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Abstract

Transmission of light through model human epidermal samples is investigated at four different
wavelengths and at varying ambient humidity. Light from light emitting diodes (LEDs) is used for
transmission measurements through the samples at a UVA wavelength of 365 nm, and visible wa-
velengths of 460 nm, 500 nm, and 595 nm. Ambient air-humidity is varied between 20% and
100%. Results show that for high ambient humidity, near 100%, transmission of light through the
epidermis is higher than at low ambient humidity, 60% or lower. These results are explained with
a simple model of epidermis as a turbid medium and the effect of adsorbed water in reducing
light-scattering by refractive-index-matching. Biological implications of increased light-transmis-
sion through epidermis at high ambient humidity are discussed.
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1. Introduction

Human skin is made up of two main layers; the epidermis, and the dermis [1]. The dermis is a thick inner layer
containing nerve endings and blood vessels. The epidermis is a thinner outer layer of skin that is made up of
several sub-layers; including the outermost stratum corneum, stratum lucidum, stratum granulosum, stratum
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spinosum, and the innermost stratum basale. The epidermis has several key functions important for our survival.
It acts as a barrier for keeping water and nutrients in the body [2]. The epidermis is also the body’s first line of
defense against harmful radiation, such as UV and X-ray. The interaction of light with skin has been a topic of
interest for many years, with such applications as early detection of melanoma by reflectance spectroscopy
based on absorption of melanin [3], estimating blood oxygen content using absorption, understanding skin tan-
ning and photo-ageing. While the Kubelka-Munk (K-M) models are scattering models that rely on input va-
riables of reflectance and transmittance [4], Monte-Carlo simulations can be used in many ways to predict ref-
lectance, transmittance, blood content, etc. [5] [6]. Several optical studies have focused on thickness of skin [7]
[8], forward scattering [9], reflection spectra, and transmission. Most recently, light scattering properties of sur-
face of human skin are theoretically studied using Maxwell’s equation [10]. The effects of varying level of me-
lanin in light reflectance of a wide range of wavelength are investigated for its applications in biomedical optics
such as heart rate monitoring devices [11]. However, the impact of ambient humidity on the optics of the skin is
poorly understood. In a recent work, it has been shown that mice kept at higher humidity were subject to greater
damage from UV radiation than those kept at lower humidity [12]. A possible mechanism that was proposed to
explain these results involves enhanced light transmission through hydrated stratum corneum. This effect has
obvious clinical importance since it is known that under exposure to sun, wet skin burns more easily than dry
skin [12]. One investigation involved hydration of epidermal samples by immersing in solution of NaCl in water.
Transmission of UVC and UVB wavelengths was monitored as the samples were dried in air over several hours
[7]. In another study, it was shown that ambient humidity has a large effect on the water content, and by exten-
sion, the barrier function of the epidermis [13]. However, to the best of our knowledge, no light transmission
measurements for the effect of ambient humidity in isolated epidermis have been made to date for the important
UVA and visible wavelengths present in the terrestrial solar spectrum.

2. Methods and Materials

The highly differentiated and multilayered model epidermal samples are procured commercially (Mattek,
MEL-312-B). These are grown from human-derived epidermal keratinocytes and melanocytes and are known to
exhibit several morphological and functional characteristics of human epidermis. For example they can be cul-
tured to undergo melanogenesis. Model epidermal samples have been used in skin absorption studies and were
shown to be suitable replacements for human skin. Before shipping, the samples used in this study were cultured
for a week to develop measurable levels of melanin pigmentation. Soon after receiving, they were kept in a de-
siccator and dried till the time of use in our experiments. At the time of use, the model epidermis (10 mm di-
ameter) was peeled off from the supporting base of the cell culture inserts and mounted on a ring for the ease of
making light transmission measurements. It is placed in a humidity controlled chamber for several hours prior to
use to allow time to absorb moisture and reach equilibrium with the ambient humidity.

We use a simple transmission technique which involves placing the sample in a humidity-controlled chamber,
and monitor transmitted low power LED light (approx. 1 mW) through the sample as the ambient humidity is
varied slowly (Figure 1).
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Figure 1. Schematic of the experimental set-up. LED light modulated by a frequency generator is sent
through a fiber optic bundle into a humidity-controlled chamber. An epidermal sample is placed inside
the chamber, where the humidity is monitored using a hygrometer. Light transmitted through the sample
is measured with a photodiode and lock-in amplifier. A computer is used to analyze the data.
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Four LED light sources of different wavelengths are used; 365 nm, 460 nm, 500 nm, and 595 nm. LED light
is launched through a fiber optic bundle and is modulated by a frequency generator for detection using a lock-in
amplifier. Light is incident on the stratum-corneum side of the epidermal sample over an area of roughly 1 mm?.
A photodiode is used for detection of transmitted light. We also used two broadband light sources (Deuterium
and Halogen lamps), and performed similar measurements with them. The results yielded were almost identical,
showing a greater decrease of intensity for shorter wavelengths than for longer wavelengths. However, visuali-
zation of results was much clearer using four distinct wavelengths, which are all chosen to be in the UVA-visi-
ble region (UVA and visible light from the sun penetrate Earth’s atmosphere, while UVB and UVC light from
the sun does not).

