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Abstract: As medicine advances and physicians are able to provide patients with innovative solutions,
including placement of temporary or permanent medical devices that drastically improve quality of
life of the patient, there is the persistent, recurring problem of chronic bacterial infection, including
osteomyelitis. Osteomyelitis can manifest as a result of traumatic or contaminated wounds or implant-
associated infections. This bacterial infection can persist as a result of inadequate treatment regimens
or the presence of biofilm on implanted medical devices. One strategy to mitigate these concerns is
the use of implantable medical devices that simultaneously act as local drug delivery devices (DDDs).
This classification of device has the potential to prevent or aid in clearing chronic bacterial infection by
delivering effective doses of antibiotics to the area of interest and can be engineered to simultaneously
aid in tissue regeneration. This review will provide a background on bacterial infection and current
therapies as well as current and prospective implantable DDDs, with a particular emphasis on local
DDDs to combat bacterial osteomyelitis.

Keywords: bacterial infection; osteomyelitis; drug delivery device; biofilm; nanotechnology; tissue
regeneration; antibiotic; antimicrobial drug

1. Introduction
1.1. Implantable Medical Devices—Benefits and Challenges

There are continual advances made in the fields of medicine and science. These ad-
vances include the creation of a wide array of implantable medical devices from indwelling
vascular or urinary catheters to total hip replacements and cardiac pacemakers. Each of
these devices serves a unique purpose, and despite significant differences in form and
function, implantable medical devices are uniformly considered to improve the quality of
life of the patients in which they are utilized [1]. Approximately 8–10% of Americans, or
5–6% of people in industrialized countries, are estimated to have received an implantable
medical device [1,2]. In the United States alone, there are more than five million medical
devices or implants used annually [3]. Implantable medical devices serve a wide variety
of indications and allow physicians to improve patients’ lives by stabilizing complicated
fractures using metal rods, pins, screws, and plates [4,5]; providing children suffering
from sensory deafness with practically normal speech and language development by utiliz-
ing cochlear implants [1,6]; and providing high quality of life to patients suffering from
cardiac disease by implantation of artificial valves [7], pacemakers [8], and cardiac defibril-
lators [1,2], among many other procedures. Despite incredible advances in the impressive
arena of implantable medical devices, there remain persistent challenges. These challenges
include insufficient biocompatibility of devices, which can be associated with foreign body
responses [9–11], biofilm formation on devices [3], and chronic bacterial infection associated
with the site of implantation or device [11–14]. Each of these challenges may lead to implant
failure at any point during the in situ lifetime of the device [15].
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1.2. Bacterial Infection—Risks and Current Therapies

Bacterial infection is a common, yet catastrophic, complication [16] that can occur
following the implantation of a medical device, regardless of body site [11,13,17]. Bac-
terial infection falls under the umbrella of healthcare-associated infections (HAIs) [18].
The Centers for Disease Control (CDC) report that surgical site infections (SSIs) comprise
20% of HAIs, with an estimated 110,800 SSIs reported in 2015 [19] and an estimated one
million implant-associated infections occurring each year [20]. Average rates of infection
for initially inserted implants range from 2 to 40% depending on implant type, with ortho-
pedic implants in the range of 2–5% [21]. Bacterial infection can be caused by traumatic
or contaminated wounds, such as open fractures [12,16,22], as well as hematogenous or
perioperative bacterial seeding [23]. The presence of an implant increases the risk of infec-
tion [24]. The risk of infection is multifactorial and thought to be due in part to lowered
local host defenses [12,13,25] as a result of tissue trauma, presence of foreign material [13],
and alterations in fluid dynamics [26]. These described alterations, in combination with the
trauma of disease and device placement, can create a local environment that is susceptible
to infection with a lower infective dose of bacteria [12,13,25,27]. Additionally, bacteria
may be able to adhere to indwelling devices and form three-dimensional communities of
bacterial cells and exopolysaccharide matrix (biofilms). These biofilms can cause persistent,
recurrent bacterial infection and are typically resistant to traditional antimicrobial ther-
apy [3,13,17,20,21,28–31]. Separately from implant-associated complications, host factors
such as systemic health and lifestyle play a role in the manifestation of bacterial infec-
tion. Examples include patients with comorbidities such as diabetes mellitus, obesity,
immunosuppression, and patients with certain lifestyle choices such as smoking [12,32–36].

Current treatment for implant-associated bacterial infection is comprised of prolonged
systemic antimicrobial therapy (often lasting weeks to months), revision surgeries, and
implant removal. Revision surgeries include local debridement of compromised tissues
and, typically, removal of the associated implant followed by re-implantation of a new
device after resolution of the infection [21,25,37]. Re-implantation of a new device prior
to complete clearance of infection can reinitiate the process and add to a prolonged and
difficult recovery. These cases often require multiple revision procedures and are accompa-
nied by risk of failure at each step [25,38,39], as well as a higher risk of infection than initial
implantation [40]. These treatments can increase the costs of healthcare and may require
hospitalization of the patient. Another area of concern is prolonged systemic antimicrobial
therapy, which can be accompanied by adverse systemic side effects or toxicity, as well as
increased risk of antimicrobial resistance [11,20,41,42]. These cases are challenging for clini-
cians to successfully diagnose and manage [21,25,39,43,44]. They also place a heavy burden
upon the healthcare system, as management often extends the duration of hospital stay [45]
and is expensive, with cost estimated to range from $10,000 to $25,000 per case, depending
on the type of implant, degree of infection, and treatment protocol [21,34,45–47]. Costs may
increase by $20,000 per admission into the hospital [19], may exceed $90,000 when a pros-
thetic joint is involved [47], and may exceed $150,000 if following orthopedic trauma [48].
Important to note is the physical and psychological impact of implant failure [21,43] and
treatment protocols on the patient. Undoubtedly, the treatment process has a significant
impact on the patient’s quality of life [34,44,49], and this should be kept in consideration
when undergoing diagnosis, surgical planning, and management of implant-associated
bacterial infection. The focus of this review is to describe the current approach to bacterial
osteomyelitis and the use of drug delivery devices in the management of this disease.

1.3. Bacterial Osteomyelitis

Osteomyelitis is an inflammatory disease caused by infecting microorganisms that
leads to bone destruction and, ultimately, progressive bone loss [50–52]. Typically, os-
teomyelitis is caused by bacteria, most commonly by Gram-positive Staphylococci species
including Staphylococcus aureus and Staphylococcus epidermidis [50,53,54], although fungal
osteomyelitis occurs as well [53,55]. There are three main categories of osteomyelitis, listed
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here in order of decreasing frequency: (1) secondary to contiguous focus of infection, often
resultant from trauma, surgery, or implanted prosthetic material; (2) secondary to vascular
insufficiency, often a result of diabetic foot ulcers; and (3) hematogenous [44,53]. There is
considerable variation in the etiology and presentation of osteomyelitis [45,50,52,53]. In this
review, the focus will be on bacterial osteomyelitis that occurs following trauma, surgical
procedures, or implanted materials, which is reported to account for 47 to 50% of osteomyeli-
tis cases in adults [50,52]. These cases are most commonly caused by S. aureus [44,45,55–59],
including methicillin-resistant S. aureus (MRSA) [55].

Osteomyelitis may present acutely with fever, pain, abscess formation, signs of local
inflammation, and a draining tract. These symptoms of osteomyelitis may present shortly
after reduction of a traumatic, open fracture [50,51,53], or other surgical procedure. While
this presentation is certainly compelling for active bacterial osteomyelitis, confirmatory
evidence may not be present on diagnostic imaging such as radiographs for 2–3 weeks fol-
lowing onset of infection [52,55]. In contrast, patients suffering from chronic osteomyelitis
resulting from presence of avascular, necrotic bone, biofilm, or prosthetic material may
present years after the initial insult [34,60,61]. These cases are more likely to present with
a subtle constellation of symptoms and may be recognized solely by focal tenderness
during physical exam [44,53,62], with suspicions increasingly raised on diagnostic test-
ing [63,64]. The distinction between acute or chronic osteomyelitis is often challenging and
may require histopathological examination of bone biopsies to delineate disease chronicity
at the cellular level [36,62,63,65]. Histology may also demonstrate the presence of both
chronic and acute changes in a single specimen [65], highlighting the progressive nature of
osteomyelitis. These variations contribute to the challenge of obtaining a swift and specific
diagnosis of osteomyelitis. Diagnosis typically involves physical examination, radiographic
imaging, hematology and serum biochemistry, culture of blood, and wound tissues, and
often includes advanced imaging such as computed tomography (CT) or magnetic res-
onance imaging (MRI) [51]. The gold standard for diagnosis involves bone biopsy and
culture [36,44,52,53], as well as histopathological examination of the bone [34,36].

Once diagnosed, bacterial osteomyelitis should be treated intensively, as osteomyelitis
increases patient mortality by an estimated 8% [45]. Treatment for this type of osteomyelitis
is similar to that described above for general bacterial infection, as it is constituted by surgi-
cal debridement of affected tissues, removal of affected implants or material, preservation
of vascular supply, and systemic antimicrobial therapy guided by culture and sensitiv-
ity [25,32,34,44,51–53,65–67]. The success of osteomyelitis therapy lies within the quality
of surgical debridement [50,68], which is challenging because of the need to debride all
affected tissues while also preserving as much form and function for the patient as possi-
ble [25,32,44]. Inadequate debridement is one of the most common reasons for reoccurrence
of chronic osteomyelitis [44]. In addition to thorough debridement, antimicrobial therapy is
required and is accompanied by challenges such as inadequate penetration, antimicrobial
resistance, presence of biofilms on devices or necrotic bone, and side effects of protracted
antimicrobial therapy [44,45,56,66,69]. When an implant is associated with osteomyelitis,
the decision to leave or remove the implant [17,65,69] is crucial and can impact treatment
and patient quality of life. Additionally, replacing an implant following debridement and
antimicrobial therapy poses a challenge, as locally compromised host defenses will render
that site more highly susceptible to bacterial infection [13,25,70].

Major challenges in osteomyelitis therapy include antimicrobial therapy and inade-
quate penetration into bone, risk of chronic or recurrent bacterial infection, and extensive
tissue destruction [34,60,65,66]. These challenges can be attributed in part to the abilities
of S. aureus as a pathogenic organism [55,61]. S. aureus is not only a common commensal
species [71,72], but also a versatile competitor and dangerous pathogen, with virulence
factors that lend themselves towards causation of a diverse range of diseases [73–75]. The
ability of S. aureus to evade the immune system adds to the difficulty of effectively treating
osteomyelitis. Immune system evasion is accomplished with four main mechanisms, includ-
ing the following: (1) Abscess formation [65,76]. This is a process controlled by the host and
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pathogen. This process ultimately offers protection to S. aureus by sequestering a focus of
infection away from easy immune system access [65,77]. (2) Biofilm formation [36,76,78–80].
Biofilms offer protection by providing a physical barrier between immune cells and bac-
terial cells, while providing immense phenotypic diversity, which lends itself towards
antimicrobial resistance. Biofilms also allow for horizontal gene transfer and acquisition
of virulence mechanisms [65,76,81]. (3) Osteocyte-lacuno canalicular network (OLCN)
invasion [65,76,82]. The ability of S. aureus to gain access to the canalicular system of
bone is thought to provide nutrients to bacterial cells while simultaneously protecting
these cells from immune attack. OLCN invasion is proposed as an important mechanism
in the persistence and recurrence of osteomyelitis [82]. (4) Intracellular persistence of
S. aureus [36,49,65,80,83]. S. aureus has proven to be capable of internalization in a variety
of cell types including osteoblasts [83–87] and, although the mechanisms are not fully
understood, any period of intracellular persistence is thought to protect S. aureus from the
immune system as well as antibiotic therapies [76,83].

With these challenges in mind, as well as the desire to reduce financial burden, length
of hospital stay, and patient morbidity and mortality [45,65,88], the need for effective,
practical strategies to improve the therapy of osteomyelitis is clear and leads investigators
to study local drug delivery devices (DDDs), especially those that can serve as tissue regen-
eration platforms [44,56]. Local administration of antimicrobials can be accomplished via
biodegradable or non-biodegradable DDDs. Degradable devices are desirable to eliminate
the need for future removal of the device. Local administration is intended to mitigate the
side effects of systemic antimicrobials while providing greater local concentrations of an-
timicrobials [56,66,89–92] and improved penetration to target tissues [41] to more effectively
clear bacterial infection [93]. Recently, drug delivery systems have been designed to possess
dual platform capabilities to aid in bone regeneration [56]. This class of multifunctional
devices holds immense promise in the treatment and clearance of bacterial osteomyelitis
and offers to improve the lives of patients suffering from this life-altering disease.

2. Desirable Characteristics of Local Drug Delivery Devices

There are many local drug delivery systems that have been investigated [9], and
through these investigations, certain characteristics have emerged as most beneficial to
success of the system. Ideal characteristics include the following:

1. Biocompatibility [2,56,94–96];
2. Predictable, inert degradation [22,56,89,97];
3. Sustained, clinically significant drug release [45,57,68];
4. Appropriate mechanical strength to support surrounding tissue [68];
5. Appropriate architecture to facilitate tissue ingrowth, when applicable [98–100].

In combination, these characteristics provide the conceptual ideal local drug delivery
system. This system can load and elute antimicrobials at a clinically significant concen-
tration, and for a suitable length of time, be safely implanted into the area of interest
without causing a foreign body response [10]. This system will also degrade over a pre-
dictable length of time without generating harmful byproducts. The additional benefit
of appropriate mechanical support is not provided by most of the currently investigated
DDDs, but when available, can reduce additional surgical manipulations with hardware
placement and lessen the risk of infection and device failure. Although these characteristics
are universal to local DDDs designed to clear bacterial infections in multiple tissues, the
examples in this review are specific to bone and the treatment of bacterial osteomyelitis.

The above description of sustained, clinically significant drug release is easily stated,
yet difficult to fully understand and achieve [101]. In fact, drug elution kinetics in local
DDDs have considerable variation [92] based on the size, shape, and composition of the
delivery device [57,92]; the drug that is loaded [102,103]; the manner in which the drug is
loaded [104]; and the local environment into which the device is placed [57,102,105]. To
this end, in vitro testing of each device and drug combination must be completed prior to
consideration for in vivo use. While an imperfect predictor of in vivo performance, in vitro
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testing is useful and may bring significant hurdles or advantages to light. Drug elution
kinetics in traditional drug delivery systems rely heavily upon local flow rates, which
often result in initial burst-release of drugs [57,93,103,104,106] from the material surface,
followed by sustained, gradually reducing drug release [93,103] as the porosity of the
device is exploited [101]. This drug release profile can be undesirable in vivo if drug release
cannot be sustained over the minimum inhibitory concentration (MIC) and the minimum
biofilm eradication concentration (MBEC) of the bacteria of interest [107], and if release
cannot be sustained for a period of 3–4 weeks [103,104]. An attraction to stimuli-responsive
materials is the controllability of drug elution kinetics [104], which may provide drug
release over MIC for longer periods of time compared with traditional systems.

