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Supervisor’s Foreword

Micro-/nanorobotics in biomedical applications is an emerging area expected to
have tremendous impact on medical and pharmaceutical technologies, thus pro-
viding unprecedented opportunities for the development of robotics and automa-
tion. The achievement in physics, engineering, and nanotechnology in the past
decades has led to the birth of various robots with the capabilities to perform
manipulations at the micro-/nanometer scale. Among these robots, due to the
unique advantages (including nanometer spatial resolution, piconewton force sen-
sitivity, and its ability to work in liquids), atomic force microscopy (AFM)-based
nanorobotics is particularly appropriate for detecting behaviors of living cells.
However, studies on utilizing AFM nanorobotics to detect cellular and molecular
behaviors involved in the physiological processes of real-world clinical environ-
ment have been scarce. By combining engineering with clinical applications, this
research focuses on the detection of cellular and molecular biophysical properties
involved in lymphoma rituximab targeted therapy based on AFM nanorobotics.
The scientific achievement in this thesis could be divided into several parts. First,
an efficient immobilization method based on micropillar/microwell mechanical
trapping and poly-L-lysine electrostatic adsorption is developed for observing the
ultra-microstructures on the surface of lymphoma cells, remarkably improving the
detection precision of AFM nanorobotics on living mammalian suspended cells.
Second, series methods are established for reliably detecting the multiple bio-
physical parameters of single cells and single molecules, including cellular
topography, cellular mechanics, molecular binding affinity, and molecular distri-
bution density on cell surface, all laying a solid foundation for the biomedical
applications of AFM nanorobotics. Finally, biochemical methods based on cellular
surface-specific markers are developed for recognizing cancerous cells from the
biopsy samples of lymphoma patients, and the molecular interactions taking place
in the primary cancerous cells and normal cells are quantitatively detected by the
established AFM single-cell and single-molecule methods, which are significantly
correlated with the clinical therapeutic outcomes of patients treated with rituximab.
This thesis has enabled AFM nanorobotics to effectively detect in situ cellular and
molecular biophysical properties in their native states, facilitating further



vi Supervisor’s Foreword

development of nanorobotics-based methods in biomedical applications. The pre-
liminary experimental results on primary cells from biopsy samples of patients
demonstrate the active role of AFM nanorobotics in predicting efficacies of targeted
drugs, which provide novel insights into robotic medical treatment at the micro-/
nanoscale. These remarkable achievements have ranked his thesis as an
Outstanding Doctoral Dissertation by Chinese Academy of Sciences.

Over the past years while Dr. Li was working his thesis, I have witnessed his
extraordinary dedication to research. He distinguished himself by completing
well-researched experiment. Dr. Li is very personal, and I absolutely have enjoyed
interacting with him.

Not only as his academic advisor, but also a researcher in the field, it is my
pleasure to recommend Dr. Li’s thesis to readers, in particular those specializing
and/or interested in the related areas.

Shenyang, China Prof. Ning Xi
August 2017
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Chapter 1

Introduction to Atomic Force
Microscopy-Based Nanorobotics
for Biomedical Applications

1.1 Background and Motivation

The threat to human health from cancers is becoming increasingly serious [1-3].
About 14.1 million new cancer cases and 8.2 million deaths occurred in 2012
worldwide [2]. By 2030 the incidence of cancer cases will increase to 22.2 million
and the cancer-related deaths will increase to 13.2 million [3]. The struggle between
mankind and cancer has a long history. The first description of a disease resembling
cancer is found in Egyptian papyri and dates back to about 1600 BC, but until the
nineteenth century when anaesthesia allowed painless surgery, cancer was more or
less regarded as incurable [4]. Afterwards, the discovery of X-ray (1900s) and
nitrogen mustard (1940s) leads to radiotherapy and chemotherapy respectively [5].
These three traditional cancer treatments (surgery, radiotherapy, and chemotherapy)
have obvious disadvantages, e.g., the treatments are often not complete, the cancers
are prone to metastasis and recurrence, and the toxic and side effects are severe. The
development of modern biotechnology significantly improves our understanding of
cancer, and molecular targeted treatments which aim at cancerous cells come true in
the past two decades. The clinical practice demonstrates that molecular targeted
therapy possesses huge potential in treating cancers, but also indicates that
molecular targeted therapy has its indications and drug resistance problem. Due to
the progress of biomedicine, now we know more about the pathogenesis of cancers.
The treatment method of cancer is becoming diverse and the quality of life of
cancer patients is improving. However, we are still unclear about the cause of
cancers (the only cancer we know the cause is cervical carcinoma [6]). It is dis-
appointing that the age-adjusted mortality rate for cancer is about the same in the
21st century as it was 50 years ago [7]. There is still a long way to go before we
totally conquer cancer. For China, modernization has made glorious achievements
in the past forty years and people’s living standards continue to improve. Health has
become a more and more hot topic of concern to the broad masses of the people.
Since the 1970s, the incidence and mortality of cancer has been increasing in China.

© Springer Nature Singapore Pte Ltd. 2018 1
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Cancer is becoming the leading cause of death in China since 2010 [8]. Cancer
prevention and treatment has become an important issue needing to be solved
urgently in the field of biomedicine, which is of great significance for maintaining
social stability, improving the quality of people’s life, and promoting the healthy
development of economy.

Non-Hodgkin’s lymphoma (NHL) is a class of malignant tumor, accounting for
4% of all cancers [9]. Approximately 85% of NHL in adults are of B cell origin
[10]. In 1997 rituximab was approved by Food and Drug Administration (FDA) in
USA for treating B-cell NHL. Rituximab is the first monoclonal antibody drug
approved for treating cancers. The target of rituximab is the CD20 antigen on the
surface of B cell. In vitro experiments demonstrate that the binding of rituximab to
CD20 causes the lysis of target cells via three main mechanisms, including antibody
dependent cellular cytotoxicity (ADCC), complement dependent cytotoxicity
(CDC), and programmed cell death (PCD) [11, 12], as shown in Fig. 1.1. Although
the in vivo mechanisms of rituximab are still unknown, rituximab achieves
unprecedented success in clinical practice. The use of rituximab in combination

Macrophage

Fig. 1.1 The three killing mechanisms of rituximab [12]. The binding of rituximab to the CD20
on the lymphoma cell can directly induce the programmed cell death (PCD) of the lymphoma cell.
Besides, the binding can trigger the classical pathway of complement-dependent cytotoxicity
(CDCQ). The final products of CDC are the membrane attack complexes (MACs), which lead to the
lysis of the cells. After the binding of rituximab to CD20 on the lymphoma cell, the F. portion of
rituximab can bind to the F. receptors on the surface of effector cells (e.g., NK cell and
macrophage) and these effector cells can then attack the target cells (e.g., NK cells release
cytotoxin to kill the cell and macrophages kill the cell via phagocytosis)
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with conventional chemotherapy significantly improves the overall remission rates
and long-term survival rates of NHL patients [13, 14]. Rituximab (used alone or
combined with chemotherapy) has now become the standard treatment of B-cell
NHL [15]. The use of rituximab greatly improves the life quality of NHL patients,
but there are still many patients who are insensitive or develop resistance to
rituximab, and thus the current challenge lies in how to provide effective therapy for
these patients [16]. Researchers have presented several mechanisms that may cause
rituximab resistance, e.g., downregulation of CD20, blocking the activation of
complement, and impaired rituximab-mediated ADCC, but the exact contribution
of these mechanisms to the clinical phenomenon of rituximab resistance is difficult
to evaluate [17]. Many second generation antibodies (humanized with unmodified
Fc domain to reduce immunogenicity) and third generation antibodies (humanized
with engineered Fc domain to improve the effector functions) have been developed
(e.g., Ofatumumab, Ocrelizumab, Veltuzumab, AME-133V, PRO131921) and
entered the clinical trials [18]. But the true efficacies of these antibodies on ritux-
imab resistance patients remain to be tested in clinical practice [16] and so far none
of the newer anti-CD20 antibodies have been shown to be clinically more effective
than rituximab in a direct comparison [15].

In order to develop anti-CD20 monoclonal antibodies with enhanced potency to
provide effective therapies for the patients who develop resistance to rituximab, we
need to thoroughly understand the underlying mechanisms causing the different
clinical therapeutic outcomes of rituximab treatment. Traditional drug assays are
based on the tests performed on a large number of cells and the results of these cells
are then statistically averaged [19]. This method provides a wealth of information
about cellular processes, but also has obvious disadvantages. The results only
reflect the averaged behaviors of the ensemble cells, and the unique behaviors of
small sub-populations or individual cells are masked [20]. Tumor formation
involves the co-evolution of cancerous cells together with micro-environments,
including extracellular matrix, tumor vasculature and immune cells [21]. The
complex interactions between cancerous cells and micro-environments are impor-
tant causes of tumor heterogeneity. Studies have shown that not only there are
genetic and phenotypic variations between patients with the same tumor type (this
is called intertumor heterogeneity), but also there are differences between the
cancerous cells within the same tumor (this is called intratumor heterogeneity) [22].
This heterogeneity of cancerous cells is closely related to the drug resistance of
tumors in the clinic [23]. In the coming era of precision medicine, the success of
personalized medicine depends on having accurate diagnostic tests that identify
patients who can benefit from targeted therapies [24]. Hence, in 2012, researchers
have pointed out that investigating cell-to-cell variability is a new era in molecular
biology [25]. Probing the physiological activities at the single-cell level can reveal
novel regulatory mechanisms for diverse cellular processes, which may be of great
significance for us to better understand drug resistance of cancers and eventually
achieve the personalized treatment of cancers.
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1.2 Cellular Physiological Properties Detection

Cells are the structural and functional unit of living organisms. As the cytologist
E.B. Wilson said at the outset of his influential book The cell in development and
heredity: the key to all ultimate biological problems must, in the last analysis, be
sought in the cell [26]. Cells are composed of various biomolecules, including
proteins, DNAs, RNAs, carbohydrates, and lipids. These biomolecules interact with
each other to fulfill the various cellular biological functions, and thus maintain the
normal functioning of tissues, organs and living organisms. The cell states are
closely related to the health of living organisms. Deviations of cells from their
normal states may lead to the pathogenic changes of cells, which can then result in
diseases. Hence detecting cellular physiological properties is of great significance
for revealing life mysterious, guiding clinical practice and promoting drug
development.

Observing cellular morphology is one of the most important methods for cell
assays. There are various types of cells in the human body, and each type of cell has
its unique morphology. Cell morphology is closely related to the physiological
functions of the cell [27]. Normal erythrocytes are biconcave disks (Fig. 1.2a) [28],
which facilitates erythrocytes to carry oxygen; neurons are filamentous, which
facilitates them to deliver signal. When pathogenic changes occur inside the cell,
cellular morphology often changes. For sickle cell anemia patients, their erythro-
cytes are sickle (Fig. 1.2b) [28] and the capability of carrying oxygen is only half
that of normal erythrocytes. There are significant differences between the mor-
phology of cancerous cells and their normal counterparts, including geometry (e.g.,
size, volume, shape), cell nucleus (e.g., size, shape, number of nucleus, nucleus-
cytoplasm ratio) (Fig. 1.2c, d) [29], and cell surface ultra-microstructures
(Fig. 1.2e, ) [30]. In fact, the main methods in the clinic for pathological diag-
nosis are based on the cellular morphological observations of paraffin sections.

Recent studies have shown that cell mechanics plays an important role in main-
taining cellular physiological functions [31]. Cells sense the external mechanical
stimuli through the surface proteins and convert the mechanical signals into intra-
cellular chemical signals to regulate the physiological activities of cells [32].

Fig. 1.2 Cellular morphology is closely related to cellular functions. Erythrocytes from healthy
volunteers (a) and from sickle cell anemia patients [28] (b). Nucleus of normal breast cells (¢) and
cancerous breast cells (d). Reprinted with permission from [29]. Copyright 2012 Macmillan
Publishers Limited. Cell surface brush of cervical cancerous cells (e) and cervical normal cells (f).
Reprinted with permission from [30]. Copyright 2009 Macmillan Publishers Limited
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The pathologic changes inside the cell can result in the changes of cellular
mechanical properties [33]. In 2007, Suresh summarized the relationship between
cell mechanics and cancer development [34]. Suresh pointed out that pathologic
changes can result in the changes of cell mechanics (e.g., deformability, cytoad-
herence, stiffness) and induce the changes of cell physiological properties (e.g.,
protein expression, viability, proliferation, locomotion), which eventually cause the
formation of cancers. It is reported that the cancerous cells are significantly softer
than normal cells [35], and the stiffness profile of tumor tissues remarkably changes at
the different stages (normal tissue, benign lesion, invasive cancer) of cancer devel-
opment [36], showing that cell mechanics is a label-free biomarker for indicating
cell states.

Due to the reliable efficacy, low toxicity, and less side effects, molecular targeted
therapy has become an important strategy in clinical cancer treatment. So far more
than 25 monoclonal antibodies have been approved worldwide and novel mono-
clonal antibodies are entering clinical trials at a rate of nearly 40 per year [37, 38],
greatly promoting the development of molecular targeted therapy. In molecular
targeted therapy, monoclonal antibodies bind to the target molecules specifically
expressed on the surface of cancerous cell, which can then deplete the cancerous
cells via immune mechanisms, such as the binding of rituximab to CD20 on
lymphoma cell shown in Fig. 1.1. Antibody-target interactions directly influence
the therapeutic outcomes of antibodies. The larger binding strength between anti-
body molecules and target molecules allows the longer time the antibody molecules
reside on the cell surface, meaning the longer time of actions of antibody molecules.
The larger number of target molecules on cancerous cells can recruit more antibody
molecules binding to the cell surface, which results in enhanced efficacies. Hence,
investigating antibody-target interactions at the single-molecule level can improve
our understanding of antibody actions, which is useful for complementing drug
development.

1.3 Single-Cell and Single-Molecule Techniques

The above text presents the significance of cellular physiological properties
detection (cell morphology, cell mechanics, and molecular interactions). This sec-
tion will review the current typical single-cell and single-molecule techniques.
Looking at the history of exploring cells, we can easily find that our understanding
of cells always deepens with the continuous progress of observation methods.
Before the advent of optical microscope, humans cannot observe the cell, since the
spatial resolution of human eyes is about 0.2 mm, whereas the diameter of most
animal and plant cells is in the range of 20-30 um. The invention of optical
microscope allows cells to be observed by humans. In 1665, English scientist
Robert Hooke, who game us Hooke’s law of elasticity, firstly observed the cell
walls of cork cells using a compound microscope and gave us the word “cell” in his
book Micrographia [39]. In 1674, Dutch businessman Anton Philips van
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Leeuwenhoek firstly observed the living cells via a microscope consisting of a
single high-quality lens. Due to the limit of light wavelength, the limit resolution of
the conventional optical microscope is 200 nm. Though the resolution of improved
optical microscope can reach 100 nm [40], it is still difficult to meet our require-
ments of observing the fine structures of cells, as the single protein molecules on
cell membrane are only several nanometer [41]. In 1931, German physicist Ernst
Ruska invented the electron microscope (EM) [42]. EM obtains the topography of
samples using electron beam whose wavelength is much shorter than that of visible
light. The spatial resolution of EM can be 0.1 nm [43], allowing us to observe the
ultra-microstructures of cells. However, the imaging condition of EM is vacuum
which requires that samples be fixed and dried. Thus EM cannot observe living
cells. Environmental scanning electron microscope (ESEM) can observe samples
containing certain moisture, but there is still a big gap between the conditions in
ESEM (0 °C, 600 Pa pressure) [44] and the real environments (37 °C, standard
atmosphere) living cells reside in. Especially for relatively fragile samples, such as
living cell, ESEM cannot directly image them and often requires chemical fixation
[45]. Besides, the water membrane covered on cell surface usually makes it difficult
to detect the fine structures of cell surface [46], resulting in the low spatial reso-
lution (the maximum resolution was about 1 nm [47]).

In 1986, Binnig et al. [48] invented atomic force microscope (AFM). AFM uses
a cantilever with a sharp tip mounted at its end to raster scan the sample. The
imaging principle of AFM is shown in Fig. 1.3. The deflection of cantilever is
detected by a four-quadrant position sensitivity detector (PSD) that senses a beam
of laser reflected from the backside of the cantilever [49]. According to Hooke’s
law (F = kx, k is the spring constant of the AFM cantilever and x is the deflection of
the cantilever), the interaction force between AFM tip and sample surface is
acquired. The main AFM imaging modes are contact mode and tapping mode.
During the contact mode scanning, according to the feedback control system, the
piezoelectric ceramic driver controls the cantilever to move vertically to maintain a
constant interaction force between AFM tip and sample surface by detecting the

Control
system
l PSD

Laser

Piezoelectric
ceramic

Cantilever ]

Cell
Substrate

L 1

Fig. 1.3 The principle of AFM imaging
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cantilever deflection. The forces involved in tip-sample interactions include van der
Waals attractive force and electronic repulsive force. The contact mode scanning
may cause damage to the sample due to the scratch. Tapping mode scanning
eliminates the influence of lateral force on the sample by intermittently touching the
sample. During tapping imaging, the amplitude of the vibrating cantilever is
detected and the piezoelectric driver moves vertically to main a constant amplitude.
The displacements of the AFM cantilever in vertical direction correspond to the
topographical information of the sample surface. AFM not only has atomic spatial
resolution [50], but also can work in liquids, allowing us to observe the fine
structures of single living cells.

Single-molecule techniques mainly include single-molecule fluorescence method
and single-molecule force measurement method [51]. Typical single-molecule
fluorescence methods include total internal reflection fluorescence microscopy
(TIRFM) [52, 53], fluorescence correlation spectroscopy (FCS) [54, 55], near-field
scanning optical microscopy (NSOM) [56], fluorescence resonance energy transfer
(FRET) [57, 58], and quantum dot (QD) [59]. TIRFM uses the evanescent field
generated by total internal reflection to selectively illuminate the junction area
between two types of optical medium with different refractive indexes (such as glass
and water) and excite the fluorescent molecules within the thin layer of illumination
area (the depth of the illumination area is in the range 50-150 nm [55]). TIRFM has
high signal-to-noise ratio and thus is widely used for observing the dynamic
behaviors of single molecules on cell surface [52, 53]. FCS measures the fluores-
cence intensity of the luminescent particles in the tiny area of the solution caused by
random diffusion or chemical reactions, and then analyzes the changes of fluores-
cence intensity versus time to obtain the information of luminescent particles, such
as concentration and chemical kinetics. FCS is particularly well suited for studying
cell membrane events, as the cell membrane has lower spontaneous motion than do
the cytoplasm and intracellular compartments, and diffusion of molecules within the
cell membrane is slower [55]. NSOM is based on the scanning probe microscopy.
NSOM uses a fiber probe to scan the surface of the sample and maintains the
distance between probe and sample surface stable to yield the images that reflect the
topography of the sample surface. The spatial resolution of NSOM image depends
on the size of the probe aperture (often 50-100 nm [56]). When the target molecules
on the cell surface are fluorescently labeled, the excitation light emitted from the
NSOM fiber probe can be used to detect the behaviors of the target molecules.
In FRET techniques, two different color dyes can be positioned at specific locations
of the protein [58]. Upon radiation of light with the appropriate frequency, the donor
absorbs the radiation and then transfers the energy to the acceptor. When the
molecular conformation changes (that is the distance between the donor and the
acceptor changes), the energy conversion efficiency between the donor and the
acceptor changes, thereby the molecular conformation changes can be sensed by
detecting the energy conversion efficiency. QDs are single crystals whose diameter is
a few nanometers [59]. QDs are inorganic fluorescent dyes. Conventional organic
and genetically encoded fluorophores have broad absorption/emission profiles and
low photobleaching thresholds, and thus cannot long-term mark the molecules [60].
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QDs have high fluorescence intensity, high resistance to photobleaching, broad
excitation spectrum and narrow emission spectrum [61], which make it easy to
identify and track single QDs. QDs are thus well suited for fluorescence imaging of
single molecules. However, QDs cannot pass through the cell membrane. Labeling
of intracellular targets requires delivery of the ODs into cells, either by carriers (e.g.,
lipids) or microjection [55], which is complex and can cause damage to cells.
Single-molecule fluorescence techniques provide powerful tools for probing the
real-time molecular activities of single cells, but there are still many issues needing
to be addressed. The first issue is that current single-molecule fluorescence tech-
niques are commonly focused on the proteins on the cell surface and are not yet
applicable to intracellular proteins [61]. The second issue is that cell autofluores-
cence can disturb the labeled molecules [59]. In addition, commonly used fluores-
cent dyes have low fluorescence brightness and are prone to quench, which influence
the interpretation of experimental results. Though QDs have many advantages
compared with conventional fluorescent dyes, they are prone to be internalized on
cell surface [62] and their toxicity [63] is often not trivial.

Single-molecule force measurement method directly measures forces generated
during molecular activities. Forces are generally involved in life activities.
Biomolecular interactions generate tiny forces ranging from piconewtons to
nanonewtons [64]. These forces drive the progress of various physiological
behaviors, e.g., the folding of the polypeptide into the functional state, stabilizing of
protein structure, supramolecular assembly and ligand binding [65]. The advent of
single-molecule force measurement techniques allows directly measuring the
dynamics of single molecules, which facilitates us to better understand the under-
lying mechanisms guiding life activities. Typical single-molecule force measure-
ment methods include optical tweezers, magnetic tweezers, biomembrane force
probe (BFP), and AFM [66-68]. Light carries both linear and angular momentum
and thus exerts force and torques on matter. Optical tweezers exploit this funda-
mental property to capture objects in a potential well formed by light [69, 70]. For
measuring molecular behaviors by optical tweezers, one end of a protein is linked to
a bead and the other end of the protein is linked to another bead. One bead is held in
place at the end of a micropipette by suction, and the other bead is captured by the
optical trap [71]. By moving the bead on the pipette relative to the bead in the
optical trap, molecules are stretched and relaxed, generating force-extension curves.
The sudden changes in the force-extension curves reflect the unfolding and
refolding of the protein. For manipulating single molecules with magnetic tweezers,
one end of the molecule is linked to the glass surface, and the other end is linked to
a magnetic bead. A pair of small permanent magnets produces a magnetic field
gradient along the axial direction, which results in a force on the bead directed up
toward the magnets [66, 72, 73]. The force is controlled by moving magnets in the
axial direction, which is used to manipulate the molecules. The disadvantage of
optical tweezers is that the high intensity (typically 10°~10'> W c¢m™") at the focus
of the trapping laser results in local heating, which can influence enzymatic activity
and change the local viscosity of the medium [66]. The disadvantage of magnetic
tweezers is that it has limited spatial resolution (only 10 nm) and do not allow full
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three-dimensional manipulation [67]. BFP uses a micropipette-aspirated human
erythrocyte with a glass bead (probe bead) attached to its apex as a force transducer
to measure molecular interactions [74]. The probe bead is coated by ligands.
A target cell is fixed by another micropipette. The target cell is controlled to first
contact the erythrocyte and then retract from the erythrocyte. If the receptors on the
target cell bind to the ligands on the bead of the erythrocyte during the contact, then
the retract process results in the deformation of the erythrocyte. Hence the
receptor-ligand interactions are sensed by detecting the deformation of the ery-
throcyte. The disadvantage of BFP is that multiple receptor-ligand interactions can
occur during the measurement and is relative complex (e.g., it requires preparing
erythrocyte and calibrating the spring constant of the erythrocyte). For measuring
molecular interactions by AFM, ligands are linked onto AFM tip which is then
controlled to obtain force curves on substrate coated by receptors or directly on cell
surface. The receptor-ligand interactions are observed by analyzing the force
curves. Compared with optical tweezers, magnetic tweezers, and BFP, the unique
advantage of AFM is that it can probe and manipulate the single native molecules
on the surface of living cells [75, 76]. Besides, AFM can simultaneously acquire
topography and molecular recognition on the cell surface [77], which facilitates us
to comprehensively understand the behaviors of single molecules on cell surface.
The contrast of the single-cell and single-molecule techniques described above is
summarized in Table 1.1. Among these single-cell and single-molecule techniques,
AFM occupies a unique position. AFM is a micro/nano multifunctional toolbox that
can measure multiple physical parameters (e.g., cell morphology, cell mechanics,
molecular force, molecular distribution on cell surface) of native biological

Table 1.1 Comparison of typical single-cell and single-molecule techniques for detecting the
cellular biophysical properties

Techniques Spatial Force Imaging Measuring | Detecting | Mapping
resolution | resolution | cell cell molecular | molecules
(nm) (pN) topography | mechanics | behaviors | on cell
surface
Optical 100-200 N/A Yes No No No
microscope [40]
Electron 0.2-10 N/A Yes No No No
microscope [75]
ESEM ~1 [47] N/A Yes No No No
Single-molecule | 20-100 N/A Yes No No Yes
fluorescence [55]
AFM 1-50 [75] | 10-10* Yes Yes Yes Yes
[66]
Optical tweezers | 0.1-2 [66] | 0.1-100 No Yes Yes No
[66]
Magnetic 5-10 [66] |107°-10> |No Yes Yes No
tweezers [66]
BFP 2-5 [68] 0.2-0.5 No Yes Yes No
[68]
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Fig. 1.4 Typical single-molecule force measurement techniques. a Optical tweezers. Reprinted
with permission from [71]. Copyright 2005 AAAS. b Magnetic tweezers. Reprinted with
permission from [66]. Copyright 2008 Nature Publishing Group. ¢ BFP. Reprinted with
permission from [74]. Copyright 2014 Elsevier Inc. d AFM. Reprinted with permission from [66].
Copyright 2008 Nature Publishing Group

samples, providing novel insights into cellular and molecular behaviors and pro-
moting the development of nanobiotechnology [78] (Fig. 1.4).

1.4 Nanorobot Based on AFM

In 1959 Novel physicist Richard P. Feynman said in his prescient talk “There’s
plenty of room at the bottom” that we could arrange the atoms one by one the way
we want them [79]. In order to achieve this goal, instruments that can manipulate
single atoms are required. The technology envisioned in Feynman’s talk is now
called nanotechnology. Nanotechnology is the ability to control and restructure the
matter at the atomic and molecular levels in the range of approximately 1-100 nm,
and exploiting the distinct properties and phenomena at that scale as compared to
those associated with single atoms or molecules or bulk behavior [80]. About
30 years after Feynman’s talk, manipulating single atoms becomes true. In 1990,
researchers from IBM company [81] successfully positioned individual xenon
atoms on a single-crystal nickel surface with atomic precision using scanning
tunneling microscope (STM) which was invented in 1981. STM uses a sharp tip to
locate single atoms and carry them to new positions. The advent of STM and its
derivative AFM provides the hand-eye system for manipulating nanoobjects,
opening the door to the nanoworld [82]. At the nanoscale, the behaviors of matter
dramatically change from our living world, which can be exploited for the benefit of
mankind. Control of matter at the nanoscale has already played an important role in
diverse scientific disciplines, including physics, chemistry, materials science,
biology, medicine, engineering, and computer simulation [83]. USA established
national nanotechnology initiative in 2000 and then many other countries (e.g.,
Japan, European Community) announced nanotechnology program [84], greatly
promoting the development of nanotechnology. Now nanotechnology has been
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expected as the ‘next big thing’ with potential impact comparable to the steam,
electricity or Internet revolutions [85], which is presenting new opportunities for
upgrading traditional industries [86].

Nanotechnology allows us to conceive manufacturing tiny products with special
functions based on precisely manipulating atoms and molecules. Such a tiny device
is nanorobots. In the movie Fantastic Voyage (1966), a submarine and its crew
were miniaturized and injected into the bloodstream of a wounded diplomat to save
his life [87]. The tiny submarine described in Fantastic Voyage is the prototype of
nanorobots [88]. Currently in the field of robotics, nanorobots are divided into two
categories. The first type is the robots that are nanoscale in size [89]. However, the
proposed nano-sized robots (e.g., artificial erythrocyte [90], medical nanorobotics
for diabetes control [91]) are still in the conceptual stage. Currently, it is chal-
lenging to fabricate a nanorobot capable of performing even a simple medical task
by traditional engineering method [92]. Biological nanomaterials have been
exploited to construct complex “machinery” capable of actuation, propulsion,
sensing, computation, and decision making [93]. In 2012, Douglas et al. [94] used
DNA molecules to create a nanorobot (35 x 35 x 45 nm) which can deliver drugs
to target cancerous cells and the results showed that nanorobots can induce a variety
of tunable changes in cell behavior, practically opening the door to the applications
of nanorobotic medicine, such as killing cancerous cell, cleaning clogged arteries,
repairing tissues, and crushing stones that form inside organs [95]. The other type of
nanorobot is a large robot that can be used to manipulate nanosized objects, often
called a nanomanipulator [89]. The overall nanomanipulator system size can be
very large, while only the manipulation tools, manipulated objects, and sensing,
actuation, and manipulation precision are required to be at the nanoscale [96].
Nanomanipulator systems are constructed by using new material, fabrication,
sensing, actuation, control, and assembly techniques due to the new situations (such
as new physics, scaling effects, quantum effects and precision requirements) at the
nanoscale [83]. So far typical nanomanipulators are based on scanning electron
microscopy (SEM), ESEM or AFM [44, 97, 98]. The disadvantage of SEM-based
nanomanipulator is that it requires the sample dried and fixed, meaning that it
cannot handle living cells. Though ESEM can manipulate samples containing some
moisture, currently living cells cannot be observed by ESEM under the physio-
logical conditions [99]. In contrast, AFM can work in liquids, enabling robotic
manipulations on single living cells under physiological conditions [87], such as
drug injection [100], nanodissection [101], nanoindentation [102] and nanovisu-
alization [103]. Hence, AFM-based nanomanipulator is particularly suited for
biological applications at the nanometer scale. For simplicity, AFM-based nanor-
obot is used in the following to indicate AFM-based nanomanipulator.

