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ABSTRACT: Cell motions such as migration and change in cellular Il’ﬁggrgﬁbeled DNA

morphology are essential activities for multicellular organism in response 75
to environmental stimuli. These activities are a result of coordinated = »
clustering/declustering of integrin molecules at the cell membrane. Here,
we prepared DNA origami nanosprings to modulate cell motions by
targeting the clustering of integrin molecules. Each nanospring was
modified with arginyl-glycyl-aspartic acid (RGD) domains with a spacing
such that when the nanospring is coiled, the RGD ligands trigger the
clustering of integrin molecules, which changes cell motions. The coiling
or uncoiling of the nanospring is controlled, respectively, by the
formation or dissolution of an i-motif structure between neighboring
piers in the DNA origami nanodevice. At slightly acidic pH (<6.5), the
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folding of the i-motif leads to the coiling of the nanospring, which inhibits the motion of HeLa cells. At neutrality (pH 7.4), the
unfolding of the i-motif allows cells to resume mechanical movement as the nanospring becomes uncoiled. We anticipate that this
pH-responsive DNA nanoassembly is valuable to inhibit the migration of metastatic cancer cells in acidic extracellular environment.
Such a chemo-mechanical modulation provides a new mechanism for cells to mechanically respond to endogenous chemical cues.

B INTRODUCTION

that the required spatial variation between adjacent RGD

Mechanical motion of cells such as cell migration is a
fundamental process involved in the development and
maintenance of multicellular tissues. Examples of cell migration
include embryonic development, wound healing, vascular
growth, and immune responses. The cell migration is
accomplished by coordinated movement of cell skeletons,
such as actins, that are well orchestrated by cues of chemical or
mechanical origin." Many diseases, such as inflammation” and
tumor formation and metastasis, occur when cell migration
goes awry. Targeting cell migration, therefore, becomes a
potential means to confine and treat various diseases.

Cell migration is often triggered by the integrin signal
pathway.” Integrins are transmembrane proteins that are
responsible for cell attachment to the extracellular matrix
(ECM). At the cell surface, they bind ligands that have peptide
domain RGD (arginyl-glycyl-aspartic acid).* The binding
causes the clustering of the integrin molecules, which activates
integrin-mediated processes to modulate cell mechanics,” such
as migrations and protrusions.” This strategy has been used to
trigger a mechanical response of the cells by incorporating
RGD domains in polymers that are environmentally
responsive. Upon the change in temperature’ or addition of
synthetic DNA fragments,® the distance between RGD
domains varies in these polymers, which changes the clustering
state of integrins for the modulation of cell mechanics. Given
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groups is on the order of nanometers, it is rather challenging to
control the conformation of polymers to the precision that can
achieve maximal cell modulations. In addition, the external
stimuli such as optothermal input’ or synthetic DNA
fragments® present delivery as well as bioavailability issues.
To address these problems, it is desirable to use a molecular
device whose conformation can be controlled at nanometer
precision by native environmental cues. Since tumor cells are
exposed to acidic ECM”™"* while healthy cells have a neutral
environment, we seek to use pH as the native chemical cue to
modulate cell mechanics via an innovative chemo-mechanical
effect.

DNA nanoassembly presents viable materials capable of
incorporating pH-sensitive elements for nanometer conforma-
tion controls. Invented by Seeman in the 1980s,'° DNA
nanoassembly harnesses the complementarity of DNA strands
to assemble into nanostructures. With computer-aided design
pioneered by Rothemund,'* the self-assembly leads to DNA
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Figure 1. Design of a DNA origami nanospring comprising pH-responsive bendable modules. (a) Reversible transformation of a linear shape into a
spring structure through the cumulative actuation of the pH-responsive bendable module. The details of the module structure (red box) are shown
in (b). (b) Schematic of the pH-responsive module comprising a stem, two piers, and bridge strands. The bridge strand contained a C-rich DNA
repeat sequence in human telomeric region (5'-CCCTAACCCTAACCCTAACCC-3’) flanked with staple sequences that were anchored in each
pier. The strand formed an i-motif at acidic conditions (pH 5.0 for example) but became single-stranded at neutrality (pH 7.4), enabling the pH-
responsive bending of the module. Transformation of the entire shape was induced by the cumulative effect of each bending, which can be
controlled by changing the pH conditions. (c) AFM images of the nanosprings taken at pH 5.0 (left) and pH 7.4 (right). The enlarged images (200
X 200 nm) of different nanosprings formed at pH 5.0 are shown in the inset and the bottom row.

