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Mechano-fluorescence actuation in single synaptic
vesicles with a DNA framework nanomachine

Jiangbo Liu', Xinxin Jing?, Mengmeng Liu3, Fan Li', Min Li', Qian Li?, Jiye Shi%, Jiang Li*>,
Lihua Wang*>, Xiuhai Mao*, Xiaolei Zuo"?*, Chunhai Fan?

Biomimetic machines that can convert mechanical actuation to adaptive coloration in a manner analogous to
cephalopods have found widespread applications at various length scales. At the nanoscale, a transmutable
nanomachine with adaptive colors that can sense and mediate cellular or intracellular interactions is highly de-
sirable. Here, we report the design of a DNA framework nanomachine (DFN) that can autonomously change
shape in response to pH variations in single synaptic vesicles, which, in turn, displays adaptive fluorescent
colors with a mechano-fluorescence actuation mechanism. To construct a DFN, we used a tetrahedral DNA nano-
structure as the framework to incorporate an embedded pH-responsive, i-motif sequence tagged with a Forster
resonance energy transfer pair and an affinity cholesterol moiety targeting vesicular membranes. We found that
endocytosed DFNs are individually trapped in single endocytic vesicles in living synaptic cells due to the size-
exclusion effect. The adaptive fluorescence coloration of DFNs enabled single-vesicle quantification of resting
pH values in a processive manner, allowing long-term tracking of the exocytosis and fusion dynamics in intra-
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cellular processes and cell-cell communications.

INTRODUCTION

Biomimetic machines autonomously change their physical proper-
ties, such as shape, stiffness, and size, to exert mechanical force or
motion in response to certain external stimuli. Integration of
diverse functionality and intelligence has led to the development
of engineered biological systems with mechanical shape change,
adaptive support, and tactile sensing in a fully programmable way
(1-4). In particular, their ability to dynamically change their shape
and color to adapt to varied environments inspired the develop-
ment of transmutable and color-variable machines with artificial in-
telligence for widespread applications (5, 6). For example, an
adaptive infrared-reflecting system that combines the mechanical
actuation—induced adaptive coloration and sensing system was de-
veloped for infrared camouflage by drawing inspiration from the
skin of cephalopods (squid, octopuses, etc.). It is also envisioned
that the development of nanoscale biomimetic machines that can
actively sense, signal, and transform in response to cellular and or-
ganellar environments may revolutionize theranostics and nanome-
dicine. However, unlike natural protein—-based molecular machines
(7-9), the navigating, targeting, and transforming abilities of de-
signer nanomachines that may otherwise function properly in sol-
ution are largely hindered by the complexity of cellular and
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subcellular systems (10-19), which lays a grand challenge in syn-
thetic nanomachines (20, 21).

During the past decades, a variety of material systems have been
developed to realize morphological adaption (22-30). Among them,
the intrinsic precision and programmability of DNA molecules
provide a promising approach to designing dynamic DNA frame-
works with well-defined and reconfigurable conformational change
(31-34). Intuitively, a biomolecular nanomachine is more compat-
ible with the cellular environment than inorganic nanoparticle— or
organic molecule-based ones, as also manifested by the experimen-
tal demonstration of designer DNA nanomachines for treating
cancers, acute kidney injury, and other diseases (35-38). Neverthe-
less, these DNA nanomachines are generally single purposed,
whereas the transportation of DNA nanomachines within and
across various cellular and subcellular membranes remains practi-
cally difficult (38, 39).

In this work, we design a size-adaptive, membrane-targeting
DNA framework nanomachine (DFN) in which components with
diverse functionality can work in tandem. As a natural example of
mechanic actuation, the shape and coloration of cephalopod skin
can be changed autonomously and repeatedly for the purpose of
signaling, concealing, or transforming to adapt to varied environ-
ments, as illustrated for the squid in an octopus pot in fig. S1. In
a sense, the skin of cephalopods behaves as a dynamic mechano-col-
oration machine in which the internal sacculi packed with pigment
granules in pigment cells are expanded and contracted through the
mechanical actuation of radial muscle cells that, in turn, display
varied colors. Analogous to the mechanical actuation-induced
adaptive coloration system of cephalopod skin, the DNA framework
behaves as a dynamic mechano-coloration machine that expands
and contracts to display varied colors in response to certain external
stimuli. Moreover, analogous to an octopus pot (fig. S1), we reason
that the secretion of endocytosed DFNs, an important step during
vesicle fusion, is critically dependent on the size of DFNs (Fig. 1).
Given the precise programmability of DFNs, their size and color
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Fig. 1. Schematic for the design of DFNs with an adaptive size and mechano-fluorescence actuation. (A) Schematic illustration of the design of mechano-fluor-
escence actuation—based DFNs. The rigid TDF was designed as a nanomachine by embedding a pH-responsive i-motif sequence tagged with a FRET pair onto one edge
and an affinity cholesterol moiety. The i-motif was 2.9 nm in height and 2.1 nm in width (Protein Data Bank 1ELN) (56). (B) DFNs with a mechano-fluorescence actuation
mechanism to pH variation in a vesicle. The DFNs consist of three modules: cholesterol moiety for targeting vesicular lipid membrane, a size-adaptive (from 3 to 45 nm)
TDF for integrating various functions, and a pH-responsive i-motif underlying mechano-fluorescence actuation in the size (from ~10 to ~2 nm) for FRET-based dynamic

coloration.

adaptation to the vesicular lumen environment provide a feasible
solution to processive tracking of the dynamics of vesicle fusion
in synaptic cells.