3. Local Drug Delivery Devices for Bacterial Osteomyelitis
3.1. Bone Cement

Historically, the most widely utilized local drug delivery device for combatting bacte-
rial osteomyelitis has been antibiotic-loaded polymethylmethacrylate (PMMA), or bone
cement [34,65,89,108–111]. In orthopedic procedures, antibiotic-loaded PMMA is often
utilized to create beads or bead chains (demonstrated in Figure 1) to pack infected sites
or as a cement applied prophylactically to prostheses [57,101,112]. This system is consid-
ered the current gold standard [66,113,114], has multiple commercially available formula-
tions [107,115,116], and is often used to complement parenteral antimicrobial therapy [117].
This system has clear benefits including mechanical stability, suitability for use with nu-
merous heat-stable antibiotics [111,112], release of metabolically active [114] antimicrobial
compounds above the MIC of most common pathogens over a period of hours to days fol-
lowing implantation [112], and elimination of dead space from debridement [34] or wounds.
PMMA has recognized shortcomings including the exothermic polymerization reaction
during PMMA formation, which limits the use of heat-labile antibiotics [17,112,115] and cre-
ates concerns of tissue damage or necrosis [98,115]; wide variation in elution kinetics based
on the type of bone cement; antimicrobial compound and mixing method chosen [101,114];
and sand incomplete release of antibiotics, which raises concerns for persistent low level
antimicrobial release and subsequent antimicrobial resistance [14,70,107,109,118,119]. Fi-
nally, the lack of degradation of PMMA beads is a recognized shortcoming, as persistent
foreign material may create wear particles and is an excellent substrate for biofilm forma-
tion [17,107,109,115,120], which can be a nidus of inflammation or initiate bacterial seeding
to other sites [121]. Additionally, the body may mount a foreign body response to the
indwelling material, and additional surgeries for removal of persistent beads are typically
required [41,108,112,118,119].
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To improve PMMA as a local drug delivery system, there have been many investi-
gations into the properties of bone cements, including antibiotic elution, bone ingrowth,
and mechanical properties [115], as shown in the flow diagram in Figure 2. Porosity
has come to light as an important factor [70] for both elution characteristics and bone
ingrowth [98,122]. However, increased porosity can decrease the mechanical strength of
the cement [31]. This highlights the need for balance in providing the desired porosity
while maintaining sufficient mechanical strength. Frew et al. [123] investigated differences
between in vitro elution characteristics of gentamicin and vancomycin from commercially
prepared cement versus hand-mixed cement. They found that hand-mixing vancomycin
powder into PMMA/gentamicin cement provided greater than a fivefold and twofold
increase in cumulative elution of vancomycin and gentamicin, respectively. These results
were accompanied by greater variation in elution as compared with commercially available
prepared cement. Greater cumulative elution and wider variation in elution in this situation
were attributed mainly to variation in porosity, as hand mixing is thought to create a more
heterogenous mixture, which provides greater porosity and slightly poorer mechanical char-
acteristics. These results align with the available literature, which cites mixing technique
as an important determinant of porosity [70,124]. Nugent et al. [125] found that elution of
tobramycin from PMMA increased with increased porosity, as caused by increased fraction
of the poragen xylitol. They also discovered that the compressive strength of the cement
decreased with increased porosity and prolonged elution time in vitro. Similar results are
reported by other studies [110,126,127], and the loss of mechanical strength with additives
is commented on by Arora et al. [128].
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Wall et al. [115] following the Creative Commons Attribution (CC BY) license (http://creativecommons.
org/licenses/by/4.0/) (accessed on 11 July 2021).

There have been investigations into the incorporation of bioresorbable, osteoconduc-
tive, or osteoinductive components such as calcium phosphate (CaP), tricalcium phosphate
(TCP, α-TCP, β-TCP), and hydroxyapatite (HA) into bone cements with the goal of con-
trolling antibiotic release and simultaneously encouraging bone ingrowth [98,115,129,130].
It has been determined that the optimal pore size for bone ingrowth is within the range
of 150–400 µm [98,115], and CaP materials should be selected with that in mind [115].
Fini et al. [130] compared a PMMA and α-TCP composite with PMMA and found that
the porous architecture of the composite increased osteoblast viability in vitro and had a
significantly greater rate of new bone mineralization in rabbit bone in vivo. These results
speak to the increased biocompatibility of the composite. Vazquez et al. [131] found that
incorporating β-TCP particles into PMMA extended the curing time of the cement. This
finding agrees with those of Beruto et al. [132] and Lin et al. [98], who found that the
addition of chitosan/β-TCP microspheres to PMMA cement increased the curing time and
decreased the curing temperature of the cement composites. These findings are helpful,
as they offer the surgeon additional time to form the cement and provide a lower poly-
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merization reaction temperature, which lessens potential tissue damage and may improve
biocompatibility [98]. The option for a bioresorbable component to bone cement is in-
triguing and may eliminate the need to remove PMMA/CaP composites, as increased
biocompatibility, osteoconduction, and osteoinduction may lead to device integration into
bone [115].

Despite these investigations and advances with regard to antibiotic-loaded PMMA,
challenges remain that raise concerns for the long-term suitability of this system for use in
the clearance of bacterial osteomyelitis. In fact, leaders in the treatment of musculoskeletal
infections met in 2019 for review and discussion of the available literature regarding
antibiotic-loaded bone cement. They concluded that, although it is used frequently and
supported anecdotally, there is a lack of strong evidence supporting the clinical benefit
of this drug delivery system [107]. Persistent challenges include the precise tunability of
elution kinetics, as this system is affected by many manufacturing variables and raises
concerns regarding the predictable in vivo performance of PMMA [107]. Additionally, the
risks of biofilm formation on indwelling PMMA, antimicrobial resistance from extended low
level antimicrobial elution, and the need for surgical removal of this system are major [107].
These risks are unlikely to be completely overcome without severely compromising the
mechanical properties or drug delivering capacity of this material. With these challenges
in mind, there has been increased interest in biocompatible, biodegradable devices [109],
which will be discussed further.

3.2. Bone Grafts

Autologous or allogenic bone grafts are sometimes utilized in the treatment of os-
teomyelitis, particularly when there is substantial bone loss, whether that is the result of
trauma or extensive debridement of compromised bone [36,50,133,134]. While autologous
bone grafts provide excellent osteoinductive, osteogenic, and osteoconductive properties,
they require an additional harvest procedure, which is painful and can create donor site
morbidity [66,90,135–137]. Recently, Kim et al. [135] proposed that the proximal tibia be uti-
lized as a harvest site for cancellous bone, suggesting that this procedure is less painful than
the traditional anterior iliac crest harvest site. Owing to challenges in harvest procedures
and concerns of patient morbidity when large amounts of bone are required, allogenic bone
grafting is sometimes elected instead of autologous grafts [66,137,138]. Allogenic bone
grafts are typically used either frozen or freeze-dried, rather than fresh, to reduce the risks
of immunogenicity or disease transmission [138,139]. While these methods are helpful to
prevent rejection of the graft, the mechanical, osteogenic, and osteoinductive properties
may be adversely affected by the processing [137,140,141]. In 2010, Ketonis et al. [142]
reported that bone allografts are utilized for more than 800,000 musculoskeletal proce-
dures in the United States each year. Unfortunately, over 11% of implanted bone grafts
develop infection, which is thought to be due in part to biofilm formation on the implanted
graft [142].

Regardless, autologous and allogenic morselized cancellous bone is used in various
orthopedic applications and is proposed as a drug delivery device for the treatment of
chronic osteomyelitis [56,136,142]. Cancellous bone can be impregnated with antibiotics
before implantation either by mixing powdered antibiotics with the graft or direct soak-
ing [57]. Lewis et al. [136] demonstrated rapid in vitro release of antibiotics (gentamicin)
from bovine cancellous chips within the first two days after impregnation, followed by
a consistent rate of release for the remainder of the 14-day study. Lewis et al. [90] also
reported that demineralized bone matrix (DBM) could be loaded with, and deliver, gen-
tamicin locally without diminishing the osteoinductive properties of DBM in an in vivo
rat ectopic pouch model. Ketonis et al. [142] investigated the feasibility of bonding van-
comycin to morselized allograft bone to mitigate bacterial colonization of the allograft.
They found that vancomycin could be covalently modified and that S. aureus colonization
was prevented in vitro. Covalent modification of antimicrobials presents an intriguing
option to prevent biofilm formation on allografts.
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Despite the intriguing experimental discoveries centered around bone allografts as
multifunctional systems, it is unlikely that autologous or allogenic bone grafts will serve the
need for a single system to achieve simultaneous treatment of bacterial osteomyelitis and
bone regeneration. The described limitation is a reflection of the trade-off between desirable
osteogenic capabilities and the risk of immunogenicity and infection that accompanies
allogenic grafts [137,143], as well as the serious risks of patient morbidity that accompany
autologous grafting [66]. Recognizing limitations with bone grafts as stand-alone local
DDDs, the most promising option remains to incorporate these components into other
systems. There have been extensive investigations into alternative materials to deliver
antimicrobial compounds and provide the osteogenic properties necessary to regenerate
bone tissue.

3.3. Synthetic Bone Graft Substitutes

Synthetic bone graft substitutes are of interest for local drug delivery in the manage-
ment of osteomyelitis, especially because they hold potential for dual-platform functionali-
ties. This classification of material includes ceramics such as calcium sulfate [108], calcium
phosphate, and porous alumina [17,68,120,144], as well as bioactive glass [17,145].

3.3.1. Calcium Sulfate

Biodegradable ceramics, such as calcium sulfate and calcium phosphate, are of strong
interest for simultaneous use as bone void fillers and drug delivery vehicles in the clearance
of bacterial osteomyelitis [68]. Calcium sulfate has been used in bone grafting since
1892 [68,146], and has a compressive strength equal to that of cancellous bone [68]. It is
relatively inexpensive and is commercially available as hard pellets and liquid grafts [147].
Additionally, calcium sulfate possesses a quick resorption time, with a range of 3–12 weeks,
depending on application (Figure 3) [68,146,147]. Jackson et al. [41] reported on calcium
sulfate pellets loaded with amikacin, gentamicin, or vancomycin in vitro and found that the
pellets eluted the antibiotics and dissolved completely within 16 h. These rapidly dissolving
pellets loaded with amikacin were studied in an in vivo goat model by Bransetter et al. [89].
In that model, the pellets dissolved completely within 12 h and eluted amikacin above
the MIC of Pseudomonas aeruginosa in 4–8 h. This type of pellet may be useful as part of a
multimodal management plan for traumatic or contaminated wounds to provide rapid
bacterial decontamination of an area, but this treatment is unlikely to be able to provide
sustained antibiotic delivery. McKee et al. [148] demonstrated the use of calcium sulfate
pellets as a dual platform device, delivering tobramycin and promoting bony union in cases
of infected long bone non-unions in a prospective clinical trial. The experimental device
was found to be particularly helpful to eliminate dead space and deliver antimicrobials
while biodegrading. This study reported a 92% success rate (determined by clearance
of osteomyelitis and creation of bony union), and a rate of 8% infection recurrence and
drainage of antibiotic-rich fluid after pellet dissolution. Maale et al. [29] investigated the
ability of a purified calcium sulfate preparation loaded with tobramycin and vancomycin
to inhibit biofilm formation without stimulating systemic toxicity in 50 patients undergoing
revision arthroplasty for infected total joints or after multiple major revisions. The patients
demonstrated significant local antibiotic concentrations in the first five post-operative days
and noted no persistent wound drainage, as has previously been described [148].
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Figure 3. (a) MRI image demonstrating extensive medullary edema, intramedullary abscess,
and cortical involucrum. (b) Infection treated by excision via medullary reaming. Dead space
filled with calcium sulphate pellets loaded with gentamicin. Shown via radiograph (c) follow-
up radiograph at 4 months post-operatively. Calcium sulphate pellets have dissolved completely.
Reprinted from Ferguson et al. [68] following the Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/) (accessed on 16 September 2021).

Clinically, calcium sulfate is not used as frequently as calcium phosphates for bone
regeneration because of its rapid absorption, rapid loss of mechanical strength [149], and
propensity to produce a serous discharge, which is thought to be a result of acidic byprod-
ucts during material degradation [68]. Based on the available literature, calcium sulfate
may have a place in the treatment of bacterial osteomyelitis when rapid antimicrobial
delivery, the ability to encourage bone development, and rapid degradation of the DDD
are appropriate. As such, calcium sulfate is not an ideal single-system local DDD.

3.3.2. Calcium Phosphate

Calcium phosphates have been used since the 1980s to enhance the osseointegration of
metal implants [150] and are currently a popular synthetic graft substitute, as their chemical
structure is similar to the mineral stage of bone [17,151]. These characteristics open a
window of possibility into enhanced tissue regeneration, as they provide biocompatibility,
bioactivity, and strong osteoconductive properties [95,150,152]. Calcium phosphates have
a range of biodegradation profiles and mechanical properties, which are dictated by the
calcium to phosphate ratio of the material [17,150]. The most commonly investigated
CaP ceramics include HA, TCP, β-TCP, and dicalcium phosphate [17,68,152]. These CaP
ceramics are typically in the forms of scaffolds, granules, cements, and coatings [95,150,152].
Additional benefits when using a CaP cement include an isothermic setting reaction, which
allows a wider antimicrobial selection [17,149] than that of PMMA cement, and increased
stimulation of angiogenesis when incorporating HA [17].

While there are strong benefits to CaP ceramics, there are also challenges. Challenges
include inadequate mechanical strength, especially if needed in load-bearing portions of
the skeleton [95,152]; small pore size and limited interconnectivity of pores, which can
limit bone ingrowth and impact drug loading and release [95,150,153]; incongruities in
material degradation and bone regeneration rates [95,154]; as well as the risk of bacterial
colonization of slowly degrading ceramics [17]. Current investigations in the field of
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CaP ceramics have been centered around improving porosity [95,154–156], improving
mechanical strength [95,156], and encapsulating drugs and growth factors into the CaP
carrier [95]. Investigations into porosity of CaP ceramics have concluded that biodegradable
poly (lactic-co-glycolic) acid (PLGA) microspheres are suitable for incorporation into CaP
cements to increase porosity. PLGA microspheres typically degrade prior to the rest of the
matrix, creating macropores that facilitate bone ingrowth and implant fixation [155,156],
and may make the ceramic less brittle and, consequently, more appropriate for clinical
use [157]. Duan et al. [154] found that the incorporation of PLGA microspheres into
a CaP cement had appropriate osteoconductive properties, biodegradation, and good
biomechanical properties in an in vivo rabbit model. An alternative approach to modifying
porosity resulted in an injectable CaP drug delivery foam, which was produced and
evaluated in vitro [153]. This drug delivery foam was capable of providing consistent
release of bioactive doxycycline with potential for 3–4 weeks of sustained delivery in an
in vitro system. This original investigation is an intriguing option for drug delivery in
non-load bearing situations and warrants in vivo investigation. The works of Gonzalez-
Sanchez et al. [158] and Bastari et al. [159] highlight the role of CaP films and coatings in
nanomedicine and encapsulation of drugs for the clearance of osteomyelitis and enhancement
of bone regeneration.

Ultimately, CaP materials provide many attractive qualities, including isothermic
setting reaction, suitability for use with a wide range of antimicrobial compounds, and the
ability to form strong bone–material interfaces. These characteristics certainly lend them-
selves towards use as a dual platform device for the management of bacterial osteomyelitis.
Limitations are currently focused on variation and unpredictability in release kinetics, risk
of suboptimal biocompatibility, and difficulty in large-scale production of a universally
appropriate system [149]. With this in mind, CaP materials are of interest for use in individ-
ual situations, but each system deserves careful in vitro and in vivo investigation before
commonplace clinical usage for local drug delivery and bone regeneration.

3.3.3. Alumina

Alumina is an inert substance with good wear properties and is used frequently in
artificial joint replacements and dental applications [160] owing to good biocompatibility
and compressive strength [161]. Porous alumina is also clinically utilized in the fabrication
of orbital implants following enucleation with the goal of allowing a fibrovascular network
ingrowth through the device [152]. However, porous alumina has also been investigated
as a drug delivery scaffold for clearance of bacteria and prevention of bacterial coloniza-
tion [144,161,162]. Alumina-based ceramics are described to completely release loaded
antibiotics and successfully resist bacterial colonization and biofilm formation in vivo [161].
Fiorenza et al. [144] describe a case of chronic osteomyelitis caused by S. aureus that under-
went a successful one-stage surgical procedure using gentamicin-loaded porous alumina
ceramic. The precise size and shape of the ceramic were determined via pre-operative CT
scan (Figure 4), and the customized ceramic was loaded with gentamicin, as selected by
culture and sensitivity. Follow up of greater than 14 months post-operatively indicated
resolution. Similar positive results were reported by Denes et al. [162], who reported
two patients affected by mediastinitis resulting in destruction of the sternum, and one
patient with an infected ankle arthroplasty. These patients were treated with antibiotic
loaded porous alumina in a one-step surgical procedure made possible by the compressive
strength of alumina and were reported to remain infection-free at follow-up over 12 months
post-operatively. This material and procedure represent a promising option for treatment
of osteomyelitis that involves bone loss and allows for pre-operative imaging. Particular
strengths of this system include the surface resistance to bacterial colonization, which
could greatly reduce the risk of persistent bacterial infection, and the capability for a single
surgical intervention, as opposed to multiple revision procedures.
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ative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/) (accessed 
on 16 September 2021). 
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Figure 4. Image (A): pre-operative axial CT scan of the femur. Bone loss and bone remodeling
as a result of chronic infection (osteomyelitis) is seen. Image (B): axial CT scan after follow-up
of 11 months. Tight contact between bone and porous alumina ceramic is seen and demonstrates
appropriate biocompatibility and osseointegration. Reprinted from Fiorenza et al. [144] following
the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/)
(accessed on 16 September 2021).

