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Introduction:	 Chronic	 osteomyelitis,	 or	 bone	 infection,	 is	 a	 major	

worldwide	 cause	of	morbidity	 and	mortality,	 as	 it	 is	 exceptionally	hard	 to	

treat	due	 to	patient	and	pathogen-associated	 factors.	 Successful	 treatment	

requires	 surgical	 debridement	 together	 with	 long-term,	 high	 antibiotic	

concentrations	that	are	best	achieved	by	local	delivery	devices,	either	made	

of	degradable	or	non-degradable	materials.	

Areas	covered:	Non-degradable	delivery	devices	are	frequently	constituted	

by	 polymethylmethacrylate-based	 carriers.	 Drawbacks	 are	 the	 need	 to	

remove	 the	 carrier	 (as	 the	 carrier	 itself	 may	 provide	 a	 substratum	 for	

bacterial	colonisation),	 inefficient	release	kinetics	and	incompatibility	with	

certain	 antibiotics.	 These	 drawbacks	 have	 led	 to	 the	 quest	 for	 degradable	

alternatives,	 but	 also	 devices	 made	 of	 biodegradable	 calcium	 sulphate,	

collagen	sponges,	calcium	phosphate	or	polylactic	acids	have	 their	specific	

disadvantages.	

Expert	 opinion:	 Antibiotic	 treatment	 of	 osteomyelitis	 with	 the	 current	

degradable	and	non-degradable	delivery	devices	is	effective	in	the	majority	

of	 cases.	 Degradable	 carriers	 have	 an	 advantage	 over	 non-degradable	

carriers	 that	 they	 do	 not	 require	 surgical	 removal.	 Synthetic	

poly(trimethylene	carbonate)	may	be	preferred	in	the	future	over	currently	

approved	lactic/	glycolic	acids,	because	it	does	not	yield	acidic	degradation	

products.	Moreover,	degradable	poly(trimethylene	carbonate)	yields	a	zero-

order	 release	 kinetics	 that	 may	 not	 stimulate	 development	 of	 antibiotic-

resistant	 bacterial	 strains	 due	 to	 the	 absence	 of	 long-term,	 low-

concentration	tail-release.	
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Osteomyelitis,	 an	 infection	 of	 bone	 tissue,	 is	 a	 notorious	 complication	 of	

trauma,	reconstructive	orthopaedic	procedures	and	other	local	surgery,	but	

is	also	common	secondary	to	vascular	insufficiency	in	the	infected	diabetic	

foot	or	can	occur	from	haematogenous	spreading	of	bacteria	from	infection	

elsewhere	 in	 the	 body.	 Health-care	 workers	 fear	 osteomyelitis	 due	 to	 its	

refractory	 nature,	 resulting	 in	 considerable	 morbidity	 and	 mortality	

[McGrory	et	al.	1999;	Eisenberg	&	Kitz	1986]	and	high	costs	to	the	health-

care	 system	 [Lautenschlager	 et	 al.	 1993].	 Although	 efforts	 have	 been	

undertaken	 to	 reduce	 the	 incidence	 and	 consequences	 of	 osteomyelitis,	 a	

large	 proportion	 of	 the	 world	 population	 still	 suffers	 from	 chronic	

osteomyelitis,	 primarily	 because	 of	 a	 vast	 increase	 in	 reconstructive	

orthopaedic	procedures	 [Engesaeter	 et	 al.	 2006]	 and	higher	prevalence	of	

diabetes	 mellitus	 [Boulton	 et	 al.	 2005],	 combined	 with	 longer	 life-

expectancies.	Furthermore,	inadequate	treatment	of	the	acute	phase	allows	

osteomyelitis	either	to	persist	and	become	chronic	or	relatively	“dormant”	

for	a	considerable	time,	only	to	recur	at	a	later	phase.	

Chronic	osteomyelitis	 is	 intrinsically	resistant	to	antibiotic	therapy,	

even	when	caused	by	bacteria	that	are	not	clinically	defined	as	resistant	to	

the	 preferred	 antibiotics.	 Staphylococcus	 aureus	 is	 by	 far	 the	 most	

commonly	 involved	 pathogenic	 microorganism	 causing	 chronic	

osteomyelitis,	 owing	 to	 its	 ability	 to	 adhere,	 invade	 tissue	 (by	 toxins	 and	

hydrolases),	 undermine	 host	 defences,	 and	 invade	 mammalian	 cells	

[Baumert	et	al.	2002].	Moreover,	S.	aureus	and	other	pathogens	involved	in	

chronic	osteomyelitis	frequently	form	biofilms	on	necrotic	bone	and	foreign	

bodies,	 in	 which	 they	 are	 extensively	 protected	 from	 host	 defences	 and	
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antimicrobial	 therapy	 by	 a	 slimy	 layer	 embedding	 the	 organisms.	 In	 this	

microbial	 community,	 diffusion	 barriers,	 communication	 by	 means	 of	

quorum	 sensing,	 and	 altered	 phenotypes	 can	 lead	 to	 low	metabolism	 and	

growth,	modified	gene	expression	and	protein	production	 [Stewart	2002].	

These	protective	mechanisms	appear	to	be	distinct	from	those	responsible	

for	 conventional	 antibiotic	 resistance	 [Stewart	 2002],	 making	 biofilm	

organisms	 up	 to	 800-fold	 less	 susceptible	 to	 antibiotics	 than	 planktonic	

ones	 [Costerton	et	al.	1995].	 In	case	of	biofilm-associated	 infections,	many	

clinicians	 prefer	 using	 the	 term	 “remission”	 rather	 than	 “cure”	 after	

apparent	 bacterial	 eradication,	 because	 actual	 persistence	 is	 frequent,	

resulting	in	long-term	recurrence	rates	of	approximately	20	-	30%	[Gentry	

&	Rodriguez-Gomez	1991;	Mader	et	al.	1990;	Rissing	1997;Waldvogel	et	al.	

1970;	 Waldvogel	 &Papageorgiou	 1980].	 In	 the	 management	 of	 chronic	

osteomyelitis,	 it	 is	 therefore	 necessary	 to	 combine	 surgical	 intervention	

(debridement	 of	 dead	 infected	 tissue,	 obliteration	 of	 dead	 space,	 osseous	

repair,	 and	 adequate	 soft	 tissue	 coverage)	 with	 long-term,	 high-

concentration	antibiotic	therapy.	

