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Abstract The effect of the cell glycocalyx on the binding
of a membrane receptor, class I major histocompatibility
complex (MHC) human leukocyte antigen (HLA)-A2, to
an immobilized anti-HLA antibody was investigated using
an acoustic sensor based on a Love wave geometry. The
enzyme neuraminidase was used to remove sialic acid
residues from the cell glycocalyx. Real-time measurements
of the amplitude of the acoustic wave showed that treatment
with neuraminidase facilitates HLA/anti-HLA-mediated cell
attachment via a 3.6-fold increase of the two-dimensional
(2D) binding constant of the interaction. This could be
attributed to better approach of binding partners due to
favorable condition of the desialylated glycocalyx. The
results underline the importance of microtopological factors
in membrane receptor binding and reveal the potential of the
Love wave sensor and 2D binding parameters for studying
cell-substrate binding events.
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Introduction
The binding of cell membrane proteins to their ligands

requires the formation of a close contact zone between the
apposing surfaces. However, the cell membrane is a
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complex structure with many different molecules. The
specific binding of a receptor—ligand pair between two cell
surfaces has to overcome local microtopological con-
straints from other proteins or glycans. For most cells, a
glycocalyx (at least 20 nm deep) exists at the cell surface
and forms a negatively charged “cloud.” The negative
charge mainly originates from the sialic acid residues of the
glycoproteins and glycolipids of the cell membrane. This
structure can impose limitations on the binding of cell
membrane proteins to their ligands, since there has to be
local glycocalyx deformation for effective approach and
interaction of receptor and ligand to take place (Bell et al.
1984; Shaw and Dustin 1997; Springer 1990; van der
Merwe et al. 1994). The extracellular part of the class I
major histocompatibility complex molecule HLA-A2
molecules is 7 nm long, a small size compared with other
molecules that are present at the lymphocyte membrane.
Moreover, it has to interact with the T cell receptor (TCR)
on the surface of T cells, a membrane molecule of similar
size. In such conditions, the glycocalyx, among other fac-
tors such as protein clustering and lateral diffusion (Bodnar
et al. 2003; Fooksman et al. 2006; Oh et al. 2001), is
expected to play an important role in regulating the inter-
action of binding partners.

Biosensors can be powerful tools for biophysical study
of binding mechanisms of cell membrane molecules, as
they can allow noninvasive quantitative monitoring of
interactions as well as determination of both kinetics and
affinity constants (Cooper 2002, 2006; Cooper and Sin-
gleton 2007; Gronewold 2007; Lakey and Raggett 1998).
In particular, acoustic biosensors can be extremely
advantageous for studying cell-related events such as cell
adhesion and motility, since they respond not only to net
mass changes but also to differences in the physiological
conditions of surface-bound cells (Heitmann et al. 2007;
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Wegener et al. 1998, 2000); the latter are monitored as
changes in the viscosity of the sensing samples (Janshoff
et al. 1996; Li et al. 2005).

One acoustic sensor configuration with particular
potential for cell-related studies is the Love wave biosen-
sor. This sensor operates through the use of a polymer
waveguide layer that confines the acoustic energy to the
sensing surface, resulting in high sensitivity to surface
perturbations (Gizeli et al. 2003). In our group, we have
developed such a biosensor, which was successfully used
to sense mass and viscosity changes via measurements of
the phase and amplitude of the acoustic wave, respectively
(Melzak et al. 2002; Mitsakakis et al. 2009; Tsortos et al.
2008a, b). Specifically, amplitude measurements were used
to monitor the process of cell attachment and spreading
(Saitakis et al. 2008, 2010). It was shown that amplitude
change is proportional to the number of bonds formed
between cell membrane HLA and immobilized anti-HLA
(Saitakis et al. 2008, 2010); the latter finding enabled cal-
culation of two-dimensional (2D) kinetics and affinity
constants of the interaction from real-time data (Saitakis
et al. 2008), providing quantitative data and insight into
cellular binding events (Alon et al. 1997; Bromley et al.
2001; Dustin et al. 1996, 1997).

