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Abstract

This paper reviews recent advances concerning  

antibiotic-loaded microparticles application in osteo-

myelitis treatment. We discuss different methods 

utilized for microparticles’ preparation, i.e. double 

emulsification, simple emulsification and spray drying. 

Materials comprised of sphere-shaped matrices are 

also presented. We point out that the most commonly 

used microsphere-building components are biodegrad-

able aliphatic polyesters such as poly(lactide-co-gli-

colide) PLGA, poly(sebacic-ricinoleic-ester-anhydride)  

P(SA-RA) and poly(lactic-co-hydroxymethyl glycolic 

acid) PLHMGA. Biopolymers like gelatin, starch or  

chitosan are also applied as antibiotic carriers. Rela-

tionship between preparation method, type of material 

and its crosslinking degree, microparticles’ immobili-

zation steps and the amount of loaded antibiotic are 

reported as the main factors controlling release rate of 

drugs in osteomyelitis treatment. And finally, several 

approaches to produce injectable formulations as 

well as implantable three dimensional scaffolds with 

the use of microparticles are described. All in all, this 

proves that antibiotic-loaded microspheres are a ver-

satile form of biomaterials in osteomyelitis therapy.
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Introduction

Osteomyelitis is thought to be an immediate or chronic 

result of microbial residence directly in bone or bone marrow, 

which leads to bone loss and spreading of the infections to 

surrounding tissues [1-3]. Every year many patients suffer 

from infections caused by a variety of microbiological agents, 

mostly Staphylococcus aureus and Staphylococcus epider-

midis [4-6]. Usually the localizations at which osteomyelitis 

is most often encountered are long bones or a part of the 

upper limb, for example the humerus [4]. Unfortunately, 

the diagnosis of osteomyelitis is quite complicated, which 

is a result of the diversity of symptoms. Additionally, it often 

takes more than two weeks after observation of the onset 

of signs to firmly identify the origin of bone malfunction as 

osteomyelitis [4]. Such a highly serious threat is frequently 

encountered when implants are placed via surgical proce-

dures. The risk of infection is high, because materials which 

are used for skeletal implant formation demonstrate a strong 

tendency to adsorb microorganisms onto their surfaces [7]. 

Furthermore, patient skin and mucosa are areas densely 

occupied with microbes, which generate extreme danger 

of implant contamination [7-10]. All in all, risk of serious 

infections, causing malignant abscesses formation, are 

substantial. In the above fields, there is an extremely strong 

attempt to cure and also prevent infections originating from 

osteomyelitis. 

One of the possible solutions to deal with osteomyeli-

tis is aminoglycoside antibiotic application. Gentamicin 

sulphate is the most widely used antyostemyelitic factor. 

Currently, there are two main procedures utilized to ad-

minister gentamicin during bone regeneration. The first 

method involves intravenous injections using an indwelling 

catheter [11] while the second involves local implantation of 

bone cement composed of polymethylmethacrylate beads 

or calcium phosphate saturated with gentamicin [12,13]. 

Overall, the role of gentamicin in skeletal tissue regenera-

tion has been in detail reported in the work of Mourino and 

Boccaccini [14].

A very promising solution seems to be gentamicin encap-

sulation, opening the possibility of its local and sustained 

administration [15]. Local delivery of antibiotics ensures 

significant increase in bactericidal activity, lowers the 

extent of bacterial resistance and the allergization quota, 

and shows higher biological stability by preventing in vivo 

degradation [5,16-19]. Besides, there is a need to control 

drug release for the required period of time. Antibiotic ad-

ministration at a proper level must last at least 3-6 weeks 

[20,21]. It is believed that this period of time is sufficient 

to achieve substantial wound vascularization [22]. Other 

authors claim that such a compulsory period should last no 

less than 6-8 weeks [23,24]. Fibrin seal coats, PMMA beads 

available commercially for the last 10 years and collagen 

sponges showed antibiotic release time no longer than  

4 days, which is in general not enough achieve sufficient 

therapeutic effects [17]. Thus, application of gentamicin-

loaded microspherical particles demonstrating longer 

gentamicin release times seems to be an effective method 

to treat osteomyelitis. 

This paper reviews recent advances in the method of 

osteomyelitis treatment using spherical-shaped gentamicin 

delivery systems. In detail, different methods, materials as 

well as applicative approaches adopted to antibiotic-loaded 

spherically shapes implants are discussed. Finally a course 

for perspective investigations is proposed to researchers. 

