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ABSTRACT: CD20, expressed on greater than 90% of B-
lymphocytic lymphomas, is an attractive target for antibody
therapy. Rituximab is a chimeric murine/human-engineered
monoclonal antibody which can selectively deplete CD20-
expressing cells in peripheral blood and lymphoid tissues. The
immobilization of B-lymphoblast-like Burkitt’s lymphoma Raji
cells on the quartz crystal microbalance (QCM) gold electrode
surface using arginine—glycine—aspartic acid (RGD) tripeptide
was electrochemically confirmed. The real-time processes of
attachment of Raji cells on the gold electrode and the
subsequent binding of Rituximab to the cells were studied
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using 2 QCM biosensor. The interaction between Rituximab and Raji cells led to the increased resonant frequency shifts (Af,) in
the studied antibody concentration range from S to 250 ug mL™' following the Langmuir adsorption model. From these
observations, the apparent binding constant between a single-layer of Rituximab and Raji cells was calculated to be 1.6 X 10°
M. Control experiments using other therapeutic antibodies (i.e., Trastuzumab and Bevacizumab) and different cells (i.e., T cells
and endothelial cells) proved the specific interaction between Rituximab and B cells. The effects of Ca** and Mn®* ions on the
Rituximab—Raji cell interaction were also studied providing the enhanced QCM signals, in particular with Ca®', further indicating
that CD20 is a calcium ion channel that can transport these metal ions into the cells and accelerate the cell lysis induced by
Rituximab. Thus, the real time capability of QCM and its simplicity of operation are shown to be highly suitable for multipurpose
studies on living cells including cell-immobilization, cytotoxicity of drugs, and the cell action mechanisms.

he characterization of the property of surface antigen of a

cancer cell is essential in the understanding of the disease
and in the development of targeted therapy. CD20 is a 35—37
kDa nonglycosylated tetra-spanning membrane protein ex-
pressed by B lymphocytes in early stages of differentiation and
by most B cell lymphomas.' It can be found on pre-B cells in
bone marrow and on immature and mature B cells in blood and
lymphoid tissues.”> The function of CD20 is not fully
understood, although this protein is thought to play a role in
B-cell activation, regulation of cell growth, and trans-membrane
calcium flux.> CD20 has been regarded as an attractive target
for antibody therapy for the treatment of non-Hodgkin’s
lymphoma. Moreover, targeting CD20 on B lymphocytes has
been shown to be a relatively safe therapy because CD20
antigen is absent on stem cells.* The chimeric murine/human-
engineered monoclonal anti-CD20 antibody, Rituximab, is a
pivotal drug approved for almost all types of lymphomas>® and
some autoimmune diseases.”® Although Rituximab has
achieved unprecedented success in clinics, exhibiting significant
antitumor activity and promoting the survival rates of
lymphoma patients, many questions remained unanswered
regarding its therapeutic effect which is likely related to the
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binding properties of Rituximab and the CD20 on the cell
surface. For instance, it is unclear why 50% of the 4patients with
B-cell non-Hodgkin’s lymphoma do not respond.”” Resistance
to further Rituximab therapy may be found in a majority of
responsive patients as well."’ Several novel second-generation
monoclonal antibodies targeting CD20 antigen have been
developed to achieve improved response rates as compared to
Rituximab but may expose the patients to more toxic,
coadministered therapeutic agents, thus marking the need of
potency enhancement strategies for the same drug.''

CD20 expression in lymphomas is heterogeneous. Studies
have already shown that reduced CD20 expression is associated
with inferior survival and different behavior of lymphomas
including Diffuse Large B Cell Lymphoma (DLBCL), Chronic
Lymphocytic Leukemia (CLL), and Hodgkin’s Lympho-
mas. >~'* Patients who have reduced CD20 expression on
their biopsies taken at diagnosis have a markedly inferior overall
survival after treatment with chemotherapy with or without

Received: December 31, 2012
Accepted: August 9, 2013
Published: August 9, 2013

dx.doi.org/10.1021/ac400062v | Anal. Chem. 2013, 85, 8543—8551


pubs.acs.org/ac

Analytical Chemistry

| Article |

Scheme 1. Binding of Rituximab on the B-cell Captured QCM Gold Electrode
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Rituximab. Moreover, quantitative measurements of fluores-
cence intensity using microbead standards would be considered
as the “gold standard” in determining the number of antigens
on specific cell populations of interest,'> but CD20 antigen
density measurement with flow cytometry (FCM) is also
heterogeneous.'” Thus, in order to identify factors that can
accurately predict clinical responsiveness of anti-CD20 anti-
body, to develop ways to augment anti-CD20 antibody activity,
and even to create novel and more potent anti-CD20
antibodies, it is important to develop a biosensor that can
quantify the expression of CD20 antigen on cancer B cells and
study the in situ binding phenomena as a function of time,
between anti-CD20 antibody, such as Rituximab and CD20-
overexpressing cancer cells.

