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Microfluidic Pump Powered by Self-Organizing

Bacteria**
Min Jun Kim* and Kenneth S. Breuer

Resuits are presented that demonstrate the successful use of live bacteria

as mechanical actuators in microfabricated fluid systems. The flow depo-
sition of bacteria is used to create a motile bacterial carpet that can
generate local fluid motion inside a microfabricated system. By tracking
the motion of tracer particles, we demonstrate that the bacterial cells that
comprise the carpet self-organize, generating a collective fluid motion
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that can pump fluid autonomously through a microfabricated channel at

speeds as high as 25 um s’

. The pumping performance of the system can

also be augmented by changing the chemical environment. The addition
of glucose to the working buffer raises the metabolic activity of the
bacterial carpet, resulting in increased pumping performance. The perfor-
mance of the bacterial pump is also shown to be strongly influenced by
the global geometry of the pump, with narrower channels achieving a

higher pumping velocity with a faster rise time.

1. Introduction

The practical development of so-called lab-on-a-chip
systems for performing compact chemical analysis, DNA se-
quencing, and other tasks is often held up by difficulties en-
countered in the mechanics of mixing and pumping picoliter
quantities of fluid. Candidate micro-total analysis systems
(LTAS) often use either external devices, such as syringe
pumps, or relatively large and inefficient integrated systems
based on piezoelectric, pneumatic, electrokinetic, or electro-
magnetic effects." While these approaches work, they
often rely on bulky and inefficient hardware that often neg-
ates the advantages of the micrometer-scale chemical
system which they support. One potentially attractive solu-
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tion to this problem is to use the nanometer-scale motors
from biological systems. This concept has been demonstrat-
ed in a variety of systems, such as using the F;-ATPase
rotary motor to turn a nanorod,*”! moving microtubules
along patterned tracks of kinesin molecules,®” using algae
to move microspheres,® and finally, the use of a gliding bac-
teria, Mycoplasma mobile to rotate a microfabricated
rotor.””) In all of these examples, although the potential for a
useful device that marries a biomolecular motor to an engi-
neered system has been demonstrated, no work was extract-
ed from the system (such as fluid pumping or mechanical
shaft power).

An extremely powerful biological motor is the bacterial
flagellar motor found in organisms such as Escherichia coli
or Serratia marcescens.") These bacteria are propelled
through water at speeds as high as 50 pm s~! by three to five
helical flagella each approximately 10 um in length and
driven by a rotary motor that measures approximately
50 nm in diameter. The rotation of the flagella strongly af-
fects the fluid environment surrounding the cell, and this
flow promotes bundling of adjacent flagellal''! and generates
thrust for cell motility. In addition, the activity of E. coli
freely swimming in solution has been shown to enhance the
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diffusion of tracer beads™ and of macromolecules!™" dis-
solved in the ambient buffer. If the bacterial cell bodies are
affixed onto an open surface, the rotation of the free flagella
can also be utilized to generate useful work. Such active sur-
faces, or “bacterial carpets”, have been formed by blotting a
polydimethylsiloxane (PDMS) film onto a swarm plate of
S. marcescens,™™ and the bacterial carpet can also be used to
transport freely floating PDMS “barges”™! and polystyrene
beads!'®!” through a fluid medium. The bacteria in the
carpet metabolize a wide variety of food sources and can
even maintain their motility for several hours in the absence
of food.'>!® This robustness is highly attractive for micro-
fluidic applications.

In this Full Paper, we extend the use of bacterial carpets
to demonstrate that they can be used to generate useful
work in a microfluidic system. We first present results dem-
onstrating that bacteria can be flow-deposited to form an
active bacterial carpet coating the surface of an enclosed
microfluidic system. The key result, however, is that we
show that the system of thousands of independent bacterial
cells self-organizes, resulting in a collective motion that is
capable of pumping fluid through the microchannel for sev-
eral hours at speeds as high as 25 um s~'. Lastly, we demon-
strate the ability to affect the global performance of the
bacterial pump by using both geometric variations and
chemical stimuli introduced in the surrounding motility
buffer.

