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Purpose: Low doses of vancomycin and gentamicin were commonly incorporated into
acrylic bone cement (antibiotic-impregnated bone cement, AIBC) during revision arthro-
plasty. Previous studies showed that only a very small amount of antibiotics could be eluted
from AIBC. Given the fact that a high dose of antibiotic would elute high concentration of
antibiotic, this study investigated the influence of a high dose of dual-antibiotic loading on
the properties of cement.

Methods: A total of 8 groups of AIBC containing either gentamicin or vancomycin or both
with different amounts of antibiotics (1 g, 2 g and 4 g) were tested on material properties,
elution profiles, antibacterial activity and cytological toxicity.

Results: A high dose of gentamicin and vancomycin AIBC (with 2 g gentamicin and 2 g
vancomycin loaded) regiment showed acceptable compressive strength of 74.25+0.72 MPa. No
cytotoxicity or antibacterial activity reduction was observed in any group tested in this study. The
elution profiles indicated that incorporating 2 g vancomycin resulted in 4.77% (1049.57+3.74 ng)
released after 28 days. However, after 2 g gentamicin was added, the vancomycin released was
significantly reduced to 2.42% (532.24+1.77 pg) (p<0.001), approximately 50% reduction. No
significant influence of vancomycin on gentamicin was observed.

Conclusion: These findings suggest that the addition of 2 g vancomycin and 2 g gentamicin
into acrylic bone cement was preferred while considering this dual-antibiotic AIBC regiment
with acceptably material properties and effective antibacterial activity. However, special
attention should be drawn to the reduction of vancomycin elution when incorporated with
gentamicin.

Keywords: antibiotic impregnated bone cement, elution, mechanical characteristic,

antibacterial activity, toxicity

Introduction
Periprosthetic joint infection (PJI) is a disastrous failure of total joint replacement with
the current occurrence of 1-2%." Large numbers of studies have demonstrated effec-
tive strategies for PJI prevention and treatment, including perioperative usage of
antibiotics, adjustment of comorbidities and one-stage or two-stage revision.'
Antibiotic-impregnated bone cement (AIBC) is another effective material for the
prevention and treatment of PJI. In this procedure, an appropriate antibiotic is impreg-
nated into bone cement during primary or revision total joint replacement.”

Prior studies have investigated the properties of a few kinds of antibiotics after
being impregnated into bone cement. Several antibiotics showed excellent eluting and
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material properties, including vancomycin, gentamicin, dap-
tomycin and levofloxacin.>>° However, the regiment of
AIBC should be changed due to the change of bacterial
spectrum and drug resistance isolated from PJI. Most of the
time, one single antibiotic is not enough for the treatment of
complicated PJI.'®'" Currently, it is generally accepted that a
combination of a glycopeptide (eg, vancomycin) and amino-
glycoside (eg, tobramycin or gentamicin) is the optimal anti-
biotic for inclusion into acrylic bone cement for PJI
eradication.'” After impregnated with two antibiotics, the
bone cement showed a phenomenon known as passive
opportunism, referring to a synergistic elution of one or
both of the impregnated antibiotics resulting from increased
polymethylmethacrylate (PMMA) porosity.'*'* For exam-
ple, in the study of Slane et al, after addition of 1 g vanco-
mycin to tobramycin-incorporated bone cement, it resulted in
approximately 38% increase in the elution of tobramycin.">

Different ratios (ranging from low to high) of anti-
biotics impregnated with bone cement have been
investigated.>>® Nevertheless, the ideal ratio of antibio-
tics added is still controversial. It is generally thought
that a high dose of antibiotic would elute high concen-
tration of antibiotic. So high antibiotic loading should be
considered because only a small ratio of antibiotic could
finally be eluted from AIBC. But this is not always true.
The studies of Paz et al and Bishop et al had demon-
strated that low antibiotic loading might provide the
same antibacterial activity (ie concentration -eluted
from AIBC was
concentration).'®!” Restriction of mechanical properties

above the minimum inhibitory
is another obstacle for high-dose antibiotic because high
antibiotic loading has a detrimental impact on the
mechanical properties such as compressive strength
and elastic modulus. Previous studies showed that
upper ratios of vancomycin and gentamicin were
restricted by mechanical properties.'”'® Unfortunately,
prior studies ignored the local cytological toxicity of
AIBC due to a large amount of antibiotic eluted at the
local site and the potential risk of polymerization of
cement affected by antibiotic addition.

