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Abstract
This experimental study elucidates the impact of transmembrane pressure and particle deformability
on the retention of biological and non-biological particles by porous microfiltration polymer
membranes in dead-end filtration processes. Bacteriophages, mycoplasma, common bacteria and
polystyrene model particles, ranging from 0.02 µm to 1.5 µm in particle diameter, were chosen due to
their industrial relevance as well as due to their expected differences in deformability. For each
particle type, precipitation cast polyethersulfone membranes with a sponge-like structure were tailormade in order to achieve two levels of retention for the respective particle type. The transmembrane
pressure was varied from 10 to 950 kPa and the stiffness of the particles was measured with atomic
force microscopy. A good correlation between particle stiffness on the one hand and the impact of
transmembrane pressure on particle retention on the other hand was observed. The present study
suggests that mycoplasma and Gram-negative bacteria are easily deformable at low forces, which
explains that they are thus able to squeeze through membrane pores when transmembrane pressure
is increased. In contrast, for the relatively stiff Gram-positive bacteria, much higher transmembrane
pressures were needed to show a retention decrease. Bacteriophages and polystyrene beads did not
show higher passage at the exerted transmembrane pressures.

Keywords: Bacteria, microfiltration, virusfiltration, retention, phages, transmembrane pressure,
deformability, softness, AFM, deformation, Mycoplasma, Young’s modulus

Abbreviations
AFM - Atomic force microscopy
ASTM - American Society for Testing and Materials
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ATCC - American Type Culture Collection
DLS - Dynamic light scattering
LRV - Log reduction value
PES - Polyethersulfone
PSD - Particle size distribution
TMP - Transmembrane pressure
TSB - Trypticase soy broth
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Introduction

The manufacture of biopharmaceutical products

such as antibodies, vaccines or active

pharmaceutical ingredients underlies strict requirements to guarantee patient safety. A prerequisite for
a safe product is a contaminant-free sterile preparation in both upstream and downstream processing.
Media ingredients, buffers, cell lines and the operators themselves are potential sources for biological
contaminations like bacteriophages, viruses, mycoplasma and common bacteria [1–4]. Product
contamination will lead to loss of product, and in severe cases to a shutdown of the whole facility with
impact on drug supply and thus patient safety [4–6]. Membrane filtration is established as the most
economic and gentle method for size-based clearance of biological particle contaminations in
biopharmaceutical processes streams [7]. Sieving is seen as the pre-dominant mechanism for particle
clearance by filter membranes, which is true for viruses and bacteria equally [8–10]. A higher
transmembrane pressure (TMP) can increase the flow rate and throughput of a filtration process.
However, the TMP can significantly impact the retentive performance of filter membranes used in
biopharmaceutical applications [11,12]. Lebleu et al. [12] observed a decline in retention for E. coli
filtered through 0.4 µm track-etched membranes from 20 to 100 kPa, reaching a plateau between 50
and 100 kPa. All Gram-negative species passed the membrane to a certain degree, while the Grampositive ones were fully retained. Thus Lebleu et al. assumed Gram-negative bacteria to be flexible
and Gram-positive to exhibit a lower flexibility. However, the membrane pore sizes might have been
too small to see effects with the Gram-positive species. Folmsbee and Moussourakis [11] observed
mycoplasma species to penetrate 0.1 µm rated microfiltration (MF) membranes at a TMP above 300
kPa. Sun et al. [13] presented a microfluidic platform, demonstrating the deformation of Gramnegative and Gram-positive bacteria. They observed that E. coli and B. subtilis, both approximately 1
µm in diameter, can travel into a tapered microfluidic channel that exhibits a characteristic orifice that
is smaller than the particle diameter. The channel entrance had 1.4 µm, while the exit was 0.25 µm
wide, which is in the range of common sterile filtration membrane pore size. The differential pressure
between the entrance and exit was varied between 11 and 134 kPa. The higher the differential
pressure the deeper the bacteria travelled into the channel while being deformed by the constraining
channel walls. While Gram-negative E. coli travelled deeper into the tapered channel than Grampositive B. subtilis, both bacteria were retained in a deformed state. This suggests that also Grampositive bacteria species with a highly cross-linked and allegedly stiff cell wall are deformable.
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Published data also indicate changes in virus and bacteriophage retention due to changes in TMP.
Madaeni et al. [14] observed a decrease in poliovirus retention by 4% for a 0.22 µm rated,
hydrophobic MF membrane when the TMP was increased from 25 to 200 kPa. They attributed this
decrease to elevated concentration polarization at higher pressures and consequently higher particle
concentrations in the permeate. Azari et al. [15] observed increased retention of φX174 by a 500 kDa
UF membrane when the TMP was increased from 52 to 103 kPa. The authors explained this
phenomenon by the presence of red blood cell haemolysate in the feed stream, which altered the
accessibility of the membrane pores at higher pressure. Arkhangelsky et al. [16] observed a decrease
of MS2 and φX174 phage retention up to 1 log unit using a 20 kDa UF membrane at transmembrane
pressures higher than 100 kPa. A cause of this decrease could be an enlargement of the membrane
pores rather than phage deformation.
The deformability of a particle depends on its structure and the material it is made of. Due to their
small sizes, measuring stiffness of viruses and bacteria is challenging. Atomic force microscopy (AFM)
has been used with increasing success to quantify the stiffness of single viruses, bacteria and
eukaryotic cells [17–19]. The mechanical response is measured by indenting the objects with a probe
that is mounted at the end of a flexible cantilever (typically 50-200 μm long). The obtained force
versus indentation curve shows the relation between the exerted force and the deformation of the
particle, from which its stiffness can be directly obtained. If the relation is linear, the stiffness (in N/m)
can be directly extracted via Hooke’s law. In most cases however, a model is applied to include nonlinear contact conditions between the object and AFM probe and the shape and structure of the object
itself [20]. Such approaches yield an intrinsic value for the elastic constant (Young’s modulus) for the
material the object is made of.
In this study the importance of the stiffness of pathogenic objects for their retention by membranes at
different levels of TMP is addressed. Different to earlier approaches is that a unified technique was
applied to measure the stiffness of a wide range of objects in the size range of 20 to 1500 nm, thus
avoiding eventual variations caused by different measurement techniques. The retention of these
particles by size exclusion membranes was measured for different TMP values, ranging from 10 to
950 kPa. Tailor-made model membranes with an overall low retention for the particles compared to
respective commercial membranes are used, to be able to observe differences in retentive
performance.

