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Abstract

A new era of osteomyelitis treatment has been taking strides towards efficient, local administration
of antibiotics at the site of infection. By having them localized to the site of infection, this toxicity
is no longer an issue and actually has shown to be a more productive treatment for osteomyelitis.
Researchers have focused the production of non-biodegradable, antibiotic, infused bone cements
specifically designed for proficient osteocyte binding, useful antibiotic release over a desirable
period of time, and promotion of bone regeneration. These cements are then surgically placed on
the infected site following debridement and irrigation. The problem, however, is that the use of
ineffective cements and the overuse of antibiotics has led to the development of resistant bacteria.
Due to this, further research is being done in the field of antibiotic discovery and delivery.
Specifically, the development of biodegradable materials capable of efficiently delivering
antibiotics and also eliminating the need for follow-up surgery to remove the delivery material is
being done, thus reducing exposure risk. Nanoparticles have been developed in the forms of
scaffolds and injections to deliver a higher degree and longer lasting duration of antibiotic release,
while promoting bone regeneration.
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1. Introduction

Since the invention of prosthetic joints, some engineers and physicians have spent their

careers trying to not only improve the materials which make up these prosthetics, but the
manner they are utilized in order to make sure their use is as beneficial, comfortable, and
long lasting as possible. One problem with this fact is the possibility of bone infection or
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osteomyelitis. It was concluded as recently as 2015 that infection following knee or hip
arthroplasty has an incidence rate of 2 to 2.4 percent, with the infection burden for each
(knee or hip) being slightly under one percent.12

Clinically, physicians are able to classify bone infection in to two different categories
including chronic and acute cases. The most common form of acute cases is due to blood
vessel weakness or damage more commonly known as hematogenous infection. Due to the
high vascularization of bone in children, they are the most commonly infected individuals
from this mechanism. Chronic cases are less common but when diagnosed have been shown
to present for over 80 years, in some cases.3 Additionally, chronic cases are becoming much
more prevalent now than previous years due to the more frequent use of prosthetics for joint
replacements and fracture repair. During surgery or, in many cases, a fracture, the
periosteum of the bone is disturbed allowing for increased access to the osteocytes by
bacteria resulting in a more severe form of infection.*

However, the increased frequency of these types of surgeries is not the only reason for the
increased prevalence of bone infections. The major influence is due to the damage inflicted
upon the vascular and skeletal system by diabetes and cardiovascular diseases. Now, more
than ever, the prevalence and incidence of such diseases are escalating. It has been stated by
the Center for Disease Control (CDC)? that 9.3 percent of the United States population is
affected by diabetes whether they are diagnosed or not. Additionally, the American Heart
Association (AHA)® estimates that 35 percent of the United States population expresses
greater than or equal to three out of the seven heart disease risk factors, which is the most up
to date standard in recognition of susceptibility. Reviews published by Namba et al”:8 also
found that men and people suffering from obesity or arthritis also have an increased
prevalence of osteomyelitis, but they were unable to find a connection among people
suffering from rheumatoid arthritis like other reviews.%-12

In order to combat the reality of bone infections it is important to first understand what is
going on biologically during an infection before it is possible to find ways to prevent, treat,
or even cure such manifestations. During an infection, the body’s first immunological
response is to signal the collection and focus of immunologic cells to the site of injury or
infection. This begins with the function of the non-specific system involving macrophages,
neutrophils, and other phagocytic cells at the site, and the recognition of the infection by the
body signals associated T-cells and B-cells of the specific immune system to produce the
necessary antibodies.13 This concentration of cells and immunologic agents like histamine
trigger an immune response resulting in pain, swelling, redness, heat, and loss of function.
Though this is generally a beneficial response, if the infection is substantial or persistent,
this response can eventually lead to cell and tissue necrosis and the most severe forms of
osteomyelitis. During an immune response, there is a transition of cells between certain
stages, by utilizing this fact, researchers are able to monitor the impact of the materials being
tested for effectiveness and completion of treatment. One example of this is the transference
of macrophage from a type 1 form to type 2. Each of which has a different impact favoring
type 1 for less severe infection cases.4
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Antibiotics have been proven to work but problems have been found to exist due to the
bacteria’s own defenses against the immune cells. Its shown that once the bacteria imbed
themselves in the osteocytes, they are able to produce a fibrinogen layer similar to the
fibrinogen present in normal tissue and even lower its metabolic rate, both of which help to
disguise the bacteria from immune cells and antibiotics.3 Additionally, some antibiotics
proven to be affective have shown to be toxic in other tissues or organs of the body
especially when in the concentrations needed for eradication to be successful. These two
problems thus bring up two other problems including: the need for a way to localize the
antibiotics necessary to the point of infection and to avoid toxicity.

The focus for this review is to provide information on new methods being developed in the
field of osteomyelitis treatment and improved developments in the methods already adopted
by the medical field both primary and surgical. These include a number of biological and
non-biological methods with the latter being of older relevance and the prior consisting of
the most recent research focuses.

2. Current Status for Bone Infections

Since the discovery, acceptance, and eventual mass production of antibiotics, there existed a
state of mind that antibiotics were “wonder drugs” that finally gave the human race a leg up
on the problems that bacterial disease had created over generations. The fact of the matter
though is that this way of thinking has led the human race in to a period of overuse
(frequency) of prescribing and an under use (duration) during treatment that has led to a new
precaution in medicine due to antibiotic resistant bacteria. In the topic of osteomyelitis, the
bacteria of biggest concern include staphylococcus aureus and staphylococcus
epidermidis.1315 In a study analyzing the United States incidence of infection caused by
these bacteria in 2013, it was concluded that between 1.6 and 29.7 cases per 100,000, and of
those cases, 2.8 to 43 percent of them were infections of the bone, depending on the
location, and it has been shown these numbers are only increasing due to the increased
frequency of knee and hip arthroplasty in the United States.2:11.15-17

A large amount of research has been dedicated to the discovery of the exact mechanisms of
osteomyelitis infection and its subsequent treatment but problems exist. /n vitro studies have
been able to find fairly predictable patterns of infection and colonization among these
infections, but once these circumstances are duplicated /n vivo the results do not replicate in
the same manner. The reason for this being that animal models have a much larger number
of variables both environmental and genetic that must be taken in to account. This makes it
difficult for researchers to test new antibiotics.18

