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Self-propelled dual-function biocatalytic motors, consisting of unmodified natural tissue and capable of 

in-motion bioremediation, are described. These enzyme-rich tissue motors rely on their catalase and 

peroxidase activities of their Raphanus sativus radish body for their propulsion and remediation actions, 

respectively. The continuous movement of the biocatalytic tissue motors through the contaminated 10 

sample facilitates the dynamic removal of phenolic pollutants. Hydrogen peroxide plays a dual role in the 

propulsion and decontamination processes, as the motor fuel and as co-substrate for the phenol 

transformation, respectively. Localized fluid transport and mixing, associated with the movement of the 

radish motors and corresponding generation of microbubbles, greatly improve the remediation efficiency 

resulting in maximal removal of pollutants within 3 min. The new ‘on-the-fly’ remediation process is cost 15 

effective as it obviates the need for expensive isolated enzymes and relies on environment-friendly plant 

tissues. 

Introduction 

There are major demands for the removal of toxic pollutants from 

environmental matrices ranging from groundwater to river 20 

water.1,2 Bioremediation methods are based on the use of 

specialized bacteria, fungi, plants, as well as pure enzymes, 

capable of biocatalytically transforming toxic pollutants to non-

toxic or less toxic compounds.3-7 The challenges and 

opportunities of using isolated enzymes for large-scale 25 

environmental processes have been reviewed.7-9 For example, 

peroxidases, which are widely distributed in nature, are able to 

oxidize a wide range of electron-donor compounds, including 

phenolic compounds, aromatic amines, industrial dyes, or 

pesticides.10,11 Fungal peroxidases are directly involved in the 30 

degradation of various xenobiotic compounds,12 while plant 

peroxidases have been proposed for the removal of phenolic 

compounds, leading to non-toxic reaction products.13,14 However, 

the widespread use of peroxidases in bioremediation processes 

has been hindered by the high cost of the enzyme purification 35 

process15 and a low operational stability.16 Enzyme-rich plant 

tissues have been proposed as attractive alternatives to isolated 

enzymes for addressing the challenges  of  enzyme stability, 

availability and cost.17  Such plant tissues offer attractive features 

for bioremediation processes owing to their high level of 40 

enzymatic activity, high thermal stability (associated with 

confinement of the enzyme in its natural environment), negligible 

environmental impact,  and extremely low costs. The application 

of plant tissues to the treatment of contaminated water can be 

performed either periodically in reactors with mechanical stirring, 45 

or continuously, using columns packed with the minced plant 

material.18    

 Here we demonstrate the ability to propel the remediation 

plant materials through the polluted sample toward improved 

contamination efficiency. The movement in nano- and microscale 50 

objects has been the subject of considerable efforts that led to 

different propulsion mechanisms and motor designs.19-21 Among 

these, considerable attention has been given to self-propelled 

chemically-powered micromotors based on the catalytic 

decomposition of a fuel (most commonly hydrogen 55 

peroxide).19,20,22-24 Enzyme (catalase)-based synthetic 

microengines have been introduced as alternatives to Pt-based 

catalytic motors.25 Self-propelled biocatalytic plant tissue motors 

have been demonstrated recently,26 but not in connection to 

bioremediation process. 60 

     The new ‘on-the-fly’ bioremediation concept relies on a dual-

function tissue biomotor, coupling self propulsion through the 

contaminated sample with an in-motion biocatalytic remediation. 

As illustrated in Fig. 1, such in-motion remediation strategy is 

based on cherry-belle radish (Raphanus sativus), rich with the 65 

catalase and peroxidase enzymes, essential for the propulsion and 

detoxification functions, respectively. Peroxidase in Shepherd’s 

Purse Roots was found to be an extremely efficient plant for the 

detoxification process.18 The biocatalytic activity of enzymes in 

plant tissues may be varied; however, each plant has numerous 70 

peroxidase isoenzymes that can be accounted for the activity up 

to 86% in the crude homogenate.27 The new tissue motors thus 

rely on their natural catalase activity for the peroxide-driven 

propulsion and on their peroxidase activity for the transformation 

of toxic phenolic pollutants. The propulsion and remediation 75 

actions are thus carried out using the natural enzymes, hence 

obviating the need for expensive enzyme purification. 

