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It has been recently reported that in presence of low Reynolds number (Re < 1) transport, preformed
bacterial biofilms, several hours after their formation, may degenerate in form of filamentous structures,
known as streamers. In this work, we explain that such streamers form as the highly viscous liquid states of
the intrinsically viscoelastic biofilms. Such “viscous liquid” state can be hypothesized by noting that the time
of appearance of the streamers is substantially larger than the viscoelastic relaxation time scale of the
biofilms, and this appearance is explained by the inability of a viscous liquid to withstand external shear.
Further, by identifying the post formation dynamics of the streamers as that of a viscous liquid jet in a
surrounding flow field, we can interpret several unexplained issues associated with the post-formation
dynamics of streamers, such as the clogging of the flow passage or the exponential time growth of streamer
dimensions. Overall our manuscript provides a biophysical basis for understanding the evolution of biofilm
streamers in creeping flows.

he normal form of bacterial growth in most environments is now recognized to occur as a biofilm, which is a

social form of growth associated with solid phase surfaces' ™. Biofilms include differentiated populations of

cells embedded in a matrix of self-produced extracellular polymeric substances (EPS)>°, displaying physio-
logical properties that vary significantly from that of a dispersed cell population. Biofilms have attracted signifi-
cant interdisciplinary attention as they can lead to persistent infections”®, fouling of surfaces™'’, and at the same
time help in waste-water treatment''.

Biofilms are excellent examples of viscoelastic materials'>'?, exhibiting a complex range of behaviors to external
force including deformation, fracture and strain-hardening®. Recently, multiple researchers have demonstrated
that even in low Reynolds number (Re < 1) flows, appearance of surface-hugging biofilms was followed, after a
time lag of several hours, by the appearance of filamentous structures (extruding from the pre-formed biofilms)
known as streamers'*""’. These streamers that we study here are in creeping (Re < 1) background flow (e.g., Re ~
0.1 in Rusconi et al."”” and Drescher et al.** and Re ~ 0.01 in Valiei et al."”) and hence are distinctly different from
the streamers formed in turbulent background flow in a multitude of scenarios*'~>”. Streamer formation in low Re
has wide repercussions as they can act as precursors to the formation of mature biofilms in complex micro-
structures'”*’, lead to more rapid and catastrophic clogging of devices®, cause substantial flow-structure inter-
actions®, etc. Despite the recent interests in biofilm streamer dynamics, there remain several open questions, e.g.,
What is the effect of biofilm rheology in streamer formation? What is the reason for the substantial time lag
between the formation of biofilms and the appearance of streamers? How can one explain different effects
associated with the post-formation dynamics of streamers, such as the rapid clogging of the flow device®, or
the very fast growth of the streamer dimensions with time'*?

In this work, we provide answers to all of the above questions. We start by explaining that the streamers form as
the “viscous liquid” state of the intrinsically viscoelastic biofilms, with shear modulus G, viscosity u, and the
viscoelastic relaxation time 7,, = 1,/G (see Fig. 1 and Supplementary Information section 1). Such a hypothesis
allows us to explain the large time lag (henceforth denoted as t,) between the formation of the biofilms and the
appearance of the streamers, and at the same time quantify the role of biofilm rheology in streamer formation.
This hypothesis is also corroborated by the experimental signature of streamer formation, which suggests the
involvement of extrusion process (Fig. 2). Being in the “viscous liquid” state, the biofilms fail to resist the flow-
driven shear forces (often too weak to cause any substantial elastic extrusion) resulting in degeneration as
streamers. Secondly, we explain the post-formation dynamics of the streamers as that of a highly viscous liquid
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Figure 1| (a) Pictorial representation of the proposed hypothesis that
streamers form as viscous liquid jets. (b) We show green fluorescent
bacteria forming a streamer (demarcated by dashed ellipses). Flow is from
top to bottom as shown by arrow. Scale bar is 20 um (experimental set up
identical to that of Valiei et al.'”). Streamers form several hours after the
start of formation of the biofilms and directional growth is not observed.
Also the biofilms employed here are formed from Pseudomonas
fluorescence bacterium — these biofilms are considered to have viscoelastic
relaxation time of a few minutes.

