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E N G I N E E R I N G

Real-time 3D optoacoustic tracking of cell-sized 
magnetic microrobots circulating in the mouse  
brain vasculature
Paul Wrede1,2,3, Oleksiy Degtyaruk1,2, Sandeep Kumar Kalva1,2, Xosé Luis Deán-Ben1,2, 
Ugur Bozuyuk3, Amirreza Aghakhani3, Birgul Akolpoglu3, Metin Sitti2,3,4*, Daniel Razansky1,2*

Mobile microrobots hold remarkable potential to revolutionize health care by enabling unprecedented active 
medical interventions and theranostics, such as active cargo delivery and microsurgical manipulations in hard-to-
reach body sites. High-resolution imaging and control of cell-sized microrobots in the in vivo vascular system 
remains an unsolved challenge toward their clinical use. To overcome this limitation, we propose noninvasive 
real-time detection and tracking of circulating microrobots using optoacoustic imaging. We devised cell-sized 
nickel-based spherical Janus magnetic microrobots whose near-infrared optoacoustic signature is enhanced via 
gold conjugation. The 5-, 10-, and 20-m-diameter microrobots are detected volumetrically both in bloodless 
ex vivo tissues and under real-life conditions with a strongly light-absorbing blood background. We further 
demonstrate real-time three-dimensional tracking and magnetic manipulation of the microrobots circulating in 
murine cerebral vasculature, thus paving the way toward effective and safe operation of cell-sized microrobots 
in challenging and clinically relevant intravascular environments.

INTRODUCTION
The vision of precise and targeted medical interventions within the 
human body has prompted the development of mobile microrobots 
to perform various medical tasks (1, 2). Owing to their size range of 
a few micrometers up to tens or hundreds of micrometers, they can 
be navigated across hard-to-reach regions of the body such as small 
vessels and bile ducts. Their potential medical applications range 
from targeted drug (3–10), cell (11–13), and gene delivery (14) to 
minimally invasive diagnosis (15), blood clot removal (16–18), and 
targeted hyperthermia (19, 20). The circulatory system supplies all 
organs and tissues and thus provides an ideal route for microrobots 
to reach various deep target locations. The microcapillary diameter 
of down to 8 m in humans requires the use of microcapillary-sized 
microrobots to allow safe operation in the vascular system (21). 
Considering also the relatively high blood flow velocity, in vivo 
detection, tracking, and actuation of microrobots remain an arduous 
endeavor (22). To overcome the harsh blood flow conditions, several 
studies proposed sophisticated microrobot propulsion mechanisms 
to move under physiological blood flows (11, 23, 24). While micro-
robot actuation has seen substantial progress in the recent years, 
three-dimensional (3D) real-time tracking of cell-sized robots, 
especially in the vascular system, has not been accomplished in 
physiologically relevant conditions. The small size of single micro-
robots makes their detection and tracking extremely challenging yet 
indispensable for achieving precise navigation, control, and valida-
tion of therapeutic interventions. Hence, a fundamental need exists 
for high-resolution, real-time 3D tracking of microrobots to facilitate 
their translation to clinics.

To this end, several studies presented tracking of micro- and 
millirobots using established medical imaging modalities, such as 
magnetic resonance imaging (25), x-ray computed tomography 
(26), ultrasound (US) (27), optical imaging (28, 29), and positron 
emission tomography (30). However, sensitive detection and 3D 
tracking of microrobots in the vascular system is hampered by their 
small size and inadequate spatiotemporal resolution of the imaging 
systems. Optoacoustic tomography (OAT) has recently been pro-
posed as an emerging modality for fast tracking of microrobots. It 
is based on the photophonic effect (31, 32), where US waves in-
duced by absorption of nanosecond-pulsed laser light in tissues are 
detected with broadband US transducers. In contrast to optical mi-
croscopy, OAT is based on diffuse (unfocused) light excitation, 
while image formation is achieved via US (acoustic) inversion. 
When operated in the near-infrared (NIR) wavelength range, OAT 
was shown capable of fully noninvasive (skull and scalp intact) 
imaging of the whole mouse brain with high contrast and high 
spatiotemporal resolution. In particular, OAT imaging at the whole 
murine organ scale can be accomplished with 3D spatial resolution 
down to 100 m and 100-Hz volume rates (33), which may poten-
tially enable real-time 3D tracking and control of microrobots in 
real biological environments. In addition, OAT can be used to gain 
molecular information about the microrobot environment (34–37), 
thereby efficiently monitoring the therapeutic process.

Sensitive high-resolution detection of cell-sized microrobots 
within the vascular system by means of OAT is challenging due to 
several factors. First, the whole-blood present in the vasculature 
generates excessive background optoacoustic signals due to the 
high concentration of hemoglobin, thus shadowing the signals 
generated by contrast agents. Second, cell-sized microrobots offer 
only a limited surface area. Consequently, only a small amount of 
chromophoric substance is available on each robot for absorbing 
the incoming NIR light pulses, thus weakening the generated signal 
intensity. Last, mammalian tissues exhibit strong optical absorption 
and scattering, especially in the visible light spectrum (38). This 
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leads to strong light attenuation and diminished light intensity 
reaching deep tissues, further contributing to the weak signal levels 
available for detection by the OAT.

The potential of OAT for monitoring large microrobots has been 
showcased by tracking clusters of micromotors embedded into 
around 1-mm-diameter polyethylene capsules inside the gastro-
intestinal tract of mice (39). Another study showed the visualization 
of 100-m-long helical microrobots inside phantoms and ex vivo 
chicken breasts (40). OAT was used to visualize FePt-coated spherical 
microrobots that were directly injected into the muscular tissue of a 
dead mouse (41). The visualized particle agglomeration consisted of 
around 30,000 individual microrobots while the image acquisition 
took 45 min due to the low optical absorption contrast exhibited by 
the robots that were not optimized for sensitive OAT detection. The 
tracking of swarms and individual helical microrobots within the 
bladder and uterus of mice using hybrid high-frequency US and 
OAT were also demonstrated (42). Besides microparticle-based and 
helical microrobots, a swarm of bacteria-based microrobots was 
tracked in vivo following their subcutaneous injection (43). Those 
were visible in a cluster consisting of approximately 30,000 micro-
robots, each sized around 100 m. These large dimensions limit 
applicability of these microrobots to relatively large bodily cavities. 
However, for safe circulation inside the human vascular system, the 
microrobot diameter must be kept around 5 to 10 m, similar to the 
size of red blood cells. Even in the case of soft-bodied deformable 
microrobots, their size should not exceed 10 to 20 m to allow for 
safe travel through capillaries (22). Moreover, the insufficient opti-
cal absorption contrast of microrobot materials used in previous 
studies has restricted the monitoring ability to large-sized robots or 
otherwise large particle agglomerates under ex vivo conditions (41). 
Last, no simultaneous actuation and tracking under OAT have so 
far been demonstrated.