To	achieve	a	high	concentration	of	antibiotics	in	bone,	the	drug	has	

to	be	delivered	on	site.	Yet,	the	ability	to	do	so	varies	considerably	between	

methods	 of	 administration.	 In	 general,	 oral	 antibiotics	 are	 unpredictable	

with	 relative	 low	 local	 concentrations	 and	 therefore	 infrequently	

prescribed.	 Intravenous	 antibiotic	 regimens	 are	 more	 predictable	 and	

commonly	used	as	the	serum	concentration	can	be	maintained	at	a	constant	

level.	 However,	 the	 infected	 necrotic	 focus	 within	 the	 bone	 is	 often	

surrounded	 by	 sclerotic,	 avascular	 bone,	 and	 is	 therefore	 almost	

unreachable	with	systemic	antibiotics.	Thus,	intravenous	antibiotics	usually	

lead	 to	 significant	 relapse	 rates	 during	 or	 after	 their	 administration,	 and	
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harmful	 side-effects	 are	 common	 since	 serum	 levels	 remain	high	during	 a	

long	 treatment	 of	 at	 least	 6	weeks	 [Guglielmo	 et	 al.	 2000;	 Conterno	&	 da	

Silva	Filho	2009;	Hermsen	et	 al.	 2010].	 Local	 administration	 is	 thought	 to	

increase	 antibiotic	 concentrations	 where	 it	 is	 needed	 most,	 without	

increasing	systemic	side-effects.	

For	 local	 administration	 of	 antibiotics,	 non-degradable	 delivery	

devices	 are	 clinically	 applied	 [Diefenbeck	 et	 al.	 2006].	 The	most	 common	

non-degradable	 polymer	 employed	 for	 local	 delivery	 is	

polymethylmethacrylate	 (PMMA).	 While	 widely	 used,	 PMMA	 has	 several	

disadvantages	including	the	fact	that	it	provides	a	substratum	for	bacterial	

colonisation	 [Neut	 el	 al.	 2003b],	 especially	 as	 the	 amount	 of	 antibiotic	

released	 decreases	 over	 time	 [Diefenbeck	 et	 al.	 2006]	 and	 eventually	

becomes	ineffective.	These	disadvantages	of	PMMA	have	led	to	the	pursuit	

of	 alternative,	 degradable	 delivery	 devices.	 Naturally,	 these	 degradable	

devices	 have	 disadvantages	 of	 their	 own.	 In	 this	 chapter,	 we	 will	 review	

advantages	 and	 disadvantages	 of	 degradable	 vs	 non-degradable	 antibiotic	

delivery	 devices,	 and	 elaborate	 on	 their	 efficacy	 in	 eradicating	

osteomyelitis.	 The	 prophylactic	 use	 of	 antibiotic-loaded	 PMMA	 for	 the	

primary	 fixation	 of	 implants	 must	 be	 clearly	 distinguished	 from	 its	

therapeutic	 use	 in	 osteomyelitis.	 Prophylactic	 procedures,	 including	

antibiotic-releasing	 coatings	 on	 implants,	 to	 prevent	 bone	 infections	 are	

beyond	the	scope	of	this	review.	
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Known	as	bone	cement,	PMMA	is	frequently	used	in	orthopaedics	since	first	

applied	by	Charnley	in	1958	to	anchor	joint	replacements	[Charnley	1970].	

PMMA	 is	 appreciated	 for	 its	 ability	 to	 consolidate	 implants	 in	 bone	 in	 a	

handler-	 and	 host-friendly	 manner,	 as	 adverse	 reactions	 are	 limited	 and	

allergic	 reactions	 occur	 seldom.	 Answering	 the	 clinical	 desire	 to	 decrease	

bacterial	 colonisation	 of	 these	 implants,	 the	 idea	 to	 prophylactically	 load	

PMMA	with	 antibiotics	was	 introduced	 by	 Buchholz	 and	 Gartmann	 in	 the	

1970s	 [Buchholz	&	Gartmann	1972].	After	 initial	 scepticism	 regarding	 the	

concept	of	antibiotic	release	 from	a	solid	material	 [Charnley	1970],	PMMA	

was	 accepted	 as	 a	 non-degradable	 local	 drug	 delivery	 device.	 Since,	 the	

infection	 rate	 of	 primary	 joint	 replacements	 using	 antibiotic-loaded	 bone	

cement	 has	 been	 significantly	 lower	with	 respect	 to	 the	use	 of	 plain	 bone	

cements	or	systemic	antibiotics	[Josefsson	&	Kolmert	1993;	Dunbar	2009].	

As	 the	 popularity	 of	 antibiotic-loaded	 PMMA	 flourished,	 it	 was	

additionally	 introduced	 as	 a	 therapy	 for	 established	 infections	 [Buchholz	

1981].	 Although	 the	 therapeutic	 value	 of	 antibiotic-	 loaded	 PMMA	 in	

revision	 surgery	 has	 been	 suggested	 over	 the	 years	 [Wroblewski	 1986;	

Hsieh	 et	 al.	 2004],	 it	 has	 never	 been	 demonstrated	 convincingly	 in	 well-

executed,	prospective	studies	[Barth	et	al.	2011].	Nevertheless,	a	beneficial	

effect	 has	 been	 demonstrated	 in	 animal	 models	 [Evans	 &	 Nelson	 1993;	

Mendel	 et	 al	 2005].	 Distinct	 from	 prophylactic	 applications,	 antibiotic-

loaded	 PMMA	was	 introduced	 in	 the	 form	 of	 spacers	 or	 strings	 of	 beads.	

This	 temporary	 application	 enabled	 clinicians	 to	 achieve	 higher	 local	

antibiotic	 concentrations	 in	 patients	 than	 can	 be	 achieved	 by	 systemic	



23 

 

 

therapy,	while	 serum	 and	 urine	 concentrations	 remained	 low,	minimizing	

adverse	 effects	 [Walenkamp	 et	 al.	 1986].	 Thus,	 PMMA	 rapidly	 established	

itself	as	a	standard	for	therapeutic,	local	drug	delivery	in	osteomyelitis.	

	

	

Release	kinetics	from	PMMA	

	

Release	rates	of	antibiotics	incorporated	in	PMMA	depend	on	the	manner	in	

which	body	fluid	is	capable	of	reaching	the	confined	regions	of	the	cement	

matrix	 [Baker	&	Greenham	1988;	Khoury	et	al.	1992].	PMMA	consists	of	a	

compact	 matrix	 (see	 figure	 1A)	 that	 is	 capable	 of	 taking	 up	 only	 small	

quantities	of	dissolution	fluid	into	its	outermost	layers.	In	the	first	hours	or	

days	after	implantation	of	PMMA,	a	burst	release	is	observed	[Khoury	et	al.	

