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ABSTRACT

Article history Background and Aims: Biomolecules' optical and nonlinear optical properties are
Received: 30 Jun 2021 widely used for different medical diagnoses and applications in biophotonic
Accepted: 14 Aug 2021 devices. These properties are essential in studying biological processes in living

Available online: 15 Dec 2021 tissues. Aside from biomolecules' linear optical characteristics, their nonlinear

optical characteristics have lately been considered.

K_eywo_rds Materials and Methods: In this paper, the nonlinear optical responses of three
g:ggzeg:ﬁir']a”a'ytes biochemical analytes in blood serum, including glucose, triglycerides, and

cholesterol are examined using the laser-based Z-Scan technique. Hence, different
laboratory samples of blood serum with various concentrations of biochemical
analytes are taken from patients for this purpose.

Results: The normalized transmission curves were taken and analyzed in a closed
aperture configuration of the Z-Scan technique and led to evaluating the nonlinear
refractive index (n2) as an indicator of nonlinear responses of samples. The results
show significant nonlinear optical behaviors of the samples under a strong electrical
field of the laser, which leads to the measurement of the nonlinear refractive index
(n2) of the samples with an error of less than~0.5 x 10 cm?/w. It is found that the
values of nonlinear refractive index (n.) vary proportionally as a function of their
concentration in blood serum.

Conclusion: The findings of this study imply that the above sample's nonlinear
optical response and, probable, those of other biological tissues might be used in
medical diagnoses. In addition, the Z-Scan technique might be considered as a
complementary method with other conventional diagnostic procedures due to its
simplicity and quick experimental approach.
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Introduction

In clinical laboratories, a variety of techniques
such as spectrophotometry, colorimetry,
reflectometry, molecular luminescence
spectroscopy (fluorometry), and refractometry
are conventional methods to estimate
biochemical concentrations in blood [1-5].
These procedures are usually based on the
optical and spectral features of laboratory
samples. In the spectrophotometry method, the
absorption spectrum of samples is used in the
analysis [1]. In the same way, the absorbance of
colored compounds at a specific wavelength of
light is used to determine the concentration of
biological analytes in a solution in colorimetry
[2]. In the reflectometry method, reflected
light intensity is analyzed by a liquid sample
dispensed onto gravity or fibrous solid support
[4]. Besides, refractometry is used to determine
protein content and a specific gravity of urine
and examine column effluent protein
performance in liquid chromatography [5].
The methods of nephelometry and
turbidometry are used to determine the
concentration of large particles such as
antigen-antibody complexes by monitoring
light scattered in a particle solution and
light transmitted by a particle formation [4].
Due to their application in biophotonic
devices [6] and the importance of
studying biological processes in biological
tissues [7], investigations on optical and
nonlinear  optical characteristics  of
biomolecules are still being considered. In
addition to standard methods used in clinical

labs, nonlinear optical approaches have

recently been addressed for estimating
biochemical analytes.

The laser-based Z-Scan technique established
by Sheik-Bahae et al. [8, 9] due to its
experimental simplicity for detecting nonlinear
optical properties, nonlinear refraction, and
nonlinear absorption coefficient, attracts more
attention among various methods.

Recently, several works have been dedicated to
evaluating the nonlinear optical properties of
biochemical indigents in biological liquids such
as blood, blood plasma, and blood serum, as
well as quantitative analysis of nonlinear
refractive indexes of these molecules in
biological liquids. The nonlinear optical
response of human standard and oxidized low-
density lipoprotein particles (LDL) has been
studied using the Z-Scan technique. Normal
LDL particles' Z-Scan signals increase with
concentration and temperature, whereas oxLDL
particles exhibit no nonlinear optical behavior
[10]. Also, the nonlinear refractive index (n,) of
blood samples was used to analyze the blood
glucose level [11]. According to the findings,
blood's nonlinear refractive index could be used
as a potential signal for determining glucose
content. The results are consistent with
those obtained using traditional colorimetric
methods [12]. Furthermore, nonlinear optical
characteristics were observed in blood serum
samples including protein, albumin [13], urea,
uric acid [14], cholesterol, and triglycerides
[15]. Bovine serum albumin conjugated to
Bradford dye has been demonstrated to have a

