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Effect of Oxidation on the Structure of Human Low- and High-Density
Lipoproteins
Cristiano L. P. Oliveira,* Priscila R. Santos, Andrea M. Monteiro, and Antonio M. Figueiredo Neto
Instituto de Fı́sica, Universidade de São Paulo, São Paulo, Brazil
ABSTRACT This work presents a controlled study of low-density lipoprotein (LDL) and high-density lipoprotein (HDL) struc-
tural changes due to in vitro oxidation with copper ions. The changes were studied by small-angle x-ray scattering (SAXS)
and dynamic light scattering (DLS) techniques in the case of LDL and by SAXS, DLS, and Z-scan (ZS) techniques in the
case of HDL. SAXS data were analyzed with a to our knowledge new deconvolution method. This method provides the electron
density profile of the samples directly from the intensity scattering of the monomers. Results show that LDL particles oxidized for
18 h show significant structural changes when compared to nonoxidized particles. Changes were observed in the electrical
density profile, in size polydispersity, and in the degree of flexibility of the APO-B protein on the particle. HDL optical results ob-
tained with the ZS technique showed a decrease of the amplitude of the nonlinear optical signal as a function of oxidation time. In
contrast to LDL results reported in the literature, the HDL ZS signal does not lead to a complete loss of nonlinear optical signal
after 18 h of copper oxidation. Also, the SAXS results did not indicate significant structural changes due to oxidation of HDL
particles, and DLS results showed that a small number of oligomers formed in the sample oxidized for 18 h. All experimental
results for the HDL samples indicate that this lipoprotein is more resistant to the oxidation process than are LDL particles.
INTRODUCTION
Cholesterol is a hydrophobic molecule that is essential for
the structure of the cell membrane and is a precursor of
bile acids, vitamin D, and other steroids. Plasma lipo-
proteins are responsible for the transport of cholesterol
between cells. These quasispherical particles of different
size and composition are composed of a lipid core of triglyc-
erides and cholesterol esters surrounded by a monolayer of
phospholipids, free cholesterol, and apolipoproteins (Apo).
Apolipoproteins are essential for the structural integrity of
the particle in addition to controlling lipoprotein meta-
bolism through binding to specific cell-membrane receptors
(1,2). The low-density lipoprotein (LDL), responsible for
the delivery of cholesterol to peripheral tissues, has only
one apolipoprotein (ApoB, predominantly B-100) (3),
whereas high-density lipoproteins (HDLs), which mediate
the inverse process of cholesterol transport (4), contain
several apolipoproteins (e.g., ApoA, C, and E) (5,6).

It is well established that lipoproteins play a key role in
atherosclerosis. This illness is the leading cause of death
in the western world. It is characterized as a dynamic and
progressive inflammatory disease that promotes lipid depo-
sition in the arteries that may result in the formation of
atherosclerotic plaques in the intima of the vessel. Elevated
(reduced) plasma levels of LDL (HDL) are associated with
an increase of coronary artery disease (CAD) (7,8).

LDL particles can undergo a modification process due to
the action of reactive oxygen species (ROS) and reactive
nitrogen species (RNS). The oxidation of LDL is a complex
process that begins with the peroxidation of some polyunsa-
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tured fatty acids (PUFAs), mainly phospholipids and choles-
teryl esters. Moreover, the oxidation products cause changes
in the ApoB conformation and affect the functional pro-
perties of LDL (9). Structural and/or chemical changes
generate different types of modified LDL particles
(mLDL), of which one of the most common is oxidized
LDL (oxLDL). OxLDL is removed by intima macrophages
via scavenger receptors that are not downregulated, causing
an excessive intracellular accumulation of LDL and foam-
cell formation (10). This process characterizes the first
phase of atheroma plaque formation. Studies show that in
contrast, HDL may play an antiatherogenic and antithrom-
botic role (11) by protecting LDL against lipid peroxidation
and reducing the deleterious effect of the oxLDL (12–14).

There are few methods to quantify the oxLDL in the
plasma. Gomez et al. (15) developed a new method to
determine the concentration of oxLDL by measuring the
nonlinear optical response of LDL solutions. The Z-Scan
(ZS) technique was used to investigate the nonlinear optical
properties of native LDL and oxLDL. The higher the degree
of oxidation of LDL particles, the smaller was the nonlinear
optical signal. Applying the ZS technique, Monteiro et al.
(16) showed that periodontitis patients have higher concen-
trations of modified LDL compared to individuals without
periodontal disease. Moreover, periodontal treatment
reduced the concentration of oxLDL in the plasma (17).

