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ABSTRACT

Living particles such as bacteria are able to transfer through membrane pores that are smaller than cell size due
to the specific stiffness of this type of microorganism. This phenomenon can lead to a significant loss of
selectivity in the filtration process, which is a major cause of concern in the sterilizing filtration step. This study
investigates the retention of three bacteria strains: Escherichia coli CIP 54124, Pseudomonas aeruginosa CIP
103467 and Staphylococcus aureus CIP 53154 by model porous membranes for various operating conditions
(transmembrane pressure, feed concentration and the physicochemical composition of filtered media with
antibacterial agent added at sublethal concentration). The first part of this study is dedicated to defining the size
and the nanomechanical properties of the envelope of the studied bacteria by microscopic techniques
(Transmission electron microscopy & Atomic-force microscopy), in order to then explore the role of these
quantifiable characteristics on the cell transfer through the pores by deformation mechanisms. Our results lead
to the development of a numerical model to connect the observed retention efficiency of the filtration

experiment and the microscopic information about individual particles.

1. Introduction

The production of drinking water or sterile fluid uses membrane
processes to remove potentially pathogenic microorganisms, such as
bacteria, present in suspension. With that aim, Ultrafiltration and
Microfiltration are considered as efficient processes and it is accepted
that membranes with pore sizes smaller than 0.22 pm can be used for
clearance of biological particles contamination [1].

However, recent studies demonstrated that bacterial transfer
through the membrane structure takes place during filtration opera-
tions, even if the pore size is significantly smaller than the bacteria cell
size at rest in suspension [2—8]. Several reasons were put forward to
explain these bacteria leaks through the membrane: firstly, the
presence of defects in the membrane structure which appear during
the membrane manufacture or ageing [9]; secondly, the biological
nature of the filtered particles confers them the fitness to override the
size-based selectivity mechanism. Living unicellular particles such as
bacteria, yeasts, algae or red blood cells exhibit, in environmental
conditions, a large variability of individual particle size, shape and
envelope flexibility. Effectively, in the specific case of bacteria filtration,
the cell size of the microorganisms is not the only parameter which
determines the transfer through the membrane [10]. Recent works
demonstrated that the shape of the bacteria cell [3] and the Gram type
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[7,8], which characterize the cell wall composition, are also important
parameters that play a key role in the particle retention. The main part
of bacteria species is classified as Gram-positive or Gram-negative
according to their cell wall structure. The cell envelope of Gram-
positive bacteria corresponds to a thick layer of peptidoglycan (cross-
linked polymer) exposed outside of the cell membrane, whereas Gram-
negative bacteria present a thin layer of peptidoglycan located between
the cell membrane and the outer membrane (description available in a
dedicated study [11]). This difference in structure, composition and
organization of the cell wall and more specifically, the thickness of the
peptidoglycan layer can lead to different retention rates during filtra-
tion tests: Gram-positive bacteria exhibiting a thicker peptidoglycan
layer, are less deformable, and as a consequence, present higher
retention rates [7,8].

Furthermore, it has to be noted that the physicochemical properties
of the suspension used as feed in the filtration process, such as osmotic
pressure [12], pH [13], concentration of nutrients [14] and exposure to
antibacterial agents at sublethal concentrations [15], can result in
changes in bacteria cell size, morphology or metabolic activity and can
lead to a modification of the structure and the composition of the cell
wall thus separation efficiency. Moreover, some antimicrobial mole-
cules able to be present at low level in environment, are known for
inducing alterations of the bacteria envelope and the mechanical



properties such as elasticity of the cell wall, at concentrations without a
loss of cell viability [16,17]. The impact of bacterial exposure to
chemical agents on filtration retention efficiency has only been studied
in a few cases of literature. For example, chemical treatment with
molecules that impact the cell properties, such as fixation with
glutaraldehyde [3] or cell wall alteration with antibiotics like beta-
lactams [7], demonstrate a significant impact on the filtration selectiv-
ity. This can be due to, as supposed by the authors, the modification of
the flexibility of the bacteria cell wall. Mycoplasma, bacteria without
cell wall (with dimensions in the range of 0.2—1 pm) have been earlier
demonstrated capable of penetrating 0.2 um membrane filters, and
even some 0.1 um rated filters [18,19].

Direct observation of the deformation of the biological cell during
the transfer through a membrane pore is only possible on a large scale
and the study of blood cell constriction allows the production of
numerical simulations of the dynamics of one individual particle
transfer [20-24].

In the case of particles at a smaller scale, such as bacteria (with
dimensions under 1-10 um), there is still a need for better under-
standing of the key roles played by morphological properties of the
individual particles on the selectivity mechanism. This is in order to
describe the global behavior of a suspension during the filtration
process.

The objective of this study is to evaluate the influence of several
operating parameters on the transfer of bacteria that are in direct
contact with the membrane interface, and to establish the correlation
between bacteria cell morphology/mechanical properties and mem-
brane retention efficiency. In addition, this work aimed to investigate
the impact of antibiotics (at low concentration in the filtered medium)
on the filtration selectivity, in order to explore the major concern of
trace contaminants found in water resources and encountered in
treatment processes.

