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a b s t r a c t

Infectious complications occur in a minor but significant portion of the patients undergoing joint
replacement surgery or fracture fixation, particularly those with severe open fractures, those undergoing
revision arthroplasty or those at elevated risk because of poor health status. Once established, infections
are difficult to eradicate, especially in the case of bacterial biofilm formation on implanted hardware.
Local antibiotic carriers offer the prospect of controlled delivery of antibiotics directly in target tissues
and implant, without inducing toxicity in non-target organs. Polymeric carriers have been developed to
optimize the release and targeting of antibiotics. Passive polymeric carriers release antibiotics by
diffusion and/or upon degradation, while active polymeric carriers release their antibiotics upon stimuli
provided by bacterial pathogens. Additionally, some polymeric carriers gelate in-situ in response to
physiological stimuli to form a depot for antibiotic release. As antibiotic resistance has become a major
issue, also other anti-infectives such as silver and antimicrobial peptides have been incorporated in
research. Currently, several antibiotic loaded biomaterials for local infection prophylaxis are available for
use in the clinic. Here we review their advantages and limitations and provide an overview of new
materials emerging that may overcome these limitations.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Developments in the field of trauma and orthopedic bio-
materials have improved the life of millions of patients undergoing
surgery. However, infectious complications can delay successful
healing. Infection after orthopedic or trauma surgery occurs when
bacteria enter the surgical site and cause pathological conditions or
diseases [1]. Surgical site infections (SSI) are infections that
encompass the surgical wound and all other tissues involved in the
operation [2]. Clinical studies have identified several risk factors for
the development of SSI, which may be classified into patient-
related factors and operation-related factors (Table 1) [2,3].

One of the most significant risk factors for the development of
infection is the presence of an implant. The reasons why implanted
: þ41 81 414 22 88.
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medical devices are at such high risk for developing infection has
been a topic of research for decades. In 1957, Elek and Conen
showed that the presence of a single silk suture could reduce the
number of bacteria required to cause an infection in human sub-
jects by 10,000 fold [4]. Zimmerli et al. showed similar data in a
guinea pig model, whereby the minimal infectious dose of Staph-
ylococcus aureus (S. aureus) was 100,000 fold lower when a device
was implanted subcutaneously compared to the situation in which
no implant was inserted [5]. This increased susceptibility to infec-
tion appears to be partly due to a localized deficiency in phagocy-
tosis of bacteria in the vicinity of an implant, and to the growth of
bacteria in a biofilm on the surface of the implanted device [6,7].
Published infection rates of about 5% have been reported for in-
ternal fracture fixation devices (FFDs) [8]. Increased infection rates
have been reported within certain high-risk groups: for example,
the infection rate in patients with open fractures may exceed 30%
[9], in comparison with 0.5e2% for equivalent closed fractures [9].
Similarly, the infection rate for revision of failed prosthetic joints
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Table 1
Risk factors for surgical site infection [2,14].

Risk factors for the development of SSI

Patient factors Extremes of age
Poor nutritional state
Obesity (>20% of ideal body weight)
Diabetes mellitus
Smoking
Infections at sites other than the surgical site
Inflammatory arthritis
Malignancy
Bacterial colonization (e.g. nares colonization)
Immunosuppression (steroids, other immunosuppressive
drug use, cytotoxic drugs or previous antibiotics)
Preoperative hospitalization
Prolonged postoperative hospital stay (nosocomial infection)

Operation
factors

Too short surgical scrub (shorter than 2 min)
Poor skin antisepsis
Preoperative shaving
Type of agent used for preoperative skin preparation
Emergency procedure
Length of operation
Antimicrobial prophylaxis
Operating theater ventilation
Inadequate instrument sterilization
Traumatic or unfamiliar surgical technique (hematoma,
devitalized tissue, dead space, electro cautery etc.)
Foreign material in surgical site (orthopedic implant,
fracture fixation devices)
Surgical drains
Surgical technique (hemostasis, poor closure, tissue trauma)
Postoperative hypothermia
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may be up to 40% [9], whereas the rate for primary joint replace-
ment is approximately 1e4% [3,10e12].

A guideline document outlining best clinical practice for the
prevention of SSI has been published by the U.S. department of
health and human services [13]. Several key-actions for surgical
personnel are described which are based upon well-designed
studies that have proven to reduce the risk of SSI significantly.
Most importantly, preoperative intravenous administration of
antimicrobial agents that are effective against the most common
species causing SSI should be provided. The timing of the admin-
istration should be such that the minimal bactericidal concentra-
tion of the antimicrobial agent for these species should be reached
and that it stays above this level at least until a few hours after the
incision is closed. Finally, surgical personnel should adhere to the
principles of asepsis when placing intravascular devices, spinal or
epidural anesthesia catheters or when providing intravenous drugs
[13].

Most infections associated with orthopedic implants are caused
by opportunistic pathogens and bacteria that are regularly found
within the microflora of the human skin [15]. The initial coloniza-
tion of the wound tissues may occur preoperatively, in the case of
open wounds, or perioperatively, i.e. after incision but before
complete healing of the surgical wound [8]. Considering the large
number of bacterial species present on the human skin, only rela-
tively small percentages have been implicated in SSI infections
involving orthopedic hardware. The staphylococci account for the
majority of cases of device related infections for most classes of
implants. Staphylococcus aureus and various coagulase negative
staphylococci such as Staphylococcus epidermidis account for more
than 50% of infection cases related to FFDs and for up to 65% of
prosthetic joint infections (PJIs) [8,16e19].

The increasing prevalence of multiple antibiotic resistant bac-
teria such as methicillin resistant S. aureus (MRSA), both in the
community and in the hospital setting, has been attributed to the
misuse of antibiotic agents in the medical and agricultural sector
[20,21]. This has an additional downstream impact upon the
treatment of infections associated with implanted orthopedic
hardware. Even when medically required, antibiotic use can have
secondary consequences. For example, colonization of the hip joint
with antibiotic-resistant bacteria may reach up to 88% upon hip
revision surgery inwhich antibiotics had been used in bone cement
at a previous operation [22].

Infection of the bone and bone marrow, osteomyelitis, can be
divided into different types according to the origin of the condition:
1) osteomyelitis from hematogenous spread of infection, 2) osteo-
myelitis secondary to a contiguous focus of infection, 3) osteomy-
elitis associated with vascular insufficiency [23] and 4)
osteomyelitis from iatrogenic inoculation during surgery or trauma.

