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Surface-associated bacterial communities flourish in nature and in the body of animal
hosts with abundant macromolecular polymers. It is unclear how the endowed viscoelas-
ticity of polymeric fluids influences bacterial motile behavior in such environments.
Here, we combined experiment and theory to study near-surface swimming of flagellated
bacteria in viscoelastic polymer fluids. In contrast to the swimming behavior in Newto-
nian fluids, we discovered that cells swim in less curved trajectories and display reduced
near-surface accumulation. Using a theoretical analysis of the non-Newtonian hydrody-
namic forces, we demonstrated the existence of a generic lift force acting on a rotating fil-
ament near a rigid surface, which arises from the elastic tension generated along curved
flow streamlines. This viscoelastic lift force weakens the hydrodynamic interaction
between flagellated swimmers and solid surfaces and contributes to a decrease in surface
accumulation. Our findings reveal previously unrecognized facets of bacterial transport
and surface exploration in polymer-rich environments that are pertinent to diverse
microbial processes and may inform the design of artificial microswimmers capable of
navigating through complex geometries.

flagellar motility j hydrodynamics of microorganisms j bacterial transport j viscoelasticity j
elastic tension

Many bacteria live in natural and clinical environments with abundant macromolecular
polymers, such as biofilm matrices (1), intestinal outer mucus layer (2), and extracellu-
lar matrices (3). Flagellar motility in these polymeric fluids is essential to diverse micro-
bial processes (4), such as biofilm formation (5), bacterial transport (6), and pathogen
invasion (7). Polymeric fluids commonly display viscoelasticity and non-Newtonian
rheological behavior (8), and how these fluid properties affect bacterial swimming
behavior has been a long-standing question (9–13). More recent work primarily
studied bacterial swimming behavior in bulk fluids, with a focus on the effects of visco-
elasticity and shear-thinning viscosity on the intriguing phenomenon of speed enhance-
ment (14–17). However, it is unclear how swimming bacteria interact with boundaries
in polymeric fluids, despite the fact that geometrical confinement or solid surfaces are
prevalent in the living environment of bacteria (4). This topic has only received atten-
tion from theoretical perspectives with simplified cell-surface hydrodynamic interac-
tions (18) or with simplified swimmer configurations, such as a spherical squirmer
without rotating flagellum (19–21).
Here, we combined experiment and theory to study near-surface swimming of flagel-

lated bacteria in viscoelastic polymeric fluids. In contrast to the well-known circular
swimming behavior in Newtonian fluids (22–27), we discovered that cells swim in less
curved trajectories near solid surfaces, with the mean radius of curvature increasing
with polymer concentrations; meanwhile, cell density profiles showed that the extent of
near-surface accumulation, another phenomenon familiar in Newtonian fluids
(28–32), also decreased with polymer concentration. To explain these findings, we
developed a non-Newtonian hydrodynamic model of a swimming cell next to a plane
wall, focusing on the role of the rotating flagellar filaments. We demonstrated the exis-
tence of a generic lift force acting on a rotating filament near a rigid surface (i.e., a net
force away from the surface). This lift arises from the elastic tension generated along
curved streamlines by polymer stresses (33). This viscoelastic lift force weakens the
hydrodynamic interaction between flagellated swimmers and the nearby surface,
thereby reducing the extent of cell accumulation near surfaces and the magnitude of
curvature of cell trajectories. The viscoelastic lift we uncovered, as well as the resulting
motion pattern of microswimmers, may enhance the efficiency of bacterial transport
(34) and surface exploration (35). The mechanism could also be exploited to design
artificial microswimmers (36) capable of navigating through complex geometries (37)
with adaptive locomotion patterns.
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Results

Viscoelasticity of Polymeric Fluids Reduces the Absolute Curvature
of Bacterial Trajectories Near Surfaces. To investigate the near-
surface motion pattern of bacteria swimming in polymeric
fluids, we chose to study the model flagellated bacterium
Escherichia coli (E. coli). Wild-type E. coli performs run-and-
tumble motion regulated by the chemotactic signaling pathway
(38). Although tumbling is suppressed by cell–surface hydrody-
namic interactions (30), we wanted to completely exclude this
effect and thus used a smooth-swimming (i.e., nontumbling)
mutant of E. coli (Materials and Methods). Viscoelastic poly-
meric fluids consisting of salmon testes DNA (hereafter referred
to as DNA; Materials and Methods) were primarily used in this
study, because they display strong shear-thinning viscosity and
thus support normal bacterial swimming speed at relatively
high concentrations (39). By tracking the motion of E. coli
near glass surfaces immersed in the viscoelastic fluids with 3D
defocused fluorescence microscopy (40) (Fig. 1A), we extracted
the trajectories of cells within 5 μm from the surface (Materials
and Methods). In Newtonian fluids, flagellated bacteria swim in
circles near a solid surface due to a surface-induced hydrody-
namic torque acting on the swimming cell (23, 24), and the
magnitude of curvature appeared to slightly increase with vis-
cosity (SI Appendix, Fig. S1) presumably due to torque varia-
tion resulting from the load-dependent flagellar remodeling
(41). In stark contrast, in viscoelastic DNA solutions, we found
that cells swam in less curved trajectories (Fig. 1 B–E and
Video S1). As DNA concentration was increased, the magni-
tude of mean curvature of cell trajectories decreased monotoni-
cally and approached zero at DNA concentrations above 1,000
ng/μL (Fig. 2A); also the curvature distribution became nar-
rower at higher DNA concentrations (Fig. 2B).
Similar curvature-reduction behavior was observed for E. coli

