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ABSTRACT: The interactions between antibodies and substrates directly affect their
conformations and thus their immune functions. Therefore, it is desirable to study the
structures of antibodies at the single molecule level. Herein, the substructures of
Immunoglobulin E (IgE) on solid surfaces were investigated. For this purpose, tapping-
mode atomic force microscopy (AFM) was applied to observe individual IgE substructures
adsorbed onto Mg2+ and Na+ modified mica substrates in air. As expected, the AFM images
revealed that the IgE antibodies exhibited different conformations on the surface of mica
substrate consisting of the four basic orientations: three domain, two equivalent domain, two
unequal domain, and single domain morphologies. Moreover, the differences in the different
orientations in single IgE antibodies were also identified clearly.

■ INTRODUCTION

Proteins have attracted huge interest due to their biological
functions such as transportation, catalysis, defense, and
regulation.1−3 All these properties make protein an indis-
pensable substance in the human body. Antibodies are a kind
of the most important proteins in humoral immunity.4,5

Immunoglobulin E (IgE) is the fifth antibody isotype (IgG,
IgA, IgM, IgD, and IgE) and is least abundant in serum.6,7 As
shown in Figure 1, the bent Y-shaped IgE shares the same basic

molecular structure as other classes of antibodies, consisting of
one crystallizable fragment (Fc) as well as two separate and
identical antigen-binding fragments (Fab).8,9 The antibody
plays an absolutely essential role in allergic responses and can
be used for the diagnosis of allergic diseases.10−12 In order to
sufficiently understand the function of IgE, it would be
interesting to acquire the substructure of IgE adsorbed on a
substrate.
In recent years, tremendous efforts have been made on

single antibodies, but it is still a challenging task to directly
visualize the substructure of antibodies on the surface of
substrate. There are many methods that have been proposed to
deduce more substructure information about antibodies on
substrates, such as ellipsometry (ELM), transmission electron
microscopy (TEM), and quartz crystal microbalance (QCM-
D).13−15 However, most of the techniques only provide the
macroscopic properties of antibodies, and the sample
preparation process is too complex for their practical
applications.16 Therefore, ultrahigh resolution and simple
experiment setup are needed to reveal the substructures of
isolated antibodies. Nowadays, atomic force microscopy
(AFM) has emerged as a powerful technique to understand
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Figure 1. Schematic drawing of a typical IgE.
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the structures of antibodies due to its unprecedented
sensitivity, outstanding signal-to-noise ratio, and minimal
sample damage.17,18 For instance, Thomson et al.19 used
tapping-mode AFM to image the individual IgG molecules in
air at 25 kDa resolution. A different method was developed by
Martinez-Martin et al.,20 who combined the frequency
modulation AFM with bimodal excitation to image and
measure the single IgM flexibility with the molecular
resolution. Moreover, the antibodies must be immobilized on
a suitable substrate for high resolution AFM imaging.21 Thus, a
variety of supporting materials including mica, gold, and highly
ordered pyrolytic graphite (HOPG) have been utilized to
support the antibodies.22−24 However, mica has been used as a
common support for analyzing antibodies by AFM due to its
hydrophilic character and its nature of being flat and pretty
clean after stripping off the layers.25

In this work, the substructures of flexible IgE antibodies
adsorbed on the modified mica substrate with different cations
(Mg2+ and Na+) were visualized by tapping-mode AFM. In
addition, the different orientations on the mica substrate
caused by the three-dimensional conformations of IgE were
also analyzed.

