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The Cytoskeleton Regulates Cell Attachment Strength
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ABSTRACT Quantitative information about adhesion strength is a fundamental part of our understanding of cell-extracellular
matrix (ECM) interactions. Adhesion assays should measure integrin-ECM bond strength, but reports now suggest that cell
components remain behind after exposure to acute force for radial shear assays in the presence of divalent cations that increase
integrin-ECM affinity. Here, we show that focal adhesion proteins FAK, paxillin, and vinculin but not the cytoskeletal protein
actin remain behind after shear-induced detachment of HT1080 fibrosarcoma cells. Cytoskeletal stabilization increased attach-
ment strength by eightfold, whereas cross-linking integrins to the substrate only caused a 1.5-fold increase. Reducing temper-
ature—only during shear application—also increased attachment strength eightfold, with detachment again occurring between
focal adhesion proteins and actin. Detachment at the focal adhesion-cytoskeleton interface was also observed in mouse and
human fibroblasts and was ligand-independent, highlighting the ubiquity of this mode of detachment in the presence of divalent
cations. These data show that the cytoskeleton and its dynamic coupling to focal adhesions are critically important for cell adhe-
sion in niche with divalent cations.
INTRODUCTION
Integrin-mediated adhesion to extracellular matrix (ECM)
occurs via complex molecular clusters called focal adhe-
sions (FAs) that enable cells to transduce forces and signals
to and from the cell’s surroundings. Proteins within FAs are
intrinsically dynamic, with average integrin bond lifetimes
on the order of seconds (1); thus, cell adhesion can only
be achieved by the continuous binding, disengaging, and re-
binding of many integrins to and from ECM, i.e., avidity.
Single-molecule studies indicated that integrin binding af-
finity for ECM is highly influenced by niche conditions,
i.e., cation type and concentration (2). Given the broad
scope of cation-mediated cell processes (3), such reduc-
tionist experiments might be preferable; however, integrin
affinity and avidity are internally regulated within FAs
(4), and thus their response to cations has been demon-
strated to differ in situ. For example, a5b1 integrin domi-
nated adhesion of fibrosarcoma cells supported highest
attachment strength in the presence of both Mg2þ and
Ca2þ (5) unlike in single-molecule experiments (2); con-
versely, Ca2þ decreased attachment strength of fibroblasts
(5). Although integrin affinity may be regulated differently
in situ versus at the single-molecule level, the cytoskeleton
has been identified as an important contributor to adhesion
strength. In the presence of cations, cells detach by a
peeling mechanism when subjected to shear, i.e., cells
detach piecewise beginning with the side of the cells
exposed to shear and subsequently undergo cytoskeletal
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remodeling (5,6). Because cytoskeletal remodeling is cell
type, cation type, and ligand specific, these data suggest
that shear force assays could reveal differences in cytoskel-
etal dynamics.

A variety of methods have been developed to quantify
cell adhesion in situ after cell attachment. These range
from bead binding assays, e.g., biomembrane force probes
and optical tweezers, to whole cell-ECM interactions, e.g.,
micropipette aspiration and centrifugal or shear force as-
says. Most of these methods apply force to dissociate
bonds shortly after attachment (seconds to hours) and
over extremely short periods of time (milliseconds to mi-
nutes) (7,8). Besides the differences in duration of applied
force, the environmental conditions during measurement
also differ. Centrifugation assays are commonly performed
at 4�C, whereas other adhesion assays specify room or
physiological temperature. For those assays performed at
nonphysiological temperature, significant changes in pro-
tein function, e.g., folding, metabolism, etc., could alter
adhesion at the cell level. For example, ATP- regulated
actin polymerization and depolymerization rates are sig-
nificantly lowered at subphysiological temperatures (9).
Recent work has also suggested that these temperature-sen-
sitive cytoskeletal changes could play a crucial role in cell
adhesion strength when integrins are in a high affinity state
due to the cations present (5). The importance of cytoskel-
etal dynamics is also bolstered by recent observations,
which challenge the current paradigm that force-induced
cell detachment of integrin-mediated cell adhesion is
limited by integrin bond strength, i.e., that attachment
strength is a direct measure of integrin-ECM bond strength,
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e.g. (10–12). Although some quantitative assessments of
cell adhesion are in agreement with this paradigm (13,14)
others have detected cell components, i.e., integrins and
other FA proteins, that remain on the substrate after cell
detachment (5,15,16). Although these recent data would
suggest that detaching cells break their connection to
the ECM higher up than at the integrin-ECM interface,
i.e., somewhere between the FA-cytoskeleton, the fre-
quency of occurrence of this detachment mechanism and
its functional impact on detachment strength has yet to
be determined.

