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Implant-related infections are serious complications of trauma and orthopedic surgery and are most difficult
to treat. The bacterial biofilms of 34 clinical Staphylococcus sp. isolates (Staphylococcus aureus, n � 14;
coagulase-negative staphylococci, n � 19) were incubated with daptomycin (DAP; 5, 25, or 100 mg/liter),
vancomycin (VAN; 5, 25, or 100 mg/liter), tigecycline (TGC; 1, 5, or 25 mg/liter), fosfomycin (FOM; 100, 250,
or 1,000 mg/liter), and cefamandole (FAM; 50, 100, or 500 mg/liter) for 24 h at three different ambient
temperatures: 35°C, 40°C, and 45°C. To quantify the reduction of the biomass, the optical density ratio (ODr)
of stained biofilms and the number of growing bacteria were determined. Increasing the temperature to 45°C
or to 40°C during incubation with FAM, FOM, TGC, VAN, or DAP led to a significant but differential reduction
of the thickness of the staphylococcal biofilms compared to that at 35°C (P < 0.05). Growth reduction was
enhanced for DAP at 100 mg/liter at 35°C, 40°C, and 45°C (log count reductions, 4, 3.6, and 3.3, respectively;
P < 0.05). A growth reduction by 2 log counts was detected for FAM at a concentration of 500 mg/liter at 40°C
and 45°C (P � 0.01). FOM at 1,000 mg/liter reduced the bacterial growth by 1.2 log counts (not significant).
The antibacterial activity of antimicrobial agents is significantly but differentially enhanced by increasing the
ambient temperature and using high concentrations. Adjuvant hyperthermia may be of value in the treatment
of biofilm-associated implant-related infections.

Implant-related infections are severe complications of
trauma and orthopedic surgery that frequently require long-
term antimicrobial treatment, supportive management, and
multiple additional surgical procedures (53). Staphylococcus
aureus and coagulase-negative staphylococci (CoNS), primarily
Staphylococcus epidermidis, are the most common organisms
associated with implant-related infections after trauma and
orthopedic surgery (13).

Bacterial biofilms develop on the surfaces of the implants
(12, 13, 30, 41). The biofilm consists of a structured community
of bacterial cells enclosed in a self-produced polymeric matrix
that adheres to an inert or living surface. The bacteria embed-
ded in the biofilm are quasiprotected by this self-made poly-
meric matrix; thus, resistance to antimicrobials is increased
such that the concentrations needed to kill the biofilm bacteria
are 500 to 5,000 times higher than the levels needed to kill
planktonic bacteria (8, 12, 13). Although removal of the colo-
nized foreign material may be the most effective means to treat
biofilm-associated infections (14), the implant must sometimes
be retained because of technical or physiological complica-
tions. In this case, any hope for cure or at least the stability of
the patient lies in antimicrobial treatment alone.

Antimicrobial agents for the treatment of staphylococcal

infections include beta-lactam antibiotics and, in the case of
methicillin resistance, vancomycin (VAN), fosfomycin (FOM),
tigecycline (TGC), or daptomycin (DAP) (32, 38). FOM is a
small-molecule antibiotic with a wide antibacterial spectrum
and excellent tissue penetration, representing an excellent al-
ternative antimicrobial agent for the treatment of deep-seated
infections (18, 27). Both TGC and DAP are highly active
against Gram-positive cocci resistant to commonly used anti-
biotics, including methicillin-resistant staphylococci (18, 43).
Antimicrobial agents may reduce biofilm and bacterial growth
(35, 39). In a previous study, we demonstrated that the antibi-
otic concentrations achieved under normal physiological con-
ditions did not decrease the growth of established staphylococ-
cal biofilms (21). Bacterial biofilm growth was significantly
reduced by the use of antimicrobials at excessive concentra-
tions or when antimicrobials were used in combination with
azithromycin (21, 37).

