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Abstract. The ability to quantitatively and noninvasively detect nanoparticles nearby the skin surface has important
implications on their development as an in vivo cancer diagnostic tool. The diffusion reflection (DR) method is a
simple, noninvasive imaging technique which has been proven useful for the investigation of the optical parameters
of the tissue. A new method is presented for the measurements of gold nanorod (GNR) concentration in tissue-like
phantoms, based on DR measurement and intense light absorption of GNR. Monte Carlo simulations and tissue-like
phantom measurements of the reflected light intensity are presented. The ability to extract optical properties of
phantoms and their GNR concentrations from DR measurements is demonstrated, followed by a discussion
about the best mathematical model for light propagation in tissues, based on the diffusion theory. © 2013 Society
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1 Introduction

Nanoparticle-based contrast agents for molecular imaging have
become a mainstay imaging tool for selectively detecting and
imaging biological processes and diseases. Because of their
nontoxicity to living cells,'? biocompatibility, and favorable
optical properties, such as an enhanced absorption cross-
section® and adjustable scattering properties,* gold nanoparticles
serve as promising agents for diagnostics and treatment of car-
cinoma. Therefore, the development of nanoparticle-based tech-
nologies for in vivo therapeutic and diagnostic application is
under intensive study’”’ and has been recently implemented
in skin disease research.®’

The many applications being developed based on skin sur-
face irradiation for clinical or diagnostic purposes require an
inherent understanding of photon migration in the tissue.
Many researchers present the influence of optical tissue param-
eters on the light path inside the tissue.''* A comprehensive
study of different tissues, representing various spatial distribu-
tions of optical tissue components and their response to irradi-
ated light, is still under investigation.'>'8

One of the simplest tools that has been theoretically proven
useful for the investigation of tissue optical parameters is the
diffusion model for light path in irradiated tissue. This model
enables the study of reflected light intensity (I") measurements
from several distances on the tissue surface (p), from which
deduction of the tissue optical properties, such as the absorption
coefficient u, and the reduced scattering coefficient u/, is pos-
sible. Such a model predicts I'(p) for given values of u, and p;,
making it possible to find the y, and u; that give the best agree-
ment between I'(p) and the measured data. In this paper, a model
of light propagation is used, based on the diffusion theory in a
homogeneous, infinite medium.!® As was previously discussed
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by Farrell et al.,'” the I'(p) function can be described by the gen-
eral equation

IYp)==(§§;-eXp(—ﬂp), (1)

where C is a constant depending on the optical properties of the
medium and the sizes of the source and detector apertures. y is
the effective attenuation coefficient given by (for u, < u/)'**

H=/3" faphys 2)

where m is the power of p, which depends on p’s range, as well
as on the scattering properties'*2! and the absorption properties
of the tissue. Equation (1) can be rewritten as

In[p"T(p)] =c, —p - p. 3)

Equation (3) presents a linear correlation between In [p"T'(p)]
and u. Resulting from Eq. (2), the square slope of the linear
curve depends on the product between the absorption and the
reduced scattering coefficient of the tissue.

Very recently, a new method has been suggested by us for
cancer detection, based on the diffusion reflection (DR) meas-
urement of gold nanorod (GNR).2>% Intensity-based DR mea-
surements detected head and neck cancer cells adjacent to the
skin surface.

In the current paper, we first examine which m best fits our
experimental data from the DR measurement of solid phantoms
simulating skin properties (since previous works suggest either
m = 1?5 or m = 2,8 as will be discussed). Once the appro-
priate m was defined, phantoms with GNR were irradiated and
their DR profile was analyzed to obtain the GNR absorption
coefficient and concentration in the phantom.
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2 Materials and Methods

