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Abstract

Objective—Chronic, persistent infections complicate otologic procedures utilizing implantable
devices such as cochlear implants or tympanostomy tubes. These infections are thought to be due
to the establishment of microbial biofilms on implant surfaces. To address this issue, we
hypothesized that surface charge modification may inhibit the formation of Pseudomonas
aeruginosa biofilms on implant surfaces /n vitroand in vivo.

Study Design—We evaluated the effect of surface charge modification on bacterial biofilm
formation by assessing the effect of the surface charge on bacterial adhesion /n vitro and bacterial
persistence in vivo.

Methods—To study the effect of surface charge /n vitro, the surface wells in culture plates were
modified using a layer-by-layer polyelectrolyte assembly method. Bacterial adherence was
measured at 30, 60 and 120-minute intervals. To study the effect of surface charge modification /n
vivo, the surface of titanium micro-screws was similarly modified and then surgically implanted
into the dorsal calvaria of adult rats and inoculated with bacteria. Two weeks after implantation
and inoculation, the number of bacteria remaining /n vivo was evaluated.

Results—Surface charge modification results in a significant decrease in adherence of bacteria /n
vitro. Surface charge modification of titanium micro-screw implants also resulted in a significant
decrease in A aeruginosa recovered two weeks after surgical implantation.

Conclusion—Charge modification decreases the number of bacteria adherent to a surface /n
vitro and also decreases the risk and severity of implant infection in an /in vivorat infection model.
These results have promising biomedical applications.
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Introduction

Persistent and recalcitrant infections involving biofilms on otologic implants can cause
significant morbidity. For example, cochlear implants can become infected by a variety of
bacterial species, most commonly, Staphylococcus aureus but also gram negative species
including Pseudomonas aeruinosa-8. Likewise, biofilms on tympanostomy tubes have been
associated with post-tympanostomy tube otorrhea and plugging’. Persistent infections on
implanted devices are not unique to otologic implants. There are about 2 million nosocomial
infections per year in the USA, which cost roughly $11 billion8? and about half of these
case are associated with indwelling devices'911, The morbidity associated with surgical
implant infection is great, often requiring repeated surgical procedures, eventual
explantation, and reimplantation!. The number of implant associated infections and the
economic impact of these infections are bound to increase as life expectancy continues to
rise worldwide and as the use of biomedical implants grow!2.

Persistent colonization of surgical implants by bacteria often requires formation of a
biofilm11.13, Biofilms are communities of microorganisms, adhered to a surface that are
encased in a complex exopolysaccharide matrix!4. In biofilm form, bacteria are particularly
resistant to eradication with antibiotics and are protected from the host immune
system1516.17 Bacterial adhesion is the first step in biofilm formation as it signals the
production of extracellular polymeric substances (EPS) that assemble and form a
biofilm18-21 Immediately after implantation there is a critical time period, typically the first
six hours, during which successful bacterial colonization can occur?2:23, At this time, the
introduced pathogens are often metabolically active and susceptible to the host immune
system. However, if adhesion occurs, biofilms can form and become highly resistant!2,
Thus, prevention of adhesion has been a popular area of study and regarded as the most
critical step in preventing implant associated infections!2.

For this reason, numerous studies have tested the ability of surface modifications to prevent
adherence of bacteria /n vitro. Many surface properties have been reported to affect
adhesion, including surface hydrophobicity, hydrophilicity, roughness, charge, and
potential?42526-31 Thyjs has led to testing the effect of surface abrasions?®, chemical
coatings3? and chemical graftings?6-29:33:34_ One method to modify surface charge is
polyelectrolyte layer-by-layer (LbL) assembly, which involves the alternate adsorption of
oppositely charged polyelectrolytes. LbL assembly is practical due to its simplicity and
repeatability3®, and offers excellent control over the thickness of the polyelectrolyte (PEM)
down to ~1 nm?36.

In this study, we tested the effect of surface charge modification on adhesion to simulate the
colonization of bacteria on biomedical implants. Employing LbL assembly, positively
charged poly(allylamine hydrochloride) (PAH) and negatively charged
poly(styrenesulfonate) (PSS) were used to alter the surface charge. We studied the effect of
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surface charge modification on two commonly studied strains of 2 aeruginosa, PAO1 and
PA14, as well as three otopathogenic strains of 2 aeruginosa, OPPA 8, 13 and 1537. We
followed this with an /in vivo study of bacterial adherence and persistence using charge
modified titanium screws in a rat model.

