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MICROROBOTS

Enzyme-powered Janus platelet cell robots for active
and targeted drug delivery

Songsong Tang'?*, Fangyu Zhang'*, Hua Gong'#*, Fanan Wei', Jia Zhuang’, Emil Karshalev’,
Berta Esteban-Fernandez de Avila', Chuying Huang', Zhidong Zhou', Zhengxing Li', Lu Yin’,
Haifeng Dong?, Ronnie H. Fang', Xueji Zhang?, Liangfang Zhang'*, Joseph Wang'*

Transforming natural cells into functional biocompatible robots capable of active movement is expected to
enhance the functions of the cells and revolutionize the development of synthetic micromotors. However, present
cell-based micromotor systems commonly require the propulsion capabilities of rigid motors, external fields, or
harsh conditions, which may compromise biocompatibility and require complex actuation equipment. Here, we
report on an endogenous enzyme-powered Janus platelet micromotor (JPL-motor) system prepared by immobilizing
urease asymmetrically onto the surface of natural platelet cells. This Janus distribution of urease on platelet cells
enables uneven decomposition of urea in biofluids to generate enhanced chemophoretic motion. The cell surface
engineering with urease has negligible impact on the functional surface proteins of platelets, and hence, the
resulting JPL-motors preserve the intrinsic biofunctionalities of platelets, including effective targeting of cancer cells
and bacteria. The efficient propulsion of JPL-motors in the presence of the urea fuel greatly enhances their binding
efficiency with these biological targets and improves their therapeutic efficacy when loaded with model anticancer
or antibiotic drugs. Overall, asymmetric enzyme immobilization on the platelet surface leads to a biogenic micro-
robotic system capable of autonomous movement using biological fuel. The ability to impart self-propulsion onto
biological cells, such as platelets, and to load these cellular robots with a variety of functional components holds
considerable promise for developing multifunctional cell-based micromotors for a variety of biomedical applications.
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INTRODUCTION
Evolved with distinctive features such as low immunogenicity, long
life span, and binding specificity, natural cells have proven highly
advantageous as carriers of therapeutic and diagnostic agents (1-3).
For example, platelets are tiny, anucleate cells derived from the
megakaryocyte of the bone marrow. Because of the relatively short
life span of an individual platelet (around 8 to 10 days), billions of
new platelets are produced daily to maintain normal platelet counts
(4). The large volume and surface area of platelets facilitate efficient
drug loading. With their combined abundancy, fast replenishment,
high drugloading efficiency, and specific binding to biological threats,
platelets have been considered an attractive platform for targeted
drug delivery (5-9). However, vital cells, such as red blood cells
(RBC:s) and platelets, are immobile and rely on blood flow and pas-
sive diffusion to reach their desired destination, which may limit
their overall binding, transport, and therapeutic efficacy when used
as drug carriers. Transforming these passive cell systems into active
and mobile delivery platforms is expected to open up new opportu-
nities. Such a change in the operation of nanoscale systems from
passive to active has been recently demonstrated with impressive
benefits (10-22), including prolonged intestinal retention (12) and
accelerated detoxification (22).

The use of micro/nanomachines that convert energy to propul-
sive force offers a viable route for realizing active cell-based delivery
systems (23-26). Recent efforts toward cell-motor hybrid platforms
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can be classified into two main categories on the basis of the propulsion
mechanism. The first category of cell robots relies on the propulsion
by external fields, where cells are integrated with active components
that respond to external stimulations (i.e., magnetic, acoustic, etc.)
(27-31). Such externally propelled cell systems may experience con-
straints, such as the need for complex actuation equipment. The
second category of cell-motor systems operates autonomously, re-
lying on self-propelled micromotors interfaced with functional cells
(22, 32, 33). For instance, natural cells such as RBCs and macro-
phages have been attached to bacteria or magnesium (Mg)-based
micromotors, respectively (22, 33). However, several concerns of
biohybrid systems may limit their utility in practical clinical settings.
For example, the pathogenicity and immunogenicity of bacteria may
compromise the biocompatibility of bacteria-based platforms. Toxic
propulsion fuels (e.g., H,O,) or short motor lifetimes (e.g., Mg-based
micromotors) are additional barriers for diverse biomedical appli-
cations. Therefore, a fully biocompatible and biodegradable cell
robot, capable of long-lasting self-propulsion in biological fuel, is
highly desirable.

With the aforementioned design considerations, the use of en-
zymes to modify live cell motors represents an attractive approach,
given their ability to convert their substrate biofuel into a driving
force (34-37). Enzyme-based micro/nanomotors, relying on bio-
catalytic reactions of widely available biocompatible fuel substrates,
can thus be used for practical biomedical applications. Such en-
zymes integrated onto micro/nanostructures can generate sufficient
power in biological media containing their substrate fuel to over-
come random Brownian motion and display efficient propulsion
without requiring external fuels (38-40). Although early studies
reported on the successful non-Janus modification of inorganic
micro/nanospheres with enzymes to achieve propulsion (37, 41-43),
breaking the symmetry to obtain a Janus structure is essential for
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achieving asymmetric driving force and generating efficient direc-
tional propulsion. The ability to immobilize enzymes onto cell sur-
faces has been proven viable for various applications (44-46), but reports
on an active self-propelled cell motor based on enzyme modification
of a cell surface in a Janus manner are scarce.

Here, we present urease-powered Janus platelet micromotors (JPL-
motors) prepared by immobilizing the enzyme asymmetrically onto
the surface of natural platelets (Fig. 1). As a major type of circulating
blood cells, platelets offer multifunctionality in response to various
microenvironments (i.e., hemostasis, inflammation, angiogenesis,
wound healing, etc.) and specific binding to biological threats (can-
cer cells, bacteria, etc.) due to the versatile receptors on their surface
(4, 47, 48). The JPL-motors developed in the present study leverage
the intrinsic binding specificity and capacity of platelets to other bio-
logical subjects (7, 49) for developing a new generation of targeted
platelet micromotor powered by biocatalytic reactions of bioavailable
fuels. By preserving the biological and structural features of regular
platelets, the resulting JPL-motors have a wide range of platelet-like
functions that other synthetic motors cannot achieve, for instance,
specific binding and targeted delivery to cancer cells and bacteria.

