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Bacterial infections related to medical devices can cause severe problems, whose solution requires
in-depth understanding of the interactions between bacteria and surfaces. This work investigates the
influence of surface physicochemistry on bacterial attachment and detachment under flow through both
empirical and simulation studies. We employed polydimethylsiloxane (PDMS) substrates having
different degrees of crosslinking as the model material and the extended Derjaguin � Landau � Verwey
� Overbeek model as the simulation method. Experimentally, the different PDMS materials led to similar
numbers of attached bacteria, which can be rationalized by the identical energy barriers simulated
between bacteria and the different materials. However, different numbers of residual bacteria after
detachment were observed, which was suggested by simulation that the detachment process is deter-
mined by the interfacial physicochemistry rather than the mechanical property of a material. This finding
is further supported by analyzing the bacteria detachment from PDMS substrates from which non-
crosslinked polymer chains had been removed: similar numbers of residual bacteria were found on the
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FluidFM
 extracted PDMS substrates. The knowledge gained in this work can facilitate the projection of bacterial
colonization on a given surface.
� 2022 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Material properties, including mechanical parameters, are well
known to impact bacterial interactions with materials [1-4]. It
has been reported that stiffness of substrate materials can signifi-
cantly influence bacterial adhesion [5-9], e.g. Escherichia coli, Sta-
phylococcus aureus, Pseudoalteromonas sp. and Bacillus sp.
displayed a higher number of adhering bacteria on stiff than on soft
materials such as agarose, agar and poly(ethylene glycol)
dimethacrylate (PEGDMA) hydrogels [9-11]. Recently, we revealed
that the intrinsic properties of polydimethylsiloxane (PDMS) sub-
strates of different Young’s moduli substantially impacted bacterial
adhesion, in addition to the reported bacterial active mechano-
sensing [12]. Moreover, the material viscosity, as we discovered,
strongly influences the irreversible adhesion of E. coli on PDMS sur-
faces [13]. The higher viscosity of soft PDMS surfaces led to a
higher number of adhered E. coli cells, likely due to higher sticki-
ness and/or deformability of the soft PDMS surface [13]. We further
found that the interfacial chemical properties played a critical role
in bacterial adhesion by effectively influencing the material inter-
facial viscosity instead of material mechanical properties [1].

Since bacterial adhesion to surfaces mostly takes place under
flow conditions, e.g. in the environment of dental implants, urinary
catheter and stents, and wound dressings, it is important to under-
stand how bacteria interact with material surfaces under flow and
to discover the influencing factors. To this end, mathematical sim-
ulations were proposed to explain and predict the interaction
between bacteria and material surfaces. The extended
Derjaguin � Landau � Verwey � Overbeek (XDLVO) model has
been developed by involving Lewis acid � base interaction in addi-
tion to Coulomb and Van der Waals interactions [14]. The XDLVO
model has been used to simulate the free energy between a bac-
terium and a flat surface by assuming a bacterium as a homoge-
neous spherical particle and neglecting the influence of its
appendages [15]. It was revealed that the bond between a substra-
tum surface and a bacterium becomes stronger after initial attach-
ment [15]. In addition, the burst/sublayer model has been
exploited to calculate the critical shear velocity to detach bacteria
from a surface and to analyze the residual resistant torques of dif-
ferent PDMS surfaces by considering the turbulences of the fluids
[16,17]. Briefly explained, the burst method was applied to PDMS
surfaces in the high fluid turbulence scenario (1 � Re � 1000)
and the sublayer method was in the low fluid turbulence regime
(Re � 1) [16,18]. However, in the models reported so far the pro-
cesses of attachment and detachment are not lucidly separated and
studied regarding the influence of shear velocity, residual resistant
torques, and fluid turbulences on bacterial attachment and
detachment.

The goal of this work is to decouple and differentiate the bacte-
rial attachment from their detachment process, and furthermore to
discover what causes the numerical difference of bacteria on PDMS
surfaces during attachment and after detachment. Herein we sep-
arate bacterial attachment and detachment into two separate
phases. Bacterial attachment has been considered as reversible
adhesion and the residual cell attachment after detachment as irre-
versible adhesion. Bacterial cells were idealized as microparticles
(Fig. 1a) for XDLVO model simulations during the attachment pro-
cess to study the effects of the adhesion energy barrier on bacterial
attachment. The burst/sublayer model was utilized for the bacte-
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rial detachment process to calculate critical shear forces on differ-
ent PDMS surfaces and residual resistant torques, which
qualitatively depicted the properties of different PDMS surfaces
during the detachment process. A fluidic force microscope
(FluidFM), capable of measuring a single cell adhesion force on sur-
faces [19,20], was utilized to quantify the adhesion force between a
bacterium and a surface. It was revealed that the simulation results
for the attachment and detachment process correlated well with
those obtained experimentally (Fig. 1b-e), both of which suggest
that the number of residual bacteria on the surface is determined
by interfacial physicochemistry in the detachment process. This
work allows an improved understanding of how bacteria interact
with viscoelastic surfaces involving attachment and detachment
processes under flow conditions.

2. Results and discussion

2.1. Physicochemical characterization of PDMS surfaces

In this work, we used different PDMS samples as described pre-
viously [1]. The bulk PDMS properties were characterized by rheol-
ogy and the results are shown in Fig. S1 & Table 1. Similarly to our
previous report [1], PDMS species with 5:1, 10:1, 20:1 and 40:1
ratios of elastomer and curing agent showed decreasing complex
shear moduli but an increasing viscosity. The adhesion force and
the adhesion energy of bulk PDMS increased with decreasing
crosslinking degree. Furthermore, the gel fraction analysis revealed
that there was an increasing amount of free PDMS polymer chains
inside PDMS with decreasing crosslinking degree, contributing to
the high viscosity of the soft PDMS species. Decreasing crosslinking
degree led to decreased Young’s moduli but increased maximum
adhesion forces on PDMS surfaces, as well as slightly higher water
contact angle (Fig. S2). Slightly different roughness (Rq) of the four
PDMS samples was measured (Fig. S2), indicating that the different
amount of free PDMS polymer chains inside the PDMS samples did
not dramatically affect surface roughness.

