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ABSTRACT

The attenuation behaviour of two different types of skin-like phantoms representing the range
of Skin Types I to VI were investigated and compared to real human skin. Intralipid and
Pheroid™ artificial lipid membrane vesicles respectively were added to synthetic eumelanin
concentrations ranging from 0.0044 to 0.13 mg/mL to produce skin-like phantoms.
Spectrophotometric absorbance and transmittance measurements were performed. Results
predicted some of the non-monotonic trends observed in real human skin, albeit shifted more
towards the visible wavelength range. There exist however an underlying difference in

dTIVI

interaction between the melanin and the Pheroid'™ and Intralipid skin-like phantoms.



INTRODUCTION

Minimalistic or non-invasive diagnosis and treatment of skin disorders with light requires
accurate information regarding the optical properties of skin (1), as well as knowledge of the
propagation of light from an incident light source in biological tissue (2-5). The range of
photon events characterising light-biomatter interaction includes absorption, transmission,
auto-fluorescence, scattering and Raman scattering. Spectrophotometric (SP) and Integrating
Sphere (IS) methods are commonly used to extract information regarding absorption and
scattering properties of samples, although in the field of skin optics the latter method is used
more widely (see 1,6). However, since the scattering components are the tissue
microstructures of in vivo skin tissue, reliable results of in vitro IS measurements are difficult
to obtain (5). Wavelength dependent absorption and scattering of various tissues, including
bulk skin tissue and selected skin cell tissue components, have been measured in vitro (5,7-
11) and in vivo (12-15) using various measuring methods.

Computational light propagation models aid in enhancing the understanding of light-
biomatter interactions. It affords the opportunity to investigate the underlying principles
governing light-biomatter interactions though the control and variation of specific parameter
values (Fig. 1(b)). This is not always possible, feasible or possibly too time consuming with
in vitro and in vivo experiments. Human skin tissue is too complex and dynamic to be
adequately simulated with the currently available computational light propagation models,
especially since these models only take the macroscopic structure of skin tissue in account
(see 2,5,16). Healthy human skin tissue consists of different layers having different cell types,
such as keratinocytes, fibroblasts and melanocytes and other components like keratin, elastin,
collagen fibres, arteries, sweat glands, etc ( and Fig. 1(a))17). Ultimately the accuracy of a

light propagation models depends on a thorough knowledge of the optical properties of the
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cell tissue microstructure (7,18), for example the effect that skin pigments have on absorption

and scattering of incident light.
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Fig. 1: (a) Schematic representation of human skin. (b) Skin model showing the
different skin layers. Graphics reproduced with the permission of Dr. J.S. Dam
(http:/lcv.js-

dam.dk/docs/pubs/Dam2000phd_Optical%20analysis%200f%20biological%20media.

pdf).
<Figure 1>

Skin pigments include melanin, haemoglobin, bilirubin and carotene, with melanin
and haemoglobin (oxy-haemoglobin and deoxy-haemoglobin) the main contributors to skin
tone (phototype). The melanin responsible for the different skin phototypes is located in the
thin epidermal layer of the skin, while haemoglobin dominates the absorption properties of
the dermis (9,19). Knowledge of the absorption of light in the epidermal layer is for example
crucial in the planning of the therapeutic treatment parameters (laser power and treatment
time) of skin tumours situated in the dermis (20,21). Darker skin phototypes contains up to
twice the melanin content of paler skin phototypes and may be less susceptible to the effects
of skin cancer development due to the presence of more darker photoprotective melanin (22).

Most of the studies conducted to date however have focussed on Skin Types | and Il (light



skin phototypes), with only a few studies recorded for Skin Types Ill to VI (darker skin
phototypes) (see 23,24). Despite extensive investigations on both natural and synthetic
melanin, proper characterisation of the melanin complex and the role its composition play in

skin colour still eludes us today.

