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Autonomously propelled/externally guided micromotors overcome current drug delivery 

challenges by providing (a) higher drug loading capacity, (b) localized delivery (less toxicity), (c) 

enhanced tissue penetration and (d) active maneuvering in vivo. These microscale drug delivery 

systems can exploit biological fluids as well as exogenous stimuli, like light-NIR, ultrasound and 

magnetic fields (or a combination of these) towards propulsion/drug release. Ability of these 

wireless drug carriers towards localized targeting and controlled drug release, makes them a 

lucrative candidate for drug administration in complex microenvironments (like solid tumors or 

gastrointestinal tract). In this report, we discuss these microscale drug delivery systems for their 

therapeutic benefits under in vivo setting and provide a design-application rationale towards 

greater clinical significance.  

 

Keywords: Micromotors, Drug Delivery in vivo, GI tract, solid tumor, external trigger actuation 

Drug delivery systems (DDS) have not only promoted a novel generation of therapeutics like 

proteins/peptides (pharmaceuticals with short half-lives) or nucleic acids offering greater site-

specificity[1] but also better predictability of pharmacokinetic & pharmacodynamic profiles of 

conventional drugs.[2] This has resulted in their improved biodistribution, decreased side-effects 

and enhanced therapeutic efficacy. Clearly, choice of a DDS is critical as (a) pharmacologically 

active agents are not inherently effective by themselves; (b) the efficacy of a drug is greatly 

influenced by the route and methodology of administration; and (c) drug pharmacokinetic 

properties can be greatly improved (especially for routes which have traditionally demonstrated 

poor impact).[3] For instance, oral administration of several drugs is hindered due to poor 

bioavailability owing to harsh gastrointestinal (GI) microenvironment [4] and destruction by liver 

enzymes (also known as first pass effect)[5]. In contrast, parenteral (intravenous, subcutaneous 

and intramuscular) forms of administration yield rapid effect with very high drug bioavailability 

but rather low patient compliance due to the discomforts involved in the process.[6]  
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micromotors can provide localized accumulation which can be beneficial against 

chemotherapeutics delivery in solid tumour treatment. 

Exogenous stimuli under clinical setting includes ultrasound, magnetic fields and light. The 

reason being that for a successful therapeutic delivery/effect, the radiation beam should be 

strong enough to reach deep into tissues without harming them and at the same time, interact 

locally with the DDS for actuation/drug release. From a biomedical perspective, only three 

windows of a complete spectrum facilitate deep-tissue penetration and absorption: x-ray, radio 

frequency and acoustic radiation.[36][37] Since, the ionizing nature of X-ray poses significant 

health hazards, it is not considered as an ideal candidate for external stimuli.[38] Likewise, radio 

frequency waves cannot be focused on smaller tissues/regions owing to their large wavelength 

of 1 meter or above. This leaves us with electromagnetic and ultrasound (US) waves which can 

be focused into a focal point using principles of wave interference.[39] By accessing the 

progress made in the area of exogenous trigger release for drug delivery in vivo, and drawing 

parallels to micromotor technology, we hope to provide a benchmark as well as a combinatorial 

approach to open host of new opportunities in the near future (see Figure 2). 
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Figure 2: Schematic summary of external triggers used to actuate/activate drug delivery systems. 

At this stage, it is important to understand that there are three components in any active 

micromotor namely: (i) mode of propulsion; (ii) mode of guidance; (iii) mode of 

release/activation. All externally actuated DDSs either incorporate elements for all the above or 

a combination thereof (refer to Table 1). Better understanding of these parameters, where each 

has a distinct advantage over the other (see Figure 2) depending upon the route/mode of 

application, is critical for improving drug delivery efficacy. 
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for micromotor technology. In this regard, Zha et al. reported hollow polylyyrrole microspheres 

(2-3 µm) for dual-action ultrasound imaging with phototrigger drug release in vivo. [41] Coupled 

with ultrasound mediated imaging, a NIR laser ablated the tumor completely within two weeks 

as observed in a U87-MG tumor mouse model. An easy yet intelligent design scheme 

incorporating oil-in-water emulsion method (Figure 3B) has been applied to make these NIR 

absorbing hollow microspheres from polypyrrole.  Obtained polypyrrole hollow microspheres 

(PPyHMs) can act as efficient theranostic agents not only to greatly enhance US imaging, but 

also to achieve excellent photohyperthermic effects (earlier demonstrated with incorporation of 

Au nanoparticless)[60].  What makes this study interesting for the micromotors community, is 

the fact that Polypyrrole (PPy) materials have already been tested for micromotor fabrication, 

including cargo delivery under in vitro setting. [61][62] Further, PPy offers both stability[63] and 

biocompatibility [64] towards designing such photoactive DDSs for in vivo applications.  