If symptoms appear early and are correctly diagnosed, treat-
ment of acute osteomyelitis is usually successful [24]. If the diag-
nosis is delayed, or infection of the bone progresses without
successful treatment, a significantlymore challenging complication
arises. Chronic osteomyelitis may involve bacterial biofilm forma-
tion on the implant and devitalized bone fragments, which become
sequestra [25]. The bacterial biofilm is a central factor in implant
related osteomyelitis. A biofilm consists of adherent bacteria within
a polymeric matrix made out of exopolysaccharides surrounded by
interstitial voids in which nutrients circulate between cells [26].
These polysaccharides are required for intercellular adhesion so
that bacteria can accumulate in an adherent muli-layered biofilm
[27]. Besides these polysaccharides, the extracellular polymeric
substances in which bacteria live, are composed out of proteins,
nucleic acids (extracellular DNA), lipopolysaccharides, glycolipids
and lipids [28,29]. Biofilms readily form on surfaces such as pros-
theses and implants [30] as well as on the surface of dead bone and
living tissue [31,32].

The presence of bacteria in a biofilm drastically reduces their
susceptibility to antimicrobial drugs and host defense cells.
Reduced susceptibility seems not to be caused by limited antibiotic
penetration, but the reduced growth rate of bacteria in a biofilm
makes them less susceptible to growth-dependent antimicrobial
killing [17,26,33]. Sub-populations may also differentiate into a
phenotypically resistant state and bacteria might express biofilm-
specific antimicrobial resistance genes [34,35].

The treatment of chronic osteomyelitis is difficult, time-
consuming and expensive. A standard treatment protocol for
chronic osteomyelitis and infected non-unions may involve: iden-
tification of the bacterial species and antibiotic susceptibility
testing, removal of orthopedic or fracture fixation devices,
debridement of infected bone and soft tissue and systemic delivery
of antibiotics for a 4e6 week period. Antibiotic-loaded spacers may
be placed in the area where infected bone is removed. Irrigation
with abundant antiseptic after debridement of infected bone may
be an adjunct to this standard procedure [36]. Furthermore, a viable
and stable soft-tissue environment has to be created and recon-
struction, alignment and stabilization of the skeleton has to be
performed [25].

The average costs for removing infected internal fixation devices
and subsequent treatment of these infections were estimated to be
$ 15,000 on average per case around the year 2000 in the United
States [37]. A similar figure was obtained from a large survey from
hospitals located in New York City in 1995, where 13,550 cases of
S. aureus infectionwere reported with a total cost of $ 435.5 million
for treatment; on average $ 32,100 per case [38]. Treatment of SSI
caused by S. aureus cost on average $ 21,800 and treatment of
osteomyelitis $ 35,000 [38]. Themorbidity and socioeconomic costs
of implant related osteomyelitis emphasize the need for effective
prophylactic measures to prevent infection in orthopedic- and
trauma surgery.
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Systemic antibiotic prophylaxis is mandated for certain surgical
procedures, though not for all [39]. The requirement for antibiotic
prophylaxis is largely based on the risk assessment of the surgeon,
regular practice in the hospital in question, and numerous guide-
lines published on the topic. Antimicrobial prophylaxis is indicated
for operations considered to have contamination, as these are
associated with a high rate of infection [40]. When an implant is
inserted during surgery, it is standard practice that perioperative
antibiotic prophylaxis is provided, since the presence of a foreign
material at the surgical site is an important risk factor for the
development of SSI [41].

For arthroplasty, usually a single dose or 24 h administration of a
first or second generation cephalosporin is provided [14,42]. A
similar regime is indicated for the fixation of closed fractures [14].
For the fixation of open fractures in trauma surgery, the number of
antibiotic doses and the duration of administration are related to
the severity of the open fracture and the status of the wound, with
greater antibiotic protection required for cases with greater soft
tissue damage and greater exposure of bone and higher degree of
contamination [43] (Table 2). When there is potential fecal
contamination of the wound, either piperacillin/tazobactam, or a
carbapenem or a third generation cephalosporin plus metronida-
zole should be provided [14].

For elective surgery like an arthroplasty, the optimal effect is
obtained when sufficient antibiotic tissue levels are achieved at the
time of incision. The incidence of SSI during these surgeries in-
creases to 3.8% when prophylaxis is given too early (>2 h before
surgery) or to 3.3% when prophylaxis is given too late (>3 h after
surgery) in comparison with 0.6% when prophylaxis is given just
before surgical incision is made [44]. In the case of severe trauma
with open fractures after an accident, one would like to give anti-
biotic prophylaxis as soon as possible, since the possibility of bac-
terial colonization of the wound increases over time. In surgical
practice, however, the antibiotics are administered upon arrival in
hospital.

One of the problems related to systemic delivery of antibiotics is
that insufficient concentrations are reached at vascular compro-
mised locations, such as a fracture site or other compromised tis-
sues. In fractures, the bony structure may be affected and the local
vascularity may be disturbed [45] making it impossible to achieve
appropriate local antibiotic concentrations via systemic delivery via
the bloodstream. Increasing the dose of systemically delivered
antibiotics is not a suitable approach since high concentrations of
antibiotics over an extended period might cause systemic toxicity
problems; e.g. like ototoxicity for aminoglycosides [46] and
Table 2
Guidelines for antibiotic prophylaxis according to AO principles [14].

Open fracture
classification

Fracture description Likely bacterial p

I Skin wound more than 1 cm
Clean
Simple fracture pattern

Gram positive co

II Skin wound less than 1 cm
Soft-tissue damage not extensive
No flaps or avulsions
Simple fracture pattern

Gram positive co

IIIA High-energy injury involving extensive
soft-tissue damage
Or multifragmentary fracture, segmental
fractures, or bone loss irrespective of the
size of skin wound
Or severe crush injuries
Or vascular injury requiring repair
Or severe contamination including
farmyard injuries

Gram positive co
Gram negative roIIIB

IIIC
nephrotoxicity for aminoglycosides [46e48], glycopeptides [48,49],
polymyxins [48e50], quinolones, rifampicin and sulfonamides [48].
2. Local antibiotic infection prophylaxis

Local delivery of antibiotics maximizes target tissue concen-
tration, and minimizes systemic toxicity risks. Any drug delivery
device intended for prophylactic use should have a broad-spectrum
antibiotic incorporated in order to prevent both a wide of Gram-
positive (e.g. S. aureus and S. epidermidis) and Gram-negative (e.g.
Pseudomona aeruginosa and Escherichia coli) bacteria from colo-
nizing the surgical site.

