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Abstract 

The most common infecting microorganisms in bone infections are staphylococci, namely 

Staphylococcus aureus and Staphylococcus epidermidis. Conventionally, complicated bone 

infections caused by Gram-positive bacteria are treated with vancomycin. However, 

emergence of resistant staphylococci to vancomycin led to the increased use of daptomycin, 

which is bactericidal against resistant staphylococci. However, in severe bone infections, 

daptomycin efficacy is often limited, due to insufficient drug bioavailability at the infected site 

and biofilm tolerance; hence novel approaches are needed to enhance daptomycin 

antibiofilm effect. 

Over the last decades, polymeric nano-/microparticles have emerged as a worthy strategy to 

enhance the antibiofilm effect of clinically available antibiotics. In this context, daptomycin 

was encapsulated into polymeric microparticles composed by poly(methyl methacrylate 

(PMMA), PMMA-Eudragit RL 100 (EUD) and poly-ε-caprolactone (PCL). Vancomycin-loaded 

microparticles were also prepared as controls. All particles were obtained by an optimised 

double emulsion-solvent evaporation method and subsequently freeze-died. The final 

particles presented a spherical morphology within the micrometre size range, high drug 

encapsulation and yield of preparation. Additionally, the effect of the microparticles on cell 

viability of ISO-compliant cells, fibroblasts, and osteoblasts was tested. Although some 

formulations induced a slight decrease in cell viability, none of them was considered 

cytotoxic. 

Bearing in mind the main objective of this work, daptomycin-loaded PMMA-EUD and PCL 

microparticles presented the highest in vitro drug release, with concentrations above the 

minimal inhibitory and bactericidal concentration of the tested strains. Nevertheless, the 

antibacterial activity of all formulations was assessed against planktonic and sessile clinically 

relevant staphylococci by isothermal microcalorimetry (IMC). Further characterization of 

microparticles-biofilm interaction, as well as assessment of their effect on biofilm size, 

structure and metabolic state, was performed by fluorescence in situ hybridization (FISH). 

Daptomycin-loaded PMMA-EUD and PCL microparticles proved to be the most effective 

against the tested strains with high antibiofilm activity.  

Finally, the microencapsulation of daptomycin into polymeric carriers proved to be an 

advantageous approach, thus making them potential candidates as sustained drug delivery 

systems for bone infections treatment. In addition, the innovative combination of IMC with 

FISH was essential in order to gain further insights on the antibiofilm effects of 

microparticulate systems, as well as on their interaction with sessile bacteria. 
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Resumo  

O osso saudável é um tecido geralmente resistente a infecções. No entanto, em situações 

como fracturas, traumas ou cirurgia a incidência de infecções ósseas pode chegar aos 30%. 

Em termos gerais, as infecções ósseas podem ser classificadas como sendo ou não 

associadas a implantes. No caso das infecções ósseas associadas a implantes, estas 

incluem as situações em que são implantadas próteses, parafusos, equipamentos de 

fixação e suporte. Por outro lado, a osteomielite (aguda ou crónica) assim como a artrite 

séptica são exemplos de infecções ósseas que ocorrem na ausência de implantes.  

Independentemente da presença ou não de um implante, mais de 50% das infecções 

ósseas são causadas por Staphylococcus spp, nomeadamente S. aureus e S. epidermidis.  

Tipicamente, estas espécies bacterianas têm a capacidade de formar biofilmes à superfície 

de implantes ou de tecido ósseo necrótico ou com pouca vascularização.  

Os biofilmes são comunidades heterogéneas de bactérias envolvidas por uma matriz 

extracelular principalmente constituída por polissacáridos e água. A matriz extracelular tem 

como principais funções o transporte de nutrientes e a eliminação de metabolitos celulares, 

assim como a protecção das bactérias sésseis contra a acção dos antibióticos e do sistema 

imunitário. Por outro lado, o estado metabólico em que as bactérias sésseis se encontram 

também constitui uma estratégia de protecção, uma vez que o mecanismo de acção da 

maioria dos antibióticos se baseia na inibição de vias metabólicas, tais como a produção de 

enzimas, proteínas, peptidoglicano (nas bactérias Gram-positivas), e material genético (i.e. 

DNA e RNA). Para além da matriz extracelular e da reduzida actividade metabólica 

reduzida, o fenómeno de quorum sensing assim como a existência de células persistentes 

também contribuem para o aumento da tolerância dos biofilmes contra antibióticos.  

Convencionalmente, o antibiótico de primeira-escolha no tratamento de infecções ósseas 

graves causadas por Staphylococcus spp é a vancomicina. Trata-se de um glicopéptido 

selectivo contra bactérias Gram-positivas, que actua por inibição da síntese do 

peptidoglicano que é, por sua vez, o principal componente da parede celular presente nas 

bactérias Gram-positivas. No entanto a emergência de estirpes bacterianas resistentes ou 

com susceptibilidade reduzida à vancomicina tem vindo a limitar a sua eficácia terapêutica. 

A daptomicina, um lipopéptido selectivo contra bactérias Gram-positivas, foi introduzida no 

mercado em 2002 como alternativa à vancomicina. O seu mecanismo de acção baseia-se 

na sua intercalação na membrana celular bacteriana e abertura de canais iónicos levando à 

despolarização da membrana e consequente morte bacteriana.  

Apesar da sua indicação terapêutica se limitar ao tratamento de infecções da pele ou dos 

tecidos moles, a sua utilização em condições off-label no tratamento de infecções ósseas 
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tem vindo a aumentar devido à sua superior eficácia comparativamente à vancomicina. 

Adicionalmente, esta tem demonstrado eficácia superior à vancomicina contra modelos in 

vitro de biofilmes de Staphylococcus spp o que poderá ser vantajoso no tratamento de 

infecções associadas implantes ou em casos de osteomielite crónica. No entanto, in vivo a 

sua eficácia é frequentemente influenciada não só pela presença de biofilmes mas também 

pela reduzida biodisponibilidade deste fármaco no tecido ósseo infectado. 

Assim sendo, existe uma necessidade premente de novas estratégias para melhorar a 

eficácia antibacteriana da daptomicina, especialmente no tratamento de infecções ósseas. 

Nos últimos anos, os sistemas de veiculação de fármacos, em particular as nano- e 

micropartículas poliméricas, têm vindo a emergir como uma alternativa valiosa para a 

melhoria da actividade de antibióticos disponíveis na clínica contra biofilmes bacterianos. 

Estes sistemas apresentam as seguintes vantagens; (i) possibilidade de libertação de 

fármacos controlada, (ii) encapsulação de fármacos hidrofílicos e lipofílicos, (iii) protecção 

do fármaco encapsulado e (iv) diminuição dos efeitos adversos. No caso específico do 

tratamento de infecções ósseas nas quais existe um biofilme, as nano- e micropartículas 

poliméricas poderão ter um papel fulcral no aumento das concentrações e do tempo de 

residência de antibióticos in situ, assim como em possibilitar a penetração dos antibióticos 

através do biofilme sem perda de actividade.  

Neste contexto, procedeu-se à encapsulação de daptomicina em partículas poliméricas 

compostas por poli-metilmetacrilato (PMMA), Eudragit RL 100 (EUD) e poli-ε-caprolactona 

(PCL). Como controlo, foram também preparadas partículas contendo vancomicina. As 

partículas foram obtidas por um método optimizado de dupla emulsão-evaporação do 

solvente. Resumidamente, os polímeros previamente mencionados foram dissolvidos em 

diclorometano (fase orgânica) e homogeneizados com uma solução de álcool polivinílico a 

10% (m/V) contendo os antibióticos (fase aquosa interna) originando uma emulsão a/o. 

Posteriormente, esta emulsão foi adicionada a uma solução de álcool polivinílico a 1.25% 

(m/V) (fase aquosa externa) e homogeneizada originando a emulsão dupla a/o/a. Após 

evaporação do solvente orgânico, as partículas resultantes foram purificadas e liofilizadas. A 

morfologia das partículas acrílicas e de PCL foi caracterizada respectivamente por 

microscopia eléctrica de varrimento e microscopia electrónica de transmissão. A distribuição 

do tamanho das partículas foi avaliado por difracção laser e a sua carga superficial (i.e. 

potencial zeta) foi medida por espalhamento de luz electroforética. A eficiência de 

encapsulação dos antibióticos foi determinada por um método indirecto através da 

quantificação espectrofotométrica do antibiótico não encapsulado presente nos 

sobrenadantes aquando da preparação das partículas. Por fim, o efeito de todas as 
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formulações na viabilidade celular de fibroblastos (células recomendadas por guidelines 

internacionais) assim como de osteoblastos foi avaliado pelo ensaio de Alamar Blue e MTT.  

Todas as formulações apresentaram uma morfologia esférica com diâmetro micrométrico (1 

– 1.5 µm). Relativamente às micropartículas de PMMA, a vancomicina apresentou os 

valores mais altos de eficiência de encapsulação (i.e. 91.1 ± 0.7% para uma concentração 

de vancomicina inicial de 30% m/V) em comparação com a daptomicina (i.e. 25.2 ± 1.1% 

para uma concentração de daptomicina inicial de 30% m/V). A adição de EUD às 

formulações de PMMA teve um efeito determinante no aumento da eficiência de 

encapsulação da daptomicina atingindo desta forma valores superiores a 95%. Pelo 

contrário, a adição de EUD às formulações de PMMA provocou uma diminuição acentuada 

da eficiência de encapsulação da vancomicina resultando em valores inferiores a 55%. 

Relativamente às partículas de PCL a daptomicina apresentou valores de eficiência de 

encapsulação mais elevados do que a vancomicina (83.0 ± 3.6% para um concentração 

inicial de daptomicina de 30% versus 73.0 ± 7.1% para uma concentração inicial de 

vancomicina de 30% m/V). Por fim, as partículas de PMMA e PCL apresentaram valores de 

potencial zeta negativos, independentemente do antibiótico encapsulado. Em oposição, as 

partículas de PMMA-EUD apresentaram valores de potencial zeta fortemente positivos 

devido aos grupos quaternários de amónio presentes na composição do EUD. Por fim, os 

ensaios de viabilidade celular revelaram que nenhuma formulação apresentou uma acção 

citotóxica, apesar de algumas formulações terem causado uma ligeira redução da 

percentagem de viabilidade celular. 

Tendo em conta o objectivo principal deste trabalho, a quantificação da libertação in vitro 

dos fármacos revelou que as micropartículas de PMMA-EUD e PCL contendo daptomicina 

apresentaram os maiores valores para a percentagem cumulativa de fármaco libertado, 

sendo que as correspondentes concentrações superaram a concentração mínima inibitória 

e a concentração mínima bactericida das estirpes bacterianas estudadas (S. aureus e S. 

epidermidis). As micropartículas de PMMA-EUD 30% e PCL contendo daptomicina 

apresentaram os valores mais altos de percentagem de antibiótico libertado, 

nomeadamente 52.2 ± 11.4% e 10.4 ± 1.4%.  

Não obstante, a actividade antibacteriana de todas as formulações obtidas foi caracterizada 

contra formas planctónica e sésseis de Staphylococcus spp. com relevância clinica. Neste 

caso foram utilizadas duas estirpes de S. aureus, nomeadamente uma susceptível à 

meticilina (ATCC 29213) e outra resistente (ATCC 43300), assim como uma estirpe de S. 

epidermidis que expressa a adesina polissacárida intercelular. A actividade antibacteriana 

das micropartículas foi determinada através de microcalorimetria isotérmica. Trata-se de um 

método sensível e preciso que permite a quantificação em tempo real da produção de calor 
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numa amostra. Tendo em conta que a replicação bacteriana é um fenómeno exotérmico, é 

possível desenvolver e utilizar esta técnica para caracterizar o efeito das micropartículas no 

crescimento bacteriano. Relativamente à actividade das partículas acrílicas contra as 

estirpes planctónicas, a maior eficácia foi verificada para as partículas de PMMA-EUD 

contendo daptomicina com concentrações mínimas inibitórias de 0.0625 mg/mL para as 

duas estirpes de S. aureus e 0.03125 mg/mL para o S. epidermidis. O estudo do efeito das 

partículas acrílicas contra biofilmes de Staphylococcus spp revelou que as micropartículas 

de PMMA-EUD contendo daptomicina apresentavam igualmente o maior efeito. Assim, as 

concentrações mínimas inibitórias do crescimento dos biofilmes foram 1.25 mg/mL para os 

biofilmes de S. aureus resistente à meticilina e de S. epidermidis. Outro aspecto importante 

foi o facto de as micropartículas de PMMA-EUD contendo vancomicina não terem 

apresentado uma actividade antibacteriana aceitável. Isto deveu-se principalmente à 

reduzida libertação de vancomicina a partir destas micropartículas.  

Quanto às partículas de PCL, as micropartículas contendo daptomicina apresentaram 

concentrações mínimas inibitórias de 0.313 mg/mL e 0.625 mg/mL para as formas 

planctónicas de S. aureus resistente à meticilina e S. epidermidis, respectivamente. Por 

outro lado as partículas de PCL contendo vancomicina apresentaram uma concentração 

mínima inibitória de 10 mg/mL para as formas planctónicas das duas estipes. Em relação à 

forma séssil, não foi possível inibir o crescimento dos biofilmes das duas estirpes com as 

micropartículas de PCL contendo vancomicina. No entanto, as partículas de PCL contendo 

daptomicina apresentaram uma maior actividade anti-biofilme, com concentrações mínimas 

de inibição de biofilmes de 10 mg/mL para o S. aureus resistente à meticilina e 20 mg/mL 

para o S. epidermidis.  

Adicionalmente, a fluorescência por hibridação in situ permitiu caracterizar a interacção 

micropartículas-biofilmes assim como o efeito destes sistemas de veiculação de fármacos 

na dimensão, estrutura e estado metabólico dos biofilmes. Este método baseia-se na 

utilização de sondas marcadas com fluoróforos que vão hibridar com regiões específicas do 

RNA ou DNA das células. No caso da microbiologia, a utilização de sondas específicas para 

a subunidade 16S do RNA ribossomal (rRNA) permite utilizar esta técnica no diagnóstico de 

infecções assim como para caracterizar a estrutura e organização de biofilmes mono- e 

polimicrobianos. Neste trabalho, foram utilizadas duas sondas com fluorescência verde, 

EUB338FITC e STAPHYFITC, assim como o corante inespecífico DAPI que apresenta uma 

fluorescência azul. Tipicamente, as células metabolicamente activas apresentarão um 

número elevado de cópias de 16S rRNA e consequentemente um maior número de sondas 

EUB338FITC e STAPHYFITC pelo que emitirão uma fluorescência verde, ao contrário das 

células metabolicamente estacionárias ou mortas que emitirão uma fluorescência azul 
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devido à ligação do DAPI ao DNA bacteriano. As imagens de microscopia de fluorescência 

obtidas confirmaram o efeito superior das micropartículas de PMMA-EUD e PCL contendo 

daptomicina contra biofilmes de S. aureus e S. epidermidis. Para além e se ter verificado 

uma adesão das micropartículas aos biofilmes, estas também foram responsáveis por 

alterações nos biofilmes em termos de tamanho, estrutura e estado metabólico. As imagens 

de microscopia de fluorescência obtidas demonstraram que as partículas de PMMA-EUD e 

PCL contendo daptomicina causaram uma redução no tamanho dos biofilmes de S. aureus, 

assim como tornaram a sua estrutura irregular. Comparativamente, os biofilmes de S. 

epidermidis apresentaram uma menor susceptibilidade ao efeito das micropartículas. 

Apesar de se ter verificado uma redução do tamanho destes biofilmes, a observação mais 

significativa consistiu no facto de apresentarem um número mais elevado de células 

metabolicamente activas (i.e. com coloração verde) após tratamento com as partículas.  

Como conclusão, a encapsulação de daptomicina em partículas poliméricas com o objectivo 

de melhorar o  seu efeito anti-biofilme provou ser uma estratégia vantajosa pelo que é 

possível concluir que estes sistemas constituem potenciais sistemas de veiculação de 

fármacos para utilização no tratamento de infecções ósseas. Paralelamente, a associação 

da microcalorimetria isotérmica e da fluorescência por hibridação in situ foi fulcral na 

caracterização do efeito de micropartículas contendo antibióticos nos biofilmes de 

Staphylococcus spp, assim como possibilitou o estudo da interacção entre estes sistemas e 

os biofilmes.  

 

Palavras-chave: infecções ósseas, micropartículas poliméricas, daptomicina, biofilmes de 

Staphylococcus, microcalorimetria isotérmica, fluorescência por hibridação in situ. 

 

(*) Este texto não foi escrito ao abrigo do novo Acordo Ortográfico. 
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PMMA-EUD microparticles against sessile MRSA and S. epidermidis. 

