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Bacteriophages (phages) defend mucosal surfaces against bacterial
infections. However, their complex interactions with their bacte-
rial hosts and with the mucus-covered epithelium remain mostly
unexplored. Our previous work demonstrated that T4 phage with
Hoc proteins exposed on their capsid adhered to mucin glycopro-
teins and protected mucus-producing tissue culture cells in vitro.
On this basis, we proposed our bacteriophage adherence to
mucus (BAM) model of immunity. Here, to test this model, we
developed a microfluidic device (chip) that emulates a mucosal
surface experiencing constant fluid flow and mucin secretion
dynamics. Using mucus-producing human cells and Escherichia
coli in the chip, we observed similar accumulation and persistence
of mucus-adherent T4 phage and nonadherent T4Δhoc phage in
the mucus. Nevertheless, T4 phage reduced bacterial colonization
of the epithelium >4,000-fold compared with T4Δhoc phage. This
suggests that phage adherence to mucus increases encounters
with bacterial hosts by some other mechanism. Phages are tradi-
tionally thought to be completely dependent on normal diffusion,
driven by random Brownian motion, for host contact. We demon-
strated that T4 phage particles displayed subdiffusive motion in
mucus, whereas T4Δhoc particles displayed normal diffusion. Ex-
periments and modeling indicate that subdiffusive motion in-
creases phage–host encounters when bacterial concentration is
low. By concentrating phages in an optimal mucus zone, subdif-
fusion increases their host encounters and antimicrobial action.
Our revised BAM model proposes that the fundamental mecha-
nism of mucosal immunity is subdiffusion resulting from adher-
ence to mucus. These findings suggest intriguing possibilities for
engineering phages to manipulate and personalize the mucosal
microbiome.
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In all animals, mucosal surfaces provide critical immunological
services by both protecting against invading bacterial pathogens

and supporting large communities of commensal microorganisms
(1, 2). Being exposed to the environment, mucosal surfaces are also
the infection sites for many important bacterial diseases, including
acute diarrhea and cystic fibrosis in humans. This, combined with
their accessibility, make mucosal surfaces attractive venues for
phage therapy; that is, the use of bacteriophages (phages) to treat
and clear bacterial infections (3, 4). Clinical success so far has been
erratic (5). The complexities and dynamics of the mucus layer are
rarely considered, and the activity of phages therein is mostly un-
known. Not surprisingly, phages effective in vitro do not consistently
reduce mucosal bacterial host levels in vivo (6, 7). An understanding
of the interactions between phages and their bacterial hosts within
the relevant physiological environment is critical for consistent
success of phage therapy applications.

The multilayered mucus is composed primarily of gel-forming
mucin glycoproteins that are continually secreted by the underlying
epithelium (8). The mucins self-organize to form a mesh that
moves constantly outward from the epithelium, propelled by the
ongoing secretion of mucin below (9). As the mucus migrates
outward, the mucin concentration decreases and the mesh size
(a measure of the distance between neighboring mucin strands)
increases. Concurrently, the mucus is degraded by microbial pro-
teases and subjected to shear forces that cause sloughing of the
outermost layer (10). Despite this constant outward flux, in a
diverse array of animals, phages are enriched on the mucosal
surfaces compared with the surrounding milieu (11, 12). Previous
in vitro experiments using a T4 phage model (particle size ∼200 nm)
demonstrated that this phage adhered to mucus via weak binding
between Ig-like domains of the highly antigenic outer capsid
protein (Hoc) and the abundant glycans of the mucin glycopro-
teins (11, 12). Moreover, T4 phage adhering to the mucus layer
of tissue culture cells protected the underlying epithelium from
bacterial infection. On this basis, we proposed the bacterio-
phage adherence to mucus (BAM) model, whereby phages
adhere to the mucosal surfaces of animals and provide a non-
host-derived layer of immunity.

Significance

Bacteriophages (phages) are viruses that infect and kill bacteria.
Being inanimate, phages rely on diffusion to search for bacterial
prey. Here we demonstrate that a phage that adheres weakly to
mucus exhibits subdiffusive motion, not normal diffusion, in
mucosal surfaces. Supporting theory and experiments revealed
that subdiffusive motion increases bacterial encounter rates for
phages when bacterial concentration is low. To the best of our
knowledge, no other predator has been shown to effectively use
a subdiffusive search mechanism. Mucosal surfaces are vulnerable
to infection. Mucus-adherent phages reduce bacterial infection of
lifelike mucosal surfaces more effectively than nonadherent
phages. These findings provide a basis for engineering adherent
phages tomanipulate mucosal surface microbiomes for protection
from infection and other purposes.
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Results
Dynamic Mucus Environment on a Chip.Deciphering the role of phage–
bacterial–host interactions in mucosal infections has been hindered
by the lack of a reproducible, dynamic, and lifelike experimental
mucosal surface. To fill this gap, we developed a microfluidic device
(chip) that emulates the microenvironment of a mucus-producing
epithelial surface experiencing constant fluid flow across its surface.
We used these chips to study the ability of phages to persist in the
mucus layer and to protect the epithelium from infection. The chips
were made of poly(dimethylsiloxane) and consisted of a single
microfluidic channel, with in and out ports, attached to a glass mi-
croscope slide (Fig. 1A). Mucus-producing, human lung epithelial
cells were seeded into the channel and allowed to attach to the glass
surface. Tissue culture media was perfused through up to nine chips
simultaneously for 7 d before all experiments. We maintained a
lower flow rate (40 μL·h–1) for the first 4 d to ensure the establish-
ment of an intact monolayer, and then increased the flow rate to
100 μL·h–1 (0.02 dyne·cm–2) for the following 3 d and for all experi-
ments to mimic the in vivo fluid flow and shear stresses (13, 14).
These conditions consistently provided a confluent epithelial cell layer
that exhibited mucus secretion and turnover dynamics (Fig. 1 B–E).

Interactions Among Bacteria, Phages, and Mucus on a Chip. We in-
vestigated the trilateral interactions among bacteria, phages, and
mucosal epithelial cells, using these chip microenvironments. For our
model system, we used mucus-producing human lung epithelial cells,
T4 phages, and a T4 phage host, Escherichia coli B (E. coli). The
phages included a mucus-adherent T4 phage (T4) and a T4 Hoc
deletion mutant (T4Δhoc). T4Δhoc does not have the Hoc protein
exposed on its capsid and does not adhere to mucus, but is otherwise
a normal, infective T4 phage (15). To assay for antibacterial activity
of the phages in the mucus layer, we perfused chips with me-
dia containing T4 phage (107 mL–1), T4Δhoc phage (107 mL–1), or no
phage for 24 h to saturate the mucosal epithelium. Those phage that
were not enmeshed within the mucus layer were removed by sub-
sequent perfusion with phage-free media for 1 h. We then inoculated
each chip by introducing ∼107 bacteria into the input port, followed
immediately by perfusion with phage- and bacteria-free media. Per-
fusion was continued for 18 h to allow time for both the bacteria and
phage to replicate within the mucus layer. We then scraped the
mucus-covered epithelium from the glass and titered both the phage
and the bacteria present (Fig. 1F). The continual fluid flow during
these infection experiments allowed us to selectively observe bacterial
and phage replication taking place within the mucus, as both the
surrounding fluid and the sloughed mucus layers were continually

washed away from the attached cells. Both the T4 and T4Δhoc phage
populations actively infected and replicated in the E. coli present.
Chips pretreated with T4 phage showed a significant antimicrobial
effect, with a >4,000-fold reduction in bacterial abundance compared
with the no-phage control; the chips treated with T4Δhoc showed no
significant difference from the no-phage control.
Why did only the mucus-adherent T4 phage protect the in vitro

epithelial surface from bacterial infection? Our initial BAM model
proposed that the enrichment of phages in mucosal surfaces
depended on the binding of the Ig-like Hoc proteins exposed on T4
phage capsids to mucin glycans (11). Thus, the difference in anti-
microbial effect observed here might be a result of T4 phage ac-
cumulating to a higher abundance or persisting longer within the
mucus layer. The first possibility was contradicted by the results of
the previous experiment (Fig. 1F), with both phages accumulating
to comparable abundance in the chips. To test the second, chips
were perfused with either T4 or T4Δhoc phage (107 mL–1) for 24 h,
after which they were perfused with phage-free media for 6 h while
phage detachment was monitored (Fig. 1G). Phage detachment
was rapid during the first hour, with comparable numbers of T4
and T4Δhoc phage particles released. By this point, a large portion
of the phage particles had already detached, and the subsequent
5 h showed the release of far fewer, with a slightly higher number
of T4 phage particles recovered in the perfused media. Because
T4 and T4Δhoc phage show the same patterns of accumulation
and persistence on a lifelike mucosal surface, irrespective of Hoc-
mediated adherence, some other mechanism must account for the
observed disparity between their antibacterial effects. More gen-
erally, these observations indicate that phage abundance in mucus
layers is governed by mucus secretion and turnover dynamics,
rather than by the ability of phages to adhere specifically to mucus.

