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Cells use ‘active’ energy-consuming motor and filament protein networks
to control micrometre-scale transport and fluid flows. Biological active
materials could be used in dynamically programmable devices that

achieve spatial and temporal resolution that exceeds current microfluidic
technologies. However, reconstituted motor-microtubule systems
generate chaotic flows and cannot be directly harnessed for engineering
applications. Here we develop a light-controlled programming strategy

for biological active matter to construct micrometre-scale fluid flow fields
for transport, separation and mixing. We circumvent nonlinear dynamic
effects within the active fluids by limiting hydrodynamic interactions
between contracting motor-filament networks patterned with light. Using
apredictive model, we design and apply flow fields to accomplish canonical
microfluidic tasks such as transporting and separating cell clusters, probing
the extensional rheology of polymers and giant lipid vesicles and generating
mixing flows at low Reynolds numbers. Our findings provide a framework for
programming dynamic flows and demonstrate the potential of active matter
systems as an engineering technology.

The control of micrometre-scale transport and fluid flow is a foundation
of modern technology including synthetic chemistry, DNA sequenc-
ing and single-cell genomics'* Conventional transport control tech-
nologies including microfluidic devices generate force and flow at
macroscopic length scales using pumps and vacuum manifolds, and
then transmit force to microscopic length scales through channels
that are fabricated in polydimethylsiloxane through soft lithogra-
phy to control the fluid flows. Many of the challenges associated with
micrometre-scale manipulation in conventional microfluidics stem
from the fact that energy cascades down from macroscopic scales to
microscopic scales. Specifically, flow fields generated by pumps are
sculpted by passive channels fabricated for one task and cannot be
dynamically reprogrammed for a new task. Furthermore, flow fields
are shaped by channel geometry so that imperfections in design can
lead to instabilities and intensive design and iteration cycles.
Biological systems achieve spatio-temporal control over fluid
transport by inverting the flow of energy relative to current microflu-
idic technologies. Cells generate force and flow at molecular length
scales through the hydrolysis of ATP by motor and filament proteins

within “active’, energy-consuming, cytoskeletal structures’. Motor
and filament proteins generate molecular-scale motion that then
becomes organized on macroscopic, micrometre length scales through
self-organization. By generating force onmolecular length scales, cells
can control the geometry of fluid flow fields with micrometre-scale
precision for cell movement, internal transport and foraging* . Fur-
thermore, cells can modulate the geometry of active structuresin time
to dynamically reprogram flow fields to respond to the environment.

Thus, biological active matter could provide a technology plat-
form for the programming and dynamic control of fluids in technology
applications, as decades of research has demonstrated that purified
motor-filament proteins can generate micrometre-scale flows in
solution®°. Furthermore, the dynamics of active matter can be con-
trolled with light proving a potential platform for optically program-
mable micrometre-scale transport™. Active-matter-based flow control
could enable programmable execution of dynamic micrometre-scale
tasks including transport, separation, sorting and mixing. However,
afundamental challenge is that active fluids are historically thought
to be difficult to control and harness for applications because of the
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nonlinear active stresses and the coupling between active matter and
solvent flows'’. Specifically, previous work™® demonstrates that active
fluids can exhibit a phenomenon known as ‘active turbulence’, where
generated flow fields exhibit vortices and other transient structures
that have similarities to macroscopic turbulence. While active flows
can be controlled through the fabrication of microfluidic chambers
with designed boundaries', prefabricated geometries inherently limit
the application of geometrically controlled active fluids and are not
able to take advantage of or generate the dynamic spatio-temporal
modulation of flows induced by active matter in biological systems™>.
Fundamentally, conceptual and theoretical paradigms thatenable the
control of active fluids could provide insightinto the physical principles
underlying the dynamics of force-generating active fluids.

Here we develop aspatio-temporally flexible programming para-
digm for the modular design and construction of micrometre-scale
flow fields using light-controlled biological active matter. We use
anengineered systemin which motor protein activity is modulated
by light'. While in general the dynamics of the active fluids is non-
linear, we demonstrate a programming paradigm through which
active-matter-powered flows can be composed through superposi-
tion to achieve a series of micrometre-scale transport, mixing and
manipulating tasks. By composing ‘primitive’ flow fields generated
by asingle static or moving rectangular light bar, we are able to gener-
ate flow fields that enable the transport, stretching and separation
of micrometre-scale particles. We apply superposition-based flow
programming to generate flow fields for the extensional rheology of
polymers and giant lipid vesicles (GVs), and for the micrometre-scale
manipulation tasks on primary human cells, such as separating an
unconstrained cell cluster intoindividual cellsin situ. The advantages
of our system are as follows: no requirements exist on precise channel
design and microfabrication, polydimethylsiloxane lithography or
pressure-pump control; our system can generate local flows around
objects of interest without disturbing other regions in the channel;
different programming modules can be additively assembled for
specific transport tasks, enabling the streamlining of operations
and multitasking in a single channel; and the system also allows us
to move and control primary human cells, providing a potential
platform for programmable manipulation of particles in biology
and chemistry.

Flow programming through linear superposition
oflightbars

To harness the capabilities of biological active matter for technology
applications, we seek to develop a modular framework where we can
compose a basic set of primitive light patterns, such as rectangular
bars, to generate flows that can achieve functions including trans-
port, stretching and mixing. Our inspiration is Stokes flows, where
inertial effects can be neglected and fluid dynamics can be described
by alinear partial differential equation known as the Stokes equation:
1V - vp=0,with uthe flow velocity, u the viscosity and p the pres-
sure. The amazing power of the dynamic linearity in Stokes flows is that,
if we know the flow field generated by a single point source, then we
can compose points sources, and the resulting flow field canbe simply
predicted through the addition of flow fields generated by these point
forcesindividually®. Superposition provides asubstantial simplifica-
tion for predicting and programming flows through the simple addition
of point sources. However, in our system we are sculpting flows using
active-matter-generated forces, and in general, linear superposition
does not hold for active fluids due to their inherent nonlinearity and
apparent disorder'®*,

Our experimental system consists of stabilized microtubules and
kinesin motor proteins that have been engineered to reversibly ‘link’
inthe presence of blue light by fusing motors to optically dimerizable
improved light-induced dimer (iLID) proteins™". The kinesin K401
in our system is a homodimer that can bind on one microtubule in

the dark state. Upon illumination with blue light, the kinesin motors
form tetramers and can bind on two microtubules. To avoid confu-
sion, we term the homodimer and tetramer motors ‘unlinked” and
‘linked’ motors, respectively. In previous work"”, we demonstrated that
light induction generates contractile motor-filament networks that
induce spontaneous fluid flows within the system. In Supplementary
Information, we formulate a continuum model that can quantita-
tively predict the dynamics of active matter and solvent flows. Our
modelis a three-phase complex fluids model, and the three phases
are crosslinked microtubules, freely moving microtubules and solvent
fluid. The crosslinked microtubules are modelled as a viscoelastic gel
that self-contracts, driven by its internal active stresses; the freely
moving microtubules are passive particles carried by both the geland
the solvent flow; and the solvent flow is generated by the contraction
of the active gel and balanced by the hydrodynamic resistance in the
flow cell (Supplementary Section).