South African skin phototype demographics afford the ideal niche opportunity to
conduct studies to establish a solid base for the optical characterisation of melanin in different
skin phototypes. Large quantities of skin samples of all skin phototypes however are often
always limited. Hence the use of skin-like phantoms. Bashkatov et al. (25) measured the
optical properties of gelatin skin-like phantoms prepared from different concentrations of
synthetic and natural (from Sepia officianalis) melanin. Fat emulsions like Intralipid are
commonly used to mimic light propagation in turbit media (26) and hence Shimada et al. (27)
used similar gelatin and Sepia melanin phantoms and added Intralipid to mimic the scattering

properties of human skin.

The purpose of this study is to (a) extract and compare attenuation coefficients of
different liquid skin-like phantoms representing Skin Types | to VI with Spectrophotometry
and (b) determine how well these phantoms can predict wavelength dependent trends
observed in real human skin. It falls within the larger objective of knowledge acquisition
about the optical properties of skin cell tissue to enhance the accuracy of 3D skin our
computational models representing Skin Types | to VI. Two different skin-like phantom sets
were investigated. The first set was prepared from different concentrations of synthetic
eumelanin and added Intralipid (20% fat emulsion), while the second was prepared from the
same concentrations of the eumelanin but with added bilipid membrane artificial vesicles
(Pheroid™) recently developed by the Unit for drug development and research,
Potchefstroom Campus, North-West University in South Africa. Even though the vesicles do

not contain all the microstructures found in skin tissue cells, similar to all other cell tissue



components they are bounded by a bilipid membrane (28). To establish a more physiological
standard against which to compare the optical properties of melanocytes and keratinocytes,
the optical characterisation of the Pheroid™ vesicles was used to determine the contribution

of lipid membranes to the overall optical properties of the skin tissue components.

MATERIALS AND METHODS

Sample preparation. A melanin aqueous stock solution at pH ~11.0 was prepared by
dissolving synthetic eumelanin (Sigma-Aldrich M0418) in distilled water through addition of
NaOH (29). To aid comparison with real human skin results, the pH of half of this stock
solution was then lowered to physiological pH (pH ~ 7.01) by adding HCI. From these two
stock solutions melanin samples at various concentrations (from 0.0088 mg/mL to
0.13 mg/mL) were prepared. Skin-like phantoms were prepared by adding either 3 puL or 30
uL Pheroid™ or Intralipid (Sigma-Aldrich 1141) respectively to 3 mL of each of the pH ~
7.01 melanin samples. The Intralipid (IL) is a phospholipid-stabilized soybean oil, supplied
as 20% fat emulsion. The Pheroid™ is an micro-emulsion containing 3.8% lipid content

consisting mainly of ethyl esters of the fatty acids obtained from soybean oil (30).

Spectrophotometry. Absorbance and transmittance spectra of the samples were measured

with a UV-VIS spectrophotometer (Shimazdu UV-1650 PC) using standard 1 cm pathlength

cuvettes over the wavelength range 370 to 900 nm. The attenuation coefficient (z, A ) is the

decrease in the light intensity through the sample and is equal to the combination of the



absorption and scattering coefficients of the sample (31). Attenuation coefficients were

calculated from

U A =—- 1/cm (1.1)

with T 4 the wavelength dependent transmittance and L the pathlength (in cm).

Alternatively, since the relation between absorbance and transmittance is given by

A 4 =-logT A , the attenuation coefficients could be calculated from a modified version

of the Beer-Lambert law

4 A =A 21 1In10/L 1/cm (1.2)

where A(2) is the wavelength dependent absorbance of the sample and L the pathlength (cm).

RESULTS AND DISCUSSION

Absorbance spectra of melanin only samples

Attenuation coefficients (z A ) for the melanin only samples at pH ~ 7.01 were calculated

from the absorbance spectra. The spectrophotometer used cannot measure reflectance spectra
for liquid samples, and hence we were unable to resolve the total attenuation coefficient into
its absorption and scattering components. Even though the attenuation coefficient results
mainly displayed absorption coefficient trends as observed by other research groups and we

therefore could have made the assumption that our melanin only samples had very little



scattering, we will refrain from making such an assumption and only report our results as

attenuation behaviour.
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Fig. 2: Attenuation coefficient as a function of (a) wavelength and (b) melanin

concentration for synthetic eumelanin samples at pH ~7.01.

