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Studying the membrane structure of chicken 
erythrocytes by in situ atomic force microscopy
† 
Yongmei Tiana,b, Mingjun Caib, Haijiao Xub, and Hongda Wang*,b  

 

High resolution atomic force microscopy and single molecule 
force spectroscopy revealed the asymmetric distribution of 
proteins on both sides of chicken erythrocyte membranes. 
The cholesterol-enriched domains were directly observed by 
in situ atomic force microscopy, providing the first direct 
evidence of lipid rafts in chicken erythrocyte membranes. 

Introduction 

The cell membrane (plasma membranes) surrounds the 
cytoplasm of living cells, physically separating the intracellular 
components from the extracellular environment. The cell 
membrane serves as a dynamic platform for localization of 
various components including lipids, proteins, carbohydrates and 
so on, which actively participate in many aspects of cellular 
activities such as signal transduction, membrane transport and 
energy conversion 1-4. The elaborate structure and organization 
of cell membranes is fundamental for cells to perform these 
complicated functions. The cell membrane structure, mainly 
distribution of lipids and proteins, has been extensively studied 
for decades 5-7. Erythrocyte, as the simplest cell in living 
organism, was usually used as a model for the study of cell 
membrane structure. Recently, the semi-mosaic model  has 
been introduced to illustrate the membrane structure of human 8 
and fish 9 erythrocytes. It is of great significance to systematically 
study erythrocyte membrane structure following the evolution law. 
Chicken is one of the most common and widespread domestic 
fowl, whose phylogenetic position within Galliformes is near the 
base of Phasianidae 10. There are more chickens in the world 
than any other species of birds. The study of chicken erythrocyte 
membrane structure, as a representative of birds, will bridge the 
gap between fish and mammalian.  

The basic cytoarchitecture of erythrocytes has been largely 
conserved throughout the history of phylogenetic evolution, 
although it is possible that some variations in different species 
occurred 11. Morphologically similar with fish erythrocytes, 

chicken erythrocytes are nucleated, oval, biconvex discs, which 
is very different from non-nucleated, biconcave disc-like human 
erythrocytes 12. As reported, chicken, fish and human erythrocyte 
membranes possess many features in common, including major 
membrane protein and phospholipid composition 13-15. Whether 
or not the semi-mosaic model is adaptable to the membrane 
structure of chicken nucleated erythrocyte? How the chicken 
erythrocyte membranes are structured at the molecule level and 
where the membrane proteins are distributed? This study was 
undertaken with the aim of finding more about the similarities and 
differences in erythrocyte membrane structure of these species.                

Atomic Force Microscopy (AFM) is well known as a 
multifunctional nanoscale tool in biological studies. With the 
advantage of imaging biological specimens under physiologicol 
conditions without the need for staining or fixation, AFM has 
been used to obtain high resolution topography of cell 
membranes 8, 16, membrane proteins 17 and organelle 18, 19. 
Recently, high speed AFM has created new opportunities for 
visualizing dynamic cellular events 20, 21. The lipid rafts in model 
membrane had been observed by real-time AFM 22. Our results 
have successfully confirmed the existence of lipid rafts in human 
erythrocytes membranes by in-situ and time-lapse AFM 23. There 
are few reports on the surface features of chicken erythrocytes 
studied by AFM 24. Herein, we utilized AFM to investigate the 
exquisite membrane structure of chicken erythrocytes, revealing 
the asymmetric distribution of proteins on the outer and inner 
leaflet of erythrocyte membranes.  

Results 

AFM imaging of the intact chicken erythrocytes and the outer 
leaflet of erythrocyte membranes 

When imaged by AFM in physiological buffer solution, the 
isolated chicken erythrocytes firmly attached onto the substrate 
represent oval discs with elliptical nucleus highly protruding in  
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Fig. 1 Representative AFM topographic images of the intact chicken erythrocyte 
and the outer leaflet of erythrocyte membranes. (a) Unfixed chicken erythrocyte. 
(b) Chicken erythrocyte  fixed by 4% paraformaldehyde.  (c) The unfixed chicken 
erythrocyte appears quite smooth on the edge. (d) High resolution image shows 
no detectable protrusions or particles on the smooth outer surface. Scale bars: 5 
µm in (a) and (b), 500 nm in (c) and 200 nm in (d).  

