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A B S T R A C T

A dynamic micromotor-based immunoassay, exemplified by cortisol detection, based on the use of tubular
micromotors functionalized with a specific antibody is described. The use of antibody-functionalized micro-
motors offers huge acceleration of both direct and competitive cortisol immunoassays, along with greatly
enhanced sensitivity of direct and competitive immunoassays. The dramatically improved speed and sensitivity
reflect the greatly increased likelihood of antibody-cortisol contacts and fluid mixing associated with the
dynamic movement of these microtube motors and corresponding bubble generation that lead to a highly
efficient and rapid recognition process. Rapid naked-eye detection of cortisol in the sample is achieved in
connection to use of horseradish peroxidase (HRP) tag and TMB/H2O2 system. Key parameters of the
competitive immunoassay (e.g., incubation time and reaction volume) were optimized. This fast visual
micromotor-based sensing approach enables “on the move” specific detection of the target cortisol down to
0.1 μg mL−1 in just 2 min, using ultrasmall (50 µL) sample volumes.

1. Introduction

Recent advances in nanomotors have paved the way to novel
biosensing systems and applications. Particularly, the ability of nano/
microscale motors to capture and transport specific target analytes in
complex biological matrixes has been extensively explored [1–4].

Nano/micromotors functionalized with specific bioreceptors have
thus allowed “on-the-fly” detection of different bioanalytes, ranging
from nucleic acids to tumor cells [5–9]. Tubular micromotors functio-
nalized with specific antibodies have been incorporated into lab-on-a-
chip diagnostic devices demonstrating efficient recognition and isola-
tion of the model protein IgG [10,11]. Such direct “on-the-fly”
recognition and isolation processes obviate the need for common
sampling and washing procedures. The efficient movement of these
micromotors and generated-microbubbles tail has been shown to
enhance the fluid mixing of the sample and to greatly increase the
analyte–receptor interactions toward faster and more sensitive assays
[12–14]. These dynamic sensing nanosystems have demonstrated
important advantages to enhance target-bioreceptor interactions,
which hold considerable interest for its implementation as medical
diagnostic tools.

In this communication, we report on a new nanomotor immunoas-
say strategy based on naked-eye detection system. Cortisol, an im-
portant stress and clinical biomarker [15–19], was selected as model
target to demonstrate the capabilities of this new approach. The most
widely used methods in clinical assays of cortisol include luminescence
and fluorescence assays [20,21], enzyme-linked immunosorbent assays
(ELISAs) [22], and immunoassays in connection to fluorescence [23] or
electrochemical detection [17,24–28]. However, these cortisol-detec-
tion methods still present some limitations in terms of analysis time,
pre-treatment steps, and cost and do not involve rapid naked-eye
detection.

The new dynamic cortisol detection strategy, described in this
paper, is based on the use of tubular micromotors functionalized with a
specific anti-cortisol antibody (Fig. 1). The advantages of such micro-
motor-based cortisol naked-eye detection system have been illustrated
using direct and competitive immunoassay formats. As illustrated in
Fig. 1, the direct motor-based immunoassay relies on HRP-labeled
cortisol. The anti-cortisol functionalized-micromotors efficiently swim
through the sample and detect rapidly and specifically the tagged-
cortisol target (Fig. 1A). The competitive motor assay involves compe-
tition of free-cortisol and the cortisol-HRP for the antibody sites on the
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moving micromotors. In both assays, short incubation of the resulting
cortisol-HRP modified micromotors in a TMB/H2O2 solution offers
absorbance measurements of the deep blue product of TMB at 690 nm
(Fig. 1B). The absorbance spectra of samples prepared in the absence
and presence of cortisol-HRP (light and dark blue lines, corresponding
to transparent and blue color solutions, respectively) are displayed in
the top part of Fig. 1B.

