
Section 1   Prevention 321

[5]  Hussain N, Chien T, Hussain F, Bookwala A, Simunovic N, Shett y V, et al. 
Simultaneous versus staged bilateral total knee arthroplasty: a meta-anal-
ysis evaluating mortality, peri-operative complications and infection rates. 
HSS J. 2013;9:50–59. 

[6] Cohen RG, Forrest CJ, Benjamin JB. Safety and effi  cacy of bilateral total knee 
arthroplasty. J Arthroplasty. 1997;12:497–502. 

[7]  Lane GJ, Hozack WJ, Shah S, Rothman RH, Booth RE, Eng K, et al. Simulta-
neous bilateral versus unilateral total knee arthroplasty. Outcomes anal-
ysis. Clin Orthop Relat Res. 1997;106–112. 

[8]  Alfaro-Adrián J, Bayona F, Rech J a, Murray DW. One- or two-stage bilateral 
total hip replacement. J Arthroplasty. 1999;14:439–445. 

[9] Bullock DP, Sporer SM, Shirreff s TG. Comparison of simultaneous bilateral 
with unilateral total knee arthroplasty in terms of perioperative complica-
tions. J Bone Joint Surg Am. 2003;85–A:1981–1986. 

[10]  Ritt er MA, Harty LD, Davis KE, Meding JB, Berend M. Simultaneous bilateral, 
staged bilateral, and unilateral total knee arthroplasty. A survival analysis. J 
Bone Joint Surg Am. 2003;85–A:1532–1537. 

[11]  Kim YH, Choi YW, Kim JS. Simultaneous bilateral sequential total knee 
replacement is as safe as unilateral total knee replacement. J Bone Jt Surg Br. 
2009;91–B:64–68. 

[12]  Bini SA, Khatod M, Inacio MCS, Paxton EW. Same-day versus staged bilateral 
total knee arthroplasty poses no increase in complications in 6,672 primary 
procedures. J Arthroplasty. 2014;29:694–697. 

[13]  Hart A, Antoniou J, Brin YS, Huk OL, Zukor DJ, Bergeron SG. Simultaneous 
bilateral versus unilateral total knee arthroplasty: a comparison of 30-day 
readmission rates and major complications. J Arthroplasty. 2016;31:31–35. 

[14] Sheth DS, Cafri G, Paxton EW, Namba RS. Bilateral simultaneous vs. staged 
total knee arthroplasty: a comparison of complications and mortality. J 
Arthroplasty. 2016;31:212–216. 

[15] Yoon HS, Han CD, Yang IH. Comparison of simultaneous bilateral and 
staged bilateral total knee arthroplasty in terms of perioperative complica-
tions. J Arthroplasty. 2010;25:179–185. 

[16]  Fu D, Li G, Chen K, Zeng H, Zhang X, Cai Z. Comparison of clinical 
outcome between simultaneous-bilateral and staged-bilateral total knee 
arthroplasty: a systematic review of retrospective studies. J Arthroplasty. 
2013;28:1141–1147. 

[17]  Poultsides LA, Memtsoudis SG, Vasilakakos T, Wanivenhaus F, Do HT, Finerty 
E, et al. Infection following simultaneous bilateral total knee arthroplasty. J 
Arthroplasty. 2013;28:92–95. 

[18] Meehan JP. A population-based comparison of the incidence of adverse 
outcomes after simultaneous-bilateral and staged-bilateral total knee 
arthroplasty. J Bone Jt Surg. 2011;93:2203. 

[19]  Luscombe JC, Theivendran K, Abudu A, Carter SR. The relative safety of one-
stage bilateral total knee arthroplasty. Int Orthop. 2009;33:101–104. 

[20]  Gradillas EL, Volz RG. Bilateral total knee replacement under one anes-
thetic. Clin Orthop Relat Res. 1979;153–158. 

