not been exposed to sunlight for several 
generations). Probably an adaptation period to UVB irradiation, where the 
UV-light is gradually increased, would help hens’ skin to accept without side 
effects the intervention. 

 With these studies we realized that it is much more economical (the cost 
for animal care, feed and host was very high) and much less dangerous if 
we aim for increasing the vitamin D content in dead tissue (like pig skin, or 
salmon skin) than live organisms (hens that produce eggs). 

In the present study, vitamin D supplemented cage hens were used as a 
model system, as it is an easy environment to manipulate in regards to UVB 
exposure. However, as mentioned in the introduction, barn hens and free 
range hens are the future. 

Directing the UVB irradiation at the feet is reported to be a very effective 
way of increasing the vitamin D in eggs [4.26, 4.27]. However implementing 
UVB light sources directed at the feet of the hens in a barn is a very 
challenging task. If light sources are placed near the floor, they will get dirty 
and a vast amount of cleaning will be necessary. Additionally, only the hens 
in close proximity to the light source will be exposed, making it hard to 
control the exposure each hen receives; thereby introducing variations in 
the vitamin D content and erythema side effects. It would be possible to 
install UVB-light sources directed at the feed of hens in cages, but as 
discussed above the sales of eggs from this type of production is 
diminishing and taken over from free range hens. If UVB-treatment is to be 
implemented in egg production facilities it is essential to develop 
illumination solutions where the hens are irradiated from above, in order to 
meet future market demands. 

Hens are known to be extremely sensitive to their illumination environment 
therefore it was of vital importance to secure minimal interference; when 
comparing large scale egg production facilities to our testing facilities. 
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Extreme behavioral changes, as well changes in eating and laying habits 
have been reported in the past after shifting illumination environment of 
hens [4.28-4.30].      

No behavioral changes (including eating, drinking, laying habits, and 
productivity of eggs) were observed during UV irradiation in these 
experiments, based on visual observation and measurement of feed intake.   

 

4.4.2. Biofortification of eggs by direct UVB irradiation 

 

The ability to increase the vitamin D content of eggs by direct illumination 
to the egg would solve many of the issues that arise when trying to bio-
fortify eggs by illuminating hens. In addition UVB irradiation could also be 
used successfully for killing bacteria relevant in egg industry. Therefore, it 
was tempting to investigate the penetration depth of UVB irradiation in egg 
products namely egg yolk, egg white and egg mix (yolk and white) and find 
out if UVB processing could become a sensible dual method for bio-
fortification and pasteurization. 

 

4.4.2.1. Materials and methods 

 

The penetration depth of different UVB wavelengths in egg products 
namely egg yolk, egg white and egg mix (yolk and white) are determined by 
using a UV spectrophotometer, UVB LEDs as light sources and the Beer–
Lambert–Bouguer law. This law states that the intensity (I) of a light wave 
inside a material (I) is reduced exponentially from the value at the surface 
(I0), as shown in the equation: 

𝐼(𝑑) = 𝐼0𝑒−𝛼𝑑 (1) 

where α is the absorption coefficient of the substance, and d is the distance 
the light travels through the material. The penetration depth is a measure 
of how far light can penetrate into a material and is defined as the depth at 
which the intensity of the light inside the material falls to 1/e (about 37%) 



PhD Thesis                       New light sources for biomedical applications                       A. Argyraki 

 

108 
 

of the value at the surface. The penetration depth is equal to the inverse of 
the absorption coefficient. 

The experimental setup is shown in Fig. 4.17. The egg product was inserted 
in the quartz container (square cross section) at room temperature and the 
liquid was spread, so that a thin film of uniform thickness was formed at the 
middle region of the cuvette. The exact volumes of the different egg 
products used and the respective layer thicknesses are presented in Table 
4.10.  

 

 

Fig. 4.17: The setup for testing the penetration depth of different liquid egg 
products in the UVB range. 

 

Table: 4.10:  The exact used volumes of liquid egg products and respective 
thicknesses; used to determine penetration depth. 

Liquid egg 
product 

used volume (ml) thickness of egg yolk 
(cm) 

Egg yolk 0 0 

0.1 0.027 

0.2 0.055 

0.3 0.083 

0.4 0.111  

0.5 0.139 

0.7 0.194 

1.1 0.305 
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Egg white used volume (ml) thickness of egg 
white  (cm) 

0 0 

0.5 0.139 

1 0.277 

Egg mix  used volume (ml) thickness of egg mix 
(cm) 

0 0 

0.3 0.083 

0.4 0.111 

0.6 0.166 
 

4.4.2.2.  Results 

A typical example of how the intensity decreases with increased thickness 
of liquid egg product is presented in Fig. 4.18. 

 

 

Fig. 4.18: Graph exhibiting a typical example of how the intensity decreases with 
increased thickness of liquid egg product, in this case egg yolk. 

 

The penetration depth as determined for the different liquid egg products 
and at different UVB wavelengths is shown in Fig. 4.19. The penetration 
depth as determined by Geveke et al. [4.31] at 254 nm for egg mix and egg 
white is also shown (Fig.4.19). The vitamin D content after the UV 
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processing (central wavelength 296 nm) is shown in Table 4.11. The egg 
product layers exposed had a thickness around 3-4 mm. 

 

Fig. 4.19: The penetration depth as determined for the different liquid egg 
products, at different wavelengths. 

 

Table 4.11: The vitamin D content in egg products; as acquired by UV thin film 
processing. 

Egg 
product 

Radiant exposure 
(J/m2) 

Vitamin D 

(µg/g) 

Egg mix 0 0,011 

300 
 

0,020 

0,026 

3.000 
 

0,043 

Lost sample 

Egg yolk 0 0,052 

300 0,076 

0,075 

3.000 
 

0,207 

0,171 
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4.3.2.3 Discussion 

 

For the wavelength region (290-306 nm) that would be interesting to 
process eggs with, in order to achieve the dual effect of biofortification and 
reducing bacterial load (chapter 3) the penetration depth was determined 
to be around 0.01-0.08 cm. This result indicates that the egg UVB 
processing is only sensible if it happens on thin films of liquid egg product 
or if a stirring process was taking place.  

The concept for thin film biofortification of egg yolk and egg mix was 
demonstrated by irradiating layers of 3-4 mm, using a UV diode with central 
wavelength 296 nm. Any bubbles were removed from the surface using a 
needle. 

Up to a 4-fold increase in the vitamin D content in both egg products was 
achieved after UV processing that lasted less than 3.5 minutes; egg white 
was not tested since its potential for biofortification is much lower. The 
reduction of bacterial load was not studied on egg product thin films, after 
UVB processing, though the results of chapter 3 strongly suggest that it will 
be possible to also disinfect from some types of bacteria. 

 

4.4.3. Conclusion 

 

Vitamin D biofortification of eggs is considered to be a strategy that would 
improve the status of the European population related to vitamin D 
deficiency. Evidence of the broad harmful effect vitamin D 
insufficiency/deficiency has on general health is growing. Therefore, it is of 
outmost importance to raise the vitamin D level of the population [4.1]. 

Here, two methods based on UVB LED technology were suggested for 
biofortifying eggs: 1) illumination from above for supplemented hens and 2) 
direct processing of thin film (3-4mm) egg products. 

It was shown that the radiant exposure delivered on the hens is of critical 
importance for the welfare of the hens, especially if the “hen type” is such 
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that has never been exposed to sunlight for several generations.  The 
acceptable limits for operation were found to be between 550-3.500 J/m2 
(daily exposure) and it is suggested that an adaptation period to UVB 
irradiation should be introduced in order to avoid sunburn of hens. A 4.000 
J/m2 exposure to the hens resulted in an increase of egg vitamin D content 
up to 51%, but also some erythema was observed at the comb of the hens 
which was not easy to evaluate if it was normal. 

Direct UV processing of thin film (3-4 mm) egg products resulted in a 4 fold 
increase in the vitamin D content. It was found that the penetration depth 
of egg products (egg yolk, egg white and egg mix) in the UV region 290-306 
nm is 0.01-0.08 cm. Taking into account the inactivation ability of this UVB 
band on biofilms (chapter 3), the possibility of UVB processing of eggs with 
dual functionality, namely biofortification and inactivation of bacteria could 
be considered as an interesting possibility for UVB LEDs in the egg industry.   

The two methods presented here for egg biofortification have both 
advantages and drawbacks; therefore, the choice of way depends strongly 
on the details of specific potential application.     

 

4.5. Novelty of the Chapter 

 

UV exposure of farm animals [4.27] and mushrooms [4.32, 4.33] with UV 
lamps was proposed in the past as an alternative approach (biofortification) 
to solve the vitamin D deficiency problem. Here, UV LED technology is 
suggested as a more appropriate light source for this concept, since the 
requirements for safety and optimization existing in industrial settings can 
be much better aided by LEDs.  

Evaluation of UV LEDs for production of vitamin D have been reported 
before by A.K. Ravichandran after direct human skin illumination and in 
vitro on solutions (ampoules of 7-DHC) [4.34]. Direct illumination of human 
skin as a vitamin D source could be dangerous if not applied with extreme 
precautions. Consumption of biofortified edible products produced by UVB 
irradiation, as suggested here, is excluding all dangers (cancer 
development, irritation of skin etc) of direct skin exposure to UVB.  