Sphere-shaped microcarriers 

containing gentamicin

There are different methods to produce microparticles 

for drug delivery systems among which the double emul-

sification technique is the most widely used. But simple 

emulsification and spray drying can be applied as well.  

In general, particles which are characterized as micro-

sized spherical constructs (30-300 μm), are capable of 

encapsulating gentamicin within its structure up to 6.0% 

in relation to overall formulation mass, which can confine 

more than 70% of initial drug ratio. The antibiotic in vitro 

releases phase reflecting sustained administration in vivo 

can last up to 60 days or even longer. An overview of ma-

terials and manufacturing methods to produce gentamicin 

loaded microcarriers are discussed in this section and 

summarized in TABLE 1.
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TABLE 1. Methods, materials and characteristics of gentamicin loaded microparticles.

Double emulsification water/oil/water (W1/O/W2)

The W1/O/W2 technique in general implies dispersion 

droplets of water/oil (W/O) primary emulsion into an external 

aqueous phase, which is thought to constitute the second 

emulsification step [25]. The primary W/O emulsion, in order 

to obtain small droplets, demands quite high-shear conditions 

of preparation, while during the secondary emulsification 

step, the procedure uses lower shear, necessary to avoid 

internal droplet rupture [26]. During microparticle preparation 

for bone tissue regeneration, a primary emulsion is often 

composed of gentamicin loaded buffered solution, which is 

dispersed in polymer (e.g. PLGA) in a nonpolar solution only 

partially miscible or totally immiscible with water, which is 

further suspended in an external buffered phase. Organic 

solvent evaporation solidifies double walled microcapsules 

carrying entrapped antibiotic.

The methodology described here was utilized to obtain 

sphere-shaped micro-sized particles by Chaisri et al. [27]. 

The materials used were (D,L-lactide-co-glyclide) (PLGA) 

with a ratio of 60/40 and poly(lactic-co-hydroxymethyl 

glycolic acid) (PLHMGA) with a ratio of 35/65. Material 

substitution allowed development of a system solubilizing 

ca. 60% of initial drug ratio. Authors also noticed a strong 

relationship between microparticles’ porosity and cumulative 

gentamicin release. Porosity on the other hand was mainly 

governed by initial copolymer concentration - increase of 

PLGA or PLHMGA amount apparently diminished pores’ 

volume, which further was a cause of slower release rate. 

It was also observed that amount of gentamicin confined to 

microparticle hydrophobic core depended mostly on osmotic 

pressure of the inner emulsified buffered phase. All to all,  

a highly positive effect was achieved when osmotic pressure 

of inner hydrophilic phase had been, by changing buffer 

osmolarity, reduced in relation to external water phase. 

An indubitable correlation between phase compositions 

and microparticles fabrication process was also pointed out in 

the research paper of Kempen et al. [28], where PLGA 50/50 

was used. The microobjects were also obtained by a double 

emulsion technique, but the external aqueous phase was 

enriched with a little amount of isopropyl alcohol. This step 

caused immediate organic solvent (methylene chloride) ex-

traction and instantaneous microsphere solidification, which 

overall greatly reduced microparticles’ preparation time. 

     Shlapp et al. [29,30] on the other hand developed 

sphere-shaped microcapsules composed of a mixed system 

of PLGA (50/50). More specifically, a blend of Resomers  

RG 502H (Mw=13,500 Da) and RG 503 (Mw=16,300 Da) was 

used. After formation of antibiotic loaded microparticles, the 

formulation was immersed in a preswollen (pH=4.5) and 

homogenized suspension (pI~7.0) of insoluble collagen.  

The mixture obtained was then transferred into polypro-

pylene dishes and freeze dried. By sedimentation studies 

authors proved a direct relationship between microparticles’ 

fast settling rate and dramatic loss of final collagen/micro-

particles’ composite uniformity. This problem was overcome 

by viscosity adjustment, which turned out to be a critical 

control point. The physical feature was further adjusted by 

pH suspension change, temperature of dispersion, rate of 

temperature loss during freeze-drying and collagen con-

centration.

