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Prostate cancer (PCa) is a common health concern among men, and its early and non-invasive diagnosis is
of critical importance. In this study, functionalized polydopamine/poly-L-lysine@urease (PDA/PLL@UR)
nanomotors were chemically synthesized and employed for the detection of the prostate cancer-
specific urinary biomarker miR-141. The catalytic decomposition of urea by urease enables autonomous
propulsion of the nanomotors, enhancing the target recognition efficiency. FAM-labeled ssDNA probes
were immobilized on the nanomotor surface specifically hybridized with miR-141, resulting in
a significant decrease in fluorescence intensity. To further evaluate the diagnostic performance of the
new mobile biosensing system, changes in the speed of nanomotors were monitored under an optical
microscope. At the same time, the velocity measurements of the nanomotors were performed in PBS
(pH 8) under 808 nm NIR irradiation, and the obtained results were compared with the self-propulsion
velocities observed in the urea-containing medium. The nanomotors displayed self-propelled motion in
urea solution, reaching an average velocity of 3.665 pm s~* at 150 nM urea concentration. Calibration
curves constructed from fluorescence intensity and speed data exhibited strong linear correlations with
high coefficients (R? = 0.98 and R?> = 0.99), and the corresponding limits of detection (LoD) were
calculated as 7.5 pM and 170 pM, respectively. The specificity of the system was assessed using miR-

Received 15th March 2026 200b and miR-21 as controls, confirming that the nanomotors selectively responded only to miR-141.
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Overall, the developed PDA/PLL@QUR nanomotors offer a novel nanomotor-based biosensing platform
DOI-10.1039/d6ay00466k for the rapid, sensitive, and non-invasive detection of PCa biomarkers in urine samples. This approach

rsc.li/methods holds considerable promise for future clinical diagnostic applications.

prostate biopsy and histological analysis, prostate-specific
antigen (PSA) testing, digital rectal examination (DRE),
magnetic resonance imaging (MRI), or routine health

1 Introduction

Prostate cancer (PCa) is the second most common type of cancer

worldwide and ranks as the sixth leading cause of cancer-related
deaths among men.* By 2040, it is projected that these figures
will rise globally to over 2.2 million new cases with more than
700 000 deaths.” In male patients, PCa is diagnosed through
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screenings.?

Since the 1980s, one of the most widely used diagnostic
methods is the determination of PSA levels—a protein
produced by the prostate gland—found in the serum of men
with either PCa or benign prostatic hyperplasia (BPH). However,
elevated PSA levels in both PCa and BPH patients can lead to
misdiagnosis.* Despite issues related to false positives and
overdiagnosis, PSA remains the most commonly used
biomarker in the early management of PCa.” Due to the
inherent limitations of PSA biomarkers, the search for alterna-
tive PCa biomarkers continues, with the goal of better predict-
ing disease aggressiveness and enabling more informed
treatment decisions.® In light of these limitations, researchers
have turned to alternative diagnostic approaches and have
begun investigating the potential use of biomarkers found in
blood serum or urine for the diagnosis of prostate cancer (PCa).
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Urine samples are considered more suitable for individuals
with early-stage localized PCa.” From the prostatic transition
zone surrounding the urethra, prostate-specific cells, DNA/RNA,
or protein-based biomarkers may be released into the urine.®
Urine offers advantages as a liquid biopsy source due to its non-
invasive collection method, low cost, and the potential to
simultaneously sample all secretory regions of the prostate.’ In
this context, urine-based biomarker analysis stands out as
a promising strategy for the early, sensitive, and non-invasive
detection of prostate cancer (PCa).*

Nanomotors, owing to their autonomous propulsion capa-
bilities, can actively navigate toward target biomarkers, offering
faster and more selective diagnostics compared to traditional
passive diffusion-based detection methods.'* This is particu-
larly advantageous in diseases, like prostate cancer (PCa), which
often require invasive interventions. The use of nanomotors can
enhance the sensitivity in detecting low-abundance biomarkers,
reduce the diagnostic time, and minimize the need for invasive
procedures.*

miRNAs are frequently used as cancer biomarkers in serum,
plasma, and other body fluids; however, the analysis of miRNAs
in urine remains limited. A review of the current literature
indicates that four dysregulated miRNAs most consistently re-
ported for prostate cancer (PCa) are miR-141, miR-375, miR-221,
and miR-21." In a study conducted by Brase et al. (2011), 36
prostate cancer tumor samples were compared with 36 benign
prostate tissue samples, and it was observed that miR-141 and
miR-375 were overexpressed in prostate tumor tissues.** Mhar-
rach et al. investigated the potential role of miR-21 and miR-221
as biomarkers for PCa diagnosis. Analyses conducted on 50
tumors and 50 control tissue samples revealed that both miR-
NAs were significantly upregulated in PCa tissues. High
expression levels were associated with higher Gleason scores
and advanced tumor stages. The findings suggested that miR-21
and miR-221 could be used for PCa diagnosis, but further
studies in non-invasive samples such as serum, blood, and
urine are needed."

Methods such as Polymerase Chain Reaction (PCR), micro-
arrays, and hybridization-based techniques for the detection of
miR-141 have certain limitations. qRT-PCR is restricted to
single-target analysis, while microarrays offer low sensitivity
and limited quantitative accuracy.'® All these drawbacks have
directed researchers to focus on miRNA electrochemical
biosensors. However, these biosensors also have some disad-
vantages: specificity is limited due to high background signals
and low signal-to-noise ratios in complex biological fluids;
simultaneous detection of multiple miRNAs is challenging due
to low multiplexing capability; hybridization kinetics between
the target miRNA and surface-bound probes are slow, reducing
sensitivity at low concentrations; the pH, ionic strength, and
enzymatic activities can negatively affect sensor stability.
Therefore, compared to nanomotor-based systems, which offer
rapid movement and dynamic hybridization in solution,
electrochemical sensors exhibit notable disadvantages."”

