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ABSTRACT: Initial deposition of bacteria is a critical stage during biofilm
formation and biofouling development in membrane systems used in the
water industry. However, the effects of hydrodynamic conditions on
spatiotemporal deposition patterns of bacteria during the initial stages of
biofilm formation remain unclear. Large field epifluorescence microscopy
enabled in situ and real-time tracking of Bacillus subtilis in a forward osmosis
system with spacers during the first 4 h of biofilm formation. This study
quantitatively compares the spatiotemporal deposition patterns between
different hydrodynamic conditions: high and low permeate water flux (6 or
30 L m−2 h−1) as well as high and low crossflow velocity (1 or 14 cm s−1).
Low crossflow velocity and high permeate water flux maximized bacterial
attachment to the membrane surface, which was 60 times greater (6 × 103

cells mm−2) than at high crossflow velocity and low permeate water flux
(<100 cells mm−2). Imaging at 30 s intervals revealed three phases (i.e., lag, exponential, and linear) in the development of
deposition over time. Quantification of spatial deposition patterns showed that an increase in the ratio of permeate water flux to
crossflow velocity led to a homogeneous deposition, while a decrease had the opposite effect. The insights of this research indicate
that an appropriate choice of hydrodynamic conditions can minimize bacteria accumulation prior to biofilm formation in new and
cleaned FO membrane systems treating water of high fouling propensity.

■ INTRODUCTION

Forward osmosis (FO) has been gaining interest as a practical
alternative for advanced wastewater treatment, as it is less
prone to fouling than pressure-driven membrane processes.1−3

Large-scale facilities use spiral wound modules, in which two
thin-film composite membranes are separated by a poly-
propylene or polyethylene mesh, termed spacer.4−6 Feed
channel spacers promote mixing, hence reduce concentration
polarization, but are also known to increase biofilm formation,
which leads to the development of biofouling.4

Biofilm formation commences with the deposition of cells
on a conditioned surface followed by reversible attachment
(e.g., easily removable by fluid shear) via different
physicochemical interactions.7 Irreversible attachment may
follow as bacteria secrete extracellular polymeric substances
(EPS), which anchor the cells to each other and the surface.8,9

Bacterial proliferation on the membrane surface, as well as
continuous deposition of planktonic cells and protobiofilms,
leads to biofilm growth.10 The dynamics of these initial stages
of biofilm formation are affected by the hydrodynamic
conditions in the feed channel, the bacterial species, and
nutrients concentration in the feedwater, as well as surface
properties, including charge and hydrophobicity.9,11,12 Biofilm
formation in membrane-based systems, especially those used

for wastewater reclamation (comprises high concentrations of
bacteria and organic matter), causes severe biofouling,12−14

which leads to (i) reduced permeate water flux due to cake
enhanced concentration polarization2 and (ii) significant
increase of pressure drop along the feed channel due to
blockage of the spacer by biofilms.4 Understanding initial
deposition patterns and irreversible attachment during these
first stages of biofilm formation is therefore crucial for the
development of biofouling mitigation approaches.
The deposition path of particles (i.e., bacterial cells) from

the feed solution to the membrane surface and initial
attachment are controlled by two main physical factors: (i)
drag force caused by permeate water flux through the
membrane transports bacteria closer to the membrane surface
and hinders detachment from the membrane surface to the
bulk9 and (ii) lift forces which are directed away from the
membrane and act on bacterial cells due to fluid shear parallel
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to the surface. As the distance between bacteria and membrane
decreases, the lift forces increase, while the drag force remains
constant. Thus, initial deposition of inert beads was suggested
to be dependent on the ratio between permeate water flux that
transports particles toward the membrane and crossflow
velocity that imposes lift forces away from the membrane.15,16

