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ABSTRACT: As the first line of host defense against invading pathogens, neutrophils
have an inherent phagocytosis capability for the elimination of foreign agents and target
loading upon activation, as well as the ability to transmigrate across blood vessels to the
infected tissue, making them natural candidates to execute various medical tasks in vivo.
However, most of the existing neutrophil-based strategies rely on their spontaneous
chemotactic motion, lacking in effective activation, rapid migration, and high navigation
precision. Here, we report an optically manipulated neutrophil microcraft in vivo through
the organic integration of endogenous neutrophils and scanning optical tweezers,
functioning as a native biological material and wireless remote controller, respectively. The
neutrophil microcrafts can be remotely activated by light and then navigated to the target
position along a designated route, followed by the fulfillment of its task in vivo, such as
active intercellular connection, targeted delivery of nanomedicine, and precise elimination
of cell debris, free from the extra construction or modification of the native neutrophils.
On the basis of the innate immunologic function of neutrophils and intelligent optical manipulation, the proposed neutrophil
microcraft might provide new insight for the construction of native medical microdevices for drug delivery and precise treatment of
inflammatory diseases.

■ INTRODUCTION
By the organic integration of untethered microstructures and
specific propulsion mechanisms in vivo, medical microdevices
have attracted great attention in the biotechnology and
precision medicine fields,1−3 especially for active target
delivery and pathogen clearance in the circulatory system.4−6

With the assistance of intelligent locomotion control and
efficient assignment execution, medical microdevices could
achieve a precise therapeutic payload and then deliver them
directly into target regions, with great potential to improve
therapeutic efficacy while reducing possible side effects.7−11

However, because of their foreign nature, an invasive
implantation is usually required to introduce the synthetic
matter into blood vessels and thus might disrupt the normal
physiological environment.12−14 Once entering the body, they
tend to trigger the immune response and require an elaborate
surface decoration to avoid immune clearance and extend the
circulation time.15 More importantly, they face great challenges
to cross the natural biological barriers, i.e., the vessel walls, and
thus are hard to penetrate into the tissue to accomplish
complex medical tasks.16

With high biocompatibility and minor immunogenicity,
endogenous blood cells have been proposed for constructing
multifunctional medical microrobots, free from invasive
implantation and tissue damage.17−19 These strategies
integrate biological materials with microrobotic principles in
an organic manner, thus bridging the gap between the
synthetic machine and biological world.20 Among them, red
blood cells (RBCs) have been proposed for constructing

biocompatible micromotors or microrobots due to their
abundance, prolonged circulation, high biocompatibility, and
excellent surface immunosuppressive properties.21,22 However,
for potential pathogen clearance and drug delivery, they might
face great challenges to achieve deep penetration across
biological barriers and active navigation toward inflammation
sites. On the other hand, as the first line of host defense against
invading pathogens,23,24 neutrophils have inherent phagocy-
tosis capability for the elimination of foreign agents upon
activation.25 In addition, they can serve as carriers for target
loading via phagocytosis26,27 and have the ability to trans-
migrate across blood vessels to the infected tissue,28−30 making
them natural candidates for the construction of medical
microdevices in vivo. However, most of the existing neutrophil-
based strategies rely on the spontaneous chemotactic motion,
lacking in effective activation, rapid migration, and high
navigation precision.31 Moreover, some stray neutrophils
might enter the normal tissue rather than inflammation sites,
thus inducing a series of undesired chronic inflammation
events.32 Therefore, an untethered technique needs to be
introduced to manipulate the neutrophils’ behavior in vivo so
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that they can execute medical tasks in an actively controllable
manner.
So far, various strategies have been developed to manipulate

neutrophils, including atom force microscopy,33 microfluidic
techniques,34 magnetic fields,31 and optical tweezers.35 Among
them, optical tweezers have exhibited great potential for

manipulating blood cells in vivo, due to their contactless and
noninvasive nature, single-cell precision, and being free from
strict limitations on the specific material property.36 The
feasibility of manipulating neutrophils with optical tweezers has
been demonstrated in vitro,35 but the optical manipulation of
neutrophils in vivo for exploring potential biomedical

Figure 1. (a) Schematic illustration for optically manipulated neutrophil microcraft in vivo. (b) Optical microscopic images of zebrafish (b1) and
fluorescence-labeled neutrophils (b2 and b3). (c) Dynamic manipulation of resting neutrophils (c1−c4) with a detailed velocity (c5) and acquired
maximum motion velocity for shifting the neutrophil vertical to and against blood flow (c6). (d) Precise arrangement of multiple neutrophils into a
triangle shape (d1 and d2) or in a line (d3 and d4). (e) Controlled revolution of one neutrophil in the blood vessel (e1−e4) with the tracked
motion trajectory of the cell center (e5) and calculated velocity distribution (e6). (f) Optical microscopic images for rotating granules in the
intravital neutrophil with an adjustable diameter.
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applications has not been reported. In this work, with the
assistance of programmable optical manipulation, the precise
control of biological activities of neutrophils has been
performed in vivo, including remote activation, targeted
navigation, and assisted transmigration, thus transforming the
natural neutrophil into a native cellular microcraft. Further-
more, three potential applications were explored for the
proposed neutrophil microcraft in vivo, including active cell
connection, targeted delivery of nanomedicine, and elimination
of cell debris. By integrating the noninvasive manipulation of
optical tweezers and innate immunologic function of
neutrophils, the proposed neutrophil microcraft provides new
insight for the construction of native medical microdevices for
precision medicine in vivo.