These challenges hinder the sensitive and selective detection
of miR-141 in urine and limit the reliability of conventional
methods. In this context, a mobile biosensor platform
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developed using PDA/PLL@UR nanomotors and functionalized
with FAM-ssDNA aims to overcome these limitations by
enabling highly specific and sensitive detection of miR-141 even
at low abundance.

The small size of miRNAs, the high sequence similarity
among family members, and their low abundance in biofluids
make their rapid and highly accurate detection challenging,
posing a significant limitation for conventional miRNA-based
bioanalytical approaches. Nanomotor-based biosensors over-
come these challenges by locally concentrating the target miR-
NAs."™ When exposed to naturally occurring urea in urine, the
nanomotors undergo a catalytic reaction in which carbon
dioxide gas produced during urease-catalyzed urea hydrolysis
generates a propulsive force, enabling self-guided movement
toward the miR-141 biomarker."

Synthesis of PDA Nanobowls
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Scheme 1 Fabrication of FAM-ssDNA-PDA/PLL@QUR nanomotors and
detection of miR-141. (A) PDA NBs were synthesized via dopamine
polymerization in an ethanol/water (1:1) system using F-127 and TMB
as structure-directing agents, with ammonia as the polymerization
initiator, yielding dark-brown PDA nanobowls. (B) The PDA NB surface
was sequentially functionalized with PLL and urease, followed by
incubation with FAM-ssDNA probes. miR-141 detection was achieved
through specific hybridization with the FAM-ssDNA probes. (C) Optical
readout of fluorescence intensity and reaction rate.
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This study reports the synthesis of PDA/PLL@UR nanomotors
that utilize diffusiophoretic propulsion generated by ammonia
and carbon dioxide during urease-catalyzed urea hydrolysis,
enabling the highly sensitive and selective detection of low
concentrations of miR-141 in urine. PDA/PLL@UR nanomotors
chemically synthesized were incubated with FAM-labeled single-
stranded DNA (ssDNA) probes designed to recognize the target
miR-141 (Scheme 1). The ssDNA probe was designed to hybridize
with miR-141, a biomarker known in prostate cancer (PCa). Upon
encountering the target miRNA, the ssDNA-functionalized PDA/
PLL@UR nanomotor undergoes probe-target hybridization,
enabling the diagnosis of PCa. When encountering the target
miRNA, the PDA/PLL@UR nanomotor functionalized with sSDNA
undergoes probe-target hybridization. This hybridization alters
the conformation of the probe, causing the FAM fluorophore to
move closer to the PDA surface.*

The decreased distance between the fluorophore and PDA
enhances distance-dependent energy or electron transfer
(fluorescence resonance energy transfer (FRET) or the quench-
ing mechanism), leading to a significant reduction in fluores-
cence intensity.”® This process induces changes in the
physicochemical properties along with the formation of
a double-stranded structure on the nanomotor surface, which
in turn affects the propulsion behavior of the motor and results
in measurable differences in its speed.

The limit of detection (LoD) for miR-141 was calculated
based on velocity changes observed during directional move-
ment and on fluorescence quenching resulting from hybrid-
ization between FAM-labeled ssDNA and the miR-141 sequence.
An interference test using non-complementary sequences (miR-
200b and miR-21) was performed to evaluate the specificity and
selectivity of miR-141 detection.

2 Materials and methods/
experimental

2.1 Experimental substances and solutions

Dopamine hydrochloride (DA HCI, 98%), pluronic F-127 tri-
block co-polymer, 1,3,5-trimethylbenzene (TMB), 0.1% (w/v)
poly-i-lysine solution in H,O, and Sigmatrix Urine Diluent
were obtained from Sigma-Aldrich. Urea (=98.0%) was obtained
from Glentham Life Sciences. Urease derived from Canavalia
ensiformis (Jack bean) was obtained from Sigma-Aldrich.
Oligonucleotides were obtained from Helix Biotechnology
(Turkiye). The oligonucleotides used in the study are listed
below: 6-carboxyfluorescein dye-labeled-single-stranded DNA
probe (FAM-ssDNA anti-miR-141 probe): 5-Fam-CCATCT
TTACCAGACAGTGTTA-3; target miR-141: 5-CCA TCT TTA
CCA GAC AGT GTT A-3; miR-200b (non-complementary
control): 5-UAA UAC UGC CUG GUA AUG AUG A-3’; miR-21
(non-complementary control): 5-UAG CUU AUC AGA CUG
AUG UUG A-3.