To date, different studies determined the impact of hydro-
dynamics on membrane fouling using a variety of foulants with
various effects (depending on the specific characteristics of the
foulant type).5,17−21 However, most studies have only
qualitatively estimated the former effects, while no quantitative
reports are available on the impact of crossflow and permeate
water flux on the initial stages of biofilm formation in
membrane systems with spacers.
In this study, we investigated the impact of hydrodynamics

on the first stages (4 h) of biofilm formation, namely initial
deposition and irreversible attachment, under different cross-
flow velocities and permeate water fluxes in an FO system with
spacers. We conducted dynamic biofouling experiments with
Bacillus subtilis as a biofilm forming model organism.
Spatiotemporal patterns of bacterial deposition were captured
with high resolution large field fluorescence microscopy and
quantified with a newly developed image analysis pipeline as
well as flow cytometry. Concomitantly, flow paths of bacteria
through the feed channel were captured in real-time, following
inoculation of the FO system. Our results indicate that a
decrease in the permeate water flux to crossflow velocity ratio
leads to less deposition as well as a heterogeneous distribution
of cells within a spacer element.

■ MATERIALS AND METHODS

Experimental FO Setup for Real-Time Bacterial
Tracking. Experiments were conducted in a bench-scale FO
membrane system with spacers (Figure 1A). Fluorescent
bacteria in the feed channel were visualized in situ and in real-
time using a large field high resolution epifluorescence
microscope equipped with an Axiocam 506 monocamera.
Centrifugal pumps (Atman, China) in combination with
needle valves (Ham-Let, Israel) were used to set the crossflow
rates. Volumetric flow measurements were continuously done
for control. The water temperature of the FO system was held
constant at 25 ± 0.5 °C. The 3D printed crossflow cell
(Shapeways, USA) consisted of four elements: support plates
on the bottom and top, as well as feed and draw halves (Figure

1B). A microscopic slide (Menzel, Thermo Fisher, USA)
sealed the view hole in the feed half. Feed and draw halves
were made of acrylic photopolymer (Visijet M3 Crystal, 3D
Systems, USA). The O-rings defined the membrane area (7.9
× 3.7 cm2) and let the spacer (17 mils = 0.43 mm, Conwed,
USA) set the channel height. The spacer was diamond-shaped
and contained two layers of polypropylene filaments. The thin-
film composite FO membrane (FOMEM-0415, Porifera, USA)
was stored at 4 °C in 1% NaHSO3 solution and thoroughly
washed by double distilled water (DDW) before use. Permeate
water flux and reverse salt flux were 33 ± 2 L m−2 h−1 and 0.60
± 0.1 g L−1, respectively, at 1.0 M NaCl draw solution and 25
°C. The contact angle of the active layer was ca. 70°.

Bacterial Strain and Growth Conditions. Bacillus subtilis
with labeled green fluorescent protein (strain number 4846, ex.
470 nm, em. 525 nm) was used as a biofilm forming model
bacteria for all the experiments. B. subtilis are Gram-positive,
rod-shaped (∼0.8 μm × 5 μm), and motile bacteria that form
spores and are often found in domestic wastewater.19,22,23 B.
subtilis are commonly used as model bacteria as they often
form biofilms on various artificial surfaces as well as in soils and
the human gut.24,25 B. subtilis were grown overnight (8−12 h)
in Luria−Bertani broth (LB, Becton, Dickinson and
Company), diluted, and regrown for less than 2 h to a
midexponential state (OD600 of 0.5). After centrifugation at
4000 rpm for 20 min supernatant LB was removed and
replaced with sterile artificial secondary effluent wastewater to
resuspend the bacteria.24

Experimental Procedure. Experiments were conducted
with combinations of low (5.6 ± 0.9 L m−2 h−1) and high (30
± 3.6 L m−2 h−1) permeate water fluxes, as well as low (1 cm
s−1) and high crossflow velocities (14 cm s−1), resulting in four
hydrodynamic configurations (Figure 2). The cleaning
protocol before each experiment included a rinse with 10%
bleach for 10 min as well as two rinses for 30 min with DDW.
All air bubbles were removed by running the FO system with
DDW for up to 4 h. Experiments were initiated by adding
sterile artificial secondary effluent wastewater (2 L) containing
carbon sources in the form of sodium citrate (0.6 mM
Na3C6H5O7) and glucose (2.7 mM C6H12O6) to the feed tank.
Permeate water flux was controlled by varying the osmotic
driving force. For this purpose, a predefined amount of 5 M
NaCl stock solution, which was different in each hydrodynamic
condition (Table S1), was added to the draw reservoir (8 L),
and conductivity was measured (Eutech Instruments, Thermo