[21]  Della Valle AG, Walter WL, Peterson MGE, Pellicci PM, Sculco TP, Salvati EA. 
Prevalence of infection in bilateral total hip arthroplasty: a comparison of 
single-stage 565 bilateral procedures performed with 1 or 2 sets of instru-
ments. J Arthroplasty. 2006;21:157–160. 

[22]  Shao H, Chen CL, Maltenfort MG, Restrepo C, Rothman RH, Chen AF. Bilat-
eral total hip arthroplasty: 1-stage or 2-stage? A meta-analysis. J Arthroplasty. 
2017;32:689–695. 

[23]  Berend KR, Lombardi A V., Adams JB. Simultaneous vs. staged cementless 
bilateral total hip arthroplasty. Perioperative risk comparison. J Arthro-
plasty. 2007;22:111–115. 

[24] Parvizi J, Pour AE, Peak EL, Sharkey PF, Hozack WJ, Rothman RH. One-stage 
bilateral total hip arthroplasty compared with unilateral total hip arthro-
plasty. A prospective study. J Arthroplasty. 2006;21:26–31. 

[25]  Salvati EA, Hughes P, Lachiewicz P. Bilateral total hip-replacement arthro-
plasty in one stage. J Bone Joint Surg Am. 1978;60:640–644. 

[26] Berend ME, Ritt er MA, Harty LD, Davis KE, Keating EM, Meding JB, et 
al. Simultaneous bilateral versus unilateral total hip arthroplasty: an 
outcomes analysis. J Arthroplasty. 2005;20:421–426. 

[27] Bhan S, Pankaj A, Malhotra R. One- or two-stage bilateral total hip arthro-
plasty. J Bone Joint Surg Br. 2006;88–B:298–303. 

[28] Tsiridis E, Pavlou G, Charity J, Tsiridis E, Gie G, West R. The safety and effi  cacy 
of bilateral simultaneous total hip replacement: an analysis of 2063 cases. J 
Bone Joint Surg Br. 2008;90:1005–1012. 

[29] Romagnoli S, Zacchett i S, Perazzo P, Verde F, Banfi  G, Viganò M. Simulta-
neous bilateral total hip arthroplasties do not lead to higher complica-
tion or allogeneic transfusion rates compared to unilateral procedures. Int 
Orthop. 2013;37:2125–2130. 

[30] Swanson KC, Valle AG Della, Salvati EA, Sculco TP, Bott ner F. Perioperative 
morbidity after single-stage bilateral total hip arthroplasty: a matched 
control study. Clin Orthop Relat Res. 2006;140–145. 

[31]  Jankiewicz JJ, Sculco TP, Ranawat CS, Behr C, Tarrentino S. One-stage versus 
2-stage bilateral total knee arthroplasty. Clin Orthop Relat Res. 1994;94–101. 

[32]  Seol JH, Park KS, Yoon TR. Postoperative complications and cost-eff ective-
ness of simultaneous and staged bilateral total hip arthroplasty using a 
modifi ed minimally invasive two-incision technique. Hip pelvis. 2015;27:77–
82. 

[33] Lombardi A, Mallory T, Fada R. Simultaneous bilateral total knee arthroplas-
ties: who decides? Clin Orthop Relat Res. 2001;319–329. 

[34] Qi Y, Tie K, Wang H, Pan Z, Zhao X, Chen H, et al. Perioperative comparison 
of blood loss and complications between simultaneous bilateral and unilat-
eral total knee arthroplasty for knee osteoarthritis. Knee. 2017;24:1422–1427. 

[35]  Fabi DW, Mohan V, Goldstein WM, Dunn JH, Murphy BP. Unilateral vs. 
bilateral total knee arthroplasty. Risk factors increasing morbidity. J Arthro-
plasty. 2011;26:668–673. 

[36]  Memtsoudis SG, González Della Valle A, Besculides MC, Gaber L, Sculco TP. 
In-hospital complications and mortality of unilateral, bilateral, and revi-
sion TKA: based on an estimate of 4,159,661 discharges. Clin Orthop Relat 
Res. 2008;466:2617–2627. 

