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MICROROBOTS

Elucidating the interaction dynamics between
microswimmer body and immune system for
medical microrobots

Immihan Ceren Yasa'*, Hakan Ceylan’*, Ugur Bozuyuk’, Anna-Maria Wild', Metin Sitti' 2t

The structural design parameters of a medical microrobot, such as the morphology and surface chemistry, should
aim to minimize any physical interactions with the cells of the immune system. However, the same surface-borne
design parameters are also critical for the locomotion performance of the microrobots. Understanding the inter-
play of such parameters targeting high locomotion performance and low immunogenicity at the same time is of
paramount importance yet has so far been overlooked. Here, we investigated the interactions of magnetically
steerable double-helical microswimmers with mouse macrophage cell lines and splenocytes, freshly harvested
from mouse spleens, by systematically changing their helical morphology. We found that the macrophages and
splenocytes can recognize and differentially elicit an immune response to helix turn numbers of the microswim-
mers that otherwise have the same size, bulk physical properties, and surface chemistries. Our findings suggest
that the structural optimization of medical microrobots for the locomotion performance and interactions with the
immune cells should be considered simultaneously because they are highly entangled and can demand a substantial
design compromise from one another. Furthermore, we show that morphology-dependent interactions between
macrophages and microswimmers can further present engineering opportunities for biohybrid microrobot designs.
We demonstrate immunobots that can combine the steerable mobility of synthetic microswimmers and the im-
munoregulatory capability of macrophages for potential targeted immunotherapeutic applications.
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Untethered medical mobile robots on the size scale of a single cell
can leverage minimally invasive targeted therapies at hard-to-reach,
tight, and delicate body sites, such as the central nervous system,
vascular system, and fetus (1-3). To realize such potential, a number
of fully synthetic and biohybrid microrobot design approaches have
been proposed in various forms that have combined locomotion,
sensing, and response capabilities for specific requirements of a given
target medical application (4-6). However, in vivo physiological
environments present a variety of physical, chemical, and biological
barriers to protect the body from external detriments, which could
impair the efficient and safe intervention of untethered medical
microrobots (7). When a microrobot is deployed inside the human
body, similar to any other foreign material, it is often regarded as an
intruder, and an immune response is elicited to eliminate it. This pro-
tection mechanism is mediated by nonspecific (innate) and specific
(adaptive) responses that are composed of different cell types, which
take part in a predetermined order and in close communication and
coordination between cells (8). In the first line, the cells of the innate
immune system, including macrophages, recognize and neutralize
the intruders by physically engaging them with a process called phago-
cytosis and elucidating a generic communication response in the form
of various cytokines.

Macrophages are central to the immune system. They reside sta-
tionary in the tissues, e.g., splenic red pulp, microglia, and Kupffer
cells in the liver or their precursor form (monocytes) are mobile in
the bloodstream to infiltrate the pathology sites, e.g., a new-forming
tumor (9). The interaction of macrophages with nanoparticles has
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been under heavy investigation because they are responsible for the
rapid clearance of therapeutic nanoparticles from the blood circula-
tion (10). The efficiency of this process was reported to be based on
the surface chemistry, size, shape, and orientation of the interaction
with the intruder (10, 11). If the measures taken by this defense
do not suffice, then macrophages can also use the chemical infor-
mation obtained from the engulfed intruders to train T lymphocytes
and to release cytokines for the development and differentiation
of T and B lymphocytes. T and B lymphocytes can engage the

Movie 1. Summary of microswimmer-immune system interactions.
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functioning medical micro-
robotic system designs (7).
Here, we investigated the
interactions of magnetically
actuated and steerable helical
microswimmers with immortal-
ized macrophage cell lines and
the primary white blood cells of
freshly isolated mouse spleens,
named splenocytes (Movie 1).
Our focus was to understand
the initial dynamics of the in-
nate and adaptive immune
responses that are affected by the morphology of the microswim-
mers. To this end, we systematically changed the helical turn
numbers of the microswimmers and demonstrated the entangled
relations among morphology, size, and surface chemistry of the
microswimmers for eliciting differential immunogenic responses.
Our findings suggest that structural design optimizations to-
ward only enhancing locomotion performance can make the mi-
croswimmers immunogenic. Thus, this study suggests that structural
optimization of the locomotion performance and immunogenicity
should be considered simultaneously for any medical microrobot
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microswimmers.
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Fig. 1. Morphological design optimization for the swimming performance of the synthetic double-helical microswim-
mers. (A) Side- and front-view drawings of a microswimmer with design parameters. L =20 um, R=3 um, and D=1.5 um in all
three designs. We varied the wavelength, %, from 20 to 4 um and selected the microswimmers with 2, 5, and 10 total turn num-
bers, n=2 (double helix) x (L/ 2). (B) lllustration of the two-photon-mediated microprinting procedure of PEGDA (M,,= 250 Da).
(C) Optical microscopy images of the 3D printed microswimmers. (D) Propulsion and steering of the microswimmers in PBS under
the rotating magnetic fields (5-mT field strength) in assigned trajectories. Asterisk denotes the starting points, att=0s.
(E) The velocity vectors of the microswimmers with both forward and rolling velocity components. The frequency depen-
dency of the velocity and roll angle showing the comparison of the locomotion performance of morphologically different

design. In addition, an understanding of morphology-dependent
interactions between macrophages and microswimmers can intro-
duce new engineering opportunities for biohybrid microrobot designs.
In this direction, we introduce a biohybrid microrobot concept
called immunobot (i.e., a magnetically actuated, biologically acti-
vated macrophage with an engulfed synthetic magnetic helical
microswimmer) that combines the steerable and fast rotational
mobility of synthetic microswimmers with the immunoregulatory
and surface-crawling locomotion capability of macrophages for
potential targeted immunotherapeutic applications in the future.
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RESULTS

Structural design parameters of helical microswimmers

for the best swimming performance

We previously proposed the design and computational fluid dy-
namics simulations of double-helical five-turn microswimmers with
filled internal cores as concentrated cargo-carrying bodies (14). Here,
we selected three morphological derivatives of the same design with the
same body length (L = 25 um), outer diameter (R + 2D = 6 um), and
body volume, only varying the number of helical turns along the
major axis of the microswimmers, to investigate their interactions
with the cells of the immune system (Fig. 1A and table S1). Two-turn
and 10-turn microswimmers were chosen with lower and higher turn
number counterparts of the 5-turn microswimmers. We microprinted
these structures in three dimensions (3D) using two-photon poly-
merization from a prepolymer solution containing poly(ethylene
glycol) diacrylate (PEGDA) and 3 weight % Irgacure 369 photo-
initiator, as previously optimized (Fig. 1B) (15). Printed structures
were magnetized by sputter-coating them with a 100-nm-thick
nickel and then 50-nm-thick gold film, respectively, followed by a
final surface modification with thiol-modified PEG. The final
PEG modification aimed to minimize the unintended chemical
interactions with the immune system, by means of the well-known
shielding ability of PEG chains, and hence to dissect the impact of
the structural effects on the immunogenic response (16). The structural
fidelity of the printed final microswimmers is shown in Fig. 1C.

