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The adhesion of Staphylococcus epidermidis, Escherichia coli, and Candida albicans on mucin
coatings has been evaluated to explore the feasibility of the coating to increase the infection
resistance of biomaterials. Coatings of bovine submaxillary mucin (BSM) were deposited on a
base layer consisting of a poly(acrylic acid-b-methyl methacrylate) (PAA-b-PMMA) diblock
copolymer. This bi-layer system exploits the mucoadhesive interactions of the PAA block to
aid the adhesion of mucin to the substrate, whereas the PMMA block prevents the coating’s
dissolution in aqueous environments. The thickness of the mucin coating was adjusted by
varying the pH of the solution from which it was deposited. Thin mucin coatings decreased the
numbers of bacteria but increased the numbers of C. albicans adhering to the copolymer and
control surfaces. Increasing the mucin film thickness resulted in a further lowering of the
number density of adhering S. epidermidis cells, but it did not affect the number density of E.

coli. In contrast, the C. albicans number densities increased with an increased mucin thickness.
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Introduction
There is a need for lubricating coatings for cardiovascular stents (Singh et al. 2007) and
urinary catheters (Tunney and Gorman 2002) to aid their insertion and effectiveness.

Hydrophilic polymer layers have been found to be sufficiently lubricious for these



applications while also being able to reduce bacterial adhesion and associated
contaminants that lead to infections (Tunney and Gorman 2002). There is therefore
interest in developing ways to deposit hydrophilic polymer coatings and to evaluate
their properties. In this present work, the naturally-occurring macromolecule, mucin, is
used to make coatings.

Our inspiration has come from previous studies showing that physisorbed mucin
layers can suppress the adhesion of some bacterial species on various polymer surfaces
(Shi and Caldwell 2000, Shi et al 2000). The reduction in bacterial adhesion was
attributed to the reduced hydrophobicity of the surfaces resulting from coverage by the
physisorbed mucin. In this previous work, neither the deposition method nor the
thickness of the mucin coatings were varied.

Mucin is a natural polymer that belongs to the glycoprotein family (Peppas and
Huang 2004). There are two types of mucins: membrane-bound mucin and secretory
mucin. They have similar structure with minor differences, and they work together to
form the mucus protective layer (Strous and Dekker 1992, Bansil et al 1995). Mucin
makes up 5% by weight of the mucus secretions in the human body (Malmsten et al
1992). Mucus is secreted by the luminal surfaces of the epithelial organs to form a
physical protective barrier against viral and bacterial attachment, abrasion and diluting
chemicals (e.g. stomach acid) (Shi et al. 2000). It also plays a part in the cellular
signaling mechanisms and cell-cell interactions. Other functions of mucus are
lubrication and pH regulation (Strous and Dekker 1992).

Mucins are complex glycoproteins made up of a peptide backbone with bare and
highly glycosylated blocks. The long linear peptide backbone makes up between 20 to
50% of the mucin molecule, and the remaining 50 to 80% of the molecule consists of
carbohydrate side chains (Malmsten et al 1992, Sheehan et al. 1986). The carbohydrate

side chains are attached to the peptide core in a “bottle brush” configuration, and they



consist primarily of acetyl-D-galactosamine, galactose, fucose, sialic acid and acetyl-D-
glucosamine.

The peptide backbone is made up of several repeats of amino acids arranged into
two main distinct regions: highly glycosylated and bare regions (Bansil and Turner
2006). The highly glycosylated regions are rich in serine, threonine and proline and the
bare regions are rich in cystine.

Mucin has an overall negative charge in basic and neutral solutions, which
diminishes as the pH decreases below pH 4 as it gets closer to the isoelectric point (pl)
(Malmsten et al 1999). In general, the p/ of mucins can range between 4.7 and 2,
depending on the mucin’s origin and method of preparation (Prescott et al 1993,
Hancock and Poxton 1988). The pl of bovine submaxillary mucin (BSM), which is
studied herein, has been determined to be 3 (Perez and Proust 1987). Below this point,
the mucin molecule becomes protonated and loses its negative charge (Prescott et al.
1993).

The peptide backbone is hydrophobic and adheres to hydrophobic surfaces.
However, the carbohydrate side chains are hydrophilic and have a large charge density
due to the presence of sialic acid and sulfate residues. Hence, mucin molecules are
amphiphilic (Sheehan et al 1986). When absorbed on a hydrophobic surface, mucin
molecules make it strongly hydrophilic, making them a good candidate material for

antifouling coatings (Shi et al 2000).

Micro-organism adhesion: process and significance

Bacterial adhesion and contamination is one of the leading problems in the medical,
dental and food industries. In medical applications, surface-associated bacterial
infections are the primary cause of device failure (Rutter al. 1984). The process of

bacterial adhesion to any surface is dictated by many variables, including the bacterial



species, the surface properties and structure of the biomaterial and bacteria, and the
surrounding environment (Rutter et al. 1984). Understanding these variables will allow
a fuller understanding of the adhesion mechanism.

