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Abstract

This study investigated the ability of lubricin (LUB) to prevent bacterial attachment and
proliferation on model tissue culture polystyrene surfaces. The findings from this study indicated
that LUB was able to reduce the attachment and growth of Staphylococcus aureus on tissue
culture polystyrene over the course of 24 h by approximately 13.9% compared to a phosphate
buffered saline (PBS)-soaked control. LUB also increased S. aureus lag time (the period of time
between the introduction of bacteria to a new environment and their exponential growth) by
approximately 27% compared to a PBS-soaked control. This study also indicated that vitronectin
(VTN), a protein homologous to LUB, reduced bacterial S. aureus adhesion and growth on tissue
culture polystyrene by approximately 11% compared to a PBS-soaked control. VTN also
increased the lag time of S. aureus by approximately 43%, compared to a PBS-soaked control.
Bovine submaxillary mucin was studied because there are similarities between it and the center
mucin-like domain of LUB. Results showed that the reduction of S. aureus and Staphylococcus
epidermidis proliferation on mucin coated surfaces was not as substantial as that seen with LUB.
In summary, this study provided the first evidence that LUB reduced the initial adhesion and
growth of both S. aureus and S. epidermidis on a model surface to suppress biofilm formation.
These reductions in initial bacteria adhesion and proliferation can be beneficial for medical
implants and, although requiring more study, can lead to drastically improved patient outcomes.
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INTRODUCTION

Infection after the implantation of a medical device is a persistent problem in medicine. The
success of medical devices (such as heart valves, endotracheal tubes, pacemakers,
orthopedic implants, intraocular lenses, central venous catheters, and orthopedic joint
prosthetics) are threatened by the attachment and proliferation of bacteria on their surfaces
after implantation.12 Postsurgical infection can be costly, result in additional morbidity to
the patient, and possibly require revision surgery. For example, endophthalmitis is a serious
intraocular infection that can result as a complication of intraocular surgery.3
Endophthalmitis can cost approximately $12,580 (US) in total ophthalmic medical care
claims per patient treated and can lead to severe permanent visual impairment or a complete
loss of the infected eye.3> In addition, central intravenous catheters (CVCs) can cause
bloodstream infections (BSIs) in about 4-5 cases out of every 1000 CVC devices
inserted.5-8 The estimated annual cost of caring for patients with CVC-associated BSls
ranges from $296 million to $2.3 billion (USD).? It is clear that infections in postsurgery
and critical care patients are costly and potentially life threatening.

Once bacteria attach to a substrate, their functions change and the host’s defenses are
incapable of combating the subsequent colonization and biofilm formation.1? Biofilms are
the hydrated polymeric matrix that bacteria form once they aggregate on a surface,
protecting the bacteria through inherent resistance to an immune response and antimicrobial
agents.10 A study by Kluytmans et al.1 reported that disruptions of hydrophobic surface
interactions may prevent initial bacterial binding and inhibit bacterial colonization. If the
bacteria are not able to colonize a surface and form a biofilm, it will be much easier for the
immune system to clear these bacteria before they cause an infection.

Staphylococcus aureus and Staphylococcus epidermidis are two major opportunistic
pathogenic, biofilm producing, bacteria that colonize a large portion of the human
population.}2 Both are major culprits of biofouling and postsurgical infections. Multiple
strains of antibiotic-resistant S. epidermidis and S. aureus have been linked to a growing
number of hospital acquired and postoperative infections.11213 S epidermidis is primarily
located throughout the cutaneous ecosystem, while S. aureus is carried primarily on mucosal
surfaces.12

S. aureus is regarded as one of the leading causes of aggressive, persistent postsurgical
infections due to acquired resistance to antibiotics and its ability to form drug-resistant
biofilms.14 Lowy?® states that “Humans are a natural reservoir of S. aureus” and goes on to
say that 30-50% of adults are colonized, with 10-20% persistently colonized. S. aureus
infections cause a range of acute and pyogenic infections, including abscesses, bacteremia,
central nervous system infections, endocarditis, osteomyelitis, pneumonia, urinary tract
infections, chronic lung infections associated with cystic fibrosis, and several syndromes
caused by exotoxins and enterotoxins, including food poisoning and scalded skin and toxic
shock syndromes.12 The overuse of methicillin and other semisynthetic penicillins in the late
1960s led to the emergence of methicillin-resistant S. aureus. In 1997, approximately 60%
of S. aureus isolated from patients were resistant to methicillin.12 Additionally, new
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antibiotic-resistant bacteria strains continue to emerge that are resilient to even last resort
antibiotics, such as vancomycin.16

Although it is a less aggressive of a pathogen than S. aureus, S. epidermidis is a major
nosocomial pathogen which is primarily associated with infections of implanted medical
devices.1217 The overuse of methicillin and other semisynthetic penicillins in the late 1960s
also led to the emergence of methicillin-resistant S. epidermidis (MRSE).12 Once again, new
antibiotic-resistant strains of these bacteria continue to emerge. One effective treatment
against multidrug-resistant staphylococci, including MRSE, was the glycopeptide antibiotic
vancomycin; however, resistance has developed to this treatment as well.12 S. epidermidis
biofilms comparatively grow into thicker and highly robust biofilms in particular through
the production of intracellular polysaccharide adhesins, which protects the bacterial colonies
from the antibiotic treatments and immune response.18.19

