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A B S T R A C T   

Initial retention of the bacterium Escherichia coli on model poly(dimethylsiloxane) (PDMS) surfaces was studied 
as a function of substrate bulk and surface mechanical stiffness values. Our reference PDMS system was designed 
such that out of the parameters that govern bacterial adhesion only the mechanical stiffness was systematically 
varied. This was achieved by varying the crosslinking density of PDMS. Following crosslinking, we performed 
Soxhlet extraction of non-crosslinked, free chains to rule out their effect on bacterial response. Bulk moduli were 
assessed by dynamic mechanical analysis at 1 rad sec− 1 frequency and the values obtained ranged between 0.03 
and 1.8 MPa. The increase in crosslink density resulted in increasing surface modulus, as measured by atomic 
force microscopy, with values ranging between 0.7 and 9 MPa. The number of bacteria retained was then 
assessed. We observed a decreasing trend with the increase of both bulk and surface mechanical stiffnesses down 
to a limit corresponding to the Young’s modulus of the bacterial cell surface. For higher values than this 
threshold, the number of retained bacteria remained constant. We tentatively explain this observation by 
considering conformal overlay of bacterial and material surfaces.   

1. Introduction 

Controlling the colonization of materials by microorganisms is 
crucial in a wide range of industrial and clinical settings. Biofilms 
include surface associated bacterial communities embedded in a 
hydrogel-like matrix, in which high cell density, reduced diffusion and 
physicochemical heterogeneity play a role and induce adaptive cell 
behaviors. However, the underlying mechanisms that govern the in-
teractions of bacteria with surfaces remain poorly understood, limiting 
the ab initio design and engineering of biomaterials to control bacterial 
attachment and further biofilm growth [1]. Preventing biofilm forma-
tion thus necessitates enhanced understanding to hinder the initial stage 
of bacterial adhesion. 

The materials properties, often intricately entangled, which alter 
bacterial attachment include chemistry, hydration, surface charges, the 
topography, and mechanical properties [2]. Owing to continuous ad-
vances in polymer chemistry, polymer-based devices have become 
increasingly used to reduce chronic infection and medical device failure 

[3,4]. Various antimicrobial polymers, polymer-based hydrogels and 
polymer coated surfaces are being developed for various applications 
such as wound healing [5], stem cell encapsulation [6] and bone tissue 
engineering [7]. However, to date, the research conducted in the field of 
antimicrobial polymers has focused mostly on their chemical and 
structural aspects [8–11] and the outcomes evidence the difficulty to 
disentangle the role of surface chemistry, hydration state and electric 
charge from the intrinsic material mechanical properties. 

As examples for the complex interplay, poly(ethylene glycol) (PEG) 
hydrogels of various thicknesses, resistant to protein adsorption, were 
immobilized on glass slides [12]. Results show, that the thinner the 
hydrogel the higher the number of adherent bacteria. The underlying 
stiff substrate may however also influence the perceived mechanical 
properties of the hydrogel by the adherent bacteria. As another example, 
it was shown, using both PEG hydrogels and hydrated brushes, that the 
mechanical properties, the molecular architectures and the thicknesses 
of PEG-based coatings all influence the flow-driven surface motion of 
Staphylococcus aureus MS2 cells [13]. These investigations further 
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highlight the difficulty to assess which one of the parameters, the moduli 
and/or the local polymer concentration plays a critical role. 

To rule out the role of hydration and surface charges on bacterial 
adhesion, elastomers, which are solvent-free, are of particular interest, 
especially poly(dimethylsiloxane) (PDMS), which is a polymer used in 
various biomedical applications. The first systematic study on the effect 
of the stiffness of PDMS on bacterial adhesion was conducted by Song 
et al. [14,15]. The authors reported that the stiffness of PDMS of Young’s 
moduli ranging between 0.1 and 2.6 MPa does not only affect the 
attachment of bacteria but also the morphology and the antibiotic sus-
ceptibility of the attached cells [14,15]. They suggested that the degree 
of deformation of the bacterial cell membrane upon contact with the 
PDMS surfaces of differing stiffness does affect bacterial mechanosens-
ing. This conclusion was based on the observation that the level of the 
intracellular second messenger, cyclic diguanylate monophosphate, 
decreased with PDMS stiffness [16]. 

Allain and coworkers systematically tuned the substrate topography 
and stiffness of PDMS substrates while keeping the surface free energy 
constant [17]. The authors used low energy singly charged inert ions to 
irradiate PDMS to achieve substrates of variable stiffness, but exhibiting 
comparable surface free energy. However, this process resulted in the 
formation of a wavy (wrinkled) topography at the PDMS surface, which 
could also affect bacterial surface attachment even in very compliant 
PDMS (Young’s moduli of 0.02 and 0.2 MPa). 

