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The ability to control the properties of bio-inspired liquid-infused surfaces is of interest in a wide
range of applications. Liquid layers created using oil-infused polydimethylsiloxane elastomers offer
a potentially simple way of accomplishing this goal through the adjustment of parameters such as
curing agent ratio and oil viscosity. In this work, the effect of tuning these compositional parame-
ters on the properties of the infused polymer are investigated, including infusion dynamics, stiff-
ness, longevity in the face of continuous liquid overlayer removal, and resistance to bacterial
adhesion. It is found that that curing agent concentration appears to have the greatest impact on the
functionality of the system, with a lower base-to-curing agent ratio resulting in both increased lon-
gevity and improved resistance to adhesion by Escherichia coli. A demonstration of how these find-
ings may be implemented to introduce patterned wettability to the surface of the infused polymers
is presented by controlling the spatial arrangement of bacteria. These results demonstrate a new
degree of control over immobilized liquid layers and will facilitate their use in future applications.
Published by the AVS. https://doi.org/10.1116/1.5039514

I. INTRODUCTION

Tunable materials can dramatically increase our capacity to
engineer more targeted solutions to specific problems, enabling
new technologies and industries.1–4 Heightened control of a
material’s performance, whether over bulk properties or spa-
tially controlled functionalities, can be more easily achieved
with materials that possess a wide range of properties that
may be manipulated through either their manufacturing or
environmental conditions. Polydimethylsiloxane (PDMS)
elastomers are a material widely known for broad tunability.
Adjusting the ratios of PDMS curing agent to base during
fabrication has been used to control stiffness in studies of
cell mechanobiology2,5 and cell differentiation,6 in some
cases even independent of surface roughness and energy.2

The stiffness of PDMS has also been shown to affect bacterial
attachment and antibiotic susceptibility.7 Furthermore, the
modification of PDMS surface chemistry via plasma treatment
has been used to promote increased protein deposition8 and
specific adhesion of hydrophilic polymers.9

More recently, slippery surfaces produced by infusing
siloxane polymers with compatible oils have garnered atten-
tion as optically transparent fouling release materials with

the ability to self-heal.10–14 The performance of these
systems is based on immobilizing a surface layer of oil to
provide overall slipperiness and on the replenishment of that
surface layer via effusion of the oil from the polymer
bulk10,15–17 or reservoirs therein.11,13 Infused polymer
systems have been demonstrated to be effective against bac-
terial biofilm adhesion both under static11 and flow condi-
tions,10,17 as well as against marine fouling organisms,18,19

and recently have also been shown to work as a substrate for
the growth and release of cell sheets.16 However, the use of
oil infusion as a tunable parameter to achieve more precise
control over the material properties of these systems has not
yet been examined.

Here, we explore how two key tunable parameters, curing
agent concentration of the PDMS gel and viscosity of the
infusing silicone oil, affect the stiffness, longevity, and bacte-
rial resistance of the oil-infused PDMS system. We derive an
experimentally-based theoretical model to describe the equilib-
rium swelling of the infused polymer and predict final compo-
sition arising from various combinations of curing agent
concentration and infusing oil viscosity. We then develop a
further model to extract oil diffusivity from our systems. We
examine the tunability of relevant properties, including the
elastic modulus, overlayer longevity, and resistance to bacterial
adhesion, and show how these can be leveraged to achieve
controlled interfacial adhesion through plasma-induced
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patterning of surface wettability. We anticipate that the
sharing of this information will enable the rational design of
infused PDMS and bring this promising technology closer
to practical application in fields such as tissue engineer-
ing,6,20,21 cell mechanobiology,2,22 surface-directed micro-
fluidics,23,24 and diagnostics.25–27

II. MATERIALS AND METHODS

A. PDMS sample preparation

PDMS (Dow Sylgard 184 polydimethylsiloxane) was pre-
pared by mixing elastomer base and curing agent at ratios of
5:1, 10:1, and 20:1. Samples were mixed and deaerated in a
planetary centrifugal mixer (Thinky Mixer ARE-310) at
2000 rpm for 1 min followed by 2200 rpm for 1 min.
Samples for all experiments other than the overlayer strip-
ping/contact angle hysteresis (CAH) tests were poured into
plastic molds, degassed for at least 45 min, and then cured at
70 °C. After at least 48 h of curing,28 samples were removed
from their mold and infused by submersion in silicone oil
(Gelest) at 25 °C until equilibrium mass was reached. For
individual experiments, all samples were run in parallel to
permit comparison.

To obtain absorption profiles, 20 × 20 × 5 mm PDMS
squares undergoing infusion were removed from the sili-
cone oil bath periodically over a 100-hour time period.
The samples were held vertically for 30 s to allow excess
oil to drain off the surface, then weighed on an analytical
balance. The percent mass increase was calculated by
Δm ¼ (m=m0)� 1, where m is the mass at time t and m0 is
the initial mass.

B. Equilibrium oil fraction modeling

We presumed that the ability of cured PDMS to swell
by absorbing the oil is determined by two factors: (1) the
entropy of mixing the oil and cured polymer, which is pos-
itive and favorable due to an increase in the system’s ran-
domness, and (2) the reduction in network entropy of the
expanding polymer network, which is unfavorable due to a
decrease in the number of possible network conforma-
tions.29 Given the highly matched chemical composition of
the silicone oil and PDMS, it is reasonable to assume that
there is no substantial enthalpic change during infusion of
the PDMS network with a chemically very similar oil.
Taking from classical statistical theory of elastomer defor-
mation and Flory–Huggins solution theory,30 we derive an
equation to describe the equilibrium swelling of our
PDMS-silicone oil system.

It is known that the shear modulus (G) of a polymer is
given by

G ¼ ρRT

Mc
, (1)

where ρ is the polymer’s mass density, R is the ideal gas
constant, T is the temperature, and Mc is the number-average
molecular weight of the chain between cross-links.31,32

Assuming an equilibrium state of swelling, Eq. (1) may be
applied to the Flory–Rehner equation:

ln(1� f1) þ f1 þ χf2
1 þ ρ1V2

Mc
f
1=3
1 ¼ 0, (2)

where f1 is the volume fraction of polymer, χ is the Flory–
Huggins polymer–solvent interaction parameter, ρ1 is the
polymer density, and V2 is the molar volume of solvent (in
our case, silicone oil). Given the high degree of chemical
matching between the system’s components, the χ term may
be neglected (χ � 0). Furthermore, knowing that the volume
fraction of oil f2 is equal to 1� f1, and V2 is the quotient
of the oil’s molecular weight M2 and its density ρ2, the equi-
librium volume fraction of oil in infused PDMS (f2) can be
implicitly written as

ln(f�1
2 ) þ f2 � 1

(1� f2)
1=3

¼ 1
RT

G M2

ρ2
: (3)

where f2 is the volume fraction of oil, R is the ideal gas
constant, T is the temperature, G is the shear modulus of the
cured and dry PDMS network, ρ2 is the oil’s density, and M2

is its molecular weight.

C. Diffusion modeling

The swelling of PDMS in oil is modeled by linear poroe-
lasticity.33–35 The change of the sample thickness over time
derived from the model was used to fit the experimental
results to obtain diffusivity. The governing equations of the
swelling problem can be described as follows.

