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The fast evolution of medical micro- and nanorobots in the endeavor to
perform non-invasive medical operations in living organisms has boosted the
use of diverse medical imaging techniques in the last years. Among those
techniques, photoacoustic imaging (PAI), considered a functional technique,
has shown to be promising for the visualization of micromotors in deep tissue
with high spatiotemporal resolution as it possesses the molecular specificity
of optical methods and the penetration depth of ultrasound. However, the
precise maneuvering and function’s control of medical micromotors, in
particular in living organisms, require both anatomical and functional imaging
feedback. Therefore, herein, the use of high-frequency ultrasound and PAI is
reported to obtain anatomical and molecular information, respectively, of
magnetically-driven micromotors in vitro and under ex vivo tissues.
Furthermore, the steerability of the micromotors is demonstrated by the
action of an external magnetic field into the uterus and bladder of living mice
in real-time, being able to discriminate the micromotors’ signal from one of
the endogenous chromophores by multispectral analysis. Finally, the
successful loading and release of a model cargo by the micromotors toward
non-invasive in vivo medical interventions is demonstrated.
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1. Introduction

Micro- and nanorobots (MNRs) offer the
potential to operate inside the living body
for various healthcare applications,[1–3] as
they possess the capacity of reaching hard-
to-access locations, non-invasively. Appli-
cations such as targeted drug delivery,[4–7]

biopsy,[8] blood clot removal,[9] or cell
transport[10] have been addressed, for ex-
ample, by functionalizing the MNRs with
biomolecules (e.g., bioreceptors or contrast
agents) or by employing smart materials
and designs to effectively transport and re-
lease a cargo (e.g., cells or drugs).[1,11–17]

Some of these micromotors have already
been examined in ex vivo and in vivo en-
vironments. However, there are still signif-
icant limitations when steering single or
swarms of MNRs in living organisms,[2,18]

in particular when the intended applica-
tion and micromotor type require high spa-
tiotemporal resolution imaging with pre-
cise anatomical positioning.

Each imaging technique has its limitations and therefore, re-
searchers are rendering particular efforts to develop or imple-
ment imaging systems that could enable precise localization
and control within biological tissues. So far, various imaging
modalities have been evaluated for the monitoring of MNRs, in-
cluding ultrasound (US), magnetic resonance imaging (MRI),
positron emission tomography-computed tomography (PET-CT),
and single-photon emission computed tomography (SPECT), in
phantom, ex vivo or in vivo scenarios.[19–24] MRI, for instance,
has better imaging contrast for soft tissues than other conven-
tional techniques, but its spatiotemporal resolution is insuffi-
cient to visualize small MNRs in real-time (below 100 μm). US
is suitable for high imaging depth but lacks molecular speci-
ficity and image contrast. Besides, CT provides deep tissue
penetration but has low temporal resolution and long-term ex-
posures might harm the living organism. PET and SPECT pro-
vide high sensitivity and molecular information, but the radia-
tion dose remains the foremost concern when an extended use
is required to monitor MNRs. Additionally, optical methods in-
cluding fluorescence,[25] reflection-based IR imaging,[26] or op-
tical coherence tomography (OCT),[27] have been used to track
MNRs below scattering tissues with excellent spatiotemporal
resolution but have been limited to sub-skin level or superfi-
cial medical applications (typically ≈1–2 mm in thick biological
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tissues).[28,29] Unfortunately, in optical methods, spatial resolu-
tion degrades significantly with depth due to pronounced light
scattering.

To preserve the spatial resolution and molecular specificity
of optical techniques while enhancing the temporal resolution
and penetration depth, scientists have developed a hybrid optical-
ultrasound imaging technique, also called photoacoustic imag-
ing (PAI).[29–33] PAI is based on the photoacoustic effect first
observed by Alexander Graham Bell in 1880,[34] which in those
days described the generation of sound waves by sunlight. Nowa-
days, PAI is based on short IR laser pulses which are used
to excite tissues, inducing thermoelastic expansion/contraction
that produces ultrasonic waves.[35] Such ultrasonic waves travel
through the tissue until being captured by ultrasensitive ultra-
sound detectors.[29,30] The use of PAI for the visualization of
moving medical micromotors was first suggested by our group
in 2017.[2] We visualized in real-time single magnetically driven
conical micromotors (up to 100 μm long) in 3D, underneath
≈1 cm phantom and ex vivo chicken tissue samples, highlight-
ing the limits of the technique and showing the advantages
of using nanomaterials as labels with unique absorption spec-
trum to improve micromotors’ image contrast and molecular
specificity.[36–38] In later studies, PAI was employed for guid-
ing capsules containing catalytic micromotors in mice intestines
as well as to track swarms of magnetic spiral-like micromo-
tors to treat induced subcutaneous bacterial infection, also in
mice.[24,39] Both PAI studies showed the application of micro-
motors in vivo but there was no clear observation of them
in real-time with a well-defined anatomical localization. Thus,
complementary particulars such as morphology, functionality,
and molecular composition are required to enhance the posi-
tion accuracy of employed MNRs in deep tissue. In this study,
we investigate the use of high-frequency ultrasound (HFUS)
and PAI to monitor swimming micromotors’ motion and func-
tion. In particular, we monitor single and a swarm of mag-
netically driven micromotors in different scenarios: phantoms,
ex vivo, and in vivo (in mouse bladder and uterus). Real-time
monitoring of bladder catheterization and the localization of
the uterus to monitor micromotors during administration was
also demonstrated. Moreover, multispectral imaging was em-
ployed to extract the specific absorption spectrum from each
of the present entities (MNRs and biological tissues), being of
crucial importance when operating in biological environments
which contain a variety of chromophores or absorbing molecules
that hinder the MNRs signal. We finally demonstrated the suc-
cessful cargo-release of a model drug, doxorubicin (DOX), by
the above-mentioned micromotors, while navigating onto a sur-
face due to an applied rotating magnetic field. However, the
suggested methods and settings can be easily extended to any
other type of medical microrobot as long as their size (sin-
gle or a swarm) is in the range of the spatial resolution of
the employed technique and that it is made of an IR absorb-
ing material, like thin metallic films or nanomaterials. With
that, we prove the advantages of this technique to supervise
and monitor both the position and function of medical micro-
robots in different scenarios, from in vitro, ex vivo to living
mice.