 

Chapter V: Activity of daptomycin and vancomycin-loaded poly-epsilon-caprolactone 

microparticles against mature staphylococcal biofilms  

Table 1 – Properties of PCL microparticles. Results are presented as mean ± SD (n=3). 

Table 2 – Summary of the MHIC values of daptomycin- and vancomycin-loaded PCL 

microparticles against planktonic MRSA and S. epidermidis determined by isothermal 

microcalorimetry 

Table 3 – Summary of the MBIC values of daptomycin- and vancomycin-loaded PCL 

microparticles against MRSA and S. epidermidis biofilms determined by isothermal 

microcalorimetry 
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Abbreviations 

AB Antibiotic 

AIDS Acquired immunodeficiency syndrome 

CFU Colony forming unit 

CE Conformité Européene 

CLSM Confocal laser scanning microscopy 

CPC Calcium phosphate cement 

CS Chitosan 

CT Computerized tomography 

DAP Daptomycin (*) 

DAPI 4',6-diamidino-2-phenylindole 

Dapto Daptomycin (*) 

DCM Dichloromethane 

DL Drug loading 

DNA Deoxyribonucleic acid 

DSC Differential scanning calorimetry 

ECM Extracellular matrix 

EE Encapsulation efficiency 

ESB European Society for Biomaterials 

EUD Eudragit RL 100 

FDA Food and Drug Administration 

FISH Fluorescence in situ hybridization 

FT-IR Fourier transform infrared  

GC Growth control 

HIV Human immunodeficiency virus 

HPLC High performance liquid chromatography 

IMC Isothermal microcalorimetry 

ISO International Organization for Standardization 

MBC Minimal bactericidal concentration 

MBIC Minimal biofilm inhibitory concentration 

MHB Mueller-Hinton broth 

MHIC Minimal heat inhibitory concentration 

MIC Minimal inhibitory concentration 

MP Microparticle 

MRI Magnetic resonance imaging 
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MRSA Methicillin-resistant Staphylococcus aureus 

MSCRAMM Microbial surface components recognizing adhesive matrix 

molecules 

MSSA Methicillin-susceptible Staphylococcus aureus 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

Mw Molecular weight 

OD600 nm Optical density at 600 nm 

PBCA Poly(n-butylcyanoacrylate) 

PBS Phosphate buffered saline 

PCL Poly-epsilon-caprolactone 

PCR Polymerase chain reaction 

PDDS Polymeric drug delivery system 

PEG600 

PGA 

Poly(ethylene glycol) 

Poly(glycolic acid) 

PIA Polysaccharide intercellular adhesin 

PIBCA Poly(isobutylcyanoacrylate) 

PIHCA Poly(isohexylcyanoacrylate 

PLA Poly(lactic acid) 

PLGA poly(lactic-co-glycolic acid) 

PMA Poly(methyl acrylate) 

PMMA Poly(methyl methacrylate) 

PNA-FISH Peptide nucleic acid-Fluorescence in situ hybridization 

PNAG Polysaccharide poly-N-acetylglucosamine 

PVA Poly(vinyl alcohol) 

QCS Quaternary ammonium chitosan derivative 

rDNA Ribosomal deoxyribonucleic acid 

RNA Ribonucleic acid 

rpm Rotation per minute 

RPMI Roswell Park Memorial Institute medium 

SD Standard deviation 

SDS Sodium dodecyl sulphate 

SDDS Skeletal drug delivery system 

SEM Scanning electron microscopy 

TSB Tryptic soy broth 

TEM Transmission electron microscopy 

US Ultra-sounds 
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UT Ultra-Turrax 

UV Ultraviolet 

VAN Vancomycin (*) 

Vanco Vancomycin (*) 

VISA Vancomycin-intermediate resistant Staphylococcus aureus 

VMD Volume mean diameter 

VRSA Vancomycin-resistant Staphylococcus aureus 

VSSA Vancomycin-susceptible Staphylococcus aureus 

 
(*) These different abbreviations appear in Chapter II and III, because those chapters were 

published in different journals with different formats.  
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Aims and organization of the thesis 

The work herein described aims at developing antibiotic-loaded carriers as sustained drug 

delivery systems for bone infections treatment. This will be achieved by the 

microencapsulation of daptomycin and vancomycin into polymeric microparticles, adequate 

for sustained drug release and local administration. This general aim is therefore divided into 

the following specific objectives: 

(i) Optimization of daptomycin- and vancomycin loaded microparticles and 

characterization of the final formulations; 

(ii) Assessment of the antibacterial and antibiofilm activity of the formulations against 

clinically relevant Gram-positive strains by isothermal microcalorimetry; 

(iii) Characterization of the interaction of microparticles with biofilms as well as of their 

effect on biofilm mass, structure and metabolic state by fluorescence in situ 

hybridization;  

(iv) Evaluation of the formulations cytotoxicity against ISO compliant cell lines 

(fibroblasts) as well as osteoblast-like cells. 

We expect to be able to select suitable microparticulate formulations with a controlled drug 

release with an enhanced antibacterial activity against both planktonic and sessile bacteria, 

with no significant cytotoxicity, and ultimately to identify the most promising formulations for 

bone infections treatment.  

Therefore this thesis is organized as follows:  

Chapter I provides an overview on bone infections, current therapeutic strategies as well as 

the role of nano- and microencapsulation of antibiotics for improvement of bone infections 

treatment, with special emphasis on polymeric carriers (partially included in an expert 

opinion paper). 

Chapter II describes the optimization of the preparation method of daptomycin and 

vancomycin-loaded polymeric microparticles based on particle size and size distribution, 

encapsulation efficiency/drug loading and yield of preparation. 

Chapter III describes the antibacterial activity of daptomycin- and vancomycin-loaded acrylic 

microparticles against methicillin-susceptible and resistant Staphylococcus aureus assessed 

by isothermal microcalorimetry (published as a full paper). 

Chapter IV describes the antibiofilm effect of daptomycin-loaded acrylic particles on mature 

staphylococcal biofilms of methicillin-resistant S. aureus and polysaccharide intercellular 

adhesin-positive S. epidermidis by isothermal microcalorimetry and fluorescence in situ 

hybridization (submitted for publication).  
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Chapter V describes the physico-chemical and cytotoxicity characteristics of daptomycin- 

and vancomycin-loaded poly-epsilon-caprolactone microparticles, as well as their activity 

against planktonic and sessile methicillin-resistant S. aureus and polysaccharide intercellular 

adhesin-positive S. epidermidis by isothermal microcalorimetry and fluorescence in situ 

hybridization (accepted for publication as a full paper). 

Chapter VI summarizes the main general conclusions of this work as well as outlines the 

future work perspectives.  
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Chapter I 

 

General introduction 
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This chapter was partially adapted from: 

Ferreira IS, Bettencourt A, Almeida AJ. Nanoparticulate Platforms for Targeting Bone 

Infections: Meeting a Major Therapeutic Challenge. Invited expert opinion report to special 

focus issue of Nanomedicine – Future Medicine. Publication date: September 2015. 
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1. Overview 

Bone infections are a major clinical challenge, since they are generally difficult to treat due to 

the presence of bacterial biofilms; thus requiring invasive surgical procedures, prolonged 

hospitalization periods, and high consumption of antimicrobials. The incidence of bone 

infections has been increasing over the last decades due to a growing number of implant 

surgeries (hip, knee and joint replacement, for example), prevalence of predisposing 

comorbidities (i.e. fractures, peripheral vascular disease, diabetes, arthritis, HIV, alcoholism, 

excess weight, tuberculosis, etc.), and emergence of resistant microorganisms recalcitrant 

towards clinically available antibiotics. However, the number of new antimicrobials with 

improved activity against biofilms and multiresistant strains reaching the market is very 

limited. Therefore, most research being conducted for bone infections treatment has been 

focused on enabling local delivery of clinically available antibiotics through medical devices, 

i.e. skeletal drug delivery systems. The main aim of these systems is to achieve high 

antimicrobial concentrations at the infection site and not systemically, thus preventing 

systemic toxicity and improving the eradication of the pathogens in situ.  

In this chapter, the most relevant aspects of bone infections, such as aetiology, diagnosis 

and treatment strategies, such as the most effective antibiotic or antibiotic combinations and 

the increasingly more common use of orthopaedic biomaterials as skeletal drug delivery 

systems, will be addressed. However, the therapeutic effectiveness of the current treatment 

strategies is still limited. In this context, an overview on the role of nano- and microparticles 

as an alternative strategy for bone infection treatment is presented, with special attention to 

the encapsulation of clinically available antibiotics into polymeric carriers. 
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2. Bone infections  

Infection is defined as a homeostatic imbalance between the host tissue and the presence of 

microorganisms at a concentration that exceeds 105 organisms per gram of tissue or the 

presence of beta-haemolytic streptococci [1]. Normal and healthy bone is highly resistant to 

infection [2], hence the emergence of a bone infection is normally associated with a large 

variety of wound occurrences, ranging from traumatic skin tears and burns to chronic ulcers 

and complications following surgery and device implantation [1]. This type of infections are 

frequently deep, requiring long time of treatment, especially if involving medical devices, and 

often difficult to completely eradicate [3].  

It is possible to distinguish two main types of bone infections; implant and non-implant 

associated [4]. In the first case, the infection is associated with the permanent implantation 

of an orthopaedic medical device, such as prosthesis, titanium plates or screws and bone 

cements. After surgery, the infection may present itself in an early, delayed or late form, 

depending on the symptoms onset. In addition, the route of contamination may be 

perioperative, contiguous or haematogenous and is often correlated to the type of symptom 

onset [4]. Regarding the non-implant associated infections; these normally occur after third 

degree fractures or associated with underlying comorbidities, such as peripheral vascular 

disease, diabetes, decubitus ulcers and intravenous drug use, among others. Osteomyelitis 

in particular may be classified as acute or chronic, depending on the onset and duration of 

the symptoms [2]. In the first situation, the symptoms onset is fast and occurs either after a 

surgery or an injury. In opposition, chronic osteomyelitis has a delayed symptom onset, 

since low virulence organisms are generally the cause. In this situation, severe inflammation 

of the bone is responsible for a compression of the blood vessels, thus decreasing the blood 

supply to the bone and leading to ischemia and necrosis [2,4]. In this section the main 

pathogens responsible for bone infections will be addressed, with a special focus on biofilm-

forming bacteria. In addition, the impact of biofilms on the clinical management of these 

infections will be presented, with special attention to the consequent difficulties in diagnosis 

and treatment. 

 

2.1. Aetiology  

Both bacteria and fungi may cause bone infections. Fungal infections have become an 

increasing concern with Candida spp and Aspergillus spp being the most common [4], but 

bacteria are still the main pathogens found in bone infections. Staphylococci, followed by 

Streptococci, Gram-negative bacilli, Enterococci and anaerobes are the most common 
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infecting microorganisms [5,6]. Table 1 presents a summary of the most common infecting 

organisms found in the different types of bone infection as well as the respective risk factors 

that should be taken into consideration during diagnosis and clinical assessment [4].  

 
Table 1 – Summary of the most common infecting organisms found in bone infections as well as the respective 

risk factors. Adapted from [4]. 

Type of infection Infecting organisms Risk factors 

N
on

-im
pl

an
t a

ss
oc

ia
te

d 

Osteomyelitis Staphylococci (90% adults, > 
50% children) 

Bacteraemia, soft tissue infection  

Streptococcus pyogenes 
(Group A) 

Skin infection, trauma 

Streptococci groups C an G Diabetes mellitus, immunocompromised 
Group B Streptococcus Neonates, elderly 
Gram-negative bacilli (E. coli, 
Salmonella) 

Sickle cell disease 

Polymicrobial (5%) Post-traumatic 
Mycobacterium tuberculosis Immunocompromised.  
Brucella spp Exposure to infected animals, indolent 

presentation 
Fungi Immunocompromised host; post-

traumatic 
Haemophilus influenza Paediatric patients  
Kingella kingae Children under 3 years of age 
Bartonella henselae Exposure to cats; vertebral and limb 

girdle infection 
   
Septic arthritis S. aureus Bacteraemia, cellulitis around joint 

β-haemolytic Streptococci Bacteraemia, cellulitis 
Streptococcus pneumoniae Multiple joint 
Neisseria gonorrhoeae Multiple joint; young, sexually active 

adults, neonates 

Im
pl

an
t-

as
so

ci
at

ed
 

Early  
(3 months after surgery) 

Staphylococci, β-haemolytic 
Streptococci and Enterococci 

Inoculated at time of operation; 
association with surgical site infection 

Delayed  
(3 - 24 months after 
surgery) 

Coagulase-negative 
Staphylococci; 
Propionibacterium acnes 

Low pathogenicity, biofilm-forming 
organisms; indolent presentation. 

Late  
(> 24 months after surgery) 

S. aureus; Gram-negative 
bacilli 

Haematogenous seeding from infection 
elsewhere 

 

As seen in Table 1, staphylococci are the most common pathogens in bone infections, 

namely Staphylococcus aureus and Staphylococcus epidermidis (Fig. 1) [4].  
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Figure 1 – Scanning electron micrographs of planktonic (A) S. aureus and (B) S. epidermidis. Adapted from [7]. 

 
These are Gram-positive, non-motile, facultative anaerobes that are characterized by 

individual cocci, which divide in more than one plane to form grape-like clusters (Fig 1A). 

staphylococci are often found among the normal flora of the human skin and mucous 

membranes. The staphylococci cell wall is composed of peptidoglycan and teichoic acids, to 

which exotoxins and adhesins are attached [8]. The adhesins allow staphylococci to adhere 

to different surfaces and produce a biofilm, which is a typical feature of S. aureus and S. 

epidermidis (Fig. 2) [9]. Biofilms are defined as an organized community of adhering 

bacteria, which present structural and functional heterogeneity, and are embedded in a 

highly hydrated self-produced polysaccharide matrix (Fig. 1) [10,11,12]. 

 

 
Figure 2 – Scanning electron micrographs of (A) S. aureus and (B) S. epidermidis biofilms. Adapted from [7]. 

 
As stated previously, implant devices as well as injured and necrotic bone tissue are areas 

of reduced resistance against bacteria, due to their poor vascularization; thus bacterial 

adhesion, colonization and biofilm formation are possible [5,11]. S. aureus biofilms are 

commonly found in metal-biomaterial, bone-joint, and soft-tissue infections, whereas S. 

epidermidis biofilms are more common in polymer-associated implant infections [13,14,15]. 

In general, biofilm formation comprises 5 stages, which are schematically represented in Fig. 

3.  
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Figure 3 – Stages of biofilm formation on an implant surface. Adapted from [11]. 

 

The first stage of biofilm formation is the adhesion of planktonic bacteria to an implant 

surface or necrotic bone (I, Fig. 3). The initial attachment of bacteria to a surface is 

reversible, but within a few hours it becomes irreversible and bacteria start to proliferate (II, 

Fig. 3). At this point, the production of the extracellular matrix starts, surrounding the 

microcolonies and protecting them from the external environment and immune system (III, 

Fig. 3). As the biofilm matures, it acquires a tri-dimensional structure with internal channels, 

which allow the supply of nutrients and oxygen and the disposal of cellular waste (IV, Fig. 3). 

At this stage, detachment of some bacteria from the mature biofilm may occur, which are 

then able to colonise another location and form a new biofilm (V, Fig. 3) [12]. Once a mature 

bacterial biofilm is established, conventional treatment strategies are less effective, due to 

the increased biofilm tolerance towards antimicrobials, which may be up to 1000-fold higher 

than the planktonic counterparts [3,11,12]. 

At this point, it is important to mention that over the last decades several authors have been 

focusing on the distinction between bacterial resistance and tolerance. In fact, the genetic 

and molecular basis of bacterial resistance to antibiotics has been widely studied since the 

number of multiresistant strains has been increasing, thus compromising the effectiveness of 

the clinically available antibiotics. Resistant bacteria generally possess specific genes that 

enable low cell permeability, expression of inactivation enzymes and efflux pumps, 

modification or overexpression of the antibiotic target, among others [16]. However, these 

resistance mechanisms do not seem to play a crucial role in the reduced antibiotic 

susceptibility of biofilms. Actually, sessile bacteria exhibit a higher antibiotic tolerance than 

the planktonic form, even though no resistance genes are present [16]. Furthermore, this 

increased tolerance is not a stable feature since antibiotic susceptibility is restored once the 

biofilm is dispersed (i.e. bacteria return to their planktonic state) [17]. This suggests that 

biofilm tolerance is due to adaptive mechanisms rather than a permanent genetic mutation 

[12,16].  



