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Abstract

Biofilm-related infections of bones pose a significant therapeutic issue. In this article we
present in vitro results of the efficacy of gentamicin released from a collagen sponge carrier
against Staphylococcus aureus, Pseudomonas aeruginosa and Klebsiella pneumoniae bio-
films preformed on hydroxyapatite surface. The results indicate that high local concentra-
tions of gentamicin released from a sponge eradicate the biofilm formed not only by
gentamicin-sensitive strains but, to some extent, also by those that display a resistance pat-
tern in routine diagnostics. The data presented in this paper is of high clinical translational
value and may find application in the treatment of bone infections.

Introduction

It is believed that 60-80% of nosocomial infections are caused by biofilm pathogens. There-
fore, detection and treatment of pathogenic biofilm is among the most significant healthcare
issues [1]. The extracellular matrix of biofilm contributes to its high tolerance to the host’s
defense mechanisms, antibiotics and antiseptics [2,3]. Chronic infections of wounds and
bones are also caused by biofilms [4-6]. The Gram-positive coccus, referred to as the Staphylo-
coccus aureus, is considered the most ubiquitous etiological factor of such infections regardless
its origin (nosocomial or community-acquired type). In turn, Gram-negative bacteria (Pseudo-
monas aeruginosa and Enterobacteriacae family members) occur more frequently in hospital-
acquired infections [7-9]. Treatment of bone infections is a significant diagnostic and thera-
peutic problem. The specific anatomical structure of bone considerably limits the efficacy of
antimicrobial measures and hinders the immune response [10-12]. Also, microbiological
examination of bones is difficult due to problems with obtaining the appropriate diagnostic
material. As regards treatment procedures, antibiotic therapy may raise some objections
mostly because high doses of active agents (above the Minimum Inhibitory Concentration,
MIC), required to be delivered to the infection site, may cause systemic toxicity [13]. Implants
saturated with gentamicin represent an important exception to the above rule. Numerous data
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indicate that the high concentration of gentamicin released locally from the implant does not
contribute to the high systemic concentration of this antibiotic [12,14,15]. Gentamicin belongs
to a class of antibiotics referred to as aminoglycosides, which are still commonly used to treat
severe infections, especially in combination therapy. According to EARSS (European Antimi-
crobial Resistance Surveillance System) data from 2015 [16], resistance against aminoglyco-
sides among Gram-negative rods P.aeruginosa and E.coli is still relatively low (30% and 11%,
respectively). However, an upward trend is currently observed. Other Gram-negative rods,
such as K.pneumoniae and Acinetobacter baumannii, display higher resistance frequencies
(59% and 70%, respectively). Aminoglycosides have such functional advantages as rapid bacte-
ricidal effect [1-2h], post-antibiotic effect [PAE], inoculum-independent activity, synergy with
beta-lactam and glycopeptide antibiotics as well as easy dosing (one dose/day) [17]. On the
other hand, there exist numerous microbial resistance patterns to aminoglycosides including
enzymatic, receptor and transport mechanisms [17,18,19, 20]. Moreover, a systemic applica-
tion of gentamicin in bone infection treatment is limited due to a low penetration ratio. There-
fore, a number of approaches has been developed to increase this functional parameter. The
most prominent of them include introduction of gentamicin with such natural carriers as albu-
mins, collagens, chitosans, hyaluronic acids or with such synthetic carriers as polylactic acids,
glycols, phosphates and hydroxyethylocellulose. All these approaches are designed to increase
the antibiotic penetration through the biofilm and to allow a gradual release of the antimicro-
bial [21]. Clinical data suggest that the following are the indications for the application of gen-
tamicin sponge: osteomyelitis and other bone infections, prophylaxis during procedures at
risk of infection (implantations, bone grafts, surgical procedures at infection sites), proctologic
surgery and cardiac surgery including bridge infections [22]. Purified I and III type collagen
(from bovine tendons) is used in the gentamicin sponge [23, 24]. This natural polymer displays
both low allergenicity and is biodegradable. Thus, as a carrier for gentamicin, a collagen
sponge may be considered a fully biocompatible product. The biodegradation of the carrier
eliminates the need of another surgery, accelerates wound healing and provides gradual and
systematic gentamicin release [12,15]. It was previously demonstrated that gentamicin is
released completely from the carrier during the first 60 min after implantation [12]. The
obtained concentrations exceeded the established MIC and reached the value of 1000mg/L.
During the next 4-5 days after implantation, the antibiotic concentration was at the level of
300-400mg/L [25]. However, in the serum, the measured gentamicin concentration was very
low (below or equal to 2mg/L), which reduces the risk of systemic adverse effects, such as
neuro- or nephrotoxicity) [12,15, 26]. Very high local concentration of the antibiotic suggests
that also microorganisms of reduced sensitivity to gentamicin could be eradicated [18,19,20].
Therefore, the aim of this research was to evaluate the in vitro efficacy of high doses of genta-
micin delivered locally via collagen sponge against bone pathogens.

Materials and Methods
Strains

45 bacterial strains from Strains’ Collection of Pharmaceutical Microbiology and Parasitology
Department of Medical University of Wroclaw were used in this study. These strains were
Gram-positive cocci: S.aureus (n = 14, isolated from sternal osteomyelitis and diabetic foot
infections); and Gram-negative rods: P.aeruginosa (n = 14, isolated from sternal osteomyelitis
and chronic leg ulcers) and K.pneumoniae (n = 17, isolated from deep chronic leg ulcers). The
above-mentioned microorganisms were isolated from bone and wound infections from
patients hospitalized in Wroclaw, Kolobrzeg and Krapkowice in the years 1994-2015.
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Gentamicin used for experiments: the following forms of antibiotic were used in the
experiments:

1. gentamicin sulfate (Sigma Aldrich, Germany) consisting of 660ug of antibiotic/1000mg of
product)

2. E-test strips (bioMerieux, Poland) with antibiotic concentration gradient of 0.016-256mg/L

3. the 10x10x0.5 cm Garamycin Sponge (EUSA Pharma, Poland) consisting of 1.3mg/cm? of
purified type I and III (95%, 5%, respectively) collagen isolated from bovine tendons and
saturated with 2.8mg/cm? of gentamicin sulphate.