2. Results and Discussion

2.1. Static Imaging of Single Micromotors

A multimodal HFUS and photoacoustic (PA) system equipped
with a linear array ultrasound transducer and fiber optic bundles
on either side of the transducer for illumination (680–970 nm)
was used for the static imaging of single micromotors (Figure 1a
and Table S1, Supporting Information). SiO2 particles with a di-
ameter of 100 μm were drop-casted onto a substrate, followed
by the evaporation of subsequent thin metal layers (Ti = 10 nm,
Fe = 50 nm, and Ti = 10 nm) (refer to the Experimental Section
and Figure S1, Supporting Information). The analysis of particle
size distribution was also performed for SiO2 particles (n = 260),
obtaining a mean diameter of 93.30 μm (standard deviation (SD)
± 7.7 μm) (Figure S2, Supporting Information). The particles
were half-coated with metal layers by electron-beam deposition,
resulting in what we call magnetically-driven micromotors (Fig-
ure 1bi). Figure 1bii shows the optical tracking of single/swarm of
micromotors when actuated using an external permanent mag-
netic field (Figure S3, Supporting Information). The same micro-
motors can be actuated with rotating magnetic fields as was pre-
viously demonstrated by our group.[26] Exemplary videos of sin-
gle micromotors actuated by both magnetic field gradients and
rotating magnetic fields are shown in Videos S1 and S2 respec-
tively (Supporting Information). Figure 1biii shows a pseudo-
colored scanning electron microscopy (SEM) image of the half-
coated particle, highlighting the metal layer surface. Additionally,
we loaded a model drug, DOX, onto the micromotors surface for
further in vivo drug-release monitoring via PAI (Figure 1biv). Ini-
tially, we imaged static micromotors to evaluate the ability to lo-
cate a single of them by HFUS and PA system. The noted num-
ber of micromotors (3 in total) were transferred on an agarose
surface after solidification as shown in the schematic and bright-
field (BF) images (Figure 1ci,ii). Then, HFUS and PA signal am-
plitudes of the micromotors were recorded, resulting in a good
agreement with the captured BF images (Figure 1ciii,iv). Since
two of the micromotors were close to each other, their HFUS
and PA response was higher than for individual micromotors,
being possible to estimate the presence of multiple micromotors
by their PA signal intensity. However, it was not possible to re-
solve individual micromotors when they were close to each other,
due to the imaging system resolution. The absorbing metal lay-
ers provided a broad PA signal in the near infrared (NIR) region
(with an excitation wavelength of 800 nm), where the fluence was
set below the maximum permissible exposure (MPE) limit (20
mJ cm−2) followed by the safe exposure guidelines.[40]

To confirm the biocompatibility of the employed mi-
cromotors and materials, 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
(MTS) assay was performed using mesenchymal stem cells
(MSCs) from bone marrow. The cell viability study of MSCs was
conducted after being co-cultured with bare SiO2 and metal-
coated particles (micromotors), at 37 °C for 48 h, resulting in an
increase of cell number on all the evaluated materials, showing
non-evident toxicity (Figure 1d). The control group proceeded
without any particles.
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Figure 1. Fabrication and characterization of magnetically driven micromotors. a) Schematic showing the working principle of the employed hybrid
HFUS and PA imaging technique. b) Fabrication and functionalization of the micromotors: i) drop-casted SiO2 particles (⌀ = 100 μm) half-coated
with metal layers (10 nm Ti, 50 nm Fe, and 10 nm Ti) using electron beam deposition. Scale bar: 100 μm. ii) Optical tracking of single and swarm of
moving micromotors. Scale bar: 200 μm. iii) Pseudo-colored SEM image of two half-coated micromotors and iv) BF and fluorescence images of the
functionalized micromotors with a model drug (DOX). Scale bar for iii,iv) 40 μm. c,i) Schematic of an agarose phantom containing the micromotors.
Comparison between ii) BF, iii) HFUS, and iv) PA images of single micromotors. Scale bar for BF: 100 μm. These images were acquired at 800 nm,
where the fluence was set below the MPE limit of 20 mJ cm−2. Scale bar for HFUS and PA: 1 mm. d) MTS assay showing cell viability of MSCs after
being co-cultured with bare SiO2 and metal-coated particles to test the cytotoxicity of the employed materials. The control group proceeded without any
particles. Each error bar denotes the ±SD from three replicates (n = 3).

