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ABSTRACT

The dynamic nature of cell adhesion and detachment is critically important to a variety of physiological
and pathophysiological phenomena. Much, however, still remains uncertain and controversial about the
mechanochemical players and processes involved in cellular adhesion and detachment. This leads to the
need for quantitative characterization of the adhesion and detachment of anchorage-dependent cells.
Here, cell adhesion and detachment up to subcellular level are examined using gold surfaces modified
with a thiol-functionalized arginine-glycine-aspartic acid (RGD) peptide. A thiol self-assembled mono-
layer (SAM) on top of the gold surfaces is reductively desorbed with activation potential to spatiotem-
porally manipulate both cell adhesion and detachment. This method maintains cells of interest living and
intact during experiments, making it possible to quantify cell adhesion and detachment as close as
possible to in vivo conditions. Experimental characterizations for NIH 3T3 fibroblasts are carried out with
a focus on the following issues: the effect of the size and geometric shape of gold surfaces on cell
adhesion; the effect of cell confluency, cell shape, and activation potential magnitude on cell detach-
ment; changes in the material properties of cells during cell detachment. The findings of this study

should lead to better understanding of cellular dynamics in anchorage-dependent cells.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Cell adhesion and detachment processes are mediated by
a complex biomolecules from both sides of the cell-matrix inter-
face, fitting together like pieces of a three-dimensional puzzle.
When cells adhere to extracellular matrix (ECM) components,
integrins are activated; the activated integrins bind target ligands;
the bound integrins cluster together by changing their conforma-
tion [1-3]. The cytoplasmic domain of the clustered integrins
interacts with focal adhesion (FA) proteins (e.g., talin, focal adhe-
sion kinase, vinculin, and paxillin) to form FAs, and then binds to
actin filaments (Fig. 1, top) [4—6]. Likewise, the cell detachment or
de-adhesion, essential to many cellular dynamic phenomena (e.g.,
cell migration), results from a concerted process involving this
molecular machinery composed of a host of extracellular, trans-
membrane and cytoplasmic proteins.
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Cell adhesion and detachment have profound effects on the
behavior and function of anchorage-dependent cells. For example,
cell adhesion and detachment are controlling parameters in
a variety of biological phenomena (e.g., embryonic development,
cancer metastasis, wound healing, etc.), and any abnormality in cell
adhesion and detachment accompanies diverse pathophysiological
consequences [1,3]. The quantitative characterization of the
dynamics of cell adhesion and detachment is therefore essential for
understanding a variety of pathophysiological phenomena.

Despite significant progress over the past decade in character-
izing biomolecules and signaling pathways for cell adhesion and
detachment, the biophysical details of cell adhesion and detach-
ment still remain illusive [7,8]. Initially, the cell spreading and
migration experiments were used to characterize cell adhesion and
detachment. These multistep biological phenomena, however,
provided their ambiguous and complicated roles incell adhesion
and detachment [9], and failed to quantify the dynamic nature of
cell adhesion and detachment. Thus, a variety of other experi-
mental methods which can manipulate cell adhesion or detach-
ment has been developed. The techniques for cell adhesion
manipulation were photolithography [10,11], e-beam lithography
[12], dip-pen lithography [13], nanoimprint lithography [14], micro
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Fig. 1. An assay for spatiotemporally controlled manipulation of cell adhesion and detachment.(A) A schematic of the assay composed of identical gold surfaces, a SiO, insulator
layer, and a Pyrex glass substrate. This assay is surface-modified with thiol-functionalized RGD peptide (for the gold surfaces) and PEG (for the Pyrex glass substrate) to spatio-
temporally control cell adhesion and detachment. (B) Spatiotemporal manipulation of cell adhesion. Before cell adhesion manipulation, RGD peptide is bound to all gold surfaces via
thiol and PEG is coated on the Pyrex glass substrate. On cell adhesion manipulation, the RGD peptide on a target gold surface (on the right side) is detached by activating the target
gold surface with activation potential, followed by cell loading. The loaded cells adhere only to an inactivated gold surface (on the left side). (C) Spatiotemporal manipulation of cell
detachment. Before cell detachment manipulation, cells are loaded and then adhere to all gold surfaces modified with a thiol-functionalized RGD. On cell detachment manipulation,
the cells or one part of the cell is detached from a target gold surface (on the right side) with activation potential which yields the reductive desorption of a gold-thiol SAM. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