Figure 1. (A) Schematic drawing of the bench-scale FO system with a cross-sectional view of the membrane crossflow cell and spacers. (B) 3D
printed flow cell and corresponding components including spacers, O-rings, cell halves, and support plates.
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Scientific, USA). Both feed and draw solutions were mixed for
15 min before B. subtilis was added to the feed solution in a
concentration close to wastewater conditions (2 ± 0.5 × 109

cells L−1). Feed samples were taken hourly to quantify total
bacterial abundance with an Attune NxT flow cytometer (life
technologies, Thermo Fisher Scientific, USA). B. subtilis was
counted with the flow cytometer according to the green

fluorescence (excitation 488 nm, emission 530 ± 30 nm) and
side scatter of the bacteria (Figure S1).

Image Acquisition. ZEN 2.6 (Zeiss, Germany) and an
epifluorescence microscope (Axio Zoom, V16, Zeiss, Ger-
many) with a PanNeoFluar objective and an Axiocam 506
mono camera provided images of bacteria deposition. Two
filters, excitation of 500/25 nm and emission of 535/30 nm,
were used to visualize bacteria. One spacer element (∼1.5 ×
1.5 mm2) was captured at 20× magnification with the focus on
the membrane surface. Images for deposition over time (4 h)
were taken every 30 s. Movies for particle tracks were recorded
for 30 s with a magnification of 60× and a frame rate of 10 s−1

at five different locations in the spacer element (Figure S2) at
the beginning of each experiment.

Image Analysis: Particle Detection and Tracking.
Recorded image series were exported from ZEN and analyzed
in MATLAB (The Mathworks, Inc.). The area lying beneath
the spacer filaments and outside of the observed spacer
element was excluded. After background subtraction and
thresholding, clusters of connected pixels were determined,
which were then separated into bacteria (5 pixels per bacteria)
to obtain the bacteria count. Deposition patterns were
quantified by splitting the area within the spacer element
into nine regions defined according to the cardinal directions
(Figure S3). The bacteria tracking algorithm followed the
position of identified bacteria from one time step to the next.
These tracks were used to calculate the flow field, which
included at least 150 tracks for each configuration (i.e., each
combination of crossflow velocity and permeate water flux).

Figure 2. Schematic drawing of the four hydrodynamic conditions:
high crossflow velocity and low permeate water flux (HCLP, A), high
crossflow velocity and high permeate water flux (HCHP, B), low
crossflow velocity and low permeate water flux (LCLP, C), and low
crossflow velocity and high permeate water flux (LCHP, D). D is
defined as the ratio between permeate water flux and crossflow
velocity.

Figure 3. (A) Three-dimensional view of the spacer element comprising filaments I to IV. Arrows represent water flow that enters and exits the
spacer element close to the membrane. Average flow paths of bacteria (n = 3 independent experiments) close to the membrane surface (<7 μm) at
low crossflow velocity combined with low permeate water flux (B) or high permeate water flux (C). The color scale represents bacterial velocities,
while the arrows show the direction of the bacterial flow paths. Due to the low fluorescence of bacteria, movies had to be taken in five different
locations within the spacer element (Figure S2).
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Quantifying Deposited Cells with Flow Cytometry.
The membrane was carefully removed from the flow cell after 4
h of biofouling experiment and cut into coupons of 2 cm2.
These coupons were resuspended in sterile wastewater with 2.5
mM ethylenediaminetetraacetic acid (EDTA) and bath
sonicated for 5 min to disperse all attached bacteria cells.
The cell suspensions were diluted and analyzed in an Attune
NxT flow cytometer (Life Technologies, Thermo Scientific,
Waltham, MA, USA) with a flow rate of 25 μL min−1. Staining
of cells was not required for flow cytometry, as the green
fluorescence protein was captured by a 530 nm (green
emission) detector and side scatter with excitation wavelength
488 nm (Figure S1). Bacterial abundance was normalized to
the sample surface area. Membrane surface area was measured
in MATLAB (The Mathworks, Inc.).
Statistical Analysis. Analysis of variance (ANOVA) with

Fisher’s (LSD) least significant difference procedure (signifi-
cance level of p < 0.05) was performed with MATLAB (The
Mathworks, Inc.).

