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 � Infection in orthopaedic and trauma surgery remains a 
destructive complication with particularly challenging 
diagnosis and treatment due to bacterial antibiotic resis-
tance and biofilm formation.

 � Along with surgical debridement and systemic antibiotics, 
an important type of adjuvant therapy is local antibiotic 
delivery, with the purpose of eliminating bacterial coloni-
zation and biofilm development.

 � Calcium sulphate, as a synthetic absorbable biomate-
rial used for local antibiotic delivery, has experienced an 
increasing popularity during the last decade, with multiple 
promoted advantages such as predictable antibiotic elu-
tion kinetics, complete and quick biodegradation, good 
biocompatibility, and limited associated complications.

 � A series of commercially available antibiotic-delivery sys-
tems based on calcium sulphate are under investigation 
and in clinical use, with different presentations, composi-
tions, and application techniques.

 � The current article presents the main available calcium- 
sulphate-based products and the existing data about the 
clinical and preclinical research results, stemming from their 
implementation as local antibiotic carriers for surgical site 
and implant-associated infections treatment and prevention.
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Introduction
Infection associated with orthopaedic implants or surgi-
cal site infections is a deleterious complication, resulting 

in considerable rates of morbidity and mortality. Further-
more, management of this complication is incredibly chal-
lenging, with exceedingly high associated financial and 
psychological burden.1,2 Despite the progress in preven-
tion, a sustained increase in the number of orthopaedic 
traumatology and joint replacement surgeries has also 
increased the total tally of cases complicated by infection. 
The incidence of infection associated with primary hip or 
knee arthroplasty interventions can reach up to 1–2%, 
with even higher numbers after revision surgery.3 Sur-
gical site infections incidence following fracture fixation 
reaches considerable percentages, especially in the setting 
of open fracture treatment.4,5 Tremendous improvements 
have been added to the understanding and treatment 
principles of infection in orthopaedics but the race to miti-
gate it still has a long way to go.

Treatment principles
A particularly important principle in the etiopathogenesis 
of implant-associated infections provides the rationale for 
the difficulty of achieving the best treatment strategy. The 
‘race to the surface’ concept, states that bacteria and host 
tissue compete for the surface of the implants. If bacterial 
adherence and colonization ensues first, then the eradica-
tion of infection becomes difficult.6 This is due to biofilm 
which is a conglomeration of bacteria embedded in a self-
synthesized mass composed of extracellular polymeric 
substances (EPSs), very adherent to the underlying sur-
face. Biofilms provide infection persistence by shielding 
the microorganisms from the action of the host’s immune 
system and antibiotics (antibiotic tolerance) and allow-
ing phenotypic and genotypic changes (antibiotic resist-
ance).7 It has been stipulated that tolerance to antibiotics 
of bacteria included in this layer is one hundred to one 
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thousand times higher compared to the free-floating, so-
called planktonic bacteria. Furthermore, after maturation, 
the biofilm can become a source of septic emboli which 
can seed other distant locations.8,9 Not only is the treat-
ment complicated by the presence of the biofilm but so is 
the diagnostic process, which depends on a specific and 
sensitive microbiological identification. For this purpose, 
novel techniques such as implant sonication have been 
developed which can break down the biofilm using low-
intensity ultrasound waves and which allow isolation of 
pathogens.10

Treatment strategy is based on antibiotic use alone or 
in conjunction with surgical debridement. Myriad fac-
tors influence the overall management algorithm includ-
ing patient-specific factors, accuracy of diagnosis, type of 
microorganism and susceptibility profile to antibiotics, 
location, extension, implant loosening and most impor-
tantly the type of infection defined by time of occurrence 
(acute or chronic). Timing is of great significance because, 
in conjunction with the type of causative bacteria, it can 
predict the formation of biofilm and thus the indication 
for implant removal.11,12 Once the biofilm has occurred, 
systemic antibiotic therapy becomes ineffective, especially 
when poorly vascularized scar tissue is also present at the 
infection site.