In another study, [18] using polystyrene beads (PS), the authors 
showed that bacterial adhesion on PDMS samples of Young’s moduli 
ranging from 0.06 to 4.52 MPa is a physical process, which is not 
mediated by bacterial surface appendages. In a subsequent approach, 
PDMS surfaces of differing stiffnesses coated with a 2 nm highly cross-
linked hexamethyldisiloxane (HDMSO) were used to confer comparable 
surface chemistry, while retaining similar mechanical properties for 
coated and uncoated samples [19]. The authors came to the conclusion 
that uncoated PDMS of low Young’s modulus contained free polymer 
chains and longer chain ends at the surface, which lead to higher bac-
terial adhesion. 

In order to shed further light on the complex issue of cell-substrate 
adhesion and the impact on it by surface elasticity, we performed sys-
tematic research described here. To exclude the role of free chain PDMS, 
we resorted to their Soxhlet extraction. We varied the surface stiffness of 
PDMS and monitored initial retention while keeping the other surface 
characteristics unaltered. We investigated initial bacterial retention, 
which is essential since at the very early stage of surface colonization, 
solely strongly adhered bacteria would eventually enable further biofilm 
growth [20]. Bulk and advanced surface characterization techniques, in 
particular atomic force microscopy (AFM) and X-ray photoelectron 
spectroscopy (XPS) were used to show that the material surface chem-
istry and topography do not depend on the degree of crosslinking of the 
elastomer. 

2. Material and methods 

2.1. Materials 

Cyclohexane (≥ 99%, GPR RECTAPUR®) and acetone (≥ 99%) were 
supplied by VWR Chemicals (Fontenay-sous-Bois, France). Phosphate 
buffered saline (PBS) (137 mM NaCl, 2,7 mM KCl, 10 mM Na2HPO4, 
1,76 mM KH2PO4, pH = 4.4), chloramphenicol (≥ 98%) and the 
nonionic detergent Tween20 were purchased from Sigma-Aldrich (St- 
Quentin-Fallavier, France). Lysogeny broth (LB) and LB agar (for the 
preparation of plates) were purchased from Difco (Saint-Ferréol, 
France). 

2.2. Bacterial strain and growth medium 

The model E. coli strain used was DH5α carrying the plasmid 
pSEVA337 which contains the green fluorescent protein (GFP) gene 

under the control of the constitutive Pem7 promoter [21]. pSEVA337 
carrying the resistance to chloramphenicol was obtained from the 
Standard European Vector Architecture 3.0. The strain was routinely 
grown at 37 ◦C in LB and LB agar supplemented with 34 μg mL− 1 

chloramphenicol (to maintain the plasmid). 

2.3. Preparation of PDMS surfaces 

PDMS samples were prepared using the Sylgard-184 silicone elas-
tomer kits purchased from the Dow Chemical Company (supplied by 
Samaro, Lyon, France). The stiffness was adjusted by varying the 
crosslinker concentration (curing agent to base ratio expressed in weight 
percent) and thus the crosslinking density. For each crosslinker con-
centration (2.5, 5, 10, 20, and 25 wt%), the elastomer base and curing 
agent were thoroughly mixed and degassed under vacuum for 30 min. 
Then, the mixture was poured into a Petri dish, cured at 60 ◦C for 24 h, 
and subsequently incubated at room temperature for another 24 h to 
achieve complete cross-linking. After curing, the PDMS samples (1 mm 
thick) were removed from the Petri dish and specimens were punched 
out with diameters according to the need. The samples were then 
cleaned by soaking in 70% ethanol for 20 min, prior to a rinsing step in 
Milli-Q water. 

To extract not crosslinked, free chains, samples prepared at various 
cross-linker concentrations (2.5, 5, 10, 20, and 25 wt%) were subjected 
to Soxhlet extraction in acetone/cyclohexane (1:1 mixing ratio) for 48 h 
at 6 cycles per hour (over 250 wash cycles). Specimens were then dried 
in vacuum at 80 ◦C for 24 h. The mass of each PDMS sample was 
measured before the extraction and subsequent to the drying step. The 
softest specimen at 2.5 wt% of cross-linker could not be recovered 
subsequent to extraction. 

2.4. Methods 

2.4.1. Thermogravimetric analyses (TGA) 
Thermogravimetric (TGA) analyses was performed with the 

uncrosslinked material, i.e., on each component (base and crosslinker) 
separately, as well as on the crosslinked PDMS specimen at 20 wt% of 
cross-linker. The TGA curves were obtained on a thermogravimetric 
analyzer Q50 (TA Instruments, New Castle, DE, USA). The experiments 
were carried out under a nitrogen flow, at a heating rate of 20 ◦C min− 1, 
at temperatures ranging from 40◦ to 1000◦C. 