Currently, the gold standard antibiotic for the treatment of osteomyelitis is gentamycin, but it
is having the potential to be ineffective to resistant bacteria resulting in the need for new
affective antibiotics to be discovered.! Some of the most popular antibiotic investigations
include: doxycycline, tigecycline, levofloxacin, nafcillin, vancomycin, minocycline,
amoxicillin, and even silver particles.
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In order to test new or already existing antibiotics for their effectiveness with bone infection,
there must first be a delivery method. The most traditional method for delivery is through
oral intake. The problem, however, is that this method can result in cytotoxicity and/or
allergic reactions within body systems beyond the site of infection. This exact problem has
been apparent in research measuring the efficiency of the antibiotic bortezomib, which
showed potential in cell death and bone regeneration except it has the potential to cause
peripheral neuropathy, and a fungal infection treatment method known as fungizone, which,
if not isolated, can result in side effects such as fever, chills, hemolysis, and vomiting.19:20
Ironically, even a derivative of gentamycin (gentamycin sulphate) has been shown to present
systemic toxicity when administered orally rather than locally.?!

An answer to decrease toxicity and possibly increase the effectiveness of a treatment is to
develop a way in order to localize the administration of a drug or antibiatic to the site of
infection. The basis for this is to either directly apply them to an area surgically with the use
of scaffolds either biological or non-biological or the use of compounds that demonstrate a
high affinity for the site of infection or bone in this case. The detailed information on how
this is being done will discussed later on.

By being directly administered to the location of infection, the drug is already at an
advantage, but the antibiotic must be released in an efficient manner. Ideally, the delivery
method should allow the antibiotic to release in large concentration at the start and then at a
lower but still affective concentration over an extended period of time (days to weeks).20:22
This allows for efficient prevention of bacterial growth and adaptation to the treatment.
Additionally, researchers are trying to find methods that will not only accomplish these goals
but to also be able to promote bone growth following the elimination of infection by
incorporating agonistic materials in to the delivery systems.

3. Non-biodegradable Delivery Systems

3.1.Cements

The use of non-biodegradable materials more commonly known as bone cements have been
infused with antibiotics in order to effectively localize the administration of the drugs to a
target site, with the most widely used composition being polymethylmethacrylate
(PMMA).16.23 The reasons for this being that PMMA’s have shown to have ideal antibiotic
release characteristics along with ideal compatibility characteristics with bone.

When taking in to account the risk verse reward possibilities from both the financial and
health standpoint, a majority of public health researchers are split on the subject. There are a
number of factors that can lead to osteomyelitis as mentioned earlier. Many publishers
believe that due to the inconsistencies among the cements currently being used, the
prevalence of antibiotic resistant bacteria will only increase faster rather than being halted.
Thus, they believe that this method should only be used with high risk patients.”2425 On the
other hand, there are publishers whom believe that these same viewpoints are the exact
reason as to why these cements should be more regularly administered. Through citing of
previous research, these authors state that infection is easier to prevent than it is to eliminate,
in most cases. By preventing infection, less financial burden will be placed on patients and
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hospitals because of post-surgical treatments and other complications that can arise due to
infection.2 This leads to the research that is currently being completed.

Tan et al.2” examined different compositions of PMMA cements in order to test the
reliability and efficiency of each for osteomyelitis treatment. The compositions in question
were a control version of PMMA, a gentamycin infused PMMA (PMMA-G), a chitosan
infused PMMA (PMMA-C), and a chitosan derivative (hydroxypropyltrimethyl ammonium
chloride chitosan, HACC) (PMMA-H), designed by the research team and shown to be
affective against bacterial growth in a previous study, infused in PMMA.28 The reason for
the development of the new derivative being that chitosan has been found to be effective as
an antibacterial, but unlike many others, it is not very soluble in water making it difficult to
infuse in to cement and also can lead to the development of biofilms. The parameters for
analyses included the curing time and temperature, bone compatibility, proliferation rate,
and bone growth/healing. Among all parameters, PMMA-H excelled especially as an
antibacterial (Fig. 1). The reason being that its small particle size allowed it to create pores
in the cement that ultimately allowed it to better comply with the bone tissue and provide
areas for proliferation. Consequently, this advantage led to its ability to stimulate bone
growth through an enzyme agonistic mechanism on bone’s alkaline phosphatase (ALP).

A similar study was completed on the effectiveness of chitosan when integrated in to cement
and was able to provide additional information. This includes the finding that its integration
as a nanoparticle was able to preserve the mechanical properties of the cement better than
when compared to its integration as a powder. The nanoparticles were produced through an
ionic gelation technique verse other known techniques (micro-emulsion) due to its ability to
produce nanoparticles with high protein binding efficiency.2%:30 This led to greater
antibacterial properties by the nanoparticle derivative than the powder derivative. In one
case, the release lasted for 3 weeks and was believed to be the result of an increased bone
compatibility and a greater negatively charged surface against the bacterial membranes.3!

This same type of research method was used in order to test the efficiency of silver
nanoparticles in PMMA verse the traditional gentamycin. The difference in this case
however is that rather than testing all the previous parameters, the impact on MRSA
(methicillin resistant staphylococcus aureus) alone was being studied. This resulted in
gentamycin showing little antibacterial activity, while the silver nanoparticles completely
inhibited proliferation of the bacteria.3?

Previously, it was stated how an important characteristic of these cements is to have an
efficient release of antibiotic over a period of time. This characteristic, in addition to MRSA
inhibition and cement stability, was what Matos et al.33 were examining in their study of an
acrylic bone cement. The antibiotic of focus was minocycline due to its believed influence
on MRSA, but unlike the previously mentioned studies, commercial acrylic bone cement
was used. Additionally, just as was discovered by the study completed by Tan et al.?’, it was
understood that the porosity of the cement is important for efficient minocycline release and
bone attachment. In order to assure that the cement being used would express this
characteristic, lactose was mixed in to the solution because of recent discoveries in the
field.34 In the end they studied a control group consisting of plain cement and then two
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cements with consistent minocycline content (2.5%) but varying lactose content (10% or
20%). For all three cements, the initial release of antibiotic was consistent and ideal. The
differences started to appear once the duration of release, porosity, and biomechanical
properties were evaluated. It was concluded that porosity and duration of release were
directly related to the concentration of lactose present in the cement, but the 10% lactose
cement was still able to perform at an effective release characteristic. The problem with the
20% lactose cement was that the increased porosity resulted in a compromised mechanical
structure not only for bone compatibility but also for stability. This led to the conclusion that
bone cement with 2.5% minocycline and 10% lactose is a successful modification to the
traditionally used cements.

