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Abstract Thermodiffusion, or Soret effect, is the physical phenomenon of matter gradients originated by
the migration of chemical species induced by thermal gradients. Thermodiffusion has been widely applied
in the study of colloidal suspensions. In this study, we investigate the termodiffusion behavior of low-
density lipoprotein (LDL) particles, by the Soret coefficient measurement. It is a new approach to studies
of plasma lipoproteins. The experimental work was based on thermal- and Soret-lens effects. These effects
were induced by laser irradiation of the samples, at two different time scales, in a Z-scan setup. LDL samples
were analyzed under physiological conditions, notedly, ionic strength and pH, and at different temperatures.
Temperature dependence of Soret coefficient showed a slight decrease in the absolute value of this coefficient,
as a function of temperature increasing. However, its sign does not change at the temperatures investigated
(15, 22.5 and 37.5 °C). The results show that LDL particles exhibit thermophilic behavior. The origin of
this thermophilic behavior is not yet completely understood. We discuss some aspects that can be related
with the Soret effect in LDL samples.

1 Introduction

Thermodiffusion, also called Soret effect [1], is the
physical phenomenon of mass transport originated by
the migration of chemical species, as ions or parti-
cles, induced by thermal gradients. Temperature gra-
dients are originated by non-homogeneous distribution
of heat in solutions, leading to the formation of hot and
cold regions in the medium. The particles can migrate
to these hot or cold regions exposing thermophilic or
thermophobic behaviors, respectively. The quantitative
assessment of the thermodiffusive phenomenon is made
by measuring the Soret coefficient (ST ) that relates the
mass concentration gradient to the temperature gradi-
ent. Positive Soret coefficient is associated to thermo-
phobic migration of particles, while negative coefficient
is associated with thermophilic behavior [2].

The physical bases of the Soret effect in colloidal
solution are not completely understood; nevertheless,
many studies had showed the dependence of the ST

with physical parameters as surface charge of particles,
ionic strength and pH of the solutions [3–5]. Beyond
of the thermal gradient, the temperatures of hot and
cold regions of the system have influence mass migra-
tion [3, 6]. As result, ST can exhibit variations in mag-
nitude and sign, depending on the equilibrium temper-
ature. In some colloidal solutions, a sign inversion, from
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negative ST to positive, occurs in response to increas-
ing temperature [3, 6]. The study of the temperature
dependence of ST (ST (T )) has been also helpful to clar-
ified some aspects of thermodiffusion in many systems
[7–9]. The behavior of ST (T ) has been associated to
hydrophilicity or hydrophobicity nature of the parti-
cles and their capacity to alter the hydrogen bonding
of water molecules [10, 11].

In this work, we studied the thermodiffusion of
human low-density lipoprotein (LDL) particles. LDL is
a cholesterol carrier in animal organisms, and its role
in the development of cardiovascular diseases, such as
atherosclerosis, is widely accepted. Although known,
the mechanisms that lead to atherogenic character of
LDL are not yet fully elucidated. A more extensive
understanding of the composition, structure and behav-
ior of LDL in physiological environments may con-
tribute to the knowledge about atherogenic role of this
lipoprotein.

LDL particles are composed of a hydrophobic lipid
core, in which are triglycerides and cholesteryl esters.
This core is surrounding by a hydrophilic mono-
layer constituted of phospholipids, unesterified choles-
terol and a single apolipoprotein (ApoB-100) [12–14].
The composition of LDL also includes some lipophilic
antioxidants, such as tocopherols and carotenoids [13],
that are essential for the protection of lipoprotein
against oxidative processes. For LDL particles, diam-
eter is suggest a range of 18–25 nm [12].
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An interesting aspect concerning the LDL particles
is the thermodiffusion. Since temperature gradients can
be established in the bloodstream, as result of condi-
tions as hyperthermia or hypothermia, thermodiffusion
may have effects in the development of the CVD due
to the Soret effect on the LDL particles. Hyperther-
mia is a process used in various treatments for different
pathologies [15, 16]. In a theoretical study of LDL ther-
modiffusion in arterial wall, under hyperthermia con-
ditions, Chung and Vafai [15] investigated the Soret
effect role in LDL transport. A typical positive value of
Soret coefficient (ST > 0) of about 0.01 was adopted.
A lower value of ST = 0.005 was also employed based
on an expected decrease in ST due to the large dimen-
sion of LDL [15]. The study describes an LDL particle
accumulation inside the arterial wall as result of the
thermal gradient induced by hyperthermia. Despite the
existence of theoretical investigations on LDL migra-
tion [15–18], experimental studies of the Soret effect in
LDL solutions remain absent in the literature.

