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ABSTRACT: Biocatalytic micro- and nanomotors have
emerged as a new class of active matter self-propelled through
enzymatic reactions. The incorporation of functional nanotools could enable the rational design of multifunctional
micromotors for simultaneous real-time monitoring of their
environment and activity. Herein, we report the combination
of DNA nanotechnology and urease-powered micromotors as
multifunctional tools able to swim, simultaneously sense the
pH of their surrounding environment, and monitor their
intrinsic activity. With this purpose, a FRET-labeled triplex
DNA nanoswitch for pH sensing was immobilized onto the
surface of mesoporous silica-based micromotors. During selfpropulsion, urea decomposition and the subsequent release of ammonia led to a fast pH increase, which was detected by realtime monitoring of the FRET eﬃciency through confocal laser scanning microscopy at diﬀerent time points (i.e., 30 s, 2 and 10
min). Furthermore, the analysis of speed, enzymatic activity, and propulsive force displayed a similar exponential decay,
matching the trend observed for the FRET eﬃciency. These results illustrate the potential of using speciﬁc DNA nanoswitches
not only for sensing the micromotors’ surrounding microenvironment but also as an indicator of the micromotor activity status,
which may aid to the understanding of their performance in diﬀerent media and in diﬀerent applications.
KEYWORDS: Micromotors, DNA-nanoswitch, pH detection, self-propulsion, nanosensors, nanomotors
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alities such as target recognition, imaging, or sensing
capabilities. It is worth noting that to date biosensing
applications of nano/micromotors have been much less
exploited than those involving cargo delivery. A few examples
of catalytic microswimmers for sensing purposes have been
reported, where changes in speed or ﬂuorescence were
correlated to the presence of the target or analyte to be
detected.32−39 Sensing using enzyme-powered micromotors
has been mainly reported for tubular microjets, where analytes
modify the dynamics inhibiting the motion of micromotors.40
Therefore, a method that allows a precise and quantitative
sensing and at the same time can monitor chemical reactions is
yet to be explored. In this regard, enzyme-powered micromotors modiﬁed with responsive biological receptors could

iological systems have developed complex mechanisms to
regulate a number of activities, such as sensing, active
transport, and motion control, through the integration of
molecular-scaled biological motors and structure-switching
elements. The creation of artiﬁcial machines able to mimic
such complex biological functions could address several unmet
challenges and open new research routes in nanotechnology.1,2
As an example, several milestones have been achieved so far in
this direction, such as the fabrication of micro- and
nanomachines able to self-propel and perform complex tasks
including cargo transport,3−5 drug delivery,6,7 or environmental remediation.8−11
In the past years, the quest for biocompatible systems with a
high versatility of substrates has led to the development of
biocatalytic motors that use enzymatic reactions to propel
micro- and nanoparticles.12−32 A step forward in the ﬁeld
would be to combine such devices with responsive
biomolecules to provide multiple and simultaneous function© XXXX American Chemical Society
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Figure 1. Fabrication approach and characterization of DNA micromotors. (A) Schematic representation of the micromotors fabrication, where a
silicon dioxide layer is grown onto a commercial polystyrene template by adding APTES and TEOS silica precursors. The polystyrene core is then
removed by DMF, and the microcapsules are functionalized with urease and a DNA strand (DNAss, blue) using glutaraldehyde (GA). (B) The pHresponsive DNA nanoswitch hybridizes to the complementary DNA scaﬀold that is covalently linked on the micromotor. Self-propulsion is
achieved by the conversion of urea into ammonia and carbon dioxide, mediated by urease enzyme (red triangles). (C) The pH-dependent triplexto-duplex transition of the unimolecular DNA nanoswitch results in a change of the FRET eﬃciency. (D) Scanning electron micrograph of SiO2
microcapsules, prior to their functionalization. Inset shows a magniﬁcation of the selected area. Scale bar = 2 μm. (E) Topographical image
obtained by transmission electron microscopy. Calibration bar indicates the height in μm. (F) ζ-potential measurements of the microparticle
surface along the functionalization process.