Cellular adhesion, in general terms, always starts with long-range, non-specific,
reversible interactions between the unicellular organism and the substrate surface in a
process termed the “docking” stage. Electrostatic and van der Waals forces are the main
long-range interactions. These interactions depend on the physical and chemical surface
properties of the organism and the substrate, as well as the medium (Gingell and Vince
1980). Once the cell is in close proximity to the surface, short-range, and irreversible
interactions, such as receptor-ligand binding events, occur during what is called the
“locking” stage (Rutter et al. 1984, Gingell and Vince 1980, Wardell 1988). Here, we
will only consider adhesion during the first two hours of bacterial exposure. Over longer
periods, microorganisms can show a range of complex behaviours, such as the
formation of structured biofilms with large aggregates of many cells (Mack et al. 2004,

Allegrucci et al. 2006).

Aims of the work

In this present work, robust bovine submaxillary mucin (BSM) coatings are
attached to substrates through the use of a “primer” layer to ensure permanent
attachment. This layer consists of a diblock copolymer of poly(methyl methacrylate)
(PMMA) and poly(acrylic acid) (PAA). Mucin has been shown to undergo attachment
to PAA via hydrogen bonding interactions (Patel et al. 2003, Nikonenko et al. 2009),
and hence BSM is bonded to this copolymer. Indeed PAA polymers have been
developed as mucoadhesive films for drug delivery to mucosal tissues (Dubolazov et al.
2006). In the copolymer used here, the PMMA block ensures that the film does not

dissolve in water so that it is able to facilitate the physisorption of the mucin layer from



aqueous solutions.

The adhesion of two bacterial microorganisms - S. epidermidis and E. coli -
and a fungal microorganism C. albicans on the surfaces of BSM were investigated.
(Whereas the first of these bacteria species is gram-negative, the second is gram-
positive.) These organisms were chosen as they were linked with catheter-associated
urinary tract infections (CAUTIs) (Tenke et al. 2004). Previous work has found that
bacteria colonize inside and outside of an indwelling catheter and create a biofilm
(Wong and Hooton 1981). Hydrophilic polymers, antibiotics, heparin (Tenke et al.
2004, Wong and Hooton 1981) and silver alloys (Davenport and Keeley 2005) have all
been used previously in coatings of catheters in an attempt to prevent CAUTIs. It was
hypothesized in this work that, because of their hydrophilicity, mucin coatings will be
able to prevent the initial (docking) stage of adhesion of some bacterial and fungal
species associated with CAUTIs. This work specifically investigates the use of mucin as
a coating material that is resistant to the adhesion occurring within the first two hours of
exposure. Furthermore, the natural lubricity of mucin coatings is expected to offer

additional benefits in catheter insertion (Tunney and Gorman 2002).

Materials and methods

Surface preparation

Polished <100> silicon were used as substrates, because of their suitability for
ellipsometry measurements. As-received wafers were cut and coated with poly(methyl
methacrylate) (Polymer Laboratories UK, number-averaged molecular weight of M, =
80,000 g/mol) as a control surface or with a PAA-b-PMMA diblock copolymer
(Polymer Source, Quebec, Canada, Cat. No. P2993-AAMMA; PAA: M, = 28,000
g/mol; PMMA: M, = 10,000 g/mol; polydispersity of M,/M, = 1.14) as a base layer for

mucin coatings. Polymer films were spin-coated from 0.5 w/w% solutions onto 2 cm X



2 cm silicon <100> substrates at a rate of 2000 rpm for 4 seconds. Toluene was used as
the solvent for PMMA, and tetrahydrofuran was used for PAA-b-PMMA. Then the
films were annealed in a vacuum oven at 120 °C for two hours to remove residual
solvent and to allow the films to relax (Richardson et al. 2004). This technique yielded
smooth films with thicknesses ranging between 15 and 25 nm.
Mucin adsorption
BSM (Sigma Aldrich, Catalogue No. M 3895) was used as received. Mucin
macromolecules have a molecular weight in the range between 0.5 and 40 X 10° Daltons
and a persistence length of 100 nm (Bloomfield 1983). BSM solutions were prepared in
phosphate buffer solution, PBS (at a pH of 7), at a concentration of 1 mg/ml. Silicon
substrates and polymer-coated substrates were incubated in the mucin solution for 24
hours while shaking to allow the adsorbed layer to reach equilibrium (Shi and Caldwell
2000). In some experiments, the pH of the mucin solution was adjusted to 3 through the
addition of hydrochloric acid or adjusted to 10 through the addition of sodium
hydroxide. After mucin adsorption, the samples were rinsed three times with 25 ml of
PBS at a pH of 7, to rinse off unbound mucin. Next, the samples were left in a
desiccator with silica gel to allow the films to dry before thickness measurements.
Film thickness measurements
Ellipsometry is a non-invasive optical technique that uses the reflection of polarised
light to measure the refractive index profile of a sample and thereby to provide
thickness measurements of thins films. The technique depends on the fact that the
polarization of the light changes when it is reflected from an interface, because of the
difference in the refractive index at the interface. It is a very accurate technique that can
be used to measure film thicknesses as low as 1 nm (Keddie 2001).