■ RESULTS AND DISCUSSION
Design of Optically Manipulated Neutrophil Micro-

craft and Experiment Setup. A schematic illustration of the
optically manipulated neutrophil microcraft in vivo is shown in
Figure 1a. With the assistance of scanning optical tweezers
(SOTs), a flowing neutrophil can be stably trapped in the
blood vessel by optical gradient force. After that, intelligent
behavior control was conducted for the neutrophil in a
programmable manner. The basic actions of the neutrophil can
be fully manipulated, such as directional movement, precise
arrangement, controlled rotation, and dynamic deformation.
Furthermore, by stretching the neutrophil with two laser
beams in a cyclic manner, the pseudopodium can be induced
in a designated direction, thus switching the neutrophil to the
activation state. By the precise regulation of SOTs, the
activated neutrophil can be navigated to the targeted region
along a designed route in vivo. Additionally, the optical force
can guide and promote the transmigration of the activated
neutrophil across biological barriers, such as the vessel wall.
During the above processes, the optical force can be regarded
as a wireless key for remote activation, a steering wheel for
navigation, and an engine for actuation. Meanwhile, the
neutrophil keeps its innate functions such as phagocytosis and
drug loading for further applications. In this way, a native
neutrophil microcraft can be constructed in vivo through the
organic integration of endogenous neutrophils and program-
mable optical manipulation.
The experiment setup is shown in the inset of Figure 1a. The

laser beam at a wavelength of 1064 nm was chosen because the
biological tissue has a weak absorption for it, thus minimizing
potential photothermal or photodynamic damages.37 The laser
beam was first interacted with an acoustic-optical deflector
(AOD) to achieve a desired spatiotemporal distribution
(maximum switching rate: 100 kHz). Then, the laser beam
was reflected by a dichroic mirror and focused through a 60×
water immersion microscope. Finally, the focused laser beam
was irradiated on zebrafish to conduct multifunctional
manipulation of neutrophils in vivo. The zebrafish was selected
as the animal model in this study due to its high genome
homology with humans38 and readily observable blood
circulation in the zebrafish tail for optical manipulation (Figure
1b1), in which the neutrophils were clearly identified through
fluorescence labeling (Figures 1b2 and 3).
Motion Control of the Neutrophil Microcraft In Vivo.

To demonstrate the operation flexibility of SOTs on the
neutrophil microcraft, a series of motion controls were
performed for the resting neutrophils in vivo, including
directional movement, precise arrangement, and controlled

rotation. As indicated in Figure 1c, a neutrophil flowed in the
blood vessel with a velocity of 10 μm/s. At t = 0 s, an optical
trap was exerted at the cell center (indicated by the navy dot),
and the neutrophil stopped flowing at once. Then, the
neutrophil was shifted along the +y direction by the
programmed movement of a laser beam controlled by AOD,
with the motion trajectory indicated by the blue curve (Figure
1c2). Afterward, it was moved toward the −x direction and
followed by the +y direction, to draw an “L”-shaped motion
trajectory from 2.5 to 3.5 s (Figure 1c3). Finally, the neutrophil
was moved back to its original location at t = 6.5 s along the −y
direction (Figure 1c4). During this process, the shift velocity
ranged from 0 to 19 μm/s, with an average value of 5 μm/s
(Figure 1c5). Furthermore, the operation flexibility was
characterized by shifting the neutrophil along the direction
vertical to the blood flow and against blood flow (VBlood = 50
μm/s), as indicated by the blue and red curve in Figure 1c6,
respectively. The acquired shift velocity increased with laser
power due to the increased optical force, and meanwhile a
larger velocity was obtained for the dynamical shift vertical to
blood flow because of the smaller flow resistance.
In addition to the single neutrophil, multiple neutrophils

could be manipulated simultaneously and arranged into various
patterns. As indicated in Figure 1d1, three neutrophils were
assembled into a rectangular triangle shape, which was further
adjusted to the shape of equicrural triangle (Figure 1d2 and
Movie S1). Besides the static patterning, a dynamic regulation
was performed for multiple neutrophils. As indicated in Figures
1d3 and 4, four neutrophils flowing in the blood vessel were
arranged into a line, and their relative positions could undergo
a precise regulation by the SOTs. The number of manipulated
neutrophils could be further increased; e.g., five to ten
neutrophils were manipulated simultaneously with the
proposed optical manipulation strategy (Figure S1).
Since the neutrophils were trapped at the beam focus during