Early AFM-based nanorobot lacks real-time feedback and is with low efficiency.
We have developed AFM nanorobot system that has real-time haptic and visual
feedback based on augmented reality [104—106], as shown in Fig. 1.5a). Using the
augmented reality environment, the operator can sense the real-time contact force of
the nano-objects being manipulated by the AFM tip (end effector) and also watch the
real-time AFM images of the nanomanipulation [87]. The operator can determine the
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Fig. 1.5 AFM-based nanorobotic system and its applications. a System configuration [87].
b Pushing nanoparticles to form “SIA” pattern [107]. ¢ Carving Olympic emblem [107]. d Pushing
carbon nanotube onto the micro electrodes [107]. e Cutting surgery on single living neuron cell [108].
Circles indicate the cutting positions. f Cutting DNAs [108]. Arrows indicate cutting directions

next manipulation strategy based on the haptic and visual feedback results. The
advantage of human-in-the-loop (closed-loop) nanorobot system is that we can
perform serial manipulations without AFM imaging, thus greatly improving the
efficiency of nanomanipulation. Since AFM only has one tip as an end effector and,
therefore, can only apply a point force to the nano-object, it is difficult to achieve
stable manipulation, especially when working with rod-shaped objects. Recently, we
have developed a nanohand-manipulation strategy (using a single tip to mimic the
manipulation effect that a multi-AFM tip can achieve through planned high-speed
sequential tip pushing) to stably transfer nano-objects [106]. Experiments using zinc
oxide (ZnO) nanorods demonstrated the efficiency and reliability of the
nano-hand-manipulation method. The AFM-based nanorobot can perform various
manipulations, for example, pushing nanoparticles to form special patterns
(Fig. 1.5b), carving pattern on substrate (Fig. 1.5¢), pulling carbon nanotube to form
microelectric chip (Fig. 1.5d) [107], cutting single living cells (Fig. 1.5¢) and single
DNAs (Fig. 1.5f) [108].

1.5 Opportunities and Challenges

In 2009, Susan Hockfield, the president of the Massachusetts Institute of
Technology, said in the AAAS Forum that the third revolution in life sciences, the
convergence of life sciences, physical sciences, and engineering, is taking place
[109]. In the past decades, new scientific techniques and instruments (e.g., electron
microscope, X-ray computed tomography, nuclear magnetic resonance imaging,
positron emission tomography) developed by physicist and engineers have been
widely utilized both in revealing molecular behaviors and biomedical applications.
In recent years, new single-molecule techniques are continually emerged, which
greatly promote the progress of life sciences. Many systems which are inaccessible
by traditional ensemble experiments (e.g., molecular transcription in single cells
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[110], conformational changes of single native proteins [111], rotary dynamics of
single rotor protein [112], and walking of single myosin molecule along the actin
[113]) are now acquiring significant achievements due to the applications of
single-molecule techniques. The deep penetration and convergence of life sciences,
physical sciences, and engineering has become an important trend in the develop-
ment of science and technology. This convergence will not only affect life sciences,
but will also revolutionize science and technology, and thus affect human life.

AFM-based nanorobotics is a new emerging area in the field of robotics and
automation. It has unique advantages such as accessing to small areas, increased
flexibility, functionality and robustness, and being low cost [114]. The third rev-
olution of life sciences presents biomedical nanorobotics with unprecedented
opportunities. It combines the established theory and techniques of robotics with
nanoscale technology to significantly improve the quality of our lives [115].
However, applying robotics to investigate cell behaviors at the micro/nano scale is
quite different from the robotics at the macro scale [1]. In the pipeline of automotive
industry, the automotive parts are designed manually and have the same sizes,
which facilitate the industrial robots to perform repetitive tasks. While cells are
highly heterogeneous and different cells have different properties (e.g., shape,
density, size, stiffness, deformability), meaning that the objects being manipulated
by micro/nano robots are very unstructured. Besides, cells are dynamic (various
metabolic activities take place within cells during the life of cells), which results in
the temporal heterogeneity. Investigating cellular variability has recently been
considered to be a new era in molecular biology, which can reveal novel regulatory
mechanisms for cellular processes [25]. The daunting challenge in life sciences is to
determine which components of the observed cellular heterogeneity serve a bio-
logical function or contain meaningful information [20]. Consequently, cellular
variability presents difficulties when applying micro/nano automation technology to
detect the behaviors of cells.

In order to develop a micro/nano automation system for detecting cancerous
cells prepared from individual patients, there are many technical challenges needing
to be addressed, mainly including automated cell isolation and delivery, automat-
ically acquiring the physiological features of cells, and data analysis [1], as shown
in Fig. 1.6. After preparing the clinical biological samples (e.g., biopsy tissues
acquired by surgery, bone marrow acquired by aspiration, and peripheral blood
extracted from vessels) from clinical patients, cancerous cell isolation methods are
applied to collect cancerous cells which are then delivered to the micro/nano
automation pipeline. Micro/nano robots automatically perform sequential manipu-
lations on the cells in the pipeline. Like industrial robots in the automation pipeline
of automotive industry, each micro/nano robot performs a specific task, e.g.,
delivering or injecting drugs onto/into the cell, indenting the cell, visualizing the
cellular structures, and probing the target molecules on cell surface. After the
robotic manipulations, the detection results of each cell in the pipeline are recorded.
By modeling the process of robotic detection and analyzing the detection data,
quantitative cellular features (e.g., surface roughness, surface topography,
mechanical properties, and target molecules’ properties) are obtained. By inputting
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Fig. 1.6 Flowchart of automated drug susceptibility test in personalized cancer treatment based
on label-free micro/nano robotics [1]

these quantitative parameters into the database and according to the relation models,
the changes of cellular biological functions (e.g., viability, proliferation, the ability
of deformation, adherence and locomotion [34]) are acquired, which are then used
for drug evaluation and doctor decision making (e.g., recognizing the potential
sensitive drugs for the patient). After decision making, the potential sensitive drugs
are used for the clinical therapy of the patient.

1.6 Thesis Contents and Chapter Organization

In this thesis, by combining engineering with medicine, AFM-based nanorobot was
used to investigate the clinical rituximab actions from three aspects (imaging cell
topography, measuring cell mechanics, and recognizing molecular interactions) to
address the problem of variable therapeutic outcomes between different patients in
the lymphoma rituximab targeted therapy and expand the biomedical applications
of nanorobotics. This thesis focuses on the investigations of the following four
issues (as shown in Fig. 1.7). The first issue is the cell immobilization method in
liquids for AFM observation. The ideal condition for AFM detection is that the
position of the sample relative to the AFM tip is constant. However, the membranes
of mammalian cells are very soft and dynamic [99], which makes it difficult to
observe the living cells with molecular resolution. Hence appropriate methods are
required to decrease the influence of cell membrane movement on AFM detection.
The second issue is the dynamic changes of cell mechanics in the development and
clinical therapy of lymphoma. Recent studies have shown that cell mechanics is a
novel biomarker for indicating cell states [34-36], but so far the role of cell
mechanics in lymphoma rituximab therapy is unknown. Hence utilizing
AFM-based nanorobot to detect cell mechanics in lymphoma rituximab therapy
may provide novel insights into lymphoma and rituximab actions. The third issue is
quantitatively probing the behaviors of target molecules on cell surface. As shown
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Fig. 1.7 Research frame of the thesis

in Fig. 1.1, various molecular interactions take place during the actions of ritux-
imab. In order to better understand the efficacies of rituximab, probing the target
molecules on the cell surface is indispensable. Finally is the applications on clinical
biopsy samples. Cell lines grown in vitro are quite different from the cells in the
human body. In order to examine the translational significance of AFM-based
nanorobotics, primary cancerous cells from clinical lymphoma patients need to be
prepared and tested.

The chapter organizations are following:

Chapter 2 presents studies on developing immobilization methods for observing
living mammalian suspended cells by AFM nanorobotics. A review of the current
status of living cell imaging by AFM was presented firstly, along with the estab-
lishment of single-cell experimental platform based on AFM and its applications on
imaging adherent cells. Next, according to the characteristics of mammalian sus-
pended cells, immobilization methods based on micro-pillar/micro-well mechanical
trapping and poly-L-lysine electrostatic adsorption were developed to visualize the
fine structures of single living lymphoma cells.

Chapter 3 presents studies on measuring the mechanical properties of single cells
by AFM nanorobotics. First, the motivation of single-cell mechanical assay was
presented, along with a review of the current status of measuring cell mechanics
by AFM. Then the principle of measuring cell mechanics by AFM was detailed.
Next, single micro-spheres were attached onto the AFM cantilever via AFM
micro-manipulation and the fabricated sphere probes were used to measure the
Young’s modulus of different types of cancerous cells with variable aggressive
capabilities.

Chapter 4 presents studies on single-molecule recognition and force measure-
ments by AFM nanorobotics. First, the motivation of AFM in investigating
membrane proteins was presented, along with a review of the current status of
measuring molecular interactions by AFM. Then the principle and method of
measuring the binding force of single molecular pair was detailed. Next, AFM tip
functionalization and verification were presented. The functionalized tips were then
used to measure the molecular interactions between rituximab and CD20.
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Chapter 5 presents studies on mapping single proteins on cell surface by AFM
nanorobotics. The current status of observing the distributions of target molecules
on cell surface was firstly reviewed. Next, the introduction of peak force tapping
(PFT) mode was presented. With the use of functionalized tips, purified proteins on
mica and native proteins on lymphoma cell surface were recognized at PFT mode.
Quantitative cluster information of target molecules was calculated from the
recognition images.

Chapter 6 presents studies on the applications of the established AFM single-cell
and single-molecule methods in lymphoma rituximab therapy. First, the dynamic
changes of cellular morphology and cellular mechanics in the three killing mech-
anisms (PCD, ADCC, CDC) of rituximab were investigated. Then the binding
affinities and distributions of two target molecules (CD20 on lymphoma cell and Fc
receptor on effector) were detected on primary cancerous cells and effector cells
prepared from the bone marrow of clinical lymphoma patients based on the
fluorescence recognition of specific cell surface markers. Next, the relationships
between AFM-obtained results and clinical rituximab efficacies were analyzed.

Chapter 7 is the conclusion and future work of the thesis.
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Chapter 2
Immobilization Methods for Observing

Living Mammalian Suspended Cells
by AFM

Imaging cellular topography is the basic application of AFM in cell biology. The
studies about AFM cell imaging began in the early 1990s [1]. According to the
different imaging environments, AFM cell imaging can be divided into two types,
including imaging cells in air and imaging cells in liquid. For imaging cells in air, cells
are chemically fixed to maximally maintain the native structures of the cells. The most
commonly used chemical fixatives are 2.5% glutaraldehyde and 4% paraformalde-
hyde [2]. In 2005, Yang et al. [3] used AFM to image the interactions between
nanoparticles and cells in air based on glutaraldehyde fixation and AFM images
clearly showed the endocytosis of nanoparticles taking place during the process of
internalization. In 2009, Wu et al. [4] investigated the membrane surface nanostruc-
tures of T lymphocytes by AFM imaging in air based on glutaraldehyde fixation,
revealing that there were significant differences in the nanoscale cellular topography
between resting T lymphocytes and activated T lymphocytes. The process of imaging
chemically fixed cells in air is simple and the recorded AFM images are often with
high spatial resolution, which is useful for visualizing the detailed structures of cell
surface. However, the drying process can inevitably cause the changes of cellular
structures, which produces difficulty in the interpretation of the obtained AFM ima-
ges. Besides, in many cases, researchers are more interested in living cells, since the
results from living cells can better reflect the real situations and allow investigating the
real-time dynamics of cellular fine structures during physiological activities.

2.1 Current Status of Immobilizing Living Cell
for AFM Imaging

The prerequisite of imaging living cells by AFM is immobilizing living cells firmly
on a substrate to resist the lateral forces exerted by the scanning tip [5]. For the
different cell types, the immobilization methods are varied. Adherent cells (e.g.,
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fibroblasts, epithelial cells, and neurons) can directly grow on the substrate (e.g.,
petri dish, glass slide), and thus they can be imaged by AFM after being cultured for
1 or 2 days on the substrate [6]. Sometimes the substrate is coated by a layer of
poly-L-lysine to promote cell adhesion [7]. For microbial cells (e.g., bacterium,
yeast), they cannot naturally adhere to the substrate. Electrostatic adsorption method
and porous polymer membrane method are commonly used to immobilize microbial
cells [8]. In electrostatic adsorption, positively charged macromolecules such as
poly-L-lysine are coated on the substrate so that the negatively charged microbial
cells readily adsorb. Alternatively, cell suspensions are filtered through a porous
polymer membrane by an injector, which can trap microbial cells in the pores of the
polymer membrane. The polymer membrane is then attached to a substrate with
double-sided adhesion tape. It should be noted that the porous polymer membrane
immobilization method is based on commercial membranes and is thus best suited
for round-shaped microbial cells whose sizes are comparable to the pore size. It is
not well suited for rod-shaped cells [9]. In 2010, Fantner et al. [10] used high-speed
AFM to image the morphological dynamics of Escherichia coli cells based on the
poly-L-lysine method, clearly revealing the rougher of the cell surface after the
stimulation of antimicrobial peptide. In 2010, Andre et al. [11] used the porous
polymer membrane to immobilize the living Lactococcus lactis cells and observed
the nanoscale organization of the peptidoglycan in the cell by AFM imaging.

The electrostatic adsorption and porous polymer membrane methods are not
applicable for mammalian suspended cells (e.g., blood cells) which are much larger
than microbial cells and have soft surface (microbial cells have stiff cell walls). There
are no commercially available polymer membranes whose pores are comparable to
the size of mammalian suspended cells. Researchers have used microwells fabricated
in the silicon substrate to trap mammalian suspended cells (e.g., leukamia cells [12],
chondrocytes [13]) for measuring cell mechanics. Although the microwells can help
cells to withstand the lateral forces exerted by scanning tip, in the vertical direction
there are no forces to attach the cells to the bottom of the well, causing that cells in
the wells can easily be moved when being probed by AFM tip. Currently, the spatial
resolution for AFM imaging of mamalian cells is only about 50 nm [14]; this is
because the cell membranes are soft and dynamic in nature, which in turn causes the
scanning tip to deform the cell membrane. Besides, there are adhesive interactions
between the AFM tip and cell membrane [15]. All of these factors seriously influ-
ence the resolution of AFM imaging of mammalian cells and so far it has not been
able to resolve single proteins on living cells.

2.2 Biological Experiment Platform Based on AFM
Nanorobot

The biological experiment platform based on AFM nanorobot developed here
includes AFM (Bruker, Santa Barbara, USA), cell incubator (Thermo Fisher,
Waltham, USA), biological safety cabinet (Thermo Fisher, Waltham, USA), optical
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Fig. 2.1 AFM nanorobot biological experiment platform. Cells cultured in the CO, incubator are
transported to the biological safety cabinet for sample preparation, and the samples are then
transported to AFM for experiments, such as imaging cellular topography, measuring cellular
mechanics, and recognizing molecular interactions on cell surface

microscope (Nikon, Tokyo, Japan), centrifuge (Zonkia, Hefei, China), refrigerator
(Zhongke Meiling, Hefei, China), ultrapure water system (Millipore, Billerica,
USA), and water bath, as shown in Fig. 2.1. Cell incubator provides the environ-
ment (37 °C, 5% CO,) for cellular survival and proliferation in vitro. Cell culture
mediums provide necessary nutrients that promote cell growth. Ultrapure water
provides sterile deionized water for cell assay. The cell culture medium is stored in
the refrigerator at 4 °C. The cell culture medium is heated to 37 °C in the water
bath before being used. Optical microscope is used to observe the growth state of
cells to judge whether or not cell passage is needed. The biological safety cabinet is
used for related manipulations in the experiments, such as preparing cell culture
medium, drug stimulation, and fluorescence staining. Centrifuge is used to harvest
cells, which are then delivered to the workspace of AFM for various experiments.

With the established biological experiment platform, three types of adherent
cells (MCF-7 human breast cancer cell line, HeLa human cervical cancer cell line,
U251 human glioblastoma cell line) were imaged, as shown in Fig. 2.2. Under the
guidance of optical microscope (Fig. 2.2a—), the AFM probe was moved to the
living cells to perform contact mode imaging. The three types of cells (MCF-7,
HeLa, U251) firmly adhere to the substrate, which allows them easily imaged by
AFM. Figure 2.2d, g are the AFM height image and corresponding deflection
image of MCF-7 cells respectively. The scan size was 100 um. We can see that four
MCEF-7 cells clustered together. MCF-7 cells were triangular or polygonal, and
cellular edges were obviously discernible. Figure 2.2e, h are the AFM height image
and corresponding deflection image of HeLa cells respectively. The scan size was
80 um. Nine HeLa cells which adhered to the substrate were visible. Figure 2.2f;, i
are the AFM height image and corresponding deflection image of U251 cells
respectively. The scan size was 120 pm. Comparing the three types of cells, we can
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Fig. 2.2 AFM contact mode images of living adherent cells. (a—¢) Under the guidance of optical
image, the AFM tip was moved to the cells. (d—f) AFM height images of MCF-7 cells d, HeLa
cells e, and U251 cells f. (g-i) Corresponding AFM deflection images of MCF-7 cells g, HeLa
cells h, and U251 cells i

see that MCF-7 and HeLa cells had polygonal shape, while U251 cells were
fusiform. This morphology structure caused that the diameter of U251 cells along
the long axis was significantly larger than the size of MCF-7 and HeLa cells.
Collectively, adherent cells can naturally grow and spread on the substrate, and thus
facilitates AFM imaging on them.

2.3 Immobilizing Mammalian Suspended Cells
by Micropillar Array

In order to image mammalian suspended cells, here an immobilization method
combining micropillar mechanical trapping in the horizontal direction and
poly-L-lysine electrostatic adsorption in the vertical direction was developed. Based
on the method, AFM images of fine structures of lymphoma living cells were
successfully recorded at tapping mode, and the schematic diagram is shown in
Fig. 2.3. Current immobilization methods only consider trapping cells in the hor-
izontal direction [12, 13]. Cells are still motile in the vertical direction, which
makes it difficult to image the cell topography with AFM. Here micropillar array
chip was fabricated on the silicon substrate which was then covered by a layer of
poly-L-lysine, allowing cells trapped in both horizontal and vertical directions.
Since cell surface was soft, tapping mode which can efficiently eliminate the
influence of lateral forces exerted by the scanning tip on imaging was adopted.
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Fig. 2.3 Immobilizing mammalian suspended cells by micropillar trapping and poly-L-lysine
electrostatic adsorption. Cellular morphology was acquired by AFM tapping mode imaging

The micropillar array chips were fabricated by photolithography technology
[16]. The fabrication process includes photoresist application, exposure, etching,
and stripping, as shown in Fig. 2.4a. Figure 2.4b is the photograph of a chip. The
length, width, and height of a chip was 20, 10, and 1 mm respectively. The pillar
height was 5 pm, and the pillar diameter was 10 pm. Because of the variable cell
sizes, the distance between two adjacent pillars was designed with three sizes (5, 10,
15 pm). The chips were imaged by SEM and AFM. From the SEM images
(Fig. 2.4c, d), we can see the ordered pillars. Figure 2.4e—g are the AFM height
image, three-dimensional image, and section profile of the pillars respectively,
showing that the actual height of the pillar was about 4 um.
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Fig. 2.4 Fabricating micro-pillar array chips with photolithography. a Fabricating principle.
b Photograph of micro-pillar array chip. ¢ SEM image of micro-pillar array. d SEM image of one
unit of micro-pillar. (e, f) AFM images of micro-pillar unit. e Height image. f Three-dimensional
image. g A section profile of two pillars
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2.4 Imaging Living Mammalian Suspended Cells Based
on Micro-Pillar Immobilization

In order to examine the effectiveness of the presented method, lymphoma Raji cells
(a type of mammalian suspended cell) were used for tests. The experimental pro-
cedure was following. (1) Raji cells were cultured in RPMI-1640 medium con-
taining 10% fetal bovine serum at 37 °C (5% CO,) for 24 h. (2) Dilute 0.1%
poly-L-lysine 10 times with Milli-Q ultrapure water (18.2 MQ cm) and then drop
the poly-L-lysine solution onto the pillar chips and stored at room temperature for
air drying. (3) Add 5 ml of cell suspension into an eppendorf tube and centrifuge
for 5 min at the speed of 1000 r/min. (4) After the centrifugation, the supernatant of
the eppendorf tube was removed and then 1 ml fresh PBS was added into the tube.
After stirring the solution with a pipette, a drop of solution was placed onto the
poly-L-lysine-coated pillar array chip and incubated for 1 min. (5) The chip was
attached to a glass slide using a small piece of double-sided adhesive tape and then
placed into a Petri dish containing PBS. (6) After placing the Petri dish on the
sample stage of AFM, AFM imaging was immediately performed. Under the
guidance of optical microscope, AFM probe was moved to the cells trapped by
pillars. The SizN4 probe with a nominal spring constant of 0.12 N/m was used.
Imaging was performed in tapping mode with a driving frequency of ~9 kHz. The
scan rate was 0.5 Hz. The scan line was 256 and the sampling point for each scan
line was also 256.

Figure 2.5 shows the results of imaging living Raji cells by AFM tapping mode
based on the presented cell immobilization method. Figure 2.5a is the schematic
diagram of trapping cells by pillars. Figure 2.5f is the optical image. Large-size
scan was performed first to acquire the topography of the whole cell, and then
small-size scan was performed to acquire the topography of the cellular local area.
Figure 2.5b—e was the AFM height image, phase image, amplitude image, and
three-dimensional image of a whole Raji cell respectively. The scan size was
40 um. Figure 2.5f—1 was the AFM height image, phase image, amplitude image,
and three-dimensional image of the cellular local area respectively. The scan size
was 4 um. We can see that the Raji cells trapped by pillars could be imaged by
AFM. Cells adhered to the substrate in the vertical direction by poly-L-lysine.
Pillars trapped cells in the horizontal direction. This allowed the three-dimensional
immobilization of the cells. The imaging results showed the corrugated surface of
the living Raji cell. Poly-L-lysine electrostatic adsorption alone can attach mam-
malian suspended cells onto the substrate, but this adsorption is too weak to acquire
AFM images on living cells. We have performed AFM imaging on living Raji cells
attached on the substrate by poly-L-lysine, and the results showed that the scanning
tip could easily move the cells on the substrate (data not shown). Collectively, the
experimental results confirmed that the proposed method was suited to trap living
mammalian suspended cells for AFM imaging.
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Fig. 2.5 AFM imaging of lymphoma living cells based on the immobilization of pillar
mechanical trapping and poly-L-lysine electrostatic adsorption [16]. a Principle of mechanical
trapping by pillars. (b-e) AFM images of a whole cell. b Height image. ¢ Phase image.
d Amplitude image. e Three-dimensional image. f Under the guidance of optical image, AFM tip
was moved to the trapped cell. (g—j) AFM images of local area on the cell surface. g Height image.
h Phase image. i Amplitude image. j Three-dimensional image

2.5 Imaging Living Mammalian Suspended Cells Based
on Micro-Well Immobilization

Based on the micropillar chip, polydimethylsiloxane (PDMS) microwell chips were
fabricated. Unlike traditional micro-fabrication materials, such as silicon and glass,
PDMS is a low-cost material, and PDMS molding processes are simple and rapid
[17]. Therefore, we explored fabricating PDMS microwell chips to trap mammalian
suspended cells based on the micropillar mold [18]. Liquid PDMS was poured into
the pillar mold that was then placed into an 80 °C oven for 2 h. After being
separated from the mold, the solid PDMS well chips were acquired. Figure 2.6a is a
photo of a PDMS-fabricated well chip and Fig. 2.6e is an optical image of the
ordered wells. The height and diameter of the well was 10 and 20 pm respectively.
Because PDMS is hydrophobic, the wells should be made hydrophilic before being
used for cell immobilization. Hydrophobic wells had rounded drops of PBS, as
shown in the AFM images in Fig. 2.6b, c. From the line profile (Fig. 2.6d), we can
see that the rounded drop exhibited a parabola shape. If the rounded drop was in the
well, cells pushed by the AFM probe could not sink into the well. Several methods
can make the PDMS surface hydrophilic, such as plasma cleaning and concanavalin
A [19]. We used oxygen plasma to clean the chip for 2 min to make the PDMS
surface more hydrophilic, which then allows cells to settle into the wells. AFM
images of the chip after being cleaned by oxygen plasma are shown in Fig. 2.6f, g.
From the line profile in Fig. 2.6h we can see that the surface wettability of the
PDMS ship was enhanced and the rounded drop vanished.

By combining the PDMS microwells and poly-L-lysine electrostatic adsorption,
living Raji cells were immobilized for AFM imaging and the results are shown in
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Fig. 2.6 PDMS-fabricated wells and hydrophilic treatment [18]. a PDMS well chip. b-¢ AFM
images of the PDMS well before plasma cleaning. b AFM Height image and corresponding
¢ deflection image. d Line profile. e Optical image of the wells. f and g were the AFM images of
PDMS wells after plasma cleaning. f AFM height image and corresponding g deflection image.
h Line profile

Fig. 2.7. Figure 2.7a is the schematic diagram of the immobilization based on
microwells. The well can help the cells withstand the lateral scanning force and the
poly-L-lysine vertically fixes the cells in the well. AFM images were recorded at
tapping mode in PBS. The driving frequency of the cantilever was 9.5 kHz. The scan
rate was 0.3 Hz. The scan line was 256 and the sampling point for each scan line was
also 256. With the assistance of optical image (Fig. 2.7e), the AFM tip was moved
onto a cell trapped in a well (denoted by the circle). Figure 2.7b, d, f shows the AFM
height image, three-dimensional rendering of the height image, and phase image of
the whole cell, respectively. Figure 2.7c, g, h shows the AFM phase image, ampli-
tude image and the three-dimensional rendering of the height image of a local area on
the cell, respectively. In the local area, the cell exhibited a rough and corrugated
morphology. If the well was not coated by poly-L-lysine, we found that cells in the
wells moved during AFM scanning. Poly-L-lysine thus provides an adhesive force
between the cell and the bottom surface of the well. The quality of the AFM images of
the whole cell are not as good as those obtained when we used micro-fabricated
pillars with electrostatic adsorption to immobilize living Raji cells (Fig. 2.5). This
may because that silicon is hydrophilic, while PDMS is hydrophobic. Though
oxygen plasma treatment can increase the hydrophilicity of PDMS, thare are still
significant differences between silicon and PDMS. Furthermore, silicon is stiff, while
PDMS is soft, which may also affect the immobilization. Compared with the images
of the whole cell (Fig. 2.7b, d, f), the image quality of the reduced area scans
(Fig. 2.7c, g, h) was remarkably improved. This is because that as the scan size
decreased, the influence of cell membrane movement decreased ant thus the image
quality increased.

The proposed micropillar/microwell immobilization methods can be used to
immobilize living mammalian suspended cells for AFM imaging, but notably the
acquired AFM images have limited spatial resolution. This is because that the
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Fig. 2.7 Imaging living Raji cells trapped in PDMS wells in PBS [18]. a Principle of well-based
trapping. b Height images of the whole cell. ¢ Phase image of the cellular local area.
d Three-dimensional image of the whole cell. e AFM probe was moved to the trapped cell
(denoted by the circle) under the guidance of optical image. f Phase image of the whole cell.
g Amplitude image of cellular local area. h Three-dimensional image of the cellular local area

micropillar/microwell immobilization only eliminates the influence of the whole
cell on AFM imaging, but cannot eliminate the influence of cytomembrane
dynamics on AFM imaging. Dague et al. [19] have used PDMS stamps to trap
microbial cells (Saccharomyces cerevisiae yeasts and Aspergillus fumigatus fungal
spores) for AFM imaging. Microbial cells have stiff cell walls, which allows easier
acquisition of high quality of AFM images. In contrast, it is challenging to obtain
high quality images of softer and larger mammalian suspended cells, since they are
easily deformed by the scanning probe [14]. To increase the AFM spatial resolu-
tion, methods that can inhibit the dynamics of the cell membrane are required, such
as using films which contain small pores of ~ 100 nm diameter [20]. Cell surface
exposed to the pores are relatively rigid and therefore may be imaged. In addition,
since the AFM tip can easily deform the soft cell membrane, non-contact AFM
imaging techniques, such as scanning ion conductance microscopy (SICM) [14],
may potentially improve the spatial resolution of living cell imaging. Novak et al.
[21] have used SICM to image the surface living cells with high spatial resolution
(about 20 nm). SICM can provide the true topography of soft cells [22], which
significantly complements AFM imaging.

2.6 Summary

(1) Biological experiment platform based on AFM nanorobot was established,
which was used to image the topography of three different types of living
adherent cells.

(2) An immobilization method based on micropillar mechanical trapping and
poly-L-lysine electrostatic adsorption was developed, which allowed the
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efficient immobilization of mammalian suspended living cells in both hori-
zontal and vertical directions and AFM images of living lymphoma Raji cells
were acquired.