Aminoglycosides are broad-spectrum antibiotics covering the
species most frequently encountered in trauma surgery such as
S. aureus and S. epidermidis [51]. Aminoglycosides have two
mechanisms of action. First of all, aminoglycosides inhibit protein
synthesis in bacteria. Sensitive bacteria accumulate aminoglyco-
sides on the 30s subunit of ribosomes associated with the cell
membrane. Secondly, aminoglycosides destroy the cytoplasmic
membrane [52]. The ability of aminoglycosides to destabilize the
outer membrane by creating holes in the cell wall is probably the
most important ability of this class of antibiotics, since bacteria are
killed even before protein synthesis is disrupted [52]. The amino-
glycosides gentamicin and tobramycin, and the glycopeptide van-
comycin are the most commonly used antibiotics in local delivery
vehicles [53,54].

Gentamicin has a broad-spectrum of activity, rapid
concentration-dependent bactericidal effect, a low rate of resis-
tance and low cost [52]. Gentamicin is available for intramuscular
and intravenous injection, in antibiotic impregnated poly(-
methylmethacrylate) PMMA beads, in sponge-like collagen im-
plants and as antibiotic component in a coating on intramedullary
nails for tibial fracture fixation [53,54]. Tobramycin and the glyco-
peptide vancomycin are also used in PMMA bone cement. The
aminoglycosides activity is reduced at low pH, at low oxygen-
containing environment, in the presence of calcium and magne-
sium ions, and in the case of hyperosmolarity [52,55e57]. The
suggested mechanism is that an acidic pH impairs gentamicin
transport into bacteria, this is because of its larger ionization at
lower pH, since the pKa values of the amino groups of gentamicin
are between 5.5 and 9 [56].

Vancomycin is active against Gram-positive bacteria such as
Staphylococci (including MRSA), Streptococci and Enterococci [2].
Vancomycin interferes with cell wall synthesis in Gram-positive
bacteria [58]. It targets the terminal D-Ala-D-Ala of the
athogen Antibiotic course (IV) Duration following
wound closure

cci 1st or 2nd generation cephalosporin 24 h

cci 1st or 2nd generation cephalosporin 24 h

cci þ
d

Amoxicillin/clavulanic acid or
ampicillin/sulbactam or 3rd generation
cephalosporin

120 h
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staphylococcal peptidoglycan stem peptide and inhibits the elon-
gation of the sugar backbone and the crosslinking of the peptido-
glycan [59]. The systemic route of administration of vancomycin is
oral or intravenous [60]. Vancomycin is often used in the case of b-
lactam resistance [59,61]. Another reason for using vancomycin is
when the patient is allergic to b-lactams [17]. Staphylococci, both
coagulase negative and coagulase positive are susceptible to van-
comycin at levels as low as �1e5 mg/ml, but susceptibility is dras-
tically lowered in vancomycin-resistant S. aureus (VRSA) [62].

One potential side effect of high local concentrations of antibi-
otics is the risk of cytotoxicity. Rathbone et al. showed the effect of
the concentration of various antibiotic agents on osteoblast cell
viability and activity [63]. Gentamicin concentrations of 10 mg/ml
resulted in a decrease of less than 25% in alkaline phosphatase
(ALP) activity and DNA content. At concentrations between 10 mg/
ml and 200 mg/ml, a decrease in ALP activity and DNA content of
25%e50% was reported, while for concentrations higher than
2000 mg/ml more than 75% decrease in ALP activity and DNA con-
tent was observed [63]. Isefuku et al. used human osteoblast like
cells (HOB) to investigate the effect of gentamicin on osteogenesis
[64]. ALP activity and DNA content were measured, as well as 3H-
thymidine incorporation (measure of cell proliferation) after 4 days
of culture. Gentamicin concentrations of 30 mg/ml resulted in no
decrease in the aforementioned parameters. Gentamicin concen-
trations of 100 mg/ml and higher showed a decrease in ALP activity,
concentrations of 300 mg/ml resulted in less than 50% decrease of
3H-thymidine incorporation and concentrations of 700 mg/ml
showed a decrease in DNA content for all HOB cultures. Haleem
et al. showed in an in vivo study that systemic administration of
gentamicin (1.5 mg/kg intramuscularly) or vancomycin (25 mg/kg
intraperitoneally), both to simulate therapeutic peak serum con-
centrations, resulted in 30min serum concentration of 4.5 mg/ml for
gentamicin and 35.1 mg/ml for vancomycin and did not impair
experimental fracture healing in rats [65].

Tobramycin can potentially be applied locally at higher con-
centrations (>500 mg/ml in vitro) than gentamicin without
compromising osteoblast viability [50,63]. Vancomycin can be
released even at concentrations up to 2000 mg/ml with a decrease
of less than 25% in ALP activity and DNA content. However, such
high concentrations may not be required, since glycopeptides
display time-dependent activity, rather than concentration
dependent activity.

Thus, in the local delivery of antibiotics such as gentamicin it is
therefore not only necessary to reach concentration levels above
the minimal bactericidal concentration (MBC) in order to prevent
bacterial resistance, but it is also important to keep peak concen-
tration at a level which does not affect bone healing [63,66]. For
instance, local gentamicin levels for prophylaxis against Staphylo-
coccal species (spp.) should be between 128 mg/ml and 200 mg/ml to
meet the MIC90% value and have a reduction of less than 50% in ALP
activity and DNA content for osteoblasts as determined in vitro
[66,67].