3.3.4. Bioactive Glass

Bioactive glass is a synthetic silica-based material [163] that was initially developed
in the 1960s [145,164] and has been used clinically since 1985 [152,165]. The main benefits
of bioactive glasses include bioactivity, osteoconductive and osteoinductive properties,
biodegradation [152,166], load bearing capabilities [163], and the ability to create a local
environment that is hostile to microbial growth [113,163]. In fact, bioactive glass is said to
produce higher quantity and quality of bone when compared with synthetic HA [167] and
newer hybrid materials have tailorable degradation, which is attractive [168]. Bioactive
glasses have become a focus of investigations for drug delivery within the last one to
two decades [166,169,170] because of their strong regenerative qualities, reported biocom-
patibility [171], and the initial experimental use of bioactive glasses in the treatment of
chronic osteomyelitis [172]. Hasan et al. [167] created a biodegradable, bioactive glass-
based antibiotic-releasing putty designed to be press-fitted into bone defects to provide
support for bone growth while delivering antimicrobials (vancomycin) for 4–6 weeks to
combat bacterial osteomyelitis. This material demonstrated vancomycin elution above the
MIC of S. aureus for over 6 weeks in vitro, and as a putty, is attractive to surgeons because
it can be formed into various dimensions [168]. Similarly, Soundrapandian et al. [166]
found that a gatifloxacin-loaded bioactive glass loaded released gatifloxacin for up to 6
weeks in vitro. Drug release was influenced by scaffold size, concentration of drug solution,
polymer coat, and dissolution medium. These results, along with the advantageous bioac-
tive properties of bioactive glasses, leave them as an interesting multifunctional device
for treatment of bacterial osteomyelitis. The current challenges lie within the optimal
composition and fabrication process of bioactive glasses [171]. However, with a scalable
process, it is likely that these materials will be further investigated for drug delivery in the
treatment of bacterial osteomyelitis.

3.4. Polymers
3.4.1. Natural Polymers

Natural polymers are of interest in tissue engineering and drug delivery as a result of
their bioactivity, biocompatibility, and biodegradation. These qualities are accompanied
by risks of immunogenicity, as well as poor mechanical properties, which limit their
use in load-bearing situations [113,118]. Natural polymers, such as collagen, fibrin, and
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chitosan, are commonly utilized in a wide array of applications including attempted
creation of blood vessels [173] and local delivery of antibiotics in many soft tissue and
orthopedic applications [69,174]. Collagen is of particular interest, as it is a key component
of the extracellular matrix [69,113]. Investigations into collagen and fibrin gels as DDDs
have typically reported a rapid burst release in vitro, with approximately 90% of the
antibiotic released during the first day and complete elution occurring by the fourth day [69].
Chitosan gels and sponges have been reported in vitro to produce a sustained antimicrobial
release sufficient to inhibit S. aureus growth over the course of three weeks [175]. These gels
have potential to be used as coatings to minimize the initial burst release of antibiotics [69].
Chitosan carries the additional intrigue of intrinsic antibacterial properties [176]. The
role of these natural materials in the clearance of bacterial osteomyelitis is most likely
strongest as adjunctive therapy either in acute infection, situations where mechanical
stabilization is provided by other materials, or as coatings upon other materials to prolong
antimicrobial delivery.

3.4.2. Synthetic Polymers

Synthetic polymers are an area of extreme interest for use in local DDDs [113] for
the clearance of chronic bacterial infection and bacterial osteomyelitis [69]. These materi-
als are attractive because of their general biocompatibility, biodegradation, and versatil-
ity [113,118], which includes tunable drug release kinetics and degradation rates [69].
Synthetic polymers also have more controlled manufacturing methods, which lends
confidence to quality control and lessens concerns of immunogenicity and imperfec-
tions [69,113,177,178]. Similar to natural polymers, synthetic polymers possess less than
ideal mechanical properties, which leaves them inadequate for independent use in load-
bearing areas [113,118,177]. Additionally, the degradation of synthetic polymers most
often occurs via hydrolysis, which can create an acidic pH in tissue adjacent to the im-
plant, resulting in inflammation, local tissue damage, and potential alteration of local
antimicrobial efficacy [69,113,169]. There are many polymers that are of interest, including
PLGA, one of the most well investigated polymers [169], as well as polyurethane (PUR),
poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and poly(caprolactones) (PCL) [22,69,113].
McLaren et al. [22] investigated the ability of an injectable PLGA modified with plasti-
cizer polyethylene glycol (PEG) and antibiotics (gentamicin and clindamycin) to prevent
bacterial infection and facilitate new bone growth in an in vivo ovine contaminated bone
defect. This material was found to release about 50% of its antibiotics within the first
seven days of elution and was effective at preventing persistent bacterial infection in this
model. Additionally, less than 1% of the loaded antibiotics were present three weeks after
implantation, which suggests this system may offer a lower risk of antimicrobial resistance
than PMMA, which has been found to release subtherapeutic levels of antibiotics even
five years after implantation [14]. Alongside investigations of pure polymers, there are
innumerable options for composite polymers, which are an area of interest and promise in
drug delivery and tissue regeneration [113]. Recently, a composite polymeric scaffold was
reported to be an effective delivery platform for delivery of antibiotics for the elimination
of S. aureus from contaminated bone defects in rabbits. This scaffold was purported to
serve the dual role of tissue regeneration scaffold and antibiotic delivery device [105].

Synthetic polymers provide a seemingly endless supply of materials and composites
to engineer biocompatible, biodegradable devices that deliver drugs and regenerate bone.
Extensive options are, of course, accompanied by the need for extensive investigation and
characterization before commonplace clinical usage of any individual polymer system. It is
highly likely that synthetic polymers will continue to provide clinically relevant results in
the management of bacterial osteomyelitis.

3.5. Emerging Nanotechnology for Combatting Bacterial Infection

Nanotechnology, with an emphasis on nanopatterning and nanoparticles, has emerged
as an area of incredible interest in simultaneous stimulation of tissue regeneration, preven-
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tion of bacterial infection, and mitigation of antimicrobial resistance via intrinsic device
properties and drug delivery [42,179–182].

3.5.1. Nanopatterns

Nanopatterning refers to the micro and nano-scale surface features that are either
inherent to surfaces, such as nanopillars on cicada wings [183], various nanotextures on
plants, lizards, and sharks [180], or inspired by nature and carefully engineered in a labo-
ratory [54,184]. Nanopatterns provide a multitude of applications, from the ability to kill
adherent bacteria [184] to the ability to determine stem cell fate [181]. While mechanisms
of bactericidal action are not completely elucidated, proposed hypotheses are typically
centered around mechanical forces [54], including the stretching, puncturing, and eventual
rupture of bacterial cells [54,96,185]. These hypotheses acknowledge the complex dynamics
between various bacterial cells and nano-patterned surfaces and have recognized factors
such as the presence of cellular motility [96], cellular morphology (e.g., rod-shaped vs.
coccoid) [186], cell wall components and structure (Gram-positive vs. Gram-negative) [187],
and extracellular polymeric substance (EPS) [185], as important in nanopattern–bacterial
cell interactions. The main benefits of utilizing nanopatterns for intrinsic antibacterial
activity include elimination of antimicrobial agents from surface coatings and delivery
vehicles. Nanopatterns can mitigate the risks of subtherapeutic levels of antimicrobials and
propagation of antimicrobial resistance, especially in the face of biofilms, which can harbor
bacterial cells that are 10–1000-fold less susceptible to antimicrobials than planktonic bacte-
ria [184,188–190]. Additionally, nanopatterns may enhance biocompatibility by bypassing
the need for chemical surface modifications [184].

Dickson et al. [184] utilized a scalable process of soft and nanoimprint lithography
to imprint nanopillars onto PMMA films to investigate a potentially broadly bactericidal
surface pattern targeted against Escherichia coli (E.coli), which is a leading cause of Gram-
negative orthopedic implant infections [191]. Smaller, more closely spaced pillars were
more effective, possibly owing to greater stresses as a result of the bacteria contacting
more pillars simultaneously. Michalska et al. [180] systematically investigated bactericidal
activities of a variety of surfaces with three Gram-negative bacterial species (Escherichia,
Pseudomonas, and Rhodobacter) and a Gram-positive Bacillus. They also observed two obvi-
ous mechanisms; one being that longer, sharp pillars were able to directly pierce microbial
cells, nonselective of species. The second mechanism being that shorter, blunt pillars
required multifaceted cellular interactions to eventually stretch and tear membrane en-
velopes. The effects of interspacing and controlled disorder on the functionality of a specific
bactericidal nanopattern were investigated by Modaresifar et al. [54] utilizing S. aureus,
as the most common pathogen in implant-associated infections. This study quantified
numbers and characterized the morphology of S. aureus cells on nanopatterns via scanning
electron microscopy (SEM) (Figure 5) and determined, similarly to Dickson et al. [184],
that decreased interspacing (100 nm) demonstrated the greatest bactericidal efficiency and
that controlled disorder did not enhance bactericidal efficiency. Similar to other reports,
the main bacterial killing mechanism was direct penetration of the cell wall and eventual
rupture. Widyaratih et al. [181] investigated the antibacterial behavior of multiple types
of osteogenic nanopatterns using a strain of E.coli. Nanopillars were created on silicon
wafers using an electron beam-induced deposition (EBID) system. The results confirmed
previous work that controlled nanopatterns can be produced by EBID and indicated that
nanopatterns containing features of interspace and controlled disorder, which are derived
from osteogenic nanopatterns, could exhibit bactericidal properties against E. coli.
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Figure 5. SEM images of S. aureus on (b) control surface and (c–i) various experimental surfaces. 
Damaged bacterial cells can be identified by an irregular morphology (c–i) compared with healthy 
cells in typical coccoid morphology (b). (f) Nanopillars with interspace of 100 nm and (g) nanopillars 
with interspace of 170 nm demonstrated the most efficient bactericidal properties. Reprinted from 
Modaresifar et al. [54] following the Creative Commons Attribution (CC BY) license (http://crea-
tivecommons.org/licenses/by/4.0/) (accessed on 16 September 2021). 
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lineage and exerting bactericidal effects [181]. Dual platform functionality could result in 
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Figure 5. SEM images of S. aureus on (b) control surface and (c–i) various experimental sur-
faces. Damaged bacterial cells can be identified by an irregular morphology (c–i) compared with
healthy cells in typical coccoid morphology (b). (f) Nanopillars with interspace of 100 nm and
(g) nanopillars with interspace of 170 nm demonstrated the most efficient bactericidal properties.
Reprinted from Modaresifar et al. [54] following the Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/) (accessed on 16 September 2021).

These investigations spark interest into the creation of controlled, reproducible nanopat-
terns to serve in a dual platform functionality, for tissue regeneration and prevention of
bacterial infection, by instructing mesenchymal stem cells to commit to osteogenic lineage
and exerting bactericidal effects [181]. Dual platform functionality could result in pro-
found nanomanufacturing to prevent biofilm formation on the surfaces of a wide range
of implantable devices. The potential to create nanopatterns on materials appropriate
for orthopedic use, such as titanium and polymers [181], is fascinating and unlocks an
incredibly promising area of exploration. This area holds exceptional promise in orthopedic
procedures and the prevention and treatment of bacterial osteomyelitis.

3.5.2. Nanoparticles

Nanoparticle delivery systems are based on magnetic nanoparticles (MNPs), which
are described as a class of <100 nm engineered materials, typically composed of iron,
nickel, cobalt, and their oxides, that can be manipulated by an applied external magnetic
field [192]. Nanoparticle delivery systems offer many advantages, including immune
system evasion, the ability to modulate drug release kinetics and target drugs to specific
sites, improved multi-drug delivery [42], and potential bacterial detection [193]. Various
combinations of MNPs and antibiotics have been investigated for the ability to penetrate
bacterial cells and biofilms as a method to render bacteria inactive [193], and there are many
investigations into general antibacterial strategies, as well as strategies specifically geared
towards bacterial osteomyelitis.

Geilich et al. [189] developed a multi-compartment polymersome formulation that
contains hydrophobic superparamagnetic iron oxide nanoparticles (SPIONs) and hy-
drophilic methicillin that is biocompatible and intended for the treatment of medical device-
associated infections. The efficacy of this system was assessed in an in vitro methicillin-
resistant Staphylococcus epidermidis biofilm. The results indicated that this system of SPIONs,
co-encapsulated with antibiotics, was able to eliminate the biofilm in vitro via direct applica-
tion and external magnetic stimulation. Akram et al. [194] investigated a triple combination
therapy of silver magnetite nanoparticles (AgNPs) with blue light and either amoxicillin,
azithromycin, clarithromycin, linezolid, or vancomycin against 10 clinical isolates of MRSA
in vitro. This work is interesting, as it combines the antibacterial activity that AgNPs have
been said to promise [195,196] with the efficacy of blue light against MRSA and the proper-
ties of conventional antibiotic therapy. The results indicated enhanced bactericidal activity
of AgNPs applied in combination with blue light and found that bactericidal activities were
greatest when either clarithromycin or azithromycin was included in the triple therapy.
This triple combination therapy presents an intriguing novel approach to combatting MRSA
infections while reserving last-line therapies such as vancomycin, although honing for
clinical use is definitely warranted.

http://creativecommons.org/licenses/by/4.0/
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There are multiple investigations into nanoparticle systems for the treatment of bacterial
osteomyelitis designed to overcome the shortcomings of current therapies [158,190,197–199].
Posadowska et al. [197] suggested the use of a vancomycin-enriched injectable gellan
gum (hydrogel) matrix. Enrichment was accomplished by both dissolved vancomycin
and vancomycin encapsulated in PLGA nanoparticles. The results from in vitro studies
indicated relatively simple and precise dosing of the hydrogel, a prominent burst release
of vancomycin followed by a prolonged, sustained delivery that was thought to be due
to a combination of erosion-diffusion release, appropriate antimicrobial activity against
Staphylococcus sp., and cytocompatibility with osteoblast-like cells. Similarly, Gonzalez-
Sanchez et al. [158] developed an acrylate multifunctional orthopedic hydrogel that was
reported in vitro to be osteoconductive, and possessed antibacterial effects as a result of
silver nanoparticle adsorption.

Qiao et al. [198] report on the use of Fe3O4 nanospheres combined with functionalized
carbon nanotubes (CNTs) and gentamicin in conjunction with a combined microwaveocaloric-
chemotherapy (MCCT) system for dual-targeting and microwave (MV)-excited drug release for
the clearance of MRSA-induced osteomyelitis. This study found that Fe3O4/CNT/gentamicin
had excellent bacteria-capturing capabilities in vitro, and demonstrated bacterial load re-
duction in an in vivo rabbit model of osteomyelitis. The proposed mechanism of action
of this system is complex. It is thought to be initiated with a synergistic reaction of the
synthesized nanocapturer binding bacteria, which then produces heat under MV stimu-
lation and triggers the release of gentamicin. In a fairly similar fashion, Fang et al. [190]
investigated the heating effect of MNP-induced hyperthermia to both destroy biofilm and
promote antibiotic efficacy to improve the treatment of peri-implant osteomyelitis. An
in vivo rat model was created by implanting a metallic needle with or without bacterial con-
tamination into the intramedullary canal of the femur. Fe3O4 nanoparticles were utilized
in combination with intramuscular injection of vancomycin +/− magnetic hyperthermia.
Colony forming units (CFUs) and histology indicated that the combination of MNPs and
hyperthermia could destroy the experimental biofilm and enhance the overall therapeutic
effect of systemic and local therapy.

Lastly, Ak et al. [199] developed a novel biodegradable, biocompatible, physically
targeted gentamicin-loaded gelatin nanoparticle system for the local treatment of bacterial
osteomyelitis. Through an in vivo rat model of proximal tibial S. aureus osteomyelitis, the
drug delivery system was shown to hasten the recovery time of infected rats in comparison
with free gentamicin or placebo therapy. Additionally, this system demonstrated con-
trolled drug release in vitro and warrants further investigation into use for the treatment
of osteomyelitis.