nonlinear response [16]. Consequently, its
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nonlinear refractive index is considered for
measuring the concentration values of albumin
levels in various samples such as cerebro-spinal
fluid blood and urine. The Z-Scan approach
was used to investigate the nonlinear optical
behavior of blood porphyrin in order to
diagnose prostate cancer [17]. The results
showed that the nonlinear optical indexes of
standard protoporphyrin IX samples and blood
samples are opposing. The nonlinear optical
response of blood plasma containing creatinine
particles was similar to the nonlinear optical
response of blood and blood serum [18].

In this paper, the nonlinear optical responses
of wvarious biochemical analytes in blood
serum, including glucose, triglycerides, and
cholesterol, were re-investigated using the
Z-Scan technique with more experimental data
points and taking into account local processes
in sample preparation in the first phase of a
feasibility study of designing and fabricating
commercial Z-Scan apparatus for medical
applications. The findings inspire further
research into the nonlinear optical properties of
samples as a function of their concentration in
biological liquids such as blood, serum, or
blood plasma, as well as nonlinear optical
property measurement of other biological

tissues.
Materials and Methods

Z-Scan technique

The Z-Scan technique, as previously stated, is a
method for measuring nonlinear optical
characteristics such as nonlinear refraction and
material absorption coefficient. This method is

simple and fast in comparison to other

techniques such as degenerate four-wave
mixing [19], nonlinear interferometry [20], and
elliptical rotation to measure nonlinear optical
coefficients [21].

Fig. 1 shows a typical experimental setup
generally used in the Z-Scan technique. This
method is based on propagating the Gaussian
laser beam in z-direction through the nonlinear
samples. A convenient lens tightly focuses the
beam with a positive short focal length in the
sample, which moves in the z-direction. The
intensity of transmitted light through the sample
is measured along the axial direction after the
narrow iris mounted in the optical axis by
varying sample positions in the z-direction. Fig.
1(a) shows a typical closed aperture Z-Scan
setup, which helps to estimate the sample's
nonlinear refractive index. Fig .1(b) shows the
open aperture Z-Scan setup which includes a
lens after the sample to collect the transmitted
beam and measure the beam intensity as a
function of sample position. The open aperture
Z-Scan setup is usually used for estimating
the nonlinear absorption coefficient of the
materials.

In this work, the Z-Scan experiment was
accomplished using a 532 nm of Nd:YAG
(SHG) CW laser beam with a maximum of 50
mW power. The beam was focused on the
sample with a lens of 50 mm focal length. The
sample was placed in a narrow quartz cuvette
with an L=1 mm path length.

The estimation of the nonlinear refractive index
of samples is based on the accurate recorded
normalized transmittance curve of beam
intensity regarding the sample’s position, Z. The

function of the normalized transmittance curve
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is described by equation (1). In Eqg. 1, A®O
represents the phase change produced when
the sample is transferred through the focal
plane, and x=Z/Zg. The term Zr is Rayleigh
dispersion defines as: Zr= nwo?/A

Furthermore, in cases of strong nonlinear
absorption of the sample, the normalized
transmittance does not have a symmetric peak
and valley; the thermal lens model has been
proposed to fit the normalized transmittance
curve. This model is given by equation (2)
[22]. Due to the weak laser beam intensity, the
nonlinear absorption coefficient of samples
cannot be investigated directly by open
aperture configuration. The difference between

normalized peak and valley transmittance can
be derived by equation (3). Where S is linear
transmittance of the aperture and is expressed
by equation (4). Where r, is the radius of the
aperture and o, is the beam radius at the
aperture. The nonlinear refractive index of the
samples is resulted by the equation (5). Where
10=2P/(nwo) is the maximum intensity at the
focal point, K is the wavenumber, and Les is
effective sample thickness and can be given by
equation (6). In Eqg. 6, a is the linear
absorption coefficient and L is the sample's

thickness.
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Fig. 1. Schematic diagram of Z-Scan experimental setup for (a) CA= Closed aperture,
and (b) OA= Open aperture