Specifically for salmon skin the possibility of biofortification with blue light 
was investigated as suggested by Pierens et al [4.20], however, such a 
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response was not observed. Among the tested irradiations, UVA, UVB and 
blue, only UVB was able to increase significantly the vitamin D content. 

Regarding biofortification of eggs, illumination for supplemented hens has 
been shown to be an effective method when directed to the hens’ feet 
[4.26, 4.27, 4.35]. However, if UVB-treatment is to be implemented in egg 
production facilities, it is essential to develop illumination solutions that can 
meet future market demands. The two methods based on UVB LED 
technology that were suggested here 1) illumination from above for 
supplemented hens and 2) direct processing of thin film egg products meet 
this criterion. Especially direct processing of thin film eggs could 
additionally offer the advantage of lower bacterial load. 

The novelties, related to UV LEDs and vitamin D biofortification achieved by 
the author of this thesis are presented below: 

 Conceptualization and execution of direct processing of thin film eggs 

 systematic investigation of the biofortification efficacy of UV LEDs, on 
pig skin, in the UVB and UVA range 

 Development of irradiation protocol for biofortifying edible pig skin 

 Identification of irradiation protocol limitations, for Illuminating hens 
for above, targeting enhanced vitamin D content in eggs. 

  

4.6. Summary 

 

A vitamin D biofortification method is introduced here and its applicability 
is discussed for three different food products types, namely pig skin, salmon 
skin and eggs. The optimal wavelength for achieving vitamin D enrichment 
in pig skin was investigated, and it was demonstrated that by using an LED 
with central wavelength around 295 nm a good level of vitamin D 
enrichment (0.5 µg /cm2) can be achieved only by a few seconds exposure 
(7 sec). UVA and blue light were not able to biofortify salmon skin at the 
doses delivered, while UVB (central wavelength at 296 nm) irradiation 
enhanced the vitamin D levels in average by 0.1 µg /cm2. These results were 
not in agreement with Pierens et all [4.20 or 1.4], that observed 
biofortification of fish by blue light.  Egg biofortification was attempted by 
two ways. Direct illumination of egg products resulted up to a 4 fold 
increase in vitamin D content. While illumination of supplemented hens 
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from above, exhibited a potential for vitamin D enrichment up to 51%, but 
erythema was observed at the comb of the hens raising questions about 
the wellbeing of the flock. A summary table of the biofortification results 
achieved by LEDs on the different food product types is presented below 
(Table 4.12). 

 

Table. 4.12: Biofortification results achieved by LEDs on various food product types. 

 

Illumination 

type 

Type of food Dose  

(J/m2) 

Vitamin D content 

(µg/g) 

UVB pig skin [0.2] 0 0.005 

300 1 

2.000 3.6 

UVA 7.000 Insignificant increase 

UVB salmon 60.000 0.7-1.75 

0 0.16-0.375 

Blue or UVA 60.000 Insignificant increase 

UVB Egg product 0 0.05 

3.000 0.2 

UVB Egg from 

hens 

0 0.035 

4.000 0.052 
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Chapter 5 

 

 

 

5. VIS LED lighting systems and their potential benefit to 

populations with special health care needs 

 

Motivation 

Solid state lighting technology has offered innumerable choices regarding 
indoor general illumination. However, the culture about how to implement 
the available lighting choices for best benefit of wellbeing is not yet formed. 
Generation of evidence and statistical proof that specific lighting scenarios, 
generated by LEDs, can benefit general health could have impact on society, 
especially for populations with special health care needs.  

 

Related PhD publications: 0.1, 0.3, 0.7 , 0.11, 0.12, 0.15. 
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5.1. Introduction 

 

The present chapter is concerned with the usage of VIS LED lighting systems 
for meeting specific needs of populations with a distinct health care profile. 
The intention is to provide empirical evidence and demonstrate statistically 
that specially designed VIS LED lighting systems can be beneficial to 
populations with special health care needs. 

More specifically, the sleep quality and wellbeing of healthy elderly (older 
than 65 years) was investigated by changing the indoor lighting at their 
homes. Moreover, potential benefits during birth labor, both for the 
mothers and the midwives, are discussed after testing the specially 
designed lighting during the birth, versus normal fluorescent light which is 
the norm for birth clinics. The measurable effects, of the specially designed 
lighting, on the birth are to be presented in an upcoming publication [0.7]. 

Light interventions on elite athletes (Danish Olympic swimmers) were also 
evaluated as a potential tool to improve sleep patterns on occasions of 
disturbed circadian rhythm conditions (e.g. different time zones, 
inconvenient competition times). The lighting system used for the 
interventions of athletes was designed by Jakob Hildebrandt Andersen for 
his project with Team Denmark that the author of this thesis was co-

supervising. Moreover, a preliminary testing was performed with blue light 
intervention and its potential effect on reaction time. 

Finally, the ability of humans to identify veins was studied under different 
illumination conditions as a (example) paradigm that direct visual 
perception of biosamples can be improved if suitable general lighting is 
applied.  

The present chapter is the result of interdisciplinary research collaboration 
between DTU Fotonik, and Nordsjællands Hospital-Hillerød (T. Wrønding 
and E. C. L. Løkkegaard), Glostrup Hospital (B. Sander, L. Kessel), Gate 21, 
Team Denmark (L. Johansen, A. T. Adler), Aalborg University (J. Markvart, K. 
Johnsen) and DTU Compute (L. K. H. Clemmensen). 
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5.2. VIS LED lighting systems and elderly citizens’ sleep 

quality and wellbeing [0.3] 

The present section focuses on the potential to improve the sleep quality 
and wellbeing of elderly healthy citizens by employing specially designed 
indoor lighting [0.3]. It is known that the spectral retinal illumination is 
changing with age, blue light is transmitted less [5.1-5.3]; and that the eye 
lens aging can play an important role in systemic health [5.4, 5.5]. 
Moreover, for elderly people the life is mostly spent indoors; and that can 
result in the absence of a timely sequence of light intensity with which, so 
wisely, evolutionary adaptation entrained the human circadian rhythm. 
Disturbed circadian rhythms can increase the risks for diabetes and 
hypertension [5.6-5.8] and affect the mood. 

Therefore, it was interesting to explore if any benefits, in terms of sleep 
quality and wellbeing, would come up by exchanging existing luminaires in 
private homes of healthy elderly citizens with commercial LED luminaires 
that enabled control over spectral characteristics and light intensity. 

 

5.2.1.  Materials and Methods 

5.2.1.1. Experimental design 

Twenty-nine participants (twenty similar private houses) were exposed to 
two light scenarios in a randomized cross-over design, followed by 1 week 
pause. Each light scenario was applied for 3 weeks from 8 am to 1 pm. One 
light scenario was blue-enriched (280 lx) and another blue-suppressed (240 
lx). In all cases the illuminance was reduced to approx. 140 lx blue-
suppressed, after 1 pm. Data were collected at baseline (existing 
illumination setting) and at the end of each light epoch. 

Elderly subjects suffering from depression and/or taking medication known 
to influence the circadian rhythm were excluded from the study. The study 
was performed in accordance with the policies of international 
chronobiological standards [5.9]. Constraints on daily schedule were not 
enforced. However, the participants were encouraged to spend time 
indoors until midday. All participants lived in homogeneous houses (rooms 
positioned in alternative geometries and minor differences in size).  

Changes in terms of wellbeing and sleep quality were evaluated by using 
diaries filled by the participants. Self-reported diaries are reported to be an 
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effective method for evaluating sleeping habbits [5.10]. Additionally, the 
Pittsburg sleep index (PSQI) [5.11] and the Morningness–Eveningness 
questionnaires were used to assess sleep quality. PSQI≥5 indicated “bad 
sleepers”. According to the Morningness–Eveningness score (MEscore) 
participants were categorized as “morning types” (score bigger than 59), 
“neutral types” (score between 42 and 58) or “evening types” (score 
smaller than 41) [5.12]. Sleep duration and rest-time were cross tested by 
an Actiwatch (monitoring system) that the participants were wearing. 

In order to obtain a subjective evaluation of the change in light 
environment, all participants were asked to give a score (to the light 
environment change) from 0 to 10. A score of zero indicated high 
“unlikablility” (not acceptable light) while a score of ten high “likability”. 
The experimental light was compared to their previous habitual light (pre-
experimental light), and the blue-suppressed and blue-enriched scenarios 
were compared with each other.  

For the data analysis normal distribution was assumed for the subjects’ 
response, and pairwise t-tests were performed to compare the outcomes 
from the different light epochs. The significance level was set to 0.05. 

 

5.2.1.2.  Light conditions 

The indoor sunlight levels were assessed to be insignificant for the outcome 
of the experiment. The pre-experimental light distributed in general limited 
light at the position of the cornea (below 100 lx). The experimental light 
was Philips Hue light bulbs (http://www2.meethue.com/en-us/this-is-hue/). 
The 3 bulbs were placed in 3 globe-shaped frosted glass pendants in the 
central room of the house, i.e. where the dining table and/or living room 
was located and in close proximity to the kitchen. The specific light location 
was chosen to maximize the hours spent by the participants near the 
experimental light.  