Great efforts have been made to define acute and 
chronic implant-related infections, especially when it 
comes to arthroplasty, to guide the decision of retaining 
or changing the components during surgical treatment. 
The latest consensus states that the infectious process, 
and the biofilm formation, is a continuum and a clear-
cut time for defining an acute or chronic stage cannot be 
based on duration of symptomatology or time from initial 
surgery. For establishing the best management strategy 
some other variables such as bacterial virulence, implant 
stability and status of the patient must be taken into 
consideration.13

When the situation is favourable a Debridement Anti-
biotics and Implant Retention (DAIR) procedure can be 
implemented, which consists of surgical debridement, 
antibiotic therapy, and implant retention (with exchange 
of the modular components). Its success is based on the 
absence of a mature biofilm which is produced at spe-
cific rates by different species of bacteria. The indication 
for such an approach is a case of early postoperative or 
acute haematogenous implant-related infection, with 
symptomatology lasting no more than 30 days.14 Most of 
the cases demand revision of all components in either a 
one-stage or a two-stage procedure. Despite its increas-
ing acceptance during the last decade, the one-stage 
exchange is suited only for immunocompetent patients, 
without critical soft tissue or bone damage and for whom 
the causative bacteria and its susceptibility have been 
determined.15 The two-stage approach usually implies 

the use of articulating or non-articulating spacers, loaded 
with antibiotics adjusted to the bacterial susceptibility or 
a broad-spectrum antibiotic when the causative microor-
ganism has not been identified.16

Biomaterials used for local antibiotic 
delivery
Even though, in some cases, the systemic administration 
of antibiotics is enough for infection eradication, preven-
tion and most treatment strategies rely on concomitant 
local antibiotic delivery. This is based on the principle that 
local minimal inhibitory concentration (MIC) or minimum 
bactericidal concentration (MBC) and minimum biofilm 
eradication concentration (MBEC) of antibiotics cannot be 
achieved only by systemic treatment due to biofilm forma-
tion and poor vascular supply.17 For this purpose different 
biomaterials have been used and/or are under investiga-
tion, which can deliver antibiotics locally, fill the ‘dead 
space’ and, when needed, provide reconstruction mate-
rial for bone defects. Based on their characteristics the two 
main categories of materials used for local antibiotic treat-
ment are non-degradable and biodegradable.

The most prevalent non-biodegradable material used 
for decades in orthopaedic surgery, not only for antibi-
otic delivery, but also for reconstruction and endopros-
thetic component fixation, is polymethyl methacrylate 
(PMMA).18,19 It has a good biocompatibility and high 
versatility, and by combining it with different types of 
antibiotics it can be used for local dispatch, in the form 
of preformed beads or spacers. The main disadvantage is 
that after completely eluting the antibiotic it needs to be 
removed during a second surgical intervention because 
it can become a substrate for bacterial colonization like 
the osteosynthesis or arthroplasty implants.20 Other draw-
backs of PMMA are suboptimal drug elution kinetics and 
limitation to only heat-resistant antibiotics because of its 
highly exothermal setting reaction (most commonly Van-
comycin, Gentamycin and Tobramycin).21 Therefore the 
attention has shifted towards the biodegradable delivery 
alternatives comprised of three main groups: polymers, 
natural bone grafts and synthetic bone graft substitutes.

In the management of implant-related infections the 
choice of a specific antibiotic treatment is based on iden-
tification of the causative pathogen and type of infection, 
acute or chronic. For local antibiotic treatment, a few princi-
ples are particularly important: maintaining a concentration 
higher than MIC/MBC which tackles the planktonic bacteria 
for at least four to six weeks and a suitable tissue penetra-
tion in order not to cause local and systemic toxicity. When 
biofilm has already formed, tremendously higher antibiotic 
concentrations (up to 1000-fold increase) are necessary for 
eradicating the embedded microorganisms and the biofilm 
per se. This has been termed minimum biofilm eradicating 
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concentration (MBEC) and it must be maintained by the 
antibiotic eluting carrier for an extended time to counteract 
the extracellular polymeric layer. All this can be achieved 
through a good drug-release profile of the delivering mate-
rial. The elution kinetics of a biomaterial is highly related 
to its characteristics provided by composition, surface area, 
porosity, and affinity for water.22 Furthermore, the degra-
dation process must not only ensure an optimal antibiotic 
release, but it should be complete so it does not leave any 
substrate for bacterial colonization and needs to favour 
host tissue integration. The antibiotic release of biodegrad-
able materials occurs by three means: surface erosion layer 
by layer, bulk erosion and diffusion.23,24