The quartz crystal microbalance (QCM)"*'” has long been
recognized as a standard noninvasive tool to detect such
biomolecular interactions (e.g, antigen or peptide/antibody
interactions) in real-time without using labels (e.g., fluorescent
dye or enzyme-conjugated secondary antibodies). QCM not
only can provide information about mass loading but also can
reveal the physicochemical properties including elastic moduli,
density, and viscosity near the electrode surface, thus indicating
even the slight morphological changes in the immobilized
species (e.g, cell expansion or lysis). The most common
quantification principles for the QCM technique are based
either on its mass-frequency correlation described by the
Sauerbrey equation'® or its viscodensity effect equations
described by Kanazawa and Gordon' as well as Martin and
Granstaff et al?®*! On the basis of these principles, we have
originated many different strategies to develop piezoimmuno-
sensor assays.”> >° This work is the first demonstration of this
strategy, where the binding reaction between the cancerous B
cell surface-antigens and antibody-drugs has been studied using
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anti-CD20 antibody Rituximab as an example. In order to
achieve this goal, we designed a biointerface for quantitative
immobilization of cancerous B cells. Rather than protein
receptor, arginine—glycine—aspartic acid (RGD) tripeptide was
immobilized on the gold surface. The RGD tripeptide is the
recognized minimal adhesion domain of most extracellular
matrix proteins (ECM) which binds selectively with integrin
receptors in all the cellular adhesion phenomena.””* Tt was
used as an anchor to quantitatively capture cells for their
immobilization in the present work. Cyclic voltammetry (CV)
and electrochemical impedance (EI) measurements were
employed to investigate the interfacial properties of the cell
modified electrode surfaces. With this experimental design, the
real-time binding of Rituximab and control therapeutic
monoclonal antibodies including Trastuzumab and Bevacizu-
mab to B cells and control cells including suspension cells and
attachment cells were characterized using the QCM transducer.
However, as the setup is much like the in vivo, representing
endogenous conditions and involving multiple binding factors,
the calculated constant for this binding process between
Rituximab and B lymphoma cells by taking advantage of the
high sensitivity of QCM can be termed as the apparent binding
constant.’' Furthermore, the intake of Ca®* and Mn?* ions by
cells and their effect on the cell lysis induced by Rituximab were
studied which provides some information of CD20 on cell
membranes as a calcium ion channel. In comparison with
widely used bioassay methods such as flow cytometry, the
biosensor using QCM technique shown here allows us to
quantify the binding of anti-CD20 antibody with the cell
surface CD20 antigen real time. Application of this new
biosensor technology will enable us to understand surface
antigen expression of tumor cells, evaluate their density, and
characterize the role of different ion channels in these
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Figure 1. Cyclic voltammograms (A) and electrochemical impedance spectra (B) of Au electrode (a), Au/RGD (b), Au/RGD/cells before (c) and
after (d) the 16-h treatment of 150 g mL™" Rituximab in a pH 7.4 PBS containing 1 mM K;Fe(CN), 1 mM K Fe(CN)g, and 0.2 M KNO. (A)
Scan rate: 50 mV s™". (B) AC frequency range 100 kHz—5 mHz, amplitude 10 mV, DC bias 0.30 V, reference electrode: saturated Ag/AgCl.

malignancies in context of therapeutical drug treatments such as
with Rituximab and Ofatumomab.

B EXPERIMENTAL SECTION

Materials and Apparatus. The therapeutic monoclonal
antibodies (mAbs) including Rituxan (Rituximab), Herceptin
(Trastuzumab), and Avastin (Bevacizumab) were provided by
Beaumont Hospital, Royal Oak, Michigan. HEPES buftered
saline (HBS, pH 7.4) was obtained from Biacore Life Sciences
(Sweden) and used in cell-based experiments. Phosphate-
buffered saline (PBS, pH 7.4) was purchased from Invitrogen
and employed in the electrochemical measurements. A 0.25
mol L™! L-cysteine (Cys, Sigma) solution was prepared with 0.1
mol L™ hydrochloric acid. A 1 mg mL™" arginine—glycine—
aspartic acid (RGD) tripeptide (Sigma) solution was prepared
with biological grade water (resistance greater than 18 MQ and
further filtered with a 0.2 pm filter). Other chemicals were of
analytical reagent grade.

The gold QCM electrode consists a thin AT-cut quartz
crystal wafer with one gold electrode on each side (10 MHz,
nonpolished with ~1000 A gold, geometric area is 0.22 cm?,
International Crystal Company). The Au QCM electrode was
mounted on the side of a Kel-F chamber. An RQCM
instrument (Maxtek Inc., USA) was used for simultaneous
recording of resonant frequency (f,) and motional resistance
(R;) of the QCM electrodes. A Lawson EMF-16 precision
electrochemistry EMF interface instrument (Malvern, PA,
USA) was used to monitor equilibrium potential change in
real time. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) experiments were performed
with a potentiostat/galvanostat (EG&G Par model 2263) by
using a three-electrode electrolytic cell. The QCM electrode
acted as the working electrode. A Ag/AgCl electrode (saturated
KCl) served as the reference electrode. A platinum wire served
as the counter electrode. The cell-modality observation was
performed using an inverted optical microscope (Nikon TMS-
F, Japan) with a digital camera (SPOT, 1600 X 1200 pixels,
Diagnostic Instrument Inc. USA).