The combination of the specific antibody with the efficient move-
ment of the H2O2-propelled tubular micromotors allows rapid detec-
tion of dilute amounts of cortisol-HRP using microliter sample
volumes. In comparison with early micromotor-based immunosensing
strategies, involving direct or sandwich approaches and immunorea-
gents tagged with microsphere tracers for visualizing the antibody-
antigen interaction [10,11], this micromotor strategy demonstrated for
the first time the use of a direct and competitive immunoassays with
rapid naked-eye detection of the target analyte. As will be illustrated in
the following sections, the movement of the antibody-modified micro-
motors through the sample plays a critical role in the enhanced
biosensing performance. Such continuous motion of multiple anti-
cortisol-micromotors imparts effective sample mixing within microliter
samples that addresses the limitations associated with the slow cortisol
transport under quiescent conditions and leads to fast antibody-
cortisol interactions and hence to higher speed and sensitivity.

2. Materials and methods

2.1. Reagents

A Cyclopore polycarbonate (PC) membrane, containing 5 µm
diameter conical-shaped micropores (Catalog No 110613; Whatman,
Maidstone, U.K.), was employed as the template. Hydrocortisone
(H4001, MW 362.46 g mol−1), Sodium dodecyl sulfate (SDS, MW
288.38 g mol−1), 3,4-ethylenedioxythiophene (EDOT), potassium ni-
trate (KNO3), hydrogen peroxide (H2O2), 11-Mercaptoundecanoic acid
(MUA), 6-Mercapto-1-hexanol (MCH), 4-morpholineethanesulfonic
acid hemisodium salt (MES), 1-ethyl-3-[3-dimethylaminopropyl] car-
bodiimide hydrochloride (EDC), and N-hydroxylsulfosuccinimide
(Sulfo-NHS) were purchased from Sigma-Aldrich®. The monoclonal
cortisol antibody (Catalog # P01-92–94 M-P) and cortisol-HRP anti-
gen (Catalog # P91-92-91H) were purchased from EastCoast Bio®. K-
Blue® Aqueous 3,3′,5,5′-tetramethylbenzidine (TMB) substrate was
purchased from Neogen® Corporation.

The antibody was dissolved in 0.05 M phosphate buffer (PBS) pH
7.4. The washing solution consisted of 0.05 M phosphate buffer pH 7.4
containing 0.05% Tween-20.

The aqueous hydrogen peroxide solutions were used as the
chemical fuel, and sodium dodecyl sulfate (SDS, MW 288.38 g mol−1)
(at 3% final concentration) was used as a surfactant in all propulsion
experiments.

Ultrapure water (18MX cm, Millipore Corporation, USA) was used
for the preparation of all aqueous solutions.

2.2. Apparatus

Template electrochemical deposition of multi-layer microtubes was
carried out with a CHI 661D potentiostat (CH Instruments, Austin,
TX). Scanning electron microscopy (SEM) images were obtained with a
Phillips XL30 ESEM instrument, using an acceleration voltage of
20 kV. Energy-dispersive X-ray mapping analysis was performed using
an Oxford EDX detector attached to SEM instrument and operated by
INCA software. An inverted optical microscope (Nikon Instrument Inc.
Ti-S/L100), coupled with a 20× and 40× objectives, a Photometrics
QuantEM 512/SC camera (Roper Scientific, Duluth, GA) and
MetaMorph 7.6 software (Molecular Devices, Sunnyvale, CA) were
used for capturing movies at a frame rate of 30 frames per sec. The
speed of the micromotors was tracked using a Metamorph tracking
module and the results were statistically analyzed using Origin soft-
ware.

The absorbance was measured between 500 and 800 nm using a
UV-2450 Shimadzu spectrophotometer.