(3) Based on the micropillar, PDMS microwell chips were fabricated. By com-

bining microwell mechanical trapping with poly-L-lysine electrostatic adsorp-
tion, living Raji cells were immobilized for successful AFM imaging.
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Chapter 3

Measuring the Mechanical Properties
of Single Cells by AFM

Cell mechanics plays an important role in regulating cellular physiological activi-
ties. Cells within tissues are continuously exposed to mechanical cues including
hydrostatic pressure, shear stress, compression force, tension force, and extracel-
Iular matrix stiffness [1, 2]. Cells dynamically respond to the stimulation of these
mechanical cues by modifying their behaviors and remodeling their microenvi-
ronments [1]. This response is important in embryonic development as well as adult
physiology, and is involved in many diseases, including atherosclerosis, hyper-
tension, osteoporosis, muscular dystrophy, and cancer [3]. The interactions between
cells and mechanical cues are often accompanied by the changes of cellular
mechanical properties which have been shown to be effective biomarkers for
indicating the pathological changes of cells [4]. For example, studies have found
that red blood cells (RBCs) obtained from patients with malarial or sickle cell
anemia are found to be stiffer and more viscous compared with healthy RBCs [5].
When normal cells become cancerous cells, the cellular elastic modulus signifi-
cantly decreases: cancerous cells are more than 70% softer than benign cells [6].
The elasticity of cancerous cells is closely related to their metastatic ability:
aggressive cancerous cells are softer than indolent cancerous cells [7, 8]. Hence
detecting cell mechanics is attracting the attention of researchers for its potentials in
complementing clinical medicine diagnosis. So far the diagnosis of cancer mainly
relies on the morphological assay of biopsy cells, which is a very complex process,
involving surgically removing tissue samples, staining and optical observation [9].
Besides, this method is not always 100% accurate because of the overlap between
normal cells and cancerous cells on morphology at times. The detection of cellular
mechanical properties can potentially be a useful complement to the traditional
morphological assay. A study by Reich et al. [10] has shown that there were no
significant differences in morphology between the diseased dermal fibroblasts from
scleroderma patients and normal dermal fibroblasts from healthy donors, but dis-
eased fibroblasts had reduced elastic constant than healthy fibroblasts, demon-
strating the active role of detecting cellular mechanical properties in recognizing
pathological cells. Plodinec et al. [11] have showed that there are significant
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differences in stiffness maps between normal breast tissues, benign breast tissues
and malignant breast tissues, confirming the indicative role of cell mechanics in
cellular physiological processes.

3.1 Current Status of Measuring Cell Mechanics by AFM

AFM was initially utilized to measure the mechanical properties of biomaterials in
the early 1990s [12-15]. In 1992, Tao et al. [13] measured the local Young’s
modulus of cow tibia, and the experimental results proved that quantitative data on
the mechanical properties of biomaterials can be obtained with unprecedented
resolution by AFM. In 1995, Radmacher et al. [14] measured the Young’s modulus
of mica coated with gelatin films in different liquids (including water, propanol, and
mixtures of the two liquids), showing that the measured Young’s modulus of
gelatin varied from 20 kPa to 0.1 GPa depending on the ratio of propanol to water.
In 1991, Maivald et al. [15] simultaneously obtained the height image and stiffness
image of the carbon fibre and epoxy composite by AFM force modulation tech-
nology and the results revealed the mechanical variations between the two mate-
rials, showing the potential of AFM in directly investigating the relationships
between structural and mechanical properties of biomaterials. Since the mid-1990s,
researchers began to utilize AFM indentation technique to measure the mechanical
properties of living cells [16, 17]. In 1994, Hoh et al. [16] investigated the mor-
phology and mechanical properties of Madin-Darby canine kidney (MDCK) cells,
showing that the spring constant of MDCK cells was about 0.002 N/m. In 1996,
Radmacher et al. [17] quantified the Young’s modulus of human platelets by
adhering them to the glass substrate and the results showed that the Young’s
modulus of human platelets were in the range of 1-50 kPa. With AFM indentation
technique, we can monitor the dynamics of cell mechanics either by adding
chemical molecules that can alter the cells or activate particular cellular biological
activities. In 2000, Rotsch et al. [18] monitored the real-time changes of cellular
Young’s modulus after the addition of drugs and the results showed that the dis-
aggregation of cytoskeleton proteins can cause the significant changes of cellular
Young’s modulus. In 2009, Cuerrier et al. [19] monitored the changes of Young’s
modulus of human umbilical vein endothelial cells (HUVEC) after the stimulation
of thrombin and bradykinin, showing that the two physiological agonists can make
HUVEC stiffen. By combining AFM with confocal microscopy, in 2009, Pelling
et al. [20] investigated the mechanical dynamics of single fibroblasts during early
apoptosis. In 2009, Hu et al. [21] measured the Young’s modulus of lymphocytes in
different states (using drug molecules to control cell states) and found that activated
lymphocytes (~ 20 kPa) had a larger Young’s modulus than resting and apoptosis
lymphocytes (5-11 kPa). In 2012, Liu et al. [22] quantified the drug-induced
mechanical changes of single living cardiomyocytes and found that the contraction
force of cardiomyocytes significantly decreased after the stimulation of ibutilide.
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The above studies were performed with conventional AFM tips (conical tip).
Conical tip is sharp and measures the mechanical properties of cellular local areas,
which facilitates us to correlate cellular mechanics with cellular structures (such as
cytoskeleton) by simultaneously imaging and measuring cells. However, linking a
microsphere to the AFM cantilever to measure cell mechanics can better characterize
the mechanics of the whole cell. Using spherical tip to measure the cellular
mechanical properties began in the early 2000s. In 2000, Mahaffy et al. [23] mea-
sured the Young’s modulus of 3T3 fibroblasts (1-3 kPa) by gluing a polystyrene
bead to the cantilever. In 2005, Berdyyeva et al. [24] measured the mechanical
properties of old and young human epithelial cells using spherical tip (silica bead
with 5 pm diameter), showing that the Young’s modulus of older cells was 2—4
times larger than younger cells. In 2006, Leporatti et al. [25] measured the mechanics
of resting and activated macrophages (lipopolysaccharide-stimulated), indicating
that the Young’s modulus of macrophages decreased from 1.5 £ 1.1 kPa to
0.51 £ 0.31 kPa after the activation. In 2009, Oberleithner et al. [26] investigated
the influence of potassium on the stiffness of endothelium cells using spherical tip
(10 pm diameter) bead and found that the increase of potassium can soften the
endothelial cells. In 2010, Lulevich et al. [27] found that keratinocytes were 670
times stiffer than other cell types (e.g., white blood cell, breast epithelial, fibroblast,
or neuronal cells) using 40 pm diameter spherical tip. In 2011, Nikkhah et al. [28]
used spherical tip to investigate the influence of growth medium on cell mechanics,
showing that the reduction of serum in the culture medium can result in the decrease
of cellular Young’s modulus.

3.2 Principle and Methods of Measuring Cell Mechanics
by AFM

The principle of measuring cell mechanics by AFM indenting technology is shown
in Fig. 3.1. Cells are immobilized on a substrate (for cell immobilization methods,
readers are referred to Chap. 2). The mechanical properties (e.g., Young’s modulus)
of cells are measured by obtaining force curves on the cells using conical tip
(Fig. 3.1a) or spherical tip (Fig. 3.1b). Figure 3.2 shows the optical and SEM
images of conical tip and spherical tip. At the force ramp mode, the AFM probe is
controlled to perform approach-retract movement in the vertical direction on the
cell surface. The deflection of cantilever is detected by a beam of laser via a
four-quadrant photodiode position sensitivity detector (PSD) and the vertical dis-
tance between probe and substrate is acquired from the positional changes of
piezoelectric ceramic driver. Figure 3.1c shows a typical force curve obtained on
living cells, which reflects the approach-retract movement of AFM probe. For
obtaining a force curve, the AFM probe firstly approaches and touches the cell.
Before touching the cell, the deflection of cantilever is constant and the force curve
is straight (denoted by the I in Fig. 3.1c). After the tip indents the cell, the deflection
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Fig. 3.1 Measuring the cell mechanical properties by AFM. Controlling AFM conical tip (a) or
spherical tip (b) to obtain force curves on cells (¢, d) Schematic diagram of a force curve (¢) and an
indentation curve (d)

of cantilever changes and the force curve becomes bent (denoted by the II in
Fig. 3.1c). When the loading force of the cantilever reaches the preset value, the tip
retracts from the cell (denoted by the III in Fig. 3.1c). The retract curve becomes
straight when the tip is separated from the cell (denoted by the IV in Fig. 3.1c¢).
Cellular Young’s modulus can be obtained from both approach curve and retract
curve depending on the theoretical models applied [29], while the retract curve can
also be used for analyzing the adhesion forces [30].

There are many models for extracting the cellular Young’s modulus from the
AFM-obtained approach curve, mainly including Hertz-Sneddon, Johnson-Kendall-
Roberts (JKR), Derjaguin-Muller-Toporov (DMT), and Oliver-Pharr. Hertz model
is applicable to spherical tip, while Sneddon extended it to conical tip [31].
Hertz-Sneddon model does not consider electrostatic forces, adhesion or friction
between contact surfaces [32]. Hence, Hertz-Sneddon theory can only be applied
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(a) (b)

Fig. 3.2 Optical and SEM images (insets) of AFM tips a Conical tip. b Spherical tip

when the adhesion force is much smaller than the maximum load [33]. JKR model
considers the adhesion forces inside the contact area whereas DMT model considers
the forces outside the contact area [34]. Hence, JKR model can be applied in the
case of large tips and soft samples with a large adhesion, and DMT model is
applicable in the case of small tips and stiff samples with a small adhesion. Oliver-
Pharr model considers the elastic response in the presence of plastic deformations to
be the same as in the case of purely elastic deformation and also does not take into
account the probe-sample adhesion. In practice, however, Hertz-Sneddon model is
the most widely used model [32]. Hertz-Sneddon model is based on several
assumptions that the sample being indented is homogeneous, isotropic, and infi-
nitely thick [31]. It is obvious that these assumptions are not truly met in the case of
indenting cells (cells are highly heterogeneous and anisotropic with a finite thick-
ness). Nevertheless, studies have shown that when the indentation depth is less than
10% of the cell thickness, Hertz-Sneddon model is applicable [35]. When the
indentation depth is larger than 10% of the cell thickness, then the AFM tip will feel
the underlying substrate, which will make cells appear stiffer than they really are. In
order to avoid the influence of substrate, Gavara et al. [36] integrated a correction
factor into Hertz-Sneddon model and the results showed that the corrected model
can effectively eliminate the substrate effects for thin samples (such as the
peripheral areas of adherent cells). However, this method [36] requires the sample
thickness which is obtained independently, increasing the complexity of this
method.

By converting an approach curve into an indentation curve (Fig. 3.1d) according
to the contact point (the indentation is obtained by subtracting the cantilever
deflection from the vertical displacement of the probe), the Young’s modulus is
extracted by applying Hertz-Sneddon model on the indentation curve. In most
cases, the contact point is visually determined by manual [37]. The formulae of
Hertz-Sneddon model are:



38 3 Measuring the Mechanical Properties of Single ...

2ES*
F, = 2EoTand (1)
TC
4ER0'551'5
Fsphere - ﬁ (2)
2
l — 1- Ulip + 1 - Uzell (3)
E Etip Ecell
1 1 1

J— +
R Rtip Rcell

where v,;, and v, are the Poisson ratio of tip and cell respectively, F'is the loading
force of tip, ¢ is the indentation depth, E is the effective Young’s modulus, E,;, is
the Young’s modulus of tip, E.; is the Young’s modulus of cell, 6 is the
half-opening angle of the tip, R is the effective radius, R,;, is the radius of tip, R,y is
the radius of cell. Because the Young’s modulus of living cells is much less than
that of tip (E..y < < Ej;,), we can rewrite the formula (3) to:
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Then the formula (1) and (2) can be rewritten as:
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Living cells are often considered as incompressible materials, and thus the v, is
0.5. According to the Hooke’s law:

F=h (8)

where k is the spring constant of the cantilever, the loading force F can be calcu-
lated from the cantilever deflection x. After obtaining the loading force F and the
indentation depth 9, the cellular Young’s modulus E,; can be calculated according
to the formula (6) and (7). The remaining parameters involved in (6), (7) are known
or can be acquired by experimental measurement. The half-opening angle can be
obtained from manufacturer or measured by SEM, and the spring constant of
cantilever can be exactly calibrated by thermal noise method.
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During the indenting process, the AFM tip firstly encounters the glycocalix, then
the cytomembrane, and then either the intracellular organelles or the cytoskeleton
[38]. For eukaryotic cells, the glycocalix and cytomembrane are very soft and can
be neglected in AFM experiments [38]. Cell cytoskeleton is the main factor
determining the Young’s modulus extracted from the force curves obtained on
living eukaryotic cells [39]. In practice, in order to obtain the results with statistical
significance, thousands of force curves are often recorded on many cells [34]. For
each force curve, a Young’s modulus is extracted by applying Hertz-Sneddon
model to fit the corresponding indentation curve. Then many Young’s modulus
values are acquired and distribution of these Young’s modulus values is often fitted
with Gaussian function (for symmetric histograms) or lognormal distribution (for
non-symmetric histograms) [40]. The mean value and standard deviation are
acquired from the normal/log-normal distribution fitting, which statistically quan-
tify the different mechanical properties of cells. For example, not only tumor cells
have a much smaller mean value of Young’s modulus than that of benign
mesothelial cells, but also tumor cells display a narrow, spiked peak with little
spread, wheareas benign mesothelial cells display a broad peak [6].

3.3 Fabrication of AFM Spherical Tip

The spherical probe was fabricated by gluing a sphere to the cantilever of an AFM
probe based on AFM micromanipulation [41]. The detailed process of spherical
probe preparation is as follows (Fig. 3.3). (1) An AFM probe was mounted onto the
head of AFM and the laser signal reflected off the probe cantilever was adjusted.
(2) A drop of the polystyrene sphere solution (the diameter of sphere was ~20 pum)
was placed on a fresh glass slide and a drop of two-part epoxy adhesive (Araldite
adhesive) was placed on another position of the same glass slide by using a
toothpick. (3) Under the guidance of optical microscopy, the AFM cantilever was
moved to contact the epoxy adhesive and then retracted immediately. (4) The AFM
cantilever was moved to contact a single sphere for 10 s and then retracted. After
step (4), if the target sphere disappears from the glass slide, then the microma-
nipulation is successful, else repeating steps (2—4) are needed. Figure 3.3a is the
optical image of AFM micromanipulations for gluing spheres and Fig. 3.3b is the
optical image of spheres. The prepared spherical probes are placed in a probe box
(Bruker, Santa Barbara, CA, USA) for 24 h at room temperature for the hardening
of epoxy adhesive. The fabricates spherical probes were imaged by optical
microscopy and SEM. Figure 3.3c, d are the optical top view image and SEM side
view image of a microsphere glued to a tipless cantilever. With the method,
microspheres can also be glued to conventional AFM probe with conical tip, as
shown in Fig. 3.3e, f.
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'Mantilever

Fig. 3.3 Fabricating spherical probe. a Attaching microspheres onto the AFM probe cantilever by
epoxy glue. b Optical image of microspheres. ¢, d A microsphere was glued onto a tipless
cantilever. ¢ Optical image and d SEM side view image. e, f A microsphere was glued onto a
conventional cantilever with cone tip. e Optical top view image and f side view image

3.4 Measuring the Mechanics of Cancerous Cells
with Different Invasive Abilities

With the use of the fabricated spherical tips, the Young’s modulus of four types of
suspended cells was measured, including RBC, lymphoma Raji cell line, lymphoma
Hut cell line, and leukemia K562 cell line. RBCs from healthy volunteers were
diluted in phosphate buffered saline (PBS) and harvested by centrifugation for
10 min at 2000 rpm. Raji/Hut/K562 cells were cultured at 37 °C (5% CO,) in
RPMI-1640 containing 10% fetal bovine serum for 24 h before experiments.
For AFM imaging, cells were dropped onto poly-L-lysine-coated glass slides and
chemically fixed for 30 min by 4% paraformaldehyde. The glass slide was then
washed for three times by Milli-Q ultrapure water (18.2 MQ cm) and dried with a
stream of nitrogen. For AFM mechanical measurements, living cells were dropped
onto poly-L-lysine-coated glass slides. After one min, the glass slides were placed
in a Petri dish containing Hank’s balanced salt solution (HBSS).

AFM cell imaging experiments were performed in air using a conventional
probe (MLCT, Veeco Company, Santa Barbara, CA, USA) at contact mode with a
scan rate of 1 Hz. The scan line was 256 and the sampling point for each scan line
was also 256. Force curves were obtained at a constant loading rate and the sam-
pling point for each force curve was 512. The cantilever deflection sensitivity was
calibrated on the bare area of the glass slide and then the thermal tune adapter
(Veeco Company, Santa Barbara, CA, USA) was utilized to calibrate the spring
constant of the cantilever. Five cells of each type (RBCs, Raji, Hut, K562) were
selected for measurements and 50 force curves were obtained on each cell. Cell
Young’s modulus was extracted by fitting the force curves with Hertz-Sneddon
model.
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Fig. 3.4 AFM images of RBC, Raji, Hut, K562 cells [8]. (a—h) AFM height images (a—d) and the
corresponding deflection images (e-h). a, e RBC. b, f Raji. ¢, g Hut. d, h K562. i-1 Section curves
of i RBC, j Raji, k Hut, and 1 K562 obtained along the lines in (e-h) respectively

Figure 3.4 are AFM images of RBCs, Raji, Hut, and K562 cells. Figure 3.4a, e
are AFM height image and deflection image of a RBC respectively. The scan size
was 12 um. The unique bi-concave disk shape can be clearly seen. The section
profile (Fig. 3.4 1) indicates that the diameter of the RBC was 7.5 pum. Figure 3.4b, f
are AFM images of a Raji cell. The scan size was 40 um. We can see that Raji cell
was plump and circular. The line profile (Fig. 3.4j) reveals that the diameter of the
cell is 25 pm. Mature RBCs do not have nuclei and are bio-concave disks, whereas
Raji cells have nuclei and exhibit plump shapes. Hut cells and K562 cells are T
lymphocytes and neutrophils respectively, both of which have cell nuclei. From the
AFM images we can see that both of Hut (Fig. 3.4c, g) and K562 cells (Fig. 3.4d, h)
are also circular and plump. From the line profiles, it can be seen that the diameter of
the Hut cell is 16 um (Fig. 3.4k), while the diameter of K562 cell is 28 pm
(Fig. 3.41). The RBC is clearly smaller than the three cancerous cells. The normal
diameters of healthy human RBCs are 7.5-8.5 pm, whereas the normal diameters of
lymphocytes and neutrophils are 620 pm and 10-12 pm respectively [8]. We can
see that here the RBC diameter measured in Fig. 3.4 is in the normal range. The
diameter of the Hut cell measured in Fig. 3.4 is also in the normal range. However,
the Raji and K562 cells are significantly larger than their normal counterparts. This
may because that the RBCs used here were from healthy volunteers, while Raji and
K562 are cancerous cells which are often larger than healthy cells.

Figure 3.5 shows the process of measuring the Young’s modulus of RBCs by
AFM. Figure 3.5a is a typical force curve recorded on living RBC. The force curve
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Fig. 3.5 Process of measuring the Young’s modulus of RBC by AFM [8]. a A typical force curve
recorded on living RBCs. b Approach curve in (a). ¢ Histogram of the Young’s modulus extracted
from the approach curve (b) and Gaussian fiting. d Contrast of experimental indention curve and
theoretical indentation curve. e Histogram of the Young’s modulus extracted from many force
curves recorded on a cell and Gaussian fit. f Histogram of the Young’s modulus of five RBCs

includes an approach curve (black) and a retract curve (red). There is a gap (hys-
teresis) between approach curve and retract curve, which is caused by cellular
viscosity. Cell is viscoelastic, possessing a viscosity of fluids and an elasticity of
solids [33]. Besides, the gap is small (the gap between approach curve and retract
curve recorded on the other three types of cells was significantly larger than that on
RBC), indicating that during the approach-retract process, the viscosity of the RBC
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was small and the elasticity was dominant. This is a consistent characteristic of
RBCs since they have high elasticity. Biomembrane force probe technology is
based on the use of the high elasticity of RBC [42]. The approach curve was
converted into an indentation curve according to the contact point (Fig. 3.5b) and
then the 500 nm range of the indentation curve was used to compute Young’s
modulus. For each force curve, there were hundreds of discrete data points and each
data points can be used to calculate a Young’s modulus. Therefore, many values of
Young’s modulus were computed from an indentation curve, and a histogram was
plotted (Fig. 3.5¢). The histogram was well fitted by Gaussian fitting. Insertion of
Gaussian fitted Young’s modulus (0.173 kPa) into the Hertz model formula pro-
duced a theoretical indentation curve that is compared with the experimental data in
Fig. 3.5d. The good agreement indicates that the Hertz model is an adequate
approximation of the sphere indentation process. For each RBC, 50 force curves
were obtained and 50 values of Young’s modulus were computed; a histogram is
shown in Fig. 3.5e. A Gaussian fit indicates that Young’s modulus of the RBC was
0.143 £ 0.059 kPa. Values of Young’s modulus for four other RBCs were
0.137 £ 0.06, 0.149 £ 0.1, 0.146 +£ 0.027, and 0.143 £ 0.07 kPa. Figure 3.5f is
the histogram of Young’s modulus of the five RBCs, showing that the Young’s
modulus of RBCs was about 0.1-0.2 kPa.

By applying the procedure described above, the Young’s modulus of Raji, Hut,
and K562 cells were measured and the results are shown in Fig. 3.6. We can see
that the Young’s modulus of Raji, Hut, and K562 cells was 0.2-0.4 kPa, 1-1.4 kPa,
and 0.6-0.7 kPa respectively. The Young’s modulus of Raji cells measured by
conical tip was 150 £ 60 kPa [43, 44], which was significantly larger than the
Young’s modulus of Raji cells measured by spherical tip (0.2-0.4 kPa) here. This
may due to the different cellular structures probed by the tips. Spherical tip has a

Young’s modulus (kPa)

Cell number

Fig. 3.6 Histogram of the Young’s modulus of RBC, Raji, Hut, K562 cells [8]
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larger contact area than conical tip. Conical tip primarily probes the cell cortex,
whereas spherical tip probes both cortex and the underlying cytoplasm. Cell cortex
is an actin-dense region of the cell lying immediately beneath the cell membrane
[45]. Cell cortex is much stiffer than the underlying cellular structures (cytoskeleton
and cytoplasm), resulting in that the Young’s modulus measured by conical tips is
larger than that measured by spherical tips [34]. Previously, a study by Nikkhah
et al. [28] has shown that the Young’s modulus of breast cancerous cells measured
by spherical tip was 0.2-1.2 kPa, and Leporatti et al. [25] have shown that the
Young’s modulus of macrophages was about 0.5 kPa. Here we can see that the
Young’s modulus of RBCs, Raji, Hut, and K562 cells measured here with spherical
tip are comparable to these results.

Comparing the Young’s modulus of these four types of cells, we can see that the
order of increasing Young’s modulus is RBCs (smallest), Raji, K562, and Hut cells
(largest). Mature RBCs do not have cell nuclei, whereas the other three types of
cells have cell nuclei (as shown in Figs. 3.4, 3.7a), which may result in that RBCs
are the softest among the four types of cells. The softness of an RBC makes it easy
to deform, facilitating it to traverse narrow capillaries to carry oxygen to various
parts of the parts in the body. Comparing the Young’s modulus of Raji and Hut
cells, we can see that Hut cells are much stiffer. Raji cells are from Burkitt’s
lymphoma that is an aggressive, malignant B-cell lymphoma characterized by a
high degree proliferation [46]. The Hut cells are from Sezary syndrome, which is a
cutaneous T-cell lymphoma characterized by indolent malignant cells [47]. We can
see here that Raji cells are significantly softer than Hut cells. K562 cells are also
from a type of indolent chronic myeloid leukemia cells [48], and we can see that
K562 cells are significantly stiffer than Raji cells.

Red blood cell Raji cell

(b)

— Basement membrane

Extracellular matrix

—Blood vessel

Fig. 3.7 Cell mechanics and cancer metastasis [8]. a Structure of RBC, Raji, Hut, K562 cells.
b Cancer metastasis process
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As shown in Fig. 3.7b, in the process of cancer metastasis from a primary site to a
distant site, cancerous cells must successively pass through the basement membrane,
the extracellular matrix, and the blood vessel walls [49]. The cancerous cells survive
the harsh conditions within blood vessels and squeeze out of them in distant sites. Jin
et al. [50] investigated the mechanical properties of breast cancerous cells after
treatment with bone morphogenetic protein (BMP) which promotes cell migration.
The results showed that the cells became softer after BMP stimulation. Cross et al.
[6] have shown that cancerous cells were much softer than normal cells. These
results indicate that cell stiffness plays an important role in cell movement. Softness
may make it easier for cancerous cells to cross various obstacles in the body. Hence
it is reasonable that cancerous cells with different metastatic capabilities may have
different stiffness. For the three cancerous cells investigated here, Raji cells are the
most aggressive and the softest, while the Hut and K562 cells are indolent and stiffer,
showing the close links between cell stiffness and cancerous cell metastasis abilities.
Cellular mechanical properties are closely related to their structures, such as the
cytoskeleton. The results here indicated that aggressive cancerous cells are softer
than indolent cancerous cells, providing a mechanical insight into cancer metastasis.
However, the underlying mechanisms that cause these differences are unknown and
further researches (e.g., comparison of cytoskeletons between cancerous cells with
different stiffness) are required.

3.5 Summary

(1) The procedure of measuring cellular Young’s modulus by AFM was estab-
lished and AFM spherical tip was fabricated with the use of epoxy glue based
on AFM micromanipulations.

(2) With the use of spherical tip, the Young’s modulus of RBCs and three types of
cancerous cells with different invasive capabilities were measured, showing that
aggressive cancerous cells were significantly softer than indolent cancerous
cells.
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Chapter 4
Single-Molecule Recognition and Force
Measurements by AFM

Membrane proteins account for 30% of human proteins and are critical for the
fulfillment of many cellular biological functions, including signal transduction,
energy conversion, solute transport and secretion, enzymatic activities, anchoring of
the cytoskeleton, cell adhesion, and motility [1, 2]. Malfunction of membrane
proteins is often accompanied by diseases [3], and thus membrane proteins are
important targets for treating related diseases. In fact, more than half of the
approved drugs target human membrane proteins [4—6]. Despite their importance,
the structures of most membrane proteins are still unknown [7]. Due to the
amphiphilic nature of membrane proteins, there are many challenges when we
apply traditional structural biology methods (e.g., X-ray crystallography) to
investigate membrane proteins, mainly in protein expression, purification, and
crystallization [8]. Some three-dimensional structures of membrane proteins have
been determined [9, 10]. However, since the synthesis of membrane protein in the
cell is poorly understood [11] and it is difficult to select adequate detergents to
dissolve proteins from cell membrane [12], specific experimental procedures must
be developed for particular membrane proteins. There is unlikely to be a single
‘one-size-fits-all’ protocol suited for all membrane proteins [13]. Besides, structural
biology methods investigate membrane proteins which are extracted from the cell
membrane, and thus the results cannot faithfully reflect the real activities of native
proteins [14]. Experiments have shown that the membrane is not a passive
bystander in the function of membrane proteins but can at times have an essential
role in determining the function of these proteins [15]. Because of the relative
inaccessibility of membranes to classical biochemical methods, information
about how proteins interact with lipids to carry out their function is still scarce
[16-18], and thus methods that can quantitatively analyze the membrane effects are
needed [17].

The advent of AFM provides a new tool for investigating native membrane
proteins. Compared with classical structural biology methods, AFM can be used to
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image the morphology of single native membrane proteins with high resolution and
can also quantitatively measure their mechanical properties, without the need of
detergents for extracting the proteins from the cell membranes [3]. With continuous
improvements, such as high-speed AFM [19], AFM can sense unique information
which significantly complements traditional structural biology. By attaching cell
membranes onto flat supports, AFM can directly image two-dimensional mor-
phologies of single native membrane proteins [20] and track the real-time motion of
single proteins in the cell membrane [21]. Besides morphology imaging, another
successful application of AFM in membrane protein investigation is single-
molecule force spectroscopy (SMFS) [22], which allows us to understand the
mechanical behaviors of native membrane proteins. In SMFS, AFM uses a func-
tionalized tip to recognize the individual membrane proteins on the cell surface and
quantify the binding affinity of the proteins to their antibodies, which is useful for
us to understand the dynamics between molecular interactions.

4.1 Current Status of AFM Single-Molecule Force
Measurements

The development of SMFES began with purified proteins in the mid-1990s. In 1994,
Florin et al. [23] firstly used AFM to measure the unbinding force of individual
molecular pair. AFM tip was firstly coated by a layer of biotinylated bovine serum
albumin (BSA) and then incubated with avidin molecules. The AFM tip was moved
to biotinylated agarose beads to obtain force curves. The obtained force curves
clearly showed the adhesion peaks caused by the rupture of biotin-avidin pair. In
1996, Hinterdorfer et al. [24] measured single antibody-antigen recognition events
by linking antibodies to the surface of AFM tip via a polyethylene glycol
(PEG) spacer molecule. The length of the PEG molecule was about 8 nm. The
antigen proteins were adsorbed onto mica by the same PEG spacer molecule. The
density of antibodies on tips was adjusted to best meet the expectation that only one
antibody might interact with the mica surface. The force curve showed a signifi-
cantly specific unbinding peak and the rupture force of the single antigen-antibody
bond was calculated from the magnitude of the peak. By attaching purified proteins
onto substrates, various types of molecular forces have been measured by AFM,
including ferritin [25], cadherin [26], and sLex-selectin [27].

Directly probing the native membrane proteins on cell surface can provide novel
insights in understanding the molecular activities. In 2006, Puntheeranurak et al.
[28] investigated molecular forces on SGLTI-transfected live Chinese hamster
ovary (CHO) cells with AFM tips functionalized with an epitope-specific antibody
which specifically binds to SGLT1. The specificity of molecular interactions was
confirmed by the absence of events in nontransfected CHO cells and by the use of
free antigen and free antibody superfusion. This study demonstrates the potential of
AFM to study the presence and dynamics of plasma membrane transporters in intact



4.1 Current Status of AFM Single-Molecule Force Measurements 51

cells at the single-molecule level. In 2007, Yu et al. [29] investigated the molecular
interactions of transforming growth factor B; (TGF-;) on live HEK 293 cells. By
positioning TGF-B;-modified tips on the cells expressing fluorescent protein tagged
TGEF-B receptors, the living cell force measurement was realized with a combined
fluorescence microscopy and AFM, and the results revealed that the co-expression
of TPRRI with TRRII enhanced the binding force of TGF-B;. In 2009, Shi et al. [30]
applied SMFS to study the effect of Herceptin on a HER2-modulated ligand-
receptor interaction on living cells. The results demonstrated a more stable binding
of Heregulin to the cells co-expressing HER3 and HER?2 than to those expressing
HER3 alone. Besides, the binding force of Herceptin and HER? is as strong as that
of HRG and HER3/HER?2. In 2010, Carvalho et al. [31] applied SMFS on ery-
throcytes. The results demonstrated the existence of a single molecule interaction
between fibrinogen and an unknown receptor on the erythrocyte membrane, with a
lower but comparable affinity relative to platelet binding (79 pN). In 2012, Zhang
et al. [32] investigated the specific molecular interactions between LHRH and
LHRH-R on live HeLa cells. In 2013, Li et al. [33] investigated the specific
molecular interactions between the extracellular matrix protein Tenascin-C and the
aptamer GBI-10 on live U251 cells. The binding force and the dissociation constant
for the GBI-10/Tenascin-C complex was measured.