RGD Tripeptide Immobilization. The assembly process of
RGD tripeptide is shown in Scheme 1. To remove possible
contamination, the QCM electrode surface was cleaned with
Piranha solution (30% H,0,:H,SO, 3:7). Then, the surface was
thoroughly rinsed with water and blown dry with a stream of
nitrogen gas. The freshly cleaned QCM electrode was
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immersed into cysteine solution overnight. Subsequently, the
Cys-modified QCM electrode was immersed in 5% gluta-
raldehyde (GA) aqueous solution for 0.5 h. Finally, 20 uL of 1
mg mL™' RGD aqueous solution was added on the dry GA/
Cys-modified gold surface for 1 h. The electrode was gently
washed with biological grade water and then nitrogen-dried
after each assembly process.

Cell Culture and Measurement Procedures. Burkitt’s
lymphoma Raji cells, acute lymphoblastic leukemia CCREF-
CEM cells, and vascular endothelium HUVEC-C cells were
obtained from American Type Culture Collection (ATCC).
They were cultured using RPMI-1640 growth medium (Gibco)
supplemented with 10% fetal calf serum (Gibco) and F-12K
medium (ATCC) supplemented with 0.1 mg mL™" heparin
(Sigma), 0.03 mg mL™" endothelial cell growth supplement
(ECGS, Sigma), and 10% fetal bovine serum (Gibco)
respectively, in an incubator (5% CO,, 37 °C).

The RGD-assembled QCM electrode was mounted on the
side of the measuring chamber containing 1.9 mL HBS. This
setup ensures the binding of the analyte with the immobilized
cells on the QCM electrode. The QCM signals were obtained
under stirring conditions. The density of cells was determined
with a hemacytometer. After the concentration of cells reached
1 X 10° cells mL™", they were collected from the medium by
centrifugation at 1500g for S min and washed with HBS three
times. Then, 100 L of the cell-suspending solution was added
evenly into the measuring chamber. The Af, and AR,
responses were simultaneously monitored up to 20 h. The
therapeutic mAbs were added at 2 h after the addition of cells.

B RESULTS AND DISCUSSION

Characterization of the Immobilization of Cells on the
Gold Electrode Surface. It is well-known that Raji cells
belong to suspension cells. Their immobilization on the
electrode surface is not easily achievable. So RGD tripeptide
was employed to capture Raji cells. The cell immobilization was
characterized by electrochemical methods. Figure 1 exhibits the
cyclic voltammograms and electrochemical impedance spectra
of modified QCM electrodes before and after each step of
modification. The immobilization of RGD tripeptide results in
the decrease of the peak currents of ferri-/ferrocyanide probe
(shown in CV) and increase of the electron transfer resistance
of ferri-/ferrocyanide probe (shown in the Nyquist impedance
plot). Both results suggest that the modified thin film efficiently
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blocked the electron transfers of ferri-/ferrocyanide probe. The
above electrochemical parameters were changed to a greater
extent with the introduction of Raji cells, proving the cell was
captured by the RGD modified electrode. In addition, one can
find that the changes of currents and electron transfer
resistances derived from the cell capture were smaller than
those induced by the immunoreactions described in our former
work.*>** In general, suspension cells present spherical shape
and their size is far smaller than that of adhesive cells. So there
were still some spaces for the entering of ferri-/ferrocyanide
probe even if the suspension cells were immobilized in a close
packing manner on the electrode surface. As a result, the
changing extent of the electrochemical parameters was not
large. The similar CV and EIS experimental results induced by
the capture of leukemia K562 cells, a kind of suspension cells,
can be found in the reported research.>*~>* It is interesting that
the peak currents and the electron transfer resistance were
increased and decreased, respectively, after the cell-captured
electrode suffered the 16-h treatment of Rituximab. It suggests
that Rituximab induced the change of Raji cell properties, which
should be the cell death, resulting in the detachment of the
broken cells from the electrode and the increased opportunity
of the electron transfers of ferri-/ferrocyanide probe on the
electrode surface.

Supporting Information Figure S1A shows an obvious
oxidative peak at about 0.82 V appeared (curve c) on the
Raji cell modified electrode in comparison with the bare Au and
the RGD modified electrodes. Similar irreversible voltammetric
responses were observed for different cells at electrodes by
other researchers.*>*® The origin of this irreversible anodic
peak is attributed to some of the endogenous electroactive
species commonly existing in cells. One possible endogenous
electroactive species rich in cytoplasm is guanine that is able to
rapidly cross the cell membrane and to reach the electrode
surface in the electrochemical process. The oxidation of
guanine has been believed to involve in the conversion of
guanine to 8-oxo-guanine.”” The anodic peak at about 0.8 V to
the oxidation of the endogenous electroactive guanine in cells
was verified by Ju’s group using liquid chromatography—mass
spectrometry.”® We also observed that the oxidative peak at
0.82 V decreased after the cell-captured electrode suffered the
treatment of Rituximab (curve d in Figure S1A) and the
amount of decreased current signal was quantitatively
correlated with the increase of Rituximab concentration
(Supporting Information Figure S1B). Rituximab can induce
target cell lysis via antibody-dependent cellular cytotoxicity
(ADCC), complement-dependent cytotoxicity (CDC), and
programmed cell death (PCD) after its binding to CD20 on the
B cell surface.*” Since our experiments were done ex situ, the
reduced current signal is likely due to the release of DNA from
the lysed cells to the solution so that the concentration of
guanine on the electrode surface is decreased.