In order to increase the light exposure and to avoid contrast problems an 
LED uplight was mounted (Philips, SkyRibbon IntelliHUE Wall Washing 
Powercore © Eindhoven, the Netherlands) that illuminated the ceiling and 
added indirect light to the exposure zone. The same light sequence was 
followed both from uplight and the HUE light bulbs. From 8 am to 1 pm, the 
illuminance of the light system was controlled to reach approx. 280 lx (blue 
enriched) and 240 lx (blue suppressed), at the position of the cornea, 
measured half a meter away from the frosted glass pendants. After 1 pm, 

http://www2.meethue.com/en-us/this-is-hue/
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the illuminance was reduced to approx. 140 lx blue-suppressed in both light 
epochs. From 6 pm until bedtime the setting was approx. 100 lx blue-
suppressed. During the night the participants could switch the light on and 
off to meet their needs. If the light was turned on during night hours, the 
illuminance level was set at 100 lx and spectrum-wise it was blue-
suppressed.  

The light setting measurements were performed on location (after sunset) 
with a handheld spectrometer from UPRtek (MK350, Zhunan, Taiwan). The 
efficacy was measured by a Yokogawa WT3000 power analyzer and an Elgar 
CW1251P power supply, in the laboratory. The summary of light 
characterization is presented in table 5.1. The light spectra were selected to 
achieve a color rendering index (CRI) over 80. The spectral irradiance for 
blue enriched, blue suppressed and afternoon light are shown in Fig. 5.1. 
The spectral radiant power is presented in Fig. 5.2. 

Table 5.1: Summary of light characterization; population of houses studied n=4 
(correlated color temperature (CCT), CRI, illuminance, efficacy, radiant power and 
irradiance). The light intensities are measured at cornea level. The morning 
scenarios were applied from 8 am to 1 pm and were either blue-enriched or blue-
suppressed. The afternoon scenario was applied from 1 pm to 6 pm and was blue-
suppressed [0.3]. 

 CCT (K) 

(average; 
SD) 

CRI Illuminance 
(lx) 

(average; 
SD) 

Efficacy 
(lm/W) 

Radiant 
power 
(W) 
(average; 
SD) 

Irradiance 
(mW/m2) 
(average; 
SD) 

Morning-
blue 
enriched 

5.100; 
300 

82 280; 35 85 1.47; 0.02 920; 170 

Morning-
blue 
suppressed 

2.800; 30 92 240; 31 79 1.14; 0.01 710; 110 

Afternoon 2.800; 30 92 140; 16 75 0.59; 0.01 392; 48 
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Fig 5.1. Spectral irradiance for blue-enriched, blue-suppressed and afternoon light. 
The blue-enriched and blue-suppressed light conditions were applied with 

irradiance approximately 700–900mW/m
2
 during morning until 1 pm in the 

participant’s living room. From 1pm, the afternoon light conditions were applied 
(irradiance approximately 400mW/m

2
). [0.3] 

 

Fig 5.2. Spectral radiant power for blue-enriched, blue-suppressed and afternoon 
light. 

 

5.2.2. Results 

The average age of the participants in the study was equal for the males 
and females, 69.5 years (67.5–71.4, taking into account the 95% CI). 
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According to the randomization procedure, equal number of males and 
females were receiving a specific light scenario in the first or second 
experimental period (p>0.8; balanced design). The results from the PSQI 
questionnaires are presented in table 5.2. Females were positively affected 
by the installation of experimental light, and their PSQI score decreased 
significantly (p=0.007). Males did not experience significant changes 
(p=0.7). It is important to mention that at baseline only 19% of males were 
identified as “bad sleepers”, to the contrary the majority of females 62% 
were identified as “bad sleepers” at baseline (p=0.009). After the light 
intervention the status of females and males was indistinguishable 
(p>0.05).   

 

Table 5.2: PSQI for the subjects at baseline and during blue-enriched and blue-
suppressed light epochs reported as average values, [standard error] and 95% CI; 
together with p. values for the various comparisons performed [0.3]. 

  Baseline  Blue-enriched Blue-suppressed 

 
 

 
 

  

PSQI (males) 

 

 
4.06 , [0.67] 

2.64-5.49 

 

 
4.31, [1.04] 
 2.09-6.54 

4.13,  [0.97] 
 2.06-6.20 

PSQI (females) 
 7.62,  [1.14] 

 5.13-10.00 

 

 
5.62,  [0.87] 
 3.71-7.52 

5.85, [0.88] 
4.02-7.67 

P. value 
(compared genders) 

 

 0.009  0.36 0.20 

P. value 
(males compared to 

baseline)  
Not 

applicable  0.721 0.78 

P. value 
(females compared to 

baseline) 
 

 

 
Not 

applicable  0.007 0.08 

 

The summary results for sleep duration, sleep quality and MEscores are 
shown in table 5.3. No significant differences were found between the 
different light scenarios for the sleep time, as reported in the diary 
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(p=0.85); and the MEscore indicated participants, in both scenarios, as 
“morning types” (p=0.3). Moreover, no significant changes were observed 
for the occurrence of nightly awakenings (p=0.14) neither for the 
occurrence of daily naps (p=0.24). Similarly for the time spent on computers 
or television (p=0.84). Unfortunately, important data from the baseline 
period were not collected which prevented all possible comparisons to be 
performed. 

Table 5.3: Results for 29 subjects at baseline and after each type light epoch as 
derived from diary and Actiwatch data.  Results are given as mean, [standard error] 
and 95% confidence limits.  The p. values as obtained from the pairwise t-tests, 
between blue enriched and blue suppressed scenarios, are also included [0.3].  

 Baseline  Blueenriched  Bluesuppressed  p-value 

Sleep/ rest 
 

 
 

 
 

 
 

Sleep hours (diary) 
 

 
7.44, [0.15] 
  7.14-7.74 

 

 
7.31, [0.15] 
  7.01-7.62 

 

 0.29 

Rest hours (diary) 
Not 

applicable  
8.00, [0.20] 
  7.59-8.41 

 

 
7.88, [0.20] 
 7.47-8.29  

 

 0.26 

Rest hours 
(Actiwatch) 

 
 

7.91, [0.16] 
 7.58-8.24  

 

 
7.75, [0.18] 
 7.40-8.11  

 

 0.18 

  
 

 
 

 
 

 Quality of Sleep 
 

 
 

 
 

 
 

 
PSQI 

 
 

5.66, 
[0.07] 

 4.22-7.09 
 

 

 

4.90, [0.70] 
 3.47-6.32 
 

 

 

4.93, [0.66] 
 3.58-6.28 
 

 

 

0.90 
 
 

Poor sleeper 
occurrence 

(percentage) 
 

17/29  
(59%) 

 

 
13/29  
(45%) 

 

 
11/28  
(39%)  0.67 

Circadian rhytm 
 

 
 

 
 

 
 

MEscore,  mean 
(SE) 

 95% CI 

61.14 
(1.36) 
58.35-
63.92 

 

 
59.62 (1.52) 
56.51-62.73 

 

 
60.29 (1.38) 
57.47-63.12 

 

 0.32 
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Finally, the subjective evaluation showed that the participants favored the 
experimental light compared to habitual light, with an average score of 
7.84. The blue enriched and blue suppressed light scenarios were equally 
“likable”; score 4.95.  

 

5.2.3.  Conclusion 

 

It was found that females had a significantly worse baseline PSQI score than 
males. After the light intervention, the PSQI score of females reached 
almost normal values (around 5). This positive outcome can be a result of 
the fact that habitual indoor lighting was exchanged with the experimental 
LED light that allowed illuminance and spectral modulation throughout the 
day. However, no improvement was observed for the sleep duration, sleep 
quality and circadian rhythm parameters between the blue enhanced 
scenario and the blue suppressed (applied during morning hours). Placebo 
affects were not investigated by this study.  

Secondary beneficial effects related to the exchange of the pre-
experimental luminaires with LEDs, was the fact that the energy 
consumption of the houses was reduced and that the participants enjoyed 
the upgraded light environment in their houses. 

 

5.3.  VIS LED lighting systems in the delivery room [0.7] 

 

It is known that for first time mothers, the labor occurs primarily in the 
night-morning hours [5.13]. These hours of the day where natural sunlight 
is very dim and has very little percentage of blue wavelengths, melatonin 
exhibits its peak concentration in the human body, due to maximum 
excretion. Melatonin acts in synergy with oxytocin to promote contractions 
of the uterus and thereby momentum of the birth. 

Special LED lighting systems designed by Wavecare and Philips have been 
installed in delivery rooms at Hillerød hospital, with the scope to allow 
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ambient interventions by audiovisual stimulation. These delivery rooms are 
called sensory delivery rooms (in opposition to standard delivery rooms). 
The present chapter section focuses on characterizing the differences 
between illumination characteristics of sensory versus standard delivery 
rooms, and discussing the possible positive implications on labor [0.7] and 
on midwives wellbeing, related to the special light surrounding created by 
the LED system. 

