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ABSTRACT 
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Microrobots for biomedical applications have various advantages such as minimally 

invasive surgery, targeted delivery of drug or biological compounds to specific area, as well 

as transportation energies, for example, thermal energy by hyperthermia treatment in 

comparison to a conventional invasive surgery. For such targeted therapeutics with 

microrobots, it is crucial not only to accurately control them but also to make them 

biocompatible to use in an in-vivo environment. In terms of the biocompatibility, 

biodegradable material has emerged as a promising material because it naturally 

biodegrades into harmless substances in aqueous environment therefore the microrobot does 

not need to be retrieved from the body. 

In this thesis, we developed 2 dimensional biodegradable microrobot for targeted 

drug delivery that consists of poly (D,L-lactide-co-glycolide acid) (PLGA), magnetic 

particles (Fe particles) (average size < 10 μm) and a drug compound, 5 Fluorouracil (5-FU). 

The microrobot was fabricated with various 2 dimensional shapes of water-dissoluble PVA 

templates cut by using UV laser micro machining. Most biomedical microrobots that uses 
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photo-curable reagent to polymerize and form microrobot structure under UV require post-

process to load drugs because drugs can be denatured by UV. In contrast, the developed 

biodegradable microrobot allows simultaneous encapsulation of anticancer drug (5-FU) 

without additional drug loading procedure, forming a microrobot structure in PLGA/Fe/5-

FU solution. 

Translational and rotational motion of the developed 2 dimensional biodegradable 

microrobot were remotely and accurately controlled by external magnetic field (constant 

magnetic field (B) to Z axis and magnetic field gradient (∇B) to X axis) manipulated using 

an electromagnetic actuation (EMA) system. The fastest translational velocity of fabricated 

microrobot with 60 % (w/v) of magnetic particles was approximately 2.8 mm/s (≈1/5 body 

length per second). They have successfully loaded and released approximately 0.013 

μg/microrobot of anticancer drug (5-FU) in aqueous environment (around pH 7, 37 ˚C) by 

biodegrading itself for 6 weeks.  

In conclusion, the facile fabrication was developed to form 2 dimensional 

biodegradable microrobot with various shapes using UV laser micro machining, 

encapsulating drugs into the microrobot simultaneously. The 2 dimensional biodegradable 

microrobot was successfully controlled by using electromagnetic actuation (EMA) system 

and released drugs for 6 weeks by biodegrading itself.  

Keywords: Targeted drug delivery, Biodegradable microrobot, Electromagnetic actuation 

system, UV Laser micro machining, Poly (D,L-lactic-co-glycolic acid) 
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Figure 2.7 Mixture of the poly (vinyl alcohol) solution with methylene blue for visualization. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 40 

Figure 2.8 Poly (vinyl alcohol) thin film with methylene blue. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 40 

Figure 2.9 Dichloromethane (DCM; purity > 99.9 %) and poly (D,L-lactide-co-glycolide acid) (PLGA; 50:50) 

solution (10 mL). ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 41 

Figure 2.10 Poly (D,L-lactide-co-glycolide acid) (PLGA; 50:50) solution (10 mL) and 60 % (w/v) of Poly (D,L-

lactide-co-glycolide acid) (PLGA; 50:50) solution with iron particles (average size < 10 μm). ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 41 

Figure 2.11 (a) Thin template with various and uniform shapes by using a UV laser micro machine. (b) triangle 

type (c) circle type. (d) square type. (e) rhombus type. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 43 

Figure 2.12 (a) Before formation of Fe/PLGA/5-FU solution on thin template. (a) After formation of Fe/PLGA/5-

FU solution on thin template. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 44 
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Figure 2.13 (a) Before decomposing the formatted thin template in water (b) Decomposing the formatted thin 

template in water for 1 minute ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 44 

Figure 2.14 (a) After decomposing the formatted thin template in water, the 2 dimensional biodegradable 

microrobot on magnetic board. (b) Various shape of the dried 2 dimensional biodegradable microrobot. ∙∙∙∙∙∙∙∙∙∙ 44 

Figure 3.1 Mechanical structure of a UV laser micro machine. (a) Exterior of a UV laser micro machine. (b) 

Inside of a UV laser micro machine. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 45 

Figure 3.2 (a) Experimental setup to control the fabricated Fe/PLGA/5-FU microrobot. (b) Control GUI 

(graphical user interface). (c) Electromagnetic actuation system (Minimag; Aeon Scientific, Switzerland). (d) 

Internal structure of electromagnetic actuation system (e) Coils structure of inside of electromagnetic actuation 

system. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ ∙∙∙∙ 46 

Figure 4.1 (a) Various shape of the fabricated 2 dimensional Fe/PLGA microrobots (square, circle, triangle and 

rhombus) (b) and (c) are the surfaces of before and after formation of the Fe/PLGA microrobot. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 49 

Figure 4.2 Surfaces of the fabricated Fe/PLGA microrobot using optical microscope and scanning electron 

microscope (a) and (b) are optical and SEM images of before and after formation of the microrobt. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 50 

Figure 4.3 Energy-dispersive X-ray spectroscopy (EDX) image of the Fe/PLGA microrobot with 10 % (w/v) iron 

particles. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ ∙∙∙∙∙ 51 

Figure 4.4 Energy-dispersive X-ray spectroscopy (EDX) image of the Fe/PLGA microrobot with 60 % (w/v) iron 

particles. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 52 

Figure 4.5 Fourier transform infrared (FT-IR) spectroscopy image of before formation of the Fe/PLGA 

microrobot with iron particles (10 % (w/v)). ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 54 

Figure 4.6 Fourier transform infrared (FT-IR) spectroscopy image of after formation of the Fe/PLGA microrobot 

with iron particles (10 % (w/v)). ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ ∙∙∙∙∙ 55 

Figure 4.7 Schematic design of motion of the 2 dimensional biodegradable microrobot. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 58 

Figure 4.8 A schematic design of three forces with magnetic force (Fm), resistive force (Fr) and gravitational force 

(Fg) in an aqueous environment. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ ∙∙∙∙∙ 58 

Figure 4.9 Time-lased image of translational motion using square type of the fabricated 2 dimensional 

biodegradable microrobot by an external magnetic field. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 60 

Figure 4.10 Time-lased image of translational motion using square type of the fabricated 2 dimensional 

biodegradable microrobot by an external magnetic field. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 61 
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Figure 4.11 Time-lased image of translational motion using rhombus type of the fabricated 2 dimensional 

biodegradable microrobot by an external magnetic field ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 62 

Figure 4.12 Schematic design of translation motion using the fabricated 2 dimensional biodegradable microrobot 

(a) before alignment to Z axis by constant magnetic field (b) After alignment to Z axis. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 64 

Figure 4.13 Translational velocity of the fabricated 2 dimensional biodegradable microrobot in different 

concentrations of iron particles and magnetic field gradient (𝛁B) to X axis and constant magnetic field (B) to Z 

axis using electromagnetic actuation system. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 65 

Figure 4.14 Degradation of the fabricated 2 dimensional biodegradable microrobot with 0, 10, 40 and 60% (w/v) 

of iron particles in PBS solution at 37 ºC for 6 weeks. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 68 

Figure 4.15 Optical images of the fabricated 2 dimensional biodegradable microrobot with 0 and 10 % (w/v) of 

iron particles after 0, 3 and 6 week. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ ∙∙∙∙∙ 69 

Figure 4.16 Optical images of the fabricated 2 dimensional biodegradable microrobot with 40 and 60 % (w/v) of 

iron particles after 0, 3 and 6 week. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ ∙∙∙∙∙∙ 70 

Figure 4.17 Scanning electron microscope images of the fabricated 2 dimensional biodegradable microrobot with 

0 and 10 % (w/v) of iron particles after 0, 3 and 6 week. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 71 

Figure 4.18 Scanning electron microscope images of the fabricated 2 dimensional biodegradable microrobot with 

40 and 60 % (w/v) of iron particles after 0, 3 and 6 week. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 72 

Figure 4.19 Relative UV wavelength of PLGA in the fabricated 2 dimensional biodegradable microrobot prepared 

in different concentrations of iron particles, 0 – 60 % (w/v) with respect to the control using UV-VIS-NIR 

spectrophotometer. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 74 

Figure 4.20 Relative concentration of PLGA in the fabricated 2 dimensional biodegradable microrobot prepared 

in different concentrations of iron particles, 0 – 60 % (w/v) with respect to the control. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 74 

Figure 4.21 UV wavelengths by UV-VIS-NIR spectrophotometer for calibration curve of 5 Fluorouracil with 

ranging from 0 – 500 Μm. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ ∙∙∙∙∙∙ 76 

Figure 4.22 Calibration curve of 5 Fluorouracil, having the correlation coefficient value with ranging from 0 – 

500 Μm. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 76 

Figure 4.23 UV wavelengths by UV-VIS-NIR spectrophotometer for calibration curve of the fabricated 2 

dimensional biodegradable microrobot with ranging from 0 – 500 Μm. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 77 
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Figure 4.24 Calibration curve of the fabricated 2dimensional biodegradable microrobot with ranging from 0 – 

500 Μm. ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 77 
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1. INTRODUCTION 

1.1 Background 

In the last decade, advances in the development of medical science and technology 

have increased the human lifespan and quality of life. However, increasing the human lifespan 

and quality of life, several intractable diseases such as tumor increased approximately 10 years 

from Division of Cancer Control and Population Sciences and National Cancer Institute Figure 

1.1. Incurable diseases from stress, less exercise and eating habits could cause the death and 

aftermath, increasing the cost of treatment and therapy. Therefore, many researchers in medical 

science and technology have been studying for therapies of the incurable diseases. But exact 

therapies for healing are still lack and bring low therapeutic efficiency of the existing clinical 

therapies. As a results of excessive administration of the drug and low therapeutic efficiency 

from the existing clinical therapies, the situations caused without a solution to overcome issues 

and expected to remain largely unchanged approximately 10 years Figure 1.2[11, 31, 32, 35-46]. 

In recent, to overcome this phenomenon, many research groups studying therapies of 

intractable diseases have gradually been developed to improve the efficiency of therapies and 

reduce the amount of taking medicine. In addition, therapeutic using functionalized drug 

delivery mechanism methods have emerged as a promising and outstanding treatment to a 

tumor, together. The advantages of localized drug delivery system introduced that they can be 

possible to reduce side or toxic effects to normal cell and transport drug to a specific area such 

as tumor. 

However, in general localized drug delivery mechanisms using micro- and nano-

technology, microrobot[3, 4, 22-27, 33, 34, 47-63] or micro- and nano-particles[1, 2, 5-8, 12-21, 28, 30, 56, 63-100], 

have several considerations that hide practical limitations to be applied in the human body. 
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Firstly in the case of the microrobot, they are fabricated with photo-sensitive material by photo 

lithography and deposited by electron beam evaporation or sputtering to cover titanium (Ti) to 

improve biocompatibility and nickel (Ni) to be controlled by an external magnetic field on the 

surface[3, 4, 25, 27, 34, 51, 53, 55, 59, 60]. These materials such as photo-sensitive material and nickel 

(Ni) were known as a toxic property to normal cell and living organisms as well as not 

biocompatible and biodegradation in vivo. Therefore, these materials and fabrication 

procedures could cause potential hazards to in vivo test to be applied in the human body. 

