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Christof M. Niemeyer,* and Carmen M. Dominguez*

Abstract: The adhesion of circulating tumor cells
(CTCs) to the endothelial lumen and their extravasation
to surrounding tissues are crucial in the seeding of
metastases and remain the most complex events of the
metastatic cascade to study. Integrins expressed on
CTCs are major regulators of the extravasation process.
This knowledge is primarily derived from animal models
and biomimetic systems based on artificial endothelial
layers, but these methods have ethical or technical
limitations. We present a versatile microfluidic device to
study cancer cell extravasation that mimics the endothe-
lial barrier by using a porous membrane functionalized
with DNA origami nanostructures (DONs) that display
nanoscale patterns of adhesion peptides to circulating
cancer cells. The device simulates physiological flow
conditions and allows direct visualization of cell trans-
migration through microchannel pores using 3D con-
focal imaging. Using this system, we studied integrin-
specific adhesion in the absence of other adhesive
events. Specifically, we show that the transmigration
ability of the metastatic cancer cell line MDA-MB-231 is
influenced by the type, distance, and density of adhesion
peptides present on the DONs. Furthermore, studies
with mixed ligand systems indicate that integrins binding
to RGD (arginine-glycine-aspartic acid) and IDS (iso-
leucine-aspartic acid-serine) did not synergistically en-

hance the extravasation process of MDA-MB-231 cells.)

Introduction

Despite the inefficiency of circulating tumor cells (CTCs) to
develop successful metastatic foci, metastasis remains the

leading cause of >90% cancer deaths."! The complex
metastatic journey of CTCs involves several stages and
interactions, particularly with the endothelial cells that line
blood vessels.”! It begins when tumor cells detach from the
primary tumor, intravasate into the bloodstream with the
help of enzymatic degradation of the extracellular matrix
(ECM), and navigate the circulatory system.”! To survive
this journey, CTCs resist shear forces and immune detection,
often by aggregating or using platelets as a shield.! CTCs
are then arrested within the vasculature of distant tissues
through selectin- and integrin-mediated interactions, leading
to increased adhesion to endothelial cells. This firm
adhesion facilitates their extravasation by altering endothe-
lial junctions and crossing the endothelial barrier into the
tissue matrix, where they invade and establish new tumor
sites.’! Key molecular players in this process are integrins,
which are essential for adhesion and invasion, chemokines
and cytokines that direct tumor cell migration; and the ECM
components, which can be remodeled to promote
metastasis.”) Among these steps, the extravasation of CTCs
from the blood vessels is the most intricate stage to study, as
it is a rare event that occurs within distant intact organs, and
yet is poorly understood. Current understanding of extrava-
sation derives mostly from intravital microscopy studies
performed in animal models.”! While these investigations
have played a crucial role in recapitulating the pathophysiol-
ogy behind metastasis, animal models imply economical,
ethical, and translational limitations to human physiology™
that have led to proposals for their complete elimination
from preclinical research! and call for novel alternatives.
Microfluidic systems have emerged as a particularly
convenient option to recapitulate the cellular interactions
and physiological conditions during extravasation. They
offer precise control over cellular components and the
physicochemical environment, including essential mechan-
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ical cues, such as mimicking shear forces imposed by blood
flow. These microfluidic devices are usually based on
endothelial layers, immobilized on top of inert substrates or
synthetic extracellular matrices, which cancer cells can use
for adhesion and transmigration.” Recently, self-assembled
vascular networks of endothelial cells have been applied to
investigate extravasation.'”! Such systems have been suc-
cessfully employed to evaluate, for instance, the effects that
flow rates,"!! hypoxia,'” substrate stiffness,”! the presence
of certain chemotactic agents," or the glycocalyx!"""! have
on the extravasation capabilities of different cancer cell
lines. Despite their remarkable biomimetic level, the use of
endothelial layers also poses technical challenges.”! For
example, protocols for coating engineered surfaces with
adhesion proteins must be extensively optimized to ensure
the growth of intact endothelial layers across the dimensions
of the microfluidic channel.' Additionally, endothelial
barrier quality assessments are required to verify perme-
ability and adequate monolayer formation, and optimizing
perfusion flow rates of the cell medium is essential to
maintain the stability and viability of the cell barrier during
the experimental time.'™™!”) Also, endothelial cells need a
prior activation step to express membrane receptors for cell-
cell interactions with cancer cells.'"¥ Most importantly, the
use of endothelial layers does not allow the analytical system
to study the effects of the type and nanoscale arrangement
of specific biomolecules on the extravasation process. To
overcome these limitations, we present here a generic
microfluidic platform for extravasation studies that mimics
the endothelial barrier by using a porous membrane
decorated with DNA origami nanostructures (DONs) that
display arrangements of selected adhesion peptides for
circulating cancer cells.