Autologous or allogenic bone grafts are not usually 
used for antibiotic drug delivery due to unpredictable elu-
tion profiles and because of the infectious risk shown by 
inappropriately processed grafts. using a rigorous surgi-
cal protocol in combination with adequately prepared 
bone grafts in terms of purification, and efficient antibi-
otic impregnation techniques can be a safe and promising 
adjunctive option for local antibiotic treatment.25 Beside 
their extensive use in manufacturing of arthroscopic fixa-
tion devices, polymers have been studied as antibiotic car-
riers in the form of synthetic materials such as polylactic 
acid (PlA) or polyglycolic acid (PGA) or natural polymers 
such as chitosan, collagen, thrombin, or gelatin.26 In clini-
cal practice collagen type I, in the form of a mesh, sponge 
or fleeces, is the most used as local antibiotic delivery 
system. however, the literature is not conclusive on the 
ability of collagen to maintain a sustainable and predict-
able release of antibiotics and this, along with specific 
observed complications such as prolonged wound drain-
age, does not recommend them for implant-related infec-
tion treatment.27

Synthetic bone graft substitutes studied for local anti-
biotic delivery include bioactive glass, calcium phosphate 
and calcium sulphate ceramics. Bioactive glass is one 
of the first synthetic biomaterials developed, with good 
bone integration, osteoconductive and osteoinductive 
capabilities. Beside its high potential to form a strong 
physical bond to host tissue, it can provide mechanically 
sound grafting material. The high bioactivity results from 
the development of a silica gel layer on the glass, due to 
the release of soluble ions. On this newly formed layer 
calcium phosphate precipitation ensues, which then is 
transformed to hydroxyapatite.28–30 Furthermore, during 
the last decade, bioactive glass has gained momentum in 
the treatment of implant-related bone infection. For local 
antibiotic delivery, it seems that only glass composites 
(CaP-borate glass composite; chitosan-borate glass com-
posite) can achieve acceptable elution kinetics. Degrada-
tion speed depends on the composition and it has been 
proven that further investigation in this area is needed for 
establishing an ideal antibiotic delivery system based on 

bioactive glass. until solid data are provided by research 
into this synthetic biomaterial as an antibiotic delivery 
system its use for this purpose remains experimental and 
off-label.31–34

Calcium phosphate ceramics are probably the most 
popular synthetic graft substitutes investigated and imple-
mented for bone defect reconstruction. Their chemical 
structure resembles the mineral stage of bone, composed 
of calcium apatite and with particularly good osteocon-
ductivity. The mechanical properties and biodegradation 
profile of this type of ceramics are determined by their cal-
cium to phosphate ratio.

The natural form of calcium apatite, hydroxyapatite 
(Ca10[PO4]6[Oh]2) presents with superior osteoconduc-
tion potential, stimulatory effect on angiogenesis and 
bone-binding capability. unfortunately, the extremely 
high calcium content and crystalline structure impairs the 
mechanical strength and biodegradation process, which 
can extend over a long period. Even with the develop-
ment of innovative nanocrystalline hydroxyapatite the 
antibiotic elution profile is not optimal and predictable 
enough for efficient local drug release.35 Tricalcium phos-
phate (Ca3(PO4)2), in its betta variant (β-TCP) is another 
form of calcium apatite with orthopaedic applications that 
does not have a stable enough biodegradation profile to 
be used for local delivery of antibiotics.36,37 Compared to 
other delivery materials, calcium phosphate ceramics can 
only bind antibiotics on the surface, which does not pro-
vide the ideal application requirements. Nonetheless, the 
calcium phosphate cements which require a liquid hard-
ening agent can fully incorporate antibiotics and the set-
ting reaction of the cement is isothermal, so it does not 
restrict the use to only thermoresistant drugs. The prob-
lem comes yet again from the slow and sometimes incom-
plete degradation of the material, which can affect elution 
kinetics and promote local bacterial colonization.38,39 In 
order to tackle these disadvantages of calcium phosphate 
ceramics, a new wave of research in focused on develop-
ment of composite biomaterials.40–42