[37] Pulido L, Ghanem E, Joshi A, Purtill JJ, Parvizi J. Periprosthetic joint infec-
tion: the incidence, timing, and predisposing factors. Clin Orthop Relat 
Res. 2008;466:1710–1715. 

[38]  Friedman R, Homering M, Holberg G, Berkowitz SD. Allogeneic blood trans-
fusions and postoperative infections after total hip or knee arthroplasty. J 
Bone Joint Surg Am. 2014;96:272–278. 

[39]  Frisch NB, Wessell NM, Charters MA, Yu S, Jeff ries JJ, Silverton CD. Predictors 
and complications of blood transfusion in total hip and knee arthroplasty. 
J Arthroplasty. 2014;29:189–192. 

[40]  Hart A, Khalil JA, Carli A, Huk O, Zukor D, Antoniou J. Blood transfusion in 
primary total hip and knee arthroplasty. Incidence, risk factors, and thirty-
day complication rates. J Bone Joint Surg Am. 2014;96:1945–1951. 

[41]  Newman ET, Watt ers TS, Lewis JS, Jennings JM, Wellman SS, Att arian DE, et 
al. Impact of perioperative allogeneic and autologous blood transfusion 
on acute wound infection following total knee and total hip arthroplasty. 
J Bone Joint Surg Am. 2014;96:279–284. 

•    •    •    •    •

1.7. PREVENTION: PROSTHESIS FACTORS

Authors: Paul Ducheyne, Nusret Köse, Sanjib Bhatt acharyya

QUESTION 1: Are there implant materials that mitigate the risk for surgical site infections/
periprosthetic joint infections (SSIs/PJIs) after total joint arthroplasty (TJA)?

RECOMMENDATION: There are various implant materials that can be utilized to reduce the chance for SSIs/PJIs in patients undergoing TJA.

LEVEL OF EVIDENCE: Limited

DELEGATE VOTE: Agree: 49%, Disagree: 30%, Abstain: 21% (NO Consensus)

RATIONALE 

The skyrocketing increase in number of joint arthroplasty surgeries 
and their associated failures have raised serious concerns in the 
fi eld of medicine. Failures of medical devices due to infections have 

resulted in an increase in number of revision surgeries, and even 
fatality. Biomaterial-associated infections are fearsome complica-
tions of modern orthopaedic surgery, that often leads to prolonged 
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patient pain and functional losses. While immense eff orts to mini-
mize the risk of these infections have intensifi ed over the last decade 
[1], orthopaedic SSIs continue to occur in worrisome numbers. 

The concept of a “race for the surface” was previously proposed 
by Gristina [2] and Costerton et al. [3]. They described a situation 
whereby the ultimate fate of the implant is determined by the 
competition of host cells and bacterial cells. When bacteria won the 
race, an infection would result, instead of tissue integration. Gris-
tina also realized that bacterial colonization of the tissue around 
implants was another possible mechanism of infection [2]. 

Herein we will review, among others, that bacterial adhesion 
and subsequent biofi lm formation may be prevented by modifying 
the physicochemical surface properties of biomaterials. We will 
go beyond the mere aspect of implant surface biofi lm formation, 
though. In fact, there are mainly three schools of thought regarding 
how to manage SSIs and PJIs. First, making the surface of the implant 
bacteria unfriendly; the concern about such approach is that it 
does not deal with infected surrounding tissue. Second, applying 
coatings on the implant surface that incorporate antibiotics, but 
coating adhesion and stability are concerns. Third, local biodegrad-
able “implants” releasing antibiotics. We will review the benefi ts and 
limitations of each approach fi rst. A general discussion will follow 
concluding that no method is ideal, but that a combination is prob-
ably needed. As is self-evident then, no consensus currently already 
exists.

