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Abstract. Modifications in low-density lipoprotein (LDL) have emerged as a major pathogenic factor of athero-
sclerosis, which is the main cause of morbidity and mortality in the western world. Measurements of the heat dif-
fusivity of human LDL solutions in their native and in vitro oxidized states are presented by using the Z-Scan (ZS)
technique. Other complementary techniques were used to obtain the physical parameters necessary to interpret the
optical results, e.g., pycnometry, refractometry, calorimetry, and spectrophotometry, and to understand the
oxidation phase of LDL particles. To determine the sample’s thermal diffusivity using the thermal lens model,
an iterative one-parameter fitting method is proposed which takes into account several characteristic ZS time-
dependent and the position-dependent transmittance measurements. Results show that the thermal diffusivity
increases as a function of the LDL oxidation degree, which can be explained by the increase of the hydroperoxides
production due to the oxidation process. The oxidation products go from one LDL to another, disseminating the
oxidation process and caring the heat across the sample. This phenomenon leads to a quick thermal homogeniza-
tion of the sample, avoiding the formation of the thermal lens in highly oxidized LDL solutions. © 2012 Society of Photo-

Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.10.105003]
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1 Introduction
Atherosclerotic disease is the leading cause of death and mor-
bidity in the western world.1 It is a systemic, dynamic, progres-
sive and essentially inflammatory disease. Since Steinberg and
colleagues in 1989 suggested that modification of low-density
lipoprotein (LDL) is involved in atherosclerosis,2 a large number
of studies have confirmed the hypothesis that the modification
of LDL is the key for the formation and progression of athero-
sclerotic lesions in humans and experimental animals.3,4

Furthermore, studies have shown that atherosclerosis is asso-
ciated with higher concentrations of modified LDL (moLDL)
in the bloodstream.5,6 Recently, Haka et al.7 used a combination
of Raman and fluorescence spectroscopies to investigate the
atherosclerotic plaque formation.

The difficulty in determine directly the amount of moLDL in
the bloodstream, associated with the existence of few tech-
niques for this purpose, led our group to use the Z-Scan tech-
nique (ZS)8,9 and develop a new physical approach for the
quantification of moLDL in a sample of LDL isolated from
the human blood. The ZS technique was developed with the pur-
pose of measuring the nonlinear optical response of a sample in
a simple and direct way. Mainly, it is used to characterize the
nonlinear response of inorganic materials,10–12 however, non-
linear optics can play a significant role in the understanding of
systems of biological interest. Recently, Vasudevan et al.13

reported an investigation about the death process of red blood
cells by using the thermal lens technique. Lapotko et al.14 used
this technique to study the diameter, the degree of spatial
heterogeneity of light absorbance and laser-induced damage
thresholds in various types of cells.

Some years ago, we showed that there is a relationship
between structural changes in LDL particle and its nonlinear
optical response in the thermal time-scale regime (i.e., typical
times of ∼10−3 s).15 Moreover, we used the ZS to show that
patients with periodontal disease had a higher amount of
moLDL particles when compared to healthy individuals.16

This conclusion was possible analyzing the amplitude the value
of θ)15 of the peak-to-valley characteristic ZS curve of LDL
solutions extracted from those individuals. LDL particles in
solution present a value of θ that depends on this oxidation
degree: the higher the oxidation degree, the smaller the value
of θ. Solutions of unmodified LDL (native LDL) present a
pronounced ZS optical response with a high value of the param-
eter θ. The ZS technique showed to be very sensitive, being able
to differentiate solutions of minimally oxidized LDL from solu-
tions of native LDL (naLDL), which cannot be distinguished
with the biochemical techniques commonly used.

The parameter θ depends on different sample properties,
namely, the thermo-optical coefficient, the density, heat capa-
city, linear optical absorption coefficient and thermal diffusivity.
Despite the experimental fact that this parameter depends on the
oxidative degree of the LDL particles, until now, there has not
been an understanding of what occurs with the particles duringAddress all correspondence to: Antonio M. Figueiredo Neto, Universidade de São
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this oxidation process that changes their nonlinear optical
response, modifying the value of θ. This knowledge is important
not only from a fundamental point of view, but also may help in
the understanding of LDL modification process and eventually
propose new therapies.