The first part of this study focuses on the measurements of reliable
quantitative information regarding the size, shape and the stiffness of
challenged bacteria cells, with and without antibiotics, through micro-
scopic observations. In that section, we used Atomic Force Microscopy
(AFM) to analyze, at the nanoscale, living cell characteristics, such as
morphological and nanomechanical properties of the cell envelope
[25,26]. In the second part of this study, bacteria filtration was
conducted with different operating conditions: various transmembrane
pressures and bacterial cell concentrations in the feed (estimated in
colony-forming units per mL: CFU/mL). To complete the analysis of
bacteria transfer through membrane pore, a simple numerical ap-
proach will be proposed linking all the collected data (from bacterial
cell morphology to behavior during filtration). This easy-to-use model
aimed to anticipate the impact of the operative parameters on the
filtration selectivity towards bacteria suspension and to provide a tool
for membrane processes implementation that allows to select the
optimal conditions to avoid downstream contamination.

The challenge operating conditions were chosen to allow the
quantification of transfer magnitude of different bacteria strains,
treated or not by non-lethal concentration of antibiotic, through
membrane pores smaller than the expected dimensions of the bacteria.
The selected membrane should have specific intrinsic characteristics
such as calibrated pore size and geometry. For this reason, we have
selected isopore track-etched membranes [27]. Performed for low
filtered volumes, short filtration runs will provide direct measurements
of bacteria transfer in conditions without relevant fouling in order to
avoid enhancement of the retention by the deposit on the membrane
surface.

2. Materials and methods
2.1. Microorganisms, culture and enumeration conditions

Three different bacterial strains were used for this experimental

study: Escherichia coli (CIP 54124), Pseudomonas aeruginosa (CIP
103467) and Staphylococcus aureus (CIP 53154) from the Pasteur
Institute Collection (Paris, France). These bacteria have been selected
in order to cover species with different morphological and structural
characteristics and for their implication in waterborne diseases and/or
nosocomial infections.

For the preparation of the suspension used for this work, bacteria
were grown aerobically on tryptone soy agar (Biomérieux, Crapone,
France) plates at 37 °C for 24 h. This pre-culture was transferred on
tryptone soy agar plate for another 24 h culture. Colonies from the
second culture were suspended in sterile NaCl aqueous solution at 9 g/
L (noted here as physiological solution) in order to obtain a concentra-
tion of around 108 CFU/mL controlled by optical density at 640 nm.
Then, tenfold dilution series were realized to adjust the feed concen-
tration to 10%, 10° and 10”7 CFU/mL.

In order to evaluate the bacteria concentration in samples (feed and
permeate samples collected during filtration experiments), tenfold
dilution series were performed after homogenization and 1 mL of each
dilution was deposited in a sterile Petri dish before adding 12—-15 mL
of melted tryptone soy agar medium previously cooled to 45 + 1 °C.

Colony Forming Units (CFU) were enumerated after overnight
incubation of the plates at 37 °C, considering only dilutions with
counts between 30 and 300 CFU. For each sample collected in this
study, bacteria enumeration was performed in duplicate.

2.2. Antibiotic treatment

Part of this project was to explore the impact of chemical agents,
such as pharmaceuticals that can be found in the environment, on
filtration selectivity towards bacteria. Specific molecules which induce
morphological alteration, like antibiotics, have been selected with that
aim. The bacteria suspensions were then treated with beta-lactam
antibiotics: amoxicillin (Sigma Aldrich-A8523) for E. coli and S.
aureus, or ticarcillin (Sigma Aldrich-T5639) for P. aeruginosa. This
class of antibiotics avoids cross-linkages between the peptidoglycan
polymer chains (the network responsible for the mechanical properties
of the bacteria cell wall) and was used in this study at sub-inhibitory
and sub-lethal concentrations to affect the stiffness of the bacterial cell
wall without altering the viability and cultivability of the microorgan-
isms.

In first instance, we aimed to determine the antibiotic concentra-
tion that will be added in the bacteria suspension without impairment
of cell viability. Minimal Inhibitory and Bactericidal Concentrations
(MIC and MBC) of the selected molecules were determined against the
tested strains using a Mueller-Hinton broth (Biomérieux) in microtiter
plates with agar dilution method [28], followed by a subculture on
Mueller-Hinton agar (Biomérieux), as previously described [7]. The
viability and the cultivability of the bacteria in suspension were then
checked by numeration on trypcase soy agar after 180 min of contact
with the selected antibiotic at MIC/2 concentration (amoxicillin: 1 png/
mL for E. coli and 0.05 pg/mL for S. aureus, or ticarcillin: 15 ug/mL
for P. aeruginosa). In these conditions, no decrease of CFU counts was
observed. Finally, for bacteria characterization steps or filtration run,
the bacterial feed suspension at challenged concentrations was kept in
contact or not (control) with the selected antibiotic at MIC/2 for
90 min in a physiological solution before the experiment.

2.3. Membrane

Polycarbonate microfiltration membranes used for this study are
provided by Nuclepore — Whatman. According to manufacturer
specification, they exhibit a narrow controlled pore size distribution
with a nominal pore diameter of 0.4 um, with porosity in the range of
4-20% and a membrane thickness of 20 um. These membranes have
been used as model material because of their well-defined pore
geometry (cylindrical). In our study, the effective area of the micro-



filtration membrane was 1.34-107 m?.

A new membrane was used for each experimental run. Before the
filtration experiment, the membrane was first disinfected by soaking in
a solution of sodium hypochlorite at 200 ppm for 20 min. Then, sterile
distilled water was filtered to rinse the membrane.