Hydroxyapatite discs

Commercially available HA powder was used for custom disc manufacturing. Powder pellets
of 9.6mm diameter were pressed without a binder. Sintering was performed at 900°C. The
resulting tablets were compressed using the Universal Testing System for static tensile, com-
pression, and bending tests (Instron model 3384; Instron, Norwood, MA). The quality of the
manufactured HA discs was checked by confocal microscopy and micro-computed tomogra-
phy (microCT) using a LEXT OLS4000 microscope (Olympus, Center Valley, PA) and Metro-
tom 1500 microtomograph (Carl Zeiss, Oberkochen, Germany).

Antibiotic sensitivity testing

Kirky-Bauer method (standard disc diffusion testing) was performed to estimate the sensitivity
of the analyzed microbes towards clinically used antibiotics according to EUCAST binding
guidelines (www.eucast.org).

E-test method

The Minimal Inhibitory Concentration of gentamicin against the tested microorganisms was
analyzed using routine E-test method. Strips (bioMerieux, Poland) saturated with antibiotic
gradient were placed on a Mueller-Hinton agar plate containing a pathogen culture. The inhi-
bition of microbial growth at specific antibiotic concentration was assessed according to bind-
ing EUCAST guidelines. Resistance [R] and sensitivity [S] were established using the following
breakpoints for P.aeruginosa: S<4mg/L, R>4mg/L, for S.aureus S<1mg/L, R>1mg/L and for
K.pneumoniae S<2mg/L, I: 2-4mg/L, R>4).

Serial microdilution method

This technique, performed in a 96-well plate, was applied to compare the sensitivity of plank-
tonic (Minimal Inhibitory Concentration, MIC) and biofilm forms of bacteria (Minimal Bio-
film Eradication Concentration, MBEC) to gentamicin. Briefly, in the case of planktonic
assessment, the strains were cultured into an appropriate liquid medium and incubated at
37°C for 24 hours. Next, optical density (expressed in McFarland scale) was measured using a
densitometer (Biomerieux, Poland). The culture was diluted in the medium to 1x10° cells/ml).
Subsequently, the antibiotic solutions in concentration of 500mg/L -1mg/L were transferred to
the adjacent wells of a 96-well polystyrene plate. Next, 100uL of bacterial suspension was
added to each well. The plate was incubated for 24h/37°C. Afterwards, 2uL of 1% triphenylte-
trazolium chloride (TTC, Sigma-Aldrich) was added to the wells. Reduction of colorless TTC
to red formazan confirmed the presence of metabolically active microorganisms in the plate’s
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well. The first colorless well of the plate showed antibiotic MIC. As regards biofilm measure-
ment, the experiment was performed analogically, the difference being that a strain culture
was first allowed to form biofilm on the bottom of a well’s plate for 24 hours and then the
medium containing various concentrations of the antibiotic was added. All of the procedures
were performed in triplicates.

Confirmation of biofilm formation on HA disc by Scanning Electron
Microscopy

Sterile HA discs were placed into the wells of a 24-well plate. Next, 2mL of 1x10° cells/ml of a
particular pathogen was introduced into this setting and left for 24h/37°C. After incubation,
the surface of the HA discs was gently rinsed using physiological saline solution to remove
non-adherent organisms and to leave the biofilm structure only. Subsequently, the discs were
fixed using 3% glutarate (Poch, Poland) for 15 minutes at room temperature. The samples
were rinsed twice with a phosphate buffer (Sigma-Aldrich Poland, Poznan, Poland) to remove
the fixative. Dehydration in increasing concentrations of ethanol (25%, 50%, 60%, 70%, 80%,
90%, and 100%) was performed for 10 minutes per solution. The ethanol was then rinsed off,
and the samples were dried at room temperature. Next, the samples were covered with gold
and palladium (60:40; sputter current, 40 mA; sputter time, 50 seconds) using a Quorum
machine (Quorum International, Fort Worth, TX) and examined under a Zeiss EVO MA25
scanning electron microscope (SEM) (Carl Zeiss, Oberkochen, Germany). The analyzed
strains had to meet all of the following criteria to be considered as “biofilm-forming strains™:
adhesion to surface, i.e. positive observation of adhered cells; presence of multilayer structure
[at least several dozens of cell layers seen in at least 10 fields of observation]. The survival of
preformed biofilm on HA discs: the gentamicin sponge was cut aseptically into 10mmx10mm
pieces which were placed over HA discs with preformed biofilm on them. The whole setting
was immersed in 2mL of the appropriate liquid medium. The following contact times were
applied: 8, 24 and 48h. The whole setting was incubated at 37°C. Afterwards, the sponges were
removed and the biofilm was subjected to quantitative culture plating: the discs were rinsed
with saline and transferred to 1ml of 0.5% saponine (Sigma-Aldrich, Germany) and subjected
to intense vortex shaking for 1min to detach the biofilm. Next, serial dilutions were performed
and 100uL of each dilution was cultured on the appropriate agar plate and incubated at 37°C/
24h. After 24 hours of incubation, the colonies were counted. The number of surviving cells
was compared to the number of cells from the control samples, i.e. to biofilm-forming cells,
grown on the HA surface but not incubated in the presence of the gentamicin sponge. The fol-
lowing, additional control setting was used to determine whether the type of surface (HA vs.
polystyrene) has an impact on biofilm growth and its sensitivity to gentamicin. In the control
setting, the HA discs were analogically introduced to 2mL of 1x10° cfu of the tested pathogen
in a 24-well plate and incubated for 24h/37°C. Subsequently, the discs were rinsed with saline
to remove non-adhered or loosely bound bacteria. Next, the discs were introduced to gentami-
cin concentrations twice as high and twice lower than the MIC evaluated as described in sec-
tions” Antibiotic Sensitivity Testing” and “Serial Microdilution Method Performed in a 96-well
Plate” of this manuscript). Subsequent procedures were performed analogically to the ones
described earlier in this section. All the experiments were performed in triplicates.