Fresnel reflection coefficients are defined for the two linear polarization states,

in the plane of reflection (R,) and perpendicular to the plane of reflection (Rs). The ratio



of the Fresnel coefficients (R, /R;) determines the complex parameter ellipticity (p). In
turn, the ellipsometry parameters, ¥ and A are found through the relation:

R .
=—2 = tan we™
p= v

The two ellipsometry parameters are measured during an experiment and used to
determine the unknown parameters in the system under investigation. The thicknesses
and refractive indices of the films (spin-cast and adsorbed layers) were determined
using a variable-angle spectroscopic ellipsometer (J.A. Woollam Co., Inc., Lincoln, NE,
USA) in air. The angle-of-incidence was selected in the range between 64° and 75°,
depending on the substrate and the particular system, and the wavelength ranged across
the visible region from 400 to 800 nm. The central area of the film was probed in all
experiments. Spectra were analysed using commercial software (WVASE 32, J.A.
Woollam Co., Inc.) following the procedure described previously (Nikonenko et al.
2009).

All films were stored in a desiccator prior to their analysis in order to dehydrate
them and to ensure reproducibility of the thickness measurements. (The copolymer
thickness was found to increase with the relative humidity, but the initial thickness was
recovered when placed in a low humidity atmosphere.)

Contact angle analysis
The contact angles of sessile drops of de-ionized water on the surfaces of PMMA and
PAA-b-PMMA and on adsorbed mucin layers were determined with a high-definition

camera and image analysis software (Kriiss GmbH, Germany).

Micro-organism adhesion assay
Freeze-dried cultures (obtained from ATCC®, LGC, Teddington, UK) were re-hydrated
and grown in liquid growth medium. The growth medium and conditions that were

recommended by distributor were used, as follows. S. epidermidis (ATCC® 14990) and



E.coli (ATCC® 39403) strains were grown in tryptic soy broth at 37 °C. C. albicans
(ATCC® 38289) was grown in yeast mold broth at 25°C. The cultures were incubated
for 24 hours under the appropriate conditions.

The mucin-coated and the uncoated surfaces were placed in multi-well dishes, and the
wells were filled with 5 mL of cell suspension at a concentration of 5x10’ cell/mL. The
surfaces were left to incubate in the bacterial cell suspensions while shaking for two
hours at 37 °C. In the case of the C. albicans, the surfaces were incubated in the
suspension at 25 °C for two hours while shaking to prevent sedimentation. This time
period was chosen to represent the initial stage of adhesion (the docking stage). The
surfaces were then rinsed three times with 25 mL of PBS to remove all the unattached
bacteria. The cells were fixed on the surface using glutaraldehyde solution, following
the procedure described elsewhere (Shi et al. 2000). Three replicate substrates were
incubated for each sample type, in order to take into account variability between the
substrates. Three different randomly-chosen positions on each of the substrates were
imaged under an optical microscope, and cells were counted within a field of view of
6.2x10* cm?. Cell densities were calculated as the number of observed cells per unit
area. Each experiment was conducted three times using new bacterial cultures.

Analysis of cell counts

For each substrate, 27 measurements of the cell density in total were obtained from
three randomly-selected areas on each of three substrates in three repeat experiments.
There is some relatively small amount of scatter in the number of cells counted in each
set of 27 measurements. Bayesian statistical analysis of the 27 measurements was
employed to obtain the best estimate of the true average cell density on each type of
substrate. For an introduction to Bayesian statistics, see Mackay (2004) and DeGroot
and Schervish (2002).

Now, before the measurements are made, we do not know the true average cell



density p, nor do we know the functional form or extent of the scatter. For simplicity,
we assume a Gaussian distribution around the true average p with a standard deviation
o. Then if the true average cell density is p, the probability of measuring a cell density m
is given by

1/2

p(m1 p,0) = expl-(m - p)’ 1252 )|/ 270°)
Now, we wish to obtain the best estimates for p and . We start with a conservative
prior density function, po(p, o), in which both p and ¢ are uniformly distributed
anywhere in the range from 0 to 10’ cells/cm”. Bayes’ theorem then tells us that the
probability density function for true cell density p and the scatter about this in individual

measurements, o, is

p(p.0) o< py(p,0) [ [ p(m; 1 p,0).

i=1,27
Here the product is over all 27 cell density measurements for the surface type, m;, i=1-
27. The proportionality constant means that we normalise after applying Bayes’
theorem. If we integrate the probability density function p(p, o) over g, we obtain the
required probability density for the true average cell density on a particular substrate,
p(p). This probability density provides the most likely value of the true average density
of cells. The width of p(p) defines the extent of uncertainty as to this value.
Furthermore, if two p(p) probability density functions do not have significant overlaps,
then the adhesion to the two substrates is certain to be significantly different. We have
verified that varying the prior distribution has little effect on the p obtained. Also,
performing the analysis not for the complete set of the data - but for subsets of it -

shows no significant systematic variation between one experiment and another.

