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ABSTRACT: Traditionally, the use of DNA origami nanostructures
(DONs) to study early cell signaling processes has been conducted using
standard laboratory equipment with DONs typically utilized in solution.
Surface-based technologies simplify the microscopic analysis of cells treated
with DON agents by anchoring them to solid substrates, thus avoiding the
complications of receptor-mediated endocytosis. A robust microfluidic
platform for real-time monitoring and precise functionalization of surfaces
with DONs was developed here. The combination of controlled flow
conditions with an upright total internal reflection fluorescence microscope
enabled the kinetic analysis of the immobilization of DONs on DNA-
functionalized surfaces. The results revealed that DON morphology and
binding tags influence the binding kinetics and that DON hybridization on
surfaces is more effective in microfluidic devices with larger-than-standard
dimensions, addressing the low diffusivity challenge of DONs. The platform enabled the decoration of DONs with protein-binding
ligands and in situ investigation of ligand occupancy on DONs to produce high-quality bioactive surfaces. These surfaces were used
to recruit and activate the epidermal growth factor receptor (EGFR) through clustering in the membranes of living cancer cells
(MCF-7) using an antagonistic antibody (Panitumumab). The activation was quantified depending on the interligand distances of
the EGFR-targeting antibody.
KEYWORDS: DNA nanostructures, epidermal growth factor receptor, microfluidics, micropatterning, Panitumumab, surfaces

■ INTRODUCTION
DNA-based platforms are gaining significance in both
fundamental and applied biological and biomedical research.
Notably, Rothemund’s DNA origami nanostructures (DONs)1

are pivotal, as they allow for the easy and efficient
functionalization with proteins and other bioactive compo-
nents at near-molecular resolution.2,3 Numerous experimental
studies demonstrate that DONs can be used to investigate the
molecular mechanisms of cellular signaling cascades in
biological processes such as cell adhesion and activation.4−31

In many of these studies, bioactive DONs are introduced into
the target cells as a soluble component. This method, suitable
for various research questions, is straightforward and facilitates
the cellular uptake of DON agents through different receptor-
mediated processes. However, it can complicate the micro-
scopic analysis of cells treated with DONs, as receptor-
mediated endocytosis may overlap with the mechanisms being
investigated, making analysis more challenging. Surface-based
technologies offer an advantage here, as the DON agent can be
anchored to a solid substrate and time- and spatially resolved
microscopy analyses are easy to perform.32 To this end, our
group has developed the so-called “multiscale origami
structures as interface for cells” (MOSAIC) technique,5 in
which top-down printed DNA patterns are used for DNA-
directed immobilization of double-sided functionalized DONs

carrying anchor strands and ligand patterns on the bottom and
top of quasi-two-dimensional origami scaffolds, respectively.
We have successfully used this methodology to study the early
phase of the epidermal growth factor (EGF) signaling
pathway.5,14,19,30 A detailed comparison of prior studies on
cell signaling processes with protein-decorated DONs,
indicating whether they are used in solution or on surfaces
and including the receptors studied, can be found in the
Supporting Information (Table S1).

However, the production and characterization of DNA-
patterned surfaces, as well as their application in microscopic
cell studies, demand meticulous experimental handling of
functionalized substrates. Ideally, this process should be
automated. Microfluidic operating systems are well-suited for
this purpose, serving as controlled reaction chambers and
providing high-throughput arrays or micropositioning systems
for biological experiments with precise control over temper-

Received: July 1, 2024
Revised: August 2, 2024
Accepted: August 16, 2024
Published: September 30, 2024

Research Articlewww.acsami.org

© 2024 The Authors. Published by
American Chemical Society

53489
https://doi.org/10.1021/acsami.4c10874

ACS Appl. Mater. Interfaces 2024, 16, 53489−53498

This article is licensed under CC-BY-NC-ND 4.0

D
ow

nl
oa

de
d 

vi
a 

K
IT

 B
IB

L
IO

T
H

E
K

 o
n 

O
ct

ob
er

 9
, 2

02
4 

at
 1

2:
27

:4
8 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miguel+Garci%CC%81a-Chame%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ivy+Mayer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leonie+Schneider"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christof+M.+Niemeyer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carmen+M.+Domi%CC%81nguez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carmen+M.+Domi%CC%81nguez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.4c10874&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10874?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10874?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10874?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10874?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c10874/suppl_file/am4c10874_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10874?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/16/40?ref=pdf
https://pubs.acs.org/toc/aamick/16/40?ref=pdf
https://pubs.acs.org/toc/aamick/16/40?ref=pdf
https://pubs.acs.org/toc/aamick/16/40?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.4c10874?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


ature and flow rates.32,33 Furthermore, the integration of
microfluidics in DNA nanotechnology, particularly in the
context of DNA-based molecular motors, has proven essential
for overcoming the limitations associated with the accumu-
lation of chemical components over time, leading to significant

improvements in processivity and operational yields.34

Building on these principles, our research focuses on the
development of a microfluidic device system that integrates
microscopy techniques with the benefits of microfluidics for
the automated assembly and precise decoration of DONs on

Figure 1. Microfluidic setup. (a) Perspective view scheme of the experimental setup. The fluidic device, the valve selector, and all samples were
placed inside of the closed environment of the microscope (see Figure S1). (b) Side view scheme and (c) photograph of the device within the
holder that enables to fix the chip on the microscope stage. (d) Design of the fluidic chamber.

