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Abstract
Direct observation of antigen–antibody binding at the nanoscale has always been a considerable challenging problem, and 
researchers have made tremendous efforts on it. In this study, the morphology of biotinylated antibody-specific Immunoglobu-
lin E (IgE) immune complexes has been successfully imaged by atomic force microscopy (AFM) in the tapping-mode. The 
AFM images indicated that the individual immune complex was composed of an IgE and a biotinylated antibody. Excitingly, 
it is the first time that we have actually seen the IgE binding to biotinylated antibody. Alternatively, information on the length 
of IgE, biotinylated antibodies and biotinylated antibody-specific IgE immune complexes were also obtained, respectively. 
These results indicate the versatility of AFM technology in the identification of antigen–antibody binding. This work not 
only lays the basis for the direct imaging of the biotinylated antibody-IgE by AFM, but also offers valuable information for 
studying the targeted therapy and vaccine development in the future.
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Introduction

Antigen–antibody binding research has particular signifi-
cance in medical diagnosis, vaccine exploration, immuno-
logical study and disease mechanism analysis (Nergiz et al. 
2019; Bruno et al. 2019). In recent years, many immunoassay 

methods have been used to detect antigen–antibody binding, 
which include many additional biochemical reagents (Meyer 
et al. 2020; Stentzel et al. 2015; Zhuang et al. 2019). The 
extensive use of biochemical agents not only requires tedious 
process, but also causes serious environmental pollution. 
In addition, although the immunological techniques were 
able to monitor and quantify the signal of antigen–antibody, 
they require a large number of protein samples and there is 
no way to detect a single molecule. Furthermore, the fatal 
drawback of these immunological approaches is that they 
cannot provide a visual image of antigen–antibody binding. 
Accordingly, it is urgent to find an uncomplicated method 
to directly observe and determine the specific interactions 
between antigen and antibody at the molecular level.

Traditionally, electron microscopy, ultrasound imaging 
and optical microscopy have been widely known as biomo-
lecular imaging methods (Gopal et al. 2019; Negishi et al. 
2013; Maresca et al. 2018). However, their actual use has 
been suffered from some inherent disadvantages, such as 
complex sample preparation and demanding operating envi-
ronment (Jung et al. 2010). In 1986, the greatest invention 
of the atomic force microscopy (AFM) resoundingly opened 
the door to nano-imaging and nano-manipulating (Krieg 
et al. 2018). Atomic force microscope is a multi-functional 
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biomolecular research instrument with particularly high spa-
tial resolution, exceptionally low invasiveness, and incom-
parably elegant simplicity, which has attracted increasing 
attention in the past decades (Alsteens et al. 2017). Actually, 
many biomolecules, such as proteins and DNAs, have long 
been satisfactorily imaged by AFM (Ikai et al. 2018). For 
instance, Kumar et al. (2016) observed the morphologies of 
RC-LH1-PufX complexes and intact ATP-synthase by gentle 
tapping-mode AFM. In addition, Valero et al. (2019) per-
formed AFM to image the interlocked double-stranded DNA 
nanostructures, including rotaxanes, catenanes and daisy-
chain rotaxanes. Additionally, the interaction between pro-
teins and DNA via AFM imaging has also been extensively 
studied by taking advantage of their morphological differ-
ences. Nevertheless, most studies on antigen–antibody inter-
actions have focused on the AFM-based single-molecule 
force spectroscopy, and only a few are based on AFM imag-
ing (Tanja et al. 2018). Even AFM imaging is studied at its 
height, and there is very little research on their appearance 
(Wang et al. 2009; Ouerghi et al. 2002). To the best of our 
knowledge, the biotinylated antibody-specific IgE immune 
complexes imaged by AFM have never been reported. While 
it is conceptually straightforward to use images to analyze 
the IgE interactions with biotinylated antibodies, the data 
analysis is complicated by the many conformations of the 
protein.

In this work, we characterized the interaction between 
the IgE and biotinylated antibodies by measuring changes 
in the morphology and length of each sample by tapping-
mode AFM. It is exciting that AFM image can be used to 
accurately describe IgE binding to biotinylated antibodies. 
Moreover, the length data of different samples can enhance 
the accuracy of our results.