	   Novel particulate antibiotic-loaded platforms as sustained 
drug delivery systems for bone infection treatment	  

 

 11 

Another important aspect regarding biofilm tolerance towards antimicrobials is its 

multifactorial features and variability from one microorganism to another [12]. Focusing on 

staphylococcal biofilms, it is possible to identify four key features responsible for their 

reduced antibiotic susceptibility, namely (i) the presence of an extracellular matrix (ECM), (ii) 

the low metabolic activity of sessile bacteria, (iii) the quorum sensing or adaptive responses 

within the biofilms and (iv) the persister cells (Fig. 4).  

 

 
Figure 4 – Main mechanisms of bacterial biofilm tolerance towards antibiotics. 

 

(i) Extracellular matrix 

At an initial stage of biofilm development, staphylococci produce an extracellular matrix 

(ECM) mainly composed of water and exopolysaccharides, although proteins and 

extracellular DNA can also be found [17]. Regarding staphylococci, polysaccharide 

intercellular adhesin (PIA) and poly-N-glucosamine (PNAG) produced by S. epidermidis and 

S. aureus, respectively, are the two main ECM components [18,19]. Both PIA and PNAG are 

closely related chemically, immunologically and functionally [19]. They are expressed by 

most biofilm-forming staphylococci strains and responsible for the viscous consistency of the 

biofilm, as well as adherence, cell-to-cell interactions, and trapping of nutrients, thus 

conferring stability to the biofilm [20]. The ECM protects the biofilm by acting as a physical 

barrier towards the external environment and the immune system, but also by creating and 

maintaining an acidic microenvironment within the biofilm [20].  

Several authors have hypothesised that the ECM may additionally impair or delay antibiotic 

diffusion through the biofilm, although it is still a controversial issue [19]. Singh et al. 

characterized the diffusion of vancomycin, oxacilin, cefotaxime, amikacin and ciprofloxacin 

through S. aureus and S. epidermidis biofilms and observed that oxacilin, cefotaxime and 

vancomycin presented a significantly reduced biofilm penetration, whereas ciprofloxacin and 
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amikacin penetration was unaffected [20]. According to the authors, the ECM and high cell 

density of the biofilm were responsible for the poor diffusion of the aforementioned 

antibiotics throughout the biofilm. Similarly, Jefferson et al. also analysed the diffusion of 

vancomycin throughout S. aureus biofilms. The authors observed that vancomycin partially 

permeated the biofilm within 1 h under static conditions [21]. In this study, the key finding 

was that vancomycin penetrated the biofilm but at decreased velocity, when compared to its 

diffusion in water. This means that the bacteria within the biofilm were exposed to sub-

inhibitory concentrations of vancomycin, which in turn may increase antibiotic tolerance by 

induction of adaptive responses [21]. The authors also concluded that the presence of 

PNAG in the ECM is not the cause for vancomycin slow diffusion rate, since the antibiotic 

diffusion within non-PNAG producing S. aureus biofilms was similar.  

The diffusion of other antibiotics, such as daptomycin and rifampicin, within staphylococcal 

biofilms has also been studied. Stewart et al. reported that fluorescently labelled daptomycin 

accessed the interior of S. epidermidis biofilms within minutes with a diffusion coefficient of 

28% of its values in pure water. In this case, the authors concluded that the antibiofilm 

activity of daptomycin is unlikely to be limited by the diffusion of the antibiotic through the 

biofilm [22]. Another example of an antibiotic that diffuses freely through the biofilm is 

rifampicin [23].  

Some authors advocate that, instead of acting as a diffusion barrier, the ECM decreases the 

bactericidal activity of the antibiotics either by inactivation or by preventing binding to the 

target molecules [18,20]. The presence of enzymes, such as β-lactamases, aminoglycoside-

modifying enzymes, or chloramphenicol acetyltransferases, may be responsible for antibiotic 

inactivation [18]. Another hypothesis is that the acidic and anaerobic microenvironment 

within the biofilm may inactivate some antibiotics or decrease their binding affinity to the 

target molecule [16,20]. In addition, proteins and other molecules within the ECM may attach 

to the antibiotic molecules, thus decreasing its ability to bind to the target molecules and 

consequently reducing its activity [20].  

Therefore it is possible to conclude that the ECM contributes in some extent to biofilm 

tolerance but it is not the main mechanism accountable for the decrease antibiotic 

susceptibility of sessile bacteria.  

 

(ii) Low metabolic activity of sessile bacteria 

Once a biofilm is established, the cells enter a stationary metabolic state with a low 

replication rate, primarily due to the incomplete penetration of metabolic substrates, such as 

glucose or oxygen [6]. There is an overall consensus that this is the most relevant biofilm 

characteristic responsible for its increased tolerance towards antibiotics [12,16]. Most 
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antibiotics target metabolic pathways, such as RNA transduction, enzymatic activity, and 

DNA translation, and therefore present a growth-dependent mechanism of action. Since 

these metabolic pathways are residual in sessile bacteria, their bactericidal action is limited 

[16]. The difference between the antibiofilm activity of vancomycin and daptomycin, both 

Gram-positive selective antibiotics used for treatment of staphylococcal infections, is 

exemplary of this. Reports indicate that daptomycin shows higher antibiofilm activity than 

vancomycin against MRSA biofilms with MBIC values of 40 and >1024 µg/mL for 

daptomycin and vancomycin, respectively [24]. The reason for this difference lies on the 

different mechanism of action of each antibiotic, since vancomycin inhibits the peptidoglycan 

synthesis, which only occurs in metabolically active bacteria, whereas daptomycin targets 

the cell membrane by opening pores and causing cell lysis [25, 26]. 

 

(iii) Quorum sensing 

Quorum sensing consists in intercellular communication via production of signalling 

molecules responsible for the activation of genes involved in biofilm production [6]. In 

staphylococci, quorum sensing is encoded by the accessory gene regulator (agr) and 

responsible for the expression of different molecules [12,19]. At an early stage of 

staphylococcal biofilm development, when the cell density is lower, the agr quorum sensing 

system is responsible for the up-regulation of adhesion factors, such as the microbial surface 

components recognizing adhesive matrix molecules (MSCRAMM), which are responsible for 

the initial attachment of planktonic bacteria to a surface (I, Fig.3). Once the biofilm is 

established, the expression of adhesion molecules decreases and the expression of other 

molecules responsible for biofilm maturation, such as PNAG/PIA and phenol soluble modulin 

(PSM) increase [18,19]. The PSM are pro-inflammatory agents that present surfactant-like 

properties responsible for structuring the biofilm. These molecules play an important role in 

the formation of channels within the biofilm and in the late detachment of cell clusters (V, 

Fig. 3) [18].  

The quorum sensing mechanisms play a determinant role in biofilm development and 

maintenance thus ensuring that cells are protected from the external aggression, such as the 

immune systems and antibiotics. 

 

(iv) Persister cells 

Persister cells are a small sub-population within biofilms that are highly tolerant to antibiotics 

and can survive antibiotic treatment [27]. Nevertheless, when dispersed mechanically, these 

cells are as susceptible to antibiotics as planktonic cells. But within the biofilm, they are in a 
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particular physiological state with low levels of translation and a unique gene expression 

profile [28], which includes simultaneously the down-regulation of genes encoding metabolic 

proteins and up-regulation of specific protective genes. During antibiotic treatment, these are 

the less susceptible cells within the biofilm. Some authors hypothesize that even if treatment 

is able to cause a significant biofilm mass reduction, these cells will endure and guarantee 

the recovery of the biofilm [29]. 
 

2.2. Diagnosis 

The prompt diagnosis of bone infections is of the upmost importance, since the chronicity of 

the disease reduces the therapeutic effectiveness. Currently, diagnosis is based on the 

symptoms presented by the patient as well as a combination of laboratory, imaging and 

microbiology studies [11,30]. 

 

2.2.1. Symptoms  

The main clinical symptoms of bone infections include persisting local pain, erythema, 

oedema, warmth, tenderness, necrosis of wound edges, large post-operative haematoma 

and abrupt onset of high fever [30]. In chronic infections or infections caused by fastidious 

organisms, the symptoms are often very subtle Usually, the patient presents pain at the 

involved site, erythema, swelling and a draining sinus, without fever [30,31]. 

 

2.2.2. Laboratory studies 

Generally, both erythrocyte sedimentation rate and C-reactive protein are elevated in almost 

all patients [30, 32]. In patients with implants, the synovial fluid leucocyte count has proven 

to be useful for the differentiation of prosthetic-joint-associated infection and aseptic failure 

(i.e. failure of the prosthesis not associated with infection) [31]. Nevertheless, laboratory data 

alone are not sufficient for a final diagnosis, as the elevation of these markers is not specific 

of a bone infection. 

 

2.2.3. Imaging studies 

Several imaging techniques may be useful to complement clinical data regarding bone 

infection diagnosis. X-ray is a simple, fast and helpful technique, but it lacks sensitivity and 

specificity [31]. Loss of density of the affected bone, soft tissue swelling, focal osteopenia 

and periosteal thickening and elevation, as well as bone resorption, sequestration, new bone 

formation, cortical irregularities and atrophic non-union are the main features that may be 
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observed in plain radiographs. Nevertheless, these features are not sufficient to differentiate 

between septic and aseptic changes, due to the physiological reaction of bone to injury, 

especially in case of previous trauma. Furthermore, the presence of implants makes the 

interpretation of radiographs difficult, decreasing the sensitivity and specificity of diagnosing 

active infection to just 14% and 70%, respectively [11,30]. Computed tomography (CT) is 

able to provide detailed information regarding bone erosion or destruction, periosteal and 

endosteal reaction, and the presence of sequestrum and intraosseous fistulas [11]. Because 

of the optimal imaging of bone mineralisation and extension of disease, CT is routinely used 

for pre-operative planning in cases of known bone infections. Magnetic resonance imaging 

(MRI) is another technique that may be helpful since it displays an improved resolution for 

soft tissue abnormalities compared to CT or radiography. However, metal implants highly 

interfere with CT and MRI images, thus limiting its usefulness [11,30,31]. 

 

2.2.4. Microbiology studies 

(a) Gold standard 

Isolation of pathogens from biological samples by classical microbiology culture and plating 

methods (i.e. preoperative aspirate of fluid or intraoperative tissue) remains the gold 

standard for diagnosing bone infections [11,30]. Therefore, multiple deep intraoperative 

specimens should be sent for culture, including sinus tract material, purulent fluid, soft tissue 

and curetted bone [11]. Wound swabs or needle biopsies from the infected site are usually 

not adequate for accurate diagnosis, due to their low sensitivity [32]. The high incidence of 

negative cultures, even though an infection is clearly present (i.e. false negatives), is still a 

crucial obstacle in the diagnosis of bone infections. There are two main reasons that can be 

accountable for this: (i) the administration of antibiotics before sample collection, and (ii) the 

presence of a biofilm. In order to reduce the probability of a false negative, discontinuation of 

any antibiotherapy at least two weeks before tissue sampling is advisable. Nevertheless, 

there are significant limitations to this strategy since the administration of antibiotics as 

prophylaxis prior to orthopaedic surgery is common practise and recommended by several 

international guidelines [11,33]. In addition, the presence of a biofilm, either on the implant 

surface or in adjacent tissues, makes it more difficult to obtain single isolated bacterial 

colonies with the classic microbiology culture methods since sessile bacteria are more 

difficult to detach [32].  

 

 

 



	   Novel particulate antibiotic-loaded platforms as sustained 
drug delivery systems for bone infection treatment	  

 

 16 

(b) New microbiological techniques 

New microbiological techniques and strategies have been developed in order to overcome 

the drawbacks of isolating pathogens from biological samples of patients using the classical 

microbiology methods. These include the use of sonication to detach biofilms from implants, 

isothermal microcalorimetry to detect changes of heat flow associated to bacterial growth 

and molecular biology methods, such as polymerase chain reaction and fluorescence in situ 

hybridization. 

 

(i) Sonication 

Over the last years, sonication has been successfully employed for diagnosis of implant-

associated infection, especially when a biofilm is present. With this technique, an explanted 

implant from a patient with a suspected infection is completely immersed in Ringer solution, 

and placed in an ultrasounds bath [34,35]. The ultrasounds cause the detachment and 

disintegration of the biofilm, thus allowing the culture of single isolated bacteria from the 

collected sonication fluid [34]. For bacterial identification, the obtained sonication fluid is then 

plated onto agar plates and incubated under specific conditions, depending on the 

microorganism to be identified. The intensity of sonication, as well as the time, is of 

paramount importance. The lower the intensity of the ultrasounds, the less biofilm cells are 

detached, which may lead to false negative results. Oppositely, the longer the time of 

sonication, the lower the number of viable bacteria in the sonication fluid, as ultrasounds can 

cause cell death. Consequently, it is very important that these parameters are optimized in 

order to obtain reliable results.  

Another critical issue of this technique is that larger implants require a higher volume to be 

completely immersed, which occasionally leads to a significant dilution of the sonication fluid, 

thus making it more difficult to detect bacteria in cultures. Plating a higher number of 

samples or concentrating the sonication fluid by centrifugation may contribute to overcome 

this problem.  

The main advantage of sonication lies on the significant reduction false negative results, and 

therefore its use in routine microbiology diagnosis of implant-associated infections has been 

steadily increasing [35,36]. Another advantage of this technique is that the sonication fluid 

obtained may not only be used for standard microbiology methods (i.e. plating), but also for 

new diagnosis techniques such as isothermal microcalorimetry and molecular techniques. 
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(ii) Isothermal microcalorimetry 

Isothermal microcalorimetry (IMC) is a thermal assay based on the quantification of heat 

production in a sample at a constant temperature [37,38]. It has recently gained interest as 

an alternative microbiology diagnostic tool, as well as to monitor microbial activities under 

different conditions [5,39,40,41]. Like many other biological phenomena, bacterial replication 

is and exothermic process associated with heat production [37]. IMC is a highly sensitive 

method that allows the real-time investigation of replicating viable microorganisms by 

quantification of its heat production, including slight changes in growth profiles caused by 

antibiotics, different resistance profiles or inoculum size [37,41]. 

Results are obtained as either heat flow (W) or total heat (J) versus time (h), as exemplified 

with the typical growth profile of S. aureus in Mueller-Hinton broth obtained with the 48-

channel TAM III isothermal calorimeter (TA instruments, USA) (Fig. 5).  

 

 
Figure 5 – Curves of (A) heat flow (µW) and (B) total heat (J) versus time obtained from the growth of S. aureus 

ATCC 29213 (1-5 x 105 CFU/mL) in Mueller-Hinton broth using the TAM III isothermal microcalorimeter (37ºC). 

 

As can be seen in Fig. 5A, heat flow increases as S. aureus replicates until a peak is 

reached after which nutrient shortage limits further bacterial growth. Consequently, fewer 

bacteria replicate and heat flow decreases until it nearly reaches the initial baseline. On the 

other hand, the total heat curve (Fig. 5B) provides information about the cumulative amount 

of heat produced by bacteria, which steadily increases until it reaches a plateau in reached 

corresponding to the stationary growth phase.  

Several factors may change bacterial growth profile, such as the presence of antibiotics, 

inadequate growth media or oxygen content. Table 2 summarizes the possible alterations in 

the IMC curves of S. aureus growth and their meaning in terms of bacterial growth. 
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Table 2 – Correlation between changes in heat flow profiles of S. aureus (ATCC 29213) and bacterial growth. 

Heat flow profile Bacterial growth 

 

No heat flow No bacterial growth 

 

Decreased heat flow 
peak 

Decreased bacterial growth  

 

Decreased heat flow 
peak with delay 

Decreased and delayed bacterial growth  

 

Overall, IMC can detect three different types of abnormalities in bacterial growth (curves B to 

C). Curve B represents a case where no heat flow production occurs, meaning that bacteria 

are not replicating. In this case, bacteria may be either inhibited or dead, which may be 

determined by plating the samples after the calorimetry assay, since IMC is a non-

destructive method. Curve C is the typical example of a decrease in heat flow peak height, 

meaning that fewer bacteria are replicating when compared to the control (curve A). 

Nevertheless, it is also possible to observe that the speed of replication, which is given by 

the time heat flow takes to reach a maximum, is not affected. This profile change may be 

due to lack of nutrients or the presence of some interferent in the sample. Finally, it is also 

possible to observe a decrease in heat flow peak height together with a considerable delay 

in bacterial growth (Curve D). This means that fewer bacteria are replicating and at a slower 

speed. This is a typical profile observed for sub-inhibitory antibiotic concentrations, meaning 

that the antibiotic interferes with bacterial growth but its concentration is not high enough to 

completely inhibit it. 

IMC also allows to correlate quantitatively the changes in heat flow profile with the 

aforementioned bacterial growth changes, namely by determination of the percentage of 
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decrease of the heat flow peak compared with the growth control, as well as assessing the 

delay to reach the maximum heat flow. 

