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Abstract

The prevalence of cases of antibiotic resistant infections and the limited num-
ber of new antibiotics call for new strategies to prevent bacterial infections. In
this study, we evaluate the effectiveness of three different compositions of
bioactive glass, doped with silver as an antimicrobial agent for potential ap-
plications in preventing bacterial infections. The different glasses were for-
mulated to dissolve and release silver at different rates enabling their use in
different applications either individually or in combination to achieve a de-
sired effect. Silver oxide (Ag,O) was incorporated into various glass formula-
tions and antibacterial effectiveness was measured using radius of inhibition.
Each silver-doped glass effectively inhibited the growth of Escherichia coli,
Staphylococcus aureus and Pseudomonas aeruginosa with radius of inhibi-
tion correlating directly with the dissolution rate of the glass—the faster dis-
solving glass producing the larger radius of inhibition. Suspending particles
of the silver containing glass in phosphate buffered saline or fetal calf serum,
slowed the dissolution of each glass and extended the effectiveness of the sil-
ver containing glass over time (based on size of the radius of inhibition) com-
pared to water. Potential applications of the powdered glass formulations would
be to incorporate glasses with different properties into coatings or cosmetics.
To investigate the feasibility of these applications, the silver-glass powder was
incorporated into polycaprolactone polymer to determine the antibacterial
properties of the imbedded glass powder. Based on this investigation, the sil-
ver glass formulations reported herein have potential applications in the
medical device, dental, pharmaceutical and cosmetic industries.
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1. Introduction

One of the major concerns in medicine is the increasing number of antibiotic re-
sistant microorganisms [1]. A frequent source of infection by antibiotic resistant
microorganisms is the hospital [2] [3]. Such hospital-acquired infections (HAIs)
often arise after invasive procedures and insertion of in-dwelling medical devices
or simply from contact with contaminated hospital surfaces. More frequently,
these HAIs are caused by multi-drug resistant bacteria [4]. Therefore, it is desir-
able to prevent infections by preventing bacteria from establishing an infection
in the first place. In addition, we are seeing increased prevalence of community
acquired infections with multi-drug resistant bacteria, such as multi-drug resis-
tant Staphylococcus aureus (MRSA). One approach to prevent the spread of
multi-drug resistant organisms is to treat or assemble medical and household
devices with antimicrobial agents that prevent the colonization of microorgan-
isms and minimize the potential for infection [5] [6]. Silver is a powerful,
broad-spectrum antimicrobial agent that has been used extensively as a topical
treatment for burns [7], as an ingredient in dental amalgam [8] and in household
devices [9]. Despite concern for the potential toxicity of silver ions in the human
body, there is strong interest in the use of silver as a coating for in-dwelling medi-
cal devices as the benefits from using silver as an antimicrobial agent outweigh
potential risk [10]. Several studies have shown that treating catheters and pros-
thetic devices with silver is an effective means of reducing inflammation and in-
fection with minimal toxicity [6] [11] [12]. Typical treatment of medical devices
with silver involves coating the surface of the device with silver solutions. An al-
ternative approach is to incorporate silver containing glass particles directly into
the device during manufacture. A bioactive glass has the advantage of control-
ling the release rate of silver and minimizing the exposure of the patient to free
silver ions. Silver-releasing glasses could also be incorporated into wound dress-
ings, sutures and other topical medical treatments. The biocompatibility of a sil-
ver containing bioglass would also make it an ideal antimicrobial ingredient in
cosmetics and other skin treatments.

An exciting new development is the use of bioactive, borate-based glass in soft
tissue repair [13] [14] [15] which has led to approval by the United States Food
and Drug Administration (FDA) for use of one such product, Mirragen (ETS
Wound Care, Rolla, MO), in treatment of acute and chronic wounds. Recent
work in our laboratory has demonstrated the broad-spectrum antibacterial prop-
erties of borate-based glass doped with a variety of metals [16]. The following
project complements our previous work by investigating the incorporation silver
into glasses of different composition to alter the dissolution rate of the glass to
control the release of silver ions and to investigate their properties in different

environments and when incorporated into a polymer matrix.

2. Materials and Methods

Bacterial Strains. Three bacterial species commonly used as standards for an-
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timicrobial sensitivity testing were selected for this study. Escherichia coli (ATCC
25922), Pseudomonas aeruginosa (ATCC27853) and Staphylococcus aureus (ATCC
12228) were purchased from Difco Laboratories (Detroit, MI). All strains were
maintained on trypticase Soy Agar and grown in trypticase soy broth (Difco La-
boratories (Detroit, MI).