Secondly the micro- and nano-particles are commonly fabricated by emulsion method 

which is a mixture of liquids of other properties of hydrophilic and hydrophobic, mixing the 

drug for therapy[2, 14, 64-80, 101]. The fabrications of the micro- and nano-particles by emulsion 

method are simple and save time in terms of others fabrication procedures for targeted drug 

delivery. However, although the fabrication has some advantages, they show that the micro- 

and nano-particles cannot consist of uniform size, which affects drug release time and 

degradation, and fabricate various shape excluding spherical type due to emulsion property[83]. 

Also a larger number of spherical shapes can occur low efficiency because of a lot of loss from 

injecting process and blood circulation after injection. It is difficult to specific and delicate 

control in the human body under fluid flow condition. 

Consequently, exacting technology of the microrobot and small particles shows some 

issues to be solved to improve the efficiency of therapies. In this thesis, I will introduce the 

facile fabrication and precise control using an external magnetic field to reduce loss of small 

particles and solve no degraded issue from the microrobot by applying biodegradable polymer 

and magnetic particles, together. 
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Figure 1.2 Statistics of estimated number of United States cancer survivors by site from Data Modeling 

Branch, Division of Cancer Control and Population Sciences and National Cancer Institute[31]. 

Figure 1.1 Statistics of estimated number of United States cancer survivors by site from Data Modeling 

Branch, Division of Cancer Control and Population Sciences and National Cancer Institute[32]. 
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1.2 Trend of research for targeted drug delivery 

1.2.1 Trend of the microrobot 

In recent, the studies to develop magnetically actuated microrobot showed the potential 

to be used for specific biomedical application such as targeted drug delivery, hyperthermia and 

sensing to a specific area, also simple diagnosis using minimally invasive therapy to in vivo[22, 

25, 27, 47-50, 53, 54, 63, 102]. They could be controlled and steered using wirelessly acoustic or external 

magnetic field which infect harmless to the human body and other living organisms. Therefore, 

one of the main advantages of the microrobot are that they can be navigated in various aqueous 

environment such as water or blood having high viscosity. They also are consisted of various 

biocompatible materials such as titanium (Ti) by deposition to reduce side effects and toxic to 

normal cell and other living organisms. 

1.2.1.1 Bradley J. Nelson group 

B. J. Nelson et al. have developed a variety of the functionalized microrobots having 

different type inspired by mimicking a bacterial flagella or nature for biomedical applications 

such as targeted drug delivery, single cell delivery and localized therapy[3, 55]. Figure 1.3-(a) 

shows that the functionalized surface on the microrobot by photo lithography was fabricated 

for releasing their encapsulated fluorescent materials insisted of drug to single cell, C2C12 cell. 

The functionalized microrobot was controlled by an external magnetic field using 

electromagnetic actuation system. They also were particularly used with temperature-sensitive 

materials, dipalmitoylphosphatidylcholine and 1-myristoyl-2-stearoyl-sn-glycero-3-

phosphocholine, to release their encapsulated fluorescent materials insisted of anticancer drug 

in specific environments when the temperature increase Figure 1.3-(b)[4]. As a result of 

experiment while increasing the temperature, the functionalized microrobot is feasible to 

release fluorescent materials, rhodamine B of hydrophilic and calcein disodium of hydrophobic. 
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The functionalized microrobot also could transport fluorescent materials to single cell, C2C12, 

using an external magnetic field shown in Figure 1.3-(c). Therefore, this research indicated that 

they can perform accurate swimming and deliver drug or micro-object in targeted single cell 

or specific area. 

For precise transportation with particles to targeted area, this group also have 

developed functionalized and schematic design consisting of the micro body and a micro 

grasping holder by photo lithography Figure 1.3-(a)[34, 51, 53, 56, 60]. A micro grasping holder 

could grasp micro objects and transport to specific area by an external magnetic field using 

electromagnetic actuation system. As a result of functionalized design to grasp micro objects, 

the microrobot has improved functions and high efficiency in terms of transportation Figure 

1.3-(b). 

In recent to overcome re-collection of the microrobot, this group have demonstrated 

that the microrobot made of iron oxide magnetite (Fe3O4) nanoparticles to control by an 

external magnetic field and release through metabolic paths such as kidney[62, 63]. A high-stealth 

poly (ethyleneglycol) diacrylate and pentaerythritol triacrylate could be degraded and indurated 

[33]. Figure 1.4-(c) shows the biodegradable microrobot consisted of poly (ethyleneglycol) 

diacrylate and pentaerythritol triacrylate. A poly (ethyleneglycol) diacrylate is possible to 

decompose in the water and NaOH. Figure 1.4-(d) also shows that the biodegradable 

microrobot was controlled by an external magnetic field to a targeted pocket. 

Consequently, Bradley J. Nelson group have gradually developed the functionalized 

and special microrobot and design to by mimicking a bacterial flagella or nature for therapies. 

The microrobot also can be precisely controlled by an external magnetic field using 

electromagnetic actuation system. 
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Figure 1.3 Functionalized microrobots of Bradley J. Nelson group[3, 4]. (a) Microrobot by mimicking 

bacterial flagella to a single cell, C2C12, for targeted drug delivery[3]. (b) Microrobot with temperature-

sensitive material for controlled release for targeted drug delivery[4]. (c) Swimming microrobot to single 

cells, C2C12, by an external magnetic field using electromagnetic actuation system[3]. 

Figure 1.4 Functionalized microrobots of Bradley J. Nelson group[33, 34]. (a) Transportation process by a 

helical micro grasping holder and micro body[34]. (b) Time-lapsed image of the loading and releasing motion 

of functionalized microrobot; the scale bar is 50 μm[34]. (c) Scanning electron microscope (SEM) images of 

helical micro patterns with biodegradable hydrogel ranging from 1.5 and 3.0 μm and lengths ranging from 

14 and 28 μm[33]. (d) Fluorescence image of the micro channel to conduct experimental control, the 

functionalized microrobots are placed in a targeted pocket and control into the container by an external 

magnetic field using electromagnetic actuation system; the scale bar is 100 μm[33].  
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1.2.1.2 Joseph Wang group 

Joseph Wang group have showed that the helical microswimmers which can be 

controlled by an external magnetic field using electromagnetic actuation system extracting 

based on vascular plants from nature described as Figure 1.5-(a)[24, 26]. The microswimmer was 

fabricated by coating spiral vessel plant fibers Figure 1.5-(d) with a thin magnetic and 

biocompatible layer, titanium (Ti) and nickel (Ni) to be wirelessly controlled by an external 

magnetic field Figure 1.5-(c). They were moved by external magnetic field using three 

orthogonal Helmholtz coils system which can create translational and rotational motion in 

aqueous environments. According to the frequency from the three orthogonal Helmholtz coils 

system, the microswimmers could be moved such as a wobbling, rotating and translational 

motion Figure 1.5-(d). In contrast of Bradley J. Nelson group, Joseph Wang group has 

demonstrated the microswimmer by mimicking spiral vessel plant fibers form nature. 

This group also has demonstrated artificial functionalized microfish with iron oxide 

and platinum nanoparticles using 3 dimensional (3D) optical printing process which can be 

easily applied to biomimetic microrobot with optimized and designed functions described as 

Figure 1.6-(a). They were composed of poly (ethylene glycol) diacrylate (PEGDA) based 

hydrogels and diverse functional nanoparticles with iron oxide (Fe3O4) for magnetic actuation, 

platinum (Pt) nanoparticles for mediated propulsion and PDA nanoparticles to reduce toxicity. 

Figure 1.6-(b) shows scanning electron microscope (SEM) image of diverse artificial microfish 

shapes. Figure 1.6-(c) has demonstrated artificial microfish motion encapsulated Pt 

nanoparticle to improve efficient propulsion. Consequently, it is feasible to fabricate various 

microrobot by mimicking vessel plant fibers and fish from nature to be applied for biomedical 

applications. 
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Figure 1.6 Artificial microfish of Joseph Wang group[26]. (a) Schematic design of the artificial functionalized 

microfish with iron oxide and platinum nanoparticles[26]. (b) Scanning electron microscope (SEM) images 

of uniform array of the artificial functionalized microfish; Scale bar, 50 µm[26]. (d) Time-lapsed images of 

the artificial functionalized microfish movement by rotating a nearby magnet[26]. 

Figure 1.5 Microswimmer of Joseph Wang group[24]. (a) Image by mimicking vessel plant fibers. (b) 

Fabrication procedure of microswimmer from vessel plant fibers[24]. (c) Optical microscope image of 

microswimmer; Scale bar, 50 μm[24]. (d) Motion of microswimmer using an external magnetic field, this 

scale. bar is 50 μm[24]. 
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1.2.1.3 Jong-Oh Park group 

From Jong-Oh Park group, the 2 dimensional (2D) soft microrobot based on pH-

responsive hydrogel, 2-hydroxyethyl methacrylate and poly (ethylene glycol) acrylate and iron 

oxide nanoparticles (Fe3O4), have been developed by UV light. The developed soft microrobot 

could change shape such as folding and unfolding motions from changed pH environments and 

then the soft microrobot of changed shape was controlled by an external magnetic field using 

electromagnetic actuation system such as schematic design, loading anticancer drug Figure 1.7-

(a). It is feasible to grasp and transport microbead loading anticancer drug from changed pH 

environments Figure 1.7-(b). Figure 1.7-(c) shows that the soft microrobt loading microbead 

was controlled by electromagnetic actuation system in the micro chamber and then the 

microbead was released from the soft microrobot when degree of pH increase Figure 1.7-(c). 

This group also have demonstrated macrophage based on microrobot to attack a tumor. 

The fabricated microrobot was consisted of iron oxide (Fe3O4) NPs with docetaxel (DTX) 

encapsulated poly (lactic-co-glycolic acid) (PLGA) nanoparticles. The PLGA-DTX-Fe3O4 

nanoparticles were fabricated using a single emulsion method with an average size of 300 nm. 

Figure 1.8-(a) shows the fabricated macrophages (green) loading PLGA-DTX-Fe3O4 

nanoparticles under a confocal microscope. And then the fabricated macrophages was 

evaluated using electromagnetic actuation system in chamber Figure 1.8-(b). 

Consequently, Jong-Oh Park group have developed responsive microrobot from 

changed pH and functionalized nanoparticles with anticancer drug, docetaxel, by using 

macrophage to attack a tumor. As a result of these researches, this group shows possibility of 

therapies to a specific area[22, 23, 48]. 
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Figure 1.7 Microrobot of Jong-Oh Park group[23]. (a) Schematic design of soft microrobot grasping 

microbead of anticancer drug based on pH-responsive[23]. (b) Folding and unfolding motions of the 

microrobot from changed pH, Scale bar; 3.0 mm[23]. (c) Experiment for movement of the pH-sensitive soft 

microrobot, Blue color is low pH and red color is high pH[23].  