Statistical analysis

Calculations were performed using the GraphPad Prism version 7 software. Normality distri-
bution was calculated by means of D’ Agostino-Pearson omnibus test. Because all values were
non-normally distributed, the Mann-Whitney (rank sum) and Kruskal-Wallis test were
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applied. The results of statistical analyses were considered significant if they produced p-
values < 0.05.

Results and discussion

Planktonic forms of the analyzed strains displayed diversified sensitivity to gentamicin. 85%,
71% and 41% of S.aureus, P.aeruginosa and K.pneumoniae strains, respectively, showed resis-
tance to gentamicin using the standard E-test method. The results of microdilution method of
antibiotic sensitivity estimation (also routinely used in microbiological diagnostics) were fully
coherent with the E-test results in the case of S.aureus and P.aeruginosa but not for K. pneumo-
niae strains. In the case of this pathogen, 76% of the strains were considered resistant to genta-
micin according to EUCAST guidelines. Next, the sensitivity of planktonic and biofilm forms
(preformed on a polystyrene well of a 96-well plate) toward gentamicin was analyzed. When
the S.aureus and P.aeruginosa strains were allowed to form biofilm, their tolerance to the anti-
biotic grew significantly in comparison to their planktonic counterparts (K-W test, p<0.05).
In the case of Klebsiella pneumoniae, an analogical trend was visible, which was however statis-
tically insignificant due to high standard deviations obtained [Fig 1].

Part of the microbes analyzed in this experiment displayed various resistance mechanisms
(see Section 2.4.1 of this manuscript), which does not allow clinical application of the entire
group of beta-lactam antibiotics. These mechanisms are: methicillin-resistance (MRSA) for
S.aureus; Klebsiella Pneumoniae Carbapenemase (KPC) and New Delhi Metallo-Beta-Lacta-
mase (NDM-1) for Klebsiella pneumoniae and Metallo-Beta-Lactamase (MBL) for P.aerugi-
nosa. With regard to gentamicin, MIC and MBEC of MRSA strains were 2 and 64ug/mL,
respectively. Both NDM K.pneumoniae and MBL+ P.aeruginosa were resistant to gentamicin
not only in biofilm but also in their planktonic forms. MIC and MBEC of KPC+ strains was 4
and 12, respectively, and these values place both forms of the strain in the resistant category
according to EUCAST binding rules.

222

Fig 1. Minimal Inhibitory Concentration [MIC] and Minimal Biofilm Eradication Concentration [MBEC] of gentamicin towards
planktonic [P] and biofilm-forming [B] cells of P.aeruginosa [P.a], S.aureus [S.a.], K.pneumoniae [K.p.]. Asterisks show statistical
significance [K-W test, p<0.05] between results obtained for P vs. B of particular microbial species.

https://doi.org/10.1371/journal.pone.0217769.g001
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Fig 2. P.aeruginosa biofilm formed on HA surface. Upper part of picture-multilayer form of mature P.aeruginosa
biofilm [Magn.2500x]; lower part of picture-P.aeruginosa biofilm-forming cells [Magn.20000x]. Zeiss Evo Ma SEM.

https://doi.org/10.1371/journal.pone.0217769.9002

As a prerequisite for the core experiment, the ability of the tested pathogens to form biofilm
on HA discs was investigated by means of Scanning Electron Microscopy. The strains were
considered able to form biofilm on HA if they adhered to this surface and if they formed
multi-layer structures. All of the strains subjected to the experimental procedures presented
later in this manuscript, met these demands. An exemplary picture of biofilm structure formed
on HA is presented in Fig 2.

Having proven the ability of the tested microbes to form biofilm, we have performed a com-
parison of MBEC of gentamicin against the biofilm preformed on HA vs. polystyrene in
24-well plates. The results showed that tolerance to gentamicin of the biofilm formed on these
two surfaces was comparable. Although a clear upward trend could be seen in the case of HA-
formed biofilm, it was statistically insignificant [K-W test, p<0.05] [Fig 3].

Next, the biofilm was incubated over various time periods (8,24,48h) in the presence of gen-
tamicin sponge. The biofilm of all the strains which were classified under the “sensitive”
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Fig 3. Comparison of Minimal Biofilm Eradication Concentration [MBEC] of gentamicin against biofilm formed on hydroxyapatite [HA]
or polystyrene [Poly] surfaces by P.aeruginosa [P.a], S.aureus [S.a.], K.pneumoniae [K.p.] in 24-well plates.

https://doi.org/10.1371/journal.pone.0217769.9003

category by means of the E-test method (see section 2.4.2. of this manuscript), was completely
eradicated when incubation with the sponge lasted for 24 and 48h. The same pattern was
observed for gentamicin-sensitive S.aureus and P.aeruginosa strains after 8 hours of contact
time with the gentamicin sponge. The K.pneumoniae was the exception again, i.e. the biofilm
formed by 2 of gentamicin-sensitive strains was not completely eradicated within 8 hours of
contact time.