Here, we analyze the molecular mechanisms that con-
trol cellular detachment under an externally applied force.
These data reveal that detaching cells leave a footprint
containing FA proteins behind. Drug- and temperature-
induced stabilization of the cytoskeleton significantly in-
creases attachment strength. As this increased strength is
several-fold higher than attachment strength of cells with
integrins cross-linked to the substrate, this demonstrates
that the cytoskeleton can disconnect from the FAs during
cellular detachment. Our data further suggest that this
disconnection mechanism represents a cellular function,
which can differ between cell type and state, resulting
in cell type specific differences in apparent attachment
strength.
MATERIALS AND METHODS

Cell culture and reagents

Mouse NIH 3T3 fibroblast cells, human WI38 fibroblast cells, and hu-

man HT1080 fibrosarcoma cells were obtained from American Type

Culture Collection (ATCC, Manassas, VA) and cultured in their respec-

tive media, noting typical formulations from Life Technologies (Carls-

bad, CA) (a comprehensive table of the media conditions can be found

in (5)). All cells were cultured at 37�C in a humidified incubator con-

taining 5% carbon dioxide. Integrins were cross-linked by DTSSP

(3,30-dithiobis(sulfosuccinimidylpropionate)) at 1 mM (Thermo Scienti-

fic, Carlsbad, CA). The F-Actin stabilizer phalloidin oleate (PO) was

added at 100 mM (Sigma, St. Louis, MO). The inhibitors cytocholasin

D and latrunculin A (Sigma) were added at 0.5 mM and 1 mM, respec-

tively. All chemicals were added in serum free conditions (0.5 mM

MgCl2 and 1 mM CaCl2 and 4.5 mg/ml dextrose) for times indicated.

Unless otherwise noted, cell culture products purchased were from

Life Technologies.
Cell adhesion strength

25-mm glass coverslips (Fisher Scientific, St. Louis, MO) were sonicated

with ethanol and pure water before being used for incubation of 10 mg/ml

human fibronectin (isolated from serum (17)) or 20 mg/ml type I collagen

(rat tail, BD Biosciences, Franklin Lakes, NJ) for 60 min at room temper-

ature. Under regular conditions cells were allowed to attach for 24 h at 37�C
and 5% CO2. The coverslips were then mounted on a custom-built spinning

disc device and dipped into the temperature-controlled spinning buffer

(37�C). As spinning buffer, phosphate buffered saline (PBS) (without mag-

nesium and calcium or with 0.5 mM MgCl2 and 1 mM CaCl2 (Cellgro,

Manassas, VA). All spinning buffers contained 4.5 mg/ml Dextrose. Once

immersed into the spinning buffer, coverslips were spun for 5 min at defined
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angular velocities and fixed with 3.7% formaldehyde immediately after

spinning.
Quantification of adhesion strength

Shear stress t by radial fluid motion over the surface of the coverslip was

calculated according to (11) such that:

t ¼ 4

5
r

ffiffiffiffiffiffiffiffiffiffiffi
rmu3

p
; (1)