Materials/Methods

In Vitro Studies

Bacterial Strains—We used two common laboratory strains of 2 aeruginosa, PAO1 and
PA14, as well as several otopathogenic strains of £ aeruginosa (OPPA 8, 13, and 15)
obtained from surgically resected cholesteatomas3’. PAO1 was obtained from Dr. Colin
Manoil (University of Washington) and PA14 was obtained from Dr. Stephen Lory (Harvard
University). The strains were maintained in 80% glycerol at 80°C, inoculated into LB broth
and grown to log phase at 37°C, 225 rpm for 16-18 hours. The absorbance of the cultures
was measured at an optical density of 600 nm and adjusted to an OD of 3.0 at 600 nm.

Surface Charge Modification of 24 well plates—A 24-well cell culture plate was
charge modified (CellStar 24W suspension multiwall plate, Greiner Bio One, Austria) using
LbL assembly36. The culture plates were immersed in 10 mM PSS in 0.1 M NaCl aqueous
solution for 15 minutes followed by rinsing with nanopure water for 30 sec and rinsing with
0.1 M NacCl solution for an additional 30 seconds. Then the plates were immersed in a
solution of 210mM PAH in 0.1 M NaCl for 15 minutes followed by the rinsing procedure
described above thus creating the first polyelectrolyte bilayer. The thickness of each
polyelectrolyte bilayer is estimated to be ~2nm3®. Three bilayers were assembled for surface
charge modification in this study38 and successful charge modification was confirmed by
binding the plates with negatively charged gold nanorods with UV-vis extinction spectra
resonance wavelength between 509-514 nm36:3%, The UV-vis spectra of these gold nanorods
was then measured using a Shimadzu UV-1800 UV-vis spectrometer (Kyoto, Japan).

Adhesion Assay40—Bacterial cultures were diluted 1:1000 in sterile M63 minimal media
supplemented with MgCl, (ImM), D-glucose (0.2%) and Casamino acids (0.5%)*1. One
milliliter of the bacterial suspension was aliquoted into each well of an unmodified,
positively modified, and negatively modified 24-well polystyrene cell culture plate and
incubated at 30°C for 30 min, 1 hour and 2 hours. The plates were washed with water to
remove non-adherent cells, dried overnight and stained with 0.1% crystal violet in 12%
ethanol. Adherent bacteria were imaged under phase contrast microscopy (Nikon Eclipse
TE2000-U, Tokyo, Japan) at 20x magnification and images were taken (analySIS® Soft
Imaging System GmbH, Munster, Germany). For imaging, a paper stencil was made for
each well containing 52 numbered viewing spots. A random set of 30 numbers from 1-52
was generated and a total of 60 images were obtained for each bacterial strain at each time
point. The images were uploaded into ImageJ® and bacterial counts were obtained0.

In vitro biofilm assay of PAO1 on Unmodified and Charge Modified
Surfaces*1—PAO1 bacterial cultures were diluted 1:1000 fold in M63 media®l. One
milliliter of this bacterial suspension was aliquoted into unmodified, positively and
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negatively charged wells of a 24-well cell culture plate. The plates were covered with a
diffusion membrane (Diversified Biotech, Dedham, MA) and incubated at 30°C for 48
hours. After 48 hours, the plates were washed, dried overnight and stained with 0.1% crystal
violet in 12% ethanol for 10 minutes. The crystal violet was then solubilized in 33% glacial
acetic acid and the absorbance at 595 nm measured using a SynergyHT Multi-Detection
microplate reader (Bio-Tec Instruments, Inc, Winooski, VT, USA).

In Vivo Studies

Animal Design and Rationale—Twenty-four six week old, male Sprague Dawley rats
were obtained from Harlan Laboratories (Indianapolis, IN). Rats were chosen as a model
because of the thickness of their dorsal calvarium, which measures 0.71 + 0.03 mm#2,
allowing for stable implantation of the screw and retention of the implant. The animals
weighed 164 g + 10 g. Eight animals were designated into three groups and received an
unmodified, positively or negatively modified implant. Upon implantation, 3.8 x 108
bacteria in 10 microliters were spotted onto each implant surface to establish an infection.
This study was approved by the Washington University Animal Studies Committee.