■ RESULTS AND DISCUSSION

Effects of Permeate Water Flux on Bacterial Flow
Paths near the Membrane Surface. Flow paths were
generated by tracking bacteria in situ and in real-time at five
locations (Figure S2) within a spacer element (Figure 3A).
During this early, yet critical, stage of biofilm formation the
velocities of bacteria were up to 30 μm s−1 close (∼7 μm) to
the membrane surface under LCLP conditions (Figure 3B).
Differently, bacterial velocities were much slower (17 μm s−1)
at LCHP (Figure 3C). It should be noted that bacterial flow

paths could not be determined at the high crossflow velocity
(14 cm s−1). Tracking bacteria under these conditions in real-
time required high exposure times leading to a low frame rate
(<10 s−1) for image acquisition. These frame rates were not
fast enough to distinguish between the different flow paths at
the necessary resolution. Nonetheless, it is likely that a higher
crossflow velocity would result in higher bacterial velocities
near the membrane surface.25

Experiments with high permeate water flux and low
crossflow velocity (LCHP) resulted in enhanced pressure
drop along the feed channel, hence crossflow had to be
readjusted immediately (ca. 10 min) after inoculating the
feedwater. We surmise that the reduction in crossflow velocity
at LCHP conditions was due to the immediate effects of
bacteria deposition on membrane and spacer surfaces. These
effects were more acute under LCHP since bacteria cells were
forced closer to the membrane with the increased permeate
water flux. The mobility of these cells is often hindered (i.e.,
slower) compared to those further away, due to the difference
in wall and fluid shear in a laminar velocity profile (Re < 10).26

Thus, the average velocity of all tracked cells was lower by 2-
fold in comparison to LCLP (Figure 3C).
After inoculation at LCLP, it was further observed that most

bacteria entered the spacer element under filament I and
filament II. Concurrently, bacterial cells were captured exiting
the spacer element under filament III and sporadically under
the small gap between filament IV and the membrane (e.g.,
Movie S1). However, we found that no bacteria entered or
exited beneath filaments II and IV at LCHP which indicates
that the gap was clogged, most likely by attached cells. Hence,
an increase in the ratio between the drag and lift forces

Figure 4. Analysis of bacteria deposition on the membrane surface during the early (4 h) stages of biofilm formation. (A) Time variant average
bacterial abundance (BA) for the four different hydrodynamic configurations (n = 3 independent experiments). Statistical analysis with ANOVA at
a significance level of p < 0.05 resulted in three distinct groups (a, b, c) after 4 h. (B) Bacterial abundance (BA) at the end of the experiment over
the ratio of permeate water flux and crossflow velocity, D. (C) Regions where a linear (blue), an exponential (gray), and no (red) relation between
BA, D, and t were observed.
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prompted irreversible attachment of cells to the membrane
surface as previously reported.16 Concomitantly, higher
permeate water flux also intensifies concentration polarization,
which raises not only ion concentration but also nutrient and
carbon concentration close to the membrane.27,28 Consequen-
tially, it is possible that more bacteria will move toward the
membrane surface via chemotaxis responses, which increases
the probability of initial contact.27 Attached bacteria that
proliferated on the membrane surface secrete EPS, which
further hindered the flow path through the spacer element.
Notably, under LCHP conditions, high numbers of bacteria
deposited and grew on the membrane underneath filaments II
and IV, thus blocking the small gap between these filaments
and the membrane. Differently, this blockage did not occur
under LCLP conditions during these early stages (4 h) of
biofilm formation.
Zooming into bacteria flow paths provided indications that