where r is the radial position from the center of the disk, r is the buffer

density, m is the buffer viscosity, and u is the rotational speed. The viscos-
ity and density of PBS are very similar to water (18,19) and because the

viscosity is highly temperature-dependent, values were obtained as a func-

tion of temperature (20). To obtain quantitative information of adhesion

strength, whole 25 mm coverslips were imaged at 10� magnification on

a Nikon Ti-S microscope (Tokyo, Japan; ~1000 individual images stitched

together with Metamorph 7.6 software and custom macros (Molecular De-

vices, Sunnyvale, CA)) and analyzed using a custom written MATLAB

program (The MathWorks, Natick, MA). In brief, the user defines the

outer circle of the coverslip from a stitched overview image and the soft-

ware then finds the position of each nucleus relative to the center of the

coverslip. Cell densities as a function of radial position and subsequently

shear, are stored and combined with other measurements, e.g., those ob-

tained at different revolutions per minute. A sigmoidal fit is used to quan-

tify values of adhesion strength and determine the statistical error of

the fit. Additionally, to determine cell alignment, cell morphology was

analyzed similarly as a function of shear for each cell when stained for

actin cytoskeleton.
Immunofluorescence staining and focal adhesion
analysis

Fixed cells were incubated for 10 min with 0.25% Triton X-100 followed

by 1% albumin overnight at 4�C for blocking. Primary paxillin antibody

(1:2000, ab32084, Abcam (Cambridge, MA)) was applied for 2 h at room

temperature, and then a secondary AlexaFluor 488-conjugated antibody

(1:2000, Invitrogen) was applied for 1 h or rhodamine phalloidin

(1:2000 Invitrogen) and Hoechst 33342 (3.2 mM, Invitrogen (Carlsbad,

CA)) for 30 min at room temperature. The cells were subsequently

mounted with Fluoromount-G (Southern Biotech, Birmingham, AL).

All buffers used contained 1 mM MgCl2. The samples were imaged

by using a CARV II confocal (BD Biosciences) Nikon Eclipse Ti-S

microscope equipped with a motorized, programmable stage using a

Cool-Snap HQ camera (Photometrics, Tucson, AZ) and controlled by

Metamorph 7.6 (Molecular Devices). A custom written MATLAB (The

MathWorks) program was used to quantify cell area and focal adhesion

number and size.
Green fluorescent protein (GFP) imaging

3T3 fibroblasts were transfected with GFP-Paxillin using Lipofectamine

2000 (Life Technologies). The full-length cDNA of Paxillin fused with

enhanced GFP was subcloned into pCDNA3 vector (Invitrogen).
Western blotting and focal adhesion isolation

Focal adhesions were isolated using an established protocol (21). In brief,

cells were exposed to ice-cold 2.5 mM triethanolamine inducing a hypo-

tonic shock for 3 min. By rigorous pipetting with cold water containing

protease inhibitor tablets (complete mini EDTA-free, Roche (Basel,

Switzerland)), the remaining cell bodies were removed by hydrodynamic



Cell Detachment by Focal Adhesion Fracture 59
force. For samples subjected to shear, the center of the coverslips was

covered with Parafilm that had been circularly cut using a crafting

punch device (The Punch Bunch, Temple, TX) and removed before shear

application to ensure that all cells were subjected to a minimum shear of

600 dynes/cm2. FAs were collected with mRIPA buffer (50 mM HEPES

pH 7.5, 150 mM NaCl, 1.5 mM MgCl2, 1% Triton X-100, 1% Na-

DOC, and 0.1% sodium dodecyl sulfate (SDS)) with 1 mM EGTA,

1 mM Na3VO4, 10 mM Na4P2O7, and 1 mM phenylmethanesulfonyl-

fluoride for Western blots. Samples were run in 10% SDS-polyacrylamide

gel electrophoresis (PAGE) gels at 150 V until proteins were separated

and then transferred to polyvinylidene fluoride membranes (Bio-Rad,

Hercules, CA) to be run at 100 V for 1 h 15 min in the transfer apparatus

(Bio-Rad). The membranes were washed in Buffer A (25 mM Tris-

HCl, 150 mM NaCl, and 0.1% Tween-20) 15% milk overnight at 4�C
and then incubated for 2 h with the following antibodies: Vinculin