3.2.Stabilizers

In addition to bone cements, some researchers have been experimenting with the use of
antibiotic-cement-coated stabilizing devices to be used in surgery. The idea for this came
from the impact that these stabilizing devices have for fracture repair, and by coating either
the rods or plates with antibiotic cement, one is able to administer infection treatment, while
also providing a source of stability to the location of injury. An example of one method from
Sancineto and Barla3® for coating surgical rods with these cements is displayed in Fig. 2.

A benefit to these studies compared to most of the cement studies is that they are completed
in vivorather than /n vitro. By doing so, the researchers are actually able to observe and
analyze the diffusion properties of the cements being used along with being able to find out
whether antibiotics used successfully in a laboratory setting will in fact work when the
additional variables provided by a living organism are presented. A downfall, however, is
that these studies are non-randomized studies, but considering the fact that these methods are
designed to treat a small population of people with certain, specific ailments, this bias will
not falsify the statistics quite as much as it would traditionally.

The most popular application is the use of antibiotic infused cement-coated rods in to the
infected area. In a study completed by Conway et al.36 this method was examined on
patients suffering from an infected arthrodesis (group A) and patients with an infected
nonunion (group B, Fig. 3). All in all the method caused 105 of the 110 patients to recover
on all aspects, but no matter the ailments being treated, only slightly over 50 percent of the
subjects (57 and 60, respectively) were cured with only one treatment, while the remaining
individuals needing further surgery or treatment in order to repair the nonunion or fully clear
the infection. Additionally, 27% and 30% of the individuals in group A and group B,
respectively, had a recurrent infection. This may have been due to the mixture of antibiotics
used, which were vancomycin and tobramycin, and how the individuals reacted to them.
These were also administered orally.

In a similar study, but different for how the implantation of the rods was prepared by using a
Reamer-Irrigator-Aspirator (RIA) system rather than a traditional implantation by drilling
out the area, similar results were obtained. 37% of the patients required further treatment
after an initial surgery. This is in fact lower than the previously mentioned study, but rather
than administering antibiotics solely by oral medication and through the implanted cement,
this study also placed each of the patients on venous antibiotics, which may have impacted

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Snoddy and Jayasuriya Page 7

the results. The antibiotics included gentamycin and vancomycin. This also led to 96% of
the subjects continuing their lives without recurrence of infection.3’

Sancineto and Barla,3® using a very similar reaming and irrigation method were able to
obtain much more positive results. Just as Kanakaris et al.3” a period of systemic (oral and
venous) antibiotic use including gentamycin, vancomycin, and tobramycin were included in
addition to the antibiotic cement following surgery. The three groups studied, though small
(18 total), included infected nonunion (group A), infected nonunion repair (group B), and
recurrent osteomyelitis (group C). The group distributions, infection sites, and antibiotics
used are displayed in Table 135. At the completion of the study there weren’t any signs of
recurrent infections and every subject recovered with a complete union demonstrating that
complete debridement, reaming, and irrigation of the infected site in addition to stability and
local administration of antibiotics can be a very effective treatment.

It is important to know that in every one of these studies, the bacteria being treated was
cultured and MRSA was the most abundant cause of infection in every case resulting in the
wide diversity of antibiotics being used. Additionally, there is some discrimination between
how the surgeries should be completed. In each study a different number of surgeons are
used ranging from one to five. This leads to the conclusion that the method for implantation
might have a large impact on the effectiveness of such treatments.

Conway et al.,38 in addition to studying the effectiveness of internal fixation and antibiotic
delivery have also been involved in the use of external fixation studies. In one particular
study, they used the very same technique (method, cement, and antibiotics) for coating rods
but in this case applied it to plates. The reason for this is to provide a just as effective
method for antibiotic administration while providing stability but to have a less invasive
surgery. In the 4 cases mentioned every application after debridement and irrigation resulted
in union of the bone along with infection eradication without recurrence, demonstrating
plausibility for the treatment.

Ultimately, the goal is to be able to administer these treatments with the expectation that
they will be affective after a single application. As mentioned and demonstrated, however,
this is not yet a reality. In many cases, there is still a large amount of second surgeries
needed in order to clear an infection. Additionally, a number of methods being used are
designed in a way that requires a patient to take part in a number of procedures.38:39 Not to
mention, a second surgery is needed to remove these cements and stabilizers no matter the
result. Due to this fact a number of researchers are starting to develop cements and beads
able to be dissolved or degraded without the need for a follow-up surgery, thus decreasing
cost and energy toward treatment.

4. Biodegradable Delivery Systems

4.1. Nanoparticles as Scaffolds

There are a number of mechanisms being tested in this field including scaffolds and
injectable materials. The most important aspect is the nanoparticles making up the
“backbone” of all of these materials. As mentioned in the research completed by Shi et al.,3
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by developing and separating the antibiotic materials in to these nanoparticles there exists an
increased surface area, porosity, and bone compatibility, which, together, allow for an
increased concentration and duration for release of treatment. The problem is that
researchers now must find methods for producing biodegradable nanoparticles and
compounds that can be incorporated successfully. By doing so, antibiotics can be localized
to a site of infection for treatment and possibly promote bone regeneration all without
requiring a second surgery for release. 4041

In terms of these scaffolds, it is relatively understood through a number of studies that the
mechanism of delivery for any material whether antibiotic, metal, or ionic loaded in to the
particle is delivered to its location site by a degradation, diffusion mechanism. This involves
the degradation of the compound stabilizing the particles and the particles themselves, which
then allows for an imbalance between water, ions, and particles in the location resulting in
natural diffusion and uptake by the infected cells. This however, in most cases, only results
in a diffusion of 60% of the material loaded in to the nanoparticles.4243