Since antibiotics will act for a short term period when injected
locally before being cleared, the design of controlled and sustained
delivery systems is of equal importance as the choice of antibiotic to
be used. In 1970, PMMA bone cement was the first polymeric
biomaterial which came to the clinic to serve this purpose [68].
Bone cements are prepared by mixing of a liquid phase and a
powder phase containing an initiator, which starts the polymeri-
zation process. The liquid phase mainly consists of methyl-
methacrylate (MMA) monomer. The powder phase consists of
either a methylmethacrylate (PMMA) or a methylacrylate (PMA)
polymer or a copolymer of one of the two previous compounds
with butylmethacrylate (BUMA), ethylmethacrylate (EMA), meth-
ylacrylate (MA) or styrene. Furthermore, the powder phase
contains an initiator, benzoyl peroxide, which cures the cement
upon contact with the activator N,N-dimethyl-p-toluidine (DMpT)
from the liquid phase. Radiopacifiers such as BaSO4 and ZrO2 may
also be added to the powder to increase cement visibility in ra-
diographs. A dye may also be added to the powder or to the liquid
or to both. Chlorophyllin is most commonly used; however in Co-
balt™ G-HV indigo carmine is added. Hydroquinone (HQ) is added
to the liquid monomer as a stabilizer in order to prevent premature
polymerization during storage [69]. Obviously, the composition of
the polymer powder and the monomer liquid will influence the
properties of the resulting bone cement after curing, such as hy-
drophilicity (water uptake), mechanical strength and porosity
(created by air inclusions in the cement dough) [69,70]. The hy-
drophilicity of the final polymer components will influence the
diffusion of antibiotics from the bone cement into the surrounding
tissue and therefore the release rate of the included antibiotic.
There are 3 different mechanisms suggested for the release of an-
tibiotics from bone cement in vitro [71]. The antibiotics are either
released from the bone cement by a surface phenomenon (1), by
bulk-diffusion through pores and connecting capillaries in the bone
cement (2) or by a combination of the twomechanisms, the mixed-
mode model, where initially antibiotics are released from the sur-
face followed by bulk-diffusion (3) [71]. However, in all PMMA bone
cement compositions, the antibiotics are not completely released
[69]. A large amount stays encapsulated within the bone cement
and is therefore not released during the lifetime of the implant,
which would support the theory that antibiotics are mainly
released from the bone cement by a surface phenomenon. In fact,
Frutos Cabanillas et al. performed a release study with CMW1
Gentamicin bone cement which supports this phenomenon [72].
The in vitro release was tracked for 8 weeks and it was found that
most of the gentamicin was released during the first 2 h, but then
the antibiotic concentration dropped very quickly afterwards to
almost no release.

Kühn compared the release of 12 different bone cements in vitro
over 7 days [69]. Between the different commercial bone cements
there was a large difference in release with a several fold higher
release of gentamicin [mg/g bone cement] of the bone cements
prepared from MMA/MA copolymer compared to PMMA homo-
polymer, most likely because of the higher hydrophilicity of the
copolymer composition. The gentamicin content in different com-
mercial bone cement powders and the amount of gentamicin
released after 7 days from several commercial available bone ce-
ments can be seen in Fig. 1 [69].

PMMA is used as a carrier material for antibiotics as bead chains
(Fig. 2), blocks (Fig. 3) and putty. A commercial gentamicin loaded
PMMA bead chain is produced by Merck since 1972 under the
trading name Septopal®. These bead chains are primarily used in
the treatment of infections but they are also used in prophylaxis
[55], although this is not standard practice. They are used for
treating prosthetic joint infections, septic arthritis and osteomye-
litis. In prophylaxis theymay be used when there is an elevated risk
of SSI [55].

The combinedactionofa systemicallyadministeredantibioticand
local delivery using PMMA has been shown to be beneficial in
reducing the infection rate upon hip replacement. In a large cohort
study of the Norwegian Arthroplasty Register of 22,170 hip re-
placements, it was shown that local delivery of antibiotics from
PMMA bone cement combined with systemic antibiotics had the
lowest risk of revision [73]. Patientswhoreceived theantibiotics only
systemically had a 1.8 times higher revision ratewith infection as the
endpoint (p ¼ 0.01). The systemic antibiotics used were cephalo-
sporins (cephalotin or cefuroxime) or penicillin (cloxacillin or
dicloxacillin). The antibiotics used in the PMMAwere gentamicin in
Palacos cement or colistin/erythromycin in Simplex™ cement [73].



Fig. 1. Gentamicin content in different commercial bone cement powders (gray bars, y-axis on the left) and the amount of gentamicin released after 7 days in vitro as expressed in
mg/g bone cement (black bars, y-axis on the right) [69].
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Polymeric bone cement has also several drawbacks as a local
delivery vehicle for antibiotics. The drawbacks are primarily the
rapidly reducing local antibiotic levels, and the permanent pres-
ence of a foreign body, which may be colonized by bacteria. Low,
sub-inhibitory antibiotic levels over an extended period can induce
bacterial resistance. For example, studies show increased genta-
micin resistance after use of impregnated bone cement in patients
receiving a hip implant [67]. In a study published by Weber and
Lautenbach, the percentage of bacteria resistant to gentamicin
increased from 29% for bacteria which were isolated preoperatively
to 41% for bacteria isolated after surgery in which gentamicin-
impregnated cement was used [74]. Furthermore, in a study of 34
cases of revision surgery of hip implants, at least one strain of
gentamicin-resistant coagulase negative staphylococci (CNS) was
found on 88% (30) of the implants in which gentamicin-
impregnated cement was used. In 57 cases of revision surgery of
hip implants where no gentamicinwas included in the cement only
16% (9) grew gentamicin-resistant CNSs [75].

PMMA beads are non-degradable and need to be removed
during follow-up surgery, which is an additional risk for acquiring a
Fig. 2. Gentamicin loaded PMMA beads, placed after infection of a plated tibial fractu
new intraoperative infection [53]. Unreacted methacrylate mono-
mer can cause toxicity issues, with toxicity directly related to the
lipophilicity of the respective methacrylate [76]. Furthermore, the
heat generated during polymerization limits the choice of antibi-
otics: most antibiotics as opposed to gentamicin are heat labile [66].
In vitromaximum temperatures reached according to the standards
ISO 5833 and ASTM F 451 for curing of bone cement are between
60 �C and 80 �C. Clinical trials, however, showed lower tempera-
tures between 40 �C and 47 �C at the bone-cement interface in vivo
[69]. Although heat necrosis due to high local temperatures, which
is suspected to lead to aseptic loosening, might not occur at the
interface in vivo, the temperature within the curing bone cement
might still be much higher than at the interface and affect heat
labile antibiotics [69].

Collagen, in contrast to PMMA, is biodegradable. In the body,
collagen is degraded by phagocytosis and enzymatic degradation
[10]. Collagen fleece loaded with antibiotics is used in contami-
nated wounds to prevent infection. Several antibiotic-loaded
collagen fleeces are commercially available (Fig. 4) [77], differing
in collagen source, amount of antibiotic loaded and type of
re (Image courtesy of Dr. Mario Morgenstern, Trauma Center Murnau, Germany).



Fig. 3. Antibiotic loaded PMMA spacer (Image courtesy of Dr. Mario Morgenstern, Trauma Center Murnau, Germany).
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antibiotic loaded. Controlled randomized clinical studies in which
antibiotic-loaded collagen fleece (1e3 sponges per case with
200e600 mg of gentamicin sulfate) was used for intra-abdominal-
related surgeries or wound infections, had a positive outcome in
95.6% compared to 72.5% for standard therapy, in which patients
healed by primary intention or without evidence of post-operative
infection [78].

