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Abstract: Joint prostheses are an essential element to
improve quality of life. However, prostheses may fail due to
several factors, including the most frequent cause, Staphylo-
coccus aureus infection. The identification of new fixing bone
cements with less reactivity on bone tissue and an adequate
response to infection remains a primary challenge. The aim
of this study is to evaluate the response of bone tissue in rab-
bits after introduction of a hydroxyapatite-coated titanium rod
with a commercial fixative cement (Palacos®) compared to a
modified experimental cement (EC) containing polylactic-co-
glycolic acid (PLGA) microspheres in the presence or absence
of contaminating germs. This study used 20 New Zealand
rabbits which were divided into four groups (n=15) depend-
ing on the presence or absence of S. aureus and the use of

commercial (Palacos®) or EC. A histological method, based
on bone architecture damage, was proposed to evaluate from
1 to 9 the histological results and the response of the infected
tissue. The macrophage response was also evaluated using
monoclonal antibody RAM-11. The study showed better bone
conservation with the use of EC with PLGA microspheres
against the Palacos® commercial cement, including the non-
contaminated and contaminated groups. © 2019 The Authors.
Journal of Biomedical Materials Research Part B: Applied Biomaterials
published by Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl
Biomater 107B:2517-2526, 2019.
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INTRODUCTION

The frequency of primary or revision hip and knee arthro-
plasty has exponentially increased in recent years. The preva-
lence rates of hip arthroplasty and knee arthroplasty were
0.83% and 1.52%, respectively, in the United States in 2010.*
The estimated incidence in 2020 will be 75% in hip (preva-
lence 1.45%) and 110% in knee arthroplasty (prevalence
3.20%).* The number of primary knee arthroplasties was
88,038 (1.5 per 1000 inhabitants) and 79,949 (1.28 per 1000
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inhabitants) in primary hip arthroplasties in the United King-
dom in 2012.% Primary hip arthroplasty rates in Spain in 2005
were 4.3 per 10,000 inhabitants and knee arthroplasty rates
were 7.3 per 10,000 inhabitants.*

Between 30% and 50% of arthroplasties fail in the first
10 years, with most failures occurring in the first 2 years.”
Infection and aseptic loosening, hip instability, and peripros-
thetic fracture are the most important causes of failure. The
prevalence of infection in 2003 was ~1.3% in primary
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arthroplasty and between 2% and 20% in revision surgery.
Estimations for the year 2030 suggest an increase in infection
rates up to 6.5% in hip and 6.8% in knee in the USA® based on
the aging of the population and increased obesity.” Similar esti-
mations are found in Europe.®

Staphylococci (Staphylococcus aureus and Staphylococcus
epidermidis) represent 65%-75% of cases related with pros-
thetic infection.®® These germs develop a biofilm around the
implant that hinders infection diagnosis and the efficacy of
antibiotic treatment.'®

The infection affects tissues and the capacity for remodel-
ing, which are difficult issues to assess in clinical practice.
Experimental models are necessary to investigate these
issues. Several groups developed improved new experimental
models of osteomyelitis caused by S. aureus and varied the
bacterial strain, the inoculum concentration, and the subse-
quent investigative methods.'* Therefore, clinical, microbio-
logical, or radiological evaluation is constant between
studies,'*"? but the histological methods vary widely depend-
ing on the researchers. Scales created by authors, such as
Smeltzer'* or Petty,'® and the multiple adaptations or varia-
tions of these scales,'® are widely used, but both scales evalu-
ate very specific aspects of bone histoarchitecture. Therefore,
these scales exhibit high variability depending on the bacte-
rial strain, inoculum, and the selected animal model.

Bone cement spacers reduce the rate of infection of pros-
thetic spares and maintain a higher concentration of local
antibiotic in the affected area compared to oral treatments.
Some of the most common commercial bone cements are
Palacos R® or Simplex®, and better results are obtained with
the Palacos R®.!7'8 Several attempts to modify the formula-
tion of some of these commercial cements were reported
recently via the introduction of soluble components into the
solid phase of the cement. This change increased the poros-
ity of the product and facilitated the subsequent release of
the antibiotics over a longer period of time.?%°

The aim of this study was focused for improving some of
the current commercial cements, and we obtained promising
results in in vitro studies.”’ Therefore, this study evaluated
modified cement in an experimental model of osteomyelitis
and investigated the affected tissues using a new method of
histological staging.