input. As an example, a number of pH-responsive DNA-based
conformational changing probes (nanoswitches) exploiting
pH-dependent DNA triplex-forming interactions have been
recently demonstrated as convenient pH nanosensors and
programmable nanomachines for drug release applications.46−50
Here, we combine biocompatible enzymatic micromotors
with DNA-based nanoswitches to fabricate multifunctional
active devices able to move and continuously monitor the
surrounding microenvironment. We functionalized enzymepowered hollow silica microcapsules (i.e., urease-powered
micromotors) that move in the presence of a speciﬁc substrate
(urea) and modiﬁed them with a FRET-labeled pH-responsive
DNA nanoswitch that allows us to instantaneously monitor pH
changes of the solution caused by the enzymatic reaction
responsible for micromotors self-propulsion.
Hollow silica microcapsules with amine groups on the
surface were synthesized according to a previously reported cocondensation method,14 based on the growth of a SiO2 shell

oﬀer an alternative for the analysis of their intrinsic activity and
motion. In fact, the real-time monitoring of the responsive
biomolecule in the presence of a speciﬁc chemical cue
produced by the enzyme can provide a means to correlate
the micromotor motion and activity (i.e., the enzymatic
reaction).
To achieve this objective, the programmability of Watson−
Crick interactions, the biocompability, and the unique ability
of nucleic acid strands to respond to a plethora of diﬀerent
biological and chemical inputs could prove useful to perform
sensing during motion. In particular, DNA-based nanodevices,
which have been demonstrated for sensing and drug-delivery
applications,41,42 appear as perfect candidates to be integrated
within synthetic motors. In analogy to cellular machines,
synthetic DNA nanodevices can be rationally engineered and
designed to be responsive to a molecular or chemical cue and
are able to function in complex media.43−45 Most of these
artiﬁcially designed DNA nanodevices make use of structureswitching mechanisms to signal the presence of the speciﬁc
B
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Figure 2. Triplex-based pH-responsive DNA nanoswitches are able to detect pH changes when conjugated to the micromotor structure. (A)
Triplex DNA nanoswitch forms an intramolecular double hairpin structure through the formation of pH-insensitive Watson−Crick interactions
(dashed line) and pH-sensitive Hoogsteen interactions (dots). Triplex nanoswitch containing CGC and TAT triplets unfolds into a duplex
conformation at a basic pH. Ratiometric FRET emission plot shows the triplex-to-duplex transition of the DNA nanoswitch as a function of pH
changes in solution. (B) FRET eﬃciency ratio between pH 5.0 and pH 9.0 for the triplex DNA nanoswitch and the control DNA nanoswitch (i.e.,
pH-independent). Here, the control DNA switch has the same intramolecular hairpin structure (WC interactions) and a random ﬂanking tail that
does not permit the triplex folding. (C) CSLM analysis of FRET eﬀect of DNA nanoswitch-functionalized microparticles at pH 5.0 and 9.0,
showing from right to left the Cy3 channel, FRET channel, and the FRET/Cy3 ratio value indicated in the calibration bar. Scale bar = 2 μm.

onto 2 μm diameter commercial polystyrene microparticles
using 3-aminopropyltriethoxysilane (APTES) and tetraethylorthosilicate (TEOS) as silica precursors, followed by the
removal of the polystyrene core by dimethylformamide, as
depicted in Figure 1A. Urease was covalently conjugated to the
micromotor surface using glutaraldehyde (GA) as a linker as
previously described.18,51 During this step, we also conjugated
an amino-modiﬁed single-stranded DNA (DNAss, 20 bases)
that served as the anchoring moiety for the pH-responsive
DNA nanoswitch (Figure 1B). Figure 1C shows a schematic
representation of the pH sensing strategy based on the open/
closed states of the DNA-nanoswitch, which causes a high or
low FRET eﬃciency, respectively. The resulting hollow
microcapsules were studied by both scanning and transmission
electron microscopy (SEM and TEM, respectively). Figure 1D
shows a SEM micrograph where microcapsules with a very
monodispersed size (2.04 ± 0.06 μm, mean ± standard error
of the mean (N = 50)) and a rough surface can be observed.
The microcapsules displayed a hole on their surface, probably
due to the proximity of particles during the growth of the silica
shell, as reported before, which provides a structural
asymmetry.51 Figure 1E shows a topographical image obtained