Figure 1.8 Microrobot of Jong-Oh Park group[22]. (a) Intracellular fluorescence from macrophages loading 

PLGA-DTX-Fe3O4 nanoparticles by confocal microscopy, Scale bar; 10 µm[22]. (b) Chamber to conduct 

imitating experiment of using macrophage loading PLGA-DTX-Fe3O4 nanoparticles[22].  
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1.2.1.4 My group 

For targeted drug delivery or 3 dimensional cell culture from the microrobot of scaffold 

type, Hongsoo Choi group have demonstrated a diverse scaffold-types of magnetically actuated 

3 dimensional (3D) microrobot Figure 1.9-(a). The magnetically actuated 3 dimensional (3D) 

microrobot was fabricated with photo-sensitive material to make microstructure by photo 

lithography, titanium (Ti) layer to improve biocompatibility and Nickel (Ni) layer for magnetic 

actuation. It can culture cell from 3 dimensional (3D) microstructure of scaffold and then 

transport cultured cell to a specific area such as Figure 1.9-(b). Figure 1.9-(c) and (f) show 

translational and rotational motions of 3 dimensional (3D) microrobot by an external magnetic 

field using electromagnetic actuation system. 

In recent magnetically actuated microrobots from Hongsoo Choi group inspired by 

nonreciprocal ciliary motion of paramecium also were developed to improve transportation of 

microobjects described as Figure 1.10-(a) (top view) and (b) (side view). It showed feasible 

that the cilia microrobot by mimicking paramecium can improve efficiency of transportation 

micro-objects to a specific area for biomedical applications Figure 1.10-(c) and (f). The result 

shows that the cilia microrobot was faster translational velocity than 3 dimensional (3D) 

microrobot in aqueous environments. 

Consequently, as described above four groups, the studies to develop the microrobot 

have many advantages for promptly targeted drug delivery to a specific area, closely 3 

dimensional (3D) cell culture and minimally invasive therapies to in vivo. In addition functional 

smart material was used to be applied to develop the functionalized microrobot[25, 27, 58, 102]. 
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Figure 1.9 Microrobots of Hongsoo Choi group[27]. (a) Scanning electron microscopy image of the scaffold 

type microrobots. (a-1) a cylindrical-type microrobot[27]. (a-2) a hexahedral-type microrobot[27]. (b, b-1) 

Scanning electron microscopy image of cylindrical and hexahedral-type microrobot after cell culture[27]. (b-

2, b-3) Confocal fluorescence images of cylindrical and hexahedral-type microrobot after cell culture[27]. (c) 

and (d) Schematic design of Translational and rotational motion from the scaffold type microrobots[27]. (e) 

and (f) Rolling motion and targeted control motion of the scaffold type microrobots[27]. 

Figure 1.10 (a) and (b) Scanning electron microscopy images of side and top views of magnetically actuated 

cilia microrobots by mimicking paramecium[25]. (c) The cilia microrobot stared to transport the micro-

particles[25]. (d) The cilia microrobot pushed the micro-particles using an external magnetic field[25]. (e) The 

cilia microrobot transported the micro-particles from (d)[25]. (f) The cilia microrobot released the micro-

particles[25].  
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1.2.2. Trend of the micro- and nano-particle 

The researches to develop functional micro- and nano-particles mixed various 

anticancer drugs have gradually been demonstrated for biomedical application such as specific 

targeted drug delivery to a tumor[14, 65, 71, 72]. This technology shows one of the many advantages 

which can attack a targeted tumor, reducing injuries of normal cell and living organisms from 

extra anticancer drugs. In addition, as another advantages of micro- and nano particles, the 

functional micro- and nano-particles consisted of biodegradable polymer and anticancer drug 

can be decomposed and released over time[103-109]. As a results advances in the development 

from micro- and nano-technology, the targeted drug delivery system has been emerged as a 

promising therapy for healing of intractable diseases such as tumor[1, 72, 110-127]. 

In the last decade, the functional micro- and nano-particles were fabricated by general 

emulsion method[1, 2, 14, 28, 83, 91]. It is feasible to make micro- and nano-particles with various 

drugs from others properties, hydrophobic and hydrophilic property[28, 73, 77, 128]. This method 

has been widely used to overcome several issues, released time of drug, half-life of the drugs 

and degradation time of polymer. In order to improve efficiency with release time and half-life 

of drug, multiple layers have been devised with anticancer drug using multiple emulsion 

methods Figure 1.11. 

However, in recent, the methods to make functional micro- and nano-particles occurred 

consistently some issues, uniform size, and low efficiency from loss of small particles in the 

injecting process and precise control from a lot of small particles in flow fluid. From issues, to 

improve efficiency of uniform particles in fabricating process by emulsion method, the 

hydrogel template process with gelatin and degraded material was developed from other groups. 

It was feasible to fabricate uniform micro- and nano-particles from the hydrogel template 

process on the silicon wafer or polydimethylsiloxane molds[74]. The hydrogel template process 



 

- 25 - 

could be decomposed in the warm water for a short time and not affect the micro- and nano-

particles Figure 1.12. Using hydrogel template process has some advantages which can 

improve the high efficiency of uniform particles and various shape. However, using hydrogel 

template process still cannot overcome loss of small particles in inserting process. 

To minimize loss of small particles in inserting process, another group has developed 

functional polymer by applying phase-transformation of the micro- and nano-particles in 

mouse Figure 1.13-(a). Figure 1.13-(b) and (c) showed that the polymer with transformed-

responsive polymer could be agglomerated and then collect the micro- and nano-particles to a 

tumor in the mouse body. Using phase-transformation could improve efficiency of the micro- 

and nano-particles because loss of small particles was reduced. 

Consequently, as described above trend of the micro- and nano-particles like the 

microrobot, the studies to develop the functional drug delivery shows possibility for targeted 

drug delivery of biomedical application. This chapter introduces recent trends such as 

functional microrobot and small particles and then advantages and disadvantages to be applied 

for targeted drug delivery of biomedical application. 

Figure 1.11 Multifunctional layer for targeted drug delivery[1, 2]. (a) Schematic design for fabrication and 

chemical structure of multifunctional magneto polymeric nanoohybrids[1]. (b) Schematic design of magnetic 

PLGA nanoparticles for therapy of tumor[2]. 
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Figure 1.12 (a) Schematic procedure of the hydrogel template process of homogeneous micro particles 

loading anticancer drug [28] (b) Bright field image of a template with gelatin such as (a) (c) Fluorescence 

image of the gelatin template poured with polymer and anticancer drug (d) and (e) Bright and fluorescence 

images obtained micro particles after by dissolving the gelatin template in the water 

Figure 1.13 (a) and (b) Schematic procedure and time-lapsed images of liquid- solid phase transformation 

of the micro particles with polymer and drug contacting with water[30]. (c) The ultrasound images of in vivo 

bovine liver before and after injection of liquid- solid phase transformation with biodegradable polymer 

and drugs (DOX/PLGA/Fe) for therapy such as a tumor. 
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1.3 Aims of this research 

The chapter 1.2 introduced trends and related researches of therapies using the 

microrobot and small particles to a specific area such as a tumor[30, 35, 49, 69, 81, 93]. From the 

chapter 1.2.1, using the functionalized microrobots showed many advantages which can be 

accurately and promptly controlled and deliver drug and objects to a targeted area and single 

cell[3, 4]. The chapter 1.2.2 introduced that the functional micro- and nano-particles can fabricate 

uniform product by hydrogel template method, improve efficiency of the amount of drug and 

reduce loss of small particles by phase-transformation to be applied for biomedical 

applications[30, 74, 81]. 

However, they have still several limitations that are material for degradation, various 

shape to control drug release time, control for targeted delivery and drug encapsulation. One 

of the several considerations is material which can affect biocompatibility and biodegradation 

in the body[28, 73, 77, 90, 129]. In general, the introduced microrobots were fabricated with photo-

sensitive material for 3 dimensional (3D) structure using a light such as UV or laser and then 

thin magnetic metals layer such as titanium (Ti) and nickel (Ni) to improve propulsion and 

biocompatibility of surface on the microrobot[3, 4, 25, 27, 34, 59]. The photo-sensitive material such 

as SU-8 for microrobot could not be decomposed, released and difficult to re-collection from 

the body because the photo-sensitive materials were firmed up from light and small size 

approximately 100 to 500 μm. They also could not easily encapsulate drugs in the fabricating 

process due to transmutation of drug by light. Another one of the following important 

limitations is loss and low efficiency of small particles in the inserting process to a targeted 

area, having flow fluid. A lot of small particles could not be easily controlled and re-collected 

because blood circulation in the body is repetitively fast. Therefore, to overcome following 

focused issues, the small particles should be used larger quantity or thickness of particles than 

existing conditions. However, the using large quantity and thickness of small particles can 
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cause not only slow degradation but also inaccurate control and high side effects because of 

more drugs and more time, when the quantity and thickness of small particles increase. 

Consequently, this study aims firstly to overcome issues of uniform shape and mass 

product with anticancer drug unlike hydrogel template methods, the microrobots were simply 

and easily fabricated by using a UV laser micro machine for a short time with biodegradable 

polymer for degradation and magnetic particles for magnetic actuation to be controlled by an 

external magnetic field. Secondly for biodegradation and drug delivery, they also are consisted 

of biodegradable polymer, which can be decomposed such as water and carbon dioxide, and 

anticancer drug to attack a tumor. Finally, to conduct accurate control for targeted drug delivery, 

the microrobots are controlled by an external magnetic field using electromagnetic coils system. 

Figure 1.14-(a) shows a conceptual schematic about targeted drug delivery using the developed 

microrobot and the structure of the anti-cancer drug containing biodegradable microrobot. As 

depicted in Figure 1.14-(b), the anticancer drug is released from the microrobot to tumor, 

biodegrading itself. 

   

Figure 1.14 Conceptual schematic  for targeted drug delivery using the developed microrobot (a) 

Translational motion and chemical structure of the fabricated microrobot (b) After degraded the 

microrobot, regression of a tumor. 
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2. MATERIAL AND FABRICATION 

2.1 Material 

The fabricated microrobots are consisted of biodegradable polymer (poly (D,L-lactide-

co-glycolide acid) (PLGA)), magnetic particles (iron particles (average size < 10 μm)) and 

anticancer drug (5 Fluorouracil (5-FU)). In this chapter 2.1 introduces various biodegradable 

polymer and anticancer drug for targeted drug delivery to a specific area[12-21]. Briefly, 

biodegradation process also is showed from Figure 2.1. 

In general, the biodegradable polymers such as poly (lactic acid) (PLA), poly (glycolic 

acid) (PGA) and poly (D,L-lactide-co-glycolide acid) (PLGA) are decomposed by hydrolysis 

in biological environment[1, 21, 86, 130]. To explain biodegradation process, when the high 

molecular weight of polymer is sufficiently hydrolyzed from biological environment, the 

polymer chains are converted to low molecular weight compounds (Primary Degradation 

Process). After primary degradation process in biological environment, low molecular weight 

compounds are absorbed through several microorganisms’ metabolic pathways and products 

such as water (H2O), carbon dioxide (CO2) and methane (CH4) Figure 2.1[5-8, 94]. 