The JPL-motors were fabricated by partially blocking the platelet
surface through attachment of the platelets to a poly(L-lysine) (PLL)-
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modified surface in a commercial 12-well plate, followed by modify-
ing the unblocked platelet surface with urease via a biotin-streptavidin-
biotin binding complex (Fig. 1A). The biocatalytic reaction of the
surface-bound urease in the presence of urea fuel generates an effec-
tive propulsion force through a chemophoretic mechanism. The re-
sulting JPL-motors thus show efficient motion in diverse biological
fluids in the presence of urea and significant propulsion enhancement
in comparison with urease fully modified (non-Janus) platelets (de-
noted as “non-JPLs”), reflecting their asymmetrical structure. Our
study demonstrates that the urease modification has a negligible effect
on the functional proteins present on the platelet surface. This allows
us to design a targeted platform on the basis of the intrinsic and
specific binding of platelets to biological targets. The effective pro-
pulsion of the resulting JPL-motors in the presence of the urea fuel
shows accelerated binding with cancer cells and bacteria and improved
therapeutic efficacy of JPL-motors loaded with the model anticancer
and antibiotic drugs, respectively. The integration of platelets with
the urease biocatalytic engine enables the creation of an endogenous,
biocompatible, and biodegradable cell robot that has the intrinsic
properties of platelets along with the ability to self-propel. The cell
surface engineering used for preparing the Janus urease coating
represents a facile and robust method to asymmetrically functionalize
the surface of natural cells. Such surface
functionalization holds considerable po-
tential for developing advanced cell robots.
Using the body’s own cellular materials
as building blocks bestows the cell robots
with capabilities to meet the rigorous
properties required for biological applica-
tions, including superb biocompatibility,
natural targeting ability, and high cargo-
carrying capacity. These unique features
would enable the cell robots for diverse
biomedical applications including drug
delivery, immunotherapy, and detoxifi-
cation. Although the concept of creating
enzyme-powered cell motors via an asym-
metric biocatalytic cell coating has been
presented here in connection to urease-
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PL JPL-motor

Fig. 1. Fabrication and characterization of JPL-motors. (A) Schematic of the fabrication of JPL-motors. Platelets
were attached first to a PLL surface and then modified with urease via a biotin-streptavidin-biotin binding complex.
(B) Fluorescent (i) and merged (ii) images of Cy5 and bright-field channels of JPL-motors with Cy5-labeled urease.
(C) Representative flow cytometry histograms of Cy5-labeled urease under different conditions: JPL-motors (orange)
and control experiments with unmodified platelets (red) and Janus modification of platelets without using biotin on
urease (blue) or streptavidin (cyan). a.u., arbitrary units. (D) Representative flow cytometry histograms of the
platelet activation marker P-selectin on JPL-motors (orange), unmodified platelets (red), and resting platelets (blue).
(E) Quantification of the protein content of unmodified platelets (PL; red) and JPL-motors (orange) (both 5 x 10"
cells/ml), stored in 1x PBS at 4°C for 24 hours. Error bars represent SDs from three independent measurements. The
mean protein amount of unmodified platelets was normalized to 100% (*P < 0.05, t test). (F) SDS—polyacrylamide gel
electrophoresis analysis of proteins presented on unmodified platelets (PL) and JPL-motors. The samples were run at

PL JPL-motor  Fabrication and characterization

of JPL-motors

The JPL-motors were fabricated in a com-
mercial PLL-modified 12-well plate. PLL
is a positively charged amino acid poly-
mer with lysine residues that are commonly
used to coat tissue culture vessels to pro-
mote the nonspecific attachment of neg-
atively charged cells or proteins through
electrostatic interactions (22, 50). To ac-
complish the asymmetric surface modi-
fication, platelets were attached first to
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the PLL surface through centrifugation and further incubated for
an hour. The centrifugation allowed partial platelet immersion into
the PLL layer on the 12-well plate bottom, whereas the following
incubation reinforced electrostatic attachment between the posi-
tively charged PLL surface and the negatively charged platelet
membrane. This process enabled the partial blocking of the platelet
membrane and allowed the subsequent Janus urease immobilization.
As shown in Fig. 1A, the primary amines of the cell membrane pro-
teins provided stable anchorage for cell surface engineering (44).

Then, sulfo-N-hydroxysuccinimide (NHS)-biotin, streptavidin,
and urease-biotin were sequentially introduced to modify the platelet
surface with urease (see Materials and Methods). Last, the resulting
JPL-motors were dissociated from the PLL surface and suspended
in phosphate-buffered saline (PBS) at 4°C until use. Using strong
noncovalent binding interactions, the biotin-streptavidin-biotin
complex provided a robust connection between the platelets and
urease, ensuring high stability of the resulting cell robots in diverse
biological environments.

The fabricated JPL-motors were characterized first by fluorescence
microscopy using Cyanine5 [Cy5; excitation (Ex)/emission (Em) =
646/662 nm]-labeled urease. The optical and fluorescent images of
JPL-motors with Cy5-labeled urease, shown in fig. S1 (A to C),
demonstrate the monolayer distribution of JPL-motors on the well
plate surface before pipetting. Further measurement of the JPL-
motor sizes from the microscopy image of fig. S1A verified that about
82% of the JPL-motors are within a narrow size range of 1.4 to 2.6 um
(fig. S1D). The fluorescent image (i) of the Cy5 channel in Fig. 1B
shows the Janus distribution of urease on JPL-motors. The merged
image (ii) of the bright-field and Cy5 channels confirmed the effec-
tive localization of urease on JPL-motors and further verified the
successful Janus modification of urease on platelet membranes as
displayed by the asymmetric localization of the Cy5 fluorescent dye
on the platelet surface. Moreover, the fabricated JPL-motors main-
tained the characteristic shape of platelets, revealing no damage to
the cell morphology during the modification process or detachment
of JPL-motors from the PLL substrate. The modification feasibility
and efficiency of urease was further explored by flow cytometry anal-
ysis. As shown in Fig. 1C, around 96% of JPL-motors were Cy5 pos-
itive, whereas the Cy5 signal was not observed in control experiments
involving unmodified PLs or Janus modification of platelets
without using biotinylated urease or streptavidin. Such results fur-
ther demonstrate the successful modification of urease on the JPL-
motors. We also examined whether the JPL-motors remained as
activated platelets, which is directly related to the inherent properties
of platelets, such as their specific binding capability. Expression of
P-selectin, a hallmark platelet activation marker, was thus evaluated
among rest platelets (freshly isolated platelets without activation),
unmodified but activated platelets, and JPL-motors. The results of
flow cytometry analysis, displayed in Fig. 1D, reveal that the P-
selectin expression for both unmodified PLs and JPL-motors
was significantly enhanced in comparison with that of rest platelets,
indicating that the platelets used for fabricating the JPL-motors were
activated and unaltered by the urease modification. Furthermore, we
investigated the effect of cell surface engineering on the protein
content of JPL-motors. A bicinchoninic acid (BCA) protein assay
was performed, as shown in Fig. 1E. The protein content of JPL-motors
was slightly higher than that of unmodified PLs at the same cell con-
centration (5 x 10! cells/ml), which may be ascribed to the addi-
tional molecules (i.e., biotin) and proteins (i.e., streptavidin and
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urease) on the JPL-motor membrane. On the basis of the protein
quantification, we also estimated the amount of urease per JPL-motor,
which corresponds to 136 + 25 molecules. Details of these calcula-
tions are given in the Supplementary Materials. Gel electrophoresis
analysis of Fig. 1F illustrates that the protein profile of JPL-motors
matches closely to that of unmodified PLs at the same protein
concentration. However, the bands of the attached streptavidin or
urease moieties cannot be found in the gel electrophoresis analysis
because of their significantly lower amounts compared with those
of proteins existing on the platelet surface. These results demonstrate
that the platelet surface can be modified with urease without altering
its protein profile, which is a prerequisite for subsequent biomedical
applications of JPL-motors.