jetin a background flow. In case the background flow can be approxi-
mated to be co-axial to the streamer jet transport, we demonstrate
that the typical conditions pertaining to streamer formation'>"'%*
will lead to “absolute instability”***° of the streamer liquid jet, enfor-
cing the jet to break down into smaller drops. We derive scaling
relationships to quantify the breakup length characterizing such
breakup, and demonstrate that these lengths are often too large to
cause any drop formation in microfluidic systems studying streamer
formation'”. On the contrary, dictated by the geometry, if the
streamer jet is in “crossflow” to the background flow®, the streamers
break down into drops almost instantly after their formation. This
can explain the unbroken filamentous morphology of streamers in
the experiment of Valiei et al.'””, and at the same time account for the
“porous-matrix-like” structure inside the flow domain witnessed in
the experiment of Drescher et al.*°. Finally, we establish that only by
considering the streamers to evolve as viscous drops, we can quantify
effects such as exponential increase in streamer dimensions'>** and
catastrophic clogging of flow devices.

Results

Post-formation streamer dynamics - streamers as highly viscous
liquid jets. Our primary hypothesis is that streamers are formed
when the biofilm attains a “viscous” state. Basis of this hypothesis
is that the biofilms are viscoelastic liquids (with relaxation time 7,,)
and the time scale of streamer formation is substantially larger than
T, (see Table I, Discussions section, Supplementary Information
sections I, II, Tables I and II in Supplementary Information).
Streamers being formed from the “viscous liquid” biofilms, their
post-formation dynamics can be interpreted as that of highly
viscous liquid jets moving through a background flow. This
dynamics depends on the direction of the background flow with
respect to the direction of the streamer jet. In case the background
flow is in the same direction as that of the streamers, we can invoke
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Figure 2 | Schematic showing the expected difference in biofilm growth
between the cases where the growth occurs due to (a) directional growth
and (b) extrusion/flow.

the study of Guillot et al.***° to describe the streamer dynamics: we
perform stability analysis of the streamers, represented by a thin
cylindrical viscous jet of viscosity u, and radius R, moving
coaxially with a flow (of viscosity u) inside a capillary of radius ¢
(see section III and Fig.1 in Supplementary Information). The
instability equation, characterized by the parameters Ka = (—dp/
02)&ly = puly (0p/oz is the pressure gradient, u. is the
characteristic speed of the surrounding liquid, y is the surface
tension between the streamer liquid and the bulk liquid and Ka is
an effective capillary number at the scale of the capillary) and ratios
R/& and /s can be expressed as (see Refs. 29, 30 and section III
and Fig. 1 in Supplementary Information):
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Table | | Variation of the time scales 7, and t, from the correspond-
ing biofilms (* We invoke the property of commonality of biofilm
relaxation time'?)

where C, =

Bacteria forming Biofilms Tye(min) t;(hours)
Pseudomonas aeruginosa 1813 5-10"1¢
20-40%°
Pseudomonas fluorescens 18%13 9
Staphylococcus epidermis 19.2% 6'®
21.9-25.54
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Figure 3 | Phase diagram for the instability (for a circular jet in a circular
capillary) in the Ka = (—0p/02)&/y = pua1/ yand Ry/ & planes for different
M/ pgvalues (blue dashdot line for #;/#r = 0.01, green dashed line for s,/
Ar= 1 and magenta solid line for /4= 100). We have convective
instability above the curves and absolute instability below the curves.
Absolute instability leads to spontaneous breakdown of the jet into drops.
We plot the experimental results [i.e., the corresponding Ka (see Table IT in
Supplementary Information) and RJ/¢ or R/ (h/2) values; here h is the
characteristic dimension of a possible rectangular geometry, see
Supplementary Information] for different experiments (circle for Valiei
etal.”’, triangles for Rusconi et al."” and squares for Drescher et al.*°). Also
for all the experiments /s = 107 (since we take ur= 10" Pa-s and u;, =
10* Pa-s") and we take R/¢& [orRy/(h/2)] = 0.01. Therefore the
experimental Ka and R/¢ values signify an absolute instability regime,
which will suggest a spontaneous breakdown of the jet into droplets for all
the streamer-forming experiments'>'"*.