The use of small angle x-ray scattering (SAXS) to study
the structure of HDL and LDL particles dates back to the
1970s. Laggner and co-workers suggested that HDL parti-
cles were spherical objects with an average diameter of
9.6 nm (18). That work and others of the same period pre-
sented the first electron density profiles of HDL and LDL
particles obtained by SAXS measurements made using
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simplified procedures, which were only capable of
providing an overview of the internal structure of these
lipoprotein particles. Scattering results also suggested that
the LDL particles are spherical in shape, with an average
diameter of 24 nm and a possible lamellar organization of
the lipid core (19,20). Since these seminal works, methods
for analyzing results obtained using the SAXS technique
have evolved significantly. The deconvolution square-root
procedure proposed by Glatter (21,22) has been applied in
several studies of lipoproteins (23). Such studies represented
important advances in understanding the structure of lipo-
proteins. For example, SAXS results for measurements of
in vitro oxLDL particles showed no major structural
changes in samples oxidized with copper for <25 h (23).
Over the past 40 years, knowledge about lipoprotein struc-
ture has expanded considerably, but several questions about
cholesterol packing in the inner region of LDL particles and
the conformational orientation of apolipoproteins remain
(24–26). Recent studies with cryomicroscopy point to a
lamellar organization of cholesterol in the inner region of
LDL particles and to the influence of triglycerides on the
temperature at which the transition from this lamellar phase
to a disorganized one occurs (27).

In this work, we investigate the structure of LDL and
HDL particles using the SAXS technique and present to
our knowledge a new approach for analysis of these data.
This approach was originally developed by Oliveira and
co-workers to model experimental curves of scattering
intensity and obtain electron density profiles of lamellar
systems (28). The model was adapted to systems with spher-
ical symmetry so that it could be used for LDL and HDL
SAXS data. The obtained fits of the experimental scattering
curves are significantly better than those reported in the
literature (19,20,23), producing more accurate and reliable
curves for the electron density profile. The discussion of
the results and analysis of the structural properties of the
particles is complemented by dynamic light scattering
(DLS) measurements and the nonlinear optical response of
the particles. As this response has already been discussed
in the literature for LDL particles, ZS experiments were per-
formed with HDL solutions to get a complete set of data for
both lipoproteins.
TABLE 1 Descriptions of all lipoprotein samples

Sample Description

naLDL Native LDL

oxLDL-05min LDL oxidized with Cu for 5 min

oxLDL-30min LDL oxidized with Cu for 30 min

oxLDL-60min LDL oxidized with Cu for 60 min

oxLDL-6h LDL oxidized with Cu for 6 h

oxLDL-18h LDL oxidized with Cu for 18 hours

naHDL Native HDL

oxHDL-30min HDL oxidized with Cu for 30 min

oxHDL-60min HDL oxidized with Cu for 60 min

oxHDL-18h HDL oxidized with Cu for 18 h
MATERIALS AND METHODS

Isolation and oxidation of LDL and HDL

Blood was drawn from healthy normolipidemic donors, and the plasma was

obtained after centrifugation at 1000 � g at 4�C for 15 min. Benzamidine

(2 mM), chloramphenicol (0.25%), phenylmethylsulfonyl fluoride

(0.5 mM), gentamicin (0.5%), and aprotinin (0.1 U/mL) were added to

the plasma. LDL (1.006 < d < 1.063 mg/dL) and HDL (1.063 < d <

1.21 mg/dL) were isolated by density difference in a sequential ultracentri-

fugation (29) process at 105 � g at 4�C, using the rotor of an ultracentrifuge
(Hitachi Ultracentrifuge, Tokyo, Japan). The obtained samples with LDL

and HDL were dialyzed for 24 h at 4�C against phosphate-buffered saline

(PBS), pH 7.4. The LDL and HDL were put through a filter with micro-
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meter-sized pores (Millipore, Schwalbach, Germany), and the protein con-

centration was determined using a bicinchoninic acid protein assay kit

(Pierce, Stowe, VT), with bovine serum albumin as standard.

In vitro oxLDL and oxHDL were obtained by incubation of native LDL

(naLDL) and HDL (naHDL), respectively, with 20 mM CuSO4/mg protein

at 37�C (30). The samples were oxidized for 5, 30, and 60 min, 6 h, and 18 h

(Table 1). At each predefined time, the oxidation reaction was inhibited

with the addition of 1 mM of EDTA to the sample solution. After this pro-

cedure, HDL and LDL samples are ready to be used.
Z-scan

The ZS setup was composed of a continuous-wave Nd:YVO4 (l ¼ 532 nm)

Verdi V10 laser from Coherent (Santa Clara, CA), with a Gaussian profile

beam. In this setup, 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 of z0 ¼ 3.845 0.20 mm (31). In these conditions, the beam (consec-

utively) illuminates the sample during the time interval Dt ¼ 30 ms. A sil-

icon photodetector (PDA36A, THORLABS, Newton, NJ), positioned at the

far field, collected the transmitted light. All HDL samples were investigated

using glass sample holders 200 mm thick and 180 mWof incident power of

the laser on the samples. In the ZS experiment, the sample is moved along

the z axis, around the laser-beam focus position. The detector collects the

transmitted light as a function of the z-position and time I(z,t). At a given

z-position the transmittance is recorded during the time 0 < t < Dt. The

z-dependence of the normalized transmittance, GN(z), is written as (31):

GNðzÞ ¼ Iðz; t ¼ 0Þ � Iðz; t ¼ DtÞ
Iðz; t ¼ DtÞ

¼ q

 
2ðz=z0Þ

1þ ðz=z0Þ2
!