One of the most popular materials in this field is calcium phosphate and its derivatives. The
reasons for this being its ability to promote bone compatibility (adhesion, binding, and
growth), and its ability to be drug loaded. One of the main reasons for these abilities is due
to the fact that it is a natural component of bone.® However, on its own, it has shown to
have a high burst release. This brings forth its possible incorporation in to a polymer. Bastari
et al.** did just this by incorporating varying amounts of nafcillin and levofloxacin in to
poly(lactide-co-glycolic acid) (PLGA) and encapsulating it with calcium phosphate using an
emulsion method. By using multiple antibiotics, Bastari et al. were able to not only examine
how affective the use of calcium phosphate was on an efficient profile, but whether or not
there was a different profile for each antibiotic. The results found that the decreased
solubility of levofloxacin actually led to a decreased initial release whether coated or
uncoated with calcium phosphate unlike nafcillin. This led to more efficient bacterial
inhibition of 100% by levofloxacin within 7 days.

Ignjatovic et al.,*> using this knowledge of PLGAs, decided to also analyze exactly how they
can be modified to promote bone regeneration to a greater degree. In order to study this, the
research team developed combinations of calcium phosphate and PLGA in both
microparticulate and nanoparticle forms. They then added a third variable of autologous
plasma from the particular patient that would be receiving the treatment. This allowed for
the addition of growth factors and cytokines that would normally not be present. In total,
there were 5 treatment groups in the study including: control, 2 calcium phosphate
microparticle, and 2 calcium phosphate nanoparticle groups (half receiving autologous
plasma). As expected, the nanoparticulate calcium phosphate/PLGA mixed with the
autologous plasma produced the greatest amount of bone regeneration and growth after
infection. This was apparent due to the presence of a large quantity of mature bone cells,
blood cells, and a dense bone cell network, progressively replaced by lamellar bone and,
further, by mature cortical bone (Fig. 4).

Ignjatovic et al.,*6 then expanded on their research in order to evaluate what impact the
concentration of antibiotic had on treatment delivery and infection clearing. The antibiotic of
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choice was tigecycline and was loaded in to the calcium phosphate/PLGA particles at
concentrations of 0.6%, 3% and 5% by weight through a chemical bottom-up, dissolving
procedure. Through microscopy, it was then found that the average particle sizes were 65
nm, 80 nm, and 95 nm respectively. This categorizes them as nanoparticles as they are all
below 100 nm. At the completion of the study, it was found that just as there was a direct
relationship between the percent weights of tigecycline to the sizes of the particles, there
was also a direct relationship with the total quantity of tigecycline released to the weight
percent. After statistical analyses, it was found that the 0.6% tigecycline nanoparticle was
able to release a satisfactory amount (1700 ng/g) of antibiotic to the local area (500 ng/g is
required), while also still being able to allow bone regeneration. This was not when systemic
administration is also needed, however. It was discovered that the 3% or 5% particles would
be needed as long as the antibiotic of choice is not cytotoxic to the body out of the bone
tissue environment.

In one /n vivo study, the use of calcium sulfate nanoparticles has shown some promising
results not only for antibiotic release but also bone regeneration. In this study involving 25
patients requiring infection irrigation and bone grafting, and 16 also requiring fracture
repair, 23 of the 25 recovered completely from infection, and 14 of 16 recovered from both
infection and fracture repair (Table 2). These results demonstrated that results found /n vitro
can be transferred to a clinical setting even though much of the /n vitro environment does not
correlate with /n vivo. The only downfalls to this study were that there was not a control
group and even though the graft used was in fact biodegradable, some of the participants did
in fact require a second surgery due to the use of stabilizers for the fracture repair.4’

One downfall that has been presented with the use of PLGASs is that their naturally
hydrophobic surface can cause for a slight decrease in its biocompatibility and antibiotic
loading. In order to counteract this, the addition of mono-methoxypoly(ethylene glycol)
(mPEG), a hydrophilic polymer, has been a popular and successful way to reduce this
characteristic. Peng et al.*2 used these findings in order to study the impact of different
concentrations of mPEG to PLGA on antibiotic release profiles. Their end results not only
showed that their antibiotic of choice (teicoplanin) was affective at bacterial inhibition, but
the amphipathic mixture showed a more efficient release profile. The most efficient ratio
being 550/1405 (MPEG/PLGA by weight percent) due to its physical state profile at varying
temperatures, its water solubility, and its ability to sustain a high viscosity in normal body
temperatures.

In research completed by Wilberforce at el.,%? tricalcium phosphate (TCP) has also been
studied by its combination in a crystalline polymer consisting of poly-L-lactide acid (PLLA)
through a method known as twin screw extrusion. This method involves the melting and
cycling of the PLLA and TCP for a period of time (in this case 15 min) before they are
extruded through a strand die. This led to the development of both quenched and annealed
sample groups consisting of four nominal weight fraction subgroups of pure PLLA and
10%, 20%, and 30% nanoparticle composition. The particle sizes of these nanoparticulate
compounds included: 150 nm, 100nm, and 200 nm, respectively. These samples were then
examined for their cold crystallization temperature (Tcc), crystallinity, glass transition
temperature (Tg), energy values (E’), and dampening factor. 4°
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They discovered that there was not a statistically significant difference between the different
subgroup compositions in terms of the temperature measurements, but there was in fact a
statistical difference between the E’ measurements favoring the nanocomposites.
Additionally, a large statistical difference existed between the quenched and annealed groups
within each subgroup, favoring the annealed. It was then interpreted that if this type of
composite were implicated for in vivo use, an annealed material would thus be much more
suitable for bone sites requiring stiffness and high resistance, while the quenched composites
would be more suitable for bone sites allowing for higher mobility and flexibility due to a
higher dampening factor. The problem, however, is that this research was completed in dry
environments unlike the type of environment that the composites would encounter in vivo,
thus further research needs to be completed.