The purpose of this study was to investigate the influ-
ence of high-dose dual-antibiotic loading on the mechan-
ical and antibacterial properties of acrylic bone cement. To
this end, two antibiotics commonly used to treat PJI,
gentamicin and vancomycin, were incorporated at various
ratios into a commercially available bone cement. The
elution properties and cytological toxicity were subse-

quently characterized.

Materials and methods

Cement preparation

A commercial bone cement (Palacos R, Heraeus) was used
in this study as control and basic material for different
AIBC formulations. Multiple lots of powder and monomer
were mixed together to diminish batch-to-batch differ-
ences. Different amounts (Table 1) of gentamicin powder
(gentamicin sulfate, Amresco CO) and vancomycin pow-
der (Vancocin, Eli Lily) were added homogenized to the
cement powder. Liquid monomer was added next by a
standard 2:1 polymer powder to liquid monomer ratio.
The mixture was then stirred by hand at atmospheric
conditions according to the product instructions. During
the early period of dough phase, the cement was trans-
ferred into stainless molds (96 mmx12 mm) with 30 MPa
pressure at both ends. The resulting cylindrical cement
was then sterilized by 20 kGy y-ray irradiation and stored
at 4°C until the time of analysis.

Material characteristics
Compressive strength and compressive modulus were
determined according to ISO 5833'? by a materials testing
machine (Allround, Zwick/Roell, Germany). The cylindri-
cal cement was stored in 50 mL of saline at 37°C for 28
days prior to testing. Six cylindrical samples per group
were tested at a crosshead speed of 20 mm/min till the
sample ruptured or the yield point appeared. The stress—
strain curves were obtained after the testing stopped. And
then compressive strength and compressive modulus were
shown or calculated as described in ISO 5833."°

The porosity of AIBCs
Archimedes’ principle. Six cylindrical samples of each

was calculated using

group were submerged in 50 mL of normal saline for 28
days at 37°C. Then, the apparent density was measured

Table 1 Composition of cement groups tested in this study

Group Gentamicin (g, % Vancomycin (g, %
[wt/wt]) [wtiwt])
GOVO (Control) 0,0 0,0
GOVl 0,0 1,2.5
GOV2 0,0 2,50
GOV4 0,0 4,10.0
GIVo 1,2.5 0,0
G2V0 2,5.0 0,0
G4V0 4,10.0 0,0
GIVI 1,2.5 1,2.5
G2V2 2,5.0 2,50
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using a density determination kit (A&D Weighing,
Adelaide, Australia). The maximum density of Palacos R
bone cement is 1.2967 g.cm > and is defined as the true
density of the cement, which means it is completely free of
pores and voids. The percentages of porosity of AIBCs
were then calculated.?’

Antibiotic elution

Six cylindrical cement samples per group were immersed in
10 mL of saline in an incubator at 37°C with constant shaking
at 60 rpm before testing. At specific time points (1 hr, 6 hrs, 12
hrs, 24 hrs, 7 days, 14 days, 21 days and 28 days), samples
were removed from the liquid, gently washed with 10 mL of
saline and then immersed in another tube of 10 mL of fresh
saline. The washed liquid was gathered together with prior
immersed liquid and then transferred into a cryotube at —80°C
until the time of analysis. All these manipulations were con-
ducted under sterile conditions.

The concentrations of vancomycin and gentamicin
were detected by chemiluminescent microparticle immu-
noassay with ARCHITECT i2000SR detection system
(Abbott, USA). Vancomycin test kit ivancomycin (Biokit
S.A, Spain) and gentamicin test kit iGentamicin (Max-
Planck-Ring2, Germany) were used to detect these two
antibiotics, respectively, according to the manufacturer’s
instructions.