2

Experimental

2.1

Particles

The particles were chosen to span a wide range of particle types with various morphological
characteristics (Table 1). Especially relevant for a biopharmaceutical process are mollicutes, referred
to as mycoplasma, and common bacteria. One representative was chosen for each, mycoplasma,
Gram-negative and Gram-positive bacteria, namely Acholeplasma laidlawii (ATCC 23206),
Brevundimonas diminuta (ATCC 19146) and Staphylococcus epidermidis (ATCC 12228). Both, A.
laidlawii and S. epidemidis exhibit nearly spherical shapes, whereas B. diminuta have a short rod like
shape.
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Pseudomonas phage PP7 (ATCC 15692-B2) was chosen as a virus surrogate exhibiting icosahedral
protein capsids [21] for testing the retention of phages under increased pressures. Fluorescently
labeled polystyrene latex beads (Fluoresbrite YG Carboxylate Microspheres 0.20µm, Polysciences
Inc., USA) were chosen as hard spherical model particles.
The particle retention was calculated as the log reduction value (LRV) according to:

(1)

with particle concentration in the feed Cf and particle concentration in permeate Cp.
Table 1: Characteristics of the biological and non-biological particles used.
Particle

Type

Gram stain

Shape

Acholeplasma laidlawii

Bacteria, Class: Mollicutes

Negative

Sphere

Brevundimonas diminuta

Bacteria, Class: Alphaproteo

Negative

Short rod

Bacteria, Class: Bacilli

Positive

Sphere

ssRNA bacteriophage

-

Sphere,

bacteria
Staphylococcus
epidermidis
Pseudomonas phage PP7

icosahedral
Polystyrene latex

2.2

Polymer beads

-

Sphere

Cultivations and counting of bacteria, phages and polystyrene beads

A. laidlawii
Under sterile conditions, a 5 mL aliquot of a mycoplasma stock culture A. laidlawii (ATCC 23206)
(Mycoplasma Experience, UK), stored at -76 °C, was inoculated to 500 mL sterile, 0.1 µm filtered 30
g/L trypticase soy broth (TSB) (Merck KGaA, Germany) at pH 7.1±0.1. They were then cultivated for
24 hours under anaerobic conditions and 37°C without stirring.
The detection and quantification of A. laidlawii in a suspension was carried out using the membrane
detection method. To determine the titer, 1 mL of a proper diluted bacteria suspension in a 0.1 M
sodium phosphate buffer with pH 7.1±0.1 was filtered through an analytical detection membrane of
0.2 µm nominal pore size, which was then cultivated on Alert24 agar (Mycoplasma Experience, UK)
for at least 3 days at 37 °C anaerobically. Produced colonies were then counted with the naked eye.

B. diminuta
B. diminuta (ATCC 19146) was cultivated in sterile, 0.1 µm filtered saline lactose broth (SLB), which
consisted of 0.39 g/L DEV Lactose Broth (Merck KGaA, Germany) and 7.60 g/L NaCl (Merck KGaA,
Germany) at pH 6.9±0.1. Under sterile conditions, 10 mL of SLB were inoculated with one cryogenic
culture of B. diminuta at 30±2 °C for 24 hours. This pre-culture was transferred to 1 L sterile SLB and
cultivated aerobically for further 24 hours at 30±2 °C in a magnetically stirred flask at 120 rpm.
4

To determine the titer of B. diminuta, 1 mL of a properly diluted bacteria suspension in a 0.1 M sodium
phosphate buffer with pH 7.1±0.1 was filtered through an analytical detection membrane of 0.45 µm
nominal pore size, which was then cultivated aerobically at 30 °C on trypticase soy agar (Sartorius
Stedim Biotech, Germany) for at least 24 hours. Produced colonies were then counted with the naked
eye.

S. epidermidis
Under sterile conditions, 10 mL TSB were inoculated with one cryogenic culture of S. epidermidis
(ATCC 12228) at 37 °C for 24 h under aerobic conditions. This pre-culture was transferred to 500 mL
sterile TSB and cultivated aerobically for further 24 h at 37 °C without stirring. The titer of S. epidermis
was determined in the same way as for B. diminuta.

