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ABSTRACT

Oral administration of drugs has received significant attention in the last 1, 2 decades, as it is the most
comfortable and painless administration route, which leads to high patient compliance. Although oral de-
livery of drugs shows positive effects in patients, several hurdles must be overcome such as enzymatic
degradation, large pH-variations found throughout the gastrointestinal (GI) tract, and continuous mucus
secretion. We have studied biocompatible non-toxic micromotors as promising man-made microdevices
for targeted furosemide release. Micromotors are micro-scale autonomous entities that can perform var-
ious tasks in the GI tract as a result of their impressive motion abilities. Their directional motion makes
them ideal candidates to bring the necessary drug dosage to where it is needed. Herein, the micromotors
were loaded for the first time with furosemide and coated with pH-sensitive polymer Eudragit® L100
using ultrasonic spray coating technique in order to achieve targeted drug delivery and pH-responsive re-
lease. Coherent anti-Stokes Raman scattering spectroscopy (CARS) was used for visualizing drug loading
efficiency on the surface of micromotors. In vitro drug release was evaluated under acidic and neutral
pH chemical environments and obtained results confirm their function as pH-sensitive microdevices for

a drug release.

© 2022 The Authors. Published by Elsevier Ltd.
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1. Introduction

The work on novel delivery devices and concepts is attract-
ing increased attention. Simultaneously, oral delivery is the pre-
ferred route of drug administration since it is minimum invasive
and leads to high patient compliance [1]. Although oral delivery of
drugs using traditional nano and microsystems [2-6] shows pos-
itive effects in patients with different diseases, several challenges
must be addressed: the first pass-effect due to enzymatic degrada-
tion, large pH variations throughout the gastrointestinal (GI) tract,
continuous mucus secretion, and poor permeability, as well as
multiple chemical, enzymatic and physical barriers [7-9]. In order
to reach the general systemic circulation, orally administered drugs
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must first travel into the GI tract, adhere and penetrate through the
mucus layer, transport across the epithelial barrier, infiltrate the
hepatic portal vein and finally reach the general systemic circula-
tion [10]. As a result, the oral bioavailability of many drugs is low,
and novel micro-scale active carriers, such as micromotors, have
been studied to improve bioavailability [11,12]. Recent innovations
in nontoxic nano-materials and methods have led to the use of mi-
cromotors in biomedical applications [13,14]. In principle, micro-
motors are able to convert any type of received energy (chemical,
magnetic, electric, ultrasound, thermal, light) into motion [15-17].
One key feature of these micromotors is their autonomous move-
ment, which can improve the performance of drug carriers in the
GI tract [18]. Micromotors can capture, transport, and release vari-
ous cargo in different media. These attractive abilities make them
capable of performing complex tasks, such as anti-cancer drug car-
rier [19], targeted drug delivery [20], microsurgeries [21], cancer
therapies [22], biosensing [23], bioimaging [24], and separation of
proteins and cells [25].

The group of ]J. Wang has studied the use of hydrogen bub-
ble propelled micromotors extensively for many years. They have

2352-9407/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)


https://doi.org/10.1016/j.apmt.2022.101418
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
http://creativecommons.org/licenses/by/4.0/
mailto:tijma@dtu.dk
https://doi.org/10.1016/j.apmt.2022.101418
http://creativecommons.org/licenses/by/4.0/
cindy
Highlight


T. Maric, S. Atladéttir, L.H.E. Thamdrup et al.

fabricated micromotors loaded with multicomponent cargoes (SiO,
and Au nanoparticles) that can be autonomously released fol-
lowed by their self-destruction once their delivery mission has
been completed [26]. Utilizing this combinational cargo delivery
system could be beneficial for drug therapy that requires simulta-
neous administration of more than one drug. Biocompatible Janus
CaCO3/Au micromotors have been reported for targeted drug de-
livery of doxorubicin (DOX) and tumor treatment by combining
thermophoretic and bubble propulsion mechanisms [11]. The same
microparticles (CaCOs3) in cubical shapes coated with glucose oxi-
dase (GOx) and Fe304 nanoparticles, were used as a double-engine
microsystem for synergetic cancer treatment [27]. The enzymatic
reaction of glucose oxidase in the presence of glucose acts as a
chemical microsystem to enhance cellular uptake, whereas the ad-
dition of Fe304 nanoparticles enables magnetically guided target-
ing of cancer cells. Zhu et al. have fabricated micromotors from
stable porous carbon nanocomposites and cobalt nanoparticles as
carriers for DOX transportation and release [28].