The displacement of the solid matrix is a field variable
ui(x1, x2, x3, t). In the linear region, the strain is defined as

ζ ij ¼
1
2

δui
δxj

þ δuj
δxi

� �
: (4)

The mechanical equilibrium requires that

@σ ij

@xj
¼ 0: (5)

The volume change is assumed to be entirely due to the
change of solvent concentration C, that is

ζkk ¼ Ω(C � C0), (6)

where Ω is the volume of a single solvent molecule.
Let Ji be the flux of solvent molecules (e.g., the number

of silicone oil molecules passing through a unit area per unit
time). The conservation of molecules indicates that

@C

@t
þ @Jk
@xk

¼ 0: (7)

Darcy’s law is adopted as the kinetic model:

Ji ¼ � k

ηΩ2

� �
@μ

@xi
, (8)

where k is the permeability of the PDMS network, η is the
dynamic viscosity of the oil, and μ is the chemical potential.
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For isotropic material, the constitutive relation is

σ ij ¼ 2G0
s ζ ij þ

ν0

1� 2ν0
ζkkδ ij

� �
� μ� μ0

Ω
δij, (9)

where Gs
0 is the shear modulus of the swollen PDMS

system, and ν0 is the drained Poisson’s ratio.
Combining Eqs. (5), (7), (8), and (9), we derive a diffu-

sion equation in terms of solvent concentration:

@C

@t
¼ Dr2C, (10)

where D is the diffusivity, which is related to permeability k,
swollen shear modulus Gs

0, viscosity η, and drained
Poisson’s ratio ν0 as

D ¼ 2(1� ν0)G0
sk

(1� 2ν0)η
: (11)

The numerical simulation was carried out by using ABAQUS

(ABAQUS, Inc.). The Soils solver was applied. The PDMS
samples before infusion were set as the reference state, with
zero internal stress and zero chemical potential. The initial
thickness of the sample is H. Submerging the PDMS
sample into the silicone oil instantly changes the sample’s
surrounding chemical potential to a nonzero constant value
μ. The chemical potential difference drives silicone oil to
diffuse into the PDMS matrix until the chemical potential
inside the sample equilibrates with that of its environment,
thus the sample thickness increases over time although no
additional stress is applied on the sample throughout the
process. The chemical potential boundary value μ can be
analytically calculated using the final thickness increase
and known mechanical parameters from nanoindentation
tests via the theory of linear poroelasticity. Notice that as
the PDMS fully swells, the stress in the system is zero, and
Eq. (9) gives

μ ¼ Ω
2(1þ ν0)G0

(1� 2υ0)
Δ(1)
H

, (12)

where Δ(∞) is the change of sample thickness and its value
is obtained from the experiment. In supplementary material,
Fig. 1,72 the fitting curves of thickness increase over time are
plotted together with the experimental data.

D. Measurement of elastic modulus

The elastic moduli of fully infused 20 × 20 × 5 mm PDMS
squares were determined using an Agilent Nano Indenter
G200 with a 100 μm diameter diamond flat punch. During
each test, the flat punch contacted the surface of the sample
and oscillated at 180 Hz to determine the dynamic moduli
of the samples. The storage and loss modulus were deter-
mined by the integrated software at four points on each
sample, then used to calculate the elastic modulus. The
storage modulus was also used with Eq. (1) to estimate the
number-average molar mass of the polymer chains between
cross-links (Mc).

E. Continuous liquid layer removal and contact angle
hysteresis measurements

Samples for liquid overlayer removal and CAH were pre-
pared by dipping clean glass slides into uncured, degassed
PDMS, then cured vertically, and infused following the
methods described in Sec. II A. The final thickness of the
coating on the slides was ∼1 mm, well above the value
which in previous works has been shown to affect parame-
ters such as the force required to remove an ice cylinder from
a PDMS surface.36 Once infused, samples were placed on a
custom-built dipping machine that would immerse them in a
beaker continuously overflowing with clean water for 45 s,
then retract and suspend them in air for 45 s. This process
was repeated, with the samples periodically removed from
the setup to measure CAH using a force tensiometer (Krüss)
in a Wilhelmy Plate dynamic contact angle measurement
setup.37 In these measurements, the water reservoir was thor-
oughly rinsed between each measurement to avoid cross-
contamination of oil.38

F. Surface liquid replenishment

Square Petri dishes (6 × 6 cm) were filled with 45 g of
PDMS, degassed, and cured as described in Sec. II A. Six
samples measuring 1.5 cm × 3 cm were cut from each plate
and infused in 10 cSt silicone oil until completely saturated.
Samples were then wiped with a lint-free cloth in order to
remove excess silicone oil and lightly scratch the PDMS
surface. The replenishment of the sample overlayers was
then observed under a Zeiss AX10 microscope at 10× mag-
nification. Using the microscope’s programmable moving
base, time-lapse photos were taken of each sample at 5–10
locations of similar scratch density in 15-minute intervals for
24–48 h. The series of photos were analyzed with MATLAB by
first converting them to gray scale using the canned MATLAB

function rgb2gray. Once in gray scale, the program used the
canny edge detection filter with a 0.03 threshold to detect the
scratches on the surface of the PDMS. These scratches were
modeled as white pixels on a black background. The disap-
pearance of scratches was assumed to relate to the replenish-
ment of the liquid overlayer on the PDMS surface. This
change in the surface oil layer was tracked by the percent
change in white pixels across the series of pictures, with the
very first photo in each series considered 0% replenished.

G. Bacterial attachment

Stocks of Escherichia coli strain J96 (ATCC 25922) were
incubated overnight at 37 °C in Miller Lysogeny Broth and
kept continuously shaking in an orbital shaker until a density
of approximately 108 cells/ml was reached. Stocks were used
to inoculate 6-well plates containing a 20 × 10 × 5 mm
PDMS sample in 7 ml of tryptic soy broth with 1.5% NaCl
in each well. The PDMS samples were sterilized by autoclav-
ing for 20 min at 121 °C, which has been previously shown
to not degrade or damage the material.39 An inoculation ratio
of 1:100 stock to medium was used. Immediately following
inoculation, all samples were incubated at 37 °C. To simulate
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dynamic growth conditions during this period, samples were
kept shaking at 100 rpm on an orbital shaker. After 48 h,
samples were removed from culture, dipped in phosphate-
buffered saline (PBS) to remove planktonic organisms, and
placed in a test tube containing 10 ml PBS. The test tubes
containing the samples were then vortexed for 90 s and soni-
cated for 180 s to remove adherent bacteria. The PBS con-
taining bacteria colonies was then serially diluted, plated,
and counted to obtain colony-forming unit (CFU) counts.
Counts from the infused PDMS samples were normalized to
counts from noninfused PDMS samples of the same
base-to-curing agent ratio.

H. Plasma treatment and patterning

For investigations of the effects of plasma treatment, non-
infused PDMS samples were placed in an oxygen plasma
etching chamber for 5 min at a power of 250W and an
oxygen gas flow of 15 standard cubic centimeters per minute
(SCCM). Patterns were produced by placing a steel mask
over the sample prior to plasma treatment. After removal
from the plasma chamber, samples were immediately
immersed in silicone oil for infusion as described in Sec. II A.
Samples were then incubated in a nutrient broth solution con-
taining E. coli as described in Sec. II G under static rather
than shaking conditions.

I. Quantification of biofilm coverage

Biofilm coverage was analyzed by staining samples via a
10-minute incubation in a 0.1% (w/v) solution of crystal
violet (CV) in deionized, distilled water. This was followed
by gentle rinsing in deionized, distilled water to remove
excess stain, air-drying, and photography with a Canon EOS
Rebel T4i camera (Melville, NY). Images of patterned
biofilm were taken with a Zeiss LSM 710 confocal micro-
scope in bright-field mode. Image analysis was performed as
following using MATLAB (Mathworks, MA). Photographs
taken of the CV-stained samples were cropped to the region
of interest (i.e., to substrate edges) and converted from RGB
color model to HSV (hue, saturation, value). Cropped
images (n = 3) were binarized based on an interval defined in
hue/saturation/value and the biofilm coverage was defined as
a percentage of the binarized biofilm over the whole image
area. In this process, any purple color, whether from bacterial
cells, biofilm polymers, or protein, was counted as part of
the surface coverage and quantified.

J. Statistics

One-way analysis of variance (ANOVA) with Tukey
post-hoc tests (IBM SPSS Statistics 23) was used to test for
significant differences among the samples. Comparison of
CFU counts was conducted after using square root data trans-
formation. In all cases, a P-value of less than or equal to
0.05 was considered significant.