Hydroxyapatite (HA) is also being studied due to its sufficient ability for bone compatibility,
drug loading and delivery, and chemical activity. One problem however is that when used by
itself, HA tends to crystallize and coagulate very quickly /7 vivo. In order to mitigate this
characteristic, its incorporation with other compounds has been studied. One of these is
chitosan, which was mentioned before because of its use in PMMAS. Not surprisingly, the
coating of HA with chitosan not only helped alleviate the crystallization, but it also
minimized the initial, burst release of antibiotic to the infection site, and with the external
positive charge provided by chitosan it is expected that it would benefit infection treatment
by increasing bone compatibility.#849 However, this was not exactly the case. During
comparisons of inhibition zone by clindamycin, HA/clindamycin, HA/clindamycin/chitosan,
and HA/chitosan, there was a respective decrease as the chitosan reduced the burst too
drastically (Fig. 5). There was also some decrease is in bone regeneration.#10 Because of
this, HA incorporation with PLGA nanoparticles was examined in order to analyze whether
it could minimize the burst release that is normally present with the use of PLGAs alone.

In order to prepare the compounds, an emulsive, electrospinning method was adapted, which
has the ability to produce very fine nano-fibers that would act as the backbone for the
antibiotic material. The antibiotic of choice was amoxicillin and was then examined for its
loading, release kinetics, antimicrobial activity, and cytocompatibility. It was discovered that
amoxicillin loading was directly related to the amount of antibiotic exposed to the PLGA
fibers, but indirectly related to the amount of HA. This same relationship was related to the
release kinetics. Meaning, the nanomaterials with a higher concentration of amoxicillin but a
lower concentration of HA were able to release a higher percentage antibiotic initially. The
problem however is that this characteristic is not efficient for bacterial inhibition. By
combining PLGA, HA, and amoxicillin, the antibiotics could be released over a sufficient
concentration and a desired period of time allowing for considerable decline in bacterial
growth no matter the concentration of amoxicillin in the compound.®?

A more recent substance for incorporating these nanoparticles or microspheres is gelatin or
hydrogels because they are naturally occurring, biodegradable, permeable to nutrients and
other substances, and easy for researchers to manipulate or with which to work.52:53

Im et al.13 set out to create a hydrogel-based scaffold that not only included the use of
nanomaterials (in this case nanotubes) but also HA and chitosan. Similar to the other studies
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mentioned, the use of HA in coordination with chitosan was to increase not only the
osteoconductive properties of the scaffold but to also increase the overall strength. The use
of nanotubes was due to relatively recent research showing their ability to promote the bone
extracellular matrix in part by their structure (elongated).>* In addition, they were analyzing
the impact of magnetically oriented nanotubes in comparison to a non-magnetized control
group. Once again, it was concluded that the combination of HA and chitosan did improve
the structural integrity and stability of the scaffold, however the release kinetics were not
analyzed in this study. Additionally, it was discovered that there was actually more of an
increase in osteoblast proliferation when around the magnetized nanotubes, which was
expected due to their tighter and more ordered structure because of the added polarity.

Similar research conducted by Qi et al. also found that the incorporation of halloysitebes in
to PLGAs was also affective at reducing the burst release of antibiotics, while also having
significant bacterial inihibition.5®

Mentioned in the research by Mckee, MD#’, the use of these biodegradable materials has
been implemented in coordination with stabilizers during fracture repairs and joint
replacements. A series of studies completed by Neut et al.5657 discussed the success of this
kind of treatment. During which, they were testing the efficacy of a gentamycin-releasing
coating that could be sprayed on to any implant, and in order to limit the burst release of
gentamycin, the group implemented the use of a PLGA coating that would be applied
around the outside of the spray, which is in fact biodegradable. They found that their new
gentamycin sulfate spray (applied in either a porous-coating or a grit-blasting method) was
just as, if not more (comparing to gentamycin release alone) affective at bacterial growth
inhibition, especially when at a concentration of 1 mg/cm? (the highest concentration
measured). The team, with bio-optical imaging, then further evaluated these results in order
to reinforce their findings.

In a follow-up study, Neut et al.38, in order to increase the overall strength of their coating
and to possibly increase the bacterial inhibition of the polymer, they decided to modify their
gentamycin/PLGA coating with HA due to its ability to add these features in another
analyses.>* By doing so, the team not only measured the ability of the compound to cause
efficient bacterial release and growth inhibition in vitro, but to also apply it to an animal
model (white albino rabbits). As expected, the in vitro results were similar to their previous
study as the same concentration of gentamycin (1 mg/cm?) was used and the same
application methods (grit blasted and spray) were employed. The animal models not only
integrated the gentamycin/PLGA/HA compound, but it also administered a HA/gentamycin
compound for comparison. The results found that of while the HA/gentamycin treated
rabbits did not show any infection clearing, the HA/gentamycin/PLGA treated rabbits
showed a 100 percent clearing due to the release profile and inhibition duration (Fig. 6). This
result concluded that HA is only beneficial for binding and strength for it had too high of a
burst release on its own in order to inhibit the bacterial growth, along with decreased bone
regeneration properties. Another method of using calcium phosphate rather than PLGA was
mentioned but the antibiotic loading is drastically diminished in this case.%® A number of
other studies have also implemented the use of HA on implants, but a majority of them have
not adopted the use of PLGASs in coordination resulting in lower infection clearing rates.5°
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In a study by Zhu et al.,61 the efficiency of gentamycin sulfate was analyzed again, along
with the implementation of calcium phosphate as a scaffold background. The innovative part
of this study was to try to adopt the use of liposomes as an additional drug carrier. The
results of the study did in fact show a desired release kinetic, but the problem with this
method is that the release mechanism has two stages that can delay the antibiotic release.
Meaning, it was discovered that the calcium phosphate scaffold, after attaching to the
infection site, releases the liposomes in a vacuole form, which then move on to releasing the
gentamycin. This release mechanism had a greater anti-biofilm activity than a control group
(pure gentamycin), but that is expected considering the direct interaction. The study would
need to be compared to other delivery methods for statistical significance.