2. Results and Discussion
2.1. Formation of Flow-Deposited Bacterial Carpets

The experiments were conducted using a microfluidic
channel fabricated from polydimethylsiloxane (PDMS)
using standard “soft lithography” micromolding techni-
ques.'*'”) The nominal channel dimensions used were 15 um
(height) by 200 pm (width) by 15 mm (length) (Figure 1).
Since the microchannel is fully enclosed, we cannot form
bacterial carpets using the blotting technique.'” Instead,
bacterial carpets were formed on the inner surfaces of the
microfluidic channel using a novel flow-deposition proce-
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Figure 1. Schematic of bacterial-pump geometry. The flow channel is
defined from below by the glass coverslip and on the sides and top
by the PDMS covering. The channel dimensions are 15 um (high) by
200 pum (wide) by 15 mm (long). The insert illustrates the bacterial
carpet, which covers the entire length of the channel. The cell bodies
and flagellar length are shown in approximate proportion to the

channel-wall separation. However, in reality, the flagellum thickness
is much smaller than shown.
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dure in which bacteria (S. marcescens) are pumped slowly
into the microchannel and allowed to adhere by natural ac-
cretion. As the bacteria flow into the channel, they collide
and adhere to the PDMS and glass surfaces. The density of
the bacterial carpet and the orientation of the cells were ob-
served (using differential interference contrast (DIC) micros-
copy) during the carpet-deposition process (Figure 2). The
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Figure 2. Coverage versus time of S. marcescens on PDMS and glass
surfaces inside a microchannel. The test geometry is a microchannel
measuring 15 pm deep, 200 pm wide, and 15 mm long. Images are
acquired midway down the channel axis. The carpet is created by
repeatedly flowing in fresh bacteria and then letting them adhere to
the surface by random accretion. Scale bars are 5 pm.

images indicate that the surface coverage increases mono-
tonically with time, although unlike the smooth and densely
packed carpets formed on an open slide by blotting from a
swarm plate,™ the flow-deposited carpet asymptotes very
slowly towards 100% coverage. There are two possible
causes for this apparently self-limiting behavior. Firstly, the
negative charge of the cells might serve to inhibit cells from
sticking in regions of existing high-density surface coverage.
Secondly, the cells may generate chemical signals at high
packing densities, which actively deter further accretion.
Note that the PDMS surface coats more quickly than the
glass surface, consistent with the fact that S. marcescens bac-
teria are known to adhere more easily to PDMS than to
glass. Approximately 80% of the cells adhere to the surface
as a single isolated cell, while the remainder were in contact
with, or partially on top of, another bacterial cell. The Ser-
ratia marcescens cell bodies are elongated spheroids (ap-
proximately 2 pm in length, 1 um in width). Because of the
alignment by the flow that delivers them to the microchan-
nel, the cells tend to adhere with a clear orientational pref-
erence, with about 55% of the cells aligned to within 30° of
the channel’s x-axis. After 50 min, the fill factor was mea-
sured to be 83% (£1.2%) and the average density of bacte-
ria was 31.3/100 um? (42.1). Although a few cells were ob-
served to stick to the surface by their flagella (tethered bac-
teria),”” most of the cells stuck to the surface by their
bodies with several flagella free to rotate in the flow.
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2.2. The Spontaneous Emergence of Pumping

Previous work has shown that the activity of the bacteri-
al carpet in a sealed microfluidic channel can enhance
mixing."®) However, in the present case, the channel is not
sealed at its ends, and we observe that the bacterial carpet
spontaneously self-organizes and pumps fluid through the
channel. Following the formation of the carpet, the external
flow was switched off and the inlet and outlet tubes re-
moved from any external pressure bias. Care was taken to
ensure that the inlet and outlet tubes were at the same level
(so that there were no hydrostatic pressure gradients), that
there were no bubbles, and that the menisci at the ends of
the inlet and outlet tubes were identical (so that there were
no capillary effects). Velocity measurements were made at a
fixed point at the midpoint of the channel using particle
tracking velocimetry (PTV), sampling several times follow-
ing the formation of the carpet (defined as ¢ = 0). The aver-
age streamwise velocity through the microchannel was ob-
served to build over the course of several minutes
(Figure 3), reaching a peak velocity of approximately
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Figure 3. Evolution of the average and fluctuating velocities (in both
the streamwise and spanwise directions) in the microchannel as a
function of the time following the creation of the carpet-coated
microchannel. The average velocity reaches its maximum at approxi-
mately t=20 min, which is close to the maximum in the anisotropy
of the velocity fluctuations. Even as the average pumping velocity
declines, the fluctuations remain above the velocity measured by the
PTV analysis because of Brownian diffusion “velocity” (4.9 pm s~* for
water at this temperature and Af).