origami structures."*~*° In a typical procedure, an ssDNA with

thousands of nucleotides is used as a template. A number of
small DNA fragments are then added to strategically staple
together distal regions of the DNA template by the
hybridization between the template and the staple strands.
This results in desired 2D or 3D DNA nanostructures that are
resistant to nuclease activities in cellular conditions.”’ The
supramolecular nature of DNA origami self-assembly provides
ample space to introduce different functional groups.

In this work, we prepared DNA origami nanosprings. The
coils of a nanospring were formed by bringing together
adjacent piers in a 6-helix bundle template using i-motif,”* a
pH-responsive DNA secondary structure. At slightly acidic pH,
the folding of the i-motif decreases the length of each bridge,
facilitating the coiling of the DNA nanospring. At neutral pH,
the unfolding of the i-motif allows the separation of the piers,
uncoiling the DNA nanospring. After incorporating the
integrin ligand, RGD, on the nanospring, more HeLa cells
exhibited protruded morphology at neutrality than at slightly
acidic environment.® In addition, the migration of HeLa cells

also showed similar pH dependent behaviors. While cell
migration was inhibited at acidic pH in the presence of the
RGD-inserted DNA nanospring, the cell motion was not
significantly altered at neutrality. Such pH-dependent nano-
spring behavior is instrumental to inhibit the metastasis of
cancer cells in acidic ECM. However, it will not influence the
migration of healthy cells, a factor beneficial for physiological
processes such as wound healing. This method demonstrates
for the first time the mechanical control of cell behaviors using
native chemical cues, which represents a new chemo-
mechanical approach that can be readily extended to
differentially modulate cell actions by exploring many other
endogenous chemicals such as metabolic compounds or cell
signaling molecules.

B RESULTS AND DISCUSSION

Formation of Origami Nanosprings is pH-Dependent.
Our nanospring (Figure 1a) was folded from a circular ssDNA
template (p8064) by the DNA origami method. The DNA
origami nanospring contained 37 repeats of a pH-responsive
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Figure 2. Effect of the RGD embedded nanosprings on the cancer cell morphology. I. (a) Schematic of the change in the HeLa cell morphology
due to the RGD embedded nanosprings at pH 6.0 or 7.4. AFM images of origami nanosprings on polylysine coated mica surfaces at respective pH
are shown at the top. Scale bars: 100 nm. (b) Representative images of the HeLa cells at different pH. Cells are stained to show nuclei (blue, DAPI)
and F-actin (green, FITC-phalloidin). Scale bars: 20 ym. (c) Percentage of protruded HeLa cells at pH 7.4. Error bars represent standard
deviations from N = 32 cells at each concentration. IL. (a) Representative images of the change in the morphology of the HeLa cells in the presence
of the RGD labeled nanospring at cycling pH. Cells were stained with the same dyes as described in I. (b). Scale bars: 20 ym. (b) Percentage of
protruding population in the HeLa cells at the cycling pH. Error bars represent standard deviations from N = 32 cells for each pH sample. See SI for

more cell images.

transformable module comprising a stem, two piers, and bridge
strands (Figure 1). The bendable stem is a two-helix bundle,
while each pier has two additional pairs of two-helix bundles
(six helices in total in each module; see Figure 1b). The bridge
strand contained a consensus C-rich DNA repeat sequence
found in human telomeric region (5’-CCCTAACCCTA-
ACCCTAACCC-3’) flanked with staple sequences that were
hybridized into each pier. Two bridge strands were
incorporated into a single module such that each strand
connected to two helices at each of the top layer of the helix
bundle. Upon the i-motif formation, the bridge strand
contracts, thereby causing the bending of the module (Figure
1b). Via the cumulative effect of this bending throughout the
origami nanodevice, the entire shape is transformed from linear
into a spring (Figure 1a).

