
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Materials and Designs for Small-Scale Propelled Devices Towards Environmental and 
Biological Applications

Permalink
https://escholarship.org/uc/item/93m8f0j3

Author
Karshalev, Emil

Publication Date
2020
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/93m8f0j3
https://escholarship.org
http://www.cdlib.org/


 

i 

 

UNIVERSITY OF CALIFORNIA SAN DIEGO 

 

Materials and Designs for Small-Scale Propelled Devices Towards Environmental and 

Biological Applications 

 

A dissertation submitted in partial satisfaction of the requirements for the degree  

Doctor of Philosophy 

 

in 

 

Materials Science 

 

by 

 

Emil Karshalev 

 

Committee in charge: 

 

 Professor Joseph Wang, Chair 

 Professor Javier Garay 

 Professor Mike Tolley 

Professor Sheng Xu 

Professor Liangfang Zhang 

  

  

 

 

 

 

 

 

2020 



 

ii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iii 

 

SIGNATURE PAGE 

The Dissertation of Emil Karshalev is approved, and it is acceptable in quality and form for 

publication on microfilm and electronically:  

 

 

_______________________________________________________________ 

_______________________________________________________________  

 _______________________________________________________________ 

 _______________________________________________________________ 

 _______________________________________________________________ 

                                                                                                                     Chair 

 

 

  

 

University of California San Diego  

2020 

 

 

 

 

 

  



 

iv 

 

DEDICATION  

  

To my mom, dad, and sister  

  



 

v 

 

EPIGRAPH 

 

 

 

“All things are poisons, for there is nothing without poisonous qualities. It is only the dose which 
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ABSTRACT OF THE DISSERTATION  

  

Materials and Designs for Small-Scale Propelled Devices Towards Environmental and 

Biological Applications 

by  

Emil Karshalev 

Doctor of Philosophy in Materials Science  

University of California San Diego, 2020  

Professor Joseph Wang, Chair  

  

 

For over a decade, microscopic devices which are propelled and therefore active versus 

inactive nanoparticles have emerged as versatile and novel tools for a variety of applications 

including environmental and in vivo. In this dissertation, we aim to demonstrate the recent 

advances in milli and microscale devices by utilizing new designs and especially new materials 

towards replicating biological functions, becoming more environmentally friendly and more useful 

in in vivo applications. 

In the first section we show how selecting the appropriate set of materials and incorporating 

them into the structure or on the outside of milli-sized devices can give them capabilities of color-

change, self-healing, and birth-like release much like the real-life counterparts from which the 

inspiration came from. 

In the second section we demonstrate the ability to utilize materials which make 

micromotors not only able to move in biological fluids but become completely transient and 

disappear without a trace while at the same time studying their time-dependent motion behavior. 
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The third section describes the use of transient type micromotors in biological settings. We 

utilize these micromotors to deliver important nutrients to treat anemia, deliver a vaccine and 

establish an immune response and implement them in standard pill formulations for further 

integration into common use. 

We hope that these developments will help and inspire the community towards 

implementing these microscale devices in many common applications and possibly disrupting 

current technologies in the near future. 
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Chapter 1. Introduction 

1.1 Opportunities for small-scale propelled devices 

Today, technology and society are moving at an ever-increasing pace. The electronics 

industry, for example, has been doubling the number of transistors on integrated circuits 

approximately every 2 years,1 with new smart phones and fitness watches introduced annually. The 

remarkable turnover speed of the electronics and software industries is pushing many other 

disciplines, including chemistry, to keep up. More and more chemical processes and analyses are 

required to go mobile. With more stringent environmental laws and growing societal awareness 

fast response to ecological disasters is crucial. For example, large-scale water detoxification or oil 

spill cleanup require a fast response and rapid chemical reactions. On the other hand, chemistry is 

moving onto textiles and epidermal devices.2 Such wearable devices can sense chemical 

biomarkers in sweat and tears or deliver therapeutics, but require fast reaction times, along with 

small sample volumes and miniaturized equipment. Furthermore, these devices are meant for the 

lay person and require straightforward data analysis and readouts to prevent incorrect 

interpretation. Finally, this chemistry is performed “on-the-go” in field settings, and hence can no 

longer rely on bulky instrumentation in fully staffed laboratories. Society demands faster, simpler, 

and cheaper. 

With these rapidly growing trends of faster speed and increased mobile, microscopic, self-

propelled devices appear as suitable candidates to enhance chemical processes. Commonly called 

micromotors, these small-scale devices, on the order of micro- or nanometers (in one or more 

dimensions), are capable of performing a particular task while propelling autonomously in 

solution.3,4 At these microscopic scales, viscous forces dominate over inertial forces, and thus, a 
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small object such as a micromotor would experience swimming in water as a person would 

experience swimming in molasses.5 To overcome this challenge, nature has evolved ways to 

produce nonreciprocal or asymmetric swimming techniques, such as the flexible oar or corkscrew 

behavior seen in many microscopic organisms.6 Inspired by these natural phenomena, scientists 

conceived the first artificial self-propelled microswimmers which move by the asymmetric 

decomposition of H2O2 fuel into O2 and H2O on the Pt end of a Pt/Au nanowire.7 This results in 

gradient of reaction products and leads to propulsion of the wire. Later, more powerful propulsion 

methods were developed, based on hollow microtubes or asymmetric microparticles which produce 

bubble thrust via a chemical reaction to release a gaseous byproduct or by harnessing energy from 

magnetic, electric, or acoustic fields.3,8−12 These artificial swimmers have been designed to display 

high speed at microscopic scales and in different environments. Such continuous movement of the 

micromotor leads to built-in sample solution mixing, enhancing the speed of the chemical 

reactions.13,14 Fluid mixing is very important for enhancing the speed and yield of a wide range of 

chemical processes. Besides this intrinsic microscale mixing ability of micromotors, the surface of 

these self-propelled microdevices can play an important role in dynamic chemical reactions. On 

one hand, the micromotor surface material can represent an active reactor which is moving along 

the sample and accelerating the corresponding chemical processes. Besides the locally induced 

mixing, such movement enables these reactive swimmers to cover larger portion of the treated 

solution. Considering their rich surface chemistry, mobile microreactors can participate in multiple 

“on-the-fly” reactions at the same time. Mobile micro/nanomotors enable also the fast and effective 

dispersion of the reactive materials around the sample leading to enhanced reaction rates. On the 

other hand, the versatility of micromotor materials and structures facilitates their surface 

functionalization with reactive agents or specific receptors which are rapidly transported through 

the sample solutions, improving contact with the corresponding target molecules.15,16 The 



 

3 

 

multitude of propulsion strategies and surface reactivities of modern microscale motors can lead to 

diverse mobile chemical platforms that can benefit a broad array of chemical processes. 

1.2 New Materials and Designs 

 Whether we desire to replicate functions of living organisms or invent new capabilities for 

applications which are unique to human societies we have to consider two main concepts when 

talking about small-scale devices. When attempting to use small-scale devices traditional scaling 

technologies do not apply as most of the smallest and most useful micromotors cannot incorporate 

electronics or mechanical components. Thus, chemistry, surface interactions and longer-range 

contactless field interactions become crucial. One important aspect is the design of the structure 

from the geometry to the environment where they will be implemented. For example, while many 

cases of micromotors are in simple shapes such as spheres and rods more complex biological 

applications will require structures in between those two states or being able to switch between 

multiple states. The second aspect has to do with the materials which are used in the structure and 

surface covering. Because of the large importance of short-range interactions and the increased 

effect of surfaces versus bulk qualities due to the small overall size of the microscale device the 

constituent materials will ultimately decide the function and responsiveness to the outside world. 

In this dissertation, we aim to demonstrate the recent advances in milli and microscale 

devices by utilizing new designs and especially new materials towards replicating biological 

functions, becoming more environmentally friendly and more useful in in vivo applications. 

Chapter 1 is based, in part, on the material as it appears in Journal of the American Chemical 

Society, 2018, by Emil Karshalev, Berta Esteban Fernández de Ávila, and Joseph Wang. The 

dissertation author was the primary investigator and author of this paper.  
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Chapter 2. Utilizing responsive materials to add novel 

features to surface swimming millibots 

2.1 Optical signaling and camouflage swimmers 

2.1.1 Introduction 

 Evolution perfected an astounding diversity of intricate camouflage capabilities in the 

animal kingdom for concealment and disguise.1-6 Camouflage in nature is realized by the 

introduction of a rich variety of colors, vivid geometrical and random patterns, and morphological 

structures which assist the animal to avoid detection from predators. The three main mechanisms 

by which concealment is accomplished are: matching the color and texture of the background, 

breaking the natural lines of one’s silhouette (disruptive camouflage) and blending in with 

downwelling light (countershading).2 In marine animals, these strategies can be easily seen in sand 

colored bottom dwelling fish (e.g. stone-fish), brightly colored striped reef fish (e.g. Moorish idol) 

and dark and light colored great white sharks. Other species feature active, highly adaptable, and 

dynamic camouflage based on the three mechanisms out-line above. Examples include the two-

spot goby, African cichlid and the “masters of camouflage”, namely squid, cuttlefish and 

octopuses, all of whom are capable of responding to multiple environmental cues to rapidly change 

their coloration.4-6 

Robots are permeating every aspect of life from house-hold helpers and flexible prostheses 

to autonomous recreational or military drones. Especially, new fields such as soft robotics have 

pushed the development of electronic skin, artificial muscle, environmentally-aware machines and 

autonomous locomotion which have significant implications in human-machine interfacing, 

sensing, national security, and environmental preservation.7-13 Color-changing and color-matching 
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technologies have been employed for soft materials such as a strain\electric field activated 

spiropyran-elastomer cross-linked composite14,15, black-and-white pixel array conformable 

composite16, electroluminescent elastic skin17 and thin film interference protein-based camouflage 

stickers.18-20 However, there are only a few examples of autonomously moving soft robots with a 

dedicated dynamic camouflage strategy and there are considerable needs for an improvement of 

this technology. 

Current examples of man-made soft camouflage mate-rials have been inspired by the 

natural world. One such case is the X-shaped, pneumatically actuated soft robot of Morin et al. 

which can camouflage against different backgrounds based on colored dyes pumped through its 

hollow channeled interior.21 Other examples include a large scale artificial chameleon based on 

tunable photonic structures22 and a soft pneumatically operated transparent hydrogel fish.23 A 

common set of problems plagues all of these devices: they require large scale tethered electronics, 

pumps, and direct operator involvement in order to complete their tasks and change color. 

Furthermore, attempting to make these robots more independent of human interaction will require 

the ability to sense and autonomously respond to the environment.24,25 Autonomous color-changing 

behavior, without direct human involvement or cumbersome feedback loops, will rely on triggers 

by environmental stimuli, such as changes in temperature, pH, redox activity or light.26-28 

Combining the ability to respond to multiple environmental stimuli in a single mobile platform 

could serve to realize a truly autonomous color-changing machines. 

Here we present multi-stimuli responsive color-changing environmentally adaptive 

swimmers, striving to imitate the functionality of cephalopods to adaptively change their coloration 

upon taking cues from various environmental stimuli. These multi-stimuli sensitive meso-scale 

catalytic swimmers move autonomously by the platinum (Pt) catalyzed decomposition of hydrogen 
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peroxide (H2O2) fuel in their tails while responding dynamically to changes in the environment to 

cloak or decloak themselves. The color-changing processes of our untethered swimmers are carried 

out autonomously in response to environmental cues, rather than direct human involvement, and 

are dominated primarily by the surroundings of the swimmer. These artificial swimmers can thus 

transform their diverse surface color patterns ‘on-the-fly’ to match their surrounding background. 

Localized changes in the temperature, pH and light, or a combination of these, are thus used to alter 

and control the swimmer’s coloration in connection to thermo-chromic (temperature responsive), 

halochromic (pH responsive) dyes and phosphorescent (light responsive) pigments. Leuco dyes, 

well-known pH indicating dyes, and phosphorescent inorganic pigments have been employed to 

achieve a fast, efficient, and reversible coloration change, allowing for facile incorporation and 

high repeatability. This color-changing swimmer approach utilizes a high-throughput printing 

technique, used recently to prepare catalytic swimmers,29,30 enabling the simple fabrication of 

diverse color-changing patterns and swimmer layouts, and realization of fast, efficient and 

reversible coloration change. Such swimmer systems, responding to numerous environmental 

stimuli, offer considerable promise for potential in-situ sensing applications and security and 

surveillance missions. In a simple example, one can easily imagine that our autonomous swimmers 

are released into a target location and allowed to sense it, revealing the state of the environment 

through their coloration. Hazardous conditions or large changes in environmental cues, such as 

temperature and pH in wastewater runoff, industrial reactors, hydrothermal vents or after acid rain 

could thus be rapidly detected to serve as an early warning system. Furthermore, this inherent color-

changing ability can also be utilized for dynamic camouflage against both humans and animals for 

security or intelligence gathering missions. Such successful realization of autonomous, multi-

stimuli responsive color-changing bio-inspired swimmers leads one step closer to mimicking the 

functionalities of color-changing camouflage masters. 
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2.1.2 Experimental section 

Reagents and Solutions: For the three essential layers of each type of swimmer we utilized E3349 

graphite ink (Ercon, Inc., Wareham, MA), white acrylic paint (Liquitex, London, UK), RTP 

platinum plating solution (Technic Inc., Anaheim, CA) and temporary tattoo paper (Papilio, HPS 

LLC, Rhome, TX) as the printing substrate. To make temperature sensitive inks we used 

Chromicolor Fast Blue and Vermillion Red (Matsui International Company, Gardena, CA) based 

on encapsulated CVL and Scarlet TF-R2 leuco dyes, respectively, Black thermochromic capsule 

powders based on encapsulated ODB-2 leuco dye (HALI Industrial Co., Ltd., Changzhou, China), 

adhesive binder (Aleene’s, CA), acrylic paints (Nicole Industries, Moorestown, NJ) and MilliQ 

water. For the fabrication of the pH sensitive layers we utilized filter paper – average pore size ~20 

μm (Whatman, Maidstone, UK), tetrahydrofuran – THF (EMD Chemicals, Billerica, MA), 

Bromocresol Green – BG, Bromothymol Blue – BB, Cresol Red – CR, Methyl Red – MR, Aliquot 

336 (Sigma Aldrich, St. Louis, MO), nitrophenyl octyl ether – NPOE (Fluka, Mexico City, 

Mexico), and polyvinylchloride, PVC, average molecular weight ~233 kDa (Sigma Aldrich, St. 

Louis, MO). Glow-in-the-dark swimmers utilized phosphorescent Purple and Green powders – 

encapsulated, <50 μm (Tech-noGlow, St. Paul, MN). Swimming solutions were prepared by 

combining MilliQ water and hydrogen peroxide (H2O2) solution (30%, Fisher Scientific, Hampton, 

NH) to produce 15% H2O2 by volume. For pH responsive swimmers 15% H2O2 solutions with low 

or high pH were prepared with hydrochloric acid – HCl, 37% (EMD Chemicals, Billerica, MA) 

and anhydrous sodium hydroxide pellets – NaOH (Fisher Scientific, Hampton, NH). MilliQ water 

was used for all experiments. 

Fabrication of Stimuli Responsive Swimmers: The fabrication process comprised of printing 

various functional inks. The components of the swimmer body and tail were designed in AutoCAD 
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(Autodesk, San Rafael, CA) and used as patterns in the 12”  12” stainless steel stencils (Metal 

Etch Services, San Marcos, CA). A temporary tattoo paper sheet, precoated with a water-soluble 

adhesive, served as the substrate for the printing process. A typical temperature responsive 

swimmer included the printing of at least three layers. Firstly, the rigid conductive layer from 

graphite ink (E3449) was printed in the shape of the tail and dried at 60°C in an oven. This 

conductive layer enabled subsequent electrodeposition of Pt on the tail. Then the process was 

repeated for the body partially overlapping the tail. Next, a white acrylic layer was printed to serve 

as a white background making the visualization of colors easier. Lastly, a temperature responsive 

ink was used to give the fish the final color pattern. Temperature responsive leuco dyes were used 

due to their fast and reversible color change and stability. Leuco dyes are commonly protected via 

micro-encapsulation, essentially filling a soft plastic bead with the color changing molecule, a weak 

acid which serves as a proton donor and a polar organic solvent with a melting point around the 

desired transition temperature.31-34 Thus, the interaction between the solid/liquid solvent, the weak 

acid “developer” and the dye molecule produces tautomerization, resulting in highly reversible, 

fast color changes which remain stable due to the microencapsulation shielding. Leuco dyes 

originate from a few families of organic molecules but lactones and furans are the most 

prominent.31-34 Depending on the desired color, amounts of the temperature responsive ink, acrylic 

paint, adhesive binder and water were mixed in a dual asymmetric centrifugal mixer (Flacktek 

Speedmixer, DAC 150.1 KV-K, Landrum, SC) for 5 minutes at 3000 RPM. To demonstrate 

camouflaging ability over a number of differently colored backgrounds an image of a single-color 

background or a realistic environment were printed and placed under the Petri dish. The 

combinations of dyes were optimized by trial and error to produce two states: one which would be 

camouflaged over the background and one which will provide enough contrast to be easily seen. 
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One example formulation which turns from orange to yellow above 33 °C features 1 part 

Vermillion Red Chromicolor dye, 5 parts Lemon yellow acrylic dye, 6 parts binder and 1.75 parts 

water. Whereas the full coverage and striped designs are printed using a stencil, the camouflaged 

swimmers in Fig. 5 are painted on by hand to give randomness to the design. For a pH sensitive 

swimmer pH indicator strips were utilized. These indicators display color change due to a 

protonation/deprotonation and changes in the resulting resonance structures which are very 

sensitive to H+/OH- concentrations.35 In short, indicator dye (4 mg), dissolved in THF (2 ml) with 

Aliquot 336 (4 mg), NPOE (44 mg) and PVC (18.3 mg) was dropcast onto 20 μm pore size filter 

paper. Small strips were incised from it and attached to the swimmers via a double-sided adhesive. 

A third class of color changing responsive materials are members of the spiropyran and azobenzene 

families where a cis/trans isomerism occurs upon irradiation with UV light.36-38 However, these 

organic molecules are known to be quite unstable and requires constant irradiation which can be 

obtrusive and prevents truly autonomous behavior. Instead, light-responsive swimmers were 

fabricated as the temperature responsive swimmers, but the temperature responsive ink was 

replaced with a glow-in-the-dark powder formulation and two subsequent layers of the 

phosphorescent ink were used. An example formulation features 7.5 parts phosphorescent powder, 

20 parts binder and 1 part water. After the required layers are printed and dried, the tattoo paper 

substrate with the swimmers were put in water and left for 1 min to allow the dissolution of the 

adhesive used in the tattoo paper. The swimmer was then easily removed from the paper by sliding 

it off the edge. All swimmers were subjected to an electrochemical deposition of a Pt layer on the 

tail from a Pt plating solution in a standard three electrode setup. The carbon tail of the swimmer 

served as the working electrode while a Pt wire and an Ag/AgCl with 1 M KCl were used as counter 

and reference electrodes, respectively. The galvanostatic deposition of Pt was performed on a µ-

Autolab potentiostat (Metrohm Autolab B. V., Nether-lands) at -2 mA for 30 or 60 s.  
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Response to Stimuli and Swimming Experiments: Temperature responsive swimmers were tested 

inside 150 mm diameter petri dish filled with 60 ml of 15% H2O2 solution at <10°C. The dish was 

placed on a hot plate equipped with a temperature controller to give the desired temperature while 

a camera was placed on a tripod above the hot plate to record the movement of the swimmers. For 

pH responsive swimmers, the setup was similar except that the swimming solution pH was 

increased to 10 by NaOH. The swimmers were placed inside the petri dish and videos of their 

movement were captured before and after the solution was titrated to pH 3 with HCl. Glow-in-the-

dark swimmers were charged by illumination under a solar light engine for 10 minutes. Then, the 

swimmers were transferred to the usual petri dish and the lights were turned off while recording 

their movement.  

Equipment: Videos were taken on a Nikon D7000 camera with a Micro Nikkor 40 mm lens 

mounted on a tripod. The subsequent videos were analyzed with Nikon Elements AR 3.2 tracking 

software. Acidity of solutions was ascertained by a Mettler Toledo Seven Easy benchtop pH meter 

equipped with an Orion 9110DJWP double-junction pH electrode (Fischer Scientific, Hampton, 

NH). Glow-in-the-dark swimmers were charged with a Lumencor Sola SM365 light engine. 
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2.1.3 Color-changing and how it leads to camouflage 

 

Figure 2.1.1. Color-changing swimmers. (A) A schematic of a striped swimmer responding to a 

change in the temperature (gray to red), pH (gray to blue) or light (gray to green) environment to 

produce a distinct color change. (B) Real-life example of a temperature responsive striped swimmer 

changing from purple to blue in response to a temperature rise (a), a pH responsive striped swimmer 

changing from yellow to blue in response to a pH decrease (b), and a light responsive swimmer 

changing from white to glowing green in response to solar light charging (c). Scale bars, 1 cm. 

 

The first step is to produce a color-changing swimmer which responds to a single 

environmental stimulus and has only a binary color change is presented in Fig. 2.1.1A. For 

example, a swimmer with a simple striped pattern can produce a visible color-change upon 

changing the temperature or pH of its local environment. An example of such swimmers is shown 

in Fig. 2.1.1B. Here, a swimmer with purple stripes in cold conditions is switching its coloration 

to blue upon a simple increase in the temperature (a). Acidity is another common trigger for color 

change with a pH responsive swimmer altering its stripes from blue to yellow while its medium 

undergoes a transition from basic to acidic conditions (b). Finally, we demonstrate light responsive 

swimmers which can remain completely hidden during the day while storing energy and emitting 

light at the night (c). 

The layered structure is easily fabricated by stencil-based screen printing. In the case of 

temperature-responsive swimmers leuco dyes are used. Leuco dyes, organic compounds which 
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switch between a colored and transparent states, have been chosen here as the primary color 

changing structures owing to their stability, and fast and reversible color change over many cycles. 

Other color-changing stimuli responsive dyes used in our swimmers include common pH indicators 

whose coloration is highly sensitive to H+/OH- concentrations. For light-responsive swimmers, we 

utilize a phosphorescent, glow-in-the-dark pigment, which requires only a short charging period in 

the beginning and endows the swimmer with its own illumination for night-time identification. 

This demonstrates that the color changing can be achieving (triggered remotely and does not 

require direct contact with the solution (e.g., hot/cold, acidic/basic solution). Thus, we highlight 

the environmentally responsive capabilities of our system to yield functional camouflage 

swimmers for practical settings.  

 
Figure 2.1.2. Camouflage and glow-in-the-dark swimmers. (A) Schematic representation of 

temperature responsive dynamic camouflage swimmers. (B) Camouflage swimmer demonstrating 

camouflage ability at 20°C (a) and subsequent reveal after a temperature increase to 36°C (b). (C) 

Schematic representation of glow-in-the-dark swimmers which blend into the background while 

charging in daylight conditions and emit light via phosphorescence at night. (D) Glow-in-the-dark 

swimmers which appear white due to the underlying white acrylic layer and charge during the day 

(a) and emit green and purple light at night (b). Scale bars, 1 cm. 

 

Our versatile stimuli-responsive materials are capable of imparting the swimmers with 

camouflaging capabilities. Fig. 2.1.2A presents the behavior of dynamic camouflage swimmers. 
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Initially, the swimmer is very visible against a real-life background, such as the sandy bottom of a 

lake. After the application of an environmental stimulus (in this case a change in temperature) the 

swimmer transforms to a second state, concealing itself completely against the same background. 

This can be seen experimentally with our dynamic camouflage swimmers in Fig. 2.1.2B, where a 

dark green pattern swimmer easily stands out against the sandy background under cold conditions 

(a). After a change in temperature, above the critical transition temperature of the thermochromic 

dye, the coloration of the swimmer is changed to help it blend in with the sandy décor and fully 

match the color patterns of the background (b). While this example illustrates high temperature 

camouflage, namely the swimmer is in its hidden state in hot conditions, we can also engineer our 

swimmers to possess low temperature camouflage or match a variety of other background profiles. 

With the ability to tune the appearance of the swimmers to virtually any potential color profile and 

select ‘cold’ or ‘warm’ induced camouflage, the prospect of using such swimmers in a large variety 

of relevant environments and diverse missions becomes apparent. 

Many aquatic species utilize biologically generated light, i.e., bioluminescence, for their 

concealment, signaling, and communication.3,39 Similar functionality can be imparted to our 

swimmers for purpose of identification at night while remaining hidden during the day. For 

example, we fabricated synthetic glow-in-the-dark swimmers using a commercial strontium 

aluminate phosphorescent powder capable of strong light emission initially and prolonged periods 

of weak emission before being recharged. Contrary to bioluminescence, phosphorescence requires 

no chemical reaction, has excellent thermal stability and is low cost. Fig. 2.1.2C illustrates the 

concept of glow-in-the-dark swimmers schematically. During the day, our swimmers are hidden 

against the background while natural sunlight charges them. At night however, they release the 

stored energy and emit bright light. Two such swimmers are presented in Fig. 2.1.2D where they 
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do not stand out from the white background (a). After a 10 minute charging session with a solar 

light engine the glow-in-the-dark swimmers are introduced to a dark enclosure and allowed to self-

propel while emitting light via phosphorescence (b). While only green and purple colored 

swimmers have been presented here, this is a versatile concept that can utilize diverse color options. 

Endowing swimmers with a light emission mechanism could thus allow for easier identification, 

localization, or signaling and transfer of information at night, referencing back to the possibility of 

using such swimmers as mobile information platforms or in search-and-rescue missions (where 

tracking and locating robots is essential). Simultaneously, it minimizes the probability of detecting 

such swimming robot during daytime. 
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Figure 2.1.3. Temperature and pH responsive swimmers. (A) Full coverage temperature 

responsive swimmer whose top layer is blue at 18 °C (a) and transparent at 45 °C (b). (B) Dye 

responsible for the temperature induced color change in (A), crystal violet lactone (CVL). (C) 

Temperature responsive swimmer whose top layer stripes are red at 24 °C (a) and transparent at 48 

°C (b). (D) Dye responsible for the tem-perature induced color change in (C), Scarlet TF-R2. (E) 

Collection of multi-colored temperature sensitive swimmers which turn from red (I), green (II), 

and purple (III) at 14 °C (a) to white, yellow and blue at 45°C (b), respectively. Trajec-tories show 

motion over a 2s time period. (F) pH responsive swimmer whose stripes change color from blue at 

pH>10 (a) to yellow at pH<3 (b). (G) Indicator molecule responsible for the pH induced color 

change in (F), Bromocresol Green (BG). (H) pH responsive swimmer whose stripes change color 
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from purple, yellow, and blue at pH>10 (a) to yellow, orange and yellow at pH<3, respectively (b). 

Indicator mol-ecules responsible for the pH induced color change in (H): Cresol Red (CR, left 

stripe) (I), Methyl Red (MR, middle stripe) (J), and Bromothymol Blue (BB, right stripe) (K). Scale 

bars, 1 cm. 

 

An understanding of the color-changing behavior of our model dyes is crucial for any 

engineering application, thus we explored a large combination of colors and patterns. Fig. 2.1.3A 

shows a simple two-state swimmer. At a temperature of 18°C, the swimmer is colored dark blue 

(a) until the temperature increases above 23°C when the swimmer turns white (b) since the critical 

transition temperature of this dye system is 22°C. The reversible chemical structure of crystal violet 

lactone (CVL) in both states is shown in Fig. 2.1.3B. A second dye that was widely utilized in the 

present study, Scarlet TF R2, is shown in Fig. 2.1.3C in the form of red stripes on top of a swimmer 

at 24°C (a). After heating the system to 48°C (b) the stripes disappear since the critical transition 

temperature of this dye system is 33°C. The structure of this dye is presented in Fig. 2.1.3D along 

with its tautomer.  

Color-to-transparent transformations are not always useful in practical real life settings; 

accordingly, we investigated and pursued more complicated color-changing options. Mixing of the 

leuco dyes with common acrylic paints yields a diverse and colorful palette to choose from. Fig. 

2.1.3E demonstrates three differently colored swimmers, namely a red (I), green (II) and dark 

purple (III), at 14°C (a). At 45°C, all three swimmers have adopted a new coloration scheme (b). 

Swimmer I is now white, swimmer II is yellow and swimmer III is blue. Below the transition 

temperatures of the leuco dyes the swimmer coloration is due to the mixture of the leuco dye and 

acrylic dyes: red and white to give light red for swimmer I, blue and yellow to yield green for 

swimmer II and red and blue to give purple for swimmer III. Above the transition temperature the 

leuco dye becomes transparent and only the acrylic is seen. Furthermore, in Fig. 2.1.3E, the 

trajectories of the autonomously propelled swimmers are also included. Motion is tested in the 
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presence of 15% H2O2 fuel over 2 s, highlighting efficient propulsion in surfactant-free solutions. 

The role of the differences in the swimmer speed and motion behavior in achieving rich multiplexed 

behavior will be discussed later. Thus, temperature sensitive leuco dyes offer a variety of color 

combinations which are essential for camouflage applications.   

Sensitivity to changes in pH represents another attractive route to induce color-changing 

behavior. Appearing in every chemistry lab, and more recently in wearable and lab-on-chip formats 

35,40,41, pH indicators offer a reliable and simple way to assess an environment while providing an 

observable colorimetric change. Stripes sensitive to pH changes, fabricated in a similar fashion to 

the wearable nail sensors of Kim et al.,35 have been applied to the swimmer in Fig. 2.1.3F. The 

resulting swimmer with pH responsive coloration exhibits a bright blue coloration at pH>10 (a) 

which transitions to a bright yellow color at pH>3 (b). The molecule responsible for the change in 

Fig. 2.1.3F is bromocresol green (BG) whose structure is presented in Fig. 2.1.3G. With this 

behavior in mind, multi-patch swimmers can be fabricated, as illustrated in Fig. 3H. Here, the 

swimmer consists of three different pH-indicating stripes which exhibit dark purple, yellow and 

blue coloration at pH>10 (a). Upon decreasing the pH to <3 the dyes are protonated shifting the 

electron density and the absorbance to alter their coloration to yellow, red, and yellow, respectively 

(b). Similarly, the dye molecules responsible for the change in Fig. 2.1.3H are presented in Fig. 

2.1.3I-K: cresol red (CR) as the left stripe, methyl red (MR) as the middle stripe, and bromothymol 

blue (BB) as the right stripe. Also, interesting to note is the effect that the changing pH has on the 

propulsion of these swimmers. At low pH levels (pH<3), the H2O2 fuel reacts with HCl (acid used 

for low pH experiments) in a series of reactions to form hypochlorous acid (HClO) and competes 

with the Pt catalyzed oxygen production reaction used for propulsion.42 With diminished amounts 

of H2O2, the bubbling and propulsion efficiencies are greatly reduced. At high pH (pH<10) no clear 
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effect on the speed of the swimmers is observed. In general, pH responsive swimmers move slower 

than temperature-sensitive ones due to the increased weight of the pH stripes which must absorb 

aqueous solution to change color. This pH induced speed change can thus be utilized to allow for 

yet another environment sensing capability of the swimmers (similarly to pH sensing 

microrobots,43), enriching further the multiplexing ability of our swimmers. 

2.1.4 Reversibility and multiplexed behavior 

 
Figure 2.1.4. Reversibility of temperature and pH responsive swimmers. (A) Reversibility of 

a typical temperature responsive swimmer between 20°C (a) and 35°C (b) over 5 cycles showing 

a purple to blue transition. (B) A different temperature responsive swimmer exhibiting full 

reversibility over 5 cycles and a change between orange and yellow under the same conditions as 

(A). (C) Reversibility of a pH responsive swimmer between pH>8 and pH<3 over 5 cycles showing 

a blue to yellow transition characteristic of Bromocresol Green. (D) A different pH responsive 

swimmer exhibiting reversibility over 5 cycles and a change between purple, yellow, and blue-

green to yellow, orange and yellow, characteristic of Cresol Red, Methyl Red, and Bromothymol 

Blue, respectively, under the same conditions as (C). Scale bars, 1 cm. 

 

The new color-responsive swimmers are to be utilized in a multitude of environments 

switching between states numerous times. For this reason, color stability and color-changing ability 

are an important factor towards the overall performance. Both temperature and pH responsive 

swimmers were tested in terms of reversibility to their particular stimulus. Fig. 2.1.4A and B show 

the reversibility of two temperature-sensitive swimmers over five cycles in solutions at 20°C and 
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35°C, respectively. At the end of the five cycles no change in coloration is seen. The same 

temperature sensitive swimmers are also reversibly cycled against complementary backgrounds, 

further highlighting their color stability. In Fig. 2.1.4C and D, pH responsive swimmers are 

alternately subjected to solutions of pH<3 and pH>8 solutions, respectively. The pH sensitive 

swimmers demonstrate full reversibility with long lasting color-changing ability which is essential 

for applications involving autonomous movement in a fluctuating environment. Note also the high 

stability of this fabrication strategy, with the pH responsive swimmers showing negligible leaching 

of the pH indicator and preservation of their coloration throughout the study. 
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Figure 2.1.5. Multiplexed multi-stimuli responsive swimmers. (A) Schematic of a multi-stimuli 

responsive swimmer showing the arbitrary color change of individual patches induced by changes 

in temperature and subsequently pH. (B) Multi-stimuli responsive swimmer with purple, blue and 

black stripes at 23°C and pH>10 (a), light blue, blue and light blue stripes after a temperature 

increase to 32°C (b), and finally light blue, yellow and light blue stripes after a change to pH<3 

(c). (C) Another multi-stimuli responsive swimmer with green, purple and orange patches at 24°C 

and pH>10 (a), yellow, purple and yellow patches after temperature increase to 34°C (b), and 

finally all yellow patches after a change to pH<3 (c). (D) Trajectories of two temperature-sensitive 

swimmers during a 2 s motion in 15% H2O2 solution at 18°C (a) and at 36°C (b). Pt has been 

deposited for 30 s or 60 s for the green and orange swimmers, respectively. E) Distribution of 

speeds for each of the two Pt-based catalytic swimmers at an average temperature of 15°C (a) and 

average temperature of 35°C (b). Scale bars, 1 cm. 
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Finally, temperature and pH responsive patterns were combined to produce multi-stimuli 

responsive swimmers with diverse color patterns. Fig. 2.1.5A demonstrates a step-wise operation 

scheme of such multi-stimuli responsive swimmers. The swimmer is subjected to two different 

stimuli in a step-wise manner, starting with a temperature below the critical value for the leuco 

dyes and increasing to above the critical temperature. After completing the temperature change, 

the pH is decreased from an initial value above 10 to value below 3. The multiple colors in the 

schematic demonstrate the ability to create a completely arbitrary pattern with individually 

addressable color changing patches. In Fig. 2.1.5B (a), a swimmer starts off with a purple and black 

temperature responsive stripes (sides) and a blue pH responsive stripe (middle). After the 

temperature change, the temperature sensitive dyes assume their leuco form and the swimmer 

exhibits three blue stripes (b). Upon lowering the pH to <3 the central BB stripe changes to yellow 

(c). Fig. 2.1.5C presents another example of multi-stimuli responsive swimmer. Here, the 

temperature responsive stripes are green and orange (sides) below the transition temperature while 

the pH responsive stripe (middle) is purple at pH>10 (a). Heating up the system while keeping the 

pH constant leads to a color switching of the temperature sensitive stripes to yellow (b). Finally, 

the pH sensitive stripe also changes color to yellow after the pH is lowered to <3. Another strategy 

to affect the multiplexed behavior of the swimmers and their response to their surrounding is via 

changes of their propulsion behavior. This is accomplished by controlling the deposition of the Pt 

catalytic layer. Fig. 2.1.5D shows 2s duration trajectories for two colored swimmers for which the 

Pt catalytic tails were deposited for 30 s (green) and 60 s (orange). As expected for catalytic 

swimmers, the trajectories demonstrate an increase in the swimmer speed upon raising the 

temperature (a vs b), reflecting the faster breakdown of the H2O2 fuel.44,45 Fig. 2.1.5E presents the 

average speeds for each swimmer, highlighting the speed increase between an average temperature 

of 15°C (a) and 35°C (b). At 15°C the difference in speeds between the 30 s and 60 s Pt deposition 
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swimmers is ~2X, reflecting their higher catalytic activity. A smaller speed difference of ~1.5 X is 

observed for the 35°C case. As mentioned earlier, the pH also has an effect upon the swimmer; 

hence, both the pH and temperature could be used to manipulate the motion of the swimmers and 

thus their ability to monitor their surroundings. An enhanced multiplexing of these multi-

responsive swimmers can thus be achieved not only via their diverse coloration but also through 

changes in their propulsion behavior. 