Because the effects of antibiotics on established biofilms are
unsatisfactory, other measures to reduce biofilm thickness and
to kill biofilm bacteria may be helpful (37). Adjunctive therapy
to enhance the activity of an antimicrobial to save an infected
but unremovable implant or to improve the engraftment of a
new implant after reimplantation may be a benefit for the
patient (13, 16). Experimental measures taken to reduce bac-
terial biofilms included antibiotic combination therapy, partic-
ularly with rifampin; therapy with a combination of antibiotics
and chemicals like EDTA or N-acytylcysteine; or therapy with
a combination of antibiotics and physical measures, such as
ultrasound or an electric current (7, 15, 39, 51). Low-frequency
ultrasound was used to prevent uncontrolled heating and as-
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sociated tissue damage (5, 6). For physical therapy, however,
ultrasound of 1 MHz (unpulsed) had been described to have a
beneficial effect on osteoarthritis (45). Further, application of
heat has traditionally been used in physical therapy with vari-
ous rates of success and minimal harm (9).

Increasing the temperature induced the formation of thicker
biofilms (40). Although the amount of heating was never mea-
sured in the ultrasound or electric current experiments, heat-
ing may have an influence on the effects of antibiotics on
biofilms. Thus, we investigated the effects of stepwise increases
in the ambient temperature together with antibiotic treatment
on biofilm thickness and bacterial growth. Static biofilms of
clinical isolates from orthopedic implant infections or preop-
erative skin isolates, including S. aureus and CoNS (S. epider-
midis, S. lugdunensis, S. hominis, and S. capitis), were incubated
at an ambient temperature of 35, 40, or 45°C for 24 h with
DAP, VAN, FOM, TGC, or FAM. Three concentrations of
each of the antimicrobial agents were investigated.

(Some of the data presented here were presented as poster
K2069 at the 48th Annual Interscience Conference on Anti-
microbial Agents and Chemotherapy-Infectious Diseases So-
ciety of America 46th Annual Meeting, San Francisco, CA,
2009.)

MATERIALS AND METHODS

The University Hospital of Vienna in Vienna, Austria, is a 2,200-bed primary-
and tertiary-care teaching hospital. Overall, 35 staphylococci were tested: 19
isolates from implant-related infections (S. aureus, n � 13; S. epidermidis, n � 5;
and S. capitis, n � 1) and 15 skin isolates (S. aureus, n � 1; S. epidermidis, n �
9; S. lugdunensis, n � 4; S. hominis, n � 1) taken from the thigh before surgical
disinfection and incision for hip arthroplasty after femoral neck fracture. Be-
cause of the low numbers of non-S. epidermidis isolates, S. epidermidis, S. lug-
dunensis, S. capitis, and S. hominis were grouped together as CoNS. Biofilm-
producing strains S. aureus ATCC 29213 and S. epidermidis DSM3269 served as
reference strains. In addition, a biofilm-producing S. epidermidis isolate (isolate
KO8) from the skin of non-hospital-associated healthy volunteer was tested as
the internal control. Antibiotic susceptibility was determined by the disk diffusion
method on cation-adjusted Mueller-Hinton agar (bioMerieux, Marcy l’Etoile,
France). Resistance to oxacillin to detect methicillin resistance was determined
by incubating the plates with disks containing oxacillin at 5 �g and at tempera-
tures of 30°C and 37°C.

Antimicrobial agents. Commercially available DAP, VAN, FOM, TGC, and
FAM were purchased from Novartis (Vienna, Austria), Lilly (Vienna, Austria),
Astropharma (Vienna, Austria), Wyeth-Lederle (Vienna, Austria), and Sandoz
(Kundl, Austria), respectively.

Determination of MICs. Before the biofilms were treated with DAP, VAN,
FOM, TGC, or FAM, the MICs of each isolate to be tested were determined.
The determination of MICs was done according to the protocol of the Clinical
and Laboratory Standards Institute using the microtiter plate method (11).

According to this protocol, cation-adjusted Mueller-Hinton medium and Muel-
ler-Hinton broth (MHB) containing 50 �g/ml calcium were used for in vitro
susceptibility testing of DAP. For the susceptibility testing of FOM, glucose-6-
phosphate (25 mg/liter) was added (Table 1).