For charged nanoparticles in aqueous solutions, due
to the presence of the electric double layer generated
by their surface charges, the temperature dependence
of the capacitive energy around the nanoparticles was
shown to be related to particles thermodiffusion [19,
20]. In addition, ions dispersed in the solutions also
respond to the temperature gradient and can create a
thermoelectric field, driving particles either to cold or
hot regions [19, 21]. The hydrophobicity has been also
related to thermodiffusion behavior in colloidal solu-
tions, including the temperature dependence of ST [10,
11]. These physical mechanisms, or the combination of
them, suggest that the LDL particles dispersed in blood
plasma can migrate in the presence of a thermal gra-
dient. However, the impossibility of an individual anal-
ysis of these contributions makes it extremely difficult
to determine precisely the physical bases that originate
the termoddifusion in the LDL samples. Consequently,
a correct theoretical prediction of the termodiffusion
behavior on LDL particles is still missing.

In our experimental approach, we present an appli-
cation of the generalized thermal-lens model (GTLM)
[22], employed to measure the different lens (electronic,
thermal and matter), by ZS experiments, to study the
thermodiffusion of human LDL particles, under phys-
iological conditions (e.g., pH and ionic strength). The
technique was employed to measure the amplitude and
sign of the Soret coefficient of LDL particles. The tem-
perature dependence of LDL ST was also analyzed.

2 Theoretical background

The total mass flux (
−→
JM) in a colloidal solution can be

written considering the contributions of thermal and
matter gradients [2, 23],

−→
JM = −DM

�∇c − cDT
�∇T (1)

where DM is the mass diffusion coefficient, DT is the
thermal diffusion coefficient,

−→∇T and
−→∇c are, respec-

tively, temperature and mass gradients and c is the
mass/volume concentration of particles in the solution.
At the steady state of mass migration, there is a cou-
pling between thermal and mass transfers. Under this
condition, Soret coefficient is defined as follows [2, 23]:

ST =
DT

DM
=

−1
c

Δc

ΔT
(2)

In complex fluids, the Soret effect depends on differ-
ent mechanisms and parameters [22, 24] making a theo-
retical prediction of their individual contributions diffi-
cult. In this context, the main aim of the present study
was to develop an experimental approach to determine
the Soret coefficient (ST ) of LDL particles.

2.1 The Z-scan technique

The optical experiment employed to measure the Soret
coefficient is based in the Z-scan technique [25]. In this
technique, a sample is illuminated by a sequence of light
pulses (pulse duration Δt) and moved along a Gaus-
sian laser beam direction (z-axis). The transmittance
is measured as a function of experimental time and z-
position of the sample. The incident beam is focused
by a converging lens, resulting in beam waist (with a
beam radius w0) formation. Z-scan technique is used
to study the phenomenon of lens behavior of the sam-
ples. Depending on the characteristic lens formed, and
the sample position with respect to the focus location,
the transmitted beam may be focused or defocused in
the detector position. This leads to variations in the
optical transmittance measured by the detector. The
GTLM [22] proposes that, depending on Δt and sam-
ple’s light absorption characteristic, different physical
phenomena can be assessed. In the case of the LDL,
light pulses of Δt = 40ms lead to the formation of the
thermal lens, whereas Δt = 20s leads the formation of
the matter lens (thermodiffusion).

The laser beam employed has a radial Gaussian pro-
file in the plane of the sample, imposing a radial tem-
perature gradient across the sample. This thermal gra-
dient imposes a radial index refraction gradient in the
sample. As stressed before, the thermal or Soret lens
are formed, depending on Δt. The normalized trans-
mittance is written as [22, 26] follows:

T−1
N (z, t) = 1 − 2γ

z0
f(t)

+
(
1 + γ2

)
[

z0
f(t)

]2

(3)

where f(t) is the focal length of the lens formed, z0 =
πw0

2

λ is the Rayleigh parameter and γ = z/z0 is the
relative position of sample [22, 26].