contact printing [15,16], elastomeric stencil [17], ink-jet printing [30—33], and micropipette aspiration [34—36]. These techniques
[18], optical tweezer [19], electrophoresis [20,21], and switchable successfully manipulated either cell adhesion or detachment. They
surface [22]; the techniques for cell detachment manipulation were were, however, designed not to characterize cell behavior during
hydrodynamic shear force assay [23—29], centrifugal assay adhesion and detachment but to achieve cell adhesion or
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detachment for next-step applications (e.g., cell patterning (or
positioning), co-culture, etc.). Furthermore, these techniques
featured unintended mechanical stimuli (cell denaturization [19],
cell electrolysis [20,21], and cell rupture [23—36]) to cells of interest
and considerably deformed the cells before experiments, thus
resulting in inaccurate measurements [37]. Recently, electro-
chemical methods have been developed to characterize the cell
adhesion and detachment of live and intact cells. Jiang et al.
manipulate cell detachment using the electrochemical desorption
of an EGs-terminated SAM, showing the direction of polarization of
attached mammalian cells determined their motility direction [38].
Inaba et al. [39] noninvasively harvested anchorage-dependent
cells by means of the electrochemical desorption of a SAM of
alkanethiol for tissue engineering applications. Guillaume-Gentil
et al. [40] switched the biointerfacial properties of micro-patterned
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domains through the spatiotemporally controlled dissolution and
adsorption of polyelectrolyte coatings for co-culture of two
different cells. Although these previous electrochemical methods
controlled either cell adhesion or cell detachment, their success in
characterizing cell adhesion or detachment was limited to quali-
tative results.

A new assay is proposed here to manipulate both cell adhesion
and cell detachment at cellular and even subcellular levels, thus
offering a platform to quantify the adhesion and detachment
behavior of anchorage-dependent cells which are still living and
intact during experiments. This assay has the following features in
quantifying cell adhesion and detachment. First of all, the assay
characterizes the cell adhesion and detachment behavior of living
and intact cells. If the cells of interest are killed or receive any
mechanical stimulus during experiments, the method will have
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Fig. 2. Microfabrication and surface modification of the assay. (A—D) Microfabrication process: starting with a 4-inch Pyrex glass wafer (A); patterning a Cr/Au layer through
photoresist patterning, Cr/Au layer deposition, and Cr/Au layer lift-off (B); patterning SiO, insulator layer through SiO, layer deposition, photoresist patterning, SiO, layer dry-
etching, and photoresist removal (C); patterning the second Cr/Au layer using the same process used for the first Cr/Au layer (D). (E) Assay for cell adhesion manipulation, each
gold surface of which is an equilateral triangle, square, regular pentagon, regular hexagon, or circle. (F) Assay for cell detachment manipulation. (G) Assay for subcellular detachment
manipulation. (H) Surface modification process. The assay is incubated with a PEG solution to make its Pyrex glass substrate cell-resistive (left), and then incubated with
a synthesized thiol-functionalized RGD solution to modify the gold surface cell-resistive (right). Scale bars of (E) and (G) are 10 pm, and that of (F) is 100 pm. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 3. Characterizations of the surface modifications of the assay and potentiodynamic electrochemical characterization of the reductive desorption of a gold-thiol SAM. (A) Contact
angles measured from a Pyrex glass substrate before (left) and after (right) PEG modification. The contact angle is changed from 25.7 + 1.5° to 61.5 + 3.8° through PEG modification.
(B) Cell (NIH 3T3 fibroblast) loading on a Pyrex glass substrate before (left) and after (right) PEG modification, showing the Pyrex glass substrate is changed from cell-adhesive to
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a strong likelihood of disturbed results. Secondly, by employing an
RGD peptide as a cell adhesion motif, this assay provides cells with
a microenvironment that is as similar as possible to the real in vivo
microenvironment. This is because a microenvironment is one of
the most dominant factors in determining cell adhesion and
detachment. Moreover, our assay can quantify both cell adhesion
and cell detachment. These features make our method unique in
characterizing cell adhesion and detachment on gold surfaces
modified with a thiol-functionalized RGD peptide. In this paper, we
characterize cell adhesion and detachment to address: dependence
of cell adhesion on the size and geometric shape of gold surfaces;
dependence of cell detachment on cell confluency, initial cell shape,
and activation potential magnitude; changes in the material
properties of cells detached at a subcellular level.

2. Materials and methods
2.1. Spatiotemporal manipulation of cell adhesion and detachment

The assay was composed of an array of identical gold surfaces, a SiO, insulator
layer, and a Pyrex glass substrate (Fig. 1, bottom). The gold surfaces, patterned on the
Pyrex glass substrate, provided sites for cell adhesion and detachment; the insulator
layer between gold surfaces and Pyrex glass substrate was designed to prevent
electrical short circuits during experiments as well as to minimize the distance
between two neighboring gold surfaces. The Pyrex glass substrate and gold surfaces
were modified with polyethylene glycol (PEG) and thiol-functionalized RGD peptide,
respectively. The PEG modification on the Pyrex glass substrate was designed to
achieve a cell-resistive surface where hydrated neutral PEG chains sterically
repulsed cells; the thiol-functionalized RGD peptide modification was intended to
make the gold surfaces cell-adhesive by tethering an RGD peptide to a gold surface
via thiol compound. The thiol compound created a SAM on the gold surfaces
following the spontaneous chemisorption,

R—S—H+Au—»R—-S—Au+1/2H;, (1)

where R is a substituent [41]. The thiol-functionalized RGD peptide therefore offered
a cell (strictly speaking, integrin)-binding site which was almost same as in vivo
microenvironment for cell adhesion and detachment.

