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Water contamination is one of the most persistent problems in public health. The resistance of 

some pathogens to conventional disinfectants can require the combination of multiple disinfectants 

or increased their dosages which may produce harmful by-products. Here, we describe an efficient 

disinfection and removal method of Escherichia coli (E. coli) from contaminated water by using 



water self-propelled Janus microbots decorated with silver nanoparticles (AgNPs). The spherical 

Janus microbot’s structure consists of a magnesium (Mg) microparticle as a template that also 

functions as propulsion source by producing hydrogen bubbles while in contact with water, an 

inner iron (Fe) magnetic layer for their remote guidance and collection, and an outer AgNP coated 

gold (Au) layer for bacteria adhesion and bactericidal properties. The active motion of microbots 

improves the chances of the contact of microbot surface decorated AgNPs with the bacteria, which 

provokes the selective Ag+ release in bacteria cytoplasma, and their self-propulsion increase 

diffusion of the released Ag+ ions. In addition, the AgNPs coated Au metal cap of the microbots 

has dual capabilities capturing bacteria and then killing them.  Thus, we have demonstrated that 

AgNPs coated Janus microbots are capable of efficiently killing more than 80% of E. coli 

compared to colloidal AgNPs that killed less than 35% of E. coli in 15 minutes in contaminated 

water solutions. After bacteria capture and extermination, the magnetic properties of the cap allow 

microbots to be collected from water with the captured dead bacteria, leaving water with no 

contaminants. The presented biocompatible Janus microbots offers an encouraging method for 

rapid disinfection of water. 

 

 

 

 

 

 

 

 



Introduction 

One of the most persistent problems affecting people throughout the world is inadequate access to 

clean water. In particular, waterborne diseases can have a devastating effect on public health.1 The 

current disinfection methods use chemical (free chlorine, chloramines and ozone)2 and physical 

disinfectants (UV-light,3,4 electronic radiation5 and heat6). However, the resistance of some 

pathogens to conventional disinfectants requires the combination of these disinfection methods or 

higher disinfectant dosages7 which can react with constituents in natural water forming harmful 

disinfection by-products.8 Therefore, there is an urgent need to develop more effective, innovative, 

low-cost, robust water cleaning methods, which do not adversely affect the environment or damage 

human health. 

In recent years, catalytic self-propelled micro- and nanomotors have demonstrated diverse 

practical applications within the environmental field.9 These micromotors convert chemical energy 

into motion which enhances the micromixing and mass transfer in the solutions.10-12 In addition, 

they contain many surface functionalities13 which open new opportunities to develop micro and 

nanodevices as efficient tools for water cleaning.14-16 Currently, micromotors have been developed 

for the efficient degradation of organic pollutants,12,17-20 chemical warfare agents11,21 and the 

capture of organic and inorganic22-29 pollutants, such as heavy metals.29  New bactericidal 

micromotors30-32 are recently being developed as new efficient tools for cleaning waterborne 

bateria due to the increasing threat of antibiotic resistant bacteria and the harmful chemical by-

products generated by conventional water disinfection methods.8  

Alternative methods of bacteria disinfection have utilized silver: silver has been commonly used 

in the form of metallic silver and silver ions for the treatment of injuries, wounds, and bacterial 

infections.33 Currently, due to the fast growth of nanotechnology, silver nanoparticles (AgNPs) are 



widely used in medical34 and consumer35 products because of their potent bactericidal effect.36-40 

AgNPs have an exceptionally large surface area which improves the contact with microorganisms 

and provides efficient antimicrobial properties compared to other Ag salts.39 Furthermore, AgNPs 

can release Ag+ ions at a desired rate and location depending on their designs (size, surface 

coatings, etc…). Thus, AgNPs can be used as the vehicle to efficiently deliver Ag+ ions into 

bacteria cytoplasma due to the localized acidic pH of a bacteria membrane41,42 enchances the rate 

of Ag+ ion release from AgNPs adhered to bacteria.36 Ag is able to bind to thiol groups present in 

proteins disrupting their functionality by compromising the permeability of the bacteria membrane 

leading to cell lysis and death.36,43  

Here, we present an efficient disinfection and removal of bacteria from contaminated water by 

using silver nanoparticle (AgNPs) coated Janus microbots self-propelled by the reaction of 

magnesium (Mg) in water producing hydrogen (H2) bubbles.44,45 The high antibacterial capacity 

of the developed AgNPs based Janus microbots is the result of two synergistic effects: (i) the 

enhanced contact killing by the combination of the Janus microbot self-propulsion with the  

immobilized AgNPs on their surface46 and (ii) the capability of gold bacteria adhesion.47,48 