MATERIALS AND METHODS

This study used 20 New Zealand rabbits (weight range of
2.5-3 kg). Animals were managed in accordance with the
current International Regulations on Experimental Animals
(609/86/EEC and ETS 123) at the Animal Research Center
of the University of Alcald. The study protocol received
approval from the Committee on the Ethics of Animal Experi-
ments of the University of Alcala (CEI UAH 2011017). The
diet of the animals was available ad libitum.

A strain of S. aureus (generously provided by the Univer-
sity Hospital of Guadalajara, Spain, Identification Code
07041246773271) was prepared in a tube suspension with
3 mL of saline and a germ inoculum adjusted to 4 mL, follow-
ing the McFarland scale (BioMérieux, Marcy I'Etoile, France),
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equivalent to 1.2 X 109 CFU/mL. A titanium rod coated with
hydroxyapatite was introduced for 24 h in each tube with this
suspension to produce contamination. Scanning electron
microscopy (SEM) revealed the presence of germs adhered to
the rod after removal from the suspension (Fig. 1). This rod
was the contaminated implant that was introduced into the
bone tissue.

We used Palacos R® (Heraeus Medical, Germany) as the
commercial cement (CC) following the composition of previ-
ous studies,*! and we performed a partial replacement of the
solid phase of Palacos R® with polylactic-co-glycolic acid
(PLGA) microspheres (45%) as the experimental cement (EC).
The animals were divided into four groups (n = 5) depending
on the presence or absence of germ in the implant and the
use of commercial or EC. Table I shows the name and compo-
sition of each group.

The anesthetic protocol consisted of intramuscular admin-
istration of ketamine hydrochloride (Ketolar®, 70 mg/kg), diaz-
epam (Valium® 1.5 mg/kg), and chlorpromazine (Largactil®
1.5 mg/kg). A coetaneous incision was made in the distal femur
until we reached 2.5-3 cm. The condyle was exposed, and an
orifice was created manually in the metaphysis region until the
medullar canal was reached. The rod was introduced into the
bone orifice, and the bone cement (solid phase and liquid phase
mixture) was prepared. The mixture acquired a pasty consis-
tency, and the bone cement was introduced until the hole was
completely plugged. A thorough cleaning was performed dur-
ing the setting of the cement, and the wound was closed.

Animals were sacrificed after 3 weeks. Samples were intro-
duced into a fixative and decalcifying solution (Osteosoft®) for
60 days. Samples were processed for histological study, includ-
ing embedding in paraffin, slicing at a thickness of 5 pm, and
staining for histological study using hematoxylin-eosin and
Gram stains. Immunohistochemistry was performed using the
monoclonal antibody RAM-11 (DakoCytomation, Glostrup,
Denmark) to quantitatively analyze the macrophage tissue
response.

A scale was developed to assess the degree of bone
destruction and quantify the histological result. This grada-
tion included values between 1 and 9 that globally evaluated
the bone response to the aggression and its remodeling.
Table Il shows the degree of destruction classification.

Five samples per rabbit were stained with hematoxylin-
eosin, and two independent observers blindly graded the
samples. A final mean per rabbit and group was generated
for later statistical analysis. The macrophage response was
quantified using immunohistochemistry with RAM-11 in a
total of 15 fields (20x) per animal in each group.

The results were analyzed using STATA version 14 (Stata
Corp, TX). One mean per group and the mean deviation of each
group were generated. Nonparametric tests (Mann-Whitney
U test) were used to evaluate the role of infection in bone
destruction, the behavior of both types of cements in the pres-
ence of infection, and the behavior of EC independently of the
presence or absence of infection. The level of statistical signifi-
cance was set at p < 0.05. Graphical representations of the
data were performed using STATA version 14 and GraphPad
Prism 7 (GraphPad, San Diego, CA).

