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MEDICAL ROBOTS

Soft erythrocyte-based bacterial microswimmers for
cargo delivery

Yunus Alapan,’* Oncay Yasa,'* Oliver Schauer,? Joshua Giltinan," Ahmet F. Tabak,’
Victor Sourjik,” Metin Sitti'

Bacteria-propelled biohybrid microswimmers have recently shown to be able to actively transport and deliver
cargos encapsulated into their synthetic constructs to specific regions locally. However, usage of synthetic mate-
rials as cargo carriers can result in inferior performance in load-carrying efficiency, biocompatibility, and biode-
gradability, impeding clinical translation of biohybrid microswimmers. Here, we report construction and external
guidance of bacteria-driven microswimmers using red blood cells (RBCs; erythrocytes) as autologous cargo carri-
ers for active and guided drug delivery. Multifunctional biohybrid microswimmers were fabricated by attachment
of RBCs [loaded with anticancer doxorubicin drug molecules and superparamagnetic iron oxide nanoparticles
(SPIONs)] to bioengineered motile bacteria, Escherichia coli MG1655, via biotin-avidin-biotin binding complex.
Autonomous and on-board propulsion of biohybrid microswimmers was provided by bacteria, and their external
magnetic guidance was enabled by SPIONs loaded into the RBCs. Furthermore, bacteria-driven RBC microswim-
mers displayed preserved deformability and attachment stability even after squeezing in microchannels smaller
than their sizes, as in the case of bare RBCs. In addition, an on-demand light-activated hyperthermia termination
switch was engineered for RBC microswimmers to control bacteria population after operations. RBCs, as biological
and autologous cargo carriers in the biohybrid microswimmers, offer notable advantages in stability, deformabil-
ity, biocompatibility, and biodegradability over synthetic cargo-carrier materials. The biohybrid microswimmer
design presented here transforms RBCs from passive cargo carriers into active and guidable cargo carriers toward
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targeted drug and other cargo delivery applications in medicine.

INTRODUCTION

Biohybrid microswimmers, which are formed by integration of bio-
logical entities with synthetic constructs or materials, have been at the
forefront of minimally invasive theranostic applications for the past
decade (I, 2). The potential of biohybrid microswimmers to enable in
vivo active cargo delivery applications lies in their autonomously func-
tioning biological units, which provide active propulsion and envi-
ronmental sensing capabilities, and also in their steerability using
external magnetic or acoustic fields (3). Various bacterial species, main-
ly Escherichia coli, Serratia marcescens, and Salmonella Typhimurium,
have been extensively investigated as biological units of biohybrid mi-
croswimmers for the active delivery of cargo moieties (4). Bacteria, and
thus bacteria-driven biohybrid microswimmers, can efficiently swim
using nutrients that are already present in the local microenvironment
or inside the bacterial cell and are known to have a diverse sensory
system, which allows their taxis-based self-guidance both in vitro and
in vivo through gradients of temperature, pH, oxygen, and different
attractant chemical molecules (5-12). Autonomous propulsion and
sensing abilities of bacteria have been exploited for enhancing func-
tions of the biohybrid microswimmers for their propulsion, guidance,
and delivery of various cargos through their synthetic carriers, includ-
ing bare or coated microbeads, liposomes, double emulsions, nano-
fibrous hydrogels, and electropolymerized polypyrrole microtubes
(13-21). In addition, bacteria-driven microswimmers can also be ex-
ternally guided and selectively brought to target sites via magnetic
steering of the microsystem through either magnetic cargo unit or
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natural magnetotactic bacteria (22-25). Despite all the developments,
translation of bacteria-driven microswimmers to clinical diagnosis
and cargo delivery applications still requires design and fabrication
of multifunctional cargo carriers with superior performance in pay-
load efficiency, biocompatibility, biodegradability, in vivo stability,
and deformability.

Inside the body, certain cell types, such as macrophages and red
blood cells (RBCs; also named erythrocytes), are evolutionarily special-
ized for optimal transportation of specific molecular cargos. Among
these cell types, RBCs have received substantial interest as a model
carrier due to their abundance, biocompatibility, biodegradability,
non-immunogenicity, inert intracellular environment, and ease of
handling (26). To enhance their cargo transportation efficiency, RBCs
lose their nucleus and organelles during maturation from an erythroid
cell lineage, which renders their complete inner volume available as
cargo encapsulation space and provides high deformability (27). Al-
though such advantages of RBCs as physiological carriers have been
exploited in many in vitro and in vivo studies to deliver various bioac-
tive substances and contrasting agents toward sites of action, RBCs
have been mainly used as passive carriers (28-31). Actuation of RBCs
loaded with magnetic nanoparticles (MNPs) was previously shown
using ultrasound waves, albeit a nonspecific actuation affecting not
only loaded RBCs but also regular RBCs due to the asymmetric nature
of the cells (32). To the best of our knowledge, there has been no report
in the literature on bacteria-driven propulsion of cargo-loaded RBCs
that can transform passive RBCs into active autonomous microswim-
mers with sensing and external guiding/steering capabilities.

