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Abstract

Resistance to algae contamination is an important characteristic of insulators used in over-
head power distribution in coastal environments. It is therefore important to understand the
parameters governing algae adhesion onto polymer insulator materials such as silicone. Flow-
cell based shear experiments were conducted in order to characterize the adhesion strength of
algae onto polydimethylsiloxane surfaces, comparing fresh polymer substrates with those that
have been soaked in water and saline solutions for one month. Both freshwater algae and a
seawater species could withstand considerably less drag force and were therefore more easily
removed when the polymer was soaked in salt water. The polymer surface was found to be
unaltered in terms of its roughness, contact angle, and lack of water uptake; no macroscopic
surface characterization was therefore able to account for the differences in cell adhesion
strength resulting from the soaking treatment. Surface-specific nonlinear vibrational spec-
troscopy, however, revealed subtle differences in the orientation of surface methyl groups that

resulted from the water and saline exposure.



Introduction

Polymer insulators, also known as composite insulators, are attractive alternatives to traditional
glass or ceramic devices for overhead power distribution, a critical component of the global elec-
trical grid. > Hydrophilic materials suffer from water ingress that ultimately leads to cracking and
premature device failure. Polymers such as silicones offer enhanced and prolonged hydrophobicity
and therefore lower operating costs, in addition to a greener manufacturing footprint.? Silicone
insulators are also suitable for a wide variety of climates, including those with extreme temper-
ature variation, and those subject to deicing salts in winter conditions.*> However, one area that
remains particularly challenging is mitigation of algae adhesion when the devices are installed in
coastal areas, as the fouling of bioorganisms rapidly degrades the material surfaces.®~!! Although
some field reports exist, there is a lack of data on algae-silicone interactions, particularly under
environmental conditions such as exposure to water and high voltage. Silicone polymers are also
widely used in microfluidic devices, including in applications where cells are adhered in a variety
of aqueous environments. !%13

This is a fundamental materials science problem as understanding the surface properties of
polymers is related to, but not completely predicted from, the bulk properties of the material.
Many powerful techniques are available for characterizing polymer surfaces, but those that offer
molecular information are especially valuable when they are able to probe the surface in an envi-
ronment that is analogous to the application conditions. In this case, the initial adhesion of cells
occurs at polymer-aqueous interfaces. It has been well-established that the molecular structure of
polymers may be substantially altered according to the adjacent solution conditions. 47 For such
studies, the nonlinear vibrational technique of visible-infrared sum frequency generation (SFG)
offers molecular fingerprints of buried polymer-aqueous interfaces, and the ability to characterize
the orientation of specific surface functional groups. SFG spectroscopy has therefore been valuable
in characterizing the surface of polydimethylsiloxane (PDMS) films in their native state, and under
different treatment conditions. 1824

We have recently developed an imaging platform that consists of a flow cell with variable wall



shear coupled with microscope-based data collection and software for cell tracking that enables
the adhesion strength of algae to be measured by quantifying drag force experienced by adhered
cells.>> We now use this setup to study the adhesion of two algae on PDMS surfaces. Botryococcus
Braunii is a freshwater green alga, and strongly adheres to surfaces that are exposed to spray
from lakes and rivers. Thalassiosira rotula is a diatom found in marine environments around the
globe. 2027 Although less sticky than the benthic diatom species that are commonly found in algae
biofilms, 7. rotula is present throughout the water column and is likely to be a component of
algae assemblages that can affect substrates exposed to seawater spray. For each of these algae,
we have assembled the flow cells using PDMS substrates prepared under three conditions: using
freshly-prepared films, and with those exposed to water and salt water for one month. In order to
understand the differences in adhesion behaviour, we have characterized the PDMS surfaces before

and after aqueous exposure using a variety of methods, including SFG spectroscopy.