the spacer filaments had little effect on the direction of the
planktonic bacteria at LCLP conditions (Figure 3B, enlarge-
ment). Contrarily, the bacteria flow paths were often aligned
with the orientation of the spacer filament under LCHP
conditions (Figure 3C, enlargement). Nonetheless, suspended
bacteria followed the general flow direction in the middle of
the spacer element (>300 μm distance to the filaments)
regardless of the hydrodynamic conditions (Figure 3B and C).
The area affected by flow perturbations induced by spacer
filaments narrows with decreasing Reynolds number.25

Previous studies considered Reynolds numbers greater than
70,20,25,29 which is higher than the Reynolds number of 6.7
that was calculated for this setup (Figure 3). Therefore, the
water flow reattachment point after the recirculation zone was
closer to the spacer filaments in this study. We surmise that the
overall crossflow velocity had an increased impact on the flow
paths which led to a larger area of flow that was aligned with
the general flow direction.
Impact of Permeate Water Flux and Crossflow

Velocity on Initial Bacterial Deposition. Bacterial cell
accumulation on the membrane surface was quantified by large
field, high resolution epifluorescence microscopy at 30 s
intervals (Figure S4). Using these results, deposition was
investigated at four hydrodynamic conditions: LCLP, LCHP,
HCLP, and HCHP (Figure 4). Regardless of the hydro-
dynamic conditions, bacterial abundance on the membrane
was low (<150 cells mm−2) during the first 2 h and rapidly
increased for the next 2 h (Figure 4A). At the end of the
experiments (4 h) clear and significant differences in bacterial
abundance were found between the four hydrodynamic
conditions. Bacterial numbers were more than 5-fold higher
at LCHP than at other hydrodynamic conditions. LCLP was 2-
fold higher than HCHP, while the lowest number (<100 cells
mm−2) of bacteria attached at HCLP after 4 h of constant flow.
Bacteria deposited exponentially between 2.3 and 3 h and

linearly between 3 and 4 h at LCHP which differs from the
other hydrodynamic conditions (Figure 4A). The exponential
increase in deposition after 2.3 h was partly due to bacterial
proliferation in the feed solution (Figure S5) and on the
membrane surface.30 Excess of nutrients due to concentration
polarization could have expedited growth on the membrane
surface between 2.3 and 3 h. However, nutrient consumption
over time (i.e., during cell proliferation) may have con-
sequently hindered growth leading to a linear growth rate on
the membrane surface at later stages (Figure 4A). Both growth
and nutrient consumption do not apply for fouling systems

with inert beads17,18,31 and emphasize the need of using
bacteria to determine the impact of hydrodynamics on biofilm
formation.
Bacterial abundance (BA) showed a strong linear correlation

(R2 = 0.98, p < 0.001) with the ratio of permeate water flux

(Jw) over crossflow velocity (CF), =D Jw
CF
, at the end of the

experiment (Figure 4B). It was observed that a higher
permeate water flux led to greater deposition, while a higher
crossflow velocity had the opposite effect. Since fluorescent
images for quantification of deposition were taken at intervals
of 30 s over these initial biofilm formation stages (4 h), the
correlation between BA and D was determined at different
points in time (t = 2.3, 2.7, and 3 h in Figure S6, as well as t = 4
h in Figure 4B). At each time step after t = 2.3 h, the relation
between BA and ratio D can be approximated as linear (p-value
<0.05). Our results point out that the linear coefficients for the
correlation between BA and D change over time at the
different hydrodynamic conditions (Figure S6E). Hence, both
time and ratio of permeate water flux over crossflow velocity
affect the bacterial abundance, which can be approximated by
the described equations (Figure 4C). These correlations can be
used to estimate the accumulated deposition of B. subtilis, as
well as calculate deposition rates at values of D that were not
investigated in this study. Although these equations can only
be applied for B. subtilis, the concept can be adopted to biofilm
initiation with other species and under different hydrodynamic
conditions.
The deposition results with B. subtilis reported here indicate