þ q2

 
1

1þ ðz=z0Þ2
!
; (1)

where q is a dimensionless parameter that measures the strength of the

thermal lens formed in the sample. The typical ZS-position-dependent curve

has a peak and a valley. The peak to valley amplitude is proportional to the

parameter q. Thus, the bigger q is, the larger is the peak-to-valley amplitude

and, consequently, the thermal lens strength.Eachmeasurementwas repeated

10 times in 80 different z-positions around the beam waist. The data were

analyzed using the Thermal Lens model (31). More details about the setup,

data acquisition, and data treatment can be found in a previous work (32).
SAXS

LDL SAXS measurements were performed at the Brazilian Synchrotron

Light Laboratory (LNLS) at the SAXS1 beamline (33). The sample holder,

a cell with dimensions 1� 4� 8 mm3 and mica windows, was connected to

a thermal bath, enabling LDL sample measurements with the temperature

controlled at 22�C. The wavelength of the incoming monochromatic
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x-ray beam was l ¼ 1.48 Ǻ, and the distance between the sample and the

detector was set to 3200 mm, providing a q (scattering vector modulus)

interval from 0.006 to 0.25 Ǻ�1, where q ¼ 4p(sinx)/l and 2x is the scat-

tering angle. The 2D scattering data were collected on a Pilatus 300k detec-

tor (Dectris, Baden, Switzerland), and integration of the SAXS patterns and

data treatment were performed using FIT2D software (34). Error estimation

and normalization to absolute scale were performed with the SUPERSAXS

package (C. L. P. Oliveira and J. S. Pedersen, unpublished). A beam size of

300 � 100 mm was used. This beam size is further convoluted with a detec-

tor resolution of 172 mm. The experimental setup provided a spacing in

q values of Dq ¼ 0.00042Å�1.

HDL SAXS measurements were performed on the laboratory SAXS

instrument Nanostar (Bruker, Billerica, MA) at the Institute of Physics,

University of São Paulo. This equipment is improved by the use of micro-

focus source Genix3D coupled with Fox3D multilayer optics and two sets

of scatterless slits for beam definition, all provided by Xenocs (Sassenage,

France). The samples were kept on a quartz capillary glued to a stainless-

steel case, which facilitated proper rinse and reuse of the sample holder,

permitting an accurate background subtraction. The scattering of water

measured on the same sample holders was used to normalize the data to

absolute scale. The sample temperature was controlled by a circulating

bath and was kept constant at 25�C. Several 900 s frames were recorded

for each sample to monitor radiation damage and beam stability. The wave-

length of the incoming monochromatic x-ray beam was l ¼ 1.54 Ǻ (Cuka)

and the sample-to-detector distance was 0.67 m, providing a q interval from

0.009 to 0.35 Ǻ�1. The 2D scattering data were collected on a Vantec2000

detector (Bruker), and integration of the SAXS patterns was performed

using Bruker SAXS software. The data treatment, normalization to absolute

scale, and averaging procedures were performed using the SUPERSAXS

package (C. L. P. Oliveira and J. S. Pedersen, unpublished). A beam size

of 1 mm in diameter was used. This beam size is further convoluted with

a detector resolution of 160 mm. The experimental setup provided a q-value

spacing of Dq ¼ 0.00142Å�1.

The treated and normalized SAXS data for the sample series of LDL and

HDL is shown in Fig. S1 in the Supporting Material.
FIGURE 1 Schematic drawing of the model used to obtain the electron

density profile of lipoproteins. Rmax is the maximum radius of the particle

and ε is its anisotropy. Thus, if ε ¼ 1, the particle is spherical, if ε < 1, it is

an oblate spheroid, and if ε > 1, the particle has the shape of a prolate

spheroid.
SAXS data analysis and modeling

The analysis of the SAXS data was performed in several steps. First, the

data were analyzed by the indirect Fourier transformation (IFT) method

(35) in a slightly different implementation (36,37). The IFT fits for several

data sets and the corresponding p(r) functions are shown in Fig. S2, a and b.

From these analyses, initial information about size, shape, and possible

aggregation were obtained. For the LDL samples, it was observed that

the presence of oligomers or larger aggregates depends on the level of

oxidation. Interestingly, for the HDL samples, no aggregation was detected.

To be able to analyze the contribution only from the LDL particles, not from

the aggregates, it is necessary to decouple the form and structure factors of

the scattering data. We were able to do so using the generalized IFT method

(GIFT) (36). In this case, a theoretical function is used for the structure-

factor contribution and it is possible, by simultaneous optimization of the

p(r) function (form-factor) and structure-factor parameters, to obtain

the theoretical form factor without the structure-factor contribution. For

the case of HDL, this decoupling procedure was not necessary.

Having the form factors for each case, a new analysis method was used.

This procedure is based on the square-root deconvolution method originally

proposed by Glatter (21,22), but with a different implementation, similar to

that proposed by Oliveira (28). In the original method proposed by Glatter,

modeling was performed by fitting the p(r) curve. This approach limits the

generality of the model, since only spherical (cylindrical and lamellar)

systems could be studied, without the inclusion of any kind of anisotropy.