Along this line, there is promise in modifying implant surfaces to reduce the occurrence of
these postoperativeinfection based complications. Prior studies have been performed using
antibiotic drug coatings on medical implants to prevent biofouling; however, as mentioned,
a sustained use of antibiotics can lead to pathogenic bacteria developing resistance to the
antibacterial treatment.29 There is a need for surface treatments which will prevent bacterial
attachment without promoting the development of additional strains of antibiotic-resistant
bacteria. This study sought to investigate a naturally occurring antiadhesive alternative to
antibiotic surface treatments. This study proposes, for the first time, the use of the
glycoprotein lubricin (LUB) as an antibiofouling surface coating agent.

LUB is a glycoprotein found in the synovial fluid that plays a major role in its lubricating
and antiadhesive properties.2! LUB has a mucin-like center domain and globular N-terminal
and C-terminal domains (Figure 1).25 The purpose of this in vitro study was to determine:
(1) LUB’s ability to prevent bacterial adhesion and proliferation under tissue culture
conditions on a model tissue culture surface (polystyrene), (2) its ability to serve as an
effective nonimmune opsonification agent for resisting bacteria colonization, and (3) to
provide evidence that LUB is a viable means to prevent bacteria adhesion, proliferation, and
biofilm production under flow conditions. Bovine submaxillary mucin (BSM) was used as a
control due to the structural similarities between mucin and the center domain of LUB. The
main differences between mucin and LUB is that mucin lacks the globular hydrophobic end
domains found in LUB and mucin does not display LUB’s boundary lubricating
properties.28 Vitronectin (VTN) was also used as a control because it is a homologous
protein to LUB. Although LUB and VTN have a 60% sequence similarity, VTN lacks the
center mucin-like domain found in LUB.27

EXPERIMENTAL DETAILS

Substrate

Standard tissue culture polystyrene was used as the polymer substrate. Sterile tissue culture
polystyrene plates were obtained from Becton, Dickinson and Company. The LUB used in
these trials was extracted under sterile conditions from bovine synovial fluid obtained from
Pel-Freez Arkansas, LLC. The sterile extraction of LUB from synovial was described fully
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by Jay et al., but in short it involves extraction of LUB from bovine synovial fluid through a
hyaluronate digestion, followed by anion exchange chromatography, and an affinity
chromatography to purify and concentrate the protein.

Protein preparation

Aliquots of bovine VTN of 50 pg (Sigma—Aldrich, St. Louis, MO) were dissolved in 1 mL
of sterile phosphate buffered saline (PBS). LUB and BSM (Sigma-Aldrich) were used at a
concentration of 200 pg/mL. Prior to use, both BSM and VTN solutions were filtered
through low protein binding sterile filters with a pore diameter of 0.2 um (Corning). Each
protein solution of 50 L was dried on the well surface overnight at room temperature, under
sterile conditions.

Bacteria surface adhesion and proliferation study

S. aureus—S. aureus obtained from the American Type Culture Collection (25923) was
cultured in tryptic soy broth (TSB; Sigma Aldrich) for 18 h to reach stationary phase, then
diluted to a density of 1 x 107 bacteria/mL (as estimated by the McFarland scale which
corresponded to an optical density of 0.52 at 562 nm and then further diluting at a ratio of
1:90).1 The 96-well polystyrene tissue culture plates were treated with LUB, BSM, or VTN.
LUB and BSM were used in the crystal violet end point trials, while LUB, BSM, and VTN
were used in the 24-h optical density trials. Bacterial solutions were seeded into the treated
96-well culture plates and incubated for 15 min in a stationary incubator maintained at 37°C.
After 15 min, the bacterial solution was removed, the plates were rinsed three times with
sterile PBS, and the wells were filled with 200 pL of fresh TSB.

For crystal violet trials, plates were incubated for 24 h, after which crystal violet was used to
determine the quantity of bacterial biofilm formed. For this, plates were rinsed once with
PBS, followed by the addition of 175 L of a crystal violet solution (Sigma) into each well
and then allowed to act for 15 min to stain the biofilm. Solutions were then removed and the
plates were again rinsed three times with PBS and plates were allowed to dry at room
temperature. Once dry, 200 uL of ethanol were added and after 15 min optical density
readings were read at 562 nm with a Spectramax 340PC spectrophotometer (Molecular
Devices).

For 24-h optical density trials, after the initial bacterial seeding and rinsing steps, the
Spectramax 340PC spectrophotometer was used to determine optical density measurements,
at 562 nm, every 4 min for 24 h while maintaining the temperature at 37°C. Comparisons
were made between the PBS coated samples and the protein coated samples and the percent
difference was calculated for every data point over the course of the experiment.