■ EXPERIMENTAL SECTION
Materials. Human antibodies (IgE isotype, PI = 7.3) were

obtained from Solarbio Science & Technology Ltd. (Beijing, China).
Magnesium chloride hexahydrate (MgCl2·6H2O) and sodium
chloride (NaCl) were supplied by Beijing Chemical Works Ltd.
(Beijing, China). Natural mica was purchased from Yaan Kaifeng
Electrical Material Ltd. (Sichuan, China). All the reagents were used
as received without further purification. Ultrapure water with a
minimum resistivity of 18.2 MΩ·cm was used in the experiments.
Sample Preparation. The IgE antibodies (30 ng) were dissolved

in 6 mL of water to obtain a fresh antibody solution with a final
concentration of 5 ng mL−1. All the IgE solutions were stored at −20
°C except those for immediate use.
Atomic Force Microscopy Imaging. In a typical procedure, a 20

μL droplet of MgCl2·6H2O (50 mM) was first deposited onto a
freshly cleaved mica surface (about 1 cm × 1 cm) and incubated for 1
min at room temperature, in which the MgCl2·6H2O was used to
functionalize the mica surface to enhance the adsorption capacity of
antibodies. Then, a 5 μL droplet of IgE (5 ng mL−1) solution was
injected into the MgCl2·6H2O droplet. After the incubation time of 5
min, the sample was gently rinsed with 1 mL water to remove the
weakly adsorbed antibodies. Finally, the sample was dried in a
nitrogen atmosphere and imaged by AFM immediately. Alternatively,
the NaCl (50 mM) was also employed to functionalize the surface of
mica substrate. As a control experiment, a sample without the IgE
solution was also prepared under the same conditions.
The morphologies of different samples were measured by an AFM

instrument (Nano Wizard III, Germany) in air at ambient laboratory
conditions. To minimize the destructive lateral forces of the scanning
tip on the IgE protein, AFM was performed in tapping mode. The
silicon cantilevers with an aluminum reflex coating on the backside
(Tap300AI-G) were used in the experiments. The free resonance
frequency and nominal spring constants of the silicon probes were
300 kHz and 40 N m−1, respectively. The images of all dried samples
were recorded at a scanning rate of 1 Hz. The height profiles obtained
from the AFM images are shown in Figure 2 and Table 1.
Contact Angle-Measuring System. The contact angles of

different samples were measured with a contact angle-measuring
system (Drop shape analyzer-DSA100, Germany) at room temper-
ature. In the experiments, MgCl2·6H2O or NaCl (20 μL, 50 mM) was
placed onto a freshly cleaved mica surface and incubated for 1 min to
measure the water contact angle. For comparison, MgCl2·6H2O or
NaCl (20 μL, 50 mM) dropped on a freshly cleaved mica surface was

also measured after being dried. During the measurement, the
selected water droplet volume was 3 μL.

■ RESULTS
The antibodies are soft biomolecules that may result in
different conformations when they are adsorbed on the surface
of substrate. AFM was utilized to investigate the conformations
of the IgE antibodies prepared in this study. In order to ensure
no artifacts were generated during flushing, the AFM height
image of the mica substrate after rinsing by water was first
obtained (Figure S1). The AFM height imaging of the IgE
antibodies was then performed. The observation of the
individual antibodies on the Mg2+ cation modified mica
substrate indicates that the IgE molecules appear as ellipsoidal
particles in most cases (Figure 2A), which is consistent with
the previously reported results.19 Although it is difficult to
observe the substructure of the antibodies under this
condition, careful identification of a few areas can still provide
valuable information about IgE molecules. As shown in Figure
2A, some IgE molecules present the characteristic Y-shaped
conformation with three fragments. We further randomly
chose an individual Y-shaped IgE molecule for analysis, and its
corresponding morphology profiles as well as cross sections
along the arrows are displayed in Figure 2B,C, respectively.
There are three obvious peaks on the cross sections of the IgE
molecule. Two of them have identical heights (about 1.3 nm),
and they are larger than the other (around 0.7 nm). The
maximum peak is referred to the Fc fragment, while the slightly
smaller peaks are ascribed to the Fab fragments, suggesting that
the positions of the Fc and Fab fragments can be identified by
accurately measuring the heights of different fragments.26 In
addition, analogous results were obtained by measuring 9 IgE
molecules with the Y-shaped morphology (Table 1).