In the case of resistant strains (resistance confirmed by E-test/microdilution method),
eradication was not achieved in all the experimental settings applied. The biofilm formed by 3
gentamicin-resistant P.aeruginosa strains was eradicated only after 48h exposure to the genta-
micin sponge. MBEC of these strains, measured using standard methods, was 128-256mg/L.
Moreover, one of P.aeruginosa strains (displaying MBL resistance mechanism) survived expo-
sure to the gentamicin sponge regardless of the time applied. It should be mentioned that the
number of biofilm-forming cells was significantly reduced in comparison to the control sam-
ple (M-W test, p<0.05) when exposure lasted for 48h. Also two staphylococcal biofilms were
able to survive exposure to the gentamicin sponge regardless the time of its application.
Another staphylococcal biofilm was eradicated only after 48 hours of exposure. However, a
reduction in its biofilm-forming cell number was observed also after 8 and 24 hours. In the
case of the latter exposure time, cell number reduction was not complete but statistically signif-
icant (M-W test, p<0.05). The number of biofilm forming cells of one staphylococcal strain
(for which the E-test method showed growth of cells in the presence of 256mg/L of gentami-
cin) was comparable to the number of biofilm-forming cells in the control sample regardless
the time of exposure to gentamicin.

It should be emphasized that the biofilm of these of Klebsiella pneumoniae strains which
were gentamicin-resistant according to the E-test method (with sensitivity ranges from 3 to 12
mg/L) was sensitive to high concentrations of gentamicin released from the sponge carrier. On
the other hand, very highly resistant Klebsiella strains (MIC>256mg/L) were resistant to gen-
tamicin released from the sponge even when the exposure lasted for 48h. The results of
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Fig 4. Comparison of the number of S.aureus biofilm-forming cells after gentamicin sponge application [GS] to the number of biofilm-
forming cells of untreated control samples [C]. 8,24,48 —stand for the hours of incubation of the analyzed sample within the sponge. For the
Reader’s convenience, a logarithmic scale was applied here. All the differences between the respective control and analyzed biofilm samples are
statistically significant (M-W test, p<0.05).

https://doi.org/10.1371/journal.pone.0217769.9004

eradication ability of gentamicin released from the sponge against the biofilm of S.aureus,
P.aeruginosa and K.pneumoniae are presented in Figs 4, 5 and 6, respectively.

In the present days, microorganisms rapidly acquire resistance to antibiotics; multidrug-
resistant strains spread globally and present new mechanisms of resistance (for example VIM,
IMP, NDM-1, KPC, OXA-48 carbapenemases, ArmA methylotransferases) [27-31]. The dis-
covery that a majority of infections are caused by biofilms has changed many views in modern
microbiology and medicine on the treatment and pathogenesis of infections [4,32]. Therefore,
the search for new therapeutic approaches is of paramount importance. The problem also con-
cerns bone inflammation. Because of bone specific architecture, the immune system compo-
nents and most antibiotics penetrate it poorly, which allows microorganisms to multiply at the
infection site and spread within the patient’s body via blood circulatory system [6,33,34]. In
turn, antiseptics, whose penetration through biofilm layers is higher, are not approved for
internal use due to potential cytotoxicity [35,36,37].

It is also already known that factual MBEC values of antimicrobials are up to a few hundred
times higher than MICs measured by means of routinely used in vitro methods [38,39]. Due
to this disadvantage and the physiological obstacles mentioned above, if to be stopped, bone
infection may require surgical removal of the infected bone together with local application of
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Fig 5. Comparison of the number of P.aeruginosa biofilm-forming cells after gentamicin sponge application [GS] to the number of
biofilm-forming cells of untreated control samples [C]. 8,24,48 —stand for the hours of incubation of the analyzed sample within the
sponge. All the differences between the respective control and analyzed biofilm samples are statistically significant (M-W test, p<0.05).
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Fig 6. Comparison of the number of K.pneumoniae biofilm-forming cells after gentamicin sponge application [GS] to the number of
biofilm-forming cells of untreated control samples [C]. 8,24,48 —stand for the hours of incubation of the analyzed sample within the sponge.
Statistically significant differences between the respective control and analyzed biofilm samples are marked with an asterisk (M-W test, p<0.05).

https://doi.org/10.1371/journal.pone.0217769.9006
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high concentration of antibiotic released from a surgically introduced carrier [5,6,7]. Collagen
sponges soaked with gentamicin may be successfully used for such purpose [15].

The results of experiments performed in this study confirm that the microorganisms infect-
ing bones are able to form strong biofilm structures on hydroxyapatite, which is the main inor-
ganic component of bone and constitutes up to 70% of bone’s total mass [40].

The MBEC values of all investigated strains were significantly higher than their MIC values
[Fig 1]. The above means that effective therapy of bone infection with the use of gentamicin
requires high concentrations of this antibiotic that can only be delivered by local and not by
systemic application. With regard to antibiotic sensitivity testing, it seems that various stan-
dard evaluation methods fail to estimate the exact tolerance of not only biofilm but also of
planktonic forms of microorganisms (or at least what we believe are planktonic forms of
microorganisms) to antibiotics. We have observed discrepancies between the results measured
by the E-test and the micro-dilution method in the case of K.pneumoniae strains. They may be
due to the fact that in the microdilution method, Klebsiella cells form a heterogenic commu-
nity, where a part of the cells are truly planktonic and others form a so-called floating biofilm
(non-adhered, matrix-embedded multicellular structure at the air-liquid interface, also known
as pellicles). It may result in a shift of resistance to a level significantly higher than the one
obtained in the E-test method and may satisfactorily explain the differences observed between
results [41,42,43]. Presently, there is no single recommended clinical routine approach to the
estimation of biofilm tolerance to antimicrobials. The above is due to the fact that biofilm for-
mation is a multidimensional, complex phenomenon dependent on many factors, also in a
clinical setting. Therefore, it is hard to obtain satisfactory repeatability of measurements, espe-
cially with regard to such strong slime-forming species as Klebsiella pneumoniae. Also, it is
hard to imitate the conditions of bone infection reflecting actual in vivo biofilm’s tolerance to
antimicrobials. Our experiments have shown that hydroxyapatite [Fig 2], which is the main
inorganic component of actual bone, is a surface on which more biofilm is formed than on
standard polystyrene. When subjected to gentamicin, HA-formed biofilm displayed a higher
tolerance in comparison to the biofilm grown on a polystyrene surface [Fig 3]. It needs to be
noted that this trend, however repeatable and clearly observed, was statistically insignificant
[Fig 3]. However, in our opinion, these high values of standard deviations were the result of
inevitable procedures performed during biofilm cultivation (medium change, rinsing of HA
discs with physiological saline to remove non-adhered cells, etc.). It only shows the great need
for the development of new models of biofilm testing reflecting actual conditions of its devel-
opment within the human body.

