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Abstract

Measuring molecular binding to membrane proteins is critical for understanding cellular functions,
validating biomarkers and screening drugs. Despite the importance, developing such a capability
has been a difficult challenge, especially for small molecule binding to membrane proteins in their
native cellular environment. Here we show that the binding of both large and small molecules to
membrane proteins can be quantified on single cells by trapping single cells with a microfluidic
device, and detecting binding-induced cellular membrane deformation on nanometer-scale with
label-free optical imaging. We develop a thermodynamic model to describe the binding-induced
membrane deformation, validate the model by examining the dependence of membrane
deformation on cell stiffness, membrane protein expression level and binding affinity, and study
four major types of membrane proteins, including glycoproteins, ion channels, G-protein coupled
and tyrosine kinase receptors. The single cell detection capability reveals the importance of local
membrane environment on molecular binding, and variability in the binding Kinetics of different
cell lines, and heterogeneity of different cells within the same cell line.
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Membrane proteins are responsible for relaying signals between a cell and its external
environment, moving ions and molecules across the membrane, and allows it to recognize
other cells and attach to a surface, all vital for the survival of living organisms.1~3 Membrane
proteins are also important for disease diagnosis and treatment, accounting for over a half of
all drug targets.*> For both studying the cellular functions and discovering new drugs, it is
necessary to measure the binding of membrane proteins with various ligand and drug
candidate molecules, and quantify the binding kinetics in order to determine how strong and
fast the binding is® and evaluate drug potency and efficacy.5-8

Despite the importance, quantifying the binding kinetics of membrane proteins on whole
cells has been a difficult task. A common approach to study molecular interactions is to use
radioactive®~12 or fluorescent labels.13-17 The latter includes total internal reflection
fluorescence (TIRF) microscopy819 and super-resolution microscopy.2%21 TIRF is limited
to imaging of the bottom of cells only because the evanescent wave penetration length is
~200 nm from the surface on which the cells are attached. Super-resolution microscopy
takes several minutes to acquire one image frame, making it difficult to track binding
kinetics in real time. To determine the Kinetics, the current mainstream practice is to isolate
membrane proteins from the cell membranes and measure the binding with a label-free
detection technology, such as surface plasmon resonance (SPR), quartz crystal microbalance
(QCM) and Bio-layer interferometry.22-27 The isolation procedure involves extraction of
membrane proteins from cells, purification and immobilization of them on a sensing surface,
which is laborious, and often difficult because of the low solubility and low expression
levels of many membrane proteins. Furthermore, the isolated membrane proteins may lose
their native structures and functions outside the lipid environment. Studying membrane
proteins in the native cellular membranes is thus important.28-30 A significant advance is the
study of membrane proteins on the surfaces of unilamellar vesicles with a backscattering
interferometry technology.3! The technology is still an endpoint assay.

All the above label-free technologies are mass based detection, and their signals diminish
with the molecular weight, making them difficult to measure small molecule binding to
proteins. Small molecules account for more than 90% FDA approved drugs, and play
essential roles in various cellular functions. We have recently shown that molecular binding
to a cell adhered on a surface causes it to deform.2% However, the molecular binding-induced
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cellular deformation is sensitive to the detail of the cell-surface adhesion, and varies from
one region of the cell to another, which complicates the interpretation of the data.

Here we report a method to trap single cells onto an array of micro-holes with a microfluidic
device, and measure the molecular binding to membrane proteins by tracking the cellular
mechanical deformation with sub-nm precision using an optical imaging system. This label-
free method offers a capability of measuring both large and small molecule binding to
membrane proteins on single cells in real time. We demonstrate this capability by measuring
the binding kinetics of major types of transmembrane proteins, including glycoproteins, ion
channels, G-protein coupled receptors (GPCRs) and tyrosine kinase receptors on single
whole cells. We establish the basic principle of the method by developing a model to express
the binding-induced nanometer-scale cellular deformation in terms of molecular interactions,
and cellular mechanical properties, and carrying out experiments to validate the model.