In recently, a growing number of biodegradable polymers such as poly (lactic acid) 

(PLA), poly (glycolic acid) (PGA) and poly (D,L-lactide-co-glycolide acid) (PLGA) are used 

to develop drug delivery system, cardiovascular applications (stents), orthopedic devices 

(ligaments, pins and screws), wound management (surgical meshes, structures and staples) and 

tissue engineering for therapy and treatment to a specific area Figure 2.2. Consequently, in this 

study the 2 dimensional biodegradable microrobot encapsulated anticancer drug will be 

fabricated with biodegradable polymer and anticancer drug for targeted drug delivery. 
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Figure 2.2 Biomedical applications such as drug delivery system, cardiovascular applications, and 

orthopedic devices and wound management of biodegradable polymers[12, 14, 15, 17, 20]. 

Figure 2.1 Schematic diagram of mechanism for biodegradation process[5-8]. 
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2.1.1 Biodegradable polymers 

Poly (glycolide) (PGA) has general linear aliphatic polyester Figure 2.3-(a). It is 

composed by ring opening polymerization of a cyclic lactone and glycolide. It is not soluble in 

most organic solvent because of highly crystalline with a crystallinity of 45-55% and has higher 

melting point (220-225 ˚C) than normal polymers. It also has a glass transition temperature 

ranging from 35 to 40 ˚C Table 2.1. Therefore poly (glycolide) (PGA) polymer is limited for 

biomedical applications due to low solubility and slow degradation[12, 15]. 

Poly (lactide) (PLA) is generally obtained from polycondensation of D- or L- lactic 

acid Figure 2.3-(b). It has a hydrophobic property with -𝐶𝐻3  side group which are more 

resistant to hydrolysis than poly (glycolide) (PGA) and poly (D,L-lactide-co-glycolide acid) 

(PLGA) due to the steric shielding effect. It has glass transition temperature of 55-60 ˚C and 

lower melting points (170-180 ˚C) than poly (glycolide) (PGA) Table 2.1. Therefore poly 

(lactide) (PLA) has low brittleness and thermal stability[15]. 

Poly (D,L-lactide-co-glycolide acid) (PLGA) is consisted with poly (glycolide) (PGA) 

and poly (lactide) (PLA) Figure 2.3-(c). It has different glass transition temperature and 

degradation time according to the ratio of poly (glycolide) (PGA) and poly (lactide) (PLA). 

Therefore when the ratio of poly (lactide) (PLA) increase from poly (D,L-lactide-co-glycolide 

acid) (PLGA), the degradation time is increase because the -𝐶𝐻3 side groups of poly (lactide) 

(PLA) are resistant to hydrolysis Table 2.1, 2.2. Consequently in this experiment to develop 

the 2 dimensional biodegradable microrobot for targeted drug delivery, they are fabricated with 

poly (D,L-lactide-co-glycolide acid) (PLGA; 50:50) to control decomposed time according to 

the concentrations of magnetic particles with anticancer drug in biological environments for 6 

weeks[12, 15-17, 19, 131, 132]. 
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Polymer product Melting 

point (˚C) 

Glass transition 

temperature (˚C) 

Degradation 

Time (months) 

Poly (glycolide) 220 – 225 35 – 40 6 – 12 

Poly (lactic acid) 170 – 180 55 – 60 12 – 16 

Poly (D,L lactide-co-glycolide) Amorphous 45 – 55 1 – 2 

Table 2.1 Melting points (˚C), glass transition temperature (˚C) and degradation time (months) of 

biodegradable polymers such as Poly (glycolide), Poly (lactic acid) and Poly (D,L-lactide-co-glycolide 

acid)[12-14, 16, 17, 19, 20]. 

 

Polymer product Ratio (%) Melting 

Point (˚C) 

Glass transition 

Temperature (˚C) 

Degradation 

Time (months) 

Poly (D,L-lactide-co-glycolide) 85:15 Amorphous 50 - 55 5 – 6 

Poly (D,L-lactide-co-glycolide) 75:25 Amorphous 50 - 55 4 – 5 

Poly (D,L-lactide-co-glycolide) 65:35 Amorphous 45 – 50 3 – 4 

Poly (D,L-lactide-co-glycolide) 50:50 Amorphous 45 - 50 1 – 2 

Table 2.2 Different ratio, melting points (˚C), glass transition temperature (˚C) and degradation Time 

(months) of poly (D,L-lactide-co-glycolide acid) (PLGA)[12-15, 18-20]. 

 

   

Figure 2.3 Chemical structures of biodegradable polymer (a) Poly (glycolide) (PGA) (b) Poly (lactic acid) 

(PLA) (c) Poly (lactide-co glycolide)[12-21]. 
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2.1.2 Anticancer drug (5 Fluorouracil) 

For targeted drug delivery using the develop microrobot with anticancer drug, the drug 

type (hydrophilic or hydrophobic) is important to be released and degraded because released 

drug have been associated with solubility. In this experiment, the 2 dimensional biodegradable 

microrobot is fabricated with hydrophilic drug (5 Fluorouracil) to have higher the degree of 

initial burst than hydrophobic drug[133-139]. 

The 5 Fluorouracil in hydrophilic drug has been widely used in a variety of solid 

cancers such as stomach, colon, and lung and breast cancer for chemotherapy[10, 11, 140-147]. It 

prevents nucleic acid synthesis, inhibits DNA synthesis and cell growth from a growing tumor. 

However, when the 5 Fluorouracil is used for chemotherapy to a tumor, it can cause nausea, 

vomiting, bone marrow depression, gastrointestinal tract reaction, leucopenia and 

thrombocytopenia because of adverse effects depending on the person[9, 137, 148-153]. In addition, 

it is usually injected in vein using intravenously because the 5 Fluorouracil has disadvantages 

which are short half-life and rapid dispersion in injecting process Figure 2.4. However, in this 

experiment, the developed 2 dimensional biodegradable microrobot is fabricated to improve 

efficiency of 5 Fluorouracil. 

The 5 Fluorouracil, having 130.1 g/mol of molecular weight is dissolved in the organic 

solvent such as ethanol, dimethyl sulfoxide, dimethyl formamide which can dissolve 

approximately 0.8, 53 and 60 mg/ml and phosphate buffered saline (8 mg/ml) solution[154-156]. 

Therefore, for calibration curve using solubility of 5 Fluorouracil, it is dissolved in the 

phosphate buffered saline from 50 to 500 μM. Additionally, specific data of calibration curve 

and conditions can be found to the following chapter 4.3.3 description. 
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Figure 2.4 (a) Chemical structure of 5 Fluorouracil (b) injecting process using intravenously in vein[9-11]. 

Figure 2.5 (a) Poly (vinyl alcohol) (PVA; 87-89% hydrolyzed) (b) Poly (D,L-lactide-co-glycolide acid) 

(PLGA; 50:50) (c) magnetic actuation (iron particles (Fe); average size < 10 μm) (d) 5 Fluorouracil. 
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2.1.3 Others material 

Poly (vinyl alcohol) (PVA; 87-89% hydrolyzed, Sigma-Aldrich, Korea) for thin film 

(thickness: 30 μm), magnetic particles for magnetic actuation (iron particles (Fe); average size 

< 10 μm, Sigma-Aldrich, Korea), methylene blue solution (Sigma-Aldrich, Korea) to be 

measured with optical microscope, dichloromethane (DCM; purity > 99.9 %, Sigma-Aldrich, 

Korea) to dissolve poly (D,L-lactide-co-glycolide acid) (PLGA) and phosphate buffered saline 

(PBS; 10 mM, around pH 7, Sigma-Aldrich, Korea) were purchased. 5 Fluorouracil (5-FU) for 

targeted drug delivery was obtained from AppliChem (Korea). 
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2.2 Fabrication 

In this chapter introduce that the microrobot is made using the new and simple 

fabrication procedures with biodegradable polymer (poly (D,L-lactide-co-glycolide acid) 

(PLGA; 50:50)) to solve issues of degradation, magnetic particles (iron (Fe) particles; average 

size < 10 μm) to be controlled by an external magnetic field using electromagnetic actuation 

system and anticancer drug (5 Fluorouracil (5-FU)) for targeted drug delivery. Figure 2.6 shows 

that schematic design of simple actual fabrication to develop the 2 dimensional biodegradable 

microrobot. 

Before entering the main fabrication procedure, briefly the thin film was made with 

poly (vinyl alcohol) (PVA; 87-89% hydrolyzed) which can easily be hydrolyzed in water and 

methylene blue solution for optical microscope Figure 2.6-(a) and (b). Figure 2.6-(c) and (d) 

shows that the made thin film was prepared to make various shapes in 2 dimensional micro 

structure using a UV laser micro machine. Firstly for biodegradation solution having magnetic 

property, the poly (D,L-lactide-co-glycolide acid) (PLGA; 50:50) powder was dissolved into 

the dichloromethane (DCM; purity > 99.9 %) and mixed with magnetic particles (iron (Fe) 

particles; average size < 10 μm). Secondly to have anticancer drug for targeted drug delivery, 

the anticancer drug (5 Fluorouracil) was mixed with the made Fe/PLGA solution Figure 2.6-

(e). From Figure 2.6-(d), the patterned thin template was dipped into the made Fe/PLGA/5-FU 

solution for a short time to format the template Figure 2.6-(f). The thin template formatted with 

the Fe/PLGA/5-FU solution was again dipped into the deionized (DI) water to decompose the 

poly (vinyl alcohol) (PVA) thin template with methylene blue inside of the formatted 

microrobot on the magnetic broad Figure 2.6-(g). After being decomposed, the 2 dimensional 

Fe/PLGA/5-FU microrobot was successfully fabricated Figure 2.6-(h). Additionally, specific 

fabrication procedures and conditions can be found the following detailed description. 