23 um s~ at 20 min after the carpet formation (¢=r¥). At
later times, the average velocity decays slowly, falling to
Sums! by t = 150 min. The velocity was observed to be
uniform throughout the channel (both across the channel
width and between the upper to the lower wall), characteris-
tic of a plug-like flow (similar to electro-osmotic pumping
and pressure-driven flow in the Hele-Shaw geometric mi-
crochannel® ). To confirm that a net pumping thrust was
developed only because of the suspended bacterial carpet,
the experiment was repeated numerous times under differ-
ent conditions. Furthermore, it was confirmed that the
pumping activity could be stopped by introducing carbonyl-
cyanide-p-trifluoromethoxyphenyl-hydrazone (FCCP, which
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inhibits the bacterial motor rotation) into the buffer solu-
tion. Curiously, the tracer particles were always observed to
move in the same direction, suggesting that the “seed” that
initiates the pumping is related to the carpet fabrication se-
quence, although the reasons for this are not clear.

The general history presented in Figure 3 was observed
in all our experiments, and we can parameterize the behav-
ior as comprised of two phases: a period of rapid growth,
which can be characterized as a linear rise:

U = art < r¥) (1)

where a is the growth rate, followed by a period of expo-
nential decay:

U x e?(t>r%) (2)

where f is the decay rate.

The physical mechanisms that lead to the observed bulk
pumping of fluid are difficult to confirm directly. However,
the statistics of the tracer particle motion do lead to several
insights. Brownian motion of the tracer particles appears in
the PTV analysis as a “diffusion velocity”,*¥ resulting from
particle dispersion during the sampling time. The diffusion
velocity is characterized by zero mean, random orientation,
and a standard deviation (for the experimental conditions
tested), o, of 4.9 um s™'. The measured particle velocity dis-
tributions show this character after long times when the bac-
teria have all de-energized, although during the period
when the carpet is actively pumping, the velocity fluctua-
tions are observed to be significantly higher than this base-
line. The velocity fluctuations are also highly anisotropic,
with the fluctuations in the streamwise direction, x, as much
as three times larger than the fluctuations in the cross-
stream direction, y (Figure 3). The overall pumping perfor-
mance peaks well before the streamwise velocity fluctua-
tions reach their maximum. After reaching a maximum, the
pumping velocity decays approximately exponentially, al-
though the anisotropy in the velocity fluctuations lags some-
what, not reaching its maximum until about 40 min after the
carpet formation. The velocity fluctuations become isotropic
after about 80 min although they remain higher than what
would be expected for purely Brownian motion, suggesting
that the bacteria still exhibit some motile activity but are
unable to coordinate sufficiently to sustain any significant
pumping. Several hours later, after the bacteria have de-
energized, the pumping motion was no longer observed, and
the diffusion velocities were found to be close to that pre-
dicted by Brownian motion.

2.3. Effects of Glucose Concentration

The performance of the pump can be controlled by
adding glucose (a food source for the bacteria) to the buffer
solution. Although the time at which the maximum velocity
is achieved (#¥) does not change, an increase in the buffer
glucose concentration results in a rise in U,,,, (and thus an
increase in the growth rate, a) as well as a decrease in the
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decay rate, S (Figure 4). Although S. marcescens are able to
maintain motility for long periods of time relying solely on
an endogenous energy reserve, in the presence of glucose
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Figure 4. Variation of the growth and decays rates of the pumping
velocity as a function of glucose concentration (0, 2, 20, 60, and
120 mm). Although the pump rise time does not change, the addi-
tion of glucose dose result in higher maximum pumping speeds (due
to higher metabolic activity of the bacteria) and longer-lived pump
operation (presumably due to improved transport of buffer).

their metabolic rate (and oxygen consumption) increases
dramatically, resulting in higher motor rotation rates.!'?’!
The glucose consumption rate per cell saturates such that
additional increases yield no further increased motor perfor-
mance, and this is the likely explanation for the observed
plateau in the pump behavior at higher glucose concentra-
tions.