Supporting Information Figure S2 shows the real-time
monitoring of the capturing of the Raji cells by the RGD
peptide modified electrode using potentiometry. Potentiometry
allows the measurement of the electrode potential at the
interface between an electrode and a solution. Changes due to
the transfer of charged species across the interface, specific
adsorption of ions at the interface, and the immobilization of
cells at the interface will result in a potential shift. As seen in
Figure S2, the initial change of equilibrium potential indicates
Raji cells were attached on RGD modified gold surface. The
electrode potential decreases and reaches a constant value 2 h
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after the addition of cells, suggesting that most of Raji cells have
been successfully immobilized in this time period.

Characterization of the Selective Binding of Ritux-
imab to B Cells. The Sauerbrey equation'® correlates the mass
change (Am in grams) and the QCM frequency change (Af, in
hertz) which is valid only for a thin, rigid, and uniform film on
the QCM electrode surface as represented in eq 1.

22

_ og Am

Mo T TR A

1'q (1)
where fo, is the fundamental frequency, A is a piezoelectrically
active surface area, and py and pg are the density and shear
modulus of quartz, respectively. QCM frequency response is
sensitive not only to mass loading but also to changes in
solution density and viscosity at the electrode solution
interface. Martin et al. reported a series of equivalent circuit
parameters and a modified Butterworth-Van Dyke (BVD)
equivalent electrical circuit for the characterization of a QCM
with simultaneous mass and liquid loading.”" The relationship
between the changes of the resonant frequency and those of
motional resistance, Af, and AR;, due to net changes in
solution density and viscosity can thus be obtained.*’

Af, _ Todf,

0g
AR, 4nLy @)
where Ly and f,, are the motional inductance and resonant
frequency of the crystal in air, respectively, f is the excitation
frequency, , is the shear modulus for AT-cut quartz (2.947 X
10" N m™2), T is the piezoelectrically stiffened elastic constant
(2.957 x 10" N m™?), and f 5, can be approximately used in the
calculation instead of f with error below ca. 0.3%. With these
values inserted into eq 2, we can readily get AR, ~ —47L Af,.
The frequency resistance slope IAf,/AR,l, thus calculated can
be used as a quantitative representation of whether the changes
in frequency can be assigned to the mass changes in the film or
the viscosity variations at the interface. As AR; value is
approximately zero for an ideal rigid film, the Af, can only be
assigned to mass changes. This means that the smaller that AR,
is, the more rigid the thin film is, and more dominantly the
response is due to mass change. With AR, approaches toward
larger values, the |Af,/AR,l gets smaller reaching a threshold
value below which the frequency response can predominantly
be assigned to viscodensity fluctuations of the system. For the
10 MHz crystal used in this work, the threshold value of the
slope 1Afo/AR|l is 11.6 which reflects the contribution of
density and viscosity in the measurement. Thus, if the slope is
bigger than the absolute value of IAf/AR;|l = 11.6 Hz Q7/, the
frequency changes can be ascribed to be predominantly due to
the mass effect.

The binding processes of three different mAbs to the Raji
cells immobilized electrode were studied. Raji cells were first
added onto the RGD tripeptide modified electrode. After 2 h
immobilization, mAbs were added into the biosensor system.
The real-time Af, and AR, responses are shown in Figure 2
(curve a) with the |Afo/AR| ratio calculated to be 24 Hz Q"
on average at the whole cell-capture phase (the slope of the
dashed line 1 in Figure 2), bigger than the theoretical value for
a net viscodensity effect of an AT-cut 10 MHz crystal, 11.6 Hz
Q~!, which means that the QCM responses can mainly be
attributed to the mass effect. Although the changes of density
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Figure 2. Real-time Af; (A) and AR, (B) responses to the successive
addition of 5 X 10* Raji cells and different monoclonal antibodies (2 h
later) as well as the relationships of Af, vs. AR, (C).

and viscosity may be present, but above this threshold value,
they are too small to contribute a significant effect. Moreover,

these density—viscosity effects represent the combination of
changes due to many different physiochemical parameters (e.g,
slight changes in cell shape and matrix, and the consequential
changes in behavior toward binding/unbinding to the surface
and among themselves), so a complete resolution and its
discussion is not worthwhile in the scope of their small
magnitude. Thus in subsequent sections, the majority of our
focus will remain on the mass effects and the resulting binding
parameters. It can be found that the addition of quantitative
amount of Rituximab led to the further decreased Af, and
increased AR, responses. No significant change of frequency
was observed for Trastuzumab and Bevacizumab control mAbs
although the minor increase of resistance, which should be
derived from the viscodensity-change of solution, could be
observed. These results prove that Rituximab could selectively
bind to Raji cells due to the interaction between Rituximab and
CD20 on cell membranes. The IAf,/AR,| ratio was calculated
to be 14.8 Hz Q' on average in the process of Rituximab
binding (the slope of the dashed line 2 in Figure 2). It was
again bigger than 11.6 Hz Q1 indicating that the mass effect
still dominated the QCM frequency responses.

