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Sample pre-concentration is crucial to achieve high sensitivity 

and low detection limits in lab-on-a-chip devices. Here, we 

present a system in which self-propelled catalytic 

micromotors are biofunctionalized and trapped acting as an 

alternative concentrating mechanism. This system requires 

no external energy source, which facilitates integration and 

miniaturization. 

 During the last two decades, microfluidic systems have 

attracted great attention due to their fast reaction rates, 

portability and low reagent consumption in the performance of 

biological and chemical assays.1-3 Despite all these advantages, 

the creation of simple and efficient mechanisms to pre-

concentrate and isolate specific biological components present 

in the sample is still necessary in order to achieve high 

sensitivity and low detection limits.4 

 Although off-chip sample pre-treatment strategies can be 

used to address this issue, they may introduce contamination 

and imply additional handling steps. Therefore, the search for 

on-chip concentration methods is highly desirable as it would 

allow the creation of fully automated portable devices that 

could be used for point of care diagnosis.5 So far, mechanisms 

to concentrate samples on-chip are focused on filtering (using 

porous membranes),6, 7 evaporation,8 functionalized magnetic 

beads9, 10 or electrokinetic methods.4, 5 These systems can 

achieve high concentrating efficiencies, but depending on 

external mechanisms. 

 The functionalization of nanowires-based nanomotors was 

demonstrated11 and the release of cargo using light was later on 

achieved.12 Also, similar nanomotors demonstrated capabilities 

to magnetically load cargoes13 and their magnetic guidance in 

microfluidic chips.14 

 Self-propelled catalytic micromotors have been proposed as 

active components for lab-on-a-chip devices.15-20 Tubular 

microjets are ideal architectures for combining multiple 

functionalities inside and outside of the micromotor chassis.21-23 

In such devices, the micromotors are the vehicles used to 

transport specimens and mix the solutions, providing an 

alternative to traditional external actuators, such as pumps and 

valves, for liquid/sample handling. Initial studies relied on 

micromotors pushing the load with their front part without the 

use of any chemical bond and, therefore, no specificity for the 

transport.18, 19 Later on, biological recognition elements were 

immobilized on the outer surface of the micromotors to achieve 

selective load and transport of biological components such as 

cancer cells,24 nucleic acids,25 proteins26 and bacteria.27 

 The movements of the micromotor can be controlled using 

external mechanisms such as light,28, 29 temperature,30, 31 

ultrasound32, 33 or magnetic fields.19, 34, 35 Moreover, using 

physical boundaries of different geometries it is possible to trap 

or confine them, as recently demonstrated by our group.36 

 Here, we combine the possibility to biofunctionalize and to 

trap micromotors to develop a system in which the trapping of 

biofunctionalized micromotors is used as an alternative 

concentrating mechanism for on-chip bioassays. In our system, 

physical boundaries with the shape of chevrons and ratchets are 

used to trap micromotors that are previously functionalized 

with streptavidin to selectively transport biotinylated 

components. This system allowed increasing the number of 

biotinylated components in the trapping chamber acting as a 

concentrating device. 

 Our approach eliminates the need of any external 

mechanism to control the motion of the micromotors, since it 

merely relies on steric boundaries present in the micromotor 

environment. This can facilitate the integration of our system in 
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a more robust and complex microfluidic platform and allows 

the creation of compact and portable systems. 

Functionalization of micromotors  

Biological recognition elements can be immobilized onto a 

surface using covalent or non-covalent interactions, such as 

physical or chemical adsorption. Covalent interactions are, 

however, usually preferred due to their greater stability and 

lower unspecific binding.37-40 Particularly, the so-called self-

assembled monolayers (SAMs) of thiols on metallic substrates 

have been extensively used during the last two decades and are 

the method of our choice for the immobilization of streptavidin 

on the metallic surface of our micromotors.41 

 The micromotors used for the biofunctionalization were 

produced using rolled-up technology on polymers as previously 

reported.42 The thin films are composed of Ti (3 nm), Fe (3 

nm), Cr (3 nm) and Pt (3 nm). Once rolled up, an additional 

deposition step is performed to include a 10 nm thick gold layer 

on the outer part of the micromotors. Using this method, we 

obtain micromotors of 50 µm in length, 3.75 µm in diameter 

and half of its surface coated with gold. 

