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Objective: To investigate the biomechanical and elution properties of meropenem-loaded bone cement.

Methods: Bone cement (Palacos LV) with 5% (2 g/4 0g), 10% (4 g/40 g), and 15% (6 g/40 g) meropenem; 5%
(2 g/40 g) and 10% (4 g/40 g) vancomycin; and blank bone cement were prepared in a total of six groups named A2,
A4, A6, B2, B4, and A0 (antibiotic-free). 36 cylinder specimens (6-mm diameter and 12-mm height) of all six groups
were molded for a compression test. After the compression test, because of mechanical properties below the ISO
standard requirements, groups B2, B4 were not subjected to a bending test. So a total of 24 rectangular strip speci-
mens (10-mm width, 75-mm length, and 3.3-mm thickness) for groups A2, A4, A6 and A0 were molded for the bending
test. Between-group differences of compressive strength, bending strength and bending modulus were analyzed. The
meropenem standard was prepared as a series of standard solutions to calculate the standard curve. At a constant
temperature of 37 �C, separately, meropenem-loaded bone cement cylinder specimens (12 mm in diameter and
17 mm in length) of A2, A4 and A6 were serially immersed in saline solution without stirring. The eluent drug concen-
tration at 24, 48, 72 h and 6, 12, 24 days was measured and the drug concentration-time curve of meropenem was
constructed.

Results: With the exception of groups B2 and B4, all cements compressive strength values were well above the
minimum requirement of the ISO 5833 standard (70 MPa). The compressive strength and bending strength
values of group A4 were higher than those of group A0 (P < 0.05), but no difference was found between the A0,
A2 and A6 groups (P > 0.05). There were no intergroup differences of bending modulus between the A0, A2, A4
and A6 groups (P > 0.05). A standard curve of meropenem was obtained and a regression equation was con-
structed: Y = 15.0265 X + 13.5218, r = 1.00. At 37 �C, the release of meropenem was rapid during the first
48 h for all A2, A4, A6 samples, and subsequent release continued to decrease.

Conclusion: When adding up to 15% (6 g/40 g) meropenem to the bone cement, the biomechanical properties were
not reduced, and bone cement with 10% (4 g/40 g) meropenem had the best performance. At a constant temperature
of 37�C, meropenem can be released from bone cement for up to 24 days.
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Introduction

Although total hip arthroplasty and total knee
arthroplasty are mature surgical techniques and are

widely used around the world, it is undeniable that

periprosthetic joint infection (PJI) is still one of the serious
complications of total joint arthroplasty. PJI often means
delays in patient recovery and increased hospital time and
treatment costs. Because of the presence of bacterial biofilms
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and drug resistance, the treatment of PJI is challenging1,2.
For patients, PJI also often means re-surgery, as well as a
great deal of stress and fear. Debridement is often needed to
remove the biofilm, followed by total joint revision, including
one-stage and two-stage revision arthroplasty3.

There are various options for treating periprosthetic
joint infection (PJI). For early acute periprosthetic infections,
debridement, antibiotics and implant retention (DAIR) is
maybe an effect way, but without doubt, bacteria drug resis-
tance affects the outcome of DAIR4. Although one-stage
revision has had success in many medical centers, and even
been reported an effective way for chronic PJI5, two-stage
revision has been accepted by many scholars. Antibiotic-
loaded cement spacers for local administration is a standard
method in two-stage revision, and its success rate is close to
90%6–8. For two-stage revision arthroplasty and spacer
exchange, not all antibiotics are suitable for loading to bone
cement. Among them, gentamicin and vancomycin are the
two most common antibiotics used in the treatment of PJI9.
For Gram-positive bacteria, especially Staphylococcus aureus
infections, vancomycin-loaded cement spacers show excellent
therapeutic effects and are widely used in the revision of PJI.