The AFM images (Figure 1c) at acidic pH (5.0) confirmed
the spirally coiled structure of nanosprings owing to the
cumulative effect of the folding in the i-motifs in the origami
bridges. On the other hand, the origami at near-neutral pH
(7.4) showed the relaxed linear structure due to the unfolding
of the i-motif bridges at neutrality. Additional AFM images of
these nanosprings at respective pH are shown in Figure S1.
The structures observed at pH 5.0 were consistent with coiled
nanosprings (Figure lc, bottom row). Some spiral and wavy
structures observed in AFM images may be due to the
collapsing of the nanosprings on the flat mica surface which

has been extensively used for AFM imaging. To confirm that
the coiling of nanosprings is due to the reversible folding of the
i-motifs in the bridges, we replaced the i-motif with
polythymine sequences (T, or T,;). While the first construct
(designated as the 2T-NS) showed coiled conformation
(Figures S2 and S3), the second origami (designated as the
21T) displayed linear structure (Figure S4). These results
demonstrate that the shorter bridge length (such as T,)
between neighboring piers is critical for the formation of
nanocoils, which is consistent with the finding of curved
origami structures.”® In addition, neither of the origami
nanoconstructs showed pH-dependent structural variations
(Figures S2—4), confirming that folded and unfolded i-motifs
are the driving forces behind the switchable DNA origami
nanospring conformations.

Stability of DNA Nanospring in Serum at Variable pH.
DNA origamis have been found to be unstable in extracellular
matrix due to presence of nucleases.”* As most of our further
experiments were conducted in cellular environment in the
presence of FBS, we first checked the stability of DNA origami
under these conditions. The DNA nanosprings were dissolved
in DMEM cell growth medium either in the presence or in the
absence of FBS at pH 6.0 or 7.4 with incubations for 6 h before
they were analyzed by 1.5% agarose gel (see Figure SSa). Lanes
3 and 4 were loaded with nanosprings dissolved in a test tube
with duration of 0 h incubated at pH 7.4 in the absence and
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presence of FBS, respectively, while lanes 5 and 6 were those at
pH 6.0 in the absence and presence of FBS, respectively.
Similarly, lanes 7 to 10 followed the same sequence of loading
except that they were incubated for 6 h. With similar gel shifts,
no considerable damage to nanosprings was observed within 6
h at pH 7.4. Another set of nanosprings deposited on
polylysine coated substrate for 6 h was loaded in lanes 11 to
14. Results indicated that FBS did not have a substantial effect
to cause the degradation of DNA nanosprings, especially those
on the coated surfaces (28% (surface) vs 36% (solution) of
degradation) at pH 6.0 for 6 h. Similarly, the experiment was
repeated with 8 h of incubation under similar conditions of pH
and substrate (Figure SSb). After 8 h incubation, lanes 10 and
14 indicated some degradation of nanospring (45% and 57%
for surface and solution incubations, respectively). These
observations implied that the majority of our nanosprings were
stable enough to be used for cellular experiments with 6—8 h
incubation at pH of 6.0 or 7.4 in the presence of 10% FBS on a
polylysine coated surface. Recent discoveries have shown
promising improvement on stabilizing DNA origami in the
presence of FBS.”>*® By employing those chemical and photo-
cross-linking strategies, the stability of our DNA origami can
hence be further increased.