What is also worth mentioning is that a relationship be-

tween the details of double emulsification as a microsphere 

fabrication method and gentamicin release mechanism 

was noticed by Virto et al. [31]. Significant differences were 

detected between uniformity of batches obtained when the 

emulsion was homogenized (batch 1) and ultrasonicated 

(batch 2). A remarkable initial burst of gentamicin from the 

homogenized composition (extremely steep slope of cumu-

lative release curve) was noticed, while the ultrasonicated 

composition showed a much slower profile (gentle slope 

of cumulative release curve). In order to explain the phe-

nomenon authors postulated that oily solvent evaporation 

during ultrasonication created a ‘labyrinth’ porosities winding 

through the solidifying microstructures. Labyrinth porosities, 

facilitated water penetration into microsphere structure that 

directly influenced gentamicin release. Greater water avail-

ability through porosities could also cause a greater auto-

catalytic effect of polymer degradation observed to batch 

2, which was also pointed out as a reason for slower drug 

release. In the case of homogenization this phenomenon 

was observed to a lesser extent. It should be mentioned that 

in ultrasonicated microparticles it was possible to encapsu-

late more gentamicin than in the homogenized composition, 

which was also advantageous.

No. Method Material
Size 

[µm]

Drug encapsula-

tion efficiency 

[%]

Drug loading 

capacity 

[%]

Drug release profile Ref.

I.

DOUBLE 

EMULSIFICATION  

W1/O/W2

PLGA 

(60/40)
39.0 ± 0.4 75.7 ± 5.3 6.40 ± 0.41

ca. 60 days, 60% relea-

sed, gentle burst release
[27]

PLHMGA (35/65) ca. 23.2 75.4 ± 12.0 6.92 ± 1.10
ca. 60 days, 60% relea-

sed, gentle burst release
[27]

PLGA 

(50:50)
370 ± 130 ca. 50 15 ± 3 

12 days, 100% released, 

sigmoidal shape
[30]

PLGA (50:50) 

- BATCH 

HOMOGENIZED

< 20 ca.17.8 ca. 0.18

ca. 22 days, 100% 

release, very sharp burst 

release phase

[31]

PLGA (50:50) - 

BATCH ULTRA-

SONICATED

20 - 40 ca. 53.0 - 97.9 
ca. 0.53 

- 0.97

ca. 30 days, 100% 

released, very gentle 

burst release

[31]

II.  SPRAY DRY

PLGA  (65/35), 

PLLA   (50/50), 

PEG, 

Methylcellulose

150 - 300 ca. 26 - 60 

ca. 50 days, 100% 

released, sigmoidal or 

delayed release profile 

(discs)

[32]

III. EMULSIFICATION Chitosan  60 - 125 ca. 67  - 55 
ca. 4.8 

- 27.1

ca. 30 days, 70% relea-

sed, no burst release
[22]
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Spray drying is a technique that can be finely tailored 

to produce antibiotic loaded microparticles. The difference 

between this method and double emulsification is very small 

and concerns the last stage - method of organic solvent 

removal. Naraharisetti et al. [32] obtained single-walled 

microspheres by spray drying of the suspension made of 

gentamicin solution added drop by drop to polymer (PLGA, 

PEG or methylcellulose) dissolved in organic solvent (dichlo-

romethane or ethyl acetate) while sonication. A different ap-

proach, based on limited solubility of concentrated polymer 

solutions, was used to create double-walled microparticles. 

The gentamicin portion was sonicated in organic solution 

(dichloromethane) and after the antibiotic had been uniformly 

suspended, PLGA was added to dissolve. This was followed 

by addition of PLLA concentrated solution 

(dichloromethane). Finally, the mixture was 

transferred to surfactant solution (polyvinyl 

alcohol) and stirred until microspheres were 

solidified. Then, the particles were pressed 

to form discs. The effect of performed experi-

ment clearly showed biphasic discs degra-

dation curve causing two-step gentamicin 

release. An initial burst was observed, which 

was possibly connected with escape of the 

outer portion of antibiotic, followed by a lag 

phase and second burst, attributed to bulk 

degradation of the polymer. What was also 

noticed was that 10% PEG addition to discs 

forming material dramatically increased the 

pore sizes, which was connected with almost 

100% gentamicin release during initial burst 

phase. What is more, faster release rates 

were obtained in general for smaller micro-

spheres than for bigger objects. Overall as 

polylactic acid chains tended to settle as 

a shell of the microparticle (the outer part) 

instead of a core (the inner part), antibiotic 

escaped also much more easily when it was 

initially solubilized in PLLA than in PLGA. 