Ultimately, the works described above represent novel endeavors into the treatment
of implant-associated biofilms, bacterial infection, and osteomyelitis. These investigations
have the potential to mitigate many of the challenges that face current local drug delivery
and tissue regeneration systems. As is common with nanotechnologies, there may be
challenges associated with upscaling the proposed systems. Additionally, detailed investi-
gations into safety are necessary prior to clinical translation, as it is well understood that
MNP systems carry risks of in vivo toxicity resultant from nanoparticle composition [200]
as well as accumulation within the body [201].

4. Antimicrobial Strategies

When pursuing systemic antimicrobial therapy, as well as local antimicrobial deliv-
ery, there are many considerations, including bactericidal versus bacteriostatic and time-
versus concentration-dependent antibiotics [202]; the choice to use single-agent or combi-
nation therapy [101]; along with concerns of patient sensitivity, compliance, and adverse
effects [203]. Local drug delivery can mitigate the severity of systemic toxicity and adverse
effects, but local drug delivery is accompanied by considerations of the feasibility of drug
incorporation into the DDD. While this review does not focus on specific antimicrobial
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strategies, the authors recommend the following references for those readers interested in
learning more about antibiotics for local drug delivery: [101,203–205].

5. Conclusions and Future Perspectives

Bacterial infection is a serious complication following surgical implantation of medical
devices and may occur shortly post-operatively or months to years later. Current therapies
of systemic antimicrobials, surgical debridement, and local drug delivery are imperfect.
Chronic, persistent, and recurrent bacterial infection still plague this patient population.
Certainly, there are steps being taken to reduce the risk of post-operative bacterial infections
including osteomyelitis. These steps include remaining cognizant of the risk for multidrug-
resistant bacterial organisms; providing patient education and encouraging patients to
cease smoking in the weeks leading up to scheduled procedures; maintaining appropriate
and stable blood glucose and body temperature; and maintaining exceptional skin, body,
and wound hygiene peri-operatively [33,35,47]. Despite these measures, post-operative
bacterial infection will still occur and, therefore, the needs for effective therapies remain.
While there is significant progress being made in the field of multifunctional devices for
tissue regeneration and drug delivery, progress is slow, as these devices are quite specific to
their intended application, and persistent challenges remain. Challenges include adverse
host reaction to the material, insufficient antimicrobial delivery, biofilm formation on the
device, as well as insufficient mechanical properties and mismatched degradation and
regeneration profiles.

Further investigations into engineering materials that possess the ideal characteristics
for a drug delivery device, including biocompatibility, clinically significant and controlled
release of drugs, predictable and inert degradation, and appropriate mechanical charac-
teristics, will continue to provide new and improved therapies. During these pursuits, it
is important to keep cost in mind. There are many challenges in scaling the production
of devices from small batches to more readily available products, and product cost may
influence the provider’s decisions to utilize certain products. Recent novel discoveries
and approaches, such as porous alumina for simultaneous drug delivery and mechanical
support, and modifications and novel combinations within the class of synthetic polymers
offer tremendous potential for future cures to the prevention and treatment of these debili-
tating infections. Perhaps one of the most intriguing and promising opportunities is the
field of nanotechnology. Nanotechnology offers promise for minimally invasive and local
therapies that are bactericidal, regenerative, and stimuli-responsive and may minimize the
risks of developing antimicrobial resistance, biofilm formation, and device failure. Lastly,
there are many promising devices and investigations. Perhaps an ideal way to approach
the persistent, significant problem of bacterial osteomyelitis is to acknowledge that there
may not be one single ideal device. Instead, there are multiple appropriate options for
various clinical scenarios.

Author Contributions: Conceptualization, C.B. and D.E.A.; writing, review and editing, C.B.; su-
pervision, review, editing, D.E.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Emily Ford for proofreading and editing.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jiang, G.; Zhou, D.D. Technology Advances and Challenges in Hermetic Packaging for Implantable Medical Devices. In Implantable

Neural Prostheses 2; Zhou, D., Greenbaum, E., Eds.; Springer: New York, NY, USA, 2009; pp. 27–61. [CrossRef]
2. Joung, Y.H. Development of implantable medical devices: From an engineering perspective. Int. Neurourol. J. 2013, 17, 98–106.

[CrossRef]

http://doi.org/10.1007/978-0-387-98120-8_2
http://doi.org/10.5213/inj.2013.17.3.98


Bioengineering 2022, 9, 65 17 of 24

3. Bryers, J.D. Medical biofilms. Biotechnol. Bioeng. 2008, 100, 1–18. [CrossRef] [PubMed]
4. Beck, M.; Gradl, G.; Gierer, P.; Rotter, R.; Witt, M.; Mittlmeier, T. Treatment of complicated proximal segmental tibia fractures with

the less invasive stabilization locking plate system. Der. Unfallchirurg. 2008, 111, 493–498. [CrossRef] [PubMed]
5. Hasenboehler, E.A.; Agudelo, J.F.; Morgan, S.J.; Smith, W.R.; Hak, D.J.; Stahel, P.F. Treatment of complex proximal femoral

fractures with the proximal femur locking compression plate. Orthopedics 2007, 30, 618–623. [CrossRef] [PubMed]
6. Lenarz, T. Cochlear implant—State of the art. GMS Current Topics in Otorhinolaryngology. Head Neck Surg. 2017, 16, 1–29.
7. Oveissi, F.; Naficy, S.; Lee, A.; Winlaw, D.S.; Dehghani, F. Materials and manufacturing perspectives in engineering heart valves:

A review. Mater. Today Bio. 2020, 5, 100038. [CrossRef] [PubMed]
8. Wood, M.A.; Ellenbogen, K.A. Cardiology patient pages. Cardiac pacemakers from the patient’s perspective. Circulation 2002,

105, 2136–2138. [CrossRef]
9. Fenton, O.S.; Olafson, K.N.; Pillai, P.S.; Mitchell, M.J.; Langer, R. Advances in Biomaterials for Drug Delivery. Adv. Mater. 2018, 30,

e1705328. [CrossRef]
10. Gibon, E.; Cordova, L.A.; Lu, L.; Lin, T.H.; Yao, Z.; Hamadouche, M.; Goodman, S.B. The biological response to orthopedic

implants for joint replacement. II: Polyethylene, ceramics, PMMA, and the foreign body reaction. J. Biomed. Mater. Res. B Appl.
Biomater. 2017, 105, 1685–1691. [CrossRef] [PubMed]

11. Szczeblinska, J.; Fijalkowski, K.; Kohn, J.; El Fray, M. Antibiotic loaded microspheres as antimicrobial delivery systems for medical
applications. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 77, 69–75. [CrossRef] [PubMed]

12. ter Boo, G.J.; Grijpma, D.W.; Moriarty, T.F.; Richards, R.G.; Eglin, D. Antimicrobial delivery systems for local infection prophylaxis
in orthopedic- and trauma surgery. Biomaterials 2015, 52, 113–125. [CrossRef]

13. Schierholz, J.M.; Beuth, J. Implant infections: A haven for opportunistic bacteria. J. Hosp. Infect. 2001, 49, 87–93. [CrossRef]
14. Neut, D.; van de Belt, H.; van Horn, J.R.; van der Mei, H.C.; Busscher, H.J. Residual gentamicin-release from antibiotic-loaded

polymethylmethacrylate beads after 5 years of implantation. Biomaterials 2003, 24, 1829–1831. [CrossRef] [PubMed]
15. Harman, M.; Simon, C.G.; Kuhn, L.T. Role of Standards for Testing and Performance Requirements of Biomaterials. In Biomaterials

Science; Wagner, W.R., Sakiyama-Elbert, S.E., Zhang, G., Yaszemski, M.J., Eds.; Academic Press: Cambridge, MA, USA, 2020; pp.
1475–1483.

16. Wang, M.; Tang, T. Surface treatment strategies to combat implant-related infection from the beginning. J. Orthop. Translat. 2019,
17, 42–54. [CrossRef]

17. Ene, R.; Nica, M.; Ene, D.; Cursaru, A.; Cirstoiu, C. Review of calcium-sulphate-based ceramics and synthetic bone substitutes
used for antibiotic delivery in PJI and osteomyelitis treatment. EFORT Open Rev. 2021, 6, 297–304. [CrossRef] [PubMed]

18. National Action Plan to Prevent Health Care-Associated Infections: Road Map to Elimination. 2013. Available online: https:
//www.hhs.gov/oidp/topics/health-care-associated-infections/hai-action-plan/index.html (accessed on 12 December 2021).

19. National Healthcare Safety Network Patient Safety Component Manual. 2022. Available online: https://www.cdc.gov/nhsn/
pdfs/pscmanual/pcsmanual_current.pdf (accessed on 12 December 2021).

20. Stebbins, N.D.; Ouimet, M.A.; Uhrich, K.E. Antibiotic-containing polymers for localized, sustained drug delivery. Adv. Drug
Deliv. Rev. 2014, 78, 77–87. [CrossRef]

21. Darouiche, R. Treatment of Infections Associated with Surgical Implants. N. Engl. J. Med. 2004, 350, 1422–1429. [CrossRef]
22. McLaren, J.S.; White, L.J.; Cox, H.C.; Ashraf, W.; Rahman, C.V.; Blunn, G.W.; Goodship, A.E.; Quirk, R.A.; Shakesheff, K.M.;

Bayston, R.; et al. A biodegradable antibiotic-impregnated scaffold to prevent osteomyelitis in a contaminated in vivo bone defect
model. Eur. Cell Mater. 2014, 27, 332–349. [CrossRef] [PubMed]

23. Sohail, M.R.; Corey, G.R.; Wilkoff, B.L.; Poole, J.E.; Mittal, S.; Kennergren, C.; Greenspon, A.J.; Cheng, A.; Lande, J.D.;
Lexcen, D.R.; et al. Clinical Presentation, Timing, and Microbiology of CIED Infections. JACC Clin. Electrophysiol. 2021, 7,
50–61. [CrossRef] [PubMed]

24. Lowy, F.D. Staphylococcus aureus Infections. N. Engl. J. Med. 1998, 339, 520–532. [CrossRef]
25. Zimmerli, W. Clinical presentation and treatment of orthopaedic implant-associated infection. J. Intern. Med. 2014, 276, 111–119.

[CrossRef]
26. VanEpps, J.S.; Younger, J.G. Implantable Device-Related Infection. Shock 2016, 46, 597–608. [CrossRef]
27. Gristina, A.G. Biomaterial-Centered Infection: Microbial Adhesion Versus Tissue Integration. JSTOR 1987, 237, 1588–1595.

[CrossRef] [PubMed]
28. Ribeiro, M.; Monteiro, F.J.; Ferraz, M.P. Infection of orthopedic implants with emphasis on bacterial adhesion process and

techniques used in studying bacterial-material interactions. Biomatter 2012, 2, 176–194. [CrossRef]
29. Maale, G.E.; Eager, J.J.; Mohammadi, D.K.; Calderon, F.A., 2nd. Elution Profiles of Synthetic CaSO4 Hemihydrate Beads Loaded

with Vancomycin and Tobramycin. Eur. J. Drug Metab. Pharmacokinet. 2020, 45, 547–555. [CrossRef]
30. Kandi, V.; Vadakedath, S. Implant-Associated Infections: A Review of the Safety of Cardiac Implants. Cureus 2020, 12, e122672020.

[CrossRef]
31. Bishop, A.R.; Kim, S.; Squire, M.W.; Rose, W.E.; Ploeg, H.L. Vancomycin elution, activity and impact on mechanical properties

when added to orthopedic bone cement. J. Mech. Behav. Biomed. Mater. 2018, 87, 80–86. [CrossRef]
32. Hogan, A.; Heppert, V.G.; Suda, A.J. Osteomyelitis. Arch. Orthop. Trauma Surg. 2013, 133, 1183–1196. [CrossRef] [PubMed]
33. Tartari, E.; Weterings, V.; Gastmeier, P.; Rodríguez Baño, J.; Widmer, A.; Kluytmans, J.; Voss, A. Patient engagement with surgical

site infection prevention: An expert panel perspective. Antimicrob. Resist. Infect. Control 2017, 6, 45. [CrossRef] [PubMed]

http://doi.org/10.1002/bit.21838
http://www.ncbi.nlm.nih.gov/pubmed/18366134
http://doi.org/10.1007/s00113-008-1427-7
http://www.ncbi.nlm.nih.gov/pubmed/18491066
http://doi.org/10.3928/01477447-20070801-18
http://www.ncbi.nlm.nih.gov/pubmed/17727017
http://doi.org/10.1016/j.mtbio.2019.100038
http://www.ncbi.nlm.nih.gov/pubmed/32211604
http://doi.org/10.1161/01.CIR.0000016183.07898.90
http://doi.org/10.1002/adma.201705328
http://doi.org/10.1002/jbm.b.33676
http://www.ncbi.nlm.nih.gov/pubmed/27080740
http://doi.org/10.1016/j.msec.2017.03.215
http://www.ncbi.nlm.nih.gov/pubmed/28532080
http://doi.org/10.1016/j.biomaterials.2015.02.020
http://doi.org/10.1053/jhin.2001.1052
http://doi.org/10.1016/s0142-9612(02)00614-2
http://www.ncbi.nlm.nih.gov/pubmed/12593965
http://doi.org/10.1016/j.jot.2018.09.001
http://doi.org/10.1302/2058-5241.6.200083
http://www.ncbi.nlm.nih.gov/pubmed/34150324
https://www.hhs.gov/oidp/topics/health-care-associated-infections/hai-action-plan/index.html
https://www.hhs.gov/oidp/topics/health-care-associated-infections/hai-action-plan/index.html
https://www.cdc.gov/nhsn/pdfs/pscmanual/pcsmanual_current.pdf
https://www.cdc.gov/nhsn/pdfs/pscmanual/pcsmanual_current.pdf
http://doi.org/10.1016/j.addr.2014.04.006
http://doi.org/10.1056/NEJMra035415
http://doi.org/10.22203/eCM.v027a24
http://www.ncbi.nlm.nih.gov/pubmed/24908426
http://doi.org/10.1016/j.jacep.2020.07.021
http://www.ncbi.nlm.nih.gov/pubmed/33478712
http://doi.org/10.1056/NEJM199808203390806
http://doi.org/10.1111/joim.12233
http://doi.org/10.1097/SHK.0000000000000692
http://doi.org/10.1126/science.3629258
http://www.ncbi.nlm.nih.gov/pubmed/3629258
http://doi.org/10.4161/biom.22905
http://doi.org/10.1007/s13318-020-00622-8
http://doi.org/10.7759/cureus.12267
http://doi.org/10.1016/j.jmbbm.2018.06.033
http://doi.org/10.1007/s00402-013-1785-7
http://www.ncbi.nlm.nih.gov/pubmed/23771127
http://doi.org/10.1186/s13756-017-0202-3
http://www.ncbi.nlm.nih.gov/pubmed/28507731


Bioengineering 2022, 9, 65 18 of 24

34. Panteli, M.; Giannoudis, P.V. Chronic osteomyelitis: What the surgeon needs to know. EFORT Open Rev. 2016, 1, 128–135.
[CrossRef]

35. Ban, K.A.; Minei, J.P.; Laronga, C.; Harbrecht, B.G.; Jensen, E.H.; Fry, D.E.; Itani, K.M.; Dellinger, E.P.; Ko, C.Y.; Duane, T.M.
American College of Surgeons and Surgical Infection Society: Surgical Site Infection Guidelines, 2016 Update. J. Am. Coll. Surg.
2017, 224, 59–74. [CrossRef]

36. Calhoun, J.H.; Manring, M.M.; Shirtliff, M. Osteomyelitis of the long bones. Semin. Plast. Surg. 2009, 23, 59–72. [CrossRef]
[PubMed]

37. Al-Mayahi, M.; Vaudaux, P.; Deabate, L. Diagnosis and treatment of implant-associated infections. In Biomaterials and Medical
Device-Associated Infections; Barnes, L., Cooper, I.R., Eds.; Elsevier: Amsterdam, The Netherlands, 2015; pp. 83–99.

