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ABSTRACT: From in vitro cancer research to immunology, single-

cell migration assays are among the most common assays for gaining
phenotypic insight into the dynamics of adhesion and migration. In
general, however, the extracellular environments used in these |:| I:l I:I D |:|
assays are poorly characterized, which can lead to difficulty
interpreting the resulting cellular behavior. Here we introduce a

single-cell migration assay which incorporates tunable surfaces that
are chemically well-characterized by surface ligand activity (surface

activity) quantification. We applied this approach to MDA-MB-231 .
breast carcinoma cells, measuring single cell morphology, speed, and L
directionality as a function of cRGD surface activity, controlled via PO PO P AP L s
cRGD ligand spacing. Using this approach, we show cell behavior I l/

via morphology, migration, and presence of focal adhesions can be
directed from amoeboid to mesenchymal-like phenotypes, highlighting tunable surface activity as a reproducible way to direct

phenotype.

Bl INTRODUCTION relevant phenotypes (e.g, a migratory phenotype for drug
screens targeting cancer metastasis).

Image-based analysis is increasingly used to characterize cell i ‘ ‘ o
Thus, it is crucial that all single-cell migration assays are

phenotype, with broad applications in cancer metastasis, cell-

based therapies,” immune surveillance,” and drug discovery.* ] Hate e
While typically focusing on static snapshots of fixed cells,’ able chemical and physical inputs. Quantifying these cellular

conducted in a well-characterized environment with quantifi-

there is a growing appreciation in the value of time-lapse data, inputs is important for two reasons: reproducibility and
as the information captured by dynamic cellular behavior quantitative control. Reproducibility—both within a given
potentially offers more powerful and biologically relevant cell lab environment and across laboratories, is crucial as seemingly
state classification.””® Single-cell migration assays examine cell minor changes in experimental conditions can result in
movement independent of cell—cell interactions, offering a significantly different cellular response. For instance, it has
powerful approach for phenotypic analysis and highlight cell been shown that in vitro cell media constituents can
heterogeneity.” nonspecifically bind to assay surfaces, reducing surface ligand

Cell behavior, and thus phenotype, are known to be activity (surface activity) toward their cognate receptor by an
extremely sensitive to the chemical and physical properties of order of magnitude or more,”*** thereby hindering replication

the in vitro microenvironment."'~'* Although mesenchymal-
like cells are often observed to exhibit a biphasic relationship of
their migration speed with adhesion ligand density in two-
dimensional (2D),"*'® this often cited phenomena is greatly
affected by the type of ligand, surface immobilization

efforts or confounding data interpretation.”®  Similarly,
quantitative control over surface inputs allows for varieties of
cell phenotypes to be explored, as tuned surface chemistries
can give rise to a range of adherent and migratory cell

27
technique, and other environmental factors (e.g, soluble phenotypes.

factors).'”~"? Furthermore, cellular sensitivity extends to .
environmental properties such as substrate stiffness, local Received: December 17, 2024 LANGMUIR
ligand density gradients, surface topography, and ligand tether Revised:  May 8, 2025

length.”™*> The ability to tune the properties of the Accepted:  May 9, 2025 £

microenvironment is extremely appealing for image-based Published: May 30, 2025

phenotyping, as it can potentially increase the discriminatory
power of assays and screens by directing the desired cells into
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Figure 1. 2D migration assay surface biofunctionalization approaches and workflow for single-cell migration assay. (a) Protein functionalized
surfaces (e.g., fibronectin) in which the binding motif (e.g, RGD) is represented in blue. The proteins can be (i) advantageously orientated for
engaging membrane bound receptors, (ii) disadvantageously orientated for engaging membrane bound receptors, or alternatively, binding can be
blocked by nonspecifically bound media components, (iii) denatured, which alters the stiffness and tether length and (iv) clumped, which alters
topography and stiffness. (b) Alkanethiol based self-assembled monolayer formed atop a glass/Au substrate with the cell adhesion peptide (eg.
cRGD) represented by a blue dot. (c) By design, the peptides are accessible, tunable in their mean spacing ({r)), have a prescribed tether length,
and uniform topography and stiffness. (d) Workflow for single-cell migration assay utilizing quantified surfaces to distinguish cell phenotypes: (i)
Gold surfaces are functionalized by coating with self-assembled monolayer and subsequent conjugation with cRGD ligand. (ii) For morphology and
migration studies, cells are seeded on the functionalized surface and undergo two separate pipelines: (1) monitored time-lapse imaging and self-
supervised machine learning (SSL) cell segmentation for morphological and migration analysis and (2) immunofluorescent staining followed by
single frame imaging for subcellular morphological analysis. (iii) The resulting data is combined to determine cell phenotype.