Pseudomonas phage PP7
Phages PP7 (ATCC 15692-B2) were produced in a Pseudomonas aeruginosa 1C (ATCC 15692)
culture. P. aeruginosa was pre-cultivated in TSB for 24 hours at 37 °C and 150 rpm aerobically until a
sufficient optical density was reached. A phage stock was added at a multiplicity of infection level
between 0.5 and 4 and cultivated for another 24 hours at 37 °C and 150 rpm aerobically. The phagebacteria-suspension was then centrifuged at 3076 g for 20 minutes to separate bacteria and PP7. The
phage supernatant was filtered through a 0.2 µm membrane and the filtrate was used as a stock for
further filtration retention experiments.
The detection and quantification of PP7 phage in a suspension was carried out with the plaque assay
method. Dilutions of the phage suspension were mixed with a diluted P. aeruginosa pre-culture. The
resulting suspensions were mixed with nutrient broth agar (Carl Roth, Germany) and poured onto the
surface of a solid nutrient agar plate. The agar plates were incubated and grown to confluency over
night at 37 °C and appearing plaques were counted.

Polystyrene beads
Fluorescently-dyed polystyrene beads (Fluoresbrite YG Carboxylate Microspheres 0.20 µm,
Polysciences Inc., USA) with the mean particle size of 200 nm were quantified by fluorescence
excitation at 468 nm and emission at 508 nm in 96 well plates with a Tecan M200 fluorescent
microplate reader. The measurements and a calibration curve of beads was done in water containing
0.26 % sodium dodecyl sulfate (SDS). Detection of retention of up to 3 log units was possible using
this technique.

2.3

Particle size determination by dynamic light scattering

The hydrodynamic diameters of the particles were determined by dynamic light scattering (DLS) using
a Zetasizer Nano ZSP (Malvern Instruments, UK). The number distributions, mean diameters and
standard deviations were considered.
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Polystyrene beads were directly diluted 1000-fold in water containing 0.26 % SDS. Two samples of
2 mL were measured at 22 °C in triplicate with 14 sub-runs with the Zetasizer ZSP in disposable
cuvettes.
Bacteria were cultivated in particle-free, 0.1 µm-filtered medium as described in chapter 2.2. After
incubation, a sample of 10 mL was taken and filtered through a 5 µm cellulose acetate syringe filter
(Sartorius Stedim Biotech GmbH, Germany) to eliminate larger aggregates. From this filtrate, two
samples of 2 mL were measured without further purification at 22°C in triplicate with 14 sub-runs in
disposable cuvettes. Since the refractive index of the bacteria used is unknown, it was set to 1.38
following the typical bacteria refractive index values of 1.36 – 1.41 [22–26]. Size calculations of
A. laidlawii and S. epidermidis grown and measured in TSB were carried out using a dynamic
viscosity of 1.031 cP, which was measured with an Ubbelohde viscometer at 22 °C. For size
calculations of B. diminuta in SLB and polystyrene beads in water, the dynamic viscosity of water,
0.954 cP, was chosen.
The bacteriophage PP7 stock suspension was diluted in a 1:5 ratio with a 20 mM potassium
phosphate buffer of pH 7.2. Three 0.1 µm filtered 1-mL samples were measured at 22 °C in triplicate
with 14 sub-runs in disposable cuvettes. The protein refractive index value of 1.45 was chosen, since
the phages are surrounded by a protein capsid.

2.4

Membrane pore size characterization by gas-liquid displacement porometry and bubble point

testing
Pore sizes of the used membranes were determined with a Porolux 500 gas-liquid porometer
(POROMETER nv, Belgium). Membranes of 25 mm diameter were wetted with “Porefil” perfluoroether
wetting fluid with a surface tension of 16 mN/m (POROMETER nv, Belgium) and installed into the
porometer measuring cell. Wetting liquid was displaced by nitrogen while pressure was increased.
The pressure ramp was set to 1000 s/100 kPa. A gas-liquid displacement curve was captured and
results were analyzed using the Porolux software.
The visual membrane bubble point was determined by immersing a water wetted membrane in a
polycarbonate syringe filter housing (16517-E, Sartorius Stedim Biotech GmbH, Germany) into water.
Air pressure was slowly increased with a manually operated pressure controller until a constant
bubble column was visible and the respective pressure was recorded.

2.5

Atomic force microscopy measurements

Bacteria sample preparation
Microscopy coverslips with a diameter of 25 mm were plasma cleaned at 0.7 mbar for 60 seconds.
Then, 400 µL of a 0.01% 150-300 kDa poly-L-lysine solution (Sigma-Aldrich, USA) were added on top
of a coverslip to render the surface positively charged. After 15 minutes, the excess poly-L-lysine was
removed and the coverslip was washed 3 times with 0.1 M sodium phosphate buffer of pH 7.1±0.1.
Next, 400 µL of an undiluted bacteria suspension were added on top of the coverslip and left for 30
minutes. Live bacteria with a net negative charge were bound to the coverslip by static interactions
with poly-L-lysine. To remove unbound bacteria, the coverslip was washed 3 times with the same
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buffer. Then 400 µL of 0.005% DAPI (Applichem, USA) in water was added to the coverslip to label
the DNA of the bacteria fluorescently for identification via fluorescence microscopy. For the
experiment the coverslip was clamped into a coverslip holder and transferred to the AFM.

Phage sample preparation
11

PP7 phage stock suspension with a concentration of approximately 2×10

plaque forming units per

mL (PFU/mL) was diluted in the ratio of 1:100 with 10 mM Tris-HCl pH 8.1 containing 150 mM NaCl, 1
mM MgCl2 and 10% glycerol. An aliquot of 0.5 µL of 5 mM NiCl2 per 20 µL of this diluted phage
suspension were added to facilitate phage adhesion. A freshly cleaved mica platelet was attached to
a coverslip and clamped into a coverslip holder. Then 60 µL of the phage suspension were added on
top of the mica platelet for 10 min. Unbound phages were removed by washing with buffer three times.