Propulsion performance of JPL-motors and non-JPLs

The Janus distribution of urease over the platelet surface results in
asymmetric biocatalytic decomposition of urea into ammonia and
carbon dioxide, as illustrated in Fig. 1A and the following Eq. 1:

urease
(NH2)2CO+H20—> C02+2NH3 (1)
Subsequently, a concentration gradient and active directional flow
of reaction products around JPL-motors are generated, which drives
the JPL-motor to undergo self-diffusiophoretic propulsion. The pro-
pulsion data were acquired by optical tracking of individual micro-
motor samples. Figure 2A (and corresponding movie S1) displays the
typical tracking trajectories of JPL-motors in the presence of varying
urea concentrations (0, 50, 100, and 200 mM) in PBS and illustrates
the enhanced motion with increasing urea fuel concentrations. The
propulsion of multiple JPL-motors in the presence of 50 mM urea is
also demonstrated in movie S2. On the basis of the X-Y coordinates
of the micromotor trajectories, taken from the optical tracking, the
mean-squared displacement (MSD) was calculated as a function of
the time interval (Af) along with different concentrations. In Fig. 2B,
the MSD increases linearly with time in low fuel concentration. This
behavior changed at higher urea concentrations (100 and 200 mM),
starting off as linear and shifting to parabolic, reflecting the effective
directional motion of the cell robots under these conditions. Aiming
at using JPL-motors in practical biomedical applications, we also
examined the propulsion behavior of the motors in biologically rel-
evant environments. As illustrated in Fig. 2C (and corresponding
movie S3), the motion behavior of the cell robots in Dulbecco’s mod-
ified Eagle medium (DMEM), blood, and simulated urine in the pres-
ence of 100 mM urea is comparable with their movement in PBS.
The effective diffusion coefficient (D.g) was estimated by fitting the
MSD curves to Eq. 2
MSD(A?) = 4 DAt )
where D, represents the effective diffusion coefficient and At rep-
resents the time interval (51, 52). The corresponding D is shown
in Fig. 2D. Such propulsion behavior of the JPL-motors in various
media further demonstrates the robustness of the Janus modifica-
tion under different conditions toward expanded possibilities in
diverse environments. We also explored the propulsion behavior of
unmodified PLs in aforementioned biological fluids containing
100 mM urea. As expected, in the absence of immobilized urease en-
gine, only a Brownian motion was observed in the different media
(fig. S2 and movie S4). Because the Brownian motion is affected only
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Fig. 2. Motion behavior of JPL-motors and urease fully modified platelets (non-JPLs). (A) Optical tracking trajectories (over 20 s) and (B) MSD of JPL-motors in PBS
solution with different urea concentrations [n = 15; mean + standard error of the mean (SEM)]. (C) MSD and (D) corresponding De¢ of JPL-motors in various media at the same
urea concentration (100 mM) (n = 15; mean + SEM). (E) Optical tracking trajectories (20 s) and (F) MSD of the non-JPLs in PBS solution with different urea concentrations.
Comparisons of the (G) Deff (0= 15; mean + SEM) and (H) speed (n = 15; mean + SD) of JPL-motors and non-JPLs in the presence of different urea concentrations. *P < 0.05,

**P <0.01, and ***P < 0.001; ns, no statistical significance; t test.

by the temperature and the viscosity of the fluid, the unmodified PLs
(lacking the urease engine) are expected to display Brownian motion
independent of the presence of urea. We also examined the lifetime
of the JPL-motors. As shown in fig. S3 (movie S5), the JPL-motors
still displayed effective propulsion after 30 min at a urea concentra-
tion of 100 mM compared with their initial motion. Such biocatalytic
propulsion with long life span holds great potential for addressing
the requirement of practical applications. The observed path decrease
is largely due to the depletion of the urea fuel, whereas the slow trans-
lational diffusion of the attached urease enzymes on cell membrane
might also contribute to the path decrease by breaking the asymmetric
enzyme distribution on the JPL-motors.

Several studies have reported that non-Janus coating of enzymes
on polystyrene particles (37) or mesoporous silica nanoparticles
(41-43) could enhance diffusive motion due to the unbalanced dis-
tribution of enzymes on the surface. Here, non-JPLs were also fab-
ricated (see Materials and Methods) to compare their propulsion
behavior with that of JPL-motors. The characterizations of non-JPLs
with Cy5-labeled urease are presented in fig. S4. The fluorescence
intensity of Cy5-labeled urease can be observed uniformly over the
surface of the platelets (fig. S4, A to C). The successful fabrication of
non-JPLs is further confirmed by flow cytometry analyses shown in
fig. S4D, demonstrating that the non-JPLs display a strong Cy5 sig-
nal (~99%) compared with the unmodified PLs. Compared with
the images shown in Fig. 1B, such results further validated our meth-
odology for Janus cell surface engineering. The optical tracking tra-
jectories and calculated MSD of non-JPLs were shown in Fig. 2 (E
and F, respectively) (movie S6), where an increase in displacement
was observed upon increasing the urea concentration. However, as
expected, JPL-motors displayed a more efficient propulsion and larger
MSD compared with the corresponding non-JPLs. This difference
was attributed to the asymmetric propulsion force generated by JPL-
motors and was further confirmed by the Deg and speed. Figure 2G
compares the calculated Deg of JPL-motors and non-JPLs. Although
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no major difference was observed in the absence of fuel, in the pres-
ence of urea, the Deg of JPL-motors was approximately two times higher
compared with that of non-JPLs at the same fuel concentration. A
similar trend was observed in Fig. 2H when comparing the speed
obtained from optical tracking, with the JPL-motors displaying a
higher speed (1.62-fold) than non-JPLs at 200 mM urea. Overall,
these results demonstrate that JPL-motors exhibit effective movement
in various biological media in the presence of urea and enhanced
propulsion compared with non-JPLs, reflecting the stronger net pro-
pulsion force generated by the asymmetric enzyme distribution on
the cell surface.