In this work, the Love wave biosensor is applied to
study the effect of glycocalyx condition on cell membrane
molecule interactions. As a model system, the class I MHC
molecule human leukocyte antigen (HLA)-A2 on the sur-
face of live cells and an anti-HLA-A2 antibody were used.
The attachment of HLA-expressing cells to the sensor
surface, modified with the anti-HLA antibody, was moni-
tored in real time using the acoustic biosensor. The effect
of the glycocalyx was probed after treatment of cells with
the enzyme neuraminidase, which cleaves sialic acid resi-
dues from cell surface glycans, while the 2D kinetic
parameters and the binding affinity were calculated from
real-time binding curves.

Materials and methods
Cell cultures and treatments

The Epstein—Barr virus (EBV)-transformed human
B-lymphoblastoid cell line LG2 (HLA-A*0201%/") was
used in this work. Roswell Park Memorial Institute (RPMI)
1640 (GIBCO Inc.) supplemented with 1 mg1~' genta-
micin and 10% of fetal bovine serum was used as culture
medium. Culture flasks were kept in humidified 5% CO,
atmosphere at 37°C. Medium was exchanged every
2-3 days. Viability was checked prior to experiments by
the trypan blue exclusion technique, and cell number was
counted on a Neubauer slide. Dead cells were never over
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5% of the total. Cells were washed with phosphate-
buffered saline (PBS; Sigma), centrifuged at 250 x g, and
resuspended in PBS prior to addition to the sensor surface.
Cell density was 3-8 x 10’ cells mlI™" in normal cultures
and 2-3 x 10° cells ml™" in high-density cultures.

Neuraminidase (New England Biolabs) treatment of
cells comprised 40-min incubation of LG2 cells at 37°C
with 100 U ml™" enzyme. Cells were then washed twice
with PBS (Sigma). Negative controls received the same
treatment in the absence of the enzyme.

Love wave sensor setup, surface preparation,
and real-time acoustic experiments

The acoustic waveguide device, operating at 110 MHz, has
been extensively described elsewhere (Gizeli et al. 2003;
Saha et al. 2003; Saitakis et al. 2008; Tsortos et al. 2008b).
Briefly, the apparatus comprises a quartz crystal device
which utilizes a set of interdigitated transducers (IDTs) to
generate and detect a shear-horizontal surface acoustic
wave (SH-SAW). The phase and amplitude of the acoustic
wave, which are related to the acoustic velocity and energy,
respectively, are measured as a function of time. All
sensing occurs only within the liquid layer in contact with
the device, within a distance of 50 nm for an aqueous
solution. A gold layer on top of the sensor chip serves as a
surface that allows immobilization of the biorecognition
layer. Gold device surfaces were plasma-etched in oxygen
plasma (Plasma Etcher, Harrick).

Gold-coated device surfaces were incubated with a
protein G (Calbiochem) solution (1 mg ml~!) which was
left to adsorb for 1 h at room temperature. Protein G,
which adsorbs irreversibly onto gold, was used to specifi-
cally bind antibodies via their Fc fragment, resulting in
oriented immobilization (Saha et al. 2003). Following
protein adsorption, the device was inserted into the device
holder, washed, and left to equilibrate with PBS (Sigma) at
flow rate of 50 ul min~'. The anti-HLA-A2 monoclonal
antibody BB7.2 (Becton—Dickinson), which recognizes the
o-chain of HLA when the latter exists in heterotrimer form
of a-chain, f,-microglobulin, and a bound peptide (Hogan
and Brown 1992; Parham and Brodsky 1981), was then
added and immobilized onto the sensor surface. It was
shown that anti-HLA adsorbed onto the sensor surface
under these conditions forms a dense layer, with surface
density of 5.9 & 1.9 x 10 molecules pm~2, which pro-
motes cell attachment and spreading (Saitakis et al. 2008).
All experiments were performed at 25°C. Cell suspensions
were added under flow (10 pl min~") over the anti-HLA-
modified sensor surface; the real-time binding curves for
amplitude change were obtained and processed. Following
the end of an acoustic experiment, the biosensor surface
was observed under the microscope. Since the sensor chip
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is not opaque, no fluorescent staining was needed for the
observation of cells. The surface was observed under a
Nikon Eclipse E800 microscope, and pictures were taken
with an attached ProgRes CF camera (Jenoptik).