4.2 Principle of AFM Single-Molecule Force Spectroscopy

The principle of AFM-based SMFS is shown in Fig. 4.1. In order to probe the
target molecules on cell surface, the functionalized tip firstly approaches the cell
surface until the maximum load is achieved. Then the tip retracts from cell surface.
During the approach-retract process, the force curve is recorded. The force is
acquired from the deflection of cantilever which is detected by a beam of laser
reflected from the backside of AFM cantilever to a four-quadrant photodiode
position sensitivity detector (PSD). The distance between AFM tip and cell surface
is acquired by monitoring the positional changes of the piezoelectric ceramic tube
in the vertical direction. If the ligands on the tip surface bind to the receptors on cell
surface during the contact of tip and cell, the receptor-ligand pairs are pulled by the
cantilever when the tip retracts from the cell surface [34]. When the pulling force is
larger than the binding strength of the receptor-ligand pair, the receptor-ligand pair
ruptures. The unbinding of receptor-ligand pairs can result in specific nonlinear
peaks in the retraction curve when using PEG spacers as linkers. The occurrence of
nonlinear peak is due to the stretching of PEG linker molecules which have a
nonlinear elasticity. We can control the density of ligands on the tip to a low level
so that only one receptor-ligand pair forms during the contact of tip and cell. In this
case, the nonlinear peak in the retraction curve reflects the unbinding of single
receptor-ligand pair and the binding force of single receptor-ligand pair is equal to
the magnitude of the unbinding peak.
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Fig. 4.1 Principle of SMFES [1]. a AFM tip carrying ligands is controlled to probe the membrane
protein. b Schematic diagram of a typical force curve obtained with ligand-functionalized
tip. AFM tip firstly approaches cell surface and then retracts from cell surface. A specific peak
occurs in the retract curve when pulling force exerted by AFM probe is larger than the binding
strength of receptor-ligand pair

The prerequisite for probing molecular interactions is linking ligands onto the
AFM tip, which is called tip functionalization. There are mainly three methods for
tip functionalization, including protein physisorption, chemisorption of alkanethiols
on gold, and covalent coupling of silanes on silicon oxide [35], as shown in
Fig. 4.2. The major drawback of protein physisorption is that it often exhibits many
molecular binding events during the measurement and therefore it is difficult to
accurately measure the binding force of a single molecular pair [1]. The disad-
vantage 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 [36]. This causes
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Fig. 4.2 Typical methods for tip functionalization. Reprinted with permission from [35].
Copyright 2006 Nature Publishing Group. a Physical adsorption. b Chemical adsorption of
alkanethiols on gold. ¢ Covalent coupling of silanes on silicon oxide
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a significant increase in the tip radius and thus decreases the spatial resolution
during measurements [37]. The third method is linking proteins onto the AFM
silicon tip via PEG spacer molecules, which have several advantages [20]. First, the
PEG linker is covalently bound to both AFM tip and proteins, and the covalent
bond is much stronger than the receptor-ligand bond [38]. Hence the
receptor-ligand bond ruptures first when receptor-ligand pair is pulled by AFM
cantilever, which ensures that the unbinding peak is associated only with the
receptor-ligand unbinding. Second, the PEG linker allows the ligand to freely
reorient to interact with receptors and avoids compressing the receptors [35]. Third,
the PEG linker allows a clear distinction between specific and unspecific molecular
binding because of the soft and non-linear elasticity of the PEG linker [37]. There
are many types of PEG linker molecules, including NHS-PEG-PDP [24],
NHS-PEG-MAL [39], and NHS-PEG-Aldehyde [40]. For tip functionalization, the
AFM tip is firstly coated by a layer of NH,. The NHS end of the PEG linker can
covalently bind to the NH,. The PDP (MAL) end of the PEG linker can covalently
bind to the thiol groups of the protein. Alternatively, the proteins can be linked to
the aldehyde end of the PEG via the lysines in the proteins [35]. Antibodies do not
have thiol groups, and thus antibodies are often treated by N-succinimidyl
3-(acetylthio) propionate (SATP) to form thiol groups [40].

4.3 Tip Functionalization and Verification

In order to probe the CD20-rituximab interactions, we used NHS-PEG-MAL spacer
to link rituximab onto AFM tip surface according to the procedure in the reference
[41]. Figure 4.3a shows the typical instruments and reagents used in tip function-
alization, including glass desiccator with argon, pH meter, and electron balance
(L204, METTLER TOLEDO, Switzerland). Figure 4.3b shows the schematic
diagram of the process of tip functionalization [42]. First, the tip was coated with a
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Fig. 4.3 AFM tip functionalization. a Experimental instruments. b Process of tip functionaliza-
tion. First a layer of NH, was coated on the tip surface and NH, can react with the NHS group of
the PEG molecule. Then antibodies were treated by SATP to form SH group which can react with
the MAL group of the PEG molecule. Therefore, antibodies were linked onto the tip

L 4




54 4 Single-Molecule Recognition and Force Measurements by AFM

layer of NH, by aminopropyltriethoxysilan (APTES) and N,N-diisopropylethyla-
mine. Then the NHS group of the PEG linker can react with the NH, on the AFM
tip. The MAL group of the PEG linker can react with the thiol group (SH) which is
absent in antibodies. To make rituximab have SH groups, N-succinimidyl
3-(acetylthio) propionate (SATP) was used. After the treatment of SATP, rituximab
had SH groups, and then could react with the MAL group of the PEG linker.
The following is the detailed protocol of rituximab functionalization here.
(1) Coat AFM tip surface with a layer of NH,. The glass desiccator is washed by
argon for 2 min. 30 pL. APTES is placed in a fresh Petri dish and 10 pL. N,N-
diisopropylethylamine is placed in another fresh Petri dish. The two dishes are
placed in the desiccator. Then the desiccator is washed by argon for 2 min. AFM
probe is placed in a container which is then placed in the desiccator. After washing
the desiccator by argon for 3 min, the desiccator is sealed for 2 h. (2) Link
NHS-PEG-MAL to the NH,-modified surface. 5 pL triethylamine is dropped into a
centrifuge tube and then 20 mg NHS-PEG-MAL is added into the tube. Next, 1 mL
chloroform is added into the tube. The mixture is placed in a container. The NH;-
modified tip is put into the container and incubate for 3 h. After incubation, the tip
is washed by chloroform and dried by argon. (3) Modify rituximab with
SATP. 20 pL rituximab (10 mg/mL) and 480 pL buffer solution (100 mM NaCl,
50 mM NaH,PO,, 1 mM EDTA, pH 7.5) is added into a centrifuge tube (#1).
0.3 mL dimethyl sulfoxide (DMSO) and 0.5 mg SATP is added into another
centrifuge tube (#2). 2 uL. SATP solution (from #2) is added into the rituximab
solution (#1). (4) Link SATP-treated rituximab to tip. The tip is placed in the
mixture of rituximab solution, hydroxylamine (pH 7.5), and buffer (100 mM NaCl,
50 mM NaH,PO,, 1 mM EDTA, pH 7.5) and incubate for 1 h. After incubation,
tips are washed by PBS and then stored at 4 °C. Rituximab is obtained from
Chinese Affiliated Hospital of Military Medical Academy of Sciences (Beijing,
China). The NHS-PEG3500-MAL is purchased from JenKem Technology (Beijing,
China). The reagents are purchased from Sigma-Aldrich (Saint Louis, MO, USA).
In order to examine whether rituximab was attached to the AFM tip surface,
SEM and fluorescence microscopy validation experiments were performed [43].
For SEM experiments, the normal and functionalized probes were attached to a
copper substrate and then SEM images were recorded. For fluorescence experi-
ments, the normal and functionalized probes were placed in a Petri dish containing
PBS, and then rhodamine-labeled goat anti-human IgG which can specifically bind
to rituximab was added into the dish and incubated for 1 h. After incubation, the
probes were washed by PBS and then placed at the sample stage of fluorescence
microscope (Ti-U-FL, Nikon, Japan) for fluorescence observation. The SEM
experimental results are shown in Fig. 4.4. Figure 4.4a, b are the SEM images of a
normal probe and Fig. 4.4c, d are the SEM images of a functionalized probe.
From SEM images, we can see that there are many particles on the surface of
functionalized tip, while the surface of normal tip is smooth. The fluorescence
results are shown in Fig. 4.5. Figure 4.5a, b are the optical bright field image and
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Fig. 44 SEM image of a normal probe and a functionalized probe [43]. a, b A normal probe.
¢, d A functionalized probe

fluorescence image of a normal probe. Figure 4.5c, d are the optical bright field
image and fluorescence image of a functionalized probe. We can see that the
fluorescence of functionalized tip was bright and the fluorescence around the tip
(denoted by the white circle in Fig. 4.5d) was obviously brighter than other areas,
while the fluorescence of the normal tip was dim. The tip shape was pyramidal and
the tip height was in the range of 2.5-8 um. After the functionalization procedure,
rituximabs bound to the tip surface via PEG linker. Rituximabs should also bind to
the cantilever of the probe. But the density of rituximabs on the tip was much larger
than that on the cantilever. Then after the fluorescence staining, the density of
rhodamine-labeled secondary antibody on the tip was much more than on the
cantilever, resulting in that the fluorescence of the tip was markedly brighter than
that of the cantilever. Collectively, SEM and fluorescence experiments confirmed
that there were rituximabs on the tip surface.
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50pum

50pm

Fig. 4.5 Fluorescence image of a normal probe and a functionalized probe [43]. Optical image
(a) and fluorescence image (b) of a normal probe. Optical image(c) and fluorescence image (d) of a
functionalized probe

4.4 Measuring the CD20-Rituximab Interaction Forces

With the rituximab-functionalized probe, the CD20-rituximab interactions were
examined on purified CD20s attached to mica surface and on native CD20s on
lymphoma cell surface.

4.4.1 Purified CD20s on Mica

CD20 proteins were attached to freshly cleaved mica (1 cm X 1 cm) according to
established procedures [44]. A glass desiccator was washed by argon for 2 min.
APTES (30 pL) was pipetted into a small Petri dish and N,N-diisopropylethylamine
(10 pL) was pipetted into another small Petri dish. The freshly cleaved mica and the
two Petri dishes were placed in the glass desiccator. After washing with argon for
2 min, the desiccator was sealed for 2 h to allow the APTES vapor to mix with the
N,N-diisopropylethylamine vapor and form a layer of —NH, on the mica.
Glutaraldehyde solution (200 pL) was then added to the mica and incubated for
10 min (the glutaraldehyde reacts with the NH, on the tip surface). The mica was
then rinsed with Milli-Q ultra-pure water. CD20 protein solution (100 pL) was
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added to the mica and incubated for 30 min. The mica was then rinsed with Milli-Q
ultra-pure water again and placed in a Petri dish with PBS prior to measurements by
AFM. AFM imaging and measurements were performed using a Dimension 3100
AFM (Veeco, Santa Barbara, CA, USA). The cantilever with nominal spring
constant 0.06 N/m was used.

Figure 4.6 shows the results of measuring the interactions between purified
CD20s and rituximab. After treating the mica with APTES and glutaraldehyde, the
exposed aldehydes react with the lysine residues [44]. The CD20 proteins contain
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Fig. 4.6 Measurement of the rupture force between purified CD20 proteins and rituximab [44].
a AFM contact mode height image and b corresponding deflection image of CD20 proteins on
mica. ¢ A typical force curve with specific unbinding peak. d A typical force curve after adding
free Rituximab to block the CD20s on mica. e Histogram of the rupture forces. f Poisson analysis
was used to calculate the individual CD20-rituximab rupture force
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lysine residues and therefore are cross-linked onto the mica. Figure 4.6a and b show
the AFM contact mode images obtained for the purified CD20s. The scan size was
1.5 pm. Figure 4.6a is the height image and Fig. 4.6b is the corresponding
deflection image. We can see that many CD20 particles are distributed over the
mica surface. The prerequisite of imaging proteins in fluids is attaching them to a
flat support [45]. Mica is the most commonly used support because of its atomically
flat surface and ease of preparation [46]. However, mica is hydrophilic and protein
is hydrophobic, and thus proteins cannot naturally adhere to mica surface [47].
Various methods have been used to attach proteins to mica surfaces, mainly
including physical adsorption and covalent attachment [48]. Henderson et al. [47]
imaged individual ROMKI1 proteins by coating the mica with cetylpyridinium
chloride and Kada et al. [49] used AFM to visualize individual ryanodine receptors
adsorbed onto mica surfaces in the presence of Ca®*. Wang et al. [50] imaged IgG,
proteins by treating the mica with APTES and glutaraldehyde. However, there is a
big gap between imaging single proteins attached on mica and imaging single
proteins on living cell surface. In fact, due to the soft, fragile, corrugated and
dynamic nature of the cell surface, visualizing individual receptors on living
mammalian cells is still a daunting challenge [51].

A typical force curve with specific unbinding peak obtained on CD20-coated
mica with rituximab-conjugated probe is shown in Fig. 4.6c. The dotted line
indicates the approach curve and the solid line indicates the retract curve. An abrupt
peak is visible in the retract curve. When performing tip functionalization for
detecting molecular interactions, the bonds between AFM tip and PEG linker
molecule, the bonds between rituximab and the PEG linker molecule, and the bonds
between the CD20 and the substrate should be much stronger than the bonds
between CD20 and rituximab. Researches have shown that the bonds between the
NHS end of the PEG linker and the AFM tip are much stronger than protein-protein
interactions [24]. Additionally, the bonds between the MAL end of the PEG linker
and the antibody, and the bonds between proteins and the aldehyde group on the
functionalized mica are also much stronger than protein-protein bonds [40].
Therefore, during the process of stretching the CD20-rituximab pair, the
CD20-rituximab complex ruptured first. In order to examine the specificity of the
molecular interactions, free rituximabs were added to block the CD20s. After
blocking, force curves were recorded again and a typical force curve is shown in
Fig. 4.6d. We can see that no peaks were visible on the retract curve, confirming
that the peak in Fig. 4.6¢ corresponded to the specific binding between CD20s on
the mica and the rituximabs on the AFM tip. After calculating the rupture forces
from the force curves, a histogram of the rupture forces was constructed (Fig. 4.6e).
Gaussian fitting of the histogram indicated that the rupture force was 182 + 69 pN.

Several CD20-Rituximab complexes might form during the measurements.
Therefore, Poisson analysis [52] was used to calculate individual CD20-rituximab
rupture forces using the following formula:
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=F (1)

where 6> and p1 represent the variance and mean for one measurement, and F is the
binding force. If several measurements at the same loading rate are performed, the
variance can be plotted against the mean. The individual CD20-rituximab rupture
force is then equal to the slope of the fitted line. Five measurements on
CD20-coated mica were performed. The mean and variance were calculated for the
five measurements. The mean values were 0.2053, 0.1814, 0.2035, 0.2353, and
0.2047, and the variance values were 0.0063, 0.0024, 0.0023, 0.0087, and 0.0056.
The fitting function used was fix) = p; X x + p,, and the results indicated that
p1 = 0.1205 and p, = —0.01977. The slope of the fitting line indicated that the
individual rupture force was 121 pN (Fig. 4.6f).

4.4.2 Native CD20s on Lymphoma Cell

Fluorescence labeling experiments were firstly used to examine the distributions of
CD20s on lymphoma Raji cell [53]. The Raji cell suspension was dropped onto the
glass slide which was coated by poly-L-lysine. The glass slide was then placed in a
Petri dish containing PBS. Next, rituximab solution was added into the Petri dish and
incubated for 1 h. After incubation, the cell sample was washed by PBS to remove
unreacted rituximab. Fresh PBS and FITC-labeled goat anti-human IgG was then
added into the Petri dish and incubated for 1 h. After incubation, the cell sample was
washed by PBS and observed. The fluorescence results are shown in Fig. 4.7. We
can see that the fluorescence of living cells was mainly around the cells, whereas the
whole cells exhibited bright fluorescence after being fixed by glutaraldehyde. The
fluorescence results confirmed the existence of CD20s on Raji cell.

Figure 4.8 shows the results of probing CD20-rituximab interactions on Raji
cells by AFM with rituximab-functionalized tip. Raji cells were cultured at 37 °C
(5% CO,) in RPMI-1640 medium containing 10% fetal bovine serum for 24 h.
Harvested Raji cells were dropped onto the poly-L-lysine-coated glass slide and
then fixed by glutaraldehyde. The sample was then placed in a Petri dish containing
PBS for AFM experiments. Figure 4.8a shows the contact mode height image of a
Raji cell. The scan size was 40 pm. To visualize the topography of the local cell
surface, the scan size was reduced to 3 pm. Figure 4.8b shows the height image of
the local area. From AFM images, it can be seen that the Raji surface is corrugated
and rough. A typical force curve with specific unbinding peak recorded on Raji
cells with rituximab-conjugated tip is shown in Fig. 4.8c. After adding free ritux-
imabs to block CD20s on Raji cells, force curves were obtained again. A typical
force curve obtained after blocking is shown in Fig. 4.8d. We can see that there
were no specific unbinding peaks in the retract curve, which confirmed the specific
CD20-rituximab binding interactions. Figure 4.8e shows the histogram of the
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Fig. 4.7 Detecting CD20s on lymphoma Raji cells by fluorescence labeling [53]. Optical bright
field image (a) and fluorescence image (b) of chemically fixed Raji cells. Optical bright field image
(c) and fluorescence image (d) of living Raji cells

CD20-rituximab rupture forces. Gaussian fitting indicated that the rupture force was
162 + 71 pN. Single CD20-rituximab unbinding force was calculated by Poisson
analysis. For five individual measurements, the mean values of forces were 0.1787,
0.2859, 0.2033, 0.1690, and 0.2493, and the variance values of forces were 0.0060,
0.0153, 0.0043, 0.0017, and 0.0059. The slope of the fitted line on the plot of
variance against the mean indicated that the individual rupture force was 89 pN
(Fig. 4.8f).

We can see that the CD20-rituximab rupture forces for the purified CD20 pro-
teins were a little larger than that of CD20 proteins on Raji cells. This may due to
the differences between purified CD20s and native CD20s. The purified CD20s
were extracted from prokaryotic cells and thus cannot completely correspond to
natural human CD20s. For mammalian proteins, a mammalian expression system is
likely to give the best results in terms of protein structure and function [54].
Besides, the conformational structures of CD20s attached onto the mica may be
different to that of native CD20s on cell membrane. Gu et al. [S5] have shown that
the binding force between CD20 and anti-CD20 is closely associated with the
structures of linker peptide. Hence the structural differences may account for the
different rupture forces measured for the purified CD20s on mica and native CD20s
on Raji cells.
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Fig. 4.8 Measurement of the rupture force between CD20s on Raji cells and rituximab [44].
a AFM contact mode height image of Raji cells. b AFM contact mode height image of the local
area of the Raji cell. ¢ A typical force curve with specific unbinding peak. d A typical force curve
after adding free rituximab to block CD20s on Raji cells. e Histogram of the rupture forces.
f Poisson analysis was used to calculate the individual rupture forces

4.5 Summary

(1) Rituximabs were linked onto AFM tip via NHS-PEG-MAL spacer molecule
and the functionalization was verified by SEM and fluorescence experiments.
(2) CD20-rituximab interaction forces were measured on purified CD20s on mia
and native CD20s on lymphoma cell. Single CD20-rituximab interaction force
was calculated by Poisson analysis, showing that the rupture forces between
rituximab and purified CD20s were larger than that between rituximab and

native CD20s on Raji cell.
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Chapter 5
Mapping Membrane Proteins on Cell
Surface by AFM

Cells sense and respond to the stimuli from the external environments via the
various cell surface signaling molecules (e.g., receptor, transporter, ion channel,
adhesin). To fulfill their versatile functions, these molecules have heterogeneous
properties (e.g., structural, biophysical and biochemical properties) that can change
dynamically as required by the cell [1]. Hence understanding the dynamics of
molecular activities on the cell surface is important for us to uncover the underlying
mechanisms that guide the cellular behaviors [2]. Traditional methods (e.g., X-ray
crystallography, electron microscopy) use detergents to isolate the membrane
proteins from cell membrane [3]. The purified membrane proteins are detached
from cell membrane, while cell membrane plays an important role in modulating
the physiological functions of membrane protein [4]. Hence, directly investigating
the biophysical and biochemical properties of membrane proteins on cell surface
can help us to better understand the molecular behaviors involved in the real
situations taking place on cells. To achieve this goal, methods that can recognize the
specific membrane proteins are required. The advent of AFM provides a powerful
tool for investigating the behaviors of native membrane proteins. In this chapter,
AFM was used to rapidly recognize the specific membrane proteins on cell surface
and correlate molecular binding events with cellular topography. Quantitative
information of molecular distributions on cell surface was also obtained.

5.1 Current Status of Mapping Membrane Proteins
on Cell Surface by AFM

The spatial distributions of specific membrane proteins can be mapped by AFM force
volume method [5]. For this method, arrays of (e.g., 16 x 16) force curves are
recorded in the local areas (e.g., 1 x 1 pm) on cell surface with functionalized
tip. Each force curve corresponds the molecular interactions of a particular point on
the cell surface. If no receptor-ligand specific binding occurs in this point, then there is
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no specific unbinding peak in the force curve. In this case, the unbinding force is zero.
If receptor-ligand specific binding occurs in this point, then specific unbinding peak
appears in the force curve. In this case, the unbinding force is equal to the magnitude of
the specific peak. After normalizing these force values into 0-255, the gray maps are
constructed. Force volume method has been used to investigate the nanoscale dis-
tributions of specific membrane proteins on microbial cells [5—7] and mammalian
cells [8-10]. The disadvantage of force volume method is that it is time-consuming
(recording a map often requires more than ten minutes) with low efficiency.

In 2005, Ebner et al. [11] presented a method to simultaneously obtain the topog-
raphy image and recognition image on cell surface with functionalized tip, and this
technique is called simultaneous topography and recognition (TREC) imaging. When
aligand on the AFM tip binds to a receptor on the cell surface, the vibrating cantilever
cannot return to its original position due to the pulling between AFM tip and the
receptor-ligand pair, which causes the changes of the upper half of the cantilever’s
oscillation signal but the lower half of the oscillation signal is not influenced. By
separating the oscillation signal into the upper part and the lower part with a special
electronic circuit, the recognition image and topography image can be simultaneously
obtained [12, 13]. TREC has achieved great success in mapping the proteins attached
on mica [14, 15] and has been applied to map the membrane proteins on cell surface
[16, 17]. TREC has been integrated to commercial AFM. However, TREC requires a
relative low Q factor of the AFM probe (~1 in liquids [18]) and thus has limited
detection precision. Besides, force curves are notrecorded in TREC imaging, and thus
quantitative force information about molecular interactions is lacking.

5.2 Peak Force Tapping AFM

In recent years, a new AFM imaging mode, which is called peak force tapping
(PFT) [19, 20], appears as a powerful method to simultaneously obtain multiple
parameters (e.g., topography, elasticity, adhesion, deformation and energy dissipa-
tion) of biological samples. In the PFT mode, the vibrating tip indents the samples to
record an array of force curves for each sampling points on the specimens. By real-time
analyzing the different parts of the force curves (Fig. 5.1a), multiple parameters that
reflect the physical properties of the samples are obtained. The Young’s modulus and
adhesion force are obtained from the retract curve. The deformation is obtained from
the approach curve. The energy dissipation is equal to the area between the approach
curve and the retract curve. We know that conventional tapping mode reduces the
influence of lateral force on the sample, but the vibrating frequency of cantilever in
conventional tapping mode is near the resonant frequency of the cantilever, which
results in the relative large tapping force on the sample and may cause damage to fragile
samples (e.g., living cells). In PFT, the vibrating frequency of the cantilever is much
less than its resonant frequency (e.g., the vibrating frequency of cantilever in PFT in
water is less than 2 kHz [1], while the resonant frequency of the cantilever in water is
often larger than 10 kHz [21]). Hence, compared with normal tapping mode, PFT
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Fig. 5.1 Principle of recognizing proteins using PFT imaging with functionalized tips [2].
a Schematic diagram of a force curve which includes an approach curve and a retract curve. PFT
imaging extracts different properties of samples by analyzing the different parts of the force curve.
The Young’s modulus and adhesion force are obtained from the retract curve. The deformation is
obtained from the approach curve. The energy dissipation is equal to the area between the
approach curve and the retract curve (denoted by the asterisk). The inset is the schematic diagram
of PFT imaging. The tip intermittently contacts the sample to obtain an array of force curves for
each sampling point. b Probing the avidins adsorbed on mica by linking biotins to the AFM
tip. ¢ Probing the CD20s on the surface of lymphoma cell by linking rituximabs to the AFM tip

further decreases the tapping force between AFM tip and sample, which is of active
significance for probing living biological samples. By PFT imaging, the structural
information of single native membrane proteins can be correlated to the mechanical
properties [22], chemical properties [23], and electrostatic properties [24] of the
proteins, providing novel insights into the behaviors of single molecules.

Since its advent, researchers have applied PFT imaging to investigate the
physicochemical properties of different biological samples, e.g., membrane proteins
(bacteriorhodopsin on the purple membrane of bacterial [22], erythrocyte mem-
brane [25]) and living cells (keratinocyte [19], yeast [7], E. coli bacteria [26]).
However, these researches were commonly performed with the use of ordinary tips
[19, 22, 25] that cannot identify the specific membrane proteins on the cell surface.
In recent studies, researchers [7, 26] have applied PFT imaging to investigate the
specific molecular interactions on bacterial cells using functionalized tips.
Nevertheless, studies that demonstrate the accuracy and reliability of the specific
molecular interactions detected by PFT with functionalized tips are still needed.
Besides, to our knowledge, studies that applying PFT imaging to investigate the
specific membrane proteins on human cancerous cells have not been reported.

5.3 Mapping Protein Distributions by PFT

PFT mode was used to map the specific proteins attached on mica and membrane
proteins on lymphoma cell surface with functionalized tips, as shown in Fig. 5.1b,
c. Avidins coated on mica were sensed by biotin-tethered tip, whereas CD20s on
lymphoma cell surface were sensed by rituximab-tethered tip.



68 5 Mapping Membrane Proteins on Cell Surface by AFM

5.3.1 Avidins on Mica

Avidins were attached onto mica surface according to the protocol in the reference
[27]. Avidin powder (Solarbio Company, Beijing, China) was dissolved in 0.1 M
phosphate buffered saline (PBS) to a stock concentration of 1 mg/mL. Then the
stock solution was diluted with 100 mM NaCl to a final concentration of 1 pg/mL.
Next, a freshly cleaved mica was immersed in this solution for 20 min and sub-
sequently rinsed by PBS for three times. The avidin-coated mica was glued to a
glass slide which was placed in a Petri dish containing PBS for AFM experiments.
Biotins were linked to the surface of AFM tips by two steps: (1) Coat the AFM tip
with a layer of NH, via APTES and N,N-diisopropylethylamin using a vapor
deposition method under argon gas in a glass desiccators for 2 h; (2) Immerse the
NH,-modified tip in the mixture of biotin-PEG-NHS (JenKem Company, Beijing,
China), triethylamine and chloroform for 2—-3 h. The procedure of linking ritux-
imabs to the surface of AFM tips was the same described in Chap. 4.

PFT imaging was performed using a Bioscope Catalyst AFM (Bruker, Santa
Barbara, CA, USA) which was set on an inverted microscope (Ti, Nikon, Japan).
The experiments were carried out in PBS at room temperature. Before imaging, the
spring constant of the cantilever was calibrated. Under the guidance of optical
microscopy, the functionalized tips were moved to the sample (avidin-coated mica,
Raji cell) to perform imaging. Images were recorded at 256 x 256 pixels and the
imaging rate was 0.5-1 Hz. Since mica surface is flat and cell surface is rough, the
peak force amplitude was 100 nm for avidin-coated mica and 1000 nm for Raji
cell. In order to verify the specific molecular interactions of the recognition spots
from the obtained adhesion images, control experiments were performed, including
obtaining force curve on recognition spots, imaging with ordinary tips, obtaining
adhesion images after adding free antibodies to block the CD20s, and imaging on
normal cells.

Figure 5.2 shows the results of locating the individual avidins on mica surface
via PFT imaging using biotin-tethered tips. Avidin-biotin is an idea system for
single molecule recognition studies, because avidin can simply adsorb to mica and
biotin-PEG linker is commercially available [11]. Hence we used the avidin-biotin
system to test the reliability of applying PFT imaging to detect the specific
molecular interactions. Figure 5.2a is a typical topography image and Fig. 5.2e is
the corresponding adhesion image. We can see that the avidin particles are clearly
identified in the topography image. The recognition spots are also discernible in the
adhesion image (denoted by the green arrows in Fig. 5.2e). The recognition spots
are notably consistent with the topography of avidins. In order to examine the
reproducibility of the recognition results, two serial images of a same area on
avidin-coated mica were obtained. Figure 5.2b, f are the first scan images and
Fig. 5.2¢c, g are the second scan images of the same area. Due to the thermal drift,
the images obtained during the second scan shifted slightly to the right. The
recognition spots are denoted by the ellipses in Fig. 5.2f. We can see that the
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Fig. 5.2 Simultaneously obtaining the topography and adhesion image of avidins on mica by PFT
imaging with biotin-tethered tips [2]. a, e are the topography image (a) and the corresponding
adhesion image (e). b, f and ¢, g are the two scans of the same area on mica. Topography images
(b, ¢) and the corresponding adhesion images (f, g). d Section curve of topography image along the
blue line in (c). h Section curve of adhesion image along the red line in (g)

recognition spots from the two scans are almost the same, indicating that the
specific molecular recognitions were robust when scanning the proteins with bio-
chemical sensitive tips at PFT mode. Figure 5.2d, h are the section curves obtained
from topography image (Fig. 5.2c¢) and adhesion image (Fig. 5.2g) respectively.
We can clearly see the abrupt peaks in the section curves. The peak in Fig. 5.2d is
caused by the topography of avidins while the peak in Fig. 5.2h is caused by the
specific interactions between avidins and biotins.