Figure 2. Characterization of DON hybridization. (a) Scheme for site-directed immobilization of DONs to spots presenting ssDNA under flow
conditions. (b) End point hybridization levels measured through the relative fluorescence intensity ΔF/F0 at 26 min (left y-axis) and thickness of
the depletion layers (right y-axis) versus flow rate. The depletion layer thickness was derived from COMSOL numerical simulations. For the 0 μL/
min condition, only diffusive transport was considered. For other flow rates (10, 50, and 100 μL/min), both convective and diffusive transport were
included in the simulation. The flown species was assumed to have a diffusion coefficient of 2 × 10−12 m2/s, which is an estimation for molecular
structures with hydrodynamic diameters of about 100 nm.35 Figure S4 presents details of these simulations. (c) Relative fluorescence intensity ΔF/
F0 values obtained over time for the hybridization of the flat DONF with different protruding oligonucleotides (CAT or cF1). (d) Relative
fluorescence intensity ΔF/F0 values obtained over time for the hybridization of the two structurally different DONs within the fluidic device, DONF
and DONT, which contained the same protruding tags (CAT). All experiments were done in duplicates. Mean and SD are shown.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c10874
ACS Appl. Mater. Interfaces 2024, 16, 53489−53498

53490

https://pubs.acs.org/doi/10.1021/acsami.4c10874?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10874?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10874?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c10874/suppl_file/am4c10874_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10874?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10874?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10874?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10874?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c10874/suppl_file/am4c10874_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10874?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c10874?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


surfaces. These structures, assembled on micropatterned
single-stranded DNA (ssDNA) surfaces, were used to initiate
membrane-associated processes in living cells. We demonstrate
the effectiveness of our user-friendly experimental platform by
examining the DON-driven clustering of the EGF receptor
(EGFR) and its impact on the behavior of MCF-7 cells.

■ RESULTS AND DISCUSSION
The microfluidic device was integrated into an upright total
internal reflection fluorescence (TIRF) microscope to enable
real-time monitoring of surface decoration with DONs and
subsequent decoration with specific ligands. The setup
consisted of (i) a microfluidic device with a fluidic chamber
mounted on top of an 18 × 18 mm2 glass surface containing a
DNA micropattern, (ii) a valve selector (Valco Instruments)
connected to all the required samples, and (iii) a semi-
automated syringe pump (Cetoni) operating in withdrawal
mode (Figure 1a). The fluidic chamber was made of
polydimethylsiloxane (PDMS) using standard soft lithography
microfabrication methods (see the Experimental Section). The
glass-PDMS hybrid device was connected to the valve selector
and syringe pump by conventional polytetrafluoroethylene
(PTFE) tubings with fittings for fluid delivery (Figure 1b). To
maintain controllable environmental conditions such as
temperature and humidity, the device and the valve selector
holding all samples for surface functionalization were placed
inside the microscope housing. A holder was fabricated to fix
the device on the microscope stage (Figure 1c). Figure S1a
shows pictures of the complete setup. The fluidic chamber was
designed as a circular chamber with a diameter of 10 mm and a
height of 500 μm (Figure 1d) that results in a volume of
approximately 47 μL. The glass substrate, onto which the
PDMS structure was mounted, was chemically activated and
used for immobilization of amino-modified ssDNA capture
strands, as previously described.5 Patterning was achieved
through inkjet printing, creating a 5 × 5 mm2 array of DNA
spots, with each spot measuring approximately 80 μm in
diameter and spaced 200 μm apart (Figure S1b).

In initial studies, the site-directed immobilization of DONs
on the patterned surface was monitored over time to
characterize the immobilization kinetics and optimize the
preparation of high-quality DON surfaces for cell culture
experiments (Figure 2a). For these studies, we used flat
rectangular DONs (DONF, 70 × 100 nm2) designed with a
twist correction. DONF contained ssDNA strands that
hybridize with complementary capture oligonucleotides
bound to the glass surface and included fluorescent dye labels
for detection via TIRF microscopy (see the Experimental
Section and Figure S2 for DON designs).

Initially, we evaluated the utility of our platform by studying
how flow rates affected the DONF hybridization. Fluorescent
signals from DONF binding were monitored over time at flow
rates of 0, 10, 50, and 100 μL/min. To evaluate the efficiency
of the hybridization of different samples and process
conditions, we quantified changes in fluorescence intensity
over time relative to the initial background intensity (ΔF/F0).
Figure 2b presents the end point hybridization levels at 26 min
(left y-axis). Time-lapse TIRF images of fluorescent signal
increase and hybridization curves over 26 min are shown in
Figures S3 and S4a, respectively. The signal increase with the
flow rate (Figure 2b) indicates that at low flow rates, our
system is partially limited by diffusive mass transfer, which
creates a depletion layer over the reactive surface.36 The

thickness of the depletion layers obtained by COMSOL
numerical simulations is shown in the right y-axis of Figure 2b,
with details in Figure S4b,c. Higher flow rates replenish the
depleted region faster, yielding higher hybridization signals.
The asymptotic behavior of the increase, stabilizing around
100 μL/min, indicates that this flow rate reflects real binding
kinetics rather than mass transfer rates. However, a flow rate of
100 μL/min requires very large sample volumes of DONs,
which would make the assay hardly affordable. Hence, 10 μL/
min was chosen for further experiments. As we demonstrate
below, the partial mass transfer limitations did not hinder the
ability to distinguish the binding of different DONs.

Under flow conditions, we then studied the effect of
protruding oligonucleotides on the hybridization kinetics by
comparing DONF with the nonrepetitive scrambled sequence
(cF1) tags to those constructs with triplet repetitions (CAT)
tags (see Experimental Section for sequences). Figure 2c shows
the higher and faster binding achieved by DONs prepared with
CAT compared to those with cF1 protruding tags at 10 μL/
min. While the cF1 sequence follows a standard nucleation and
zippering behavior, the CAT sequence, consisting of triple
repeats, likely involves a “slithering” mechanism,37 that leads to
faster binding kinetics.