2.2. Tracking of Single Micromotors in Phantom and Ex Vivo
Tissue

To visualize the micromotors dynamically, the following exper-
iments were conducted in both tubing phantom and ex vivo
tissues. For the tubing phantom setup, commercially available
methacrylate support (Vevo Phantom, FUJIFILM VisualSonics,
the Netherlands) was used to mount transparent intravascular
polyurethane (IPU) tubes (inner diameter ≈380 μm and outer di-
ameter ≈840 μm, SAI Infusion Technologies, USA). The micro-
motors were inserted into the tube and immersed in the phan-
tom chamber containing DI water for better acoustic coupling
(Figure 2a). After the PAI acquisition, the spectral characteristics
of the samples were recorded. 3D single-wavelength (800 nm)

imaging was also performed using a 2D stepper-motor and a lin-
ear translation of the transducer over the IPU tubing. For control
experiments, another tube was mounted with a saline solution.
All PA measurements were performed at a gain of 40 dB.

US image quality is influenced by the medium through which
sound travels from the transducer. Material choice is a crucial
factor in US imaging to match the speed of sound and to avoid
undesired artifacts. Thus, the materials must possess low atten-
uation, meaning that acoustic waves can reach the target (micro-
motor) and return. The material should also exhibit low backscat-
tering between the micromotor and the transducer. The ratio
of the micromotor reflection intensity to backscattering inten-
sity is chosen as a relative figure-of-merit to determine the ma-
terial performance.[41] The IPU tubing features low attenuation
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Figure 2. Tracking of single micromotors in phantom and ex vivo chicken tissues. a) Phantom chamber with tubing immersed in a water bath with
HFUS-PA detector on top of it for real-time tracking of moving micromotors. b) Time-lapse images of a 100 μm moving micromotor in i) BF, ii) HFUS,
and iii) PA modes. Yellow arrows show the single-moving micromotors. Blue arrows point at static microstructures and are used as reference points.
Scale bar: 1 mm. c) Time-lapse images of a moving micromotor below i) 5 mm and ii) 10 mm breast chicken tissue. Scale bar: 500 μm. d) PA signal
amplitude of single micromotors with comparable ROIs below 5 and 10 mm thick tissue, which decreases with increased penetration depth. e) Integrated
imaging and magnetic actuation setup. Scale bar: 4 cm. f,i) Schematic and ii–iv) controlled actuation of single moving micromotor inside the phantom
tubing at 5 mT and varying frequencies (1, 3, and 5 Hz). Scale bar: 1 mm. g) The relationship between the micromotor speed and the applied frequency
at a constant magnetic field strength. The magnetic field value was set to 5 mT and the frequency was adjusted (from 1 to 5 Hz). Each error bar denotes
the ±SD from three replicates (n = 3).

and low front surface backscatter that provides a better HFUS
contrast making it possible to visualize single moving micro-
motors inside this tube phantom. The dynamic tracking of a
single micromotor is shown in time-lapse images from 0 to
3.40 s (Figure 2bi–iii), comparing BF, HFUS, and PA imaging
modes (Videos S3 and S4, Supporting Information). Blue ar-
rows show the position of static micromotors (stuck on the tube
walls) while the yellow arrows correspond to the single moving
micromotor. The overlaid HFUS-PA video shows a single mi-
cromotor moving forward and backward with clear localization
within the phantom tube (Video S4, Supporting Information).

This dual feature is useful in deep tissue imaging where US pro-
vides tissue background morphology while PA maintains high
contrast of the micromotor material’s properties. The measure-
ment was performed with a position-fixed high-frequency trans-
ducer (21 MHz) to avoid image distortion.

To visualize the micromotors underneath biological tissues,
we employed chicken breast from a local store, with an ≈5 and
10 mm thickness (measured with a Vernier scale). The IPU phan-
tom tubing containing the micromotors was placed in between
two layers of chicken breast tissue (Figure S4, Supporting In-
formation) for the consequent measurements. The US gel was
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applied between the detector surface and the top of the tissue to
match the acoustic impedance for efficient signal transfer. HFUS
mode generated a structural image, suitable to identify the tub-
ing structure, and the PA system was used to monitor the dis-
placement of the micromotors, by detecting their light absorp-
tion characteristics. Both images were acquired in real-time dur-
ing external magnetic steering. The locomotion of a single mi-
cromotor was tracked under 5 and 10 mm thick tissue samples
and it was possible to display overlaid HFUS and PA images as
shown in time-lapse images (Figure 2ci,ii and Videos S5 and S6,
Supporting Information). The corresponding PA amplitude val-
ues of the micromotors are shown in Figure 2d. The micromo-
tors exhibited decreased PA intensity when increasing the tissue
thickness due to pronounced scattering of the excitation light in
deep tissues.