Thermostability testing. To test for thermostability, all antimicrobials in pow-
der and in solution, as used for MIC testing, were incubated at 45°C for 1 and
24 h in three independent experiments. For those experiments S. aureus ATCC
29213 and a clinical isolate of S. epidermidis (OR1) were used. The increase in
the MICs—if any—was not significant (Table 2).

Biofilm model. Biofilms were studied using the static microtiter plate model
established by Christensen et al. (10). The S. aureus and CoNS isolates were
prepared in MHB at a concentration of a McFarland 0.5 standard and diluted
1:100 with MHB. Each well of a 96-well polystyrene flat-bottomed microtiter
plate was filled with 50 �l of diluted bacteria and 50 �l supplemented MHB
(containing calcium), and the plate was incubated for 24 h in ambient air at 35°C.
The medium and planktonic cells were removed. The biofilms in the wells were
fixed with formalin (37%, diluted 1:10) plus 2% natrium acetate, and each well
was stained with 150 to 250 �l 1% crystal violet for 5 min. The stained biofilms
were then washed two times with approximately 300 �l distilled water. The wells
were then visually checked for the presence or absence of a biofilm, based on the
presence of staining at the bottom of the well. The mean optical density (OD) was
used for quantification using a routine microtiter plate reader at a 550-nm wave-
length. All biofilm experiments were done 4 times for each isolate to minimize
variability in the OD measurements. To ascertain the biofilm formation, biofilms
were grown on cover slides using a 24-well plate. After 24 h, the biofilms were fixed
with 2% glutaraldehyde, and biofilm formation was verified by scanning electron
microscopy. Established biofilms grown for 24 h were used for the experiments.

Incubation of the biofilms with DAP, VAN, FOM, TGC, or FAM at ambient
temperatures of 35°C, 40°C, and 45°C. To test the effects of the antimicrobials,
the 24-h biofilms were incubated with DAP, VAN, FOM, TGC, or FAM at three
concentrations and at three different temperatures (35°C, 40°C, or 45°C) for 24 h.

TABLE 1. MICs of the isolates investigated

Clinical
isolate Isolation site No. of

isolates

MIC (mg/liter)

FAM FOM TGC VAN DAP

S. aureus Prosthetic joint infection 13 1 (0.5–64)a 4 (0.25–64) 0.125 (0.01–0.25) 0.5 (0.5–1) 0.125 (0.06–0.5)
CoNS Prosthetic joint infection 6 1 (0.25–2) 16 (4–64) 0.06 (0.01–0.25) 2 (1–2) 0.125 (0.06–0.25)
S. aureus Preoperative skin 1 0.25 64 0.06 0.5 0.125
CoNS Preoperative skin 14 0.25 (0.06–16) 32 (0.5–64) 0.03 (0.01–0.5) 0.75 (0.5–2) 0.250 (0.01–0.25)

Control strains
SEK8 Skin of healthy control 0.25 16 0.125 1 0.25
ATCC 29213 Reference strain 0.5 4 0.06 0.5 0.125
DSM3269 Reference strain 0.5 1 0.5 2 0.25

a Values in parentheses are the MIC50 ranges for the clinical isolates.

TABLE 2. Thermostability of the antimicrobials with incubation for
24 h at 45°C as powders as well as in solution

Strain Antibiotic

Median (range) MIC50 (mg/liter)

Standard

After incubation with
antimicrobial agenta

As powder In solution

S. aureus Cefamandole 0.25 (0.25–0.25) 0.25 (0.25–0.25) 0.5 (0.25–0.5)
ATCC Fosfomycin 0.5 (0.25–1) 1 (0.5–1) 0.5 (0.5–1)
29213 Tigecycline 1 (1–1) 1 (1–1) 1 (1–1)

Vancomycin 0.5 (0.5–2) 0.5 (0.5–1) 1 (0.5–1)
Daptomycin 0.25 (0.25–0.5) 0.5 (0.5–1) 1 (0.5–1)