the optical manipulation, a dynamic rotation of the neutrophil
could be expected by scanning the laser beams in a designed
circular trajectory. As indicated in Figure 1e, a neutrophil was
rotated around an external axis, i.e., a revolution, with a
rotation radius and velocity of 2.2 μm and 10π rad/s,
respectively. The revolution could be regulated by changing
the scanning trajectory and frequency in real time.
Furthermore, the rotation flexibility was quantified by tracking
the cell center in 125 cycles, in which the rotation center could
be regulated in a controlled manner (Figure 1e5). In addition,
the rotation stability was characterized with the calculated
rotation velocity centered at 70 μm/s (Figure 1e6). Besides, a
dynamic autorotation of the neutrophil could be realized, i.e.,
rotation around its own axis (Figure S2).
Furthermore, the dynamic manipulation was conducted for

internal granules in the neutrophil, which could be trapped
stably and then rotated dynamically in a circle with a
controlled diameter (Figure 1f). This subcellular manipulation
shows the high spatiotemporal precision of optical manipu-
lation. Therefore, through the programmable scanning of laser
beams, the basic actions of the resting neutrophils could be
fully manipulated in the living zebrafish, demonstrating great
potential for further controlling their biological behaviors in
vivo.
Optical Deformation and Activation of the Neutro-

phil Microcraft In Vivo. The circulating neutrophil in the
blood vessel needs to be switched from the resting state to the
activation state before fulfilling its innate biological functions.
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A characteristic feature of the neutrophil activation is its
deformation behavior, which determines its ability in multiple
processes including crawling along blood vessels, trans-
endothelial migration (TEM), and tissue penetration. To
explore the optically controlled deformation of neutrophils in
vivo, multiple optical traps were applied to stretch the
neutrophil by manipulating the spatiotemporal distribution of
the optical force (Figure 2a1). As indicated in Figure 2b1, two
optical traps were exerted on the left and right side of one
neutrophil. The optical trap 1 was aimed to fix the neutrophil,
while the optical trap 2 stretched it toward the right.
Consequently, the trapped neutrophil started to spread along
the +x direction, with the diameter gradually increasing from
7.1 μm to 8.3, 9.1, and 9.6 μm (Figure 2b2−b4). The
neutrophil was further deformed into various shapes by
multiple optical traps, e.g., a triangle shape by using three
optical traps (Figure 2c2). Other shapes achieved with four or
five optical traps include the rectangular, parallelogram,
trapezoid, pentagon, and waterdrop shape (Figure 2c3−c8),

indicating the controlled deformation ability of the optically
manipulated neutrophil microcraft.
On this basis, the optically controlled neutrophil activation

was further investigated. Recently, researchers have demon-
strated that cyclic stretching can activate and then depolarize
neutrophils in vitro.37 However, it remains unknown whether
mechanical stretching can activate the neutrophil in vivo, due
to the much more complex biological surroundings of the
body. Thus, cyclic stretching of the neutrophil was performed
to explore the possibility of controlled activation in vivo
(Figure 2a2), which could be determined by the real-time
observation of filopodia induction and growth. A schematic
illustration of the experiment design is shown in Figure 2d1.
Two laser beams were designed to trap the left and right sides
of a neutrophil synchronously. By the controlled programming
of AOD, the right laser beam will suffer from cyclic scanning
toward the +x direction with a scanning length of d and a
scanning period of t0 (Figure 2d2), under which the neutrophil
might be activated in a controlled velocity and direction.

Figure 2. (a) Schematic illustration for optical deformation (a1) and activation (a2) of neutrophil in vivo. (b) Optical stretching of the neutrophil
along the +x direction. (c) Optical deformation of the neutrophil into the shape of a triangle (c2), rectangle (c3), parallelogram (c4), trapezoid (c5
and c6), pentagon (c7), and water drop (c8). (d) Schematic illustration for the cyclic stretching of neutrophil (d1) with the scanning route as a
function of t (d2). (e) Optical activation of a neutrophil with a controlled filopodia direction. (f) Optical activation of a neutrophil with induced
filopodia and dynamic degranulation. (g) Calculated activation time as a function of laser power P (g1), scanning period t0 (g2), and stretching
length d (g3). All data represent means ± SD (n = 3). (g4−g5) The statistical distribution of deflection angle (g4) and distance (g5) between
filopodia growth and optical stretching.
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As shown in Figure 2e, a neutrophil was trapped by the laser
beam 1 (navy dot, Figure 2e1) in the flowing blood with a
velocity of 15 μm/s at t = 0 s. Meanwhile, the laser beam 2 was
introduced to stretch the neutrophil with its direction toward
the lower right (navy arrows, Figure 2e1). After an interval of
40.5 s, a filopodia was induced and started to grow toward the
stretching direction, i.e., θ = 80° (Figure 2e2). To demonstrate
the filopodia was induced by the cyclic stretching rather than a
spontaneous biological process, the stretching direction was
changed to be toward the right at t = 43.5 s (Figure 2e3). As a
result, a second filopodia was induced and then grew along the
same direction, i.e., θ = 0° (Figure 2e4). Thus, multiple
filopodia could be induced while along designed directions,
implying that a multifunctional activation could be achieved by