Prior to use, the integrity of the coupons used for bacterial filtration
experiments has to be verified. The sampled membrane must validate a
bubble point test and its hydraulic permeability must be consistent
with the mean value measured for a large number of coupons (13,800
+ 1380 L/h m? bar). Bubble point was visually determined by firstly
wetting the membrane with water and secondly replacing water by
pressurized air in the retentate compartment. The air pressure was
increased and the value at which the first bubble appeared in the
permeate compartment was recorded. Membrane permeability was
deduced from measurements of water flux at different transmembrane
pressures. The slope of the curve water flux-pressure then obtained
allowed the calculation of the permeability through the use of the Darcy
Law. In this study, we experimentally determined the mean hydraulic
permeability from measurements on more than 50 sampled mem-
branes coupons. This mean value was 13,800 L/h m?bar and the
acceptable range was arbitrary chosen at 10%. These two steps were
achieved prior to each filtration experiment for each sampled mem-
brane, in order to reject samples exhibiting abnormally large pores.

2.4. Experimental setup, filtration procedure and challenged
conditions

The filtration experiments were performed in a dead-end mode,
using a setup consisting of: a pressurized feed tank, a stirred dead-end
filtration cell (Model 8050, Amicon — Millipore) and a sterilized
chamber, used to collect the permeate. Each experiment was performed
at room temperature under a laminar air flow, to prevent contamina-
tion. This setup enables easy disinfection and prior to filtration
experiments, each piece of equipment was sterilized (20 min at
120 °C). Gentle stirring of the filtration cell (at 200 rpm) was used in
order to homogenize the bacteria suspension in feed/retentate phase,
no impact of this stirring on the filtration behavior (bacteria transfer
and permeation flux) was pointed out.

In this study, the filtered volume of bacterial suspension should be
relatively low in order to avoid a deposit formation on the membrane
surface, which could interfere with the bacteria transfer through the
membrane pore. The total filtered volume was set at 50 mL and
collected in a sterile tube. TMP was selected in the range of 0.5-
1.5 bar. This range was chosen to match the pressure used in water
production plants, using membrane processes. The feed concentration
(Cf) was selected in the range of 10* to 107 CFU/mL, in order to cover a
large magnitude of loading rates with regard to guideline values (1-10”
particles per cm® membrane area) for the evaluation of sterilizing filters
according to ASTM F838-05 [29]. The filtration medium was selected
as a sterile physiological solution (denoted also as the control condition
in this study), composed of ultra-pure water and 9 g/L of sodium
chloride, in order to keep isotonic conditions for bacteria. Finally, the
impact of the presence of antibiotics in the physiological solution was
evaluated as the second chemical challenged condition.

Each experiment was performed three times for each challenge
condition.

2.5. Transmission electron microscopy (TEM)

Suspension samples were prepared for TEM observation using the
conventional negative staining procedure. Drops of bacteria suspension
(20 pL), at a concentration of 107 CFU/mL were absorbed on Formvar
carbon-coated grids for 2 min. The drops were then blotted and
negatively stained with 1% (w/v) aqueous uranyl acetate for 1 min.
The grids were then examined with a transmission electron microscope
(Jeol JEM-1400) at 80 kV. Images were acquired using a digital camera

(GatanOrius) at 8000x magnification. Then, cell size measurements
were carried out for each strain and for the different chemical
conditions (control conditions or after antibiotic treatment) for a total
of 30 cells per condition using ImageJ image analysis software.

2.6. Atomic Force Microscopy (AFM)

2.6.1. Sample preparation for AFM experiments

Treated or untreated bacteria with antibiotics were concentrated by
centrifugation, washed 2 times in physiological solution, and re-
suspended in the physiological solution for immobilization on
PolyEthylenImine (PEI) coated glass slides (prepared as previously
described in the literature [30]). Freshly oxygen activated glass slides
were covered by a 0.2% PEI solution in deionized water and left for
incubation overnight. Then the glass slides were rinsed with 20 mL of
ultrapure water and dried with nitrogen gas. A volume of 1 mL of the
bacterial suspension was then dropped on the PEI-coated glass slide.
This electrostatic immobilization method was used for rod-shaped
bacteria, such as E. coli and P. aeruginosa. For the third bacterial
strain, S. aureus, a specific immobilization method was required, due
to the spherical shape of this microorganism. Then, physical entrap-
ment was used to firmly immobilize the cells and withstand the lateral
forces exerted by the scanning AFM tip. S. aureus cells were immobi-
lized on polydimethylsiloxane (PDMS) stamps, prepared as described
in the literature [31,32]. Briefly, freshly oxygen-activated microstruc-
tured PDMS stamps were covered with 100 uL of the S. aureus
suspension and left for 15 min at room temperature. The cells were
then trapped into the microstructures of the stamp by manual
convective/capillary assembly and the size of the cavity used was the
smallest available on the stamp with the wells of 1.5x1.5 um?. No
drying procedure was required nor for the immobilization on the PEI
slides nor on the PDMS stamps. Bacteria were always kept in solution
(physiological solution) during the sample preparation and the AFM
experiments.

2.6.2. AFM measures

For observations of the bacteria morphology on a nanoscale,
acquisitions were performed on living cells in liquid medium at room
temperature with a Nanowizard II (JPK instruments), using MLCT
AUHW cantilever with nominal spring constant 0.01 N/m and pyr-
amidal tips (Bruker). Before each experiment, the calibration was
realized in a liquid medium (physiological solution) by measuring the
sensitivity and the spring constant of the AFM tip. Vertical deflection
images were recorded in the physiological solution buffer in contact
mode to first localize the bacteria cell on the sample surface and then to
observe the cell morphology. For stiffness measurements of the
bacteria cell wall, the force-spectroscopy mode was used. Force maps
of 32-by-32 force curves were recorded on a small area (0.04 um?) on
top of the cells. Force curves were obtained for an applied force of
0.5 nN on the top of the bacteria cell surface. The force-distance curves
recorded were transformed into force-indentation curves by subtract-
ing the cantilever deflection on a solid surface. Then, the indentation
curves were fitted with the Hertz model [33], which allows expressing
the force as a function of the apparent Young Modulus of the surface
(with a tip opening angle of 18° and the Poisson ratio arbitrary fixed to
0.5). For each condition, elasticity mapping of the bacteria cell wall was
performed for a total of 9 cells. Each of the nine cells were collected
from three individual suspensions, and from three independent
cultures, in order to determine an average value.

