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The size and biomechanical properties of lipoproteins are tightly correlated with their
structures/functions. While atomic force microscopy (AFM) has been used to image lipoproteins
the force measurement of these nano-sized particles is missing. We detected that the sizes of LDL
and HDL in liquid are close to the commonly known values. The Young’s modulus of LDL or HDL
is �0.4 GPa which is similar to that of some viral capsids or nanovesicles but greatly larger than that
of various liposomes. The adhesive force of LDL or HDL is small (�200 pN). The comparison of AFM
detection in air and liquid was also performed which is currently lacking. Our data may provide
useful information for better understanding and AFM detection of lipoproteins.
� 2015 The Authors. Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Low-density lipoprotein (LDL) and high-density lipoprotein
(HDL) are the two most intriguing classes of circulating lipopro-
teins in the plasma of vertebrates, mainly involved in the transport
of water insoluble molecules (e.g. cholesterol, triacylglycerols,
phospholipids, etc.) to and from peripheral cells, respectively.
They are also the most commonly accepted indicators of risk for
coronary artery disease (CAD). LDL and HDL are complex, nanome-
ter-sized particles consisting of phospholipids, cholesterol, choles-
terol esters, triglycerols, as well as different apolipoproteins
(mainly apoB-100 for LDL and apoA-I for HDL). Since the size and
biomechanical properties of lipoprotein particles are relevant to
their structures/functions and the risk of diseases (for instance,
smaller or softer or more adhesive lipoproteins may be more read-
ily to adhere to other molecules/cells or to pass through inter-
cellular gaps; the oxidation of lipoproteins with different sizes or
biomechanical properties may be different), it is vital to character-
ize these properties of lipoproteins.

While the sizes of LDL and HDL have been extensively studied
by different techniques including gradient gel electrophoresis
(GGE) [1], high-performance gel-filtration chromatography [2],
dynamic light scattering (DLS) [3], transmission electron
microscopy (TEM), cryo-electron microscopy [4], nuclear magnetic
resonance (NMR) [5], and others [6], the biomechanical properties
of individual LDL and HDL particles have been less investigated
until now.

Atomic force microscopy (AFM) is a powerful tool for nanoscale
imaging in air or liquid and has been widely applied in measuring
circulating lipoproteins [7,8], reconstituted lipoproteins or nano-
lipoproteins [9–11], apolipoproteins in phospholipid monolayer
[12,13], and even apolipoproteins [14] either in air or in liquid.
Considering that many AFM studies of lipoproteins were per-
formed under a non-physiological condition (in air), a comparative
study of AFM detection in air and in liquid is needed which has
been lacking. Thanks to its force measurement function, AFM is
also an ideal technique for measuring the biomechanical properties
of biological samples with different sizes ranging from small mole-
cules to cells or even tissues. Unfortunately, according to our
knowledge, no AFM studies on the biomechanical properties of
plasma lipoproteins have so far been reported although there are
many AFM studies on the changes in biomechanical properties of
the cells treated by native or modified lipoproteins [15,16].

In this study, we utilized AFM to image the two lipoprotein
classes (human plasma LDL and HDL) and, for the first time,
measure their biomechanical properties (adhesive force and
Young’s modulus). At the same time, the comparison of the
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morphological/biomechanical properties detected by AFM in air
and in liquid was also performed.

2. Materials and methods

2.1. Reagents

LDL and HDL were purchased from Yiyuan Biotechnologies
(Guangzhou, China). N,N-diisopropylethylamine (DIPEA), amino-
propyltriethoxysilane (APTES), and glutaraldehyde were from TCI
(Shanghai, China; or Tokyo, Japan for APTES).

The purchased LDL or HDL solutions contained EDTA which is
widely used to prevent lipoproteins from oxidation during pre-
paration and storage. To certify that the purchased LDL and HDL
were not oxidized, agarose gel electrophoresis was performed on
0.5% agarose gel in sodium barbital buffer at 55 V for 1 h (Fig. 1).
The fresh serum has two bands (a and b). LDL and HDL correspond
to the b and a band, respectively, indicating that the LDL and HDL
used in this study were native and not oxidized.