DON-based technologies have recently emerged as a
powerful tool for studying cell function in a controlled
context. In contrast to conventional immobilization techni-
ques for functionalizing surfaces with biomolecular ligands,
DONs act as versatile molecular pegboards that enable
precise stoichiometric control and geometric arrangement of
functional ligands at the nanoscale.” This unique precision
represents a significant advantage over conventional func-
tionalization techniques, as it enables the creation of
spatially defined ligand nanoarrays to mimic potential bio-
logical environments that cells may encounter. Due to the
possibility of producing controlled patterns of ligands on
length scales relevant to cell biology, this approach allows to
modulate the spatial organization of ligand-receptor pairs to
study the molecular mechanisms of cellular signal trans-
duction processes through the resulting cellular responses.
For example, DONSs bearing ligands to target immunoglobu-
lin-® tyrosine kinase-,?*?! and tumor necrosis factor-
receptors™ have been reported to address questions about
cell activation, motility, and apoptosis. Integrins, which play
a role in cell motility in general,” and specifically in
determining the sites at which adhesion to the endothelial
lumen and extravasation occur,® have rarely been studied
using DON-based methods. Few studies have addressed the
use of DONs to interface integrins and modulate cell
spreading, adhesion, and motility on flat surfaces,”'**" or to
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measure cellular mechanical forces.?”) However, to the best
of our knowledge, the unique ability of DONs to produce
nanoscale ligand architectures for the study of complex
processes, such as cancer cell extravasation, has not been
exploited. In this work, we demonstrate how ligand-
modified DONs can be used within a cross-length-scale
biomimetic chip platform to investigate the mechanistic
basis for cancer cell extravasation processes. Specifically, we
show how variations in two- and three-dimensional spatial
arrangement, density, and combination of different integrin-
binding peptides affect the extravasation efficiency of cancer
cells under physiological flow conditions.

Results and Discussion

Our platform is based on the so-called vasQchip device,
which was originally designed to mimic a blood vessel
(Figure 1a) by allowing fluid flows that achieve physiologi-
cally relevant shear conditions.” The platform contains a
semi-cylindrical polycarbonate (PC) microchannel (w:
0.35 mmxI: 20 mm) with cylindrical pores of about 8 ym in
diameter that provide the physical space for cell extrava-
sation. The microchannel is placed on top of a reservoir that
contains medium to allow the capture of extravasated cells
(Figures 1b and 1c). In this work, we took advantage of
DNA nanotechnology to transform the vasQchip into an
extravasation platform that presents peptide ligands for
cellular adhesion in precise nanoscale arrangements, thereby
mimicking the organization of adhesion ligands on the
endothelial cell membrane (Figure 1d). To this end, we
decorated the microchannel PC membrane with rectangular
DONs with a size of 70x100 nm*> that were specifically
modified to present peptide ligands (Figures le, 1f, S1, and
S2) and included fluorescent dye labels (Cy3) to enable their
optical detection. Based on previous work on DNA
functionalization of microthermoformed 3D structures,?”
we functionalized the PC channel with GPTS (3-glycidylox-
ypropyl-trimethoxysilane), which bears epoxy-reactive
groups to enable epoxy-amine crosslinking with amino-
modified DNA capture oligonucleotides (see the Exper-
imental Section for details on the functionalization). The
DNA oligonucleotides tethered to the PC membrane then
served as capture strands to hybridize with DONs containing
complementary DNA strands protruding from their lower
side (Figures 1d and S1).