In our model, the solvent flow is governed by the Stokes
equation with a driving force applied by the motion of crosslinked
microtubules:

ye(v —u) + uvVu —-Vp = 0, @

where c and v are the spatially varying concentration and velocity of
the crosslinked microtubules, respectively, and y is the drag coef-
ficient between the microtubules and the solvent. In equation (1),
yc(v —u) acts as a field of point forces applied upon the fluid. How-
ever, unlike the body-force-free Stokes equation, which is a purely
linear, time-independent partial differential equation, active fluids are
transientand nonlinear. Furthermore, the microtubule concentration
field cis also carried by the solvent flow u (Supplementary Section ),
so that the microtubule network at a position r;experiences dynam-
ics due to the long-range flows induced by the microtubule network
atpositionsr;inthe system, wherer is the position vector. In general ¢
is therefore both time dependent and also an implicit function of the
ambient flow field, u. Fundamentally, the problem is that microtubule
networks activated at different locations within the system interact
through fluid flows, and flow-induced interactions lead to transport of
the microtubule network, giving rise to nonlinear stresses and transport
phenomena within the active fluids.

We find that superposition canbe restored inthe model by restrict-
inginteractions among spatially isolated regions of light signals. Math-
ematically, we show that the flow field u;generated by a single network
idecays asapower law x>*withx the distance to the bar centre. When
another networkjis placed beyond a cut-off distance such thatcu;= 0
(Methods), superpositionisrecovered, and the flow field ugenerated
by asystem of spatially isolated light patterns canbe predicted through
simple linear superposition of individual forces inequation (1), that s,
yc(v—u) =yY c(v;— u,), where the subscriptiindicates the microtubule
concentration, velocity and solvent velocity, respectively,induced by a
single network , in the absence of other networks (Methods). This tells
usthat tomaintainlinearity in a systemwithmultiple active agentsata
lowReynolds number (Re), the flow fields induced by each agent should
decay to be very small at the locations of other agents, as compared
with their self-generated velocities. Therefore, we develop amodular
programming strategy where we minimize long-range interactions by
positioning the isolated light patterns far enough from each other so
that the activated networks only weakly interact.

Superposition enables quantitative flow design

Consistent with our theory, we find experimentally that the flow field
generated by two rectangular light bars can be predicted by superpo-
sition when the bars are separated above a critical spacing. We use a
rectangular light bar as the basic unit of programming design, which
dynamically functions as a microfluidic pump: the active network
absorbs fluid lengthwise and pumps it out widthwise, generating four
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Fig. 1| Linear superposition quantitatively predicts fluid flow fields induced
by optically controlled active matter. a, A schematic (left) and an optical
image (middle) of an active microtubule-motor network genterated by a

single light bar, and its measured and simulated fluid flow fields (right). Under
illumination, light-activatable motors can link to form tetramers and crosslink
microtubules into a network (left). The contractile active network generates
flows in the surrounding fluid, which is absorbed lengthwise into the light bar and
pumped out widthwise (right). b, A schematic (left) and optical and simulated
images (middle) of two active networks above the critical spacing, and their
corresponding measured and simulated fluid flow fields (right). Above a critical
spacing w,, the flow field generated by two light barsis alinear superposition

of two single-bar flows, as shown in a. ¢, Superposed flow fields from two

experimental single-bar flows (left). The superposition process is sketched on
the right. Comparison of the measured two-bar flow field with the superposition
of two single-bar flows shows that the linear superposition holds quantitatively.
The colour map (left) represents the angle A6 € [0, t] between the measured
and superposed flows. d, Measured nine-bar flow fields and superposition

of nine single-bar flows to assemble a nine-bar-array flow. e,f, Superposition
provides high-accuracy flow field prediction for both two-bar (e) and nine-

bar (f) compositions, with errors comparable to variations in experimental
replicates. g, Linear superposition enables construction of active-matter-driven
programmable microfluidics. The sketch shows a conceptual application using
an assembly of light bars to transport and separate cells. All scale bars are 100 um
and all flow fields are time-averaged over 240's.

counter-rotating vortices (Fig.1a). We test our principle for linear super-
positionwith twolightbars placed side by side. When their gap width w,
exceedsa critical spacing w,, the active networks self-contract within
theirrespective illuminated regions (Fig.1b). The resultant microtubule

and flow fields (Fig. 1b) are, at least qualitatively, a linear superposition
of two single-bar fields (Fig. 1a).

We find that the linear superposition of single-bar flows can quan-
titatively predict flow fields generated by multi-bar compositions.
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Fig.2|Superposition length scale is set by hydrodynamic interactions
between active networks. a, A schematic (left) and optical and simulated
images (middle) of two active networks below the critical spacing, and their
corresponding measured and simulated fluid flow fields (right). The simulated
microtubule concentration is normalized by its initial value. Below the critical
spacing, linear superposition of flow fields fails. The active networks move
towards each other and eventually merge. Scale bars, 100 pm. b, The centre-line

flow profileinduced by asingle bar. u,_ , is the fluid flow at the centre liney = 0 of
thelight bar as shown in the top-left diagram, where O is the centre of the light
bar.u,,_ o, s is the maximum centre-line flow speed. The flow magnitude grows
linearly as x/w and decays as (x/w)>* inside and oustide the illumination region,
respectively. Dataare presented as mean values + s.d. of eight experiments.

¢, Simulated phase diagram of superposition shows that the critical spacing
increases with the fluid flow intensity. All flow fields are averaged over 240 s.