The spatiotemporal manipulation of cell adhesion was implemented by selec-
tively detaching the RGD peptide from the gold surfaces with activation potential
of —0.9 to —1.8 V which yielded the reductive desorption of a gold-thiol SAM [42],
following the electrochemical reaction

R-S—Au+H'+e -»R-S—H+Au 2)

After surface modification with PEG and thiol-functionalized RGD peptide, the
thiol-functionalized RGD peptide was detached by applying activation potential to
a target gold surface, followed by sonification in a cell culture media and cell loading
(Fig. 1B). The loaded cells adhered only to the inactivated gold surface on which
a thiol-functionalized RGD peptide was placed because anchorage-dependent cells
had substantially more affinity for cell adhesion to RGD peptide (on the inactivated
gold surface) than to bare gold (on the activated gold surface).

The spatiotemporal manipulation of cell detachment using our assay was the
same as that of cell adhesion except the order between gold surface activation and
cell loading. When cells were loaded into the surface-modified assay, the loaded
cells grafted to the RGD peptide. On cell detachment manipulation (Fig. 1C), the cells
(or one part of the cell) were detached from the assay by applying activation
potential which breaked the chemical bonding between gold and thiol. When the
detached cells sensed no mechanical anchorage (focal adhesion) to the gold surfaces,
they started to retract by liquefying their cytoskeleton and changing the length of
actin filaments.

2.2. Assay microfabrication

The assay was fabricated on a 4-inch Pyrex glass wafer with a thickness of
500 pm (Fig. 2A). After cleaning it with a piranha solution of 1:1 v:v 96% sulfuric acid
(H2S04) and 30% hydrogen peroxide (H,03) for 10 min, 1 um-thick LOR resist (LOR
10A, MicroChem Corp.) was spin-coated at 4000 rpm for 40 s, followed by soft

baking at 170 °C for 5 min. A 2 um-thick positive photoresist (S1818, Rohm and Haas
Corp.) was spin-coated on the LOR resist at 4000 rpm for 40 s for double-layer resist
stacking, followed by soft baking at 110 °C for 1 min. An optical lithography was
made to pattern the double-layer resist before e-beam evaporation process. The next
was a deposition of 5 nm-thick chromium (Cr) adhesion layer and 100 nm-thick gold
(Au) layer on the wafer. The Cr/Au-deposited wafer was immersed in an organic
solvent mixture (BAKER PRS-3000 Stripper, Mallinckrodt Baker, Inc.) at 80 °C for 4 h
to lift off the double-layer resist (Fig. 2B). Next, a 2500 A-thick SiO, insulator layer
was deposited by plasma-enhanced chemical vapor deposition (PECVD) process.
This insulator layer was dry-etched to pattern through-holes for electrical inter-
connection between first and second Cr/Au layers (Fig. 2C). Finally, the second Cr/Au
layer was deposited and patterned by using the same method for the first one
(Fig. 2D). We fabricated three kinds of assays: assay for cell adhesion manipulation
(Fig. 2E) where each gold surface has the same geometric shape (e.g., equilateral
triangle, square, regular pentagon, regular hexagon, or circle) and the same size (e.g.,
9 um?, 25 pm?, 64 pm?, 100 pm?, 225 pm?, 400 pm?, 625 pm?, or 900 pm?); assay for
cell detachment manipulation (Fig. 2F) where each gold surface is 500 um in length
and 500 pm in width; assay for subcellular detachment manipulation where each
gold line is 10 um in width and 3 pm in distance between two neighboring gold lines
(Fig. 2G). The microfabricated assay was wire-bonded in a chip carrier (Fig. 2F).

2.3. PEG modification on Pyrex glass substrate

Before PEG modification, the microfabricated assay was cleaned with an oxygen
plasma chamber (PM-100 Plasma Treatment System, March Plasma Systems, Inc.) at
100 W for 30 s. The assay was then incubated with 2% v/v m-PEG silane (CI-PEG
silane, Gelest) and 1% v/v hydrochloric acid (HCI, Fisher Scientific) dissolved in
anhydrous toluene (Fisher Scientific) for 2 h (Fig. 2H, left). This Process was carried
out in a glove box under a nitrogen purge to avoid atmospheric moisture. The
incubated assay was rinsed in fresh toluene and ethanol, dried with nitrogen, and
cured at 120 °C for 2 h. The surface-modified assay was stored in a vacuum desic-
cator until the next surface modification.

