
Positive influence of aminosilanes on anti-EpCAM 
antibody immobilization on a glass surface

Abstract
Immobilization of antibodies has a number of promising applications, including detection of biomolecu-
les and cells. Well-oriented antibodies are required to bind them effectively. To eliminate the problem of 
random antibodies’ orientation, the surface of the device can be modified with silanes. This study aimed 
at elucidating if selected aminosilanes were able to bind antibodies in the appropriate orientation and 
thus retain their binding activity. Silanization of glass slides was performed using three amino-functio-
nal trialkoxysilanes – A, AE, and AEE. The immunofluorescent reaction was used to evaluate the poten-
tial of the silanized glass surface to bind anti-EpCAM antibodies. The affinity of selected anti-EpCAM 
HEA125 antibodies labeled with fluorochrome to tested silanized surfaces was evaluated by measuring 
the mean fluorescence intensity (MFI) in each analyzed area. The presented silanes effectively bound 
antibodies. Higher fluorescence intensity was noticed in the case of silane-coated glass slides in com-
parison to unmodified ones. The differences in the contact angles also confirmed this result. In the case 
of silane A, the fluorescence intensity reflected the amount of bound antibodies. However, there was no 
such a relation in the case of the silanes AE and AEE. Although our research gave promising results, the 
usefulness of selected silanes needs to be confirmed by further studies using cancer cells.
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Introduction
In the last years, the analysis of rare cells has 

started to be used for diagnostic purposes. An ex-
ample of such cells are circulating tumor cells 
(CTCs). These cells originate from the primary tu-
mor, and after detachment, circulate in the patient’s 
bloodstream [1,2]. Only a few CTCs can be found 
per 10 million leukocytes in 1 mL of blood [3]. Their 
analysis can be extremely useful, among others, in 
the rapid detection of tumors [4]. CTCs in the tested 
blood sample are an indicator of cancer spread and 
can be correlated with the stage of the disease [5–
9]. Early diagnostics based on CTC detection can be 
beneficial for fast selection of an appropriate treat-
ment, monitoring its effectiveness, and detecting 
residual disease [10]. All this significantly increases 
the chances of patients’ survival.

Currently, there are many methods for the detec-
tion of CTCs, which rely both on in vitro and in vivo 
analysis [8,11,12]. Detection technologies can be 
based on the analysis of tumor-specific surface mark-
ers [13] or the physical parameters of CTCs, such as 
size, formability, and density [14]. Marker-based 
methods most often use the epithelial cell adhesion 
molecule (EpCAM) antigen, a transmembrane pro-
tein highly expressed in many types of cancer, not 
present on the normal blood cells [15]. Among in 
vitro technologies based on EpCAM CellSearch®, Ad-
naTest or PCR analysis are most frequent [1]. 

Worth mentioning is the CellCollector® device, 
which is the first in vivo commercial test in the world 
to detect CTCs directly in the patient’s bloodstream 
[8]. The indisputable advantage of in vivo over in 
vitro methods is a much higher blood test volume 
(1 L vs. 10 mL, respectively), which is invaluable in 
rare events such as CTCs [12]. To create such a solid 
phase-based CTC detection device, it is necessary to 
immobilize the antibodies on its surface. In order to 
do this, the carrier must be covered with an inter-
mediate layer, interacting with the antibodies by the 
formation of covalent bonds or through bioaffinity 
interaction. Such chemical or topographic modifica-
tions of solid phase carriers allow them to bind an-
tibodies more efficiently and achieve higher yields 
of captured cells [16].