Sample preparation

For sample processing, various blood serums
were collected and prepared to investigate
their nonlinear optical characteristics. Because
human serums contain different biochemical
analytes, their nonlinear refractive index is
affected by all compounds. Hence, to assure
nonlinear optical properties of samples
associated with the presence of the specific
biochemical analyte, blood serums were
modified with reagents that were typically
used in the photometric method for the
guantitative determination of total glucose,
triglycerides, and cholesterol concentration in
human serum. For each set of samples, 1000
pl regent was added to 10 pl of prepared
serum with varying amounts of glucose,
triglycerides, and cholesterol independently
and incubated at 37° C for 10 minutes. The
amount of quinonimine created in reactions is
exactly proportional to the amount of glucose,
triglycerides, and cholesterol present in each

experimental sample. More details on

chemical reactions in sample preparations are
available in Ref. [23-25]. In total, fifteen
samples: including five samples of glucose in
serum with clinical concentrations of 74
mg/dl, 94 mg/dl, 121 mg/dl, 152 mg/dl, and
240 mg/dl, five samples of triglyceride in
serum with concentrations of 66 mg/dl, 140
mg/dl, 251 mg/dl, 400 mg/dl, and 480 mg/dl,
and samples of cholesterol in serum with
clinical concentrations 133 mg/dl,153 mg/dlI,
200 mg/dl, 247 mg/dl, 266 mg/dl were
prepared and were used to evaluate the
nonlinear optical responses of glucose,
triglycerides and cholesterol in serum. It
should be noted that the study procedure was
approved by the Ethics Committee of Yazd

University, Yazd, Iran.
Results

For studying samples' nonlinear response,
initially, the laser beam with the most proper
wavelength was selected by investigating the

UV-Vis absorption spectra of samples. For
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instance, Fig. 2 shows the UV-Vis absorption
spectra of samples containing glucose with
1000 pl reagent in the 200 to 800 nm
wavelength range. The data obtained for each
sample and the graphs were treated using
OriginPro software, where a Savitsky-Golay
smoothing of 10 points was applied in order to
appreciate better the behavior of the graphs.

As demonstrated in Fig. 2, the height of
absorption peak at ~500 nm increases for
greater glucose in serum. The appearance of a
significant broadband feature around 500 nm

in the recorded spectra of all samples led us to

use a commercial laser with a wavelength of
532 nm in our experimental setup. This is
noted that identical UV-Vis spectra are
obtained for serum samples containing
triglycerides and cholesterol.

Fig. 3, 4, and 5 illustrate the results of a closed
aperture (CA) configuration. The normalized
transmittance curves through the serum with
varying concentrations of glucose (Fig. 3),
triglycerides (Fig. 4), and cholesterol (Fig. 5)
with 1000 pl reagent are plotted as a function
of sample position relative to the lens

focal point location in these figures.
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Fig. 2. UV-Vis spectrum of blood serum containing
different concentration of glucose with 1000 pl reagent
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Fig. 3. The closed-aperture Z-scan transmittance experimental data (blue circle) and
fitted curves (red trace) using Eq. 1 for various concentrations of glucose in serum
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Fig. 4. The closed-aperture Z-scan transmittance experimental data (blue circle) and
fitted curves (red trace) using Eq.1 for various concentrations of triglyceride in serum
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fitted curves (red trace) using Eq. 1 for various concentrations of cholesterol in serum
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Table 1. Nonlinear refractive index values for blood serum with glucose, triglycerides, and cholesterol

Biochemical analytes
concentration (mg/dl)

74
94
121
152
240
70t
80t
90t
100f
1107
1207

66
140
251
400
480
100"
200"
300"
400"
500"

133
153
200
247
266
200"
220"
240"
260"
280"

300"
f Ref. [11]

* Ref. [15]