Results

Film characterization



The thicknesses of the native silicon oxide layers and the deposited polymer thin films
were determined with ellipsometry. Values are listed in Table 1. After these
measurements, mucin was adsorbed on the various substrates from solutions at a pH of
either 3, 7 or 10. The thicknesses of the adsorbed mucin layers are presented in Table 1.
The thicknesses of the mucin layer on silicon and PMMA range between 2.4 and 3.0 nm
regardless of the pH of the solution from which they were adsorbed. The mucin layer
thicknesses adsorbed on the copolymer PAA-b-PMMA, however, are 10 nm thicker
when the pH of the mucin solution was 3 in comparison to the thickness when the pH
was 7.

The higher mucin thickness on the PAA-b-PMMA surfaces can be explained
by hydrogen bonding between poly(acrylic acid) and mucin molecules. Previous studies
(Patel et al 2003, Park and Robinson 1987, Cao et al 1999) have shown that, the
activation of the mucin’s carboxylic groups (COOH) below its isoelectric point (pH <4)
creates more hydrogen bonds between the mucin’s sialic groups and the carboxylic acid
groups in PAA. Consequently, more mucin is attached to the copolymer surface and
thicker layers are created in comparison to what is found at neutral and basic pH
solutions. Silicon and PMMA do not participate in pH-dependant hydrogen bonding.
This result is evident by the constant mucin thickness on silicon and PMMA for the all
pH values 10, 7, and 3, as seen in Table 1.

As a means of comparing the relative hydrophilicity of the polymer surfaces,
measurements of the contact angle of sessile drops of water were made. The results in
Table 2 show that the contact angle on PMMA films is 69.4° +0.2° in comparison to
PAA-b-PMMA on which it is initially 49°+1°, indicative of a more hydrophilic surface.
Over time, the copolymer swells with water and it becomes more hydrophilic. The
contact angle decreases to an average of 27° £3°. The contact angle for bare silicon

surface was intermediate between the two polymers with a value of 62.3° £1.3°.



Mucin adsorption onto the PMMA surfaces imparts hydrophilicity, as indicated
by the decrease in the water contact angle, with a slightly lower value observed when
the mucin was adsorbed from a solution with a pH of 7 compared to a pH of 3. The
standard deviation on the measurements reflects the non-uniformity of the surfaces at
the sub-um scale, leading to variations in the replicate experiments. In general, the
contact angle showed greater variability on the mucin-coated PMMA compared to the
mucin-coated copolymer. This variability is likely to result from heterogeneity in the
coverage of the mucin on the more hydrophobic PMMA, whereas the muco-adhesive
interactions with the PAA block in the copolymer result in more homogeneous
coverage.

Mucin adsorption on the PAA-b-PMMA surface has a different effect. When
mucin is adsorbed at a pH of 7, the contact angle is the same as on the hydrated
copolymer surface. On the other hand, after adsorption of mucin at a pH of 3, the mucin
increases the hydrophilicity of the surface and reduces the contact angle to 22.6°, which
is the lowest of all the surfaces. Note that the measurements were made on mucin
layers that had been dried in a desiccator. Hence, the contact angles are higher than
reported elsewhere for mucin films (Shi et al 2000). After the mucin films are hydrated,

the surfaces are fully wetted by water, and contact angles cannot be measured.

S. epidermidis adhesion

The representative images in Figure 1 show adhered cells of S. epidermidis on uncoated
and mucin-coated surfaces of the control materials: silicon and PMMA. S. epidermidis
is clearly visible in the images as individual spherical cells or as small clusters of five to
ten cells. Figures 1a and 1c of the bare silicon and PMMA surfaces have large numbers
of bacteria adhering to them (6.9 x10° bacteria/cm® and 2.5 x10° bacteria/cmz,

respectively). When these two surfaces are coated with mucin, many fewer cells are



adsorbed. See Figures 1b and 1d, Figure 2, and Table 3. The curve of the probability
density function for cell adhesion to Si/mucin (PMMA/mucin) in Figure 2 is well
separated from that for Si (PMMA), so we conclude that the effect of mucin coating is
easily large enough that the inevitable noise arising from the variability in the number of
cells from area to area does not obscure it. This conclusion can also be drawn from
Table 3, which presents estimates for the true cell density and the uncertainty in this
number.