Diffusion of Phages in Mucin Solutions. Phages are inert particles
dependent on random diffusion driven by Brownian motion to
bring about their chance encounters with a bacterial host (16).
Because of the key role of diffusion in phage reproductive success,
we investigated the diffusive properties of T4 and T4Δhoc phage in
mucus. Using high-speed multiple particle tracking, we observed the
diffusion of both phage types across a range of physiological mucin
concentrations: 0%, 0.2%, 0.6%, 1%, 2%, and 4% (wt/vol) mucin in
buffer, with 4% representing the highest concentration typically
found in a mucosal layer (17). Fluorescence-labeled phages were
mixed with a homogenous mucin solution in a well depression on a
microscope slide, and their diffusion was microscopically recorded
at a temporal resolution of 43.5 ms. Individual phage particle

Fig. 1. Microfluidic devices (chips) simulating a
lifelike in vitro mucosal surface. (A) Schematic of
chip design. (B) Mucus-producing lung tissue cul-
ture cells seeded into the main channel of a chip.
(C) Tissue culture cells in the main channel after
perfusion for 7 d. (D) Multiplex syringe pump and
scaffold perfusing nine chips simultaneously. (E)
Close-up of a single chip bonded to a glass micro-
scope slide with microfluidic tubing attached to the
in and out ports. (F) Phage therapy experiment. Cell
layers were pretreated with T4 or T4Δhoc phage for
12 h, washed for 1 h, and then inoculated with E. coli.
Cells with mucus layer were harvested 18 h later, and
both the phages and bacteria present were titered
(PFU and CFU). (G) Phage detachment. Cell layers were
pretreated with T4 or T4Δhoc phage for 12 h and then
washed with phage-free media for 6 h, during which
time the number of released phages was monitored by
titering (PFU).
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trajectories were manually tracked, and their effective diffusion
constants (μm2/s) were calculated (Fig. 2A) (18).
The effective diffusion constant (K) of both phages was com-

parable in 0% mucin (buffer). Diffusion decreased with increasing
mucin concentration for both phages, with T4 phage being slowed
more markedly in 0.6% and 1% mucin than T4Δhoc phage. Spe-
cifically, diffusion of T4 phage was 21% less than T4Δhoc phage in
0.6% mucin and 29% less in 1% mucin. At 4% mucin, both phage
particle types were effectively “trapped” in the mucin solution. The
higher temporal resolution and improved multiple particle tracking
methodologies used here yielded lower diffusion constants than
previously reported (SI Appendix) (11).

Subdiffusion of Mucus-Adherent Phages.The diffusive movement of
phages can be modeled as a random walk, where the calculated
mean square displacement (MSD) of a phage particle represents
the area “explored” by the random walker. During normal,
Brownian-driven diffusion, a particle’s average position remains
unchanged while its MSD increases linearly with time (τ); that is,
MSD (τ) = Kτ. However, it is known that within viscoelastic fluids
and environments, diffusion can exhibit anomalous characteristics
over time, being either enhanced (superdiffusion) or hindered
(subdiffusion) (19, 20). Anomalous diffusion is characterized by a
nonlinear relationship between a particle’s MSD and time (τ) that
can be expressed with the power law exponent alpha (α), where
MSD (τ) = Kτα (21, 22). For normal diffusion, α = 1, although
superdiffusion is defined by α > 1 and subdiffusion by α < 1.
The effective diffusion constant (K) (Fig. 2A) and the diffusion

exponent (α) are separate and independent phenomena in the sense
that one cannot be taken as indicating the other. To investigate the
nature of the observed diffusion of phage particles, we calculated
the diffusion exponents (α) from our multiple particle tracking ex-
periments for both phage types at all mucin concentrations (Fig.
2B). For this, we measured the ensemble-averaged MSD (SI Ap-
pendix) over time and then derived the values of α from the slope of
the line of best fit for each phage–mucin combination (Fig. 3 and SI
Appendix, Fig. S1). Both phages displayed normal diffusion (i.e.,
α ∼ 1) in 0% mucin. As mucin concentrations increased, T4 phage
showed a clear subdiffusive signal in 0.6% and 1% mucin solutions
(α = 0.82 ± 0.02 and α = 0.82 ± 0.01, respectively), whereas T4Δhoc
maintained normal diffusion (α = 1.01 ± 0.01 and α = 1.02 ± 0.02,
respectively). At even higher mucin concentrations (4% mucin),
both phage particle types showed a comparable subdiffusive signal
(α = 0.86 ± 0.02 and α = 0.89 ± 0.02 for T4 and T4Δhoc
phage, respectively).
This experimental system provides a much-sought positive con-

trol for subdiffusion research that possesses two previously lacking
properties: tunability and mechanism (23, 24). Tunability here is
the ability to continuously adjust the mucin concentration, and
thereby effect a corresponding change in the degree of subdiffusion
(the exponent α). A potential mechanism is provided by the transient

binding of the Hoc proteins covering the T4 phage capsids to the
ubiquitous mucin glycans.

Theoretical Implications of Phage Subdiffusion in Mucus. Sub-
diffusion has been observed in a wide variety of complex biological
processes, including the intracellular transport of proteins and
nucleic acids. In such situations, one might naively predict the
slower diffusion would slow vital processes, as it might take longer
for enzymes to “find” substrates or for transcription factors to lo-
cate their DNA binding sites. Instead, subdiffusion has been shown
to dramatically increase the rate of productive intracellular en-
counters (23, 25). This is attributed to the search dynamics of
subdiffusive particles. These particles remain closer to their initial
position during any interval of time, thereby exploring the local
area more thoroughly than if moving by normal diffusion (19, 26).
To consider the implications of subdiffusion for phages in

mucus, we developed a simple model and compared the theoretical
search efficiency for phage particles using normal Brownian mo-
tion versus subdiffusive motion (Fig. 4). Comparisons were made
over a range of bacterial concentrations and mucus layer thick-
nesses, two factors that influence the likelihood that any phage
particle will encounter a host bacterium before it leaves the mucus.
Because increasing the bacterial concentration decreases the area a
phage particle must search on average to locate a host, the fre-
quency of phage–bacterial collisions rises with increasing bacterial
concentration. The frequency of encounters also depends on the
specific search pattern used (27, 28). Phage particles moving by
subdiffusion search their local area more thoroughly, independent
of bacterial concentration. The other key factor is how long a
phage particle remains in the bacteria-enriched mucus before it is
sloughed or diffuses out of the mucus layer. The thicker the layer,
the longer time, on average, it will remain in the mucus, and thus
the more opportunities for collision with a potential host. The in-
terplay of both of these factors with the diffusion exponent α
predicts that a subdiffusive phage particle will explore the mucus
layer more thoroughly and remain in the subdiffusive zone (Dis-
cussion) longer than one moving by normal diffusion (Fig. 4 and SI
Appendix). Further, the model predicts greater benefits of sub-
diffusive motion at lower bacterial concentrations, where phage–
bacterial collisions are rare (26, 29). At high bacterial concentrations,
where collisions are frequent, more efficient searching by sub-
diffusion motion is expected to have little effect. Likewise, with thin
mucus layers, both subdiffusive and normally diffusive phage parti-
cles would be quickly lost from the mucus.

Experimental Verification of Benefit of Subdiffusive Motion.A major
challenge in interpreting observations of subdiffusive motion in
biological systems is the experimental demonstration of a conferred
benefit (23). Here we used the classical adsorption assay (16, 30,
31) to test whether subdiffusion of T4 phage increased their rate of
adsorption to bacterial hosts. We compared adsorption of T4 and

Fig. 2. (A) Effective diffusion constants (μm2/s) calculated at 43.5-ms time
intervals for T4 and T4Δhoc phage in 0% (buffer), 0.2%, 0.6%, 1%, 2%, and
4% mucin solutions (wt/vol). (B) Diffusion exponents (α) of T4 and T4Δhoc
phage in 0% (buffer), 0.2%, 0.6%, 1%, 2%, and 4% mucin solutions (wt/vol).
Brownian diffusion α ∼ 1, subdiffusion α < 1.