 Before starting the process of functionalization, the gold 

layer was cleaned using an oxygen plasma treatment for 30 

seconds at 50 W and an O2 flux of 5 sccm. Clean substrates 

were then placed in a 2 mM solution of 11-mercapto-1-

undecanoic acid (MUA, Sigma cat. no. 450561) in pure ethanol 

overnight (12-14 h). Afterwards, the samples were rinsed in 

ethanol for 5 minutes and incubated in a freshly prepared 

solution containing 100 mM N-(3-Dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDC, Sigma cat. no. E6383) 

and 25mM N-Hydroxysulfosuccinimide sodium salt (NHS, 

Sigma cat. no. 56485) for 2-4 hours. Samples were rinsed in 1x 

PBS and incubated for 1 h in a 200 µg/ml dilution of 

streptavidin (Sigma, cat. no. 85878). To block the remaining 

reactive ester groups, samples were incubated in 1M 

ethanolamine (Sigma cat. no. E9508) for 7 minutes and then 

placed in 1xPBS with 1% BSA (Sigma cat. no. A2153) to 

reduce unspecific binding. Control micromotors were prepared 

using the same procedure, but incubating the sample in 1x PBS 

instead of the streptavidin dilution. A schematic of the 

functionalization procedure is presented in Fig. 1A. 

 To test the efficiency of the micromotor functionalization, 

we used a simple proof-of-concept scheme in which the 

streptavidin-functionalized micromotors are incubated in a 

solution containing biotinylated fluorescent beads. For this, 

biotin was covalently coupled to carboxyl-modified yellow-

green fluorescent microspheres (Life Technologies GmbH, cat. 

no. F-8811) following the standard protocol provided by the 

manufacturer. Micromotors were placed in a solution 

containing 9 x 107 fluorescent beads⋅ml-1 and a final 

concentration of 5% H2O2 and 0.1% Triton X-100 in PBS. A 20 

µl drop of the mixture was positioned in a microscope glass 

slide and videos were recorded using the Zeiss axioScope A1 

microscope in brightfield and fluorescence mode at 20 fps. 

 The micrographs in Fig. 1B-D (see also video S1 in the ESI) 

show how the biotinylated beads are captured on the surface of 

a streptavidin-functionalized micromotor. Interestingly, the 

fluorescent beads are only present in half of the micromotor 

external surface, which confirms that only half of its area is 

functionalized. This is expected since gold is only deposited on 

half of the micromotor. This demonstrates the possibility of 

applying selective functionalized patterns on the inner/outer 

surfaces of micromotors by traditional photolithography or 

shadow masks. Fig. 1E-G show the control micromotors, in 

which no streptavidin was used during the functionalization 

steps (see also video S1 in the ESI). 

Fig. 1. (A) Schematic of the functionalization process used to 

immobilize biological recognition elements on the outer surface of 

the catalytic micromotors. (B-D) Functionalized micromotor 

trapping fluorescent beads in half of its surface area. (E-G) 

Controls in which no fluorescent beads are trapped. 

 

Fig. 2. (A-C) Streptavidin functionalized micromotors moving in 

a solution containing biotinylated (fluorescent) and non-

biotinylated (polymeric) beads. The micromotors only carry 

biotinylated beads on their surface, showing the selectivity of our 

system. (D) Control experiment in which no fluorescent beads are 

trapped. 
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To test the selectivity of our immobilization system, we 

carried on a similar experiment in which non-biotinylated 

polymeric beads (Thermo scientific, cat. no. 7505A) were used 

together with biotin-functionalized fluorescent beads. The 

micrographs presented in Fig. 2 corroborate the selectivity of 

our functionalization system (see also video S2 in the ESI). 

After moving in a solution containing fluorescent biotinylated 

beads and non-biotinylated polymeric beads for several 

minutes, the surface of the micromotors is only covered with 

those that are biotinylated (Fig. 2A-C). It is possible to observe 

again that only half of the micromotors surface is coated with 

the fluorescent beads (Fig. 2A and 2C). Fig. 2D shows the 

control experiment in which no functionalization is observed. 