2.2 Instrumentation

Morphological examination and elemental analysis of FAM-
ssDNA/PDA/PLL@UR nanomotors were done using a scanning

This journal is © The Royal Society of Chemistry 2026
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electron microscope (SEM-EDX), model: FEI Quanta FEG 250
(USA). To monitor and visualize the speed of the FAM-ssDNA/
PDA/PLL@UR nanomotors, a Nikon Instruments Inc. Ti Optic
LV100ND optical microscope was used. For the nanomotor
videos, an Andor Zyla VSC-02912 camera and 40X objectives
were utilized. Speed measurements were performed using
a Nikon Instruments Inc. Ti Optic LVI0OND model optical
microscope. Based on the data obtained from this microscope,
mean square displacement (MSD) and diffusion coefficients
were calculated using Python and Origin software. The fluo-
rescence intensities of the synthesized PDA nanomotors were
measured using the same model of fluorescence microscope.
FTIR analysis was realized in the range of 400-4000 cm ™' using
a PerkinElmer Spectrum BX FTIR system (Beaconsfield, Buck-
inghamshire, HP91QA, England). X-ray photoelectron spec-
troscopy (XPS) measurements were carried out using a Thermo
Scientific K-Alpha system equipped with a monochromatic Al
Ka X-ray source and a hemispherical analyzer, and zeta poten-
tial analyses were conducted using a Malvern Panalytical Zeta-
sizer Pro instrument.

2.3 Synthesis of polydopamine (PDA) nanobowls

The PDA NB structures were synthesized according to our
previously reported method,” based on the work of Zhang
et al.*® F-127 and TMB were added to an ethanol/water (1:1)
mixture for the synthesis of PDA. Dopamine was then intro-
duced into the mixture, and polymerization was initiated with
ammonia. The resulting dark brown solution was collected by
centrifugation, washed, and stored in distilled water.

2.4 Functionalization of PDA nanobowls with PLL and
urease

PDA, containing amino and phenolic hydroxyl groups, carries
a negative charge at pH values above its isoelectric point and
a positive charge below pH 4.** Therefore, when working in
a PBS medium (pH 8), an increase in negative charge is observed
on the PDA surface.?® On the other hand, PLL is a cationic
(positively charged) polymer that, when bound to the PDA
surface, forms a charge-bearing layer.>**” This interaction
strengthens the PDA's interaction with biomolecules. The PDA
structures were washed by centrifugation at 1000 rpm for 3
minutes with ultra-pure water, and the supernatant was di-
scarded. Then, 200 puL of PLL solution was added, and the
mixture was incubated for 3 hours. In the next step, PDA/PLL
nanostructures were centrifuged again at 1000 rpm for 3
minutes, and the supernatant was removed. To the PDA/PLL
nanostructures, 200 pL of a 0.03 g urease solution prepared in
10 mL PBS was added, and the mixture was left to incubate
overnight. The functionalization of PDA/PLL nanostructures
with urease enables an enzymatic reaction that hydrolyzes urea
molecules in urine, releasing ammonia and carbon dioxide.”®

2.5 Immobilization of the FAM-ssDNA probe onto PDA/
PLL@UR nanomotors

PDA/PLL@UR nanomotors were incubated with a 100 pM FAM-
labeled ssDNA probe solution, prepared in a 20 mM Tris-HCl
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buffer (pH 7.4) containing 100 mM NacCl, 5 mM KCl, and 5 mM
MgCl,, at room temperature for 30 minutes.”* The FAM-ssDNA-
PDA/PLL@UR nanomotors, with immobilized probes, were
then washed with a 20 mM Tris-HCl (pH 7.4) buffer at 6000 rpm
for 3 minutes.

2.6 Detection of target miRNA-141 using sSDNA-PDA/
PLL@UR nanomotors

The supernatant of the FAM-ssDNA-PDA/PLL@UR nanomotors,
which had been washed with a buffer solution containing 20
mM Tris-HCI (pH 7.4), 100 mM NacCl, and 5 mM MgCl,, was
removed. Subsequently, miRNA-141 solutions at concentrations
of 100 nM, 50 nM, 25 nM, 5 nM, 2.5 nM, 1 nM, 0.25 nM, 0.1 nM,
0.05 nM, 0.01 nM, 1 x 10> nM, 5 x 10~ * nM, 1.25 x 10~* nM,
and 6.25 x 10° nM, prepared in a medium containing 20 mM
Tris-HCI (pH 7.4), 100 mM NaCl, and 1 mM EDTA, were added
to the nanomotors and incubated for 15 min.** Following
incubation, each sample was washed at 6000 rpm for 3 min with
a buffer solution containing 20 mM Tris-HCI (pH 7.4), 100 mM
NaCl, and 1 mM EDTA. To evaluate specificity, the same
procedure was also applied to the non-complementary control
sequences (miR-200b and miR-21). miR-141 detection was
monitored by optical microscopy based on the fluorescence
intensity and speed changes of the nanomotors.

2.7 Statistical analysis

To determine differences between groups, one-way analysis of
variance (one-way ANOVA) was performed. For results that were
found to be statistically significant, Tukey's multiple compar-
ison test was applied to identify which groups differed from
each other. The level of statistical significance was accepted as p
< 0.05.

For nanomotor speed, it was expected that no statistically
significant difference would be observed between groups.
However, even if a statistically significant difference was
detected, the absence of an increase in the nanomotor speed
was considered an important indicator of system stability. In
this context, lower nanomotor speeds were regarded as
acceptable and meaningful outcomes.

For the fluorescence intensity, a statistically significant
decrease (quenching) compared to the control group was ex-
pected. The results showed that the fluorescence intensity was
significantly lower than that of the control, indicating that the
system exhibits stable and target-responsive behavior.

3 Results and discussion
3.1 Structural characterization

The morphological and structural features of PDA structures
were comprehensively characterized using scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDX). As shown in Fig. 1a, the PDA structures typically
exhibited a bowl-shaped morphology with an average diameter
of 205.24 + 22.5 nm. EDS analysis indicated that these struc-
tures were composed of approximately 65.30 wt% carbon (C),
11.46 wt% nitrogen (N), and 23.24 wt% oxygen (O) (Fig. S1). This
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Fig. 1 SEM images of samples of (a) PDA nanoparticles; (b) PDA/PLL
nanoparticles; (c and d) PDA/PLL@QUR nanomotors.

elemental composition is characteristic of PDA resulting from
the oxidative polymerization of dopamine monomers, with C
and O originating from the catechol groups and N derived from
the amine groups.*

The SEM image presented in Fig. 1b depicts the PDA/PLL
nanostructures obtained after functionalization of PDA with
poly-i-lysine (PLL).

