™ |

Check for
updates

Research Article Vol. 10, No. 6 | 1 Jun 2019 | BIOMEDICAL OPTICS EXPRESS 2942 I

Biomedical Optics EXPRESS -~

Terahertz spectroscopy of human skin tissue
models with different melanin content

XOMALIN G. PERALTA,"?>” DAWN LIPScomB,® GERALD J. WILMINK,2 AND
IBTISSAM ECHCHGADDA?

'National Academy of Sciences NRC Senior Research Associateship, 4141 Petroleum Road, JBSA Fort
Sam Houston, Texas 78234, USA

?Air Force Research Laboratory, 711th Human Performance Wing, Airmen Systems Directorate,
Bioeffects Division, Radio Frequency Bioeffects Branch, 4141 Petroleum Road, JBSA Fort Sam
Houston, Texas 78234, USA

3Consortium Research Fellows Program, 4141 Petroleum Road, JBSA Fort Sam Houston, Texas 78234,
USA

‘xomalin.peralta@gmail.com

Abstract: Terahertz imaging has been proposed for burns and skin cancer identification.
However, the role of melanocytes, melanosomes, melanin content and distribution in
determining the terahertz optical properties of human skin has not been investigated. We use
terahertz time domain spectroscopy to measure the optical properties of in vitro pigmented
human skin tissue models from Asian, Black, and Caucasian donors. Spectra were collected at
various time intervals and used to extract the absorption coefficient and index of refraction at
terahertz frequencies. Our results indicate that the degree of cell differentiation and type of
donor both contribute to the measured terahertz optical properties.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The terahertz (THz) region of the electromagnetic spectrum is located between the infrared
and microwave regions, spanning frequencies from 0.1 to 10 THz (wavelengths from 3000 to
30 um). THz based applications, such as THz spectroscopy and imaging, have been proposed
for the evaluation of superficial skin tissue including for the detection and diagnosis of skin
burns [1-6] and cancers [7—-11] as well as for the evaluation of skin absorption of drugs [12].
The effect of THz radiation on skin tissues and cells have also been investigated for wound
healing response [13], skin cancer and psoriasis [14], and cell adhesion, proliferation and
differentiation [15-17]. In order to facilitate the development of these applications, it is
important to understand the fundamental mechanisms governing terahertz-skin interactions
[7,9,18]. To this end, several studies have been conducted to characterize the optical
properties of human skin tissues at THz frequencies ex vivo [18-21] and in vivo [10,22-25].
These studies have successfully used the double Debye model to describe the interaction of
THz radiation with human tissues. In this model, the dielectric permittivity function is given
by

f(w)=e +2—2 975 (1)

I+iwr, 1+iwr,

where ¢, is the high frequency limiting value, ¢, is the static dielectric constant, ¢, is an
intermediate frequency limit, 7, and 7, are time constants characterizing a slow and a fast

relaxation process respectively, and w is the angular frequency [26,27].

Melanin is the pigment that gives human skin, hair and eyes their color [28-31]. Melanin
is synthesized, stored, and transported in pigment-containing organelles known as
melanosomes [32,33]. Melanosomes are found within melanocytes, which are the cells
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responsible for producing melanin. For the same body region, people possess a similar
number of melanocytes in their skin regardless of skin color [28,33]. As melanosomes are
filled with melanin, the melanocytes donate them to surrounding skin cells known as
keratinocytes. Melanosomes found in the keratinocytes are primarily responsible for the
skin’s reflectance and they vary in size, shape, number, and amount of melanin they carry
depending on the color of the skin [28,33]. In dark skin, melanosomes are larger, more
numerous, and more pigmented, i.e. containing more melanin, than in intermediate and light
skin [28]. Melanosomes and melanin are an integral component of skin [29]. Therefore, in
order to develop any medical application of THz light for evaluation or treatment of human
skin, it is critical to understand the interaction of THz radiation with skin pigmentation.

