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Bioinspired Surfaces with Dynamic Topography for Active

Control of Biofouling

Phanindhar Shivapooja, Qiming Wang, Beatriz Orihuela, Daniel Rittschof,

Gabriel P. Lopez,* and Xuanhe Zhao*

Biofouling, the accumulation of biomolecules, cells, organisms,
and their deposits on submerged and implanted surfaces, is a
ubiquitous problem across many human endeavors including
maritime operations, medicine, food industries, and biotech-
nology.'?l Examples include: (i) the high cost of mitigation of
biofouling on maritime vessels, (ii) the growing significance
of infectious biofilms (matrix-enclosed microbial adlayers) as a
failure mode of implanted materials and devices,!! and (iii) the
adaptation of antibiotic-resistant bacterial strains within biofilms
in medical and industrial settings.”] Creating environmentally
friendly and biocompatible surfaces that can effectively manage
biofouling has been an extremely challenging “holy grail’. In
spite of substantial research efforts for several decades, cost effec-
tive control of biofouling is still an elusive goal in all areas that
require long-term compatibility with biological systems.l?! Current
commercial antifouling approaches and technologies include self-
polishing surfaces that rely on controlled release of biocides!®’]
and fouling-release surfaces.®l The next generation of fouling
management includes specialized surface chemistries!! and topo-
graphic patterns!'% that deter settlement of biofouling organisms.
These approaches are generally limited to specific organisms or
levels of fouling!*3*4%!1 and may have unacceptable impacts on
the environment or human health with long-term usage.”!
Nature offers multipronged solutions to biofouling that have
not been implemented by humans.'! An enormous number
of biological surfaces clean themselves through active defor-
mation and motion.'>"] For example, cilia on the surfaces of
respiratory tracts constantly sweep out inhaled foreign particles
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that are sequestered in hydrated, protective mucus layers.!314

Mucus sloughing and ciliary cleaning is also widely used by
mollusks, corals and many other marine organisms for active
fouling management.'>1] Engineering surfaces coated with
pillars that mimic cilia have been fabricated and proposed for
biofouling management.'*1 Despite their potential, surfaces
coated with biomimetic cilia: (i) generally require compli-
cated fabrication processes and are thus limited to relatively
small areas, (ii) still require development of practical actuation
schemes, and (iii) are made of fragile structures not suitable for
harsh biofouling environments.

Here, we report a general, bio-inspired approach for actively
and effectively detaching micro- and macro-fouling organ-
isms through dynamic change of surface area and topology
of elastomers in response to external stimuli. These dynamic
surfaces can be fabricated from materials that are already com-
monly used in marine coatings and medical devices and can
be actuated by practical electrical and pneumatic stimuli. New
antifouling strategies based on active surface deformation can
also be used in combination with other existing and emerging
management approaches.

Figure 1a illustrates the structure of an electro-active anti-
fouling coating (see Experimental Section for details of fabrica-
tion). Films of a silicone elastomer, a rigid insulating substrate,
and a metal foil were bonded together to form a trilayer lami-
nate.l'”] The laminate can be readily fabricated to cover large
areas. The elastomer surfaces were exposed to artificial-seawater
suspensions of a model marine bacterium, Cobetia marina (7 x
107 cells/mL), which is known to colonize many materials rap-
idly and to modulate the attachment of other fouling organisms
in seawater.'® The Cobetia marina was allowed to form biofilms
on the elastomer surfaces for 4 days (Figure 1a). The elastomer
surfaces were electrically grounded by placing a ground elec-
trode into the artificial seawater, which flowed gently over the
surface of the attached biofilm. Control studies showed that
the flow alone does not detach biofilms (see Figure S1 of the
Supporting Information (SI)). As a DC voltage was applied to
the metal foil under the laminate, an electric field developed in
the elastomer. When the electric field exceeds a critical value,
the surface of the elastomer becomes unstable, deforming into
a pattern of “craters” (Figures la and b). The critical electric
field for the electro-cratering instability can be expressed as!!”!