Successful immobilization of DONs on the PC mem-
brane was confirmed by confocal fluorescence microscopy,
indicating strong Cy3 signals on the porous surface and
inside the pores (Figures 2a and 2b). Through these signals,
we confirmed a uniform distribution of DONs on the
microchannel surface (Figure S3) with a density of 61+
12 DON/um? (Figure S4), which was about 3 times higher
than the density observed on planar glass surfaces;*"™ for
details, see the Experimental Section. The DONs on the PC
membrane were then functionalized with bioactive ligands
using two common methods for DNA origami decoration: i)
either by using chemically synthesized DNA-peptide con-
jugates that hybridized at precise locations defined by
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Figure 1. The microfluidic extravasation platform. a) VasQchip device with the porous PC microchannel (in blue). b) Scheme of cancer cells
circulating through the microchannel. The chip allows the porous PC membrane to be placed on top of a reservoir to which cells could extravasate.
) Schematic representation of the transmigration of cancer cells through the porous membrane decorated with DONs presenting nanopatterns of
adhesion ligands. d) RGD peptides as an example of an integrin-binding ligand used in this work to mimic the endothelial layer and induce cell
adhesion to the porous flow channel. The DNA oligonucleotides tethered to the PC membrane served to immobilize DONs containing
complementary DNA strands protruding from their lower side. €) Schematic top view of a DON containing a pattern of DNA-peptide conjugates
arranged in two columns separated by 60 nm. Ligands in a column were spaced 15 nm apart from each other. f) AFM topographic image of the
synthesized rectangular DONs with an approximate size of 70x100 nm. Here, the DON was decorated with DNA-STV conjugates to visualize the
designed pattern, since the size of the adhesion peptides, such as RGD, is beyond the resolution limits of AFM imaging. Scale bar: 50 nm.

complementary DNA overhang strands protruding from the
top of the DON, or ii) by using biotinylated peptides that
were immobilized by streptavidin (STV) bridges (Figure S1).
These strategies are two of the most common immobiliza-
tion approaches for anchoring biomolecules to DNA nano-
structures and allow to explore the effects of ligand
flexibility and accessibility on the cellular
I.esponse.[19&3,20&:1,21h.28]

In this study, MDA-MB-231 human mammary adenocar-
cinoma cells served as the main working model due to their
highly invasive nature and proven ability to metastasize in
vitro."”!  Additionally, MCF-7 cells, which have lower
motility than MDA-MB-231 cells,” were used to assess the
platform functionality. Given the differences in integrin
expression between MDA-MB-231 and MCF-7 cells, which
likely influence their distinct biological behaviors,”!! we
analyzed the results from each cell line independently.

In typical extravasation experiments, a suspension of
cells was actively perfused through the microchannel using a
peristaltic pump in a closed-loop circuit at a defined flow
rate of 180 uL/min. A picture and schematics of the fluidic
setup are shown in Figure S5. Under the applied flow rate,
the maximum velocity reached in the center of the channel
and the maximum shear stress found directly on the wall