When using collagen fleece, the antibiotic is released very
rapidly [79]. An in vitro study with pepsin-treated bovine collagen,
0.5 g of collagen containing 130mg gentamicin, showed a release of
95% of the antibiotic in 1.5 h [79]. However, the full resorption of
the collagen carrier takes 8 weeks [80]. Antibiotic delivery rates are
highly dependent on the fluid supply in vivo. Effective local con-
centrations might be reached during less than 24 h inwell perfused
sites and up to 1 week in bony structures [81]. In vivo, the mismatch
Fig. 4. Antibiotic loaded collagen fleece applied at the surgical site before insertion of the i
between the rate of antibiotic release and the rate of degradation of
the collagen might allow bacteria to attach to the collagen via mi-
crobial surface components recognizing adhesive matrix molecules
(MSCRAMMs) [82], serving as substrate for bacterial adhesion.

High water solubility of particular antibiotics might limit the
application and the prolonged release from biomaterials. Therefore,
research has also focused on formulations with reduced solubility.
One approach is to create lipophilic salts of the antibiotic, e.g. for
gentamicin: gentamicin sodium dodecyl sulfate (SDS), gentamicin
sodium bis(2-ethylhexyl)sulfosuccinate (AOT), gentamicin crobe-
fate, gentamicin laurate, gentamicin myristate and gentamicin
palmitate [83e87].

For the use of collagen fleece longer prophylactic antibiotic
levels are maintained, when gentamicin crobefate is incorporated
in addition to gentamicin sulfate [88]. A prolonged release period
mplant (Image courtesy of Dr. Mario Morgenstern, Trauma Center Murnau, Germany).
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(about 12 days in vivo) is thereby established, since gentamicin
crobefate is hydrophobic as opposed to the sulfate salt of genta-
micin which is hydrophilic and thus readily diffuses. However, the
degradation rate of the fleeces themselves is not modified [80].
Overall, the main drawback of antibiotic loaded collagen fleece is
the non-matching degradation rates and release times. Another
drawback is the complicated handling of the collagen fleeces, and
the covering of all infected areas by the fleece. Furthermore,
although rare, biological responses such as localized hypersensi-
tivity to- and circulation of antibodies against bovine collagen can
be elicited [89].

The use of biodegradable synthetic implants avoids these bio-
logical responses. For instance synthetic coatings containing anti-
biotics have been applied on metal implants to prevent infection.
Coatings can be applied on a wide variety of materials, turning an
implant into a drug delivery device. So far, only poly(D,L-lactide)
(PDLLA) coatings have made it to the clinic (Fig. 5). Clinical trials
with metal implants coated with PDLLA with gentamicin incorpo-
rated were started in July 2003 [54]. Intramedullary nails with a
PDLLA coating containing gentamicinwere implanted in the tibia of
patients with complex fractures. Indications for use of a
gentamicin-containing PDLLA coated intramedullary nail were the
presence of a type III open fracture or the performance of a re-
osteosynthesis, because the incidence of infection is very high for
these cases. In a case study of a 17 year old manwith a type III open
tibia fracture, this PDLLA gentamicin-coated nail was inserted. All
the wounds healed without complications and after 25 days the
patient was fully mobilized. In 2011, this PDLLA gentamicin-coated
intramedullary nail was released on the market. In vitro release
studies in deionized water showed that these PDLLA gentamicin-
coated implants released 40% of the gentamicin-sulfate payload
within 1 h, 70% within 24 h and 80% within 48 h [90].

There are several drawbacks related to the use of coated im-
plants. One of the drawbacks is that part of the coating can
delaminate during insertion due to applied forces on the implant.
Since coating the implant creates a new medical device, the device
needs a separate approval before it can be used in the clinic.
Furthermore, antibiotic activity and bone healing can be impaired
upon release of acidic degradation products of PDLLA which lower
the local pH [91]. Low pH values at an implant site might evoke
inflammatory foreign body responses with accompanying osteo-
lytic foci in the exposed bone [92]. In vitro degradation studies with
poly(lactide) based polymers showed pH values between pH 3.0
and pH 7.0 depending on the composition of the polymer, experi-
mental conditions and degradation time [93e95]. The minimum
pH is reached at the time that the polymer degrades with the
Fig. 5. Tibial nail with gentamicin sulfate containing PDLLA coating visualized by SEM (Coa
implant surface revealing coating on metal implant on the right).
greatest rate of weight loss. In vivo, this pH drop might be less
dramatic than that in vitro, since body fluids surround the implant
have a buffering effect. This has been shown in vivo in Wistar rats
upon implantation of a PDLLA implant. Whereas in vitro the pH
dropped by 4 pH units after 4 weeks in Ringer solution, in vivo the
maximum pH drop was 1 pH unit 1 week after implantation [93].
However, buffering the release of these acidic degradation products
might not be possible for large size implants or implants located at
anatomical regions with restricted access to body fluids [96]. Thus,
the development of a better prophylaxis material for implant sur-
faces and the optimal local delivery of the antibiotics from these
surfaces remain major challenges.

3. New developments in the local delivery of antibiotics

Different strategies have been pursued by researchers in order
to improve systems for the local delivery of antibiotics. For instance,
researchers have tried to improve systems already available in the
clinics. Besides changing the polymeric carriers, efforts also have
been made to incorporate modified antibiotics, to produce poly-
meric prodrugs based on conventional antibiotics or to entrap sil-
ver (nano)particles or to incorporate antimicrobial peptides or
antimicrobial peptide elicitors instead of antibiotics. Another new
development is the creation of systems that can be applied mini-
mally invasively and have a sustained antimicrobial release profile.
And finally, release systems are being investigated which release
their antibiotic or antimicrobial compound in response to a bio-
logical stimulus related to an infectious state.

3.1. Biomaterials loaded with ‘new’ antimicrobial agents

Many new antimicrobial compounds have been incorporated
into biomaterials. For instance, polymeric prodrugs have been
developed based upon conventional antibiotics. An example is
given by the work of Marcus et al. who created a prodrug of
gentamicin by grafting poly(ethylene glycol) (PEG) to gentamicin
with heterobifunctional linkers, which are cleaved by spontaneous
hydrolysis [97]. Upon PEGylation, the half-life of the antibiotic in-
creases in vivo. By using reversible PEGylation of gentamicin,
PEG20-FMS-gentamicin and PEG40-Fmoc-gentamicin, the inacti-
vated gentamicin becomes active again after the linker has been
hydrolytically cleaved, whereas irreversibly bound PEG renders the
antibiotic inactive [97].

