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17.1
Background

Cancer is the leading cause of death in economically developed countries and
the second leading cause of death in developing countries [1]. The new cancer
cases will increase from 12.7 million in 2008 to 22.2 million by 2030, while the
cancer-related deaths will increase from 7.6 million in 2008 to 13.2 million by
2030 [2]. Carcinogenesis and tumor progression are complex and progressive
processes that are associated with numerous genetic and epigenetic alterations
[3]. Our growing understanding of tumor biology and genomics paves the way
to the development of new therapy approaches, and marked progress has been
achieved in overcoming treatment resistance through precision medicine and
immunotherapy [4]. However, because of the fact that the exact reason why a
cell becomes cancerous is unknown (the only one cancer whose cause is clear is
cervical cancer), the current cancer treatments cannot prevent the recurrence of
cancers and the age-adjusted mortality rate for cancer is about the same in the
twenty-ﬁrst century as it was 50 years ago [5].
Lymphomas, solid tumors of the immune system [6], account for 4%–5% of all
cancers [7]. Hodgkin’s lymphoma accounts for about 10% of all lymphomas and
the remaining 90% are referred to as non-Hodgkin lymphoma (NHL) [6]. NHL
can be divided into many subtypes according to the combination of morphology,
immunophenotype, genetic, molecular, and clinical features of the tumors [8].
Approximately, 85% of NHL in adults arises from B cells [9], and the rest are T-cell
origin [10]. Follicular lymphoma and diﬀuse large B-cell lymphoma are the two
most common B-cell NHLs, comprising 60% of new B-cell NHL diagnoses each
year in North America [11]. In 1997, US Food and Drug Administration (FDA)
approved rituximab (an anti-CD20 monoclonal antibody (mAb)) for treating
B-cell NHLs. CD20 is 297 amino acids long with a molecule weight of about 33 kDa
[12]. The exact biological function of CD20 is currently unknown [13], partly
because it has no known natural ligand and CD20 knockout mice display an almost
normal phenotype [14]. Many of the functions of CD20 have been determined
using artiﬁcial ligands (antibody) [15]. In vitro experiments proposed that CD20
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itself functioned as a calcium ion channel, although direct evidence was lacking
[16]. CD20 is an ideal target for mAbs, as it is expressed at high levels on most
tumor B cells, but does not become internalized or shed from the plasma membrane after being bound by mAb [17]. Besides, CD20 is absent from hematopoietic
stem cells, thus normal B cells are able to regenerate after the rituximab treatment
and return to pretreatment levels within several months or even years [18].
In vitro research works have proved that the binding of rituximab to CD20
causes the death of B cells through three mechanisms, including antibodydependent cellular cytotoxicity (ADCC), complement-dependent cytotoxicity
(CDC), and direct induction of programmed cell death (PCD) [19]. While it is
widely accepted that ADCC is critical in the killing eﬀect of rituximab, the role of
CDC and PCD is still disputed [20]. The schematic diagram of ADCC mechanism
is shown in Figure 17.1. During the ADCC, the Fab portion of rituximab binds to
CD20 on the surface of tumor cells, and then the Fc portion of rituximab binds
to the Fc receptor (FcR) on the surface of immune cells (e.g., macrophage and
Natural killer [NK] cell), which triggers the eﬀector functions of immune cells.
The macrophage kills the tumor cell via phagocytosis, while the NK cell releases
perforin and granzymes that can lyse the tumor cell [21]. The exact contribution
of macrophage and NK cell in vivo is so far still unclear [17]. Current research
about rituximab’s killing eﬀects were virtually performed in vitro, thus the in vivo
mechanisms are yet to be elucidated [19]. Even though its in vivo mechanism
is unclear, rituximab has proven to be very eﬀective in clinical practice either
by itself or when combined with chemotherapy (such as CyclophosphamideHydroxydaunorubicin- Oncovin- Prednisone [CHOP]), signiﬁcantly improving
the response rates and survival outcomes of B-cell NHL patients [22]. Rituximab
with the standard dose of 375 mg m−2 [23] has been widely accepted in the clinical
treatment of B-cell NHLs.
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Figure 17.1 The ADCC mechanism of rituximab.
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Background

