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Abstract. Solid optical tissue phantoms (OTPs) have been widely used for many purposes. This study introduces a
spin-coating method (SCM) to fabricate a thin-layer solid OTP (TSOTP) with epidermal thickness. TSOTPs are fab-
ricated by controlling the spin speed (250 to 2500 rpm), absorber concentration (0.2% to 1.0%), and the number of
layers. The results show that the thicknesses of the TSOTPs are homogeneous in the region of interest. The one-layer
TSOTP achieves maximum and minimum thicknesses of 65 + 0.28 um (250 rpm) and 5.1 £ 0.17 um (2500 rpm),
respectively, decreasing exponentially as a function of the spin speed. The thicknesses of the multilayer TSOTPs
increases as a function of the number of layers and are correlated strongly with the spin speed (R? > 0.95). The
concentration of the OTP mixture does not directly affect the thickness of the TSOTP; however, the absorption
coefficients exponentially increase as a function of absorber concentration (R? > 0.98). These results suggest
that the SCM can be used to fabricate homogeneous TSOTPs with various thicknesses by controlling the spin
speed and number of layers. Finally, a double-layer OTP that combines epidermal TSOTP and dermal OTP is manu-
factured as a preliminary study to investigate the practical feasibility of TSOTPs. © 2013 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.18.2.025006]
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1 Introduction

Optical tissue phantoms (OTPs) that simulate optically compat-
ible tissue characteristics have been used for the evaluation of
optical system performance,' calibration of optical devices,'
and in vitro simulation of light distribution.>® Unlike other
types of OTPs (gel or liquid), solid OTPs have been preferen-
tially used because they have a long shelf life and can be easily
produced.®™ However, it is difficult to build thin-layer solid
OTPs (TSOTPs) that are of comparable thickness to the human
epidermis with several layers (four to five layers).®

Various methods have been developed to build OTPs with
epidermal thickness.” Bruin et al.'” and Saager et al.* described
the use of a customized frame to build OTPs with epidermal
thickness, and Urso et al.” reported that epidermal thickness
was achieved by placing an OTP mixture between glass slides.
Furthermore, Tseng et al.!! reported that epidermal thickness
could be adjusted by calculating the solvent volume before the
curing process, while Bergmann et al. reported that the thickness
of an OTP could be controlled by adjusting the repetition rate of
the spraying process.®

Although many materials and methods have been proposed
for the construction of TSOTPs with epidermal thickness, there
remains substantial inaccuracy and inconvenience among these
procedures, and there has been no consensus on an appropriate
and efficient procedure for the fabrication of TSOTPs.® The
present methods have several common limitations such as long
production times, precipitation of chromophore particles, and
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microscopic particle clustering.*”!” Moreover, none of these
studies have successfully achieved the epidermal thicknesses
of <10 ym?2."?

This study introduces a new spin-coating method (SCM) to
fabricate reliable and reproducible TSOTPs with epidermal
thickness. SCMs have been widely used in the microelectronics
industry to fabricate thin and homogeneous films over large
areas.'> ™' In addition, it provides simple and quick process
without any cumbersome processes. In this study, the SCM
controls the TSOTP thickness as a function of the spin speed
and number of layers. TSOTPs were fabricated to mimic the
epidermis layer only considering the absorption property for
which various concentrations of Indian ink were used. Finally,
the TSOTPs were quantitatively evaluated to determine the
absorption coefficients and the thickness.

2 Materials and Methods

Figure 1(a) shows the procedure used for the preparation of the
OTP mixture. Figure 1(b) shows the procedure used to charac-
terize the TSOTPs, which included the preparation of the OTP
mixture, the spin coating process, thickness measurements of
the TSOTPs, and measurements of their optical properties.

2.1 Preparation of Optical Tissue Phantom Mixture

The OTP mixture was composed of epoxy, viscosity depressant,
and Indian ink. An epoxy (KE-300NS, KPS Inc., Gwangju,
Republic of Korea) was used as a base material to fabricate
the TSOTPs because it easily solidifies.'® A viscosity depressant
(KE-300E, KPS Inc., Gwangju, Republic of Korea) was used to
reduce the high viscosity of the epoxy that could affect the

0091-3286/2013/$25.00 © 2013 SPIE

February 2013 « Vol. 18(2)


http://dx.doi.org/10.1117/1.JBO.18.2.025006
http://dx.doi.org/10.1117/1.JBO.18.2.025006
http://dx.doi.org/10.1117/1.JBO.18.2.025006
http://dx.doi.org/10.1117/1.JBO.18.2.025006
http://dx.doi.org/10.1117/1.JBO.18.2.025006
http://dx.doi.org/10.1117/1.JBO.18.2.025006

Bae et al.: Fabrication of a thin-layer solid optical tissue phantom by a spin-coating. ..