By covalently grafting the antibiotic to a carrier, additionally to
increasing the half-life and retarding the time of release of the
antibiotic, special ligands can be incorporated to target the complex
ting on the left of the image (image available from www.synthes.com) and scratched
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towards specific functionalities on cells in order to target intracel-
lular infections (Fig. 6). As an example, Coessens et al. synthesized a
conjugate of streptomycin linked to poly[N-(hydroxyethyl)-L-
glutamine] (PHEG) and dextran with glycerine hydrazide as linker
and a mannose-terminated side group for intracellular targeting
[98]. Streptomycin was coupled via Schiff base formation. The
release of streptomycin from the carrier is a hydrolytic process and
dependents on the pH (acidic environments catalyze the hydrolysis
of the linker). The authors hypothesized that the lower pH (pH
~5.2) in endosomes and lysosomes could facilitate the intracellular
release of the streptomycin from the prodrug by destruction of the
Schiff base. The release of streptomycin from the polyglutamine
prodrug was tracked at pH 7.4 and pH 5.2. At pH 5.2 approximately
50% of the streptomycinwas hydrolyzed from the prodrug, whereas
at pH 7.4 about 30% of the streptomycin was released from the
prodrug [98].

Polymeric prodrugs also have been investigated by Choi et al.
with the aim of targeting dendrimer-antibiotic conjugates to bac-
terial cell walls [99]. Poly(amidoamine) (PAMAM) dendrimers of
the fifth generation were tethered with vancomycin at the C-ter-
minus. These vancomycin-conjugated PAMAM dendrimers were
able to bind to the surface of even vancomycin resistant bacteria in
a synthetic model of the bacterial cell wall. Compared to free
vancomycin, the PAMAM dendrimer-vancomycin conjugate bound
to these synthetic models of the bacterial cell wall tightly through
binding to multiple receptor sites, indicating enhancement in
avidity of four to five orders of magnitude. In an affinity study by
means of surface plasmon resonance spectroscopy, these PAMAM
dendrimer-vancomycin conjugates bound tightly to a vancomycin-
resistant surface, which shows only weak (millimolar) affinity to
free vancomycin [99].

As multi-resistance has become a problem for the use of con-
ventional antibiotics, the use of silver has received new attention in
combination with biomaterials. A comprehensive review on the
antimicrobial action of silver ions, silver containing compounds and
silver nanoparticles in particular has been published by Rai et al.
[100]. A book chapter about silver containing biomaterials has been
published by Griesser et al. [101]. The bactericidal effect of silver is
due to their interaction with biomolecules. Proteins, enzymes and
cell-membrane components in bacteria contain nucleophilic func-
tionalities, which are capable of coordinating silver cations (Agþ)
[102]. Bacterial cell death is induced by silver cations by reacting
and disrupting the function of cell membranes, metabolic proteins
and enzymes and also by displacing metal ions, like Znþ and Ca2þ,
Fig. 6. Schematic of stimuli-responsive prodrug sy
which are essential to bacterial cell survival [102]. The antibacterial
effect of PMMA bone cement loadedwith silver nanoparticles (0.1%,
0.5% and 1.0%) on S. epidermidis, multi-resistant S. epidermidis
(MRSE) and MRSAwas compared with PMMA bone cement loaded
with gentamicin sulfate (2%) by Alt et al. [103]. PMMA bone cement
loaded with gentamicin or silver nanoparticles both inhibited the
proliferation of S. epidermidis. Silver nanoparticle-loaded PMMA
bone cement was able to clear MRSE and MRSA as well, whereas
PMMA bone cement with gentamicin was unable to inhibit the
proliferation of the resistant strains.

The advantage of using silver nanoparticles over using larger
sized particles is the maximization of the active surface of the
silver, while keeping the total amount of silver low [104].
Furthermore, the bactericidal effect seems to be dependent on
the shape of the silver nanoparticles as well. Truncated triangular
shaped silver nanoparticles were more effective in inhibiting
bacterial growth of E. coli than spherical silver nanoparticles,
which were more effective than rod shaped silver nanoparticles
in a study performed by Pal et al. [105]. Although silver-related
cytotoxicity towards eukaryotic cells can be limited by using
silver with nano-dimensions, the preparation of silver nano-
particles is hindered by their tendency to aggregate [106]. To
stabilize silver nanoparticles, Travan et al. encapsulated the
particles in hydrogels composed of Chitlac (lactose substituted
chitosan) and alginate [106]. Microspheres prepared of this
composite with encapsulated silver nanoparticles eluted only
2.6% of the total amount of silver present in the hydrogel over 5
weeks incubation in saline solution, which did not impair the cell
viability of 3 different cell lines (mouse fibroblasts, human hep-
atocarcinoma cells and human osteosarcoma cells). Whereas
Chitlac solutions mixed with silver nanoparticles was found to be
cytotoxic to all three cell lines, leading to cell death within 24 h.
Hydrogels and hydrogel extracts prepared from an alginate-
Chitlac mixture with the silver nanoparticles entrapped did not
show cytotoxicity towards these cell lines as they are shielded
from uptake by mammalian cells [106]. Antibacterial testing was
done by adding 20% MH broth as bacterial nutrition to both
alginate and Chitlac solutions. The surfaces of alginate-Chitlac
gels with and without silver nanoparticles were smeared with
106 CFU/ml S. epidermidis. Only the silver nanoparticle loaded
gels were free of bacterial colonization [106].

The combination of polymers and nanosilver can solve diverse
problems related to the use of nanosilver such as: (1) polymers can
prevent aggregation of silver nanoparticles, (2) polymers can act as
stems for the targeted delivery of antibiotics.
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linker for silver nanoparticles in coatings, (3) silver ion release can
be tailored by changing the interaction between the polymer and
the silver and changing the silver concentration. Several methods
for the preparation of polymer/nanosilver composite coatings have
been used to incorporate silver in biomaterials as can be found in an
extensive review by Guo et al. [107]. Because of the multiple
mechanisms of antimicrobial action exploited by silver nano-
particles they are less likely to suffer from resistance mechanisms
in bacteria [108], however silver resistance has been observed in
clinical isolates from silver exposed sites in patients as well [109].

Antimicrobial peptides (AMPs) have also been incorporated into
biomaterials. Antimicrobial peptides are usually rather short pep-
tide sequences, 12 to 100 amino-acids long, positively charged (net
charge þ2 e þ9), are amphiphilic, and have been isolated from
single-celled microorganisms, insects and other invertebrates,
plants, amphibians, birds, fish and mammals, including humans
[110]. A special feature of AMPs is that they target a specific feature
of the microbial cellular membrane that distinguishes broad spe-
cies of bacteria from multicellular plants and animals [111]. Mi-
crobial cellular membranes possess negatively charged headgroups
on the lipids that form the outermost leaflet of the bilayer which is
exposed to the outer world. On the contrary, the outer leaflet of the
membranes of plants and animals is composed principally of lipids
with no net charge [111]. Although there are large variations in the
structure of AMPs, a common feature of cationic AMPs is that they
have an amphipathic structure, which allows them to bind to the
membrane interface. The interaction with, and finally the disrup-
tion of the inner and outer membranes of bacteria leads to the
bacterial cell death [112].