RESULTS

Biomimetic design and construction of DFNs

We conceptualized a size-adaptive nanomachine using DNA frame-
works and functional nucleic acids. The DFN was composed of a
size-programmable DNA framework with an embedded pH-re-
sponsive i-motif sequence tagged with a Forster resonance energy
transfer (FRET) pair and an affinity cholesterol moiety targeting ve-
sicular membranes (Fig. 1). When actuated in response to the acidic
pH, the embedded i-motif of a DFN sensed H" and associated to
form the i-tetraplex structure via two parallel-stranded C-H+C*
base-paired duplexes (15, 40, 41), which resulted in mechanical ac-
tuation that contracted the reconfigurable edge of DENs from 14 to
7 nm in size, converting the DNA framework from an irregular to a
regular tetrahedron. Subsequently, the shape transformation led to
dipole-dipole coupling between the excited state of the donor and
the ground state of the acceptor via FRET, resulting in mechano-
fluorescence of the DFN.

Structural characterization of reconfigurable DNA
framework

In this integrated nanomachine, the DNA framework realized the
localization and control of these functional domains. The resulting
structural DNA framework can then be engineered to make these
systems analytically tractable for diverse purposes. Here, we set
out to construct a series of tetrahedral DNA frameworks (TDFs)
with various length edges, including 7, 20, 26, and 120 base pairs
(bp). As revealed by the gel shift assay (figs. S2 and S3), these
formed DNA frameworks exhibited one clear band, and the yield
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was calculated to be ~90%, indicating successful assembly.
Atomic force microscopy (AFM) images confirmed the formation
of the TDF structures with a characterized three-dimensional tetra-
hedral morphology (fig. S4), which was consistent with our design.
In addition, the dynamic light scattering results indicated that these
DNA frameworks exhibited hydrodynamic sizes of 6.8 + 0.4 nm,
13.8 = 1.5 nm, 17.1 + 1.6 nm, and 41.6 + 2.1 nm for 7, 20, 26,
and 120 bp, respectively (fig. S5). Hence, the DNA framework fea-
tured a programmable structural size and desired shape.

The DFN was fabricated by tightly integrating pH-responsive i-
motif actuation, FRET-based dynamic coloration, and vesicular
membrane targeting into the rigid DNA framework. We then
asked whether the incorporation of multiple functional nucleic
acids into DNA frameworks can result in the integration of
diverse functions into DFNs. We first characterized whether the
pH-responsive i-motif actuation resulted in the shape transforma-
tion of DNA framework. The incorporation of i-motif DNA into
one edge transformed it into a reconfigurable DNA framework.
In this structure, five edges of this structure were double helices,
whereas the sixth edge contained DNA with a reconfigurable i-
motif. Because of the nature of the DNA framework's reconfigura-
ble edge, the transformation of the DNA framework can be realized
through the actuation of i-motif DNA on the reconfigurable edge
(Fig. 2A). As a typical example, a representative 20-bp edged
DNA framework was characterized by observing their shape trans-
formations with AFM and transmission electron microscopy
(TEM). Before the actuation, both AFM imaging and TEM
imaging revealed that the DFNs were of an irregular tetrahedral
structure (Fig. 2B and fig. S6), featuring an average diameter of
~14 nm in size and an apparent lateral length of ~13 nm at the i-
motif-incorporated reconfigurable edge (Fig. 2B). Upon actuation,
the DEN structure was transformed to a regular tetrahedral struc-
ture, with its reconfigurable edge shrunk by the pH-actuated i-
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Fig. 2. Characterization of mechanically actuated DFNs. (A) Schematic illustra-
tion of mechanically actuated DFNs with shrunken morphology (pH 5.5) and ex-
panded morphology (pH 7.3). (B) AFM imaging and quantification of DFNs with
shrunken morphology (pH 5.5) and expanded morphology (pH 7.3), respectively.
Scale bars, 200 nm. The apparent lateral length of the i-motif-incorporated re-
configurable edge was 13.1 £ 2.5 nm (n = 34, means + SD) and 6.4 £ 3.0 nm
(n = 34, means + SD) at pH 7.3 and 5.5, respectively. (C) CD spectra of DFN and
i-motif. DFN showed a positive peak at 288 nm and a negative peak at 270 nm
in the difference spectra between pH 5.5 and 7.3, which is in agreement with
the characteristic peaks for i-motif structure.

motif. The corresponding morphologic images showed that the ac-
tuated DFNs featured an average diameter of ~7 nm in size and an
apparent shrinkage length of ~6 nm at the reconfigurable edge
(Fig. 2B and fig. S7). The i-motif actuation could dynamically mod-
ulate both the size and the reconfigurable edge by approximately
twofold. Moreover, circular dichroism (CD) spectroscopy on the re-
configurable DNA framework revealed that the C-rich DNA se-
quence in the configurable edge adopted an extended
conformation at pH 7.3, whereas, at pH 5.5, it formed the identical
i-tetraplex structure of a free C-rich sequence (Fig. 2C and fig. S8).
These results indicated that the DFN's shape transformation was
due to the pH response of i-motif actuation underlying the recon-
figurable edge.

