
photonics
hv

Article

An Optical Tweezers-Based Single-Cell Manipulation and
Detection Platform for Probing Real-Time Cancer Cell
Chemotaxis and Response to Tyrosine Kinase
Inhibitor PD153035

Pei-Wen Peng 1,†, Jen-Chang Yang 2,3,4,† , Mamadi M.S Colley 5 and Tzu-Sen Yang 1,3,4,5,*

����������
�������

Citation: Peng, P.-W.; Yang, J.-C.;

Colley, M.M.S.; Yang, T.-S. An Optical

Tweezers-Based Single-Cell

Manipulation and Detection Platform

for Probing Real-Time Cancer Cell

Chemotaxis and Response to Tyrosine

Kinase Inhibitor PD153035. Photonics

2021, 8, 533. https://doi.org/

10.3390/photonics8120533

Received: 18 October 2021

Accepted: 24 November 2021

Published: 26 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Dental Technology, Taipei Medical University, Taipei 110, Taiwan; apon@tmu.edu.tw
2 Graduate Institute of Nanomedicine and Medical Engineering, Taipei Medical University,

Taipei 11031, Taiwan; yang820065@tmu.edu.tw
3 International PhD Program in Biomedical Engineering, Taipei Medical University, Taipei 110, Taiwan
4 Research Center of Biomedical Device, Taipei Medical University, Taipei 110, Taiwan
5 Graduate Institute of Biomedical Optomechatronics, Taipei Medical University, Taipei 110, Taiwan;

ms_colley81@hotmail.com
* Correspondence: tsyang@tmu.edu.tw; Tel.: +886-2-27-361-661 (ext. 5206)
† P.-W.P. and J.-C.Y. contributed equally to this work as co-1st authors.

Abstract: We presented an approach to address cancer cell chemotaxis and response to tyrosine
kinase inhibitor PD153035 at the single-cell level. We applied an optical tweezer system together
with the platform at the single-cell level to manipulate an epidermal growth factor (EGF)-coated
bead positioned close to the filopodia to locally stimulate HT29 cells, the human colon cancer
cell line overexpressing the EGF receptor (EGFR). To address cancer cell chemotaxis, a single-cell
movement model was also proposed to quantify the propagation speed at the leading and trailing
edges of the cell along the chemosensing axis. This study focused on three perspectives: probing
the chemosensing process mediated by EGF/EGFR signaling, investigating the mode of locomotion
during the EGF-coated bead stimulation, and quantifying the effect of PD153035 on the EGF–EGFR
transport pathway. The results showed that the filopodial actin filament is a sensory system for EGF
detection. In addition, HT29 cells may use the filopodial actin filament to distinguish the presence or
absence of the chemoattractant EGF. Furthermore, we demonstrated the high selectivity of PD153035
for EGFR and the reversibility of binding to EGFR. We anticipate that the proposed single-cell method
could be applied to construct a rapid screening method for the detection and therapeutic evaluation
of many types of cancer during chemotaxis.

Keywords: chemotaxis; epidermal growth factor (EGF); epidermal growth factor receptor (EGFR);
tyrosine kinase inhibitor; PD153035; optical tweezers; single-cell platform

1. Introduction

Cancer cell chemotaxis in the surrounding microenvironment is an essential compo-
nent of tumor progression and metastasis [1]. Chemotaxis has been recognized as a target
for therapeutic intervention, a therapeutic endpoint, and a prognostic marker [2]. The
chemotactic response of cancer cells consists of three major steps: chemosensing, polariza-
tion, and locomotion. Cancer cells respond to gradients of chemotactic factors by increasing
the nucleation and polymerization of the actin filaments [3], where the polymerization of
actin leads to directional migration of cancer cells in response to chemoattractant gradients.
Recently, receptor tyrosine kinases such as epidermal growth factor receptor (EGFR) have
been reported as signaling factors that mediate chemotactic responses in EGF/EGFR signal-
ing [1,2]. Therefore, a rigorous understanding of the mechanism of cancer cell chemotaxis
will help us develop novel concepts and strategies for cancer therapy.
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Activation of EGFR controls intracellular signaling pathways that regulate cell pro-
liferation, apoptosis, angiogenesis, adhesion, motility, and invasion [4–6]. In colorectal
cancer, glioma, head and neck cancer, and non-small cell lung cancer (NSCLC), EGFR
expression or high expression is recognized as a particularly promising therapeutic target
for anticancer therapies [7–12]. Therefore, different EGFR inhibition strategies have been
reported, such as the use of monoclonal antibodies, recombinant EGF vaccines, antisense
oligonucleotides, and small-molecule EGFR tyrosine kinase inhibitors (EGFR-TKIs) [13].

Inhibition of protein tyrosine kinase activity by adenosine triphosphate (ATP)-site-
directed compounds has become an attractive target for rational drug design in the last
few years [14]. Quinazoline derivatives such as Iressa (gefitinib) and Tarceva (erlotinib) have
been widely used for targeted therapies (reviewed in [15]; see also [16,17]). In Japan, Iressa
is the most frequently used second-line single-agent targeted therapy; outside Asia, the
most frequently used single-agent targeted therapy is Tarceva (reviewed in [18]).