Unlike resistance towards antibiotics, acquired resistance to-
wards antimicrobial peptides by sensitive bacterial strains is
improbable. However, some bacterial species are resistant by na-
ture, since (1) they lack the appropriate density of acidic lipids to
provide peptide-binding sites, (2) Some species produce digestive
proteases, which destroy AMPs [111]. Furthermore, degradation by
human proteases, unknown toxicity profiles and high costs of
production have limited the potential application of AMPs [113].
Only few AMPS have made it to clinical phase testing and none is
approved by FDA so far [114]. A promising group of AMPs is the
indolicidin-analogs such as MBI-226 (Omiganin) for the treatment
of catheter-related infection, which have been used in a clinical
phase III trial [110,114].

Since development of resistance against AMPs is unlikely,
recently the potential of functionalizing biomaterials with AMPs
has been explored in research. Issues of short half-lives and cyto-
toxicity can be circumvented by immobilizing AMPs on the surface
of biomaterials. The use of a spacer between a biomaterial and an
AMP can influence the orientation of the peptide and hence its
bactericidal activity. A comprehensive review on the different
strategies for immobilization of AMPs onto biomaterials and its
effect on activity, cytotoxicity and long-term stability has been
published by Costa et al. [115].

3.2. Improved polymeric carriers for the passive delivery of
antibiotics

In order to overcome the drawbacks of non-degradable antibi-
otic loaded biomaterials such as PMMA beads and spacers, biode-
gradable polymer based materials for the delivery of antibiotics
have been investigated [116]. To prepare biodegradable antibiotic
loaded beads or spacers, either PMMA copolymerized with
degradable blocks or resorbable polymers have been used. For the
latter a wide variety of polymers, especially aliphatic polyesters
prepared by ring-opening polymerization such as PDLLA [117e127],
poly(lactic-co-glycolic acid) PLGA [128,129] and PCL [130,131] have
been used. For example, antibiotic loaded beads from PDLLA and
PLGAwere prepared byMader et al. [132]. Clindamycin, tobramycin
or vancomycin were released in adequate concentrations for at
least 30 days from the PLA and PLGA beads, whereas the PMMA
beads released this antibiotics in adequate concentrations for only
12 days [132].

Neut et al. investigated the use of poly(trimethylene carbonate)
(PTMC) discs as a delivery system for gentamicin [133]. The
advantage of PTMC is that it degrades without acidic degradation
products. PTMC degrades primary by enzymatic degradation.
Therefore, the degradation in vitro is very slow, whereas the
degradation in vivo is much faster due to the presence of enzymes
[134]. Furthermore, the degradation of PTMC by surface erosion
might facilitate a more gradual and sustained release depending on
the shape of the delivery system, with the possibly for zero-order
release kinetics, whereas other biodegradable materials usually
degrade by bulk erosion and lack this control. Neut et al. compared
the performance of these PTMC discswith conventional gentamicin-
containing PMMA beads (Septopal®). PTMC discs loaded with 10 w/
w% of gentamicin entrapped were prepared and the in vitro release
was assessed by immersing the discs in a PBS solution or in a lipase
enzyme solution at 37 �C. In the lipase enzyme solution PTMC discs
completely degraded in a twoweek course, whereas the PTMC discs
immersed in PBS did not degrade at all. The gentamicin entrapped
was released very slowly from the PTMC discs when immersed in
PBS solution, with only 10% of the antibiotic being released over two
weeks, however in lipase enzyme solution over 50% of the antibiotic
was released over two weeks [133]. So, the large difference in
degradation and release is the result of the combined enzymatic and
hydrolytic degradation mechanism of PTMC. In vivo studies of PTMC
discs implanted in subcutaneous pockets in the back of rats showed
complete degradation of the implant in 1 year [135]. Consequently,
in order to find a suitable biodegradable substitute for PMMA beads
and spacers, it is important to consider the properties of thematerial
and their mechanism of degradation.

For collagen fleece, most of the research into improvements has
focused on sustaining the release of highly water soluble antibi-
otics. Besides modifying the properties of the antibiotics, the
properties of the collagen carrier can be changed to obtain a sus-
tained release. For instance, the release rate of gentamicin from
collagen fleece can be modified to a certain extent by varying the
porosity of the collagen matrix or by chemical modification, i.e.
succinylation of collagen to enhance charge interactions for ionic
bonding between the collagen and ciprofloxacin [78,80,136].

Instead of modifying the properties of the collagen fleece itself, a
collagen composite can be created by incorporation of micro-
spheres within the collagen matrix. The composite collagen fleece
contains antibiotic in the collagen matrix, but also antibiotic
entrapped in microparticles. PLGA microspheres made of a 50/50
blend of PLGA of molecular weight (MW) of 13.5 kDa and 36.2 kDa
respectively, with gentamicin entrapped were prepared by the
water-in-oil-in-water double emulsion technique by Schlapp and
Friess [81]. These microspheres were dispersed within a collagen
matrix to create the composite fleece. A burst release of 55% of the
entrapped gentamicin was observed in vitro from these fleeces,
followed by a more gradual release of the residual gentamicin
during the first 7 days upon immersion in PBS at 37 �C.

3.3. New responsive polymeric carriers for the active delivery of
antibiotics

One of the main requirements of a system for the local delivery
of antibiotics in prophylaxis is the ability to have a release which is
provided over a period of several days. Hydrogels for the delivery of
antibiotics combine the advantage of minimally invasive
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application (injection with needle, through a tube or application of
a spray or foam) with the advantage of having a sustained release
without the need of frequent re-administration. Hydrogels are
polymeric materials with high water content that can be used to
entrap antibiotics. The stimuli sensitive hydrogels are a special
group of hydrogels that can respond to chemical or physical stimuli
as to change their physical properties and cleave attached chemical
groups at the site of action. Thermo-responsive hydrogels can
respond to changes in the environmental temperature. Thermo-
responsive hydrogels are designed to have low viscosity at room
temperature, but turn with change of temperature from a viscous
state to an elastic state. So, thermo-responsive hydrogels are
designed so that they can be injected at room temperature and
form a gel at body temperature. Veyries et al. used Poloxamer 407
(Pluronic® F-127) to encapsulate vancomycin [137]. Poloxamer 407
is a triblock co-polymer with the poly(propylene oxide) (PPO) as a
hydrophobic central block with on both ends a hydrophilic block of
poly(ethylene oxide) (PEO). Poloxamer can, when used in concen-
trations higher than 20 w/v%, gel in-situ because of a solegel
temperature that is lower than the body temperature. However,
there is a risk of lipid metabolism alteration because of high doses
of Pluronics. Thus, supermolecular structures of Pluronics com-
bined with cyclodextrins have been investigated to decrease the
amount of required polymer for gelation while providing a sus-
tained release [138].