<Figure 2>

Resultant spectra displayed broadband attenuation without any chromophoric peaks
(Fig. 2(a)), increasing monotonically towards shorter wavelengths for all measured
concentrations. Spectra for samples at pH ~ 11.00 (not shown) were similar to the spectra of
the pH ~ 7.01 samples. The monotonic increase with decreasing wavelength is similar to

previously observed results for synthetic melanin (see for example 29, and 32).

Figure 2(b) shows attenuation coefficients as a function of melanin concentration at
different wavelengths. Spectra followed the Beer-Lambert law's linearity (Fig. 2(b)),

indication that the monotonic behaviour can be described by exponential decay curves.



Absorbance spectra of skin-like phantoms

In an article on human skin chromophores, Young (19) referred to the use of diffuse in vivo
reflectance spectroscopy to determine the contribution of epidermal melanin to the apparent
absorbance spectra of skin as employed by Kollias and Bager (33). The technique involves
subtracting the absorbance spectrum of vitiligo skin, i.e. skin without or containing very little
melanin, from the spectrum of normal skin in the same individual. Work performed by
Jacques and McAuliffe (34) on determining the internal absorption coefficients of human
melanosomes generated similar absorbance spectra as the diffuse reflectance spectra, hence

supporting the use of the latter technique. In the present study the Pheroid™

and Intralipid
were used respectively to represent the lipid membrane contribution of skin cells and the
assumption was made that vitiligo skin could be represented by skin-like phantoms consisting
of either 0.1 % v/v or 1.0 % Vv/v (i.e. either 3 puL or 30 pL in 3 mL distilled water) Pheroid™
or Intralipid solutions only. Spectra of these “vitiligo” skin-like phantoms were thus

subtracted from the melanin-containing skin-like phantom samples to determine the melanin

contribution of the phantoms, analogous to the Kollias and Bager (33) technique (see Figs.

3(a) — (d)).
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Fig. 3: Attenuation coefficient as a function of wavelength for skin-like phantoms
containing (a) 3 pL Pheroid™, (b) 3 pL Intralipid, (c) 30 puL Pheroid™ and (d) 30 pL
Intralipid. Phantoms are compared to the melanin only samples of same

concentrations from Fig. 2(a).

<Figure 3>

Figures 3(a)-(d) shows attenuation coefficients for three different melanin
concentrations (representing light, medium-dark and dark skin phototypes, or alternatively, to
a melanin concentration increase in skin exposed to increasing amounts of UV radiation) for
the different skin-like phantoms compared to the melanin only samples of the same
concentrations. The phantoms prepared from the 3 pL Pheroid™ or Intralipid (Figs. 3(a) and

(b)) represent skin having thinner stratum corneum and epidermis layers (i.e. a lesser amount
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of lipid membranes), while the phantoms prepared from the 30 pL Pheroid™ or Intralipid

(Figs. 3(c) and (d)) represent skin with thicker layers.

Addition of the Pheroid™ and Intralipid resulted in skin-like phantoms following
similar non-monotonic absorbance trends towards shorter wavelengths as observed in real
human skin, albeit more towards the visible wavelengths than the observed UVA region in
real skin (12,13,19,35,36). Similar spectra have also been observed for human hair eumelanin
and Sepia eumelanin (37). Transmittance spectra (not shown) were similar to measured
transmittance curves for Caucasian and Dark Black skins, while the resultant calculated
attenuation coefficient spectra displayed the more pronounced non-monotonic absorbance
behaviour for darker compared to lighter skin phototypes (compare for example with 36).