Detection Principle

Thermodynamics predicts that molecular binding to a surface changes the surface tension.
This phenomenon was manifested in microcantilever biosensors, where molecular binding to
a microcantilever causes it to bend, and the amount of bending increases with decreasing
thickness of the microcantilever.32 Cell membranes are a few nanometer thick, much thinner
than typical microcantilevers (a few microns), so we expect to observe cell membrane
deformation upon molecular binding to the membrane proteins on a cell surface. By tracking
the membrane deformation in real time, we can thus quantify the kinetics of molecular
binding taking place on the surface of a trapped cell as shown in Figure 1a. The change in
the diameter of the trapped cell (AD) can be obtained by minimizing the free energy of the
cell surface,33 including membrane bending energy, surface tension, membrane lipid-
membrane protein interactions, and entropy change associated with molecular binding,
which is given by (Supporting Information S-1),

AD (A —A)H Ao
D k(2H -Co)Co—2y 7 (1)

where Aq and A, are the interaction strengths between the membrane lipids and the
membrane proteins (receptors) with and without bound molecules (ligands), respectively, H
is the mean curvature, « is the bending modulus, G is the spontaneous curvature of the cell,
y is the surface tension, and ¢ is the fraction of the receptors with bound ligands. Eqg. 1
shows that the molecular binding induced membrane deformation is proportional to the
number of ligands bound to the receptors.34-36 According to this model, the membrane
deformation depends on the nature of ligand-receptor interactions, but it is not directly
related to the masses of the ligands. So the present method works for both large and small
molecule ligands, as long as the binding changes the interactions of the receptors with the
membrane.
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We used a microfluidic chip consisting of two parallel fluidic channels separated with a thin
wall with micro-holes (diameter of 10 um) to trap single cells for measurement. Channel 1
had an inlet and outlet to allow sample and buffer solutions to flow in and out, and channel 2
had a lower pressure than channel 1 (Figure 1a, and Supporting Information S-2). We flew
cells along channel 1 while maintaining a lower pressure in channel 2, which resulted in
trapping of the cells onto the individual micro-holes (Figure 1b).3” We then introduced
ligands from channel 1, and studied binding of the ligands to the membrane protein
receptors on each of the trapped cells by measuring the binding-induced mechanical
deformation of the cell as stated in Eq. 1.

To measure the small binding induced cell deformation, we used a differential optical
tracking method (Figure 1c). First, we imaged the trapped cells with phase contrast
microscopy, which clearly revealed the edge of each cell. We then selected a rectangular
region of interest (ROI) such that the cell edge passed through the center of the ROI, and
then divided the ROI into two equal halves, one was inside the cell (red), and the other half
fell outside of the cell (blue, Figure 1c inset). When the cell deformed, the image intensity in
one half increased, and the other half decreased. The differential image intensity of the two
halves was defined as, (11-15)/(11+1,), where 11 and I, are the intensities of the first and
second halves, respectively, which was proportional to cell deformation (Figure S2). We
calibrated this differential deformation-tracking algorithm by shifting the ROIs over
different numbers of pixels in the direction normal to the cell edge (Figure 1d, inset). The
differential image intensity was linearly proportional to the cell deformation within a certain
range (dashed vertical lines, Figure 1d). Knowing the pixel size, we obtained the calibration
factor (slope of Figure 1e). The differential optical detection method subtracted the common
noise (e.g., light intensity and mechanical perturbation) in the optical system, thus providing
precise tracking of subtle cell deformation associated with the molecular binding. The
standard deviation of the cell deformation averaged over a cell was as small as ~0.4 nm,
which was a key for the success of the method (Supporting Information Figure S2f). This
detection limit was mainly due to the mechanical instability of the cells (Supporting
Information Figure S9).