1992],	 as	 the	 antibiotic	 at	 the	 cement	 surface	 is	 easily	 available.	 More	

gradually,	 the	 dissolution	 fluid	 penetrates	 the	 bone	 cement	 to	 dissolve	

antibiotics	 within	 superficial	 regions	 of	 the	 bone	 cement,	 while	 it	 usually	

fails	to	reach	the	interior	of	the	bone	cement.	For	example,	Schurman	et	al.	

revealed	that	gentamicin	was	only	released	from	the	outer	100	μm	of	a	bone	

cement	 [Schurman	 et	 al.	 1978].	 Often,	 the	 total	 amount	 of	 antibiotic	

released	 from	bone	 cement	 is	 only	 10%	of	 the	 total	 amount	 incorporated	

[Picknell	et	al.	1977;	Hoff	et	al.	1981;	Törholm	et	al.	1983;	Chohfi	et	al.	1998;	

Van	de	Belt	et	al.	2000].	Commercially	available	antibiotic-loaded	PMMA	for	

prophylactic	 purposes	 has	 better	 release	 kinetics	 than	 hand-mixed	

preparations	due	to	a	more	even	antibiotic	distribution	in	the	PMMA	matrix	

[Neut	 et	 al.	 2003a].	 Despite	 this	 however,	 clinicians	 frequently	 mix	

unloaded	 PMMA	 with	 antibiotics,	 either	 because	 of	 financial	 or	 legal	

constrictions	 or	 the	 need	 to	 apply	 specific	 antibiotics	 not	 provided	 in	

commercial	products.	
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Antibiotic-loaded	 bone	 cements	 for	 therapeutic	 use	 are	 prepared	

differently	 from	 cements	 for	 prophylactic	 use,	 ensuring	 higher	 and	 more	

prolonged	release	from	both	superficial	and	deeper	layers	within	the	PMMA	

matrix.	 This	 is	 achieved	 by	 increasing	 the	 cement	 porosity	 through	

incorporation	 of	 solubles	 like	 glycin	 in	 Septopal®	 beads,	 changing	 its	

composition	 or	 increasing	 the	 antibiotic	 loading	 (see	 figure	 1B)	 [Baker	 &	

Greenham	 1988].	 Note	 that	 due	 to	 their	 high	 porosity	 and	 antibiotic-

content,	 bone	 cements	 for	 therapeutic	 purposes	 cannot	 be	 used	 for	 load-

bearing	 applications.	 Despite	 their	 improved	 release	 kinetics,	 it	 has	 been	

found	 that	 even	 Septopal®	 beads	 did	 not	 release	 all	 of	 their	 antibiotic	

content	 and	 after	 2	 weeks	 in	 situ,	 only	 20	 -	 70%	 of	 all	 incorporated	

gentamicin	was	 released,	 followed	 by	 a	 drop	 in	 gentamicin	 concentration	

[Walenkamp	et	al.	1986].	Thus	whereas	 increasing	porosity	and	antibiotic	

loading	 of	 PMMA	 carriers	 can	 increase	 the	 burst	 release	 as	 a	 surface	

phenomenon,	the	tail-release	is	generally	not	affected	by	such	measures	as	

it	is	predominantly	diffusion-based.	

	

	

Choice	of	antibiotics	in	PMMA	

	

The	antibiotic	selection	to	be	used	in	local	delivery	devices	is	an	important	

issue.	 The	 agent	must	 exhibit	 a	 broad	 antibacterial	 spectrum	while	 being	

biocompatible	 with	 tissue.	 In	 PMMA,	 chemical	 stability	 with	 leftover	

monomers	 and	 heat	 stability	 (polymerisation	 sometimes	 reaches	 peak	

temperatures	 above	 87°C)	 are	 required.	 Tetracyclin	 loses	 its	 antibiotic	

properties	 when	 incorporated	 in	 PMMA	 [Hessert	 &	 Ruckdeschel	 1970],		
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B	
	
	
	
	
	
	
	

	
Figure	1:	The	influence	of	porosity	on	release	of	antibiotics.	
A:	Antibiotic	 release	 from	PMMA-based	drug	delivery	devices	 is	 initially	a	
surface	 phenomenon,	 with	 little	 influence	 of	 the	 hydrophobicity/	
hydrophilicity	 or	 size	 of	 the	 antibiotic.	 Because	 smaller	 and	 more	
hydrophilic	antibiotics	can	diffuse	easier	through	the	cement	matrix,	 these	
antibiotics	yield	higher	tail-release	than	larger,	more	hydrophobic	ones.	
B:	Tail-release	can	be	increased	for	small	hydrophilic	antibiotics	by	making	
the	cement	matrix	more	porous,	increasing	diffusion	from	the	interior	of	the	
cement	matrix.	
		 	



 26 

	while	rifampicin	 interferes	with	polymerisation	of	PMMA	[Anguita-Alonso	

et	 al.	 2006].	 Furthermore,	 the	 antibiotic	 must	 be	 capable	 of	 diffusing	

through	 the	 pores	 of	 the	 polymer	matrix,	 providing	 a	 local	 concentration	

exceeding	 the	 “break	 point	 sensitivity	 limit”	 of	 the	 pathogens	 to	 be	

combatted.	Thus	 the	antibiotic	has	 to	be	water-soluble,	and	hydrophilic	 to	

facilitate	release.	Finally,	the	antibiotic	has	to	be	available	in	powder	form,	

as	 liquid	 antibiotics	 dramatically	weaken	 the	 cement	matrix	 [Seldes	 et	 al.	

2005].	 Also	 powder	 loading	 of	 cements	 above	 10%	 makes	 the	 cement	

unsuitable	for	load-bearing	applications	[Lautenschlager	et	al.	1976].	

Back	 in	 the	 early	 days	 of	 the	 discovery	 of	 PMMA’s	 drug	 delivery	

capability,	researchers	have	explored	suitable	antibiotics	for	use	in	PMMA.	

Based	 on	 their	 broad	 antibacterial	 spectrum,	 aminoglycosides	 are	 widely	

used	 and	 among	 aminoglycosides,	 gentamicin	 is	 employed	 most	 often.	

During	early	testing	phases,	it	provided	the	optimum	release	characteristics	

out	 of	 20	 antibiotics	 tested	 in	 several	 bone	 cements	 [Wahlig	 1987]	 and	 it	

possessed	antibacterial	properties	even	at	low	concentrations	incorporated	

[Atkinson	&	Lorian	1984].	The	use	of	gentamicin	and	tobramycin	in	PMMA	

are	now	well	established	and	proven	clinically	effective	[Adams	et	al.	1992;	

Klemm	2001].	