III. RESULTS AND DISCUSSION

A. Characterization and modeling of infusion

In the two-part Sylgard 184 PDMS mix used in this
work, both the base and the curing agent contain vinyl-
terminated siloxane oligomers. In addition, the curing agent
contains a network-forming siloxane oligomer with silicon-
hydride bonds, which in the presence of a platinum-based
catalyst undergoes hydrosilylation to form the PDMS elasto-
mer.40 Varying the ratio of base to curing agent results in
changes in the network structure and can be used to alter the
matrix properties. To quantify how these changes to the
matrix, as well as the viscosity of the infusing oil, could be
used to tune parameters surrounding the initial fabrication of
the system, PDMS samples with elastomer base-to-curing
agent ratios of 5:1, 10:1, and 20:1 by weight were submerged
in polydimethylsiloxane oils (trimethylsiloxy-terminated)
with viscosities of 3, 10, and 20 cSt (see supplementary
material, Table I,72 for corresponding molecular weights and
densities). It has previously been demonstrated that curing
temperature can play a large role in network formation and
final surface properties;37 therefore, all samples were pre-
pared and cured simultaneously at 70 °C.28 The samples
were periodically weighed over time during the infusion
process, with the result shown in Fig. 1(a). For oil viscosity,
the results show that infusion with more viscous silicone oil
results in a smaller increase in mass (%): for the 10:1 mixing
ratio, infusion 3, 10, and 20 cSt oils resulted in mass
increases of 92 ± 0.5%, 70 ± 1.1%, and 52 ± 1.0%, respec-
tively. This is in agreement with previous studies on the infu-
sion of PDMS solids by PDMS liquids, which show a
decrease in the equilibrium concentration of PDMS liquid as
a function of the molar mass of the penetrant,41 and may
indicate differences in the equilibrium constants of the
systems. The difference in equilibrium mass could also be
seen as an overall increase in percent area of the samples
(supplementary material, Fig. 272), with 10:1 square samples
exhibiting a side length increase of ∼25% when infused with
3 cSt oil, ∼20% with 10 cSt oil, and ∼15% with 20 cSt oil.

For curing agent concentration, the data show that
samples made with a 20:1 mixing ratio exhibits lower infu-
sion rates than samples made with 10:1 and 5:1 ratios. In
10:1 and 5:1 samples infused with 3 cSt oil, the maximum
mass increase is reached after 24 h while for 20:1, it is
reached after 48 h. Furthermore, samples with a 20:1 mixing
ratio have a greater total oil uptake than 10:1 and 5:1
samples. When infused with 10 cSt oil, 20:1 samples show
an equilibrium mass increase of 143 ± 1.7%, while 10:1
increase by 70 ± 1.1% and 5:1 samples 63 ± 0.5%. These dif-
ferences may be explained by the average molecular weight
of the polymer chains between the cross-links (Mc),

30,31 a
possibility which will be explored in greater depth in Sec. III B.
The result is also similar to observations made for PDMS
swelling in chloroform, which showed a ∼44% increase for
5:1 PDMS, a 48% increase for 10:1 PDMS, and a 62%
increase for 20:1 PDMS.42 It should be noted that the PDMS
used in these studies, Sylgard 184, is a proprietary mixture.
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Therefore, a full in-depth analysis of the chemistry behind
the differences in oil uptake is beyond the scope of this
work; nevertheless, using these results, the final dimensions
and oil content of the infused PDMS system may be tuned
through the careful selection of both curing agent ratio and
oil viscosity.

Figure 1(b) shows a universal curve for determining the
equilibrium volume fraction of oil, calculated through apply-
ing the Flory–Rehner equation30 to the system through
Eq. (3). Plotting the theoretical model against the experimen-
tal measurements showed good agreement between the two,
with a decrease in oil viscosity and/or increase in curing
agent mixing ratio leading to a higher equilibrium volume
fraction of oil. Some deviation from the theoretical curve is
observed for samples with low curing agent mixing ratios,
with the 5:1 samples showing equilibrium oil volume frac-
tions similar to samples mixed at 10:1. This echoes the
results seen in Fig. 1(a), where the 5:1 and 10:1 samples
showed similar equilibrium mass increases. The data suggest
that the equilibrium volume fraction of oil thus depends only
on the shear modulus of the cured and dry PDMS network
(G), the molecular weight of the oil (M2), and the density of
the oil (ρ2). It is important to note that G and M2 dominate
over ρ2, as the density of the silicone oil does not change as

dramatically as its molecular weight with increasing viscosity
(supplementary material, Table I72).

As a final measure of the infusion properties of our
system, we used experimental data on the change in thickness
of the samples, as they were infused, to derive the effective
diffusion coefficient (diffusivity) of silicone oil molecules in
the PDMS matrix based on poroelasticity theory.33–35

Exploring diffusivity of oil in our system is important in
understanding the immobilized liquid layers’ longevity, envi-
ronmental impact,29,43,44 and potential in facilitating the con-
trolled release of selected chemicals such as drugs or target
molecules.45 As silicone oil infuses into the polymer matrix,
the thickness of a PDMS sample increases and over time
reaches an equilibrium value. The rate is related to the diffu-
sivity of silicone oil in the polymer matrix.46 The value of
diffusivity is obtained by comparing experimental data with
our simulation. This numerical simulation is based on linear
poroelasticity and was conducted using the finite element
software ABAQUS. The details of the model and simulation are
presented in Sec. II C. Each infusion experiment was simu-
lated individually based on the size and geometry of the
sample. The material parameters in linear poroelasticity
include shear modulus of the swollen polymer Gs

0, which
was obtained from nanoindentation testing of noninfused

FIG. 1. (a) Mass increase over time of 5:1, 10:1, and 20:1 PDMS exposed to excess 3, 10, or 20 cSt silicone oil. Error bars are present on all data points and
represent standard deviation for n = 3. (b) Equilibrium oil volume fractions in infused PDMS samples with varying curing agent concentration and oil viscosity.
The black curve shows the theoretical prediction (Eq. 1), while the squares indicate experimental data points. Data points for 30:1 samples are included to
further validate the model.
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samples, the drained Poisson’s ratio ν0, which is taken to be
0.35 from literature,47 and diffusivity D, which is to be deter-
mined. A series of diffusivity values were put into the simu-
lation, and the calculated increase of thickness over time (Δt)
was compared to the experimental results to extract the best-
fitting diffusivity value D. The results of diffusivity D for
PDMS systems with different mixing ratios and silicone oil
viscosities are listed in Table I. These results are comparable
to those reported by Dangla et al.,48 who extracted a diffu-
sion constant of 1 × 10–11 m2/s for 100 cSt silicone oil
moving through Sylgard 184 mixed at a 10:1 base-to-curing
agent ratio, although lower likely due to the fact that a higher
viscosity oil was used in that study.

The maximum value of diffusivity is observed at the ratio
of 10:1 for all oil viscosities tested. According to poroelastic-
ity theory and Darcy’s law, the diffusivity value is linearly
proportional to network shear modulus and permeability (see
Sec. II C). As the cross-link density increases, the network
stiffness increases but permeability decreases. As a result,
the diffusivity value exhibits an uptrend first and then a
downtrend. Nevertheless, this model will be useful in formu-
lating recommendations for more specific applications of the
infused polymer system where controlled diffusion is
required, such as in drug release,45 membrane filtration,49,50

or providing insight into the environmental impact of these
materials.29,43

B. Mechanical properties

To better understand how our system can be tuned, we
explored changes in the elastic modulus (E) as a function of
curing agent content and infusing oil viscosity. The tunabil-
ity of the stiffness of unmodified PDMS has been used for
many applications, including controlling stem cell differenti-
ation,6,20,21 reducing the attachment of fouling organisms,7,51

and studying cell mechanobiology.2,22 We used nanoindenta-
tion to measure E of 5:1, 10:1, and 20:1 PDMS samples
infused with 3, 5, 10, and 20 cSt silicone oil (Fig. 2). The
data in Fig. 2(a) show that the elastic modulus of the nonin-
fused controls decreases with decreasing curing agent con-
centration and ranges from 2.7 (±0.07) to 2.1 (±0.09) to 0.9
(±0.01) MPa for 5:1, 10:1, and 20:1 PDMS, values that are
within the range of previous studies on PDMS.28,52–54

Infusion lowers E across all PDMS ratios, appearing to have
the least effect on 5:1 PDMS. When infused with 10 cSt sili-
cone oil, E values dropped to 2.5 (±0.06), 1.5 (±0.05), and

0.37 (±0.01) MPa: a 7%, 29%, and 59% drop for 5:1, 10:1,
and 20:1 samples, respectively. In contrast, the elastic
modulus of 5:1 PDMS infused with 20 cSt oil was 11% less
than that of 5:1 PDMS infused with 3 cSt: 10:1 PDMS in 20
cSt oil was 7% less than in 3 cSt oil; and 20:1 PDMS in 20
cSt oil was 33% more than in 3 cSt oil. Of these, however,
only the change in the 5:1 samples from 3 to 20 cSt oil were
significantly different (P < 0.05). These data suggest that the
changes in elastic modulus in oil-infused PDMS are predom-
inantly dependent on the base-to-curing agent ratio, and only
to a lesser extent the viscosity of oil. Furthermore, the data
display the wide range of moduli that can still be achieved in
an oil-infused PDMS system (roughly 2.6–0.3 MPa),
showing the high degree to which the elastic modulus of an
infused system can be tuned by manipulating only the
PDMS mixing ratio. Furthermore, the fact that, for a given
base-to-curing agent ratio, E appears to be minimally
affected by oil viscosity may prove useful for tailoring over-
layer replenishment rates without compromising desired
mechanical properties.