 

5.3.1. Materials and methods 

5.3.1.1.  Light characterization: Sensory versus standard 

delivery rooms 

 

In the sensory rooms, a special illumination system is accompanied with a 
big illumination-alive screen. The system is controlled through a touch 
panel which allows choices among 5 preset programs, namely “arrival” 
program, “breathing” program, “atmospheric” program, “relaxing” 
program, and “white light no sound” program. Inside each program further 
adjustments can be made by separately controlling the light at four specific 
locations, namely the entrance (white light, able to be dimmed), ceiling 
(white light, able to be dimmed), wall (colored light), spot light (colored 
light). The colored light is interchangeable among the following colors blue, 
yellow, red, white, and green. The curtains were closed during the 
measurements to simulate night hours (darkness outside the window). The 
light characterization measurements were performed on location with a 
handheld spectrometer from UPRtek (MK350, Zhunan, Taiwan). 

The light environment under the five preset programs in the sensory room 
is shown in Fig. 5.3. It can be seen that the presence of the screen, 
introducing a blurred visual dynamic stimulus, influences significantly the 
atmosphere created by the LED illumination system. 

The spectral distributions of the different light programs of the sensory 
rooms, as perceived at the level-height of the cornea at three different 
locations namely on the bed, in the bath tub and standing, are presented in 
Fig. 5.4. The woman undergoing labor is expected to “freely” move or be 
located at any of the three locations in the room and similarly for the 
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midwife. Moreover, the spectral power distribution of a standard delivery 
room is presented (compact fluorescent light). In the standard labor room 
there was also a dimming option, therefore, we present here the irradiance, 
as measured under fully dimmed conditions (min. irradiance) and under full 
power conditions (max. irradiance). 

 

 

Fig. 5.3: Photos of a sensory room as an illustration of the lighting environment 
under the preset programs: a) arrival program b) breathing program c) atmospheric 

program d) relaxing program and e) white light no sound program. 

 

Among the preset light programs, the one called “white light no sound” was 
observed to have much higher irradiance around 900 mW; and illuminance 
280 lx in the bed position. The relaxing program had the next highest 
irradiance 170 mW; illuminance 39 lx in bed position. The arrival (31 lx; bed 
position) and atmospheric (41 lx; bed position) programs were alike in 
terms of irradiance 110-130 mW. The breathing program had the lowest 
irradiance among the preset programs (around 80 mW) and illuminance 22 
lx in bed position. The location in the room is not substantially changing the 
spectral distribution but affects the irradiance of light; especially standing 
position affects most the intensity of light perceived. The light intensity at 
standard labor rooms was reaching the same levels (irradiance around 500 
mW; and illuminance 260 lx) as the “white light no sound” program in the 
sensory room. 

a) b) c) 

d) e) 
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It must be highlighted here that the “white light no sound” program is very 
rarely used during the labor, when compared to the frequency of usage of 
the rest preset programs arrival, breathing, atmospheric, relaxing (see 
section 5.3.1.2). Hence, the average irradiance and illuminance level in  

 

Fig. 5.4: Spectral irradiance of the different preset light programs at three locations, 
in bed, in bath tub, and standing, in the sensory room. a) arrival program, b) 

breathing program, c) atmospheric program, d) relaxing program and e) white light 
no sound program. f) Spectral irradiance of the normal labor rooms, here irradiance 

is measured under fully dimmed conditions and in not dimmed mode. 

 

the sensory delivery room is much lower than in standard labor rooms, if 
the dimming option (in the standard delivery room) is not used. Dimming 
option also exists in the sensory delivery rooms. 

Color control within a preset program can result in a further shift in the 
illumination environment, as illustrated in Fig.  5.5.; as an example, we 
present here the shift in the preset program “breathing”. The breathing 
program was the most used among preset programs both in phase 2 and 3 
of labor [see section 5.3.1.2]. The consequential shift happening, after 
changing the preset program, is not significant in terms of changes in 
irradiance. However, the balance among colors (spectral distribution) can 
be significantly affected (Fig. 5.6).  

d) e) f) 

a) b) c) 
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Fig. 5.5: Photos of the sensory room as an illustration for the light environment, 
after changing the preset program breathing. a) breathing program as preset, b) 
breathing program, with color set to green (at spot lights), c) breathing program 

with color set to red (at spot lights), d) breathing program, with color set to yellow 
(at spot lights). The breathing program with the color set to blue is not presented, 
since it was almost identical to the breathing preset. More specifically, the preset 

breathing program is a dimmed version of breathing with blue. 

 

The characterization of illumination at the two different types of delivery 
rooms, sensory vs standard, revealed that the available light settings in the 
sensory room could potentially act as facilitators for secretion of melatonin, 
as well as, provide a colorful and playful ambient environment adaptable to 
personal preferences. These qualities, which the LED lighting system offers 
could potentially have beneficial effects both on the medical personnel 
working in these rooms but also on the labor itself. 

a) 

 

b) 

 

d) c) 
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Therefore, the authors decided to conduct an observational retrospective 
cohort study to investigate if any measurable parameters of labor were 
different, in a sensory versus a standard labor room [0.7].  

Additionally, we decided that a questionnaire should be filled by midwives 
to recover some fundamental information concerning the way they were 
using the illumination possibilities in the sensory room and get feedback 
about their experiences of working in the sensory, versus a standard 
delivery room.  

  

Fig. 5.6: Spectral irradiance of breathing program as preset, and with blue, or red, 
or green, or yellow settings for the spotlights. 

 

5.3.1.2. Midwives questionnaire 

 

A questionnaire was filled by 50 midwives in order to find out the way the 

midwives were using the illumination possibilities in the sensory room; and 
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get feedback about their experiences of working in the ambient 
environment the LED lighting system was creating.  

Half of the midwives (n=25) answered that are choosing the lighting 
program depending on the labor phase. The occurrence, with which the 
midwives use the different preset lighting programs in the different phases 
of labor, is shown in Fig. 5.7. More than one program might be chosen at 
the same birth phase. The relaxing program is the one used mostly in the 
labor process. While the white light no sound program is the one used 
least. The breathing program is the one used most during phases 2 and 3 of 
labor. For latency and phase 1 the most used programs were reported to be 
the arrival and relaxing, while after birth the atmospheric program.  

 

 

 

Fig. 5.7: Graph showing the usage of the preset programs by the midwives during 
the phases of labor. 

 

74% of the midwives answered that they were changing the preset 
programs and the colors they were most frequently changing were blue and 
white (most altered colors); and changing them into (introduced colors) red 
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and yellow (Fig. 5.8). So the tendency was to alter preset programs towards 
more reddish tints.  

 

 

Fig. 5.8: Graph presenting the way midwives where altering the preset programs by 
altering and introducing colors into the settings. Red color is altered least among 

the colors and introduced most. Blue and white are altered most among colors and 
introduced least. 

   

5.3.2.  Results 

 

It was found that the light in the sensory delivery rooms is different from 
the light in standard delivery rooms both in terms of spectral distribution, 
illuminance and irradiance. The light environment created by the LED 
lighting system is dynamic, playful and is adaptable to personal preferences. 
If taking into account the manner the midwives used the preset programs 
during the birth phases in the sensory delivery room, there was a trend for 
blue suppressed illumination during the initial phases of labor, but a bluer 
tint in phase 2 and 3, while compared to a standard delivery room 
throughout the whole labor process the irradiance and illuminance level 
were lower.  
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The observational retrospective cohort study [0.7] demonstrated that the 
risk for a caesarean section was significantly lower (OR 0.57; 95% CI 0.33-
0.97) when giving birth in a sensory delivery room (6.4%) compared to a 
typical delivery room (10.7%). Furthermore, the midwives majorily 
answered positively on the experience of working in the sensory delivery 
room compared to a typical room. According to the midwives’ statements 
“working in the sensory room was less tiring and less stressful”. 

 

5.3.3. Conclusion 

 

There are a number of indications that the qualities the LED lighting system 
offered in the delivery rooms, namely:  

 Suppressed blue wavelengths  at the initial phases of labor 

 Bluish tints during phases 2 and 3 

 Lower illuminance and irradiance throughout the whole labor process 

 Ability for dynamic and colorful lighting environment 

 Adaptable lighting conditions to personal preferences 

 
can benefit both the medical personnel working in these rooms, but also 
promote the labor process itself (lower risk for cesarean section [0.7]). 

 

5.4.  VIS LED lighting systems for athletes  

 

Sleep quality and quantity is undoubtedly related to increased potential for 
achieving a top performance [5.14, 5.15]. Especially, for elite athletes 
where the time difference between an unsatisfactory performance and a 
world record or medal can be a matter of milliseconds. In the present 
section the potential of using light interventions for sustaining sleep quality 
and quantity of elite swimmers under conditions of shifted circadian 
rhythm is investigated.  

Light is known to be one of the strongest zeitgebers that entrain the 
biological rhythms; other zeitgebers of secondary importance are food 
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ingestion, exercise, social activites, etc. [5.16]. The circadian response to 
light intervention is dependent on the intensity and spectral distribution of 
the stimulus and on the timing it is applied. 

If external desynchrony occurs due to time zone transitions or abrupt shifts 
in work times, our internal clock adapts slowly and usually it feels easier to 
delay the clock than to advance it. Light interventions could accelerate the 
process and make the alignment, upon forced desychrony, smoother.  