S. epidermidis Cefamandole 1 (1–2) 1 (1–2) 2 (1–2)
OR1 Fosfomycin 32 (16–32) 32 (32–32) 32 (16–32)

Tigecycline 1 (1–2) 1 (1–1) 2 (1–2)
Vancomycin 2 (2–2) 2 (1–2) 2 (1–2)
Daptomycin 0.5 (0.25–1) 0.5 (0.5–1) 1 (0.5–1)

a Incubation was for 24 h at 45°C.
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Three concentrations of each antimicrobial agent were tested: DAP at 5, 25, and
100 mg/liter; VAN at 5, 25, and 100 mg/liter; TGC at 1, 5, and 25 mg/liter; FOM
at 100, 250, and 1,000 mg/liter; and FAM at 50, 100, and 500 mg/liter. The lower
concentrations of the antimicrobial agents were chosen with regard to their
achievable trough or peak levels in serum. To investigate the impact of a very
high concentration, those concentrations were investigated.

The OD was used to measure the biofilm thickness. To correct for the indi-
vidual biofilm formation of each isolate, the OD ratio (ODr), which was the OD
of the untreated biofilm/OD of the treated biofilm, was calculated. The baseline
ODr of the untreated biofilm is set equal to 1. The explanation for this was that,
using the uncorrected ODs of the biofilms, the intra-assay variability was deter-
mined from quadruplicate analyses of the treated biofilms. The median coeffi-
cient of variance (CV) for all 34 staphylococcal isolates was 20.5% (range, 0.6 to
110.5%). The median CV for intra-assay variability for S. aureus isolates was
15.76% (range, 0.62 to 110.6%), and that for CoNS isolates was 20.78% (range,
3.65 to 6%). The interassay (day-to-day) variability was based on bacterial growth
without antibiotic (control condition) on two different days: the median CV was
45.8% (range, 13.44 to 102.1%). The median CV for interassay (day-to-day)
variability for the S. aureus isolates was 44.7% (range, 39.7 to 50.7%), and that
for CoNS isolates was 48.8% (range, 13.4 to 102.1%). Taking the ODr of all
isolates, the median CV for intra-assay variability was 28.5% (range, 5 to 117%).
The median CV for intra-assay variability for S. aureus isolates was 26.7% (range,
5 to 117%), and that for CoNS isolates was 28.2% (range, 9.9 to 108.7%). The
interday variability was not calculated because by taking the ODr equal to the
OD of the treated biofilm/OD of the untreated biofilm, the baseline (untreated)
value was equal to 1, thus excluding any variability. Given the intersubject
variability, the ODr was used for the calculations.

Efficacies of antimicrobial agents against biofilms in all experiments. To test
for viable bacteria in the biofilms in all experiments, the biofilms were not fixed
and dyed but were scraped off and resuspended in MHB, seeded onto Columbia
agar, and examined for growth. The numbers of bacteria in suspension were
enumerated by serial dilutions, and 0.1 ml of each dilution was inoculated onto
blood agar plates. The plates were incubated at 35°C in ambient air and were
read after 48 h. Each test was performed in duplicate, and the results were
expressed as the mean log10 numbers of CFU per ml (mean log10 bacterial
count).

Statistical methods. The significance of the differences was assessed by means
of the chi-square test for categorical variables. For subgroups and nonnormally
distributed variables, the Mann-Whitney U test was used. To determine the
changes due to the different antibiotic combinations and concentrations of every
isolate, a general linear model for repeated measurement was calculated. All
tests were performed using SPSS for Windows, release 17 (SPSS). A P value of
�0.05 was considered significant for the reduction of the biofilm ODr. For the
reduction of growth, a decrease in the colony count of �2 log counts was
considered significant.