2.4.2. Fourier transform infrared (FTIR) spectroscopy 
FTIR spectroscopy was performed on both the pre-polymer (base) 

and the cross-linker components, as well as on cured PDMS samples at 
different cross-linker concentrations (2.5, 5, 20, and 25 wt%). The FTIR 
spectra were measured using a Perkin-Elmer Spectrum One FTIR Spec-
trometer (Waltham, Massachusetts, USA). The spectra of the pre- 
polymer and cross-linker were captured in the transmission mode be-
tween 650 and 4000 cm− 1, at a 4 cm− 1 resolution. To this end, a thin 
layer of each PDMS component (~ 100 µm) was spread between two 
polyethylene films (10 µm in thickness) and then mounted into the 
sample chamber prior to measurements. The background spectrum of 
the clean polyethylene films was subtracted from those of the recorded 
FTIR spectra. The cross-linked PDMS samples were measured in the 
attenuated total reflection (ATR) mode in the same spectral range. 

2.4.3. Dynamic mechanical analysis (DMA) 
The dynamic mechanical properties of bulk PDMS before and after 

extraction were evaluated by measuring the storage modulus (real part 
of the complex shear modulus, G) in the parallel-plate geometry. The 
experiments were carried out with both pristine and extracted PDMS 
specimens at various cross-linker concentrations (2.5, 5, 10, 20, and 25 
wt%), cylindrical in shape (Ø 8 mm, 1 mm thickness) at 25 ◦C. 

First a stress sweep test was performed between 10 and 1000 Pa at a 
constant frequency of 2 rad⋅s− 1 and at 25 ◦C. The storage (G΄) and loss 
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(G̋) moduli were found to be independent of the applied shear stress. 
Frequency sweep tests were done in the range from 80 to 0.045 rad⋅s− 1 

at the applied shear stress of 50 Pa and at 25 ◦C. All measurements were 
performed at 10 N applied normal force to avoid slip at the interface 
between the plates and the specimens. Experiments were repeated three 
times. 

A control test in “no-slip” condition was also performed on a series of 
PDMS samples (2.5, 5, 10, 20, and 25 wt% cross-linker concentration), 
cured within the rheometer (in situ) to provide a firm adhesion between 
the specimen and the plates. We performed these experiments to ensure 
that slip did not take place. The in situ cured control specimens of 8 mm 
in diameter and 1 mm in thickness were characterized using the same 
measurement conditions. The applied normal force was fixed at 0.5 N 
during the frequency sweep measurements. 

The bulk Young’s moduli of the cross-linked PDMS were calculated 
from storage modulus measurements using the relation between the 
Young’s modulus, E, and the shear storage modulus E = 2G′(1+ν), 
where ν is Poisson’s ratio. A value of ν of 0.5 for PDMS was taken from 
the literature [22]. 

2.4.4. Contact angle measurements 
The wetting properties of pristine and extracted PDMS surfaces were 

measured via the static contact angle method using a custom made 
optical tensiometer. The water droplet volume was of 6–7 µL. A total of 
10 droplets were analyzed using the ImageJ software. All contact angle 
measurements were conducted at room temperature (21 ◦C). 

For the surface free energy determination, contact angle data of two 
additional probe liquids, hexadecane and diiodomethane, were 
measured and analyzed for each sample following the same procedure as 
with the water droplets. The surface free energy was then determined 
using the Owens-Wendt equation [23]. 

2.4.5. X-ray photoelectron spectroscopy (XPS) 
XPS spectra were collected on a Quantera SXM (scanning XPS 

microprobe) from Physical Electronics (aluminum Kα, monochromatic 
radiation at 1486.6 eV; base pressure < 3 ×10− 8 Torr; detector input 
angle of 45◦) (Feldkirchen, Germany). Compass software for XPS control 
and Multipak v.9.8.0.19 for data reduction were used. The fitting of the 
spectra was performed after shifting of the measured spectra with 
respect to known reference binding energies (aliphatic carbon C1s at 
284.8 eV or gold Au4f7/2 at 83.96 eV, silver Ag3d5/2 at 368.21 eV and 
copper Cu2p3/2 at 932.62 eV). 

Five spots (200 µm spot size) for each sample were analyzed, i.e., one 
for a survey XPS spectra and four for element spectra and their aver-
aging. Survey XPS spectra were obtained in three cycles with the pass 
energy of 224 eV. 