Antibacterial activity and cytological
toxicity

Three different microbes, which were most commonly
found in PJI,'® were tested against for the detection of
antibacterial activity. In this procedure, Staphylococcus
aureus ATCC 43300, Enterococcus faecalis ATCC 29212
and Escherichia coli ATCC 35218 were diluted to a con-
centration of 1.5x10® CFU/mL and then 10 mL bacteria
medium was incubated with a cylindrical sample, respec-
tively, under 37°C. At specific time points (24 hrs, 48 hrs,
7 days, 14 days and 21 days), 10 pL medium was inocu-
lated in Mueller—Hinton agar plate. After 24 hrs of inocu-
lation, the bacterial colonies were counted and bacterial
concentration was calculated.

Cytotoxicity and proliferation were detected with CCK8
procedure.?! Prior to testing, cylindrical samples were
immersed in 10 mL of saline in an incubator at 37°C with
constant shaking at 60 rpm for 24 hrs. And then the medium
was collected for testing. One hundred microliters of MEM-
EBSS with 5x10° cells/mL of L929 connective tissue cells

(ATCC CCL-1) were added to each of 96-well culture plates
except for the reference group. Ten-microliter medium was
added next and 0.1% sterilized phenol was designed as
positive control. The cells were then cultured for 7 days
under 37°C with 5% CO,. At a specific time (1 days, 3 days,
5 days and 7 days), 10 pL CcKS8 reagent (Dojindo, Japan)
was added in each well. The absorbance at 450 nm (OD450)
was measured by the microplate reader (Thermo Multiskan
Spectrum, Thermo Scientific, USA) after 2 hrs of incuba-
tion. The cell relative growth rate was calculated and the
cytotoxicity scale was evaluated according to ISO 10993.%

Statistical analysis

Statistical analyses were conducted in SPSS Statistics 22.
The level of significance was set at a=0.05 (P<0.05) and
all the tests were 2-tailed. Results of continuous variables
were expressed as means = SD, and frequency and ratio
were used for ordinal variables. Shapiro—Wilk tests were
used to investigate a normal distribution. Homogeneity of
test.
Comparisons between two groups were performed using

variance tests was conducted with Levene
one-way ANOVA. In case of homogeneity of variance,
LSD t-test was wused for post-hoc analysis, while
Tamhane T2 was used in case of heterogeneity of variance.
Chi-square test or Fisher exact test was used for discontin-
uous variables. Mann—Whitney u tests were used for non-

normal distributed variables.

Results

Antibiotic elution
The total amount of gentamicin and vancomycin eluted
from cement is shown in Table 2. The percentages of anti-
biotics eluted were between 2.33% and 6.16% (Table 2).
For each group of single antibiotic AIBC, a higher ratio of
antibiotic added seemed to elute more antibiotic in 28 days
(»<0.01). Gentamicin always eluted higher percentage than
vancomycin (p<0.01). In these dual-antibiotic AIBCs,
G2V2 was found to elute a higher percentage of both anti-
biotics than V1G1 but a reduction of vancomycin when
compared with GOV2 (532.24+1.77 vs 1049.57£3.74,
p<0.001). No significant difference was found in terms of
gentamicin when compared with VOG2 (815.47+5.62 Vs
818.53+4.81, p=0.33). The same phenomenon was also
observed in the group of G1V1 compared with GOV1 and
G1VO0.

The elution profile of vancomycin and gentamicin is
exhibited in Figure 1. All cement groups showed a burst
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Table 2 Accumulated antibiotics elution (Mean * SD) for each
group and the release ratios (%) after 28 days

Groups Vancomycin (pg, %) Gentamicin (ng, %)
GOVO - -

GOVl 489.52+0.40, 4.45 -

GOV2 1049.57+3.74, 4.77 -

GOv4 2710.52+15.06, 6.16 -

GIVo - 373.09+3.65, 3.39
G2Vo - 818.53+4.81, 3.72
G4V0 - 1752.63+6.01, 3.99
GIVI 256.15+2.58, 2.33 376.75+3.76, 3.43
G2v2 532.24+1.77, 2.42 815.47£5.62, 3.71

effect during the first 24 hrs. Almost 80% of the eluted
antibiotics happened in this stage. After 24 hrs following
submersion, G2V2 eluted almost the same gentamicin at
all time points with G2VO0 (p>0.05) and both were lower
than G4V0 (p<0.001). In regard to vancomycin, G2V2
released much less vancomycin than GOV2 (p<0.001) but
a little bit more than GOV1 and much more than G1V1
(p<0.001).