Therefore, the AgNPs coated Janus microbots are able to clean waterborne bacteria within 15 min 

of swimming in contaminated water. In addition, AgNPs coated Janus microbots can eliminate 

bacteria by their attachment to Au surface using a magnetic field. After microbot swimming and 

bacteria harvest, the magnetic field can be used to remove the microbots and captured dead 

bacteria.  Unlike previous reports of microswimmers using toxic fuel sources such as H2O2, the 

Mg-based Janus microbot is biocompatible, environmentally friendly, and does not produce 

chemical waste during and after operation. Thus, the combination of active systems and 



nanomaterials to develop new micro- and nanomotors can open new horizons for demanded 

medicinal, energy and environmental applications. 

Results and discussion 

In our report, AgNPs coated Janus microbots are presented as an active bactericidal tool for water 

cleaning. These microbots are based on four materials: (1) Magnesium (Mg) microparticles (15±5 

m) as a template structure and for self-propulsion, (2) iron (Fe) Janus cap which provides 

magnetic control, (3) gold (Au) layer on top of Fe layer providing an easily modifiable surface and 

cell adhesion and (4) AgNPs attached on the Au surface providing antibacterial properties to the 

microbots.  

The detailed fabrication of the water-propelled AgNPs coated Janus microbots is described in 

Scheme 1. As shown, the microbots’ fabrication is carried out by the consequent deposition of Fe 

and Au on a monolayer of previously cleaned commercial Mg microparticles using an e-beam 

metal evaporator (Scheme 1A). After the deposition, Janus microparticles were dispersed in an 

ethanol solution for the chemical modification of the Au surface using a solution of cysteamine 

hydrochloride. Then, AgNPs immobilization is mediated by overnight incubation of the 

cysteamine modified Janus microparticles in previously synthesized AgNPs solution (see 

methods).49 A layer of AgNPs is formed on the Au surface of the Janus microparticles due to the 

interactions between AgNPs and amines (Scheme 1B).46,50   

 

 



 

Scheme 1. Fabrication of the AgNPs coated Janus microbots. (A) A monolayer of Mg 

microparticles was deposited on a glass slide. An e-beam metal evaporator was used for the 

deposition of 14 nm layer of Fe and 35 nm layer of Au. To obtain free Janus microbots, short 

ultrasound pulses in ethanol were applied. (B) Fabrication of the AgNPs coated Janus microbots 

by the modification of the Au surface first with cysteamine hydrochloride and then with previously 

synthesized AgNPs.49 (C) Schematic representation of the different possible mechanisms of 

bactericidal action caused by the water-propelled AgNPs coated Janus microbots. 

 

The microbot Janus particle is composed of various materials for a multi-functional, environmental 

remediation system. The Mg microparticle reacts with water producing Mg ions (Mg2+), hydroxide 

ions (OH-) and hydrogen gas (H2) providing a microbubble propulsion mechanism which exerts 

enough force that enables the microbots to swim. The reaction of Mg with water is an spontaneous 



redox reaction in which Mg is oxidezed and H+ prontons from water molecules are reduced to 

H2(Scheme 1C). The inner Fe layer offers the ability for a remote guidance and removal of the 

microbots using an applied magnetic field. The outer Au layer provides surface chemistry for thiol 

attachment and subsequent AgNPs modification by electrostatic interactions (Scheme 1B) and 

helps bacteria adhesion (Scheme 1C). The presence of the AgNPs on the Janus microbot provides 

the particles’ bactericidal behavior.  

Scheme 1C represents the possible mechanisms of bactericidal action caused by the water-

propelled AgNPs coated Janus microbots: (i) direct contact with immobilized AgNPs on coated 

microbots, (ii) contact with AgNPs that could be released from the AgNPs coated microbots into 

the solution as colloids, and (iii) mediated via silver ions released either from colloidal AgNPs in 

the solution or immobilized nanoparticles.36,43,46  

 

Figure 1. Chatacterization of colloidal AgNPs and AgNPs coated Janus microbots. (A) UV-visible 

spectrum of prepared AgNPs in colloidal solution (inset: TEM images corresponding to AgNPs in 



colloidal solution). (B) Top panel:  SEM image of an AgNPs coated Janus microbot; bottom panel: 

an enlarged SEM image of the Au modified surface with AgNPs. (C) EDX element analysis of an 

AgNPs coated Janus microbot. (D) EDX mapping of the metallic elements of an AgNPs based 

Janus microbot. 