2.4.6. Atomic Force Microscopy 
Pristine and extracted PDMS samples were imaged by AFM using a 

MultiMode 8 AFM with a NanoScope V controller (Bruker, Santa Bar-
bara, USA), in air and at room temperature (~ 21 ◦C). The instrument 
was operated in the Peak Force Quantitative Nanomechanical Mapping 
mode (PF-QNM) to record force-distance curves, and further processed 
with the NanoScope Analysis software (version 1.9). An “E” vertical- 
engagement piezo-scanner was used to acquire data with high resolu-
tion. The AFM data was collected following a sine-wave sample-tip 
trajectory with a frequency of 2 kHz and utilizing a peak-force ampli-
tude value of 150 nm. The ScanAsyst controlled parameters (feedback 
loop, applied load, etc.) in the user interface of the NanoScope software 
(version 9.7) were set to “off”, in order to apply specific scanning set-
tings, particularly low applied normal forces (300 pN – 1 nN) and high 
feedback loop gain (30 − 70). Cantilevers were used with a nominal 
spring constant of 0.5 N⋅m− 1 and silicon-made tips had a nominal radius 
of 8 nm (MikroMasch, HQ:NSC19/No Al). The AFM optical sensitivity 
(deflection sensitivity) was calculated based on the thermal tune method 
[24]. 

The surface Young’s modulus obtained by AFM was calculated by 
fitting the slope of the extended part of force-distance curves with a 
contact mechanics model based on the Derjaguin, Muller, and Toporov 
(DMT) theory [25] with a Poisson’s ratio value of 0.5 [22]. 

2.4.7. Epifluorescence microscopy 
Samples were mounted between a glass slide and a coverslip, and 

observed using an Axio Observer Z1 inverted fluorescence microscope 
(Zeiss, Jena, Germany) equipped with an oil immersion objective 63x 
NA 1.4. Green fluorescent protein-expressing cells were visualized using 
a BP 470/40 excitation filter, a FT 495 beam splitter, and a BP 525/50 
emission filter. Images were acquired using a Zeiss Axiocam 506 mono 
camera monitored by the Zeiss Zen 2012 software. 

2.4.8. Bacterial retention on PDMS 
DH5α pSEVA337 cells, expressing the GFP, were grown in LB me-

dium under shaking at 37 ◦C up to the exponential phase of growth at an 
optical density at 600 nm of 0.6. Cells were harvested by centrifugation 
at 5000 rpm for 10 min and re-suspended in PBS at an optical density at 
600 nm of 0.1 corresponding approximately to 107 cells mL− 1. This 
bacterial suspension (≈ 30 mL) was poured in a Petri dish containing 
clean PDMS samples. After incubation at 37 ◦C for 1 h without shaking, 
the PDMS samples were gently washed by dipping in fresh PBS three 
times. Then, the adhered cells were detached from the PDMS surfaces by 
shaking in 10 mL of PBS containing 0.01 vol% of the Tween20 surfac-
tant. To enumerate colony forming units (CFU) re-suspended in the 
surfactant-containing PBS we used the counting plate method [26]. 
Briefly, this procedure consists in spreading 100 µL aliquots from a series 
of decimal dilutions of the surfactant-containing bacterial suspension on 
agar plates. The plates are then incubated at 37 ◦C overnight to count 
colonies. 

To check that the Tween20 did not lyse the cells during the assay, the 
growth of the strain in LB containing 34 µg mL− 1 of chloramphenicol 
and LB containing 34 µg mL− 1 of chloramphenicol and 0,01% Tween20 
was monitored by measuring the optical density at 600 nm (see Elec-
tronic supplementary information ESI, Fig. S1). 

The efficiency of bacterial detachment from PDMS surfaces rinsed in 
PBS containing the detergent was also probed by fluorescence micro-
scopy (ESI, Fig. S2). To do so, two PDMS samples at 20 wt% of cross- 
linker were incubated in the bacterial suspension at 37 ◦C for 2 h. One 
of the samples was gently washed in three PBS rinsing baths, then a PBS 
droplet was deposited on the sample and a coverslip was placed on top to 
immobilize the cells prior to epifluorescence imaging. The second 
sample also treated through three PBS rinsing baths, followed by 
shaking in PBS with 0.01 vol% of the detergent for 20 s, was subse-
quently imaged by epifluorescence microscopy. 

2.4.9. Statistics 
The measurements of water contact angle, XPS spectra, bulk and 

surface Young’s moduli, and network mesh size were analyzed with 
unpaired, two-tailed Student’s t-test with a 0.05 level of significance. 
The Pearson correlation test was used to determine whether there is a 
significant correlation between the number of CFU and both bulk and 
AFM Young’s modulus at 0.05 level of significance. 