In the proposed new method, since the scattering data are adjusted, it is

possible to introduce several types of anisotropy, e.g., as polydispersity,

as well as to perform a simultaneous fitting of additional backgrounds to

the scattering data and several other types of contribution (28).
The description of the normalized intensity form factor (P(q)) and ampli-

tude form factor (A(q)) is performed using an analytical or semianalytical

expression that can be written as

PMODðqÞ ¼

Z N

0

DðrÞmðrÞ2PMonðq; rÞdrZ N

0

DðrÞmðrÞ2dr
(2)

Z N
2

AMODðqÞ ¼ 0

DðrÞmðrÞ AMonðq; rÞdrZ N

0

DðrÞmðrÞ2dr
; (3)

where a number distribution polydispersity in size was assumed. Several

types of distribution, for example, Shulz-Zimm distributions, can be

assumed. The function m(r) depends on the assumed geometry. For sphe-

roidal particles, m(r) ¼ V, where V is the particle volume. Different geom-

etries may have different weighting functions. The intensity and amplitude

form factors, PMon(q) and AMon(q) for ellipsoidal particles are given by

PMonðqÞ ¼
Zp=2
0

�
FM½q; rðR; ε;aÞ�exp

�
� 1

2
q2sint

��2

sin a da

(4)

Zp=2 � �

AMonðqÞ ¼

0

FM½q; rðR; ε;aÞ�exp � 1

2
q2sint sin a da;

(5)

where r(R, ε, a) ¼ R(sin2a þ ε cos2a)1/2 is the radial element for the

integration, R is the transversal radius, and εR is the vertical radius of the

ellipsoid of revolution. The Gaussian term on the formula provides a smear-

ing of the interface.

The function FM(q,R) describes an ellipsoidal particle with several shells

of different electron density (Fig. 1) and is given by
Biophysical Journal 106(12) 2595–2605
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FMðqÞ ¼ 1

MM

"
r1mðR1ÞFSðq;R1Þþ

XN
i¼ 2

ðri � ri�1ÞmðRiÞFSðq;RiÞ
# (6)

XN

MM ¼ r1mðR1Þ þ

i¼ 2

mðRiÞðri � ri�1Þ; (7)

where ri is the electron density for the ith layer, N is the number of shells/

layers describing the model, and FS(q,R) is the amplitude form factor for a

sphere of radius R:

FSðq;RÞ ¼ 3½sinðqRÞ � qR cosðqRÞ�
ðqRÞ3 : (8)

The final expression used for fitting the theoretical data is

IðqÞ ¼ SC1
PMODðqÞ þ SC2

PDebðqÞ þ Back: (9)

In this expression, the form factor PMOD(q) is defined in Eq. 1, SC1 and SC2
are scale factors, Back is a constant background, and PDeb(q) is the intensity

factor for the scattering from a Gaussian chain, given by

PDebðqÞ ¼ 2½expð�uÞ þ u� 1��u2; (10)

where u¼ Rg2q2, where Rg is the average radius of gyration of the Gaussian

chain. This expression was used to describe two general features of the lipo-

protein systems that may directly affect the scattering data. The first is the

presence of proteins on the surface of the lipoprotein (ApoB for LDL and

several proteins for HDL), which introduce a break in symmetry in the sys-

tem that naturally makes the form-factor minima shallower. Also, those pro-

teins can have floppy or flexible regions that can also be described by Eq. 10.

In the results shown in this work, a total of N ¼ 10 shells was considered

in Eq. 6. The modeling parameters are the electron densities, ri, of each

shell; the maximum radius of the particle; the polydispersity in radius,

assuming a Shulz-Zimm distribution; the particle anisotropy, ε (>1 for pro-

late and<1 for oblate); two scale factors, SC1 and SC2, the radius of gyration

of the Gaussian chain, and a constant background. All these parameters

were optimized in the same fitting procedure. We used a nonlinear partially

constrained least-squares fitting (28,38) in which the ri values are stabilized

by the use of a Lagrange multiplier that is varied during the fitting proce-

dure. The best value of this Lagrange multiplier is automatically determined

by the modeling procedure.
FIGURE 2 Example of data fitted with the GIFT and deconvolution

methods, showing the contribution of each component in the fit. For details,

see text.
Dynamic light scattering (DLS)

The DLS technique was used to evaluate the particle-size distribution on the

samples. LDL measurements were performed using a Zetasizer Nano ZS

(Malvern, Worcestershire, United Kingdom) at the Institute of Chemistry,

University of São Paulo. The experimental setup was composed of a

633 nm wavelength laser beam and a photon detector positioned at 7�

(with respect to the detector). HDL measurements were performed using

a 90Plus Particle Size Analyzer (Brookhaven, Holtsville, NY) located at

the Institute of Physics, University of São Paulo. The setup was composed

of a laser beam with wavelength 657 nm and a detector positioned at 90�.
Temporal autocorrelation curves were obtained using standard routines of

the acquisition programs. Through standard DLS models and the Contin

method (39), we calculated the average diameter of monomers and clusters

comprising the samples. The DLS experiment was performed in homodyne

mode on both instruments.
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RESULTS