Janus microbots were characterized by scanning electron microscopy (SEM), energy dispersive 

X-ray spectroscopy (EDX), UV-Vis spectroscopy, and transmission electronic microscopy (TEM) 

(Figure 1). Figure 1A displays the characteristic maximum absorbance peak of AgNPs colloidal 

aqueous solution at 398 nm in the UV-Visible spectrum. Additionally, the size of the AgNPs in 

colloidal solution is characterized by TEM (Figure 1A, inset) observing an average diameter of 

23 ± 6 nm. Figure 1B, C and D illustrate the characterization of AgNPs coated Janus microbots 

using SEM and EDX. In the Figure 1B top image, an SEM image shows  an AgNPs coated Janus 

particle, where the two faces of the particle can be differentiated.  The bottom image is a magnified 

view of a small area of the AgNPs coated Au surface (red square) where AgNPs are visible. Figure 

1C illustrates the EDX analysis which confirms the metallic components of the AgNPs coated 

Janus microbots, including Mg, Au, Fe and Ag, where Mg is the major component. To prove how 

these elements are distributed in the Janus microbot structure, Figure 1D displays the mapping of 

the detected metallic elements performed by EDX analysis. As it can be observed, the bulk of the 

sphere is Mg since it is the base material of the particle. Only half of the particle, i.e. the Janus 

particle cap, contains Fe, Au and Ag.  

   



Figure 2. Swimming behavior of AgNPs coated Janus microbots: (A) Representation of the 

average velocities of Janus microbots vs. different pHs, (B) representation of the average swimmer 

lifetime vs. different pHs, (C) an AgNPs coated Janus microbot swimming over the pH (each 

image contains 10 s of tracking over pH 5, 5.5, 6, and 6.5, respectively), (D) an AgNPs coated 

Janus microbot over their swimming lifetime (each image contains 10 s of tracking over 0, 5, 10, 

and 20 min observation, respectively). Experimental conditions: PBS (pH=6.0) and 2% tween. 

To prove the capability of the motion of AgNPs coated Janus microbots and consequently, their 

active behavior as bactericidal tools for water disinfectant, their swimming behavior is studied. 

Figure 2A shows the quantification of  the speed of the Janus microbots against a short range of 

pHs (5.0 – 6.5) of the swimming solution, similar to the pH of drinkig water. Figure 2C and Video 

S1 display the traveled distance of AgNPs coated Janus microbots at different pHs during 10 

seconds. As the pH decreases, the speed of the microbots increases as well as their total distance 



traveled. This behavior is due to increased degradation rate of Mg in acidic aqueous solution, 

producing increased amounts of H2, and, as consequence, more bubbles for a greater self-

propulsion velocity. Thus, the highest speeds of the microbots are observed at pH 5.0 

(26.9±1.8m/s), followed by pH 5.5 (14.0±0.6m/s), pH 6.0 (12.6±3.0m/s) and lastly pH 6.5 

(6.2±1.0m/s). The constant consumption of Mg during the reaction limits the life time of the 

microbots (Figure 2D and Video S2) and is directly related to the pH of the solution. That fact is 

observed in Figure 2B, where swimming lifetime of the Janus microbots is shorter in acidic pH 

compared to microbots in a more neutral pH.  Addition of a biocompatible surfactant, such as 

Tween-20, made the Janus microbots swim more efficiently, improving their active movement and 

showing higher efficacy in water solution by reducing the surface tension and producing small 

bubbles for the propulsion. The speed of the microbots at different tween concentrations was 

studied (Figure S2). The speed of Janus microbots at pH 6 increased with increased concentration 

of Tween-20, but after 2% v/v of Tween-20, microbot speeds remained constant. Therefore, to 

reach a compromise, pH 6 and 2% of Tween-20 were selected as optimal pH and surfactant 

concentration, respectively,  and 15 minutes as effective swimming time to carry out the 

remediation of bacteria-contaminated water by AgNPs coated Janus microbots.  



 

Figure 3. Bactericidal assay results using AgNPs coated Janus microbots. (A) Optical microscope 

images of bacteria using fluorescence lamp after bactericidal assays for control solution (C), 

AgNPs and AgNPs coated Janus microbots (AgNPs-JP). (Note that all the images have the same 

scale bar). (B) % Dead E. coli bacteria. Experimental parameters and controls are compared in 

water and PBS. (E. coli, as model bacteria, is in contact with 0.5 mg of Mg microparticles (Mg), 

Janus microparticles (JP), Cysteamine modified JP (JP-Cyt) and AgNPs coated microbots 

(AgNPs-JP) for 15 min in water pH 6 (cyan) and PBS pH 6 (blue). All experiments were carried 

out at 2% v/v Tween-20.  