In recent years, compounds based on silicon 
have been used. Biosensors such as silica-coated 
nanoparticles are sensitive and selective technol-
ogies [17]. Biosensing and diagnostic platforms 
with high sensitivity, specificity, and fast response 
time are based on immobilized biomolecules such 
as antibodies, aptamers, enzymes, nucleic acids, 
receptors, or whole cells to detect target analytes 
[18]. Silanization is commonly used to introduce 
surface functional groups to silica and glass surfac-
es [19]. The majority of silica surface modification 
methods is based on the concentration reaction be-

tween surface Si-OH groups and acyloxy-, chloro-, 
or alkoxysilanes leading to the formation of a sta-
ble bond with the surface and release of byproduct 
[20]. Antibodies can be immobilized on the modi-
fied surface by forming covalent bondage between 
their functional group and the complementary cou-
pling group of silanes [21]. This study aimed at elu-
cidating if selected aminosilanes were able to bind 
antibodies in the appropriate orientation and thus 
retain their binding activity.

Materials and methods
Preparation of silanized glass surfaces

Silanization of glass slides was performed using 
three amino-functional trialkoxysilanes: 3-Amino-
propyltriethoxysilane — A (> 99%, Sigma-Aldrich, 
St. Louis, MO, USA), [3-(2-Aminoethylamino)pro-
pyl]trimethoxysilane – AE (AE 97%, Sigma-Aldrich, 
St. Louis, MO, USA) and (3-Trimethoxysilylpropyl)
diethylenetriamine – AEE (AEE 85%, ABCR GmbH, 
Karlsruhe, Germany). Before silanization, the glass 
slides (26 × 76 mm, Thermo Scientific, Braunsch-
weig, Germany) were cleaned by sonification with 
ultrasound frequency 37 kHz (Elmasonic S60H, Sin-
gen Germany) in 2% detergent solution (Mucasol, 
Schuelke, Wertheim, Main, Germany) for 30 min, 
rinsed with distilled water, sonicated for 5 min in 
acetone and airdried. Then the glass slides were 
sonicated in a 2% solution of proper aminosilane in 
toluene for 1 h. The slides were baked in an oven at 
120°C for 1 h. Finally, the glass slides were rinsed 
for 5 min in each of the following: toluene, meth-
anol-toluene (1:1), and methanol in an ultrasonic 
bath and airdried.

Contact angle measurement 
Measurements of the static contact angle (q) 

were done using the DSA 100E auto goniometer 
(Krüss, Hamburg, Germany). The 3 mL sessile drops 
of water were used for the measurements, and the 
tangent angle to the drop at its intersection with the 
slide surface was assessed. In order to determine 
advancing contact angles, a minimum of eight in-
dependent measurements were performed, and re-
sults were presented as means ± standard deviation. 

Assessment of antibody binding to the silanized 
surface
Antibody selection

To evaluate the potential of the silanized glass 
surface to bind antibodies, the immunofluorescent 
reaction was used. To proceed with the reaction, 
the anti-EpCAM antibody was selected. The choice 
was made based on the researchers’ future plan to 
catch EpCAM-positive cells. The HEA125 antibody 
was customized and provided by Miltenyi Biotech 
(Bergisch Gladbach, Germany).
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Immunofluorescent reaction
The immunofluorescent reaction was conducted 

as follows. Anti-EpCAM HEA125 antibody was dilut-
ed in phosphate-buffered saline (PBS) to obtain two 
working concentrations of 25 μg/mL and 5 μg/mL. 
Each of three types of silanized glass surfaces (A, AE, 
and AEE) and non-modified glass surface were divid-
ed into three areas covered with both antibody con-
centrations and solely PBS used as a negative control. 
Tested glass surfaces were incubated with the above 
dilutions for 1 h at RT. Afterward, the unbound an-
tibody was removed by washing with PBS repeated 
three times. Then 3% bovine serum albumin (BSA) 
was applied to glass slides for 30 min to block un-
specific binding. After removing BSA solution, 2 μg/
mL of secondary FITC-labeled goat anti-mouse anti-
body (MFP488, goat anti-mouse IgG, MoBiTec, Goet-
tingen, Germany) in PBS was used to detect primary 
anty-EpCAM antibody. Finally, after 1 h incubation, 
the unbound antibody was removed from glass slides 
by three washes with PBS, and glass slides were 
sealed with an antifade mounting medium (Vecta-
shield, Vector Laboratories Inc., Burlingame, USA).