Despite the fact that rituximab achieved unprecedented success in clinical
treatments, there are still about 40%–50% of patients who have no responses or
develop resistance to the rituximab therapy [24]. Several new antibodies with
enhanced eﬀector functions demonstrated that in vitro tests have been developed (e.g., Ofatumumab, Ocrelizumab, Veltuzumab, AME-133V, PRO131921
and GA101) [23], but to date their clinical performances are disappointed in
direct comparison with rituximab [25], and whether such new antibodies will
be clinically superior to rituximab therapy remains to be seen [26]. In recent
years, requirements for developing new antibodies to provide eﬀective therapies
for those patients who are insensitive or develop resistance to rituximab are
increasingly urgent [23]. Addressing the problem of rituximab’s variable eﬃcacies
among diﬀerent patients will greatly promote the development of new antibody
drugs and thus will improve the quality of life patients.
To further enhance the potency of anti-CD20 mAbs beyond that achieved
with rituximab, it is becoming increasingly important for us to develop closer
links between the laboratory and the clinic [23]. To obtain closer links, two
aspects of current biochemical experiments need improvement. The ﬁrst
aspect is that traditional biochemical experiments are based on bulk averaging
experiments that hide the behavior of single cells and single molecules [27]. For
a better understanding of the underlying mechanisms of cellular physiological
activities, single-cell and single-molecule experiments are required to obtain
complementary information to that from bulk experiments. The second aspect
needing improvement is that most current experiments were carried out on
cells cultured in vitro. We know that the growth environment of cells cultured
in vitro was quite diﬀerent from the environment of cells in vivo [28]. For cells
cultured in vitro, they lose the neurohumoral regulation and cell–cell inﬂuence,
and this huge diﬀerence of growth environment may cause the changes of
the cell structures and functions. Hence, the experimental results obtained
from cells cultured in vitro may not completely reﬂect the real situation in
vivo. So far the knowledge of rituximab’s in vivo mechanisms is very scarce,
greatly hindering the development of anti-CD20 mAbs. In order to develop new
anti-CD20 mAbs with enhanced eﬃcacy, we should have a thorough understanding of the physiological activities involved in rituximab’s killing mechanisms,
particularly the activities in vivo. Viewed from this aspect, directly investigating
the behavior of tumor cells from B-cell NHL patients will be of signiﬁcant clinical
impact.
The advent of atomic force microscopy (AFM) [29] provides a powerful platform
for investigating the cellular behavior at single-cell and single-molecule levels.
Compared with other biochemical methods, AFM has several unique advantages.
First, it has nanometer spatial resolution and can work in liquids that enable it to
observe the activities of single molecules on the surface of living cells. We know
that optical microscopy cannot reveal the activities of single molecules due to
the 200-nm resolution limitation, and electron microscopy can only observe the
behavior of chemically ﬁxed and dried samples. Second, while chemical (ﬂuorescence) labeling of proteins might change their surface characteristics so that their
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natural activity is impaired [30], AFM is label-free and noninvasive. Third, AFM
can obtain multiple complementary parameters of the biological systems (from
single molecules to cells and tissues), for example, topography, adhesion, elasticity, and dissipation [31]. These parameters are of great signiﬁcance for us to
understand the underlying mechanisms of biological systems. These advantages
have made AFM widely used in the life sciences in the past decades.
In this chapter, we describe the application of AFM in investigating the
molecular speciﬁc interactions involved in rituximab targeted therapy of
lymphoma on cell surface. The structure of this chapter is as follows. We begin
by providing an introduction about the principle and method of AFM singlemolecule force spectroscopy (SMFS), a technique that can probe the molecular
interactions at single-molecule levels. In the next section, we discuss how to
measure the drug–target interactions directly on tumor cells from lymphoma
patients. Next, investigations about mapping the nanoscale distribution of target
proteins on the surface of tumor cells are presented and the relationship between
the distribution of target protein and the clinical rituximab eﬃcacy is analyzed.
The last section is the summary.

17.2
Single-Molecule Force Spectroscopy

SMFS speciﬁcally probes the membrane proteins by linking their cognate ligands
to the AFM tip, as depicted in Figure 17.2a. With the ligands on the AFM tip
that can bind to the speciﬁc membrane proteins, one can localize, detect, and
manipulate the membrane proteins on the living cell [27]. An AFM cantilever
has one end ﬁxed to a piezoelectric ceramic driver, and the free end has a sharp
tip. The vertical movement of the probe is driven by a piezoelectric ceramic,
and any deformation of the cantilever due to repulsive or attractive forces is
monitored by a four-quadrant photodetector that senses laser light reﬂected
from the back of the cantilever. According to Hooke’s law (F = kx), if the spring
constant k and the deformation x of the cantilever are known, then the force
F applied to the cantilever can be computed. The vertical displacement of the
probe is obtained from the piezoelectric ceramic driver. In the force curve mode,
the tip gradually approaches and contacts the cell such that the ligands bind to
the membrane proteins. Then, the tip is retracted from the cell surface. After
recording the displacement of the driver and the force on the cantilever during
the approach– retract cycle, a force versus distance curve (also called force
curve ) is obtained, as shown in Figure 17.2b. The arrows indicate the process of
obtaining the force curve. When the tip does not contact the cell, the cantilever
remains unchanged and the force curve is ﬂat (Figure 17.2b(I)). After contacting
the cell, the cantilever is deformed (bent) and the force curve becomes bent
(Figure 17.2b(II)). If the ligands on the AFM tip bind to the membrane proteins
during the contact between AFM tip and cell surface, then the protein–ligand
pair is stretched when the tip is retracted (Figure 17.2b(III)). When the pulling
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Figure 17.2 Principle of SMFS. (a) Ligands
attached to an AFM tip probe a membrane
protein. (b) Example of a force curve. When
the cantilever/tip is far away from the cell,
no deformation occurs, creating a ﬂat force
curve (I). After the tip contacts the cell, cantilever deformation occurs and the force

(b)
curve becomes curved (II). When the tip
retracts, the protein–ligand bond is stretched
until it ruptures (III). The tip ﬁnally retracts
to the original position (IV). (Reprinted with
permission from Ref. [32]. Copyright 2014
Science China Press.)