3. Results and discussion 

For sample preparation, the Sylgard-184 silicone kit was chosen 
owing to its widespread use for microfluidics and biomedical applica-
tions. We produced samples of differing stiffness by varying the cross- 
linker concentration (2.5, 5, 10, 20, and 25 wt%) according to conven-
tional methods (see Materials and Methods). To exclude the role of free 
PDMS chains on initial bacterial retention, we performed bacterial 
retention assays on PDMS surfaces at different cross-linking concentra-
tions prior to, and following the removal of free PDMS chains using 
Soxhlet’s extraction. Removal of not cross-linked, free chains by Soxhlet 
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extraction was first assessed by mass loss (ESI, Table S1). The mass of the 
extracted residue was 5 wt% of the total mass of the cross-linked spec-
imens at 10, 20, and 25 wt% of cross-linker and 10 wt% of the total mass 
at 5 wt% of cross-linker. The softest specimen at 2.5 wt% of cross-linker 
was destroyed and could not be recovered subsequent to Soxhlet 
extraction, most likely due to critically low content of elastic network 
chains. 

We first performed TGA analyses of each component (base and cross- 
linker) since the silica fillers used to reinforce the cross-linked elastomer 
matrix might alter the physicochemical properties of the material. The 
filler content of each component is reported in the ESI (Fig. S3). Ac-
cording to TGA, the pre-polymer contains about 23 wt% of remaining 
residue, whereas the cross-linker residue at 900 ◦C approaches 5 wt% 
although the supplier claims that the pre-polymer (base) and cross- 
linker contain 30–60 wt% and 10–30 wt% of silica filler, respectively 
[27,28]. The cross-linked PDMS sample contains 54% of residue that is 
considerably higher than the residue found in the pre-polymer. Delebecq 
et al. [29] performed a very detailed TGA study of silica-filled PDMS 
blends and showed that the platinum catalyst can increase the extra 
residue up to 40% for vinyl-functionalized silica. In the presence of 
platinum, PDMS chains generate cross-link points with the silica surface 
forming a layer of immobilized PDMS chains at the interface. Such 
immobilization leads to the ceramization of the chain fragments during 
degradation at high temperatures, and consequently to a final additional 
residue. From these TGA analyses we can thus conclude that the com-
ponents contain far fewer silica fillers than indicated by the supplier. 

Contact angle measurements with solvents of different surface ten-
sions were further performed to determine the surface energy and 
revealed no significant difference prior and subsequent to Soxhlet 
extraction (Fig. 1 and Table S2). The water contact angle value slightly 
increases with increasing crosslinker concentration between (88 ± 3) ◦
and (104 ± 1) ◦ (Student’s t-test between each pair of data, p < 0.05). By 
contrast, there is no statistically significant difference between the sur-
face energy values of the PDMS specimens of various crosslinking den-
sity neither prior to, nor following Soxhlet extraction, except for the 
softest 2.5 wt% PDMS specimen. 

For chemical characterization of the PDMS substrates, we carried out 
FTIR spectroscopy on each component (base and cross-linker). Fig. S4 
(ESI) provides the absorption spectra of each component measured in 
the transmission mode. The two Sylgard components exhibit several 
common IR bands. Among the most intense are those originating from 
asymmetrical CH3 stretching in –––Si–CH3 (2960 cm− 1), symmetrical 
CH3 stretching in –––Si–CH3 (1410 cm− 1), symmetrical CH3 deformation 

in –––Si–CH3 (1260 cm− 1), asymmetrical Si-O-Si stretching 
(≈1020–1090 cm− 1). A broad absorption band at ≈ 790 – 850 cm− 1 is 
common to both components. Aside from the similarities, the spectrum 
of the Sylgard cross-linker exhibits a peak at 2160 cm− 1 assigned to the 
Si-H bond and the small peak at 910 cm− 1 associated with the vinyl 
functional group C=CH2. The Si-H and vinyl absorption peaks confirm 
the presence of the reactive functions in the cross-linker. All absorption 
bands are listed in ESI (Table S3). 

FTIR spectroscopy was also performed on both pristine and extracted 
cross-linked PDMS at differing cross-linker concentrations (2.5, 5, 20, 
and 25 wt%) in the ATR mode. The spectra are remarkably similar 
(Fig. S5), except a minute increase of the low intensity peak at 910 cm− 1 

with increasing cross-linker concentration. This peak, as mentioned, 
arises from the vinyl functional group C=CH2. As expected, the ab-
sorption band at 2160 cm− 1 associated with the Si-H cross-linking agent 
completely vanished. 