that permeate water flux and crossflow velocity counteract each
other. We surmise that the bacteria velocity perpendicular to
the membrane surface in a membrane channel depends on the
crossflow velocity due to lift forces away from the membrane,
as well as drag forces of the permeate water flux toward the
membrane surface (regardless of the Gram type or
species).15,28 Although the flow cell was filled with a spacer
in this study, the linear correlation between bacterial
abundance and the ratio of permeate water flux to crossflow
velocity (Figure 4B) reflects this proportional relation. The
velocity component perpendicular to the membrane, which
results from the difference between lift and drag forces,
controlled the variability found in bacterial abundance between
the four hydrodynamic configurations during the first stages of
biofilm formation.
Differently than inert beads,17,20,28 additional factors apply

here that would only influence the deposition of bacteria.
Higher ratios between permeate water flux and crossflow
velocity also lead to increased concentration polarization of
nutrients at the membrane surface.27 A higher concentration of
nutrients has two possible implications on bacterial accumu-
lation: (i) induce direct movement of bacteria to the
membrane surface due to chemotaxis and enhance the
probability of irreversible cell attachment27,32 and (ii)
expedited bacterial proliferation on the membrane surface
due to increased availability of nutrients. Additionally,
concentration polarization of ions close to the membrane
surface also has an impact on deposition, as the attachment of
cells (or inert foulants) to the membrane surface depends on
interfacial forces (e.g., electrostatic repulsion) between the cell-
envelope and the membrane. A higher ionic strength leads to
less repulsion and would hence increase the probability to
attach.19,33 The ionic strength on the feed side of the
membrane is related to reverse salt flux from the draw, mass
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transfer, and mixing due to hydrodynamic conditions.
Accordingly, LCHP had the highest ionic strength close to
the membrane surface as mixing was limited at low crossflow
and the concentration of NaCl in the draw solution was the
highest. On the other hand, HCLP had the lowest ionic
strength due to high crossflow and the lowest concentration of
NaCl in the draw solution. Consequently, this would further
increase the difference in bacterial abundance between the
studied hydrodynamic conditions. Therefore, changes in
concentration polarization as a result of different ratios in
crossflow velocity to permeate water flux may indirectly affect
bacterial deposition patterns. However, concentration polar-
ization is less severe when treating wastewater as compared to
treating solutions of high ion concentration. Hence, it was
elucidated that the difference in electrostatic repulsion will
have a minor relevance (compared to hydrodynamic effects) in
the initial stages of biofilm formation using wastewater as feed
solution.
Ratio of Permeate Water Flux to Crossflow Velocity

Has an Impact on Spatial Deposition Patterns of
Bacteria. Spatial distribution was quantified by dividing the
area within the spacer element into nine sections (∼ 0.25
mm2) and calculating the percentage of total bacteria in each
section (Figure 5). The crossflow velocity impacted not only

the total deposition but also the bacterial spatial distribution.
Under low permeate water flux and high crossflow velocity
most bacteria (60%) deposited in the eastern (E) section
(Figure 5A), while the deposition was evenly distributed at the
low crossflow velocity (Figure 5D). Similarly, under high
permeate water flux and high crossflow velocity most of the
bacterial deposition (37%) was captured in section E (Figure
5B). However, under high permeate water flux and low
crossflow velocity deposition was evenly distributed (Figure
5E). Additionally, at high crossflow velocity almost no bacteria
(0.5%) deposited in the central (C) section, which was
different from the low crossflow velocity (14%). For both high
and low permeate water flux, an increase in crossflow velocity
led to less deposition in the center as well as the sections that

were between the filament crossings (SW, NW, NE, and SE),
while the majority of deposition shifted to patches closer to the
filament crossings (E, W, N, and S). A change from low
(Figure 5A) to high permeate water flux (Figure 5B) at high
crossflow velocity led to a more evenly distributed deposition
with a significant change in the eastern (E) and northern (N)
sections. Considering low crossflow velocity, an increase in
permeate water flux from low (Figure 5D) to high (Figure 5E)
increased the deposition by 2-fold in section C, while the
percentage decreased by 60% in the southern (S) section.
Summarizing the above, increasing the crossflow velocity led