S. epidermidis—The 96-well polystyrene tissue culture plates were treated in a manner
similar to the S. aureus trials. However, the initial seeding volume of the bacterial solution
was 50 pL of S. epidermidis (American Type Culture Collection (35984)) diluted in the
same manner mentioned above (approximately 1 x 107 bacteria/mL). After 15 min, the
bacterial solution was removed, the plates were rinsed three times with sterile PBS, and the
wells were filled with 200 IL of fresh TSB. Crystal violet end point trials and 24 h optical
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density trials were done in the same manner as described above. Comparisons were done
between the PBS coated samples and the protein coated samples and the percent difference
was calculated for every data point over the course of the experiment.

Modeling—The ability of LUB to inhibit bacterial proliferation was quantified in this study
by determining the effect that LUB and protein subregions of LUB (mucin and VTN) have
on the growth curve of each bacterium. This curve is generally separated into several phases.
The first is the lag phase during which the bacteria are adapting to the conditions of their
environment and not dividing. The lag time (1) is the length of this phase. Then, there is an
exponential phase during which the bacteria are dividing at a constant rate, leading to
exponential growth. In this phase, if the natural logarithm of the number of organisms is
plotted against time, a straight line will result. The slope of this line is the maximum specific
growth rate (U,). Depletion of essential nutrients and/or formation of toxins and inhibitory
products causes the bacteria to enter the stationary phase during which the growth and death
rate are equal.?® The ratio of the number of organisms in this equilibrium state to initial
number of organisms is the upper asymptote (A).

The three values (4, um, and A) were determined here by fitting the bacterial growth data to
two sigmoid growth functions: the logistic function and the Gompertz function. These are
both mathematical models of a time series where the growth at the beginning and end of the
period of time is the smallest. The logistic function is symmetrical about its inflection point,
while the Gompertz function approaches its upper asymptote more slowly than its lower
asymptote.

The growth data (optical density vs. time) obtained from these bacterial trials were fit to
modified forms of the logistic model [Eq. (1)] and the Gompertz model [Eqg. (2)] using
MATLAB R2013a.

1 (ODt) A
n =
OD, {1_1_6[3‘%(/\7t)+2]} @

OD smete (\—¢)
1n< t):Ae—e AT

0D,

The model equations used were modified from their generic forms to contain coefficients for
the three bacterial growth parameters lag time (1), maximum specific growth rate (i), and
the asymptote of the stationary phase (A) by deriving formulas to represent the mathematical
parameters in terms of the bacterial growth parameters.30 ODy is the optical density at time t
and ODy is the optical density at the start of the experiment. The goodness-of-fit was
determined using RZ and the sum of squares for error (SSE). The models with the best fit
were used to determine the value of the three parameters for each combination of bacteria
and protein.

Surface plasmon resonance imaging biofilm adhesion study—Surface plasmon
resonance imaging (SPRi), performed in a HORIBA Scientific SPRi-Lab+ device (HORIBA
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Scientific), provided label-free quantitative and qualitative information about events
occurring on and near the surface (~200 nm) over a relatively large area (~1 cm).31-3 SPRi
instruments operate by light transmission through a high refractive index glass prism onto a
gold surface, followed by subsequent detection events that manifest themselves as changes
in the intensity of reflected light that exits the prism, which is measured using a charge
coupled device (CCD) camera.3233 Light of a certain wavelength is projected onto the metal
surface through the glass prism. At the surface interface the light is converted into surface
plasmon polaritons (SPPs). Attachment events on the surface of the metal result in changes
in the refractive index, resulting in the loss of SPP generation at the specific attachment site.
Thus, if there is an attachment at the surface of the metal, the light will be reflected back and
detected by a CCD camera and bright spots will appear on the image.32

A glass prism was purchased with a 50-nm layer of bare gold on top (SPRi-Biochip;
HORIBA Scientific). Polydimethyl-siloxane (PDMS; Sylgard 184 PDMS kit; Dow
Chemical) was used to create a 300 L growth chamber over the surface of the prism. Prior
to trials, the prism and flow chamber were cleaned and sterilized using 70% EtOH and
rinsed with deionized water. Once the flow chamber and prism were cleaned and aligned,
approximately 5 L of each protein solution were streaked onto the growth chamber and
allowed to dry for 3 h at room temperature under sterile conditions. For these trials, both
LUB and BSM were used at a concentration of 200 pg/mL. Once dry, the growth chamber
was seeded with 300 pL of S. aureus using 6 mL of Difco Luria Bertani Broth (LB) Growth
Media (Miller) inoculated with S. aureus incubated for 18 h at 37°C and then diluted 1:100
in LB, yielding approximately 5 x 08 bacteria/mL. Thereafter, the growth chamber was
inserted into the SPRi device and a flow rate of LB growth media was maintained at 10
pL/min (Figure 2). The trial was run for one day, and the Horiba SPRi apparatus was set to
take measurements and images every 3 min. The changes in reflectivity of the surface
indicated the adherence of bacteria and growth of a biofilm on the surface.1:3 The numerical
values were paired with the visual images obtained during the trials to measure the relative
quantity of biofilm formed on the gold surface of the prism in the coated and uncoated
regions.