We additively assemble the single-bar flow fields (Fig. 1a) to construct
two-bar (Fig.1c) and nine-bar (Fig. 1d) fluid flows, and plot the discrep-
ancy of flow directions with measured flows in Fig. 1e,f, respectively.
Two mainsources of discrepancy exist: (1) the errorsinduced by super-
position and (2) the experimental variations from inherent thermal
fluctuations and variations in concentration and activity of the proteins
during the preparation process in independent experiments. To dis-
tinguish between them, we compare the distributions of discrepancy
from superposition with the distributions of experimental variations
(Fig. 1e,f), which shows that the errors induced by superposition are
comparable to theintrinsic experimental variations. Similarly we also
compare the discrepancy of flow magnitudes in the superposition of
two-bar flows with experimental variations (Supplementary Fig. 7).
Themean fractional change of magnitudes induced by superpositionis
0.31, onlyslightly above the mean in experimental variations, whichis
0.23.The small superposition-induced errors in both flow magnitudes
and directions demonstrate that linear superposition canbe achieved
quantitatively in multi-bar compositions. Linear superposition has
longbeen thought to beimpossible inactive matter systems, butinour
experiments it is made possible by confining the active matter within
the illuminated regions. Outside the light regions, microtubules and
unlinked motors do not crosslink, and the dynamic linearity of Stokes
flowsstill holds. Linear superpositionis the foundation of constructing
amodular programming language for microfluidic control (Fig.1g).In
our control strategy, only fluid flows outside the illuminated regions
are used for transport tasks (Fig. 1g).

Hydrodynamicinteractions set superposition
length scales

The linear superposition fails when the spacing between light bars
is below a critical length. The active networks move outside the light
regions and eventually merge (Fig. 2a). Our continuum model allows us
to determine how the critical spacing originates from hydrodynamic
interactions between active networks. The rectangular active networks
absorb fluid flow along the long axis (xaxisin Fig. 2b) and therefore can
attract neighbouring networks through hydrodynamic interactions.
The flow decaying with distance provides amechanism for whether the
two active networks will merge. In the two-bar composition (Figs. 1b and
2a),each network generates flow that propagates to the neighbouring
network. The flow field generated by one network, therefore, exerts
force onthe neighbouring network, leading to flow-induced drift that
is also counteracted by activity-induced self-contraction. When bars
areplaced close enough, withina critical length w,, the flow generated
by one network is sufficient to move the other network out of the illu-
mination region, in spite of the self-contraction (Fig. 2a).

How flow decays with the distance to the bar centreis essential in
determining the critical spacing, which s found to follow a power law.
The intensity of a flow field generated by a given rectangular network
determines the network spacing required for superposition to hold.
We first conduct simulations and experiments with two light bars of
different sizes and similar aspectratios (Fig. 2b). The scaling of the flow
magnitudeis the same for both bars, and grows linearly and decays as
(x/w) S withinand outside the illuminated region, respectively, where
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wisthebarlength. The simulations arein quantitative agreement with
experiments, except for asmall region near the edge of the larger light
bar. The flow magnitude drops slightly in this region, which may sug-
gest that aboundary layer develops here when the light bar is large
enough. The flow data for two sizes of bars collapse onto each other
when the distance xis normalized by the bar length w (Fig. 2b), demon-
strating that wis the length scale of flow variation. In practice, aspacing
of half of the bar length w/2 is usually enough to avoid the merging of
networks, as the flow already decays by more than 98% at x = 3w/2.
Note that the estimate w, = w/2 shows that the critical distance grows
linearly with the bar length. However, the factor 1/2 is an overestimate
and can guarantee linear superposition in a wide range of bar scales
and aspect ratios in practice. The exact values of w, also depend on
the flow conditions, such as the solvent viscosity and the flow chamber
height, as discussed below. To test the generality of superposition,
we also compute the effects of aspect ratios of light bars on the flow
decay. Numerical results reveal that the flows outside the illuminated
regions always decay ina power law, with the exponents ranging from
-4to-3.5,regardless of the aspect ratios (Supplementary Fig. 2). This
demonstrates that linear superposition can be generalized to differ-
ent bar sizes and shapes. Additionally, we perform a superposition of
experimental flow fields generated by pentagonal light patterns in
Supplementary Fig. 8 to show that the principle of linear superposition
isnot limited to rectangular light shapes.

Totest how the flow intensity affects the critical spacing, we com-
pute a phase diagram of two networks with different gap widths and
flow intensities (Fig. 2c). The flow intensity is tuned by adimensionless
parameter { = coyh?/12p, where ¢, is the initial microtubule concentra-
tionand his the height of the flow cell. The parameter { is found tobe
the mostimportant dimensionless number governing the flow intensity
inourmodel (Supplementary Information equation (28)). The physical
meaning of { is theratio of the driving force, c,y, and the hydrodynamic
resistance in the flow cell, 12u/h%. The phase diagram (Fig. 2c) shows
that the critical spacing required for superpositionincreases with the
flow intensity. The reason is that as the flow intensity generated by
network oneincreases, network two, its neighbouring network, should
beplaced farther away. Thisensures that the flow induced by network
one decays to be no longer sufficient to drag network two outside the
illuminated region.

Optimized transport

Superposition opens up a convenient route to the design of flow
fields using optimization via translation, rotation and summation of
single-bar flow data. We study an optimization problem of using three
light bars to transport particles along a line segment AB (Fig. 3a). The
objective function fis defined as the line integral of fluid flows along
AB (Fig. 3a). To ensure the particle transport along a straight path,
the line segment AB should be placed at the axis of symmetry of the
bar configurations (Fig. 3b). Using simulated flow data, we can plot
the optimization landscape (Fig. 3c). Each point in Fig. 3c is already
optimized over the orientation angle (Supplementary Section IlI).
The optimal solution, consisting of the optimal x and y coordinates

and the optimal orientation angle of each light bar, can be found by
the maximum value in the optimization landscape, labelled by a star
inFig. 3c. We test this optimal solution in experiments by comparison
with non-optimal three-bar configurations, and find that the optimal
solutiontransports particles both fastest and furthest (Fig.3d,e). The
results show that the active matter programming language is capable
of optimizing practical design using only the linear transformation of
single-bar flow fields.