Fluorescence intensity measurement
The affinity of anti-EpCAM antibodies to tested 

silanized surfaces was evaluated by measuring the 
medium fluorescence intensity (MFI) in each an-
alyzed area. For this purpose confocal fluorescent 
microscope (Olympus Fluoview i10) with appro-
priate software was used. To assess the MFI values, 
5 regions of interest (ROIs) were selected on each 
area and photographed. The obtained values were 
presented in the form of histograms. Each studied 
glass slide was tested twice.

Statistical analysis 
Statistical analysis was performed using the STA-

TISTICA 13.3 PL software (StatSoft, Tulsa, OK, USA). 
The data were analyzed for statistically significant 
differences using one-way ANOVA with a post-hoc 
test. A p-value < 0.05 was considered to be significant.

Results
Contact angle

Silanization with A, AE, and AEE significantly in-
creased contact angles, confirming successful modifi-
cation of the glass slide surface. However, the contact 
angles differed depending on the number of amino 
groups and length of the amino-functional chain of 
the employed silane (p < 0.01, Fig. 1). The results sug-
gest that an increase in the number of amino groups 
decreases contact angle. Contact angle measurement 
was repeated for silanized glass slides following the 
incubation with 25 μg/mL and 5 μg/mL of anti-Ep-
CAM antibody. In the case of A, we observed an in-
crease of contact angle after incubation with 25 mg/
mL of antibodies and a decrease of contact angle after 
incubation with 5 mg/mL of antibodies. However, in 
case of AE and AEE, we observed reversed tendency – 
a decrease of contact angles after incubation with 25 
mg/mL of antibodies and an increase of contact angles 
after incubation with 5 mg/mL of antibodies. Further-
more, the decrease for AEE was significantly higher (p 
< 0.01, Fig. 1). Changes in the contact angles before 
and after the antibody’s immobilization suggest that 
it was successfully attached to the tested surfaces. It 
also indicates that the length and flexibility of the ami-
no-functional chain and the number of amino groups 
play a significant role in the efficiency of immobiliza-
tion. This subject requires further studies.

FIGURE 1 Comparison of average values of contact angles for tested glass slides surfaces: silanized with A, AE, AEE, and 
non-modified (NM) for areas covered with anti-EpCAM antibody in PBS (25 μg/mL and 5 μg/mL), and for control area 
covered with PBS (C)
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Fluorescence intensity
Analysis of fluorescence intensity also showed 

differences between tested silanes. All of them pre-
sented significantly higher fluorescence intensity 
in areas with immobilized antibodies compared to 
the control area (p < 0.01, Fig. 2). It proved that the 
intensity of fluorescence reflects the amount of im-
mobilized antibodies. The results suggest that the 
AE silane binds the anti-EpCAM antibody most ef-
ficiently. It should also be noted that increasing the 
antibody concentration from 5 µg/mL to 25 µg/mL 
resulted in higher fluorescence intensity for com-
pounds A and AE. For the AEE compound, no such 
relationship was found.

Most importantly, it was found that all presented 
silanes had the ability to enhance antibody’s bind-
ing efficiently since fluorescence intensity was sig-
nificantly higher (p < 0.01, Fig. 2) in comparison to 
antibody-immobilized non-modified glass slides.

Discussion
The constant development of immunodiagnos-

tics aims to find the most specific, selective, and 
sensitive assays based on capturing antibodies. 
This brings the need for efficient and oriented anti-
bodies’ immobilization on solid carriers. In the case 
of the most commonly used passive adsorption of 
antibodies, their proper orientation can be assured 
by pre-modification of the surface [22]. The prom-
ising option is silanization of the surface, helping to 
properly accommodate target antibodies and retain 
their binding activity [23].