E. ~ 1.5\/,116/8 (1)

where p and € are the shear modulus and dielectric constant of
the elastomer. When the electric field is removed, the elastomer
returns to its initial, flat topography. We characterized the sur-
face strain of the elastomer under electric fields by imprinting
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Figure 1. Detachment of bacterial biofilms from dielectric elastomers under voltages. a) Sche-
matic illustration of the laminate structure, actuation mechanism, and the detachment of a bac-
terial biofilm. b) The applied electric field can induce significant deformation of the elastomer
surface as given by the contours of the maximum principal strain. c) The deformation detaches
over 95% of a biofilm (Cobetia marina) adhered to the elastomer surface, which is periodically

actuated for 200 cycles within 10 minutes.

markers on its surface (Figure 1b). The size of the markers is
much smaller than that of the craters and the markers form a
regular square lattice on the undeformed surface. The surface
strain is calculated by tracking the relative displacements of the
markers (see Figure S2 of the SI). Figure 1b gives the distribu-
tion of the maximum principal strain on the deformed surface.
It can be seen that the maximum principal strain is over 20%
on most of the surface. After 200 on-off cycles of the applied
voltage in 10 min, over 95% of the biofilm on the elastomer
surface is detached (Figure 1c). To our knowledge, this is the
first observation that voltage-induced deformation of polymer
surfaces can actively and effectively detach adherent biofilms.

We hypothesized that the deformation of the elastomer sur-
face, but not the presence of the electric voltage, causes biofilm
detachment. To test this hypothesis, we decoupled the effects
of the voltage and surface deformation on biofilm detachment
using a set of silicone elastomer layers with moduli ranging
from 60 kPa to 365 kPa. Biofilms of Cobetia marina were grown
on the elastomer surfaces as described above. The applied elec-
tric fields in the elastomers were controlled according to Equa-
tion (1), such that the same electric field E can induce signifi-
cant deformation for those elastomers where E > E_ but not for
those where E < E.. In Table 1, the undeformed surfaces are
indicated in italic text; significant detachment of biofilms (i.e.
>85%) occurs only on those surfaces that undergo deforma-
tion. Although they were subjected to the same electric fields,
the undeformed surfaces exhibited minimal detachment (i.e.
<15%) of biofilms. These results support the assertion that sur-
face deformation is the dominant mechanism for detachment
of biofilms from the elastomer surfaces actuated by electric
fields.

Next we studied the effect of surface deformation on the
detachment of various forms of biofouling by mechanically
stretching elastomers without imposition of electric volt-
ages. Biofilms of different thicknesses on the elastomers were
formed from Cobetia marina and Escherichia coli by varying
their time in culture.’” Then, each elastomer with biofilm was
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stretched uniaxially to a prescribed strain for
30 cycles within 3 minutes, while artificial
seawater was gently flushed across the sur-
face of the elastomer to carry away detached
biofilm. After stretching, the percentage of
biofilm detachment was measured as a func-
tion of the applied strain. Figures 2c,d show
that surface deformation induces significant
detachment of Cobetia marina and Escherichia
coli biofilms (i.e., >80%) when the applied
strain exceeds critical values ranging from
2% to 14%. The critical value of the applied
strain depends on the thickness of the bio-
film (Figure 2c). Interestingly, a thicker bio-
film requires a lower critical strain for signifi-
cant detachment.

We interpret the detachment of biofilms
as a debonding process from the substrate.[?’]
Prior to debonding, the mechanical strain
in the polymer layer and the biofilm is the
same. If the biofilm is considered to be lin-
early elastic at the deformation rates used in
the current study,?! the elastic energy per unit area in the bio-
film can be expressed as HY?,/2, where ¢ is the applied strain,
Y is the plane-strain Young’s modulus of the biofilm, and H
the thickness of the biofilm. Given that the biofilm maintains
integrity over a length scale much larger than its thickness (See
Figure S3 of the SI), debonding occurs when the elastic energy
of the biofilm exceeds the adhesion energy between biofilm and
the polymer. Therefore, the critical applied strain for the detach-
ment of biofilm can be expressed as

2
e =\ 4y @)
HY

where T is the biofilm-polymer adhesion energy per unit area.
Equation (2) predicts that the critical strain is a monotonically
decreasing function of the biofilm thickness. The prediction is

Table 1. The percentage of Cobetia marina biofilm detached (%) from
elastomer films (Sylgard 184) with various moduli and under a range
of applied electric fields. The crosslinker density of the Sylgard 184 was
varied to obtain elastomer films with shear moduli ranging from ~60 to
365 kPa. The electric field was periodically varied between zero and a
maximum value (as shown in the table) for 200 cycles in 10 minutes.
Imposition of electric fields below E, caused no surface deformation
(indicated by Italic text) and had minimal percentage (~15%) of biofilm
detached. Imposition of electric fields below E, resulted in formation of
craters such that the surface switched reversibly from a flat state to the
deformed state (indicated by normal text), resulting in high percentage
(~95%) of biofilm detachment.