Here, we report biohybrid microswimmers composed of bioen-
gineered motile bacteria and RBCs loaded with a model anticancer
drug [doxorubicin (DOX)] and superparamagnetic iron oxide nano-
particles (SPIONs), which provide autonomous propulsion, non-
tethered magnetic steering, and efficient drug encapsulation and
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release. Multifunctional biohybrid microswimmers (denoted as RBC
microswimmers) were fabricated by first loading DOX molecules
and SPIONs into RBCs, followed by the attachment of these loaded
RBCs to a bioengineered E. coli MG1655 via biotin-avidin-biotin
binding complex (Fig. 1A). The RBC microswimmers were actuated
via flagella of the bacteria and externally guided through SPIONS,
loaded into RBCs, using a uniform external magnetic field (20 mT).
Moreover, deformability of the cargo carrier and robustness of the
integration between the bacteria and RBCs, which are critical require-
ments for successful operation of biohybrid microswimmers even
in tight physiological environments, were tested inside microfluidic
channels with gaps smaller than their size. Because of the inherent
deformability of RBCs and strong noncovalent conjugation chem-
istry between the bacteria and RBCs, RBC microswimmers displayed
high stability after squeezing through the confined channels. Further-
more, an on-demand NIR-activated hyperthermia termination switch
was engineered for RBC microswimmers to control bacteria pop-
ulation after cargo delivery operations. The biohybrid microswim-
mer design approach presented here takes advantage of autologous
RBCs to enable a biomaterial-based cargo-carrier architecture for bio-
compatible, biodegradable, and multifunctional microswimmers that
can be used in future in vivo medical applications.

RESULTS

Construction of the RBC microswimmers was realized by the attach-
ment of RBCs, loaded with DOX molecules and SPIONS, to motile
peritrichously flagellated bacteria through the biotin-streptavidin-
biotin binding complex. To accomplish this construction, we used a
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genetically engineered substrain of E. coli MG1655 (33), modified to
express biotin attachment peptides on the cell membrane, to nonde-
structively functionalize the actuator with biotin and, subsequently,
streptavidin molecules (fig. S1). In parallel, cargo-loaded RBCs were pre-
pared using hypotonic treatment and decorated with biotin molecules
via specific attachment of biotin-conjugated TER-119 antibodies onto
the membrane of RBCs (fig. S2). RBC microswimmers were then con-
structed through noncovalent interaction of biotin-functionalized RBCs
with streptavidin-coated motile bacteria (Fig. 1B). Biotin-streptavidin
binding complex, which is one of the strongest known noncovalent
interaction in nature, was chosen for the construction of RBC micro-
swimmers to provide robust attachment between bacteria and RBCs
and to ensure stability in chemically and physically harsh conditions.
Bacteria were observed to preserve their attachment with the cargo
when they were integrated with DOX-loaded RBC:s (fig. S3), and they
were also able to propel the payload with ease through the solution
(Fig. 1C and movie S1).

Encapsulation of DOX and SPIONs into the RBCs was realized
using a sequential hypotonic isotonic treatment process (Fig. 2A).
Briefly, RBCs were incubated in a gently shaking hypotonic solution
along with DOX and 50-nm citric acid-coated SPIONs at 4°C. Incu-
bation of RBCs in a hypotonic solution causes swelling of the cells
and formation of about 100-nm-diameter pores on the cell membrane,
which results in outward diffusion of hemoglobin content and inward
diffusion of DOX molecules and SPIONs (34). Once the diffusion
equilibrium was reached, RBCs were centrifuged and transferred into
an isotonic solution at 37°C to reseal their cell membrane—and, thus,
to entrap DOX and SPIONS. This process resulted in efficient loading
of drug molecules and SPIONs while preserving critical membrane