One disadvantage of IMC is that it is not able to identify bacteria or their resistance profiles, 

since it relies solely on the quantification of heat production [37]. Nevertheless, several 

studies explore the use of IMC as a diagnostic tool for bone infections. Borens et al. 

conducted a study with 39 patients from whom orthopaedic implants were explanted due to 

suspicion of infection. The implants were sonicated, the resulting sonication fluid was then 

centrifuged and analysed by IMC and standard culture methods [34]. Results showed that 

IMC analysis of sonication fluid presented 100% sensitivity, whereas the culture methods 

achieved only 83%. In addition, the standard culture methods required an incubation time of 

22 – 24 h until bacterial colonies were visualized, whereas IMC was able to detect bacterial 

growth after 10.9 h. The authors concluded that IMC of sonication fluid is a reliable method 

for the diagnosis of infections, due to its increased sensitivity and speedier analysis time. A 

larger study was performed by Schneiderbauer et al., in which a total of 171 infected 

implants, as well as intraoperative tissue cultures, were analysed. All explanted implants 

were sonicated, centrifuged and the obtained sonication fluid was cultured, analysed by IMC 

and by Gram-stain [36]. In addition, intraoperative tissue samples were also collected and 

cultured. The sensitivity of the different techniques was as follows; 51% for Gram-stain of 

sonicate, 74% for intraoperative tissue cultures, 89% for sonicate culture, 96% for sonicate 

calorimetry. In conclusion, IMC associated with sonication of the implant is a powerful tool 

for the diagnosis of implant-associated infections, with higher sensitivity and lower analysis 

times than classical microbiology methods. 

 

(c) Molecular biology methods 

More recently, molecular biology methods have been gaining importance in the diagnosis of 

bone infections. In fact, these methods have been evolving beyond identification to detect 

antimicrobial resistance genes and provide public health information such as strain 

characterization by genotyping [42]. 

The main advantage of these techniques is the fact that they are based on the detection of 

bacterial DNA or RNA, thus they are culture-independent, highly specific and not influenced 

by the administration of antibiotics. In addition, these methods have also demonstrated a 

very high sensitivity, being able to detect extremely low concentrations of bacterial DNA or 

RNA (i.e. ng/mL) [43]. Since these techniques do not rely on the culture of the pathogens, it 

is possible to detect microorganisms in samples from patients who were previously given 

antibiotics as well as identify fastidious pathogens, which require specific incubation 

conditions, or rare and unlikely microorganisms that give rise to unique clinical cases.  
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One of the most relevant techniques is the polymerase chain reaction (PCR), which allows 

the rapid detection of microorganisms. The classic PCR technique is based on the 

amplification of specific DNA sequences followed by its detection by gel electrophoresis and 

sequencing. Over the years, new PCR techniques have been developed in order to be able 

to detect multiple microorganisms simultaneously (i.e. multiplex or broad-range PCR) or to 

allow the quantification of the microorganisms in a sample (i.e. real-time PCR) [44].  

In microbiology, the 16S rRNA gene, the 23S rRNA gene, the rpoB gene, and the 16S–23S 

intergenic spacer are present in all bacteria, and are particularly suitable for broad-range 

PCR [44]. Several protocols have been reported for 16S rRNA gene-based detection of 

bacteria, however, only 16S ribosomal DNA (rDNA) amplification followed by sequencing 

allows accurate identification of the involved microorganism [44]. Therefore, the majority of 

the PCR techniques use primers derived from the highly conserved regions of the 16S rDNA 

for the detection of bacteria [44,45].  

The usefulness of PCR for bone infections diagnosis was showed in a large study included 

3840 bone and joint culture samples from 2308 patients with suspected osteoarticular 

infection. All samples were cultured for 15 days and 16S rDNA PCR was performed if the 

results at day 6 were negative [45]. From 2308 samples, 703 (30.5%) and 38 (1.6%) 

presented positive cultures within and after 6 days, respectively. Regarding the samples with 

positive cultures after 6 days of incubation, PCR results were concordant with the culture in 

36 cases. The remaining 1567 samples presented negative cultures (67.9%) from which 

PCR was negative for 1426 (91%) and positive for 141 cases (9%). Regarding the PCR 

positive results, it was possible to identify fastidious bacteria in 35 samples (24.8%), 

whereas the remaining 106 samples presented non-fastidious bacteria. As expected, S. 

aureus and S. epidermidis were the more common pathogens being positive in 61 out of 106 

samples. The authors recommended the use of conventional broad-range 16S rDNA PCR 

for the diagnosis of bone and joint infections in culture-negative patients, which will enable 

the administration of specific antibiotics [45]. 

Finally, PCR has also been of the upmost importance in solving unique clinical cases of 

bone infection. As an example, Harris et al. reported the case of an immunocompetent 5-

year-old child with a severe case of chronic osteomyelitis in the right femur [46]. A biopsy of 

the infected tissue was taken and Gram and Ziehl-Neelsen staining were performed. Both 

assays revealed no organisms and routine and mycobacterial cultures were negative. DNA 

was extracted from the biopsy tissue, followed by 16S rDNA PCR amplification and 

sequencing. Comparison of the sequences revealed the presence of Helycobacter sp. in the 

lesion, thus enabling the appropriate antibiotherapy to be instituted [46]. 
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Fluorescence in situ hybridization (FISH) is another molecular biology technique that many 

groups have been exploring as a diagnostic tool [44]. This technique is based on the 

detection of nucleic acid sequences by a fluorescently labelled probe that hybridizes 

specifically to its complementary target within bacteria [47]. The labelled probes most 

commonly target the 16S rRNA, due to its genetic stability and its domain structure with 

conserved and variable regions, as well as its high copy number in viable cells [47]. Like 

PCR, it is a culture-independent technique that allows the detection and identification of 

either planktonic or sessile bacteria, as well as the characterization of polymicrobial biofilms 

[49]. In fact, it has been widely used to characterize biofilms on different implant materials 

and tissues, providing important information regarding composition, structure and distribution 

[48]. 

Regarding the study of bone infections, FISH has been successfully used to characterize 

and establish in vivo models of implant-associated infections as well as to characterize 

mono- and polymicrobial biofilms [47,48]. In a study performed by Almeida et al. single, dual 

and tri-species biofilms of Salmonella enterica, Listeria monocytogenes and Escherichia coli 

were characterized in terms of structure, size and localization of each bacterial strain [49]. 

The authors grew biofilms on coupons of glass, polypropylene, polyethylene, polyvinyl 

chloride, copper, silicone rubber and stainless steel for 48 h and used PNA-FISH for the 

qualitative study of biofilm populations, but also for the accurate quantification and spatial 

distribution of species in polymicrobial communities [49]. Fig. 6 shows the special 

organization of dual-species biofilms labelled with fluorescently labelled S. enterica and L. 

monocytogenes specific probes and DAPI. It is possible to observe that bacteria are equally 

distributed throughout the biofilms (Fig. 6A), although the transversal images show that E. 

coli forms double-layered dual species biofilms, whereas S. enterica/L. monocytogenes do 

not (Fig. 6B). Another important outcome of this study was the use of PNA-FISH for 

quantification of biofilm mass by quantification of the total cells per cm2, and its correlation 

with previously optimized methods.  
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Figure 6 – (A) Epifluorescence images of dual-species biofilms of E. coli/L. monocytogenes, S. enterica/L. 

monocytogenes and S. enterica/E.coli labelled with the following probes: SalPNA1873FITC (green) for S. enterica, 

LmPNA1253Cy5 (red) for L. monocytogenes and DAPI (blue) for E. coli. (B) Confocal laser scanning microscopy 

(CLSM) images of dual species biofilms. Adapted from [49]. 

 

Finally, FISH has also been used in difficult to treat clinical cases, such as the one reported 

by Palmer et al. [50]. In this case, a 34-year-old presented 3 years of delayed healing and 

episodic pain following an open tibia fracture. He underwent several surgeries with 

implantation of orthopaedic hardware to achieve fracture healing and during the last 

interventions cultures were taken and samples were tested with the IBIS T5000 (i.e. broad-

range PCR coupled with mass spectrometry) and FISH [51]. As expected, the cultures were 

negative, but IBIS detected the presence of methicillin-resistant S. epidermidis, whereas 

FISH with Staphylococcus specific probe (STAPHYCy5) proved the existence of a well-

developed biofilm within the tibial canal (Fig. 7). 

 

 
Figure 7 – Confocal image of the membrane surrounding the implant from the tibial canal during final removal of 

hardware stained with Staphylococcus-specific probe STAPHYCy5 (red) [50]. 
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In this clinical case, both IBIS and FISH were used for the diagnosis of a bone infection 

where cultures were negative due to the previously administration of antibiotics. This clinical 

case reflects the importance and usefulness of molecular biology techniques in diagnosing 

culture-negative bone infections. In fact, the introduction of PCR as a routine assay in 

microbiology laboratories has been increasing, since they are highly sensitive and specific 

as well as allow a rapid characterization of resistance profiles. In addition, due to the 

increasing automation, PCR techniques have become simpler and less time consuming, 

yielding results faster than the standard microbiology methods [44].  

In conclusion, the early and accurate diagnosis of bone infections is a crucial issue that 

requires a multi-parameter analysis of symptoms, laboratory, microbiology and imaging data. 

Although significant breakthroughs have been made on the field of bone infections 

diagnosis, some issues, such as the presence of biofilms as well as the sensitivity and 

specificity of the diagnostic methods, still need to be addressed. In addition, there is also a 

crucial need for speedier, high throughput, validated, automated and culture-independent 

techniques able to simultaneously provide a broader range of information, such as bacterial 

identification, biofilm characterization and resistance profiles. In this context, DNA-based 

techniques have been proving to be very useful and represent a promising strategy to 

improve bone infection diagnosis [43]. 

 

2.3. Social, clinical and economical impact of bone infections 

Bone infection management has overwhelming demands in terms of hospital resources, 

namely due to long-term hospitalization and antibiotherapy, possibility of multiple surgical 

procedures, replacement of implantation of orthopaedic devices, and follow-up 

physiotherapy. Moreover, the impact on the patients’ quality of life is enormous, since 

following orthopaedic surgical procedures, recovery is slow and physical therapy is often 

needed to restore motor functions, especially if prosthesis was implanted. Therefore, these 

infections are considered to have a major impact in terms of morbidity, mortality and medical 

costs and therefore represent an extraordinary burden on healthcare systems and society 

[31,52,53].  

Studies show that bone infection rates range from 0.7% to 4.2% in elective orthopaedic 

surgery and can reach up to 30% following third-degree open fractures [52]. In addition, 

there is a foreseeable tendency for the increase of bone infections incidence, due to the 

spreading of multiresistant bacterial strains, as well as to the increase of life expectancy and 

age-related diseases [54].  
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The fact that life expectancy is increasing leads to a higher need for restoration and 

maintenance of human anatomy and function after trauma, surgery or general wear [9,10]. 

Over the last decades, there was a significant improvement in terms of biocompatibility and 

function of prosthesis and other orthopaedic devices, which along with an increasing 

demand for medical care from an aging population, led to a successful expansion of the use 

of orthopaedic medical devices [10]. In fact, it is estimated that up to 2007, the worldwide 

use of medical devices was approaching half a billion of devices per year with a tendency to 

a steady increase [54]. Although the incidence of septic failure of implants has been 

decreasing over the last years, the absolute number of implant-associated infections is still 

considered too high in view of the vast and always increasing number of implanted devices 

[6,52,54]. The main strategies to decrease the probabilities of a post-operative bone 

infection include adequate protocols for peri-operative antimicrobial prophylaxis, advanced 

implant design, improved surgical technique, laminar airflow operating room environments, 

and appropriate management of antibiotics for medical treatment. In addition, 

epidemiological studies concerning outbreaks of virulent epidemic strains, control and 

confinement of patients and personnel colonised by methicillin-resistant S. aureus or other 

multiresistant strains are progressively being introduced in hospital settings, thus enabling 

an improved control of infection dissemination as well as implementation of more adequate 

treatment strategies. 

However, bone infections are not exclusively associated to orthopaedic implants. There are 

several clinical situations known to be associated to a higher risk of bone infection. One of 

the main complications of diabetes and peripheral vascular disease is osteomyelitis of the 

extremities. The loss of sensation for pain, as well as the hindered blood supply, makes 

these infections extremely difficult to eradicate. In some extreme cases, replacement of the 

infected bone for a prosthesis or even amputation may be necessary. Furthermore, 

increasing attention has been paid to bone infections associated to other latent infections, 

such as tuberculosis and/or human immunodeficiency virus (HIV). It is estimated that one 

fifth of the tuberculosis cases present extra-pulmonary involvement and the incidence is 

higher in HIV-positive patients [56]. Osteomyelitis caused by Mycobacterium tuberculosis, 

especially in patients co-infected with HIV, is extremely difficult to diagnose since the 

symptoms onset may be delayed and culture isolation of mycobacteria are challenging due 

to their fastidious behaviour. Once it is diagnosed, treatment may be very challenging, not 

only because HIV patients present a deficient immune system, but also because 

multiresistant mycobacteria strains are becoming more common [56]. Lastly, excess weight 

and alcoholism are also known to be associated to bone infections. In both cases, patients 
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typically present decreased bone mass and deficient immune systems, as well as altered 

metabolism enzymes, which can diminish the effectiveness of antibiotherapy [57].  

Although several strategies have been implemented to diminish the social, clinical and 

economical burden of bone infections, namely by (i) developing speedier and more accurate 

diagnostic tools, (ii) improving surgical techniques, (iii) designing orthopaedic medical 

devices less prone to bacterial colonisation and with enhanced antibacterial activity, and (iv) 

implementing antibiotherapy guidelines aiming the rational use of antibiotics, the number of 

bone infections recalcitrant to conventional antibiotic treatment is still increasing. Both the 

design of orthopaedic medical devices and implementation of antibiotherapy guidelines are 

pointed as the most valuable strategies to improve the clinical outcomes of complicated 

bone infections and will be discussed in more detail in the following sections.  

 

3. Current treatment strategies 

The main treatment strategies in bone infections include long-term antibiotherapy as well as 

thorough surgical debridement and partial or total replacement of implants, if present 

[2,6,11]. Surgery may not be necessary for acute osteomyelitis cases, but in chronic 

osteomyelitis, as well as implant-associated infections such as prosthetic joint infections, 

surgical removal of the infected and necrotic tissue (i.e. debridement) and the compromised 

implant is mandatory [2,11,58]. Nonetheless, the correct choice of antibiotics is a key aspect 

to improve treatment outcomes. This may be an extremely difficult task, since conventional 

microbiology methods often fail to isolate and identify the pathogen(s). Hence broad-

spectrum antibiotics are normally the initial empirical choice, which may be based on the 

epidemiological and clinical data of each institution [57]. In many cases, treatment strategies 

simultaneously include the systemic administration of antibiotics and use of orthopaedic 

biomaterials with antibacterial activity in order to achieve a local effect. In this section, a 

detailed revision of current antibiotherapy, as well as the most relevant orthopaedic devices, 

used in bone infection treatment and management is presented. 

 

3.1. Antibiotherapy  

The treatment of bone infections generally includes a long-course administration of 

antibiotics, which, in the first stage, are given intravenously and then switched to oral 

administration once the patient is discharged from the hospital [4]. Regardless whether the 

infection is implant- or non-implant associated (i.e. osteomyelitis and septic arthritis), 

antibiotherapy is always required [52]. As stated previously, empirical treatment based on 
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epidemiological and clinical data of each institution is often used, especially in life-

threatening cases and serious infections. However, a revision of the initial treatment is 

recommended once the pathogen is isolated, which not always is possible. Since more than 

50% of bone infections are primarily caused by S. aureus and S. epidermidis, empirical 

treatment of bone infections should always include these microorganisms [2,52,58].  

Reports show that physicians prefer to use a two-drug combination for the treatment of bone 

infections, especially if it involves an implant [59]. Depending on the infection site, 63 to 68% 

of clinicians use a two-drug regimen, in opposition to 18 - 25% that prefer a single drug 

regimen or to 12 - 13% that chose a combination of three drugs. Overall, treatment of bone 

infections caused by staphylococci relies on three main antibiotic groups, namely 

fluoroquinolones, glycopeptides and, more recently, lipopeptides.  

Fluoroquinolones are a group of molecules characterized by the presence of a quinolone 

ring with a fluorine at position 6 (Fig. 8A).  

 

 
Figure 8 – Molecular structures of (A) fluoroquinolone nucleus, (B) ciprofloxacin, (C) levofloxacin, and (D) 

moxifloxacin. Adapted from [60]. 