Our color-changing technology possesses many benefits for robotics, such as a versatile 

color library, easy manufacturing protocols and the use of multiple triggers. Going further, active 

stimuli-responsive materials can be combined in one multi-functional material. Such polymeric 

multi-stimuli responsive materials can offer an expanded control of mechanical, optical and even 

chemical properties with simultaneous or step-wise triggering via a multitude of the 

aforementioned stimuli.26,27,46-50 Thus, with the versatility of organic synthesis, polymers can be 

precisely tailored for the exact application in terms of sensitivity, output color and transition point. 

Furthermore, as was mentioned in the introduction, many camouflage strategies found in nature 

employ a physical deformation or morphological change to aid in the concealment process, such 

as the puckering of cephalopod skin to resemble coral or kelp.3 The incorporation of stimuli-

responsive shape-changing materials into our color-changing swimmers presents a next step in this 

direction. Shape memory alloys (SMA) for robotics or biomedical devices and shape memory 

polymers (SMP) with 4 or more arbitrary deformation states utilized as smart hinges or grippers 

can be integrated into the design of our swimmers and combined with the color-changing ability 

further enhance their camouflage ability or modify motion.51-56 In addition, the printing of the color 

dyes can be coupled with stress-enduring inks57 to impart the stretchability necessary for such 

shape-deformed swimmers. 



 

24 

 

Additionally, the potential of multi-stimuli responsive swimmers can be recognized in 

automatic identification and data capture (AIDC) for identification and information relay purposes. 

Even a simple barcode pattern can yield a large number of unique codes in accordance with nm-1, 

where n is the number of stripe widths and m is the number of distinguishable (color) components.58 

Swimmers can thus be easily fabricated to become mobile barcodes with an expanded library code 

since not only can their geometrical pattern be controlled, but also the trigger which changes their 

coloration and even their speed, leading to a vast number of unique configurations.  

Despite the potential advantages of these swimmers outlined above, a critical look at the 

limitations and remaining challenges must be undertaken. Currently, the propulsion is random and 

not directed which can hinder practical applications. The incorporation of navigation strategies, 

such as proposed magnetic elements for magnetic guidance field direction or regulating the bubble 

tail will be a topic of further exploration. Secondly, a transition to less toxic and more 

environmentally available fuels will be necessary to reduce the dependence on H2O2 fuel. Next, 

while motion enables coverage of large areas and interaction with large sample volumes, the 

swimmer will propel until it runs out of fuel, thus necessitating adaptive operations with switching 

between motion and rest states based on the specific environment or task.  Finally, as these 

swimmers are expected to mimic their biological counterparts, a more advanced “sense and 

respond” closed-loop system should be devised.  

2.1.5 Conclusions 

In summary, we presented a multi-stimuli responsive camouflage swimmer strategy which 

features unique advantages and enables these swimmers to sense and respond to their 

environments. Firstly, our color-changing swimmers can move autonomously in solution and are 

decoupled from tethered supports which plague most color-changing soft robots. The movement 
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enables swimmers to sense a large portion of the environment faster. Second, due to the versatility 

of our fabrication strategy, a vast variety of patterns and shapes can be made, complying with 

numerous backgrounds. Third, this autonomous color-changing strategy relies on environmental 

cues rather than direct human involvement. Fourth, our swimmers exhibit reversibility of color and 

stability after 5 rounds of color cycling. Finally, they display color changing based on multiple 

stimuli, including temperature, pH and light, which can be mixed to form multiplexed multi-stimuli 

responsive swimmers. Dynamically changing environments, such as hydrothermal vents, industrial 

runoff streams, water reservoirs after acid rain or spill, or changing chemical reactors, can be 

envisioned where multi-stimuli responsive swimmers could be employed for monitoring and 

warning of hazardous conditions. However, before such practical applications can be realized the 

remaining limitations and challenges mentioned above must be addressed. Thus, our versatile 

fabrication strategy and library of stimuli-responsive materials present a step towards autonomous, 

untethered, and color-changing behavior for the next generation of smart robots.  

Chapter 2.1 is based, in part, on the material as it appears in Chemistry of Materials, 2018, 

by Emil Karshalev, Rajan Kumar, Itthipon Jeerapan, Roxanne Castillo, Isaac Campos, and Joseph 

Wang. The dissertation author was the primary investigator and author of this paper. 
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2.2 Swimmers that regain their shape and motion after severe damage 

2.2.1 Introduction 

 Self-healing is an essential property of living organisms and a major challenge for artificial 

systems and thus the development of effective repair strategies is of tremendous interest. Recently, 

small- and micro-scale robots have been developed towards a broad range of applications, ranging 

from environmental and security remediation, sensing applications or biomedical drug-delivery 

and surgery applications.1-8 It is envisioned that these tiny machines are released into harsh 

environments where multiple hazards can lead to structural damage, resulting in catastrophic 

failure and cessation of the motion and operation. Traditional rigid, metal-based robots are 

composed of an array of replaceable parts and do not suffer the limitations of softer polymeric or 

hydrogel actuators. The latter are vulnerable to damage because of low tear strength and propensity 

for crack growth.9-12 Thus, the ability to self-heal becomes important. Optimal self-healing 

strategies require recombination to occur autonomously without user input or additional external 

triggers, which is in contradiction with traditional temperature or light-based chemical healing 

approaches. Additionally, damage can occur in the same place more than once, requiring healing 

strategies for such repetitive damage under the dynamically changing conditions encountered with 

motile robots.   

One current self-healing strategy features a soft electronic skin that can sustain large 

mechanical deformation due to the formation of liquid metal frameworks within a silicone 

elastomer but once the material is damaged and depleted there is no way to recombine it.13 More 

closely resembling an appendage, Acome et al. designed hydraulically amplified self-healing 

electrostatic (HASEL) actuators which can easily regain their actuation performance even after 50 

dielectric breakdown cycles.14 The nature of the liquid dielectric prevents permanent damage 
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through dielectric breakdown but comes at the price of diminished performance. Another self-

healing strategy for soft robotics utilizing a robotic gripper relies on the thermoreversible Diels-

Alder reaction to close cracks and punctures; yet it is not autonomous and requires the application 

of an external stimulus (temperature) over extended periods (minutes to days).9,10 Smaller scale 

robotic systems utilized magnetic interactions to assemble robots into various shapes with a high 

degree of control.15-17 However, these strategies require extensive human involvement with 

continuous manipulation of multiple magnetic coils and fluidic channel flows, are not explicitly 

for self-healing and are only concerned with assembly on very small length scales. Another major 

concern regarding existing self-healing strategies (based on different chemical and physical 

principles) is the inability to heal under different scenarios. For example, strategies involving 

chemical bonding and capsule based systems are easily affected by ambient conditions, limiting 

the healing behavior in single site and making them not suitable for healing in harsh 

environments.18 Additionally, these strategies experience limitations at shorter timescales as the 

healing must occur ‘on-the-fly’, or over many damage cycles in the same location.  

Herein, we present an autonomous ‘on-the-fly’ recombination approach for small-scale 

chemically-powered swimmers. Designed for active operation, our swimmers are autonomously 

propelled, highlighting their unique ability to repair while in motion. Movement is achieved by the 

catalytic decomposition of a peroxide fuel at the catalytic platinum (Pt) surface that generates an 

oxygen bubble thrust.19-21 The self-healing swimmer (SHS) utilizes strong magnetic interactions to 

recover its swimming function. Such healing strategy is autonomous and can recover the structure 

of the swimmer instantaneously even after being broken catastrophically into multiple pieces. The 

built-in magnetic torque aligns and attracts the damaged pieces without user input or additional 

external triggers. Additionally, the geometrical design of the swimmer, particularly the alignment 
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of the magnetic layer, enables a high healing efficiency, with 88% recovery efficiency of the initial 

structure based on all healing events. In this work we investigate the importance of the alignment 

of the magnetic particles responsible for recombination of damaged pieces, assess the behavior of 

the swimmers before and after healing, evaluate the healing efficiency of different magnetic healing 

strip designs and different cut positions with the goal of establishing some design parameters and 

evaluating the practicality of such a magnetic based self-healing strategy. 

Magnetic properties are attractive for such healing behavior as they are not readily inhibited 

by environmental conditions. While magnetic self-healing strategies using iron-oxide particles 

have been developed before they have not been applied to robotics or as a standalone self-healing 

mechanism but usually in connection to hydrogel or polymeric healing materials.22,23 However, the 

incorporation of strongly magnetic Nd2Fe14B microparticles has been reported as an effective 

strategy to heal printed electronic devices.24 The self-healing magnetic layer is incorporated in the 

form of a strip, or several strips, within the main body of the catalytic swimmer. After suffering 

critical damage, the SHS is split into multiple pieces, some of which are static and some (containing 

the catalytic tail) are active and moving. The active piece continues to propel itself while the 

magnetic attraction between all separated pieces containing the magnetic strip, enables strong and 

lasting reattachment and recovery of the initial structure and of the original propulsion behavior. 

Additionally, due to the intrinsic self-healing characteristics of the magnetic layer the system relies 

solely on physical attraction where permanently magnetic particles attract each other, making the 

healing process automatic, reliable and rapid, without operator involvement and uninhibited by 

different ambient conditions. Furthermore, self-healing of the swimmer can occur at the same place 

numerous times as no other healing component is utilized but the magnetic interaction. Rational 

design of the geometry, alignment of the magnetic particles, and orientation of the magnetic strips 



 

33 

 

enables ‘on-the-fly’ healing behavior and reduces asymmetrical healing. Additionally, the 

movement of the swimmer can bring separated pieces together despite large distances more than 5 

times the size of the swimmer. This is superior to previous strategies for static magnetic healing 

systems which provide healing only for separations smaller than 3 mm.24 With these attractive 

advantages in mind, the developed SHSs may open the door to future autonomous self-healing 

robotic platforms for a variety of applications. 

2.2.2 Experimental section 

Fabrication of SHSs: The fabrication process was comprised of printing various functional inks. 

The components of the swimmer body and tail were designed in AutoCAD (Autodesk, San Rafael, 

CA) and used as patterns in the 12″ × 12″ stainless steel stencils (Metal Etch Services, San Marcos, 

CA). A temporary tattoo paper sheet (Papilio, HPS LLC, Rhome, TX), precoated with a water-

soluble adhesive, served as the substrate for the printing process. A typical SHS included the 

printing of three layers using an MPM SPM semi-automatic screen printer (Speed-line 

Technologies). First, the conductive layer from graphite ink (E3449, Ercon, Inc., Wareham, MA) 

was printed in the shape of the swimmer and cured at 60 °C in an oven. This conductive layer 

enabled subsequent electrodeposition of Pt on the tail to enable propulsion. Next, three consecutive 

layers of a hydrophobic, rigid layer was printed. The hydrophobic layer consists of 30 wt% solution 

of polystyrene-polymethylmethacrylate copolymer (Aldrich, St. Louis, MO) in toluene with 5 wt% 

aerogel particles (<20 μm, Jios Chemicals, South Korea). Lastly, magnetic Nd2Fe14B powder was 

obtained following previously reported protocols.24 Fabrication of the magnetic ink consisted of 

preparing a 30 wt% dispersion of magnetic powder in polymeric insulator ink (Dupont 5036, 

Dupont, Wilmington, DE). In order to align the magnetic particles, the SHS was exposed to a strong 

magnetic field using a commercial magnet (CMS Magnetics). 
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Deposition of Catalytic Pt: Swimmers were removed from the tattoo paper substrates by soaking 

them in water for 30 s and then sliding the SHS off the edge of the substrate. Next, SHSs were 

subjected to an electrochemical deposition of a Pt layer on their tail using a commercial Pt plating 

solution (Technic Inc., Anaheim, CA) in a standard three-electrode setup. The carbon tail of the 

swimmer served as the working electrode, while a Pt wire and Ag/AgCl (1 M KCl) served as the 

counter and reference electrodes, respectively. The galvanostatic deposition of Pt was performed 

on a μ-Autolab potentiostat (Metrohm Autolab B. V., Netherlands) at −2 mA for 20, 60 or 120 s. 

Swimming and Self-Healing: Self-healing swimmers were tested inside a 150 mm diameter Petri 

dish filled with 70 mL of 15% H2O2 solution. A camera mounted on a tripod was placed above the 

Petri dish to record videos of the swimming and healing processes. Damage to the SHSs was 

introduced with a blade and the SHS pieces were placed back into the solution in opposite sides of 

the Petri dish and left to autonomously heal.  

Magnetic Hysteresis and Field Distribution Measurement: A Quantum Design Versalab with a 

VSM attachment was used to measure the magnetic hysteresis of the SHSs. Printed magnetic strips 

were measured at room temperature (300K) with an applied field sweeping from -30 to 30 kOe. 

Each strip was measured in two orientations which were perpendicular to each other (hereafter 

designated as D1 and D2). The direction D1 denotes the orientation perpendicular to the magnetic 

alignment inside the strip while D2 denotes the orientation parallel to the magnetic alignment in 

the strip. 

Measurements of the actual field distribution around an SHS were performed with a Lakeshore 

Model 425 Gauss meter and probe. An area of 35 × 40 mm was separated into a 7 × 8 grid with an 

individual box size of 5 × 5 mm. The SHS was placed in the middle of the grid and at each grid 

box the value of the magnetic field was measured to produce a field distribution map.  
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Equipment: Videos were taken on a Nikon D7000 camera with a Micro Nikon 40 mm lens mounted 

on a tripod. The resulting videos were analyzed with Nikon Elements AR 3.2 tracking software.  

Statistical Analysis: All quantitative values were presented as means ± SD. All experiments were 

performed for at least three independent repeats. 

Magnetic Force Model: To gain a better understanding of the magnetic forces and how they vary 

with distance and magnetic strip separation we developed an analytical model (corresponds to Fig 

2.2.3E). The separated strips behave as two permanent magnets with lengths L1 and L2 and L=L1 + 

L2. We define the fraction x=L1/L as the fraction of the strip that contains all or part of the tail. A 

magnetic strip on a self-healing swimmer has a typical length L=20 mm, a width of l=2.5 mm and 

thickness of t=0.270 mm. Using the width as a length scale, t/l∼Θ (10−1) we can approximate the 

magnetic bars as two-dimensional objects. Using the method of magnetic pole strength and 

approximating the bars as 2D rectangles we obtain the magnetic force between the strips (Equation 

1) 

𝐹𝑚(𝐿1, 𝐿2) = 𝑓(𝐿1 + 𝑑) +  𝑓(𝐿2 + 𝑑) −  𝑓(𝐿 + 𝑑) −  𝑓(𝑑)      (1) 

with 𝑓(𝑥) =  
𝜇0

2𝜋
(𝑡𝑀)2 [√1 + (𝑙

𝑥⁄ )2 − 1] where µ0 = 4π×10−7 H/m is the vacuum permeability, 

t is the thickness of the magnetic strip, l is the width of the magnetic strip, and M is the 

magnetization density. Defining the force scale as 𝐹∗ =  [
𝜇0

2𝜋
(𝑡𝑀)2], the dimensionless force 

between the bars  �̃�𝑚 =  
𝐹𝑚

𝐹∗⁄  is plotted vs the dimensionless distance (𝑑/𝑙) for different cut 

positions (x) and an aspect ratios of the magnetic strips L/l = 8 as it corresponds to a Model 1 

swimmer (where d is the separation distance between the magnetic strips). As the plots shows, the 

maximum attraction force happens when the magnetic strip parts into two equal segments (x=0.5). 
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Also, the force increases upon increasing the swimmer size, and for a very long swimmer (L≫l) 

we reach the asymptotic value of �̃�~1 −  √1 + (𝑙
𝑑⁄ )

2

~𝑑−4 which is the magnetic force between 

two point dipoles. The force between the magnetic strips drop rapidly as a function of distance 

between the nearest poles. Thus, one of the main roles of magnetic attraction in the self-healing 

process is the alignment of the orientation of the magnetic strips to facilitate ‘on-the-fly’ healing. 

Simulation of the magnetic torque towards alignment in different scenarios: COMSOL 

Multiphysics 5.2 software with the AC/DC>Magnetic Fields, no Currents (mfnc) module was 

chosen along with a two-dimensional Stationary Study. The study was focusing on the magnetic 

interactions between the two magnetic strips comprising the swimmers in order to deduce trends 

of the magnetic forces and of magnetic torques for various positions of the stripes (varying distance 

and orientation between them). The two magnetic strips were modeled as 2 identical rectangles 

made out of Nd2Fe14B, in a surrounding disk of air. The first strip had a fixed position in the center 

of the geometry while the latter one was positioned in a half-disk around the first one where their 

poles could face each other Figure 2.2.4A. Precaution should be taken using COMSOL for such 

model and one should consider the effects of boundary conditions, the appearance of numerical 

noise and the impact of the meshing. The dimensions of the circle of air were set to 100 times larger 

than the length of the stipes to prevent boundary conditions from affecting the magnetic field. The 

meshing has been tuned to be extremely fine on the stripes, fine in a 2-meters circle surrounding 

the swimmers and coarse over 2 meters. Finally, as the theory assures that the magnetic forces 

applied from one magnet to another are equal, we computed the numerical noise as the relative 

difference between the two forces and tuned the meshing to make sure that this noise would not 

exceed 5% in the range of the positions we used. The relative magnetic permeability of the stripes 

has been set to 1.05 and the magnetization to 468 kA/m (Figure 2.2.2B) along their length. The 
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magnetic torque has been computed on the center of mass of the moving strip. Positions have been 

chosen to describe the behavior of the mobile magnet from -80° to + 80° around the immobilized 

magnet (φ), from -80° to + 80° around its center of mass (θ) and the distance between them from 

5 mm to 50 mm. 

 

2.2.3 Fabrication and operation of SHSs 

 

Figure 2.2.1. Autonomous ‘on-the-fly’ self-healing of magnetic-based SHS. (A) Fabrication 

process of a SHS. (B) Diagram of a swimmer propelling in solution, experiencing extensive 

damage, and self-healing based on magnetic attraction. (C) Time-lapse images of a damaged 

swimmer healing over the course of 1.6 s. D) Image of a pristine SHS on a dry surface. (E) Image 

of a swimmer damaged at the tail. (F) Image of the healed swimmer. (G) Images of a SHS damaged 

into three distinct pieces: head, (H), body (B) and tail (T). (H) Image of the healed tail and body. 

(I) Image of the completely healed swimmer. (J) Image of a healed swimmer suspended vertically 

while maintaining its integrity. 
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Self-healing swimmers were fabricated using a versatile screen-printing technique where 

multiple functional layers are printed on top of each other. The multi-step fabrication process is 

presented in Figure 2.2.1A. The main structure of the SHS features 3 layers: the conductive bottom 

layer, the rigid and hydrophobic middle layer and the top magnetic layer. After fabrication and 

release from the substrate, the SHSs are endowed with a catalytic propulsion capability by 

electrodeposition of Pt on their tail section for which the conductive bottom layer is necessary. The 

rigid hydrophobic middle layer is utilized to prevent the swimmer from sinking or becoming floppy 

and hence ensuring strong swimming. The top magnetic strips enable the self-recombination 

following structural damage. The multi-layer structure thus enables the functionality of various 

materials into one swimmer. 

A schematic of the self-healing process of a typical swimmer is shown in Figure 2.2.1B. 

Initially, a pristine (non-damaged) SHS swims autonomously until it is damaged (separated into 

multiple pieces simulating brittle fracture due to the rigid and brittle nature of the conductive and 

hydrophilic layers). As the self-propelling tail portion of the SHS travels around it is attracted to 

the static body piece (upon approaching it) due to the strong magnetic interactions of the magnetic 

strips until recombination occurs. The self-healed swimmer then restores the swimming in a 

manner similar to the pristine SHS. The proposed mechanism is first shown outside of solution (no 

motion) with a model 1 SHS (1 magnetic stripe through the middle). Figure 2.2.1C shows the non-

damaged swimmer. Next, the tail is detached from the body (Figure 2.2.1D). Finally, the tail 

reattaches to its body confirming the strong magnetic attraction. The healed SHS is shown in Figure 

2.2.1E. The time-lapse images of Figure 2.2.1F show a damaged SHS, illustrating the reorientation 

and reattachment of the moving tail to its complementary static piece. At a large enough separation, 

the swimmer pieces do not feel each other as the magnetic attractive force is distance dependent 
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(Fm ∝ 1/r4). However, as the tail gets closer, the attractive magnetic force realigns the pieces so 

that the built-in movement brings them together and repair can occur autonomously. Thus, healing 

is partially reliant on the size of the swimming vessel. Since the magnetic force falls off rapidly 

with distance it can only bring and align damaged portions of the SHS at distances around 50 mm. 

Accordingly, the SHS must come into each other’s vicinity by random propulsion before the 

magnetic force can align and join them. Hence, increasing vessel size increases the time for healing 

to occur. The exact distance dependence of the magnetic force and the distribution of the magnetic 

field around a swimmer have a profound effect upon the overall healing behavior and are discussed 

in detail in the following sections. The versatility of the healing strategy is shown in Figure 2.2.1G 

where a SHS is cut into 3 pieces, named T, B and H for tail, body and head, respectively. 

Additionally, the cut between the B and H sections was done at an oblique angle to test the 

versatility of the healing process. Following swimming of the T section for a few seconds it was 

attracted and reattached to the B, whereby the combined T+B structure restored its motion (Figure 

2.2.1H). As this T+B portion continued its movement, it was attracted to the remaining H, resulting 

in complete recovery of the original SHS structure which continued to swim like the original 

pristine SHS (Figure 2.2.1I). Although, recombination is possible with even more cuts, the 

probability that the process will be in the correct order and with correct alignment diminishes with 

more cuts. Finally, to showcase the strength of the healing process the recovered swimmer is hung 

vertically in Figure 2.2.1J, demonstrating that the magnetic force can hold the 3 pieces together 

against the forces of gravity. 
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2.2.4 Characterization of the magnetic behavior of SHSs 

 
Figure 2.2.2. Assessment of the magnetic behavior of SHSs. (A) Image of a model 1 SHS. Inset 

represents topographical image of the magnetic strip of the SHS. Heat map is in μm. (B) Magnetic 

hysteresis loop of a magnetic strip perpendicular (D1, red) and parallel to the alignment axis (D2, 

blue). (C) Representation of the magnetic field around a SHS during a healing event. (D) Grid of 

magnetic field measurement around a model 1 SHS. Heat map is in Gauss. (E) Grid of magnetic 

field measurement around a model 1U SHS. Heat map is in Gauss. (F) Magnetic flux as a function 

of separation distance for model 1 and model 1U SHSs. Inset shows a magnification of the region 

from 3 to 2 cm. 

 

Full realization of such ‘on-the-fly’ healing behavior requires a deeper understanding of the 

magnetic fields and forces around each piece of the damaged swimmer. The nature of the magnetic 

interactions within the self-healing strips is crucial for the successful reattachment of damaged 

swimmers. A typical model 1 swimmer with a focus on the magnetic strip is shown in Figure 
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2.2.2A. The topography of the strip was assessed via 3D light microscopy. As mentioned, the 

magnetic strip is printed in the presence of a strong external magnetic field in order to align the 

magnetic particles. The parallel grooves seen in the topographical image reconstruction attest to 

the alignment of the constituent magnetic particles. 

Next, the magnetic strip was subjected to a magnetic hysteresis test to quantitatively assess 

the alignment of the magnetic dipoles within the strip. The normalized (M/Ms) hysteresis loops 

(Figure 2.2.2B) show typical hard magnetic behavior, with high magnetic remanence (Mr) and 

magnetic coercivity, Hc. The magnetic saturation (Ms) of the strip was ~ 87 emu/g, along with a 

magnetic coercivity, Hc, of ~2.5 kOe and a highest Mr of 61.48 emu/g. Importantly, the curves 

reveal clear alignment of the magnetic materials in the SHSs. The red trace (D1, alignment 

perpendicular to the magnetic field) has a Mr/Ms ratio of 0.53 while the blue trace (D2, alignment 

parallel to the magnetic field) exhibits a Mr/Ms of 0.74. Typically, in well-aligned samples, there 

is a clear directional dependence of the magnetic properties, reminiscent of highly anisotropic 

magnetic materials.25,26 A Mr/Ms ~ 0.5 is typical of randomly oriented material while a high 

(Mr/Ms > 0.5) is indicative of well aligned magnetic material. The high Mr/Ms ratio (0.74) in the 

D2 direction clearly shows that the magnetic particles are well aligned along the long axis of the 

strip.  

Analysis of self-healing videos provide a direct representation of the magnetic field around 

a swimmer or parts of a swimmer (Figure 2.2.2C). Based on the orientation of the magnetic field 

lines it is clear that model 1 SHS magnetic strips acts as dipole permanent magnets even when 

separated. As the mobile tail approaches the static swimmer piece, the magnetic fields overlap until 

the self-healing process restores the initial structure. Finally, the overlap of the magnetic fields 

produces only one magnetic dipole, confirming the structural integrity of the swimmer. 
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Next, the magnetic field strength was verified with a handheld Gauss meter. The heat map 

grid of Figure 2.2.2D illustrates the concentration of magnetic flux along the body and surroundings 

of a model 1 SHS whose strip has been aligned with a strong magnetic field. Due to the magnetic 

alignment the SHS exhibits stronger field values compared to an unaligned SHS (model 1U) 

(Figure 2.2.2E). Note that the highest field values are recorded at the head and tail of the swimmer, 

affirming that the dispersion of magnetic particles and the alignment make the strip act as a bar 

magnet. Without being exposed to a magnetic field alignment, the magnetic particles within the 

self-healing layer of model 1U are oriented randomly and exhibit diminished magnetic behavior. 

Since motion is crucial to this system it is very important to characterize the maximum range of 

the magnetic flux in the system. Figure 2.2.2F illustrates how the magnetic flux diminishes with 

distance for model 1 and 1U swimmers. The former displays strong magnetic flux at larger 

distances, realized by aligning the particles during fabrication. Despite the approach of the active 

tail to the passive piece and the physical contact of the 2 pieces, there is no lasting attraction and 

hence no structural recovery, confirming the crucial importance of magnetic alignment during 

fabrication. 
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2.2.5 Effect of the damage position on healing behavior and efficiency 

 
Figure 2.2.3. Influence of the damage position upon the propulsion behavior. A) Diagram of 

some possible damage positions along the SHS: damage close to the tail (case i), halfway through 

the structure (case ii), and close to the head (case iii). B, C, D) Time-lapse image of a model 1 SHS 

pertaining to cases i, ii, and iii, respectively. E) Plot of the normalized magnetic force as function 

of the dimensionless separation distance for two different cut positions (x=0.1 and 0.5) from an 

analytical model. (F) Propulsion of a pristine (a) and healed (b) SHS with 20 s deposited Pt on the 

tail. Trajectory shows motion over a 4 period. (G) Propulsion of a pristine (a) and healed (b) SHS 

with a 120 s Pt deposition on the tail. Trajectory shows the motion over a 4 s duration. (H) Effect 

of the Pt deposition time upon the speed of the pristine (red) and healed (blue) SHSs. 

 

We investigated the self-healing capabilities as a function of the damage location using 

model 1 SHSs. We studied three different cases (Figure 2.2.3A). Case i features a cut 7 mm away 

from the tail end of the swimmer. Case ii features a cut exactly in the middle of the swimmer, while 
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case iii corresponds to damage 6 mm away from the front of the SHS. Additionally, to evaluate the 

healing effectiveness of the model 1 SHS based on the damage position we define a healing 

efficiency (HE) as the number of times the swimmer has successfully and autonomously healed, 

retaining both the pristine structure and initial propulsion, divided by all of the reattachment events  

(𝐻𝐸 =  
𝐻𝑒𝑎𝑙𝑖𝑛𝑔 𝑒𝑣𝑒𝑛𝑡𝑠 𝑤𝑖𝑡ℎ 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑜𝑛 𝑎𝑛𝑑 𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒

𝐴𝑙𝑙 𝑟𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑒𝑣𝑒𝑛𝑡𝑠 
∗  100%). 

We can go further and calculate the overall healing efficiency (OHE) which also takes into account 

the cases when the healing is imperfect (mismatching), while the swimmer retains the propulsion 

capability  

(𝑂𝐻𝐸 =  
𝐻𝑒𝑎𝑙𝑖𝑛𝑔 𝑒𝑣𝑒𝑛𝑡𝑠 𝑤𝑖𝑡ℎ 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑜𝑛 𝑎𝑛𝑑 𝑚𝑖𝑠𝑚𝑎𝑡𝑐ℎ𝑒𝑑 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒

𝐴𝑙𝑙 𝑟𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑒𝑣𝑒𝑛𝑡𝑠 
∗  100%). 

Finally, the remaining healing events feature a reattachment with large structural mismatch and 

loss of the autonomous motion (SHS is spinning or stuck on the wall). A real example of case i 

SHS is demonstrated in Figure 2.2.3B. In this case, the passive body is large relative to the mobile 

tail and does not rotate to match the self-propelling tail because of its size and weight. On the other 

hand, the tail moves rapidly, fixing itself to the body and reattaching easily. Case i exhibits a HE 

of 88% with an OHE of 94%. For case ii, both pieces exhibit some rotation and alignment as their 

respective sizes are very similar (Figure 2.2.3C). Case ii demonstrates a HE and OHE of 86%, 

demonstrating that the size of the passive and active portions of the swimmer affect the healing 

process. In case iii, the smaller head has a higher propensity to change its direction and align to the 

magnetic field of the larger propelling tail-containing body (Fig 2.2.3D). Yet, at the same time the 

propulsion force of the catalytic propulsion overcomes the magnetic force, affecting the healing 

capability of the body, leading to diminished healing capability, indicated by a HE of 58% and 

OHE of 71%. Furthermore, we compared these results with predictions of the magnetic force 
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between the magnetic strips of a damaged swimmer from an analytical. As expected, the force falls 

off rapidly with separation distance according to �̃�~𝑑−4. More interestingly, the magnetic force 

depends on the position of the cut (denoted by x). With smaller x (larger size difference between 

the two damaged pieces) the force is smaller, suggesting lower healing ability. However, as noted 

above, the healing behavior depends not only on the magnetic force but also upon the propulsion 

behavior and relative size of the swimmers.  

 
Figure 2.2.4 Simulation of the magnetic torque towards alignment in different scenarios. (A) 

Schematic representation of the orientations a damaged swimmer can assume depending on the 

rotation angle (θ), approach angle (φ), and distance (D). Normalized torque as a function of the 

rotation and approach angles for small (B), medium (C), and large (D) distances. 
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To investigate this further, we performed simulations of the magnetic torque of the 

swimmers in many orientations and distances away from each other (Figure 2.2.4). Here, we 

refrained from adding the dynamic motion of the tail sections to remove temporal changes and 

elucidate the aligning nature of the magnetic interaction. We chose to look at torque because this 

quantity is directly responsible for the rotation and alignment of magnetic strips at various 

orientations. At small distances (5 mm) the torque increases as the rotation of the mobile strip 

grows more perpendicular to the stationary one. This is expected as the more misaligned 

(perpendicular) the strips are the larger the torque will be to bring them back to alignment. 

However, upon increasing the distance between the strips (20 and 50 mm) the torque assumes a 

maximum before the perpendicular case, suggesting that the alignment is preferred at smaller 

rotation angles (θ). Additionally, when the approach angle is large (φ) the torque is higher for 

virtually all cases, suggesting that the susceptibility for alignment is stronger on the periphery of 

the half-disk described by φ. Conceptually, it makes sense that the torque is low at low angles of φ 

and θ as the strips are already nearly aligned, suggesting high probability of healing. With more 

misalignment the torque is higher, meaning an induced rotation of the swimmer will occur to align 

them and produce recombination. Finally, at large values of θ, φ and D the torque will surpass a 

maximum and decrease, suggesting that beyond these points self-healing is more unlikely. Overall, 

the data of Figure 2.2.4 suggest that the magnetic torque will most likely align damaged pieces at 

all orientations at short distances while at large distances the orientations which will lead to healing 

become more restricted. 

Additionally, we investigated the effect of the SHS speed on the self-healing behavior. For this 

purpose, SHSs with different speeds were prepared by electroplating different amounts of Pt (using 

20 or 120 s deposition; 60 s used in all other experiments). Figure 2.2.3F presents an SHS with 20 
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s Pt deposited tail. The trajectory exhibits the motion of the pristine (a) and healed (b) cases over a 

4s period, illustrating a very similar propulsion behavior after healing. For the faster swimmer 

(based on the 120 s Pt plating), the pristine (a) and healed (b) trajectories show little variation 

(Figure 2.2.3G). Finally, we compared the speed of all three Pt deposition examples for the pristine 

and healed cases. A very small difference between the speed of the pristine and healed swimmers 

is observed for these different catalytic swimmers, with the speed of healed swimmers being 

slightly lower compared to the pristine ones (Figure 2.2.3H; a vs b). 

2.2.6 Effect of magnetic strip configuration on healing behavior and efficiency 

 
Figure 2.2.5. Healing behavior of different magnetic strip configurations. (A) Model 1 SHS: 

schematic (a), visual representation of the magnetic field lines (b), zoom-in image (c), and images 

of damaged, approaching and healed states (d). (B) Model 2 SHS: schematic (a), visual 

representation of the magnetic field lines (b), zoom-in image (c), and images of damaged, 

approaching and healed states (d). (C) Model 3 SHS: schematic (a), visual representation of the 

magnetic field lines (b), zoom-in image (c), and images of damaged, approaching and healed states 

(d).  

 

Assessing the healing behavior of different magnetic configurations is an important step 

towards optimizing the healing process and configuring this strategy for various applications. 

Figure 2.2.5A showcases the schematic (a) of a model 1 SHS. Additionally, we provide a visual 
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representation of the magnetic field lines around each swimmer to aid in understanding the healing 

behavior (b) and an image of the swimmer (c). Furthermore, we show images of the self-healing 

process. For a model 1 (damaged in the middle) the propelling tail easily finds its complementary 

passive section, reattaches and with the healed swimmer continues to move similar to the pristine 

version (c). A similar behavior is observed for the two-strip (model 2) swimmer (Figure 2.2.5B). 

Compared to model 1, a model 2 SHS demonstrates a HE of 49% and OHE of 69%. Thus, the two-

strip configuration is not as effective as model 1. The larger difference between the HE and OHE 

indicates that there is a large number of imperfect healing events. This can be attributed to the 

larger surface that multiple strips cover. Using the same magnetic alignment, model 3 SHS also 

presented effective healing after being damaged in the middle (Figure 2.2.5C), exhibiting a HE of 

41% and OHE of 63%. For model 3, the magnetic healing surface is spread out over a larger area 

preventing accurate healing, but still retaining a high percentage of imperfect healing events. At 

the same time, the large area of magnetically-active material may cause the attachment of passive 

pieces to multiple areas of the swimmer besides the specific damaged area. This is supported by 

the representation of the magnetic field around the swimmer models 2 and 3 (b). For example, 

SHSs can exhibits reattachment that is offset or imperfect, noticed particularly for models 2 and 3, 

owing to the larger area of active magnetic material along the cut. Another improper healing even 

occurs when the damaged pieces heal in an incorrect order, such as the cases for models 1 and 2. 

In these examples, the propelling tail may randomly reattach first to the head (instead of the body) 

resulting in undesirable configurations. 
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2.2.7 Conclusions 

The present work demonstrates the first example of a functional small swimmer, capable 

of responding to damage, and restoring its structure autonomously and ’on-the-fly’. The SHSs are 

easy to fabricate without resorting to complex synthetic efforts and offer many benefits for future 

endeavors. These include robust and facile healing, ability to self-repair repeatedly in the same 

location in the absence of external stimuli or user input, independence of environmental conditions, 

and versatility in design. Furthermore, we evaluate the healing performance employing different 

geometries of the magnetic layer showcasing that the magnetic strip concept is adaptable to many 

configurations, depending on the specific application. While the presented swimmer moves on the 

surface of water, we believe this concept can be applied to 3D swimmers moving in bulk fluids. 

For example, the incorporation of a magnetic spine (analogous to our magnetic strip design) could 

provide self-repair capabilities of such innovative platforms, although in this case the fluid 

dynamics and viscosity will play an even bigger role. Such attractive and versatile healing behavior 

paves the way for a new class of autonomous swimmers that can regain their functionality after 

damage.  

Despite these distinct advantages and potential benefits, several challenges must be 

addressed before further practical use. For example, the healing process is still prone to imperfect 

healing events. It is necessary for programmable and intelligent self-healing strategies which 

bypass misaligned or out-of-order recombination to be developed. We envision that adding more 

complexity to these swimming platforms, e.g., by incorporating stimuli-responsive materials, will 

add a basic feedback capability, and impart adaptability to their surrounding environment. As seen 

above, the magnetic interaction can be weak over large distances, hindering the healing in large 

reservoirs and requiring strategies for actively directing swimmers towards a target location or 
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preconcentrating them. Scaling the swimmer up or down provides additional challenges where the 

size of the magnetic portion has to be scaled accordingly with the body. Furthermore, the speed of 

the swimmer must match the size of the container to provide self-recombination at reasonable 

timescales. Additionally, non-toxic fuels must be developed to replace the peroxide fuel used in 

this proof-of-concept study. 