Fig. 1. RBC microswimmers for active
cargo delivery. (A) RBC microswimmers
are composed of an RBC, loaded with
drug molecules and SPIONs, bound to a
motile bacterium (bioengineered E. coli
MG1655) via biotin-avidin-biotin binding
complex. (B) SEM image (pseudocolored
red, RBC; pseudocolored green, bacteri-
um) of an example RBC microswimmer
with an attached bacterium. (C) Example
2D propulsion trajectories of RBC micro-
swimmers over time. The inset displays a
bacterium attached to an RBC loaded with
DOX molecules. Scale bar, 5 um.
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properties of the RBCs, including mem-
brane target ligand (TER-119) used to bind
biotin-conjugated antibodies (Fig. 2B and
figs. S2 and S4). Flow cytometry analy-
ses demonstrated that RBCs preserved
their membrane ligands after the sequen-
tial hypotonic-isotonic treatment (Fig. 2C
and figs. S5 and S6). Before the treatment,
78.11% of the RBC population was TER-
119-positive, and the treatment process
did not alter the percentage of TER-119-
positive cells (77.97% of the RBC popu-
lation). The flow cytometry results also
showed that 78.37% of the RBC popula-
tion successfully encapsulated DOX, and
overall, 54.52% of the RBC population
was double-positive for both DOX and
TER-119 (Fig. 2C). Encapsulation efficien-
cy of DOX in RBC cargoes was around
78%. Release of DOX molecules from
RBC cargoes was analyzed over 120 hours
at different pH conditions, ranging from
3.1 to 9.2, to evaluate pH responsiveness
(Fig. 2D). The results showed an enhanced
release of DOX at lower pH values, es-
pecially at pH = 3.1. Within 24 hours,
around 98% of the drug molecules were
released at 3.1, whereas less than 70% were
released at pH = 7.2. Moreover, a burst re-
lease was observed within 3 hours, with
around 70% release at pH = 3.1 and more
than 40% release at pH = 7.2. However,
drug release was continued almost ata con-
stant rate until 96 hours at pH = 7.2. These
results show a pH-dependent release rate,
with considerably enhanced release rates
at lower pH values, most likely due to
swelling of RBCs osmotically and their
eventual hemolysis (35). Such enhanced
release at low pH may be especially useful
for applications aimed at cargo delivery
to cancer cells, which flourish in a high-
ly acidic tumor microenvironment (36).
Furthermore, RBCs loaded with SPIONs
displayed attraction to a permanent mag-
net, providing qualitative information
about the magnetic properties of the RBCs
after the hypotonic-isotonic treatment pro-
cess (fig. S7). Entrapment of SPIONs in
RBCs was further confirmed with energy-
dispersive x-ray spectroscopy (EDS) anal-
ysis (fig. S8).

After fabrication of RBC microswim-
mers via attachment of bioengineered
bacteria and RBCs through biotin-avidin-
biotin binding complex, motility char-
acteristics of the microsystem, including
average velocity and two-dimensional (2D)
swimming trajectories, were analyzed and
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Fig. 2. RBC microswimmers loaded with DOX molecules preserve their membrane proteins after hypotonic
treatment. (A) Loading of DOX molecules and SPIONSs is achieved via hypotonic dilution technique. (B) RBCs (i) loaded
with DOX via hypotonic dilution method (ii) preserve their membrane expression of TER-119 (iii and iv). DIC, differential
interference contrast. (C) Flow cytometry density plots obtained from RBCs (i) after hypotonic-isotonic treatment, (i) DOX
encapsulation, (iii) anti-TER-119 staining, and (iv) both anti-TER-119 staining and DOX encapsulation show successful
encapsulation of DOX and TER-119 expression. a.u., arbitrary units. (D) Cumulative released percentage of DOX mole-
cules over time (5 days) from RBC cargoes at pH = 3.1, 5.0, 7.2, and 9.2.
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compared with free swimming bacteria (Fig. 3, A to D). The measured
average velocity of freely swimming bioengineered E. coli MG1655
was 19.5 + 9.2 um's™', which is comparable with the average velocity
of wild-type E. coli (37). This result shows that expression of biotin
attachment peptides and subsequent functionalization on the cell mem-
brane of bacteria had a negligible effect on motility of the bacteria.
The measured average velocity of multifunctional biohybrid micro-
swimmers was 10.2 + 3.5 um s, which is relatively higher compared
with the previously reported bacteria-based biohybrid microswim-
mers composed of similar-sized cargo units (4). The observed superior
speed performance of the proposed RBC microswimmer might be due
to the lower density (1.080 to 1.120 g ml™") and higher buoyancy of
RBCs compared with synthetic carriers (38). Moreover, although some
of the RBC microswimmers followed smoother random paths, others
displayed wavy, spiral-like trajectories (Fig. 3D). This difference in
swimming trajectories may have been due to random attachment
of bacteria to RBCs, because attachment from the side of the cell

Alapan et al., Sci. Robot. 3, eaar4423 (2018) 25 April 2018

causes an off-axis propulsion, resulting in a combined rotational and
translational motion (39).

Encapsulation of SPIONSs into the RBCs allowed external guiding
of RBC microswimmers under a uniform magnetic field generated
by using a custom-made electromagnetic coil setup mounted on an
inverted optical microscope (Fig. 3E and fig. S9). SPION encapsula-
tion and asymmetrical aggregation inside RBCs provide net magne-
tization and thus alignment along the applied magnetic field direction
(32). Fabricated RBC microswimmers were injected into a microchan-
nel, which was then placed inside the five-coil electromagnetic setup
for the steering of microswimmers. RBC microswimmers displayed
swimming paths parallel to the applied magnetic field (20 mT),
whereas RBCs without any attached bacteria did not display any net
displacement, indicating the necessity of an on-board actuator for
guided swimming of the RBCs. Controlled guidance of RBC micro-
swimmers was realized under uniform magnetic fields, demonstrat-
ing a square swimming path (Fig. 3E and movie S2).
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Inside the body, motility and transportation of certain cell types
occur through deformation and adaptation of the cells to tissue mi-
croenvironment. Therefore, the ability to deform and pass through
confined spaces without damaging the carrier, cargo, and propeller
is a critical prerequisite for all microswimmer designs intended for
in vivo operation. To investigate deformability of the proposed RBC
microswimmers and stability of their components, we injected and
squeezed them through microfluidic channels with a width of 3 um,
which is smaller than the size of the RBCs (4 to 5 um). RBC microswim-
mers were able to deform inside the microchannels and pass through
with ease (Fig. 4A, figs. S10 and S11, and movie S3). Moreover, the RBC
microswimmers preserved their integrity when deformed inside the
microchannels and collected at the outlet (Fig. 4, B and C). The per-
centage of RBC microswimmers before injection (fabrication yield,
~72% of the total RBC population) did not decrease significantly (two-
tailed ¢ test, P> 0.05) after squeezing through the microchannels (~50%)
(Fig. 4D), demonstrating the stability of the microswimmers and
their future potential for in vivo applications. Of note, a comparison
of initial RBC microswimmer fabrication yield (~72%) with TER-
119-positive RBC population (77.91%), measured in flow cytometry
analyses, also indicated an effective microswimmer fabrication effi-
ciency of more than 90%. Furthermore, active deformation and passage