3. Results and discussion
3.1. Bacterial cell observation

The first part of this study was dedicated to precisely defining the
size and the nanomechanical properties of the selected bacteria cells.
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Fig. 1. Bacteria Morphology observed by AFM (A) and TEM (B and C). From left to right, morphology data of E. coli CIP 54124, P. aeruginosa CIP 103467 and S. aureus CIP 53154
respectively. A) AFM vertical deflection images (contact mode) of living bacteria cells measured in physiological solution. B) TEM images of individual bacteria cells observed at the same
magnification (8000x) in physiological solution. C) Smallest width measured by TEM on untreated bacteria (-) and after antibiotic treatment (+). Statistical analysis was performed
using 1-way ANOVA with Tukey’s post-hoc test: ns for non-significant. The error bars represent the standard deviation measured for N=30 cells.

We used two different microscopy techniques (TEM and AFM) in order
to analyze, on an individual particle scale, these morphological para-
meters.

3.1.1. Particle shape and size

For each strain, the dimensions of individual bacteria were
measured by image analysis from TEM pictures and cells size in
aqueous environments was confirmed by height measurement in
AFM contact mode. As illustrated in Fig. 1, both Gram-negative strains
(E. coli and P. aeruginosa) have the characteristic shape of a bacillus
(rod), whereas the Gram-positive strain (S. aureus) has the shape of a
coccus (sphere). The average smallest cell width for each strain in
control conditions (physiological solution) is 0.91 + 0.10 pum for E. coli,
0.79 + 0.09 um for P. aeruginosa, and 0.74 +£0.11 pm for S. aureus.
After antibiotic treatment as described in Section 2.2, no significant
modification of cell size or morphology was observed by TEM image
analysis (Fig. 1B). In our experimental conditions, the overall mor-
phological characteristics of the cells and the absence of noticeable
modification to size and shape after antibiotic treatment were con-
firmed by TEM and AFM observations.

3.1.2. Bacteria stiffness
Atomic Force Microscopy (AFM) was used to measure the nano-

mechanical properties of the bacterial cell wall. This measurement was
realized in liquid media on living cells. With this technology, the
nanomechanical properties of the cell wall of each strain were
evaluated and the effect of antibiotic treatments was explored. From
indentation measurements, the Young Modulus of the surface was
deduced using the Hertz model. The Hertz model can be considered as
a nanomechanical model reduced to its elementary ingredient i.e. one
parameter describing macroscopically the stiffness of a cell. Using this
model to treat the experimental data assumes that the characterized
surface is homogeneous and massive. Knowing that bacteria are better
described as pressurized non-homogeneous vessels, the Young
Modulus values reached using this model are not actual ones but can
be qualified as “apparent”. Nevertheless, we considered in the present
work that the relative variations of these apparent Young Modulus
values can provide valuable interpretation of soft bacteria behavior
during filtration. A decrease in the apparent Young Modulus means
that for the same applied force, the tip indentation is smaller,
characterizing softer bacteria. Moreover, the antibiotics we used in
this study only target the cell wall peptidoglycan which is mainly
responsible for the bacterial cell wall nanomechanical properties.
Therefore, the apparent Young Modulus variations that we measured
before and after antibiotic treatment can mainly be attributed to the
cell wall stiffness modifications.
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Fig. 2. AFM measurements of the cell surface stiffness in control conditions and after antibiotic treatment. Top: Illustration of representative distribution of apparent Young Modulus
(YM) values (for N=1024 force curves) extracted from the elasticity map recorded with AFM force spectroscopy mode on the surface of one sampled bacteria cell. For each studied cell,
YM median value was calculated by fitting a Gauss model (indicated by the black curves). Bottom: Comparative diagram of apparent Young Modulus mean values of the cell wall for the
three bacterial strains and for the two challenged conditions (cell suspension in physiological solution named as control conditions noted — and after antibiotic treatment at MIC/2 for
90 min noted +). The error bars represent the standard deviation measured for N=9 cells resulting from three independent cultures. Statistical analysis was performed using 1-way

ANOVA with Tukey’s post-hoc test. ns for non-significant; ** for P < 0.01; *** for P < 0.001.

Results obtained in this study are reported in Fig. 2. In control
conditions, force-spectroscopy revealed a difference in the bacteria
stiffness between Gram-negative and Gram-positive strains. Gram-
negative studied strains are more flexible, with apparent Young
Modulus mean values of 539 + 75 kPa for E. coli and 521 + 56 kPa
for P. aeruginosa. Gram-positive S. aureus is more rigid, with an
apparent Young Modulus mean value of 748 + 101 kPa. This higher
value seems related to the thicker peptidoglycan layer that is present
outside the cell membrane. For Gram-negative bacteria, the thickness
of the peptidoglycan layer is around 2—-6 nm [34], whereas Gram-
positive bacteria present a thicker peptidoglycan layer around 15—
30 nm [35].