the central region (Fig.1a), which is similar with nucleated fish 
erythrocyte except the smaller size. The intact chicken 
erythrocyte is measured to be 14.2 ± 3.0 µm in long axis, 8.9 ± 
1.6 µm in short axis and 1.2 ± 0.4 µm in height, while the nucleus 
has the length of 6.8 ± 1.9 µm, and width of 4.3 ± 0.7 µm. 
Without fixation, the outer surface of erythrocyte appears quite 
smooth in the edge. Fig.1b shows the topographical image of the 
intact fixed chicken erythrocyte, in which the oval erythrocyte 
appears fleshy in the edge as a result of fixation procedure. The 
intact fixed chicken erythrocyte is 16.2 ± 2.6 µm in long axis, 8.9 
± 1.0 µm in short axis and 1.7 ± 0.2 µm in height with elliptical 
nucleus 8.7 ± 1.2 µm long and 5.0 ± 0.6 µm wide. In both cases, 
the outer surface of erythrocyte is quite smooth in the edge. The 
intact unfixed chicken erythrocyte is measured to be 45.6 ± 1.4 
nm thick on the edge. 

To observe more detailed features of the outer leaflet of 
erythrocyte membrane, we engaged high resolution imaging on 
the flattened edge of unfixed erythrocyte (Fig.1c). As expected, 
the outer surface of chicken erythrocytes is rather smooth with 
no obvious proteins or wrinkles. Higher resolution image was 
achieved, as seen in Fig.1d, which shows no detectable 
protrusions or particles on the smooth outer surface. The 
average roughness of the outer leaflet of chicken erythrocyte 
membranes was measured to be 0.47 ± 0.05 nm, which 
demonstrates that the membrane surface is extremely smooth. 

AFM imaging of the inner leaflets of erythrocyte membranes 

The inner leaflets of chicken erythrocyte membranes, prepared 
by the shear-open method, display protein-decorated topography  

 
Fig.  2  AFM  topographic  image  of  the  inner  leaflet  of  chicken  erythrocyte 
membranes.  In  (a), arrows point to the  free  lipid bilayers under the membrane 
proteins.  (b) Magnification of  the  square area  in  (a).  (c) Cross  section  analysis 
along  the  line  in  (b).  Arrows  point  to  free  lipid  bilayer  and  the  protein  layer, 
respectively. (d), (e) Median and high resolution image of the inner leaflet. (f), (g) 
The height and diameter distribution of proteins in the inner membrane leaflet, 
respectively. Scale bars: 2 µm in (a) and (d), 500 nm in (b) and 1 µm in (e).  

(Fig.2a) after removal of membrane skeletons by high salt 
treatment. The shear-open method has previously been used to 
prepare the inner leaflet membranes of erythrocyte 8, 23, 
demonstrated to be a good method to obtain clean membranes 
for high resolution AFM images and simultaneously keep the 
membrane structure intact. The prepared erythrocyte 
membranes show elliptical profile resembling that of intact 
erythrocytes, indicating that the upper surface membrane and 
cytoplasm components were totally sheared away. The height of 
the inner membrane leaflet was measured to be 16.5 ± 3.6 nm 
between the substrate and the proteins. The average roughness 
of the inner membrane leaflet is about 3.4 ± 0.8 nm, which is 
remarkably larger than that of the outer membrane. The arrows 
in Fig.2a point to free lipid bilayers on the edge of the 
membranes with the height of 3.1 ± 0.7 nm, which is in complete 
accordance with the value measured by AFM 8. Fig.2b is the 
magnified image of the square area in Fig.2A, which clearly 
shows the protein layer is just above the lipid bilayer. There are 
two clear steps shown by the cross section analysis in Fig. 2c in 
which the arrows point to the protein layer (right) and the free 
lipid bilayer (left), respectively.  

Fig.2d is the middle resolution image of the inner leaflet of 
erythrocyte membranes, showing crowded protein particles with 
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no free lipid bilayer visible. Higher resolution image of the square 
area in Fig.2d was achieved. As seen in Fig.2e, the proteins are 
standing closely to each other and exhibit great variability in size 
and shape. As depicted in Fig.2f, the height of the protein 
particles above the membrane varies from 1.0 nm to 35.0 nm 
with the peak at 10 to 13 nm, corresponding to varieties of 
proteins and protein aggregations in the inner membrane leaflet, 
including Na+-K+ pump, band 3 protein, glycophorin, etc 15, 25, 26. 
These proteins display a broad diameter distribution from 45 nm 
to 250 nm with 75% in the range of 55 to 100 nm as shown in 
Fig.2g, which is a little larger than real protein particles due to the 
geometry of the cantilever tip 27 or protein aggregation.  