2.3. Preparation of tubular micromotors

The tubular micromotors were prepared using a common template-
directed electrodeposition protocol. A Cyclopore polycarbonate mem-
brane, containing 5 µm diameter conical-shaped micropores (Catalog
No 110613; Whatman, Maidstone, U.K.), was employed as the
template. A 75 nm-thick gold film was first sputtered on one side of
the porous membrane to serve as the working electrode using the
Denton Discovery 18 sputtering system. The coating was performed at
room temperature under base vacuum of 5×10–6 Torr, DC power
200 W and Ar pressure of 3.1 mT, along with a rotation speed of
65 rpm and sputtering time of 90 s. A Pt wire and Ag/AgCl (3 M KCl)
served as counter and reference electrodes, respectively. The mem-

Fig. 1. Dynamic cortisol detection. (A) Schematic representation of dynamic cortisol-HRP detection using anti-cortisol-functionalized micromotors. (B) Micromotor-based cortisol–
HRP naked-eye immunoassay detection system based on the use of TMB and H2O2. Absorbance spectra of samples prepared in the absence and presence of cortisol-HRP (light and dark
blue lines, corresponding to transparent and blue color solutions, respectively). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article).
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brane was then assembled in the electrochemical plating cell with an
aluminum foil serving as a contact. Poly(3,4-ethylenedioxythiophene)
(PEDOT) microtubes were electropolymerized at +0.80 V using a
charge of 0.1 C from a plating solution containing 15 mM EDOT,
7.5 mM KNO3 and 100 mM SDS; subsequently, Ni was deposited from
a Ni plating solution containing NiCl2 3·6H2O (20g L−1), Ni(H2NSO3)2·
4H2O (515gL−1), and H3BO3 (20gL

−1) at −1.3 V (vs Ag/AgCl) for 4 °C.
The inner Pt layer was galvanostatically deposited at −2 mA for 500 s
from a commercial platinum plating solution (Platinum RTP; Technic
Inc, Anaheim, CA). The sputtered gold layer was completely removed
by hand polishing with alumina slurry (3–4 µm). After that, the
membrane was dissolved in methylene chloride for 30 min to com-
pletely release the microtubes. The micromotors were collected by
centrifugation at 7000 rpm for 3 min and washed with methylene
chloride, followed by ethanol and ultrapure water (18.2 MΩ cm), three
times for each, with a 3 min centrifugation following each wash. The
template preparation method resulted in decidedly reproducible mi-
cromotors. The micromotors were placed over a glass slide and were
sputtered with a layer of Au (DC power 200 W, Ar pressure of 2.9 mT,
along with a rotation speed of 65 rpm and sputtering time of 40 s) for
the following functionalization with thiols chemistry. Finally, the Au-
sputtered micromotors were released from the glass slide by softly
mechanical scratching.

Before performing the experiments, the micromotors were placed in
1 mL of water. In order to estimate the number of micromotors in
solution, a 0.5 µL drop of the micromotor suspension was observed
under the microscope, and different optical images were taken from all
the drop area, estimating the number of micromotors by counting the
units observed in the images, and obtaining a final number of 1.1×105

micromotors per mL.
Au-sputtered PEDOT/Ni microtubes were used for static control

experiments, following the same fabrication protocol but without the
electrodeposition of platinum, which is responsible of the decomposi-
tion of H2O2 and consequent bubble production from the tubular
micromotor.