2.2. PDMS of different viscoelasticity allowed similar numbers of
initially attached bacteria

When bacteria were perfused for two hours in a flow chamber,
similar numbers of attached bacteria were found on the distinct
PDMS surfaces having different stiffness, namely 11101 ± 680,
11586 ± 752, 11493 ± 768, and 11470 ± 550 cells�mm�2 on PDMS
5:1, 10:1, 20:1 and 40:1, respectively (Fig. 2 a&b). These results
opposed those previously reported, where more adhered bacteria
were observed on soft PDMS surfaces under static conditions
[1,12]. We attribute this difference to the different experimental
procedure: under the static condition bacteria on PDMS surfaces
were counted after removal of the bacterial suspension and rinsing
the loosely attached bacteria, a procedure during which air–liquid
interfaces can wash off some attached bacteria [21], thus resulting
in variation of the adhered cell numbers. In contrast, under the
flow condition applied here, the bacteria on PDMS surfaces during
the attachment process were directly counted without prior
removal or rinsing.

To simulate the interaction between floating bacteria and PDMS
surfaces, we performed theoretical modelling using the extended
Derjaguin � Landau � Verwey � Overbeek (XDLVO) model, which
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Fig. 1. Scheme of bacterial interaction with surfaces. Bacteria rolling detachment (a) in a flowing chamber. Ff is the hydrodynamic force exerted by the flow; Mf is the
hydrodynamic momentum; Fadh is the adhesion force based on JKR model; the FL (lift force) and FG (gravity force) are neglected in this work due to their limited contribution
[17]; the detachment model was based on the torque equilibrium theory around point ‘‘O”. The red colored arrows represent the bacterial movement under flow. Illustration
of bacterial movements on PDMS surfaces of different stiffness during (b) initial perfusion, (c) bacterial attachment and (d) bacterial detachment. Interaction of residual
bacteria with PDMS surface is depicted in (e). Similar numbers of adhered bacteria were found on PDMS surfaces of different stiffness during (c) bacterial attachment and
different numbers of residual bacteria adhered on different PDMS surfaces after (d) bacterial detachment. It is hypothesized that the surface physicochemistry of different
PDMS surfaces, namely the free polymer chains and polymer chain ends (grey filaments in (e)), is the critical factor to influence the residual bacterial adhesion. The grey
arrow bar indicated the flow direction of bacterial suspension (b & c) and PBS buffer or air (d). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 1
Rheological properties of non-extracted and extracted PDMS. The storage modulus, loss modulus and loss factor were measured by a rheometer in the linear viscoelastic region as
reported [1] with the time-sweep mode, and the shear complex modulus was subsequently derived based on the formula described in the Methods. The shear complex modulus
as noted rose with the increasing crosslinking degree for both non-extracted and extracted PDMS samples, although the extracted counter samples displayed higher modulus. The
loss factor, the numerical ratio of loss modulus over storage modulus, suggested that the non-extracted and extracted PDMS samples of lower crosslinking degree possess a high
viscosity and low elasticity. Three independent measurements were performed with three replicates for one sample in one measurement. Standard deviations were derived
according to 9 analyses of one sample.

PDMS Species Shear Modulus (G*)/kPa Storage Modulus (G’)/kPa Loss Modulus (G’’)/kPa Loss factor Extraction

5: 1 69.0 ± 0.22 68.9 ± 0.22 3.4 ± 0.21 0.049 ± 0.001 No
7385.6 ± 142.12 7370.8 ± 142.09 478.5 ± 14.02 0.064 ± 0.003 Yes

10: 1 52.7 ± 0.43 52.6 ± 0.43 2.8 ± 0.11 0.052 ± 0.001 No
4186.9 ± 8.22 4176.1 ± 8.03 286.7 ± 2.13 0.068 ± 0.004 Yes

20: 1 41.2 ± 0.09 41.2 ± 0.09 1.9 ± 0.03 0.046 ± 0.001 No
4014.9 ± 9.45 3999.1 ± 9.35 355.6 ± 1.63 0.089 ± 0.002 Yes

40: 1 4.3 ± 0.05 4.2 ± 0.05 1.1 ± 0.02 0.258 ± 0.001 No
2422.5 ± 14.01 2360.5 ± 13.65 544.6 ± 4.02 0.231 ± 0.003 Yes