Antibiotics can be mixed into these hydrophilic networks at
room temperature and become entrapped at higher temperature.
Subsequently the drug is released by several mechanisms: diffu-
sion, swelling and erosion. The antibiotics can diffuse out of the
hydrogel depending on the concentration difference across the gel
and outside the gel and the path length. Swelling of the hydrogel
network allows the entrapped antibiotics to more easily diffuse out
of the network. Finally, bulk erosion of the hydrogel also causes
antibiotics to be released with the eroded parts and decreases the
path length for diffusion from the gel.

Suzuki et al. prepared and studied thermo-responsive hydrogels
for infection prophylaxis in vivo, with hydrophilic blocks composed
out of p-dioxane (DX) and PEG, the hydrophobic blocks were
composed out of PDLLA [123]. This triblock PLA-DX-PEG hydrogel
had a MWof 9.8 � 103 Da and a molar ratio of PLA:DX:PEG equal to
5:1:3. This hydrogel degraded in 2e3 weeks in PBS at 37 �C. They
encapsulated teicoplanin, a glycopeptide antibiotic, within this
hydrogel and next to the antibiotic recombinant human bone
morphogenetic protein-2 (rhBMP-2). The rationale behind this was
to eradicate an infection and at the same time stimulate bone for-
mation. In a release study, 30 mg of the gel with 4 mg of teicoplanin
was used to track the release of the antibiotic in vitro. Approxi-
mately 40% of the encapsulated teicoplaninwas released during the
first 24 h and a level above the MIC90% value for S. aureus was
maintained for 2 weeks. The polymeric hydrogel was degraded in
about 3 weeks. In an in vivo experiment of a rat cranial bone defect,
the restored area was measured from CT-scans taken 6 weeks upon
implantation of the polymeric implant [123]. The implant with
rhBMP-2 had a similar size of restored area as compared with the
defect, which had been treated with an implant with rhBMP-2 and
teicoplanin. The implant with only teicoplanin encapsulated had a
smaller restored area as when rhBMP-2 was used, however this
area was larger than for the negative control (only the PLA-DX-PEG
implant).

Compositions that respond to enzymes have also been investi-
gated. A poly(ester-urethane) based system with covalently bound
ciprofloxacinwas assessed byWoo et al. [139]. The rationale behind
this design is that poly(ester-urethane)s have been shown to be
susceptible to degradation by hydrolytic enzymes, which are
released by leukocytes and macrophages present at the site of
trauma and/or implant site. This way a responsive systemwould be
obtained in which ciprofloxacin would be released from the poly-
mer upon these stimuli. The release was tracked from poly(ester-
urethane)-ciprofloxacin coated hollow glass tubes in phosphate
buffer (pH 7) and cholesterol esterase (CE) (40 unit/ml) solution for
30 days. Although a higher rate of polymer degradation was
observed in the presence of the CE enzyme, there was no difference
observed in the release of free ciprofloxacin upon immersion in a
CE solution as comparedwith the phosphate buffer solution. So, the
data suggest that the enzyme was unable to specifically cleave the
polymer segments required to release free ciprofloxacin, and
instead inactive ciprofloxacin with poly(ε-caprolactone) or 1,6-
hexane diisocyanate fragments attached were released [139].
Another example of such a responsive system was a poly(vinyl
alcohol) (PVA) hydrogel system investigated by Suzuki et al. [140].
This hydrogel had gentamicin covalently grafted to it by a peptide
linker susceptible to cleavage by bacterial enzymes released by P.
aeruginosa. Several peptide sequences were tested for their hy-
drolytic activity, and the most efficient one (Gly-(D)Phe-Pro-Arg-
Gly-Phe-Pro-Ala-Gly-Gly) was selected [140]. The peptide linker
and the gentamicin were grafted to a succinylated PVA hydrogel. In
an in vitro experiment, it was shown that gentamicin was released
upon incubation with exudate of a P. aeruginosa infected wound,
however exudate of a non-infected wound was not able to cleave
the peptide linker and release the gentamicin [140].
4. Conclusion. The ideal polymeric delivery system for
infection prophylaxis

In order for a polymeric biomaterial to be a good candidate for
use in infection prophylaxis, the system has to fulfill several re-
quirements. The materials currently available in the clinic
contribute to improved infection prophylaxis, by lowering the
number of infections in patients. However, all of these materials
have their own limitations. For instance PMMA lacks degradability,
which is troublesome due to unfavorable release patterns of the
antibiotic as well as permanent presence of a foreign body. Collagen
on the other hand, can be biodegraded in the human body; how-
ever the inability for true sustained release can be an issue for its
use. For the PDLLA coatings, the problem lies in the acidic degra-
dation products that hinder bone regeneration and antibiotic action
at the same time. Furthermore, all of these systems are rather
passive than active in the sense that they are unable to respond and
tailor their antibiotic release upon physiological changes in the
human body, like temperature or presence of bacterial enzymes.
Also the emergence of resistance in bacteria in hospitals worldwide
by use and misuse of antibiotics limits the use of delivery systems
that are based on conventional antibiotics. Therefore, research has
also focused on encapsulating other antimicrobial compounds into
biomaterials, such as modified antibiotics, antibiotic prodrugs, sil-
ver or antimicrobial peptides. All of these should have a broad
antibacterial spectrum, with coverage of both Gram-positive and
Gram-negative organisms.

Finally, a system that can respond to physiological stimuli and
therefore can be applied minimal invasively, while sustaining the
release of antibiotics over a period of several days can be advan-
tageous. The introduction of linkers in the system, which can be
cleaved upon exposure to enzymes produced by bacteria, or other
stimuli given by bacterial pathogens, could produce a more effec-
tive drug delivery system. In conclusion, there is a wide variety of
approaches investigated, all with their specific benefits over
traditional delivery systems. But the many requirements for an
optimal system make the development of the ideal system a sig-
nificant challenge.
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