Two-dimensional kinetic analysis of real-time
acoustic data

Real-time binding curves from experiments with different
cell suspensions and glycocalyx conditions were collected
and processed as described before (Saitakis et al. 2008).
Briefly, the analysis is based on the following equation:

A(dA/dr)/AA = k,C*° + kq,

where A(dA/df) and AA are the change in the rate and
overall amplitude, respectively, derived from real-time
graphs, C?° is the effective surface density of the cell
membrane molecule, and k, and k4 are the two-dimensional
association and dissociation rate constants, respectively.
The effective surface density C*P was calculated from the
HLA surface density of each cell type (374 &+ 80 mole-
cules um > for untreated and neuraminidase-treated cells,
and 694 £ 21 molecules pm > for cells from high-density
cultures) and the sensor surface coverage by cells (mea-
sured from microscopy photos). The real-time data for cell
attachment (from sample time t = 500 s up to equilibrium
condition) were fitted to a single exponential curve. This
part of the graph mainly reflects the formation of new
HLA/anti-HLA bonds (Saitakis et al. 2008). From the fitted
curves, the rate in amplitude change was calculated as a
function of time and plotted versus AA. Plotting the slopes
of the above curves, i.e., A(dA/df)/AA, versus the effective
HLA surface density C*" enables measurement of the 2D
association and dissociation rate constants: k, from the
slope and k4 from the intercept with the ordinate. The 2D
binding affinity K, was then calculated as K5 = k,/kq. The
data were analyzed using Microcal Origin 6.1 software.

Flow cytometry

LG2 cells were incubated with the anti-HLA-A2 mono-
clonal antibody BB7.2 (Becton—Dickinson) and fluorescein
isothiocyanate-conjugated anti-mouse IgG (as a secondary
fluorescence-activated cell sorter antibody) (Dako), both at
saturating conditions. Samples were analyzed in a fluo-
rescence-activated cell sorter (FACS) scanner (FACScan-
ner; Becton Dickinson). Light-scattering and fluorescein
isothiocyanate fluorescence data were collected on four-
decade logarithmic scales, and the mean fluorescence
intensity for each sample was deduced. Moreover, using an
indirect quantitative immunofluorescence assay (QIFIKIT,
Dako), the number of HLA heterotrimers on the cell sur-
face was calculated. The values were: 3.7-5.7 x 10° HLA

molecules per untreated LG2 cell and 9.7-10.0 x 10° per
LG2 cell from a high-density culture.

Results

Real-time acoustic experiments of cell attachment
for untreated and neuraminidase-treated cells

LG2 cells are tumor cells derived from the B-lympho-
blastoid line, and their cell membrane is covered by an
extensively sialylated glycocalyx (Fuster and Esko 2005;
Hollingsworth and Swanson 2004; Shaw and Dustin
1997). To probe the effect of the glycocalyx, a neur-
aminidase incubation step was used as a treatment to assay
the effect of a desialylated glycocalyx on cell attachment
to the sensor surface. First, to check whether neuramini-
dase treatment affects HLA-A2 binding to the anti-HLA
antibody, flow cytometry experiments were performed
with LG2 cells incubated with anti-HLA. The results
showed that soluble anti-HLA binding is not affected by
neuraminidase treatment. Moreover, the number of HLA
molecules per each cell was the same (3.7-5.7 x 10° per
cell). The two types of LG2 cells, i.e., untreated and
neuraminidase treated, were then applied in real-time
acoustic experiments over the protein G/anti-HLA-modi-
fied sensor surface (Fig. 1) at various cell numbers. The
attachment and spreading of LG2 cells on the sensor
surface resulted in real-time sigmoid-like binding curves
(Fig. 2). Binding related to the first part of the graph
(~first 500 s) is associated to cell diffusion and initial cell
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Fig. 1 Schematic representation of a LG2 cells with HLA molecules
surrounded by various glycans (glycocalyx) on the cell membrane,
and b the protein G/anti-HLA-modified sensor surface (not to scale)
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Fig. 2 Real-time acoustic experiments for neuraminidase-treated
cells. Cell numbers: 1 x 10°cells ml™' (open  squares),
2 x 10° cells ml~" (filled rhombs), 3 x 10° cells ml~" (open trian-
gles), and 5 x 10° cells ml™" (filled circles). Arrows indicate injec-
tion of cell sample (@) and exchange with buffer (b)

tethering, while binding related to the second part of the
curve is attributed to the formation of new HLA/antibody
bonds as a result of further binding between the cell and
the surface (Saitakis et al. 2008). The overall signal
change has been shown to correlate directly to the number
of cell-surface attachment points, which in turn is a
measure of two parameters: the number of bound cells and
the surface density of cell membrane HLA.