Calcium sulphate as antibiotic delivery 
device
Also known as Plaster of Paris, calcium sulphate (CS) has 
been used routinely in orthopaedics for an exceptionally 
long time as a manufacturing material for external frac-
ture fixation devices. Its use inside the human body is a 
relatively novel implementation and the early research 
and development was aimed at bone defect reconstruc-
tion and treatment of nonunion. Medical-grade calcium 
sulphate displays excellent biocompatibility and a deg-
radation profile remarkably close to bone formation, 
lasting between four to eight weeks.43,44 Furthermore, it 
possesses good osteoconductive and osteointegration 
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capabilities which have made it extremely popular for a 
multitude of medical applications, leading with bone 
defect reconstruction, drug delivery, guided tissue regen-
eration, endodontic surgery, sinus augmentation and 
ridge preservation.45

Calcium sulphate is a naturally occurring mineral as 
CS dihydrate (CaSO42h2O) which must be purified and 
processed into calcium hemihydrate for medical utiliza-
tion. This is achieved through calcination, which involves 
dehydration under intense heat. Even though it comes 
in two variations, an alpha and a beta form, mainly the 
α-hemihydrate is best suited for orthopaedic application 
due to better physical properties and a complete and 
predictable biodegradation profile, with minimal local 
inflammation.46

Medical CS comes as preformed products (pellets) or 
as a compound (cement) that must be mixed and allowed 
to set at time of use. The setting reaction of CS hemihy-
drate, after mixed with water, is a marginally exothermic 
reaction which is greatly influenced by contaminating 
inorganic or biological molecules. This is the reason why 
preset forms of CS are to be preferred, especially when 
used as drug delivery devices. Furthermore, an abnor-
mal setting process will affect the final composition and 
proprieties of the compound and thus its biodegrada-
tion profile. As a delivery system for different therapeutic 
agents, CS has been used for some time in combination 
with growth factors, antibiotics, or other drugs.47–50

It was suggested that pure calcium sulphate has anti-
microbial activity by creating an acidic microenvironment 
on its surface during in vivo degradation.51 For musculo-
skeletal infection treatment, CS has been combined with a 
variety of antimicrobial agents and used locally to mitigate 
bacterial colonization and biofilm formation. Manage-
ment of osteomyelitis benefits not only on the antimicro-
bial effect of local antibiotic release, but also on the bone 
regeneration potential provided by implanted calcium 
sulphate. Another advantage is that, due to its mildly 

exothermic setting reaction, CS can incorporate a larger 
diversity of antibiotics, not only thermoresistant agents. To 
improve the dissolution characteristics and physical pro-
prieties numerous investigations of calcium sulphate com-
posites have been implemented. Suggested combinations 
of CS with other materials such as autogenous or allogenic 
bone, calcium phosphate, hydroxyapatite, polylactic acid, 
bioactive glass, chitosan, gelatin or Platelet-Rich Plasma 
(PRP) have been analysed for bone regeneration and anti-
biotic delivery purposes. All the water-soluble antibiotics 
like aminoglycosides and vancomycin can be incorporated 
into calcium sulphate compounds and, because the in 
vivo dissolution is quick and complete, the release of the 
integrated antibiotics is quick. Nonetheless, even with a 
variable percentage of the total antibiotic quantity being 
released, an effective elution with concentrations higher 
than the MIC is maintained over a few weeks.52,53

Nowadays, the commercially available calcium sul-
phate products, used for musculoskeletal infection treat-
ment are based either on pure CS or composites made by 
combining CS with other biomaterials. Also, these com-
pounds can be preloaded with a certain antibiotic or can 
be charged with a drug of choice (Table 1).

Composite materials have been developed to improve 
mechanical characteristics of the final product. Good 
physical integrity is important for preventing the ingrowth 
of soft tissue, providing structural support and a scaffold 
for osteoconduction when used not only for bone defect 
reconstruction but also for osteomyelitis or implant-
associated infections. Nevertheless, by varying the com-
position, biodegradation profile (complete/incomplete; 
speed) and antibiotic elution kinetics (percentage, local 
concentration, time) are also changed. Surface area of the 
device determined by its shape and size, porosity of the 
material and its affinity for water also impact the release of 
antimicrobial agents.