Polystyrene beads sample preparation
Carboxylated, fluorescently labeled polystyrene beads (Fluoresbrite YG Carboxylate Microspheres
0.20µm, Polysciences Inc., USA) were immobilized onto plasma cleaned glass coverslips. No further
sample preparation was necessary to enhance bead adsorption. Thus 5 µL of polymer bead
suspension in 500 µL were diluted in purified water. Then, 400 µL of this suspension were added on
the top of a glass coverslip for 10 min. Unbound beads were removed by washing with water three
times. The coverslip was then clamped into a coverslip holder and transferred to the AFM.

AFM and data analysis
AFM measurements were realized in buffer with an Asylum Research MFP-3D atomic force
microscope (Asylum Research, Santa Barbara, CA, USA) and a TR400PSA silicon nitride cantilever
with a spring constant of 0.08 N/m and a pyramid shaped tip with radius of curvature of 15 nm
(Olympus, Tokyo, Japan). Using the integrated fluorescent microscope, DAPI labeled bacteria were
identified and an array of force versus indentation curves (force map) was collected. At least 26
individual cells were measured for each species. The particle stiffness was obtained by analyzing a
sub-array of 3×3 pixel force versus indentation curves acquired (Fig. 3 and Fig. 4A) in the center of
the particle of which at least 4 curves were averaged [27]. The Young’s modulus was obtained by a
Hertz fit (equations 1 and 2) to the averaged force versus indentation curve. The correlation between
the loading force F and indentation δ yields for a conical tip (1) or spherical tip (2) respectively

(2)

√

(3)

where E is the Young’s modulus, ν is the Poisson ratio (for which 0.3 was chosen), α is the half
opening angle of the conical tip, in our case 18°, R is the radius of the spherical tip, in this case 15 nm.
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Depending on the sample, equation 1 or 2 was chosen. When the indentation is much larger than R,
which was the case for all bacteria samples, the induced deformation will be dominated by the conical
shape of the tip and equation 1 is most appropriate. When the indentation is very small (<R), in case
of the polystyrene beads, equation 2 is more accurate since the mean indentation of 5.9 nm at 15 nN
was smaller than the tip radius of 15 nm.
To be able to compare the results to literature values, the stiffness (in N/m) of the bacteria and
polystyrene beads was also obtained via Hooke’s law. For the bacteria, the force versus indentation
curves were fitted between 50 and 150 pN loading force, and for the polystyrene beads between 2
and 10 nN. It should be noted that this method is less accurate as it ignores the non-constant contact
conditions between the sample and the AFM tip, which is included in the aforementioned Hertz model.
To measure the stiffness of bacteriophages, tapping mode images of a section with multiple single
adhered phages were collected (Fig. 4B). At least 4 force versus indentation curves where then
collected within the center of the individual phage particle, indicated by the circles. In total, 28
individual phage capsids were measured. The maximum loading force was 500 pN. Previous work on
virus mechanics have shown that the non-constant contact conditions between the sample and the
AFM tip are less important and that the virus response is linear for small deformations [17]. It can thus
be expressed in N/m by fitting the indentation curve between 100 and 250 pN loading force. The
relation between this spring constant k and the Young’s modulus E follows from a thin shell model
that describes the viral protein capsid [17]

(4)

where h is the shell thickness of the phage capsid, r is the radius of the phage, in the present case
10 nm. The radius refers to the center of the shell. Since the structure of PP7 is similar to φ29, 1.6 nm
were used for shell thickness h according to [17].
The Olympus TR400PSA 0.08 N/m cantilever used for phages and bacteria was not stiff enough to
obtain force versus indentation curves in a reasonable quality for the polystyrene beads. Thus, for
these synthetic particles a much stiffer Olympus AC160TS cantilever with 42 N/m was used. With the
associated fluorescent microscope, the fluorescently labeled beads were focused and force maps of a
section with multiple single adhered beads were collected. In total, 35 individual beads were
measured. The maximum loading force was 15 nN. Force maps were evaluated by analyzing a 3×3
pixel area (Fig. 4A) in the center of the beads of which at least 4 force versus indentation curves were
used. The Young’s modulus was obtained by a Hertz fit analogous to bacteria analysis described
above using equation 2.

2.6

Filtration membranes

Standard membranes recommended for robust retention of the respective particle species, i.e. virusand 0.2 µm sterile filtration membranes, exhibit too high retention degrees to observe changes in the
log reduction value (LRV) when the transmembrane pressure is changed. Two membrane layers are
commonly used for robust retention in virus filtration. In order to easily detect and differentiate their
8

retention properties for the different bacteria species, phages and polystyrene particles as a function
of TMP, tailor-made, non-commercial, single layer, flat sheet polyethersulfone (PES) precipitation cast
membranes of varying nominal pore size from 0.02 – 0.80 µm were used. All membranes were
chosen to show either a lower retention, corresponding to a LRV lower than 4 or higher retention
corresponding to a LRV higher than 4 for each species at a 200 kPa transmembrane pressure and
room temperature.