In our research, silanization of glass slides was 
performed using three previously mentioned ami-
no-functional trialkoxysilanes – A, AE, and AEE. The 

immunofluorescent reaction was used to evaluate 
the potential of the silanized glass surface to bind 
anti-EpCAM antibodies. The affinity of selected 
anti-EpCAM HEA125 antibodies labeled with fluo-
rochrome to tested silanized surfaces was evaluat-
ed by measuring the mean fluorescence intensity 
(MFI) in each analyzed area. 

Our results indicate that the presented silanes can 
effectively bind antibodies as higher fluorescence 
intensity was noticed in the case of silane-coated 
glass slides compared to unmodified ones. The dif-
ferences in the contact angles also confirmed this 
result. In the case of silane A, the fluorescence in-
tensity reflected the amount of bound antibodies. 
However, there was no such a relation in the case 
of the silanes AE and AEE. This can be explained by 
the fact that a higher concentration of antibodies 
can affect the packing density. It may also lead to 
the steric hindrance in antigen binding [24–26]. The 
length and flexibility of amino-functional chains 
and the number of amino groups are crucial for the 
effective immobilization of antibodies. Equally, the 
physical and chemical stability of the immobilized 
antibodies still causes many problems because 
their binding activity can decrease after immobili-
zation due to their random orientation [24]. That is 
why an appropriate immobilization method is vital 
to maintain the highest functionality of antibodies 
by site-specific orientation.

In the current study, we applied the passive ad-
sorption of antibodies on silanized glass surfaces. 
In this approach, either antibodies or surfaces are 
subjected to prerequisite modification. Despite 
the simplicity of this method, it carries the risk of 
random antibodies’ orientation driven by multiple 

FIGURE 2 Immunofluorescence intensity of tested glass slides surfaces: silanized with A, AE, AEE, and non-modified (NM) 
for areas covered with anti-EpCAM antibody in PBS (25 μg/mL and 5 μg/mL), and for control area covered with PBS (C)
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non-covalent interactions, including van der Waals, 
electrostatic, and hydrophobic, strongly dependent 
on the pH and ionic strength [27]. To improve the 
oriented antibodies’ binding, both – antibodies and 
surfaces can be subjected to various modifications 
employing, e.g., electric field [28] and UV light [29]. 
It was already observed that the charged surface 
helped obtain the better orientation of passively im-
mobilized IgG1 and IgG2a antibodies. It was assumed 
that a low charge density of the surface and high ion-
ic strength of the solution resulted in numerous ori-
entations, caused by van der Waals interactions. Con-
versely, a high charge density and low ionic strength, 
respectively, caused certain immobilization patterns 
through solely positively or negatively charged anti-
body regions [30]. Another worth mentioning aspect 
is the influence of solution on already immobilized 
antibodies. The presence of other, highly charged, or 
more hydrophobic proteins can result in the elution 
of bound target antibodies [31]. 

All issues mentioned above can lead to random 
and inefficient immobilization of antibodies. Thus, 
sequentially can impair their affinity toward re-
spective antigens and thus biomolecules. Various 
strategies of antibodies’ immobilization are applied 
to solve this problem, including covalent or specif-
ically directed non-covalent binding [32]. Among 
them, modification of tested surfaces with silanes is 
promising, since antibodies can be immobilized on 
the modified surfaces by forming a covalent bond 
between their functional and complementary silane 
coupling groups [21]. It was also found that ami-
nosilanes could bind the antibodies in the correct 
orientation and preserve their binding activity [23].

The results of our research indicate silanes as 
effective antibody immobilizers. This could con-
sequently lead to the development of silane-based 
devices devoted to isolation of rare cells, including 
CTCs. However, this requires further studies using 
selected cancer cells to confirm the effectiveness of 
selected silanes.