Zone of inhibition measurements. 100 microliters of an overnight culture of
each individual organism grown in trypticase soy broth (approximately 10® cfu/ml)
were spread on the surface of trypticase soy agar. The inoculated petri dishes
were incubated at 37°C for 24 hours and effectiveness was determined by mea-
suring the radius of inhibition surrounding the glass disk as measured from the
edge of the glass disk to the edge of the region of bacterial growth.

Glass composition. Formulations of glass with and without silver were de-
veloped for medical applications with varying dissolution rates (see Table 1 for
glass compositions). The formulations are informally categorized as fast (mi-
nutes), intermediate (hours) and slow releasing (days) glass. Each glass was pre-
pared as an intact melt, ground and sifted to obtain particle sized in the range of
45 to 75 microns.

Application of glass particles to agar surfaces. In order to apply the glass to
the surface of agar plates in a consistent size and quantity, 50 mg of ground glass
(particle size of <45 micrometer) was suspended in 1 mL water, phosphate-buffered
saline or fetal calf serum and 200 microliters (10 mg glass) was collected in a 5
mm diameter filter (wizard spin column, Promega, Corp. WI) by centrifugation
at 15,000 xg for 5 minutes. The compressed glass powder remained together as a
unit and was applied to the surface of the agar plates as a disk. For time of expo-
sure studies, glass particles remained suspended in either water, phosphate buf-
fered saline (PBS) or Fetal Calf Serum (FCS) and aliquots were removed at spe-
cific time points, collected on a filter and applied to the surface of the agar plate.

Incorporation of silver glass in polycaprolactone (PCL) polymer. Silver
glass (B-5 with 1% AgNO:s) and silver nitrate was added to liquid PCL solution
and allowed to polymerize as a thin film. Small disks were cut out of the polyme-
rized film using a paper punch producing 5 mm disks for application to the agar

surface. Because of the time it takes for the PCL to polymerize, the glass particles

Table 1. Composition of borate-based bioactive glasses tested.

Percent Weight
Compound
B5 B5 Ag B8 B8 Ag B13 B13 Ag
B2Os 89% 88% 44.5% 43.5% 8% 83%
Na;O - - 5% 5% - -
Li,O 11% 11% 6.5% 6.5% 11% 11%
ALOs - - - - 5% 5%
SiO2 - - 44% 44% - -
Ag,0 - 1% - 1% - 1%
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settled toward the bottom of the film producing a rough textured surface where
the particles settled and a smooth textured surface on the top of the film. Expo-

sure to both surfaces was tested.

3. Results

Silver-doped, borate-based bioactive glasses kill diverse bacteria. The use
of borate-based bioactive glasses as an alternative to silicate-based bioactive
glasses are of interest in medical applications due to their increased degradation
rate and applications in soft tissue repair [17] [18]. Since borate bioactive glasses
have a less well-established history than silicate bioactive glasses, there is still
much to learn about their benefits and mechanisms in biological applications
[19]. One benefit of borate bioactive glasses is that their reaction rate can be eas-
ily altered by the boron content of the glass [2]. Easily changing the reaction rate
of the glass is beneficial, as this allows for the surface-reactivity of the glass to be
tailored to its specific use on a case-by-case basis. For this study we have selected
three silver-releasing glass formulations containing 1% silver oxide, by weight
(Table 1) based on their relative silver release rate. Glass B-5 dissolves and re-
leases silver at the highest rate. Glass B-13 dissolves and releases silver at an in-
termediate rate and glass B-8 dissolves and releases silver at the slowest rate
(Razvan Stefan, unpublished).

Each silver/glass formulation was assayed for effectiveness at inhibiting the
growth of Escherichia coli, Staphylococcus epidermidis and Pseudomonas aeru-
ginosa. Using standard zone of inhibition assays on trypticase soy agar plates the
relative effectiveness of each formulation at inhibiting the growth of each of the
three test organisms was determined. Radius of inhibition test data showed that
the B-5 (fast) and B-13 (intermediate) glasses are very effective inhibitors of
bacterial growth (Figure 1). The radius of inhibition was largest for the faster
dissolving glasses (B-5 and B-13) but the radius of inhibition for the fastest dis-
solving glass (B-5) was not significantly larger than the intermediate dissolving
glass (B-13). We attribute this to the mobility of the silver ions relative to the rate
of growth of the bacteria resulting in a maximum size zone of inhibition. The
B-8 glass dissolved slowest and produced zones of inhibition of bacterial growth
much smaller than the other glasses. The small zone of inhibition produced by
the B-8 glass compared to the other glass formulations is most likely due to the
bacteria growing to saturation before the released silver reached a high enough
concentration to kill the bacteria.

