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Cellular mechanical force plays a crucial role in numerous biological processes, including wound healing,
cell development, and metastasis. To enable imaging of intercellular tension, molecular tension probes
were designed, which offer a simple and efficient method for preparing Au-DNA intercellular tension
probes with universal applicability. The proposed approach utilizes gold nanoparticles linked to DNA

hairpins, enabling sensitive visualization of cellular force in vitro. Specifically, the designed Au-DNA
Received 9th April 2024 int lular tensi be includ l L ing flanked b fl hore— h . hich i
Accepted 12th July 2024 intercellular tension probe includes a molecular spring flanked by a fluorophore—quencher pair, which is
anchored between cells. As intercellular forces open the hairpin, the fluorophore is de-quenched,

DOI: 10.1039/d4ra02647k allowing for visualization of cellular force. The effectiveness of this approach was demonstrated by
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1 Introduction

Cellular force is a fundamental biological process' that is
involved in numerous cellular processes, including migration,
proliferation and differentiation. Cells regulate their behaviour
through mechanical feedback and interactions with their
microenvironment.” Specifically, receptors on the cell surface
bind to ligands, triggering mechanical stimuli that allow cells to
sense and convert physical signals from the external environ-
ment.’* However, imaging intercellular forces is a challenge, as it
typically requires specialized conditions that are not readily
available in most laboratories. To address this limitation, there
is a need for an efficient molecular force fluorescent probe that
is suitable for most laboratory conditions and can be used with
a fluorescence microscope or fluorescence confocal micro-
scope.*® Mechanical cues are critical for a wide range of cellular
processes, including cell adhesion, immune recognition,
metastasis, and coagulation.®® Specifically, cells sense the
mechanical properties of Extracellular Matrix (ECM) through
integrin receptors on the cytoskeleton, which transmit forces
bidirectionally between the cytoskeleton and ECM.°
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imaging the cellular force in living cells using the designed Au-DNA intercellular tension probe.

Multiple approaches are available for studying integrin-
mediated cellular forces. Single molecule force spectroscopy is
a technology used to detect interactions between cell receptors
and their ligands. This method includes atomic force spec-
troscopy,'® magnetic tweezers, and optical tweezers."* Although
single-molecule force spectroscopy can capture the phys-
icochemistry of ligand-receptor interactions, it may not reca-
pitulate biological processes accurately because many
membrane receptors function as oligomers instead of isolated
molecules. Traction Force Microscopy (TFM) is another method
for studying cellular mechanics, which measures the extent of
deformation of the polymer substrate caused by cellular trac-
tion.” TFM provides micron-level spatial resolution and nN-
level sensitivity, but it cannot measure the force of a single
receptor and the force measured by TFM is relatively rough.
However, TFM and single-molecule force spectroscopy provide
a foundation for understanding the impact of environmental
forces on various cell functions. In contrast, the mechanical
interactions between individual cells remain largely unexplored
due to the difficulty of modifying and controlling functional
probes at complex cell-cell interfaces. To bridge this gap,
Khalid Salaita®® developed Molecular Tension-based Fluores-
cence Microscopy (MTFM). MTFM enables imaging cellular
traction at pico-Nu (pN) resolution, allowing for the visualiza-
tion of mechanical interactions between individual cells.

The molecular reporter is the technical core of MTFM and
consists of an extensible “spring” unit with fluorophores and
quenchers on both sides that is fixed to the substrate."* The
tension delivered to the probe causes the spring structure to
extend or open, separating the fluorophore from the quencher
and resulting in a sharp increase of fluorescence intensity.'>*®
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The spring structure comprises polyethylene glycol, protein,
and DNA." DNA-based MTFM probes offer several advantages,
including ease of synthesis, modular design, and optimal
signal-to-noise ratios for imaging. Typically, DNA probes are
composed of three oligonucleotide strands. The first strand
anchors the probe to the underlying substrate, the second
strand is a stem-loop hairpin structure with a well-characterized
force-stretch relationship, and the third strand ligands that
bind to cell surface receptors.'”'®

MTFM molecular tension fluorescent probe is fixed at one
end on a glass substrate, which requires a complex and time-
consuming modification. To overcome this limitation, Zhao
Bin" developed an intercellular tension probe in 2017, which
can be directly incubating the probe with cells without the need
for substrate modification. Building on this approach, the
design is improved by connecting gold nanoparticles (AuNPs)
between DNA hairpin probes. In addition to the quenching
between fluorophores and quenchers on hairpins. In addition
to the quenching between the fluorophores and quenchers on
hairpins, there is also quenching between AuNPs and fluo-
rophores. The double quenching approach helps to overcome
background noise, resulting in an gold nanoparticles DNA (Au-
DNA) tension fluorescent probe with Nanometal Surface Energy
Transfer (NSET)* and Fluorescence Energy Resonance Transfer
(FRET) effects.**>* Khalid Salaita'® verified that the quenching
efficiency of the Au-DNA molecular force probe can reach 100%,
indicating very sensitive.