Methods

Algae cultures and sample preparation

B. braunii (UTEX 572) was obtained from the Culture Collection of Algae at the University of
Texas at Austin. The cells were cultivated as batch cultures in BG-11 nutrient medium?® at 20 °C
under a 12:12 ratio light:dark cycle using an irradiance level of 15.642.22 umol photons-m~2-s~ 1.
The pH of the medium was adjusted to 7.6 0.1 using 1 M NaOH and 0.1 M HCI. Subculture
was done every 4 to 5 weeks by inoculating 2 mL of cell culture to 250 mL new medium. To
prepare cultures for adhesion experiment, cells in their log phase, around 6-8 d were collected
for morphology evaluation and adhesion strength experiments. 1 mL of cell culture was collected
in log phase and was sonicated for 30 s using 1 s pulses with a 1 s delay between pulses. The
culture was centrifuged at 3000 rpm for 5 min, washed twice and re-suspended in phosphate

buffered saline containing 1.62 mM KH;POy4, 6.49 mM K,;HPO4, and 1.35 mM NaCl. The PBS

was prepared to match the pH of BG-11. Finally, the culture was re-suspended in 1 mL BG-11



medium in preparation for adhesion characterization. The pelagic diatom 7. rotula (CCMP3362)
was obtained from the National Center for Marine Algae and Microbiota (Bigelow Laboratory,
ME). The culture was maintained in exponential growth through semi-continuous batch culturing

at 14 °C, under 65 pmol photons-m—2-s~!

with a 13:11 light to dark cycle in an enriched seawater
medium.?® Anhydrous and hydrated salts were dissolved separately in deionized (DI) water and
then combined before the addition of macronutrient, trace metal, and vitamin solutions. The
medium was bubbled with filtered air to adjust the pH to ~ 8.2 and then sterilized with a 0.2 um

VacuCap (Pall Corporation, NY) filtration device. Diatoms were subsampled near the end of the

exponential phase for use in the adhesion experiments.

Polymer substrate preparation

PDMS solutions were prepared using a Sylgard 184 silicone elastomer kit (Dow Corning) with a
10:1 ratio of base to curing agent. After mixing, the solution was degassed for 1 h until no bubbles
remained. Microscope slides (Fisherbrand Adhesion Slides, Thermo Fisher, USA) were cleaned
with DI water, acetone, and isopropanol. Films were cast by spin coating (Specialty Coating
Systems, Inc) onto the glass slides at 1200 rpm for 25 s. The substrates were then cured in an oven
at 65 °C overnight. A subset of the polymer films were soaked in either DI water (Milli-Q) or 5%
wt/wt NaCl solution for 30 d. After removing the slides from the baths, the PDMS surface was
rinsed with DI water and air dried for 20 min. The PDMS films for SFG experiments were spin
coated at 4000 rpm for 3 min on the surface of IR grade silica prisms using the same 10:1 ratio
of base to curing agent, but at lower concentration (5 % w/w PDMS in chloroform) to obtain a

thickness of 370420 nm as measured by Raman spectroscopy.>°

PDMS surface characterization

Polymer film thickness and RMS roughness values were characterized by profilometry (Bruker
Dektak XT). Contact angles were measured using a goiniometer (Holmarc HO-IAD-CAM-01B).

ATR-IR spectra were obtained using an FTIR (Bruker Vertex 70) fitted with a single-bounce di-
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amond internal reflecting element (Pike GladiATR). Vibrational sum-frequency generation (SFG)
measurements were performed using a picosecond laser (Ekspla PL2241), scanning from 2820—
3020 cm~! using a parametric generator (Ekspla PG501) with an s-polarized visible beam (100 uJ
per pulse, bandwidth < 1 cm™!) and p-polarized IR beam (300 uJ per pulse, 5 cm ™! bandwidth),
and selecting the s-polarized component of the resulting SFG beam. We have recently demon-
strated that, by precisely controlling the film thickness and beam angles in an internal reflection
geometry SFG experiment, one can selectively probe either the PDMS—glass substrate or PDMS—
environment (in this case, solution) interface.>? Incident angles of 6, = 68° and O)r = 78° were
chosen for this purpose. All of the above measurements were performed on freshly-prepared

PDMS films, and those exposed to 30 d of soaking in water and 5% NaCl solution.