pH-responsive fluorescent coloration of DFNs

Next, we explored how to control the dynamic coloration of DFNs
on the basis of pH-responsive actuation. We labeled the reconfigur-
able edge with various FRET fluorophore pairs—such as Cy3/Cys5,
JOE/TAMRA-N, 6-FAM/TAMRA-N, Alexa 647/BHQ-3, and 6-
FAM/BHQ-1—as donor and acceptor, respectively. By modulating
the structural transformation of pH-responsive i-motif, we used the
variation in the absorbance or fluorescence spectra of the DFNs to
sense the environmental change, as shown in Fig. 3A and fig. S9.
Using the Cy3/Cy5 dual-tagged DFN as an example, no FRET
with fluorescence at the wavelength of Cy5 (650 nm) was observed
under Cy3 excitation (570 nm) before actuation in pH 7.3, because
Cy3 and Cy5 were separated by the expanded shape (Fig. 3B). After
the actuation in an acidic solution (pH 5.5), the DFN's were trans-
muted to the shrunken state, and an emission at the wavelength of
Cy5 was observed with the Cy3 excitation (570 nm) (Fig. 3B). This
pH-responsive coloration was further confirmed by total internal
reflection fluorescent microscopy (TIRFM) at the single-molecule
level (Fig. 3B). Hence, this approach enabled our DFNs with pH-
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responsive coloration on the basis of the i-motif-actuated structural
transformation.

We also probed the pH-sensing performance of the reconfigur-
able DNA framework by evaluating the pH sensitivity in dynamic
coloration as a function of pH value. Variation in the pH value on
the Alexa 647/BHQ-3 dual-tagged DFNs changed the ratio of their
expanded and shrunken shapes, as shown in Fig. 3C. This resulted
in a different Alexa 647 fluorescent signal due to FRET in the
shrunken shape after the i-motif actuation. Moreover, a plot of
the Alexa 647 fluorescent signal as a function of pH value revealed
a standard sigmoid-like calibration curve that featured a sharp in-
crease between pH 6.0 and 7.0 [pK, (where K, is the acid dissocia-
tion constant) equal to 6.5] and a high apparent Hill coefficient
(nH; the slope of the fluorescence versus pH curve) of 2.3, which
is nearly identical to that of the i-motif-based DNA nanomachine
(42). This result, in turn, indicated that dynamic coloration origi-
nated from the i-motif DNA mechanical actuation in response to
pH variation.

We then evaluated the pH-responsive kinetics of DFN by real-
time monitoring of the Alexa 647 fluorescent signal in its dynamic
coloration. Acid or base was added to the buffer, during which we
measured the Alexa 647 fluorescent signal in real time at room tem-
perature. We found that each step of coloration was predominantly
completed within 1.0 s (fig. S10). The reaction rate constants for the
shape expansion and shrinkage were estimated to be 2.3 and 2.6 s},
respectively (calculated the kinetics of their responsiveness as a first-
order reaction), illustrating that the response times of DFN's color-
ation were fast. Moreover, the changes in the coloration were con-
sistent and fully reversible upon repeated pH cycling between 7.3
and 5.5, with a negligible change in the Alexa 647 fluorescent
signal observed after 10 cycles (Fig. 3D). Therefore, the pH-respon-
sive mechanical actuation of DFNs can be effectively translated to
FRET variations in response to a specific excitation with negligible
influence from the DNA framework.

In addition, we compared the pH-responsive dynamic colora-
tion of DFN with that of previously reported pH sensors for mon-
itoring cellular and organelle environments, such as molecular dye
FM 1-43, quantum dot (Qdot), and superecliptic pHluorin (SEP).
The treatment of these potential interferences—including Cu®*,
Fe**, Ni?*, Ca?*, Mg®*, and Na*—had a neglectable influence on
the Alexa 647 fluorescent signal (Fig. 3E) but substantially
reduced the fluorescent signal by 30 to 40% for Qdot (figs. S11
and S12). Meanwhile, the DFN exhibited the highest apparent nH
among pH probes, allowing for the evaluation of pH change in a
very narrow range (Fig. 3F). Moreover, the DEN exhibited the
same relative change in fluorescence (AF/F,,,,) from pH 5.5 to
pH 7.3 as Qdot (with AF/F,, of 0.6), which was 67% that of the
SEP (with AF/F.x of 0.9) and approximately six times that of
FM 1-43 (with AF/F,,,x of 0.1) (figs. S13 to S17). This result, in
turn, indicated that DFNs were brighter than other probes. There-
fore, this mechano-fluorescence—based dynamic coloration enabled
DEFNis to be well positioned to detect minute pH changes within cel-
lular and organelle environments and might inspire the rational
design of probes for monitoring environmental pH variation.

The targetability of DFNs

In addition to sensing the environmental variation, we investigated
whether the structural adaptation of the DNA framework allowed
for DFN targeting and transportation within and across diverse
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Fig. 3. Characterization of the dynamic coloration of DFNs. (A) Schematic illustration and imaging of pH-responsive dynamic coloration for DFNs modified with
variable FRET pairs. The “"Absorbance” columns are bright-field images of the visible colors displayed by visible light absorbance at pH 5.5 and 7.3. The “Fluorescence”
columns are images of the fluorescence colors displayed by ultraviolet light exciting at pH 5.5 and 7.3. (B) Dynamic coloration of DFNs with Cy3/Cy5 FRET pair in TIRFM
images. Scale bar, 10 um. (C) The DFNs’ normalized fluorescence intensity (Norm. Fluo.) changes as pH conditions change from acidic to basic. Alexa 647/BHQ-3 were
applied as FRET donor and acceptor in the DFN for the experiment. The fluorescence of DFN substantially increased with a sharp slope. (D) Characterization of DFNs’
fluorescence change during in vitro—repeated operations between pH 5.5 and pH 7.3. Alexa 647/BHQ-3 were applied as FRET donor and acceptor in the DFN for the
experiment. (E) The DFN relative fluorescence intensity (Rel. Fluo.) in different metal ion solutions (Ni*, Fe3*, and Cu?*) and biologically relevant ion solutions (Ca%*, Mg?*,
and Na*). Alexa 647/BHQ-3 were applied as FRET donor and acceptor in the DFN for the experiment. The error bars represent means + SD (n = 3). (F) The apparent nH and
relative change in fluorescence (AF/F,.x) of DFN, Qdot, I-switch, SEP, and FM 1-43, respectively. AF is the fluorescence intensity difference between pH 5.5 and pH 7.3; Fiax

is the fluorescence intensity at pH 7.3.