We performed a series of control experiments using other
cells. First, the binding of mAbs to T cells was characterized.
Figure 3A1—A2 show the QCM responses to the attachment of
Raji cells and CCRF-CEM cells, a type of T cells, on RGD
modified electrode surface and the subsequent binding of
Rituximab to the captured cells. It is interesting to find that the
Af, and AR, signal-changes induced by CCRF-CEM cell-
adhesion were almost half of those observed from Raji cell-
attachment. It means there were fewer integrin receptors on the
CCRF-CEM cell-membranes and the capture of these T cells
by RGD tripeptide was not easily achievable. To interpret the
frequency shifts and the resistance changes in Figure 3, it is
important to understand the difference of interaction
mechanism of cells and the antibodies to the electrode surface
of QCM. QCM is a surface sensitive technique using the
generation of shear waves and their fluctuations caused by the

100 cells‘l’ 150 ug L Rituximab 100 ¢CCRF-CEM cells 100 ¢IHUVEC»C cells
[ 5 YNl | 0[] e
N -100 - A N -100 - (50 ug L Bevacizumab (c) N -100 + 150 ig mL" Bevacizumab (c)
L 200 .| T 200 L 200t
o o o
S 300t b1 5 300} b S -300
b
-400 | -400 ¢ -400 a
Raji cells (a)
-500 | CCRF-CEM cells (b) A1 -500 - B 1 -500 C1
0 100 200 300 0 800 1200 0 400 800 1200
time /min time /min time /min
Raiji cells (a) 150 ug mL™ Rituximab (a) El .
30 [ GoRF-CEM cells (b) 30 150 59 mL" Tras(luzumab (b) 30 - }gg ngmL” Rituximab (a)
150 ug mL" Bevacizumab (c) 19 er1 Trastuzumab (b)
150 ug mL™" Bevacizumab (c)
a 2} a 20¢ | v a 20
= =< > = ap
x x CCRF-CEM x ¢
< 10 150 ug mL”" Rituximab_ 5 <9 10 feells 3 10} ZIQL[JI\S/ -C
cells ¢’ b W
M/
L - L 0+
0 A2 0 B2 - C2

0 100 200 300 0
time /min

400 800 1200
time /min

0 400 800
time /min

1200

Figure 3. (A) Real-time Af, (A1) and AR, (A2) responses to the successive addition of 5 X 10* suspension cells and Rituximab (2 h later). (B)
Real-time Af, (B1) and AR, (B2) responses to the successive addition of § X 10* CCRF-CEM cells and different monoclonal antibodies (19 h
later). (C) Real-time Af, (C1) and AR, (C2) responses to the successive addition of 1.8 X 10* HUVEC-C cells and different monoclonal antibodies

(2 h later).
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immobilized materials. The shear waves decay rapidly in liquid
and gaseous environments. The range of penetration of a §
MHz-shear wave in water is 250 nm. Thus, the extinction depth
of the shear waves is much smaller than the cell size. Thus for
the cellular interaction events, the whole ensemble of the cell
and its microenvironment is the response element. Contrarily,
the direct adsorption of antibodies on Au QCM electrode may
behave more like a rigid film, due to their existence inside the
extinction boundary of the waves. Therefore, the resistance
changes can be much larger in case of cellular bindings and
their further interactions than in the case of direct adsorption.
In the case of Figure 3A, the surface coverage of the CCRF-
CEM controls is low as seen from the frequency shifts as well as
from the microscopic images. This promotes the surface
adsorption of the antibodies on the uncovered area of Au QCM
electrode leading to higher frequency shift and relatively lower
resistance change (IAfo/AR,l ~ 66 Hz Q). This situation is,
however, cleared from the Figure 3B where we provided much
longer time for the control cells to obtain a densely
immobilized cells on the Au QCM surface, thereby reducing
the chances of direct antibody adsorption on the Au QCM.
Hence in this case, both the frequency and the resistance
signals are correlated to each other (IAfo/AR,l ~ 17 Hz Q")
and to the Raji cells in Figure 3A (IAf,/AR|| ~ 19 Hz Q7'),
although very much smaller than the Raji cells thereby showing
a control response. This situation is depicted in the Supporting
Information Scheme S1. This was the reason behind calculating
the frequency resistance slope |Af,/AR;l; for the cell antibody
interaction at the whole cell-capture phase in the case of Figure
2 (IAfo/ AR lyyerage = 24 Hz Q7). All these values are bigger
than the threshold value i.e., 11.6 Hz Q 'for a 10 MHz crystal,
to show a dominant mass effect. This means that the QCM
responses can mainly be attributed to the mass effect.
Supporting Information Figure S3 also shows that there was
almost no aggregation among CCRF-CEM cells in growth
medium in comparison to Raji cells which show strong
aggregation under the microscope. So it was harder for these
cells to easily adhere on the electrode surface like Raji cells did,
which means the number of captured CCRF-CEM cells was
not large in a short time (2 h). As a result, the QCM signals
induced by CCRF-CEM cells” attachment in Figure 3A1—A2
presented small changes. After a longer immobilization time
(19 h) for control cells, three mAbs was introduced into the
measuring chamber, respectively. Figure 3B1—B2 show that the
three mAbs had no influence on the QCM responses. In
addition, the investigations on the binding of the three mAbs
on attachment cells were also conducted. As shown in Figure
3C1-C2, the capture of HUVEC-C cells led to the bigger
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frequency changes than B cells and T cells. This indicates that
more cellular adhesive molecules existed on the cell membrane
of HUVEC-C cells and their immobilization on the RGD
tripeptide modified electrode was easily achieved. After the
addition of the three mAbs, no significant shift in the frequency
and resistance curves occurred, retaining the trend of cell
addition. This indicates the absence of antibody binding to the
cell surface. These control experiments all prove the specific
binding of Rituximab to Raji cells based on the immune
reaction between Rituximab and CD20.

