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Analysis of dermal composite conditions
using collagen absorption characteristics in
the THz range
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Abstract: The absorption characteristics of the dermis were reviewed in the terahertz range
from 0.2 to 2 THz. The absorption magnitude of the dermis was higher than that of the
epidermis model owing to the inclusion of collagen fibers. The heat denaturation of the
collagen and the decrease of water content in the dermis caused a decrease in the absorption
magnitude of the dermis. We verified that the absorption magnitude of collagen sheets at 1
THz similarly decreased by nearly 43% upon the heat treatment at approximately 70° C.
When the heat-treated sheet was used as a scaffold for cell culture, the average growth rate of
the fibroblast increased. These findings suggest that variation in the ability of cell growth in
the dermis can be predicted using the absorption of the collagen or the difference between the
absorptions of dermis and water.
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1. Introduction

Nondestructive testing using terahertz waves with frequencies from 0.1 to 10 THz is an
emerging technology in science and industry for evaluating the properties of a material or
component [1, 2]. Differences in the properties such as crystallinity and the interaction
between large molecules can be analyzed from a fingerprint spectrum, which is a specific
characteristic of each substance in the terahertz band. The fingerprint spectra of various
substances have therefore been investigated and collected to establish the spectral database.

In the biological field, the technologies have been used for distinguishing between normal
and cancer [3] or burned tissues [4], and for the evaluation of biological molecules [5].
Recently, in vivo studies on the nondestructive testing of surface tissues such as skin and eyes
have been conducted with the development of terahertz time-domain spectrometers [6, 7].
The terahertz time-domain spectrometers have also been compared [8] and their testing
accuracy has been improved. Furthermore, the investigation of the dominant factors affecting
the spectra in biological samples [9] and the collection of the spectral data are in progress
[10].

Dermis is a representative tissue where environmental exposure, for example, chemical
and electromagnetic fields, occurs. Therefore, the state of the dermis, i.e., normal and
abnormal conditions, is important measure of the effects of environmental exposure. When
we employ the dermis models or the cultured dermal-cell tissues used for the evaluation of
environmental exposure, we must evaluate the sample using various parameters such as water
content, collagen state, and cell growth rate to verify the variation in the biological state of the
samples used. Although there are some evaluation methods for each condition [11-14], there
are few studies to investigate the complex relationship among the conditions, or the
separation of the plural conditions from the composite data as described below, to the best of
the authors’ knowledge. As we mentioned above, terahertz spectroscopy allows us to observe
the higher-order structure of biological tissues or complex interactions between large
molecules, which may be a measure of the composite conditions in dermal samples [15].
Furthermore, water content can be analyzed from absorption attributed to the dielectric
relaxation of water at low frequencies. If terahertz spectroscopy can analyze water content
and collagen conditions separated from dermal composite condition, and can predict a
biological activity, such as the ability of cell growth, the spectroscopic method would be more
useful for evaluating the samples used in environmental exposure studies.

Therefore, in this study, we systematically characterize the absorption properties in the
THz range under normal and abnormal (here, heated) dermis conditions while considering
absorption factors such as water and collagen. Furthermore, we characterize the absorption
properties in THz range of the collagen sheets that were used as the scaffold of the dermis
cells. Then we evaluate the relationship between the collagen and the growth rate of the cells.
The results suggest that we can distinguish variations in the cell growth ability from the
terahertz absorption of collagen before cell growth.
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2. Measurement samples and systems

Dermis samples were cut from the lower reticular layer of a frozen porcine skin block. The
thicknesses of the samples were from 200 to 350 um, and the diameter of the samples was
approximately 3 mm. The thickness of each sample was measured with a micrometer. The
undried samples were used for measuring absorption spectra at room temperature
(approximately 25°C). When analyzing the heat damage, some dermis samples were heated to
50-70°C for approximately 1 to 2 min inside two quartz glasses with a silicone spacer before
the absorption measurement. The measurement data were acquired at a relative humidity of
approximately 30-40%, and included the effect of water evaporation changed by the
humidity.