Fig. 4. Deformability and
stability of RBC micro-
swimmers squeezing
through confined spaces
smaller than their size.
(A) RBC microswimmers,
fluorescently labeled, were
able to squeeze with ease
through microchannels with
a width of 3 um, which is
smaller than the size of
RBCs (4 to 6 um). RBCs
moving through a single
channel over a time period
of 0.56 s (i to iii) were high-
lighted with red circles.
(B and €) RBC microswim-
mers preserved their in-
tegrity when (B) deformed
inside the microchannels
and (C) collected at the
outlet. White arrows in-
dicate intact RBC micro-
swimmers, where bacteria
preserved their attachment
to RBCs. (D) Change in per-
centage of RBC micro-
swimmers after squeezing
through microfluidic chan-
nels was not statistically
significant (Mann-Whitney
test, P> 0.05). Error bars
represent the SD. n.s., not
significant.

Microchannels
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of RBC microswimmers through confined spaces smaller than their
size only by means of bacterial propulsion were investigated (Fig. 5
and movie $4). Microgaps inside a microfluidic channel were formed
by fabrication of circular micropillars with a controlled gap distance
of 2 ym. Then, RBC microswimmers were injected into the micro-
fluidic channel with pillar array and sealed completely to prevent fluid
drift. Within the microchannels, an RBC microswimmer was observed
to approach and deform its cargo unit between the gap smaller than
its size actively by propulsion of its bacterium unit. During and after
deformation and passing through the microgap, the RBC microswimmer
was able to preserve its integrity, as well as motility. This observation
demonstrated the proof of concept that bacteria can generate enough
force to deform its carrier through a narrow gap and pass through.
The deformability of the RBC microswimmers is due to the inherent
flexibility of RBCs, whereas the stability of attachment is due to the
strong noncovalent interaction between biotin and avidin molecules,
which couples bacteria and RBCs.

Biohybrid microswimmers, especially the ones driven by micro-
organisms such as bacteria, provide considerable advantages compared
with their synthetic counterparts, including dynamic response to chang-
ing environmental conditions and use of inexpensive and eco-friendly
fuel. However, one caveat of using microorganisms in biohybrid

Deformed RBC
microswimmer

OVERLAY

n.s. p>0.05

% Bacterial Microswimmers

After
Deformation

Before
Deformation

50f10

920z ‘9z Ae|Al uo (noyzbuens)) ABojouyda | pue aduB 1S Jo A1sieaiun Buoy BuoH ay] e Hi0:eousios mmmy/sdiy woly papeojumoq



SCIENCE ROBOTICS | RESEARCH ARTICLE

RBC i ' i
microsvignmer - -

2 ym gap

Fig. 5. Active deformation of an RBC cargo propelled and pushed by a single bacterium through a 2-pm gap. RBC microswimmer approaches to a gap formed by
two adjacent micropillars (i), bacterium pushes the RBC to deform within the microgap (ii and iii), and the RBC microswimmer moves out of the microgap while preserving

its stability and motility (iv). Scale bars, 5 um.

microswimmer designs is rapid and uncontrolled proliferation of mi-
croorganisms (e.g., ~20 min of doubling time in case of E. coli). There-
fore, a termination switch is required in ideal biohybrid microswimmer
designs to stop uncontrolled growth of microorganisms and prevent
any potential side effects. We engineered an on-demand hyperther-
mia termination switch activated via NIR to control bacteria pop-
ulation in RBC microswimmer samples (Fig. 6). To realize NIR-activated
termination, we coupled indocyanine green (ICG), a NIR photother-
mal agent, to bovine serum albumin (BSA) and loaded it into RBCs
(Fig. 6A). Upon irradiation with NIR light, adsorbed energy is con-
verted to heat inside the molecule, resulting in hyperthermia (>60°C
of maximum temperature; Fig. 6B) along with rupture of RBC mem-
brane and death of attached bacteria (Fig. 6C). The number of intact
RBCs was significantly lower in samples irradiated with NIR and un-
derwent hyperthermia than in those before irradiation (Fig. 6D). Fur-
thermore, the percentage of viable bacteria decreased significantly
in samples irradiated with NIR (~16%) compared with those with-
out any irradiation (~82%; Fig. 6E). Using ICG-BSA-loaded RBCs,
we have shown the proof of concept of on-demand, NIR-triggered
termination of bacterial microswimmers, providing a feasible and
noninvasive means of controlling bacteria population of biohybrid
microswimmers.