Wang’s group has shown that by incorporating a pH-sensitive
enteric polymer (Eudragit® L100-55) into micromotors and tun-
ing its thickness, micromotors can be successfully controlled to
penetrate mucosal tissue along the gastrointestinal tract [29]. Un-
coated micromotors showed significant retention and elimination
in the stomach, micromotors with thin enteric coating were able to
reach the duodenum, while micromotors with thick enteric coat-
ing travelled all the way to the ileum. In 2015, Gao et al. re-
ported the first in vivo study of synthetic micromotors using a
live mouse model [18]. Acid-powered PEDOT/Zn micromotors were
propelled based on the self-propulsion bubble mechanism which
led to significantly enhanced tissue penetration and retention in
the stomach environment (compared to the static PEDOT/Pt micro-
motors) without causing any destructive effect on the gastric ep-
ithelial cells. The ability of the micromotors to self-destruct causes
cargo payloads to be released autonomously and efficiently. This
active micromotor-based delivery approach offers impressive im-
provement of orally administered cargoes compared to conven-
tional passive diffusion [18].

Small molecule drugs such as furosemide currently suffer from
relatively low bioavailability. Such drug could benefit from micro-
motor prompted delivery since this could facilitate higher uptake
and thereby reduced drug dose (hereby reducing cost and potential
side effects). Furosemide is a potent diuretic used to treat hyper-
tension and edematous states related to hepatic, renal, and cardiac
failure [30]. It is a class IV drug in Biopharmaceutical Classification
System (BCS), meaning it has poor permeability and poor aque-
ous solubility; hence its oral bioavailability is relatively low [31]. It
has been shown that the dosage form, presence of food, and un-
derlying diseases can influence intestinal absorption, resulting in a
highly variable bioavailability ranging from 20% to 60% [32].

In this study, we explored the possibility of delivering a
small molecule drug at selective pH conditions, using micromo-
tors and furosemide as our proof-of-concept drug. We developed
self-propelled magnesium-gold (Mg-Au) micromotors, loaded them
with furosemide and coated them with pH-sensitive polymer (Eu-
dragit® L100) using ultrasonic spray coating technique. The re-
spective micromotors are labelled based on the following composi-
tions: magnesium-gold (Mg-Au), magnesium-gold-furosemide (Mg-
Au-Furo), and magnesium-gold-furosemide-Eudragit®L100 (Mg-
Au-Furo-Eudr). A conformal and protective Au shell was deposited
using metal sputtering, leaving only a small opening to the under-
lying Mg where the particles were attached to a carrier substrate.
Coherent anti-Stokes Raman scattering (CARS) microscopy was, to
the best of our knowledge, used for the first time for characteri-
zation and imaging of drugs attached to the surface of micromo-
tors. The autonomous propulsion and lifetime of the micromotors
were tested in simulated intestinal media. Finally, we showed how
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prepared Janus micromotors function as enterically coated self-
propelled drug delivery devices by performing in vitro release stud-
ies in acidic and neutral (PBS) chemical environments.

2. Experimental section
2.1. Micromotors preparation

Magnesium (Mg) particles (TangShan WeiHao Magnesium Pow-
der Co.; 20 + 5 um) were used as the base particles to pre-
pare micromotors. 2 mg of the Mg particles were weighed and
washed three times in acetone before use to minimize the pres-
ence of impurities and contaminants. The Mg particles were son-
icated 3 times in a 2210 DTH Branson ultrasonic cleaner (Bran-
son Ultrasonics, USA) for 10 min each time. The solution was cen-
trifuged by 5430 Eppendorf microcentrifuge (Eppendorf, Germany)
at 9000 rpm for 10 min after each washing step. 0.5 mL of the so-
lution was dispersed onto a glass slide and dried at room temper-
ature. The Mg particles were subsequently coated with an Au layer
(layer thickness: 40 nm, sputtering time: 60 s, current: 40 mA,
pressure: 0.1 mbar) using a Cressington 208HR (Cressington Sci-
entific Instruments UK, Watford, England).