manipulating the scanning route of laser beams in a
programmable manner. After that, the cyclic stretching was
regulated to be along the directional angle of 50° at t = 51.5 s
(Figure 2e5), and consequently, two filopodia started to fuse
(Figure 2e6) and then grew together along the same direction,
i.e., θ = 50° (Movie S2).
Besides, the activated neutrophil could be further recovered

to its original resting state by restricting its filopodia through a
reversal stretching (Figure S3). Moreover, the optical force
could also regulate the migration motion of naturally activated
neutrophils by manipulating the existing filopodia (Figure S4).
In addition to the morphology readout, degranulation has

been regarded as an indicator of neutrophil activation. As
indicated in Figure 2f, one neutrophil was trapped in a blood

Figure 3. (a) Optical microscopic images for the targeted navigation of activated neutrophil microcraft in vivo. (b) The motion velocity for the
neutrophil microcraft and the neutrophils in the natural crawling process. (c) The calculated velocity as a function of laser power. (d) The
calculated probability as a function of the deflection angle. (e) Calculated trajectory for driving the neutrophil microcraft with flexible steering at
the vessel branch. (f) The motion trajectory for navigating one neutrophil microcraft against blood flow. (g) Optical microscopic images for
assisting the neutrophil microcraft to enter the vessel wall. (h) The TEM volume of neutrophil microcraft as a function of t. (i) The transmigration
period as a function of laser power. (j) The calculated probability to assist the neutrophil microcraft transmigrate the vessel wall under various laser
power. All data represent means ± SD (n = 3). (k) Optical navigation of neutrophil microcraft in deep tissue.
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vessel at t = 0 s with the optical trap indicated by the navy dot.
Meanwhile, a cyclic stretch was exerted on its lower right to
achieve a dynamic activation (Figure 2f1). After that, the
filopodia was induced along the same direction (Figure 2f2),
and some granules were released from the activated neutrophil
(Figure 2f3), whose amount increased continuously until the
formation of a granule swarm at t = 38.8 s (Figure 2f4). The
observed degranulation reconfirmed the successful neutrophil
activation by optical manipulation.
Further, the activation time of the neutrophil, i.e., the time

interval from initiating cyclic stretching to the filopodia
formation, was characterized as a function of laser power
(P), scanning period (t0), and stretching length (d) in a
quantitative manner. As shown in Figure 2g1, the neutrophil
could not be activated until the laser power reached 80 mW
(region I), and the activation time would decrease from 100 to
20 s with the laser power increasing from 80 to 200 mW
(region II). The effect of the scanning period (t0) on the
activation time is shown in Figure 2g2. The activation time
remained at 25 s when t0 < 2 s and then increased with t0 when
t0 > 2 s. The stretching length (d) could also regulate the
activation time (Figure 2g3). When d was less than 1 μm, no
sign of neutrophil activation was observed (region I). Then
with the increase of d from 1 to 4 μm, the activation time was
decreased from 130 to 30 s, implying that a larger stretching
area will accelerate the activation process (region II). Thus, a
precise activation of the neutrophil can be realized in vivo by
regulating the detailed parameters of the scanning laser beam.
The relationship between the filopodia growth and optical

stretching was further characterized in a quantified manner. As
indicated in Figure 2g4 and 5, the deflection distance and
angle, i.e., the interpolation of azimuthal angle and position
coordinates between the filopodia growth and optical
stretching, were focused in the −15° < θ < 15° and −0.75 <
Δx < 0.75 μm. Thus, the filopodia mainly grew from the site of
optical stretching and toward the same direction, confirming
that the induction of filopodia was originated from mechanical
stretching by laser rather than a random coincidence. Notably,
the trapped neutrophils cannot be activated under a static
optical trap without cyclic stretching (Figure S5 and Movie
S3).
Targeted Migration of the Neutrophil Microcraft In

Vivo. After activation, targeted migration of the neutrophil
microcraft to the destination was expected for task execution.
For this purpose, the filopodia of the activated neutrophil was
manipulated by SOTs to drive the neutrophil microcraft along
a designed route in a contactless and noninvasive manner. As
indicated in Figure 3a1, a neutrophil was trapped in the blood
vessel and activated by cyclic stretching with the laser beam on
its right side, leading to a growing filopodia at t = 15 s (Figure
3a2). Then, a laser beam was applied to this filopodia to
navigate the migration of the neutrophil microcraft, and the
detailed motion trajectory was indicated by the black curve.
When the filopodia direction was deflected with an angle of
70° at t = 37 s, the neutrophil microcraft changed its motion
direction accordingly and started to migrate toward the vessel
wall (the navy arrow, Figure 3a3). To demonstrate the
navigation flexibility, the filopodia was further deflected with
an angle of −70° at t = 70 s, and the neutrophil microcraft was
thus redirected to the original direction and moved a distance
of 17 μm (Figure 3a4). After that, the filopodia was deflected
with an angle of −20° to drive the neutrophil microcraft
toward the vessel center (Figure 3a5), followed by a deflection