DISCUSSION

In nature, various cell types are specialized in delivery of substances
by leveraging their unique features, including deformability, target
affinity, taxis, and barrier-crossing capability. Such unique features
of natural cells—including RBCs, stem cells, T lymphocytes, and
macrophages—have been used in systemic delivery of drugs and vari-
ous imaging agents (26, 40). RBCs are the natural carriers of the body,
constituting more than 90% of the blood cells. Because of their abun-
dancy and affordability, RBCs represent the most feasible, high-
throughput, and practically applicable personalized carrier for cargo
delivery (26). Moreover, RBCs are uniquely specialized to carry maxi-
mum loads by losing their nuclei through maturation, which also al-
lows them to deform and squeeze repeatedly without blocking any
capillaries that can be as small as half of their diameter (41-43). Be-
cause of such unique capabilities, RBCs have been used intensively
as passive carriers for delivery of drugs targeting several maladies—
such as oncologic, inflammatory, and neurological diseases—and as
imaging agents for diagnostic applications (26, 44, 45).

Despite such vast utilization of RBCs as passive carriers in cargo
delivery, engineering RBCs as microswimmers for active propulsion
is still an open area for investigation. Actuation of RBCs was shown
previously by means of beating magnetic filaments under oscillating
fields, as well as acoustic propulsion of MNP-loaded RBCs. In 2005,
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Dreyfus et al. (46) described propulsion of RBCs using a linear chain
of colloidal magnetic particles linked by DNA, which was actuated
under an oscillating magnetic field. Although this study demonstrated
the controlled propulsion of RBCs with an oscillating magnetic field
as a proof of concept, the described approach suffers from a com-
plex and expensive fabrication process, which limits its potential
biomedical applications. Moreover, Wu et al. (32) developed a hybrid
micromotor by loading citrate-stabilized MNPs into RBCs to actu-
ate and control the motion with ultrasound and external magnetic
field, respectively. Later, co-encapsulation of quantum dots and drug
molecules with MNPs into RBCs was also demonstrated, and their
actuation and steering inside a complex microchannel were investi-
gated (47). Although the use of ultrasound provides external actua-
tion, asymmetric shape of RBCs leads to actuation of not only RBC
micromotors but also regular RBCs. The RBC microswimmer approach
presented here transforms passive RBCs into active soft microswim-
mers with autonomous, onboard actuation and sensing capabilities,
via motile bacteria, and external guiding, via SPIONs encapsulated
in RBCs.

The biohybrid microswimmer design approach presented here
yielded higher fabrication efficiency, speed, and deformability com-
pared with previously reported bacteria-driven microswimmers using
E. coli as the propeller but carrying a synthetic cargo unit. As previ-
ously shown, the mechanical properties of the cargo unit, especially
softness, have direct effect on optimum attachment of bacteria to the
cargo surface, which may also have been in effect for the high yield
of RBC microswimmer fabrication reported here (16). Moreover, the
density of RBC:s is inherently lower than synthetic materials and pro-
vides buoyancy to the fabricated RBC microswimmers. Aside from
E. coli, other bacteria species with higher swimming speeds [e.g.,
~30 um s~ for S. marcescens (48) and ~100 um/s for Magnetococcus
marinus strain MC-1 (17)] have been previously used as bioactuators for
microswimmers. Despite its relatively lower speed compared with other
bacteria, we specifically used E. coli because of its well-understood
genetics, which allowed us to engineer biotin attachment peptide on
its membrane. By using this peptide, we were able to fabricate RBC micro-
swimmers through biotin-avidin interaction, which eliminated the need
for harsh chemical reactions [e.g., 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide-N-hydroxysuccinimide (EDC-NHS)] that were heavi-
ly used in previously reported bacteria-based microswimmers. When
abovementioned properties were considered together, the RBC micro-
swimmers presented here displayed higher average velocities compared
with previous designs using synthetic cargo carriers and chemical at-
tachment methods (4). Last, inherent flexibility of RBCs provides a
valuable asset to the RBC microswimmers presented here in terms
of deformability, which might prove to be a critical advantage in in vivo
cargo delivery applications.
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Fig. 6. On-demand, NIR light-triggered hyperthermia termination switch for RBC microswim-
mers. (A) Schematic RBC microswimmers, loaded with a photothermal agent (ICG) coupled with
BSA, generating heat upon irradiation with NIR and resulting in termination of bacteria. (B) IR
thermal images of RBC microswimmers loaded inside a capillary tube before and during NIR irradi-
ation. (C) Live/dead staining of bacteria in RBC microswimmer samples before (i) and after (ii) NIR
irradiation, respectively. Scale bars, 5 um. (D and E) Quantitative measurements of (D) number of
intact RBCs and (E) percent viable bacteria before and after NIR-activated hyperthermia termina-
tion, respectively. Error bars represent the SD.