SAXS results

Low-density lipoproteins

The analysis of LDL samples started with the use of the IFT
method. The obtained pair distance distribution functions,
(p(r)), for all samples showed a well-defined monomeric
region and a second region that could be related to the pres-
ence of small oligomers in the samples (data shown only in
Fig. S2, a and b). Decoupling of the monomer contribution
(form factor) and the small-oligomer contribution (structure
factor) was performed using the GIFT method (36). One
example of fitting and its contributions is shown in Fig. 2.
In this case, we used a structure factor of a fractal system
(40). One can clearly see that this model is able to describe
the full SAXS curve. It is easy to see that the form factor
detaches from the experimental data for small q values, sug-
gesting that this region of the scattering data is dominated
by larger objects, the LDL oligomers, which are then
described by the structure factor. The presence of such olig-
omers is supported both by IFT analysis of LDLs (Fig. S2 b)
and by previous TEM studies (41). In all LDL samples, the
clusters were best fitted as fractals, with fractal dimension
compatible with 3.0, indicating that they were volume
(3D) fractals. Since just a few points are related to the struc-
ture factor on the SAXS profile, the average size/correlation
of such fractals (the so-called cutoff length on the model
used (40)) was not well defined and varied between ~2000
and ~4000 Å. In any case, the modeling of such oligomers
is an approximation and has to be viewed as a procedure
to decouple the best form factor for this system.

The maximum appearing at q ¼ 0.17 Å�1 in the experi-
mental scattering data (Fig. 3 a), is related to the repetition
distance of ~37 Å associated with a lamellar packing of
the lipid content in the LDL core (27). The lamellae are
composed of two bound molecules of cholesterol esters.



FIGURE 3 GIFT applied to LDL SAXS data. (a) Fitting (solid curve) of

scattering data of LDL samples by the GIFT method. Also shown are the

form factors (dashed curves) obtained from the decoupling procedure. (b)

Pair distance distribution functions, p(r), obtained with the GIFT method

for LDL samples.

FIGURE 4 Deconvolution procedure applied to modeling of LDL SAXS

data. (a) Form factor fitted with the deconvolution modeling procedure.

Experimental data (open squares) and model fit (solid lines) are shown.

(b) Electron density profiles of LDL samples obtained with the deconvolu-

tion modeling procedure.
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This maximum appears in the scattering data of all samples,
but oxLDL-18 h has a broader maximum. These results
show that the internal lamellar packing is preserved, at least
partially, during the oxidation process.

The p(r) curves obtained for the LDL particles show very
similar features in the region between 0 and 300 Å for native
LDL (naLDL) and oxLDL samples (Fig. 3 b). The
maximum at ~200 Å is shifted to higher values in
the oxLDL-18h sample, which might indicate changes in
the electron density profile of LDL in this sample. The
p(r) curves obtained for the other oxLDL samples did not
show clear differences when compared to the p(r) from
the naLDL sample.

Using the GIFT method, it is possible to obtain a good
extrapolation for the form factor at angles lower than that
given in the original experimental data. This is very impor-
tant when using the deconvolution procedure to improve
modeling stability. By using this to our knowledge new
modeling method, it is possible to obtain a very good fit of
the experimental data and calculate the electron density pro-
file of the lipoproteins. To fit the form factor, we used a fixed
anisotropy of 0.9, because LDL particles are known to be
slightly oblate (42). The fixation of this parameter was neces-
sary to improve the modeling stability, since anisotropy and
size polydispersity can be correlated. The fitting parameters
were the average radius, the size polydispersity, the constant
background, and the scale factors. The radius of gyration of
the Gaussian chain was determined for native LDL (naLDL)
as 54 5 5 Å, and this value was kept fixed for the other
oxLDL samples. The fitting results can be seen in Fig. 4 a
and the electron density profiles are shown in Fig. 4 b.

It is possible to observe several oscillations in the
LDL electron density profile, which can be understood as
variations on the electron density profile of the LDL
particle. Interestingly, the positive-negative variation
observed between ~100 and 140 Å, corresponds approxi-
mately to the length of phosphatidylcholine, the primary
phospholipid in the LDL outer layer. This outer particle
surface also has the presence of ApoB, which may slightly
alter the height of these oscillations and probably is
Biophysical Journal 106(12) 2595–2605



FIGURE 5 Indirect Fourier transform applied to HDL SAXS data. (a)

HDL scattering intensity data fitted with the IFT method. Experimental

data (open squares) and model fit (solid lines) are shown. (b) HDL pair dis-

tance distribution function curves, p(r), obtained by the IFT method.
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responsible for the negative density that occurs for radius
values >140 Å. For radius values <100 Å, it is possible
to observe other systematic variations in the electron density
profile that are related to the well-defined region (oriented)
in the center of the particle. This large variation in electron
density profile may be due to the existing lamellar organiza-
tion within LDL particles, which is associated with the
maximum correlation curves scattering at q ¼ 0.17 Å�1. It
is noteworthy that the sample oxLDL-18h has a significantly
different electron density profile when compared with less
oxidized and native LDL profiles. This difference indicates
changes in both the core region and the phospholipid layer
on the 18-h-oxidized particles.

The parameters obtained by deconvolution are shown in
Table 2. As can be seen, there was no evolution of the
mean radius of particles as a function of sample oxidation
time. Moreover, size polydispersity of LDL particles
increased significantly for the oxLDL-18h sample. Taking
into account that polydispersity is ~15 Å for all samples,
the obtained particle sizes are consistent with those pre-
sented in the literature (27,41).