2.4. Micromotor functionalization

The outer Au layer of the tubular micromotors or the static
microtubes was functionalized first with a mixed MUA/MCH alka-
nethiol monolayer. A solution mixture of 2.5 mM MUA and 7.5 mM
MCH was prepared in ethanol. Aliquots of 100 µL were taken from the
micromotor or microtube suspensions (containing 1.1×104 units,
approximately), and after separation of the supernatant with centrifu-
gation, the micromotors/microtubes were incubated in the MUA/MCH
solution overnight. After washing the micromotors or microtubes with
water for 5 min, they were transferred to an eppendorf vial containing a
100 µL MES buffer (pH 6.5) solution containing the coupling agents
EDC and Sulfo-NHS at 0.4 and 0.1 M, respectively, and were incubated
for 35 min. After washing with PBS buffer pH 7.4 for 5 min, the
micromotors or microtubes were incubated with the anti-cortisol
antibody (100 µg mL−1) during 2 h at room temperature, followed by
two 15 min washing steps with a PBS solution (pH 7.4) containing
0.05 wt% tween-20 and one washing step with a PBS solution (pH 7.4)
to remove the excess of antibody from the solution. The micromotors or
microtubes were centrifuged and kept dried at 4 °C until use. Although
the magnetic properties of the micromotors (given by the nickel layer)
were enough for allowing magnetic separation, the micromotors/
microtubes were centrifuged to avoid their loss and ensure their
efficient recover. A schematic illustration of the protocol used for
anti-cortisol covalent immobilization is shown in Fig. S1.

2.5. Detection of attached cortisol-HRP

The antibody-functionalized micromotors were mixed with a PBS
(pH 7.4) solution containing 1% H2O2 fuel, 3% SDS surfactant and
1:100 of the cortisol-HRP target (all these variables were kept constant
in all the experiments). The mixture was allowed to react during
different times (30 s, 1, 2, 5 or 10 min) and also prepared in different
volumes (25, 50, and 100 µL). Afterwards, the micromotors were
washed two times with PBS solution (pH 7.4) containing 0.05 wt%
tween-20 and another time with PBS (pH 7.4) to remove the excess of

Fig. 2. Micromotor synthesis and characterization. (A) Micromotor synthesis and modification: template electrodeposition of PEDOT, Ni and Pt (a), release of the micromotors from the
polycarbonate template (b), sputter of gold layer (c), and covalent antibody immobilization onto the Au-sputtered micromotors using a mixed MUA/MCH SAM and EDC/NHS chemistry
(d). (B) SEM image of the PEDOT/Ni/Pt micromotor and corresponding EDX spectroscopy images illustrating the distribution of the Au, Ni and Pt layers. (C) Time-lapse images (8 s
intervals) showing the propulsion and magnetic guidance of the antibody-modified PEDOT/Ni/Pt micromotors in cortisol spiked-buffer (images corresponding to Video S1).
Experimental conditions: PBS pH 7.4 solution containing 1% H2O2, 3% SDS and 1:100 of cortisol-HRP.

B.E.-F. de Ávila et al. Talanta 167 (2017) 651–657

653



unbounded cortisol-HRP. The cortisol-HRP-antibody-functionalized
micromotors were separated by centrifugation and were mixed with
500 µL of undiluted TMB solution (containing H2O2), and the absor-
bance spectra (500–800 nm) was measured. Notice that the TMB
develops a deep blue color in the presence of HRP and H2O2. A
schematic illustration of the protocol used for cortisol-HRP detection is
shown in Fig. S1.

Since the micromotors used were propelled by the bubbles gener-
ated at the inner Pt surface and the H2O2 is required for TMB
developing the blue color in the presence of HRP, anti-cortisol-
functionalized-Au-sputtered PEDOT/Ni microtubes (without Pt inner
layer) were used to perform the static micromotors control experi-
ments.

2.6. Competitive immunoassay

The direct competitive immunoassay for cortisol detection was
performed by mixing 1.1×104 antibody-functionalized micromotors or
microtubes (for static control experiments) with 50 µL of a PBS (pH
7.4) solution containing 1% H2O2 fuel, 3% SDS surfactant, different
concentrations of a free cortisol standard (0, 0.1 and 1 µg mL−1) and
0.5 µL of the commercial cortisol-HRP target solution (i.e., 1:100
dilution). After 2 and 10 min incubation when using micromotors
and stationary microtubes, respectively, they were washed one time

with PBS solution (pH 7.4) containing 0.05 wt% tween-20 and another
time with PBS (pH 7.4). Finally, the micromotors and microtubes were
separated by centrifugation and were mixed with 500 µL TMB/H2O2

undiluted commercial solution, and the corresponding absorbance
spectra and value at 690 nm were measured.

