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Abstract. Although numerous studies have been performed to fabricate various optical tissue phantom (OTP)
models, the fabrication of OTPs that simulate skin layers is laborious and time-consuming owing to the intricate
characteristics of skin tissue. This study presents various OTP models that optically and structurally simulate the
epidermis—dermis skin layer. The spin-coating method was employed to reproduce a uniform thin layer that
mimics the epidermis layer, and the fabrication parameters were optimized for epoxy and silicone reference
materials. Various OTP models simulating blood vessels and hyperpigmentation lesions were fabricated
using the two reference materials to determine their feasibility. The suitability of each of the two reference mate-
rials for OTP fabrication was qualitatively evaluated by comparing the quality of the OTP models. © 2016 Society of

Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.21.6.065008]

Keywords: optical tissue phantom; thin layer; spin-coating method; skin.
Paper 150850RR received Dec. 19, 2015; accepted for publication Jun. 13, 2016; published online Jun. 29, 2016.

1 Introduction

Various optical tissue phantoms (OTPs) that simulate the geo-
metric structures and optical properties of biological tissues
have been developed and widely used for therapeutic and diag-
nostic purposes in biomedical optics over the past two
decades.!”” Human skin tissue is mainly divided into three
layers—the epidermis, dermis, and subcutaneous layer—each
with different optical properties and thicknesses.® Although
various OTP fabrication methods have been studied,”'> an
OTP that mimics skin layers has not yet been achieved
owing to the intricate optical properties of skin, which are de-
pendent upon the wavelength and the structural inhomogeneity.

To fabricate an OTP that mimics skin tissue, the following
must be considered:'* (1) the optical properties of dominant
chromospheres such as hemoglobin and melanin,'* (2) the scat-
tering caused by the different refractive indices of tissue com-
ponents,’> and (3) the geometry of blood vessels'® and
pigmented skin lesions.”!” In this study, Indian ink and titanium
dioxide (TiO,), which are commonly used in OTP studies,'®>!
were chosen as absorber and scatterer, respectively. Absorption
and reduced scattering coefficients were derived as a function of
the concentrations of these materials to fabricate an OTP mim-
icking the optical properties of skin at 785 nm.

The epidermis, in particular, is considered the most difficult
layer to fabricate because of its microscale thickness. Despite
this, various methods?>> have been proposed to fabricate a
thin epidermis layer. A previous study demonstrated the fea-
sibility of the spin-coating method (SCM) in the fabrication
of a thin-layer OTP with epoxy,”® and other studies®?’ have
introduced silicone OTPs consisting of thin films with better
quality. In this study, the SCM was used to mimic the epidermis
layer with both epoxy and silicone and their outcomes were
compared.

*Address all correspondence to: Byungjo Jung, E-mail: bjung@yonsei.ac.kr
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To investigate the reliability and objectivity of the resulting
OTP, the optical properties of each OTP layer were assessed
with a double-integrating sphere system and inverse adding-
doubling (IAD) program. In addition, the thickness of each
layer was measured with a digital Vernier caliper and cross-
sectional images. Epidermis—dermis structure-based OTPs
simulating blood vessels and pigmented skin disorders were fab-
ricated to demonstrate their practical effectiveness. Although
their optical properties were only assessed at a single wave-
length, we present feasible OTPs that can be used in optical
diagnostics and therapies, which are based on a single wave-
length, such as laser-based techniques.

2 Materials and Methods

2.1 Preparation for Optical Tissue Phantom
Fabrication

2.1.1 Epidermis-dermis layer

The epidermis and dermis layers limit light propagation in skin
tissue. Light may be propagated only a few millimeters in skin
tissue because of the light scattering and absorption properties in
both of these skin layers. For this reason, the subcutaneous fat
layer was not considered in this study, although, it plays an
important role physiologically. An OTP of the epidermis—dermis
layer was designed by considering both the optical properties
and thickness as detailed in previous studies®*™!' as shown in
Table 1.

2.1.2 Material selection

Black Indian ink (951 Black Indian ink, Winsor & Newton,
France) and the anatase form of TiO, (T0407, Samchun
Chemical, Korea) were chosen to mimic the absorption
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Table 1 Predetermined characteristics of real tissues for fabrication
of OTPs.