In a second stage, the elemental composition of the surface was 
characterized by XPS analysis prior and subsequent to Soxhlet extraction 
(Fig. 2). The spectra are provided in ESI (Fig. S6 to S8 for the crosslink 
densities 5, 10 and 20 wt% respectively) whereas Fig. 2 and Table S4 
(ESI) give the elemental composition. 

As can be observed in Fig. 2 and in Table S4, the elemental analysis 
shows that, within the experimental error, there is no statistically sig-
nificant difference in the composition of the PDMS specimens as a 
function of the crosslinker concentration neither prior to, nor following 
Soxhlet extraction. Subsequent to Soxhlet extraction, the C content in-
creases slightly whereas the O and Si content decreases at all crosslinker 
concentration (Student’s t-test for each pair of data, p < 0.05), which 
can be explained not only by the removal of free, non-crosslinked PDMS 
chains but also of some of the silica fillers. This hypothesis is strength-
ened by the fact that the C content subsequent to Soxhlet extraction is 
higher at the lower crosslinker concentration, at which lower number of 
cross-link points between the silica fillers surface and the PDMS chains 
are generated (as monitored by TGA analysis). Overall, the elemental 
composition prior and subsequent to extraction is in line with the slight 
decrease of the surface energy monitored by static contact angle 
measurements. 

Bulk Young’s moduli values of PDMS samples were estimated using 
the theoretical relation (applicable to ideal cases) between the Young’s 
modulus and the shear storage modulus, i.e. E = 3G′. Fig. 3 shows the 
Young’s modulus evolution versus cross-linking concentration of both 
extracted and un-extracted PDMS samples. When increasing the cross- 
linker concentration to 10 wt%, the Young’s modulus of the PDMS 
samples drastically increases (Student’s t-test between each pair of data, 

Fig. 1. Water contact angle of pristine (filled square) and extracted (filled 
circles) PDMS specimens as a function of cross-linker concentration. Error bars 
represent standard deviation values obtained from 10 measurements at each 
data point. Lines are only guides for the eye. 

Fig. 2. XPS analysis of pristine and extracted PDMS specimens (atomic com-
positions for C, O and Si, respectively) as a function of cross-linker concentra-
tion. Error bars represent standard deviations of 3 measured values at each 
data point. 
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p < 0.05). However, when the cross-linker concentration was higher 
than 10 wt%, the Young’s modulus value reaches 1.8 MPa and even 
decreased to 1.2 MPa at 25 wt% cross-linker for the nonextracted PDMS 
(Student’s t-test between the modulus values at 20 and 25 wt%, 
p < 0.05). 

From the G’ and G’’ data measured by DMA, it can be seen that the 
G′’/G′ ratio at 2.5 wt% increases with frequency tending to 1, which 
implies high viscous dissipation, whereas at 5 wt% of crosslinker and 
higher, the viscous component characterized by the loss modulus G’’ is 
essentially negligible (see ESI, Fig. S9). Thus, the PDMS specimens at 
5 wt% of crosslinker and higher exhibit a perfectly elastic behavior, 
whereas the PDMS at 2.5 wt% of crosslinker is still not a percolated 
network. 

The extraction of non-cross-linked free chains from the PDMS 
network did not noticeably affect the bulk Young’s modulus. The 
Young’s moduli of the PDMS samples are listed in Table 1. By comparing 
the modulus values of the pristine PDMS measured by the standard 
method at 10 N applied normal force to those measured using in situ 
curing, one can conclude that the values are similar. Moreover, the 
Young’s modulus values also decrease at higher cross-linker concen-
trations. Thus, modulus reduction cannot be explained by slip phe-
nomena at the specimen-plate interface that could potentially lead to 
systematic deviation of the Young’s modulus to lower values. A similar 
reduction of mechanical properties at cross-linker concentrations higher 
than 10 wt% (balanced stoichiometry between the pre-polymer and the 
cross-linker) has been reported in earlier studies [30,31]. At the higher 
cross-linker concentrations cross-link sites are saturated and the excess 
of cross-linker leads to dilution of the network, thus reducing the 
modulus. Between 20 and 25 wt% all crosslinking sites are expected to 
become saturated. 