Angew. Chem. Int. Ed. 2024, 202318805 (3 of 9)

were ~15 mm/s and =0.9 dynes/cm?, respectively; as indi-
cated by simulations of the fluid flow within the channel
(Figure S6). These values correspond to the physiological
stress experienced by cells inside veins and capillaries.’”!
Confocal microscopy images of the microfluidic channel
served to analyze whether cancer cells adhere and trans-
locate through the functionalized pores (Figures 2c, 2d, and
S7). To quantify extravasation events, we focused on the
position of the nucleus because it is described as one of the
most rigid organelles inside a cell.”” Consequently, follow-
ing transwell migration assays evaluation criteria,’ success-
ful transmigration of a cell was ascribed only when the cell
nucleus had passed through a pore of the membrane and the
cell had adhered to the outer wall of the microchannel. Cell
extravasation was calculated as a percentage value using the
number of transmigrated cells over the total number of cells
found in 20 regions of interest of 212 pmx212 pym randomly
selected.

To promote cell extravasation in our experiments, an
FBS gradient was created between the two reservoirs by
periodically perfusing FBS-enriched cell culture medium
into the reservoir beneath the microchannel. Despite this
gradient, initial experiments with both less invasive MCF-7
and metastatic MDA-MB-231 breast cancer epithelial cells
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Figure 2. Visualization of cancer cell transmigration. a) The successful DON functionalization was indicated by fluorescence microscopy detection
of Cy3-fluorescent DONs (in green) inside the PC microchannel. Scale bar: 2 mm. b) 3D microscopy image of the functionalized porous surface.
Scale bar: 20 pm. c) 3D image of MDA-MB-231 cells in different positions across the microchannel walls. Actin filaments and nuclei of MDA-MB-
231 cells were stained with Alexa Fluor 488 Phalloidin and Hoechst, respectively. Scale bar: 15 pm. d) The interaction of cells with the functionalized
areas containing RGD-functionalized DONSs resulted in three events: i) cells that did not enter the pores but are attached to the inner surface of
the microchannel, ii) cells trapped in the pores, iii) cell transmigration through the pores of the PC membrane, as indicated by the position of the
cell nucleus (in blue) on the outer face of the channel wall. Scale bars: 20 pm. e) Impact of flow conditions and adhesion ligands on the
transmigration efficiency of MDA-MB-231 cells. The combination of flow and DNA-RGD conjugates was necessary to promote cell extravasation in
our platform. P values were obtained from a two-way analysis of variance (ANOVA) test. *P < 0.05. All P values and details of statistical analysis are

shown in Table S5.

revealed that fluid flow, and thus shear stress, was required
to trigger extravasation in the first place (Figures 2e and S8).
This observation aligns with earlier studies indicating that
shear stress is a relevant factor that influences the ability of
cancer cells to metastasize.l** Technical limitations related
to combining high-resolution imaging with the fluidic setup
prevented real-time observation of extravasation under flow
conditions. However, time-lapse images of extravasating
cells recorded under static conditions (Figure S9) revealed
migration times for MCF-7 and MDA-MB-231 cells of ~3-—
5 um/h, which agrees well with the reported range of 5.1 to
12.8 um/h for cells crossing an endothelial barrier and
moving through 15 um wide channels.”® Subsequent experi-
ments were performed under flow to emulate the physio-
logical conditions that promote cancer extravasation in vivo.

To validate the utility of the platform for extravasation
studies, we tested it using DNA conjugates functionalized
with the RGD peptide (arginine-glycine-aspartic acid). As
discussed above, integrins are key players in cell adhesion
and cancer cell extravasation.’! Some integrins bind with
high affinity to RGD tripeptides,”” which are motifs found
in proteins of the ECM;F"! but also in membrane proteins,
such as certain IgCAMSs,P* crucial for cancer cell-endothe-
lial cell interactions. Of particular interest are a,f; and aspB,;
integrins, involved in the first weak interactions and
subsequent stabilization between tumor cells and the
endothelium, respectively.® Both type of integrins bind to
RGD peptides.*” Initial experiments testing surfaces with
DNA-RGD conjugates (for details on the synthesis of the
DNA-peptide conjugates, see Experimental Section and
Figure S10) demonstrated significantly enhanced transmi-
gration efficiency under flow conditions for both MDA-MB-
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231 and MCF-7 cells, compared to surfaces without RGD,
highlighting the role of RGD peptides in promoting cell
transmigration. Notably, MDA-MB-231 cells showed a 20-
fold higher transmigration efficiency in channels with DNA-
RGD conjugates (59.3+42 %) compared to channels with-
out RGD (3.942.1%) (Figure 2e). These studies similarly
showed that for MCF-7 cells (Figure S8), the presence of
DNA-RGD conjugates was essential for triggering trans-
migration.