Optical property at 785 nm

Reduced
i Absorption  scattering )
Tissue coefficient  coefficient ~ Thickness
components (1/mm) (1/mm) (mm) Remarks
Epidermis 0.18 3.70 0.10 Fabricated
by SCM
Dermis 0.12 2.30 2.00 Fabricated
by petri dish
molding
Blood — — — Silicone tube
vessel located at
2-mm depth
Blood — — — Porcine blood
Pigment 1.6 — 10.00 Indian ink
(1% melanin) and epoxy

coefficient and reduced scattering coefficient, respectively, of
each skin layer at 785 nm. Sample OTPs were prepared with
five different concentrations of Indian ink and TiO, for optical
property measurement: 200, 400, 600, 800, and 1000 mg of
Indian ink and 100, 200, 300, 400, and 500 mg of TiO, in
100 mL of epoxy or silicone. Next, the correlation between
the optical properties of the sample OTPs and the concentrations
of the materials was derived.

A transparent silicone tube (T05*1.0, HSW, Korea) with an
inner diameter of 0.5 mm and an outer diameter of 1 mm was
used to mimic blood vessel structures in the skin tissue. The
optical properties of the tube were not assessed, however,
because the optical properties of the dermis layer include
those of the dermal components, including blood vessels.

Pigmentation OTP model was prepared to be 2.5 cm in
diameter and 1 cm in thickness to mimic a hyperpigmented
melanin lesion by mixing epoxy and Indian ink. The absorp-
tion coefficient of the melanin lesion was determined to be
1.6 mm~!, which is the same as that of a 1% concentration
of melanin.”

2.1.3 Spin-coating method

A spin coater (ACE-200, Dong Ah Trade Corp., Korea) was
used to produce a thin, 100-xm layer. The coating thickness pro-
duced by the SCM was investigated as a function of spin speed
for both epoxy and silicone reference materials. In this experi-
ment, the acceleration time was 5 s and the coating duration was
60 s for both reference materials. The epoxy mixture was hard-
ened at room temperature for 4 h to increase the viscosity of spin
coating, while the silicone mixture was coated immediately after
being prepared.

Each reference material was coated three times at 1400,
1800, 2200, 2600, and 3000 rpm, and then five points on
each sample were randomly selected for thickness measurement,
with cross-sectional images captured by a digital microscope
(KH-7700, HIROX, Japan).
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2.2 Fabrication of Optical Tissue Phantoms
2.2.1 Preparation of optical tissue phantom mixture

Figure 1 shows the procedure for the fabrication of the OTP for
the epidermis—dermis layer. For the epoxy OTP, Indian ink and
TiO, were added to pure epoxy (KE-300NS, KPS, Korea) and
then homogenized for 5 min. The mixture, heated by ultrasound
energy, was cooled down to room temperature to ensure optical
and chemical stability and was then subsequently mixed with a
hardener (KH-700NS) in a 3:1 volume ratio.

The silicone OTP was prepared using the same procedure
except that the Indian ink and TiO, were added to the hardener
(CAT-RG, SinEtsu, Japan) first, rather than adding them to the
pure silicone (KE-1606). This is because silicone is easily dam-
aged by ultrasound energy during homogenization. The silicone
and hardener were mixed in a 9:1 volume ratio.

2.2.2 Double-layer optical tissue phantom

The dermis OTP mixture was poured into a Petri dish, and then
degassing was performed at room temperature until all gasses
were removed. A vacuum chamber was used to degas the sili-
cone OTP mixture, which had relatively more air bubbles. After
curing in an incubator for 3 h at 55°C, the bottom of the dermis
OTP was used for epidermal spin coating.

2.2.3 Blood vessel optical tissue phantom

The epidermis—dermis OTP included a silicone tube array to
simulate blood vessel structure in skin layers and blood circu-
lation. The tubing was placed 2 mm above the bottom of the
petri dish mold and then sealed with glue. Silicone, which
has a low viscosity in the liquid state and high elasticity in
the cured state, was used to complement the material properties
of the silicone tube. The OTP mixture for the dermis was poured
into the mold up to a height of 2 mm. After degassing, the OTP
was cured in an incubator for 3 h at 55°C. The epidermal OTP
mixture was spin coated to the flat bottom of the cured dermal
blood vessel OTP.

2.2.4 Pigmentation optical tissue phantom

OTP mimicking pigmentation skin lesions was fabricated using
epoxy as a reference material, which minimizes air bubbles cre-
ated during fabrication of the thick sample. Thin wires were
used to fix three cylindrical rod pigmentation models at heights
of 1, 2, and 3 mm from the bottom of the Petri dish to simulate
pigmentation skin lesions at different depths. Dermal OTP mix-
ture was poured over these (up to a height of ~1 cm) to fix the
three rod pigmentation models and then was cured for 6 h at 55°
C. Finally, the thin wires were removed, and spin coating was
used to add the epidermal OTP layer.