In this study, a novel strategy is proposed for constructing
Au-DNA intercellular tension probe to visualize cellular tension.
The Au-DNA intercellular tension probe are compatible with
standard fluorescence microscope and can be widely used to
measure intercellular tension of many systems. Due to this
method is intrinsically non-invasive in principle and cannot
affect the activity of the cells, which can offer promising avenue
for the use of Au-DNA intercellular tension probe in other
cellular mechanoconduction applications.

2 Experimental
2.1 Reagents

2.1.1 Materials and reagents. All DNA oligonucleotides
(Table 1) were purchased from Sangon Biological Company, and
the concentration was calculated with A,¢, before use. MDCK
cells were purchased from Shanghai Zhongqiao XinzhouBio-
technology Co., Ltd. Cyclic peptide RGDfK-NH,, SDS, 4-(N-
maleimidomethyl)cyclohexane-1-carboxylic acid sulfosuccini-
mide ester sodium salt sulfo-SMCC, tris(2-carboxyethyl) base

Table1 Shows all DNA sequences
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phosphine TCEP was purchased from Sangon Biological
Company.

2.1.2 Experimental equipment. Nanodrop-2000C UV spec-
trophotometer, SP8 fluorescence confocal microscope.

2.1.3 Synthetic fluorophore chain LS-RGD. According to
the literature** the synthesis process was as follows: 25 pL LS
DNA strand (200 pm) was mixed with 10 pL 100 mM TCEP
solution for 1 h, since this strand connects cRGD for specific
binding to integrin receptors on cell membrane surface. It was
then purified using a Bio-Spin 6 column. After purification, 5 pL
sulfo-SMCC (23 mM freshly prepared) was added immediately,
the reaction was carried out at room temperature for 30 min,
and then purified again on a Bio-Spin 6 column. Next, 10 pL of
RGDfK-NH, (10 mg mL™") solution was added and placed in
a refrigerator at 4 °C over 12 h.

2.1.4 Synthesis of DNA hairpin spring probes. DNA hairpin
probes are prepared by hybridizing three strands.

All DNA oligonucleotides (including circular strands,
anchored AS strands, and LS-RGD strands) were placed in a 90-
95 °C water bath and annealed for 5 min at a concentration of
10 pM. The synthesized hairpins are not used up and stored in
a refrigerator at 4 °C.

There are three types of DNA hairpin strands, which are
synthesized as follows.

Cy3-BHQ2-1 hairpin chain, containing RGD: LS-RGD, HS, AS.

Cy3-BHQ2-2 hairpin chain with cholesterol: LS-C, HS, AS.

Cy3-BHQ2-nq hairpin chain with fluorophore without RGD
and cholesterol: LS, HS, nq-AS.

2.1.5 Nanoparticle synthesis. 100 mL of 1 mM tetra-
chloroauric acid was added to a round-bottomed flask, stirred
and boiled, and heated to reflux. Add 10 mL 38.8 mM sodium
citrate solution and heat reflux for 15 min. The solution will
change from yellow to clear, to black, to purple, and finally to
deep red. After 15 min, turn off the heat and allow the reaction
to cool to room temperature.

2.1.6 Au-DNA intercellular tension probe synthesis. 20 uM
Cy3-BHQ2-1 chain and Cy3-BHQ2-2 chain were mixed 1 : 1. After
30 min, the resulting hybridized DNA solution was added to
1 mL 10 nM Au nanoparticle solution and incubated on an
orbital shaker for 1 h.