In vitro anticancer drug delivery of JPL-motors

The successful fabrication of JPL-motors and their effective propul-
sion in diverse biological fluids allowed us to investigate their use in
biological applications. Considering that platelets play crucial roles
in cancer metastasis, including interacting directly with cancer cells
(47), the active targeted JPL-motor platform holds great potential to
improve drug delivery to cancer cells. Here, the breast cancer cell
MDA-MB-231, known for its interaction with platelets (53), was used
as a model to evaluate the anticancer activity of chemodrug-loaded
JPL-motors (Fig. 3A). We first examined the specific adhesion of
JPL-motors to cancer cells. Figure 3B presents a scanning electron
microscope (SEM) image illustrating the adhesion and aggregation
of JPL-motors (pseudocolored in pink) on an MDA-MB-231 cell
(pseudocolored in purple) after 10 min of incubation at a urea con-
centration of 100 mM. Such specific binding is also demonstrated
by fluorescent microscopy. JPL-motors and MDA-MB-231 cells were
labeled with Cy5 and Hoechst 33342 (Ex/Em = 361/497 nm) dyes,
respectively. Figure 3C shows the bright-field (i) and fluorescent (ii to iv)
images of JPL-motors (iii, red) attached onto an MDA-MB-231
cell (ii, blue). The adhesion of cancer cells with PLs and RBCs has
been used as positive and negative controls, respectively, to further
explore the effect of the urease modification on the binding affinity
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Fig. 3. Enhanced binding and anticancer activity of chemodrug-loaded JPL-motors. (A) Schematic of JPL-motor-DOX for cancer-targeted delivery. MDA-MB-231 breast
cancer cells were selected as a model cell line. (B) Pseudocolored SEM image of numerous JPL-motors (red) attached to an MDA-MB-231 cell (purple). (C) Bright-field
(i) and fluorescent (i to iv) images showing the binding between an MDA-MB-231 cell and JPL-motors, labeled with Hoechst 33342 (ii, blue) and Cys5 (iii, red), respectively.
Overlay of the two channels is shown in (iv). (D) Loading efficiency of JPL-motors and unmodified platelets (PLs) at various DOX initial inputs (n = 3; mean + SD). *P < 0.05
and **P < 0.01, t test. (E) Cumulative release of DOX from DOX-loaded JPL-motors and unmodified platelets (PLs) at pH 5.0 or 7.4 over 24 hours (n = 3; mean + SD).
(F) Comparison of the fluorescence intensity of MDA-MB-231 cells after incubation with DiD-labeled JPL-motors or unmodified platelets (PLs) over different periods of
time at 100 mM urea (n = 3; mean =+ SD). (G) Viability of MDA-MB-231 cells after incubation with control solutions (only PBS or urea), JPL-motors, free DOX, PL-DOX, and
JPL-motor-DOX at the same DOX concentration of 10 uM at various urea concentrations (0, 50, and 100 mM) for 10 min and separated for another 24 hours of incubation
(n=3; mean + SD). *P <0.05 and **P < 0.01, t test.

of platelets. JPL-motors, PLs, and RBCs have thus been labeled with  served between DOX-loaded JPL-motors and unloaded JPL-motors
1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine (DiD;  (fig. S8 and movie S7), reflecting the effective propulsion of the drug-
Ex/Em = 648/668 nm) and incubated for 30 min with MDA-MB-231  loaded cell robot platform. Subsequently, the DOX release from JPL-
cells at the ratio of 10:1, followed by flow cytometry analysis. As motors was analyzed over 24 hours at two different pH values. The
shown in fig. S5, both the JPL-motors and PLs displayed compara-  JPL-motors displayed a similar and comparable DOX release behavior
ble DiD positive (~96%), whereas no DiD signal was observed for ~ compared with PLs (Fig. 3E). The enhanced DOX release within
the negative RBC control. These data demonstrate that the enzyme 24 hours at a lower pH 5.0, compared with that at the physiological
modification of JPL-motors has no influence on the intrinsic adhesion ~ pH 7.4, might be due to the destabilization and protein denaturation
properties of platelets, which is in agreement with the results of Fig. ID  of the platelet membrane at a lower pH value (57). Enhanced release
and allows the design of JPL-motor-based targeted delivery platforms.  at low pH may facilitate effective drug delivery to tumors with their

After confirming the specific binding capability of JPL-motors acidic microenvironments. Before evaluating the anticancer efficacy
with MDA-MB-231 cells, the antitumor efficacy of drug-loaded of DOX-loaded JPL-motors, the binding efficiency of cancer cells
JPL-motors was evaluated. Doxorubicin (DOX), a widely used chemo- ~ with JPL-motors or unmodified PLs was analyzed. Both JPL-
therapeutic drug, was selected for this study. The drugs are expected motors and unmodified PLs were labeled with DiD and then incu-
to be loaded onto the platelet cell through both electrostatic absorption  bated with MDA-MB-231 cells at 100 mM urea for different periods
and cellular endocytosis (54-56). Initially, the capability of JPL-motors (5 min, 10 min, 30 min, 1 hour, 2 hours, and 4 hours). The optimized
to load DOX was confirmed by fluorescent microscopy (fig. S6).  centrifugation speed of 100 relative centrifugal force (rcf) per minute
Then, the loading capacity was explored with increasing inputs of ~ was chosen to isolate the resulting aggregates from the free JPL-
DOX. In Fig. 3D and fig. S7, JPL-motors showed comparable loading  motors, PLs, and cancer cells. Then, the fluorescence intensity of
capacity to unmodified PLs, indicating that the surface modifica- DiD was measured. A rapid increase in fluorescence was observed
tion only has a slight effect on drug encapsulation. The maximum  within 30 min for JPL-motors, followed by a gradual saturation in
loading amount was obtained with 25 uM input concentration of  signal (Fig. 3F). In contrast, MDA-MB-231 cells cultured with un-
DOX (fig. $7), corresponding to a 20% loading efficiency per 10° cells  modified PLs showed a much slower fluorescent signal increase,
(Fig. 3D), whereas larger DOX concentrations provided lower loading ~ demonstrating that the active motion can accelerate the specific ad-
efficiencies. We also explored the propulsion behavior of DOX-loaded  hesion between JPL-motors and cancer cells. The incubation time
JPL-motors. Only slight differences in trajectory and MSD were ob- ~ with the maximum difference of binding efficiency was 10 min,
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where the fluorescence intensity of DiD in JPL-motors reached a
2.55-fold increase compared with that of passive unmodified PLs.
Subsequently, anticancer efficacy was evaluated on the basis of
the optimized incubation time. Figure 3G displays the viability of
MDA-MB-231 cells cultured at various conditions for 10 min and
then isolated for another 24 hours of incubation. Three urea con-
centrations (0, 50, and 100 mM) were examined for each condition.
Incubation with PBS or urea only (control in Fig. 3G) and JPL-motors
without DOX loading (JPL-motor in Fig. 3G) were performed as
negative controls and resulted in a negligible influence on cell via-
bility, indicating the biocompatibility of JPL-motors and their pro-
pulsion fuel. When treated with free DOX, cancer cells displayed
around 80% cell viability (DOX in Fig. 3G). Lower viability (~70%)
was observed for MDA-MB-231 cells treated with DOX-loaded un-
modified PLs (PL-DOX in Fig. 3G). It is also shown that different urea
concentrations have negligible effects on cell growth for both free
DOX and PL-DOX groups. In comparison, cells treated with DOX-
loaded JPL-motors (JPL-motor-DOX in Fig. 3G) exhibited a sub-
stantial decrease in viability upon increasing the urea concentration.
Forty percent cell viability was achieved at 100 mM urea, which is
a 1.75-fold decrease compared with PL-DOX. The effective pro-
pulsion of JPL-motors thus accelerated their binding with cancer cells
and enhanced local DOX concentration for improved anticancer ef-
fects (Fig. 3G). Overall, these results demonstrate that our cell robot
therapeutic platform, with self-propulsion in the presence of urea,
is capable of accelerating specific adhesion to cancer cells and en-
hancing anticancer efficacy.