Given the importance of quantifying these biofunctionalized
surfaces, the scarcity of chemical surface characterization in
literature reports and for commercially available products is
problematic. The typical commercial product data sheet will
report the molecule used to coat the surface (e.g, fibronectin,
collagen) and the cell type used to test the biofunctionalized
surface for migration and viability. In the peer-reviewed
literature it is more typical to report the solution concentration
of the surface-coating molecule and its incubation time with
the surface. None of this information is sufficient to answer the
key questions now known to influence cell phenotype as
illustrated in Figure la: (i) Surface activity: What fraction of
the surface bound molecules can actively bind cell receptors?
(ii) Bioavailability: Is the surface activity being negatively
impacted by improper orientation or interactions with other
media constituents? (iii) Stiffness and linker length: If the
ligands are proteins, are they denatured? (iv) Stiffness and
topography: Are the molecules present as a monolayer or in
multilayers, or clumps? For example, fibronectin (Fn) coatings
are one of the most common biofunctionalized surfaces
utilized in cell biology via adsorption to the underlying
substrate. However, Fn adsorption characterization via Quartz
Crystal Microbalance with Dissipation (QCM-D) reveals that
commonly used soluble concentrations can result in signifi-
cantly different film thickness (Figure S1), highlighting the
entanglement of multiple physical inputs associated with
altering ligand surface density in this widely used method.
This example raises questions about confounding physical and
chemical inputs to cellular response through poorly charac-
terized biointerfaces, and highlights the need for quantitative
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surface characterization for single-cell migration assays to
achieve their potential of being both reproducible and more
generally predictive.

Alkanethiol based self-assembled monolayers (SAMs) have
long been known as idealized biointerfaces,” but only recently
have quantified surface activities been linked to in vitro assay
outcomes.”” Here we provide a platform for developing highly
quantified, reproducible migration assays which addresses
these questions and demonstrate the range of migratory
plasticity that can be uncovered by systematically tuning
biochemical surface activity through the use of SAMs (Figure
1b) and subsequent adjustment of the mean spacing between
cyclic RGD peptide (cRGD) peptides (Figure 1c). Impor-
tantly, the thiol design specifications define the stiffness, linker
length, and bloavallablhty due to direct conjugation of cRGD
to the surface,”” while the ratio of thiol spacer molecules to
cRGD cross-linking thiol varies the surface activity by adjusting
the mean spacing between ¢cRGD ligands. This platform is
incorporated into a workflow for utilizing biofunctionalized
surface in morphology and migration studies to enhance cell
phenotyping (Figure 1d).

To characterize the surface activity, a concurrent control
technique is applied in which surfaces for activity character-
ization via surface plasmon resonance (SPR) are prepared in
parallel with those used for the single-cell migration studies.””
SPR can also be employed to measure ligand bioavailability in
the presence of complex cell media preparations. Surface
monolayers and subnanometer roughness are achieved by
using thiol-based SAM techniques and verified by atomic force
microscopy (AFM).**
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In this study, cRGD was utilized to promote cell adhesion
and migration, ensuring that denaturation was not a concern
and enabling the linker length to be synthetically controlled via
SAM layer design. We applied this approach to single-cell
migration assays of MDA-MB-231 breast carcinoma cells and
measured cell morphology, speed, and directionality as a
function of surface activity. While a host of morphological
parameters such as cell area and circularity varied monotoni-
cally with cRGD surface activity, the corresponding cell speeds
were decidedly nonmonotonic — increasing then decreasing
then increasing again as a function of surface activity,
independent of the applied migratory model. Immunofluor-
escence for vinculin and F-actin revealed that focal adhesions
and stress fibers were only present in cells on substrates with
higher surface activity. These results highlight that well-tuned
chemical environments can reproducibly elicit several
migratory phenotypes that exhibit distinct morphology and
migration characteristics ideal for image-based phenotyping
assays and emphasize a need for controlled extracellular
environments in single-cell assays.

B EXPERIMENTAL SECTION

Recombinant human @, f3; integrins (R&D Systems, #3050-AV-050)
were reconstituted in 20 mM Tris buffered saline (TBS), pH 7.4, and
0.9% NaCl (Sigma, #T5912). The RGD-based peptide cRGDfK
(cRGD, Peptides International, #PCI-3661-PI) was reconstituted in
modified Dulbecco’s phosphate buffered saline (DPBS, Thermo,
#28344) titrated with sodium hydroxide to pH 8.0. The self-
assembled monolayer (SAM) thiols, SH-(CH,);;-EGs—OH (SPO)
and SH-(CH,),;-EG4COH,—COOH (SPC) (Prochimia Surfaces
Sp., TH 001-m11.nS and TH 003-m11.n6) were reconstituted in 200
proof, anhydrous ethanol. N-hydroxysulfosuccinimide (sulfo-NHS)
and 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochloride
(EDC) from Thermo Scientific were dissolved in 18 MQ DDW
immediately before use. Ethanolamine (Sigma, #E905) was diluted in
pH 7.4 DPBS to 0.1M. Ultrapure sodium dodecyl sulfate (SDS)
solution (Invitrogen, #15553027) was diluted with 18 MQ DDW
unless otherwise specified.