2.7

Filtration experiments

All filtration experiments were carried out in a dead end, single layered configuration with varying TMP
from 10 to 200 kPa at room temperature. The membranes were fitted into polycarbonate syringe filter
housings (16517-E, Sartorius Stedim Biotech, Germany) with a membrane diameter of 25 mm and an
effective filtration area of 3.14 cm². During filtration, all membranes were challenged with at least
7

1×10 particles per cm² membrane area according to ASTM F838-05 [28] for sterile filter testing.
In order to challenge filtration membranes with bacteria, a respective bacteria culture was diluted with
6

a 0.1 M sodium phosphate buffer, pH 7.1±0.1, so that a titer of approximately 1×10 colony forming
units per mL (CFU/mL) was reached. The membranes where then challenged with at least 50 mL of
the bacteria suspension and a filtrate was collected in sterile tubes. A colony count was carried out
using the membrane filtration method described above.
For challenging the filtration membranes with phages, PP7 in TSB was diluted with a 0.02 M
6

potassium phosphate buffer, pH 7.1±0.1, so that a titer of 1×10 CFU/mL was reached. Membranes
where then challenged with at least 50 mL of the phage suspension and a filtrate was collected in
sterile tubes and counted using the plaque assay described above.
The filtration experiments for fluorescent polystyrene beads were carried out using a water
suspension containing 0.26% sodium dodecyl sulfate that was obtained by a 2500-fold dilution of the
beads stock suspension (2.5% solids). The membranes were challenged with at least 5 mL of the
bead suspension.

3

Results and discussion

3.1

Particle size determination by dynamic light scattering and AFM measurements

DLS measurements were realized to verify that the filtered particles were mainly individual particles
and free of larger aggregates that could possibly influence the results of the filtration experiments.
The measurements of the size of the investigated particles provided reasonable, reproducible,
unimodal number particle size distributions for all particle species (Fig. 1). The mean diameters were
19.3 nm for PP7 phage, 191 nm for polystyrene beads, 675 nm for A. laidlawii, 799 nm for B. diminuta
and 1118 nm for S. epidermidis (Table 2).
The PP7 phage diameter of 19.3 nm appeared to be lower than values reported in literature, but was
consistent with TEM images showing a diameter between 19 and 25 nm (data not shown) and was
therefore used to calculate Young’s modulus as described in the AFM part of the experimental section.
Oshima et al. reported a diameter of 25 nm [29] and Nap et al. used 27.6 nm as an outer diameter for
further calculations [30]. In the present study, no further purification of the PP7 phages was carried
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out, thus, potentially adventitious particles from phage reproduction could have interfered with the
measurements. The measured particle sizes were not compared to the heights measured with the
AFM, since the focus was the stiffness of the particles. However, the topographic maps obtained with
AFM measurements (Fig. 3 and 4) clearly show heights comparable to the mean diameters measured
with DLS (Fig. 1).

Fig. 1: Averaged number-based particle size distributions obtained from triplicate DLS measurement.

Particle stiffness was measured by AFM in aqueous buffer for all particles employed in this study by
generating force maps of the bacteria (Fig. 3) and polystyrene beads (Fig. 4A). Fig. 5A shows
representative force versus indentation curves for the three bacteria species. The slope of the curves
for the mycoplasma A. laidlawii and Gram-negative B. diminuta were very similar during all
experiments. Gram-positive S. epidermidis showed a significantly steeper slope, indicating a higher
stiffness. The slopes were used to calculate the spring constants summarized in Table 2. They were
0.0031, 0.0031 and 0.0213 N/m for A. laidlawii, B. diminuta and S. epidermidis, respectively. The
values for A. laidlawii and B. diminuta were approximately one order of magnitude lower than the
values for other Gram-negative bacteria reported in literature, summarized in Table 3. However, there
are no values reported for the species A. laidlawii and B. diminuta. The value of 0.0213 N/m for S.
epidermidis was in a good agreement with literature. Francius et al. [31] measured the value of 0.013
N/m for S. aureus, which is a representative of the same species. The small difference could be due
to the different buffer that was used in the experiments, thus swelling or shrinking could have affected
the measured stiffness.
Deformable particles exhibit a certain resistance against pressure, which is defined by their Young’s
modulus. The Young’s moduli were calculated to compare them with the exerted TMP in the filtration
studies. The mean Young’s moduli for A. laidlawii, B. diminuta and S. epidermidis were 101±72,
69±34 and 1159±527 kPa, respectively (Fig. 2). While the values for A. laidlawii and B. diminuta were
in the same range, S. epidermidis appeared to be an order of magnitude stiffer, which is also
indicated by the smaller indentation of approximately 37 nm compared to 105 nm applying the same
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maximum loading force of 400 pN. The higher stiffness of Gram-positive S. epidermidis is most likely
a result of the thick peptidoglycan layer of 30-100 nm [32], while the cell wall of Gram-negative B.
diminuta is only a few nanometers thick [32] and A. laidlawii completely lacks a cell wall. The values
of the Gram-negative bacteria and mycoplasma were in a good agreement with the value of 37-210
kPa for S. putrefaciens reported by Gaboriaud et al. [33]. Also the value of S. epidermidis was close
to the value of 1746 kPa reported for S. aureus by Francius et al. [31].
Force maps revealed for the latex beads expected narrow distributions of particle size and shape
(Fig. 4A). The Young’s modulus of the polystyrene beads was approximately 1.6±0.7 GPa, which was
close to reported values of 2 to 4 GPa [34].
In the used AFM setup, it was not possible to generate force maps of PP7 phage particles due to the
very small phage dimensions. Thus, tapping mode images (Fig. 4B) were generated to determine a
center area, indicated by circles, where at least four force versus indentation curves were recorded.
Fig. 5B reveals a region where the force suddenly dropped with increasing indentation at 570 pN and
8 nm indentation. This corresponds most likely to a breakage of the brittle capsid as was also
observed by Ivanovska et al. for Bacillus subtilis phage φ29 capsid at 1400 pN [17]. In the present
study, the behavior was reproducible for all intact PP7 phage capsids. Loading forces for
measurements after localization thus never exceeded 500 pN. After successfully capturing the
multiple force versus indentation curves of a single capsid, one last measurement was carried out
with larger loading forces to force breakage and confirm an intact capsid during prior measurements.
The mean phage spring constant was 0.18±0.06 N/m which is in a very good agreement with the
values of 0.16 to 0.31 N/m of phage φ29 measured by Ivanovska et al. [17] (Table 2). The capsids are
described to be icosahedral and not elongated in literature [21], which was confirmed by TEM images
which showed a nearly spherical shape. The Young’s modulus was calculated from the spring
constant as described in the experimental part. The Young’s modulus of phage PP7 was 310 MPa
and thus several orders of magnitude higher than for bacteria and only one order of magnitude lower
than for polystyrene beads. As described above the phage radius measured with DLS was smaller
than reported in literature. However, when the radius is set to 12.5 nm according to Oshima et al. [29]
or 13.8 nm according to Nap et al. [30], the Young’s modulus is still in the same order of magnitude.
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Fig. 2: Box-Whisker plots of the Young’s moduli and of bacteria species, bacteriophages and
polystyrene beads measured in liquid by AFM (n ≥ 26). Boxes represent the 25th to 75th percentile,
the central line the median, the squares represent the mean, and the whiskers represent the 5th and
95th percentile.