force exerted by the cantilever becomes larger than the binding force of the
protein–ligand pair, then the protein–ligand bond ruptures and a speciﬁc
unbinding jump appears in the retraction curve. The magnitude of the jump
(denoted by the double-head arrow in Figure 17.2b) corresponds to the binding
force between membrane protein and ligand. Then the tip retracts to its original
position, as shown in Figure 17.2b(IV).
The prerequisite for using SMFS to measure molecular binding forces is the
linking of ligands onto the AFM tip, which is called tip functionalization. There
are three main methods for tip functionalization, including protein physisorption,
chemisorption of alkanethiols on gold, and covalent coupling of silanes on silicon
oxide [33]. The major drawback of protein physisorption is that it often exhibits
many molecular binding events during the measurement and it is therefore
diﬃcult to accurately measure the binding force of a single molecular pair [34].
The disadvantage of alkanethiol chemisorption is that it requires the tip to be
coated with a 5-nm-thick chromium layer, followed by a 30-nm-thick gold layer
[35]. This causes a signiﬁcant increase in the tip radius that decreases the spatial
resolution during scanning [36]. The covalent coupling method can be performed
directly on a silicon tip, and the binding strength of a covalent bond is much
stronger than that of physisorption or chemisorption [37, 38]. Therefore, this
method is very well suited for molecular force measurement. During covalent
coupling, a silicon tip is ﬁrst coated with NH2 , and then the ligands are linked
onto the tip via hetero-bifunctional polyethylene glycol (PEG) molecules (e.g.,
NHS–PEG–PDP [33]). The NHS end of the PEG linker covalently binds to the
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NH2 on the tip surface, and the PDP end forms covalent disulﬁde bonds to SH
groups on the ligands. Most extracellular proteins (such as antibodies) do not
have SH groups; however, they can be formed with N-succinimidyl 3-(acetylthio)
propionate (SATP) [39]. The insertion of a PEG spacer between the ligand and
the tip has many advantages. It allows the ligand to freely reorient with respect to
the membrane proteins, it avoids the danger of ligands being compressed during
contact between the tip and the cell surface, and it allows a clear distinction
between speciﬁc and unspeciﬁc binding because of the soft and nonlinear elasticity of the PEG linker [34, 36]. Furthermore, because the PEG is covalently bound
to both the tip and the ligand, its binding strength is much stronger than the
protein–ligand bond. Thus, the membrane protein–ligand bond ruptures ﬁrst
during retraction and therefore ensures that the measured force is associated only
with the protein–ligand binding. To perform single-molecule measurements, the
density of ligands linked to the tip must be low enough (ﬂuorescence labeling can
be used to estimate the number of ligands in the contact area of a tip of known
radius [40]) to ensure that only one protein–ligand bond forms [41].
In order to link rituximab to the surface of AFM tip, NHS–PEG–MAL linker
(JenKem Technology, Beijing, China) was used here. Commercial rituximab stock
solution (10 mg ml−1 ) was obtained from Chinese Aﬃliated Hospital of Military
Medical Academy of Sciences. The silicon nitride probe (Bruker, Santa Barbara,
CA, USA) was used for functionalization. The process of tip functionalization
was according to the Ref. [42, 43]. Aminopropyltriethoxysilan (APTES) (30 μl)
and N,N-diisopropylethylamine (10 μl) were used to coat the AFM stylus with the
NH2 groups under argon gas in a glass desiccator for 0.5–2 h. The PEG linker
and triethylamine were mixed in chloroform and then incubated with the NH2 modiﬁed probes for 2–3 h, which allowed the NHS end of the PEG linker to covalently bind to the NH2 groups on the surface of AFM tip. Rituximab was treated
with SATP to form thiol functional groups. Finally, the probes were placed in the
SATP–rituximab mixture containing hydroxylamine and buﬀer solution (pH 7.5)
for 1 h, which allowed the MAL end of the PEG linker to bind to the thiols on
the rituximab. The functionalized probes were stored in phosphate buﬀered saline
(PBS) at 4 ∘ C. In order to demonstrate the activity of the rituximab-functionalized
probe, force curves were obtained on the surface of lymphoma Raji cells, as shown
in Figure 17.3a. Raji cell is a Burkitt’s lymphoma cell line and expresses CD20 on
the cell surface. We can see that there was an unbinding peak in the retract curve,
as denoted by the arrow in Figure 17.3a. The unbinding peak was determined by
the change in the slope during the retract process, which reﬂected the stretching
of the ﬂexible linker molecules [44]. A key feature in molecular recognition studies
by SMFS is to demonstrate the speciﬁcity of the measured unbinding forces, which
can be achieved by block experiments [33]. Here, force curves were obtained on
Raji cells again after adding free rituximabs, and a typical force curve is shown in
Figure 17.3b. We can see that the unbinding peak vanished, which demonstrated
that the unbinding peak in Figure 17.3a corresponded to the CD20–rituximab
interactions. The experimental results in Figure 17.3 indicated the activity of the
rituximab-functionalized probe.

17.3

Force Spectroscopy of Molecular Interactions on Tumor Cells from Patients
4

2

2
Appraoch
Retract

−2
−4
−6

(a)

Force (nN)

Force (nN)

0

−8

423

0.5

Appraoch
Retract

−2
−4
−6

Peak

0

0

1

1.5

Distance (μm)

Figure 17.3 The use of rituximabconjugated probe to obtain force curves
on lymphoma Raji cells. (a) A typical force
curve (with unbinding peak) obtained on Raji

−8

2
(b)

0

0.5

1
Distance (μm)

cells. (b) A typical force curve obtained on
rituximab-blocked Raji cells. (Reprinted with
permission from Ref. [43]. Copyright 2011
Science China Press.)

17.3
Force Spectroscopy of Molecular Interactions on Tumor Cells from Patients

B cells are a type of lymphocyte that expresses clonally diverse cell surface
immunoglobulin (Ig) receptors recognizing speciﬁc antigenic epitopes [45].
B cells can produce antibodies, which make them perform as positive regulators
of immune responses and central contributors to the pathogenesis of immunerelated diseases [46]. B-cell NHL results from the process of canceration by
which healthy B cells transformed into cancer B cells. B-cell NHL commonly
involves the bone marrow invasion. The bone marrow samples (obtained from
B-cell NHL patients with bone marrow invasion) contain cancer B cells, healthy
B cells, and other healthy cells. Both cancer B cells and healthy B cells express
CD20. Rituximab can bind to CD20s on the surface of both cancer B cells and
healthy B cells, and this binding then leads to the cell lysis via several mechanisms
[23]. We are interested in the binding of rituximab to the CD20s on the surface
of cancer B cells, because this binding has direct impact on the rituximab’s
treatment eﬃcacies. In order to investigate the CD20 on cancer B cells, we need
to recognize cancer B cells ﬁrst. Recent research work indicate that receptor
tyrosine kinase-like orphan receptor 1 (ROR1) is a speciﬁc cell surface marker
expressed on some B-cell lymphomas (such as mantle cell lymphoma, marginal
zone lymphoma, diﬀuse B-cell lymphoma, and follicular lymphoma) but not on
virtually all normal adult tissues [47, 48]. Hence, ROR1 is a suitable marker for
distinguishing tumor B cells from healthy cells.
We ﬁrst tested the ROR1 ﬂuorescence labeling on Raji cells. Figure 17.4a–d
shows the ROR1 ﬂuorescence labeling experimental results of Raji cells. Raji
cells were cultured in RPMI-1640 medium containing 10% fetal bovine serum at
37 ∘ C (5% CO2 ) for 24 h before experiments. Cells were harvested at 1000 rpm
for 5 min. After removing the supernatant, the cells were resuspended by PBS.
Then, a drop of cell suspension was placed on a poly-L-lysine-coated glass slide
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Figure 17.4 ROR1 ﬂuorescence labeling of
Raji cells. (a) Optical image of the control
group. (b) Fluorescence image of the control
group. (c) Optical image of the ROR1 group.
(d) Fluorescence image of the ROR1 group.