The reduction in the pumping velocity decay rate (f) in-
dicates an extended lifetime with the addition of glucose, a
result in direct contrast to the behavior of bacterial carpets
in sealed (nonpumping) systems,'® in which case the carpet
activity decays faster as glucose concentration increases. In
the sealed system, the reduced performance is a result of
the much faster consumption of dissolved oxygen (which
cannot be replenished in a sealed system) as well as the
faster poisoning of the motility buffer by the catabolic prod-
ucts of the bacterial carpet, which lead to a drop in the
buffer pH, and hence a reduced motor effectiveness. How-
ever, in the open system considered here, the increased
pumping velocity results in more fresh buffer (with fresh
dissolved oxygen) being introduced to the carpet and a
faster removal of the acidic waste products of the carpet’s
catabolism. Thus, the heightened activity of the carpet not
only improves the performance of the pump but also serves
to maintain the local pH, and to maintain a healthy environ-
ment for a longer time, thus, extending the carpet’s working
lifetime.

2.4. Effects of Pump Geometry
While the carpet rise time, ¢*, was not affected by the
glucose concentration, it was found to be a strong function

of the channel geometry. The geometry of the microchannel
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may affect the performance of the bacterial pump in two
ways. Firstly, it is known that the behavior and motion of
bacteria can be influenced by their geometric environ-
ment.?*?"! Secondly, even if the bacterial behavior remains
unchanged, the self-organization of the carpet may be a
function of the pump geometry.'! The results shown thus
far were performed in a microchannel measuring 15 um
deep, 200 um wide, and 15 mm long. Five channels were
tested with widths, w = 50, 100, 200, 400, and 800 um (keep-
ing the length and depth constant). For each geometry, the
maximum velocity, U,,,, and the rise time, ¢*, were mea-
sured. The results are quite striking (Figure 5), showing that
the maximum pumping velocity achieved and the time to
peak performance are strongly affected by the channel
width. The optimal performance is achieved in the 50 um
wide channel, which achieved a maximum pumping velocity
of 25 um s~!, and was reached almost immediately after the
channel is created. In contrast, the widest channel tested,
w = 800 um, barely pumps at all, and requires over 25 min
to reach its peak performance. Decreasing the pump length
also increased the maximum pumping speed and decreased
t*; however, in this case, the effects were quite modest (im-
provements of approximately 10% for a threefold reduction
in channel length).

30
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Figure 5. Dependence of the maximum pumping velocity, U,.,, and
the pumping rise time, t*, on the channel width. The narrow channels
coordinate faster and achieve higher maximum velocities than wider
channels.

3. Discussion

The results presented demonstrate clearly that the col-
lective motion of thousands of bacterial flagella gives rise to
net fluid motion through the microfabricated channel. In ex-
plaining these observations, we hypothesize that the pump-
ing results from the rise of a global coordination in the fla-
gellar orientation throughout the channel. The flagellar
motor rotates predominantly counterclockwise, punctuated
by random intervals of clockwise rotation.”?! Since the
control of the sense of rotation for each flagellar motor is
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independent of its neighbor (even within the same cell), it
seems unlikely that the clockwise and counterclockwise ro-
tations become coordinated across the carpet. However, hy-
drodynamic interactions between closely spaced rotating
flagella do lead to coordination and the formation of flagel-
la bundles,"V and in a carpet of densely packed cells, the in-
teractions between many flagella in a neighborhood leads to
the formation of local pockets of coordinated fluid motion.
Such areas of organization were observed in the bacterial
carpet formed on open surfaces™ in the form of coherent
“rivers”, along which fluorescent beads were transported at
speeds as high as 60 um s™', and “whirlpools”, in which the
beads were observed to move in a large-scale (15-20 um)
vortical motion. In the microchannel flow considered here,
since the fluid is constrained to flow predominantly in one
direction, a coherent river arising at one point in the chan-
nel will act to preferentially force the fluid in the same di-
rection throughout the entire channel. This flow will entrain
other flagella along the same direction and thus provide a
positive feedback mechanism, which might serve to assist in
the growth of these coordinated regions, analogous to the
growth of crystal domains during solidification. In this
manner, larger areas of coordinated pumping motion are es-
tablished, and the average pumping speed rises.