2.1 Monte Carlo Simulation of Reflected Light
Intensity from lIrradiated Tissue

In order to substantiate and extend our experimental results, a
Monte Carlo (MC) simulation of photon migration within irra-
diated tissue mimicking the skin surface optical properties was
developed under the assumptions presented in Ankri et al.?
Briefly, a turbid three-dimensional medium was defined accord-
ing to a specific scattering coefficient u,, anisotropy factor g,
and variying absorption coefficients y,. The reduced scattering
coefficient was calculated by the following equation:

s = (1= g)us. “)

The simulation was performed for various absorption coef-
ficients p, = 0.0115, 0.0126, 0.0182, and 0.0227 mm™', but
with a constant reduced scattering coefficient ! = 1.6 mm~!.
Photons were launched without reflection, perpendicular to
the surface into a single point on the lattice plane x =y =
7 =0. For each photon, the direction after a step of dr =
250 pm was calculated according to the scattering and absorp-
tion properties of the turbid medium. If the photon survived, its
new location was calculated. When photons returned to the sur-
face z = 0 they were ejected from the system.

The locations at which the photons reached the lattice surface
(x, y, 0) were recorded. The simulation displayed the radial
distribution of reflected photons around the injection point to
perform simulated In [pI'(p)] and In[p?T’(p)] curves for the dif-
ferent absorption coefficients, for m = 1 and m = 2 of Eq. (3),
correspondingly.

2.2 Experimental Set-Up

A noninvasive optical technique was designed and built
(NEGOH-OP Technologies, Israel) for reflected light intensity
measurements, as was previously described by us.? The set-up
included a laser diode with a wavelength of 650 nm as an exci-
tation source. Irradiation was carried out using a 125 ym diam-
eter optic fiber to achieve a pencil beam illumination. We used a
portable photodiode as a photo detector. The photodiode was
placed at various distances p on the sample surface in order
to enable I'(p) measurements. The photodiode was kept in
close contact with the tissue surface to prevent ambient light
from entering the detection system and to avoid potential
light loss through specimen edges. The initial distance p
between the light source and the first photodiode was ~1 mm.
A consecutive reflected light intensity measurement was
enabled using a micrometer plate which was attached to the opti-
cal fiber. The micrometer plate was moved by incremental steps
of 250 um each. As a result, the reflected light intensity was
collected from 20 source-detector distances with p varying
between 1 mm and 6 mm. The reflected intensity I'(p), present-
ing units of Volt per mm, was collected using a digital scope
(Agilent Technologies, Mso7034a, Santa Clara, California)
and data were processed using MATLAB.

A spatially modulated quantitative spectroscopy (SMoQS)
instrument was used for the investigation of the phantoms’ opti-
cal properties.® A noncontact, spectroscopic instrument utilized
spatial frequency domain (SFD) modulated reflectance data to
extract quantitative absorption (u,) and reduced scattering (u.)
coefficients. The principles underlying the extraction of
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absorption and reduced scattering coefficient values using an
SFD approach have recently been detailed elsewhere.’!

2.3 Gold Nanorod Fabrication

GNR were synthesized using the seed mediated growth
method.*?> A solution of GNR suspended in cetyltrimethylam-
monium bromide (CTAB) (SigmaAldrich, USA) was centri-
fuged at 11,000 g for 10 min, decanted, and resuspended in
water to remove excess CTAB. The GNR size, shape, and uni-
formity were characterized using transmission electron micros-
copy and the resultant dimensions were 25 X 65 nm, with a
narrow size distribution (10%).?* Their absorption spectrum pre-
sented a high absorption peak in the wavelength of 650 nm
(see Fig. 1).