Flow cells

Due to the large difference in adhesion force between B. braunii T. rotula, two different types of
flow cells were employed for our studies. For high shear rates (greater than 1000 s 1), microfluidic
chips were used. The chip design, shown in Figure la, has a channel height of 42 +1 um and
channel width of 5.8 mm. A pillar network was designed to break cell clusters for single cell
attachment in the middle of the chip. The inlet and outlet ports were created using a 1 mm biopsy
punch. The flow cell was assembled by plasma bonding (Diener Zepto One) the microfluidic top
with the PDMS glass slides described above at a power of 97 W for 37 s. The devices were put in
an oven immediately after bonding at 65 °C for at least 24 h prior to use. Low shear rates (less than
20 s~!) were achieved using a flow cell with an 800 um channel depth (Figure 1b) as described

previously.?

Adhesion experiments

Regardless of whether the large height or microfluidic flow chamber was used, the basic compo-
nents for the experiment are the same (Figure 1c). A syringe pump (NE-1000, New Era, USA)

delivered concentrated algal culture through a 60 mL syringe for 1015 s. This ensured there were
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Figure 1: A laser-cut acrylic enclosure was used to secure either a (a) microfluidic or (b) large
channel flow cell onto the stage of an inverted microscope to record video. (c) A computer
controlled syringe pump was used to adjust the flow rate through the chamber with adhered cells.
(d) ATR-IR spectroscopy and (e) visible-infrared sum-frequency generation spectroscopy were
used to study the surface characteristics of the PDMS substrate following treatment.

enough cells attached to the surface that could can be incubated over the same amount of time. A
1.4 mm x 1.1 mm region in the center of the flow cell was imaged with an inverted microscope
(Nikon Diphot-TMD, Nikon, USA) equipped with a 40X magnification digital camera (Amscope
MD300) and a 4X objective (Nikon Fluor 4X, Nikon, USA) for in situ enumeration of attached
cells. Cells that remained attached after 2 min of washout with very low flow rate (30 uL-s~! for B.
braunii and 5 uL-min~! for T. rotula) were considered to be adhered. Cells were then allowed to
rest on the surface during a 15 min incubation time, followed by gentle flushout of unadhered cells.
The flow rate was then increased in a stepwise manner at pre-determined increments. When using

the large flow chamber, the pump was drawing solution from the algae suspension through the flow



cell and into the syringe. In the case of the microfluidic chip, the pump direction was reversed,
so the culture was preloaded into the syringe. The initial and final flow rates, Reynolds numbers
(Re), and wall shear rates for each setup are listed in Table 1. We have previously described the
experimental setup, including details of the video data acquisition, and image analysis including

cell tracking. >

Table 1: Flow parameters

Microfluidic Large channel

flow chamber  flow chamber
Initial flow rate 200 pL-min~! 20 yL-min~!
Final flow rate 600 uL-min~! 560 uL-min~!
Washout flow rate 30 uL-min~' 1 pyL-min~!

Increment 200 pL-min~! 20 yL-min~!
Initial Re 0.64 0.043

Final Re 4.48 1.21

Initial shear rate 1910 s~ ! 0.44 s 1
Final shear rate 13400 s~! 12.44 571

Results and Discussion

Adhesion force determination

The hydrodynamic force generated by the flow on the algal cell depends on the velocity gradient
near the wall and the cell morphology.3' Microscope images were used to measure the major and
minor diameter of the cells.?? For B. braunii the equivalent radius was then determined such that
the equivalent sphere had the same volume as the ellipsoidal cell with the measured major and

minor diameters. The circularity (C) of the cells was determined by

B 4mA

c= (M

where A is the imaged area and P is the length of the cell perimeter. This resulted in C = 0.82,

close to C =1 for a perfect sphere, with an equivalent sphere radius of r = 10.3+0.9 um. The



volumetric flow rate Q is known from the syringe pump parameters, and can be used to determine