Furthermore, a light intervention for improving reaction time was designed 
based on the background that blue wavelengths might impose alerting 
effects, not only related to melatonin suppression (circadian pathway) 
[5.17- 5.19] but through different transmitters (limbic pathway) [5.20-5.22]. 

 

5.4.1.  Sleep pattern [0.15] 

5.4.1.1. Materials and methods 

 

Six elite swimmers were monitored for their sleep patterns throughout two 
different phases: the baseline period, registered both before and after the 
intervention; and the preparation period (intervention). The intervention 
took place in Bermuda in a preparation/training camp; mimicking the 
conditions expected in the 2016 Summer Olympics in Rio (5 hours shift in 
circadian rhythm - Denmark is 5 hours ahead of Bermuda, warmer climate, 
etc.). The intervention period consisted of two phases T1 and T2. At phase 
T1, athletes were training at normal training times (transition period) 9-11 
and 18-20, despite the 5 hours circadian rhythm shift, where also a camp 
effect is expected due to sudden absence of daily routines. At phase T2, the 
athletes were training 4 hours later (competition times) 13-15 and 22-24, to 
fit the time that the Olympic Games would take place (late at night). The 
time to go to sleep was exactly the same local time (22:40) in Denmark and 
Bermuda. Only, during phase T2, the time to go to sleep was 3 hours later.  

The light interventions comprised of a strict time schedule with alternating 
blue enhanced white light (CCT: 8000K, cold blue light), blue suppressed 
white light (CCT: 1200K, warm orange light), daylight and total darkness. 
The light intervention time schedule is presented in Fig. 5.9. The light bulbs 
used for executing the light program were LIFX color 1000; and the 
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predefined light scheme was running by using a user-friendly application 
dedicated to the light bulbs. Moreover, when using screens (computer, iPad 
and other electronic devices) the f. lux software was used, to avoid 
unwanted exposure. 

 

Fig. 5.9: Light intervention time schedule for phase T1 (transition) and T2 
(competition), from Jakob Hildebrandt by permission. The black color indicates 

hours of total darkness [0.15]. 

 

For monitoring the sleep patterns of the swimmers, a smart armband 
system (SenseWear Armband) was used. Sleep duration, efficiency and 
latency, as well as the percentages of light, deep or REM sleep were the 
variables under investigation. 

To analyze the sleep output, analysis of variance (ANOVA) was used with a 
significance level of 0.05, using a mixed model with subject (individual 
swimmers) as a random effect and phase of experiment (baseline or 
intervention phases T1 and T2) as a fixed effect. 

 

5.4.1.2.  Results 

 

It was observed that the light program during the intervention phase 
significantly enabled the conservation of sleep quantity and quality of the 
swimmers, despite the shifted circadian rhythm. The results of the ANOVA 
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showed an insignificant effect of the phase of experiment on all sleep 
output variables of the swimmers. The hypothesis of no effect of phase of 
experiment on sleep duration (p=0.17), efficiency (p=0.53), latency (p= 
0.90), percentage of light (p=0.38), deep (p= 0.57) and REM (p= 0.52) sleep, 
were all accepted. The boxplots for the various variables under 
investigation are presented in Fig. 5.10 (a-f).  

The swimmers commented only positively on the light interventions and 
decided to use them at Rio Olympics 2016. No side effects were observed. 

    

     

         

 

Fig. 5.10: Boxplots of various sleep variables under investigation, at the three 
different experimental phases (baseline B, intervention phase T1, and intervention 
phase T2). a) Sleep duration (min). b) Sleep efficiency percentage. c) Latency (min). 

d) Light sleep percentage. e) Deep sleep percentage. F) REM sleep percentage 
[0.15]. 
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5.4.1.3.  Discussion 

 

The design of this light intervention study was dictated 1) by the fact that 
everything should be ready within a few weeks to manage to be ready for 
Olympic competition preparation camp; and 2) that the best possible 
performance should be intended for all participants. This restriction 
demanded that all participants received the same treatment (no option of 
separating a control group to observe potential placebo effects). Individual 
differences in a complex system like circadian rhythm adaptation are very 
pronounced; therefore, in order to test them, much bigger populations 
should be investigated. Furthermore, several repetitions would be needed 
to confirm the outcome.  

On the other hand, exactly the rarity of this study is also its most 
fundamental strength. It is a very unusual setting that one has the 
opportunity to test an alternative approach like light intervention on world-
class elite athletes, which could be considered the optimal version of the 
human organism.   

The sleep patterns in such circumstances of somatic exhaustion can easily 
be disturbed; on this occasion despite the presence of jetlag [5.23, 5.24] 
and by no pharmacological means, the sleep pattern was sustained. 

 

5.4.2.  Reaction time 

 

Some preliminary testing was performed with blue light (Philips HF3430/01 
GoLight Blu) short exposures (session of 15 minutes) and possible effect on 
reaction time after an auditory stimuli was delivered versus absence of 
exposure. The spectral distribution of the illumination arriving at the eye, 
both in case of exposure (blue) and without (normal), is shown in Fig. 5.11. 
The blue light was dimmed to a comfortable level to the participant’s eyes. 
The testing was performed with Jeanette Ottensen, a Danish competitive 
swimmer who participated at the 2004, 2008, 2012 and 2016 Summer 
Olympics. She currently holds the Danish record in the 100 m butterfly 
events, both long course and short course. The testing was performed 
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before the Olympic Games in Rio. The scatterplots and boxplots showing 
her reaction times, after the blue exposure and without (normal), are 
presented in Fig. 5.12. In average, the reaction time was reduced by 16.4 
ms after the blue light exposure (p=3.4*10-6). Taking into account a 95% CI 
when applying no treatment, the reaction time could be slower by 9.5 ms 
up to 23.3 ms. 

 

Fig. 5.11: Spectral distribution of the illumination arriving at the eye of the 

participant for 15 minutes before performing the reaction test. The intensity of the 

blue light source was dimmed to the level that was comfortable for the 

participant’s eyes. 

 
Fig. 5.12: Reaction time in milliseconds after an auditory stimuli is applied after 

exposure to blue light is performed; and without (exposure to blue light). a) Scatter 
plot b) Boxplot. 

a) b) 
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Since the results were encouraging, it was decided to repeat the test on 10 
individual adults, defining themselves as “Gamers” with a visual stimulus 
instead. The results are shown in Fig. 5.13. 

 

Fig. 5.13: Reaction times for the 10 individual adults after a visual stimulus is 
applied under normal conditions (normal;2) and after blue enhanced illumination is 

applied (Blue;1). 

 

Gamers are expected as a group to be quite quick on responding at visual 
stimuli. Therefore, if any improvement would be made for this group, that 
already is trained to respond quickly, stronger potential would be 
anticipated for a group with lower performance records. On average the 
reaction time was improved by 13.6 ms after the blue light exposure (95% 
CI 2.3- 25.0 ms). Acclimatization to the reaction test was implemented on 
other days than the day of gathering the data. The assignment of which 
exposure took place first (normal or blue), was random. The participants 
were not informed about the possible effects of light on their performance. 
The results acquired indicated that there might be some potential in using 
blue enriched light (15 minutes exposure) for improving reaction times 
after a stimulus is applied (auditory or visual). However, for reaching 
significance a more detailed design would be needed, with bigger 
population and more repetitions. 
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5.4.3.  Conclusion 

 

Light interventions could become a supplementary basic tool for elite 
swimmers and coaches to improve sleep patterns in circumstances of 
disturbed circadian rhythm conditions (uncomfortable competition times, 
different time zones, etc.). In opposition to other methods for improving 
sleep pattern (e.g. sleeping pills), light interventions impose minimal risk for 
causing severe side effects [5.15]. Moreover, light interventions are short 
acting, inexpensive and can easily become a part of the daily routine.   

Blue light interventions (short term exposure of 15min) have been 
demonstrated to show some potential for improving reaction time after a 
stimulus, auditory or visual, was applied. Since the exposure is short term 
the effect is not believed to be related to melatonin suppression. However, 
in order to reach significance and verify that melatonin suppression is not 
the reason why reaction time can be decreased after the blue light 
intervention is completed, further research is needed.  

 

5.5. Visual perception of hand veins: an example of the 

light-source choice importance [0.1, 0.11, 0.12]  

 

Simulation programs have been reported to be able to predict the needed 
spectral power distribution for achieving optimal immediate visual clarity 
[5.25-5.27]. However, due to the complexity of how colors are perceived by 
human eyes, there can be a shift when comparing reality and simulation 
[5.28]. Therefore, visual inspection of real objects and with real illumination 
is crucial for developing light sources that can serve the purpose of 
enhanced immediate visual clarity. 

Especially in the case of biosamples where the diversity and complexity of 
existent nuances is inevitable, the need for human eye evaluation is 
stronger. Furthermore, immediate visual examination is the first tool used 
by medical practitioners in every occasion; and one could also claim that 
there are occasions where performance in medical practice, is determined 
by good visibility. For example extended vision to surgeons with usage of 
endoscopes has revolutionized modern medicine [5.29]. On the other hand 



PhD Thesis                       New light sources for biomedical applications                       A. Argyraki 

 

143 
 

imaging techniques that offer high contrast and resolution are often 
expensive and the maintenance of the equipment might be challenging. 