We also prepared an epidermis model, i.e., epidermis cells incubated for 13 days with
multiple layers (Epi-model, LabCyte) and collagen sheets with thickness of approximately 5
um (Collagen Vitrigel VIT-C001, Asahi Glass Co., Ltd.). To consider the absorption
properties of the collagen included in the dermis, the collagen sheets were soaked in 100 pl of
phosphate-buffered saline (PBS) in a dish and heated to 37, 50, 65, or 70°C in a water bath
for 7 (or 2) min. The heated collagen sheets were then naturally dried. The absorption spectra
of the prepared samples were measured in the band from 0.2 to 2 THz using a transmission
terahertz time-domain spectrometer (Rayfact SpecTera RS-01020, Tochigi Nikon).

In addition, we investigated the relationship between the heat denaturation of the collagen
and the cell growth of fibroblasts (NBIRGB, RIKEN BRC). The collagen sheets were set into
wells of a 96-well microplate. The cells were seeded at 4,000 cells per well on the 96-well
microplates and incubated in minimum essential medium (MEM) a with GlutaMAX (Thermo
Fisher Scientific Inc.) and 10% fetal bovine serum (FBS, Thermo Fisher Scientific Inc.) at
37°C in a 100% humidified 5% CO, atmosphere. After incubation for 3 days, an MTT
viability assay [13, 14] was performed. 20 pl of assay reagent (CellTiter 96, Promega Co.)
was added to the wells of the 96-well microplate with cells, followed by incubation for 2 h to
record the absorbance at 490 nm using a microplate reader (iMark, Bio-Rad Laboratories).
The magnitude of the absorbance corresponds to cell viability.

3. Measurement results

We firstly measured the absorption coefficients of the epidermis model and the dermis. As
shown in Fig. 1, the absorption of the dermis was higher than that of the epidermis model,
especially at frequencies higher than 0.3 THz. We fitted a curve of liquid water spectrum [16]
multiplied by fitting coefficient (variable) to the data at frequencies from 0.2 to 0.3 THz. The
fitting coefficients were determined by a least squares method. The fitting coefficients of the
epidermis model and dermis were 0.6 and 0.67, respectively. Those coefficients were close to
the weight ratios of water to the tissues (approximately 60—75%), which were measured using
samples cultured on the same plate or cut from the same block. Because the spectral shape of
the sample including water is affected by the fast relaxation of water molecules [17], the
fitting coefficients were used as indices indicating the water content of the dermis samples in
this study. The absorption magnitude of the epidermis model agreed with that of 60% liquid
water, whereas the absorption magnitude of the dermis disagreed with that of 67% water at
higher frequencies. The result of the epidermis model agreed with that of the porcine
epidermis [18] regardless of the tissue level. At higher frequencies, the absorption of proteins
such as collagen can be observed [19]. The epidermis and dermis mainly include keratin and
collagen, respectively. The absorption magnitudes of the protein depend on the kind, content,
and hydration state of the proteins. The absorption spectrum of a cell is similar to that of
water, even though there is a difference owing to hydration [20]. We considered that the
collagen caused the large absorption in the dermis, because more than 70% of the dry weight
of a normal dermis consists of collagen, and collagen has hydrophobic bonding; there is little
suppression of molecular vibration by hydration.
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Fig. 1. Absorption coefficient spectra of the epidermis model and dermis. The absorption
coefficients of 67% and 60% water were calculated from that of 100% bulk water.