2.4 Solid Phantoms

Solid phantoms with various absorption coefficients were pre-
pared in order to simulate skin tissue with different optical prop-
erties.’>** The phantoms were prepared using varying
concentrations of India ink 0.1% as an absorbing component
and a constant concentration of Intralipid (IL) 20% as a scatter-
ing component (Lipofundin MCT/LCT 20%, B. Braun
Melsungen AG, Germany). Agarose powder 1% (SeaKem LE
Agarose, Lonza, USA) was added in order to convert solution
into gel. The absorption spectrum of the India ink was deter-
mined using a spectrophotometer and the absorption coefficient
of each phantom was calculated according to the concentration
of the ink in each solution. All phantoms presented the same
scattering properties using 2% of IL (this concentration refers
to the solid fraction in the examined solution). The phantom sol-
utions were heated and mixed at a temperature of approximately
90°C while the Agarose powder was slowly added. The phantom
solutions were then poured into cell culture plates (90 mm) and
cooled under vacuum conditions (to avoid bubbles).

Five different phantoms were measured. The ink concentra-
tions were 2, 2.5, 3, 5, and 7 (%). The resultant absorption prop-
erties of the phantoms were 0.0115, 0.0126, 0.0137, 0.0182, and
0.0227 mm~". In addition, GNR (3.1 mg/ml) were added to a
phantom solution containing 3% ink and 2% of IL, to simulate a
tissue containing GNR.

1.2

650 nm
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Fig. T GNR (25 x 65 nm) UV-vis absorption spectra (normalized).
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2.5 In Vivo Experiment

Our new method for tumor detection was evaluated using mice
bearing human head and neck cancer derived from an A-431
squamous cell carcinoma (SCC) cell line.? A-431 cells
(2 x 10°) were injected subcutaneously into the back flank
area of 10 to 11 week-old nude mice. When the tumor size
reached a size of 7 to 9 mm in diameter, the mice received
100 pL (25 mg/ml) of immuno-targeted GNR by tail vein injec-
tion.* Mice tumor and normal tissue were scanned immediately
after GNR injection and up to 10 h post injection. All in vivo
measurements were performed under appropriate anesthesia.

3 Results

3.1 Simulations

The simulated reflected light intensity of four skin tissues which
differ by their absorption coefficients (but present a constant
scattering coefficient x4/ = 1.6 mm™') is presented in Fig. 2.
The simulations were performed according to the description
in Sec. 2.1.

Figure 2(a) presents the DR profiles plotted as the logarithm
of the product between the distance and the reflectance,
In[p - T'(p)], versus the distance, for three representative tissues
with a constant scattering coefficient but varying absorption coef-
ficients p, = 0.0126, 0.0182, and 0.0227 mm~'. Figure 2(b)
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Fig. 2 DR simulation results for tissues presenting a constant reduced
scattering coefficient of 1.6 mm~" with three different absorption
coefficients: 0.0126 mm~" (solid line), 0.0182 mm~"' (+ signs), and
0.0227 mm~" (circles). (a) Simulated In[p-T'(p)] profiles. (b) Simulated
In[p?T(p)] profiles of the homogeneous tissues.
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presents the DR profiles, of the same tissues, plotted as the
logarithm of the product between the square distance and the
reflectance In[p?T'(p)] versus the distance. For both m = 1
and m = 2, the simulation results present the predicted depend-
ence of the reflected light intensity profile on the lattice absorp-
tion coefficient: the higher the absorption coefficient, the sharper
the decay of the reflected light intensity profile. Hence, the slope
that is defined as the y-axis {the In[p"T(p)]} divided by x-axis
(the distance p) should yield the absorption of the irradiated
sample. As can be seen in Fig. 2, the linear slope starts around
2.5 mm where the collimated light is less relevant and the dif-
fusive regime starts.

The square slopes of these DR profiles are presented in
Fig. 3. As was mentioned in the Introduction, according to
the diffusion theory, the square slope of the DR curve is propor-
tional to the product 3u,u; [see Eq. (2)]. Therefore, the linear fit
between the square slope and the absorption coefficient should
yield the scattering coefficient of the sample (multiplied by 3
and with a constant difference of ¢,). The linear fit for
m =1 presented a slope of 8.22 while the linear fit for
m = 2 presented a slope of 4.75. The deviation of these slopes
with 3 should yield the scattering coefficient of the samples. The
resultant g/ for m = 1is 2.4 mm™" and for m = 2is 1.58 mm™!.
As the reduced scattering coefficient inserted into the simulation
parameters was 1.6 mm™', the resultant y/ for m = 2 is almost
identical to it, while the resultant px, for m = 1 is not. These
simulation results suggest that the resultant curve slope of
the DR profile of a tissue, plotted in the logarithmic form

In[p?T(p)], is proportional to v/3p,u! of an irradiated tissue.