In comparison to the bare Si and PMMA control surfaces, fewer S. epidermidis
cells are adsorbed on the bare PAA-b-PMMA surface, as shown in Figure 3a. The cell
counts are reduced further when the copolymer is coated with mucin (Figures 3b and
3c). The lowest number of cells is adsorbed on the thicker mucin coating on the
copolymer, which was deposited at a pH of 3. Note that the density of S. epidermidis
cells there is over one hundred times lower than on the Si substrate, see Table 3. The
thinner mucin coating (deposited at a pH of 7) has statistically significantly more
adhered cells, in comparison, but only by a factor of approximately two.

The poly(acrylic acid) block of the copolymer is polar and has the ability to
absorb water and to swell, reducing the net hydrophobicity of the surface as seen from
the water contact angle measurement of 40.0+0.8°. The extension of hydrophilic chains
into the solution might play a role in minimizing the contact time of bacteria to the
surface, thus reducing the chances of the initial stage of adhesion. Adsorbing a mucin
layer on top of the copolymer making it resistant to bacterial adhesion, see Table 3 and

Figure 2.

E. coli adhesion
The images in Figure 4 show examples of the adhered E. coli cells to both uncoated and

mucin-coated silicon and PMMA surfaces. The cells in Figure 4 appear as individual



cylindrical cells or as aggregates. The aggregates only appear on the surface of the
silicon substrate as seen in Figure 4a, whereas individual cells are found on the other
surfaces. The adhered cells on bare silicon and PMMA are similar in number (about
1x10° bacteria/cmz), as counted from areas such as are shown in Figures 4a and 4c.
After coating with mucin, there is a reduction in cell numbers, which is particularly
apparent for PMMA (Figures 4b and 4d). The E. coli cell density measurements are
presented in Figure 5. These results show a statistically-significant reduction in E. coli
cells adhering to the mucin-coated surfaces.

The number density of cells adhering to the PAA-b-PMMA copolymer was
reduced when the copolymer was coated with mucin. (Micrographs are not shown here.)
However, for E. coli, unlike the results for S. epidermidis, the thicker mucin layer
deposited at a lower pH (3) did not result in a significantly lower amount of cell
adhesion in comparison to the thinner layer deposited at a pH of 7. For details, compare
the last two rows of Table 3. Note also the significant overlap of the probability

distributions of the cell density for the thin and thick mucin coatings seen in Figure 5.

C. albicans adhesion

In comparison with the results from the bacterial adhesion experiments, the mucin
coating appears to be less effective in suppressing the adhesion of the yeast C. albicans.
The representative surfaces shown in Figure 6 indicate that the yeast cells adhere to all
of the surfaces without obviously apparent differences between the mucin-coated and
uncoated surfaces. The only exception is found on the bare PAA-b-PMMA surfaces,
shown in Figure 6e, which has the lowest number of C. albicans cells on the surface.
This conclusion is more evident when looking at the cell counts presented in Figure 7,
where it is clear that only the bare PAA-b-PMMA exhibits some suppression of the

number of adhered C. albicans cells.



Discussion

Interpretation of bacterial adhesion results

Quantitative analysis of the images shows that the mucin-coated Si, PMMA and PAA-
b-PMMA exhibited a reduction in the numbers of adhering bacteria when compared to
the uncoated surfaces. This reduction is attributed to an increase in the hydrophilicity of
the surfaces caused by the mucin coating. Coating with mucin yielded a reduction of
more than 70% for both types of bacteria and for silicon, PMMA and copolymer
surfaces, except for the case of E. coli on silicon, which had a 49% reduction. See Table
3. The lower reduction on the mucin-coated Si surfaces for the E. coli can be attributed
to a patchy coverage of mucin on that surface (Shi and Caldwell 2000, Shi et al 2000).

Although the hydrophobicity of bacteria depends on the species, the strain and
the conditions of growth, there are suggestions that the degree of hydrophobicity of E.
coli is lower than other bacterial species (Rosenberg 1988). Hydrophobicity tests have
found that E. coli is significantly less hydrophobic than S. epidermidis (Gilbert et al.
1991). This finding can explain why in our study more S. epidermidis adhered to the
hydrophobic Si and PMMA substrates in comparison to E. coli.

The mucin coating reduced the numbers of E. coli by roughly 70%, whereas the
numbers of S. epidermidis were reduced by 90%, suggesting that mucin coating is more
effective in suppressing S. epidermidis adhesion in comparison to E. coli. The presence
of the pili and flagella on the surface of the E. coli cells (Rutter et al 1984) might give it
an advantage when it comes to adhering to the mucin-coated surfaces. Furthermore,
Vacheethasanee et al. (1998) showed that S. epidermidis is influenced more by the
hydrophobicity of a surface than by its charge. Their findings support the idea that the
reduced numbers of adhered S. epidermidis when there is a mucin layer is a result of the

reduced hydrophobicity.