For SPR measurements, commercially available bare gold sensor
chips were purchased from Cytiva (SIA Kit Au). For in vitro studies,
20 nm Au thin films were deposited on 25.4 mm diameter, No. 1.5
glass coverslips by e-beam evaporation as previously described. The
gold film was thin enough to allow for phase contrast microscopy
techniques to be employed but thick enough for a continuous film to
be formed on the substrate. The surface roughness, stiffness and
tether length are all well-defined by the gold deposition and thiol
design specifications as previously described.” The cRGD surface
activity was systematically varied by adjustments of the SPO/SPC
ratio and quantified by SPR as described below.

For immunofluorescent studies, a Temescal e-beam evaporation
system FC2000 was used to deposit a 20 nm Au thin film onto the
surface of a commercially available 1.5 glass-bottom 24-well plate
(MatTek, P24G-1.5—13-F). Care was taken so that the deposition
direction was perpendicular to the substrates to minimize side wall
deposition. The e-beam source was preconditioned to maintain a
stable deposition rate of 2 A/s and accurate thickness. A masking
technique was employed to shield specific areas/wells of the plate, for
control measurements. The cRGD surface activity was systematically
varied by adjusting the SPO/SPC ratio as described below. For Fn
immunofluorescent studies, human plasma Fn (Gibco, #33016105)
was diluted down to the desired concentration (1, S, 10, 25, 50, and
100 pug/mL) and drop coated directly onto MatTek dishes and
allowed to adsorb for 1 h at room temperature, followed by 3 rinses
with DDW prior to introduction of cells.

Quartz Crystal Microbalance with Dissipation (QCM-D)
Characterization of Fn Adsorption. Adsorption measurements
were conducted on a Qsense Analyzer (Biolin Scientific) on Qsensor

QSX 303 SiO, sensors (Biolin Scientific). Each sensor was allowed to
equilibrate in their flow cell under running 10 mM PBS buffer until
sensor drift was observed to have less than 1 Hz drift/h. Human
plasma Fn (Gibco, #33016105) was diluted down to the desired
concentration (1, S, 10, 25, 50, and 100 pg/mL) and was introduced
to the sensor at a flow rate of 100 yL/min, and subsequently rinsed
with buffer to remove any lightly bound Fn. The subsequent
frequency and dissipation shifts were fit using a Voight viscoelastic
model to estimate the amount of adsorbed material on the SiO,
surface and resulting film thickness in the Qtools software (Biolin
Scientific). Experiments were conducted in triplicate for each Fn
concentration.

Chip Functionalization and Concurrent Surface Plasmon
Resonance (SPR) Controls. For SPR studies using the Biacore 8K
instrument, SIA bare gold sensor chips were cleaned down to the bare
gold surface by a reactive ion etch (RIE) system utilizing $%
hydrogen, 95% argon gas mixture with the pressure regulated at 300
mT and the RF power at 40 W, and then functionalized with a two
component SAM consisting of SPO and SPC as previously
described.”” The chips were immersed for 18 h in an 0.5 mM
ethanolic-based thiol solution (room temperature) with a SPO to
SPC ratios (and estimated ligand—ligand spacing (r)) of 25:1 (2 nm),
250:1 (6 nm), 2500:1 (19 nm), 25k:1 (59 nm) and 250k:1 (187 nm).
The chips were then rinsed with EtOH, dried under flowing nitrogen
gas, and mounted atop the Biacore SIA sensor inserts according to the
manufacturer’s instructions. Estimated ligand—ligand spacings were
calculated as previously described.”

Activation of the SPC component with cRGD consisted of flowing
a 33:133 mM ratio of sulfo-NHS:EDC for S min, followed by flowing
0.35 mg/mL cRGDfK for S min. Next, unreacted —COOH groups
were blocked by flowing 0.1 M ethanolamine for S min. Finally,
nonspecifically bound reagents were removed by flowing 0.5% SDS
(w/v, DDW) for $ min. For all immobilization steps the flow rate was
10 #L/min and 18 MQ DDW was used a running buffer. The Biacore
8K design incorporates 8 channels, each consisting of sensing lane
paired with a reference lane for the subtraction of nonspecifically
bound analyte. The same immobilization protocol was used for both
reference and sensing lanes with the exception that no cRGD was
applied to the reference lane.