Asymmetric biomotor design, essential for the effective catalase-

driven bubble propulsion, is achieved by keeping the thick skin of 

the radish intact as a cap on one side of the tissue cylinder. The 80 

simultaneous propulsion/remediation operation relies on using the 
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hydrogen peroxide not only to power the biomotor but also as a 

co-substrate for the peroxidase remediation reaction. The 

peroxidase-based biocatalytic decontamination process is thus 

carried out ‘on-the-fly’ while moving the motors continuously 

through the contaminated water systems. The movement of such 5 

tissue motors and the extensive 

 

 

Fig. 1 Schematic illustration of the dual-function plant (radish) 

motors, with the catalase-driven propulsion and peroxidase-based 10 

decontamination capability, for in-motion bioremediation  

 

generation of oxygen microbubbles induce fluid transport and 

“self-stirring” that accelerates the peroxidase-based 

decontamination process. Motion-induced convection leading to 15 

faster environmental remediation has been demonstrated recently 

in connection self-propelled artificial micromotors.28-30 Compared 

to nano/microscale motors, the present millimeter-size ‘large’ 

motors can reach large areas of a contaminated sample. At the 

end of this work we have demonstrated the immobilization of 20 

external catalase onto the plant motors to lower the peroxide fuel 

concentration and improve the propulsion force, towards 

enhanced bioremediation activity of the tissue peroxidase.  

Results and discussion 

The new tissue-motor bioremediation concept has been 25 

demonstrated using peroxidase and catalase-based oxidation of 

phenolic contaminants and hydrogen peroxide. Phenolic 

compounds and their derivatives are a major class of pollutants in 

wastewater resulting from industrial effluents, including 

petroleum, coal conversion, resins, textile dyes and paper 30 

processing.31 Such compounds represent a public health risk and 

are heavily regulated in many countries, and must be removed 

from wastewater so they are not discharged into the 

environment.7 For example, phenol, 2-chlorophenol, and 2,4-

dichlorophenol are ranked within the 250 most hazardous 35 

pollutants32 and can accumulate in the food chain. Phenolic 

compounds are widely spread in the environment due to 

industrial pollution. The World Health Organization has limited 

phenol concentration in drinking water to 1 µg L-1, while a typical 

wastewaters from oil refineries contain phenol in concentrations 40 

ranging from 500 to 1500 mg L-1.33 Conventional biological 

wastewater treatments of polluted waters containing high phenol 

content are not feasible owing to the phenol toxicity towards the 

microorganisms.34 In contrast, the enzymatic removal of phenols 

from highly polluted waters is a viable bioremediation option.  45 

Fig. 2 displays optical images (Top) and UV-Vis absorption 

spectra (Bottom) of the reaction product of guaiacol (A), catechol 

(B) and 2A-4CP (C) in the presence of the radish tissue 

biomotors. Experiments were carried out in a 1 mL solution in the 

absence (a) and presence (b) of 10 biomotors using a reaction 50 

time of 3 min. Both the images and the spectrophotometric data 

clearly indicate the formation of the reaction product in the 

presence of the motors, reflecting the peroxidase-based 

biocatalytic oxidation of guaiacol, catechol and 2A-4CP. The 

catalytic cycle of radish peroxidase is similar to that of other 55 

peroxidases where ferric enzyme is first oxidized by H2O2 to 

generate the two-electron oxidized intermediate, compound I.35 

Compound I is then reduced by one electron donated by the 

phenolic substrate, yielding the 1-electron oxidized enzyme 

intermediate, compound II, and a free radical product. The 60 

catalytic cycle is completed by the one-electron reduction of 

compound II by a second substrate molecule. A clear color 

change is thus observed in the optical images of Fig. 2, reflecting 

the multimeric reaction product (b). No such color change is 

observed without the motors (a). Similarly, well defined 65 

absorbance bands are observed in the presence of the motors at 

470, 410 and 395 nm for guaiacol, catechol and 2A-4CP, 

respectively. In contrast, no signals are obtained in the control 

experiments without the biomotors (a) or with the motors but 

without H2O2 (not shown) over the same time.  70 

 

Fig. 2 UV-Vis absorption spectra (bottom) and images (top) of 

the product of 25 mM guaiacol (A), 25 mM catechol (B) and 2.5 

mM 2A-4CP (C) obtained after a 3 min period in the absence (a) 

and presence (b) of the tissue motors. One mL solution 75 

containing 10 tissue motors, 5% H2O2 and 0.5% SDS. 