The platform also allowed the evaluation of cell
morphology and proliferation after transmigration, as the
growth of cells that had crossed the membrane and adhered
to the reservoir under the microchannel could be easily
tracked. We observed that MDA-MB-231 cells were still
adhered to the outside of the membrane after 3 days
(Figure S11a). Bright-field microscopy showed a seven-fold
increase in cell number over 10 days with the characteristic
morphology! maintained and cell viability >95% (Figur-
es 11b and 11c¢).

Having established that RGD peptides and shear stress
effectively promote transmigration in our platform, we
proceeded to study the effect of ligand arrangement and
spacing on the extravasation capabilities of MDA-MB-231
cells. To this end, we first corroborated whether we could
observe an effect on the transmigration efficiencies with
varying distances between ligands. Previous studies suggest
that the spacing between adhesion ligands has a significant
role on the stability of cell adhesion on planar surfaces;*!
indicating that cell adhesion is favored by spacings <60 nm
between RGD motifs,*™ and, more specifically, that
integrin receptors are mainly distanced by 20-30 nm in
clusters, as shown by super-resolution microscopy.“*! There-
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fore, to explore the effects on transmigration, we examined
the impact of various spacings using DONs with DNA-RGD
conjugates arranged at distances of 15, 30, 60, and 90 nm
(Figure 3a). All results were compared to controls obtained
with a reference DON lacking ligands, which served as a
negative control to account for the non-specific adhesion of
cancer cells to the DON (for details on all DON constructs
used in this work, see Figures S2 and S12). Determination of
transmigration efficiencies, carried out in triplicate experi-
ments, indicated that surfaces decorated with 30 nm-spaced
ligands (59.2£28.6 %) led to a higher cellular transmigration
than the reference control (5.7+3.8 %), and appeared to be
higher than those obtained with constructs bearing ligand
columns spaced by 15 (35.3+£2.9%), 60 (30.7+£16.4 %) or
90nm (30.9+12.2%). These findings are in line with
previous studies suggesting that integrins need optimal
spacings between ligands to ensure high mechanical
stability."*! Based on these results, we considered the 30 nm
spacing as an optimal distance to enhance cell transmigra-
tion in our assay and consequently performed all further
experiments using this spacing.

Next, we investigated whether transmigration efficacy is
affected by variations in the ligand system used to display
the peptides on the DONs. The alternatives used here,
DNA hybridization or STV-biotin interaction, aimed to
reach conclusions on how the accessibility and flexibility of
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ligands influence transmigration. To this end, we designed a
DON with two arrays of 4 adhesion ligands (8 ligands in
total) separated by 30nm in the x- and y-directions
(Figures 3b, S2, and S12). Peptide attachment was achieved
either by hybridization of DNA-peptide conjugates with
oligonucleotides protruding from the DON plane (Fig-
ure 3b-i) or by STV-biotin bridges (Figure 3b-ii). For the
latter, we used a bidentate biotin linker construct that allows
for higher and more stable STV decoration, thereby
enhancing the cellular response.”™ Comparison of the
transmigration events triggered by the different constructs
revealed that DONs with DNA-RGD conjugates immobi-
lized by DNA hybridization (21.94+6.1%) were more
conducive to cellular transmigration than constructs contain-
ing the ligands via the less flexible STV-bridged display
system (18.5+1.6 %) (Figure 3b).