Traditionally, DONs used to interface with cell membranes
and study the effects of ligand arrangements on receptor
activation were inherently twisted.5,30 We then compared the
hybridization of these twisted DONs (DONT) with their twist-
corrected counterparts (DONF). Figure 2d shows the relative
fluorescence intensity over time during hybridization of DONT
and DONF at 2 nM equipped with the same protruding tags
(CAT). The equilibrium became visible at 22 min, with DONF
reaching hybridization levels approximately three times higher
than DONT. DONT exhibits a large curvature (Figure S5),
whereas the twist correction results in a flat structure of
DONF.

19 Thus, the twist in DONT, which leads to a
fluctuation of tags at different levels (see insets in Figure 2d)
and makes the structure stiffer in the middle (Figure S5),
explains the reduced hybridization efficiency. Additional
experiments comparing DONF and DONT with cF1 tags as
well as DONT with either CAT or cF1 tags (Figure S6)
confirmed these results.

To demonstrate the competitiveness of our system, we
evaluated its performance against a well-established surface
plasmon resonance (SPR) technique. Since DONT production
was discontinued, a DON variant with a higher aspect ratio,
previously reported by our group as a molecular ruler for
ligand positioning in cell studies,30 was used in these
experiments. Thus, we compared twisted (DONRT) and flat
(DONRF) DON rulers (252 × 40 nm2, Figure S7a,b) with
identical protruding tags (CAT) and from the same batch
using both our device and a Biacore X100 instrument. At the
end of the association phase, SPR showed a 10% difference in
hybridization efficiency of the two species, while our device
revealed a 20% difference at the same time point, both showing
higher hybridization for DONRF (Figure S7c,d). Although this
difference may arise from capture oligo density variations
between the systems, the high velocities in the SPR chamber,
150 times greater than in our device, and the low diffusion
coefficient of the flowing species likely contribute as well, as
indicated by Pećlet number (Pe) calculations (see Figure S7 for
details and an extended discussion). The Pe indicates the
relative contribution of convective and diffusive transport
processes. The larger dimensions of our homemade micro-
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fluidic chambers lead to slower flow velocities that, combined
with the low diffusivity of the DON, result in intermediate Pe
(1 < Pe < 100). These facilitate efficient DON delivery to the
reactive surface while maintaining some degree of mixing
required to fully reach the surface. In contrast, the smaller SPR
fluidic chamber results in higher flow velocities and, thus, high
Pe (>100), which cause the DON to not have sufficient time to
reach the reactive surface by diffusion over the last microns.
This influence of Pe for biosensors has been discussed in the
literature,38 for an extended discussion, see Figure S7. Overall,
these results confirmed that flat, twist-corrected DONs exhibit
higher hybridization efficiency than twisted DONs, and they
suggest that flow devices with larger dimensions might be more
suitable for characterizing the binding kinetics of low-diffusivity
species than classical microfluidic techniques with smaller
reaction chambers.

With the aim to create high-quality interfaces with nanoscale
biofunctional patterns for cell studies, we sequentially
decorated the surface-bound DONs with active biomolecules.
Specifically, we tested the functionalization of the surface with
DONF, streptavidin (STV), and biotinylated DNA to
demonstrate a three-step decoration process via fluorescent
detection (Figure 3a). To this end, some of the DON staples
were first modified to include biotin ligands protruding

upward, which served as a base to immobilize additional
biomolecules (see the Experimental Section and Figure S2).
The nanopattern of biotin ligands on the DONF used for these
experiments corresponds to the so-called “5 far” configuration,
shown in Figure S2e. Figure 3a shows representative
fluorescence images of the successful specific sequential
decoration of the surface with Cy3-DONF presenting biotin
ligands, Cy5-STV binding to the biotins on the DONF, and
Dy405-labeled biotinylated ssDNA binding to the immobilized
STV, respectively. This decoration process demonstrates the
capability of our platform to create high-quality, biofunctional
nanoscale patterns for biological applications. To further
validate the efficiency of nanopattern decoration on the
DONF, we analyzed the STV occupancy after sequential
fluidic incubation.

To achieve this, we incorporated a photocleavable linker
(Figure 3b) within the capture oligonucleotide anchored to the
surface. Following incubation with the DONF and the STV, or
the DONF/STV construct, the surface was irradiated with UV
light (λ = 312 nm) to release the constructs, which were then
analyzed with AFM (Figure S8). Figure 3c shows AFM images
of the released DONF with the “5 far” pattern after STV
decoration. Using this approach, we compared the STV
occupancy under three different incubation conditions: (i)

Figure 3. Surface decoration. (a) Sequential functionalization of the surface with (1st) Cy3-DONF presenting biotin ligands, (2nd) Cy5-STV that
binds to the biotin ligands on DONF, and (3rd) Dy405-labeled biotinylated ssDNA. The vertical dark lines that appear in the Cy3 and Cy5
channels are unavoidable artifacts of TIRF imaging. Scale bars: 10 μm. (b) Photocleavable linker introduced in the capture oligonucleotide
sequence to release DON-STV constructs. (c) Atomic force microscopy (AFM) image of the released DONF. The inset shows the “5 far” biotin-
STV pattern. Scale bar: 50 nm. (d) STV occupancies measured for the released DONF by AFM analysis (n = 60−100) obtained under the
following conditions: (i) one-pot incubation outside the fluidic chip; (ii) in the fluidic chip under static incubation conditions; and (iii) in the
fluidic chip flowing the STV at 10 μL/min. Measurements were done in duplicates. Mean and SD are shown.
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one-pot DONF/STV incubation outside the fluidic chip, (ii)
sequential incubation in the fluidic chip under static incubation
conditions, and (iii) sequential incubation in the fluidic chip
with STV flowing at 10 μL/min. Although we have recently
highlighted the benefits of using bidentate biotinylated linkers,
which facilitate near-full occupancies for cell signaling
studies,19 we here intentionally employed conventional
biotinylated linkers to work out the effects of fluidic incubation
in more detail. Figure 3d shows the STV occupancy values for
the three conditions. The average occupancy for DONF
incubated with STV outside fluidic chip (i) is 65.4 ± 1.1%.
This value increases to 67.2 ± 0.5% when incubated with STV
inside the chip under static conditions (ii) and to 70.3 ± 2.4%
under constant flow (iii). Decoration within the chamber, even
without flow, enhances binding by exposing ordered DONs to
the STV solution, likely reducing the probability of
unsuccessful collisions. Additionally, the convective supply of
STV decreases the depletion layer, as previously discussed,
resulting in higher binding levels. Thus, sequential decoration
using the microfluidic device helps to improve ligand
occupancy on the DONs.