In our previous publication in the Journal of Biomedical
Optics,29 we have shown that for multilayers tissues, (as in
skin) when the absorption of the bottom layer is greater than
the absorption in the upper layer, the In[p?T"(p)] profile exhibits
a single-layer behavior, albeit with an effective average absorp-
tion. Therefore, a model describing light propagation in homo-
geneous tissues is also suitable for the skin.

0.25
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Slope=8.22
02
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Fig. 3 The linear dependence of the square slope, on the absorption
coefficients for the resulted curves presented in Fig. 2. The upper
line presents the simulated linear curve for In[p - T(p)] square slopes
and the bottom line presents the simulated linear curve for
In[p>T'(p)]. Each square slope was calculated according to Eq. (3).
The resultant slope of each linear fitting is presented at the end of
each line. These simulation results demonstrate that the absorption
coefficient of the tissue can be directly calculated from the slope of
the diffusion reflection In[p?T'(p)] curve.
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3.2 DR Measurements of Solid Phantoms

The reflected light intensity from five different solid phantoms
was measured using the experimental set-up described in
Sec. 2.2 above. Representative results of the reflected light
intensity profiles are presented in Fig. 4.

Figure 4(a) presents the DR profiles plotted as the logarithm
of the product between the distance and the reflectance
In[p - T'(p)] versus the distance, for three representative phan-
toms with a constant scattering coefficient (2% IL) but varying
absorption coefficients u, = 0.0137,0.0182, and 0.0227 mm™".
Figure 4(b) presents the DR profiles of the same phantoms plot-
ted as the logarithm of the product between the square distance
and the reflectance In[p?T'(p)] versus the distance. The square
slopes of these DR profiles, as well as of two additional phan-
toms presenting u, = 0.0115 and 0.0126 mm~!, are shown in
Fig. 5. As was mentioned in the Introduction, according to
the diffusion theory the square slope of the DR curve plotted
as In[p"T'(p)] minus a constant value of ¢, should be propor-
tional to the product 3u,u.. Therefore, the linear fit between the
square slope and the absorption coefficient should be propor-
tional to the scattering coefficient of the sample. The linear
fit for m = 1 presented a slope of 8.75 while the linear fit
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Fig. 4 DR measurement results for skin tissue-like phantoms presenting
a constant reduced scattering coefficient (2% IL) with three different
absorption coefficients: 0.0137 mm~" (solid line), 0.0182 mm™!
(++signs), and 0.0227 mm~" (circles). (a) Experimental Injp - T'(p)] pro-
files. (b) Experimental In[p?T(p)] profiles of the homogeneous tissues.
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for m = 2 presented a slope of 4.52. By the deviation of
these slopes with 3, one should get the scattering coefficient
of the samples. The predicted scattering coefficient for 2% of
IL is ~1.65 mm~'*° and the resultant u! for m=1 is
291 mm~! and for m =2 is 1.5 mm~'. While the resultant
reduced scattering coefficient for m =1 is quite far from the
predicted p, of a phantom containing 2% IL, the resultant p;
for m = 2 is very similar to it. These experimental results sug-
gest that the resultant curve slope of the DR profile of a tissue,
plotted in the logarithmic form In[p*T’(p)], is proportional to

3uqp.. These results match the values shown via simulation
in Sec. 3.1.