Digestion of the inner leaflets of erythrocyte membranes by 
Proteinase K  

To further confirm the location of proteins above the lipid bilayer, 
we digested the inner membrane leaflet by Proteinase K. As 
shown in Fig.3a, most of the membrane proteins were digested 
after Proteinase K treatment, only separated peptides or proteins 
are visible just above the lipid bilayer. At the edge of the 
membranes, there are more free lipid bilayers (indicated by 
arrows) due to the lack of membrane proteins. The height of the 
lipid bilayer is 3.8 ± 0.5 nm, which is consistent with that in Fig.2a. 
Fig.3b is the magnified image of the square area in Fig.3a with 
arrows pointing to small peptides remaining after Proteinase K 
digestion. Fig.3c shows the cross section along the line on the 
three peptides in Fig.3b. The height distribution of undigested 
proteins and peptides above the membrane ranges from 1.0 nm 
to 12.0 nm with the peak at 3 to 5 nm (Fig.3e), which is greatly 
lower than the untreated one (Fig.2f). 

 
Fig.  3  AFM  topographic  image  of  the  inner  membrane  leaflet  digested  by 
Proteinase  K.  In  (a),  arrows  point  to  the  exposed  lipid  bilayer.  (b) Magnified 
image of the square area in (a). (c) The cross section analysis along the line in (b). 
(d) The same area in (a) after treatment by MβCD, in which arrows indicate the 
lipid  raft  domains.  (e)  Height  distribution  of  particles  in  the membrane  after 
Proteinase K digestion. Scale bars: 5 µm in (a) and (d), 200 nm in (b). 

Methyl-β-cyclodextrin (MβCD) is the most widely used reagent 
to extract cholesterol from plasma membranes and accordingly 
disrupt lipid rafts 22, 28. In order to observe the interaction between 
MβCD and erythrocyte membranes after Proteinase K digestion, 
M β CD was injected into the AFM sample chamber, and 
successive real-time AFM images in the same area were 
recorded to monitor the changes occurred in situ. As shown in 
Fig.3d, after most of the membrane proteins were digested by 
Proteinase K, the inner leaflet membranes were eroded quickly 
by MβCD. The resulting branched membranes exhibit great 
similarity with that of human erythrocyte membranes similarly 
treated by Proteinase K and MβCD. The eroded domains, 
pointed by arrows, represent the irregular lipid raft domains in the 
erythrocyte membranes. Most of those undigested proteins by 
Proteinase K still stand above the lipid bilayer, indicating that 
they are non-raft associated proteins. To our knowledge, for the 
first time, we verified the existence of lipid rafts in chicken 
erythrocyte membranes by in situ observing the erosion of lipid 
rafts by MβCD. 

Detecting the exposed amino groups in the inner and outer 
leaflets of erythrocyte membranes by force spectroscopy 

AFM based single molecule force spectroscopy has developed 
as a powerful tool for sensing the forces and examining the 
dynamic processes between conjugated biological pairs at the 
single molecule level 29, 30. It could detect the intra- and 
intermolecular force down to picoNewton 31. To confirm the 
location of proteins in the inner and outer leaflet of erythrocyte 
membranes, we functionalized the AFM tips with glutaraldehyde 
which binds the exposed amino groups of membrane proteins 
and engaged the force measurement on both sides of 
erythrocyte membranes. 

Thousands of force curves were recorded at various positions 
on both sides of chicken erythrocyte membranes. A typical force 
curve acquired in the inner leaflet of erythrocyte membranes is 
shown in Fig.4a. There are multiple force peaks when 
withdrawing the AFM tip from the membrane surface, indicating a 
large number of exposed amino groups in the inner leaflet of 
erythrocyte membranes. As shown in Fig.4b, there is no force 
event when engaging force measurement on the outer leaflet of 
erythrocyte membranes, which demonstrates no exposed amino 
groups in the outer leaflet of erythrocyte membranes. The 
loading rate is 4.0 nN/s during force spectroscopy measurements. 
The binding probability (the force curves with the specific 
unbinding events divided by the overall force curves) is 86.4%  

 
Fig. 4 The  typical  force‐distance curves acquired on  the  inner  (a) and outer  (b) 
leaflet of chicken erythrocyte membranes by glutaraldehyde‐functionalized AFM 
tip.  In (a), the  force curve shows multiple force peaks, while no  force peak was 
observed in (b). 