Subsequently, phosphate buffer (0.1 M, pH = 7.4) and 10%
sodium dodecyl sulfate (SDS) solution (w/v) were added to the
mixture to make their concentrations 10 mM and 0.1%,
respectively. The resulting solution was gradually “salted” with
6 aliquots of 2 M NaCl solution (0.05 M each time) at 2 h (20 min
interval) to obtain a final NaCl solution of 0.3 M. Note that after
each salting out, the Au nanoparticle solution was sonicated for

Name Sequences (5’ to 3')

LS HS-TTTGCTGGGCTACGTGGCGCTCTT-6-Cy3

LS-C Cholesterol- TTTGCTGGGCTACGTGGCGCTCTT-6-Cy3

HS CCCGTGAAATACCGCACAGATGCGTTTGTATAA ATGTTTTTTTCATTTATACTTTAAGAGCGCCACGTAGCCCAGC
AS BHQ2-CGCATCTGTGCGGTATTTCACCCC-SH

nq-AS BHQ2-CGCATCTGTGCGGTATTTCACCCC
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10 s to maximize DNA packaging. The particles were stirred
overnight and photoprotected. Then, 30 uM passivated PEG
(SH-PEG) was added to the AuNP-DNA solution and allowed to
incubate for 4 h. The reaction mixture was centrifuged (13
000 rpm, 20 min) three times and resuspended in PBS solution.

2.1.7 Cell culture. MDCK cells were cultured at 37 °C and
5% CO, in low glucose DMEM containing double antibodies.
The cells were passaged at a fusion degree of about 80% and
plated at a density of 20%.

2.1.8 Visualization of Au-DNA intercellular tension probe
by fluorescence imaging. MDCK cells were seeded in glass
bottom dishes. After overnight incubation, cells were washed
twice with DPBS phosphate buffered saline, 1 pM pre-
assembled Au-DNA intercellular tension probe was added to
the cells containing DMEM phenol red-free, incubated at room
temperature for 30 min, washed 3 times with PBS, and added to
the culture without DMEM phenol red base for imaging.

3 Results and discussion

Fig. 1 illustrates the structure of Au-DNA intercellular tension
probe. The DNA strand consists of three strands: (1) an anchor
strand with a fluorophore, (2) a DNA strand with aquencher,
and (3) a cholesterol-modified stem-loop DNA hairpin strand.
After annealing, the three strands pair complementally. The
Cy3-BHQ2-1 probe contains an RGD peptide that specifically
binds to integrin on the cell membrane. The self-assembled
Cy3-BHQ2-2 probe has a pair of cholesterol anchors at one
end, allowing the DNA probe to spontaneously insert into living
cell membranes through hydrophobic interactions. The core of
the probe is retractable DNA hairpin, which exhibits a “spring”
characteristic. A section of DNA is linked to a cRGD peptide that
binds to the integrin receptor on the cell surface, while
cholesterol at the other end enables stably anchoring on the cell
membrane. Fluorescent dyes and quenchers effectively quench
fluorescence via FRET and NSET of Au nanoparticles as DNA is
folded. When DNA hairpins are opened by intercellular tension
force, the fluorescent dyes restore fluorescence. If the tension
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BHQ2
Cy3-BHQZ-1§
[ ]
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Fig.1 Schematic diagram of Au-DNA hairpin probe structure.
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applied by neighboring cells exceeds the threshold force
required for unfolded DNA hairpins, the fluorophore dissoci-
ates from the quencher, resulting in an increase in fluorescence
intensity.

In Fig. 1, each tension probe is composed of a DNA hairpin
labeled with a fluorophore quencher pair that is attached to
AuNPs. The fluorescent groups are double quenched by
molecular quenching agents via FRET and NSET, reducing
background signals and improving the sensitivity of traditional
molecular tension sensors.'>'® When the applied force exceeds
the hairpin threshold unfolding force, the DNA hairpin opens,
resulting in fluorescence.

Although larger diameter AuNPs have been reported to be
more efficient at quenching fluorescence,’® smaller AuNPs are
selected to minimize the potential for each particle to bind
multiple integrins. Based on the structural data and previous
literature,' 17 nm AuNPs are chosed. As shown in Fig. 2, the
diameter of Au-DNA nanoparticles is larger compared to Au-
DNA particles, and certain white circles around the AuNPs can
also be observed. Additionally, TEM results indicated that most
AuNPs were well separated from each other, and there were no
aggregated particles observed.