To actuate the micromotors in a controlled manner, a setup
consisting of an integrated coil setup and the imaging system was
implemented (Figure 2e). The set of coils produces fields up to 50
mT in a frequency range from 0 to 200 Hz and gradients of up to
2 T m−1 at 10 Hz. In this experiment, we applied a field strength
of 5 mT at a frequency range between 1 and 5 Hz, to steer a single
micromotor in a narrow channel (Video S7, Supporting Informa-
tion, and Figure 2fi–iv). The speed of the micromotor increased
by adjusting the frequency as shown in Figure 2g.

2.3. Monitoring of Swimming Micromotors in Bladder and Uterus

The following in vivo HFUS and PA experiments were performed
under the animal handling license No. DVS06, hold by the co-
authors of FUJIFILM VisualSonics, the Netherlands, ensuring
the biocompatibility nature of the employed materials. This study
was conducted using the same equipment and imaging settings
as those for phantoms or ex vivo experiments mentioned above.
The micromotors were injected into the bladder and uterus of
12-week old mice (details in the Experimental Section). We se-
lected the bladder and uterus cavity as sites of injection to al-
low enough room for the free-swimming of the micromotors.
The bladder is a hollow soft organ that serves as a reservoir
for the storage and periodic release of urine, with areal dimen-
sions of ≈5.50 × 6.0 mm2 as shown in the 2D US image (Figure
S5, Supporting Information). Under anesthesia, the mouse blad-
der was catheterized by following standard safety guidelines and
protocols.[42] Before starting the experiment, the physiological pa-
rameters of the mouse were monitored (Figure S6 and Video S8,
Supporting Information). First, the micromotors were collected
(15–25 in ≈20 μL phosphate buffered saline (PBS)) in a catheter
and then inserted into the bladder. The catheter was inserted
through the urethra of an anesthetized mouse (Figure 3a) while
being monitored in vivo as shown in the 3D US reconstructed
image (Figure 3b). After reaching the entrance of the bladder, the
micromotors were released gradually into the bladder cavity. The
overlaid HFUS and PA image in Figure 3c shows the micromo-
tors near the catheter edge before and after release. PA signal (red
spot) highlights the presence of a swarm of micromotors being
ejected from the catheter, while US image shows the anatomy of
the organ of operation. After release, the micromotors started to
move down in the urinal cavity and it was possible to visualize the
micromotors from few to swarm of them (Video S9, Supporting

Information). Time-lapse HFUS and PA images show the swim-
ming behavior of micromotors in urinal fluid from top to bottom
surface of the bladder for 2.50 s (Figure 3d) and the falling veloc-
ity of a cluster of micromotors in the bladder was estimated to
be ≈1250 μm s−1 (in the current experiment). Finally, the whole
swarm of micromotors at the bottom of the bladder was manipu-
lated by using an external magnet (Videos S10, Supporting Infor-
mation). The upward displacement of the whole swarm centroid
was estimated to be ≈3.5 mm (in the current experiment) after
a time interval of ≈8 s and the dimension of the moving cluster
was estimated to be between 2 and 3 mm wide (Figure 3e). The
upward speed of the swarm was ≈480 μm s−1 after time travel
of 7 s and as expected, the speed of the cluster in opposite direc-
tion (upward motion) was slower than the downward motion as
the gravitational force was dominant over the drag force (with no
applied magnetic field). The speed of a single or swarm of micro-
motors also depends on the strength of the applied field at the
evaluated distance from the micromotor position. In this exper-
iment, an estimated magnetic field gradient of ≈220 mT cm−1

was applied. To effectively control the micromotors in vivo, we
employed a magnetic field gradient due to higher magnetic field
strength. There is still further optimization required to improve
the magnetic field strength with the proposed setup for imple-
menting rotating magnetic fields.

Apart from the bladder, we also evaluated the micromotors
imaging in the mouse uterus. In this experiment, the phantom
tubing (containing a single micromotor) was inserted into the ex
vivo uterine horn and fixed with sticking glue on the imaging
surface (Figure 4a). The precise steering of a single rotating mi-
cromotor was captured under a rotating magnetic field of 5 mT
and 5 Hz (Figure 4b and Video S11, Supporting Information). In
this setup, after preparing the ex vivo tissue, the trajectory of a
single micromotor through the tubing was precisely controlled
in a fourth and backward fashion from 0 to 25 s.

After evaluating their tracking under ex vivo tissues, the micro-
motors were inserted into the mouse uterus in vivo as depicted
in a schematic (Figure 4c). The catheter was inserted via the
vagina and cervix into the mouse uterus cavity by following previ-
ous safety guidelines.[42] In this experiment, we investigated the
smallest detectable feature size of the micromotors in the uterus
by injecting a controlled number of micromotors. By employing
US imaging, it was possible to precisely locate the catheter tip
at the opening of the uterus cavity before micromotors insertion
(Figure 4d). Ultimately, it was possible to deliver approximately
two to three micromotors in the mouse uterus from the catheter
needle. Then, one of the micromotors was steered in real-time
over a trajectory of ≈950 μm (Video S12, Supporting Informa-
tion). Time-lapse HFUS and PA images showed the moving mi-
cromotor from one position to another for 3.60 s (Figure 4e). The
resulted images comprise PA amplitude values of the uterus cav-
ity with and without micromotors (control) by choosing compa-
rable ROIs (Figure 4f).