cellular and subcellular membranes. In particular, intracellular
vesicle lumenal pH changes are essential for organelle function
and integral to cellular processes such as endocytosis and exocyto-
sis. Then, we sought to anchor DFNs within the vesicle and monitor
lumenal pH changes of the intracellular vesicle. We modified a cho-
lesterol moiety at the corner via DNA hybridization (Fig. 4A and fig.
S18). This strategy enabled DFNs with attachment to living cells
under varied environments. We confirmed the attachment of
DEFNis to living cells by imaging rat pheochromocytoma (PC12)
cells after incubating cholesterol-labeled DFNs with cells at
various concentrations (fig. S19, A and B). After analyzing these
DFN-tagged PC12 cells using flow cytometry (Fig. 4B), we found
that the fluorescence intensity of the DFNs adhering to the cells fol-
lowed a standard sigmoid-like dependence on the DEN concentra-
tion, with a maximum fluorescence intensity at a concentration of
about 300 nM (fig. S19C). These results confirmed that the DFEN
attachment was not due to nonspecific adsorption but due to the
hydrophobic interaction between cholesterol and the inner lipid
of the membrane. Figure 4C depicts a typical confocal laser scan-
ning microscopy (CLSM) image of PC12 cells after 15 min of incu-
bation with 200 nM DFNs. Our Cy3/Cy5 doubly labeled DFNs
exhibited green fluorescence upon excitation with Cy3 and were
found to be localized to the cell surface membrane. To explore
the function of the DFNs at the lipid membrane surface in the
living cells, we next incubated these tagged cells in an acidic solution
(pH 5.5) for periods of 30 min. The Cy3 and Cy5 labels of the DFNs
remained colocalized on the cell surface membrane (Fig. 4C and fig.
§20), indicating the integrity of the DFNs. Meanwhile, in agreement
with the in vitro coloration experiments, our DFNs exhibited FRET
fluorescence (red) of Cy5 upon Cy3 excitation at the cell surface
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membrane, illustrating the fidelity of the dynamic coloration in
varied environments of living cells.

Next, we studied the transportation of DNA nanomachines
within and across various cellular and subcellular membranes.
The capability of cholesterol-modified DNA frameworks as an
uptake ligand was exploited to specifically encapsulate and deliver
them to endocytic vesicles (Fig. 4D). The PC12 cells were incubated
with a mixture of DFNs and FM 1-43, a widely used fluorescent dye
for labeling vesicles in vivo (43), and imaged in a CLSM (Fig. 4E and
fig. S21). The DFNs were found to be localized in distinct intracel-
lular structures in the CLSM images, whereas DFNs without choles-
terol moiety modification barely entered the cells (fig. S22). This
further suggested the importance of cholesterol moiety modifica-
tion in the targeting module of DFNs. When these images were
overlaid with cointernalized FM 1-43 images, these spots were
found to colocalize (Fig. 4E and fig. S23), indicating that the
DEFNs had entered the intracellular vesicle. To further characterize
the location of intracellular DFNs relative to the vesicle, we used
DNA hybridization to modify DFNs with 10-nm gold nanoparticles
(AuNPs) (fig. S24). Using TEM images, we observed that the DFN-
tagged AuNPs were attached to the vesicle's inner surface (Fig. 4F),
indicating that DFNs were endocytotically overriden and attached
to the vesicle's inner membrane. Moreover, we found that DFNs
had a negligible effect on cell health by using a calcein acetoxymeth-
yl ester (calcein-AM) staining assay and real-time cellular analysis
(figs. S25 and S26).

We also investigated whether DFNs were transported into the
intracellular exocytotic vesicle (Fig. 5A). The PC12 cells containing
DFNs were incubated in 90 mM K* and imaged over the time re-
quired for vesicle exocytosis (43, 44). As revealed by the fluores-
cence images, the colocalization spots of our DFNs and FM 1-43
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Fig. 4. Cholesterol-induced attachment of DFNs to intracellular vesicles. (A)
Schematic illustration of DFN attachments to the PC12 cell membrane by choles-
terol modification. (B) Flow cytometry analysis for DFNs attaching to cell mem-
branes. (C) CLSM imaging for DFNs attaching to cell membranes. Cy3/Cy5
doubly labeled DFNs were used. Scale bar, 10 um. (D) Scheme for DFN entry
into a synaptic vesicle. (E) CLSM imaging of vesicles with FM 1-43 staining and
DFN loading in PC12 cells. Alexa 647-modified DFNs were used. Scale bars, 20
um (zoomed out) and 5 um (zoomed in). (F) Scheme and TEM imaging of DFN-
AuNP distributed inside the vesicle. Scale bar, 50 nm.

migrated to the outer cell membrane (Fig. 5B and fig. S27), demon-
strating that our DFNs were amenable to imposing an endocytosis
and exocytosis program via the vesicle cycle.