The storage modulus (G0) obtained from the nanoindenta-
tion data can be used to calculate the number-average weight
of the polymer chains between the cross-links (Mc) using
Eq. (1).32,55 As shown in Fig. 2(b), this yields values of 2.8
(±0.14), 3.7 (±0.33), and 8.9 (±0.12) kg/mol for the nonin-
fused 5:1, 10:1, and 20:1 samples, respectively. A greater
chain length between cross-links in the 20:1 samples could
permit more expansion of the matrix and uptake of the infus-
ing oil,41 explaining the difference in equilibrium oil volume
after infusion between the 20:1 and 10:1/5:1 samples shown
in Fig. 1(a).

C. Liquid layer longevity

In most practical applications of infused polymers, the
longevity of the lubricated system may be tested when the
overlayer is subjected to external forces, objects, or interfaces
that strip away the liquid. To better understand the ability of
our system to withstand these types of forces, we tested two
distinct situations designed to cause system failure defined
by the loss of slippery function. The first was intended to
test the ability of the samples to withstand the repeated
removal of the liquid overlayer without allowing the system
to self-replenish (on a time scale of minutes), while the
second examined the self-replenishment abilities of the
system, which occurred on a time scale of hours.

Experiments to examine the ability of the infused
polymer system to retain its slippery properties involved
examining the CAH of infused and control samples during
repeated exposure to air–water interfaces [Fig. 3(a)].
Previous reports have indicated this to be a rigorous testing
method, as the introduction of such an interface causes a
wrapping layer of lubricant to form around water droplets
that ultimately sheds with the droplet and over time results in
the stripping of the overlayer.56,57 Glass slides were dip-
coated with PDMS of 5:1, 10:1, and 20:1 mixing ratios,
cured, and infused with 10 cSt silicone oil. Tensiometry, or

TABLE I. Extracted values of diffusivity (×10–10 m2/s) of silicone oils of
different viscosities through PDMS at mixing ratios of 5:1, 10:1, and 20:1.

Viscosity
(cSt)

Mixing ratio (base:curing agent)

5:1 10:1 20:1

3 1.9 ± 0.4 2.2 ± 0.3 1.5 ± 0.1
10 0.73 ± 0.23 1.2 ± 0.1 0.90 ± 0.21
20 0.65 ± 0.31 0.84 ± 0.25 0.63 ± 0.19
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the Wilhelmy Plate method, was used to periodically
measure each sample’s contact angle hysteresis with water,
an established measure of slipperiness.37,58

Figure 3(b) shows the CAH of both control (solid bars)
and infused (points) samples as a function of a number of
dipping cycles. The CAH for the noninfused 10:1 control
sample is between 46° and 90°, in agreement with previous
results for the same type of PDMS samples cured between
60° and 100 °C.37 When infused, all samples retain a lower
CAH when faced with repeated lubricant stripping compared
to their noninfused controls. The values for all infused

samples are lower than that of their respective controls in the
timeframe tested. The 20:1 control samples show a CAH of
∼95°, compared to samples infused with 10 cSt oil that
appear to reach an equilibrium value of 40° after 60 dipping
cycles; the 10:1 controls displayed CAH values of ∼65°
compared to 45° when infused. The 5:1 samples showed the
lowest CAH for both, with controls averaging approximately
35° and infused controls 10° after 60 dips.

In all cases, there is variation in the CAH values, with
20:1 samples, in particular, showing large error bars at 20
dips. These variations, as well as the overall increasing trend

FIG. 2. (a) Elastic moduli of 5:1, 10:1, and 20:1 PDMS after infusion with oils of varying viscosities, with noninfused controls. Error bars represent standard
deviation for n = 3 independent experiments. (b) Number-averaged molecular weight of the polymer chains between cross-links (Mc) in unmodified PDMS as a
function of base to curing agent mixing ratio.

FIG. 3. (a) Schematic of longevity testing setup. Glass slides supporting infused PDMS layers are repeatedly dipped into water, stripping the liquid overlayer.
(b) Change in contact angle hysteresis of 5:1, 10:1, and 20:1 infused PDMS upon repeated dipping into water. The solid bars represent the range of control
values measured for each mixing ratio. The infused 5:1 PDMS retains the lowest contact angle hysteresis, indicating a more slippery surface. Error bars repre-
sent standard deviation for n = 3 independent experiments.
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in CAH with decreasing curing agent concentration in this
system, may be explained by the fact that the Young equa-
tion describing contact angle and surface tensions in a
three-phase system assumes that the substrate is perfectly
flat.59 This is not necessarily the case in our system, as the
PDMS surfaces, particularly the 20:1 samples, are soft and
potentially deformable at very small length scales. In this
case, decreased PDMS stiffness could be playing an increas-
ing role in the greater contact angle hysteresis observed for
20:1 samples than for 5:1 samples as the lubricant is stripped
away, since the 20:1 samples have a lower E (Fig. 2) and are
more deformable. Such observations have been confirmed as
“contact line deformation” by others.58

The second major contributor to functional longevity,
replenishment, is difficult to measure directly under dynamic
conditions. Therefore, we used optical microscopy under
ambient in-air static conditions to visualize surfaces of
infused PDMS. Previous work has shown that changes in
surface microtexture morphology can be used to observe
the accumulation of a liquid overlayer.60 In the study pre-
sented here, samples were prepared by first removing all
excess surface oil via absorption with a lint-free cloth to sim-
ulate complete overlayer stripping. This wiping created
surface scratches, which were used as visual markings.
The disappearance of these markings was taken to be indica-
tive of overlayer replenishment. Figure 4(a) qualitatively
demonstrates these observations via time-lapse optical
microscopy, with 20:1 showing noticeable replenishment at
30 min. Figure 4(b) shows quantitatively that 20:1 PDMS
replenishes significantly faster than 10:1 and 5:1 (P < 0.05),
which have similar replenishment profiles. The time to
95% replenishment is 2.5 h for 20:1, 5.75 h for 10:1, and
5.25 h for 5:1 samples, with the latter two showing no signifi-
cant difference (P > 0.05). This is expected, as the lower
cross-linking density of 20:1 better facilitates the movement
of oil molecules out of the matrix,26 and as 10:1 and 5:1
have similar infusion characteristics [Fig. 1(a)]. Another
contributing factor may be a lower compatibility of the oil

for the matrix with increasing base-to-cross-linker ratio,
which may promote separation of the liquid from the solid
substrate.61,62

D. Resistance to bacterial adhesion

Given the differences in ability to sustain low CAH
under interfacial disturbances and the replenishment among
infused samples made with different curing agent ratios,
we determined which behavior was dominant in practical
applications by measuring bacterial adhesion to 10 cSt sili-
cone oil-infused 5:1, 10:1, and 20:1 PDMS samples under
continuous orbital shaking conditions. Minimal to no back-
ground protein adhesion was observed on infused samples
incubated in culture medium alone after removal, washing,
and staining (supplementary material, Fig. 372), in agreement
with previous results on similarly handled surfaces after
contact with blood and cell culture proteins.16,56 Surface
topography of the samples was controlled by molding all
samples on flat polystyrene and the same E. coli culture was
used to ensure no differences in the mechanosensing systems
among the bacteria in the tests. Furthermore, x-ray photo-
electron spectroscopy results on this PDMS material at dif-
ferent cross-linker mixing ratios have shown no trend in
changes in surfaces elements as a function of cross-linker
concentration.39

Samples exposed to bacteria were subjected to multiple
sonication and vortexing cycles to ensure that all bacteria
were removed from the surface.17 An in-depth analysis of
E. coli associating with liquid layers over infused PDMS can
be found elsewhere;17 however, for this work we hypothe-
sized that if stability of a low CAH is more important for
resisting bacterial adhesion, then, based on our other data,
5:1 should show fewer adherent bacteria than other mixing
ratios compared to its noninfused control; conversely, if
replenishment is more important, then 5:1 should perform
similarly to 10:1 PDMS, with 20:1 demonstrating the lowest
number of adherent cells.