RESULTS

Biofilm density. The biofilm density increased at the two
higher incubation temperatures. The optical densities of the
untreated native biofilms were 0.62 � 0.34 at 35°C, 1.67 � 0.79
at 40°C, and 1.65 � 0.8 at 45°C (mean � standard deviation
[SD]). For the S. aureus isolates, the optical densities of the
untreated native biofilms were 0.53 � 0.25 at 35°C, 1.86 � 0.71
at 40°C, and 2.19 � 0.64 at 45°C; and for the CoNS isolates, the
optical densities of the untreated native biofilms were 0.68 �
0.38 at 35°C, 1.54 � 0.82 at 40°C, and 1.27 � 0.69 at 45°C. For
the isolates from implant infections, the optical densities of the
untreated native biofilms were 0.52 � 0.18 at 35°C, 1.8 � 0.76
at 40°C, and 1.91 � 0.79 at 45°C. For the isolates from preop-
erative skin, the optical densities of the untreated native bio-
films were 0.74 � 0.44 at 35°C, 1.51 � 0.81 at 40°C, and 1.32 �
0.69 at 45°C.

Incubation with antimicrobial agents. Increasing the tem-
perature to 45°C or to 40°C during incubation with the anti-
microbial agents led to significant but differential reductions in
the biofilm thickness in comparison to that at 35°C and that for
the untreated biofilm (Fig. 1; Table 3).

Cefamandole, fosfomycin, and daptomycin. FAM, FOM,
and DAP reduced the biofilm mass with increasing tempera-
ture. After incubation at 45°C, FAM and FOM at all three
concentrations tested reduced the biofilm ODr significantly
compared to the biofilm ODr after incubation at 35°C (for
FAM at the three concentrations, ODr values were 0.86 �
0.29, 0.63 � 0.19, and 0.65 � 0.28, respectively, at 45°C versus
1.29 � 0.61, 1.12 � 0.52, and 1.27 � 0.59, respectively, at 35°C;
for FOM at the three concentrations, ODr values were 0.78 �
0.29, 0.69 � 0.26, and 0.63 � 0.28, respectively, at 45°C versus
1.07 � 0.57, 1.01 � 0.52, and 0.78 � 0.38 at 35°C; values are
means � SDs; P � 0.05). Compared to the results for the
untreated biofilms, FAM (100 mg/liter and 500 mg/liter) and
FOM (250 mg/liter and 1,000 mg/liter) achieved significant
reductions in biofilm growth at 45°C and 40°C. At 40°C, DAP
at all three concentrations reduced the biofilm ODr signifi-
cantly compared to the ODr at 35°C (ODr values, 0.9 � 0.25,
0.56 � 0.25, and 0.40 � 0.33, respectively, at 40°C versus ODr
values of 1.02 � 0.48, 0.71 � 0.46, and 0.5 � 0.39, respectively,
at 35°C; P � 0.05). At the concentration of 100 mg, the biofilm
ODr was already significantly reduced at 35°C. An increase in
the temperature did not bring any further reduction in the
ODr (Table 1; Fig. 1A). Antimicrobials administered at very
high concentrations were more effective at reducing the biofilm
ODr compared to the ODr of the untreated biofilms, particu-
larly at 40°C and 45°C. DAP at concentrations of 25 mg/liter
and 100 mg/liter achieved significant reductions in the biofilm
ODr values at 35°C, 40°C, and 45°C.

Tigecycline and vancomycin. TGC and VAN achieved vari-
able effects with increasing temperature. At 45°C, TGC at
concentrations of 1 mg/liter and 5 mg/liter achieved significant
reductions in the biofilm ODr compared to the ODr of biofilms
incubated with TGC at 35°C. TGC at concentrations of 5
mg/liter and 25 mg/liter achieved significant reductions in the
biofilm ODr compared to the ODr of the untreated biofilm at
45°C only. VAN at all three concentrations at 45°C and VAN
at concentrations of 25 mg/liter and 100 mg/liter at 40°C re-
duced the biofilm ODr compared to the biofilm ODr at 35°C.
However, at 35°C, biofilms incubated with VAN were exceed-
ingly thicker than the untreated biofilms. At 40°C but not at
45°C, VAN (25 mg/liter and 100 mg/liter) reduced the biofilm
thickness compared to that of the untreated biofilms.