Assuming the parabolic approximation, the incre-
ment of temperature in the sample, as a function of the
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Fig. 1 LDL absorbance spectra in the wavelength range from 350 to 600 nm, allowing to evaluate the samples levels of
carotenoid antioxidants

time (t) and the radial distance (r), is given by [26]:

ΔT (r, t) =
0.06αP

πkT

[
ln

(
1 +

2t

tTL

)
− 2

( r

w

)2 2t

2t + tTL

]

(4)

where α is the optical absorption coefficient, P is the
incident power, kT is the sample thermal conductiv-
ity and tTL is the characteristic heat diffusion time.
The inverse focal distance of the thermal lens (1/fTL)
depends on the thermo-optical coefficient dn/dT , where
n is the index of refraction, is written as [22, 26] follows:

1
fTL

= −l

(
dn

dT

)
d2ΔT (r, t)

dr2
(5)

The normalized transmittance, as a function of time
and sample position, TN (z, t), is given by [26]:

T−1
N (z, t) =

(
T (z, t)
T (z, t0)

)−1

= 1 − 2γ
2θTLt

(1 + γ2) 2t + tTL

+
(
1 + γ2

)
[

2θTLt

(1 + γ2) 2t + tTL

]2

(6)

where the thermal-lens amplitude is defined by θTL =
0.24αPl

λkT

(
dn
dT

)
.

A similar mathematical development can be done to
obtain the expression for the matter lens. The incre-
ment of concentration, Δc(r, t) = −cST ΔT [6, 22], is
written as follows:

Δc (r, t)

=
−0.06αPcST

πkT

[
ln

(
1 +

2t

tSL

)
− 2

( r

w

)2 2t

2t + tSL

]2

(7)

The inverse of the focal distance associated to the
matter lens (1/fSL) is defined as follows [22]:

1
fSL

= −l

(
dn

dc

)
d2Δc(r, t)

dr2
(8)

From Eq. (3), the normalized transmittance,
TN (z, t), is given by

T−1
N (z, t) =

(
T (z, t)
T (z, t0)

)−1

= 1 − 2γ
2θSLt

(1 + γ2) 2t + tSL

+
(
1 + γ2

)
[

2θSLt

(1 + γ2) 2t + tSL

]2

(9)

where θSL is the Soret-lens amplitude [19], written as
follows:

θSL = −θTLcST

(
dn

dT

)−1(dn

dc

)
(10)

3 Materials and methods

3.1 Sample preparation

Human plasma from healthy donors was obtained
from COLSAN (Beneficent Blood Collection Asso-
ciation—São Paulo, Brazil). Protease inhibitors and
antioxidant were added to the plasma [27, 28]. LDL
particles were isolated by sequential ultracentrifuga-
tion [29]. In this work, this preparative method was
carried out using an ultracentrifuge equipped with a
fixed-angle rotor (Hitachi®Himac CP 70MX, Tokyo,
Japan) at 105 g and 4 °C for 20 h. Potassium bro-
mated (KBr) was added to adjust the LDL density cut-
off point (1.063 g/mL) [28]. LDL was dialyzed against
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phosphate-saline solution (NaCl 150 mM, Na2HPO4

10 mM, pH 7,4 with EDTA 10 mM) to remove the
KBr. The dialysis process efficiency was monitored by
pH and conductivity measurement. Protease inhibitors
were added to the LDL samples. Samples were filtered
with a micrometric size pore filter. LDL total pro-
tein concentrations were determined using BCA Pro-
tein Assay Kit (Pierce®) with bovine serum albumin
(BSA), and the absorbance was measured at 562 nm,
by a microplate reader (800 TS, BioTek).