F. Pan, M. Liu, S. Altenried et al. Journal of Colloid and Interface Science 622 (2022) 419–430
has been exploited to describe the interaction between a bacterial
cell and a material surface in colloidal physics, by assuming bacte-
rial cells as homogeneous spherical particles and neglecting the
cell surface appendages [22,23]. The XDLVO model considers
acid-base interaction, the electrostatic double layer interaction,
and the Lifshitz-Van der Waals interaction for calculation of free
energy. In the experimental settings, the total free energy in the
DLVO model between a surface and a particle is the sum of their
Coulomb and Van derWaals interactions, in which the electrostatic
Coulomb interaction is repulsive due to the negative surface charge
of a bacterium and the negatively charged PDMS surface in a neu-
tral aqueous solution. This repulsive energy increases as the ionic
strength decreases because of a weaker charge shielding effect of
ions in the electrical double layer. The Debye length of the PBS buf-
fer utilized in our experiment and simulation was 0.787 nm. The
electrostatic potential would decay to 2% of its value at the surface
421
when exceeding the region of varying electrostatic potential within
a distance of about 3 times the Debye length [14]. The short-ranged
competing attractive Van der Waals force dominates the vicinity of
a surface within several nanometers [14]. Thereby, the Coulomb
interaction and Van der Waals force lead to a shallow secondary
energy minimum and an energy barrier, for which bacterial cells
do not compensate by Brownian motion [24]. Additionally, Lewis
acid-base interaction energy had to be considered here [25,26].
The decrease of the energy barrier and deeper secondary energy
minimumwas consequently taken into consideration for the calcu-
lation of the interaction gap influenced by the strong short-ranged
Lewis acid-base interaction. The calculated gap required for the
interaction between bacteria and PDMS surfaces of different inter-
facial Young’s moduli was 4 nm within the reported distance [27]
(Fig. 2c). The calculated free energy of the interaction between bac-
terium and different PDMS surfaces derived the same energy bar-
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rier of 500 kBT for bacterial interaction on different PDMS surfaces,
appearing at a similar distance of 0.6 nm for all samples, smaller
than 4 nm (Fig. 2c).

Further, to study bacterial adhesion on PDMS surfaces during
the attachment process, laminar flow was exploited to create a
flowing system in a 2D cross-section construction, identical to
the experimental settings. Particle tracing in fluid flow was utilized
in the simulation to understand simulated bacteria attachment
behavior on different PDMS surfaces, where the flowing particles
were set as 0.3 mg�s�1 analogous to the concentration of bacteria
in the flow. Consequently, the particles, simulated at the same flow
conditions as used in the experiments, adhered in roughly compa-
rable numbers (� 90 particles) on the cross-sections of different
PDMS material surfaces (Fig. 2d). This theoretical explanation of
similar numbers of bacterial attachment on different PDMS sur-
faces suggests that the bacterial adhesion during the attachment
process is a non-specific process and not influenced by specific fac-
tors e.g. bacterial mechano-sensing. The similar energy barrier of
different PDMS surfaces is the main reason for the comparable bac-
terial adhesion during the bacterial attachment process.
2.3. PDMS of different interfacial viscoelasticity allowed different
numbers of residual bacteria after detachment

A detachment process was applied to flush away the loosely
attached bacteria on the sample surfaces, as described previously
[13]. The numbers of residual bacteria varied dramatically on dif-
ferent PDMS surfaces with more residual bacteria on lower cross-
linked PDMS surfaces: 1200 ± 113, 2908 ± 463, 6093 ± 826,
9462 ± 1459 cells�mm�2 on PDMS 5:1, 10:1, 20:1 and 40:1, respec-
tively (Fig. 3a&b). The different numbers of residual bacteria
adhered on different PDMS surfaces motivated us to unveil the
influential factors by using a theoretical simulation. A bacterium
was assumed as an elastic spherical particle interacting with a
sample surface of a much smaller roughness compared to the par-
ticle radius [28]. To detach an attached spherical particle from a
surface, it is required that the torque of the flow should be larger
than that generated by the particle-interface adhesion force and
the weight of the particle. The required minimum flowing torque
was named critical torque, generating a respective critical shear
velocity [17]. We calculated the residual numbers of bacteria on
different PDMS surfaces after the detachment procedure using
the burst/sublayer method [16,17] by exploiting the JKR (Johnson,
Kendall and Roberts) adhesion model [29], a hydrodynamic model
[30] and Monte-Carlo simulation [31] (Fig. 1a). Here the JKR adhe-
sion model incorporated the dominant contribution from the adhe-
sion force when the simulated bacterium contacts PDMS surfaces.
The hydrodynamic model considered critical shear velocity of the
3