Antibiotics	such	as	ampicillin,	cefoxitin,	cephazolin,	clindamycin	and	

streptomycin	 have	 also	 been	 successfully	 incorporated	 and	 released	 from	

PMMA	[Buchholz	et	al.	1981;	Anguita-Alonso	et	al.	2006;	Adams	et	al.	1992;	

Mader	et	al.	1997a].	Larger	antibiotics	(Mw	>	600	Da)	such	as	erythromycin	

and	vancomycin	have	been	applied	too,	but	become	trapped	in	the	cement	

matrix	due	to	their	size,	yielding	inadequate	release	[Hessert	&	Ruckdeschel	

1970;	 Klekamp	 et	 al.	 1999].	 Mader	 et	 al.	 described	 that	 release	 of	

vancomycin	 from	 bone	 cement	 drops	 below	 detection	 limit	 by	 day	 12,	
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whereas	 all	 other	 tested	 antibiotics	 were	 released	 for	 at	 least	 90	 days	

[Mader	 et	 al.	 1997a].	 Neglecting	 unfavourable	 release	 characteristics,	

vancomycin	is	nevertheless	the	second	most	used	antibiotic	in	PMMA	after	

aminoglycosides,	 and	 is	 increasingly	 used	 in	 view	 of	 emerging	 antibiotic	

resistance,	especially	to	combat	methicillin-resistant	S.	aureus.	 In	search	of	

improved	 therapeutic	 options,	 new	 antibiotics	 are	 being	 sought	 and	

sometimes	found	for	use	in	PMMA,	such	as	teicoplanin	[Chang	et	al.	2011].	

Combinations	 of	 antibiotics	 in	 bone	 cement	 have	 been	

demonstrated	 to	 yield	 synergistic	 effects,	 enhancing	 and	 prolonging	 the	

release	 of	 antibiotics	 and	 killing	 bacteria	 more	 effectively.	 Helpful	

combinations	 are	 vancomycin,	 clindamycin,	 or	 fusidic	 acid	 added	 to	

gentamicin-loaded	cement	[Ensing	et	al.	2006;	Neut	et	al.	2006;	Giavaresi	et	

al.	2012].	

	

	

Application	of	PMMA	carriers	

	

The	main	two	applications	of	antibiotic-loaded	PMMA	for	the	treatment	of	

osteomyelitis	are	chains	of	beads	and	spacers.	Beads	are	used	for	all	kinds	

of	 chronic	 osteomyelitis	 and	 are	 commercially	 available	 as	 chains	 of	

gentamicin-loaded	 PMMA	 spheres	 (Septopal®)	 or	 hand-made	 from	

commercially	 available	 bone	 cement.	 Spacers,	 temporary	 implant	 to	

maintain	 the	 joint	 space	 and	 soft-tissue	 tension,	 are	 used	 in	 joint	

replacement	 infection	 as	 they	 cause	 considerably	 less	 morbidity	 for	 the	

patient	and	 implantation	of	a	new	prosthesis	during	 the	second	surgery	 is	

much	 less	 complicated	 by	 disuse	 osteopenia,	 peri-articular	 soft-tissue	

contractures	and	postoperative	dislocations	[Hsieh	et	al.	2004;	Moojen	et	al.	
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2008].	 Table	 1	 provides	 an	 overview	 of	 the	 clinical	 applications	 of	

antibiotic-loaded	PMMA.	

PMMA-based	 antibiotic	 carriers	 are	 frequently	 used	 for	 the	 treatment	 of	

osteomyelitis,	but	are	not	specialised	 in	 the	 therapy	of	 resistant	 infections	

as	restrictions	in	the	use	of	various	antibiotics,	release	kinetics	and	clinical	

use	 exist	 [Hessert	 &	 Ruckdeschel	 1970;	 Anguita-Alonso	 et	 al.	 2006;	

Klekamp	 et	 al.	 1999].	 For	 example,	 Septopal®	 beads	 have	 good	 antibiotic	

release	characteristics	 [Nelson	et	al.	1992]	due	 to	a	porous	cement	matrix	

and	addition	of	 glycin,	 yielding	gentamicin	 tissue	 levels	 above	 the	MIC	 for	

non-resistant	bacterial	strains	for	30	days	[Nelson	et	al.	1992].	These	beads	

are	routinely	used	in	osteomyelitis	without	knowing	the	infecting	bacterial	

strains	and	their	sensitivity	for	gentamicin.	Growth	of	gentamicin-resistant	

staphylococci	 on	 retrieved	 gentamicin-loaded	 PMMA	 beads	 has	 been	

demonstrated,	 raising	 concern	 about	 the	 efficacy	 of	 this	 treatment	 option	

[Van	de	Belt	et	al.	1999].	

Except	for	pre-fabricated	spacers,	clinicians	can	also	alter	antibiotic	

composition	and	dose	by	using	any	 type	of	 antibiotic-loaded	bone	 cement	

with	commercially	available	mould	kits	or	by	wrapping	a	custom	prosthetic	

stem.	These	intra-operatively	made	spacers	enable	clinicians	to	tailor	both	

antibiotic	 dose	 and	 implant	 size,	 which	 is	 particularly	 useful	 in	 cases	 of	

significant	 bone	 loss	 [Bloomfield	 et	 al.	 2010].	 However,	 spacers	 generally	

provide	a	lower	sustained	release	compared	to	beads	because	of	their	lower	

surface	 area	 [Henry	 &	 Galloway	 1995;	 Greene	 et	 al.	 1998;	 Holtom	 et	 al.	

1998].	Use	of	 commercial,	 low-dose	 antibiotic	bone	 cement	 for	handmade	

spacers	or	beads	is	unwise	as	it	results	in	a	sub-therapeutic	release	[Moojen	

et	 al.	 2008;	 Cui	 et	 al.	 2007]	 and	 bacteria	 growing	 near	 sub-therapeutic	

antibiotic	 concentrations	 theoretically	 pose	 a	 risk	 of	 developing	 antibiotic	
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resistance	[Neut	et	al.	2003a;	Van	de	Belt	et	al.	1999].	Conversely,	addition	

of	more	than	10%	of	antibiotics	in	PMMA	substantially	weakens	the	weight-

baring	carrier	and	systemic	 toxicity	 is	 looming	when	 the	overall	antibiotic	

loading	is	too	high	[Van	Raaij	et	al.	2002].	Furthermore,	uneven	distribution	

of	the	antibiotic	and	a	variable	surface	area	result	in	unpredictable	release	

rates	(see	also	Table	1)	[Neut	et	al.	2003a;	Hanssen	&	Spangel	2004].	

	
	
Table	1:	Clinically	used	carriers	for	the	treatment	of	chronic	osteomyelitis.	
	
Material	 Advantages	 Disadvantages	
Hand-made	
PMMA	carrier		

Many	antibiotic	options	 Surface	colonization	
Unpredictable	release	
Surgical	removal	after	
treatment	required	
	

Commercially	
available	
PMMA	carrier	

Sustained	high	release	 Surface	colonization		
Few	antibiotic	options		
Surgical	removal	after	
treatment	required	
Expensive	
	

Collagen	
fleece	carrier	

Degradable		
Superior	bio-
compatibility	
Low	costs	
	

Seroma	formation	
Diffusion/bulk	erosion	based	
burst	release	

Calcium	
sulphate	
carrier	
	

Bone	graft	substitute	
Low	costs	

Seroma	formation	
Diffusion/bulk	erosion	based	
burst	release	
	

Calcium	
phosphate	
carrier	

Bone	graft	substitute		
Superior	bio-
compatibility	

Diffusion-based	burst	release	
Cements	do	not	release	all	
antibiotic	content	
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Material	 Examples	 References	
Hand-made	
PMMA	carrier		

Spacer	molds		
Customized	
beads	

Adams	 et	 al.	 1992;	 Anguita-Alonso	 et	 al.	 2006;	
Bloomfield	 et	 al.	 2010;	 Buchholz	 et	 al.	 1981;	
Greene	 et	 al.	 1998;	 Henry	 &	 Galloway	 1995;	
Klemm	2001;	Mader	 et	 al.	 1997a;	Moojen	 et	 al.	
2008;	Nelson	et	al.	1992;	Neut	et	al.	2003b;	Van	
de	Belt	et	al.	1999;	Wahlig	1987.	
	