In order to examine whether the recognition spots were caused by the
avidin-biotin specific interactions, force curves were obtained on the avidins.
Figure 5.3c is a typical force curve obtained on the avidins in Fig. 5.3a, b (denoted
by the white arrow). The inset in Fig. 5.3c is the enlarged view of the retract curve
in the range of 900-950 nm. From the inset, we can clearly see that the retract curve
has a specific unbinding peak which is caused by the stretching of PEG spacer. For
contrast, the force curve obtained at the bare area on mica has no unbinding peaks
(Fig. 5.3d). The results indicated that the recognition spots in the adhesion images
were caused by the specific molecular interactions. We also performed PFT
imaging on avidin-coated mica using nonfunctionalized tips (the tip surface did not
have biotins) and the results are shown in Fig. 5.3e-h. The avidins are discernible
in the topography image (Fig. 5.3e, f). However, from the corresponding adhesion
images (Fig. 5.3g, h), we cannot see the recognition spots. This is because that no
avidin-biotin interactions occur when using ordinary tips. The results (Fig. 5.3)
confirmed that the recognition spots in the adhesion images (Fig. 5.2) corresponded
to the avidins on mica, indicating that PFT imaging can specifically and reliably
recognize the purified proteins attached on mica using functionalized tips.

The advantage of adsorbing proteins to mica is the high signal-to-noise ratio due
to the atomically flat surface of mica, which facilitates us to exactly quantify the
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Fig. 5.3 Avidin-biotin specificity verification [2]. a, b are the topography image (a) and
corresponding adhesion image (b). ¢ A typical force curve with specific unbinding peak obtained
on avidins [denoted by the arrow in (b)]. d A typical force curve obtained on the bare area of mica.
The insets in (¢, d) are the enlarged views of the retract curves. Topography images e, f and
corresponding adhesion images g, h obtained using nonfunctionalized tips

protein-protein interactions [28]. In fact, since cell surface is highly complex (e.g.,
rough, soft, and dynamic), current AFM force spectroscopy experiments were
commonly performed on purified proteins which were immobilized on substrate
(e.g., mica) [29]. Traditional biochemical methods (e.g., surface plasmon resonance
and radioimmunoassay [2]) for analyzing the affinity constants of proteins require a
lot of purified proteins which are isolated from large number of cells, and thus is
costly and time-consuming. By contrast, only a small amount of proteins are needed
for PFT imaging and hence is with economical significance for assessing the
molecular interactions. Compared with TREC mode, PFT mode can use probes
with higher Q factors (the Q factor of PFT is larger than 5 while the Q factor of
TREC is about 1 [20, 30]), meaning that PFT mode has better detection sensitivity.
In addition, the driving frequency of TREC mode is near the resonance frequency
of the probe [30], while the driving frequency of PFT is much less than the reso-
nance frequency of the probe [13]. Hence the tapping force between AFM tip and
sample of PFT mode is less than that of TREC. What’s more, besides topography
and adhesion, PFT mode can simultaneously acquire other parameters, such as
mechanics [31] and electronics [24]. Consequently, PFT provides a powerful tool in
life sciences for investigating cellular and molecular behaviors.
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5.3.2 CD20s on Lymphoma Cell Surface

Raji cells were cultured in RPMI-1640 containing 10% fetal bovine serum at 37 °C
(5% CO,). After 24 h of culture, Raji cells were harvested at 1000 rpm for 5 min.
Harvested Raji cells were dropped to a poly-L-lysine-coated glass slide and then
fixed by 4% paraformaldehyde for 30 min. After being rinsed by PBS, the glass
slide was placed in a Petri dish containing PBS. Normal human cells were prepared
from the peripheral blood of healthy volunteers. The preparation process of normal
cell sample was the same as the Raji cell sample.

Figure 5.4 shows the results of locating CD20s on human lymphoma Raji cells
at PFT mode with the use of rituximab-tethered tips. Rituximab, an antibody against
CD20s (CD20 is highly expressed on B-cell lymphomas), is approved by USFDA
in 1997 to treat B-cell lymphomas [32]. The binding of rituximab to CD20 on
lymphoma cell can result in the death of lymphoma cell. Figure 5.4a is a topog-
raphy image of a local area on a Raji cell and Fig. 5.4e is the corresponding
adhesion image. The topography image shows the rough cell surface. From the
adhesion image, we can see that recognition spots (denoted by the green arrows)
form nanodomains on the cell surface. In order to test the reproducibility of the
recognition results, two serial scans of the same local area on a Raji cell (denoted by
the square in Fig. 5.4b) were performed. Figure 5.4c, g are the first scan images and
Fig. 5.4d, h are the second scan images. We can see the recognition spots in the
adhesion images (denoted by the red ellipses in Fig. 5.4g) and these recognition
spots are almost the same for the two scans, indicating that the recognition results
were reproducible. In order to test whether the recognition spots were from the
specific molecular interactions, force curves were obtained on the recognition spots.

Topography image

Adhesion image

Distance (nm)

Fig. 5.4 Simultaneously obtaining the topography and adhesion images of CD20s [2]. a, e are the
topography image (a) and the corresponding adhesion image (e). b Topography image of large
scan. f A typical force curve obtained on the recognition area [denoted by the square in (g)]. The
inset in f was the enlarged view of the retract curve in the range of 870-980 nm. ¢, g and d, h are
the two scans of the same area on lymphoma cell. Topography images (¢, d) and corresponding
adhesion images (g, h)
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Figure 5.4f is a typical force curve obtained on a recognition area (denoted by the
black arrow in Fig. 5.4g). We can clearly see a specific unbinding peak in the
retract curve (Fig. 5.4f), which confirms that the recognition spots were caused by
specific molecular interactions.

In order to exactly demonstrate that the recognition spots were caused by
CD20-rituximab interactions, we performed serial scanning at a same local area on
a Raji cell after the addition of free rituximabs and the results are shown in Fig. 5.5.
Figure 5.5a is the topography image obtained before the addition of rituximabs and
Fig. 5.5e is the corresponding adhesion image. Some distinct recognition spots are
denoted by red arrows. After the addition of rituximab, serial images were obtained
on the same area. Figure 5.5b, c, d are topography images obtained at 30, 60, and
120 min respectively after the addition of rituximab and Fig. 5.5f, g, h are the
corresponding adhesion images. We cannot see significant differences between the
serial topography images. While from the adhesion images, we can see that the
color of recognition spots became obviously weaker as time progressed. About
120 min after the addition of rituximab, the recognition spots basically vanished.
However, there are still some recognition spots (denoted by the yellow arrows in
Fig. 5.5h) in the adhesion image and this may because that the rituximabs were not
enough to block all of the CD20s on the cell surface. The results confirmed that the
recognition spots were caused by CD20-rituximab interactions.

For control, we also performed PFT imaging on normal blood cells which were
prepared from healthy volunteers by rituximab-tethered tip, and the results are
shown in Fig. 5.6. From the topography images (Fig. 5.6a, b), we can see the rough
cell surface. From the adhesion image (Fig. 5.6¢, d), however, we cannot see the

Topography image

Adhesion image
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Fig. 5.5 CD20-rituximab specificity verification [2]. a, e are the topography image (a) and the
corresponding adhesion image (e) obtained on a local area on a Raji cell. Recognition spots are
denoted by red arrows. Then rituximab solution was added and serial images were obtained for the
same area. (b, f), (¢, g), (d, h) were obtained 30, 60, and 120 min after the addition of rituximab
respectively
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Topography image

Adhesion image

Fig. 5.6 Obtaining the topography and adhesion images on normal cells from the peripheral
blood of healthy volunteers using rituximab-tethered tips [2]. a, b are topography images and c,
d are the corresponding adhesion images

recognition spots. CD20s are also expressed on the surface normal B lymphocytes.
But in the peripheral blood, B lymphocytes account for less than 1% (99% are
erythrocytes). Hence it is reasonable that the detected cells in Fig. 5.6 were not B
lymphocytes and thus there were no recognition spots. In previous studies,
researchers have applied PFT imaging to correlate cellular topography with protein
recognition information on microbial cells [7, 26]. Here, CD20s were visually
recognized by PFT imaging using antibody-tethered tips and correlated with cel-
lular topography, demonstrating the ability of AFM in visualizing specific mem-
brane proteins on mammalian cells.

The above experiments were performed on chemically fixed cells. Imaging
living Raji cells with PFT mode was also explored, but we found that it was difficult
to image living Raji cells. For imaging the local areas of cells, the real-time force
curves exhibited abnormal shapes (Fig. 5.7) which were quite different from the
standard force curves obtained on living cells (Fig. 3.5). PFT has been used to
image living microbial cells [6, 26] and living mammalian adherent cells (e.g.,
keratinocytes [19], MDCK cells [33]), but to our knowledge so far imaging living
mammalian suspended cells with PFT has not been reported. This may due to the
soft and suspended characteristics of the cells. Imaging living mammalian sus-
pended cells is an issue needing to be addressed for the applications of PFT mode.
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Fig. 5.7 Typical real-time PFT force curves on living Raji cells. The blue line corresponds to the
extend curve. The red line corresponds to the retract curve

Figure 5.8 shows the quantitative analysis of the cluster sizes of CD20s on Raji
cells. From the recognition images, we can quantitatively analyze the distributions
of CD20s on Raji cells. The cluster analysis was performed using the open source
Fiji software according to the reference [18]. The adhesion images were first
converted into binary images. Then the relation between pixel distance and spatial
distance was calibrated. The binary images were treated by Particle Analysis to get
the sizes of each recognition areas. Figure 5.8a is an overlay of topography image
and recognition image, correlating the CD20 distribution with cellular topography.
Figure 5.8b, ¢ are the original adhesion images of two recognition areas.
Figure 5.8d is another overly image. We can see that the recognition spots dis-
tributed irregularly on the cell surface and the sizes of recognition spots were
variable. CD20 is usually expressed at high levels on B lymphoma cells [34],
allowing dense accumulation of the anti-CD20 antibodies (e.g., rituximab) on cell
membrane. The high levels of CD20s on the cell membrane caused that we could
clearly see many CD20 spots in the recognition images. Besides, studies have
shown that CD20s on the cell membrane are not expressed in monomeric form but
organized into heterogeneous supramolecular complexes which associate various
molecules, including CD20 dimers or tetramers, C-terminal src kinase-binding
protein, CD40, the MHC II protein and B-cell antigen receptor [35, 36]. The
heterogeneity of CD20-related cluster areas caused that the recognition spots had
different sizes. By analyzing the size of each recognition spots in the recognition
image, we can obtain the histogram of cluster sizes of recognition spots.
Figure 5.8e is the cluster size histogram of recognition spots in Fig. 5.8a, f is the
cluster size histogram of recognition spots in Fig. 5.8d. From Fig. 5.8e, f we can
see that CD20 organizations are mainly distributed in the range of 100—4000 nm>.
PFT imaging can directly show the correlation between protein distribution and cell
topography, which is inaccessible by traditional methods (such as fluorescence
labeling [37]), thus providing a novel way to investigate the nanoscale behaviors of
biomolecules on the cell surface.
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Fig. 5.8 Location of the CD20s on the lymphoma Raji cell surface [2]. a Overlay of recognition
image (in cyan) of CD20 and the corresponding topography image. b, ¢ Adhesion images of the
examples of typical recognition spots in (a). d Another overly of recognition image and
topography image. e The distribution of recognition spot size in (a). f The distribution of
recognition spot size in (d)

5.4 Summary

A challenging issue in current cell and molecular biology is to understand how the
various biomolecules on the cell surface interact with each other to fulfill the
physiological functions [38]. With the use of functionalized tip, purified avidins on
mica and native CD20s on lymphoma cell surface were recognized and correlated
with topography information at AFM PFT mode. Specific molecular interaction
events were remarkably visible from the adhesion images. The reproducibility of
molecular recognition results was confirmed by serial scanning, while the speci-
ficity of the molecular recognition results was confirmed by control and blocking
experiments, demonstrating the capability of PFT mode in mapping membrane
proteins on the surface of mammalian cells, which will be of active significance for
investigating molecular interactions in their native states.
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Chapter 6

Applications of AFM Cellular

and Molecular Biophysical Detection
in Clinical Lymphoma Rituximab
Treatment

In Chaps. 2-5, series methods based on AFM have been established to detect the
biophysical properties (morphology, mechanics, molecular binding affinity, mem-
brane protein distribution) of cells. In this chapter, these methods are applied to
systematically investigate the three killing mechanisms in lymphoma rituximab
treatment (as shown in Fig. 1.1) and the clinical significance of AFM single-cell
and single-molecule biophysical detection is explored by performing tests on pri-
mary cells prepared from lymphoma patients.

6.1 Cellular Ultra-Microstructure and Mechanics
Detection

6.1.1 PCD Mechanism

During PCD, the binding of rituximab to CD20 on lymphoma cell can result in the
apoptosis of cell. AO/EB fluorescence staining was used to examine the PCD effects
of rituximab on lymphoma Raji cells. Raji cells were resuspended and then plated in
24-well microtiter plates. After incubating at 37 °C (5%CO,) for 24 h with ritux-
imab, cells were harvested and dropped onto the glass slide. The AO/EB staining
solution was then dropped onto the glass slide and incubated for 2 min. Next, the cell
sample was observed by fluorescence microscope. For control, Raji cells which were
cultured without rituximab were stained by AO/EB. Figure 6.1 shows the experi-
mental results of AO/EB staining. Figure 6.1a is from the Raji cells cultured with
rituximab and Fig. 6.1b is from the Raji cells cultured without rituximab. From
Fig. 6.1a, we can see the distinct apoptosis of Raji cells, as the appearance of nuclear
pyknosis and condensed chromatin at the periphery of the nuclear envelope. From
the control group, the apoptosis was not observed. The results confirmed that
the stimulation of rituximab can induce the apoptosis of Raji cells.
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Fig. 6.1 AO/EB staining of Raji cells [1]. a Treated by 10 pg/ml rituximab for 24 h. b Control
group (without rituximab)

Based on micropillar immobilization, the morphological and mechanical chan-
ges of Raji cells after the stimulation of rituximab were then observed by AFM.
For AFM experiments, harvested living Raji cells were dropped onto the poly-L-
lysine-coated pillar array. AFM images and force curves were recorded on trapped
living Raji cells. After the stimulation of rituximab, AFM images and force curves
were recorded again on the same cells. Figure 6.2 shows the AFM images of the
topography changes of a trapped B lymphoma cell before and after stimulation with
0.2 mg/mL rituximab. Figure 6.2a—c show the topography image, amplitude image,
and three-dimensional topography image of the trapped cell before rituximab
stimulation, respectively. The scan size was 40 um. Because the substrate was
coated with positively charged poly-L-lysine, the negatively charged cells readily
attached onto it. In addition, pillars surrounding each cell helped it to resist the
lateral forces exerted by the probe during scanning, thus avoiding displacement of
the cell. Figure 6.2d, e are the topography image and amplitude image of a local
area on the cell surface. The scan size was 3 pum. We can see that the topography is
a little corrugated. Following incubation in rituximab, topography images and
amplitude images of the same local area were re-acquired, as shown in Fig. 6.2f, g.
We can see that the topography becomes more corrugated (denoted by the arrows in
Fig. 6.2g).

Figure 6.3 shows the AFM images of the topography of a trapped B lymphoma
cell before and after stimulation with 0.5 mg/mL rituximab. Figure 6.3a—c are the
40 um topography image, amplitude image, and three-dimensional topography
image of the trapped cell before stimulation, respectively. Figure 6.3d, e are the
topography image and amplitude image of the local area of the cell surface before
stimulation, and Fig. 6.3f, g are the topography image and amplitude image of the
same local area after stimulation. We can see that the topography becomes notably
more corrugated after stimulation and some tubercles appear (denoted by the arrows
in Fig. 6.3g). Comparing these topography changes with those of the cell stimulated
with 0.2 mg/mL rituximab, we can see that the 0.5 mg/mL rituximab-induced
changes are more significant.
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Fig. 6.2 AFM images of the topography changes of a trapped B lymphoma cell stimulated with
0.2 mg/mL rituximab [2]. a Topography image, b amplitude image, and ¢ three-dimentional image
of a cell. d Topography image and e amplitude image of a local area before rituximab stimulation.
f Topography image and g amplitude image of the same local area after rituximab stimulation

Fig. 6.3 AFM image of the topography changes of a trapped B lymphoma cell stimulated with
0.5 mg/mL rituximab [2]. a Topography image, b amplitude image, and ¢ three-dimentional image
of a cell. d Topography image and e amplitude image of a local area before rituximab stimulation.
f Topography image and g amplitude image of the same local area after Rituximab stimulation

Figure 6.4 shows the Young’s modulus changes of Raji cells after the stimu-
lation of rituximab. After the stimulation of 0.2 mg/mL rituximab, the Young’s
modulus of lymphoma cell decreased from 196 to 183 kPa. After the stimulation of
0.5 mg/mL rituximab, the Young’s modulus of lymphoma cell decreased from 234
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to 175 kPa, showing that rituximab could induce the softening of lymphoma cells.
For control, the Young’s modulus of lymphoma cells stimulated by 0.5 mg/mL
human IgG were measured and the results showed that the Young’s modulus of
lymphoma cells kept unchanged. Human IgG has no biological effects on lym-
phoma cells and hence the stimulation of human IgG does not cause the changes of
cellular mechanical properties.

From Figs. 6.2, 6.3, 6.4, we can clearly see that the stimulation of rituximab
resulted in the rougher cell surface and softer cell mechanics. In addition, these
changes (cellular ultra-microstructures, Young’s modulus) were dependent on the
concentration of rituximab. The binding of rituximab to CD20s on lymphoma cell
activates a series of molecular signal transduction (e.g., the downregulation of p38
MAPK, NF-kB, ERK1/2, and Bcl-2) [1-3], which finally leads to the apoptosis of
the cell, as confirmed in Fig. 6.1. The activation of apoptosis can be accompanied by
structural changes, which may result in the morphological and mechanical changes.
Hu et al. [4] have used AFM to measure the Young’s modulus of single resting,
activated and apoptotic lymphocytes, showing that the apoptotic lymphocyte was
significantly softer than the other two types. Cai et al. [5] investigated the changes of
human pterygium fibroblasts after apoptosis, also showing that aoptosis cells were
softer than normal cells. Here we can see that stimulation by rituximab leads to softer
lymphoma cells, consistent with these results. At the higher rituximab concentration,
more rituximabs bind to the CD20s, which may enhance the rituximab’s effect to the
cell and then results in more distinct changes to the morphology and Young’s
modulus. Collectively, the experimental results improve our understanding of
rituximab’s PCD mechanism at the single-cell level.
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Fig. 6.4 Young’s modulus changes of Raji cells after the stimulation of rituximab [3]
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6.1.2 ADCC Mechanism

During macrophage-related ADCC mechanism, the F,;, portion of rituximab binds to
CD20 of lymphoma cell and the Fc portion of rituximab binds to the Fc receptor of
macrophage, which recruits macrophages to phagocytize the lymphoma cell [6].
Optical microscopy was used to observe the dynamics of rituximab-induced
macrophage phagocytosis against lymphoma Raji cells, as shown in Fig. 6.5.
Figure 6.5a, b are the optical images of Raji cells and macrophages after co-
incubation. Raji cells were coated by rituximabs and then incubated with RAW 264.7
cells (a macrophage cell line, purchased from the Cell Bank of the Chinese Academy
of Sciences, Shanghai, China). We can discriminate cancerous cells (denoted by the
black arrows) and macrophages (denoted by the red arrows) in the optical images
according to the cell morphology. Macrophage is a type of adherent cell and the
lamellipodium was clearly discernible. Lymphoma cell is a type of mammalian sus-
pended cell and exhibited a round shape. When the co-incubation time was 10 min,
the phagocytosis phenomenon was not clear (Fig. 6.5a). When the co-incubation time
increased to 3 h, we can distinctly observe the macrophage phagocytosis from the
optical images (Fig. 6.5b). There were three Raji cells in Fig. 6.5b and we can see
one Raji cell (denoted by the II black arrow) was engulfed by the macrophage.
Fluorescence was used to exactly recognize Raji cells and macrophages.
Carboxyfluorescein succinimidyl ester (CFSE) is a commonly used living cell
fluorescence dye [7] and cells still have biological activities after CFSE staining.
Hence we used CFSE for cell recognition. The working concentration of CFSE was
following the supplier recommendations. CFSE staining was examined on Raji
cells, and the results are shown in Fig. 6.5c, d. CFSE-stained Raji cells were

Fig. 6.5 Optical images of rituximab-mediated macrophage phagocytosis against lymphoma cells
[19]. a 10 min and b 3 h after co-incubation of macrophages and Raji cells. The black arrows
indicate cancer cells, and the red arrows indicate macrophages. ¢, d CFSE staining of Raji cells.
¢ Optical bright field image and d corresponding fluorescent image. e—p Serial optical images of
the dynamic process of macrophage phagocytosis against Raji cells. The insets are the
corresponding fluorescent images of the Raji cell. Black arrow denotes cancer cell and red arrow
denotes macrophage
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dropped onto the glass slide (coated by a layer of poly-L-lysine for adsorbing cells
to the glass slide) and fluorescence images were recorded. Figure 6.5c¢ is the optical
bright field images of Raji cells and Fig. 6.5d is the corresponding fluorescence
images. We can see that all of the Raji cells exhibited uniform green fluorescence,
confirming the efficiency of CFSE in staining Raji cells.

Then we used the established staining procedure to specifically recognize Raji
cells in the process of macrophage phagocytosis. After coating the CFSE-stained
Raji cells with rituximabs, Raji cells were incubated with macrophages. Both optical
bright field image and fluorescence image were captured. Figure 6.5e—p shows the
dynamic changes of macrophage phagocytosis against Raji cells in 2 h. The images
were recorded every 10 min. The insets were the corresponding fluorescence images
of cancerous cell. At the beginning (0 min), the boundary between cancerous cell
and macrophage was apparent and the fluorescence intensity of the cancerous cell
was uniform. Then the macrophage began to deform and engulf the cancerous cell.
After 60 min, we can clearly see that a small proportion of the cancerous cell had
been swallowed into the macrophage (Fig. 6.5k). We can see that the fluorescence
intensity in Fig. 6.5k was non-uniform. This is because that the macrophage coated
some part of the cancerous cell and this influenced the fluorescence intensity of the
cancerous cell. After 90 min, an interesting phenomenon occurred. The macrophage
did not continue to swallow but released the cancerous cell out (Fig. 6.5n—p). The
fluorescence intensity in Fig. 6.5p was uniform again and this is because that the
cancerous cell had been released from the macrophage. During the phagocytosis
process, we can see the remarkable reorganization of cell lamellipodia (denoted by
the white arrows in Fig. 6.5¢) and filopodia (denoted by the blue arrow in Fig. 6.5k).
This is because that phagocytosis is a complex process that is driven by a finely
controlled rearrangement of the actin cytoskeleton [8]. The rearrangement of actin
cytoskeleton caused the deformation and morphological changes of the macro-
phages. From Fig. 6.5e—p, we can see that the macrophage engulfed the cancerous
cell at the first 90 min, but finally released the cancerous cell. Studies have shown
that after 30-60 min co-incubation at 37 °C (5%CO,), the antibody-dependent
Fc receptor-mediated macrophage phagocytosis against cancerous cells could be
successfully observed [9, 10]. The experiments here were done under room tem-
perature at atmospheric environment, which may influence the physiological
activities of the macrophages. In order to provide better conditions for cellular
activities, temperature-controlled stage can be useful.

We then used AFM to image the nanoscale cellular morphological changes
during the macrophage phagocytosis, and the results are shown in Fig. 6.6. After
co-incubating the cancerous cells and macrophages for 3 h, the cells were chemi-
cally fixed and then imaged by AFM under the guidance of fluorescence micro-
scopy. Figure 6.6a—e shows the cellular morphologies at the initial contact step
between cancerous cell and macrophage. From the overlay of optical image and
fluorescence image (Fig. 6.6a), we can clearly discern the cancerous cell by the
fluorescence. Figure 6.6b, ¢ are the AFM height image and corresponding deflec-
tion image of the two cells respectively. Figure 6.6d, e are the AFM height image
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and corresponding deflection image of the contact area (denoted by the red square
in Fig. 6.6c) respectively. From the optical image, we can not see the detailed
situation about the contact area between the two cells. While the AFM images
clearly showed that the cancerous cell docked on the macrophage and the engulfing
of macrophage did not occur. Figure 6.6f—j shows the cellular morphologies at the
beginning of engulfing. Figure 6.6f is the overlay image. The cancerous cell was
identified by the fluorescence. Figure 6.6g, h are the AFM height image and cor-
responding deflection image respectively. Figure 6.6i, j are the local area AFM
images (denoted by the red square in Fig. 6.6h) respectively. In this case, we can
distinctly see that the macrophage was opening its mouth to engulf the cancerous
cell (denoted by the white arrow in Fig. 6.61). Figure 6.6k—p shows the cellular
morphologies at the step during which macrophage had engulfed some proportions
of the cancerous cell. From the optical image (Fig. 6.6k), we did not know whether
the cancerous cell had been engulfed by the macrophage. While from the AFM
images (Fig. 6.60, p), we can clearly see that some proportions of the cancerous cell
had been engulfed by macrophage. The results of Fig. 6.6 showed that AFM can
reveal detailed situations at the nanoscale which were not be accessible by optical
microscopy, thus providing novel knowledge which can help us to better under-
stand the cell behaviors.

Fig. 6.6 AFM images reveal the changes in cellular ultra-microstructures during the process of
rituximab-mediated macrophage phagocytosis against cancerous cells [19]. a, f, k Overlay images
of optical images and fluorescent images. a—e Initial contact stage between a cancerous cell and
macrophage. f—j Beginning of engulfing. k—-p Some proportion of the cancerous cell has been
engulfed by macrophage. b, g, 1 AFM height images and ¢, h, m corresponding deflection images
on a large-size scan area. d, i, 0 AFM height images and e, j, p corresponding deflection images on
a small-size scan area denoted by the red squares
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Figure 6.7 shows that one macrophage could engulf several cancerous cells.
Figure 6.7a—e shows the phagocytosis where one macrophage engulfed three
cancerous cells. Figure 6.7a is the overlay of optical image and fluorescence image.
From the overlay image, we can discern that three cancerous cells contacted with the
macrophage according to the fluorescence. Figure 6.7b, ¢ are the AFM height image
and corresponding deflection image respectively. Figure 6.7d is the AFM local
scanning height image of the cancerous cell denoted by the red square in Fig. 6.7c.
From the local scanning AFM images, we can see that the boundary between the
cancerous cell and macrophage was not clear and some proportions of cancerous cell
had been coated by macrophage. Figure 6.7¢ is the AFM local scanning height
image of the cancerous cell denoted by the blue square in Fig. 6.7c. The boundary
between the cancerous cell and macrophage was apparent and the cancerous cell had
not been engulfed. Figure 6.7f— shows the phagocytosis where one macrophage
engulfed six cancerous cells. From the overlay image (Fig. 6.7f), we can see that the
macrophage also exhibited fluorescence, and we could see five cancerous cells were
around the macrophage. While from the AFM deflection image (Fig. 6.7h), we can
clearly see that besides the five cancerous cells around the macrophage, there was
also one cancerous cell (denoted by the white arrow) which had been swallowed by
the macrophage. It was this cancerous cell that make the macrophage exhibit
fluorescence. Figure 6.7i, j are the AFM local scanning images of two cancerous
cells (denoted by the red and blue squares in Fig. 6.7h) and the macrophage begun to
engulf these two cancerous cells. Researchers have used AFM to investigate cell-cell
interactions (e.g., fungus-macrophage [7], bacteria-phage [11]) and virus-cell
interactions [12]. Here the results (Figs. 6.6 and 6.7) obtained by AFM improve our
understanding of the macrophage phagocytosis against cancerous cells.

The results in Figs. 6.6 and 6.7 were obtained on chemically fixed cells. We then
tried to image the macrophage phagocytosis on living cells by AFM. Under the
guidance of optical microscopy, AFM tip was moved to a macrophage which had

Fig. 6.7 AFM images of macrophages enfulfing several cancerous cells simultaneously [19]. a—
e One macrophage enfulfing three cancerous cells. d corresponds to the red square area in ¢ and
e corresponds to the blue square area in ¢. f—j One macrophage enfulfing six cancerous cells.
i corresponds to the red square area in h and j corresponds to the blue square area in h
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adsorbed a cancerous cell (Fig. 6.8a). The cancerous cell in Fig. 6.8a was denoted
by the black arrow. Then AFM scanning was performed on the two cells, but we
found that it is hard to obtain AFM images of living cancerous cells. The optical
image after the scanning was shown in Fig. 6.8b. We can see that the position of the
cancerous cell changed from one side of the macrophage to another side after the
scanning. Though cancerous cells bind to macrophage via antibodies, the conju-
gations were not strong enough to withstand the force exerted by the scanning tip
and hence the cancerous cells were pushed by the scanning tip. In order to
investigate the detailed topography of living macrophages, we then used AFM to
image living macrophages and the results are shown in Fig. 6.8c—f. Figure 6.8c, d
are the AFM height image and deflection image of the macrophage respectively.
The scan size was 60 um. Lamellipodium and filopodium were evident in the AFM
images (denoted by the white arrows). Then local area scanning was performed on
the central region of the cell (denoted by the red square), and the AFM images were
shown in Fig. 6.8e, f. We can clearly see the corrugated morphology of the mac-
rophage surface. Macrophage is a adherent cell and can spread on the substrate,
which make it easy to acquire AFM images of living macrophages. In the living
organisms, there are various types of cells. Each type of cell has its unique
geometries (e.g., shapes, sizes) and the cell geometry is closely related to cellular
physiological functions [13]. The shape of motile cells is determined by many
dynamic processes which involve many interacting elements (e.g., cytoskeleton,

Fig. 6.8 AFM images of living macrophages [19]. Optical images of a macrophage with a
cancerous cell a before and b after AFM scanning. ¢ AFM height image and d corresponding
deflection image of a living macrophage. e AFM height image and f corresponding deflection
image of the local area (denoted by the red square in d) on the macrophage
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cell membrane, cell-substrate adhesions) [14]. From the AFM images of living
macrophages, we can see the apparent morphological features of macrophages, e.g.,
the long lamellipodium, the corrugated surface morphology. We know that mac-
rophages move in the tissues to kill the malignant cells and this special morphology
may be beneficial and suited for the phagocytosis function of macrophage.