by TEM, where the diﬀerent pseudocolors indicate the height,
in μm. The functionalization process was characterized by
measuring the ζ-potential of microparticles after each step
(Figure 1F). First, the microcapsules displayed a positively
charged surface due to the presence of amine groups, which
was then shifted to negatively charged due to the modiﬁcation
with GA. After urease addition, surface charges were slightly
reduced. The functionalization with both urease and DNAss
also resulted in a decrease of ζ -potential with respect to GA.
Finally, microparticles were incubated in phosphate buﬀered
saline (PBS) containing the DNA nanoswitch (i.e., 1 μM). A
15 min incubation of the nanoswitch with the enzyme/
anchoring strand conjugated motors was suﬃcient to functionalize silica particles with the pH-responsive nanoswitch (Figure
1B,C). Of note, the switch presents a 20-base-long ﬂanking tail
(blue portion, Figure 2A) at the 5′-end of the sequence
complementary to the DNAss covalently conjugated onto the
silica microcapsule. As a result of the conjugation, a further
decrease of the surface charges has been measured and
conﬁrms the eﬀective functionalization of the motor with the
switch.
C
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Figure 3. Motion dynamics and simultaneous FRET monitoring of DNA-modiﬁed urease micromotors. (A) Average MSD of DNA nanoswitchmodiﬁed micromotors in the presence/absence of fuel. Inset shows the speed, calculated from the MSD. Results are shown as the mean ± standard
error of the mean (N = 20). (B) Real-time monitoring of the FRET/Cy3 ratio by CSLM recording of micromotors in the presence (100 mM) and
in the absence of urea. Inset shows two diﬀerent snapshots of the merged image obtained from FRET and Cy3 channels, at diﬀerent time points (t
= 5 and 25 s). Scale bar = 4 μm. (C) Snapshots of FRET/Cy3 recording at diﬀerent time points in the absence or presence of urea (100 mM).

represent a crucial step forward to their implementation as
real-time pH sensors in complex cellular environments.
To test the functionality of the switch once conjugated to
the micromotors, FRET eﬃciency was monitored through a
Leica-SP5 confocal laser scanning microscope (CSLM)
equipped with a 63× oil immersion objective (Figure 2C).
For this, micromotors were suspended in PBS either at pH 5.0
or pH 9.0 and placed in an 8-well glass-bottom dish for their
analysis under CSLM. The emission of the donor (Cy3) was
recorded using a 564 nm diode laser. The FRET image was
obtained by exciting the Cy3 ﬂuorophore and detecting the
acceptor (Cy5) emission. Using a custom-made ImageJ plugin,52 we were able to quantify the FRET eﬃciency by
calculating the FRET/Cy3 ratio where FRET and Cy3 are the
total Cy5 (i.e., acceptor) and Cy3 (i.e., donor) ﬂuorescence
intensities, respectively, both following Cy3 excitation. These
results indicate that the DNA-nanoswitch-modiﬁed micromotors were able to detect pH changes in their surrounding
environment. To demonstrate the speciﬁcity of pH detection
and discard any eﬀect of the pH in the ﬂuorescence intensity,
we modiﬁed the micromotors with a control switch, which did
not respond to pH changes (Figure S2). Figure 2B shows the
quantiﬁcation of FRET/Cy3 emission from micromotors
modiﬁed with either a pH-responsive DNA-nanoswitch or a
non-pH-responsive DNA nanoswitch (Figure 2B). Speciﬁcally,
as a non-pH-responsive probe, we selected a single-stranded
DNA containing the same intramolecular DNA hairpin
stabilized through WC interactions and a scramble DNA tail
that does not allow triplex folding. As expected, no signiﬁcant
diﬀerences were found when using the non-pH-responsive
nanoswitch presenting a high FRET eﬃciency at all pH values
evaluated as the switch remains in its closed state and the two
ﬂuorophores in tight contact.