Experimental

Materials

IgE and biotinylated antibodies were purchased from human 
IgE enzyme-linked immunosorbent assay (ELISA) kit 
(Solarbio Science & Technology Ltd., Beijing, China). Mag-
nesium chloride hexahydrate (MgCl2·6H2O) was obtained 
from Beijing Chemical Works Ltd. (Beijing, China). The 
10 mm × 10 mm fluorphlogopite mica was supplied by Tai-
yuan Fluorphlogopite Mica Ltd. (Changchun, China). All 
the chemicals were used as received without purification 
during the study. Ultrapure water with resistivity no less than 
18.2 MΩ·cm was employed in the experiments.

Detection of IgE

Experimentally, IgE was determined by an ELISA kit in 
accordance with the manufacturer’s specifications.

Atomic force microscopy imaging

To image the antibody-specific IgE immune complexes, 
the sample was prepared as displayed in Fig. 1. In a typical 
experiment, 20 μL of aqueous MgCl2·6H2O (50 mM) solu-
tion was first incubated on the surface of newly cleaved 
mica for 1 min, and then 10 μL of IgE (1 ng mL−1) solu-
tion was dripped. After 10 min, the surface covering the 
IgE was exposed to a biotinylated antibody solution (10 
μL, 1 ng mL−1) for 60 min. Finally, the mica surface was 
thoroughly rinsed with water for three times and dried 
with nitrogen. Similarly, the Mg2+-modified mica surfaces 
covered with the IgE and biotinylated antibodies were also 
obtained, respectively. For comparison, the sample without 
the protein solution was prepared according to the above 
method.

The surface morphology measurement and data acquisi-
tion of all samples were carried out by the AFM system 
(Nano Wizard III, Germany) with the tapping-mode in 
air. The Tap300AI-G cantilevers (resonance frequency: 
300 kHz, spring constants: 40 N m−1, curvature radius: 
10 nm) were used for the experiment, and the 256 × 256 
pixels images were collected at the line rate of 1 Hz.

Results

After unremitting efforts, a Japanese couple Teruko and 
Kimishige Ishikaka discovered the skin-sensitizing IgE in 
1967 (Ribatti 2016). The discovery of IgE was a major 
breakthrough in the area of immunology and allergy (Hiro-
hisa et al. 2019). Since IgE plays an absolutely essential 
role in allergic responses and can be used for the diagnosis 
and treatment of allergic diseases (Han et al. 2020), it is 
crucial to understand the interaction between the specific 
antigens and IgE antibodies.

Herein, the binding of IgE to biotinylated antibodies 
was first examined by the classic ELISA method, and the 
corresponding results were obtained, as shown in Fig. 2. 
It can be seen that the absorbance tends to grow in propor-
tion to the IgE concentration, which is in fair agreement 
with the manufacturer’s instructions, indicating a good 
affinity between the IgE and biotinylated antibodies. Nev-
ertheless, the minimum detection limit of ELISA method 
was 0.24 ng mL−1, which could not meet our requirement 
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to study the interaction between antigen and antibody at 
the molecular level.

To gain an insight into the details of a single IgE bind-
ing to a single biotinylated antibody, the AFM was further 
employed to visualize the morphology of IgE before and 
after incubation with biotinylated antibodies, and the rel-
evant data were also obtained. There was no significant 
difference in the AFM image morphology of mica surface 

before and after the modification of Mg2+ (Fig. S1). There-
fore, the modification of Mg2+ had no effect on the observa-
tion of mica surface proteins at the current resolution scale. 
Additionally, the mica surface modified by Mg2+ was very 
smooth, while some randomly distributed nanoparticles were 
found on the mica surface after incubation with IgE and 
biotinylated antibodies (Fig. 3), indicating that these proteins 
had been successfully adsorbed on the Mg2+-modified mica 
surface, respectively. As shown in Fig. 3a and b, the IgE 
molecules in various orientations individually dispersed on 
the surface of mica, which was consistent with our previ-
ous results (Hu et al. 2019). An analogous phenomenon was 
observed in Fig. 3c and d, where the biotinylated antibod-
ies with different conformations were found to be evenly 
adsorbed on the mica surface. Interestingly, there was a lot 
of little tail-like structures appeared in the view. It must be 
kept in mind that the biotinylated antibodies used in this 
study are biotinylated anti-human IgE antibodies, which are 
immunoglobulin G (IgG) antibodies with biotins. Further-
more, IgG shares the similar molecular architecture as IgE, 
consisting of two antigen binding fragments (Fab) and one 
crystallizable fragment (Fc), and appears as a single globular 
morphology in most cases (Funari et al 2016; Gould and 
Sutton 2008). Hence, it would be reasonable to believe that 
the biotin attached to IgG molecule possesses the little tail-
like structure. However, it can be seen from the figures that 
not every IgG is connected to a biotin. This phenomenon can 
be attributed to the following two principal reasons. First, 