The resulting instability phase diagram is shown in Fig. 3. Above
the lines the viscous streamer jet will be convectively unstable,
whereas below the lines the jet is absolutely unstable*-*°. The “abso-
lute instability” regime is characterized by spontaneous breakdown
of the jet into drops with the perturbations propagating both
upstream and downstream. This is in contrast to the classical
convective instability, where the perturbations propagate only down-
stream. In Fig. 3, we plot the experimental conditions (charac-
terized by Ka and R,/ values; see Table II for determination of these
parameters) corresponding to the streamer formation, as reported in
the literature'>'”*°. For these experiments, we typically encounter y,,/
i ~ 107, and accordingly these data points are located below the
instability phase line, indicating that the streamer formation condi-
tions are such that the streamer liquid jet will spontaneously break
down into smaller drops, with the breakdown being characterized by
the break up length I,

Following Javadi et al.*’, we can develop a scaling argument to
quantify this break up length I, for streamers in coaxial flow (see
section IV in the Supplementary Information for detailed derivation)
as:

lbs ~ Rs(tytic/7)- (4)

Consequently, for the experiment of Valiei et al.”’, we get I, ~
100 um (using Ry ~ 1 um, p, ~ 10* Pa-s, y ~ 0.01 N/m, u, ~
107* m/s) — we indeed find that the streamers continue as long
unbroken jets/filaments between two microposts having separation
distance much smaller than I, (see Fig. 2 in Supplementary
Information). Using the same scaling, we would get [, ~ 1-
10 mm (employing R, ~ 1 um, p, ~ 10* Pa-s, y ~ 0.01 N/m, u,
~ 107°-107> m/s) for the experiment of Rusconi et al.'® and
Drescher et al.**. However in these experiments'>*’, as per our hypo-
thesis, the streamer viscous jet will rapidly break down into smaller
drops. This can be explained by noting that in these experiments'>*’,
because of the flow passage geometry the streamer jet is not aligned to
the background flow; rather, the jet can be assumed to be partly in a
crossflow scenario (with respect to the background flow) (see Fig. 3 in
Supplementary Information). In case the streamer jet is assumed to
be completely in crossflow with the background flow, the breakup
length can be expressed as (see section V and in Supplementary
Information for detailed derivation):

lbs 2 (lbs>3 1 (lbs)s le
3\ =) Tzl+%) =7=: 5
¢ 3\¢ 5\¢ k& ®)

The principle behind the derivation is to quantify the breakup
length as the length where the momenta of the background crossflow
and the streamer jet balance each other. The factor k in eq.(5)
depends on the choice of the velocity scale used to quantify the flow
of the streamer jet — it is equal to 2 if the velocity scale of the streamer
jet is equal to the average velocity (of the background flow) and is
equal to 8 if the velocity scale is the maximum velocity (of the back-
ground flow). [,; computed from eq.(5) can become even smaller
than Ry (see section V and Fig. 4 in Supplementary Information) -
therefore the drop formation (from streamers) is caused by the pres-
ence of geometry-induced crossflow elements'>*. Presence of such
drops and its corresponding growth owing to the mass addition (see
below) ensures the “porous-matrix-like” structure inside the flow
domain®.

Time variation of streamer dimensions. The key physics behind the
temporal variation of the streamer dimensions, as explained by
Drescher et al.”, is the addition of mass to the streamers by the
incoming cells. In their experiments, Rusconi et al.'” reported a
close to exponential (for small times) increase in the streamer
dimensions with time. They also reported a smaller streamer
dimension at a given time for a weaker flow rate. Drescher et al.*’
demonstrated that the time scale for this exponential streamer
growth varies as 1/(flow rate). Analysis of Drescher et al.”,
considering streamers as a “solid” body, cannot recover this
exponential behavior - on the contrary, their analysis will exhibit a
growth dynamics expressed as (see section VI in the Supplementary
Information):

= 7 Ttheory1 = S Ax 4 - 6
Rs,O 1— t/ftheory,l theory:1 ﬂCAPAacRs,O ( )

different flow rates employed in a given experiment

Table Il | Variation of the capillary number (Ka) for different experiments on streamer formation. For all the cases, we consider i ~
102 Pa—s and y = 0.01 N/m. Also p, ~ 10* Pa—s'?, so that /e = 107. Here we tabulate all the possible Ka corresponding to the