The evolution of the spatial correlation function sup-
ports this explanation. Figure 6 shows the normalized spatial
correlation function of velocities in the bacterial pump,
measured at four distinct times. Immediately after the for-
mation of the carpet (Figure 6a), the correlation function
has well-defined peaks and valleys, representing a typical
vortex spacing of approximately 15 um. However, unlike the
open-carpet results of Darnton et al.,['” the correlation of
the carpet confined to the channel continues to increase and
by ¢ = 20 min, at the height of the pumping (Figure 6b), the
peak-valley structure in the correlation function has com-
pletely disappeared, replaced by a uniformly high correla-
tion that maintains a relatively constant value over the

10°
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Figure 6. Evolution of the normalized spatial correlations between
measured fluid velocities as a function of the distance and time
between them. Four phases of the pump operation are shown:

a) 5 min (shortly after carpet formation), b) 20 min (at the height of
pump operation), ¢) 80 min (after pumping activity has declined),
and finally d) for a nonmotile carpet.
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entire field of view (40 um). This uniformity in the correla-
tion function is obviously associated by the high correlation
associated with the uniform pumping flow. As time pro-
gresses, the pumping decays (Figure 6¢) and the peak—valley
structure reappears, this time with a larger typical vortex
size, suggesting that the global coordination that was estab-
lished has started to break down into smaller domains
(“whirlpools™). After long times (Figure 6d), the nonmotile
carpet shows no correlation beyond a length scale of ap-
proximately 10 um (which is approximately the length of
the flagella, now floating passively in the buffer but presum-
ably still imposing some organization via their inactive pres-
ence). This behavior is also reflected in the integral of the
correlation function, which defines a correlation length
scale, /*. This was computed and was observed to have be-
havior that closely tracks the mean pumping speed
(Figure 3), reaching a maximum value of 12um at
t = 25 min before falling slowly, approaching a value of
2.5 um after long times.

The strong dependence of the pump rise time, *, and
the pumping speed, U,,,,, on the channel width also supports
this view of the underlying coordination mechanics. The
onset of global pumping requires that the size of the coordi-
nate fluid river becomes comparable to the channel width.
Rivers of smaller dimension will not have sufficient “author-
ity” to establish a net fluid flow. Thus, wider channels result
in degraded pumping performance in two ways: firstly, it
takes longer for the coordinated fluid region to grow to the
critical size, and, secondly, larger regions will encompass
more counterproductive fluid motion, and hence exhibit
lower net pumping velocities.

The reason for the decay in the pump’s effectiveness
over time is not obvious. The bacteria were grown aerobi-
cally and with nutrients and thus require oxygen and nour-
ishment to maintain motility. Taking into account an oxygen
consumption rate per cell and neglecting fresh oxygen
brought in by the pumping of fresh buffer solution,***" we
can estimate that the bacteria in the carpet would require
over 40 h to consume all of the available dissolved oxygen.
Since the duration of a typical experiment is less than 3 h, it
seems reasonable to conclude that the observed decline in
the pumping behavior is not primarily due to a global
oxygen deficiency. However, recalling the differences be-
tween the present system and the closed carpet, which
shows a faster decline in health,' it seems like oxygen re-
plenishment and/or waste-product removal does have an in-
fluence on the carpet’s health and this may be related to the
adhesion of the cells to the surface and thus their inability
to sample new (fresh) regions of the buffer solution.*!! The
cells’ lack of motility coupled with their high packing densi-
ty may result in a locally nutrient-poor environment that
contributes to their premature loss of robust motile behav-
ior.