To study the antibacterial capacity of AgNPs coated Janus microbots, E. coli are used as a model 

bacteria. Also, different control experiments are carried out demonstrating the efficiency of the 

active AgNPs coated Janus microbots approach.  E. coli are one of the most well studied bacteria 

and are responsible for many bacterial infections in host organisms ingested from food or water 

sources being the best biological drinking water indicator for public health protection.51  



Alternative methods are needed to remove these bacteria from water sources to ensure their 

drinkability.  The AgNPs coated Janus microbots provide an ideal biocompatible platform for self-

propulsion, bacteria capture, bacteria termination, and removal of microbot and dead bacteria.  

After the microbots swam and killed bacteria in solution, they were removed and imaged using 

fluorescence viability studies and compared to their control groups. Figure 3 shows the 

antibacterial capability of microbots in comparison with control assays in PBS and water.  The 

amount of particles were kept the same between each experimental group.  The control group with 

only AgNPs, had the same quantity of AgNPs as the AgNPs coated Janus microbots since colloidal 

AgNPs amount adsorbed onto the AgNPs coated Janus microbots was estimated during the 

microbots fabrication process (Figure 1S). The same quantity (w/v) of Mg microparticles was 

compared to the Au/Fe/Mg Janus particles (JP), and the cysteamine modified Au/Fe/Mg Janus 

microparticles (JP-Cyt). The groups were studied in the presence of two different medias, water 

and PBS, at same pH. As expected, Mg and Janus microparticles(JP and JP-Cyt) are not able to 

kill bacteria since they do not contain AgNPs. In addition, the hydrogen and ions liberated from 

the reaction of magnesium with water from these structures does not affect significantly the 

viability of the bacteria (Figure 3B, Mg, JP and Cyt-JP)).  Static colloidal AgNPs are also 

employed as a control, since, as it is well-known, AgNPs interact with the outer membrane of 

bacteria, causing structural damage that leads to their death.36-40,43 Figure 3, also displays the 

percentage of dead E. coli  in presence of AgNPs colloidal solution. AgNPs were able to kill around 

25 % of bacteria in PBS and less than 40% in water. This is due to the fact that E. coli prefer and 

have higher viability in salt solutions such as PBS. Incubation of E. coli in salt free water induces 

stress on bacteria making them easier to terminate. This indicates the presented motors would be 

highly effective at eliminating bacteria in drinking water that typically has low salt concentrations. 



The interaction of swimming bacteria with AgNPs and liberated Ag+ ions in water solutions lead 

to increased bactericidal activity. However, the bigger bactericidal effect is observed when the 

bacteria are in contact with AgNPs coated Janus microbots which are able to kill more than 80% 

of E. coli. These microbots swim actively in water solution at pH 6 for more than 15 min (Figure 

2B) promoting an active contact of AgNPs with bacteria and the diffusion of Ag+ ions, increasing 

the bactericidal efficiency of the AgNPs (Scheme 1C). The metallic ions released in solution after 

AgNPs and AgNPs coated Janus microbots were utilized for bacteria removal (Figure 4S, A and 

C) have been analyzed and compared with the ions released from AgNPs coated Janus microbots 

that were not exposed to E. coli. (Figure 4S, B). It is observed that the higher amount of released 

ions corresponds to Mg2+ (less than 20 g/mL) since the metallic Mg structure is consumed during 

time in contact with aqueous solution. Ag+ ion concentration in solution was 3-folds higher for 

AgNPs (0.024±0.006 g/mL) than for the microbots (0.007±0.001 g/mL) in the presence of 

bacteria. However, when the AgNPs coated microbots swam without presence of bacteria, the 

release was 10-folds higher than the analogous assay with bacteria (0.07±0.02 g/mL). That fact 

could elucidate the predominant mechanism of killing bacteria and the higher efficiency obtained 

using AgNPs coated Janus microbots. Thus, the effective water disinfection carried out by AgNPs 

coated Janus microbots may be caused by: (i) the Ag+ ions efficiently released from AgNPs 

attached on the microbots into bacteria cytoplasma since bacteria membrane presents local lower 

pH36 and (ii) the enhancement of the killing contact of immobilized AgNPs with bacteria and the 

self-mixing provoked by self-propelled microbots. The level of Ag+ allowed by the World Health 

Organization (WHO) in drinking water is 0.005 g/mL for normal drinking water.  If it is know 

bacteria are present in the drinking water sources, the WHO advises a Ag+ level of upto 0.1 g/mL. 



The presented microswimmer releases Ag+ concentrations, with or without bacteria, well within 

this range, making them an ideal choice for water remediation. 