1. Coating on the implant surface
In this strategic category the surface of the implant is coated 

with diff erent materials that can release antimicrobials, including 
polymers, ceramics or metal oxide fi lms. Some of the materials in 
this category are already on the market and clinical data are avail-
able. We will summarize these concepts fi rst, followed by a descrip-
tion of concepts that are the subject of animal studies.

1.1  Gentamicin-poly (D, L-lactide) polymer coating for tibia nails
This is a fully resorbable poly (D, L-lactide) polymer with incor-

porated gentamicin sulphate. This material exhibits an initial burst 
release of 40% gentamicin over fi rst hour and 80% of it released with 
fi rst 48 hours [4].

Fuchs et al. [5] published a case study on 21 patients (13 men, 
8 women) and 19 of them completed the 6-month follow-up. No 
implant-associated infections were seen and only one superfi cial 
wound healing was reported in one patient. Authors concluded that 
the use of the Unreamed Tibial Nail (UTN) PROtect® intramedullary 
nail was associated with good clinical, laboratory and radiological 
outcomes after six months.

Metsemakers et al. [6] reported another prospective case 
studies with the same gentamicin-poly (D, L-lactide) coating on the 
Expert Tibia Nail (ETN) PROtectTM on 16 patients. They described the 
outcome of patients treated between January 2012 and September 
2013, using a gentamicin-coated intramedullary tibia nail. Treat-
ment indications included acute, Gustilo grade II-III, open tibia 
fractures or closed tibia fractures with long-term external fi xation 
prior to intramedullary nailing and complex tibia fracture revision 
cases with a mean of three prior surgical interventions. Outcome 
parameters in this study were deep infection and nonunion. Authors 
concluded that no deep infections occurred after placement of the 
gentamicin-coated nail in studied patient population. 

1.2  Disposable Antibacterial Coating (DAC) hydrogel 
DAC hydrogel is composed of hyaluronic acid and polylactic 

acid. It is supplied as powder and can be mixed with antibiotic solu-

tions to form the hydrogel at the time of surgery. Literature data 
show that all types of antibiotics incorporated in DAC are released 
within 96 hours [7].

Malizos et al. [8] published a randomized controlled prospective 
study. A total of 256 patients in fi ve European orthopaedic centers 
who were scheduled to receive osteosynthesis for a closed fracture, 
were randomly assigned to receive antibiotic-loaded DAC or to a 
control implant without coating. Overall, 253 patients were available 
with a mean follow-up of 18.1 ± 4.5 months (range 12–30). On average, 
wound healing, clinical scores, laboratory tests and radiographic 
fi ndings did not show any signifi cant diff erence between the two 
groups. Six SSIs (4.6%) were observed in the control group compared 
to none in the treated group (P < 0.03). No local or systemic side-
eff ects related to the DAC hydrogel product were observed and no 
detectable interference with bone healing was noted. 

In another multicenter, randomized prospective study, a total 
of 380 patients, scheduled to undergo primary (n = 270) or revision 
(n = 110) total hip (N = 298) or knee (N = 82) joint arthroplasty with 
a cementless or a hybrid implant, were randomly assigned in six 
European orthopaedic centers, to receive an implant either with the 
antibiotic-loaded DAC coating (treatment group) or without coating 
(control group) [9]. Overall, 373 patients were available at a mean 
follow-up of 14.5 ± 5.5 months (range 6 to 24). On average, wound 
healing, laboratory and radiographic fi ndings showed no signifi cant 
diff erence between the two groups. Eleven early SSIs were observed 
in the control group and only one in the treatment group (6% vs. 
0.6%; p = 0.003). No local or systemic side eff ects related to the DAC 
hydrogel coating were observed, and no detectable interference with 
implant osseointegration was noted. 