In vitro antibacterial drug delivery of JPL-motors

Encouraged by the enhanced anticancer efficacy of DOX-loaded JPL-
motors, we explored whether this active therapeutic platform could
be generalized to other payloads and biological threats. Here, we in-
vestigated the potential antibacterial application of JPL-motors by
taking advantage of the platelets’ high binding affinity to certain
bacteria (49, 58). We chose Escherichia coli, known to bind to plate-
lets (59), as the model bacteria to assess the JPL-motor-bacterium
interactions (Fig. 4A). Figure 4B displays an SEM image of the ad-
hesion between a JPL-motor (pseudocolored in green) and E. coli
(pseudocolored in pink) after 5 min of incubation at 100 mM urea.
The platelet aggregation induced by E. coli was also shown in fig. S9.
To further verify the motor-bacterium binding, we labeled the JPL-
motors and E. coli with Cy5 and 4’,6-diamidino-2-phenylindole
(DAPI; Ex/Em = 358/461 nm), respectively. The bright-field (i) and
fluorescent images (ii to iv) of the E. coli (ii, blue) and JPL-motor
(iii, red) aggregates are shown in Fig. 4C, revealing the binding af-
finity between E. coli and the cell robots. We further quantified the
specific binding of JPL-motors with E. coli along with the binding to
PLs serving as control. Both JPL-motors and PLs (labeled with DiD)
were incubated with E. coli (labeled with DAPI) for 30 min at the
ratio of 1:5. The binding percentage was estimated by manually
counting 10 representative images taken from each sample. As shown
in fig. S10, only a slight difference in the binding level is observed
for both JPL-motors and PLs, indicating that the Janus modifica-
tion has a negligible influence on the binding affinity of platelets
to bacteria. The demonstrated binding ability of the JPL-motors to
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Fig. 4. Enhanced binding and antibacterial activity of antibiotic-loaded JPL-motors. (A) Schematic of JPL-motor-Cip for bacterium-targeted delivery. E. coli was
selected as a model bacterium. (B) Pseudocolored SEM image of the binding between the JPL-motor (green) and E. coli (red). (C) Bright-field (i) and fluorescent (ii to iv)
images of the binding between E. coli and JPL-motors, labeled with DAPI (ii, blue) and Cys5 (iii, red), respectively. The merged image of two channels is shown in (iv).
(D) Loading efficiency of JPL-motors and unmodified platelets (PLs) at various Cip initial inputs (n = 3; mean + SD). *P < 0.05 and ***P < 0.001, t test. (E) Cumulative released
percentage of Cip from Cip-loaded JPL-motors and unmodified platelets (PLs) at pH 5.0 or 7.4 over 24 hours (n = 3; mean + SD). (F) Comparison of fluorescence intensity
of E. coli after incubation with DiD-labeled JPL-motors or unmodified platelets (PLs over different periods of time at 100 mM urea) (n = 3; mean + SD). (G) ODgo of E. coli
after culture with control solutions (only PBS or urea), JPL-motors, free Cip, PL-Cip, and JPL-motor-Cip at the same Cip concentration of 10 ug/ml at various urea concen-
trations (0, 50, and 100 mM) for 5 min and separated for another 24 hours of incubation (n = 3; mean + SD). *P < 0.05 and ***P < 0.001, t test.
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cancer cells and bacteria relies on the numerous protein receptors
on the surface of platelets. For example, bacteria can bind with the
platelet Toll-like receptors, leading to the activation and aggrega-
tion of platelets (49, 58). Platelet receptors, such as alIbp3, P-selectin,
and a6P1, are responsible for the PL binding with cancer cells (47).
These biological receptor-ligand interactions enable the recognition
and binding of platelets to the target cells. Because platelets express
many unique functional receptors on its membrane that other cells,
such as RBCs, do not express, our JPL-motors are expected to target
a wide range of biological threats that have binding affinity with
platelets.