Fig. 2. Bacterial attachment analysis in the attachment process. (a) and (b) depict the num
corresponding representative micrographs, respectively. The bacteria in PBS were flown
followed by flowing PBS buffer (100 lL�min�1) for 15 min to remove the unattached bac
replicates of each PDMS sample type were analyzed and five images at random locations
one set of results was displayed. Error bars representing the standard deviations were d
Student’s t-test (p < 0.01) in (a) suggested no significant difference for every sample type.
calculated based on XDLVO model. The total interaction energy (E_TOT), the acid-basic in
the Lifshitz-Van der Waals interaction energy (E_LW) were calculated against the separ
different PDMS surfaces in a simulated velocity field (d) was analyzed by XDLVO mod
defined as 75 mm (length) � 25 mm (width) � 1 mm (height) and laminar flow (100 l
(Ma < 0.3) and by considering the acid-base interaction, electrostatic double layer int
chamber (25 mm in length) was illustrated for a straightforward understanding. The bac
flow rate of 0.3 mg�s�1 traced in fluidic flow on different PDMS surfaces. Blue dots on
gradient inside the flow chamber is presented in the rainbow bar below. (For interpretati
version of this article.)
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flow and the critical torque to flush away the simulated attached
bacterium on the PDMS surfaces. Assisted with Monte-Carlo simu-
lation, we investigated the distribution of critical shear velocity
and the numerical relation between shear velocity and the
detached bacteria from a surface due to the imperfect interfacial
homogeneity, unequal bacterial distribution and flow variation.
Furthermore, we derived the distribution of resistant torque neces-
sary to be overcome by a flow for a successful detachment of a bac-
terium from a given surface. Based on calculation assumptions and
dependence on Reynolds (Re) number, the burst method was
applicable for PDMS surfaces in the high fluid turbulence scenario
(1 � Re � 1000) and the sublayer method in low fluid turbulence
regimes (Re � 1) [16,18]. Thereby, the critical shear velocities
(u*) to detach a simulated bacterium from PDMS 5:1 and PDMS
10:1 were derived as 1.0 m�s�1 and 1.44 m�s�1 with the sublayer
method, and those for PDMS 20:1 and 40:1 were calculated with
the burst method as u*min 9.36 m�s�1 and u*max 9.69 m�s�1 for
PDMS 20:1 and u*min 20.83 m�s�1 and u*max 21.56 m�s�1 for PDMS
40:1, respectively (Fig. 3c). Although we cannot derive a specific
critical velocity to detach a bacterium on PDMS 20:1 and 40:1, it
can be noticed that the critical velocities increased with decreasing
crosslinking degrees of the samples. Similarly, the residual resis-
tant torques increased as well with decreasing crosslinking degree,
with PDMS 5:1, 10:1, 20:1 and 40:1 at 1.70 � 10-18 N�m, 3.08 � 10-
18 N�m, 2.09 � 10-16 N�m, 5.98 � 10-16 N�m, respectively. Consider-
ing inhomogeneous distribution of bacteria and variation of flow
conditions on the inhomogeneous PDMS surfaces, we concluded
that the bacterial attachment on surfaces impacted by detachment
cannot be compensated by the flow (Fig. 3d and S3). A numerical
relation between flow shear velocity and detached bacterial num-
bers demonstrated that detaching 50% bacteria from different
PDMS surfaces required shear velocities of 1.0 m�s�1, 1.45 m�s�1,
9.59 m�s�1 and 22.42 m�s�1 for PDMS 5:1, 10:1, 20:1 and 40:1,
respectively (Fig. 3e). In other words, the same flow shear velocity
could suspend fewer bacteria from PDMS surfaces of lower
crosslinking degree. Since the dominant contribution to detach
the bacteria from the PDMS surfaces as identified in the simulation
was interfacial adhesion force derived from interfacial physico-
chemistry, the calculated varying critical shear velocity and resid-
ual resistant torques were impacted mainly by the interfacial
physicochemistry. More importantly, the experimental results of
the variant residual bacterial numbers (Fig. 3 a&b) displayed a sim-
ilar trend to that found in our previous report [1], which matched
well with our simulation assumptions and results presented here

We further utilized COMSOL Multiphysics 5.6 to simulate the
attachment and detachment process in the 3D environment
(Fig. 4, Video 1–4). Particle flow (360 particles per minute in order
to simulate a bacterial flow in the range of 102-103 cells per min-
ber of adhered E. coli cells on PDMS samples during the attachment processand the
through PDMS samples for 2 h at a speed of 100 lL�min�1 at room temperature,

teria. Attached bacteria were then imaged by optical microscopy and counted. Two
were taken on each replicate. Three independent experiments were performed and
erived based on total 10 measurements in one set of experiment. Scale bar: 50 lm.
Interaction free energy (c) between a bacterial cell and different PDMS surfaces was
teraction energy (E_AB), the electrostatic double layer interaction energy (E_EL), and
ation distance of a bacterium from different PDMS surfaces. Bacterial adhesion on
el modulated in COMSOL Multiphysics 5.6. The geometry of flowing chamber was
L min�1) in the velocity field was generated according to the compressible model
eraction, Lifshitz-Van der Waals interaction and Brownian interaction. The partial
terial trajectory and position in the simulation were depicted as particles at a mass
the bottom boundaries illustrated attached bacteria and the cone shaped velocity
on of the references to colour in this figure legend, the reader is referred to the web



Fig. 3. Residual bacterial adhesion analysis in the detachment process. (a) and (b) illustrate the residual adhesion of E. coli BW25113 on PDMS samples during detachment
process and the corresponding representative micrographs, respectively. The bacteria were allowed to detach from PDMS samples for 5 min by flowing air (1000 mbar) at
room temperature, followed by flowing PBS buffer (100 lL�min�1) for 10 min to obtain a stable status of adhered bacteria. Subsequently, the adhered bacteria were imaged by
optical microscopy and counted. Two replicates of each PDMS samples were analyzed and five images at random locations were taken on each replicate. Three independent
experiments were performed and one set of results is displayed. Error bars representing the standard deviations were derived based on total 10 measurements in one set of
experiment. Scale bar: 50 lm. Student’s t-test (p < 0.01) in (a) suggested significant difference among each sample. The mean critical shear velocities on different PDMS
surfaces (c) were calculated based on Monte-Carlo simulation with defined turbulence factor and required assumed Re number. The mean critical shear velocities to suspend
a bacterium on PDMS 5:1 and 10:1 were derived based on the sublayer model (assumed Re � 1) with a fixed turbulence factor of 1.14 and the ones on PDMS 20:1 and 40:1
were calculated according to the burst model (assumed 1 � R � 1000) with a turbulence range of 1.72–1.84. Thus, fixed mean critical shear velocities can be calculated for
PDMS 5:1 and 10:1 and mean critical shear velocity ranges can be derived for PDMS 20:1 and 40:1. The average residual resistant torques in a unit of N�m (d) were
determined based on the resistant torques formed on PDMS surfaces once bacteria attached on a PDMS surface and torques of a flow from the detachment flow in the
chamber. Thereby, the residual resistant torques indicated the resistant torques of adhered bacteria on surfaces unable to be surmounted by the flow. The number of
suspended bacteria on different PDMS surface at varying shear velocities of a flow (e) were calculated based on Monte-Carlo simulation due to the surface imperfect
homogeneity, uneven bacterial distribution and flow variation.