Once the surface functionalization was optimized, we
proceeded with cell studies. To do so, the STV-decorated
DONF were used to bind biotinylated DNA-antibody
conjugates, which can bind to the EGF receptor (EGFR) in
the membrane of live MCF-7 cells (Figure 4a). Here, we used
the monoclonal antibody Panitumumab, which was chemically
coupled with a 24-mer oligonucleotide (see the Experimental
Section for synthesis details). Panitumumab (KD = 5 × 10−11

M)39 binds EGFR with an affinity 4 orders of magnitude
higher than EGF (KD = 1.77 × 10−7 M), thus preventing EGF
binding.40 Previous studies have shown that antibodies that
bind EGFR laterally (not on the EGF binding site) can induce
EGFR activation through clustering when attached to a
surface.41 We speculated that Panitumumab might also induce

EGFR activation by receptor recruitment, even though it
blocks the EGF binding site.

To streamline the experimental procedure, we continued
using inkjet spotting to produce 80 μm diameter spots for cell
interaction studies. This approach contrasts with previous
works by simplifying the methodology as it overcomes the
complexity of producing micropatterns smaller than 5 μm,
which are often used for analyzing cell activation.5,30 We here
employed genetically modified MCF-7 cells overexpressing
EGFR fused to eGFP for fluorescence visualization.5,30,42 Cells
were harvested in FBS (fetal bovine serum)-free medium
enriched with β-estradiol to promote survival. The cells were
then allowed to adhere to spots bearing DONF, decorated with
DNA-Panitumumab conjugates, coimmobilized with RGD
(Arg−Gly−Asp) motifs to ensure efficient adhesion and
spreading (Figures 4a and S9). Negative controls with
DONF lacking functional biomolecules confirmed minimal
cell attachment (Figure S10).

After ensuring proper cell adhesion, we assessed EGFR
activation triggered by DONF with DNA-Panitumumab
conjugates spaced at 24, 36, 48, and 60 nm. Figure 4b shows
the AFM topographical images of these constructs. Cells were
incubated for 15 min to prevent migration, then fixed,
permeabilized, and immunostained with a primary antibody
targeting activated (phosphorylated) EGFR, followed by an
Alexa Fluor 647-labeled secondary antibody (αP-EGFR-
IgG647), providing thus a detectable fluorescent signal for
TIRF microscopy (Figure 4c). Using ImageJ automatic
analysis (Figure S11 and Table S3), we quantified the 647-
channel intensity ratio of the phosphorylated EGFR to DON
signal, which accounts for variations in DONF immobilization
and antibody staining. Note that the secondary antibody used
for immunostaining shows cross-reactivity against human IgG
and Panitumumab is a fully human IgG2 antibody, therefore
nonspecific immunostaining on the DONs correlates with the

Figure 4. DONF with Panitumumab-DNA conjugates for EGFR activation studies. (a) Scheme for MCF-7 cells interacting with a functionalized
spot. The active surface included biofunctional DONs to target EGFR and RGD motifs to guarantee integrin-mediated cell adhesion. The DONs
contained: (i) STV bound through bidentate biotinylated linkers,19 (ii) Panitumumab-DNA conjugates with double biotin groups on the 5′ end to
fully cover the remaining STV binding sites, and (iii) a complementary oligonucleotide to the conjugate to increase DNA rigidity and ensure
precise ligand positioning. (b) AFM topographic images of DONs presenting STV at lateral interligand spaces of 24, 36, 48, and 60 nm. Scale bars:
50 nm. (c) Representative TIRF image of an MCF-7 cell on top of a functionalized spot with ligand-decorated Cy3-DONs. MCF-7 cells expressed
EGFR tagged with eGFP. The cells were incubated with a primary IgG antibody directed against phosphorylated EGFR (anti-phosphoEGFR, or
αP-EGFR) and an Alexa Fluor 647-labeled secondary IgG antibody (αP-EGFR-IgG647). Scale bars: 10 μm. (d) The cell response triggered by the
four designed DONF was measured by the 647-channel intensity ratio of phosphorylated-EGFR to DON signal, accounting for variations in DONF
immobilization and antibody staining. P-values were obtained from Kruskal−Wallis tests. ***P < 0.001.
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amount of DON/Panitumumab immobilized on the surface. In
this line, negative controls showed minimal nonspecific
staining in surfaces lacking the primary antibody (Figure
S12). Overall, Figure 4d indicates effective EGFR activation by
DONF with DNA-Panitumumab conjugates. Closer spacings
(24 nm) resulted in higher intensities, suggesting a more
efficient EGFR cluster formation. Increased spacings (36, 48,
60 nm) led to decreased activation, consistent with our
previous hypothesis that optimal ligand spacing enhances
receptor activation by matching the size of the EGFR clusters
formed in the cell membrane.30