LDL samples were characterized by dynamic light
scattering (DLS) in order to verify the average parti-
cle diameter and the size distribution of the particles in
the samples (Supplemental Material). The samples were
used immediately after the preparation, to avoid oxida-
tion or particle’s agglomeration effects. For this reason,
an LDL sample from a new preparation batch was used
in each set of experiments. Different LDL samples were
named by a numerical index.

3.2 UV–Vis spectroscopy

The sample absorption coefficient α was determined
from the absorbance measurement (A) at 532 nm,
α = Aln10/b, where b = 10mm is the path length. The
absorbance spectra were obtained from measurements
of the extinction, removing the Rayleigh-scattering con-
tribution. The extinction spectra were measured in a
UV–Vis spectrometer (USB4000, Ocean Optics®) in
the wavelength range from 200 to 800 nm. The sample
was placed in a quartz cuvette [27, 28].

3.3 Optical coefficients

The linear dependence of refractive index (n) with tem-
perature (T ) and LDL samples concentration (c) was
used to determine the optical coefficients dn/dT and
dn/dc, respectively. Refractive index measurements
were performed in a refractometer (ATAGO 5000i).

3.4 Z-scan

The Z-scan setup is composed by a Gaussian laser
beam, wavelength of λ = 532 nm (Verdi V10, Coher-
ent). The beam is focused by a converging lens, result-
ing in a beam waist in the focus position (w0). An iris
is positioned in front of the detector to limit the light
intensity detected. Time evolution of light intensities
is acquired by an oscilloscope, connected to the detec-
tor. Acquisition software records the data from oscil-
loscope. Samples were placed inside a quartz cuvette,
with 200 μm of optical path length (Hellma Q170-700).
The laser power was set to 0.15 W, and the temperature
was set at 22.5 ± 0.1 °C.

To generate the thermal lens, pulses of Δt = 40ms
of irradiation time were employed, followed by a time
interval of 1 s without light. In the Soret-lens exper-
iments, pulses of Δt = 20s of irradiation time were
employed, followed by a time interval of 120 s without
light. T
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Fig. 2 Z-scan thermal-lens results for the LDL samples 1 (A) and 2 (B). Symbols represent experimental data, and lines
are the theoretical fittings (Eq. 11)

Experimental data of the normalized transmittance
as a function of the z-position of the sample were fitted
with the time-independent Eq. (11):

(11)

T−1
N (z) =

(
TN (z, t)
TN (z, t0)

)−1

= 1− 2γ
θ

(1 + γ2)
+

(
1 + γ2

)
[

θ

(1 + γ2)

]2

4 Results and discussion

4.1 Linear light absorbance

The absorption spectra, for samples 1 and 2, are shown
in Fig. 1.

These results show characteristic absorbance spectra
of LDL [27, 28] in which the heterogeneous constitution
of these particles gives different contributions. We focus
on the wavelength range from 350 to 600 nm, where
the maximum light absorption of carotenoid antioxi-
dants (at λ ≈ 440–480 nm) can be observed. This range
also shows the samples absorbance at λ = 532 nm, the
laser wavelength used in our experiments. From the
absorbance values at 532 nm, the optical absorption
coefficient (α) of the samples was determined (Table
1).

Light absorbance in a medium, resulting in a non-
homogeneous heat distribution, is the principle of the
lens behavior of the samples in a Z-scan experiment.
As shown, the LDL samples have an absorbance at λ =
532 nm, the laser wavelength used in our experiments.
This absorbance and the inhomogeneous distribution
of heat in the samples make possible the thermal- and
mass-lens experiments, the results of which are present
below.

4.2 Thermal lens

In the thermal-lens experiments, LDL samples were
irradiated with light pulses Δt = 40ms, in the ZS
setup. The characteristic peak-to-valley behavior, for
both samples 1 and 2, is shown in Fig. 2.

As the matter-lens experiment takes a long time
(about 10 h), we repeated the measurement of the
thermal-lens amplitude, after the matter-lens experi-
ment. The amplitude of the thermal lens was shown
to be reduced, with respect to the first measurement,
probably due to the light irradiation time of the sam-
ple. To calculate the Soret coefficient (in the following),
we used a mean value from both measured thermal-lens
amplitudes.