Interestingly, there is a significant change in the Debye
scale factor (SC2 in Eq. 9) for the sample oxidized for
18 h (Table 2). This can be interpreted as an increase in
the amount of flexible chains of ApoB exposed on the sur-
face of LDL particles. This result is consistent with the
idea that LDL oxidation occurs initially on the lipids and
also at ApoB hydrophobic sites (43,44). These sites, initially
immersed in the region of phospholipid carbon chains,
become exposed when oxidized.

High-density lipoproteins

HDL samples did not show evidence of oligomerization,
and therefore, it was not necessary to apply the GIFT
method to retrieve the form factor. Fig. 5, a and b, shows
the experimental scattering data fitted with the IFT method
and the obtained p(r) curves. As can be seen from the scat-
tering intensity and corresponding p(r) curves, the results
with HDL are very different from those obtained with the
LDL samples. This indicates that there are important struc-
tural differences between the two types of lipoprotein. From
the results, one can see that the oxidation process in HDL
induces small changes in the scattering intensities and p(r)
curves, indicating that no significant structural changes are
induced by oxidation.
TABLE 2 Parameters obtained by the deconvolution

modeling procedure for LDL samples

Sample Radius (Å) Polydispersity (Å) SC2

naLDL 155.7 5 2.8 14.3 5 0.4 0.19 5 0.05

05 min 155.6 5 1.0 14.34 5 0.24 0.203 5 0.008

30 min 156.1 5 0.8 14.07 5 0.22 0.206 5 0.007

60 min 155.4 5 1.0 14.11 5 0.25 0.204 5 0.008

06 hours 156.7 5 1.1 14.42 5 0.20 0.206 5 0.008

18 hours 156.0 5 2.8 15.8 5 0.6 0.292 5 0.018
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Fig. 6 a shows the experimental scattering data for HDL
fitted with the deconvolution method. The results obtained
with this method are shown in Table 3. Fitting results
were obtained by fixing particle anisotropy at 1.0. This
assumption was based on data from several studies in the
literature that indicate that HDL particles are practically
spherical. Also, similar to the LDL case, the fitting proce-
dure is not stable if both anisotropy and polydispersity are
optimized, since they make similar contributions to the scat-
tering intensity. Another important aspect is that the contri-
bution from a Gaussian chain was not important and always
gave scale factors close to zero, with large uncertainty.
Because of this, this parameter was not considered in the
analysis procedure, and was fixed at zero. This is an inter-
esting result and suggests that for HDL, the proteins should
be located around the entire surface and not only in a partic-
ular region, as in the case of the LDL. Also, oxidation does
not induce the appearance of floppy or flexible regions in the
HDL structure.

HDL electron density profiles (Fig. 6 b) present a posi-
tive-negative variation between ~40 and 60 Å, which may
correspond to the phospholipid monolayer region with the



FIGURE 6 Deconvolution procedure applied to the modeling of LDL

SAXS data. (a) HDL scattering intensity data fitted with the deconvolution

modeling procedure. Experimental data (open squares) and model fit (solid

lines) are shown. (b) Electron density profiles for HDL samples obtained

with the deconvolution modeling procedure.

TABLE 4 Radius values obtained throughDLSmeasurements

Sample Mean diameter (nm)

naLDL 20 5 6
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proteins immersed. This region does not vary between the
different samples, suggesting that it is not affected by the
oxidation of the samples. Likewise, all the curves converge
to zero in the same radius value, indicating that the particle
diameter does not change due to oxidation. Some small
changes in the electron density profile are observed mainly
below 30 Å and may be induced by oxidation effects.

The HDL electron density profiles have far fewer oscilla-
tions than those obtained for LDL samples, in agreement
with the fact that these two lipoproteins have important
structural and size differences. HDL particles have a less
organized core than LDL particles and higher relative size
polydispersity. In addition, the proteins that compose the
TABLE 3 Parameters obtained by the deconvolution

modeling procedure for HDL samples

Sample Radius (Å) Polydispersity (Å)

naHDL 55 5 6 8.5 5 1.0

30 min 55 5 3 8.3 5 0.8

60 min 56 5 7 8.7 5 1.1

18 hours 55 5 6 8.9 5 1.0
two lipoprotein structures are very different. Although
LDL particles have only ApoB, HDLs may contain serveral
apolipoproteins, the amount varying from particle to particle
(45). This variable number of proteins in HDL particles
makes them intrinsically less monodisperse and with a
less well defined structure compared to LDL particles.
These peculiarities of HDL particles are reflected on the
obtained electron density profiles and on the model results.

In any case, since it was not possible to observe any sig-
nificant structural difference in HDL electron density pro-
files induced by copper oxidation, the SAXS results and
modeling indicate that HDL particles are more resistant to
copper oxidation than are LDL particles.
DLS results

A comparison of the temporal autocorrelation curves of all
LDL samples (Fig. S3 a) indicates that only the sample
oxidized for 18 h shows a significant change. This difference
is probably related to the increase in size polydispersity of
the sample, which was also observed on the SAXS analyses.
Fig. S3 a shows a slight variation in the temporal autocorre-
lation curve of oxLDL-6h as well. The experimental data
and the fitting curve are slightly more visible from 300 ms
and further.