The surface topography can be efficiently imaged by the various 
modes of AFM. Surface mechanical properties, like dynamic surface 

modulus, can also be mapped at the nanoscale by Quantitative Dynamic 
Nanomechanical Analysis (QNM) [32,33]. Regarding the cross-linked 
PDMS used in this research, we have already reported on surface 
morphology and stiffness in a detailed QNM study of the PDMS sub-
strates utilized here [34]. For our substrates we first display a larger 
scan-size height AFM image to capture the rather homogeneous PDMS 
surfaces. As representative examples, we show in Fig. S10 height scans 
of PDMS at 5% and 25% crosslinker concentrations, respectively. The 
surface root mean square roughness, Rrms, values were also determined 
for these and others (larger scan areas) images (for this data see Table S5 
in ESI). As one can see, the surface microstructure remains essentially 
unchanged throughout the crosslink densities employed. The approxi-
mately 30% decrease is attributed to the increased stiffness of the 
specimens with the highest crosslink density. 

We then display higher resolution images for each substrate types 
used in this work, prior to and following extraction (see Fig. 4). The 
PDMS mesh structure can clearly be seen here. As can be observed on 
Fig. 4, the network mesh size is only slightly affected by extraction. The 
average values of the mesh size determined from 200 meshes analyzed 
for each sample were found to be in the range of 13–16 nm prior to 
extraction and in the range of 12–13 nm subsequent to extraction (see 
Table S6). The average Rrms values estimated from AFM images taken at 
five different spots for each sample were found to be in the range of 
5–9 nm. Student’s t-test (p < 0.001) revealed a statistically significant 
decrease in the mesh size subsequent to Soxhlet extraction, except for 
the specimen at 10 wt% of crosslinker, likely owing to the balanced 
stoichiometric ratio. 

As here we focus on interface adhesion, of high interest are the 
measurements of the surface Young’s moduli values, as obtained by AFM 
prior, and subsequent, to Soxhlet extraction. As observed in Fig. 5, when 
increasing the cross-linker concentration to 10 wt%, the surface Young’s 
modulus increases (Student’s t-test between the modulus values at 5 and 
10 wt%, p < 0.05). For higher cross-linker concentrations modulus 
values remain unchanged and even slightly decrease at 25 wt% cross- 
linker for the nonextracted PDMS (Student’s t-test between the 
modulus values at 20 and 25 wt%, p < 0.05). While these trends were 
similar when the surface stiffness dependence was considered, the 
threshold value was shifted to a significantly higher value of 
2.5–2.8 MPa. However, a significant difference, in contrary to what was 
observed when measuring the storage modulus, is monitored subsequent 
to Soxhlet extraction. The surface Young’s modulus increased following 
extraction from 0.7 to 2.3 MPa, to 2.1–7.8 MPa. Removal of free PDMS 
chains by extraction should increase the local crosslink density and thus 
stiffen the elastomer. On the other hand, elimination of stiff silica would 
soften the material. We have already shown (see TGA) that extraction 
removes only very small amounts of silica. As we see a substantial 
decrease of stiffness with cross-linker concentration (see Fig. 5), we 
conclude that the trends observed due to Soxhlet treatment are caused 
by removal of surface-near chains, as extraction increases the surface 
stiffness. This observation is very relevant as bacteria sense first the 
surface properties 2, as further evidenced by initial retention studies. 

The values of the AFM-measured surface stiffness are however 
dependent on the bulk crosslink density. During AFM tapping the elastic 
response of the surface depends on the penetration of the stress field into 
the material, which depends on the contact force and contact area, and 
the surface modulus. We reason that during extraction free chains are 
removed from the surface. This causes local stiffening, which reduces 
the penetration depth of the stress field. However, enhancement of local 
stress will result in increasing values of the AFM observed “effective” 
surface modulus, as pointed out by Sokolov et al. [35]. 

Fig. 6 shows the number of viable bacteria attached to the surface as 
a function of the bulk (Fig. 6a) and the surface modulus (Fig. 6b). 
Experimentally, the bulk modulus was determined by DMA. We noted 
that bacterial retention on PDMS samples was inversely proportional to 
the value of the bulk Young’s modulus. This observation is in agreement 
with the literature [14,36]. 

Fig. 3. Bulk Young’s modulus of pristine (filled square) and extracted (filled 
circles) PDMS specimens as a function of cross-linker concentration. Error bars 
represent SD of 3 measured values at each data point. Lines are only guides for 
the eye. 

Table 1 
Comparison between bulk Young’s modulus values of pristine and extracted 
PDMS samples.  