FIG. 4. (a) Visualization of differences in initial overlayer replenishment. Scale bars, 100 μm. (b) Replenishment rates of 5:1, 10:1, and 20:1 PDMS infused in
10 cSt silicone oil, showing 20:1 is significantly different from 5:1 and 10:1. Error bars represent standard deviation for n = 3 independent experiments. Inset:
zoom of the data from time = 0 to time = 1.2 h.
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Figure 5 shows the number of CFUs adherent on the
infused samples, normalized to noninfused controls. The
CFU counts were normalized to their own controls to
account for the difference in bacterial adherence caused by
stiffness, as previous work by Song and Ren7 exploring the
relationship between PDMS stiffness and bacterial adhesion
in static culture has shown that significantly fewer cells
attached to PDMS mixed at a 5:1 ratio than a 20:1 ratio
when inoculated at densities of between 105 and 107 cell/ml
(an inoculation density of 106 cell/ml was used in the experi-
ments reported here). A somewhat similar trend was
observed in our results, with absolute CFU values of 2.6 ×
105 (±7.1 × 104), 4.3 × 105 (±1.2 × 105), and 10 × 105

(±5.2 × 105) cells/ml recorded for the 5:1, 10:1, and 20:1
infused samples, respectively, and values of 7.3 × 105

(±4.7 × 105), 2.6 × 105 (±2.2 × 105), and 8.5 × 105 (±7.1 × 105)
cells/ml recorded for noninfused samples. The differences
in the trend for the control values and larger standard devi-
ations compared to previously published work may be due
to the use of a shaking culture and more aggressive surface
removal methods. However, when normalized, the data pre-
sented in Fig. 5 show corrected CFU counts of 0.35 (±0.1)
for the 5:1 samples compared to 1.65 (±0.46) and 1.23
(±0.62) for the 10:1 and 20:1 samples, respectively. These
data suggest that the 5:1 samples are resisting bacterial
adhesion better than the 10:1 or 20:1 samples and that
stability of CAH, as opposed to replenishment, is the domi-
nant factor in bacterial resistance. This echoes our results
on apparently improved longevity of 5:1 over 10:1 and
20:1 PDMS when faced with repeated overlayer stripping,
as shown in Fig. 3.

E. Surface patterning

To explore how the properties we have defined could be
used to enable the rational design of slippery infused
polymer surfaces to achieve particular functionalities, such
as patterned wettability and adhesion, we used PDMS
modification by plasma treatment. It is known that treatment

with oxygen plasma produces a silica layer on the PDMS
surface via oxidation, causing it to become hydrophilic, and
that this property may be exploited to promote patterned
adhesion of proteins and cells22,63 and to provide heightened
control in surface-directed microfluidics.23,24 To enable the
application of our infused PDMS in these fields, we first
aimed to determine the effect of oxygen plasma treatment on
the slipperiness of our infused polymers by measuring the
contact angle hysteresis of 5:1, 10:1, and 20:1 infused
PDMS that had been exposed to oxygen plasma before infu-
sion by 10 cSt oil. Figure 6(a) shows the results, with CAH
values of the infused samples at 0 ± 0.1°, 3.5 ± 1.1°, and
31.7 ± 0.3° for the 5:1, 10:1, and 20:1, respectively. For
samples that were subjected to plasma treatment before infu-
sion, those values change to 23.4 ± 0.5°, 26.1 ± 1.5°, and
30.7 ± 2.7°. This is presumably due to the fact that the
increased hydrophilicity of the surface caused by the plasma
treatment makes it less suitable to supporting a hydrophobic
oil overlayer, as it has been established that a chemical
match between the solid substrate and the liquid overlayer is
crucial to maintaining a functioning slippery surface.64 A
practical application of these results is given in Fig. 6(b),
where the difference in biofilm adhesion between unaltered
infused and plasma-treated infused samples is most pro-
nounced in the 5:1 samples (2.7% biofilm coverage without
plasma treatment, 79.1% with), followed by the 10:1 (9.4%
coverage without plasma, 33.3% with), and finally 20:1
(49.7% coverage without plasma, 75.0% with). The greatest
difference in biofilm coverage on 5:1 samples may corre-
spond to their greater difference in CAH between plasma-
treated and untreated, as shown in Fig. 6(a).

To further demonstrate how this finding could be applied,
5:1 PDMS samples were placed underneath a shadow mask,
plasma treated, then infused to create discrete adhesive and
slippery regions before incubation with E. coli. Figure 6(c)
shows the mask and the resulting patterned biofilm formation.
The results show that the differences in slipperiness with
plasma treatment can be leveraged to create patterned biofilms.
However, such patterning will require further optimization.
Under certain conditions, biofilm growth can stretch across and
over slippery liquid-infused regions.65 This biofilm bridging is
thought to be due to proteins and smaller biofilm clusters set-
tling between the patterned areas. Insufficient shadow mask-
surface contact may also be playing a role. Future experiments
that will be important in exploring the limits of this system’s
tunability involve determining how intricately the wettability
may be patterned with plasma treatment and better understand-
ing the longevity of plasma-treated samples. Nevertheless, with
further research this approach may offer a patterning method
which is both low-cost and simple.

IV. CONCLUSIONS

In this work, we characterize the tunability of systems of
silicone oil-infused PDMS with varying curing agent con-
centration and oil viscosity. We develop a model to correlate
equilibrium swelling with PDMS mechanical properties and

FIG. 5. E. coli colony-forming units removed from the surface of 5:1, 10:1,
and 20:1 PDMS infused with 10 cSt oil after 48 h of growth. All samples are
normalized to their own noninfused controls (horizontal dotted line) to
account for changes in stiffness: a value below the line indicates fewer bacte-
ria were present on the infused samples than the control, while a value above
the line indicates more bacteria were present on the infused samples. Error
bars represent standard deviation for n = 5 independent experiments.
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oil viscosity. The resulting good fit to experimental data
enables us to predict equilibrium mechanical properties of
infused PDMS systems with any combination of curing
agent concentration and oil viscosity. In exploring the effect
of curing agent concentration and oil viscosity on both the
rate of infusion and total oil uptake, we find that while there
are differences in both the swelling rate and total oil uptake
between oil viscosities, systems of 20:1 PDMS swell signifi-
cantly more than those of 10:1 or 5:1 mixing ratio, which
swell similarly. Building from the infusion data, we develop
an additional model to extract diffusivity values for different
combinations of curing agent concentration and oil viscosity.
We find that infusion lowers the elastic modulus of the
system to a greater extent in 20:1 and a lesser effect in 5:1
samples. Nevertheless, a wide range of resulting stiffnesses
is achievable, dependent primarily on cross-linking density
rather than the oil viscosity.

Investigation into the longevity of the immobilized liquid
overlayer showed that after stripping via repeated exposure to
an air–water interface, there is a large difference in CAH
among 10 cSt oil-infused PDMS mixtures, with the 5:1
base-to-curing agent ratio showing less change. Observations
of surface replenishment of the stripped overlayer indicate that
20:1 PDMS replenishes roughly twice as fast as 10:1 and 5:1,
which have similar replenishment profiles, mimicking their
infusion characteristics. Tests of 10 cSt systems against biofilm
adhesion showed superior adhesion resistance of 5:1 infused
PDMS samples. Leveraging existing knowledge of how
plasma treatment affects CAH of PDMS, we synergistically
combined the superior performance of 10 cSt oil-infused 5:1
PDMS in CAH suppression and anti-fouling tests to spatially
control bacterial growth via patterned plasma exposure.