Although Gram-positive bacteria play an important
role in PJIs10, Gram-negative bacterial infections are not
uncommon, and are increasing11–13. Furthermore, PJIs
related to anaerobes have also been reported14,15. For Gram-
negative bacteria PJI, gentamicin is another antibiotic widely
used in combination with bone cement. However, gentami-
cin resistance has become increasingly prominent16, and gen-
tamicin is usually ineffective for most anaerobic infections.
In addition to culture-positive PJI, there is another clinical
situation, which is culture-negative PJI5. For culture-negative
PJI, antibiotics loaded to bone cement probably need to
cover positive bacteria, drug-resistant negative bacteria and
anaerobes. Is there a more efficient antibiotic-loaded cements
for PJIs involving drug-resistant Gram-negative and anaer-
obes, and what is the best proportions for antibiotic and
bone cement? These are urgent questions.

Meropenem is a water-soluble powder, which is stable
on heating, ionizing radiation and causes less allergic reac-
tions17–19. Some current research shows that meropenem has
a broad antimicrobial spectrum. Meropenem has antibacterial
effects on most of the Gram-negative bacteria, including Pseu-
domonas aeruginosa, Escherichia coli, Klebsiella pneumoniae,
Acinetobacter baumannii, Haemophilus influenzae, and some
anaerobic bacteria20–22. However, there are only a few reports
about the application of meropenem-loaded bone cement in
humans23. Samuel et al.20 had reported the elution kinetics
and bio-activity of meropenem-loaded bone cement with a
maximum content of 10%, however, the biomechanical prop-
erties have not been studied. In previous studies, meropenem
was often only used as a compounding factor in vancomycin-
loaded bone cement24,25. And as far as we know, there are few
separate studies on the biomechanical properties of
meropenem bone cement. Based on the previous studies,
whether the biomechanical properties of bone cement loaded

with meropenem is up to standard, and whether higher con-
tent of meropenem (more than 10%) can be loaded to bone
cement, it is not clear. The current study sought to:
(i) summarize the biomechanical properties of meropenem-
loaded bone cement; (ii) explore the best proportions for
meropenem-loaded bone cement; and (iii) measure the eluent
drug concentration of meropenem through high performance
liquid chromatography and to study the elution kinetics.

Materials and Methods

PMMA
Commercial polymethyl methacrylate (PMMA) bone cement
(Palacos LV, 40g powder +20mL liquid, Heraeus medical
GmbH, Germany) was chosen as a control and as the basic
material for the antibiotic admixture.

Antibiotics
Commercial vancomycin (Vianex, Patras, Greece) and
meropenem (CSPC Pharmaceutical Group Limited, Hong
Kong) were tested in terms of their effect on the mechanical
behavior of PMMA bone cement. Subsequently, the elution
properties of meropenem-loaded bone cement were
investigated.

Under aseptic conditions, vancomycin or meropenem
powder was mixed with PMMA powder for 2 min using an
OmoMix mixer (Tecres, Italy), and then PMMA liquid was
added to prepare antibiotic-loaded cement. The components
were mixed evenly at 23 � 1�C with humidity between 40%
and 60%.

Grouping
Based on different proportions of antibiotics and PMMA
powder, six formulations were investigated: (i) bone cement
without antibiotics (control, A0); (ii) bone cement with 5%
(2 g/40 g) meropenem (A2); (iii) bone cement with 10%
(4 g/40 g) meropenem (A4); (iv) bone cement with 15%
(6 g/40 g) meropenem (A6); (v) bone cement with 5% (2 g/40 g)
vancomycin (B2); and (vi) bone cement with 10% (4 g/40 g)
vancomycin (B4). The bone cement with 15% (6 g/40 g) van-
comycin was powdery and could not be made into dough,
so it was not used. The mass percent refers to the amount
of antibiotics added to the PMMA powder, excluding the
PMMA liquid.

Specimens for Biomechanical Tests
Specimens were produced by molding, for each formulation,
six specimens were molded. A total of 36 compression test
specimens for all six groups were obtained. The specimens
were cylinders of 6-mm diameter and 12-mm height. After
the compression test, because of mechanical properties below
the ISO standard requirements, groups B2, B4 were not sub-
jected to the bending test.

The specimens for the bending test were rectangular
strips of 10-mm width, 75-mm length, and 3.3-mm thick-
ness. A total of 24 bending test specimens for formulation
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A2, A4, A6 and A0 were obtained. Specimens were stored at
23 � 1�C for 24 � 2 h before testing, according to ISO 5833
standard recommendations.