2.2. Sample preparations

For AFM detection in air, LDL and HDL were directly deposited
on freshly cleaved mica overnight, rinsed with double distilled
water twice, air-dried at room temperature for more than 1 h,
and then immediately subjected to AFM imaging and force mea-
surements in air. For AFM detection in liquid, the mica was func-
tionalized as previously described [17]. Briefly, freshly cleaved
mica sheets were functionalized with 30 ll of N,N-diisopropy-
lethylamine (DIPEA) and 50 ll of aminopropyltriethoxysilane
(APTES), followed by incubation with 0.2% glutaraldehyde (GD)
to make GD-APTES-mica. The entire procedure was performed in
a dessicator and ultra pure argon was used to remove air and mois-
ture. Then, LDL and HDL were deposited on the GD-APTES-mica,
rinsed with double distilled water twice, incubated with L-glycine,
rinsed with ultra pure water again, and immediately subjected to
AFM imaging and force measurements in PBS. For force measure-
ments, a lipoprotein monolayer was made by depositing a rela-
tively higher concentration of LDL or HDL on the mica to avoid
the interference of bare mica surface with the force measurements
as little as possible.
Fig. 1. Agarose gel electrophoresis of lipoproteins. Lane 1: fresh human serum;
lanes 2 and 3: purchased LDL; lane 4: purchased HDL. The gel was stained with
Sudan Black B. The staining of the origins of all lanes was probably due to dye
aggregation.
2.3. Atomic force microscopy (AFM)

The experiments were performed using an Asylum MFP-3D-SA
AFM (Asylum Research, USA) equipped with a scanner of
90 lm � 90 lm � 15 lm in tapping mode for imaging or in contact
mode for force measurement. The data were acquired using silicon
nitride tips (AppNano, USA) with an end radius of 10 nm and a spring
constant of �0.04 N/m. After AFM force measurement (obtaining
force-vs-distance curves), the Young’s modulus and adhesive force
data were directly extracted by the instrument-equipped software
(Igor Pro 6.31). To obtain the Young’s modulus, the retrace curve is
fitted automatically by the software using the Hertz model. Prior
to AFM detection of lipoproteins, the imaging and force measure-
ment of the surfaces of the bare mica and GD-APTES-mica have been
performed in air and liquid (data not shown) to exclude the possibil-
ity that the detected particles are not lipoproteins.

2.4. Statistical analysis

All values are expressed as mean ± SD (more than 100 particles
were measured for each group). Statistic analyses were performed
using Student t test to determine the significance between differ-
ent groups. A value of P < 0.05 was considered statistically
significant.
3. Results

3.1. The size, adhesive force, and Young’s modulus of LDL detected by
AFM in air

Fig. 2 shows the data from AFM detection of LDL in air. The
representative 2-dimentional (2-D) and 3-D topographical images
and a cross-section height profile were shown in Fig. 2A–C,
respectively. Obviously, besides the particles of �20–40 nm in
diameter, there are many relatively large particles with a diameter
of �40–80 nm. Moreover, the boundaries of many clustered parti-
cles cannot be distinguished from one another (Fig. 2A–C).
Quantification determined that the average diameter and height
of the LDL particles detected in air are 45.8 ± 19.6 nm (full width
at half maximum, FWHM) and 8.5 ± 1.8 nm, respectively. The
equivalent diameter of LDL as a sphere with the calculated volume
from AFM detection in air is 26.4 nm. Fig. 2D and E show the repre-
sentatives of the adhesive force and Young’s modulus mapping of
LDL particles, respectively. The average adhesive force and
Young’s modulus of LDL particles detected by AFM in air are
24.1 ± 0.7 nN and 36.6 ± 4.4 GPa, respectively.

3.2. The size, adhesive force, and Young’s modulus of HDL detected by
AFM in air

Fig. 3 shows the data from AFM detection of HDL in air, also dis-
playing the 2-D (Fig. 3A), 3-D (Fig. 3B) topographical images, cross-
section height profile (Fig. 3C), adhesive force mapping (Fig. 3D),
and Young’s modulus mapping (Fig. 3E), respectively. The bound-
aries of many clustered particles also cannot be distinguished from
one another (Fig. 3A–C). The average diameter and height of HDL
particles detected by AFM in air are 23.7 ± 6.9 nm and
2.2 ± 0.4 nm, respectively, which are quite smaller than those of
LDL particles. The equivalent diameter of HDL as a sphere with
the calculated volume from AFM detection in air is 12.0 nm. The
average adhesive force of HDL particles detected by AFM in air is
50.5 ± 1.5 nN, which is significantly larger than that of LDL parti-
cles detected in air; the average Young’s modulus of HDL detected
by AFM in air is 22.6 ± 2.7 GPa, which is significantly smaller than
that of LDL particles detected in air.