38. Mortazavi, S.M.; Schwartzenberger, J.; Austin, M.S.; Purtill, J.J.; Parvizi, J. Revision total knee arthroplasty infection: Incidence
and predictors. Clin. Orthop. Relat. Res. 2010, 468, 2052–2059. [CrossRef] [PubMed]

39. Doring, M.; Richter, S.; Hindricks, G. The Diagnosis and Treatment of Pacemaker-Associated Infection. Dtsch. Arztebl. Int. 2018,
115, 445–452. [CrossRef] [PubMed]

40. Darouiche, R. Device-Associated Infections: A Macroproblem that Starts with Microadherence. Healthc. Epidemiol. 2001, 33,
1567–1572. [CrossRef]

41. Jackson, S.R.; Richelsoph, K.C.; Courtney, H.S.; Wenke, J.C.; Branstetter, J.G.; Bumgardner, J.D.; Haggard, W.O. Preliminary
in vitro evaluation of an adjunctive therapy for extremity wound infection reduction: Rapidly resorbing local antibiotic delivery.
J. Orthop. Res. 2009, 27, 903–908. [CrossRef] [PubMed]

42. Gao, W.; Chen, Y.; Zhang, Y.; Zhang, Q.; Zhang, L. Nanoparticle-based local antimicrobial drug delivery. Adv. Drug Deliv. Rev.
2018, 127, 46–57. [CrossRef] [PubMed]

43. Cheng, B.; Tian, J.; Peng, Y.; Fu, X. Iatrogenic wounds: A common but often overlooked problem. Burn. Trauma 2019, 7, 18.
[CrossRef] [PubMed]

44. Lew, D.P.; Waldvogel, F.A. Osteomyelitis. Lancet 2004, 364, 369–379. [CrossRef]
45. Ford, C.A.; Cassat, J.E. Advances in the local and targeted delivery of anti-infective agents for management of osteomyelitis.

Expert Rev. Anti. Infect. Ther. 2017, 15, 851–860. [CrossRef] [PubMed]
46. Zimlichman, E.; Henderson, D.; Tamir, O.; Franz, C.; Song, P.; Yamin, C.K.; Keohane, C.; Denham, C.R.; Bates, D.W. Health

Care–Associated Infections. JAMA Intern. Med. 2013, 173, 2039. [CrossRef] [PubMed]
47. Berríos-Torres, S.I.; Umscheid, C.A.; Bratzler, D.W.; Leas, B.; Stone, E.C.; Kelz, R.R.; Reinke, C.E.; Morgan, S.; Solomkin, J.S.;

Mazuski, J.E.; et al. Centers for Disease Control and Prevention Guideline for the Prevention of Surgical Site Infection, 2017.
JAMA Surg. 2017, 152, 784. [CrossRef] [PubMed]

48. Schwarz, E.M.; Parvizi, J.; Gehrke, T.; Aiyer, A.; Battenberg, A.; Brown, S.A.; Callaghan, J.J.; Citak, M.; Egol, K.;
Garrigues, G.E.; et al. 2018 International Consensus Meeting on Musculoskeletal Infection: Research Priorities from the
General Assembly Questions. J. Orthop. Res. 2019, 37, 997–1006. [CrossRef] [PubMed]

49. Ellington, J.K.; Harris, M.; Hudson, M.C.; Vishin, S.; Webb, L.X.; Sherertz, R. Intracellular Staphylococcus aureus and antibiotic
resistance: Implications for treatment of Staphylococcal osteomyelitis. J. Orthop. Res. 2006, 24, 87–93. [CrossRef]

50. Kavanagh, N.; Ryan, E.; Widaa, A. Staphylococcal osteomyelitis: Disease progression, treatment, challenges and future directions.
Clin. Microbiol. Rev. 2018, 31, e00084–e00117. [CrossRef] [PubMed]

51. Dinh, P.; Hutchinson, B.K.; Zalavras, C.; Stevanovic, M.V. Reconstruction of osteomyelitis defects. Semin. Plast. Surg. 2009, 23,
108–118. [CrossRef] [PubMed]

52. Lima, A.L.; Oliveira, P.R.; Carvalho, V.C.; Cimerman, S.; Savio, E.; Diretrizes Panamericanas para el Tratamiento de las Osteomieli-
tis e Infecciones de Tejidos Blandos Group. Recommendations for the treatment of osteomyelitis. Braz. J. Infect. Dis. 2014, 18,
526–534. [CrossRef]

53. Fritz, J.M.; McDonald, J.R. Osteomyelitis: Approach to diagnosis and treatment. Phys. Sportsmed. 2008, 36, nihpa116823.
[CrossRef]

54. Modaresifar, K.; Kunkels, L.B.; Ganjian, M.; Tumer, N.; Hagen, C.W.; Otten, L.G.; Hagedoorn, P.L.; Angeloni, L.; Ghatkesar,
M.K.; Fratila-Apachitei, L.E.; et al. Deciphering the Roles of Interspace and Controlled Disorder in the Bactericidal Properties of
Nanopatterns against Staphylococcus aureus. Nanomaterials 2020, 10, 347. [CrossRef]

55. Urish, K.L.; Cassat, J.E. Staphylococcus aureus Osteomyelitis: Bone, Bugs, and Surgery. Infect. Immun. 2020, 88, e00932–e01019.
[CrossRef]

56. Kluin, O.S.; van der Mei, H.C.; Busscher, H.J.; Neut, D. Biodegradable vs non-biodegradable antibiotic delivery devices in the
treatment of osteomyelitis. Expert Opin. Drug Deliv. 2013, 10, 341–351. [CrossRef] [PubMed]

57. Nandi, S.K.; Bandyopadhyay, S.; Das, P.; Samanta, I.; Mukherjee, P.; Roy, S.; Kundu, B. Understanding osteomyelitis and its
treatment through local drug delivery system. Biotechnol. Adv. 2016, 34, 1305–1317. [CrossRef] [PubMed]

58. Wright, J.A.; Nair, S.P. Interaction of Staphylococci with bone. Int. J. Med. Microbiol. 2010, 300, 193–204. [CrossRef] [PubMed]
59. Kremers, H.M.; Nwojo, M.E.; Ransom, J.E.; Wood-Wentz, C.M.; Melton, L.J.; Huddleston, P.M. Trends in the Epidemiology of

Osteomyelitis. J. Bone Jt. Surg. 2015, 97, 837–845. [CrossRef]
60. Libraty, D.H.; Patkar, C.; Torres, B. Staphylococcus aureus Reactivation Osteomyelitis after 75 Years. N. Engl. J. Med. 2012, 366,

481–482. [CrossRef]

http://doi.org/10.1302/2058-5241.1.000017
http://doi.org/10.1016/j.jamcollsurg.2016.10.029
http://doi.org/10.1055/s-0029-1214158
http://www.ncbi.nlm.nih.gov/pubmed/20567728
http://doi.org/10.1007/s11999-010-1308-6
http://www.ncbi.nlm.nih.gov/pubmed/20309657
http://doi.org/10.3238/arztebl.2018.0445
http://www.ncbi.nlm.nih.gov/pubmed/30017027
http://doi.org/10.1086/323130
http://doi.org/10.1002/jor.20828
http://www.ncbi.nlm.nih.gov/pubmed/19105225
http://doi.org/10.1016/j.addr.2017.09.015
http://www.ncbi.nlm.nih.gov/pubmed/28939377
http://doi.org/10.1186/s41038-019-0155-2
http://www.ncbi.nlm.nih.gov/pubmed/31165077
http://doi.org/10.1016/S0140-6736(04)16727-5
http://doi.org/10.1080/14787210.2017.1372192
http://www.ncbi.nlm.nih.gov/pubmed/28837368
http://doi.org/10.1001/jamainternmed.2013.9763
http://www.ncbi.nlm.nih.gov/pubmed/23999949
http://doi.org/10.1001/jamasurg.2017.0904
http://www.ncbi.nlm.nih.gov/pubmed/28467526
http://doi.org/10.1002/jor.24293
http://www.ncbi.nlm.nih.gov/pubmed/30977537
http://doi.org/10.1002/jor.20003
http://doi.org/10.1128/CMR.00084-17
http://www.ncbi.nlm.nih.gov/pubmed/29444953
http://doi.org/10.1055/s-0029-1214163
http://www.ncbi.nlm.nih.gov/pubmed/20567733
http://doi.org/10.1016/j.bjid.2013.12.005
http://doi.org/10.3810/psm.2008.12.11
http://doi.org/10.3390/nano10020347
http://doi.org/10.1128/IAI.00932-19
http://doi.org/10.1517/17425247.2013.751371
http://www.ncbi.nlm.nih.gov/pubmed/23289645
http://doi.org/10.1016/j.biotechadv.2016.09.005
http://www.ncbi.nlm.nih.gov/pubmed/27693717
http://doi.org/10.1016/j.ijmm.2009.10.003
http://www.ncbi.nlm.nih.gov/pubmed/19889575
http://doi.org/10.2106/JBJS.N.01350
http://doi.org/10.1056/NEJMc1111493


Bioengineering 2022, 9, 65 19 of 24

61. Mohammed Al-Maiyah FRCS, F.I.C.M.S.; Hemmady, M.V.; Shoaib, A.; Morgan-Jones, R.L. Recurrence of chronic osteomyelitis in
a regenerated fibula after 65 years. Orthopedics 2007, 30, 403–404.

62. Hatzenbuehler, J.; Pulling, T.J. Diagnosis and Management of Osteomyelitis. Am. Fam. Physician 2011, 84, 1027–1033. [PubMed]
63. Termaat, M.F.; Raijmakers, P.G.H.M.; Scholten, H.J.; Bakker, F.C.; Patka, P.; Haarman, H.J.T.M. The Accuracy of Diagnostic

Imaging for the Assessment of Chronic Osteomyelitis: A Systematic Review and Meta-Analysis. J. Bone Joint Surg. 2005, 87,
2464–2471. [CrossRef]

64. Haidar, R.; Der Boghossian, A.; Atiyeh, B. Duration of post-surgical antibiotics in chronic osteomyelitis: Empiric or evidence-
based? Int. J. Infect. Dis. 2010, 14, e752–e758. [CrossRef]

65. Masters, E.A.; Trombetta, R.P.; de Mesy Bentley, K.L.; Boyce, B.F.; Gill, A.L.; Gill, S.R.; Nishitani, K.; Ishikawa, M.; Morita, Y.;
Ito, H.; et al. Evolving concepts in bone infection: Redefining “biofilm”, “acute vs. chronic osteomyelitis”, “the immune proteome”
and “local antibiotic therapy”. Bone Res. 2019, 7, 20. [CrossRef]

66. Steinhausen, E.; Lefering, R.; Glombitza, M.; Brinkmann, N.; Vogel, C.; Mester, B.; Dudda, M. Bioactive glass S53P4 vs. autologous
bone graft for filling defects in patients with chronic osteomyelitis and infected non-unions—A single center experience. J. Bone Jt.
Infect. 2021, 6, 73–83. [CrossRef] [PubMed]

67. Liu, C.; Bayer, A.; Cosgrove, S.E.; Daum, R.S.; Fridkin, S.K.; Gorwitz, R.J.; Kaplan, S.L.; Karchmer, A.W.; Levine, D.P.; Murray,
B.E.; et al. Clinical Practice Guidelines by the Infectious Diseases Society of America for the Treatment of Methicillin-Resistant
Staphylococcus aureus Infections in Adults and Children. Clin. Infect. Dis. 2011, 52, e18–e55. [CrossRef]

68. Ferguson, J.; Diefenbeck, M.; McNally, M. Ceramic Biocomposites as Biodegradable Antibiotic Carriers in the Treatment of Bone
Infections. J. Bone Jt. Infect. 2017, 2, 38–51. [CrossRef]

69. Inzana, J.A.; Schwarz, E.M.; Kates, S.L.; Awad, H.A. Biomaterials approaches to treating implant-associated osteomyelitis.
Biomaterials 2016, 81, 58–71. [CrossRef] [PubMed]

70. Anagnostakos, K.; Kelm, J. Enhancement of antibiotic elution from acrylic bone cement. J. Biomed. Mater. Res. B Appl. Biomater.
2009, 90, 467–475. [CrossRef] [PubMed]

71. Klutymans, J.; Van Belkum, A.; Verbrugh, H. Nasal Carriage of Staphylococcus aureus: Epidemiology, Underlying Mechanisms,
and Associated Risks. Clin. Microbiol. Rev. 1997, 10, 505–520. [CrossRef] [PubMed]

72. Noble, W.C.; Valkenburg, H.A.; Wolters, C.H.L. Carriage of Staphylococcus aureus in random samples of a normal population.
Epidemiol. Infect. 1967, 65, 567–573. [CrossRef]

73. Tong, S.Y.; Davis, J.S.; Eichenberger, E.; Holland, T.L.; Fowler, V.G., Jr. Staphylococcus aureus infections: Epidemiology, pathophysi-
ology, clinical manifestations, and management. Clin. Microbiol. Rev. 2015, 28, 603–661. [CrossRef]

74. Laux, C.; Peschel, A.; Krismer, B. Staphylococcus aureus Colonization of the Human Nose and Interaction with Other Microbiome
Members. Microbiol. Spectr. 2019, 7, 1–10. [CrossRef]

75. Krut, O. Antibiotic-induced persistence of cytotoxic Staphylococcus aureus in non-phagocytic cells. J. Antimicrob. Chemother. 2004,
53, 167–173. [CrossRef]

76. Muthukrishnan, G.; Masters, E.A.; Daiss, J.L.; Schwarz, E.M. Mechanisms of Immune Evasion and Bone Tissue Colonization That
Make Staphylococcus aureus the Primary Pathogen in Osteomyelitis. Curr. Osteoporos. Rep. 2019, 17, 395–404. [CrossRef] [PubMed]

77. Cheng, A.G.; Kim, H.K.; Burts, M.L.; Krausz, T.; Schneewind, O.; Missiakas, D.M. Genetic requirements for Staphylococcus aureus
abscess formation and persistence in host tissues. FASEB J. 2009, 23, 3393–3404. [CrossRef] [PubMed]

78. Scherr, T.D.; Heim, C.E.; Morrison, J.M.; Kielian, T. Hiding in Plain Sight: Interplay between Staphylococcal Biofilms and Host
Immunity. Front. Immunol 2014, 5, 37. [CrossRef]

79. Thurlow, L.R.; Hanke, M.L.; Fritz, T.; Angle, A.; Aldrich, A.; Williams, S.H.; Engebretsen, I.L.; Bayles, K.W.; Horswill, A.R.; Kielian,
T. Staphylococcus aureus Biofilms Prevent Macrophage Phagocytosis and Attenuate Inflammation In Vivo. J. Immunol. 2011, 186,
6585–6596. [CrossRef] [PubMed]

80. Fraunholz, M.; Sinha, B. Intracellular Staphylococcus aureus: Live-in and let die. Front. Cell Infect. Microbiol. 2012, 2, 43. [CrossRef]
81. Savage, V.J.; Chopra, I.; O’Neill, A.J. Staphylococcus aureus Biofilms Promote Horizontal Transfer of Antibiotic Resistance.