3.3 Optical Properties of Phantoms Containing
CNR

An SMoQS instrument was used for the determination of the
phantoms’ optical properties. The resulting absorption and
reduced scattering coefficients of the phantoms with and without
GNR, in the wavelength range of 450 to 900 nm, are presented
in Fig. 6. In Fig. 6(a) one can notice the absorption peaks of the
phantom with GNR in 530 and 650 nm, correlated to the absorp-
tion peaks of the suspended GNR (see Fig. 1). The absorption
spectra of the base phantoms (phantoms without GNR) are also
presented and it is well seen that their absorption properties are
significantly lower and missing the characterization of the GNR.
These results suggest that the absorption properties of the GNR
are kept within the phantom. As the scattering properties are
concerned [see Fig. 6(b)], the reduced scattering coefficients
of these GNR in the near infrared region show no unique wave-
length dependence (no peak that characterizes the GNR) and
more importantly, their scattering properties are not different
from the basic phantoms scattering spectrum. This is in contrast
to other GNR sizes and shapes that might present a unique scat-
tering spectrum.* Therefore, the GNR scattering properties can
be negligible in this research compared to their absorption prop-
erties in the tissue.

0.18 em=1 Emm=2 Slope = 8.757’ *

slope?

r e Slope= 4.52

0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024

H, (mm™)

Fig. 5 The linear dependence of the square slopes on the absorption
coefficients of the samples for the resulted curves presented in
Fig. 4. The upper line presents the experimental linear curve for In[p -
I'(p)] square slopes and the bottom line presents the experimental linear
curve for In[p?I'(p)]. The resultant linear slope of each linear fitting is
presented at the end of each line.
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3.4 DR Measurement of Solid Phantoms Containing
GNR

Figure 7 shows representative results for the DR measurements
plotted as In [p’T"(p)] of two solid phantoms. The first phantom
(circles, named as “A”) contains 3% ink but no GNR. The sec-
ond phantom (+signs, named as “B”) contains 3% ink and
0.01 mg/mL of GNR. One can notice that the presence of
GNR in the phantom increased the reflectance graph slope.
Since GNR in this shape and size (an aspect ratio of 2.6 and
an effective radius of ~19 nm*?) have negligible scattering prop-
erties, the increase in the slope is due to the absorption proper-
ties of the GNR. Thus, from this slope one can calculate the
absorption coefficient of the phantom, as its scattering coeffi-
cient was calculated in Sec. 3.2 above (u! = 1.5 mm™"). In par-
ticular, in order to calculate the GNR concentration in the
phantom, the A slope between the DR profiles of B and A
should be considered. Since the ink concentrations in A and
B were the same, this A slope arises from the presence of the
GNR and therefore indicates the GNR absorption coefficient
in the phantom. By dividing the resultant absorption coefficient
with the GNR extinction coefficient, which was found to be
~1 ml/(mm * mg),”® the GNR concentration in the phantom
was calculated as follows:

1. The resulted A slope in Fig. 7 was 0.08.

2. The linear correlation between the square slopes and
the absorption coefficients of the phantom, was found
to be equal to 4.52.

Thus, the resulting GNR absorption coefficient in phantom B
was 0.014 mm~'. Dividing this y, with the GNR extinction coef-
ficient, the resultant GNR concentration in the phantom is
0.014 mg/mL, very similar to the predicted y, = 0.01 mm™!.
Using the comparison method, the constant ¢, is not relevant
anymore.

Following the fact that in vivo measurements deal with multi-
layer situations, we put upper silicon phantom layer on top of the
GNR phantoms with different thicknesses of 3, 4, 5, 6.3, 7.8, 9.5,
11.1, 14.1, and 17 mm. These phantoms were measured and the
absorption coefficient of the two layers (measured as a single
unit) was extracted. Figure 8 shows the absorption coefficients of
the two layers unit as a percentage of the absorption coefficient of
the upper layer [p, of (GNR phantom + the upper layer)/u,
of the upper layer]. Figure 8 presents these results in 656 nm
for two phantoms with 0.02 and 0.135 mg/ml of GNR. The aver-
age absorption coefficient of the upper layer in the range of 650 to
750 nm was p, = 0.02 mm~! and its average reduced scattering
coefficient was u; = 1.1 mm™!. The addition of a GNR phantom
as a bottom layer increased the measured absorption coefficient.
This incensement changes according to the upper layer thickness:
the thinner the upper layer is the larger the incensement. Thus, the
Yoabsorption decreases from ~1030% to ~114% (for the highest
absorbing GNR). Based on these results we show that one can
detect the GNR presence even in a multilayer situation.