Gómez et. al.,17 showed that the linear absorbance coefficient
of LDL solutions decreases (in the range between 250 and
550 nm) with the increasing of sample’s oxidation degree.
This decrease could be associated to the consumption of caro-
tenoids during the oxidation process. The decrease in the sample
absorbance is one of the responsible factors for the change in
the nonlinear optical response. Other candidates to explain
the observed behavior are the heat capacity, the thermo-optical
coefficient and the thermal diffusivity. All these parameters are
related with the nonlinear optical transmittance and influence
the θ value.

In this paper, we focus on the different physical parameters of
the sample that can influence on the amplitude of the nonlinear
optical response. We report on measurements of the density, heat
capacity, linear optical absorption coefficient, thermo-optical
coefficient and thermal diffusivity of native and in vitro oxidized
LDL (oxLDL) solutions. This type of oxidative process mimics,
in some extent, what may happen in the human circulatory sys-
tem.18 Therefore, we aim to determine the role of each of these
physical parameters in the nonlinear optical response of LDL
samples due to the oxidation process. Different experimental
techniques besides the ZS were employed in this study. In par-
ticular, in the case of the analysis of the ZS experimental results,
we propose a fitting method, which takes into account the
time-evolution of the transmittances measured and the typical
peak-to-valley curve in the same fitting procedure. We used a
high-performance liquid chromatography (HPLC) coupled to
UV-Vis and fluorescence detectors to quantify the oxidation pro-
ducts, in particular the hydroperoxides and the α-tocopherol,
and correlate these quantities with the physical parameters
measured.

2 Materials and Methods

2.1 Isolation of LDL

LDL was isolated from plasma by density differences in a
sequential ultracentrifugation process at 105 g, at 4°C, using
a 75-rotor from Hitachi Ultracentrifuge.19 The obtained solution
was dialyzed for 24 h at 4°C against phosphate buffered saline
(PBS), pH 7.4. Protein concentration was determined using
bicinchoninic acid (BCA) protein assay kit (Pierce, USA) with
bovine serum albumin as standard.

2.2 LDL In Vitro Oxidation by Copper Ions

In vitro oxLDL was obtained by incubation of naLDL with
20 μM CuSO4∕mg protein at 37°C.20 The samples were oxi-
dized sequentially from 10 to 90 min, in steps of 10 min. At
each predefined time, the oxidation reaction was inhibited with
the addition of 1 mM of EDTA to the sample solution.

2.3 Spectrophotometry

Spectrophotometry setup was composed by a light source with a
deuterium and a halogen lamps, a sample holder and two spec-
trophotometers from Ocean Optics, model USB4000. The lamps
cover the light spectrum between 200 and 1100 nm. In this

set-up, light is lead from the source to the sample holder and
then to the spectrophotometers by optical fibers.

2.4 Refractometry

To measure the thermo-optical coefficient of the samples
we used a refractometer, from Atago, model 3T, connected to
a heating/cooling system, from Julabo, model F12. Temperature
was varied between 23°C and 46°C. Measurements were
performed with only the native and 90 min in vitro oxi-
dized LDL.

2.5 Calorimetry and Densitometry

Heat capacity at constant volume (cv) measurements were per-
formed using a Differential Scanner Calorimeter (DSC) from
Shimadzu, model DSC-60. Temperature was varied between
25°C and 45°C with a slope of 5°C∕min. The density of the
samples was measured using pycnometers made of glass, with
volumes of approximately 500 μl.

2.6 Z-Scan Technique

ZS set-up was composed by a continuous-wave (CW) Nd:YVO4

(λ ¼ 532 nm) laser model Verdi V10 from Coherent, with a
Gaussian profile beam. In this set-up the laser beam was
chopped at 17 Hz and focused by a 25.4 mm lens with focal
distance f ¼ 150 mm, which gave a Rayleigh length z0 ¼
3.84� 0.20 mm.21 Transmitted light was collected by a silicon
photo detector model PDA36A from THORLABS, positioned at
the far field (distance between the beam waist and the detector
was about 1500 mm). All samples were measured using sample
holders with 200 μm of width. The incident power of the laser
on the samples varied between 121.9�1.0 and 153.1�1.0 mW.
The power of the beam was set to obtain the ZS peak-to-valley
dependence curve in the limit of the technique, i.e., the normal-
ized transmittance lies between 1.2 and 0.8.