3. Results and Discussion

The curves in Figure 2 show the transmitted light intensity through the model epidermis as the humidity is
gradually lowered from near 100% to 60%. The near 100% humidity is produced by keeping a wet sponge in-
side the closed humidity chamber. At the start of the experiment, the wet sponge is removed and replaced with a
small quantity of calcium chloride which dries the air. This gradually decreases the ambient humidity to 60% in
a time of about 30 minutes. These experiments were carried out several times on the same sample, as well as on
different samples. With the decrease of ambient humidity in a period of over an hour, significant decrease in
light transmission is noted for all four wavelengths used, ranging from approximately 2.5% for 595 nm light to
24% for UVA wavelength (Figure 2). Most of the decrease in transmission occurs as the humidity falls from
100% to 80%. A possible explanation is that adsorbed water within the turbid medium of stratum corneum acts
as an index matching fluid. The refractive index of epidermis is known to be in the 1.3 to 1.5 range [14]. These
values are closer to the refractive index 1.33 of water as compared to 1.0 for air. Desorption of water from the
stratum corneum as the ambient humidity is lowered is thus expected to increase light scattering and reduce
transmission as seen below in Figure 2.

Since presence of adsorbed humidity in epidermis increases transmission in Figure 2, we can assume that
absorption of light by the epidermal humidity does not play a significant role in explaining these results. As the
epidermal samples dry, the decrease of transmitted intensity (AI) for humidity change from 100% to 60% is
measured from the plots in Figure 2 to be 2.5%, 5%, 8% and 24% for wavelength of 595 nm, 500 nm, 460 nm
and 365 nm respectively. We believe that this increase in transmission (decrease in scattering) is due to refrac-
tive index matching between adsorbed water and the epidermal tissue and is observed in many media which are
highly turbid. This is illustrated with a simple example of light transmission through a thin layer of finely
crushed glass as shown in the inset of Figure 2. Wetting of this turbid medium with a drop of water results in an
observable increase of light transmission due to refractive-index matching between water and glass. This is seen
in the inset, Figure 2(f). The signal in Figure 2(e) appears noisier than the other measurements because of two
reasons. First, we are detecting low-power (1 mW) diffuse lamp light transmitted through turbid media, while
measuring relatively small decreases in light intensity (24%) over a 30 minute period. Second, we believe that
the sensitivity of the detectors is most likely better for visible light than for UVA light.

The decrease of transmitted intensity (Al) for humidity change from 100% to 60% is plotted logarithmically
with wavelength in Figure 3. The slope of —4.53 + 0.65 for this logarithmic plot is indicative of Rayleigh scat-
tering as the dominant light-scattering mechanism in the model epidermal samples. This conclusion supports
earlier work [15] where Rayleigh scattering was found to be dominant over Mie scattering.

Significant change of UV/visible light transmission through the epidermis is seen only for high ambient hu-
midity of over 80% (Figure 2). This can be explained from the known characteristics of adsorption isotherms
for stratum corneum [16]. The moisture content of stratum corneum is a supra-linear function of ambient relative
humidity. As an example, for a change of relative air-humidity from 40% to 80%, the adsorbed humidity within
the stratum corneum can increase by an order of magnitude. For relative air-humidity of higher than 80%, the
increase of adsorbed moisture in epidermis is even more rapid.

We believe this decrease of scattered and reflected light is caused by adsorbtion of water largely within the
stratum corneum. By filling the voids in the uppermost layer of skin it reduces the spatial variations of refractive
index and consequently the scattering of incident light. This role of water as a refractive-index matching fluid in
porous and turbid medium like skin is commonly known [15] and also illustrated in the inset of Figure 2.

The results described above have obvious clinical importance. It is known that wet skin is prone to sun-burn
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Figure 2. Intensity versus time for low power transmitted light through air-dried model-epidermis
samples. To begin with, samples in the chamber are at near 100% ambient humidity. In a time of 30
minutes, the humidity decreases to around 60%. Curves (b), (c), (d), (e) are for wavelengths of 595 nm,
500 nm, 460 nm, and 365 nm respectively. Curve (a) represents a baseline measurement in which no
sample is present. All curves have been normalized for easy visualization and comparison. The inset is
for illustrating the effect of moisture on light transmission through a turbid medium (finely crushed
glass). The inset (f) and (g) shows light transmission with and without moisture, respectively.
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Figure 3. Logarithmic plot of AI (Figure 2) with wavelength. A slope of —4.53 + 0.65 is indicative of
Rayleigh scattering as the dominant mechanism to explain effect of ambient humidity on transmission
through model human epidermis.

more than dry skin [12]. It is also known that skin can become less reflecting and more transmitting to light by
prolonged bath in water or by applying a lipophilic liquid which helps in “refractive-index matching” within
stratum corneum [15]. Our results show that all of the above conclusions could also happen under conditions of
high humidity in ambient air. Our results could also be important for explaining the role of environmental ef-
fects on the evolution of melanism. It is known [17] that warm-blooded biological species in humid habitats
show higher degree of melanin pigmentation (Gloger’s rule). A possible explanation for Gloger’s rule could be
that additional melanin pigmentation is necessary to compensate for the effect of greater transmission of UV
light through the skin under humid ambient conditions.

4. Conclusion

Although this work does not include UVB (280 - 315 nm), we expect similar conclusions for all UV-visible
wavelengths including UVB which has implications for cancer research, skin tanning, sun-burn as well as vita-
min D production by skin. In conclusion, this work shows a significant effect of ambient air-humidity on the
transmission of light through the epidermis and these results must be embedded in any mathematical model for
explaining the optical properties of epidermis including light scattering.
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