 

- 37 - 

 

 

 

Figure 2.6 Fabrication procedure of the proposed 2 dimensional Fe/PLGA/5-FU microrobot. (a) 

Preparation of the poly (vinyl alcohol) films, consisting of a poly (vinyl alcohol) powder and in deionized 

water. (b) Mixture of the poly (vinyl alcohol) solution and methylene blue for visualization, Place beaker 

containing PVA solution and methylene blue the on hot plate for 1hour. (c) Poly (vinyl alcohol) thin film 

(Diameter: 100 mm, thickness; 30 μm to prevent tearing). (d) Poly (vinyl alcohol) thin film was peeled off a 

petri dish and cut by using a UV laser micro machine. 
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Figure 2.6 Fabrication procedure of the proposed 2 dimensional Fe/PLGA/5-FU microrobot. (e) 

Preparation of the Fe/PLGA/5-FU solution with magnetic particles (iron (Fe) particles; average size < 10 

μm), poly (D,L-lactide-co-glycolide) (PLGA; 50:50) and anticancer drug (5 Fluorouracil). (f) the formatted 

thin template was dipped into Fe/PLGA/50-FU solution to be formatted. (g) After the thin template 

formatted with Fe/PLGA/5-FU was dipped in deionized water for short second, the thin template was 

hydrolyzed inside of the fabricated 2 dimensional Fe/PLGA/5-FU microrobot. (h) Complete the fabrication 

procedure of the proposed 2 dimensional Fe/PLGA/5-FU microrobot. 
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2.2.1 Preparation of poly (vinyl alcohol) thin film 

To prepare the poly (vinyl alcohol) (PVA) solution (2% (w/v)) for a thin film, the poly 

(vinyl alcohol) (PVA; 87-89% hydrolyzed) powder (0.6 g) was dissolved in deionized water 

(30 mL) at around 70 to 80 °C for 2 hour on a hot plate. Figure 2.7 that the poly (vinyl alcohol) 

solution (30 mL) and methylene blue (30 μL) solution for visualization were mixed using a 

vortex device and ultrasonic cleaner for 10 minute. The solution mixed with poly (vinyl alcohol) 

solution and methylene blue solution was poured onto a petri dish and then dried on a hot plate 

at 40 to 50 °C around 1 hours. After the solution was hardened by increasing temperature, the 

poly (vinyl alcohol) thin film (thickness: 30 μm) was peeled off a dish and stored in a dry and 

cool place to prevent transition from high humidity Figure 2.8. The poly (vinyl alcohol) thin 

film (thickness: 30 μm, width: 100 mm, lengths: 100 mm) was successfully fabricated. 

 

2.2.2 Preparation of the poly (D,L-lactide-co-glycolide) solution with magnetic particles 

For the preparation of poly (D,L-lactide-co-glycolide acid) (PLGA; 50:50) solution 

(10 mL) with magnetic particles (iron (Fe); average size < 10 μm) shown in Figure 2.9, the 

poly (D,L-lactide-co-glycolide acid) (PLGA; 50:50) powder (0.5 g) was dissolved in 10 mL of 

dichloromethane (DCM; purity > 99.9 %) at room temperature with vortex for 10 minute. After 

dissolving poly (D,L-lactide-co-glycolide acid) (PLGA; 50:50) powder, iron particles (1, 2, 3, 

4, 5 and 6 g) were dispersed into the poly (D,L-lactide-co-glycolide acid) (PLGA; 50:50) 

solution (10 mL) for 10, 20, 30, 40, 50, 60 % (w/v). The dispersed solution in poly (D,L-lactide-

co-glycolide acid) (PLGA; 50:50) with magnetic particles was mixed by stirring and ultrasonic 

cleaner for 10 minutes at room temperature. Figure 2.10 shows that the Fe/PLGA solution was 

successfully made. 
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Figure 2.8 Poly (vinyl alcohol) thin film (thickness: 30 μm, width: 100 mm, lengths: 

100 mm) with methylene blue. 

Figure 2.7 Mixture of the poly (vinyl alcohol) solution (30 mL) with methylene blue 

(30 μL) for visualization. 
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Figure 2.9 Dichloromethane (DCM; purity > 99.9 %) and poly (D,L-lactide-co-glycolide 

acid) (PLGA; 50:50) solution (10 mL). 

Figure 2.10 Poly (D,L-lactide-co-glycolide acid) (PLGA; 50:50) solution (10 mL) and 60 % 

(w/v) of Poly (D,L-lactide-co-glycolide acid) (PLGA; 50:50) solution with iron particles 

(average size < 10 μm). 
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2.2.3 Fabrication of the 2 dimensional biodegradable microrobots with various shapes 

for targeted drug delivery 

The 2 dimensional biodegradable microrobot with poly (D,L-lactide-co-glycolide acid) 

(PLGA; 50:50) and iron particles (Fe; average size < 10 μm) was fabricated by using a UV 

laser micro machine for a short time. The chapter 2.2.1 introduced fabrication procedure of thin 

film (thickness: 30 μm) with poly (vinyl alcohol) and methylene blue. The thin film was cut by 

using a UV laser micro machine to make various and uniform shapes shown in Figure 2.11. 

The chapter 2.2.2 showed making the Fe/PLGA/5-FU solution with poly (D,L-lactide-

co-glycolide acid) (PLGA; 50:50) solution, iron particles (Fe; average size < 10 μm). For 

targeted drug delivery using the developed microrobot, the anticancer drug (5 Fluorouracil) 

was dissolved into Fe/PLGA solution (10 mL) in different ratio (50 - 500 μM) and then the 

patterned thin template was dipped into the Fe/PLGA/5-FU solution for a short second. After 

dipped into the Fe/PLGA/5-FU solution, the formatted thin template was dried to evaporate 

dichloromethane at room temperature Figure 2.12. Figure 2.13 shows that the dried formatted 

thin template was dipped in deionized water on magnetic board to re-collect the fabricated 

Fe/PLGA/5-FU microrobot at room temperature for 2 minute. After re-collecting the 

decomposed Fe/PLGA/5-FU microrobot, they were dried at room temperature for 5 minutes. 

Consequently, in this chapter the developed Fe/PLGA/5-FU microrobots for targeted 

drug delivery were successfully obtained shown in Figure 2.14. In flowing chapter, we will 

introduce an experimental setup and characterizations to analysis chemical structure, 

movement and degradation of the fabricated Fe/PLGA/5-FU microrobot. 
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Figure 2.11 (a) Thin template with various and uniform shapes by using a UV laser micro 

machine (b) triangle type (c) circle type (d) square type (e) rhombus type. 
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Figure 2.12 (a) Before formation of Fe/PLGA/5-FU solution on thin template. (b) After formation of 

Fe/PLGA/5-FU solution on thin template. 

Figure 2.13 (a) Before decomposing the formatted thin template in water. (b) Decomposing the formatted 

thin template in water for 1 minute. 

Figure 2.14 (a) After decomposing the formatted thin template in water, the 2 dimensional biodegradable 

microrobot on magnetic board. (b) Various shape of the dried 2 dimensional biodegradable microrobot. 
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3. EXPERIMENTAL SETUP 

3.1 UV laser micro machine (ALM100; Sejoong Information Technology, 

Korea) 

A UV laser micro machine (ALM100; Sejoong Information Technology, Korea) is 

used to cut a poly (vinyl alcohol) thin film (thickness: 30 μm) shown in Figure 3.1. Equipment 

has the beam spot size around 5 to 10 μm and laser source of 355 nm wavelength. It can also 

be used to cut fine hole and cutting and dicing processing using a laser. In addition a UV laser 

micro machine can move up to 1000 mm/sec and has position accuracy (<± 2 μm) and 

repeatability (<±1 μm) in the X-axis and Y-axis stage. 

 

Product ALM 100 

Laser source 355 nm wavelength 

Beam spot size 5 to 10 μm 

Speed 1000 mm/sec 

Position accuracy <±2 μm 

Position repeatability <±1 μm 

Table 3.1 Specification of a UV laser micro machine (ALM100; Sejoong Information Technology, Korea).  

Figure 3.1 Mechanical structure of a UV laser micro machine. (a) Exterior of a UV laser micro machine. 

(b) Inside of a UV laser micro machine.  
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3.2 Electromagnetic actitation system (Minimag; Aeon Scientific, 

Switzerland) 

The electromagnetic actuation system (Minimag; Aeon Scientific, Switzerland) is used 

to control the fabricated Fe/PLGA/5-FU microrobot by an external magnetic field. It has five 

degrees of freedom which include three translational degrees of freedom on X, Y and Z axis 

and two rotational degrees of freedom X and Z axis. It also can generate magnetic field (20 

mT), output field gradient range (2 T/m) and has working space (10 mm3)[29]. 

 

Product Minimag 

Output field 20 mT 

Output field gradient range 2 T/m 

Working space 10 mm3 

Field gradient DOF 2 (orientation) & 3 (position) 

Table 3.2 Specification of Electromagnetic actuation system (Minimag; Aeon Scientific, Switzerland) 

Figure 3.2 (a) Experimental setup to control the fabricated Fe/PLGA/5-FU microrobot. (b) Control GUI 

(graphical user interface). (c) Electromagnetic actuation system (Minimag; Aeon Scientific, Switzerland). 

(d) Internal structure of electromagnetic actuation system[29]. (e) Coils structure of inside of electromagnetic 

actuation system[29]. 
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3.3 Optical microscope (BX41M-LED; Olympus, Korea) 

The optical microscope (BX41M-LED; Olympus, Korea) is used to measure various 

shape of the fabricated Fe/PLGA/5-FU microrobots. It uses UIS2 optical system (infinity-

corrected system) and 100x, 50x, 20x, 10x and 5x lens, the maximum specimen height is 65 

mm (without spacer). It also has stroke (35 mm), fine stroke per rotation (100 μm), and 

minimum graduation (1 μm). 

3.4 Field emission scanning electron microscope (S-4800; Hitachi, Japan) 

The field emission scanning electron microscope (S-4800; Hitachi, Japan) is an 

analyzer component which use the electron beam emitted from the field emission source under 

a vacuum environment. A lens system is consisted of three stage electromagnetic reduction 

type and accelerating voltage is from 0.5 to 30 kV (0.1 kV step). This equipment can measure 

the surface of the fabricated microrobot. To compare before and after formation of the 

Fe/PLGA/5-FU microrobots, the field emission scanning electron microscope will be used. 

3.5 Fourier transform infrared (FTIR) spectroscopy (Continuum; Thermo 

Scientific, Korea) 

The Fourier transform infrared spectroscopy (FT-IR) (Continuum; Thermo Scientific, 

Korea) is used to measure chemical structure and boding of the microrobot and iron particles. 

This equipment has spectral range (7,800 – 350 cm-1), resolution (0.09 cm-1), interferometer 

(graphite material ring for moving mirror) and IR libraries (217,000 libraries). 

3.6 UV-VIS-NIR spectrophotometer (CARY5000; Agilent, America) 

The UV-VIS-NIR spectrophotometer (CARY5000; Agilent, America) is used to 

measure the UV values of drug into the Fe/PLGA/5-FU microrobot. It can measure organic 

solvent and anticancer drug to compare before and after drug release for 6 weeks. This 

equipment has R928 PMT detectors, limiting resolution (<0.048 nm), wavelength range (175-

900 nm).  
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4. RESULTS AND DISCUSSION 

4.1 Characterization of the 2 dimensional biodegradable microrobot 

4.1.1 Optical microscope images of the 2 dimensional biodegradable microrobot 

The chapter 2 introduced that the 2 dimensional Fe/PLGA/5-FU microrobot consisted 

of with biodegradable polymer (poly (D,L-lactide-co-glycolide acid) (PLGA)), iron particles 

(Fe; average size < 10 μm) and anticancer drug (5 Fluorouracil) is fabricated using a UV laser 

micro machine. Therefore, in this chapter shows that the fabricated microrobot were observed 

with various shape by optical microscope, after decomposing the formatted thin template. 

Figure 4.1-(a) shows the fabricated microrobot of various shapes with formatted 

Fe/PLGA by optical microscope. Figure 4.1-(b) and -(c) are the surface of before and after 

formation of the Fe/PLGA microrobot by optical microscope. Before formation of the 

Fe/PLGA microrobot, the thin film consisted of poly (vinyl alcohol) (PVA) surface is flat and 

smooth using scanning electron microscope to measure the specific area Figure 4.2-(a). After 

formation of Fe/PLGA microrobot, they are consisted of porous surface because of quick 

evaporation of volatile dichloromethane (39 °C) than general organic solvent such as ethanol 

(78 °C) and acetone (56 °C) Figure 4.2-(b). 