Emulsification

Although the double emulsification appears to be an 

effective preparation method, it is not an exclusive option. 

In the work of Balmayor et al. [22] a single emulsification 

method was proposed to produce microspheres made of 

chitosan (poly β-(1-4))N-acetyl-d-glucosamine) and starch. 

In order to do this chitosan, oxidized starch and gentamicin 

in solutions were added drop-wise and emulsified in a mix-

ture of water, mineral oil and Tween 80. After the emulsion 

had completely formed, cold acetone was added which 

solidified the spherical particles. As final stage crosslink-

ing of microspheres’ internal structure was performed by 

tripolyphosphate (TTP). 

In a work of Shi et al. [33] gelatin aqueous solution was 

emulsified via a simple W/O emulsification technique in olive 

oil, which was followed by crosslinking with glutaraldehyde. 

Obtained microparticles were then swollen with buffered 

antibiotic solution. Formulation was then manually blended 

with poly(methyl methacrylate), supplied with the methacr-

ylate monomer as well until a dough-like paste was obtained. 

Interestingly, authors observed a strong link between freeze-

drying the final construct and release parameters. Fact of 

freeze-drying operation significantly reduced burst release 

and made the sustained release phase much longer. The 

relationship between construct porosity and release kinetics 

was, as previously mentioned, also described.

Methodology of microspheres 

processing and application 

Bone malfunctions resulting from osteomyelitis can be 

very complex. Taking into account different types of bone 

defects and treatment procedures gentamicin delivery sys-

tems should meet the requirements of individual needs [34]. 

Spherically-shaped microparticles show great potential in 

the prevention and treatment of bone infections, since it is 

possible to create injectable implants based on them, bind 

them to form semiporous solid structures or immobilize 

them into highly porous 3D scaffolds. The approaches of 

microspheres processing into drug delivery systems and/or 

medical devices are shown in FIG. 1. 

FIG. 1. The approaches of microspheres processing into drug delivery 
systems and/or medical devices in skeletal tissue therapies.

Injectable formulations containing microparticles

According to work of Balmayor et al. [22] gentamicin-

carrying chitosan microspheres, after being collected and 

rinsed with water/acetone mixture, were immersed in sodium 

carbonate buffer. It allowed a crosslinking reaction between 

aldehyde groups of oxidized starch, placed in emulsion mix-

ture simultaneously with chitozan, and primary amino acid 

groups from chitosan. Afterwards, to confer imine bond stabi-

lization as well as reduce excess of aldehyde groups, treat-

ment in NaBH4 was applied. So microspheres developed 

during this experiments were ‘starch crosslinked’. Authors 

made an observation that creation of extra bonds between 

biopolymers inside microparticles (described in section 2.3 

TTP crosslinking) or within overall microcoposite structures 

(imine bonds formation) could serve as a sensitive control 

point of gentamicin release rate, since initial burst phase in 

crosslinked microcomposites was significantly diminished 

in relation to noncrosslinked. 

In another work [35] gentamicin was transferred into a bone 

defect by injection of polymeric solid suspension obtained by 

trituration poly(sebacic-co-ricinoleic-ester-anhydride) 3:7 w/w 

ratio (P(SA-RA)) with antibiotic particles (consistency of paste). 

Results of a biological assay performed on 10 week male os-

teomyelitis-induced Winstar rats proved the proper applicabil-

ity as well as the therapeutic effect of (P(SA-RA)) blended with 

antibiotic. Exactly the same polymer (P(SA-RA)) 2:8 (w/w) 

was used by Brin et al. [36] to obtain polymer paste, in which 

a gentamicin amount as high as 20% (w/w) was triturated.  
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tibias of rats; into left tibias plain polymer was placed, which 

was thought to constitute a reference. The whole proce-

dure was performed after tibia were infected by S. aureus, 

which induced osteomyelitis confirmed after 21 days by 

X-ray analysis. Placing polymer paste with gentamicin into 

osteomyelitic tibia prevented abscess formation as well as 

the presence of microbes, while on the other hand, in the 

left tibia abscesses were clearly identified. In the left tibia 

bacterial colonies were also detected. These two research 

papers confirm the high utility of injectable formulations in 

gentamicin administration. 