Binding Kinetics of Four Major Types of Cell Surface Membrane Proteins

To demonstrate the capability of the method, we studied different transmembrane proteins,
glycoproteins, ion channel proteins, G-protein coupled receptors (GPCRs) and tyrosine
kinase receptors, each representing a major membrane protein type. These membrane
proteins are involved in most of the cellular signaling pathways,38:3% and determining the
binding kinetics of ligand molecules with them are important for cell biology research,
biomarker discovery and drug development. We expressed these membrane proteins in cell
lines, cultured and then harvested them as cell suspensions, followed by briefly fixing and
re-suspending the cells in 1x PBS buffer. We injected the cell suspension of each membrane
protein into channel 1 of the microfluidic chip, trapped the individual cells onto the micro-
holes by applying a small negative pressure, and then injected the corresponding ligands to
measure the binding kinetics by tracking the edge movement (cell deformation) averaged
over an entire cell with the differential tracking algorithm.
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Glycoprotein—Glycoproteins are critical for cell recognition and communication,? 40 and
lectins are carbohydrate-binding proteins that recognize and bind to the specific sugar
groups of glycoproteins on cell surfaces for regulation of cell adhesion and synthesis of
glycoproteins. We studied wheat germ agglutinin (WGA; molecular weight, 35 kDa), a
lectin that recognizes N-acetylglucosamine (GIcNAc) and sialic acid groups on the surface
of brain neuroblastoma SH-EP1 cells. First, 1x PBS buffer was injected in channel to flow
over the trapped cells (Figure 2a, inset) with a flow rate of 300 uL/min for 50 s to obtain a
baseline. Then, WGA (in 1x PBS buffer) solution was introduced for 100 s to allow the
binding (association) of WGA with the glycoproteins on the cells. After the association
process, the flow was switched back to 1x PBS buffer for another 100 s to allow dissociation
of WGA from the cells. The entire procedure was repeated for three times with different
WGA concentrations, starting from low to high concentrations (70, 140 and 280 nM). The
cell contracted gradually during the association process, and expanded back during the
dissociation process. By tracking cell deformation vs. time, we obtained binding curves,
shown in Figure 2a (black curves), presenting up to 225 nm cellular deformation. Both the
rate of association and the amount of cell deformation increased with WGA concentration,
which is expected for first order kinetics. By globally fitting the binding curves obtained at
different concentrations with a 1:1 binding kinetics model, the association rate constant
(Kon), dissociation rate constant (Kq¢), and dissociation constant (Kp) were found to be kg, =
1.8+0.02 x 10° M1 571 kys = 5.6 £ 0.01 x 1073 s71 and K = 31 + 0.5 nM. These results
are consistent with those obtained with SPR imaging method.28

lon channel protein—Ilon channels are membrane proteins that establish electrical signals
(action potentials) in cells, and mediate communication across the synapses in nerve
systems. We studied here nicotinic acetylcholine receptor (nAChR), an ion channel protein
that plays a critical role in neurotransmission and drug addiction, and measured its binding
to acetylcholine, a neurotransmitter. The neurotransmitter has a small mass (182 Da), which
is difficult to study with traditional label-free detection methods. We transfected brain
neuroblastoma SH-EP1 cells with human a4p2 receptor (SH-EP1- a4p2) for binding
kinetics measurement (Figure 2b). The estimated expression level of the receptor is ~110
nAChRs/um? (~0.8 million per cell).*! Following a similar procedure as described above for
the glycoproteins, we measured the binding of acetylcholine at different concentrations to
nAChR (Figure 2b) and obtained obvious membrane deformation signals and the maximum
deformation was around 70 nm. The red lines are the global fitting to the binding curves
(black) using the 1:1 binding kinetics model. The association (ko) and dissociation (Kqf)
rate constants were found to be 2.9 £ 0.01 x 10* M~ sl and 2.0 £ 0.02 x 1073 571,
respectively, from which the dissociation constant (Kp) was determined to be 69 £ 0.4 nM.
Both the kinetic rate and equilibrium constants are consistent with those reported for
adherent cells.2?

G-protein coupled receptor—GPCRs are a major type of drug targets,® accounting for
25% of all current drugs. We studied C-X-C chemokine receptor type 4 (CXCR-4), a
common GPCR broadly expressed in central nervous and immune cells. CXCR-4 is
responsible for leukocyte trafficking, human immunodeficiency virus type 1 (HIV-1)
infection and the proliferation and metastasis of various carcinomas.*? To inhibit the
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activation of CXCR-4 in cancer treatment, various antagonists are used to block the binding
pocket of the receptor, among which AMD3100 (Plerixafor, a small molecule drug, 794 Da)
has been approved for clinic use.#344 Quantification of binding kinetics between CXCR-4
and the antagonist is essential to evaluate the therapeutic effect. We measured the binding of
AMD3100 to CXCR-4 on the surface of human lung carcinoma cells (A549). The A549
cells (Figure 2c, inset) are smaller and more rigid than the SH-EP1 cells (Figure 2b, inset),
and the binding induced membrane deformation was smaller with a maximum value of 46
nm. We obtained the binding curves for CXCR-4 at different AMD3100 concentrations
(black curves), and performed global fitting of the binding curves (red curves) with the first
order binding kinetics model and obtained, ko, = 3.8 + 0.05 x 103 M1 571 ko = 7.7 £ 0.07
x 107 s71 and Kp = 0.2 + 0.003 pM. The affinity constant is in good consistence with the
literature value (0.1 pM) measured by the radioligand assay.*®