(e)

50 μm

(f)

50 μm

(e,f) ROR1 and CD20 labeling of Raji cells.
(e) ROR1 ﬂuorescence image of Raji cells.
(f) CD20 ﬂuorescence image of Raji cells.
(Reprinted with permission from Ref. [49].
Copyright 2013 John Wiley & Sons, Ltd.)

and subsequently ﬁxed for 30 min with 4% paraformaldehyde. The procedure
of ﬂuorescence labeling experiments was the following: (i) After washing the
prepared sample three times (each time 10 min) with PBS, add donkey blocking
serum and then incubate for 30 min at room temperature. (ii) Add 40 μl goatantihuman-ROR1 antibody solution (R&D company, USA), incubate for 3 h at
room temperature. For control experiment, ROR1 antibody was not added. (iii)
Wash the sample three times with PBS, and then add 20 μl FITC-conjugated
donkey-antigoat IgG (Kangchen company, Shanghai, China), and incubate for
30 min. (iv) Wash the sample three times with PBS, and place it onto the stage
of the ﬂuorescence microscope (Ti, Nikon company, Japan). Goat-antihumanROR1 antibody can bind to the ROR1 on the cell surface and FITC-conjugated
donkey-antigoat IgG can bind to the goat-antihuman ROR1 antibody. If there was
ROR1 on the cell surface, then the cell displayed green light after the excitation of
blue light. Figure 17.4a was the optical image of control group and Figure 17.4b
was the corresponding ﬂuorescence image. Figure 17.4c was the optical image
of ROR1 group and Figure 17.4d was the corresponding ﬂuorescence image.
We can see that Raji cells did not exhibit ﬂuorescence without ROR1 antibody
(Figure 17.4b). While cells exhibit bright green ﬂuorescence with ROR1 antibody
(Figure 17.4d), these experiments indicate that Raji cells express ROR1. ROR1 is
the receptor tyrosine kinase-like orphan receptor 1 and functional data suggest
that ROR1 may act in Wnt-signaling and promote the survival of malignant cells
[49, 50]. Raji cell line is from a Burkitt’s lymphoma patient, which is a subtype of
B-cell NHL. Previous research works have shown that several B-cell lymphomas
express ROR1 [47] and here we can see that Burkitt’s lymphoma also express
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ROR1. Our goal is to measure the CD20–rituximab binding force based on the
ROR1 ﬂuorescence recognition, and in order to examine whether the ROR1
ﬂuorescence labeling inﬂuence the CD20s on the cell surface, we perform CD20
ﬂuorescence labeling experiments on ROR1-labeled cells (Figure 17.4e,f ). The
color of ﬂuorescent dye of ROR1 labeling experiments was green (FITC) and
in order to discriminate the color, we chose a red ﬂuorescent dye (RBITC) for
CD20 labeling experiments. Figure 17.4e was the ROR1 ﬂuorescence image and
Figure 17.4f was the corresponding CD20 ﬂuorescence image. The optical image
was not shown. We can see that after ROR1 labeling, the cells still exhibit red
ﬂuorescence indicating that there are CD20s on the cell surface.
The results of Figure 17.4 indicated that there were CD20s on the ROR1-labeled
cells and we then examined whether the CD20–rituximab binding force can be
measured on ROR1-labeled cells. Rituximab was linked onto the AFM tip surface
and SMFS technique was applied to measure the CD20–rituximab binding force
on the cell surface. Raji cells were chemically ﬁxed by 4% paraformaldehyde.
The experiments were performed in PBS. Dimension 3100 AFM (Veeco, Santa
Barbara, CA, USA) was used. First, the AFM tip was moved onto the surface of
Raji cells under the guidance of optical microscopy and the cell morphology was
acquired by AFM imaging at contact mode. Figure 17.5a was the AFM height
image and Figure 17.5b was the AFM deﬂection image of a Raji cell. Then the
AFM tip was localized to the small area of the cell surface and force curves
were obtained by converting the imaging mode into force measurement mode.
Figure 17.5c was a typical force curve obtained on the ROR1-labeled Raji cells.
Each force curve contains two curves, approach curve and retract curve. The
approach curve corresponded to the approach process during which the tip
carrying rituximab approached and touched the cells. When the tip did not touch
the cell surface, the curve was ﬂat. After touching the cell surface, the curve
bent. The retract curve corresponded to the retract process during which the tip
moved back from the cell surface. The rituximab density on the tip surface was
controlled to be low to ensure that only one CD20–rituximab complex formed
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Figure 17.5 Obtaining force curves on
ROR1-labeled Raji cells. (a) AFM height
image and (b) deﬂection image of a
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CD20–rituximab-speciﬁc binding occurred.
(d) A typical force curve after blocking.
(Reprinted with permission from Ref. [49].
Copyright 2013 John Wiley & Sons, Ltd.)