2.4. Thiol-functionalized RGD peptide modification on gold surface

The gold surfaces of the assay were modified with a thiol-functionalized RGD
peptide whose solution was synthesized by chemically combining cyclo (Arg-Gly-
Asp-p-Phe-Lys) (c(RGDfK), C27H41NgO7, Peptides International, Inc.) with dithio-
bis(succinimidylundecanoate) (C3oH4gN20gS,, Dojindo Molecular Technologies, Inc.)
as follows. The c(RGDfK) was dissolved in dimethoxysulfoxide (DMSO, Sigma-
—Aldrich) to get 1 mm aliquot and stored at —20 °C. This reaction was made in a glove
box under a nitrogen purge to protect the ¢(RGDfK) from exposure to atmospheric
moisture. The maximum storage period of this solution was limited to 15 days
because this peptide easily lost its characteristics (e.g., anchor for a3 integrin). The
dithiobis(succinimidylundecanoate) was also stored in 1 mwm aliquot in DMSO
at —20 °C. This preparation was also done in moisture-free environment. Before gold
surface modification, both aliquots were warmed to room temperature in a desic-
cator. The c(RGDfK) aliquot was mixed with 1% v/v triethylamine (Fisher Scientific)
for 5 min to make all primary amines of a lysine amino acid unprotonated. The same
volume of the dithiobis(succinimidylundecanoate) was added to the c(RGDfK)
aliquot, and then mixed well using a vortex mixer for 4 h to synthesize thiol-
functionalized RGD peptide solution. For the gold surface modification (Fig. 2H,
right), the PEG-modified assay was incubated with this solution for 1 h at room
temperature to promote a spontaneous chemisorption between thiol and gold,
followed by sonification in DMSO for 3 min, rinse in ethanol and phosphate buffered
saline (PBS, Sigma—Aldrich) to eliminate an unbound thiol-functionalized RGD
peptide from gold surfaces. The thiol made a SAM on the gold surfaces, thereby
tethering an RGD peptide to the gold surfaces.

2.5. Contact angle measurement

The contact angles of PEG-modified Pyrex glass substrate and thiol-
functionalized RGD peptide-modified gold surface were measured with a contact
angle measurement system, goniometer (KRUSS582, KRUSS). A sessile drop mode
was used to estimate the wetting properties of the above two surfaces. The contact
angles were averaged from 10 measurements. The contact angle of PEG-modified
Pyrex glass substrate was compared to that of pure Pyrex glass substrate, and the
contact angle of thiol-functionalized RGD peptide-modified gold surface was
compared to those of bare gold surface and thiol-modified gold surface.

cell-resistive. (C) Contact angles measured from bare gold (67.3 + 2.5°, left), thiol-modified gold (53.3 + 1.3°, center), and thiol-functionalized RGD peptide-modified gold
(24.6 & 2.8°, right). (D) XPS survey spectrum of the gold surface modified with a thiol-functionalized RGD peptide. Detected are a gold peak from a gold surface, a sulfur peak from
thiol, a nitrogen peak from the amine group of an RGD peptide, and carbon and oxygen peaks from the carboxylic acid group of an RGD peptide. (E) Experimental setup for
potentiodynamic electrochemical characterization where the gold surface of the assay, a platinum electrode, and an Ag/AgCl electrode work as working, counter, and reference
electrodes, respectively. (F) Cyclic voltammetry measured from the gold surface modified with a thiol-functionalized RGD peptide, indicating the reductive desorption of the gold-
thiol SAM starts and finishes at —0.9 V and —1.55 V respectively and gets maximized at —1.4 V. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article).
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2.6. X-ray photoelectron spectroscopy (XPS) sample preparation and
characterization

An XPS survey scan was used to confirm the existence of an RGD peptide linked
to gold surfaces via thiol after thiol-functionalized RGD peptide modification. An
XPS sample was prepared on a 4-inch silicon wafer e-beam evaporated with 5 nm
Cr adhesion layer and 50 nm Au layer. This wafer was immersed for 2 h in the
prepared thiol-functionalized RGD peptide solution. A bare gold sample without
any surface modification was run as a control experiment. The XPS analysis was
carried out with a customized ESCA (Omicron Nano Technology) at 1 x 10~Torr,
and all measured spectra were referenced to the position of the Au 4f peaks. The
scans were collected over a range of 20 eV around the peaks of interest with a pass
energy of 23.5 eV.

2.7. Potentiodynamic electrochemical characterization of reductive desorption of
gold-thiol SAM

A silicon wafer e-beam evaporated with 5 nm-thick Cr and 50 nm-thick Au
was modified with a thiol-functionalized RGD peptide to prepare a cyclic vol-
tammetry sample. This thiol-functionalized RGD peptide-modified gold surface
was used as a working electrode while a platinum electrode and an Ag/AgCl
electrode were used as counter electrode and reference electrode, respectively
(see Fig. 3E). A voltage supplied by a DC power source (B&K Precision Corpo-
ration) was applied between the gold-thiol SAM (or Ag/AgCl electrode) and the
platinum electrode. The cyclic voltammetry was carried out in the Dubecco’s
phosphate buffered saline (DPBS (pH 7.4), Sigma—Aldrich) solution with an
EG&G potentiostat model 362 (AMETEK Princeton Applied Research). A scan
started cathodically from O V to —2 V, then annodically back to 0 V at a scan rate
of 50 mV s~

2.8. Cell culture

The NIH 3T3 mouse embryonic fibroblast cell (NIH 3T3 fibroblast) was cultured
in Dulbecco’s modified eagle medium (DMEM, GIBCO™) supplemented with 10%
fetal bovine serum (FBS, GIBCO™) and 1% Penicillin-Streptomycin (GIBCO™) at 37 °C
in a humidified atmosphere of 5% CO,. The cell was passaged every 4 day as follows.
The cell was washed 1 time in 1 x PBS and trypsinized with0.5% Trypsin-EDTA
solution (Sigma—Aldrich). After centrifuging the cell, it was inoculated into a new
Petri dish. The NIH 3T3 fibroblast with a passage number of 5—20 was used in the
experimental studies. Before each experiment, the surface-modified assay was
sterilized with 70% ethanol, washed twice with 1 x PBS, and placed in a Petri dish
containing 5 ml cell culture medium with a cell suspension of about 1 x 10° cells/ml.
For subcellular detachment experiments, the cell suspension concentration was
changed into 1 x 10* cells/ml. After 1 h, unadhered NIH 3T3 fibroblast was removed
by additional wash in PBS, followed by culture medium replacement. All experi-
ments were carried out after 24 h of cell loading in a self-designed chamber with
a humidified atmosphere of 5% CO, and at 37 °C.