After the antibiotic treatment, for all studied strains, AFM observa-
tions showed a significant decrease of the apparent Young Modulus
value. This phenomenon was more significant for the Gram-positive
bacteria (S. aureus) confirming that damage caused by the antibiotics
on the cross-linkages between the peptidoglycan polymer chains were
more important by comparison with Gram-negative bacteria cell wall
alteration. In this latter case, the peptidoglycan layer is thinner and
protected from the environment by the outer membrane. The apparent
Young Modulus mean values after antibiotic treatment were found as
329 £ 67 kPa for E. coli, 279 + 79 kPa for P. aeruginosa and 218 +

67 kPa for S. aureus.

3.2. Bacterial transfer through the membrane

The bacterial concentration in the permeate (Cp), collected after
each experimental run, was measured for every set of operating
conditions (depending on bacterial strain, Cf, TMP and antibiotic
treatment). In each case, the filtration experiment was run with a
0.4 um pore size isopore membrane under sterile conditions. For the
three studied strains, the results are shown in Fig. 3 in a histogram
form, where Cp versus TMP was plotted for filtration of suspensions
with increasing bacterial concentration.

3.2.1. Impact of operating conditions (bacteria strain, Cf and TMP)

As expected from previous works, we observed in this study that the
three studied strains were able to pass through our model membrane,
even if the membrane pore size was smaller than the smallest
dimension of the bacteria cell. The magnitude of permeate contamina-
tion was specific to each strain and was dependent on the applied
operating conditions.

Our results show that the S. aureus studied strain exhibits the
highest retention rate by the membrane (or the lowest transfer rate) for
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Fig. 3. Bacterial concentration in the permeate under various operating conditions
during filtration runs with 0.4 um membrane pore size. From top to bottom: evolution of
the bacterial concentration in the permeate (Cp) as a function of the applied transmem-
brane pressure (TMP) during filtration of bacterial feed suspensions with increasing
concentrations (Cf about 10%, 10° and 107 CFU / mL) for E. coli CIP 54124, P.
aeruginosa CIP 103467 and S. aureus CIP 53154 respectively. For each Cf and TMP,
Cp was reported in both cases: control conditions and treated bacteria by contact with the
antibiotic at the concentration of MIC/2.

every challenged condition, in comparison with the two Gram-negative
strains. The specific behavior of S. aureus cannot be explained by the
consideration of cell-size characteristics, since the smallest width of S.
aureus and P. aeruginosa are equivalent (Section 3.1). To elucidate
this phenomenon, the specific cell wall structure of the bacteria needs
to be taken into account. As developed in the previous section, the
nanomechanical properties of the three selected strains were studied by
AFM. In control conditions, our results showed a correlation between
the bacteria stiffness (expressed by the apparent Young Modulus value)
and the Gram group. Gram-positive bacteria, such as S. aureus, are less
deformable due to their thicker peptidoglycan layer. Therefore, in the
same filtration conditions, this type of bacteria is better rejected by the
membrane than Gram-negative bacteria which exhibit a thin and
deformable layer of peptidoglycan.

To assess the influence of the bacterial feed concentration (Cf) on
the cell transfer through the membrane structure, three increasing
concentrations have been challenged: 10*, 10° and 10’ CFU/mL. The
results presented in Fig. 3 demonstrate that for a low filtered volume

(absence or negligible deposit formation), increasing the feed concen-
tration causes a significant amplification of the number of cells
collected in the permeate whatever the strain. This result is obviously
related to the probability of meetings between a cell and a membrane
pore, which increases with the concentration of the bacterial suspen-
sion. At the lowest concentration (Cf: 10* CFU/mL), both Gram-
negative studied strains, E. coli and P. aeruginosa, were found in
permeate samples after the filtration of 50 mL of suspension. In
contrast, the Gram-positive S. aureus, was not detected from the
filtered fluid in control conditions. This difference in retention between
Gram-negative and Gram-positive strains for a low concentration in the
feed corresponds to the observations and conclusions of previous work
[7]. When the bacterial concentration of the S. aureus suspension was
higher than, or equal to, 10° CFU/mL, significant contamination was
observed in the permeate. However, the effluent contamination by S.
aureus was always lower than that of Gram-negative strains.

In order to investigate the evolution of the membrane retention as a
function of TMP, a short-pressure range that covers the industrial
applications of the microfiltration process was selected. As shown in
Fig. 3, for both Gram-negative strains, an increase in applied TMP from
0.5 to 1 bar, led to a substantial intensification in the bacterial transfer.
In the case of the S. aureus studied strain, we observed that TMP
variations did not have a comparable effect. In the studied range (from
0.5 to 1.5bar), the transfer of the Gram-positive strain slightly
decreased with an increase in TMP, excepted for the highest concen-
tration (107 CFU/mL) after bacteria treatment by the antibiotic. For
the highest concentration studied, cellular aggregates could be formed
in the S. aureus suspension especially in stress conditions such as the
ones encountered during filtration operation. This phenomenon must
be amplified for S. aureus suspension exposed to subinhibitory
concentrations of antibiotics [36]. Higher LRV for the highest con-
centration studied with S. aureus could be then a consequence of this
specific behavior. This phenomenon has been confirmed by Scanning
Electron Microscopy observation of the membrane surface after S.
aureus filtration (data not shown). This result, which contrasts to the
Gram-negative behavior, will be discussed in Section 3.2.3.