The mean values of θTL for both samples are neg-
ative, corresponding to negative thermo-optical coeffi-
cient. These values are about the same (see Table 1),
indicating that both LDL samples, from different plas-
mas, presented equivalent thermal behavior.

4.3 Matter-lens and the Soret coefficient

In the matter-lens experiments, LDL samples were irra-
diated with light pulses Δt = 20s, in the ZS setup. The
valley-to-peak behavior, for both samples 1 and 2, is
shown in Fig. 3. Interestingly, this characteristic behav-
ior valley-to-peak curves differ from that of the thermal
lens, that is, peak-to-valley.

The experimental matter-lens curves were also fitted
with Eq. (11). The best fittings are shown in Fig. 3, and,
from these fits, the matter-lens amplitudes (θSL) were
obtained (Table 1). The Soret coefficient was deter-
mined (Eq. 10) for both samples and is presented in
Table 1.

The optical coefficients dn/dT and dn/dc (Table 1)
were determined by the dependence of the refractive
index (n) on the temperature and sample concentra-
tion, respectively, as described in methodology. Figure 4
shows a typical result to the linear dependence between
these parameters.
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Fig. 3 Z-scan matter-lens results for the LDL samples 1 (A) and 2 (B). Symbols represent experimental data, and lines
are the theoretical fittings (Eq. 11)

Fig. 4 Refractive index measurements as a function of the temperature (A) and as a function of the sample concentration
(B) (at 22.5 °C), to LDL sample 2

The results of ST obtained reveal different values to
the coefficients from the two samples. This indicated
that the absolute value of the coefficient may depend
on the LDL sample characteristics, i.e., depends on the
donor. Differences in the composition, structure and
distribution of LDL subtractions from different indi-
viduals have been reported [30–32]. In addition, par-
ticles from different individuals may exhibit variations
in oxidative levels. These oxidative stages can impose
charge differences on the surface of LDL particles [13,
33]. However, it is premature from our results, to stab-
lish a correlation between these aspects and the Soret
coefficient without additional investigations.

Despite the difference in the absolute values of ST ,
from the two donors, both exhibited the same sign. Con-
sidering that LDL samples have dn

dc > 0 and dn
dT < 0,

the profile of the matter-lens typical result (valley-to-
peak, see, e.g., Fig. 3) gives θSL > 0 and (according to

Eq. 10) ST < 0, i.e., thermophilic behavior of the LDL
particles.

4.4 ST of LDL at physiological temperature

The same experimental approach described above was
applied to investigate the behavior of LDL particles at
37.5 °C, a temperature around the physiological tem-
perature. The LDL sample was from a new batch of
preparation and called sample 3. Its absorbance spectra
is presented in Fig. 5 and has the same characteristic
shape, already described to LDL samples in the pre-
vious section. The coefficient α determined is given in
Table 2.

Thermal- and Soret-lens results (Fig. 6) indicated the
same profile of the ZS curves obtained in experiments
carried out at 22.5 °C, showing that LDL particles also
show a thermophilic behavior (ST < 0) at physiological
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Fig. 5 Absorbance spectra in the wavelength range from
350 to 600 nm to LDL sample, measured at 37.5 °C

temperature. The θTL, θSL and ST values are presented
in Table 2.

4.5 Temperature dependence of ST for LDL
particles

Aiming to investigate ST behavior as a function of tem-
perature ST (T ), a set of three experiments with one
LDL sample, i.e., from the same donor and same batch
of preparation, was performed. The ST values were
determined at 15.0, 22.5 and 37.5 °C. Since the LDL
is a bioparticle, we choose the range between 15 and
37.5 °C, where the integrity of the LDL is maintained.
Out of this range, the stability of the particle may be
compromised. An LDL sample from the same prepa-
ration batch was used in all experiments; however, a
new aliquot was used in the analyses at each temper-
ature, to ensure the integrity of the particles. Also, to
ensure a fresh sample for all measurements, the Soret
experiments were optimized by reducing the number of
z-positions in the Z-scan experiments.

The results of the optical experiments are shown in
Figs. 7, 8 and 9. Figure 10 presents ST as a function of
temperature, in the range from 15 to 37.5 °C.