2.9. Immunofluorescence microscopy

Cells were fixed with 4% formaldehyde solution (Fisher Scientific) in chilled
PBS for 15 min. The fixed cells were permeabilized with 200 pul 0.5% Triton X-100
(Sigma—Aldrich) in PBS at room temperature for 10 min and were washed 3
times with PBS, followed by blocking non-specific binding using 3% non-fat dry
milk in PBS at 4 °C for 1 h and washing the cells once with PBS. 10 pl methanolic
stock solution of rhodaminephalloidin (Biotium, Inc.) was diluted with 200 pl
PBS with 1% Bovine Serum Albumin (BSA, Fisher Scientific) for each assay. The
assay was incubated with this solution for 20 min at room temperature and
washed 2 or 3 times with PBS. For nucleus staining, ProLong® gold antifade
reagent with DAPI (Invitrogen) was added into the cells. Immunofluorescent
images were obtained on an inverted fluorescent microscope (Axiovert 200, Carl
Zeiss Microlmaging, Inc.).

2.10. Atomic force microscopy (AFM) indentation

The elastic modulus of the detached cytoskeleton of cells was measured with an
Autoprobe CP atomic force microscope system (Park Science Instruments). All
measurements were made at a low-indentation-speed of 10 nm/s to suppress
a viscous damping effect in quantifying the elastic modulus of cells. The elastic
modulus was determined by measuring the deflection of an AFM tip
(HYDRA2R—100N, Nanoscience Instruments, Inc.) which indents the detached cell.
The AFM tip with a nominal spring constant of 0.011 N/m was calibrated so that its
real spring constant was determined as 0.016 + 0.005 N/m, which was used in the
AFM indentation.

3. Results and discussion
3.1. Surface modifications

Two kinds of surface modifications, made on the assay, were
examined by contact angle measurement and XPS survey. The
contact angle measured from a PEG-modified Pyrex glass substrate
was 61.5 + 3.8° (mean + standard deviation, averaged from 10
measurements), whereas that measured from an untreated Pyrex
glass substrate was 25.7 + 1.5° (Fig. 3A). This shows the
PEG-modified Pyrex glass substrate is changed to have strong
hydrophobicity through PEG modification and consequently
prevents cell adhesion (and protein fouling). The effect of PEG
modification on cell adhesion was also investigated with cell
loading tests using NIH 3T3 fibroblasts (Fig. 3B). The images
obtained after 24 h of cell loading show the Pyrex glass substrate is
modified into cell-resistive as intended. A thiol-functionalized RGD
peptide modification on gold surfaces was characterized using the
same method. The contact angles measured from bare gold, thiol-
modified gold, and thiol-functionalized RGD peptide-modified
gold were 67.3 + 2.5°, 53.3 + 1.3°, and 24.6 + 2.8°, respectively
(Fig. 3C). This modification was also characterized by an XPS survey
scan. The XPS survey spectrum measured from an RGD/thiol/Au
interface (Fig. 3D) shows the following results: the peaks of Au 4s,
Au 4p, Au 4d, and Au 4f indicate the presence of e-beam evaporated
gold (Au(111)); the peaks of S 2p1ppand S 2p3); (right inset) mean
sulfur from thiol compound is in existence on the RGD/thiol/Au
interface; the peaks of C 1s, O 1s, O KLL, and N 1s (left inset)
demonstrate there are carbon, oxygen, and nitrogen from the
amine functional group (—NH) and carboxylic acid functional
group (—COOH) of an RGD peptide. For reference, hydrogen was not
detected due to XPS working principle. This XPS survey spectrum
demonstrates the thiol-functionalized RGD peptide modification
on gold surfaces is well made as designed and provides a cell-
binding site as close as possible to in vivo microenvironment.

3.2. Reductive desorption of gold-thiol SAM

The rapid desorption of a gold-thiol SAM with negative potential
was investigated by measuring a cyclic voltammetry in DPBS solution
(pH 7.4) using a three-electrode system where the gold surface (of the
assay), a platinum electrode, and an Ag/AgCl electrode worked as
working, counter, and reference electrodes, respectively (Fig. 3E). The
cyclic voltammetry was measured from the working electrode as
a function of the applied potential with respect to the counter elec-
trode (Fig. 3F). At a section “a” (0 V to —0.9 V), the current was
negligible. This means the gold-thiol SAM impedes electron transfer
across an electrolyte—electrode interface due to no reductive
desorption of the SAM. The reductive desorption of the SAM started
and finished at point “b” (—0.9 V) and point “d” (—1.55 V), respec-
tively. This electrochemical reaction was maximized at —1.4 V. This
measurement indicates the optimum potential to complete this
electrochemical reaction is —0.9 V to —1.55V, around —1.4 V. The
release of an RGD peptidefrom a gold surface by applying negative
potential to a gold-thiol SAM is also verified.