Electric Field Shear Modulus
[10mV m™] [MPa]

0.060 0.155 0.365
23 12423 10£2.5 1M+2
4.2 87+7.1 15+1.7 16+5.5
7.0 838+6 95+2.7 1M+13
1.7 90+3.6 96+2.8 97+16
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were determined.?”! The shear force for bar-
nacle detachment was plotted as a function
of the applied strain on the elastomer layer
(Figure 3c). Deformation of the polymer sig-
nificantly reduced the shear force required
for barnacle detachment. For instance, an
applied strain of 25% on the Sylgard 184 sub-

strate (u; = 155 kPa) reduced the detachment
force by 63%, and an applied strain of 100%
fully detached the barnacles.

The debonding process of a barnacle due
to substrate deformation can be understood

E coli as the symmetric propagation of two cracks

at the barnacle—polymer interface (Figure 3b).
The cracks propagate if the decrease of the
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Figure 2. Debonding of biofilms from stretched elastomer films. a) Schematic illustration of
the debonding mechanism. b) Percentage of detachment of Cobetia marina biofilm as a func-
tion of the applied strain. c) Percentage of detachment of Escherichia coli biofilm as a function
of the applied strain. The elastomers are periodically stretched uniaxially to a prescribed strain

for 30 cycles within 3 minutes.

consistent with the experimental results in Figure 2c, where
a thinner biofilm requires a higher critical strain for the
detachment.

To examine the effect of surface deformation on macro-
fouling organisms, we reattached adult barnacles, Amphibalanus
(= Balanus) amphitrite,?? to the surfaces of two types of sili-
cone elastomers, Sylgard 184 and Ecoflex (Figure 3a, see SI for
details). After the barnacles were reattached for 7 days, the elas-
tomer layers were stretched to various prescribed strains peri-
odically and then the shear forces for detaching the barnacles

a

Stretched

Initial

Percentage Strain

elastic energy of barnacle—polymer system
exceeds the adhesion energy between barnacle
and polymer substrate.??l The base plate of the
barnacle is much more rigid than the polymer
substrate.?* The substrate under a row of
barnacles (Figure 3c) is assumed to deform
under a plane-strain condition (Figures 3a,b).
The energy release rate due to crack propaga-
tion (i.e., the decrease of the system’s elastic energy when the
crack propagates a unit area) can be expressed as

G=uLf(e, L/S) (3)

where U is the shear modulus of the polymer substrate, L the
length of the adhered region between barnacle and substrate,
S the width of the substrate, and f a non-dimensional func-
tion given in Figure S4 of the SI by finite-element calculation.
From Figure S4 of the SI, it can be seen that G is a monotoni-
cally increasing function of g, e and L. By equating the energy

b
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Figure 3. Debonding of barnacles from stretched elastomer films. a) Schematic illustration of the debonding mechanism. b) A photo showing the
detachment of barnacles from a stretched elastomer film. c) The shear stress necessary to detach barnacles from the elastomer film decreases with
the applied strain on the film. The elastomers are periodically stretched uniaxially to a prescribed strain for 30 cycles within 3 minutes.
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and grown. The pressure in the air channels
was gradually increased, and the coverage of
biofilms and the shear stress for detaching
barnacles were measured. As shown on
Figure 4b and Figure 4c, the dynamic elas-
tomer surfaces of the pneumatic network can
actively and effectively detach both biofilms
and barnacles. For example, an air pressure
of 3 kPa induced 23% surface strain and
almost 100% detachment of the biofilm. To
fully detach the barnacles, a higher pressure
(~15 kPa) was required. Soft robots??”! and
snapping surfaces?®! driven by pressured air
have been recently studied and proposed for
a variety of applications. Here, we give the
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60 5 first demonstration of antifouling capabilities
of dynamic surfaces actuated by pneumatic
20 2. networks. We expect that hydraulic networks
for deformation of elastomers?” will perform
similarly.