F. Pan, M. Liu, S. Altenried et al. Journal of Colloid and Interface Science 622 (2022) 419–430
ute) was set in a simplified chamber (75 mm (length) � 12.5 mm
(width) � 1 mm (height)) to interact various PDMS surfaces. The
particle number above each PDMS samples (including suspended
and attached particles) was counted during simulated attachment
424
(0–120 min) and detachment (120–135 min) settings, correspond-
ing to the aforementioned experimental settings (Fig. 4a, Video 1–
4). In addition, the particles above PDMS surfaces at 120 min and
135 min were depicted, as shown in Fig. S4 a&b. It was observed
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Fig. 4. Theoretical verification of a bacterial flow on various PDMS surfaces analyzed by COMSOL Multiphysics 5.6. (a) Particle number above various PDMS surfaces was
recorded from 0 to 135 min, with the period of 0–120 min to simulate the attachment process and that of 120–135 min the detachment process. The particle flow was set at
360 particles per minute in a simplified chamber (75 mm (length) � 12.5 mm (width) � 1 mm (height)). (b) and (c) show the particle amounts on different PDMS surfaces at
120 min and 135 min, respectively, normalized to the number of particles above PDMS 5:1 at each time point.
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that the particle number above each PDMS surface became stable
after a flow for approximately 10 min (Fig. 4a), which lasted until
the end of the attachment process. Only a slight variation (below
2.3%) in particle number above different PDMS surfaces can be
observed at 120 min (Fig. 4b). However, this variation increased
up to 6.8% after detachment at 135 min (Fig. 4c). Even though
the setting of this theoretical verification was simplified, a similar
trend has been observed in the 2D analysis of bacterial attachment
and detachment.

These results revealed that the interfacial physicochemistry
regulating the surface energy barrier dominated the residual resis-
tant torques during the detachment, likely through molecular
bridging of the non-crosslinked PDMS chains (Fig. 1b-e). Thus, it
is hypothesized that interfacial physicochemistry is the regulating
factor for bacterial residual adhesion behavior on PDMS surfaces.

2.4. Empirical verification through extracted-PDMS and measurement
of single cell adhesion forces

In order to verify the impact of interfacial physicochemistry on
residual bacterial numbers after the detachment process, we aimed
to obtain PDMS substrates of comparable surface physicochem-
istry. To this end, we extracted the PDMS samples to remove the
non-crosslinked polymer chains using the previously reported
method [32]. The surface wettability of the PDMS samples was
subsequently analyzed by water contact angle measurement,
revealing a narrow range of 109.6 to 111.6� (Fig. 5a), unlike the dif-
425
ferent values obtained for the non-extracted PDMS samples (108.4
– 122.4�, Fig. S2c). The adhesion force (0.8 – 25.1 N) and energy
(0.1 – 9.2 J∙m�2) of the extracted bulk PDMS measured by rheom-
etry were considerably reduced compared to those before extrac-
tion (Fig. 5 b&c). However, the sample 40:1 still exhibited
highest bulk adhesion force and bulk energy, and the sample 5:1
the lowest. As expected, the stiffness (shear complex modulus) of
all samples after extraction increased dramatically upon removal
of non-crosslinked polymer chains, from 69 to 7385 kPa for sample
5:1 and from 4 to 2422 kPa for sample 40:1 (Fig. S1, Table 1). Nev-
ertheless, 5:1 remained the stiffest and 40:1 the softest material
(Fig. S1). The interfacial Young’s modulus measured by AFM
demonstrated a rising trend similar to the bulk shear modulus,
from 2401 to 3490 kPa for extracted PDMS 5:1 and from 66 to
206 kPa for extracted PDMS 40:1 (Fig. 5d). The roughness (Rq) on
different PDMS surfaces after extraction was reduced to the range
of 1.8 to 4.6 nm (Fig. 5e), differing from the non-extracted PDMS
surfaces (ranging of 1.8 to 9.2 nm, Fig. S2d). The interfacial adhe-
sion force, 1.87 to 4.98 nN, displayed no significant difference for
the extracted PDMS samples of varying crosslinking degrees
(Fig. 5f), indicating that the non-crosslinked PDMS polymer chains
were removed from the PDMS samples. This was further proved by
single cell force spectroscopy through FluidFM. For PDMS 5:1, 10:1,
20:1 and 40:1, the average adhesion forces between a bacterium
and non-extracted PDMS surfaces were 3.0 nN, 38.1 nN, 105.8 nN
and 247.2 nN, respectively, displaying a significant difference
according to Student’s t-test (p < 0.01). On the contrary, the aver-
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age adhesion forces between a bacterium and extracted PDMS sur-
faces were respectively 3.4 nN, 3.0 nN, 4.0 nN and 6.4 nN, showing
no significant difference according to Student’s t-test. As expected,
the numbers of adhered bacteria on different extracted PDMS sur-
faces were found to be similar (Fig. 5 h&i). The analysis through
single cell force spectroscopy herewith provided us a direct empir-
ical evidence that surface physicochemistry of PDMS played a deci-
sive role in bacterial adhesion forces and the residual resistant
torques, and consequently the residual bacterial adhesion.