As with the SPR chips, the Au coated coverslips were cleaned down
to the bare gold surface using a RIE system with the same gas,
pressure and power conditions described above and then function-
alized with a two component SAM by immersion for 18 h in an
ethanolic-based thiol solution (0.5 mM). For the Au thin film
biofunctionalization, the SPR self-assembled monolayer and immobi-
lization procedures were repeated except all solutions were manually
drop coated atop the chips and extensively washed with DDW. As a
negative control for cell adhesion studies, additional in vitro chips
were prepared consisting of only SPO thiols. Cells were in serum-free
media when introduced to the SAMs to preserve the surface activity of
the cRGD.

SPR-Based Kinetic Rate Constants and Surface Activity
Measurements. TBS + 0.5 mM MnCl, was used as the running
buffer for all kinetic rate constant and surface activity measurements
with recombinant human «,f; integrins introduced at a flow rate was
30 pL/min for all steps. Before the integrin introduction, the chip
sensing surfaces were normalized using a 70% glycerol solution
(BiaNorm, Cytiva) and then rinsed with 0.25% SDS (w/v, TBS) and
multiple TBS rinses (400 s each). All SPR experiments incorporated
at least one control channel (blank) of only running buffer used to
subtract out instrumental drift. The plotted SPR response curves have
the reference lane and the buffer control channel subtracted.

In Vitro Cell Culture. MDA-MB-231 cells (ATCC, #HTB-26)
were cultured in DMEM supplemented with 10% fetal bovine serum
(ATCC) and maintained at 37 °C and 5% CO,. Prior to seeding on
functionalized Au films, cells were harvested in their logarithmic
growth phase,”® and trypsinized by adding 1 mL of trypsin-EDTA
(ATCC) at 37 °C for 3—4 min before the addition of DMEM (no
serum). The cells were spun down at 125¢ for S min and the pellet
resuspended in S mL DMEM (no serum). Cells were spun down
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Figure 2. Morphological phenotyping as a function of surface activity. Representative images are shown for three surfaces (a) 250k:1, low cRGD
activity, (b) 2500:1, moderate cRGD activity (c) 250:1, high cRGD activity. The automated cell segmentations (blue outlines) from phase contrast
images were used to generate mean cell area, perimeter, and circularity data shown in (d—f). Each datum displays the average and standard error of
mean from ~75 segmented cells, pooled from technical and biological replicates and time averaged over the 7-h migration study. The contrast has
been enhanced in images (a—c) to highlight cell shape. Scale bar = 100 ym. Mean spacing ({r)) displayed on top x-axis for (d—f).

again and resuspended in serum-free media to thoroughly eliminate all
trypsin and serum components. As an additional negative control for
the cell adhesion studies, the cells were resuspended in a DMEM-
based solution containing 1 mM of ¢cRGD for 60 min before drop
coating on 25:1 thiol ratio chips. Cells exposed to cRGD in solution
in this manner remained rounded and did not spread on the chips
(data not shown).

Live Cell Microscopy. Live cell imaging was performed using
phase contrast illumination with a 10X, 0.9 numerical aperture
objective. A heated stage and temperature-controlled enclosure held
the stage temperature at 37.0 + 0.04 °C (Zeiss). Humidity and CO,
were regulated at 98 and 5%, respectively. Cells were added to the
functionalized chip to achieve cell densities of approximately 27 cells/
cm® (~8 cells per field of view) with image acquisition typically
beginning within 20 min. Time-lapse, live-cell microscopy was
performed every 10 min utilizing an automated X, Y stage to image
10—20 fields of view (FOV) per time point. Live cell imaging
experiments were performed for at least 15 h.

Cell Morphology and Migration Analysis. To ensure objective
live cell segmentation and analysis from the imagery, a completely
automated self-supervised machine learning (SSL) algorithm was
employed that required no curated training data or parameter
tuning.”® For each image, the algorithm outputs metadata which
includes the outlines of the segmented cells, their centroid positions,
as well as morphological parameters such as cell area, Feret min/max,
and circularity.

For each thiol surface ratio at least 75 individual cells were selected
from 3 biological replicates (BRs) with roughly 25 cells per BR. BRs
were conducted on different days with newly prepared cRGD surfaces
using different cell passages. Cells were given at least 7 h to reach
homeostasis with the surface based on morphological profiling,” after
which they were manually selected from the metadata using the
following set of rules: each cell was tracked for 7 h during which the
cell did not contact other cells and the cell did not enter mitosis.