(ab129002) at 1/10,000, focal adhesion kinase (FAK) (ab40794) at

1/500, Paxillin (ab32084) at 1/5000 (all from Abcam), GAPDH

(MAB374) at 1/2500 (Millipore, Darmstadt, Germany), Fibronectin

(R457) at 1/2000 (22), and Actin (JLA20) at 1/5000 (Millipore). After

three 10-min washes with Buffer A, secondary goat antirabbit HRP

(Bio-Rad) and anti-mouse HRP (Abcam) were used for incubation for

30 min. Immunoblots were visualized using ECL reagent (Thermo

Fisher).
Statistical analysis

Nonparametric Kruskal-Wallis analysis of variance tests were used for all

statistical analysis. All data in shear plots are expressed as mean5 standard

deviation. Data in box plots are expressed as mean and the 10th and 90th
percentile. All experiments were performed at least in triplicate and ana-

lyses represent hundreds of cells per condition.
RESULTS

Focal adhesions remain on substrate after cell
detachment

Adhesion strength, defined as the shear required to detach
50% of cells after 5 min of radially-dependent shear
exposure, i.e., t50, was assessed for human fibrosarcoma
cells (HT1080) and found to vary 10-fold for cells with
and without Mgþ2 and Caþ2 supplemented shear buffer
(Fig. 1 A; further annotated as MgCa for 0.5 mM Mgþ2

and 1 mM Caþ2 and is the standard shear buffer condi-
tion). However, as cells detach from the substrate (Fig. 1
A, positions II and III), paxillin puncta were observed at
the cells’ leading edge relative to the shear direction
(Fig. 1 B, position II) or puncta resembling cellular foot-
prints when completely detached (Fig. 1 B, position III).
These paxillin puncta did not differ in number but were
smaller in area compared to cells not exposed to shear
(Fig. 1 C). Puncta were not observed for cells detaching
in media lacking these cations (Fig. 1 B, position IV).
Puncta were however also observed in the presence of
FIGURE 1 Focal adhesion puncta remain post-

shear detachment. (A) Cell density is plotted as a

function of shear for HT1080 cells attached to

fibronectin in the presence (squares) or absence

of cations (circles). T50 were 313 5 16 and

245 4 dynes/cm2 for cells sheared with or without

cations, respectively. (B) Representative fluores-

cence images showing DNA (blue), actin (red),

and paxillin (green) corresponding to the indicated

shear regions and conditions in (A). (C) Focal

adhesion density after application of high shear

(>600 dynes/cm2) in PBSþMgCa, (top) based on

number of discrete adhesions or (bottom) on the

area of those adhesions versus cell area, was deter-

mined for intact cells or detached cells that left

behind paxillin-containing puncta. For detached

cells, the area was determined by the maximum

extent of the puncta. For each condition, at least

200 intact cells from triplicate experiments were

scanned and analyzed. *p < 0.05. (D) Western

blots of proteins remaining on the fibronectin sub-

strates for four different conditions: whole cell

lysate (lane a), cells that were hypotonic shocked

to remove soluble, cytosolic components (bane

b), cells subjected to shear without or with cations

(lanes c and d, respectively). To see this figure in

color, go online.
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FIGURE 2 Drug-induced stabilization of the cytoskeleton dramati-

cally increases attachment strength. (A) Plot of the effects of drug

treatment on attachment strength of HT1080 cells to fibronectin in

PBSþMgCa. DTSSP was used to cross-link integrins to fibronectin.