It is possible to estimate the average diameter of the
particles in each sample through the diameter distribution.
The average diameter is taken as the maximum of the distri-
bution and the uncertainty of each diameter as the width at
two-thirds of the maximal high.

Experimental autocorrelation data from HDL samples
can be seen in Fig. S3 b. The main information present in
these curves is the appearance of clusters in the oxHDL-
18h data, which is characterized by a slower decay
compared to other autocorrelation curves. Although for
naHDL and other oxidation curves the autocorrelation
data reach (near) zero when t ¼ 100 ms, the oxHDL-18h
data reach (near) zero when t ¼ 400 ms. These clusters
have diameters estimated at 50 5 17 nm, which may
explain why they have not been observed in SAXS measure-
ments, as the resolution of the experimental setup was
~70 nm. The obtained mean radius of each sample is pre-
sented in Table 4.
oxLDL-05min 20 5 6

oxLDL-30min 20 5 6

oxLDL-60min 19 5 6

oxLDL-6h 20 5 6

oxLDL-18h 21 5 7

naHDL 5.7 5 2.3

oxHDL-30min 7.3 5 2.5

oxHDL-60min 7.5 5 2.9

oxHDL-18h 8 5 4

Biophysical Journal 106(12) 2595–2605
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ZS results

Typical results for normalized transmittance as a function of
z-position of the sample are presented in Fig. 7 a. It can be
observed that the peak-to-valley distance decreases with an
increase in sample oxidation time. Through the fit to the
experimental data using the thermal lens model (Eq. 1),
we obtained the parameter q of each sample, which is pro-
portional to the peak-to-valley distance. Results show a
decrease of q as a function of sample oxidation time
(Fig. 7 b). A similar behavior was observed with LDL
particles (32,41). LDL samples stop presenting a nonlinear
optical response (q ¼ 0) at ~90 min of in vitro oxidation
with copper, whereas HDL samples presented a nonlinear
optical response (under the same experimental conditions)
even after 18 h of in vitro oxidation time. This indicates
that there are important differences between the two lipo-
protein types in the oxidation process and also supports
SAXS results indicating that HDL particles are more resis-
tant to oxidation than LDL particles.
FIGURE 7 Results from ZS analysis. (a) Average nonlinear transmit-

tance curves of naHDL, oxHDL-30min and oxHDL-18h. The solid and

dashed lines are fits obtained with the thermal lens model. (b) q parameter

as a function of oxidation time for HDL samples, obtained with the thermal

lens model.
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DISCUSSION

The values of the average particle diameters for LDL and
HDL samples obtained using the DLS and SAXS techniques
show that oxidation process does not alter particle size. On
the other hand, the SAXS data of LDL samples indicate that
the size polydispersity of particles increases when the sam-
ples are subjected to long oxidation times (e.g., 18 h). Inter-
estingly, in the case of HDL particles, there appeared to be
no evidence of increased size polydispersity of particles as a
function of sample oxidation time.

SAXS results also showed that LDL particles have a
lamellar packing of cholesterol in their core. This organi-
zation remains, at least partially, even after 18 h of
in vitro oxidation with copper ions. In contrast, SAXS
curves of HDL showed no characteristic peak associated
with repetition distance, which indicates that HDL particles
have a disorganized lipid core.

LDL samples in the different stages of oxidation pre-
sented the formation of small aggregates, which could be
modeled as volume fractal clusters by using the GIFT
method of analysis. However, due to the limited experi-
mental resolution, it was not possible to obtain a precise
size for such clusters. Moreover, from the analysis of the
HDL SAXS results (at least on the angular range covered
in the experiments), no formation of aggregates or oligo-
mers was observed. On the other hand, the DLS technique
indicated that the oxHDL-18h sample showed formation
of larger aggregates. However, since the fraction of such
aggregates was very small, and since their size is near that
of SAXS setup resolution, it was not possible to detect their
influence on the SAXS data.

None of the LDL samples oxidized for up to 6 h showed
any change in the intensity scattering data and electron
density profile compared to the naLDL results. However
the oxLDL-18h sample presented important differences:
an increase of polydispersity, differences across the electron
density profile, and an increase in the Gaussian chain scale
factor. The increase of size polydispersity of particles on the
sample oxidized for 18 h was also confirmed by the DLS
data. Interestingly, for the oxLDL-18h, the electron density
profile differs from that of the naLDL not only in the inner
core, but also in the outer shell region of the particles
(Fig. 4 b), which might indicate an important change over
the complete structure of the lipoprotein. Finally, the
observed increase in the Gaussian chain scale factor can
be understood as an increase in the number of flexible or
floppy regions on the protein sequence, which may indicate
that somehow the oxidation is changing the protein struc-
ture, either by making it less structured or by causing
some regions of the protein that were attached to the surface
detach and become loose. All these results provide indica-
tions regarding the structural changes induced in the LDL
particles due to the oxidation process. It is well known
that oxidative modification of LDLs leads to loss of
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recognition by the LDL receptor and a shift to recognition
by scavenger receptors present in macrophages (10). Scav-
enger receptors are not downregulated in response to
increased intracellular cholesterol and the accumulation of
cholesterol leading to the development of foam cells, the
hallmark of the artery lesion known as fatty streak. The
failure in particle recognition by the system is related to
the alteration of the protein structure. Therefore, oxidation
induces changes in the ApoB constituent, making the parti-
cle unable to bind the LDL receptor (46). Such a change
in protein structure was detected in the SAXS results,
mainly by changes on the electron density profile and the
Gaussian chain contribution. On the other hand, HDL sam-
ples showed no significant differences between native and
oxidized samples, indicating that this kind of lipoprotein
is more resistant to oxidation. This resistance to oxidation
is due to the presence of several antioxidant enzymes asso-
ciated with HDL particles, such as paraoxonase (47) and
apolipoproteins (48).