2.3 Characterization of Optical Tissue Phantoms
2.3.1 Measurement of optical properties

A double-integrating sphere system and Prahl’s IAD method*>*
were used to assess the optical properties of the OTPs and to
compare them with the predetermined values at a wavelength
of 785 nm, as shown in Fig. 2. A broadband halogen lamp
(HL-2000, Ocean Optics) was used as a light source and
guided to one of the double-integrating spheres (AvaSphere-
30, Avantes, Netherlands), which had an inner diameter of
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Fig. 1 Procedure for fabrication of double-layer OTP.
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Fig. 2 Double-integrating sphere system and flowchart for derivation of absorption and reduced scatter-

ing coefficients from IAD program.
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30 mm, a 6-mm sample port, and a baffle between ports. The
measurement ports of the two integrating spheres were guided to
a spectrometer (USB4000, Ocean Optics) through an optical
fiber (FC-IR400-2, Avantes, Netherlands) with a diameter of
400 pm. Three samples were prepared for each measurement,
and five measurement points were randomly selected per sam-
ple. Total reflectance (M) and transmittance (M) were calcu-
lated based on measured values and used in the IAD program
along with the anisotropy factor (g value), which was experi-
mentally determined.**

2.3.2 Thickness measurements

Cross-sectional images of the epidermis—dermis OTP were
obtained using digital microscopic and optical coherence tomo-
graphic (OCT; OCP930SR, Thorlabs) imaging modalities. The
thickness of the dermis layer was determined with a digital
Vernier caliper and that of the epidermis layer was determined
with the cross-sectional image obtained from the digital micro-
scope. Five measurement points on the OTP were randomly
selected, and average values were calculated.

2.3.3 Laser speckle contrast imaging for blood vessel
optical tissue phantom

The surface image of the blood vessel OTP was captured with a
near-infrared (NIR) camera (Manta G-145B, Allied Vision
Technologies GmbH, Germany). The laser speckle contrast im-
aging modality, which is a powerful tool for full-field imaging of
blood flow,® was used to demonstrate the functional perfor-
mance of the blood vessel OTP. The ends of the silicone tube
were connected to a peristaltic pump (PP-150D, Poong Lim,
Korea) and then porcine blood, which was obtained at an abat-
toir and archived in heparin-coated tubes (BD Vacutainer, BD),
was circulated at 60 rpm to simulate blood flow in the blood
vessel. Thirty laser speckle images were captured with a 785-nm
diode laser (L785P090, Thorlabs), and then the laser speckle
contrast index of each image was calculated and averaged
using MATLAB, as previously described.*® The scale of the
index ranged from 0.27 to 0.47 of the maximum laser speckle
contrast.

2.3.4 Intensity profile of pigmentation optical tissue
phantom

A surface image of the pigmentation OTP was obtained with a
cross-polarization system (MAG Vision-2000, Optobiomed,
Korea), consisting of polarizers, ring light LEDs, and a digital
single-lens reflex camera (500D, Canon, Japan), in order to

2
1 « With epoxy = With silicone
1 Epoxy fit — Silicone fit.
4
s 0.8
Q
2 06
g 0.4
=
0.2 %
0
2 4 6 8 10
(a) Concetration of Indian ink (mg/mL)

identify contrast differences between skin pigmentation lesions
at different depths. The image intensity profile was obtained
along the center of the OTP image and was plotted in grayscale.

3 Results

3.1 Characteristics of Materials

As shown in Fig. 3, the absorption coefficient (y,) of Indian ink
and reduced scattering coefficient (i) of TiO, were calculated
as a function of the concentration of the reference materials from
a linear equation derived by regression analysis as follows:

Ha_epoxy = 0-073¢ink, 1)
1! epoy = 0.628¢ri0, + 0.266, 2)
and

Ha_siticone = 0.087 i, 3)
1! pony = 0.852¢r;0, + 0.184, @)

where cip and crio, represent the weight of the ink and TiO, in
1 mL of reference materials. Using the above equations, the con-
centrations of Indian ink and TiO, in each OTP layer were deter-
mined, as shown in Table 2.

3.2 Coating Thickness as a Function of Material
and Spin-Coating Speed

We observed some variation in coating thickness as a function of
spin-coating speed for the epoxy and silicone reference materi-
als (Fig. 4). Silicone was more suitable for SCM in terms of
coating uniformity. Figure 5 shows the surface and cross-sec-
tional OCT images of single-layer epoxy and silicone OTPs
coated on the surface of the Petri dish. While the silicone
OTP exhibited a flat and uniform coating layer, the epoxy
OTP contained some holes and cracks in the coat. For creation
of the 100-um epidermal layer, spin speeds of 3000 and
2200 rpm were optimal for epoxy and silicone, respectively
(Table 2).