Here, we devise a range of microcapillary-sized microrobots 
featuring indocyanine green (ICG)–entrapped nanoliposome 
[liposome ICG (Lipo-ICG)] and golden (Au) coatings, the latter 
mainly contributing to enhancement of their optoacoustic signature 
in the NIR light spectrum for deep tissue imaging (Fig. 1, A and B). 
Real-time volumetric OAT imaging of circulating microrobots with 
diameters ranging from 5 to 20 m is demonstrated in ex vivo 
porcine heart vessel phantoms and inside murine cerebral vasculature 
under realistic conditions of highly absorbing blood background. 
The small size of the microrobots further enables their effective 
propulsion and magnetic manipulation inside vasculature (Fig. 1C). 
The proposed approach thus paves the way toward more sophisti-
cated microrobotic applications in challenging and clinically relevant 
intravascular environments.

RESULTS
Microrobot synthesis and characterization
The devised microrobots are based on a silica particle core coated 
with a 120-nm-thick layer of Ni and 50-nm-thick Au by sequential 
sputtering, resulting in a Janus-type particle. A second group of 
microrobots was additionally coated with Lipo-ICG conjugated to 
the remaining bare silica part. Both Au and ICG molecules are 
known to enhance the OAT imaging contrast (33). Below these two 
groups are referred as non-ICG–coated and ICG-coated micro-
robots. For further details on the fabrication process, we refer to 
Materials and Methods.

In OAT, the detected signal is proportional to the wavelength- 
dependent optical absorption properties. Blood and mammalian 
tissues in general exhibit relatively low absorption in the NIR 
(700 to 1100 nm) spectral region, thus facilitating deep tissue imaging 
of contrast-enhancing moieties. To analyze the absorbance spectra 
of the coated microrobots, optical spectroscopy measurements were 
performed (Fig. 2A). In the 600- to 670-nm wavelength range, both 
types of microrobots manifest similar spectral behavior except that 
the ICG-coated microrobots exhibit somewhat stronger absorbance. 
Within this wavelength range, the optical absorbance of ICG is 
relatively low; thus, the overall absorbance is mainly dominated by 
the Au coating. While absorption of the microrobots solely coated 
with Au and Ni (yellow) was maximized somewhere in the 730- to 
870-nm range, the Lipo-ICG–coated microrobots (green) showed a 
distinct absorption peak at the 780-nm wavelength, which is 
characteristic of ICG (44). More comprehensive analyses of the 
optical properties and conjugation efficiency are provided in Mate-
rials and Methods and fig. S1. Note that hemoglobin also has its 
isosbestic absorption point at 800-nm wavelength, which is often 
used to determine its concentration regardless of oxygen saturation 
(45). In addition, scattering and melanin absorption decrease at 
longer wavelengths (46). Hence, we opted for using 800-nm excitation 
wavelength for all subsequent experiments.

We used a volumetric OAT scanner with a spatial resolution of 
150 m (47) to determine the smallest detectable size of the micro-
robots in the presence and absence of blood. For this purpose, 
phantoms consisting of single microrobots embedded into agarose 
(Agarose-1000) and attached onto a glass slide were placed on top 
of a matrix array transducer that recorded the emitted signals 
(Fig. 2B). A droplet of blood was further added next to the micro-
robots to determine their relative contrast. The phantom was 
uniformly illuminated by a wide excitation light beam to achieve 
accurate comparative results. Detailed descriptions of the phantom 
preparation single-particle imaging with OAT are provided in 
Materials and Methods. Exemplary OAT and wide-field microscopy 
images of the microrobots coated with Lipo-ICG, Ni, and Au are 
shown in Fig. 2C. In particular, the OAT detection sensitivity was 
sufficient to detect single microrobots down to 5 m in diameter. 
The discrepancy between the OAT-reconstructed particle size and 
their corresponding size in the microscopy images is ascribed to the 
150-m effective spatial resolution of the OAT scanner optimized 
for imaging at the whole-brain scale (48).