Fig. 1   Schematic drawing for the preparation of antibody-specific IgE immune complexes

Fig. 2   ELISA results for the measurement of biotinylated antibody-
IgE immune complexes
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the biotinylated antibodies were randomly distributed on the 
mica surface. Second, their structures were imaged from 
the top view, and various morphologies could be obtained. 
Besides that, the length of IgE and biotinylated antibodies 
were also calculated from more than 50 molecules, respec-
tively. As shown in Table 1, the length of IgE was mainly 
between 22 and 25 nm (30%), which is close to the length 
of the biotinylated antibodies (22 nm and 25 nm, 32%). It 
is worth mentioning that the statistical length of the bioti-
nylated antibodies does not include the biotin length.

Fig. 3   AFM height (a and c) 
and three-dimensional (b and d) 
images of the IgE (a and b) and 
biotinylated antibodies (c and d)

Table 1   The length distribution 
of IgE and biotinylated 
antibodies

Length Frequency

IgE Bioti-
nylated 
antibodies

13–16 nm 2% 4%
16–19 nm 16% 12%
19–22 nm 24% 28%
22–25 nm 30% 32%
25–28 nm 20% 14%
33–34 nm 8% 10%

Fig. 4   AFM phase (a) and 
height (b) images of the IgE 
after incubation with bioti-
nylated antibodies
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It should be noted that after incubation with biotinylated 
antibodies, the IgE morphology changed significantly, result-
ing in a new characteristic image that was completely differ-
ent from either IgE or biotinylated antibody alone (Fig. 4). 
Furthermore, compared with the single IgE and biotinylated 
antibody molecules, some larger particles (Fig. 5) could be 
detected in the field of view. It is worth noting that the corre-
sponding results are derived from calculations and statistics 
of more than 50 particles. These results strongly demonstrate 
that the IgE has reacted with biotinylated antibodies, and we 
have successfully probed the biotinylated antibody-specific 
IgE immune complexes. Although it is easy to track and 
image individual biotinylated antibody-specific IgE immune 
complexes that are well isolated from particles, not all of 
these complexes can be tracked, even on well-dispersed 
images. The untracked complexes included those that clus-
tered with other particles, as well as those that were not 
completely within the image boundaries. In addition to the 
immune complexes, a number of nanoparticles were also 
observed with the structures corresponded to the IgE, bioti-
nylated antibodies and their detached fragments (The circles 
in Fig. 4 are typical representations of the structures).

As observed, only some of the complexes were detected 
in the Fig. 4, and some of the IgE and biotinylated antibodies 
were not involved in the formation of the antigen–antibody 
complex. The main reason of this phenomenon is that the 
binding of IgE to the biotinylated antibodies depends on the 
ability of the antibodies to capture biotinylated antibodies, 
and this specific ability is largely dependent on the orienta-
tion and conformation of the antibody. In the case of physical 
adsorption, when the IgE orientation is random, only a small 
fraction of the adsorbed antibodies can capture biotinylated 