Use

Epoxy + Viscosity Mix Soni N Use Mix
depressant Indian ink Maé’;‘efl“c“s’{n.m Refrigerator Hardening agent
(a)
Phantom . . Thickness Optical property
. Spin coating
Preparation measurement measurement
(b)

Fig. 1 (a) Procedure for preparation of the OTP mixture; (b) procedure for characterization of the TSOTP, which is composed of the OTP preparation,
spin-coating process, thickness measurement of OTP, and optical property measurement.

thickness and uniformity of the OTPs.'® The viscosity depres-
sant and the epoxy were mixed at an ambient temperature of
18°C in a 1:3 ratio using five different concentrations (0.2%,
0.4%, 0.6%, 0.8%, and 1.0% of total volume). Indian ink
was used as an absorber to mimic melanin, which is a dominant
optical property in epidermis.!! Indian ink provides a nearly uni-
form absorption spectrum over a wide spectral range and also
maintains stable absorption properties over a long time period.!
The OTP mixture was mixed using a sonicator (Power
Sonic505, Hwashin Co., Seoul, Republic of Korea) and mag-
netic stirrer for 20 min each to break down absorber particles
and prevent aggregation. The OTP mixture was stored in a
refrigerator for 1 h to minimize viscosity variation, which may
occur at higher temperatures as a result of a heat reaction during
the mixing process. Finally, a hardening agent (KH-700NS,
KPS Inc., Gwangju, Republic of Korea) was mixed with the
OTP mixture in a 1:4 ratio.

2.2 Fabrication of Thin-Layer Optical Tissue
Phantoms by a Spin-Coating Method

Glass slide substrates (26 X 76 mm?) were cleaned with piranha
solution (7:3 ratio of sulfuric acid and hydrogen peroxide) for
approximately 1 to 1.5 h, rinsed with distilled water and acetone,
and dried at an ambient temperature of 18°C. A 1 ml sample of
the OTP mixture was poured onto the center of the glass slide,
which was placed on a spin-coater (ACE-200, I-NEXUS Inc.,
Sungnam, Republic of Korea). The spin-coater was operated
for 62 s (acceleration time of 2 s and spin time of 60 s) at
seven different spin speeds of 250, 500, 750, 1000, 1500, 2000,
and 2500 rpm. The spin time was set at 60 s because it has been
previously established that spin times greater than 40 s do not
affect thickness.!>!'*!® After the spin-coating process, an incu-
bator (WIG-32, DAIHAN Scientific Co. Ltd., Wonju, Republic
of Korea) was used to vulcanize the TSOTPs for 4 h at 60°C.
TSOTPs were fabricated as a function of the spin speed,
absorber concentration, and number of layers.

2.3 Thickness Measurements of Thin-Layer Optical
Tissue Phantoms

A digital microscope (KH-7700, HIROX, Tokyo, Japan) was
used to measure the thicknesses of the TSOTPs. Each glass
slide with TSOTP was cut using a rolling diamond cutter, and
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the boundary between the TSOTP and the glass slide was
imaged using a digital microscope. Five repeated measurements
were performed at three different locations (two at the edges
and one at the center) of each TSOTP sample to ensure high
measurement accuracy.

2.4 Measurement of Optical Properties of Optical
Tissue Phantoms

Four one-layer TSOTPs with approximately 70 ym thickness
were fabricated for each concentration of the absorber, and
the absorption was measured at 660 nm using a spectrometer
(USB4000, Ocean Optics, Florida) equipped with a double-
integrating sphere and a tungsten-halogen lamp (HL 2000,
Ocean Optics, Florida) as a light source. Three repeated mea-
surements were performed at three randomly selected locations
for each TSOTP sample. The absorption coefficients of each
TSOTP were calculated by applying the inverse adding doubling
(TIAD) method using a scattering coefficient (4, = 3 mm~!) and
anisotropic factor (¢ = 0.87) based on previous Refs. 20 and 21.

2.5 Fabrication Feasibility of a Double Layer Optical
Tissue Phantom

As a preliminary study, three double-layer OTPs were fabricated
to mimic the epidermal and dermal layers in tissue. Epidermal
TSOTP (1.0% Indian ink of total volume) with approximately
80 um thickness was first fabricated in a disposable Al Dish
(D70-100, Disposable Al Dish, Seoul, Republic of Korea)
using the SCM, as mentioned in 2.2. Then, dermal OTP
(1.0% titanium dioxide of total volume) with 2.85 mm
(£0.2 mm) thickness was fabricated on top of the epidermal
TSOTP. The transport attenuation coefficient () of the double
layer OTPs was measured at 660 nm by using the identical
measurement system described in Sec. 2.4. Three repeated mea-
surements were performed at three randomly selected locations
for each double layer OTP sample.