swimming in viscoelastic fluids consisting of the polymers
methyl cellulose and polyvinylpyrrolidone K90, although curva-
ture reduction in the latter case was to a lesser extent (SI
Appendix, Fig. S2 and Videos S2 and S3). In addition, the
swimming speed of bacteria in DNA and methyl cellulose solu-
tions increased by up to half at optimal concentrations (Fig. 2A
and SI Appendix, Fig. S2B), in agreement with previous studies
done in bulk fluids with viscoelastic and shear-thinning

properties (9, 14–17). We note that straightening of swimming
trajectory was reported for bacteria swimming in the bulk of
polymer solutions (15); the phenomenon refers to the reduc-
tion of high-frequency positional fluctuations on the order of
∼1 μm at the wobbling time scale (∼<0.1 s) compared with
trajectories of cells in Newtonian fluids. Here, in our study, the
curvature measurement was performed for cell trajectories last-
ing for >∼20 μm in length (or >1 s in duration), during which
any effect due to the wobbling-induced high frequency posi-
tional fluctuations is smoothed out.

Viscoelasticity of Polymeric Fluids Reduces Near-Surface
Accumulation of Bacteria. First discovered in spermatozoa (42),
near-surface accumulation is a well-studied phenomenon of
microswimmers and robustly observed in flagellated bacteria
(28, 29, 43). With 3D single-cell tracking, we were able to
examine this phenomenon for bacteria swimming in viscoelastic
polymer solutions by measuring the density distribution of bac-
teria at different heights from a solid surface. We found that as
the DNA concentration was increased, the steady-state cell den-
sity distribution showed reduced near-surface accumulation (Fig.
3A). Among cells found within 20 μm from the surface, 96.0 ±
0.3% (mean ± SD) appeared in the range of ∼1–5 μm in New-
tonian fluids, whereas the percentage dropped to 83.0 ± 0.4%,
76.2 ± 0.8%, and 48.0 ± 5.0% in fluids with DNA concentra-
tion 500, 1,000, and 3,000 ng/μL, respectively (Fig. 3B). We
also assessed the tendency for cells to escape from the surface at
different heights using a quantity called surface-escaping rate,
which is defined as the number of events of moving away from
the surface per cell per unit time (Materials and Methods).
As shown in Fig. 3C, the surface-escaping rate at heights below
10 μm increased with DNA concentrations, and the rates leveled
off at similar constant values at heights beyond 10 μm in
all cases.

Again, similar results were obtained for E. coli swimming in
solutions of methyl cellulose and polyvinylpyrrolidone K90 (SI
Appendix, Fig. S3 A–F). By contrast, these behaviors are not
observed for cells in Newtonian fluids (Fig. 3 D–F and SI
Appendix, Fig. S3 G–I). Taken together, the results presented
in Fig. 3 showed that cells in viscoelastic solutions are more
likely to escape from the surface than cells in Newtonian fluids.
In addition, we found that the cell density distributions near
the top surface of the fluid chamber were similar to those mea-
sured near the bottom surface. Therefore, sedimentation due to
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Fig. 1. Diagram of 3D defocused fluorescence microscopy and represen-
tative bacterial trajectories in DNA solutions. (A) Excitation light (blue) from
an LED light source passes through an FITC filter set and is focused near
the bottom of the sample chamber filled with a bacterial suspension and
sealed by Vaseline (yellow). Fluorescence emission from bacterial cells at
different height above the bottom surface of the chamber (Inset 1) reaches
different areas of the camera sensor (Inset 2), and the signals are output by
the camera as defocused rings of different radius (Inset 3). (B–E) 2D projec-
tion of 3D trajectories of E. coli (smooth-swimming mutant; YW268) tracked
near glass surface immersed in fluids with (B) 0 ng/μL, (C) 500 ng/μL,
(D) 1,000 ng/μL, and (E) 3,000 ng/μL DNA. Each trajectory starts with a dot.
(Scale bars in B–E: 200 μm.)
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Fig. 2. Curvature analysis of cells near solid surface immersed in DNA
solutions. (A) Signed curvature (black) and swimming speed (red) of cells at
different DNA concentrations (from 0 ng/μL to 3,000 ng/μL). The curvature
was computed based on 2D-projected trajectories of cells. Negative (or
positive) sign of curvature indicates clockwise (or counterclockwise) circular
motion. Error bars indicate SEM (n = 10 replicates). Lines serve as guides to
the eye. (B) Curvature distribution of the trajectories at different DNA con-
centrations. Data in this figure was from a representative experiment; five
biological replicates were performed and they showed the same behavior
despite cell speed variation between samples.
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gravity has negligible effect on the near-surface cell density pro-
files during our measurement.