Chapter 2.2 is based, in part, on the material currently in preparation, by Emil Karshalev, 

Cristian Silva-Lopez, Kyle Chan, Jieming Yan, Elodie Sandraz, Mathieu Gallot, Amir Nourhani, 

Javier Garay, and Joseph Wang. The dissertation author was the primary investigator and author 

of this work. 
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2.3 Swimmers that deliver miniature versions of themselves 

2.3.1 Introduction 

The field of robotics has experienced a tremendous growth over the past decade, with 

greatly improved computing power, novel fabrication techniques, advanced soft materials and 

energy storage capabilities. While man‐made structures are becoming smaller, smarter, and more 

lifelike,1-8 they still lack many functions, for example, strong decision‐making or proliferation and 

acting as a “mothership” to release many copies of itself. When thinking about release of a 

functional entity from a man‐made system, the first thing that comes to mind is the release of 

nanoparticles which can easily be loaded into gels, polymers, or so‐called Trojan particles and 

delivered for a variety of applications.9,10 In these cases both the delivered entity and the carrier are 

passive and rely either on diffusion, mixing or precise localization by human operators. Making 

the carrier or the released entity active and capable of self‐locomotion could add an extra capability 

and improve delivery. To this end, Kroupa et al. have fabricated a motile microrocket which serves 

as a “mothership” releasing biodegradable nanoparticles for eventual drug delivery directly to 

cells.11 Conversely, Wu et al. designed a passive carrier platform which released actively propelling 

Mg‐based micromotor toward extended retention in the gastrointestinal tract of mice.12 Finally, 

Kong et al. have developed a small‐scale tube, propelled by the Marangoni effect, which by virtue 

of its motion mechanism, releases titanium oxide‐based micromotors.13 Subsequently, the sample 

chamber was irradiated with UV light which served for both powering the micromotors for active 

propulsion and initiating their organic pollutant degradation reaction. 

Inspired by fascinating examples from the animal kingdom, we present a self‐propelled 

carrier, capable of autonomous motion through its environment while dynamically delivering a 

large number of autonomously miniature replica propellers (MRPs) at preselected times. The 
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propeller and their released MRPs move autonomously by catalytic decomposition of H2O2 by 

active platinum (Pt) at their tail section.14,15 Each carrier holds a set number of MRPs which it 

delivers “on‐the‐fly” at predetermined times by means of a transient sacrificial layer that dissolves 

during its propulsion in the solution. The released MRPs display an immediate motion capability 

and move freely and independently. Such use of sacrificial layers offers autonomous delivery 

ability without external intervention. Careful control and selection of the transient materials allows 

tuning of the release behavior and programmable delivery. A range of transient materials, 

summarized in Table 2.3.1, has been investigated here for fabricating the delivered propellers. 

Among these, the combination of sugar and pullulan can be readily formulated to provide an 

attractive controlled dissolution in the surrounding aqueous environments. The majority of our 

initial delivery studies were thus performed with the sugar‐pullulan system. Subsequently, to 

illustrate controllable and delayed pH‐responsive release of replicas, we utilized pH‐responsive 

methacrylic acid‐based polymers (Eudragit). Additionally, the delivery time window has been 

tailored by tuning the thickness of the transient layer. The influence of the delivery process upon 

the propelling behavior of the carriers and of the self‐propelled copies has been examined. By 

judicious control of the sacrificial materials, stimuli‐responsive behavior is established with pH as 

a common stimulus, to allow considerable extension of the delivery period from minutes to days. 

Finally, we demonstrate multi‐generation propelling systems, capable of delivering a large amount 

of autonomous MRPs, segregated generations, and at different predetermined times. Such 

programmable delivery of the multiple generations of independent propellers relies on the coupling 

of transient layers that respond to different conditions. This new strategy for incorporating 

miniature copies of the original propeller on an artificial carrier, and releasing these MRPs without 

complex programming, external actuation or electrical components, represents an attractive next 

step toward the development artificial and motile structures. 
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Table 2.3.1. Transient materials used as sacrificial layers within this work. 

 

 

 

2.3.2 Experimental section 

Fabrication of Carrier‐MRP Platforms: The fabrication process was comprised of printing various 

functional inks. The components of the propeller body and tail were designed in AutoCAD 

(Autodesk, San Rafael, CA) and used as patterns in the 12 × 12″ stainless steel stencils (Metal Etch 

Services, San Marcos, CA). A temporary tattoo paper sheet (Papilio, HPS LLC, Rhome, TX), 

precoated with a water‐soluble adhesive, served as the substrate for the printing process. A typical 

carrier‐MRP platform included the printing of four layers using an MPM SPM semi‐automatic 

screen printer (Speed‐line Technologies). First, a structural layer from graphite ink (E3449, Ercon, 

Inc., Wareham, MA) was printed in the shape of the propeller and cured at 60 °C in an oven. Next, 

the sacrificial layer was printed. The typical transient ink used was composed of 22% pullulan 

(NutriScience Innovations LLC), 22% sucrose (C & H Sugar Company) in H2O. This ink can be 

stored at 4 °C for one month before mold develops. Next, a colored acrylic layer was printed in the 

shape of the MRPs to aid in the detachment from the sacrificial layer and provide easier 
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visualization using acrylic paint (Liquitex). The subsequent layer is a structural graphite layer in 

the shape of the MRPs. For two generation platforms the process was repeated where the second 

transient layer was applied to the whole carrier surface (excluding the tail). 

For pH‐responsive propellers, the process was identical to the process for pullulan‐sugar based 

carriers except that the sacrificial ink was substituted with L100 or EPO based inks. The 

composition of the L100 ink was 20% sucrose while varying the L100 from 10–20% in H2O and 

of the EPO ink was 20% sucrose while varying the EPO from 10–20% in H2O. 

Deposition of Catalytic Pt: While still on the tattoo paper substrates, the propellers were deposited 

with Pt only on the tails by using an aluminum mask and a Denton 18 sputtering system. The 

deposition was carried out for 10 min at 200 W plasma power and sample rotation at 65 RPM. 

Swimmers were removed from the tattoo paper substrates by gently soaking the backside of the 

paper with water to dissolve the mild adhesive but taking care not to dissolve the sacrificial layer 

on the swimmer. 

Motion and MRP Delivery: Propeller release was tested inside a 150 mm diameter Petri dish filled 

with 70 mL of 15% H2O2 solution. A camera mounted on a tripod was placed above the Petri dish 

to record movies of the motion and delivery processes. 

Equipment: Movies were taken on a Nikon D7000 camera with a Micro Nikon 40 mm lens mounted 

on a tripod. The resulting movies were analyzed with Nikon Elements AR 3.2 tracking software. 

Sacrificial layer film thickness was measured by a Dektak 150 surface profiler with 5 mg stylus 

force. 

Statistical Analysis: All quantitative values were presented as means ± SD. All experiments were 

performed for at least three independent repeats. 
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2.3.3 Carrier-replica design 

 
Figure 2.3.1. Concept of carrier-MRP platform. A) General scheme for the carrier-MRP system 

where the moving carrier delivers multiple smaller self-propelled copies of itself. B) Fabrication 

strategy for carrier releasing systems, including printing of a sacrificial layer on a rigid carbon body 

(i), followed by acrylic layer of the MRPs (ii), carbon layer of the MRPs (iii), and finally the Pt 

deposition on the tails (iv). C) Actual images of the various steps of fabrication. D) Diagram 

showing the carrier and MRPs (the propeller is shown facing up). E) Image of a carrier with loaded 

MRPs moving freely (a) and the subsequent delivery of the first (b) and then a second (c) MRP. 

Colored outlines have been added on top of the swimmers to help their visualization. All 

trajectories are tracked over a 2.5 s period. Scale bar, D) 2 cm. 
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The propeller takes the form of a fish. The general scenario is shown in Figure 2.3.1A. The 

carrier propeller moves through its environment with its offspring which are delivered as a result 

of the dissolution of the sacrificial layer. The successful realization and control of the swimmer 

system requires a critical assessment of potential transient material candidates. Transient materials 

have recently sparked considerable attention in connection to applications in biomedicine, 

disposable electronic devices, skin‐worn devices or patches, and ingestible devices.16-20 

Commonly, these device designs rely on diverse bio and synthetic polymers with tunable 

properties, large‐scale fabrication techniques, and excellent degradability. A large number of 

water‐dissolving polymer films are available as candidates for such transient layers. Among these, 

polyvinyl alcohol, polyacrylic acid, chitosan, silk, starch, cellulose derivatives, and algae‐ and 

yeast‐derived polysaccharides are common options.18-23 Due to its excellent film‐forming 

capabilities, fast dissolution rate, and biodegradable nature, we selected pullulan, a fungal‐derived 

polysaccharide, for the present carrier‐replica swimmer system.24, 25 Pullulan is commonly found 

in the food industry as a biodegradable adhesive, binder, and the main ingredient of rapidly 

dissolving strips for fresh breath. It provides a fast dissolving platform for a tunable transient layer, 

as an attractive base for the release of multiple MRPs. We added plain sugar (sucrose) to improve 

the consistency of the produced film. As will be discussed later, additional transient polymeric 

materials were evaluated to endow a pH responsiveness. We also examined zinc oxide and 

aluminum as two commonly deposited thin‐film sacrificial materials. Both of these are amphoteric 

and can dissolve under low or high pH conditions.26-28 However, when utilized within our 

fabrication and delivery scheme they produced irreproducible release and were disregarded as 

sacrificial layer candidates. 
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Figure 2.3.1B displays the fabrication scheme of the carrier‐MRP platform while real 

images of the propeller after each fabrication step are presented in Figure 2.3.1C. First, a carbon 

ink layer is screen printed to the size of the carrier propeller, followed by printing the sacrificial 

layer only on the body of the carrier, excluding the tail (i). Next, the acrylic layer of the replica is 

printed to facilitate easier release from the carrier (ii). To add rigidity and enhance the propeller, a 

carbon layer is printed on the bodies of the replicas (iv). Last, a catalytic Pt layer is deposited onto 

the tail of all propellers via sputtering with the appropriate mask (iv). The layers are printed in this 

order, since when introduced into the experimental tank the propeller is flipped over, allowing for 

contact with the solution and degradation of the transient layer. Thus, when the MRP propels the 

colored acrylic layer is facing up, which aids in visualization. A schematic of the complete carrier, 

with the MRPs, is shown in Figure 2.3.1D, where the dissolution of the transient sacrificial layer 

enables the autonomous release of the MRPs into solution. While the carrier shown here contains 

six MRPs, the screen‐printing process is versatile to allow varying the size, number and 

configurations of these replica propellers. For characterization of the motion and delivery behavior, 

we mainly use carriers containing nine (named large carrier, 33 × 19 mm) and six (named small 

carrier, 22 × 12 mm) MRPs, although for multi‐generational systems we employ modified carrier‐

MRP designs. An example of the delivery of MRPs is presented experimentally in Figure 2.3.1E. 

Initially, the small carrier propels autonomously in the peroxide fuel solution (a). Within a few 

minutes (usually 5–18 min, depending on size and number of sacrificial layers, discussed later), 

two MRPs are delivered within ≈20 s of each other and start propelling instantaneously, 

autonomously and independently, as highlighted by their tracklines (b and c). The release of mobile 

replicas from a swimming carrier serves here to illustrate the principle of our delivery strategy; yet, 

more complex, higher capacity multi‐generation systems can be realized, as will be illustrated and 

discussed in Figure 2.2.4. 
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2.3.4 Motion and delivery behavior 

 
Figure 2.3.2 Delivery and propelling behavior. A) Sequential images of the propulsion of a large 

carrier before (a), after five (b), and after all nine MRPs (c) are delivered. B) Sequential images of 

the propulsion of a small carrier before (a), after three (b) and after all six MRPs (c) are delivered. 

C) Evolution of speed of a large carrier before (i), after the delivery of three (ii), six (iii), and all 

nine (iv) MRPs. D) Evolution of speed of a small carrier before (i), after two (ii), after four (iii), 

and after all six (iv) MRPs have been delivered. E) Images of the propulsion by MRPs delivered 

from a large (a) and small (b) carrier with respective trajectories. F) Time‐controlled delivery of 

MRPs from a large (purple, top plot) and small carrier (orange, bottom plot) with an increase in 

sacrificial layer thickness. Cartoons correspond to the large and small carriers with a varying 

thickness of sacrificial layers. Colored outlines have been added on top of the propellers to help 

with their visualization. All trajectories are tracked over a 2.5 s duration. Scale bars, 2 cm (A,B,E). 
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With screen printing fabrication, we can easily vary the size of the carriers. One example, 

shown in Figure 2.3.2A, is a large carrier which can house up to nine MRPs (4.5 × 3 mm). As the 

carriers are envisioned to propel autonomously and release the MRPs over different areas and 

timeframes, it is important to investigate their propulsion behaviors. The carrier starts propelling 

through the solution with the associated weight and drag of all the loaded MRPs (a). As the 

sacrificial layer degrades gradually, and replicas are delivered one by one, as shown for the 

release of five (b) and then all nine (c) MRPs. Additionally, the track lines of the carriers increase 

in length during the same 2.5 s window, reflecting the faster speed upon releasing its MRPs. 

Similar release behavior can be seen in the small carriers (Figure 2.3.2B), with the carrier 

propelling autonomously at first (a) and delivering its MRPs (b) and (c). We also quantified the 

behavior of the carriers upon delivery of the MRPs. As illustrated in Figure 2.3.2C (large) and D 

(small), the carrier shows steady increase in its speed upon ejecting its replica. As the carrier is 

introduced into the experimental tank, the catalytic tail starts to react with the peroxide fuel, 

reaching a steady state. As expected, the drag experienced by the carrier, as well as the weight, 

are larger when a large number of MRPs are on its underside. Accordingly, after delivering all of 

its MRPs the carrier reaches its highest speed. However, the increase in speed throughout the 

release is not as drastic for the small carriers, reflecting the smaller width of the carrier and 

smaller number of MRPs which contribute to detrimental drag. However, the time between 

delivered MRPs is not different between different carriers (Figure 2.3.2E). We see this release 

and motion behavior in the three generation systems (shown later in Figure 2.3.4). 

We also tracked the movement of the delivered MRPs. Unlike their carrier, the speed of 

the MRPs does not vary with time. The former reflects the change in weight and especially the 

hydrodynamic profile of the carrier with time. Another difference is the much shorter track lines 
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(slower speeds) experienced by the MRPs, which is attributed to their smaller size and thus being 

affected more strongly by viscosity. We also investigated the ability to control the delivery time 

of the MRPs by tailoring the thickness of the sacrificial layer. This was accomplished by printing 

multiple sacrificial layers (n = 1–5) and monitoring the delivery time using small (orange) and 

large (purple) carriers (Figure 2.3.2F). The delivery time presented here is the average between 

the time when the first and last MRPs are delivered. Both carrier systems show a linear increase 

in the delivery time with the number of sacrificial layers, reflecting the corresponding increase in 

the dissolution time upon increasing the layer thickness. The propulsion is critical for the faster 

release, as compared to static carriers which produce slower delivery and larger time between 

deliveries. 

2.3.5 pH responsive sacrificial layers 

 
Figure 2.3.3. Responsiveness of sacrificial layers. A) Diagram of a carrier‐MRP platform with 

pH‐responsive L100 sacrificial layer (the propellers is shown facing up). B) Dependence of the 

delivery time for a large carrier upon the solution NaHCO3 concentration for a large carrier 

prepared with L100 sacrificial layers of varying concentrations. C) Diagram of a carrier‐MRP 

platform with pH‐responsive EPO sacrificial layer (the propellers is shown facing up). D) 

Dependence of the delivery time upon the acidity for a large carrier prepared with EPO sacrificial 

layers of varying concentrations. 
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The ability to control the delivery of MRPs using sacrificial layers made of different 

responsive materials and for different environments is critical. To this effect, we employ pH‐

responsive enteric coatings to tailor the delivery progress. First, we utilize the methacrylic acid‐

based polymer Eudragit L100 which is soluble above pH 6 (Figure 2.3.3A). In tap water (pH ≈8, 

low ionic carrier concentration), the dissolution of L100 is slow, taking close to 100 h to deliver 9 

MRPs from a 20% L100 sacrificial film while in solutions below pH 6 propellers are not released 

even after a week. Additionally, because of the small thickness of the films, ≈35–50 µm, solution 

penetration to the inner portions of the film is limited, thus exhibiting extended dissolution times. 

However, the delivery time can be greatly reduced with the addition of sodium bicarbonate 

(NaHCO3) (Figure 2.3.3B). The dissolution process is accelerated not only because of the slight 

increase in alkalinity in 20 mm NaHCO3 but mainly because of the neutralization reaction between 

the methacrylic acid moieties on the L100 and the carbonate ion (CO3
2−) and the increased number 

of ionic carriers.29 We see evidence of the neutralization reaction due to the presence of bubbles 

surrounding the MRPs in the absence of Pt or H2O2 fuel. Conversely, we can utilize a transient 

polymer which dissolves in acidic conditions. For this, we used Eudragit EPO which is soluble 

under pH 4 (Figure 2.3.3C) while remaining stable above this value. As seen by the chemical 

structure in Table 2.3.1, the EPO polymer has a tertiary amine, instead of a carboxylic acid, 

endowing it with cationic properties and subsequent protonation at pH lower than four. With 

increasing polymer concentration of the sacrificial films, the release time increases from ≈70 to 

≈120 min for a 10% and 20% EPO propeller at pH 1, respectively (Figure 2.3.3D). The acidity also 

plays a role in sacrificial film dissolution. For example, a 20% EPO propeller sees a decrease in 

delivery time from ≈350 to ≈140 min at pH values of 2 and 1, respectively. 
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2.3.6 Multiple generation carrier-MRP systems 

 

 
Figure 2.3.4. Multigenerational propeller delivery. A) Diagram demonstrating the two-daughter 

generations staggered on top of each other and separated by sacrificial layer, the dissolution of the 

top sacrificial layer, the delivery of the first daughter generation of MRPs, followed by the 

dissolution of the remaining sacrificial layer, and finally the delivery of the second-daughter 

generation of MRPs. B) Sequential images of the propulsion of a large carrier before (a), and after 

the release of a 1st daughter generation (b), and delivery of the 2nd daughter generation delivery 

(c). C) Diagram of a daughter and grand-daughter system. The daughter generation is separated 

from the carrier by a pullulan/sugar sacrificial layer, while the grand-daughter generation is 



 

65 

 

separated from the daughter generation by a L100/sugar sacrificial layer. This sacrificial layer 

dissolves slower compared to pullulan/sugar in the swimming solution (15% H2O2, 5 mM 

NaHCO3). D) Sequential images of the propulsion of a mother carrier with a daughter and grand-

daughter generations before (a), after the daughter generation (b) and after the grand-daughter 

generation (c) are released. Colored outlines have been added on top of the swimmers to help their 

visualization. Scale bar, B, D), 2 cm. 

 

Most animals perform birth of litters. Inspired by this notion, we have endowed a similar 

functionality to our autonomous carrier-MRP systems. Figure 2.3.4A demonstrates the concept of 

multiple generations of fully functional MRPs originating from a single mother carrier. In this 

scenario the two daughter generations are placed directly on top of each other and are separated by 

the pullulan/sugar sacrificial layer that leads to delivery of these MRPs. As the mother carrier 

propels in solution and the topmost sacrificial layer dissolves, the first daughter generation (green, 

4.5 × 3 mm) is delivered. The remaining sacrificial layer, which anchors the second daughter 

generation, continues to dissolve leading to a separate delivery of the second daughter generation 

(red, 4.5 × 3 mm). One such large carrier, holding 18 total MRPs, separated into two generations, 

is shown in Figure 2.3.4B. The carrier can propel on its own before any MRPs are released, albeit 

slower than its one generation counterparts (a). As swimming progresses, the carrier delivers its 

first (b) and second (c) generations sequentially. Similar to the behavior observed for one 

generation systems (Figure 2.3.2), the added weight and increased drag have an effect on the 

swimming capabilities of the mother carrier.  

Based on the knowledge gained in the above sections we have designed carrier-MRP 

platforms with added programmability. For example, combining sacrificial layers which are 

responsive to different conditions gives further control. Such design leads to multi-generation 

swimmer systems, as presented in Figure 2.3.4C. Starting with a large mother carrier as before, the 

released intermediate (daughter, 11 × 7 mm) carrier propels immediately and autonomously and 

eventually delivers another (grand-daughter, 4.5 × 3 mm) generation of propellers. Both 
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generations of the delivered propellers display immediate motion capability and swim freely upon 

their release. The starting structure includes all 3 generations separated by two different sacrificial 

layers. A judicious selection of these sacrificial layers and surrounding solution allows to tailor the 

multi-generation delivery process. The transient layer between the mother and daughter propellers 

is made of pullulan/sugar which dissolves gradually with time under any conditions to release the 

daughter swimmer. This daughter swimmer, however, carries the grand-daughter generation of 

swimmers that are separated by a L100/sugar layer. As was discussed earlier, the dissolution rate 

of the L100 layer depends strongly on the pH or the concentration of NaHCO3. Here we used a 

15% H2O2 solution containing 5 mM NaHCO3 as the propulsion medium. Images of a three 

generational carrier-swimmer system are shown in Figure 2.3.4D. As programmed, the mother 

carrier propels initially by itself while the first (pullulan/sugar) sacrificial layer dissolves (a). This 

releases the first daughter generation of two autonomous propellers within 56 min (b) since the 

beginning of the experiment the L100/sugar sacrificial layer is dissolved slowly due to the low 

NaHCO3 concentration. Finally, ~6 mins after the daughter propellers have been released, the 

grand-daughter generation of swimmers is delivered (c). As seen before the speed of the mother 

varied with the release of subsequent propellers. For the above shown typical 3 generation carrier, 

the mother propels at 18.1 mm/s. After the releasing the 2 daughters and 2 grand-daughters, the 

mother has reduced drag and weight and accelerates to a speed of 28.6 mm/s. Such programmable 

delivery of the first and second generations of autonomous propellers is thus successfully realized 

through judicious selection of the responsive transient materials and of the corresponding solution 

conditions. 
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2.3.7 Conclusions 

We presented the design and fabrication of a carrier‐MRP platform for controlled “on‐the‐

fly” multi‐generational delivery of small‐scale autonomous propellers. These self‐propelled mother 

carriers are capable of autonomously delivering a large number of miniature independent versions 

of themselves at different times. The released MRPs begin to propel immediately after their 

delivery. The successful realization and control of carrier‐MRP systems has been accomplished 

through a critical assessment and judicious selection of potential transient materials. Using the 

resulting knowledge and understanding of MRPs and responsive transient layers, we demonstrated 

multi‐generation propeller systems, capable of delivering a large amount of MRPs (up to 18 from 

one carrier) in segregated generations at different times. Furthermore, prepared by screen printing, 

carrier size and shape can be easily optimized while manufacturing many propellers at extremely 

low costs of about 1–5 cents per carrier platform (thin layers of carbon, acrylic paint, and sacrificial 

polymers). Certainly, this system is not without its limitations. For example, the MRPs cannot be 

scaled down indiscriminately as they become too small for efficient propulsion or motion over a 

large distance with this geometry. The same is true about making the carriers too large as their 

propulsion will slow down considerably. Additionally, the propulsion of our current system is 

based on the Pt‐based decomposition of the peroxide fuel and the subsequent bubble thrust. Greener 

approaches to powering such propellers should be developed. Cheaper and less harmful options, 

such as manganese oxide catalysts or even transient metals such as Mg or Zn, can be utilized as 

propellants in the future. There are numerous transient and sacrificial materials which can be 

utilized, with an even larger variety of chemical, biological, and physical triggers. For example, 

biocatalytic degradation of certain protein films by released enzymes or UV‐light induced 

solubilization of various synthetic polymers only after UV irradiation are just two options. 

Furthermore, instead of sequential release, we can achieve parallel delivery by coating various parts 
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of the carrier with different transient layers. Additionally, changing the shape of the propeller may 

affect its drag profile and thus its motion and possibly the release behavior. Thus, we envision that 

these propellers will find applications in areas such as cleanup and absorption of toxic materials, 

swarming and autonomous propeller studies, and release of bacteria or pathogen‐neutralizing 

agents. In summary, we believe that the new carrier‐MRP platform presented here is important step 

toward the development of multi‐generation releasing propellers and hope that these findings 

stimulate future interests toward realizing bioinspired artificial systems. 

Chapter 2.3 is based, in part, on the material as it appears in Small, 2020, by Emil Karshalev, 

Jieming Yan, Isaac Campos, Elodie Sandraz, Jinxing Li, and Joseph Wang. The dissertation author 

was the primary investigator and author of this paper. 
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Chapter 3. Building and studying transient metal 

micromotors 

3.1 Iron as the active transient material in microrocket design 

3.1.1 Introduction 

Artificial micro/nanomachines capable of moving autonomously in low Reynolds number 

fluids to perform various tasks, ranging from drug delivery and cell separation to environmental 

remediation, have received tremendous attention recently.1-4 In an effort to increase the library of 

available fuel systems beyond the commonly used H2O2,
5-7 several groups have developed active 

metal‐based micromotors which rely on water or acid‐based reactions for propulsion. 

Biocompatible, bubble‐propelled micromotors based on Mg or Zn have proved highly promising.8-

14 In particular, Zn‐based micromotors have demonstrated efficient propulsion in various 

environmental and biological media.12-14 Indeed, acid‐powered microrockets have been the first 

artificial micromotors used in living animals.12 However, short lifetimes and limited ability to carry 

and release large cargo remain persistent challenges for active metal‐based micromotors.2 

Accordingly, additional efforts should be devoted to improving the operational life and cargo‐

carrying capacity of these peroxide‐free chemically powered motors and incorporating new 

functionalities and capabilities into these machines. For example, achieving direction control of 

these micromotors usually requires the incorporation of an additional magnetic component.15-19 

Using common template electrochemical fabrication8, 20 this would involve the introduction of an 

additional ferromagnetic material, such as nickel (Ni).21 Such Ni magnetic layer requires additional 

deposition steps, hampering the fabrication process.21, 22 Unfortunately, the inherent toxicity of Ni, 
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indicated by undesired DNA, cellular membrane or cell damage, may hinder a variety of potential 

applications of such micromotors.23, 24 

In this work, we demonstrate a new all‐in‐one iron‐based microrocket design which is able 

to propel in acidic solution, magnetically navigate predetermined paths, magnetically collect cargo, 

and autonomously release them (by consumption of the iron core), and form various unique 

assembly structures by magnetic interactions. Iron (Fe) has been widely used as a biomedical 

material of choice due to its biocompatibility, low cost, excellent mechanical properties, and high 

tolerated daily intake dose.25, 26 As an essential element in the human body, Fe plays an important 

role in numerous biological processes such as the formation of hemoglobin, maintaining brain 

function and metabolism.25 Similar to other active metals, Fe can react with acids to produce 

hydrogen bubbles, and could thus be employed as a propellant to power micromotors in acidic 

environments via bubble propulsion. More interestingly, Fe possesses intrinsic ferromagnetic 

properties vastly superior to Ni,27 which could be utilized in magnetic guidance in microfluidic 

channels or in bulk solution, for cargo pickup, and even as a trigger for the release of said cargo. 

These favorable characteristics indicate great promise for carrying large cargo and even provide 

assembly of multiple microrockets into complex configurations. Reports on the assembly of 

magnetic particles,28, 29 wires,30, 31 and helices32, 33 by magnetic fields are plentiful, but to the best 

of our knowledge this is the first example of the assembly of bubble‐propelled microrocket via 

magnetic interactions.34 Iron thus provides simultaneously desired acid‐based propulsion activity, 

magnetic navigation, cargo‐loading and release, and motor assembly. 

The new acid‐powered iron‐based micromotor has a cylindrical structure with an inert outer 

polymeric poly(3,4‐ethylenedioxythiophene) (PEDOT) layer, a thin gold (Au) middle layer to 

promote the galvanic corrosion of iron, and a core of varying Fe thickness. The chemical properties 
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of the Fe microrockets allow autonomous movement in acidic media by hydrogen bubble 

propulsion, showing enhanced lifetime and motion control compared to previous Zn‐based 

microrockets. Due to their intrinsic ferromagnetic properties, Fe microrockets can be guided in situ 

to capture a large number of magnetic cargo (corresponding to hundreds of micrograms). Corrosion 

of the multipurpose Fe core in acid leads to an eventual loss of magnetic properties, which is a 

useful responsive switch for autonomous cargo release requiring no additional external stimulus. 

More interestingly, the superior magnetic capabilities of these microrockets can be used toward the 

assembly of microrocket “trains” of various shapes and sizes, highlighting the potential of this 

approach for cooperation between micro/nanosystems. Many of these assembly structures retain 

their propulsion and guidance characteristics. These unique experimental observations are 

supported by theoretical simulations of the distribution of the magnetic field around these rockets. 

Overall, such multipurpose use of iron as propellant and magnetic component in the microrocket 

leads to new functionalities and unique capabilities that simplify the design of artificial 

micro/nanomachines and pave the way to new future applications of these machines. 

3.1.2 Experimental section 

Reagents and Solutions: Boric acid (H3BO3), iron sulfate heptahydrate (FeSO4•7H2O), 3,4‐

ethylenedioxythiophene (EDOT monomer), and sodium dodecyl sulfate (SDS) were purchased 

from Sigma Aldrich. Zinc nitrate hexahydrate (Zn(NO3)2•6H2O), concentrated nitric acid (HNO3), 

potassium nitrate (KNO3), denatured ethyl alcohol, isopropyl alcohol, methylene chloride, and 

Triton X‐100 were obtained from Fisher. Concentrated sulfuric acid (H2SO4) and hydrochloric acid 

(HCl) were supplied by EMD Millipore. MilliQ water (18.2 MΩ cm) was purged with nitrogen gas 

for 10 min and used for the Fe plating solution. All reagents were used as received and without 

further purification. 
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Fabrication of Iron‐Based Microrockets: The PEDOT‐Au‐Fe and PEDOT‐Au‐Zn microrockets 

were prepared using a common template directed electrodeposition protocol. Cyclopore 

polycarbonate membranes (5 µm diameter, Catalog No. 7060‐2513; Whatman, Maidstone, UK) 

were employed as the templates. A 75‐nm‐thick gold film was first sputtered on one side of the 

porous membrane to serve as working electrode using a Denton Discovery 18 sputter coating 

system. The membrane was assembled in the electrochemical plating cell consisting of a custom‐

built Teflon enclosure with the Au sputtered side facing down. A Pt wire and an Ag/AgCl with 1 

M KCl were used as counter and reference electrodes, respectively. Fe microrockets were prepared 

by modifying previously described template electrodeposition protocols.12 The outer PEDOT layer 

was deposited by electropolymerization at +0.80 V for 0.1 C from a plating solution containing 

100 × 10−3 M SDS, 8.5 × 10−3 M KNO3, and 16 × 10−3 M EDOT (shaken for 30 min for complete 

homogenization). Next, Au was deposited at −0.95 V for −0.8 C from a commercial Au plating 

solution (Orotemp 24 RTU Gold Plating Solution, Technic Inc., Anaheim, USA). Finally, Fe was 

deposited for −10.8 C from a solution containing 0.5 M H3BO3 and 1 M FeSO4 (buffered to pH = 

2.5 by H2SO4) for the “dynamic” motors and −1.5 C for the “static” motors. Before each deposition 

a cyclic voltammetry (CV) scan was performed between −0.5 and −1.5 V to ascertain the optimal 

deposition potential, leveraging the iron plating and hydrogen evolution. Typically, this potential 

was found to be between −0.9 and −1 V. Additionally, nitrogen (N2) was bubbled through the Fe 

plating solution to prevent the unwanted oxidation of the Fe(II) to Fe(III). For the control, Zn 

microrockets deposition was performed by depositing the Zn galvanostatically at −6 mA for 1800 

s (final charge is −10.8 C) from a solution containing 0.5 M H3BO3 and 0.3 M Zn(NO3)2 (buffered 

to pH = 2.5 with HNO3). The sputtered gold layer and the overgrown Fe on the same side of the 



 

75 

 

membrane were completely removed by hand polishing with 3–4 µm alumina powder (Inframat 

Advanced Materials Llc., Manchester, CT) using isopropyl alcohol to prevent Fe oxidation. Such 

polishing is commonly used in the template deposition of different types of microrockets.22 The 

membrane was then dissolved in methylene chloride for 30 min to completely release the 

microrockets. These were collected by centrifugation at 7200 rpm for 1.5 min and washed 

repeatedly with isopropyl alcohol and ethyl alcohol, two times of each. All microrockets were 

stored in ethyl alcohol at room temperature. Before usage, the microrockets were washed twice 

with ultrapure water (18.2 MΩ cm). 

Movement and Loss of Magnetic Properties: All the movement experiments were carried out in 

0.5–1.2 M HCl solutions supplemented by 1% Triton X‐100 as surfactant. To magnetize the Fe 

microrockets a permanent neodymium magnet was waved above the drop of solution containing 

the micromotors (3–4 cm) for 5 s. The magnetic guidance and movement control of the Fe 

microrockets were achieved by changing the polarity of the external magnetic field of a neodymium 

magnet by manually rotating it close to the glass slide with the drop containing the microrockets. 

To demonstrate the loss of the magnetic properties of Fe microrockets, 3 µm magnetic beads 

(Spherotech Inc., Lake Forest, IL) were used as indicators. Briefly, 2 µL of Fe microrocket solution 

and 4 µL magnetic bead solution were mixed (magnetic beads were diluted by water 1:200 from 

2.5 wt% bead stock solution) followed by the addition of 2 µL 4 M HCl solution, attaining a final 

concentration of 1 M HCl. Images were recorded after ≈2 min of propulsion and random magnetic 

bead capture by the microrockets. At 1 min intervals the loss of the magnetic properties of the 

microrockets was evaluated by using the neodymium magnet. Once the microrockets and beads 

settled a new image was taken, showing a representative set of microrockets and beads. 
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Equipment: Template electrochemical deposition of microrockets was carried out on a CHI 661D 

(CH Instruments, Austin, TX) or µ‐Autolab (Utrecht, The Netherlands) potentiostat. Acidity of 

plating and reaction solutions was ascertained by a Mettler Toledo Seven Easy (Columbus, OH) 

benchtop pH meter equipped with an Orion 9110DJWP double‐junction pH electrode (Fischer 

Scientific, Waltham, MA). SEM images were obtained with a Phillips XL30 ESEM instrument. 

Videos were captured by an inverted optical microscope (Nikon Instrument Inc., Ti‐S/L100), 

coupled with a 10× or 20× objective and a Hamamatsu digital camera C11440 using the NIS‐

Elements AR 3.2 software. Modeling of the magnetic field and force was performed with 

COMSOL Multiphysics software with the AC/DC Magnetic Field, No Currents (mfnc) module. 

3.1.3 Fabrication and characterization 

 
Figure 3.1.1. Fabrication scheme. A) Fabrication of Fe-based microrockets via a template 

deposition technique, featuring subsequent electrochemical deposition of PEDOT (i), Au (ii) and 

Fe (iii) and release from the template membrane (iv). B) Self-propulsion of a single Fe microrocket 

in acidic environment. C) Self-propulsion of a 2-mer Fe train assembly and D) a 4-mer T-shaped 

train assembly. Red lines indicate the location of the magnetic attachment between individual 

motors. Scale bar for B), C), and D), 15 μm. 
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Iron‐based microrockets are fabricated by a template‐assisted electrodeposition strategy, as 

summarized in Figure 3.1.1A. Each successive layer is deposited into the template micropores of 

a polycarbonate membrane by electropolymerization of PEDOT (i) and plating of Au (ii) and Fe 

(iii). Next, the microrockets are released by dissolving the template (iv). The released Fe 

microrockets demonstrate excellent movement in acidic aqueous environment, with a single 

microrocket propelling with a speed of 38.2 µm s−1, as illustrated in Figure 3.1.1B. Additionally, 

the unique magnetic properties of the Fe component enable a strong magnetic response to an 

external magnetic field, allowing the microrockets to self‐assemble from singular micromotors into 

chain‐like arrays, named “trains.” Figure 3.1.1C displays an example of a 2‐mer train comprised 

of two single Fe microrockets which have stacked end to end. In this case, the hydrodynamic profile 

of the microrocket is retained and the train exhibits a high movement speed of 29.1 µm s−1. Mixing 

together a large number of microrockets can lead to more complex, self‐assembled microstructures, 

as shown in Figure 3.1.1D. In this case, four Fe microckets have assembled in a T‐shaped 

configuration, which is bubble‐propelled by one of the microrocket constituents. Despite its 

increased size and weight this train assembly maintains a speed of 10.2 µm s−1, highlighting the 

robustness of the propulsion mechanism. 
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Figure 3.1.2. SEM/EDX characterization. SEM images of PEDOT-Au-Fe microrocket showing 

(A) a full microrocket and EDX mapping of S, Au and Fe, demonstrating the presence of all 

constituent materials. (B) Zoom-in view of a Fe microrocket demonstrating a full core 

configuration (“dynamic microrocket”), (C) a partially full core configuration (“static 

microrocket”) and (D) a hollow tube structure after reaction of a full microrocket with acid. Scale 

bar for A), 5 μm; for B), C), and D), 1 μm. 