(26, 49). Specifically, in microswimmer applications,
fabrication of biohybrid designs involving RBCs needs
to be critically optimized to minimize membrane damage
to the RBC and to avoid excessive cross-linking, which
might compromise biocompatibility and lead to rapid
clearance in vivo (26). For example, nonspecific chemi-
cal reactions used for coupling peptide sequences or drugs
onto RBC membrane may inhibit membrane molecules—
including CD47, CD59, and C8bp—that protect against
phagocytosis and assembly of membrane attack com-
plexes (26). Therefore, noninvasive and specific fabrica-
tion methods, such as the one used here, are needed to
preserve membrane properties. Furthermore, RBCs are
limited in their ability to cross biological barriers, such as
the blood-brain barrier, which needs to be taken into ac-
count in targeted delivery applications of microswimmers
using RBCs as cargo carriers. Last, pH-dependent release
of drug molecules from RBCs may not be feasible and
sensitive enough for all clinical scenarios, which would
necessitate on-demand and site-specific active release
mechanisms.

Termination of bacteria propulsion and other func-
tions after delivery operations or in case of emergencies
is a critical component of biohybrid microswimmer de-
sign, although it is largely neglected in the literature. We
used ICG molecules, coupled with BSA, loaded inside
RBCs to induce noninvasive activation of hyperthermia
in RBC microswimmers to terminate bacterial functions.
ICG is a water-soluble tricarbocyanine dye with a strong
absorption band around 800 nm. ICG was first approved
for clinical applications by the U.S. Food and Drug Ad-
ministration in 1956, and today it is widely used in hu-
man medical imaging and diagnosis (50). Photothermal
capabilities of ICG have been recently coupled to RBCs
and RBC-derived vesicles for photodynamic therapy com-
bined with active drug release (51, 52). Here, we used the
photothermal capability of ICG as a termination switch
that can be activated remotely to stop functioning of bacte-
ria. Although NIR light has a penetration depth of 3 to
5 mm into the skin, such a termination switch may still be
useful in applications targeting subcutaneous tumors or
tumors lining inner cavities, such as colon, with the as-
sistance of an endoscopic or colonoscopic irradiation. Fur-
thermore, hyperthermia of biohybrid microswimmers can
be potentially induced using other activation means, in-
cluding alternating magnetic fields or ultrasound (53).

RBCs have been exploited as cargo carriers because of
their greater biocompatibility and immune-evasive stealth
properties, especially compared with synthetic cargo car-
riers. In nature, specific pathogens, ranging in size from
0.2 to 2 um (e.g., hemobartonella), can bind to RBC mem-
brane to evade immune system and remain in circulation
for weeks (54). Furthermore, by mimicking nature, dramat-

RBCs, as nature’s own carriers, have been extensively investigated as
non-genetically engineered cargo carriers for theranostic applications.
Although ex vivo engineered RBCs showed better biocompatibility and
immune-evasive properties compared with synthetic systems, including
conventional liposomal delivery platforms, there are still major challeng-
es that need to be addressed before their full translation into the clinic
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ically increased retention times were also shown for polystyrene parti-
cles that are attached to (hitchhiking) RBCs compared with free particles
(54, 55). Drawing similarities between RBC microswimmers introduced
in this report and analogs available in nature or engineered systems,
our RBC microswimmers would also have better biocompatibility
compared with free bacteria, which we will investigate in future work.
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The RBC microswimmers reported here demonstrate a unique
multifunctionality that has not been observed in other bacteria-
driven microswimmers, including (i) facile, noninvasive, and high-
throughput fabrication; (ii) magnetic steerability; (iii) compliant
cargo that can be actively deformed via the force generated by bac-
teria; and (iv) an on-demand NIR light-activated hyperthermia termi-
nation switch. Although high-throughput fabrication and magnetic
steering of biohybrid microswimmers have been previously shown
(1, 12, 16), the RBC microswimmer design described here combines these
features with additional advanced functionalities, including active
deformation of the soft cargo and on-demand termination switch of
the actuators, within the same platform. The presented biohybrid mi-
croswimmer demonstrates engineering and integration of one of na-
ture’s most efficient microswimmers (bacterium) and cargo carriers
(RBC) to create the blueprint for the next generation of multimodal,
targeted cargo delivery systems.

MATERIALS AND METHODS

Encapsulation of DOX and SPIONs in RBCs

Purified mouse RBCs were purchased from Innovative Research
(Novi, MI). RBCs were washed three times with phosphate-buffered
saline (PBS; pH 7.2), and 250 pl of RBCs was incubated in deionized
(DI) water for 15 min. Afterward, 150 pl of SPION solution [25 mg ml™,
50 nm; chemicell (Berlin, Germany)] and 100 pl of DOX solution
(500 ug ml™"; Sigma-Aldrich) were mixed with the RBCs. A mixed
solution of RBCs with SPIONs and DOX was incubated at 4°C for
1 hour to ensure swelling of RBCs and pore formation for diffusion
of SPIONs and DOX into the RBCs. The loaded RBCs were rinsed
three times with PBS at room temperature and incubated for 1 hour
at 37°C for resealing the RBCs. Resealed RBCs were incubated with
anti-mouse TER-119 antibody conjugated with biotin for attachment
to streptavidin-conjugated bacteria.