Studies on the influence of the concentration and distribution of melanosomes and
melanin on the THz spectroscopic properties of skin are extremely sparse [34]. In this study,
we used THz time-domain spectroscopy (THz-TDS) to determine the THz optical properties
of human skin tissue models comprised of melanocytes from three donor types: Asian, Black,
and Caucasian. These skin models exhibit morphological, biochemical, and growth
characteristics similar to normal human skin [35], and have been previously assessed as in
vitro models for studies on pigmentation [36]. Skin models were cultured for three weeks to
promote gradual differentiation, the production of melanin, known as melanogenesis, and the
transport of melanosomes to the surrounding keratinocytes. We collected THz spectra at
various times intervals. The spectra were used to extract the frequency dependent absorption
coefficient and index of refraction, i.e. optical properties, of the tissue models at THz
frequencies. Our results show that there are significant differences in the THz optical
properties of the skin tissue models studied both, when comparing their developmental stage
and when comparing across the ethnic origin of the donors. These observations highlight the
need for further studies into the relationship between the THz optical properties of a tissue
and its biomolecular structure.

2. Materials and methods
2.1 Human 3D skin tissue models

In order to examine the influence of melanosomes and melanin on the THz optical properties
of skin, we used MelanoDerm viable reconstituted 3-dimensional human skin tissue models
from MatTek Corporation. The MelanoDerm system consists of a co-culture of normal,
human-derived epidermal keratinocytes (NHEK) and melanocytes that were derived from
neonatal foreskins of Asian, Black, or Caucasian donors with a 1/10 ratio of melanocytes to
keratinocytes. As the tissues develop over the course of three weeks, they form a multilayer,
highly differentiated system with varying amounts of melanin depending on the donor type
[36]. According to the manufacturer, after 14 days, the Asian derived tissue contains 20 pg of
melanin, the Black derived tissue 48 pg, and the Caucasian derived tissue 10 pg [37].

Each skin tissue model was grown for 2, 8 or 16 days on collagen-coated microporous
polytetrafluoroethylene (PTFE) membranes within 9 mm Millipore Millicell CM inserts at the
air-liquid interface (ALI) according to the manufacturer’s instruction, see Fig. 1(a). Figure 1,
panels (b-d), show the pigmentation in all three donor skin tissue models after differentiation.
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Fig. 1. Human skin tissue model. (a) Schematic illustration of the wells used for culturing skin
tissue models. (b-d) Top down digital photographs of (b) Asian, (c¢) Black, and (d) Caucasian
skin tissue models on Day 16.

2.2 THz time-domain measurements

The THz measurements were performed with a Z-3 THz time-domain spectrometer (THz
TDS) from Zomega Terahertz Corporation in transmission geometry. A Mai Tai HP
Ti:Sapphire laser (Spectraphysics) tuned to 800 nm (<100 fs pulse width, 80 MHz repetition
rate) was used to illuminate a photoconductive antenna for THz generation and an electro-
optic ZnTe crystal for THz detection.

On the day of the experiment, the inserts containing individual tissue models were quickly
removed from the culture media and were immediately placed into a customized sample
holder. The customized sample holder consists of a fixed 90° angle clamp for @ 0.5 optical
posts such that the insert fits into one of the openings [34]. A 10 cm focal length TPX lens
was used to focus the THz light to a spot size of ~3 mm. The sample holder was placed such
that the focal point of the normally incident THz light was located at the surface of the tissue.
The transmitted THz light traveled through the tissue and the collagen-coated PTFE
membrane within the insert prior to being collected and collimated with a similar lens before
going into the detector module. The transmission spectra of the collagen-coated PTFE
membrane was measured and found to be relatively flat in the 0.4 to 1.4 THz frequency
range, with an average transmissivity of 85% (data not shown). The time taken to mount the
samples and perform the measurements was kept consistent among all three samples in order
to maintain the tissue hydration levels comparable to each other.