Therefore, to further validate our platform, we tested it with
ligand arrangements similar to those described by Mayer et al.,
who used DONRT with spacings of 6, 18, 30, 42, and 54 nm.30

Here, we also found that EGFR activation in MCF-7 cells
varied significantly with the spacing of the DNA-Panitumumab
conjugates. Activation improved starting at 18 nm, whereas
distances higher than 42 nm showed reduced effectiveness
(Figure S13), thus being in alignment with the previous study.
Specifically, optimal activation was observed at 30 and 42 nm,
probably due to stable EGFR oligomer formation, while
shorter (6, 18 nm) and longer distances (54 nm) reduced cell
response, presumably by preventing effective clustering.30

Although our system demonstrated similar trends with
different cells, ligands, and readouts, DONRT results showed
reduced sensitivity compared to those of Mayer et al., likely
due to the use of larger spots, which resulted in signal
averaging over whole cells. The use of micropatterns smaller
than cells might therefore enhance signal specificity.30 Of note,
the flexibility of the DNA-Panitumumab conjugates allowed for
effective binding over a range of distances, slightly differing
from the fixed distances described in previous works.5,14,19,30

The 8.2 nm DNA strand length, combined with a 45°
rotational angle, enables a positioning range of ±5.8 nm per
conjugate. For example, an 18 nm spacing between binding
sites can extend to 29.5 nm when neighboring DNA-
Panitumumab conjugates move 45° laterally. It is also relevant
to note that the cells used here do not naturally express EGFR.
Therefore, they do not rely on this receptor to grow and
survive and are not significantly affected by the EGFR inhibitor
Panitumumab. Consequently, using Panitumumab to induce
EGFR clustering in this modified cell line is of limited clinical
relevance.

Altogether, our system simplifies the experimental process
and provides new relevant information showing that variations
in the nanoscale distances of ligands on surface-immobilized
DONs affect EGFR activation and clustering through
inhibitory antibody-based interactions.

The platform described here promises to advance cellular
studies by enabling real-time observation of surface function-
alization and automatic quantification of EGFR activation
through immunostaining. Ultimately, the platform could
enhance our ability to control and study cell activation in
diverse cell lines at the molecular level in a microfluidic
environment. Beyond the proof-of-concept described here with
MCF-7 cells overexpressing EGFR, future applications could
involve testing the platform to investigate the effect of EGFR
clustering driven by surface-immobilized Panitumumab-DNA
conjugates in colorectal cancer cell lines such as HT29, SW48,
and HCT116. These lines are commonly used to study the
efficacy and mechanisms of EGFR inhibition by Panitumumab
in solution.43

■ CONCLUSIONS
In this study, we developed a robust microfluidic platform that
facilitates the real-time monitoring and precise functionaliza-
tion of glass surfaces with DONs. By integrating controlled
flow conditions with a TIRF microscope, we achieved a
detailed kinetic analysis of DON immobilization on DNA-
functionalized surfaces. Our results demonstrated significant
influences of DON morphology and the nature of binding tags
on hybridization efficiency, with twist-corrected DONs
exhibiting notably higher efficiencies compared with their
twisted counterparts. Comparative studies with the well-
established SPR technique revealed that our microfluidic
chamber’s larger dimensions led to higher hybridization
efficiencies for DONs, which are characterized by low
diffusivity. The platform’s capability for dynamic decoration
of DONs allowed for in situ investigation of ligand occupancy
and production of high-quality bioactive surfaces under flow
conditions. Additionally, the platform enabled the detailed
study of EGFR recruitment in living MCF-7 cells through
antibody-based interactions. Our findings revealed that varying
distances between EGFR-targeting antibodies on DONs
significantly influenced EGFR activation, with closer inter-
ligand spacings (24 nm) resulting in higher activation levels.

The versatility of our platform allows for adaptation to
various cell lines and experimental conditions, making it a
valuable tool for a broad range of biological and biomedical
research. Thus, this platform opens the door to real-time
analysis of cell reactions, particularly of the dynamic processes
of cell behavior in response to nanoscale ligand arrangements.
Given the critical role of cell−surface receptors in cell
signaling, understanding their regulation is essential for
developing cell-based therapeutic strategies. Microfluidic
systems, such as the one described here, can serve this
purpose, specifically for developing physiologically relevant
models. Moreover, for applications of DONs as functional
biomaterials, it is increasingly relevant to study binding kinetics
and dynamic processes in real-time with high spatial resolution,
such as proved with our platform. The integration of
automated signal quantification and potential for high-
throughput signal quantification holds the promise for more
efficient analysis of cellular responses.

■ EXPERIMENTAL SECTION
DONs Design. The rectangular DONs used in this work follow

designs detailed in previous studies.5,19,30 Twisted DONs (DONT),
designed as in described by Angelin et al.5 but without biotins, are
shown in Figure S2a. Twist-corrected DONs (DONF) were designed
as per Dominguez et al.19 and used either without biotins (Figure
S2b) or with various biotinylated staple patterns (Figure S2d−i). The
“5 far” DONF, with conventional biotinylated linkers, was used for
streptavidin (STV) occupancy studies at different flow rates. Twisted
(DONRT, Figure S2c,j−n) followed the designed described in Mayer
et al.30 Twist-corrected DON rulers (DONRF, Figure S2d) were
created by alternately deleting two staples from DONRT. DONF with
linkers spaced by 24, 36, 48, and 60 nm, as well DONRT with spacings
at 6, 18, 30, 42, and 54 nm, all have double biotinylated linkers. These
DONs were decorated with STV and biotinylated DNA-Panitumu-
mab conjugates for cell studies. Nine or ten positions on the lower
side of all DONs were selected for single-stranded binding tags,
allowing immobilization on a solid surface via hybridization with
surface-bound capture oligonucleotides (highlighted in red in Figure
S2). The selected staples were elongated by 24 bases using sequence
CAT or cF1 (Table S2). On the upper side of all DONs, 20 positions
were chosen for Cy3 fluorophores. “Lower” and “upper side” refer to
their positions on the DON plane after surface binding. The
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dimensions of DONRT and DONRF are 40 × 252 nm2, while DONT
and DONF measure 70 × 100 nm2. Unmodified staple strand
sequences are found in previous studies.5,19,30 All modified sequences
reported here are available upon request.
DON Assembly, Purification, and Quantification. All DONs