Rotational magnetic fields were applied to actuate and propel
microswimmers by exerting torque around the helical axis (17, 18).
The helical microswimmers convert the rotational motion due to their
asymmetric body shape to translational motion. Application of ro-
tational magnetic fields with a custom-designed five-coil electro-
magnetic coil setup mounted on an inverted microscope enables the
torque-based magnetic propulsion and steering of the microswim-
mers along assigned trajectories (Fig. 1D, fig. S1, and movie S1). The
Reynolds numbers of the microswimmers are ranged between 10~
and 107, suggesting an inertia-neglected low Reynolds number re-
gime during the locomotion.

Frequency-dependent swimming behaviors of the three helical
microswimmers inside 1x phosphate-buffered saline (PBS) were
compared until the magnetic torque was not able to overcome the
resistive torque exerted by the fluid, i.e., until reaching their step-out
frequencies. The step-out frequencies of the microswimmers were
measured around 130, 140, and 90 Hz for 2-turn, 5-turn, and 10-turn
microswimmers at 5-mT field strength, respectively (Fig. 1E). At fre-
quencies lower than 100 Hz, 5-turn microswimmers outperformed
the 2-turn and 10-turn microswimmers in terms of the swimming
speed, in agreement with our predictions based on the computational
fluid dynamics simulations (14). However, at frequencies higher than
100 Hz, 2-turn microswimmers began to move faster with a maximum
mean speed of 74.9 + 4.1 um s~' compared with 64.1 + 5.2 um s™*
and 44.5 + 2.4 um s~ for the 5-turn and 10-turn microswimmers,
respectively.

At lower rotational frequencies, rolling (drifting), defined by an
angle 8 between the forward velocity and the total velocity of the
microswimmers, was common to all three microswimmers (Fig. 1E).
This is because the microswimmers move close to the underneath
solid boundary and an imbalance of the drag forces between the near-
boundary and far-boundary parts on the microswimmers results in
the rolling. As the frequency (and thus the forward velocity) in-
creased, a decrease in the roll angle was observed. A structural com-
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parison showed the lowest rolling with two-turn microswimmers across
all swept frequencies, with a minimum 2.8° + 1.2° of roll angle at the
step-out frequency. However, the rolling angles at the step-out fre-
quency were found to be 17.6° + 2.8° and 64.7° + 1.4° for the 5-turn
and 10-turn microswimmers, respectively. The steeper decrease in
the rolling angle of the 2-turn design is accounted for the increased
forward velocity component at a faster rate compared with those of
5-turn and 10-turn designs.

In addition to the PBS solution, we characterized the swimming
performance of the microswimmers inside whole fresh blood from
a CD1 mouse. We observed a notable decrease in the step-out fre-
quencies and the actuation frequency-dependent velocities in all groups
compared with PBS due to the rate-dependent change in the blood
viscosity and the fluidic drag exerted on the microswimmers (fig. S1
and movie S1). Nevertheless, we observed a similar behavioral pattern
in the swimming characteristics as in the PBS solution. We measured
the forward step-out velocity and the rolling angle of 2-turn micro-
swimmers as 25.1 um s~ and 16.6°, respectively, which outperformed
the 5-turn and 10-turn microswimmers with forward step-out
velocities and rolling angles of 9.6 um s™', 32.1° and 4.7 um 57",
36.4°, respectively (fig. S1D). Considering the step-out swimming
speed and the rolling properties, we ranked the locomotion per-
formance of the swimmers as 2 turns > 5 turns > 10 turns in both
PBS and whole blood.

Initial interactions of microswimmers with macrophages
To investigate the initial interactions of the microswimmers with a
mouse peritoneal macrophage cell line, J774A-1, we first checked
the cellular viability in the first 24 hours of exposure. The viability
of cells was found comparable among all microswimmer groups and
with the bare tissue culture plate, indicating that no toxic inter-
actions were evident for the macrophages in the presence of the
microswimmers (fig. S2). We next examined the physical interactions
of macrophages with the microswimmers using scanning electron
microscopy (SEM), bright-field optical microscopy, and confocal mi-
croscopy. To closely monitor how macrophages approach to the micro-
swimmers, probe their surfaces, orient themselves, and muster the
adequate force to eventually complete the phagocytosis processes, we
elevated the stringency to the engulfment condition by exposing them
to the surface-bound microswimmers, as printed on the glass substrate.
The SEM images showed the actin protein-based membrane pro-
trusions of filopodia and lamellipodia interacting with the body of the
five-turn microswimmers (fig. S3). Finger-like filopodia protruded
from lamellipodia for probing the environment from a distance and
for pulling potential targets toward the cell body by acting like a
tentacle to facilitate the phagocytosis process (fig. S3, B and C). Filopo-
dia generated by macrophages can exert tensile forces up to several
hundred piconewtons (19). Filopodia also influence cellular decisions
to extend lamellipodia, which are the leading edges of the cell and
generate much higher forces needed for phagocytosis and cellular mo-
bility. Macrophages used lamellipodia to flatten over the surface of
microswimmers to wrap them completely for internalization (fig. S3D).
To better investigate filopodia and lamellipodia during the phago-
cytosis, we tracked the time-lapse images of over 1200 macrophage-
microswimmer interactions. The microswimmers are not expected
to release endotoxins or other chemicals that could recruit macro-
phages; the only way for them to find the microswimmers was the
physical interactions as a result of the random encounters during
probing the environment. The physical interactions could therefore
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Fig. 2. Phagocytic interactions of macrophages with the helical microswimmers. (A) Snapshots of the macrophages. At t,
macrophages stochastically probe their environment and, at ts.ar, encounter microswimmers from any directions to start wrap-
ping, followed by detachment, reorientation, and internalization. (B) The elapsed time of the complete internalization of micro-
swimmers after tg.,,. Inset shows the internalization time distribution for the two-turn microswimmers. (C) The sectional view of
a confocal image verifying a completely internalized microswimmer in a macrophage at 48 hours. (D and E) Comparison of the
numbers of completely internalized microswimmers with respect to the total numbers of microswimmers investigated under
comparable random encounter probabilities (P). In columns, the percentage of internalization rates represented as number of
completely internalized microswimmers over total number of microswimmers. (D) Microswimmers without any pretreatment.
(E) A priori 4-hour serum treatment to the microswimmers before introducing macrophages.