The average diameter of these structures was measured as
234.58 + 35.43 nm. The attachment of PLL onto the PDA surface
led to an increase in polymer layer thickness, resulting in
a noticeable enlargement in particle size. EDS analysis of PDA/
PLL structures showed an elemental composition of 65.32% C,
11.21% N, and 23.47% O, indicating minor changes in chemical
composition upon PLL functionalization (Fig. S2). The addi-
tional amino groups present in PLL are expected to directly
influence the nitrogen content, while the carbon and oxygen
ratios may exhibit slight variations depending on the overall
matrix of the structure.®

Upon functionalization with urease (UR), the PDA/PLL@UR
structures exhibited an average diameter of 264.05 =+
13.02 nm (Fig. 1c and d). This significant increase in particle
size can be attributed to the immobilization of the enzyme,
which adds extra volume to the structure. Surface-bound
enzyme molecules form additional layers on the particle
surface, contributing to morphological growth. EDS analysis of
PDA/PLL@UR structures revealed an elemental composition of
63.67% C,11.73% N, and 24.60% O (Fig. S3). The slight decrease
in carbon content and the corresponding increase in nitrogen
and oxygen content can be ascribed to the proteinaceous nature
of urease.*® Given that enzymes contain abundant amino and
carboxyl groups, these functional groups are reflected in the
elemental analysis as increased N and O ratios, further sup-
porting the successful immobilization of the enzyme.**

The colloidal stability of PDA, PDA/PLL, PDA/PLL@UR, FAM-
ssDNA-PDA/PLL@UR, and FAM-ssDNA-PDA/PLL@UR/miR-141
nanomotors was further analyzed using dynamic light scat-
tering (DLS) in phosphate-buffered saline (PBS, pH 8) (Fig. S4).

This journal is © The Royal Society of Chemistry 2026
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To further corroborate the successful synthesis of the
nanomotors, Fourier Transform InfraRed (FT-IR) spectroscopy
was performed. Fig. S5 displays the FT-IR spectra of PDA, PDA/
PLL, PDA/PLL@UR, and ssDNA-PDA/PLL@UR nanostructures.
The spectra of PDA exhibit broad bands at 2973 em™* and
3337 ecm ™', corresponding to N-H and O-H stretching vibra-
tions, respectively.’® Peaks at 1634 cm™ ' and 1454 cm ™' were
attributed to primary amine N-H bending and dopamine
aromatic C=C stretching vibrations, respectively.*®

The successful functionalization of PDA with PLL was
confirmed by the appearance of characteristic amide I (1620-
1700 cm ') and amide II (1534 cm™') bands, indicating the
preservation of peptide bonds and the structural integration of
PLL within the nanostructure.’” After urease functionalization
of PDA/PLL structures, a minor shift was observed in the amide
I band at 1650-1700 cm ™", corresponding to the C=0 stretch-
ing of carbonyl groups.*® Following incubation of PDA/PLL@UR
nanomotors with ssDNA, a peak at 1085 cm™ " was observed,
which can be attributed to the symmetric stretching of phos-
phate groups in nucleic acids.*® These results collectively
confirm the stepwise functionalization and successful immo-
bilization of PLL, and ssDNA on the PDA
nanostructures.

The surface modification process of the nanomotors was
further characterized by zeta potential measurements (Fig. 2).
Following functionalization of PDA nanomotors with poly-L-
lysine (PLL), a synthetic polymer composed of positively
charged lysine residues,* the zeta potential increased from
—41.37 mV to —27.75 mV, indicating successful surface func-
tionalization. Urease exhibits an isoelectric point of approxi-
mately 5.4;" at pH values above this, the jack bean urease
hexamer acquires a net negative charge.*” Accordingly, after
functionalization with a urease solution at pH ~7.0, the zeta
potential of PDA/PLL@UR nanomotors decreased to
—29.66 mV. Subsequent incubation of PDA/PLL@UR with FAM-

urease,
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Fig. 2 Zeta potentials of PDA, PDA/PLL, PDA/PLL@QUR, and FAM-
ssDNA-PDA/PLL@UR nanomotors, highlighting the stepwise changes
in surface charge upon sequential functionalization. (The compre-
hensive zeta potential analysis results of nanomotors are provided in
the Supplementary Information.)
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labeled ssDNA further decreased the zeta potential to —37 mV,
reflecting the contribution of the negatively charged phosphate
groups (PO, ") of ssDNA molecules® and confirming successful
ssDNA immobilization. Hybridization of the immobilized FAM-
ssDNA with miR-141 resulted in a significant positive shift in
zeta potential from —37 mV to —19 mV. Both ssDNA and miRNA
possess a high negative surface potential due to their phosphate
backbones. During hybridization, the close proximity of phos-
phate groups induces a redistribution of surface charge density,
leading to a reduction in the overall negative charge on the
nanomotor surface and a concomitant increase in the zeta
potential.** This observation was further supported by studies
demonstrating how conformational changes of nucleic acids
influence surface electrostatic properties.*> Additionally, the
presence of miR-141 as a complementary strand effectively
doubles the number of point charges, enhancing electropho-
retic mobility in solution, which can contribute to increased
particle velocities and higher zeta potential values.*®