Hydrodynamic Modeling Reveals a Viscoelastic Lift Force Acting
on Bacterial Flagellum. A number of physical processes have
been shown to play important roles in the near-wall accumula-
tion and circular swimming in Newtonian fluids, including
both short-range and long-range hydrodynamic interactions,
direct collisions, and Brownian motion (24, 28, 29, 31, 32,
43, 44). Far-field hydrodynamic attraction, in particular, has
been shown to predict cell accumulation within several cell
body lengths from solid surfaces (28), in agreement with our
results measured in Newtonian fluids. Since our experimental
findings show reduced near-surface accumulation in viscoelastic
polymeric liquids, we hypothesize that the reduction arises
from a decrease of this far-field hydrodynamic attractive effect.
To test this hypothesis, we sought to compute the hydrody-
namic forces acting on a swimming bacterium near a solid sur-
face (Materials and Methods and SI Appendix, Text). As we
show below, the predictions of the resulting model agree with
our data, giving support to our hypothesis.
An E. coli cell typically consists of short body (∼2 μm in

length) and a long flagellar bundle [∼5–10 μm in length (45)].
As the body rotates at much smaller frequency than the flagellar
bundle and thus contributes less to the hydrodynamic interac-
tion between the cell and the surface, we neglected the cell
body in our non-Newtonian analysis (the SI Appendix, Text
provides further justification). We considered a cylinder of
radius R, modeling the “effective” flagellar bundle, the axis of
which is located at distance d and parallel to a plane wall.
Modeling the flow around a flagellar filament with a rotating
cylinder can be justified by numerical simulations showing that
the translational flow component due to the chirality of a rotat-
ing helical filament is about two orders of magnitude weaker
than the azimuthal flow component (46), and that the averaged
azimuthal component is well approximated with a rotating cyl-
inder (47) (SI Appendix, Text includes more discussion). The
cylinder is rotating in a counter clockwise fashion (viewed from
behind the cell) with constant angular velocity ω as shown in

Fig. 4A. In the Newtonian case, the hydrodynamic force acting
on the cylinder in the direction perpendicular to the surface
(i.e., the lift force) is zero by symmetry of the Stokes equations,
relevant here given the very low Reynolds numbers of swim-
ming bacteria (48). In the non-Newtonian case, nonlinear poly-
meric stresses are generated in the fluid, which may lead to
nonzero lift, and we aimed to estimate the magnitude of that
lift. We first performed this calculation analytically in the case
of small deviations from a Newtonian fluid, specifically using
the second-order viscoelastic fluid model (33). Exploiting the
Plane Flow theorem of Tanner and Pipkin (33), we found a lift
force Flift acting on the rotating cylinder (per unit length) and
away from the surface in the following analytical form (SI
Appendix, Text):

Flift = 2πDeRωη0
d
R

� �2

� 1

 !�3
2

: [1]

Here, R is the helical radius of a flagellum, η0 is the zero-
shear viscosity of the polymer solution and De is the dimen-
sionless Deborah number, product of the rotation frequency
and the relaxation time of the polymeric fluid (SI Appendix,
Text). This lift force is seen to be smaller at higher distance
from the surface or for smaller cylinder radius (Fig. 4B); since
it always acts away from the surface, it always weakens the
hydrodynamic interactions and is consistent with the experi-
mental observations. Numerical simulations with Oldroyd-B
and Giesekus fluids (33) for small De (=0.05) also yielded a lift
force in good agreement with the analytical solution (Fig. 4B
and SI Appendix, Text). Nonetheless, the second-order fluid
approximation is valid for small deviations from the Newtonian
case, i.e., for De ≪ 1 only. In our experiments, the De num-
bers of the flagellum far exceed 1 given the high shear rate
( _γ ≈ 104 Hz) and the Zimm time scale (relaxation time of a
single polymer) being ∼2–6 ms (SI Appendix). At high De,
polymer coils in a semidilute solution are stretched in the flow
and viscosity would decrease. As such, shear-thinning viscosity
should be taken into account in order to compute the lift force
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Fig. 3. Cell density distribution near a solid surface in viscoelastic and Newtonian fluids. DNA (A–C) and polyethylene glycol (PEG; D–F) solutions were used
as representative viscoelastic and Newtonian fluids, respectively. (A and D) Cell density distribution as a function of cell distance to surface (or height above
the surface). (B and E) Cumulative distribution of cell density as a function of cell distance to surface. (C and F) Cell escaping rate (Materials and Methods) as
a function of cell distance to surface. Colors correspond to different DNA (blue, 0 ng/μL; red, 500 ng/μL; yellow, 1,000 ng/μL; and purple, 3,000 ng/μL) or
PEG solutions (blue, 0%; red, 0.5%; yellow, 1%; purple, 3%; green, 5%; and cyan, 10%). Error bars indicate SD (for A, B, D, and E, n = 3 technical replicates; for
C and F, n > 36 technical replicates). Data in this figure were from representative experiments; five and two biological replicates were performed for (A–C)
and (D–F), respectively, and they showed similar behavior despite variation in cell speed and density between samples.
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at high De. We performed numerical simulations for a model
shear-thinning viscoelastic fluid (Giesekus fluid (33)) using
parameters in line with those obtained in experiments (SI
Appendix, Table S1 and Fig. S4). As shown in Fig. 4C, the lin-
ear dependence of the force on De predicted in Eq. 1 for the
second-order fluid breaks down around De ≈ 1, where the lift
force starts to plateau or decay, in part due to shear-thinning.
In our experiments, more concentrated DNA solutions have
higher De (SI Appendix, Table S1).
The viscoelastic lift force we uncovered here arises from the