The i-Motif Nanosprings Modulate Cell Mechanics. It
has been known that the anchorage of the RGD in the ECM to
the integrin receptors causes clustering of integrin molecules at
the cell surface, which, in turn, modulates cell mechanics.”” To
achieve the pH-dependent effect of DNA nanosprings on the
cell motions, therefore, we incorporated RGD domains into
the DNA nanosprings. To this end, the pH-responsive
nanosprings were modified with RGD labeled DNA with a
spacing of 252 nts (~86 nm) in the origami backbone using
extended DNA staples (see SI for details). To confirm that all
the RGD sites were occupied by specific staple strands, we
performed an experiment substituting the RGD sites in staples
with biotin modified strands and consequently conjugated with
streptavidin molecules. AFM images (Figure S6) showed seven
such expected sites on the nanosprings that could hold specific
molecules. In addition, the spacing of neighboring modifica-
tions was 82 + 8 nm (N = 36), which was consistent with the
theoretical spacing (252 bp = 85.7 nm). Such spacing was
chosen based on the fact that the activation of integrin
clustering required a distance of approximately 70 nm>®
between integrin molecules. The shift of the DNA band in
agarose gel confirmed proper ligation of RGD to nanosprings
(Figure S7). AFM images (Figure S8) confirmed that the
integration of RGD domains onto the nanospring does not
alter the conformational switch of nanospring with respect to
pH change. Given different pH environment of the ECM for
tumor cells (acidic) and normal cells (close to neutral),”™"* we
expected a change in the coiling of nanosprings in these two
environments. Such a switch between coiled (acidic) and
uncoiled (neutral) nanosprings causes a significant change in
the distance between consecutive RGD labels, which results in
the clustering of integrins at acidic condition only. The
clustering of integrins then triggers biochemical pathways of
the HeLa cells,” leading to protruding cellular morphology at
neutrality but a normal cell shape at acidic ECM (Figure 2 La).

To evaluate this switching effect, we incubated overnight
10—50 nM of RGD-embedded nanosprings (designated as
RGD + ve) and nanosprings without RGD (designated as
RGD — ve) in a S mM MES buffer (15 mM MgCl, + 1 mM
EDTA, pH $.5) on dishes coated with poly(p-lysine), whose

positive charges facilitated the attachment of negatively
charged DNA origami on the surface. Next, the dishes were
washed thoroughly with an MES buffer (pH 6.0), and then
medium containing 10% FBS was introduced to incubate HeLa
cells. This pH (pH 6.0) was used to mimic slightly acidic ECM
environment of tumor cells.”™'* AFM images still showed the
coiling of the nanosprings modified with RGD at this slightly
acidic pH (Figure 2 La). After 6—8 h of incubation at 37 °C
provided with 5% CO,, HeLa cells with protrusions were
counted. Analysis of protruding morphology was described by
Li’s group.® After counting, the buffer was changed to pH 7.4
for overnight incubation, followed by another counting of
protruding cells. Figure 2 Lb shows the morphology of HeLa
cells at respective pH. The results (Figure 2 Lc) indicated that
the percentage of the HeLa cells having protruded morphology
increased in a concentration dependent manner for the
nanosprings with RGD (RGD + ve) compared to that of the
nanosprings without RGD (RGD — ve). Such results can be
attributed to the fact that RGD + ve nanosprings bound
strongly to the integrin receptors on HeLa cells via RGD—
integrin interactions.”” Without RGD embedded in the
nanosprings (RGD — ve), the percentage of protruding cells
remained similar irrespective of different concentrations of the
origami nanosprings at neutral pH.

In a control experiment to understand the reversible
conformation change of nanosprings on the polylysine coated
surface, we coated the mica surface with polylysine and
observed the AFM images at pH 6.0 and 7.4 (Figure S9).
Reversible conformational changes were examined for two
cycles on the polylysine-treated mica surface. The results
showed that nanosprings retained surface mobility and
underwent pH-dependent coiling/uncoiling on the polyly-
sine-coated surface.