As described for many different systems, LDL showed
a decrease in the absolute values of ST , with the
increase in the sample temperature. However, the sig-
nal of the Soret coefficient does not change, indicating
that the same thermophilic behavior of LDL particles
at the temperatures investigated.

Based on the study of some systems, Iacopini et al.
[6, 34] proposed a phenomenological description for the
temperature dependence of ST , given by

ST = S∞
T

[
1 − e(T

∗−T )/T0

]
(12)

where S∞
T is the higher ST value achieved at temper-

atures in which its values have stabilized, T ∗ is the T
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Fig. 6 Thermal- (A) and matter-lens (B) results for the LDL sample 3 studied at 37.5 °C. Symbols represent experimental
data, and lines are the theoretical fittings (Eq. 11)

Fig. 7 Thermal- (A) and matter-lens (B) results for the LDL sample 4 studied at 15 °C. Symbols represent experimental
data, and lines are the theoretical fittings (Eq. 11)

Fig. 8 Thermal- (A) and matter-lens (B) results for the LDL sample 4 studied at 22.5 °C. Symbols represent experimental
data, and lines are the theoretical fittings (Eq. 11)
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Fig. 9 Thermal- (A) and matter-lens (B) results for the LDL sample 4 studied at 37.5 °C. Symbols represent experimental
data, and lines are the theoretical fittings (Eq. 11)

Fig. 10 Temperature dependence of ST for LDL particles.
The same LDL sample was investigated at equilibrium tem-
peratures of 15.0, 22.5 and 37.5 °C

temperature in which the sign of ST changes and T0 a
parameter associated with the exponential growth rate.

We tried to fit our data with Eq. (12), to obtain, at
least, the order of magnitudes of the parameter pro-
posed by Iacopini. However, due to the reduced num-
ber of experimental points in Fig. 10, the fitting is not
robust, given rise to different set of parameters with
equivalent values of Chi-square. So, we may just say
that the dependence of ST with the temperature is con-
sistent with Eq. (12). Moreover, our results show that,
unlike other colloidal systems [6, 24, 34], the LDL sam-
ples presented a slow increase in the ST , and a non-
inversion of its sign in the temperature range investi-
gated.

The origin of the thermophilic behavior of the LDL
particles, as well as its dependence on temperature, is
not yet completely understood. However, we can discuss
some aspects that can shine some light to this ques-
tion. LDL particles have a single apolipoprotein (ApoB-
100), arranged around the LDL [35]. ApoB-100 is a pro-
tein constituted by charged amino acids, such as lysins,

a positively charged residue. Another characteristic of
LDL particles, and the ApoB-100, is their amphipathic
nature. Segrest et al. [14, 36] described ApoB-100 as a
sequence of five alternating α-helix and β-sheet amphi-
pathic domains. β-sheet rich domains probably interact
directly with the lipid core through their hydropho-
bic faces, while predominantly α-helical domains are
possibly more flexible regions of the ApoB-100, with a
reversible lipid association [14]. Based on this, aspects
concerning the termodiffusion of charged particles, and
the role of the hydrophobic interactions’ particle sol-
vent, could play a role in the thermal behavior of the
particle.

One of the first theories to describe the Soret effect
in charged particles was proposed by Ruckenstein [37].
The termodiffusive phenomenon was described consid-
ering the migration of charged particles in a thermal
gradient, with the result of an interfacial tension gra-
dient [37]. According to this approach, the charged
particles, under a thermal gradient, acquire a ther-
mophoretic migration velocity (vT ) due to the inter-
facial tension gradient, given by

vT =
−l

η

dγ

dz
=

−l

η

dγ

dT

dT

dz
(13)

where l is the Debye length of charged particle, η is the
fluid viscosity, γ is the interfacial tension and z is the
distance in the motion direction [37].