Measurements were collected on the same day for all three donor tissue types; on Day 2
and Day 16. These two time points were chosen to highlight the effects of cell differentiation
and melanogenesis. Data were collected at room temperature after purging the chamber with
dry air for 5 minutes in order to eliminate any atmospheric water. The sample chamber filled
with dry air sans sample was used as a reference. The spectrometer measures signals that are
proportional to the transmitted THz electric field as a function of time, i.e. time domain
waveforms. We used one sample per tissue type and took two time domain measurements for
each sample, including the reference. The time domain data of the two measurements were
nominally the same, indicating that there were no measurable changes in the water content of
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the tissues during the time it took to obtain the data. Therefore, the two time domain
measurements were averaged before obtaining the THz spectra by performing a Fourier
transform using a custom-written Matlab (Mathworks) program.

2.3 Tissue thickness measurements

The skin tissue equivalents differentiate over the course of three weeks. During this time their
overall thickness increases. In order to determine the tissues thicknesses, the culture of the
epidermal tissues was stopped at Day 2, 8, and 16 to perform histological sections. For
histology, the epidermal tissues were removed from the inserts and were fixed at room
temperature in 10% neutral buffered formalin. For each tissue, formalin fixation was done on
the exact same sample following THz measurements. The fixed tissues were embedded in
paraffin, sectioned, and stained. The sections were used to measure the thickness of the
stratum corneum, epidermis, and dermis with an optical microscope (data not shown). The
fixation and sectioning process caused some delamination of the tissue layers, so each layer
was measured individually. These measurements were added together to determine the total
thickness. Multiple measurements (=4) were performed on several slides and at different
locations per slide for each tissue type (column labeled # in Table 1).

2.4 THz optical parameter extraction

The Fourier transform of the time domain waveforms allows us to obtain the complex, i.e.
amplitude and phase, THz spectra in the frequency domain. The complex transmission
spectrum of each skin tissue model was obtained by taking the ratio E{(w)/E(w) where Ey(w)
and E,(w) are the spectra of the sample and the reference respectively, and w is the angular
frequency. The complex transmission spectra was used to extract the frequency dependent
absorption coefficient a(w) and index of refraction n(w) as

E 2
(@) = log {m} @
and
n(a))=1+—c(¢;);¢’) 3)

where d is the sample thickness, c is the speed of light in vacuum, and ¢, and ¢, are the phase
spectra of the sample and the reference, respectively [38]. Although the THz spectrometer
used can measure from 0.1 to 3 THz, we have only presented the data between 0.4 and 1.4
THz because of the high absorption observed above 1.4 THz and the poor signal to noise
outside that frequency range. Note that we do not observe multiple reflections and,
consequently, have neglected any Fabry-Perot effects.

3. Results
3.1 Thickness measurements

Table 1 reports the measurements on the thickness obtained from the optical images for the
fixed skin tissue models on Days 2, 8, and 16. In the analysis to extract the THz optical
parameters, we used this thickness value given that we are performing transmission
measurements and were unable to resolve different layers in the time domain data.
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Table 1. Skin tissue model thickness®

Asian # Black # Caucasian #
Day 2 122.8+4.0 7 1182+ 11.0 7 107.0+ 7.1 4
Day 8 184.9+72 4 206.6 +17.1 4 194.5+12.2 4
Day 16 237.9+19.7 4 260.3£9.9 5 262.6 +10.6 5

“All measurements are reported in microns as (mean + SD) and # is the number of
measurements on each tissue.

3.2 Absorption coefficient and index of refraction of skin tissue models

Figures 2(a) and 2(b) show the absorption coefficient and index of refraction for the three
skin tissue models on Day 2 and Day 16. In all cases the data show that the absorption
coefficient is between 70 and 300 cm™ and increases with frequency. The index of refraction
is between 1.4 and 2.7 and decreases with frequency. We determined that the differences in
the absorption coefficient and index of refraction between all three tissue types were
statistically significant by performing a two-sample #-test. The error bars were obtained from
the absorption coefficient and index of refraction calculated by adding and subtracting the
standard deviation (SD) from the mean thicknesses from Table 1. Note that the uncertainty in
determining the absorption coefficient and index of refraction is dominated by the error in
specifying the tissue thickness, not the variability in the THz time domain measurements.
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Fig. 2. THz optical properties of (a) Asian, Black, and Caucasian donor tissue models on Day
2, (b) on Day 16, and of (c) water, skin, and collagen obtained from the double Debye model.
Insets: fits from the double Debye model.