Borate-based bioactive glass alone has significant antibacterial properties.
To determine the contribution of silver to the zone of inhibition, we compared
the zones of inhibition for the control glass, without silver (Figure 2). For each
glass formulation, the control glass demonstrated inhibition of bacterial growth
but the zones were smaller than the zones created by the silver-doped glass.

Silver-doped borate bioactive glass loses effectiveness over time when
suspended in deionized water. B-13 (intermediate) was the only glass that

produces a measurable zone of inhibition and dissolved slowly enough to be
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Figure 1. Silver containing glasses inhibit growth of Escherichia coli, Pseudomonas aeru-
ginosa and Staphylococcus aureus. (a) Representative agar plates demonstrating zone of
inhibition assays with each organism and each glass composition; (b) Measurement of the
radius of the zone of inhibition for each glass against E. coli. Each bar represents a mini-
mum of 3 independent assays.

tested at long time intervals. B-13 suspended in water for several hours remained
effective at killing bacteria using our assay system. However, the size of the zone
of inhibition decreases over time as the glass particles lose mass and therefore
the amount of silver available to be released (Figure 3).

Phosphate-buffered saline (PBS) slows glass dissolution. Investigations of
silver release in suspension showed that phosphate-buffered saline (PBS) slowed
the release of silver and the rate at which the glass dissolved and lost mass (data
not shown). Therefore, we tested using PBS for suspending the B-13 glass powder.
PBS slowed the release of silver from the glass samples, resulting in slightly
smaller zones of inhibition. However, the glass retained the ability to inhibit
bacterial growth after longer periods of time in suspension (Figure 4(a)). To
further simulate interaction with complex bodily fluids we suspended B-13 glass

powder in fetal calf serum (FCS) and measured the impact on the size of
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Figure 3. Silver-doped borate bioactive glass loses effectiveness over time in water.
Four-hour time-course comparing the effectiveness of B-13 silver-glass over time when
suspended in water. Data for E. coli is shown. Similar results were observed for P. aeru-
ginosa and S. aureus. Each bar represents a minimum of 3 independent assays.

the zone of inhibition over time. As with suspension in PBS, suspension in FCS
resulted in a reduction in the size of the zone of inhibition but the glass retained
the ability to inhibit bacterial growth after longer periods of time in suspension
(Figure 4(b)).

Silver-doped bioactive glass incorporated into polycaprolactone (PCL)
inhibits bacterial growth. One potential application of antimicrobial sil-
ver-glass is to incorporate the silver-glass powder into other materials. There-
fore, we tested the ability of a PCL polymer laced with silver-glass to inhibit the
growth of our three test organisms (Figure 5). For these studies, the faster
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Figure 4. In phosphate-buffered saline and fetal calf serum, silver-doped bioactive glass
retains effectiveness over time. Four-hour time-course comparing the effectiveness of B-13
silver-glass over time when suspended in phosphate buffered saline (PBS) (a) or fetal
calf serum (FCS) (b). Data for E. coli is shown. Similar results were observed for P. ae-
ruginosaand S. aureus. Each bar represents a minimum of 3 independent assays.
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dissolving B-5 glass was used to ensure sufficient release of silver ions during the
course of the experiment. Inhibition of growth for all three test-organisms was
demonstrated using PCL containing silver containing glass as well as polymer
containing silver alone whereas polymer containing non-silver containing glass
produced no zone of inhibition. Silver ion alone was effective at concentrations
as low as 5% whereas for silver-doped B-5 it was as low as 4%. While the PCL
containing 4% silver-doped B-5 produced a smaller zone of inhibition, the
amount of silver present in the polymer containing 4% silver-doped B-5 (1%
AgNOs;) would only contain approximately 0.04% silver. Therefore, PCL poly-
mer was shown to be an effective delivery agent for silver alone and for sil-

ver-doped glass as an antimicrobial agent.

4. Discussions

The radius of inhibition assay used in this study is a simple, yet effective means
of comparing the relative antimicrobial activities of various silver/glass formu-
lations. As shown in Figure 1, all three glass formulations effectively release
silver ions resulting in clear zones of inhibition. The silver-doped glass is clearly
most effective against the Gram-positive S. aureus and less effective against the
Gram-negative E. coli and P. aeruginosa. Although the difference in zone of in-
hibition between the intermediate-dissolving B-13 and the fast-dissolving B-5
was not significant, that can be attributed to the limitations of the assay. The size
of the zone of inhibition is dependent upon diffusion rate of the silver through
the medium, growth rate of the bacteria and the initial concentration of bacteria.
Therefore, we are only measuring a fixed point in time in which the silver has
diffused to a sufficient concentration to kill the bacteria before the bacteria have
reached a sufficient density to be visualized as growth on the surface of the agar
plate. This can be seen in the greater variability in the zone of inhibition size for
B-5 glass. We interpret this to be a result of the silver being released so fast that
it quickly diffuses to a concentration that is less effective at inhibiting bacterial
growth. In addition, the B-5 glass dissolves so quickly that the total mass col-
lected with the filter is somewhat variable depending on how quickly the glass
suspension is filtered. This can also be observed as the compressed disc of glass
becomes unstable. This variability in obtaining consistent zones of inhibition
with the B-5 glass led us to use B-13 glass for investigating the various environ-
mental parameters affecting the behavior of the silver-doped glasses and for
comparing the continued effectiveness of silver-doped glass after exposure to
various solutions.