International Journal of Medical Laboratory 2021;8(4): 291-303.

a (1/mm)

Glucose

Triglycerides

0.58
1.06
1.29
1.48
1.75

Cholesterol

2.10
2.69
2.96
3.42
3.91

Letf (mm)

n2zx108 cm?/w

-2.3+0.28
-2.8+0.14
-3.5+0.12
-4.7+0.14
-6.1+0.21
-1.819
-2.092
-2.345
-2.673
-2.964
-3.206

-35+0.14
-45+0.70
-6.3+0.42
-7.5%0.70
-84+0.21
-0.75 £ 0.07
-1.48 + 0.08
-2.18 £ 0.09
-2.87 +0.08
-3.84 £ 0.09

-2.3+0.10
-3.2+0.11
-3.9+0.10
-43+0.11
-5.4+0.24
-2.49 +0.08
-2.62 + 0.09
-2.80 £ 0.07
-3.06 + 0.06
-3.23+0.07
-3.47 £ 0.09
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Fig. 6. Variation of measured nonlinear refractive indexes with different
concentrations of (a) glucose, (b) triglyceride, and (c) cholesterol in serum samples

Discussion

The relative position of the peak and the
transmittance valley determines the sign of the
nonlinear refractive index. In the case of a
index, T(2)
presents the valley first, followed by the peak,

positive nonlinear refractive

whereas in the case of a negative nonlinear

refractive index, T(Z) presents the peak first,

followed by the wvalley. The recorded
normalized transmittance curves reveal a peak
followed by a valley (Fig. 3, Fig. 5), indicating
that the serum samples exhibit a negative
nonlinear refractive index.

The values of ATp-v obtained in recorded

normalized transmittance curves, and therefore
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derived nonlinear refractive indices of
samples, are proportionally varying by
increasing concentrations of biochemical
analytes in serums, as shown in Figs. 3, 4, and
5. The normalized transmittance plot shows
symmetric peaks and valleys. Because of the
effects of weak nonlinear absorption of
samples and the temperature impact, Eq. 1 can
be employed in the fitting procedure of
experimental data to determine the value of
Ado. Using the estimated ATy, A®o values
obtained by fitting normalized transmittance
curves with Eq. 1 and Eq. 5, as well as other
pertinent parameters indicated above, we can
measure nonlinear refractive indices at the
concentrations presented in Table 1. The
estimated values of n, for different samples at
different concentrations are comparable to
previously reported values of Refs. [11] and
[15], which were obtained under different
experimental parameters.

Figures 6 (a), (b), and (c) demonstrate a linear
trend of the estimated refractive index values
at different sample concentrations. The linear
calibration curve depicted in Fig. 6 (a), (b),
and (c) can be utilized to determine the
approximate  concentration of unknown
biochemical analytes in blood serum. For
instance, the test point in Figure 6(a) shows an
estimated value of 190 mg/dl derived from a
calibration formula and measuring n, amount
for glucose concentration in a blood serum
sample, which is very close to the measured

clinical value of 197 mg/dl.

Conclusion

Using the Z-Scan technique, the variation of the
nonlinear optical responses of three blood serum
containing  biochemical analytes, including
glucose, triglycerides, and cholesterol, is
evaluated separately. The results indicate that each
of the biochemical analytes in blood serum has a
nonlinearity of self-defocusing, due to the
negative nonlinear refraction indexes. The
observed behavior of the transmittance curve as a
function of analytes concentration indicates that as
concentration increases, the difference between
peak and valley increases proportionally. This
behavior can be used as an experimental index to
evaluate and measure the concentration of
different biochemical analytes. Moreover, due to
the nonlinear optical properties of biological
samples, the Z-Scan method may be used in
associated with other conventional methods to
determine the concentration of biochemical
analytes in blood, blood plasma, or blood serum.
Furthermore, dilution in sample preparation
appears unnecessary using the Z-Scan method
compared to other conventional techniques, based
on the nonlinear optical properties of samples

with a high concentration of biochemical analytes.
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