 

This group of molecules derives from nalidixic acid, which was the first quinolone to be 

described. Due to its limited spectrum of activity and the rapid development of resistance, 

the usefulness of nalidixic acid was limited. The introduction of a fluorine, as well as other 

chemical modifications, originated agents with an increased antibacterial spectrum, and 

improved pharmacokinetic properties.  Fluoroquinolones inhibit DNA synthesis by promoting 

cleavage of bacterial DNA in the DNA-enzyme complexes of DNA gyrase and type IV 

topoisomerase, resulting in rapid bacterial death [60,61]. As a general rule, gram-negative 

bactericidal activity correlates with inhibition of DNA gyrase, and gram-positive bactericidal 

activity corresponds with inhibition of DNA type IV topoisomerase [61]. 
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Ciprofloxacin, oxacilin and more recently levofloxacin and moxifloxacin (Fig. 8B - D, 

respectively) are most commonly used fluoroquinolones in bone infections treatment. Not 

only do they present a broad-spectrum of activity, which includes both Gram-positive and 

Gram-negative bacteria, such as streptococci, staphylococci, and Enterobacteriaceae, but 

they also present a high bioavailability in the bone, which constitutes an important 

advantage since higher concentrations of the drug are achieved in the infected site [62, 63]. 

In addition to high bone bioavailability, fluoroquinolones may be given orally, unlike other 

antibiotics than can only be administered intravenously, being one of the drugs of choice for 

continuation of antibiotherapy in an ambulatory setting [61].  

The use of fluoroquinolones is recommended as the first line treatment for MSSA infections, 

especially in acute cases. However the emergence of resistance amongst staphylococci has 

limited its use and combination with a second agent is advisable, especially in cases with 

negative culture results [64]. In implant-associated infections, the combination of a 

fluoroquinolone with either vancomycin or rifampicin has become increasingly common [59].  

However, the current treatment of Gram-positive bone infections lies mainly on the use of 

vancomycin and daptomycin. Vancomycin is a Gram-positive selective glycopeptide, such as 

oritavancin, teicoplanin, telavancin, and dalvabancin, acting by inhibition of the 

peptidoglycan synthesis, which occurs exclusively in Gram-positive bacteria [65]. 

Chemically, glycopeptides are composed by a heptapeptide core with crosslinking between 

the amino acids through aryl ether and carbon–carbon bonds that provide rigidity to the 

peptide [65]. There are two major structural classes of glycopeptides based on the identity of 

the core peptide, being vancomycin and teicoplanin examples of each class (Fig. 9A and B) 

[65]. The former is the most important and prescribed glycopeptide (Fig. 9B). It was 

discovered in 1953 and introduced into the clinic 5 years later [66]. Initially, vancomycin was 

used only sparingly since other antibiotics, such as semisynthetic β-lactams, still presented a 

high effectiveness and more favourable pharmacology, due to the fewer adverse side 

effects. 
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Figure 9 – Molecular structures of the major structural classes of glycopeptides, namely (A) teicplanin and (B) 

vancomycin. Adapted from [65]. 

 

However, the increased prevalence of methicillin-resistant S. aureus in the late 1970s 

resulted in a rise in the use and dependence on vancomycin [67]. In the late 1990’s the first 

cases of vancomycin intermediate resistance were reported for coagulase-negative 

staphylococci and then S. aureus (i.e. vancomycin-intermediate S. aureus – VISA). The first 

VISA was isolated in Japan and since then more than 100 VISA isolates have been reported 

[68]. Later, in 2002, isolates from three patients revealed the presence of a vancomycin-

resistant S. aureus (VRSA) with a MIC higher than 32 µg/mL [68]. Although the VRSA 

strains did not spread as fast as the VISA strains, it is still a cause for major concern. 

However, there are some limitations in the use of vancomycin for staphylococcal infections, 

namely the increasing number of VISA strains as well as its systemic toxicity, mainly 

characterized by renal function impairment. Regarding bone infections, there is also the 

issue of bioavailability in the bone and surrounding tissues. Vancomycin presents a lower 

bioavailability in the bone compared to fluoroquinolones, but it presents a more effective and 

rapid bactericidal action, which accounts for its widespread use [63]. In a survey among 

members of the Emerging Infections Network, a Centre for Diseased Control sponsored 

network of infectious diseases physicians, vancomycin was the first line choice of treatment 

for MRSA and coagulase-negative staphylococci prosthetic joint infections, namely for 90% 

and 93% of the cases, respectively [59]. If there was a reduction of vancomycin susceptibility 

or the patients presented impaired renal function, vancomycin was not an option and 

daptomycin was the most common second-choice. In fact, daptomycin was introduced in the 

market in 2002 as a salvage therapy after vancomycin failure [68,69]. It is a lipopeptide 

characterized by a hydrophilic peptide core and a lipophilic lipid tail (Fig. 10), which is able to 

intercalate between the phospholipids of the cellular membrane of Gram-positive bacteria 

thus opening ion-channels that cause membrane depolarization, ionic imbalance and 

impairment of the main metabolic pathways that ultimately lead to cell death [69]. Compared 

to vancomycin, daptomycin presents less adverse side effects and is better tolerated by the 
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patients. In addition, in vitro studies show that it presents a higher biofilm penetration than 

vancomycin, which is very important in bone infection treatment [25,26]. 

 

 
Figure 10 – Molecular structure of daptomycin indicating the lipophilic tail and the hydrophilic. Adapted from [69]. 

 

It should not be administered for long periods (i.e. no more than 7 days), due to the 

possibility of resistance emergency, although reports of daptomycin resistance are scarce 

[70]. The frequency of spontaneous daptomycin resistance in S. aureus is low [70]. So far, 

most cases of clinically acquired non-susceptibility of S. aureus to daptomycin occurred in a 

setting of inadequate dosing and/or deep-seated, high-inoculum, and biofilm-related 

infective, such as infectious endocarditis or bone infections [72-75]. In these cases, the 

effective concentration of daptomycin at the site of the highest bacterial density is low, and 

activity is further diminished by the stationary phase of bacteria in biofilm [12,76]. Most cases 

of reduced daptomycin susceptibility are associated with changes in cell wall structure and 

turnover, membrane composition and structure, and modifications in sensitivity to 

depolarization, autolysis, and permeabilization [59]. Nevertheless, daptomycin has been 

proving to be a useful alternative for bacteria with reduced susceptibility to vancomycin. 

 

Association of antibiotics with rifampicin 

As stated previously, most clinicians tend to choose a two-drug combination for the 

treatment of bone infections, especially if it involves an implant [59]. This choice is 

corroborated by the in vitro susceptibility testing involving biofilm-associated bacteria, which 

show that combination antibiotic therapy is more effective to eradicate biofilms [24,70]. There 

are three main aspects that account for the choice of a combined drug regimen; (i) to 

broaden the antimicrobial spectrum, (ii) to exploit the synergy between two antibiotic agents, 

and/or (iii) to prevent or delay the emergence of resistance during antimicrobial therapy. 

Table 3 summarizes the most common dual-antibiotic combinations used in bone infections 
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treatment. As shown, rifampicin is the most common constituent of antibiotic combinations 

active against staphylococcal biofilms. 

 
Table 3 – Dual-antibiotic combinations used in bone infections treatment. 

Combination Type of infection Ref. 

Daptomycin + rifampicin 
Chronic osteomyelitis 
Implant-associated infections [77,78] 

Fusidic acid + rifampicin 
Chronic osteomyelitis  
(except in the USA, where oral fusidic acid is not 
available) Implant-associated infections 

[79,80] 

Ciprofloxacin + rifampicin 
Chronic osteomyelitis 
Implant-associated infections 

[81,82] 

Ofloxacin + rifampicin Osteomyelitis associated with diabetic foot [83] 

Levofloxacin + rifampicin 

Implant-associated infections 
Osteomyelitis  
(levofloxacin preferred over ofloxacin due to higher 
bioavailability) 

[84] 

Clindamycin + rifampicin Chronic osteomyelitis [85] 
 

Rifampicin derives from the rifamycin complex, which is a group of fermentation products 

from Nocardia mediterranei with antibacterial activity [86]. Chemically, rifampicin was 

synthetized using rifampicin B as the starting molecule and keeping the naphthyl core and a 

polyketide derived ansa-bridge untouched due to the structure-activity relations (Fig. 11) 

[86,87]. It acts by binding and inhibiting the bacterial DNA-dependent RNA polymerase. In 

addition, it is able to diffuse freely into tissues, cells and bacteria, making is very effective 

against intracellular bacteria, such as mycobacteria, in leukocytes and macrophages [88]. 

Therefore, since its introduction in the market in 1968, rifampicin has been a mandatory 

antibiotic in tuberculosis treatment [86].  

 

 
Figure 11 – Molecular structure of rifampicin and rifamycin B and SV (from the rifamycin complex). Adapted from 

[87]. 

 

Nevertheless, in the last decade interest has grown concerning its use in biofilm-related 

infections. A parallelism may be drawn between Mycobacterium tuberculosis and biofilms, 
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since in both cases bacteria are in a latent or stationary metabolic state, which allows them 

to evade the bactericidal action of antibiotics that target active metabolic pathways. In fact in 

vitro reports have shown that rifampicin is able to eradicate adherent and non-growing 

staphylococci by reducing the adherence of the biofilm organisms to the surfaces [89,90]. 

Another advantage of rifampicin is its high oral bioavailability and tissue penetration [86].  

However, due to the rapid selection of resistant mutants, rifampicin cannot be used as 

monotherapy and, consequently, a combination of antibiotics must be used [91,92]. 

Regarding bone infections treatment, the most common combinations include 

fluoroquinolones, vancomycin or daptomycin (Table 3). Nevertheless, the use of the 

fluoroquinolone association has decreased due to the emergence of quinolone-resistant 

staphylococci [93]. Among many in vitro studies and case reports, the association between 

daptomycin and rifampicin has proven to be on the most effective in eradicating 

staphylococcal biofilms.  

Finally, new antibiotic associations have been studied in order to improve the antibiotic 

effectiveness against biofilm-related bone infections. More recently, the association of fusidic 

acid and rifampicin has been gaining importance, although both antibiotics cannot be 

administered in monotherapy due to the rapid emergency of resistance.  

It is possible to conclude that, although the antibiotherapy of bone infections has evolved 

and improved over the last decades, its effectiveness is still a critical issue. Since the 

discovery of new antimicrobials has decelerated, few new antimicrobials are being 

introduced in the market. Therefore, the main strategy has been focusing on the combination 

of different antibiotics in order to improve its antibiofilm activity. This strategy has proven to 

be useful, especially in implant-associated infections and in chronic osteomyelitis. 

Nonetheless, in order to eradicate biofilms, a high local antibiotic concentration is required. 

The most commonly used antibiotics, such as fluoroquinolones and rifampicin, present a 

high bioavailability and good tissue penetration but the reduced blood supply of the infected 

bone, as well as the biofilm itself, may reduce the concentration of antibiotics(s) at the 

infected site. Further increasing the antibiotic dosage may be an option, but patients often 

exhibit signs of serious systemic toxicity, which are dose limiting. Therefore, there is a need 

for strategies that would allow increasing the local concentration of antibiotics without 

systemic side effects.  

 

3.2. Orthopaedic biomaterials 

Up until 1976, the European Society for Biomaterials (ESB) defined a biomaterial as “a 

nonviable material used in a medical device, intended to interact with biological systems”. 
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Over the last decades, biomaterials have significantly evolved. Regarding orthopaedic 

biomaterials, considerable improvements in terms of biocompatibility and mechanical 

properties were achieved as well as in their use as skeletal drug delivery systems for 

treatment of infection, inflammation, osteoporosis, cancer and even to enhance bone 

regeneration [3,94]. This led to a paradigm shift, which was reflected in the updated ESB 

definition of biomaterial as a “material intended to interface with biological systems to 

evaluate, treat, augment or replace any tissue, organ or function of the body”.  

Orthopaedic biomaterials can be classified in two main groups, namely synthetic or of 

biological origin (Fig. 12). The first orthopaedic biomaterial to be commercialized was 

Pexiglas®, which was a non-biodegradable bone cement composed by poly(methyl 

methacrylate) (PMMA) (Fig. 12) [1]. The cement is obtained by radical polymerization 

between methyl methacrylate monomers and chains of poly(methyl methacrylate) with 

different lengths and presents suitable biocompatibility and mechanical properties for long-

term anchoring and fixation of prosthesis [1,95].  

 

 
Figure 12 – Schematic representation of the classification of orthopaedic biomaterials according to their synthetic 

or natural origin. Abbreviations: PCL – polycaprolactone; PGA – poly(glycolic acid); PLA – poly(lactic acid); PLGA 

– poly(lactic-co-glycolic acid), PMMA – poly(methyl methacrylate). Adapted from [96,97]. 

 

Research concerning the physical-chemical properties of PMMA gave further insights on the 

depot release of unreacted monomer species and the possibility of applying the same 

principal to antibiotics [95]. The idea of using such devices as skeletal drug delivery systems 

(SDDS) was firstly developed by Buchholz and Engelbrecht in 1970’s [95]. Initially, 

gentamicin, a broad-spectrum antibiotic was incorporated into PMMA bone cement and a 

few years later the first antibiotic-loaded bone cement was introduced in the market under 

the name Refobacin Palacos R® (Merck). Since then, a large variety of antibiotics have 
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been incorporated into either PMMA bone cements or, more recently, preformed spacers 

(Table 4) [1,98]. The most common antibiotic incorporated into non-biodegradable SDDS is 

gentamicin, as can be seen in Table 4. Not only it is the first antibiotic to be used, but it also 

presents a broad-spectrum and does not significantly affect the mechanical properties of 

PMMA. In addition, the use of orthopaedic biomaterials with more than one antibiotic has 

become increasingly common, as reflected by the increasing number of such products in the 

market. Other antibiotics that have been studied for inclusion into such orthopaedic 

biomaterials include quinolones, vancomycin and daptomycin, among others; although so far 

none of them are commercially available [96,98,99].  

 
Table 4 – Commercially available non-biodegradable SDDS for local delivery of antibiotics. 

Type Brand Antibiotic(s) 

PMMA bone cements 

Cemex® Genta  
(Tecres SPA) Gentamicin 

CMW® (1 and 2)  
(DePuy Orphopaedics, Inc.) 

Gentamicin 

Cobalt® G-HV  
(Biomet ,Inc.) Gentamicin 

Palacos® G  
(Heraeus Kulzer, GmbH) Gentamicin 

Refobacin®  
(Biomet, Inc.) Gentamicin 

SmartSet®  
(Depuy Orthopaedics, Inc.) 

Gentamicin 

VersaBond® AB  
(Smith and Nephew, Inc.) 

Gentamicin 

Simplex® P  
(Stryker Corporation) 

Tobramycin 

Vancogenx®  
(Tecres SPA) 

Gentamicin and 
Vancomycin 

Copal® G+C  
(Heraeus Kulzer, GmbH) 

Gentamicin and 
Clindamycin 

Refobacin® Revision  
(Biomet, Inc.) 

Gentamicin and 
Clindamycin 

PMMA pre-formed 
temporary spacers 

InterSpace® 
(Tecres SPA) 

Gentamicin 

Prostalac®  
(DePuy Orthopaedics, Inc.) 

Vancomycin or 
Tobramycin 

Vancogenx® Space  
(Tecres SPA) 

Gentamicin and 
Vancomycin 
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Even though SDDS present several advantages, namely enabling local drug delivery and 

improved antibacterial activity, drug release kinetic from these devices still remains a key 

issue [96,99]. The thorough study of the antibiotic release profiles from non-biodegradable 

SDDS is of the upmost importance, especially regarding PMMA bone cements, which are 

intended to remain permanently in the body. In opposition, the antibiotic release profile from 

PMMA pre-formed spacers is not as critical since these are only temporarily implanted in the 

body in order to provide structural support during a two-stage revision surgery [97].  

Overall, high concentrations of antibiotics are released from PMMA bone cements 

immediately after implantation, thus achieving high local antibiotic concentrations. However, 

after an initial high drug release, it tends to decrease and a significant amount of antibiotic 

remains entrapped within the material. Consequently, a long-term residual release of the 

antibiotic can occur, which may be responsible for the selection of resistant bacteria, thus 

jeopardizing treatment outcomes. Since the commercialization of Refobacin Palacos R®, 

many gentamicin-loaded PMMA cements with different compositions and characteristics 

were introduced in the market. A study conducted by van de Belt et al. regarding the release 

of gentamicin from six commercially available PMMA bone cements showed that the 

percentage of antibiotic released was different and depended strongly on the porosity of the 

final cements [100]. It was also possible to verify that all cements presented a residual 

sustained release of gentamicin in sub-inhibitory concentrations. Neut et al. also reported the 

release of sub-inhibitory concentrations of gentamicin from PMMA beads removed from a 

patient after 5 years of implantation [101]. In this study it was possible to quantify the 

residual antibiotic release (0.4 µg/mL of antibiotic per bead), as well as to isolate gentamicin-

resistant coagulase negative staphylococci from the surface of the beads reinforcing the idea 

that residual release of antibiotics from SDDS may be responsible for selecting resistant 

bacteria [101,102]. Other study conducted by the same group, showed that gentamicin-

loaded PMMA beads recovered from patients after 14 days of implantation were covered 

with Gram-positive cocci further supporting the idea that antibiotic release from PMMA may 

not be efficient [102].  