2.2. Drug loading and polymer coating

Next, a furosemide solution was prepared. 10 mg of furosemide
(Fagron, Netherlands) was dissolved in 1 mL ethanol absolute
(VWR, USA). Once the drug was fully dissolved, 0.5 mL of drug
solution was dispersed over a glass slide, containing Mg-Au Janus
micromotors and left to evaporate. Finally, the drug-loaded Mg-
Au Janus micromotors were coated with Eudragit® L100 (Evonik
Industries AG, Germany) solution (1% w/V in 2-propanol with
DBS). An ultrasonic spray coater (ExacataCoat system from Sono-
Tek, Milton NY, USA) equipped with an accumist nozzle was used
to coat the micromotors. The flow rate, the generator power,
the number of loops, and the cladding/shaping air pressure were
0.5 mL/min, 1.5 W, 2, and 0.02-0.03 bar, respectively. Alpha-Step
1Q Stylus Profilometer (KLA-Tencor Corporation, Milpitas, USA) was
used to measure the coating thickness of Eudragit® L100.

2.3. Characterization of micromotors

SEM TM3030Plus tabletop microscope (Hitachi, Japan) was used
to visualize the Mg-based Janus micromotors during the fabrica-
tion process. Leica TCS SP8 CARS microscope (Leica, Germany) was
used to confirm the presence of the drug on the Janus Mg-based
micromotors. The system is equipped with a picoEmerald laser
where the stokes laser wavelength is fixed at 1032.4 nm, pump
laser is tunable in the range 700-990 nm. Both lasers have a pulse
duration of 2 ps with a repetition rate of 80 MHz. CARS images
were carried out versus pump laser wavelength being tuned in the
range that corresponds to the Raman shift between 2829.5 and
3250 cm~! with 27 excitation steps (1 nm step size). The micro-
scope objective was 10 x 0.4 dry. Pump laser power and stokes
laser power were both set to 0.1 W. Forward CARS (F-CARS) signal
collection geometry was used for CARS imaging. The Raman shift
(wavenumber) is calculated from the following Eq. (1):

1 1
Tom] & [nm]> x 107 (1)

Raman shift[cm‘l] = (

where A, (nm) is the excitation wavelength, and As; (nm) is the
Raman spectrum wavelength.

Leica INM100 optical microscope coupled with a Nikon DS-Fi2
digital sight camera (Nikon, Japan) was used for size measurement
and lifetime study measurements. Data were collected from 100
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Scheme 1. Schematic representation of the fabrication process for the Mg-Au-Drug-Polymer micromotors.

independent measurements to obtain the average size. The life-
time study was performed for 20 different micromotors for each
prepared type.

2.4. In vitro release of furosemide from Mg-based Janus micromotors

pDISS ProfilerTM (Pion, MA, USA) was used to determine
the release of furosemide from Mg-Au Janus micromotors coated
with Eudragit®. The drug release study was evaluated in 10 mL
phosphate-buffered saline (PBS) (pH 7.4) and the control exper-
iment was performed in a simulated stomach medium (pH 2.1).
The experiments were carried out at 37 °C with a stirring rate of
100 rpm and the path length of the in situ UV probes of 5 mm.
The PBS buffer was prepared by dissolving one PBS tablet (Sigma-
Aldrich, USA) in 200 mL Milli-Q water (Merck Millipore, USA) us-
ing a magnetic stirrer for a few minutes. The simulated stom-
ach medium was prepared by slowly adding 32% hydrochloric acid
(HCI) to deionised (DI) water to adjust the pH value to 2.1. Before
conducting the drug release experiments, a calibration curve was
prepared for each experiment by the addition of different volumes
of furosemide in a 10 mL of stock solution. The UV absorbance
was measured in the range of 220-260 nm. The second derivative
function was applied in the pDiss software for the presentation of
drug release to remove all appeared noises and interference during
the experiment. The micromotors were dispersed on the quadratic
piece of Si wafer which subsequently was attached to the clean
magnetic stirrer that was subsequently placed at the bottom of a
freshly cleaned pDISS vessels. Finally, 10 mL of PBS solution was
added to each vessel. UV measurements were carried out every
10 s and the total measurement time was 10 min (corresponding
to full release of furosemide). The entire process was repeated for
the simulated stomach medium and UV measurement was carried
out for 65 min. In vitro experiment was performed in 3 replicates

for both pH conditions and therefore n = 3 denotes 3 samples with
an ensemble-average readout of all particles.