Next, we investigated the reversible effect of the RGD + ve
nanosprings on the HeLa cells by cycling the pH from slightly
acidic (pH 6.0) to neutral (pH 7.4) and back to acidic (pH
6.0) conditions. After counting the number of protruding
HeLa cells at pH 7.4, which showed significant increase in
Figure 2 ILb, the pH was reverted back to pH 6.0 and it was
incubated for 4 h. Protruding cells were again counted, which
showed a markedly decreased percentage compared to pH 7.4
(Figure 2 ILb). These experiments indicated pH-dependent
reversible modulations on cell morphologies, which are fully
consistent with the coiling and uncoiling of the DNA origami
nanosprings at different pH. Such an observation implies that
the nanosprings can serve as a probe to measure the lateral
force for clustering/declustering of integrin molecules to
control the protrusions on the cell surface. Since the average
force to disrupt the i-motif is ~25 pN (Figure S10), it is
evident that the 25 pN is sufficient for clustering/declustering
of integrins. In addition, from Figure S9 where the pH change
stimulates coiling/uncoiling of DNA origami irrespective of
polylysines on the surface, it can also be ascertained that the
lateral force required to cause the coiling and uncoiling of
nanospring is larger than the interaction force between surface
immobilized polylysine and nanosprings.

Finally, we performed scratch assay to evaluate the cell
migration rates when monolayer HeLa cells with 100%
confluency were exposed to either the RGD + ve or RGD —
ve nanospring coated surface. Following the protocol
established by the Guan group,’® we quantified the migration
rates at the edge of scratches after 8 h of cell incubation for 3
independent samples. Monolayer HeLa cells that were cultured
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Figure 3. Effect of RGD embedded nanosprings on cell migrations. Representative images of the HeLa cells showing migrations after 8 h at pH 6.0
and 7.4 for the RGD — ve samples (a) and RGD + ve nanospring samples (b). Scale bar: 100 ym. (c) Statistical analyses of the migration rates of
the HeLa cells. Error bars indicate standard deviations from 3 independent experiments for each sample. Migration rate in the presence of the
RGD-labeled nanosprings is slower than that without RGD at pH 6 (p < 0.001, one-tailed-t test). Migration rates are similar at pH 7.4. NS depicts

no significant difference.

on a dish coated with the RGD + ve nanosprings showed lower
migration rates (p < 0.001) compared to that coated with the
RGD — ve nanosprings at pH 6.0 (Figure 3). The lower
migration rates may represent the cellular processes originated
by the clustered integrins’’ bound to the RGD in coiled
origami nanosprings under slightly acidic condition. As a
control, no significant difference in migration rates was
observed between RGD + ve and — ve nanosprings at neutral
pH. In both samples, the HeLa cells were protruded, indicating
extended nanosprings at neutrality as shown in Figure 3. From
these experiments, we confirm that our nanosprings can inhibit
the migration of the HeLa cells in acidic ECM in which tumor
cells are often exposed. These nanosprings are not expected to
significantly affect the migration of cells grown in regular
neutral environment. When live/dead cell assays32 were
performed, we found more than 92% HeLa cells were alive
when incubated with various nanospring samples for 8 h in
either pH 6.0 or 7.4 (Figure S11). This indicated that the DNA
origami nanosprings presented nonsignificant toxicity to cells.

Bl CONCLUSION

In summary, we successfully synthesized DNA origami
nanosprings that change their mechanical structures in the
narrow pH range of 6.0—7.4. These DNA nanosprings were
exploited to modulate cell morphologies and migrations by

targeting the integrins on cell membranes. Since these pH
sensitive origami nanoassemblies allowed a unique advantage
to inhibit the movement of HeLa cells in acidic ECM, we
expect our origami nanodevices to be particularly beneficial to
target tumorigenic metastases. The unique mechanical
modulation of cell behaviors in response to innate chemical
cues provides a new and generic chemo-mechanical approach
to precisely control cell functions.