Meinhardt et al. (12,13) reported non-monotonic behaviour with (a) an increase in
skin melanin concentration, i.e. higher skin phototype, (b) increased UV exposure of the
dorsal aspect of the forearm compared to the lesser exposed volar aspect, and (c) increased
thickness in horny layer (stratum corneum) of the thenar compared to thinner layers of the
volar and dorsal aspects of the forearm. Both (b) and (c) are applicable to human subjects
having the same skin phototype. The non-monotonicity in the UV exposed skin is attributed
to various degrees of UV adaptation including thickening of the stratum corneum and an
increase in melanin production, while (c) is attributed to the higher keratin concentration of

the thenar’s stratum corneum.

Our phantoms displayed similar trends, although more towards the visible region
compared to the UV region as in real human skin. Irrespective of the amount of Pheroid™ or
Intralipid added, an increase in melanin concentration led to increases in both non-monotonic
behaviour and attenuation towards wavelengths shorter than 550 nm (compare Figs. 3(a) to
(d)). Attenuation behaviour at longer wavelengths still displayed the same monotonic
behaviour found in the melanin only samples.
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The increases in non-monotonic behaviour were also more pronounced in samples

containing higher amounts of Pheroid™

or Intralipid. This is similar to results from
Meinhardt et al. (13) who observed more pronounced non-monotonic behaviour for
measurements made at the thicker skinned thenar region compared to the volar and dorsal
aspects of the forearm (refer to Figs. 5(a) and (b) in (13)). However, their thenar results
shows higher absorption coefficient values compared to the rest of the thinner skinned
forearm. This trend was not so apparent in our results; compare for example Figs. 3(b) and
(d). Samples containing melanin concentrations lower than 0.066 mg/mL did comply with
this trend, but the increase in attenuation was not so pronounced as in the Meinhardt et al.
study. However, with higher melanin concentration attenuation values of samples containing
30 pL Intralipid were lower than corresponding samples containing only 3 pL Intralipid,
predicting that in darker skin phototypes, areas on the body having thicker skin layers are not
necessarily more protected against sun exposure than areas of thinner skin layers. The
Meinhardt et al. study was performed on individuals with lighter skin phototypes, and no
results were found for similar skin thickness studies performed on dark skin phototypes. It is

therefore currently not possible to confirm or discard our predictions against real human skin

of darker phototypes.

dTM

Pheroi versus Intralipid

At a first glance, it seems that there is not much difference in attenuation behaviour of skin-

dTM dTM

like phantoms prepared from Pheroi and Intralipid respectively. However, the Pheroi
are spherically shaped bilipid membrane nano-structured artificial vesicles of 500 — 1000 nm

in diameter, while Intralipid consists of an emulsion of bilipid membrane fragments of
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various sizes, suspended in water. Intralipid is commonly used to mimic the scattering

dTM

properties of human skin, while this study is the first to use Pherio as a possible skin

tissue simulating phantom.
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<Figure 4>

Attenuation coefficients were calculated for different concentrations of the Pheroid™

and Intralipid respectively. Samples were made up in increasing concentrations of 1.5 pL
(0.05 % v/v), 3.0 pL (0.1 % v/v), 15 pL (0.5 % v/v) and 30 pL (1.0 % v/v) added to 3 mL
distilled water, while a 150 pL (5.0 % v/v) and 300 pL (10.0 % v/v) added to 3 mL distilled
water were made up additionally for the Pheroid™. Comparison attenuation spectra are
shown in Fig. 4. Pheroid™ spectra displayed broadband absorbance, increasing
monotonically towards shorter wavelengths for all concentrations up to 1.0 % v/v. The 5.0
and 10 % v/v concentrations started to show some non-monotonic behaviour. Similarly, only
low concentrations of the Intralipid displayed a similar monotonic increasing trend with

decreasing wavelength. The higher concentration Intralipid samples also displayed an
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increase in attenuation towards shorter wavelengths, but the behaviour is non-monotonic and

tapered off to almost a plateau.