For each sample, we measured the time-dependent transmit-
tance in 80 different z positions around beam waist. At every
position 10 independent measurements were performed.

To construct the ZS position-dependent transmittance
curve it is necessary to make a normalization using the average
time-dependent curve in every z position. The normalization
used is as follows ΓNðzÞ ¼ Ið0.03s; zÞ∕Ið0; zÞ, where Iðt; zÞ
stands for the transmittance measured at the time t and position
z. The value t ¼ ts ¼ 0.03 s corresponds to the time when
the thermal lens effect reaches the steady state. Our set-up
allows concomitantly the measurement of the nonlinear optical
absorption and refraction. The samples did not present any non-
linear optical absorption in all the experimental conditions
investigated.

2.7 HPLC Measurements of Hydroperoxides

The lipid content of both naLDL and oxLDL was extracted
according to the Bligh and Dyer method.22 Briefly, methanol
and chloroform containing 1 mM butylated hydroxytoluene
(BHT) were added to each LDL sample. The resulting mixture
was centrifuged at 1000 g for 10 min and the lower phase
retrieved. Each sample was concentrated, resuspended in
50 μL and injected in the HPLC. The HPLC method consisted
of gradient of water (solvent A) and methanol (solvent B). The
gradient was: 90%B for 10 min; 90% to 100% B for 1 min;
100% B for 19 min; 100% to 90% B for 1 min; 90% B for
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9 min. Determinations were made in a Nexera HPLC system
(Shimadzu Co.) equipped with a photo diode array detector.
A phenomenex column (Luna C8 4.6 mm × 15 cm) was
used for the separations. The flow was adjusted to
1.0mL∕min and 10 μL was the injection volume. Maximum
pressure was 250 Kgf∕cm2. Unoxidized cholesterol esters
(Ch) and phospholipids (PL) were monitored in 205 nm. The
respective hydroperoxides (ChOOH and PLOOH) were moni-
tored in 235 nm.

2.8 Tocopherol Analyses by HPLC

The antioxidant content of the LDL samples was extracted and
analyzed according to the method proposed by Hatam and
Clayden.23 Briefly, to 100 μL of each LDL sample a mixture
containing NaOH 60%, ethanol and pyrogallol 6% was added.
Samples were then incubated for 30 min at 70°C. At the end of
this incubation, 1 mL of NaCl 1% and 1 mL of a mixture of
ethylacetate:hexane (1∶9 v∕v) were added to each sample
and the organic phase retrieved. The samples were dried with
N2, resuspended in 100 μL of methanol:ethanol (1∶1 v∕v)
and injected in the HPLC. The HPLC method consisted of a
gradient of water (solvent A) and acetonitrile (solvent B).
The gradient was: 10% B for 0.5 min; 10% to 85% B for
2.5 min; 85% B for 3.5 min; 85% to 10% B for 0.2 min;
10% B for 3.3 min. Determinations were made in the same sys-
tem as described in Sec. 2.7. A Shim-pack column (XR-ODS
75 × 2 mm) was used for the separations. The flow was adjusted
to 0.45mL∕min and 10 μL was the injection volume. The α-
tocopherol content was monitored in 298 nm.

3 Results and Discussion
Figure 1 shows typical (average) time-dependent normalized
transmittance curves in two different z positions of the sample
(naLDL), before and after the focal point. From the set of time-
dependent transmittance curves of each sample we construct the
ZS characteristic position-dependent normalized transmittance
curve (Fig. 2). Our results corroborate the fact that the bigger
the oxidation time, the smaller the peak-to-valley amplitude.
The asymmetry observed in some of the ZS curves seems to
be caused by experimental errors, since the samples did not

show nonlinear optical absorption in the experimental condi-
tions of this work.

The time-dependent and position-dependent transmittance
curves can be analyzed by using the thermal-lens model.21 In
this framework the normalized time and position-dependent
transmittance is written as:

Iðt; zÞ
Ið0; zÞ ¼

�
1þ θ

ð1þ tc∕2tÞ
�

2ðz∕z0Þ
1þ ðz∕z0Þ2

�

þ
�

θ

1þ tc∕2t

�
2
�

1

1þ ðz∕z0Þ2
��

−1
; (1)

where z0 is the Rayleigh length (z0 ¼ πω0
2∕λ), λ is the laser

wavelength, and ω0 is the spot radius at the beam waist. The
parameters θ and tc are defined as:

θ ¼ 2.303 PA

λDρcp

�
−
dn
dT

�
; (2)

tc ¼
ω2
0½1þ ðz∕z0Þ2�

4D
; (3)

where P is the beam power in the sample, A ¼ −log10ð1 − αLÞ
is the decadic absorbance, α is the linear optical absorption
coefficient at λ, L is the sample thickness, cp is the heat capacity
at constant pressure, dn∕dT is the thermo-optical coefficient
and D is the thermal diffusivity.