Figure 2. AFM height images of IgE antibodies adsorbed onto the
Mg2+ modified mica substrate (A). Image of an individual antibody
(B). Cross sections along the arrows depicted in Figure 2B (C). The
blue circles show the Y-shaped IgE antibodies.
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In addition to the Y-shaped morphology, the other
morphologies after IgE adsorption on the Mg2+ modified
mica substrate were also obtained by careful inspection (Figure
S2). In fact, it has been shown that antibody molecules could
adopt different orientations on the support due to their three-
dimensional morphology and size.27 In this way, Figure 3

shows the magnified images of the four basic orientations of
IgE molecule and their corresponding schematic representa-
tions of spatial orientations. Specifically, the Y-shaped antibody
(Figure 3A,a,a’) at the lowest height (measured from the mica
substrate) would correspond to the three fragments resting flat
on the substrate of mica. Meanwhile, the molecule could also
be located on one side, in which one of the Fab and Fc
fragments is attached to the surface and the other Fab fragment
protrudes from the support. The AFM image of the antibody
with this adopted orientation would produce an image as
indicated in Figure 3B,b,b’. Furthermore, Figure 3C,c,c’ would
represent the antibody adsorbed on the mica substrate by its
Fc fragment, and the two Fab fragments stick out of the
surface. On the contrary, Figure 3D,d,d’ would likely be

referred to the antibody deposited on the substrate via its Fab
fragments, while the Fc fragment protrudes from the surface.
Furthermore, the relative weights among the four orientations
and their corresponding column diagrams were obtained from
more than 130 molecules, as shown in Figure 4. The results

show that the maximum proportion on the single domain of
IgE antibodies reaches 58%, which is ca. 5.3, 3.9, and 3.6 times
of the three domain (11%), two unequal domain (15%), and
two equivalent domain (16%) morphologies, respectively.
Sequentially, the imaging experiments of IgE molecules were

further performed by AFM on the Na+ cation modified mica
substrate. As shown in Figure 5, the IgE antibodies with
various structural conformations are found to be individually
dispersed on the mica substrate. The presence of the structures
might be ascribed to the different orientations of flexible IgE
molecules adsorbed on the mica substrate.28 It is notable that
the mica substrate coverage of IgE antibodies was significantly

Table 1. Fragment Height Information of Y-Shaped IgE Molecules on the Mg2+ Modified Mica Substrate

Molecules Height: fragment 1 (nm) Height: fragment 2 (nm) Height: fragment 3 (nm)

1 1.5 1.3 1.1
2 1.3 1.1 1.1
3 1.4 0.9 0.8
4 1.2 0.6 0.8
5 1.0 0.6 0.8
6 1.0 0.5 0.6
7 1.5 1.1 1.1
8 1.2 0.8 0.9
9 1.5 1.3 1.0

Figure 3. AFM height (A−D), three-dimensional (a−d) images, and
spatial (a’−d’) images of the four basic orientations of IgE antibodies
on the Mg2+ modified mica substrate: three domain (A, a and a’), two
unequal domain (B, b and b’), two equivalent domain (C, c and c’),
and single domain morphologies (D, d and d’).

Figure 4. Relative weights among the three domain (A), two unequal
domain (B), two equivalent domain (C), and single domain (D)
morphologies of IgE antibodies on the Mg2+ modified mica substrate.

Figure 5. AFM height (A) and amplitude (B) images of IgE
antibodies adsorbed onto the Na+ modified mica substrate.
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reduced after Mg2+ was replaced by Na+. The phenomenon
may be related to Na+ decreasing the binding of IgE to the
mica substrate.
Compared with Mg2+, Na+ reduces the chances of IgE

binding to the mica substrate, thereby reducing the total
amount of IgE antibodies adsorbed on the mica substrate.
However, it gives us an opportunity to better identify
individual antibody molecules because the interaction between
proteins is minimized. The similar AFM imaging of the IgE
antibodies has shown that the four basic orientations can be
found in the Na+ modified mica substrate. Figure 6A−D,a−d
shows the AFM height and amplitude images of IgE in four
orientations, respectively. Although the softness of IgE may
slightly compromise the resolution of the height images, the
IgE substructures can be identified on the AFM amplitude
micrographs in each of IgE orientations. Afterward, we also
obtained the relative weights among the four orientations by
calculating more than 50 IgE molecules on the Na+ modified
mica substrate (Figure S3). As presented in Figure S4, the
relative weight of single domain of IgE molecules is 68%, which
is higher than the corresponding values of the three domain
(2%), two unequal domain (17%), and two equivalent domain
(13%) morphologies.