1.5

426

17

Investigating the Molecular Speciﬁc Interactions on Cell Surface Using Atomic Force Microscopy

during each approach– retract cycle. If CD20–rituximab complex formed during
the approach– retract cycle, then there would be a speciﬁc peak in the retract
curve, which indicated the rupture of CD20–rituximab complex. We can see that
there was a peak in the retract curve. The shape of the peak indicated that speciﬁc
molecular binding occurred during the approach– retract process. In order to
validate that the binding was from CD20–rituximab, we added free rituximab
into the solution to block the CD20s on the cell surface and then obtained force
curves again. A typical force curve after blocking was shown in Figure 17.5d. We
can see that there was only a tiny peak in the retract curve and the peak shape
indicated that it was nonspeciﬁc binding. This demonstrated that the unbinding
peak in the retract curve corresponded to the CD20–rituximab interactions on
the surface of Raji cells.
The above results indicated that CD20–rituximab binding force can be
measured on ROR1-labeled Raji cells. Then, we applied the established
procedures on pathological cells prepared from the bone marrow of a follicular lymphoma patient whose bone marrow had been invaded by cancer
cells. Because ﬂuorescence was required to recognize the cancer cells, BioScope
Catalyst AFM (Bruker, Santa Barbara, CA, USA) was used. Follicular lymphoma
is a subtype of B-cell NHL, and previous research works have indicated that
follicular lymphoma cells express ROR1 [47]. The pathological cell samples
contained normal cells and cancer cells. Since only cancer cells express ROR1
(normal cells do not express ROR1), they can be recognized by ROR1 ﬂuorescence
labeling. Figure 17.6 shows the AFM imaging of cancer cells assisted by the ROR1
ﬂuorescence recognition. Figure 17.6a was the optical image, Figure 17.6b was the
ﬂuorescence image, and Figure 17.6c was the merge of optical and ﬂuorescence
images. From the ﬂuorescence image (Figure 17.6b), there was a clear cancer
cell that exhibited bright ﬂuorescence (denoted by the white circle). From the
inset of the merge image (Figure 17.6c), we can see many normal cells around
the shining cancer cell. Under the guidance of ﬂuorescence, the AFM probe
was moved onto the cancer cell to image the cellular morphology. The imaging
mode was contact mode and both height image and deﬂection error image were
obtained. Figure 17.6d was the height image and Figure 17.6e was the deﬂection
error image. The range of AFM image (50 μm) corresponded to the area denoted
by the red dotted square in Figure 17.6c. The color range of the height image
was 15 μm and the color range of the deﬂection error image was 1.5 μm. The
cancer cell can be clearly discerned in AFM images (denoted by the square in
Figure 17.6d). The section curve (Figure 17.6f ) indicated that the height of the cell
was about 3 μm and the diameter was about 13 μm. Most current AFM imaging
experiments were performed on cells cultured in vitro [51]. Here we imaged
the cellular morphology of cancer cells from patients under the assistance of
ﬂuorescence recognition. We know that cells grown in vitro can be quite diﬀerent
from those grown in vivo, thus directly investigating the behavior of primary cells
from clinical patients is of great signiﬁcance for us to understand the underlying
mechanisms that regulate the cellular activities. However, it should be noted that
the patient cancer cells here for AFM imaging were chemically ﬁxed and thus lost
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Figure 17.6 Under the guidance of ROR1
ﬂuorescence, AFM probe was moved to the
cancer cell to image the cellular morphology. (a) Optical image and (b) ﬂuorescence
image of the pathological cell sample. (c)
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Wiley & Sons, Ltd.) (For color version, the
reader is referred to the Web version of the
Ref. [49].)

living activity. In the future, we want to obtain the topography images of living
cancer cells from clinical patients. In this situation, we should isolate and collect
tumor cells, for example, by ﬂow cytometry [52]. Besides, due to the suspended
trait of the lymphoma cell, we should develop adequate methods to immobilize
them for living-cell AFM imaging, for example, micro well array chip [53] and
thin ﬁlm having small pores [54]. Investigating the behavior of living tumor cells
from patients will enable us to detect and monitor the physiological properties
of living tumor cells (e.g., the cellular changes after the stimulation of drugs),
bringing novel information that is closer to the real cellular activities.
Then the AFM imaging mode was converted into force measurement mode and
force curves were obtained on the ROR1-labeled cancer cells. Figure 17.7a was a
typical force curve obtained on the cancer cell. We can see that in the retract curve
there was a speciﬁc peak which indicated the CD20–rituximab binding. Because
there is a change in the slope during the retraction process which is a result of a
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Figure 17.7 Measuring the CD20–rituximab
binding force on patient cancer cells. (a)
A typical force curve obtained on cancer
cells. The inset was the amplifying plot of
the retract curve. (b) A typical force curve
obtained on normal cells. The inset was
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the amplifying plot of the retract curve. (c)
Histogram of CD20–rituximab binding forces
on cancer cells. (d) Histogram of non-speciﬁc
binding forces on normal cells. (Reprinted
with permission from Ref. [49]. Copyright
2013 John Wiley & Sons, Ltd.)