It is also noteworthy that our pH-responsive DNA
nanoswitch is a triplex-forming single-stranded DNA containing an intramolecular DNA hairpin stabilized with both
Watson−Crick and parallel Hoogsteen interactions. While
the Watson−Crick (WC) interactions are eﬀectively insensitive to pH, the Hoogsteen interactions show a strong and
programmable pH dependence (Figure 2A).49 By labeling the
nanoswitch with a FRET pair, it is possible to monitor the pHdependent triplex-to-duplex transition. This transition can be
used to determine the pH of the solution in the vicinity of the
micromotors. More speciﬁcally, a cyanine-3 ﬂuorophore (Cy3)
is internally conjugated in the loop of the hairpin duplex DNA,
and a cyanine-5 ﬂuorophore (Cy5) is linked at the 3′- end of
the triplex-forming DNA portion. Fluorescence assays
performed at a ﬁxed concentration (i.e., 50 nM) of the DNA
switch by varying the pH of the buﬀer solution in a
ﬂuorescence microcuvette (100 μL PBS solution) clearly
demonstrate changes in the FRET eﬃciency as a function of
pH (Figure S1). As expected, at acidic pH values, the
intramolecular triplex structure is favored, and we observe a
high FRET eﬃciency (Cy3 and Cy5 are brought in close
proximity). As we increase the pH of the solution, the triplex
structure is destabilized, and we observe a gradual decrease of
the FRET signal due to the triplex-to-duplex transition
(unfolding) (Figure 2A). Unlike other pH-responsive nanoprobes, our FRET-based DNA nanoswitch is thus a ratiometric
probe that allows quantitative pH detection. Of note,
ﬂuorophores employed here are not responsive to pH changes
in the range of investigation (from pH 5.0 to pH 9.5). It is also
important to note that this class of triplex-based switches show
opening/closing kinetics suﬃciently fast to allow the real-time
monitoring of pH variation (average time constant ∼100 ms)
that occurs on longer time scales.49 These unique features
D
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Figure 4. Self-sensing of micromotors activity through pH-responsive DNA nanoswitches and FRET imaging. (A) FRET/Cy3 ratio images of
immobilized micromotors at the indicated time points after the addition of urea (100 mM). (B) Snapshots from the optical recording of
micromotors trajectories (10 s) at the indicated time points after the addition of urea (100 mM). (C) FRET/Cy3 ratio of the micromotors
incubated with urea (100 mM) at diﬀerent time points. (D) Micromotors speed. Inset shows the correlation between speed and FRET/Cy3 ratio.
(E) Enzymatic activity of micromotors overtime. (F) Propulsive force overtime measured by optical tweezers. Shown are force-time traces of single
micromotors with 100 mM urea (colored lines) and without fuel (black line). The force-time traces for micromotors with fuel are ﬁtted with an
exponential decay function. Results are shown as the mean ± standard error of the mean.