3.3. Cell adhesion of anchorage-dependent cells

The cell adhesion of anchorage-dependent cells was character-
ized using our method. NIH 3T3 fibroblasts were detached from
gold surfaces modified with a thiol-functionalized RGD peptide. To
demonstrate the spatiotemporal manipulation of cell adhesion on
the gold surfaces, we used an assay composed of two-by-one gold
surfaces where the gold surface on the left side was activated with
activation potential of —1.5 V but that on the right side was
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inactivated. When cells were loaded, the loaded cells adhered only
to the gold surface on the right side, as shown in optical and
immunofluorescent images (Fig. 4A). This shows anchorage-
dependent cells make integrin-mediated cell adhesion which has
much higher affinity for RGD peptide than for bare gold. The
dependence of cell adhesion at a single cell level on the size and
geometric shape of a gold surface was also studied with forty types
of the assay. Each array was designed to have twenty five identical
gold surfaces whose size was 9 pm?, 25 pm?, 64 pm?, 100 pm?,
225 pm?, 400 pm?, 625 pm?, or 900 um? and shape was a n-sided
regular polygon (n = 3,4,5,6, «(circle), Fig. 4B). NIH 3T3 fibro-
blasts were loaded into the surface-modified assays at a cell
suspension concentration of 1 x 10° cells/ml. As an index for
quantifying cell adhesion at a single cell level, a cell adhesion ratio
(CA-ratio), defined as the ratio of the number of gold surfaces with
cell adhesion to the total number of gold surfaces, was measured as
a function of the size and geometric shape of a gold surface
(Fig. 4C). The measured CA-ratio provides the following biological
facts. First, the CA-ratio in a single cell level is proportional to the
size of a gold surface, and the minimum size of a gold surface for
single cell adhesion is the diameter of a cell in a floating state
(10 pm for NIH 3T3 fibroblast). This indicates an anchorage-
dependent cell can make its FAs through cell-to-substrate interac-
tion when it have a cell-binding site which is larger than (or at least
comparable to) the size of a single cell. Secondly, a cell wants to
make its adhesion on the circumferential zone of a gold surface
rather than the central zone. The CA-ratio is therefore proportional
to the circumferential length of a gold surface when each gold

surface has the same area. This is likely because the circumferential
zone has its microbump due to the side faces of the deposited Cr/Au
layer so that provides additional cell-binding sites. The micro-size
pattern is known to enhance cell adhesion [42]. These findings let
us know how to design a gold surface for single cell adhesion. The
size of a gold surface should be larger than the size of a single cell in
a floated condition. The geometric shape of a gold surface, when its
area is limited, needs to be an equilateral triangle or square. This is
because the circumferential length, S, of an-sided regular polygon
with a side length of | and a surface area of A is inversely propor-
tional to the number of sides, n, of the regular poly-

gon,S = nl = 2,/n A tan(w/n) (Fig. 4C, inset).
3.4. Cell detachment of anchorage-dependent cells at a cellular level

The cell detachment of anchorage-dependent cells was explored
at a cellular level. An entire cell (NIH 3T3 fibroblast) was detached
from gold surfaces modified with a thiol-functionalized RGD
peptide, thus characterizing the effect of cell confluency, initial cell
shape (projected area), and activation potential magnitude on cell
detachment behavior. The cell detachment experiments were per-
formed for five cell confluency conditions of 0% (single or two cells,
Fig. 5A), 25% (Fig. 5B), 50%, 75%, and 100% (fully confluent cells,
Fig. 5C). A cell detachment or de-adhesion time (CD-time), T,
defined as the time required for detaching 95% of cells from a gold
surface, was measured as an index for evaluating cell detachment.
The CD-times measured from five cell confluency conditions with
activation potential of —1.5 V were 45.2 4+ 6.8 s, 36.7 + 8.7 s,
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Fig. 4. Characterization of the cell adhesion of anchorage-dependent cells on gold surfaces modified with a thiol-functionalized RGD peptide. (A) Optical and immunofluorescent
images of the spatiotemporal manipulation of cell adhesion. A two-by-one assay where a left gold surface is activated but a right one is inactivated is used here. Cells are stained for
actin with rhodaminephalloidin (red) and for cell nucleus with DAPI (blue). (B) Single cell adhesion to a variety of gold surfaces with different size and shape. No cell adhesion is
made on 25 pm?-sized equilateral triangle gold surfaces (first from left) and 64 pm?-sized square gold surfaces (second) with a cell suspension concentration of 1 x 10° cells/ml. Cell
adhesions are made on 25% of 100 pm?-sized regular hexagonal gold surfaces (third), 25% of 225 um?-sized equilateral triangle gold surfaces (fourth), 50% of 400 um?-sized square
gold surfaces (fifth), and 75% of 625 um?-sized circle gold surfaces (sixth). (C) CA-ratio as a function of the size and geometric shape of gold surfaces. Insect shows the circum-
ferential length of polygons as a function of number of sides when the polygons have the same surface area. Scale bar of (A) is 100 pm, and those of (B) are 50 um. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 5. Characterization of cell detachment at a cellular level. (A) Optical sequential images showing the spatiotemporal manipulation of the cell detachment of two cells (0% cell
confluency) when activation potential is —1.2 V. The measured CD-time is 45.2 + 6.8 s. (B) Cell detachment of 25% confluent cells whose average CD-time is 36.7 + 8.7 s. (C) Cell
detachment of 100% confluent cells whose average CD-time is 21.1 + 3.5 s (D) CD-time as a function of cell confluency with a negative potential of —1.5 V where 0% cell confluency
means single or two cells. The measured CD-time is inversely proportional to cell confluency. (E) CD-time, 7 (sec), as a function of the projected area of a cell, A, ( um?), measured
from single cells with activation potential of —1.5 V. The measured CD-time is inversely proportional to the projected area of a cell, © = 18.2 + 9699.9/A,. (F) CD-ratio as a function

