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sary. The purpose of the present study was to introduce a new
microplate proliferation assay for in vitro antimicrobial testing
of bone cement samples.

Infections in total joint arthroplasty are devastating situations (19), and many strategies have been undertaken to reduce infection rates, including the use of helmet aspirator suits
(22), laminar airflow (5, 10, 18), and prophylactic intravenous
antibiotics (9, 13, 15). Loading polymethylmethacrylate
(PMMA) bone cement with antibiotics to reduce infection
rates has also been postulated in the literature (6, 16, 24, 26).
As in all other fields of medicine, new ideas in orthopedics
should be evaluated stepwise, with in vitro and subsequent in
vivo investigations of antimicrobial properties occurring before
clinical trials. Therefore, testing the antimicrobial activity of
bone cement with new antibiotics or other antimicrobial agents
should begin with in vitro studies. Agar diffusion testing has
been the standard method for many years for in vitro assessment of antibiotic-loaded bone cements (17, 23, 27, 28). However, the assessment by agar diffusion testing of the anti-infective activities of some antimicrobial agents requires accurately
defined standard conditions (20). For example, large molecules, such as vancomycin and teicoplanin, harbor a reduced
diffusion capacity and their susceptibilities are difficult to determine exactly. Other anti-infective agents, e.g., fosfomycin,
are able to interact with components of the culture medium in
agar plates, resulting in reduced activity. Therefore, adequate
culture media are required (20). New anti-infective agents like
microdispersed elementary silver are undetectable in agar diffusion tests (2, 4), which makes new in vitro methods neces-

MATERIALS AND METHODS
Bone cements. Plain PMMA bone cement (VersaBond; Smith & Nephew,
Memphis, Tenn.), gentamicin-loaded PMMA bone cement (Palacos R with gentamicin [2%]; Schering-Plough, Brussels, Belgium), and PMMA cement (Versa
Bond) loaded with 0.1, 0.5, and 1% (wt/wt) high-porosity silver were used for the
present study. High-porosity silver comprised of stable agglomerates of 2 to 10
m was provided by Fraunhofer Institute for Manufacturing and Advanced
Materials, Bremen, Germany (IFAM). All cements were prepared in a vacuummixing system (Easymix; Coripharm, Dieburg, Germany) in accordance with the
manufacturer’s instructions. The liquid cement was subsequently brought into
molds in order to create bone cement samples with a diameter of 4 mm and a
height of 7 mm.
Microorganisms. Various clinical isolates of several gram-positive and gramnegative bacteria with different susceptibilities to gentamicin were collected at
the Institute of Medical Microbiology, Giessen, Germany, to study in vitro
antimicrobial properties of the different bone cements (Table 1).
Staphylococcus epidermidis Eugen Domann culture collection strain EDCC
5245 was susceptible to gentamicin (MIC ⬍ 0.064 g/ml), methicillin-resistant
Staphylococcus aureus (MRSA) EDCC 5244 exhibited intermediate gentamicin
susceptibility (MIC ⫽ 16 g/ml), and MRSA EDCC 5246 and MRSA EDCC
5248 showed low-level gentamicin susceptibility (MIC ⫽ 64 g/ml). All staphylococci were identified by API biochemical characteristic testing (bioMerieux,
Marcy L’Etoile, France), by sequencing the 16S rRNA, and by specific PCRs to
detect the femB, coa, and mecA genes (8; data not shown).
Pseudomonas aeruginosa and Enterococcus faecium were identified by API
biochemical characteristic testing. The gentamicin MIC for P. aeruginosa EDCC
5272 was 128 g/ml, and that for E. faecium EDCC 5271 was ⬎1,024 g/ml.
The MICs of gentamicin for the different strains were determined under
standard conditions by the epsilometer test (E-test; AB BIODISK, Solna, Sweden) as recommended by the vendor.
Biofilm formation. A biofilm assay based on the ability of bacteria to form
biofilms on polystyrene plastic, i.e., on their ability to develop microcolonies that
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The purpose of this study was to establish a reliable and cost-effective microplate proliferation assay for in
vitro antimicrobial testing of bone cement samples. Cement samples devoid of antimicrobial agents, loaded
with 2% gentamicin or with different concentrations of high-porosity silver, were incubated in a 96-well
microplate with several staphylococcal, Pseudomonas aeruginosa, and Enterococcus faecium isolates exhibiting
different susceptibilities to gentamicin. After being rinsed, the samples were brought into a soy medium in
which adherent cells on the cement surface either were killed by the antimicrobial surface or started to release
clonal counterparts. The medium was monitored in real time by recording a time proliferation curve for each
well. Microplate testing revealed no antibacterial effect of plain bone cement. The antibacterial activity of
gentamicin-loaded bone cement was shown by the microplate test to depend on the gentamicin susceptibilities
of the strains. The effect of high-porosity silver was dose dependent. Bactericidal activity against all tested
strains was found for bone cement loaded with 1% high-porosity silver. The accuracy of this new proliferation
assay was shown by the high correlation between the types of proliferation curves and antibiotic susceptibility.
In contrast to routine agar diffusion testing, it assesses the dynamic response of microorganisms to antimicrobial agents in biomaterials and allows high-throughput screening and detection of antimicrobial properties
of poorly water-soluble compounds like silver.
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TABLE 1. Type, source, and susceptibilities to gentamicin of microorganisms used in this study
Microorganism