1.3  Silver-coated Modular Universal Tumar and Revision System 
(MUTARS®) for tumor mega-endoprostheses and knee arthro-
desis nails

A silver (Ag) fi lm with a thickness of 10-15 μm was deposited on 
the surface of MUTARS® mega-endoprostheses. This fi rst layer was 
further coated with another layer of gold of 0.2 μm thick to ensure 
sustained release of Ag ions [10]. Hardes et al. [11] reported a prospec-
tive case study that consisted of 20 patients with bone tumors of 
the humerus, femur and tibia that were treated with this type of 
coating with an average Ag amount of 0.91 gm (range: 0.33–2.89 gm). 
They found that the Ag-levels in the blood did not exceed 56.4 parts 
per billion (ppb) and can be considered as non-toxic. Additionally, 
they were able to exclude signifi cant changes in liver and kidney 
functions measured by laboratory values. Histopathologic examina-
tion of the periprosthetic environment in two patients showed no 
signs of foreign body granulomas or chronic infl ammation, despite 
distant eff ective Ag concentrations up to 1,626 ppb directly related 
to the prosthetic surface. The authors concluded that the Ag-coated 
megaprosthesis allowed a release of Ag without showing any local or 
systemic side-eff ects.

In another study by Hardes et al. [10], 51 patients with sarcoma 
(proximal femur, n = 22; proximal tibia, n = 29) who underwent place-
ment of a Ag-coated megaprosthesis were assessed prospectively 
over a 5-year period, along with the treatment administered for infec-
tion. The infection rate was compared with the data for 74 patients in 
whom an uncoated titanium (Ti) megaprosthesis (proximal femur, n 
= 33; proximal tibia, n = 41) was implanted. They found that the infec-
tion rate was substantially reduced from 17.6% in the Ti group to 5.9% 
in the Ag group. Whereas 38.5% of patients in the Ti group ultimately 
had to undergo amputation when periprosthetic infection devel-
oped, these mutilating surgical procedures were not necessary in the 
study group. The conclusion of the study is that the use of Ag-coated 
prostheses reduced the infection rate in the medium term. In addi-
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tion, less aggressive treatment of infection was possible in the group 
with silver-coated prostheses. 

1.4  Iodine-coated endoprostheses
This type of fi lm was synthesized by using a povidone-iodine 

electrolyte that resulted in the formation of an adhesive porous 
anodic oxide with the antiseptic properties of iodine [12,13]. Shirai 
et al. [13] published on a study with 222 patients who suff ered from 
postoperative infection or compromised status and were treated 
using iodine-supported Ti implants. The mean age of the patients 
was 49.4  years (range 5–85  years). One hundred twenty-seven 
patients were male and 95 were female. Iodine-supported implants 
were used to prevent infection in 158 patients who were deemed 
susceptible to infection. They were also used to treat active infec-
tion in 64 patients. The mean follow-up period was 18.4  months 
(range 3–44  months). Acute infection developed in three tumor 
cases among the 158 patients on preventive therapy. All three recov-
ered without removal of the implants. Infection was cured in all 
64 patients with infection. There were two patients with mechan-
ical implant failure, which was treated by re-implantation. Excel-
lent bone ingrowth and ongrowth were found around all hip and 
tumor prostheses. One year later, the amount of iodine on external 
fi xation pins remained about 20–30%. 