Ciprofloxacin (Cip), an antibiotic used to treat a wide variety of
Gram-negative bacterial infections (60), was used for antibacterial
evaluation. The drug loading capacity was first analyzed. The load-
ing amount of JPL-motors increased with the Cip input, reaching
the maximum loading at 12.5 pg/ml input concentration of Cip (fig.
S11), corresponding to a loading efficiency of ~27% (Fig. 4D). In-
creasing the Cip input to 25 pug/ml resulted in a smaller loading ef-
ficiency. It was also observed that Cip-loaded JPL-motors exhibited
propulsion comparable with their unloaded counterparts (fig. S12
and movie S8). Subsequently, Cip release was measured over 24 hours
at two pH values (Fig. 4E). Similar to the DOX formulation, JPL-
motors and PLs exhibit a negligible difference in the amounts
of released Cip at each pH value. Moreover, at pH 5.0, both JPL-
motors and PLs displayed a nearly twofold higher Cip release com-
pared with pH 7.4. The binding efficiency of JPL-motors or PLs to
E. coli was also explored. DiD-labeled JPL-motors or unmodified
PLs were cultured with E. coli at 100 mM urea for different incu-
bation times, followed by centrifugation at an optimized centrifu-
gation speed of 600 rcf/min and washing steps to separate the
resulting aggregates and remove the free JPL-motors or unmodified
PLs. The increase of DiD fluorescence intensity in the aggregates
was measured and calculated in the same way as above. JPL-motors
induced a rapid fluorescence increase in comparison with non-JPLs
(Fig 4F). The maximum difference in signal was achieved at 5 min,
which was chosen as the incubation time for the following anti-
microbial efficacy evaluation. This difference is attributed to the
active motion of JPL-motors, leading to rapid adhesion to E. coli.
To test the antibacterial effectiveness, an E. coli suspension [2 x 10°
colony-forming units (CFU) per milliliter] was incubated with free
Cip (Cip in Fig. 4G), unmodified PLs loaded with Cip (PL-Cip
in Fig. 4G), and JPL-motors loaded with Cip (JPL-motor-Cip in
Fig. 4G) at the same drug concentration (10 ug/ml) with different
urea concentrations for 5 min. The bacteria were then collected
through centrifugation and transferred to fresh LB broth for a sub-
sequent 24-hour incubation. The negative controls were also performed
by mixing E. coli with PBS or urea only (control in Fig. 4G) or
JPL-motors without Cip (JPL-motor in Fig. 4G), revealing a negli-
gible effect on bacteria colonization. Only JPL-motors display a
urea concentration-dependent bacteria inhibitory effect with the
lowest optical density (0.4) at 600 nm (ODggp) with 100 mM urea,
which is around 3.6- and 2.1-fold lower than that of Cip and PL-
Cip, respectively. The significant antibacterial effect of JPL-motors
reflects their self-propulsion in the presence of urea, which accel-
erates adhesion to bacteria and induces higher local Cip concen-
trations. Overall, these results indicate that the effective propulsion
and the specific binding of our cell robots to bacteria signifi-
cantly improve their antibacterial efficacy compared with passive
systems.
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DISCUSSION

Several challenges facing existing cell robot systems may hinder
their practical use for biomedical applications. The first concern for
biohybrids is biocompatibility. For example, live bacterium-driven
microswimmers may induce an immune response (33). The second
issue is the potential toxicity of the propulsion fuel, for instance, the
use of H,O, during the manipulation of breast cancer cells (32). Thus,
there is demand for alternative biocompatible platforms and fuels
to expand the biomedical prospects of micromotors. Another challenge
in the application of biohybrid micromotors in biological environ-
ments is the limited motor life span. Despite good biocompatibility
and biodegradability of Mg-based biohybrid micromotors, they still
suffer from a short lifetime (~2 min), which compromises their ap-
plication in certain environments (12, 22, 61). On the other hand,
although fuel-free propulsion mechanisms, based on the use of ex-
ternal acoustic or magnetic fields, have shown impressive performance
in actuating and controlling micromotors for in vivo tests, these
systems require relatively complex actuation systems and have lim-
ited tissue penetration. To overcome these limitations, we have demon-
strated a platelet cell robot powered by urease with autonomous and
long-lasting propulsion in the presence of urea, triggered by the cor-
responding enzymatic fuel decomposition that obviates the need for
motor actuation. The integration of the endogenous enzyme with
platelet cells yields a fully biocompatible cell robot system. The bio-
functionality of platelet cells combined with an efficient motor re-
sults in an attractive platform with unique synergistic capabilities that
can be useful for a broad range of biomedical applications. More-
over, the urea fuel is a common biological substrate readily available
in the body, especially in the urinary system, making these types of
microenvironments an attractive choice for initial clinical investi-
gation. The methodology developed here leads to a facile and robust
route to asymmetrically modify cell surfaces with urease. The Janus
structure is highly preferable for achieving asymmetric driving force
and active motion compared with complete enzymatic coverage of
the entire cell membrane. The current Janus cell modification was
realized by attaching platelets onto a PLL-modified substrate to block
the attached platelet surface and modifying the exposed cell mem-
brane with urease via a biotin-streptavidin-biotin binding interaction.
The asymmetric distribution of urease on JPL-motors, demonstrated
by fluorescent imaging using Cy5-labeled urease, results in an asym-
metric propulsion force and leads to greatly enhanced movement in
the presence of urea compared with non-JPLs. The ability to overcome
Brownian motion and achieve effective propulsion enables the inte-
gration of asymmetrically engineered platelets into the microrobotic
community to expand the design, functionality, and versatility of
microrobots on the basis of the Janus modification and intrinsic
properties of platelets (14). The cell surface engineering route has a
negligible effect on the functional proteins of platelet membrane,
endowing JPL-motors with the unique capabilities of drug loading
and specific binding to biological threats. The effective propulsion
of JPL-motors in the presence of urea significantly enhances their
binding efficiency to cancer cells and bacteria, and this, in turn, im-
proves the in vitro therapeutic efficacy compared with passive un-
modified PLs. These improvements can lead to decreased drug dosages,
which can ultimately reduce unwanted side effects. Cell surface en-
gineering transforms cells into active micromotors and can be readily
generalized to other types of cells (e.g., RBCs and T cells) or enzymes
(e.g., catalase and glucose oxidase) to open up a wide range of new
biomedical opportunities.
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The findings from this work illustrate a concept of using enzyme
asymmetrically modified natural cells as live cellular robots for ac-
tive and targeted delivery. The platform combines the merits of bio-
compatibility and functions of natural cells with active propulsion
ability empowered by biological enzymes. In terms of potential
medical applications, these cell robots can be readily expanded to
carry other types of therapeutic or diagnostic payloads or to achieve
a mission other than active delivery such as biodetoxification. The
production and regulation of urea are crucial for various metabolic
processes in the human body. The normal urea concentration in
human blood ranges from 2.5 to 6.5 mM. In other biofluids, such as
urine, the level of urea is significantly higher. Despite the large urea
fluctuations in urine (ranging from 102 to 835 mM), this biofluid is
particularly suitable for the propulsion of JPL-motors. The bioavailable
propulsion fuel of the JPL-motors makes the platform amenable to
future biomedical applications such as treatment of urinary tract
infection or bladder cancer. Although the ammonia product of the
biocatalytic decomposition of urea may contribute to a higher local
pH and potential cytotoxic effect, such effects were reported to be
controllable by adjusting the input of urease-powered micromotors
for in vitro bladder cancer therapy (42). This study demonstrated
the safe in vivo application of urease-powered micromotors for
bladder cancer treatment using an optimized motor concentration
displaying low toxicity. Future in vivo studies and applications will
require precise control to manipulate the cell robots to perform
complex tasks in dynamic environments. Coupled with new func-
tionalization and propulsion strategies, real-time tracking and im-
aging of the cell robots inside the body remain challenges that need
to be addressed in parallel to the development of cell robots. In ad-
dition, directional movement of living cells induced by chemotaxis
is critical for practical applications in biological systems (62). Inves-
tigating the effect of concentration gradients of substrates on the
propulsion of Janus cell robots holds considerable potential for de-
signing multifunctional platforms with autonomous movement in
response to complex environments. Overall, the Janus modification
of cell surfaces offers an inspiring and versatile avenue for trans-
forming passive cells into active cell robots. Such a strategy paves
the way for efficient biocompatible cell robot platforms that meet
the rigorous requirements of clinical biomedical applications.