Page 3 of 5 Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



COMMUNICATION  Journal Name 

4 | J.  Name., 2014, 00, 1‐3  This journal is © The Royal Society of Chemistry 2014 

(15000 in total) and 3.8% (11000 in total) in the inner and outer 
leaflet of erythrocyte membranes, respectively. This result further 
demonstrates that the inner leaflet of erythrocyte membranes is 
crowded by dense proteins whereas the outer leaflet of 
erythrocyte membranes is devoid of exposed proteins. Probably, 
the membrane proteins in the outer membrane side are covered 
by the oligosaccharides but not protruding out of cell membranes 
with exposed amino group 25, 26. 

Conclusions 

In this study, we directly observed erythrocytes and erythrocyte 
membranes from chicken by AFM at molecular resolution under 
quasi-native conditions. In morphology, chicken erythrocytes are 
oval, biconvex discs with elliptical nucleus protruding in the 
central region, which is similar with Crucian carp erythrocytes 
except smaller in size. The size of erythrocyte decreases from 
Crucian carp to chicken, human (Table 1), corresponding well 
with erythrocyte evolutionary law which discloses a decrease in 
erythrocyte size during the evolution from lower vertebrate to 
birds, mammals. The height of chicken erythrocyte membranes 
is 16.5 ± 3.6 nm, slightly thinner than that of Crucian carp 
erythrocyte but thicker than that of human erythrocyte. 
Considering that the measured thickness of lipid bilayer is 
roughly the same among these species, the different size or 
arrangement of protein particles above the membranes may 
contribute to the larger membrane thickness and roughness. The 
thickness of erythrocyte membranes is proportional to 
erythrocyte size, which might play an important role in 
erythrocyte osmotic fragility with more thicker cell membrane 
guaranteeing stronger osmotic resistance and longer erythrocyte 
life span from mammalian to birds, lower vertebrate 32.  

Table. 1 Comparison of parameters of chicken, fish and human erythrocyte 
membranes. 

 Sm (µm) Tm 
(nm) 

Rm (nm) Pa (%) Tl 

(nm)Inner Outer Inner outer
Fisha (23.7±3.1)×

(15.2±3.3) 
18.2
±3.0 

3.1± 
0.7 

0.56± 
0.06 

98.5 6.5 3.5±
0.6 

Chicken (14.2±3.0)×
(8.9±1.6) 

16.5
±3.6 

3.4± 
0.8 

0.47± 
0.05 

86.4 3.8 3.1±
0.7 

Humanb 8 10 1.9 0.18 - - 2.9±
0.4 

Sm, size of the membrane; Tm, thickness of the membrane; Rm, the average 
roughness of the membrane; Pa, percentage of exposed amino groups in the 
membrane; Tl, thickness of the lipid bilayer; a, data from  reference 9; b, data 
from  reference 8. 

High resolution image by AFM on both sides of chicken 
erythrocyte membranes revealed that the outer leaflet of 
erythrocyte membranes is quite smooth without proteins 
protruding out of cell surface, whereas the inner leaflet of 
erythrocyte membranes is very rough with dense proteins 
standing closely to each other above the lipid bilayer. This 
asymmetry is further confirmed by single-molecule force 
spectroscopy, which indicates the amino groups are exposed in 
the inner leaflet membrane but inaccessible by the AFM tip in the 
outer leaflet membrane. In situ, real time AFM visualize the 

erosion of lipid raft by MβCD in Proteinase K treated inner 
membrane leaflet, which provides the first direct evidence of 
existence of lipid rafts in chicken erythrocyte membranes. The 
asymmetric distribution of proteins on both sides of chicken 
erythrocyte membranes fits well with the semi-mosaic model of 
human and fish erythrocyte membrane structure, which 
highlights the smooth outer membrane leaflet and the protein 
covered inner membrane leaflet 8, 9. This study of chicken 
erythrocyte membranes provides consistency of membrane 
structure in mammalian, birds and lower vertebrate erythrocytes 
and extends the semi-mosaic model of erythrocytes membrane 
structure from mammalian, lower vertebrate to birds. This 
similarity of membrane structure between mammalian, birds and 
lower vertebrate erythrocytes further lead us to believe that the 
asymmetry of membrane structure exists universally in all living 
cells. 
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