3.3 Optical Properties of Optical Tissue Phantom

Measurements of the optical properties of epoxy and silicone
OTPs (Table 2) demonstrated that measured absorption and
reduced scattering coefficients were close to the expected values
(within 10%). This indicates that the OTP mixture was fully
homogenized and exhibited precise concentrations of materials.

* With epoxy = With silicone

] Epoxy fit. ~ — Silicone fit.
0 4
Q
53
on
g A
E 3
2
i
2 2
=
o
2
£ 1
~

0 = -

0 1 2 3 4 5

(b) Concentration of TiO2 (mg/mL)

Fig. 3 Absorption and reduced scattering coefficients as a function of Indian ink and TiO, concentration.
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Table 2 Measured optical properties and thicknesses of OTPs.

Measured optical property at 785 nm

Reference materials of tissue Absorption Reduced scattering Thickness (mm)
layer coefficient (mm=") (cik) coefficient (mm~1) (crio,) (Spin speed)
Epoxy Epidermis 0.19 (+0.03) (2.5 mg/mL) 3.87 (£0.29) (5.5 mg/mL) 0.10 (2800 rpm)
Dermis 0.14 (+0.03) (1.6 mg/mL) 2.38 (+0.18) (3.2 mg/mL) 2.00
Silicone Epidermis 0.20 (+0.01) (2.1 mg/mL) 3.63 (£0.27) (4.1 mg/mL) 0.91 (2200 rpm)
Dermis 0.11 (+0.03) (1.4 mg/mL) 2.50 (+0.25) (2.5 mg/mL) 2.00
500 This may be because optical properties were only assessed at
450 755?3“ 785 nm. In terms of thickness, however, both OCT and micro-
400 scope images show that the measured thicknesses are similar
) 350 to the desired values, with uniform coating at the microscale.
3 300 Although the epoxy OTP exhibited less uniformity than sili-
2 250 cone with some pores and cracks, cross-sectional images
% 200 show mostly flat and uniform coating layers for both reference
2 150 materials.
a - The average epidermal thicknesses of epoxy and silicone
5 OTPs were 0.108 (£0.018) mm and 0.097 (£0.009) mm,
0 respectively, and the average dermal thicknesses were 2.10
1400 1800 2200 2600 3000 (£0.09) mm and 1.89 (£0.17) mm, respectively.
Spin speed (rpm)

Fig. 4 Variation in coating thickness due to materials and spin coating
speeds.

(b)

(d)

Fig. 5 Spin-coated thin-layer OTPs: (a) surface image and (b) OCT
image of epoxy OTP; (c) surface image and (d) OCT image of silicone
OTP.

3.4 Cross-Sectional Images of Optical Tissue
Phantom

Cross-sectional images of OTPs acquired using the OCT
(Fig. 5), and the digital microscope (Fig. 6) show that there
are some differences between epoxy and silicone OTPs, such
as differences in color and scattering signal in the OCT images.

3.5 Assessment of Optical Tissue Phantom Models

The laser speckle contrast image (LSCI) showed that blood
flow in the silicone tube exhibited a higher speckle contrast
index than the surrounding epidermal-dermal OTP, as shown
in Fig. 7. Although the LSCI reflected a laser speckle contrast
index of only 60 rpm, we confirmed that the total level of the
speckle index was proportional to the velocity of the flow.

We captured a cross-polarization image of the pigmentation
OTP and determined the intensity profile along the center of the
image (Fig. 8). The cross-polarization image demonstrated that
the deeper the pigmentation model was located, the more
shadow was blurred. The intensity profile indicates that deeper
pigmentation models exhibited lower intensities and, therefore,
higher scattering.

4 Discussion

Fabrication of OTPs mimicking the thickness and optical prop-
erties of the skin has been previously regarded as complicated
and time-consuming. This study endeavored to fabricate a thin-
layer OTP using SCM to simulate an epidermis—dermis skin
layer, which is difficult to mimic. We presented not only this
thin-layer OTP but also various other OTP models and opti-
mized the fabrication parameters for two reference materials,
silicone and epoxy.

Although an OTP consisting of Indian ink and TiO, cannot
simulate the optical spectrum of skin tissue, mimicking the opti-
cal properties of skin at a single wavelength can be useful for
laser-based applications, such as laser speckle imaging and laser
propagation in skin. Future studies using laser speckle image
analysis and vein detection techniques to analyze a blood vessel
OTP will be performed to verify the effectiveness of the OTPs
presented here.