The biointerface shows predominant mass effect which allow
us to quantify the apparent binding constant between
immobilized Raji cells and Rituximab using a QCM technique.
The morphology of Raji cells in HBS in the absence and
presence of Rituximab cultured at different time were observed,
respectively, and the microscope photographs are shown in
Supporting Information Figure SS. A Raji cell is a spheroid at
0.5 and 3 h. Sixteen hours later, some cells were in expansion
but the cell morphology remained intact (parts Al—A3),
meaning that the cells could maintain integrality and some
activity for a long time in the buffer without a supply of
additional nutrition factors in growth medium. The intact cells
can still be observed at 3 h after the addition of Rituximab, and
lots of cell fragments remained in the culture dishes after 16 h
(parts BI—B3). This reveals that Raji cells suffered lysis in the
presence of Rituximab, but this lysis was not a rapid process.
Normally, the binding reaction is very fast; however, the
mechanisms of action sgeciﬁcally proposed for the Rituximab
suggest the opposite.*"** In all these proposed mechanisms,
there is no intracellular transport of the antibody involved and
only the binding is required to trigger the process of lysis.
Alduaij et al.* examined the role of lysosomes in monoclonal
antibody-induced cell death by labeling Raji cells with the
lysosome-specific dye, Lysotracker green, and found that
Rituximab induced no changes in lysosomal volume and no
collapse in a subpopulation of the cells after Raji cells were
treated with Rituximab for 4 h. Thus, the negative shifts of the
frequency in the initial phases of the QCM experiments can
only be assigned to the binding events. The QCM data at 3 h
after the addition of Rituximab, when the Raji cell did not suffer
lysis and still remained intact, were used. The QCM signal
shifts in this period should be mainly derived from the binding
between Rituximab and Raji cells rather than cell lysis.
Anderson et al. has also shown that, for high-affinity antibodies,
the binding equilibrium cannot be established until at least a
few hours after interaction, and the calculations before that can
result into false negative results.** Figure 4A depicts the Af,
signal shifts of the cell-captured electrode vs different
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concentrations of Rituximab. The changes of QCM signals
increased with the Rituximab concentration. The I(Af,), —
(Afy)l is defined for the increased of Af,, signals, where (Af),
and (Af,), represents the frequency change induced by cell-
capture in the absence and presence of Rituximab, respectively.
The value of I(Af,), — (Af,),l represents the net frequency
responses derived from the Rituximab binding.
On the basis of the Sauerbrey equation,

Af) = —kAm 3)
where the constant k is the value of 2f0g2/(pqﬂq)1/2. The
frequency changes derived from the Rituximab binding to Raji
cell modified electrode should be described as follows,

I(Af,), = (Af))ol = kAm = kT’ (4)
As we know, the Langmuir adsorption equation can be
expressed as

c c 1

r

I

max

KT,

©)

where ¢ is the concentration of the added material, I" is the
adsorbed amount, I', . is the maximum adsorbed amount, and
K is Langmuir equilibrium constant, respectively.

A combination of eq 4 with eq 5 yields

I(Af)n = (A7)
c 1
T = A KAL), = B (6)

Figure 4B shows that the value of I(Af,), — (Afo)ol was
increased with increase of Rituximab concentration (cgiruiman),
but it gradually plateaued at higher cgjpyimap- The experimental
data fits well to the Langmuir adsorption model. As shown in
Figure 4C, cpiumma/|(Af0)y, — (Afy)ol exhibited a linear
response with respect to Cpijpuime, OVer the range of the
Rituximab concentration from S to 250 ug mL™'. The
regression equation was cCrirugiman/|(Af0)n — (Afo)ol =
0.010¢Ritnimab + 0.899 with a high correlation coeflicient of
0.996. The values of [(Afy), — (Afo)olmex and the apparent
binding constant K were calculated to be 100 Hz and 1.6 X 10°
M, respectively, based on the slope and intercept of the linear
regression equation. The apparent binding constant value is
smaller than the reported binding constant between Rituximab
and CD20 antigen by Scatchard plotting based on radio-
immunoassay, i.e., from 2.0 X 10® to 2.8 X 10° M~L454 The
decrease of the apparent binding constant between Rituximab
and Raji cells up to 2 orders of magnitude can be attributed to
the less surface coverage of CD 20 on cell membranes as well as
due to the involvement of multiple factors in the described
experimental conditions. Thus, we have termed it as apparent
binding constant. For our experimental design, the data still fit
well into the simple Langmuir isotherm with good correlation
coeflicient, indicating that the probability of multiple
interaction sites is low, and Rituximab binds with Raji cells in
a single-layer manner. By this observation, the QCM technique
is proven to be highly efficient to study these binding
mechanisms between cell surface antigens and antibodies with
great accuracy.