In the present section the intention is to provide empirical evidence and 
demonstrate statistically that the spectral distribution of an LED lighting 
system, providing white light, can affect the ability of humans to identify 
veins. Inner hand vasculature is an easily accessible biosample that is used 
as a demonstration paradigm. Apart from that, accessibility of veins is an 
everyday issue in hospital environments [5.30-5.32], and an LED lighting 
system developed for easier identification of veins could be a potential 
candidate for addressing such issues. Equipment for easier identification of 
veins is already commercially available [5.33-5.35], but currently is very 
costly. 

In the past, several studies have been carried out concerning subjective 
performance of lighting conditions based on questionnaires [5.36-5.38]. In 
this section the evaluation of the lighting is assessed by human eye 
perception and is coupled with a “handling task” that involves time 
constraints and is not subjective. Non-subjective tests, d2-alertness and 
concentration test [5.39], have been used for measuring and testing 
concentration under different lighting conditions [5.40]. 

 

5.5.1.  Materials and methods 

5.5.1.1. Lighting system 

 

An LED multichannel lamp with color rendering index (CRI) ranging from 84 
to 95 was developed that allowed ramping the correlated color 
temperature within the limits 2600-5700 K. The illuminance was kept within 
40±9 lx, a level that would not influence the circadian rhythm of medical 
personnel in case of implementation during night hours. Seven illumination 
settings were tested in total.  

The different LEDs were controlled individually by a Lab VIEW program 
interface, and mixing was done by a reflector painted with barium sulfate 
(BaSO4). The light was transmitted through a 3mm thick plastic diffuser. The 
spectra from the individual LEDs are presented in Fig. 5.14, while the final 
spectral distributions of the white settings that were tested for their 
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efficiency in improving direct visual perception, are shown in Fig. 5.15. 
Among the seven different white  

 

Fig. 5.14: Spectral distribution of the individual LEDs existing in the LED illuminant. 
All LEDs were measured at 45% of their maximal performance [0.1]. 

 

 

Fig. 5.15: Spectral distribution of white light settings tested for their efficacy to 
improve direct visual perception [0.1].  
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illumination settings, Setting 1 (48 lx) was the only one resembling 
incandescent light but also providing a warm relaxed environment, where 
the observer could feel calm. Setting 2 (31 lx) was completing the same 
purpose but without resembling incandescent. Settings 6 (44 lx) and 7 (47 
lx) were more imposing a cold clean environment. And settings 3-5 (33-39 
lx) were somewhere in between covering a CCT region from 4000-5000 K. 
At this region RGB LEDs can result in optimal color enhancement ability for 
early detection of oral cancer [5.41]. An illustration of the environment, as 
created by the different white illumination settings, is reproduced by 
images and shown in Fig. 5.16. A color chart is positioned within the field of 
view to support the illustration of the color shift as achieved; due to the 
alternation in the spectral power distribution of the white light settings. 

External distractions are minimized by placing the lamp within a black 
painted box. Surrounding illumination is eliminated for the same reasons 
(no interferences from external light sources). The experimental setup is 
presented in Fig 5.17.  

 

 

Fig. 5.16: Illustration of the environment created by the different white illumination 
settings as captured by a camera. The camera is operated under the same settings. 
The color chart in the field of view facilitates a better perception of the color shift; 
happening due to the alternation of the white spectral distribution settings [0.1]. 

 

Fig. 5.17: The experimental setup. The vein identification process is taking place 
within a black box created to eliminate external distractions.  
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5.5.1.2.  Method for quantifying ability to identify veins 

 

The human ability to identify veins was quantified in terms of vein 
identification output; determined as the number of lines drawn by the 
participant in order to mimic the vein pattern he/she was observing. The 
drawing was performed on an A4 printing paper and a blue pen was used 
for the drawing process. The systematic approach followed to estimate the 
vein identification output achieved under the different illumination settings 
was the following. 1) The drawings of one person were gathered (both for 
the reference and the random hand), 2) the optimal and poorest 
performances were identified for the same object, 3) The intermediate 
performances were ordered from poorest to best, 4) The medium 
performance was identified; named MVIO standing for medium vein 
identification output, and scored by counting the line entities present on 
the drawing. The MVIO was a relative measure for evaluating performance 
among different illuminations for the same person and object (random or 
reference hand), 5) The vein identification output was then calculated by 
identifying lacking lines and subtracting from the MVIO for the poorer 
performances; or by identifying additional lines and adding to the MVIO for 
better performances. The vein identification output score is a measure to 
express how badly or optimally a pattern, like inner hand vasculature, was 

perceived visually by the participants due to different illumination settings. 

 

5.5.1.3. Drawing procedure 

 

The instructions given to the thirty-four observers that joined the 
experiment were as mentioned in Argyraki et al [5.42]: 1) “Draw as many 
veins as you can see. You will have 1.5 minutes. I will give notice at the 
initialization and the end of each round.” (2) “You have the freedom to 
move the hand around for optimal performance.” (3) “Try not to recall 
where the veins were.” (4) “Draw only the veins you can see and try to 
replicate the shape/curvature of veins as well as possible.”  

These instructions were accompanied by a distraction period where the 
observer was asked to draw the periphery of the hand to be observed, 
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before the drawing process itself was started. A typical example of how 
drawings were looking like is presented in Fig. 5.18.  

The procedure was designed in order to minimize carryover effects 
(learning effects, section 5.4.5.3). The process of copying a pattern with the 
original design still in view does not involve any conscious effort to retain 
information in the long term, and also does not demand any organization of 
material held in memory, resulting in a minimization (if not total 
elimination) of learning effects. A randomized process, for the sequence of 
the illumination settings applied for each observer, was adopted to 
diminish any subconscious learning effects.   

 

 

 

Fig. 5.18: Reproduction of two drawings as created by an observer for random 
hand. Veins are drawn as lines. a) The drawing was identified as the MVIO and was 
acquainted with illumination setting 7; and scored with 21. b) Optimal performance 
drawing under illumination setting 4, exhibiting a VIO of 38. Seventeen additional 

entities were identified in this case [0.1]. 

 

a) 

 

b) 
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5.5.1.4. Statistics 

 

The population of observers joining the experiment was thirty four, twenty 
nine of the participants were men and five were women. Thirteen of the 
men were above 40 while all women were below 40. Around the age of 40, 
the eye lens of the human eye is expected to transmit less of the blue 
wavelengths [5.2], therefore the age group could be considered as a 
confounder variable. Similarly, gender was considered as a confounder. 
However, no special concerns for data acquisition were taken to assure a 
“balanced design”; therefore confounders were introduced as fixed effects 
[5.43].  

Since the goal was to simulate a real life situation, observers with abnormal 
visual acuity were not excluded by the study but just allowed to keep their 
corrective lenses on. Observers with abnormal color vision were excluded 
from the sample population.  

The analysis of the vein identification output was done with a significance 
level of 0.05. Analysis of variance (ANOVA) was performed using a mixed 
model with illumination setting as fixed effect [5.43, 5.44], (similarly for 
confounders) and subject as random effect. To avoid comparison of 
illumination settings to darkness an intercept was introduced. Pairwise t-
tests were used to find differences among performances with the different 
white illumination settings, after taking into account the differences among 
individuals [5.45]. The statistical software was R [5.46] and the functions 
used were lmer [5.47, 5.48], ANOVA and t- test. 

 

5.5.2. Results 

5.5.2.1. Reference hand 

 

On the reference hand the illumination settings tested were 1, 2, 4, and 7. A 
significant effect of illumination setting on the vein identification output 
was found (p=4.8*10-7). The detailed results are presented in table 5.5. 
Illumination setting 1 was the illumination under which the majority of 
observers performed worst, only for 5.9% of the population that was not 
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true. The distribution of the population for the different illumination 
settings and optimal performance is presented by a histogram (Fig. 5.19). 

 

Table 5.5: Summary results for vein identification output as obtained for the 
reference hand. The improvement percentage is calculated in relation to 
illumination 1, which resembled incandescent light, and was found to result in the 
worst performance for the majority of observers [0.1]. 

 

Illumination 
setting 

Average vein 
identification 
output 

Standard 
deviation of vein 
identification 
output 

Average 
Performance 
improvement % 

1 (CCT: 2600 K) 19.3 0.9 Not applicable 

2 (CCT:3700 K) 22.5 2.3 16.6 

4 (CCT:4700 K) 24.0 2.3 24.3 

7 (CCT: 5700 K) 23.1 2.3 19.7 

 

 

Fig. 5.19: Histogram showing the population distribution at the various illumination 
settings and optimal performance for reference hand [0.1]. 

 

The p. values from the t-pairwise analysis for identifying differences in the 
vein identification output among illumination settings are presented in 
table 5.6. Only illumination setting 1 was resulting significantly different 
vein identification output. 
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Older observers in average performed (numerically) worse on the task 
(score reduced by 2.4), though significance levels were not reached 
(p=0.16). Male observers also performed on average worse (numerically) 
than females (score reduction by 1.9), but significance levels were not 
reached (p=0.42). Women in that study were all young (below 40) so the 
increased performance can be explained by the age related trend. 

 

Table 5.6: Results from t-pairwise test on reference hand. Only illumination setting 
1 was identified significantly different from rest illumination settings [0.1]. 