Commercially	
available	
PMMA	carrier	
	

Septopal®	
Spacer	G	
VancogenxTM	

Baker	&	Greenham	1988;	Cui	et	al.	2007;	Holtom	
et	 al.	 1998;	 	 Moojen	 et	 al.	 2008;	 Neut	 et	 al.	
2003b;	Van	de	Belt	et	al.	1999.	

Collagen	
fleece	carrier	
	

Collatramp	G®	
Septocoll®	

Hanssen	&	Spangehl	2004;	McLaren	2004;	Van	
Raaij	et	al.	2002;.	

Calcium	
sulphate	
carrier	
	

Herafill®	
Osteoset®	T		

	Rutten	 &	 Nijhuis	 1997;	 Siepmann	 &	 Göpferich	
2001;	 Sørensen	 et	 al.	 1990;	 Stemberger	 et	 al.	
1997;	Zilberman	&	Elsner	2008.	

Calcium	
phosphate	
carrier	

Haelos®	
Vitoss®	
Calcibon®	
Bonesource®	

Dinopoulos	et	al.	2012;	Lewis	et	al.	2011;		
Winkler	2009;	Witsø	et	al.	2004.	
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The	 use	 of	 biodegradable	 devices	 for	 antibiotic	 delivery	 in	 chronic	

osteomyelitis	 is	 an	 attractive	 alternative.	 These	 carriers	 obliterate	 dead	

space	 originating	 from	 surgical	 debridement,	 and	 release	 their	 entire	

antibiotic	 load	 after	 degradation,	 leaving	 no	 substratum	 for	 bacterial	

colonisation.	 Moreover,	 owing	 to	 the	 biodegradable	 nature	 of	 the	 carrier	

material,	 secondary	 surgical	 removal	 after	 treatment	 is	 not	 needed.	

Biodegradable	 carriers	 have	 been	 categorised	 into	 three	 groups:	 natural	

polymers	 (protein-based),	 bone	 graft	 materials	 and	 substitutes,	 and	

synthetic	 polymers	 [McLaren	 2004].	 Formulating	 degradable	 delivery	

devices	 is	 however,	 a	 complicated	 task,	 requiring	 safe	 absorption,	

transportation	and	excretion	of	degradation	products.	

Like	 in	 case	 of	 non-degradable	 carriers,	 antibiotic	 release	 from	

degradable	 carriers	 depends	 on	 surface	 area	 and	 diffusion	 through	 the	

carrier	matrix,	but	 is	additionally	 influenced	by	multiple	 factors	 like	mode	

and	 rate	 of	 degradation,	 swelling,	 creation	 of	 pores	 and	 osmotic/pH	

alterations.	 This	 causes	 different	 release	 mechanisms	 to	 be	 active	 at	 the	

same	time	[Siepmann	&	Göpferich	2001].	However,	some	carrier	materials	

show	release	kinetics	 that	appear	 to	be	predominantly	determined	by	one	

or	 two	 of	 these	 factors,	 allowing	 a	 simplified	 representation	 of	 possible	

release	kinetics	from	biodegradable	carriers	(see	figure	2).	Large	meshes	in	

the	 carrier	 matrix	 and	 consequent	 swelling	 of	 the	 polymer	 can	 cause	 a	

release	 that	 is	 faster	 than	 the	 degradation	 rate.	 Importantly,	 this	 allows	

diffusion	 of	 large	 and	 hydrophobic	 antibiotics	 as	 well	 as	 of	 smaller,	

hydrophilic	ones	within	a	short	period	of	time	(see	figure	2A).	Alternatively,	

degradation	can	be	the	main	factor	determining	antibiotic	release	kinetics,	
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which	 can	 occur	 in	 two	 ways.	 In	 bulk	 erosion,	 delivery	 devices	 degrade	

throughout,	 and	 as	 pores	 are	 created,	 diffusion	 of	 antibiotics	 is	 gradually	

facilitated,	 resulting	 in	 a	 late-onset	 of	 increased	 release	 (see	 figure	 2B).	

Surface	eroding	materials	on	the	other	hand,	degrade	layer-by-layer,	mainly	

releasing	antibiotics	in	their	outer	rim.	Release	rates	are	therefore	relatively	

constant	 and	 sustained	 (see	 figure	2C)	during	a	prolonged	period	of	 time.	

Thus	 for	 proper	 understanding	 of	 the	 antibiotic	 release	 kinetics	 from	

degradable	carriers,	it	is	essential	to	thoroughly	consider	the	rate	and	mode	

of	degradation.	

	

	

Natural	polymers	

	

Within	 natural	 polymers,	 a	 number	 of	 substances	 derived	 from	 various	

biologic	 tissues	are	 included.	Among	 these	are	collagen,	 chitosan,	gelatine,	

thrombin,	 and	 autologous	 blood	 clot.	 Collagen	 has	 been	 studied	 most	

extensively	 because	 of	 relative	 biocompatibility,	 low	 costs	 and	 easy	

availability	[Zilberman	&	Elsner	2008],	and	has	been	commercially	available	

for	over	20	years.	Collagen	fleeces	are	produced	from	bovine	skin	or	tendon.	

Since	collagen	is	a	major	component	of	connective	tissue,	it	is	biocompatible	

and	non-toxic.	Degradation	of	 collagen	usually	 takes	place	within	8	weeks	

[Stemberger	 et	 al.	 1997],	 although	 the	 speed	 partially	 depends	 on	 the	

method	 of	 sterilisation	 used	 [Rutten	 &	 Nijhuis	 1997].	 Degradation	 speed	

however,	 plays	 only	 a	 small	 role	 in	 the	 release	 rate	 of	 incorporated	

antibiotics	 as	 the	 antibiotics	 diffuse	 faster	 out	 of	 the	 collagen	 than	 its	

degradation	 speed	 (see	 figure	 2A).	 In	 vitro,	 94%	 of	 all	 gentamicin	

incorporated	in	fleeces	was	released	within	1.5	h	[Sørensen	et	al.	1990].	
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B		
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Figure	2:	Possible	antibiotic	release	kinetics	from	degradable	carriers.	
A:	Diffusion-based	release	from	slowly	degrading	carrier	materials.	
B:	Bulk	eroding	carrier	materials.	
C:	Surface	eroding	carrier	materials.	
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Bone	graft	materials	and	substitutes	
	

Bone	 grafting	 in	 chronic	 osteomyelitis	 is	 sometimes	 required	 after	 radical	

debridement	 of	 large	 amounts	 of	 necrotised	 bone,	 in	 case	 of	 infected	

prostheses	or	large	bone	defects	in	infected	trauma	wounds.	In	these	cases,	

the	 defect	 can	 be	 filled	 with	 bone	 graft	 material	 loaded	 with	 antibiotics.	