3 Results

The top, center, and bottom frames in Fig. 2 show digital micro-
scopic images of one-layer, two-layer, and three-layer TSOTPs,
respectively, fabricated at 250 rpm [Fig. 2(a)], and 2500 rpm
[Fig. 2(b)]. The layers of TSOTP were of homogeneous thick-
ness in the region of interest (ROI), and their thickness increased
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Fig. 2 Sample images of TSOTPs fabricated at spin speeds of (a)
250 rpm; (b) 2500 rpm; the top, center, and bottom images indicate
one-layer, two-layer, and three-layer TSOTPs, respectively.

as a function of the number of layers. The boundaries between
the TSOTPs and the glass slides were clearly distinguished.
The scratch on the cross-sectional TSOTP, as observed in the
figure, might be caused in the cutting process of TSOTP when
a rolling diamond cutter is used for the thickness measure-
ment; this scratch does not affect the phantom thickness and
homogeneity.

Figure 3 shows thickness variation as a function of the spin
speed and absorber concentration. The TSOTP thickness
decreased exponentially as a function of the spin speed and dras-
tically decreased up to 750 rpm. One-layer TSOTPs reached a
maximum thickness of 65+ 0.28 ym at 250 rpm and a mini-
mum thickness of 5.1 £ 0.17 um at 2500 rpm. The five different
concentrations of absorber did not affect the thicknesses of
TSOTPs fabricated at the same spin speeds.

Figure 4 shows the thickness variations of multilayer
TSOTPs as a function of the spin speed at the same absorber
concentration (1.0% of total volume). The TSOTP thickness
decreased exponentially as a function of the spin speed and in-
creased as a function of the number of layers. Mathematical
equations (Table 1) were obtained to predict TSOTP thickness
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Fig. 3 Thickness variation of one-layer TSOTPs as a function of spin
speeds from 250 to 2500 rpm at five different absorber concentrations.
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Fig. 4 Thickness variation of multilayer TSOTPs as a function of spin
speeds. Power curve fitting shows correlation coefficients of R? = 0.95
for one layer, R? = 0.99 for two layers, R> = 0.99 for three layers.

Table 1 Power curve fitting equations for thickness variation of
TSOTPs as a function of spin speed.

Number of layers f(x) = axxP

l f1(x) = 1.673e* x x~0-9874
? Fo(x) = 6.181e? x x~108¢
3 fa(x) = 4.902¢5 x x-1352

as a function of the spin speed by performing a power function
curve fitting (solid line in the figure) as follows:

flx) =axx’, (1

where x indicates the variable of the spin speed and a and b
are constants. The results indicated a significant correlation
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259 (R? > 0.95) between the TSOTP thickness and spin speed in

i § all cases.
Figure 5 shows that the absorption coefficient exponentially
increased as a function of the absorber concentration. The fol-
lowing mathematical equation was extracted by performing a
154 i power function curve fitting:

2.0 4 i

flx) = —1.485 x x~04028 | 3717, @)

Absorption coefficient (1/mm)

where f(x) and x indicate the absorption coefficient and
0.5 4 absorber concentration, respectively. The absorption coefficient
showed a strong correlation with the absorber concentration
(R*> =0.98) and a high reproducibility as indicated by the

00 O 5 e L low error bars.
’ Concentration of absorber (%) ' Figure 6(a) shows digital microscopic images of the dermal
OTP (left image) and the double layer OTP (right image) that
Fig. 5 Absorption coefficients (mm™") of TSOTPs measured at 660 nm combines epidermal TSOTP and dermal OTP. The boundary
as a function of absorber concentrations from 0.2% to 1.0%. between the epidermal TSOTP and dermal OTP was clearly dis-

tinguished in the double layer OTP (right image). Figure 6(b)
shows the transport attenuation coefficients (i, of three double-
layer OTPs. Each double layer OTP presented the average p,,
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Fig. 6 (a) Sample images of the dermal optical tissue phantom (OTP) (left image) and the double-layer OTP (right image), which has epidermal thin-
layer solid OTP and dermal OTP; (b) transport attenuation coefficients (mm~") of double layer OTPs measured at 660 nm. The g, of the double-layer
OTPs was 4.78, 3.91, and 4.44 mm™', respectively, thus having an average of 4.38 mm™'.
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of 4.78, 3.91, and 4.44 mm~! and the uniform Uy in the RO, as
indicated by low standard deviations.