It is also well-known that borate itself is an effective antimicrobial agent and is
used as a preservative in various liquids used as topical agents, e.g. eye drops
[20]. Figure 2 shows that the borate glass itself (B-5) is an effective antimicrobial
agent, producing a zone of inhibition with all three organisms. However, the ad-
dition of silver ions to the B-5 glass extends the size of the zone of inhibition for
all three organisms. This is consistent with our previous studies which showed

similar results and the addition of metal ions enhanced the broad-spectrum anti-
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bacterial properties of the glass.

When used in medical and personal use products, glass will be interacting
with body fluids. Initial studies of the glass formulations used in the study
showed that each glass dissolved more slowly and released silver over an ex-
tended period of time when exposed to phosphate containing solutions (Razvan
Stefan, unpublished). Therefore, we tested the behavior of the glass formulations
in phosphate buffered saline (PBS) as well as fetal calf serum (FCS) (to simulate
interaction with bodily fluids). As seen in Figure 4, suspending the glass powder
in either PBS or FCS results in slightly smaller zones of inhibition but when
measured after remaining in suspension for several hours the zone of inhibition
did not decline as quickly as when suspended in water (Figure 3). When using
bioactive glass in medical or consumer devices it is anticipated that the antimi-
crobial material will be released continuously and diffuse away from the device
location. This means that it would be desirable to have a dynamic system in
which the silver or other antimicrobial metal is released slowly over an extended
period of time. These results demonstrate that it would be possible to achieve
this desired effect by using a combination of glasses dissolving at different rates
when they interact with bodily fluids. For example, in the case of a medical de-
vice, biofilm formation can be inhibited by the localized, controlled release of
antimicrobial compounds on the surface of the device. Bioactive glass provides
the ideal delivery system for such localized, controlled release. A similar effect
can be achieved by incorporating the glass powder into polymer material. Figure
5 shows that it is possible to imbed silver-doped borate bioactive glass into a po-
lymer such as polycaprolactone and achieve antibacterial properties. Demon-
strating that it would be possible to create polymers imbedded with multiple
glass formulations, each dissolving at a different rate, creating a material with
long-lasting antimicrobial properties.

Our research demonstrates the potential use of bioactive silver doped borate
glasses as effective antimicrobial additives for medical as well as general con-
sumer products. Previous work from our laboratory demonstrated that one spe-
cific borate bioactive glass formulation doped with various silver, iodine, or gal-
lium had broad-spectrum antibacterial properties [16]. The attractiveness of us-
ing borate based bioactive glass is the greater dissolution rate relative to sili-
cate-based glass formulations. In addition, this dissolution rate can be readily
manipulated by varying the concentration of various ions in the glass melt. The
B-3 glass used in our previous work has been of great interest for its applications
in soft tissue repair and regeneration [15]. Another attractive feature of the met-
al ion doped borate bioactive glass is that, as the bioactive glass dissolves, silver
(and or other ions) is released to the surrounding medium where it inhibits the
growth of diverse bacteria.

Taking advantage of the ability to manipulate the behavior of borate bioactive
glass, it is possible to develop new formulations for the use of metal ion doped
glass for a variety of applications. In medical devices, it can be attractive to con-

trol the release rate of silver (or other metal ions) and minimize exposure of the
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patient to free metal ions. Slow dissolving glasses could be incorporated into
indwelling medical devices, wound dressings, sutures and other topical medical
treatments which might benefit from the slow release of metal ions. Non-medical
applications would benefit from a combination of glasses that dissolve at differ-
ent rates to extend the antimicrobial properties of the material. For example the
biocompatibility of bioactive borate glasses and silver would make an ideal an-
timicrobial ingredient in cosmetics and other skin treatments. Incorporating a
combination of fast, intermediate, and slow dissolving glasses into these treat-
ments could allow for rapid release of the antimicrobial metal on initial contact
as the fast-dissolving glass reacts first. The intermediate and slow dissolving
glasses would continue to release antimicrobial metals over a longer period of

time, extending the usefulness of the treatment.
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