Common	bone	graft	materials	are	autologous	bone,	allografts	and	bone	graft	

substitutes.	 All	 provide	 osteoconduction,	 but	 autologous	 bone	 has	

preferential	osteoinductive	and	osteogenic	properties	that	can	bring	about	

new	 bone	 formation.	 Autologous	 bone	 grafting	 is	 however	 limited	 and	

associated	with	serious	drawbacks,	 for	 instance	due	to	 the	requirement	of	

an	 additional	 surgical	 donor	 site	 [Dinopoulos	 et	 al.	 2012].	 Nevertheless,	

morselised	 antibiotic	 impregnated	bone	 grafts	 are	 used	 in	 various	 clinical	

situations,	and	can	store	large	amounts	of	aminoglycosides	and	vancomycin	

[Witsø	et	al.	2004;	Winkler	2009].	In	the	treatment	of	chronic	osteomyelitis,	

cancellous	bone	may	be	a	better	carrier	due	to	its	enhanced	surface	area	for	

binding	of	antibiotics	as	compared	 to	cortical	bone	and	 its	ability	 to	allow	

bone	 ingrowth	 as	 a	 result	 of	 its	 porous	 structure	 [Lewis	 et	 al.	 2011].	

Antibiotic	binding	is	achieved	after	impregnation	of	the	graft	in	a	prepared	

antibiotic	 solution	 [Buttaro	 et	 al.	 2007].	 The	 antibiotic	 release	 is	

characterised	 by	 high	 diffusion-based	 release,	 especially	 during	 the	 first	

hours	[Witsø	et	al.	2004].	

One	 of	 the	 most	 well-known	 bone	 graft	 substitutes	 used	 as	 a	

degradable	 carrier	 is	 calcium	 sulphate,	 a	 natural	 bioceramic.	 The	

hemihydrate	 (CaSO4·0.5H2O)	 is	 better	 known	 as	 plaster	 of	 Paris,	 and	 for	

surgical	 application	 relatively	 pure	 alpha-hemihydrate	 crystals	 are	 used	

that	 are	 stronger	and	harder,	making	 the	material	 suitable	 as	 a	bone	void	

filler.	Accordingly	 it	has	been	used	since	1892	[Dreesman	1982].	Although	
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the	 rate	 of	 resorption	 depends	 on	 the	 density	 of	 the	 crystal,	 this	 occurs	

rapidly	 in	 vivo	 by	 bulk	 erosion,	 and	 the	material	 swiftly	 loses	mechanical	

strength	 [Rauschmann	 et	 al.	 2005;	 Chang	 et	 al.	 2007].	 Calcium	 sulphate	

carriers	potentially	aid	in	bone	repair,	but	their	actual	capability	in	doing	so	

is	disputed	[McLaren	2004;	El-Husseiny	et	al.	2011].	Degradation	products	

are	 mildly	 cytotoxic	 [El-Husseiny	 et	 al.	 2011]	 and	 frequently	 give	 rise	 to	

persistent	 drainage	 from	 the	 wound,	 which	 can	 deteriorate	 into	 deep	

infection	 [Ziran	 et	 al.	 2007].	 Calcium	 sulphate	 can	 be	 loaded	with	 water-

soluble	 antibiotics,	 and	 hence	 the	 use	 of	 aminoglycosides,	 vancomycin,	

daptomycin	 and	 teicoplanin	 has	 been	 widely	 explored	 [Wichelhaus	 et	 al.	

2001;	 Heijink	 et	 al.	 2006;	 Webb	 et	 al.	 2008].	 Calcium	 sulphate	 tends	 to	

release	 its	 antibiotic	 content	 at	 an	 uncontrollable	 rate	 [El-Husseiny	 et	 al.	

2011].	Overall,	approximately	45	-	80%	of	the	antibiotic	content	is	released	

within	the	first	24	h	[Wichelhaus	et	al.	2001;	McLaren	et	al.	2002;	Turner	et	

al.	2001].	

Alternatively,	 synthetic	 calcium	 phosphates	 closely	 resemble	 the	

mineral	 phase	 of	 bone	 and	 therefore	 possess	 excellent	 biocompatibility.	

Hydroxyapatite	 (Ca10(PO4)6(OH)2)	 granules	 rarely	 resorb,	 but	 stimulate	

osteoid-formation	on	its	surface	to	remodel	it	into	normal	bone	[Blokhuis	et	

al.	2000].	However,	cements	and	highly	porous	tricalciumphosphate	are	at	

least	 partially	 resorbed	 by	 osteoclastic	 activity	 [Larsson	 2010].	 Antibiotic	

loading	 can	 be	 performed	 by	 mixing	 through	 cement	 or	 by	 emersion	 of	

hydroxyapatite	granules	 in	an	antibiotic	solution.	Gentamicin	release	rates	

varied	between	different	calcium	phosphates	but	are	all	driven	by	diffusion,	

resulting	 in	 high	 burst	 release	 predominately	 within	 the	 first	 24	 h	

[Stallmann	 et	 al.	 2006].	 Evaluation	 of	 the	 efficacy	 of	 antibiotic-loaded	

hydroxyapatite	to	PMMA	in	the	treatment	of	osteomyelitis	in	animal	models	

showed	conflicting	results	[Korkusuz	et	al.	1993;	Shirtliff	et	al.	2002;	Zelken	
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et	 al.	 2007].	 Apart	 from	drug	 carrying	 capability,	 bone	 repair	 is	 an	 added	

value	when	 treating	 chronic	 osteomyelitis	 and	 the	 importance	 of	 calcium	

phosphates	 is	 probably	 herein	 [Larsson	 2010],	 as	 it	 reduces	 the	 need	 for	

bone	grafting.	

Bioactive	 glasses	 can	be	used	 as	 bone	 graft	 substitute	 as	well,	 and	

although	 not	 all	 glasses	 are	 degradable,	 borate-based	 glass	 degrades	 in	 a	

fashion	 that	 matches	 bone	 regeneration	 rates	 [Zhang	 et	 al.	 2010].	 It	 has	

recently	 been	 introduced	 as	 a	 carrier	 for	 local	 drug	 delivery,	 releasing	

approximately	30	-	50%	of	incorporated	antibiotics	on	the	first	day	[Zhang	

et	al.	2010;	Xie	et	al.	2009].	Further	studies	are	required	to	evaluate	the	role	

of	bioactive	glass	in	drug	delivery.	