To accurately determine the actual contrast-to-noise ratio (CNR) 
of the OAT images of the microrobots, a singular value decomposi-
tion (SVD) filter was applied to a sequence of images using a 
customized MATLAB code. Note that the peak-to-peak magnitude 
of white noise amounts to approximately 3.5 times its SD. Hence, 
heuristically, the CNR should remain above five to clearly discern 
microrobots from the background. Note also that the CNR calcula-
tion in bloodless samples is basically identical to the SNR as the 
contrast chiefly stems from the signal generated by microrobots. To 
this end, SVD filtering has proven efficient in modeling and removing 
noise originating from different sources (49). Here, it was used to 
remove the slow varying (DC) component of the recorded signals, 
mainly contributed by the laser energy fluctuations (49), which is 
assumed to be additive to the actual signals from the microrobots. 
The presence of blood significantly increases the noise floor of the 
measurements (Fig. 2D), arguably due to the stronger contribution from 
the image reconstruction–related artefacts and other nonstationary 
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Fig. 1. Microrobot design and experimental procedure of optoacoustic tracking and magnetic manipulation. (A) Schematics depicting the coating composition of 
the microcapillary-sized magnetic microrobots used in this study. The microrobots were coated with 120-nm layer of Ni, 50-nm layer of Au, and liposomal ICG (Lipo-ICG). 
The Ni coating allowed for magnetic manipulation of the microrobots. Both the Au and Liposome ICG coatings were used for enhancing the OAT contrast. (Top right) A 
bright-field differential interference contrast (DIC) microscope image of the 5-m-diameter Janus microrobots. The streptavidin coating necessary to bind Lipo-ICG to the 
microrobots is indicated by the red color coding present in the tetramethyl rhodamine isothiocyanate (TRITC) filter microscope image. (B) Scanning electron microscope 
image showing a monolayer of spherical Janus microrobots. All microrobots were coated homogenously verifying the high reproducibility of the fabrication process. 
(C) Schematic representation of the noninvasive OAT of magnetic microrobots inside the murine brain vasculature. Acoustic waves were emitted in response to the NIR light 
illumination with a pulsed-laser light via the photophonic effect. This enabled sensitive and high-resolution tracking of individual micrometer-sized robots inside the 
brain vasculature. After intravascular injection, the microrobots were transported into the circle of Willis, a prominent vascular structure inside the brain, via the natural 
blood circulation. A permanent magnet was used for magnetic manipulation.
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Fig. 2. Characterization of the magnetic microrobots with enhanced contrast for OAT. (A) Optical absorbance spectra of the 10-m-diameter microrobots coated 
with 50-nm layer of Au and 120-nm layer of Ni versus the microrobots additionally coated with Lipo-ICG. The latter generally exhibited higher optical absorption in the 
600- to 820-nm wavelength range while further having a distinct peak at 780 nm, corresponding to the peak extinction of ICG. The bottom graph shows the excess of 
optical absorption contributed by Lipo-ICG coating in relation to pure Au/Ni coating. a.u., arbitray units. (B) Schematic drawing of the OAT imaging setup to perform 
single particle imaging. A phantom consisting of individual immobilized microrobots was uniformly illuminated from above with the generated optoacoustic signals 
captured by a spherical matrix array transducer. (C) Representative OAT and wide-field microscopy images of 20-, 10-, and 5-m microrobots. The OAT image intensity is 
proportional to the size of the robots. However, because of the effective 150-m resolution of the OAT imaging system, they appear much larger in the OAT reconstruc-
tions as compared to microscopic images. The scale bars refer to both the microscopy and OAT images. (D) For contrast-to-noise ratio (CNR) characterization with and 
without the presence of blood, a singular value decomposition (SVD) filter was applied to the raw data to render the background noise levels. It is shown that bloodless 
samples exhibit much lower background noise. (E) The estimated CNR in the 600- to 870-nm range for the two types of microrobots in the presence/absence of blood. 
Overall, the Lipo-ICG–coated microrobots exhibit slightly higher CNR than their counterparts only coated with Ni and Au. The CNR remains proportional to the microrobot 
size. Furthermore, the CNR is strongly diminished in the presence of blood.
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noise sources (49). The estimated CNR generated by the different 
microrobot configurations (Fig. 2E) reveals that the detected signal 
intensity diminishes in the presence of blood for both types of 
absorbing coatings. As expected, the OAT signals are also proportional 
to the particle diameter, although the microrobots additionally 
coated with Lipo-ICG had slightly higher CNR compared with their 
counterparts solely coated with Au and Ni. Despite the small signal 
difference between Lipo-ICG and non-ICG–coated microrobots, 
we opted for using the former in our experiments owing to the 
liposomes’ ability to serve as carriers for cargos such as drugs or 
DNA (50). All in all, the measured CNR values indicate that all the 
10-m-diameter or larger microrobots could readily be distinguished 
in the presence of highly absorbing blood background.

Imaging and magnetic guidance of the microrobots 
in tissue phantoms
To investigate the basic feasibility of controlling and visualizing the 
Janus microrobots, we used an ex vivo tissue phantom, here referred 
as porcine intravascular guide (PIG), which included vascular net-
work to support circulation. Specifically, branched microvessels of 
a porcine heart were extracted and placed onto the OAT imaging 
system (Fig. 3A). To mimic physiologically alternating blood flow, a 
perfusion pump was connected to the vessel to continuously flush it 
with fresh porcine blood. During the blood perfusion, the micro-
robots were injected into the tubing attached to the PIG phantom. 
The manipulation and OAT tracking of 5-, 10-, and 20-m-sized 
microrobots flowing within the porcine vessel is showcased in 
movie S1. The maximum flow rate of 30 ml/min provided by the 
peristaltic pump was used to verify that the 10 frames per second 
(fps) volumetric imaging rate of the OAT system is adequate for 
real-time microrobot tracking. It can be seen that all sizes of micro-
robots were clearly visible even without additional postprocessing. 
To demonstrate controllability, the microrobots were magnetically 
manipulated with a neodymium (NdFeB) permanent bar magnet 
(40 mm by 10 mm by 10 mm) that was manually moved around the 
vessel to direct their motion.

As described previously, the contrast generated by the micro-
robots can be enhanced by applying SVD filtering in postprocessing 
to a series of OAT images, as showcased in Fig. 3C for 5-m-diameter 
microrobots. The filtering procedure removes slowly varying back-
ground signal variations and high-frequency noise originating from 
blood. The isolated microrobot signals were then overlaid in green 
color onto a static image of the blood-filled PIG, further increasing 
the visibility of the microrobots (movie S2) in comparison to the 
unprocessed image series (movie S1). Therefore, SVD filtering plays 
an important role in robust tracking of microrobots having size far 
below the spatial resolution of the imaging system, especially in the 
presence of a highly absorbing blood background. For detailed 
information on the used SVD filtering, we refer the reader to Mate-
rials and Methods. The 20-m-size Lipo-ICG microrobots exhibited 
a CNR of 10.9  in the presence of blood (Fig. 2E). Note, however, 
that the 150-m spatial resolution of the OAT system greatly exceeds 
the single microrobot size; thus, it cannot be unequivocally deter-
mined whether the individually detected spots always correspond 
to single circulating microrobots.