Characterization of CD20 on B-Cell Membranes As a
Calcium Channel. Bubien et al. reported an increased calcium
conductance across the plasma membrane using cell lines
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transfected with CD20.* Some researchers have successfully
reduced expression levels of CD20 in B-cell lines by employing
antisense CD20 sequence and found a significantly decreased
calcium entry across the plasma membrane."”*® These studies
indicate that CD20 functions as an important calcium channel
for regulating cell cycle progression and calcium homeostasis.

The real time monitoring of the binding of Rituximab to Raji
cells in the presence of Ca*" ion with different concentrations
was performed and the results are shown in Figure SA. One can

0 | Rai cells 0 mM Ca® + 150 ug mL™" Rituximab (a)
r )15 mM Ca® + 150 g mL" Rituximab (b)
Y 150 L;;\A Ca® + 1‘50 ug rr:L" Ri‘tuxi‘r‘nab (c)
3.00 mM Ca*" + 150 ug mL™" Rituximab (d)
N I 7.50 mM Ca?* + 150 ug mL™" Rituximab (e)
T -200 ¢ 10.0 mM Ca®" + 150 ug mL™" Rituximab (e)
~
kC)
< 00 | p
A %
-600 7 % ‘ ‘ ‘ ‘ ‘ ¢
0 200 400 600 800 1000 1200
time /min
2.4e-9
[} d
210 B C 8
2 1ges s
8e9 r =
EA 1-8.8 “‘8
& 1.5e9 t =
3 8
Z 1289 ¢t {190 =
9.0e-10
: - : - : : : . - -9.2
0.000 0.003 0.006 0.009 -4.0 -3.5 -3.0 -2.,5 -2.0 -1.5
Cor I M logc, 2+

Figure S. (A) Real-time Af, responses to the successive addition of 5
X 10* Raji cells and the Rituximab-Ca** combination with different
Ca”*-concentrations (2 h later). (B) Plot of Ne(py vs ccpe (C) Plot of
log Nc,»(;) vs log cc,

find that the Af, shifts induced by the Rituximab-binding to
Raji cell modified electrode in the presence of Ca** ions were
apparently bigger than those in the absence of Ca®" ion. The
Af, changes increased with the augment of the Ca’*
concentration at the initial 6 h after the addition of the
Rituximab-Ca®* combination. The involvement of increased
intracellular Ca®" levels in apoptosis has been reported in many
cell types stimulated by different cell death-promoting factors.*’
Shan’s experiments support the hypothesis that anti-CD20-
induced apoptosis is mediated by increases in intracellular
concentration of Ca**.*' These investigations reveal that the
intake of Ca® with high concentration resulted in high
intracellular Ca®* levels, which accelerated the cell apoptosis.
It is reported that apoptotic cell death is typically paralleled by
sustained activation of several channels, which fosters exit of K¥,
Na*, CI", HCO;™ and organic osmolytes.50_53 Cellular loss of
electrolytes and cytosolic acidification favor apoptosis. The
efflux of these electrolytes from Raji cells balances the electrical
neutrality in the cell system. However, a control experiment
performed in the absence of Rituximab (the data shown in
Supporting Information Figure S4) indicates that only Ca®*
ions cannot induce any fluctuations in the QCM plots. This
means that the Rituximab—Ca®* combination is required to
induct changes in QCM frequency and motional resistance.
This is quite logical too. First the ions are too small to
significantly affect the QCM response. Second, the balance of
influx and efflux is present to remove even the smallest effects.
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A recent study proves®* that the influx of extracellular Ca**
participates in and enhances the Rituximab controlled
phenomena in the cell signaling mechanisms, thereby
increasing the speed of drug binding activity and the resulting
apoptosis. This has exactly happened in Figure S, where the
increasing levels of extracellular Ca®* has caused the rapid
binding of Rituximab. Therefore, in the first 3 h, the QCM
response increases with the increase of Ca®* ion concentration.
However, in the subsequent hours, the increased extracellular
Ca’" has caused the process of apoptosis to be more rapid, and
the QCM plots quickly reached the plateau for concentrations
above 3 mM. In the first 3 h, there is no significant lysis and the
frequency decrease can be mostly attributed to antibody
binding as explained in previous discussion. Both the cell
adhesion to the QCM electrode and the binding of Rituximab
to the CD20 are dynamic process requiring long time scales
thereby continuously increasing the QCM response (frequency
being decreased and Af is increasing) which is proportional to
the added Ca** ions. This is also seen in all the presented data
in this paper where no plateau is observed even after as many as
20 h. However, in the later parts of the curve (after 3 h), the
lysis of the cells start affecting the QCM response which is
more and more significant with the increasing levels of Ca®"
ions. In this case of significant cell lysis especially for
concentrations above 3 mM, there will be no further changes
in the binding as well as cell adhesion/detachment from the
QCM surface leading to a plateau of response to be observed.
At this stage, Af, values are not increasing, rather a static
condition is attained which has resulted in the plateaued QCM
curves as in the case of plots d—f in Figure 5. The microscope
photographs of Raji cells in HBS in the presence of the
Rituximab—Ca®* combination cultured at different time are
shown in parts C1—C3 of Supporting Information Figure SS
which provides a confirmation of this phenomenon. One can
find the intact Raji cells at 3 h after the addition of Rituximab in
the presence of Ca®* ions (part C2). This suggests that the lysis
of Raji cells induced by the Rituximab—Ca®* combination was
not a rapid process. In a short time after addition of the
Rituximab—Ca?* combination (for example, 3 h), Af,
responses should be mainly derived from the binding of
Rituximab which increases with increase in the extracellular
Ca®". It is also found that the cell fragments at 16 h after the
stimulation with Rituximab in the presence of Ca** ions (part
C3 of Figure SS) became smaller in size and in number than
those in the absence of Ca*" ions (part B3 of Figure SS). The
result reveals that the cytotoxicity of the Rituximab—Ca?*
combination was more prominent than Rituximab alone and
Ca’" ions might accelerate the lysis process of Raji cells.