Ellipsometry provides a measure of only the average thickness of a film. It is
likely that the mucin coatings are non-uniform at the molecular level. The mucin
coating on PAA-b-PMMA was measured to be twice as thick as that on Si and PMMA.
It is likely that the ultrathin mucin layers on Si and PMMA are patchy. In this latter
case, the mucin is physisorbed on the substrate surface, but the layer is unlikely to be
continuous at the molecular level. Our results indicate that a thicker, more uniform
mucin coating is more effective in reducing bacterial adhesion than a thinner non-
uniform mucin coating.

Figure 8 illustrates the correlation between the thickness of mucin layer and the
adherence percentage, which is calculated from the ratio between the cell numbers on
the mucin-coated surface and the numbers on the same bare surface. Figure 8 shows that
as the thickness of the mucin layer is increased, via hydrogen bonding between mucin
and the PAA copolymer (Nikonenko et al. 2009), a further reduction in the numbers of
S. epidermidis cells is observed. This reduction obtained from the thicker mucin
coatings in comparison to the thin coating is calculated to be 43%. This effect can be
partially attributed to the increased hydrophilicity of the thicker mucin layer, as seen
from the contact angle measurements. A likely explanation is that the thicker mucin
coating, prepared at a pH of 3, is denser at the molecular level and has no bare patches.
The hydrogen-bonding between the mucin and the PAA blocks of the copolymer
ensures that a continuous coating is achieved. This coating is therefore more effective
in suppressing bacterial adhesion. Defects and bare patches that are present in thinner

films could enable a means of attachment.

Furthermore, as the mucin thickness increases, the physical and chemical
properties might change slightly because of the increased number of attached mucin
molecules per unit area. In a monolayer of mucin, the macromolecules can re-orient

themselves so that their hydrophobic components are facing a hydrophobic substrate



and its hydrophilic components facing a hydrophilic media (Shi et al. 2000, Shi and
Caldwell 2000). The re-orientation is dependent on the substrate hydrophobicity and the
media. As the thickness of the mucin layer increases, the fraction of any bare surface
will decrease towards zero. Furthermore, with increasing thickness, the top mucin layer
might reorient differently, such as extending more into the media. In a monolayer, a
greater fraction of the molecules could be attached to the substrate. Hence, there could
be differences in charge density distribution and hydrophobicity between a molecular
monolayer and a thicker film. These differences could explain the reduced S.
epidermidis adhesion.

On the other hand, counts of E. coli cells showed a major reduction in the
numbers on the mucin-coated copolymer compared to the bare PAA-b-PMMA (78%),
as seen in Figure 5, but there was no further reduction in the numbers of E. coli cells
when the thickness of the mucin coating was increased. The adhesion percentage in
Figure 8 is not changed when the mucin coating thickness is varied. There could be
many explanations, among which is the presence of adhesive fimbriea on the surface of
E. coli, as was mentioned previously. These adhesive organelles have been observed to
facilitate the adhesion of E. coli to intestinal mucosa by anchoring cells to the mucus
surface followed by cell aggregation on the anchored cells (Cruz Ramos et al 2004,
Girén et al 2002). Thus, the E. coli could have an adhesion mechanism on the mucin-
coated surfaces, which is analogous to what is found in vivo, and which is not operative

for the S. epidermidis.

Interpretation of yeast adhesion results
The observed results in Figure 7 indicate that the yeast cells were able to adhere to the
mucin-coated surfaces. In the case of PMMA, the mucin coating had no effect on the

suppression of C. albicans adhesion. Moreover, the numbers of C. albicans adhering to



the bare PAA-b-PMMA surface were less than that on the mucin-coated PAA-b-PMMA
surface, which leads us to conclude that C. albicans exhibited some affinity to mucin.
Results in Figure 8 suggest that as the thickness of the mucin layer increases, the
adherence percentage increases. It has been reported that the cell wall of C. albicans
contains residues of sialic acid that contribute to the cells’ overall electrostatic potential
(Hobden et al 1995). Reports of the degree of C. albicans’ outer surface hydrophobicity
vary greatly; whereas some studies have found it to be hydrophobic (Hobden et al 1995,
Hazen 1989), others report that it was slightly hydrophilic (Klotz et al 1985). It is been
reported that C. albicans is capable of producing a surfactant that makes the cell surface
more hydrophobic (Sundstrom 1999). These surfactants are either cell-wall associated
or excreted to the cells” surroundings to aid in the adhesion process. The inconsistent
results in the literature might be explained by the yeast’s capability of changing its
surface hydrophobicity in response to its environment. If the yeast changed its surface
hydrophobicity to become more hydrophilic, this might explain the large numbers

present on the mucin.