Focusing on Gram-positive selective antibiotics, vancomycin and daptomycin have also 

been widely studied for incorporation into PMMA bone cements [103-107]. One study 

focused on the in vitro quantification of vancomycin elution from PMMA bone cement both by 

an analytical method (i.e. HPLC) and a microbiological assay [107]. Researchers were able 

to quantify vancomycin release from PMMA until day 7 of the release assay. From day 14 to 

week 12 it was not possible to detect or to quantify vancomycin elution from the biomaterial. 

The microbiological activity of the eluates against a reference strain of Bacillus subtilis 

correlated well with these results. In addition, vancomycin release was incomplete 
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reinforcing the idea that there is high drug retention within PMMA bone cements [1,53]. 

Therefore, the improvement of vancomycin release from PMMA has been extensively 

investigated in order to decrease drug retention and enhance its antibacterial effect. 

Increasing the porosity of PMMA has proven to be effective, although it compromised the 

materials mechanical properties [103]. One strategy that has been proposed by several 

authors is the dual drug delivery of vancomycin and gentamicin from PMMA [103,104].  Not 

only it improves the antibacterial efficacy of the biomaterials, due to a broader antibacterial 

spectrum, but also simultaneously the presence of gentamycin appears to greatly increase 

vancomycin release up to 146% when compared with PMMA loaded only with vancomycin 

[103,104]. Moreover, gentamicin release from vancomycin-gentamicin-loaded PMMA also 

increases, although to a lesser extend (i.e. 45%), which leads to the conclusion that 

increasing the cement’s porosity lead to an improved release of both antibiotics [103]. The 

dual drug delivery of gentamicin and vancomycin from temporary PMMA biomaterials, 

namely hip spacers and beads, was also studied in vivo in 28 patients [108]. A total of 17 hip 

spacers (80 g PMMA, 1 g gentamicin, and 4 g vancomycin) and 11 chains (40 g PMMA, 0.5 

g gentamicin, and 2 g vancomycin) were studied. The release of both drugs was measured 

in the drainage fluid by fluorescence polarization immunoassay on a daily basis. The authors 

concluded that beads showed higher elution of both antibiotics in vivo than the spacers due 

to their larger surface area. In addition, maximum antibiotic release was achieved on the first 

day after implantation for both systems; 160 µm/mL and 80 µg/mL of gentamicin and 

vancomycin, respectively, for the beads and 21 µg/mL and 37 µg/mL of vancomycin and 

vancomycin, respectively, for the spacers. The last concentrations to be determined were 

3.7 µg/mL gentamicin and 23 µg/mL vancomycin for the beads after 13 days, and 1.9 µg/mL 

gentamicin and 6.6 µg/mL vancomycin for the spacers after 7 days. The authors concluded 

that the inferior elution properties of spacers emphasize the importance of additional 

systemic antibiotics for this treatment procedure during the postoperative period [108]. 

Another strategy used to improve antibiotics release from PMMA bone cements is to add 

particulate poragens or water-soluble components, which will increase the matrix porosity as 

well as water penetration [105,109-112]. The most common fillers used include as lactose, 

glycine and xylitol [105]. This strategy has been extensively studied in order to improve 

daptomycin release from PMMA bone cements, since it is one of the most effective drugs for 

the treatment of staphylococcal bone infections and its release from PMMA is greatly 

hindered. From the previously mentioned fillers, xylitol has been the most widely used, since 

it is an affordable and readily available material that presents a possible antibiofilm activity 

[105]. McLaren et al. compared the release of daptomycin (1 g) from Palacos® bone cement 

loaded with 28 g of either xylitol or glycine [105]. Both xylitol and glycine enhanced the 
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elution of daptomycin from PMMA, but xylitol was more effective than glycine. Not only did it 

cause a higher increase in daptomycin release (2.67 times higher than the standard Palacos 

versus 1.78 times for glycine-loaded Palacos) but it also enabled a sustained daptomycin 

release in higher concentrations (3.90 µg/mL for xylitol versus 2.25 µg/mL for glycine on day 

9). More recently, Salehi et al. explored the appropriate amount of xylitol to use in 

daptomycin-loaded PMMA bone cement [109]. Briefly, four groups of Orthoset® 1 bone 

cement with 1.36 g of daptomycin but different amounts of xylitol (0, 0.7, 1.4, and 2.7 g) were 

prepared. Mechanical characterization of the cements, as well as antibiotic release, and 

bacterial inhibitory properties were determined. Although increasing the percentage of xylitol 

in the cements caused an increase of daptomycin release, it was also responsible for a slight 

reduction of the mechanical properties. In conclusion, the authors found 1.93 g xylitol mixed 

with 1.36 g daptomycin and 40 g cement powder to be an appropriate mixture for optimal 

daptomycin release, which is significantly lower than the amount of xylitol used by McLaren 

et al. [105,109]. More recently, Arias et al. investigated the activity of Palacos® PMMA bone 

cement loaded with daptomycin alone or in combination with gentamicin or polyethylene 

glycol 600 (PEG600) against S. epidermidis biofilms [113]. The authors were able to 

conclude that the dual incorporation of 3.75% (w/w) of daptomycin and gentamicin into 

PMMA was able to prevent biofilm formation, whereas the antibiotics alone were not able to 

inhibit biofilm formation in concentrations up to 5% (w/w). Regarding the use of PEG600, the 

addition of 0.375% to the cement loaded with 3.75% daptomycin was sufficient to prevent 

bacterial adhesion to PMMA and the consequent biofilm formation. In conclusion, the 

combination of daptomycin with either gentamicin or PEG600 was able to improve the 

antibiofilm activity of the biomaterial, probably due to the enhanced daptomycin release 

caused by an increase in the material porosity. Additionally, the authors referred that 

combining gentamicin and daptomycin may also result in a synergistic effect [113].  

Oppositely to PMMA bone cements, the biodegradable orthopaedic biomaterials are not 

adequate for load-bearing purposes, but have been widely used as bone void fillers after 

debridement in osteomyelitis cases [99]. The biodegradable bone cements present different 

biodegradability rates depending on their chemical composition, being most of the 

commercially available cements composed by calcium phosphates (CPC), such as 

hydroxyapatite and β-tricalcium phosphate, followed by calcium sulphate and silica-based 

materials, such as S43P4 and 45S5 (Fig. 13, Table 5) [98,99,114].  
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Table 5 – Commercially available non-biodegradable orthopaedic biomaterials. 

Composition Brand Antibiotic 

Calcium phosphate 

Biobon®  
(Biomet-Merck) 

- 

Biofil®  
(DePuy) - 

BoneSource® BVF  
(Strycker Corporation) 

- 

Calcibon®  
(Biomet) - 

Chronos®  
(Synthes CMF) - 

Maxresorb®  
(Biotiss Biomaterials) 

- 

Calcium phosphate and 
collagen 

HEALOS® Bone Graft  
(DePuy Orthopaedics, Inc.) 

- 

Calcium phosphate and 
polycaprolactone 

Norian® 
(Synthes CMF) - 

Calcium sulphate 

Herafil®  
(Hereaus Kulzer, GmbH) Gentamicin 

Osteoset® T 
 (Wright Medical Technology, Inc.) 

Tobramycin 

Calcium sulphate and 
calcium phosphate 

Cerament® G  
(Bonesupport AB) 

Gentamicin 

S43P4 
BonAlive®  

(BonAlive Biomaterials) - 

45S5 
Bioglass®  
(Biomet) - 

 

Both calcium phosphate and calcium sulphate-based bone cements present a macroporous 

structure and a chemical composition similar to bone, which enables them to be 

osteoconductive as well as osteoinductive thus promoting bone regeneration. This is a key 

aspect following the surgical removal of large areas of necrotic and infected bone or in in 

severe fractures [96,98,115,116]. The addition of collagen or polycaprolactone to calcium 

phosphate cements has proven to further improve bone regeneration and osteoblast 

adhesion to the implanted material [115]. 

Although the number of commercially available biodegradable SDDS is lower than the non-

biodegradable SDDS, advances have been made in this area and there are promising 

clinical outcomes, especially in the treatment of chronic osteomyelitis (Table 5).  
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Similarly to non-biodegradable SDDS, gentamicin is the preferred antibiotic included in 

biodegradable bone cements (Table 4 and 5). Although not in the market, vancomycin-

loaded biodegradable SDDS have also been intensively studied [107,116-118]. Urabe et al. 

compared vancomycin release from PMMA and CPC. In addition to the aforementioned 

results for PMMA, vancomycin-loaded CPC presented a quantifiable antibiotic release up to 

eight weeks and the eluates showed antimicrobial activity until the fourth week [107]. It is 

important to state that the percentage of antibiotic release from CPC was significantly higher 

when compared to PMMA [107]. In opposition to PMMA, antibiotic-loaded CPC release 

higher amounts of antibiotics due to their microporous structure and biodegradability 

[98,118]. This may be a problem concerning increased systemic concentrations of the 

antibiotics and impairment of bone regeneration, since some antibiotics, like vancomycin, 

are known to present negative effects on osteoblasts differentiation [109]. Thus, in 

opposition to PMMA bone cements, improving CPC drug release has been focused on 

decreasing its rate. Altering the solid/liquid ratio of the CPC components or incorporating 

antibiotic-impregnated biodegradable polymers, such as PCL and PLGA, have been the 

most successful strategies although some significant changes in CPC properties were 

observed [119-123]. Many of these strategies have yielded promising results, but a work 

published by Gburek et al. raised the question whether the experimental setup of the release 

assays could significantly influence vancomycin release from PLGA-impregnated CPC [118]. 

Release assays were performed under static and dynamic conditions (i.e. with constant 

renovation of the media, which would more truthfully mimic physiologic conditions) and 

proved that, under dynamic conditions, vancomycin release is significantly faster. In contrast, 

under static conditions it follows a typical three phase profile with slow initial drug release 

followed by a plateau with retarded vancomycin diffusion and finally higher amounts are 

released due to polymer matrix degradation. In conclusion, the authors were able to show 

that under dynamic conditions a 100% cumulative release of vancomycin is achieved at day 

10, whereas under static conditions this only occurs at day 40 [118]. Finally, unlike PMMA 

bone cements, daptomycin incorporation into CPC has not been addressed so far, and 

taking into consideration that it is salvage antibiotic after vancomycin failure, its incorporation 

into biodegradable SDDS would be very useful in the treatment of severe fracture-

associated infections and chronic osteomyelitis cases.  

More recently, research has been focused on biomaterials with intrinsic antibacterial activity, 

such as the bioactive glass [124]. Bioactive glass is an orthopaedic biomaterial with intrinsic 

antibacterial activity, which was firstly introduced in the market in the late 1960s as 

biodegradable bone void filler (Table 5). There are three main groups of bioactive glasses 

according to their oxide-composition, i.e. SiO2-based (silicate), B2O3-based (borate) and 
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P2O5-based (phosphate) systems [114]. By far, the majority of orthopaedic bioactive glasses 

are silica-based and present advantageous osteoconductive and osteoinductive properties 

[124]. However, the intrinsic antibacterial activity distinguishes these materials from the rest. 

Once implanted in the bone cavity, dissolution of the bioactive glass starts and sodium and 

calcium ions are released. Simultaneously, there is an accumulation of H+ ions on the outer 

layer of the material, thus resulting in a drastic increase of the pH in the surrounding fluids, 

which is turn causes bacterial death by causing membrane alterations and osmotic 

imbalance. Clinicians have been successfully exploring the antibacterial properties of 

bioactive glass for treatment of infected open fractures and osteomyelitis [124]. So far no 

bacterial resistance has been reported, probably due to the unspecificity of the killing 

mechanism and to the fact that the pH increase is time-limited [124]. One drawback of the 

bioactive glass may be the inactivation of some antibiotics caused by the basic environment 

as well as some delay in the bone formation rate. 

 

Overall, anti-infective biomaterials have progressively become a first-line choice in the 

treatment of bone infections. The large variety and always increasing number of 

commercially available antibiotic-loaded SDDS clearly reflects the need for orthopaedic 

materials not only with enhanced antibacterial characteristics but also with improved 

mechanical and biocompatibility properties. Though many improvements have been made in 

antibiotic-loaded SDDS, as previously discussed, drug release kinetic is still an issue. Many 

authors have been advocating the long course of systemic antibiotherapy will not be 

required since local antibiotic delivery would suffice for bone infection treatment. However, 

SDDS still remain as adjuvants to systemic antibiotherapy due to the limited variety of 

antibiotics incorporated into SDDS as well as the issues concerning its drug release.  

 

3.3. Limitations of the current treatment strategies 

Biofilms are a key issue in bone infections; therefore strategies that reduce the initial 

adhesion and colonization of either implant surfaces or tissue are very useful. The use of 

orthopaedic devices with altered surface topography or specific antibacterial coatings 

certainly reduce the possibility of biofilm formation, but it is not enough for the treatment of a 

pre-established infection. 

The high success rates of antimicrobial therapy in most infectious diseases have not yet 

been achieved in bone infections owing to the physiological and anatomical characteristics 

of bone [2]. The main problem with the current treatment strategies lies on the 

pharmacokinetics of antibiotics in necrotic and infected bone. It is known that 
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fluoroquinolones are known to present a high biodistribution to the bone, whereas other 

antibiotics, such as vancomycin and daptomycin, only reach the bone in lower 

concentrations [62,69,103]. Nevertheless, necrotic and infected bone has a diminished 

vascular supply, which is accountable for the reduction of the antibiotic concentrations 

present in the bone and therefore for its reduced effectiveness. In addition to the 

pharmacokinetic issues, higher antibiotic concentrations and longer administration periods 

are required to eradicate bone infections due to the persistence of bacteria within biofilms as 

well as the emergence of resistant strains [58]. The long-course administration of high dose 

antibiotics may lead to side effects that often limit the patients’ adhesion to the treatment and 

jeopardise the treatment outcomes [58]. Another important aspect includes the assessment 

of risk factors of the patients that may negatively affect treatment effectiveness [57]. The 

most common situations include allergies to antibiotics, chronic renal failure, comorbidities 

that affect vascular supply (such as diabetes, hypertension, and cardiovascular diseases), 

and immunosuppression (typical in patients with inflammatory or auto-immune diseases as 

well as transplants) [57]. 

Local drug delivery has emerged as a strategy to overcome the poor antibiotic distribution in 

the bone by increasing the in situ drug concentrations. Some studies have addressed the 

use of antibiotic solutions to sterilize the infection site during surgery, but the effectiveness of 

this strategy is limited due to the reduced residence time of the drug within the open cavity 

[11]. Therefore, the use of SDDS has become a common and widely used strategy to 

increase the local antibiotic concentration in a sustained manner. Nevertheless, the 

incorporation of antibiotics into SDDS is still a challenge. Not every antibiotic may be 

incorporated into biomaterials due to (i) antibiotic stability (thermosensitiveness; chelation 

with calcium, i.e. tetracyclines); (ii) influence of the antibiotic on the material properties 

(mechanical strength, porosity, etc.) and (iii) inadequate drug release profile (either too fast 

like in biodegradable materials or insufficient and incomplete like in non-biodegradable 

materials) [96,97].  

In conclusion, the treatment of bone infections still requires innovation, not only in terms of 

novel antimicrobials against multiresistant strains, but also in order to improve the currently 

available SDDS, especially in terms of the prevention of bacterial adhesion and elimination 

of biofilms. 
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4. Polymeric nano- and microparticles as new therapeutic 
strategies  

Nano- and microparticles have gained significant importance in the medical field as drug 

delivery systems, due to the enormous impact in the treatment and management of several 

conditions with high social and economical impact, such as cancer, infections, respiratory 

and metabolic diseases and tissue regeneration [125].  

In particular, interest in polymeric drug delivery systems (PDDS) have increased in the 

medical field, mainly due to among other reasons, the versatility of these materials. Not only 

may they be used as carriers for a large variety of molecules, such as antibiotics, anti-cancer 

drugs, growth factors, enzymes, etc., but their final characteristics may also be tailored 

according specific clinical needs [126]. The main difference between polymeric nano- and 

microparticles lies on their size, which in turn affects several other properties of these 

systems. In general terms, the diameter of microparticles can range from 1 to 250 µm, 

whereas nanoparticles are preferably smaller than 500 nm, although size may range 

between 10 and 1000 nm [125,127]. 