	

	

Synthetic	polymers	

	

Polyesters	were	introduced	in	the	1960s	to	aid	in	bone	repair	in,	primarily,	

maxillofacial	 defects.	 First	 polyparadioxanone,	 polylactic	 acid	 (PLA),	 and	

polyglycolic	 acid	 (PGA)	 homopolymers	 were	 employed,	 while	 the	

amorphous	poly-DL-lactide	(PDLLA)	and	copolymers	of	PLA	and	polylactic-

co-glycolic	acid	(PLGA)	became	popular	later	because	of	increased	strength	

[Garvin	&	Feschuk	2005].	These	materials	were	mainly	used	as	degradable	

pins,	 screws,	 rods,	 and	 small	 plates,	 until	 their	 antibiotic	 releasing	

capabilities	 were	 discovered	 in	 the	 1990s	 [Garvin	 et	 al.	 1994;	

Kanellakopoulou	et	al.	1999].	

In	 vivo	 polyester	 degradation	 takes	 place	 by	 hydrolysis,	 and	 is	

essentially	 a	 bulk	 eroding	 process.	 The	 polymer	 is	 converted	 back	 to	 the	

monomers	lactic	and	glycolic	acid,	and	cause	a	drop	in	local	pH.	Lactic	acid	
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and	glycolic	acid	are	oxidised	in	the	citric	acid	cycle	to	form	CO2	and	water,	

and	 glycolic	 acid	 is	 directly	 or	 indirectly	 excreted	 in	 urine.	 However,	 the	

drop	in	pH	can	lead	to	an	alarmingly	high	rate	of	discharging	inflammatory	

foreign-body	 reactions	 and	 causes	 bone	 resorption	 [Böstman	 et	 al.	 1990;	

Taylor	et	al.	1994;	Ding	&	Schwendenman	2008].	

Nowadays,	PLGA	and	PDLLA	have	superseded	PLA	and	PGA	implants	in	the	

delivery	 of	 antibiotics	 due	 to	 their	 favourable	 degradation	 and	 release	

characteristics	[Ulery	et	al.	2011].	These	amorphous	polyesters	degrade	in	

two	 stages:	 first,	 water	 diffuses	 into	 the	 non-crystalline	 polymer	 matrix,	

hydrolysis	 commences	 while	 the	 polymer	 remains	 mechanically	 inert.	

Secondly,	 the	 rise	 of	 pH	 due	 to	 an	 increasing	 monomer	 concentration	

exponentially	increases	the	rate	of	hydrolysis,	causing	the	crystalline	part	to	

degrade,	and	the	polymer	implant	to	fall	apart.	

While	 PDLLA	 takes	 over	 a	 year	 to	 degrade,	 most	 antibiotics	 are	

released	by	diffusion	through	the	matrix,	making	PDLLA	unsuitable	for	drug	

release	applications	outside	coatings	or	tissue	engineering	scaffolds	[Ulery	

et	 al.	 2011].	 PLGA	 on	 the	 other	 hand,	 fully	 degrades	 within	 1-6	 months	

(depending	 on	 the	 composition),	 and	 release	 profiles,	 whether	 primarily	

determined	by	diffusion	or	bulk	erosion,	vary	[Ueda	&	Tabata	2003].	PLGA	

is	 used	 to	 deliver	 antibiotics,	 primarily	 in	 the	 form	 of	 microspheres,	

microcapsules,	nanospheres	or	nanofibres	[Ulery	et	al.	2011].	

In	 contrast	 to	 bulk	 eroding	 synthetic	 polymers,	 significant	

modulation	 of	 the	 release	 rate	 can	 be	 achieved	 by	 employing	 surface	

eroding	 polymers,	 as	 polycarbonates.	 Polycarbonates	 are	 easily	 worked,	

moulded,	 and	 thermoformed,	 extremely	 hydrolytically	 stable,	 but	 degrade	

enzymatically	 in	 vivo	 [Zhang	 et	 al.	 2006b].	 Poly(trimethylene	 carbonate)	

(PTMC)	is	the	best	known	example,	and	is	fully	biocompatible	[Zhang	et	al.	

2006b;	 Pêgo	 et	 al.	 2003].	 The	 mode	 of	 enzymatic	 surface	 erosion	 by	
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cholesterol	 esterase	 and	 superoxide	 anion	 radicals,	 mediated	 by	

macrophages,	 was	 only	 recently	 discovered	 [Bat	 et	 al.	 2009]	 and	 PTMC	

appears	 to	 fully	 degrade	 in	 bone	 and	 assists	 in	 promoting	 bone	

regeneration	 [Van	 Leeuwen	 et	 al.	 2012].	 In	 vitro	 data	 suggest	 PTMC	

molecular	 weight	 can	 be	 adjusted	 to	 control	 the	 release	 rate	 of	 various	

antibiotics,	 and	 an	 ideal	 sustained,	 zero	 order	 release	 profile,	 can	 be	

achieved	(see	chapter	III).	

	

	

Application	of	degradable	carriers	

	

As	 for	 non-degradable	 carriers,	 data	 for	 degradable	 delivery	 devices	 from	

large	 randomised	 controlled	 trials	 to	 evaluate	 treatment	 of	 chronic	

osteomyelitis	do	not	exist,	despite	 the	relative	popularity	of	some	of	 these	

carriers	in	the	past.	Commercially	available	applications	are	sparse	(see	also	

Table	1).	In	the	USA,	biodegradable	implants	are	awaiting	FDA	approval	for	

use	 as	 antibiotic	 delivery	 devices.	 For	 example,	 clinical	 use	 of	 calcium	

sulphate-based	carriers	is	only	possible	on	an	off-label	basis	in	the	USA,	but	

mixed	 with	 gentamicin	 or	 tobramycin	 it	 is	 approved	 for	 use	 in	 Canada,	

Europe,	 and	 other	 countries.	 A	 few	 calcium	 phosphate	 cement	 brands	

(Calcibon®,	 Bonesource®)	 show	 a	 constant	 gentamicin	 release	 for	 5	 days,	

but	these	cements	do	not	fully	degrade	and	maintain	to	contain	part	of	their	

antibiotic	 content.	 Synthetic	 polymers	 for	 drug	 delivery	 are	 not	 yet	

commercially	available.	 	