To evaluate the active motion of the nanomotors, the
hydrodynamic size and fundamental diffusion behaviors were
formulated, and the diffusion coefficient (D) was determined in
PBS (pH 8). For spherical particles, time-dependent fluctuations
in scattered light intensity were fitted to an autocorrelation
function to estimate the diffusion coefficient (D) of particles.*”

This value can then be related to the hydrodynamic diameter
(d) using the Stokes-Einstein equation (eqn (1)).*® Furthermore,
using the obtained hydrodynamic diameter data, the diffusion
coefficient was also calculated via the Stokes-Einstein equation

(Fig. 3).
_ kT(K)
" 3mpd

(1)

Here, D represents the diffusion coefficient (m* s™'), k;, is the
Boltzmann constant (J K~'), T denotes the temperature (K), 1 is
the dynamic viscosity of the medium (Pa s), and d corresponds
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Fig. 3 Diffusion coefficient (D) calculation based on the Z-average
value.
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to the hydrodynamic diameter (m). All measurements were
conducted at 25 °C.

According to Stokes-Einstein theory, the diffusion coeffi-
cient decreases as the hydrodynamic diameter increases. Prior
to incubation, the small hydrodynamic diameter of the PDA
nanomotors resulted in minimal friction and the highest
diffusion coefficient. Upon binding of positively charged PLL to
PDA, the hydrodynamic diameter increased, leading to a corre-
sponding decrease in the diffusion coefficient. Subsequently,
during the incubation with negatively charged urease,” the
electrostatic interactions between opposite charges caused only
a slight increase in diameter, without a significant change in the
diffusion coefficient. Addition of the ssDNA probe led to
a minor increase in the hydrodynamic diameter and a slight
decrease in the diffusion coefficient due to the negative charges
of the phosphate groups.”® Following hybridization with miR-
141, the single-stranded DNA is expected to transition from
a relaxed conformation to a double-stranded, more compact
structure. This compaction results in a marked reduction in the
hydrodynamic diameter,** accompanied by an increase in the
diffusion coefficient, confirming the successful recognition of
miR-141 by the nanomotors.

The phase-time, total counts-zeta potential and size (d nm)-
percent distribution profiles of the nanomotors are shown in
Fig. S4.

X-ray photoelectron spectroscopy (XPS) was employed to
investigate the elemental composition and chemical states on
the surface of the nanomotors, providing insight into the
success of each step in the functionalization process (Fig. 4). In
XPS analysis, the O 1s peak of the PDA/PLL/urease-modified
surface was observed in the range of 530-532 eV, which can
be attributed to oxygen-containing species such as organic
groups and peptide bonds from the enzyme.*® After ssDNA
immobilization, a new peak appeared at approximately 536 eV
in the O 1s spectrum, in addition to the previously observed
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Fig. 4 X-ray photoelectron spectroscopy (XPS) survey spectra of
FAM-ssDNA-PDA/PLL@UR nanomotors. The spectra confirm the
presence of carbon (C 1s), nitrogen (N 1s), and oxygen (O 1s) signals,
indicating the successful coating of PDA/PLL and functionalization
with FAM-labeled ssDNA.

Anal. Methods

View Article Online

Paper

C=0 and OH signals. The O 1s peak also shifted markedly
toward a higher binding energy (~536 eV), which corresponds
to the P-O bonds present in the phosphate groups of the DNA
backbone. According to ref. 53, the O 1s peak typically appears
around 535-536 eV when DNA covalently binds to metal oxide
surfaces. This shift indicates that ssDNA was successfully
immobilized on the surface and that the phosphate groups
engaged in chemical interactions with the substrate. Further-
more, this change reflects a new oxygen chemistry introduced
by DNA, distinct from the previous protein-based configuration.
Fig. S7 shows the XPS O 1s spectra and the corresponding
atomic percentages (at%) of the detected functional groups.
The N 1s peaks of PDA, PDA/PLL, PDA/PLL@UR, and FAM-
sSDNA-PDA/PLL@UR nanomotors were observed between
399.26 and 400.08 eV. These shifts are likely associated with
different nitrogen-containing bonding environments on the
PDA/PLL@UR nanomotor surface.*® In particular, the weak
peak observed at 400.08 eV in the FAM-ssDNA-PDA/PLL@UR
nanomotors may correspond to protonated base structures
formed upon ssDNA immobilization®® (Fig. S8). The XPS C 1s
spectra initially show a dominant C-C signal (~284.6 eV) on the
PDA surface. The peak shifts to approximately 286 eV, indi-
cating an increase in C-O-C bonds and O-C=O groups
contributed by FAM-ssDNA; this change reflects the enhance-
ment of oxygen-containing carbon groups upon PLL binding or
FAM-ssDNA immobilization, confirming successful surface
modification. (Fig. S9). The P 2p XPS spectrum shows a P-O
peak at ~133.2 eV, indicating successful immobilization and
functional binding of FAM-ssDNA on the surface (Fig. S10).

3.2 Results of optical microscopy analysis of nanomotor
behavior

Although free urease-containing solution systems may exhibit
some complex biological properties, they cannot ensure the
controlled spread and regulation of reactions. Therefore, urease
needs to be immobilized on a specific surface. This allows the
enzyme to function more efficiently, the system's operation to
be better controlled, and the desired reactions to be achieved.*”
In the literature, it is shown that DNA-based synthetic nano-
structures can be functionalized with the urease enzyme,
thereby gaining motility in the presence of biofuels (urea).*®
Moreover, it is also shown that ssDNA can bind to protein/
enzyme surfaces while maintaining the enzyme's catalytic
activity.”® These findings support the use of ssDNA for func-
tionalization with the urease enzyme in our study.