Next, we explored the effect of size adaption over the fusion pore
on the targeting of DFN during dynamic vesicle fusion. For in-
stance, the optimal particle size for targeting the vesicular lumen
requires that the particles be small enough to fit within the vesicular
lumen but large enough to be rejected by putative fusion pores (13,
44-48). We programmed the prepared Alexa 647-modified DFNs
with three geometrically increased sizes—~3-nm DFN-1, ~10-nm
DFN-2, and ~45-nm DFN-3 (fig. S4)—and analyzed their fluores-
cence intensity variations during vesicle fusion. As revealed by the
CLSM images, no fluorescence variation was observed in DFN-3
(figs. S28 to S30), most likely because its size was too large to fit
within the exocytic vesicle's lumen. In contrast, the fluorescence
of both DFN-1 and DFN-2 decreased after the vesicle fused with
the cellular membrane (figs. S27 and S31). Furthermore, we discov-
ered that the distribution of fluorescence decreases for both DFN-1
and DFN-2 fell into two distinct categories: a leakage category with
fluorescence decreases of above 50%, corresponding to DFN’s escap-
ing the vesicle, and a stay category with fluorescence decreases of
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less than 50%, corresponding to DFNs staying inside the vesicle
(fig. S32). We further calculated the ratio of leakage categories
and found that the DFN-2 had a lower leakage ratio than the
DEN-1 (Fig. 5, C and D). This may result from the putative
fusion pores rejecting larger DFNs due to the size exclusion effect.
To substantiate the effect of size adaptation on the fate of our
DFNs during vesicle fusion, we designed an i-motif (~3 nm), an
i-motif-based DNA nanomachine (I-switch with ~8 nm in size),
and two sizes of fixed-size and configuration DNA frameworks
(shrinking corresponding to ~6-nm-diameter shrunken DFN-2
and expanding corresponding to ~12-nm-diameter expanded
DEN-2) and evaluated their fluorescence variation (figs. S33 to
S39). It was also found that the leakage ratios decreased in size in
a hyperbola-like fashion (Fig. 5, C and D). The size-dependent
lumenal fate of DFNs indicated that our DFN-2 can be localized
to the desired subcellular compartment without causing reporter
loss during the multiple fusion processes. Therefore, by encapsulat-
ing themselves in a single vesicle, the DFNs not only imposed an
endocytosis and exocytosis program but also suggested a possible
application as imaging probes for determining fusion dynamics.

Tracking vesicle fusion dynamics
Next, we explored the use of DFNs to distinguish the exocytotic
vesicle fusion dynamics (Fig. 6A), which underpins the study of cel-
lular functions and communications, including transmembrane
signaling, intracellular transport, and cell migration and division.
Vesicle exocytosis shows characteristic pH variation profiles that
are integral to vesicle release patterns, including the full-collapse
fusion (FCF) mode, in which vesicles flatten completely into the
plasma membrane and eventually lose their identity, and “kiss-
and-run” (K&R), in which vesicles transiently fuse with and retrieve
the plasma membrane (44—48). When exocytic vesicles fuse with the
surface membrane of cells, they undergo a characteristic pH in-
crease from 5.5 to 7.3 in the FCF mode and a transient pH
cycling between 5.5 and 7.3 in the K&R mode (44, 45). SEP has
been used extensively for imaging single-vesicle exocytosis
because of its nearly optimal pK, (7.3) and high nH (1.2). Before
vesicles fused with the cellular membrane, however, negligible
SEP fluorescence was observed (49). Moreover, either a low
signal-to-noise ratio or a low apparent nH for FM 1-43 and Qdot
left the vesicle fusion dynamics in synaptic cells uncertain (44).
The coloration module of the DFN allowed for the detection of
minute pH variations with high sensitivity and specificity. More-
over, its size-adaptative DNA framework module allowed it to
meet the required size, which was small enough to fit into the vesic-
ular lumen but large enough to be rejected by putative K&R fusion
pores. Then, we used DFN-2 to monitor and track the fluorescence
intensity of exocytic vesicles loaded with DFNs in PC12 cells in situ.
By using the time-dependent fluorescence profile, we observed a
burst ~35% (AF/F, fig. S40) in the fluorescence trace, as shown in
Fig. 6B. This was a result of the exocytosis vesicle with our DFN
and FM 1-43 being transferred from the acidic intracellular environ-
ment (pH 5.5) to the weakly neutral extracellular medium (pH 7.3).
In particular, the amplitudes of the upticks were distinct from base-
line noise (fig. S41), allowing us to distinguish the K&R mode from
the FCF mode. After that, the fluorescence intensity for DFNs de-
creased. Then, we discovered two distinct patterns: a transient pos-
itive deflection (uptick) ~15% above baseline, corresponding to the
K&R mode, and an uptick immediately followed by a negative step
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Fig. 5. Size-dependent cellular fates of DFNs. (A) Schematic illustration for the effect of a DFN's size adaptation on its fate in a PC12 cellular vesicle. Alexa 647-modified
DFNs and I-switch were used. (B) CLSM images of a DFN-2 that barely moved outside of the vesicle with FM 1-43. Scale bar, 1 um. (C) Violin plot of fluorescence decrease
(n=122,60,42,176,75,75,and 184 for FM 1-43, DFN-1, i-motif, shrunk DFN-2, I-switch, DFN-2, and expanded DFN-2, respectively). (D) Normalization leakage ratio for FM
1-43, I-switch, and size-adaptive DFNs (0.95, 0.74, 0.77, 0.48, 0.49, 0.21, and 0.22 for FM 1-43, DFN-1, i-motif, shrunk DFN-2, I-switch, DFN-2, and expanded DFN-2, re-
spectively). Circumcircle diameters of different DFNs were used. The error bars represent means + SEM (n = 3).