Cross-linker 
concentration [wt% 

Pristine PDMS E 
[MPa] 

Extracted PDMS E 
[MPa] 

“No-slip” control 
test E [MPa] 

2.5 (0.03 ± 0.01) Destroyed  (0.06) 
5 (0.54 ± 0.01) (0.54 ± 0.01)  (0.63) 
10 (1.32 ± 0.15) (1.11 ± 0.15)  (1.83) 
20 (1.8 ± 0.3) (1.8 ± 0.3)  (1.68) 
25 (1.20 ± 0.03) (1.8 ± 0.3)  (1.26)  
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As shown in Fig. 6a, bacterial retention values on the extracted PDMS 
samples slightly differ from those on the pristine PDMS specimens. 
Fig. 6a (data for bulk stiffness) shows that the bacterial retention 
decreased until a threshold stiffness value at approximately 1.2–1.5 MPa 
was reached (Pearson correlation analysis, r = –0.95, p < 0.05). For 
higher stiffnesses retention remained low, and unchanged. While these 
trends were similar when the surface stiffness dependence was consid-
ered, the threshold value was shifted to a significantly higher value of 
2.5–2.8 MPa. Remarkably, this value is essentially the same as the sur-
face modulus of the bacteria. [37,38]. 

As the bacterial surface Young’s modulus is between 2 and 3 MPa 
[37,38], the outcome of this work suggests that bacterial adhesion of 

Escherichia coli on PDMS is mechanical as hypothesized at first by Song 
et al. on PDMS of Young’s moduli ranging between 0.1 and 2.6 MPa 
[14]. Compared to earlier work, here we clearly differentiate between 
surface and bulk moduli of model PDMS. To the best of our knowledge, 
there is only one study performed by Pan et al. [19] in which the bac-
terial adhesion was assessed on PDMS substrates as a function of surface 
stiffness. In this work, Young’s modulus of both uncoated PDMS and 
PDMS coated with a 2 nm highly crosslinked HDMSO was measured 
using AFM-based nanoindentation to assess near-surface (nm scale) 
mechanical properties. Interestingly, Young’s modulus values were not 
significantly affected by coating of the PDMS substrates. By contrast, in 
our investigations the removal of non-crosslinked, free chains causes a 
substantial increase of surface stiffness. We identify stiffness threshold 
values above which bacterial retention does not change upon further 
substrate stiffening. These threshold values differ for the surface and the 
bulk stiffnesses. The crossover between high and changing bacterial 
retention and low and constant retention can thus be regarded as a 
contact mechanics effect between soft surfaces and bacteria. Material 
stiffness dependence of bacterial retention for Young’s modulus values 
lower than that of the bacterial cell surface is tentatively explained by a 
conformal overlay between the bacterial and elastomer surfaces, 
respectively. This effect resembles an elasto-capillary phenomenon, 
where the interface interaction forces for deformable (or fluid) surfaces 
are balanced also considering the vertical force component in the 
Young-Dupre equation (substrate deformation). [39] Due to such 
elasto-capillary deformations the contact surface between bacteria and 
substrate are enhanced, as hypothesized earlier by Chen et al. [40]. 
Above a threshold stiffness this effect is losing its importance. If this 
overlay becomes essentially inefficient for higher substrate stiffnesses 
beyond a threshold value, the conformal overlay effect is not any more 
operational. Essential for retention would thus the combination of the 
elastic energy of surface deformation and the work of adhesion in the 
contact area. [41]. 

4. Conclusions 

We investigated initial bacterial retention on model (PDMS) surfaces 

Fig. 4. AFM height images of the free PDMS surfaces prepared at varied cross-linker concentrations prior to (pristine specimen) and subsequent to (extracted 
specimen) extraction with crosslinker content as indicated. The scan area is 500 nm × 500 nm for all images. The Z-axis ranges from − 30–30 nm. 

Fig. 5. AFM surface Young’s moduli values as function of the crosslinker 
content (wt%) for pristine and extracted PDMS. (Blue squares: prior to 
extraction; Red circles: following extraction.). Error bars represent standard 
deviation values of 3 measurements at each data point. Lines are only guides for 
the eye. 
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by only varying the mechanical stiffness. Substrates were engineered 
such that the surface modulus values, as measured by AFM, ranged 
between 2 and 9 MPa. Following crosslinking, we performed Soxhlet 
extraction to rule out the effect of non-crosslinked, free chains. The ef-
fect of both bulk and surface moduli on bacterial retention were spe-
cifically addressed. We combined bulk and advanced surface 
characterization techniques to demonstrate that neither the surface 
chemistry nor the surface topography varies with the substrate prepa-
ration. We monitored bulk stiffness by DMA and surface stiffness by 
AFM. The number of bacteria retained, as assessed by initial retention 
studies, decreases with the increase of both the bulk and the surface 
mechanical stiffness, and remains essentially unchanged for further 
stiffening of the substrate beyond a characteristic value that also char-
acterizes bacterial cell wall stiffness. We tentatively explain this obser-
vation by considering conformal overlay of bacterial and material 
surfaces, which might be addressed by considering contact mechanics 
between bacteria and soft elastomer surfaces. 
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