Tyrosine kinases Receptor—Kinases are enzyme-linked receptors, which are
responsible for the regulation of normal cells and also for the initiation and progression of
various types of cancers.*6 An important example is insulin receptor that binds with insulin,
which is a critical step in regulating glucose homeostasis, a functional process that is directly
relevant to diabetes and cancer. Determining the binding between insulin and the receptor is
thus needed for understanding type 2 diabetes, and discovering related drugs. Studying the
binding interaction to the insulin receptor with the existing technologies has been a
challenge because of its low expression levels and difficulty in purification. We measured
the binding kinetics of insulin with insulin receptor on the surface of human liver cancer
cells (Hep G2) (black curves, Figure 2d) and performed global fitting of the data (red
curves) with binding kinetic constants of ko, = 7.5 + 0.20 x 103 M1 571, Ky = 2.5 + 0.04 x
10™* s1 and Kp = 33 % 0.8 nM. The binding induced deformation is smaller but detectable,
presenting about 17 nm signal for high concentration ligand interaction. The affinity
constant is within the literature reported range,2347 but the kinetic constants on intact cells
have not been reported before due to the lack of a suitable technology.

Validation of the Binding Kinetic Measurements with Control Experiments

To verify the cell deformation is originated from the binding of the ligands to the
corresponding membrane protein receptors, we measured acetylcholine binding to wild type
SH-EP1 cells (had no nAChRs expressed on their surfaces), and did not observe cell
deformation (Figure 3a). This control experiment shows that the deformation in the
engineered SH-EP1- a4f2 cells was indeed due to the binding of acetylcholine to the
nAChRs. To examine if the cell deformation was resulted from a cell downstream effect
triggered by the binding, we measured ligand binding to CXCR-4 receptors by blocking the
downstream pathway with pertussis toxin (PTX). PTX is known to block the downstream
events of many GPCRs, including CXCR4, by binding to the G protein, while leaving the
GPCR outer membrane-binding sites available for the ligand to bind. We treated A549 cells
with 100 ng/mL pertussis toxins in the cell culture medium for 2 hours to block CXCR-4
downstream events,*849 and then measured binding of the ligands to the cells with and
without PTX treatment. The binding curves are similar (Figures 3b and 3c) with Kinetic
constants of kop=4.5 + 0.03 x 103 M1 571 ko=1.1 £ 0.01 x 1073 s71 and Kp= 0.25 + 0.002
UM without PTX blocking and ko =2.9 +0.02 x 103 M1 571, ko=0.7 £ 0.01 x 103571
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and Kp =0.24 + 0.002 pM after downstream blocking, showing little difference in the
binding kinetics. This finding indicates that the cell membrane deformation is a direct
response of the cell to ligand binding, rather than due to an indirect downstream event.

Binding of Ligands with Different Functions to Membrane Protein Receptors

After establishing that our method can be applied to different types of membrane proteins,
we examined the binding of ligands with different functions to a given membrane protein
receptor, such as CXCR-4 receptor. Stromal-derived-factor-1 (SDF-1) is a natural peptide
agonist, which binds to CXCR-4 and activates it. In contrast, AMD3100 is a competitive
antagonist, which inhibits the activation by blocking the binding site of the receptor.
Although both SDF-1 and AMD3100 bind to the same pocket of the receptor, their functions
are completely different.#> We performed binding kinetics measurements of the two ligands
to A549 cells. The results (Figure 4a) show that both the agonist and antagonist bind to the
CXCR-4 receptor on A540 cells, but the binding kinetics are significantly different with
kon=1.2 £0.03 x 10* M1 571 ko= 9.4 £ 0.1 x 1074 571 and Kp=80 * 2 nM for SDF-1, and
kon=4.5 + 0.03 x 103 M1 571 kog=1.1 + 0.01 x 1073 s7L and Kp=250 + 2 nM for
AMD3100.