Hence the variable surface physicochemistry of PDMS samples
caused by varying crosslinking degree was attributed to different
amount of free PMDS chains and different length of chain ends
on surfaces, referring to our precedent work [1]. However, such
variation does not affect bacterial adhesion on different PDMS sur-
faces during the bacterial attachment process since the tested
PDMS surfaces confer a comparable energy barrier of 500 kBT for
their interaction with bacteria. In contrast to the bacterial attach-
ment process, a detachment process led to varying residual num-
bers of bacteria on PDMS surfaces, which is in agreement with
the calculated varying critical shear velocity and residual resistant
torques, mainly impacted by the interfacial physicochemistry.
After extraction of the non-crosslinked PDMS polymer chains, the
interfacial mechanical properties of different PDMS remained dif-
ferent, but the interfacial maximum adhesion forces of the
extracted samples were similar, indicating a similar interfacial
physicochemical property of PDMS surfaces after extraction. More-
over, the extracted PDMS samples permitted similar numbers of
adhered bacteria, alongside comparable bacterium adhesion
forces. We therefore speculate that bacteria that are loosely
attached on different PDMS surfaces during the bacterial attach-
ment phase can be flushed away in the detachment process. The
different interfacial physicochemistry determined by the amount
of free/non-crosslinked PDMS polymer chains [33] worked there-
fore as interfacial ‘‘glue” of variable binding strength to allow dif-
ferent numbers of adhered residual bacteria after a rigorous
detachment process, revealed by the final residual bacteria on
PMDS. Hence interfacial physicochemistry, as hypothesized, was
confirmed to regulate the bacterial interaction with PDMS surfaces
during the attachment and the detachment process.

In this work, we idealized bacteria as homogenous spherical
particles and utilized PBS to suspend bacterial cells to simplify
the interaction of bacteria and surfaces. In the future, it is neces-
sary to further study more complex systems, for example inves-
tigating how a nutrient-containing medium would influence the
bacteria-surface interaction since biomolecules e.g., proteins in
the medium could be absorbed differently by PDMS with differ-
ent physicochemistry, thus impact the subsequent bacterial
adhesion.
3

Fig. 5. Surface and bulk characterization of extracted PDMS samples and single cell adh
angle measurements (a) were performed with five replicates of every PDMS species and
based on 30 measurements. Bulk adhesion force (b) and adhesion energy (c) of extracted
triplicate. Young’s modulus (d), surface average roughness (e) and maximum surface adh
species were measured by AFM-force spectroscopy and 576 indentations of every replica
the related standard deviation. Surface average roughness (Rq) (e) was measured in PB
replicate was analyzed five times to derive error bars. Single cell adhesion forces betwe
Fluidic FM and 10 measurements for every sample were conducted. Adhesion of E.
representative micrographs of adhered E. coli on extracted PDMS surfaces (i). The bacter
removal of the suspensions. Every sample was subsequently rinsed carefully with fresh
optical microscopy and counted. Three replicates of every PDMS species were analyzed an
experiments were performed and one set of results is displayed here. Error bars represent
of experiment. Scale bar: 50 lm. Student’s t-test (p < 0.01) in (a), (f), (g) and (h) reve
difference among extracted samples in (b), (c), (d) and (e) and among non-extracted sam
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3. Conclusions

Based on both empirical and simulation studies of bacterial
attachment and detachment, we noticed that the identical energy
barrier of different PDMS surfaces resulted in a similar number of
bacteria attached on these surfaces during the attachment process.
The residual bacterial adhesion on different PDMS surfaces
increased with decreasing degree of polymer crosslinking in the
PDMS samples. In addition, the observed residual bacterial adhe-
sion after detachment was in accordance with an increasing critical
shear velocity and residual resistant torques. The different critical
shear velocities and residual resistant torques based on simulation
setting are originated from the different interfacial physicochem-
istry of the PDMS materials. The dominant influence of interfacial
physicochemistry on residual bacterial adhesion was also verified
by the utilization of the extracted PDMS samples and by direct
measurement of the interactions with FluidFM. The surface bind-
ing strength of bacteria was also revealed to be dependent on the
interfacial physicochemistry. This comprehension of bacterial
interaction with materials surfaces assisted by theoretical simula-
tion and empirical analysis facilitates the interpretation of bacte-
rial interaction with materials and provides insights into
parameters to further improve the design of bio-functional materi-
als surfaces.
4. Methods

4.1. Empirical analysis

Chemical and reagents. All chemicals and reagents were pur-
chased from Sigma-Aldrich (Buchs, Switzerland) and utilized as
received unless otherwise stated. Phosphate-buffered saline (PBS)
at pH 7.4 was prepared as following: 8 g�L-1 NaCl, 0.2 g�L-1 KH2PO4

and 1.44 g�L-1 Na2PO4 in distilled water. Bacterial growth medium
(LB broth) was prepared as following: 10 g�L-1 tryptone, 5 g�L-1
yeast extract and 5 g�L-1 NaCl in distilled water.

PDMS substrate preparation. PDMS substrates were prepared as
previously reported using a Sylgard184 silicone elastomer kit
(Dow corning Inc., USA) with different weight ratios of the curing
agent of 5:1, 10:1, 20:1 and 40:1 [1,13]. The mixtures were thor-
oughly mixed, degassed in vacuum for 30 min and subsequently
20 lL PDMS were pipetted into 8-well slides as shown in Fig. S5a
to eliminate the position influence on bacterial adhesion. Then all
prepared slides were located on horizontally levelled racks inside
a vacuum incubator (SalvisLab Vacucenter, Switzerland) in vacuum
(blew 0.1 mbar) for half an hour and then kept at 60 �C for 24 h
after vacuum release. All fabricated slides were immersed in 70%
esion force analysis of non-extracted and extracted PDMS samples. Water contact
every replicate was measured six times. The error bars were respectively calculated
PDMS were analyzed using a rheometer with three independent measurements in
esion force (f) were measured in PBS buffer by AFM. Three replicates of every PDMS
te were performed to derive surface Young’s modulus (d) and adhesion force (f), and
S buffer by AFM contact mode. The samples were measured in triplicate and each
en an E. coli bacterium and every sample surface (g) was analyzed in PBS buffer by
coli was analyzed on extracted PDMS samples (h) alongside with corresponding
ia were incubated with extracted PDMS samples for 2 h in PBS, followed by careful
PBS twice to remove non-attached bacteria. Adhered bacteria were then imaged by
d five images at random locations were taken on every replicate. Three independent
ing the standard deviations were derived based on total 15 measurements in one set
aled no significant difference among extracted samples but suggested significant
ples in (g).
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ethanol for 20 min for cleaning and subsequently dried in vacuum
before further experiments unless otherwise stated.