3.2.2. Impact of bacteria cell wall alteration (antibiotic treatment)

In Section 3.1.2, we measured the impact of antibiotic treatment on
the nanomechanical properties of the bacteria cell wall by experiments
conducted by AFM, a treatment which induced a reduction of the
stiffness of the cell wall. For this study, the antibiotic treatment was
conducted over a short time period (90 min) and at a low concentration
(MIC/2), in order to avoid bacteria mortality during the filtration
experiments. For the three bacterial strains, bacteria transfer through
membrane pores was amplified after antibiotic treatment in compar-
ison with the control conditions as shown in Fig. 3. This difference in
retention efficiency was always more significant at the lowest chal-
lenged TMP (0.5 bar). When TMP was increased, the effect on the
transfer of the antibiotic treatment was less significant for the two
Gram-negative strains: despite the fact that E. coli and P. aeruginosa
were respectively exposed to amoxicillin and ticarcillin, no significant
amplification of the bacteria concentration in the permeate was
observed at the highest challenged TMP of 1.5 bar. For S. aureus, a
suspension treated with amoxicillin, we observed a different behavior:
the transfer magnitude of the treated bacteria was significantly
increased in comparison to the control conditions. At the lowest feed
concentration (10* CFU/mL), when a total retention was observed for
the S. aureus suspension under control conditions, the antibiotic
treatment induced a high passage of S. aureus cells through the
0.4 um membrane pores. At higher feed concentrations, this specific
behavior was still observed: S. aureus cells treated with amoxicillin
exhibited an amplified transfer. Finally, the transfer after antibiotic
treatment did not increase with TMP, similarly to the control condi-
tions, in the range of 0.5-1.5 bar.

To sum up, our results showed that the three studied bacterial



strains have the ability to penetrate through a 0.4 um membrane pore
size and that the magnitude of the effluent contamination is correlated
to the transmembrane pressure and the feed concentration. Also, this
work demonstrated that the antibiotic treatment of Gram-negative
studied bacteria induces the highest diminution of the retention
efficiency of the membrane for the lowest challenged transmembrane
pressure (0.5 bar) and, that the impact of the chemical exposure is
reduced when the transmembrane pressure is increased. Concerning
Gram-positive bacteria filterability, the studied S. aureus strain
exhibited a different and negligible sensitivity to the applied pressure
in the challenged range. Moreover, the difference between the retention
efficiency for the three bacteria strains was demonstrated to be linked
to morphological and mechanical properties of individual bacteria cells.
In this context, the next section is dedicated to connecting the
measured structural characteristics of the cells (dimension and stiff-
ness) and the observed selectivity of the filtration experiments.

3.2.3. Cell transfer model

We have collected data on filtration retention efficiency for three
bacterial strains and a range of feed concentrations or applied
transmembrane pressures. Furthermore, we have explored the impact
of antibiotic treatment on the filter cell removal efficiency. To correlate
the data collected on a microscopic scale, such as morphological
properties of the bacteria, and the retention measured on a macro-
scopic scale during dead-end filtration experiments, we have developed
a simplified theoretical approach. The main objective was to related the
transfer magnitude to the cell properties and to the filtration condi-
tions. The transfer model is assuming that the membrane selectivity
towards bacteria is mainly controlled by a deformation mechanism
involving a stretching of the cell. The approach compares the driving
force provided by the filtration process (due to the pressure gradient
across the membrane) and the force needed to stretch the bacteria cell
envelope to define if the bacteria can enter inside the pore.

When a bacteria cell is immobilized at the entrance of a pore, the
object is subjected to the TMP applied to the filtration process. In our
experimental conditions, the bacteria cell that is present at the entrance
of one cylindrical pore of diameter 0.4 pm can undergo a substantial
deformation, allowing the bacteria to penetrate inside the pore and
then, migrate through the filter. This process of deformation is briefly
summarized in Fig. 4.

At the initial state in suspension, the bacteria cell is described by
the surface/volume ratio (noted So/Vy) calculated with the length Ly
and the radius Ry of the cell. When the bacteria penetrate inside the
membrane pore, the cell has to adopt a new shape which is dependent
on the cylindrical geometry of the pore. The new dimensions of the
deformed bacterial cell, inside a pore with a radius R;,, were defined by
the ratio S4/Vq calculated with the length Ly and the radius Rq of the
cell inside the pore.

Step 1

‘ Step 2

Rp

For the development of the bacteria transfer model, the following
assumptions were made:

(1) Before the deformation step, the rod-shaped bacteria were repre-
sented by a spherocylinder (two hemispheres and one cylinder)
and the coccus bacteria by a sphere,

(2) The cell present inside the pore was represented by a spherocy-
linder and the bacteria length has to be smaller than the pore depth
(Lgq < Ly, where Ly, is the membrane thickness known from the
manufacturer as 20 um),

(3) Deformed bacteria cell inside the membrane pore fills the entire
space available (Rq=Ry),

(4) Deformation of the bacterial cell is carried out by a stretching
mechanism: the volume of the cell was assumed constant (Vo=Vy),
whereas the cell surface increases during the deformation,

(5) The bacterial cell surface was defined as an elastic material which
has a limit to the stretching, in the order of 300% before breaking
[37]. As a consequence, the S4/S, ratio cannot exceed the value of
3.

In the literature, different assumptions are used to model the cell
deformation through a pore or a microcapillary [4,20-24]. It is
frequently supposed that cell membrane surface is constant during
the transfer by deformation simultaneously with a constant cell volume
because the intracellular fluid is assumed as incompressible [21-24].
Recent studies explored the possibility of cell volume alteration during
the deformation due to the pressure difference on both sides of
bacterial cell wall [4,20]. In the present study, we proposed a model
assuming a constant cell volume and an increase of the surface of the
bacteria during the deformation process.