Motion of the microrobots with and without presence of a 
magnetic field as well as their controlled guidance are depicted in 
Fig. 3D and movie S2. For the experiments, the blood flow rate was 
set at 1 ml/min. It can be seen that the microrobots could pass the 

entire vessel length within 1.3 s when passively following the 
flow. As soon as a bar magnet is added, the magnetic force starts 
pulling the microrobots against the flow direction, hence slowing 
them down. As a result, within the same time interval of 1.3 s, the 
microrobots not affected by magnetic force could move at fast 7.62 ± 
4.34 mm/s velocity through the vessel, close to the actual blood flow 
velocity. In contrast, the microrobots experiencing a force caused 
by the bar magnet moved at a much slower velocity of 0.97 ± 
0.27 mm/s, as indicated by the blue and yellow lines in Fig. 3D. While 
it would not be possible to use the same system for moving the 
microrobots against the physiological blood flow in major murine 
arteries, the applied magnetic force is strong enough to direct and 
decelerate the microrobots and might even be sufficient to overcome 
less significant flows in periphery vessels (movie S2).

We subsequently performed magnetic guidance of the micro-
robots clusters into a side vessel under OAT navigation (Fig. 3E). 
For this sequence, the microrobot passage was first occluded because 
of a small blood clot partially blocking part of the vessel located 
outside the field of view (FOV). The microrobots were released by 
inducing pressure with the peristaltic pump, which resulted in big 
clusters moving through the vessel (movie S2). These clusters were 
then magnetically guided into a side vessel branch. Together, these 
results prove the basic ability of our experimental system to control 
and track microrobots within blood-filled vessels in real time. Note 
that, because porcine vessels have a larger diameter as compared to 
small mammals, they also contain more blood, thus resulting in 
more challenging experimental conditions due to stronger back-
ground signals.

OAT imaging of the circulating microrobots in murine 
cerebral vasculatures
Subsequently, we explored the suitability of OAT imaging for 
intravascular 3D real-time tracking of microrobots circulating in an 
intact mouse brain vasculature (51). An in situ model with (Fig. 4A) 
and without blood background (fig. S2) was selected for this pur-
pose to fully simulate the in vivo imaging conditions of biological 
tissues while having a full control of the perfusion process and 
avoiding potential in vivo toxicity issues of the microrobots (detailed 
description provided in Materials and Methods). Briefly, the sternum 
and rib cage of the mouse were removed after a lethal dose of 
ketamine. Following cessation of heart contraction, microrobots were 
injected into the right ventricle of the heart while simultaneously 
perfusing the animal with artificial cerebrospinal fluid (ACSF) or 
normal blood at physiological pressure levels, thus supporting 
nutrition and normal heart function. Owing to their small size, the 
microrobots could be passively transported by blood flow toward 
their target brain location. The beating heart provided sufficient 
flow to transport the microrobots through the vasculature toward 
the head and into the circle of Willis, a major cerebrovascular struc-
ture consisting of the basilar artery (BA), the anterior inferior 
cerebral artery (AICA), and the superior cerebral artery (SCA), 
arterioles, and capillaries.

To evaluate the influence of blood on the detection threshold 
and OAT image quality, the mouse was first perfused with ACSF 
while recording OAT images of microrobots circulating through 
the brain. In this way, the blood background signal was diminished, 
therefore increasing the detected CNR of the microrobots. It was 
also possible to simultaneously manipulate and track the micro-
robots inside the cerebral vasculature (fig. S2 and movie S3). When 
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Fig. 3. OAT-based tracking and magnetic manipulation of the microrobots inside PIG phantoms. (A) Extraction of the coronary vessels from a pig heart. The extract-
ed coronary vessels are used as phantoms for OAT imaging of microrobots. (B) Sketch of the experimental setup. Porcine blood was pumped into the phantom using a 
peristaltic pump. The microrobots were added into the tubing shortly before blood entered the phantom through a needle inserted into its main vessel. Once in the 
phantom, the microrobots were visualized with OAT and additionally manipulated by a permanent magnet. (C) To increase the visibility of the microrobots inside the 
blood-filled phantom, they were separated from the blood background using an SVD-based algorithm and overlaid in a green color over red-colored blood background. 
(D) Motion trajectory of 20-m-diameter microrobots (green arrow) with and without the presence of the magnetic field presence. The microrobots are presented in 
green color, while the porcine vessel is presented in reddish color. The microrobots experiencing no magnetic force traveled along the entire vessel length within a time 
interval of 1.3 s (blue curve). Microrobots experiencing the magnetic force were slowed down and traveled a much shorter distance (yellow curve). (E) Magnetic guidance 
of a cluster formed by 5-m-diameter microrobots inside the PIG phantom. After their sudden release from a narrow passage outside the field of view (FOV), the microro-
bots (green arrow) formed a large cluster moving through the vessel. This cluster was then guided into a side vessel branch by applying force with a permanent magnet. 
The magnet’s position is indicated by a sketch within each image.
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Fig. 4. Noninvasive OAT imaging of the microrobots circulating in the mouse brain vasculature. (A) Schematic description of the microrobot injection procedure 
into right atrium of the heart. The microrobots are transported with the natural blood circulation into the mouse brain where they are continuously monitored inside the 
FOV using the volumetric OAT. (B) The obtained OAT images of the Lipo-ICG–coated microrobots (green arrow) inside the circle of Willis. The circle of Willis is a prominent 
vascular structure consisting of the BA, the AICA, the SCA, arterioles, and capillaries. Tilted (top) and coronal and saggital projections (bottom) of the 3D images are shown. 
Scale bars, 1 mm. All represented images were obtained in the presence of blood circulation. (C) A magnet was then used to manipulate the 5-m-diameter microrobots 
inside the blood-filled brain. For the regions marked in blue and green, the velocity under magnetic manipulation was estimated and compared to the passive flow of the 
particles. The arrows indicate the passive flow direction (yellow) and the direction in which the microrobots were attracted by the magnetic force (blue). Scale bars, 1 mm. 
(D) To validate the overall kinetics inside the FOV, a cumulative CNR of the different microrobots was calculated for each consecutive image frame, providing a measure 
of the amount of robots present in each frame. (E) The boxplot shows the measured velocity during magnetic guidance versus passive blood transport. The error bars 
correspond to the SEM with 5 to 14 individual microrobots measured for each parameter.
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switching to the normal blood perfusion, the vascular contrast of 
the OAT images has readily increased (Fig. 4B). While some major 
vasculature in the 50- to 150-m range—such as BA, SCA, and 
AICA—became clearly visible, the smaller peripheral arterioles and 
capillaries could not be resolved, arguably due to the relatively 
coarse spatial resolution of the system. Nevertheless, the 5-, 10-, and 
20-m-diameter microrobots could be clearly detected and tracked 
inside the circle of Willis owing to the strong contrast enhancement 
of the Lipo-ICG and Au-Ni nanofilm coatings. The tracking proce-
dure can be best visualized in movie S4.