The speed measurements of the produced PDA/PLL@UR
nanomotors were performed at urea concentrations of (5-10-
25-50-100-150-200-250-300) nM (Fig. 5). (SI Videos S1-S5) The
obtained graph shows that beyond a urea concentration of
150 nM, the reaction between urea in the solution and urease on
the nanomotor reaches saturation, and further increases in
urea concentration have a negligible effect on the speed.®***

To examine the movement characteristics of the nanomotors
at different urea concentrations, mean squared displacement
(MSD) graphs over time were plotted (Fig. 6a). From these
graphs, the diffusion coefficients of the nanomotors (Fig. 6b)
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Fig. 5 Speed measurement of PDA/PLL@UR nanomotors at different
urea concentrations.

were calculated, and the effect of urea concentration on motility
was evaluated. The results indicated that at low urea concen-
trations, the movement of the nanomotors was limited, while
the diffusion coefficient significantly increased with higher
concentrations. This observation is consistent with recent
studies.®” These findings highlighted the effectiveness of the
interaction between the nanomotors and urea, their fuel source,
and its impact on their mobility. Based on the analysis, it was
decided to continue the studies with a urea concentration of
150 nM, which provided both a stable movement profile and
a sufficient diffusion coefficient.

To assess the mobility of the nanomotors under different
conditions, their movements in urea-containing media and
under near-infrared (NIR) light application were separately
examined (Fig. 7). The speeds of the nanomotors were analyzed
and compared using the videos obtained under both conditions
(SI videos S6 and S7). It was observed that the nanomotors
moved by the propulsive force provided by the chemical reac-
tion in the urea medium, while under NIR light, they exhibited
directionally guided movement due to the photothermal effect.
The speed analyses conducted in this context quantitatively
revealed the effects of both conditions on the nanomotors'
kinetics and allowed for a performance comparison of different
stimulation mechanisms.** Upon reviewing the graph, it is
evident that the PDA/PLL@UR nanomotors moved at a speed of
4.761 um s ' under NIR light, while they self-propelled at
a speed of 3.665 um s~ ' in a 150 nM urea medium.

As a result of the speed analyses, it was observed that the
average velocity of the nanomotors in a urea-containing
medium was slightly lower than the velocity values obtained
under near-infrared light. This indicates that the chemical
propulsion mechanism provided by the CO, released during the
urease-catalyzed reaction offers lower motility efficiency
compared to photothermal stimulation (see eqn (2)).

(NH,),CO + H,O — CO, + 2NHj; (2)
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These findings are important for the comparative evaluation
of the impact of energy sources on nanomotor design
performance.

To evaluate the diagnostic performance of the FAM-ssDNA-
PDA/PLL@UR nanomotors, a calibration curve was created by
measuring the fluorescence intensities corresponding to
different miR-141 target concentrations (Fig. 8). The results
showed a significant decrease in the fluorescence signal as the
target miRNA concentration increased. This decrease is asso-
ciated with the quenching of FAM fluorescence due to the
hybridization of the ssDNA probe with the target miR-141
(Fig. S11). Thus, the reduction in fluorescence signal reflects
a sensitive and specific diagnostic mechanism for the presence
of the target nucleic acid.**

Furthermore, the calibration curve obtained by evaluating
the fluorescence intensities corresponding to different miR-141
concentrations showed a linear relationship. The correlation
coefficient for this linear region was calculated as R> = 0.98,
indicating that the system responds to the target molecule with
high accuracy. Based on the calibration curve, the system's limit
of detection (LoD) was determined to be 7.5 pM using the 3o/
slope method (where the three times the standard deviation is
divided by the slope).*® To evaluate the diagnostic performance
of FAM-ssDNA functionalized PDA/PLL@UR nanomotors,
a calibration curve was generated by measuring nanomotor
speeds at different miR-141 concentrations. The obtained data
showed a significant decrease in nanomotor speed as the miR-
141 concentration increased. This observation suggests that the
hybridization of the target miRNA with the ssDNA probe
increases the surface density®® and introduces potential steric
hindrance,* both of which may limit the motility of the nano-
motor. The correlation coefficient (R*) of the calibration curve
based on the speed data was calculated to be 0.99. Based on this
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Fig. 8 Fluorescence intensity values of PDA/PLL@UR nanomotors
functionalized with FAM-ssDNA corresponding to different miR-141
concentrations. Inset: calibration curve (R? = 0.98) constructed based
on concentration-dependent fluorescence quenching and the
calculated LoD value (7.5 pM).
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linear relationship, the system's limit of detection (LoD) was
determined to be 170 pM (Fig. 9).

SI Fig. S9 shows the optical images of nanomotors at varying
miRNA concentrations, illustrating the corresponding changes
in fluorescence intensity. As observed, the fluorescence inten-
sity gradually decreases as the miRNA concentration increases
due to the hybridization of the FAM-labeled probe.

3.3 Selectivity studies

In the hybridization assays targeting miR-141, miR-200b and
miR-21 were used as control miRNAs to evaluate the specificity
and selectivity of the system. The control experiments were
conducted under the same conditions as the target assays
(identical buffer composition, temperature, and incubation
times), ensuring that the observed responses were specific to
miR-141.