In addition to analyzing the extracted morphological parameters,
cell migration was assessed using several models. The first model
considered is instantaneous velocity, calculated as Ar;/At, where Ar;

represents the distance traversed by the cell’s centroid during the i-th
wait time point, and At is the wait time between images (10 min).
Another model used is the end-point directionality index, which is the
ratio of the cell’s centroid distance from the origin at the end of the
observation period (7 h), denoted as d.,4, to the total distance
traversed, represented as d,,q/ Y ;Ar. The mean square displacement
(MSD) time exponent was also evaluated, with the relationship given
by MSD « t% where a = 1 indicates purely diffusive migration, a > 1
denotes ‘superdiffusive’ migration, and a < 1 is considered
‘subdiffusive’. Lastly, the persistent random walk (PRW) speed was
analyzed according to the methodology outlined by Wu et al.*!

Immunofluorescence Staining and Analysis. MDA-MB-231
cells were cultured in serum-free DMEM on functionalized Au films
for 8 h before fixation. The —OH condition served as a mock and was
treated with cRGD in the absence of the SAM. Cells were quickly
rinsed three times with ice cold phosphate-buffered saline with Ca**
and Mg2+ (PBS++; Gibco, 14190—144) before treatment with 4%
paraformaldehyde (Thermo Scientific, 28908) in PBS++ for 20 min at
room temperature. Cells were then rinsed with PBS++ before
immunofluorescence staining.

Fixed MDA-MB-231 cells were rinsed three times with room
temperature PBS++ before treatment with 0.5% Triton X (Millipore
Sigma, X100—100 ML) for 10 min. After rinsing three times with
room temperature PBS++, cells were treated with blocking buffer
containing 5% goat serum (Invitrogen, 31873) in PBS++ for 1 h at
room temperature. Blocking buffer was then replaced with mouse
antivinculin (Invitrogen, V9131) primary antibody at 1:500 dilution
in PBS++ with 1% Bovine serum albumin (BSA; Sigma, A9647—
100G) for 1 h at room temperature. Cells were rinsed with PBS++
with 0.05% Tween-20 (Sigma, P2287) in S5- and 10 min intervals
before treatment with 1:500 dilution Alexa Fluor 488 goat antimouse
IgG (Jackson ImmunoResearch Laboratories, 115—545—003), 1:500
dilution Alexa Fluor 555 phalloidin (Invitrogen, 30106), and DAPI
NucBlue Fixed Cell Stain ReadyProbes (Invitrogen, R37606) for 1 h
at room temperature. Following staining, cells were rinsed with PBS+
+ with 0.05% Tween-20 in 5- and 10 min intervals, covered with
parafilm and aluminum foil, and stored at 4 °C until imaged.
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Figure 3. Cell speed and directionality parameters as a function of surface activity. (a) Cell circularity from Figure 2f (circles, dashed line)
coplotted with the cell instantaneous speed (squares, solid line). (b) Directionality index. (c) Mean square displacement (MSD) time exponent, a.
(d) Persistent random walk (PRW) speed, S. Each datum displays the average and standard error of the mean from ~75 segmented cells, pooled
from technical and biological replicates and time averaged or fit over the 7-h migration study. Mean spacing ({r}) displayed on top x-axis for (a—d).

Immunofluorescent cells were imaged using oil-immersion 60X
objective on Nikon Al confocal equipped with 405, 488, 561, and 640
nm laser lines. The resulting images were analyzed for focal adhesions
and F-actin using CellProfiler.>* Objects identified from the vinculin
immunofluorescence are referred to as focal adhesions, whereas
objects identified from the phalloidin immunofluorescence are
referred to as F-actin. For each image, morphological parameters of
the immunofluorescent objects (i.e., focal adhesions or F-actin) were
calculated, including the area and max Feret diameter (referred to as
length, ). Statistical analyses and graphical representations of these
data were prepared using Origin Pro (OriginLab Corporation;
Northampton, MA).

B RESULTS AND DISCUSSION

This work utilized biofunctionalized surfaces in morphology
and migration studies to enhance cell phenotyping. The cRGD
surface activity was systematically tuned by varying the ratio of
thiol spacer molecules (SPO) to those with functional groups
for cross-linking to cRGD (SPC). These surfaces ranged from
all SPO surfaces (—OH) to a 25:1 SPO/SPC ratio and surface
activity quantified by SPR using recombinant human a3,
integrins as a probe (Figure S2).

MDA-MB-231 breast cancer cells were seeded without
serum on the functionalized surfaces and analyzed for
morphology (Figure 2) and migration (Figures 3 and 4)
over a 7-h period. Cell morphological phenotype varied
monotonically from more circular (Figure 2a) to elongated
(Figure 2b,c) with increasing surface activity. SSL for cell
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segmentation was employed to automatically extract morpho-
logical features including mean cell area, perimeter, and
circularity (Figure 2d—f). The cell spread area and perimeter
increased with cRGD surface activity and circularity decreased,
consistent with the observation of the cells increasing in
elongation with increasing surface activity.