Antimicrob. Agents Chemother. 2013, 57, 1968–1970. [CrossRef]
82. De Mesy Bentley, K.L.; Trombetta, R.; Nishitani, K.; Bello-Irizarry, S.N.; Ninomiya, M.; Zhang, L.; Chung, H.L.; McGrath, J.L.;

Daiss, J.L.; Awad, H.A.; et al. Evidence of Staphylococcus aureus Deformation, Proliferation, and Migration in Canaliculi of Live
Cortical Bone in Murine Models of Osteomyelitis. J. Bone Mineral. Res. 2017, 32, 985–990. [CrossRef] [PubMed]

83. Ellington, J.K.; Harris, M.; Webb, L.; Smith, B.; Smith, T.; Tan, K.; Hudson, M. Intracellular Staphylococcus aureus. J. Bone Jt. Surg.
Br. Vol. 2003, 85-B, 918–921. [CrossRef]

84. Vesga, O.; Groeschel, M.C.; Otten, M.F. Staphylococcus aureus Small Colony Variants Are Induced by the Endothelial Cell
Intracellular Milieu. J. Infect. Dis. 1995, 173, 739–742. [CrossRef]

85. Hayes, S.M.; Biggs, T.C.; Goldie, S.P.; Harries, P.G.; Walls, A.F.; Allan, R.N.; Pender, S.L.F.; Salib, R.J. Staphylococcus aureus
internalization in mast cells in nasal polyps: Characterization of interactions and potential mechanisms. J. Allergy Clin. Immunol.
2020, 145, 147–159. [CrossRef]

86. Strobel, M.; Pfortner, H.; Tuchscherr, L.; Volker, U.; Schmidt, F.; Kramko, N.; Schnittler, H.J.; Fraunholz, M.J.; Loffler, B.;
Peters, G.; et al. Post-invasion events after infection with Staphylococcus aureus are strongly dependent on both the host cell type
and the infecting S. aureus strain. Clin. Microbiol. Infect. 2016, 22, 799–809. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/22046943
http://doi.org/10.2106/00004623-200511000-00013
http://doi.org/10.1016/j.ijid.2010.01.005
http://doi.org/10.1038/s41413-019-0061-z
http://doi.org/10.5194/jbji-6-73-2021
http://www.ncbi.nlm.nih.gov/pubmed/34084694
http://doi.org/10.1093/cid/ciq146
http://doi.org/10.7150/jbji.17234
http://doi.org/10.1016/j.biomaterials.2015.12.012
http://www.ncbi.nlm.nih.gov/pubmed/26724454
http://doi.org/10.1002/jbm.b.31281
http://www.ncbi.nlm.nih.gov/pubmed/19145626
http://doi.org/10.1128/CMR.10.3.505
http://www.ncbi.nlm.nih.gov/pubmed/9227864
http://doi.org/10.1017/S002217240004609X
http://doi.org/10.1128/CMR.00134-14
http://doi.org/10.1128/microbiolspec.GPP3-0029-2018
http://doi.org/10.1093/jac/dkh076
http://doi.org/10.1007/s11914-019-00548-4
http://www.ncbi.nlm.nih.gov/pubmed/31721069
http://doi.org/10.1096/fj.09-135467
http://www.ncbi.nlm.nih.gov/pubmed/19525403
http://doi.org/10.3389/fimmu.2014.00037
http://doi.org/10.4049/jimmunol.1002794
http://www.ncbi.nlm.nih.gov/pubmed/21525381
http://doi.org/10.3389/fcimb.2012.00043
http://doi.org/10.1128/AAC.02008-12
http://doi.org/10.1002/jbmr.3055
http://www.ncbi.nlm.nih.gov/pubmed/27933662
http://doi.org/10.1302/0301-620X.85B6.13509
http://doi.org/10.1093/infdis/173.3.739
http://doi.org/10.1016/j.jaci.2019.06.013
http://doi.org/10.1016/j.cmi.2016.06.020


Bioengineering 2022, 9, 65 20 of 24

87. Hudson, M.C.; Ramp, W.K.; Nicholson, N.C.; Williams, A.S.; Nousiainen, M.T. Internalization of Staphylococcus aureus by cultured
osteoblasts. Microb. Pathog. 1995, 19, 409–419. [CrossRef]

88. Lazzarini, L.; Overgaard, K.A.; Conti, E.; Shirtliff, M.E. Experimental osteomyelitis: What have we learned from animal studies
about the systemic treatment of osteomyelitis? J. Chemother. 2006, 18, 451–460. [CrossRef] [PubMed]

89. Branstetter, J.G.; Jackson, S.R.; Haggard, W.O.; Richelsoph, K.C.; Wenke, J.C. Locally-administered antibiotics in wounds in a limb.
J. Bone Joint Surg. Br. 2009, 91, 1106–1109. [CrossRef]

90. Lewis, C.S.; Supronowicz, P.R.; Zhukauskas, R.M.; Gill, E.; Cobb, R.R. Local antibiotic delivery with demineralized bone matrix.
Cell Tissue Bank 2012, 13, 119–127. [CrossRef] [PubMed]

91. Gogia, J.; Meehan, J.; Di Cesare, P.; Jamali, A. Local Antibiotic Therapy in Osteomyelitis. Semin. Plast. Surg. 2009, 23, 100–107.
[CrossRef] [PubMed]

92. Seeley, S.K.; Seeley, J.V.; Telehowski, P.; Martin, S.; Tavakoli, M.; Colton, S.L.; Larson, B.; Forrester, P.; Atkinson, P.J. Volume and
Surface Area Study of Tobramycin-Polymethylmethacrylate Beads. Clin. Orthop. 2004, 420, 298–303. [CrossRef] [PubMed]

93. Turner, T.M.; Urban, R.M.; Hall, D.J.; Chye, P.C.; Segreti, J.; Gitelis, S. Local and systemic levels of tobramycin delivered from
calcium sulfate bone graft substitute pellets. Clin. Orthop. Relat. Res. 2005, 437, 97–104. [CrossRef] [PubMed]

94. Yarboro, S.R.; Baum, E.J.; Dahners, L.E. Locally administered antibiotics for prophylaxis against surgical wound infection. An
in vivo study. J. Bone Joint Surg. Am. 2007, 89, 929–933. [CrossRef] [PubMed]

95. Jeong, J.; Kim, J.H.; Shim, J.H.; Hwang, N.S.; Heo, C.Y. Bioactive calcium phosphate materials and applications in bone
regeneration. Biomater. Res. 2019, 23, 4. [CrossRef]

96. Diu, T.; Faruqui, N.; Sjöström, T.; Lamarre, B.; Jenkinson, H.F.; Su, B.; Ryadnov, M.G. Cicada-inspired cell-instructive nanopat-
terned arrays. Sci. Rep. 2015, 4, 7122. [CrossRef] [PubMed]

97. Ashammakhi, N.; Suuronen, R.; Tiainen, J. Spotlight on Naturally Absorbable Osteofixation Devices. J. Craniofacial Surg. 2003, 14,
247–259. [CrossRef] [PubMed]

98. Lin, L.C.; Chang, S.J.; Kuo, S.M. Evaluation of chitosan/ß-tricalcium phosphate microspheres as a constituent to PMMA cement.
J. Mater. Sci. Mater. Med. 2005, 16, 567–574. [CrossRef] [PubMed]

99. Shi, D.; Dhawan, V.; Cui, X.T. Bio-integrative design of the neural tissue-device interface. Curr. Opin. Biotechnol. 2021, 72, 54–61.
[CrossRef] [PubMed]

100. Farrell, B.J.; Prilutsky, B.I.; Ritter, J.M.; Kelley, S.; Popat, K.; Pitkin, M. Effects of pore size, implantation time, and nano-surface
properties on rat skin ingrowth into percutaneous porous titanium implants. J. Biomed. Mater. Res. A 2014, 102, 1305–1315.
[CrossRef]

101. Martinez-Moreno, J.; Merino, V.; Nacher, A.; Rodrigo, J.L.; Climente, M.; Merino-Sanjuan, M. Antibiotic-loaded Bone Cement as
Prophylaxis in Total Joint Replacement. Orthop. Surg. 2017, 9, 331–341. [CrossRef] [PubMed]

102. Aiken, S.S.; Cooper, J.J.; Florance, H.; Robinson, M.T.; Michell, S. Local release of antibiotics for surgical site infection management
using high-purity calcium sulfate: An in vitro elution study. Surg. Infect. 2015, 16, 54–61. [CrossRef]

103. Gálvez-López, R.; Peña-Monje, A.; Antelo-Lorenzo, R.; Guardia-Olmedo, J.; Moliz, J.; Hernández-Quero, J.; Parra-Ruiz, J. Elution
kinetics, antimicrobial activity, and mechanical properties of 11 different antibiotic loaded acrylic bone cement. Diagn. Microbiol.
Infect. Dis. 2014, 78, 70–74. [CrossRef]

104. Gilmore, B.F.; Carson, L. Bioactive biomaterials for controlling biofilms. In Biomaterials and Medical Device-Associated Infections;
Barnes, L., Cooper, I.R., Eds.; Woodhead Publishing: Sawston, UK, 2015; pp. 173–180.

105. Beenken, K.E.; Campbell, M.J.; Ramirez, A.M.; Alghazali, K.; Walker, C.M.; Jackson, B.; Griffin, C.; King, W.; Bourdo, S.E.;
Rifkin, R.; et al. Evaluation of a bone filler scaffold for local antibiotic delivery to prevent Staphylococcus aureus infection in a
contaminated bone defect. Sci. Rep. 2021, 11, 10254. [CrossRef]

106. Moore, K.; Os, R.W.-V.; Dusane, D.H.; Brooks, J.R.; Delury, C.; Aiken, S.S.; Laycock, P.A.; Sullivan, A.C.; Granger, J.F.; Dipane,
M.V.; et al. Elution Kinetics from Antibiotic-Loaded Calcium Sulfate Beads, Antibiotic-Loaded Polymethacrylate Spacers, and
a Powdered Antibiotic Bolus for Surgical Site Infections in a Novel In Vitro Draining Knee Model. Antibiotics 2021, 10, 270.
[CrossRef]

107. Schwarz, E.M.; McLaren, A.C.; Sculco, T.P.; Brause, B.; Bostrom, M.; Kates, S.L.; Parvizi, J.; Alt, V.; Arnold, W.V.; Carli, A.; et al.
Adjuvant antibiotic-loaded bone cement: Concerns with current use and research to make it work. J. Orthop. Res. 2021, 39,
227–239. [CrossRef] [PubMed]

108. Thomas, D.B.; Brooks, D.E.; Bice, T.G.; DeJong, E.S.; Lonergan, K.T.; Wenke, J.C. Tobramycin-impregnated calcium sulfate prevents
infection in contaminated wounds. Clin. Orthop. Relat. Res. 2005, 441, 366–371. [CrossRef] [PubMed]

109. McLaren, A.C. Alternative materials to acrylic bone cement for delivery of depot antibiotics in orthopaedic infections. Clin.
Orthop. Relat. Res. 2004, 427, 101–106. [CrossRef] [PubMed]

110. Weiss, B.D.; Weiss, E.C.; Haggard, W.O.; Evans, R.P.; McLaren, S.G.; Smeltzer, M.S. Optimized elution of daptomycin from
polymethylmethacrylate beads. Antimicrob. Agents Chemother. 2009, 53, 264–266. [CrossRef] [PubMed]

111. DiMaio, F.R.; O’Halloran, J.J.; Quale, J.M. In Vitro Elution of Ciprofloxacin from PMMA cement beads. J. Orthop. Res. 1994, 12,
79–82. [CrossRef]

112. van Vugt, T.A.G.; Arts, J.J.; Geurts, J.A.P. Antibiotic-Loaded Polymethylmethacrylate Beads and Spacers in Treatment of
Orthopedic Infections and the Role of Biofilm Formation. Front. Microbiol. 2019, 10, 1626. [CrossRef] [PubMed]

http://doi.org/10.1006/mpat.1995.0075
http://doi.org/10.1179/joc.2006.18.5.451
http://www.ncbi.nlm.nih.gov/pubmed/17127219
http://doi.org/10.1302/0301-620X.91B8.22216
http://doi.org/10.1007/s10561-010-9236-y
http://www.ncbi.nlm.nih.gov/pubmed/21197583
http://doi.org/10.1055/s-0029-1214162
http://www.ncbi.nlm.nih.gov/pubmed/20567732
http://doi.org/10.1097/00003086-200403000-00042
http://www.ncbi.nlm.nih.gov/pubmed/15057112
http://doi.org/10.1097/01.blo.0000175127.37343.0d
http://www.ncbi.nlm.nih.gov/pubmed/16056033
http://doi.org/10.2106/JBJS.F.00919
http://www.ncbi.nlm.nih.gov/pubmed/17473127
http://doi.org/10.1186/s40824-018-0149-3
http://doi.org/10.1038/srep07122
http://www.ncbi.nlm.nih.gov/pubmed/25409910
http://doi.org/10.1097/00001665-200303000-00021
http://www.ncbi.nlm.nih.gov/pubmed/12621298
http://doi.org/10.1007/s10856-005-0533-0
http://www.ncbi.nlm.nih.gov/pubmed/15928873
http://doi.org/10.1016/j.copbio.2021.10.003
http://www.ncbi.nlm.nih.gov/pubmed/34710753
http://doi.org/10.1002/jbm.a.34807
http://doi.org/10.1111/os.12351
http://www.ncbi.nlm.nih.gov/pubmed/29178309
http://doi.org/10.1089/sur.2013.162
http://doi.org/10.1016/j.diagmicrobio.2013.09.014
http://doi.org/10.1038/s41598-021-89830-z
http://doi.org/10.3390/antibiotics10030270
http://doi.org/10.1002/jor.24616
http://www.ncbi.nlm.nih.gov/pubmed/31997412
http://doi.org/10.1097/01.blo.0000181144.01306.b0
http://www.ncbi.nlm.nih.gov/pubmed/16331028
http://doi.org/10.1097/01.blo.0000143554.56897.26
http://www.ncbi.nlm.nih.gov/pubmed/15552144
http://doi.org/10.1128/AAC.00258-08
http://www.ncbi.nlm.nih.gov/pubmed/18955530
http://doi.org/10.1002/jor.1100120110
http://doi.org/10.3389/fmicb.2019.01626
http://www.ncbi.nlm.nih.gov/pubmed/31402901


Bioengineering 2022, 9, 65 21 of 24

113. Kyriacou, H.; Kamaraj, A.; Khan, W.S. Developments in Antibiotic-Eluting Scaffolds for the Treatment of Osteomyelitis. Appl. Sci.
2020, 10, 2244. [CrossRef]

114. Nelson, C.L. The current status of material used for depot delivery of drugs. Clin. Orthop. Relat. Res. 2004, 427, 72–78. [CrossRef]
115. Wall, V.; Nguyen, T.H.; Nguyen, N.; Tran, P.A. Controlling Antibiotic Release from Polymethylmethacrylate Bone Cement.

Biomedicines 2021, 9, 26. [CrossRef]
116. Jiranek, W.A.; Hanssen, A.D.; Greenwald, A.S. Antibiotic-Loaded Bone Cement for Infection Prophylaxis in Total Joint Replace-

ment. J. Bone Jt. Surg. 2006, 88, 2487–2500. [CrossRef]
117. Behzadi, S.; Luther, G.A.; Harris, M.B.; Farokhzad, O.C.; Mahmoudi, M. Nanomedicine for safe healing of bone trauma:

Opportunities and challenges. Biomaterials 2017, 146, 168–182. [CrossRef] [PubMed]
118. Dorati, R.; DeTrizio, A.; Modena, T.; Conti, B.; Benazzo, F.; Gastaldi, G.; Genta, I. Biodegradable Scaffolds for Bone Regeneration

Combined with Drug-Delivery Systems in Osteomyelitis Therapy. Pharmaceuticals 2017, 10, 96. [CrossRef]
119. Neut, D.; Kluin, O.S.; Crielaard, B.J.; van der Mei, H.C.; Busscher, H.J.; Grijpma, D.W. A biodegradable antibiotic delivery system

based on poly-(trimethylene carbonate) for the treatment of osteomyelitis. Acta Orthop. 2009, 80, 514–519. [CrossRef] [PubMed]
120. Wu, P.; Grainger, D.W. Drug/device combinations for local drug therapies and infection prophylaxis. Biomaterials 2006, 27,

2450–2467. [CrossRef]
121. Arciola, C.R.; Campoccia, D.; Speziale, P.; Montanaro, L.; Costerton, J.W. Biofilm formation in Staphylococcus implant infections. A

review of molecular mechanisms and implications for biofilm-resistant materials. Biomaterials 2012, 33, 5967–5982. [CrossRef]
[PubMed]

122. A Medical Implant and a Method of Coating a Medical Implant. 2018. Available online: https://patentscope2.wipo.int/search/
en/detail.jsf?docId=WO2018107243 (accessed on 12 December 2021).