Compression and Bending Tests
The compression tests were carried out at a cross-head rate
of 20 mm/min using an electronic universal testing machine
(WDW-50J; Jinan East Testing Machine, Jinan, China).
Four-point bending tests were performed in another mate-
rials testing machine (Mini Bionix 858; MTS Systems, Min-
neapolis, MN, USA), at a rate of 5 mm/min. For each
formulation and each type of test, six specimens were tested,
and the average value of compressive strength, bending
strength and bending modulus was calculated.

Compressive Strength
Under normal temperature, the maximum compression amaterial
can withstand per unit area without failure. It is usually expressed
in N/mm2, that is, MPa. According to ISO 5833, the compressive
strength of bone cement should be higher than 70 MPa.

Bending Strength
Bending strength is defined as the maximum stress that a mate-
rial exhibits at failure due to a three or four-point flexural load.
It is an ability of materials to resist bending deflection when
energy is applied to the structure. According to ISO 5833, the
bending strength of bone cement should be more than 50 MPa.
Four-point bending tests were performed in this study.

Bending Modulus
Bending modulus refers to the ability of a material to resist
bending deformation within the elastic limits. It is also
described in terms of flexural deformation, the ratio of stress
to strain. The bending modulus of bone cement should be
higher than 1800 MPa according to ISO 5833.

Standard Curve of Meropenem
The meropenem standard (National Institutes for Food and
Drug control, China) was prepared as a series of standard
solutions of 0.0875, 8.7478, 87.4785, 437.3925 and
874.7850 μg/mL. The peak areas of the standard solutions
were measured quantitatively. The drug concentrations and
peak areas were analyzed through linear regression to calcu-
late the standard curve.

Elution Specimens of Meropenem-Loaded Bone Cement
and Sampling
In sterile conditions, three cylinder specimens (12 mm in
diameter and 17 mm in length) were molded for each group
of A2, A4 and A6.

At a constant temperature of 37 �C, A2, A4 and A6
specimens were immersed separately in sterile containers
with 100 mL of saline solution without stirring. Sampling
was performed at 24, 48, 72 h and 6, 12, 24 days after
immersion. Before sampling, the container was placed on a
magnetic stirrer for 1 min, and then 1.5 mL of solution was

removed and analyzed. The specimens were then separately
rinsed with 10 mL of saline solution and immersed in new
containers with 100 mL of saline solution.

Elution Drug Concentration of Meropenem
Samples were assayed through high performance liquid chro-
matography (Agilent Technologies, Santa Clara, CA, USA) at
a constant temperature of 25�C with a reverse-phase column
(Waters Symmetry C18, 4.6 � 150 mm, 5 μm). The mobile
phase consisted of 10mmol/L potassium dihydrogen phos-
phate solution and acetonitrile at a ratio of 93.5:6.5 v/v and
the flow was 1.0 mL/min. Meropenem was detected using an
ultraviolet detector at 298 nm, and the run time was 25 min.
The limit of quantitation was 0.0875 μg/mL. All the samples
were analyzed immediately on the day of collection. Values
of the concentration of meropenem were obtained for each
sample. Three specimens were tested in each group, and the
average value was calculated. The eluent drug concentration
at 24, 48, 72 h and 6, 12, 24 days was measured and the drug
concentration-time curve of meropenem eluted from bone
cement was constructed.

Statistical Analysis
Continuous variables were presented as the mean � standard
derivation. Between-group differences were analyzed by anal-
ysis of variance (ANOVA). A series of meropenem standard
solutions were assayed and simple linear regression analysis
was performed. The difference was considered significant if
the P value was less than 0.05. All statistics were performed
with SPSS version 18.0 (SPSS, Chicago, IL, USA).