following physical mechanism. Strain in the flow leads to poly-
mer stretching; the polymer molecules resist this imposed stretch-
ing away from their equilibrium configuration and as a result pull
back on the flow in response. This leads to an additional tension
(i.e., a negative pressure) generated along flow streamlines (49).
In the context of non-Newtonian fluid mechanics, this is known
as a normal stress difference, and it scales quadratically with the
rate of deformation (since reversing the direction of the flow
leaves the tension unchanged). These normal stress differences
generated along curved streamlines around a rotating flagellum
will result in forces perpendicular to the wall: the elastic tension
on the side of the flagellum close to the wall is higher because of
the higher extension rate there (Fig. 4D). Consequently, a net
perpendicular force (i.e., the lift force) pushes the flagellum away
from the wall. This mechanism is similar to that responsible for
the clustering of particles sedimenting in viscoelastic fluids (50).
This lift is expected to be a generic result for rotating bodies near
a solid surface immersed in viscoelastic fluids. It is related to past
work revealing lift exerted on a sphere very close to a plane wall
in a shear flow (51) and is analogous to lift induced by a
polymer-grafted cylinder translating parallel to an elastic wall in a
Newtonian fluid (52).

Lift Force Combined with Hydrodynamic Attraction Reproduces
Near-Surface Cell Density Profiles. Next, we sought to estimate
near-surface bacterial density profiles using the lift force found

above. To do so, we first need to find the drift velocity u per-
pendicular to the surface (along y-axis in Fig. 4A), which is the
sum of velocities resulting from the lift force (ulift) and from
hydrodynamic attraction by the surface (ua). The vertical lift
velocity ulift is estimated by balancing the lift by both the drag
on the head η0Cb (taken to be that on a translating sphere) and
the drag on the filament ηNCf (estimated as that of a translat-
ing helix in the y direction, see SI Appendix, Text) leading to

ulift =
Flift L

Cbη0 + Cf ηN
: [2]

Meanwhile, for an E. coli cell swimming parallel to the surface,
the attractive far-field (Newtonian) velocity in y-direction has been
derived in a three-dimensional theory as being ua =� 3p

64πη0
1
y2,

where p = Fpropl is the force dipole of the cell with Fprop the pro-
pulsive force of the flagellum, l ≈ 10 μm the cell length (including
cell body and flagellar bundle) (28). The propulsive force of E. coli
can be expressed as Fprop = b̂ωηN , with b̂ being a geometrical
constant and ηN the viscosity at the filament level. As the flagellum
operates approximately at constant torque, Fprop is the same for all
DNA solutions used in our experiment, and is estimated to be
Fprop ≈ 0:3 pN (SI Appendix). Note that ua ∼ 1=η0 will decrease
in magnitude for higher DNA concentrations. Summing up both
velocities we predicted a total drift velocity given by u = ulift + ξua
as plotted in Fig. 5A, where ξ is an order-one dimensionless factor
allowing to combine in a single formula the far-field three-dimen-
sional attraction (ua) with the near-field two-dimensional lift (ulift )
in the “intermediate” regions where both formulae are valid (28).