Programming flows for microrheology and cell
isolation

To show that the active matter programming language can be flexibly
applied and motivate new applications, we use stretching flows induced
by two light bars (Fig. 3f) for the microrheology of polymers, division
of GVs and manipulation tasks of cells. The rheological properties of
polymer networks can be inferred from their deformation parameter
DF = (L - B)/(L + B) and flow strain rates in an extensional flow, where
Land Barethelengthand breadth of the deformed aster, respectively
(Fig. 3g). We use the two-bar flow to stretch a microtubule aster pre-
formed with a circular light pattern (Fig. 3g). Measurement of strain
rates at the gap centre shows that the flow is quasi-steady beginning at
timet=100s,and the average valueis du,/0x = 0.0015s™, where u, is the
flow speedinthexdirection (Fig.3g). Consequently the shear modulus
of the microtubule aster is calculated to be 1 x 10”7 Pa (Methods). This
shows that our system can potentially be used in extensional rheology
where viscoelastic properties of materials are deduced from their defor-
mation profiles under straining', and also in single polymer dynamics"
where single polymers, such as DNA strands'®, need to be stretched
insitu. To perform these functions, traditional microfluidics usually
relies on the channel geometry to generate stretching flows”, such as
sculpting a channel contraction®*” or cross-slot geometries'. However
the former geometry cannot fix particles in the channel because the
flow will constantly carry them downstream; the cross-slot or Taylor’s
four-mill geometries® can fix the particle at an equilibrium point but
itis difficult to move the particle to this point since it is mechanically
unstable. By contrast, the active matter programming language can
be flexibly implemented to stretch particlesinsitu, by projecting light
patternsaround objects of interest. Our method is not meant toreplace
state-of-the-art high-end methods like optical tweezers but provides
alow-cost and simple strategy for microrheology.

To further demonstrate the versatility of our systemin extensional
rheology, we demonstrate using the stretching module to stretchand
divide a GV into daughter vesicles in Extended Data Fig. 1and Supple-
mentary Video 3. GVs are extensively studied as the basic model for
artificial cells®. Division of GVs can be used to probe their mechanical
properties and is also crucial to mimic cell division®*. At the initial stage
(t<88s),weobserve the fusion of two giant unilamellar vesicles (GUVs)
and an oligovesicular vesicle (OVV) into a larger GV (Extended Data
Fig. 1b). OVVs represent the structure of ‘vesicles in vesicle’” and are
commonby-products during GV preparation® (Methods). The solvent
flowisrelatively smallat theinitial stage (Supplementary Fig.4) and the
mechanism of GV fusionis unclear to us. The fused GV then undergoes

Fig. 3| Superposition provides a simple design principle for optimized
transport of particles, microrheology of polymers and isolation of cells.

a, The design goal, to move a particle from point A to point B (left), and its
corresponding objective function (right). b, The particle path AB should coincide
with the axis of symmetry in the composition of light bars. ¢, The optimal three-
bar configuration is determined by the maximum value in the optimization
landscape (left) and displayed on the right. d, Experimental images of using the
optimal light bar configuration (blue) to transport two particles. e, Time course
of particle displacement in optimal versus non-optimal designs. f, Measured
and simulated stretching flows generated by two light bars (left) and their
quantitative discrepancy (right). Both flow fields are averaged over 240 s.

g, Schematic (top) and experimental images (bottom) of a preformed

microtubule aster being stretched by the elongational flow, whichis used to
measure rheological properties of the aster (i). Measured flow strain rates over
timein the polymer-stretching and cell-separating experiments (ii). The strain
rates are averaged over a140 pm x 50 pm region at the gap centre. Data are
presented by mean values + s.d. of four experiments. h, Schematic (top) and
snapshots (bottom) of detaching two cells (i). Centre-to-centre distance of
the two cells and estimated detachment force over time (ii). i, Schematic (top)
and snapshots (bottom) of separation of a cell cluster in the stretching flow (i).
Centre-to-centre distances of cells over time (ii). Due to constraints of image
resolution, the time of detachment has an error of +£30 s. The scale bars are
100 umindandgand 20 pminhandi.
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stretching due to the flow and becomes elongated along the axis of the
maximum strain rate (Extended Data Fig. 1c). Between ¢t =584 s and
616 s, the GV is divided into three daughter vesicles (Extended Data
Fig.1d). The daughter vesicles are stable in the solvent flow (Extended
DataFig.1e).

We now demonstrate using active matter to separate an uncon-
strained, weakly adherent cell cluster into isolated cells. Separation
of cells is central in cell sorting applications®. Systematic study of
cell-cell detachment is usually conducted through either atomic
force microscopy (AFM)* or by pulling two cells apart using two
micropipettes®>°. Both methods require highly skilled operators
and also could harmthe cells when constraining them with solid instru-
ments. By contrast, our system can generate extensional flows in the
vicinity of cell clusters and separate them (Fig. 3h and Supplementary
Video 1). The cells used are Jurkat cells, which are a human T cell line
and known to express cell adhesion molecules such as integrins and
CD2receptors® 2, The local flow strain rates near the cells are around
0.004 s (Fig. 3g), and the application of flows for 500-800 s leads to
cell detachment. The detachment force applied by the flow is approxi-
mately 3muaAldu,/ox (Methods), where a =10 pmis the cell radius, and
Alis the centre-to-centre distance of the cell pair (Fig. 3h). Using the
average strain rate 0.004 s, the detachment force is proportional to
Al and calculated in Fig. 3h. The detachment force generated in our
set-up, around 0.1 pN, is much smaller than the adhesion force meas-
ured by AFM on Jurkat cells, at the scale of 10 pN. This suggests that
strong adhesive bonds are not formed in the cell pair in Fig. 3h and
the cells have the morphology of weakly adherent cells with surface
interactions but not cortical associations®*. To confirm whether our
set-up can separate strongly adherent cells and also to test the viabil-
ity of cells in the solution, we stain the cells with viability indicators,
ethidium homodimer-1 (EthD-1) for dead cells and calcein AM for live
cells, as shown in Extended Data Fig. 2. We find that both Jurkat and
Raji cells (Methods) can stay alive in our solution, but the stretching
module cannot separate live-cell clusters, due to the weak force that
itcan provide. This confirms that our set-up can separate only weakly
adherent cells. However, this ‘small force’ generated by the stretch-
ing module can be used for applications such as isolating dead cells
from live cells. In Extended Data Fig. 2a, we isolate one live cell from
adead-cell pair that are initially close with each other, at a distance of
30 um. Both thelive and dead cells follow the solvent flow and movein
opposite directions. In Extended Data Fig. 2b, we demonstrate isolat-
ingapair of dead cells fromacluster of at least seven live cells, initially
separated by 20 um. The dead cells move to the left while the live-cell
cluster is undisturbed because it is too big to be transported by the
flow. These examples demonstrate that the small-force feature of our
set-up canalso be used to separate weakly adherent cells from strongly
adherent cell clusters at the micrometre scale.