Although silicone, with its relatively high viscosity, was
more suitable for SCM, epoxy was also found to be feasible
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(d) (e)

Fig. 6 Double-layer OTPs mimicking the epidermis—dermis structure: (a) surface image, (b) OCT image,
and (c) digital microscope image of epoxy OTP; (d) surface image, (e) OCT image, and (f) digital micro-

scope image of silicone OTP.

(a)

(b)

Fig. 7 Blood vessel OTP: (a) NIR image captured by an NIR camera under NIR light (uniform ring light
LED) and (b) LSCI, in which porcine blood was circulated through a silicone tube with a peristaltic pump.

260

(@)

Pixel intensity

80

I-mm depth

2-mm depth
VoM o
3-mm depth

Center axis

(b)

Fig. 8 Pigmentation OTP: (a) cross-polarization image and (b) intensity profile along the center of the
cross-polarization image showing the relative depth of the pigmentation OTP, in which greater pixel inten-

sity indicates a more shallow depth.

for OTP fabrication and presents the additional benefits of a sim-
ple manufacturing procedure, low cost, and frequent use in
other OTP studies. In attempting to improve the coating quality
of an epoxy with relatively low viscosity, we found that the vis-
cosity of the epoxy solution tends to increase during the hard-
ening process. Although we attempted to control the viscosity
with hardening time to improve the spin coating results, the
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cross-polarization surface images of OTPs show that the coating
quality of silicone was still higher than that of epoxy. Excessive
increases in the viscosity and hardening of the medium may
obstruct the natural degassing process and ultimately generate
holes and cracks in the surface of the OTP. The OTP fabrication
process is simpler with silicone because of its high viscosity at
room temperature. However, its stickiness and high viscosity in

June 2016 « Vol. 21(6)



Park et al.: Fabrication of various optical tissue phantoms by the spin-coating method

the liquid state obstruct homogenization and make handling and
quantification difficult. In contrast, epoxy is easier to handle and
quantify because of its low viscosity in the liquid state and low
mixture ratio, and, unlike silicone, it is rarely necessary to use a
vacuum pump for degassing.

The spin coating parameters used in this experiment, such as
acceleration time and coating duration for each coating material,
were empirically predetermined. We found that the effect of
increasing the viscosity of the epoxy on the coating quality
was dependent on the acceleration time, as not using the appro-
priate acceleration time for the reference materials commonly
causes spin coating defects. Though we did not find a correla-
tion between acceleration time and coating quality, a coating
duration of more than 40 s was generally required to spread
the material sufficiently and uniformly.

In this study, silicone and epoxy were used to fabricate OTP
models mimicking blood vessels and pigmentation skin lesions,
respectively. Silicone was chosen for use in the blood vessel
OTP because of the similarities between the elasticity and opti-
cal characteristics of the silicone tube. LSCI was used to assess
the performance of the blood vessel OTP, and the range of the
laser speckle contrast index was configured at 0.27 to 0.47 to
maximize the laser speckle contrast, although the original
LSCI exhibited enough image contrast. We confirmed that, as
expected, the laser speckle contrast was higher around the sil-
icone tube than the surrounding region. In addition, the total
laser speckle contrast index was proportional to the speed of
the blood flow, demonstrating the ability of the blood vessel
OTP to simulate simple blood circulation.

For the pigmentation OTP, epoxy was used as a reference
material due to its low viscosity as a liquid and stiffness as a
solid. Such characteristics were useful in making the three
small OTP pigmentation models and in removing the air bubbles
between the pigmentation models and the dermal OTP mixture.
Although the pigmentation OTP was thicker (~1 cm) than the
other OTPs, this was necessary for fixation of the pigmentation
models after removal of the thin wires. Cross-polarization im-
aging was used to obtain a clear image contrast between the
three pigmentation models and the surrounding region, followed
by black-white reversal in grayscale to visualize the result. The
relative depth of the pigmentation model can be inferred from its
image contrast of pigmentation OTP. Analysis of cross-polari-
zation images and grayscale intensity profile may, therefore, be
useful in evaluating the depth and geometry of pigmenta-
tion OTPs.

Given our findings on the relative advantages and disadvan-
tages of the epoxy and silicone reference materials in simulating
human skin tissue using SCM, we conclude that in some cases,
silicone may be the more suitable material for OTP fabrication,
while in other cases, epoxy may be more appropriate. Our
results provide a foundation for further study of the fabrication
of OTPs for biomedical optics applications.
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