Fig. 3. Log-log graph of the ensemble-averaged MSD (μm2) of T4 and
T4Δhoc phage in 0% (buffer), 0.6%, 1%, and 4% mucin solutions (wt/vol).
Solid lines indicate line of best fit from which the diffusion exponent (α) is
determined. For full MSD plots, see SI Appendix, Fig. S1.
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T4Δhoc phage under conditions where our model predicted a
subdiffusive search would be beneficial (i.e., low bacterial densities
in 1% mucin). Experimental conditions were selected on the basis
of the previously determined adsorption constant of T4 and other
T-even phages: 2.4 × 10−9 mL/min (31). Either T4 or T4Δhoc
phage was added to control (0%) or 1%mucin solutions containing
E. coli to give a final concentration of 2 × 105 phage particles·mL–1

and 1 × 107 bacteria·mL–1. At these concentrations, ∼22% of phage
particles were predicted to adsorb to a bacterial host during a
10-min period (SI Appendix). The suspensions were sampled every
2 min. Chloroform was immediately added to each sample to rap-
idly destroy all of the bacterial cells and halt phage adsorption. The
number of free phage particles in each sample was counted and
used to calculate the adsorption constant (k) of T4 and T4Δhoc
phage in both 1% mucin and control solutions (32). The adsorption
of T4 phage was significantly higher in the 1% mucin solution (k =
4.7 × 10−9 mL/min; n = 6; t = −4.2; P < 0.001) than in the control (k =
2.3 × 10−9 mL/min; Fig. 5A). In contrast, there was no significant
difference in the adsorption of the T4Δhoc phage between the
1% mucin (k = 2.6 × 10−9 mL/min; n = 6; t = −1.2; P = 0.22) and
the control (k = 2.1 × 10−9 mL/min; Fig. 5B). Because our model
predicted that the benefit of a subdiffusive search would decrease
with increasing bacterial concentration, we repeated these ad-
sorption assays at a higher bacterial density (7 × 107 mL–1), where
∼80% of phage particles were predicted to adsorb during a 10-min
period. Here neither T4 nor T4Δhoc phage showed increased
adsorption in 1% mucin (SI Appendix, Fig. S2).

Discussion
The search for a specific target is a ubiquitous process throughout
biology. At the microscopic scale, molecules such as enzymes and
repressor proteins perform site-specific searches within a cell; at
the macroscopic scale, animals search for food (26, 27). Many
predators possess prior knowledge of where prey are located, and
can also use their senses to further direct their movement when
hunting. For phages, the search for a susceptible bacterial host is
effectively “blind.” When limited to random searching, the chance
for a successful predator–prey encounter depends largely on the
search strategy used (33). In this situation, many motile predators,
ranging from microbes to humans, use Lévy flight, a superdiffusive
search strategy, to increase their success (28, 34, 35). To the best of

our knowledge, no organism has been shown to use a subdiffusive
search strategy to the same effect. Phage particles, being inanimate
and small (capsid diameters ∼20–200 nm), act as colloidal particles
subject to Brownian motion. Our study shows that the mucus-
adherent T4 phage uses subdiffusive motion in mucus to increase
the frequency of host encounters.
Earlier work had predicted interactions between the T4 phage

Hoc protein and mammalian organisms (36, 37). Subsequently,
we demonstrated that the Hoc proteins exposed on the T4 capsid
bind to the mucin glycoproteins (11). The Hoc-bearing phages
were enriched in mucus, reduced the bacterial load, and protected
the underlying epithelial cells from infection, effects that we at-
tributed to the putative mucin-binding activity of the Hoc protein
(11). However, T4 and T4Δhoc phage particles also carry different
capsid charges, as evidenced by their different electrophoretic
mobilities (38). We cannot currently rule out the possibility that the
observed BAM effects are a result of these charge differences
rather than to Hoc binding to the mucins, but our previous results
demonstrating high structural homology between the T4 Hoc
protein and known glycan-binding proteins support the mucin-
binding mechanism (11).
Our previous work using an in vitro model system could not

show a statistical difference between T4 and T4Δhoc phage in
either their adherence to mucus-producing cells or their anti-
microbial effect (11). Here we compared their adherence using a
lifelike mucosal surface with fluid flow dynamics and found little
difference in either their accumulation or their persistence in the
mucosal surface. Therefore, we revise our initial hypothesis, that
phage enrichment in mucus occurs via binding interactions, and
conclude that the mucus mesh traps both phage types compa-
rably and that phage persistence in mucus is likely governed by
mucus secretion and microbial infection dynamics. Regarding
their antimicrobial effect, we report a >4,000-fold greater effect
for T4 phage than for T4Δhoc phage in a mucosal surface.
On the basis of integration of our previous and current research

findings, we have incorporated subdiffusion into our proposed
BAM model of immunity. T4 phage with its glycan-binding Hoc
proteins exploits the benefits of subdiffusive motion under specific,
physiologically relevant mucin concentrations. Subdiffusion of T4
phage particles, but not T4Δhoc particles, was observed in 0.2–1%
(wt/vol) mucin. At these concentrations, transient binding to mu-
cins slowed, but did not arrest, T4 phage particles and shifted their
motion from normal Brownian motion to subdiffusion. Phage–host
encounters assayed in vitro in 1% mucin increased at low, but not
high, bacterial concentrations.
As mucin concentration increases (e.g., 4% mucin), the mesh

size of the mucin network decreases, likely approaching the capsid
diameters of both phage types. As a result, the dense mucus net-
work elicits subdiffusion of both phages, a phenomenon known to
occur with particles in viscoelastic fluids such as mucus (39, 40).
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Fig. 4. Theoretical advantage of a phage–host encounter for a phage particle,
using subdiffusive motion compared with Brownian motion across a range of
bacterial concentrations andmucus layer thickness. Color scale indicates the ratio
of probabilities of bacterial encounter for a subdiffusive phage (α = 0.82) versus
a normally diffusing phage (α = 1). The ratio ranges from 19 (black) to 1 (white).

Fig. 5. Adsorption assay measuring the percentage of free phage remaining
during a 10-min period in control (0%) and 1%mucin solutions. Error bars show
SD (n = 6). Theoretical values were calculated from the T4 phage adsorption
constant (k) = 2.4 × 10−9 mL/min, phage concentration (2 × 105 mL–1), and
bacterial concentration (1 × 107 mL–1). (A) T4 phage. (B) T4Δhoc phage.
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Subdiffusion at high mucin concentration is accompanied by very
restricted diffusivity of both T4 and T4Δhoc phage particles (SI
Appendix), which masks the differential effect of transient mucin
binding by T4 phage particles. Subdiffusion under these conditions
is not predicted to benefit phages.
According to our current BAMmodel, a mucus-adherent phage

particle that diffuses into a mucosal surface first encounters the
region with the lowest mucin concentration and the most open
mucin mesh. If it diffuses closer to the epithelium, mucin con-
centration increases and its diffusivity decreases. At the critical
concentration, diffusion of these particles transitions to sub-
diffusion. More particles diffuse from the outer region into this
subdiffusive zone per unit time than diffuse back out, resulting in
their accumulation here (Fig. 6A). Those that diffuse still closer to
the epithelium may become temporarily trapped in the more
concentrated mucus, but the outward flux of the secreted mucins
eventually carries them back into the subdiffusive zone. Within
this zone, only the mucus-adherent phage particles transiently
bind the mucin network, and this induces the subdiffusive motion
that allows them to explore the network more thoroughly. When a
resultant phage–host encounter leads to a productive lytic in-
fection, subdiffusion keeps the progeny particles released by host
lysis within this zone longer. These two factors contribute to the
increase in phage–host encounters that was observed in vitro at
low bacterial concentration. However, as the concentration of
bacteria increases, so does the chance of random phage–host
encounters (31, 41). These encounters become so frequent that
they mask the benefit provided by subdiffusive motion that was
evident at lower bacterial density.
In vivo mucosal surfaces are undoubtedly more complex than