Numerous in vitro studies have shown that Iressa and Tarceva inhibit the EGFR tyro-
sine kinase by 50%, i.e., IC50, at concentrations of 27–33 nM [19,20] and 20 nM [21,22], re-
spectively. Another quinazoline-type compound, 4-N-(3′-bromo-phenyl)amino-6,7-
dimethoxyquinazoline (PD153035), has been reported to be not only a highly selective
reversible inhibitor of EGFR (IC50 = 29 pM) [23,24] but also a deoxyribonucleic acid (DNA)
intercalator [25–27]. Nowadays, due to ongoing advances in various nanomaterials and
nanotechnologies, advanced approaches are required to probe the real-time cellular re-
sponses to PD153035. These advances motivated us to examine and address the aforemen-
tioned pharmacological issues regarding multitargeted TKI PD153035 in more detail.

In our previous study, we presented a single-molecule approach using optical tweez-
ers to determine the binding mode and binding affinity constant of PD153035 to DNA for
the first time. We found that PD153035, although this drug exhibits a noticeable increment
in contour length of DNA molecules in 1 mM sodium cacodylate, has weak DNA-binding
ability at physiological salt concentrations (100 mM for a monovalent salt) [28]. In addi-
tion, we proposed a single-cell approach using a biofunctionalized quantum dot (QD) to
demonstrate retrograde transport of EGF–EGFR complexes along filopodia to the A431
cell body [29]; this finding supports the idea that filopodia may serve as a sensory system
for the cell that assists in regulating signaling [30]. Previous studies also demonstrated
that an EGF-coated bead can induce leading-edge actin protrusion for cells overexpressing
the EGFR [1,31]. Here, we applied high-resolution optical tweezers and microfluidic sys-
tems with accurate sample temperature control to actively conduct spatial and temporal
regulation of cell locomotion, in order to simulate the chemosensing process mediated by
EGF/EGFR signaling (Figure 1). In addition, we applied beads with and without an EGF
coating positioned close to the filopodia to stimulate HT29 cells overexpressing the EGFR
locally. Therefore, we can further apply this platform to quantify the effect of PD153035
on the EGF–EGFR transport pathway and validate whether PD153035 is a specific and
reversible inhibitor of the EGFR tyrosine kinase at the single-cell level.
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Figure 1. Schematic representation of the high-resolution optical tweezers applied to conduct spatial
and temporal regulation of cell locomotion to simulate the chemosensing process mediated by
EGF/EGFR signaling. (a) The trapped bead positioned close to the filopodia is stuck onto the
cover glass surface via optical tweezers. (b) A single-cell detection platform, including temperature
control system and flow delivery system, is integrated into an inverted fluorescence microscope.
(c) A typical bright-field image of individual cellular responses during stuck-EGF-bead stimulation,
where the stuck EGF-coated bead is intended to contact the filopodial actin filament of the HT29
cell. The corresponding 2D cell body contour is also shown, highlighted with an orange line.
(d) A schematic representation of PD153035 binding to the active ATP catalytic site of the intracellular
domain of EGFR.

2. Materials and Methods
2.1. Experimental System

To conduct spatial and temporal regulation of chemotaxis, the EGF-coated bead was
manipulated by our high-resolution optical tweezer system; details of this system have
been described previously [28]. Our optical tweezer system was integrated into an inverted
microscope (TE2000U, Nikon, Tokyo, Japan) incorporating a Nd:YAG laser (1064 nm, VA-II-
N-1064, Beijing, China) for trapping. The laser beam was expanded five-fold with lens pairs
to slightly overfill the back aperture of the objective lens (Plan Apo 60x/1.40 oil, Nikon,
Tokyo, Japan), and directed into the objective lens via a dichroic mirror (FF720-SDi01-25×36,
Semrock Inc., New York, NY, USA).

The advantage of the near-infrared laser (1064 nm) is that both water and biological
specimens are comparatively transparent to it, as such specimens have a low absorption
coefficient in the near-infrared region [32], which implies that both thermal damage caused
by the trapping laser and thermal convection inside the flow chamber can be neglected.
Here, we applied optical tweezers to manipulate the trapped bead close to the filopodia,
and the trapped bead was then moved downward via optical tweezers and finally stuck
onto the cover glass surface (Figure 1a). Note that when the trapped bead was attached
to the surface of the collagen-1-coated cover glass, we then turned off the trapping laser.
Hence, the image acquisitions during EGF-bead stimulation could be performed within the
same focal plane without the trapping laser. Therefore, the EGF bead could move in both
the lateral and z-direction only when filopodial actin fiber touched the EGF-coated bead.
This approach minimized the optical damage caused by the trapping laser and allowed us
to perform local stimulation of HT29 cells overexpressing EGFR for long-term observation
of the mode of cell locomotion during EGF-coated bead stimulation and for quantifying
the effect of PD153035 on the EGF–EGFR transport pathway.
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Our previous study showed that the bead could be captured when the laser power
ranged from 5 to 15 mW [33]. However, in this study, we applied optical tweezers to
manipulate the EGF-coated bead close to the filopodia (lateral movement), and the bead
was then moved downward via optical tweezers in the z-direction and finally attached to
the collagen-1-coated cover glass. The laser power inside the flow chamber was maintained
at 50 mW to manipulate the trapped bead stably in three dimensions, and this allowed us
to conduct the procedure mentioned above within one minute.