In summary, inspired by active biological
surfaces, we created simple elastomer sur-
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Figure 4. Detachment of bacterial biofilms from dynamic surfaces actuated by pressurized air.
a) Schematic of the structure of the dynamic surface colonized by both a biofilm of Cobetia
marina and barnacles, b) photos and fluorescent microscope images of the surface before and
after actuation, and c) the percentage of biofilm detachment and the detachment shear stress
for barnacles as functions of applied pressure. The dynamic surfaces are actuated for 30 cycles

within 3 minutes.

release rate G with the adhesion energy between barnacle and
substrate I', we can calculate the adhesion length L between
barnacle and substrate at any applied strain e. From Figure 3d,
the adhesion strengths for barnacle-Sylgard 184 and barnacle—
Ecoflex systems are approximately the same. However, the
Sylgard 184 (us = 155 kPa) has a much higher shear modulus
than the Ecoflex (us = 10.4 kPa), and so, when subjected to the
same applied strain, the Sylgard 184 substrate should detach
barnacles more effectively (i.e. yield smaller L) than the Ecoflex
substrate. This prediction is consistent with the experimental
results (Figure 3d). Debonding of rigid islands from deformed
substrates has been intensively studied theoreticallyl?*%]
and experimentally?® as a failure mode of electronic devices.
Here, we demonstrated the debonding mechanism can be har-
nessed for active detachment of barnacles by deforming the
substrates.

As an alternative means for achieving surface deforma-
tion, we examined the use of pneumatic networks(*”! for active
detachment of micro- and macro-biofouling models. As illus-
trated in Figure 4a, air channels were fabricated beneath an
elastomer layer, while the bottom surface of the network was
bonded to a rigid plate (see Figure S6 of the SI for details).
When air is pumped into the channels, the top surface of the
network buckles out and induces controlled surface deforma-
tion (Figure 4a). The relation between the air pressure and the
strain of the surface is given in Figure S7 of the SI. Biofilms
of Cobetia marina were grown on the surface of the elastomers
for 7 days after adult barnacles were reattached to the surfaces

0 2 4 6 8 10 12 14 16
Pressure (KPa)
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faces capable of dynamic deformation in
response to external stimuli including elec-
trical voltage, mechanical stretching, and air
pressure. Deformation of polymer surfaces
can effectively detach microbial biofilms
and macro-fouling organisms. The use of
dynamic surface deformation is complemen-
tary and can enhance other means for bio-
fouling management such as surface modifi-
cation, controlled release and micro- and nanotopography.

Experimental Section

Fabrication of electroactive surfaces: A rigid polymer substrate, Kapton,
(DuPont, USA) with Young’s modulus of 2.5 GPa and thickness of
125 um was sputter-coated with a 10 nm gold layer underneath. A
50 um polydimethyl siloxane (Sylgard 184 Dow Corning, USA) film, was
spin coated on top of the Kapton film and cured at 65 °C for 12 hours.
The crosslinker density of the Sylgard 184 was varied from 2% to 10%
to obtain elastomer films with shear moduli ranging from 60 kPa to
365 kPa. The thickness and shear modulus of the films were measured
by Dektak 150 Stylus Profiler (Bruker AXS, USA) and a uniaxial tensile
tester (TA instruments, USA), respectively.

Formation of bacterial biofilms: Cobetia marina (basonym, Halomonas
marina) (ATTC 4741) and Escherichia coli (ATTC 15222) in marine broth
(MB) (2216, Difco, ATTC, USA) and trypsin soy broth broth (TSB),
respectively, containing 20% glycerol were stored frozen in stock aliquots
at —80 °C. Artificial seawater was prepared as reported previously.!
Experimental stock preparations were maintained on agar slants and were
stored at 4 °C for up to 2 weeks. A single colony from an agar slant was
inoculated in MB (50 ml, for Cobetia marina) or TSB (50 ml, for Escherichia
coli) and grown overnight with shaking at 25 °C (Cobetia marina) or 37 °C
(Escherichia coli). The bacterial concentrations were 7 x 107 cells mL™" and
11 x 107 cells mL™" for Cobetia marina and Escherichia coli, respectively.