COMPARISON OF TWO FIXATIVE CEMENTS FOR BONE REMODELING



ORIGINAL RESEARCH REPORT

Spm

FIGURE 1. A-C: SEM images show the titanium sterile rod coated with HA. D,E: Titanium rod contaminated with S. aureus.

RESULTS

Histological staging model

This model was designed to study the histoarchitecture alter-
ations after injury (sterile rod) with commercial or ECs, in
the presence or absence of S. aureus. We are conscious about
the limitations of this type of study to be used as a clinical
method for diagnosis. This design revealed the bacterial
effects on bone structures with a global view. A detailed his-
tological scale was created using the parameters in Table II to
describe the structures in this model that were representa-
tive of the area to be studied, including the epiphysis, epiphy-
seal cartilage, and metaphyseal zone, and show the ascending
degree of destruction of the structures involved (Fig. 2).

The implant in animals without infection (groups

1 and 2)

Animals with a sterile rod implant and Palacos R® (group 1)
exhibited a good metaphysical repair response. Implant
encapsulation surrounded by new bone formation in which
the cement remained was observed in all animals. The meta-
physeal cartilage was partially unstructured, but it was well
preserved and delimited the epiphyseal cavity, in which

TABLE I. Name and Composition for Each Group of Study

Group Rod Cement

1 Sterile Palacos R®

2 Sterile Palacos R® + PLGA
3 Contaminated Palacos R®

4 Contaminated Palacos R® + PLGA

moderate trabecular disruption was observed in the path of
the rod implant [Fig. 3(A)].

Animals with a sterile rod implant and Palacos R® +
PLGA (group 2) revealed the presence of the imprints from
the rod, and great bone remodeling around the implant area,
which emphasized a higher density of metaphyseal bone
(Fig. 4). A highly conserved metaphyseal cartilage and great
recovery of spongy bone on the path of the rod implant were
also observed [Fig. 3(B)].

The implant in animals with infection (groups 3 and 4)

Animals with a contaminated rod implant and commercial
cement (Palacos R®), group 3, exhibited an important alter-
ation that did not allow conservation of the histoarchitecture
in the studied area. A loss of integrity of the bone structure
was observed in the histological images of necrosis and

TABLE Il. Degree of Destruction Scheme

Degree of
destruction Degree Criteria
Light From 1to 3 Destruction affects
destruction only the bone closest to the
insertion of the rod.
Moderate From 4 to 6 The area of insertion of the
destruction rod and part of the near
cartilage is affected.
Severe From 7 to 9 Global destruction of the

destruction bone, overcoming the

adjacent cartilage.

The bone disruption is graded in light (from 1 to 3), moderate (from
4 to 6), and severe (from 7 to 9).

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH PART B: APPLIED BIOMATERIALS | NOV 2019 VOL 107B, ISSUE 8 2519



GRADE

CHARACTERISTICS

SCHEME AND REPRESENTATIVE
EXAMPLE

Minimum disruption.
Cartilage intact. The bone is
restructred with well-
organized new bone around
the defect.

Very slight disruption.
Cartilage intact. Small
disruption of bone around the
defect.

Mild disruption. Cartilage
intact. There is a greater
degree of disruption in bon
estructure around the defect,
which does not exceed
cartilage.

Moderate disruption. The bone
trabeculaec  surrounding the
defect are lower. The cartilage
is disrupted in the are dosest to
the defect and loses its
uniformity.

Moderate disruption. Lower
density of bone trabeculae
around the defect with partial
loss of cartilage, without
suffering a total loss or the
bone farthest from the defect.

Moderate disruption. Absence
in the formation of bone
trabeculae or presence of them
in a disorganized way around
the defect. Total loss of
articular cartilage, being able
to slightly disrupt the furthest
bone from the defect.

Severe disruption. Absence in
the formation of bone
trabeculae around the defect.
Total loss of articular
cartilage, moderately
destructuring the bone
trabeculae furthest from the
defect.