Weakly adherent cell clusters consisting of more than two cells can
alsobe separated insitu, revealing more complex collective behaviours.
Figure 3iand Supplementary Video 2 show the separation of a four-cell
cluster in the extensional flow. In addition to three cell-cell separa-
tion events (1-2, 2-3 and 3-4 in Fig. 3i), we also observed two initially
separated cells (2 and 4 in Fig. 3i) first coming into contact and then
being separated, through sliding along the membrane of cell 3. New
applications like these can be motivated by our system because our
system allows for the flexible sculpting of local flow fields near particles
ofinterest, as opposed to traditional microfluidics, which usually relies
on pumps to generate a global flow throughout the entire channel.

Active mixing with rotating bars

Our programming framework can also be extended to dynamic light
patterns. Mixing at low Reis a major challenge in microfluidics because
flows are laminar in this regime and molecular diffusion is slow®. We
show that arotating light bar can generate stirring flows to mix the
circular region swept by it. Both the crosslinked microtubule gel and

the flow field, consisting of four vortices, rotate following the rotat-
ing light bar, as shownin Fig. 4a,b, which can also be predicted by our
simulations. As the light bar rotates, the microtubule gel dynamically
forms and self-contracts into a core. As the light bar is shed on a new
location from one pulse to the next, two plumes of newly crosslinked
microtubules are formed at the ends of the gel, which transport both
the mass and momentum of the microtubules to the network core, as
well asrotating the more densely crosslinked network centre (Fig. 4a).
Afteronecycle, the circularregion swept by the light bar will be mixed
by the rotating vortices (Fig. 4b).

We quantify the mixing efficiency of the active mixer made from
arotating bar on fluorescent particles, and find a tenfold increase in
mixing efficiency comparing with the passive mixing by pure diffusion
(Fig. 4c,d). The active mixing is mainly accomplished by three flow
effectsatdifferentlength scales. At the length scale of the light bar, w,
therotating bar can push particles fromone side of the interface to the
other. Atthelength scale of the vortices, w/2, each region occupied by
one of the four vortices is mixed by the vortex. At the length scale of
the thermal motions of the active microtubules, the small-scale flows
can also help randomly mix the particles'. To quantify the mixing
efficiency at all length scales, we adopt a multi-scale mix-norm*. For
aparticle fluorescence intensity field /(r, t) with a Fourier expansion,
I(r,0) =Y,/ e, wherek and J, are the wave vector and its correspond-
ing Fourier coefficient, respectively, and iis the unitimaginary number.

The norm is defined by || K(r, )| = (Zk#)|k|—2|lk|2)l/2 (ref. 36). We

further rescale ||/(r, t)|| by its initial value, and define the mix-norm
tobe ||/(r, 0)||/||/(r, t = 0)]|. Alower mix-norm represents abetter mixing
result. The time courses of mix-norms in passive and active mixing
areplottedinFig.4d. Att=800 s, the mix-normsin active and passive
mixing drop 22% and 2%, respectively, which demonstrates that active
mixing is tenfold more effective than passive mixing by diffusion.
Another advantage of our systemis that it can create localized mixing
inadesignated region withoutdisturbingits surroundings. The size and
location of the mixing region can be programmatically controlled by
optical signals. Mixing is notoriously difficult in microfluidics, where
current techniques usually require textured surfaces® or external
energy input® to stir the flow. The stirring flows then need to pass
through along channel to ensure enough time for mixing. Our system
provides a promising method for locally mixing arbitrary regions
without passage through along channel.

Multi-step flow programs designed by
superposition

Superposition enables the assembly of programming modules in space
and time to streamline multi-step tasks. We first show amodule combi-
nationtotransportand separate cells at the same time (Fig. 5a). The cells
are propelled by the outflow generated by the bottom bar, and isolated
by the two bars at the top. The flow fields can be easily predicted from
the linear superposition of simulated single-bar flow data (Fig. 5a),
which canalsobe used to adjust the bar positions and inclinations. For
example, we design the two top bars to tilt downward to facilitate the
cell transport. Experiments verify that the module combination can
transport and isolate cells at the same time (Fig. 5b,c).

We also sequence two dynamic light signals in time to transport
and mix particles atalargerscale (Fig. 5d). We first transport the parti-
clesfromright to left using three translating bars. The inflows of light
bars can attract particles that form into three stripes following the
bars’ movement. We then use three rotating bars to mix the stripes of
particles, which disperse in the region originally devoid of particles.

Discussion

Inthis paper, we harness biological active matter for engineering appli-
cations, opening the way for a broad range of active-matter-powered
devices and providing a paradigm for flow control and materials

Nature Materials | Volume 24 | April 2025 | 615-625

621


http://www.nature.com/naturematerials

Article

https://doi.org/10.1038/s41563-024-02090-w

a Experiment Simulation
t=3
t=6 4
60° 3
2
1
0.5
t=12
120° 7
_18 1.5
180° ‘ a
0y
Rotational speed:
2° per light pulse
-1.5
15
X
C

Diffusion only
(passive mixing)

Rotating bar
(active mixing)

Fig. 4| Rotating light bars enable active mixing in microfluidics.

a, Experimental and simulated images of microtubules under a rotating light bar,
shown at the left. b, Measured (Exp.) and simulated (Sim.) flow fields ina. The
colour map shows the flow vorticity. The measured flow fields are averaged over
five experiments. ¢, Arotating bar can mix particles in the circular region swept

UOI1B1]USDUOD 81NQNI0IOIW

b Experiment Simulation
Exp. Sim.
o
0.04 gr 1.6 =
3
9 P [
: % :
2 NN + 2z glle 2
o - LR ‘o o
s = e 2
o) Lo vl 5 <
a e Ll > g
NI - /\t N 5
TR -0.04 -6 &
PR ~ <
W x4 A \
..... 73
..... Aild
~ s A g4
= v & b & - .
- 0% \\\\4 3 \\: o
‘\ N
1.5
0y
-300 | 1.5
-300 0o 300 -1.5 (0] 1.5
x (Lm) X
Passive mixing
1.00 ~
0.95
£ 0.90 |
I}
<
X 0.85
= . .
Active mixing
0.80 -
0.75 -
T T T T
0o 200 400 600 800
Time (s)

by it, asshowninthe left diagrams. The controlled experiment on the top shows
that passive mixing by diffusion is much weaker than this active mixing. d, Time
courses of mix-norms in active and passive mixing. Data are presented as mean
values * s.d. of five experiments. All scale bars, 100 pm.

science. Active materials generate force at molecular scales and can
be exploited as a hardware in technology?®, but systematic control of
active matter hasbeen a challenge. Here we demonstrate a pathway by
modulating the active-matter motions witha programmable external
field, light. Furthermore, the dynamics of active fluids can be quanti-
tatively predicted by a continuum model, and a model-driven design
and optimization of flow fields are realized.