Fig. 2. AFM detection of LDL particles in air. (A) A representative AFM 2-dimentional (2-D) topographical image. (B) The corresponding 3-D image. (C) A cross-section height
profile across the indicated line in A. (D) Representative adhesive force mapping. (E) Representative Young’s modulus mapping. Scan size: 1 lm � 1 lm. Resolution: (A, B) 256
pixel � 256 pixel; (D, E) 32 pixel � 32 pixel.
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3.3. The size, adhesive force, and Young’s modulus of LDL detected by
AFM in liquid

When imaged by AFM in PBS, visually and obviously, LDL parti-
cles are much smaller but a little higher than those imaged in air
(Fig. 2A–C) as showed by the topographical images
(Fig. 4A and B) and the height profile (Fig. 4C). Moreover, the
boundaries of most particles can be distinguished clearly from
one another (Fig. 4A–C). The average diameter and height of LDL
particles detected in PBS are 28.9 ± 9.2 nm (FWHM) and
8.7 ± 2.0 nm, respectively. The equivalent diameter of LDL as a
sphere with the calculated volume from AFM observation in PBS
is 22.6 nm. Moreover, compared with the data from AFM detection
in air (Fig. 2D and E), both the adhesive force (Fig. 4D) and Young’s
modulus (Fig. 4E) of LDL particles detected in PBS dramatically
dropped. The average adhesive force and Young’s modulus of the
AFM-measured LDL particles in PBS are 0.19 ± 0.12 nN and
0.39 ± 0.15 GPa, respectively.

3.4. The size, adhesive force, and Young’s modulus of HDL detected by
AFM in liquid

Similarly, topographical images (Fig. 5A and B) and height pro-
file (Fig. 5C) shows that HDL particles imaged by AFM in PBS are
slightly smaller but significantly higher than those imaged in air
(Fig. 3A–C). The boundaries of most particles also can be distin-
guished clearly from one another (Fig. 5A–C). Quantification analy-
sis shows that the average diameter and height of HDL particles
detected in PBS are 21.5 ± 6.5 nm (FWHM) and 4.1 ± 0.9 nm,
respectively. The equivalent diameter of HDL as a sphere
with the calculated volume from AFM detection in air is 14.4 nm.
The adhesive force (0.15 ± 0.13 nN) and Young’s modulus
(0.47 ± 0.14 GPa) of HDL particles detected in PBS (Fig. 5D and E)
are also dramatically smaller than those of HDL particles detected
in air (Fig. 3D and E).
4. Discussion

4.1. The size and biomechanical properties (Young’s modulus and
adhesive force) of LDL and HDL detected by AFM in liquid

In Table 1, we summarize the AFM-measured sizes of LDL and
HDL obtained by us and previously reported by others. In our
study, the average diameter and height of LDL measured in PBS
are 28.9 ± 9.2 nm (FWHM; the equivalent diameter of a sphere is
�22.7 nm) and 8.7 ± 2.0 nm, respectively, which are similar to
the data in previous reports [7,18–21] but closer to the value



Fig. 3. AFM detection of HDL particles in air. (A) A representative AFM 2-D topographical image. (B) The corresponding 3-D image. (C) A cross-section height profile across the
indicated line in A. (D) Representative adhesive force mapping. (E) Representative Young’s modulus mapping. Scan size: 1 lm � 1 lm. Resolution: (A, B) 256 pixel � 256
pixel; (D, E) 32 pixel � 32 pixel.
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determined by NMR spectroscopy (�18–23 nm) [22]. The average
diameter and height of HDL measured in PBS are 21.5 ± 6.5 nm
(FWHM; the equivalent diameter of a sphere is �14.4 nm) and
4.1 ± 0.9 nm, respectively, which are smaller than the data in pre-
vious reports [23–25] and closer to the value determined by
NMR spectroscopy (�7–14 nm) [22]. Moreover, our data of the
average diameter of LDL/HDL have relatively large standard devia-
tions (9.2 nm for LDL and 6.5 nm for HDL), implying the existence
of various LDL/HDL subclasses with different sizes which also can
be directly observed in the AFM topographical images (Fig. 4A for
LDL and Fig. 5A for HDL).