(downstep), corresponding to the FCF mode (44). Furthermore,
these dynamic patterns of fusion were observed in other neurocyte
cells, such as Neuro-2a and SH-SY5Y (figs. S42 and S$43), indicating
the versatility of DFNs in detecting the dynamic motion of vesicles.

Having established the capability of DFNs to accurately deter-
mine the exocytotic vesicle fusion dynamics between FCF and
K&R modes, we next analyzed the fluorescence intensity trace of
DFNs in each tagged fusion vesicle, allowing us to quantify the
fusion dynamics of released vesicles in PC12 cells. After analyzing
148 vesicles fusing with the surface membrane upon K* stimulation,
we observed various combinations of fusion modes: 47 for one
fusion time (28 for single K&R and 19 for FCF), 35 for two
fusion times (24 for double K&R and 11 for single K&R + FCF),
37 for three fusion times (30 for triple K&R and 7 for double
K&R + FCF), and 29 for tetrad K&R (Fig. 6, C and D). Knowing
the amount of each fusion mode, we found that the K&R ratio in-
creased with the number of fusion times (Fig. 6E). This was likely
because vesicles with a higher probability of release (performed
more fusion times) prefer K&R (44). In addition, we investigated
the relationship between the latency of the initial fusion and the
time interval between subsequent fusions for various fusion
modes. Statistical analysis of single-vesicle photoluminescence re-
vealed that as the number of fusions increased, the latency time
for the first fusion and the interval fusion time decreased (Fig. 6F
and figs. S44 and S45). These findings demonstrated that the
mechano-fluorescence—based dynamic coloration of DFNs can act
as a processive sensor for environmental variation and thus reveal
their dynamic functionality.

DISCUSSION

We have designed adaptive DFNs with mechano-fluorescence prop-
erties in response to pH variation and framing size to adapt to
various environments. First, our DFNs replicate a critical natural
capability of mechano-coloration and adaptive appearance. The

Liu et al., Sci. Robot. 7, eabq5151 (2022) 21 December 2022

DFNs can frame their size to adapt to the microenvironment. More-
over, similar to the mechanical actuation-based dynamic colora-
tion, the autonomous color change enables an ultrasensitive and
rapid response to cellular or intracellular interactions.

Furthermore, the nanomachine’s intrinsic and accurate response
allows for the demonstration of vesicle lipid membrane locomotion.
This essentially makes the nanomachine a powerful tool for in situ
monitoring of fusion dynamics. Although previous protein-based
sensors avidly bind to specific receptors, they have limited size
and shape programmability to adapt to the lumenal size of the
vesicle, because they can easily escape through the fusion pore
(47). Whereas pH-sensitive Qdot probes are attractive due to their
programmable size and pH-dependent photoluminescence change,
they cannot anchor tightly to the membrane (50-52). In contrast,
our DFNs combine the advantages of pH-responsive mechano-
fluorescence actuation with size programmability, thereby satisfying
the critical requirements of robust membrane association and pH
sensitivity. By optimizing the size of the DNA framework, we can
create nanomachines with identical sensor characteristics that fit
within the vesicular lumen and can be localized to any desired sub-
cellular compartment without sacrificing reporters during the mul-
tiple fusion processes. As a proof of concept, we can now study the
entire process of exocytosis and how the fusion dynamics regulate
their functionality by monitoring the resting pH of individual
vesicles.

We also note that nanomachine systems are designed to facilitate
awide range of applications, including in situ monitoring and anal-
ysis of fusion dynamics across multiple systems. Currently, our
DFENs are capable of determining the pH variation within a
vesicle. However, before they can be widely used as in vivo DNA-
based molecular machines, certain limitations need to be overcome.
A sensing module that can respond to different chemical or physical
stimuli—such as dopamine, Ca**, and Zn**—needs to be designed
and incorporated (29). In addition to probing intracellular pH var-
iation and vesicle fusion dynamics, our DFNs can mimic the diverse
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Fig. 6. Vesicle fusion dynamics of DFNs. (A) DFNs probe vesicle fusion dynamics. The DFN-loaded endocytic vesicle (E.V.) moved to the cell membrane under K*
stimulation. (B) TIRFM imaging of vesicle fusion and representative kymograph and the corresponding time-lapse fluorescence-intensity curves of two modes: K&R
and FCF. Scale bar, 4 um. (C) Raster representation of traces (n = 148) from DFN-loaded vesicles that responded to high K* stimulation for 2 min. DFN signals registered
as no response (gray), K&R (red), FCF (blue), or no longer present in the region of interest (black). (D) Scheme of vesicle fusion pattern and classification of vesicles with all
fusion behaviors. Of the 412 vesicles, 148 fused upon high K* stimulation. (E) K&R ratio of single fusion (gray), two fusions (blue), three fusions (green), and four fusions
(red). (F) Average latency of the first fusion [25.32, 22.37, 14.33, and 7.83 s for single fusion (gray, n = 47), two fusions (blue, n = 35), three fusions (green, n = 37), and four
fusions (red, n = 29), respectively]. The error bars represent mean + SEM. **P < 0.01, unpaired two-sample t test.

functions of a natural nanomachine to control and sense the
dynamic behavior of nanosystems in an efficient and selective
manner. It would be a substantial development if such DFNs
were tailored to be more tissue- or cell-specific to expand their ap-
plication range (33). The programmability and robustness of DFNs
provide a promising approach for sensing, diagnostics, and thera-
pies in living systems.