HFUS images have speckle patterns from the background tis-
sues which makes it challenging to identify the micromotors. The
tracked micromotor was visible in both HFUS and PA modes;
however, it is clear that HFUS provided better visualization of the
catheter entrance and the surrounding uterus anatomic features,
while PA facilitated the discrimination of the light-absorbing mi-
cromotors from the surrounding environment, offering a high
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Figure 3. HFUS and PA imaging of a single and swarm of micromotors swimming inside a mouse bladder. a) Schematic showing the position of the
bladder. b) 3D reconstruction of the bladder with the inserted catheter, after performing the catheterization via real-time US feedback. c) HFUS and
PA overlaid images showing the location of the catheter tip, before and after releasing the micromotors. d) Dual HFUS and PA time-lapse images of
swimming and free-falling micromotors for 2.50 s. The micromotors migrate downward after being released from the catheter tip individually and then
accumulate at the bottom surface. Scale bar, 1 mm. e) A swarm of swimming micromotors under the actuation of a magnetic field gradient of ≈220
mT cm−1. The dimension of this moving cluster was ≈2–3 mm wide. Scale bar: 2 mm.

signal-to-noise ratio (SNR). The employed micromotors and the
here-evaluated imaging system is appealing for the supervised
cargo delivery toward urinary tract diseases, e.g., urethral steno-
sis, bladder cancer, or infection, or toward in vivo assisted fertil-
ization, where similar engineered parts can be used for instance
to guide or transport sperm,[4,10] and zygotes[43] in the reproduc-
tive tract.

The PAI also offers the advantage of multiplexed imaging or
spectral unmixing to distinguish light-absorbing signals coming
from the different organic and inorganic components present
in the field of view.[44] The multi-wavelength mode takes advan-
tage of the tunability of the pulsed laser source to acquire PA
data at multiple wavelengths in 2D and 3D for automated post-
processing, obtaining a unique spectrum. Such specific spectral
capacity of PAI offers specific detection of endogenous molecules
like oxygenated (oxy-Hb) and deoxygenated hemoglobin (deoxy-

Hb), among others.[30] The first step is to image the target (mi-
cromotors, oxy- and deoxy-Hb or other employed materials) at
multiple wavelengths. Then the spectral unmixing algorithm is
applied, generating separate images based on the contrast ob-
tained from the different absorber materials (endogenous or ex-
ogenous). Thus, when merging the independent images, one can
obtain the distribution of oxy- or deoxy-hemoglobin as well as of
the present micromotors marked according to their absorption
properties.

In this experiment, 10 μL of micromotors suspended in PBS
were injected into the hind limb (popliteal lymph node fat pad),
followed by the PA multi-wavelength measurement in the range
of 680–970 nm with a step size of 5 nm. The obtained sig-
nals were then spectrally unmixed to discriminate the PA signal
of the injected micromotors from the surrounding tissue chro-
mophores. 3D reconstruction of the target site demonstrates the
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Figure 4. HFUS and PA imaging of micromotors in ex vivo and in vivo uterus cavity. a) The phantom tubing (with single micromotor) was inserted in
an ex vivo uterine horn and glued to avoid liquid leakage. Scale bar: 5 mm. b) Precise magnetic control of a single micromotor into an ex vivo uterine
horn under rotating magnetic fields (5 mT and 5 Hz) for 0 to 25 s. Scale bar: 1 mm. c) Schematic showing the insertion of the catheter into the uterus
body through the vagina and moving micromotors by applying an external magnetic field. d) Real-time HFUS feedback of positioning the catheter in
the mouse’s uterus. The red-shaded area indicates the uterus channel. Scale bar: 2 mm. e) Time-lapse images of single moving micromotors (yellow
arrows show the position of moving micromotor). Scale bar: 2 mm. f) PA amplitude values extracted from the captured PA images of a single moving
micromotor, compared to the control (uterus location where no micromotors were visible “wo micromotor”).

spectral behavior of the injected micromotors (yellow color) and
the chromophores present in blood, i.e., oxy-Hb, deoxy-Hb (Fig-
ure S7, Supporting Information). The PA amplitude values of the
micromotors were extracted from the captured PA images and
then calibrated with the previously measured optical absorption
of hemoglobin. 3D multiplexing PA scans have allowed inves-
tigating the biodistribution of the injected micromotors in vivo
which in turn can be used to target specific body organs to per-
form a certain medical task. This is particularly important when
the micromotors are injected within the tissue where there is not
good contrast.