Severe  disruption.  Severe
overall bone disorganization,
with absence of articular
cartilage and presence of very
disorganized bone tissue.

Severe disruption. There is no
clear organization of bone
tissue.

FIGURE 2. Detailed histological scale to describe the structures in this
scheme, and a final representative panoramic view of each parameter.
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model study. The figure shows a detailed description, a black and white
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FIGURE 3. Panoramic views. A: Sterile rod + Palacos® (50x). B: Sterile rod + Palacos® + PLGA (50x). C: Contaminated rod + Palacos® (50x). D: Con-

taminated rod + Palacos® + PLGA (50x).

scattered tissue remains. There were no signs of tissue
repair in the implant or surrounding areas. The epiphysis
exhibited a highly unstructured appearance. The metaphy-
seal cartilage was heavily damaged or absent in some areas,
and the remains of the implanted cement remained in con-
tact with the surrounding tissue [Fig. 3(C)].

Animals with the contaminated rod implant and EC
(Palacos R® + PLGA), group 4, showed an excellent response
to the aggression. The rod implant was surrounded by a cap-
sule in which new bone was detected, and the cemented
remains were attached. Very good preservation of the tissue
histoarchitecture, a well-preserved metaphyseal cartilage,
and an absence of epiphyseal destruction were observed,
and only the presence of newly formed bone and fibrosis
along the path of the rod were observed [Fig. 3(D)].

Statistical analysis

The disruption degree obtained in animals with no infection
was low (mean 1.5 IQR [1-3]). The EC (Palacos R® + PLGA)
maintained this low degree of disruption while the commer-
cial cement (Palacos R®) increased extraordinarily in the ani-
mals with a contaminated rod (p = 0.042). Global comparison
of the study groups revealed that group 4 (contaminated rod
+ Palacos R® + PLGA) maintained the characteristics of

preservation, histological structure, and degree of disruption
similar to group 2 (sterile rod + Palacos R® + PLGA), despite
the infected. Figure 5 shows the comparative histograms of
each of the study groups. These differences are consistent
with the results observed histologically.

Study of the infection

The contaminated rods exhibited the presence of S. aureus
on the hydroxyapatite coating (Fig. 1). The presence of bac-
terial infection 3 weeks later was confirmed using the Gram
staining technique. The presence of infection in animals in
which the contaminated rod was fixed with Palacos R®
cement (group 3) was difficult to assess because of the
severe degree of disruption of the affected area. The pres-
ence of bacteria in other areas was shown as colonies
located in bone and cartilage. The bacterial presence was
contained around the cement when the cement included
Palacos R® + PLGA (group 4), and colonization was observed
only in adjacent areas [Fig. 6(A)]. We observed the presence
of bacterial colonies in the metaphysis, cartilage, and trabec-
ular bone [Fig. 6(B,C)]. The presence of infection in this
group appeared higher, but this observation was due to the
severe degree of destruction in group 3 (Palacos R®) with
the loss of tissue at the moment of histological processing.

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH PART B: APPLIED BIOMATERIALS | NOV 2019 VOL 107B, ISSUE 8 2521



FIGURE 4. A: Sterile rod + Palacos® (160x). B: Sterile rod + Palacos® + PLGA (320x). C: Contaminated rod + Palacos® (50x). D: Contaminated rod +

Palacos® + PLGA (80x).

Description and analysis of RAM-11

Immunohistochemistry with RAM-11 revealed a moderate
macrophage reaction in the noninfected group with Palacos
R® cement (group 1). Primary expression occurred in the
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FIGURE 5. Histograms comparing the degree of disruption. The experi-
mental cement (Palacos R® + PLGA) maintained this low degree of disrup-
tion while the commercial cement (Palacos R®) increased extraordinarily
in the animals with a contaminated rod (p = 0.042). CC: Palacos R®: EC:
Palacos R® + PLGA. #*p < 0.05.
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capsular tissue, next to areas with biomaterial remains, and
the bone marrow surrounding the insertion of the rod. How-
ever, the noninfected group with Palacos R® + PLGA (group 2)
exhibited bone tissue with a highly respected area, where the
macrophage reaction was limited to the capsular zone gener-
ated by the biomaterial. The rest of the surrounding bone tis-
sue contained some isolated macrophages [Fig. 7(A)].