Commonly used 3-Aminopropyltriethoxysilane 
(A) has already been used for surface functionaliza-
tion [18]. In the study by Sterzynska and Budna et 
al. A, A + 3-(octafluoropentyloxy)-propyltriethox-
ysilane and A + n-butyltrimethoxysilane were used. 
Like in our study, glass plates as platforms for the 
silane coating and anti-EpCAM antibody were used. 
Additionally, the authors analyzed the ability of im-
mobilized anti-EpCAM antibodies to capture cancer 
cells. It was concluded that modification of A with 
non-reactive silanes improved the efficiency of an-
tibody capture. It justifies the subsequent attempts 
to find other silanes that may be even more effective 
in antibody binding.

Immobilization of antibodies has several applica-
tions in science, including diagnostic methods, but 
might also be used in devices applied in e.g., phar-
macy and proteomics as biosensors [33]. The litera-

ture shows the studies aiming to select the best im-
mobilizer for capturing specific biomolecules and 
cells. Immobilizers are frequently compared in var-
ious studies. Some researchers utilize substances 
from the group of silanes, as well as other platforms, 
including gold-plated. In a study by Cetin et al., two 
techniques of gold surface modification were pre-
sented to immobilize anti-EpCAM antibodies to 
detect CTCs. The authors used for modification of 
self-assembled monolayers (SAMs) [16], which re-
duce non-specific binding of molecules regard to 
pure metal [34]. The antibodies were bound in two 
ways - by covalent bonds and by a bioaffinity inter-
action. In the second case, streptavidin and bioti-
nylated antibodies were used. The results indicated 
that the presence of long aromatic chains contain-
ing alkanethiols promoted better cell-uptaking [16].

Not only silanes are applied as immobilizers. In 
the study by Cohn et al., cholesteryl succinyl silane 
(CSS) fibers, hydrophobic polycaprolactone (PCL) 
fibers, and hydrophilic plasma-treated PCL fibers 
were coated on silicon chips in order to improve 
anti-CD20 antibody binding. Immobilization of an-
tibodies via lipid fibers improved the preservation 
of their function. Among the tested solutions, the 
CSS with anti-CD20 antibodies captured the higher 
number of B-cell lymphoma cells [33].

In the study by Foerster et al., a method of im-
mobilizing recombinant antibody fragments (scFv) 
on 316L stainless steel to improve the growth of 
human endothelial progenitor cells (EPCs) was pre-
sented. This solution improved their viability on 
implanted stents, which was beneficial for cardio-
vascular applications. Moreover,  the amino-func-
tional and antibody-coated surfaces were nontoxic 
to these cells [35].

The promising results of our current research en-
courage to validate them evaluating the cells’ uptake 
by the tested surface. In the long term, such a study 
could contribute to the development of in vivo meth-
ods similar to the those like GILUPI CellCollector (GI-
LUPI GmbH). This stainless steel medical wire is cov-
ered with a gold and polymer layer (hydrogel), where 
anti-EpCAM antibodies are bound covalently [8,36]. 
The silane-based approach might also be helpful for 
the improvement of antibody-based immunoassays, 
e.g., ELISA. However, all the above require highly 
specific and selective uptake of cells or biomolecules 
from very complex biological samples, which under-
lies the need for efficient and oriented antibody im-
mobilization [22]. 

Furthermore, equally important in successful 
antibodies’ immobilization are antibodies by them-
selves. This regards especially their molecular mass, 
flexibility, stability, and accessibility of their binding 
regions [37]. Thus, it is recommended to extend fu-
ture research and evaluate the correlation between 
immobilizer and various antibodies, including re-
combinant ones.
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Conclusions
Successful immobilization of antibodies has a 

number of promising applications, including detec-
tion of CTCs in different types of cancer. The prob-
lem of random antibodies’ orientation can be solved 
by modification of tested surfaces with silanes. We 
found that A, AE and AEE aminosilanes were effec-
tive antibody immobilizers, helping to accommo-
date them in the correct orientation and thus pre-
serving their binding activity. This observation can 
improve the development of silane-based devices 
devoted to CTCs isolation. However, the usefulness 
of selected silanes needs to be confirmed by further 
studies using cancer cells.
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