To stabilize the cytoskeleton phalloidin oleate was used (PO, third

bar) and cytochalasin D (cytD, fourth bar) was used to destabilize the

cytoskeleton. (#) indicates attachment strength below measurement

threshold.*p < 0.01, **p < 0.001. (B and C) Representative fluores-
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Manganese (0.5mM Mn2þ; Fig. S1 in the Supporting Ma-
terial). Western blots in Fig. 1 D showed that cells ruptured
by hypotonic shock (21) had reduced cytoplasmic compo-
nents relative to cell lysate (lane b), cells subjected to only
high shear lacking cations detached without leaving
adhesion proteins (lane c), but cells detached in the pres-
ence of MgCa left additional FA components, e.g., FAK
and vinculin, but minimal actin (lane d). These data sug-
gest that FA proteins were firmly bound to the substrate
and that rupture occurred at the interface between FAs
and actin.

To better discern whether adhesions or the actin cyto-
skeleton limit adhesion strength, we treated cells with
DTSSP (a cleavable homobifunctional protein cross-link-
ing reagent) to cross-link integrins to the fibronectin-
coated substrate (14) or cell-permeable PO to stabilize
actin filaments, respectively, prior application of shear
in PBSþMgCa conditions; note that DTSSP treatment
cross-links integrins independent of cation concentrations
implying that integrins, independent of their bound state,
are sufficiently close to the substrate to be cross-linked to
matrix proteins (Fig. S2 A). For PO treatment, cells
remain viable even after short-term exposure (Fig. S2).
Cross-linking integrins increased attachment strength by
~30%, but stabilizing the actin cytoskeleton with PO
increased attachment strength by ~250% after 120 min
of treatment. Depolymerizing actin had the inverse ef-
fect; cell adhesion strength was undetectable after suffi-
cient incubation (Fig. 2 A). Because PO treatment
blocks rhodamine phalloidin labeling, cells were fixed
after 1 h after partial PO stabilization. Although we
found that DTSSP-treated cells detached like untreated
cells leaving paxillin puncta behind (Fig. 2, B and B0

arrowheads), PO-treated cells left significant portions
of actin behind that colocalized with paxillin (Fig. 2, C
and C0).

These data show that the actin cytoskeleton plays a
crucial role in regulating attachment strength through drug
treatments. However timing, dosing, and other side effects
complicated this method, making an alternative method of
stabilization desirable.
cence images showing DNA (blue), actin (red), and paxillin (green)

indicate that DTSSP-treated cells detach similar to untreated cells by

leaving paxillin but not actin behind (B) and that PO-treated cells leave

paxillin as well as actin behind after detachment (C). To see this figure

in color, go online.
Temperature dependence of attachment strength

As a less intrusive means of stabilizing the cytoskeleton,
media temperature was decreased only during shear appli-
cation, which has been shown to limit actin depolymeriza-
tion (9) but does not significantly alter focal adhesion
assembly (Fig. S3). In PBSþMgCa conditions and at
8�C, HT1080 cell attachment strength increased for all
conditions compared to 37�C except when the cytoskel-
eton was disassembled with cytocholasin D (cytoD) or
latrunculin A (lat A) (Fig. 3 A). Although FAs and actin
were stable at the lowest shear, >t90, regardless of temper-
ature, nearly complete cell detachment occurred with most
Biophysical Journal 109(1) 57–65
paxillin puncta containing actin at 8�C with the highest
shear, <t5; at physiological temperature, paxillin puncta
did not contain actin (Fig. 3 B). Quantification of these
data in the presence of cations at 8�C shows that actin be-
ing left in adhesions is the predominant detachment mode
but that either a change in temperature or MgCa cations
can shift detachment from actin rupture to FAs (Fig. 3
C). Measurement temperature varies for cell attachment