 

The structure and composition of the microrockets are confirmed by scanning electron 

microscopy (SEM) and energy‐dispersive X‐ray spectroscopy (EDX). Figure 3.1.2A features a 

typical structure of a PEDOT‐Au‐Fe microrocket with an apparent closed‐tubular, full‐core 

structure. The EDX analysis reveals a smooth PEDOT layer on the outside, represented by the 

sulfur (S) signal, a thin layer of gold (Au), and the metallic iron (Fe). A zoom‐in image of a 

PEDOT‐Au‐Fe microrocket is shown in Figure 3.1.2B, revealing a completely filled tubular 

structure. Interestingly, in terms of design, this full‐core Fe microrocket presents a different inner 

layer structure than previous metal‐based or catalytic microrockets. For example, peroxide‐

powered catalytic Pt‐based micromotors present a hollow tubular structure.22 Similar open tubular 

structure is common to acid‐driven Zn‐based microrockets, promoting the flow of the acidic 

solution within the rocket body toward hydrogen bubble generation.12, 35 However, the lifetime of 

these hollow structured microrockets is usually short due to the rapid metal‐acid reaction. In the 

present work, the Fe microrockets feature a completely full core, slowing down the consumption 
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of propellant, thus leading to prolonged lifetime compared to previous Zn‐based microrockets. Fe 

microrockets starts bubbling within 2 s after the acid fuel addition and this short delay is attributed 

to the presence of a nonreactive iron oxide surface layer that needs to be removed before the Fe 

metal starts to react. Bubbling starts without an open tube structure as the surface of the Fe core is 

rough enough to support bubble nucleation, while the inner Au layer promotes galvanic corrosion 

and the fast dissolution rate of Fe. These microrockets are named “dynamic” for their ability to 

self‐propel in the presence of acid. We also fabricated partially full core Fe microrockets, as shown 

in Figure 3.1.2C. While retaining magnetic properties these microrockets do not possess the 

necessary amount of Fe to enable strong bubbling and self‐propulsion, and are thus named “static” 

microrockets. These microrockets will constitute the stationary “multiwagons” for the train‐like 

self‐assembly described below. Figure 3.1.2D represents a completely hollow tube structure 

obtained after reaction of the full Fe microrockets with HCl for 20 min, indicating that the Fe core 

has been fully consumed; consequently, the microrocket has lost all magnetic properties. 
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3.1.4 Microrocket propulsion behavior 

 
Figure 3.1.3. Microrocket propulsion. A) Self-propulsion of a single PEDOT-Au-Fe 

microrocket. B) Magnetic guidance of a single microrocket demonstrating a 90° turn and C) an U-

turn. Images in A)-C) were taken at different time intervals. Scale bar for A), B), and C), 15 μm. 

 

The efficient and fast self‐propulsion of a single PEDOT‐Au‐Fe microrocket in 1 M HCl 

solution is demonstrated in Figure 3.1.3A. The Fe reacts with acid violently to release hydrogen 

bubbles, as described by Equation 1: 

Fe + 2HCl → Fe2+ + 2Cl
- + H2                                                         (1) 

The microrocket releases hydrogen bubbles at a frequency of 49 Hz, with an average bubble 

size of 3.3 µm. The released bubbles generate a recoil force on the micromotor, propelling it 

forward with a speed of 44.9 µm s−1. In most cases, bubbling occurs from one side of the 
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microrocket, reflecting the roughening caused by polishing that side during fabrication, which 

provides a more favorable bubble nucleation site. As the reaction proceeds, the active side is 

continually exposed, promoting its corrosion.14 The motion direction of the micromotors can be 

easily guided by an external magnetic field, as a major advantage derived from the micromotor's 

strong and inherent ferromagnetic behavior. Figure 3.1.3B,C displays the time‐lapse images of the 

directed motion of the Fe microrockets in acidic media. These images indicate that the PEDOT‐

Au‐Fe micromotors can be magnetically guided in real time, producing desired trajectories, such 

as 90° turns (Figure 3.1.3B) or more complex patters such as U‐turns (Figure 3.1.3C). Such on‐

demand navigation is not feasible for common acid‐powered zinc motors, unless an additional 

intermediate Ni layer is added. 

 
Figure 3.1.4. Speed and lifetime of Fe- and Zn-based microrockets. Comparison between 

PEDOT-Au-Zn (blue) and PEDOT-Au-Fe microrockets (red) of: (A) lifetime and (B) speeds in 

various acid concentrations; see SI Table 1 for further details. 

 

The operational lifetime of the active metal‐based artificial micromotors is a critical factor 

that could limit their applications. The previously reported Zn‐based microrockets have relatively 

short lifetimes due to the fast Zn‐acid reaction and the hollow tubular structure. Iron, located in the 

first transition series in the periodic table, has a higher standard redox potential (−0.41 V, compared 
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to −0.76 V for Zn). Thus, the reaction rate of Fe is expected to be lower than Zn at the same acid 

concentration. Consequently, the lifetime of the Fe microrockets is longer than zinc microrockets 

under the same fabrication and operation conditions (same amount of charge deposited). As shown 

in Figure 3.1.4A, the average lifetime of the Fe microrockets is 98 ± 23 s in 0.5 M HCl solution, 

which is twice as long as that of Zn microrockets (51 ± 8 s). The lifetime of Fe microrockets 

decreases gradually with increasing acid concentration, reflecting the increased rate of the metal‐

acid reaction and faster Fe dissolution. Figure 3.1.4B shows the speeds for Fe and Zn microrockets 

at different HCl concentrations. The Fe microrockets propel at a speed of 34.9 ± 13 µm s−1 in 1.2 

M HCl, which corresponds to ≈4.4 body lengths s−1, versus 45.2 ± 6 µm s−1 for the Zn rockets. The 

different metal microrockets display a similar speed at 0.8 M HCl. Overall, the Fe microrockets 

display efficient propulsion in highly acidic media, indicating considerable promise for in vivo 

operations. 
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3.1.5 Cargo pickup and release  

 

Figure 3.1.5. Cargo pickup by a guided Fe-based microrocket. A) Pickup of magnetic cargo by 

a PEDOT-Au-Fe microrocket in 1 M HCl. Time-lapse images illustrating the magnetically guided 

journey of a single microrocket collecting 11 magnetic beads over 19 s. Inset shows a zoom-in 

image of the collected cargo, covering most of the microrocket’s front surface. Blue arrows 

represent the direction of motion as guided by an external magnet. B) Normalized speed as a 

function of collected cargo for the microrocket from A). Data is normalized by the speed of the 

microrocket before the capture of any magnetic beads and have been fit with an exponential 

function. C) Modeling of the magnetic field (measured in Gauss) around a full Fe core microrocket. 

D) Comparison of the theoretical magnetic force between a magnetic bead and Ni or Fe 

microrockets with increasing distance. Scale bar for A), 15μm. 

 

One distinct advantage of using Fe in microrocket design is its magnetic properties. Pure 

iron has the highest magnetic permeability of most common materials,27 which makes an Fe 

microrocket exceptional at attracting, carrying, and eventually releasing magnetic cargo after core 

dissolution. Figure 3.1.5A presents time‐lapse images of a magnetically guided Fe microrocket 

collecting magnetic cargo in the form of 3 µm Fe3O4 beads. Over the course of 19 s the microrocket 

captures 11 magnetic beads while being navigated with an external magnet. The inset in the last 
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image of Figure 3.1.5A shows a zoom‐in of the microrocket, which is nearly fully covered by 

multiple magnetic beads. The speed of the microrocket decreases expectedly as its weight and drag 

increase with the buildup of captured magnetic beads at the front (Figure 3.1.5B). This decay 

follows an exponential trend; by the 11th bead the speed is reduced to ≈39% of the original 

precollection speed. Similar results were observed by Guix et al. when their superhydrophobic 

microrockets collected multiple olive oil droplets.36 The speed of their rockets is in the same range 

as our Fe microrockets (≈26 µm s−1 precollection vs ≈32 µm s−1 for the Fe‐based microrocket) 

so a direct comparison can be made. After capturing 43 droplets the speed of the superhydrophobic 

rockets dropped to 11 µm s−1 (i.e., ≈42% of original). Based on the average density of olive oil 

(≈0.915 g cm−3) and the size of the droplets (1.7 µm) we can calculate a total cargo weight of ≈100 

µg. The Fe‐based microrocket described in Figure 3.1.5 captured 11 beads, reducing its speed to 

≈39% of the original while carrying a cargo with a total weight of 259 µg (2.6 times greater than 

the cargo carried by the superhydrophobic rockets). Additionally, we performed simulations to 

compare our Fe microrockets with their Ni counterparts, demonstrating the superior magnetic 

capabilities of Fe.27, 37 Figure 3.1.5C represents a magnetic field contour map of a full‐core Fe 

microrocket and magnetic bead 5 µm away. Resembling a microscale bar magnet, the Fe 

microrocket shows dense magnetic field lines inside the core with diminishing magnitude at the 

two openings. From this scenario we obtained the magnetic force between a magnetic bead and the 

Fe or Ni microrockets while varying the distance between the two structures (see Figure 3.1.5D). 

A magnetic bead in the vicinity of an Fe microrocket will experience an 11.8 times greater force 

than in the vicinity of a Ni microrocket. This increased force means that the moving Fe microrocket 

can attract magnetic cargo even more than 5 µm away, as was observed in multiple live 

experiments. It should be noted that while such a Ni microrocket is not capable of propulsion, we 

used it for direct comparison to our Fe microrockets, as it serves to illustrate the advantages of Fe‐
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based microrockets. This analysis demonstrates that Fe‐based microrockets can generate sufficient 

attraction force to carry large loads while incorporating magnetic guidance. 

 
Figure 3.1.6. Cargo release from a Fe-based microrocket. Cargo release and retention in the 

presence of acid (A) and water (B), respectively. Time lapse images showing the (A) loss of the 

magnetic properties of Fe microrockets over a 20 min reaction with 1 M HCl solution. (Left) At 1 

min, multiple magnetic beads are attached to the surface of the microrockets. (Right) After 20 

minutes, the microrockets have lost their magnetic properties and magnetic beads are released from 

their surface. (B) Retention of magnetic properties of Fe microrockets over the course of 20 min 

incubation with water. (Left) At 1 min, multiple magnetic beads are attached to the surface of the 

microrockets. (Right) After 20 minutes, the microrockets still maintain their magnetic properties 

and the beads are still attached. Scale bar for A) and B), 15 μm. 

 

Yet, the versatility and simplicity of the iron motor design can be used not only for the 

magnetic pickup of cargo but also for its autonomous release after completing the transport, without 

removing the magnetic field. The reactive Fe component inside the microrocket dissolves in the 

acidic environment while the rocket moves, acting as a self‐destroyed core. The motion stops after 

81 ± 6 s (in 1 M HCl) but the magnetic properties remain for ≈20 min, as the Fe component has 

not completely dissolved yet. The left image of Figure 3.1.6A shows magnetic beads on the surface 

of Fe microrockets after collection and motion in 1 M HCl. After 20 min the magnetic cores are 
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completely dissolved (see Figure 3.1.2D) rendering the microrockets nonmagnetic and upon 

mixing the cargo separates from the microrockets (see right image in Figure 3.1.6A). In contrast, 

the reaction of Fe with water is negligible at these timescales, and thus the cargo is not released 

from the microrockets after 20 min immersion in water (Figure 3.1.6B). In this way, we can achieve 

autonomous cargo release without applying external stimuli, by utilizing the intrinsic 

characteristics of iron (controlled dissolution and loss of magnetic properties). Such cargo release 

can be controlled by carefully tailoring the experimental conditions (molarity of the acid) affecting 

the disappearance of the metal core. 

3.1.6 Assembly of train-like structures 

 
Figure 3.1.7. Train-like assembly of Fe-based microrockets. A) Examples of train assemblies 

formed randomly by mixing of dynamic and static Fe microrockets in acid solution. From left to 

right: (I) 2-mer microrocket train, (II) 2-mer microrocket train bubbling from both sides, (III) 4-

mer microrocket train bubbling from its middle and moving perpendicular to its long axis, (IV) 5-

mer branched, “hammer-like” microrocket train, bubbling from two locations on the “hammer 

head” (IV). B) (Left) Assembled static “multi-wagon” train before guided assembly with a dynamic 



 

87 

 

“locomotive” microrocket and (Right, V) after guided attachment of the “locomotive” microrocket 

to the stationary “multi-wagon”, demonstrating motion of the whole 6-mer assembly. Cartoon 

illustrates the attachment of a locomotive microrocket to multi-wagon. C) Comparison of speeds 

for a multitude of magnetically-assembled train configurations from A) and B) normalized by the 

average speed for a single microrocket: (I) 2-mer, (II) 2-mer bubbling from both sides, (III) 4-mer, 

(IV) “hammer-like” 5-mer, and (V) 6-mer. Modeling of the magnetic field (measured in Gauss) 

around two Fe microrockets aligned D) orthogonal to each other and E) end-to-end on a common 

axis. F) Dependence of the theoretical magnetic force between the two Fe microrockets on the 

inter-rocket distance. Scale bar for A), B), 15 μm.   

 

Dynamic assembly and cooperation are interesting phenomena in the field of 

micro/nanomachines, as it was previously reported.1, 34 In our case, the attractive magnetic 

capabilities of the Fe microrockets allow for novel complex assembly structures. By either random 

or directed assembly, Fe microrockets can be arranged in multiple configurations to resemble a 

train with a “locomotive” and “wagons.” Figure 3.1.7A illustrates the formation and subsequent 

motion of a 2‐mer, 4‐mer, and 5‐mer trains. In this case, only a fraction of the microrockets exhibit 

motion (dynamic), while others do not show propulsion but retain their strong magnetic attraction 

(static). Such static rockets were fabricated by depositing a smaller amount of Fe compared to 

dynamic ones. While dynamic microrockets move around in solution they rarely stay together long 

enough to form large configurations. As expected, the presence of static Fe microrockets in larger 

proportion produced longer and larger trains as static microrockets do not disperse after assembly 

until dissolution of their partial cores. Thus, expected configurations such as the 2‐mer (one 

locomotive and one wagon) (I), and some more complex structures, such as the 2‐mer assembly, 

which bubbles from both sides (two locomotives) (II), as well as the 4‐mer (bubbling from the 

middle and moving perpendicular to its long axis) (III), or the “hammer‐like” 5‐mer (IV) 

assemblies are observed. Figure 3.1.7A demonstrates the propulsion of the assembled structures. 

While these configurations have assembled at random, directed design and controlled assembly is 

also possible. Figure 3.1.7B shows a Fe microrocket in the role of a locomotive being guided by 

external magnetic field to stack at the end of a five‐wagon assembly producing a 6‐mer (V). After 
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attachment, the whole train starts moving. The varied arrangement of microrockets into trains also 

alters their propulsion and speed, as illustrated in Figure 3.1.7C. The speed of the aforementioned 

train assemblies is normalized by the speed of a single Fe microrocket. As expected, the 2‐mer 

exhibits speed close to a single microrocket (I). The 2‐mer bubbling from both sides (II), 4‐mer 

moving perpendicular to its long axis (III) and the “hammer‐like” 5‐mer (IV) experience reduction 

to 30.5%, 44.6%, and 50% of the single microrocket speed, respectively. Their greater size 

contributes to increased friction with the underlying glass slide, while their less streamlined profiles 

increase the drag, contributing to an overall slower speed. Additionally, assemblies with more than 

one locomotive suffer from the locomotives bubbling against each other, effectively cancelling 

each other, as is the case of (II). Despite the large length, the 6‐mer assembly maintains a relatively 

high speed of 64.7% compared to a single Fe microrocket. The drag force for moving cylinders 

can be described as38 

Fd= 
2πμv L

ln(
L

R 
- 0.72)

                                                                (2) 

where µ is the viscosity of the medium, v is the velocity of the microrocket, L is the length, and R 

is the radius. The 6‐mer train of Figure 3.1.7B and a single Fe microrocket exhibit drag forces of 

0.99 and 1.15 pN, respectively, using the same HCl concentration. These values show that the 

speed has a stronger effect on fluid drag rather than the length for a 6‐mer as the single microrocket 

is faster. Apparently, other factors such as the increased weight and interaction with the substrate 

contribute to the reduced speed. 

Despite the variety of train structures, we noticed that most of the microrockets prefer to 

assemble end‐to‐end. Theoretical modeling was performed to elucidate why this happens. The 

modeling scenario includes two Fe microrockets orthogonal to each other, as seen in Figure 3.1.7D. 
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From the field lines it is apparent that the magnetic fields counteract each other and will diminish 

any attractive force. Figure 3.1.7E shows a similar setup but with the Fe microrockets aligned on a 

common axis. The Fe microrockets resemble two bar magnets and as such possess two poles where 

the opposites attract, as confirmed by the magnetic field lines. The magnetic force between the 

microrockets with increasing inter‐rocket distance is obtained from the modeling scenario, as 

shown in Figure 3.1.7E. At very close distances (measured from center of mass to center of mass) 

the magnetic force for the end‐to‐end microrockets is in the µN range and decreases rapidly to tens 

of nN over the course of 10 µm. Nevertheless, the magnitude of this force is sufficient to pull the 

microrockets to each other, as was observed in numerous experiments. Microrockets orthogonal to 

each other exhibit an attractive force two orders of magnitudes lower at all inter‐rocket distances, 

proving that this assembly method is less favorable. Indeed, almost no examples of orthogonal 

assembly at the middle have been observed. Acting like microbar magnets these Fe microrockets 

prefer to stack end‐to‐end, assembling into a variety of train structures. 

3.1.7 Conclusions 

In summary, we have described self‐propelled Fe‐based microrockets, where an attractive 

acid‐powered propulsion and magnetic navigation, along with intelligent cargo pickup and release, 

are combined all in one site: the iron core. Iron, thus, provides simultaneously desired acid‐based 

propulsion and magnetic‐navigation capabilities, along with cargo loading and release, and motor 

assembly. Iron is utilized as a new material for efficient bubble propulsion in acidic media, 

extending the lifetime nearly twofold compared to commonly used Zn microrockets. Iron‐based 

microrockets exhibit guided capture and transport of a large number of magnetic cargo, along with 

autonomous cargo release during the self‐destruction of the Fe core (without changes in external 

stimuli). More importantly, we have demonstrated the controlled assembly of bubble‐propelled 
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microrockets into unique structures, opening a new route for micromotor cooperation and 

collective behavior. For example, these microrockets assemble to form trains with a locomotive 

and wagon sections while retaining their propulsion and guidance features. Modeling of the 

magnetic force between individual microrockets confirms the experimentally observed assembly 

behavior, while modeled interactions between microrockets and magnetic cargo prove their cargo 

attraction and retention compared to commonly used Ni‐based motors. This dynamic assembly 

opens new alternatives of communication and self‐organization between bubble‐propelled motors 

via magnetic interactions. Blending propellant and magnetic components into one greatly 

simplifies the design and fabrication of artificial micro/nanomachines while imparting new 

capabilities and functionalities. To sum up, the utilization of biocompatible and strongly magnetic 

Fe in microrocket design presents a step toward creating effective and unique acid‐powered motors 

with potential technological impact for practical in vitro and in vivo biomedical procedures. 

Chapter 3.1 is based, in part, on the material as it appears in Small, 2017, by Emil Karshalev, 

Chuanrui Chen, Gregor Marolt, Aída Martín, Isaac Campos, Roxanne Castillo, Tianlong Wu, and 

Joseph Wang. The dissertation author was the primary investigator and author of this paper. 
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3.2 Transient micromotors that disappear when no longer needed 

3.2.1 Introduction 

Micro- and nanosized machines have sparked great interest in the past decade due to their 

ability to access low Reynolds number domains, utilize chemical and physical cues for self-

propulsion, and perform complex tasks in a variety of media.1-5 Such micro/nanomotors are also 

promising for diverse biomedical applications, ranging from drug delivery to cell separation and 

microsurgery.6-8 The realization of such applications requires proper attention toward achieving 

improved biocompatibility, lowering toxicity, eliminating the need for re-collection, and achieving 

a zero-waste profile.8-11 Recently developed magnesium- and zinc-based micromotors, which are 

driven by the magnesium–water or zinc–acid reactions,12, 13 have exhibited efficient movement in 

multiple biological environments.14, 15 However, magnesium- and zinc-based micromotors (Janus 

microspheres or microrockets) commonly feature noble metals (e.g., gold and platinum) or 

nondegradable polymers (e.g., polyaniline) in their design, which leave undesired insoluble 

residues.16 Such micro/nanosized insoluble residues are a potential hazard, due to their small size, 

chemical composition, surface structure, and functionalities.17 Moreover, they may readily travel 

throughout the human body to accumulate in vital organs and trigger serious immune responses 

due to unintended interactions at the cellular, subcellular, or protein levels.17, 18 With such strict 

requirements for biomedical applications, micro/nanomotors would benefit from the development 

of self-destroyed designs, in which they completely disappear without a trace in the biological 

media after completing their task. 

Herein, we demonstrate self-destroyed and biocompatible micromotors based on transient 

materials that dissolve harmlessly into their surroundings after completing their mission. The 

concept of self-destroyed micromotors is illustrated using Janus microsphere motors based on 
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magnesium/zinc oxide (Mg/ZnO), magnesium/silicon (Mg/Si), zinc/iron (Zn/Fe), and zinc (Zn) 

materials. These transient Janus micromotors are dissolved at a predictable rate into nontoxic 

products upon exposure to various media, with different dissolution rates of the core and shell 

components. With judicious selection of the constituent transient materials we can thus design and 

tailor multiple micromotor systems with different programmable transiency behaviors for 

achieving efficient autonomous motion along with complete degradation in a variety of media, 

such as water or simulated gastric acid. Controlling the dissolution behavior of these motors also 

removes the need for complex and costly procedures for the extraction and re-collection of the 

motors from the body or the environment.19 With these advantages in mind the as-developed 

transient micromotors may open the door to future in vivo and in situ biomedical, environmental, 

and military applications. 

Transient devices are already all around us. Examples of transient devices can be seen in 

the pharmaceutical (pills and drug release platforms),20 naval (corrosion protection zinc blocks),21 

and plastics (biodegradable bags and packaging)22 industries and have lately received enormous 

attention in the field of electronics.23-25 In particular, Rogers and co-workers have recently 

introduced innovative concepts for transient electronics based on different combinations of 

conducting and semiconducting dissolvable materials for continued use in body fluids and 

tissues.23, 26 New transient devices, including resistive heaters, inductors, transistors, and LED 

arrays, as well as neural sensing electrode arrays, solar cells, strain gauges, and other energy 

harvesters have been introduced in recent years.23-28 Each specific transient device and application 

require a different transiency behavior and thus rely on different transient materials. 

Comprehensive studies have indicated that magnesium, zinc, iron, silicon, molybdenum, zinc 

oxide, and magnesium oxide could be promising candidates for transient devices23, 26, 28, 29 toward 



 

95 

 

incorporation into self-destroyed micromotors. For example, the American Dietetic Association 

(ADA) recognizes Mg, Zn, Fe, and Mo as essential for biological function and advocates their daily 

intake in the range of 0.05–400 mg/day (which corresponds to millions of micromotors).26 In 

particular, Mg and Zn have been widely used in transient electronics26 and already demonstrated 

promise for chemically powered propulsion using physiological solutions (alternative to hydrogen 

peroxide).12, 13, 30 Additionally, semiconducting oxides, such as ZnO, can impart the needed 

asymmetry or functionality to micromotors while eliminating noble metals and nonbiodegradable 

polymers. Various studies have reported that ZnO is an ideal candidate for bioimaging, drug 

delivery, and implantable electronics due to its excellent biocompatibility and biodegradability, 

unique optical and piezoelectric properties, and fast dissolution rate.28, 31, 32 Additionally, ZnO 

surfaces can be functionalized to enable attachment of biological and organic entities for sensing 

and enhanced mechanical, thermal, and optical properties.33, 34 As an amphoteric material, ZnO is 

degradable in both acidic and basic environments, offering great versatility for transient 

applications in biological fluids ranging from gastric acid to buffered saline solutions. 

Beside semiconducting oxides, other transition metals, such as iron, can also be utilized in 

transient micromotor design. As a widely used material for implant stents, iron has shown excellent 

biodegradability and biocompatibility. Iron is also an essential element in the human body and 

plays an important role in numerous biological processes such as the formation of hemoglobin, 

maintaining brain function, and metabolism.35 With a high magnetic permeability Fe endows 

micromotors with magnetic properties that could be manifested in guidance, cargo-carrying, and 

separation. Additionally, metallic Fe has been shown to degrade rapidly to a water-soluble Fe2+ 

form in an acidic media,36, 37 which offers considerable promise as a transient material for 

biomedical and environmental applications.38 
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3.2.2 Experimental section 

Reagents and Solutions: Commercial magnesium and zinc particles were purchased from 

TangShan WeiHao Magnesium Powder Co. (Tangshan, China) and Yan Nuo Xin Cheng 

Technology Co. Ltd. (Beijing, China), respectively. Sodium bicarbonate and Triton X-100 were 

purchased from Sigma and Fisher Scientific, respectively. For the propulsion of the Mg/ZnO 

micromotors, 0.5 M sodium bicarbonate in ultrapure water (Milli-Q) was used as solution. 

Simulated gastric acid (without enzyme, pH 1.1) was purchased from Fluka Analytical and was 

used for the propulsion and degradation of Zn/Fe micromotors. All the solutions contained 0.5% 

Triton X-100 as surfactant. 

Transient Micromotor Synthesis: Magnesium particles were washed with acetone twice before 

usage. To fabricate Janus Mg/ZnO micromotors, first, 100 μL of a 0.5 wt % polyvinylpyrrolidone–

ethanol solution (PVP-K10) was drop-cast on a glass slide, and the slide was dried at room 

temperature. Then, the magnesium particles were dispersed on the glass slide, and the slide was 

treated with humid air with a relative humidity of 80% and temperature of 25 °C for 5 s to allow 

for the partial sinking of the particles into the polymer film. Then, ZnO was sputtered with a Denton 

Discovery 18 system at room temperature with an output power of 200 W for 15 min. After 

fabrication, the glass slide was sonicated in acetone to release the Mg/ZnO Janus particles, and 

finally acetone was replaced with water before usage. Zn particles were cleaned and dispersed onto 

glass substrates similarly to magnesium particles. The Fe layer (150 nm thickness) was deposited 

by electron beam evaporation on a Temescal BJD 1800 system with deposition rate of 1.5 Å/s. The 

Zn/Fe Janus micromotors were released following the same protocol as for the Mg/ZnO 

micromotors. 
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ICP-OES Elemental Analysis: Degradation profiles for Mg, Zn, and Fe were obtained using a 

PerkinElmer Optima 3000 DV system with a plasma power of 1450 W and sensitivity calibration 

with 1 ppm manganese (Mn). In short, 3 mg of Mg/ZnO micromotors was mixed with 8 mL of 

solution (Milli-Q water or 0.5 M NaHCO3). The timer was started, and aliquots were taken out at 

chosen time intervals. The aliquot was transferred to a 1.5 mL Eppendorf tube and centrifuged for 

30 s to ensure that no solid particles are introduced into the plasma. After centrifugation the aliquot 

was diluted 160 times before ICP analysis. Finally, a concentration calibration for Mg and Zn was 

performed with commercial SPEX CertiPrep inorganic standards prior to analysis. Zn/Fe 

micromotor samples were prepared similarly, except that 0.5 M NaHCO3 was replaced with 

simulated gastric acid. 

Hemolysis Experiment: The hemolysis assays were conducted according to previous protocol.13 

Briefly, fresh mouse red blood cells (RBCs) were washed with phosphate-buffered saline (PBS) 

(pH 7.4) three times. Then, purified RBCs were diluted to a volume of 50 mL with PBS. Next, 0.2 

mL of diluted RBC suspension was added to 0.8 mL of PBS containing 0.05 g/L Mg/ZnO Janus 

micromotors (with or without NaHCO3) and incubated for 3 h, followed by centrifugation at 

10016g for 3 min. The supernatant was collected, and the hemoglobin absorption peak was 

measured at 580 nm. 

Numerical Simulation: The simulations were performed with the transient diffusion modules of 

COMSOL Multiphysics software. 

Equipment: Videos were captured by an inverted optical microscope (Nikon Instrument Inc. Ti-

S/L100), coupled with a 10×, 20×, and 40× objective, and were analyzed by using NIS-Elements 

AR 3.2, Video Spot Tracker V08.01, and ImageJ software. SEM and EDX analyses were 

performed using a Phillips XL30 ESEM instrument, using an acceleration voltage of 20 kV. 
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Elemental analysis of Mg, Zn, and Fe was performed by ICP-OES on a PerkinElmer Optima 3000 

DV system with a plasma power of 1450 W. 

3.2.3 Design of transient micromotors 

 

Figure 3.2.1. Schematic and pictorial representation of transient Janus microsphere motors. 

(a) Fabrication of Janus micromotors: particles were spread on a glass substrate followed by 

sputtering of shell materials and release. (b) The design of Mg/ZnO Janus micromotors. In the 

presence of NaHCO3, Mg reacts with water to produce H2 and initiate motion via bubble 

propulsion. A ZnO shell remains at ~6 min, which also degrades to water-soluble zincate ions 

within 20 min. (c) and (d) Microscope images of the propulsion and degradation of a typical 

Mg/ZnO Janus micromotor in 0.5 M NaHCO3 solution at 0.5 min and 18 min, respectively. (e) and 

(f) SEM images of two typical Mg/ZnO Janus micromotors in 0.5 M NaHCO3 solution at 0 min 

(unreacted) and 18 min, respectively. (g) Design of Zn/Fe Janus micromotors: in the presence of 

simulated gastric acid Zn reacts to produce H2 bubble thrust and propulsion. A Fe shell is left and 

then degrades to water-soluble Fe2+ ions. (h) and (i) Microscope images of the propulsion and 

degradation of a typical Zn/Fe Janus micromotor in simulated gastric acid at 1 min and 7 min. (j) 

and (k) SEM images of two typical Zn/Fe Janus micromotors at reaction times of 0 min (unreacted) 

and 7 min, respectively. Scale bars for c-f, h-i, 20 μm and for j-k, 5 μm. 
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Unlike common micromotors—designed to last for extended periods—transient motors are 

designed to undergo degradation after relatively short time periods. Figure 3.2.1a shows the 

fabrication of the transient Janus micromotors by a masking deposition method. SEM 

characterization demonstrates that the Mg/ZnO micromotors have an average size of ∼30 μm, 

where the ZnO coating has a thickness of roughly 100 nm, as determined by stylus profilometry. 

The opening has a radius of ∼12 μm, which ensures that bubbling will occur asymmetrically from 

one side of the micromotor to enable effective propulsion. A conceptual schematic of the 

movement and degradation behavior of Mg/ZnO transient Janus micromotors is depicted in Figure 

3.2.1b. Briefly, the Mg core reacts with water to produce H2 bubble propulsion, leaving a ZnO 

shell, which dissolves later. To sustain the rapid Mg–H2O reaction, sodium bicarbonate (NaHCO3) 

is used to remove the passivating magnesium hydroxide (Mg(OH)2) layer formed on the Mg 

surface.13  

After the consumption of the Mg core, a hollow ZnO shell still remains due to the different 

corrosion rates of Mg and ZnO. This shell dissolves gradually, in a prescribed rate, forming the 

water-soluble zincate ion (Zn(OH)4
2–) in the presence of OH–, as described in Figure 3.2.1b. The 

complete chemical reactions (Eq. 1–3), which dictate the degradation of the ZnO shell, are shown 

below:32 

HCO3
-
+H2O ↔ H2CO3+OH-                                            (4) 

ZnO+H2O → Zn(OH)
2
                                                     (5) 

Zn(OH)
2
+2OH-→ Zn(OH)

4

2-
                                            (6) 

Figure 3.2.1c displays the self-propulsion of the Mg/ZnO micromotor, where a clear Janus 

structure is observed as the bubbles are formed and ejected from the opening of the ZnO shell, 

https://vpn-1.ucsd.edu/+CSCO+0075676763663A2F2F63686F662E6E70662E626574++/doi/10.1021/acsnano.6b06256#fig1
https://vpn-1.ucsd.edu/+CSCO+0075676763663A2F2F63686F662E6E70662E626574++/doi/10.1021/acsnano.6b06256#fig1
https://vpn-1.ucsd.edu/+CSCO+0075676763663A2F2F63686F662E6E70662E626574++/doi/10.1021/acsnano.6b06256#fig1
https://vpn-1.ucsd.edu/+CSCO+0075676763663A2F2F63686F662E6E70662E626574++/doi/10.1021/acsnano.6b06256#fig1
https://vpn-1.ucsd.edu/+CSCO+0075676763663A2F2F63686F662E6E70662E626574++/doi/10.1021/acsnano.6b06256#eq1
https://vpn-1.ucsd.edu/+CSCO+0075676763663A2F2F63686F662E6E70662E626574++/doi/10.1021/acsnano.6b06256#eq3
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https://vpn-1.ucsd.edu/+CSCO+0075676763663A2F2F63686F662E6E70662E626574++/doi/10.1021/acsnano.6b06256#fig1
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providing a driving force for the micromotor movement. Using a 0.5 M NaHCO3 solution, the ZnO 

shell is nearly fully destroyed within 18 min, as illustrated in Figure 3.2.1d, showcasing the 

transiency of the micromotor. Scanning electron microscopy (SEM) images of two typical Mg/ZnO 

micromotors are shown in Figure 3.2.1e and f, illustrating the presence of a Janus microsphere at 

0.5 min after immersion and a smaller and empty ZnO shell at 18 min, proving the fast degradation 

of the Mg/ZnO micromotor. 

Zinc/iron Janus micromotors were fabricated in a similar fashion to Mg/ZnO. SEM and 

energy-dispersive X-ray (EDX) analyses confirm the Janus structure of the micromotor. Zn reacts 

with acid to release H2 bubbles, which provide the propulsion force for the micromotors (Figure 

3.2.1g). The anodic indexes for Zn and Fe are −1.25 and −0.75 V, respectively. A short-circuited 

galvanic cell is formed when the Zn/Fe micromotor is in contact with simulated gastric acid (pH 

1.1), accelerating the zinc–acid reaction12 and generating abundant H2 bubbles to propel the Zn/Fe 

micromotors (as described in Eq. 4). Following the disappearance of the Zn core, the Fe shell 

component (which also enables the magnetic navigation of the micromotors) is dissolved according 

to Eq. 5: 

Zn+2HCl → Zn2++ H2+2Cl
-
                                          (7) 

Fe+2HCl  → Fe2++ H2+2Cl
-
                                          (8) 

The movement and degradation of a typical Zn/Fe micromotor are demonstrated in Figure 

3.2.1h and i. The micromotor displays efficient bubble propulsion at 1 min, with a partial Fe shell 

remaining after the complete consumption of Zn, highlighting the Janus structure of the motor. The 

morphology of two typical Zn/Fe micromotors is shown in Figure 3.2.1j and k. A Janus structure 

is observed initially at 0 min (unreacted), with a smaller fraction of the micromotor remaining at 7 

min, confirming the transient character of the Zn/Fe Janus micromotors. 

https://vpn-1.ucsd.edu/+CSCO+0075676763663A2F2F63686F662E6E70662E626574++/doi/10.1021/acsnano.6b06256#fig1
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3.2.4 Mg-based transient micromotor behavior 

 

Figure 3.2.2. Transient Mg/ZnO and Mg/Si Janus micromotors. (a) Time-lapse images of the 

motion and degradation of a typical Mg/ZnO Janus micromotor in 0.5 M NaHCO3 solution. (b) 2D 

simulation of the distribution of OH– ions (mM) around an empty 25-μm-diameter ZnO shell at 25 

ms in a pH 9 solution, indicating that the OH– concentration is higher around the opening. The 

reaction rate of OH– is assumed to be 1 nmol/m2·s at the ZnO surface. The diffusion coefficient of 

OH– in water is 5.27 × 10–9 m2/s. (c, d) The release profiles of (c) elemental Mg and (d) elemental 

Zn as a function of time for Mg/ZnO micromotors, immersed in pure water (i) and 0.5 M NaHCO3 

solution (ii), as determined by ICP-OES (error bars represent standard deviation from 4 

measurements). (e) Hemolytic assay for Mg/ZnO Janus micromotors in PBS. (I) bare Mg particles, 

(II) Mg/ZnO Janus micromotors, (III) Mg/ZnO Janus micromotors with 0.5 M NaHCO3, (IV) 

Mg/ZnO Janus micromotors with 1 M NaHCO3. Evaluation scale: highly hemocompatible (less 

than 5% hemolysis); hemocompatible (5–10% hemolysis); nonhemocompatible (over 20% 

hemolysis). (f) Time-lapse images of a typical Mg/Si Janus micromotor in 0.5 M NaHCO3 solution. 