S. epidermidis
MRSA
MRSA
MRSA
E. faecium
P. aeruginosa

Source

MIC of
gentamicin
(g/ml)

Blood culture from patient with sepsis
Bronchial lavage fluid from patient with respiratory tract infection
Foot swab from patient with wound infection
Oral cavity swab from colonized patient
Catheter from patient with urinary tract infection
Rump swab from patient with decubitus ulcer

⬍0.064
16
64
64
⬎1,024
128

Strain

EDCC
EDCC
EDCC
EDCC
EDCC
EDCC

5245
5244
5246
5248
5271
5272

Microplate testing revealed no antibacterial effect of plain
bone cement. Plain bone cement devoid of any anti-infectiva
did not inhibit the proliferation of any tested strains. The
proliferation curves commonly showed a short lag phase of 1 to
2 h followed by a log phase with a steep slope. Onset OD time
was reached between 5 and 10 h (Table 2). The stationary
phases were reached in all assays after 14 to 21 h.
Microplate testing revealed that the antibacterial activity of
gentamicin-loaded bone cement depended on the gentamicin
susceptibilities of the tested strains. Bacterial proliferation in
gentamicin-loaded bone cement depended on the susceptibilities of the strains to gentamicin. No inhibition of bacterial
proliferation was found in the MRSA strains that had low
levels of susceptibility to gentamicin, EDCC 5246 (Fig. 2) and
MRSA EDCC 5248 (MIC ⫽ 64 g/ml). Also, the proliferation
of P. aeruginosa EDCC 5272 (MIC ⫽ 128 g/ml) and E. faecium EDCC 5271 (MIC ⬎ 1,024 g/ml) could not be inhibited
by gentamicin-loaded bone cement. All proliferation curves
were similar to those found for plain cement, with a short lag
phase and subsequent log and stationary phases. Onset OD
time was reached between 5.1 and 9.6 h (Table 2). The stationary phase was reached after about 13 to 20 h.
The intermediate-level susceptibility to gentamicin (MIC ⫽
16 g/ml) of MRSA EDCC 5244 (Fig. 2) resulted in a delayed
onset of proliferation with an average onset OD time of 22 h.
The stationary phase was reached after 26 to 35 h.
For the gentamicin-susceptible strain S. epidermidis EDCC

RESULTS
Biofilm activities of the tested strains. With the biofilm
formation assay, MRSA EDCC 5246, MRSA EDCC 5248, E.
faecium EDCC 5271, and P. aeruginosa EDCC 5272 showed
biofilm formation activity, whereas S. epidermidis EDCC 5245
and MRSA EDCC 5244 did not.