We designed a temperature-controlled microfluidic flow chamber system (Figure 1b)
incorporated into an optical tweezer system to probe the real-time cellular behavior in
response to the chemoattractant EGF at the single-cell level, where the flow chamber was
assembled by placing one layer of parafilm (100 µm thick), cut in the chamber shape,
between a microscope glass slide and a collagen-1-coated cover glass (170 µm thick).

To provide precise temperature control of the microfluidic flow chamber under the
microscope, four electric resistance rod elements were embedded symmetrically within
the aluminum heating plate, where the bottom of the flow chamber was in contact with
the heating plate sample holder, such that the temperature inside the flow chamber was
stable and uniform. Note that the desired temperature of the heating plate could be set
with the PID temperature controller; it was possible to adjust the temperature to within
±0.1 ◦C of the desired temperature. Detailed information can be found in our previous
paper [33]. addition, an automated syringe attached to the flow chamber was used for buffer
exchange, delivering various solutions, i.e., quantum dots, Alexa Fluor® 635 phalloidin,
and PD153035, and streptavidin-coated bead conjugation to EGF (EGF-coated bead), in an
optimally controlled manner.

Figure 1c shows a typical bright-field image of individual cellular responses during
stuck-EGF-bead stimulation, where the stuck EGF-coated bead was intended to contact the
filopodial actin filament of the HT29 cell. To ensure consistency of experimental conditions,
the position of the EGF-coated bead must be within the range that the filopodial actin fiber
can touch and must be about a particle size away from the edge of the cell membrane,
in order to observe the mode of locomotion during EGF-coated bead stimulation and
quantify the effect of PD153035 on the EGF–EGFR transport pathway. The corresponding
two-dimensional (2D) cell body contour is also shown in Figure 1c, highlighted with an
orange line. Figure 1d shows a schematic representation of PD153035 binding to the active
ATP catalytic site of the intracellular domain of EGFR, where PD153035 is an extremely
potent EGFR inhibitor that competes with ATP for the intracellular catalytic site of the
EGFR, thereby inhibiting the tyrosine kinase activity of the EGFR.

2.2. Bead Conjugation to Epidermal Growth Factor

We applied streptavidin-coated bead conjugation to biotin EGF as a point source
of the chemoattractant, instead of producing a growth factor gradient by diffusion, to
locally stimulate HT29 cells. To this end, an optically trapped bead was coated with the
chemoattractant EGF and positioned close to the filopodia of the HT29 cell to conduct
the spatial and temporal regulation of cell locomotion to test whether the chemosensing
is directly mediated by EGF/EGFR signaling. Here, we labeled 0.4 pM of streptavidin-
coated beads (1.87 µm, Bangs Laboratories, Fishers, IN, USA) with 6.36 µM of biotin
EGF (Molecular Probes, Invitrogen, Carlsbad, CA, USA) at a ratio of 1:1.6 × 107, where
an excess of biotin EGF was used not only to produce uniformly coated beads but also
to saturate the surface of the streptavidin-coated beads. Note that the affinity of biotin
for streptavidin is exceptionally high, and therefore the biotin–streptavidin interaction is
essentially irreversible.

2.3. Cell Culture and Reagents

In this study, the human colon cancer cell line HT29 overexpressing the EGFR was
used as research model to investigate cancer cell chemotaxis and response to TKI PD153035
at the single-cell level. The HT29 cell line was purchased from the Food Industry Research
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and Development Institute (FIRDI) (Hsinchu, Taiwan) and cultured in DMEM supple-
mented with 10% fetal bovine serum (FBS), 100 IU/mL of penicillin, and 100 mg/mL of
streptomycin (Gibco, Grand Island, NY, USA) under standard culture conditions (37 ◦C,
95% humidified air and 5% CO2). HT29 cells were trypsinized, counted and resuspended
at the appropriate densities (≈2 × 105 cells/mL) in fresh culture medium. The dissociated
HT29 cells were then introduced into the inlet port of the flow chamber using an automated
syringe pump at a constant volumetric flow rate of 0.5 µL/sec. During the experiments,
the temperature inside the flow chamber was 37 ◦C.

To distinguish the relationship between the EGF–EGFR complex and the actin cy-
toskeleton, both Alexa Fluor® 635 phalloidin (Invitrogen Cat. no. A34054) and quantum
dots conjugated to epidermal growth factor (EGF, Molecular Probes) were used. The Alexa
Fluor® 633 phalloidin molecule, a high-affinity F-actin probe, is optimal for fixed and
permeabilized cultured cells. Therefore, HT29 cells were fixed in 4% paraformaldehyde
(PFA), followed by further incubation with Alexa Fluor® 635 phalloidin for 5 min at 37 ◦C.
HT29 cells were also incubated with 10 nM of QD–EGF at 4 ◦C to target the epidermal
growth factor receptor (EGFR) and to identify the relationship between the EGF–EGFR
complex and the actin cytoskeleton. To inhibit the EGFR tyrosine kinase activity, HT29
cells were incubated with medium containing 1 µM of PD53035 for 1 h at 37 ◦C. Note that
treatment of HT29 cells with various solutions was also automatically conducted using the
flow delivery system.

2.4. Epi-Fluorescence Imaging

Fluorescence images of cells were obtained with an inverted microscope (TE2000U,
Nikon) equipped with an objective lens (Plan Apo 60×/1.40 oil, Nikon, Tokyo, Japan)
with a 1.5× additional magnification lens, band-pass filters for QD 565 and Alexa 635,
and an EMCCD camera (Luca EM DL658M, Andor, CT, USA). These fluorescent images
were acquired with a temporal resolution of 50 ms, and the pixel size at the sample plane
was 110 nm.