We also manipulated the 5-m-diameter microrobots inside the 
mouse brain using a NdFeB permanent magnet while precisely 
tracking their location in real time by noninvasive OAT imaging 
(Fig. 4B and movie S5). Two clusters in the right periphery are seen 
moving in the direction of the magnet with the propulsion induced 
by magnetic pulling. Because of their small size, these microrobots 
could easily enter peripheral microvessels to find their way toward 
the magnet. When tracking the motion trajectory of the micro-
robots externally triggered by the magnetic field, it can be seen that 
their motion direction is almost perpendicular to that of the natural 
blood flow (Fig. 4B), which is not the case when no magnetic field is 
applied (movie S4).

To assess the overall kinetics of the microrobots in the brain, we 
calculated their cumulative CNR in each OAT image frame over the 
first 18 s following the injection (Fig. 4C). The cumulative CNR ba-
sically measures the number of microrobots present in the region of 
interest, being also proportional to their size, which is consistent 
with the in  vitro results presented in Fig.  2E. All microrobots 
reached the circle of Willis approximately 2.4 s after being injected 
into the right ventricle. The CNR plot for the 5-m microrobots 
shows the first peak after 2.6 s and then declining and reaching a 
local minimum after 3 s. The second maximum appears after 3.5 s, 
followed by a steady signal decline corresponding to slow clearance 
of microrobots from the brain. Note that some of the robots remain 
inside the vasculature for a longer duration with the normal blood 
flow unable to remove them. Similarly, the two consecutive peaks 
also appear in the CNR curve for the 10-m microrobots, although 
at later time points. The delay can be attributed to variations in the 
injection speed and heart rates across different experiments. It can 
also be seen that the 10-m microrobots get partially cleared 
over time but at a lower rate as compared to the 5-m microrobots. 
In contrast, the CNR time-lapse curve for the 20 m exhibits multi-
ple local maxima and minima with the overall signal remaining 
relatively high also after prolonged durations. Most of the 20-m-
sized robots will stay inside the main arteries, such as the BA, as 
they are hardly able to enter peripheral arterioles. Consequently, the 
microrobots are transported through major brain vessels, rapidly 
leaving the FOV, thus resulting in abrupt CNR variations. Only few 
microrobots are pushed into some larger arterioles where they 
get arrested, which then adds up to the stronger background signal 
component.

Last, we compared the microrobot velocity under normal blood 
flow conditions versus magnetic guidance. The average speed was 
calculated by manually tracking the individual microrobots in the 
sequence of the volumetric OAT images (Fig. 4B). Figure 4D shows 
the measured velocity of microrobots when passively transported 
with the blood flow and when magnetically manipulated. The 
microrobots were significantly slowed down by actuation with the 
passive magnet (Fig.  4D), whose relatively weak strength and 

nondirectional nature was, however, insufficient for reversing 
direction of motion. As expected, the average velocity for both passive 
transport and magnetic manipulation decreased with increasing size 
of the microrobots. While the 5-m microrobots are able to travel 
freely, the larger microrobots are hindered or arrested inside small 
capillaries. For the 20-m microrobots, the applied magnetic force 
is also too weak to effectively counteract the hindered motion. All in 
all, our results indicate that the force induced by a permanent magnet 
is sufficient for moving the microrobots inside an intact murine brain 
vasculature while monitoring their position in real time with OAT.

DISCUSSION
The circulatory system connects all organs and tissues and hence can 
serve as an ideal route for microrobots to reach most target disease 
within the body. The small size of the human microvasculature 
down to 8 m combined with high blood velocities reaching 1 mm/s 
makes it challenging to visualize cell-sized microrobots by means of 
noninvasive imaging (21). Our results indicate that OAT imaging 
serves as an emerging modality for tracking microrobots as it com-
bines high spatiotemporal resolution in 3D with an adequate pene-
tration depth and high specificity. OAT is also ideally suited for 
fully noninvasive imaging of murine brain (47) owing to relatively 
minor interference introduced to light and US propagation in the 
relevant wavelength and frequency ranges by a relatively thin mouse 
skull (fig. S4) (52, 53).

In this study, we combined a high-performance volumetric OAT 
system with 5- to 20-m-diameter microrobots suitable for mass 
production. The NIR absorption signature of the cell-sized magnetic 
microrobots was enhanced via gold conjugation, thus facilitating 
the real-time detection of individual circulating microrobots. The 
high spatiotemporal resolution of the imaging system allowed for 
3D real-time tracking of microrobots under ex vivo–, in situ–, and 
in vivo–like conditions. The blood velocity inside murine brain 
vasculature reaches 0.15 to 8.6 mm/s (54–56), which is well within 
the range of the 7 mm/s mean velocity values obtained in our experi-
ments for the 5-m particles circulating inside murine cerebral 
vasculature. Imaging of circulating microrobots in the presence of 
highly absorbing blood background constitutes a significant leap 
forward toward in vivo translation of microrobotics. While large-
sized robots or large particle agglomerates were previously imaged 
in bloodless tissues with optical absorption background in the 
0.001 mm−1 range (57), whole blood has 500 times higher absorp-
tion coefficient of around 0.5 mm−1 at the 780-nm wavelength of 
interest (58). This makes detection of micrometer-scale objects 
much more challenging, especially when it comes to real-time 
imaging in 3D as has been reported in our work.

Because of their small size, these microrobots are able to travel 
even through the narrowest mouse brain microcapillaries, which 
enables their whole-body applicability. The microrobots could 
potentially be used to efficiently deliver drugs into tumors (24). The 
liposomes attached to our microrobots could additionally be 
used for delivering a wide range of cargos—such as drugs, cells, or 
DNA—while enabling the use of a broad selection of advanced 
contrast agents (50). Monocytes have a size of up to 18 m, making 
them the biggest cell type passing the vascular system (59, 60). Thus, 
in principle, given the small 5-m size of the microrobots detectable 
with OAT, our method may enable single-cell tracking applications. 
In addition, coating the microrobots with different photochromic 
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proteins may allow for highly specific multiplexed OAT mapping of 
various cells by means of signal unmixing in the spectroscopic or 
temporal domains (61).