To assess the selectivity of the FAM-ssDNA-PDA/PLL@UR
nanomotors, interference tests were performed using miR-
200b and miR-21 (Fig. 10). The results showed that at 5 nM
concentrations of miR-200b and miR-21, the fluorescence
intensity of the nanomotors exhibited only a slight decrease and
remained largely stable. In contrast, a significant decrease in
fluorescence was observed in the presence of 5 nM miR-141,
indicating that the ssDNA probe interacts minimally with
non-target miRNAs while exhibiting stronger hybridization with
miR-141. These findings confirm the high specificity and
selectivity of the system toward miR-141.

As another part of the selectivity assessment, the changes in
nanomotor velocity in the presence of miR-200b, miR-21, and
miR-141 were investigated. No significant change in nanomotor
speed was observed at 5 nM concentrations of miR-200b and
miR-21, whereas a notable decrease in speed was detected in the
presence of 5 nM miR-141 (Fig. 11). This suggests that the
ssDNA probe on the nanomotor surface hybridizes with high
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Fig. 9 Changes in the speed of nanomotors at different miR-141
concentrations. Inset: calibration curve (R? = 0.99) obtained from the
speed data; LoD = 170pM.
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Fig. 11 Comparison of the speeds of FAM-ssDNA-PDA/PLL@QUR
nanomotors in the presence of 5 nM miR-200b, miR-21 and miR-141.

specificity to miR-141, and the resulting steric hindrance®
limits its motility.

As shown in Fig. 10, pronounced fluorescence quenching
was observed in the presence of miR-141, whereas only minimal
changes occurred with miR-200b and miR-21, further confirm-
ing the high specificity of the nanomotor system for miR-141
recognition.

To evaluate the performance of our nanomotors in miRNA-
141 detection, we compared their fluorescence response and
propulsion behavior with previously reported nanomaterials.
The comparison highlights the advantages of our system in
terms of sensitivity, specificity, and motion-assisted target
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recognition, providing a clear benchmark against existing
approaches (Table 1).

3.4 Studies on synthetic urine

To further investigate the propulsion behavior of the nano-
motors under controlled conditions, experiments were con-
ducted using a synthetic urine diluent with a defined
composition of ions and urea. Unlike simple laboratory-
prepared urea solutions, this synthetic diluent provides
a homogeneous and buffered environment that mimics the
ionic strength and pH of human urine. Such a setup enables
a systematic evaluation of how substrate concentration, ionic
composition, and enzymatic activity influence the self-
propulsion of urease-functionalized nanomotors. By
comparing their performance in the synthetic diluent versus
self-prepared urea solutions, the impact of solution chemistry
on nanomotor dynamics can be elucidated.

As shown in Fig. 12, the FAM-ssDNA-PDA/PLL@UR nano-
motors exhibited self-propelled motion with an average velocity
of 3.074 um s~ ' in a 150 nM urea solution, whereas a higher
velocity of 4.339 pm s~ was observed in the synthetic urine
medium. The results demonstrate the impact of synthetic urine
medium and the presence of miR-141 on the motility kinetics of
the nanomotors.

The enhanced self-propulsion of nanomotors observed in
synthetic urine medium, compared to laboratory-prepared urea
solutions, can be attributed to several factors. The synthetic
solution contains ions such as Ca**, Mg>*, K*, Na*, and phos-
phate,”” which may support the maintenance of di-
ffusiophoretic gradients and facilitate urea hydrolysis by urease,
thereby increasing the nanomotor velocity. Similarly, previous
studies on electric field-driven Janus nanomotors have reported
that increasing ion concentration enhances the propulsion
speed, likely due to stronger electrokinetic flows at the nano-
motor surface.”® Furthermore, since urea in the synthetic solu-
tion is fully dissolved and homogeneously distributed,
enzymatic hydrolysis may occur more efficiently. The buffered
environment with an approximate pH of 7 also provides optimal
conditions for urease activity.”

In the laboratory-prepared urea solution, after hybridization
of phosphate backbone-bearing ssDNA with miR-141, zeta
potential analysis showed a positive shift in surface charge;
however, the overall nanomotor surface remained negatively
charged. This indicates partial neutralization of surface nega-
tive charge density, resulting in a reduction of electrostatic
repulsion forces. Such rearrangement of surface charges may
affect the thickness of the electrical double layer (Debye layer)
and restrict ion transport.” Therefore, the observed decrease in
nanomotor velocity after hybridization can be attributed to
these alterations in surface charge equilibrium.