From Eq. (13), Iacopini et al. [34] proposed a relation
between Soret coeficient and γ′(T ) = dγ

dT , in a study of
the Soret effect of lysozyme. It has been suggested that
termodiffusion behavior is weakly dependent on electro-
static effects, with hydrophobic interactions playing an
important role in thermodiffusion in protein solution [6,
38]. The negative values to ST at low temperatures, the
same coefficient sign we found for LDL was explained
based on numerical results of γ for hydrophobic par-
ticles, which results in γ′(T ) < 0 [34, 39]. Thus, the
migration of the lysozyme to hot or cold was associ-
ated with the exposure of hydrophobic groups to the
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solvent. At lower temperatures, lysozyme describes a
thermophilic behavior like hydrophobic charged parti-
cles. As temperatures increase, it switches to a thermo-
phobic behavior similar to hydrophilic charged parti-
cles. In studies with micellar systems, changes in ther-
mophoretic migration associated with changes in inter-
action between hydrophobic groups and the solvent
were observed [24].

In a similar way, ions present in the solution can
migrate under a thermal gradient. The ions movement
generates an electric field, the thermoelectric field. This
phenomenon is called Seebeck effect and is due to the
intrinsic Soret effect of ions [19, 40]. The Seebeck effect
contribution to the Soret effect of charged particles was
discussed by Eslahian et al. [21]. An expression for ST ,
which considers the effects of ions and particles move-
ment under a thermal gradient, can be written as [21,
41] follows:

ST =
ε

ηTDM

[
ζ2

12
(1 + τ + α) − ζST

]
(14)

where ε is the solution dielectric permittivity, τ is a
parameter related to water permittivity, DM is the
mass diffusion coefficient, ζ is zeta potential, α is the
thermal diffusion factor and S is the Seebeck coefficient
[21, 41]. The thermoelectric field can be writing as a
function of the temperature gradient by E = S∇T [19].

Unlike Eq. (12), this definition considers the influ-
ence of physical parameters such as the zeta potential
(ζ), associated to extent of the electric double layer,
and the Seebeck coefficient (S), associated to the ther-
moeletric field. Sehnem et al. [19] investigated the ST

temperature dependence of ionic ferrofluids, consider-
ing contributions from electric double layer changes and
thermoeletric field action. In that work, ζ and S were
measured, and the Seebeck coefficient was determined
experimentally by time evolution of the thermoelectric
potential in the ionic solution.

The investigation of the effect of different ions in col-
loidal solutions showed that distinct ions have different
influences on the Soret coefficient [21, 41, 42]. Vigolo
et al. [42] showed the effect of NaOH addition in micel-
lar solutions of the anionic surfactant sodium dodecyl
on the ST of the micelles. In comparison, NaCl salt
ions exhibited a weak contribution for this effect [42].
In a review paper, Niether and Wiegand [24] discussed
results from biological systems subjected to thermal
gradients. The effect of the temperature and concen-
tration of the solutes, in aqueous systems, were shown
to be important not only concerning the absolute value
of the Soret coefficient, but also on its sign.

In the case of the LDL particles, the termophilic
behavior cannot be attributed to a single characteris-
tic of this complex structure. The ApoB-100 located
around the particle is, mainly, a hydrophobic scaffold
protein. On the other hand, the polar heads of the phos-

phatidylcholine form H bonds with the water molecules
present in the plasma solution. Moreover, in the plasma,
ions are present and may have crucial role in the ther-
modiffusion of the LDL.

The ST values of the LDL particles measured are
of the same order of magnitude of those obtained for
lysozyme and SDS micelles [6, 24]. Regardless of the
common thermophilic behavior, our results indicated
differences in the ST magnitude of LDL from differ-
ent donors (plasma from different origins), suggesting
a thermal migration influenced by specific characteris-
tics of these particles. Since all the LDL particles inves-
tigated here were dispersed in the same medium (pH
conditions and salt concentration), the ionic (Seebeck)
contribution cannot explain the differences observed in
the values of ST of the LDL from different donors.

Another important point was to ensure that the ther-
modiffusion behavior described is due a migration of
monomeric LDL, without particles aggregation in the
samples. In order to this, samples 2, 3 and 4 were ana-
lyzed by DLS. The samples investigated showed a size
distribution consistent with the mean LDL particles
diameter reported in the literature [12]. Supplementary
material can be accessed to view the DLS results.