FIGURE 3 Temperature-induced stabilization

of the cytoskeleton dramatically increases attach-

ment strength. (A) The attachment strength of

HT1080 cells to fibronectin in PBSþMgCa condi-

tions is shown after treatment with DTSSP

(60 min), PO (120 min), cytD (60 min), or lat A

(30 min). Temperature during shear application

was either 37�C or 8�C. (B) Representative fluores-
cence images showing DNA (blue), actin (red),

and paxillin (green) of cells subjected to shear at

37�C (left) or 8�C (right) at indicated shear in

PBSþMgCa conditions, relative to their condition

attachment strength, where <t90 indicates that at

least 90% of the cells remained attached, whereas

>t5 indicates >95% have detached. (C) Quantifi-

cation of detachment mechanisms using at least

100 cells (or footprints) per condition. Cells

were characterized as Intact (e.g., B, top), partly

peeled defined as nucleus present and paxillin

puncta were observed at cells’ leading edge rela-

tive to the shear direction (e.g., B, middle left),

DetachedþFAs, only paxillin puncta resembling

cellular footprints visible (e.g., B, bottom left),

DetachedþFAsþActin, paxillin puncta resembling

cellular footprints and actin visible. To see this

figure in color, go online.
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strength assays, e.g., centrifugation assays at 4�C (23)
versus shear assays performed at room temperature (11),
and thus we examined temperature dependence over the
range used in these assays. There was a significant increase
in attachment strength with temperature, which could be
modulated by cation concentration and the matrix protein
used as the adhesive substrate (Fig. 4). Interestingly,
without cations, attachment strength at lower temperatures
is higher than at physiological 37�C in the presence of
cations, suggesting that lowered temperature prevents in-
tegrins from switching to a lower affinity confirmation.
Overall, independent of cation concentration or ligand
FIGURE 4 Attachment strength monotonically

increases with decreasing temperature independent

of substrate. Attachment strength of HT1080 cells

in dependence of temperature with cations (circles)

or without cations (squares) on fibronectin (A) or

Collagen type 1 (B). To see this figure in color,

go online.
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FIGURE 5 Detachment by FA disconnection is ubiquitous in mammalian

cells in media containing cations at 37�C. (Left) Fluorescence images of

Wi38 and 3T3 fibroblasts on top and middle, respectively, were stained

for DNA (blue), actin (red), and paxillin (green). On the bottom, 3T3 fibro-

blasts are shown in brightfield (gray) with the FAK (green) image overlaid.

Images are shown without shear (left) and after shear-induced cell detach-

ment (right). Arrows indicate shear direction. Arrowheads denote focal

adhesion left on the coverslip after detachment. To see this figure in color,

go online.
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type, attachment strength increased with lowering temper-
ature and thus these data further show the importance of
the cytoskeleton to attachment strength and warrant a
careful temperature control to ensure reliability and
repeatability.
FA fracture is preserved in other cell types

To determine how ubiquitous detachment modes are, human
WI38 and mouse 3T3 fibroblasts were subject to high shear,
<t5, in the presence of MgCa at 37�C. As with fibrosarcoma
cells (Fig. 1 B), fibroblasts that detached from the substrate
left paxillin puncta bound to the substrate (Fig. 5, top and
middle). To exclude complications from staining and
examine other FA proteins, GFP-FAK transfected fibro-
blasts were also examined, and we found that they left
GFP-FAK bound to substrates (Fig. 5, bottom). Similarly,
attachment strength increased with reduced temperature
during application of shear for both fibroblast lines
(Fig. S4), in most cases more dramatically than with
HT1080 cells and always dependent on cation, substrate,
and temperature conditions (Fig. 6). Given that these cell
types reside in a different niche in vivo, our data suggest
Biophysical Journal 109(1) 57–65
that cell type specific differences correlate with such
differences.
DISCUSSION

