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An important and difficult issue is simultaneously identifying the detailed locations of various molecules on the cell surface, as 
this identification requires a synergistic effect between more than one molecule in a living cell. Au nanoparticles (NPs) with dif-
ferent shapes can be readily recognised under low vacuum scanning electron microscopy (lvSEM). Anisotropic Au nanorods 
(NRs) possess unique surface plasmon resonance (SPR) properties, which can be further utilised for two photon luminescence 
(TPL) and other optical imaging techniques. In this paper, Au NRs and Au nanooctahedra (Au NOs) are introduced as biomarkers 
for ICAM-1 and Integrin β1. Combined with the advantages of lvSEM, this multiple-labelling method is a new method for study-
ing the interactions between specific, functional molecules. 
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The cell membrane plays a key role as a functional bio- 
interface, physically separating cells from their microenvi-
ronment. External stimuli are perceived at the cell mem-
brane through proteins and molecules on (or in) the cell 
membrane, leading to an “outside-to-inside signalling”. A 
single signalling pathway can often modulate a broad range 
of cellular events, indicating that the spatiotemporal segre-
gation of signalling molecules has a key role in activating 
specific downstream responses. For example, the polarised 
and compartmentalised nature of lymphocyte activation 
facilitates local signalling that leads to specific cellular re-
sponses at precise locations and times [1]. Also, the stimu-
lus-induced leukocyte transendothelial migration, regulated 
by specific adhesion molecules at the sites of tissue damage, 
is of crucial importance for atherosclerosis [2], metastasis 
and tumour growth [3]. During the abovementioned pro-

cesses, recruitment of certain adhesion molecules, such as 
intercellular adhesion molecule-1 (ICAM-1), serve a key 
role, not only as adhesive substances but also as mediators 
of several cellular functions. Recent biochemical, proteomic, 
and structural studies bolster the idea that tetraspanin-  
enriched microdomains (TEMs) at the plasma membrane 
account for the organisation and recruitment of protein 
complexes [4–8]. Francisco and co-workers [8] have 
demonstrated in their work that ICAM-1 is recruited for 
inclusion by a specially preformed TEM (CD9), which acts 
as endothelial adhesive platforms (EAPs) at cell-cell contact 
sites on the apical membrane of activated endothelial cells. 
EAPs are restricted to nanoscale dimensions of ca. ~300 nm 
and show an increase in their density on activated cells. 
Additionally, several of the β1 subfamily of integrins are 
largely expressed on cultured endothelial cells (ECs), which 
are involved in many aspects of endothelial function, in-
cluding vasculogenesis, angiogenesis, wound healing, re-
cruitment of leukocytes to sites of inflammation and regula-
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tion of thrombosis [9]. 
In this report, we describe a simple and feasible approach 

to address ICAM-1 and Integrin β1 simultaneously on pri-
mary culture rat cerebral microvascular endothelial cells 
(rCMECs) by utilising Au nanorods (NRs) and Au nanooc-
tahedra (NOs) as markers. Low vacuum scanning electron 
microscopy (lvSEM) is introduced as an imaging technique 
that does not require any conducting coat materials, such as 
Au or C, and thus, it can visualise the original morphology 
of cells in their native conformation. Furthermore, Au na-
noparticles (NPs) with different shapes can be easily dis-
tinguished using lvSEM. Images with high resolution are 
presented. As expected, preexisting EAPs composed of 
TEMs and ICAM-1 in ca. 300 nm clusters are observed on 
burn serum stimulated rCMECs. Meanwhile, due to the 
LSPR enhancement of Au NRs, two photon luminescence 
(TPL) imaging [10–12], dark field scattering light imaging 
[13,14] and SERS imaging [15] can also be obtained. Com-
bined imaging of high resolution SEM with enhanced opti-
cal imaging will elucidate the spatial geometric distribution 
of molecules on cell membranes and provide further quanti-
fication of the biomolecular information.  