Fig. 3: Representative AFM topographic maps of single bacteria cells: (A) A. laidlawii, (B) B. diminuta,
(C) S. epidermidis. Each pixel corresponds to an AFM force versus indentation curve measurement.
Notice that image scales are not equal. Squares indicate a 3×3 pixel area in the center of each cell
where force versus indentation curves were used to calculate Young’s modulus and spring constant.
Notice that image scales are not equal.
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Fig. 4: (A) Representative AFM topographic maps of single polystyrene beads. Each pixel
corresponds to a AFM force versus indentation curve measurement. Squares indicate a 3×3 pixel
area in the center of each particle where force versus indentation curves were used to calculate
Young’s modulus and spring constant. (B) Representative AFM tapping mode image of
bacteriophages PP7. Circles indicate an area in the center of each phage particle where force versus
indentation curves were recorded to calculate the spring constant. Notice that image scales are not
equal.

Fig. 5: (A) Representative force versus indentation trace curves of (a) mycoplasma A. laidlawii, (b)
Gram-negative B. diminuta and (c) Gram-positive S. epidermidis. Curves for A. laidlawii and B.
diminuta show similar slopes, while the slope of S. epidermidis being significantly steeper indicating a
higher stiffness. (B) Representative force versus indentation trace curve of PP7 phage capsid. The
steep slope indicates a relatively stiff particle. Capsid breakage occurs at approximately 570 pN and 8
nm indentation indicated by the circle, revealing brittleness of the capsid.
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Table 2: Sizes and stiffness data of measured particles.
Acholeplasma

Brevundimonas

Staphylococcus

Bacteriophage

laidlawii

diminuta

epidermidis

PP7

Cell wall (Gram-

Cell wall (Gram-

Rigid protein

negative)

positive)

capsid

799±15

1118±84

19.3±1.1

Relevant

No cell wall

structural

(lipid bilayer

properties

only)

Mean
diameter [nm]

675±19

Polystyrene beads

Solid material

191±2
Olympus AC160TS,

Cantilever

Olympus TR400PSA, silicon nitride, 0.08 N/m, pyramidal tip

used

silicon, 42 N/m,
tetrahedral tip

Mean
indentation

106±42

105±50

37±17

3.2±1.3

5.9±2.2

400

400

400

400

15000

Young‘s

101±72 kPa

69±34 kPa

1159±527 kPa

310±113 MPa

1.6±0.7 GPa

modulus

(equation 2)

(equation 2)

(equation 2)

(equation 4)

(equation 3)

0.0031±0.0014 0.0031±0.0017

0.021±0.013

0.178±0.065

4.87±1.99

26

26

28

35

[nm]
Maximum
loading force
[pN]

Spring
constant [N/m]
Number of
individual

34

particles

Table 3: Published values for the spring constant and Young’s modulus of bacteria.
Gram stain

Species

Gram-negative

E. coli

Spring constant

Young’s modulus

[N/m]

[kPa]

0.034-0.044

a

b

0.026 , 0.069

b

Gram-positive
not applicable

S. aureus

0.02-0.03

d

0.02-0.05

e

0.013

Bacillus subtilis

[36], [37]

1.9×10³

0.017-0.044

S. putrefaciens

[35]

-

P. aeruginosa

b

c

[38]

-

[39]

-

[40]

37-210

c

0.16-0.31

Source

e

[33]

3c

1.7×10
f

6

1.2×10 -1.6×10

[31]
6f

[17]

phage φ29
a

b

c

d

e

f

Tris buffer, deionized water, PBS buffer, growth medium, potassium nitrate buffer, TMS buffer
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3.2

Membrane pore size characterization

In order to evaluate the retentive behavior of the employed biological particle species at a lower and a
higher degree of retention, two tailor-made PES membranes were prepared for each species (Table
4). For the rigid polystyrene beads, only one membrane type was prepared (Table 4). The employed
membranes were symmetric, i.e. they exhibited no significant pore size gradient over the crosssection of the membrane and a thickness of 120 to 150 µm. This was confirmed by visual evaluation
of scanning electron microscopy images of cross-sections generated from freeze-fractured
membranes. For illustrative purposes, two representative membrane images are depicted in Fig. 6.
Visual water bubble points ranged from 90 kPa for Epi_low to 470 kPa for Laid_high. Within one
bacteria species to test, the more retentive membrane always exhibited a higher bubble point value.
Membranes for use with polysytrene beads and phage PP7 exhibited water bubble points above 600
kPa, which could not be determined with the present setup.