■ DISCUSSION

With the rapid advancement of nanomeasurement technolo-
gies, people have begun to explore the physical properties of
immobilized antibodies at the molecular level by AFM.29,30

However, most of the research on antibodies through AFM
focuses on IgM and IgG, and little is known about the
information of IgE.31,32

It is known that the orientations of the immobilized
antibodies are usually determined by the protein−surface

interactions and their characteristics. Therefore, numerous
functional methods have been used to effectively modify
proteins and surfaces.33−35 In this study, the Mg2+ and Na+

cations were employed to functionalize the mica substrate to
distinctly observe individual IgE molecules. In the process of
sample preparation, the dispersibility of the IgE solution is an
important factor affecting the subsequent individual molecule
observation. According to the results of contact angle
measurement (Figure 7), the contact angle has obvious
changes after Mg2+ and Na+ were dried on freshly cleaved
mica substrates, and their contact angles are nearly 27° and
17°, respectively. However, it should be emphasized that the
contact angles after Mg2+ and Na+ were incubated on freshly
cleaved mica substrates for 1 min were almost unchanged. This
is because metals usually have high surface energy, resulting in
a smaller contact angle on the hydrophilic surface.36,37

However, the presence of the contact angle leads to incomplete
spreading of the IgE droplets, which interferes with the
observation of the IgE substructures. Therefore, the method
adopted in this study would not affect the diffusion of the IgE
solution, which lays a solid foundation for the observation of
IgE antibodies. Besides, since the IgE molecules and freshly
cleaved mica substrates are negatively charged at neutral pH,
Mg2+ and Na+ cations could weakly bind IgE molecules to the
mica surface through electrostatic interaction,38 which provides
favorable conditions for the further identification of the
substructures of IgE molecules.
As expected, the IgE antibodies on the mica substrates

modified by different cations were successfully observed
(Figure 2 and Figure 5). The fact that the mica substrate
was covered by different amounts of IgE antibodies suggests
that the Mg2+ mediation of the attractive interaction between
the mica substrate and IgE molecules was relatively stronger

Figure 6. AFM height (A−D) and amplitude (a−d) imagesof the four basic orientations of IgE antibodies on the Na+ modified mica substrate.

Figure 7. Contact angle of different samples: freshly cleaved mica substrate (A), Mg2+ (B) and Na+(C) dried on the freshly cleaved mica substrates,
Mg2+ (D) and Na+ (E) incubated on the freshly cleaved mica substrates for 1 min.
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than that of Na+. Additionally, the results from AFM confirmed
that the four basic orientations of the IgE antibodies were
formed on the divalent (Mg2+) and monovalent (Na+) cations
modified mica substrates (Figure 3 and Figure 6). We also
confirmed that the four basic orientations of IgE antibodies
exist on the mica substrates modified by Ni2+ and K+ cations
(Figure S5 and Figure S6), respectively. Moreover, it should be
noted that the single IgE antibody is surrounded by a vague
pattern, which causes the IgE molecule to be larger in size than
it really is. The unclear morphology of an individual IgE
molecule adsorbed on the modified mica surface can be
explained as follows. First, the tip with a radius of curvature
(approximately 10 nm) moves on the compact IgE molecule
making the image of IgE less visible. Second, the readsorption
of water to the modified mica surface at ambient laboratory
conditions also reduces the resolution of image during the
imaging period.

■ CONCLUSIONS
In summary, the substructures of IgE molecules on the Mg2+

and Na+ cations modified mica substrates were investigated in
air by tapping-mode AFM. We found that an individual IgE
molecule showed four basic orientations on different mica
substrates. It is worth noting that the relatively strong binding
of IgE molecules mediated by Mg2+ and Na+ cations on the
mica substrate enables us to visualize the substructures of
isolated IgE molecules. This work is the basis for the
identification of individual protein substructures by AFM.
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