To verify the dependence of the spectral variation on the change in the collagen structure
(from collagen to gelatin) in the dermis, we examined the absorption of dermis samples
unheated and temporarily heated to 50-70°C. The denaturation temperature of porcine skin is
approximately 66°C. The temperature and heating time were changed in order to investigate
the dependence on the conditions. Figure 2 shows the relationship between the absorption
coefficient of unheated or heated dermis at 0.5 THz and the fitting coefficient mentioned
above. The absorption of the dermis decreased with the heat treatment including water
evaporation. Furthermore, the difference in absorption values between the dermis and water
was reduced by approximately 68% by the heating and drying. Similarly, we examined the
absorption of collagen sheets temporarily heated to 37, 50, 65, or 70°C in a water bath for 7
(or 2) min. The time of the 65°C heating was 2 min to obtain intermediate data between those
of 50 and 70°C. The absorbance of collagen without water in the whole frequency range
decreased at heat treatment temperatures above 65°C, as shown in Fig. 3. We measured
absorbance here because it is difficult to precisely measure thin sheet thickness d to calculate
absorption coefficient a. The absorbance is nearly equal to adlog;oe. The collagen fiber has a
broad absorption with a peak at around 3 THz [19]. We therefore considered that the
absorption magnitude decreased owing to the denaturation of collagen (disorder of the triple
helical structure with a larger dipole moment). It is important to note that the absorption
change of the heated and dried dermis includes the effect of the hydration in the denaturated
parts owing to the breaking of hydrophobic interactions between collagen molecules.
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Fig. 2. Relationship between the water content and the absorption coefficient of the unheated
or heated dermis at 0.5 THz. Absorption coefficients of water were calculated by multiplying
the absorption coefficients of bulk water by fitting coefficients (water content rate).

On the basis of the above-mentioned results, we investigated the relationship between the
collagen absorption and the growth ability of fibroblast cells on the collagen by MTT viability
assay. A fibroblast is a type of cell that synthesizes an extracellular matrix, such as that of
collagen, depending on the situation in the dermis. The cellular growth rate, therefore,
strongly depends on the collagen state in the dermis. For the cell culture, we used the collagen
sheets heat-treated before cell seeding as a scaffold, whose absorption properties were
checked as described above. In the MTT viability assay, the absorbance data were recorded
after incubating the cells with the assay reagent for 2 h. Figure 4 shows the absorbance of the
assay reagent at 490 nm, which indicate cell viability, and the absorbance of the heat-treated
collagen sheets at 1 THz. The absorbance data were acquired four times for each
measurement. The inset shows the correlation between cell viability and THz absorption of
the collagen sheet with the square of the correlation coefficient R%. We found that the average
absorbance of the collagen sheets was slightly larger at treatment temperature of 50°C with a
large standard deviation. Low-temperature heat treatment had the possibility of changing the
collagen orientation. The 65°C and 70°C heating caused reductions of approximately 15%
and 43% in the absorbance of the collagen sheet, respectively. In comparison with the average
growth rate of fibroblasts (the absorbance at 490 nm in the MTT assay), the temperature
dependence seemed to be opposite. R* was approximately 0.72. This suggests that the
terahertz absorption of collagen is related to the growth of fibroblast cells, which generally
exist in dermis. Therefore, we considered that we can predict future fibroblast growth rate
variation (or the regeneration conditions) in cultured dermal-cell tissue and the dermis model
using the absorption of collagen and the difference between the absorptions of the dermis
sample and water, respectively, as shown in Fig. 2.
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Fig. 3. Absorbance spectra of the collagen sheets temporarily heated to 37, 50, 65, or 70°C.
The error bars show the standard deviation of four measurements.
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Fig. 4. Relationship between the absorbance values of the collagen sheets temporarily heated
to 37, 50, 65, or 70°C before cell seeding at 1 THz and the absorbance of MTT reagent at 490
nm, which indicate the viability of cells grown on each heat-treated sheet. The error bars show
the standard deviation of four measurements. Inset shows the correlation between the
al;sorptions of collagen sheet and MTT reagent with the square of the correlation coefficient
R

4. Summary

The absorption spectra of the epidermis model and dermis were reviewed in the terahertz
band. The absorption of the dermis was determined mainly from those of water and collagen.
We quantitatively verified that the heat denaturation of the collagen was related to the
decrease in absorption of the dermis and also the growth rate of the fibroblasts grown on the
collagen. The possibility of clearly distinguishing the present and future conditions of the
dermis on the basis of the collagen absorption property in the tissue by terahertz spectroscopy
was shown. The analysis method is also useful for evaluating the effects of environmental
exposure.
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