be initiated from any orientation with respect to the long axis of the
microswimmers (Fig. 2A, fig. S4, and movie S2). After the first con-
tact, the complete internalization took place in the sequence of flat-
tening over the microswimmer surface, forceful detachment from the
substrate, and reorientation for favorable engulfment. After the de-
tachment, macrophages could change the position and orientation
of the microswimmers in 3D to better facilitate the internalization
(fig. S4B).

When the phagocytosis process was completed and the micro-
swimmer was inside the cell, we observed a stable orientation angle
inside the phagosomes. When we compared it with the microswimmers
that were initially detached, we observed a similar dynamic adjustment
in the orientation, with the long axis pointing toward the cell to
facilitate the phagocytosis process (fig. S4C). This observation is in
alignment with the previously demonstrated internalization of the
rod-shaped micron-scale preys (20). The elapsed time of phago-
cytosis for 2-turn microswimmers, i.e., from the beginning of the physical
contact until the time of complete internalization, was 20 min on
average (Fig. 2B), whereas the internalization took notably
longer time, around 4 hours on average, for 5-turn and 10-turn
microswimmers. The variances in the phagocytosis time among the
same group of microswimmers and between microswimmer groups
with different turn numbers were due to the initial orientation an-
gles that limited the kinetics of flattening over the microswimmer
surface. We will refer to these morphology-oriented discussions
in the following section again. After the successful phagocytosis,
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the macrophages were still able
| to crawl with their internal
cargo (movie S2).

To extend our observations,
we further stained the actin
cytoskeletons and the nuclei
of the cells for fluorescence
imaging and acquired confocal
z-stacks to define the inter-
nalization status (Fig. 2C).
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lamellipodia protruding along
;1 the cover glass surface and
penetrating in the underneath
grooves to wrap the micros-
wimmers and establish a grip
(fig. S5). We observed actin
fiber enrichment, evidenced by
the increase in the fluores-
cence intensity, at the point of
interaction with the micro-
swimmers, a formation called
the phagocytic cup, which ini-
tiates and drives phagocytosis
(figs. S5 and S6A) (21). The
phagocytic cups were developed
around the accessible circum-
ference, starting from the under-
neath of the helical geometries
and conforming inside the
grooves (fig. S5). We observed phagocytic cup formations in all
three groups of microswimmers that accompanied the inter-
nalization process. Once the internalization was complete, the
phagocytic cup formation disappeared and the microswimmers were
entrapped inside phagosomes (Fig. 2C and fig. S5B).

Next, we compared the internalization rates of the micro-
swimmers in certain time intervals. For this, we needed to ensure
the validity of the comparative analyses between the microswim-
mer groups by ruling out extrinsic factors that can arise repeatability
problems, such as fluctuations in local cell and microswimmer densi-
ties in each experiment (fig. S6C). Therefore, we calculated random
encounter probabilities (P), which is defined as the probabilistic oc-
currence of the random event that a macrophage physically encounters
a microswimmer in that particular experiment. We always investi-
gated a large number of microswimmer-macrophage interactions
to ensure that there were comparable P values in each microswimmer
group with different turn numbers. When macrophages interact-
ed with comparable P values, the complete internalization rates of
microswimmers at 24 hours were sorted as 1.6, 4, and 0% inter-
nalization for the 2-turn, 5-turn, and 10-turn microswimmers,
respectively. We ascribed this to the effective shielding by PEG. By
the end of 48 hours, however, the internalization rates were sorted as
41,27, and 20% (Fig. 2D and table S2). The accelerated internalization
rates in the second 24-hour period can be attributed to the serum
proteins adsorbed on the microswimmer surface, thereby creat-
ing a thin macromolecular corona facilitating the recognition
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Fig. 3. The internalization dynamics of the helical microswimmers. (A) Macrophages extending their membranes to
completely flatten over the microswimmers. The presence of an actin cup indicates an active engulfment process that entails
increased surface created by the macrophage due to flattening and increased volume occupied within the macrophage. The
interplay of the costs generated by the created new macrophage surface around the microswimmers and the occupied
microswimmer volume determines the kinetics and the dynamics of the internalization. a.u., arbitrary units. (B) The estimated
new volume and surface that need to be created by macrophages as they internalize microswimmers along the directions
perpendicular (from the side) and (C) parallel (from the tip) to the helical axis. (D and E) The rate of change of volume and surface
increases during the internalization from the side and tip of the microswimmers.

microswimmer surface can
be a distinct factor for the
microswimmer-macrophage
interactions and hence may re-
quire a follow-up investigation
including different physiolog-
ical fluids with different pro-
teinaceous contents.

Morphology-dependent
evolution dynamics
of phagocytosis
We attempted to understand the
disparity in the internalization
rates of the microswimmers
with different turn numbers by
considering parameters related
to their surface area, volume,
and their rate of changes de-
pending on their initial contact
orientations, as discussed in the
earlier section (Fig. 2A). Fol-
lowing the propagation of actin
waves can be a useful tool to
determine the interacting sur-
face area to be engulfed (21).
To this end, we considered the
propagation of the phagocytic
cups that flatten over the micro-
swimmers and conform to their
helical grooves, which maximize
the contact area and hence the
applied pulling force (Fig. 3A).
This process requires the for-
mation of a new membrane and
its deformation on the helical
geometry, which presents both
energy and material costs.
Interpreting the dynamics
of phagocytosis in the frame
of morphology-dependent
energy cost was suggested in
the previous theoretical studies,
where the phagocytosis of spiral
pathogens requires higher energy
compared with the spherical ones
due to the presence of curvature
regions of the spiral struc-
tures (23-25). In this view, we
realized that the average projec-
tion area of a cell flattened over
the microswimmer surface in-

by the macrophages (22). To test this, we pretreated the micros- creased above 2000 um?, compared with the average projection area
wimmers with 100% fetal bovine serum (FBS) for 4 hours of an idle macrophage of around 250 um? (fig. S7). This suggests
before introducing macrophages. The internalization trend remained  almost an order of magnitude increase in the surface area. Hence,
the same yet became more pronounced as early as 24 hours  the phagocytosis could be completed only if enough new mem-
with complete internalization rates of 53, 23.5, and 15.8% for 2-turn, brane is supplied. As a result, the interacting surface area and its
5-turn, and 10-turn microswimmers, respectively (Fig. 2E and table  rate of change along the direction of propagation of the phagocytic
S3). As a result, the macromolecular corona formation on the cups are critical for the completion of the internalization process.
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The volume of a microscopic object is also an important discouraging
factor for the macrophage because the larger the volume is, the
larger the macrophage should grow its own volume to accommodate
the object. This results in an increased cost of energy and cellular
building resources, such as the membrane and adequate space for the
existing cytoplasmic subcellular components.