2.2 Exogenous control: Effects of Ultrasound (US) under in vivo conditions 

US (frequency above the audible range of humans; > 20kHz) can be focused on very small 

areas due to its wavelength in the order of millimeters. It has been employed for both enhancing 

the delivery as well as the activity of drugs over the past two decades.[65][66] The 

enhancement in drug uptake by US relies on a phenomenon known as acoustic cavitation, 

typically seen as a cloud of bubbles forming in the vicinity of the ultrasonic source. [67] 

Cavitation is the formation of low-pressure voids (vacuum bubbles or cavities) in the liquid, 

which grow, briefly oscillate, and then asymmetrically implode with great intensity. The resulting 

microjets can physically propel drug/particles into tissue as well as reversibly permeabilize 

tissue to allow enhanced drug uptake. Therefore, we can say that US mediated cavitation 

appears to play two key-roles: (i) it propel/disrupt the structure of carrier vesicle (and releases 

the drug); (ii) makes cell membranes and capillaries more permeable to drug.  
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magnetically localized in vivo at the site of a tumor. This suggests that the idea of overcoming 

systemic drug side-effects has been a key-driver for magnetically activated DDSs. This has 

been achieved by incorporating a layer/assembly of magnetically responsive 

nano/microparticles which respond to the magnetic field. Generally, Iron, Cobalt, Nickel, 

superparamagnetic Iron particles (SPIONs) among others are used for drug delivery 

applications. 

However, one key-difference between such studies and current generation of micromotors is the 

fact that external fields are also used for active mobilization of the DDSs and not merely limited 

towards accumulation of DDS in a desired location (i.e. tissue localization). This can be 

understood by the fact that a magnetic object under a homogeneous magnetic field will not 

experience gradient forces. Therefore, the object cannot be moved (actuated), but still this 

method can be used to localize the object (DDS) at a specific site to prevent its random 

diffusion. On the contrary, in case of magnetically actuated DDSs, it is important that the dipole 

is not aligned with the direction of the applied magnetic field resulting in a torque (as in case of 

micromotors).[75] In either of the cases, this promises to improve the targeting efficiency of 

magnetic carriers as well as enhance the drug availability at the molecular site of action.  

While it is known that magnetic localization of a therapeutic agent results in better effective 

dosage concentration, some studies have also demonstrated it to act as a bio-compatible 

sustained trigger over a long period of time. A study by Butoescu et al. demonstrated that 

magnetically retainable DDS (1 µm and 10 µm) may overcome current limitations of intra-

articular corticosteroid injections in joints (i.e. drug-crystal induces arthritis and repeated 

injections in joint). They demonstrated slow release of dexamethasone, over a period of three 

months, by applying an external magnetic field to avoid problems of drug re-crystalization in 

joints.[76][44]  
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Interestingly, there was no significant difference regarding presence or absence of a magnet 

near the joint (two weeks post-administration). This was speculated to be due to the action of 

macrophages, clearing out these magnetic microparticles, thereby, minimizing the influence of a 

magnet. However, over a longer period of observation (Figure 5A), histological images further 

confirmed that the microparticles are still present in the joint, three-months post-injection with no 

inflammatory response or damage to the synovial lining. This also indicates that such magnetic 

particles pose no significant health risk. Therefore, magnetically actuated micromotors may 

provide pharmacologically relevant solutions in the area of inflammatory diseases upon 

incorporation of different APIs/drugs. 

 

Figure 5: Exogenous control: Effects of magnetism under in vivo conditions. (5A) Magnetically retainable microparticles 

for drug delivery to the joint: efficacy studies in an antigen-induced arthritis model in mice. Histology of mouse knee joints 3 

months after intra-articular injection of either 10 µm (i and ii) or 1 µm (iii and iv) microparticles. Of note, even after 3 months, both 

types of microparticles are present in the tissue surrounding the joint cavity. Prussian blue (PB) staining provides evidence of iron 

within the microparticles; see arrows in (ii and iv). No major signs of inflammation are evident. Original magnifications: x20 (i and iii), 

x400 (ii) and x100 (iv). Stains: haematoxylin and eosin (i and iii) and PB (ii and iv). (5B) Controlled In Vivo Swimming of a Swarm 

of Bacteria-Like Microrobotic Flagella. (i) Image of a single or an array of 16µm artificial bacterial flagella (ABF) fabricated by 

Direct Laser Writing (DLW). (ii) Controlled swimming of f-ABF swarm in vitro under 9 mT and 90 Hz on a polished Si wafer in 

distilled water tracked by optical microscopy. (iii) Swimming of a swarm of f -ABFs in the intra peritoneal cavity of a Balb-C mouse 
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