Characterization of DOX- and SPION-loaded RBCs

Alexa Fluor 488-conjugated TER-119 antibodies (BioLegend, San
Diego, CA) were used to characterize the expression of TER-119 anti-
gen on mouse RBCs before and after drug and SPION loading. Fluo-
rescein isothiocyanate (FITC)-conjugated streptavidin (Sigma-Aldrich)
was also used to confirm binding of biotin-conjugated TER-119 anti-
bodies to RBCs. DOX loading into RBCs was confirmed using auto-
fluorescence of DOX (excitation, 470 nm/emission, 585 nm). Attachment
of TER-119 antibodies and DOX loading into RBCs were validated
using flow cytometry analyses. DOX-loaded RBCs labeled with Alexa
Fluor 488-conjugated TER-119 antibodies were analyzed using a BD
FACSMelody cell sorter (BD Biosciences, East Rutherford, NJ). For
each experiment, 250,000 events were recorded using a 488-nm laser
for excitation, and 527 + 16-nm emission filter for Alexa Fluor 488
and 700 + 27-nm emission filter for DOX.

Scanning electron microscopy (SEM) imaging of RBC microswim-
mers was performed via a Zeiss Ultra 550 Gemini scanning electron
microscope (Carl Zeiss Inc., Oberkochen, Germany) using an acceler-
ating voltage of 5 keV and an in-lens detector. For SEM imaging,
RBC microswimmer samples were injected through track-etched poly-
carbonate membrane filters (Whatman, Maidstone, UK) with a pore
diameter of 200 nm. Membrane filters were incubated in 2.5% glu-
taraldehyde at 4°C for 1 hour. Afterward, the samples were dehy-
drated in sequentially increasing ethanol concentrations up to 100%
ethanol. The samples were dried using an automated critical point
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dryer (Leica EM CPD300, Leica Microsystems, Wetzlar, Germany)
and coated with 10 nm of gold using a Leica EM ACE600 sputter coater
(Leica Microsystems). EDS (Bruker, Billerica, MA) was performed to
analyze loading of SPIONSs into RBCs, using an accelerating voltage of
15 keV.

pH-responsive drug release

After the DOX loading process as described above, RBCs were cen-
trifuged to collect unloaded DOX molecules in the supernatant. To
characterize drug release, we suspended RBCs (500 x 10° cells) in 1 ml
of medium at different pH values and incubated them at room tem-
perature, 250 rpm. At predetermined time points, samples were cen-
trifuged to collect supernatants and replaced with the equal volume of
fresh medium. Loading and release of DOX were quantified from col-
lected supernatants, in combination with a standard curve of DOX
solutions (4 to 250 ug ml™"), by measuring absorbance at 480 nm using
a plate reader (BioTek Gen5 Synergy 2, Bad Friedrichshall, Germany).

Fabrication of RBC microswimmers
Bioengineered bacteria strain is derived from E. coli MG1655. It con-
tains pOS233 plasmid, which was modified in antigen 43 (Ag43) region
to express FLAG epitope and biotin attachment peptide (fig. S1A) (33).
A single colony of bioengineered E. coli MG1655 was cultured overnight
at 37°C, 200 rpm in TB medium [10 g of tryptone and 5 g of NaCl in
1 liter of distilled water (pH 7.0)] containing kanamycin (50 ug ml™;
Sigma-Aldrich) and ampicillin (100 ug ml~'; Sigma-Aldrich). Then,
100 pl of overnight culture was transferred into 10 ml of TB medium
containing biotin (1 uM), kanamycin (50 pg ml™), and ampicillin
(100 ug ml™) and cultured for 2 hours at 34°C, 270 rpm. At the end of
2 hours, 100 uM isopropyl-B-p-thiogalactopyranoside (Sigma-Aldrich)
was added and further cultured in the same conditions until ODggq
(optical density at 600 nm) (BioTek Gen5 Synergy 2 plate reader,
Bad Friedrichshall, Germany) reached 0.6. After rinsing the bacte-
ria with motility medium twice, we incubated the bacteria in motility
medium [10 mM K,HPOy, 10 mM KHPO,, 67 mM NaCl, 0.1 mM EDTA,
1% (w/v) glucose (pH 7.0)] with streptavidin (100 pg ml™; Sigma-
Aldrich) at 37°C and 200 rpm for 1 hour. After the incubation, the
bacteria were rinsed twice and resuspended in motility medium.
Streptavidin-conjugated bacteria were mixed with DOX- and SPION-
loaded RBC:s for fabrication of RBC microswimmers and incubated at
room temperature for 5 min. After attachment, RBC microswimmers
were injected into a microchannel (75 pm height by 2 mm width by
10 mm length), composed of laser-cut poly(methyl methacrylate)
pieces and double-sided adhesive films attached to a cover glass for
motility characterization (56).