Scale bars: 20 μm. 

 

Figure 3.2.2a displays time-lapse images for the movement and degradation of the Mg/ZnO 

micromotor over an 18 min period. The Mg/ZnO micromotor starts to generate bubbles rapidly 

with a frequency of 10 Hz at 5 s, indicating a fast magnesium–water reaction due to the removal 

of the Mg(OH)2 passivating layer by the NaHCO3. The resulting H2 bubbles generate a strong 
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momentum for the propulsion of the micromotor with a speed of 24.7 μm s–1 and circular trajectory. 

A propelling force of 55 pN can be calculated from the drag force F = 6πμrv (μ is the viscosity of 

the medium, r is the radius of the Mg/ZnO Janus micromotor, v is the speed). The gradual 

dissolution of the core leads to change in the bubble frequency and hence speed. As shown in 

Figure 3.2.2a, the movement lasts for ∼1 min, despite the fact that the entire Mg core has not been 

dissolved. This suggests that the generation rate of the H2 molecules is lower than the diffusion rate 

near the Mg core. As the H2 generation reaction proceeds and the Mg core shrinks, its reactive 

surface area decreases, thus becoming less favorable for bubble nucleation and growth, as 

evidenced by the diminishing bubble frequency. The remaining Mg core dissolves completely 

within 6 min, leaving an empty ZnO shell with a small opening. The propulsion force and Mg 

motor operating lifetime can be tuned by varying the size of this opening to meet specific 

requirements, i.e., higher viscosity fluids that necessitate higher propulsion force.39 Slower speeds 

are expected in biological fluids, due to higher viscosity and adsorption of macromolecules on Mg 

active sites.14 Subsequently, a half-moon-shaped ZnO is formed at 10 min, suggesting that the 

etching rate is higher near the opening than the rest of the shell. This phenomenon is caused 

primarily by two factors. First, the shell near the opening is in contact with the liquid on its inside 

and outside walls, effectively increasing the active area and promoting a higher apparent etching 

rate in comparison to other parts of the shell (that are still covered by the Mg core during the initial 

6 min). Second, the degradation of the ZnO shell is described by a diffusion model, in which the 

diffusion of OH– to the shell is the limiting step of the degradation process.28 A 2D diffusion model 

(Figure 3.3.2b) shows the OH– distribution around a ZnO shell after the Mg is fully consumed, 

where the OH– concentration near the opening is higher than the concentration anywhere else 

around the shell, and supports the faster etching observed at the opening. Eventually, no apparent 

trace of the ZnO shell remains after ∼18 min. 
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To quantitatively evaluate the degradation behavior of Mg/ZnO micromotors, we employed 

the inductively coupled plasma optical emission spectrometry (ICP-OES) elemental analysis 

technique. Figure 3.2.2c and d show the time-dependent degradation profiles of Mg and Zn from 

Mg/ZnO micromotors in pure water (i) and 0.5 M NaHCO3 solution (ii). The level of the dissolved 

Mg ion increases only slightly around 2.5 min in pure water and remains constantly low afterward, 

indicating that a dense Mg(OH)2 passive layer is formed after the Mg surface initially comes in 

contact with water. In contrast, a sharp increase in the Mg concentration is observed in the presence 

of 0.5 M NaHCO3 between 0 and 5 min, reflecting the rapid Mg–H2O reaction. The Mg 

concentration reaches a maximum level around 5 min, which is supported also by the microscope 

images in Figure 3.2.2a, as the Mg core physically disappears at ∼6 min. 

The degradation profile of the ZnO shell, estimated from the Zn(OH)4
2– concentration in 

the solution, is shown in Figure 3.2.2d. The degradation of the ZnO in pure water is negligible 

during the entire 20 min period. Other nonmotor studies reported that 200 nm ZnO thin films 

dissolve completely in pure water within 15 h.28 This corresponds to a ZnO dissolution rate of 

∼13.3 nm h–1 and translates to a total dissolution time of ∼8 h for our ZnO shells in pure water 

(based on the shell thickness). Consequently, using the short time scales of our experiments, the 

degradation reaction of ZnO in pure water can be considered negligible. In contrast, in the presence 

of 0.5 M NaHCO3, the Zn concentration increased similarly to that of Mg between 0 and 5 min, 

aided by the motion-induced mixing and the presence of OH– in the solution. As the dissolution 

rate of ZnO is proportional to the particle–solution contact area, a faster release of Zn(OH)4
2– 

occurred during the 5–10 min time window, reflecting the larger contact area with the solution after 

the consumption of the Mg core. Only a slight increase of the Zn(OH)4
2– concentration is observed 

between 15 and 20 min, indicating continuous slow degradation of ZnO. An exponential function 
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can be applied to the Mg release profiles and a sigmoidal function can be used for the degradation 

behavior of ZnO in 0.5 M NaHCO3 (a nearly flat linear fit was applied to the ZnO release profile 

in pure water, as the reaction is negligible in the experimental time frame). Hemolysis experiments 

were performed to evaluate the blood compatibility of Mg/ZnO micromotors. As shown in Figure 

3.2.2e, only a 4% hemolysis rate is observed when the micromotors are immersed with 0.5 M 

NaHCO3 solution (Figure 3.3.2e III), indicating the high hemocompatibility of Mg/ZnO 

micromotors. In addition, a variety of previously reported transient materials, such as Si, Mo, and 

MgO, that are fully dissolvable in physiological environments at different rates, could guide the 

design of micromotors with tailored degradation times to meet the requirements of different 

applications.23, 26 For example, the propulsion and degradation of a Mg/Si Janus micromotor are 

shown in Figure 3.2.2f. The Si shell degrades gradually in 5 h after propulsion, marking it as a 

promising candidate for various prolonged applications, such as micromotor-based drug delivery 

platforms, bioimaging, or biosensing. A faster dissolution rate of Si (∼500 nm/day) is observed 

compared to previous Si-based transient electronics (∼5 nm/day in water),23, 27 which is attributed 

to the accelerated Si hydrolysis in the presence of excess OH–. 



 

105 

 

3.2.5 Zn-based transient micromotor behavior 

 
Figure 3.2.3. Motion and degradation of Zn/Fe Janus micromotors. (a) Time-lapse images of 

the motion and degradation of a typical Zn/Fe Janus micromotor in simulated gastric acid. (b, c) 

Release profiles of (b) elemental Zn and (c) elemental Fe as a function of time for Zn/Fe Janus 

micromotors immersed in pure water (i) and simulated gastric acid (ii), as determined by ICP-OES 

(error bars represent standard deviation from 4 measurements). Scale bar: 20 μm. 

 

The self-propulsion of a Zn/Fe micromotor in simulated gastric acid is demonstrated in 

Figure 3.2.3a. The micromotor generates H2 bubbles at ∼30 Hz due to the rapid zinc–acid reaction 

(accelerated by galvanic corrosion), displaying a speed of 51.2 μm s–1 with a driving force of 69 

pN. The presence of the Fe shell also enabled magnetic guidance of the transient micromotor, which 

is favorable for various applications ranging from cargo delivery to targeted microsurgery. In 

contrast, Zn particles (without the Fe shell) in simulated gastric acid, where no bubbles are 

generated, indicates that the galvanic corrosion plays an essential role in the fast dissolution of Zn. 

The duration of the movement of a typical Zn/Fe motor is ∼2 min in simulated gastric acid, 

indicating a theoretical travel length of ∼6 cm, which is quite promising for future in vivo 

applications. Complete dissolution of the Zn core happens in the next 5 min, leaving a semiopaque 

Fe shell, as illustrated in Figure 3.2.3a. Subsequently, the fast dissolution of the Fe shell is observed 

between 6 and 8 min. As shown in Figure 3.2.3b, the Zn concentration (monitored by ICP) 
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experienced a sharp increase during the initial 4 min due to the rapid zinc–acid reaction. 

Meanwhile, the Fe concentration increased to a higher level than expected during the first 4 min. 

One possible reason for this behavior is the morphology of the Fe film. This film is composed of 

Fe nanoparticles, which could detach and dissolve in the acidic environment together with Zn from 

the micromotors. Later, the Fe concentration attained its maximum level at 10 min, indicating that 

the micromotors are completely self-destroyed (Figure 3.2.3c). An exponential function can be 

applied to the release profiles of both Zn and Fe (nearly flat linear fits were applied to the release 

profiles of Zn and Fe in pure water, as the reaction is negligible in pH ∼7). 

3.2.6 Single component Zn micromotor 

 
Figure 3.2.4. Motion and degradation of single-component Zn micromotors. (a) Schematic 

representation of the design of a single-component Zn transient micromotor. In the presence of 

strong acid Zn reacts to produce H2 and initiates motion via bubble propulsion. The Zn motor 

degrades to a water-soluble Zn2+ in time. (b) Time-lapse images of the motion and degradation of 

a typical Zn micromotor in 1.8 M HCl. (c) SEM images of three typical Zn micromotors at 0 

(unreacted), 2, and 5 min after immersion in the 1.8 M HCl solution, respectively. Scale bar for b, 

20 μm; for c, 5 μm. 

 

The transient micromotors described above rely on the different corrosion rates of the two 

components of the Janus particles. The operational propulsion and lifetime of these microscale 
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motors are determined by their Mg or Zn core due to their fast reaction with water or acid, 

respectively. Complete physical disappearance of these motors is marked by the full dissolution of 

the outer shell. On the other hand, the corrosion rate of Mg or Zn microparticles depends strongly 

on their specific geometry. On this basis, a simpler single-component design of a transient 

micromotor is also presented here, different from the bicomponent Janus micromotors that require 

asymmetric geometry of two materials. Figure 3.2.4a illustrates a single-component Zn transient 

micromotor that uses the zinc–acid reaction (Eq. 4) for its propulsion mechanism. A notable 

difference from the Zn/Fe micromotor is the lack of a galvanic cell to promote and accelerate the 

H2 bubble generation. To achieve a bubbling rate necessary for propulsion, the acid concentration 

was increased to 1.8 M HCl. The microscope images in Figure 3.2.4b display the self-propulsion 

and dissolution of a Zn micromotor in 1.8 M HCl. This motor exhibits efficient propulsion with a 

speed of 40 μm s–1, which corresponds to 7 body-lengths per second. Despite being single-

component particles, these spherical Zn micromotors possess an inherent asymmetry that promotes 

preferential H2 nucleation in specific locations on the micromotor. As an artifact of their 

fabrication, these Zn particles possess divots or flat regions (Figure 3.2.4c) on one side, which 

lower the energy needed for bubble nucleation versus a convex surface.40 Thus, the H2 bubble 

generation is promoted from one side of the particle rather than everywhere simultaneously. 

Concurrently, the enhanced local fluid transport around the flat regions further promotes the zinc–

acid reaction,39 reinforcing the asymmetrical structure of the micromotor with time (Figure 3.2.4c). 

The micromotor motion proceeded for ∼2 min, leaving a partial Zn sphere, as illustrated in Figure 

3.2.4c. The Zn residue subsequently continues to dissolve due to the zinc–acid reaction and fully 

disappears within ∼6 min. These self-evolved micromotors indicate promise for developing smart 

stimuli-responsive micromotors that can change their shape autonomously to generate motion. 
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3.2.7 Conclusions 

We have demonstrated transient micromotors that are autonomously self-destroyed during 

their operation. These transient motors are dissolved at a predictable rate into nontoxic products 

upon exposure to the various media, eliminating the need for re-collection. The timed 

disappearance of these self-destroyed micromotors relies on the different corrosion rates of the two 

components of the Janus particles. The self-destroyed Mg- and Zn-based micromotors display 

efficient bubble propulsion along with controllable degradation rates. We also report the design of 

Mg/Si Janus micromotors that extend the degradation time to a few hours and provide the basis for 

prolonged applications. The outer layer of these transient micromotors can be easily functionalized 

to endow various capabilities to the micromotors. Mg-based micromotors have been shown 

recently to move efficiently in biological fluid, e.g., intestinal fluid (without added NaHCO3),
41 

although significantly slower motion is expected in whole blood. The movement and degradation 

of the single-component Zn micromotors are also demonstrated and discussed, utilizing the motors’ 

intrinsic asymmetry to produce autonomous motion. These single-structured micromotors may 

provide insight for the construction of intelligent transient micro/nanorobots. Biomedical, 

environmental, and military/intelligence applications of micromotors could greatly benefit from 

the development of self-destroyed micromotors. Such large-scale applications could be realized 

due to the low-cost simple motor fabrication process. A rich variety of transient inorganic and 

polymeric materials and broad knowledge of their dissolution rates could guide the material 

selection for specific transient micromotor applications. 

Chapter 3.2 is based, in part, on the material as it appears in ACS Nano, 2016, by Chuanrui 

Chen, Emil Karshalev, Jinxing Li, Fernando Soto, Roxanne Castillo, Isaac Campos, Fangzhi Mou, 
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Jianguo Guan, and Joseph Wang. The dissertation author was the primary investigator and author 

of this paper. 
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3.3 Multigear bubble propulsion of transient micromotors 

3.3.1 Introduction 

Micro/nanoscale motors, capable of efficient propulsion and complex operation, are at the 

forefront of research in micro- and nanotechnology and robotics.1 Bubble-propelled chemically 

powered autonomous micromotors—based on different designs, e.g., rockets or spheres—have 

been developed over the past decade to perform diverse tasks in biomedical, environmental, and 

industrial applications.2-8 Additionally, external fields such as magnetic field have been employed 

to successfully guide and control the motion of micromotors.9 The engines in the early generations 

of bubble-propelled micromotors employed catalytic degradation of fuels, such as hydrogen 

peroxide and sodium borohydride by materials such as platinum, palladium, or manganese oxide.10-

14 While these micromotors offered proof of concept for microscale self-locomotion, their 

widespread use is restricted by the incompatibility of their fuels with biological environments. 

Another obstacle was the retrieval of the micromotor, made of nondegradable materials, upon 

completion of its task. 

Transient, chemically powered micromotors—a new microengine generation—address 

these challenges. In an attempt to move away from toxic fuels, expensive catalysts, and 

nondegradable leftovers, a push towards biofriendly materials has begun in recent years in the 

micromotor community.15,16 To incorporate biodegradability for in vitro and in vivo applications, 

these micromotors are powered by the consumption of active metals, such as magnesium (Mg), 

zinc, and iron, which react with biofluids or seawater.17-22 These micromotors self-propel via single 

replacement reactions in gastric acid, or via reaction with water in intestinal fluid, salty buffer 

solutions, or basic buffer solutions where the counter ions aid in removing the passivating 

byproduct layer of magnesium hydroxide.16 
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The ability of Mg-based micromotors to propel in biological fluids with minimal risk has 

enabled their use for important applications, such as drug delivery, where micromotors outperform 

passive diffusion-based methods.17-20,23 To fine tune the performance of these micromotors and 

provide design principles, it is crucial to understand their dynamics and the underlying mechanisms 

of motion. Unfortunately, the transient nature of these Mg-based micromotors and the variation of 

their active material over their lifetime make them a more complicated system to study compared 

to chemically propelled hollow shell micromotors with constant active area.24-27 Moreover, while 

a hollow tubular microrocket has an opening for fluid entrance and another opening for bubble 

ejection,28-30 these Mg-based transient micromotors have only one opening that serves for both 

purposes. Additionally, time-dependent depletion of the active metal inside a transient micromotor 

increases the complexity of the bubble-propulsion mechanisms. Therefore, current theoretical 

models for bubble-propelled catalytic micromotors cannot address the dynamics of transient 

micromotors, and a new framework is needed to understand their distinct time-varying propulsion 

behavior. 

In this paper, we investigate the mechanisms of bubble propulsion for transient chemically 

powered micromotors and identify the elements of micromotors’ powered motion and stochastic 

dynamics. We investigate self-locomotion over the lifetime of micromotors and analyze the 

different processes involved in their motion. Our study identifies distinct patterns in the formation 

and ejection of bubbles, calling each pattern a gear, in analogy with macroscopic multigear 

machines. We also investigate the distinct behavior emerging from the effect of hydrophobic and 

hydrophilic shell surfaces upon the bubble propulsion and motion of such transient micromotors. 

Finally, we discuss the fluid flow around the stationary and motile microengines. We hope that our 
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multigear framework described here, along with the new understanding of the bubble growth and 

ejection and influence of the shell polarity, could give insight into the future design and engineering 

of a wide range of high-performance transient chemical micromotors. 

3.3.2 Experimental section 

Micromotor Fabrication: The Mg-based micromotors were prepared using commercially available 

magnesium (Mg) microparticles (catalog #FMW20, TangShan WeiHao Magnesium Powder Co.; 

average size, μm) as the core. The Mg microparticles were initially washed with acetone to 

eliminate the presence of impurities. After drying under a N2 current, the Mg microparticles were 

dispersed onto glass slides (10 mg of Mg microparticles per glass slide) and coated with TiO2 by 

atomic layer deposition (ALD) (at 100°C for 3000 cycles) using a Beneq TFS 200 system. Being 

a chemical vapor deposition technique, ALD utilizes gas phase reactants, leading to uniform 

coatings over the Mg microparticles, whereas still leaving a small opening (~2 μm) at the contact 

point of the microparticle to the glass slide. Mg-parylene micromotors were prepared in a similar 

fashion as Mg-TiO2 micromotors. After dispersion of Mg particles onto glass slides, a parylene 

coating was deposited via a PDS 2010 Labcoter 2 Parylene deposition system. The samples were 

rotated during the deposition and the chamber was kept at 135°C. The coating thickness is 

estimated at ~500 nm. 

Micromotor Propulsion: The simulated gastric fluid was obtained by diluting concentrated 

simulated intestinal fluid (Sigma-Aldrich, 14666) 10 times and supplementing with 0.2% Triton 

X-100 (Fisher Scientific, 9002-93-1) as a surfactant. The autonomous propulsion of the Mg-based 

micromotor happened in the simulated gastric fluid. An inverted optical microscope (Nikon Eclipse 

Ti-S/L100) coupled with different microscope objectives (10x, 20x, and 40x) along with a 

Hamamatsu C11440 digital camera and NIS Element AR 3.2 software was used to capture the 
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videos. Additionally, the speed of the micromotors was tracked using a NIS elements tracking 

module and the flowtrace ImageJ plugin. 

Micromotor Characterization: SEM images of Mg-based micromotors were obtained with an FEI 

Quanta 250 ESEM instrument, using an acceleration voltage of 10 kV. EDX mapping analysis was 

performed using an Oxford EDX detector attached to SEM instrument and operated by Pathfinder 

software. 
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3.3.3 Temporal changes in a Mg-TiO2 micromotor 

 

Figure 3.3.1. Time-dependent changes in the internal structure and speed of an Mg-TiO2 

micromotor. (a) Schematic, (b) micrograph, (c) SEM image, and (d) accompanying EDX Mg 

signal maps of micromotors at different times during their lifetime, from beginning (i), middle (ii) 

and end (iii). (e) Instantaneous speed of a Mg-TiO2 micromotor during its lifetime until complete 

Mg depletion.   

 

We studied the behavior of Mg-based transient micromotor with hydrophilic (titanium 

dioxide) and hydrophobic (parylene) insulating shells.31 A typical micromotor is fabricated by 

coating an Mg microparticle (diameter 20-25 μm) with an insulating material using atomic layer 



 

117 

 

deposition. The thickness of a titanium dioxide (TiO2) shell is ~170 nm for the majority of our 

analysis, and the thickness of parylene is ~500 nm. One area of the Mg particle (facing the 

substrate) is not covered by the insulating material and serves as an “opening,” through which Mg 

is exposed to the reactive solution, in our case simulated gastric acid (pH ~1-2). The reaction of 

Mg with the acid results in the production of hydrogen molecules, leading to nucleation, growth, 

and ejection of bubbles (Figure 3.3.1(a)). Micrographs of a typical Mg-TiO2 micromotor propelling 

in simulated gastric acid illustrate the bubble production and parallel depletion of the Mg core over 

time (Figure 3.3.1(b)). Scanning electron microscopy (SEM) (Figure 3.3.1(c)) and energy-

dispersive X-ray spectroscopy (EDX) (Figure 3.3.1(d)) images at different stages of micromotor 

lifetime demonstrate such gradual depletion of the Mg core over time. Throughout this depletion, 

the speed of the micromotor undergoes a large variation. Figure 3.3.1(e) shows a typical 

micromotor’s instantaneous speed (dots) alongside a local average fit (solid line). The fluctuations 

in the speed suggest that random processes and stochastic dynamics are involved in the micromotor 

dynamics during its lifetime, until complete Mg depletion and, hence, the stop of micromotor 

motion at ~250 s. To understand the underlying mechanism behind these phenomena, we study the 

dynamics of these micromotors at shorter time scales. 
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3.3.4 Propulsion mechanisms 

 
Fig. 3.3.2. Observed propulsion mechanisms of Mg-TiO2 micromotors. (i) Micrograph, (ii) 

schematic illustration and (iii) the path length and net displacement versus time. Vertical lines in 

(iii) represent the appearance of a new bubble for (a) an axisymmetric and (b) a typical Mg-TiO2 

micromotor. (c) Sudden fluid jet mechanism for propulsion upon bubble nucleation inside a 

micromotor. Colored arrows track sequential bubbles in order of ejection.  

 

Figure 2 demonstrates how these micromotors move by both bubble push and fluid jet 

mechanisms at short time scales. In case of an axisymmetric micromotor (including perfectly 

spherical Mg particle, no shell defects, and an axisymmetric circular opening), a Mg-TiO2 

micromotor and the ejected bubbles move rectilinearly along the symmetry axis. Figure 3.3.2(a) 

shows an experimental realization of an axisymmetric micromotor with an almost uniform 

distribution of bubble size. Upon formation and growth, each bubble pushes the micromotor 

forward by exerting force on the micromotor and the bubbles in the tail. Such bubble-push process 

is the main mechanism during the initial stages of the micromotor lifetime. Thus, as shown in 

Figure 3.3.2(a), iii, the micromotor’s net displacement (the distance from micromotor’s initial 

position at t = 0) consists of discrete steps. Since there is no significant backward motion upon 
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bubble ejection, the length (solid red line) of the micromotor travel path almost coincides with the 

net displacement (dashed blue line). 

The structural and dynamic symmetries have a significant influence on the operation of 

micromotors. While structural asymmetries13,32 appear in typical transient micromotors (Figure 

3.3.2(b)) as a result of imperfections in materials and fabrication process, dynamic asymmetries 

can occur during the operation of both axisymmetric and typical micromotors. The structural 

asymmetries in a typical micromotor may result from nonisotropic Mg particles, defects and 

nonuniformity in the shell, or asymmetry in the opening as artifacts of the fabrication process 

(Figure 3.3.2(b), ii). On the other hand, the dynamical asymmetries appear as a result of random 

nucleation of bubbles with different sizes at several locations inside the micromotor (after 

significant depletion of the Mg core) and their interactions, coupled with their ejection at various 

angles or extended growth while attached to the micromotor. Additionally, environmental noise, 

fluid convection, and buoyancy force affect the motion of these micromotor. Thus, the length of 

the micromotor trajectory will differ greatly from its displacement. (Figure 3.3.2(b), iii). The 

asymmetry effects become more pronounced once a portion of the Mg core is depleted and a cavity 

is formed inside the micromotor. The bubbles can nucleate and grow at different locations inside 

the cavity before being ejected. Upon the sudden formation of each bubble inside the cavity, a 

corresponding volume of the fluid is ejected out from the opening. This sudden fluid jet results in 

hopping of the micromotor (Figure 3.3.2(c). The intensity of the fluid jet and the hopping distance 

depends on the bubble size inside the cavity and the size of the micromotor’s opening. As illustrated 

in Figure 3.3.2(c) upon bubble nucleation inside the cavity, the micromotor hops forward, the 

bubble is ejected joining to the train of bubbles, and the micromotor is stationary until the next 

bubble is nucleated inside the cavity. 
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Figure 3.3.3. Bubble size variation with surfactant concentration. (a) Bubble size normalized 

by the size of the micromotor as a function of surfactant Triton X-100. (b) Images of typical 

micromotors and their bubble tails for (i) 0%, (ii) 0.05%, and (iii) 0.5% Triton X-100. 

 

The majority of the micromotors behave similarly to the typical micromotor shown in 

Figure 3.3.2(b). There are usually structural and dynamic asymmetries involved whose effect may 

vary over the lifetime of the micromotor, and sequences of bubbles with random sizes and ejection 

times are formed. To find order in this complex system, we aimed to identify the elements of motion 

upon which the dynamics of a micromotor is built. We looked closely at how bubbles form and 

where the bubble size variation comes from. In all of the experiments, we used a solution containing 

a surfactant (0.2% of Triton X-100) to stabilize the bubbles; yet, it is useful to examine how 

different amounts of surfactant will change the overall bubble size. The dependence of the bubble 

size upon the surfactant concentration is presented in Figure 3.3.3. As expected, higher surfactant 

concentration resulted in smaller bubble diameter while averaging over all gears. To build a 

framework for quantitative analysis, we categorized the bubble formation mechanism into three 
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bubble ejection processes which contribute to the propulsion differently. Thus, in analogy with a 

macroscopic multigear machines, we call each process a gear. 

3.3.5 Three gears of bubble growth and ejection 

 
Figure 3.3.4. Three gears of bubble growth and ejection. Three gears of bubble growth and 

ejection. (a) Gear 1 features a long growth period outside the motor and large bubble size. (b) Gear 

2 features a short growth period inside the motor and medium bubble size. (c) Gear 3 features a 

negligible growth period and immediate ejection of small bubbles. (d) Time lapse of Mg-TiO2 

micromotor demonstrating Gears 1 and 2 for two consecutive bubbles. (e) Speed of the micromotor 

from (d) over a longer (8.5 s) span. (f) (A) Time to eject a bubble for the 8.5 s span of the 

micromotor from (d) providing distinction between Gear 1 (blue) and Gear 2 (red). (B) Clustering 

of bubble ejection time data with the mean and standard deviation. (g) (A) Bubble size for the 8.5 s 

span of the micromotor from (d) providing distinction between Gear 1 (blue) and Gear 2 (red). (B) 

Clustering of bubble size data with the mean and standard deviation. (h) (A) Motor displacement 

for the 8.5 s span of the micromotor from (d), providing distinction between Gear 1 (blue) and Gear 

2 (red). (B) Clustering of motor displacement data with the mean and standard deviation. 

 

At the early stages of micromotor operation, bubbles nucleate on the Mg surface and grow 

on the micromotor surface before detachment. At later times, upon cavity formation inside the 

micromotor, some bubbles grow first inside the cavity and then continue to grow while a portion 

of them is outside of the micromotor (Figure 3.3.4(a)). We call this process “Gear 1.” Some of the 
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bubbles only grow inside the cavity and suddenly hop out of the micromotor. We call these “Gear 

2” (Figure 3.3.4(b)). Due to the extended growth period, on average a Gear 1 bubble grows to a 

larger size than a Gear 2 bubble. We also observed the ejection of very small bubble, which usually 

does not contribute strongly to propulsion (Figure 3.3.4(c)). We call this small bubble ejection Gear 

3. This gear can result from many nucleation events taking place at the same time inside the cavity, 

forcing some small bubbles to hop out before having enough time to grow. In summary, Gear 2 is 

more prevalent in the early stage of a micromotor’s life while all gears are prevalent in the middle 

of the lifetime as the cavity inside has expanded with depleted Mg. Finally, at the end, we see 

sporadic Gears 1 and 3 bubbles before the motion stops. 

To illustrate the differences between Gear 1 and Gear 2, we present in Figure 3.3.4(d) a 

micromotor showcasing both modes of bubble production. During the first 10 ms of the time lapse, 

we see the nucleation of a bubble (highlighted in blue). By the 20 ms mark, the bubble is already 

outside the motor but has not detached and is continuing to grow until about 80 ms at which point 

it has grown to a size comparable to the size of the micromotor. Finally, the bubble detaches, and 

the micromotor moves forward. The displacement between the bubble and micromotor at 90 ms is 

due to the fluid jet caused by the nucleation of other bubbles inside the micromotor. The growth 

phase for the next bubbles (Gear 2, highlighted by red) is much shorter (30 ms). The bubble 

nucleates and grows inside the micromotor structure and is ejected out. While the bubbles of Gear 

1 have time to grow on the surface, the Gear 2 bubbles are limited in size to the space inside the 

cavity and are thus expected to be smaller. 

We analyzed the micromotor in Figure 3.3.4(d) for a longer period of 8.5 s to quantify the 

behavior of Gear 1 and Gear 2 bubbles and their contribution to motion. The micromotor did not 

eject a Gear 3 bubble during the time interval of our analysis. We observed that the sequence of 
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gear occurrence is random which we attribute to the stochastic processes involved in bubble 

nucleation and ejection. Therefore, we statistically quantified the significance of each gear. The 

micromotor speed varies over time (Figure 3.3.4(e)). There are periods of inactivity in displacement 

mostly during the growth phases of Gear 1 bubbles followed by large spikes in speed due to the 

large displacement from bubble push or fluid jetting. To differentiate the behavior of the gears 

quantitatively, for each bubble, we extracted the time required to eject the bubble, the bubble size, 

and the micromotor displacement due to each bubble formation and ejection. The time it takes to 

eject a bubble from the micromotor (Figure 3.3.4(f)) ranges around 0.2 ± 0.06 s for Gear 2 bubbles 

while Gear 1 bubbles take more than three times longer with an average of 0.64 ± 0.34 s. A similar 

trend is observed in the bubble size (Figure 3.3.4(g)). Gear 2 bubbles are smaller with an average 

size of 12.1 ± 0.85 μm while Gear 1 bubbles grow up to 20.3 ± 7.25 μm. Finally, Gear 2 bubbles 

result in a smaller displacement of 1.6 ± 0.86 μm (Figure 3.3.4(h)) compared to Gear 1 bubbles 

with average displacement of 4 ± 1.96 μm. 

3.3.6 Effect of shell material on micromotor behavior 

 

Figure 3.3.5. Effect of shell material on micromotor behavior. (a) Motion of Mg-TiO2 and Mg-

parylene micromotors and (b) their corresponding speeds. (c) In the mid-lifetime of the Mg-

parylene micromotor, the time required for Gear 1 bubble ejection is very slow (more than 30 times 

that of Mg-TiO2 micromotor) and the generated bubbles are typically larger than the micromotor. 

(d) The Mg surface inside the micromotor is concave (i) and the bubble have more space to grow, 

thus (ii) the ejected bubble can grow larger than the motor size. (e) Circle fitting to a bubble (i) 

fully inside and (ii) partly outside the micromotor.  
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Having established a multigear dynamics framework, an important design question may 

arise: can we engineer the micromotor structure such that we can have more control over the bubble 

propulsion process and the occurrence of gears with fine-tuned bubble properties? A 

comprehensive answer to this question requires exploring the design parameter space of the 

micromotor with different material properties and symmetry considerations, and this will be the 

scope of our future work. However, within the scope of the current study, we demonstrate 

qualitatively the effect of material selection on multigear bubble propulsion. The presented results 

so far have been based on a hydrophilic TiO2 shell. Changing the shell to hydrophobic parylene 

significantly affects the bubble nucleation, growth, and ejection, and thus the overall micromotor 

propulsion (as shown in Figure 3.3.5(a)). 

During the first one minute of a micromotor’s lifetime, a typical Mg-TiO2 micromotor 

(Figure 3.3.5(a)) shows higher average speed and displacement than a typical Mg-parylene 

micromotor. A micromotor with a parylene shell has a lower bubble generation frequency than a 

Mg-TiO2 one and longer bubble growth periods, both accompanied by diminished displacement 

over time. The speed spikes of an Mg-parylene micromotor are much smaller than that of a Mg-

TiO2 micromotor (Figure 3.3.5(b)). Figure 3.3.5(c) shows the formation of a bubble by an Mg-

parylene micromotor halfway through its lifetime. The bubble grows in the middle, part of it 

extends out of the opening, whereby it continues to grow for a very long time until finally detaching 

from the micromotor. This is a clear demonstration of Gear 1 and here the bubble grows up to a 

size larger than the micromotor itself (Figure 3.3.5(c)). The time of Gear 1 bubble growth and 

ejection for a micromotor with hydrophobic shell is more than 30 times longer than compared to a 

micromotor with a hydrophilic shell (Figure 3.3.4(f), B). 
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Halfway through the micromotor lifetime, while the majority of bubbles for hydrophobic 

shell micromotors are Gear 1, hydrophilic shell micromotors produce a random train of Gears 1, 2, 

and 3 at a much higher rate and smaller bubble size. We observed a major structural distinction in 

the curvature of Mg inside a micromotor after the formation of the cavity. For a hydrophilic shell 

micromotor, the Mg core becomes slightly convex in shape, with the Mg core being dissolved most 

rapidly at the edges. We speculate that as gastric acid enters the micromotor, it preferentially wets 

the sides of the micromotor, thus consuming faster the Mg at the sides. Additionally, it is easier to 

nucleate a bubble on the side adjacent to a TiO2 wall as opposed to the middle of the Mg core. 

Conversely, as schematically presented in Figure 3.3.5(d), i, it is our understanding that the Mg 

surface in a hydrophobic shell micromotor is concave. While we do not have a way to observe the 

curvature inside the micromotor directly, we deduced from the circle fitting and the angle between 

the bubble and the equator line created by Mg that the metal surface is concave (Figure 3.3.5(e)). 

As such, the bubble has space to grow to a larger size inside the cavity which supports and keeps 

the part of the bubble inside the cavity while a portion of the bubble grows on the micromotor 

surface. As a result, the outside part has more time to grow before the surface tension at the water-

bubble interface, the pressure inside the bubble, and the curvature of the bubble around the opening 

pull the inside part out (Figure 3.3.5(d), ii). 
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3.3.7 Flow fields generated by micromotors 

 
Figure 3.3.6. Fluid flow around Mg-TiO2 micromotors. The flow field generated by a (a) 

stationary and (b) motile Mg-TiO2 microengine. (i) is an instant of micromotor operation and (ii) 

illustrates the overlaps34 of a stack of 50 fluorescent microscopy images (during a 4 sec period) to 

show the flow field around the micromotor. 

 

The effect of gear type and occurrence frequency on bubble propulsion, at more 

fundamental level, is manifested in the pattern of the reactive fluid flow inside and around the 

micromotor. A detailed analysis of the effects of gears on fluid dynamics is beyond the scope of 

our current study. Here, we provide general discussion on the pattern of fluid flow generated by 

bubble production mechanism. Figure 5 and Video S5 demonstrate the operation of a stationary 

and a motile Mg-TiO2 microengine. The bubble ejection of a stationary microengine near a 

substrate induces a pattern of circular flow (Figure 3.3.6(a)) similar in shape but opposite in 
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direction to a puller microorganism under confinement.33 These filter feeder microorganisms mix 

their local environment by circular flow and bring food to their mouth. The similar biomimetic 

flow pattern of transient micromotors can serve the same purpose by enhancing the transport of 

reactive materials in the fluid toward the opening of the microengine which provides efficient local 

mixing. The biomimetic flow pattern changes when the stationary microengine turns into a motile 

micromotor. Instead of circular flow, the translocation of freely moving microengines generates 

disordered open streamlines. (Figure 3.3.6(b)). The remarkably enhanced fluid dynamic resulting 

from the transient micromotor platform offers considerable promise for increasing the efficiency 

of a variety of medical and decontamination processes. 