Bacteria Preparation for Implant Infection—PAOL1 bacterial cultures were diluted
1:1000 in M63 minimal media*!. One hundred microliters of this prepared bacterial
suspension was aliquoted into wells of a 96-well plate (Corning® 96 well clear flat bottom
polyvinyl chloride 96 well plate, Corning Incorporated, Corning, NY). The plate was
covered with a diffusion membrane and incubated at 30°C for 48 hours. Following
incubation, the biofilms were serially diluted in PBS and plated on LB-agar to determine
CFUs. The bacteria were diluted 1:100 fold in PBS and spotted onto the implant surface
during sterile surgical implantation of titanium implants.

Preparation of Surface Modified Titanium Implants—Sterile titanium screws
measuring 1/16 inch (Antrin Miniature Specialties Inc., Fallbrook, CA) were charge
modified using the LbL assembly method. A total of six polyelectrolyte bilayers were
assembled. To confirm charge, negatively charged Alexafluor® 350 hydrazide sodium salt
dissolved in 200mM NaCl to a final concentration of 1mM (Molecular Proves, Eugene, OR,
USA) was bound to unmodified, positively modified and negatively modified screws
followed by rinsing with water. The screws were imaged on a Leica optical microscope
(DM4000M) (Leica Camera, Wetzlar, Germany) using a filter with excitation range 340-380
nm and emission wavelength of 425 nm.

In vivo Implantation—Following induction and maintenance of anesthesia by continuous
0.5-4% isoflurane administration, hair was removed from the dorsal scalp and 70% ethanol
was applied followed by application of a povidone-iodine topical solution (Betadine Purdue
Products, Stamford, CT, USA) at the surgical site. A 7.5 mm vertical incision was made in
the scalp between the ears and a flap was raised on either side of the incision to expose the
periosteum. The periosteum was excised and a hole was made anterolateral to the confluence
of the transverse and superior sagittal sinuses using a Healthco Dental Engine drill
(Healthco, Inc, Model NCL-35SH/H, Tualatin, OR) fitted with a 1.18 mm diamond burr (SS
White, Lakewood, NJ). A sterile titanium screw (unmodified, positively or negatively
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modified) was then screwed into the hole. Ten microliters containing 3.8 x 108 CFUs of
PAOL1 in sterile PBS was spotted onto the surface of the implant. The bacteria were allowed
to adhere for 1 minute and then the wound was closed. Two weeks following implantation,
the rats were euthanized, the implants were recovered, and the tissue overlying the implants
was harvested and homogenized in 1ml of sterile PBS using a Virtis 278077 Cyclone
Virtishear Tissue Homogenizer Mixer (Virtis, Chicago, IL). The homogenized sample was
serially diluted, plated onto LB agar plates, incubated at 37°C for 18 hours and CFUs were
determined.

Statistics—For the /in vitro cell counts, means were calculated and analysis of variance
(ANOVA) was completed in Excel for significance and variation among means. The analysis
of persistent bacteria (CFUSs) in the /n vivo study was performed using the Wilcoxon rank
sum test to compare the unmodified and charge modified groups (MATLAB, Mathworks,
Natick, MA, USA).

Surface Charge Modification of 24 Well Plates and Titanium Screws

To study the effect of surface charge modification on bacterial adherence and biofilm
formation, a layer-by-layer assembly method was used to modify the surface charge of
polystyrene plates and titanium screws (see Materials/Methods). Successful charge
modification of the polystyrene plate surface was confirmed using a gold nanorod (AuNR)
assay where only a positively modified surface binds negatively charged AuNRs (Figure
1A). Successful charge modification of the titanium screws was confirmed by immersing the
modified screws into a solution of negatively charged Alexafluor® 350 hydrazide sodium
salt. Increased binding was observed on a positive surface (Figure 1C) compared to a non-
modified screw (Figure 1B) or a negatively charged screw (Figure 1D).