of 90° to transport the neutrophil microcraft toward the vessel
wall again (Movie S4). Note for the optically manipulated
neutrophil microcraft, their average migration velocity was 1.3
μm/s (Figure 3b), which was three times over the spontaneous
crawling velocity of neutrophils (i.e., 0.3 μm/s).31 Besides,
their migration velocity increased with the laser power (Figure
3c), which reconfirmed that the optical force could accelerate
the targeted migration of the neutrophil. Moreover, the
calculated deflection angle θ, i.e., the azimuthal angle
interpolation between the navigation of neutrophil microcraft
and the exerted optical force, was focused in the range of −10°
< θ < 10°, indicating that the neutrophil microcraft will
navigate along the same direction with the optical force
(Figure 3d). Thus, under the wireless guiding of SOTs, a
targeted navigation could be achieved for the neutrophil
microcraft to arrive at the target sites in a designated route and
controlled velocity.
The flexible steering of the neutrophil microcraft was further

demonstrated at the vessel branch. As indicated in Figure 3e, a
neutrophil microcraft was navigated in five stages: First, the
neutrophil was activated by cyclic stretching (black curve). At t
= 76 s, it started to migrate along the trunk vessel (red curve)
and then encountered two branches, i.e., branch I and II. At t =
127 s, the neutrophil was intended to enter branch II. But the
filopodia direction was deflected by 180° with SOT, turning
the migration direction to the branch I (wine curve). At t =
185 s, the optical force was reversed toward the right. As a
consequence, the neutrophil started to decelerate and finally
stopped moving (blue curve). After that, the neutrophil was
driven toward the right with the motion trajectory indicated by
the navy curve, demonstrating a successful braking and turning
around operation for the manipulated neutrophil (Figure S6
and Movie S5). These results demonstrate that the activated
neutrophil microcraft can be flexibly navigated through the
complex vessel network in vivo.
The targeted migration of the neutrophil may face multiple

challenges in vivo, such as the blood flow and biological
barriers, which need to be overcome by the optical force on the
neutrophil microcraft. The actuation force of the neutrophil
microcraft was first challenged by driving the activated
neutrophil microcraft against the blood flow. As indicated in
Figure 3f, the blood flowed in a direction toward the upper
right (the red arrow) with a velocity of 15 μm/s. Meanwhile, a
neutrophil was activated and then driven against the blood
flow. The detailed motion trajectory was recorded as shown by
the curve, in which the motion velocity was displayed by the
various colors. At t = 88.8 s, the optical force was removed by
turning off the laser beam. Consequently, the neutrophil
changed its motion direction immediately and started to move
along the blood flow (the blue curve, Figure 3f), indicating that
this neutrophil could not crawl against the blood flow in a
spontaneous manner. Then the optical force was reintroduced,
after which the neutrophil restarted to migrate against the
blood flow for a distance of 18 μm (Figure S7 and Movie S6).
Furthermore, a reverse-flow migration could be achieved under
a maximum flow velocity of 150 μm/s for neutrophil
microcraft. Thus, the optical force applied on the neutrophil
microcraft was strong enough for overcoming the blood flow in
vivo.
The vessel wall is a major biological barrier for the

neutrophils. The assisted transmigration across the vessel
wall was tested for the optically manipulated neutrophil
microcraft. As indicated in Figure 3g1, a neutrophil was guided
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to approach the vessel wall by SOT. The neutrophil was
originally not intended to enter the vessel wall. Nevertheless, a
cyclic stretching was performed to induce the growth of
filopodia toward the vessel wall. As a result, the neutrophil
started to migrate across the vessel wall with its TEM volume
increased with the transmigration time t (Figure 3h). At t =
240 s, the neutrophil microcraft had passed through the vessel
wall and entered the tissue absolutely (Figure 3g4 and Movie
S7). Besides, the neutrophil microcraft could be extracted from
the vessel wall by reversing the optical force (Figure S9).
Furthermore, the transmigration time exhibited a gradual
decrease with the increased laser power, indicating that optical
manipulation could accelerate the migration process of
neutrophil microcraft (Figure 3i). Under the action of optical
manipulation, not all neutrophils exhibited a desired trans-
migration across the vessel wall. Thus, the transmigration
probability was calculated for 10 neutrophil microcraft under
various powers. As indicated in Figure 3j, only two neutrophil
microcraft started to transmigrate the vessel wall under the
case of P = 90 mW. However, the transmigration probability
was increased with the laser power and reached 9 at P = 200
mW. In addition, by integrating the targeted navigation and
assisted transmigration in an organic manner, the trans-

migration site of the neutrophil microcraft on the vessel wall
could be designated (Figure S10 and Movie S8). Therefore,
the transmigration of the neutrophil microcraft across the
vessel wall can be effectively controlled by SOTs, which is
crucial for improving the efficiency of its task execution.
As the essential step to manipulate neutrophils toward the

lesions, navigation flexibility was also explored for the
transmigrated neutrophils deeper in tissue. As indicated in
Figure 3k, the growth direction of filopodia was manipulated to
navigate the neutrophil microcraft in a desired trajectory with
controlled turning at designed site (i.e., t = 214 and 350 s).
The average motion velocity was calculated to be ∼0.1 μm/s
(Movie S9). Therefore, it is more challenging to navigate
neutrophils microcraft in tissues since the compact arrange-
ment of tissue cells leads to a larger resistance than fluid
environment in the blood vessel, and the optical force is
reduced in the tissue due to a smaller refractive index contrast
between the tissue cells and neutrophils.
Biomedical Applications of Optically Manipulated