Usually, to analyze the position-dependent normalized trans-
mittance curve, Eq. (1) is written fixing t ¼ ts, and there are
two fitting parameters, θ and tc. In the same way, to analyze
the time-dependent normalized transmittance curve at a given z�

position, Eq. (1) is used fixing z ¼ z�, and again one has two
fitting parameters θ and tc. However, the fitting parameters θ
and tc must be the best to fit the position-dependent and the
time-dependent normalized transmittances. At this point, we
propose an iterative method to fit all the time and position-
dependent transmittance curves at the same time. With this

Fig. 1 Typical (average) time-dependent normalized transmittance
curves in two different z positions of the sample (naLDL) with the
respective fit. The focal point is located at z ¼ 0 mm.

Fig. 2 Position-dependent normalized transmittance curves as a func-
tion of z, from native (▵), 60 min (▪) and 90 min (○) copper oxidated
LDL samples. Solid and dashed lines are fits with Eq. (4).
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procedure we are able to determine the pair (θ and tc) that best fit
the whole set of curves (about 50 time-dependent curves and 1
position-dependent curve) for each sample investigated. Dr. F.
Batalioto, an expert from our group, developed best-fit software
to account for this task.

Gómez et al. showed that the linear absorption at λ ¼
532 nm of a completely oxidized LDL sample solution is much
lower than that of a naLDL sample solution.17 Figure 3(a) shows
the linear absorption coefficient of the LDL sample solutions as
a function of the oxidation time. The naLDL presents a yellow-
ish aspect, which tends to disappear as a function of the oxida-
tion process. Possible responsibles for this are the carotenoids
present in the LDL structure, mainly inlaid in the phospholipid
monolayer. To verify this hypothesis we measured the carote-
noid content in the samples, as a function of the oxidation
time, by using the HPLC. Figure 3(b) shows the carotenoids
percentage extracted from the LDL solutions and linear absorp-
tion of the samples for each oxidation time. We see that the
carotenoids are responsible for about 50% of the sample linear
absorption, and after 90 min of oxidation, practically all the
carotenoids are consumed.

Let us now analyze the samples nonlinear optical response
represented by the parameter θ. If the linear absorption was
the only physical parameter, characteristic of the sample,
responsible for the variation of θ [Eq. (2)], θ∕PA should be
independent on the oxidation time. Figure 4 shows θ∕PA as
a function of the oxidation time for all the samples investigated.
As θ∕PA shows a decreasing behavior as a function of the

oxidation degree, at least, one more parameter in Eq. (2) is
changing with sample’s oxidation degree. The result shown in
Fig. 4 must be interpreted at the moment as a tendency of θ∕PA
decrease as the oxidation time increases. The actual errors in
each measurement of θ are certainly larger than those depicted
in Fig. 4 (obtained only from the fitting procedure). Biological
samples are very complexes and the response of them to manip-
ulation may introduce additional variations which increase the
errors in the measured parameters. The values of tc encountered
in the fitting process vary from about 4 × 10−4 s to 8 × 10−4 s,
but with large fitting uncertainty, i.e., the curves are less sensi-
tive to variations in this parameter when comparing to the sen-
sitivity in θ.

As the linear optical absorption is not the unique parameter
changing with the oxidation time we will focus our attention to
the other parameters present in Eq. (2).