To allow these applications, besides tracking, precise control of 
the microrobots is essential for their broad applicability. As a first 
proof of concept, we used a permanent magnet to control the 
microrobots under real-time OAT guidance. Integration of a 
Helmholtz coil setup to generate directed magnetic fields would 
enable a precise 3D control of magnetic microrobots. The motion 
against physiological blood flow presents as another important fea-
ture of medical microrobots. Previously, surface microrollers have 
been shown to propel at high speeds of up to 600 m/s, and even 
against the physiological blood flow, in the presence of a weak 
(10 mT) rotating magnetic field (200-Hz rotational frequency) (24). 
Furthermore, optimization of the actuation mechanism for specific 
target environments can be realized by applying a rotating magnetic 
field or geometric modifications (23), which would enable move-
ment against the blood flow. Hence, integrating a customized 
electromagnetic coil setup into the OAT system is an important 
pillar of our future work. Depending on the target region and 
desired application, alternative actuation mechanisms could be used, 
such as acoustic (62, 63) and biohybrid approaches (64, 65). Besides 
effective propulsion and precise control, biocompatibility of the 
microrobots represents another important translation aspect of this 
technology. Encapsulating the microrobots inside the patient’s own 
cells (66) and the use of biocompatible materials (67, 68) would 
decrease biotoxicity, thus enabling long-term in vivo studies toward 
medical applications. In addition, the corona effect should be con-
sidered as dynamic process that can trigger a host response, leading 
to encapsulation of the implanted material (69). This response can 
be avoided by the use of appropriate coatings such as zwitterionic 
materials (70). Last, biodegradability is an important aspect for safe 
removal of microrobots from the blood stream after their tasks have 
been accomplished (71).

In conclusion, the high spatial resolution and contrast offered by 
OAT imaging make it a powerful modality for noninvasive tracking 
of microrobots. Their treatment efficiency could additionally be 
monitored by using molecular imaging capabilities of multispectral 
OAT (72–74). Our results thus pave the way toward in vivo transla-
tion of medical microrobots in intravascular environments.

MATERIALS AND METHODS
Preparation of ICG-entrapped nanoliposomes (Lipo-ICGs)
The well-established thin-film hydration technique was used for the 
preparation of ICG-entrapped nanoliposomes using 1,2-distearoyl- sn- 
glycero-3-phosphocholine (18:0 PC, DSPC):cholesterol:1,2- distearoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 
glycol)–2000] (18:0 PEG2000 PE):1,2-distearoyl-sn-glycero-3- 
phosphoethanolamine-N-[biotinyl PEG2000] [DSPE-PEG2000 
Biotin] at 57:38:4:1 molar ratio. All phospholipids and cholesterol 
were purchased from Avanti Polar Lipids (Alabaster, Alabama, 
USA). ICG (TCI Deutschland GmbH) in methanol was added to 
lipid mixture in chloroform at 1:100 ICG:phospholipid molar ratio. 
To produce a thin lipid film, the solvent was removed with nitrogen 
stream and left in a vacuum desiccator overnight to remove any 
solvent traces. Dried lipid film was then hydrated at 20 mM lipid 
concentration in phosphate-buffered saline (PBS) buffer (1×, pH 7.4) 
for 2 hours at 55°C, with shaking at 300 rpm. Next, the multilamellar 

liposomal suspension was extruded for a total of 30 times using a 
mini-extruder (Alabaster, Alabama, USA) through polycarbonate 
membranes with pore sizes ranging from 1.0 to 0.4 m to produce 
unilamellar liposomes. Afterward, unentrapped ICG was removed 
from liposomal solution via PD-10 desalting columns packed with 
Sephadex G-25 resin. Size and zeta potential of extruded and 
washed liposomes were measured with dynamic light scattering 
(Möbius, Wyatt Technologies). Ultraviolet-visible (UV-vis) spectra 
of liposomes were measured before and after the washing step and 
entrapment efficiency (%EE) of ICG within liposomes was calculated 
via  (%EE ) =     780 nm   of loaded ICG  ____________     780 nm   of ICG fed   × 100 .

Preparation of ICG-liposome–coated Janus microparticles
Spherical magnetic Janus particles (5, 10, and 20 m in diameter) 
were fabricated using a sputtering system. Briefly, predried mono-
layer of, SiO2, silica particles (microParticles GmbH) was sequentially 
sputtered by 120-nm Ni and 50-nm Au using a benchtop sputter 
coating system (Leica EM ACE600, Leica Microsystems). Biotinylated 
ICG-liposomes were conjugated to the Janus particles (5, 10, and 
20 m) by using biotin-streptavidin-biotin interaction. First, amino 
groups were grafted to the silica side of the Janus particles to render 
a functional surface facilitating conjugation. To do this, 5% (v/v) 
(3-aminopropyl) triethoxysilane solution in ethanol was vortexed with 
1 × 106 particles (in 1 ml) overnight and then incubated at 65°C for 
3 hours. Subsequently, the particles were extensively washed with etha-
nol and then dimethyl sulfoxide (DMSO). Amino groups on the silica 
side were reacted with N-hydroxysuccinimide–conjugated biotin 
(EZ-Link NHS-Biotin, Thermo Fisher Scientific, Waltham, MA; 5 mg/ml 
in DMSO) for 2 hours to obtain biotinylated silica surface. Again, 
microrobots were extensively washed with DMSO and PBS (1×). To 
render streptavidin-end surface, the particles were treated with fluo-
rescently labeled streptavidin (Alexa Fluor 594 conjugate, 100 g/ml 
in 1× PBS, Thermo Fisher Scientific, Waltham, MA) for 1 hour, fol-
lowed by a washing step by 1× PBS. As a last step, the particles were 
treated with biotinylated ICG-liposomes (in 1× PBS) for 1 hour.