Neutrophil Microcraft. On the basis of the programmable
manipulation of SOTs and innate functions of neutrophil,
potential biomedical applications of the optically manipulated
neutrophil microcraft were explored. Three possible applica-

Figure 4. (a) Schematic illustration of intercellular connection, loading of nanomedicine and elimination of RBC debris with the neutrophil
microcraft. (b) Optical microscopic images for the intercellular connection between two neutrophils with an adjustable protein microtube. (c)
Optical microscopic images for navigating neutrophil microcraft to load nanomedicines followed by an active navigation and controlled release. (d)
Optical microscopic images for navigating neutrophil microcraft to eliminate cell debris.
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tions are schematically shown in Figure 4a, including guided
intercellular connection, nanodrug transportation, and targeted
elimination of cell debris. The intercellular connection was first
tested. As indicated in Figure 4b1, a neutrophil in the blood
vessel (neutrophil 1) was trapped and activated at t = 0 s. At t
= 2.7 s, another resting neutrophil (neutrophil 2) flowing
nearby was trapped by the laser beam and contacted with
neutrophil 1 (Figure 4b2). Interestingly, at t = 6.5 s, a
microtube connecting the two neutrophils together was
observed (Figure 4b3). Then, the position of neutrophil 2
was adjusted along the blood flow to demonstrate the
microtube more clearly. Consequently, the length of the
microtube was increased from 2.9 μm (Figure 4b4) to 4.2 μm
(Figure 4b5), implying the existence and good elasticity of the
microtube (Movie S10). Thus, it is possible to establish
intercellular connection between two neutrophils through
optically controlled activation and contact, which might be
promising for the controlled cell communication.
Then, the loading and navigated transportation of nano-

medicine was performed by hitching the neutrophil microcraft
as a natural drug carrier in vivo. In this work, the polystyrene
nanoparticle (NP) with a diameter of 500 nm was used as the
model nanodrug39−41 (Figure S11). As indicated in Figure 4c1,
a neutrophil was trapped at the blood vessel, while a NP was
adhered to the vessel wall at t = 0 s. However, the neutrophil
did not aim to move toward the NP (Figure 4c2). At t = 3.7 s,
optical manipulation was introduced to navigate the neutrophil
microcraft to approach the NP to phagocytize it, like picking
up a passenger (Figure 4c3).
After that, the NP-loaded neutrophil microcraft was

navigated toward the injury vessel (Figure 4c4). Note that
there was a biological barrier on the way, which was actively
circumvented by optical navigation. Once arriving at the
targeted lesion, the NP was released by trapping the neutrophil
microcraft while shifting the NP out of the cell membrane
(Figure 4c6), like dropping off a passenger. These results
demonstrate the capability of the neutrophil microcraft in the
loading and targeted transportation of nanodrugs (Movie S11).
Such an NP loading and delivery process has not yet been
achieved within tissues up to now, due to the larger resistance
and smaller optical force in tissues.
The targeted elimination ability of the optically manipulated

neutrophil microcraft was further examined. As indicated in
Figure 4d1, an activated neutrophil was guided to approach the
vessel wall at t = 0 s. Meanwhile, RBC debris was located at the
right of neutrophil with a distance of 25 μm. However, the
neutrophil microcraft remained stationary and did not crawl
toward the cell debris in a spontaneous manner from 0 to 25 s
(Figure 4d2). To address this issue, optical navigation was
introduced at t = 25 s to drive the neutrophil microcraft in the
direction of the target (Figure 4d2−5). At t = 75 s, it
approached the cell debris and started to perform its
phagocytosis function (Figure 4d5−6). Interestingly, another
neutrophil (Neutrophil 2) emerged at t = 50 s and then tried
to compete with the optically navigated neutrophil microcraft
to clear the cell debris, which might be attracted by the
chemokines (Movie S12). Therefore, with the active and
precise control of its activation and migration in vivo, the
neutrophil microcraft can perform its medical task at the
desired time and position with enhanced efficiency.
Discussion. By combining the contactless optical tweezer

and endogenous neutrophil, an optically manipulated
neutrophil microcraft has been constructed, in which the