Fig. 3A displays time-lapse images of the propulsion of the 

tissue motors in 5% H2O2 over a 24 s time period. As indicated 

also from the corresponding S.I. video 1, immersing the tissue 

motor into the H2O2 solution results in a rapid bubble generation 80 

and with self propulsion of the motor at a speed of 5 mm/s (or 0.6 

body length/s). Intense generation of oxygen microbubbles is thus 

observed from most sides of the moving tissue, reflecting the 

very high rate of the H2O2 decomposition to water and O2 (i.e., 

catalase activity), and the asymmetric motor structure (associated 85 

with the skin cap). In contrast, no such movement and bubble 

generation are observed in Fig. 3B for a control experiment 

without the H2O2 fuel. The motor movement allows the 

environmentally-friendly self-propelled tissue motors to reach 

different areas of a contaminated sample. The lifetime of such 90 

radish-tissue biomotor was evaluated; the motors can propel up to 

1 min. Bubbles still generated thereafter inducing continuous 

 

Fig. 3 Time-lapse images of the propulsion of the plant motors in 

the presence (A) and absence (B) of 5% H2O2. Images taken from 95 

video S.I. video 1. 

Page 2 of 6RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

convective fluid mixing. In addition, the movement of the motor 

and the corresponding bubble stream enhance imparts local fluid 

convection and mixing of the contaminated sample, reducing 

mass transfer limitations during the bioremediation process.  

Fig. 4 illustrates the transformation rate of guaiacol (A), 5 

catechol (B) and 2A-4CP (C) using the tissue motors and 

different concentrations of the pollutant. Fitting the data in a 

Michaelis-Menten kinetic equation, the corresponding Michaelis-

Menten constant (KM) of these pollutants were 33.7, 76.8 and 5.6 

mM for guaiacol, catechol and 2A-4CP, respectively. The 10 

maximum transformation rates (Vmax) for guaiacol (A), catechol 

(B) and 2A-4CP (C) using natural motors are 3.4±0.6, 25.6±1.5, 

and 3.0±0.2 mg L-1 min-1, respectively, for a motor density of 10 

motors per mL. These results indicate that the treatment of 

common municipal and oil-refinery wastewaters containing 15 

around 1 to 600 mg L-1 of phenols would require between 1 and 4 

tissue motors per mL, respectively, for a complete removal of the 

phenol within 1 hour.  

 

Fig. 4 Transformation rate of guaiacol (A), catechol (B) and 2A-20 

4CP (C) using tissue motors. Solution contains 10 biomotors/mL, 

5% H2O2, 0.5% SDS and reaction time of 3 min (A,B) and 4 min 

(C).   

Hydrogen peroxide serves both as the fuel for the catalase- 

driven motion and as co-substrate for the peroxidase 25 

decontamination reaction, i.e., both enzymes compete for the 

same peroxide substrate. In view of such dual use, the effect of 

the H2O2 concentration upon the transformation rate of phenolic 

compounds has thus been examined. As illustrated in Fig. 5, 

increasing the H2O2 concentrations from 1% to 10% (a-c) lowers 30 

the transformation rates of both guaiacol (A) and catechol (B).  

High concentration of H2O2 is generally harmful for enzymes,36 

and such trend reflects the inactivation of peroxidase at the high 

peroxide levels,16,36 a 5% H2O2 concentration was used here to 

meet the propulsion requirement (as no movement was observed 35 

at 1% H2O2 ) and for enhancing the remediation. When exposed 

to such high levels of H2O2, peroxidases exhibit a kinetic 

behaviour called “suicide inactivation”, in which hydrogen 

peroxide reacts with the catalytic intermediate Compound II to 

form a highly reactive peroxyiron(III)porphyrin free-radical 40 

called Compound III. This compound III is not part of the 

peroxidase cycle, but is reactive enough that is able to self-

oxidize its heme active site or any other amino acid of the 

protein, leading to an inactive form of the enzyme. As indicated 

from Fig. 5, such inactivation of the plant peroxidase plays a 45 

major role in the observed dependence on the peroxide level, 

compared to the peroxide effect upon the phenol transformation 

and propulsion processes (where increasing peroxide levels are 

expected to offer improved removal).  