Semiporous solid structures

The second possible route regarding implant formation 

is to suspend microspheres in the hydrogel matrix, press or 

pack the mixture tightly into shape forming molds and sub-

sequently remove water molecules. The strategy described 

here was used for example by Naraharisetti et al. [32] and 

Shlapp et al. [29] where chitosan/PLGA microspheres were 

suspended in a collagen hydrogel. In brief, microparticles 

were mixed with preswollen collagen (enriched with a por-

tion of antiobiotic as well), poured into PP dishes and then 

freeze dried. As a result, a porous collagen carrier bearing 

tightly packed microparticles was obtained. The manner 

described turned out to be successful - microcomposites 

altogether resistant to physical separation upon mechani-

cal stress were produced. Process parameter optimization 

enabled authors to achieve gentamicin release over 7 days. 

Gentamicin external solubilization in the collagen carrier was 

sufficient to reach quickly a high level of antibiotic which was 

sustained by release from microparticles. 

A quite different approach was presented by Jiang et al. 

[37]. Microcomposite implant was developed by packing 

chitosan/PLGA microspheres into cylindrical stainless steel 

molds. Filled molds were then pressed, heated and process 

parameters (time, temperature) were optimized in order to 

achieve bond formation between touching microspheres, 

which sticks them together into a solid implant. Results of 

experiments performed clearly showed that such micro-

composites degraded much more slowly than pure PLGA 

scaffolds and simultaneously were able to guide new bone 

formation during in vivo studies. What is more, enrichment 

PLGA with chitosan provided an opportunity to functionalize 

the implant surface, which created the possibility of introduc-

ing additional modifications.

Microspheres immobilized into 3D scaffolds

The strategy of microsphere immobilization was demon-

strated by Son et al. [38], who introduced PLGA microparti-

cles into porous calcium phosphate granules. First, hyroxya-

patite and tricalcium phosphate particles were suspended 

in alginate solution, poured by syringe into liquid nitrogen 

to obtain spherical shape granules and freeze-dried. Then 

polymeric microspheres were obtained via double emulsifi-

cation, which was followed by poly(ethylene imine) (cationic 

macromolecule) adsorption onto microspheres’ external 

surface. This step was applied in order to modify surface 

charge so finally it was possible to embed polymeric micro-

particles in the calcium phosphate granules via electrostatic 

attractions. 

An interesting approach was presented in the work of Shi 

et al. [33], where sphericity of antibiotic-loaded microspheres 

was utilized as a pore forming factor. The mixture composed 

of gelatin microparticles and PMMA was then transferred 

into Teflon dishes and left until it completely solidified.  

Microparticles were used as a precursor of implant porosity, 

which after disruption and gentamicin release left the PMMA 

construct highly porous. It was shown that the microparticles, 

beside drug delivery function, could be employed as a pore 

forming factor. 

Kempen et al. [28] on the other hand prepared various 

kinds of 3D structures, with internally immobilized micro-

particles. One such structure was a collagen hydrogel, 

which was fabricated by mixing a collagen suspension with 

a crosslinking agent (glutaraldehyde). For microsphere 

immobilization, dried collagen hydrogels were simply 

incubated with aliquots containing weighted amounts of 

spheres. Microparticles were also immobilized in porous 

poly(propylene fumarate) (PPF) scaffolds by transferring 

both to a syringe and forced to a cylindrical glass mold.  

The polymerization reaction was performed under UV light, 

at room temperature. Microparticles immobilized in PPF 

scaffolds were subsequently embedded in the collagen 

hydrogel. Every additional microparticles immobilization 

step (collagen gel, PPF scaffold, PPF scaffold in collagen 

gel) significantly reduced burst release effect in drug release 

studies. 

Conclusions

In summary, it was shown that microspheres can be 

prepared via different methods, sharing in every case the 

easiness of preparation. Antibiotic agents can be suc-

cessfully incorporated into such materials, with quite high 

quantities. The usage of sphere shaped microcarriers seems 

to be a perspective procedure and a strategy to deal with 

the antibiotic burst release problem, as a multilevel drug 

release rate was demonstrated. Drug release can be finely 

adjusted, which reflects microparticles’ applicability potential 

if it comes to osteomyelitis cure or prevention. On the other 

hand, by taking advantage of microparticles sphericity, an 

implant suitable to almost every complex case of bone 

trauma in various configurations (injectable or implantable) 

can be obtained. All in all, microspheres’ application in 

implant manufacturing constitutes an innovative approach 

and a promising path to solve the problem of infections ac-

companying treatment of defects in skeletal tissues.
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