When it comes to setting reaction of these products, for 
the majority this takes place ex vivo, except for when they 

Table 1. Commercially available calcium-sulphate-based products for musculoskeletal infection treatment

Product Composition Available 
configuration

Preloaded 
antibiotic

Approved antibiotics 
for mixing

Suggested optimal 
elution time (> MIC)

Stimulan® calcium sulphate 
hemihydrate

beads (3 mm, 4.8 
mm, 6 mm); paste; 
bullets (7 mm; 9 mm)

– Vancomycin, 
Gentamicin, 
Tobramycin

Over 40 days

OsteoSet-T® calcium sulphate 
hemihydrate

beads (3 mm, 4.8 
mm)

4% Tobramycin – 30–60 days

herafill-G® calcium sulphate; calcium 
carbonate; triglycerides

beads 1% Gentamicin – 3 days

Cerament-G® 60% calcium sulphate; 
40% hydroxyapatite

paste Gentamicin 17.5 
mg/ml

– 28 days

Cerament-V® 60% calcium sulphate; 
40% hydroxyapatite

paste Vancomycin 66 
mg/ml

– 28 days

PerOssal® 48.5% calcium sulphate; 
51.5% nanocrystalline 
hydroxyapatite

pellets (6 mm) – Vancomycin, 
Gentamicin, 
Tobramycin, Rifampicin

10 days
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are used as an injected paste (Cerament-V®; Cerament-
G®). Even though rapid setting compounds are available, 
and the reaction is just mildly exothermic, the possible 
contamination and the unpredictable conditions of the 
internal environment may alter the whole process and the 
final structure of the material. Custom antibiotic loading 
is achieved by adding the agent during the preparation 
of the setting compound (Stimulan®) or by soaking of the 
preformed material (PerOssal®) (Fig. 1).

The results documented by clinical research articles 
are derived mostly from osteomyelitis and surgical site 
infection (SSI) treatment with only three studies using 
control groups for comparison. Out of these only one 
was based on a randomized control trial, comparing the 
use of OsteoSet-T® with loaded PMMA beads, generally 
accepted as the gold standard for local antibiotic delivery. 
At the two ends of the spectrum one study compared the 
use of adjunctive OsteoSet-T® with only local debridement 
and another included multiple biomaterials for antibiotic 
delivery used for treating osteomyelitis. All publications 
reported good rates of eradication, ranging from 80% to 
100%, complete or almost-complete degradation of the 
biomaterial and new bone formation. The most common 
complication reported by the research evaluating calcium 
sulphate ceramics for antibiotic delivery is prolonged 
wound drainage. Be that as it may, this complication can-
not be directly corelated with infection recurrence.54,55 
Another valid observation is that composite materials 
exhibit longer biodegradation times when compared to 
pure calcium sulphate compounds. The time until com-
plete resorption of the calcium sulphate material, reported 

by the available studies in the literature, ranges between 3 
and 12 weeks after implantation.

As an adjuvant treatment in periprosthetic joint infec-
tion management, good research data are limited and 
inconsistent (Fig. 2). One study published in 2017 by Flierl 
et al concluded that application of antibiotic-impregnated 
CS beads does not appear to improve outcomes after ana-
lysing 32 DAIR procedures in the setting of acute hema-
togenous or acute postoperative periprosthetic joint 
infection.56 The only other study focused on assessment 
of only septic revision procedures augmented with local 
antibiotic delivery by CS beads was Kallala et al 2015, with 
a reported rate of 6.7% reinfection but a small number of 

Fig. 1 Preparation of calcium sulphate (CS) beads (Stimulan®) by combining the antibiotic-loaded aqueous solution with CS 
hemihydrate powder.