Because of the random encounter, the statistical stochasticity
of the direction of the macrophages to start the internalization of
the microswimmers will be the same regardless of the turn number
(Fig. 2A). For this reason, we looked into the amount of volume
and surface area that need to be engulfed as the phagocytic cup prop-
agates through a microswimmer, either from the side or from the
tip, until the internalization is complete (Fig. 3, B to E). When a mac-
rophage began the internalization from the tip, progression of the
contact surface area, the engulfed volume, the area rate of change,
and the engulfed volume rate of change remained lower compared
with the scenario when it began from the side. As a result, the cost of
internalization for 1-um-distance propagation of the phagocytic
cup along the helical axis becomes lower than the cost of propaga-
tion along the perpendicular axis. This explains the reorientation of
the microswimmers after their detachment from the surface, so
the tip of the microswimmers tended to point inward of the cell
during the internalization.

When we compared the microswimmers with different turn
numbers, both the amount of volume and the volume rate of change
that the macrophages need to internalize remain the same along the
same axes. This shows that the stress induced by the internalization
of the volume applies comparably for each microswimmer with dif-
ferent turn numbers. However, both the surface area and the area
rate of change increase substantially as the turn number increases in
both axes (10 turns > 5 turns > 2 turns). It suggests that flattening
over 10 turns is more difficult for the macrophages and, thus, ener-
getically becomes more costly than flattening over 5 and 2 turns.
The surface cost trend is consistent with the internalization trends
(2 turns > 5 turns > 10 turns) because the least costly 2-turn micro-
swimmers are the easiest to internalize.

The impact of the filopodia and the contact area on the rate of
phagocytosis is better pronounced when we systematically change
the size of the microswimmers. Previous research suggested that the
size-dependent difference in the internalization rate of the simple
objects, such as spheres and rods, originated from the attachment of
membrane ruffles to the objects. Microspheres with a certain inter-
mediate size were found to make better contacts with the membrane
ruffles than the smaller and larger ones, which had a profound im-
pact on phagocytosis (26). Similarly, we tested the impact of the
swimmer size on the internalization rate by changing the length of
the microswimmers from 10 to 40 pm while preserving all the as-
pect ratios. By doing so, we were able to change the microswimmer
volume by 256-folds (fig. S8, A and B). When the size of the helical
grooves of the microswimmers was sufficiently large, the filopodia
were able to extend into the grooves to form the phagocytic cups. In
these grooves, we observed the highest actin polymerization, indi-
cating better contact and higher pulling forces to the microswim-
mers (fig. S5). As a result of this dominant effect against the volume
cost, we observed the highest internalization rate for the micro-
swimmers with 25-um length (fig. S8C).

As the depth of the helical grooves in the 10-um-length micro-
swimmers shrank down to a few hundred nanometers (table S4), the
macrophages lost their ability to extend into the grooves, and the
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contact area with the microswimmers for pulling was lower. Thus,
cells spread on the 10-um-length microswimmers without successful
internalization (fig. S8D). As a result, 25-um-length microswimmers
with 15.6-fold volumes were internalized at a higher rate compared
with 10-um-length swimmers. Nevertheless, as the size of the swim-
mers grew larger than 25 um, we observed that the volume effect
began to dominate, and the internalization rate went lower. We ob-
served that 40-um-length microswimmers were predominantly
internalized by the formation of multinuclear giant cells (fig. S8E).
These giant cells are fused multinucleated macrophages to internal-
ize larger intruders that cannot be engulfed by a single macrophage
(27). Although giant cells were dominant in the internalization of
40-pm-length microswimmers, we observed giant cells in all micro-
swimmer groups with a lower abundance (fig. S8F).

Given the discussion above for the size dependency, when we
compared the size-dependent internalization rates of two-turn and
five-turn microswimmers, the impact of the surface morphology and
volume did not proportionally distribute on each design. The groove
size change in the two-turn microswimmers is less pronounced than
for the five-turn microswimmers because the wavelength of the
two-turn microswimmers is larger (table S4). This explains the dis-
proportional change in the internalization rates as a function of size
for both designs. Both designs, however, followed similar size de-
pendency patterns with the highest internalization rates at 25 um in
length. Furthermore, two-turn microswimmers tended to be inter-
nalized faster than five-turn microswimmers across all lengths.
These results show that there is a complex entanglement of mor-
phological features and size parameters governing the internaliza-
tion process.

Differential immunogenic response based on the structural
parameters of the helical swimmers

Next, we investigated the immunogenicity of the microswimmers
in the presence of freshly isolated primary mouse spleen cells, called
splenocytes (Fig. 4A). These cells consist of a variety of white blood
cell populations, such as macrophages and T and B lymphocytes.
Compared with a macrophage cell line, the use of freshly isolated
primary cell pools with both nonspecific and specific immune cells
will provide a better representation concerning the interactions
between the microswimmers and the immune system as a complex
combination. We introduced the spleen cells to the surface-bound
microswimmer arrays for a period of 96 hours and acquired images
every 24 hours to compare the temporal interactions (figs. S to S11).
We observed that splenocytes exposed to all three microswimmer
groups exhibited comparable viability and proliferation in 72 hours to
those that were not exposed to the microswimmers (Fig. 4B and fig. S12).
The initial immunogenic response of the cells became evident under
the microscope at 48 hours when cells started accumulating around
the microswimmers (figs. S10 and S11). Because the bright-field im-
aging fails to conclude the internalization status of the microswim-
mers in a conclusive way, we chemically fixed the cells at 96 hours,
so we were able to freeze the final interactions of cells with the mi-
croswimmers to closely monitor the phagocytic interactions with the
splenocytes. We observed a heterogeneous population of cells around
the microswimmers formed a cluster.