MATERIALS AND METHODS

Preparation of urease-biotin-Cy5

Urease (Sigma-Aldrich) was first dissolved in PBS (1x; pH 7.4) at
1 mg/ml. Sulfo-NHS-biotin (200 pl; 16.6 uM; ProteoChem) was then
mixed with urease solution (200 pul, 1 mg/ml) and reacted for 30 min
with gentle shake at room temperature. Subsequently, 4 ul of sulfo-Cy5
NHS ester (sulfo-NHS-Cy5; 1 mM; Lumiprobe) was added for an-
other 30-min incubation. Last, the modified urease was purified
four times with PBS through a 100-kDa filter (Millipore) with cen-
trifugation at 1500 rcf for 3 min. The resulting urease-biotin-Cy5
was dispersed in 400 pl of PBS and stored at 4°C until use.

Fabrication of JPL-motors

Human platelets were purified from platelet-rich plasma (San Diego
Blood Bank). JPL-motors were prepared in commercial 12-well
plates modified with PLL (Corning). Platelets (10° cells) suspended
in 400 pl of PBS were added to a 12-well plate and spun down to the
PLL surface with a 3-min centrifugation at 900 rcf. After 1 hour of
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incubation at room temperature, the supernatant was removed and
the plate was washed three times with PBS to remove all the un-
attached platelets. Afterward, the attached platelets were reacted
with sulfo-NHS-biotin (166 uM), streptavidin (ProSpec; 166 uM),
and urease-biotin-Cy5 (described above) for 1 hour, respectively.
Three washes with PBS were needed for the removal of free agents
between each reaction. Last, the resulting JPL-motors were dis-
associated from the PLL surface by pipetting gently and repeatedly,
followed by two PBS washes. The micromotors were suspended in
PBS and stored at 4°C until use.

Fabrication of non-JPLs

The reactions were performed in 1.7-ml Eppendorf tubes (Corning).
Platelets were modified with the same chemicals at the same ratios
as the fabrication of JPL-motors. The resulting non-JPLs were dis-
persed in PBS and stored at 4°C until use.

Characterization of JPL-motors

The Janus coating of urease onto the platelet surface was character-
ized by the fluorescent imaging of Cy5. All the bright-field, fluores-
cence, and merged images were captured using an EVOS FL microscope
with a 40x objective. Flow cytometry analyses were also applied to
evaluate the successful modification and binding efficiency of Cy5-
labeled urease using a Becton Dickinson FACSCanto II flow cytom-
eter. PLs, platelet modification without using biotinylated urease or
streptavidin, were used as control experiments. P-selectin was se-
lected to characterize the platelet activation. Resting platelets, PLs,
and JPL-motors at a density of 10/ml were all incubated with 5 ul
of phycoerythrin-labeled P-selectin (BioLegend) for 30 min, after
which they were washed with PBS three times before flow cytome-
try analysis.

To compare the protein profile of the platelets before and after
modification, both JPL-motors and PLs were centrifuged and resus-
pended in 1x PBS three times. Then, a BCA assay (Thermo Fisher
Scientific) was used to quantify the membrane proteins on the
JPL-motors as per the manufacturer’s instructions. Gel electro-
phoresis followed by protein staining with Coomassie blue was also
performed. PLs and JPL-motors containing equivalent total proteins
were prepared in lithium dodecyl sulfate sample loading buffer
(Invitrogen). The samples were then separated on a 4 to 12% bis-tris
17-well Mini Gel in Mops running buffer using a Novex XCell SureLock
electrophoresis system (Life Technologies). Last, the protein col-
umns were stained with Coomassie blue according to the manufac-
turer’s protocol.

Propulsion study

All the experiments were performed in PBS solution by mixing
JPL-motors with urea solution at the desired concentrations. A cov-
er slide was applied to avoid the drifting effect. The propulsion videos
were captured using an inverted optical microscope (Eclipse
Ti-S/L100, Nikon Instruments Inc.) with a 40x microscope objective.
The propulsion analysis was performed with NIS-Elements AR 3.2
software. The simulated urine was prepared according to the protocol
described in a previous report (63). Briefly, 0.073 g of NaCl, 0.040
g of KCI, 0.028 g of CaCl,-2H,0, 0.056 g of Na,SOy, 0.035 g of
KH,POy, 0.025 g of NH,Cl, and 0.15 g of urea were added to 25 ml
of deionized water to obtain the simulated urine with 100 mM urea
for investigating the propulsion behavior of JPL-motors in this
medium.
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Binding of JPL-motors with bacteria and cancer cells

SEM images of JPL-motors binding with E. coli and MDA-MB-231
breast cancer cells were performed on an Apreo high-resolution in-
strument (FEL, Hillsboro, OR, USA) with an accelerating voltage of
10 kV. Binding was further confirmed by fluorescent imaging. The
breast cancer cell, MDA-MB-231, was labeled with Hoechst 33342
(Invitrogen), and the E. coli (DH5a) was labeled with DAPI (Sigma-
Aldrich). All the bright-field, fluorescence, and merged images were
captured using an EVOS FL microscope coupled with a 20x objective.

To explore the effect of urease modification on platelets’ adhe-
sion to cancer cells, PLs and RBCs were used as positive and nega-
tive controls, respectively. The JPL-motors, PLs, and RBCs at the cell
concentration of 10° cells/ml were all labeled with DiD dye (1 ug/ml)
for 30 min at room temperature. Then, the resulting suspension was
centrifuged (1500 rcf, 3 min) to remove the free dyes by washing
three times with PBS. The binding assay was conducted by incubating
the DiD-labeled JPL-motors, PLs, and RBCs with MDA-MB-231 cells
at the ratio of 10:1 for 30 min at the room temperature, followed by
flow cytometry analysis to quantify the binding efficiency to MDA-
MB-231.