B EXPERIMENTAL SECTION

Preparation of DNA Origami Nanosprings. DNA
origami structures were designed using caDNAno software™
for strand routing and CanDo>*** for the prediction. Designed
assembly was prepared by mixing scaffold DNA (p8064) with
staple strands and bridge strands in folding buffer (S mM Tris-
HCI, 1 mM EDTA, and 15 mM MgCl,) maintained at 65 °C
for 15 min, which was then annealed by reducing temperature
to 45 °C at a rate of —1.0 °C/h. Next, the annealed mixture
was purified and mixed with precipitation buffer (15% PEG
8000, S mM Tris-HCl, 1 mM EDTA, and 505 mM NaCl).
Finally, the solution was centrifuged, and pellet was dissolved
in buffer of required pH for further analysis (see SI for details).

Atomic Force Microscopy Observation. AFM imaging
was performed using a tip scan high-speed AFM (BIXAM,
Olympus, Tokyo, Japan) that was improved based on a

https://dx.doi.org/10.1021/acs.bioconjchem.0c00674
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previously developed prototype AFM.*® A drop (2 L) of the
sample (~1 nM) in the buffer of designated pH (pH 7.4:5 mM
Tris-HCI (pH 7.4), 15 mM MgClL, and 1 mM EDTA; pH
5.0:5 mM MES-KOH (pH 5.0), 15 mM MgCl,, 1 mM EDTA)
was deposited onto a freshly cleaved mica surface or 0.05%
APTES (3-aminopropyl triethoxysilane)-treated mica surface
and incubated for 1 min. The surface was subsequently rinsed
with 10 uL of the same buffer. Small cantilevers (9 ym long, 2
um wide, and 100 nm thick; USC-F0.8-k0.1-T12, Nanoworld)
having a spring constant of ~0.1 N/m and a resonant
frequency of ~300—600 kHz in water were used to scan the
sample surface. The 320 X 240-pixel images were collected at a
scan rate of 0.5 frames per second (fps). The images were
flattened using an AFM scanning software (Olympus) and
Image] (http://imagej.nih.gov/ij/) software.

Assessment of the RGD Embedded Nanosprings on
Cancer Cell Morphology. Previously maintained HeLa cell
lines (see SI for details) were used for study of cellular assays.
The imaging dishes (35 mm diameter dish, 10 mm diameter
microwell, poly(p-lysine) coated, MatTek Corporation) were
coated with RGD + ve and RGD — ve nanospring samples
overnight. A total of ~500 HeLa cells were seeded onto the
dish with complete media at pH 6.0, and were allowed to
adhere for 6—8 h. Upon attachment to the dish, morphology of
HeLa cells was recorded on the Olympus IX70 microscope
with a 40X objective. To examine the reversibility of
morphology change, the media at pH = 7.4 were replaced to
the media at pH = 6.0 and incubated for an additional 4 h. The
cell images were processed using Image]. For actin staining, the
media were removed, and cells were washed once with PBS.
The cells were then fixed and permeabilized using BD Cytofix/
Cytoperm kit (Thermo Fisher Scientific). 100 uL of BD
Fixation and Permeabilization Solution was added to the cells
and incubated in the dark at 4 °C for 20 min. The solution was
removed, and then cells were washed twice with 250 uL of 1X
BD Perm/Wash Buffer. The solution was removed and 200 uL
of 1X Perm/Wash Buffer containing phalloidin-FITC and
Hoechst dyes was added. The cells were incubated at room
temperature for 30 min. After incubation, the cells were
washed twice with PBS and images were acquired on the
microscope. The images were processed using Image].

Scratch Assays. A total of ~50,000 HeLa cells were seeded
overnight on poly(p-lysine) coated imaging dishes (MatTek
Corporation) that had been incubated with DNA origamis at
either pH 6.0 or 7.4. Next, the monolayer was scratched using
a P10 pipet tip. The dishes were then washed once with PBS,
and the media was replaced at pH 6.0 or 7.4. Migration was
monitored after 8 h on the Olympus IX70 microscope with a
10X objective, and the images were acquired. The images were
processed using Image].
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