Contact angles

Contact angle measurements were made using a Kriiss Easy Drop contact angle instrument
(Hamburg, Germany) connected to an image analysis program (Drop Shape Analysis,
Version 1.8). The tissue culture polystyrene samples were dried overnight under vacuum
after coating. The Kriiss Easy Drop apparatus was used to measure the contact angles that
resulted when a 10 pL drop of each test liquid (H2O, glycerol, or ethylene glycol) was
dispensed onto the surface of the sample. The Kriiss Trackman software was used to record
the contact angle after the drop was placed on the surface within 30 s of the droplet being
dispensed. All readings were taken at ambient room temperature.

Statistical analysis

All of the above trials were performed with a minimum of three replicates each. The
standard error of the mean was used to describe variance about the mean. Statistical analysis
of numerical data in this study was completed using an unpaired t-test assuming unequal
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variances. Statistical significance was considered at p < 0.05. For the bacteria surface
adhesion and proliferation study, a 95% confidence interval was determined at each time
point and was used as an additional method to ensure statistical differences between
experimental and control trials.

Bacteria surface adhesion and proliferation study

S. aureus—The polystyrene bacteria trials showed that treatment with 200 ug/mL LUB
reduced S. aureus optical density when compared with the controls [Fig. 3(B)]. Over the
course of the experiment, the protein-coated samples showed a significant decrease in
growth when compared to the PBS coated samples at approximately 3.9 h (near the start of
the exponential growth phase) as indicated by the growth curve. This trend of a decrease at
the start of the exponential phase was seen with samples coated with LUB, VTN, and BSM.
Mathematical modeling of the data showed that all three proteins increased the length of the
lag phase compared to controls (Fig. 4).

As seen in Figure 3(B), between the period of 3.9 and 5.1 h, there was a significant decrease
(p <0.05) in the LUB growth curve versus the control PBS growth curve. After 9.6 h, there
was a 13.87% difference between the LUB coated samples and the PBS-coated samples (p
<0.05). This indicated that the LUB suppressed the attachment and proliferation of S. aureus
during the exponential phase of bacteria growth, and reduced the overall amount of bacterial
proliferation once the bacteria reached the stationary phase. The mathematical model
showed that there was a 27% (51.6 min) increase in lag time (Fig. 4), a 13% reduction in the
ratio of equilibrium number of bacteria in the stationary phase to the initial number of
bacteria, and a decrease in the maximum specific growth rate.

In the VTN S. aureus trial, the first period of significant reduction in the bacterial growth
curve was between 3.9 and 5.6 h [Fig. 3(C), p <0.05]. After 10.9 h, the VTN growth curve
continued to show a significant difference from the control PBS-soaked samples. The
difference of 13 and 14.4 h was less significant [Fig. 3(C), p<0.058]. However, after 14.4 h
the difference from the control PBS-soaked samples remained very significant [Fig. 3(C), p
<0.05]. At the end of 24 h there was a 10.96% difference between the VTN-soaked sample
and the control PBS-soaked samples. Again, this indicated that the protein disrupted the start
of the exponential growth phase as well as the stationary phase. The mathematical model
showed an increase in lag time of 43% [82.2 min; Fig. 4(A)], a 13% reduction in the ratio of
equilibrium number of bacteria in the stationary phase to the initial number of bacteria and
an increase in the maximum specific growth rate.

In the case of BSM, there was a significant reduction in bacterial proliferation between 4.13
and 4.9 h [Fig. 3(D), p<0.05]. While some disruption of the exponential growth phase was
observed, there was no prolonged effect of BSM on S. aureus in the stationary phase.
However, the crystal violet trials showed that while the LUB resulted in a minor reduction in
biofilm production, the BSM coated samples showed a 58% reduction in adherent biofilms
when compared to the PBS coated samples [Fig. 3(A)]. The difference in the crystal violet
results indicate that although BSM may not reduce initial bacteria adhesion and proliferation
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as well as LUB, biofilms grown on BSM coated surfaces appeared to be drastically less than
those grown on LUB coated or control PBS coated surfaces. The mathematical model
showed a 29% (55.4 min) increase in lag time (Fig. 4), a significant decrease in maximum
specific growth rate, and no significant change in asymptote between BSM and the control
PBS-soaked samples.

S. epidermidis—The 24-h polystyrene bacterial growth trials showed that treatment with
200 pg/mL LUB resulted in a significant retardation of the S. epidermidis growth curve
when compared with the control [Fig. 5(B)]. Over the course of the experiment, the LUB
and BSM coated samples showed a significant decrease at approximately 6.2 h, near the
start of the exponential growth phase, as indicated by the growth curve. Mathematical
modeling showed that treatment with LUB and BSM resulted in an increase in lag time,
whereas treatment with VTN resulted in a small decrease in lag time (Table Il, Fig. 6).