Results

Compressive Strength
With the exception of Group B2 ((68.61 � 4.91) MPa) and
B4 ((56.76 � 5.19) MPa), all cements compressive strength
values were well above the minimum requirement of ISO
5833 (70 MPa). The compressive strength of group A4

TABLE 1 Compressive strength, bending strength and bending
modulus values (MPa) of all formulation antibiotic-loaded
cement samples tested

Samples
Compressive

strength
Bending
strength Bending modulus

A0 93.28 � 3.84* 64.12 � 4.56* 2402.74 � 122.37*
A2 97.39 � 3.66*# 67.85 � 4.05*# 2465.22 � 140.95*
A4 101.19 � 1.31# 70.69 � 1.27# 2473.28 � 71.05*
A6 94.44 � 2.90* 65.28 � 2.45* 2416.19 � 137.63*
B2 68.61 � 4.91 / /
B4 56.76 � 5.19 / /
F 138.56 4.57 0.50
P <0.001 0.01 0.69

* or #: Not statistically significant between groups with the same
sign (P > 0.05).
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((101.19 � 1.31) MPa) were higher than those of group A0
((93.28 � 3.84) MPa) (F = 138.56, P < 0.05), but no differ-
ence was found between the A0, A2 and A6 groups ((93.28
� 3.84), (97.39 � 3.66), and (94.44 � 2.90) MPa) (P > 0.05)
(Table 1).

Bending Strength
The compressive strength values of Group B2 and B4 were
lower than the minimum requirement of ISO 5833
(70 MPa), so no subsequent bending test was carried out for
Group B2 and B4. The bending strength values of group A4
((70.69 � 1.27) MPa) were higher than those of group A0
((64.12 � 4.56) MPa) (F = 4.57, P < 0.05), but no difference
was found between the A0, A2 and A6 groups ((64.12
� 4.56), (67.85 � 4.05), and (65.28 � 2.45) MPa) (P > 0.05).
All the bending strength values of A0, A2, A4 and A6 groups
were well above the minimum requirement of ISO 5833
(50 MPa) (Table 1).

Bending Modulus
All the bending modulus values of A0, A2, A4 and A6
groups ((2402.74 � 122.37), (2465.22 � 140.95), (2473.28
� 71.05), and (2416.19 � 137.63) MPa) were well above the
minimum requirement of ISO 5833 (1800 MPa). There were
no intergroup differences of bending modulus between the
A0, A2, A4 and A6 groups (F = 0.50, P > 0.05) (Table 1).

Standard Curve of Meropenem and Regression Equation
A series of meropenem standard solutions of 0.0875, 8.7478,
87.4785, 437.3925 and 874.7850 μg/mL were assayed through
high performance liquid chromatography. A standard curve

Fig. 1 The standard curve and regression equation of the meropenem

standard solutions.

TABLE 2 Elution drug concentration (Mean � standard devia-
tion) of meropenem (μg/mL) at 37�C

Time (d) Sample A2 Sample A4 Sample A6

1 29.16 � 3.14 60.05 � 7.45 95.42 � 7.96
2 5.12 � 0.63 9.99 � 1.39 14.80 � 0.98
3 2.27 � 0.58 4.30 � 0.27 6.69 � 1.51
6 2.10 � 0.39 4.05 � 0.51 6.31 � 1.36
12 1.02 � 0.57 1.96 � 0.25 2.87 � 0.74
24 0.36 � 0.19 0.62 � 0.20 1.01 � 0.12

Fig. 2 Drug concentration-time curve of

meropenem eluted from meropenem-loaded

bone cement samples.
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(Fig. 1) was obtained and a regression equation for the
meropenem standard solutions was constructed:
Y = 15.0265 X + 13.5218, r = 1.00. The limit of quantitation
was 0.0875 μg/mL.

Elution Drug Concentration of the Meropenem
At different time-points of 24, 48, 72 h and 6, 12, 24 days,
the mean concentration of eluted meropenem for samples
A2, A4, A6 at 37�C is presented in Table 2. At 24 days of
immersion, the eluted meropenem concentration of samples
A2, A4, A6 was respectively (0.36 � 0.19), (0.62 � 0.20) and
(1.01 � 0.12) μg/mL. Figure 2 shows the elution concentra-
tions of meropenem at different sampling times at 37�C. The
release of meropenem was rapid during the first 48 h. After
48 h, the meropenem concentration of samples A2, A4, A6
continued to decrease throughout the remainder of the study
period.