Integrins are a family of receptor heterodimers, compris-
ing up to 24 members that differ from one another in
characteristics, such as the adhesion ligands to which they
respond. Although several integrins are sensitive to RGD,
others are not.*! q,p, integrins belong to this category and
recognize IDS motifs (isoleucine-aspartic acid-serine) that
are found in the membrane protein VCAM-1.4*%! Being
currently an attractive candidate target for therapeutic drugs
due to its crucial role in inflammatory diseases, cancer
development, and metastasis;**** we aimed to use our
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Figure 3. Effect of lateral spacing, type of adhesion peptide, ligand flexibility, and peptide density on the efficiency of cancer cell transmigration. a)
Transmigration efficiency obtained with DONs presenting columns of DNA-RGD conjugates spaced by 15, 30, 60, or 90 nm. b) Comparison of the
transmigration as a function of the ligand system used. i) RGD and IDS peptides were immobilized on DONs by direct DNA hybridization of DNA-
peptide conjugates synthesized by Cu(l)-mediated 1,3-dipolar cycloaddition, or ii) by STV-biotin interactions using biotinylated peptides. The
distances between ligands in the x and y directions were 30 nm. c) Transmigration efficiency obtained with DON bearing eight DNA-MT1
conjugates arranged with spacings of 30 nm in the x- and y-directions. d) Transmigration efficiency as a function of the ligand density and
combination of RGD and IDS ligands. P values were obtained from two sample t- or Kruskal-Wallis tests. *P < 0.05, **P < 0.01, ***P <0.001. All P

values and details of statistical analysis are provided in Table S5.
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platform to investigate whether activation of o,f; integrins
with IDS peptides is also associated with cancer cell
extravasation. To this end, we prepared covalently linked
DNA-IDS peptide conjugates as well as biotinylated IDS
peptides for STV-mediated immobilization (Figure S10).
Using these reagents in analogous experiments as described
above (Figure 3b), we observed that channels with DON
decorated with DNA-IDS conjugates resulted in a higher
transmigration efficiency (25.4+2.4%) than those with
DON containing biotin-IDS constructs (9.8+8.7%). The
latter were practically indistinguishable from those of the
reference control without ligands (5.5+3.1%). From a
biological point of view, it is interesting that IDS led to a
comparably high increase in transmigration as RGD. From a
technical point of view in relation to the display platform,
these results show that flexible presentation by direct
conjugates leads to a stronger biological effect, which is
probably due to improved steric accessibility as a result of
the greater distance and/or flexibility of the DNA linker. It
can be estimated that peptides immobilized by DNA hybrid-
ization are separated vertically by ~8 nm from the DON
surface, whereas the distance should be shorter in the case
of STV bridges (STV diameter~5 nm)."*"!

After the initial investigations of integrins, we also aimed
to examine other receptors that influence the metastatic
process but are not related to mediating cell attachment. It
is widely accepted that extravasation coincides with places
where the glycocalyx of endothelial cells is degraded. This
degradation is produced by the metalloproteinase MMP2
and its expression is activated by the membrane metal-
loproteinase MT1-MMP.[*! These cellular receptors are
activated in a similar manner to integrins and both have
shown cooperation at membrane protrusions (filopodia and
lamellipodia) and at cell-cell junctions, jointly regulating cell
motility.™ To target the MT1-MMP, we used the peptide
HWKHLHNTKTFL (hereinafter referred to as MT1) that
binds to the “MT-Loop” region with high affinity.’” To
investigate potential effects of MT1 on the extravasation,
DNA-MT1 conjugates were prepared similar to IDS- and
RGD-DNA conjugates (Figure S10), and transmigration
efficiency was analyzed as described above. We found that
channels with DONs bearing MT1 peptides (6.1+3.7 %)
were not sufficient to promote extravasation, as the response
did not differ from the reference control (Figure 3c). There-
fore, although the metalloproteinase targeted by this peptide
promotes extravasation by contributing to the degradation
of the ECM,"* this receptor alone appears not to favor a
firm cell adhesion to initiate cell transmigration in our assay.