our simulated mucus environments. When considering that the
in vivo diversity of bacterial host and even greater diversity of
phage strains lowers the probability of a successful phage–host
encounter, the implications for subdiffusive motion resulting in
increased host encounters becomes apparent. In addition, the
mucus layer contains a mix of macromolecules including mucin
glycoproteins, other diverse proteins, DNA, and polysaccharides,
all of which could be expected to affect phage diffusion. Mucosal
surfaces, being exposed to the surrounding milieu, experience
environmental fluxes that may affect mucus structure and phage
particle diffusion. For example, viral production in coral mucus is
tightly coupled to temperature and salinity (42, 43). Temperature,
salinity, and pH all affect the attachment of Hoc proteins to the T4
capsid (38), and thus have the potential to alter both the sub-
diffusion of phage particles and the frequency of productive phage–
host encounters. Alterations of these physical parameters are
known to occur in diseased mucosal surfaces [e.g., the high mucin
concentrations (>4% wt/vol) and acidified mucosa characteristic of
cystic fibrosis] (40, 44). Although numerous studies have docu-
mented the effective use of phages to treat cystic fibrosis-associated

bacterial infections (45, 46), how physical and physiological changes
in the lung might affect phage diffusion, the frequency of productive
phage–host encounters, and bacterial infection dynamics remain to
be determined.
Taken together, this suggests that a tightly regulated symbiosis

between phages and their metazoan hosts helps metazoans sustain
a healthy microbiome and curbs disease at mucosal surfaces.
Within this symbiosis, the glycan-binding proteins of some phages
have been fine-tuned to provide a balance between the greater
speed of normal Brownian diffusion and the more thorough local
searching afforded by subdiffusive motion (Fig. 6B).
Subdiffusion of phage particles in mucus has important and

previously unrecognized implications for phage therapy. We
propose that subdiffusive motion, mediated by mucin binding,
underlies the ability of T4 phage, in contrast to T4Δhoc, to reduce
bacterial colonization of our mucus-producing epithelial surface on
a chip. To date, this protection of an epithelial surface by phage has
been demonstrated only for T4 phage, which carries the carbohy-
drate-binding, Ig-like (Ig-like) domains of its Hoc protein exposed
on its capsid (11). Similar protein domains are encoded by ∼25% of
the known members of the predominant order of phages (Caudo-
virales) (47). Given the enormous diversity of phages associated
with mucosal surfaces, we expect many will be found to use Ig-like
proteins or other carbohydrate-adherent surface proteins to in-
crease their replicative success via subdiffusive motion (48–50).
Furthermore, we speculate that their mucin-binding is finely tuned
to position the phage particles in the optimal mucus zone where
their bacterial hosts reside, further increasing encounter rates.
Phage selection criteria for clinical mucosal phage therapy have

been limited to host range, burst size, and growth kinetics—phage
characteristics that do not necessarily correlate with in vivo effi-
cacy. An increased understanding of the subdiffusive motion of
mucus-adherent phages, combined with physiologically relevant
in vitro testing using microfluidic chips, may enable sound pre-
diction and validation of in vivo phage efficacy. Such accurate
predictions are essential for the selection or engineering of phages
for consistent clinical success. Engineered phages displaying an
assortment of BAM domains may allow for unprecedented control
to concentrate phages within a mucosal zone that overlaps with
bacterial host ranges, leading to personalized therapeutics for
mucosal disease.

Materials and Methods
Bacteria Strains, Phage Stocks, Tissue Culture Cell Lines, and Growth Conditions.
E. coli B strain HER 1024was used for all experiments and was grown in LB (10 g
tryptone, 5 g yeast extract, 10 g NaCl, in 1 L dH20) at 37 °C overnight with
shaking. The T4 Hoc phage deletion mutant (T4Δhoc) was kindly supplied by
Venigalla B. Rao (The Catholic University of America, Washington, D.C.) (15).
The human tumorigenic lung epithelial cell line A549 was obtained from the
American Type Culture Collection and cultured in F12-K media with 10% FBS

Fig. 6. BAM model with subdiffusion. (A) The mucus
layer is a dynamic gradient of mucin glycoproteins.
Closer to the epithelium, the mucin concentration in-
creases. The corresponding decrease in the mucin mesh
size reduces phage diffusion constants. Subdiffusive
motion of mucus-adherent phage particles at lower
mucin concentrations enriches phage particles within
an optimal zone of the mucus layer. (Left) Qualitative
representations of the effective diffusion constant (K)
(solid blue line) and diffusion exponent (α) (dashed
black line) for T4 phage from Fig. 2. (B) Transient
binding of mucus-adherent phage to mucin glycopro-
teins facilitates subdiffusive motion over a range of
mucin concentrations present within a mucus layer.
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and 100 μg·mL–1 penicillin–streptomycin. Tissue culture cells were grown in
50 mL Primaria Tissue Culture Flasks (Becton Dickinson) at 37 °C under 5% CO2.

Microbial Assay of Chips. T4 phages and E. coli B strain were used at a con-
centration of 1 × 107 plaque-forming units (PFU) and colony-forming units (CFU)
mL–1, respectively, for all chip assays. Before all experiments, chips were per-
fusedwith antibiotic- and serum-free medium containing T4 phage for 12 h at a
flow rate of 100 μL·h–1. For phage-free washes, chips were perfused with an-
tibiotic- and serum-free medium, and effluent from chips was titered. For
bacterial infection, chips were inoculated with E. coli followed by perfusion
with antibiotic- and serum-free medium for 18 h. The intact mucosal cell layer
was then scraped and bacteria and phage titered.

Multiple Particle Tracking. Fivemicroliters of SYBRGold-labeledphage suspension
(109 PFU mL–1) was added to 45 μL of 0%, 0.2%, 0.6%, 1%, 2%, or 4% (wt/vol) of
type II porcine gastric mucin (Sigma) solution in SM buffer supplemented with
1 mM MgSO4 and CaCl2. Solutions were immediately visualized using an Applied
Precision OMX structured illumination microscope at 100× (1.40 NA). Movies were
captured using Deltavision OMX: 43.5 ms temporal resolution for 100 frames,
with >10 analyses per sample. Trajectories were manually tracked in two di-
mensions using MTrackJ plugin for ImageJ (18), with ∼30 particle trajectories

recorded for every analysis. Particle frame number, track ID, x and y coordinates,
and time were extracted and analyzed.

Phage Adsorption Assays. Adsorption assays were performed in LB supple-
mented with 1 mM MgSO4 and CaCl2 prewarmed to 37 °C, and 1% (wt/vol)
type II porcine gastric mucin (Sigma). E. coli B cells (1 × 107 CFU mL–1) were
added to adsorption tubes, vortexed, and CFU titered on LB agar plates at
37 °C overnight to ensure accurate bacterial quantification. T4 and T4Δhoc
phage (2 × 105 PFU mL–1) were added to respective tubes, immediately
vortexed, and sampled without agitation every 2 min continuously for
10 min. Each phage–bacteria sample was added to another tube containing
LB media saturated with chloroform, vortexed, and free phage quantified in
duplicate by titering.
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Supplemental Appendix to: 
Barr et. al., (2015). Subdiffusive motion of bacteriophage in mucosal surfaces increases the 
frequency of bacterial encounters 
 
Materials and Methods 
 
Phage stock preparation. Phage T4 and T4 Hoc deletion mutant (T4∆hoc) were isolated from 
single plaques and propagated in E. coli broths. Phage liquid lysates were centrifuged at 2880 
RCF to remove bacteria, and 0.1 volume of chloroform was added followed by vortex mixing. 
Lysates were centrifuged at 2880 RCF and supernatant was collected. Lysates were added to 
Amicon® Ultra-15 ml centrifugal filters (EMD Millipore) and washed with 4 volumes of SM 
buffer (100 mM NaCl, 8 mM MgSO4, 50 mM TrisHCl, in dH20) at 2880 RCF. Cleaned phage 
lysates were titered by top agar assays and stored at 4 °C over chloroform.  
 