Experiment Q (uL/min) U (mm/s) Ka x 10*
Rusconi et al. 0.5,0.75,1.0,1.5 0.49,0.74,0.98, 1.47 0.49,0.74,0.98, 1.47
Valiei et al. 0.13,0.2,0.33 0.07,0.10,0.18 0.07,0.10,0.18
Drescher et al. 0.9-20 0.83-18.5 0.83-18.5
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Figure 4 | Temporal variation of the streamer diameter d; = 2R,.
Experimental results correspond to the streamer formation in a
microchannel with 330° bend reported in the experiment of Rusconi et al."?
for different flow rates (circles for 1 uL/min and triangles for 0.5 uL/min).
The continuous lines (solid line for flow rate for 1 pL/min and dashed line
for 0.5 uL/min) are the theoretical predictions using an exponential
variation expressed as R/ R, = di/dso = exp[(t—10)/Tsneory2] [this is a
modification of eq.(2), considering dJ(t = ;) = d;; here d,, and t; are the
values obtained from the experiment]. To compute Tycor,,2, We use eq.(7),
with parameters 1, = 107° m/s (for flow rate 1 uL/min) and u, =
0.5X107* m/s (for flow rate 0.5 uL/min), C=5 X 10~* cells/um*?*, A, =
2 pm?*and f = 0.67 X 107°. In the inset we show the variation of time scale
(7) of streamer dynamics with the flow rate. Experimental results® are
shown by markers, whereas our prediction (Teor,2) is shown by a solid
line. For this prediction, we consider the same dependence of u.on flow
rate and keep all other parameters same, except for C, which is now C = 2
X 107* cells/um® *°.

We rectify Drescher et al.’s analysis; we demonstrate that such
exponential increase in the streamer thickness can be accounted by
considering that the streamers evolve as drops. The corresponding
growth dynamics can be expressed as (see section VI in the
Supplementary Information):

(7)

—e T T =
Rs,O Xp theory,2)>Ltheory,2 ﬁ Cu.A,,

In the above equations, C is the bacterial cell concentration, A, is
the area added by an advected cell to the streamer, f§ is the fraction of
cells that get caught in the streamer, Ap is the pressure drop across
the streamer (assuming it to be a “solid" cylinder), and R is the
thickness of the streamer at the time when streamer starts to form. In
Fig. 4, we show the comparison of the experimental results'> and our
theoretical prediction of the temporal variation of the streamer thick-
ness for different flow rates. For smaller flow rates (~0.5 xL/min),
we get excellent agreement with the experimental results, whereas for
higher flow rates (~1 uL/min) the agreement is primarily at smaller
times. At larger flow rates and at substantially large times, the flow
clogging mechanism induced by the streamers will cause a weaker
than exponential increase of the streamer dimensions. In the inset of
the Fig. 4, we compare our theoretical prediction (Tyseor,2) With the
experimental result® of the streamer formation time scale 7 as a
function of the flow rate, and recover the 1/(flow rate) dependence
of the time scale. Such dependence is also recovered for the time scale
(Ttheory,1) corresponding to the “solid state” streamer, although the
magnitude of Tyeoy,1 is substantially larger, which will fail to recover
the 7 values observed in experiments (see inset of Fig. 4). In this
context, it is worthwhile to mention that had we considered strea-
mers as long cylindrical liquid entities with constant length with the
addition of cells increasing the surface area, we would have also got
dRy/dt ~ R,, yielding an exponential growth rate of the streamers
(with a time constant different from 7,co,y,>). The main limitation for

such a hypothesis (i.e., considering streamers as long, cylindrical
liquid entities) is that we assume that the streamers persist as stable
jets, which is a notion not supported by the experimental systems
(e.g., the systems of Drescher et al. [20] and Rusconi et al. [15]),
where the streamer jets are in partial cross flow and this growth
dynamics becomes evident and important. Contrary to the studies
of Rusconi et al.”® and Drescher et al.*, in experimental set up of
Valiei et al.'"” the streamers being coaxial to the background flow, the
flow direction is tangential to the direction of axis of the cylindrical
jet (which does not break into droplets, see above), and hence the
transfer of cells to the streamer can only occur diffusively (with
diffusivity D), yielding (see section VI in the Supplementary
Information):

2Ry

=1+—7Tth807' -y
.3
Ttheory,.% ﬂCAacD

(8)

R
RS,O

Clogging effect of streamers. As discussed by Drescher et al.*’, one
of the key signatures of the streamer dynamics is the manner in
which it clogs the flow by causing a substantial reduction in the
flow rate. Drescher et al.*® argued that such a behavior could be
attributed to the “solid” state of the streamers and the fact that the
streamers are positioned in the bulk and not at the walls. We find, on
the contrary, that on being located in the bulk, the “liquid” state of
the streamers may actually lead to a greater reduction in the flow rate
(this flow rate is denoted as Q) for certain ranges of streamer
thickness values (see section VII and Fig. 6 in the Supplementary
Information). This reduction can be explained by noting (see section
VII in the Supplementary Information for detailed derivation):