123. Frew, N.M.; Cannon, T.; Nichol, T.; Smith, T.J.; Stockley, I. Comparison of the elution properties of commercially available
gentamicin and bone cement containing vancomycin with “home-made” preparations. Bone Joint J. 2017, 99, 73–77. [CrossRef]
[PubMed]

124. Mau, H.; Schelling, K.; Heisel, C.; Wang, J.S.; Breusch, S.J. Comparison of various vacuum mixing systems and bone cements as
regards reliability, porosity and bending strength. Acta Orthop. Scand. 2004, 75, 160–172. [CrossRef]

125. Nugent, M.; McLaren, A.; Vernon, B.; McLemore, R. Strength of antimicrobial bone cement decreases with increased poragen
fraction. Clin. Orthop. Relat. Res. 2010, 468, 2101–2106. [CrossRef] [PubMed]

126. McLaren, A.C.; McLaren, S.G.; Smeltzer, M. Xylitol and Glycine Fillers Increase Permeability of PMMA to Enhance Elution of
Daptomycin. Clin. Orthop. Relat. Res. 2006, 451, 25–28. [CrossRef]

127. McLaren, A.C.; McLaren, S.G.; Hickmon, M.K. Sucrose, xylitol, and erythritol increase PMMA permeability for depot antibiotics.
Clin. Orthop. Relat. Res. 2007, 461, 60–63. [CrossRef]

128. Arora, M.; Chan, E.K.; Gupta, S.; Diwan, A.D. Polymethylmethacrylate bone cements and additives: A review of the literature.
World J. Orthop. 2013, 4, 67–74. [CrossRef]

129. Xie, L.; Yu, H.; Deng, Y.; Yang, W.; Liao, L.; Long, Q. Preparation, characterization and in vitro dissolution behavior of porous
biphasic alpha/beta-tricalcium phosphate bioceramics. Mater. Sci. Eng. C Mater. Biol. Appl. 2016, 59, 1007–1015. [CrossRef]

130. Fini, M.; Giavaresi, G.; Nicoli, N. A bone substitute composed of polymethylmethacrylate and α -tricalcium phosphate: Results in
terms of osteoblast function and bone tissue formation. Biomaterials 2002, 23, 4523–4531. [CrossRef]

131. Vazquez, B.; Ginebra, M.P.; Gil, X.; Planell, J.A.; San Roman, J. Acrylic bone cements modified with beta-TCP particles encapsulated
with poly(ethylene glycol). Biomaterials 2005, 26, 4309–4316. [CrossRef]

132. Beruto, D.T.; Mezzasalma, S.A.; Capurro, M. Use of α -tricalcium phosphate (TCP) as powders and as an aqueous dispersion to
modify processing, microstructure, and mechanical properties of polymethylmethacrylate (PMMA) bone cements and to produce
bone-substitute compounds. J. Biomed. Mater. Res. 2000, 49, 498–505. [CrossRef]

133. Faour, O.; Dimitriou, R.; Cousins, C.A.; Giannoudis, P.V. The use of bone graft substitutes in large cancellous voids: Any specific
needs? Injury 2011, 42 (Suppl. S2), S87–S90. [CrossRef] [PubMed]

134. Mirzayan, R.; Panossian, V.; Avedian, R.; Forrester, D.M.; Menendez, L.R. The use of calcium sulfate in the treatment of benign
bone lesions. A preliminary report. J. Bone Joint Surg. 2001, 83, 355–358. [CrossRef] [PubMed]

135. Kim, H.; Kar, A.K.; Kaja, A.; Lim, E.J.; Choi, W.; Son, W.S.; Oh, J.K.; Sakong, S.; Cho, J.W. More weighted cancellous bone
can be harvested from the proximal tibia with less donor site pain than anterior iliac crest corticocancellous bone harvesting:
Retrospective review. J. Orthop. Surg. Res. 2021, 16, 220. [CrossRef] [PubMed]

136. Lewis, C.S.; Katz, J.; Baker, M.I.; Supronowicz, P.R.; Gill, E.; Cobb, R.R. Local antibiotic delivery with bovine cancellous chips.
J. Biomater. Appl. 2011, 26, 491–506. [CrossRef]

137. Keating, J.F.; McQueen, M.M. Substitutes for autologous bone graft in orthopaedic trauma. J. Bone Joint Surg. Br. 2001, 82, 3–8.
[CrossRef]

138. McGovern, J.A.; Griffin, M.; Hutmacher, D.W. Animal models for bone tissue engineering and modelling disease. Dis. Model.
Mech. 2018, 11. [CrossRef]

139. Friedlaender, G.E.; Strong, D.M.; Tomford, W.W.; Mankin, H.J. Long-term follow-up of patients with osteochondral allografts. A
correlation between immunologic responses and clinical outcome. Orthop. Clin. North. Am. 1999, 30, 583–588. [CrossRef]

140. Bauer, T.W.; Muschler, G.F. Bone Graft Materials an Overview of the Basic Science. Clin. Orthop. Relat. Res. 2000, 371, 10–27.
[CrossRef]

http://doi.org/10.3390/app10072244
http://doi.org/10.1097/01.blo.0000143741.92384.18
http://doi.org/10.3390/biomedicines9010026
http://doi.org/10.2106/00004623-200611000-00024
http://doi.org/10.1016/j.biomaterials.2017.09.005
http://www.ncbi.nlm.nih.gov/pubmed/28918266
http://doi.org/10.3390/ph10040096
http://doi.org/10.3109/17453670903350040
http://www.ncbi.nlm.nih.gov/pubmed/19916681
http://doi.org/10.1016/j.biomaterials.2005.11.031
http://doi.org/10.1016/j.biomaterials.2012.05.031
http://www.ncbi.nlm.nih.gov/pubmed/22695065
https://patentscope2.wipo.int/search/en/detail.jsf?docId=WO2018107243
https://patentscope2.wipo.int/search/en/detail.jsf?docId=WO2018107243
http://doi.org/10.1302/0301-620X.99B1.BJJ-2016-0566.R1
http://www.ncbi.nlm.nih.gov/pubmed/28053260
http://doi.org/10.1080/00016470412331294415
http://doi.org/10.1007/s11999-010-1264-1
http://www.ncbi.nlm.nih.gov/pubmed/20162384
http://doi.org/10.1097/01.blo.0000229321.53040.a1
http://doi.org/10.1097/BLO.0b013e3181123e90
http://doi.org/10.5312/wjo.v4.i2.67
http://doi.org/10.1016/j.msec.2015.11.040
http://doi.org/10.1016/S0142-9612(02)00196-5
http://doi.org/10.1016/j.biomaterials.2004.10.042
http://doi.org/10.1002/(SICI)1097-4636(20000315)49:4&lt;498::AID-JBM8&gt;3.0.CO;2-1
http://doi.org/10.1016/j.injury.2011.06.020
http://www.ncbi.nlm.nih.gov/pubmed/21723553
http://doi.org/10.2106/00004623-200103000-00006
http://www.ncbi.nlm.nih.gov/pubmed/11263638
http://doi.org/10.1186/s13018-021-02364-y
http://www.ncbi.nlm.nih.gov/pubmed/33771180
http://doi.org/10.1177/0885328210375729
http://doi.org/10.1302/0301-620X.83B1.0830003
http://doi.org/10.1242/dmm.033084
http://doi.org/10.1016/S0030-5898(05)70111-5
http://doi.org/10.1097/00003086-200002000-00003


Bioengineering 2022, 9, 65 22 of 24

141. Wee, J.; Thevendran, G. The role of orthobiologics in foot and ankle surgery. EFORT Open Rev. 2017, 2, 272–280. [CrossRef]
[PubMed]

142. Ketonis, C.; Adams, C.S.; Barr, S. Antibiotic modification of native grafts: Improving upon nature’s scaffolds. Tissue Eng. Part. A
2010, 16, 2041–2049. [CrossRef]

143. Zoller, S.D.; Hegde, V.; Burke, Z.D.C.; Park, H.Y.; Ishmael, C.R.; Blumstein, G.W.; Sheppard, W.; Hamad, C.; Loftin, A.H.;
Johansen, D.O.; et al. Evading the host response: Staphylococcus “hiding” in cortical bone canalicular system causes increased
bacterial burden. Bone Res. 2020, 8, 43. [CrossRef] [PubMed]

144. Fiorenza, F.; Durox, H.; El Balkhi, S.; Denes, E. Antibiotic-loaded Porous Alumina Ceramic for One-stage Surgery for Chronic
Osteomyelitis. J. Am. Acad. Orthop. Surg. Glob. Res. Rev. 2018, 2, e0792018. [CrossRef]

145. Fernandes, H.R.; Gaddam, A.; Rebelo, A.; Brazete, D.; Stan, G.E.; Ferreira, J.M.F. Bioactive Glasses and Glass-Ceramics for
Healthcare Applications in Bone Regeneration and Tissue Engineering. Materials 2018, 11, 2530. [CrossRef] [PubMed]

146. Fillingham, Y.; Jacobs, J. Bone Grafts and Their Substitutes. J. Bone Jt. Surg. 2016, 98, 6–9. [CrossRef] [PubMed]
147. Roberts, T.T.; Rosenbaum, A.J. Bone grafts, bone substitutes and orthobiologics: The bridge between basic science and clinical

advancements in fracture healing. Organogenesis 2012, 8, 114–124. [CrossRef] [PubMed]
148. McKee, M.D.; Wild, L.M.; Schemitsch, E.H.; Waddell, J.P. The use of an antibiotic-impregnated, osteoconductive, bioabsorbable

bone substitute in the treatment of infected long bone defects: Early results of a prospective trial. J. Orthop. Trauma 2002, 16,
622–627. [CrossRef] [PubMed]

149. Ginebra, M.P.; Traykova, T.; Planell, J.A. Calcium phosphate cements as bone drug delivery systems: A review. J. Control. Release
2006, 113, 102–110. [CrossRef] [PubMed]

150. Parent, M.; Baradari, H.; Champion, E.; Damia, C.; Viana-Trecant, M. Design of calcium phosphate ceramics for drug delivery
applications in bone diseases: A review of the parameters affecting the loading and release of the therapeutic substance. J. Control.
Release 2017, 252, 1–17. [CrossRef] [PubMed]

151. Pasteris, J.D.; Wopenka, B.; Valsami-Jones, E. Bone and Tooth Mineralization: Why Apatite? Elements 2008, 4, 97–104. [CrossRef]
152. Baino, F.; Novajra, G.; Vitale-Brovarone, C. Bioceramics and Scaffolds: A Winning Combination for Tissue Engineering. Front.

Bioeng. Biotechnol. 2015, 3, 202. [CrossRef]
153. Pastorino, D.; Canal, C.; Ginebra, M.-P. Drug delivery from injectable calcium phosphate foams by tailoring the macroporosity–

drug interaction. Acta Biomater. 2015, 12, 250–259. [CrossRef] [PubMed]
154. Duan, X.; Liao, H.X.; Zou, H.Z.; Zhang, Z.J.; Ye, J.D.; Liao, W.M. An injectable, biodegradable calcium phosphate cement

containing poly lactic-co-glycolic acid as a bone substitute in ex vivo human vertebral compression fracture and rabbit bone
defect models. Connect. Tissue Res. 2018, 59, 55–65. [CrossRef] [PubMed]

155. Lu, T.; He, F.; Ye, J. Physicochemical Properties, In Vitro Degradation, and Biocompatibility of Calcium Phosphate Cement
Incorporating Poly(lactic-co-glycolic acid) Particles with Different Morphologies: A Comparative Study. ACS Omega 2021, 6,
8322–8331. [CrossRef]

156. Xu, H.H.; Burguera, E.F.; Carey, L.E. Strong, macroporous, and in situ-setting calcium phosphate cement-layered structures.
Biomaterials 2007, 28, 3786–3796. [CrossRef]

157. Trajano, V.C.C.; Costa, K.J.R.; Lanza, C.R.M.; Sinisterra, R.D.; Cortes, M.E. Osteogenic activity of cyclodextrin-encapsulated
doxycycline in a calcium phosphate PCL and PLGA composite. Mater. Sci. Eng. C Mater. Biol. Appl. 2016, 64, 370–375. [CrossRef]

158. Gonzalez-Sanchez, M.I.; Perni, S.; Tommasi, G.; Morris, N.G.; Hawkins, K.; Lopez-Cabarcos, E.; Prokopovich, P. Silver nanoparticle
based antibacterial methacrylate hydrogels potential for bone graft applications. Mater. Sci. Eng. C Mater. Biol. Appl. 2015, 50,
332–340. [CrossRef] [PubMed]

159. Bastari, K.; Arshath, M.; Ng, Z.H.; Chia, J.H.; Yow, Z.X.; Sana, B.; Tan, M.F.; Lim, S.; Loo, S.C. A controlled release of antibiotics
from calcium phosphate-coated poly(lactic-co-glycolic acid) particles and their in vitro efficacy against Staphylococcus aureus
biofilm. J. Mater. Sci Mater. Med. 2014, 25, 747–757. [CrossRef] [PubMed]

160. Al-Sanabani, F.A.; Madfa, A.A.; Al-Qudaimi, N.H. Alumina ceramic for dental applications: A review article. Am. J. Mater. Res.
2014, 1, 26–34.

161. Ouk, T.S.; Barrière, G.; Poli, E. Porous alumina ceramic as a bone scaffold with antibacterial qualities. In Proceedings of the
European Society of Clinical Microbiology and Infectious Diseases, Vienna, Austria, 22–25 April 2017.

162. Denes, E.; Fiorenza, F.; Toullec, E. Local Bone Antibiotic Delivery Using Porous Alumina Ceramic: Clinical and Pharmacological
Experience. In Proceedings of the European Bone and Joint Infection Society, Antwerp, Belgium, 12–14 September 2019.

163. Drago, L.; Toscano, M.; Bottagisio, M. Recent Evidence on Bioactive Glass Antimicrobial and Antibiofilm Activity: A Mini-Review.
Materials 2018, 11, 326. [CrossRef] [PubMed]

164. Hench, L.L.; Splinter, R.J.; Allen, W.C.; Greenlee, T.K. Bonding mechanisms at the interface of ceramic prosthetic materials.
J. Biomed. Mater. Res. 1971, 5, 117–141. [CrossRef]

165. Hench, L.L. The story of Bioglass®. J. Mater. Sci. Mater. Med. 2006, 17, 967–978. [CrossRef] [PubMed]
166. Soundrapandian, C.; Datta, S.; Kundu, B.; Basu, D.; Sa, B. Porous bioactive glass scaffolds for local drug delivery in osteomyelitis:

Development and in vitro characterization. AAPS PharmSciTech 2010, 11, 1675–1683. [CrossRef]
167. Hasan, R.; Schaner, K.; Mulinti, P.; Brooks, A. A Bioglass-Based Antibiotic (Vancomycin) Releasing Bone Void Filling Putty to

Treat Osteomyelitis and Aid Bone Healing. Int. J. Mol. Sci. 2021, 22, 7736. [CrossRef]
168. Jones, J.R. Review of bioactive glass: From Hench to hybrids. Acta Biomater. 2013, 9, 4457–4486. [CrossRef]

http://doi.org/10.1302/2058-5241.2.160044
http://www.ncbi.nlm.nih.gov/pubmed/28736619
http://doi.org/10.1089/ten.tea.2009.0610
http://doi.org/10.1038/s41413-020-00118-w
http://www.ncbi.nlm.nih.gov/pubmed/33303744
http://doi.org/10.5435/JAAOSGlobal-D-18-00079
http://doi.org/10.3390/ma11122530
http://www.ncbi.nlm.nih.gov/pubmed/30545136
http://doi.org/10.1302/0301-620X.98B.36350
http://www.ncbi.nlm.nih.gov/pubmed/26733632
http://doi.org/10.4161/org.23306
http://www.ncbi.nlm.nih.gov/pubmed/23247591
http://doi.org/10.1097/00005131-200210000-00002
http://www.ncbi.nlm.nih.gov/pubmed/12368641
http://doi.org/10.1016/j.jconrel.2006.04.007
http://www.ncbi.nlm.nih.gov/pubmed/16740332
http://doi.org/10.1016/j.jconrel.2017.02.012
http://www.ncbi.nlm.nih.gov/pubmed/28232225
http://doi.org/10.2113/GSELEMENTS.4.2.97
http://doi.org/10.3389/fbioe.2015.00202
http://doi.org/10.1016/j.actbio.2014.10.031
http://www.ncbi.nlm.nih.gov/pubmed/25448345
http://doi.org/10.1080/03008207.2017.1301932
http://www.ncbi.nlm.nih.gov/pubmed/28267379
http://doi.org/10.1021/acsomega.1c00031
http://doi.org/10.1016/j.biomaterials.2007.05.015
http://doi.org/10.1016/j.msec.2016.03.103
http://doi.org/10.1016/j.msec.2015.02.002
http://www.ncbi.nlm.nih.gov/pubmed/25746278
http://doi.org/10.1007/s10856-013-5125-9
http://www.ncbi.nlm.nih.gov/pubmed/24370968
http://doi.org/10.3390/ma11020326
http://www.ncbi.nlm.nih.gov/pubmed/29495292
http://doi.org/10.1002/jbm.820050611
http://doi.org/10.1007/s10856-006-0432-z
http://www.ncbi.nlm.nih.gov/pubmed/17122907
http://doi.org/10.1208/s12249-010-9550-5
http://doi.org/10.3390/ijms22147736
http://doi.org/10.1016/j.actbio.2012.08.023