Microfluidic device design and fabrication. Fabrication of the microfluidic device (chip) mold 
was motivated by previous lab-on-a-chip work (1–3). The microfluidic device (chip) was 
fabricated from polydimethylsiloxane (PDMS: Sylgard, Dow Corning) that was mixed at a ratio 
of 10:1.5 (w/w) PDMS to curing agent. PDMS polymer was centrifuged for 5 min at 2880 RCF 
followed by degassing in a vacuum pump manifold until all air bubbles were removed. Degassed 
PDMS polymer was then poured into pre-fabricated molds of the inverse chip design made from 
High-Strength Ultem ¼” (McMater-Carr) and cured at 90 °C for 1 h. PDMS chips were then cut 
out of molds and trimmed to a minimal size using a razor blade. Chips were washed in pentane 
with stirring for 2 h, followed by three 2 h washes in Acetone with stirring in order to remove 
uncured PDMS from chips. An 89 mm diameter TiN Coated Round Punch (Syneo) was used to 
bore holes in the chips for inlet and outlet ports. After holes were punched, ScotchTM tape was 
used to clean both sides of the chip. The PDMS chip and polysine coated glass slide (Fisher) 
were exposed to plasma generated by a plasma etcher (Technics series 85-RIE). The plasma-
treated surfaces were then immediately placed in conformal contact, resulting in irreversible 
bonding of the PDMS chip to the glass slide. Microfluidic tubing (Microbore PTFE tubing, ID 
0.022”, OD 0.042”, Cole-Parmer) was sterilized by flowing through 70% (v/v) ethanol and 
cleaned by flowing through F12-K tissue culture media. Bonded chips and tubing were 
ultraviolet (UV) light sterilized for 15 min and tubing connected to both inlet and outlet ports of 
chips. Fluid flow was driven by a ten-plex syringe pump (Cole-Parmer), using slip-tip syringes 
(Fisher) and steel hypodermic needles (23G, Becton-Dickinson).  
 
Cell culture and seeding chips. Human lung epithelial cells (A549, ATCC) were cultured in 
F12-K media supplemented with 10% FBS, according to the manufacturer’s protocols. The cells 
were maintained at 37 °C in a humidified incubator under 5% CO2 in air. Lung cells were 
harvested with trypsin/EDTA solution (0.25%, Fisher), pelleted, and resuspended in tissue 
culture medium. Cells were seeded into chips at approximately 5 × 105 cells per cm2 by gently 
pumping the cell suspension into the main channel using a sterile syringe. Cells were allowed to 
attach to the polysine-coated glass slide surface overnight at 37 °C in a humidified incubator 
under 5% CO2. A multiplex syringe pump was then used to perfuse culture medium continuously 
through the chip microchannel at a constant flow rate (40 µl h–1) for four days to ensure the 
establishment of an intact monolayer. After visual confirmation of an intact cell layer, flow rate 
was increased (100 µl h–1) for three days and the flow-rate was maintained for all experiments. 
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Microbial infection assay of chips. T4 phage and E. coli B strain HER 1024 (4) were used at a 
concentration of 1 × 107 colony forming units (CFU) and plaque forming units (PFU) ml–1 for all 
chip infection assays. A549 cell monolayers were cultured in chips for 7 days prior to all 
experiments to ensure a confluent and consistent cell monolayer with mucus secretion. For phage 
pretreatment, cell culture media and tubing was switched to antibiotic- and serum-free medium 
containing T4 phage (1 × 107 PFU ml–1) and perfused through chips for 12 h at a flow rate of 100 
µl h–1. For phage-free washes, cell culture media and tubing was again switched to antibiotic- 
and serum-free medium without phage and washed for 1 h at a flow rate of 100 µl h–1. For 
bacterial infection, E. coli B (1 × 107 CFU ml–1) was inoculated into the inlet port, followed by 
perfusion with antibiotic- and serum-free medium for 18 h at a flow rate of 100 µl h–1. After 
infection assay, the excess media was cleared from the microchannel by gentle aspiration. Inlet 
and outlet ports of the chips were cut off using a diamond scribe and an in-house designed 
PDMS cutting tool, resulting in a clean cut and break of the chip. The intact cell monolayer and 
mucosal surface was then scraped from the chips microchannel using a slip-tip syringe and steel 
hypodermic needle (30G, Becton-Dickinson). Bacteria and phage were titered by CFU and PFU 
respectively (5).   
 
Phage washout assay of chips. A549 cell monolayers were cultured in chips for 7 days prior to 
all experiments to ensure a confluent and consistent cell monolayer with mucus secretion. For 
phage pretreatment, cell culture media and tubing was switched to antibiotic- and serum-free 
medium containing T4 phage (1 × 107 PFU ml–1) and perfused through chips for 12 h at a flow 
rate of 100 µl h–1. For phage-free washes, cell culture media and tubing was again switched to 
antibiotic- and serum-free medium without phage and washed for 6 h at a flow rate of 100 µl h–1. 
Effluent from the chips was collected over the 6 h period and titered for phages (5).  
 
Multiple particle tracking (MPT). Glass slides and cover slips were silanized with 
hexamethyldisilazane (HMDS, Sigma-Aldrich) to prevent phage adherence to glass. Slides were 
placed in a wide mouth glass jar and a few drops of HMDS were added. The jar was covered 
with aluminum foil and left in chemical fume hood overnight. Assays were performed in plastic 
well chambers mounted on glass microscope slides. Phage suspensions (109 PFU ml–1) were 
stained with 1000× SYBR Gold for 3 h at 4 °C in the dark. Stained phage were then washed with 
4 volumes of SM buffer using Amicon® Ultra-0.5 ml centrifugal filters (EMD Milipore) at 2880 
RCF to remove residual SYBR Gold stain. 
 
Phage adsorption assays. A rate-limiting step in the phage life cycle is the extracellular search 
by a phage for a new bacterial host culminating in the irreversible adsorption of the phage to the 
bacterial surface (6, 7). Adsorption of phage particles in liquid culture depends on chance 
encounters with a host, and the rate at which these collisions occur can be calculated using the 
equations that describe Brownian motion of colloidal particles in a solution (7, 8). These 
equations include an adsorption constant (k) that is specific for a given phage-host pair and that, 
in turn, depends on the rate of phage diffusion, the size of the bacterial target site, and the 
likelihood of phage attachment upon collision (8). The adsorption constant of T4 and other T-
even phages was empirically determined to be 2.4×10–9 ml/min (8).  
 
Here phage adsorption assays were based on the chloroform-lysis approach (9, 10), and 
performed at a low bacterial density (1 × 107 CFU  ml–1) such that ~22% of phage would adsorb 
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to a bacterial host over a 10 min period (Fig. 5), and repeated at higher bacterial concentration (7 
× 107 CFU ml–1) such that ~80% of phage would adsorb (Fig. S1). Optimal titers were 
theoretically calculated using the formula P = P0e–kBt where P0 is the initial phage concentration 
(2 × 105 phage ml–1), k is the T4 phage adsorption constant (2.4 × 10–9 ml/min), B is the bacterial 
concentration, and t is time in min (8). For the assays, the percentage free phage was calculated 
by dividing the phage concentrations at each time point by the y-intercept calculated as a 
function of time. Free phage counts were transformed using natural-log, and the slopes of the 
adsorption curves then determined as a function of time (9). Phage adsorption constants (k) were 
calculated as the inverse slope divided by the concentration of bacteria (B) present in the 
adsorption media (k = –slope/B).  
 
Statistical analysis. For the phage therapy infection of the microfluidic chips, we used the 
nonparametric Wilcoxon rank sum test to evaluate differences in bacterial population per chip 
between the three treatments (T4, T4∆hoc, and Control; Fig. 1F). If a chip had more than one 
replicate measurement, the measurement average was used. The pairwise Wilcoxon test with a 
Bonferroni correction for multiple comparisons indicates there was a significant difference in 
bacterial population medians between T4 and Control chips (P-value is 0.018). There was also a 
significant difference in bacterial population medians between T4 and T4∆hoc chips (P-value is 
0.0476), but not between the T4∆hoc and Control chips (P-value is ≈ 1). The Wilcoxon rank sum 
test was a post-hoc test after finding a significant effect of the conditions on the bacterial 
populations per chip using the Kruskal-Wallis test (P-value is 0.01436). Similarly, the Wilcoxon 
rank sum test was used to test the differences in phage population medians between the two 
experiment treatments (T4, T4∆hoc), with no significant difference observed (P-value is 0.9048). 
 