FIG. 1. Typical time-proliferation curves of microorganisms for the
microplate proliferation assay. Curve 1 shows uninhibited growth,
curve 2 shows delayed proliferation, and curve 3 shows completely
inhibited proliferation. The time needed for a population to proliferate
to an OD of 0.2 is defined as the onset OD time.
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can be detected macroscopically, was used to determine the ability of the tested
bacteria to produce biofilms on the surfaces of biomaterials (25). Overnight
cultures of the microorganisms were diluted 1:100 into fresh medium (Trypticase
soy broth [TSB] plus 0.25% glucose), and 200 l of the freshly inoculated
medium was subsequently dispensed into the wells of a microtiter dish. The
inoculated microtiter dish was incubated at 37°C for 48 h without agitation and
then removed, and the wells were washed thoroughly and vigorously with biofilm
buffer (2 mM CaCl2/MgCl2) to remove unattached cells. The addition of 200 l
of biofilm buffer and 20 l of crystal violet staining solution (0.1% [wt/vol] crystal
violet in water) was used to detect biofilm formation. The plates were incubated
for 15 min at room temperature and then rinsed with biofilm buffer to remove
residual staining. Bacteria with biofilm activity coated the inner surfaces of the
wells, and the microcolonies were visible in purple color.
Microplate proliferation assay. The microplate proliferation testing used in
the present study for bone cement samples was based on an assay introduced for
screening of antimicrobial biomaterials (2). Bone cement samples (with a length
of 7 mm and a diameter of 4 mm) were incubated with 106 bacterial CFU in 200
l of cell suspension in each well of a 96-well microplate at 37°C for 1 h to allow
adherence of the microorganisms to the cement surface. Every cement-bacterium combination was tested in six different wells of each lane per microplate.
After incubation, rinsing of the cement samples with phosphate-buffered saline
removed loosely attached cells from the cement’s surface. The remaining adherent cells were incubated in phosphate-buffered saline with 0.25% glucose, 0.2%
(NH4)2SO4, and 1% sterile TSB for 18 h at 37°C in another 96-well microplate.
During this second incubation step, the attached cells on the surface of the bone
cement either started to multiply and to release clonal counterparts into the well
or were killed by the antimicrobial surface. After removal of the samples, the
released bacteria were amplified by adding 50 l of TSB medium to each well for
36 h. Proliferation of the released daughter cells was monitored at a wavelength
of 578 nm online by a microplate reader (VersaMax; Molecular Devices, Sunnyvale, Calif.) for the next 36 h and provided a time-proliferation curve as a test
result for each well of the microplate. Whether bacteria were partially or completely inactivated by bone cement samples supplemented with anti-infectiva,
they were able to release only a few or even no clonal counterparts, which
resulted in the diminishment or the absence of bacterial growth, respectively.
Bacteria that remained viable on the supplemented bone cement surface released clonal counterparts whose proliferation resulted in characteristic proliferation curves (Fig. 1).
For internal controls of antimicrobial activity, nylon-knitted fabric plated with
99.9% pure silver was used as a positive control (Shieldex Trading GmbH,
Bremen, Germany), and the same nylon material devoid of silver was used as a
negative control.
Statistical evaluation. All measurements were performed six times. The time
needed for a population to proliferate to an optical density (OD) of 0.2 was
defined as the onset OD time, which was used for quantitative assessment of
bacterial proliferation. This time was recorded for each well of all tested bone
cement-microorganism combinations, and the mean value and the coefficient of
variation (from standard deviations and averages) were determined from these
six measurements.
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TABLE 2. Average onset OD times for every tested bone cement-microorganism combination
Avg onset OD time (h) (% CV)a

Strain
Plain bone cement

S. epidermidis EDCC 5245
MRSA EDCC 5244
MRSA EDCC 5246
MRSA EDCC 5248
P. aeuroginosa EDCC 5272
E. faecium EDCC 5271
a

5.8 (11)
6.7 (14)
8.2 (6.9)
7.7 (5.1)
5.0 (1.5)
10 (13)

Gentamicin-loaded
bone cement

⬎36 (0)
22 (28)
8.7 (11)
9.6 (13)
5.1 (2.1)
9.5 (13)

High-porosity silver
bone cement

⬎36 (0)
⬎36 (0)
⬎36 (0)
⬎36 (0)
⬎36 (0)
⬎36 (0)

CV, coefficient of variation.

FIG. 2. Time-proliferation curves for gentamicin-loaded bone cement. The proliferation of MRSA EDCC 5246 with low-level susceptibility to gentamicin (MIC ⫽ 64 g/ml) could not be inhibited by
gentamicin bone cement, whereas for MRSA EDCC 5244 (MIC ⫽ 16
g/ml) and S. epidermidis EDCC 5245 (MIC ⬍ 0.064 g/ml), delayed
proliferation and the absence of growth were detected, respectively.
Tests were carried out six times for each strain (lanes 1 to 6). In
conclusion, the proliferation curves showed good correlation with the
gentamicin susceptibility of the respective strain. y axis, OD; x axis, 0 to
36 h.