The total drift velocity obtained above allows us to estimate
the near-surface cell density profile using a previously proposed
advection-diffusion model (28). Denoting the cell density as
n yð Þ, and balancing the advective and diffusive transport (with
D? being the diffusion coefficient of the cells perpendicular to
the surface), we have:

∂ðnuÞ
∂y

= D?
∂2n
∂y2

: [3]

Integrating this expression once and using that ∂n=∂y ! 0 as
y !∞, we simplified Eq. 3 to nu =D?∂n=∂y. This equation is
solved numerically with boundary condition n y = 10 μmð Þ = n0
(SI Appendix, Text) to yield the cell density profiles in Fig. 5B,
which agree well with those obtained in experiments. We have
also solved for the concentrations in PVP and MC fluids (SI
Appendix, Fig. S5 and Text for the analytical solution). In that
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points are experimental data; solid lines are computed from the model
using the dipole p = Fpropl with ξ = 0.56 (for the attraction) and varying the
values of n0 for each curve. See also SI Appendix, Text.
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Fig. 4. Viscoelastic lift force acting on a modeled bacterial flagellum.
(A) Sketch of the geometry for 2D model of bacterial flagellum rotating
near a solid surface. (B) Rescaled lift force Flift=Rωη0 as a function of d=R
with fixed De = 0.05. Open circles denote numerical solution using
Oldroyd-B fluid and hollow triangles denote numerical solution for Giese-
kus fluid in COMSOL Multiphysics. (C) Lift force estimated from Giesekus
fluid simulations for rheology reported in SI Appendix, Table S1 as a func-
tion of De for d = 3 μm (solid line), d = 5 μm (dashed), and d = 7 μm (dash-
dotted) (SI Appendix, Text). The corresponding force for second-order fluid
is shown with black lines. (D) Shear magnitude distribution defined as
_γ =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið _γ : _γÞ=2p
(SI Appendix, Text) and streamlines around the modeled

flagellum in Newtonian (and second order) fluid for d/R = 2. Color map
indicates magnitude of the dimensionless shear rate.
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case, the agreement between the experiments and our model is
not as good as with the DNA solutions. We speculate that this is
due to the De numbers being several orders of magnitudes
smaller than that for highly elastic DNA solutions, resulting in
much smaller lift force and therefore a higher sensitivity of our
theoretical predictions to other approximations made in our
model. Note that reduced near-surface accumulation was previ-
ously predicted for bacteria swimming in shear flows of weakly
viscoelastic fluids but the analysis resorted to Newtonian hydro-
dynamic interactions (18).
Finally, to address the reduction in curvature of the trajecto-

ries, we may use the model developed in Lauga et al. (24) for
Newtonian fluids to predict the size of the radius of curvature
using the distribution of surface distances reported experimentally
in Fig. 3A. We found that the increased mean distance to the
wall of bacteria in polymeric liquids is only partially responsible
for the reduction of curvature (SI Appendix, Fig. S6, Table S2
and Text). Therefore, further research is necessary to determine
the impact of non-Newtonian mechanisms, such as elastic forces
acting parallel to the plane surface, elastic torques perpendicular
to the surface and shear-thinning at the filament level.

Discussion

To summarize, we found that viscoelasticity of macromolecular
polymers induces a lift force that weakens hydrodynamic interac-
tion between microswimmers and solid surfaces. Consequently,
cells display less near-surface accumulation and swim in less
curved trajectories. The same swimming behavior is also seen in
flagellated bacteria with wild-type run-and-tumble motion (SI
Appendix, Fig. S7). These previously unrecognized swimming
behaviors of flagellated bacteria in viscoelastic fluids are expected
to have profound impact on microbial behavior in polymer-rich
environments. For instance, bacterial cells dispersing from aged
biofilms have to swim through the viscoelastic matrix consisting
of extracellular DNA and large-molecular weight polysaccharides
(1); commensal bacteria migrating in the digestive tract of ani-
mals frequently encounter mucus and food-derived macromolec-
ular polymers (53); and pathogens invading cells and tissues
explore the interstitial space filled with body fluids rich in biopol-
ymers such as collagens and glycosaminoglycans (54, 55). During
these processes, swimming in less curved trajectories will increase
the directional persistence time, and reduced near-surface accu-
mulation will decrease the likelihood of surface trapping; both
effects will enhance the efficiency of bacterial transport and sur-
face exploration. On the other hand, due to reduced near-surface
accumulation, the frequency of bacteria-surface contact (or revers-
ible surface attachment) would be lower, and thus the dynamics
of biofilm initiation (56) in polymeric environments should be
re-evaluated. Notably, the extracellular DNA concentrations in
the biofilm matrix of several bacterial species (including E. coli)
are on the order of ∼1,000 ng/μL (57), and the concentration
of environmental DNA in sputum from lungs is between
2000–20,000 ng/μL (58); the DNA concentrations we used in
this study (hundreds to thousands ng/μL) are of comparable
orders of magnitude, thus our results are physiologically relevant.
Our findings are also pertinent to the locomotion of syn-

thetic helical microswimmers (36) in polymeric fluids. Artificial
helical microswimmers driven by rotating magnetic field are
promising tools for biomedical applications such as microsur-
gery and targeted drug delivery in the human body (59). It is
often desirable to drive the locomotion of artificial micro-
swimmers near tissue surfaces with complex topography or
through narrow ducts (60). Since viscoelastic polymers are

pervasive in physiological environments, our results will provide
insight to these transport processes of artificial helical micro-
swimmers. In addition, our analysis showed that hydrodynamic
interactions between artificial helical microswimmers and rigid
surfaces in viscoelastic fluids can be tuned by helical radius
(Fig. 4B). This mechanism could be employed to enrich the
locomotor repertoire of smart artificial microswimmers (61),
such as those with shape-changing capability (62), allowing
them to navigate through complex geometries and locate the
pathological sites more efficiently.