For the phage adsorption assay, there appear to be qualitative differences in phage decay patterns 
over time between T4 Control (n = 7) and T4 1% mucin (n = 8) assays (Fig. 5A). To test the 
difference in the slopes, the growth (decay) curves were modeled using a linear mixed model. 
The decay curve data represented the repeated measurements of free phage from the adsorption 
assays over time. The linear mixed-effects model allows us to make inferences about the fixed 
effects of the mean intercept and the common slope (or decay rate). The random effect for the 
intercept describes the shift in the intercept for each adsorption assay. The two treatments of T4 
Control and 1% mucin are modeled using indicator variables. Here PFUij is the measurement for 
assay i at time j, where i = 1,…, M and j = 1,…, Mi. For this experiment M = 10 and all assays 
have the same time index in minutes (2, 4, 6, 8, and 10 min) so that Mi  = 5 measurements. The 
final model can be written as: 
 
PFUij = β0 +β1 ×Treatmentij +β2 × Time− 6( )ij +β3 ×Treatmentij ×β2 × Time− 6( )ij +u0i +εij  
 
The fixed effects are represented by β0, β1, β2, and β3. The parameter β1 represents the fixed 
effect associated with the two treatments (T4 Control vs. T4 1% mucin). We have centered the 
Time variable at 6 minutes. The random effects are represented u0i and εij. The term u0i represents 
the random intercept associated with assay i and is assumed to be a mean zero variance σ2

int 
random variable. The εij are the residuals for assay i at time j and are assumed to be mean zero 
normal random variables. The residual variance can be assumed to be the same for both 
treatments, but we allow the residual variance to be different for each treatment. So the T4 
Control has residual variance σ2

control and the T4 1% mucin has residual variance σ2
mucin. The 
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model was fit with the R function lme by Restricted Maximum Likelihood (REML). The 
summary of the fixed effects is given by:  
 
Fixed effects: Free phage ~ Treatment × I(Time – 6). 
 
 Value Std.Error DF t-value P-value 
(Intercept) 0.8740000 0.016966962 42 51.51187 0.0000 
Treatment -0.0920000 0.023666937 9 -3.88728 0.0037 
I(Time – 6) -0.0210000 0.002245296 42 -9.35289 0.0000 
Treatment:I(Time-6) -0.0153333 0.003644993 42 -4.20668 0.0001 
 
The small P-value associated with the Treatment effect and Treatment by Time interaction 
indicates that the T4 Control and 1% mucin have significantly different decay patterns. The 
significant fixed effect of Treatment (β1-hat = -0.09) indicates that the T4 1% mucin on average 
has a smaller relative free phage. However, the significant interaction (β3-hat = -0.015) indicates 
that T4 1% mucin at earlier times could have on average larger relative free phage compared to 
the T4 Control at earlier times (i.e., the lines may cross). 
 
A likelihood ratio test indicated that the random intercept should be included in the model (P- 
value < 0.001). The final model, which allowed for the residual variance to be different for each 
treatment, was chosen based on the AIC model selection criterion. Examination of the final 
model summary and diagnostic plots indicated that the model assumptions were satisfied. The 
summary of the random effects is given by: 
 
Random effects formula: ~1 | Replicate 
 (Intercept) Residual 
Std.Dev 0.03518146 0.04448268 
 
Variance function: 
Structure: Different standard deviations per stratum 
Formula: ~1 | Treatment 
Parameter estimates: 
1 0 
1.0000000 0.7138346 
 
Similarly, to test the differences in free phage decay patterns over time between T4∆hoc Control 
(n = 6) and T4∆hoc 1% mucin (n = 6) treatments, a linear mixed model was fit to the data (Fig. 
5B). There was no significant Treatment or Treatment by Time interaction effect observed for 
the T4∆hoc Control (t=-1.32752, P-value is 0.217) and 1% mucin treatments (t=-1.2373, P-value 
is 0.223). The summaries of the fixed and random effects are given below. 
 
Linear mixed-effects model for T4 hoc– phage treatments fit by REML 
AIC BIC logLik 
-161.5926 -148.2085 87.79631 
 
Random effects formula: ~1 | Replicate 
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 (Intercept) Residual 
Std.Dev 0.02693415 0.04126077 
 
Variance function: 
Structure: Different standard deviations per stratum 
Formula: ~1 | Treatment 
Parameter estimates: 
1 0 
1.0000000 0.5162273 
 
Fixed effects: Free phage ~ Treatment × I(Time – 6). 
 
 Value Std.Error DF t-value P-value 
(Intercept) 0.8784000 0.012776429 41 68.75161 0.000 
Treatment -0.0245915 0.018524435 9 -1.32752 0.217 
I(Time – 6) -0.0204000 0.001506133 41 -13.54462 0.000 
Treatment:I(Time-6) -0.0038145 0.003082743 41 -1.23738 0.223 
 
Method for improved multiple particle tracking accuracy. We previously published effective 
diffusivity values of T4 and T4∆hoc phage in buffer and 1% (w/v) mucin solutions at a temporal 
resolution of 100 ms (11). Those values were ~3-fold higher than the effective diffusion 
constants (µm2/s) reported here. This discrepancy is the result of two factors. First, the improved 
temporal resolution of phage MPT employed here (43.5 ms vs. 100 ms), allowed us to more 
accurately measure the trajectories of phage particles compared to our previously reported MPT 
measurements (11). Second, here we improved our particle detection and particle linking 
schemes by switching from automated tracking to manual tracking (12). The automated particle 
tracking program detected particles based on fluorescence intensity, a user-defined particle 
radius cutoff, and other parameters (13). The program then attempted to link these detected 
particles to the closest detected particle in the following frame within a user-defined radius. Due 
to the low signal-to-noise ratio of fluorescence-labeled phage particles in mucin solutions, the 
identification of false positive particles by the automated tracking program increased the 
probability of making a spurious link (14). Therefore, we switched here to a manual tracking 
program that allowed us to more accurately identify and link phage particles. This method 
required more time to analyze phage MPT data, but it greatly improved our particle detection, 
reduced spurious links between frames, and resulted in higher quality MPT data overall. 
 
Reduction method for multiple particle trajectory data. Subdiffusive motion of a particle is 
marked by a characteristic dependence of the particle's mean squared spatial displacement 
(MSD) on the lag time (τ) between measurements of the particle's spatial position. Typically: 
 
(Eq. 1) 
 
in which (the scaling exponent) α < 1. Normal Brownian motion would obey the same rule with 
α = 1. In this case K is related to the standard diffusion constant D by the relation K = 2dD, 
where d is the number of spatial dimensions monitored in the MSD (Table. S1). In our case d = 

MSD = K⌧↵,
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2. In the case α < 1 (subdiffusion), the same relation holds, with D now referred to as the 
generalized diffusion constant as its units are not standard.  
 
Defining subdiffusion via the MSD scaling, however, does not reveal the type of subdiffusive 
random walk (15). The literature discusses several random walk models that explain subdiffusion 
(α < 1). There are, as well, two principal ways of extracting this feature from data representing 
trajectories of particles: time averaging and ensemble averaging (15–17). Two of the models, 
Obstructed Diffusion (OD) and Fractional Brownian Motion (fBm), are characterized by 
stationary distributions and are therefore described as weakly ergodic. The third model, 
Continuous Time Random Walk (CTRW), breaks weak ergodicity. A consequence of this break 
is that CTRW will reveal its subdiffusive character only under ensemble averaging. 
 
Ideally the data should be analyzed using both techniques. However, to successfully determine 
the presence or absence of a subdiffusive signal from the data by means of time averaging 
requires observation of individual tracks extending over many decades. In our case, only a small 
fraction of the tracks extend as far as two decades. For that reason we were forced to use only 
ensemble averaging. As a result, in those cases where we observe subdiffusion, we are unable, 
with the tracking data alone, to support one model over another. Further work is needed to 
elucidate the underlying model of subdiffusive motion exhibited by phage in mucus. 
 
Here we describe the form of the trajectory data that we collected and the manner in which the 
ensemble averaging is carried out. The clearest way to understand the “ensemble averaging” 
technique for extracting an experimental value for MSD(τ) from tracking data is to think of it as 
an estimate for the expectation of a random variable from a well-defined sampling experiment. 
For a fixed value of τ, the sampling experiment is defined in two stages: 1) choose a track at 
random from the ensemble, 2) choose a time interval (t0, t0+τ) at random (uniformly) from the 
history of the track. Note that only one interval of lag time τ is chosen from the track. The value 
of the random variable S (squared displacement) is calculated as: 
 
(Eq. 2)    
 
where (x(t), y(t)) describes the position of the particle at time t. The quantity of interest, whose 
value is to be estimated from the data, is the expectation of S: 
 
(Eq. 3) 
 
The data comes in the form of a number of observed trajectories of differing durations. Each 
trajectory is the result of a discrete set of particle positions recorded as a sequence of consecutive 
frames extracted as a subset from a movie of 100 frames. An estimate of the above expectation is 
obtained as follows. Given a lag time τ, enumerate all of the tracks in the collected data that are 
long enough to contain a time interval of length τ: j = 1, …, M. Select a random interval of 
length τ from the history of each track j and evaluate the squared displacement as in Eq. 2. Let  
 
(Eq. 4)  
 

S = �r(⌧)2 = [x(t0 + ⌧)� x(t0)]2 + [y(t0 + ⌧)� y(t0)]2,

MSD
exact

(⌧) = E[S].