In the case of a rod shape bacteria, the Sy and V, terms correspond
to the initial surface and volume of the cell in suspension, and they are
defined as follows:

Sy=4zR¢+27Ro Ly )
VozircRg+7rR02Lo
3 (2)

When the bacteria penetrate a pore with a radius R, based on
assumption (2), the surface and the volume of the deformed cell S and
V4 become:

Sy=4nR3+27R,Ly 6))
V=2 2R3 aR2L
SRR N €]

According to assumption (4), the cell volume is constant during the
deformation steps, leading to the following relationship used to
calculate the length L4 of the deformed cell inside the membrane pore

E. coli
Vs Dyore = 0.4 pm

Ly,

— |

AP Flux

Fig. 4. Schematic view of the transfer by deformation of one bacteria cell through a pore under the action of filtration flux imposed by the transmembrane pressure. Step 1: initial state
of the bacteria cell in the feed suspension. Step 2: cell deformation by stretching at the pore entrance. Step 3: deformed cell inside the pore of the membrane. Image (right): illustration of
Step 2 observed by Scanning electron microscopy with E. coli (CIP 54124) on 0.4 um membrane.
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Fig. 5. Evolution of the experimental LRV as a function of the force ratio (denoted as Fp/Ft) between the force applied by the transmembrane pressure Fp and the tension force Ft
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as a function of the pore size Ry;:
4
_3(RG = R) + R¢Lo
Ry 5)

=

Using Egs. (3) and (5), one can obtain an expression of the
deformed cell surface Sq based on parameters, such as the initial cell
dimensions and the membrane pore size:

1(4 5.8 o3 2
.x:i;(g-k;+§-ko+2nR0Lo

P

(6)

Hypotheses 2 and 5 have been controlled with numerical values: for
all the calculation performed, the values of Lq were less than 9 pm and
the calculated ratio Sy/So was less than 2.

Based on assumption 4, it is possible to express the surface tension
of the bacteria inside the membrane pore as a function of the
deformation undergone by the cell. Cell surface tension, denoted as T
in this study, can be written as:

T=¢ED @)

where e is the peptidoglycan layer thickness of the bacteria cell wall, E
is the apparent Young Modulus value and D is the cell deformation
factor. This last factor normalizes the difference between the cell
surface at the initial state and the cell surface inside the pore, according
to the following equation:

D= Sa = So

So (8)
Thus, the cell surface tension, T, is a function of the membrane pore
size, and of the morphological and nanomechanical properties of the
bacteria cell; parameters which have been experimentally determined
in the first part of this work, or extracted from the literature. Numerical
values of the thickness of the peptidoglycan layer of each bacteria
species were found as 6.4 nm for E. coli [34], 2.4 nm for P. aeruginosa
[34] and 30 nm for S. aureus [35].
The force required to achieve the deformation just sufficient for the
penetration of the cell in the pore of radius R}, denoted Ft, is related to
the cell wall tension T as follow:

Ft = 27R,T ©)
This force can be compared to the mechanical force applied on the

cell section at the entrance of this pore due to the transmembrane
pressure:

Fp = 7R} TMP (10)

The force ratio Fp/Ft (the ratio between the force delivered by the
filtration process and the force required for the cell deformation), is
then a key condition for the cell transfer through the membrane. For

Gram-negative strains (E. coli and P. aeruginosa) in all challenged
conditions, the values of the Fp/Ft ratio are higher than 1 due to the
low values of the tension force, Ft, because of the small thickness of the
peptidoglycan layer and the high stiffness of this type of cell (explained
by the small YM median values). For Gram-negative strains, antibiotic
treatments induce additional Ft diminution. For the studied Gram-
positive strain S. aureus, the value of the Fp/Ft ratio is, in control
conditions, less than 1 when the antibiotic treatment with amoxicillin
induces an increase in the Fp/Ft ratio, which becomes greater than 1.

Experimentally, the filtration efficiency has been measured for each
bacteria strain and for a large range of parameters (TMP, Cf and
antibiotic treatment). The membrane retention efficiency was calcu-
lated using the log reduction value (LRV) according to the following
relationship:

LRV:log(g)
Cp 1n

where Cf and Cp respectively are the bacterial feed and permeate
concentration (CFU/mL).

The experimental LRV (LRVexp) as a function of the force ratio Fp/
Ft is plotted in Fig. 5. We can observe a correlation between the
filtration efficiency and the calculated force balance (given in
Supplementary information). For the Gram-negative strains (E. coli
and P. aeruginosa), which expose in all challenged conditions values of
Fp/Ft ratio greater than 1, we can notice that the selectivity expressed
in LRV exhibits a very strong relationship with the Pressure/Tension
force ratio: the higher the driving force Fp compared to the tension Ft,
the lower the separation efficiency (the transmission of bacteria is
increased). Alternatively, the LRVexp measured with the Gram-positive
S. aureus strain (orange and red dots) does not seem to follow the same
trend. For this strain in control conditions (red dots), the force ratio
Fp/Ft s less than 1 for all challenged conditions (various Cf and TMP).
Therefore, the LRV is nearly constant, which can be explained by the
fact that the driving force remains lower than the tension force
required for cell deformation. In the specific case where the LRV is
linear for a Fp/Ft ratio between 0 and 1, we can assume that the
bacteria deformation does not occur and the transfer is then controlled
by the bacteria/pore sizes ratio. For the S. aureus strain treated with
antibiotics, the Fp/Ft ratio becomes higher than 1 (yellow dots) as for
Gram-negative strains, but the experimental points are much more
dispersed and away from the numerical trend curve. This particular
behavior seems to follow a different trend with a slight increase of the
LRVexp with the Fp/Ft ratio. This is consistent with the increase in
retention efficiency with the applied pressure shown in Fig. 3. This
phenomenon remains to be elucidated and only one hypothesis is
presented here. Excepted for the differences in cell envelope structure,
one other specific property of Gram-positive strains is the potent