The surfaces used for growing biofilms were sterilized by rinsing
several times with ethanol and then with copious amounts of sterilized
DI water. Cobetia marina or Escherichia coli bacterial culture (1 mL) was
placed on the sample surface along with sterilized artificial seawater or
TSB broth (5 mL). The samples were stored for a desired period in an
incubator maintained at 26 °C for Cobetia marina and 37 °C for Escherichia
coli. The samples were carefully monitored, and artificial seawater or TSB

Adv. Mater. 2013,
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broth (about 1 to 2 mL) was added as needed every day to compensate
for dehydration. The thicknesses of biofilms were measured by inverted
confocal microscope (Zeiss LSM 510) (vide infra).

Barnacle reattachment on surfaces and adhesion strength measurements:
Reattachment of barnacles followed a previously published protocol.?2
Briefly, barnacles (Amphibalanus (= Balanus) amphitrite) were reared to
cyprids, settled on T2® (a gift from North Dakota State University) and
cultured to a basal diameter of 0.5 cm in about 7 weeks. Barnacles were
pushed off the T2 surface and immediately placed on the test surfaces in
air and incubated in 100% humidity for 24 hours. Thereafter, the surfaces
were submerged in running sea water and fed with brine shrimp daily for
2 weeks and tested.

Biofilm detachment from electroactive surface: A DC voltage was applied
between artificial seawater and the bottom electrode by a controllable
voltage supply (Mastsusada, Japan). The voltage was switched on and
off at a frequency of 0.33 Hz for 10 minutes on each sample with a
continuous low-shear flow (0.5 mL/min) of artificial seawater to carry
away the detached biofilms. The electric fields shown in Table 1 were
calculated using E = ®/(h + H¢/e,, where @ is the applied voltage,
h is the thickness of Sylgard 184 film, H; = 125 um is the thickness of
the substrate, € = 2.65¢; and &, = 3.5¢, are the dielectric constants of
Sylgard 184 and Kapton respectively, where &, = 8.85 x 1072 Fm™! is the
permittivity of vacuum.

Analysis of biofilm detachment: The biofilms on control and
electroactuated samples were stained using SYTO 13 (Invitrogen Inc.);
the procedure is detailed elsewhere.’% The stain-washed biofilm surface
was air dried in the dark for about 30 minutes and analyzed using a
fluorescent microscope (Ziess Axio Observer) using a 10X objective. At
least five images at different regions were captured from each stained
surface under same exposure time. The average percentage of biofilm
detached from the surfaces was calculated by comparing the relative
fluorescence intensities between the experimental and control samples.

Biofilm and barnacle detachment from stretched surfaces: Films of the
silicone elastomer, Ecoflex 00-10 (Smooth-On, USA) were used to detach
biofilms or barnacles by mechanical stretching. The thickness and shear
modulus of the Ecoflex films was 1 mm and 10.4 kPa, respectively. After
biofilms and barnacles adhered to a film, the two ends of the film were
clamped and stretched and relaxed in a periodic manner. The film was
stretched to prescribed strains and relaxed for 30 cycles in 3 minutes,
during which a continuous low-shear flow (0.5 mL/min) of artificial
seawater was used to carry away the debonded organisms.

Fabrication of dynamic surfaces actuated by pressured air: As shown
in Figure S6 of the SI, a plastic prototype fabricated in a 3D printer
(Stratasys, USA) was used as a mold to cast an Ecoflex layer with
patterned air-pass channels inside. The Ecoflex layer was then adhered
to an uncured Ecoflex film (~200 um) on a glass plate to bond the
patterned Ecoflex layer with the glass plate.

Biofilm and barnacle detachment from dynamic surfaces actuated by air
pressure: Barnacles were re-attached on the surfaces of Ecoflex layers and
Cobetia marina biofilms were formed on the surfaces with barnacles for
6 days following the procedures described above. The Ecoflex layers were
then actuated using a pneumatic pump (MasterFlex). By controlling
the air pressure in the channels of the Ecoflex layers, the surfaces of the
layer was reversibly deformed for 30 cycles in 3 minutes. The barnacle
adhesion strength and the amount of biofilm released were analyzed
following the procedure described above.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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