Antibacterial efficacy. The colony counts of the untreated
biofilms at 35°C, 40°C, and 45°C were 1.5 � 108 � 1.3 � 107,
1.3 � 108 � 1.1 � 107, and 2.8 � 107 � 2.7 � 107, respectively
(means � SDs). For DAP and FAM, bacterial growth was
significantly reduced but was not eradicated with increases in
the incubation temperature and antibiotic concentration. After
incubation at 35°C, a significant reduction in the amount of
bacterial growth was observed only with DAP at a concentra-
tion of 100 mg/liter (log reduction, 2) and not with any other
antibiotic tested in the study. The reduction of growth in bio-
films was enhanced at 45°C for DAP at 25 mg/liter (log reduc-
tion, 1.2; P was not significant) and at 35°C, 40°C, and 45°C for
DAP at 100 mg/liter (log count reductions, 4, 3.6, and 3.3,
respectively; P � 0.05). Bacterial growth reduction by 2 log
counts was detected for FAM at a concentration of 500 mg/
liter at 40°C and 45°C (P � 0.01). FOM at 1,000 mg/liter
reduced the bacterial growth by 1.2 log counts (P was not
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significant). No growth reduction was observed for VAN and
TGC at any concentration or any incubation temperature (Fig. 2).

DISCUSSION

Temperature is a basic requirement for bacterial growth.
Most clinically significant microorganisms are mesophiles that
grow optimally at temperatures of between 25°C and 40°C
(33). Microbial biofilms present ubiquitous strategies to sur-
vive in hostile environments and are influenced by many fac-
tors. These factors include the species, number, and physiology
of the microorganisms themselves; the presence and concen-
trations of nutrients or toxins; as well as environmental condi-
tions, such as shear forces, pH, and temperature (20, 40).
Ambient temperature has a remarkable influence on microbial
biofilms. Increased ambient temperature decreases the biofilm
formation of Streptococcus intermedius (1) and the rate of re-
covery of sonicated cultures (31) and induces bacterial stress
and increased vulnerability in Pseudomonas putida (48). In-
creasing the temperature to 42°C led to an increase in the
biofilm density in an S. epidermidis mutant derived from a
clinical isolate (40). This effect is confirmed by the findings of
the present study, because untreated biofilms incubated at
40°C or 45°C exhibited greater densities than biofilms incu-
bated at 35°C. However, the activity of disinfectants was de-
scribed to be increased at increased temperatures (44). In the
present study, we investigated the influence of increases in the

FIG. 1. Mean reduction of the biofilm thickness given as the ODr values obtained with cefamandole, fosfomycin, tigecycline, vancomycin, and
daptomycin as a function of the incubation temperature. The error bars indicate � 1 SD. The baseline ODr of the untreated biofilm is 1 (dashed lines).

TABLE 3. Changes in ODr of biofilms incubated with
cefamandole, fosfomycin, tigecycline, vancomycin,

and daptomycin at ambient temperature of
35°C, 40°C, or 45°C for 24 h

Antibiotic Concn
(mg/liter)

Mean ODr change � SD

35°C 40°C 45°C

Cefamandole 50 1.29 � 0.61 1.07 � 0.46 0.86 � 0.29a,b

100 1.12 � 0.52 1.06 � 0.38 0.63 � 0.19a,b,c

500 1.27 � 0.59 0.62 � 0.27a,b,c 0.65 � 0.28a,b,c

Fosfomycin 100 1.07 � 0.57 1.22 � 0.41 0.78 � 0.29a,b

250 1.01 � 0.52 0.75 � 0.38a,b,c 0.69 � 0.26a,b,c

1,000 0.78 � 0.38a 0.65 � 0.28a,c 0.63 � 0.28a,b,c

Tigecycline 1 0.98 � 0.3 1.31 � 0.52 0.93 � 0.33b

5 0.99 � 0.33 1.1 � 0.38 0.86 � 0.40a,b

25 1.12 � 0.45 0.83 � 0.56a,b 1.32 � 0.68

Vancomycin 5 1.04 � 0.41 1 � 0.35 0.85 � 0.22a,b

25 1.37 � 0.82 0.91 � 0.39b 0.93 � 0.45b

100 1.87 � 0.92 0.81 � 0.61a,b,c 0.98 � 0.79b

Daptomycin 5 1.02 � 0.48 0.9 � 0.25a 1.1 � 0.44
25 0.71 � 0.46a,c 0.56 � 0.25a,b,c 0.73 � 0.29a,c