The motion dynamics of hollow micromotors double
functionalized with urease and DNA-nanoswitches was
analyzed by optical microscopy either in the absence or
presence of 100 mM urea acting as fuel, as previously
reported.18 To this end, we used a Leica DMi8 inverted
ﬂuorescence microscope equipped with a 63× water
immersion objective and a C11440 Hamamatsu digital camera.
At least 15 microparticles per condition were recorded during
25 s at a rate of 25 frames per second (FPS) (Videos S1 and
S2). Using a Python-based code, the trajectories of the
micromotors were tracked, and from the trajectories, the mean
squared displacements (MSDs) were calculated according to
eq 1:
MSD (Δt ) = (xi(t + Δt ) − xi(t ))2

Figure 3A shows the average MSDs of micromotors as a
function of the time interval (Δt). Upon addition of a urea
substrate, the MSD showed a parabolic shape, which
corresponds to a propulsive regime of an active microparticle.53 However, in the absence of fuel, only Brownian
motion was observed resulting in a liner ﬁt. Together the data
indicates that the motion arose from the catalytic reaction on
the surface of the micromotors. The speed of propulsive
particles (Figure 3A, inset) was found to be 6.4 ± 0.6 μm/s
(mean ± standard error of the mean), calculated by using eq 2:
MSD (t ) = 4Dt t + v 2t 2

(1)

(2)

where Dt = diﬀusion coeﬃcient, v = speed, and t = time.
E
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be observed. Since the DNA nanoswitch could measure local
pH changes produced upon urease activity, we hypothesized
that the FRET/Cy3 emission could be used as an indicator of
the micromotors self-propulsion and activity. First, we
quantiﬁed the FRET/Cy3 ratios at diﬀerent time points,
which showed a decrease overtime, indicating an increase in
the pH of the surrounding microenvironment. Figure 4C
shows the calculated FRET/Cy3 ratios at time 0, 30 s, 2 and
10 min, respectively, where the insets correspond to
representative images of the indicated time points. A similar
decrease as a function of time was observed when analyzing the
speed of the micromotors (Figure 4D), where a positive
correlation between the speed of the motors and the FRET/
Cy3 ratio was observed, indicating a decrease in the speed
while the pH increased (Figure 4D, inset). To elucidate
whether the speed reduction was attributed to a lower
enzymatic activity, urease activity was measured through a
commercial kit (see the Supporting Information), which
resulted in a similar trend to the one observed for the speed
analysis (Figure 4E).
To conﬁrm that the micromotor self-propulsion decreased
over time in a nonlinear fashion, we measured the propulsion
force of urease-powered PS@SiO2 micromotors18 as a function
of time using high-resolution optical tweezers (Figure S3,
Figure 4F).55 To this end, we trapped single micromotors and
measured their displacement from the trap center. Using the
calibrated trap stiﬀness,56,57 we calculated the propulsion force
of urease-powered micromotors.18 We observed that the
propulsion force decreased exponentially over time with a
half-life time constant of 123 ± 20 s (mean ± standard error of
the mean, N = 10) (Figure 4F). Thus, all four measurements,
FRET/Cy3 ratio, speed, enzymatic activity, and force,
decreased overtime, following a similar trend. To understand
whether the decrease in micromotors activity could be due to
the pH increase upon the production of ammonia, we
measured enzyme activity at pH 5, 6, 7, 8, and 9, where we
observed a maximum activity at pH 6 and a signiﬁcant activity
decrease at pH 9 (Figure S4). Taken together, these results
indicate that pH-responsive DNA nanoswitches could be used
as self-sensing indicators, i.e., sensing their own activity over
time.
Conclusions. We have demonstrated the potential of
combining self-propelled biocatalytic micromotors with
synthetic DNA nanodevices able to detect pH changes in the
surrounding environment, which is used to monitor their
activity proﬁle. Urease-powered micromotors contain a double
functionality as they can, at the same time, self-propel and
sense pH changes through FRET imaging. Unlike other pHresponsive nanoprobes, our DNA nanoswitch is a photostable
FRET-based sensor and a ratiometric probe, which allows
quantitative pH detection within a few microseconds. Thanks
to these features, our system represents a step forward to the
real-time monitoring of microenvironment changes and of the
intrinsic activity of the micromotors while swimming. Upon
micromotors’ activation in the presence of the enzymatic
substrate, we observed a fast decrease in the FRET/Cy3 ratio,
which was correlated with the speed, enzyme activity, and
propulsive force. Future works should be devoted to increase
the lifetime of enzyme-powered nanomicromotors, where the
integration of self-sensing molecules could be useful to
monitor their intrinsic activity to understand the changes in
motion dynamics and their performance in diﬀerent environments. In addition, the high versatility of DNA and enzymes