internal pressure of the cell according to the external constraint
imposed. Indeed, Gram-positive cells such as S. aureus exhibit a high
turgor pressure (Pcell in the range 4—6 bar) [38] which could limit the
phenomena of cell stretching at the entrance of the pore. In contrast, E.
coli cells have a much lower turgor pressure (Pcell around 0.1 bar)
which is not a limiting parameter for cell deformation. Thus, in the case
where the turgor pressure of the cell is high and greater than the
applied transmembrane pressure (Pcell > TMP), the internal pressure
could counter the cell deformation, and the transfer through the
membrane pore could be blocked. Retention may even be amplified
with the increasing TMP, the cell forming a plug at the entrance of the
pore. Plugging is dependent on TMP due to the mechanism of
compression of the cell which collapses at the entrance of the pore.
Higher is TMP, higher is the cell compression. We assumed that this
increase in cell compression at the entrance of the pore leads to the
total blockage of this last. One blocked pore does not allow anymore
transfer of bacteria cell through the membrane resulting in an increase
of the apparent membrane selectivity.

In the case of Gram-negative strains, we have gone further into the

analysis of the results by considering the effect of the force ratio Fp/Ft
on the cell transfer probability. First, we have considered a Boltzmann
distribution, for assessing the probability of bacteria transfer as a
function of the Fp/Ft ratio such as:
P= ae_#;ﬂ = aeiﬁ% (12)
where a and f are adjustable constant parameters. Thus, for a value of
the Fp/Ft ratio which tends to an infinite value (or if Ft/Fp tends to
zero), corresponding to the cases where TMP is much higher than the
tension T, the passage probability P reaches a maximum and is equal to
alpha. In opposition, for a Fp/Ft ratio which tends to O, in the case
where the tension force is well higher than the TMP forces, the transfer
probability is reaching a minimal value close to zero.

In our work, we assumed that the limiting step of this selectivity
mechanism is the penetration of the bacteria into the membrane pore.
Once inside the pore, the cell transfer to the permeate phase was
considered as complete and the effluent contamination effective. This
hypothesis is consistent with the results obtained by Secomb and Hsu
[24]. These authors proposed a numerical simulation of red blood cells
transfer through micrometric pores and showed that the time required
for the introduction of the cell represents 50-75% of the total time
required for the transfer.

In this assumption, the probability P can be used to numerically
deduce the log reduction value (noted as LRVmod for model LRV)
calculated only from challenged bacterial strain characteristics and
applied operating conditions (bacteria cell morphological properties,
membrane pore size, TMP and Cf), defined by the following relation-
ship:

LRV mod=—log(P) (13)

Fig. 6 compares experimental and calculated LRV for both Gram-
negative strains (E. coli and P. aeruginosa) for all the challenged

5
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Fig. 6. Evolution of the experimental LRV versus the calculated LRV.

conditions. The parameters a and 3 have been fixed by the least squares
method, respectively as 0.106 and 8.062. The LRVmod values (given in
Supplementary information) are shown in Fig. 5 so that a numerical
trend curve can be plotted on the graph. In the case of Gram-negative
strains, our model shows that the cell transfer through the membrane
pore by deformation can be correlated to force ratio between the cell
surface tension and the transmembrane pressure, where the mechan-
ical energy applied can lead to the cell deformation which allows the
Gram-negative strains to pass through the pore.

The hypothesis and model presented in the current study allow to
describe the transfer of a population of Gram-negative cells by
deformation through the membrane pore with a simple approach.
Taking into account information such as the transmembrane pressure
and surface tension of the bacterial cell, in defined environmental
conditions, it is possible to anticipate the magnitude of the permeate
contamination.

If we come back to the choice of the Hertz model to treat AFM data,
point discussed in Section 3.1.2, the rather good agreement observed
between calculated and experimental LRV allows to conclude that the
apparent Young modulus is a relevant parameter to depict the effect of
cell deformability on the transfer through a membrane pore.

The specific behavior of Gram-positive strains that is not described
by our model confirms the existence of a different selectivity mechan-
ism for this type of cell. Further experiments should be considered in
order to observe the effects of transmembrane pressure on the
filterability of this type of bacteria.

4. Conclusion

The operative parameters, such as the transmembrane pressure or
the bacterial concentration in the feed are two factors that impact the
magnitude of the transfer of bacteria. Nevertheless, the structural
characteristics of the cell, coupled to the stiffness of the cell wall explain
the specific selectivity mechanism adapted to each living cell. Indeed,
when antibiotics were present in suspension medium, affecting the
mechanical properties of bacterial cell wall by decreasing the rigidity,
we observed an amplification of the contamination in the permeate
phase. In this study, we considered that the deformation of the bacteria
cell during the transfer is mainly due to a stretching mechanism of the
cell wall without any volume change or cytoplasm leakage. Our results
demonstrate a strong correlation between the experimental membrane
efficiency (expressed in LRV) and the value of the surface tension,
calculated using a simplified numerical model for the three studied
strains. The surface tension, as we have described, is expressed as a
function of all the morphological characteristics of the bacteria cell: the
thickness of the peptidoglycan layer and the stiffness of the cell wall,
the cell deformation factor (which includes the smallest cell size and
the membrane pore size). The developed model allowed to connect the
parameters influencing the bacteria retention. It links the membrane
selectivity (on a macroscale) of the Gram-negative suspensions to the
microscopic information about individual particles. Concerning the
Gram-positive S. aureus strain, this model is limited in its description
of the experimental observations: the retention mechanism of this cell
type may be limited by the high turgor pressure, in the assay
conditions.
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