In contrast, Figures 3 and 4 highlight the more complex
relationship between cell shape and migratory speed. The cells
achieved their highest speeds on both low activity surfaces
(250k:1) and high activity surfaces (250:1), while exhibiting
largely circular and significantly more elongated morphologies,
respectively (Figure 3a). To ensure these results were not
model dependent we analyzed cell speed and directionality
using a range of models including directionality index (Figure
3b), mean square displacement (MSD) time exponent (Figure
3c) and persistent random walk (PRW) speed (Figure 3d). In
all cases the pattern of increasing and decreasing migration
speed and directionality index with surface activity were
consistent.

Representative migration trajectories as well as the
corresponding cell outlines are depicted in Figure 4a, showing
that cells on OH and 2500:1 surfaces typically traveled shorter
distances and have stable morphologies during the observed
migration period. The subtle changes in cell motility via tuning
surface activity are shown in Figure 4b by the log—log plots of
the MSD versus time, showing that both 250k:1 and 250:1
elicit slightly superdiffusive motion with @ =~ 1.2, and

https://doi.org/10.1021/acs.langmuir.4c05135
Langmuir 2025, 41, 13763—-13773


https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.4c05135/suppl_file/la4c05135_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c05135?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c05135?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c05135?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c05135?fig=fig3&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c05135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

pubs.acs.org/Langmuir

Langmuir

(a) -OH 250K:1 25K:1

s i -

o Z

Q

g \ >

F 100 pum

>

(=]

S &B

: § o

g - TR B“;

(<]

= 100 ym

10000

E 1000

)

2]

=

(0]

(o))

o

o 1004 g =

< o
A 25K:1

§ v 2500:1
© 250:1
4 251
10 :
10 100 1000
Time (min)

2500:1

Coefficient of Variance for Area

250:1

t =420 min
(ry (nm)
N.A. 187 59 19 6 2
] * i
1 [ * * | *(C)
[ I [
® ) ® J
w
2]
)
<
Xe]
2 011 1
[
£
=)
L
9,
- °®
] ® . d
0.01 T T T T T T
-OH 250k:1 25k:1 2500:1 250:1 25:1

Thiol Ratio

Figure 4. Cell dynamic morphology as a function of surface activity. (a) Representative cell trajectories and morphologies for each surface activity.
Traces show cell trajectory and morphology over 7 h with color scale indicating time. Scale bar represents 100 ym. (b) Average mean square
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plotted as points. Data set statistically analyzed with Kruskal—Wallis test and Dunn’s test for multiple comparisons: *p < 0.0S. Mean spacing ({r))

displayed on top x-axis for (c).

subdiffusive motion (a < 1) is only achieved on the mock
(—OH). Furthermore, slower cell migration is associated with
lower fluctuations in cell spread area (Figure 4c), which is
consistent with less observed lamellipodia protrusions/
retractions observed on the OH and 2500:1 surfaces. These
fluctuations in cell spread area due to lamellipodia protrusions/
retractions were quantified by measuring the coeflicient of
variation for the area of individual cells. A higher coeflicient of
variation indicated more changes in cell area over time,
whereas a lower coeflicient of variation indicated fewer changes
in cell area over time. The combined data give a clear example
of how quantitatively tuning the extracellular environment can
expose cellular migratory plasticity.

The architectural differences in the cell cytoskeleton elicited
by tuning the cRGD surface activity were highlighted by
immunofluorescent staining of fixed MDA-MB-231 cells
(Figure S). Based on the observed differences in migration
and morphology, the —OH, 250k:1, 2500:1, and 250:1 thiol
ratios were chosen for immunofluorescence staining. While
there were differences observed at the 25k:1 and 25:1 ratios,
the selected ratios were representative of the extremes: —OH
had high circularity and low speed, 250k:1 had high circularity
and high speed, 2500:1 had lower circularity and lower speed,
and 250:1 had lower circularity and high speed. In the mock
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(—OH) and lower surface activity (250k:1 and 2500:1)
conditions (Figure Sa—c), the F-actin was predominately
diffuse and cortical in arrangement, with typical stress fibers
present only at the higher surface activity (250:1), charac-
terized by their anchoring at large focal adhesions (Figure 5d).
Few focal adhesions were observed in the mock, with small
focal adhesions (I < 1 um) observed in the lower surface
activity conditions (250k:1 and 2500:1). Focal adhesion and F-
actin morphology analysis showed increased area in response
to increased surface activity (Figure Se), which corresponded
with an increase in length (Figure 5f). The mature focal
adhesions were calculated based on the length, with significant
increase in the number of mature focal adhesions on the 250:1
surface condition (Figure Sg). To compare how the quantified
cRGD surfaces influence cell phenotype to more common Fn-
coated surfaces, we conducted immunofluorescence experi-
ments on 0 (mock), S, 10, 25, 50, and 100 ug/mL surfaces
(correlated with QCM-D measurements), with representative
images shown in Figure S3a. Cells seeded on lower Fn density
(0, S, and 10 pg/mL) exhibited a round morphology with F-
actin observed as diffuse in nature and cortical in arrangement,
and vinculin similarly diffuse — no stress fibers or visible
mature focal adhesions were observed under these conditions.
Cells seeded on higher Fn density (25, S0, and 100 pg/mL)
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replicate. Scale bar = 20 ym. Mean spacing ({r)) displayed on top x-axis for (e—g).