3. Results and discussion

3.1. Synthesis and characterization of micromotors

Fig. 2A schematically illustrates the steps involved in the fabrication
and functionalization of the multilayer PEDOT/Ni/Pt tubular micro-
motors with the anti-cortisol antibody. The micromotors used for
detecting cortisol were fabricated by a standard membrane template
electrodeposition method. Briefly, the template-electrodeposition pro-
tocol consisted on electropolymerization of the EDOT monomer within
the conical micropores of a polycarbonate (PC) membrane used as a
template, followed by electrodeposition of Ni and the inner Pt layer
(Fig. 2A (a)), and release of the resulting PEDOT/Ni/Pt micromotors
by dissolving the membrane (Fig. 2A (b)). The micromotors were
subsequently sputtered with a thin layer of Au (Fig. 2A (c)) for further
functionalization. The immobilization of the anti-cortisol antibody onto
the outer Au layer of the micromotors was carried out using EDC/NHS
chemistry through a mixed self-assembled monolayer (SAM) of MUA/

Fig. 3. Influence of reaction time and reaction volume over the cortisol immunoassay detection. (A) Dependence of the interaction time between the anti-cortisol-micromotors (moving
conditions) and anti-cortisol-microtubes (static conditions; in absence of inner Pt layer) with cortisol-HRP and control experiment performed with unmodified micromotors (no anti-
cortisol immobilized). Experimental conditions: 50 µL of 1:100 HRP-cortisol, 1% H2O2, 3% SDS, 500 µL TMB solution, and 1.1×104 micromotors. (B) Influence of the reaction volume
(a-c: 25, 50 and 100 µL, respectively) on the immunoreaction between HRP-cortisol and moving anti-cortisol-micromotors or static anti-cortisol-microtubes (red and purple lines,
respectively). Experimental conditions: 2 min reaction, corresponding volume of 1:100 HRP-cortisol, 1% H2O2, 3% SDS, 500 µL TMB solution, and 1.1×104 micromotors. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

B.E.-F. de Ávila et al. Talanta 167 (2017) 651–657

654



MCH alkanethiols (Fig. 2A (d); detailed experimental protocol ex-
plained in Methods and in Fig. S1). As was mentioned above, Au-
sputtered PEDOT/Ni microtubes were used as static controls, following
the same fabrication protocol but without the Pt electrodeposition,
which is responsible for the catalytic H2O2 fuel reaction and conse-
quent bubble production from the tubular micromotor.

Fig. 2B depicts the scanning electron microscopy (SEM) image of an
Au-sputtered PEDOT/Ni/Pt micromotor with ~10 µm length and a
~5 µm diameter; the latter reflects the pore size of the PC membrane
used in the fabrication process. Corresponding energy-dispersive X-ray
(EDX) images of the Au-sputtered PEDOT/Ni/Pt micromotor con-
firmed the presence of the outer Au film, Ni intermediate layer, and an
inner Pt layer (Fig. 2B), required for antibody functionalization,
concentration and magnetic guidance, and catalytic propulsion in the
presence of H2O2, respectively.

The propulsion of the antibody-functionalized Au-sputtered
PEDOT/Ni/Pt micromotors was also studied. Time-lapse images, taken
from Video S1, illustrate the propulsion of the antibody-functionalized
micromotors in the presence of 1% H2O2 fuel, along with the magnetic
guidance of the micromotor though the cortisol spiked-buffer (Fig. 2C).
Efficient movement at a speed of 80 µm s−1 is observed. The inclusion
of the Ni layer in the composition of the micromotor facilitates the
magnetic manipulation of the micromotors during the functionaliza-
tion protocol, and opens the possibility of guiding these antibody-
functionalized micromotors to the target destination.