The infected group with Palacos R (group 3) revealed an
intense macrophage expression surrounding the defect, with
the formation of large multinucleated giant cells around the
damaged bone that followed the insertion path of the rod.
Group 4 (Palacos R® + PLGA cement) exhibited a lower mac-
rophage response in all animals [Fig. 7(B-D)].

The macrophage response in groups with no infection
was significantly higher in group 1 than group 2 (p < 0.01).
Samples with infection were not statistically significant dif-
ferent between cements, and an adequate macrophage
response was observed in both groups (Fig. 8).

DISCUSSION
The introduction of PLGA microspheres to modify the com-
mercial cement formulas, such as Palacos®, controls the

aggressiveness of tissue infection and exhibits a better

COMPARISON OF TWO FIXATIVE CEMENTS FOR BONE REMODELING
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FIGURE 6. A: Panoramic view of Gram staining showing a contaminated rod + Palacos® + PLGA (50x). B: Gram staining detail showing a contami-
nated rod + Palacos® + PLGA (bone trabeculae) (320x). C: Gram staining detail showing a contaminated rod + Palacos® + PLGA (cartilage) (640x).

Arrow indicates infected bone and cartilage cells.

preservation and remodeling of the architecture of the sur-
rounding bone compared to Palacos® bone cement.

In vitro previous studies showed that modification of
bone spacer cements with microspheres of PLGA or any
other formulations improved the release of antibiotics to
prevent infection and the ability to remodel a bone defect.?*~2*
These steps are the basis for future improvements in com-
mercial bone spacer formulations, which will reduce the
morbidity associated with these interventions in a medium
term. Now we have observed that after in vivo implantation
of sterile rods filled with this modificated spacer cement, it
induced significant positive response with an increase of
bone neoformation around the implanted rod areas com-
pared to commercial spacer cements without modification.
It is possible that the presence of PLGA can induce certain
osteoinductive capacity of Palacos® offering a different sur-
face in contact to eroded bone.

Prosthetic infection is one of the most demanding compli-
cations after total or partial arthroplasty. Diagnosis of infection

remains an important challenge, and it relies on different
parameters.

The priority in this scenario is to determine the possible
infection and establish an appropriate treatment. Some
authors used synovial biopsy to correctly diagnose the germ,
but the methodologies varied, and inconsistent results were
obtained.?*~*! Biopsies of the periprosthetic tissue from the
space between the prosthesis and the bone were also pub-
lished.3? The authors describe a sensitivity of 88%. Martinez-
Perez et al.®® showed the importance of the clinical strains
compared to the collection strain. Clinical strains exhibited a
higher adherence at low concentrations compared to the col-
lection strains. Clinical strains exhibited a capacity for cell
destruction at high concentrations. In this sense, we used a
clinical strain to contaminate the sterile rods. This effect may
be relevant in our model in which the tissue destruction was
the more evident observed characteristic.

Li et al.>* studied bone architecture and remodeling after
implantation of a prosthesis using computerized micrography

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH PART B: APPLIED BIOMATERIALS | NOV 2019 VOL 107B, ISSUE 8 2523
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FIGURE 7. A: Panoramic view of RAM-11 IHC, sterile rod (50x). B: Panoramic view of RAM-11 IHC, contaminated rod (50x). C: RAM-11 IHC detail show-
ing the contaminated rod + PLGA (320x). D: RAM-11 IHC detail showing the contaminated rod + PLGA (400x). Arrow indicates macrophage cells.

(micro-CT). These studies are based on experimental studies in
animals and uninfected bone tissue. Perhaps the changes pro-
duced after a prosthetic infection may be defined using this
technique in the future, but currently, this use is not possible
today.