Fig. 6: Cross sectional SEM images of (A) Laid_high membrane and (B) Epi_low membrane.

Table 4: Overview of the single layer PES membranes used.
Membrane
name code

PP7_high
PP7_low
PSbeads

Largest
pore size
diameter
[nm]
n.d.
n.d.
139

Mean pore
size
diameter
[nm]
n.d.
n.d.
103

Water
bubblepoint
[kPa]
a

>3000
a
>3000
a
>600

Laid_high
371
298
470
Laid_low
509
405
330
Dim_high
613
417
220
Dim_low
983
737
190
Epi_high
1115
671
150
Epi_low
1513
941
90
a
b
Theoretical value, High-retention degree corresponds to
and 200 kPa transmembrane pressure,

c

Retention
degree

Filtered particle
species

a

P. aeruginosa
phage PP7
Polystyrene
beads
A. laidlawii

High
b
Low
Unspecified

High
Low
High
B. diminuta
Low
High
S. epidermidis
Low
LRV higher than 4 at room temperature

Low-retention degree corresponds to LRV lower than 4 at

room temperature and 200 kPa transmembrane pressure
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3.3

Dead-end filtration experiments at different transmembrane pressures

The dead end filtration experiments for each particle species were carried out within a TMP range of
10 to 950 kPa and the membranes listed in Table 4. Differences in retention due to leakage or
defective pores can be excluded, since the membranes and membrane housings were integrity tested
by the bubble point method.
The first step was to examine the retention behavior of Laid_low as a function of applied TMP, since
mycoplasmas were reported to be deformable and in some cases penetrate sterilization grade
membranes [11]. Fig. 7 shows the log reduction value of A. laidlawii as a function of TMP for Laid_low.
When the TMP was increased from 10 to 200 kPa the LRV significantly decreased from 4.4 to 2.3 log
units. Brevundimonas diminuta was chosen as a Gram-negative, but cell wall positive bacteria
representative. Here, the LRV significantly dropped from 3.3 to 2.1 for increasing TMP. However, the
effect was less distinctive as for the mycoplasma (Dim_low, Fig. 7). For Staphylococcus epidermidis,
a Gram-positive bacterium with a thicker peptidoglycan layer, a TMP increase from 10 to 100 kPa
yielded no significant LRV decrease, however a slight decrease is visible at 200 kPa (Epi_low, Fig. 7).

Fig. 7: LRV of bacteria species for low-retention (open symbols) and high-retention (closed symbols)
membranes as a function of TMP during filtration of the respective particle species. All symbols
represent means of triplicate experiments. The LRV mean standard deviations for A. laidlawii, B.
diminuta and S. epidermidis are ±0.3, ±0.3 and ±0.2 log units respectively. Arrows indicate a LRV
above the upper detection limit.

The same experiments were also carried out with the respective high-retention membranes (closed
symbols in Fig. 7). For A. laidlawii, a significant LRV drop from approximately 8.0 to 6.1 for a TMP
increase from 20 to 200 kPa is evident for Laid_high, and comparable to the LRV drop observed for
the respective low-retention membrane Laid_low. The LRV at 10 kPa was above the detection limit of
approximately 8.7 log units. The high-retention membrane Dim_high used for B. diminuta showed a
LRV drop from 8.0 to 4.6 at increasing TMP, which is a difference of 3.4 log units, whereas the LRV
drop for the low-retention membrane Dim_low was only 1.2. In general, mycoplasma and the Gram-
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negative B. diminuta, showed similar behavior for both low- and high-retention membranes. Grampositive bacterium S. epidermidis retention was also pressure-independent up to 200 kPa for the highretention membrane Epi_high.
The AFM measurements revealed that S. epidermidis was an order of magnitude stiffer than
A. laidlawii and B. diminuta (Fig. 2, Table 2). The exerted TMP of 200 kPa was therefore possibly not
high enough to deform S. epidermidis. Filtration experiments with S. epidermidis where thus carried
out with higher TMPs up to 950 kPa, which was in the range of the Young’s modulus of 1159 kPa. Fig.
8A shows a significant LRV decrease for S. epidermidis at TMPs above 300 kPa and the LRV
decreases from 4.2 to 1.2 log units at a TMP of 950 kPa. The LRV decrease was steeper as for A.
laidlawii and B. diminuta. The observed differences in the magnitude of the LRV decrease for the
different species could be related to the differences in their envelope structure. Fig. 1 shows that the
number-based PSD of S. epidermidis is narrower than that of the other two bacteria species. It could
be possible that if the TMP is high enough to deform S. epidermidis cells, more cells of a specific size
can pass through the pores and thus the LRV decrease is more pronounced. The Young’s moduli of
the bacteria species are indicated by arrows in Fig. 8A. It is obvious that the Young’s moduli lie amidst
the LRV decrease, which is also true for the Laid_high and Dim_high membranes (Fig. 7). Thus
deformation already occurs when the TMP is lower than, but in the order of magnitude of the
respective Young’s modulus. For S. epidermidis significant deformation and LRV decrease starts at a
TMP of approximately 25% of its Young’s modulus. Since there is no plateau at low TMP for A.
laidlawii and B. diminuta it is not possible to determine where their deformation starts.