The modeling strategy applied to the analysis of SAXS
data, as well as use of the to our knowledge new deconvolu-
tion procedure, provided a unique way to study lipoproteins,
permitting calculation of the electron density profile directly
from the experimental SAXS data. In all the cases pre-
sented, we were able to obtain a very good fit to the exper-
imental data.

It is interesting to compare the ZS results obtained with
HDL and LDL particles. Since all lipoproteins present sim-
ilarities in their overall structure, it is possible that the mech-
anism of thermal lens formation is also similar. The ZS
experiments with HDL samples showed that the decrease
of the q parameter as a function of oxidation time occurs
at a lower rate than observed for the LDL samples
(32).Although LDL loses the nonlinear optical response
signal altogether after <2 h of in vitro oxidation, HDL pre-
sents this signal for over 18 h. It has been shown previously
in the case of LDL experiments that the behavior of the
parameter q is inversely proportional to the sample’s thermal
diffusivity (32). The thermal lens is formed because the
sample absorbs heat from the Gaussian laser beam, which
diffuses radially across it, imposing a temperature gradient.
If the heat propagates slowly, it creates a variation of the
refractive index through the radial direction, which gives
rise to the lens formation. However, the more oxidized the
LDL sample, the greater is the thermal diffusivity, and for
samples oxidized for >90 min, the thermal lens does not
form in the timescale of the experiment (milliseconds)
(32). Recent studies have shown that the increase of thermal
diffusivity is partially associated with the production of
hydroperoxides during the oxidation process (32). From
this picture, one can conclude that the changes in the ZS
signal are related to a global modification in the sample as
a function of the oxidation process, namely, to structural
modifications and chemical reactions occurring in the solu-
tion, which form hydroperoxides. The SAXS results showed
that when subjected to oxidation, HDL particles presented
significantly fewer structural changes than did LDL parti-
cles. This information on the nanoscale can be directly
correlated to ZS results, which provide information on a
much larger length scale.
CONCLUSIONS

We have presented a controlled and systematic study of
LDL and HDL structural changes due to in vitro oxidation
of the samples with copper ions. SAXS, DLS, and ZS tech-
niques were used to investigate and characterize the struc-
ture of the particles directly in solution. The SAXS data
were analyzed using a to our knowledge new methodology
capable of fitting the experimental scattering data and
providing the corresponding electron density profile and
other structural parameters. We conclude that compared to
previous works using different modeling approaches, this
to our knowledge new modeling approach provides much
more reliable results and therefore seems to be more appro-
priate for the study of lipoproteins in solution. Also, the
SAXS strategy for data analysis and modeling presented
in this work can certainly be used as a guide for analyzing
this kind of nanoparticle in solution. Results showed differ-
ences in the electron density profile both in the cholesterol
core and in the phospholipid monolayer for samples
oxidized for 18 h, compared to native particles. Further-
more, size polydispersity of oxLDL-18h increased, as did
the scale factor of the Gaussian chain contribution. This
term may be associated with changes (loss) in the overall
symmetry of the particle, an increase in the flexible parts
of the lipoprotein, which may indicate structural changes
on the protein that embraces the lipoprotein, or some
breakage of ApoB.

Our SAXS results with LDL samples show that the
lamellar organization of cholesterol in the particle core
remains at least partially structured even after 18 h of oxida-
tion. All these results show that, despite the fact that LDL
particles lose their biological function after an oxidation
process as extensive as that generated by 18 h of incubation
with copper, the overall structure of the lipoprotein is still
similar to that of the native particle. This indicates that
severe changes might occur in ApoB due to oxidation.

With respect to HDL, both optical and structural charac-
terization results reveal that this particle presents a higher
resistance to oxidation than do LDL particles. With the ZS
technique, even after oxidation for 18 h, HDL samples
continue to show a nonlinear optical signal distinguishable
from the background. As in the case of LDL, oxidation of
HDL particles shows a decrease of the amplitude of this
signal as a function of oxidation time, but unlike the case
for LDL, oxidation of HDL particles does not lead to a com-
plete loss of signal. SAXS results did not show any drastic
structural changes due to oxidation of HDL particles. The
DLS technique showed a tendency in the oxHDL-18h
Biophysical Journal 106(12) 2595–2605
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sample to form a small fraction of aggregates. All the struc-
tural investigations for the nanoparticles presented in this
work indicated that LDL particles are more susceptible to
oxidation than HDL particles.
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