were assembled using a 1:10 molar ratio of scaffold strand p7560 to
staple strands as previously detailed.19,30 The assembly took place in
TE-Mg 7 buffer (20 mM Tris base, 1 mM EDTA, 7 mM MgCl2, pH
7.6 adjusted with HCl) in a total volume of 500 μL. The process was
conducted on a thermocycler (Eppendorf Mastercycler pro) with a
stepwise temperature decrease from 75 to 25 °C. After an initial
denaturation at 95 °C for 5 min, the temperature was reduced by 1 °C
per cycle for 50 cycles, with each step held for 10 s. Following the
procedure described,19 DONs were purified using PEG precipitation
by mixing with an equal volume of precipitation buffer (5 mM Tris
base, 1 mM EDTA, 505 mM NaCl, 15% PEG-8000) and centrifuging
at 16,100 g for 30 min. The resulting pellet was resuspended in 50 μL
of TE-Mg 6 buffer (20 mM Tris base, 1 mM EDTA, and 6 mM
MgCl2, pH 7.6). The concentration of purified DONs was determined
by quantitative polymerase chain reaction as previously described.5

SPR Spectroscopy Measurements. For SPR spectroscopy, a
BIAcore X-100 instrument (Cytiva) with an SA sensor chip (Cytiva)
was used. The surface of the SA sensor chip contains a dextran matrix
with immobilized STV, which allows for the binding of biotinylated
ligands. To measure the hybridization efficiency of DONRF and
DONRT under various flow conditions, biotinylated capture
oligonucleotides complementary to the DON protruding strands
were first bound onto the SA chip. The capture oligonucleotides were
injected in TE-NaCl 750 running buffer (20 mM Tris base, 1 mM
EDTA, and 750 mM NaCl, pH 7.6) at a concentration of 50 nM and
flushed over the active flow cell at 10 μL/min until a signal increase of
85 RU was registered. For the removal of any nonspecific bound
biotinylated oligonucleotides, the chip surface was subsequently
washed with three 30 s injections of 50 mM NaOH. Next, the
reversible binding of DONs to the capture strands was tested. DONs
at a concentration of 2 nM in TE-NaCl 750 running buffer were
flushed over both the active flow cells with bound capture
oligonucleotides and the empty reference flow cell at three different
flow rates (1, 10, and 30 μL/min). For each flow rate, the contact and
dissociation time was determined by the constraints of the instrument.
For a flow rate of 1 μL/min, contact and dissociation time of 3600 s
each was chosen. For 10 μL/min, this time was reduced to 540 s and
for a flow rate of 30 μL/min, both the association and dissociation
time was set to 180 s. Between different flow rates, all bound DONs
were removed by flushing the reference and active flow cells with 70
mM NaOH for 120 s at a rate of 10 μL/min. All flow rates were tested
twice for both DON constructs.
DNA−Protein Conjugate Synthesis. The synthesis of the

DNA−protein conjugates was performed following established
methods.42,44 Briefly, for biotinylated DNA-Panitumumab conjugates,
thiolated DNA [100 μM, 100 μL, sequence: (5′-dual biotin)
CATCATCATCATCATCATCATCATCATCATCATCATCAT-
CATCATCATCAT (Thiol C6−3′)] was incubated with TCEP (2
μL, 0.5 M) for 2 h at 30 °C, followed by gel filtration purification.
Simultaneously, Panitumumab (Vectibix, 20 mg/mL, 133 μL) was
incubated with Sulfo-SMCC (100 mM in DMSO, 5.3 μL) for 45 min
at 30 °C and purified by gel filtration. The activated antibody was
then reacted with the purified DNA for 2 h at room temperature or
overnight at 4 °C. The mixture was further purified using anion-
exchange chromatography on a Mono Q 5/50 column with a gradient
of TRIS A (25 mM Tris−Cl, pH 8) and Tris B (25 mM Tris−Cl, 1 M
NaCl, pH 8) buffers. Likewise, for DNA-STV conjugates, 100 μM
STV was modified with maleimide groups using sSMCC and reacted
with reduced thiolated DNA [100 μM, sequence: (5′-thiol C6)
GTACTTCCTTAAACGACGCAGG-3′]. Purification was achieved
through gel filtration and anion-exchange chromatograph. UV−vis
spectroscopy was used to determine the concentrations of all DNA−
protein conjugates.
Chemical Treatment of Glass Slides. The cleaning and

chemical modification of glass slides followed established protocols.5

Briefly, high-precision microscope glass slides (170 μm thick) were
cleaned with 14.3% NH3 and 14.3% H2O2 in double distilled water
(ddH2O) at 150 °C for 20 min. They were then rinsed with ddH2O,
ethanol, ddH2O again, and dried using a N2 stream. The dried glasses
were then silanized with a 1% APTES (3-aminopropyltriethoxysilane)
solution (95% methanol, 5% ddH2O, 1 mM acetic acid) for 20 min.
Afterward, the glasses were washed with ethanol, ddH2O, and acetone
before being dried under N2. Finally, the glasses were incubated
overnight in an acetone solution containing 5% PBAG [poly-
(bisphenol A-co-epichlorohydrin), glycidyl end-capped] at room
temperature. After incubation, they were washed with acetone,
dried with N2, and stored under a vacuum at −20 °C.
Micropatterning of the Glass Surface. Depending on the DON