The linear superposition of local coherent flows allows for the
methodical design of complex flow fields and the scale-up of our
system. While active fluids are generally thought to be chaotic and
difficult to control, we find that the nonlinear interactions of active
networks decay as a power law with their separationlength. This leads
to a programming principle where we first construct local regions of
organized flows and then isolate them above a critical spacing so that

the networks are weakly interacting and the local flow fields can be
additively assembled in the entire channel. Our modular programming
strategies also provide theoretical insights into how to maintain order
and performworkinactive fluids. Our theory gives ageneral framework
for microtubule-motor-solvent systems, which may be extended to
study other out-of-equilibrium structures of the cytoskeleton, such
as mitotic spindles. All experiments in this paper were controlled to
be at similar conditions and all simulations shared the same physical
parameters, demonstrating the versatility of our model.

Our platform can be developed towards building a universal sin-
gle device that canintegrate and automate diverse micrometre-scale
transporttasksinasingle channel, and will motivate numerous applica-
tions in chemistry and biology. Further improvements to our system
include expanding the toolbox of basic flow units for more adaptable
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flow design, by incorporating flow fields generated from different
light shapes, such as polygons, ellipses and concave shapes. Our set-up
could alsobe developed into a closed-loop control system by integrat-
ing a computer-vision program to analyse the images of the channel,
and a decision-making program to compute the optical input based

on real-time feedback and task goals. To overcome limitations in the
proteins’sensitivity towards temperature and solute conditions, we are
extending our current system to build a double-layer structure, where
thetop layer contains the solventand objects of interest and the bottom
layer is the active fluids. The two layers are immiscible and the idea is
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to program the flow in the bottom layer, which in turn will control the
motion of the top layer through force transmission at the interface.

Interest hasbeen growing in using optical control asanon-invasive
method to generate micrometre-scale flows. Laser-induced heat has
been shown to generate a thermoviscous flow inside embryos, which
canbeapplied to probe the biological functions of cytoplasmic flows
and active microrheology in cells®. An electrically programmable
microfluidic device has been proposed recently using artificial ciliato
stir flows near chamber walls*’; our set-up is more efficient in driving
flows near the centre. Different programmable control mechanisms
might complement each other towards a fully automated future of
microfluidics.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

Kinesin purification and microtubule polymerization

Kinesin purification, microtubule polymerization and chamber con-
struction were described in previous work™. In short, we constructed
and purified two K401 kinesins with the light-induced hetero-dimer
system of iLID or SspB-micro: K401-iLID and K401-micro. For protein
expression, we transformed the plasmids into BL21 pLysS cells and
induced the cells with IPTG compound. For protein purification, we
lysed the cells and used nickel nitrilotriacetic acid (Ni-NTA) agarose
resin to pick up His-tagged proteins that were provided by the base
plasmids. The maltose-binding protein (MBP) domain was used and
subsequently cleaved off in K401-micro expression to ensure the
micro domain remains fully functional during expression. Tubulin
was polymerized with the non-hydrolysable GTP analogue GMP-CPP.
Labelled and unlabelled tubulin were palleted and then incubated at
37 °Cto form GMP-CPP-stabilized microtubulues. We then character-
ized the microtubule length distribution by immobilizing them onto
a cover-glass surface using poly-L-lysine. The median microtubule
length is 1.0 pm, much smaller than the critical length w, at the scale
of 100 pm (Supplementary Fig. 6).

Flow chamber treatment and construction

The chambers were made from microscope slides and cover-slips that
were passivated against non-specific protein binding with ahydrophilic
acrylamide coating®. Inbrief, microscope slides and cover-glass were
first cleaned by sonication in 2% Hellmanex Ill solution for 15 min.
Excess Hellmanex Il was then washed out with double-distilled H,0
and then ethanol sonication. The glass was thenincubated overnightin
0.1 MHCltoremove any trace metal and finished in 0.1 M KOH sonica-
tion. After cleaning and etching, the glass wasimmersed in asilanizing
solution of 98.5% ethanol, 1% acetic acid and 0.5% 3-(trimethoxysilyl)
propylmethacrylate for 10-15 min. After rinsing, the glass was baked at
110 °Cfor 30 min. The glass was thanimmersed overnightina degassed
2% acrylamide solution with 0.035% TEMED catalyst and 3 mM ammo-
nium persulfate. The glass was rinsed in double-distilled H,0 and air
driedjust before use. A flow cell made with precut parafilm was used as
aseal betweenthe microscopeslides and cover-slips, making a channel
thatwasabout 70 umin height. After the addition of reaction mixture,
the flow cells were sealed with dental silicone polymer.