Other authors report that gentamicin released locally in high concentrations may break
through the intrinsic tolerance of bone biofilm [44,45]. In our study we have shown that all
sensitive strains (in their planktonic form, according to EUCAST guidelines) were successfully
eradicated also when grown as biofilm on HA discs (Figs 4-6). One of the most important
messages from our study is that such effect was obtained despite the fact that these biofilm
forms were actually gentamicin-resistant if we were to rely on binding EUCAST guidelines
only. Moreover, even some highly gentamicin-resistant strains (resistance refers to their plank-
tonic forms according to EUCAST) were also efficiently eradicated by the gentamicin sponge
when they grew as biofilm on HA discs. Such an effect was observed for 75% of resistant P.aer-
uginosa and S.aureus strains and for 57% of resistant K.pneumoniae strains.

The eradication efficacy (after exposure to high gentamicin concentration) seems to be
dependent on a strain, exposure time, original MIC value but also on the existence or lack of a
resistance mechanism. It has already been proven that KPC+ strains may display sensitivity to
gentamicin. However, resistance genes encoding carbapenemase and resistance to gentamicin
are not located on the same plasmid [46,47]. The opposite situation occurs in the case of NDM
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resistance, where the NDM-1 beta-lactamase encoding gene is located on the same plasmid on
which the genes encoding resistance to aminoglycosides are also found [48]. When an enzy-
matic mechanism of aminoglycoside resistance is found in a specific bacterial strain, it is dis-
putable whether very high antibiotic concentrations may break through it [49]. Further
research is required to fully elucidate this issue [50,51,52].

Our results stay in line with the data provided by the team of Overstreet et al. [53] concern-
ing high applicability of local delivery of gentamicin from other types of carriers, namely
resorbable viscous hydrogels or with a bulk of clinical evidence presented in the review analysis
by Koziol et al. [54]. However, the present article is of pilot character, its results confirm the
efficacy of high local concentrations of gentamicin released from a sponge carrier against bio-
film-forming strains which are classified as resistant according to EUCAST guidelines (espe-
cially, if gentamicin’s MIC is close to the EUCAST breakpoint values). Moreover, the use of
hydroxyapatite as a surface for biofilm culturing and assessment of gentamicin activity allows
to realize that the applied in vitro model may have an impact on such essential outcomes as
MIC or MBEC values. Although the results of our studies and the data presented by other
researchers indicate high applicability of the gentamicin sponge in fighting biofilm infections
in bone, one should bear in mind that this type of therapy may be performed only in justified
cases and only combined with another, systemically delivered, antibiotics and surgical
support.

Author Contributions
Conceptualization: Beata Maczynska.
Data curation: Beata Maczynska.
Formal analysis: Beata Maczynska.

Investigation: Beata Maczynska, Anna Secewicz, Danuta Smutnicka, Patrycja Szymczyk, Ruth
Dudek-Wicher, Adam Junka.

Methodology: Beata Maczynska.

Project administration: Beata Maczynska.

Resources: Beata Maczynska.

Supervision: Beata Maczynska, Marzenna Bartoszewicz.
Validation: Beata Maczynska.

Visualization: Beata Maczynska.

Writing - original draft: Beata Maczynska, Adam Junka.

Writing - review & editing: Beata Maczynska, Marzenna Bartoszewicz.

References

1. Donlan R. M.: Biofilm: Microbial Life on Surfaces. Emerging infectious Diseases. 2002, 8, 881-890
https://doi.org/10.3201/eid0809.020063 PMID: 12194761

2. Hall-Stoodley L, Costerton J.W., Stoodley P.: Bacterial biofilms: From the natural environment to infec-
tious diseases. Nature Reviews. Microbiology. 2004, 2, 95—108. https://doi.org/10.1038/nrmicro821
PMID: 15040259

3. ZhangL, Mah TF: Involvement of a Novel Efflux System in Biofilm-specific Resistance to Antibiotics. J.
Bacteriol, 2008, vol 190, 13: 4447-4452.

4. Gaynes R., Edwards J.R.: Overview of nosocomial infections caused by Gram-negative bacilli. Clin.
Infect. Dis. 2005; 41(6): 848—-854. https://doi.org/10.1086/432803 PMID: 16107985

PLOS ONE | https://doi.org/10.1371/journal.pone.0217769  June 4, 2019 11/14


https://doi.org/10.3201/eid0809.020063
http://www.ncbi.nlm.nih.gov/pubmed/12194761
https://doi.org/10.1038/nrmicro821
http://www.ncbi.nlm.nih.gov/pubmed/15040259
https://doi.org/10.1086/432803
http://www.ncbi.nlm.nih.gov/pubmed/16107985
https://doi.org/10.1371/journal.pone.0217769

@ PLOS|ONE

Biofilm eradication by gentamycin sponge

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Lew D. P., Waldvogel F.A.: Osteomyelitis. Lancet, 2004, 364, 369—79 https://doi.org/10.1016/S0140-
6736(04)16727-5 PMID: 15276398

Stoodley P., Erhlich GD., Sedghizadeh P.P., Hall- Stoodley L., Bonatz M.E., Altman D.T., et al: Ortho-
paedic biofilm infections. Curr Orthop pract. 2011, 6, 558—-63

Gentry L.: Management of ostemoyelitis, Intern J Antimicrob Agents, 1997, 9, 37—42.

Dirschl D., Almekinders L.: Osteomyelitis: common causes and treatment recommendations, Drugs
1993; 45:29-43.