Feng et al.52 also employed the study of a similar release mechanism. The difference
however is that they adopted the success of PLGAs as their drug (doxycycline) carrier and a
prefabricated PLLA scaffold as the binding backbone. Unlike what Zhu et al. discovered, the
results showed a desired release profile and anti-biofilm activity. Additionally, they
compared the doxycycline/PLGA/PLLA scaffolds to a doxycycline/PLLA scaffold rather
than pure antibiotic in order to demonstrate a more statistically significant relationship. And
in doing so, they discovered that by manipulating the PLGA’s components ratio and
consequently its molecular weight and size they could inversely change the initial burst
release and duration of release. This led to the development of scaffolds that have the ability
of releasing doxycycline for a period of two to six weeks, and thus have the ability to be
used in a variety of infections. The problem, once again, is that many of these results are
published following in vitro studies.

4.2. Nanoparticles as Injections

Some researchers are trying to take these biodegradable materials one step further by finding
ways to implant these polymers through injection and thus eliminate the need for invasive
surgery. One popular method for doing this is through hydrogels and gelatins, which were
mentioned in some of the research, and a prevalent research focus is on adding
thermoregulative properties to these polymers in order to increase the water solubility and
manipulating their physical state (solid, gel, liquid) temperatures.#2:63.64 This simply means
that the polymer has specifically engineered solid-gel-liquid transition temperatures that
favor the gel phase around body temperature.

A study conducted by Lin et al.,5 applied this method to a composite of PLGA-
poly(ethylene-glycol) (PLGA-g-PEG). In addition, they were studying the affects that HA
would have on the compound. The HA integrated compound demonstrated many beneficial
characteristics in comparison to the PLGA-g-PEG alone including: increased strength,
increased storage capabilities, and sustained release of stored components (a dye in this
case). The HA was also able to preserve the originally designed thermoregulative properties
and even neutralize the pH of the final compound allowing for greater compatibility during
in vitro or in vivotrials of the future.

Similarly, a number of studies have been able to adopt the use of chitosan with
nanomaterials eg., carbon nanotubes®3 (Fig. 7) for scaffold production in to the development
of injectable materials. The main reason for the success is because of believed chemical
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cross-linking (shown through infrared spectroscopy and x-ray diffraction) that occurs and
allows for a strong, interlinked scaffold, while still displaying the desired thermoregulative
properties.53.66.67

Chitosan has also shown to be affective when in combination with bioactive, inorganic
compounds such as glass. This is a relatively new idea in the field, but has merit due to its
ability for thermoregulation, particle size regulation, structural support, and bone
compatibility/binding abilities.58 The problem however is that in at least one study, the
gelation points become very sensitive to increasing amounts of these compounds.5® Thus,
more research is needed on the subject.

The adaptation of calcium phosphate compounds as injectable materials is also taking place.
A study completed by Ignjatovic et al.,’® by using a composite of calcium phosphate and
poly(dl-lactide-co-glycolide) (DLPLG) were able to produce both micro (150-200nm) and
nano (40-50nm) particles. After surface analyses of the particles through atomic force
microscopy, it was predicted that the nanoparticles would provide the most efficient bone
filling capabilities due to their small size, adhesion, absorption, and release kinetics, which
was backed up by previous research.19:31 This was the result, and in fact, the nanoparticles
were able to produce the most well distributed solutions once placed in to an injectable
matrix. One reason for this being that the saturation could not be any less that 50 percent or
greater than 65 percent in order for the desired viscosity/gelation to exist. By having such a
small size, the concentration in any one area of the solution was still high enough to be
affective.

McLaren et al.22 were only one of a few studies that actually transferred these findings in to
an in vivo study. In their study, they surgically injected a PLGA-PEG matrix in to a group of
English sheep varying in the amounts of antibiotic and bacteria (S. aureus) received (Table
3). Through in vitro analyses before surgical intervention, it was calculated that the created
PLGA-PEG matrix had a traditional fast initial release followed by a slower, stable release
for a little over a week. Within the 13-day trial study, it was found that the combination of
gentamycin (4%) and clindamycin (2.5%) did in fact inhibit bacterial growth, plus the use of
the PLGA-PEG matrix did in fact promote bone regeneration. This demonstrates that the
results found in vitro are capable of being transmitted to in vivo scenarios.

4.3. New Methods

The majority of this review has focused on the use of PLGA and HA for the production of
nanoparticles, but over the years there have been new innovations that incorporate other
materials into nanoparticles, and in most cases they are still very effective. The materials to
be discussed include: silver and gold nanoparticles, diamond nanoparticles, carbon
nanotubes, and nitric oxide and zinc oxide incorporated nanoparticles.

A number of studies have been able to demonstrate the antibacterial properties of silver in
nanoparticles due to its believed ability to disrupt bacterial cell membranes.1:32:71.72 jyan et
al.”8 adopted the use of silver nanoparticles for their implantation onto titanium devices such
as joint replacements and then tested the efficiency of the nanoparticles with s. aureus. It was
found that the small (100 nm) nanoparticles, produced through a salinization method,
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showed very high antibacterial properties in a film applicator coating (FAC) assay. The
problem that existed however is that the nanoparticles had the tendency to aggregate on the
surface of the titanium rather than distribute themselves evenly, which could lead to
problematic antibacterial properties in the future. This has led to the more common
incorporation of silver into inorganic compounds for stable delivery and strong antibacterial
properties as mentioned earlier by the research by Alt et al.32:72 A very similar study by
DeGiglio et al.” except the silver particles were produced through a “green” synthesis,
found that a very dispersed number of silver nanoparticles were able to be applied to the
surface of titanium implants when a hydrogel method was additionally used.

A more recent study completed by Afzal et al.”® has been able to improve the distribution
problem of silver nanoparticles as well by applying them to the surface of biocompatible
carbon nanotubes (CNT), which have a more lattice structure for the nanoparticles to attach.
Consequently, this was able to improve the antibacterial properties (Fig. 8). In the study,
there were four different test groups of which two were pure CNTs and HA and the
remaining two consisted of CNT and HA with 5% by weight silver nanoparticles.