100 0.5 � 0.39a,c 0.40 � 0.33a,b,c 0.47 � 0.29a,c

a Significant reduction of biofilm OD compared to OD of the untreated bio-
film. The reference ODr of the untreated biofilm is 1 (P � 0.05).

b Significant reduction of biofilm OD compared to OD of biofilm incubated
with the respective antibiotic at 35°C (P � 0.05).

c Significant reduction of biofilm OD compared to OD of biofilm incubated
with the lowest concentration of the respective antibiotic (P � 0.05).
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incubation temperature to 40°C and 45°C on the effects of
antimicrobial agents on established biofilms.

Incubation with the antibiotics at 40°C or 45°C achieved
significant reductions in the biofilm thickness and bacterial
growth (Table 3; Fig. 1). Similar to the findings of a study of
electric current and the activities of antimicrobial agents
against Pseudomonas aeruginosa, S. aureus, and S. epidermidis
biofilms by del Pozo et al. (15), the effects of increases in
temperature were different for the different antibiotics in the
present study. For VAN and TGC, TGC incubated at 45°C
achieved a significant reduction in the biofilm ODr compared to
the ODr of biofilms treated with TGC at 35°C but not compared
to the ODr of untreated biofilms at 35°C. At 45°C, VAN reduced
the biofilm ODr compared to the biofilm ODr at 35°C, but at
35°C, biofilms that were treated with VAN were exceedingly
thicker than the untreated biofilms. Subinhibitory concentrations
of tetracycline were reported to enhance the expression of the
icaABCD gene cluster, which is responsible, although not exclu-
sively, for biofilm production in staphylococci. This may explain
the effects of TGC, for TGC shares part of its chemical structure
with tetracycline, but for VAN, enhancement of icaABCD operon
expression has not yet been observed (40).

For FOM, the increase in temperature led to a significant
reduction in biofilm thickness but not of bacterial growth.
There was a decrease in the biofilm thickness, as shown for
DAP and FAM (Fig. 1 and 2). For DAP, the concentration was
pivotal. DAP at a concentration of 25 mg/liter or 100 mg/liter
reduced the biofilm density at 35°C, 40°C, and 45°C compared
to that achieved with DAP at 5 mg/liter and that of the un-

treated biofilm (Table 3). The reduction in the biofilm thick-
ness due to DAP at a concentration of 25 mg/liter or 100
mg/liter is already significant, so an increase in the temperature
does not have any further effect on the biofilm thickness. How-
ever, with regard to bactericidal activity, an increase in the
temperature to 45°C decreases the bacterial growth for DAP at
25 mg/liter (Table 3; Fig. 1 and 2).

A moderate increase in the ambient temperature increased
the activities of the antibiotics DAP, FAM, and FOM, yet
eradication of the bacteria was not observed for any antibiotic
even at the very high concentrations tested. As the lower con-
centrations used were chosen according to the serum levels
reached in clinical practice, these levels might be reached after
application of the dosages used. However, when plasma pro-
tein binding is taken into account, the TGC or DAP dosages
would rise to very high concentrations (Table 4), yet these
calculations are based on the results of studies with a great
variety of populations whose pharmacokinetics might be dif-
ferent from those of patients with implant infections. Addi-
tionally, the very high concentrations used in the present study
may not be attainable in synovial fluid after systemic adminis-
tration, although doses of DAP higher than the recommended
dose of 6 mg/kg of body weight, for example, have already been
investigated for the treatment of implant infections (46). How-
ever, topical application of highly concentrated antibiotics
through the use of either intra-articular administration, anti-
biotic-impregnated polymethylmethacrylate, or bonding of the
antimicrobials on implant surfaces may be an option. The
VAN included in cement spacers used in two-stage revisions of