3.2. Optimization of detection conditions

The development of the immunosensing nanomotor strategy has
involved optimization of key experimental conditions, such as incuba-
tion time and reaction volume, and variety of relevant control experi-
ments (Fig. 3).

Initial control experiments were performed by incubating anti-
cortisol-micromotors in a blank solution (prepared in the absence of
cortisol-HRP), or non-functionalized micromotors in a cortisol-HRP
solution (Fig. 3A: bars 1 and 2, respectively). These resulted in
negligible absorbance, thus indicating the absence of unspecific back-
ground contributions due to non-specific adsorptions of the enzymatic
tracer onto the non-modified micromotors and discarding potential
erroneous readings.

In order to demonstrate the important role of the self-propelled
micromotors, and corresponding localized fluid convection, in the
acceleration and efficiency of the cortisol binding and detection, the
effect of the incubation time was investigated both under static and
moving conditions, using anti-cortisol functionalized microtubes and
micromotors, respectively. As shown in Fig. 3, a clear increase of the
signal is observed when using dynamic anti-cortisol-micromotors
compared to static anti-cortisol-microtubes. In particular, moving the
micromotors for 30 s provided a 3-fold higher absorbance signal
compared to static microtubes after 1 min incubation. This trend was
confirmed by the double response provided by the dynamic micro-
motors at 1 min compared to that of the static microtubes after 5 min.
Due to saturation of the absorbance above 5 min, this was the longest
time tested. These results also demonstrated that the antibody-
functionalized micromotors could efficiently navigate in 1% H2O2

supplemented media during at least 5 min without affecting their
immunorecognition efficiency. Overall, the data of Fig. 3A confirm that
the rapid movement of the anti-cortisol-micromotors through the
sample greatly increases the likelihood of antibody-cortisol contacts,
and thus leads to a highly efficient and rapid recognition process.

After studying the cortisol-detection ability of the anti-cortisol-
micromotors at different incubation times, the effect of the reaction
volume (25, 50 and 100 µL) was investigated using a fixed reaction
time of 2 min Fig. 3B demonstrates that the assay sensitivity increases
substantially upon decreasing the sample volumes from 100 to 25 µL,
reflecting the greatly enhanced likelihood of antibody-cortisol contacts
using smaller sample volumes under these dynamic conditions.
Overall, these preliminary experiments confirm that the use of dynamic
micromotors clearly improves the antibody-cortisol interactions, to
offer increasing sensitivity while reducing largely the assay time.

3.3. Direct competitive assay

In addition to direct immunoassays of cortisol, the micromotor
approach can greatly enhance the performance of competitive cortisol
immunoassays (Fig. 4).

These bioassays involve the competition of cortisol and HRP-tagged
cortisol for the antibody sites on the moving micromotors (Fig. 4A).
The direct competitive immunoassay format was carried out using both
static and moving antibody-modified microtubes and micromotors to

Fig. 4. Comparison of direct competitive immunoassay for cortisol detection using static anti-cortisol-microtubes and moving anti-cortisol-micromotors. (A) UV–visible spectra
corresponding to the oxidized TMB after performing the competitive micromotor-based immunoassay in (B) static and (C) moving conditions: in the absence and in the presence of 0.1
and 1 µg mL−1 of free cortisol (a-c, respectively). Calibration plots for cortisol determination under static (D) and dynamic (E) conditions. Experimental conditions: 10 min reaction for
static microtubes and 2 min for moving micromotors, 50 µL of 1:100 HRP-cortisol, 1% H2O2, 3% SDS, 500 µL TMB solution, and 1.1×104 micromotors.
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evaluate their recognition properties in a semi-quantitative manner.
Using this approach, the quantity of cortisol-HRP, inversely propor-
tional to the quantity of free cortisol in the sample, was rapidly
estimated.