Figure 2(c) shows the results of using the double Debye model to obtain the absorption
coefficient and index of refraction of water, skin, and collagen by using parameters found in
the literature [26,39]. The values obtained in our study are consistent with the values obtained
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from the double Debye model, with other measurements of human epithelial tissue [7,22] and
our own experiments which examined the optical properties of human skin in vivo at THz
frequency using a compact THz TDS system in a reflection geometry [23]. The trend of the
absorption coefficient and the index of refraction of the skin tissue models follow that of
water as expected [7].

Figure 2(a) shows that, in general, the absorption coefficient and index of refraction of the
Asian donor tissue model on Day 2 are comparable to those of the Black donor tissue type
over the entire frequency range. However, at frequencies above 1 THz, the absorption
coefficient and index of refraction of the Black donor tissue model are both slightly larger
than those of the Asian donor tissue type. The absorption coefficient and index of refraction
of the Caucasian donor tissue model, on the other hand, are both significantly smaller than
those of the Asian and Black donor tissue types.

On Day 16, Fig. 2(b), the difference between the absorption coefficient and index of
refraction of the Asian and Black donor tissue models increases relative to those of Day 2.
The largest difference between the absorption coefficient of the Asian and Black donor tissue
models remains at frequencies above 1 THz. The absorption coefficient and index of
refraction are both consistently larger for the Asian donor tissue model compared to those for
the Black or Caucasian donor tissue types, with the Caucasian type always being the smallest.
The large differences between the absorption coefficient and index of refraction of the Black
and Caucasian donor tissue models observed on Day 2 are not present on Day 16.

The absorption coefficient and index of refraction of the Asian and Caucasian donor tissue
models increase as the cells differentiate as shown in Figs. 2(a) and 2(b). However, the
absorption coefficient of the Black donor tissue model decreased from Day 2 to Day 16, while
the index of refraction remained approximately the same, increasing only, on average, by 2%.
The absorption coefficient and index of refraction of the Caucasian donor tissue model are
always the smallest as compared to those of the Asian or Black tissue types, with the largest
difference occurring in Day 2.

3.3 Extraction of double Debye parameters

It is widely accepted that the THz permittivity of biological tissues is described by a double
Debye model. To validate our results we simultaneously fitted the absorption coefficient and
index of refraction to a double Debye model using a nonlinear least-squares fit (see insets in
Figs. 1 (a)-(b) and Appendix 1 for details). Table 2 reports the dielectric relaxation parameters
(e, 6, €., 7,,and 7,) obtained for each skin tissue type for Day 2 and Day 16.

Table 2. Dielectric relaxation parameters from double Debye model

€ 2] €. T (ps) | T (ps)
Day2 | Asian 23 3.5 3.0 2.5 0.10
Black 78 42 2.8 9.0 0.07
Caucasian 27 2.3 2.0 7.0 0.07
Day 16 | Asian 88 6.0 3.5 10.5 0.11
Black 66 4.6 3.0 11.0 0.08
Caucasian 21 3.8 2.9 3.5 0.11

The dielectric relaxation parameters obtained for the Asian and the Caucasian donor tissue
types on Day 2 are, in general, lower than those obtained for Day 16, reflecting the changes in
the tissues as they differentiate. The parameters obtained for the Black donor tissue model on
Day 2 and Day 16 are comparable to each other, reflecting the small changes observed in the
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THz measurements. The parameters obtained for all three tissue types on both days are
comparable to those previously reported in the literature for human skin tissue [27,40].