Opverall, the above results show that our platform allows
us to study ligand-dependent adhesion and extravasation
processes individually for different bioactive ligands and
independently of other cell-cell interaction events. However,
compared to other in vitro methods, our DON-based
approach also allows to specifically analyze the stoichiom-
etry and nanoscale architecture of different ligand displays.
For example, to address how the density of adhesion
peptides would influence cell transmigration response, we
prepared DONs with only 4 adhesion ligands (Figure 3d).
As expected, the transmigration response in channels
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presenting 4xDNA-RGD conjugates (12.7+4.1 %) was low-
er than in those with 8&xDNA-RGD (21.9+6.1 %). Similarly,
the transmigration efficiency in channels containing DONs
with 4xDNA-IDS (10.8+7.9 %) was lower than the DONs
modified with 8xDNA-IDS (25.4+2.4%). These results
showed that the number of ligands per DON has an impact
on the cell response, which agrees with previous studies on
other platforms.2’*2!c8l

To investigate whether nanoscale arrangements of differ-
ent ligands affect cell extravasation, we next designed a
DON for the simultaneous display of 4xDNA-IDS and
4xDNA-RGD conjugates. To ensure orthogonal decoration
with the same hybridization efficiency for both DNA-
peptide conjugates, we used the same prominent oligonu-
cleotide sequence but in different directions (5'-3" and 3'-5")
for the immobilization of the two ligands on the DON. Our
results showed no enhanced transmigration effect by the
combination of IDS and RGD ligands targeting different
integrin heterodimers. The observed response (12.5+2.9 %)
was consistent with the transmigration efficiency of DONs
with either only 4 DNA-RGD or only 4 DNA-IDS
conjugates (Figure 3d). This suggests that although IDS and
RGD individually promote cell migration, their presence
together did not confer additional benefits, indicating a
limited cooperative role when both ligands are present in
combination. Previous works have suggested a synergistic
enhancement in the adhesion®! and changes in migration
speed®™ on planar surfaces for mixed ligands targeting o,p,
and osB,"" or a,f; and asp,”? integrins. However, it is
unclear whether there is a cooperative effect between a,f;
and osP; integrins for cell extravasation, and our system
could not be used for this purpose because both receptors
recognize the RGD ligand we used, and therefore cannot be
distinguished in our studies. Although recent attention has
been paid to possible synergies between these and a,B,
integrins (which recognize IDS), as they play an individual
role in the complicated cascade of cancer cell
extravasation,*®3 synergistic effects between them have
not yet been investigated. Therefore, the results obtained
here should be taken as preliminary evidence to suggest that
integrins responsive to IDS (o,8;) and RGD (e.g., asp; and
a,B;) peptides exhibit limited synergistic effects in enhancing
cellular extravasation. These results are in line with previous
studies indicating limited cooperation of integrins. Therein,
experiments combining a,f3, o,8; and ozf; with two integrin-
binding peptides at variable molar ratios in polysaccharide
matrices did not reveal significant differences in cell
adhesion for various combinations.’ Taken together, our
findings highlight the complexity of studying the broad
spectrum of integrin-ligand interactions, underscoring the
need to investigate the effects of ligand combination and
organization with nanoscale molecular resolution under
physiologically relevant conditions. Our platform enables
the presentation of ligands with control over density and
stoichiometry, which is critical for the study of interactions
between different ligand subtypes. In particular, the ability
to immobilize peptide ligands that specifically bind to
different receptor subtypes represents a major advance, as it
avoids the disruptive effects that can arise, for example,