Two-dimensional kinetic analysis of cell membrane
HLA/immobilized anti-HLA interaction

To quantify the binding process and determine how
the neuraminidase treatment affects the cell attachment, the
real-time acoustic data were further analyzed to deduce the
2D kinetics and affinity for the interaction for both
untreated and neuraminidase-treated LG2 cells. Cell num-
bers ranging from 0.6 to 6 x 10° cells ml~" were used for
untreated cells and from 1 to 5 x 10° cells ml™" for
neuraminidase-treated cells. These cell numbers resulted in
different effective HLA surface densities (C?®) on the
sensor surface. The kinetic and affinity constants were
deduced by plotting the differential of response rate against
the effective HLA surface densities (C*°) for each cell type
(Fig. 3). The neuraminidase treatment resulted in a higher
association rate constant (k,) and binding affinity (K,) and
a lower dissociation rate constant (kg) compared with
untreated as well as high-density-cultured cells (Table 1).
For comparison, the 2D binding parameters were deter-
mined for LG2 cells cultured at high densities, a treatment
that doubles the number of HLA heterotrimers at the cell
surface, using cell numbers ranging form 0.75 to
6 x 10° cells ml™".
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Fig. 3 Plot of A(dA/df)/AA, where (dA/df) and AA are the rate and
corresponding amplitude change derived from real-time curves and
A(dA/dr)/AA is the slope of (dA/dr) against AA, versus the effective HLA
surface density C*° for the conditions of untreated and neuraminidase-
treated LG2 cells. ng is calculated from the slope and kﬁD from the
intercept with the ordinate. These values are presented in Table 1

Discussion

The Love wave acoustic biosensor was used in this work to
determine the effect of a cell-membrane microtopological
factor, the glycocalyx, on a protein—protein interaction
mediating specific attachment of LG2 cells onto the sensor
surface. Treatment of LG2 cells with the enzyme neur-
aminidase resulted in sialic acid residue loss from cell
surface glycans, which in turn renders the glycocalyx less
dense and less negatively charged. From real-time binding
curves, this was observed as a sharper binding profile for
neuraminidase-treated LG2 cells (data not shown). More-
over, since flow cytometry experiments did not show a
difference between untreated and neuraminidase-treated
cells for the binding of soluble anti-HLA to the cell surface
HLA molecules, it was concluded that the enzyme treat-
ment did not directly affect the protein—protein binding
but only affected the interaction at the cell-substrate
interface.

Following the above qualitative approach, the effect of
the desialylated glycocalyx on specific cell attachment was
quantified. This was performed by calculating the two-
dimensional association and dissociation rate constants as
well as the two-dimensional binding affinity for the HLA/
anti-HLA interaction for three states of LG2 cells:
untreated, neuraminidase treated, and cultured at high
density. The two-dimensional binding parameters are
considered biologically more relevant than the traditional
three-dimensional binding parameters calculated for solu-
ble molecules. Moreover, they can be used to compare the
microtopological and molecular context of cell membrane
molecules directly (Bromley et al. 2001; Dustin et al.
2001; Shaw and Dustin 1997).
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Table 1 Two-dimensional association rate, dissociation rate, and binding affinity constants for LG2 cells in three different conditions

k, (um2 s7! per molecule) kg s7H Ka (um2 per molecule)
Untreated 277 x 107° 436 x 1074 0.0064
Neuraminidase treated 533 x 107° 230 x 107 0.0232
High-density cultures 404 x 107° 274 x 1074 0.0147

All values have an average 10% error. Untreated (n = 7), neuraminidase treated (n = 4), high-density cultures (n = 5)

According to Table 1, the 2D binding affinity for
neuraminidase-treated cells is 3.6-fold higher than for
untreated cells' and 1.5-fold higher than cells from high-
density cultures. The above suggest the following: cutting
down the glycocalyx with neuraminidase facilitated the
protein—protein interaction at the cell-substrate interface to
a higher degree than even doubling the number of binding
partners. This was also observed from the faster 2D asso-
ciation rate constant with neuraminidase treatment. The
latter could be attributed to easier deformation of the less
dense glycocalyx during the formation of HLA/anti-HLA
bonds. Furthermore, the lower repulsion due to charge and
the lower glycan density should exert less pressure on the
already formed HLA/anti-HLA bonds, which was also
observed as a lowered 2D dissociation rate constant for
neuraminidase-treated LG2 cells.