Agarose phantoms
For imaging, a relatively low concentration of robots was embedded 
in an agarose phantom to ensure that the individual particles are 
separated by a distance larger than the effective spatial resolution of 
the OAT system. For this purpose, a 0.8% (w/v) agarose solution was 
prepared consisting of deionized (DI) water and agarose powder 
(Agarose-1000, Thermo Fisher Scientific, MA, USA). The solution was 
heated for 5 min inside a microwave to properly dissolve the agarose 
powder. Subsequently, it was cooled down to approximately 40°C 
with highly diluted microrobots immersed in PBS solution added to it. 
A 10-l volume of the resulting solution was pipetted and placed onto 
a circular 10-mm-radius microscope glass slide. Bright-field micros-
copy images were taken to measure the distance between the robots 
and ensure that these were sufficiently separated. The phantom was 
eventually transported to the OAT system for image acquisition. 
Note that the thin glass slice barely affects US propagation in the 
frequency range relevant for the detection bandwidth of the spheri-
cal array used. This procedure was repeated for all microrobot types.

PIG for ex vivo particle imaging
The PIG phantom consisted of a piece of tissue extracted from a 
porcine heart featuring accessible blood vessels, which was obtained 
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from a local slaughterhouse. Its primary purpose was to test the 
visibility and controllability of microrobots in the presence of blood, 
i.e., closely mimicking the in vivo conditions. After extraction of the 
pericardium, we identified coronary vessels forming side branches, 
which are needed to test magnetic manipulation of the microrobots. 
A piece of tissue containing the main and side vessels was then cut 
out using a scalpel. This enabled blood to steadily flow out of these 
vessels. A needle was placed into the main vessel branch, and blood 
was pumped through the phantom. In this way, we were able to 
remove any clots or emboli that may obstruct blood flow and 
microrobot motion and identified leaking regions, which were sealed 
with tissue glue. The phantom was then placed on an agar platform 
filling the spherical volume enclosed by the detection array (pointing 
upward), and a tubing was attached to the needle. Porcine blood 
was perfused through this tubing using a peristaltic pump that 
simulated the pulsatile in vivo flow conditions and controlled the 
flow rate. The blood flow velocity of 7.62 ± 4.34 mm/s at a flow rate 
of 1 ml/min was determined by estimating the speed of passively 
traveling particles from a sequence of OAT images using ImageJ. Blood 
was collected in a custom-made blood retainer to ensure that it does 
not accumulate within the imaged region, which may generate 
strong artefacts in the images.

OAT setup
OAT imaging was performed with a Q-switched Nd:YAG-pumped 
optical parametric oscillator laser (SpitLight, Innolas Laser GmBH, 
Krailing, Germany) delivering <10-ns pulses at 10-Hz repetition 
rate. The laser is tuneable over a broad wavelength range spanning 
680 to 1250 nm. A custom-made array consisting of 512 individual 
sensing elements arranged on a hemispherical surface was used to 
collect the optoacoustically generated signals. The spherical surface 
of the array has 40-mm radius and provides an angular coverage of 
140° (1.31 solid angle) (48). Its individual elements have circular 
shape with a diameter of 2.5 mm and a central frequency of 5 MHz 
with a detection bandwidth of more than 80%. The array provides 
an almost isotropic spatial resolution of 150 m (47). The recorded 
signals were simultaneously digitized by a custom-made multichannel 
parallel data acquisition unit (DAQ, Falkenstein Mikrosysteme 
GmBH, Taufkirchen, Germany) at 40 megasamples/s. The data 
were subsequently transferred to a PC using a 1-Gbps Ethernet 
connection for real-time reconstruction, data storage, and further 
processing. The acquisition routines were executed in MATLAB 
(R2020b, MathWorks Inc., USA) using a customized code. Together, 
this setup allowed for a real-time 3D image preview with a frame 
rate of 10 fps.

Agarose phantom imaging
OAT imaging of the agarose phantoms containing the microrobots 
was performed by guiding the laser beam with mirrors and shaping 
it with telescopic lenses to facilitate a more uniform illumination of 
the imaged volume. The diameter of the illumination beam mea-
sured 1 cm, i.e., covering a FOV of ~1 cm by 1 cm. The volume 
enclosed by the spherical array (pointing upward) was filled with 
1% (v/v) intralipid dissolved in 1.3% (w/v) agar (bottom part) and 
with 1.3% (w/v) agar (top part). This provided a solid platform for 
placing the phantoms, ensured acoustic coupling, and protected the 
array’s surface from being directly exposed to the intense nano-
second laser pulses. The phantoms were placed in the center of the 
agar platform for imaging and adjusted under the volumetric OAT 

preview. Data acquisition was performed with the microrobots of 
interest placed approximately at the center of the FOV.