of activation time and potential measured from 100% confluent cells.

311 +4.25,24.8 + 5.5 5, and 21.1 + 3.5 s, respectively (Fig. 5D). All
data were averaged from at least 10 measurements. The measured
CD-time was inversely proportional to cell confluency. This indi-
cates cell-to-cell interaction through which cells are connected to
each other at a fully confluent condition has a correlation to cell
detachment. To detach a cell from a substrate, we need to break its
cell-to-substrate interaction as well as cell-to-cell interaction to
neighboring cells. The detachment of one cell therefore allows
neighboring cells to be detached fast by providing a vertical force
through cell-to-cell interaction. The relation between CD-time and
initial cell shape (projected area), Ap, was also explored at a single
cell condition (Fig. 5E). The projected area of a cell was calculated
from the optical images of adhered single cells before cell detach-
ment. The images were analyzed using an image processing
program, Image] (National Institutes of Health, USA). The measured
CD-time had an inverse relation to the projected area of a cell,
represented as t(sec) = 18.2 +9699.9/Ap(um?). The projected
area of a cell means the degree of tension stress within the cell,
cytoskeletal stress. That is, a cell with a large projected area has
higher cytoskeletal stress than a cell with a narrow projected area.
Thus, the cell with a relatively large projected area is detached fast

due to its high cytoskeletal stress, indicating in-plane cytoskeletal
stress is also closely related to out-of-plane cell behavior, cell
detachment. The dependence of cell detachment on activation
potential magnitude was also examined. A CD-ratio was measured
by counting the ratio of the number of detached cells to the number
of all cells as activation potential was changed from —1.3V to —1.8 V
(Fig. 5E). The CD-ratio was on the decrease as the activation
potential was on the increase. This is because the reductive
desorption of gold-thiol SAM gets faster as activation potential
increase (Fig. 3F). The measured CD-ratio was monotonically
increasing with two inflection points, s-shape curve. This clearly
demonstrates there is a large deviation in the integrin binding to
ECM and other cells which is related to cell-to-substrate and
cell-to-cell interactions, respectively.

3.5. Cell detachment of anchorage-dependent cells at a subcellular
level

The subcellular detachment behavior of anchorage-dependent
cells was also explored by our assay which releases one part of
a cell from the gold lines. The assay composed of gold lines with
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a width of 10 um and a gap of 3 um (Fig. 2G) was used for this
characterization. When one part of a NIH 3T3 fibroblast was
detached with a single activation of —1.5 V, the retracted its
detached cytoskeleton within 16 s (Fig. 6A). This fast retraction,
compared to cell detachment at a cellular level, is because the
single cell has a higher strain (or stress) than cells in a confluent
condition. The single cell which has no constraint or interaction
provided by other cells stretches itself as wide as possible so that it
is always under relatively high strain (or stress). In the next
subcellular detachment, one part of the single cell was sequentially
detached with a series of activations where the first activation
(activation 1) was followed by the second one (activation 2) after
16 s of the first activation (Fig. 6B). This subcellular detachment
with sequential activations reveals: repetitive activations to a cell
within dozens of seconds do not damage the cell’s viability; the
amount of subcellular detachment is adjustable by the sequential
activation of gold surfaces which are located below the cell of
interest; cell motility would be guided by spatiotemporal subcel-
lular detachments on a large-scale assay.
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3.6. Changes in viscoelastic properties during subcellular
detachment