3.4 Normalized percentage difference between donor types

In order to highlight and quantify the differences between the THz optical properties of the
three donor tissue types, we calculated the normalized percentage difference between Asian
and Black donor tissue models relative to the Caucasian donor tissue type and between the
Asian and Black donor tissue model for Days 2 and 16. The normalized percentage difference
between Asian and Black donor tissue models relative to the Caucasian donor tissue type was
X, i X c

calculated as % Diff. =100x , where X is either « or n, the subscript i represents the

C

Asian or the Black donor tissue model, the subscript C refers to the Caucasian donor tissue

model, and | | represents the absolute value. Similarly, for the normalized percentage
difference between the Asian and Black donor tissue model we calculated
XA -X B

% Diff.=100x , where the subscripts 4 and B represent the Asian and the Black

B
donor tissue model respectively.
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Fig. 3. Normalized percentage difference of the absorption coefficient (top) and index of
refraction (bottom) for (a) Day 2 and (b) Day 16.

In Fig. 3 it can be observed that the largest differences occur on Day 2, with differences of
up to 120% for the absorption coefficient at 1.4 THz and an average of (36.7 = 0.6) % for the
index of refraction of the Black donor tissue type relative to that of the Caucasian donor, gray
solid lines in Fig. 3(a). All averages are reported as (mean + SD). Note that the normalized
percentage difference in the index of refraction of all three tissue types is relatively flat across
the entire frequency range. The difference between the Asian and Caucasian donor tissue
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models’ absorption coefficient has an average value of (73.4 + 4.9) % while the normalized
percentage difference in the index of refraction is (26.4 £+ 0.5) %, black lines in Fig. 3(a). The
normalized percentage difference in the absorption coefficient of the Asian donor tissue
model relative to the Black donor tissue type remains below 12% throughout the entire
frequency range, with the largest difference occurring at 1.4 THz (dotted red line). On
average, the normalized percentage difference in the index of refraction of the Asian donor
tissue model relative to the Black donor tissue type is (7.5 + 0.5) %, dotted red line in Fig.
3(a) bottom panel. Note that the absorption coefficient and the index of refraction of the
Asian donor tissue model are smaller than those of the Black donor tissue type on Day 2, Fig.
2(a), therefore the normalized percentage differences for the absorption coefficient and the
index of refraction in Fig. 3(a) are negative.

On Day 16, the largest normalized percentage differences occur between the Asian and
Caucasian donor tissue types with differences, on average, of (61.2 £ 6.3) % for the
absorption coefficient and (21.7 £ 1.0) % for the index of refraction, black lines in Fig. 3(b).
In Fig. 3(b), it can be seen that the differences between the absorption coefficient and index of
refraction of the Asian and Black donor tissue types have average values of (39.1 £ 5.2) %
and (11.6 = 0.7) % respectively (dashed red lines), while those between the Black and
Caucasian donor tissue types are (15.9 £+ 1.9) % for the absorption coefficient and (9.1 + 0.4)
% for the index of refraction (gray lines).

4. Discussion

In this study we have measured the THz optical properties of three different skin donor tissue
models as the tissues differentiate and become more pigmented. We have shown that there are
significant differences in their optical properties when comparing across different donor
phenotypes (Asian, Black or Caucasian) and when comparing their developmental stage (Day
2 vs. Day 16). In order to confirm the validity of these observations, we extracted the
dielectric relaxation parameters from double Debye fits and found that they are comparable to
those previously reported for human skin. We compared the normalized percentage difference
in the absorption coefficient and in the index of refraction observed between the three skin
donor tissue models in Day 16 (>16% for the absorption coefficient and >9% for the index of
refraction) to those previously observed between human basal cell carcinoma and healthy
tissues (<20% for the absorption coefficient and <2.6% for the index of refraction) [7]. In
addition, we calculated the real and imaginary parts of the dielectric permittivity for each
donor tissue type (see Appendix 2, Fig. 4) and compared them to those for healthy tissue,
dysplastic and non-dysplastic skin nevi found in the literature [10,27,41]. In all cases our data
compared favorably to those studies, further supporting our results.