to a heterogeneous deposition close to the spacer filaments and
crossings, while increasing the permeate water flux led to a
more even distribution. Biofilms have previously been captured
to develop at the contact points between the membrane and
the spacer filaments under 105 L m−2 h−1 and 16 cm s−1.34 The
spatial distribution of newly deposited bacteria (up to 4 h)
reported here followed a comparable trend at the similarly high
crossflow (14 cm s−1), although the permeate water flux was
lower (6 and 30 L m−2 h−1). On the other hand, qualitative
deposition patterns of inert beads (3 μm) at varying permeate
water fluxes (0 and 35 L m−2 h−1) and crossflow velocities (7
cm s−1, 14 cm s−1, and 28 cm s−1) did not show such strong
accumulation at spacer filaments during the initial stages of
deposition (<8 h).17 However, the differences in foulant,
process conditions, and observation method hinder in-depth
comparison to the quantitative deposition patterns obtained in
this study. Nonetheless, our results clearly indicate that high
permeate water flux has a critical impact on the deposition
patterns of bacteria (i.e., prompting irreversible attachment of
cells) during the initial stages of biofilm formation.

Looking Under: Bacterial Accumulation Beneath the
Spacer Filaments. At the end of each experiment, bacterial
abundance on the membrane surface was measured by flow
cytometry (FCM) and compared to bacterial abundance
obtained by fluorescence microscopy (Figure 6B). The highest
bacterial abundance was measured at LCHP by fluorescence
microscopy (5.8 ± 0.9 × 103 cells mm−2) and by FCM (4 ±
1.3 × 104 cells mm−2). Bacterial abundance was up to an order
of magnitude higher on the membrane when measured by
FCM compared to fluorescence microscopy at HCLP (24-
fold), LCHP (5-fold), and LCHP (7-fold). While analysis of
microscopic images resulted in three significantly different
groups (Figure 4A), only LCHP was significantly higher from
the other hydrodynamic conditions in FCM measurements
(Figure S7). Contrary to FCM, microscopic images only
capture the membrane area that was not concealed by the
spacer filaments. Quantification of bacterial abundance with
flow cytometry (FCM) cannot resolve the spatial distribution
of bacterial abundance hence included cells that also deposited
underneath spacer filaments (Figure 6A). The area underneath
spacer filaments has been observed to be highly stagnant thus
will accumulate bacteria (Figure 6C) and other foulants.25,34,35

We surmise that the significant differences between the
bacterial abundance measured by both methods were due to
the accumulation of bacteria beneath the spacer filament,
which was only quantified by the FCM measurements (Figure
6B). Enhanced bacterial accumulation (i.e., deposition and
growth) beneath the spacer filaments might eventually lead to
an inhomogeneous mature biofilm. Only in the case of LCLP
the number of deposited cells reached a similar value in both
methods (Figure 5D). We deduce that under LCLP the cells

Figure 5. (A, B, D, E) Spatial deposition patterns of B. subtilis after 4
h of constant flow under different hydrodynamic conditions. Small
letters (a, b, c) indicate statistically significantly different groups (p <
0.05, n = 3 independent experiments). The color of a patch signifies
the bacterial abundance on the membrane, while the number shows
the percentage of total bacterial abundance from the average of three
experiments for each configuration. (C) Separation of spacer element
into nine different sections according to cardinal directions.
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have distributed uniformly on the membrane with minimal
accumulation under the spacer filament.
Our results showed that an increase in permeate water flux

and a decrease in crossflow velocity led to homogeneous
deposition, which explains the gradual change of ratio between
FCM and fluorescence microscopy for HCLP, HCHP, and
LCLP. However, it does not explain the difference between
FCM and image analysis at LCHP. Comparing the flow paths
of LCLP and LCHP led to the conclusion that small gaps
between spacer filaments and membrane are blocked within
minutes at LCHP, which we propose to be the main reason for
enhanced deposition underneath spacer filaments in this case.
Implications and Applications: Tracking Bacteria