 

Figure 4. Captured bacteria onto AgNPs-coated Janus microbots after bactericidal assay. Images 

corresponding to captured bacteria in PBS on (A) Au/Fe/Mg Janus microparticles (JP) and (B) 

AgNPs coated Janus microbots (AgNPs-JP). Images corresponding to captured bacteria in water 

on (C) Au/Fe/Mg Janus microparticles (JP) and (D) AgNPs coated Janus microbots (AgNPs-JP). 

(Note all images have same scale bar). 

As it has been previously demonstrated that bacteria display preferential adhesion to metals 47,48 

and the negative charge of their cell wall favors their interactions with positive charged surfaces 

by van der Waals and electrostatic forces.52,53 Thus, these interactions promote, in this particular 

case, the adhesion to the Au cap where the AgNPs are attached (Figure 4 and 5). The bacteria 



adhesion to the AgNPs modified Au surface and the low z-potential that the synthesized AgNPs 

(PVP-capped AgNPs, z-potential= -10 mV)54 favor the mortality of bacteria and their posterior 

removal from the solution by the removal of the residual microbot structures after the antibacterial 

assay. Figure 4 confirms the adhesion of bacteria in water and PBS to the metal surfaces of the 

AgNPs coated Janus microbots (B and D), but also on the surface of the Au/Fe/Mg Janus 

microparticles (A and C). Bacteria attached to the non-AgNPs coated Au surface (Figure 4 A and 

C) are mostly alive bacteria, as observed in the fluorescence microscope by the emission of green 

color. However, the bacteria attached on the AgNPs coated gold surface of the microbots are 

mostly dead (red color) (Figure 4 B and D). 

As the microbots contain Fe as a sandwitched material (Au/Fe/Mg) on the particle, AgNPs coated 

Janus microbots are capable to remove the bacteria from contaminated solutions using their 

magnetic properties. Figure 5A and Video S3  display a microbot externally guided using a simple 

permanent neodymium magnet. The microbot swims following the applied magnetic field and can 

also alter its direction upon changes in the magnetic field orientation similarly to other previously 

reported Janus micromotors.55,56 Figure 5B and Video S4 show an immobilized microbots during 

bactericidal assay. As it is marked by the yellow arrows, bacteria are attached on the Au surface 

modified with AgNPs which helps to kill bacteria and remove them from the solution. After the 

removal of bacteria by magnetic attraction of the microbots, they were observed by SEM (Figure 

5C). SEM images confirm that the residual microbot surface is fully covered by bacteria. 

Attachment of bacteria to different metals has been previously reported, where guided bacteria 

adhesion was exploited for creating swimming biohybrids,48 but here the metal cap has dual 

capabilities of capturing bacteria and then killing them.  The magnetic properties of the cap, allow 



them to be removed from solution with the captured, dead E. coli making the microbot optimal for 

water purification applications.    

 

 

Figure 5. Magnetic and bacteria adhesion properties of AgNPs coated Janus microbots (A) 

Magnetic control of AgNPs coated Janus microbots using an external magnetic field. (B) Optical 

image of bacteria attachment on an immobilized AgNPs coated Janus microbot during bactericidal 

assay. (C) Left: top view of a cap from a Janus microbot after cleaning water assay and right: close 

view of the attached E. Coli (red) on the Au surface of Janus microbots (blue). 

Conclusions 

Due to the harmful disinfection by-products produced by the use of conventional disinfectant and 

the resistance developed by some pathogens to them, there is an urgent need to develop more 

effective, innovative, lower-cost, robust and safe water cleaning methods. Here, we demonstrated 

that Janus microbots decorated with silver nanoparticles are an efficient bactericidal tool for water 

disinfection. Janus microbots are self-propelled in water and contain a layer of iron which can be 

used to control their swimming and to remove them after their use from the clean solution using 

external magnets. Such controls can help to achieve targeted attack of microbots on specific sites 

and to avoid additional contaminats in solution. The high antibacterial efficiency of microbots can 



be explained by mainly two properties of the microbots: (i) active motion of microbots, which let 

the microbots to travel around and improve the chances of the contact of surface decorated AgNPs 

with the bacteria and also their self-propulsion can increase diffusion of released Ag+ ions from 

the AgNPs, and (ii) the capacity of attachment of bacteria on the AgNPs coated Janus microbots 

after contact which provokes a major effect and speed in killing bacteria by the selective Ag+ 

released. We have proved the successful combination of active systems and nanomaterials to 

develop new micromotors for the cleaning of waterborne bacteria from contaminated water. Future 

work will be carried out using pathogenic bacteria in contaminated drinking water. This work 

opens real posibilities to develop novel micro- and nanomachines for demanded energy and 

environmental applications.  
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