protruding tags, a 10 μM solution of the complementary capture
o l i g o n u c l e o t i d e s e q u e n c e a F 1 ( 5 ′ - N H 2 - C 1 2 -
TTTTTTTTCCTGCGTCGTTT-3′) or aATG (5′-NH2-C6-
TTTTTTTTATGATGATGATG-3′) in trehalose buffer (200 mM
K2HPO4, 200 mM KH2PO4, 0.5% trehalose dehydrate, pH 7.6) was
inkjet printed on epoxy-reactive glass slides using a NanoPlotter 2.1
(GeSiM). For immobilizing DONRT in cell experiments, we used 5′-
CCTGCGTCGTTTAAGGAAGTAC-C12-NH2-3′. The solution was
dispensed in 120 μL drops from a Pico-Tip J pressure tip, producing
spots approximately 80 μm in diameter with a 200 μm pitch between
spots. Each drop formed a single spot. The spotting was performed at
21 °C with 60% humidity.
Fluidic Chamber Fabrication and Assembly. A master mold

containing the positive replicate of the chamber was designed using
Computer-Aided Design and transferred to a micromill via Computer-
Aided Manufacturing to be micromilled in a poly(methyl
methacrylate) (PMMA) block. The master mold was then used to
replicate the negative structure in PDMS (polydimethylsiloxane)
through replica molding. The PDMS structure, containing the fluidic
chamber, was glued with biocompatible silicone glue (ASC Applied
Silicon Corporation) to the glass slide prepatterned with ssDNA
capture strands and allowed to dry overnight.
Finite Element Methods (FEM) Simulation of Fluidic

Mechanics in the Microfluidic Chamber. Numerical simulation
of fluid mechanics was conducted by FEM with COMSOL
Multiphysics software (version 6.1) to investigate the velocity profile
within the fluidic chamber and the adsorption of chemical species
onto a reactive surface. For this, the “laminar flow” and “transport of
diluted species” modules were used. To simplify the simulation, it was
assumed that the flowing species (DONs) experience a “fast
irreversible surface reaction” (Vc = −1). Layered meshing operations
were implemented to estimate the velocity at specific heights from the
lower surface. All simulations were performed with a 2D cut of the
channel (details in Figure S4).
Hybridization Tests. To optimize fluidic parameters for high-

quality DON-decorated surfaces, we studied DON hybridization
under various conditions. For flow rate testing, DONF without biotins
and with protruding binding tags cF1 were prepared at 2 nM in TE-
NaCl 750 buffer with flow rates of 0, 10, 50, and 100 μL/min. For
protruding staples testing, DONF without biotins and with protruding
binding tags CAT or cF1 were prepared at 2 nM in TE-NaCl 750
while maintaining a flow rate of 10 μL/min. In the comparison of
twisted versus twist-corrected DONs, both types without biotins were
prepared with protruding binding tags CAT and cF1 at 2 nM in TE-
NaCl 750 with a flow rate of 10 μL/min. In DON ruler experiments,
both DONRT and DONRF rulers were tested with CAT at 2 nM in
TE-NaCl 750 under 10 μL/min. Images were taken with a Zeiss Elyra
P.1 microscope with a Plan-Apochromat 63×/1.46 oil-immersion
objective in TIRF mode at intervals of 0, 2, 4, 6, 8, 10, 14, 18, 22, and
26 min. Images were captured with an Andor iXon 897 back-thinned
EM-CCD camera. Fluorescence intensity was analyzed using ImageJ
(Fiji), and relative fluorescence intensity ΔF/F0 was plotted. This
value was calculated by measuring the fluorescence intensity at a given
time point (F), comparing it to the initial background intensity (F0),
and normalizing the difference (ΔF) relative to the initial intensity.
Each experiment was performed in duplicates.
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Optimization of the Sequential Surface Functionalization.
A three-step process was conducted to test the sequential
functionalization of the surface under continuous flow conditions.
First, 2 nM Cy3-DONF with “5-far” biotin tags and CAT ligands were
perfused onto the chip, which contained spots with ATG capture
oligonucleotides. Next, 0.3 μM Cy5-STV was applied to bind
specifically to the biotin ligands on surface-captured DONF. Finally,
100 nM Dy405-labeled biotinylated ssDNA was introduced to bind to
the immobilized STV. All steps were performed at a flow rate of 10
μL/min, with a surface wash with TE-NaCl 750 buffer in between
steps. To assess the efficiency of nanopattern formation on the DONF
under this continuous flow condition, we compared STV occupancy
against two other scenarios: one-pot incubation, where STV was
incubated with DONF outside the fluidic chip before the mixture was
flowed at 10 μL/min, and static incubation of STV within the fluidic
chip after DONF immobilization. For these STV occupancy
measurements, a photocleavable linker within the capture oligonu-
cleotide anchored to the surface was used to release the DONF-STV
constructs. The surface was irradiated with UV light (λ = 312 nm) for
40 min, and the released DONs were measured using AFM.
AFM Analysis. DONF-STV constructs were analyzed by AFM.