Dowd SE, Wolcott RD, Sun Y, McKeehan T, Smith E, Rhoads: Polymicrobial Nature of Chronic Diabetic
Foot Ulcer Biofilm Infections Determined Using Bacterial Tag Encoded FLX Amplicon Pyrosequencing
(bTEFAP), 2010

Hayes G, Moens N, Gibson T. A review of local antibiotic implants and applications to veterinary ortho-
paedic surgery, Vet Comp Orthop Traumatol 2013; 4: 251-259.

Cierny G., Mader J.,Pennick H.: A clinical staging system of adult osteomyelitis, Contemp Orthop 1985;
10:17-37

Ruszczak Z, Friess W. Collagen as a carrier for on-site delivery of antibacterial drugs. Advanced Drug
Delivery Reviews. 2003, Vol. 55 (12),1679-1698.

Rathbone CR, Cross JD, Brown KV, Murray CK, Wenke JC. Effect of Various Concentrations of Antibi-
otics on Osteogenic Cell Viability and Activity. J Orthop Res. 2011: 9(7), 1070—-4.

Stemberger A, Grimm H, Bader F, Rahn HD, Ascherl R. Local treatment of bone and soft tissue infec-
tions with the collagen-gentamicin sponge. Eur J Surg Suppl. 1997,(578), 17-26. PMID: 9167145

Lovering AM, Sunderland J. Impact of soaking gentamicin-containing collagen implants on potential
antimicrobial efficacy. Int J Surg. 2012; 10 Suppl 1, 2—4. https://doi.org/10.1016/j.ijsu.2012.05.013
PMID: 22659223

Surveilance Report ECDC. Antimicrobial resistance surveillance in Europe. ecdc.europa.eu/sites/por-
tal/files/media/en/publications/Publications/antimicrobial-resistance-europe-2015.pdf

Hermann T.: Aminoglicoside antibiotics: old drugs and new therapeutic approaches. Cell. Mol. Life Sci.,
2007, 64, 1841-1852 https://doi.org/10.1007/s00018-007-7034-x PMID: 17447006

Kotra LP, Haddad J, Mobashery S. Aminoglycosides: Perspectives on Mechanisms of Action and
Resistance and Strategies to Counter Resistance. Antimicrob. Agents Chemother. 2000; 44(12): 3249—
3256. https://doi.org/10.1128/aac.44.12.3249-3256.2000 PMID: 11083623

Lindeman PC, Risberg K, Wiker HG, Mylvaganam H. Aminoglycoside resistance in clinical Escherichia
coli and Klebsiella pneumoniae isolates from Western Norway. APMIS. 2012; 120(6):495-502. https://
doi.org/10.1111/j.1600-0463.2011.02856.x PMID: 22583362

Bueno MF, Francisco GR, O’'Hara JA, de Oliveira GD, Doi Y. Coproduction of 16S rRNA methyltransfer-
ase RmtD or RmtG with KPC-2 and CTX-M group extended-spectrum B-lactamases in Klebsiella pneu-
moniae. Antimicrob Agents Chemother 2013, 57(5), 2397—2400. https://doi.org/10.1128/AAC.02108-
12 PMID: 23459483

Nevozhay D., Kanska U., Budzyriska R., Boratyniski J.: Wspétczesny stan badan nad koniugatami i
innymi systemami dostarczania lekéw w leczeniu schorzer nowotworowych i innych jednostek chor-
obowy. Postepy Higieny i Medycyny Doswiadczalnej 2007, 61, 350-360.

Chang WK, Srinivasa S, MacCormick AD, Hill AG. Gentamicin-collagen implants to reduce surgical site
infection: systematic review and meta-analysis of randomized trials. Ann Surg. 2013; 258(1):59-65.
https://doi.org/10.1097/SLA.0b013e3182895b8c PMID: 23486193

Knaepler H. Collagen Implant in the Prophylaxis and Treatment of Surgical Site Infection in Orthopaedic
Surgery. Int J Surg 2012, 10 Suppl 1, 15-20.

Anderson RE, Lukas G, Skullman S, Hugander A. Local administration of antibiotics by gentamicin—col-
lagen sponge does not improve wound healing or reduce recurrence rate after pilonidal excision with
primary suture: a prospective randomized controlled trial. World J Surg. 2010; 34:3042-3048. https:/
doi.org/10.1007/s00268-010-0763-2 PMID: 20734046

Brehant O., Sabbagh Ch., Lehert P., Dhahri A., Rebibo L., Regimbeau J. M.: The gentamicin—collagen
sponge for surgical site infection prophylaxis in colorectal surgery: a prospective case-matched study of
606 cases. Int J Colorectal Dis. 2013, 28, 119-125 https://doi.org/10.1007/s00384-012-1557-9 PMID:
22918661

Kowalewski M, Pawliszak W, Zaborowska K, Navarese EP, Szwed KA, Kowalkowska ME et al. Genta-
micin-collagen sponge reduces the risk of sternal wound infections after heart surgery: Meta-analysis. J
Thorac Cardiovasc Surg 2015, 149 (6), 1631-1640. https://doi.org/10.1016/j.jtcvs.2015.01.034 PMID:
25703409