Macrophages were distinguished from their phagocytic cups
around the microswimmers. During the macrophage engagement
with the microswimmers, we observed that macrophages were phys-
ically interacting with T and B lymphocytes (figs. S13 and S14).
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Fig. 4. Primary immune cell response to the synthetic microswimmers. (A) Experimental workflow for coincubation of splenocytes freshly isolated from mouse
spleen. SSC-A, side scatter. (B) Fluorescence-activated cell sorting analysis showing the proliferation rates of the splenocytes at 72 hours. (C) Confocal images of the
LPS-stimulated splenocytes at 96 hours. Lymphocytes around the spread macrophages are also evident. (D) The percentage of internalization rates of the microswimmers

by LPS-stimulated splenocytes at 96 hours. Data represented as total uptake over total

interacting cells. (E) IL-12 p40in the culture supernatant, secreted from the spleno-

cytes in response to microswimmers, detected by enzyme-linked immunosorbent assay. (F) IL-12p40 release in response to microswimmers made from commercial

photoresist, IPL, and PEG at 24 hours.

T and B lymphocytes could be differentiated by their round cellular
morphology and large nucleus size compared with their little cyto-
plasmic space as shown in Fig. 4C. In the body, the cells of the non-
specific immune system, such as macrophages and dendritic cells,
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internalize the foreign intruder and release proinflammatory signals
to recruit the cells of the specific immune system, such as T and
B lymphocytes. T and B lymphocytes are then trained by the macro-
phages and dendritic cells to launch a more effective specific immune
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reaction. As a result, the accumulation
of the T and B cells around the macro-
phages during the internalization of the
microswimmers suggests that a specific
immune response was underway against
the microswimmers.

The phagocytic interactions of micro-
swimmers with splenocytes followed a
pattern similar to the interactions with
macrophages (Fig. 4D and table S5). In
a pathological environment where micro-
robots would operate, the immune cells
would not be in their quiescent states;

A, L/A (turn number)

instead, it is highly likely that the micro-
swimmers will find a microenvironment
in which the immune cells have been
activated. One such stimulant is called
bacterial lipopolysaccharides (LPSs),
which stimulate an immune response by
interacting with the surface receptor
CD14 on macrophages, which subsequently results in the se-
cretion of proinflammatory cytokines (28). We observed that
the LPS-activated splenocytes caused a higher proliferation rate of
the cells, and cells started to form clusters, which were evident in
the microscopy images (figs. S10 and S11). The proinflammatory
cytokine interleukin-12 p40 (IL-12p40) release by the activated
macrophages in splenocytes was similar to the internalization re-
sults with higher response against two-turn microswimmers (Fig. 4E).
We also tested the reaction of the splenocytes toward the change of
the base material by fabricating the microswimmers from com-
mercial photoresist (IPL-780). Turning the base material to plain
IPL without any further treatment did not show the same turn
number—dependent proinflammatory IL-12 release (Fig. 4F). How-
ever, the comparison between the PEG-based and IPL-based
microswimmers revealed the increased IL-12p40 response against
the commercial resin. In these designs, both morphology and sur-
face chemistry play confounding roles on the elevated IL-12 levels.
Considering the surface area ranking (10 turns > 5 turns > 2 turns),
macrophages might have been exposed to the highest immunogenic
chemicals on the IPL-based 10-turn swimmers and the lowest
immunogenic chemicals on 2-turn swimmers. This could explain
the compensation of the morphology-related effects, where the sur-
face chemistry becomes a dominant factor. These results show that
the use of PEG backbone material reduced the potential immune
response by macrophages as supporting evidence of our initial
design claims.

Concerning the microrobot locomotion performance, two-
turn microswimmers exhibited the highest swimming performance
due to their hydrodynamic design. However, we found that 2-turn
microswimmers were also more immunogenic compared with
5-turn and 10-turn microswimmers. Although 10-turn microswim-
mers proved the less immunogenic, their swimming performance
was markedly lower compared with 2-turn and 5-turn microswim-
mers. Depending on the immunological activity at the site of appli-
cation, structural optimizations may be used in favor of the swimming
speed over the anticipated interactions with the immune cells. In
the body, there are immune-privileged sites, such as the central
nervous system and eye, where the immunological activity is lower
than the rest of the body. In these areas, two-turn microswimmer
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Fig. 5. Microrobot design parameters influencing both locomotion and immunogenic behavior together. In
the case of a helical microswimmer design, given entangled design parameters need to be selected correctly for
maximizing the robot’s locomotion performance while minimizing its immunogenic response.

may be more advantageous considering its higher speed. However,
in a body site where massive interactions with immune cells are
expected, there may be a design compromise to choose a structure
with lower speed, such as 10-turn, for gaining more invisibility to
the immune system. If a compromise is needed on both sides, then
five-turn emerges as an in-between alternative. Although coating with
a passivating surface, such as erythrocyte membrane, is also useful
for immune evasiveness, the morphology of the microswimmer
may play an especially important role when we want to use the volume
of the microswimmer to release a diagnostic or therapeutic agent.
Coating the microswimmer surface could hamper the access of ther-
apeutic moieties to the target tissue, and thus morphology-dependent
immune evasiveness becomes critical to enable the therapeutic
outcome.