MATERIALS AND METHODS

Reagents

Fluorescently modified oligonucleotides were obtained from Invi-
trogen (Shanghai, China) and purified by high-performance
liquid chromatography. Other oligonucleotides were purchased
from Shanghai Sangong Biotech and purified by polyacrylamide
gel electrophoresis (PAGE). The DNA sequences used are listed
in tables S1 to S3. Single-stranded scaffold M13mp18 DNA was ob-
tained from New England Biolabs. SEP was obtained from Shanghai
Sangong Biotech. For more information, please see Supplementary
Methods S1.

Liu et al., Sci. Robot. 7, eabq5151 (2022) 21 December 2022

Preparation of TDF-based DFNs

TDFs with length edges of 7, 20, and 26 bp were assembled by
mixing equimolar strands in Tris—magnesium chloride (TM)
buffer (20 mM Tris and 50 mM MgCl, at pH 8.0) in 1 uM. The mix-
tures were heated to 95°C for 5 min and then cooled to 4°C in 60 s
using a Peltier Mode PTC-200 thermal cycler (M] Research Inc.,
SA). The 8% PAGE in 0.5 x Tris-boric acid—EDTA buffer [45
mM Tris, 45 mM boric acid, and 1 mM EDTA (pH 8.0)] was run
at a constant voltage of 80 V for 2 hours. The 120-bp TDF (DNA
origami tetrahedron) was prepared according to published work
(53). The staple DNA strands (50 nM) and M13mp18 scaffold
DNA strands (10 nM) were mixed in a molar ratio of 5:1 in
1 x TAE buffer [40 mM Tris, 2 mM EDTA, 20 mM acetic acid,
and 12.5 mM MgAc, (pH 8.0)], and the mixture was cooled from
95° to 20°C at a rate of 0.1°C/min. To remove excess staples of
origami, we washed the prepared samples two times with the
1 x TAE buffer using Amicon Ultra 0.5-ml centrifugal filters (mo-
lecular weight cutoff, 100 kDa) at a speed of 3000g for 10 min. The
1.5% agarose gel electrophoresis was run at 80 V in 1 x TAE buffer
for 30 min.
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Preparation of DFN-AuNPs

For the distance change experiment, 5-nm AuNPs were used,
whereas 10-nm AuNPs were used for the endocytosis experiment.
AuNPs were first modified with Bis( p-sulfonatophenyl)phenyl-
phosphine dihydrate dipotassium salt stabilizers according to pub-
lished work (54). Next, thiol-link strand was added to the solution
with a molar ratio of DNA/AuNPs = 200, and the mixture was
slowly brought up (1-hour incubation, five times) by adding
citrate-HCI buffer (100 mM, pH 3.0) to the solution to a final
citrate concentration of 50 mM. The solution was recollected and
then centrifuged (10,000, 30 min) to acquire the DNA-AuNPs,
which were subsequently resuspended in phosphate-buffered
saline (PBS) buffer and quantified by ultraviolet-visible (UV-vis)
absorption spectrophotometer at 520 nm. For the distance change
experiment, the DFN was added to the DNA-AuNP solution with a
molar ratio of DFN/DNA-AuNPs = 0.5, and for the endocytosis ex-
periment, the DFN was added to the DNA-AuNP solution with a
molar ratio of DEN/DNA-AuNPs = 20. Sample conjugates contain-
ing 50% sucrose (10 ul) were added to the lane, and the 1.5% agarose
gel electrophoresis was run at 100 V in 1 x TAE buffer for 30 min.

AFM imaging

3-Aminopropyltriethoxysilane (0.5%, 10 ul) was dropped and incu-
bated on freshly cleaved mica for 2 min. Then, mica was washed
three times with Milli-Q water and dried with N, air. TDF
samples (10 pl) were incubated for 5 min on treated mica and
washed with Milli-Q water, and TM buffer was added. The
sample was scanned in Cypher VRS (Asylum Research) using
ACI10DS tips (Olympus). Typical scanning parameters were scan
rate = 30 Hz, lines = 512, amplitude setpoint = 150 to 300 mV,
and drive amplitude = 180 to 300 mV.

Single-molecule imaging

TIRFM imaging was performed on a commercial superresolution
microscope (N-STORM, Nikon) with a 100x objective lens [numer-
ical aperture (NA), 1.49] and an electron multiplying charge-
coupled device (EMCCD) camera (Andor, iXon 3). A clean glass
coverslip was modified with the mixture of polyethylene glycol
(PEG) and biotin-PEG for 2 hours. Streptavidin was then adsorbed
on the coverslip for 30 min. Next, the biotinylated DFN-2 (10 pM)
was immobilized on the coverslip for 30 min. For FRET, a 561-nm
solid-state laser (Coherent) was used to excite Cy3 and FRET
channel successively.

Fluorescence characterization in vitro

All fluorescence spectra were collected with a Hitachi F-4500 spec-
trophotometer equipped with a xenon lamp excitation source at
25°C. DFNs were used in 50 nM. SEP was used in 20 nM, and
Qdot was used in 10 nM. DEN (1 uM) fluorescence was observed
under UV light and imaged by the camera.

CD spectroscopy

All CD spectroscopy was performed on a CD spectrometer
(Applied Photophysics, UK) equipped with a temperature control-
ler at 25°C. DFN and i-motif were used in 5 uM. The CD spectra
were obtained from 260 to 320 nm with a 1 cm—by-1 cm quartz
cuvette: data interval, 1 nm; scan speed, 20 nm/min; response
time, 1 s. The baseline was collected using a control sample
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without DNA and subtracted from each spectrum for the
DNA samples.