In order to reduce H2O2 concentration and enhance the 50 

peroxidase activity of the natural motors, we examined the 

immobilization of exogenous catalase to the radish motors in a 

manner illustrated in the scheme of Fig. 6a. Such confinement of 

isolated catalase onto the end of the cylindrical radish motor 

greatly reduces the required fuel concentration to 0.01% 55 

(compared to 5% H2O2, generally use to propel motors), and 

hence minimizes the peroxidase inactivation process.  Fig. 6b-d 

illustrates the trajectory of catalase-modified tissue motors in 

different H2O2 concentrations ranging from 0.01 to 0.1% (takes 

from S.I. Video 2).  Motor speeds of 14, 20 and 17 mm/s are 60 

estimated in (b) 0.01%, (c) 0.05%, (d) 0.1% H2O2, respectively, 

corresponding to 2.8, 4.0 and 3.4 bl/s. This data indicates that the 

tissue-enzyme hybrid motors propel efficiently over large areas 

using low peroxide fuel levels. Such propulsion is expected to 

depend on the external catalase activity, immobilized in agarose 65 

gel, which improves the biomotor performance.37 No apparent 

movement is observed in Fig. 6e in a control experiment carried 

out in a 0.1% H2O2 solution without the exogenous catalase. Fig. 

6f illustrates that the hybrid tissue-enzyme motors display 

 70 

Fig. 5 Decontamination efficiency of 25 mM guaiacol (A) and 

catechol (B) using natural motors in different peroxide 

concentrations (a) 1%, (b) 5% and (c) 10% H2O2. 

a Michaelis–Menten behaviour for guaiacol in the presence of 

0.1% H2O2 and varying guaiacol concentrations (0-25 mM). The 75 

corresponding KM and Vmax for guaiacol are 8.2 mM and 2.7 mg 

L-1 min-1, respectively, for a motor density of 1 motor per mL. 

These values compare favourably with KM and Vmax values 

determined from the data in Fig. 4 for the radish motors (without 

the exogenous catalase). Fig. 6g shows the transformation rate for 80 

guaiacol observed for the hybrid tissue-enzyme motor using 

different H2O2 concentrations ranging from 0.01 to 0.1%. The 

highest initial transformation rate is observed using 0.05% (16 

mM) H2O2. Generally, the maximum catalytic activity of plant 

peroxidase is achieved at millimolar H2O2 concentrations.38 Our 85 

experiment requires a higher H2O2 concentration for 

implementing the simultaneous propulsion task. However, the 

attached external catalase can dramatically (100-fold) lowers the 

required peroxide fuel concentration and leads to a 8-fold 

enhanced decontamination efficiency, but increases the cost of 90 

the motor and its preparation time.  

 

Fig. 6 (a) Schematic of the natural motors with external catalase 

(a) and (b-e) time-lapse images of the propulsion of these tissue-

enzyme hybrid motors (with exogenous catalase) over 2 s in the 95 

presence of (b) 0.01%, (c) 0.05%, (d) 0.1% H2O2 and (e) without 

H2O2. The catalase was attached to the end of the radish motor by 

confining catalase-coated agarose beads.  (f) Michaelis–Menten 

plot for guaiacol in the presence of 0.1% H2O2 and (g) 

transformation rate of guaiacol in different hydrogen H2O2 100 
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concentrations. Motor density, 1 motor/mL. Track lines b-d were 

taken from video S.I. video 2. 

The improved decontamination rate in the presence of 

exogenous catalase reflects the greatly higher peroxidase activity 

as well as the enhanced motor speed and corresponding 5 

convective fluid transport. The lifetime and speed of the radish-

tissue biomotor, with the exogenous catalase, were evaluated in a 

0.1% H2O2 solution (S.I. Video 3). The natural motors displayed 

lifetimes approaching 3 min, with a gradual decrease of their 

speed from 28 to 5 mm/s; such speed diminution depended on the 10 

H2O2 concentration.  

The proof of concept for biocatalytic plant-tissue biomotors 

has been demonstrated. Besides that the key point of using 

extremely low-cost and fully-natural biomotors, it is possible to 

improve the performance, especially the lifetime, by co-15 

immobilization of a peroxide-generating oxidase enzyme (e.g., 

glucose- or alcohol- oxidases), to obtain a self-sufficient 

biomotor without the need of exogenous peroxide.39 In addition, 

new catalytic activities could be obtained by using other plant 

tissues with a specific activity or by the immobilization of 20 

another enzyme.  

Experimental 

Tissue Biomotors Preparation 

Tissue motors were prepared by cutting 7 mm thick slices of 

radish containing skin on the outside. Small cylindrical motors 25 

were punched out of the plant cross section using a 1.0 mm-

diameter Harris puncher (Redding, CA) with length of 7 mm. 