We then used AFM to obtain force curves on macrophages with and without
cancerous cells to investigate whether phagocytosis influence cellular mechanical
properties. The process of calculating the cellular Young’s modulus from a force
curve was shown in Fig. 6.9. Figure 6.9a is a typical force curve obtained on
macrophages which trapped cancerous cells. Figure 6.9b is a typical force curve
obtained on macrophages which did not adsorb cancerous cells. From the optical
image in Fig. 6.9a, we can clearly see that a cancerous cell contacted with the
macrophage. While from the optical image in Fig. 6.9b, the macrophage did not
adsorb cancerous cells. According to the contact point (denoted by the arrows in
Fig. 6.9a, b), the approach curve was converted to indentation curve. By applying
Hertz model, the Young’s modulus of cells was then computed from the indentation
curve. Each indentation curve contained many discrete data points and each point
could be used to compute a Young’s modulus. Hence, we can often obtain hundreds
of Young’s modulus for each indentation curve. The histograms of Young’s
modulus values were plotted, as shown in Fig. 6.9¢, d. After putting the Gaussian
fitting mean value into the Hertz model formula, we can obtain the fitting inden-
tation curves, and the contrast of experimental indentation curve and fitting
indentation curve was shown in Fig. 6.9e, f. We can see that the experimental
indentation curve was consistent with the fitting indentation curve.

Figure 6.10a shows the Young’s modulus changes of macrophages after
phagocytosis. For each situation (with cancerous cell and without cancerous cell),
five macrophages were measured. When macrophages adsorbed cancerous cells, the
Young’s modulus of macrophages was in the range of 2-5 kPa. When macrophages
did not adsorb cancerous cells, the Young’s modulus of macrophages was in the
range of 1-3 kPa. We can see that after the binding of cancerous cells, the mac-
rophages became stiffer. When co-incubating the rituximab-coated cancerous cells
and macrophages, cancerous cells could come into contact with adherent macro-
phages simply by landing on or near them under the influence of gravity [15]. After
the contact of cancerous cells with macrophages, the Fc domains of rituximab on
the cancerous cells then bound to the Fc receptors on the surface of macrophages
and this would activate the macrophage phagocytosis. The ability of eukaryotic
cells to establish their asymmetrical shapes, to transport intracellular constituents
and to drive their motility depends on the cytoskeleton, an interconnected network
of filamentous polymers and regulatory proteins [16]. Actin cytoskeleton determi-
nes the mechanical properties of a cell [17]. When the macrophage phagocytosis is
activated, a rapid accumulation of F-actin and associated proteins in the
periphagosomal region occurs [18, 19]. This phenomenon can be clearly seen in
Fig. 6.8a, b. In Fig. 6.8a, we can distinctly see the internalization of the cancerous
cell to the macrophage. When the cancerous cell was pushed by the scanning tip,
we can see a distinct concave on the macrophage (Fig. 6.8b). Hence, actin
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Fig. 6.9 Measuring the cellular Young’s modulus of macrophages by obtaining force curves for
macrophages with or without cancerous cells [19]. a, ¢, e Macrophage with a cancerous cell. b, d,
f Macrophage without a cancerous cell. a, b Typical force curves. ¢, d Histogram of the Young’s

modulus values. e, f Fitting the experimental indentation curve (converted from approach curve)
with Hertz model

cytoskeleton reorganized during the macrophage phagocytosis and this reorgani-
zation may lead to the changes of cellular mechanical properties. In order to
examine whether the introduction of Raji cells cause the stiffening of macrophages,
we measured the Young’s modulus of Raji cells. Because Raji cell is a type of
suspended cell, we attached them onto the glass slide via poly-L-lysine. Five Raji
cells were selected for obtaining force curves. From Fig. 6.10a we can see that the
Young’s modulus of Raji cells were 1-3 kPa, comparable to the Young’s modulus
of macrophages (without Raji cells). While the Young’s modulus of macrophages
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Fig. 6.10 Measuring the mechanical properties of macrophages during phagocytosis [19].
a Young’s modulus of macrophages (with and without cancerous cells) and cancer cell. b Young’s
modulus of macrophages before and after the stimulation of rituximab

became 2-5 kPa after engulfing the cancerous cells, significantly larger than the
Young’s modulus of Raji cells. Hence, we can conclude that the stiffening of
macrophages were caused by the activation of phagocytosis activities of macro-
phages, not the introduction of cancerous cells.

For control experiments, we investigated whether the single stimulation of
rituximab can influence the cellular mechanical properties and the results were
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shown in Fig. 6.10b. Force curves were first obtained on five living macrophages.
Then rituximab solution was added and incubated for 3 h at 37 °C (5% CO,).
After the incubation, force curves were obtained on the five macrophages.
From Fig. 6.10b, we can see that before the stimulation of rituximab, the Young’s
modulus of macrophages was in the range of 1-3 kPa, consistent with the measured
Young’s modulus in Fig. 6.10a. After the stimulation of rituximab, the Young’s
modulus of macrophages was still in the range of 1-3 kPa. This indicated that the
stimulation of rituximab did not influence the mechanical properties of macro-
phages. In the antibody-dependent Fc receptor-mediated macrophage phagocytosis
against cancerous cells, the cancerous cells were linked to the macrophages via
antibodies and the actin cytoskeleton rapidly reorganized to assist engulfing the
cancerous cells. The reorganization of actin cytoskeleton then caused the changes of
the cellular mechanical properties. But when only the Fc domains of rituximab bind
to the Fc receptors of the macrophage (the Fab domains of rituximab are free), there
was no actin cytoskeleton reorganization and the cellular mechanical properties
kept unchanged after the single stimulation of rituximab.

In summary, AFM was used to visualize and quantify the nanoscale cellular
properties (ultra-microstructure, mechanical properties) during rituximab-induced
macrophage phagocytosis against lymphoma cells, showing the dynamic changes
of cell mechanics during the process of phagocytosis. The experimental results
improve our understanding rituximab’s ADCC mechanism.

6.1.3 CDC Mechanism

Besides PCD and ADCC, the binding of rituximab to the CD20 of lymphoma cell
can also activate the pathway of complement dependent cytotoxicity
(CDC) mechanism, which finally leads to the lysis of the cell. Fluorescence
microscopy was firstly used to observe the rituximab-induced CDC mechanism on
lymphoma cell, and the results are shown in Fig. 6.11. Propidium iodide (PI) dye is
a commonly used agent for discriminating dead and viable cells [20]. PI molecules
can infiltrate into the cells which have damaged plasma membranes, but can not
infiltrate into the cells which have intact plasma membranes. Hence we used PI dye
to detect the cell lysis in this study. Raji cells were cultured with human serum and
rituximab for 2 h at 37 °C (5%CO,). After the incubation, cells were harvested and
stained by PI for fluorescence observation. Figure 6.11a, b are the bright field
image and corresponding fluorescence image of Raji cells cultured with human
serum and rituximab. We can see that there are many cells which exhibit fluores-
cence. Human serum contains complement for CDC. When Raji cells were incu-
bated with human serum and rituximab, ritximab bound to the CD20 antigen on the
surface of Raji cells and then the Fc domains of rituximab could bind the com-
plement to trigger the CDC effect whose final product was the MAC in the cell
membrane. MAC creates 10 nm pores in the cell membrane that facilitate free
passage of water and solutes into and out of the cell [21]. PI molecules can thus
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50 um

Fig. 6.11 Observing rituximab-mediated complement dependent cytotoxicity by fluorescence
microscopy [24]. a, b PI staining of Raji cells after 2 h of incubation with human serum and
rituximab. ¢, d PI staining of Raji cells after 2 h of incubation with human serum. a, ¢ Optical
bright field images and b, d corresponding fluorescence images

infiltrate into the cells via the MAC pores to stain the cell nucleus and thus cells
exhibited bright fluorescence. Figure 6.11c, d are the bright field image and cor-
responding fluorescence image of Raji cells cultured with human serum (a control
group), and we can see that cells do not exhibit fluorescence. Other two control
groups were also performed, including Raji cells cultured with 1640 medium, and
Raji cells cultured with rituximab, and the cells from the control groups also do not
exhibit fluorescence (data not shown). The activation of CDC on Raji cells requires
the existence of rituximab and complement. While in the cases of the three control
groups, this requirement was not met and thus CDC effect was not activated. Hence
cells cultured in the control groups were viable and did not exhibit fluorescence.
Rituximab can directly induce the apoptosis of Raji cells after binding to the CD20
antigen, but this requires more than 24 h [22-24]. Here, cells were cultured only for
2 h and thus the apoptosis directly induced by rituximab was not observed.
Figure 6.12 shows the dynamic changes of fine structures on the cell surface
during the process of rituximab-induced CDC mechanism. The AFM images
distinctly reveal the morphological features of cells for the different stages of
CDC mechanism. Cells were cultured with human serum and rituximab for 2 h.
After incubation, cells were dropped onto the glass slide and fixed by 4%
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paraformaldehyde for 30 min. AFM images were recorded at contact mode in PBS.
The scan rate was 0.5 Hz. Figure 6.12a—c are AFM images of Raji cells which
corresponded to the initial stage of CDC mechanism where micropores began
forming on the cell surface. Firstly large-size scanning was performed to visualize
whole cells and then small-size scanning was performed to visualize fine structures.
From the AFM images, we can clearly see that some pores occurred on the cell
surface (denoted by the arrows in Fig. 6.12b). From the AFM images, we can
measure the diameter of holes by applying the AFM offline software (Nanoscope
Analysis, Bruker, Santa Barbara, CA, USA). The size of holes was summarized in
Table 6.1. From Table 6.1a, we can see that the size of the holes at the initial stage
was about 150-500 nm. At this stage, we did not see the outflow of cytoplasm.
Figure 6.12d—f corresponded to the stage where pores on the cell surface became
larger and cytoplasm began escaping from the cell. At this stage, many more pores
formed (denoted by the arrows in Fig. 6.12¢). From Table 6.1b, we can see that the
size of the pores at this stage was about 400—700 nm, significantly larger than that
at the initial stage. Besides, we can distinctly see that some portion of cytoplasm
had escaped from the cell (denoted by the red arrow in Fig. 6.12d). Figure 6.12g—i
corresponded to the CDC stage where cytoplasm had totally escaped outside the
cell and only cell membrane debris left. At this stage, the holes continued to became
larger. From Table 6.1c, we can see that the size of holes were in the range of 600—
2000 nm. Besides, at this stage, because of the outflow of cytoplasm, the cells
collapsed and we can only see the cell membrane debris. AFM images of Raji cells
from control groups were also obtained, as shown in Fig. 6.12j—o. Figure 6.12j, k
are AFM images of the Raji cells cultured in 1640 medium, Fig. 6.121, m are AFM
images of the Raji cells cultured in 1640 medium containing 50% human serum,
and Fig. 6.12n, o are AFM images of Raji cells cultured in 1640 medium con-
taining rituximab. From the AFM imgaes from control groups, we can see that the
cell surface was intact without micropore forming on cell surface, confirming that
the morphological changes in Fig. 6.12a-i of Raji cells were caused by the
rituximab-induced CDC mechanism.

During the rituximab-induced CDC mechanism, membrane attack complex
(MAC) is formed on cell surface. There are three complement activation pathways:
classical pathway, lectin pathway and alternative pathway [25]. All of the three
pathways have the same terminal product, MAC, which can cause the cell lysis. The
binding of rituximab to the CD20 antigen on the surface of Raji cells can induce the
formation of MAC via classical pathway. MAC is composed of complement pro-
teins C5b, C6, C7, C8, and C9 [26]. Electron microscopy images of MACs isolated
from erythrocytes have indicated that MAC exhibits a hollow cylinder structure
[27]. From the optical images (Fig. 6.11), we can not see the detailed situations on
the cell surface during the process of CDC due to the essential 200 nm resolution
limit. AFM imaging (Fig. 6.12) can resolve the changes of ultra-microstructures
(e.g., micropores, cytoplasm) of single cells during the process of CDC. The sizes
of pores on the cell membrane observed here (150-2000 nm) were evidently larger
than the size of MAC (~ 10 nm). When the MAC assembled in the cell membrane,
the initial size of MAC pore was about 10 nm. Then due to the shear effect of the
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Fig. 6.12 AFM imaging of Raji cells during CDC effect [24]. a—i AFM images of Raji cells
during the process of rituximab-induced CDC. a—c correspond to the initial stage of CDC where
holes began forming on the cell surface. a AFM deflection image of whole cell. b AFM height
image and ¢ corresponding deflection image of the local area on cell surface. d—f correspond to the
stage of CDC where cytoplasm escaped. d AFM deflection image of whole cell. e AFM height
image and f corresponding deflection image of the local area on cell surface. g—i correspond to the
stage of CDC where cells had collapsed. g AFM height image and h corresponding deflection
image of a cell. i AFM height image of another cell. j—~0 AFM images of Raji cells from three
control groups. j, k are cultured in 1640 medium. 1, m are cultured in 1640 medium containing
50% human serum. n, o are cultured in 1640 medium containing rituximab. j, I, n are AFM
deflection images of whole cells and k, m, o are AFM deflection images of local areas

flushing fluid (water molecules can freely enter into the cell membrane through the
MAC pores), the pores can reasonably became larger. In fact, researchers have
observed large sizes of pore-like structures (30—60 nm) [26]. Hence the pores on the
cell surface observed here should be closely related to the CDC pores.

Figure 6.13 shows the process of moving AFM tip to the Raji cells which had
CDC effect under the guidance of fluorescence. Raji cells were cultured with human
serum and rituximab for 2 h. After the incubation, cells were Pl-stained and then
dropped onto the glass slides. The glass slides were then placed in a Petri dish in
PBS. From the bright field image (Fig. 6.13a), we can see that there were three
cells. From the fluorescence image (Fig. 6.13b), we can see that one cell exhibited
fluorescence. The fluorescence confirmed that the cell was with CDC effect. Then
the tip was moved to the fluorescence-shining cell to measure its mechanical
properties. Figure 6.13d—f are the images after moving the AFM tip onto the
fluorescent cell. The inset in Fig. 6.13f is the upright optical image of the AFM
cantilever, confirming that the fluorescent cell was beneath the AFM tip.
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Table 6.1 Sizes of holes on the surface of Raji cells at different stages of CDC effect [24]

Hole Hole diameter Hole Hole diameter Hole Hole diameter
ID (nm) ID (nm) D (nm)
(a) Pore formation

1 219 6 416 11 185
2 206 7 332 12 280
3 311 8 269 13 241
4 391 9 241 14 427
5 228 10 490 15 253
(b) Cytoplasm escape

1 697 6 626 11 314
2 490 7 458 12 449
3 521 8 484 13 324
4 443 9 554 14 494
5 546 10 477 15 443
(c) Membrane debris

1 1140 6 741 11 978
2 1150 7 1090 12 812
3 871 8 1660 13 1600
4 1330 9 671 14 932
5 1040 10 1380 15 1400

25 um

Fig. 6.13 AFM tip was moved to the Raji cell with CDC effect under the guidance of PI
fluorescence [24]. a Bright field image, b fluorescence image and ¢ overlay image before moving
AFM tip to the cell. d Bright field image, e fluorescence image and f overlay image after moving
AFM tip to the cell. The inset in f is the upright optical image of AFM cantilever
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Fig. 6.14 Measuring the mechanical properties of Raji cells for three situations (before treatment,
without CDC after treatment, with CDC after treatment) [24]. a-d corresponded to the Raji
cells before treatment. e-h corresponded to the Raji cells after treatment (without CDC).
i-1 corresponded to the Raji cells after treatment (with CDC). a, e, i are optical images. b, f, j are
typical force curves. ¢, g, k are Hertz fittings of experimental indentation curves. d, h, 1 are
histograms of Young’s modulus values

Figure 6.14 shows measuring the Young’s modulus of cells by recording force
curves on Raji cells for three situations (before treatment, without CDC after
treatment, with CDC after treatment). Figure 6.14a—d correspond to the Raji cells
cultured in 1640 medium. At this case, due to the lack of CDC effect, Raji cells did
not exhibit fluorescence. Under the guidance of optical microscopy, AFM tip was
moved to the cells (Fig. 6.14a) to obtain force curves. Figure 6.14b is a repre-
sentative force curve. After converting the approach curve into indentation curve
according to the contact point, we can obtain many Young’s modulus by applying
Hertz model and the histogram of Young’s modulus is shown in Fig. 6.14d. The
Gaussian fitting shows that the mean value was 2.9 kPa. After putting the 2.9 kPa
into the Hertz model equation, the Hertz fitting indentation curve was obtained, as
shown in Fig. 6.14c. We can see that the experimental indentation curve was
consistent with the Hertz fitting indentation curve. From the results of Fig. 6.11, we
can see that some cells exhibited fluorescence after the incubation with human
serum and rituximab and some cells did not exhibit fluorescence. For the cells
which did not exhibit fluorescence, we measured their mechanical properties, as
shown in Fig. 6.14e—h. Under the guidance of optical microscopy, AFM tip was
moved to the cells (Fig. 6.14e) to obtain force curves. Figure 6.14f-h are typical
force curve, Hertz fitting, and histogram respectively. Figure 6.14i-1 correspond to
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the Raji cells with CDC effect after incubation in 1640 medium containing 50%
human serum and rituximab. Under the guidance of fluorescence (Fig. 6.141), AFM
tip was moved to the target cells to obtain force curves. Figure 6.14j is a typical
force curve. From the force curve, we can see that there was an abrupt peak in the
approach curve (denoted by the black arrow). This peak meaned that the tip pen-
etrated the cell membrane [28, 29]. For the cells with CDC effect, MAC pores
formed and these pores can become larger as the CDC progressed, as observed in
Fig. 6.12. Due to the existence of these pores on the cell membrane, the tip can
easily penetrate the cell membrane from these pores. This caused the abrupt peaks
in the approach curves.

Figure 6.15 shows the Young’s modulus changes of Raji cells for three situa-
tions (before treatment, without CDC after treatment, with CDC after treatment).
From Fig. 6.15, we can see that the Young’s modulus of Raji cells before the
treatment of human serum and rituximab was in the range of 1.5-3 kPa. After the
treatment of human serum and rituximab, the Young’s modulus of Raji cells
without CDC effect was in the range of 0.5-2.5 kPa, and the Young’s modulus of
Raji cells with CDC effect was in the range of 2-9 kPa. The results in Fig. 6.15
clearly showed that the Young’s modulus of Raji cells during the process of CDC
effect decreased firstly and then increased remarkably. The cells without CDC effect
after the treatment of human serum and rituximab were softer than the Raji cells
without treatment. This may be caused by the direct apoptotic effect of rituximab. In
Fig. 6.4, the results have shown that the treatment of rituximab could cause the Raji
cells become softer. The binding of rituximab to the CD20 antigen on the surface of
Raji cells can activate the apoptotic signaling pathway, which could thus induce

I Raji cells before treatment
6- [ Raiji cells after treatment (without CDC)
I Raji cells after treatment (with CDC)

Young's modulus(kPa)

. Cell1Cell2Cell 3Cell4Cell5Cell6 Cell 1 Cell2Cell 3Cell 4 Cell 5 Cell6 Cell 1 Cell2Cell 3 Cell 4 Cell 5 Cell 6

Fig. 6.15 The Young’s modulus changes of Raji cells during the process of CDC [24]
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various changes of cells, such as the changes of mechanical properties. Hence when
culturing Raji cells in 1640 medium containing human serum and rituximab, the
apoptotic effect of rituximab can thus cause the decrease of Young’s modulus of
Raji cells. It should be noted that the direct apoptotic effect of rituximab on cells can
be detected by fluorescence after more than 24 h [20]. Here the stimulation time
was only 2 h, meaning that cell membrane was still intact and cells did not exhibit
fluorescence. For the cells with CDC effect after the treatment, the Young’s
modulus was significantly larger than the cells without CDC effect. This may be
related to the CDC effect on Raji cells. The CDC effect can generate MAC pores on
the cell membrane and this finally caused the cell lysis. This biological process can
reasonably cause the changes of mechanical properties. Lam et al. [30] have
investigated the changes of mechanical properties of leukemia cells after the
treatment of anti-cancer chemotherapy drugs and the results indicated that dead
cells (PI positive) caused by chemotherapy drugs were prominently stiffer than live
cells. Here we can see that we obtained similar results: the cells with CDC effect (PI
positive) became stiffer than live cells (PI negative). The mechanical properties of
cells were dependent on the cytoskeletons [31]. Hence the CDC effect may cause
the changes of cytoskeleton. The changes of cytoskeleton may then lead to the
increase of cell Young’s modulus. It is noticed that some cells (denoted by the black
arrow in Fig. 6.15) exhibited a much larger Young’s modulus, about four times
larger than the live cells. This may because the tip probed the cell nucleus. The
obtained force curves showed that the tip can easily penetrate the membrane of cells
with CDC effect (denoted by the black arrow in Fig. 6.14j). Researchers have
shown that the stiffness of cellular nucleus (chondrocytes, endothelial cells) was 3—
10 times stiffer than cytoplasmic stiffness [32]. Hence, the measured Young’s
modulus significantly increased when probing the cell nucleus. The dynamic
changes of Young’s modulus of single Raji cell during CDC were also monitored,
as shown in Fig. 6.16. Successive force curves were obtained on the same cells in
150 min. For cell 1, the cellular Young’s modulus began to decrease 30 min after
the addition of rituximab and human serum and finally increased to 10.3 kPa at the
time of 150 min. For cell 2, we can also see that the cellular Young’s modulus
finally increased after the addition of rituximab and human serum. Especially, the
Young’s modulus of cell 1 and cell 2 at the time of 150 min (denoted by the black
arrows in Fig. 6.16) was much larger than the Young’s modulus before stimulation.
This may because that the tip penetrated the cell membrane and probed the cell
nuclei. All together, the results in Figs. 6.15 and 6.16 confirmed that Raji cells
firstly softend and then stiffened during the rituximab-induced CDC mechanism.

In summary, the changes of cellular ultra-microstructures and cellular mechan-
ical properties during the process of rituximab-induced CDC mechanism were
visualized and measured, showing the unique morphological and mechanical
changes at different stages of CDC. The experimental results improve our under-
standing of the CDC mechanism.
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Fig. 6.16 Real-time Young’s modulus changes of Raji cells during CDC [24]. a Cell 1. b Cell 2

6.2 Probing Target Proteins on Primary Cells
from Clinical Lymphoma Patients

Most of current AFM single-cell assays are done on cell lines cultured in vitro. We
know that the growth environment of cells cultured in vitro was quite different from
the environment of cells in vivo [33]. 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 cellular structures and functions [34].
Hence the experimental results obtained from cells cultured in vitro can not com-
pletely reflect the real situations in vivo. From the view of clinical significance,
investigating the behavior directly on primary cells from clinical patients will
provide novel insights into the interactions between drugs and cells, which is of
important significance for disease diagnosis and drug development. We know that
the prerequisite of personalized medicine is having accurate diagnostic tests that
identify patients who can benefit from the therapies [35], which requires us to
exactly characterize the pathological properties of the patients. Directly probing the
behaviors of primary cells from clinical patients can thus be useful for achieving
this goal.

6.2.1 Detecting CD20-Rituximab Interactions on Patient
Cancerous Cells

In order to investigate the behaviors of cancerous B cells of lymphoma patients, the
prerequisite is to recognize them from healthy cells. Recent studies have shown that
receptor tyrosine kinase-like orphan receptor 1 (ROR1) [36] is exclusively
expressed on the surface of B-cell chronic lymphocytic leukemia (CLL) and on
some B-cell lymphomas (including mantle cell lymphoma, marginal zone
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lymphoma, follicular lymphoma), whereas normal B cells, other normal blood cells,
and normal adult tissues do not express ROR1 [37-41]. Hence RORI is a suitable
marker for distinguishing cancerous B cells from healthy cells. In this section, the
methods of detecting CD20-rituximab interactions based on ROR1 fluorescence
recognition were established on Raji cells. Then the established methods were used
to probe the CD20-rituximab interactions on the primary cancerous cells from the
bone marrow of clinical lymphoma patients.

(1) Detecting CD20-rituximab interactions based on ROR1 fluorescence
recognition

Lymphoma Raji cells were used for testing the ROR1 fluorescence staining. The
procedure of fluorescence labeling experiments was following. (D Drop Raji cells
onto the poly-L-lysine-coated glass slide and fix for 30 min with 4%
paraformaldehyde. After washing the sample three times (each time 10 min) with
PBS, donkey blocking serum was added and then incubate for 30 min at room
temperature. @ Add 40 pL goat-anti-human-ROR1 antibody solution (R&D
company, USA) and incubate for 3 h at room temperature. For control experiment,
RORI antibody was not added. @ Wash the sample three times with PBS, and then
add 20 pL FITC-conjugated donkey-anti-goat IgG (KangChen company, Shanghai,
China) and incubate for 30 min. @ Wash the sample three times with PBS, and
place the sample on the stage of the fluorescence microscope (Ti, Nikon company,
Japan). & Add 20 pL rituximab and incubate for 3 h. ® After washing the sample
three times with PBS, add 20 pL rhodamine-conjugated goat-anti-human IgG
(Solarbio company, Beijing, China) and incubate for 30 min. () Wash the sample
three times with PBS and observe the fluorescence. The labeling experiment pro-
cedure of validating the tip functionalization was the same as ®—@.

Figure 6.17 shows the ROR1 fluorescence labeling experimental results of Raji
cells. Figure 6.17a is the optical image of control group and Fig. 6.17b is the
corresponding fluorescence image. Figure 6.17c is the optical image of RORI1
group and Fig. 6.17d is the corresponding fluorescence image. We can see that Raji
cells from the control group (without RORI1 antibodies) do not exhibit fluorescence
(Fig. 6.17b), while cells exhibit bright green fluorescence when labeled with ROR1
antibodies (Fig. 6.17d). These experiments confirm that Raji cells express ROR1.
Our goal is to measure the CD20-rituximab binding force based on the RORI1
fluorescence recognition. In order to examine whether the ROR1 fluorescence
labeling influence the CD20s on the cell surface, CD20 fluorescence labeling
experiments were performed on RORI1-labeled cells and the results are shown in
Fig. 6.17¢, f. The fluorescence color of ROR1 labeling experiments was green
(FITC). In order to discriminate this color, we chose a red fluorescent dye (rho-
damine) for CD20 labeling experiments. Figure 6.17e is the ROR1 fluorescence
image and Fig. 6.17f is the corresponding CD20 fluorescence image. The optical
image was not shown. We can see that after ROR1 labeling, the cells still exhibit
red fluorescence, which indicates that there are CD20s on the cell surface.
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Fig. 6.17 Staining Raji cells with ROR1 and CD20 antibodies [34]. a—d RORI fluorescence
labeling of Raji cells. Optical bright field image (a) and fluorescence image (b) of control group
(without ROR1 antibody). Optical bright field image (c) and fluorescence image (d) of Raji cells
with ROR1 antibody. e, f ROR1 and CD20 fluorescence labeling of Raji cells. e RORI
fluorescence image. f CD20 fluorescence image

In order to examine whether CD20-rituximab interactions can be sensed on
RORI1-labeled Raji cells, force curves were recorded with rituximab-tethered tip, as
shown in Fig. 6.18. Figure 6.18a is a typical force curve obtained on the
RORI1-labeled Raji cells with specific unbinding peak. We can see that there is a
peak in the retract curve. The shape of the peak indicated that specific molecular
binding occurred during the approach-retract process. To validate whether the
binding was from CD20-rituximab, free rituximabs were added into the solution to
block the CD20s on the cell surface. After blocking, force curves were obtained
again. A typical force curve obtained after blocking was shown in Fig. 6.18b. We
can see that there were no peaks in the retract portion of force curve, confirming that
the peak in Fig. 6.18a corresponded to CD20-rituximab specific interactions. We
tested the functionalized tip after force measurement experiments using fluores-
cence labeling, as shown in Fig. 6.19. Figure 6.19a is the fluorescence image of the
functionalized probe. Figure 6.19b is the fluorescence image of the normal probe.
We can see that the cantilever of the functionalized probe exhibited bright
fluorescence while the cantilever of the normal probe was dim, confirming that
there were rituximabs on the surface of AFM tip. Combining the experimental
results of Figs. 6.18 and 6.19, we can conclude that CD20-rituximab binding force
can be measured on RORI1-labeled cells by using AFM-based SMFS technique.

(2) Probing CD20s on primary cancerous cells from clinical lymphoma
patients

The ROR1-based molecular detection methods established on Raji cells were
then applied on primary cancerous cells prepared from the bone marrow of clinical



102 6 Applications of AFM Cellular and Molecular Biophysical ...