2.5. Image Analysis and Single-Cell Movement (Velocity and Trajectory) Model

To probe the cellular response and visualize cell locomotion of HT29 cells during the
process of chemosensing, the EMCCD camera was used to acquire images at a frame rate
of 1 fps for imaging of cell locomotion.

The previous study demonstrated that the EGF-coated magnetic bead could induce
leading-edge actin protrusion, i.e., localized activation of the EGFR-induced localized actin
polymerization [1]. Here, we applied optical tweezers to manipulate the EGF-coated bead
to actively conduct spatial and temporal regulation of cell locomotion to test whether
the leading-edge actin protrusion would move toward the EGF-coated bead due to the
presence of the chemoattractant.

To quantify cancer cell chemotaxis localized close to the stuck bead and the corre-
sponding response to TKI PD153035 at the single-cell level, we defined the chemosensing
axis by extending from the center of the stuck bead to the closest point to the edge of
the cell (leading edge) and extending to the distal part of the cell region (trailing edge),
as illustrated in Figure 2. Along the chemosensing axis (grey dotted line), the position
coordinates of the leading and trailing edges of the cell body contours at time points t0 and
t1 are A and B, and C and D, respectively. These position coordinates can be determined
using ImageJ software.
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Figure 2. Cell movement (velocity and trajectory) model of HT29 cell stimulated with EGF-coated
and non-EGF-coated bead stuck onto the cover glass surface. The grey dotted line extending from
the center of the stuck bead to the closest point to the edge of the cell (leading edge) and extending
to the distal part of the cell region (trailing edge) is defined as the chemosensing axis. The 2D cell
body contours are also plotted at time points t0 and t1, highlighted with an orange and a black

line, respectively. The ratio of velocity magnitudes, |
⇀
VL|/|

⇀
VT |, was applied to quantify cancer cell

chemotaxis and response to TKI PD153035 at the single-cell level, where
⇀
VL and

⇀
VT represent the

propagation speeds at the leading and trailing edges.

Here, the 2D cell body contours at time points t0 and t1 are highlighted with an
orange and a black line, respectively. Therefore, the propagation speed at the leading
and trailing edges of the cell along the chemosensing axis can be determined as follows:
⇀
VL =

⇀
AB/(t1 − t0) (red arrow) and

⇀
VT =

⇀
CD/(t1 − t0) (green arrow). We applied the ratio

of velocity magnitudes, |
⇀
VL|/|

⇀
VT |, to address the cancer cell chemotaxis and response to

TKI PD153035 at the single-cell level. Hence, the effect of the chemoattractant EGF on HT29
cell mobility could be obtained and identified.

3. Results and Discussion
3.1. Relationship between EGF–EGFR Complex and Actin Cytoskeleton

We first investigated the distribution of actin filaments in HT29 cells, where F-actin
was visualized using Alexa Fluor® 635 phalloidin (Invitrogen Cat. no. A34054). Here HT29
cells were fixed in 4% paraformaldehyde (PFA), followed by incubation with Alexa Fluor®

635 phalloidin at 37 ◦C for 30 min. We then compared the bright-field image of the HT29
cell with the fluorescent image of actin filaments; note that both images were taken in the
same focal plane for direct comparison (Figure 3a,b). As can be seen, actin filaments were
observed in the lamellipodia, colocalized perfectly with the filopodia regions.

We further applied QD–EGF to map the spatial distribution of the EGFR. HT29 cells
were incubated with 10 nM of QD–EGF for 30 min at 4 ◦C and fixed in 4% paraformalde-
hyde (PFA) to eliminate the possibility of EGFR-mediated internalization. We then com-
pared the bright-field images of the HT29 cell (Figure 3c) with the corresponding epi-
fluorescence image of QD–EGF (Figure 3d). As can be seen, a large accumulation of
QD–EGF was observed along the periphery of the cell membrane; there was also colo-
calization between QD–EGF–EGFR complexes and the filopodia regions. Hence, this
finding suggests that filopodia may serve as a sensory system for the HT29 cells in
regulating the EGF-induced chemotactic response. For this reason, we used the EGF-
coated bead positioned close to the filopodia to test whether cell locomotion exists during
EGF-coated-bead stimulation.
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Figure 3. Comparison of the bright-field image of HT29 cell (a,c), the fluorescence image of the
distribution of actin filament (b), and the simultaneous QD–EGF fluorescence image (d).

3.2. Mode of Locomotion during EGF-Coated-Bead Stimulation

To conduct spatial and temporal regulation of the HT29 cell to assess the mode of
locomotion during EGF-induced chemotaxis, we first delivered the EGF-coated beads into
the flow chamber. The EGF-coated bead was manipulated with high-resolution optical
tweezers and moved to a position close to the cellular filopodia, and the trapped EGF-
coated bead was then stuck onto the cover glass surface with optical tweezers.