One end of the resulting rod was capped with the red skin of the 

radish to create an asymmetric structure. The asymmetric bubble 

propulsion forces resulted from the catalase oxidized H2O2 30 

generating O2 bubbles. Multiple motors prepared from the same 

section or from different radish plants displayed 5 to 8% changes 

in the observed contamination efficiency, reflecting variations in 

the levels of the two enzymes. For the catalase-modified tissue 

motors, the skin end was coated with catalase, immobilized on 35 

agarose beads (Sigma-Aldrich) using a cyanoacrylate glue (Krazy 

Glue). Such modification of the tissue cylinder with catalase 

immobilized on agarose beads allows the motors to generate O2 

bubbles and propel at low H2O2 concentration.  

Tissue motor propulsion 40 

The hydrogen peroxide solutions, used as a fuel for tissue motor 

propulsion, also contained 0.5% (w/v) sodium dodecyl sulfate 

(SDS). The autonomous propulsion of the tissue motors 

(associated with the asymmetric structure caused by the presence 

of the radish skin on one end of the motor) was tested in various 45 

H2O2 concentrations (1%, 5%, and 10%).  The propulsion of the 

external catalase modified tissue motors, prepared by attaching 

catalase-encapsulated in agarose beads, was tested in 0.01, 0.05, 

0.1 and 1% H2O2 concentrations. The increase in catalase activity 

allowed the motors to move autonomously in these low 50 

concentrations of H2O2. The bubble generation and movement of 

the tissue motors were recorded using an iPhone 4S camera. 

Peroxidase activity 

Absorption spectra were collected with a spectrophotometer 

(UV2450, Shimadzu) with 1-cm path-length cells. The 55 

absorbance of the 600 µL samples was measured over the 300-

800 range. A baseline was determined for each experiment using 

a blank solution of the same composition. The transformation 

rates were determined by monitoring the absorbance of the 

solution at 480 nm, 470 nm, and 395 nm for guaiacol, catechol, 60 

and 2-amino-4-chlorophenol (2A-4CP), respectively. The 

extinction coefficients for guaiacol (ε470 nm = 26600 M-1cm-1)40, 

catechol (ε410nm = 1623 M-1cm-1)41 and 2A-4CP (ε395nm = 21000 

M-1cm-1)42 were used. All chemicals were purchase from Sigma. 

Phenol transformation assays were determined by monitoring the 65 

absorbance after 3 minutes, in a solution containing different 

concentrations of pollutants, 10 motors, 5% H2O2, and 0.5% SDS. 

Pollutants concentrations were increased until the rate remained 

constant even upon further increasing the concentration 

(substrate-saturating concentration). In case of exogenous 70 

catalase modified tissue motors, the Michaelis–Menten plot was 

determined in the presence of 1 motor, 0.1% H2O2 and 0.5% SDS 

versus different concentrations of guaiacol (0-25 mM).  

Conclusions 

We have demonstrated a novel cost-effective biomotor strategy, 75 

based on the presence of multiple enzymes in plant tissues that 

combines efficient propulsion with ‘on-the-fly’ bioremediation. 

The resulting dual-function (motion/remediation) devices have 

been used successfully for accelerated decontamination of 

phenolic compounds. Such effective decontamination reflects the 80 

motor-induced fluid transport and mixing and movement over 

relatively large areas which add a new dimension to such 

remediation procedures. Such use of plant tissues offers a cost-

effective bioremediation strategy as they are environment-

compatible and are extremely inexpensive. These millimer-size 85 

‘large’ motors can reach large areas of a contaminated sample 

accelerating the decontamination process without external mixing 

force. Improved performance, but at a higher cost and 

complexity, has been achieved using hybrid tissue-enzyme 

motors.  Current efforts are aimed at scaling up the process from 90 

the bench scale to large-volume pilot studies, at replacing the 

SDS surfactant with naturally-occurring surface-active materials, 

and at assessing the effect of the rotting plant materials upon the 

water samples.  The concept of self-propelled decontaminating 

natural motors can be expanded to different tissues rich with 95 

other enzymes (e.g., polyphenol oxidase), along with catalase, 

towards self-sustainable decontaminating natural motors.  
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Self-propelled dual-enzyme natural motors display attractive decontamination and propulsion 

capabilities. The movement of the biocatalytic tissue motors through the contaminated sample 

leads to a greatly improved remediation efficiency. 
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