The measured density, heat capacity at constant volume and
thermo-optical coefficient as a function of the oxidation time are
shown in Fig. 5(a) to 5(c), respectively. In Eq. (2) the heat
capacity at constant pressure (cp) is present. It is reasonable
to assume that in our samples (liquid at the SATP) cp≈cv.
Figure 5(b) shows that cv does not present a significant variation
as a function of the oxidation time. From these measurements
we calculate the mean value c̄v ¼ 3.73�0.24 J∕ðg ⋅ KÞ for the
LDL samples, which is compatible within two standard devia-
tions, with that of water [4.18 J∕ðg ⋅ KÞ].24 In the same way,
measurements of the density and thermo-optical coefficient pre-
sented an almost constant behavior as a function of the sample
oxidation time [Fig. 5(a) and 5(b)]. The mean values of these
parameters are ρ̄ ¼ 1.006�0.010 g∕cm3 and dn∕dT ¼
ð−1.34� 0.08Þ × 10−4∕K. These values are, likewise, compa-
tible with those from water.

As the parameters ρ, cv and dn∕dT of LDL solutions were
shown to be constants as a function of the oxidation time, the
modification of the nonlinear optical response observed in our
experiments with the LDL solutions seems to be due to varia-
tions in the thermal diffusivity. Taking into account the presence
of these parameters in Eq. (2), we will rewrite Eq. (1) explicitly
as a function of the thermal diffusivity D, which will be the
unique fitting parameter. This procedure is more appropriate for
the fitting process since θ and tc are not independent parameters
[as can be seen in Eqs. (2) and (3)]:

(a)

(b)

Fig. 3 (a) Linear absorption coefficient at 532 nm as a function of oxi-
dation time. (b) The percentage of carotenoid content extracted from
the LDL solutions (▴) present in the sample and the linear absorption
coefficient at 532 nm (□) as a function of the oxidation time. Fig. 4 θ∕PA as a function of the oxidation time.
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:

(4)

To determine D through Eq. (4) we used the same fitting pro-
cedure as before, i.e., using the time and position-dependent
normalized transmittance curves at the same time. Typical
results of the fittings are shown in Figs. 1 and 2. The fit
shown in Fig. 2 captures the overall physics of the system, how-
ever, the width of the peak and valley in the experiment is larger
than that the fitting procedure furnishes. We verified that this
deviation should be due to the error in the evaluation of the para-
meter z0: The higher the z0, the bigger the peak and valley
widths. However, the amplitude of the nonlinear optical
response, represented by the peak-to-valley amplitude does
not present a significant variation changing a little the value
of z0. This aspect, which extrapolates the specific problem of
the LDL solutions, is being faced by us theoretically, and
will be the subject of a future publication. Figure 6 shows
the thermal diffusivity as a function of the oxidation time.

We observe a tendency of D to increase with the oxidation
time. Samples oxidized for 80 and 90 min had very low linear
absorption and low nonlinear transmittance. The normalized
position-dependent ZS curves of these samples were flat, taking
into account the experimental errors on the experimental points
measured. In this way we could not determine a peak-to-valley
and a reliable diffusivity value for these two samples. For that
reason they do not appear in Fig. 6.

This result indicates that, with the sample oxidation proce-
dure, the heat absorbed by the medium (mainly the LDL parti-
cles) diffuses more efficiently across the sample insofar as the
oxidation time increases. In order to understand this process we
have investigated the effect of the Cu-induced oxidation on lipid
components in the LDL particles. Copper-mediated LDL oxida-
tion process occurs in several steps [see scheme presented in the
chemical Eqs. (5) to (10)].25 It initiates with the reaction between
Cu2þ and preexisting lipid hydroperoxides (LOOH) generating
peroxyl radicals [Eq. (5)]. These peroxyl radicals can react with
α-tocopherol (a membrane-integrating antioxidant, TOCH) or
other lipid molecules (LH) present in the lipoprotein, yielding
the respective radical species [Eqs. (6) and (7), respectively].
The reaction of α-tocopherol with peroxyl radicals inhibits
the progression of the oxidation. However, when almost all
the α-tocopherol content in LDL particle is consumed, the pro-
duction of conjugated dienes and hydroperoxides begins to
accelerate. This is the end of the initiation phase (or the lag
stage). The major formation of hydroperoxides occurs in the
propagation phase (or the log stage), in which the peroxyl radi-
cals begin to react mostly with other lipid molecules producing
more hydroperoxides [Eqs. (7) and (8)]. In addition, Cuþ ions
also can react with lipid hydroperoxides-in a Fenton-type reac-
tion [Eq. (9)]-generating alkoxyl radicals (LO•). These radicals
can lead, in a second reaction, to the formation of lipid radicals
(LO•) [Eq. (10)], which enhances the propagation step and
increases the formation of hydroperoxides. The process evolves
until the hydroperoxides start to decompose into aldehydes,
ketones, hydroxides and hydrocarbonates, reaching a stage,
which is called the termination stage.26 This whole process
can take several hours.