1.5 Thermal-sprayed silver oxide containing hydroxyapatite 
coating 

This type of coating on the implant surface is generally 
prepared by thermal spraying of a mixture of silver oxide and 
hydroxyapatite (HA) powder using an acetylene torch. The release 
rate of silver (Ag) ions from this type of coating is usually high 
until 24 hours after immersion and decreases thereafter. Within 
the duration of the test, the amount of Ag ions reached 373 ppb 
at 168 hours [14]. Normal blood Ag concentrations are considered 
to be below 10 ppb [15]. Toxic side eff ects of Ag were described for 
blood concentration of 300 ppb in the form of argyrosis, leuco-
penia and liver and kidney damage [14,16–18]. Regarding cytotox-
icity by Ag, Yamamoto et al. reported that the half maximal inhibi-
tory concentration (IC50) of Ag ion for murine fi broblasts L929 is 
~458.6 ppb; further, using AgNO3 for cytotoxicity test, the IC50 for 
murine osteoblastic cells MC3T3-E1 is ~298.9 ppb [19]. Eto et al. [20] 
recently published a fi rst clinical study result with this implant 
coating. They prepared an implant for total hip arthroplasty (THA) 
that was coated with Ag-HA. In this study, the implant contained 
Ag at a maximum quantity of 2.9 mg/implant. In this prospective 
interventional study, THA was performed with this implant in 20 
patients. They found that blood Ag levels peaked at two weeks after 
THA and gradually decreased thereafter. The highest blood Ag level 
recorded during the postoperative follow-up was 6.0 ng/mL, which 
was within the normal range. The Harris Hip Scores increased in 
all cases and activities of daily living improved markedly after THA 
with Ag-HA coated implants. Implant failure was absent on radiog-
raphy. No adverse reaction to silver was noted and argyria was not 
observed in any case. No patients have developed infection after 
surgery. Authors concluded that Ag-HA coated implants markedly 
improved patients’ activities of daily living without causing any 
adverse reactions att ributable to silver in the human body. Ag-HA is 
expected to reduce postoperative infections and prevent decreased 
quality of life in patients undergoing prosthetic arthroplasty, thus 
leading to more favorable outcomes.

After analysis of all above mentioned clinical studies it can be 
concluded that more prospective randomized controlled trials that 
investigate postoperative infection rates of the reviewed coatings vs. 
uncoated control implants are needed.

Other promising approaches regarding the coating of implant 
with antimicrobials releasing materials are described next.

1.6  Experimental coatings 
Most of the currently-available coated implants capable of 

releasing antimicrobials exhibit a very high initial burst release and 
release the majority of the drug during the fi rst 48 hours, followed 
by a prolonged period of drug release at sub-inhibitory concentra-
tions. There is a need for a coating strategy which can deliver anti-
biotics above minimum inhibitory concentration (MIC) level for 
longer duration. In this regard, Ducheyne and colleagues developed 
sol gel silica coating with incorporated antibiotics (vancomycin, 
triclosan) which exhibits the release of antibiotics above inhibitory 
concentration for more than four weeks. In vitro and in vivo studies 
in rat, rabbit and sheep showed excellent results. The in vitro study 
demonstrated that thin and resorbable controlled release antibacte-
rial sol-gel fi lms can be applied on Ti-alloy substrates. Using a multi-
layer process, long-term release can be achieved. The release concen-
trations are such that they exceed the MIC of vancomycin against 
Staphylococcus aureus [21,22]. The in vivo study with the same coating 
materials demonstrate that a vancomycin-containing sol-gel fi lm on 
Ti alloy rods can successfully treat bacterial infections in an animal, 
osteomyelitis model. Radiologically, while the control side showed 
extensive bone degradation, including abscesses and an extensive 
periosteal reaction, rods coated with the vancomycin-containing 
sol-gel fi lm resulted in minimal signs of infection. Micro-CT analysis 
confi rmed the radiological results, while demonstrating that the 
vancomycin-containing sol-gel fi lm signifi cantly protected dense 
bone from resorption and minimized remodeling [23]. Another 
study by Qu et al. demonstrates that triclosan (2,4,4’-trichloro-2’-hy-
droxydiphenylether), an antimicrobial agent, can be successfully 
incorporated into micron-thin sol-gel fi lms deposited on percuta-
neous pins. The sol-gel fi lms continuously release triclosan in vitro 
for durations exceeding eight weeks (longest measured time point). 
When inserting percutaneous pins in distal rabbit tibiae, there 
were no signs of infection around implants coated with a micron-
thin sol-gel/triclosan fi lm. Healing had progressed normally; bone 
tissue growth was normal and there was no epithelial downgrowth. 
This result was in contrast with the results in rabbits that received 
control, uncoated percutaneous pins, in which abundant signs of 
infection and epithelial downgrowth were observed. 