(a) (b)
05 15
1}
0
—_ = 05
: = :
‘;_0 5 — Retract 2 ot Retract
E -
] S
w L sl
-1
_1 k
15 . 15! .
0 05 1 15 0 05 1 15
Distance (jum) Distance (um)

Fig. 6.18 Using rituximab-conjugated probe to obtain force curves on ROR1-labeled Raji cells
[34]. a Typical force curve with specific CD20-rituximab binding. b Typical force curve after
blocking (adding rituximab)
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Fig. 6.19 Fluorescence image of functionalized probe and normal probe [34]. a Fluorescence
image of a functionalized probe. b Fluorescence image of a normal probe

lymphoma patients. The clinical pathological samples were prepared by the medical
personnel from Chinese Affiliated Hospital of Military Medical Academy of
Sciences according to the standard procedures of bone marrow aspiration. A bone
marrow biopsy was obtained from a B-cell NHL patient (marginal zone lymphoma)
with bone marrow invasion, as shown in Fig. 6.20a. Then a drop of bone marrow
was placed on a poly-L-lysine-coated glass slide and fixed for 30 min by 4%
paraformaldehyde (Solarbio company, Beijing, China). Next, ROR1 labeling pro-
cedures were performed on the chemically fixed cell samples. For RORI1 labeling
experiments, goat-anti-human-ROR1 antibody (R&D systems, Minneapolis, USA)
and FITC-conjugated donkey-anti-goat IgG secondary antibody (KangChen com-
pany, Shanghai, China) were used. There were three main steps involved in the
RORI labeling procedures. First donkey serum was used as the blocking reagent to
avoid the non-specific staining. Then ROR1 antibody was added and incubated for
3 h at room temperature. Finally FITC-conjugated secondary antibody was added
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and incubated for 30 min at room temperature. At the beginning of each step, the
samples were washed 3 times (10 min each time) by using PBS. After the labeling,
the samples were placed at the sample stage of a fluorescence microscope (Ti,
Nikon, Japan) and the fluorescence images of the samples were obtained. For
control experiments, the RORI1 labeling procedures were performed on the
peripheral blood cells obtained from healthy volunteers.

Figure 6.20b—e shows the results of ROR1 fluorescence labeling experiments on
primary cell samples prepared from a clinical lymphoma patient. First, ROR1
fluorescence labeling experiments were performed on the peripheral blood cells
from healthy volunteers to test whether normal blood cells express RORI.
Figure 6.20b is the optical image of the peripheral blood cells and Fig. 6.20c is the
corresponding ROR1 fluorescence image. We can see that there are many cells in
the optical image, and all of them do not exhibit fluorescence, confirming that
normal blood cells do not express ROR1. Next, ROR1 fluorescence labeling
experiments were performed on the bone marrow cells from a B-cell NHL patient
(marginal zone lymphoma) with bone marrow invasion. Researches have indicated
that there were ROR1s on the surface of marginal zone lymphoma cells [39, 40].
Hence we select a case of marginal zone lymphoma for experiments. Figure 6.20d
is the optical image of the bone marrow cells and Fig. 6.20e is the corresponding
RORI1 fluorescence image. We can clearly see that four cells exhibit bright
fluorescence and the other cells do not exhibit fluorescence. The patient was with
bone marrow invasion. This means that cancerous cells had invaded into the bone
marrow of the patient and thus there were cancerous cells in the sucked bone
marrow cell samples. However, in the bone marrow cells, cancerous cells were the
minority and the healthy cells were the majority. Hence we can see only a few cells

(c)

Fig. 6.20 RORI1 fluorescence labeling of biopsy cells prepared from clinical lymphoma patients
[36]. a Bone marrow liquid extracted from the patients. b, d Optical bright field images and
¢, e corresponding fluorescence images. b, ¢ are the blood cells extracted from the peripheral blood
of a healthy volunteer. d, e are the bone marrow cells extracted from a lymphoma patient
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exhibited bright fluorescence after the ROR1 fluorescence labeling procedure.
Collectively, the ROR1 fluorescence experimental results confirmed that ROR1
expressed on marginal zone lymphoma cells, but did not express on normal blood
cells.

Figure 6.21 shows the schematic diagram of detecting the CD20-rituximab
interactions on cancerous B cells from B-cell NHL patients based on RORI1
fluorescence recognition. B-cell NHL results from the process of canceration by
which healthy B cells transformed into cancerous 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 cancerous B cells, healthy
B cells, and other healthy cells. Both cancerous B cells and healthy B cells express
CD20. Rituximab can bind to the CD20s of both cancerous B cells and healthy B
cells, which leads to cell lysis. We are interested in the binding of rituximab to the
CD20s of cancerous B cells, since this binding has direct impact on the rituximab’s
therapeutic outcomes. In order to investigate the CD20-rituximab interactions on
cancerous B cells, we need to recognize cancerous B cells first. In some B-cell
lymphomas, only cancerous B cells express ROR1, and the other cells (including
healthy B cells) do not express ROR1 [37-41]. Hence we used RORI1 as a specific
marker to recognize cancerous B cells from healthy cells of bone marrow cell
samples. When the bone marrow cell samples were treated by ROR1 fluorescence
labeling procedure, cancerous B cells exhibited bright fluorescence and the other
cells were dark. Then under the guidance of fluorescence, the AFM functionalized
tip carrying rituximab molecules through NHS-PEG-MAL linkers was moved onto
the cancerous B cells to detect the CD20s on the cell surface.

AFM imaging and measurements were performed in PBS at room temperature
using a Bioscope Catalyst AFM (Bruker, Santa Barbara, CA, USA) which was set

—» NHS-PEG-MAL

—Rituximab

Cancerous B cell Healthy B cell

-

Fig. 6.21 Principle of detecting the CD20-rituximab interactions on cancerous B cells [36].
Rituximab is linked onto the AFM tip via the NHS-PEG-MAL molecule. Cancerous B cells
express RORI1. Healthy B cells and other healthy cells do not express ROR1. Under ROR1
fluorescence recognition, AFM tip carrying rituximab molecules is moved to the cancerous B cell
to detect the CD20-rituximab interactions on the cell surface

Other healthy cells
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on an inverted fluorescence microscope (Ti, Nikon, Japan). The normal spring
constant of the cantilever was 0.01 N/m and its exact spring constant was calibrated
by thermal noise method. The deflection sensitivity of the cantilever was calibrated
by obtaining force curves on the bare area of the glass slide. Under the guidance of
fluorescence, the AFM functionalized tips were moved to the cancerous cells which
exhibited bright green light. First the morphology of the cancerous cells were
obtained by AFM imaging at contact mode. The scan force was 400 pN. The scan
line and sampling point was 256. The scan rate was 1 Hz. Then arrays of force
curves (16 x 16) were obtained by zooming into local areas (500 x 500 nm?) on
the cell surface. Five functionalized tips were used to obtaining the force curves on
eight cancerous cells. All the force curves were obtained at the same loading rate
(0.08 x 10° pN/s). The sampling point of the force curves was 512. Also the
functionalize tips were moved to healthy cells (red blood cells) to image the cellular
morphology and obtain force curves. For specific CD20-rituximab recognition
verification, arrays of force curves were first obtained on cancerous cells. After
adding free rituximabs to block the CD20s on the cell surface, arrays of force curves
were obtained again on the cancerous cells. For an array of force curves (16 x 16),
each force curve corresponds to a binding force. The binding forces were computed
by analyzing the force curves with Matlab 7.6 (MathWorks, Natick, MA, USA).
After normalizing the binding forces into gray colors (0-255), the force map was
constructed by using imaging processing software.

Figure 6.22 shows moving AFM probe to cancerous cells under the guidance of
ROR1 fluorescence labeling. Figure 6.22a is the optical image and Fig. 6.22b is the
corresponding RORI1 fluorescence image. Figure 6.22c is the merged image of
optical image and fluorescence image. The merged image was obtained by merging
the optical image and fluorescence image using a commercial image processing
software Photoshop (Adobe, San Jose, CA, USA). Figure 6.22d is the higher res-
olution image of the merged image denoted by the square in Fig. 6.22c. From the
fluorescence image, we can easily discern the cancerous cells (exhibiting green
fluorescence). A cancerous cell is indicated by the yellow square in Fig. 6.22d. The
blue square indicate three healthy cells. We can see that the three healthy cells do
not exhibit fluorescence. Then the AFM images of the cancerous cell and healthy
cells in Fig. 6.22d were recorded, as shown in Fig. 6.23. Figure 6.23a is the AFM
height image and Fig. 6.23b is the corresponding deflection image of the cancerous
cell. The image size was 15 pm. Figure 6.23c is the section curve of the cancerous
cell, showing that the diameter of the cancerous cell is about 11 pm and the height
is about 3.5 pm. Figure 6.23d is the AFM height image and Fig. 6.23e is the
corresponding deflection image of the three healthy cells. In these three cells, we
can clearly see that cell 1 is a red blood cell. Red blood cells have a special shape of
oval biconcave disk, and thus we can easily discern them by this special shape.
From the section curve of cell 1 (denoted by the red line in Fig. 6.23f), we can see a
concave in the section curve and this is consistent with the special shape of red
blood cells. The section curves of the three healthy cells (Fig. 6.23f) show that the
diameter of healthy cells is similar to the diameter of the cancerous cell, but the the
height (0.5-0.8 um) of the healthy cells is significantly smaller than the height of
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Fig. 6.22 AFM functionalized tip was moved onto the cancerous cell with the assistance of
RORI fluorescence [36]. a Optical image, b corresponding ROR1 fluorescence image, and
¢ merged image. d Merged image with higher resolution (denoted by the square in ¢). The red
square indicates a cancerous cell and the blue square indicates three healthy cells
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Fig. 6.23 AFM images of a cancerous cell a—c and three healthy cells (d—f) [36]. a, d AFM height
images and b, e corresponding deflection images. ¢, f Section curves
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cancerous cell. We know cancerous cells are quite different from normal cells. The
transformation of normal cells into cancerous cells reflects the genetic alterations.
Cancerous cells acquire many capabilities after the transformation, such as evading
apoptosis, sustained angiogenesis, limitless replicative potential, tissue invasion and
metastasis, insensitivity to anti-growth signals, and self-sufficiency in growth sig-
nals [42]. Hence the huge differences between cancerous cells and normal cells may
cause the different cellular sizes.

Figure 6.24 shows probing the CD20-rituximab interactions on cancerous cells
and healthy cells with rituximab-tethered tips. Figure 6.24a is a typical force curve
obtained on cancerous cells with specific unbinding peak. The unbinding peak
reflected the stretching of the flexible PEG spacer molecules [43, 44]. The inset is
the enlarged view of retract curve in the range of 3-3.9 pm. The rituximab density
attached to the AFM tip was controlled to be low enough to ensure that only one
CD20-rituximab complex formed during each approach-retract cycle. A typical
force curve obtained on erythrocytes is shown in Fig. 6.24b. The inset is the
enlarged view of retract curve in the range of 1.2—1.7 um. We can see that the force
curve was flat (without specific unbinding peaks) in the force curve, and this is
because erythrocytes do not express CD20. After obtaining arrays of force curves in
local areas on cell surfaces, the histograms of adhesion forces are obtained, as
shown in Fig. 6.24c, d. If force curves (retract curves) had specific unbinding peaks,
then the force curves indicated CD20-rituximab recognition and the binding forces
were computed (equal to the magnitude of the specific unbinding peak). If force
curves (retract curves) were flat, then the force curves indicated no CD20-rituximab
recognition and the binding forces were 0 pN. From the histogram of cancerous
cells, we can see that the frequency of O pN is 83%, and this means that the
frequency of specific binding was 17%. While the binding frequency of erythro-
cytes is only 3%. The binding occurred on erythrocytes was due to the non-specific
molecular interactions. The Gaussian fit of the force histograms indicated that the
specific binding force (54 £ 38 pN) on the cancerous cells was distinctly larger
than the non-specific binding force (21 £ 19 pN) on erythrocytes.

In order to map the distribution of CD20s on the surface of cancerous cells,
arrays of force curves (16 x 16) were obtained in the local areas (500 x 500 nm?)
of the cancerous cell. Each force curve corresponds to an adhesion force. After
converting these forces into the gray colors (0-255), then a force map was con-
structed. The map reflects the distribution of CD20 on the cell surface. For the force
map of cancerous cells (Fig. 6.24e), there were many bright or gray pixels. While
there were few gray pixels in the force map of erythrocytes (Fig. 6.24f) and these
pixels were dim. In order to statistically characterize the distribution of CD20s on
the surface of cancerous cells, we obtained force curves on eight cancerous cells
with five functionalized tips. For each cell, we obtained several distribution maps
on different areas on the cell surface. The representative maps are shown in
Fig. 6.25. From the distribution maps, we can see that the CD20 distribution on the
cell surface was non-uniform. In some areas on the cell surface, there were CD20
clusters, whereas in some areas, there were discrete CD20s. We know that cell
membranes are heterogeneous in composition, and the structures responsible for



108 6 Applications of AFM Cellular and Molecular Biophysical ...

(a) (b)

-0.6 500

g _Approa(h -
07 E .09 —— Retract g .300 — Retract
W 095 T

- 5 4 — Dp 5 -850 1
-'_z=- ae i 900
Y '“‘53 T 3 g i 13 14 15 16 17
5 -0.9 Distance (m) H Distance (um)
e = -500

-11 -1000

0 0.5 1 1.5 2

(c) Distance (um)

0.05 0.025

0.04 0.02
E 0.03 2 0.015
g g
3 E
g o
2om £ o0

0.01 0.005

0 0
0 0.05 0.1 0.15 0 0.02 0.04 0.06 0.08 0.1
Force (nN) Force (nN)

100 pN

| H | .

Fig. 6.24 Probing the CD20s on cancerous cells and erythrocytes by obtaining force curves on
cell surface [36]. a A typical force curve (with specific unbinding peak) obtained on cancerous
cells. b A typical force curve obtained on erythrocytes. The inset in a is the zooming in retract
curve in the range of 3-3.9 um. The inset in b was the zooming in retract curve in the range of
1.2-1.7 pm. ¢, d Force histogram on cancerous cells (¢) and erythrocytes (d). e, f CD20
distribution map on cancerous cells (e) and on erythrocytes (f). Force maps are constructed by
recording 16 x 16 force curves in 500 x 500 nm? areas on the cell surface

this heterogeneity are lipid rafts [45]. Lipid rafts are fluctuating nanoscale assem-
blies of sphingolipid, cholesterol, and proteins that can be stabilized to coalesce,
forming platforms that function in membrane signaling and trafficking [46].
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. Researchers have directly observed the motion of
single membrane proteins by using high-speed AFM [47]. Additionally, cell
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Cancerous cell

. Healthy cell

Fig. 6.25 The maps of CD20 distribution on the local surface (500 x 500 nm) of cancerous cells
and erythrocytes [36]. Data obtained using five functionalized tips on eight cancerous cells and
four erythrocytes. The gray scale bar is the same as the gray scale bar in Fig. 6.24e, f

membranes have variable membrane curvatures in different positions on the cell
surface and this curvature are dynamically remodeled during physiological pro-
cesses [48]. All these features of cell membranes may cause the results that the
distributions of CD20s on the cancerous cell surface are non-uniform. For contrast,
on the force maps of erythrocytes, there were few gray pixels and these pixels were
dim.

In order to demonstrate that the maps reflect the CD20 distributions on the cell
surface, verification experiments were performed, as shown in Fig. 6.26.
Figure 6.26a is the merged image of optical image and fluorescence image of the
clinical bone marrow cell sample and we can see two cancerous cells in the image.
Under the guidance of fluorescence, AFM functionalized tips were move to the
cancerous cells to image the cell morphology and obtain force curves on the cell
surface. From the distribution maps (Fig. 6.26b—d), we can see that there are many
gray pixels which is consistent with the results in Fig. 6.25. After blocking, arrays
of force curves were obtained again on the cancerous cells, and the distribution
maps are shown in Fig. 6.26e—g. We can see that after blocking, the gray pixels
dramatically decreased, which is because that the CD20s on the cancerous cells had
been blocked, confirming that the force maps reflect the distribution of CD20s on
the cancerous cells.
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Fig. 6.26 Verification of specific CD20-rituximab interactions [36]. a Merged optical image and
fluorescence image of the clinical bone marrow cell sample. The inset is the AFM image of the
cancerous cell. b, ¢, d CD20 distribution maps on the cancerous cells. e, f, g CD20 distribution
maps on the cancerous cells after blocking. The gray scale bar is the same as in Fig. 6.24e, f

Current studies about applying AFM to investigate molecular interactions are
commonly performed on cell lines cultured in vitro [49], which are quite different
from the cells in vivo. Detecting molecular interactions on primary cells can better
reflect the real situations in vivo. Here, the methods of detecting the CD20s on
primary cancerous B cells prepared from the bone marrow of clinical lymphoma
patients were established based on specific ROR1 fluorescence labeling, demon-
strating the capability of AFM in sensing specific membrane proteins on human
primary cells.

6.2.2 Detecting FcR-Rituximab Interactions on Patient
Effector Cells

The rituximab’s ADCC mechanism involves two types of molecular interactions,
including CD20-rituximab interactions on cancerous cells and FcR-rituximab
interactions on effector cells. Hence, in order to better investigate the relationships
between molecular interactions and rituximab’s therapeutic outcomes, we need to
study these two types of molecular interactions. In this section, FcR-rituximab
interactions were probed on macrophages and patient NK cells.

(1) Probing FcR-Rituximab interactions on macrophages

FcRs, widely expressed throughout the haematopoietic system, belongs to the
large immunoglobulin superfamily and are type I transmembrane glycoproteins
[50]. FcRs are key players in both the afferent and efferent phase of the immune
responses [51]. Binding of FcRs to the Fc portion of the antibody triggers effector
functions that are important in the antibody-based immunotherapy of cancer [52].
RAW?264.7 cell is a mouse macrophage cell line that has been used extensively for
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studying FcR-mediated phagocytosis [53]. Here we used RAW 264.7 cells for the
force spectroscopy experiments. Before AFM experiments, we examined the
expression of FcR on macrophages by immunofluorescence labeling. For FcR
fluorescence labeling, rituximab solution was added into the Petri dishes and
incubated for 3 h at room temperature. After washing the Petri dishes with PBS for
three times (each time 10 min), goat-anti-human IgG (conjugated with
red-fluorescent dye) was added and incubated 30 min. After washing the Petri
dishes with PBS for three times (each time 10 min), the Petri dishes were placed on
AFM stage for fluorescence observation. Figure 6.27a, b are optical bright field
image and corresponding FcR fluorescence image of macrophages. From the
fluorescence image, we can clearly see that macrophages exhibited red fluores-
cence, confirming that there were FcRs on the macrophages. Under the guidance of
optical microscopy (Fig. 6.27c), AFM probe was moved to macrophages to per-
form force spectroscopy experiments.

In previous sections, the results have shown that rituximab-tethered tips can
sense the CD20 s on lymphoma cell. Here, we used the rituximab-tethered tips to
sense the FcR on macrophages. Rituximabs were treated by SATP to form SH
groups and then the SH groups can covalently bind to the MAL end of the
NHS-PEG-MAL linker. From the manual of the supplier of SATP (Instructions
SATP, Thermo Scientific, Rockford, USA), we know that SATP contains a sulf-
hydryl and the SATP can react with the primary amines on the protein (rituximab)
to form an amide bond. Also from the manual of antibody labeling of the supplier
(Antibody labeling overview, Thermo Scientific, Rockford, USA), we know that
the primary amines are abundant and distributed over the entire antibody (both of
the Fab and Fc region of the antibody contain primary amines). Hence, in the
process of tip functionalization, it is reasonable that some SATP molecules may
react with the primary amines on the Fab region of rituximab and some SATP
molecules may react with the primary amines on the Fc region of rituximab.
Because many rituximabs are linked to the AFM tips during the functionalization, it
is probably that the tips can contain both of these two types of modified rituximabs.
In fact, the following results show that rituximab-tethered tips can probe the FcR on
macrophages.

Fig. 6.27 Optical observations of FcRs on macrophages [63]. Optical bright field image (a) and
the corresponding FcR fluorescence images (b) of macrophages. Under the guidance of optical
microscopy (c), the AFM probe was moved to the macrophages
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Figure 6.28 shows the results of measuring the FcR-rituximab binding forces on
macrophages using rituximab-tethered tips. Figure 6.28a shows a typical force
curve obtained on macrophages with specific molecular unbinding peak. The
magnitude of the peak indicates the binding force (denoted by the double-headed
blue arrow). When obtaining force curves on the substrate (Fig. 6.28b), the force
curves are straight, and there are no specific peaks in the retract curve. After the
blocking experiments (adding free rituximabs to bind the FcRs on macrophages),
no specific molecular peak appeared in the retract curve (Fig. 6.28c). For each
situation (on macrophages, substrate and blocked macrophages), after obtaining
500 force curves, the binding frequency is computed, as shown in Fig. 6.28c. We
can see that the binding frequency on macrophages was significantly larger than on
substrate and blocked macrophages, confirming the specific FcR-rituximab inter-
actions. Figure 6.28e, f shows the FcR-rituximab binding forces measured at five
different loading rates. Figure 6.28e is the histogram of FcR-rituximab binding
force measured at a certain loading rate (70,000 pN/s). The Gaussian fit indicates
that the mean force was 58 pN. For biomolecules, ligand-receptor affinity is mainly
determined by the rate of ligand-receptor complex dissociation [54]. According to
the Bell-Evans model [55, 56], the ligand-receptor unbinding force was linearly
related to the logarithm of the loading rate of the external pulling force. Recent
researches indicate that not only the molecular bonds but also the mechanical
properties of proteins and membranes are loading-rate dependent [57]. Figure 6.28f
shows the relationship between FcR-rituximab binding force and the logarithm of
loading rates. We can clearly see that the FcR-rituximab binding force is linearly
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Fig. 6.28 Probing the FcR-rituximab interactions by obtaining force curves on macrophages with
rituximab-conjugated tips [63]. Typical force curves obtained on macrophages (a), on substrate
(b), and on macrophages after blocking (c). The insets in a—c are the enlarged views of retract
curves. d Binding frequency. e Force histogram at a loading rate. f Forces are linearly related to the
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related to the logarithm of the loading rate. In single-molecule dynamic force
spectroscopy experiments, measuring the unbinding force at different loading rates
is useful for assessing kinetic parameters of the unbinding process, including dis-
sociation rate constant, association rate constant, and relative heights of energy
barriers [58].

Figure 6.29 shows the distribution of FcRs on macrophages. We first obtained
arrays (16 x 16) of force curves on different local areas (500 x 500 nm?) of three
macrophages. Figure 6.29a is a typical force curve with molecular specific
unbinding peak. Figure 6.29b—d are the force maps. From the maps, the gray pixels
indicated the FcR. We can see that the FcRs were dispersedly located on the cell
surface and some FcRs aggregate. In order to verify that the maps reflect the dis-
tribution of FcR on the macrophage surface, we used the functionalized tips to obtain
arrays of force curves on macrophages that had been blocked, and the results are
shown in Fig. 6.29e-h. The majority of the force curves obtained on blocked
macrophages did not have specific unbinding peaks, as show in Fig. 6.29e. From the
maps (Fig. 6.29f-h), we can see that there were very few gray pixels. This is because
that the FcRs on the cell surface had been blocked by the added rituximabs. This may
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Fig. 6.29 Localizing the FcyRs on macrophages by obtaining arrays of force curves on a local
area of the cell surface [63]. a—d are from macrophages. a A typical force curve. b—d are force
maps constructed by obtaining 16 x 16 force curves on 500 x 500 nm? area of the cell surface.
e-h are from rituximab-blocked macrophages. e A typical force curve. f~h Force maps. i-1 are
from macrophages (without blocking). i A typical force curve. j-1 Force maps. The insets in
a, e and i are enlarged views of retract curves
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also because that the rituximab molecules on the AFM tip surface had lost activity.
Hence in order to verify whether the rituximabs on the functionalized tips were still
active, we used the same functionalized tips to obtain arrays of force curves on
macrophages (without blocking) and the results are shown in Fig. 6.29i-1. Many
force curves had specific unbinding peaks (Fig. 6.291), and there were many gray
pixels in the maps (Fig. 6.29j—1). This results demonstrate that the rituximabs on the
functionalized tips were still active and the force maps correspond to the distribution
of FcRs.

In summary, the method for probing the FcRs on effector cells was established
on macrophage cell line. Based on the method, the binding force of FcR-rituximab
was quantified and the distributions of FcR were mapped on macrophages. The
experimental results facilitate investigating the two types of molecular interactions
(CD20-rituximab, FcR-rituximab) involved in rituximab’s ADCC mechanism.

(2) Probing FcR-rituximab interactions on primary NK cells from lymphoma
patients

In this section, the FcR-rituximab interactions were measured on primary NK
cells prepared from the bone marrow of lymphoma patients based on NKp46
fluorescence recognition, as shown in Fig. 6.30. The bone marrow biopsy samples
prepared from the lymphoma patients with bone marrow invasion contain various
types of cells, including tumor cells, NK cells, red blood cells, and other white
blood cells. Hence, in order to investigate the molecular recognition interactions on
NK cells, we need to firstly recognize the NK cells from the bone marrow cells.
NKp46 is a specific cell surface marker exclusively expressed on the surface NK
cells and not expressed on other cells [59]. Hence we can recognize the NK cells
from the bone marrow of lymphoma patients through NKp46 fluorescence labeling.
Then under the guidance of fluorescence, we can control the rituximab-tethered tip
to probe the FcR-rituximab interactions on the surface of NK cells.

Figure 6.31 shows the NKp46 fluorescence labeling of peripheral blood cells
and bone marrow cells prepared from lymphoma patients. For peripheral blood cells
of lymphoma patients (Fig. 6.31a, b), the fluorescence images are dark and we do

Fig. 6.30 Measuring the
molecular recognition
interactions between FcR and
rituximab on NK cells by
AFM [64]
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Fig. 6.31 NKp46 fluorescence labeling of peripheral blood cells and bone marrow cells from
lymphoma patients [64]. a, b are peripheral blood cells from lymphoma patients. a Bright field
images and b corresponding fluorescence images. ¢, d are bone marrow cells from lymphoma
patients. ¢ Bright field images and d corresponding fluorescence images

not see the cells that exhibit fluorescence. We know in the peripheral blood, the
majority (approximately 99%) is the erythrocytes, and white blood cells make up
less than 1%. Among the white blood cells, NK cells account for less than 10%
[60]. Hence NK cells account for less than 0.1% in the peripheral blood cells. This
very low level of NK cells in the peripheral blood cells makes it difficult to rec-
ognize the NK cells directly from the peripheral blood cells. For bone marrow cells
of lymphoma patients (Fig. 6.31c, d), we can see that some cells exhibit green
fluorescence. Because only NK cells express NKp46, we can conclude that these
fluorescence-shining cells are the NK cells. NK cells originate, develop, and dif-
ferentiate in the bone marrow [61, 62]. There are higher levels of NK cells in the
bone marrow cells than in the peripheral blood cells, which facilitate the detection
of NK cells directly on the bone marrow cells. In order to recognize the NK cells
from peripheral blood cells, we may have to lyse the erythrocytes to eliminate the
influence of erythrocytes [60] and then perform NKp46 fluorescence experiments.

Under the guidance of NKp46 fluorescence, the topography of NK cells was
imaged by AFM, as shown in Fig. 6.32. Figure 6.32a, b are the bright field image
and corresponding fluorescence image of the NKp46-labeled bone marrow cells.
Figure 6.32c is the merged image of bright field image and fluorescence image.
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Fig. 6.32 AFM imaging of primary NK cells under the NKp46 fluorescence labeling [64].
a Bright field image, b fluorescence image, and ¢ overlay image of the NKp46-labeled bone
marrow cells. d AFM height image and e deflection image of the cells. f Section profiles. g AFM
height image and h deflection image of the local area on the NK cells. i Section profile

There are four cells in the bright field image, among which only one cell exhibits
fluorescence. The fluorescence indicated that it was a NK cell. Then the AFM probe
was moved to the NK cell to obtain the AFM height image (Fig. 6.32d) and
deflection image (Fig. 6.32e). The scan size was 30 pm. From the AFM images, we
can clearly see that one cell is an erythrocyte, because of the special biconcave
shape of erythrocytes. The erythrocyte does not exhibit fluorescence in the
fluorescence image (Fig. 6.32b); this is because erythrocytes do not express
NKp46. Compared with erythrocytes, the AFM images showed that the NK cell
exhibited a plump shape. Figure 6.32f is the section profiles taken along the dashed
lines in Fig. 6.32e. The section curve of the erythrocyte had a hollow, which was
consistent with the biconcave shape of erythrocytes. The section curves also
showed that the diameter of the NK cell was about 11 pm and the diameter of the
erythrocyte was about 7.5 um. From the AFM images, we can discern the ery-
throcytes according to their special shape. Erythrocytes do not express FcR and thus
can be used for negative control of molecular force measurements. Figure 6.32g, h
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are the AFM height image and deflection image of the local area on the NK cell
denoted by the dashed square in Fig. 6.32d. We can see that the surface of NK cells
was a little rough. The section curve Fig. 6.32i showed that the NK cell had
protrusions with the size 10-60 nm.