Materials and Methods

Bacterial Strains and Materials. The following bacterial strains were used:
E. coli HCB1 (wild-type) and HCB1736 (a derivative of E. coli AW405 with cheY
deletion and smooth-swimming behavior), gifts from Howard Berg, Harvard
University, Cambridge, MA; E. coli YW191 [E. coli HCB1 transformed with
pAM06-tet plasmid carrying kanamycin resistance and expressing green fluores-
cent protein (GFP) constitutively; the pAM06-tet plasmid was a gift from Arnab
Mukherjee and Charles M. Schroeder, University of Illinois at Urbana-Champaign
(63)]; and E. coli YW268 (E. coli HCB1736 transformed with pAM06-tet plasmid).
Plasmids were transformed via electroporation. The following polymers were
used: salmon testes DNA (abbreviated as DNA; ∼2,000 base pair, molecular
weight Mw ∼1.3 MDa, Sigma-Aldrich, cat. no. D1626), polyethylene glycol (PEG,
Mw ∼8 kDa, Sigma-Aldrich, cat. no. 89510), polyvinylpyrrolidone K90 (PVP,
MW ∼0.36 MDa, Sigma-Aldrich, cat. no. 81440), Ficoll 400 (MW ∼0.4 MDa,
Sigma-Aldrich, cat. no. F9378), and hydroxypropyl methyl cellulose (MC,
MW ∼86 kDa, Sigma-Aldrich, cat. no. H7509).

Bacterial Growth and Sample Preparation. Single-colony isolates of E. coli
(picked from streaked plates stored at 4 °C) were grown overnight (∼12 h) with
shaking in LB medium (1% Bacto tryptone, 0.5% yeast extract, 0.5% NaCl) at
30 °C to stationary phase. 30 μL overnight culture was then diluted 10�2 in TB
medium (1% Bacto tryptone and 0.5% NaCl) and further grown with shaking for
5 h, yielding a bacterial culture with a density of ∼108 cells/mL (determined
by OD600 measurement) and a typical cell length of ∼1–2 μm (∼0.8 μm in
diameter). The obtained culture was diluted 10�3, mixed with polymer solutions
(dissolved in TB medium) and injected into a glass chamber sealed with Vaseline
for imaging. The size of the glass chamber was ∼2 cm × 1 cm × 1 mm
(length × width × height). The final cell density in the chamber was sufficiently
low to ignore cell–cell interactions.

Imaging and Single-Cell Tracking. We used 3D defocused fluorescence
microscopy to perform 3D tracking of single-cell trajectories (40). Imaging was
performed on a Nikon TI-E microscope through a 20× objective (Nikon CFI Plan
Fluor DLL 20×, numerical aperture 0.50, working distance 2.1 mm). Fluores-
cence imaging of cells labeled with GFP was performed in epifluorescence using
an FITC filter set (excitation 482/35 nm, emission 536/40 nm, dichroic: 506 nm;
FITC-3540C-000; Semrock Inc.), with the excitation light provided by a mercury
precentered fiber illuminator (Nikon Intensilight). Recordings were made with a
scientific complementary metal-oxide-semiconductor (sCMOS) camera (Andor
Zyla 4.2 PLUS USB 3.0 or Andor Neo 5.5; Andor Technology) (35 ms exposure
time, 20 fps). The schematic diagram of the imaging setup is shown in Fig. 1A.
The imaging was performed at room temperature (∼22 °C). 3D trajectories of
cells were obtained based on the recorded videos using a custom-written track-
ing program in MATLAB 2018a (The MathWorks). The tracking program consists
of the following two components, a tracking library and a single-cell track-
ing algorithm.