The effect
described was not observed in these formulas of dual

phenomenon of synergistic former
AIBCs. For example, in the group of GOV2, incorporat-
ing 2 g (5.0%, wt/wt) of vancomycin resulted in 4.77%
(1049.57£3.74 ng) released after 28 days. However, after
the addition of 2 g gentamicin (group G2V2), the vanco-
mycin released was significantly reduced to 2.42%
(532.24+1.77 pg) (p<0.001), approximately 50% reduc-
tion. Similar results were found in the group G1V1. For
gentamicin, the group G2VO eluted a total of 818.53
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+4.81 pg (3.72%) gentamicin of 28 days. Although incor-
poration of 2 g vancomycin (G2V2) resulted in a little
less of gentamicin released (815.47+5.62 pg, 3.71%).
significant difference was

However, no statistically

observed between these two groups.

Material characterization

Significant decreases in compressive strength and modulus
were found with the addition of antibiotics (Figure 2).
Generally, incubation with saline was not required for deter-
mination of characteristics according to ISO 5833." In this
study, we detected the material characteristics of AIBC after
submerging into saline at 37°C for 28 days. This was done
to simulate in vivo conditions. The results showed that all
the groups with antibiotics showed a lower compressive
strength and modulus than the control. The largest reduction
of compressive strength was seen in the group of GOV4,
which was just above the requirement established by ISO
5833 (ie 70 MPa). For this dual-antibiotic AIBC, G2V2
(74.25+0.72 MPa) showed better compressive strength and
modulus than GOV4 (70.52+1.43 MPa, p<0.05), but worse
than G4VO0 (76.46+1.42 MPa, p<0.05).

With regard to the porosity, the statistical analysis
showed significantly increased cement porosity in the
group of antibiotics added than control (Table 3). The
highest level was observed in the group of GOV4 (6.51
+0.14%). The
cement seemed to be larger than that of gentamicin

porosity of vancomycin-impregnated

(»<0.05). A significant correlation was observed between
porosity and gentamicin elution and vancomycin elution
(Figure 3).

B
30009 o Govi A G1V1
o GOV2 Vv G2v2
GOV4
2000 -

Accumulated vancomycin elution (ug)

Time (h)

Figure | The elution profiles (mean * SD) of gentamicin (A) and vancomycin (B) over a 28-day period.
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Figure 2 Compressive strength (A) and compressive modulus (B) of tested cement. The dashed line on the left represents the lower limit of 70 MPa established by ISO 5833.

Table 3 The porosity (%) of each group after submerged in
saline at 37°C for 28 days

Groups Porosity (meantSD)
GOVo 2.05+0.05
GOVl 3.0310.14
GOV2 4.25+0.13
GOvV4 6.51£0.14
GIVOo 2.52+0.13
G2Vo 3.38+0.24
G4V0 4.97+0.15
GIVI 4.01%0.10
G2Vv2 6.02+0.08
§ 3000 7 —e— Gentamycin
=t --a-- Vancomycin
kel
E
& 2000 o
g .
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<
©
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Figure 3 The accumulated gentamicin (circle) and vancomycin (square) released
from cement tested as a function of porosity. The dashed cycles represent the four
pairs of data generated from GIVI and G2V2. The solid and dashed lines show the
trend between porosity and accumulated antibiotic elution.

Antibacterial activity and toxicity
Cement without vancomycin did not show any inhibitory
effect on Staphylococcus aureus growth. Cement without

gentamicin showed no inhibitory effect on Escherichia
coli. High dose of antibiotic loaded showed better anti-
bacterial activities. The most powerful effect was seen in
the group of G2V2 because no bacterial growth was
observed during the first 48 hrs (Figure 4).

The results of cytotoxicity and proliferation detected
by CCK 8 procedures are mentioned in Table 4. No sig-
nificant difference was detected between any group of
AIBC and the control. The results indicated no toxicity
of these formula of AIBC and no extra effect on
proliferation.