Additionally, the Fe/PLGA microrobot was measured for qualitative analysis of atomic 

ratio by energy-dispersive X-ray (EDX) spectroscopy. Figure 4.3 and 4.4 show the relative 

amount of the atomic ratio having 10 % (w/v) and 60 % (w/v) of Fe particles. Therefore, 

according to the relative amount of iron particles, we can see that the relative amount of iron 

particles increase attached to the Fe/PLGA microrobot. Consequently, it demonstrated that the 

Fe/PLGA microrobot was successfully fabricated by using a UV laser micro machine and 

formatted with Fe/PLGA. 
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Figure 4.1 (a) Various shape of the fabricated 2 dimensional Fe/PLGA microrobots (square, circle, triangle 

and rhombus). (b) and (c) are the surfaces of before and after formation of the Fe/PLGA microrobot. 
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Figure 4.2 Surfaces of the fabricated Fe/PLGA microrobot using optical microscope and 

scanning electron microscope. (a) and (b) are optical and SEM images of before and after 

formation of the Fe/PLGA microrobot.  
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Figure 4.3 Energy-dispersive X-ray spectroscopy (EDX) image of the Fe/PLGA microrobot with 10 % (w/v) 

iron particles. 
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Figure 4.4 Energy-dispersive X-ray spectroscopy (EDX) image of the Fe/PLGA microrobot with 60 % (w/v) 

iron particles. 
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4.1.2 Chemical structure of the 2 dimensional biodegradable microrobot 

The chapter 2 introduced that the Fe/PLGA microrobot was consisted of poly (D,L-

lactide-co-glycolide acid) for biodegradation and iron particles (Fe; average size < 10 μm) for 

magnetic actuation. In this chapter, to analyze chemical structure from the fabricated Fe/PLGA 

microrobot, it was conducted using Fourier transform infrared spectroscopy. Figure 4.5 and 4.6 

show that Fourier transform infrared spectroscopy was conducted with in three different 

regions. The first chemical bonding is asymmetric stretching bonding at 1300-1000 cm-1; 

second and third regions are the aliphatic C-H stretching bonding at 3000-2850 cm-1 and the 

C=O stretching bonding at 1850-1650 cm-1 because of the ester group, respectively. Figure 4.6 

shows the weak characteristic peak (Fe-O bond) of poly (D,L-lactide-co-glycolide acid) and 

iron particles at 600-400 cm-1. Therefore we could know that the Fe/PLGA microrobot was 

consisted of poly (D,L-lactide-co-glycolide acid) and iron (Fe) particles[30, 81, 157-165]. 

Consequently, from the chemical bonding (Fe-O bond), the Fe/PLGA microrobot can 

be controlled by an external magnetic field, having translational and rotational motion in an 

aqueous environment. It also can be degraded with water and carbon dioxide due to poly (D,L-

lactide-co-glycolide acid). In this experiment, the Fe/PLGA microrobot was successfully 

coexisted with poly (D,L-lactide-co-glycolide acid) and iron particles, having chemical 

bonding of Fe-O bond. 
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Figure 4.5 Fourier transform infrared (FT-IR) spectroscopy image of before formation of the Fe/PLGA 

microrobot with iron particles (0 % (w/v)). 
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Figure 4.6 Fourier transform infrared (FT-IR) spectroscopy image of after formation of the Fe/PLGA 

microrobot with iron particles (10 % (w/v)). 
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4.2 Movement of the 2 dimensional biodegradable microrobot 

4.2.1 Principles of translational and rotational motion of the fabricated 2 dimensional 

biodegradable microrobot 

The 2 dimensional biodegradable microrobot for targeted drug delivery is accurately 

and rapidly controlled using an external magnetic field by electromagnetic actuation system 

(Minimag; Aeon Scientific, Switzerland). The electromagnetic actuation system of 

hemispherical type magnetic manipulator is consisted of five degrees of freedom which include 

three translational degrees of freedom on X, Y and Z axis and two rotational degrees of freedom 

X and Z axis such as Figure 3.6[27, 29, 102]. 

For translational by a magnetic force (Fm) and rotational by a magnetic torque (Tm) 

motion, the 2 dimensional biodegradable microrobot is controlled by applying an external 

magnetic field Figure 4.7-(a). Firstly, for rotational motion of the 2 dimensional biodegradable 

microrobot illustrated Figure 4.7-(b-1), after an external magnetic field generates a magnetic 

torque (Tm), it is aligned to the magnetic field direction such as X axis with volume (V) of the 

magnetized material and a magnetic moment (M) 

𝑻𝒎 = 𝐕𝚳× 𝚩    (1) 

Where Tm, V, M and B are magnetic torque (Tm) from an external magnetic field, volume (V) 

of the magnetized objects, magnetic moment (M) and magnetic flux density (B). Secondly for 

translational motion of the 2 dimensional biodegradable microrobot illustrated Figure 4.7-(b-

2), the magnetic force (Fm) of the magnetized microrobot is given by 

𝑭𝒎 = 𝐕(𝚳 ∙ 𝛁)𝚩   (2) 

Where Fm and 𝛁 B are magnetic force (Fm) and magnetic field gradient (𝛁 B) as follows 

equation (2). Therefore from following equation (1) and (2), a magnetic torque (Tm) and 
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magnetic force (Fm) can control the 2 dimensional biodegradable microrobot such as rotational 

and translational motion such as Figure 4.7[29, 102]. 

The 2 dimensional biodegradable microrobot is controlled by three forces which can 

affect translational velocity in an aqueous environment. Three forces, magnetic force (Fm), 

resistive force (Fr) with the surface friction and drag force and gravitational force (Fg) is 

modeled by 

𝑭𝒎 + 𝑭𝒓 + 𝑭𝒈 = 𝐦
𝐝𝐯

𝐝𝐭
   (3) 

Equation (3) shows that the magnetic force (Fm) affects the translational velocity of the 2 

dimensional biodegradable microrobot in an aqueous environment. To increase translational 

velocity of the 2 dimensional biodegradable microrobot, the magnetic force (Fm) should be 

larger than resistive force (Fr) and gravitational force (Fg) in an aqueous environment. The 

Figure 4.8 shows a schematic design describing model of three forces. Where m is the mass 

and v is the translational velocity. 

Therefore, from an equation (2) for translational motion and (3) for translational 

velocity, the 2 dimensional biodegradable microrobot is aligned to Z axis by constant magnetic 

field (B). And then after applying magnetic field to Z axis by constant magnetic field, the 

driving magnetic force (Fm) from magnetic field gradient (𝛁 B) is applied to X axis for 

translational motion of the microrobot. In contrast translational motion, for rotational motion 

of the microrobot, the driving magnetic torque (Tm) from magnetic flux density is applied such 

as Figure 4.7-(a). Consequently, the next chapter will show the actual translational and rotional 

movement of the 2 dimensional biodegradable microrobot based of principles from equation 

(1), (2) and (3)[27, 29, 102]. 
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Figure 4.8 A schematic design of three forces with magnetic force (Fm), resistive force (Fr) and gravitational 

force (Fg) in an aqueous environment. 

Figure 4.7 Schematic of rotational and translational motion of the 2 dimensional biodegradable microrobot 

(a) The 2 dimensional microrobot aligned along the Z axis. (b) Translational and rotational motion of 

microrobot. 
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4.2.2 Time-lapsed image of translational and rotational motion the fabricated 2 

dimensional biodegradable microrobot 

Figure 4.9 and 11 show time-lapsed images of translational motion of the fabricated 2 

dimensional biodegradable microrobot from the chapter 4.1 with square and rhombus type, 

having 5 % (w/v) of poly (D,L-lactide-co-glycolide acid) and 60 % (w/v) of iron particles. The 

time-lapsed image illustrated Figure 4.9 shows that before the fabricated 2 dimensional 

biodegradable microrobot of square type is aligned to Z axis by an external magnetic field. And 

then after aligned to Z axis, it is controlled by magnetic field gradient (𝛁B) to X axis. Figure 

4.10 shows time-lapsed image for rotational motion of the fabricated 2 dimensional 

biodegradable microrobot of square type. It can be controlled by rotating magnetic field (Tm) 

by different frequency such as equation (1). 

In this paper, the fabricated 2 dimensional microrobot was conducted for translational 

and rotational motion of square and rhombus type, having 60 % (w/v) of iron particles. We can 

find that the fabricated 2 dimensional biodegradable microrobot of square type shows slower 

translational velocity than rhombus type because when the fabricated microrobot was applied 

by magnetic field gradient (𝛁B) to X axis, the fabricated microrobot of square type was affected 

by higher surface friction than rhombus type from around ground of square petri dish. 

Therefore, the fabricated microrobot of rhombus type is faster translational motion than square 

type. Consequently, we can know that various shapes of the fabricated 2 dimensional 

biodegradable microrobot affected to translational velocity when it was applied by magnetic 

field gradient (𝛁B) to X axis in an aqueous environment. The following chapter 4.2.3 will 

introduce translational velocity of the fabricated 2 dimensional biodegradable microrobot of 

rhombus type. 



 

- 60 - 

  

Figure 4.9 Time-lased image of translational motion using square type of the fabricated 2 dimensional 

biodegradable microrobot by an external magnetic field. 



 

- 61 - 

  

Figure 4.10 Time-lased image of translational motion using square type of the fabricated 2 dimensional 

biodegradable microrobot by an external magnetic field. 
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Figure 4.11 Time-lased image of translational motion using rhombus type of the fabricated 2 dimensional 

biodegradable microrobot by an external magnetic field. 
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4.2.3 Translational velocity of the fabricated 2 dimensional biodegradable microrobot 

The chapter 4.2.2 introduced translation motion of the 2 dimensional biodegradable 

microrobot using square and rhombus type with 60 % (w/v) of iron particles. As result of the 

chapter 4.2.2, the 2 dimensional biodegradable microrobot of rhombus type was faster 

translational velocity than square type due to shape. Therefore in this chapter, we will show 

increasing translational velocity of rhombus type in different concentration of iron particles 

and magnetic field gradient (𝛁B) with ranging from 100 to 400 mT/m. 

The chapter 4.2.1 also introduced equation (2) for magnetic force (Fm) to be controlled 

by an external magnetic field using electromagnetic actuation system. In general, the 

translational velocity of microrobot increase by volume (V) of magnetic material and external 

magnetic field gradient (𝛁 B). In this experiment, we conducted the Figure 4.13 shows 

translational velocity of the fabricated 2 dimensional biodegradable microrobot with 10, 20, 30, 

40, 50, and 60 % (w/v) of iron particles in different magnetic field gradient (𝛁B) on X axis and 

constant magnetic field (B) to Z axis illustrated Figure 4.12. 