PLOS ONE | https://doi.org/10.1371/journal.pone.0217769  June 4, 2019 12/14


https://doi.org/10.1016/S0140-6736(04)16727-5
https://doi.org/10.1016/S0140-6736(04)16727-5
http://www.ncbi.nlm.nih.gov/pubmed/15276398
http://www.ncbi.nlm.nih.gov/pubmed/9167145
https://doi.org/10.1016/j.ijsu.2012.05.013
http://www.ncbi.nlm.nih.gov/pubmed/22659223
https://doi.org/10.1007/s00018-007-7034-x
http://www.ncbi.nlm.nih.gov/pubmed/17447006
https://doi.org/10.1128/aac.44.12.3249-3256.2000
http://www.ncbi.nlm.nih.gov/pubmed/11083623
https://doi.org/10.1111/j.1600-0463.2011.02856.x
https://doi.org/10.1111/j.1600-0463.2011.02856.x
http://www.ncbi.nlm.nih.gov/pubmed/22583362
https://doi.org/10.1128/AAC.02108-12
https://doi.org/10.1128/AAC.02108-12
http://www.ncbi.nlm.nih.gov/pubmed/23459483
https://doi.org/10.1097/SLA.0b013e3182895b8c
http://www.ncbi.nlm.nih.gov/pubmed/23486193
https://doi.org/10.1007/s00268-010-0763-2
https://doi.org/10.1007/s00268-010-0763-2
http://www.ncbi.nlm.nih.gov/pubmed/20734046
https://doi.org/10.1007/s00384-012-1557-9
http://www.ncbi.nlm.nih.gov/pubmed/22918661
https://doi.org/10.1016/j.jtcvs.2015.01.034
http://www.ncbi.nlm.nih.gov/pubmed/25703409
https://doi.org/10.1371/journal.pone.0217769

@ PLOS|ONE

Biofilm eradication by gentamycin sponge

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

Nordmann P, Naas T, Poirel L. Global Spread of Carbapenemase-producing Enterobacteriaceae.
Emerg Infect Dis. 2011; 17 (10): 1791-1798. https://doi.org/10.3201/eid1710.110655 PMID: 22000347

Ktari S., Arlet G., Mnif B., Gautier V., Mahjoubi F., Jmeaa M. B. et al.: Emergence of Multidrug-Resistant
Klebsiella pneumoniae Isolates Producing VIM-4 Metallo-B3-Lactamase, CTX-M-15 Extended-Spectrum
B3-Lactamase, and CMY-4 AmpC B-Lactamase in a Tunisian University Hospital. Antimicrob. Agents
Chemother., 2006; 50(12):4198-4201. https://doi.org/10.1128/AAC.00663-06 PMID: 17015633

Dortet L, Poirel L, Nordmann P. Worldwide dissemination of the NDM-type carbapenemases in Gram-
negative bacteria. Biomed Res Int. 2014; 2014: 249856 https://doi.org/10.1155/2014/249856 PMID:
24790993

Baraniak A, Izdebsk R,Fiett J., Herda M, Derde LPG, Bonten MJM, Adler A, et al. KPC-Like Carbapene-
mase-Producing Enterobacteriaceae Colonizing Patients in Europe and Israel. Antimicrob Agents Che-
mother. 2016 Mar; 60(3): 1912—1917. https://doi.org/10.1128/AAC.02756-15 PMID: 26711772

Zacharczuk K, Piekarska K, Szych J, Jagielski M, Hidalgo L, San Millan A, et al. Plasmid-borne 16S
rRNA methylase ArmA in aminoglycoside-resistant Klebsiella pneumoniae in Poland. J Med Microbiol.
2011;60(9):1306-1311.

Flemming HC, Wingender J, Szewzyk U. Biofilm Highlights. Vol. 5. Springer—Verlag, Berlin/Heidel-
berg, 2008.

Humphrey S.J., Mehta S, Seaber A.V., Vail T.P.: Pharmacokinetics of a degenerable drug delivery sys-
tem in bone. Clin. Orthop. Res., 1998, 218-224

Ch Li-Ching.: Septic Monoarthritis and Osteomyelitis in an Elderly Man Following Klebsiella pneumoniae
Genitourinary Infection: Case Report. Ann Acad Med Singapore, 2006, 35, 100-103. PMID: 16565763

Wolcott R, Dowd S, Kennedy J, Jones C. Biofilm based wound care. Adv Wound Care 2010; 1(3):311—
318.

Shunmugaperumal T. Biofilm Eradication and Prevention. A Pharmaceutical Approach to Medical
Device Infections. John Wiley & Sons, Hoboken, 2010.

Bartoszewicz M, Junka A, Smutnicka D Secewicz A, Maczynska B, Szymczyk P et al. Porownanie sku-
tecznosci przeciwdrobnoustrojowej antyseptykow zawierajgcych oktenidyne i etakrydyne wzgledem
biofilmu tworzonego przez szczepy S. aureus i P. aeruginosa izolowane z zakazen ran przewlektych.
Leczenie Ran 2012; 9(4):147—-152.

Wolcott RD, Rhoads DD. Study of biofilm—based wound management in subjects with critical limb
ischaemia. J Wound Care 2008; 17(4):145—-155. https://doi.org/10.12968/jowc.2008.17.4.28835 PMID:
18494432

Lebeaux D, Ghigo JM, Beloin C. Biofilm-related infections: bridging the gap between clinical manage-
ment and fundamental aspects of recalcitrance toward antibiotics. Microbiol Mol Biol Rev 2014; 78
(3):510-543. https://doi.org/10.1128/MMBR.00013-14 PMID: 25184564

Sobczak A., Kowalski Z., Materiaty hydroksyapatytowe stosowane w implantologii, Czasopismo Tech-
niczne 1-Ch/2007, Wydawnictwo PK, Krakéw 2007, 149—158.

Jung YG, Choi J, Kim SK, Lee JH, Kwon S. Embedded biofilm, a new biofilm model based on the
embedded growth of bacteria. Appl Environ Microbiol. 2015; 81(1):211-219. https://doi.org/10.1128/
AEM.02311-14 PMID: 25326307

Koza A., Hallett P.D., Moon Ch. D., Spiers A.J.: Characterization of a novel air-liquid interface biofilm of
Pseudomonas fluorescens SBW25, Microbiology, 2009, 155, 1397—-1406. https://doi.org/10.1099/mic.
0.025064-0 PMID: 19383709

McDougald D, Rice SA, Barraud N, Steinberg PD, Kjelleberg S. Should we stay or should we go: mech-
anisms and ecological consequences for biofilm dispersal. Nat Rev Microbiol 2011; 10(1):39-50.
https://doi.org/10.1038/nrmicro2695 PMID: 22120588

Humphrey S.J., Mehta S, Seaber A.V., Vail T.P.: Pharmacokinetics of a degenerable drug delivery sys-
temin bone. Clin. Orthop. Res., 1998, 218-224

Mehta S., Humphrey S.J., Dchenkmann D.I., Seaber A.V., Vail T.P.: Gentamicin distribution from colla-
gen carrier. J. Orthoptera Res., 1996, 14, 749-754.