Discussion

It is universally accepted that AIBC is one of the most
effective methods in the management of PJI.! However, it
is a fact that one single antibiotic was usually not effective
enough to treat complicated PJI, which was mostly related
to multiple bacteria and drug resistance.'® Then, investi-
gating the properties of dual-antibiotic-impregnated bone
cement is of great value to optimize the regiments of
cement spacer while used in PJI."' In this study, gentami-
cin and vancomycin were used to cover the current bacter-
isolated from PJL studies
demonstrated the increasing tendency of PJI pathogen

ial spectrum Previous
pattern of methicillin-resistant Staphylococcus aureus
(MRSA), enterococcus and extended-spectrum beta-lacta-
mase bacteria (ESBL) (eg. ESBL+ Escherichia coli)."
Then, a combination of gentamicin and vancomycin
might be effective for the current bacterial spectrum. The
results of this study showed effective antibacterial activity
and no cytological toxicity, which demonstrated our

hypothesis.
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Figure 4 Antimicrobial activity of cement tested in this study. The pie chart represents these three bacteria that were the most commonly found in periprosthetic joint
infection. Different colors represent different levels of bacterial growth as illustrated in the figure.
Abbreviations: S. aureus: Staphylococcus aureus ATCC 43300; E. feacalis: Enterococcus faecalis ATCC 29212; E. coli: Escherichia coli ATCC 35218.

Table 4 The cell relative growth rate ([RGR] %) of L929 cell at different time periods detected with CCK8 procedure and the

cytotoxicity scale (CTS) evaluated according to ISO10993.

Ist day 3rd day 5th day 7th day

PC 0.8414.11(IV) 1.57+0.77(1V) 2.19£2.51(IV) 0.55+0.57(IV)

GOVO 104.08+3.52(0) 104.68+4.93(0) 108.2715.11(0) 105.25+6.74(0)
GOVl 106.65+3.88(0) 106.28+7.25(0) 102.1316.26(0) 98.99+7.60(1)

GOV2 106.77+4.29(0) 102.40+5.77(0) 99.75+6.57(1) 100.39+3.35(0)
GOV4 106.08+4.41(0) 110.48+6.57(0) 103.9314.17(0) 103.35+3.80(0)
GIVO 103.59+3.68(0) 107.52+4.57(0) 101.38+4.48(0) 105.08+5.98(0)
G2V0 107.7542.99(0) 103.344£5.33(0) 106.6415.12(0) 100.84+3.23(0)
G4V0 104.75+1.80(0) 107.83+5.23(0) 105.40+5.99(0) 105.1745.95(0)
GIVI 105.4246.09(0) 106.20+6.34(0) 101.88+5.80(0) 106.7349.62(0)
G2G2 97.96£10.91(1) 103.13+6.68(0) 106.20£2.99(0) 104.00+3.70(0)

Notes: Mean + SD(CTS), n=6

Abbreviation: PC, positive control.

Generally, PMMA was not an optimal drug delivery
system because only a small amount of antibiotic could
finally be eluted from AIBC.'? In this study, 3.39-3.99%
of gentamicin and 2.33-6.16% of vancomycin were finally
released. In the study by Neut et al, only 4% of gentamicin
was finally eluted from gentamicin-loaded bone cement.'®
Another study of van de Belt et al showed 8.4% of genta-
micin eluted.”® The same was seen in vancomycin-loaded
bone cement.'’* Fortunately, with special techniques, the
In the study of
Pithankuakul et al, 24% of vancomycin was finally eluted

elution ratio might be increased.

from a special modified vancomycin-loaded bone

cement.”” Previous studies and results of this study indi-
cated that the total amount of antibiotic delivered would
increase by increased loading percentage.® However,
mechanical properties decreased significantly with high
dose antibiotic loaded. We had observed a drop from
93.86+2.13 Mpa to 70.52+1.43 MPa when the loading
ratio of vancomycin increased from 2.5% to 10%. In the
study by Lee et al, the compressive strength of AIBC
decreased to 38% when the loaded vancomycin increased
from 1.25% to 10%.%* Although a high dose of antibiotic-
loaded AIBC was necessary for the clinician, mechanical
properties were the main restriction. To the best of our
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acknowledgment, the upper limit of gentamicin and van-
comycin adding to acrylic bone cement were not defined
yet. In the study by Lilikakis et al, the results indicated
that 5% to 10% incorporating ratio of vancomycin into
acrylic cement would be safe in concern to material
properties.”® However, another study by Bishop et al
demonstrated that not more than 1.25% of vancomycin
should be loaded.'” The different results might be related
to different brands of cement, different procedures in pre-
paring of AIBC and different types of antibiotics.>*’* In
this study, we investigated the relatively high dose of
gentamicin- and vancomycin-loaded AIBC, and the results
showed compression strength of 74.25+0.72 MPa and
elastic modulus of 1619.83+48.38 MPa with 2 g (5%,
wt/wt) of each antibiotic incorporated. These properties
met the lower limit of ISO standard'® for acrylic bone
cement, indicating that the loading percentage of this
study might be close to the upper limit under the condition
of a normal procedure for the preparation of antibiotic-
loaded Palacos R bone cement.