decreased eﬀective spring constant [44], the speciﬁc peak can be clearly discerned
when zooming in the retract curve. Follicular lymphoma patient cancer cells
had CD20s on the cell surface and the CD20–rituximab complex formed during
the approach–retract cycle with rituximab-conjugated tip. Also, force curves on
normal cells, which did not exhibit ﬂuorescence, were obtained and a typical force
curve was shown in Figure 17.7b. We can see that the force curve on normal cells
had only a tiny non speciﬁc peak in the retract curve where there is not a change
in the slope. The non speciﬁc peak indicated the non speciﬁc molecular binding.
Healthy cells in the pathological sample prepared from patient’s bone marrow contain normal B cells and other cells, such as T cells and NK cells. If the force curves
were obtained on normal B cells, then there should be speciﬁc peak in the force
curve, but there was not speciﬁc peak in the force curve in Figure 17.7b. Hence, the
force curve in Figure 17.7b was not obtained on normal B cells but on other normal
cells. From the retraction curve with speciﬁc peak obtained on cancer cells, the
CD20–rituximab binding force was computed: the binding force was equal to the
magnitude of the peak. Because of the random spatial orientation of the binding
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partners at the tip and cell surface, it is usually necessary to collect many force
curves to determine the distribution of the binding force [44]. The histogram of the
CD20–rituximab binding forces was shown in Figure 17.7c. Gaussian ﬁt of the histogram indicated that the binding force was 57 ± 28 pN. The histogram of the non
speciﬁc binding forces on normal cells was shown in Figure 17.7d and Gaussian ﬁt
of the histogram indicated that the non speciﬁc binding force was 21 ± 7 pN. We
can see that non speciﬁc binding force was signiﬁcantly lower than the speciﬁc
binding force. The CD20–rituximab binding forces were measured at four diﬀerent loading rates and the relationship between binding force and loading rate was
shown in Figure 17.8. We can see that the binding force is linearly related to the
logarithm of the loading rate. This phenomenon can be explained by Bell–Evans
model [55], which characterizes the behavior of molecular unbinding pulled by an
external force. SMFS is a mature single-molecule technique and many researchers
have used SMFS to measure the molecular binding force on cells grown in vitro,
such as receptor–drug [41], receptor–ligand [56], ﬁbrinogen– erythrocyte [57],
and aptamer–protein [58], showing that the binding force of receptor–ligand was
in the range of 20–200 pN [59]. Here, we measured the CD20–rituximab binding
force on patient cancer cells based on the ﬂuorescence recognition of the speciﬁc
cancer cell surface marker and the binding force was in the range of molecular
binding force. Directly investigating the molecular interactions on cancer cells
from clinical patients is of special signiﬁcance. We know that the prerequisite for
personalized medicine is having accurate diagnostic tests that identify patients
who can beneﬁt from the therapy [60]. This requires an accurate characterization
of the pathology. However, current biochemical research is usually performed on
72
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Figure 17.8 The CD20–rituximab binding force is linearly related to the logarithm
of loading rates. (Reprinted with permission from Ref. [49]. Copyright 2013 John
Wiley & Sons, Ltd.)
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cells grown in vitro, leaving a large gap between laboratory results and clinical
requirements. If we can directly investigate the behavior of tumor cells in the
biopsy samples from patients, then we can get more valuable information. Combining such information with clinical data will likely lead to the development of
novel, meaningful biomarkers. AFM single-cell and single-molecule techniques
were used here to directly investigate the aﬃnity of target proteins (CD20)
on tumor cells from clinical patients with the assistance of the speciﬁc tumor
cell surface biomarker ROR1. This work provided novel insights concerning
biophysical properties of target proteins in near in vivo conditions, and provided
a new way to explore potentially meaningful biomarkers for clinical practice.

17.4
Mapping the Distribution of Membrane Proteins on Tumor Cells

By using SMFS at force volume mode, we can also detect the distribution of
membrane proteins on the cell surface [61]. At this mode, AFM tips carrying
speciﬁc molecules (e.g., antibodies and ligands) were controlled to obtain arrays
of force curves at the local areas on the cell surface. To map the distribution
of CD20 on the surface of cancer cells, arrays of force curves (16 × 16) were
obtained in the local areas (500 nm × 500 nm) of the cancer cell. Each force
curve corresponds to an adhesion force. After converting these forces into the
gray colors (0–255), then a force map was constructed. The map reﬂects the
distribution of CD20 on the cell surface. Figure 17.9 shows the results of mapping
the nanoscale distribution of CD20 on the surface of tumor cells. First, under
the guidance of ROR1 ﬂuorescence, cancer cells were recognized. Figure 17.9a
was the overlay image of bright ﬁeld image and ﬂuorescence image. We can
see one cancer cell in the overlay image, as denoted by the red square. Then,
AFM tip carrying rituximabs was moved to the cancer cell to obtain the cellular
topography images. Figure 17.9b was the AFM height image of the cancer cell and
Figure 17.9c was the corresponding deﬂection image. Figure 17.9d,e shows AFM
images of three healthy cells denoted by the blue square in Figure 17.9a. From the
AFM images of the three cells, we can see that cell 1 was a red blood cell due to
the special shape of oval biconcave disk. Because red blood cell does not express
CD20 on the cell surface, it can be used for negative control experiments.
Then, imaging mode was converted into force curve mode and 16 × 16 force
curves were obtained at the 500 nm × 500 nm areas on the surface of cancer cells
and healthy cells. By analyzing the force curves, adhesion force gray maps were
constructed using image processing software. In order to statistically characterize
the nanoscale distribution of CD20 on the surface of cancer cells, we obtained
force curves on eight cancer cells with ﬁve functionalized tips. For each cell, we
obtained several distribution maps on diﬀerent areas on the cell surface. The
representative maps were shown in Figure 17.9f. From the force maps of cancer
cells, there were many bright pixels, whereas only few gray pixels in the maps of
red blood cells and these pixels were dim. From the distribution maps, we can
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Figure 17.9 Mapping the nanoscale distribution of CD20 on tumor cells. (a) Overlay of
optical bright ﬁeld and ﬂuorescence images.
(b) AFM height and (c) deﬂection image of
the tumor cell indicated by the red square in
(a). (d) AFM height and (e) deﬂection image
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of the three healthy cells indicated by the
blue square in (a). (f) CD20 distribution maps
on cancer cells and healthy cells. The gray
scale bar was 0–100 pN. (Reprinted with permission from Ref. [61]. Copyright 2013 Elsevier Inc.