cells exhibited an elongated and spread-out morphology with
F-actin readily observed in stress fiber architectures that anchor
at abundant and clearly visible mature focal adhesions under
these conditions. Focal adhesion and F-actin morphology
analysis showed a significantly increased area on higher Fn
density surfaces (25, S0, and 100 pg/mL) compared to lower
Fn density surfaces (0, S, and 10 pg/mL, Figure S3b).
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Fabricated or engineered microenvironments are a funda-
mental research platform for cell biology and foundational to
image-based cell analysis. However, most techniques infer or
assume ligand surface activity in lieu of quantitative measure-
ments. In this work, we have expanded on a dual SPR/in vitro

2429 {6 tune the

assay with well-characterized surface activity
extracellular environment to quantify single-cell migratory
phenotypes. Through precise and reproducible modulation of

https://doi.org/10.1021/acs.langmuir.4c05135
Langmuir 2025, 41, 13763—-13773


https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.4c05135/suppl_file/la4c05135_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c05135?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c05135?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c05135?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c05135?fig=fig5&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c05135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

250k1  (a) |
SPEED

/  sLow FAST

v
v

25001 ()]

!3’!,!

s’s % ¢

3 388" s

5%

L

o

pligand 1

Figure 6. Single-cell migration assay modulates MDA-MB-231 cell phenotype. (a—c) Cell morphology, migratory speed, and cytoskeletal
architecture varies with increasing surface activity (represented by blue dots). Mature focal adhesions are shown as dark red ovals and elongated F-

actin filaments are shown as red lines.

cRGD spacing, MDA-MB-231 breast cancer cells increased in
spread area and elongation with increased cRGD surface
activity (Figure 2). However, cell speed, migration direction-
ality, and fluctuations in spread area were found to rise, fall,
and rise again with increased cRGD surface activity (Figures 3
and 4). Immunofluorescence staining indicated larger, mature
focal adhesions and large F-actin filaments only present on
high activity surfaces (250:1, Figure S) with an average ligand-
spacing of (r) ~ 6 nm. Interestingly, despite a relatively low
ligand-spacing of (r) &~ 19 nm on 2500:1 surfaces, our results
indicate that this is not enough available cRGD to sustain
efficient/fast focal-adhesion based mesenchymal migration
under these conditions. In contrast, mature focal adhesions
and large F-actin filaments were observed in cells seeded on Fn
concentrations >25 pug/mL (Figure S3), which coincides with
adsorbed films that exceed a monolayer of Fn (Figure S1).
While it is extremely difficult to estimate the average ligand-
spacing of adsorbed Fn layers, these results highlight the issues
of interpretability of underlying ECM properties when relating
the soluble concentration of adsorbed molecules to cellular
response (e.g., changes in surface ligand density versus surface
stiffness/topography).

Cancer cells primarily use two different modes to migrate
individually: mesenchymal and amoeboid.”**~** Mesenchy-
mal-migrating cells use integrins and associated focal adhesion
proteins to adhere tightly to their substrate, resulting in
elongated cell morphology. In contrast, cells exhibiting
amoeboid migration have low adhesive interactions, resulting
in a rounded cell morphology.”*™* Previous studies have
shown that MDA-MB-213 cells can exhibit both mesenchymal
and amoeboid motility.”>*”~** We were able to replicate these
behaviors by tuning the extracellular environment, as
illustrated in Figure 6. At low ligand density (250k:1), cells
were circular, lacked mature focal adhesions and large F-actin
stress fibers, and displayed faster migration, typical of an
amoeboid phenotype (Figure 6a). Interestingly, the enhanced
speed at lower surface activity resulted in more persistent
migration (Figure 3b). While amoeboid migration is
characterized by frequent changes in direction and fast
migration, at longer time scales the migration has been
shown to resemble a persistent random walk.*’ Given the
longer time scale of the experiments (7 h), persistent random
walk movement was observed. At medium ligand density
(2500:1), cells showed moderate spreading but still lacked
mature focal adhesions and large F-actin filaments, and
exhibited slower migration, indicative of a slow-migrating
intermediate phenotype where the cells exhibit spreading but
lack the robust adhesions and large stress fibers observed in a
mesenchymal phenotype. (Figure 6b). At high ligand density
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(250:1), cells became elongated, developed mature focal
adhesions and large F-actin stress fibers, and demonstrated
fast migration, characteristic of a fast-migrating mesenchymal
phenotype (Figure 6¢). Elucidating molecular mechanisms of
these phenotypic shifts (e.g, RhoA/RAC signaling) would
greatly aid in defining these intermediatary phenotypes, and
will be incorporated into future studies utilizing this platform.