Summary and Conclusions
An adsorbed mucin layer on silicon and PMMA surfaces reduces the number of S.
epidermidis cells adhering to them. This result shows the effectiveness of a mucin
coating in suppressing bacterial adhesion even at low thickness values. A PAA-b-
PMAA copolymer coating also showed bacterial adhesion resistant properties, due to its
hydrophilicity, when compared to the PMMA surface.

A thin mucin coating on PAA-b-PMMA reduced the number of S. epidermidis
adhering when compared to the bare PAA-b-PMMA surface. Increasing the mucin layer
thickness on PAA-b-PMMA, by depositing it from a solution at a pH of 3, further

reduced the number of S. epidermidis adhering cells when compared to the thin mucin



coating. The thicker coating is strongly adsorbed on the substrate via hydrogen
bonding, and it acts as a robust hydrophilic barrier against bacterial adhesion. It is likely
that the thicker mucin coating is continuous and defect-free at the molecular level,
unlike the situation for the other coatings.

The number of adhering E. coli cells was similarly reduced after coating silicon,
PMMA, and PAA-b-PMMA with mucin. Coatings on the copolymer were less
effective, however, in reducing the adhesion of E. coli in comparison to S. epidermidis,
when considered as a percentage reduction of the number densities on the uncoated
surface. The mucin coating on PAA-b-PMMA reduced the adhesion of E. coli by 84%.

In contrast, the mucin coating on silicon and PMMA was not effective in
reducing the number densities of adhered C. albicans cells. Furthermore, the thicker
mucin coating on PAA-b-PMMA increased the densities by 77% compared to the bare
PAA-b-PMMA surface. This result indicates that even at our short incubation times of
two hours, C. albicans has an affinity for the mucin coating. Landry et al. (2005) used
much longer incubations times in their study of the bacterium Pseudomanas
aeroginosa. They found that on mucin-coated surfaces this bacterium formed large
aggregates of many cells. Both C. albicans and P. aeroginosa commonly affect mucus-
covered tissues, and so it is perhaps not surprising that mucin coatings are ineffective in
preventing adhesion. Indeed our uniform and controlled coatings may be useful in the
systematic study of this phenomenon. For this class of organism, our synthetic
copolymer surfaces may be most resistant to adhesion, although experiments with much
longer incubation times are required to study this aspect. Our mucin coatings may be
best suited to resist adhesion by microorganisms that have not evolved to infect

naturally mucin-coated tissues.
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Table 1. Thickness of the polymer and mucin films

pH of Thickness (nm)
Sample mucin

solution Si0, (co)polymer mucin

Si/mucin 3 2.3 - 3.5+1.5
Si/mucin 7 2.3 - 4.2+2.1
Si/mucin 10 2.5 - 3.0£2.0
PMMA/mucin 3 2.4 17.4+2.0 3.0£1.2
PMMA/mucin 7 2.5 18.442.5 2.6x1.5
PMMA/mucin 10 2.2 17.3+2.2 2.4+1.0
PAA-b-PMMA /mucin 3 2.3 20.3+2.0 16.1+2.2
PAA-b-PMMA /mucin 7 2.7 18.54£2.3 6.6+1.5
PAA-b-PMMA /mucin 10 2.3 18.0+2.2 7.0£1.0

Table 2. Water contact angle measurements on the polymer surfaces before and after
soaking in DI-water and after mucin adsorption at pH 7 or pH 3.

Contact angle | Contact angle | Contact angle on mucin coating
Polymer on annealed | after soaked in | Deposited at | Deposited at a
surface (°) DI water (°) apH of 7 (°) pH of 3 (°)
PMMA 69.4+0.2 71.0+£1.2 50.2+4.0 58.4+7.2
PAA-b-PMMA 49.1+1.0 40.0+0.8 40.4+1.4 22.6+0.5




Table 3. Cell densities for E. coli and S. Epidermidis on various surfaces.

Estimate of the true cell density*, p (10° cells/cm?)

(% reduction)”

Surface S. Epidermidis E. coli
Si 6.90+0.16" 0.92+0.02"
Si/mucin 0.90+0.01 (87%) 0.47+0.03 (49%)
PMMA 2.5040.12 0.910.02
PMMA/mucin 0.10£0.01 (96%) 0.20+0.01 (77%)
PAA-b-PMMA 0.70+0.02 0.19+0.008
PAA-b-PMMA /mucin (pH=7) | 0.091+0.009 (87%) 0.030+0.002 (84%)
PAA-b-PMMA /mucin (pH=3) | 0.050+0.005 (93%) 0.026+0.002 (86%)

* The true cell density, p, is the mean of the probability density function in Fig. 2 or Fig. 5

“The percentages in parentheses for the mucin-coated surfaces are the reductions in cell

density when compared to the same surface without mucin.

LThe error is the standard deviation of the probability density functions.