Conversely, in the high ionic strength synthetic urea
medium, it is suggested that positively charged ions interact
electrostatically with the negatively charged phosphate groups
of the ssDNA/miR-141 duplex, thereby partially compensating
for the surface charge.” As a result, ionic gradients and urease
activity are maintained, allowing diffusiophoretic motion to
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Table 1 Detection performance of nanomotors for miRNA-141: fluorescence and motion analyses
Nanomaterial Probe Target Detection method Linear range LoD Ref.
Fe;0,/Au@Ur hDNA PCA3 Speed 1-100 pM 0.6 pM 49
inkjet-printed gold electrodes on  Thiol-ssDNA ~ miR-141 Electrochemical 1 fM-100 nM 2.15 M 17
photopaper
Ur-JMNM hDNA miR-21 Speed — 29 fM 68
miR-182 362 ftM
Ur-JMNM hDNA miR-21 Fluorescence intensity — 417 x 100 M 68
miR-182 1.23 x 107¥ M
MB-HCP immobilized on a DNA miR-141 Electrochemical 2.0-5.0 x 10° fM  0.94 fM 69
GO-chitosan@PVP-Au
nanocomposite modified GCE
Au nanorod/PMO JNMs hDNA miR-21 Speed — ~0.018 pM 70
Bidirectional ECL Hemin/ miR-141 ECL 1007 M-10°M 7.9 aM 71
miRNA-141 biosensor G-quadruplex (electrochemiluminescence)
DNAzimi
NIR-photoelectrochemical (PEC)  ssDNA miR-155 Speed 0.1 fM-100 pM 65.77 aM 72
biosensor
Integrated hairpin-based MB-HCP+ miR-141 Electrochemical 2.0 fM-10° fM 0.89 fM 73
electrochemical nano-biosensor ~ Fc-AP-21 miR-21 1.24 fM
W;50,4/PEDOT-Pt ssDNA FAM-miR-21 Fluorescence intensity 0.1-100 nM 0.028 nM 29
An electrochemical DNA miR-21 Electrochemical 2 nM 74
miRNA sensor based
on a screen-printed
gold electrode (SPGE)
PDA/PLL@UR FAM-ssDNA miR-141 Speed 100 pM-100 nM 7.5 pM This work
PDA/PLL@UR FAM-ssDNA miR-141 Fluorescence intensity 100 pM-100 nM 170 pM This work

continue without a significant change in the propulsion speed.
The results demonstrate the effects of both the medium
composition and the presence of miRNA on the fluorescence
signals of the nanomotors.

In synthetic urine and 150 nM urea solution media, the
initial fluorescence intensities of FAM-ssDNA-PDA/PLL@UR
nanomotors were measured as =2410 a.u. and =3514 a.u.,
respectively, and in the presence of miRNA, the fluorescence
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o
8
n 2+
1
04

T
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5nM miR-141 Concentration

T
150 nM Urea Synthetic Urine

Fig. 12 Comparison of the average velocities of FAM-ssDNA-PDA/
PLLQUR nanomotors in 150 nM urea solution and synthetic urine
medium, and analysis of the corresponding speed changes in the same
medium in the presence of 5 nM miR-141.
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intensities of the nanomotors in the same media were deter-
mined as 394 a.u. and 535 a.u., respectively (Fig. 13). These
findings demonstrate the influence of both the medium
composition and the presence of the target miRNA on the
fluorescence responses of the nanomotors. Fluorescence
intensity measurements revealed that, in the absence of the
target molecule, the average fluorescence intensity (FI) in the
laboratory urea solution was higher than that in the synthetic
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Fig. 13 Comparison of the fluorescence intensity of FAM-ssDNA-
PDA/PLL@UR nanomotors in 150 nM urea solution and synthetic urine
medium, and analysis of the corresponding fluorescence intensity
changes in the same medium in the presence of 5 nM miR-141.
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urine medium. This difference may be attributed to the inter-
action between the increased ionic strength and the negatively
charged ssDNA chains, which reduces the light-emission effi-
ciency of the fluorophore.** Upon the addition of miR-141,
hybridization-induced fluorescence quenching increased
markedly, confirming the target-specific recognition capability
of the nanomotors. Overall, a significant decrease in ssDNA
fluorescence was observed in both environments, with
a stronger quenching effect in synthetic urine solution. These
results demonstrate that the nanomotors can selectively detect
miR-141 and can be effectively applied for urine-based prostate
cancer diagnosis.

3.5 Stability evaluation of the nanomotor system

According to the ANOVA results presented in Table S1, no
statistically significant effect of time on nanomotor speed was
observed (p > 0.05), and the H, hypothesis was accepted. This
indicates that the nanomotors maintained stable motility
behavior both within a single day and over multiple days.

In contrast, the fluorescence intensity was found to change
significantly over time (p < 0.05). This variation is attributed to
fluorescence quenching associated with the hybridization
process occurring on the nanomotor surface.

The Tukey HSD analyses (Fig. S14) supported these findings;
no significant differences were observed between groups for
nanomotor speed, whereas significant differences were detec-
ted for fluorescence intensity. The interday analysis results
(Fig. S15) were also consistent with these findings, indicating
a stable nanomotor speed, while fluorescence exhibited time-
dependent variation.

4 Conclusions

In summary, this study successfully demonstrated the devel-
opment of urease-powered FAM-ssDNA-PDA/PLL@UR nano-
motors for the non-invasive detection of urinary miR-141,
a clinically relevant biomarker for prostate cancer. Compre-
hensive physicochemical characterization confirmed the
successful stepwise functionalization of the nanomotors, which
enabled efficient enzymatic propulsion and highly selective
target recognition. The nanomotors exhibited stable di-
ffusiophoretic motion in synthetic urine and showed high
selectivity toward miR-141, even in the presence of competing
miRNA sequences, as evidenced by both motility behavior and
fluorescence responses.

Although the sensing performance of the nanomotor plat-
form was evaluated in a urine-mimicking synthetic urine
medium, this environment does not fully reproduce the
biochemical complexity of real human urine. Therefore, further
studies are required to evaluate performance in real urine
samples, assess long-term stability and reproducibility, and
investigate the influence of environmental parameters such as
ionic strength, pH, and temperature. Accordingly, future work
will focus on the analysis of spiked human urine and clinical
urine samples to assess matrix effects, analytical recovery, and
diagnostic applicability under realistic conditions.
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Overall, the findings indicate that urease-powered nano-
motors represent a promising platform for rapid, selective, and
reliable urine-based biosensing. This work lays the foundation
for future clinical translation and supports the broader poten-
tial of enzyme-assisted nanomotors in diagnostic and biomed-
ical applications.
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