2.4. Potential Biomedical Application

As reported previously in the literature, metal-coated particles
have been shown as drug carriers, propelled either by bacteria,

physical fields or by chemical reactions to target cancer cells in
vitro,[26,45,46] with a loading mechanism ranging from physical
absorption/adsorption to more sophisticated stimuli-responsive
delivery triggers. In this section, as a potential application of em-
ployed magnetically driven micromotors, we loaded DOX, an an-
ticancer drug, onto the micromotor’s surface and evaluated its
therapeutic effect over time (details in the Experimental Section).
The experiments were performed under physiological conditions
(at 37 °C). As DOX is autofluorescent (excitation wavelength:
470 nm and emission wavelength: 580 nm), we recorded images
over 24 h, maintaining a constant exposure time (Figure 5a,b).
After that, we carried out a cargo-delivery experiment, by first
steering the micromotors under rotating magnetic fields nearby
a 2D culture cancer cells (Figure 5ci–iv) and then by monitoring
the drug release by diffusion under time-lapse fluorescence mi-
croscopy. The cell-killing efficacy of the DOX-loaded micromo-
tors was qualitatively investigated by co-incubating DOX-loaded
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Figure 5. Study of DOX-loaded micromotors functionality. a) Fluorescence images of DOX-loaded micromotors over 24 h, Scale bar: 20 μm. b) Fluores-
cence intensity of the drug-loaded micromotors. c) Schematic showing the transport of drug-loaded micromotors from position A to the target HeLa cell
(position B). After releasing the drug, the micromotor can be retrieved by applying an inverse rotating magnetic field, and be transported to the desired
location (position C). Optical images show the complete trajectory indicating i) transport, ii) drug-release, and iii) retrieval of a micromotor. Scale bar:
20 μm. d) Time-lapse fluorescence images showing DOX diffusion by the transported micromotors onto the 2D cell culture. Images were taken at an
excitation wavelength of 470 nm and an emission wavelength of 580 nm. Overlaid BF and fluorescence images captured from 0 to 96 h for each group:
i) control sample, ii) with unloaded micromotors, and iii) with drug-loaded micromotors. Scale bar: 20 μm. HeLa cells were cultured in a coverslip in a
cell culture medium and grown for 3 d in the incubator at 37 °C and 5% CO2, cell count = 5 × 104 for each sample.
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micromotors (≈10 μL solution) with HeLa cells (5 × 104 for each
sample) over 96 h. HeLa cells without any drug as well as HeLa
cells with unloaded micromotors were chosen as control experi-
ments (see details in the Experimental Section). Overlaid BF and
fluorescence images were captured from 0 to 96 h for each sam-
ple (Figure 5di–iii). As expected, unloaded micromotors showed
no cell killing ability while drug-loaded micromotors indeed in-
duced cell apoptosis, which can be seen by a change in cell size
and morphology over time (Figure 5diii).

To check the stability of the drug-loaded micromotors under
PAI, the absorption signal of the drug should be detectable in
the NIR range. Since DOX has a signal intensity in the visible
range (peak at ≈580 nm), it was not possible to monitor it via
PAI. However, as a proof of concept we employed an IR absorbing
cargo, an food and drug administration (FDA) approved contrast
agent called indocyanine green (ICG). ICG possesses a unique
absorption peak at 880 nm which facilitates the visualization via
PAI, with negligible artifacts arising from autofluorescence or
surrounding tissues deep in the body. It can be used for instance
to label the therapeutic cargo. Thus, we functionalized the micro-
motors with ICG and monitored their cargo-release under scat-
tering tissues (Figure S8, Supporting Information). Future stud-
ies will be oriented to functionalize drugs with NIR reporters or
employ NIR-absorbing genes which can be used not only for tu-
mor labeling but also for therapy.[47] The monitoring of drug re-
lease can also be implemented for sophisticated drug carriers in
which the release of the drug can be triggered by endogenous or
exogenous stimuli,[48] as in a recently reported work, where the
NIR light irradiation by PAI was sufficient to disintegrate the cap-
sules to deliver the micromotors in the stomach of a mouse,[39]

or for triggering the drug release for treating sub-skin pathogenic
bacterial infections via photothermal therapy (heating of a bacte-
rial site up to 54 °C).[24]

3. Conclusions

Hybrid imaging techniques in particular when combining
anatomical and functional operating modes provide superior
advantages for translational medicine and biomedical stud-
ies. For example, a PET-CT system offers the combination of
high-resolution anatomical information with intravital molecu-
lar data.[49] Similarly, hybrid fluorescence molecular tomography
and X-ray CT offer improved penetration depth.[50] In the present
study, we implemented a dual HFUS and PA imaging system to
carry out anatomical and functional imaging of swimming mi-
cromotors deep in the bladder and uterus of a mice model with
the envisioned application of supervised cargo delivery.

This technique provided from one side the volumetric US
image and on the other side the PA distribution map of
hemoglobins in the region of interest and resolved the micro-
motors from the signal of the surrounding tissues. HFUS was
suitable for the real-time monitoring of the catheterization and
localization of the target organ to deliver single or swarms of mi-
cromotors. Likewise, PAI allowed the reliable monitoring of the
injected micromotors due to their IR absorption properties, dis-
criminating them from the signal of endogenous chromophores.
Additionally, the integrated magnetic coil setup provided open-
loop control of magnetic micromotors while being simultane-
ously monitored via HFUS-PA imaging. Moreover, multispectral

imaging was employed to extract the specific absorption spec-
trum from each of the present entities (MNRs and biological
tissues), being of crucial importance when operating in biolog-
ical environments which contain a variety of chromophores or
absorbing molecules that hinder the MNRs signal. In the end,
DOX-loaded micromotors were investigated to induce local can-
cer cell apoptosis and a potential drug label called ICG, which
absorbs light in the NIR was used to demonstrate the possibil-
ity to monitor drug release by the micromotor under scattering
tissues over time.