The use of CNTs was mentioned previously for their strong biocompatibility and their
ability to be incorporated in to hydrogel materials.>3 Just as nanoparticles, nanotube size is
able to be manipulated and a variety of material can be combined to the surface of them to
create a more complex structure and to provide the greatest amount of antibacterial
properties (the smaller the better). One benefit of CNTs to nanoparticles, however, is their
cylindrical structure. This allows researchers to design antibiotic loaded scaffolds and
materials with these CNTSs in similar orientation to bone osteocytes and osteons. This is the
reason for the strong biocompatibility and in some cases even promotes bone regeneration.”®
It has also been demonstrated that single-walled CNTs can be more effective for
antibacterial properties, and are even more effective when insolated from each other but still
at a high concentration due to an increased mobilization and bacterial interaction.’8 A recent
article by Zhang et al.”” demonstrates how important CNTs can be to future medical
treatments due to their stable structure, biocompatibility, and easy drug loading. These
characteristics are what allow them to be used in a very wide variety of disease treatments
including bone infections.

The relatively recent use of nitric oxide (NO) in to nanoparticles and other materials is due
to its antibacterial properties as a result of its oxygen radical formation after it interacts with
peroxides and superoxides. This disrupts metabolic mechanisms and DNA transcription
mechanisms in bacteria.”278 After producing NO loaded nanoparticles by a combination of
tetramethylorthosilicate, PEG, chitosan, glucose, and sodium nitrite in a 0.5 M sodium
phosphate buffer (pH 7), Martinez et al.”® were able to efficiently demonstrate that NO is
able have strong release kinetics for the treatment of infections through a period of 24 hours.
Rothrock et al.,80 were able to show similar release effectiveness with the use of gold
nanoparticles, which were produced through a method of hydrogen tetrachloroaurate salt
with hexanethiol in the presence of sodium borohydride. The reason gold nanoparticles were
chosen was because they are easily modifiable allowing for easy loading of any substance
and the very small size in which they are able to remain stable (1-5 nm). This allows for a
large surface area for infection contact and NO release. In an antibacterial mechanism
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evaluation study conducted by Cui et al.81 it was found that the surface modifications on
gold nanoparticles by thiol groups actually causes a decrease the in the expression of tRNA
in bacteria and an increase in the expression of chemotaxic genes in E coli and s. aureus of
infection sites.

Similar to gold nanoparticles, the use of diamond nanoparticles have also shown some
interest in the minds of researchers due to their ability to be formed into strong, stable
nanoparticles of small size (2-8nm), while also being able to release antibacterials for even
as long as a month in some instances.”2 Huang et al.,82 were able to show through 7 vitro
studies (mitochondrial assays) that diamond nanoparticles are able to increase the activity
genes that promote regeneration while also inhibiting the production of interleukin factors,
and cytokines that promote the characteristics of inflammation and further damage. The
problem, however, is that the production of diamond nanofilms is a very tedious and
expensive process at this current time, so a more efficient method is needed.

The analysis of zinc oxide for its incorporation in to nanoparticles has also shown to be
effective as an antibacterial agent and a bone regeneration enhancer. This has been evident
for the inhibition of a number of problematic bacteria including MRSA (Table 4). From the
table, it can be seen that three different concentrations (100, 200, and 500 ppm) were tested
for their impact on inhibition zone size, and it was discovered that the inhibition zone
actually decreased with increasing concentration of zinc oxide. After analysis, it was
discovered that above 100 ppm, the particles settled in the agar plates resulting in inefficient
diffusion.83 This efficiency was analyzed through light microscopy and scanning electron
microscopy for the antibacterial efficiency and osteoblast activity respectively. This
demonstrated that both the bacterial and osteoblast species have strong compatibly with the
zinc oxide nanoparticles (40-50 nm) through a period of 2, 24, and 48 hours. The exact
mechanism of zinc oxide as an antibacterial is currently being studied however.84:85 This
shows much more research needs to be completed in order to further understand these
results.

The last few methods to be mentioned were slightly mentioned in previous sections of this
review as additives to an original study or as an accessory method being analyzed but
deserve to be reiterated for their importance. These include the use of magnetically charged
nanomaterials and the integration of growth factors and non-specific immunity factors such
as macrophages in to the composites. It has been discovered that the by adding a magnetic
charge to nanomaterials there exists a polarity that is favored by osteoblasts. This promotes
bone regeneration and biocompatibility, while also promoting further antibacterial
properties.5#:8586 The addition of growth factors and macrophages has shown to important
for bone regeneration purposes. When growth factors and blood plasma from an infected
patient are included in a infection treatment complex it has shown to have a dramatic effect
on improving the rate and amount of bone regeneration that occurs following the infection
due to their ability to enhance the activity of the bodies natural immune and growth
mechanisms.45:78.87

Additionally, the use of bioactive glass particles was also mentioned in an earlier section and
deserves further analyses. These glasses are produced through a sol-gel method allowing the
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glasses to be formed to nanoparticle size thus allowing for an increase in exposed surface
area and increased pore size.88:89 |t has even been noted that the degradation products of
bioactive glasses actually promote bone regeneration.®? The problem however is finding a
stable compound that will efficiently utilize these properties. One possible solution is the use
of sodium alginate as a mixing liquid in combination with HA. This has shown to conserve
the beneficial properties of bioactive glass, but only to a certain point. It was found that if
the concentration of sodium alginate became to high, the stability of the compound became
to great. This results in a decreased amount of natural degradation of the product at the site
of infection, which is necessary for efficient antibiotic delivery. Consequently, this resulted
in decreased migration of necessary degradation products to the osteoblasts and diminished
results.%1

Mesoporous silica nanospheres are also a prominent area of investigation. Produced through
a poor expansion strategy involving a pore expansion agent, they possess the capability of
being formed in to nanoparticles, they thus provide a large surface area and a variable pore
size.92 Additionally, they are easily modifiable in terms of loading other desired particles for
delivery to the site of infection and altering the outer charge on the nanoparticles for
specifications of the specific tissue being targeted.14.92-94 Similar to bioactive glass
materials, they have also shown to encourage bone regeneration, but more importantly, they
are one of a few methods mentioned in this article that actually have shown to promote
angiogenesis and pro-inflammatory and macrophage functions within the immune system
when combined with copper ions. This was analyzed with the use of alizarin red S and a
combination of buffer solutions to track their degradation. Except, once again, there is a
limit to the amount of copper added to the compound. The reason being that too high of a
copper concentration actually manipulates the shape of the nanoparticles, which can actually
decrease the efficiency of antibiotic release from the particles. .14