Effect of Cellular Microenvironment on Membrane Protein Binding Kinetics

An advantage of the present single cell-based assay is its ability to evaluate the effect of the
membrane protein microenvironment on the molecular binding kinetics. Because different
cell lines provide different lipid microenvironments to membrane protein receptors, we
studied anti-EGFR binding to EGFR receptor expressed on two different cell lines, A431
cells and HeLa (Figure 4b), and determined binding kinetic constants of k,,=8.2 £ 0.07 x
104 M1 571 Ko = 3.0 £ 0.04 x 10 s71 and Kp= 3.6 + 0.03 nM for A431, and ko= 4.3
+0.04 x 10* M1 571 ko= 2.0 £ 0.05 x 1074 51 and Kp=4.6 + 0.04 nM for HeLa. The
differences in the kinetic constants are small but detectable for the two cell lines. This
finding underscores the importance of studying membrane proteins in their native cellular
environment in order to obtain accurate and physiologically relevant ligand-receptor binding
Kinetics.

Heterogeneity of Different Cells, and Different Regions of a Cell

The present method measures binding kinetics on single cells, which offers an opportunity to
measure cell-to-cell variability in the binding kinetics. Before the analysis of cell-to-cell
variability, we first tested the repeatability of our method to evaluate the measurement errors.
The binding kinetic measurement on one cell was repeated for three times and the standard
deviation of the kinetic constants were within 10% (Supporting Information Figure S3 and
Table S1). Then, we measured the binding of WGA to the glycoprotein receptor on two SH-
EP1 cells trapped on the same microfluidic chip simultaneously for cell-cell variation study
(Supporting Information Figures S4a and S4b). The results revealed ~2 fold difference in the
dissociation rate constant for the two cells. To further validate the finding, additional cells
were tested and statistical analysis of four different membrane proteins is presented in
Supporting Information Table S2. The high spatial resolution of the method also allows
analysis of region-to-region variability within a cell. We examined the local variability in the
binding kinetics by tracking local cell deformation along the edge of the cell (Supporting
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Information Figure S4c) and determined binding kinetic curves (Supporting Information
Figure S4d), and observed local variations in the binding kinetics. A possible reason for this
local variability is the heterogeneous membrane protein distribution on the cell surface,
which is known to play an important role in cell communication and recognition.>0

Membrane Deformation Dependence on Cell Stiffness

The thermodynamic model (Eg. 1) predicts that ligand binding to membrane proteins causes
the cell to deform, and the deformation magnitude decreases with the stiffness (bending
modulus) of the cell. To examine the effect of cell mechanical stiffness on the binding-
induced cell deformation, we first determined the cell stiffness by measuring cell edge
movement associated with a change in the osmotic pressure created by decreasing 300
mOsm (1x PBS) to 270 mOsm (0.9x PBS). In isotonic buffer solution (300 mOsm), the cell
preserves the normal shape, and it is expected to expand in the hypotonic solution (270
mOsm) as the water is transported into the cell to balance the osmotic pressure difference.
We tracked the osmotic pressure-induced cell membrane expansion and used the average
expansion to determine the membrane stiffness. The cell used in this study was A431 cells
expressed with EGFR. We then studied the binding of anti-EGFR to EGFR receptors on the
cell surface, and determined the associated cell deformation (Supporting Information Figure
S5). Our result indicates that the binding-induced cell deformation in soft cells is greater
than that in the stiff cells, and the mean correlation ratio is 0.96 with the standard deviation
of 0.04 (Supporting Information Table S3, n=3). Despite the dependence of the deformation
magnitude on cell stiffness, the binding kinetic constants are not affected by the cell
mechanical properties (Supporting Information Figure S5).