To quantify the specific binding of JPL-motors and PLs to E. coli,
both JPL-motors and PLs (102 cells/ml) were first labeled with DiD
(1 pg/ml) for 30 min at room temperature, followed by washing
three times and centrifugation (1500 rcf, 3 min). E. coli (3 x 10° cells/ml)
was labeled with DAPI (1 pug/ml) for 30 min at room temperature.
The free dye was then removed through three washing steps with
centrifugation at 5900 rcf for 5 min. The DiD-labeled JPL-motors
and PLs were incubated with E. coli at the ratio of 1:5 for 30 min at
room temperature, followed by microscopy imaging. The percent-
age of JPL-motors or PLs that bind to E. coli was quantified by man-
ually counting 10 representative images taken for each sample.

The binding efficiency of JPL-motors and PLs with E. coli and
MDA-MB-231 cells in the presence of urea was also evaluated. JPL-
motors and PLs (102 cells/ml) were first labeled with DiD (1 ug/ml),
followed by washing steps to remove free dyes. DiD-labeled JPL-
motors and PLs (10'? cells/ml) were then mixed with bacteria
(3 x 10° cells/ml) at the ratio of 1:15 and cancer cells (10° cells/ml)
at the ratio of 1:5 for different periods in the presence of 100 mM
urea. The resulting aggregates of platelets and E. coli were separated
by centrifugation at 600 rcf for 3 min and washed with PBS two
times. The aggregates of platelets and MDA-MB-231 cells were col-
lected with a 3-min centrifugation at 100 rcf, followed by two PBS
washes. The aggregates were suspended in PBS and transferred to a
96-well plate. The binding efficiency was determined by the fluores-
cent intensity of DiD, measured with a BioTek Synergy Mx micro-
plate reader.

DOX or Cip loading and release from JPL-motors

A total of 200 ul of DOX (Sigma-Aldrich) or Cip (Sigma-Aldrich),
with different initial drug input concentrations (DOX input: 3.125,
6.25, 12.5, 25, and 50 uM; Cip input: 1.563, 3.125, 6.25, 12.5, and
25 pg/ml), was incubated with JPL-motors or PLs (108 cells) at 37°C
for 1 hour, followed by removal of the free drug by two washes at
2300 rcf for 3 min. Then, drug-loaded JPL-motors were suspended
in 200 pl of PBS for further use. The concentration of DOX (Ex/Em =
488/594 nm) and Cip (Ex/Em = 280/425 nm) were quantified by
their fluorescent intensities measured by a BioTek Synergy Mx mi-
croplate reader. The loading efficiency was determined as the amount
of the loaded drug divided by the drug input. The drug release was
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performed with 200 pl of fresh JPL-motor loaded with DOX or Cip
at pH 5.0 or 7.4.

In vitro anticancer activity of DOX-loaded JPL-motors

The MDA-MB-231 cells (10° cells) were first incubated with PBS or
urea only (negative controls), free DOX, PL-DOX, and JPL-motor-
DOX at the same DOX concentration of 10 pM with different urea
concentrations (0, 50, and 100 mM) for 10 min in 1.7-ml Eppendorf
tubes. Then, the cancer cells were isolated by centrifugation at 100 rcf
for 3 min and washed two times with PBS. The collected cells were
further incubated with fresh DMEM in a 96-well plate at 37°C for
24 hours. After that,an MTS (Promega) [3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]
assay was conducted to evaluate cell viability based on the manufac-
turer’s protocol. The absorbance at 490 nm was read using a BioTek
Synergy Mx microplate reader.

In vitro antibacterial activity of Cip-loaded JPL-motors
Typically, E. coli (2 x 10° CFU/ml) was mixed with PBS or urea only
(negative controls), free Cip, PL-Cip, and JPL-motor-Cip at the
same Cip concentration of 10 pg/ml with different urea concentrations
(0, 50, and 100 mM) for 5 min. Then, the bacteria were collected by
centrifugation at 600 rcf for 3 min and washed two times with PBS.
The bacteria were then transferred to 1 ml of LB broth (Luria-Bertani,
BD Difco) and cultured for 24 hours at 37°C. Last, the bacterial colonies
were counted by measuring their absorbance at 600 nm (ODggo).

SUPPLEMENTARY MATERIALS

robotics.sciencemag.org/cgi/content/full/5/43/eaba6137/DC1

Fig. S1. Microscopy images of JPL-motors with Cy5-labeled urease on the surface of a well
plate before pipetting.

Fig. S2. Propulsion performance of PLs in various media containing 100 mM urea.

Fig. S3. Propulsion performance of JPL-motors after 30 min at a urea concentration of 100 mM
compared with the motion at initial stage.

Fig. S4. Characterizations of non-JPLs with Cy5-labeled urease.

Fig. S5. Representative flow cytometry histograms of MDA-MB-231 cells incubated for 30 min
with DiD-labeled JPL-motors (orange), PLs (cyan), and RBCs (blue).

Fig. S6. Microscopy images of DOX-loaded JPL-motors.

Fig. S7. Loading amount of JPL-motors and PLs at various DOX initial inputs.

Fig. S8. Propulsion performance of JPL-motors with and without DOX loading at a urea
concentration of 100 mM.

Fig. S9. SEM image of the binding of JPL-motors to E. coli bacteria.

Fig. $10. Comparison of the binding affinity of PLs or JPL-motors to E. coli.

Fig. S11. Loading amount of JPL-motors and PLs at various Cip initial inputs.

Fig. S12. Propulsion performance of JPL-motors with and without Cip loading in the presence
of 100 mM urea.

Table S1. Quantifications of protein content of PLs, platelets with Janus modification of
sulfo-NHS-biotin and streptavidin (JPL-strep), and JPL-motors with the same cell concentration
of 5x 10" cells/ml.

Movie S1. Propulsion performance of JPL-motors in various urea concentrations.

Movie S2. Propulsion performance of multiple JPL-motors in the presence of 50 mM urea.
Movie S3. Propulsion performance of JPL-motors in various media at a urea concentration
of 100 mM.

Movie S4. Propulsion performance of PLs in various media containing 100 mM urea.

Movie S5. Propulsion performance of JPL-motors after 30 min at a urea concentration of

100 mM compared with that at the initial stage.

Movie S6. Propulsion performance of non-JPLs at various urea concentrations.

Movie S7. Motion comparison of JPL-motors with and without DOX loading at a urea
concentration of 100 mM.

Movie S8. Motion comparison of JPL-motors with and without Cip loading at a urea
concentration of 100 mM.
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