4. Conclusions

The formation of active surfaces inside engineered mi-
crofluidic networks, and the subsequent demonstration of
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biologically powered mixers and pumping systems is, we be-
lieve, an important first step in the integration of biomolec-
ular motors with engineered systems and in the develop-
ment of autonomous microfluidic systems. The performance
of microfluidic devices powered by bacterial carpets has
been shown to be a sensitive function of both the environ-
ment in which the bacteria live as well as the global device
geometry. Factors that enhance bacterial motility, such as
the concentration of glucose (and, not shown in the present
paper, the temperature of the system), similarly affect the
carpet motility and hence the overall transport.

The rise of the pumping appears to be due to the onset
of a self-organized global coordination amongst the flagella
that form the bacterial carpet. Once the carpet is formed on
the inner walls of the microchannel, the cells on the carpet
immediately begin to self-coordinate their flagellar motion,
most likely due to the hydrodynamic interaction between
the flagella. Hence, even though the bacterial pump is at
the initial state (5 min after formation), the average pump-
ing velocity reaches approximately 10 ums™'. Some addi-
tional time, usually approximately 10 min, is apparently re-
quired before the collective activity of the flagella reaches
its maximum efficiency with the flow optimally aligned
along the major axis of the channel. At that point, the flow
rate reaches about 25 ums~' (approximately 60% of the
cell’s smooth swimming velocity). The spatial correlation
data suggests that, in the early stages of the carpet’s forma-
tion, vortices and streams form spontaneously but that this
motion initially has no global consequences because fluid el-
ements are simply pushed around at random. However,
unlike the flow over an open bacterial carpet, these coher-
ent motions are constrained in the cross-stream direction
and so the fluid path is directed preferentially along the axis
of the channel. This directionality is self-reinforcing and en-
trains surrounding flagella, growing until a critical size of
coordinated motion is established, which allows for sus-
tained fluid pumping. This conceptual model is supported
by the acceleration in the onset of pumping that is observed
as the channel width is reduced. In order for net pumping to
become viable, the size of the coordinated domain must be
comparable with the width of the channel, and clearly this
will happen faster in smaller channels.

The global coordination does not last, and the average
pumping velocity decays after about one hour of operation
although the reasons for this are still unclear. We see the
breakdown of this global structure into discrete coherent
domains, as evidenced by the reappearance of peaks in the
spatial correlation function. Even though the cells appear to
maintain some level of motility, the decline of the pump
may be associated with the generation of a low-nutrient (or
high-waste-product) environment, which cannot be refresh-
ed sufficiently fast to compensate for the high metabolic ac-
tivity in the immediate vicinity of the carpet.

Beyond any scientific importance, these results also
define an opportunity to use biological organisms as me-
chanical actuators in engineered systems. Bacteria are exqui-
sitely sensitive to a wide variety of external stimuli. They re-
spond to thermal and chemical gradients that directly influ-
ence their motility characteristics and form the basis for
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chemotactic and thermotactic responses.®? Changes in fac-
tors such as temperature, the concentration of certain
sugars, or the spatial environment can stimulate the bacte-
ria’s sensory pathway and affect aspects of their motor per-
formance, including the rotation direction, duty cycle, and
frequency.”**! Given this sensitivity, it seems quite feasible
that one can find, or engineer (by genetic modification), or-
ganisms that can respond to specific stimuli and, through
this means, control and regulate the operation of a bacterial
pump and build a wide variety of systems of practical rele-
vance. As a matter of fact, the phototactic response of bac-
teria to UV light® may be utilized to exert on/off control
of the pump immediately. Of course, using living cells as flu-
idic actuator is not without challenges: the cells metabolic
products might be a contamination source to the primary
fluid, and the issues of motility and device longevity present
substantial challenges. Nevertheless, the approach described
here may prove useful as these issues are addressed.