3.3.8 Conclusions 

In conclusion, we have established a multigear bubble propulsion framework to analyze the 

stochastic sequence of bubbles generated during the motion of transient micromotors. We 

identified three modes of bubble ejection. The bubbles that continue to grow outside the 

micromotor tend to be larger and take more time for ejection but present larger micromotor 

displacement. We investigated the distinct effects of hydrophobic and hydrophilic shell on the 

operation of micromotors including bubble nucleation rate, bubble size, and the bubble ejection 

processes. A more detailed investigation of the effect of material selection upon multigear 

dynamics and discovering design principles for fine tuning the dynamics of multigear bubble 

propulsion micromotors will be the subject of our future studies. Our analysis of the fluid flow 

pattern around the microengines and its similarities to flow around filter feeder microorganisms 

suggest new possibilities aligned with our previous studies33 for exploiting the transient 

micromotors for enhanced local mixing and environmental remediation. Our analysis framework 

provides a pragmatic guideline to quantitatively study the complex system of multigear bubble 
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propulsion and investigate the effect of the material and environmental parameters (including 

additional parameters involved in other biological media such as serum or interstitial fluid) on 

elements of motion. Our analysis framework provides new insights and understanding of the bubble 

propulsion of chemical micromotors and can be extended to other transient micromotor structures 

where multiple bubble production mechanisms may change with time. Our study guides future 

design principles of transient micromotors and serves for fine tuning the performance of these 

micromotors. 

Chapter 3.3 is based, in part, on the material as it appears in Research, 2020, by Amir 

Nourhani, Emil Karshalev, Fernando Soto, and Joseph Wang. The dissertation author was the 

primary investigator and author of this paper. 
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Chapter 4. Transient icromotors towards In Vivo 

Applications 

4.1 Micromotors for active delivery of minerals towards the treatment of iron 

deficiency anemia 

4.1.1 Introduction 

Despite tremendous progress in growing and transporting food, a large fraction of the world 

population still suffers from severe nutritional deficiencies. While a variety of inorganic minerals 

are essential for regulating numerous metabolic pathways, iron (Fe) stands out as a crucial element 

for humans.1−4 Fe deficiency represents the most common nutritional deficiency worldwide and 

has tremendous health and economic costs. Fe is vital in the transport of oxygen via hemoglobin, 

the function of numerous enzymes responsible for biological oxidation, and gut microbiome 

health.2,5 About one-third of the world’s population suffers from anemia, which represents a major 

global public health problem that affects developing and underdeveloped nations. The most 

common reason for Fe deficiency is insufficient daily dietary intake. Strategies to combat anemia 

rely primarily on diet modification to include Fe-rich foods, oral Fe supplementation, or 

intravenous Fe therapy.2,6 Fe supplementation strategies carry their own drawbacks due to certain 

side effects, such as gut inflammation and constipation. In addition, an excess of Fe promotes the 

growth of pathogenic bacteria in the gut, which can displace favorable bacterial species and lead 

to inflammation, endotoxemia, and subsequently diminished nutrient absorption.7 This cycle of 

decreased absorption and chronic inflammation associated with anemia contributes to further 

weakening of the immune system and malnutrition due to ineffective nutrient intake. 
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While some nutritional minerals are required by the body in large quantities (mg/day), 

others are necessary in smaller amounts (μg/day) for optimal metabolic function. One such element, 

selenium (Se), is an essential component of the enzyme glutathione peroxidase, which has 

important antioxidant functions that protect against cell damage.2,8,9) Additionally, Se is important 

for immune health, thyroid hormone metabolism, and proper heart and reproductive functions. 

Supplementation of Se, especially to younger individuals, is used for addressing this deficiency. 

However, Se possesses one of the narrowest ranges between effective (<40 μg/day) and toxic (>400 

μg/day) levels; hence, special care must be taken in Se supplementation to prevent accidental 

accumulation above the safety threshold.8 Accordingly, the development of smart and reliable 

strategies for delivering multiple minerals, with the highest absorption and efficacy along with 

minimal side effects, would be highly beneficial. 

Here, we present micromotors loaded with Fe and Se that are capable of autonomous 

propulsion in the intestinal fluid, which, based on previous studies, is expected to enhance localized 

delivery and absorption of the minerals in the upper intestinal tract to provide anemia relief in an 

Fe-deficient anemia mouse model. Synthetic micromotor-based dynamic delivery systems have 

proven to be attractive candidates for the targeted delivery of therapeutic cargoes both in vitro and 

in vivo.10−25 Motors with such small dimensions (∼5–25 μm), based on different self-propulsion 

strategies, have been shown to move in different biological fluids while performing a variety of 

tasks. Micromotors utilized for in vivo gastrointestinal (GI) delivery tasks commonly adopt a core–

shell structure with a reactive metal core (magnesium (Mg) or zinc) and an inert shell (titanium 

dioxide (TiO2), gold, or various polymers), along with a small opening on one side to enable 

exposure of the core to the biological fuel.21,26,27 Due to their material composition, these 

micromotors are biocompatible and, in some cases, completely biodegradable.27 The reaction of 
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the reactive core with GI fluids results in the rapid release of hydrogen bubbles from the open end 

of the micromotor, thus inducing effective motor movement through a bubble thrust.25 Our 

previous studies demonstrated that the active and autonomous propulsion of these micromotors 

enables them to embed within the mucosal linings of GI tissues, increasing their residence time and 

enhancing the absorption and retention of their therapeutic payloads.17,18,28 With increased 

absorption, drug loading can be lowered to achieve the same therapeutic effect while 

simultaneously reducing adverse side effects. Recently, drug-loaded active micromotors have been 

incorporated into orally ingestible tablets, based on common pharmaceutical formulations, in order 

to localize delivery to the stomach of mice while facilitating convenient administration.29 Overall, 

micromotors represent attractive candidates for the targeted and localized delivery of therapeutic 

cargoes to the GI system. 

To address the challenge of relieving anemia and enhancing nutrient adsorption, mineral-

loaded micromotors were constructed with a Mg core and a thin TiO2 shell. The mineral pair of Fe 

and Se was selected here as a model mineral payload while also considering the potential 

synergistic effect that Se could have on Fe absorption.30,31 Additionally, as the key component of 

the micromotor engine, elemental Mg released as a byproduct of the propulsion reaction could offer 

additional nutritional benefits in reducing the effects of anemia.32−34 The Fe and Se minerals were 

loaded into a chitosan layer and subsequently protected by an enteric pH-responsive polymer to 

prevent undesired mineral release in the stomach. The Fe/Se loading ratios were optimized to 

conform with recommended daily dosages while remaining below toxic levels. The movement of 

the mineral-loaded micromotors was characterized and compared to that of nonloaded motors, 

demonstrating similar propulsion behavior. Micromotors were administered to anemic mice, and 

various parameters were compared to those of healthy mice and anemic mice treated with control 
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formulations. Hematology data showed significantly higher recovery of important parameters, 

compared to passive diffusion-based control approaches (e.g., red blood cell (RBC) count: 6.9 × 

106 ± 0.6 × 106 cells/mm3 vs 4.8 × 106 ± 0.3 × 106 cells/mm3), as will be discussed below. 

Additionally, blood concentrations of Fe and Se demonstrated improved recovery compared to 

anemic control groups, while blood and organ analyses revealed no toxicity after 30 days of 

treatment. These in vivo results indicate that micromotors are attractive vehicles for the active 

targeted delivery of mineral supplements, particularly for addressing anemia. 

4.1.2 Experimental section 

Micromotor Fabrication: The Mg-based micromotors were prepared using commercially available 

magnesium microparticles (catalog #FMW20, TangShan WeiHao Magnesium Powder Co.; 

average size, 20 ± 5 μm) as the core. The Mg microparticles were initially washed with acetone to 

eliminate impurities. After drying under a N2 current, the Mg microparticles were dispersed onto 

glass slides (10 mg of Mg microparticles per glass slide) and coated with TiO2 by atomic layer 

deposition at 100 °C for 3000 cycles using a Beneq TFS 200 system. Being a chemical vapor 

deposition technique, the process utilizes gas phase reactants, leading to uniform coatings over the 

Mg microparticles, while leaving a small opening (∼2 μm) at the contact point of the microparticle 

to the glass slide. The Mg/TiO2 micromotors were coated with 120 μL of 1% (w/v) PLGA (Sigma-

Aldrich, P2191) prepared in ethyl acetate (Sigma-Aldrich, 270989); this process was repeated to 

ensure the protection of the Mg-based motors from reaction with the chitosan solution during the 

mineral loading step. Then, iron(II) gluconate hydrate (100 mg/mL; Sigma-Aldrich, 44948) and 

sodium selenate decahydrate (1 mg/mL; Alfa Aesar, AA1423914) were dissolved in a 0.05% (w/v) 

chitosan solution (Sigma-Aldrich, C3646) and prepared in water containing 0.01% (w/v) sodium 

dodecyl sulfate (Sigma-Aldrich, C436143) and 3 mM acetic acid (Sigma-Aldrich, 695092). The 
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Mg/TiO2–PLGA micromotors were coated with 100 μL of this solution and dried under a N2 

current. Finally, the mineral-loaded micromotors were collected by lightly scratching the 

microparticles off of the glass slide. It is important to mention that in order to achieve dose 

equivalence between the treatment and control groups, we first fabricated a large batch of Fe/Se-

loaded micromotors. After the fabrication, a fraction of the resulting micromotors was separated 

and protected with the enteric coating and used as the treatment group. Another fraction of the 

micromotors was left uncoated and used as the unprotected micromotor control group. The third 

fraction of micromotors was dissolved, and the extract was used as the free ion control. To compare 

with the Mg-based micromotors, inert 20 μm silica microparticles (Nanocs, Inc., Si01–20u-1) were 

used as core particles, following the same protocol described above, and used as the passive particle 

control. Such inert silica microparticles do not react with intestinal fluid and thus do not exhibit 

propulsion. 

Micromotor Enteric Coating: The commercial enteric polymer Eudragit L100-55 (Evonik 

Industries) was chosen to coat the mineral-loaded micromotors to prevent the Mg core from 

reacting in the gastric fluid of the stomach. To start, a batch of mineral-loaded micromotors was 

added in 100 μL of a 6.5% (w/v) Eudragit L100-55 solution prepared in pure isopropyl alcohol. 

The micromotor suspension was then dispersed into a paraffin oil (Sigma-Aldrich, 18512) and 

Span 85 (Sigma-Aldrich, S7135) matrix (100:1 ratio) and left under continuous stirring for 2 h. 

Then, 1 mL of hexanes (Sigma-Aldrich, 296090) was added following an overnight solvent 

evaporation process. The enteric coating was further hardened by the introduction of fresh hexanes, 

followed by a subsequent period of soft annealing at 70 °C for 2 h, which ensured complete sealing 

of the mineral-loaded motors. The passive control microparticles were fabricated following a 

similar process. 
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Micromotor Characterization: SEM imaging of a mineral-loaded micromotor was performed on 

an FEI Quanta 250 ESEM instrument, using an acceleration voltage of 10 kV. EDX mapping 

analysis was performed using an Oxford EDX detector attached to the SEM instrument and 

operated by Pathfinder software. For additional characterization, iron(II) gluconate hydrate or 

sodium selenate decahydrate were loaded in chitosan layers further labeled with FITC (λex = 492 

nm/λem = 520 nm, Sigma-Aldrich, 46945) or Rh-6G (λex = 524 nm/λem = 547 nm, Sigma-Aldrich, 

R4127) fluorescent dyes, respectively. Brightfield and fluorescent images of the mineral-loaded 

motors were captured using an Invitrogen EVOS FL microscope coupled with a 10× and 40× 

microscope objectives using the GFP and RFP fluorescence filters for green and red excitation, 

respectively. 

Micromotor Propulsion: The autonomous propulsion of the mineral-loaded micromotors was 

tested in vitro using a simulated intestinal fluid (Sigma-Aldrich, 53757). The intestinal fluid was 

diluted 10 times according to the manufacturer’s specifications (final pH ∼ 6.5) and supplemented 

with 0.2% Triton X-100 (Fisher Scientific, 9002-93-1) as a surfactant. An inverted optical 

microscope (Nikon Eclipse Ti–S/L100) coupled with different microscope objectives (10×, 2×, and 

40×) along with a Hamamatsu C11440 digital camera and NIS Elements AR 3.2 software were 

used to capture the videos. The speed of the micromotors was tracked using an NIS Elements 

tracking module. 

Mineral Quantification by ICP-OES: Mineral levels for Fe, Se, and Mg were obtained using a 

PerkinElmer Optima 3000 DV system with a plasma power of 1450 W and sensitivity calibration 

with 1 ppm manganese. The elements were measured at the following wavelengths: 238.2, 196.0, 

and 285.2 nm for Fe, Se, and Mg, respectively. Samples from different Fe/Se loading ratios 

(100:50, 100:10, 100:1, and 100:0) were prepared and measured by modifying an existing 
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protocol.27 In short, 2 mg dosages of nonloaded and loaded micromotors were put in conical tubes 

followed by dissolution in 5 mL of 0.1 M hydrochloric acid (EMD Millipore, HX0603-4) 

overnight. Then the samples were spun down at 4000 rpm for 15 min on an IEC CL31R Multispeed 

centrifuge (Thermo Scientific) to ensure no solid particles were introduced into the plasma. The 

supernatant was further diluted 20× with 1% trace metal-grade nitric acid (HNO3) (Fischer 

Chemical, A509-P500). Finally, a concentration calibration for Fe, Se, and Mg was performed with 

commercial multielement standards prior to analysis (SPEX CertiPrep, MIXSTD1-100, and 

MIXSTD5A-100). 

Animal Care: Mice were housed in an animal facility at UC San Diego in compliance with local, 

state, federal, and National Institutes of Health guidelines. All of the animal experiments were 

performed according to protocols that were previously reviewed and approved by the Institutional 

Animal Care and Use Committee at UC San Diego. 

Generation of Fe/Se-Deficient Mouse Model: A month prior to treatment, 3-week-old male CD1 

mice (n = 30) were obtained from Charles River Laboratories (Wilmington, MA). To induce the 

Fe and Se deficiency, 25 mice were fed with a deficient diet (Se < 0.01 ppm, Fe < 6 ppm, Teklad 

Custom Diet, TD.80396, Envigo). Every week, 250 μL of blood was drawn to accelerate the Fe 

and Se depletion. In the control group, 5 mice were fed with the standard chow (∼270 ppm Fe). To 

confirm the Fe and Se deficiency, 100 μL of blood was collected into heparin-pretreated tubes (5 

μL, 10 mg/mL, Sigma-Aldrich) at day 30 to quantify the Fe and Se content with ICP-MS. 

Meanwhile, the Fe deficiency-induced anemia was evaluated by measuring the hematological 

parameters from the whole blood with a scil Vet abc Plus machine (scil Animal Care Company). 

Parameters including RBC counts, HGB concentration, and HCT, were recorded to reflect the 

severity of anemia. 
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In Vivo Fe and Se Replenishment with Mineral-Loaded Micromotors: Fe/Se-deficient mice were 

randomly divided into 5 groups (n = 5) at the beginning of the treatment. The phenotype was 

evaluated by a researcher who was not informed of the treatment groups. The dosing scheme was 

as follows: 30 mg/kg Fe/Se-loaded micromotor, free ion, unprotected micromotor, and passive 

particle formulations were orally administered to the deficient mice every other day for 30 days. In 

order to ensure the number of free ions was equivalent to the ions loaded onto the micromotors, we 

allocated the same amount of micromotors used in the treatment group (2 mg) and then dissolved 

them in diluted HCl and spun down to remove undesired solid debris. Subsequently, the extracted 

liquid was orally administered to the mice. The healthy mice in the control group were left 

untreated. Every 6 days, 100 μL of blood from each mouse was sampled to monitor the RBC counts, 

HGB levels, and HCT. At the end of the treatment, 300 μL of blood was withdrawn from each 

mouse, and Fe and Se were quantified by ICP-MS. Statistical analysis was performed using one-

way ANOVA. The study was repeated twice, demonstrating reproducibility between the two trials. 

Mineral Quantification of Mouse Blood by ICP-MS: ICP-MS mineral level analysis of mouse blood 

was performed on a Thermo Scientific iCAP RQ ICP-MS operating in Kinetic Energy 

Discrimination mode. We used an RF plasma power of 1550 W with a quartz cyclonic spray 

chamber, Ni cone, a dwell time of 0.04 s, and 20 replicates per each sample. The sample preparation 

was modified from existing protocols.44−46 In short, blood with known mass was placed in a vial. 

Then, ∼ 5 mL of 70% trace metal grade HNO3 was added to the vial and left overnight on a hot 

plate at 100 °C. The next day, the samples were dried by uncapping them and leaving them on the 

hot plate. Another ∼5 mL of 70% trace metal grade HNO3 was added to redisperse the 

yellow/brown residue, and the samples were left overnight again at 100 °C. The next day, 2 mL of 

30% H2O2 (Fischer Chemical, H325-500) was added to decompose leftover organic species, and 
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the samples were left at 120 °C overnight. This step was repeated 2 more times. Finally, the samples 

were dried on the hot plate and redispersed in 10 mL of 1% trace metal grade HNO3. Then, samples 

were further diluted in order to prevent ICP-MS detector saturation and spiked with an internal 

indium standard (Inorganic Ventures, Virginia, USA, IV-ICPMS-71D). Finally, a concentration 

calibration for 56Fe and 78Se isotopes was performed with a commercial multielement standard 

prior to analysis (Inorganic Ventures, Virginia, USA, IV-ICPMS-71A). These isotopes were 

chosen as the most stable and prevalent isotopes for these elements. 

Toxicity Evaluation of Mineral-Loaded Micromotors: Seven-week-old male CD1 mice were 

purchased from Charles River Laboratories. Mice were randomly divided into two groups. One 

group of mice was orally administered with 30 mg/kg of the Fe/Se-loaded micromotors, while the 

other group was dosed with 200 μL of deionized water (n = 3). The dosing frequency was kept the 

same as the treatment study (every other day for 30 days). At the end of the study, mice fasted for 

12 h before sample collection. For the blood cell count, 100 μL of blood was withdrawn into 

EDTA-pretreated tubes (Sarstedt). The white blood cell, RBC, and platelet counts were recorded 

with a scil Vet abc Plus machine. For the comprehensive metabolic panel, 300 μL of blood was 

collected into a heparin-pretreated tube. The serum was separated by centrifuging the blood at 

1000g for 5 min. The serum samples were then submitted to the UC San Diego Animal Care 

Program Diagnostic Services Laboratory for analysis. To evaluate the toxicity of the micromotors 

to major organs, mice were euthanized and perfused with 30 mL of PBS. The heart, liver, kidney, 

spleen, and lung were then collected. The stomach was removed from the abdominal cavity and 

cut open along the large curvature. The food was removed, and the tissue was rinsed in PBS. The 

remaining GI tract was cut into 4 sections: the colon, proximal small intestine, middle small 

intestine, and distal small intestine. The small intestine sections were of equal length. The samples 
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were prepared following a previously published swiss-rolling protocol.47 In brief, the intestine 

segments were gently flushed with PBS to remove their contents fully. The gut segment was then 

cut open longitudinally along the mesenteric line and placed in a clean Petri dish with the luminal 

side facing upward. A clean toothpick was used to wrap the intestine segments, and the rolls were 

transferred to tissue-embedding cassettes. All of the organs were fixed, dehydrated, and sectioned 

for H&E staining. Images were taken by a Nanozoomer 2.0-HT slide scanning system. 

4.1.3 Fabrication and characterization of loaded Mg/TiO2 micromotors 

 
Figure 4.1.1. Schematic illustrations of synthetic micromotors for the active delivery of 

minerals. (a) Schematic of micromotor-based in vivo delivery and release of Fe and Se at the 

duodenum region. (b) Schematic structure of the mineral-loaded micromotor consisting of a 

Mg/TiO2 core protected with an inner PLGA polymer layer, a middle chitosan layer loaded with 

Fe and Se, and an outer pH-responsive enteric layer (Eudragit L100-55, soluble when pH ≥ 5.5). 

(c) Chemical structures of iron(II) gluconate hydrate (left) and sodium selenate decahydrate (right). 
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Macronutrients and micronutrients are commonly absorbed in different parts of the GI tract, 

and it was thus imperative that our supplementation strategy accurately targets the correct region 

(Figure 4.1.1a). Our mineral-loaded micromotors were designed to be protected from the highly 

acidic stomach gastric fluid by an outer pH-responsive enteric coating, Eudragit L100-55, which 

is soluble only when pH ≥ 5.5. Upon entering the upper intestinal tract (duodenum), where the pH 

is ∼6, the protective coating can dissolve, thereby exposing the Mg core of the micromotors to the 

chloride-containing aqueous media and initiating the hydrogen-based propulsion. This protection 

is crucial to allow micromotors to selectively react and release the cargo in the GI tract but not in 

the stomach. Our previous studies have demonstrated that the micromotor propulsion causes the 

motors to impinge on the mucosal layer of the duodenum, increasing retention times compared to 

inert particles that passively travel through the GI.17,25 Due to this improved contact with the 

intestinal wall, the loaded minerals can be more readily absorbed. The Fe and Se minerals, in the 

forms of iron(II) gluconate hydrate and sodium selenate decahydrate, respectively, were loaded 

into a positively charged chitosan layer, which also aids in adhesion to the mucosal layer through 

electrostatic forces (Figure 4.1.1b,c).35 Iron(II) gluconate is an iron source salt commonly used in 

many iron supplementation formulations due to its favorable bodily tolerance.36 Sodium selenate 

decahydrate has been one of the most common sources of nutritional selenium owing to its high 

solubility and high bioavailability.37 
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Figure 4.1.2. Micromotor preparation, structural characterization, and mineral loading. (a) 

Schematic of the micromotor preparation. TiO2 is deposited over Mg microparticles dispersed over 

a glass slide, a PLGA film is coated over the Mg/TiO2 micromotors, Fe and Se are loaded via a 

chitosan film, and an enteric layer is coated over the mineral-loaded micromotors with the pH-

responsive polymer Eudragit L100-55. (b) Demonstration of the Fe and Se loading: iron(II) 

gluconate hydrate (left) and sodium selenate decahydrate (right) loaded in FITC or Rh-6G-labeled 

chitosan films, respectively. The microscopy images (optical, fluorescence: GFP and RFP 

channels, and merged) demonstrate the loading of the Fe and Se-based compounds over the Mg-

based micromotors. (c) SEM image of a Mg/TiO2/PLGA/Fe–Se@chitosan micromotor and EDX 

images illustrating the distribution of elemental Mg (cyan), Ti (yellow), Fe (green), and Se (red). 

(d) Microscopic images and schematic insets displaying the hydrogen bubble generation and the 

motion of a nonloaded (left) and a mineral-loaded (right) micromotor in intestinal fluid simulant 

(pH ∼ 6.5) supplemented with 0.2% Triton X-100 (used as a surfactant). (e) Comparison of the 

nonloaded and mineral-loaded micromotor speeds in simulated intestinal fluid (n = 3, mean ± SD). 

(f–h) Released elemental Fe (f), Se (g), and Mg (h) per treatment dosage (2 mg of Fe/Se-loaded 

micromotors) as a function of different ratios of the Fe and Se compounds used to prepare mineral-

loaded micromotors (n = 4, mean ± SD). Two mg of mineral-loaded micromotors, dissolved in 0.1 

M hydrochloric acid solution, was used to perform the ICP-OES analysis. The purple window 

indicates the recommended daily intake levels, and the gold line indicates the upper daily limit of 

both elements. 

 

The fabrication of the Fe and Se-loaded micromotors is summarized in Figure 4.1.2a (see 

Methods section). First, Mg microparticles (∼20–25 μm) were spread onto a glass slide. Then, a 

thin, conformal TiO2 layer was deposited over the Mg microparticles via atomic layer deposition, 
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leaving a small opening where the particle contacts the glass surface. This asymmetry facilitates 

directional hydrogen bubble generation upon biofluid contact, which generates propulsion thrust. 

Next, the micromotors were coated with a layer of poly(lactide-co-glycolic acid) (PLGA) to protect 

them from the more acidic chitosan mineral loading solution, which could prematurely activate the 

motors. Subsequently, the chitosan layer (containing the Fe and Se minerals mixed in at the 

appropriate ratio) was deposited onto the PLGA layer. Finally, the micromotors were released from 

the glass slide and were fully coated with an enteric coating. 

To confirm the presence of the minerals in the chitosan layer, we performed independent 

loading of the Fe or Se minerals onto the micromotors (Figure 4.1.2b). To facilitate the 

visualization, the chitosan layers were imaged by introducing fluorescein (FITC) or Rhodamine-

6G (Rh-6G) fluorescent dyes with the Fe or Se-loaded micromotors, respectively. Scanning 

electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) characterization 

were performed to confirm the structure of the micromotors and simultaneous mineral loading 

(Figure 4.1.2c). This analysis demonstrated the presence of the Mg core (in blue), the TiO2 shell 

with its characteristic opening (in yellow), and the uniform distribution of Fe and Se on the 

micromotor surface (in green and red, respectively). Next, we tested the propulsion capabilities of 

the nonloaded Mg/TiO2/PLGA/chitosan and the Mg/TiO2/PLGA/Fe–Se@chitosan micromotors in 

vitro using simulated intestinal fluid (Figure 4.1.2d). Efficient propulsion was obtained with both 

micromotors in chloride-rich intestinal fluid simulant, with the majority of the micromotors 

propelling for ∼3–4 min. Compared to the nonloaded motors (mean speed, 164 μm/s), there was a 

significant decrease in the speed of the nutritional motors (mean speed, 119 μm/s) in simulated 

intestinal fluid (Figure 4.1.2e). However, such speed decrease did not compromise the efficient 

propulsion of the Fe/Se-loaded micromotors in the tested fluid. After qualitatively evaluating the 

Fe and Se loading onto the motors, we proceeded to quantitatively measure the amount of each 
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element, along with Mg, that could be delivered per a given dose of micromotors (2 mg of Fe/Se-

loaded micromotors) using inductively coupled plasma/optical-emission spectroscopy (ICP-OES) 

(Figure 2f–h). For loading, iron(II) gluconate hydrate and sodium selenate decahydrate were 

dissolved and mixed in a chitosan solution in ratios of 100:50, 100:10, 100:1, and 100:0, keeping 

the Fe amount constant while varying the Se content. The Fe level increased with lower ratios of 

added Se, while increased Se levels were observed as we mixed more selenate decahydrate into the 

chitosan layer (Figure 4.1.2f, g). We aimed to optimize the formulation to fit within the daily 

recommended intake for both minerals (indicated by a purple window) while still staying below 

the toxic daily upper limit (indicated by a gold line). These ranges and limits were calculated based 

on the National Institutes of Health (NIH) human dietary references converted for mice (Table 

4.1.1). Based on these results, we selected the 100:1 ratio and used this formulation for all 

subsequent in vivo studies. Due to the material composition of our system, the motor core releases 

Mg ions (as a result of the propulsion reaction), which can be absorbed and used as an additional 

nutritional supplement (Figure 4.1.2h). As Mg is a crucial macronutrient with roles in electrolyte 

balance and the function of many enzymes, animals require it daily in large amounts.38 The amount 

of Mg in the micromotors was determined to be less than the daily recommended amount of Mg, 

most of which can be easily acquired through water consumption. 
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Table 4.1.1. Calculation of daily recommended values and upper limits of minerals for mice. 

Recommended daily values for iron (Fe), selenium (Se), and magnesium (Mg) were obtained from 
39 while upper daily limits were obtained from 40 for humans. These values were converted to 

dosages for mice by using a mass ratio of average mouse weight (35 g) divided by average human 

weight (70 kg) and multiplication by the correction factor, Km (12.3 for mice). Correction factor 

was obtained from 41. 
 Iron (Fe) Selenium (Se) Magnesium (Mg) 

Recommended 

Human Dosage 

Daily 

Min 
(mg/d) 

Daily 

Max 
(mg/d) 

Upper Daily 

Limit (mg/d) 

Daily 

Min 
(μg/d) 

Daily 

Max 
(μg/d) 

Upper Daily 

Limit (μg/d) 

Daily 

Min 
(mg/d) 

Daily 

Max 
(mg/d) 

Upper Daily 

Limit 
(mg/d)a 

8 15 45 40 55 400 240 420 350 

Recommended 

Mouse Dosage 

Daily 

Min 
(μg/d) 

Daily 

Max 
(μg/d) 

Upper Daily 

Limit (μg/d) 

Daily 

Min 
(ng/d) 

Daily 

Max 
(ng/d) 

Upper Daily 

Limit (ng/d) 

Daily 

Min 
(μg/d) 

Daily 

Max 
(μg/d) 

Upper Daily 

Limit (μg/d) 

49 92 277 246 338 2460 1476 2583 2153 

a. Value given is only for Mg supplements and does not represent overall Mg daily intake. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

146 

 

4.1.4 Active replenishment with Fe/Se-loaded micromotors in mice 

Figure 4.1.3. Active mineral replenishment with Fe/Se-loaded micromotors. (a) The study 

protocol for evaluating the treatment efficacy of Fe/Se-loaded micromotors using an anemic mouse 

model. Anemia was induced by feeding mice with Fe- and Se-deficient diet for 30 days (red line). 

Subsequently, the mice treatment was performed for 30 days (green line) with micromotor and 

control administration every other day (green arrows). Blood draw and weighing of the mice were 

performed every 6 days during the treatment period (blue arrows). Images of mice, hematology, 

and ICP-MS measurements were carried out at the end of the study (blue line). (b) Representative 

images of mouse ears (top) and feet (bottom) demonstrating differences in coloration and vein 

visibility among the six tested groups. (c) Ratio of spleen weight to total body weight of mice 

treated with the six tested groups. Inset images show a representative spleen from each group, 

highlighting the changes in spleen color and size. (d–f) RBC count (106 cells/mm3) (d), hemoglobin 

levels (g/dL) (e), and hematocrit (%) (f) of each group of mice were measured and monitored for 

30 days over the entire treatment period. (g–i) RBC (106 cells/mm3) (g), hemoglobin (g/dL) (h), 

and hematocrit (%) (i) of each group of mice quantified at the end point of the treatment (on day 

60). (j, k) Elemental 56Fe (μg/g) (j) and 78Se (μg/g) (k) content of whole blood for each group of 

mice, quantified by ICP-MS at the end point of the treatment (on day 60). Each group had n = 5 

mice. Statistical analysis was performed using one-way ANOVA (error bars are defined as mean 

± SD). 
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To assess the therapeutic capabilities of our micromotor system against Fe-deficient 

anemia, we first induced anemia by feeding young, healthy mice with an Fe- and Se-deficient diet 

for 30 days (Figure 4.1.3a, red line). The anemia was confirmed by measuring hematology 

parameters. On the last day of the anemia induction, the RBC, hemoglobin (HGB), and hematocrit 

(HCT) levels dropped to 5.1 × 106 cells/mm3, 9.2 g/dL, and 25.0%, respectively, all of which were 

far below the normal level for male CD1 mice (RBC, 8.5–10.4 × 106 cells/mm3; HGB, 6.8−13.8 

g/dL; HCT, 39.3–47.0%).42 Following induction, anemic mice were orally administered with 30 

mg/kg Fe/Se-loaded micromotors per mouse weight every other day for 30 days (Figure 4.1.3a, 

green line and green arrows). Whole blood was collected, and the mouse weight was recorded 

every 6 days after starting the treatment process for 30 days (Figure 4.1.3a, green line, blue arrows). 

Based on the results obtained from our early studies using similar Mg-based micromotors for 

intestinal delivery,17,25 we hypothesized here that the formulation’s propulsion and ability to embed 

on the mucosal layer of the intestine, as well as its targeting characteristics (duodenum activation 

compared to stomach activation), would provide the most efficient mineral absorption. To test this 

hypothesis, anemic mice were fed with PBS, aqueous extracts of Fe/Se-loaded micromotors (free 

ion), Fe/Se-loaded micromotors without enteric coating (unprotected motor), and passive 

microparticles with an enteric coating. 

First, we examined the appearance of the ears and feet of the mice at the end of the 

treatment. The skin tone of the anemic mice treated with Fe/Se-loaded micromotors was rosy and 

comparable with that of the healthy mice (Figure 4.1.3b). In contrast, the mice treated with the free 

ions, unprotected micromotors, and passive particles all displayed pale skin color, similar to the 

PBS-treated anemic mice. Moreover, the average body weight of the Fe/Se-loaded micromotors-

treated mice was close to that of the healthy mice. Together, these results suggested alleviation of 

anemia symptoms after treatment with the Fe/Se-loaded micromotor formulation. Anemia is often 
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associated with severe splenomegaly, which is a sign of hypersplenism resulting from a reduction 

in circulating RBCs.43 The spleens collected from the Fe/Se-loaded micromotor, free ion, 

unprotected micromotor, and passive particle-treated groups all showed relieved splenomegaly 

(Figure 4.1.3c). Based on the weight of the spleen compared to body weight, the mice treated with 

Fe/Se-loaded micromotors (0.37 ± 0.05%) were statistically indistinguishable compared to the 

healthy mice (0.32 ± 0.06%), which was significantly less than that of the PBS-treated anemic mice 

(0.87 ± 0.16%). This suggested that the successful delivery of Fe and Se by the Fe/Se-loaded 

micromotor was able to lessen the hypersplenism by facilitating hematopoiesis. 

Next, we proceeded to analyze the biological impact of micromotor-based delivery on 

representative hematology parameters of the mice (i.e., RBC count, HGB level, and HCT). During 

the entire treatment period, the PBS-treated group displayed a gradual decrease in these three 

parameters, indicating the rapid progress of anemia in the absence of Fe supplementation (Figure 

4.1.3d–f). Meanwhile, the free ion, unprotected motor, and passive particle treatments were able to 

prevent the downward trend in RBC counts, HGB levels, and HCT. However, only the mice 

administered with the Fe/Se-loaded micromotor exhibited an increase in all of the parameters over 

time, all of which gradually approached healthy levels. Following treatment, the RBC count of the 

Fe/Se-loaded micromotor-treated mice was 6.9 × 106 ± 0.6 × 106 cells/mm3, which was near 

identical to that of the healthy mice (7.6 × 106 ± 0.4 × 106 cells/mm3) (Figure 4.1.3g). Importantly, 

the RBC count of the Fe/Se-loaded micromotor group was significantly higher than the free ion 

(5.5 × 106 ± 0.8 × 106 cells/mm3), unprotected motor (5.1 × 106 ± 0.7 × 106 cells/mm3), passive 

particle (4.8 × 106 ± 0.3 × 106 cells/mm3), and PBS (2.4 × 106 ± 0.4 × 106 cells/mm3) groups. 

Similarly, the HGB level of the Fe/Se-loaded micromotor-treated group increased to 11.9 ± 0.8 

g/dL and displayed significant improvement when compared with the free ion (9.4 ± 1.0 g/dL), 

nonloaded motors (8.5 ± 1.0 g/dL), passive particles (8.9 ± 0.6 g/dL), and PBS (3.5 ± 0.4 g/dL) 
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groups (Figure 4.1.3h). In terms of the HCT, the Fe/Se-loaded micromotor treatment successfully 

boosted the value to 31.5 ± 2.8% while that of healthy mice remained at 40.2 ± 1.8%. The HCT in 

the free ion (24.3 ± 2.3%), unprotected motor (21.7 ± 1.8%), passive particle (22.2 ± 2.0%), and 

PBS (8.3 ± 1.1%) groups were significantly lower than that of the Fe/Se-loaded micromotor-treated 

mice (Figure 4.1.3i). Overall, one possible explanation to the lower HCT values of the free ion, 

unprotected micromotor and nonpropelled particle groups, is their short residence in the duodenum 

due to a lack of propulsion or premature activation in the stomach. In contrast, Fe/Se-loaded 

micromotor treatment outperformed the rest of the treatment controls and ameliorated anemia 

symptoms by boosting RBC counts, HGB levels, and HCT. 

To gain insight into the effect of the various treatments on mineral levels, we analyzed the 

elemental Fe and Se content of whole blood at the experiment’s end point via inductively coupled 

plasma mass spectroscopy (ICP-MS) (Figure 4.1.3j,k). After Fe/Se-loaded micromotor motor 

treatment, the 56Fe content in the blood increased to 391 ± 23 μg/g, which was significantly higher 

than the other control groups, including the free ion (183 ± 16 μg/g), unprotected motor (178 ± 12 

μg/g), passive particle (196 ± 24 μg/g), and PBS (145 ± 18 μg/g) groups (Figure 4.1.4j). Similarly, 

the 78Se content from the Fe/Se-loaded micromotor treatment group (0.21 ± 0.024 μg/g) was 

higher compared to the other groups (Figure 4.1.3k; free ions = 0.13 ± 0.040 μg/g, unprotected 

motors = 0.13 ± 0.031 μg/g, passive particles = 0.15 ± 0.011 μg/g, and PBS = 0.13 ± 0.017 μg/g). 