M R\*
w-(1-2). ©)

where Q is the volume flow rate for a steady pressure-driven fully-
developed flow inside a cylindrical capillary of radius £. This
reduction gets severely more enhanced (see Fig. 6), and is
manifested over the complete spectrum of the streamer thickness
values, when the “viscous liquid” streamer jet, on account of
geometry-induced crossflow, breaks down into smaller
dimensions, which would now occupy a much larger cross
sectional area of the channel. This reduction (see Fig. 5 in the
Supplementary Information) can be explained from the
corresponding expression of the volume flow rate. Considering
that the streamer jet has broken down into 3 equal identical
segments that are symmetrically placed across the capillary height,
we can express the corresponding flow rate (Q 3;) as (see section VII

in the Supplementary Information):
2
+]1—4 <&> +ali R
¢ Hp €
.(10)

Qus . (1 RN, (1 R\
@ (2+5> {2 <2+é)
(-6
4 ¢ 2 ¢ ¢

Discussion

Why Streamers form as “viscous liquid” state of biofilms. Biofilms
are viscoelastic liquids'>'**>*> — therefore, at times t < t,, they exhibit
a behavior analogous to elastic solids, whereas at times ¢ > t,, they
exhibit a behavior identical to that of highly viscous liquids (see
section I in the Supplementary Information for a more elaborate
discussion). Rheological measurements exhibit wide ranges of
values of the shear modulus G and viscosity p, of the
biofilms'>!>?>*337 although there is a remarkable commonality
in the viscoelastic relaxation time 7,, = p,/G" (see section I and
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Table I in the Supplementary Information). In order to understand
the rheological state of the biofilms that lead to streamer formation,
we must compare f, with 7,,. In Table I, we summarize the t; values
corresponding to different experiments reporting the formation of
streamers, as well as the corresponding 7,, values (for the biofilms
forming the streamers) obtained from separate rheological
measurements. From this table it is clear that we always encounter
t > t,,, establishing the validity of our hypothesis of considering
streamers as “viscous liquid” state of the biofilms (see Fig. 1 and
section I in the Supplementary Information for more details).
Please note that in an earlier study, Rusconi et al.'® used this idea
of t > t,, to hypothesize streamers as viscous liquid; however, they
did not provide any further analysis to establish their claims. Also we
shall like to distinguish between the streamers that we describe from
that of the aggregation-driven streamers witnessed by Yazdi and
Ardekani®. Our analysis negates the idea that the streamers form
from the “elastic” degeneration of the biofilms'>***, since the
imposed elastic strain (e) from the flow shear is invariably very
weak, ie, e ~ 1072-10"* >!820 (gee Table II and section II in
Supplementary Information for details). On the contrary, when the
biofilms attain the “viscous liquid” state, it will fail to resist any
imposed shear, thereby degenerating into streamers. Note that the
quantitative relationship between the strain e (or applied stress o)
and t,, obtained from different experiments, are not well explained.
In this context, it is worthwhile to point out the impact of biological
growth in the streamer formation process. We shall like to emphasize
here that we are not discounting biological growth based on time-
scales. In fact, since streamer formation time-scales (few to several
hours) are much longer than cell division time-scale (~30 min) it is
not possible to rule out the role of growth based on time-scale alone.
The physical basis for neglecting growth, on the contrary, is
illustrated in Fig. 2. If preferential accumulation and/or growth
contributed to streamer formation, then the experimental
signature of streamer formation would be similar to Fig. 2a.
However, in reality'’, the experimental signature is similar to the
illustration in Fig. 2b. This experimental signature suggests that in
the initial phase, streamer formation is dominated by mechanical
response of viscoelastic biofilms to externally imposed shear.

Streamers as jets and their breakup. We have based our analysis and
results under the assumption that the biofilm streamers are formed
as jets of highly viscous liquids. These jets are formed by the shearing
action of the background flow on the viscoelastic biofilm. In this
light, streamer formation is indeed “shear-driven”. Once formed,
they are either in co-flow or cross-flow (partly) with the
background pressure-driven transport. For the former case, in
order to ensure stable base state of the jet, the axial pressure-
gradient needs to be identical in both the streamer jet and the
background flow and the streamer jet will be driven by an
imparted shear from the background flow [see eqs.(2,3) in the
Supplementary Information]. It is also important to distinguish
here between the streamer jets in co-flow and cross-flow. Although
like the streamers jets in co-flow, streamer jets in cross-flow also form
due to the shearing action of the background transport, it need not
conform to the background pressure-driven transport as is done by
the jets in co-flows. This difference, as has been established here,
dictate the break-up dynamics of the jet. In context of the jet
break-up, we shall like to emphasize here that the jet breakup is
strictly a liquid instability phenomenon. In other words, elasticity
has no role to play here as evident from the fact that the
corresponding elastic or elastocapillary bending length®
lgg ~ \/GR3 /y=30nm (considering G ~ 10 Pa for Pseudomonas
aeruginosa, R; ~ 1 pm, v = 0.01 N/m), i.e., much smaller than the
break up length for jets in both co-flow and cross-flow. Had elasticity
effects been important, the break up length of the jets would have
been of the same order as Igg. Finally, we shall like to mention here