see that the CD20 distribution on the cell surface was non uniform. The number
of CD20 molecules was variable in diﬀerent local 500 × 500 nm2 area on the cell
surface. In some other areas on the cell surface, there were more CD20 molecules,
whereas in some areas, there were less CD20 molecules. We know that cell
membranes are heterogeneous in composition, and the structures responsible
for this heterogeneity are lipid rafts [62]. Lipid rafts are ﬂuctuating nanoscale
assemblies of sphingolipid, cholesterol, and proteins that can be stabilized to
coalesce, forming platforms that function in membrane signaling and traﬃcking
[63]. Besides, cell membrane are dynamic (proteins are free to move with the lipid
bilayer), and this means that the distribution of membrane proteins on the cell
surface changes dynamically. Recently, researchers have directly observed the
motion of single-membrane proteins by using high-speed AFM [64]. In addition,
cell membranes have variable membrane curvatures in diﬀerent positions on the
cell surface and these curvatures are dynamically remodeled during physiological
processes [65]. All these features of cell membranes may cause the results that the
distributions of CD20s on the cancer cell surface are non uniform. On the force
maps of red blood cells, there were few gray pixels, which were dim. Red blood
cells do not express CD20 and hence their maps were dim.
In order to demonstrate that the maps reﬂect the CD20 distribution on the
cell surface, veriﬁcation experiments were performed, as shown in Figure 17.10.
Figure 17.10a shows the merged image of optical and ﬂuorescence images of the
clinical bone marrow cell sample and we can see two cancer cells in the image.

432

(a)

17

Investigating the Molecular Speciﬁc Interactions on Cell Surface Using Atomic Force Microscopy

25 μm

(b)

(c)

(d)

(e)

(f)

(g)

Figure 17.10 Veriﬁcation of speciﬁc
CD20–rituximab interactions on cancer cells.
(a) Merged image of optical image and ﬂuorescence image of the clinical bone marrow
cell sample. The inset is the AFM image of
the cancer cell. (b–d) CD20 distribution maps

on the cancer cells. (e–g) CD20 distribution
maps on the cancer cells after blocking. The
gray scale bar was 0–100 pN. (Reprinted with
permission from Ref. [61]. Copyright 2013
Elsevier Inc.) (For color version, the reader is
referred to the web version of the Ref. [61].)

Under the guidance of ﬂuorescence, AFM-functionalized tips were moved to the
cancer cells to image the cell morphology and obtain force curves on the cell surface. From the distribution maps (Figure 17.10b–d), we can see that there are
many gray pixels which is consistent with the results in Figure 17.9. After blocking,
arrays of force curves were obtained again on the cancer cells, and the distribution maps are shown in Figure 17.10e–g. We can see that after blocking, the
gray pixels dramatically decreased, which is because that the CD20s on the cancer cells had been blocked. The results in Figure 17.10 demonstrate the speciﬁc
CD20–rituximab recognition on the cell surface and therefore the force maps
reﬂect the distribution of CD20s on the cancer cells.
By applying the established method described earlier on the bone marrow cells
from three clinical B-cell NHL patients, we obtained the binding aﬃnity and
nanoscale distribution of CD20 on the tumor cells for the three patients [66], as
shown in Figure 17.11. To investigate the CD20 aﬃnity and nanoscale distribution of diﬀerent lymphoma patients, we selected three B-cell NHL patients for
the study. All of the three patients were with bone marrow inﬁltration. ROR1
ﬂuorescence labeling experiments were performed to conﬁrm that there were
ROR1s on the tumor cell surface of the three patients. The clinical data of the
three patients was shown in Table 17.1. For each patient, their bone marrow
cells were dropped onto the glass slides and subsequent chemical ﬁxation and
ROR1-ﬂuorescence labeling were performed. And then under the guidance
of ROR1 ﬂuorescence, about 10 tumor cells were selected and arrays of force
curves were obtained on ﬁve diﬀerent local areas on the surface of each cell
using functionalized AFM tips. Figure 17.11a–c were the CD20 binding aﬃnities
of tumor cells from patient 1, patient 2, and patient 3, respectively. The CD20
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Figure 17.11 Comparison of CD20 binding
aﬃnity and nanoscale distribution of tumor
cells from three diﬀerent B-cell NHL patients.
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(D) Typical adhesion force maps of the three
patients. (e) The CD20 distribution frequencies of the three patients. (Reprinted with
permission from Ref. [66]. Copyright 2014
Royal Microscopical Society.)

Table 17.1 Clinical information of three clinical lymphoma patients.
Case no.

Sex

Age

Tumor subtype

Clinical therapy

Therapy outcome

1

Female

64

Male

56

Rituximab +
Fludarabine +
Cyclophosphamide
Rituximab + CHOP

Complete remission

2
3

Female

51

Splenic marginal
zone B-cell
lymphoma
Small B-cell
lymphoma
Diﬀuse large B-cell
lymphoma

Rituximab + CHOP

Partial remission

Lesion stability

Reprinted with permission from Ref. [66]. Copyright 2014 Royal Microscopical Society.

binding aﬃnities to rituximab were computed from the force curves which had
speciﬁc molecular unbinding peaks. From the histogram, the Gaussian ﬁtting
indicated that the CD20 binding aﬃnities of the three patients were 78 ± 33,
88 ± 66, 80 ± 39 pN, respectively. We can see that the binding aﬃnities were not a
remarkable variable between the three patients. Figure 17.11d shows the typical
adhesion force maps of the three patients. To quantitatively characterize the
nanoscale distribution of CD20s, we calculate the CD20 distribution frequency
for each adhesion force map to characterize the CD20 density of the cells. For each
adhesion force map, we can compute the number of gray and bright pixels (n), and
the number of overall pixels of the adhesion force map was known (16 × 16 = 256).
The CD20 distribution frequency of this adhesion force map was equal to the