Motility characterization and magnetic guidance of

RBC microswimmers

RBC microswimmers were tracked from video recordings (30 frames
per second) obtained using an inverted optical microscope with 40x
water immersion objective lens (DMi8, Leica Microsystems). Motil-
ity characterization parameters including mean speed and velocity for
both free bacteria and RBC microswimmers were computationally
analyzed using an in-house tracking software developed in MATLAB
(MathWorks, Natick, MA).

We used a custom five-coil magnetic guidance setup built on an
inverted microscope (Zeiss Axio Observer A1, Carl Zeiss) housing a
microfluidic channel. The magnetic guidance system was designed to
generate magnetic fields up to 20 mT in x and y directions. Each coil
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was controlled independently by a current controller (Escon 70/10,
Maxon Motor AG), and desired current values were determined by
the precalibrated field to current ratios. The field was measured to be
uniform within 5 mm from the center of the workspace in the x-y plane.
The z axis coil (out of plane) was not used in this work.

Deformability analysis of RBC microswimmers

Passive deformability and stability of the RBC microswimmers were
investigated by flowing microswimmers through microchannels with
a width of 3 um, whereas active deformation of RBC microswimmers
by bacterial propulsion was investigated by using a microfabricated
fluidic channel incorporating circular pillar arrays with a controlled
gap distance of 2 pm. Microfluidic channels were fabricated on the
basis of photolithography and soft lithography (57, 58). A negative
template on a silicon wafer was fabricated using photolithography and
silanization with (tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane
vapor under vacuum. Then, poly(dimethylsiloxane) (PDMS; Sylgard
184, Ellsworth Adhesives, Germantown, WI) prepolymer (10:1 weight
ratio, mixed and degassed) was molded over the negative template
and cured at 90°C for 4 hours. After curing, the PDMS block with
microchannels was peeled off, treated under oxygen plasma, and
bonded to a precleaned cover glass. Inlet ports were opened using a
biopsy punch (0.75 mm diameter), and rectangle outlet ports were cut
open using a razor blade. Once the channels were ready, fluorescently
labeled RBC microswimmers were manually injected through the mi-
crochannels using a syringe and inlet tubing.

NIR-activated hyperthermia termination switch design

and operation

To realize NIR-triggered hyperthermia in RBC microswimmers as a
termination switch, we freshly dissolved ICG in DI water and mixed it
with BSA, forming a working solution with ICG (1 mg ml™") and BSA
(60 mg ml™"). Loading and sealing of ICG-BSA were performed using
the same process to load DOX molecules. After loading and sealing of
ICG-BSA, RBCs were incubated with anti-mouse TER-119 antibody
conjugated with biotin for attachment to streptavidin-conjugated bacte-
ria. After incubation, RBCs were centrifuged and resuspended in PBS
and mixed with streptavidin-conjugated bacteria for fabrication of RBC
microswimmers. Next, RBC microswimmers were loaded in capil-
lary tubes and irradiated under NIR (~0.6 W cm ), and thermal imag-
es were collected using an infrared thermal camera (ETS320, Flir
Systems, Wilsonville, OR). Then, samples were recollected in mi-
crocentrifuge tubes for fluorescent bacterial viability testing
(LIVE/DEAD BacLight Bacterial Viability Kit, Thermo Fisher Sci-
entific, Waltham, MA) and quantification of number of intact RBCs.

Statistical analysis

All quantitative values were presented as means + SD. All experiments
were performed for at least three independent repeats. Mann-Whitney
test was used for the statistical analysis, and a P value of less than 0.05
was considered statistically significant.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/3/17/eaar4423/DC1

Fig. S1. Bioengineered E. coli MG1655 for biotin attachment peptide expression of the
cell membrane.

Fig. S2. Characterization of TER-119 antigen presence on mouse RBCs and binding of
biotin-conjugated TER-119 antibodies for streptavidin modification.

Fig. S3. Bioengineered E. coli MG1655 attachment to DOX-loaded RBCs.
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Fig. S4. Fluorescence microscopy characterization of DOX loading into RBCs.

Fig. S5. Flow cytometry density plots for RBCs without hypotonic isotonic treatment.
Fig. S6. Flow cytometry population selection for RBCs.

Fig. S7. SPION-loaded RBCs are attracted to a permanent magnet.

Fig. S8. Characterization of the loading of citric acid-coated SPIONs into RBCs using EDS.
Fig. S9. Photo of the custom five electromagnetic coils mounted to an inverted optical
microscope and used for the magnetic guidance of RBC microswimmers.

Fig. S10. FITC-labeled RBC microswimmers are shown at the entrance of a microchannel.
Fig. S11. Deformation of FITC-labeled RBC microswimmers inside a microchannel with the
attached bacterium.

Movie S1. Bacteria-driven RBC microswimmers.

Movie S2. Magnetic steering of bacteria-driven RBC microswimmers.

Movie S3. Passive deformation of RBC microswimmers in microchannels.

Movie S4. Active deformation of an RBC cargo propelled by single bacterium.
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