Cu2þ þ LOOH → Cuþ þ LOO• þ Hþ (5)

LOO• þ TOCH → LOOHþ TOC• (6)

(a)

(b)

(c)

Fig. 5 Experimental results of the (a) density; (b) heat capacity at con-
stant volume; (c) thermo-optical coefficient, of the LDL samples, as a
function of the oxidation time.

Fig. 6 Thermal diffusivity of the LDL solutions as a function of the
oxidation time.

Journal of Biomedical Optics 105003-5 October 2012 • Vol. 17(10)

Santos et al.: Behavior of the thermal diffusivity of native and oxidized human low-density : : :

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 15 Dec 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



LOO• þ LH → LOOHþ L• (7)

L• þ O2 → LOO• (8)

Cuþ þ LOOH → Cu2þ þ LO• þ OH− (9)

LO• þ LH → LOHþ L• (10)

Our ZS experiment shows that the nonlinear optical response
of the sample drops to almost zero in less than 2 h, showing that
ZS is sensitive to the beginning of the oxidation process.

To quantitatively investigate the oxidation process we mea-
sured, by using the HPLC, the α-tocopherol consumption and
the production of both cholesterol ester hydroperoxides

(ChOOH) and phospholipids hydroperoxides (PLOOH) along
the oxidation process in LDL samples. Figure 7(a) and 7(b)
shows an increase in the hydroperoxides content in the sample
along with the oxidation time. On the other hand, the α-toco-
pherol content in the samples decreases with increasing oxida-
tion time [Fig. 7(c)]. Most of α-tocopherol was consumed within
40 min of incubation and at this time a progressive increase in
hydroperoxide content was observed. It is interesting to remark
that the production of ChOOH and PLOOH present a time-
dependent behavior very similar to that of the thermal diffusiv-
ity: a modest increasing rate until oxidation time of about 40 min
and after that time a more pronounced increase in their amount.
These results suggest a strong correlation between the hydroper-
oxides production and an increase of the sample’s thermal dif-
fusivity. It is important to point out that PLOOH, ChOOH and
some other small molecules (therefore, more mobile in the solu-
tion) formed during the lipid peroxidation process can translo-
cate from one LDL particle to another and, thereby, disseminate
the oxidative damage.26 This process of exchanging oxidation
products between particles increases the heat diffusion across
the sample. It is expected that the exchange of ChOOH and
PLOOH increase with the oxidation time since more oxidation
products are available in the solution. As a consequence of this
oxidation products exchange between different LDL particles,
the thermal diffusivity measured is expected to increase and
the thermal lens response of the sample vanish as the oxidation
time increases.

4 Conclusion
Our results show that native and oxidized LDL solutions present
similar values of density, heat capacity and thermo-optical coef-
ficient. On the other hand, the linear optical absorption
decreases as a function of the oxidation time. The Z-scan experi-
ment was used to measure the thermal diffusivity of native and
oxidized LDL solutions with different oxidation times. The ther-
mal diffusivity of oxidized LDL samples was shown to be bigger
than that of native samples. The higher the oxidation time, the
higher the thermal diffusivity of the sample. The linear optical
absorption decrease observed in oxLDL is partially explained by
the consumption of LDL’s carotenoids, which is a consequence
of lipid peroxidation processes. The increase in the thermal dif-
fusivity, in turn, seems to be related to the production of lipid
hydroperoxides. These hydroperoxides, PLOOH and ChOOH,
are exchanged among the LDL particles, disseminating the
oxidation process and spreading the heat across the sample.
This hypothesis is reinforced by the HPLC measurements, in
which the production of hydroperoxides correlates itself with
the increase in the thermal diffusivity. In this sense, the higher
the PLOOH and ChOOH production, the more efficient the heat
diffuses across the solution. This phenomenon leads to a faster
thermal homogenization at the solution, inhibiting the thermal
lens formation observed prior to the LDL oxidation. The results
reported herein indicate that the ZS technique can be a comple-
mentary tool to estimate the LDL oxidation state in human
plasma.
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