(a) Tracking library. A cell in the focal plane appears as a spot or a short rod in fluo-
rescence images. As the cell moved away from the focal plane, its image will
defocus and appear as a circular defocused ring (Fig. 1A). The radius of the
defocused ring is positively correlated with the distance between the focal
plane and the cell’s centroid (40). A tracking library is a database that allows us
to quantify the relation between the radius of defocused rings and the height
above the focal plane. To establish the tracking library, we first took an image
stack of fluorescent cells attached to the bottom chamber surface at various dis-
tances from the focal plane while moving the vertical axis of microscope stage.
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To find the radius of defocused rings, each image was processed with a Gauss-
ian blur to reduce the background noise and then converted into a binary
(black and white) image by thresholding at an appropriate pixel intensity. We
used circular Hough transform (a built-in function of MATLAB) to fit circles in
the binarized image. Specifically, a defocused ring is assumed to be a circle in
x-y plane described by (x� a)2 + (y� b)2 = r2, where (a, b) is the center and
r is the radius. The purpose is to find an optimal parameter set (a, b, r) that
best fits the defocused ring to a circle. The position of pixel i of the defocused
ring in the binarized image is (xi, yi), and for each pixel this pair of x-y coordi-
nates defines a cone-like shape in 3D parameter space of (a, b, r) in the form
of (a � xi)

2 + (b � yi)
2 = r2. The cones defined by all the pixels belonging

to a defocused ring will intersect with each other in the 3D parameter space
of (a, b, r). Then the point (a0, b0, r0) in parameter space belonging to the
most cones is defined as the optimal parameter set and selected as the
parameters to define the optimal circle fit of the defocused ring. Having
obtained the radius of defocused rings at different distances to the focal
plane for an ensemble of typical cells (n = 5), we found that the radius of
defocused rings (r) and the distance to focal plane (h) followed a linear rela-
tion r = Ah + b, with A = 1.19 μm/pixel.

(b) Single-cell tracking algorithm. We set the focal plane as close to the bottom
surface of the glass chamber as possible and took time-lapse videos of cells
swimming near the bottom surface as mentioned above. Images in a video
were first processed by similar denoise method and Circular Hough Trans-
form mentioned above to find circles in the images. 3D positions of cells in
the images were obtained from the centers of defocused rings (yielding the
coordinates in horizontal plane) and from the radius of defocused rings
(yielding vertical position coordinates relative to the focal plane). Then single-
cell trajectories were tracked using an algorithm described in a previous study
(64). Briefly, each image was segmented into Thiessen (or Voronoi) polygons
and each polygon only contained the position of one bacterium. For any two
consecutive image frames (say, frame n and frame n+1), if there was one
and only one bacterial position in the same polygon for both frame n and
n+1, the two cells were taken as the same one and thus its trajectory from
frame n to frame (n+1) was obtained; iterate this step for all frames in the
time-lapse video to obtain the complete trajectory of all cells. The distance
between the focal plane and the bottom surface of the glass chamber was
computed as the mean of the lowest vertical position of all trajectories; this
value allowed us to obtain the height of cells from the bottom surface. To
determine the spatial resolution of tracking, we tracked stationary cells
attached to a glass surface and found that the measurement error (SD) of
position coordinates was 0.40 μm and 0.86 μm for horizontal and vertical
position coordinates, respectively.

Rheological Measurement. Shear viscosity of polymer solutions (SI Appendix,
Fig. S4B) were measured by bulk rheometry with a rheometer (Anton Paar Phys-
ica MCR 301) at room temperature (∼22 °C). The plate used for shear viscosity
measurement was CP50-1 (diameter 49.972 mm, angle 0.990°, and 99 μm
gap; Anton Paar, part no. 79040 serial 20173). During measurement, a ramp of
shear rate (from 0.1 s�1 to 104 s�1) was applied. The relaxation time and zero
shear viscosity for Giesekus fluid calculations were estimated based on the
dynamic moduli of polymer solutions measured by microrheology (65–67); note
that the rheometer for bulk rheometry does not have sufficient resolution to
probe the low-frequency dynamic moduli of our polymer solutions or to work at
low shear rate. Microrheology measurement was performed at room tempera-
ture (∼22 °C) following a protocol described in a previous study (39). Polymer
solutions dissolved in buffer (TB medium) were supplemented with 1.0 μm
diameter microspheres (Polysciences, cat. no. 19404) and sealed by Vaseline in
a glass chamber with depth ∼1,000 μm. The glass chamber was held stationary
for several hours before microrheology measurement in order to minimize
advection. Mean square displacement (MSD) of microspheres were measured by
tracking the microspheres in polymer solutions in the glass chamber based on
phase contrast images taken with a 60× air objective (Nikon Plan Apo λ, numer-
ical aperture 0.95, working distance 0.20–0.11 mm) and a 1.5× relay lens
equipped on the microscope. The focal plane was chosen to be near the middle
of the glass chamber and at least 50 μm away from the solid walls. For each
sample, the motion of >3 different microspheres was recorded with the sCMOS
camera (Andor Zyla 4.2) at 25 fps each for a duration of>∼30 min. The number