The changes in the viscoelastic properties of a NIH 3T3 fibroblast
during its subcellular detachment were also quantified by detach-
ing one part of the cell using this platform. First of all, the detached
cell was assumed as isotropic and viscoelastic. The retraction
motion of the detached cytoskeleton of a cell was described with
a standard linear viscoelastic solid model composed of two springs,
k1 and ky, and one dashpot, ¢ (Fig. 6C, top). From this model,
a normalized-strain, ", at retraction step (STEP II, Fig. 6C (bottom))
was mathematically expressed as [43]

o 8(t7t2) o _ kz —k%(f—fz)
C T e (1 kq +k2>e ' ®

where ¢ is the initial strain of the cell at its protrusion step (STEP1, 0 <
t < t1). The changes in the viscoelastic properties of the detached (and
then retracting) cytoskeleton were measured by combining (3) with
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Fig. 6. Subcellular detachment manipulation using the gold lines modified with a thiol-functionalized RGD peptide and its applications to cellular dynamics characterizations. (A)
Subcellular detachment using a single activation. One part of a cell is detached, and in turn the detached cytoskeletonstarts to retract. (B) Subcellular detachment using a series of
activations. One part of the cell is sequentially detached from the gold lines. (C) Continuum model to describe the retraction of a detached cytoskeletonwhere the cell is assumed as
a homogeneous standard linear viscoelastic solid (top). Strain profile of an anchorage-dependent cell during cell adhesion and detachment (bottom). When a cell adheres to
a substrate (t = 0), the cell extends its protrusion and adheres again (0 < t < t;); the nucleus of the cell translocates (t; < t <t,); one part of the cell is detached and retracts (t; <t
< t3). (D) Normalized-strain as a function of time obtained from single cells which are detached at a subcellular level. Arrows of (A) and (B) indicate the retraction direction of
detached cytoskeleton. Scale bars of (A) and (B) are 100 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article).



S.-H. Yoon, M.R.K. Mofrad / Biomaterials 32 (2011) 7286—7296 7295

two experimental results: time-sequential images of the retraction
motion of the detached cytoskeleton (obtained from twenty cells
detached at a subcellular level) and AFM indentation results on the
detached cytoskeleton. From the time-sequential images of subcel-
lular detachment, the normalized-strain of the detached cytoskeleton
was described as ¢* = 0.799e-0035t (Fig. 6D). Based on the AFM
indentation results on 10 samples [43], the total elastic modulus of the
detached cytoskeleton (keosy = ki ka/(kq + k2)) was determined as
1320 + 310 Pa. These experimental results with (3) determined the
viscoelastic properties of the detached cytoskeleton (k; = 6567 Pa,
k> = 1652 Pa, and ¢ = 30037 Pa s. Compared to the previous results
(ktotal > 4000 Pa and ¢ < 100 Pa s) obtained from the adhered (not
detached) cytoskeleton of fibroblasts [44,45], the detached cytoskel-
eton showed a three-times decrease in its elastic modulus and a thirty-
times increase in its damping coefficient. This measurement suggests
that a detached cytoskeleton becomes softer, and consequently has
aremarkable increase in its damping coefficient after a few seconds of
subcellular detachment. This phenomenon is likely owing to the
gel—sol transition of actin filaments at cell detachment which changes
the viscoelastic properties of the detached cytoskeleton. The subcel-
lular detachment depolymerizes the cross-linked network of actin
filaments. Thus, the structural strength of the detached cytoskeleton
decreases, but its viscous damping capacity increases. This result
shows that the subcellular adhesion/detachment platform can be
further exploited for studies of cellular rheology and for quantification
of viscoelastic properties of the cytoskeleton to supplement compu-
tational modeling efforts [46,47].

4. Conclusion

We have developed a method for the spatiotemporal manip-
ulation of cell adhesion and detachment at cellular and even
subcellular levels, thus quantitatively characterizing the adhesion
and detachment behaviors of anchorage-dependent cells on gold
surfaces modified with a thiol-functionalized RGD peptide. Our
assay composed of an array of identical gold surfaces patterned on
a Pyrex glass substrate is surface-modified with a thiol-
functionalized RGD peptide. This assay manipulate cell adhesion
and detachment using the reductive desorption of a gold-thiol
SAM with activation potential of —0.9 V to —1.8 V, while main-
taining cells of interest living and intact. In the experiments using
NIH 3T3 fibroblasts, cell adhesion is proportional to the size of the
gold surface, and is made on the circumferential zone of the gold
surface rather than the central zone. These findings lead to several
propositions for gold surface design: the gold surface for single
cell adhesion must be larger than (or at least comparable to) the
size of a single cell in a floating state; the geometric shape of the
gold surface, when its area is limited, needs to be an equilateral
triangle or square. Cell detachment behavior at a cellular level,
characterized here, yields the following results: cell-to-cell
interaction is one of the main factors which determine the
velocity of cell detachment; a fully stretched cell with a relatively
large projected area is detached fast, indicating the in-plane stress
within a cell has a correlation with an out-of-plane cell behavior
(cell detachment). In the characterization on subcellular detach-
ment, the detached (and then retracting) cytoskeleton experi-
ences a three-times decrease in its elastic modulus and also
a thirty-times increase in its damping coefficient within a few
seconds, showing cell detachment has a dynamic nature. Extrap-
olation of this method to other anchorage-dependent cells might
help us to investigate critical cellular function and behavior,
thereby leading to a better understanding of cellular dynamics.
Ongoing work is focusing on more in-depth control of cell motility
by developing a large-scale assay to shed light on the dynamics of
cell motility. Combined with molecular dynamics models [48—50],

the proposed device for programmable subcellular adhesion/
detachment will offer a platform for studies of molecular biome-
chanics of the cell, especially as related to mechanotransduction at
the integrin-mediated focal adhesions [51,52].
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