SD(⌧) = {�rj(⌧)2|j = 1, . . . ,M}
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be the set of sampled squared displacements. The estimate of the expectation is then the mean of 
the sample: 
 
(Eq. 5)    
 
where it should be noted that M actually depends on τ. Note that the appropriate estimate of the 
variation in this value is the standard error of the mean (SEM), 
 
(Eq. 6) 
 

The task now is to match the observed estimates MSDestim(τ) to the functional form Kτα in Eq. 1. 
That is most conveniently done by a weighted least squares fit, in which the difference for each 
value of τ is scaled by SEM. Explicitly, the fit is accomplished by minimizing the following sum 
over the values of K and α: 
 
(Eq. 7) 
 
The sum should be over only those τ for which |M(τ)| is large enough that the error estimate in 
Eq. 5 is good. We require |M(τ)| > 30. This method allows a measure of the error in the estimate 
of α and K to be assessed by the following non-parametric bootstrap scheme. The second stage 
in the sampling experiment defined above is indifferent to the choice of time interval of lag τ 
chosen from each track. Consequently, the procedure for computing α can be repeated with 
many different such choices, producing a distribution of estimates for α and K obtained from the 
same set of trajectory data. The means and standard deviations from these distributions provide 
the interval estimates of α and K quoted in the text (Table. S2 & S3). 
 
  

MSDestim(⌧) =
1
M

MX

1

�rj(⌧)2,

SEM =

s
V ar[SD(⌧)]

|M(⌧)| .

X

⌧

(MSDestim(⌧)�K⌧↵)2|M(⌧)|
V ar[SD(⌧)]

.
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Results 
 
Mechanism of phage subdiffusion in mucus. What might be the molecular mechanisms 
underlying this observed subdiffusion by phage particles in mucus? From the perspective of a 
phage diffusing within a mucus layer, the world is a three-dimensional mesh of seemingly 
boundlessly long cables made of large mucin glycoproteins, each with thousands of variable 
glycan chains attached. Here the diffusion of any phage is slowed by increasing mucin 
concentrations, but still remains normal Brownian diffusion, i.e., its MSD increases linearly with 
time. However, for a mucus adherent phage such as T4, an additional factor alters this normal 
motion within a range of mucin concentrations (0.6% to 1%). The T4 phage capsid is decorated 
with many copies of a glycan-binding protein, Hoc, that reversibly bind to one or more of the 
ubiquitous mucin glycans. This transient binding both slows the particle's diffusion and provides 
the mechanism underlying subdiffusion of phage particles in mucus. As time passes more phage 
particles adhere to mucin fibers, contributing less to the measured increase in the ensemble-
averaged MSD (15, 18). With progressively fewer particles free to move by normal diffusion, the 
rate of increase of the ensemble-averaged MSD declines, i.e., α < 1 (Fig. 3, Fig. S1).  
 
Our model predicts that subdiffusion would not be observed for the T4∆hoc phage, or for any 
other phage that is unable to adhere to mucins, when the mucin mesh size exceeds the phage 
particle size (e.g., 0.6% and 1%). With further increase in mucin concentration, the mesh size 
decreases. When the mucin mesh size approaches the size of the phage particles (e.g., 2% and 
4%), the diffusion of both T4 and T4∆hoc phage is markedly slowed and becomes anomalous 
over time, with α < 1. The subdiffusion observed in higher mucin concentration is a result of the 
complex spatial structure of the mucin mesh, a phenomenon known to occur in viscoelastic 
fluids (19–21).  
 
These mucus layers offer bacteria both a structured habitat and nutrients, and are heavily 
colonized by bacterial symbionts (22, 23). We posit that the mucin mesh deflects, entangles, and 
adsorbs bacteria. As a result of these increased mucin-bacterial interactions, a phage particle 
binding a mucin strand within this zone has an increased chance of encountering a host 
bacterium. If a phage-host encounter results in adsorption and a productive lytic infection, the 
phage will replicate within the host and then lyse the cell. The progeny phage particles released, 
perhaps a hundred or more, in turn perform a subdiffusive search for a host in the local mucus 
network. As this process repeats, the number of phages present increases, and likewise the 
number resting, briefly bound to nearby mucin fibers. Bacteria that continually collide with the 
mucin net are increasingly likely to encounter the subdiffusive phage. 
 
Model of phage subdiffusion in mucus. Here we describe a simple model that explains why a 
subdiffusive phage is more likely to encounter a bacterial host in mucus than a phage moving by 
Brownian motion (Fig 4). We also explore how the magnitude of this advantage varies with 
changing bacterial concentration and mucus layer thickness. 
 
We consider one single phage and calculate the probability (p) that this phage encounters a 
bacterium before moving out of the mucus layer. First we assume that the layer thickness (L) and 
bacterial concentration (B) are both small. The probability is proportional to the time the phage 
spends in the mucus (τM) and the bacterial concentration. However the product of these two 
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factors (τMB) is not dimensionless while the probability (p) is. Hence the full expression has to 
include the basic units of length and time that characterize the problem. The basic unit of length 
is the size of a bacterium. We will call this length unit a and set it equal to 1 µm. For the basic 
unit of time we use the average time (τV) required for a phage to move a distance a. Using Eq. 1 
we estimate these times as: 
 
(Eq. 8)                                    
 
and 
 
(Eq. 9)                                    
 
The factor of 3 in Eq. 9 is due to the fact that only motion perpendicular to the layer contributes 
to the phage escaping from the mucus layer. All in all, 
 
(Eq. 10)                                 
 
Note that p increases when α decreases, indicating that a phage moving subdiffusively (α < 1) has 
a higher likelihood of capturing a bacterium than a phage moving by Brownian motion (α = 1).   
 
Eq. 10 does not hold when either the mucus layer thickness or bacterial concentration are large. 
After all, the probability has to go to one in the limit of large layer thickness and/or bacterial 
concentration. Instead of the simple argument above, we now give the full derivation of an 
equation for the probability (p), which holds for any L and B.   
 
Imagine dividing the mucus layer into voxels of volume a3. At any moment in time, the 
probability (f) that a specific voxel is occupied by a bacterium is given by, 
 
(Eq. 11)               
 
Now consider a time interval τV.  The phage will spend this entire time interval in one of the 
voxels. It will catch one of the bacteria if that voxel happens to be occupied at that moment (so 
with probability f). If unsuccessful, it will spend another time interval τV in a voxel where it 
again has a probability f to catch one of the bacteria. Note that this second time interval can be 
spent in the same or in a different voxel. This process is repeated N times before the phage 
moves out of the mucus, where, 
 
(Eq. 12)                                  
 
The probability that each of the N searches is unsuccessful equals (1-f)N. Hence the probability 
(p) of bacterial capture: 
 
(Eq. 13)                                  
 
For small f, Eq. 13 becomes p≅Nf , which is equal to Eq. 10.   
 

⌧M =

✓
3L2

K

◆1/↵

p =
⌧M
⌧V

Ba3 =

✓
3L2

a2

◆1/↵

Ba3

⌧V =

✓
a2

K

◆1/↵

f = Ba3

N =
⌧M
⌧V

=

✓
3L2

a2

◆1/↵

p = 1� (1� f)N
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To predict how advantageous phage subdiffusive motion is we calculate the ratio of probabilities 
of encounters (p) for a subdiffusive phage (we use α = 0.82, which is the value obtained from 
mucus-adherent T4 phage in 1% mucus concentration) versus a diffusive phage (α=1). The ratio 
of probabilities is shown as a function of the mucus layer thickness (L) and the concentration of 
bacteria (B) (Fig. 4).   
 
That a molecule moving in a subdiffusive manner has a higher probability (p) to find its target 
than one moving by Brownian motion was noted by Golding et. al. (25) in the context of cellular 
reactions. These authors employ an argument based on a model introduced by Halford et al. (24) 
to show that a molecule has a probability; 
 
(Eq. 14)                                  

  
to find a single fixed target in a region with volume r3 (24).  This expression for p is identical to 
Eq. 10 after substituting;  
 
(Eq. 15)                                  

  

 
and  
 
(Eq. 16)                                    
 
In the derivation above, we expand on Golding et al.’s arguments (25). Instead of assuming that 
the targets (in our case the bacteria) are static, we instead consider that they are moving and 
maintain a spatially uniform concentration. Here we assume the Hoc-mucin adherence 
mechanism results in phage standing still some of the time. The T4wt phage subdiffusive search 
then consists of time intervals during which the phage is stuck alternating with time intervals 
during which the phage is moving. Simply being stuck cannot increase the probability (p) to find 
a static target, thus the generalization that the bacteria are moving is needed. Our expanded 
argument presented here shows the increase the probability (p) of a phage find a bacterial target 
that is motile in mucus. 
 