Energy mixture and reaction mixture

An energy mix consisting of an energy source (ATP), glycerol (which
is crucial for aster formation and microtubule crosslinking in experi-
ments, though the mechanism s not fully understood and may differ
from typical macromolecular crowding effects), asurface passivating
reagent (pluronicacid), oxygen scavengers (glucose oxidase, glucose,
catalase, Trolox and dithiothreitol (DTT)) and ATP-recycling reagents
was made on ice prior to combining the motor proteins and micro-
tubules. After equilibrating the energy mix to ambient temperature,
K401-micro, K401-iLID and microtubules were combined with the
energy mix into a reaction mix. Concentrations for protein mono-
mers for the K401-micro and K401-iLID constructs were 1 uM, and for
microtubules, 1.5-2.5 uM. To minimize unintended light activation
and non-specific protein binding, the sample was prepared under
dark-room conditions with filters to block wavelengths below 580 nm.
For all experiments conducted in this study, the reaction mixture
consisted of 59.2 mM K-PIPES buffer (pH 6.1), 4.7 mM MgCl,, 3.2 mM
potassium chloride, 2.6 mM potassium phosphate, 0.74 mM egtazic
acid (EGTA), 1.4 mM Mg ATP (Sigma A9187),10% glycerol, 0.50 mg ml ™!
pluronic F-127 (Sigma P2443), 0.22 mg ml™ glucose oxidase (Sigma
G2133), 3.2 mg ml™' glucose, 0.038 mg ml™* catalase (Sigma C40),
5.4 mMDTT, 2.0 mM Trolox (Sigma 238813), 0.026 units pl ™ pyruvate
kinase/lactic dehydrogenase (Sigma P0294) and 26.6 mM phospho-
enolpyruvic acid. K401-micro and K401-iLID were both diluted with a
1:2 ratio with 2 pl of M2B buffer with pH 6.1 (80 mM K-PIPES (pH 6.1),

1mM EGTA, 2 mM MgCl,). Microtubules were diluted with a 1:7 ratio
with 7 ul DTT M2B with pH 6.1 (45 pul M2B (pH 6.1) with 1 pl of 250 mM
DTTand 333.4 mg pl™ glucose). The reaction mix was thenagedinthe
flow cell for120-180 min before light activation and data acquisition.

Tracer bead preparation

Tovisualize the fluid dynamics of our system, we used 1 um polystyrene
beads as tracer particles. The particles were incubated overnight in
M2B buffer with pH 6.8 with 50 mg ml ™ pluronicacid. The beads were
thenwashed and palleted at1,000g for 2 min and resuspended in M2B
with pH 6.8 before adding them into the reaction mix.

Fluorescent bead preparation

Fluorescent particles were used to demonstrate the mixing and trans-
port capability of our system. We used 0.5 um polystyrene beads that
are dyed with highly hydrophobic dyes. The particles were incubated
in M2B buffer with pH 6.8 with 50 mg ml™ pluronic acid. The beads
were then washed and palleted at 1,000g for 2 min and resuspended
in M2B buffer with pH 6.8 before adding them into the reaction mix.

Cell culture

The cells used in the transport study (Jurkat cells, American Type
Culture Collection (ATCC) TIB-152 and Raji cells, ATCC CCL-86) were
culturedinamedium composed of high-glucose RPMI1640 (Life Tech-
nologies) and 10% foetal bovine serum (qualified; Life Technologies).
Jurkat cells were cultured to maintain a cell density between1 x 10° and
3 x10° cells ml™. Before loading the cells in the aster mix, the cells were
thoroughly washed with M2B buffer with pH 6.8 (previously described
in Methods). Cell cultures were first centrifuged at 300g for 5 min to
remove the culture media, then washed twice with M2B of pH 6.8 at
300gfor 5 min to remove any remaining culture media and salts. Sub-
sequently, cells suspended in M2B of pH 6.8 were introduced into the
microtubule buffer to attain the desired cell density. As an example,
fora5mlculture with adensity of 3 x 10° cells ml™, the typical protocol
would involve suspending the cellsin 1 mlof M2B with pH 6.8, of which
10 plwould be used inevery 45 pl of the microtubule buffers. Raji cells
were used only in Extended Data Fig. 2 because they can form larger
clusters.Jurkat cells were used in Figs. 3 and 5.

Celllive/dead staining

Calcein AM (catalogue no. C1430, Life Technologies) and EthD-1 (cata-
logue no. E1169, Life Technologies) solutions were prepared using
DMSO solvent and H,0 in a ratio of 1:4 (v/v) for a stock concentration
of ImM. The 2 pM live/dead stain working concentration was prepared
in Dulbecco’s phosphate-buffered saline (DPBS; Life Technologies)
by adding 20 pl of each stain to 10 ml of DPBS. Cell cultures were first
centrifuged at 300g for 5 min to remove the culture media. The 2 pM
live/dead stain was added to the cell pallet. Cells were sufficiently
stained after 1 h. Cell cultures were centrifuged at 300g for 5 min again
toremove the staining solution. Subsequently, cells were suspendedin
M2B with pH 6.8 and then added to the active matter mix.

Vesicle preparation

Lipid vesicles were prepared according to a modified version of
the method in ref. 42. In a 15 ml glass vial, 0.5 ml chloroform was
combined with 15.2 pl of 25 mg ml ™ 1-palmitoyl-2-oleoyl-glycero-3
-phosphocholine (POPC; 850457, Avanti Polar Lipids) and 0.65 pl of
1mg ml™ dioleoyl-phosphoethanolamine-lissamine rhodamine B (rho-
damine PE; 810158, Avanti Polar Lipids). The chloroform was then
evaporatedinafumehood, following all safety guidelines for handling
chloroform. The resulting lipid dry film was mixed with 1 ml of mineral
0il (M8410, Sigma-Aldrich) to achieve a final concentration of 500 pM
inoil solution. This mixture was heated to 50 °C and dissolved by pulse
vortexing and sonication for 20 min. The lipid-oil mixture was stored
atroomtemperature under dark conditions and used within two days.
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Inner and outer solutions of the lipid vesicles were prepared to
match the osmolarity of the active matter mix. Due to the incompat-
ibility of our active matter system with high levels of salts or sugars,
and thescarcity of the mixture itself, we increased the inner and outer
solution osmolarity by adding KCl to M2B with pH 6.8 toreach 1,820 mil-
liosmoles (mOsm), which is lower than the 2,034 mOsm of the active
matter mix but does not disrupt protein functions. To form the vesi-
cles, 300 plof outer solutionwas placedina1.5 mltube,and 300 pl of
lipid-oil mixture was gently layered onto the outer solution. This was
incubated onice for 60 minto allow the assembly of alipid monolayer
attheinterface between the oil and outer solution.

Just before use, 200 pl of lipid-oil mixture was put into a1.5 ml
sample tube and cooled onice for >15 min. Then, 20 pl of inner solu-
tion was added to the lipid-oil mixture and immediately emulsified
by first pipetting 20 times and then vortexing at maximum power
(Vortex-Genie 2; Scientific Industries) for 10 s. The emulsion was
incubated onice for 5 min to stabilize by the spontaneous alignment
of lipid molecules at the interface of the inner buffer and oil. Subse-
quently, 200 pl of the emulsion was carefully placed on the lipid-oil
mixture and the outer solution, and then incubated for 5 min oniice.
The 1.5 ml tube was then centrifuged (2,000g, 10 min, 4 °C) to push
the emulsion droplets through the interface. After centrifugation,
the oillayer and 500 pl of buffer solution were gently drawn off from
the top of the tube.