Our previous study presented qualitative observations of the leading-edge actin pro-
trusion without quantitative analysis [31]; therefore, some cell images from our previous
study will be further scrutinized using the proposed cell movement (velocity and trajectory)
model to conduct a quantitative analysis of the mode of locomotion during EGF-coated
bead stimulation. We randomly selected three HT29 cells for experimental observation
of EGF-coated bead stimulation. Figure 4a,d,g and Figure 4b,e,h) show the bright-field
images of the HT29 cell at time points t0 and t1, respectively. According to the proposed

cell movement model, the corresponding 2D cell body contours and the value of |
⇀
VL|/|

⇀
VT |

during stuck EGF-coated-bead stimulation are illustrated in Figure 4c,f,i. The experi-

mental results show that EGF-coated-bead stimulation of HT29 cells causes |
⇀
VL| > |

⇀
VT |,

regardless of the placement position of the EGF-coated bead. This finding implies that
the propagation speed at the leading edge of the cell is enhanced due to the presence of
EGF-stimulated chemotaxis.

On the other hand, we used the same experimental procedure but changed to a
streptavidin-coated bead without conjugation to EGF, as a control to assess whether the
migration of HT29 cells towards the stuck bead would occur. As can be seen in Figure 5a,d,g
and Figure 5b,e,h, the positions at the leading edge of the HT29 cells at the t0 and t1 time
points were nearly the same and were not influenced by the streptavidin-coated bead
without conjugation to EGF. In addition, the results show that the streptavidin-coated-bead

stimulation of HT29 cells causes |
⇀
VL| < |

⇀
VT |, regardless of the placement position of the

streptavidin-coated bead, as shown in Figure 5c,f,i. This finding implies that the stuck bead
in the absence of chemoattractant hinders the propagation speed at the leading edge of the
cell, and HT29 cells may use the filopodial actin filament to distinguish the presence or
absence of the chemoattractant EGF.
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cells at the t0 and t1 time points, respectively. (c,f,i) The corresponding 2D cell body contours and the value of |
⇀
VL|/|

⇀
VT |

during stuck EGF-coated-bead stimulation.

In addition to using the value of |
⇀
VL|/|

⇀
VT | to address the effect of the stuck bead in

the presence or absence of the chemoattractant EGF, we then evaluated the effect of the
EGF-coated bead and the streptavidin-coated bead on the propagation speeds at the leading

(|
⇀
VL|) and trailing (|

⇀
VT |) edges. The results showed that the propagation speeds of |

⇀
VL|

and |
⇀
VT | for the EGF-coated bead and the streptavidin-coated bead were 95 ± 21 nm/min

and 60 ± 20 nm/min, and 10 ± 3 nm/min and 33 ± 13 nm/min, respectively. As can be

seen in Figure 6, the value of |
⇀
VL| for EGF-coated-bead stimulation of HT29 cells is nine

times greater than for the case of the streptavidin-coated bead. In addition, the value of

|
⇀
VT | for EGF-coated-bead stimulation of HT29 cells is two times greater than for the case of

the streptavidin-coated bead. Note that the stuck bead in the absence of chemoattractant
not only hinders the propagation speed at the leading edge of the cell but decreases the
propagation speed at the trailing edge of the cell. This finding reveals that the leading edges
of the HT29 cells move only when there are advantages to be gained, e.g., in the presence
of the chemoattractant EGF; HT29 cells cease to move when there are no advantages to be
gained, e.g., in the absence of the chemoattractant EGF.
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3.3. The Effect of PD153035 on the EGF–EGFR Transport Pathway

The previous study demonstrated that PD153035 is a highly selective and reversible
inhibitor of EGFR, using an EGFR immunoprecipitation assay [23]. In this study, we
further applied the concept of spatial and temporal regulation of HT29 cells using the
EGF-coated bead to quantify the effect of PD153035 on the EGF–EGFR transport pathway
and to validate the assertion that PD153035 is a specific and reversible inhibitor of the
EGFR tyrosine kinase at a single-living-cell level.

The entire single-cell experimental procedure is illustrated in Figure 6. First, HT29 cells
were seeded onto a collagen-1-coated cover glass for 1 h. Next, HT29 cells were pretreated
with 1 µM of PD153035 for 1 h. Then, in the presence of 1 µM of PD153035, we applied
optical tweezers to move the EGF-coated bead into contact with the filamentous actin
filaments of the HT29 cell and stuck the EGF-coated bead on the cover glass surface for 1 h.
Finally, PD153035 was removed by washing the cells with drug-free medium. During the
experiments, the temperature inside the flow chamber was maintained at 37 ◦C.

Figure 7a–c shows the bright-field images of the HT29 cell in the presence of 1 µM
of PD153035 at 0, 30, and 60 min time points, respectively. As can be seen, when the
HT29 cell is treated with TKI PD153035, the positions at the leading edge of the HT29 cell
over 1h were nearly the same and were not influenced by the EGF-coated bead, which
implies that the filopodial actin filament, as a sensory system for EGF detection, could not
distinguish the presence of the chemoattractant EGF and demonstrates that PD153035 is a
highly selective inhibitor of EGFR. However, after washing the HT29 cells with drug-free
medium, it was found that the leading edge of HT29 cells was directly attached to the
EGF-coated beads, half an hour after PD153035 removal (Figure 7d–h), which implies that
the filopodial actin filament had started to distinguish the presence of the chemoattractant
EGF and demonstrates that PD153035 is a reversible inhibitor of EGFR. Finally, at 34 min
after PD153035 removal, the EGF-bead was endocytosed into the HT29 cell via an EGFR-
mediated pathway, as can be seen in Figure 7i (see also Video S1).