Livermore DM, Mushtaq S, Warner M, Zhang JC, Maharjan S, Doumith M et al. Activity of aminoglyco-
sides, including ACHN-490, against carbapenem-resistant Enterobacteriaceae isolates. The Journal of
antimicrobial chemotherapy 2011; 66(1): 48-53. https://doi.org/10.1093/jac/dkq408 PMID: 21078604

Lee GC, Burgess DS. Treatment of Klebsiella pneumoniae carbapenemase (KPC) infections: a review
of published case series and case reports. Annals of clinical microbiology and antimicrobials 2012; 11:
32. https://doi.org/10.1186/1476-0711-11-32 PMID: 23234297

Deshpande P, Rodrigues C, Shetty A, Kapadia F, Hedge A, Soman R. New Delhi Metallo- lactamase
(NDM-1) in Enterobacteriaceae: Treatment options with Carbapenems Compromised. Journal of Asso-
ciation of Physicians of India. 2010; 58: 147—150. PMID: 20848811

PLOS ONE | https://doi.org/10.1371/journal.pone.0217769  June 4, 2019 13/14


https://doi.org/10.3201/eid1710.110655
http://www.ncbi.nlm.nih.gov/pubmed/22000347
https://doi.org/10.1128/AAC.00663-06
http://www.ncbi.nlm.nih.gov/pubmed/17015633
https://doi.org/10.1155/2014/249856
http://www.ncbi.nlm.nih.gov/pubmed/24790993
https://doi.org/10.1128/AAC.02756-15
http://www.ncbi.nlm.nih.gov/pubmed/26711772
http://www.ncbi.nlm.nih.gov/pubmed/16565763
https://doi.org/10.12968/jowc.2008.17.4.28835
http://www.ncbi.nlm.nih.gov/pubmed/18494432
https://doi.org/10.1128/MMBR.00013-14
http://www.ncbi.nlm.nih.gov/pubmed/25184564
https://doi.org/10.1128/AEM.02311-14
https://doi.org/10.1128/AEM.02311-14
http://www.ncbi.nlm.nih.gov/pubmed/25326307
https://doi.org/10.1099/mic.0.025064-0
https://doi.org/10.1099/mic.0.025064-0
http://www.ncbi.nlm.nih.gov/pubmed/19383709
https://doi.org/10.1038/nrmicro2695
http://www.ncbi.nlm.nih.gov/pubmed/22120588
https://doi.org/10.1093/jac/dkq408
http://www.ncbi.nlm.nih.gov/pubmed/21078604
https://doi.org/10.1186/1476-0711-11-32
http://www.ncbi.nlm.nih.gov/pubmed/23234297
http://www.ncbi.nlm.nih.gov/pubmed/20848811
https://doi.org/10.1371/journal.pone.0217769

@ PLOS|ONE

Biofilm eradication by gentamycin sponge

49.

50.

51.

52.
53.

54.

Tada T, Miyoshi-Akiyama T, Shimada K,Shimojima M, Kirikae T. Novel 6’-N-Aminoglycoside Acetyl-
transferase AAC(6')-laj from a Clinical Isolate of Pseudomonas aeruginosa. Antimicrob Agents Che-
mother. 2013; 57(1): 96—100. https://doi.org/10.1128/AAC.01105-12 PMID: 23070167

Fritsche TR, Castanheira M, Miller GH, Jones RN, Armstrong ES. Detection of Methyltransferases Con-
ferring High-Level Resistance to Aminoglycosides in Enterobacteriaceae from Europe, North America,
and Latin America Antimicrob. Agents Chemother. 2008; 52(5):1843-1845.

Charakterystyka produktu leczniczego Garamycin gabka. ChPI (13.09.2012) http://chpl.com.pl/data_
files/2012-07-16_20120704_garamycin_gabka_chpl-clean.pdf

Collatamp summary of product characteristics. Revised February 2008.

Overstreet D., McLaren A, Calara F, Vernon B,McLemore R. Local Gentamicin Delivery From Resorb-
able Viscous Hydrogels Is Therapeutically Effective. Clin Orthop Relat Res. 2015; 473(1): 337-347
https://doi.org/10.1007/s11999-014-3935-9 PMID: 25227556

Koziot M., Targonska S., Stazka J., Koziot-Montewka M. Gentamicin-impregnated collagen sponge for
preventing sternal wound infection after cardiac surgery. Kardiochir Torakochirurgia Pol. 2014; 11(1):
21-25 https://doi.org/10.5114/kitp.2014.41925 PMID: 26336388

PLOS ONE | https://doi.org/10.1371/journal.pone.0217769  June 4, 2019 14/14


https://doi.org/10.1128/AAC.01105-12
http://www.ncbi.nlm.nih.gov/pubmed/23070167
http://chpl.com.pl/data_files/2012-07-16_20120704_garamycin_gabka_chpl-clean.pdf
http://chpl.com.pl/data_files/2012-07-16_20120704_garamycin_gabka_chpl-clean.pdf
https://doi.org/10.1007/s11999-014-3935-9
http://www.ncbi.nlm.nih.gov/pubmed/25227556
https://doi.org/10.5114/kitp.2014.41925
http://www.ncbi.nlm.nih.gov/pubmed/26336388
https://doi.org/10.1371/journal.pone.0217769