Figure Captions

Figure 1. Microscope images of S. epidermidis cells adhering to: a) silicon, b)
mucin-coated silicon, ¢) PMMA, and d) mucin-coated PMMA surface. Scale

bar (200um) applies to all four images.

Figure 2. The probability density function for the true cell density of S.
epidermidis cells on the surfaces: Si (light purple curve), Si/mucin (Si/m,
maroon), PMMA (P, black), PMMA/mucin (P/m, red), PAA-b-PMMA
(copol, turquoise), PAA-b-PMMA/mucin (coated at pH = 7) (copol/m (7),

light green) and PAA-b-PMMA/mucin (coated at pH = 3) (copol/m (3), blue).

Figure 3. Optical photomicrographs of S. epidermidis cells adhering to: a) a
PAA-b-PMMA film, b) mucin coating cast from a solution with a pH of 7 on
PAA-b-PMMA, and c) mucin coating cast from a solution with a pH of 3 on

PAA-b-PMMA. The scale bar (200 wm) applies to all three images.

Figure 4. Optical photomicrographs of E. coli cells adhering to: a) silicon, b)
mucin-coated silicon, ¢) PMMA, and d) mucin-coated PMMA surfaces. Scale

bar of 200 um is in all images.

Figure 5. The probability density function for the true cell density of E. coli
cells on the surfaces: Si (light purple curve); Si/mucin (Si/m, maroon);
PMMA (P, black); PMMA/mucin (P/m, red); PAA-b-PMMA (copol,

turquoise); PAA-b-PMMA/mucin (coated at pH = 7) (copol/m (7), light



green); and PAA-b-PMMA/mucin (coated at pH = 3) (copol/m (3), blue).

Figure 6. Optical photomicrographs of C. albicans cells adhering to: a)
silicon, b) mucin-coated silicon, ¢) PMMA, d) mucin-coated PMMA, e¢)

PAA-b-PMMA, and f) mucin-coated PAA-b-PMMA surfaces. All scale bars

are 200 pm.

Figure 7. C. albicans cell counts on silicon, PMMA, and PAA-b-PMMA

before (black bars) and after (gray bars) mucin adsorption.

Figure 8. Correlation between the mucin layer thickness (shown with open
triangles, reading on the right axis) and the adherence percentage (left axis) of
yeast and bacteria on mucin-coated Si, PMMA, and PAA-b-PMMA. An
increase in adhesion is represented above the dashed line, and decreased

adhesion is represented below it.



Figure 1. Microscope images of S. epidermidis cells adhering to: a) silicon, b)
mucin-coated silicon, ¢) PMMA, and d) mucin-coated PMMA surface. Scale

bar (200um) applies to all four images.
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Figure 2. The probability density function for the true cell density of S.
epidermidis cells on the surfaces: Si (light purple curve), Si/mucin (Si/m,
maroon), PMMA (P, black), PMMA/mucin (P/m, red), PAA-b-PMMA
(copol, turquoise), PAA-b-PMMA/mucin (coated at pH = 7) (copol/m (7),

light green) and PAA-b-PMMA/mucin (coated at pH = 3) (copol/m (3), blue).



Figure 3. Optical photomicrographs of S. epidermidis cells adhering to: a) a

PAA-b-PMMA film, b) mucin coating cast from a solution with a pH of 7 on
PAA-b-PMMA, and c) mucin coating cast from a solution with a pH of 3 on

PAA-b-PMMA. The scale bar (200 wm) applies to all three images.

Figure 4. Optical photomicrographs of E. coli cells adhering to: a) silicon, b)

mucin-coated silicon, c) PMMA, and d) mucin-coated PMMA surfaces. Scale

bar of 200 um is in all images.
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Figure 5. The probability density function for the true cell density of E. coli
cells on the surfaces: Si (light purple curve); Si/mucin (Si/m, maroon);
PMMA (P, black); PMMA/mucin (P/m, red); PAA-b-PMMA (copol,
turquoise); PAA-b-PMMA/mucin (coated at pH = 7) (copol/m (7), light

green); and PAA-b-PMMA/mucin (coated at pH = 3) (copol/m (3), blue).



Figure 6. Optical photomicrographs of C. albicans cells adhering to: a)
silicon, b) mucin-coated silicon, ¢) PMMA, d) mucin-coated PMMA, e)
PAA-b-PMMA, and f) mucin-coated PAA-b-PMMA surfaces. All scale bars

are 200 pm.
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Figure 7. C. albicans cell counts on silicon, PMMA, and PAA-b-PMMA

before (black bars) and after (gray bars) mucin adsorption.
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Figure 8. Correlation between the mucin layer thickness (shown with open

triangles, reading on the right axis) and the adherence percentage (left axis) of

yeast and bacteria on mucin-coated Si, PMMA, and PAA-b-PMMA. An

increase in adhesion is represented above the dashed line, and decreased

adhesion is represented below it.