Whatever the details of the underlying mechanism, our arguments establish the superiority of 
subdiffusive motion over normal Brownian motion in mucus. Finally, we point out that our 
model greatly simplifies a very complex situation. It neglects the fact that many phages with 
different host specificities are hunting in the mucus layer at the same time, and that they and their 
hosts may have different distributions. Moreover, it assumes a uniform bacterial density, while in 
fact both the bacteria and phages may be localized at specific regions within the mucus layer. 
Nevertheless, the model is able to explain two of the experimental trends that we observe. First, 
that subdiffusion of T4 phage in mucus leads to increased encounters with bacterial hosts 
compared to Brownian motion. Second, that the subdiffusive advantage is greater at lower 
bacterial concentrations. 

⌧M =

✓
r2

K

◆1/↵

p ⇡
⇣a
r

⌘3�2/↵

B =
1

r3
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 Figures 

 
Fig. S1. Log-log graphs of the ensemble-averaged mean square displacement (MSD) (µm2) of 
T4 and T4∆hoc phage in 0%, 0.2%, 0.6%, 1%, 2% and 4% mucin (w/v). Solid lines indicate line 
of best fit from which the diffusion exponent (α) is determined. Dashed line represents Brownian 
motion (α = 1). 
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Fig. S2. Adsorption assay measuring the percentage of free phage remaining over a 10 min 
period in control (0%) and 1% mucin solutions. Error bars show standard deviation (n = 4). 
Adsorption assays were performed at higher bacterial concentration such that ~80% of phage 
would adsorb to a bacterial host over the 10 min period. Theoretical values were calculated from 
the T4 phage adsorption constant (k) = 2.4×10–9 ml/min, phage concentration (2×105 ml–1), and 
bacterial concentration (7×107 ml–1). (A) T4 phage. (B) T4∆hoc phage. 
 
 
 

  



 13 

Tables 

Table. S1. List of symbols used in calculations. 
Symbol Definition 
A Size of a bacterium and voxel (a =1 µm) 
B Bacterial concentration 
d Number of spatial dimensions 
D Standard diffusion constant 
F Probability that a specific voxel is occupied by one of the bacteria 
k T4 phage adsorption constant 
K Effective diffusion constant in MSD=Kτα 
L Thickness of the mucus layer 
M(τ)  Number of trajectories that last a time τ or longer.  
MSD Mean Squared Displacement 
n Number of measurements 
N Number of voxels a phage searches before leaving the mucus layer 
p Probability that a phage encounters a bacterium before moving out of 

the mucus layer 
P Phage concentration 
S Squared displacement 
SEM Standard error of mean 
t  Time 
α  Diffusion exponent 
Δr Displacement 
τ  Time interval 
τΜ  Average time a phage spends in the mucus layer 
τV Average time it takes a phage to cross a voxel 
 
 
Table. S2. Mean and standard deviation of effective diffusion constants (µm2/s) and diffusion 
exponent (α) of T4 phage across all experimental conditions. 

T4 Phage 
 Effective Diffusivity (µm2/s) Diffusion Exponent (α) 
Mucin % Mean St. Dev. Mean St. Dev. 
0% 3.62 0.17 1.01 0.02 
0.2% 2.94 0.17 0.93 0.02 
0.6% 2.07 0.12 0.82 0.02 
1% 1.82 0.07 0.82 0.01 
2% 1.19 0.07 0.91 0.02 
4% 0.66 0.04 0.86 0.02 
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Table. S3. Mean and standard deviation of effective diffusion constants (µm2/s) and diffusion 
exponent (α) of T4∆hoc phage across all experimental conditions. 
. 

T4∆hoc Phage 
 Effective Diffusivity (µm2/s) Diffusion Exponent (α) 
Mucin % Mean St. Dev. Mean St. Dev. 
0% 3.64 0.24 0.99 0.03 
0.2% 3.14 0.27 0.99 0.04 
0.6% 2.63 0.11 1.01 0.02 
1% 2.54 0.14 1.02 0.02 
2% 1.37 0.07 0.99 0.02 
4% 0.74 0.04 0.89 0.02 
 
 
  



 15 

References 

1.  Berthier E, Young E (2012) Engineers are from PDMS-land, Biologists are from Polystyrenia. Lab Chip. 

2.  Huh D et al. (2010) Reconstituting organ-level lung functions on a chip. Science 328:1662–8.  

3.  Kim HJ, Huh D, Hamilton G, Ingber DE (2012) Human gut-on-a-chip inhabited by microbial flora that 
experiences intestinal peristalsis-like motions and flow. Lab Chip 12:2165–74.  

4.  Escherichia coli B strain HER 1024 Available at: 
http://www.phage.ulaval.ca/?pageDemandee=souche&noSouche=1024&id=42&L=1. 

5.  Protocol: Plating out phage (2011) Cent Phage Technol Texans A&M Univ. Available at: 
https://cpt.tamu.edu/wordpress/wp-content/uploads/2011/12/Plating-out-phage-04-18-2011.pdf. 

6.  Adams MH (1959) Bacteriophages (Interscience, New York, N. Y.). 

7.  Schlesinger M (1932) Adsorption of phages to homologous bacteria. II. Quantitative investigations of 
adsorption velocity and saturation. Estimation of the particle size of the bacteriophage. Z Hyg Infekt 
114:149–160. 

8.  Stent GS (1963) Molecular biology of bacterial viruses (Freeman and Company, San Francisco, Calif.). 

9.  Hyman P, Abedon ST (2009) Practical methods for determining phage growth parameters eds Clokie MRJ, 
Kropinski AM (Humana Press, Totowa, NJ)  

10.  Séchaud J, Kellenberger E (1956) Lyse précoce, provoquée par le chloroforme, chez les bactéries infectées 
par du bactériophage. Ann L Inst PASTEUR, 90:102–106. 

11.  Barr JJ et al. (2013) Bacteriophage adhering to mucus provide a non-host-derived immunity. Proc Natl Acad 
Sci 110:10771–10776.  

12.  Meijering E, Dzyubachyk O, Smal I (2012) Methods for cell and particle tracking. Methods Enzymol 
504:183–200. 

13.  Sbalzarini IF, Koumoutsakos P (2005) Feature point tracking and trajectory analysis for video imaging in 
cell biology. J Struct Biol 151:182–95.  

14.  Chenouard N et al. (2014) Objective comparison of particle tracking methods. Nat Methods 11:281–9.  

15.  Ernst D, Köhler J, Weiss M (2014) Probing the type of anomalous diffusion with single-particle tracking. 
Phys Chem Chem Phys 16:7686–91.  

16.  Chen A et al. (2015) Modeling of Virion Collisions in Cervicovaginal Mucus Reveals Limits on 
Agglutination as the Protective Mechanism of Secretory Immunoglobulin A. PLoS One 10:e0131351.  

17.  Hill DB et al. (2014) A biophysical basis for mucus solids concentration as a candidate biomarker for 
airways disease. PLoS One 9:e87681.  

18.  Barkai E, Garini Y, Metzler R (2012) Strange kinetics of single molecules in living cells. Phys Today 65:29.  



 16 

19.  Mason TG, Ganesan K, van Zanten JH, Wirtz D, Kuo SC (1997) Particle Tracking Microrheology of 
Complex Fluids. Phys Rev Lett 79:3282–3285.  

20.  Mason TG (2000) Estimating the viscoelastic moduli of complex fluids using the generalized Stokes-
Einstein equation. Rheol Acta 39:371–378.  

21.  Waigh TA (2005) Microrheology of complex fluids. Reports Prog Phys 68:685–742.  

22.  Bäckhed F, Ley RE, Sonnenburg JL, Peterson DA, Gordon JI (2005) Host-bacterial mutualism in the human 
intestine. Science 307:1915–20.  

23.  Martens EC, Chiang HC, Gordon JI (2008) Mucosal glycan foraging enhances fitness and transmission of a 
saccharolytic human gut bacterial symbiont. Cell Host Microbe 4:447–57.  

24.  Halford SE, Marko JF (2004) How do site-specific DNA-binding proteins find their targets? Nucleic Acids 
Res 32:3040–52.  

25.  Golding I, Cox E (2006) Physical Nature of Bacterial Cytoplasm. Phys Rev Lett 96:098102.  

 