Membrane Deformation Dependence on Receptor Density

The thermodynamic model also predicts that the binding-induced cell deformation is
proportional to the density of the expressed membrane proteins on a cell surface. We
examined this prediction by measuring the binding of anti-EGFR with EGFR on different
cell lines, which are known to express EGFR with different densities.3? These cell lines
include A431 cell, HeLa cell, A549 cell and Hek 293 cell (Figure 5), and the EGFR
densities are 1.2, 0.53, 0.28, and 0.02 million per cell, respectively.16: 30 The binding curves
for these cell lines were calibrated and normalized with the osmotic pressure-induced cell
deformation (using 0.9x PBS, 270 mOsm). The data shows that the cell deformation
increases with EGFR density, which is in agreement with the thermodynamic model (Eq. 1).
We analyzed multiple cells and plotted the distribution vs. the receptor density (Supporting
Information Figure S6), and observed a clear correlation between the binding-induced cell
deformation and receptor density. We also examined possible dependence of the cell
deformation on the binding kinetic constants (Supporting Information Figure S7) but found
no obvious correlation between them. This observation is also consistent with the
thermodynamic model.

Comparison of Fixed and Live Cells

In this work, we mainly focused on the fixed cells for binding kinetic measurements,
because it minimizes cell micro-motion (Supporting Information S-10 and Figure S8a). The
fixation used 4% paraformaldehyde (PFA), the most common fixation that has been widely
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used for various immune-assays using fluorescence and other detection technologies. This
procedure may crosslink proteins at certain epitopes, and could thus affect the binding
kinetics. However, it has been shown that only several amino acids (e.g., lysine and
tryptophan side chains) can be easily cross-linked by the fixation, and even for these amino
acids, the crosslinking rate is between 3-22%°1-54 after 48 h fixation. In the present work
our fixation time is brief (10 mins) at 4% PFA, which should significantly reduce the chance
of crosslinking in the binding pockets of the target membrane proteins. Additionally, the
formaldehyde cross-links are reversible in buffer solutions,>® so a majority of the membrane
proteins, especially their binding pockets, are expected to remain intact. To further examine
the possible fixation effect, we carried out the binding kinetic measurements on living cells
(Figure 6 and Supporting Information S-10). Despite of the increased noise and difference in
the absolute amount of cell deformation in the living cells, the binding kinetic constants are
similar within the experimental uncertainty for fixed and living cells examined here.

DISCUSSION

Molecular binding to membrane proteins is critical for both cellular function study and drug
development, which has motivated researchers to develop various detection technologies.
The current detection technologies fall into two categories: labeled and label-free methods.
The former includes fluorescence methods (e.g., TIRF), which are typically end-point
assays, and thus not for kinetics. The latter includes SPR and other optical and mechanical
methods. These methods allow real time tracking of binding kinetics, but often face
challenges of detecting small molecules (low molecular mass ligands). The method
presented here measures molecular binding by tracking binding-induced cell deformation at
sub-nm with an optical tracking method. It is label-free, yet its detection sensitivity does not
diminish with molecular mass, which is thus capable of studying both large and small
molecules. Furthermore, by integrating the sensitive optical cell edge tracking method with a
microfluidic device, single cells can be trapped and analyzed, which is particularly attractive
for studying suspension cells. The basic principle of the present detection method, as
described with a thermodynamic model, is universal. Predicting the actual amount of the
molecular binding-induced cell deformation (contraction or expansion) with the model
requires details of the ligand-membrane receptor interactions, and cell mechanical
properties. However, the binding kinetics measures how fast a ligand binds to its receptor,
which is determined by the time evolution of the cell deformation, rather than by the amount
of cell deformation.

CONCLUSION

We described here a label-free optical detection method coupled with a microfluidic device
to measure the Kinetics of both large and small ligands binding with membrane protein
receptors on whole cells. The method uses a microfluidic chip to trap individual suspended
cells onto microfabricated holes, and measure the molecular binding induced-cell membrane
deformation of the trapped cells with sub-nanometer precision. Using the method, we
studied the molecular interactions of large and small molecule ligands, and agonists and
antagonists with four major types of membrane proteins (glycoprotein, nAChR, CXCR-4
and insulin receptors), demonstrating the capability of measuring both large and small
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molecule binding Kinetics with membrane proteins on whole cells. We developed a
thermodynamic model to describe the basic mechanism of the method, and validated the
model by changing the cell stiffness, receptor density and binding kinetics. The single-cell
detection capability revealed variability in the binding kinetics of a membrane protein
receptor expressed on different cell lines, demonstrating the importance of the cellular
microenvironment in membrane protein functions. The method offers single cell detection
capability, which enabled the study of heterogeneity in the membrane protein binding within
the same cell line. The microfluidic design allowed trapping of the individual cells,
measuring the binding kinetics, and then releasing the trapped cells, thus potentially
compatible with high throughput need for studying multiple cells.