These promising initial results indicate that the infused
PDMS system may be rationally designed and tuned to
create substrates with patterned wettability, a feature useful
in tissue engineering,6,16,20,21 cell mechanobiology,2,22

microfluidics,23,24 diagnostics,25–27 the development of
microbial fuel cells,66,67 and the development of arrayed

assay platforms for accelerated multiplexing evaluation,68

which might be used for the determination of antibiotic resis-
tance and study of bacterial interactions with other species.
Moreover, patterned wettability can be combined with the
topographical69–71 and mechanical tunability6,7,20,21 of
PDMS to provide further degrees of control for a desired
application. Given this wide range of potential applications,
future in-depth chemical and mechanistic studies will be
useful to further understand the system. However, the work
presented here is a crucial step towards enabling the rational
design of infused PDMS and elucidate the degree of tunabil-
ity of this class of immobilized liquid layers.

ACKNOWLEDGMENTS

The authors are very grateful to Michael Aizenberg for
guidance and stimulating discussions, as well as Michael
Kreder, Jonathan C. Overton, and Daniel Daniel for helpful
advice, and W. Gramlich for technical feedback. This mate-
rial is based upon work supported by the Defense Advanced
Research Projects Agency Grant No. N66001-11-1-4180 and
Contract No. HR0011-13-C-0025.

1K. R. Phillips, G. T. England, S. Sunny, E. Shirman, T. Shirman, N.
Vogel, and J. Aizenberg, Chem. Soc. Rev. 45, 281 (2016).

2R. N. Palchesko, L. Zhang, Y. Sun, and A. W. Feinberg, PLoS ONE 7,
e51499 (2012).

3X. Yao, Y. Hu, A. Grinthal, T.-S. Wong, L. Mahadevan, and J. Aizenberg,
Nat. Mater. 12, 529 (2013).

4A. Y. Chen, Z. Deng, A. N. Billings, U. O. S. Seker, M. Y. Lu, R. J.
Citorik, B. Zakeri, and T. K. Lu, Nat. Mater. 13, 515 (2014).

5J. N. Lee, X. Jiang, D. Ryan, and G. M. Whitesides, Langmuir 20, 11684
(2004).

6N. D. Evans, C. Minelli, E. Gentleman, V. LaPointe, S. N. Patankar, M.
Kallivretaki, X. Chen, C. J. Roberts, and M. M. Stevens, Eur. Cells Mater.
18, 1 (2009).

7F. Song and D. Ren, Langmuir 30, 10354 (2014).
8H. Zhang, “Bioanalytical applications of microfluidic devices,” Doctoral
thesis (University of Illinois at Urbana-Champaign, IL, 2010).

9H.-W. Shim, J.-H. Lee, T.-S. Hwang, Y. W. Rhee, Y. M. Bae, J. S. Choi,
J. Han, and C.-S. Lee, Biosens. Bioelectron. 22, 3188 (2007).

FIG. 6. (a) Contact angle hysteresis of infused PDMS either exposed to O2 plasma or left untreated before infusion. Error bars represent standard deviation for
n = 3 independent experiments. (b) Crystal violet staining of E. coli biofilms grown on plain and plasma-treated 10 cSt oil-infused PDMS of varying mixing
ratio. Scale bars, 5 mm. (c) E. coli biofilm patterning on 5:1 PDMS after exposure to O2 plasma (right) through a mask (left). Scale bars, 150 μm.

06D401-10 Sotiri et al.: Tunability of liquid-infused silicone materials for biointerfaces 06D401-10

Biointerphases, Vol. 13, No. 6, Nov/Dec 2018

https://doi.org/10.1039/C5CS00533G
https://doi.org/10.1371/journal.pone.0051499
https://doi.org/10.1038/nmat3598
https://doi.org/10.1038/nmat3912
https://doi.org/10.1021/la048562&plus;
https://doi.org/10.22203/eCM.v018a01
https://doi.org/10.1021/la502029f
https://doi.org/10.1016/j.bios.2007.02.016


10N. MacCallum et al., ACS Biomater. Sci. Eng. 1, 43 (2015).
11C. Howell, T. L. Vu, J. J. Lin, S. Kolle, N. Juthani, E. Watson, J. C.
Weaver, J. Alvarenga, and J. Aizenberg, ACS Appl. Mater. Interfaces 6,
13299 (2014).

12C. Urata, G. J. Dunderdale, M. W. England, and A. Hozumi, J. Mater.
Chem. A 3, 12626 (2015).

13J. Cui, D. Daniel, A. Grinthal, K. Lin, and J. Aizenberg, Nat. Mater. 14,
790 (2015).

14I. Sotiri, J. C. Overton, A. Waterhouse, and C. Howell, Exp. Biol. Med.
241, 909 (2016).

15H. Zhao, J. Xu, G. Jing, L. O. Prieto-Lopez, X. Deng, and J. Cui, Angew.
Chem. Int. Ed. 55, 10681 (2016).

16N. Juthani et al., Sci. Rep. 6, 26109 (2016).
17Y. Kovalenko, I. Sotiri, J. V. I. Timonen, J. C. Overton, G. Holmes,
J. Aizenberg, and C. Howell, Adv Healthc. Mater. 6, 1 (2017).

18K. Truby et al., Biofouling 15, 141 (2000).
19S. Amini et al., Science 357, 668 (2017).
20N. Eroshenko, R. Ramachandran, V. K. Yadavalli, and R. R. Rao, J. Biol.
Eng. 7, 7 (2013).

21P. Gupta et al., RSC Adv. 6, 3539 (2016).
22B. Zheng et al., Nano Biomed. Eng. 3, 99 (2011).
23J. West, A. Michels, S. Kittel, P. Jacob, and J. Franzke, Lab Chip. 7, 981
(2007).

24X. Li, J. Tian, T. Nguyen, and W. Shen, Anal. Chem. 80, 9131 (2008).
25J. B. Boreyko, G. Polizos, P. G. Datskos, S. A. Sarles, and C. P. Collier,
Proc. Natl. Acad. Sci. 111, 7588 (2014).

26U. Manna and D. M. Lynn, Adv. Mater. 27, 3007 (2015).
27A. W. Martinez, S. T. Phillips, G. M. Whitesides, and E. Carrilho, Anal.
Chem. 82, 3 (2010).

28C. Wang, S. S. Nair, S. Veeravalli, P. Moseh, and K. J. Wynne, ACS
Appl. Mater. Interfaces 8, 14252 (2016).

29C. J. Wolf, K. L. Jerina, H. J. Brandon, and V. L. Young, J. Biomater. Sci.
Polym. Ed. 12, 801 (2001).

30R. J. Young and P. A. Lovell, Introduction to Polymers (CRC, New York,
2011).

31H. Jiang, W. Su, P. T. Mather, and T. J. Bunning, Polymer 40, 4593 (1999).
32J. B. Gluck-Hirsch, J. Rheol. 41, 129 (1997).
33M. A. Biot, J. Appl. Phys. 12, 155 (1941).
34J. R. Rice and M. P. Cleary, Rev. Geophys. Sp. Phys. 14, 227 (1976).
35K. von Terzaghi, “Sitzungsberichte der Akad. der Wissenschaften Wien,”
Math. Klasse, Abteilung IIa 132, 125 (1923).

36C. Wang, T. Fuller, W. Zhang, and K. J. Wynne, Langmuir 30, 12819
(2014).

37C. Wang, S. Nair, and K. J. Wynne, Polymer 116, 565 (2017).
38J. M. Uilk, A. E. Mera, R. B. Fox, and K. J. Wynne, Macromolecules 36,
3689 (2003).

39A. Mata, A. J. Fleischman, and S. Roy, Biomed. Microdev. 7, 281
(2005).

40G. C. Lisensky, D. J. Campbell, K. J. Beckman, C. E. Calderon,
P. W. Doolan, R. M. Ottosen, and A. B. Ellis, J. Chem. Educ. 76, 537
(1999).

41U. Gedde, A. Hellebuych, and M. Hedenqvist, Polym. Eng. Sci. 36, 2077
(1996).

42K. Yu and Y. Han, Soft Matter 2, 705 (2006).
43D. Akuzov, T. Vladkova, A. Klöppel, F. Brümmer, and S. Murthy,
J. Chem. Technol. Metall. 49, 229 (2014).

44M. Nendza, Mar. Pollut. Bull. 54, 1190 (2007).
45M. J. Kratochvil, M. A. Welsh, U. Manna, B. J. Ortiz, H. E. Blackwell,
and D. M. Lynn, ACS Infect. Dis. 2, 509 (2016).