_e 2 H (M _H
U_62hw2h(1 2h> @

the linear flow rate

where w is the channel width, 4 is the half-depth of the channel (see Figure 1), and H is the distance
between the surface and centre of the equivalent sphere. This can then be used to determine the
drag force

F =6nfgurU (3)

where 1 is the viscosity and fg ~ 1.7 is the Goldman wall correction factor.33->* Figure 2a presents
the fraction of B. braunii that remained attached to the PDMS substrates at three different drag
forces spanning approximately 5—15 nN for the three different surface preparations—no treatment
(freshly prepared PDMS), and soaked in water or saline for 30 d. Under the application of the
lowest drag force, most of the cells remained on the surface for the pristine and water-soaked
PDMS films (p-value of 0.85). However, the films exposed to salt water for 30 d had the cell
count reduced to about 15% of the initial value at 4 nN (p < 0.05). Under the intermediate drag
force (9 nN) regime, the fraction of adhered cells for the water-soaked substrate also dropped
substantially, while the pristine PDMS displayed only a minor decrease to 85% of the initial value.
At the highest drag force (13 nN) the fraction of cells remaining was constant for the two soaking
cases, but now the pristine PDMS also displayed a comparably low fraction of cells (p = 0.24 for
pristine and water-soaked, p = 0.16 for pristine and salt-soaked).

T. rotula has coin-shaped morphology, and so a spherical approximation using Eq. 1 is not
appropriate. Instead, it was modelled as a disk with a radius of r = 12 4 um. There are several
models that may be applied to evaluate the drag force experienced by an arbitrary-shaped object in

a flow adjacent to a surface. We follow the the treatment by Brenner?>3> to arrive at

F=16fzurU (4)



with the constant fg ~ 1.9. Applying this expression to the linear flow rate from Eq. 2 enables
the drag force on 7. rotula to be determined. The fraction of cells remaining on the surface upon
increasing drag force is shown in Figure 2b. As this is a pelagic species, we expect significantly
weaker adhesion, below the level of those that can be applied with a microfluidic device, reflected
in the nearly four orders of magnitude lower drag forces experienced by the cells. This regime
is suitable for the application of the larger flow cell (Figure 1c). As in the case of B. braunii,
the lowest drag force (0.4 pN) resulted in most of the cells remaining adhered for the pristine
and water-soaked films; there was a reduction to 75% for the salt-soaked PDMS. however the
large standard deviation in this data resulted in p = 0.3 in comparison to the pristine surface.
At intermediate drag force (1.6 pN) both soaking conditions resulted in a substantial decrease to
approximately 20% of the initial value, while adhesion on the pristine PDMS remained at 65%. A
further reduction occurred upon application of the highest shear corresponding to a drag force of

2.5 pN.

Surface properties of the PDMS substrates before and after liquid exposure

It is established that the strength of cell adhesion is sensitive to the hydrophobicity of the sur-
face. %37 Hydrophobic recovery of PDMS has been purported to be altered by water exposure.33
Water contact angle and surface roughness measurements were performed to assess the hydropho-
bicity of the PDMS surfaces before and after DI water and salt solution exposure. The results
presented in Table 2 indicate there is no significant difference between pristine PDMS surface and
PDMS surfaces exposed to the liquids for 30 d, with all of the static contact angles near to 108°,
in agreement with literature values.>>*? The RMS roughness values obtained from profilometry
measurements listed in Table 2 also do not reveal any differences, as they are constant in the vicinity
of 20 nm. Previous studies have demonstrated an increase in roughness of silicone rubber surfaces
exposed to 3% NaCl solution, but only at elevated (80 °C) temperature.*! Finally we consider
the possibility that, although PDMS is hydrophobic and does not swell appreciably, water may be

trapped in the surface region after long term exposure, particularly in high ionic strength solution.*?
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Figure 2: Fraction of cells adhered to the PDMS as a function of the drag force experienced by the
cells for the three different substrate treatment conditions for (a) B. braunii and (b) 7. rotula. Error
bars indicate the standard deviation about the mean of three experimental replicates.