As seen in Figure 5(B), between the period of 6.2 and 12.2 h there was a significant
depression in the LUB growth curve versus the control PBS growth curve (p<0.05). This
indicated that LUB initially suppressed attachment and retarded the initial proliferation of S.
epidermidis. The crystal violet trials showed that the LUB coated samples caused a minor
reduction in biofilm production when compared to the PBS coated samples [Fig. 5(A)]. The
mathematical model showed a 36% (105.7 min) increase in lag time (Fig. 6), no significant
difference in the asymptote, and a slight increase in maximum specific growth rate.

VTN did not appear to significantly decrease S. epidermidis proliferation [Fig. 5(D)]. From
the mathematical model, no significant difference in the lag time was observed between the
VTN coated samples and the PBS coated samples. However, there was a 3% decrease in
asymptote, and a significant decrease in maximum specific growth rate between the VTN
coated samples and the PBS coated samples.

In the case of BSM, there was a significant reduction in bacterial proliferation between 6.3
and 9.6 h [Fig. 5(C), p<0.05]. While some disruption of the exponential growth phase was
observed there was no prolonged effect of BSM, indicating a significant S. epidermidis
reduction once the stationary phase was reached. Crystal violet trials showed that BSM
coated samples had a 15.5% reduction in adherent biofilms when compared to PBS coated
samples [Fig. 5(A)]. The mathematical model showed a 30% increase in lag time (Fig. 6), no
significant reduction in asymptote, and no significant reduction in maximum specific growth
rate.

Modeling—The modified Gompertz and Logistic models both fit the bacterial growth data
very closely. The modified Gompertz model had a slightly better fit for 8 of the 10 data sets
based on the R2 and SSE (Figs. 7 and 8). Therefore, the Gompertz model was used to
compare the growth parameters between different protein treatments of each bacterium. A
summary of results derived from the models can be found in Tables I and II.

Surface plasmon resonance imaging—LUB coated areas of the gold surface were
almost completely devoid of S. aureus biofilm production, while mucin-coated areas
initially resisted biofilm production (Fig. 9). At the end of the trials, LUB showed over a
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90% clearance when compared to bare gold, while mucin only resulted in approximately 7%
reduction in biofilm adherence and proliferation compared to bare gold (Fig. 10).

Contact angles

In our trials, all samples that were soaked in PBS showed rapid and complete wetting and
the initial contact angle could not be measured with our equipment. Since LUB was
dissolved in PBS, all the tissue culture polystyrene samples soaked in LUB solutions
showed complete wetting. Table I11 shows the mean values of the contact angle
measurements for uncoated tissue culture-treated polystyrene.

DISCUSSION

Lubricin

LUB is an amphiphilic glycoprotein that is found in synovial fluid; the molecular weight of
LUB is approximately 240 kDa and the molecular structure is similar to an extended flexible
rod with a length of approximately 200 nm and a width of approximately 1-2 nm34:36 (Fig.
1). The half-life of this molecule is approximately 6 days when bound to cartilage.3” In
humans, the concentration of LUB ranges from 52 to 350 pg/mL in normal joints examined
postmortem and 276 to 762 pug/mL in the synovial fluid obtained from patients undergoing
arthrocentesis procedures.38

The abundance of negatively charged and highly hydrated sugars in the center mucin-like
domain of LUB contribute to its boundary lubrication properties as a result of strong
repulsion through steric and hydration forces.22 On hydrophobic surfaces, the globular tail
ends or the hydrophobic motifs in the mucin domain will orient themselves toward and
adsorb to the substrate, while on hydrophilic surfaces, the mucin-like domain will orient
toward, and adsorb to the substrate, as illustrated in Figure 1.21:22 Thus, LUB coating
imparts a negatively charged hydrophilic nature on to the coated surface.

The sugars in the central mucin-like domain of LUB are O-linked glycosylations and have
been studied by Jay et al.3% Sugars in the central mucin-like domain have been characterized
as disaccharide B(1-3)Gal-GalNAc and trisaccharide p(1-3)Gal-Gal-NAc-NeuAc
moieties.3% The densely packed sialic acid residues and sulfate groups are responsible for the
negative charge as well as the hydrophilic nature of the central domain of LUB.40

LUB’s amino acid sequence has significant similarities to the adhesive protein VTN.27 Both
proteins contain somatomedin B (SMB) and hemopexin-like (PEX) domains and there is
approximately a 60% sequence similarity between both proteins.2” In VTN, SMB and PEX
sequences are known to regulate the complement and coagulation systems, mediate
extracellular matrix attachment, and promote cell attachment and proliferation.2” The PEX
and SMB domains are found in the globular tails of LUB as seen in Figure 1.2427:41