5. Conclusion

With an increasing prevalence of osteomyelitis, whether following surgery or not has
brought on a new era of treatments. Traditionally, the use of oral antibiotics was used but
over treatment and lack of efficiency has lead to antibiotic resistant bacteria resulting in the
demand for a more localized treatment method along with the use of a wider range of
antibiotics. To this day, the most widely used treatment involves the use of non-
biodegradable cements that require surgical implantation along with surgical removal
following their effective period. This can lead to infection clearance, but the need for a
second surgery has shown to drastically increase the patient’s likelihood of developing a
post-surgical infection. In order to combat this truth, many physicians and scientists are
working to develop new biodegradable materials that cannot only be implanted through
traditional surgical methods but also through relatively new injection methods from the
creation of hydrogels. Of the number of methods being developed, the most important or
promising are the polymers like PLGAs and their incorporation with chitosan, HA, and
calcium phosphates, which have all shown to be beneficial towards structural integrity, bone
compatibility, antibiotic release kinetics, and promotion of bone regeneration. A couple in
vivo studies were mentioned, but with further in vitro knowledge, more studies can be
completed and eventually transferred to surgical departments.
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Highlights

1. Osteomyelities or bone infection is significant challenge for the patients.

3. Antibiotics can be delivered using non biodegradable and biodegradable
systems.

4. Nanoparticle carriers seem to be deliver longer period of antibiotic release.

2. Over treatment and lack of efficiency has lead to antibiotic resistant bacteria.
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Fig. 1.

The live bacterial number of the four bacterial strains in suspension after contact with four
PMMA-based bone cements for 24 h. The number of cells is expressed relative to that after
contact with PMMA. The data are representative of the results from three independent
experiments and are expressed as the means + SD. Asterisks (*) denote a significant
difference compared to PMMA and PMMA-C for all tested strains (p < 0.01), (*) denotes a
significant difference compared to PMMA-G for ATCC 35984 and ATCC 43300 (p < 0.05),
and (%) denotes a significant difference compared with PMMA-G for MRSE287 (p <
0.01)28,
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Fig. 2.
(A) Ender nail and tube length selection, (B) Cement introduction using a 60-mL syringe,

(C) Once the nail is inserted, the cement needs to get hard, (D) Intramedullary antibiotic
dispensers®.
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2a) . 2b) 2¢)

Fig. 3.

Ar?teroposterior (AP) radiograph taken a) pre-operatively showing a chronically infected
nonunion of the tibia b), intra-operative photograph of tibial osteomyelitis and c) post-
operative AP radiograph showing a fibular osteotomy and custom antibiotic-coated hindfoot
fusion rod spanning a defect3®. Note the correction of varus.
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Fig. 4.
Healing of arti cial defect of the experimental group of animals. (a) 6 weeks, (b) 12 weeks,

and (c) 24 weeks after the implantation of NPs CP/PLGA composite with autologous
plasma?®.
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Fig. 5.
Inhibition zones formed around 1 mg of clindamycin (a), 1 mg of clindamycin-loaded Hap

particles (b), 5 mg of clindamycin-loaded HAp/chitosan particles (c), and 50 mg of HAp/
chitosan particles (d) on sheep blood agar plates seeded with 7 x 103 S aureus bacteria per
mm? following an overnight incubation. The area around the deposited powders is encircled,
with a dashed line.4!

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Snoddy and Jayasuriya Page 29
24h
18 - m48h
16 72h
14 N m96h
€ 1 7 3
L
§ 10 4 %
3 T *
8
. oy
: 6 * *
,g - * T
5 4 * *
E = I
£ 2
* *
* *
S.aureus ATCC S.aureus 7323 S.epidermidis S.epidermidis S.aureus 5298 S.aureus Xen36
12600 7391 7388
Fig. 6.

Width of the zones of inhibition (mm) around gentamicin-HA-coated titanium coupons with

a protective PLGA overlayer on TSA plates as a function of time for six different

staphylococcal strains®6. Growth inhibition zones were measured 24 h after inoculation,
after which coupons were transferred to a freshly inoculated agar plate and incubated for
another 24 h. This procedure was repeated every 24 h to determine the longevity of the
antibiotic release up to 4 days. Data represent averages over three separate experiments with
error bars indicating the standard deviation. For each strain, significant differences (p < 0.05)

within a time series with respect to the day before is indicated by *.
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Fig. 7.
TEM images of (A) single-walled carbon nanotubes without magnetic field (N-SWCNT);

(B) single-walled carbon nanotubes with magnetic field of 0.06 Tesla (B-SWCNT); and (C)
graphene flakes with magnetic field of 0.06 (B-SWCNT). Inset of figure (C) is the selected
area electron diffraction pattern showing the crystalline structure of graphene.53

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Snoddy and Jayasuriya Page 31

Fig. 8.
Afzal et al. Journal of Biomaterials Applications. 2013. SEM images of Staphylococcus

epidermidis cell adhesion on (a) HA(950), (b) HA-Ag(950), (c) CNT(1700), and (d) CNT-
Ag(950) pellets after bacteria culture for 4 h. Ag: silver; CNT: carbon nanotube; HA:
hydroxyapatite; SEM: Scanning Electron Microscope’®.
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Patient  Complication Treatment Outcome Comments
3 Hypertrophic nonunion Brace Functional ~ Elderly patient
4 Refracture Cast x 8 weeks Healed No reoperation
21  Deep infection, persistent nonunion  Extensive reconstruction Unresolved  Currently under treatment
18 Refracture Repeat ORIF Healed No further infection
8 Refracture above old nonunion ORIF failed, circular fixator applied  Healed Psychiatric disorder, third fall/jump
7 Superficial infection Dressing changes Healed Different organism
11  Sterile draining sinus None Healed Tibia
25  Sterile draining sinus None Healed Tibia
10  Sterile draining sinus None Healed Tibia
24 Sterile draining sinus None Healed Tibia
2 Sterile draining sinus None Healed Ulna
17  Sterile draining sinus None Healed Tibia
14  Sterile draining sinus None Healed Tibia
19  Sterile draining sinus None Healed Tibia
12  Persistent infection Repeat debridement Healed Missed area on initial procedure

ORIF, open reduction and internal fixation.
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