Water contact angle measurement. The contact angle was ana-
lyzed by a Drop Shape Analyzer DSA25E (Krüss GmbH, Germany).
The contact angle was measured on PDMS surfaces with deionized
water, formamide and ethylene glycol (Table S1). The measure-
ments were performed at least five times on random positions of
one PMDS substrate with three replicates.

Atomic force microscope (AFM) analysis. AFM characterization
was performed on PDMS surfaces (punched discs with a diameter
of 20 mm) in PBS by a Flex Bio-AFM (Nanosurf, Switzerland). Sur-
face topography and force curve measurement were conducted
with a cantilever PointProbe� Plus Non-Contact / Soft Tapping
Mode - Au Coating (PPP-NCST-Au, Nanosensor, Switzerland). Elas-
tic deformation of PDMS substrates was used to derive Young’s
modulus from AFM-force spectroscopy by AtomicJ converting
raw deflection vs sample displacements plots into force vs defor-
mation plots based on the probe signal sensitivity (nm�V�1) and
spring constant (N�m�1) [1,34-36].

Free-PDMS extraction from bulk substrates. Extraction of non-
crosslinked PDMS polymer chains was performed as previously
reported [32]. Briefly, the PDMS samples of different cross-
linking degree were sequentially extracted by pentane for two
days, allowed to dwell in toluene for one day, ethyl acetate for
one day and acetone for one day, and finally dried in an oven at
90 �C for two days.

Gel fraction determination. The gel fraction was analyzed as
reported [1]. The mass of PDMS samples (punched discs with a
diameter of 20 mm) was measured before free-PDMS extraction
(W1) and after (W2) as described above. The gel fraction was then
derived as following:

Gel fraction ¼ W2=W1 � 100%

Rheology characterization. Rheological properties of PDMS sub-
strates (all substrates were punched into discs with diameter of
20 mm) were measured [1] by in situ plate-to-plate rheometer
(Anton-Paar 301, Graz). PDMS discs were placed on the bottom
plate and tool master was located above the substrate surface.
(1) Time-sweep measurements were performed with a constant
angular frequency of 10 rad�s�1 and strain of 0.5% for the punched
PDMS substrates. Shear complex modulus was consequently calcu-
lated as:

G�j j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G

02 þ G
0 02

q

G* is shear complex modulus, G’ is storage modulus and G’’ is loss
modulus.

(2) In the adhesion force measurement, the samples were
located at the center of the bottom plate and the rheometer upper
plate was lowered to the samples until physical contact. Each sam-
ple was loaded with a constant normal force (FN) of 10 N by the
upper plate for 5 s. The upper plate was then programmed to move
upwards with a speed of 5 mm�s�1 until a desired gap distance (h)
of 30 mmwas reached. The measured normal forces were analyzed
against gap distance. FN against gap distance was integrated by
Origin 2019 to derive the adhesion energy of each sample with
the upper plate.

Bacteria culture. E. coli BW25113, a strain widely utilized for bio-
film research [37,38], was used in this work. A bacteria colony was
picked from an agar plate, incubated in 10 mL LB growth medium
in a 50 mL Falcon tube on an orbital shaker at 160 rpm at 37 �C.
1 mL overnight bacterial culture was transferred into a 10 mL fresh
LB growth medium and then cultivated in the same shaker for
about 2 h till its exponential growth phase. Subsequently the bac-
terial culture was centrifuged at 7500 rpm for 5 min at 4 �C and
washed three times with 10 mL PBS.
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Bacterial attachment and detachment assay. The configuration of
the flow system to perform bacterial attachment and detachment
assay is described in Fig. S5b [13]. After the 8-well slide with PDMS
samples was assembled in the flow chamber (height 1 mm, width
25 mm and length 75 mm, Fig. S5b(8)), 70% ethanol was utilized to
disinfect all components by circuiting the system for 15 min at a
speed of 100 lL�min�1 using a flow controller (OB1 pressure con-
troller, Elveflow, France). Subsequently PBS was perfused into the
system for 15 min at a flow of 100 lL�min�1 to condition the PDMS
samples. The bacterial suspension (diluted to OD600 0.01) was sub-
jected to a flow over the PDMS sample for 120 min at a speed of
100 lL�min�1. Then the bacterial suspension was replaced by PBS
to flow for 15 min with the same speed and air was also subse-
quently utilized to flow in the chamber for 5 min at a controlled
pressure of 1000 mbar in order to remove bacteria [13]. Finally,
PBS was perfused in the chamber for 10 min at a speed of
100 lL�min�1 to keep bacteria in liquid condition. Bacterial adhe-
sion was visualized by optical microscopy (DM6000B, Leica,
Switzerland) equipped with a 40x objective (ULWD 0.50 160/0-2.
Olympus, Japan). Adhered bacteria were imaged randomly at three
different locations (area of each location: 0.0069 mm2) for every
sample species and three independent experiments were per-
formed. All the components in the fluidic system were connected
by polytetrafluoroethylene tubes (with an inner diameter of
0.5 mm, (Bola S1810-09, BOHLENDER, Germany)) and autoclaved
before experiments.