scanning optical tweezer and neutrophil can be regarded as
contactless remote controller and native biological material,
respectively. With the real-time actuation and navigation of
programmable optical manipulations, the neutrophil microcraft
can be activated or recovered in a controlled manner, and the
migration of the activated neutrophil microcraft is fully
steerable, just like driving a vehicle. An ordinary neutrophil
can also be activated as an inflammatory response and then
spontaneously migrated to the targeted tissue. But its
activation is largely a probabilistic event, and the subsequent
migration may be slow, in the wrong direction or hindered by
various obstacles.32 With the development of optically
manipulated neutrophil microcraft, the behaviors of natural
neutrophil can now be actively controlled, including (1) a
neutrophil microcraft can be remotely activated by SOTs at a
desired time and location in vivo, and (2) the migration of the
activated neutrophil microcraft can be precisely navigated by
SOTs to achieve a designed route and velocity. On the other
hand, other neutrophil-based microdevices have also been
reported.4,11,31 Among them, an excellent example is a hybrid
neutrobot composed of magnetic nanoparticles and neutro-
phils, which was successfully navigated in vivo by external
magnetic field to achieve targeted drug delivery toward tumor
cells. Compared with the magnetic actuation strategy, our
optical manipulation method has two unique advantages: (1)
the ability of controlled neutrophil activation in vivo and (2)
the precise manipulation of single neutrophil in vivo.
Meanwhile, it also has an inherent drawback of limited tissue
penetration. Recently, the manipulation depth has been pushed
forward for optical tweezers with the assistance of adaptive
optical microscopy42 and optical coherence compensation
technology.43 Furthermore, by integrating fiber tweezers with
optical fiber endoscopic devices, a focused laser might be
introduced inside the body to manipulate neutrophils in
internal tissue.
The organic combination of optical manipulation and innate

functions of the neutrophil opens up new possibilities for the
biomedical application of optically manipulated neutrophil
microcraft. The neutrophil plays a key role in the inflammatory
response and has the natural ability of phagocytosis and
clearance. In this study, the optically guided intercellular
connection between two neutrophils has been achieved, which
might have potential to actively transfer messages between
targeted neutrophils to trigger further responses.44 For foreign
agents or endogenous cell debris, the neutrophil microcraft can
be immediately activated and driven toward the target to
perform elimination, thus significantly enhancing the efficiency
of its natural clearance ability. In addition, the neutrophil
microcraft can be utilized as a drug carrier for nanomedicine.
The phagocytosis ability provides efficient drug loading, while
the optical manipulation ensures the targeted delivery of the
nanomedicine. Compared with existing neutrophil-based drug
delivery system,45 our optically manipulated neutrophil
microcraft has the advantages of endogenous material and
fully active navigation for more efficient drug delivery.
Since the reported neutrophil microcraft works in living

animals, attention has been paid to biological safety issues. In
this work, the optical manipulation was conducted at a
wavelength of 1064 nm, which has low absorption in tissue and
blood cells.46 Meanwhile, for the used maximum power of 200
mW, the heating was calculated to be 2.6 ± 0.4 °C47 or 1.6
°C48 in the center of optical trap, which led to no obvious cell
injury during optical manipulation (Figure S12). Besides,
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compared to the case in vitro, the laser power arrived at the
intravital cell will be lower than 200 mW due to unavoidable
tissue scattering. In addition, the experiments were mainly
performed inside the blood vessels, and thus the heat
generated by laser irradiation could not be accumulated in
an efficient manner, due to the fast blood flow with a high
thermal conductivity.
There are several challenging issues to be addressed for the

proposed neutrophil microcraft. First, the detailed physio-
logical mechanism remains to be explored for the cyclic-
stretching-induced neutrophil microcraft activation. Consider-
ing that the growing pseudopod of the activated neutrophil
microcraft originates from the actin redistribution, we suppose
controlled activation of neutrophil microcraft is related to the
directional shift of actin under the action of optical force. By
further integrating the fluorescent labeling and lattice light
sheet microscopy,49 the distribution of actin could be observed
in real time, thus offering an intuitive view to characterize the
detailed activation process under cyclic stretching. Second, the
number of manipulated neutrophil microcrafts needs to be
further increased for more efficient target elimination in
diseased tissue and the mass delivery of nanomedicines.

■ CONCLUSION
An optically manipulated neutrophil microcraft was con-
structed in living zebrafish through the integration of
endogenous neutrophils and a contactless optical tweezer. By
optical manipulation, the neutrophil could perform various
actions in vivo, including directional movement, precise
arrangement, controlled rotation, and deformation. In addition,
the neutrophil could be remotely activated or recovered by
cyclic stretching with SOTs. The activated neutrophil could be
flexibly navigated to migrate in a designed route and velocity.
Moreover, the optical driving force made it robust enough for
crawling against blow and transmigrating across the vessel wall
in a controlled manner, thus transforming the natural
neutrophil into a native cellular microcraft in vivo. On the
basis of the high-precision spatiotemporal manipulation and
powerful phagocytosis ability of the neutrophil, active
intercellular connection was successfully established between
two neutrophil microcrafts, the loading and controlled delivery
of nanomedicines was achieved by using the neutrophil
microcraft as a drug carrier, and the targeted elimination of
cell debris was demonstrated in vivo. Unlike traditional medical
microdevices, this neutrophil microcraft is free from artificial
microstructures and invasive implantation processes, thus
avoiding complicated preparation technology and unavoidable
tissue damage. Meanwhile, it exhibits high biocompatibility
due to the endogenous nature and minor immunogenicity.
This concept of a native neutrophil microcraft, coupled with
the intelligent control of multiplexed assignment execution,
could hold great promise for the active execution of complex
medical tasks in vivo, with great potential utility in the
treatment of inflammatory diseases.