From the above observations, the single-cell approach proposed in this study confirms
not only the high selectivity of PD153035 for EGFR but also the reversibility of binding to
EGFR, which further demonstrates that the single-cell method could be applied to construct
a rapid screening method for the detection and therapeutic evaluation of TKI PD153035.
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Figure 7. Probing the effect of PD153035 on the mode of locomotion during EGF-coated bead
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of PD153035 for 1 h at 37 ◦C. (d–i) After washing the HT29 cells with drug-free medium, the
simultaneous bright-field imaging of the same live HT29 cell was observed at 37 ◦C within 1 h.

4. Conclusions

In this study, we applied an optical tweezer system, together with the platform at
the single-cell level, including a temperature control system and flow delivery system,
to present an innovative single-cell approach for a chemotaxis assay and for probing the
effect of TKI PD153035 on the EGF–EGFR transport pathway. In addition, we proposed a
single-cell movement model to quantify the propagation speed at the leading and trailing
edges of the cell along the chemosensing axis, and applied the ratio of velocity magni-

tudes, |
⇀
VL|/|

⇀
VT |, to address cancer cell chemotaxis. Regarding the relationship between

the EGF–EGFR complex and the actin cytoskeleton, there was colocalization between QD–
EGF–EGFR complexes and the filopodial actin filaments, which implies that the filopodial
actin filament acts as a sensory system for EGF detection. With regard to the spatial and
temporal regulation of HT29 cells, the results showed that EGF-coated-bead stimulation of

HT29 cells caused |
⇀
VL| > |

⇀
VT |; however, streptavidin-coated-bead stimulation of HT29 cells

caused |
⇀
VL| < |

⇀
VT |, which implies that the stuck bead in the absence of chemoattractant

hinders the propagation speed at the leading edge of the cell, and that HT29 cells may use
the filopodial actin filament to distinguish the presence or absence of the chemoattractant
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EGF. In addition, the value of |
⇀
VL| for EGF-coated-bead stimulation was ten times greater

than that for the streptavidin-coated bead, and the value of |
⇀
VT | for EGF-coated-bead

stimulation was two times greater than that for the streptavidin-coated bead. Further-
more, we applied the concept of spatial and temporal regulation of HT29 cells using the
EGF-coated bead to quantify the characteristics of PD153035 on the EGF–EGFR transport
pathway. Observation showed that after washing the HT29 cells with drug-free medium,
the filopodial actin filament could start to distinguish the presence of the chemoattractant
EGF, which demonstrates not only the high selectivity of PD153035 for EGFR but also
the reversibility of binding to EGFR. We anticipate that the proposed single-cell method
could be applied to construct a rapid screening method for the detection and therapeutic
evaluation of many types of cancer during chemotaxis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/photonics8120533/s1, Video S1: External regulation of EGFR-mediated cell motility by
EGF-coated beads visualized in real time after PD153035 removal.

Author Contributions: Co-first author, J.-C.Y.; conceptualization, T.-S.Y. and J.-C.Y.; methodology,
M.M.S.C.; investigation, P.-W.P. and T.-S.Y.; writing—review and editing, T.-S.Y. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Education, Taiwan, grant number DP2-110-
21121-01-O-06.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: We acknowledge funding from the Ministry of Education, Taiwan, under grant
number DP2-110-21121-01-O-06.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kempiak, S.J.; Yip, S.C.; Backer, J.M.; Segall, J.E. Local signaling by the EGF receptor. J. Cell Biol. 2003, 162, 781–787. [CrossRef]
2. Roussos, E.T.; Condeelis, J.S.; Patsialou, A. Chemotaxis in cancer. Nat. Rev. Cancer 2011, 11, 573–587. [CrossRef]
3. Weiner, O.D.; Servant, G.; Welch, M.D.; Mitchison, T.J.; Sedat, J.W.; Bourne, H.R. Spatial control of actin polymerization during

neutrophil chemotaxis. Nat. Cell Biol. 1999, 1, 75–81. [CrossRef]
4. Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. [CrossRef]
5. Herbst, R.S.; Heymach, J.V.; Lippman, S.M. Lung cancer. N. Engl. J. Med. 2008, 359, 1367–1380. [CrossRef] [PubMed]
6. Fares, Y.; Fares, M.Y.; Khachfe, H.H.; Salhab, H.A.; Fares, Y. Molecular principles of metastasis: A hallmark of cancer revisited.

Signal. Transduct. Target. Ther. 2020, 5, 28. [CrossRef] [PubMed]
7. Karlsen, E.-A.; Kahler, S.; Tefay, J.; Joseph, S.R.; Simpson, F. Epidermal Growth Factor Receptor Expression and Resistance

Patterns to Targeted Therapy in Non-Small Cell Lung Cancer: A Review. Cells 2021, 10, 1206. [CrossRef]
8. Haikala, H.M.; Jänne, P.A. Thirty Years of HER3: From Basic Biology to Therapeutic Interventions. Clin Cancer Res. 2021, 27,

3528–3539. [CrossRef]
9. Herbst, R.S.; Kies, M.S. ZD1839 (Iressa™) in non-small cell lung cancer. Anticancer Res. 1993, 13, 1133–1138.
10. Rusch, V.; Baselga, J.; Cordon-Cardo, C.; Orazem, J.; Zaman, M.; Hoda, S.; McIntosh, J.; Kurie, J.; Dmitrovsky, E. Differential

expression of the epidermal growth factor receptor and its ligands in primary non-small cell lung cancers and adjacent benign
lung. Cancer Res. 1993, 53, 2379–2385.