This speed is comparable to asymmetric Janus enzymepowered microcapsules reported by our group18 and slightly
higher than non-Janus microparticles.51
A recent work by Hess and co-workers reported that
controlling and engineering the pH microenvironment on
enzyme reactions increases the throughput and optimal
eﬃciency.54 The capability of micromotors to simultaneously
record local pH changes produced while they are selfpropelling was assessed by combining both optical tracking
and FRET imaging using CSLM (Videos S3 and S4). In this
case, having to record both Cy3 and FRET channels, we
obtained a maximum time resolution of 3FPS. Figure 3B shows
the results of the FRET/Cy3 ratio in the presence or absence
of urea, recorded during 25 s. In the absence of fuel, a mean
FRET/Cy3 ratio of 1.80 ± 0.09 or 1.8 ± 0.1 according with
the sensitivity of your method (mean ± standard error of the
mean) was observed. When urea was added to the solution, the
FRET/Cy3 ratio immediately decreased to 1.50 ± 0.05,
indicating a pH increase due to micromotors activity. No
signiﬁcant diﬀerences on the FRET/Cy3 ratio were observed
during the 25 s of recording. Inset images show the FRET
channel and the tracking trajectories of the micromotors at 5 s
and 25 s. Figure 3C shows diﬀerent snapshots of the real-time
monitoring of micromotors in the presence (left) or absence
(right) of fuel, showing the FRET/Cy3 ratio images at
diﬀerent time points (0 and 20 s). In the absence of fuel, the
micromotors only displayed Brownian motion and a FRET/
Cy3 ratio close to 2. By contrast, in the case of micromotors
exposed to urea, the FRET/Cy3 ratio was already decreased at
the moment of analysis (0 s). This indicates that the pH had
already changed. This quick change is expected because the
urease-based enzymatic reaction immediately takes place after
adding a urea substrate, inducing a local pH change around the
particles. These results demonstrate the capabilities of active
DNA-modiﬁed micromotors to sense the microenvironment
around them while producing a continuous chemical reaction
for self-propulsion.
To gain insights into the instantaneous pH change around
the micromotors from the initial moment of the reaction and
be able to monitor the same particles along time, we
immobilized micromotors onto a glass surface using APTES
as a coating agent. APTES provided positive surface charges
and led to stable electrostatic interactions with the negatively
charged micromotors. Immobilizing micromotors allowed us
to visualize the same micromotors prior and after the addition
of fuel, as well as the analysis at longer time periods (2 and 10
min). Without immobilization, micromotors would move out
the region of interest earlier. Figure 4A shows the FRET/Cy3
ratio images prior to (0 s) and after the addition of 100 mM
urea to the immobilized micromotors at diﬀerent time points
(i.e., 30 s, 2 and 10 min). Before the addition of fuel, a high
FRET/Cy3 ratio is observed with values above 2. Upon the
addition of urea, a continuous decrease in the FRET/Cy3 ratio
was observed for the diﬀerent time points. The observed
reduction in the FRET/Cy3 ratio can be explained by the local
increase of pH induced by the production of ammonia upon
urea decomposition by urease (NH2)2CO + H2O → CO2 +
2NH3). Simultaneously, the motion dynamics was analyzed at
the same time points by performing optical recordings of the
micromotors for 30s at 25 FPS. Figure 4B shows diﬀerent
snapshots of the micromotors trajectories during 10 s,
recorded at 30 s, and 2 and 10 min after the addition of
fuel, where a signiﬁcant decrease of the motion overtime can
F
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