39 

 

 

	

An	 ideal	 antibiotic	 carrier	 for	 the	 treatment	 of	 osteomyelitis	 is	

characterised	 by	 good	 biocompatibility,	 controllable	 degradation	 kinetics,	

the	 ability	 to	 incorporate	 and	 release	 any	 antibiotic	 desired	 for	 treatment	

for	 an	 extended	 period	 at	 adequate	 levels,	 preferably	 with	 a	 zero-order	

release	 kinetics	 (constant	 drug	 release	 over	 time).	 Although	 antibiotic-

loaded	 PMMA	 is	 frequently	 used	 for	 treatment	 of	 chronic	 osteomyelitis	

[Nandi	et	al.	2009],	PMMA	is	not	an	ideal	antibiotic	carrier,	mainly	because	

it	does	not	degrade	and	exhibits	suboptimal	release	characteristics.	

Degradable	 collagen	 fleeces	 and	 calcium-based	 carriers	 are	 known	

to	 release	 large	amounts	of	antibiotics	 in	 the	 first	24	h	after	 implantation,	

while	prolonged	 release	 is	not	guaranteed.	Moreover,	 collagen	 fleeces	and	

calcium	 sulphate	 absorb	 large	 amounts	 of	 water,	 and	 these	 carriers	

therewith	 stimulate	 seroma	 formation	 and	 increase	 the	 risk	 of	 secondary	

infection	[Ziran	et	al.	2007].	Among	the	polylactic/polyglycolic	acid	carriers,	

the	co-polymer	PLGA	shows	the	best	release	characteristics	determined	by	

bulk	 erosion,	 but	 all	 carriers	 are	 known	 to	 produce	 acidic	 degradation	

products	that	can	lead	to	bone	resorption	[Böstman	et	al.	1990;	Taylor	et	al.	

1994;	 Ding	 &	 Schwendenman	 2008].	 Based	 on	 their	 zero-order	 release	

kinetics	 and	 absence	 of	 acidic	 degradation	 products,	 surface	 eroding	

polycarbonate	 carriers	 are	 preferred,	 but	 in	 vivo	 research	 into	 surface	

eroding	synthetic	polymers	is	still	in	its	infancy.	
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The	 use	 of	 non-degradable	 PMMA	 carriers	 has	 proven	 its	 worth	 in	 the	

delivery	of	small	hydrophilic	antibiotics,	 like	aminoglycosides.	The	basis	of	

its	 success	was	 built	 on	 favourable	 release	 kinetics	 of	 gentamicin	 [Wahlig	

1987].	 The	 need	 to	 surgically	 remove	 non-degradable	 carriers	 after	

treatment	 however,	 has	 prompted	 researchers	 to	 search	 for	 degradable	

carrier	 alternatives.	 However,	 less	 known	 but	 equally	 important	

disadvantages	 of	 PMMA	 carriers	 are	 imperfect	 short-lived	 release	

characteristics	with	several	antibiotics	and	incompatibility	with	others,	 for	

instance	 those	 that	 are	 hydrophobic,	 too	 large,	 or	 are	 affected	 by	 or	

interfere	with	polymerisation	of	the	carrier.	Alarmingly,	optimizing	the	tail-

release	of	antibiotics	 from	PMMA	by	 increasing	 its	porosity	only	holds	 for	

easily	diffusing	antibiotics,	like	the	aminoglycosides	(see	also	figure	1A	and	

B).	 The	 tail-release	 of	 large	 or	 hydrophobic	 antibiotics	 from	 PMMA	 still	

rapidly	falls	back	in	time.	This	might	partially	explain	why	a	high	number	of	

osteomyelitis	 relapses	 occur	 and	 antibiotic	 resistance	 is	 becoming	 more	

common.	

Among	 the	 materials	 used	 for	 degradable	 carriers	 are	 natural	

polymers,	 bone	 graft	 substitutes,	 and	 synthetic	 polymers,	 of	 which	 only	

collagen	fleeces,	calcium	sulphates	and	phosphates	are	approved	for	clinical	

use.	Kinetics	of	antibiotic	delivery	by	 these	carriers	 indicate	burst	 release,	

for	the	greater	part	caused	by	diffusion.	Degrading	synthetic	polymers	show	

better	 release	 profiles,	 primarily	 based	 on	 bulk	 erosion.	 Polyesters	 like	

PLGA	and	PDLLA	however,	yield	acidic	degradation	products,	which	make	it	

only	usable	for	application	involving	small	volumes	of	the	material,	such	as	
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for	gentamicin-loaded	coatings	on	tibia	nails	[Lucke	et	al.	2003;	Scmidmaier	

et	al.	2006]	and	cementless	prostheses	[Neut	et	al.	2012].	

Research	 in	 new	 treatment	 modalities	 for	 chronic	 osteomyelitis	

should	focus	on	new	antibiotic	delivery	devices	that	are	biocompatible	and	

able	to	release	any	antibiotic	at	high	concentrations	for	an	extended	period	

of	time.	Devices	should	be	proven	to	improve	outcomes	in	the	treatment	of	

chronic	 osteomyelitis	 through	 the	 use	 of	 randomised	 controlled	 trials.	 In	

order	to	create	an	ideal	concentration	for	local	treatment,	 it	 is	our	opinion	

that	a	carrier	has	to	exhibit	controllable,	zero-order	release	 in	time,	which	

can	be	achieved	with	surface	eroding	polymers.	

PTMC	 degrades	 without	 releasing	 acidic	 products,	 which	 is	 one	

reason	 why	 it	 should	 be	 preferred	 above	 carriers	 made	 from	 PLGA	 or	

PDLLA.	 As	 a	 second	 advantage	 however,	 they	 are	 surface	 eroding,	 which	

yields	 a	 constant	 release	 over	 time.	 Therewith	 long	 tail-release	 of	 sub-

inhibitory	 concentrations	 of	 antibiotics	 is	 avoided.	 As	 osteomyelitis	 is	

increasingly	 caused	 by	 antibiotic-resistant	 bacteria,	 it	 is	 important	 that	

PTMC	 can	 also	 release	 vancomycin	 (the	 last	 resort	 antibiotic	 for	 resistant	

bacteria)	with	zero-order	release	kinetics	(see	chapter	III).	

Research	 in	 this	 field	 is	 still	 developing,	 but	 could	 be	 of	 high	

importance	 in	 the	 near	 future.	 Most	 probably,	 toxic	 levels	 due	 to	 burst	

release	 and	 sub-therapeutic	 tail-release	 are	 preventable.	 New	 promising	

carriers	for	the	treatment	of	osteomyelitis	are	to	be	compared	to	standard	

treatment	 in	 in	 vivo	 trials.	 Conversely,	 research	 on	 degradable	 delivery	

devices	 that	 are	 outdated	 because	 of	 obvious	 reasons	 regarding	

biocompatibility	 or	 release	 profiles	 should	 be	 abandoned.	 In	 that	 way,	

adequate	carriers	can	be	developed,	ultimately	reducing	antibiotic	misuse,	

resistance,	patient	morbidity	and	health-care	costs.	
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