Adhesion on Charge Modified Surfaces

We began our in vitro studies by investigating adhesion of the wild type P aeruginosa strains
PAO1 and PA14 to charge modified polystyrene plates. As previously observed, each strain
exhibited increased adhesion over time on an unmodified surface (Figure 2). Both positive
and negative charge modification resulted in decreased adherence of both PAO1 and PA14
when compared to unmodified plates (p<0.005). Since £ aeruginosa is also an important
pathogen in otologic infections®37, we also tested adhesion of several otopathogenic strains
(OPPA) of P aeruginosa. Similar to PAO1 and PA14, charge modification of the plates
decreased adherence of these strains (p<0.005, Figure 2). We also compared biofilm
formation of PAO1 on unmodified versus charge-modified surfaces. Interestingly, PAO1
biofilm formation decreased significantly on a positively (66%, p<0.005) and negatively
charged surfaces (44%, p<0.005) (Figure 3).

In vivo Findings

Although our /n vitro results were promising, our ultimate goal was to develop an implant
modification that could be used clinically to decrease rates of infection. This is critical as
most studies examining the effects of modifying implants have only been tested /n
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vitro?943-45_Our jn vivo model consists of implanting a titanium screw into the skull of rats
in the presence or absence of 2 aeruginosa (see Materials/Methods). All animals survived
the implantation and infection without antibiotics and no special care was required. When
bacteria were added to the surgical site in the absence of a screw, the infection was cleared
indicating that the implant was required for persistent infection. Rat skulls implanted with a
screw in the absence of bacteria remained uninfected for the course of the experiment. In
contrast, unmodified screws implanted in the presence of P aeruginosa exhibited noticeable
clinical signs of persistent infection two weeks later, including inflammatory changes and
the formation of granulation tissue overlying the screw head (Figure 4A). In addition, a
significant number of bacteria could be recovered from the tissue overlying the screw
(Figure 5). In contrast, we saw a dramatic effect when using charge-modified screws (Figure
4B-C). In those cases, we observed only a translucent, thin layer of tissue overlying the
implant consistent with the absence of a persistent infection. In fact, there was a dramatic
decrease in the number of bacteria recovered (colony forming units) from the charge-
modified groups (Figure 5). Although there was some variability in the distribution of
bacteria recovered from the unmodified screws, there was a clear statistical difference in the
mean (median) number of bacteria recovered from the unmodified [630 CFU/mg (469
CFU/mg) tissue] versus the negative charged and positive charged groups [45 CFU/mg (32
CFU/mg) tissue and 139 CFU/mg (31 CFU/mg), respectively] (p=0.026, one-tailed
Wilcoxon rank sum test). Thus, our /in vivo results recapitulated our /n vitro results showing
a dramatic effect of charge modification on adherence, biofilm formation and persistence
during an infection.

Discussion

Persistent implant related infections are a challenge to medicine and result in increased
healthcare costs and patient morbidity and mortality. Thus, designing an implant
modification that can decrease the incidence and prevalence of implant related infections is
crucial. Using a surface charge modified representative biomedical implant, we observed a
decrease in the number of adherent wild type £ aeruginosa for strains PAO1 and PA14. We
extended these observations by demonstrating decreased biofilm formation of PAOL on a
charge-modified surface. In addition, we showed lowered numbers of bacteria could be
recovered from charge modified screws two weeks after implant infection in a rat model.
From these results, we conclude that positive and negative surface charge modifications may
lower the risk of implant infection by P aeruginosa.

In the past year, there have been a number of reports on the effect of various surface
modifications on bacterial adhesion, although the results varied. For example, Zhu et a/
tested surfaces modified with poly(acrylic acid) and poly-(diallyldimethylammonium
chloride)*3 and found that neutral and negatively charged surfaces decreased Gram-negative
bacterial adhesion, possibly due to the negative potential of the bacterial cell wall. Likewise,
Gottenbos and colleagues observed that 2 aeruginosa exhibited decreased adhesion to a
negatively charged surface, however these authors also observed exponential growth of
bacteria on these surfaces28. In contrast, Frueh et a/reported contradictory results that
polyelectrolyte multilayers resulted in decreased Gram negative adhesion on positively
modified surfaces rather than negatively charged surfaces**. Similarly, Rzhepishevska and
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colleagues demonstrated that 2 aeruginosa can sometimes adapt its cell surface to better
attach to negatively charged surfaces®®. As a result, there is little agreement in the literature
for the effect of negative and positive charge modification on Gram-negative bacterial
adhesion.