Quantification of adhesion is commonly used to understand
cell mechanisms, and thus it is crucial to understand which
variables adhesion assays measure. When cations are pre-
sent during the application of shear at concentrations consis-
tent with that observed in tissue (24,25), cells do not detach
completely (Fig. 7). Instead, we observed that they leave
behind a significant portion of their FAs, including Paxillin,
Vinculin, and FAK, but not actin, which is consistent with
other observations made without further quantification
(5,15,16). These data are similar to the trailing edge of
cell migration in two-dimensional, where cells also leave
pieces of their FAs behind (26). We only observed complete
cellular detachment without any FA proteins left on the sub-
strate during application of shear in the absence of any cat-
ions, suggesting that integrin affinity was markedly reduced
under this condition to allow cells to detach together with
their integrins and FAs. This is in sharp contrast to the
commonly held assumption that maximal integrin-ECM
binding strength would limit cell adhesion strength and
thus cell adhesion strength assays would measure integrin-
ECM binding strength (10–12).
Cell attachment strength may represent
detachment by FA rupture

Previous reports using a rotating disc chamber, e.g.
(11,14,27,28). or a centrifugation device (29) linked cell
adhesion strength to the sum of individual integrin-ECM
bond strengths. However much higher bond stabilities, and
therefore cell adhesion strength, are suggested by theoretical
models of multiple receptor-ligand pairs cooperating under
external force (30–32). These models appear consistent with
our observations that detachment by adhesion rupture is
ubiquitous under defined cation conditions though it is diffi-
cult to directly apply these models to cell attachment as
thousands of integrins cooperatively bind. To demonstrate
their agreement in principle, we first cross-linked integrins
to their ligands, which resulted in a modest increase in
attachment strength and disconnecting at the FA-cytoskel-
eton interface. Conversely altering the cytoskeleton had
much more drastic effects than cross-linking integrins;
PO-stabilized actin increased attachment strength drasti-
cally more than cross-linking integrins, whereas preventing
actin polymerization with cytochalasin D completely abol-
ished attachment strength. However, the long incubation
time required for PO treatment likely alters cell function
and thus may prevent further analysis. Polymerization rates
were also perturbed with temperature, with low tempera-
tures limiting the cells’ ability to dynamically respond to
force and creating qualitatively similar affects in cell



FIGURE 6 Dependence of attachment strength

on temperature is attachment strength ubiquitous

in mammalian cells. Attachment strength in tem-

perature dependence with cations (A and C) or

without (B and D) for HT1080 fibrosarcoma cells,

3T3 mouse fibroblasts, and Wi38 human fibro-

blasts to fibronectin (A and B) and type 1 collagen

(C and D). To see this figure in color, go online.
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detachment. Combined temperature and integrin cross-link-
ing or actin stabilization did not increase attachment
strength at low temperature suggesting that environmental
conditions were sufficient to prevent actin depolymeriza-
tion. At these conditions, integrin-ECM bond strength was
still not limiting attachment strength, as cells left FA pro-
teins as well as actin filaments behind. Together, these
data suggest that the actin cytoskeleton disconnects in prox-
imity to the FA during this mode of detachment, i.e., at the
motor-clutch interface (33).
FIGURE 7 Illustration of detachment mecha-

nisms. Detachment modes are illustrated here and

correspond to the (A) no shear condition, (B) shear

without cations at 37�C, (C) shear with cations at

37�C, and (D) shear at 8�C or with actin stabilized

by phalloidin oleate. To see this figure in color, go

online.

Biophysical Journal 109(1) 57–65
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Adhesion strength differences arise from
measurement conditions between experiments
and cell type differences

As many quantitative adhesion strength assays operate over
short periods of time (minutes), measurement conditions,
such as cation concentrations or temperature, are often
less controlled and may give rise to the variability
observed between studies. For example, HT1080 attach-
ment strength on fibronectin coverslips has ranged between
300 (5) and 700 dynes/cm2 (34) despite the same presence
of cations. The data here provide a possible explanation;
assay temperature was room (34) and physiological (5).
When plotting these data on the adhesion strength versus
temperature curve in Fig. 4 A, one can see how well attach-
ment strength agrees with these prior reports. Adhesion ex-
periments have commonly been conducted at not further
specified room temperature (11,14,34), and at room tem-
perature for 3T3 and WI38 fibroblasts, cation concentra-
tion and cation composition do not significantly affect
adhesion strength unlike at physiological temperature
(Figs. 6 and S4).