At the sensor surface, during contact area formation,
HLA molecules present in the membrane apposed to the
sensor surface readily interact with the immobilized anti-
HLA molecules. The fast lateral diffusion of HLA mole-
cules on the cell membrane (Bierer et al. 1987) is much
faster than the binding rate of the probed interaction,
allowing for continuous recruitment of free HLA mole-
cules to the contact area; this process leads to the safe
assumption that the HLA surface density for free molecules
is constant. In addition, due to the high surface density of
anti-HLA molecules (5.9 £+ 1.9 x 10 molecules pm*2),
there is no restriction on the number of bonds that can be
formed between the cell and the sensor surface (maximum
HLA surface density at the established contact area is
2.9 x 10° molecules pm~?). Finally, even though disso-
ciation was not observed for whole cells, it can occur for
single HLA/anti-HLA bonds; in the current setup, rebind-
ing of the dissociated HLA can readily occur, given the
high surface antibody density, and this may bias the k4

' The 2D kinetics and affinity of the HLA/anti-HLA interaction for
untreated LG2 cells had previously been calculated as
k,=1.15 x 1073 um2 s ! per molecule, kg = 2.07 x 1075 s71,
and K, = 0.556 yum> per molecule (Saitakis et al. 2008). In that
work, the kinetic analysis was performed for real-time acoustic data
up to the point of buffer exchange. In the current study, we included
data up to the point of signal equilibrium, since there was still HLA/
anti-HLA binding taking place on the sensor surface. We believe that
this modification is justified, since it includes the whole real-time data
for the association reaction.

towards lower values. The contact area for the three types
of cells was observed from microscopy photos to be the
same. This was expected since contact area formation is
driven by the submembrane actin network of the cells.

In another work, the effect of surface charge on cell
attachment was observed acoustically with heparinase
treatments of endothelial cells (Ergezen et al. 2007; Hong
et al. 2006). Heparinase-treated endothelial cells were
applied on a poly-p-lysine-coated acoustic wave device [a
thickness shear mode (TSM) resonator], and the adhesion
was monitored in real time. The enzyme treatment resulted
in lower cell attachment (Ergezen et al. 2007; Hong et al.
2006), since the adhesion on poly-D-lysine is nonspecific
and is mediated via electrostatic bonds between the posi-
tively charged immobilized poly-p-lysine and the nega-
tively charged cell surface heparan sulfate proteoglycans.
In our study, we went one step further to quantify the effect
of glycocalyx, and thus the effect of negative charge, using
the 2D binding parameters.

The main characteristic of the Love wave sensor tech-
nique is that it offers direct measurement of the number of
bonds formed between cell and substrate, so that the cal-
culated 2D kinetic rates from the signal change represent
HLA/anti-HLA binding. In this context, the Love wave
sensor technique presents an important advantage com-
pared with current mechanical and fluorescence methods
that are employed for two-dimensional parameter deter-
mination. However, with our system, it was not possible to
discriminate the effect of lateral diffusion of HLA mole-
cules and/or contact area formation on the HLA/anti-HLA
binding. This was in contrast to another work (Tolentino
et al. 2008; Wu et al. 2008), where the effect of the bio-
logical process of cell spreading was isolated by looking at
already established contact areas. Thus, it can be concluded
that, for 2D parameter calculation, these techniques can be
used complementarily to isolate and elucidate different
mechanisms of the biology of cell adhesion.

Overall, the dependence of cell adhesion efficiency on
glycocalyx condition was displayed for a cell membrane
receptor binding to an immobilized ligand. HLA/anti-HLA
binding on the cell substrate interface was more efficient
after neuraminidase treatment due to less dense glycocalyx
and less surface charge. The results also demonstrate the
potential of the Love wave sensor for the study of cellular
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events in, e.g., the immune system, which abounds with
intercellular interactions that determine the fate of indi-
vidual cells and immune responses (Huppa and Davis
2003).
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