Discussion

Because of bacterial resistance and the emergence of anaero-
bic PJIs, it is especially important to explore new antibiotic-

loaded cements for PJIs involving Gram-negative bacteria and
anaerobes. The current study summarized the elution and bio-
mechanical properties of meropenem-loaded bone cement.
When adding no more than 15% (6 g/40 g) meropenem to bone
cement, the biomechanical properties are not reduced. Among
the tested specimens, bone cement with 10% (4 g/40 g)
meropenem (A4) demonstrated the best characteristics. The bio-
mechanical properties of meropenem-loaded bone cement were
better than those of vancomycin-loaded bone cement (with the
same drug content). When the 5%, 10% and 15% meropenem-
loaded bone cement was immersed in saline solution at 37�C,
meropenem was effectively released for at least 24 days.

Biomechanical Properties and the Best Proportions of
Meropenem-Loaded Bone Cement
It is generally believed that the mechanical properties of bone
cement will be affected by the addition of antibiotics26,27. More-
over, different antibiotics can have different effects. For example,
the performance of cefazolin-loaded bone cement was worse
than that of vancomycin-loaded bone cement, with the same
drug content28. Although vancomycin is considered a classical
antibiotic in terms of compounding with bone cement, it also
reduces the compression and fatigue strength of bone cement29.
Similarly, in the current study, when 5%–10% vancomycin was
added, the compressive strength of vancomycin-loaded bone
cement were below the ISO standard requirements. On the con-
trary, when adding no more than 15% (6 g/40 g) meropenem to
bone cement, the biomechanical properties were not reduced.
This was similar to the study of Persson et al.25, but in their
study, the content of meropenem in bone cement was relatively
small, only 1.25% (w / w). In our study, the compressive strength
and bending strength values of bone cement with 10% (4 g/40 g)
meropenem were even higher than those of the control bone
cement. At present, the mechanism underlying this “paradox” is
not clear and further research is needed.

Elution Kinetics
There are some reports about meropenem-loaded bone cement
and its elution process20,22. However, meropenem was often only
used as a compounding factor in vancomycin-loaded bone
cement24. Andollina et al. confirmed the bactericidal effect of
meropenem-loaded bone cement on Pseudomonas aeruginosa and
Escherichia coli in vitro, the authors described the elution process
of vancomycin but not meropenem21. Samuel et al.20 had reported
the elution kinetics and bio-activity of meropenem-loaded bone
cement with a maximum content of 10%, and the elution process
was analogous to our study. We observed the elution process of
meropenem-loaded bone cement with 5%, 10% and 15% content.
At 37�C, the elution process of meropenem-loaded bone cement
was similar to the previous elution process of vancomycin-loaded
bone cement21. Within 48 h, meropenem was rapidly eluted from
bone cement, and then the elution rate became slow with time.
Moreover, after 24 days of immersion, the concentration of
meropenem in the eluate was still higher than theminimum bacte-
ricidal concentration for common bacteria, as reported in the liter-
ature, such as methicillin-sensitive S aureus, P. aeruginosa, E. coli,
and K.pneumoniae20. In addition, for complex PJIs, some
researchers have added meropenem into vancomycin-loaded bone
cement. The results showed that adding meropenem to
vancomycin-loaded bone cement could expand the anti-bacterial
spectrum, and improve the success rate of treatment30.

Limitation
Our study has some limitations. First, in the current study,
with the increase in the proportion of antibiotics (particu-
larly vancomycin), the antibiotic-loaded bone cements grad-
ually thickened from a paste to a powder. It was impossible
to prepare samples of bone cement with 15% (6 g/40 g) van-
comycin. Second, in terms of biomechanical properties, bone
cement with 10% (4 g/40 g) meropenem was the first choice,
but the mechanism is not clear and further research is
needed. Third, previous studies have confirmed the
antibacterial effect of bone cements loaded with
meropenem20,22. Therefore, we have not repeated the rele-
vant study.

Conclusions
In conclusion, the present in vitro study revealed the excel-
lent biomechanical properties of meropenem-loaded bone
cement. At a constant temperature of 37 �C, meropenem can
be released from bone cement for up to 24 days.
Meropenem-loaded bone cement maybe an effective method
for the treatment of PJI caused by Gram-negative bacteria
and anaerobes.
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