The observed Intralipid non-monotonic attenuation behaviour is a result of its low
absorption and high reduced scattering in the visible region (38,39). Higher concentration
samples contain greater numbers of unorganised, non-uniform membrane fragments, with a
resultant increase in scattering behaviour. No previous studies have been performed regarding
the absorption and reduced scattering of the Pheroid ™. By comparing the 5.0 and 10 % v/v
Pheroid™ solutions to the 0.5 and 1.0 % v/v Intralipid solutions, it appeared that the
Pheroid™ may have a larger reduced scattering than absorption component, but not nearly as
large as that of the Intralipid. Most definitely their organised, uniform spherical shapes create
less scatter. This will however have to be verified by performing Integrating Sphere

measurements on the Pheroid™ samples.
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Figure 5. Attenuation coefficient as a function of (a) Pheroid™ and (b) Intralipid

concentration over the wavelength range 400 to 900 nm.
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<Figure 5>

Plots of attenuation coefficient as a function of Pheroid™ (Fig. 5(a)) and Intralipid
(Fig. 5(b)) concentration for different wavelengths show that neither phantom obeys the
Beer-Lambert law. The Pheroid™ results could be fitted with Sigmoidal curves over the
entire wavelength range. The Intralipid results could not be fitted with a single curve type
over the entire wavelength range. Rather, shorter wavelength results could be fitted with
“rising exponential curve with a maximum” functions, while the longer wavelength results
required straight line curve fitting. This may be due to the differences in structural
organization between the Pheroid™ and Intralipid, but this needs to be investigated in more
depth. It must be noted however that different batches of Intralipid differ slightly from one
another in their make-up and hence the Intralipid results could differ between batches

(38,39).

dTM

Melanin interaction with Pheroi and Intralipid

We investigated the possibility of a difference in interaction between the melanin molecular

d™ and Intralipid. We hypothesised

complex and the lipid membrane structures of the Pheroi
that the non-monotonic behaviour observed in the higher melanin concentration samples
(> 0.044 ml/mL melanin as seen in Fig. 3) could be attributed to such interaction differences.
If the melanin and the lipid membrane structures did not interact and the melanin only
samples were used as references/blanks, the resultant attenuation spectra would be the same

as the Pheroid™ or Intralipid only spectra (from Fig. 4). If interactions occur however, the

resultant attenuation spectra would reflect this.
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The same skin-like phantom samples as previously (see Fig. 3) were used. However,

previously either the Pheroid™

or Intralipid only phantoms were used as references/blanks,
but for this experiment the corresponding melanin only samples (from Fig. 2) were used as
references/blanks. For example, if an 0.04 mg/mL melanin with added Pheroid™ sample

were used, an 0.04 mg/mL melanin only sample were used as reference/blank, and so forth.
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<Figure 6>

Attenuation spectra not displaying non-monotonic behaviour was averaged together

and their standard deviations calculated (Fig. 6). These average spectra were then compared
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against the Pheroid™

or Intralipid only spectra from Fig. 4. Fig. 6(a) shows the results for
samples having 3.0 pL (0.1 % v/v) Pheroid™ or Intralipid added, while Fig. 6(b) show
results for added 30 pL (1.0 % v/v) Pheroid™ or Intralipid. Spectra from all samples of
melanin concentrations 0.044 mg/mL and lower could be averaged. Irrespective of the
amount of Pheroid™ added, the averaged spectra closely resembled the Pheroid™ alone
spectra. In contrast, for samples with added Intralipid, the averaged spectra diverged from the
Intralipid alone spectra. This divergence was also dependent on the amount of added
Intralipid and shifted towards shorter wavelengths as the added amount of Intralipid
increased. A further observation is that in the case of the added 3.0 pL (0.1 % v/v) Pheroid™
or Intralipid, the average spectra underestimated the Pheroid™ or Intralipid only spectra,

while in the case of the added 30 pL (1.0 % v/v) Pheroid™ or Intralipid, the opposite

occurred.

Spectra of samples with melanin concentrations higher than 0.044 mg/mL displayed

similar non-monotonic behaviour observed when the Pheroid™

or Intralipid were used as
references/blanks (see Fig. 3). Thus there is a clear difference in the interaction of the
melanin complex and the lipid membrane structures between high concentration and lower

concentration melanin samples, i.e. between darker and lighter skin phototypes.