3.5 In Vivo Results

Our suggested method must fit the heterogeneous properties of
tissues. In order to test the possibility of using the new method in
practice, tumor-bearing mice were irradiated, under appropriate
anesthesia, and the reflected light intensity was measured. The
idea is to look for the increase in the absorption properties
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Fig. 6 SMoQS results. (a) Absorption properties of base (dashed-dotted
line) and 0.135 mg/ml GNR (dotted line) phantoms. (b) Scattering prop-
erties of 0.135 mg/ml GNR (blue line) and base (red line). The absorp-
tion spectrum of the GNR is well seen, indicating the preservation of the
GNR optical properties within the phantoms.
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Fig. 7 Experimental results for DR measurements of a phantom con-
taining 3% ink and 2% IL compared to the DR results for the same
phantom with an added 0.01 mg/mL GNR. Based on the facts that
the In[p?T'(p)] slope is equal to 4 = /3 - u,pu!, that the GNR scattering
at 650 nm is negligible, and that y, can be translated to the GNR con-
centration using their extinction coefficient, the GNR concentration in
the phantom can be calculated from the Aslope between the two pre-
sented curves.
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Fig. 8 %Absorption measurements of phantoms with GNR with upper
Si phantom layers presenting different thicknesses of 3, 4, 5, 6.3, 7.8,
9.5, 11, 14, and 17 mm measured in two GNR concentrations of
0.02 mg/ml (squares) and 0.135 mg/ml (triangulars).

following the GNR insertion into real tissue. The reflectance mea-
surements were performed before the GNR injection, immedi-
ately after injection, and 10 h post injection. The slopes of the
reflected light intensity profiles were calculated and representa-
tive results are shown in Fig. 9. In order to take into consideration
the fact that the tissue’s native absorption coefficient may vary
due to the variance in blood concentration, especially when
there are tumors under the skin, we did two control measure-
ments: (1) skin without tumor and (2) the tumor before injecting
the GNR. Thus, while extracting the GNR concentration based
on the Aslope, both controls cancel the variance in blood
concentration.

Figure 9 compares between the reflected light intensity slopes
(absolute values) of the cancerous (black columns) and the nor-
mal tissues (white columns), for three representative times:
(1) before GNR injection; (2) immediately after intravenous injec-
tion; and (3) more than 10 h post injection. It is clearly demon-
strated that the absorption properties can be seen in a
heterogeneous environment. There is no way to find a difference
between the tumor and the normal tissue before the injection. In
contrast, ten hours post GNR injection there is a significant
change (of more than 50%) between the reflectance profiles of

2
1.8
1.6
1.4
1.2

1
0.8
0.6 +—
0.4 +—
0.2 —

0

i

H

slope of In (p2(T(p))

before t=0 t>10
Time [hours]

Fig. 9 Comparison between the reflected light intensity slopes (absolute
values) of the cancerous (black columns) and normal (white columns)
tissues at several time points. Absolute values of the slope, for a each
mouse, are presented. The results are the average of five to ten diffusion
reflection measurements of different mice. The error bars represent error
of the mean.
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the cancerous and of the normal tissue. This change results
from specific accumulation of GNR in the tumor. We also dem-
onstrated that immediately after GNR injection, the reflectance
profiles of both the cancerous and the normal tissues represent
an increase in their slopes, which indicates the GNR circulating
time in the blood. This clear discrimination between cancerous
and normal tissue enables sensitive and specific skin cancer detec-
tion based on GNR enhanced diffusion reflection measurements.