1  Preparation of Au NPs with conjugated  
antibody 

Au NRs can now be synthesised via seed mediated methods 
with high yield and quality. The aspect ratio (AR) of Au 
NRs can be easily tuned by changing the amount of Ag+ 
ions [16]. In our previous work, we successfully prepared 
Au NOs by introducing Au NRs as seeds [17]. Typical SEM 
images of Au NRs and Au NOs are presented in Figure 1. 
The length of Au NRs is ca. 60 nm with a width of ca. 15 
nm, and the edge length of Au NOs is ca. 60 nm. The aniso-
tropic geometry of Au NRs leads to the split of surface 
plasmon resonance (SPR) absorption bands, with one lo-
cated at longer wavelength (820 nm), known as longitudinal 
SPR, and the other at a shorter wavelength (510 nm), known 

as the transverse SPR. In the case of Au NOs, only one SPR 
absorption appears, indicating an isotropic geometry.   
The original Au NRs and Au NOs are coated by a bilayer  
of cationic surfactants, cetyltrimethlammonium bromide 
(CTAB), which are positively charged [18]. Next, the posi-
tively charged surface of the NPs is changed to a negatively 
charged surface by exposing the NPs to poly(sodium 
p-styrensulphonate) (PSS, MW 70000) polyelectrolyte solu-
tions [19]. Subsequently, the nanoparticles are dispersed  
in N-(2-hydroxyethyl)piperazine-N′-2-ethanesulphonic acid 
(HEPES) solution (pH 7.4) for bonding with an antibody. 
The PSS coated NPs are finally mixed with antibody solu-
tions, which are diluted in the same HEPES buffer, and al-
lowed to react overnight. The antibodies are most likely 
bound to the PSS coated nanoparticles by electrostatic in-
teractions [13,20] and form antibody conjugated Au NPs. 

In this study, Au NRs and Au NOs are typically chosen 
as markers among different morphological Au NPs. Theo-
retically, these markers are entirely interchangeable for 
binding antibodies, except Au NPs with a particular shape 
and unique properties can be intentionally used for specific 
proteins (or molecules) with predictable distributions. In 
this study, Au NRs are designated biomarkers for ICAM-1 
because of the significant change observed after stimulation. 
By introducing the LSPR enhancement, optical images of 
Au NRs are possible. 

2  Procedure and SEM characterisations of 
rCMECs labelled by different Au NPs  

The procedure for immune labelling rCMECs utilising an-
tibodies conjugated with Au NPs is illustrated in Figure 2. 
The cultured rCMECs (The animals’ care was in accordance 
with institutional guidelines. The protocol used in this man-
uscript was agreed to in advance by the Ethics Committees 
of National Centre for Nanoscience and Technology, China) 
are first prefixed with 0.5% glutaraldehyde for 2 h and then 
washed within 150 mmol/L glycine, to bond the residual  

 
 

 
Figure 1   SEM images of prepared Au NRs (a), Au NOs (b) and the corresponding UV-vis-NIR absorption spectra in water (c). The spectra are normal-
ised at 400 nm. 
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Figure 2   Schematic pictures of the labelling process for ICAM-1 on rCMECs membrane surfaces by Au NRs modified with a Goat anti-Mouse antibody.  

aldehyde. Second, the traditional immunofluorescent meth-
od is used for cross-linking the proteins on the cell surfaces 
by primary antibody and blocking of the nonspecific ad-
sorption sites by 0.01 g/mL BSA for 4 h at 37°C. The 
rCMECs are washed in PBS (pH 7.0) buffer, to remove the 
unbound antibodies, followed by incubation with a second-
ary antibody conjugated Au NPs for 4 h at 37°C. Next, the 
samples were washed with PBS to remove the unbound and 
nonspecifically adsorbed Au NPs. Finally, the samples were 
fixed with glutaraldehyde, dehydrated in graded ethanol 
solutions, dried by critical point drying, and imaged by 
lvSEM. 