These results highlight two important facets of the proposed
in vitro experimental framework. The first is that morphological
profiling alone can miss important phenotypic information.
The cell area, elongation, and focal-adhesion and actin
organization increase monotonically with surface activity,
indicating increased cell spreading and adhesion which is
indicative of a mesenchymal phenotype. However, if this data
is combined with the cell migration data, it becomes apparent
that there is a distinct phenotype between the amoeboid and
mesenchymal phenotypes. The migration data points to a third
slow-migrating intermediate phenotype that is distinguished by
not increasing area and decreasing circularity, but by the
decrease in migration speed. This result highlights that
dynamic morphology and migration data can reveal the subtle
spectrum of environmentally induced phenotypes, offering an
appealing avenue for applications ranging from drug discovery
to stem-cell differentiation.

The second important aspect is that surface activity, while
often overlooked in vitro, offers a quantitative and reproducible
method to direct cell phenotype with greater fidelity compared
to standard migration assays. While single-cell migration
studies are commonly used, there is currently no stand-
ardization in the field. Studies have shown a biphasic
relationship between cell speed and surface ligand concen-
tration; ' ®**** however, the surface activity—as well as other
important physical parameters—is not directly measured in
those publications but inferred, preventing direct comparison
between studies or to the results reported here. For instance,
He et al. utilized block copolymer micellar nanolithography for
precise positioning of RGD peptides for migration study.”*
However, we have previously shown that even small amounts
of serum can significantly reduce surface activity,”* making a
direct comparison between experimental results difficult. Here,
our quantitative in vitro migration assay reveals a more
complex relationship with cell speed regarding surface ligand
density, with the quantification of surface activity on
alkanethiol SAMs an appealing approach to ensure interlabor-
atory reproducibility.

While this single-cell migration assay platform addresses the
need for a quantifiable and reproducible extracellular environ-
ment, we acknowledge the assay was designed using a single
type of cRGD (cRGDfK) and a single type of integrin (a,f;)
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was used for SPR experiments. The cRGD ligand is the most
studied of the integrins that can specifically bind a,f3;, which is
overexpressed in most tumor cells,”” making it ideal for
studying cancer cell migration and adhesion.*® We also note
that all experiments were conducted using MDA-MB-231
breast cancer cells, which were chosen for their phenotypic
plasticity in response to their microenvironment.”*”~*
Additionally, the assay requires that cells are in serum-free
media to preserve the cRGD surface activity, as solutions
containing as little as 1% FBS have been shown to reduce
surface activity by 33-fold.**

Given that it is a significant problem in basic cancer research
to understand what properties of the microenvironment elicit
the Mesenchymal-to-Amoeboid Transition (MAT) and its role
in cancer metastasis, these results highlight the importance of
how both well-characterized surface activity and dynamic
cellular metrics can reveal the subtle the differences in the
spectrum of MDA-MB-231 phenotypes. As shown here, cancer
cells can be directed to express a range of migratory
phenotypes, thereby allowing drug dose—response curves to
be generated for cells in both the highly migratory modes
common to metastasis and the more stationary states more
closely associated with slow growing tumors.

We also anticipate that cell-based therapeutics which rely on
stem cells can now be explored systematically as a function of
the engineered surface activity for reproducibly differentiating
cells. We view this surface enhanced approach as a platform for
maximizing the information gained from single-cell adhesion
and migration assays before moving on to more complex (and
more time-consuming) 2D and three-dimensional (3D) in vivo
assays. The scanning stage live cell microscopy experimental
approach coupled with completely automated self-supervised
machine learning-based cell segmentation is well-suited for
high throughput screening applications. The functionalization
procedure has been successfully applied to 24-well plates and is
adaptable to 96-well plates in the future.

B CONCLUSIONS

The single-cell migration assay developed here combines
chemically well-defined surfaces with morphological and
migration analyses to both drive and interrogate cell
phenotype. Application of this assay to MDA-MB-231 breast
cancer cells led to the observation of distinct phenotypes in a
label-free environment and without additional treatments in a
reproducible manner. The quantitative control and reprodu-
cibility of this assay lends itself for use drug discovery and cell-
based therapeutic design.
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