11. Ranson, M. ZD1839 (Iressa™): For more than just non-small cell lung cancer. Oncologist 2002, 7 (Suppl. S4), 16–24. [CrossRef]
12. Tomoshige, K.; Guo, M.; Tsuchiya, T.; Fukazawa, T.; Fink-Baldauf, I.M.; Stuart, W.D.; Naomoto, Y.; Nagayasu, T.; Maeda, Y.

An EGFR ligand promotes EGFR-mutant but not KRAS-mutant lung cancer in vivo. Oncogene 2018, 37, 3894–3908. [CrossRef]
[PubMed]

13. Baselga, J. Why the epidermal growth factor receptor? The rationale for cancer therapy. Oncologist 2002, 7 (Suppl. S4), 2–8.
[CrossRef] [PubMed]

14. Traxler, P. Tyrosine kinases as targets in cancer therapy—Successes and failures. Expert Opin. Ther. Targets 2003, 7, 215–234.
[CrossRef] [PubMed]

15. Pao, W.; Chmielecki, J. Rational, biologically based treatment of EGFR-mutant non-small-cell lung cancer. Nat. Rev. Cancer 2010,
10, 760–774. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/photonics8120533/s1
https://www.mdpi.com/article/10.3390/photonics8120533/s1
http://doi.org/10.1083/jcb.200303144
http://doi.org/10.1038/nrc3078
http://doi.org/10.1038/10042
http://doi.org/10.1016/S0092-8674(00)81683-9
http://doi.org/10.1056/NEJMra0802714
http://www.ncbi.nlm.nih.gov/pubmed/18815398
http://doi.org/10.1038/s41392-020-0134-x
http://www.ncbi.nlm.nih.gov/pubmed/32296047
http://doi.org/10.3390/cells10051206
http://doi.org/10.1158/1078-0432.CCR-20-4465
http://doi.org/10.1634/theoncologist.7-suppl_4-16
http://doi.org/10.1038/s41388-018-0240-1
http://www.ncbi.nlm.nih.gov/pubmed/29662194
http://doi.org/10.1634/theoncologist.7-suppl_4-2
http://www.ncbi.nlm.nih.gov/pubmed/12202782
http://doi.org/10.1517/14728222.7.2.215
http://www.ncbi.nlm.nih.gov/pubmed/12667099
http://doi.org/10.1038/nrc2947
http://www.ncbi.nlm.nih.gov/pubmed/20966921


Photonics 2021, 8, 533 13 of 13

16. Gandhi, J.; Zhang, J.; Xie, Y.; Soh, J.; Shigematsu, H.; Zhang, W.; Yamamoto, H.; Peyton, M.; Girard, L.; Lockwood, W.W.; et al.
Alterations in genes of the EGFR signaling pathway and their relationship to EGFR tyrosine kinase inhibitor sensitivity in lung
cancer cell line. PLoS ONE 2009, 4, e4576. [CrossRef] [PubMed]

17. Gridelli, C.; Bareschino, M.A.; Schettino, C.; Rossi, A.; Maione, P.; Ciardiello, F. Erlotinib in non-small cell lung cancer treatment:
Current status and future development. Oncologist 2007, 12, 840–849. [CrossRef]

18. Davies, J.; Patel, M.; Gridelli, C.; de Marinis, F.; Waterkamp, D.; McCusker, M.E. Real-world treatment patterns for patients
receiving second-line and third-line treatment for advanced non-small cell lung cancer: A systematic review of recently published
studies. PLoS ONE 2017, 12, e0175679. [CrossRef]

19. Muller, W.J.; Sinn, E.; Pattengale, P.K.; Wallace, R.; Leder, P. Single-step induction of mammary adenocarcinoma in transgenic
mice bearing the activated c-neu oncogene. Cell 1988, 54, 105–115. [CrossRef]

20. Moulder, S.L.; Yakes, F.M.; Muthuswamy, S.K.; Bianco, R.; Simpson, J.F.; Arteaga, C.L. Epidermal growth factor receptor (HER1)
tyrosine kinase inhibitor ZD1839 (Iressa) inhibits HER2/neu (erbB2)-overexpressing breast cancer cells in vitro and in vivo.
Cancer Res. 2001, 61, 8887–8895.

21. Janmaat, M.L.; Giaccone, G. Small-molecule epidermal growth factor receptor tyrosine kinase inhibitors. Oncologist 2003, 8,
576–586. [CrossRef]

22. Arteaga, C.L.; Johnson, D.H. Tyrosine kinase inhibitors-ZD1839 (Iressa). Curr. Opin. Oncol. 2001, 13, 491–498. [CrossRef]
23. Fry, D.W.; Kraker, A.J.; McMichael, A.; Ambroso, L.A.; Nelson, J.M.; Leopold, W.R.; Connors, R.W.; Bridges, A.J. A specific

inhibitor of the epidermal growth factor receptor tyrosine kinase. Science 1994, 265, 1093–1095. [CrossRef] [PubMed]
24. Bos, M.; Mendelsohn, J.; Kim, Y.M.; Albanell, J.; Fry, D.W.; Baselga, J. PD153035, a tyrosine kinase inhibitor, prevents epidermal

growth factor receptor activation and inhibits growth of cancer cells in a receptor number-dependent manner. Clin. Cancer Res.
1997, 3, 2099–2106. [PubMed]