Coefficient of variation. The coefficient of variation, as a statistical instrument for reliability of the test method, was below
15% for 17 of 18 cement-bacterium combinations (Table 2).
DISCUSSION
The hypothesis for the resulting time-proliferation curves
for gentamicin-loaded bone cement samples was that bacterial
proliferation depended on the respective susceptibilities to
gentamicin of the different strains. Low-level susceptibility to
gentamicin was expected to result in uninhibited bacterial
growth in the microplate proliferation assay for gentamicinloaded bone cement. Lagging or complete inhibition of bacterial growth was expected for strains with intermediate or high
levels of susceptibility to antibiotic. Indeed, MRSA EDCC
5246, MRSA EDCC 5248 (MIC ⫽ 64 g/ml), P. aeruginosa
EDCC 5272 (MIC ⫽ 128 g/ml), and E. faecium EDCC 5271
(MIC ⬎ 1,024 g/ml) showed uninhibited bacterial growth
with a short lag phase followed by a steep-slope log phase for

FIG. 3. Time-proliferation curves for MRSA EDCC 5248. The proliferation of MRSA EDCC 5248 on high-porosity silver-loaded bone
cement samples was clearly dose dependent. The addition of 0.1%
silver did not lead to a considerable delay in the onset of proliferation
compared to the onset for plain bone cement samples in all six lanes.
Loading the cement with 0.5% silver resulted in a prolonged lag phase,
and the addition of 1% silver led to complete inhibition of bacterial
proliferation in all six lanes. y axis, OD; x axis, 0 to 36 h.
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5245 (MIC ⬍ 0.064 g/ml), a complete inhibition of bacterial
proliferation resulted in “flat-line” proliferation curves in all
assays (Fig. 2) with an average onset OD time of ⬎36 h (Table 2).
Microplate testing revealed the activity of high-porosity silver bone cement against all tested strains. The effects of bone
cement loaded with high-porosity silver depended on the concentration of silver with all tested strains. The addition of 0.1%
high-porosity silver did not lead to a considerable delay in the
onset of proliferation, whereas 0.5% showed clear signs of a
prolonged lag phase (Fig. 3). Loading of bone cement with 1%
high-porosity silver completely inhibited bacterial proliferation
of all strains tested. Only flat-line curves were found for this
kind of bone cement, and no onset of bacterial growth was
observed. None of the tested strains started to proliferate
within the first 36 h (Table 2).
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daughter cells) are specially considered by this method. Ramage et al. investigated the effect of biofilm formation by Propionibacterium acnes on antibiotic susceptibility (21). A first
incubation for 18 h at 37°C was done to allow the formation of
biofilms on the different bone cement samples. Antibiotic susceptibility was determined by a second incubation procedure in
which different antibiotics were added to cation-supplemented
Mueller-Hinton broth. The number of bacteria was determined after ultrasonication of the samples by the Miles and
Misra drop plate count method as discussed in reference 14.
The major drawback of this testing method is that the antibacterial effect of an externally added antibiotic which was not
added to the biomaterial itself was tested. Therefore, this assay
does not reflect a practical clinical situation of antibioticloaded implants, although it reflects biofilm formation activities.
The microplate proliferation test also enables the detection
of antimicrobial agents, which cannot be done on agar plates.
Bechert et al. (2) showed that the antimicrobial activity of
central venous catheters with microdispersed elementary
silver could not be determined by agar diffusion testing due
to the absence of typical inhibition zones on the agar plate.
But these silver catheters proved to offer a remarkable reduction in infection rates in clinical trials (4), and a microplate proliferation assay was able to prove its antibacterial
properties in vitro (3). Also, the present study showed complete inhibition of bacterial growth in the proliferation assay
for 1% high-porosity silver bone cement. A microplate proliferation assay revealed a clear dose-dependent effect of
this antimicrobial agent.
Silverberg et al. (23) demurred from the agar diffusion
method for in vitro antimicrobial testing of PMMA bone cement. Bone cement samples loaded with 5-flucytosine did not
show any inhibition zone in agar diffusion assays for in vitro
antifungal analysis of PMMA bone cement in their study.
Those authors concluded that 5-flucytosine could have failed
to diffuse through the agar. It is also assumed that elementary
silver might be unable to diffuse through the agar, possibly due