METHODS

Materials

Wheat germ agglutinin (WGA), acetylcholine chloride, AMD3100 octahydrochloride
hydrate, SDF-1 a and insulin molecules were purchased from Sigma-Aldrich (St. Louis,
MO). Anti-EGFR monoclonal antibody was purchased from EMD Millipore (Billerica,
MA\). Pertussis Toxin was purchased from List Biological Labs. All solutions used in the
experiments were prepared with 1x PBS. All reagents were analytical grade from Sigma-
Aldrich, except those stated.

Cell Culture

SH-EP1, SH-EP1_ a4p2, A549, Hep G2, A431, HelLa and HEK293 cell lines were obtained
from the American Type Culture Collection (Rockville, MD). All the cells were cultured in a
humidified incubator at 37°C with 5% CO, and 70% relative humidity. SH-EP1, SH-EP1_
adf2, Hep G2, A431, HeLa and HEK293 cells were grown in Dulbecco Modified Eagle
Medium (DMEM) (Invitrogen, Carlsbad, California) with 10% Fetal Bovine Serum (FBS)
and 1% penicillin and streptomycin. A549 cells were cultured in F-12K with 10% FBS and
1% penicillin and streptomycin. Cells were passaged with 0.25% trypsin and 0.02%
ethylenediaminetetraacetic acid in Hank’s balanced salt solution (Sigma-Aldrich, St Louis,
Missouri) when they were approximately 75% confluent.

Before experiments, suspension cells in 1x PBS buffer solution were prepared. First, the
cells were trypsinized from the flask to round up, and centrifuged for 5 mins to discard the
old medium. Then, the centrifuged cell piles were suspended in 4% paraformaldehyde
solution for 10 mins fixation. Finally, the fixed floating cells were centrifuged again to
discard the fixatives and transferred to the 1x PBS. Overnight recovery was performed after
cell fixation to improve cell elasticity and deformability.

For living cell binding kinetic measurements, the cells were also trypsinized from the flask
and centrifuged for 5 min to discard the old medium. Then, the centrifuged cells were
suspended in live cell imaging solution (Life Technologies) and immediately used for kinetic
measurements to maintain cell viability.
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Optical Tracking of Cell Deformation

An inverted microscope (Olympus 1X-81) equipped with a top illuminating white light, a
phase contrast condenser and 40x phase contrast objective was used as the imaging device.
The trapped cells within the microfluidic plate were imaged from bottom with a CCD
camera (AVT Pike FO32B) at a frame rate of 7 frames per second (fps). The spatial
resolution of the system was ~0.5 um. The binding-induced cell deformation was determined
with nm-precision with a differential detection algorithm (Supporting Information Figure
S2). First, the edge of the cell was manually chosen, and the center of the cell was
determined (Supporting Information Figure S2a). Then, the calibration curve at each
location along the cell edge was obtained by shifting the ROI (1.11 x 2.22 pm) from outside
to inside of the cell, in the direction perpendicular to the cell edge (Figures S2, d and e).
Using the calibration curves, the cell deformation (edge movement) at each point along the
cell edge was determined, and the cell deformation averaged over the entire cell was used to
determine the molecular binding kinetics. Depending on the cell lines, both contraction and
expansion were observed, but the binding kinetics was determined from the absolute values
of the cell deformation vs. time.

Microfluidic Device for Cell Trapping and Binding Kinetics Measurement

As described in the Supporting Information (Figure S1), we used a homemade and modified
commerical (AX150, AXIS™ Axon Isolation Device from Millipore) PDMS-microfluidic
device to trap single cells. The fabrication used the standard soft lithography. The homemade
microfluidic plate had two parallel channels (10.6 mm long, 1500 pm wide and 40 um high),
separated with a barrier. The barrier had 60 holes (each hole is 150 um long, 10 um wide,
separation between two holes is 50 pm) to trap cells. Sample solution containing suspended
cells was flowed in one channel while keeping a lower pressure in the second channel. This
allowed trapping of one cell in each hole for binding kinetics measurement (~5 mins). The
optics allowed imaging of two cells simutaneously. When one measurement was completed,
the cells were released from the trapping holes, and new cells were trapped for repeated
measurement. The sample and buffer flows were controlled with a drug perfusion system
(SF-77B, Warner Instruments, Connecticut). The typical transition time between different
solutions was about 1-2 seconds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Principle and setup for measuring binding of small and large moleculesto membrane
proteinson trapped cells