4 Discussion and Summary

The dependence of the reflected light intensity profile on the
skin optical properties has been intensively discussed.!'>'42
The above described photon migration model presents a very
simple tool for the deduction of optical skin properties using
reflected light intensity analyses.

In the present study, the diffusion model for light path within
irradiated skin tissue was used for the extraction of skin tissue
optical properties. This theory suggests two main approaches for
the reflected light intensity profile analyses, for m = 1 and for
m = 2, which depend on the range of p, the optical properties of
the tissue, and the optical set-up aperture.

In order to find which power (m) of p best correlates between
our DR measurements and the optical properties of an irradiated
skin tissue, MC simulations and phantom experiments were per-
formed. Simulation results exhibit a high correlation to the
reflectance equation [Eq. (1)] for m = 2, since the tissue scatter-
ing coefficient was extracted from the graph slope using Eq. (2).
This result was also observed in experimental results from tis-
sue-like phantoms, since the scattering coefficient resulting from
the slope of In [p?T'(p)] curves was 1.52 mm™!, very similar to
the expected scattering coefficient for 2% IL.%

DR is usually described by the insertion of m = 1 to Eq. (1).
Venugopalan et al.*® presented an analytical work suggesting
that for a high scattering media (which better correlates the dif-
fusion behavior) far from the light source (experimental results
were presented for 0 < p < 32 mm), m = 1. In a high absorbing
media, m was found to be equal to 2, but only pertaining to col-
limated light since diffusive light is much less dominant under
conditions of high absorbance. Zaccanti et al.>* presented exper-
imental results for u! > 1 mm™! and y, less than 0.3% of the y/,
which best fitted m = 1 in the range of 10 < p < 35 mm. Also,
Zhang et al.”’ discussed phantom experiments which best fitted
m = 1 for absorbing media presenting 0.02 < y, < 0.12 mm™!
and 3.2% of the scattering component (IL 10%) in the range of
~4 < p < 60 mm. All these works present DR measurements in
relatively large source-detector separations (10 < p <30 mm,
on average). Our results suggest that DR measurement in rela-
tively small values of p (1 < p <6 mm) fit the general Eq. (1)
but with the power of m = 2, which is more familiar from the
random walk approximation®® (which can also pertain to colli-
mated light as stated above®®). Gandjbakhche and Weiss?’ also
found a linear fit for m =2 at 9 < p < 11 mm. Further investi-
gation is required in order to better understand light paths in
small source-detector distances.

Anyway, the DR profiles were successfully analyzed as the opti-
cal properties of the samples were extracted. A phantom mimicking
skin properties containing GNR was irradiated and its reflection
curve was plotted in the logarithmic form In [p?T"(p)]. The GNR
presented in this paper have high absorption at 650 nm but negli-
gible scattering. Therefore, the increase in the DR profile resulted
from the GNR absorption properties. Thus, from the In [p>T(p)]
slope, the absorption coefficient of the phantom was deduced.
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Using the extinction coefficient of the GNR, their concentration in
the skin like phantom was measured.

The results presented in this article suggest that from the DR
profile one can extract optical skin tissue properties by plotting
the DR intensity in the logarithmic form In[p?I(p)]. Since GNR
can be regarded as an additional absorption component in the
tissue, its concentration can be calculated from the
In[p*T'(p)] DR profile of the irradiated tissue. These results
are highly important since GNR can be specifically targeted
to tumors in the skin layer, and thus may be used for tumor
detection. In addition, GNR concentration in a tumor can
serve as a simple parameter indicating tumor size.

In summary, the results in this paper prove that DR measure-
ments can be used for the calculation of GNR concentration in
skin tissue. This preliminary research paves the way for further
study of the DR method for tumor detection.
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