According to the results obtained from the previous optimization
studies, the reaction volume selected for performing this competitive
immunoassay was 50 µL, using reaction times of 2 and 10 min for
dynamic and static conditions, respectively. The anti-cortisol functiona-
lized static microtubes and micromotors were incubated in standard
solutions prepared in the absence and in the presence of 0.1 and
1 µg mL−1 of free cortisol. As demonstrated results presented in Fig. 4B
and C, absorbance signals for cortisol-HRP detected under static and
dynamic conditions decreased with increasing the free cortisol concentra-
tion, in agreement with the basis of a direct competitive immunoassay.

In order to evaluate the influence of the free cortisol binding
efficiency upon the micromotors movement, competition plots ob-
tained under moving and static conditions were compared. As it is
shown in Fig. 4D and E, the moving micromotors offer a drastically rise
in the negative slope of dynamic system response (Fig. 4E), nearly 5-
fold more than their static counterpart in the range 0–0.1 μg mL−1 free
cortisol concentration (Fig. 4D). In agreement with previous results
obtained in the optimization of the incubation time, these data confirm
the possibility of using these anti-cortisol functionalized micromotors
to accelerate the selective antibody-target interaction while increasing
the assay sensitivity and performance. These preliminary results
demonstrate that the micromotor approach offers both the qualitative
naked-eye detection of lateral flow assays (the most practical ap-
proaches to point of care cortisol testing) and the possibility to perform
also quantitative analysis. The work has been focused on the compar-
ison between the performances of dynamic micromotors and static
microtubes. The narrow spectrophotometric range obtained using
static microtubes did not allow to statistically quantifying concentra-
tions below 0.1 µg mL−1. It is worth to mention at this point that the
great influence of the number of motors, reaction volume and the
incubation time on the immunoreaction efficiency allow tailoring the
response range of this efficient micromotor-based immunoassay.

Overall, the presented results demonstrate that the combination of
specific anti-cortisol antibodies with the efficient movement of self-
propelled micromotors allows rapid detection of dilute amounts of
cortisol-HRP in microliter volume samples. The attractive capabilities
demonstrated by these functionalized micromotors for rapid and
effective cortisol sensing hold enormous potential for designing next-
generation of miniaturized mobile diagnostic devices.

4. Conclusions

We have developed a very attractive micromotor-based immuno-
sensing strategy for rapid, selective, single-step and naked-eye detec-
tion of cortisol. The new direct and competitive immunoassays exploit
the transport properties of antibody-modified self-propelled micromo-
tors for greatly enhanced speed and sensitivity in connection to an HRP
tag for such naked-eye detection. Due to the increased localized fluid
convection produced by their autonomous moving, the use of self-
propelled antibody functionalized micromotors offers efficient target
binding using microliter samples, and results in dramatic acceleration
compared to antibody functionalized static microtubes. Such naked-eye
detection greatly simplifies the whole immunoassay protocol. The
improved capabilities of this “on-the-flight” direct immunoassay al-
lowed sensitive (0.1 µg L−1) and rapid (2 min) detection of cortisol in
ultrasmall sample volumes. It is worth to mention also that the
attractive capabilities offered by these moving micromotors are ad-
vantageous compared to that of commercial micromagnetic counter-
parts in bioassays implementation in terms of simplicity of operation
and reaction time. The magnetic guidance, associated with its inter-
mediate Ni layer, could facilitate movement through a microchannel
network toward a cortisol microchip.

These results demonstrate that the dynamic cortisol detection
strategy, based on the use of tubular micromotors functionalized with
a specific anti-cortisol antibody, can offer significant improvements and
facilitate high-performance to direct and competitive immunoassays of
cortisol. These rapid micromotors cortisol assays could be used also for
rapid screening purposes in connection to existing cortisol detection
systems that demand more time and laborious protocols. While the
new concept was presented in connection to the detection of cortisol, it
may be readily translated to the detection of a broad range of target
biomarkers, making these micromotors extremely attractive biosensing
tools.
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