From comparing the THz optical properties between different skin donor models, it is
clear that there are significant differences in their optical properties in Day 2. These
differences are accentuated as the tissue differentiates and are more apparent on Day 16,
when the tissues more closely represent a fully developed epidermal tissue. Based on the
development process of skin tissue, Day 2 samples would exhibit very few melanosomes and,
correspondingly, very little melanin content. Therefore, we can infer that the differences in
the THz optical properties of the three tissue models at this time point are not a direct result of
the level of melanin present. By Day 16, the cells have differentiated, melanin has been
produced and transported within melanosomes to the keratinocytes. As expected, the Black
donor tissue model contains more melanin than either the Asian or the Caucasian donor tissue
models [37]. Surprisingly, the absorption coefficient and the index of refraction of the Black
donor tissue model are both smaller than those of the Asian donor tissue model. Therefore,
the measurements obtained on Day 16 support the conclusion that the melanin content is not
solely responsible for the differences in the THz optical properties of the three tissue models.

The absorption coefficient and index of refraction of the Asian and Caucasian donor tissue
types increased from Day 2 to Day 16. In contrast, the absorption coefficient of the Black
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donor tissue model decreased while the index of refraction increased very slightly. It is
known that dark skin contains more melanosomes than lighter skin, with the melanosomes
being larger and containing more melanin. We speculate that having a bigger number of
larger and darker melanosomes increases the scattering within the tissue, affecting the THz
transmission [42] and producing the counterintuitive results observed for the Black donor
tissue model.

There are other factors that influence the biomolecular structure of skins of different
ethnicities in addition to the size and number of melanosomes. Some of these factor are cell
density [43], amount and type of collagen [44], lipid content [45,46], protein concentration
[29,31], as well as type of melanin, melanosome shape and distribution [47,48]. All of these
factors may potentially affect the THz optical properties of skin to varying degrees and could
be responsible for the differences in the relaxation parameters obtained from the double
Debye fits [7]. Moreover, some of these factors change with age in different manners
depending on ethnicity and from one body part to another [31,46,49], further supporting the
need for studies to elucidate their contribution to the THz response of human skin for the
effective development of medical applications of THz light.

The skin donor tissue models used in this manuscript are from Asian, Black, and
Caucasian donors. A visual reference for the appearance of these different tissue models is
shown in Figs. 1 (b)-(d). However, these images do not provide an objective measure of the
degree of pigmentation of the tissue models measured. One way to objectively characterize
the color of the skin used in the dermatological community is to measure the luminosity L* of
a tissue, where the luminosity is the perceived brightness of an object by a human observer.
L* is also referred to as the lightness value in the CIELAB color space, where L* = 0 yields
black and L* = 100 indicates diffuse white [50,51]. In order to eliminate any artifacts due to
illumination conditions, measurements of the luminosity are performed by quantifying the
intensity of light reflected from the tissue using a spectrophotometer under daylight (D65)
standard illumination. The L* value has been found to be correlated to the product of the
melanocyte to epidermal cell ratio and the melanocytes’ melanin content [52]. The luminosity
of skins has been reported in [49] for African American as L*~43 and Caucasians as L*~63.
Our results suggest that future investigations into the THz spectroscopy of human skin should
include measurements of the luminosity or some other objective measurement of the skin
color in order to be able to compare across different studies effectively. Given recent
developments on the relationship between genetics and the diversity in human skin
pigmentation [53,54], moving away from ethnic descriptors is also advised.

The measurements performed in our study were done in transmission geometry. However,
our results can be transferred to measurements of tissue in reflection geometry. In particular,
when conducting THz studies on skin hydration for evaluating edema [55,56], researchers
should consider the differences observed in the values of the absorption coefficient of the
Asian donor skin tissue model versus that of the Caucasian donor given that the absorption
coefficient of the former is closer to that of water under the same conditions, resulting in
pulse broadening. In addition, when conducting THz imaging studies of skin, researchers
need to take into consideration that having a larger index of refraction, such as that observed
in the Asian donor tissue model as compared to the Caucasian donor tissue model, will result
in a stronger reflected signal and can impact the interpretation of their observations.