antibodies and retain them. In fact, the biotinylated antibody-
specific IgE immune complexes have a wide variety of mor-
phologies and sizes on the mica surface due to their three-
dimensional structures. It was extremely difficult to find all 
the orientations of the biotinylated antibody-specific IgE 
immune complexes. Hence, we randomly selected several 
immune complex molecules with high resolution to reveal 
interesting details about them, and their corresponding AFM 
phase, three-dimensional and possible spatial images were 
shown in Fig. 6a–d, e–h and i–l, respectively. Specifically, 
Fig. 6a, e and i would correspond to the biotinylated anti-
body-specific IgE immune complex deposited on the surface 
by the Fab and Fc fragments of IgE or biotinylated antibody. 
Furthermore, when the immune complex is attached to the 
support via the IgE Fab fragment and the three fragments of 
biotinylated antibody, it would be shown in Fig. 6b, f and j. 
Additionally, the immune complex molecule could also flat 
on the mica surface by its six fragments. The immune com-
plex with this conformation would produce the images as 
shown in Fig. 6c, g and k. Meanwhile, Fig. 6d, h and l would 
represent the biotinylated antibody-specific IgE immune 
complex adsorbed on the mica surface by the IgE fragment 
and the two Fab fragments of biotinylated antibody. It is also 
possible that the immune complex is located on the support 
by the IgE Fab and Fc fragments and the two Fab fragments 
of biotinylated antibody. Overall, the quite good match of the 
3D complex revealed the molecular mechanism by which a 
single biotinylated antibody interacts with one of the two 
Fab fragments immobilized on the mica surface with IgE. 
From Fig. 6a–d, we can find that the biotin is sometimes lin-
ear and sometimes blocky, and the linear structure is easier 
to be discriminated than the blocky structure. There is no 
doubt that the flexible three-dimensional structure results 
in different forms of biotin on the mica surface. Moreover, 
the tip moves over the tight biotin making the biotin image 
blurry.

Discussion

In modern medicine, antibody-targeted immunotherapy is a 
powerful tool for the treatment of cancer and autoimmune 
diseases. The growing prevalence of antibody-targeted treat-
ment requires a deeper understanding of the functions of 
antibodies, especially their interaction with antigens (Lu and 
Sun 2015). Affinity is not only a vital parameter to determine 
the interaction between molecules, but also an important 
indicator to understand the molecular recognition, biological 
process, drug discovery and screening (Oh et al. 2019; Linke 
et al. 2015). The results from the ELISA depicted that the 
IgE had a high affinity with biotinylated antibodies, which 
laid a foundation for further observation of biotinylated 
antibody-specific IgE immune complexes.

Fig. 5   The length distribution histogram of the biotinylated antibody-
specific IgE immune complexes
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As expected, the results from AFM indicate that the dif-
ferent orientations of the antibody-specific IgE immune com-
plexes are formed on the mica surface, from which the IgE 
and biotinylated antibodies can be readily identified because 
the biotinylated antibodies possess a little tail-like structure. 
Admittedly, there are some immune complexes that confuse 

IgE and biotinylated antibodies due to the inevitable factors of 
the tightness of the immune complexes themselves and the ran-
domness of their distribution on the mica surface. In addition, 
due to the highly variable in the length of the antibody-specific 
IgE immune complexes, we made a statistical analysis of the 
relevant data. Although the length of these antibody-specific 

Fig. 6   AFM phase (a, b, c and d), three-dimensional (e, f, g and h) and spatial (i, j, k and l) images of the individual biotinylated antibody-
specific IgE immune complexes
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IgE immune complexes vary slightly in the range of 28–56 nm, 
it is consistent with the expected length of single immune com-
plex. Moreover, since the length of the immune complex is 
larger than that of IgE and biotinylated antibody, we can also 
determine whether the IgE is bound to the biotinylated anti-
bodies by the particle length. Thus, in our case, it is possible 
to distinguish between the antigen, antibody and antigen–anti-
body immune complex by the length and topography.

Conclusion

Obtaining knowledge about the topological structure of the 
proteins and their interactions is the key to understanding the 
fundamental causes of disease and developing drugs. In this 
respect, AFM imaging technology provides a unique possi-
bility for the study of proteins. In this paper, the morphology 
and length of IgE, biotinylated antibodies and biotinylated 
antibody-specific IgE immune complexes were analyzed by 
AFM, respectively. The results of AFM imaging demonstrated 
that the immune complexes exhibited various morphologies, 
and we were able to identify the IgE and biotinylated anti-
body based on the protein morphology in most cases. Moreo-
ver, the individual immune complex shows the larger size in 
length compared with the IgE and biotinylated antibody. By 
combining the above information, we can quickly determine 
whether IgE is bound to biotinylated antibodies. Therefore, the 
morphology and length analysis can be extremely helpful to 
investigate antigen–antibody interactions at the molecular level 
and provide a new way for the studies of vaccines and targeted 
therapies. We are confident that our successful visualization of 
the biotinylated antibody-specific IgE immune complexes at 
the single molecular scale will also enable the direct imaging 
of other immune complexes.
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