These mineral level quantifications suggest that actively propelled micromotor treatment is capable 

of delivering both Fe and Se to the circulation system, which leads to a noticeable relief of anemia. 
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4.1.5 Evaluation of Fe/Se-loaded micromotor in vivo toxicity 

 
Figure 4.1.4. In vivo evaluation of Fe/Se-loaded micromotor toxicity. (a) Comprehensive blood 

chemistry panel taken from nontreated mice and mice treated for 30 days with Fe/Se-loaded 

micromotors (n = 3). Abbreviations: ALB, albumin; ALP, alkaline phosphatase; ALT, alanine 

transaminase; AMY, amylase; TBIL, total bilirubin; BUN, blood urea nitrogen; Ca, calcium; 

PHOS, phosphorus; CRE, creatinine; GLU, glucose; Na+, sodium; K+, potassium; TP, total 

protein; GLOB, globulin (calculated). (b) Count of various blood cells taken from nontreated mice 

and mice treated for 30 days with Fe/Se-loaded micromotors (n = 3). Abbreviations: WBC, white 

blood cells; RBC, red blood cells; PLT, platelets. (c) Hematoxylin and eosin (H&E) staining of 

representative histology sections from different portions of the GI tract from nontreated mice and 

mice treated for 30 days with Fe/Se-loaded micromotors. (d) H&E staining of representative 

histology sections of major organs from nontreated mice and mice treated for 30 days with Fe/Se-

loaded micromotors. Error bars are defined as mean ± SD. 
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Lastly, we sought to evaluate the toxicity of the Fe/Se-loaded micromotor following the 

treatment regimen. A treatment dosage of 30 mg/kg of Fe/Se-loaded micromotors was orally 

administered to mice every other day for 30 days, while nontreated mice served as controls. At the 

end of the study, we performed a comprehensive chemical analysis of the blood and quantified 

major blood cell populations (Figure 4.1.4a, b). No statistical difference was observed between the 

control group and the Fe/Se-loaded micromotor treatment group in any of the blood composition 

and blood cell parameters that were studied. Next, we evaluated the toxicity of the Fe/Se-loaded 

micromotor to the GI tract and major organs by carefully examining tissue histology. The stomach 

and lower GI tract from the Fe/Se-loaded micromotor-treated group exhibited undamaged mucosa, 

submucosa, and muscle structures (Figure 4.1.4c). No lymphocyte infiltration to the mucosal layer 

was observed, indicating the absence of inflammation. The appearance of other major organs 

(kidneys, spleen, lungs, liver, and heart) was normal and similar to that of the healthy mice (Figure 

4.1.4d). Together, these results suggested that the Fe/Se-loaded micromotor represents a safe 

platform for oral application. 

4.1.6 Conclusions 

Despite modern food growing technology and global food trade routes, a large fraction of 

the population still suffers from major nutritional deficiencies. New highly efficient strategies for 

delivering multiple minerals are thus critically desired. With this in mind, we have developed an 

autonomous, dynamic micromotor-based delivery platform toward active supplementation of Fe 

and Se. This active delivery platform was tested in a mouse model of anemia and compared to 

passive and nontargeted controls, as well as free dissolved minerals. The dynamic mineral-loaded 

micromotor group outperformed the different control treatments, leading to significant recovery of 

important hematological parameters, such as RBC counts, HGB, and HCT, as well as blood Fe and 
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Se levels. At the same time, our active delivery system showed no local or systemic toxicity after 

a 30-day treatment. 

These encouraging results highlight the advantages of using a self-propelled active 

micromotor delivery platform to enhance the mineral absorption efficacy and relieve Fe-deficient 

anemia. Another excellent feature of this system is its versatility. While we delivered Fe and Se 

minerals in the present work, a variety of other inorganic salts and vitamins could be readily loaded, 

depending on the specific demand. Importantly, by providing more efficient mineral absorption, 

this active delivery strategy facilitates dose sparing, which can have the added benefit of reducing 

potential side effects. While in this study we chose a strategy previously shown to provide targeting 

of the duodenum, for optimal nutrient absorption, delivery to other parts of the GI tract could be 

also achieved by tailoring the thickness of the enteric coating.17 Targeting of the stomach could 

also be realized by substituting the present enteric coating with an acid-labile alternative. 

Additionally, we have shown recently that micromotors can be loaded into pill formulations for 

more concentrated release and localization in the body, bringing this delivery platform closer to 

translation to practical applications. Such pill formulation will make the active delivery of nutrients 

more economical, analogous to existing supplements. Finally, our system is biocompatible, highly 

biodegradable, and nontoxic. By optimizing material composition and layer thickness, we can 

program the disintegration of the micromotor to control subsequent absorption and biodegradation. 

The micromotors have certain limitations as well. For example, despite the fact that one fabrication 

batch can produce thousands of micromotors, scalability could remain a bottleneck due to the 

number of sequential layers involved in the fabrication. At the same time, the materials and 

equipment used are common to most laboratories, with the exception of the atomic layer deposition 

technique. Thus, it should be feasible to eventually translate micromotor fabrication to industrial 
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scales, although the costs would most likely be higher compared to common pill fabrication 

techniques. Looking forward, the impact of micromotor-based delivery on a more comprehensive 

set of biomarkers, including those specific to the metabolism of individual nutrients, will need to 

be studied in further detail. Considering the encouraging results of this study, yet keeping in mind 

the challenges of clinical adoption, further improvements of our dynamic delivery platform are 

desired toward precise navigation and localization inside the body, along with exhaustive in vivo 

biocompatibility studies, elimination of micromotor residues using fully transient materials, and 

even higher efficiency. Ultimately, this proof-of-concept work demonstrating the utility of efficient 

motor-based nutrition supplementation could pave the way for similar approaches with clinical 

applicability. 

Chapter 4.1 is based, in part, on the material as it appears in Nano Letters, 2019, by Emil 

Karshalev, Yue Zhang, Berta Esteban Fernández de Ávila, Mara Beltrán-Gastélum, Yijie Chen, 

Rodolfo Mundaca-Uribe, Fangyu Zhang, Bryan Nguyen, Yao Tong, Ronnie H. Fang, Liangfang 

Zhang, and Joseph Wang. The dissertation author was the primary investigator and author of this 

paper. 
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4.2 Biomimetic micromotor enables active delivery of antigens for oral 

vaccination 

4.2.1 Introduction 

The discovery of vaccines for preventing infectious diseases has represented one of the 

most important advances in modern medicine,1 and widespread vaccination programs have had a 

significant impact on global health, likely saving millions of lives in the process.2,3 Vaccines work 

by leveraging the endogenous mechanisms of the immune system, training the human body to 

recognize and quickly generate sterilizing responses upon encountering a specific pathogen. In 

some cases, this strategy for disease management has been extremely successful, such as in the 

case of smallpox and polio.4,5 Unfortunately, there are also other instances in which vaccination 

has not been nearly as effective, which can stem from issues with vaccine potency, specificity, or 

accessibility.6−8 Among the various types of vaccines, those delivered via the oral route are highly 

desirable. Their advantages include ease of administration, which greatly improves patient 

compliance, as well as the ability to generate a broader response by stimulating mucosal 

immunity.9,10 It is for this reason that there are a significant number of licensed oral vaccines 

currently being employed in the clinic. A major challenge, however, is developing formulations 

that possess sufficient potency to provide robust protection against a target of interest, and this is 

made difficult due to various spatial, physical, and tolerogenic barriers unique to gastrointestinal 

delivery.9−11 As such, significant efforts have been placed on addressing these hurdles in order to 

further expand the utility and applicability of oral vaccines. 

Over the past several decades, particulate delivery systems have been widely explored for 

the encapsulation and delivery of antigenic and immunostimulatory payloads.12,13 Numerous types 

of systems have been reported, and many have shown the potential to greatly enhance vaccination 
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potency when orally delivered.14−16 In addition to the inherent advantages afforded by particulate 

delivery, which include high loading capacity and sustained release characteristics, these platforms 

can further be improved with specific targeting mechanisms.17,18 Within the field of biomedical 

engineering, a recently growing topic of interest has been the development of active delivery 

systems, namely, micro/nanomotors, that are capable of efficient propulsion, which can be used to 

improve cargo delivery and enhance tissue penetration.19−21 Micro/nanomotors are synthetic 

vehicles, made from different materials and various shapes, capable of converting chemical fuels 

or external energies into rapid motion.22−29 These motors have been used for cargo transport, drug 

delivery, chemical sensing, and remediation applications, among others.22−29 Their dynamic 

behavior provides unique advantages that have motivated researchers to explore their use in vivo, 

where their ability to autonomously propel in biological environments can provide significant 

benefits.30−32 In particular, it has been shown that micromotors made of biodegradable magnesium 

(Mg) or zinc bodies can propel quickly in gastric and intestinal fluids, improve cargo delivery and 

retention in gastrointestinal tissue, and enhance therapeutic antibacterial efficacy.30,31,33,34 

4.2.2 Experimental section 

Fabrication of Motor Toxoids: The Mg-based core–shell micromotors were prepared using 

commercially available Mg microparticles (TangShan WeiHao Magnesium Powder Co.) with an 

average size of 20 ± 5 μm as the core. The Mg microparticles were initially washed with acetone 

to eliminate the presence of impurities. After being dried under nitrogen gas, the Mg microparticles 

were dispersed onto glass slides (∼2 mg per glass slide), followed by atomic layer deposition 

(ALD) of TiO2 at 100 °C for 3000 cycles using a Beneq TFS 200 system. The ALD process utilizes 

gas phase reactants, leading to uniform coatings over the Mg microparticles, while leaving a small 



 

160 

 

opening at the contact point of the particle to the glass slide, which is essential for micromotor 

propulsion. Finally, the micromotors were collected by lightly scratching them off the glass slide. 

For the antigen loading, CD-1 mouse red blood cells (BioreclamationIVT) were treated by a 

hypotonic lysis procedure to obtain membrane ghosts,49 which were then incubated with 

staphylococcal α-toxin (Sigma-Aldrich) at a ratio of 1 mg of RBC membrane to 100 μg of toxin. 

For coating, 2 mg of Mg-TiO2 micromotors was coated with 100 μL of the toxin-bound RBC 

membrane at 1 mg/mL by 15 min of sonication at room temperature in a Fisher Scientific CPXH 

2800 ultrasonic bath. For the mucoadhesive coating, the Mg-based micromotors were incubated in 

0.05% (w/v) chitosan (Sigma-Aldrich) and 0.01% (w/v) sodium dodecyl sulfate (Sigma-Aldrich) 

prepared in 3 mM acetic acid (Sigma-Aldrich) under a gentle stirring process for 30 min. 

The commercial enteric polymer Eudragit L100–55 (Evonik Industries) was chosen to coat 

the Mg-TiO2 micromotors to prevent the Mg core from reacting in gastric fluid. First, a batch of 

motor toxoids was added in 100 μL of a 6.5% (w/v) Eudragit L100–55 solution prepared in pure 

isopropyl alcohol. The micromotor suspension was dispersed into a paraffin oil (Sigma-Aldrich) 

and Span 85 (Sigma-Aldrich) matrix (100:1 volume ratio) following a solvent evaporation process. 

The micromotors were then solidified with hexanes followed by a subsequent drying process. 

Finally, a period of soft annealing at 70 °C for 2 h ensured the complete sealing of the enteric-

coated motor toxoids. The static control microparticles were fabricated following a similar process. 

Mg-TiO2 microparticles were fully covered with TiO2 by a double ALD process, and the resulting 

particles were coated with toxin-loaded membrane, chitosan, and Eudragit L100–55 as described 

above. 

For characterization purposes, various fluorescent-labeled motor toxoids were also 

fabricated. To confirm membrane coating and evaluate antigen delivery in vitro, (1,2-dimyristoyl-
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sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (DMPE-rhodamine, 

ex/em = 560/583 nm, Avanti Polar Lipids) was used to label the RBC membrane by resuspending 

10 μg of the dried dye in 1 mL of 1 mg/mL membrane solution and incubating at 37 °C for 30 min. 

To confirm the mucoadhesive coating, fluorescein isothiocyanate-dextran (FITC-dextran, ex/em = 

492/520 nm, Sigma-Aldrich) was used to label the chitosan by including ∼4% (v/v) of FITC-

dextran at 1 μg/mL with the coating solution. Finally, for the in vivo distribution and retention 

studies, far-red dye-labeled motor toxoids were fabricated by first coating the Mg-TiO2 

micromotors with a 0.05% (w/v) chitosan aqueous solution containing 4% (v/v) of a 1,1′-

dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine (DiD, ex/em = 644/665 nm, Life 

Technologies) solution prepared at 10 μg/mL in dimethyl sulfoxide. 

Motor Toxoid Characterization: SEM images were obtained with a Phillips XL30 ESEM 

instrument, using an acceleration voltage of 10 kV. EDX mapping analysis for Mg and Ti was 

performed using an Oxford EDX detector attached to the SEM instrument and operated by INCA 

software. Brightfield and fluorescent images of the motor toxoids were captured using an 

Invitrogen EVOS FL microscope coupled with a 40× microscope objective using the GFP, RFP, 

and Cy5 fluorescence filters. The autonomous propulsion of the various samples was tested in vitro 

using simulated gastric fluid without enzyme (pH ∼1.3, Sigma-Aldrich) and simulated intestinal 

fluid (pH ∼6.5, Sigma-Aldrich) supplemented with 0.2% Triton X-100 (Fisher Scientific) as a 

surfactant. A Nikon Eclipse Ti–S/L100 inverted optical microscope with a 20× objective, along 

with a Hamamatsu C11440 digital camera and NIS Elements AR 3.2 software, was used to capture 

the videos. The speed of the micromotors was tracked using an NIS Elements tracking module. 

To quantify the protein content coated onto the Mg-TiO2 micromotors, 2% (w/v) sodium 

dodecyl sulfate was used to extract the protein from 2 mg of motors. After heating at 37 °C for 30 
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and 2 min of sonication in a Fisher FS30D bath sonicator, the sample was spun down at 10 000g 

for 5 min, and the supernatant was collected for protein concentration determination using a Pierce 

BCA protein assay kit (Thermo Scientific). Western blotting was carried out to quantitatively 

determine the amount of α-toxin. Samples were prepared at a final particle concentration of 6.7 

mg/mL using lithium dodecyl sulfate sample loading buffer (Invitrogen), followed by heating at 

70 °C for 30 min and sonication for 2 min. Purified α-toxin at various concentrations were used as 

standards to determine the toxin amount on the motor toxoids. Then, 20 μL of each sample was run 

on Bolt 4–12% Bis-Tris Plus minigels (Invitrogen) in MOPS running buffer (Invitrogen). After 

transferring onto nitrocellulose membrane (Thermo Scientific), a polyclonal rabbit 

antistaphylococcal α-toxin (Sigma-Aldrich) was used as the primary immunostain, followed by an 

HRP-conjugated antirabbit IgG (Biolegend) as the secondary. Blots were developed with western 

blotting substrate (Thermo Scientific) using an ImageWorks Mini-Medical/90 Developer. Band 

intensities were measured using Adobe Photoshop. 

In Vitro Cellular Uptake and Safety: The JAWSII murine dendritic cell line (CRL-11904, 

American Type Culture Collection) was cultured and maintained in growth media consisting of 

500 mL of Iscove’s Modification of DMEM supplemented with 50 mL of USDA-certified fetal 

bovine serum (Omega Scientific), 55 μM β-mercaptoethanol (Gibco), 2 mM l-glutamine (Gibco), 

100 U/mL penicillin–streptomycin (Gibco), and 10 ng/mL granulocyte/macrophage-colony 

stimulating factor (Biolegend). For the cellular uptake study, 1 × 104 JAWSII cells were seeded 

into 4-well chamber slides and incubated with rhodamine-labeled motors toxoids or static 

microparticles for 6 h at a concentration of 1 mg/mL. Cells were then washed three times with 

phosphate buffered saline (PBS), fixed with 10% phosphate buffered formalin (Fisher Chemical) 

for 15 min, washed again three times with PBS, and mounted in Vectashield mounting media with 
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DAPI (Vector Laboratories). Samples were imaged under a Keyence BZ-9000 fluorescence 

microscope with a 60× oil objective using the DAPI and TRITC filters. For flow cytometry, 1 × 

105 JAWSII cells were seeded into 6-well tissue culture plates and then incubated with rhodamine-

labeled samples at 1 mg/mL for 24 h. Cells were then washed three times with PBS, detached, and 

resuspended in 250 μL of PBS containing 0.015 μM Calcein Violet-AM (Biolegend) for live cell 

staining. Data was collected using a BD Biosciences FACSCanto-II flow cytometer, and analysis 

was performed using Flowjo software. The mean fluorescence intensity of the live cell population 

was reported. To assess cytotoxicity, 6 × 103 JAWSII cells were plated into 96-well plates 

overnight and then incubated with 0.5 mg/mL, 1 mg/mL, or 2 mg/mL motor toxoids or static 

microparticles. After 72 h of incubation, cell viability was assayed using an MTS reagent 

(Promega) following the manufacturer’s instructions. Untreated cells were used as the 100% 

viability control. 

In Vivo Distribution and Titer Studies: All animal experiments followed protocols that were 

reviewed, approved, and performed under the regulatory supervision of the University of California 

San Diego’s Institutional Animal Care and Use Committee (IACUC). To perform the in vivo 

distribution and retention study, male CD-1 mice (Envigo) were fed with alfalfa-free food 

(LabDiet) for 1 week prior to the experiment. Mice were administered with 200 μL of a 10 mg/mL 

suspension of DiD-labeled enteric-coated motor toxoids or static microparticles by oral gavage 

after a period of overnight fasting. The mice were euthanized, and their gastrointestinal tracts were 

collected 6 h after administration. The samples were rinsed with PBS, and the fluorescent signal 

was imaged and quantified using a Xenogen IVIS 200 imaging system under the Cy5.5 filter. For 

histological analysis, the small intestines were fixed in 10% formalin for 24 h. They were then 

placed in 15% (w/v) sucrose in PBS until the tissue became submerged and then in 30% (w/v) 
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sucrose in PBS until the tissue became submerged again. The tissues were embedded in Tissue-

Tek OCT compound (Sakura Finetek) for cryosectioning. The sections were mounted in 

Vectashield mounting media with DAPI and imaged under a Keyence BZ-9000 fluorescence 

microscope with a 20× objective using the DAPI and Cy5 filters. 

For the antibody titer study, male CD-1 mice (Envigo) were administered with 200 μL of a 

10 mg/mL suspension of enteric-coated motor toxoids or static microparticles by oral gavage after 

a period of overnight fasting. One week later, feces samples were collected and resuspended to 200 

mg/mL in PBS containing a protease inhibitor cocktail (Sigma-Aldrich). After centrifugation at 

15 000g for 5 min, the supernatant was collected to assay for α-toxin IgA antibody titers by an 

enzyme-linked immunosorbent assay (ELISA). A 96-well plate was first coated overnight with 5 

μg/mL α-toxin using an ELISA coating buffer (Biolegend). The wells were then blocked with 1% 

(w/v) bovine serum albumin (Sigma-Aldrich) in PBS containing 0.05% Tween 20 (National 

Scientific) for 1 h before adding serially diluted feces samples as the primary antibody. HRP-

conjugated goat antimouse IgA (SouthernBiotech) was then used as the secondary. The plate was 

developed with a TMB substrate (Biolegend), and absorbance was measured at 450 nm with a 

Tecan Infinite M200 multiplate reader. 
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4.2.3 Motor toxoid fabrication and characterization 

 

Figure 4.2.1. Schematic of micromotor toxoids for oral vaccination. (a) Motor toxoids are 

fabricated by a sequential process in which magnesium (Mg) microparticles are coated with an 

asymmetrical layer of TiO2, followed by a toxin-inserted RBC membrane (RBC-toxin) as the 

antigenic material, mucoadhesive chitosan, and a pH-sensitive enteric coating. (b) When 

administered orally to mice, motor toxoids first enter the stomach, where the enteric coating 

protects the formulation from degradation in the low pH environment. Upon encountering the more 

neutral pH of the intestine, the enteric coating dissolves and the intestinal fluid activates the motors. 

The autonomous propulsion of the motors enables enhanced retention and penetration in the 

intestinal wall, enhancing immune stimulation against the antigenic payload. 

 

Herein, we report on the development and application of a biomimetic micromotor toxoid 

platform for oral vaccination. To accomplish this, we take advantage of cell membrane coating 

technology in order to effectively immobilize and neutralize a model bacterial toxin onto the 

surface of the motor.35−37 This toxin detainment strategy has been shown previously to elicit potent 

systemic titers when vaccinating via the subcutaneous route, providing strong protective immunity 

against antibiotic-resistant bacterial infections.38−40 Delivery of toxins in their native form, as 

opposed to after the harsh denaturation strategies employed for traditional toxoid synthesis, can 
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greatly improve immunogenicity and antigenicity. This approach is also easy to generalize, as it 

works by leveraging the natural binding mechanisms between toxins and cell membranes.41 The 

present motor toxoid formulation is fabricated by a sequential coating process, where Mg-TiO2 

core–shell micromotors are coated by a layer of a toxin-inserted red blood cell (RBC) membrane 

to introduce the antigenic material; this is followed by a layer of mucoadhesive chitosan and then 

a pH-responsive enteric polymer to promote intestinal localization (Figure 4.2.1a). Upon oral 

administration, the motor toxoids travel through the gastrointestinal tract and activate within the 

small intestine, where the active propulsion drives the payloads toward the intestinal wall, 

improving retention and stimulating mucosal immunity (Figure 4.2.1b). In this report, we 

demonstrate the successful fabrication of self-propelling motor toxoids, followed by physical and 

biological characterization of the formulation. The benefits of active propulsion for enhancing 

delivery and promoting mucosal immunity are investigated both in vitro and in vivo. 
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Figure 4.2.2. Motor toxoid synthesis and characterization. (a) Quantification of the total protein 

loaded onto bare Mg-TiO2 micromotors, RBC-coated motors (motor-RBC), and motor toxoids per 

1 mg of motors (n = 3, mean + SD). (b) Representative western blots probing for α-toxin on bare 

motors, motor-RBC, and motor toxoids (O, oligomer band; M, monomer band). (c) Quantification 

of the amount of α-toxin loading onto bare motors, motor-RBC, and motor toxoids per 1 mg of 

motors (n = 3, mean + SD; UD: undetectable). (d) SEM visualization of motor toxoids; 

corresponding EDX spectroscopy confirmed the presence and distribution of Mg (green) and Ti 

(teal) in the particles (scale bar = 20 μm). (e) Brightfield and fluorescence microscopy visualization 

of motor toxoids fabricated with a rhodamine-labeled (red) RBC membrane and FITC-labeled 

(green) chitosan (scale bar = 25 μm). 

 

In order to develop the motorized vaccine formulation, Mg-TiO2 core–shell micromotors 

were fabricated by dispersing a layer of Mg microparticles onto a glass slide, followed by an 

asymmetrical coating of the microspheres with a thin TiO2 layer using atomic layer deposition 

(ALD). The ALD process leads to a uniform TiO2 coating over the Mg microparticles, while 
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leaving a small opening at the sphere–glass contact point, as visualized by scanning electron 

microscopy (SEM). This asymmetry is essential for achieving directional movement upon contact 

with gastrointestinal fluids.42 The TiO2 layer acts as a rigid shell scaffold that maintains the 

micromotor’s spherical shape and opening during the propulsion, leading to consistent and 

prolonged operation. After collection of the core–shell micromotors by soft mechanical scratching 

of the glass slide, an antigenic payload was loaded onto the motors using a biomimetic cell 

membrane coating approach.38 It has previously been demonstrated that an RBC membrane, 

supported by particulate substrates, enables the neutralization of pore-forming toxins, which are 

secreted by a wide range of pathogens and venomous animals. These detained virulence factors 

can then be safely administered in vivo to elicit potent immunity capable of preventing toxin-

mediated damage.39,40 Staphylococcal α-toxin, one of the major hemolytic factors secreted by 

Staphylococcus aureus,43 was used as a model payload. After incubating the toxin with the RBC 

membrane to facilitate their complexation, the resulting toxin-inserted membrane was coated onto 

the bare micromotors by a sonication process. Per 1 mg of the motors, it was demonstrated that 

approximately 5 μg of protein content could be loaded; the majority could be attributed to material 

from the RBC membrane (Figure 4.2.2a). It should be noted that the main function of the RBC 

membrane in this case was to neutralize and load toxin onto the micromotor surface, which does 

not require the complete preservation of protein function or membrane sidedness. In order to 

confirm the presence of α-toxin on the formulation, western blotting analysis was conducted. 

Compared with motors coated only with an RBC membrane, those coated with toxin-inserted 

membrane exhibited strong banding when probed with the appropriate primary immunostain 

(Figure 4.2.2b). Using a set of α-toxin standards, it was estimated that approximately 150 ng of 

antigenic material was loaded per 1 mg of the motor toxoid formulation (Figure 4.2.2c). 
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After antigen loading, the micromotors were further coated with a thin layer of positively 

charged chitosan, which interacts directly with the negatively charged RBC membrane by 

electrostatic interaction, in order to promote adhesion to the mucosal layer of the intestinal 

wall.14−16 This was followed by a layer of enteric coating using Eudragit L100–55, a pH-responsive 

methacrylate-based polymer commonly used for protecting oral drugs from the harsh acidic 

conditions of the stomach.30 Previous studies have demonstrated the utility of enteric coatings for 

facilitating the delivery of micromotors to the intestine.31 After passing through the stomach, the 

increasingly neutral pH of the intestine results in the dissolution of the protective coating by 

deprotonating the polymer’s functional groups and raising its solubility. At the coating thickness 

obtained using a 6.5% (w/v) solution of Eudragit L100–55, activation occurs ∼20 min after 

immersion in intestinal fluid, triggering motor propulsion and enabling spatial positioning. In order 

to visualize the spherical structure of the motor toxoids, SEM was employed (Figure 4.2.2d). 

Energy-dispersive X-ray (EDX) spectroscopy mapping analysis was concurrently used and 

confirmed the presence and distribution of both Mg from the microparticle core and Ti from the 

TiO2 shell. Further characterization of the cell membrane and chitosan layers was performed using 

1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) and 

fluorescein isothiocyanate-dextran to label each component, respectively (Figure 4.2.2e). A strong 

signal was observed for both dyes when the motors were visualized by fluorescence microscopy, 

confirming that each layer was successfully incorporated onto the formulation. In total, the data 

provided strong evidence that the proposed structure, with a micromotor core coated in antigen, 

followed by polymer coatings to facilitate intestinal delivery and retention, had been successfully 

fabricated. 
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4.2.4 Micromotor toxoid propulsion behavior 

 

Figure 4.2.3. Propulsion characterization. (a) Representative trajectories of bare Mg-TiO2 

motors, motor toxoids (MT), static microparticles (MP), and enteric-coated MT in either simulated 

gastric fluid at pH ∼1.3 or intestinal fluid at pH ∼6.5 (scale bar = 50 μm). (b) Quantification of the 

speed in each of the samples from (a) (n = 3, mean + SD). 

 

The ability of the motor toxoid formulation to efficiently propel within the gastrointestinal 

tract was first tested in vitro using simulated gastric (pH ∼1.3) and intestinal (pH ∼6.5) fluids 

(illustrated by the trajectories captured in Figure 4.2.3a). For the bare Mg-TiO2 micromotors, fast 

and prolonged autonomous propulsion was observed in both the gastric and intestinal fluids. The 

motor toxoid formulation likewise exhibited strong propulsion in both types of media, which 

suggested that it could help to enhance antigen distribution and retention on the intestinal wall. In 

contrast, no propulsion was observed in both media using control static microparticles based on 

complete coating of the Mg particle with TiO2, leaving no exposed surface. Finally, the enteric-

coated motor toxoid was evaluated. Under low pH conditions, the coating prevented exposure of 
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the Mg to media, completely inhibiting the propulsion characteristics of the motor toxoids. Once 

exposed to pH values above 5.5, the enteric coating material is designed to quickly dissolve, and it 

was observed that, in the simulated intestinal fluid, the propulsion characteristics of the motor 

toxoids were recovered. Quantitative analysis revealed that the bare motors achieved speeds greater 

than 200 μm/s (Figure 4.2.3b). In gastric fluid, the motor toxoids had nearly identical speeds 

compared with the bare motors, whereas the formulation exhibited a speed reduction of 24% in the 

intestinal fluid. This difference may be attributed to the fact that, in more neutral pH values, the 

integrity of the membrane and chitosan coatings is preserved, thus slightly inhibiting the fuel access 

of the motor core. For the motor toxoids with enteric coating, the propulsion speed matched well 

with that of uncoated motor toxoids when in intestinal fluid. Overall, the data indicated that it was 

possible to design an active delivery system that could be activated and propelled specifically in 

the intestines, which could help to greatly facilitate mucosal immunity. 
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4.2.5 In vitro uptake and safety 

 
Figure 4.2.4. In vitro uptake and safety. (a) JAWSII dendritic cells were incubated for 6 h with 

either static microparticles (MP) or motor toxoids fabricated using a rhodamine-labeled membrane 

(red). After washing the cells and staining the nuclei with DAPI (blue), membrane uptake was 

visualized by fluorescence microscopy (scale bar = 50 μm). (b) Rhodamine-labeled static MP or 

motor toxoids were incubated with JAWSII cells for 24 h, and the fluorescence of the cells was 

quantified by flow cytometry (n = 3, mean + SD). *p < 0.05; Student’s t-test. (c) Static MP or motor 

toxoids were incubated with JAWSII cells at varying concentrations for 72 h, after which cell 

viability was quantified (n = 3, mean + SD). 
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Further in vitro characterization was performed using a murine dendritic cell line to assess 

the interaction of the motor toxoids with live cells. First, motor toxoids and static microparticles 

without enteric coatings were formulated using an RBC membrane coating labeled with a red 

fluorescent dye in order to facilitate tracking of the antigenic material. After incubating the samples 

with the cells for 6 h, fluorescence imaging was performed to assess the distribution of the 

membrane material that was released (Figure 4.2.4a). From the images, it was readily apparent that 

the cells incubated with motor toxoids had a significant amount of membrane fragment uptake. In 

comparison, the static microparticles exhibited much less uptake, despite being loaded with similar 

amounts of membrane and antigenic material. The difference between the two groups was further 

confirmed by flow cytometry, where cells incubated with the motor toxoids had more than double 

the mean fluorescence intensity compared with those incubated with static microparticles (Figure 

4.2.4b). Increased uptake of membrane material from the motor toxoid formulation suggests that 

active propulsion may help to promote cellular contact and interaction. Additionally, the effect of 

the formulations on cell viability was assessed after 3 days of incubation (Figure 4.2.4c). At up to 

2 mg/mL of the particles, neither the motor toxoids nor the static microparticles had any effect on 

the percentage of live cells, indicating that they were safe for subsequent in vivo use. 
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4.2.6 In vivo delivery and antibody titer generation 

 
Figure 4.2.5. In vivo delivery and antibody titer generation. (a) Representative images of the 

gastrointestinal tract of male CD-1 mice 6 h after administration of DiD-labeled static 

microparticles (MP) or motor toxoids by oral gavage (H: high fluorescence, L: low fluorescence). 

(b) Quantification of the fluorescence from (a) (n = 3, mean + SD). (c) Histological sections from 

the intestine 6 h after administration of DiD-labeled (red) static MP or motor toxoids; DAPI (blue) 

was used to label cell nuclei (scale bar = 100 μm). (d) Absorbance data from an ELISA assay 

probing for IgA antibody production against staphylococcal α-toxin in the feces of mice 1 week 

after the administration of blank solution, static MP, or motor toxoids (n = 4 or 5; four-parameter 

dose–response curve). (e) IgA titers against α-toxin as calculated using the data from (d) (n = 4 to 

5, mean ± SEM). *p < 0.05, ***p < 0.001, NS: not significant; one-way ANOVA. 
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Following the fabrication, characterization, and in vitro testing of the motor toxoids, their 

use was further investigated under an in vivo setting. To facilitate imaging in biological tissue, a 

version of the particles labeled with a far-red fluorescent dye was developed. Motor toxoids and 

static microparticles with enteric coatings were administered into fasted mice by oral gavage in 

order to study their distribution and retention. After 6 h, the mice were euthanized and their 

gastrointestinal tracts were isolated for ex vivo imaging (Figure 4.2.5a). Whereas fluorescent signal 

for the static formulation was found mainly in the stomach, the motor toxoid formulation was 

highly present within the intestinal region. Quantitative analysis of the total fluorescence within 

the gastrointestinal tract confirmed that the motor toxoids exhibited significantly more retention 

compared to the static microparticles (Figure 4.2.5b). This observed distribution was in line with 

the design of the enteric-coated motor toxoids, which were expected to be activated in the higher 

pH environment of the intestines. Note that the micromotors will travel down the intestine over 

time,31 leading to eventual passage through the gastrointestinal tract. In order to further analyze 

this effect, histological sections were taken from the small intestine and the cell nuclei were stained 

with a blue fluorescent dye for visualization (Figure 4.2.5c). While negligible signal was observed 

in the sections for the static microparticle group, fluorescent remnants of the particles were highly 

visible on the sections from mice receiving the motor toxoids. Not only was signal present on the 

apical side of the epithelial cells, but a high amount of fluorescence was also observed within the 

individual villus structures. The data provided promising evidence that the active propulsion of the 

motor toxoids played an important role for improving payload retention on the intestinal wall and 

within the villi. 

Finally, a study was performed to assess the effect of the enhanced retention of the motor 

toxoids on their ability to induce immune responses against α-toxin, the model antigen of interest. 

Mice were orally administered with either the static microparticles or the motor toxoids, and their 
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feces were collected after a period of 1 week to assess IgA antibody titers using an enzyme-linked 

immunosorbent assay. When looking at absorbance values, it was readily apparent that mice orally 

vaccinated with the motor toxoids produced significantly more IgA antibodies against α-toxin 

compared with the static microparticle group, which only demonstrated a modest amount of signal 

near the level of mice administered with blank solution (Figure 4.2.5d). When plotted as titer data, 

it could be seen that the propulsion properties afforded by the motor toxoid formulation enhanced 

the antitoxin IgA titer production by approximately 1 order of magnitude, whereas the static 

formulation did not significantly elicit titers compared to the blank solution (Figure 4.2.5e). In 

terms of generating mucosal immunity, the results of this study indicate that there is a significant 

advantage in using micromotor technology to facilitate the active delivery and retention of 

antigenic payloads. 

4.2.7 Conclusions 

In conclusion, we have successfully fabricated an active oral vaccine formulation that 

leverages the unique benefits of micromotor technology and biomimetic membrane coatings to 

facilitate the enhanced generation of mucosal immunity. In contrast to particulate delivery systems 

that rely on passive transport, the autonomous propulsion characteristics afforded by the 

micromotor core of the presently reported toxoid formulation offer an active mechanism for 

improving the retention and uptake of antigenic material within the intestinal tract. Combined with 

both the mucoadhesive and enteric coatings that further improve intestinal localization, the 

effectiveness of the formulation may be explained by its ability to simulate invasive infection. 

Using the cell membrane-based toxin detainment strategy, a wide range of toxic antigenic payloads 

can be neutralized and safely delivered by modulating the source of the membrane material.44−48 In 

the future, it may be possible to explore the development of self-propelling motor toxoids that 
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incorporate immunological adjuvants or take advantage of different mucosal vaccination routes to 

further boost efficacy. The potential for generating systemic immunity should also be studied, and 

this would expand the applications of this platform far beyond infectious diseases. Ultimately, 

continued research along these lines may promote a paradigm shift from passive to active delivery 

mechanisms in vaccine development, leading to formulations that are easy to administer, potent, 

and broadly applicable. 

Chapter 4.2 is based, in part, on the material as it appears in Nano Letters, 2019, by Xiaoli 

Wei, Mara Beltrán-Gastélum, Emil Karshalev, Yue Zhang, Berta Esteban Fernández de Ávila, 

Jiarong Zhou, Danni Ran, Pavimol Angsantikul, Ronnie H. Fang, Joseph Wang, and Liangfang 

Zhang. The dissertation author was the primary investigator and author of this paper. 
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4.3 Micromotor Pills as a Dynamic Oral Delivery Platform 

4.3.1 Introduction 

A myriad of synthetic nano/micromotors, based on numerous designs, compositions, and 

propulsion mechanisms, have been developed in recent years.1−7 The substantial progress toward 

using functionalized nano/micromotors for efficient cargo transport has facilitated diverse 

biomedical applications. Among these, active drug delivery represents a major future application 

of these tiny synthetic motors, where the payloads are propelled actively toward their destination 

as opposed to convection or passive diffusion.8−10 Such nano/micromotor vehicles have shown 

distinct advantages for in vivo operations, including effective propulsion in biological fluids, high 

drug loading capacity, strong cargo towing ability, and enhanced tissue retention.8,11−13 These 

capabilities have motivated researchers to explore in vivo applications of nano/microscale 

motors.8,11,14−16 For instance, biodegradable micromotors made of magnesium (Mg) or zinc (Zn) 

have been used recently for actuation at the gastrointestinal (GI) level, demonstrating efficient 

propulsion in gastric and intestinal fluids, improved cargo retention in the stomach and intestinal 

tissues, and autonomous pH neutralization of the gastric fluid.13,17−20 Other studies have 

demonstrated advanced in vivo applications of fuel-free micromotors. For example, magnetic 

microswimmers have shown deep tissue penetration,21 fluorescence imaging with remote 

diagnostic capabilities,8,22 drug transport into tumor regions,11 and movement through gastric 

mucin gels.23 In all these pioneering in vivo studies, the micromotors were introduced orally or via 

injection as a fluid suspension. While oral administration of suspensions represents a simple and 

straightforward dosing regimen of drugs, it holds potential limitations for the motor-based active 

drug delivery systems. This is primarily because these motors are highly reactive to the fuel (i.e., 

body fluids such as gastric acid and intestinal fluids) and the existing motor systems have relatively 
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short propulsion lifetime in body fluids. Therefore, early or inhomogeneous exposure to body fluids 

may compromise the motors’ functions. In addition, other undesirable factors include premature 

payload loss in the suspension prior to administration and possible loss of motors along the 

esophagus during oral uptake. Collectively, these potential challenges prompt us to think of 

developing alternative and practical formulations for the emerging motor-based drug delivery 

systems. 