Previous studies have shown that in addition to providing boundary layer lubrication, LUB
plays a role in reducing or preventing undesirable cellular attachment. Rhee et al.2 showed
that LUB was able to reduce synovial cell overgrowth within joints and Noyori and Jasin*2
indicated that LUB may be responsible for the inability of fibroblasts to adhere to healthy
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cartilage. However, previous studies from other research groups have not investigated the
antibacterial or bacteriostatic properties of LUB. This study showed, for the first time, that
LUB significantly reduced the initial attachment and proliferation of bacteria. The most
striking change was the significant increase in the length of the lag phase (36% for S.
epidermidis and 27% for S. aureus) indicating that LUB made it more difficult for the
bacteria to adapt to the surface and begin to grow. The SPRi trials definitively displayed
activity by LUB to stop biofilms under flow, simulating conditions that would be expected
in the body (i.e., vascular flow or other fluid exchange). Under flow conditions, a LUB
coating dried onto a surface and was able to impede over 90% of S. aureus biofilm
production.

Mucin—As previously mentioned, LUB has a central mucin-like domain. Mucins are large
glycoproteins that are the major components in mucus that cover the luminal surfaces of
epithelial organs.*3 Additionally, mucins are found in mucus which forms a physical barrier
between plasma membranes and the extracellular environment.#3 Their structure can be
described as a threadlike peptide backbone, with densely packed carbohydrate side chains.*3
Mucins have unique properties as surfactants. They adsorb to hydrophobic surfaces via
surface-protein interactions while clinging to water molecules through their hydrophilic
oligosaccharide clusters (Fig. 1).43

Secretory mucins typically have a very high molecular mass and contain hundreds of O-
linked saccharide side chains, constituting between 50 and 90% of their molecular
weight.#044 The oligosaccharide side chains are about 5-15 monomers long and are O-
linked to the serine and threonine residues of the protein core with a sufficiently high density
that steric interactions force them to stretch away from the central protein core in a
“bottlebrush” configuration.#0 These oligosaccharide side chains are most commonly
composed of N-acetyl glucosamine, N-acetyl galactosamine, galactose, fucose, and sialic
acid, and other carbohydrate residues have also been reported.%0 Sialic acid residues are
negatively charged and work in concert with sulfate groups to give mucins a net negative
charge.#% Due to their hydrophilic (glycosylated) and hydrophobic (unglycosylated) domains
(i.e., an amphiphilic, block-copolymer structure), mucins are able to adhere strongly to a
wide range of surfaces by hydrogen bonding, hydrophobic interactions, and by electrostatic
interactions.*0 Mucins can vary in size and length due to differing numbers of tandem
repeats in the central domain. Even with the same type of mucin, the number of tandem
repeats can differ from individual to individual.*> Work by Shi et al.*3 indicated that mucin
surface coatings could decrease bacterial adhesion of S. aureus and S. epidermidis by
reducing the hydrophobic binding forces and by providing a barrier which prevents the
bacteria from making close contact with the surfaces. That study showed that when a 1
mg/mL BSM solution was used to coat poly-methyl-methacrylate and polystyrene over a
90% reduction in bacterial adhesion was seen when compared to the uncoated control.43 The
literature indicates their negatively charged glycosylated regions may be responsible for this
effect, and noted a relationship between higher mucin concentration on the surface, lower
hydrophobicity, and lower bacterial adhesion.*3 However, the study by Shi et al. did not
investigate the effects this protein had on bacterial adhesion on the surface past 3 h, nor did
it examine the effect this protein coating had on the growth curve of the bacteria. In this
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study, our group more thoroughly investigated the protein effect on the growth curve by
gathering 24-h kinetic data of bacterial growth on mucin-coated surfaces.

Vitronectin—As stated previously there is approximately 60% sequence similarity
between LUB and VTN.27 VTN is a glycoprotein found in the blood and extracellular
matrix.*6 VTN is known as “serum spreading factor” and inhibitor of the membrane attack
complex of the complement immunoresponse.*6 The molecular weight of human VTN is 75
kDa. It contains three glycosylation sites and its carbohydrate moieties contributes to
approximately 30% of its molecular mass.%6 VTN is also a multifunctional protein, and it is
highly homologous to LUB. The main difference between VTN and LUB is that VTN lacks
a mucin-like central domain.

Surface interactions—Hydrophobic adsorption has been shown to be an important
mechanism in the physical interactions of S. aureus.*3 Previous studies have shown that
bacteria surfaces are negatively charged, and that S. aureus has a high relative surface
charge and high hydrophobicity.*3 Strong interactions take place between the membrane
lipids of bacteria and hydrophobic surfaces.*® Shi et al.#3 state that the degree of
hydrophobicity will determine how well bacteria will adhere to a surface and how
extensively they will proliferate. Thus, it follows that reducing the hydrophobicity and
applying a negatively charged coating to a surface could result in surfaces that are less prone
to bacterial adhesion.