Samples were diluted in TE-Mg 12.5 buffer (20 mM Tris base, 1 mM
EDTA, 12.5 mM MgCl2, pH 7.6) up to 20 times, depending on the
sample concentration. 10 μL of the diluted samples was deposited on
a freshly cleaved mica surface (Plano GmbH) and allowed to adsorb
at room temperature for 3 min. After 50 μL of TE-Mg 12.5 buffer was
added, the samples were imaged with pyramidal tips (SNL-10 tips,
radius 2 nm, spring constant 0.35 N/m, Bruker) using a NanoWizard
3 atomic force microscope (JPK) in force-curve based imaging mode
(QI). The images were analyzed by using JPK data processing
software.
Cell Culture and Experimental Preparation. MCF-7 breast

cancer cells, stably expressing EGF receptor (EGFR) fused to eGFP,
were obtained from the Max-Planck Institute for Molecular
Physiology.5 Cells were harvested at 80% confluency, grown at 37
°C with 5% CO2, and cultured in Eagle’s Minimum Essential Medium
(EMEM) with 1% GlutaMAX, 1% Pen/Strep, 10% FBS, and 0.6%
G418 disulfate salt. For experiments, cells were washed with PBS−/−
and dissociated using 2 mL of cold Accutase for 5 min. The cells were
then resuspended in FBS-free EMEM, enriched with 50 pM β-
estradiol to enhance cell survival, at a concentration of 300,000 cells/
mL.
Surface Functionalization for Cell Experiments. All function-

alization steps for cell experiments were performed under sterile
conditions, and all washing steps used TE-NaCl 750 buffer. These
experiments included DONF and DONRT with cF1 for surface
immobilization and glass surfaces with micropattern spots presenting
aF1. The inkjet-printed surface assembled in the microfluidic chamber
was washed with buffer and then blocked with BSA (50 mg/mL BSA
in TE-NaCl 750, denatured for 2 min at 95 °C) for 1 h to minimize
nonspecific binding. Simultaneously, 5 pM cF1-STV conjugates and
100 pM biotin-RGD were mixed in TE-NaCl 750. Following the BSA
block, the surface was washed and incubated with the cF1-STV and
biotin-RGD mixture for another hour to promote cell adhesion on the
spots. During this time, 2 nM DONF were mixed with 0.3 μM STV in
50 μL TE-NaCl 750. For DON rulers, 1 nM DONRT were combined
with 0.15 μM STV in 50 μL TE-NaCl 750. The surface was washed
and then treated with the DON-STV mixture for 1 h. While the
surface was incubating with the DON-STVs mixture, 100 nM of
biotinylated DNA-Panitumumab conjugates were mixed with 2.5 μM
of the complementary DNA sequence (5′-ATGATGATGATGAT-
GATGATGATG-3′) in 40 μL TE-NaCl 750. This step aimed to
increase the rigidity of the DNA conjugate structure and ensure
precise ligand positioning. The surface was washed before introducing
the DNA-Panitumumab mixture for 1 h, then rinsed again with TE-
NaCl 750 and finally with PBS+/+. Negative controls included DONs
without ligands, DON decorated with STV but not incubated with the
DNA-Panitumumab conjugate, and DON exposed to the biotinylated
DNA-Panitumumab conjugate without prior incubation with STV.

Cell Experiments and Immunostaining. Following functional-
ization, the surface was incubated with a cell suspension of 300,000
cells/mL in FBS-free EMEM supplemented with 50 pM β-estradiol
for 15 min to allow cell survival and adhesion while avoiding
migration. Subsequently, adhered cells were fixed with 4% form-
aldehyde in PBS+/+ for 15 min, washed with PBS+/+, permeabilized
with 0.1% Triton-X for 3 min, and then washed again with PBS+/+.
Cell were immunostained by incubation with antibodies (Ab) against
phosphorylated EGFR [Abcam, ab32430, anti-EGFR (phospho
Y1068) Ab (Y38)] at a dilution of 1:300 in PBS+/+ with 5% BSA
for 1 h. After washing with PBS+/+, the surface was incubated with
goat antirabbit 647 Ab [Invitrogen, A-21244, IgG (H + L) cross-
adsorbed secondary Ab, Alexa Fluor 647] at a dilution of 1:500 in
PBS+/+ with 5% BSA overnight. Finally, the surface was washed with
PBS+/+ before the microscopy analysis. Imaging was conducted in
TIRF mode. The microscope used motorized adjustments for the
TIRF angle, illuminating an area of 125 × 125 μm. Excitation sources
included 488, 561, and 642 nm lasers.
Quantification of Fluorescent Signals for Cell Experiments.

Fluorescent signals from TIRF images were automatically detected
and quantified using an ImageJ-based macro (Table S3). The macro
included instructions for defining regions of interest (ROIs) using
thresholding algorithms. These ROIs comprised the area of the spot,
the area of the cell, the area of the cell that colocalizes with the spot,
and the area of the spot excluding the cell. After defining all ROIs, the
macrometer measured the intensity of the 647-channel in both the
colocalized area and the area of the spot excluding the cell (Figure
S11). It then calculated the ratio of intensity between these two areas
to correct for variations in DON and ligand quantities due to
interactions between the cross-absorbed secondary antibody and
Panitumumab.
Statistical Analysis. Data from all optimization tests are

presented as mean ± SD. To assess variability between slides, at
least ten spots were measured at the end of each test. In cell
experiments, individual cell data are represented as dots, overlaid with
box plots showing the 25th and 75th percentiles and the median. Each
experimental condition was carried out in quadruplicates and included
at least 160 analyzed cells (approximately 40 cells per replicate).
Statistical analyses in SPSS software included the Mann−Whitney U
test for comparisons between two groups and the Kruskal−Wallis test
for comparisons among more than three groups, both chosen due to
the non-normal distribution of the data. The resulting P-values are
presented in Table S4.
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