The Af, data at the third hour after the addition of the
Rituximab—Ca®* combination in Figure SA were investigated
for analyzing the binding model between the Rituximab—Ca*"
combination and the cells. Here, I(Af,), — (Afo)ol is defined
for the increased extent of Af signals. But, unlike the definition
in Figure 4B, (Af,), and (Af,), are the frequency changes
induced by the binding of Rituximab to cells/RGD/PQCE in
the absence and presence of Ca** ions, respectively. The value
of I(Afy), — (Afo)ol represents the net frequency responses
due to the influx of Ca* ions. The influx content of Ca®" ions
into the cells, N>y, could be obtained based on the I(Af,), —
(Afo)ol value using Sauerbrey equation (eq 1). It can be
observed from Figure 5B that the N, value was enhanced
with increasing cc,. The data were found to be fitted well to the
Freundlich adsorption model. As shown in Figure 5C, log
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Nc,*) was linearly proportional to log cc, over the range of
0.15-10.0 mM. The regression equation was log Nc,q) =
0.223 log cc, + 2.38 with a high correlation coefficient of 0.995.
The two constants, K and n, were calculated to be 6.0 X 107°
and 4.5, respectively. In general, the Freundlich adsorption
model reveals multilayer adsorption phenomenon. The above
experimental results indicate that Ca®* ions could enter the cells
continuously through CD20 instead of binding on cell surfaces
in a single-layer manner.

It is reported that manganese ions can pass through calcium
channels because they have a relatively low energy of
hydration.>® Supporting Information Figure S6 shows the
real-time Af, and AR; responses to the addition of Rituximab—
Mn** combination to Raji cell modified electrode. Mn*" with
high concentration led to the obviously increased Af, and AR,
responses, but all curves in Supporting Information Figure S6
do not show a plateau in the presence of Mn*", suggesting that
Mn?* ions could enter into cells through CD20 channel but did
not contribute to the cell-lysis compared to the conditions with
Ca’ and Rituximab.

B CONCLUSIONS

Antibody-mediated therapy has changed the paradigm for
cancer treatment. A better understanding of antigen character-
istics and the interactions between cell surface antigen and
antibody therapeutics is crucial for the design of more effective
therapies. In this work, we have studied the binding process
between CD20 on B cells and therapeutic antibody drug
Rituximab by multiple electrochemical methods (potentiom-
etry, CV, EIS), and QCM. No obvious interaction is found
between the Trastuzumab and Bevacizumab to the immobilized
Raji cells. The binding of Rituximab to T cells and endothelial
cells was also not observed. All these results confirmed the
specificity of the Rituximab to the Raji cell. The binding of
Rituximab binding to the Raji cell could decrease the
electrochemical activity and stability of the cells indirectly
supporting the cell lysis mechanisms. We have shown a
systematic approach for using QCM technique to quantify the
apparent binding constant between Raji cells and Rituximab.
This binding constant was calculated to be 1.6 X 10°M™! and a
linear relationship between frequency shift and Rituximab
concentration is obtained in the range of 5—250 yg mL™" of
Rituximab. The further increased QCM responses were found
by the Rituximab addition in the presence of Ca®" ions and
high-concentration Mn*" ions, supporting the function of
CD20 as a calcium ion channel. Microscopic inspection proved
that Ca*" ions could promote the Rituximab binding and cell
lysis induced by Rituximab. In summary, this work presents a
quantitative label free method based on QCM transducer to
characterize cell surface antigen and antibody interactions,
which can be applied to obtain in depth understanding of the
binding event to facilitate the comprehension of the
mechanisms of resistance to antibody based therapy.
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