According to our knowledge, it is the first study to detect the
biomechanical properties (Young’s modulus and adhesive force)
of plasma lipoproteins using AFM. We determinate that the
Young’s moduli of LDL and HDL in PBS were 0.39 ± 0.15 GPa and
0.47 ± 0.14 GPa, respectively. Our data are slightly larger than the
Young’s moduli of some viral capsids with similar sizes (�22–
28 nm in diameter), e.g. �0.26–0.37 GPa for hepatitis B virus
(HBV, an animal virus) [26,27] and 0.14–0.28 GPa for cowpea
chlorotic mottle virus (CCMV, a plant virus) [28–30], as well as that
(�0.2–0.3 GPa) of the plasma/inner membrane nanovesicles
(�80 nm in diameter) derived from yeast cells [31], but 4- to 40-
fold larger than the Young’s moduli (0.01–0.1 GPa) of various
liposomes and polymersomes (�100–200 nm in diameter)
[32,33]. The small sizes and unique structures (a highly hydropho-
bic core surrounded by a monolayer of phospholipids, cholesterol,
and apolipoproteins) of LDL/HDL may be responsible for it. HDL
(0.47 ± 0.14 GPa) is stiffer than LDL (0.39 ± 0.15 GPa) probably
due to the smaller size of HDL. It has been reported that the stiff-
ness of liposomes increase with decreasing liposome diameter
[32]. Moreover, with the decrease of the particle size, the protein
components of a particle will potentially contribute more to its
higher stiffness since proteins generally have relatively high
Young’s moduli (P0.5 GPa) [34]. The content of cholesterol in
lipoproteins might contribute to their stiffness. More in-depth
research will be needed to clarify it.

We also determinate that the adhesive forces of LDL and HDL in
PBS were 0.19 ± 0.12 nN and 0.15 ± 0.13 nN, respectively. The
adhesive force is probably derived from the electrostatic and
hydrophobic interactions between AFM tips and lipoprotein parti-
cles (the apolipoproteins and the exposed lipids, respectively). The
pI values of LDL and HDL are �5.5 [35,36] and �5.0 [25], respec-
tively. At pH �7.4 (under physiological condition or in PBS), both
LDL and HDL are negatively charged. Even then, the electrostatic
interactions also can occur between the negatively charged AFM
tip and positively charged domains on apolipoproteins therefore



Fig. 4. AFM detection of LDL particles in PBS. (A) A representative AFM 2-D topographical image. (B) The corresponding 3-D image. (C) A cross-section height profile across
the indicated line in A. (D) Representative adhesive force mapping. (E) Representative Young’s modulus mapping. Scan size: 1 lm � 1 lm. Resolution: (A, B) 256 pixel � 256
pixel; (D, E) 32 pixel � 32 pixel.
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causing a relatively small adhesive force (e.g. �200 pN for LDL and
HDL). Considering the pI value of LDL is a little higher than that of
HDL, LDL potentially has more positively charged domains than
HDL. It might be responsible for the slightly stronger adhesive
force of LDL (0.19 ± 0.12 nN) than HDL (0.15 ± 0.13 nN).

Obtaining the biomechanical properties of lipoproteins will
help to the better understanding of their structures and functions.
Moreover, to leave from or access to the peripheral cells, circulat-
ing lipoproteins have to pass through the intercellular gaps or
extracellular matrix. During these or other processes including
the modification of lipoproteins, the size and/or biomechanical
properties (e.g. stiffness and adhesive force) of lipoproteins may
play vital roles. More in-depth studies on the detection/compar-
ison of the biomechanical properties of various lipoprotein types
or subclasses as well as modified lipoproteins will be needed in
the future.

4.2. Comparison of AFM detection in air and in liquid

Since AFM detection in air was performed in many studies on
lipoproteins and other nano-sized particles, it is necessary to cer-
tify the quality or fidelity of the data from detection in air by com-
paring with the data from detection in liquid. We found that AFM
detection in air acquires much worst quality or fidelity of the mor-
phological and biomechanical properties of lipoproteins than
detection in liquid.