The main advantage of these systems are based on the possibility of controlled and targeted 

drug delivery, thus enabling prevention of drug degradation in vivo, increased drug 

bioavailability at the site of action and reduction of systemic toxicity [128]. In addition, the 

use of polymers with well-known biocompatibility and biodegradability profiles is of the 

utmost importance in terms of effectiveness and safety of the final formulation [126,128]. 

These two aspects, along with some technological issues, are crucial concerns regarding the 

preparation and use of polymeric nano-/microparticles. Regarding the technological issues, 

these are mainly associated to the preparation method or the type of polymer and/or drug 

used and will directly influence the particle size and size distribution as well as drug loading 

and surface charge [128]. Although a more detailed analysis of these aspects will be 

presented in the context of Chapter II of this thesis, it is worth to mention that particle size is 

one of the determining factors in the properties of the final formulation. For example, 

particles intended for intra-venous administration are required to present smaller sizes than 

those intended for pulmonary administration [129,130]. Additionally, the cellular uptake of 

polymeric particles will also be conditioned by particle size, and although in some cases it 

may be a disadvantage, it has also proven to be useful in the targeting of intracellular 

bacteria, for example [129,131]. Another aspect to be taken into consideration is the final 

surface charge of the particles, since it affects both the cytotoxicity and the stability of these 

systems. Positively charged carriers are generally associated to a more pronounced damage 

in cell membranes, mitochondria and lysosomes, as well as a higher uptake in non-
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phagocytic cells [132]. In contrast, phagocytic cells, such as macrophages, preferentially 

take up anionic carriers that, like bacteria, present a negative surface charge [131]. One of 

the most common strategies to overcome the harmful effect of the particles surface charge, 

relies on the coating of the particles with different molecules, such as proteins, oppositely 

charged molecules or antibodies [133]. In the later case, it enables the specific targeting of 

the formulation to particular tissues of cells, thus increasing the bioavailability of the 

delivered drug at the desired site, but it may also be responsible for a significant increase in 

particle size. 

Although significant benefits and advances in healthcare may be achieved with nano- and 

microparticles, there are still challenges in translating this technology into clinical use [134]. 

The assessment of the potential toxicity of these systems is crucial in assuring their safety. It 

is well known that polymeric nano-/microparticles may exert cellular and tissue toxicity by 

several mechanisms, such as complement activation and induction of cytokines, induction of 

cell death due to destabilization of cellular membrane, DNA damage or disruption of cell 

cycle, and release of injurious molecules or degradation products, specially in the case of 

biodegradable polymers [135]. However, there is no standardized definition for particles 

dose (in mass, number or surface area) and nanotoxicology techniques used for the safety 

evaluation of nano- and microparticulate systems still require further developments in order 

to provide an accurate and precise nanotoxicological characterization of these systems 

[134].  

Nevertheless, a steady increase in the number and variety of new drug-loaded polymeric 

carriers has been observed over the last decades due to the promising features of these 

materials and the evolution observed in terms of development and production of new and 

improved polymers [136]. In fact, the material science field has evolved so significantly that 

there are plentiful polymers available with different characteristics, such as their origin 

(natural vs. synthetic), mechanisms and rates of biodegradation, molecular weight, overall 

charge, hydrophobicity, among others [126,129]. Regarding the preparation of nano-

/microparticles for drug delivery, the most commonly used polymers are presented in Fig. 13 

[137,138].  
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Figure 13 – Schematic representation of the classification of the most common polymers used for nano- and 

microparticles preparation. Abbreviations: PBCA – poly(n-butylcyanoacrylate); PCL – poly(caprolactone); PGA – 

poly(glycolic acid); PIBCA – poly(isobutylcyanoacrylate); PIHCA – poly(isohexylcyanoacrylate); PLA – poly(lactic 

acid); PLGA – poly(lactic-co-glycolic acid), PMA – poly(methacrylate); PMMA – poly(methyl methacrylate). 

Adapted from [137,138].  

 

Among the naturally occurring polymers, chitosan, alginate and gelatine are the most widely 

studied materials and are known for their fast biodegradation as well advantageous 

biocompatibility [137]. In opposition, synthetic polymers present significantly different 

biodegradation profiles. The acrylates, such as PMA, PMMA and some Eudragit polymers, 

are the most relevant non-biodegradable polymers used for production of polymeric particles 

[127]. However, most polymeric nano- or microparticles rely on the use of biodegradable 

polymers, such as aliphatic polyesters, such as PCL, PGA, PLA, and PLGA, due to their 

bioavailability, higher drug encapsulation, controlled release and less toxic properties [139]. 

A summary of the general advantages and disadvantages of natural vs. synthetic polymers 

is presented in Table 6, although the use of each polymer should be carefully and 

individually analysed. 
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Table 6 – General advantages and disadvantages of natural and synthetic polymers. Adapted from [139]. 

 Natural Synthetic 

Advantages 

Easily available 
Biodegradable 
Biocompatibility 

Induction of immunogenic reactions  
(e.g. chitosan) 

Biocompatibility 

Disadvantages 

High variability of natural materials 
Complex structure 

Complicated and high cost extraction and 
purification processes 

Toxicity of degradation products in vivo 

Toxicity 
Complicated and high cost 

synthesis 

 

The type of polymer used and the nature of the drug to be incorporated are limiting factors in 

particle preparation, since they will directly interfere with the preparation method and 

therefore determine the final characteristics of the carrier. In this context, depending on the 

preparation method used, the incorporated drug may be located in the external surface of 

the carrier (i.e. adsorption), or in the interior of the particle [135]. Adsorption has been 

successfully used for functionalization of particles surface with specific proteins or to change 

their surface charge by coating the particles with oppositely charged molecules [135]. 

However, in most cases, adsorption of drugs on the surface of particles enables an almost 

immediate drug release, thus not allowing a controlled release profile [135]. Regarding the 

loading of drugs inside polymeric particles, it is possible to discriminate two distinct systems, 

namely matrix-type and reservoir-type systems, depending on the resulting internal structure 

of the polymeric particle (Fig. 14). In the first case, the carrier consists of a uniform polymeric 

matrix, also known as nano-/microsphere, in which the drug is dispersed [125]. In contrast, 

the reservoir-type systems, or nano-/microcapsule, present an inner core (with one or more 

reservoirs), where the drug is encapsulated, surrounded by an external polymer shell [125]. 

 

 
Figure 14 – Schematic representation of matrix-type and reservoir-type systems. Adapted from [140]. 

 

Although it is not the single aspect to take into consideration, the type of drug entrapment 

can considerably influence drug release. In fact, characterization of drug release is of the 
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upmost importance, since it will determine the therapeutic efficacy of the polymeric carrier. 

As a general rule, optimal drug release should be controlled and reproducible with no 

significant drug retention within the system [141]. 

In this context, in vitro release assays allow the quantification of the drug released under 

controlled conditions, thus enabling a kinetic and mechanistical analysis [141]. However, one 

of the main limitations of the in vitro drug release assays is that they may not correlate fully 

with the real drug release in vivo. Nevertheless, the in vitro assessment of drug release is of 

paramount importance and mandatory when developing new PDDS.  

Overall, drug release can be affected by the experimental conditions of the in vitro release 

assays and/or factors intrinsic to the carrier [135]. Firstly, the experimental set-up of the in 

vitro release assays considerably influences drug release, either due to the medium pH and 

polarity or to the presence of enzymes and surfactants [137]. In addition, the use of static or 

dynamic flow conditions has proven to be a crucial influence on the release rate of the drug 

[142]. Currently, in vitro release assays should be planned in order to ensure (i) an adequate 

release medium that mimics the physiological conditions in terms of polarity, osmolality, pH 

and surfactant content; (ii) constant agitation; (iii) physiological temperature (for e.g., 37ºC), 

and (iv) adequate medium volume (i.e. sink conditions). Secondly, the carrier characteristics 

that most significantly affect the release profile include particle size distribution and surface 

area, degradability profile, type of interaction between polymer and drug, hydrophobicity of 

the polymer, solubility of the drug, and type of entrapment (i.e. matrix-type system vs. 

reservoir-system) [140]. It is well known that drug release is highly, but not exclusively, 

influenced by particle size [128]. In general, nanoparticles present a high and fast initial drug 

release (i.e. burst release) when compared to microparticles, which present a rather 

sustained release [128]. The burst release is mainly attributed to the superior specific 

surface area of nanoparticles. However, other factors such as the degradation of the 

polymer matrix or shell, interactions between polymer and drug, and high polymer 

hydrophobicity may significantly hinder drug release and should be taken into consideration 

[143].  

Apart from drug desorption from the particles surface, diffusion and erosion are the main 

mechanisms responsible for drug release from polymeric particles (Fig. 15).  
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Figure 15 – Release mechanisms from drug-loaded polymeric particles. Adapted from [135]. 

 

In general terms, matrix-type systems present a sustained drug release with a relatively 

small burst effect, due to the gradual diffusion of the drug through the polymeric matrix [144]. 

In contrast, in a reservoir-type system drug release is controlled by the diffusion of the drug 

through the outer polymeric shell. In both cases, the solubility and diffusivity of drug 

throughout the polymer becomes are determining factors in drug release. This is fully valid 

for non-biodegradable systems, such as PMMA particles, which release the drug solely by 

diffusion, since no matrix erosion or degradation is expected to occur [145]. However, in 

biodegradable systems, release occurs by both diffusion and erosion of the matrix/polymer 

shell. The contribution of each mechanism to drug release depends on whether drug 

diffusion through the system is faster than matrix erosion [144,145]. For slow biodegradable 

polymers, such as PCL, the initial drug release occurs mainly by diffusion, since matrix 

erosion only takes place at later stages [146]. In opposition, systems composed by fast-

biodegradable polymers, such as chitosan or PLGA, mainly release drugs due to the erosion 

of the matrix/outer shell. In depth knowledge of the release mechanisms for each polymeric 

system, enables the possibility of triggered release. In these cases, it is possible to assure 

that drug release only occurs under specific conditions, such as in the presence of specific 

enzymes or at certain pH values [136]. This strategy has been successfully used for the 

selective delivery of drug to specific tissues or body compartments [136].  

In brief, the nano-/microencapsulation of drug into polymeric carriers has been proving to be 

a valuable and versatile approach to improve treatment outcomes of several diseases. 

Numerous strategies may be employed to improve physicochemical properties, drug release 

and biocompatibility of polymeric particles, which enables tailoring the system according to 
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the clinical needs. In this context, and bearing in mind that the number of new drugs 

reaching the market has been decreasing, the nano-/microencapsulation of clinically 

available drugs into PDDS may constitute an alternative to ameliorate the lack of new drugs. 

Specifically in infection management, the lack of new and more effective antibiotics, along 

with the spreading and increasing number of multiresistant and biofilms-forming strains, 

have been jeopardizing treatment outcomes. The nano/microencapsulation of clinically 

available antibiotics would substantially improve the fight against bacterial resistance and 

biofilm tolerance, as will be discussed in the following sections. 

 

4.1. Nano- and microparticles for reduction of bacterial resistance and 

biofilm tolerance 

In severe infections, antibiotherapy efficacy is often reduced, although numerous antibiotics 

available with well-known and established therapeutic efficacy are currently available. 

Insufficient drug bioavailability at the infected site and reduced bacterial susceptibility are the 

main factors accountable for the reduction of antibiotherapy efficacy [139]. In this context, 

the encapsulation of antibiotics into polymeric nano-/microparticles has emerged as a worthy 

strategy to overcome biofilm tolerance and bacterial resistance, which are the main causes 

for reduced bacterial susceptibility to antibiotics [131,139].   

Nano- and microencapsulation of antibiotics is one of the earliest intended applications of 

these drug carrier systems. Beside the previously stated multiple advantages, nano- and 

microencapsulation of antibiotics presents specific advantages, such as co-delivery of two or 

more antibiotics, intracellular drug delivery, which is essential to fight intracellular pathogens 

(for e.g., mycobacteria) and enhanced interaction with bacterial biofilms, thus simultaneously 

enhancing the penetration of antibiotics through the biofilms and increasing the in situ 

antibiotic concentrations [137].  

Regarding the reduction of bacterial resistance, Turos et al. studied the antibacterial efficacy 

of penicillin-bound poly(butylacrylate) nanoparticles against methicillin-susceptible and 

resistant S. aureus [147]. The use of poly(butylacrylate) nanoparticles enabled the recovery 

of MRSA susceptibility to penicillin by protecting it from β-lactamase catalysed degradation. 

In another study, Valizdeh et al. assessed the antibacterial effect of clarithromycin-loaded 

PLGA nanoparticles against several clinically relevant strains [148]. In this case, results 

indicated that the activity of nanoencapsulated clarithromycin was higher than the free 

antibiotic, especially against S. aureus. The authors speculate that the enhanced 

antibacterial potency of the clarithromycin-loaded PLGA nanoparticles may be related to the 

physicochemical properties of nanoparticles, such as surface characteristics, prevention of 
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drug degradation and increased interaction with bacteria. Another example of the importance 

of polymeric antibiotic carriers for the improvement of antibiotic efficacy is the possibility of 

intracellular drug delivery, as reported by Toti et al. [149]. The aim of this study was to 

increase the concentrations of rifampicin and azithromycin in cells infected with Chlamydia 

trachomatis or Chlamydia pneumoniae. Therefore, rifampicin and azithromycin were 

encapsulated into pegylated-PLGA nanoparticles and the respective intracellular traffic, as 

well as the microbial burden, was assessed. The authors were able to conclude that the 

pegylated-PLGA nanoparticles showed enhanced antibacterial effectiveness, when 

compared to the non-encapsulated antibiotics, since they were able to accumulate within the 

Chlamydia inclusions in the cell. In addition, a higher reduction of the bacterial burden was 

achieved with the combination of rifampicin- and azithromycin-loaded nanoparticles, in 

comparison with the isolated use of rifampicin- and azithromycin-loaded nanoparticles.  

Alongside bacterial resistance, biofilms are too a major cause for concern among clinicians. 

Although the majority published work still presents data on the in vitro anti-biofilm activity of 

nano- and microparticles, it is widely accepted that these systems will certainly have a 

predominant role in eradicating biofilms [150,151]. Lipid nanoparticles, in particular 

liposomes, have been extensively studied for the improvement of the antibiofilm effect of 

several antibiotics [151]. Attention has been focused on fusogenic liposomes, since they are 

able to merge with the outer bacterial membrane and subsequently release the antibacterial 

agent directly in the cell. These systems may be composed by numerous phospholipids and 

have been successfully used to improve the in vitro delivery of antibiotics, such as 

tobramycin, gentamicin, ciprofloxacin, vancomycin and daptomycin, to biofilms [150,152]. 

The improved antibiofilm activity of such systems is often multifactorial and may be due to 

increased interactions with the biofilms caused by surface charge and hydrophobicity, thus 

increasing the antibiotic concentrations in and around the biofilm, protection of the antibiotics 

from inactivation or from binding to the biofilm matrix, and controlled release that prolongs 

the contact time of the antibiotic with the biofilm, among others. However, lipid particles as 

drug delivery systems present some disadvantages that may limit their usefulness, such as 

drug leakage during storage caused by physical instability as well as lipid degradation by 

hydrolysis, oxidation and peroxidation [150]. Although polymeric nano- and microparticles 

are able to overcome these drawbacks, research focusing on the use of these systems to 

enhance the antibiofilm activity of antibiotics is still scarce. Chakraborty et al. reported the 

use of vancomycin-loaded carboxymethyl chitosan nanoparticles tagged with folic acid 

against biofilms of vancomycin-susceptible and resistant S. aureus (VSSA and VRSA, 

respectively) [153]. In this study, vancomycin-loaded nanoparticles caused a significant 

decrease in VSSA and VRSA biofilm formation, whereas non-encapsulated vancomycin 
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presented no significant antibiofilm effect against VRSA. Further characterization of VSSA 

and VRSA exposed to encapsulated vancomycin demonstrated that its enhanced antibiofilm 

effect may be due to the membrane depolarization mediated by carboxymethyl chitosan, 

which in turn causes an increase in its permeability, thus enabling higher intracellular 

concentrations of vancomycin. In another study the activity of gentamicin-loaded PLGA 

nanoparticles against Pseudomonas aeruginosa biofilms, in an in vitro model as well as in 

an in vivo murine model was assessed [154]. Regarding the in vitro model, gentamicin-

loaded PLGA nanoparticles were able to significantly reduce in P. aeruginosa biofilms 

compared to free gentamicin. According to the authors, the nanoparticles exhibited a 

sustained gentamicin release of up to 16 days, which was crucial in their effectiveness 

against biofilms, since gentamicin has a time-dependent bactericidal effect. The results 

obtained for the in vivo P. aeruginosa biofilms further corroborated the in vitro results. In 

addition, it was possible to show that the sustained release of gentamicin was also 

observable in vivo, since after 96 h the nanoparticles still exhibited an antibiofilm effect, 

whereas free gentamicin did not show any effect.  