 

Trapping biofunctionalized micromotors 

Finally, the biofunctionalized micromotors are placed in a 

heart-shaped microfluidic chip, which traps them following the 

principles previously reported by our group.36 

 The polydimethylsiloxane (PDMS)-based microfluidic chip 

was prepared using the Sylgard 184 Silicone Elastomer KIT 

(Dow Corning, MI, USA). First, the polymer and the 

crosslinking agent were hand-mixed in a 10:1 ratio and 

degassed in a vacuum chamber for 30 minutes. Then, the 

PDMS mixture was slowly poured into a petri dish containing 

the silicon masters previously fabricated and cured at 100ºC for 

15-20 minutes. The chips were finally cut, peeled and placed in 

microscope glass slides to facilitate their handling. Before each 

experiment, the surfaces of the chips were treated with oxygen 

plasma to make them hydrophilic (1 minute, 80 W and an O2 

flux of 5 sccm). 

 When placed in the chip, biofunctionalized micromotors 

exhibited a similar behaviour to their non-functionalized 

counterpart and were gradually trapped on the heart-shaped 

chamber over time. Moreover, it was possible to observe how 

the micromotors transport biotinylated components inside the 

chamber (Fig. 3, see also video S3 in the ESI). 

 Since functionalized micromotors are trapped in the heart-

shaped structure while beads are immobilized on their surface, 

it is expected that the concentration of beads in the trapping 

chamber increases as the amount of micromotors in the 

chamber grows overtime. To confirm this, micromotors, 

together with 1.8 x 107 fluorescent beads⋅ml-1, were placed in 

the main reservoir obtaining a final concentration of 7.5% H2O2 

and 0.1% Triton X-100 in PBS, and the increase in the bead-

count in the heart-shaped chamber was quantified over a certain 

period of time. To avoid considering additional mechanisms not 

related to the functionalization of micromotors, two control 

experiments were also performed. In the first one, the increase 

in the number of beads when no micromotors were present in 

the chamber was quantified to measure the influence of the 

diffusion of fluorescent beads. The second control experiment 

consisted on using non-functionalized micromotors to account 

for the mixing generated thanks to the bubble propulsion 

mechanism.22 The incorporation of microjets induces the active 

mixing of the fluid which leads to higher mobility of the 

solution, leading to a slightly higher accumulation of beads 

compared with situation without microjets and only beads in 

the solution. However, when specifically functionalized 

microjets capture and transport actively fluorescent beads to the 

heart-like reservoir, the couple microjet-bead –and the rest of 

suspended beads- get trapped in a significantly larger amount. 

The heart-shape chamber was emptied and rinsed with water at 

the end of each experiment to avoid cumulative effects of the 

experiments performed. 

 The recorded videos were analysed in order to quantify the 

amount of beads present in the trapping chamber at an initial 

time point (t0) and 75 seconds later (t1). The particle analyser 

tool from the software Fiji was used for this quantification as 

follows: From the recorded movies, images separated by a time 

 

Fig. 3. Timelapse of a micromotor entering the trapping area 

carrying a biotinylated bead. Orange arrow points at a biotinylated 

bead captured on the surface of a micromotor and yellow circle 

serves as a reference to observe the movement of the bead. 

 

Fig. 4. Quantification of the percentage increase in the number of 

beads in the heart-shaped reservoir. (A) Explains the image 

process followed using the particle analyser tool from the software 

Fiji. (B) Results from the quantification for three different cases: 

No micromotors, non-functionalized micromotors, functionalized 

micromotors. The final 41% increase can be attributed to 

diffusion, mixing and functionalized rockets transporting the 

cargo. 
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period of 75s were extracted and the proper threshold value was 

set up to convert the grayscale images into black and white 

images, and remove potential interferences caused from 

bubbles present in the liquid. Finally, the particle analyser tool 

was used in order to perform an automatized bead count. The 

percentage increase was calculated as the ratio between the 

difference in the final and initial count of beads to the final 

number of beads. Fig. 4A shows an example of the image 

analysis process. 

 Fig. 4B summarizes our quantification process and shows 

that, with our system, an increase of approximately 41% is 

observed when micromotors functionalized with streptavidin 

are used for the trapping experiments as compared to the 25% 

increase observed with non-functionalized micromotors and the 

15% observed with no micromotors. 

Conclusions 

The trapping of functionalized micromotors represents an 

alternative system for the concentration of components that can 

be immobilized on the micromotor surface. Although the 

concentrating efficiency of other systems might be higher, our 

platform requires no external mechanism during the process, 

which might be advantageous for some applications and which 

might, in the future, facilitate the creation of compact and 

portable systems. 
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