Entanglement of the microrobot design parameters
influencing both swimming and immunogenic behaviors
We show that the surface morphology, chemistry, and size of a micro-
swimmer can markedly influence the outcome of the interactions
with the cells of the immune system (Fig. 5). A safe microrobot de-
sign therefore relies on the optimization of these major parameters,
which should aim to maximize the locomotion performance and to
minimize the early interactions with macrophages. Minimization of
the physical interactions with macrophages or slowing down the
internalization process can lower the deployment of the specific
immune system for a more extensive immunogenic response.
From the swimmer design point of view for the low Reynolds num-
ber regime, the surface morphology determines the coupling between
the magnetic torque applied to the microswimmer and the fluid
resistance acting on the swimmer surface for the rotational-to-
translational transfer of the motion. From the immunogenicity point
of view, the surface morphology determines the costs of the total
surface area to be internalized and the rate of change in the surface
area as the macrophage continues its flattening over. We show
that favoring both parameters can lower the immunogenicity. Macro-
phages also use topographical features, such as grooves, to enrich
actin polymerization for exerting higher pulling forces. As a result,
avoiding redundant surface topographies could improve the immuno-
genic outcome.
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Taking into account the microrobot surface chemistry is also
imperative for both its locomotion performance and its immunoge-
nicity. Helical microswimmers with hydrophobic surfaces exhibit
larger step-out frequencies and higher maximum forward velocities
compared with their hydrophilic counterparts (13). In terms of
immunogenicity, surface chemistry determines the content of the
spontaneously formed macromolecular corona on the surface of
materials and microrobots (29). The corona can induce an immune
response against the microswimmers either by giving a new biological
identity to the microswimmers to be recognized by the macrophages
or by triggering the biophysical process of protein misfolding and
aggregation, which also leads elimination of the microrobots from
the body. The function of macrophages depends on the initial phys-
ical interaction and chemical engagement with their target to dif-
ferentiate native from foreign. In this regard, surface chemistry
remodels such interactions through macromolecular corona in favor
of either immune reaction or no action at all. We demonstrated that
the formation of macromolecular corona when microswimmers were
pretreated with FBS induced an accelerated immune response against
the microswimmers (Fig. 2E). In addition, dissimilar proinflam-
matory cytokine release against the microswimmers, which have the
same structural properties but different surface chemistries (PEG
and IPL), reveals the differential surface chemistry effect on induc-
ing the immune response (Fig. 4F).

The impact of the microswimmer size on the macrophage phago-
cytosis is nontrivial and highly entangled with the surface morphology.
When the microswimmer is small enough that a single macrophage
can accommodate it, the favoring impact of the surface morphology
can surpass the volumetric cost for the internalization. However, when
the size becomes larger than a single macrophage can internalize, giant
cells plays a major role in the internalization. The dynamics of this
formation require more elaboration; however, we observed that this
seems to be a dynamic process, and the cells can divide and the re-
sulting daughter cells fuse to form a binucleated cell, consistent with
the previous works on phagocytosis of long asbestos fibers by mac-
rophages (30). From the microrobotics perspective, although the swim-
ming speed is proportional with the characteristic length scale, the
size of the microrobot is determined by the expected medical func-
tion and the anatomical demands of the sensitive pathology where
it can make a disruptive impact.

Here, our double-helix microswimmer design is fully rigid. A largely
deforming soft or compliant swimmer or robot body may exhibit a
markedly different behavior under the flattening of macrophage
phagocytosis. To this end, soft microswimmers relying on undulat-
ing body movements could be a very interesting example to study in
the future (31), where their interaction with the cells of the immune
system could be more dynamic and more resistant to internalization
than our observations with the microswimmers with a rigid body
and complex 3D morphology.

Controlled microswimmer-immune cell interactions
enabling alternative biohybrid immunobot

design strategies

A biohybrid microrobot design physically integrates a live microor-
ganism with a nonliving body to exploit the microorganism’s inherent
machinery of coupled actuation, sensing, and locomotion by harness-
ing the biological fuels in the living environment to perform tasks,
such as manipulation, targeting, and cargo delivery (6, 32, 33). Bio-
hybrid microrobot designs have exploited bacteria, algae, or sperm
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as the active living components for locomotion and sensing, and the
synthetic parts have been the passive functional materials (34-36).
The propensity of internalization of the helical microswimmers can
be exploited to realize alternative biohybrid robot design approaches
by hybridizing synthetic swimmers with macrophages. This could
give an opportunity of combining the separately superior parts of the
synthetic and biohybrid microrobots in an immunobot for future
targeted immunotherapeutic applications. In such an application, the
immunobot may be navigated long distances using magnetic fields that
actuate the synthetic microswimmer component, and self-propelled
autonomous crawling locomotion of the live macrophage may be
used for sensing-coupled fine-tuned localization or tissue penetra-
tion (Fig. 6, A, B, and E). The release of proinflammatory cytokines
from the immunobot may recruit the other cells of the immune sys-
tem to generate a local inflammation.

To explore such a biohybrid robot design method and to achieve
the internalization, we added the magnetic microswimmers to the
cell culture, so their uptake could be accelerated without requiring
prior detachment from the surface (Fig. 6A). When these micro-
swimmers were internalized, the macrophages were not able to de-
grade them, at least in the time scale of several days, providing an
opportunity for long-run robotic task execution. The rotating mag-
netic fields enabled the rolling of the macrophages on the substrate
surface, around, and over the cells (Fig. 6, B and C, and movie S3).
On the glass substrate, the average rolling velocity of the immuno-
bots, where the microswimmers were completely internalized, was
around 2.8 mm min "' under 5-mT rotating magnetic field with 12-Hz
excitation frequency. The immunobots behaved differently when
they were moving around and over the cells under the same actua-
tion conditions. Immunobots slowed near the cells for short durations
(varying between 0.5 and 4 s), followed by sudden velocity jumps up
600 um min~" (Fig. 6B and movie S$3). Such velocity jumps were not
observed when the immunobots were moving on the plain glass
substrate. A similar observation with enhanced translational veloc-
ity was recently reported with microparticles propelled on surfaces
with microtopographies (37). In our experimental design, adherent
cells created a topography on the surface for the rolling microswim-
mers, which resulted in a similar observation. The observed phe-
nomenon of the instantaneous velocity jumps could also be affected
by the repulsive interactions between the cells by virtue of negative-
ly charged cellular membranes. This observation could be applied
for overcoming the generic problems of spontaneous and nonspe-
cific attachment of synthetic microswimmers to the cells they were
carrying and in the surrounding environment (38). Microswimmers
have been greatly affected by this problem, which remains a grand
challenge that hinders the future potential in vivo free-swimming
performance of such designs. The immunobot design demonstrated
the capability of uninterrupted locomotion in the prescribed trajec-
tories regardless of the cells residing along their pathway, whereas
the individual microswimmers failed to do so (movie S5).