Although attachment strength generally increases with
lower temperature for all tested cells, we noted some strik-
ing differences. HT1080 fibrosarcoma cells appear to be
more sensitive to cation removal at physiological tempera-
tures (5). Although 3T3 and WI38 fibroblasts are almost
insensitive to cation removal at low temperature, attachment
strength of HT1080 is reduced by >50% on both ligands,
fibronectin and type I collagen (Fig. 6). As cellular functions
should be halted at low temperatures, this may suggest
unique integrin expression patterns between HT1080 cells
and 3T3 or WI38 cells, which modifies the integrin affinities
of one cell type to be more so than another.
CONCLUSIONS

Our data appears to support the notion that under certain
high-affinity integrin conditions, attachment strength as-
says do not necessarily measure how strongly integrins
bind the cells to their ECM; rather other weaker interfaces
within the cell may rupture. Fig. 7 illustrates the different
cell detachment mechanisms and the specific conditions
where they occur. As classically described in the absence
of cations and at 37�C, cells detach at their integrins dur-
ing shear application, but we found that in the presence of
cations, attachment strength increased and detachment
occurred at the FA-actin interface. Further stabilization
of the actin cytoskeleton, chemically or with temperature,
resulted in rupture occurring within actin filaments. Given
the ubiquity of these observations, these data suggest
that adhesion assays must account for these environ-
mental factors that may shift what the assay measures
from assessing integrin binding strength to other internal
structures.
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Figure S1: Effect of Manganese (Mn2+) on cell adhesion strength.  
(A) Attachment strength of HT1080 in presence of 0.5mM Mn2+ compared to 
PBS+MgCa. (B) Cellular footprint of a detached cell in PBS+Mn condition at high shear 
(>600 dynes/cm2).  
  



 
 
Figure S2: Function test of DTSSP treatment and viability test of PO treated cells. 
(A) DTSSP treatment increases attachment strength ~40% in presence of cations (red). 
In absence of cations (black), DTSSP treated cell’s attachment strength is slightly 
reduced (~30%) but nearly one order of magnitude higher compared to untreated cells. 
(B) Representative 10x brightfield images of 3T3 fibroblasts. Cells were seeded at same 
density and then either treated for 2 hours with PO (right) or untreated (left). No visual 
differences between treatments but PO treated cell density is visually smaller. (C) 
Quantification of cell numbers after 24hrs and live-dead assay with Trypan Blue. 
Untreated 3T3 cell number doubled within 24hrs but PO treated cells did not. No 
significant difference in Trypan Blue positive cell ratio of PO treated cells.  



 
Figure S3: Fibroblast adhesion metrics measured as a function of shear, cations, 
and temperature. (A-C) Images of fibroblasts stained for paxillin (green), actin (red), 
and nuclei (blue). Cells were cultured in identical media and temperature conditions 
prior to 5-minute application of shear and/or change in the indicated culture conditions. 
Scale bar is 50 microns. (D-F) Quantification of indicated cell parameters as a function 
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of the applied shear, cation concentration in the buffer, and temperature of the buffer 
during 5-minute application of shear and/or change in the indicated culture conditions. 
  



 

 
 
Figure S4: Attachment strength of 3T3 and WI38 cells monotonically increases 
with decreasing temperature independent of substrate. Attachment strength of 3T3 
(top) and WI38 (bottom) cells in dependence of temperature with cations (red) or 
without cations (black) on fibronectin (A and C) or Collagen type 1 (B and D). 
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