So far, the here reported experiments have been performed in
ex vivo tissues and living mice. However, to translate this tech-
nology to humans and despite all the ethical discussions around
the employment of medical micromotors which will arise in the
next years, some technical limitations need to be solved such
as the penetration depth (so far ≈2 cm, with the micrometric
resolution has been possible), but going beyond this limit will
compromise the spatial and temporal resolution. Biodegradabil-
ity is another prerequisite and the employed materials should be
non-toxic after interaction with human cells.[51] There have been
few attempts of biocompatible micromotors for drug-delivery
applications[39,52,53] and eventually, the micromotors should clear
the body after performing an assigned task without any diverse
effects.

In summary, this work settles the methodology to perform
real-time control of magnetically driven micromotors under scat-
tering tissues, employing dual anatomical and functional imag-
ing techniques, for a variety of medical-relevant applications.

4. Experimental Section
Fabrication of the Micromotors: The micromotors were constructed us-

ing a drop-casting method with subsequent thin metal layer deposition as
described previously.[26] First, glass substrates (22 × 22 mm²) were rinsed
and ultrasonicated (Elmasonic, Elma Schmidbauer GmbH) in acetone and
isopropanol for 3 min each and finally dried in a stream of N2. The sub-
strates were exposed with oxygen plasma (Diener electronics), leading to
the removal of impurities and contaminants from the glass surface, to
obtain clean and hydrophilic substrates. Afterward, a monolayer of micro-
sized (⌀ = 100 μm, Corpuscular Inc. USA) silicon dioxide (SiO2) parti-
cles was assembled. In detail, SiO2 particles were washed with methanol
and centrifuged for 1 min to remove supernatant and then again mixed
with methanol and vortexed (Vortex mixer, VWR) before usage. Silica par-
ticles were mixed thoroughly in methanol and ≈20–25 μL of the particle-
solvent solution was drop casted on the edge of a pre-plasma treated glass
slide. The glass slide was adjusted at an angle to allow the spreading of
silica particles over the entire glass coverslip, making a homogeneous
monolayer of silica particles. The microarrays were randomly formed in
the direction of solvent evaporation. The resulted monolayer was dried at
room temperature.[26] After drying, the samples were half-coated with Ti
(10 nm), Fe (50 nm), and Ti (10 nm) of high purity (99.995%) by electron
beam physical vapor deposition (e-beam evaporator, Plassys MEB550S) at
a deposition rate between 0.5 and 1.0 Å s−1. Fe layer was evaporated for
magnetic guidance and Ti was chosen for biocompatibility.

SEM and optical microscopy were performed for the characterization of
the prepared micromotors. SEM (Zeiss Nvision 40, Carl Zeiss Microscopy
GmbH) was performed by coating the sample with ≈10 nm Pt to make
the specimen conductive and to avoid charging effects during imaging.
Bright-field microscopy was performed using an optical microscope (Zeiss
Microscopy GmbH) equipped with 5x, 10x, and 20x objectives.

Fabrication of Agarose Phantoms: Agarose is a cost-effective bacteri-
ological powder that, when dissolved in water, remains in a gelatinous
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state at ambient temperature after being warmed up. Agarose phantoms
mimic soft tissues and some preparation techniques are described in refs.
[54–56]. Briefly, 100 mL DI water was heated at 300 °C and then 1.50 g of
agarose was slowly added and gently mixed forming a homogeneous so-
lution. Afterward, 6 mL soya milk (Alpro, UK) was added to include tissue-
mimicking scattering. After adding milk, the solution was mixed and 5 mL
of this mixture was poured into a petri dish. The solution was left to cool
down at room temperature for ≈ 60 min to solidify.

Ex Vivo Tissue Setup: Chicken breast samples were purchased from a
local store and used with thicknesses of 5 and 10 mm. The IPU tubing was
filled with the micromotors suspended in PBS 1X and then placed between
two 5 mm thick tissue samples. The process was repeated for 10 mm thick
tissues afterward. To ensure uniform distribution of thickness and prevent
drying, the thickness of the tissue samples was measured using a digital
Vernier Caliper. The tissues containing micromotors were then placed on
an imaging chamber grid for tracking measurements.