We could see that the translational velocity of the fabricated microrobot gradually 

increase in increasing magnetic field gradient. As a result of experiments, the fabricated 2 

dimensional biodegradable microrobot with 10 % (w/v) of iron particles was the slowest 

approximately 1.8 mm/sec in 400 mT/m of magnetic field gradient (𝛁B). In contrast to 10 % 

(w/v) of iron particles, the 60 % (w/v) of iron particles was the fastest approximately 2.8 

mm/sec in the same magnetic field gradient ( 𝛁 B). Consequently, from experiment of 

translational velocity using the fabricated 2 dimensional biodegradable microrobot, we can 

know that the equation (2) coincide the results of the translational velocity. Therefore, the 

fabricated 2 dimensional biodegradable microrobot with anticancer drug will be possible to be 

applied for targeted drug delivery to a specific area. 



 

- 64 - 

  

Figure 4.12 Schematic design of translation motion using the fabricated 2 dimensional biodegradable 

microrobot. (a) before alignment to Z axis by constant magnetic field. (b) After alignment to Z axis by 

constant magnetic field. 
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Figure 4.13 Translational velocity of the fabricated 2 dimensional biodegradable microrobot in different 

concentrations of iron particles and magnetic field gradient (𝛁B) to X axis and constant magnetic field (B) 

to Z axis using electromagnetic actuation system. 
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4.3 Degradation of the fabricated 2 dimensional biodegradable microrobot 

4.3.1 Experimental procedure and degradation of the fabricated 2 dimensional 

biodegradable microrobot 

Briefly, the chapter 2.1 introduced degradation and emission mechanism of 

biodegradable polymer such as poly (D,L-lactide-co-glycolide acid) by hydrolysis reaction in 

the human body. In this chapter based on the chapter 2.1, the fabricated 2 dimensional 

biodegradable microrobot was prepared in different concentrations of iron particles for 

experiments of degradation. It was consisted of 5 % (w/v) of poly (D,L lactide-co-glycolide 

acid) and 0, 10, 40 and 60 % (w/v) of iron particles in Phosphate buffered saline (PBS; 10mM, 

45 mL, around pH 7) solution at 37 °C for 6 weeks. 

The fabricated 2 dimensional biodegradable microrobot illustrated was immersed in 

Phosphate buffered saline (45 mL, around pH 7) solution and then measured every 1 week by 

using optical microscope and scanning electron microscope for 6 weeks. In addition, Phosphate 

buffered saline was also constantly changed every week. The fabricated 2 dimensional 

biodegradable microrobot was fixed on a slide glass shown in Figure 4.15 and 4.16 because it 

was difficult to re-collect decomposed microrobot from tube due to attached phenomenon on 

the bottom of a tube. 

Figure 4.14 shows the relative degraded area from initial area of the fixed microrobot 

on a slide glass. The fixed microrobot with 0 % (w/v) of iron particles was sharply faster 

degraded than others the fixed microrobot with different concentration of iron particles. 

However, the fixed microrobot with 0 % (w/v) of iron particles was too much degraded to 

measure degraded area by hydrolysis reaction after 4 weeks approximately 45 % from initial 

area. In contrast to the fixed microrobot with 0 % (w/v) of iron particles, the fixed microrobot 

with 10, 40, and 60 % (w/v) of iron particles was degraded up to approximately 45, 30 and 20 % 
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from respective initial area after 6 weeks. Through the experiment of degradation, we can know 

that the different concentration of iron particles may affect the degradation of the fabricated 

microrobot. Figure 4.15 and 4.16 by optical microscope shows that the fixed microrobot, 

having different concentration of iron particles was degraded for 6 weeks. Figure 4.17 and 4.18 

shows scanning electron microscope images for 6 weeks. 

Many paper suggested that for complete degradation of biodegradable polymer such 

as poly (D,L-lactide-co-glycolide acid), molecular weight of polymer should be reduced and 

also the ratio between poly (lactic) and poly (glycolic) be adjusted [15, 28, 73, 77]. In addition, 

the size of spherical shape and thickness such as film structure of biodegradable polymer for 

targeted drug delivery should be reduced. Consequently, degradation of biodegradable polymer 

is affected by several factors such as concentration of iron particles. 
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Figure 4.14 Degradation of the fabricated 2 dimensional biodegradable microrobot with 0, 10, 40 and 60% 

(w/v) of iron particles in PBS solution at 37 ºC for 6 weeks. 
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Figure 4.15 Optical images of the fabricated 2 dimensional biodegradable microrobot with 0 and 10 % 

(w/v) of iron particles after 0, 3 and 6 week. 
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Figure 4.16 Optical images of the fabricated 2 dimensional biodegradable microrobot with 40 and 60 % 

(w/v) of iron particles after 0, 3 and 6 week. 
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Figure 4.17 Scanning electron microscope images of the fabricated 2 dimensional biodegradable microrobot 

with 0 and 10 % (w/v) of iron particles after 0, 3 and 6 week. 
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Figure 4.18 Scanning electron microscope images of the fabricated 2 dimensional biodegradable microrobot 

with 40 and 60 % (w/v) of iron particles after 0, 3 and 6 week. 
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4.3.2 Relationship between the amount of poly (D,L-lactide-co-glycolide acid) and iron 

particles in fabricated 2 dimensional biodegradable microrobot 

In this chapter 4.3.2, we measured the amount of poly (D,L-lactide-co-glycolide acid) 

in different concentration of iron particles from the fabricated 2 dimensional biodegradable 

microrobot using UV-VIS-NIR spectrophotometer to find out the effect on the iron particles. 

The fabricated 2 dimensional biodegradable microrobot was prepared after fully dissolved poly 

(D,L-lactide-co-glycolide acid) in different concentration of iron particles in dichloromethane 

which can dissolve organic polymer. 

Before measuring the amount of poly (D,L-lactide-co-glycolide acid) in different 

concentration of iron particles using UV-VIS-NIR spectrophotometer, we assumed that the 

amount of iron particles is affected to the amount of poly (D,L-lactide-co-glycolide acid) from 

the fabricated 2 dimensional biodegradable microrobot. After measurement, however the 

amount of iron particles was not significantly affected to degradation of the fabricated 

microrobot because the amount of poly (D,L-lactide-co-glycolide acid) was similar to 0, 10, 

20, 50 and 60 % (w/v) of iron particles from measured wavelength (nm). Figure 4.19 shows 

the relative UV wavelength (nm) of poly (D,L-lactide-co-glycolide acid) in different 

concentration of iron particles. Figure 4.20 shows the relative percent of poly (D,L-lactide-co-

glycolide acid) with respect to control from the Figure 4.19. 

Therefore the measured results by UV-VIS-NIR spectrophotometer show that 

assuming the reason of slow degradation of the fabricated microrobot fail and another reason 

is contacted area of between poly (D,L-lactide-co-glycolide acid) and water because many 

references suggested that the degradation of polymer is affected by surface, size and molecular 

weight. The reason of slow degradation is contracted area because other conditions, size and 

molecular weight, are the same to experimental procedure[15, 28, 73, 77]. 
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Figure 4.20 Relative concentration of PLGA in the fabricated 2 dimensional biodegradable microrobot 

prepared in different concentrations of iron particles, 0 – 60 % (w/v) with respect to the control. 

Figure 4.19 Relative UV wavelength of PLGA in the fabricated 2 dimensional biodegradable microrobot 

prepared in different concentrations of iron particles, 0 – 60 % (w/v) with respect to the control using UV-

VIS-NIR spectrophotometer. 
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4.4 Drug release from the fabricated 2 dimensional biodegradable 

microrobot with anticancer drug (5 Fluorouracil) 

4.4.1 Experimental procedure and calibration curve of anticancer drug (5 Fluorouracil) 

The chapter 2.1.2 introduced the fabrication procedure for the developed Fe/PLGA/5-

FU microrobot for targeted drug delivery. The chapter 2.2.3 also showed the anticancer drug 

(5 Fluorouracil) which can prevent cell growth from a growing tumor. In this chapter 4.4.1, we 

present experimental procedure and calibration curve of anticancer drug (5 Fluorouracil)[166]. 

For the quantitative analysis of the amount of 5 Fluorouracil from the fabricated 2 

dimensional biodegradable microrobot, 5 Fluorouracil was dissolved in PBS solution (10 mL) 

with ranging from 50 to 500 μM. And then we measured UV wavelength (nm) 5 Fluorouracil 

(266 nm) by UV-VIS-NIR spectrophotometer. As result of measurement by UV-VIS-NIR 

spectrophotometer, the UV wavelength (50 - 500 μM) was obtained illustrated Figure 4.21. 

From the measured UV wavelengths, the each of the UV wavelengths was calculated for 

calibration curve of 5 Fluorouracil. Figure 4.22 linearly shows the standard curve with the 

correlation coefficient value, R2 = 0.9995[167]. 

After making standard curve of 5 Fluorouracil, the microrobot was prepared in 

different concentration of 5 Fluorouracil with ranging from 50 to 500 μM. It was immersed in 

PBS solution (10 mL) at 37 °C for 6 weeks. After 6 weeks, the amount of released drug from 

microrobot was measured by UV-VIS-NIR spectrophotometer illustrated Figure 4.23. We 

could calculate the standard curve from the fabricated microrobot in different concentration of 

5 Fluorouracil. Figure 4.24 shows the standard curve from the fabricated microrobot. 

Consequently, we could make two calibration curves of 5 Fluorouracil and the amount of 

released drug from the fabricated microrobot in different concentration of 5 Fluorouracil and 

know the quantitative amount of drug in the fabricated 2 dimensional biodegradable microrobot. 
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Figure 4.21 UV wavelengths by UV-VIS-NIR spectrophotometer for calibration curve of 5 Fluorouracil 

with ranging from 0 – 500 μM. 

Figure 4.22 Calibration curve of 5 Fluorouracil, having the correlation coefficient value with ranging from 

0 – 500 μM. 
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Figure 4.23 UV wavelengths by UV-VIS-NIR spectrophotometer for calibration curve of the fabricated 2 

dimensional biodegradable microrobot with ranging from 0 – 500 μM. 

Figure 4.24 Calibration curve of the fabricated 2dimensional biodegradable microrobot with ranging from 

0 – 500 μM. 
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4.4.2 Drug release from the fabricated 2 dimensional biodegradable microrobot 

In this chapter 4.4.2 from the chapter 4.4.1, we present the results of the amount of 

released drug at 37 °C for 6 weeks. For experiment of drug release from the fabricated 2 

dimensional biodegradable microrobot, it was fabricated with 5 % (w/v) of poly (D,L-lactide-

co-glycolide acid), 10 % (w/v) of iron particles and 500 μM of 5 Fluorouracil. The prepared 

microrobot was degraded in PBS (10 ml, around pH 7) solution at 37 °C for 6 weeks. 5-FU 

from the microrobot in PBS (10 ml, around pH 7) solution was monitored using UV-VIS-NIR 

spectrophotometer after 30 minutes, 1 hour, 3 hour, 6 hour, 12 hour, 24 hour, 2 day, 4 day, 7 

day, 14 day, 21 day, 28 day, 35 day and 42 day respectively (n=3). After each of days, the 

released amount of 5 Fluorouracil in the prepared microrobot was measured and calculated 

based on standard curve of the Figure 4.24. 