Another existing approach to increase the released amount of 
antibiotics is to combine diff erent degradable polymers into a multi-
layer system. It also off ers the opportunity to include multiple antibi-
otics that allow modulation of the release profi le per antibiotic [24] 
and additionally degradable surfaces may be inherently resistant to 
infection [25]. An alternative method to obtain multilayer systems 
has been described by Shukla et al. who applied tetra-layers of poly-
2-dextran sulfate/vancomycin/dextran sulfate by spray coating [26]. 
They were able to expand the release time to 100 hours.

A major problem with this strategy is the mechanical stability 
of the fi lm and its adherence to the implant surface. In most of the 
cases, the fi lms become damaged during the press fi t of the implant. 
Another problem is to elute enough antibiotics for the long time.

2. Chemical modifi cation of the implant surface
This strategy involves the direct immobilization of antimi-

crobials on the implant surface through chemical bonding. This 
approach, also known as “contact killing,” works by inhibiting 
bacteria that come into contact with the surface of the implant. One 
of the approaches in this category is the immobilization of antibi-
otics to the implant surface. Current immobilization studies focus 
mainly on binding of vancomycin, which is considered to be a last 
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resort in treatment of infections caused by multi-resistant bacterial 
strains [27]. Since the working mechanism of vancomycin requires 
penetration of the cell wall, surface tethering is generally performed 
by including spacers that allow for a certain degree of freedom to 
penetrate the cell wall. Jose et al. used a double aminoethoxyeth-
oxyacetate linker combined with a 3-aminopropyltriethoxysilane 
modifi ed Ti surface, which produced a vancomycin surface distance 
of about 4 nm [28]. However, this Ti surface coating may be prone to 
colonization by gram-negative bacteria such as Escherichia coli. There-
fore, to prevent infection with various bacteria, including gram-posi-
tive and gram-negative bacteria, vancomycin may not be eff ective 
by itself. Thus, an ideal Ti implant should be fabricated to combat 
multiple bacterial infections.

Recently Gerits et al. [29] covalently att ached a new antibac-
terial compound a N-alkylated 3, 6-dihalogenocarbazol 1-(sec-
butylamino)-3-(3,6-dichloro-9H-carbazol-9-yl) propan-2-ol (SPI031) to 
the Ti surface. This showed signifi cant antibacterial activity both in 
vitro and in vivo without aff ecting adhesion or proliferation of cells 
involved in osseointegration and bone repair. He et al. [30] immobi-
lized cefotaxime sodium onto the polydopamine-coated Ti through 
catechol chemistry. The in vitro results demonstrated that the anti-
biotic-grafted Ti substrate showed good biocompatibility and well-
behaved haemocompatibility. In addition, the antibiotic-grafted Ti 
could eff ectively prevent adhesion and proliferation of Escherichia 
coli (gram-negative) and Streptococcus mutants (gram-positive).

Antimicrobial peptides (AMP) are the host-defense peptides and 
they are responsible for the innate immune response found among 
many organisms. They present signifi cant antibacterial, antifungal, 
antiparasitic and antiviral activity [31–33]. Covalent immobilization 
of the hLf1-11 peptide on a Ti surface reduces bacterial adhesion and 
biofi lm formation [34,35]. KR-12 (a small peptide derived from resi-
dues 18-29 of the human cathelicidin LL protein), which has antimi-
crobial properties and promotes human bone marrow mesenchymal 
stem cell proliferation at high concentrations, was used to covalently 
functionalize Ti; this system signifi cantly inhibited bacterial coloni-
zation while promoting osteogenic diff erentiation of human bone 
marrow mesenchymal stem cells [36,37].

Chitosan (CS) is also explored for immobilization onto implant 
surfaces to improve the biological function of osteoblasts and 
its antibacterial performance. Covalently immobilized chitosan 
onto a Ti surface can fi rst increase the antibiotic susceptibility of 
bacteria, limiting the internalization of bacteria into osteoblasts and 
preventing implant-related infection [38]. Ti modifi ed with chitosan-
lauric acid both enhanced the biological functions of osteoblasts 
and reduced bacterial adhesion [39]. However, interaction with a 
layer of protein on the CS fi lm can lead to the loss of the antibacterial 
properties of CS [40,41].