Prior to Biofilm Formation in Membrane Systems with
Spacers. Bacterial flow paths and deposition patterns during
the early stages of biofilm formation often affect the maturation
dynamics and the consequent development of biofouling in
membrane systems. In any membrane system with spacers the
bacterial flow paths and early deposition patterns will be
affected by the applied crossflow velocities and permeate water
fluxes. We investigated the deposition patterns and flow paths
of B. subtilis during the first stages of biofilm formation in an
FO system with spacers under varying hydrodynamic
conditions.
It may be concluded that different hydrodynamic conditions

led to a definite impact on the first stages of biofilm formation
by B. subtilis (Table 1): (i) Bacterial velocity in the feed
channel was affected by the drag force subjected by permeate
water flux. Hence, bacterial velocities close to the membrane
were the lowest under high permeate flux and low crossflow
velocities. It was not possible to acquire the flow paths of
bacteria under high crossflow velocities. However, we suggest

that bacterial motility close to the membrane surface will be
higher at HCLP than HCHP. (ii) According to the bacterial
flow paths, small gaps between the spacer filaments and the
membrane were blocked immediately (few minutes) at LCHP
but not LCLP. We propose that increased permeate flux
enhanced irreversible attachment and induced bacterial
proliferation at LCHP, thus hindering flow in the feed channel.
Furthermore, a higher ratio between permeate water flux and
crossflow velocity led to (iii) higher accumulation of cells on
the membrane surface, (iv) more homogeneous deposition,
and hence (v) less difference between deposited cells beneath
the spacer filaments and on the open membrane area. We
surmise that these effects would be more critical during the
first stages of biofilm formation as few bacteria have yet
attached, hence every slight change has a significant impact.

Figure 6. (A) Schematic presentation of the difference in the membrane area that is analyzed for bacterial accumulation by FCM and microscopic
images. (B) Bacterial abundance measured by epifluorescence microscopy and FCM after 4 h of deposition. Asterisks indicate statistically
significantly different groups (p < 0.05, n = 3 independent experiments) within one configuration. (C) Representative image of B. subtilis biofilm in
an FO channel with spacer captured by optical coherence tomography.

Table 1. Summary of the Different Aspects Affecting the
Initial Stage of Biofilm Formation under Different
Hydrodynamic Conditionsb

HCLP HCHP LCLP LCHP

ratio of crossflow velocity to permeate
water flux

1 2 3 5

bacterial velocity next to the membrane
surface

5a 4a 2 1

impaired flow paths through the spacer
element

1a 1a 1 5

accumulation of cells on the membrane
surface

1 2 3 5

homogeneous distribution on the
membrane within the spacer element

1 2 5 4

enhanced accumulation of bacteria
beneath the spacer filaments

5 3 0 4

aProposed, not measured. b1 = low, 5 = high.
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These deposition patterns and irreversible attachments will
likely dictate where biofilm grows and when biofouling
develops, leading to differences in system performance.
The results provided in this study apply mainly to new and

freshly cleaned FO systems using feedwater with high fouling
propensity. Both permeation drag and lift forces act similarly in
all membrane channels with spacers, hence this study also has
implications for other membrane systems, especially those that
operate under low-pressure. Considering high-pressure driven
systems, the results are likely relevant for the initial deposition
of bacteria. However, they should be extrapolated with caution
as the cake layer extends beyond a monolayer, since studies
have shown that biofilm formation differs between forward
osmosis and reverse osmosis due to the compression of the
biofilm layer.14,36

The above insights will aid to quantify the combined effects
of permeate water flux and crossflow velocity on module
systems that commonly use spacers in feed channels. We
suggest that biofilm formation can be hindered with an
appropriate choice of hydrodynamic parameters in membrane
systems. Although a decrease in permeate water flux will
require a larger membrane area and a higher crossflow will lead
to higher pressure losses over the membrane module, an
optimum must be found between the choice of parameters and
the costs of biofouling.
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