The fabricated 2 dimensional biodegradable microrobot contained approximately 0 to 

0.013 μg/microrobot. It was important that the amount of released drug from the fabricated 

microrobot can be controlled by adjusting different concentration of 5 Fluorouracil, fabricating 

the microrobot. The drug from the fabricated microrobot was released approximately 50 % and 

90 % within 2 days and 3 weeks illustrated Figure 4.25. Figure 4.26 shows also that the drug 

is sharply burst within 2 days approximately 50 % due to wide surface of the fabricated 

microrobot and high solubility of 5 Fluorouracil in water[141, 144-146, 166]. 

Consequently, the chapter 4.4.2 shows experimental procedure and results of released 

drug from the fabricated microrobot. The fabricated 2 dimensional biodegradable microrobot 

also successfully encapsulated and released anticancer drug (5 Fluorouracil) for targeted drug 

delivery to a specific area. 
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Figure 4.25 Drug release profile of a fabricated 2 dimensional biodegradable microrobot with 5 % (w/v) of 

poly (D,L-lactide-co-glycolide acid), 10% (w/v) of iron particles and 500 μM of 5 Fluroruracil for 6 weeks. 

Figure 4.26 Burst drug release profile of a fabricated 2 dimensional biodegradable microrobot with 5 % 

(w/v) of poly (D,L-lactide-co-glycolide acid), 10% (w/v) of iron particles and 500 μM of 5 Fluroruracil for 

1 weeks. 
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4.5 Discussion 

In recent, developed microrobot coated and small particles encapsulated anticancer 

drug for targeted drug delivery was introduced to substitute and improve for existing therapies 

because it has gradually been developed to reduce adverse effects and improve the efficiency 

of drug. However above introduced study showed several problems to be applied in the human 

body, which cannot be degraded from microrobot and is low efficiency from small particles 

due to blood circulation[2-4, 25, 27, 158]. 

In this thesis, the developed 2 dimensional biodegradable microrobot was fabricated 

with biodegradable polymer (poly (D,L-lactide-co-glycolide acid)), magnetic particles (iron 

average < 10μm) and anticancer drug (5 Fluorouracil) to improve efficiency of drug release 

and overcome specific issues of degradation. The chemical structure of the fabricated 

microrobot was measured by Fourier transform infrared spectroscopy and precisely controlled 

using external magnetic field by electromagnetic actuation system and then it could be 

decomposed in similar to blood environment such as PBS solution at 37 ˚C for 6 weeks. For 

targeted drug delivery, the fabricated microrobot could contain different concentration of 

anticancer drug using dipping method and release drug from itself. Therefore, the developed 2 

dimensional biodegradable microrobot was successfully fabricated and characterized. 

However, in this thesis the developed 2 dimensional biodegradable microrobot with 

anticancer drug (5 Fluorouracil) was not conducted with experiments about cytotoxicity of 

biodegradable polymer (poly (D,L-lactide-co-glycolide acid)) and magnetic particles (iron 

average < 10μm) also and compared with drug delivery efficiency of the conventional 

microrobot. In the future, for in vivo experiment after in vitro experiment using the developed 

microrobot, I should take care that many paper refer to that magnetic particles can leave the 

blood vessel through metabolic pathway, when particles are smaller than 100 nm[168-173].   
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Consequently, in this thesis, I did not conduct some experiments about cytotoxicity of 

biodegradable polymer and magnetic particles also affect the actual cancer cells from the 

developed 2 dimensional biodegradable microrobot with anticancer drug (5 Fluorouracil) [174, 

175]. Therefore, in the future, I will conduct experiments to prove targeted drug delivery 

efficiency of the developed 2 dimensional biodegradable microrobot.  
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5. CONCLUSIONS 

In this thesis, these experiments have demonstrated facile and simple dipping method 

to fabricate the magnetically actuated and biodegradable 2 dimensional microrobots with 

various shape for biomedical application such as targeted drug delivery. They can encapsulate 

different concentration of anticancer drugs within itself with poly (D,L-lactide-co-glycolide 

acid), magnetic particles (average size < 10 μm), and anticancer drug (5 Fluorouracil) without 

the need for an additional drug loading procedure. Anticancer drug was able to be 

simultaneously contained in the fabricated microrobot (thickness: 30 μm, width: 200 μm, 

length: 600 μm), forming a micro body with various 2 dimensional shapes by using UV-laser 

micro machining.  

Movements of the developed and fabricated 2 dimensional biodegradable microrobot 

was remotely and accurately controlled by external power source such as magnetic field 

manipulated by an electromagnetic actuation(EMA) system. The fastest translational velocity 

of the fabricated 2 dimensional microrobot with 60 % (w/v) of magnetic particles was 

approximately 3 mm/s (≈1/5 body length per second). They have successfully loaded 

anticancer drug (5-FU) from 0 to 0.013 μg/microrobot and released drug in biological 

environment such as PBS solution (around pH 7.4). Drug content, drug release time, and 

complete degraded time can be modified by adjusting several conditions such as the size and 

thickness of microrobot, molecular weight of polymer and drug types. 

In the future, magnetic particles in the fabricated microrobot will be changed from iron 

(Fe) micro- particles to iron oxide (Fe3O4) nano- particles because of cytotoxicity and 

biocompatibility of the microrobot with various shape to be applied for in vivo application. 

Additionally, it also will compare the results of changing degradation time according to the 



 

- 83 - 

molecular weight of polymer or types of drug such as hydrophobic and hydrophilic chemical 

property. Consequently, the developed and fabricated 2 dimensional biodegradable microrobot 

can contribute to in vivo application for targeted drug delivery to specific area and, eventually, 

advance of targeted therapies. 
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요 약 문 

표적 지향성 약물 전달을 위한 5 Fluorouracil 함유된 2 차원 

생분해성 마이크로로봇의 제작 및 성능평가 

표적 지향성 약물 전달을 위한 의료용 체내 삽입형 마이크로로봇에 관한 연구는 

기존의 절개 방식을 사용한 수술에 비해 비침습적이며 국소 부위 접근의 용이성 등의 

장점을 보여주었다. 하지만 현재 체내 삽입형 마이크로로봇에 관한 연구는 국내외적으로 

정밀 제어 및 이동에 관한 연구에 초점을 맞추고 있으며, 실제 암과 같은 병들을 진단 

및 치료를 하기 위해서는 특정 재료의 연구 및 추가 기능들의 연구가 시급하다. 그러나 

지금까지 개발된 표적 지향성 약물 전달을 위한 마이크로로봇은 공정 및 재료의 

한계점으로 인해 특정 부위의 약물을 전달하기 위한 역할로서 마이크로로봇의 연구는 

미미한 상태이다. 

본 연구에서 표적 지향성 약물 전달을 위한 마이크로로봇을 개발하기 위해 미국 

식품의약국(FDA) 에서 승인 받은 생분해성 고분자(PLGA)와 DNA의 합성 저해 및 RNA 의 

기능 장애를 유도하는 항암제(5 Fluorouracil)가 사용되었다. 본 공정에서는 

폴리비닐알코올(PVA) 분말을 정제수와 함께 일정 비율(2 % (w/v))로 혼합하여 얇은 

필름(30 μm)을 제작하였으며, 이 필름을 마이크로 UV 레이저 기계 가공 기술을 

사용하여 마이크로 크기의 다양한 2 차원 패턴을 제조하였다. 제조된 다양한 2 차원 

생분해성 마이크로 패턴(두께: 30 μm, 폭: 200 μm, 길이: 600 μm)은 유기용매제에 

녹인 생분해성 고분자(PLGA), 항암제(5 Fluorouracil) 그리고 자성을 위한 다양한 

농도의 철(Fe) 분말의 혼합물에 짧은 시간 코팅이 진행된다. 코팅된 마이크로로봇은 

최종적으로 정제수에서 폴리비닐알코올(PVA)을 제거하는 과정을 거치며 완성된다. 
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제조가 완성된 표적 지향성 약물 전달을 위한 다양한 2차원 마이크로로봇은 

생분해성 고분자와 철 분말의 화학적 결합 및 구조를 측정하기 위한 실험이 

진행되었으며, 또한 인체의 환경과 유사한 수용액 (Phosphate buffer saline; pH 7.4) 

속에서 다양한 철 농도에 따른 병진 운동 실험 및 분해 실험을 진행하였다. 다양한 철의 

농도는 마이크로로봇의 속도와 분해 실험에 영향을 미쳤으며, 그 결과 철의 농도 증가로 

인해 빨라지는 속도와 늦어지는 분해 속도를 확인할 수 있었다.  

표적 지향성 약물 전달을 위한 약물 방출 실험은 5 % (w/v)의 생분해성 

고분자와 10 % (w/v)의 철 분말의 기반으로 제조된 마이크로로봇에 500 μM 농도의 

항암제를 혼합하여 진행하였다. 본 실험은 6 주의 기간 동안 총 13 구간의 약물 방출 

특성을 측정하며 정략적인 분석 결과를 보여주었다. 또한 약물 방출 실험이 진행된 2일 

구간에서 대략 50 %의 급격한 방출 결과를 보였으며 5주 구간에서는 대략 90 %의 약물 

방출을 확인할 수 있었다. 

본 연구를 통하여 표적 지향성 약물 전달을 위한 의료용 마이크로 크기의 

다양한 2 차원 생분해성 마이크로로봇의 제작이 성공적으로 가능하였으며, 생분해성 

고분자(PLGA)와 항암제(5-FU)를 함께 혼합함으로써 추가적인 공정이 필요 없다는 것을 

보였다. 또한 생분해성 고분자로 인해 체내에서 분해가 가능하며 자성으로 인해 외부의 

자기장으로 정밀 제어가 성공적으로 가능함을 보였다. 그러므로 제조된 2차원 생분해성 

마이크로로봇은 국소 부위에 정확하게 접근하여, 장시간 지속적으로 체내에 약물을 

전달할 수 있는 표적 지향성 약물 전달 시스템으로 응용할 수 있는 가능성을 보였다. 

 

핵심어: Targeted drug delivery, Biodegradable microrobot, Electromagnetic actuation system, UV Laser micro 

machining, Poly (lactic-co-glycolic acid) 
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APPENDIX 

Micro patterns using UV laser micro machine (ALM100; Sejoong Information 

Technology, Korea) 

(1) Run Lantek's CAD / CAM program (Lantek Export, line). 

 

(2) Click create new order (line). 
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(3) Create new order (line). 

(4) Load your processing drawing (2D CAD file, line). 
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(5) Enter your drawing information (line). 

 

(6) Edit your drawing basic information (Name, Quantity, Material, Thickness) (line). 
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(7-8) Create material and create your new template (line). 

(9) Load the processing drawing on the created template (line). 
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(10) Separate - Simple Machining (line). 

(11) Create your G-code name (line). 



 

- 108 - 

(12) Single piece machining selection (line) 

(13) Save file and check CNC G-code (line). 
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(14) Run ezWorks program (line). 

 

(15) Open master file and created G-Code (line). 
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(16) Check laser status & start (line). 
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