(a) Schematic illustration of the experimental setup consisting of a microfluidic system for
trapping single cells onto micro-holes, and for introducing ligand molecules at different
concentrations for binding kinetics measurement, and an optical imaging and signal
processing system for tracking the cell deformation associated with the binding in real time.
(b) Flow design of the cell trapping microfluidic chip and optical images of trapped cells
with 40x phase contrast objectives. (c) Schematics of a binding Kinetic curve determined
from the cell deformation. Insets: Cell edge positions before binding (i), during binding
(association) (ii), and during dissociation (iii), where the blue and red boxes indicate a
region of interest (ROI) used in a differential optical tracking algorithm of the cell
deformation. (d) Differential image intensity vs. cell edge position (inset), where the two
vertical dashed lines mark a linear region used in the differential optical tracking algorithm.
(e) Calibration curve plotting differential image intensity vs. cell deformation (edge
movement distance).
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Figure 2. Representative binding kinetics curves of different molecular ligandsto four major
types of membrane proteinson cells. The cells contracted upon molecular binding, and the
absolute edge movements were used to obtain binding kinetics

(a) WGA binding to glycoprotein on SH-EP1 cells (inset). (b) Acetylcholine binding to
nicotinic acetylcholine receptors (ion channel) on SH-EP1- a4p2 cells (inset). (c)
AMD3100 binding to CXCR-4 receptors (GPCR) on A549 cells (inset). (d) Insulin binding
to insulin receptors (tyrosine kinase receptor) on Hep G2 cells (inset).
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Figure 3. Control experiments
(@) Cell deformation (cell edge displacement) of two wild-type SH-EP1 cells to high dose

(500 nM) acetylcholine. Since the wild-type cells do not express nicotinic acetylcholine
receptors, the lack of cell deformation indicates the observed cell deformation in cell lines
with the receptors is due to the molecular binding. (b) and (c) Binding kinetics curves of
untreated (b) and pertussis toxin-treated (c) A549 cells to AMD3100 with concentrations of
100, 200, and 500 nM. Pertusis toxin binds to G proteins and blocks their downstream
processes. The similarity in the binding kinetics of cells with and without blocking the
downstream processes shows that the cell deformation signal is not from a downstream
event. A549 cells contracted upon binding, and the absolute cell deformation values (edge
movements) were used to extract binding kinetics.
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Figure 4. Variability of binding kinetics of different ligandsto the same cell line, and same

ligandsto different cell lines

(a) Binding of an agonist and antagonist at different concentrations to CXCR-4 receptor on
the same cell line (A549). Upper panel: Binding kinetic curves of antagonist AMD3100
(100, 200, and 500 nM) to CXCR-4. Bottom panel: Binding kinetic curves of agonist SDF-1
(5, 10, and 50 nM) to CXCR-4. (b) Binding of anti-EGFR at different concentrations to
EGFR on different cell lines. Upper panel: Binding Kinetic curves of anti-EGFR to EGFR on
A431 cell surface. Bottom panel: Binding kinetic curves of anti-EGFR to EGFR on HelLa
cell surface. The cells upon binding contracted in a), and expanded in b), but the absolute
cell deformation values (edge movements) were used to extract binding Kinetics.
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Figure 5. Dependence of cell deformation on receptor density
Optical images of trapped cells (insets), and Anti-EGFR —EGFR binding curves for (a)

A431, (b) HeLa, (c) A549, and (d) Hek 293 cell lines. The cells expanded upon anti-EGFR-
EGFR binding, and the absolute edge movements were used to extract binding kinetics.
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WGA- glycoprotein binding kinetic curves on (a) fixed and (b) live SH-EP1 cells (WGA
concentration=200 nM). The SH-EP1 cells contracted upon WGA binding, and the absolute
edge movements were used to extract binding kinetics.
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