In the second design type, we demonstrated the actuation of par-
tially interacting two-turn microswimmers that remained attached
to the outer membranes of the macrophages. Under the rotating mag-
netic field of 10-mT magnetic field strength and 10-Hz excitation fre-
quency, these immunobots exhibited a rowing type of motion (fig. S15).
Cells were not able to complete the rolling; instead, the microswim-
mer attached to the cell membrane did consecutive forward and
backward movements, during which the immunobot always moved
in the forward direction (fig. S15). The velocity of the immunobot
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Fig. 6. Biohybrid immunobot design A
bringing together a macrophage .
with a synthetic microswimmer to
enable bimodal locomotion capa-
bility in a biological environment.
(A) lllustration of the surface roller
immunobot achieved by the magnetic
torque-based actuation and (B) steer-
ing of an immunobot around and
on top of the semiadherent non-
magnetic macrophages. Increases in
the instantaneous velocities were ob-
served as the immunobot propelled
on top of the adherent nonmagnetic
macrophages (insets corresponding
to peaks). (C) Tracking of multiple im-
munobots in roller mode actuated
simultaneously. Orange circles de-
noting the initial positions of the im-
munobots at t,. (D) Viability of the
immunobots compared with control
cells at 72 hours. (E) lllustration of an Actin polymerization
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oscillated between 6.5 and 1.3 mm min ™" due to this rowing type of
motion (movie S3). In addition, we demonstrated that the viability
of immunobots was comparable with the bare macrophages after
72 hours (Fig. 6D), showing the nontoxicity of the microswimmers
to the macrophages within this time window.

In both design types, the externally applied magnetic field could
drive the locomotion of the immunobots long distances. In addition,
we demonstrated that the self-propelled autonomous movement of
the macrophages could drive the locomotion of immunobots short
distances (Fig. 6E). The actin cytoskeleton is the primary and essential
coordinator of this process, transmitting the generated force to the
substrate and recycling it when necessary for the crawling type of
locomotion (39). In addition, macrophage-based immunobots
can penetrate the tissues by overcoming cell-gated barriers, which
require specific cell-cell interactions (40). To overcome such cell-cell
connections, a rupture force at least on the order of 200 nN is re-
quired (41). Synthetic microswimmers the size of around 20 pm can
exert forces on the order of 20 pN (42). Therefore, the immunobot
design scheme can provide a temporary or semipermanent means
to move in the solid body sites, which has not succeeded yet. To
characterize our immunobot designs, we investigated the autonomous
crawling and the involvement of the actin cytoskeleton (Fig. 6F). The
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mean crawling speed of the macrophages did not change in the bio-
hybrid construct (2.4 + 0.5 um min"') compared with their free
nonhybrid forms (4.1 + 2.2 um min™}) (Fig. 6, G and H, and fig. S16).
The capability of both remote magnetic actuation and switch to the
biological autonomous self-propulsion mode of locomotion can be
controlled depending on the biological conditions and the desired
application. As opposed to bacterial and algal biohybrid micro-
swimmers, macrophage-based cellular cyborgs have more potential to
overcome the immunological barrier through design of personalized
microrobotic systems using patients’ immune cells. Previously, ther-
apeutic stem cells and several leukocyte types were loaded with mag-
netic nanoparticles to steer them in the body for cell-based therapies
(43-47). Notwithstanding, standardizing these protocols has been chal-
lenging because of the inhomogeneity in the loading amounts of nano-
particles to each cell. The increased doses of free nanoparticles inside the
cells to efficiently steer them could also cause acute or accumulation-
related cell toxicities (48). By forming a biohybrid with a structured
micromagnet, we were able to impart homogenous magnetization to
each cell and keep them compartmentalized, reminiscent of an artificial
organelle. In addition, the present study reports the controlled locomotion
of cells by torque-based motions, which presents a more effective route
compared with those offered by gradient-based pulling.
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DISCUSSION
The present study used helical microswimmers as model designs to
systematically investigate the entanglement of the microrobot design
parameters—including surface morphology, chemistry, and size—
in affecting both locomotion and immunogenicity at the same time
(Fig. 5). We demonstrated that although the three microswimmer
groups have the same length, width, volume, and volume rate of
change along the axes of macrophage phagocytosis, the variation of
surface area and its rate of change along the axes of macrophage
phagocytosis played a dominant role in the differential immunoge-
nicity of the microswimmers. Therefore, the two-turn microswimmers,
which exhibited the best locomotion performance, at the same time
ended up being the most immunogenic. We showed that the inter-
action of the complex 3D morphology of the microswimmers with
the macrophages can result in counterintuitive responses. Whereas
the internalization rate of simple geometric structures is reversely
proportional to their size, the surface morphology and the presence
of contact features with comparable sizes of the cellular filopodia can
markedly change the outcome. For the microswimmers larger than a
single macrophage can accommodate, multinuclear giant cells form as
a response. The surface chemistry and its interaction with the macro-
molecules in the physiological environment can significantly affect the
immunogenicity, as we presented the impact of the macromolecular
corona on the accelerated internalization of the microswimmers. Un-
derstanding the scope and extent of the interaction dynamics between
the microswimmer body and the immune system is crucial for the
addressing potential safety issues associated with in vivo medical micro-
robots. Therefore, the present study provides a perspective on the ratio-
nal design of high-performance microswimmers to reduce potential
uncontrolled immunogenicity and, thereby, to achieve the desired func-
tional (e.g., therapeutic) benefits with minimum overall compromise. The
ranges of structural complexity, material diversity, and size of the already
developed microrobotic designs are larger than what could be explored
herein, but the presented mechanistic and methodologic principles
can still apply to explore them and other future microrobot designs.
The exploitation of the interactions of synthetic microswimmers
with macrophages can also enable new types of biohybrid micro-
robot designs (immunobots), where both biological autonomous
and remote torque-based locomotion modes could be realized in a
single microrobot. We show such a proof-of-concept immunobot
design demonstrating the capability of overcoming the adhesion
problem of the synthetic microswimmers to surrounding cells by
uninterrupted fast and steerable rotational surface locomotion
whereas the individual microswimmers failed due to non-specific
adhesion to the cells. Such a biohybrid design strategy—unifying
the steerable and fast rotational mobility of synthetic microswimmers
with the immunoregulatory and autonomous infiltration capability
of macrophages—could enable future medical microrobots for
immunotherapeutic applications. A controlled immune response
elicited using such biohybrid systems may be directed toward tumors by
steering the microrobots to the vicinity of the tumors, potentially
confining the effect of the immune response around the tumor.
However, for such future in vivo immunobots to be realized, the inter-
nalized magnetic structure shape, size, surface chemistry, and anchoring
need to be optimized further to achieve optimal magnetically actuated
locomotion performance and immunotherapeutic functions. In
addition, our immunobot approach may pave the way for developing
fully nonimmunogenic, personalized biohybrid microrobots using the
patient’s own macrophages in the future.
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MATERIALS AND METHODS

The materials used in this study were obtained from Sigma-Aldrich
unless otherwise mentioned. The materials were used as received
without any further purification. A detailed description of the
methods is available in the Supplementary Materials or can be
accessed from the authors.