25. Goossens, J.F.; Bouey-Bencteux, E.; Houssin, R.; Hénichart, J.P.; Colson, P.; Houssier, C.; Laine, W.; Baldeyrou, B.; Bailly, C.
DNA interaction of the tyrosine protein kinase inhibitor PD153035 and its N-methyl analogue. Biochemistry 2001, 40, 4663–4671.
[CrossRef] [PubMed]

26. Grunt, T.W.; Tomek, K.; Wagner, R.; Puckmair, K.; Kainz, B.; Rünzler, D.; Gaiger, A.; Köhler, G.; Zielinski, C.C.J. Upregulation
of retinoic acid receptor-beta by the epidermal growth factor-receptor inhibitor PD153035 is not mediated by blockade of ErbB
pathways. J. Cell Physiol. 2007, 211, 803–815. [CrossRef]

27. Grunt, T.W.; Tomek, K.; Wagner, R.; Puckmair, K.; Zielinski, C.C. The DNA-binding epidermal growth factor-receptor inhibitor
PD153035 and other DNA-intercalating cytotoxic drugs reactivate the expression of the retinoic acid receptor-beta tumor-
suppressor gene in breast cancer cells. Differentiation 2007, 75, 883–890. [CrossRef]

28. Cheng, C.M.; Wang, W.T.; Hsu, C.T.; Tsai, J.S.; Wu, C.M.; Yang, T.S. Determining the binding mode and binding affinity constant of
tyrosine kinase inhibitor PD153035 to DNA using optical tweezers. Biochem. Biophys. Res. Commun. 2011, 404, 297–301. [CrossRef]

29. Chen, M.S.; Liu, C.Y.; Wang, W.T.; Hsu, C.T.; Cheng, C.M.; Tsai, J.S.; Ou, K.L.; Yang, T.S. Probing real-time response to multitargeted
tyrosine kinase inhibitor 4-N-(3′-bromo-phenyl)amino-6,7-dimethoxyquinazoline in single living cells using biofuntionalized
quantum dots. J. Nanomedic. Nanotechnol. 2011, 2, 117–121. [CrossRef]

30. Lidke, D.S.; Lidke, K.A.; Rieger, B.; Jovin, T.M.; Arndt-Jovin, D.J. Reaching out for signals: Filopodia sense EGF and respond by
directed retrograde transport of activated receptors. J. Cell Biol. 2005, 170, 619–626. [CrossRef]

31. Chen, M.S.; Peng, P.W.; Liou, B.C.; Kuo, H.C.; Ou, K.L.; Yang, T.S. Single-molecule manipulation and detection platform for
studying cancer cell chemotaxis. J. Polym. Eng. 2014, 34, 259–265. [CrossRef]

32. Cheng, C.M.; Chang, M.C.; Chang, Y.F.; Wang, W.T.; Hsu, C.T.; Tsai, J.S.; Liu, C.Y.; Wu, C.M.; Ou, K.L.; Yang, T.S. Optical
tweezers-assisted cross-correlation analysis for a non-intrusive fluid temperature measurement in microdomains. Jpn. J. Appl.
Phys. 2012, 51, 067002–067005. [CrossRef]

33. Ashkin, A.; Dziedzic, J.; Yamane, T. Optical trapping and manipulation of single cells using infrared laser beams. Nature 1987,
330, 769–771. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0004576
http://www.ncbi.nlm.nih.gov/pubmed/19238210
http://doi.org/10.1634/theoncologist.12-7-840
http://doi.org/10.1371/journal.pone.0175679
http://doi.org/10.1016/0092-8674(88)90184-5
http://doi.org/10.1634/theoncologist.8-6-576
http://doi.org/10.1097/00001622-200111000-00012
http://doi.org/10.1126/science.8066447
http://www.ncbi.nlm.nih.gov/pubmed/8066447
http://www.ncbi.nlm.nih.gov/pubmed/9815602
http://doi.org/10.1021/bi002777a
http://www.ncbi.nlm.nih.gov/pubmed/11294633
http://doi.org/10.1002/jcp.20990
http://doi.org/10.1111/j.1432-0436.2007.00199.x
http://doi.org/10.1016/j.bbrc.2010.11.110
http://doi.org/10.4172/2157-7439.1000118
http://doi.org/10.1083/jcb.200503140
http://doi.org/10.1515/polyeng-2013-0217
http://doi.org/10.1143/JJAP.51.067002
http://doi.org/10.1038/330769a0
http://www.ncbi.nlm.nih.gov/pubmed/3320757

	Introduction 
	Materials and Methods 
	Experimental System 
	Bead Conjugation to Epidermal Growth Factor 
	Cell Culture and Reagents 
	Epi-Fluorescence Imaging 
	Image Analysis and Single-Cell Movement (Velocity and Trajectory) Model 

	Results and Discussion 
	Relationship between EGF–EGFR Complex and Actin Cytoskeleton 
	Mode of Locomotion during EGF-Coated-Bead Stimulation 
	The Effect of PD153035 on the EGF–EGFR Transport Pathway 

	Conclusions 
	References