To verify the binding of DNA to AuNPs, Dynamic Light
Scattering (DLS) measurements are conducted. As shown in
Fig. 3, the hydration radius of Au-DNA is larger than that of Au
alone. DLS results (Fig. 3a) indicate that the diameter of the Au-
DNA structure increases from 17.4 nm to 38.12 nm, suggesting
that AuNPs follow a specific pattern when bound to DNA and
form complex structures with AuNPs and Au-DNA. These DLS
measurements support the observation that the average diam-
eter of the particles increases from 17 nm to 38 nm (Fig. 3a).
After synthesizing AuNPs using literature procedures, their
hydrodynamic diameters were determined to be approximately
17 nm by DLS. Following oligonucleotides modification, the
average hydrodynamic diameter of Au-DNA increased from to
around 38 nm. Among the different nanospheres, the sample
AuNPs exhibited the maximum displacement (Ayax = 15 nm)
because of their larger size, which resulted in lighter scattering.
Upon addition of DNA to the AuNPs sample, the UV absorption
spectrum displayed a slight red shift, as shown in Fig. 3b,
indicating successful coating of the DNA layer on the surface of
AuNPs.

It was investigated whether Au-DNA molecular force fluo-
rescent probes could be anchored to cellular membranes

Fig.2 Transmission electron micrograph of (a) gold nanoparticles and
(b) Au-DNA. There are red circles and obvious white circles for parti-
cles in the red circles. The transmission electron micrograph of Au-
DNA is negatively stained.
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Fig. 3 (a) Dynamic light scattering particle size distributions (b) UV-vis
absorption spectra of Au and Au-DNA comparing mean diameter data.

sensitive to cellular mechanics, such as DMCK cells. Au-DNA
intercellular tension probe was observed anchored to the cell
membrane within 30 min of incubation (Fig. 4b). The efficient
membrane anchoring is due to cholesterol-mediated hydro-
phobic interactions and RGD-integrin interactions (Fig. 4b). Au-
DNA intercellular tension probe unfolds by integrin-mediated
forces, allowing Cy3 to dissociate from BHQ2. Compared to
probes without RGD peptides (Fig. 4a), the fluorescence signal
of the Au-DNA tension probe (Fig. 4b) on cell membrane is
clearly visible. On the cell membrane, there are many signal
receptors such as integrins and cadherins.'** These receptors
bind to ligands on neighboring cells or ECM surfaces, medi-
ating mechanical transmission. Integrins are excellent sensors
for cellular force reception.”® When the receptor binds to the
ligand, the cell forces generated by the cell cytoskeleton are
transmitted to the surrounding environment. Focal adhesions
contain thousands of integrin receptors, making the intercel-
lular tension probe signal very stable.

To further determine whether intercellular tension was
driven by contraction of actomyosin II, the Rho-associated
kinase (ROCK) inhibitor Y-27632 (Fig. 5 and movie S17) were
used to inhibit the contractility of myosin. The ROCK inhibit led
to a decrease in intercellular tension overtime. After treatment
with the inhibitor Y-27632, the tension signal was reduced,
indicating that the intercellular tension was driven by the
contraction of actomyosin and confirming the feasibility of the
probe Furthermore, additional experiments were conducted by
incubating the cell force probe with cells and then adding the
cytoskeleton inhibitor ML-7 (Fig. S11). The experimental results

Fig. 4 (a) Confocal fluorescence diagram of Au DNA without RGD
ligand and cholesterol and (b) confocal fluorescence diagram of Au
DNA containing ligand and cholesterol. Scale bar: 50 um.
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Fig. 5 The cells are treated with ROCK inhibitor. Representative
fluorescence images showed the change of Au-DNA tension probe
before (a) and after (b) Y27632 treatment 30 min. Scale bar: 20 pm.

showed a significant decrease in cell force signal after the
inhibitor was added, indicating that the probe we synthesized is
an intercellular force probe.

4 Conclusions

In summary, the Au-DNA intercellular tension probe success-
fully imaged MDCK integrin-mediated tension, with clear
fluorescence signal observed on the cell membrane. Compared
to techniques such as traction microscopy and optical tweezers,
the DNA spring probes are simpler to use, requiring only
incubation and self-assembly on the cell membrane, without
the need for more complex and time-consuming cloning or
transfection. The Au-DNA intercellular tension probe is an
effective and user-friendly method that has the potential to
become a widely-used tool. By studying intercellular tension,
this technique can shed light on various collective migration
behaviors, including tumor invasion, wound healing, and
embryonic development. These probes offer a promising
approach for future tissue engineering and regenerative medi-
cine applications.
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