4 Discussion

Although conventional solid OTPs have been routinely used as
essential tools in biomedical optics, the control of their thickness
is difficult, requiring cumbersome and time-consuming produc-
tion procedures. This study introduced a new SCM to partially
address these problems, thus improve the fabrication efficacy of
OTPs. When compared with conventional methods, the SCM
can reduce fabrication time, easily control OTP thickness by
managing the spin speed, and fabricate multilayer OTPs. The
SCM can be used to easily fabricate OTPs of various thicknesses
by managing the number of layers and the spin speed. In the
conventional method, it is difficult and cumbersome to replicate
the thickness of the stratum corneum (<10 xm) in the epidermal
layer.”> However, the SCM was successfully used to fabricate
TSOTPs with a minimum thickness of 5.1 ym and a maximum
thickness of approximately 65 pm for a one-layer coating, which
is comparable with the epidermal thickness (40 to 150 ym). The
epidermis is composed of four to five layers depending on the
skin region. By using the SCM, TSOTPs with epidermal thick-
ness can be fabricated with one-layer or multilayer coating
depending on the application. In future studies, the additional
parameters of the SCM that may also affect thickness should
be optimized with respect to the fabrication materials and
procedures of OTP.

The relationship between the spin speed and the thickness
demonstrated that the thickness of the TSOTP may be affected
by the centrifugal force associated with the rotary motion. A
faster rotary motion generates greater centrifugal force, resulting
in decreased thickness.'*™!7 Such a mechanism might affect the
thickness of the TSOTP, which exponentially decreases as a
function of the spin speed (Figs. 3 and 4).

In the case of one-layer TSOTP, absorption coefficients
increased as a function of absorber concentration (Fig. 5) but
did not affect the thickness of the TSOTP (Fig. 3). It is
known that the viscosity of base material is strongly related
to the solvent of evaporation.!* This phenomenon results in a
difference in thickness. In our case, there is no solvent evapo-
ration process, owing to the properties of nonvolatile epoxy.
Accordingly, the different absorber concentration may not
directly affect the thickness of the TSOTP, as shown in Fig. 3.

The thickness of the TSOTP might be affected by the viscos-
ity of the OTP mixture. In a previous study,'? the film thickness
was affected by the viscosity of the base solution. Based on that
study, the thickness of the TSOTP was investigated for the vis-
cosity of the OTP mixture. In the experiment, epoxy had a high
viscosity and was not uniformly distributed on the glass slides
during the spin coating process; therefore, a viscosity depressant
was used to reduce the viscosity of the TSOTP. The viscosity of
the OTP mixture was decreased significantly and therefore
directly affected the uniformity of the OTP thickness. In future
studies, it may be beneficial to investigate the effects of viscosity
of the OTP mixture on the TSOTP thickness.

As in the case of the one-layer TSOTPs, the thickness of the
multilayer TSOTPs was exponentially decreased as a function of
the spin speed and increased as a function of the number of
layers at all spin speeds (Fig. 4). These results show that the
SCM can fabricate TSOTPs of various thicknesses by manipu-
lating the spin speed and the number of layers. In multilayer
TSOTPs fabricated at the same concentration, it was difficult
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to identify the boundary between each TSOTP layer. This
may arise from the use of the same absorption property, no air
gap between layers, or the very low thickness of each layer. This
study presented only three layers of TSOTP with the same
absorption property to prove the feasibility of the SCM in
the fabrication of the multilayer TSOTP. In future study, an epi-
dermis layer with four to five layers will be fabricated with a
different absorption property and thickness.

Double-layer OTPs with the same absorption and scattering
properties presented stable y, as indicated by the low standard
deviations [Fig. 6(b)]. In performing IAD, tissue optical proper-
ties were identified using various approaches in the previous
studies because the optical properties of human tissues vary
depending on the anatomical locations, skin color, and optical
agents; moreover, these properties are not yet established for all
skin layers.2%2!

This study first investigated the feasibility of the SCM in the
fabrication of the epidermal TSOTP considering only absorption
property and then double-layer OTP, which has epidermal
TSOTP, and dermal OTP was fabricated by considering absorp-
tion and scattering properties. It should be noted that the results
may vary depending on the fabrication material and procedure
of the OTP.

5 Conclusions

The SCM can be used to quantitatively fabricate one-layer and
multilayer TSOTPs by controlling the spin speed to achieve
epidermal thickness with absorption property. In addition, a
double-layer OTP was fabricated by combining the dermal OTP
onto the epidermal TSOTP fabricated using the SCM. In future
studies, the epidermal TSOTP will be fabricated with skin tex-
ture (wrinkles) and with multiple layers having different absorp-
tion properties. The method of fabricating double-layer OTP
will be characterized in detail.
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