To verify the feasibility of this approach, Au NRs and Au 
NOs are chosen to map the relationship between ICAM-1 
and Integrin β1, both in normal and pathological states. As 
shown in Figure 3(a), obvious tight junctions between 
neighbouring rCMECs exist and are the basis of the blood 
brain barrier (BBB). The apical surfaces of rCMECs are 
smooth and neat, with typical microvilli and a cell mor-
phology that is still plump, as observed in culture medium 
after CPD. Both the Au NRs and Au NOs labelling ICAM-1 
and Integrin β1 can be distinguished (Figure 3(c), (e), (g)) 
and exhibit significant variation compared to the corre-
sponding control experiment that shows nonspecific adhe-
sion of Au NRs and Au NOs (data not shown).   

To obtain greater insight into the cellular distribution of 
ICAM-1 and Integrin β1, cell-cell contact sites are magni-
fied in Figure 3(d), (f) and (h) and correspond to the red 
squares in Figure 3(c), (e) and (g). As the lvSEM images 
demonstrated, ICAM-1 is constitutively expressed at low 
levels on normal endothelial cells, and Integrin β1 is largely 
expressed and enriched at cell-cell contact sites [21–23]. 
After coculturing the rCMECs with 2% burn serum over-
night, for an inflammatory stimulation, the morphology of 
the cells changes greatly. Many vesicles aggregate just un-

derneath the cell membrane (Figure 4). ICAM-1 molecules 
on the cell surface increases significantly and aggregate 
together on the apical side of the cell membrane at the 
cell-cell contact area, forming nanoclusters measuring ca. 
~400 nm in diameter (Figure 4(c) and (d)). 

Previous studies have shown that ICAM-1 molecules are 
clustered into membrane rafts and form actin-based struc-
tures at the contact area upon leukocytes binding to prevent 
detachment under hemodynamic flow [24–27]. Recently, 
Sánchez-Madrid and co-workers [25] demonstrated that the 
recruitment of ICAM-1 molecules occurs before leukocyte 
binding, and the apical plasma membrane of living ECs 
possesses specialised microdomains containing tetraspanins 
(CD151) and ICAM-1 molecules, which are termed endo-
thelial adhesive platforms (EAPs). This particular type of 
TEM promotes ICAM-1 molecules aggregating at the na-
noscale level, thus forming nanoclusters to enhance their 
adhesive properties during leukocyte adhesion to endothe-
lium [8], which is consistent with our results (Figure 4(d) 
arrow headed). Several tetraspanins have been proven to 
associate with integrins of the β1 subfamily [28–31] and 
subsequently modulate endothelial cell motility by forming 
complexes. As Ashman and co-workers [32] have shown, 
integrin plays a key role in cell migration and modulates 
angiogenesis but has no detectable effect on neutrophil 
transendothelial migration when anti CD151 mAb is intro-
duced. It can be inferred that the expression of integrins on 
the endothelial cell membrane may not be remarkably af-
fected by inflammatory simulation by 2% burn serum. And 
the level of Integrin β1 is not up- or down-regulated signif-
icantly by comparing the SEM images with or without 
stimulating (Figure 4(f)). CD151 is a well-known member 
of the tetraspanins, and associates with both ICAM-1 and 
Integrin β1 to form complexes and further modulate the cell 
functions [33]. Thus, the localisation of ICAM-1 and Integrin  
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Figure 3  LvSEM images of rCMECs. (a) Nude rCMECs apical surface, 
(c) labelled by goat anti-mouse IgG conjugated Au NRs for ICAM-1, (e) 
labelled by goat anti-rabbit IgG conjugated Au NOs for Integrin β1, (g) 
double labelled by goat anti-mouse IgG conjugated Au NRs and goat an-
ti-rabbit IgG conjugated Au NOs. (b), (d), (f), and (h) are zoomed in imag-
es of the corresponding red squares in (a), (c), (e) and (g). The green rec-
tangle and yellow circle in (h) indicate Au NR and Au NO under SEM, 
respectively. 

β1 could partially overlap when co-labelled (Figures 3(h) 
and 4(h)). 