Fig. 8: LRV of (A) bacteria species for low-retention (open symbols) and high-retention (closed
symbols) membranes and (B) PP7 bacteriophages and polystyrene beads as a function of TMP
during filtration of the respective particle species. All symbols represent means of triplicate
experiments. The maximum LRV mean standard deviation is ±0.3 log units. Arrows indicate the
Young’s modulus of the respective particle species.

Bacteria retention by polymer membranes was found to be TMP-dependent for all bacteria species.
The deformability of mycoplasma is supported by Fig. 9 showing significantly elongated A. laidlawii
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cells penetrating into small pores of a 0.2 µm track etched polycarbonate membrane after filtration at
a TMP of 200 kPa. They have also been reported to be very flexible in literature [41,42].
Lebleu et al. showed that all tested Gram-positive bacteria were retained reliably, while Gramnegative bacteria passed the membrane. The LRV of Gram-negative E. coli using 0.4 µm track-etch
membranes decreased from approximately 4.5 to 3 log units when the TMP was increased from 20 to
100 kPa [12]. The LRV actually reached a plateau value already at 50 kPa. E. coli passed the used
0.4 µm track-etch membrane despite being significantly larger than the pores. Gram-positive
C. xerosis of the same size and shape did not pass the same membrane. Additionally, this was true
for Gram-positive cocci S. aureus and M. luteus, however the TMP never exceeded 100 kPa. Thus,
the key drivers for bacteria penetration at higher pressures do not seem to be their shape or relative
size, but how the cell envelope is constituted.
Arkhangelsky et al. hypothesized that a possible pore enlargement at high differential pressures could
explain the LRV drop [16]. Fig. 10 shows a typical flow performance for Laid_high, Laid_low and
Epi_high membranes. The excellent straight-line fit of the flow rate versus pressure relation is a
strong indication for constant permeability and thus unchanged pore size over the exerted TMP range
which is also true for pressures up to 950 kPa for the Epi_high membrane (Fig. 10B).

Fig. 9: Scanning electron microscope image of Acholeplasma laidlawii cells penetrating pores of a 0.2
µm polycarbonate track etched membrane. Cells were fixed with glutaraldehyde and dewatered with
increasing ethanol concentrations after filtration at 200 kPa TMP.
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Fig. 10: Permeate flow rate as a function of applied TMP for (A) Laid_high and Laid_low and (B)
Epi_high. Error bars represent standard deviations of the individual data. A straight-line with origin
intersect was fitted to the data.

Compared to bacteria, polystyrene beads are stiff and hardly deformable particles. AFM
measurements presented above confirmed these findings. Accordingly, Fig. 8B shows no TMP
dependency of the LRV for these particles up to a TMP of 950 kPa. The same phenomenon was
observed for bacteriophage PP7 particles for both membrane types. Phages were reported to be stiff
[17] but no deformability values were given. As was shown above, phages were several orders of
magnitude stiffer than bacteria, which makes their stiffness comparable to that of polystyrene. The
Young’s moduli of both polystyrene beads and phages were several orders of magnitude higher and
thus far away from the maximum exerted TMPs of 950 and 500 kPa (Fig. 8B). The independence of
LRV of the stiff particles and phages on TMP supports the hypothesis that the LRV drop observed for
bacteria was caused by their deformation. If there were any interactions that would correlate with
membrane-particle contact times, an LRV drop should also be observed with bacteriophage PP7. If
adsorption played a role in a LRV drop, this would occur for phages due to capsid protein-membraneinteractions.

4

Conclusions

This study, for the first time, provides experimental stiffness data for a wide range of different
biological and non-biological model particles, ranging 20 – 1500 nm in size. Using the same AFM
methodology enables a direct comparison of stiffness and thus deformability of those different particle
species. The data shows, that mycoplasma A. laidlawii and Gram-negative B. diminuta are relatively
soft (Young’s modulus of 101 and 69 kPa), while Gram-positive S. epidermidis is one order of
magnitude stiffer (Young’s modulus of 1159 kPa), most likely due to its thick peptidoglycan layer. PP7
bacteriophages and polystyrene beads are two to three orders of magnitude stiffer than bacteria
(Young’s modulus of 310 and 1577 MPa). This paper shows that the impact of TMP on particle
retention in dead end microfiltration is strongly correlated to particle stiffness; the stiffer a particle, the
lesser is the impact of TMP on particle retention. A. laidlawii and common Gram-negative B. diminuta
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bacteria exhibit low particle stiffness and therefore, increasing TMP leads to significantly decreased
levels of retention. Gram-positive bacteria S. epidermidis are one order of magnitude stiffer than A.
laidlawii and B. diminuta and their retention is only dependent on TMP when pressures greater than
300 kPa are used. Phages and latex beads, being even stiffer than S. epidermidis, did not show
retention dependence on TMP within the tested range. The used tailor-made membranes in singlelayer configuration enabled detailed insight into LRV changes when the TMP was changed. The
generated physical data and the related correlation to particle retention supports the mostly empirical
expectation that mycoplasma and Gram-negative bacteria retention can be elevated when sterile
filtration processes are carried out at lower TMP values.
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Highlights


The retention of a broad range of different particles, ranging from 0.02 to 1.5 µm in size
(mycoplasma, Gram-negative and –positive bacteria, bacteriophages, polystyrene beads), by
PES MF membranes was studied for different transmembrane pressures.



Particle stiffness was determined for the entire range of particles by one unified



AFM method enabling direct comparison of stiffness values.
An observed decrease of particle retention by microfiltration membranes at increasing
transmembrane pressure can be correlated to particle softness.
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