Cell culture

PC12, Neuro-2a, and SH-SY5Y cells were all purchased from
Shanghai Institute of Biological Sciences. All cells were cultured
in RPMI 1640 medium (Invitrogen) supplemented with penicillin
(100 U/ml; Invitrogen), streptomycin (100 mg/ml; Invitrogen), 2
mM L-glutamine (Invitrogen), and 10% heat-inactivated fetal
bovine serum (FBS; Gibco) at 37°C in humidified air containing
5% CO,. All cells were tested for mycoplasma before use in exper-
iments. Cells were incubated with cholesterol-modified DNA for
2 min at room temperature and washed three times with PBS [10
mM phosphate buffer, 0.14 M NaCl, and 2.7 mM KCl (pH 7.4)]
buffer. Then, cells were hybridized with complementary sequence
or DFNs at 4°C for 15 min and washed three times with PBS
buffer for confocal microscopy and flow cytometry experiments.
For cells at the pH 5.5 experiment, PBS pH was set at 5.5 with
HCI and NaOH. For DEN endocytosis, Tyrode stimulation solution
with 3 uM FM 1-43 was incubated with cells for 5 min, washed 10
times with Tyrode solution, and then cultured in medium without
FBS for 2 hours (DFN-3 for 2 or 5 hours). All cells were randomized
for selection, and all cell experiments were performed blindly and
with a minimum of three biological replicates.

Cell labeling

Cells were incubated with cholesterol-modified DNA for 2 min at
room temperature and washed three times with PBS [10 mM phos-
phate buffer, 0.14 M NaCl, and 2.7 mM KCI (pH 7.4)] buffer. Then,
cells were hybridized with complementary sequence or DFNs at 4°C
for 15 min and washed three times with PBS buffer for confocal mi-
croscopy and flow cytometry experiments. For cells at the pH 5.5
experiment, PBS pH was set at 5.5 with HCl and NaOH. For
DEN endocytosis, Tyrode stimulation solution with 3 uM FM 1-
43 was incubated with cells for 5 min, washed 10 times with
Tyrode solution, and then cultured in medium without FBS for 2
hours (DFN-3 for 2 or 5 hours).

CLSM imaging

Images of fluorescently stained cells were obtained with a TCS SP8
confocal microscope. Complementary sequence and DFN were
excited with a 633- or 561-nm laser; FM 1-43 was excited with a
488-nm laser. The image analysis was performed using Image]
software.

Flow cytometry

Cells were labeled with complementary sequence or DEN and then
washed three times with PBS buffer. Next, 0.2 ml of trypsin (Invi-
trogen) was added. Then, 0.5 ml of RPMI 1640 was added, and the
resulting cell suspensions were collected into tubes. At least 5000
cells were analyzed using a FACS Calibur flow cytometer (BD
Biosciences).

TEM imaging

For the distance change experiment, 20 nM DFN-AuNP (5 nm) sol-
ution (10 pl) was directly deposited on the grid for 10 min, and
excess solution was wicked away with filter paper. The grid was
washed two times by Milli-Q water and then submitted for TEM
characterization. Imaging was performed using a TEM (Talos
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L120C G2, Thermo Fisher Scientific, USA) operated at an acceler-
ation voltage of 120 kV.

For the endocytosis experiment, PC12 cells were incubated with
cholesterol-modified DNA for 2 min at room temperature, washed
three times with 1 x PBS, and then treated with 5 nM DFN-AuNPs
(10 nm) for 12 hours in FBS-free medium. At the end of incubation,
excess solution was removed. Next, cells were collected into cell
pellets, fixed with 2.5% glutaraldehyde in PBS at 4°C overnight,
and further fixed with 1% OsO,. After gradual dehydration was per-
formed with ethanol and acetone, cell pellets were embedded in
Epon 812 resins (Electron Microscopy Science), sliced to pieces
with a thickness of 70 nm, and then stained with uranyl acetate.
Images of cell slices were taken with Talos L120C G2 TEM using
a beam voltage of 120 kV.

Vesicle dynamics monitoring and image analysis

All TIRFM experiments were conducted on a commercial total in-
ternal reflection fluorescence microscope (N-STORM, Nikon) with
a 100x objective lens (NA, 1.49) and an electron EMCCD camera
(Andor, iXon 3). A 488-nm (100 mW) and a 647-nm (different
energy for different experiments) solid-state laser (Coherent) were
used for exciting FM 1-43 and Alexa 647, respectively.

For imaging DFNGs in vesicles, we used a total internal reflection
fluorescence mode. For probing vesicle fusion dynamics, we used
wide-field mode to minimize any effects of possible variations in
z distance, and the 640-nm laser is low energy to avoid photobleach-
ing. For vesicle fusion, high K* stimulation was used. Dynamic ex-
periments were generally carried out (exposure time = 30 ms per
frame) for 2 min.

The image analysis procedures were carried out with Image]
software, and the dates were analyzed with Origin. Fluorescence in-
tensity should subtract blank to correct bleaching. For probing
vesicle fusion dynamics, to avoid spurious events arising from back-
ground noise, positive deflections were only defined as more than
2.5 times the SD of baseline during no high K* stimulation, and neg-
ative deflections were analyzed only if they fell after a positive de-
flection (44, 55).

Statistical analysis

Two-tailed, Student’s ¢ test was used and performed in Origin
(student version) for all experiments. The results were reported as
means + SD or mean + SEM. Statistical significance was indicated as
**P < 0.01. No data were excluded from the analysis, and samples
were randomly allocated to different groups. The smooth kernel dis-
tribution of data points was shown in violin plots.
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Supplementary Methods S1

Figs. S1 to 545
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