The investigation and improvement in the diagnosis and
treatment of prosthetic infection relies on experimental
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FIGURE 8. RAM-11 IHC percentage of positive expression. The macrophage
response in groups with no infection was significantly higher in group 1 than
group 2 (p < 0.01), while an adequate and similar macrophage response
was observed in the contaminated groups. **p < 0.01, ***p < 0.001.
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models of osteomyelitis, which must simulate the infection
to properly examine and stage the bone repairing response.
There is also no consensus on this point. Most studies'" base
their histological analysis on two classical scales, Smeltzer
and Petty. The Smeltzer scale uses specific parameters of
bone remodeling, such as periosteal reaction, acute and
chronic inflammatory response, or the presence of necro-
sis.*35 However, the assessment of the Smeltzer parameters
is not always easy, especially if one is not an expert
observer, because comparison of the bone response to a bac-
terial infection in an individualized manner produces a high
percentage of variability in the affected bone areas.

A less used, but more useful scale from the histological
point of view, is the Petty scale,'® which clearly describes the
alterations that may occur in different bone structures: perios-
teum, cortex, and medullary canal. However, this model does
not consider the reactive and reparative processes at the time
of the study because it primarily takes into account the pres-
ence of inflammatory and immune cells and abscesses (corre-
sponding all to processes of acute inflammation).

More recent studies expanded some parameters of the
Smeltzer scale’” and combined or assessed both classic
scales.’® These studies add new parameters to the classic
inflammation and necrosis parameters, such as the formation
of fibrosis and granular tissue. Others publications®® also
investigate more than one study time point and evaluate the

COMPARISON OF TWO FIXATIVE CEMENTS FOR BONE REMODELING



response of bone tissue in an acute and chronic manner.
However, all these studies have similar limitations to previ-
ous studies because the subjectivity and experience of the
observer is essential, and the histological images presented
are complex to interpret or, in some cases, even absent.

In this experimental model, a new histological scale is
assessed for the parameters previously mentioned and for
the preservation and remodeling of bone and cartilage his-
toarchitecture. Evaluation of the tissue in a global manner
provides an overview of the capacity of bone repair and
allows us to correlate the damage generated with the func-
tionality of the tissue. The structure of the scale makes it
useful for less experienced evaluators who may visualize
the changes in the tissue in a clear and simple manner.
This staging may be used in experimental models to evalu-
ate any type of bone defect, even studies of uninfected bio-
materials, which is possible only if the defect is examined
with the surrounding new bone in a global view. Our model
allows a detailed evaluation of the most reactive areas of
tissue using the scales previously described in the litera-
ture, such as the number of cells, encapsulation of biomate-
rials, or new bone formation. The obtained results showed
in a panoramic view the effects about the implanted rods,
both sterile and contaminated and with commercial cements
or modificated with PLGA microspheres. This method
allowed to obtain an easy perception of the general condi-
tion of the affected area due to the presence of the implant
and the response obtained after 3 weeks. At the same time,
we perform other cellular determinations. Among them, the
macrophage response studied also suggests a less aggressive
response in the groups that included PLGA, even in animals
with infection. This combination of cements with PLGA
showed great changes in contact with eroded bone, espe-
cially on infected bone. The preservation of bone structures
and the increase of bone neoformation were significantly
improved. This modification in Palacos® cement may also be
used to investigate the release of different antibiotics, which
has already showed good results on in vitro studies.?!

Therefore, there is no current unified definition or
gold standard for the diagnosis and staging of osteomyeli-
tis in animal models, and the establishment of a histologi-
cal protocol to evaluate normal and pathological bones
and the different phases of remodeling after an injury in a
global manner remains a challenge. This article takes one
step in this path and proposes a new method to stage the
degree of bone destruction caused by infection in an
experimental model. This proposal provides an approach
about the possible effects after some necessary bone
devices introduction in contact with infected bone areas.
The histoarchitectural alterations will be the guide to
understand the possible staging of the bone affectation
and response. These new tools for a better diagnosis will
lead to more appropriate treatment of patients affected by
low-grade prosthetic infections.
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