2.5. Motion studies

The experiments for measuring the velocities of Mg-based mi-
cromotors were carried out in a solution containing 3 M NaCl (as a
fuel) and 0.5 wt% Triton X-100 (as a surfactant). Leica INM100 op-
tical microscope (Leica, Germany) connected to NIS Elements Soft-
ware D version 4.20 was used for images and videos sequences.
The velocity of the micromotors was analysed using Image] soft-
ware version 1.53i (National Institutes of Health, USA). The videos
were recorded and for each type of prepared micromotors, 40 mea-
surements were performed.

3. Results and discussion

A multi-step asymmetric modification procedure was applied to
fabricate Mg-based Janus micromotors. Commercially available Mg
microspheres were used as a core of micromotors possessing sus-
ceptible effect to corrosion with an extremely low standard poten-
tial of —2.37 V. This characteristic plays an important role in this
study, by forming the anodic part of an electrochemical reaction
whereby the Mg microspheres easily oxidize [33]. First, Mg micro-
spheres were dispersed on a glass slide and then a 40 nm thick Au
layer was sputter-coated as an asymmetric spherical cap. Subse-
quently, the fabricated micromotors were loaded with furosemide.
Finally, the drug-loaded Mg-Au micromotors were coated with Eu-
dragit® L100 polymer by ultrasonic spray coating technique to pro-
vide drug protection. The ultrasonic spray coating is an entirely
new technique when it comes to Mg-based spherical micromo-
tors, and it is a technique that is highly scalable and reproducible
which is important from a commercial point of view. Ultrasonic
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Fig. 1. Scanning electron microscopy (SEM) images of the surfaces of (A) bare Mg microparticle, (B) Mg coated with a thin Au layer (Mg-Au micromotor), (D) Mg-Au micro-
motor with furosemide on its surface (Mg-Au-Furo micromotor), (E) Mg-Au-Furo micromotor coated with Eudragit® (Mg-Au-Furo-Eudr micromotor), (C) energy dispersive
X-ray spectroscopy (EDX) elemental mapping images of Mg-Au micromotors, (F) Coherent anti-Stokes Raman scattering (CARS) images of furosemide-loaded Mg-Au micro-
motors obtained in forward configuration (F-CARS) (a) F-CARS image at Raman shift 3150 cm-1 responsible for autofluorescence background of Mg-Au micromotors, (b)
F-CARS image at Raman shift 3150 cm™ responsible for furosemide, (c) merged autofluorescence and furosemide F-CARS images. Scales as indicated in respective images.

spray coating (a well-known coating method from, e.g., the semi-
conductor and PV industry) is renowned for making highly con-
formal coatings on 3D topographies and it allows for tuning the
coating thickness with a high degree of precision [34]

Prepared micromotors are highly biocompatible as all used ma-
terials: magnesium, gold and Eudragit® L100 polymer coating are
biocompatible. It is widely known that magnesium is an essential
nutrient that the body needs for different physiological functions
[35]. The gold have been frequently used in various biomedical ap-

plications such as bioimaging and anticancer drug delivery [36],
while the Eudrigit polymer coating has been extensively employed
for controlled drug release [37]. Scheme 1 shows a schematic rep-
resentation of the entire fabrication process for Mg-based micro-
motors and proof-of-concept applications for drug loading.
Autonomous propulsion was obtained by H; bubble recoil.
Upon immersion in a 3 M NaCl solution, H, bubbles were gen-
erated, along with a magnesium hydroxide [Mg(OH)2] passivation
layer [38]. This layer can interfere with the bubble generation pro-
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Fig. 2. (A) Average diameters of each prepared micromotor type obtained from an-
alyzing 100 individual micromotors, (B) average lifetime of each prepared micro-
motor type, (C) average velocities of each prepared micromotor type. Experimental
conditions: Room temperature, 3 M NaCl, 0.5 wt% Triton X-100. Error bars represent
standard deviation (n = 40).