5. Conclusion

In summary, we used THz time domain spectroscopy to measure the THz optical properties
of in vitro pigmented human skin tissue models during melanogenesis. The absorption
coefficient and index of refraction obtained for all skin tissue models fall within the
acceptable range for pure collagen and water, and are comparable to those obtained in other
studies on human skin. For all skin tissue models studied, the results show that as the
frequency increases, the absorption coefficient increases while the index of refraction
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decreases, and there are no salient features. Our results support the notion that factors other
than melanin content may be contributing to the THz optical properties of the three different
skin tissue models studied. These factors are probably related to the differences in the
biomolecular structure of human skin of different ethnic origin. These observations highlight
the need for a better understanding of how THz radiation interacts with the biomolecular
structure of tissues. An increased understanding of the fundamental mechanisms governing
THz-human skin interactions is critical for the development of any type of effective medical
application of THz light.

Appendix 1. Fits to double Debye model

We wrote a program in Matlab to find the combination of dielectric relaxation
parameters ( ¢, ¢,,¢€,, 7,,and 7,) that best fit both the absorption coefficient and the index
of refraction obtained from the THz complex transmission spectra. In the double Debye
model, the dielectric permittivity function is given by Eq. (4)

£=6 , 6C

é(w)=¢€,+— = 4
(@)= I+ior, 1+ior, )

where ¢, is the high frequency limiting value, ¢, is the static dielectric constant, ¢, is an
intermediate frequency limit, 7, and 7, are time constants characterizing a slow and a fast

relaxation process respectively, and w is the angular frequency. In addition, we know that the
complex dielectric permittivity is related to the absorption coefficient and the index of

2
refraction by 6((0)26'(0))—1'6"(60)=|:n(a))—l'2i0!(a)):| . From this relationship we can
®

define the fitting functions as

1

:2_a) JRe(€) + Im(€)* —Re(€) 2

o (@) == 3 ()
and
JRe(€) +1Im(€)* +Re(€) %
ng (w) = (6)

2

where Re(;) is the real part and Im(;) is the imaginary part of Eq. (4). The best fit was
chosen as to minimize the sum of squares of the residuals given by

SSR = i[(% ~ )+, )2} v

where ¢, (n, ) is the i-th absorption coefficient (index of refraction) data point obtained from
the complex transmission spectra, ¢, and n,  are the corresponding data points obtained

from the fit, and m is the number of data points in the data set. Figure 4 shows the results of
the best fits which result in the parameters presented in Table 2 together with the
corresponding measurements of the absorption coefficient and index of refraction.
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Fig. 4. Absorption coefficient (top) and index of refraction (bottom) obtained from the
complex transmission spectra (dashed lines) and the double Debye model (solid lines) for (a)
Day 2 and (b) Day 16.

Appendix 2. Calculations of dielectric permittivity function

We used the absorption coefficient and the index of refraction obtained from the THz
complex transmission spectra to calculate the real and imaginary parts of the complex

dielectric permittivity as e(@)=c (w)—ic (@) where the real part is given by
2
€ (w) = n(w)’ —(%) a(w)’ and the imaginary part by f"(a))z(i)a(a))n(a)). Figures
1) ®

5(a) and 5(b) show plots of the real and imaginary parts of the dielectric permittivity as a
function of frequency for the three donor tissue types on Day 16 while Fig. 5(c) is a Cole-
Cole diagram. From Fig. 5 it can be seen that, both, the real and imaginary parts of the
dielectric permittivity decrease monotonically as a function of frequency and have no salient
features between 0.4 and 1.4 THz. The real part of the dielectric permittivity ranges from 3.2
to 5.8 while the imaginary part is found between 1 and 4. The range of values reported for the
real part of the dielectric permittivity of normal, healthy tissues in reference [10] are 2.5 to
3.5 between 0.3 and 1 THz, while those reported in reference [41] are 3.6 to 5.8 between 0.3
and 3 THz. The range of values reported for the imaginary part of the dielectric permittivity
of normal, healthy tissues in reference [10] are 1 to 3.5 between 0.3 and 1 THz, and 2 to 4.1
between 0.3 and 3 THz in reference [41]. Our data compares favorably to those studies.
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Fig. 5. Complex dielectric permittivity of the three tissue models. (a) Real and (b) imaginary
parts. (¢) Cole-Cole diagram.
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