to its poor water solubility (2). Both examples emphasize the
importance of alternative in vitro testing methods to replace
agar diffusion tests.
Another advantage of this new testing method is its highthroughput potential of up to 96 different bone cement samples per microplate. The assay is simple, time-saving, and costeffective.
In summary, this microplate proliferation assay showed reliable and reproducible results in the assessment of antimicrobial activity of bone cement samples. Compared to the agar
diffusion test, its three major advantages are its ability to assess
the dynamic responses of microorganisms to antimicrobial
agents in biomaterials, its ability to test the activities of antimicrobial agents that are difficult or impossible to test by agar
diffusion, and its high-throughput capacity.
The necessity for new, innovative antimicrobial agents requires a reliable and fast in vitro screening method to investigate their antimicrobial potential in bone cement. Both preconditions can be fulfilled by this new microplate proliferation
assay.
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gentamicin-loaded bone cement. Also, no plain bone cement
samples could inhibit or delay the growth of any tested strains.
There were always comparable proliferation onset times for
these strains on the plain bone cement and the gentamicin
bone cement samples.
The proliferation onset OD time for MRSA EDCC 5244 was
22 h for gentamicin-loaded bone cement compared to 6.7 h for
plain bone cement. The most likely reason for this difference is
the moderate gentamicin susceptibility (MIC ⫽ 16 g/ml) of
MRSA EDCC 5244 delaying the onset of growth with a longer
lag phase than that of MRSA EDCC 5246 in gentamicinloaded bone cement samples.
The proliferation of S. epidermidis EDCC 5245 with its highlevel susceptibility to gentamicin (MIC ⬍ 0.064 g/ml) was
completely inhibited by gentamicin bone cement. The proliferation onset OD time was ⬎36 h, compared to only 5.8 h for
the plain cement samples.
All these findings confirmed the hypothesis that bacterial
growth in the microplate proliferation assay depended on the
levels of susceptibility of the test bacteria.
Agar diffusion is the most common in vitro testing method
for studying the antimicrobial activities of loaded bone cement
samples (23, 27). The correlation of the MICs of gentamicin
determined by agar gel tests and the proliferation behavior of
bacteria in the proliferation assay of the present study showed
the accuracy of this new testing method. A coefficient of variation below 15% for 17 of 18 cement-bacterium combinations
showed the reliability of this proliferation assay.
Compared to the agar diffusion method, microplate proliferation has three distinctive advantages. First, microplate proliferation testing allows assessment of the dynamic response of
microorganisms to antimicrobial agents in biomaterials. Not
only the adherence but also the proliferation of bacteria is a
crucial step in the development of infection (7). The proliferation potential and dynamic behavior of adherent bacteria on
the cement’s surface are illustrated by resulting time-proliferation curves in this assay. This real-time monitoring of proliferation assesses the dynamic responses of microorganisms to
antimicrobial agents in the biomaterial, which cannot be done
by standard agar diffusion methods. Furthermore, the potential biofilm activity of the tested strains is considered to be
assessed in a better manner than that of routine agar diffusion
testing. The production of a biofilm is an important factor in
virulence and a crucial step in the pathophysiology of biomaterial-associated infections (12). Formation of a biofilm may
alter the activities of antimicrobial agents added to biomaterials (1, 11). Therefore, the impact of biofilm production should
be considered by antimicrobial testing methods. Adequate
consideration of biofilm activity cannot be done by routine
agar diffusion testing, due to the fact that biofilm formation
after preincubation of the cement samples with bacteria would
be destroyed in the absence of a culture medium on the drying
bone cement samples in the agar plates. This new microplate
proliferation assay allows colonialization of the cement surface
in the first incubation step and subsequent proliferation of the
microorganisms in the second. If the cement has no antimicrobial activity, the proliferation of the microorganisms is not
inhibited and strains with biofilm activity are enabled to start
biofilm formation on the cement surface. Thus, initial steps of
biofilm-forming activities (e.g., colonization, proliferation of
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