cess but the combination of pitting corrosion and macrogalvanic
corrosion ensures that bubble generation can continue. Chloride
ions (Cl~) are well known for their ability to promote the pitting
corrosion of magnesium in aqueous solutions [39]. The ions pene-
trate the Mg(OH), passivation layer where they subsequently bal-
ance the charge within the corrosion pits as the concentration of
Mg+ cations builds up [40]. The OH~ is depleted within the pit
as the corrosion continues, which prevents passivation of the pit
surface. When Mgt and Cl~ are accumulated, the pit environment
becomes weakly acidic which further promotes Mg dissolution in
the pit. The Au layer, deposited onto the Mg microparticles, plays
a vital role in the macrogalvanic corrosion. When the micromotor
is submerged in NaCl and both metals are in electrical contact, the
Mg(OH), passivation layer corrodes preferentially to the Au layer.
Scanning electron microscopy (SEM) images were captured af-
ter each coating step to characterize the structure and surface mor-
phology of the micromotors (Fig. 1). Fig. 1A shows the surface of
the bare Mg microparticles, while Fig. 1B shows Mg microparticles
after coating with Au. The difference in surface morphology of the
particles before and after Au deposition in Fig. 1A and B is notice-
able, confirming Janus formation with one Mg hemisphere coated
with Au. Additionally, energy dispersive X-ray spectroscopy (EDX)
data confirmed the presence of elements Mg and Au on micromo-
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tors and verified the successful Janus distribution of Mg and Au on
the particles (Fig. 1C).

Fig. 1(D and E) shows the surface morphology of the Mg-based
Janus micromotors upon coating with furosemide and Eudragit®
polymer. Additionally, it can be seen that the presence of drugs
and polymer coatings does not disturb the spherical shape of the
Mg microparticles. Comparing all the micrographs obtained, some
speckles are visible on the surface (Fig. 1D). These speckles are
assumed to be the corresponding drugs loaded onto the Mg-Au
micromotors. It was noted that the drug concentration seems to
vary between different micromotors. Two main factors influence
the loading amount which are drug concentration and fabrication
technique. Any significant changes to these factors can potentially
alter the amount of drug loaded per micromotors. To improve drug
loading uniformity, one should ideally develop and use furosemide
formulations previously prepared with smaller and more uniform
grain size. Besides that, the loading technique can be altered and
optimized. Alternatively, micromotors solution and furosemide so-
lution could be homogeneously mixed and shaken for a certain
period to achieve maximum adsorption. From fundamental under-
standing, changing the concentration of the furosemide can also
alter its distribution on the surface of the micromotors. In or-
der to increase the drug loading amount, the concentration of
furosemide could be increased. However, taking into account that
usual furosemide initial dose is very small (only 40 mg) [41], it is
not necessary to cover the whole hemisphere of micromotors with
a large amount of furosemide.>

From Fig. 1E it is observed that micromotor coated with gastro-
resistant lid - Eudragit® has asymmetric particle shape and that
only one side of the particle grow in thickness.

Coherent anti-Stokes Raman scattering (CARS) microscopy
imaging was performed for the first time to confirm that
furosemide was successfully loaded onto the outer surface of the
Mg-Au micromotors. This is a Raman based methods that uses two
pulsed laser sources to chemically map the drug in a noninvasive
and label-free manner. Another advantage of this system is the low
solubility of furosemide in aqueous solution which allows for a
long term detection of coated micromotors using CARS microscopy.

The resulting CARS microscopy images are presented in Fig. 1F.
An autofluorescence background of Mg-Au micromotors at Raman
shift 3150 cm-1 was obtained in forward configuration (F-CARS)
and presented in Fig. 1Fa. Fig. 1Fb shows furosemide F-CARS im-
age at Raman shift 3150 cm!. As can be seen in the merged im-
ages in Fig. 1Fc, drug (red color) is attached to the surface of the
micromotors. The drug was found to have bounded to the fabri-
cated Janus micromotors by physical adsorption in which the drugs
are attached to the surface of micromotors through weak van der
Waals forces. As expected, some drug is also present in between
the micromotors, which indicates the importance of collecting and
cleaning micromotors before conducting the drug release studies.

An optical microscope was used to measure the average di-
ameter of each prepared type of micromotors by analyzing 100
individual micromotors. As it can be seen from the Fig. 2A, the
sizes of the different micromotors do not appear distinctly differ-
ent. Bare Mg particles are <16 pm in diameter, while the average
size of the Mg-Au, Mg-Au-Furo and Mg-Au-Furo-Eudr micromotors
are 16.5 pm, 17 pm and 17.3 pm, respectively. Based on these re-
sults, it can be concluded that coating does not have a significant
impact on particle size distribution.