3. Use of controlled release materials around the implant 
In this approach, antimicrobial-loaded materials (biodegrad-

able or non-biodegradable) are used in the space surrounding the 
bone implant to enhance the local concentration of antibiotics.

There has been increasing interest in products providing local 
antibiotic therapy. In principle there are advantages to local anti-
biotic use, both for treatment and prophylaxis. Buchholz et al. 
fi rst popularized the incorporation of antibiotics into polymethyl 
methacrylate (PMMA) bone cement for local antibiotic prophylaxis 
in cemented TJA [42]. Clinical studies have shown that antibiotic-
loaded bone cement can decrease deep infection rates of cemented 
total hip arthroplasties and revision rates due to supposed “aseptic” 
loosening when combined with systemic antibiotic administration 
[43] and this solution has been found both eff ective and economi-
cally sound, especially in high-risk patients [44,45]. However, the 

pharmacokinetic profi le of antibiotic released from PMMA beads is 
far from ideal. In vitro pharmacokinetic and in vivo animal studies 
demonstrated a peak local antibiotic concentration on the fi rst 
day followed by a drop-off  by several orders of magnitude which is 
known as “initial burst” release. As such, a therapeutic concentra-
tion is not maintained for the desired two to three weeks [46,47]. A 
second major drawback is the need for a second surgery to remove 
the delivery system. When left in situ for too long, the beads are actu-
ally diffi  cult to remove. A third drawback is that the continuous low 
dose delivery past the fi rst day, typically at a concentration signifi -
cantly below the MIC. The extended period of slow delivery can 
create conditions which exacerbate bacterial resistance develop-
ment potential [48,49].

Due to the problem with non-biodegradable PMMA as an antibi-
otic carrier, many resorbable materials have been explored for local 
delivery of antibiotics around the implant surface. 

Collagen has been extensively explored as a carrier system for 
antibiotics due to its biocompatibility, low costs and availability 
[50,51]. Commercially available products are mainly antibiotic-
loaded collagen fl eeces based on collagen from bovine or equine 
skin or soft tendon. The collagen itself is deemed hemostyptic [52]. 
Most commercially available products are loaded with gentamicin 
and release the antibiotic relatively quickly over the fi rst few days. 
In vitro studies yielded a >95% of gentamicin release from collagen 
fl eeces within the fi rst 1.5 hours [53].

Calcium sulfate materials have been widely used as bone void 
fi ller for long time. Diff erent types of antibiotics, such as vanco-
mycin, gentamicin, tobramycin and daptomycin, are incorporated 
within calcium sulfate to explore the application as local antibiotic 
delivery [54]. Calcium sulfate exhibits a very high initial burst release 
of approximately 45 to 80% of antibiotic content within the fi rst 24 
hours [55].

Calcium phosphate materials are widely used as osteocon-
ductive, bone bioactive materials and have excellent biocompat-
ibility. These materials are generally used as injectable cements or 
as granules. The antibiotic loading can be performed in the oper-
ating room by mixing the cement together with the antibiotic 
agent or by soaking the granules with a liquid antibiotic solution. 
An in vitro release study of commercially available bone cements 
showed an initial burst release of active gentamicin with a relative of 
gentamicin of 36 - 85% for the cements and 30 - 62% for the granules. 
Duration release varied from one to two weeks [56].

Local delivery of antibiotics is very att ractive strategy and the 
local antibiotic treatment options have the potential to become 
major tools in the treatment of bone-associated and implant-associ-
ated infections. One promising approach can be used of antibiotic-
loaded resorbable carriers along with antibiotic-eluting implant. In 
this regard, more studies are needed to bring a viable product in the 
market.
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