Although variable results have been reported, this may be due to the specific chemicals used
to achieve the charge modifications. Our method using PAH and PSS consistently reduced
adhesion and biofilm formation in vitro. Moreover, in contrast to the above studies, ours is
the first to report an effect /n vivo. As the ultimate goal of these experiments is to achieve an
in vivo effect on a modified medical implant, we believe our model is not only unique but
also promising. In addition, our approach provides a method to study the role of biofilm
infection on implants as infected rats in the absence of an implant were able to eliminate the
infection while the presence of an implant prevented its clearance.

Conclusion

We have demonstrated two types of surface charge modification result in decreased adhesion
and biofilm formation by five different strains of £ aeruginosa. Moreover, the effects
translated /n vivo, where charge modification decreased colonization of implants by 2
aeruginosa. These results exhibit promising biomedical applications as refinement of surface
modifications can be applied to biomedical implants and indwelling catheters. As more
bacteria are developing multidrug resistance8, the application of charged surfaces will
likely be a useful adjuvant to decrease recurrent biofilm related infections on implants.
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Figure 1. Charge modification of 24 well plates and titanium screws
24 well polystyrene plates and titanium microscrews were modified using the layer-by-layer

polyelectrolyte assembly method. To confirm a charge on plates, they were exposed to
negatively charged gold nanorods and examined by UV-vis spectrophotometry. To confirm a
charge on the titanium screws, they were exposed to negatively charged hydrazide salt,
which appears blue when bound. A) UV-vis absorption spectra of plates exposed to
negatively charged gold nanorods. Results for negatively charged plates are indicated by the
red line and positively charged plates by the blue line. The gold nanorods have an absorption
spectra with peak wavelength between 509-550 nm and will exhibit this on spectrometry. B)
An unmodified titanium screw treated with negatively charged hydrazide salt has a low
baseline level of binding. C) A positively charged titanium screw bound with negatively
charged hydrazide salt (blue) exhibits binding. D) A negatively charged titanium screw
treated with negatively charged hydrazide salt has a minimal level of binding.
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Figure 2. Adherence of P. aeruginosa strainsto unmodified and charge modified surfaces
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Wild type strains of Pseudomonas aeruginosa (PAO1 and PA14) and otopathogenic strains of
P, aeruginosa (OPPA 8, 13, 15) were bound to unmodified, positive and negative charge
modified plates. The plates were incubated for 30, 60, and 120 minutes, washed and the

bacteria were enumerated by microscopy (bacteria/hpf). P-values represent statistical

difference between unmodified and modified samples.
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Figure 3. PAOL1 biofilm formation on charge modified surfaces
Wild type P, aeruginosa strain PAO1 biofilms were developed on unmodified and charge

modified plates. Plates were incubated for 48 hours, washed, stained with crystal violet and
the absorbance at OD595 was measured. P-values comparing unmodified versus modified
plates were measured.
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Figure 4. Testing of charge modification on titanium screws during an infection in vivo
Rats were implanted with sterile unmodified or charge modified titanium screws. Prior to

closure, a drop of 2. aeruginosawas placed on top of the screw, the incision was closed, and
the animals were allowed to recover for two weeks. After euthanasia, the skin was removed
above the implant and photographs were taken. Photographs are shown for an infected
unmodified implant (A), a negatively charged implant (B) and a positively charged implant.
The results shown are representative of multiple animals done in three independent
experiments.
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Figure5. Distribution of bacteria recovered from unmodified and charge modified implants
following infection

Following 2 weeks of infection, the tissue overlying the screws was harvested, homogenized
in Luria Bertani broth, and plated onto LB-agar plates to allow enumeration of colony
forming units. Median colony forming units are depicted by the horizontal bar in within each
column and error bars indicated the standard deviation. The star around 1000 CFU/mg in the
positive group represents an outlier. The results shown are representative of multiple animals
done in three independent experiments.
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