Bioengineering 2022, 9, 65 23 of 24

169. Zhang, X.; Jia, W.; Gu, Y. Teicoplanin-loaded borate bioactive glass implants for treating chronic bone infection in a rabbit tibia
osteomyelitis model. Biomaterials 2010, 31, 5865–5874. [CrossRef]

170. Jiang, S.; Zhang, Y.; Shu, Y.; Wu, Z.; Cao, W.; Huang, W. Amino-functionalized mesoporous bioactive glass for drug delivery.
Biomed. Mater. 2017, 12. [CrossRef]

171. Azizabadi, N.; Azar, P.A.; Tehrani, M.S.; Derakhshi, P. Synthesis and characteristics of gel-derived SiO2-CaO-P2O5-SrO-Ag2O-ZnO
bioactive glass: Bioactivity, biocompatibility, and antibacterial properties. J. Non-Cryst. Solids 2021, 556. [CrossRef]

172. Ferrando, A.; Part, J.; Baeza, J. Treatment of Cavitary Bone Defects in Chronic Osteomyelitis: Biogactive glass S53P4 vs. Calcium
Sulphate Antibiotic Beads. J. Bone Jt. Infect. 2017, 2, 194–201. [CrossRef] [PubMed]

173. Venkatraman, S.; Boey, F.; Lao, L.L. Implanted cardiovascular polymers: Natural, synthetic and bio-inspired. Prog. Polym. Sci.
2008, 33, 853–874. [CrossRef]

174. Ruszczak, Z.; Friess, W. Collagen as a carrier for on-site delivery of antibacterial drugs. Adv. Drug Deliv Rev. 2003, 55, 1679–1698.
[CrossRef] [PubMed]

175. Smith, J.K.; Moshref, A.R.; Jennings, J.A.; Courtney, H.S.; Haggard, W.O. Chitosan sponges for local synergistic infection therapy:
A pilot study. Clin. Orthop. Relat. Res. 2013, 471, 3158–3164. [CrossRef] [PubMed]

176. Beenken, K.E.; Smith, J.K.; Skinner, R.A.; McLaren, S.G.; Bellamy, W.; Gruenwald, M.J.; Spencer, H.J.; Jennings, J.A.; Haggard,
W.O.; Smeltzer, M.S. Chitosan coating to enhance the therapeutic efficacy of calcium sulfate-based antibiotic therapy in the
treatment of chronic osteomyelitis. J. Biomater. Appl. 2014, 29, 514–523. [CrossRef]

177. Rezwan, K.; Chen, Q.Z.; Blaker, J.J.; Boccaccini, A.R. Biodegradable and bioactive porous polymer/inorganic composite scaffolds
for bone tissue engineering. Biomaterials 2006, 27, 3413–3431. [CrossRef]

178. Wheelton, A.; Mace, J.; Khan, W.S. Biomaterials and fabrication to optimise scaffold musculoskeletal tissue engineering. Curr.
Stem Cell Res. Ther. 2016, 11, 578–584. [CrossRef] [PubMed]

179. Shi, J.; Votruba, A.R.; Farokhzad, O.C.; Langer, R. Nanotechnology in drug delivery and tissue engineering: From discovery to
applications. Nano Lett. 2010, 10, 3223–3230. [CrossRef]

180. Michalska, M.; Gambacorta, F.; Divan, R.; Aranson, I.S.; Sokolov, A.; Noirot, P.; Laible, P.D. Tuning antimicrobial properties of
biomimetic nanopatterned surfaces. Nanoscale 2018, 10, 6639–6650. [CrossRef] [PubMed]

181. Widyaratih, D.S.; Hagedoorn, P.L.; Otten, L.G.; Ganjian, M.; Tumer, N.; Apachitei, I.; Hagen, C.W.; Fratila-Apachitei, L.E.; Zadpoor,
A.A. Towards osteogenic and bactericidal nanopatterns? Nanotechnology 2019, 30, 20LT01. [CrossRef] [PubMed]

182. Amin Yavari, S.; Castenmiller, S.M.; van Strijp, J.A.A.A.G.; Croes, M. Combating Implant Infections: Shifting Focus from Bacteria
to Host. Adv. Mater. 2020, 32, e2002962. [CrossRef]

183. Ivanova, E.P.; Hasan, J.; Webb, H.K.; Truong, V.K.; Watson, G.S.; Watson, J.A.; Baulin, V.A.; Pogodin, S.; Wang, J.Y.; Tobin, M.J.; et al.
Natural bactericidal surfaces: Mechanical rupture of Pseudomonas aeruginosa cells by cicada wings. Small 2012, 8, 2489–2494.
[CrossRef]

184. Dickson, M.N.; Liang, E.I.; Rodriguez, L.A.; Vollereaux, N.; Yee, A.F. Nanopatterned polymer surfaces with bactericidal properties.
Biointerphases 2015, 10, 021010. [CrossRef] [PubMed]

185. Bandara, C.D.; Singh, S.; Afara, I.O.; Wolff, A.; Tesfamichael, T.; Ostrikov, K.; Oloyede, A. Bactericidal Effects of Natural
Nanotopography of Dragonfly Wing on Escherichia coli. ACS Appl. Mater. Interfaces 2017, 9, 6746–6760. [CrossRef]

186. Fadeeva, E.; Truong, V.K.; Stiesch, M.; Chichkov, B.N.; Crawford, R.J.; Wang, J.; Ivanova, E.P. Bacterial retention on superhy-
drophobic titanium surfaces fabricated by femtosecond laser ablation. Langmuir 2011, 27, 3012–3019. [CrossRef]

187. Hasan, J.; Webb, H.K.; Truong, V.K.; Pogodin, S.; Baulin, V.A.; Watson, G.S.; Watson, J.A.; Crawford, R.J.; Ivanova, E.P. Selective
bactericidal activity of nanopatterned superhydrophobic cicada Psaltoda claripennis wing surfaces. Appl. Microbiol. Biotechnol.
2013, 97, 9257–9262. [CrossRef] [PubMed]

188. Davies, D. Understanding biofilm resistance to antibacterial agents. Nat. Rev. Drug Discov. 2003, 2, 114–122. [CrossRef]
189. Geilich, B.M.; Gelfat, I.; Sridhar, S.; van de Ven, A.L.; Webster, T.J. Superparamagnetic Iron Oxide-Encapsulating Polymersome

Nanocarriers for Biofilm Eradication. Biomaterials 2017, 119, 78–85. [CrossRef]
190. Fang, C.H.; Tsai, P.I.; Huang, S.W.; Sun, J.S.; Chang, J.Z.; Shen, H.H.; Chen, S.Y.; Lin, F.H.; Hsu, L.T.; Chen, Y.C. Magnetic

hyperthermia enhance the treatment efficacy of peri-implant osteomyelitis. BMC Infect. Dis 2017, 17, 516. [CrossRef]
191. Cremet, L.; Broquet, A.; Brulin, B.; Jacqueline, C.; Dauvergne, S.; Brion, R.; Asehnoune, K.; Corvec, S.; Heymann, D.; Caroff,

N. Pathogenic potential of Escherichia coli clinical strains from orthopedic implant infections towards human osteoblastic cells.
Pathog. Dis. 2015, 73, ftv065. [CrossRef]

192. de Toledo, L.A.S.; Rosseto, H.C.; Bruschi, M.L. Iron oxide magnetic nanoparticles as antimicrobials for therapeutics. Pharm. Dev.
Technol. 2018, 23, 316–323. [CrossRef] [PubMed]

193. Xu, C.; Akakuru, O.U.; Zheng, J.; Wu, A. Applications of Iron Oxide-Based Magnetic Nanoparticles in the Diagnosis and
Treatment of Bacterial Infections. Front. Bioeng. Biotechnol. 2019, 7, 141. [CrossRef] [PubMed]

194. Akram, F.E.; El-Tayeb, T.; Abou-Aisha, K.; El-Azizi, M. A combination of silver nanoparticles and visible blue light enhances the
antibacterial efficacy of ineffective antibiotics against methicillin-resistant Staphylococcus aureus (MRSA). Ann. Clin. Microbiol.
Antimicrob. 2016, 15, 48. [CrossRef]

195. Panacek, A.; Kvitek, L.; Smekalova, M.; Vecerova, R.; Kolar, M.; Roderova, M.; Dycka, F.; Sebela, M.; Prucek, R.; Tomanec, O.; et al.
Bacterial resistance to silver nanoparticles and how to overcome it. Nat. Nanotechnol. 2018, 13, 65–71. [CrossRef]

http://doi.org/10.1016/j.biomaterials.2010.04.005
http://doi.org/10.1088/1748-605x/aa645
http://doi.org/10.1016/j.jnoncrysol.2020.120568
http://doi.org/10.7150/jbji.20404
http://www.ncbi.nlm.nih.gov/pubmed/29119078
http://doi.org/10.1016/j.progpolymsci.2008.07.001
http://doi.org/10.1016/j.addr.2003.08.007
http://www.ncbi.nlm.nih.gov/pubmed/14623407
http://doi.org/10.1007/s11999-013-2988-5
http://www.ncbi.nlm.nih.gov/pubmed/23604649
http://doi.org/10.1177/0885328214535452
http://doi.org/10.1016/j.biomaterials.2006.01.039
http://doi.org/10.2174/1574888X11666160614101037
http://www.ncbi.nlm.nih.gov/pubmed/27306403
http://doi.org/10.1021/nl102184c
http://doi.org/10.1039/C8NR00439K
http://www.ncbi.nlm.nih.gov/pubmed/29582025
http://doi.org/10.1088/1361-6528/ab0a3a
http://www.ncbi.nlm.nih.gov/pubmed/30802893
http://doi.org/10.1002/adma.202002962
http://doi.org/10.1002/smll.201200528
http://doi.org/10.1116/1.4922157
http://www.ncbi.nlm.nih.gov/pubmed/26077558
http://doi.org/10.1021/acsami.6b13666
http://doi.org/10.1021/la104607g
http://doi.org/10.1007/s00253-012-4628-5
http://www.ncbi.nlm.nih.gov/pubmed/23250225
http://doi.org/10.1038/nrd1008
http://doi.org/10.1016/j.biomaterials.2016.12.011
http://doi.org/10.1186/s12879-017-2621-4
http://doi.org/10.1093/femspd/ftv065
http://doi.org/10.1080/10837450.2017.1337793
http://www.ncbi.nlm.nih.gov/pubmed/28565928
http://doi.org/10.3389/fbioe.2019.00141
http://www.ncbi.nlm.nih.gov/pubmed/31275930
http://doi.org/10.1186/s12941-016-0164-y
http://doi.org/10.1038/s41565-017-0013-y


Bioengineering 2022, 9, 65 24 of 24

196. Ribeiro, K.L.; Frias, I.A.M.; Franco, O.L.; Dias, S.C.; Sousa-Junior, A.A.; Silva, O.N.; Bakuzis, A.F.; Oliveira, M.D.L.; Andrade,
C.A.S. Clavanin A-bioconjugated Fe3O4/Silane core-shell nanoparticles for thermal ablation of bacterial biofilms. Colloids Surf. B
Biointerfaces 2018, 169, 72–81. [CrossRef] [PubMed]

197. Posadowska, U.; Brzychczy-Wloch, M.; Pamula, E. Injectable gellan gum-based nanoparticles-loaded system for the local delivery
of vancomycin in osteomyelitis treatment. J. Mater. Sci Mater. Med. 2016, 27, 9. [CrossRef]

198. Qiao, Y.; Liu, X.; Li, B.; Han, Y.; Zheng, Y.; Yeung, K.W.K.; Li, C.; Cui, Z.; Liang, Y.; Li, Z.; et al. Treatment of MRSA-infected
osteomyelitis using bacterial capturing, magnetically targeted composites with microwave-assisted bacterial killing. Nat. Commun
2020, 11, 4446. [CrossRef]

199. Ak, G.; Bozkaya, U.F.; Yilmaz, H.; Sari Turgut, O.; Bilgin, I.; Tomruk, C.; Uyanikgil, Y.; Hamarat Sanlier, S. An intravenous
application of magnetic nanoparticles for osteomyelitis treatment: An efficient alternative. Int. J. Pharm. 2021, 592, 119999.
[CrossRef]

200. Wang, Y.X.; Idee, J.M. A comprehensive literatures update of clinical researches of superparamagnetic resonance iron oxide
nanoparticles for magnetic resonance imaging. Quant. Imaging Med. Surg 2017, 7, 88–122. [CrossRef] [PubMed]

201. Zamay, G.S.; Zamay, T.N.; Lukyanenko, K.A.; Kichkailo, A.S. Aptamers Increase Biocompatibility and Reduce the Toxicity of
Magnetic Nanoparticles Used in Biomedicine. Biomedicines 2020, 8, 59. [CrossRef] [PubMed]

202. Gao, P.; Nie, X.; Zou, M.; Shi, Y.; Cheng, G. Recent advances in materials for extended-release antibiotic delivery system. J. Antibiot.
2011, 64, 625–634. [CrossRef]

203. Gomes, D.; Pereira, M.; Bettencourt, A.F. Osteomyelitis: An overview of antimicrobial therapy. Braz. J. Pharm. Sci. 2013, 49, 13–27.
[CrossRef]

204. Wassif, R.K.; Elkayal, M.; Shamma, R.N.; Elkheshen, S.A. Recent advances in the local antibiotics delivery systems for management
of osteomyelitis. Drug Deliv. 2021, 28, 2392–2414. [CrossRef]

205. Metsemakers, W.J.; Fragomen, A.T.; Moriarty, T.F.; Morgenstern, M.; Egol, K.A.; Zalavras, C.; Obremskey, W.T.; Raschke, M.;
McNally, M.A.; Fracture-Related Infection consensus, g. Evidence-Based Recommendations for Local Antimicrobial Strategies
and Dead Space Management in Fracture-Related Infection. J. Orthop. Trauma 2020, 34, 18–29. [CrossRef] [PubMed]

http://doi.org/10.1016/j.colsurfb.2018.04.055
http://www.ncbi.nlm.nih.gov/pubmed/29751343
http://doi.org/10.1007/s10856-015-5604-2
http://doi.org/10.1038/s41467-020-18268-0
http://doi.org/10.1016/j.ijpharm.2020.119999
http://doi.org/10.21037/qims.2017.02.09
http://www.ncbi.nlm.nih.gov/pubmed/28275562
http://doi.org/10.3390/biomedicines8030059
http://www.ncbi.nlm.nih.gov/pubmed/32183370
http://doi.org/10.1038/ja.2011.58
http://doi.org/10.1590/S1984-82502013000100003
http://doi.org/10.1080/10717544.2021.1998246
http://doi.org/10.1097/BOT.0000000000001615
http://www.ncbi.nlm.nih.gov/pubmed/31464858

	Introduction 
	Implantable Medical Devices—Benefits and Challenges 
	Bacterial Infection—Risks and Current Therapies 
	Bacterial Osteomyelitis 

	Desirable Characteristics of Local Drug Delivery Devices 
	Local Drug Delivery Devices for Bacterial Osteomyelitis 
	Bone Cement 
	Bone Grafts 
	Synthetic Bone Graft Substitutes 
	Calcium Sulfate 
	Calcium Phosphate 
	Alumina 
	Bioactive Glass 

	Polymers 
	Natural Polymers 
	Synthetic Polymers 

	Emerging Nanotechnology for Combatting Bacterial Infection 
	Nanopatterns 
	Nanoparticles 


	Antimicrobial Strategies 
	Conclusions and Future Perspectives 
	References