5. Experimental Section

Cell preparations: S. marcescens (ATCC 274, American
Type Culture Collection, Manassas, VA) used in this study
were provided by Linda Turner and Howard Berg of the
Rowland Institute at Harvard University. For the best motil-
ity, the 100 pL frozen aliquot of S. marcescens was suspend-
ed in 10 mL of Luria Bertani (LB) growth medium and in-
cubated for 3—4 h at 30-34°C. The cultures were aerated by
gently shaking the tube at about 180 rpm. The bacteria were
removed from the incubator during the exponential phase
of their growth and separated from the nutrient broth, by
centrifugation at 2200 g for 10 min (3000 rpm). After centri-
fugation, the resulting pellet was soft and not too tightly
packed. The supernatant was poured off and the cells were
gently resuspended in 0.5 mL of buffer. Buffer (pH 7, com-
prising 0.01 m KPO,, 0.067 M NaCl, and 10 *m ethylenedi-
aminetetraacetic acid) was then added to bring the total
volume to 10mL. This separation process was repeated
three times to ensure that all the growth medium was re-
moved.

Flow-deposited carpet formation: To flow-deposit a bac-
terial carpet, buffer solution containing a high concentration
(2x10°-5x10° mL™") of motile S. marcescens was pumped
through the channel at a low flow rate (0.05 uL min~") from
right to left (Figure 1). After 5s, the pump was switched off,
and the system was allowed to settle for 5 min. During this
time, the bacteria swim randomly through the channel,
sticking on contact to bare spots on the PDMS surface. The
flow-and-settle cycle was repeated 10 times until the surface
was coated to the desired fill factor of 75-85%. During the
settling time, the system was rotated to ensure an even coat-
ing of all surfaces. During carpet formation, the cell adhe-
sion was monitored by using a 100 x oil-immersion objective
and DIC microscopy (Nikon TE-200 inverted microscope,
100x oil-immersion lens). After the adhesion phase, the
channel was rinsed with clean motile buffer, introduced
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from left to right. Finally, the tracer particles were intro-
duced in a buffer solution that was pumped from right to
left. In this way the left and right ports of the channel were
alternately used as inlets to purge the channel of the fluid
from previous injections. To eliminate the possibility of ap-
parent pumping caused by a pressure bias, the external flow
was switched off and the inlet and outlet of the channel
were maintained at equal pressure for several minutes. This
period also allowed the system to purge the influence of any
previously imposed flows during carpet formation (injection
of buffer and tracer particle solution). Pumping was ob-
served to arise after this settling period.

Velocity measurements: Following the formation of the
bacterial carpet, the channel was flushed with fresh buffer
for 10 min. Following this, a solution of motility buffer
seeded (0.05% by volume) with 490-nm fluorescent beads
(Aexy = 520 nm, A, = 612 nm; Duke Scientific, Palo Alto,
CA) was introduced (0.2 L. min™"). The filling tubes (which
were the same diameter, thus, eliminating the possibility of
surface-tension-induced flow) were disconnected from the
syringe pump and carefully arranged with their menisci at
the same height (so as to prevent any spurious flow through
the channel from hydrostatic effects). The velocities in the
microchannel were then determined by tracking the motion
of the tracer particles. This was accomplished by epifloures-
cent microscopy (Nikon TE-200 inverted microscope
equipped with a 100x oil-immersion objective). Images
were captured using a cooled charge-coupled device (CCD)
camera (IDT 1500-EX, Tallahassee, FL) with 6.45 umx
6.45 um pixel resolution and a 12-bit dynamic range with
1x1 binning, for an effective 64.5 nmx64.5 nm per pixel
resolution. 700 pixel x 700 pixel images were captured at a
rate of 12 Hz. Particle tracking velocimetry (PTV) algo-
rithms were used to generate velocity fields, from which
average and fluctuation statistics, as well as temporal and
spatial correlations, were computed and analyzed.

Computation of the spatial correlation function: The nor-
malized spatial correlation function is defined as:

{m) - (@)
A0 ) ?

where 7 is a unit vector and the angle brackets denote an
ensemble average over all vectors and all time ¢, (i=1...N).
The correlation is normalized so that at zero separation it
has a value of one. In practice, we group the spatial vector
into “shells” that encompass a range of particle separations,
r,—r;|. For simplicity, we have not taken into account the
orientation of the particle separation with respect to the
pumping direction, although this might prove important.
The correlations were not computed for small particle sepa-
rations, r <2.5 um, as it is likely that there are hydrodynam-
ic interactions between particles®’*! at this range.
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