Fig. 2 Antibiotic-loaded calcium sulphate beads (Stimulan®) 
implanted around the endoprosthesis for infection prophylaxis.
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cases (15 patients).57 Another study by the same author 
published in 2018, based on a much higher number of 
cases, does not explicitly report the reinfection rate, which 
is 6.5% (23 out of 356 cases of septic revision). Nonethe-
less, the 2018 article included a mix of cases, with revision 
surgery performed for aseptic complications also. The 
same situation of mixed cases of septic and aseptic revi-
sion cases are presented by McPherson et al in 2013 and 
lum and Pereira in 2018, with reinfection rates of 2.4% 
(six patients out 250) and respectively no cases of reinfec-
tion out of 56 cases.58,59

Regarding specific complications of CS bead use for 
antibiotic delivery, probably the most exhaustive and rel-
evant article is the one published by Kallala et al in 2018, 
based on a methodical analysis of a large case series of 
755 patients who underwent hip or knee arthroplasty 
revision surgery with implantation of pure CS beads 
loaded with vancomycin and tobramycin. It reports three 
specific complications as prolonged wound drainage 
(4.2%; with a 3.2% to 51.0% range reported in the lit-
erature), transient hypercalcemia (5.4%) and heterotopic 
ossification (1.7%). A pertinent observation is that total 
volume of implanted beads directly correlates with the 
incidence of complications, especially for wound leakage 
and hypercalcemia. This brings the recommendation for 
precautionary measures against hypercalcemia, such as 
monitoring serum calcium levels, screening for specific 
comorbidities and limiting the volume of beads to 40 cc 
per intervention (80 cc if used intramedullary).60 Another 
possible deleterious effect of implanted CS beads which is 
under investigation refers to potential increased wear of 
the prosthetic joint articular surfaces by the interposition 
of the material beads and the mechanical abrasion during 
joint movement.

Going back to the basic principles, the main objectives 
for local antibiotic release provided by synthetic ceramics 
are to suppress the planktonic bacterial colonies, prevent 
biofilm formation on the implant surface and on their own 
surface, and, if possible, eliminate already formed biofilms. 
This can be achieved by ensuring local MIC/MBC and 
MBEC of antibiotics and having a predictable and com-
plete biodegradation profile. A study published in 2015 
by howlin et al used experimental research for evalua-
tion of pure calcium-sulphate 4.8-mm beads, loaded with 
tobramycin, vancomycin, or vancomycin-tobramycin in 
their ability to eradicate planktonic methicillin-resistant 
Staphylococcus aureus (MRSA) and Staphylococcus epi-
dermidis, prevent biofilm formation over multiple days 
and to eradicate preformed biofilms. The results showed 
that antibiotic elution from the CS beads was highly effec-
tive in eradicating the planktonic bacteria up to 39 days, 
when tailored to the microbial susceptibility profile. Fur-
thermore, the comparison with loaded PMMA beads, 

under same conditions, revealed shorter elution time up 
to 12 days. using confocal microscopy, scanning electron 
microscopy and cell counts it was revealed that the loaded 
beads have the potential to suppress bacterial coloniza-
tion, mitigate biofilm formation and partially eliminate 
established biofilm for up to 7–14 days. Nevertheless, this 
study provides consistent data but also highlights the chal-
lenge of biofilm eradication and the importance of pre-
vention measures and further in vivo investigations.61,62

Summary
Bacterial resistance to antibiotics, and biofilm forma-
tion are the greatest challenges for eradication of mus-
culoskeletal infections. Implant-associated infections are 
presumably underreported and undertreated because 
of the great difficulties in diagnosis, management, and 
the existence of very low-grade infections. Perfecting the 
prevention principles remains of utmost importance, but 
when infection occurs the need for implant removal must 
be mitigated and the most effective treatment applied, 
with systemic and local antibiotics. Even if, in many 
views, PMMA beads are the gold standard for local anti-
biotic delivery, modern biomaterials such as CS prepara-
tions and composites provide viable treatment options 
with comparable results. Nonetheless, in some situations 
when structural resistance is a crucial requirement, for 
spacers or component fixation, calcium sulphate ceram-
ics cannot replace PMMA. This brings into discussion the 
idea of combining the two systems to benefit from a syn-
ergistic therapeutic effect.

Calcium sulphate, as a drug delivery biomaterial, has 
demonstrated optimal degradation, mechanical and anti-
biotic elution characteristics and ensured its place in the 
future treatment strategies of musculoskeletal infection 
management. Nevertheless, there is a low level of evi-
dence and a limited number of studies published that can 
unequivocally prove its superiority over other materials. 
Maybe future research will provide revolutionary materi-
als based on CS which can incorporate new antimicrobials 
and delivery techniques.
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