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85017 SUOIWIOD SAITeR.D 9|cedljdde ay) Aq peusenob ae soiiie WO ‘8sN JO S3INJ 40y AkeiqiT aulUO /8|1 UO (SUONIPUOD-PUe-SLLLB W0 AS | 1M Ale.q 1 [pul UO//:SANY) SUOIIPUOD pue SWS 18U 89S " [7202/90/LT] Uo Arlqiauljuo AS[IM < ININsu| JByns|iey Aq G088TEZ0Z 31Ue/Z00T 0T/I0p/wWod A8 | ImAlelq iUl juoy/:sdiy Wo.j pspeoiumod ‘0 ‘€22ET2ST



GDCh
=

from multiple integrin binding sites in native proteins on
endothelial cell layers.

Although there are still technical obstacles to overcome
resulting from high-resolution imaging under flow condi-
tions, such as focus drift and light diffusion caused by the
cell culture medium and membrane pores blurring the edges
of the membrane (Figure S9a); this platform opens up the
possibility to monitor the transmigration of cancer cells
through porous membranes in real-time. Thus, our platform,
despite current live imaging limitations, holds significant
potential for combining DNA nanostructure-based micro-
fluidic assays with advanced microscopy, promising to be a
valuable tool in cell extravasation research.

Conclusion

We have developed a microfluidic platform to recapitulate
the interactions between cancer cell receptors and their
ligands in the context of cancer cell extravasation. Our
device mimics two key features of blood vessels: fluid flow
to emulate the physiological shear stress imposed by the
bloodstream, and adhesion peptides displayed on the
channel‘s lumen. The device has a porous fluidic channel
that can be functionalized with DNA nanostructures bearing
selected nanopatterns of adhesion ligands. Using this plat-
form, we could characterize quantitatively how variations in
the organization, spacing, type, density, and combination of
the different RGD and IDS integrin binding peptides impact
the extravasation efficiency of MDA-MB-231 cells. We
found that the integrin biding ligands induced cell trans-
migration in a stoichiometry-dependent manner. Further-
more, we revealed that a combination of RGD and IDS
ligands simultaneously on the same DON did not show a
synergistic effect in promoting extravasation. Lateral spacing
between adhesion ligands of 30 nm and flexible DNA-
peptide conjugates favored cell translocation. We also
obtained evidence that ligand interactions between receptors
that are not involved in cell adhesion, but play a central role
in controlling cancer cell invasiveness by degrading the
endothelial barrier in the pre-metastatic niche, such as the
MT1-MMP receptor and MT1 ligand system studied here,
do not directly contribute to cell extravasation.

The platform presented here should provide a viable
alternative to traditional extravasation testing, as it avoids
the technical challenges of using intact endothelial layers
while offering the advantages of greater simplicity and
versatility. Our method not only allows the investigation of
integrin-specific adhesion in the absence of other adhesion
events and the direct visualization of ligand-specific binding
events in cancer cell transmigration, but can be transferred
to other ligands. Hence, the technology can open the door
to advanced studies with other types of cells, such as CTCs
derived from cancer patients, which could be highly relevant
models, as adaptation of CTCs to blood flow can induce
traits that are not present in established cell lines. Since the
extravasated cells could be recovered from the chip, genetic
analyses could provide information on whether contact with
certain ligands and the mechanical passage induces changes
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in gene expression in standard cancer cell lines or CTCs. We
anticipate that this versatile platform will become a valuable
tool to study extravasation with controlled nanoscale
molecular patterns, thereby helping to unravel the funda-
mentals of the metastatic process and identify new therapeu-
tic approaches to attenuate metastasis.
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Microfluidic device to study cancer cell
extravasation that mimics the endothe-
lial barrier using a porous membrane
decorated with DNA origami nanostruc-
tures displaying adhesion peptides to
circulating cancer cells. The device al-
lows visualization of cell transmigration
under physiological flow conditions, re-
vealing influences of adhesion peptide
type, spatial arrangement, and density
on the extravasation of MDA-MB-231
cells.
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