In situ model of the mouse brain vasculature
To fully simulate the in vivo imaging conditions of biological tissues 
while avoiding potential in vivo toxicity issues of the microrobots, 
we used an in situ model adapted from Degtyaruk et al. (51). A total 
of 15 Hsd:Athymic Nude-Foxn1nu mice (Envigo, Germany) ranging 
in age from 8 to 12 weeks old were used for these experiments, in 
full compliance with the institutional guidelines and under approval 
from the cantonal veterinary office of Zurich. For perfusion with 
the ACSF (75), the latter was first prepared by continuously supply-
ing it with carbogen (Linde Group, Munich, Germany). The liquid 
remained in a water bath (Thermo Fisher Scientific, Waltham, MA, 
USA) to ensure it has a physiological temperature of 37°C at the 
output before initiating the perfusion. Using a perfusion pump 
(Cole-Parmer, Vernon Hills, IL, USA) with a flow rate of 5 ml/min, 
the ASCF was pumped through a bubble trap connected to a glass 
heating coil (Radnoti LTD, Dublin, Ireland). ACSF flow continued 
through a physiological pressure transducer (AD Instruments, 
Sydney, Australia) connected to a pressure transducer simulator/
tester (Utah Medical Products, Midvale, UT, USA) and a 25-gauge 
butterfly infusion set. This procedure was performed for at least 
2 min to ensure all bubbles were removed from the liquid. The mice 
were intraperitoneally injected with a lethal dose of a mixture of 
ketamine (87.5 mg/kg; Bremer Pharma, Wabing, Germany) and 
xylazine (12.5 mg/kg; Bela-pharm, Vechta, Germany). In addition, 
75 U of heparin (Ratiofarm GbmH, Ulm, Germany) diluted in 100 l 
of 0.9% NaCl solution (Braun AG, Melsungen, Germany) was intra-
peritoneally injected. To ensure a stable level of deep anesthesia, the 
toe-pitch reflex of the mouse was tested, with the procedure con-
tinuing only after its absence was established. The mouse was posi-
tioned onto a 3.8-mm-thick silicone sheet, and its extremities were 
fixed in place with 28-gauge needles to minimize movement during 
the surgery and subsequent imaging. The silicone sheet was placed 
atop a transducer array holder with a 4° incline to avoid contamina-
tion of the imaging window with blood. The sheet had a small opening 
in the center to position the mouse head and allow the laser light to 
illuminate it. After the final imaging position of the head was found 
using the imaging preview, the head was fixated in place with 
Leukosilk medical tape (BSN medical, Hamburg, Germany). After 
the heartbeat has ceased, an incision was made from mid-abdomen 
to the sternum, and the ventral portion of the ribcage was removed. 
This allowed unhindered access to the heart. A 25-gauge butterfly 
needle was then used to puncture the right atrium of the mouse 
heart to perfuse it with ACSF. The carbogen-supplied ACSF ensured 
continuous cell vitality. The pressure with which ACSF flowed into 
the vasculature was monitored to not exceed the physiological level 
of 100 mmHg. In the case of in vivo–like conditions, mouse blood 
was used for perfusion instead of ASCF. The microrobots were 
immersed in 100 l of ASCF or mouse blood depending on the 
experimental setup. One injection consisted of approximately 
30,000 to 50,000 microrobots.

OAT imaging of mice
A dedicated holder was mounted onto the spherical matrix array for 
imaging mice placed in a supine position. The holder provided a 
slight tilt of 4° that ensured efficient drainage of blood or ACSF and 
prevented it from accumulating within the imaged FOV. Light 
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delivery was performed with an optical fiber bundle (CeramOptec 
GmBH, Bonn, Germany) inserted in the central cavity of the spheri-
cal array and placed at a 43-mm distance from the mouse skin. 
A 3.8-mm-thick silicone sheet was placed on top of the animal 
holder to fix the mouse with needles during the imaging session. 
The silicone sheet had a small opening where the mouse’s head 
was placed to allow for OAT imaging of the brain. Acoustic cou-
pling was ensured with 1.3% (w/v) of agar (Sigma-Aldrich, USA) dis-
solved in DI water filling the volume enclosed by the spherical 
array (pointing upward). Imaging was performed by tuning the 
laser wavelength to 800 nm, corresponding to the isosbestic point 
of hemoglobin and close to the peak absorption of ICG. For this 
wavelength, the per-pulse laser energy density delivered to the imaged 
sample was around 11 mJ/cm2, i.e., below the American National 
Standards Institute (ANSI) safety limit (76) of 20 mJ/cm2.

Image reconstruction
The recorded OAT data were initially bandpass-filtered within a 
0.1- to 7-MHz frequency range and then deconvolved with impulse 
response of the detection array (77). Image reconstruction was 
carried out using a graphics processing unit implementation of a 
back-projection reconstruction algorithm (78). A uniform non-
attenuating acoustic medium was assumed for reconstruction, which 
represents a valid approximation, considering that the acoustic 
impedance of agar solution is very similar to that of water and soft 
tissues. The speed of sound was determined by maximizing the 
microrobot signal in the reconstructed OAT images.

SVD filtering
In the case of in situ imaging and for determining the CNR, a SVD 
filter programmed in MATLAB was used. The SVD filter models 
and removes noise originating from various sources within the 
signal acquisition chain, such as those induced by the laser source. 
We assumed this noise to be additive with the optoacoustic signal 
(49). Consequently, the total measured signal can be denoted by S = 
SM + SN, with SM and SN being the microrobots signal and the noise, 
respectively. The signals simultaneously recorded by all the 512 array 
detection elements were saved into a data matrix. To apply the SVD 
filter on the acquired data matrix, the external noise was modeled 
by a sum of singular value components (49). The modeled noise was 
then subtracted from the acquired OAT data matrix to render the 
denoised signals from the microrobots. It was also used to deter-
mine the CNR of the microrobots. In the case of in situ imaging in 
the presence of blood background, this filtering method was addi-
tionally used to extract the dynamically moving microrobots from 
the background signals. The extracted microrobots were then 
overlaid in contrasting color in Amira Software (Thermo Fisher 
Scientific, USA) onto a prior acquired vascular image showing the 
blood-filled vessels in the region of interest.

CNR assessment
The CNR of the microrobots was calculated via CNR = SM/ (SB). 
Here SM, SB, and  are the OAT signal of the microrobots, the back-
ground signal, and its SD, respectively. The OAT signal of the 
microrobots and the background were extracted using the previously 
described SVD filter programed in MATLAB. For mouse imaging, 
the background was either ACSF or blood, while for the single- 
particle imaging in agarose phantoms, only the noise (SN) was con-
sidered. Consequently, the determined CNR for the single-particle 

imaging in phantoms is basically equivalent to the signal-to-noise 
ratio (SNR) = SM/ (SN). To determine the microrobots’ kinetics 
inside the circle of Willis, the added-up CNR was further calculated, 
representing an indirect measure of the number of microrobots 
present within the FOV. For this, the acquired CNR values for the 
individual microrobots were added up for each consecutive frame.

Light spectroscopy measurement of the microrobots
The Janus microrobots with 120-nm Ni, 50-nm Au, and Lipo-ICG 
coating were dispersed in 1 ml of PBS and scanned in UV-vis–NIR 
spectroscopy device (Lambda 1050, PerkinElmer Inc.). The 
absolute absorbance spectra were measured against the control 
group, which had the same concentration of microrobots having no 
Lipo-ICG coating.

Statistical methods
The quantitative values were presented as one SD of the mean.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm9132

View/request a protocol for this paper from Bio-protocol.
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