Next, a lifetime study was performed to explore how long the
micromotors can generate bubbles before the fuel has been con-
sumed. The experiments were conducted in solutions containing
3 M Nadl as fuel and 0.5 wt% Triton X-100 as a surfactant. Pre-
vious studies have shown an average lifetime of 1-6 min for Mg-
based Janus micromotors [42,43]. It can be seen from the results
presented in Fig. 2B that the average lifetimes of all prepared mi-
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Fig. 3. Time-lapse tracking images of each prepared type of micromotors. The blue lines indicate the motion trajectories over a duration of 8 s with 4 s intervals. Experi-

mental conditions: room temperature, 3 M NaCl, 0.5 wt% Triton X-100.

cromotors fall within the mentioned range. The plain Mg-Au mi-
cromotors exhibited the shortest lifetime (2.8 min). Similarly, to
analyze the effect of the addition of the drug and polymer coat-
ing on the lifetime, Mg-Au micromotors are compared to Mg-Au-
Furo and Mg-Au-Furo-Eudr micromotors. The Mg-Au-Furo and Mg-
Au-Furo-Eudr micromotors have 54% and 50% higher lifetime than
the Mg-Au micromotors, respectively. This claim is confirmed by
statistical analysis, where the differences between the Mg-Au and
Mg-Au-Furo micromotors (p-value = 0.0072) and between the Mg-
Au and Mg-Au-Furo-Eudr micromotors (p-value = 0.0073) are both
different and statistically significant. It can be concluded that the
drug and Eudrigit polymer coating positively influence the lifetime
of the micromotors. However, Mg-Au-Furo and Mg-Au-Furo-Eudr
micromotors have a similar lifetime, 4.3 and 4.2 min, respectively
(p-value = 0.3290). Due to the statistical insignificance between
Mg-Au-Furo and Mg-Au-Furo-Eudr micromotors, it is not possible
to determine if furosemide or polymer coating is more favorable
in regard to the micromotor’s lifetime.

Subsequently, we focused on studying the motion of the pre-
pared Mg-based Janus micromotors (Fig. 2C). First, plain Mg-Au
micromotors showed an average velocity of 33 um/s. Control ex-
periments with bare Mg particles were static. Comparing Mg-Au
micromotors to Mg-Au-Furo and Mg-Au-Furo-Eudr, a rather large

difference in velocity is noticeable. The Mg-Au-Furo micromotors
have 37% higher velocity than the Mg-Au micromotors, while the
Mg-Au-Furo-Eudr micromotors were 41% faster than the Mg-Au
micromotors. This claim is confirmed by statistical analysis, where
the differences between the Mg-Au and Mg-Au-Furo micromotors
(p-value = 0.0005) and between the Mg-Au and Mg-Au-Furo-Eudr
micromotors (p-value = 0.0002) are both statistically significant.
The average velocities of the micromotors with and without poly-
mer coatings were also compared. However, the differences are
not significant; Mg-Au-Furo-Eudr micromotors are only 3% faster
than Mg-Au-Furo micromotors (p-value = 0.3742). This suggests
that adding a drug compound on the surface of a micromotor can
be beneficial for increasing the velocity. This might be caused by
a nonuniform Au layer, in some locations exposing the Mg be-
low. When coating with drug these exposed regions could then
be partially covered which additionally facilitates more localized
H, bubble generation, whereby the velocity would increase. Previ-
ously, studies have shown high velocity after coating of micromo-
tors with polymer [44-47]. However, we do not see any additional
significant effect of our enteric coating, probably because the sur-
face is already fully covered by drug/Au.

The tracking and monitoring of the movement of each prepared
micromotor type are shown in Fig. 3. The figure illustrates the



T. Maric, S. Atladéttir, L.H.E. Thamdrup et al.

A Mg-Au-Furo-Eudr micromotors in PBS

100

h
=]

ORI T ST ST S T S T S

Release of furosemide (%)

0 L T T
4 6 8 10

Tim e (min)

(=
~

=

Mg-Au-Furo-Eudr micromotors in low pH

~
=}

-
h
sl

Loy ol oy

h

Release of furosemide (%)
—
)

0

0 10 20 30 40 50 60 70

Time (min)

Fig. 4. In vitro release of furosemide from Mg-Au-Furo-Eudr micromotors as a func-
tion of time (A) in PBS (pH 7.4), and (B) in simulated stomach medium (pH 2.1). The
data points are averages of three experiments.