 Illumination 
setting 1 

Illumination 
setting 2 

Illumination 
setting 4 

Illumination 
setting 7 

Illumination 
setting 1 

1 3-5 3-6 5-5 

Illumination 
setting 2 

3-5 1 0.13 0.43 

Illumination 
setting 4 

3-6 0.13 1 0.29 

Illumination 
setting 7 

5-5 0.43 0.29 1 

  

 

5.5.2.2. Random hand 

 

A significant effect of illumination setting on the vein identification output 
was found also with the random hand (p= 0.029). The detailed results are 
presented in table 5.7. The best performance was observed under 
illumination setting 4. 35% of the participants reached their optimal 
performance under this setting. The distribution of the participants for the 

different illumination settings and optimal performance is presented by 
a histogram (Fig. 5.20). For 23.4% of the participants, the maximum 
performance was observed in more than one illumination settings. Pairwise 
t-tests showed significant differences only between illumination setting 1 
and each of the other settings (p= 0.01).  
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Table 5.7: Summary results for vein identification output as obtained for the 
random hand. The improvement percentage is calculated in relation to illumination 
1 [0.1]. 

Illumination 
setting 

Average vein 
identification 
output 

Standard 
deviation of vein 
identification 
output 

Average 
Performance 
improvement % 

Illumination 
setting 1 

17.1 2.6 Not applicable 

Illumination 
setting 2 

19.2 3.5 12.3 

Illumination 
setting 3 

18.2 3.5 6.4 

Illumination 
setting 4 

20.2 3.5 18.1 

Illumination 
setting 5 

19.1 3.5 11.7 

Illumination 
setting 6 

18.6 3.5 8.8 

Illumination 
setting 7 

18.6 3.5 8.8 

 

 

 

Fig. 5.20: Histogram showing the population distribution at the various illumination 
settings for optimal performance [0.1]. 



PhD Thesis                       New light sources for biomedical applications                       A. Argyraki 

 

152 
 

It is worth mentioning that lower illuminances are not likely to improve 
visualization. The fact that illumination setting 1 (providing the highest 
illuminance) resulted in the poorest performance supports the hypothesis 
that visualization of veins can be improved by applying illumination settings 
with another spectral distribution either at the same illuminance like 
illumination setting 7 or even at lower illuminance levels like illumination 
settings 2, 3, 4, 5, and 6. 

Vein identification output of older observers was reduced when performing 
the test on random hands by 3.6. Significance levels were not reached 
(p=0.09); and similarly when comparing genders (p= 0.98). 

 

5.5.2.3. Learning effects 

 

To test if any learning effect was present at the process, and possibly 
introducing a bias for the outcome, we investigated for 70% of the 
population (remaining data were not available) if the average VIO was 
increased as a function of the order in which the illumination setting was 
applied both for the reference and random hand (Fig. 5.21). Additionally 
the average VIO across all participants’ kth drawing was calculated (table 
5.8). None of the analysis indicated that significant learning effects could 
create bias to the outcome. 

 

Fig. 5.21: Vein identification output as a function of the order in which the white 
illumination settings were applied a) on a reference hand b) on a random hand. No 

significant upward tendency is observed as the order is increased, supporting 
insignificant learning effects [0.1]. 

a) b) 
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Table 5.8: Summary table with averages of VIOs across all participants’ kth drawing: 
both on reference and random hand [0.1]. 

 Drawings’ order 

object 1st 2nd 3rd 4th 5th 6th 7th 

Random 
hand 

17.33 17.13 17.50 17.58 17.08 16.27 18.67 

Reference 
hand 

21.14 21.75 22.3 22.3 Not applicable 
 

 

5.5.3. Discussion 

In the present section a paradigm was presented; that the choice of the 
spectral distribution of a light source can significantly affect the ability of 
humans to identify critical biological entities in a body. For the first time 
that was done not by simulation programs and computing, but through 
constructing a real LED light source and then evaluating statistically the 
performance of human eyes on a specific task. The white light settings 
tested were all targeting to generate a good color rendering as well as 
disturb the circadian rhythm of the user as little as possible.  

Old lighting technologies (fluorescent lamps, halogen lamps, etc.) are 
expected to be exchanged soon by LED lighting technology due to the lower 
energy consumption they can offer. In that perspective, LED light sources 
can both support energy saving needs but also optimize direct visual 
perception. 

However, due to the infinite color palette existing in the potential 
applications (not necessarily only biomedical application) the optimization 
process should be application specific. 

 

5.5.4. Conclusion 

 

It was demonstrated that the specific spectral distribution of the light 
source can alter the direct visual perception of humans and affect their 
performance on a specific task. 
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5.6. Novelty of the chapter 

 

Brainard et al [5.49] presented for the first time in 2001 evidence for a 
novel photoreceptor in the retina that could stimulate production of 
hormones. Since then, a huge amount of research has been performed, 
with the scope to understand how light regulates hormone suppression and 
consequently the circadian rhythm [5.50-5.53, 5.18].  

Here, for the first time we study broadly how LED lighting systems, that 
enable spectral regulation and dynamic modulation of general illumination 
throughout the day, could be used as a light intervention tool that could 
benefit  populations with special health care needs, namely non-
institutionalized elderly, women in labor, and elite athletes.  

Effects of light on the elderly have been reported before [5.54] but the light 
interventions were not an integrated aspect in their daily activities installed 
in their homes [5.55, 5.56]. Women and light has been studied in the past 
especially for the correlation observed between night shifts and breast 
cancer [5.57-5.59]. Here, a new angle namely light interventions as a tool 
for improved birth labor is investigated. Furthermore, light interventions in 
sports [5.19, 5.60] are for the first time incorporated in the preparation and 
execution of the training program of elite athletes that competed in 
Olympic Games (2016). 

Finally, it is for the first time demonstrated that white illumination settings 
can affect the human ability to identify biosamples. The statistical 
confirmation of the superiority of the “optimal illuminant” was done by 
human eye perception. 

The novelties, related to VIS LEDs and improved human health or 
optimization of health care applications, achieved by the author of this 
thesis are presented below: 

 Conceptualization and execution of statistical evaluation of LED light 
source for improved visualization of biosamples [0.1] 

 Investigation and analysis of light environment differences between 
sensory and standard delivery rooms [0.7] 

 Conceptualization of light intervention for improved reaction time of 
athletes. 
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5.7. Summary 

 

Light interventions with VIS LED lighting systems can become beneficial for 
populations with special health care needs. A table summarizing the 
different specific populations tested and the respective positive outcome is 
presented below (table 5.9.). The LED lighting systems used for the 
different interventions were characterized in terms of their spectral 
distribution, illuminance, irradiance, and sometimes efficacy. 

Light interventions as applied here are non-invasive, relatively inexpensive 
and are expected to result in no or minor side effects. In the perspective 
that older general lighting technologies are out-phased due to their higher 
energy consumption, it is worth investigating the additional potential 
benefits that LED technology can offer, apart from the environmentally 
friendly profile. 

 

Table: 5.9: Summary of benefits of light interventions on populations with special 
health needs. All light interventions were performed with VIS LED lighting systems 
[0.1, 0.3, 0.7, 0.11, 0.12, 0.15].  

Illumination type population Parameters 
that improved 

Outcome 

Modulated 
spectral 
distribution (SPD) 
throughout the 
day, low 
illuminance and 
irradiance in the 
afternoon  

Active 
elderly 
[0.3] 

Sleep quality  Better PSQI score for females 
which were identified as poor 
sleepers at baseline 

Preference: 
Likeability 
 
 
+ 
 
 
 
Practical issues 

Majority of participants 
preferred the experimental 
light compared to their usual 
light 

Power efficacy of 

experimental light was over 

75% 
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Modulated SPD 
throughout labor, 
adapted by 
midwives 

Women in 
labor [0.7] 

Caesarean 
section 
frequency 
 

Only 6.4% in the delivery room 
with light intervention, 
compared to 10.7% in standard 
delivery room 

Adaptable lighting 
in working 
environment 

Midwives Stress factor 
(self 
evaluation) 

Less stressful to work in room 
with experimental light 

Tireness factor 
(self 
evaluation) 

Less tiring to work in room 
with experimental lighting 

Light schedule 
that follows 
activities 

Elite 
athletes 
 
+ 
Gamers 

Sleep pattern 
[0.15] 

Sleep quality and quantity was 
conserved despite shifted 
circadian rhythm 

Short blue light 
exposure 

Reaction time Potentially improved reaction 
time after a stimulus, auditory 
or visual, is applied 

White light SPD 
that does not 
resemble 
incandescent light, 
and low 
illuminance to 
disturb minimally 
circadian rhythm 

Medical 
personnel 
doing night 
shifts 

Direct vision 
[0.1, 0.11, 0.12] 
 
 
 

Improved performance in 
identification of veins up to 
24% 
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6. Conclusion and outlook 

 

 

 

6.1. Conclusion 

 

The present thesis was concerned with the potential health benefits that 
LED implementation can stimulate/generate, both as a tool of general 
illumination, but also as an electromagnetic radiation source. Direct and 
indirect pathways for improving human health and performance were 
considered.  