In Vivo Mice Handling: The in vivo mice experiments were con-
ducted at the FUJIFILM VisualSonics laboratory in Amsterdam. The an-
imal protocols used in this work were appraised and approved by the
Committee on Ethics in the Use of Animals, the Netherlands (Protocol
AVD2450020173644). They confirm with federation of european laboratory
animal science associations (FELASA) guidelines and the National Law for
Laboratory Animal Experimentation (Law No. 18.611). The experiments
were performed by using the same equipment used for the phantom stud-
ies. 12 weeks old mice were used for in vivo imaging in the bladder and
uterus. All mice were anesthetized using isoflurane, at a concentration of
1.5–2%. O2 flow (1–2 mL min−1 maintenance) mixed with isoflurane. For
optimized coupling of the ultrasound gel the rodent fur needed to be re-
moved using commercially available depilation cream. For 3D multiplex-
ing imaging, an institute for cancer research (ICR) CD-1 ± 25 g (an albino
outbred strain of mouse model) female mouse was injected with a 10 μL
mixture of PBS 1X and micromotors into the hind limb (popliteal lymph
node fat pad). 3D PA multiwavelength was applied to automatically unmix
the injected micromotors. PA multispectral imaging distinguished the dif-
ference in optical signals related to the micromotors in 2D and 3D for
subsequent postprocessing.

HFUS and PA Imaging of the Micromotors: PA measurements were
carried out by using the Vevo-LAZR X (FUJIFILM VisualSonics, the Nether-
lands) system, a multimodal platform that allows the simultaneous imag-
ing of high-resolution ultrasound and photoacoustics. The system was
equipped with a linear array ultrasound transducer at a central frequency
of 21 MHz (MX 250, FUJIFILM VisualSonics, the Netherlands) and fiber
optic bundles on either side of the transducer for illumination. The fiber
bundle was coupled to a tunable Neodymium-doped yttrium aluminum
garnet (Nd: YAG) laser (680 to 970 nm) with a 20 Hz repetition rate and
the signals were collected by the 256-element linear array transducer. The
pulsed laser generated a wavelength-tunable pulsed beam (680–970 nm)
which was delivered by a bifurcated fiber bundle integrated with US trans-
ducer. Both HFUS and PA signals were collected and reconstructed us-
ing on-board software. For single pulse excitation, the PA images were ac-
quired at an excitation wavelength of 800 nm (with in-plane axial (75 μm)
and temporal (5–20 fps) resolution. The same protocol was applicable for
in vivo imaging in mice bladder and uterus.

Drug Loading (ICG or DOX): The magnetically driven micromotors
were loaded with an anti-cancer drug (DOX), which is widely approved
for cancer therapy, and a model drug (indocyanine, ICG). ICG is an FDA-
approved contrast agent for use in humans and was employed for this
experiment due to its unique absorption peak at 880 nm. The micromo-
tors were functionalized by overnight incubation in an ICG or DOX using
the same protocol. ICG or DOX solution was prepared with a concentra-
tion of 100 μg mL−1 and then mixed with the micromotor solution with
PBS (≈10 μL). The mixture was covered with aluminum foil and incubated
for 24 h.

To evaluate the loading of the DOX micromotors, fluorescence mi-
croscopy was used to track a single micromotor with an excitation wave-
length of 470 nm. It was possible to distinguish drug-loaded micromotors
from unloaded (control) ones using fluorescence microscopy. DOX pos-
sesses an intrinsic fluorescence with an emission peak at around 600 nm

(Figure 1biv). It shows the potential of using micromotors as a drug-
carriers.

HeLa Cell Killing Experiment: The DOX-loaded micromotors were
co-incubated with HeLa cells for an effective cell-killing experiment.
HeLa cells are derived from cervical cancer cells and were cultured
in a cell culture medium (Dulbecco’s modified Eagle medium 5671,
10% fetal calf serum, 1% penicillin/streptomycin (Pen/Strep), 1% l-
glutamine). Before cell culture, the coverslips were first cleaned in an
ultrasonic bath with acetone and isopropanol and afterward dried with
an N2 gun. To improve the cell adhesion to the surface of the cov-
erslip, the surface was functionalized with fibronectin using 1-Ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide
(NHS) chemistry.

The cell-killing efficacy of the DOX drug was investigated by co-
incubation of DOX-loaded micromotors (≈10 μL solution) with HeLa cells
(5 × 104 for each sample). HeLa cells without any drug were cultured as
control experiments in a coverslip in a cell culture medium (3 mL solution)
and grown for 3 d at 37 °C and 5% CO2. Afterward, the DOX solution was
prepared with a concentration of 100 μg mL−1 in cell medium and mixed
with half-metal coated particles. In the last step, the DOX-loaded micro-
motors were co-incubated with HeLa cells and fluorescence imaging was
performed over 96 h. Red fluorescence showed the intensity, indicating
the presence of DOX drug in the particles and the surrounding HeLa cells.
After 96 h, the size and shape of the HeLa cells were changed due to the
drug-induced cell death and the drug was successfully transferred to the
targeted HeLa cells for effective cell-killing.

Statistical Analysis: Dual HFUS and PA raw data were treated with Vevo
Lab analysis software (FUJIFILM VisualSonics, the Netherlands). The re-
peated measurements were averaged to obtain general analysis for the
speed of the micromotors. Origin 2019 and ImageJ were used for the anal-
ysis of the experimental data. The sample size (n = 3) was chosen for three
independent experiments with at least ten analyzed samples. This was ex-
pressed by the SD of the mean value of the replicates. Particle size distri-
bution of SiO2 microparticles (n = 260) was performed with ImageJ and
then further analyzed with Origin.
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