density of microspheres was sufficiently low, such that there was typically only
one microsphere in the field of view during recording. The trajectories of micro-
spheres were tracked by a custom-written program in MATLAB. Dynamic moduli of
polymer solutions was computed based on the MSD of microspheres and a
frequency-dependent Stokes–Einstein equation (65) using a MATLAB algorithm
(Kilfoil laboratory at the University of Massachusetts, Amherst). The relaxation time
of polymer solutions (τ) was calculated from the lowest crossover frequency
(denoted as ωc) between storage modulus (G0) and loss modulus (G00) as τ = 1/ωc;
for polymer solutions without lowest crossover frequency (e.g., 500 ng/μL DNA solu-
tions), τ was computed by τ = 12ðη� ηsÞ=ðπ2ρkBTÞ (68), where η is zero-
shear viscosity of the polymer solutions computed by fitting G00 = ηω in low
frequency regime (0.05–1 s�1), ηs is the shear viscosity of the buffer (TB medium),
ρ is number density of polymer molecules in unit m�3, and kB is Boltzmann cons-
tant, and T is room temperature (∼22 °C).

Data Analysis. When analyzing curvature and swimming speed of cells near a
solid surface, only those trajectories lasting longer than 1 s and within 5 μm
from the surface were selected. When analyzing density distribution and motion
of cells in the bulk of fluids, all trajectories lasting longer than 1 s were used.
For each polymer concentration, at least 1,000 trajectories were sampled (except
831 trajectories for 0.6% methyl cellulose and 708 trajectories for the buffer free
of additive polymers). To compute curvature and speed of cells near a solid sur-
face, the selected trajectories were segmented into 1-s traces. Each segmented
trace (denoted as Si, i = 1, 2,…N, with N being the total number of seg-
mented traces) was fitted to a circle with radius ri on the solid surface plane. The
signed curvature of Si was then ±1=ri, with the negative (or positive) sign
denoting clockwise (or counterclockwise) circular motion (viewed from liquid to
the solid surface). The curvature of a trajectory is taken as the mean of Si. Cells in
the bulk of DNA solutions are not expected to swim in circles; but to verify
this fact, the curvature of their trajectories were analyzed in the same manner
(SI Appendix, Fig. S8). To calculate bacterial density distribution near the solid
surface, the normalized cell density at a specific height z0 from the surface was
defined as the number of trajectory points falling into the space
ðz0 � 0:5 μmÞ ≤ z ≤ ðz0 + 0:5 μm) divided by all trajectory points in the
space 0 ≤ z ≤ 20 μm during the entire tracking period. To calculate surface-
escaping rate of bacteria, we divided the space ranging from 2 μm to 20 μm
above the solid surface into slices confined by parallel planes with a constant
separation of 0.5 μm, and for each plane, the average absolute vertical speed
V?j j was calculated for all trajectories below the plane (we noted that V?j j
increased with height above the surface). For a specific plane σ at height z = z0,
we considered surface-escaping events within a duration of Δtσ = H= V?j j and
contributed by cells within ðz0 � HÞ ≤ z ≤ z0, where H was set as 2 μm to
avoid counting multiple surface-escaping events by the same cell during Δtσ .
For a time-lapse video of duration T, the surface-escaping rate at plane σ
was computed as follows in m = T=Δtσ time windows, with the i-th time
window denoted as Δtσ, i, i = 1, 2, …,m (1): the cell number within
ðz0 � HÞ ≤ z ≤ z0 for each image frame in time window Δtσ, i was first com-
puted and the average cell number per frame was taken as nσ, i (2); denoting
the z axis measurement error (0.86 μm; see the “Imaging and Single-Cell
Tracking” section above) as ξ, a surface-escaping event at plane σ was defined
as a cell first passing the z = z0 � ξ plane and then passing the z = z0 + ξ
plane within the time window Δtσ, i, and we calculated the number of all such
surface-passing events as Sσ, i for the plane σ based on cell trajectories within
Δtσ, i (3); finally the surface-escaping rate for the plane σ during the tracking
period was computed as rσ = 1

m∑
m
i=1

Sσ, i
nσ, i�Δtσ =

1
T∑

m
i=1

Sσ, i
nσ, i

.
There were some extreme and unrealistic values of curvature and cell

speed (e.g., swimming speed >80 μm/s in buffer) due to the resolution of
spatial and temporal measurement. We denoted a value as an outlier if it was
more than three scaled median absolute deviations (MAD) (69) greater than
the median. For N measurements of quantity A, the MAD is defined as
MAD = medianðjAi �medianðAÞjÞ where i = 1, 2, …, N. These outliers
were not used when plotting the distributions.

Hydrodynamic Model. A detailed hydrodynamic model is described in the SI
Appendix, Text. We start with second-order fluid approximation, which is valid at
small De numbers. It allows us to calculate the lift force in Eq. 1 analytically. We
then estimate De numbers for rotating filament and find that they are much
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larger than 1, requiring full numerical simulations as described. Finally, we esti-
mate the lift velocity and combine it with hydrodynamic attraction and estimate
the concentration of the cells away from the wall.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix.
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