Furthermore, ATR-IR measurements have revealed differences in silicone rubber insulator surfaces
exposed to salt fog and electrical stress.*3 Other studies have demonstrated that a small amount
of water is incorporated in silicone elastomers, either relatively rapidly at elevated temperatures>’
or more slowly at room temperature.** In order to investigate whether the top layer of PDMS had
some water as a result of long-term exposure, the films were placed face down onto the surface of a
diamond ATR crystal and reflection absorbance spectra were recorded. In the water OH-stretching

region centered around @R = 3400 cm ™! the refractive index of PDMS is ny = 1.39+0.00013i,%

i.e. it is essentially transparent. From this, and considering a 45° angle of incidence and the
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diamond refractive index n;,*® the evanescent wave penetration depth d » may be calculated from

d,— ! 5)

Zna)IR\/sinz 0 —(ny/ny)?

resulting in d, = 0.53 um. The absence of any water signal in the 3100-3500 cm~! region,
regardless of the surface exposure (Figure 3) indicates that no trapped water in the first few hundred

nanometers could account for the variability in the cell adhesion forces observed.

Table 2: Contact angle and surface roughness values before and after liquid exposure.

PDMS Contact angle RMS roughness
no treatment 106+ 6° 22413 nm
water soak 108 £+ 2° 20+7 nm
salt soak 110£3° 20+5 nm
0.12 A = No treatment
water soak
§ 0.10 A — salt soak
8 0.08 -
[e]
3
T .06 -
S
$ 0.04
o
0.02 -
0.00 -

2900 3000 3100 3200 3300 3400
wavenumber / cm™!

Figure 3: ATR-IR reflection absorbance spectra of the PDMS substrates with the three different
treatment conditions, illustrating that there are no changes in the C—H stretching region of interest,
and no signs of trapped water within the evanescent wave penetration depth.

In order to further explore whether any changes in the surface structure have occurred as a
result of long-term water and salt solution exposure, we characterize the PDMS films using visible-
infrared sum-frequency generation (SFG) spectroscopy. The benefit of this method is that the
probing depth is governed by symmetry considerations, as opposed to the penetration depth of the

beams. The bulk of the PDMS film is isotropic on account of the sample preparation conditions,
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but the uppermost moieties in contact with the solution and the lowermost region in contact with
the glass substrate are in unique chemical environments. This break in inversion symmetry is what
generates the SFG signal. Furthermore, the selection of the film thickness and angles of incidence
restrict our probe region to the film—solution interface.’® A set of PDMS films was spin coated
onto the surfaces of dove prisms and then subjected to the same soaking conditions (DI water, and
0.9 M NaC(l) as the films prepared on microscope slides. As we are now able to measure directly at
the buried polymer—aqueous interface, the measurement ionic strength was set to that of the growth
media used in the adhesion experiments (23 mM for B. braunii and 250 mM for T. rotula). The
resulting SFG spectra are shown in Figure 4. As a result of the heterogeneity often seen in the
molecular orientation of polymer surfaces, the sample was translated vertically in order to collect
spectra at three different spots on the polymer films. The points in Figure 4 represent the average
of those three measurements, and the error bars indicate the standard deviation. Regardless of
whether measurements were performed under the B. braunii (Figure 4a) or T. rotula ionic strength
(Figure 4b), the PDMS methyl surface structure was fairly similar for the freshly prepared films
(red) and those soaked in DI water for 30 d (orange) on account of the relative intensity of the
methyl symmetric (@0; = 2909 cm~ 1) and antisymmetic (@, = 2958 cm~!) modes. However, the
spectra were substantially altered after 30 d of soaking in 0.9 M NacCl (green).