The result of this study showed a large amount of
gentamicin and vancomycin released during the initial
stage. The elution rate gradually reduced after 24 hrs.
This phenomenon was in accordance with previous
studies.'>'” An interesting phenomenon was that after
combination of gentamicin, the vancomycin released was
largely reduced compared with single vancomycin loaded
cement. Meanwhile, little effect occurred on that of genta-
micin. Previous studies showed ambiguous results about
this dual-antibiotic-loaded cement. To the best of our
acknowledgement, four different studies concerned about
this topic currently. The study by Boelch et al compared
the elution of gentamicin in several different premixed
gentamicin-loaded bone cement with manually bending
vancomycin. The results showed no significant difference
in gentamicin elution.”” However, this study ignored the
influence of gentamicin on the elution of vancomycin. And
no conclusion could be made based on the design of this
study. Another study by Frew et al compared commer-
cially prepared gentamicin plus vancomycin bone cement
by manually adding vancomycin to commercially avail-
able gentamicin-only bone cement (hand-made prepara-
tion). The results showed that hand-made preparation
increased the elution of both antibiotics.?’ Nevertheless,
this study could only demonstrate different ways of van-
comycin added might influent antibiotic elution. It failed
to explain the influence of each antibiotic added to each
other. The study by Hsieh et al investigated liquid

gentamicin- and powder vancomycin-loaded bone cement.
Although the results indicated enhanced elution of both
antibiotics. There was no doubt that the material charac-
teristics of liquid antibiotic-loaded cement were far below
the clinical requirement.*® And the enhancement might
have resulted from water instead of gentamicin or vanco-
mycin. The study by Bertazzoni Minelli et al investigated
2.5% gentamicin- and 5% vancomycin-loaded Cemex
bone cement. The results observed little effect of vanco-
mycin on gentamicin elution. But a reduction of vancomy-
cin was shown with gentamicin loaded.>' The results were
in accordance with our findings. However, the study by
Bertazzoni Minelli et al observed 34.1% loss of microbio-
logical activity of vancomycin.?! This might have resulted
from different acrylic cement regiment. Another shortage
of the study was the ignorance of material properties,
which was a limitation for clinical usage.

The release of antibiotic from cement was thought to
be a combination of surface phenomenon and matrix
diffusion.®> Under scan electron microscopy, the cross-
section of acrylic cement showed a porous structure with
pore size around 30-100 pm. After the antibiotic was
added, the pore size was enlarged to 40-250 um. >34
The bulk porosity was the foundation of drug delivery
and pore size could affect drug elution. Actually we do
observed the relationship between porosity percentages
with elution, however we didn’t investigate the pore size
and distribution generated by different antibiotics. The
formation of the porous structure might be complex.
Based on this study, given the fact that gentamicin gener-
ated less porosity than vancomycin under the same incor-
porating ratio, it was reasonable that the pore size
generated by gentamicin might be much smaller than
vancomycin. This might be the reason for reduced elution
of vancomycin from bone cement after being combined
with gentamicin. Unfortunately, this was only one theore-
tical hypothesis.

Conclusion

The results of this study indicated that gentamicin and
vancomycin complicated acrylic cement was an effective
regiment for concurrent PJI bacterial spectrum. With a
high dose of 5% of each antibiotics, its material proper-
ties complied with standards and released effective and
large enough amount of antibiotics without local cyto-
toxicity. The results of this study indicated that this dual-
antibiotic AIBC would be useful in the management
of PJL
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