3  TPL images of rCMECs labelled by Au NRs 

Because Au NRs show enhanced LSPR emissions, TPL 
images could be taken for these identical cell samples. 
Mode-locked Ti:sapphire femtosecond laser pulse (Tsunami, 
Spectra-Physics) at 785 nm is introduced as an excitation 
source. The pulse width is approximately 120 fs with a rep-
etition frequency of 82 MHz. Emitted light is collected in 
the range between 400 and 700 nm. Figure 5(c) shows 
strong TPL images for burn serum stimulated rCMECs  

 
Figure 4  LvSEM images of rCMECs stimulated by 2% burn serum 
overnight. (a) Nude stimulated rCMECs apical surface, (c) labelled by goat 
anti-mouse IgG conjugated Au NRs for ICAM-1, (e) labelled by goat an-
ti-rabbit IgG conjugated Au NOs for Integrin β1, (g) double labelled by 
goat anti-mouse IgG conjugated Au NRs and goat anti-rabbit IgG conju-
gated Au NOs. (b), (d), (f), and (h) are zoom-in images of the correspond-
ing red squares in (a), (c), (e) and (g). The green rectangle and yellow 
circle in (h) stand for Au NRs and Au NO under SEM, respectively. 

labelled by an Au NRs with antibody conjugate, whereas 
control experiments show an almost black background 
(Figure 5(a)) and a negligible interference signal from 
strong TPL images for burn serum stimulated rCMECs la-
belled by an Au NRs with antibody conjugate, whereas 
control experiments show an almost black background 
nonspecifically adsorbed Au NRs (Figure 5(b)). The patho-
logical rCMECs labelled by Au NOs@antibody conjugate 
for Integrin β1 also exhibit negligible TPL signals (Figure 
5(d)), which indicates the TPL signals solely originate from 
the SPR enhancement of AuNRs. The TPL results coincide 
with the lvSEM and traditional immunofluorescence. TPL 
images show protein distribution information in microscale. 
And when combined with the lvSEM images in nanoscale  
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Figure 5  TPL images of (a) nude stimulated rCMECs, (b) stimulated 
rCMECs labelled by Au NRs via nonspecific adsorptions, (c) stimulated 
rCMECs labelled by Au NRs for ICAM-1, and (d) stimulated rCMECs 
labelled by Au NOs for Integrin β1.  

from the same sample, these two images complement and 
verify each other to give insightful bioinformation.   

We conducted traditional immunofluorescence for com- 
parison (Figure 6). The results are consistent with the Au 
NPs labelling method we developed above. After burn se-
rum stimulation, the expression of ICAM-1 greatly increas-
es and forms a sharp contrast with the control, while Integ-
rin β1 expression shows moderate up-regulation. The fluo-
rescent approach is somewhat qualitative, and other charac-
terisations are needed to establish a relationship between 
these two proteins.  

4  Conclusions 

In this work, we provide a simple and feasible approach to  

 

 

Figure 6  Fluorescence images of ICAM-1 (FITC) and Integrin β1 
(TRITC) expressed in normal rCMECs ((a)–(c)) and stimulated rCMECs 
((d)–(f)). (c) and (f) are the combined images of (a), (b) and (d), (e), re-
spectively. The scale bar applies for all the images. 

label two or more proteins simultaneously on the cell mem-
brane using Au NPs of different shapes. LvSEM technology 
ensures that the high resolution images of the cell in its  
original condition could be achieved without prespinning 
conductive material, such as Au or C. Also, by virtue of the 
SPR property of Au NRs, TPL images could be obtained for 
identical samples, which enables us to obtain protein locali-
sation in micro/nano scales and better understand the cell’s 
functions and activities. Due to the SPR enhancement of Au 
NRs, SERS spectra may be acquired, and we can acquire 
more subtle information about the local micro-environment 
of the cell. It may also be useful to further quantify aspects 
of cell biology and provide the possibility for in situ imag-
ing using SEM and optical techniques. 
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