Despite the presence of charges in LDL apolipopro-
tein, termodiffusion studies in protein solution indi-
cate a non-relevant influence of this in ST tempera-
ture dependence [6, 38]. In contrast, hydrophobic inter-
actions between particles and solvent are suggested
to be an important contribution to the ST (T ) pro-
file. Considering the amphipathic character of LDL
particles, the distribution of hydrophobic/hydrophilic
groups (whether or not these are exposed on the parti-
cle surface) may be considered as a contribution in the
ST dependence with temperature.

The temperature dependence of ST was small, in
the temperature range investigated, in comparison with
other systems. Considering that strongest hydrophilic
behavior of particles is associated to a more sensitive
dependence of ST with temperature, a more global
hydrophobic behavior of LDL could be assumed. In
addition, this assumed that global hydrophobic behav-
ior of LDL would also be consistent with the negative
coefficient found (ST < 0), observed in the lysozyme
solution.

It cannot be excluded that conformational changes
in LDL may affect ST (T ), since LDL particles have a
core packaging phase transition, inducing changes in
the overall shape of these particles. Elliptical particles
at low temperatures become spherical at temperatures
above the core phase transition, around 20–30 °C [43,
44].

Finally, the influence of the thermoelectric field is
another interesting point. However, it is not possible to
evaluate it without additional measurements, such as
the zeta potential and Seebeck coefficient.
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5 Conclusions

This work presents a thermodiffusive study of human
LDL particles in physiological solution, in the temper-
ature range from 15 to 37.5 °C, measuring the absolute
value and sign of the Soret coefficient. The generaliza-
tion of the thermal-lens model, applied to Z-scan exper-
iments in the time scale of seconds, was employed. The
thermal behavior of the LDL particles, under condi-
tions similar to physiological environment, was shown
to be thermophilic. This result may be interesting in
the investigation of the plaque formation in arteries,
subjected to local temperature gradients.

The previous works that addressed the diffusion of
LDL particles under thermal gradients, by conditions of
hyperthermia or hypothermia, employed positive value
of Soret coefficient (ST > 0) [15, 18]. However, our
experimental results suggest negative ST values for
LDL, exhibit a thermophilic behavior. These theoretical
descriptions could be revisited considering the inversion
of the transport of LDL particles. For instance, the pre-
vious description for hyperthermia conditions was an
LDL particle accumulation inside the arterial wall [15].
Based on our results, the increase in LDL concentration
in arterial wall occurs when the heating is internal, i.e.,
under hypothermic conditions.

The origin of this behavior is not, still, fully under-
stood, due to the complexity of the LDL particle.
Additional experiments are necessary to investigate the
different contributions to the thermophilic behavior
observed.

Supplementary Information The online version con-
tains supplementary material available at https://doi.org/
10.1140/epje/s10189-023-00377-5..

Acknowledgements Authors thank André L. Sehnem
and Sarah Alves for helpful discussions. This study was
supported from Brazil, the National Council for Scientific
and Technological Development (CNPq – 465259/2014-6),
the Coordination for the Improvement of Higher Education
Personnel (CAPES), the National Institute of Science and
Technology Complex Fluids (INCT-Fcx) and the São Paulo
Research Foundation (FAPESP – 2014/50983-3), (FAPESP
– 2016/24531-3).

Author contribution statement

LOM carried out the experiments, analyzed data, partici-
pated in the design of the study and writing of the paper;
DR performed technical work in the experimental setup and
technical work in data acquisition and AMFN participated
in the design of the study and writing of the paper.

Availability of data and materials All data generated
or analyzed during this study are included in this article.

Declarations

Conflict of interest The authors declare no competing
interests.

References

1. C. Soret, Surl’état d’équilibre que prend au point de
vue de as concentration une dissolution saline primi-
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11. M. Bjelčić, D. Niether, S. Wiegand, Correlation between
thermophoretic behavior and hydrophilicity for various
alcohols. Eur. Phys. J. E 42, 68 (2019)

12. R. Prassl, P. Laggner, Molecular structure of low density
lipoprotein: current status and future challenges. Eur.
Biophys. J. 38, 145 (2008). https://doi.org/10.1007/s0
0249-008-0368-y

13. T. Hevonoja, M.O. Pentikäinen, M.T. Hyvönen, P.T.
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