Patient 3

0.3
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ratio (n/256). Figure 17.11e shows the CD20 distribution frequencies of the three
patients. Analyzing the relationship between CD20 density and clinical therapy
outcomes, we can ﬁnd some interesting phenomenon. The combined therapy
(rituximab + chemotherapy) was eﬀective for patient 1 and patient 3, but was
ineﬀective for patient 2, while the histogram of distribution frequencies indicated
that the CD20 density of patient 2 was the smallest. This indicated that if there
were more CD20s on the surface of tumor cells, the clinical eﬃcacy was better.
However, the eﬃcacy of patient 3 was worse than that of patient 1, while the
CD20 density of patient 3 was larger than that of patient 1. This indicated that the
therapy eﬀects were not linearly proportional to the CD20 density of the tumor
cells. The experimental results showed that the clinical eﬃcacy of rituximab was
to some extent related to the CD20 density, and the relationship was not linear
but may be complicated.
We know that the main theory in pharmacology to characterize the eﬃcacies
of drugs is receptor theory [67]. Drugs produce therapeutic eﬀects by binding
to the receptors on the cell surface. Hence it is reasonable that when more drug
molecules bind to the receptors on the cell surface, the eﬀects become stronger.
But the drug eﬀects are not linearly proportional to the number of receptors
occupied and the maximum eﬀect can be produced by a drug when occupying
just only a small proportion of the receptors [68]. The experimental results here
indicated that the variance of CD20 binding aﬃnities was not prominent among
the three lymphoma patients in the study here, while the CD20 density of tumor
cells was related to the eﬃcacy of the clinical treatment. When rituximabs bind
to the CD20s on the tumor cell, the Fc domains of rituximab can bind to the
FcRs on the eﬀector cells, which can then kill the tumor cells. The Fc domains of
rituximab can also activate the classical complement pathway, which eventually
causes the lysis of the tumor cells [17]. Compared to the binding aﬃnity between
CD20 and rituximab, the CD20 density on the cell surface may play a more
important role in the rituximab’s therapy eﬀects. If there are more CD20s on the
tumor cell surface, then possibly more rituximabs can bind to the cell surface
and more eﬀector cells can be recruited, which causes that the therapy eﬀects
become stronger. But there may exist a threshold of the number of CD20 on
the surface of tumor cells. If the number of CD20s exceeds this threshold, the
eﬃcacies of rituximab do not increase, as the observed phenomenon of patient 1
and patient 3. Researchers [69] have investigated the relationship between CD20
expression level and rituximab-mediated cell kill and the results indicated that
rituximab-induced CDC clearly depends on the CD20 expression level. While
in the rituximab’s killing mechanisms, rituximab displays a remarkable ability to
activate complement and elicit CDC [16]. These evidence indicated that CD20
expression is closely related to the therapeutic eﬀects of rituximab. However,
exactly elucidating the mechanisms that determine the clinical eﬃcacies of rituximab is a challenge. First, even though the rituximab’s three mechanisms have
been demonstrated in vitro, the situations in vivo is not unknown. Limited by the
technique, we now cannot investigate the drug actions in the human body, meaning that we can only obtain conclusions by indirect methods (e.g., in vitro test and
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animal model), which cannot reﬂect the real behavior in the human [70]. Second,
the rituximab is typically combined with chemotherapy in the practice, and thus
the contribution of rituximab to the eﬃcacy is diﬃcult to evaluate [71]. Third, the
problem of rituximab’s variable eﬃcacies among diﬀerent patients is complicated,
and various aspects need to be taken into consideration, such as tumor proﬁling,
analysis of the microenvironment, assessment of host immune eﬀector function,
and genetic polymorphisms of FcR [23]. Here, we investigated the relationship
between CD20 density of tumor cells and the clinical therapy eﬀects, and the
results indicated that the therapy eﬀects are related to the CD20 density in a
certain range. However, we only investigated three clinical lymphoma cases, and
more cases are needed to be investigated in the future to obtain a robust result.
In the future, we want to collect more lymphoma cases to investigate the
biophysical properties of tumor cells. Besides the binding aﬃnity and distribution
of CD20 on the tumor cells, we would like to measure the binding aﬃnity and
distribution of FcRs on the eﬀector cells (e.g., NK cell and macrophage) from
the patients. We know that the eﬃcacies of rituximab are related not only to the
tumor but also to the host immune systems. In the ADCC action of rituximab,
rituximab binds to the CD20 on the tumor cells, and then the Fc domain of rituximab binds to the FcR on the eﬀectors. We can see that two types of molecular
interactions occur in ADCC, including CD20–rituximab and FcR–rituximab.
Many experiments have demonstrated that FcR plays a central role in the killing
mechanism of rituximab [17], and several new anti-CD20 antibodies (e.g.,
Ofatumumab, Ocrelizumab, Veltuzumab, AME-133V, PRO131921, GA101) with
enhanced FcR-mediated eﬀector functions have been developed for clinical trials
[23]. Clinical trials of these new antibodies will help us to know which mechanism
of rituximab is indispensable in the therapy [26]. Consequently, simultaneously
measuring the molecular interactions of CD20–rituximab and FcR–rituximab
will signiﬁcantly improve our understanding of rituximab action and may bring
meaningful information.

17.5
Summary

Developing personalized drugs for the subpopulations of patients has become
the trend of treating major diseases such as cancer, which will bring far-reaching
impact on biomedical and pharmaceutical industry. The success of personalized
medicine depends on having accurate diagnostic tests that indent patients
who can beneﬁt from targeted therapies [60]. However, current biochemical
techniques have several serious deﬁciencies, such as low resolution, diﬃcult to
quantify, oﬄine testing, and cannot reveal the heterogeneity between cells. The
invention of AFM provides a powerful tool for investigating the cellular behavior
at single-cell and single-molecule levels. The wide use of AFM-based SMFS
technique has provided a wealth of novel knowledge about the physiological
activities of single molecules on the cell surface, improving our understanding of
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the underlying mechanisms that guide cellular functions. AFM has been proven
to be an exciting tool for analyzing the heterogeneity between cells and will play
an important role in the era of personalized medicine.
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