Bacterial adhesion on extracted PDMS samples. The bacterial
adhesion assays were performed as reported previously
[1,12,13]. Extracted PDMS samples were cut into discs with a
diameter of 20 mm and placed in 12 well plates (TPP, Switzer-
land). All samples were sterilized with 2 mL 70% ethanol for
20 min and then immersed in 2 mL PBS for 2 h for stabilization.
The cultures of bacteria of exponential growth in LB were cen-
trifuged at 7500 rpm for 5 min at 4 �C and washed with
10 mL PBS buffer three times. The bacterial cells were subse-
quently re-suspended in PBS buffer to reach 2 � 106 colony
forming units (CFU)�mL�1. 1.5 mL of bacterial suspension were
added to every well and all samples were incubated for 2 h. Bac-
terial suspension was carefully removed after incubation and all
samples were gently rinsed with 2 mL fresh PBS buffer twice to
remove non-adhered bacterial cells.

Quantification of adhered bacteria. Samples with adhering bacte-
ria were first treated with fixation solution (4% paraformaldehyde
and 2.5% glutaraldehyde) for half an hour and afterwards
immersed in surface passivation solution containing 0.1% bovine
serum albumin for 5 min. The bacteria adhered to the extracted-
PDMS surfaces were analyzed by optical microscopy (Inverted
microscope Eclipse Ti2E (Nikon, Japan) equipped with a 40X objec-
tive lens) .

FluidFM setup. A Flex Bio-AFM (Nanosurf, Switzerland) and a
digital pressure controller (Cytosurge, Switzerland) were utilized,
as adapted from the previous report [20], together with an AxioOb-
server Z1 inverted microscope (Carl Zeiss, Germany) to ensure an
optical control throughout the measurements. FluidFM nanopip-
ettes with a nominal spring constant of 2 N�m�1 (Cytosurge,
Switzerland) were utilized for bacterial adhesion measurements.
The cantilevers were plasma treated for 30 s (Plasma Cleaner PD-
32G, Harrick Plasma) and then coated with SL2 Sigmacote in order
to avoid fouling. Probes were subsequently stored overnight in a
desiccator, in which 1 mL Sigmacote siliconizing reagent had been
poured inside beforehand, and finally dried at 100 �C for 60 min.
The spring constant of cantilevers was furthermore determined
in accordance to their resonance frequency in liquid by Nanosurf
C3000 software (Nanosurf, Switzerland). The microchannel inside
the cantilever was filled with filtered deionized water by applica-
tion of pressure through the digital pressure controller. The can-
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tilever sensitivity was recalibrated every time after E. coli bac-
terium remobilization on cantilevers.

Analysis of adhesion forces between bacteria and surfaces. Single
cell force spectroscopy was performed at room temperature in
PBS (pH 7.4) containing E. coli, dispersed onto a confined region
of the glass dish. Cantilevers were manipulated to contact the
selected E. coli bacterium with a force-setpoint of 10 nN. Upon con-
tact, a negative pressure of 800 mbar was applied to reversibly
immobilize single E. coli bacteria at the cantilever aperture. Subse-
quently the cantilever with a single immobilized E. coli bacterium
was moved to a new glass dish containing a PDMS sample (diam-
eter of 20 mm) and remained in PBS (pH 7.4). The PDMS sample
was approached with the E. coli-probe at a speed of 1 lm s�1 until
a force of 10 nN was measured. To confer a reproduceable interac-
tion, this force was maintained for 5 s. The E. coli-probe was then
retracted at a piezo velocity of 1 lm s�1 in the meanwhile the
occurring forces was simultaneously recorded. 10 measurements
were carried out for each PDMS sample and at least three different
bacteria were applied for every tested PDMS sample. The adhesion
forces were derived as previously reported [20] with SPIP software
(Image Metrology A/S, Denmark).
4.2. Statistics

Unpaired and two-tailed Student’s t-test were utilized in this
study for statistical analysis.
4.3. Simulations

XDLVO. The total free energy of interaction between a bacterium
and a PDMS surface immersed in PBS buffer was the sum of energy
and the Lewis acid-base interaction energy, the repulsive electro-
static double layer interaction energy and the attractive Lifshitz-
Van der Waals interaction energy. The total interaction energy cal-
culated as a function of the separation distance was utilized by
Derjaguin approximation [14]. The detailed information is pro-
vided in the supporting information S6.

The XDLVO simulations detailed in S7 were performed with
COMSOL Multiphysics 5.6 to study the bacterial adhesion in the
attachment process. A laminar flow (100 lL�min�1) was generated
based on the compressible model (Ma < 0.3) in the created geom-
etry 75 mm (length) � 25 mm (width) � 1 mm (height) of a flow
chamber, considering Lewis acid-base interaction, electrostatic
double layer interaction, Lifshitz-Van der Waals interaction and
Brownian interaction. The bacterial trajectory and position simula-
tion were simplified as particles tracing at a mass flow rate of
0.3 mg�s�1 in fluid flow on PDMS surfaces. In the simplified simu-
lation of particles, the particle flow was instead set to 360 particles
per minute in a chamber (75 mm (length) � 12.5 mm
(width) � 1 mm (height)).

Burst/sublayer model. In the burst/sublayer model [28], the bac-
terium was assumed as an elastic particle to contact a deformable
surface with a dominating adhesion force. According to applicable
conditions, it can be classified by a sublayer model and a burst
model. The sublayer model as described in S8 was utilized to study
the shear velocity to flush attached bacteria from different PDMS
surfaces in a small fluid turbulence (Re � 1) with a fixed turbu-
lence factor and subsequently to derive the residual resistant tor-
que in the according flowing condition. The burst model as
described in S8 was utilized to calculate the shear velocity to flush
attached bacteria from different PDMS surfaces in a large fluidic
turbulence (1 � Re � 1000) with a certain range of turbulence fac-
tor and subsequently to derive the residual resistant torque in the
according flowing condition.
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