46J. Yoon, S. Cai, Z. Suo, and R. C. Hayward, Soft Matter 6, 6004 (2010).
47Y. Hu, X. Chen, G. M. Whitesides, J. J. Vlassak, and Z. Suo, J. Mater.
Res. 26, 785 (2011).

48R. Dangla, F. Gallaire, and C. N. Baroud, Lab Chip 10, 2972 (2010).
49X. Hou, Y. Hu, A. Grinthal, M. Khan, and J. Aizenberg, Nature 519, 70
(2015).

50J. C. Overton, A. Weigang, and C. Howell, J. Memb. Sci. 539, 257
(2017).

51A. G. Nurioglu, A. Catarina, C. Esteves, and G. De With, J. Mater. Chem.
B 3, 6547 (2015).

52Z. Wang, A. A. Volinsky, and N. D. Gallant, J. Appl. Polym. Sci. 132, 1
(2015).

53Z. Wang, A. A. Volinsky, and N. D. Gallant, J. Appl. Polym. Sci. 41050,
1 (2014).

54I. D. Johnston, D. K. McCluskey, C. K. L. Tan, and M. C. Tracey,
J. Micromech. Microeng. 24 (2014).

55V. G. Vasiliev, L. Z. Rogovina, and G. L. Slonimsky, Polymer 26, 1667
(1985).

56C. Howell et al., Chem. Mater. 27, 1792 (2015).
57J. D. Smith, R. Dhiman, S. Anand, E. Reza-Garduno, R. E. Cohen, G. H.
McKinley, and K. K. Varanasi, Soft Matter 9, 1772 (2013).

58C. Extrand and Y. Kumagai, J. Colloid Interface Sci. 184, 191 (1996).
59T. Young, Philos. Trans. R. Soc. London 95, 65 (1805).
60Y. H. Yeong, C. Wang, K. J. Wynne, and M. C. Gupta, ACS Appl. Mater.
Interfaces 8, 32050 (2016).

61C. Howell, A. Grinthal, S. Sunny, M. Aizenberg, and J. Aizenberg,
“Designing liquid-infused surfaces for medical applications: A review,”
Adv. Mater. (in press).

62P. Kim, T. P. Galhenage, and J. Lomakin, “Curable polysiloxane composi-
tions and slippery materials and coatings and articles made therefrom,”
U.S. patent application WO2017176709 A1 (12 October 2017).

63J.-P. Frimat, H. Menne, A. Michels, S. Kittel, R. Kettler, S. Borgmann, J.
Franzke, and J. West, Anal. Bioanal. Chem. 395, 601 (2009).

64T.-S. Wong, S. H. Kang, S. K. Y. Tang, E. J. Smythe, B. D. Hatton, A.
Grinthal, and J. Aizenberg, Nature 477, 443 (2011).

65J. Bruchmann, I. Pini, T. S. Gill, T. Schwartz, and P. A. Levkin, Adv.
Healthcare Mater. 6, 1 (2017).

66J. Aizenberg, M. Aizenberg, J. Cui, S. Dunn, B. D. Hatton, C. Howell,
P. Kim, T. S. Wong, and X. Yao, “Slippery self-lubricating polymer sur-
faces,” U.S. patent 9963597 B2 (8 May 2018).

67B. E. Logan and J. M. Regan, Environ. Sci. Technol. 40, 5172 (2006).
68A. I. Neto, C. A. Custódio, W. Song, and J. F. Mano, Soft Matter 7, 4147
(2011).

69K. K. Chung, J. F. Schumacher, E. M. Sampson, R. A. Burne, P. J.
Antonelli, and A. B. Brennan, Biointerphases 2, 89 (2007).

70C. M. Magin, R. M. May, M. C. Drinker, K. H. Cuevas, A. B. Brennan,
and S. T. Reddy, Transl. Vis. Sci. Technol. 4, 9 (2015).

71H. Gu, “Patterned biofilm formation to investigate bacteria-surface interac-
tions,” Doctoral dissertation (Syracuse University, Syracuse, NY, 2014).

72See supplementary material at https://doi.org/10.1116/1.5039514 for infor-
mation on the viscosities, molecular weights and densities of the oils used;
the sample thickness data used to calculate diffusivity; sample dimensional
changes as a function of oil viscosity; negative controls for the bacterial
growth experiments, and additional information on the removal of bacteria
from the sample surfaces.

Caitlin Howell is an Assistant Professor
of Biomedical Engineering at the
University of Maine. She began her
career at the University of Maine, study-
ing biology with a minor in mathematics
and working in any research laboratory
that would take her. After a brief experi-
ence as an ornithology field hand in the

Maine woods—where the birds and ecology PhD students
were amazing but the bugs were most decidedly not—she
landed in the laboratory of Professor Jody Jellison, a leader in
the field of fungal wood decay. While proving herself through
the enthusiastic washing of dirty glassware, she learned how to
do real science from Dr. Jellison and her PhD student at the
time, Jonathan Schilling. But above all, she learned how some-
thing that may not be very glamorous on the surface (like
wood decay) can be fascinating when you look closer and start
wondering why and how. In her senior year, she received the

06D401-11 Sotiri et al.: Tunability of liquid-infused silicone materials for biointerfaces 06D401-11

Biointerphases, Vol. 13, No. 6, Nov/Dec 2018

https://doi.org/10.1021/ab5000578
https://doi.org/10.1021/am503150y
https://doi.org/10.1039/C5TA02690C
https://doi.org/10.1039/C5TA02690C
https://doi.org/10.1038/nmat4325
https://doi.org/10.1177/1535370216640942
https://doi.org/10.1038/srep26109
https://doi.org/10.1002/adhm.201600948
https://doi.org/10.1080/08927010009386305
https://doi.org/10.1126/science.aai8977
https://doi.org/10.1186/1754-1611-7-7
https://doi.org/10.1186/1754-1611-7-7
https://doi.org/10.1039/C5RA19947F
https://doi.org/10.5101/nbe.v3i2.p99-106
https://doi.org/10.1039/b706788g
https://doi.org/10.1021/ac801729t
https://doi.org/10.1073/pnas.1400381111
https://doi.org/10.1002/adma.201500893
https://doi.org/10.1021/ac9013989
https://doi.org/10.1021/ac9013989
https://doi.org/10.1021/acsami.6b02066
https://doi.org/10.1021/acsami.6b02066
https://doi.org/10.1163/156856201750411675
https://doi.org/10.1163/156856201750411675
https://doi.org/10.1016/S0032-3861(99)00070-1
https://doi.org/10.1122/1.550804
https://doi.org/10.1063/1.1712886
https://doi.org/10.1029/RG014i002p00227
https://doi.org/10.1021/la5030444
https://doi.org/10.1021/ma021154x
https://doi.org/10.1007/s10544-005-6070-2
https://doi.org/10.1021/ed076p537
https://doi.org/10.1002/pen.10603
https://doi.org/10.1039/B602880M
https://doi.org/10.1016/j.marpolbul.2007.04.009
https://doi.org/10.1021/acsinfecdis.6b00065
https://doi.org/10.1039/c0sm00434k
https://doi.org/10.1557/jmr.2010.35
https://doi.org/10.1557/jmr.2010.35
https://doi.org/10.1039/c003504a
https://doi.org/10.1038/nature14253
https://doi.org/10.1016/j.memsci.2017.06.019
https://doi.org/10.1039/C5TB00232J
https://doi.org/10.1039/C5TB00232J
https://doi.org/10.1088/0960-1317/24/3/035017
https://doi.org/10.1016/0032-3861(85)90284-8
https://doi.org/10.1021/cm504652g
https://doi.org/10.1039/C2SM27032C
https://doi.org/10.1006/jcis.1996.0611
https://doi.org/10.1098/rstl.1805.0005
https://doi.org/10.1021/acsami.6b11184
https://doi.org/10.1021/acsami.6b11184
https://doi.org/10.1007/s00216-009-2824-7
https://doi.org/10.1038/nature10447
https://doi.org/10.1002/adhm.201601082
https://doi.org/10.1002/adhm.201601082
https://doi.org/10.1021/es0627592
https://doi.org/10.1039/c1sm05169e
https://doi.org/10.1116/1.2751405
https://doi.org/10.1167/tvst.4.2.9
https://doi.org/10.1116/1.5039514
https://doi.org/10.1116/1.5039514


Ron Cockcroft award from the International Research Group
on Wood Protection to travel to Tromsø, Norway to share the
results of her research with the international community, as
well as a National Science Foundation (NSF) Teaching
Fellowship to share her newly discovered passion for science
with over 80 local middle school students each week.