Herein, we report on the preparation and characterization of swallowable micromotor pills 

and demonstrate their in vivo use as a dynamic gastric delivery platform. Solid pills represent a 

common and convenient pharmaceutical dosage form obtained by compaction or compression. 

Owing to their variety of possible matrix constituents, shapes, sizes, additives, and coatings, pills 

offer considerable versatility for oral drug delivery to delivery to specific areas of the GI tract. The 

micromotor areas of the GI tract. The micromotor pills are expected to combine the advantages of 

conventional pill formulations and the active delivery functions of micromotors, offering an 

alternative and more efficient micromotor delivery platform for in vivo applications in the GI tract. 

The use of pills as a vehicle to carry the micromotors is not only advantageous in terms of easy 

administration but offers also better control of micromotor activity, improved dosage control, 

collective delivery of encapsulated micromotors (with loaded cargoes), and reliable scalability 

among others. Similar to common pharmaceutical pill preparations, the formulation of the 

micromotor pills represents an important step toward oral delivery and specific therapeutic 

applications of active micromotors. 

The micromotor pills are comprised of Mg-based micromotors and different inactive 

disintegration-aiding excipients. The Mg-based motors have been previously demonstrated with 

unique gastric drug delivery properties including efficient propulsion, built-in proton depletion, 



 

183 

 

and enhanced retention within the stomach wall.13,19,20 Among the excipient substances evaluated 

in the motor pill fabrication process, lactose and maltose are widely used because of their favorable 

tablet formation, disintegration capabilities, and non-toxicity.24 These inactive excipients serve as 

the matrix body of the pill in which the micromotors are uniformly dispersed; moreover, lactose 

allows the pill formulation to achieve rapid liquid permeation,25 promoting the disintegration 

process which is essential for ensuring that all the micromotors within the pills can be released 

rapidly in one area of the GI tract. Upon fabrication, we demonstrate that the motor pills rapidly 

dissolve in the acidic stomach environment and quickly release the micromotors. The propulsion 

behavior of the released motors is not affected by the inactive matrix excipients. An in vivo 

retention study in a mouse model examines the distribution and retention of the micromotors 

released from the pill and demonstrates its advantages compared to free micromotors and other 

control groups. Furthermore, a stability study demonstrates that these micromotor pills and the 

loaded micromotors are stable for 1 month after exposure to harsh environmental conditions. 

Overall, our findings described in the following sections illustrate a dynamic micromotor pill 

formulation, which provides an attractive approach to orally administrating micromotors, in an 

active and collective way, toward practical in vivo applications. Thus, the present micromotor 

delivery platform bridges the field of nanomotors with the established pharmaceutical sciences. 

4.3.2 Experimental section 

Micromotors Fabrication: The Mg-based micromotors were prepared using commercially 

available magnesium (Mg) microparticles (catalog no. FMW20, TangShan WeiHao Magnesium 

Powder Co.; average size, 20 ± 5 μm) as the core. The Mg microparticles were initially washed 

with acetone to eliminate the presence of impurities. After drying under a N2 current, the Mg 

microparticles were dispersed onto glass slides (2 mg of Mg microparticles per glass slide) and 
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coated with TiO2 by atomic layer deposition (ALD) (at 100 °C for 3000 cycles) using a Beneq TFS 

200 system. Being a chemical vapor deposition technique, ALD utilizes gas-phase reactants, 

leading to uniform coatings over the Mg microparticles, whereas still leaving a small opening at 

the contact point of the particle to the glass slide. To perform the characterization of the fluorescent 

Mg-based micromotors along with the in vivo retention studies, the micromotors were coated with 

130 μL of 1% (w/v) fluorescently labeled poly(lactic-co-glycolic acid (PLGA, Sigma-Aldrich, 

P2191) prepared in ethyl acetate (Sigma-Aldrich, 270989) containing 1 mg mL–1 4-

chlorobenzenesulfonate salt (DiD, λex = 644 nm/λem = 665 nm, Life Technologies, D7757) dye. 

Then, the Mg-based micromotors were coated by combining both 0.1% (w/v) sodium dodecyl 

sulfate (SDS) and 0.05% (w/v) chitosan solutions, prepared in water and 0.02% (v/v) acetic acid 

(Sigma-Aldrich, 695092), forming the outermost layer coated on the microparticles. Finally, the 

Mg-based micromotors were collected by lightly scratching the microparticles off the glass slide. 

To compare with the Mg-based micromotors, inert silica (Si) microparticles (Nanocs, Inc., cat. no. 

Si01-20u-1; 20 μm size) were used as core particles, following the same protocol described above. 

Pill Fabrication: The micromotor pills were fabricated following a trituration tablet protocol. First, 

lactose/maltose (in a 60%/40% ratio) and 1% of the prepared Mg-based micromotors were 

homogeneously mixed in a mortar, without affecting the micromotor structure. Subsequently, the 

powder mixture was wetted with 500 μL of ethanol/water solution (75%/25%), and 16 μL of 

concentrated red food dye was added dropwise until the whole mass begins to adhere to the pestle. 

The addition of this dye helped to ascertain the homogeneous mixing of the pill components during 

the wetting process. The paste was transferred to the cavity plate of the pill trituration mold. Each 

cavity was filled using a stainless-steel spatula, and sufficient pressure was applied to ensure that 

every cavity was fully and tightly packed. The micromotor pills were allowed to harden on the peg 
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plate at 50 °C for 2 h. Finally, the cavity plate was lowered onto the peg plate until the pills were 

ejected from the cavity plate. 

Pill Characterization: SEM images of the micromotor pills (Figure S1) were obtained with an FEI 

Quanta 250 ESEM instrument (Hillsboro, Oregon, USA), using an acceleration voltage of 10 kV. 

EDS mapping analysis was performed using an Oxford EDS detector attached to SEM instrument 

and operated by Pathfinder software. 

Micromotor Characterization: Bright-field and fluorescent images of the Mg-based micromotors  

were captured using an EVOS FL microscope coupled with ×20 and ×40 microscope objectives 

and fluorescence filter for red light excitation. 

Micromotor Propulsion: Autonomous Mg-based micromotor propulsion in simulated gastric fluid 

(Sigma-Aldrich, 01651) was obtained by diluting concentrated simulated gastric fluid 25 times 

according to the manufacturer’s specifications (final pH ∼ 1.3) and adding 1% Triton X-100 (Fisher 

Scientific, FairLawn, NJ, USA) as surfactant. An inverted optical microscope (Nikon Eclipse 

Instrument Inc. Ti–S/L100), coupled with different microscope objectives (×10, ×20, and ×40), a 

Hamamatsu digital camera C11440, and NIS Elements AR 3.2 software were used to capture 

videos. The speed of the micromotors was tracked using a NIS Elements tracking module. 

In Vivo Micromotor Retention: Prior to the experiment, Male CD-1 mice (Harlan Laboratories) (n 

= 3) were fed with alfalfa-free food from LabDiet (St Louis, MO, USA) for 1 week. The in vivo 

retention study was performed by using dye-loaded Mg-based micromotors prepared by the 

protocol described above. A group of mice was administered with DI water as a negative control. 

Free Mg-based micromotors (not loaded in the pill), suspended in DI water, were intragastrically 

administered as the free motors control. Both the micromotor pills and silica pills were 
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administered using a stainless-steel dosing syringe (X-M Syringe, Torpac) followed with 0.3 mL 

of DI water. Four hours after the oral administrations, the mice were sacrificed, and their entire 

stomachs were excised and opened with the cut along the greater curvature. This 4 h time ensured 

efficient retention of the DiD dye-loaded micromotors within the mucosal layer of the stomach 

after the propulsion. Then, the tissues of representative mice from each control group were rinsed 

with PBS, flattened, and visualized using a Keyence BZ-X700 fluorescence microscope. The 

bright-field and corresponding fluorescence images of DiD were obtained using a Cy5 filter for 

each sample. Subsequently, the tissues were transferred to 0.4 mL PBS and homogenized. Analysis 

of the amount of micromotors and controls retained in the stomachs was carried out by measuring 

the fluorescence intensity of their embedded DiD-labeled PLGA/chitosan using a Synergy Mx 

fluorescent spectrophotometer (Biotek, Winooski, VT, USA). Statistical analysis was performed 

using one-way ANOVA. No statistical methods were used to predetermine sample size. Studies 

were done in a nonblinded fashion. Replicates represent different mice subjected to the same 

treatment (n = 6). All animal experiments were in compliance with the University of California 

San Diego Institutional Animal Care and Use Committee (IACUC) regulations. 
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4.3.3 Micromotor pill concept 

 
Figure 4.3.1. Micromotor pills for in vivo gastric delivery. (A) Left: Schematic of in 

vivo administration of a micromotor pill for actuation in the stomach. Right: Schematic of the 

micromotor pill composition consisting of a lactose/maltose pill matrix and the encapsulated 

Mg/TiO2/PLGA micromotors. A zoom-in view illustrates the micromotor structure consisting of a 

Mg microsphere core with a TiO2 shell layer and a cargo-loaded PLGA film coating. (B) Schematic 

of micromotor pill dissolution in gastric fluid and subsequent micromotor release. (C) Left: Image 

showing different sizes of disk-shaped micromotor pills. Center: Microscope image showing the 

dissolution of a micromotor pill in gastric fluid simulant. Right: Propulsion of the released Mg-

based micromotors in gastric fluid simulant. 

 

In this study, we introduce a micromotor pill platform for oral ingestion of cargo-loaded 

micromotors and gastric operations (Figure 4.3.1A). The pill matrix is composed of a combination 
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of lactose and maltose, two commonly used disaccharide excipients that provide a solid, yet fast 

dissolving body. Inside the matrix, magnesium/titanium dioxide poly(lactic-co-glycolic acid) 

(Mg/TiO2/PLGA) micromotors, loaded with the cargo of interest (a model fluorescent cargo in this 

specific work), are uniformly dispersed. Upon reaching the highly acidic stomach environment, the 

micromotor pill is activated, and its sugar matrix rapidly disintegrates and dissolves, releasing its 

micromotor content (Figure 4.3.1B). The Mg cores of the motors react with gastric acid to generate 

hydrogen gas that leads to efficient bubble propulsion.13 Figure 4.3.1C demonstrates images of the 

micromotor pills and the released micromotors at the different stages described in the schematic of 

Figure 4.3.1B. In the first panel, a set of different-sized disk-shaped pills is shown, illustrating the 

ability to prepare highly uniform pills of varying sizes by changing the cavity diameter of the steel 

mold. The pills appear colored due to the addition of a dye, commonly used for enhancing their 

aesthetic value. The middle image shows a disintegrating pill (medium size, 3 × 3 mm, 1% 

micromotor loading) as it splits and releases a large number of active Mg/TiO2/PLGA micromotors. 

Finally, the right image shows the micromotors propelling autonomously away from the dissolving 

pill and moving freely and continuously until they lodge into the stomach mucus lining or fully 

dissolve. 
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4.3.4 Micromotor pill fabrication and characterization 

 
Figure 4.3.2. Preparation of disk-shaped micromotor pills. (A) Schematic preparation of 

micromotor pills: (1) Mixing Mg-based micromotors with excipient materials (lactose/maltose), 

(2) wetting and paste formation, (3) packing the mold cavities with the paste (zoom-in showing a 

micromotor pill), and (4) pill hardening (50 °C for 2 h) and extraction from the mold cavities. (B) 

Images illustrating each step of the above micromotor pill preparation process. 

The micromotor pills were prepared following the protocol displayed in Figure 4.3.2A. 

Specifically, premade Mg-based micromotors and the pill excipients were thoroughly and 

uniformly mixed in a mortar, a process that did not affect the micromotor structure.26 Then, a 

wetting ethanol/water solution was added dropwise to the powder mixture to aid the paste 

formation. The addition of the red edible dye helped to ascertain the homogeneous mixing of the 

pill components during the wetting process. The paste was then transferred to the stainless-steel 

mold, completely filling the different-sized cavities of the plate. The micromotor pills were then 

allowed to harden at 50 °C for 2 h. Following the hardening step, the packed pills were pushed off 

the mold cavities and stored until analysis. The images in Figure 4.3.2B illustrate each step of the 

micromotor pill preparation process. 
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Figure 4.3.3. Structural characterization and dissolution rate of micromotor pills. (A) EDS 

images illustrating the distribution of elemental Mg (pink) and Ti (cyan) in micromotor pills 

fabricated with different loadings of Mg/TiO2 micromotors (0.25%, 1% and 2%) (corresponding 

SEM images in Figure S1). (B) Left: Pseudocolored SEM image showing the fractured inner 

surface of a 2 × 3 mm micromotor pill containing 4% micromotors (Mg/TiO2 micromotors 

highlighted in pink and pill matrix in blue). Right: Corresponding EDS image illustrating the 

distribution of the Mg cores (in pink) of the micromotors. (C) Dissolution rate of micromotor pills 

of different sizes and containing different additives, in a gastric fluid simulant at 22 and 37 °C, 

respectively; from top to bottom: dissolution time of micromotor pills based on regular 

lactose/maltose, lactose/maltose/CCS, and lactose/maltose/SSG. 

 

Next, the structure of the micromotor pills was characterized. Energy dispersive 

spectroscopy (EDS) elemental analysis was used to visualize the dispersion of the Mg/TiO2 

micromotors within the pill matrix. Figure 3A displays mapping of elemental Mg and Ti signals 

inside a small size pill (diameter × height, 2 × 3 mm) containing varying amounts of micromotors 

(0.25%, 1%, and 2% Mg content, respectively). As expected, the intensity of the Mg and Ti signals 

(from the micromotor core and shell, respectively) increases upon increasing the micromotor 

concentration. To gain insights into the dispersion of individual micromotors and into the 
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morphology of the pills, higher magnification SEM images, coupled with EDS, were employed. 

The left panel of Figure 3B displays a pseudocolored SEM image of a fractured inner surface of a 

2 × 3 mm micromotor pill loaded with 4% of Mg-based micromotors. The pill was cut in half, and 

the dissected inner surface was imaged, where the blue color represented the pill matrix, while the 

Mg/TiO2 micromotors were shown in pink. The corresponding EDS image exhibits the elemental 

Mg signal used to confirm the position of the micromotors on the SEM image. Note that there are 

more pink dots/clusters in the EDS image compared to the SEM image because EDS detects 

elemental Mg signal from all micromotors dispersed within the pill instead of only imaging the 

surface. The number of motors per pill is an important parameter that should be carefully examined 

using real therapeutic cargoes to estimate the drug loading yield per micromotor pill. In this study, 

we estimated a theoretical loading yield of micromotors per pill ranging between 1 × 104 and 2.5 

× 105 depending on the pill size and initial micromotor input. 

The dissolution and disintegration of the pill matrix were then evaluated. Specifically, 

micromotor pills of three different sizes (large, 5 × 3 mm; medium, 3 × 3 mm; and small, 2 × 3 

mm) were allowed to disintegrate and dissolve in a gastric acid simulant fluid at 22 or 37 °C until 

no solid residues were left, at which point the solution had turned a homogeneous pink color (Figure 

3C, top plot). The pills size affected the dissolution time. For example, at 22 °C large pills fully 

dissolved within ∼8 min, medium ones by ∼5 min, and small ones within ∼3 min. Shorter 

dissolution times were observed at physiological temperatures (37 °C): large pills by ∼6 min, 

medium by ∼3.5 min, and small ones within ∼3 min. Furthermore, we utilized two commonplace 

additives in the pharmaceutical industry to speed up the disintegration and dissolution of 

micromotor pills. Croscarmellose sodium (CCS) and sodium starch glycolate (SSG) are cellulose 

and starch derivatives, respectively, which rapidly absorb water, causing swelling and enlargement 
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to accelerate pill disintegration. For example, with the addition of only 2.7% CCS, the micromotor 

pill dissolution times decreased by 25–30% and 40–60% at 22 and 37 °C, respectively (Figure 

4.3.3C, middle plot). The effect was even more pronounced with the addition of 2.4% SSG, where 

the dissolution times decreased by 30–45% and 60–63% at 22 and 37 °C, respectively (Figure 

4.3.3C, bottom plot). Small amounts of disintegration-aiding excipients thus lead to significantly 

faster dissolution of micromotor pills and consequent release of the active micromotors. 

4.3.5 Micromotor pill dissolution kinetics 

 
Figure 4.3.4. Dissolution kinetics of micromotor pills and propulsion properties of released 

micromotors upon pill dissolution. (A) Time-lapse images showing the dissolution of a 

micromotor pill in 3 mL of gastric fluid simulant. (B) Microscope images showing the dissolution 

of a medium-sized micromotor pill (1% micromotors loading) at different times and the remaining 

TiO2 shells of the micromotors after 5 min (inset scale bar, 25 μm). (C) Comparison of the speed 

of Mg/TiO2 micromotors in gastric fluid simulant at 22 and 37 °C: free micromotors, free 

micromotors in dissolved pill matrix, and micromotors released from the pill (pink, red, and purple 

bars, respectively). Error bars estimated as 3 times the value of the SD calculated from the speed 

of 10 different micromotors. (D) Microscope images displaying the motion of free Mg/TiO2 

micromotors (top) and of Mg/TiO2 micromotors released from the micromotor pill (bottom) in 

gastric fluid simulant. 

 

Further assessment of the micromotor pill dissolution in a simulated gastric fluid was 

performed along with evaluation of the swimming behavior of the released micromotors (Figure 
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4.3.4). An efficient release of the Mg-based micromotors from the dissolving pill matrix and 

effective micromotor propulsion in gastric acid are essential for implementing these micromotor 

pills for in vivo delivery and ensuring that the pill matrix components do not compromise the 

inherent propulsion behavior of the released micromotors. We started by evaluating the 

micromotors released from the pill matrix in simulated gastric fluid, using medium-sized pills 

loaded with 1% of Mg-based micromotors. Figure 4.3.4A displays a series of time-lapse images 

showing the dissolution process (from left to right) of a medium-sized micromotor pill in 3 mL of 

simulated gastric fluid. The average dissolution time of three different tested pills was 5 min, which 

was in agreement with the previous results in Figure 4.3.3C. In parallel to this study, we took 

microscope images at different dissolution times to illustrate the micromotor pill dissolution 

process in gastric fluid. The images shown in Figure 4.3.4B clearly illustrate how the pills rapidly 

reacted with the gastric acid addition and started to release the Mg micromotors within only a few 

seconds. The released micromotors, which maintained their structure, propelled effectively in the 

gastric fluid, with the Mg cores dissolved fully, leaving only the unbroken TiO2 shells (Figure 

4.3.4B, fourth image). The TiO2 shells are totally biocompatible and act as a scaffold to maintain 

the spherical micromotor shape and the small-opening geometry essential for propulsion. 

Micromotor shells made of different transient materials can disappear completely in the biological 

media.27 Micromotor pills of other sizes and loadings showed similar dissolution behavior as the 

1% motor loaded medium-sized pills. 

The ability of Mg-based micromotors to efficiently swim in the stomach has been 

demonstrated before,9,16 but not in connection to a pill delivery platform. The speed of free Mg-

based micromotors in simulated gastric fluid was compared to the speed of such motors in the 

gastric fluid containing the same pill excipients and to that of the motors released from the pill 
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(Figure 4.3.4C, pink, red, and purple bars, respectively). These data clearly demonstrated that the 

motor speed was barely affected by the release process or by the presence of the pill excipients. In 

addition, the released micromotors displayed similar propulsion patterns as the free micromotors, 

with no apparent hindrance due to adhesion of excipient molecules to the micromotors (Figure 

4.3.4D, bottom and top microscopic images, respectively. Apparently, the micromotors were 

released efficiently from the pill matrix, and their propulsion behavior was not affected by the 

micromotor pill preparation process. 

4.3.6 In vivo retention of micromotors released from micromotor pills 

 
Figure 4.3.5. In vivo retention of Mg-based micromotors released from a micromotor pill in 

mouse stomachs. (A) Schematic in vivo actuation of a micromotor pill (not to scale): pill 

dissolution in gastric fluid, micromotor release, and distribution of fluorescent cargoes in mouse 

stomach tissue. (B) Images of a PDMS mold, with small cavities, used for fabricating appropriate 
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micromotor pills administered to the mice for in vivo retention experiment (scale bars, 2 mm) and 

an image of the fabricated micromotor pills (scale bar, 3 mm). (C) Bright-field, fluorescent (DiD 

dye loaded onto the micromotors), and merged images of the luminal lining of freshly excised 

mouse stomachs at 4 h after oral gavage of DI water (naïve), using DiD-loaded silica pills, free 

DiD-loaded Mg-based micromotors, or DiD-loaded Mg-based micromotor pills. Scale bar, 5 mm. 

(D) Bar graph showing the corresponding fluorescence quantification of all the images. Error bars 

estimated as a triple of SD (n = 3). Bars represent median values. **P < 0.005, ***P < 0.0001, ns 

= no statistical significance. 

After having tested the micromotor pills under in vitro conditions, this micromotor delivery 

platform was further investigated for in vivo gastric actuation. Previous studies have shown that 

Mg-based micromotors were able to self-propel in a mouse stomach, resulting in enhanced 

retention in the mucous layer and improved therapeutic efficacy.13 The micromotor pills are 

expected to facilitate the in vivo administration of micromotors and ensure total cargo delivery in 

the stomach. To test this, we performed an in vivo micromotor retention study using a mouse 

model. In the study, the pills were fabricated with micromotors prepared with a poly(lactic-co-

glycolic acid) (PLGA) polymer coating containing fluorescent dye 1,1′-dioctadecyl-3,3,3′,3′-

tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate (DiD, λem = 665 nm) used as a model 

cargo. An external thin chitosan layer (∼100 nm) was also added to the micromotor structure to 

enhance their binding and retention onto the stomach wall, without compromising their propulsion 

in gastric fluid.13 Figure 4.3.5A schematically illustrates the in vivo actuation of the micromotor 

pill, where the pill is dissolved in the gastric fluid, releasing the dye-labeled micromotors which 

uniformly distribute the red fluorescent cargoes. Considering the size of the mice used in this study 

(∼30 g), a polydimethylsiloxane (PDMS)-based mold was designed to fabricate smaller pills (d × 

h, 1 × 2–3 mm) in order to be administered orally through the narrow mouse esophagus (Figure 

4.3.5B). These micromotor pills were loaded with a large percentage of micromotors (16%) to 

ensure a strong fluorescent signal of the DiD-labeled micromotors in the stomach. The larger 

micromotor percentage used for the in vivo application did not cause any adverse effect to the mice. 

The in vivo retention of the released fluorescently labeled micromotors on stomach tissue was 
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compared to that of released fluorescently labeled silica microparticles (used as a passive control) 

and of free fluorescently labeled micromotors (used as a positive control). For this experiment, we 

compared the pills prepared with Mg/TiO2/PLGA@DiD/chitosan micromotors with pills prepared 

with Si/PLGA@DiD/chitosan microparticles, free Mg/TiO2/PLGA@DiD/chitosan micromotors, 

and deionized water (used as a negative control), administrating these different micromotor pills 

and microparticles to four mice groups (n = 3 per group). Four hours post-administration, the mice 

were sacrificed, and the entire stomach was excised and opened. Subsequently, the luminal lining 

was rinsed with PBS and flattened for imaging. Figure 4.3.5C shows bright-field, fluorescent (DiD 

channel) and merged images of the luminal lining of freshly excised mouse stomach at 4 h after 

oral gavage of DI water (naı̈ve), fluorescent silica pill, free fluorescent Mg/TiO2/PLGA/chitosan 

micromotors, and florescent Mg/TiO2/PLGA/chitosan micromotor pill (from left to right, 

respectively). The images corresponding to the naı̈ve and silica pill controls showed negligible 

fluorescence intensity with nonsignificant difference. However, both the free micromotors and 

micromotor pill groups displayed clear red fluorescent signals distributed uniformly along the 

stomach tissue. The continuous propulsion of the free and released micromotors, coupled with the 

adhesive properties of the outer chitosan coating, helped to facilitate the dispersion of the 

micromotors in the stomach. The image corresponding to the fluorescent micromotor pill group 

shows the most intense red fluorescent signal, indicating the significant role of the micromotor pill 

for the transport, dynamic and collective release, and improved retention of the micromotors in the 

mouse stomach. Figure 4.3.5D displays the corresponding fluorescence quantification of the 

micromotor pill sample and controls. The highest fluorescence signals obtained further verified 

that the micromotor pill functions as an efficient micromotor vehicle for the transport and delivery 

of the carried micromotor cargoes in the gastric environment. Statistical analysis clearly shows a 

superior fluorescent intensity in the stomach using micromotor pills compared to free micromotors 
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and passive silica pills (Figure 4.3.5D). The results of the in vivo retention study in Figure 4.3.5 

indicate that the micromotor pill enables release of the micromotors in a more concentrated manner 

compared to the administration of the same amount of Mg micromotors in solution and the passive 

microparticle-loaded pill. 

Finally, a stability study was performed to evaluate the characteristics of the micromotor 

pills (color, weight, and dissolution time) as well as the propulsion behavior of the released 

micromotors after storing the pills for extended time periods under harsh environmental conditions. 

For this study, two groups of 2 × 3 mm-sized pills loaded with 0.25% Mg micromotors were stored 

under different environmental conditions over the course of 1 month. These results demonstrate 

that the micromotor pills retain the same characteristics and the released micromotors display the 

same effective propulsion in gastric fluid after storage at extreme environmental conditions for 1 

month. Stability tests over longer periods should be performed in the future to confirm the stability 

of the micromotor pills before their practical administration. 

4.3.7 Conclusions 

Motivated by the critical need to move the micromotor field toward routine biomedical 

applications, this study describes a pill formulation of synthetic motors and the successful in vivo 

administration of such micromotor pills. Using procedures and excipient materials widely used in 

the pharmaceutical industry led to fully biocompatible micromotor pill composition, based on 

dispersing Mg-based micromotors within the lactose/maltose pill matrix. Such pill preparation 

processes and excipients have a negligible effect upon the propulsion of the released micromotors. 

In a mouse model, we demonstrated that the micromotor pill was able to protect and efficiently 

carry its micromotor cargoes to the stomach. The released Mg micromotors propelled in gastric 

fluid, retaining the attractive characteristics of in vitro motors while providing high cargo retention 
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onto the stomach lining. The results of our in vivo gastric retention study demonstrated that the 

micromotor pill enabled release of the micromotors in a more concentrated manner compared to 

the administration of the same Mg micromotors in solution and passive microparticle-loaded pills. 

Besides an easier oral administration, the micromotor pill formulation offers better control of the 

micromotor activity, improved dosage control, and reliable scalability. The micromotor 

formulation is extremely versatile with regards to accessing different portions of the GI tract. By 

covering these pills with functional pH responsive or time-release coatings (e.g., Eudragit L, E, or 

RS product series, respectively), the micromotor pills can be protected from widely ranging pH 

environments of the mouth, esophagus, and stomach, arriving intact to the intestinal tract. This 

coating strategy would allow tunable and targeted delivery of the active micromotors to a specific 

location along the intestinal tract, further aiding the treatment of localized infections and precision 

delivery of payloads. Furthermore, we demonstrated that the pill matrix ingredients did not 

compromise the efficient propulsion of the released Mg-micromotors in the gastric fluid. We have 

also demonstrated that the pills and the loaded micromotors are stable after being stored under 

harsh environmental conditions over the course of 1 month. 

Despite the benefits of utilizing a pill platform to protect and concentrate active 

micromotors for eventual in vivo drug delivery applications, several challenges remain to be 

addressed. First, as micromotors are approaching real biomedical applications, the effects of 

dynamically changing and complex environments upon the pill performance requires further 

investigation. Second, the autonomous release capabilities of multiple micromotors delivered at 

the same time must be evaluated using real therapeutic cargoes. Our preliminary results 

demonstrate the enhanced dispersion and retention of model payloads in the stomach. Yet, drug-

loaded micromotor pills constitute the next step toward practical therapeutic applications. Lastly is 



 

199 

 

the concern of scalability. Pharmaceutical companies and pill manufacturers work at large scales 

which current micromotor manufacture cannot keep up with. Designing high-throughput processes 

and facilities will be critical before the adoption of these micromotor pills into common 

pharmaceutical formulations. 

Overall, the present study bridges the emerging field of nanomotors with the established 

formulation development in pharmaceutical sciences and hence represents an important step 

toward realization of micromotors in vivo. The micromotor pill concept is still at an early stage, 

and additional studies are needed to further evaluate the performance of such micromotor platforms 

under dynamic conditions and with real drugs. However, we envision that these robust platforms 

will facilitate the gastric delivery of various types of micromotors in a more localized manner 

toward practical in vivo biomedical applications. 

Chapter 4.3 is based, in part, on the material as it appears in ACS Nano, 2018, by Emil 

Karshalev, Berta Esteban-Fernández de Ávila, Mara Beltrán-Gastélum, Pavimol Angsantikul, 

Songsong Tang, Rodolfo Mundaca-Uribe, Fangyu Zhang, Jing Zhao, Liangfang Zhang, and Joseph 

Wang. The dissertation author was the primary investigator and author of this paper. 
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Chapter 5. Summary and Perspectives 

5.1 Summary 

This dissertation has been focused on demonstrating some of the unique behaviors and 

capabilities of milli and microscale autonomously propelled structures. These capabilities come 

from two aspects – the design and the constituent materials. The major accomplishments presented 

in the dissertation include: 

1)  Changing the composition of materials on the top surfaces or within functional layers 

of milli sized fish like swimmers can give them capabilities resembling those of living 

creatures albeit much simpler and less refined. For example, playing with thermo- and 

halochromic dyes can yield a palette of colors with which to work towards creating 

responsive camouflage. Utilizing the strong magnetic attraction of aligned permanent 

magnetic particles can make swimmers which have been damaged reconnect and regain 

their swimming capabilities. Finally, utilizing transient sacrificial layers and optimizing 

their composition can yield very well defined and responsive release behavior similar 

of animals giving birth. 

2) Similar concepts can be applied to microscale swimmers or in this case called 

micromotors. Here, the propulsion and sacrificial portion are made of one material – 

the transient metal. We used iron as one such material for its ability to decompose in 

acidic conditions while using its inherent magnetic properties for navigation, assembly 

and cargo pickup and delivery. By careful materials selection we can make micromotors 

that disappear into ionic byproducts when no longer needed. By using magnesium and 

zinc and the propellants and zinc oxide, iron and silicon as the shells materials we made 
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fully transient micromotors which decompose fully in the chose environment. Finally, 

we noticed that the behavior of these transient metal propellant micromotors is different 

that commonly known microrockets using catalytic noble metals. We explored why that 

is and established a framework of behaviors called gears to distinguish between 

different phases of bubble growth and ejection. 

3) The ability to make transient micromotors which are active in biofluids coupled with 

the ease of functionalizing them with other polymeric or biological cargo inspired us to 

use them in vivo. For example, we were able to deliver vital nutrients to mice with 

induced iron-deficiency anemia greatly replenishing the levels of the nutrient while 

showing the safe nature of our magnesium micromotor based platform. Next, we 

demonstrated their promise for real world applications by delivering a vaccine to the 

gastrointestinal tract and seeing strong immune system response proving that our 

platform can navigate to the desired location in the body and deliver its cargo leading 

to detectable body wide response. Finally, to make this system more robust and 

accessible we proved that micromotors can be loaded into commonly used pill 

formulations. These pills were more effective in the delivery and distribution of out 

micromotors in the gastrointestinal tract and show much promise for the future of these 

microstructures.  

5.2 Perspectives 

Hopefully, I have been able to demonstrate that milli and micromotors present an interesting 

and promising group of self-powered structures. By combining innovative and increasingly more 

complex designs and selecting responsive and functional materials we can endow them with a 

variety of capabilities.  
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However, it is important to look at their current limitations and how we can go forward to 

integrate them into wider use. Firstly, it has to do with their propulsion. In most cases we use 

chemical fuels which while easy to disperse in solution in the lab might not make for the best 

alternative in real life. For example, peroxide is highly oxidizing and harmful to living organisms. 

On the other hand, transient metals such as magnesium, zinc and iron require acidic conditions 

(magnesium is excluded as it can operate in more biologically relevant solutions) and have a very 

short lifetime due to the small size of the metallic component in a micro device. Thus, in the future 

we must look towards alloying these materials in order to slow down the corrosion reactions while 

keeping the bubble production rate high. Alternatively, the use of external fields such as acoustic, 

magnetic or electric could prove promising as they have for other proof of concept microrobotic 

studies. 

Most of the designs and shapes presented here are rudimentary. Starting with rods, tubes 

and spheres we have been able to achieve remarkable in vitro and in vivo preliminary results. 

However, to fully harness the capabilities of such micromachines while simultaneously fulfilling 

the requirements of real-life applications we have to move towards more varied geometries. Recent 

advances in 3D printing and additive manufacturing will surely pave the way towards advanced 

designs. In the future we will not be inhibited by the templates we need to build our structures 

currently. To add to that most of the micro-sized swimmers I have showed are made of rigid oxides 

or metals but many of the in vivo applications of the future will require soft and deformable 

microrobots. Again, advanced microfabrication will be crucial to achieving such structures. 

Additionally, as Nature builds in smoother gradients compared to our current structures of 

distinctly heterogenous transitions we would be able to achieve capabilities and behaviors more 

akin to those of the biological world. 
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What matters is not only how we build out structure but from what material. For example, 

having stimuli-responsive materials (such as some of the ones presented in this dissertation) will 

unlock doors to new behaviors. Being able to place biological membrane or pieces of membrane 

on the micromotor alter the way the immune system views the microswimmers and thus does not 

cause unwanted immune response. Delving deeper, materials which have multiple states and can 

be easily controlled with the application of a stimulus are of great interest as they can not only be 

controlled by a human operator with the example of switching and electric field on and off but 

begin to make the microswimmer “intelligent”. Intelligence here is unlike intelligence in large scale 

robotics where electric circuits and computer language can be used. Out microswimmers are much 

too small for these components. So, intelligence is put directly into the materials and the design. 

For instance, having a micromotor which follows a chemical gradient can be called intelligent. 

Micromotors which alter their behavior upon experiencing one or more of the stimuli we mentioned 

above can be come more autonomous and even “make decisions”. In this case, changing the 

physical and chemical properties of the constituent or even only of the surface materials will govern 

the ability of the micromotor to complete complex tasks or give them enhanced and intelligent 

behavior. 

Finally, only one micromotor will surely not be enough to do any job required of it. Thus, 

we will need many of them working together and so swarming mechanics will become crucial. To 

control hundreds or even thousands at the same time will require the ability for them to 

communicate with each other – whether that is through chemical or physical (short range vs long 

range forces) and with us. One can see that we can visualize many motors on a microscopic slide 

quite easily but what about when they are inside the body of a mouse. Thus, having the right 
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material to make them stand out to ultrasound viewing or in an MRI machine will lead to better 

control and ability to target where they go and what they accomplish.  

Currently, there are still many challenges in the way of accomplishing all of what I have 

outline in the perspectives section. However, this field is very young with only a little over 15 years 

under its belt it has already accomplished a great deal and it is growing rapidly with groups from 

North America, Europe and Asia contributing to the progress. With all of this in mind, we believe 

that micro-scale devices can reach household uses and begin a disruptive process which will change 

the way we do many thigs. 

Chapter 5 is based, in part, on the material as it appears in Journal of the American Chemical 

Society, 2018, by Emil Karshalev, Berta Esteban Fernández de Ávila, and Joseph Wang. The 

dissertation author was the primary investigator and author of this paper.  

 

 