In order to adhere to a surface, bacteria need to establish firm interactions to prevent their
rapid elimination by physicochemical mechanisms.1! Bacterial adherence may be
nonspecifically mediated by physicochemical forces, such as hydrophobic interactions.11
Disruptions of these hydrophobic interactions may prevent bacterial binding and lead to a
prevention of bacterial colonization. If the bacteria are not able to colonize a surface and
form a biofilm, it will be much easier for the immune system to clear these bacteria before
they cause an infection. This study shows that LUB inhibits bacterial colonization of
surfaces by blocking bacteria interactions with the surface using the biologically derive
protein LUB. This study proposes that the negative charge of LUB’s central mucin domain
repels the bacteria, and that the protein coating of the LUB blocked other surface proteins
from interacting with the surface, further preventing the cells from adhering. Future studies
will be needed to confirm this mechanism of repulsion.

CONCLUSIONS

Trials with LUB on polystyrene show that at a surface coating from a working concentration
of 200 ug/mL, LUB is able to reduce S. aureus adhesion and growth by approximately
13.9% over 24 h and that with a coating concentration of 50 pg/mL, VTN was able to reduce
bacterial adhesion and proliferation by approximately 11% over 24 h. Trials with S.
epidermidis showed that LUB and BSM were able to significantly retard the growth process
and delay the start of the exponential growth phases as well. BSM trials indicated that the
mucin domain of LUB may provide the mechanism of LUB’s bacteriostatic nature.
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Additionally, the crystal violet trials indicated that the mucin domain played a major role in
retarding bacterial adhesion and biofilm formation.

Mathematical modeling showed that LUB significantly increased the length of the lag phase
of S. aureus by 27% and S. epidermidis by 36%. These results suggested that LUB makes it
more difficult for bacteria to adapt to their environment, and as a result it took longer for the
bacteria to enter the phase of exponential growth. This is significant because a longer lag
phase will allow more time for the immune system to recognize and clear bacteria either
before they start to divide or in the early stages of the exponential growth phase. It will also
allow more time for antimicrobial treatments to work, before a persistent infection can
occur. Since this study used far greater concentrations of bacteria than are normally found in
a physiological environment, it is expected that these effects would much greater in vivo.

The SPRi allowed for a better view of bacterial adhesion and biofilm production under flow
conditions. These trials showed that LUB may act as a quick and effective method to coat
medical implants and used in flow systems such as hemodialysis devices to prevent the
accumulation of biofilm and reduce the chances of related blood born infections.

In summary, because of LUB’s ability to reduce bacterial attachment and proliferation using
only a low concentration of protein and a very simple drying technique for surface coating,
LUB shows promise as an antibiofouling agent and bacteriostatic coating. Thus, LUB
should be further studied as a means to prevent bacterial infections without risking the
development of additional drug-resistant bacteria strains.
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Schematic representations of the structure of lubricin.?1-23 (A) A Mucin-like domain is
found in the center and vitronectin like domains [analogues to SMB (somatomedin B) and

PEX (hemopexin)] are found at the ends.2122 Lubricin is similar to vitronectin but it

contains a negatively charged mucin domain. Lubricin may exist as a monomer or form
dimers through disulfide bonds of the cysteine groups found in the globular tail regions. (B)

Lubricin covers surfaces with end-grafted brushes.24 Hydrophobic domains orient

themselves toward hydrophobic surfaces and lubricin may form a loop structure with its
mucin domain.24 A LUB coating imparts a negatively charged hydrophilic nature on to the

coated surface. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary. com.]
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FIGURE 2.
(A) SPRi schematic: the growth chamber was treated with protein coatings, then seeded with

bacteria. Fresh sterile LB growth media was pumped through the growth chamber. Light
was projected through glass onto the gold-coated surface. A charge coupled device (CCD)
camera was used to detect shifts in the intensity of light that exited the prism. (B) Bacterial
growth chamber: lubricin and bovine submaxillary mucin were streaked in the bacteria
growth chamber prior to bacterial seeding. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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FIGURE 3.
(A) Crystal violet results after a 24 h S. aureus surface adhesion and proliferation trial.

BSM-treated samples showed significant reduction in biofilm formation. Approximately
58% less biofilm was measured on BSM coated samples versus PBS-treated samples. (B) S.
aureus surface adhesion and proliferation with LUB (200 ug/mL) over 24 h determined by
optical density readings. LUB treatment significantly suppressed bacterial growth over the
course of 24 h by 13.9%. Data = mean £ SEM; N = 3 (at 24 h p < 0.01). (C) S. aureus
surface adhesion and proliferation with VTN (50 pg/mL) over 24 h determined by optical
density readings. VTN treatment significantly suppressed bacterial growth over the course
of 24 hrs by 11%. Data = mean = SEM; N = 3 (at 24 h p < 0.03). (D) S. aureus surface
adhesion and proliferation with BSM (200 pg/mL) over 24 h determined by optical density
readings. Some significant reduction in proliferation was seen between 4.2 and 4.9 h time
points. Data = mean + SEM; N = 3 ["indicates areas of significant difference between
protein-treated trials and PBS-treated trials] as determined by p < 0.05; & indicates areas
where using a confidence interval of 95% a significance reduction was seen between
protein-treated trials and PBS-treated trials]. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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FIGURE 4.
Lag times for S. aureus with each protein derived from the mathematical model (data =