propulsion of the micromotors in 3 M NaCl with 0.5 wt% Triton
X-100 over a duration of 8 s. Linear trajectories were observed for
a majority of the micromotors and only a few micromotors had a
circular trajectory. The linear trajectories suggest a low Reynolds
number (Re < 10-3) since the non-linear (circular) motion transi-
tions to linear motion at that particular Reynolds number [48]. Fur-
thermore, the linear motion also suggests that the hydrodynamic
drag and direction of the resultant force from the bubble propul-
sion did not change with time [49]. Faster moving micromotors
create longer trajectories for the same time interval. The Mg-Au
Janus micromotors have the smallest trajectories compared to the
other two prepared micromotors which corresponds to the slowest
velocity (Figs. 2C and 3).

To quantify the drug release from the micromotors, in vitro
experiments were conducted using a pDISS profiler™. Release
studies of Mg-Au Janus micromotors loaded with furosemide and
coated with Eudragit® were carried out and presented in Fig. 4.
It is apparent from Fig. 4A that furosemide is released immedi-
ately from Eudragit®-coated micromotors in PBS (pH 7.4). The re-
sults show that Eudragit® polymer coating successfully dissolved
as expected since it is dissolvable above pH 6.0. Mg-Au-Furo-Eudr
micromotors had fully released the drug in less than 3 min, prov-
ing that the micromotors are capable of super-fast drug release. By
increasing the thickness of the polymer, it would be possible to de-
lay the time of the drug release which would be beneficial if the
micromotors are required to travel far in the GI tract before releas-
ing the drug [29].

Since the Eudragit® polymer is only dissolvable at higher pH, a
control release study in stomach medium (pH 2.1) was also con-
ducted where little or no drug release was expected to happen.
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Obtained data show that for micromotors coated with Eudragit®
(Fig. 4B), 14% of the loaded drug was released in the stomach en-
vironment after 65 min. Possibly, a small amount of free drug was
present between the micromotors, resulting in this small prema-
ture release. Another reason could be that the polymer coat is not
completely covering the drug on the micromotors. An additional
experiment was performed to measure the thickness of the poly-
mer coating on the surface of the micromotors by contact stylus
profilometry. The Eudragit® coating thickness was measured to be
527 nm which should be sufficient to uniformly cover the entire
surface of the furosemide-loaded micromotors and provide ade-
quate protection.

Based on the in vitro release profiles presented in Fig. 4, it is
evident that the applied Eudragit® L100 coating serves as a pro-
tection for the drug in the stomach environment and ensures a
complete and fast drug release in the intestinal environment.

4. Conclusion

In conclusion, we successfully loaded Mg-Au micromotors for
the first time with furosemide. We demonstrated the possibility of
using Eudragit® polymer coating for micromotor construction to
achieve targeted furosemide release. The very first polymer depo-
sition by ultrasonic spray coating technique was performed on Mg-
Au-Furo micromotors to provide effective drug protection and pH-
responsive drug release. We noted that Mg-Au-Furo-Eudr micro-
motors function as enterically coated self-propelled drug delivery
devices. This conclusion is based on the performed in vitro release
studies in acidic and neutral (PBS) chemical environments. The Mg-
Au Janus micromotors are capable of loading furosemide and re-
leasing the drug completely (100%) in a neutral pH medium within
3 min, after coating with Eudragit®. In acidic pH medium, a small
amount of loaded furosemide was released (14%) after coating with
Eudragit®. Presence of a pH sensitive layer on the surface of mi-
cromotors provides a great drug protection in acidic chemical en-
vironment and ensures a fast drug release in neutral chemical en-
vironment. Our data demonstrate that prepared Mg-Au Janus mi-
cromotors exhibit higher velocities after loading with furosemide
or coating with pH sensitive polymer Eudragit®. Coherent anti-
Stokes Raman scattering (CARS) microscopy imaging can be used
for visualizing the halo-like drug distribution on the Mg spheres.
While many techniques have shown promise in drug loading visu-
alization, CARS imaging offers unique, rapid and label-free chem-
ical imaging of drugs on the micromotors with the possibility of
performing imaging in tissue and cell-cultures. Our future research
will be directed towards targeted drug delivery using a dual mi-
crocontainers [50]-micromotor system which can be visualized via
CARS microscopy.
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