After completing a Master’s degree using ever larger
machines to look at ever smaller bits of decaying wood,
Caitlin was very lucky to be introduced to Professor Michael
Grunze of the University of Heidelberg in Germany. In his
Applied Physical Chemistry group, he created specifically
defined surfaces using tricks of physics and chemistry, then
studied how those surfaces interacted with the world. She
was thrilled when he invited her to come to Germany to earn
her PhD, which was supported by an NSF Graduate
Research Fellowship. Over the next three years, she worked
with Dr. Patrick Koelsch as well as Professor Michael
Zharnikov, Dr. Dmitri Petrovykh, and many other talented
chemists, physicists, and engineers to understand how bio-
logical molecules such as deoxyribose nucleic acid organized
themselves at interfaces. Although it was initially challeng-
ing both to live in a different country and learn to communi-
cate with researchers in very different disciplines, it soon
became clear that her colleagues were equally excited about
uncovering the mysteries of Nature and how they could be
used to accomplish specific goals. Through their kindness
and willingness to take the time to break down the barriers
between the fields, Caitlin’s colleagues worked with her to
answer critical questions at the intersection of biology, chem-
istry, and physics that none of them could have answered
alone. She finished her PhD with 11 publications, 7 of which
as first author, all contributing to the greater understanding
of the organization and orientation of biological molecules
on abiotic surfaces.

Near the end of her PhD, Caitlin began to think about
how incredible it was that people could take an understanding
of Nature and using it to build new materials that could
act in defined ways– otherwise known as engineering. This
line of reasoning led her to Professor Joanna Aizenberg at
Harvard University, who was working as part of the Wyss
Institute for Biologically Inspired Engineering where they
looked to nature for breakthrough solutions to a wide variety
of challenges. Joining as a postdoctoral researcher, Caitlin
worked with Professor Aizenberg, senior Wyss scientist
Michael Aizenberg, and a series of phenomenal collaborators,
research assistants, and students to develop pitcher
plant-inspired slippery surfaces for controlling the adhesion of
biological materials to surfaces. After a year, she received a
Wyss Technology Development Fellowship, which allowed
her to not only continue to develop these specialized
surfaces but also to begin to work with companies on
translating the technology to the market where it could begin
to make a difference in people’s lives. Caitlin’s work with
Professor Aizenberg and her team and collaborators at the
Wyss Institute saw the development self-replenishing vascu-
larized polymers, slippery surfaces for releasing sheets of
cells, as well as the first uses of liquid-infused materials

in vivo to reduce blood clot formation, infection, and
instrument fouling.

In 2016, Caitlin joined the Faculty back at the University
of Maine. She founded her lab to combine the knowledge
gained during her undergraduate, graduate, and postdoctoral
work: building specialized surfaces and interfaces to control
biological interactions. Together with her excellent students
and academic as well as industrial partners, she continues to
work toward understanding Nature, then using that knowl-
edge to create the next generation of materials that will save
the world. Although she continues to be regularly amazed at
all the things she does not know, she has learned a few
useful things in her relatively short career that help when
things get tough:

1. Although it may not always feel it, it helps to remember
that we are incredibly lucky: the beauty and complexity
of Nature is breathtaking, and we are the people who
get to work toward understanding it every day! While
getting paid! What better job could there possibly be?

2. Nothing is better than equally enthusiastic, competent,
and hardworking colleagues and collaborators. They
are worth their weight in gold, so once you find
them, do everything you can to keep them. Science is
best as a team sport, and a good team makes all the
difference.

3. Science is hard—because if it were easy, someone else
would have already done it. We are here because we
have the capacity to create change, to discover and
understand the world around us, and to use that knowl-
edge to improve the lives of our community members as
well as our environment. Given the magnitude of what
we’re trying to do, it’s natural that turning that capacity
into results is challenging. But saving the world is well
worth the effort.

The Team. This work is the result of a collaborative effort
of a dedicated group of professors, research scientists, post-
docs, graduate students, and undergraduate students working
on the design and characterization of an innovative materials
system so that it can serve a purpose and make an impact
outside the laboratory. It is their belief that fundamental
research on materials and interfaces will be crucial to
addressing several of the issues facing contemporary society,
including reducing environmental impact, improving energy
efficiency, and fostering sustainability.

Irini Sotiri is a graduate research assis-
tant in the Department of
Bioengineering at the University of
Washington with Professor Buddy
Ratner. She received a BS in Materials
Science and Engineering with an addi-
tional major in Biomedical Engineering
from Carnegie Mellon University, then

worked as a research fellow at the Wyss Institute for
Biologically Inspired Engineering at Harvard University.

06D401-12 Sotiri et al.: Tunability of liquid-infused silicone materials for biointerfaces 06D401-12

Biointerphases, Vol. 13, No. 6, Nov/Dec 2018



Amanda Tajik recently received her
Bachelor of Science (Honours
Biochemistry) at the University of
Waterloo in Canada. She is starting her
master’s degree in the Stem Cell and
Cancer Research Institute at McMaster
University, Canada.

Yang Lai is a graduate student in the
Department of Mechanical Science and
Engineering at University of Illinois at
Urbana Champaign. Her PhD study
focuses on the mechanical characteriza-
tion of soft and biomaterials.

Cathy T. Zhang is a Ph.D. student in
the Aizenberg group studying the behav-
ior of colloidal assemblies on soft,
dynamic interfaces.

Yevgen Kovalenko received his BSc in
Biochemistry with Honours from the
University of Waterloo in Canada and is
currently a Master’s candidate at the
Wine Research Centre, University of
British Columbia, Vancouver.

Carine R. Nemr obtained her BSc in
Honors Chemical Biology at McMaster
University in Hamilton, Canada. She is
currently a PhD candidate in analytical
chemistry at the University of Toronto.

Haylea Ledoux received her B.S. in
Biological Engineering from the
University of Maine in 2014 and cur-
rently works as an Associate Scientist at
IDEXX Laboratories in Westbrook, ME.

Jack Alvarenga is a Research Scientist
at the Wyss Institute, where his focus is
on the development of novel adaptive
materials. He received his B.S. in
Physics and M.S. in Materials Science
and Engineering from the Rochester
Institute of Technology.

Edythe Johnson received her B.S. in
Engineering Sciences from Harvard
College in 2016 and is currently
working at a startup in Newton, MA.

Huseini S. Patanwala received his PhD
in Polymer Science from the University
of Connecticut in 2017 and is currently
a PTD Module and Integration Device
Yield Engineer at the Intel Corporation.

Jaakko V. I. Timonen is an Assistant
Professor of experimental condensed
matter physics and leader of the Active
Matter Research Group at Aalto
University in Finland.

Yuhang Hu is an Assistant Professor of
Mechanical Science and Engineering at
the University of Illinois at
Urbana-Champaign.

Joanna Aizenberg is Professor of
Materials Science and Chemistry,
Director of the Kavli Institute for
Bionano Science and Technology, and
Platform Leader of the Wyss Institute at
Harvard University. She is amember of
the American Academy of Arts and
Sciences, American Philosophical

Society, American Association for Advancement of Science
and an External Member of the Max Planck Society.

06D401-13 Sotiri et al.: Tunability of liquid-infused silicone materials for biointerfaces 06D401-13

Biointerphases, Vol. 13, No. 6, Nov/Dec 2018


	Tunability of liquid-infused silicone materials for biointerfaces
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	A. PDMS sample preparation
	B. Equilibrium oil fraction modeling
	C. Diffusion modeling
	D. Measurement of elastic modulus
	E. Continuous liquid layer removal and contact angle hysteresis measurements
	F. Surface liquid replenishment
	G. Bacterial attachment
	H. Plasma treatment and patterning
	I. Quantification of biofilm coverage
	J. Statistics

	III. RESULTS AND DISCUSSION
	A. Characterization and modeling of infusion
	B. Mechanical properties
	C. Liquid layer longevity
	D. Resistance to bacterial adhesion
	E. Surface patterning

	IV. CONCLUSIONS
	References