For the final mixture, 1 pl of resuspended vesicles was added to
acombination of 8 pl energy mix, 2 pl diluted iLid motor, 2 pl diluted
micro motor and 1 pl diluted microtubules.

Design and implementation of different bar patterns

We custom fitted an epi-illuminated pattern projector onto our micro-
scope. Thessize of the projection field was 800 x 1,280 pixels. Matrices
containing coordinates of bars were first computed in Pythonand then
converted togreyscale and eventually saved into the tagged image file
format (TIFF). TIFF image sequences were then processed by a custom
Micro-Manager script. The scripts canbe found at https://github.com/
fy26/ActiveMatter.

Data acquisition and projection of patterns

All experiments were performed with an automated wide-field epi-
fluorescence microscope with a custom epi-illuminated projector
and gated light-emitting diode (LED) transmitted light, as discussed
inour previous work". All samples were imaged at x10 magnification.
Image sequences were captured using a Nikon TI2 controlled with
Micro-Manager. Images of the fluorescent microtubules (Cy5 dye) and
tracer particles (bright field) were acquired every 8 s. Bar patterns were
projected onto theimage plane every 8 swithabrief200 msflash of a
2.4 mW mm2activation light froma 470 nm LED.

Duration of the activation light

The duration of the light was empirically determined through anitera-
tive process: (1) We started with ashort activation time, such as 50 ms,
and gradually increased it in 50 ms increments. (2) After each incre-
ment, we observed the sample for aster formation. (3) We continued
steps1and 2 until we observed the formation of a stable aster, defining
thisas the optimal activationtime. (4) Alonger pulse duration resulted
in contractile activity outside of the intended light pattern, helping
establish an upper limit for the activation duration.

Particle image velocimetry
Particle image velocimetry was performed on the images of tracer
beads using PIVIab*** to extract the solvent flow fields.

Derivation of the general principle for linear superposition
Thegeneralized Stokes equation for the solvent flowisf+uvu-vp =0,
where fis the body force applied by external fields or sources; for

example, in our system the body force is from the active force gener-
ated by the crosslinked microtubules and motors. We now construct
ageneral principle for the linear superposition of flows induced by n
different force-generating sources. We denote the force applied onthe
fluid from the source i, in the absence of other sources, as f;, and the
resultant flow and pressure fields as u; and p,, respectively. Similarly,
thebody force, flow field and pressure field in the presence of all the n
sources are denoted by f, u.and p,, respectively. To establish a linear
regime of fluid flows driven by different sources, we require u, =Y u;
and p, =Y p;, which can be substituted into the Stokes equation and
yieldsf, = f. This result directly comes from the linearity of the Stokes
equationinuand p; however, it is not trivial because f;can depend on
the flow velocity u, and the formulaf, = } f;does not always hold. In our
system, the force-generating sources are the microtubule networks,
and the force induced by a single network i, in the absence of all other
networks, can be expressed as f; = yc(v;— u,), where y is the drag coef-
ficient of the microtubule and the solvent, and cand v are the density
and velocity of the microtubule network, respectively. Therefore, in
the presence of n networks, the general principle f, = ) f;togetherwith
the additional linear relationships, ¢, = Y ,c;and v, =Y v, requires that
YCi- 2 V=Y cv;and Y ¢, - Yu,=3 cu,. The former requires that c,v;= 0
wheni #j, whichisautomatically satisfied as long as no networks over-
lap in the system. The latter requires that cu;= O for any i #j, which
istherule of linear superposition in amultiple-active-agent system.

Numerical simulation

The finite difference method was used in numerical simulations, with
the central differencing scheme in space and the method of lines in
time. The codes are written in Python and available at https://github.
com/fy26/ActiveMatter/tree/main/Simulation.

Calculation of shear modulus

The steady-state value of DF depends on the capillary number
Ca= p%R/G(refs.45—47),whereRis theradiusoftheasterand Gisthe
shear modulus, via a linear relationship DF = ACa. The value of coeffi-
cient A is calculated to be 25/6 for elastic capsules**’, and measured
to be around 20 for viscoelastic drops*®. Here we choose A =10 to
estimate the shear modulus G of the microtubule aster. Additionally
using measurements u = 0.02 Pa s (ref. 48), du,/0x=0.0015s7,
R=100 pm, L =120 pmand B = 70 pm, the shear modulus G of the aster
is calculatedtobe1x 107 Pa.

Calculation of detachment force on cells in an extensional flow
The flow-induced friction f, on a spherical particle translating in an
unbounded fluid with velocity visf, = -6muav, whichis used to approxi-
mate the force on detaching cells. We denote the two attached cells by
aand b, and the unperturbed flow velocity at the two cell centres by
u, and u,, respectively. Then the cell pair moves at the same velocity
(u, +u,)/2. The magnitude of the flow-induced force on each cellisf, =
3mualu, - uy| = 3mualou/ox|Al. The detachment force on each cell has
the same magnitude asf,,.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data are publicly available at https://data.caltech.edu/records/
xkdvqg-9r805.

Code availability

The simulation code is available on GitHub at https://github.com/
fy26/ActiveMatter/tree/main/Simulation. The code for data analysis
is available at https://data.caltech.edu/records/xkdvq-9r805. The
Java scripts used to run Micro-Manager for imaging data collection
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are deposited at https://github.com/fy26/ActiveMatter/tree/main/
Micromanager%20script.
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Extended Data Fig. 1| The stretching module can stretch and divide a giant lipid vesicle (GV) into daughter vesicles. a, Sketch of the experimental setup.
The GVsaredyedred. b, 3 GVs merge into asingle GV. c, The fused GV is stretched along the horizontal direction. d, The fused GV is divided into 3 daughter vesicles.
e, The daughter vesicles are stable. Scale bars, 20 um.
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Extended Data Fig. 2| The stretching module canisolate dead cells (red) from live cells (blue). a, Time-lapse images of isolating one live cell from a pair of dead cells.
b, Time-lapse images of isolating a dead-cell pair from a live-cell cluster, without disturbing the latter. Raji cells (Methods) are used in this figure because they can form
large clusters.
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