A more detailed analysis results from fitting the SFG spectra in order to extract the amplitude
of the two methyl modes. In our experimental geometry, the recorded SFG intensity Isrg encodes

2)

a single element of the effective nonlinear susceptibility x_; through the expression

2 2
ISFG = [ Xz e
o 214,(2))2 ©
= |Lnynyzz| ’nyz .
The film thickness and angles of incidence have been selected such that the local field factors L;;
are selective for the PDMS-solution interface.3? After correcting for these factors, we can analyze

the spectra by fixing the widths at I’y = 15 cm™! and I', = 10 cm~!. The tilt- and twist-dependence
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Figure 4: Visible-infrared sum-frequency spectra of the PDMS surfaces under the three treatment
conditions, measured when directly exposed to NaCl with the (a) B. braunii and (b) T. rotula ionic
strength from the adhesion force experiments.

of the single element | )(y(yzz) (6, y)|? may then be modelled as

12 2
@ 2|4 S A6, y)
2332 (6, W) NR+;a)j—a)1R—iFj

(7

where Ang is a small non-vibrationally resonant component. The resulting fit returned the ampli-
tudes A1 and A,, with the modeled spectra indicated by the lines in Figure 4. If we assume that the

orientation distribution is uniformly distributed about the surface normal (C., symmetry) and the
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tilt angle 0 and twist angle y have a narrow distribution, then an orientation analysis maybe carried
out based on a molecular response theory originally proposed for an isopropyl group,*’ but since
extended and re-parameterized for PDMS surfaces.'® Using the tilt and twist angle dependence
of the molecular response functions developed in those accounts, we plot A;(0, y) in Figure Sa,
and A»(0,y) in Figure 5b, both with filled grey contours. Overlayed onto both plots are the
mathematical solutions that satisfy the experimental A, /A; ratio with the red, orange and green
contours corresponding to the PDMS surface treatment. Here the solid lines indicate the B. braunii
values, and the dashed contours indicate the 7. rotula values. It is evident that a continuous large
range of (0,y) are consistent with the experimental data, so we seek to implement additional
constraints: we search for the solutions along the red (no soaking treatment) contour that move
to any locations on the water soak (orange) or salt soak (green) contours that are also consistent
with the relative amplitude change for A| and A, when the surface treatment changes. These (0, )
values are indicated with points in Figure 5. The relative orientation and position of the two methyl
groups connected to the Si atom are shown in Figure 6. One first notices that, upon increasing
the measurement ionic strength (comparing the two sets of solutions circled in Figure 5a) the twist
angle is relatively constant, but the plane of the methyl groups reorients to a larger tilt angle. Within
a single measurement ionic strength (either algae species), water soaking causes the twist angle to
increase with only minor changes in tilt angle, while 0.9 M salt soaking causes the twist angle to
decrease while again the tilt angle is mostly unaffected. The differences in the appearance of the
spectra in Figure 4 are therefore due to the consequence of such a twist angle change according to

the PDMS treatment condition.

Perspective

It has been suggested that the reorientation of PDMS surface groups may be responsible for loss of
hydrophobicity when exposed to solution environments.* For either alga under the corresponding
measurement ionic strength (according to the appropriate environmental/growth medium), cells

on the pristine PDMS surface are exposed to methyl groups that are twisted in an orientation that
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Figure 5: (a) PDMS methyl symmetric stretch amplitude A and (b) negative regions antisymmetric
stretch amplitude A; as a function of the joint tilt and twist angle, plotted with filled grey contours.
The set of solutions that satisfy the amplitude ratio Ay /A, is overlayed with coloured contours,
where the solid lines correspond to the B. braunii ionic strength, and dashed lines to the 7. rotula
ionic strength. Solutions that are consistent with both the ratios and and the amplitude trends for
both peaks are indicated with points. The width of the white circles around the points indicates the
uncertainty based on the constrained search algorithm.

places them at different distances with respect to the solid—liquid interface (Figure 6a). After
soaking in water for 30 d the methyl groups, when probed in an aqueous salt solution, reorient so
they are closer to equidistant to the surface plane (Figure 6b). Salt soaking increases the twist of
the plane, so that one methyl group is now directed more towards the bulk PDMS phase, while

another methyl group is more oriented towards the aqueous phase (Figure 6¢). Our observations
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Figure 6: Tilt () and twist (y) angles of the plane defined by the two methyl C3 axes. The twist
is about the vector from the origin (Si atom) to midpoint (red dot) between the two carbon atoms.
The tilt angle has been determined to be a function of the measurement ionic strength only, while
the twist angle is altered by the PDMS aqueous exposure. (a) Initially the plane is twisted so
the two methyl groups are at different distances with respect to the surface. (b) Water exposure
increases the twist angle so the methyl groups are closer to equidistant to the surface. (c) Saline
exposure reduces the twist angle so that the environment between the two methyl groups becomes
more dissimilar.