FIG. 2. Mean reduction of bacterial growth after incubation with cefamandole, fosfomycin, tigecycline, vancomycin, and daptomycin as a
function of the incubation temperature. The error bars indicate � 1 SD. The colony count of the untreated biofilm is 107 CFU/ml (dashed lines).
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infected hip implants was tolerated at concentrations of
�1,500 �g/ml (23). However, the safety and efficacy of at least
DAP, TGC, FAM, and FOM for topical use are not well
studied. Rifampin, which is probably the single most important
drug currently used against biofilm infections of arthroplasties
(49), was not investigated in the present study because of the
existence of many experimental and clinical data (50). Al-
though rifampin is very active against bacterial and staphylo-
coccal biofilms in particular, resistance to rifampin is increas-
ing in many organisms and not only staphylococci (22, 28).

The question is how heat can be applied topically and used
for a long period without risking thermal burns. Hyperthermia
treatment is used in cancer therapy, and application of heat has
been described to be helpful in preventing postoperative
wound infections (25, 29). Shortwave ultrasound and electric
current are used for acceleration of infected wound healing
and the treatment of septic nonunions (4, 36, 52). Ultrasound
and electric current modulate bacterial biofilms and the effects
of antibiotics on biofilm bacteria. Both electric current and
ultrasound produce heat either by resistivity or by reflection on
the surface. Evidently, treatment with ultrasound influences the
formation and/or the thickness of the biofilms (7). In the present
study, the application of low-frequency (28.48-kHz) ultrasound
plus antibiotics was shown to reduce the colony counts of Esch-
erichia coli but not those of Pseudomonas aeruginosa. In another
study with an animal model of staphylococcal implant infection,
the same group used low-frequency (�500-kHz) ultrasound be-
cause it did not produce heating to the same levels as the higher-
frequency (�1-MHz) ultrasound used for medical imaging and
physical therapy (6). Heating of implants was carefully avoided—
although the level was not measured—because tissue damage was
reported even with low-frequency ultrasound, although there was
no significant heating of the skin (42). Heating by the use of
ultrasound will work only if the frequency used is appropriate for
the respective implant surface. Electric current was shown to
enhance the activities of antimicrobial agents (15). However, to
create heat, an alternating current might be applied to the im-
plant at an appropriate frequency. Other physical measures that
could be used to create heating at the implant surface could be
microwaves or lasers, both at appropriate frequencies, or, as de-
scribed recently, magnetic resonance scanning (26). However, as

evidence of clinical safety is not yet available, the increase in the
temperature to 45°C, particularly for a prolonged period, may be
associated with thermal burn injuries. Thus, topical thermal treat-
ment of the implant surface might be possible only with implants
with specifically modified surface properties (embedded antibac-
terial nanoparticles, ferromagnetic particles, or beads) or, e.g.,
with implants made of improved alloys, accompanied by careful
monitoring of the surface temperature via sensors or magnetic
resonance scanning computing algorithms. Future research and
experiments will be needed to build a solid foundation for safe
clinical applications.

In conclusion, the moderate increase in the incubation tem-
perature to 45°C resulted in a decrease in biofilm thickness
with treatment with DAP, VAN, TGC, FOM, and FAM and
significant reductions in bacterial growth with DAP at 25 mg/
liter and 100 mg/liter and FAM at 500 mg/liter. For all antibi-
otics and for DAP in particular, high antimicrobial concentra-
tions were the most effective. To find a feasible approach to the
treatment of implant-related infections in trauma and ortho-
pedic surgery, experimental studies are needed to investigate
the most effective physical measures to be applied; the most
effective means of controlling the delivery of heat to the in-
fected implant surface by the use of either ultrasound, micro-
waves, electric current, or magnetic resonance scanning; and
the effects of local heat in combination with antibiotics.
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