A main part of the work involved application of UV LEDs for UV irradiation 
exposures to combat biofilms or to improve vitamin D content in various 
food products. A portable setup has been fabricated for performing UV 
irradiation exposures and UV irradiance measurements. The ability to 
transfer the setup physically into the laboratories where the different 
analyses were performed was of foremost importance for conducting the 
studies. Different irradiation protocols and treatments were developed 
depending on the specific bioapplications. 

More specifically, after a systematic study for the identification of the 
optimal wavelength for combating multiple species of biofilms (E. faecalis 
[0.6]; and P. Aeruginosa), it was found that a wavelength around 296 nm is 
the most promising in a range from 250 nm to 340 nm for inactivating 24h 
grown gram negative biofilms (P. aeruginosa); and for gram positive (E. 
faecalis) the optimal wavelength region is 280-296 nm (peak performance 
at 285 nm).  

The treatment defined as a “natural treatment” (UVB, central wavelength 
296 nm, 20.000 J/m2) for inactivating biofilms was compared to the 
“traditional choice” of UVC irradiation 260-265 nm (around 20.000 J/m2), on 
biofilms different maturity stages (24h, 48h or 72h grown), and it was 



PhD Thesis                       New light sources for biomedical applications                       A. Argyraki 

 

164 
 

confirmed that the “natural treatment” was more efficient than UVC also 
for mature biofilms [0.9, 0.17, 0.5]. However, neither of the treatments was 
reaching adequate levels of inactivation (99.9%) on mature biofilms.  

Furthermore, the “natural treatment” was compared to conventional 
antibiotics [0.13] and photodynamic therapy [0.6, 0.16]. It was 
demonstrated that it was more efficient than the antibiotic monotherapies 
and photodynamic therapy, independently of the maturity stage of the 
biofilms. Though, when the “natural treatment” was compared to 
combinatory antibiotic treatment, they were found equally inadequate to 
combat mature biofilms (p=0.12); the 99.9% inactivation goal was not 
reached. 

Light assisted antibiotics were suggested for the first time as a method for 
combating resistant biofilms. It was demonstrated that when antibiotics 
(tobramycin 100 MIC) are combined with light (UVB irradiation), the 
concentration of the antibiotic could be reduced by ten-fold without 
compromising the inactivation output even for mature biofilms. 
Furthermore for mature biofilms, tobramycin monotherapy at a 
concentration of 100 MIC, had no significant inactivation effect; but when 
the same treatment was assisted by light the inactivation output was 3 log 
(95% CI 2.4 –3.1), while the UVB treatment alone resulted in a 1.1 log 
inactivation (95% CI 0.58 – 1.30). This indicates that there is a synergetic 
effect of light and antibiotics. Light assisted antibiotics managed to reach 
the 99.9% inactivation goal also on mature biofilms. 

Nanoscale topography was discussed as tool for implant improvement and 
a method for fabricating cost effectively nano-topographies was introduced 
[0.10, 0.14]. The method can also be used for improving light extraction 
efficacy of LEDs [0.4]. 

Biofortification protocols involving UV LEDs were developed, for increasing 
the vitamin D content in various food products: pig skin [0.2], salmon skin, 
eggs; and with the scope to fit into food production lines. It was 
demonstrated that the vitamin D content could be increased from 0.005 to 
3.6 µg/g for the pig skin [0.2], and from 0.05 µg/g to 0.2 µg/g for egg 
yolk, after a moderate exposure (approx. 2.000-3.000 J/m2). For the 
salmon skin, even after an exposure of 60.000 J/m2 the increase was 
from 0.16 µg/g to 1.75 µg/g.  

Vitamin D increase in salmon skin by blue light, as suggested previously 
in the literature, was not confirmed. For the egg biofortification two 
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methods were presented and both have advantages and drawbacks, the 
choice of method to be employed should strongly depend on the details 
of the specific application. Moreover, it was confirmed that the 
reciprocity hypothesis holds for irradiances in the regime 0.1-43 W/m2 
and the relation between the vitamin D content and the incident radiant 
exposure was shown to follow logarithmic kinetics expected. The LED 
with central wavelength at 296 nm was found to be optimal for vitamin 
D production in pig skin, among twelve LEDs in the range 280 nm-340 
nm (approx. step 5 nm).   

The success of UV LEDs to disinfect biofilms and bio-fortificate food 
products, as demonstrated, indicate a promising future for UV LED 
devices within bioapplications. Especially for occasions where the dual 
functionality of UVB irradiation (wavelength around 296 nm) becomes 
relevant, like improved farming environment or special dermatological 
treatment, one would expect several advances in the near future. 

Another main part of the present work was the optical characterization 
of several commercial LED systems and their positive impact on 
populations with special health care needs. Regulation of several 
hormones can be modulated by light, and the conditions under which 
indoor illumination can assist humans’ daily life still remain to be 
exploited. Here, four occasions were presented, where the illumination 
environment, as created, by specially designed LED lighting systems 
promoted wellbeing, compared to typical illumination solutions: 

 Elderly women experienced better sleep, PSQI score decreased 
significantly by 2 units (p=0.007) [0.3] 

 Women in labor experienced lower risk for caesarean section 
(OR=0.57)[0.7] 

 Midwives experienced less tiring and less stressful shifts 

 Athletes managed to conserve their sleeping patterns, despite the 
shifted circadian rhythm [0.15]. 

 
It was also demonstrated that the specific spectral distribution of the 
light source can alter the direct visual perception of humans and affect 
their performance on a specific task [0.1, 0.11, 0.12]. 
Efforts to improve reaction time by light interventions indicated that 
there might be some potential in the idea, but significance has yet to be 
established. 
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The author of this PhD envisioned to merge knowledge from diverse 
medical fields and to identify how photonics and LEDs could make a positive 
impact in medical science. This goal was to an extent achieved. 

Although UV LEDs are not yet mature technologically, several steps were 
taken in this work to explore the effects of their narrowband spectrum and 
reveal some of the new opportunities they offer in bioapplications.   

Concerning VIS LED systems, their technological maturity is inevitable and 
continues growing. However, the culture about how to implement the 
available LED lighting systems for best benefit of wellbeing is not yet 
formed. In this work, considerable steps were taken towards this direction 
by generating evidence and demonstrating statistically that specially 
designed light interventions can impose positive impact on human health 
and performance. 

 

6.2. Outlook 

 

Although several steps have been taken in this work towards the 
exploration of usage of LEDs for the benefit of human health and wellbeing, 
many aspects of the underlying mechanisms causing these reactions are not 
yet clearly understood; and the irradiation processes are still to be 
optimized. Therefore, several directions could be pointed out for 
continuation of the present work. 

Experiments regarding light assisted antibiotics and inactivation of mature 
biofilms indicated that a synergetic effect might take place between UVB 
and tobramycin. Tobramycin alone had no significant inactivation effect on 
mature biofilms, UVB alone resulted a 1.1 log inactivation, while the light 
assisted treatment caused a 3 log inactivation. The reasons for this synergy 
are still to be understood. The author can only speculate some thoughts 
that the pretreatment with UVB brings the biofilm “community” into a state 
of emergency, the biofilm in order to fix/counteract the induced mutagenic 
and cytotoxic DNA lesions shifts/increases its metabolic activity and that 
makes tobramycin’s operation more effective. To test this hypothesis a 
trustable method for real-time monitoring of the metabolic activity of 
biofilms should be developed. Real-time monitoring of the metabolic 
activity of periodontopathic bacteria has recently been reported by Ishiguro 
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et al. [6.1]. Another possible pathway would be that the UVB pretreatment 
reduces the oxygen limitation within the biofilm. Profiling of oxygen 
distribution in biofilms has recently been reported by usage of 
microelectrodes [6.2]. The path of light assisted antibiotic treatments has 
just been approached and only the future can reveal its true potential as a 
method for combating resistant biofilms. 

Additionally, the exact relationship between thickness of biofilm, maturity 
of biofilm, bacterial species present and optimal wavelength for inactivation 
should be discovered; as well as the exact radiant exposure for achieving 
optimal inactivation with minimal risk for the surrounding healthy tissue. 
The irradiation treatments suggested could be tested in all relevant medical 
fields providing access of operation like dentistry, dermatology or 
otorhinolaryngology. 

The dual effect of biofortification and disinfection by UV LEDs in the range 
of 296-300 nm could be further tested and utilized in industrial 
environments for egg production, as a potential solution to MRSA-infected 
farm-pigs, or even as a fridge food conservation solution.  

With respect to VIS light interventions, the positive impact on labor, namely 
the lower risk of cesarean section (occurrence of caesarian section: 10.7% 
for standard and 6.4% for a sensory delivery room) as obtained by an 
observational retrospective cohort study was impressive [0.7]. However, 
further validation of the findings, and better understanding of the effects of 
visible light on the hormones of labor by controlled randomized studies, are 
necessary. Possible effects of blue light on reaction times of athletes could 
be tested on bigger populations to reach significance levels and also under 
more appropriate surroundings during real training conditions; possibility of 
placebo effects could also be investigated.  

Finally, the ability to enhance visualization just by modifying the spectral 
distribution of the light source illuminating the object could be further 
explored for a range of biosamples and tested in real medical 
environments. 
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