+95% confidence interval). *indicates significant difference from control and PBS dry soak
(p < 0.05). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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(A) Crystal violet results after a 24 h S. epidermidis surface adhesion and proliferation trial.
BSM-treated samples showed significant reduction in biofilm formation. Approximately
15.5% less biofilm was measured on BSM coated samples versus PBS-treated samples. (B)
S. epidermidis surface adhesion and proliferation with LUB (200 ug/mL) over 24 h
determined by optical density readings. LUB treatment significantly suppressed bacterial
growth from 6.2 to 12.3 h time points (p < 0.05). Data = mean £ SEM; N = 4. (C) S.
epidermidis adhesion and proliferation with BSM (200 pg/mL) over 24 h determined by
optical density readings. Some significant reduction in proliferation seen between 6.3 and
9.6 h time points. Data = mean = SEM; N = 4. (D) S. epidermidis surface adhesion and
proliferation with VTN (50 pg/mL) over 24 h determined by optical density readings. VTN
did not appear to significantly decrease bacterial proliferation. Although t-test indicated a
significant decrease starting at 21.7 h this was not confirmed by the confidence interval
calculations. Data = mean + SEM; N = 4 [indicates areas of significant difference between
protein-treated trials and PBS-treated trials] as determined by p < 0.05; 4 indicates areas
where using a confidence interval of 95% a significance reduction was seen between
protein-treated trials and PBS-treated trials]. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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FIGURE 6.
Lag times for S. epidermidis with each protein derived from the mathematical model (data =

+95% confidence interval). *indicates significant difference from control and PBS dry soak
(p < 0.05). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

J Biomed Mater Res A. Author manuscript; available in PMC 2015 December 04.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Aninwene et al.

|=—=Model
Lower bounds
[ Upper boum

[« S aureus + VTN|

5 10 15 20
Time (hr)

FIGURE 7.

Page 22

—Model
Lower bounds

« S. aureus + BSM|

10 15 20
Time (hr)

——Model
Lower bounds
___Upper bounds

+ S aureus + LUB]

10 15 20
Time (hr)

(A) S. aureus + PBS growth data (blue) fitted to the modified Gompertz growth curve (red).
(B) S. aureus + 200 pg/mL BSM growth data (blue) fitted to the modified Gompertz growth
curve (red). (C) S. aureus + 50 pg/mL VTN growth data (blue) fitted to the modified
Gompertz growth curve (red). (D) S. aureus + 200 pg/mL LUB growth data (blue) fitted to
the modified Gompertz growth curve (red). 95% confidence interval for the models is shown
by the dashed red lines. Logistic models are not shown. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 8.
(A) S. epidermidis + PBS growth data (blue) fitted to a modified Gompertz growth curve

(red). (B) S. epidermidis + BSM growth data (blue) fitted to a modified Gompertz growth
curve (red). (C) S. epidermidis + VTN growth data (blue) fitted to a modified Gompertz
growth curve (red). (D) S. epidermidis + LUB growth data (blue) fitted to a modified
Gompertz growth curve (red). 95% confidence interval for the models is shown by the
dashed red lines. Logistic models are not shown. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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a) At time zero
b) After 6 hours

c) After 12 hours
d) After 18 hours
e) After 24 hours

FIGURE 9.
SPRi images taken at time 0, 6, 12, 18, and 24 h time points: Lubricin coatings resulted in

near complete blockage of biofilm adherence on the surface. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Change in Reflectivity

-

==

Lubricin Bare Gold Mucin

FIGURE 10.
SPRi change in reflectivity at the trial end point: lubricin showed over a 90% reduction of

bacterial biofilm when compared to bare gold. Mucin only resulted in approximately 7%
reduction. (Data = mean + SEM; N = 3; *indicates a significant difference between lubricin
coated areas and both bare gold and mucin as determined by p < 0.05). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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TABLE |

Summary of the Effect of Mucin, Vitronectin, and Lubricin on the Growth Curve Parameters of S. aureus

Mucin  Vitronectin  Lubricin

Lag time (1) 1 1 1
Maximum specific growth rate (Hy,) 1 1 1
Asymptote of growth 1 1 ~
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TABLE Il
Summary of the Effects of Mucin, Vitronectin, and Lubricin on the Growth Curve Parameters of S.
epidermidis
Mucin  Vitronectin  Lubricin
Lag time (1) 1 1 1
Maximum specific growth rate (Uy,) 1 1 1
Asymptote of growth 1 1 ~
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TABLE Il

Contact Angle Results for Uncoated Tissue Culture Polystyrene

Blank/Untreated PS  Contact Angle  STD Error

Water 55.0 1.37
Ethylene glycol 324 0.20
Glycerol 58.8 0.38

Polystyrene samples coated with PBS suspended proteins showed complete wetting and thus are not displayed.
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