Figure 6.33 shows the results of probing FcR-rituximab interactions on primary
NK cells by using rituximab-tethered tips. Figure 6.33a—c are the representative
force curves with specific dissociation peaks. The left insets in Fig. 6.33a—c are the
enlarged view of the retract curves in the range of 1.7-1.9 pm. The right insets in
Fig. 6.33a—c are the cartoon diagrams of measuring the forces using functionalized
tips. We can clearly see the specific unbinding peaks in the retract curves in
Fig. 6.33a—c. The magnitude of peak (denoted by the double-head arrows) corre-
sponded to the FcR-rituximab binding force. For control, force curves were
obtained on erythrocytes. Figure 6.33d is a representative force curve obtained on
erythrocytes. The left inset in Fig. 6.33d is the enlarged view of the retract curve in
the range of 1.4—1.8 um. We can see that there were no specific unbinding peaks in
the retract curves. FcR are expressed on a wide range of effector cells, including
macrophages, neutrophils, NK cells and dendritic cells [63, 64]. Erythrocytes do not
express FcR and hence we cannot probe the specific FcR-rituximab molecular
interactions. In order to demonstrate the specificity of molecular interactions, we
obtained force curves on NK cells after the addition of free rituximabs. Figure 6.33¢e
is a representative force curve obtained on blocked NK cells. The left inset in
Fig. 6.33e is the enlarged view of the retract curve in the range of 1.4-1.7 um,
showing that the specific peaks vanished. This is because that the FcRs on the NK
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Fig. 6.33 Probing the FcR-rituximab interactions by obtaining force curves on the surface of
primary NK cells with rituximab-tethered tips [64]. Representative force curves obtained on NK
cells (a—c), erythrocytes (d), and rituximab-blocked NK cells (e). The insets in a—e show the
enlarged views of retract curves and the cartoon diagrams of measurements. f Comparison of the
molecular binding frequency observed in NK cells, erythrocytes, and rituximab-blocked NK cells
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cells had been blocked by the free rituximabs. We statistically analyzed the
molecular binding frequency occurred on NK cells, erythrocytes, and blocked NK
cells, and the results are shown in Fig. 6.33f. We can see that the molecular binding
frequency on NK cells was significantly larger than that on erythrocytes and
blocked NK cells, confirming the specific FcR-rituximab interactions measured on
NK cells using rituximab-conjugated tips.

Figure 6.34 shows the results of mapping the nanoscale distributions of FcRs on
the surface of primary NK cells. 16 x 16 force curves were obtained in the local
areas (500 x 500 nm?) on the cell surface. Figure 6.34a—e are the gray maps
obtained on NK cells, visually showing the distribution of FcR on NK cells. In
order to demonstrate that the gray pixels corresponded to the FcRs on the NK cells,
we performed blocking experiments. Figure 6.34f—j are the gray maps obtained on
NK cells at different time after the addition of free rituximabs. Arrays of force
curves were obtained at the different areas on the cell surface. We can see that the
gray pixels decreased remarkably after the addition of rituximabs and eventually
vanished about 2 h after the addition. This is because that the free rituximabs bound
to the FcR on the cell surface, and as the increase of incubation time, more and
more FcRs were masked by free rituximabs. The decrease of gray pixels may also
be due to the lost of rituximab activity on the AFM tips, and hence we used the
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Fig. 6.34 Distributions of FcRs on the surface of primary NK cells by obtaining arrays of force
curves in the local areas on the cell surface with rituximab-tethered tips [64]. a—e Force maps on
NK cells before adding free rituximabs. f—j Force maps at different time after adding free
rituximabs. k—o Force maps on NK cells (without adding rituximab)
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AFM tips to obtain force curves again on NK cells which were not blocked.
Figure 6.34k—o are the gray maps obtained on NK cells without blocking. We can
see that many gray pixels occurred in the maps, proving that the rituximab on the
AFM tips still had activities. The results in Fig. 6.34 demonstrated that the gray
maps reflected the distribution of FcRs on the cell surface. From the gray maps, we
can see that some FcRs clustered into nanodomains (denoted by the red dashed
circles), while some FcRs distributed sparsely on the cell surface.

In summary, the experimental results demonstrate the capability of AFM in
probing the FcR-rituximab interactions on primary NK cells prepared from the bone
marrow of clinical lymphoma patients based on NKp46 fluorescence recognition,
which is useful for in situ investigating the two types of molecular interactions
(CD20-rituximab, FcR-rituximab) involved in rituximab’s ADCC mechanism.

6.3 Comparison of AFM Detection Results and Clinical
Therapeutic Outcomes

The established methods were applied on primary cells prepared from several B-cell
NHL patients who received rituximab therapy. The results of AFM molecular
measurements were compared with clinical outcomes to analyze the practical sig-
nificance of detecting molecular interactions by AFM.

6.3.1 CD20-Rituximab Interaction on Patient Cancerous
Cells and Clinical Efficacies

To investigate the CD20 affinity and nanoscale distribution of different lymphoma
patients, we selected three B-cell NHL patients for the study. Clinical pathological
tests confirmed that all of the three patients were with bone marrow infiltration. The
three patients were treated by rituximab. ROR1 fluorescence labeling experiments
were performed to confirm that there were ROR1s on the tumor cell surface of the
three patients. The clinical information of the three patients is shown in Table 6.2.
For each patient, their bone marrow cells were dropped onto the glass slides. Then
chemical fixation and RORI1-fluorescence labeling were performed. 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 rituximab-tetered tips. Figure 6.35a—c are the CD20 binding affinities of
tumor cells from patient 1, patient 2, and patient 3, respectively. The CD20 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 patient were 78 £ 33 pN, 88 £ 66 pN,
80 £ 39 pN, respectively. We can see that the binding affinities were not
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Table 6.2 Clinical information of three B-cell NHL patients [65]

Case no. | Sex Age | Tumor Clinical therapy Outcome
subtype

1 Female | 64 Splenic Rituximab + Fludarabine + Cyclophosphamide | Complete
marginal remission
zone
B-cell
lymphoma

2 Male 56 Small Rituximab + CHOP Lesion
B-cell stability
lymphoma

3 Female |51 Diffuse Rituximab + CHOP Partial
large remission
B-cell
lymphoma

remarkable variable between the three patients. Figure 6.35d 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 x 16 = 256). The CD20 distribution frequency of this adhesion force map was
equal to the ratio (1n/256). Figure 6.35e 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 of
rituximab was better. However, the efficacy of patient 3 was worse than the efficacy
of patient 1, while the CD20 density of patient 3 was larger than the CD20 density
of patient 1. This indicated that the therapeutic effects were not linearly proportional
to the CD20 density of the tumor cells. On the whole, the experimental results
showed the potential links between CD20 density and rituximab’s efficacies.

6.3.2 FcR-Rituximab Interaction Patient Effector Cells
and Clinical Efficacies

The results of Fig. 6.35 indicate that only measuring the CD20-rituximab interac-
tions can not fully characterize the practical effects of rituximab. Hence, we
simultaneously measured the CD20-rituximab interactions on primary tumor cells
and FcR-rituximab interactions on primary NK cells prepared from two B-cell NHL
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Fig. 6.36 Flow chart of simultaneously measuring CD20-rituximab interactions on primary
cancerous cells and FcR-rituximab interactions on primary NK cells prepared from the bone
marrow of lymphoma patients [64]

patients with bone marrow invasion. The flow chart is shown in Fig. 6.36.
Cancerous cells were recognized by ROR1 fluorescence labeling and NK cells were
recognized by NKp46 fluorescence labeling. Under the guidance of fluorescence,
CD20-rituximab interactions were probed on cancerous cells and FcR-rituximab
interactions were probed on NK cells [65].
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Figure 6.37a is the histogram of FcR-rituximab binding forces measured on NK
cells from patient one and Fig. 6.37b is the histogram of CD20-rituximab binding
forces measured on tumor cells from patient one. The Gaussian fitting showed that
the FcR-rituximab binding force was 65 £ 38 pN and the CD20-rituximab binding
force was 95 £ 46 pN. We can see that the binding force of CD20-rituximab was
larger than the binding force of FcR-rituximab for patient one. Figure 6.37d, e are
the histogram of FcR-rituximab binding forces measured on NK cells and the
histogram of CD20-rituximab binding forces measured on tumor cells for patient
two respectively. We can also see that the binding force of CD20-rituximab
(117 £ 83 pN) was larger than that of FcR-rituximab (78 £ 48 pN). Based on
radioimmunoassay, the binding constant value between human CD20 and rituximab
was from 2.0 x 10%-2.8 x 10 M! [66-68], and the binding constant between
human FcR and human IgGl was from 1.3 x 10°~4 x 10° M~ [69, 70]. We
know rituximab is a chimeric antibody with human IgG1 constant regions and
murine variant regions [71]. FcR binds to the constant regions of rituximab and thus
the binding affinity between FcR and rituximab is equal to the binding affinity
between FcR and IgGl. In this work the measured CD20-rituximab binding forces
were significantly larger than the FcR-rituximab binding forces, consistent with the
results measured by traditional methods. Figure 6.37c shows the distribution fre-
quency of FcR on NK cells and CD20 on tumor cells for patient one. The distri-
bution frequency was computed according to the process in Fig. 6.35. We can see
that the distribution frequency of CD20 on tumor cells (22.2%) was larger than the
distribution frequency of FcR on NK cells (18.4%) for patient one. For patient two
(Fig. 6.37f), the distribution frequency of FcR on NK cells (22.1%) was slightly
less than the distribution frequency of CD20 on tumor cells (23.6%). One reason for
the unprecedented success of rituximab in clinical practice is that CD20 is
expressed at high levels on B lymphoma cells compared with most targets (often
more than 250,000 molecules per cell), allowing dense accumulation of the anti-
body on the plasma membrane [1]. For the distribution of FcR, researches have
shown that NK cells display a low level of expression of FcR on the plasma
membrane [72]. Here the results obtained by SMFS showed that the distribution
density of FcR on NK cells was less than the distribution density of CD20 on tumor
cells for clinical patients, which was reasonable by comparing with the results
obtained by traditional biochemical methods.

The clinical information of the two lymphoma patients is shown in Table 6.3.
Patient one was a case of diffuse large B-cell lymphoma and patient two was a case
of chronic lymphocytic leukemia. Both of the two patients were treated by com-
bination of chemotherapy and rituximab therapy. After the treatment (6 cycles),
patient one had partial remission, while patient two had complete remission.
Comparing the FcR-rituximab interactions for the two patients, we can find that the
FcR-rituximab binding force of patient one (Fig. 6.37a) was slightly less than the
FcR-rituximab binding force of patient two (Fig. 6.37d), while the distribution
density of FcR on NK cells of patient one (Fig. 6.37c) was significantly less than
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Fig. 6.37 Simultaneously measuring FcR-rituximab and CD20-rituximab interactions on primary
samples from two B-cell NHL patients [64]. a—c are from patient 1. d—f are from patient 2.
a, d Histogram of binding forces between FcR and rituximab measured on the surface of NK cells.
b, e Histogram of binding forces between CD20 and rituximab measured on the surface of tumor
cells. ¢, f Distribution frequency of FcR on NK cells and CD20 on tumor cells

the distribution density of FcR on tumor cells of patient two (Fig. 6.37f).
Comparing the CD20-rituximab interactions, we can find that the CD20-rituximab
binding force of patient one (Fig. 6.37b) was a little less than that of patient two
(Fig. 6.37e), while the distribution density of CD20 on tumor cells of patient one
(Fig. 6.37¢) was similar to that of patient two (Fig. 6.37f). The comparing results
showed that the larger of the binding affinity and distribution of FcR on NK cells
and CD20 on tumor cells can get the better treatment outcomes. This can be
explained that the larger binding affinity and distribution of FcR on NK cells and
CD20 on tumor cells can make the connection between NK cells and tumor cells
more stable. At this situation, more NK cells can be recruited to attack the tumor
cells and the duration time of NK cells became longer, thus the killing effects are
greatly improved. It should be noted that we only measured two patients in this
study and it is difficult to discern the respective contribution of FcR-rituximab
interactions and CD20-rituximab interactions from the results. In order to investi-
gate the respective role of FcR-rituximab interactions and CD20-rituximab inter-
actions in the rituximab clinical therapy of lymphomas, measurements on more
clinical cases are needed in further studies. Collectively, the procedure of investi-
gating the two types of molecular interactions involved in rituximab’s ADCC
mechanism on primary patient cells and correlating them with pratical rituximab
therapeutic outcomes were established, which is useful for developing novel
methods which can potentially be used to predict drug efficacies for personalized
medicine.
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AFM imaging and force measurements were combined with optical microscopy
to reveal the dynamic and unique changes in cellular ultra-microstructures and
cellular mechanics during rituximab’s three killing mechanisms (PCD, ADCC,
CDC), demonstrating the indicative role of cellular topography and mechanics
in discerning different stages of rituximab’s effects and also improving our
understanding of rituximab’s actions at the micro/nano scale.

The methods which can measure the multiple types of molecular interactions
(CD20-rituximab, FcR-rituximab) on primary cells prepared from the bone
marrow of lymphoma patients were established based on fluorescence labeling
of specific cell surface markers. The methods were applied on the primary
samples of several lymphoma patients and the results demonstrated the close
links between AFM-obtained molecular information (binding affinity, distri-
bution density) and rituximab’s pratical efficacies.
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Chapter 7
Conclusion and Future Work

7.1 Conclusion

In this thesis, in order to address the issue of variable therapeutic outcomes between
different B-cell NHL patients in the rituximab targeted therapy, series methods for
in situ quantitatively detecting and characterizing the multiple physical properties of
single cells and single molecules based on AFM nanorobotics have been estab-
lished, including cellular immobilization, cellular morphological imaging, cellular
mechanical measurement, molecular force measurement and visually mapping of
membrane protein on cell surface. With these methods, systematic studies have
been performed on both cell lines cultured in vitro and primary cells from clinical
lymphoma patients to investigate the rituximab’s actions. The experimental results
revealed the close links between cellular/molecular physical properties and clinical
drug efficacy, providing a useful exploration for promoting the biomedical appli-
cations of nanorobotics.
The innovation of the thesis includes:

(1) A three-dimensional immobilization method based on micropillar/well
mechanical trapping and poly-L-lysine electrostatic adsorption was developed
for observing living mammalian suspended cells by AFM nanorobotics. Based
on the method, single living lymphoma cells were firmly immobilized both in
horizontal direction and in vertical direction, which allows visualizing the
ultra-microstructures of cell surface, significantly improving the detection
accuracy of nanorobotics on living mammalian suspended cells in aqueous
conditions.

(2) For the requirements of label-free detecting the physiological properties of
living cells and native molecules with high-resolution in the field life sciences,
a series of single-cell and single-molecule methods were established based on
AFM nanorobotics, which allow the measurements of multiple cellular and
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molecular parameters (including cellular topography, cellular mechanics,
molecular binding affinity, and molecular distribution density on cell surface),
laying a solid foundation for the biomedical applications of AFM nanorobotics.
The established AFM single-cell and single-molecule detection methods were
applied on the rituximab therapy of B-cell NHL and the experimental results
reveal the dynamic changes of cellular ultra-microstructures and cellular
mechanics during the three killing mechanisms (PCD, ADCC, CDC) of
rituximab, improving our understanding of rituximab’s actions. With the
assistance of fluorescence labeling of cell surface specific markers, primary
cells prepared from clinical lymphoma patients were examined and the results
reveal the potential significance of molecular interactions in the clinical ritux-
imab treatment, providing a feasible idea for developing novel methods for
drug evaluation and efficacy prediction based on AFM nanorobotics.

The contribution of the thesis in automation and robotics includes:

Current studies of nanorobotics mainly focus on engineering fields, such as
nanomanipulation and nanofabrication. The requirements of single-cell and
single-molecule techniques in life sciences presents nanorobotics with huge
opportunities. This thesis established series methods based on AFM nanor-
obotics to characterize the physical properties of single cells and single
molecules, which significantly enhances the performance and functions of
nanorobotics for biomedical applications.

The applications of AFM single-cell and single-molecule techniques in clinical
cancer treatment were explored, which demonstrated the abilities of AFM in
detecting the biophysical properties of human primary cells. The investigations
on the primary cells prepared from the bone marrow of lymphoma patients
showed the correlation between quantitative molecular parameters obtained by
AFM and practical rituximab outcomes, providing a new idea for promoting the
biomedical applications of nanorobotics.

7.2 Future Work

Future work may be carried out in the following points:

@

ADCC mechanisms plays an important role in rituximab’s anti-cancer effects.
ADCC involves two types of effector cells, including macrophages which can
engulf target cells and NK cells which can release cytotoxin to kill target cells.
During ADCC, the F,, portion of rituximab binds to CD20 on lymphoma cells,
and the F. portion of rituximab binds to FcR on effector cells. The thesis
investigates the CD20-rituximab interactions on primary lymphoma cells and
the FcR-rituximab interactions on primary NK cells from clinical lymphoma
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patients. In order to better understand the role of ADCC in rituximab’s actions,
directly investigating the FcR-rituximab interactions on primary macrophages
from lymphoma patients is required, which will facilitates analyzing the exact
contribution of macrophages and NK cells in rituximab’s practical efficacies.
Primary cell samples from five B-cell NHL patients were tested and the
experimental results showed the active role of the two types of rituximab’s
molecular interactions (CD20-rituximab and FcR-rituximab) in the practical
therapeutic outcomes of rituximab. However, it should be noted that the
number of tested lymphoma cases in the thesis is small and the situations (e.g.,
tumor subtype, treatment, sex, age) for these patients are diverse. In order to
obtain results with statistical significance, applying the established methods to
examine primary samples from more B-cell NHL patients is required. As the
increase of primary samples, it is necessary to investigate the relation model
between AFM-obtained molecular information and clinical rituximab thera-
peutic outcomes. In addition, observing the dynamics of molecular behaviors
during the progress of clinical treatment will be meaningful.

The thesis measured the Young’s modulus of cells to characterize cellular
mechanics. Though Young’s modulus has been an effective biomarker for
indicating the states of cancerous cells, other mechanical behaviors of cells are
involved in the metastasis of tumor, such as adhesion characteristics and rhe-
ological properties. During metastasis, cancerous cells need to firstly detach
from the primary tissue [1], whereas the rheological behaviors of cells are
closely related to the physiological functions of cells [2]. By attaching single
cells onto the cantilever of AFM and then recording force curves on cells,
adhesion forces between cells can be quantified [3]. By controlling AFM tip to
perform stress relaxation experiments on cells, cellular viscoelasticity can be
measured [4]. In order to examine the indicative role of adhesion characteristics
and rheological properties, direct comparison studies on cancerous cells and
their normal counterparts, particularly on primary cells prepared from clinical
cancer patients, are required.

Several issues regarding the mechanical detection of clinical samples need to be
resolved. Current studies have confirmed the indicative role of cell mechanics
in discerning different stages of cancer. However, due to the complexity of
biological systems, it may require a long time to realize the practical applica-
tions of mechanical detection. For clinical applications, the procedures of
clinical sample preparation and AFM measurements need to be standardized
and the related value ranges of cancerous cells and normal cells need to be
confirmed. However, tumor tissue is highly heterogeneous. Not only there are
genetic and phenotypic variations between individuals with the same tumor
type (intertumor heterogeneity), but also there are subclonal diversities within a
tumor (intratumor heterogeneity) [5], which present difficulties for sample
preparation. In addition, tumor tissues contain cancerous cells, healthy cells
(e.g., fibroblasts), vessels (e.g., blood vessel and lymphatic vessel), and
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extracellular matrices [6]. Tumor microenvironment plays an important role in
regulating tumor progression and metastasis [7], and thus combing AFM with
other techniques (e.g., fluorescence) to discriminate the particular components
in tumor microenvironment may help us to better understand the mechanical
behaviors of tumor tissues.

References

1. Wirtz D, Konstantopoulos K, Searson PC (2011) The physics of cancer: the role of physical
interactions and mechanical forces in metastasis. Nat Rev Cancer 11:512-522

2. Zhou EH, Martinez FD, Fredberg JJ (2013) Cell rheology: mush rather than machine. Nat
Mater 12:184-185

3. Smolyakov G, Thiebot B, Campillo C et al (2016) Elasticity, adhesion, and tether extrusion on
breast cancer cells provide a signature of their invasive potential. ACS Appl Mater Interfaces
8:27426-27431

4. LiM, Liu L, Xiao X et al (2016) Viscoelastic properties measurement of human lymphocytes
by atomic force microscopy based on magnetic beads cell isolation. IEEE Trans Nanobiosci
15:398-411

5. Burrell RA, McGranahan N, Bartek J et al (2013) The causes and consequences of genetic
heterogeneity in cancer evolution. Nature 501:338-345

6. Junttila MR, Sauvage FJ (2013) Influence of tumour microenvironment heterogeneity on
therapeutic response. Nature 501:346-354

7. Quail DF, Joyce JA (2013) Microenvironmental regulation of tumor progression and
metastasis. Nat Med 19:1423-1437



Curriculum Vitae

Mi Li

Associate Professor

State Key Laboratory of Robotics
Shenyang Institute of Automation
Chinese Academy of Sciences
Shenyang, China

E-mail: limi@sia.cn

y
BT

Education:

2009.03-2015.01 Ph.D. in Pattern Recognition and Intelligent Systems. Shenyang
Institute of Automation, Chinese Academy of Sciences, Shenyang, China
2006.09-2008.12 M.E. in Pattern Recognition and Intelligent Systems. College of
Automation, Huazhong University of Science and Technology, Wuhan, China
2002.09-2006.06 B.E. in Software Engineering. College of Software, Huazhong
University of Science and Technology, Wuhan, China

Career:

2016.01-now Associate Professor, Shenyang Institute of Automation, Chinese
Academy of Sciences, Shenyang, China

2016.09-2017.08 Visiting Scholar, Department of Biomedical Engineering, The
Ohio State University, Columbus, USA

2015.02-2015.12 Assistant Professor, Shenyang Institute of Automation, Chinese
Academy of Sciences, Shenyang, China

2014.03-2015.01 Assistant Professor, Shenyang Institute of Automation, Chinese
Academy of Sciences, Shenyang, China

© Springer Nature Singapore Pte Ltd. 2018 133
M. Li, Investigations of Cellular and Molecular Biophysical Properties

by Atomic Force Microscopy Nanorobotics, Springer Theses,
https://doi.org/10.1007/978-981-10-6829-4



134 Curriculum Vitae

Awards:

1. Springer Theses Award, Germany (2017)

2. Outstanding Doctoral Dissertation Award, Chinese Academy of Sciences (2016)

3. Special Prize of President Scholarship for Postgraduate Students, Chinese
Academy of Sciences (2015)

4. Zhuliyuehua Scholarship for Excellent Ph.D. Students, Chinese Academy of
Sciences (2014)

5. National Scholarship for Ph.D. Students, Ministry of Education of China (2013)

6. National Scholarship for Ph.D. Students, Ministry of Education of China (2012)

7. President Scholarship for Postgraduate Students, Chinese Academy of Sciences
(2012)

8. BHP Billiton Scholarship for Postgraduate Students, Chinese Academy of
Sciences (2012)

9. Pacemaker to Merit Student, Graduate University of Chinese Academy of
Sciences (2011)

Selected publication lists:

1. Mi Li, Haichang Li, Xiangguang Li, Hua Zhu, Zihui Xu, Lianqing Liu, Jianjie
Ma, Mingjun Zhang. A bioinspired alginate-gum arabic hydrogel with micro-/
nanoscale structures for controlled drug release in chronic wound healing. ACS
Applied Materials & Interfaces, 2017, 9(27): 22160-22175.

2. Mi Li, Dan Dang, Lianqing Liu, Ning Xi, Yuechao Wang. Atomic force
microscopy in characterizing cell mechanics for biomedical applications: a
review. IEEE Transactions on Nanobioscience, 2017, 16(6): 523-540.

3. Mi Li, Lianqing Liu, Ning Xi, Yuechao Wang. Applications of micro/nano
automation technology in detecting cancer cells for personalized medicine.
IEEE Transactions on Nanotechnology, 2017, 16(2): 217-229.

4. Mi Li, Lianging Liu, Xiubin Xiao, Ning Xi, Yuechao Wang. The dynamic
interactions between chemotherapy drugs and plasmid DNA investigated by
atomic force microscopy. SCIENCE CHINA Materials, 2017, 60(3): 269-278.

5. Mi Li, Xiubin Xiao, Lianqing Liu, Ning Xi, Yuechao Wang. Nanoscale
quantifying the effects of targeted drug on chemotherapy in lymphoma treat-
ment using atomic force microscopy. IEEE Transactions on Biomedical
Engineering, 2016, 63(10): 2187-2199.

6. Mi Li, Lianqing Liu, Xiubin Xiao, Ning Xi, Yuechao Wang. Viscoelastic
properties measurement of human lymphocytes by atomic force microscopy
based on magnetic beads cell isolation. IEEE Transactions on
Nanobioscience, 2016, 15(5): 398—411.

7. Mi Li, Xiubin Xiao, Lianqging Liu, Ning Xi, Yuechao Wang. Rapid recognition
and functional analysis of membrane proteins on human cancer cells using
atomic force microscopy. Journal of Immunological Methods, 2016, 436:
41-49.



Curriculum Vitae 135

10.

11.

12.

13.

14.

15.

. Mi Li, Lianging Liu, Ning Xi, Yuechao Wang. Nanoscale monitoring of

drug actions on cell membrane using atomic force microscopy. Acta
Pharmacologica Sinica, 2015, 36(7): 769-782.

Mi Li, Lianging Liu, Ning Xi, Yuechao Wang, Xiubin Xiao, Weijing Zhang.
Quantitative analysis of drug-induced complement-mediated cytotoxic effect on
single tumor cells using atomic force microscopy and fluorescence microscopy.
IEEE Transactions on Nanobioscience, 2015, 14(1): 84-94.

Mi Li, Lianging Liu, Ning Xi, Yuechao Wang, Xiubin Xiao, Weijing Zhang.
Nanoscale imaging and mechanical analysis of Fc receptor-mediated macro-
phage phagocytosis against cancer cells. Langmuir, 2014, 30(6): 1609-1621.
Mi Li, Xiubin Xiao, Weijing Zhang, Lianging Liu, Ning Xi, Yuechao Wang.
AFM analysis of the multiple types of molecular interactions involved in
rituximab lymphoma therapy on patient tumor cells and NK cells. Cellular
Immunology, 2014, 290(2):233-244.

Mi Li, Xiubin Xiao, Lianqing Liu, Ning Xi, Yuechao Wang, Zaili Dong,
Weijing Zhang. Nanoscale mapping and organization analysis of target proteins
on cancer cells from B-cell lymphoma patients. Experimental Cell Research,
2013, 319(18):2812-2821.

Mi Li, Xiubin Xiao, Lianqing Liu, Ning Xi, Yuechao Wang, Zaili Dong,
Weijing Zhang. Atomic force microscopy study of the antigen-antibody bind-
ing force on patient cancer cells based on ROR1 fluorescence recognition.
Journal of Molecular Recognition, 2013, 26(9):432-438.

Mi Li, Lianqing Liu, Ning Xi, Yuechao Wang, Zaili Dong, Xiubin Xiao,
Weijing Zhang. Atomic force microscopy imaging and mechanical properties
measurement of red blood cells and aggressive cancer cells. SCIENCE
CHINA Life Sciences, 2012, 55(11): 968-973.

Mi Li, Lianging Liu, Ning Xi, Yuechao Wang, Zaili Dong, Osamu Tabata,
Xiubin Xiao, Weijing Zhang. Imaging and measuring the rituximab-induced
changes of mechanical properties in B-lymphoma cells using atomic force
microscopy. Biochemical and Biophysical Research Communications, 2011,
404(2):689-694.



	Supervisor’s Foreword
	Parts of this thesis have been published in the following journal articles:
	Acknowledgements
	Contents
	1 Introduction to Atomic Force Microscopy-Based Nanorobotics for Biomedical Applications
	1.1 Background and Motivation
	1.2 Cellular Physiological Properties Detection
	1.3 Single-Cell and Single-Molecule Techniques
	1.4 Nanorobot Based on AFM
	1.5 Opportunities and Challenges
	1.6 Thesis Contents and Chapter Organization
	References

	2 Immobilization Methods for Observing Living Mammalian Suspended Cells by AFM
	2.1 Current Status of Immobilizing Living Cell for AFM Imaging
	2.2 Biological Experiment Platform Based on AFM Nanorobot
	2.3 Immobilizing Mammalian Suspended Cells by Micropillar Array
	2.4 Imaging Living Mammalian Suspended Cells Based on Micro-Pillar Immobilization
	2.5 Imaging Living Mammalian Suspended Cells Based on Micro-Well Immobilization
	2.6 Summary
	References

	3 Measuring the Mechanical Properties of Single Cells by AFM
	3.1 Current Status of Measuring Cell Mechanics by AFM
	3.2 Principle and Methods of Measuring Cell Mechanics by AFM
	3.3 Fabrication of AFM Spherical Tip
	3.4 Measuring the Mechanics of Cancerous Cells with Different Invasive Abilities
	3.5 Summary
	References

	4 Single-Molecule Recognition and Force Measurements by AFM
	4.1 Current Status of AFM Single-Molecule Force Measurements
	4.2 Principle of AFM Single-Molecule Force Spectroscopy
	4.3 Tip Functionalization and Verification
	4.4 Measuring the CD20-Rituximab Interaction Forces
	4.4.1 Purified CD20s on Mica
	4.4.2 Native CD20s on Lymphoma Cell

	4.5 Summary
	References

	5 Mapping Membrane Proteins on Cell Surface by AFM
	5.1 Current Status of Mapping Membrane Proteins on Cell Surface by AFM
	5.2 Peak Force Tapping AFM
	5.3 Mapping Protein Distributions by PFT
	5.3.1 Avidins on Mica
	5.3.2 CD20s on Lymphoma Cell Surface

	5.4 Summary
	References

	6 Applications of AFM Cellular and Molecular Biophysical Detection in Clinical Lymphoma Rituximab Treatment
	6.1 Cellular Ultra-Microstructure and Mechanics Detection
	6.1.1 PCD Mechanism
	6.1.2 ADCC Mechanism
	6.1.3 CDC Mechanism

	6.2 Probing Target Proteins on Primary Cells from Clinical Lymphoma Patients
	6.2.1 Detecting CD20-Rituximab Interactions on Patient Cancerous Cells
	6.2.2 Detecting FcR-Rituximab Interactions on Patient Effector Cells

	6.3 Comparison of AFM Detection Results and Clinical Therapeutic Outcomes
	6.3.1 CD20-Rituximab Interaction on Patient Cancerous Cells and Clinical Efficacies
	6.3.2 FcR-Rituximab Interaction Patient Effector Cells and Clinical Efficacies

	6.4 Summary
	References

	7 Conclusion and Future Work
	7.1 Conclusion
	7.2 Future Work
	References

	Curriculum Vitae