Furthermore, the type of skin tissue simulating phantom used is important. The results
from Figs. 4 to 6 clearly show that even though on a macroscopic level different phantoms
appear similar in their predictions, the underlying melanin and lipid membrane interaction
can differ significantly, especially for samples representing lighter skin phototypes. It appears
that the melanin binds more readily with the lipid membrane fragments found in the Intralipid

than with the spherically shaped Pheroid ™.
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Melanin is a family of polymorphous multifunctional biopolymers and its protective
role lays in the fact that it binds to cations, anions, drugs and chemicals. (40). The Intralipid

lipid membrane fragments are smaller than the Pheroid™

vesicles; thus making it probably
easier for the melanin to bind to the former than to the latter. The melanin sub-complexes
also tend to aggregate into increasingly larger particles as the concentration is increased. It is
therefore a possibility that such larger aggregates bind to lipid structures more readily than
the smaller melanin particles associated with lower melanin concentrations. Our results may
therefore predict that photoprotection in darker skin phototypes may not be only a function of

epidermal melanin concentration, but that the interaction between the melanin complex and

the lipid membranes found in the skin cells may play an equally important role.

We also tried to establish a more physiological standard against which to compare the
optical properties of melanosomes and keratinocytes with the use of the Pheroid™. This

d™ since the latter can be used to

required incorporation of the melanin into the Pheroi
represent skin cells devoid of all internal structure. The results presented are inconclusive as
to whether the melanin did indeed incorporate or not. One possible way to establish this is by
comparing the melanin-Pheroid™ phantoms to melanosomes from different skin phototypes.
We did not have access to human skin melanosomes and thus such a comparison could not be

made. To verify the true amount to which these phantoms represent real skin, such a

comparison is required.
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CONCLUSIONS

The attenuation behaviour of two different types of skin-like phantoms representing the range
of Skin Types | to VI were investigated. Results indicated that the phantoms may predict
some of the non-monotonic optical characteristics of real human skin and hence suggest the
possibility that synthetic eumelanin may be more similar to epidermal eumelanin than

previously thought. A comparative study of the Pheroid™

and Intralipid skin-like phantoms
however, revealed an underlying difference in interaction between the melanin and the
different phantoms, as well as a difference in the interaction between low and high

concentration melanin samples with the constituting lipid particles.

Meinhardt et al. (13) suggested that the non-monotonic absorbance UV behaviour are
due to the keratin present in the upper skin layers. Our current skin-like phantoms do not
contain keratin. More realistic phantoms can hence be created by addition of keratin. Also, a

dTM

comparison between the Pheroi phantoms and melanosomes from different skin

phototypes could not be made. This will be addressed in the next phase of the study.
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FIGURE CAPTIONS

Figure 1. (a) Schematic representation of human skin. (b) Skin model showing the different
skin layers. Graphics reproduced with the permission of Dr. J.S. Dam (http://cv.js-

dam.dk/docs/pubs/Dam2000phd_Optical%20analysis%200f%20biological%20media.pdf).

Figure 2. Attenuation coefficient as a function of (a) wavelength and (b) melanin

concentration for synthetic eumelanin samples at pH ~7.01.

Figure 3. Attenuation coefficient as a function of wavelength for skin-like phantoms
containing (a) 3 pL Pheroid™, (b) 3 pL Intralipid, (c) 30 pL Pheroid™ and (d) 30 pL
Intralipid. Phantoms are compared to the melanin only samples of same concentrations from

Fig. 2(a).

Figure 4. Comparison attenuation spectra for increasing concentrations of Pheroid™ (grey

lines) and Intralipid (black lines).

Figure 5. Attenuation coefficient as a function of (a) Pheroid™ and (b) Intralipid

concentration over the wavelength range 400 to 900 nm.
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Figure 6. Average of skin-like phantoms made up of 0.0088 to 0.066 mg/mL melanin
concentrations with added (a) 3 pL and (b) 30 pL Pheroid™ and Intralipid respectively.
Corresponding melanin only concentrations were used as references / blanks. Error bars

represent the standard deviation to the average.
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