First, LDL and HDL particles detected in air were significantly
lower than those detected in liquid (8.5 ± 1.8 nm vs. 8.7 ± 2.0 nm
in height for LDL, 2.2 ± 0.4 nm vs. 4.1 ± 0.9 nm in height for HDL).
The previous studies also reported a quite low height of LDL (2.5–
3 nm) or HDL (2–3 nm) particles detected by AFM in air (Table 1).
Second, the particles detected by AFM in air have much larger aver-
age diameters and standard deviations than those detected in liquid
(mean diameters: 45.8 nm vs. 28.9 nm in FWHM or 26.4 nm vs.
22.6 nm in the equivalent diameter of a sphere for LDL and
23.7 nm vs. 21.5 in FWHM for HDL; standard deviations: 19.6 nm
vs. 9.2 nm for LDL and 6.9 nm vs. 6.5 nm for HDL).

The size enlargement of the particles detected in air might be
due to the formation of water film while air drying. For the dis-
persed individual particles, the water film covering or surrounding
a particle will be recognized as a part of the particle by AFM there-
fore misleading an enlarged contour; for the clustered particles,
the water in the spaces among these particles will also be imaged
by AFM, therefore two or more particles clustered together will be
regarded as one large particle by AFM. This effect of water film can
be observed directly in the topographical images (Figs. 2A and 3A)



Fig. 5. AFM detection of HDL particles in PBS. (A) A representative AFM 2-D topographical image. (B) The corresponding 3-D image. (C) A cross-section height profile across
the indicated line in A. (D) Representative adhesive force mapping. (E) Representative Young’s modulus mapping. Scan size: 1 lm � 1 lm. Resolution: (A, B) 256 pixel � 256
pixel; (D, E) 32 pixel � 32 pixel.

Table 1
A brief summary for the AFM-measured sizes of LDL and HDL.

Lipoprotein Diameter (nm) Height (nm) In air or liquid Refs.

LDL 26 ± 3a 17 ± 1 In liquid [18]
26b or 17c 7.5 In liquid [7]
23 ± 3a or �17c 10 ± 2 In liquid [20]
20.6 ± 1.9c (lbLDL) NA In liquid [21]
16.2 ± 1.4c (sdLDL) NA In liquid [21]
28.9 ± 9.2a or 22.6c 8.7 ± 2.0 In liquid Current work
55–65a 2.5–3 In air [19]
45.8 ± 19.6a or 26.4c 8.5 ± 1.8 In air Current work

HDL 30 ± 10a �5 In liquid [23]
>33a (rHDL) 5.5 ± 0.4 In liquid [24]
22b or 15c 6.3 In liquid [7]
21.5 ± 6.5a or 14.4c 4.1 ± 0.9 In liquid Current work
8–20a 2–3 In air [25]
23.7 ± 6.9a or 12.0c 2.2 ± 0.4 In air Current work

Abbreviations: lbLDL: large buoyant LDL; sdLDL: small dense LDL; rHDL: reconstituted HDL with 2-4 apoA-I molecules per rHDL; NA: not available.
Other reports might also image LDL or HDL in air or liquid using AFM but did not clearly determine the size of these particles.

a The diameter determined from the full width at half maximum (FWHM).
b The diameter determined from the average area contribution per lipoprotein.
c The equivalent diameter of a sphere with the calculated volume from observation.
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and the cross-section height profiles (Figs. 2C and 3C). This is the
reason why the boundaries of many clustered LDL and HDL parti-
cles detected in air cannot be distinguished from one another.
More important evidence of the existence of the water film is
the dramatic changes in the mechanical properties of the particles.
In PBS, the Young’s moduli and adhesive forces of LDL and HDL
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were relatively small (�0.4 GPa and �200 pN, respectively). When
detected in air, their Young’s moduli and adhesive forces increased
�50- to 200-fold (�20–40 GPa and �20–50 nN, respectively). It
was caused by the surface tension or viscosity of water film during
the approach or retraction of the tips to or from the particle sur-
faces. Predictably, the AFM detection of other biochemical or
mechanical properties of lipoproteins in air will probably be influ-
enced dramatically by water film.

Therefore, due to the formation of a water film on samples, AFM
detection in air will significantly affect the quality or fidelity of the
data on the properties of nano-sized particles (e.g. the morphologi-
cal and mechanical properties of plasma lipoproteins). The com-
parison of the morphological or mechanical data detected in air
(especially the latter) among different types of particles (e.g. LDL
and HDL) is insignificant since the situation of water film or the
distribution of particles on the substrate but not the particles’
own properties greatly determine the values. To acquire better
quality or fidelity of the data, AFM detection in liquid or avoidance
of the formation of water film will be required.
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