that we start with an assumption that the streamers, once formed,
start with a radius R;o. Our theory of jet break up and growth
dynamics of streamers remain valid as long as R is finite. Exact
prediction of the value of R;, would require a full-scale numerical
simulation, which is beyond the scope of the present study.

To summarize, we have provided a theory to establish that the
biofilm streamers, witnessed at very low Reynolds number (Re < 1)
microfluidic transport, form as viscous liquid jets. Our theory allows
us to explain the very large time scales (~several hours) associated
with the streamer formation, that occurs in presence of extremely
weak flow-driven shear stresses (direct experimental validation of the
presented theory remains a challenging task at present). Further, our
theory reproduces the experimental results'>* of growth dynamics of
the streamers quantitatively, hitherto missing from the existing stud-
ies. Finally, it is important to note that the streamer jets, which will
invariably form as viscous jets, may attain viscoelastic rheology on
account of entrapment of bacterial cells that produce EPS. The time
scale of this change of rheology will be similar to that of the growth of
process (~hours). Hence it will not affect the initial streamer viscous
jet dynamics with much smaller characteristic time - we probe this
initial dynamics to explain the unbroken streamers in Valiei et al."”
and jet-to-drop transition in Rusconi et al."”” and Drescher et al.*. But
atlarger times, this change of rheology can help explain issues such as
the C*¢ dependence of timescale dictating the streamer growth®, or
the physical origin of the fitting factor f. Such explanation, along
with those forwarded in this study will lead to a more comprehen-
sive understanding of the biofilms in low Reynolds number
hydrodynamics.

Methods

In this study, we employ different theoretical methods, which are discussed below:

e Stability Analysis: We have employed the Stability Analysis proposed by Guillot
et al.*. The method, described in details in section III in the Supplementary
Information, performs a perturbation analysis on the co-axial flow field base state
(i.e., flow field that describes the transport of the highly viscous liquid streamer jet
in a co-axial background microfluidic transport), provides the stability curve as a
function of system parameters describing, whether or not the streamer jet will
break down into drops.

® Fluid Flow Analysis for estimating the jet breakup length: When the viscous
streamer jets are co-axial to the background flow, we employ a fluid flow analysis
method similar to that proposed by Javadi et al.* to compute the breakup length
of the streamer. The method is based on balancing the viscous stress term (highly
magnified since the streamers are extremely viscous) with the background flow
induced shear stresses (see section IV in the Supplementary Information for more
details). In case the streamers are in cross-flow, we employ a fluid flow analysis
method similar to that proposed by Muppidi and Mahesh*® to obtain the breakup
length. The method is based on computing the distance at which the momentum
of the cross-flow becomes equal to the momentum of the jet — it is at this distance
the jet breaks (see section V in the Supplementary Information for more details).

®  Mass balance analysis for estimating growth rate of streamer dimensions: The
streamers, assumed to evolve as liquid jets, grow in mass due to addition of
advected cells. This analysis is similar to that employed by Drescher et al.”’, with
two exceptions. First, it consider the streamer as a liquid jet (and not a “solid”
cylinder as considered by Drescher et al.*°) and second the mass addition is
assumed to increase the surface area of the streamers and not the cross sectional
area. These exceptions ensure that we do recover the experimentally observed
exponential increase in the streamer growth rate (see section VI in the
Supplementary Information for more details).

e  Flow rate analysis for estimating clogging action of the streamers: The method
employed here is the calculation of the net flow rate within the micro-conduit
neglecting the flow inside the streamers. Calculations are done for the following
cases: a) the biofilm is adhered to the conduit wall (Drescher et al. have also done
this calculation®), b) the biofilm has extruded into a single “solid” streamer of
cylindrical configuration (Drescher et al. have also done this calculation®), c) the
biofilm has extruded into a single “liquid” streamer of cylindrical configuration
and d) the biofilm has extruded into multiple “liquid” streamers (see section VII
in the Supplementary Information for more details).
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