■ METHODS
Zebrafish Care and Treatment. Adult zebrafish (90 days

old, average length of 3 cm) were chosen as the model animal
(Feixi Biotech. Co., Ltd., Shanghai, China). The zebrafish were
maintained in a clean tank and fed with live brine shrimps.
Meanwhile, the fish were cultured at 28.5 °C with a 14-h light/
10-h dark cycle according to standard procedures. The used

transgenic line of zebrafish was Tg(lyz:DsRed2) for visual-
ization of the neutrophils through fluorescence labeling in vivo.
All experiments were conducted in accordance with the ethical
standards by the Laboratory Animal Ethics Committee of Jinan
University.
Sample Preparation for Optical Manipulation. The

zebrafish were treated with tricaine solution to achieve a
general anesthesia, thus keeping the fish alive during optical
manipulation, while the operated blood vessel remained
stationary in the focal plane. The tricaine solution was
prepared by diluting tricaine in saline with a concentration
of 200 mg/L. After the preparation, each fish was placed in a
Petri dish containing tricaine solution for 8 min and then
moved to a cover glass (15 × 50 mm) and immobilized by 2%
low melting point agarose. Meanwhile, a pipet was used to
inject approximately 1 mL of tricaine solution around the
zebrafish, with the aim to prevent the revival of zebrafish and
maintain a stable flood flow rate of smaller than 50 μm/s in the
operated vessel. Excess fluid was removed from the fish edges
by using one filter paper, and then a coverslip was carefully
placed on its top for a flexible manipulation. Finally, the sample
was mounted on the motorized translation stage to achieve a
precise position control in the x−y plane.
Experiment Setup. The experiment setup was constructed

around a scanning optical tweezers system (Tweez250si, Aresis
Co., Ltd., Slovenia) for a flexible optical manipulation. To
achieve a high penetration depth, the wavelength at 1064 nm
was chosen for the trapping laser, which exhibits a weak tissue
absorption and induces limited optothermal damage. The
incident laser beam will interact with the integrated acousto-
optic deflector (AOD), after which the laser could be deflected
at a tunable angle and distance. The AOD has a maximum
switching rate of 100 kHz, and thus the spatial-temporal
distribution of laser beams could be regulated in real time. The
laser beam was expanded through a beam expander to overfill
the pupil of microscope objective and then reflected upward by
the dichroic mirror. Finally, the laser was refocused into the tail
of an adult zebrafish after passing through the pupil of a 60×
water immersion microscope objective (CFI Apo, NA = 1.0).
The illumination light was focused through a condenser for
irradiating the sample. The experimental process was recorded
by a high-speed complementary metal-oxide-semiconductor
camera (IDS Imaging Development Systems GmbH, Germany,
20 frames per second) and then displayed on the computer
screen for real-time image acquisition and video recording.
Injection of PS Nanoparticles into the Zebrafish. The

PS nanoparticles were commercially available (Huge Biotech.
Co., Ltd., Shanghai, China) with an average diameter of 500
nm. The concentration used for injection was ∼5 × 106
nanoparticles/mL, which was prepared by diluting the
nanoparticles with phosphate buffer solution. The sample
was ultrasonicated for 10 min to achieve a monodisperse
nanoparticle solution. After that, the sample was loaded into a
glass micropipette (Gaierdena Co., Ltd., Wuhan, China) with
the outer and inner diameter of 1.14 and 0.5 mm, respectively.
To ensure a precise injection with less physiological damage,
the micropipette was stretched by a micropipette puller, and
the diameter of micropipette tip was decreased to be 5−10 μm.
Finally, the fabricated micropipette was placed on a program-
mable nanoliter injector (Nanojet III, Drummond Co., Ltd.,
USA), and 10 nL nanoparticle solution was injected into the
posterior cardinal vein of the zebrafish. The injection process
was monitored on the computer screen in real time.
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Preparation of RBC Debris. The RBC debris was created
by the dynamic stretching technique with the assistance of dual
laser beams. In detail, two optical traps were designed to trap
the left and right side of RBC simultaneously. After that, the
right optical trap was shifted toward the right gradually, while
the left optical trap remained stationary. Meanwhile, the RBC
was stretched toward the right and finally broken into cell
debris.
Data Analysis. The cell/morphological outlines were

determined through the quantitative recognition for the gray
values of acquired images by using the ImageJ software, while
for the detailed motion trajectory, a high-speed CCD camera
was used to record the experiment progress in real time with a
maximum frame rate of 60 Hz. After that, the location
coordinates were calculated for the targeted neutrophil cell
from the video analysis with the assistance of manual tracking
plugin in ImageJ software. Furthermore, the detailed motion
trajectory was drawn through the Origin software.
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