suggest that the change in twist angle from y = 70° to y = 85° after water soaking does not have
an appreciable effect on algae adhesion to PDMS. It is reasonable that both of these orientations
have the methyl groups roughly equidistant to the plane of the surface. However, the change to

¥ = 60° upon salt soaking might affect the cell-surface interactions in a manner that is analogous
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to a decrease in hydrophobilcity, but not to an extent that is revealed by the contact angle. Previous
studies have determined that hydrophobic recovery is inhibited in water compared to the PDMS—
air interface, and that the extent to which hydrophobic groups reorient and diffuse to the surface is
even more limited for PDMS next to sea water.>® We further speculate that this may have a more
pronounced influence for B. braunii as it has a higher affinity for PDMS. The mechanism behind
this water- and salt-induced reorientation of PDMS surface methyl groups is not clear. However,
molecular dynamics studies have shown that penetration of chloride ions into the polymer is
significantly greater than either sodium ions or water molecules, and could trigger changes in
the polymer structure.*®

At intermediate drag forces, soaking the PDMS in either water or salt solution resulted in a
reduction of adhered cells compared to the pristine PDMS substrates. This result is difficult to
explain using our data. As our shear values were all below 1.5 x 10* s™!, we have been assuming
that the cells are in contact with similar surface conditions while they experience varying drag
forces. The effect of liquid flow on interfacial structure has been explored,**=>3 but no such study
has been performed for PDMS. Kurian et al. have observed an increase in the PDMS surface methyl
orientation when friction was applied to the polymer surface directly by mechanical contact.??
Further work to probe the effect of liquid-induced shear at the PDMS surface may be necessary
to provide a microscopic description of the PDMS surface under such intermediate shear. At the
highest shear rates and highest drag forces experienced by the cells, the differences in PDMS
surface treatment were much smaller, indicating that the molecular-level surface details such as
methyl group orientation are not as relevant to the algae adhesion.

We now consider the implications of these findings to electrical power insulators that benefit
from reduced adhesion of algae in order to prolong their hydrophobicity. Our findings have
revealed that, for the freshwater alga B. braunii, long-term exposure to salt (such as in winter
conditions near roads where deicing agents are used) reduces algae adhesion, especially at low
drag forces. The low shear regime is the one encountered in typical environmental conditions.

For example, wind and rain shear is less than 0.01 s~ 15456 Thege results show that there is no
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substantial difference in adhesion resistance for water exposure, for example due to rain alone.
Near ocean coastal areas, high salinity environments result from sea water spray onto insulator
surfaces. For the seawater species 7. rotula, PDMS exposure to high salt concentration shows only
minor reduction in algae adhesion in the ultra-low shear regime, and both water and salt exposure
have less drastic consequences at higher shear rates. Accounting for these differences requires
an understanding of the polymer surface conditions when directly exposed to the environment in

which the cells are present.

Conclusions

Silicone-based polymers are being evaluated as candidates for next-generation insulators for over-
head power distribution, replacing glass and ceramic materials particularly in environments where
water and salt exposure are common. This work has illustrated that liquid conditions can affect
the PDMS surface structure, and this in turn has consequences on cell adhesion. Surface chemical
group orientation is known to play an important role in the chemical and physical properties of
surfaces. However, such changes often do not show up in macroscopic probes such as contact
angle or surface roughness measurements. The combination of lateral flow drag force experiments
and surface characterization using a combination of macroscopic and molecular-level nonlinear
optical probes have revealed subtle differences in polymer surface structure that are relevant to

adhered cells.
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