Fabrication of the microswimmers

The computer-aided designs of the microswimmer bodies were
3D-printed using a two-photon-based direct laser writing system (Pho-
tonic Professional, Nanoscribe GmbH) equipped with a 63x oil-
immersion objective (numerical aperture, 1.4). Laser power and
galvanometric mirror x and y scanning speeds were optimized for
printing as 20 mW and 1.5 x 10° um s ", respectively. For the final surface
modification with PEG, gold-sputtered microswimmers were ini-
tially cleaned using an ultraviolet ozone cleaner for 20 min, followed
by reacting with a sulthydryl derivative of PEG, 10-kDa mPEG-SH
(Laysan Bio, Arab, AL), for 2 hours in ultrapure water H,O.

Cell culture and imaging

Primary splenocytes were isolated from fresh spleens obtained from
C57BL/6. Cells were incubated in RPMI 1640 medium supplement-
ed with 10% (v/v) FBS (Gibco), penicillin (50 UI ml™"), and strepto-
mycin (50 pug ml™) in a humidified, 37°C, 5% CO, environment. For
the experiments, cells were seeded at a density of 1 x 10° cells ml™*
(2 x 10° cells per group). For the LPS stimulation, the cells in the
respective groups were treated with LPS (10 ug ml™"). Mouse peri-
toneal macrophage cells, J774A-1 (ATCC TIB-67), were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% (v/v)
FBS, penicillin (50 UI ml™), and streptomycin (50 pug ml™Y) in a
humidified, 37°C, 5% CO, environment using 75-cm” polystyrene
cell culture flasks. Cells were used at passage numbers lower than 5,
and surface detachment during splitting was performed using a cell
scraper when they reached 80% confluence. For the experiments,
the cells were seeded at a density of 1.5 x 10° cells per group. Serum
treatment was performed by incubating microswimmers in FBS for
4 hours at 37°C, followed by washing with a growth medium. Live-
cell time-lapse images (1 frame min™') were acquired in the bright-
field mode of an inverted microscope from Nikon Instruments Inc.,
Eclipse Ti-E equipped with an environment chamber for the con-
trol of physiological conditions. For confocal microscopy, the cells
were fixed in a formaldehyde solution [2.5% (v/v) in PBS] for 25 min
and permeabilized in Triton X-100 [0.1% (v/v) in PBS] for 10 min.
After washing the cells with PBS, cells were stained in a solution con-
taining Hoechst 33342 (1 pg ml™!) and ActinRed 555 ReadyProbes
(2 drops ml™) (Life Technologies) in PBS for 30 min at room tem-
perature as instructed by the supplier. Fluorescent images were then
acquired using a spinning-disk confocal microscope from Nikon
Instruments Inc., Eclipse Ti-E.

Magnetic actuation and steering

Both synthetic microswimmers and the immunobots were actuated
and steered using a custom-made five-coiled electromagnetic setup
mounted on an optical Zeiss inverted microscope (Zeiss Axio Ob-
server Al) as previously described (49). Synthetic microswimmers
were propelled and steered by applying a 5-mT rotating magnetic
field inside both 1x PBS and whole blood (mouse CD1 whole blood,
Innovative Research Inc., Pearly Court). The step-out frequencies were
determined by gradually increasing the frequencies from 40 to 150 Hz.
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An in-house tracking software developed in MATLAB (MathWorks,
Natick, MA) was used for the mobility characterizations.

Statistical analysis

All experiments involving cells were carried out independently
at least five times and three times for other experiments in addition
to three technical replicates in each independent experiment.
Unless otherwise mentioned, the values were reported as means + SE
of the mean. Student’s ¢ test and two-way analysis of variance
(ANOVA) were performed using the software GraphPad Prism 6
(Graph Pad Inc.) to assess the statistical significance of differences
in the results.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/5/43/eaaz3867/DC1

Text

Fig. S1. Magnetic actuation setup and snapshots from the locomotion videos in whole blood.
Fig. S2. Twenty-four-hour viability assessment of J774A-1 cells interacting with
microswimmers (tissue culture plate).

Fig. S3. SEM images of five-turn microswimmers made from PEGDA and their interactions with
the macrophages.

Fig. S4. Time-lapse tracking of a microswimmer during phagocytosis.

Fig. S5. Flattening over the microswimmers by macrophages through membrane
protrusions.

Fig. S6. Macrophage-microswimmer interactions.

Fig. S7. Macrophages accommodate themselves to internalize the microswimmers by growing
their size.

Fig. S8. Size-phagocytosis relationship.

Fig. S9. Optical microscopy images of unstimulated splenocytes-microswimmer interactions
over 96 hours.

Fig. $10. Optical microscopy images of LPS-stimulated splenocytes-microswimmer
interactions after 24 and 48 hours.

Fig. S11. Optical microscopy images of LPS-stimulated splenocytes-microswimmer.
interactions after 72 and 96 hours.

Fig. S12. Metabolic activity rate and proliferation of splenocytes interacting with
microswimmers.

Fig. $13. Fluorescence intensity analysis of actin ring after the helical geometry of the
microswimmers.

Fig. S14. Unstimulated splenocytes interacting with microswimmers.

Fig. S15. Rolling and rowing types of locomotion of the immunobots.

Fig. S16. Cell-powered autonomous motion of immunobots.

Table S1. Dimensions of the microswimmers.

Table S2. Forty-eight-hour interaction analysis of the non-serum-treated microswimmers with
macrophages.

Table S3. Twenty-four-hour interaction analysis of the serum-treated microswimmers with
macrophages.

Table S4. Dimensions of the grooves with respect to the length and turn number of the helical
microswimmers.

Table S5. The overall number of microswimmers analyzed for interaction with splenocytes and
percent internalization of the microswimmers after 96 hours of incubation.

Movie S1. Magnetic actuation of the synthetic microswimmers in 1x PBS and whole mouse
blood.

Movie S2. Internalization of the adherent and free-floating microswimmers by
macrophages.

Movie S3. Magnetic actuation of the immunobots.

Movie S4. Autonomous crawling of the immunobots and their trajectories.

Movie S5. Nonspecific adhesion of the synthetic microswimmers to the surrounding cells
(semiadherent nonmagnetic macrophages), blocking their swimming locomotion.
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