 

4.2. Potential role of polymeric nano- and microparticles in bone 

infections treatment 

As stated previously, the antibiotherapy of bone infections has several limitations. Coupling 

the controlled drug delivery properties of polymeric nano- and microparticles with their 

enhanced activity against biofilms and multiresistant strains would be advantageous. In 

addition, orthopaedic biomaterials already make use of polymers that have been used 

extensively in the preparation of nano- and microparticles (Fig. 12 and 13). Another 

important aspect is the administration route, since antibiotic-loaded particles are quite 

versatile in this field. The main strategy to improve bone infection treatment has been the 

local antibiotic delivery and these systems may be of interest to be included in both 

biodegradable and non-biodegradable bone biomaterials.  

In a study published by Shi et al., chitosan (CS) and quaternary ammonium chitosan 

derivative (QCS) nanoparticles were incorporated into commercially available PMMA bone 

cements with and without gentamicin and the adhesion of S. aureus and S. epidermidis onto 

the bone cement samples was assessed [155]. Regarding the bone cement without 

gentamicin, the incorporation of CS and QCS nanoparticles significantly reduced the number 

of viable adherent bacteria of both strains when compared to the controls (i.e. plain bone 

cement and bone cement loaded with regular CS). The same was observed for the 

gentamicin-loaded bone cement containing CS and QCS nanoparticles. Moreover, the 
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gentamicin-loaded bone cements containing QCS nanoparticles presented 10 times less 

adherent viable bacteria, when compared to the regular gentamicin-loaded cements. After 

immersion of the bone cements in PBS for 3 weeks, it was possible to observe that there 

was a reduction of the antibacterial effectiveness for all formulations. Still, the loss of 

antibacterial efficacy was less pronounced in the bone cement loaded with CS and QCS 

nanoparticles. In conclusion, the intrinsic antibacterial activity of CS proved to be 

advantageous in reducing the adhesion of bacteria to PMMA bone cements. In addition, CS 

antibacterial activity was further improved by incorporating it into the bone cements as 

nanoparticles. The authors also mentioned that the use of CS or QCS nanoparticles as 

bactericidal agents show a low probability of development of bacterial resistance, since their 

bactericidal action is due to the strongly positive charge, which causes a destabilization of 

the bacterial membrane, and consequently there is not a specific bacterial molecule as a 

target. In addition, the use of CS and QCS nanoparticles in order to prevent bacterial 

adhesion onto implants surfaces and subsequently inhibit biofilm formation would be of great 

interest. Another study focused on the incorporation of vancomycin-loaded microparticles 

into calcium phosphate bone cement, which is a biodegradable orthopaedic biomaterial 

[117]. The main objective of this study was to control vancomycin release from this material, 

since it typically presents a pronounced burst release. Due to rapid initial antibiotic release, 

the long-term antibacterial effect, required for an effective infection treatment, is 

compromised. Therefore, the authors proceeded to encapsulate vancomycin into PLA 

microcapsules and subsequently coated them with nanosized hydroxyapatite. The 

encapsulation of vancomycin into PLA microparticles reduced the initial burst release, 

however, up to day 43 of the release assay, only 30.4 ± 1.3% of the drug had been released. 

Including nanosized hydroxyapatite in the formulation of vancomycin-loaded PLA 

microparticles increased the percentage of drug released to 85.3 ±3.1%. The authors 

speculate that nanosized hydroxyapatite may be responsible by increased particle porosity, 

thus improving drug release.  

In both studies, no significant alteration of the materials physicochemical properties or 

biocompatibility was observed, which is a clear benefit. Thus the incorporation of nano- or 

microparticle into biomaterials appears to be a suitable strategy for both biodegradable and 

non-biodegradable, being the main benefit the improvement of the antibacterial efficacy of 

these materials. Although it appears to be a promising strategy, reports on the incorporation 

of polymeric nano- and microparticles into orthopaedic biomaterials are still scarce. In order 

to further study the role of these systems in improving the treatment of bone infection, it is 

imperative to have a multidisciplinary approach including pharmaceutical scientists, 

clinicians, microbiologists and material engineers [30,156]. Firstly, it should be focused on 
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the clinical pitfalls related to bone infections treatment and therefore clinicians and 

microbiologist should be involved. The identification of the antibiotics with higher therapeutic 

value in bone infections, as well as the most relevant characteristics of the final drug carrier, 

are valuable insights that can be provided by health care professionals. Moreover, the recent 

innovations in the material science field enables the production of new polymers, not only 

with improved antibacterial activity but also with more favourable physicochemical properties 

and biocompatibility profiles, that are of great interest in the development of drug delivery 

systems for bone infections treatment. Overall, the advances made in the field of bone 

infections treatment with nano- or microparticulate systems are still confined to the 

laboratory scale and in vitro studies. Therefore, additional efforts in order to take these 

systems to in vivo studies with adequate animal models and further develop them into 

devices able to reach clinical use should be a research priority.   
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Chapter II 

 

Preliminary formulation studies - Encapsulation of 

daptomycin and vancomycin into polymeric microparticles 
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1. Introduction 

Over the last decades, use of polymeric particles as antibiotic delivery systems has emerged 

as a successful strategy enabling a controlled drug release, while protection the antibiotics 

from premature degradation and preventing adverse side effects. In addition, some reports 

refer the enhancement of the antibiofilm effect of clinically available antibiotics by nano- and 

microencapsulation, which is a crucial aspect regarding bone infections treatment. 

Therefore, we hypothesize that the encapsulation of daptomycin and vancomycin, which are 

two Gram-positive selective antibiotics used for management of difficult-to-treat bone 

infections, would be an alternative to the classical skeletal drug delivery systems (i.e. bone 

cements); thus improving antibiotic release as well as enhancing their antibiofilm effect. Our 

aim was to encapsulate these antibiotics into polymers with known biocompatibility and 

preferably already used and approved for the preparation of orthopaedic biomaterials or 

pharmaceutical dosage forms. In this context, poly(methyl methacrylate) (PMMA), poly(ethyl 

acrylate-co-methyl methacrylate-co-trimethylammonioethyl methacrylate chloride)  (Eudragit 

RL® 100, EUD), and poly-ε-caprolactone (PCL) were chosen. As previously stated, both 

PMMA and PCL have been extensively used in the preparation of orthopaedic biomaterials 

(Section 3.2, Table 4 and 5). In addition, EUD, which like PMMA is an acrylic polymer, has 

been included in the composition of several pharmaceutical dosage forms for controlled drug 

delivery [1].  

Since the works of Sir John Charnley (1960), who first succeeded in anchoring femoral head 

prostheses using it as acrylic bone cement, PMMA has been one of the most widely used 

orthopaedic biomaterials because of its biocompatibility and mechanical properties [2] (Fig. 

1A). It is a non-biodegradable, negatively charged, synthetic polymer with a molecular mass 

per repeating unit of 100 g/mol and glass transition temperature (105ºC), which is obtained 

by the radical polymerization of methyl methacrylate monomers [2]. This is particularly 

important regarding its use as bone cement, because it presents a high mechanical strength, 

while being able to set within the bone cavity, which makes it suitable for load-bearing 

situations, such as anchoring prosthesis [3]. In addition, research has been focused on the 

use of PMMA in drug delivery systems, not only as bone cement (Section 3.2, Table 4), but 

also as a nano- or microparticulate system [2]. Regarding bone infections, PMMA particles 

may be of interest for local antibiotic delivery, although, like in bone cements, the drug 

release profile from these systems is typically incomplete, due to the high hydrophobicity of 

PMMA [4]. The main strategies to improve release profiles and reduce drug retention within 

these systems include reducing polymer hydrophobicity by synthesizing functionalized 

PMMA microspheres or by formulating PMMA composites with hydrophilic polymers [5]. 
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Another interesting strategy may the addition of permeability enhancing polymers, such as 

Eudragit. This comprises a heterogeneous group of poly(methacrylate) polymers with 

different solubility, charges and biodegradation profiles, that are widely used for preparation 

of pharmaceutical dosage forms with controlled and targeted drug delivery [6]. Furthermore, 

due to their wide variety of characteristics Eudragit polymers have also been used for the 

preparation of nano- and microparticles for controlled drug delivery of several drugs, such as 

antibiotic, insulin, and anti-inflammatory and anti-hypertensive drugs, among others [6,7]. 

Since one of our aims was to prepare antibiotic-loaded polymeric particles with improved 

drug release profile, Eudragit RL 100 (poly(ethyl acrylate-co-methyl methacrylate-co-

trimethylammonioethyl methacrylate chloride) was chosen as a second polymer due to its 

non-biodegradability and permeability enhancing properties (Fig. 1B). In opposition to 

PMMA, Eudragit RL 100 presents an overall positive charge, due to the quaternary 

ammonium groups in its composition, as well as a low glass transition temperature (~65ºC) 

[1].  

 

 
Figure 1 – Molecular structures of the repetition units of (A) PMMA and (B) Eudragit RL 100. Adapted from [2]. 

 
Poly-ε-caprolactone (PCL) was the third pre-formed polymer chosen for particle preparation 

in the present studies. It is a hydrophobic, biocompatible and semi-crystalline polymer with 

low glass transition temperature (-60ºC) and melting point (59-64ºC), which is obtained by 

the ring-opening polymerisation of a lactone (ε-caprolactone) (Fig. 2) [8,9].  

 

 
Figure 2 – Synthesis of PCL by ring-opening polymerisation of ε-caprolactone. Adapted from [9]. 
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Overall, PCL has a slow degradation profile, which is directly correlated to the average 

molecular weight of the polymer that may vary between 3000 and 80000 g/mol (i.e. 114 

g/mol per repeating unit). Moreover, PCL has been intensively been used in the manufacture 

of medical devices with FDA approval and CE mark registration, in particular orthopaedic 

biomaterials (Section 3.2, Table 5) [8,9]. Due to its slow biodegradability in vivo, PCL has 

been used for the preparation of nano- and microparticles aiming the long term sustained 

delivery of drugs, such as antibiotics, anti-inflammatory drugs and anticancer agents [8].  

The final properties of the particles, such as size distribution, encapsulation efficiency, 

hydrophobicity, surface charge and drug release profile, are greatly influenced not only by 

the characteristics of the polymer and the drug to be encapsulated, but also by the 

preparation method [10]. In this context, several methods to prepare nano- and 

microparticles have been developed during the last decades, and may be classified 

according to whether particle formation involves a polymerization reaction starting from a 

monomer solution or arises from a preformed polymer (Fig. 3) [2,11].  

 

 
Figure 3 – Schematic representation of the main preparation methods of polymeric nano- and microparticles. 

Adapted from [2,11]. 

 

Within the techniques based on the polymerization of a monomer, the emulsion 

polymerization is the most commonly used. This method comprises different techniques, 

namely the conventional, the surfactant-free and the micro- and mini-emulsion [11]. The 

main general advantages of these techniques are based on the fact that the final 

nanoparticles present a low polydispersity, the experimental set-up is simple and particle 
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preparation is fast [2]. The emulsion polymerization techniques generally yield particles with 

less than 500 nm of diameter, with the lowest particle diameters being obtained by the 

miniemulsion technique (i.e. 10-30 nm) [12]. Moreover, these methods also allow the 

possibility of yielding nanoparticles of custom-made polymers, depending on the nature of 

the monomers used. However, the toxicological issues that arise form the presence of 

unreacted monomers or free radicals are still a critical issue [11]. Some examples of 

polymeric particles prepared by these methods include poly(methyl methacrylate) particles 

for drug delivery and as adjuvants in vaccines, poly(isocyanoacrylate) particles for sustained 

insulin delivery and polystyrene particles as medical and chemical absorbents, among others 

[2].  

In contrast, the preparation of nano- and microparticles from pre-formed polymers is suited 

for polymers that are not formed via radical polymerisation, like poly(lactic acid), poly(glycolic 

acid), and poly-ε-caprolactone [12]. Furthermore, natural polymers with specific 

characteristics, such as chitosan and cellulose, may also be used. The use of pre-formed 

polymers for particle production allows a wide range of preparation methods, being the 

salting-out technique, supercritical fluid technology, nanoprecipitation, spray-drying and 

solvent evaporation the most common [2]. Typically, the use of the supercritical fluid 

technique and nanoprecipitation yield nanoparticles, whereas the remaining methods may 

yield either nano- or microparticles depending on the experimental conditions. Another 

important aspect to take into consideration is the use of organic solvents in the majority of 

these methods, which may lead to relevant toxicological effects [13]. Among all, the most 

widely used method is the solvent evaporation associated to either a simple (o/w) or a 

double (w1/o/w2) emulsion (Fig. 4) [2].  
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Figure 4 – Schematic representation of the (A) simple and (B) double emulsion-solvent evaporation method. 

Adapted from [2]. 

 

In the single emulsion method, the polymer is dissolved in a volatile organic solvent, and 

added to a solution with a non-miscible aqueous fluid, which contains a surfactant, and 

homogenized in order to obtain an o/w emulsion (Fig. 4A). The organic solvent in the internal 

organic phase is then evaporated, and as a result, solid polymeric particles will remain in 

suspension within the aqueous external phase. The particles may then be separated by 

centrifugation or filtration and washed to eliminate the surfactant [14]. The simple emulsion 

method is more suitable for encapsulation of lipophilic drugs, which may be dissolved in the 

organic phase. However, if the drug to be encapsulated presents hydrophilic characteristics 

then the double emulsion method should be used [14,15]. As represented in Fig. 4B, an 

aqueous internal phase (w1) is added to the organic phase (o), which contains the dissolved 

polymer. The first homogenization step enables the formation of a w1/o emulsion that is then 

added to the external aqueous phase (w2) and homogenized in order to obtain the final 

w1/o/w2 emulsion. Similarly to the simple emulsion method, the evaporation of the organic 

solvent generates polymeric particles that remain in suspension and are then purified. In this 

case, the hydrophilic drug may be dissolved in the internal aqueous phase (w1), thus 

allowing the drug to be entrapped within the organic phase droplets after the first 

homogenization step [15].  

In fact, one of the main disadvantages of the emulsion-solvent evaporation method is the 

use of organic solvents and surfactants that have to be removed in order to prevent cytotoxic 

events. Nevertheless, using a NMR spectroscopy technique our research group 

demonstrated that it is possible to eliminate dichloromethane to concentrations well below 
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the 600 ppm accepted limit for this solvent [13,16]. The evaporation of the organic solvent 

and subsequent washing steps for removal of the surfactant may result in a large volume of 

waste and be time-consuming. The longer these steps take the higher is the possibility of 

losing some of the encapsulated drug, thus reducing the encapsulation efficiency [14]. Still, it 

presents numerous advantages that account for its wide use. The strong point of this method 

lies on its simplicity and applicability to virtually all polymers that can be dissolved in volatile 

solvents, as well as the possibility to encapsulate both lipophilic and hydrophilic drugs, 

depending on the type of emulsion used [17]. In addition, the mild preparation conditions of 

this method enable the encapsulation of a large variety of drugs without degradation caused 

by high temperatures, like in the spray-drying technique, or by oxidation or hydrolysis like in 

the radical polymerization techniques [11]. Another advantage is the fact that it is a relatively 

flexible method in which several variables may be changed in order to obtain the desired 

particle characteristics. The type, speed and duration of homogenization, the type and 

concentration of surfactant, the polymer/organic solvent ratio and polymer/drug ratio, the 

relation between the volumes of the different phases and the speed of solvent evaporation 

are some of the variables that significantly influence particle characteristics such as size and 

size distribution, encapsulation efficiency, surface charge, biocompatibility profile, as well as 

the final yield of preparation [11].  

As previously stated, the main aim of this chapter was to encapsulate daptomycin and 

vancomycin into polymeric particles composed of preformed polymers, namely PMMA, 

PMMA-EUD blends, and PCL. The double w1/o/w2 emulsion-solvent evaporation method 

was used for preparation of the particles, due to its applicability to preformed hydrophobic 

polymers and the hydrophilic profiles of the drugs to be encapsulated. The preliminary 

formulation studies presented in this chapter aimed the optimization of the preparation 

conditions of antibiotic-loaded polymeric particles taking into consideration the final yield of 

production, encapsulation efficiency and particle size distribution. Therefore, variables such 

as the type of polymer or of polymer blends, the antibiotic/polymer ratio, the type and time of 

homogenization of the internal w1/o emulsion and final w1/o/w2 emulsion, as well as the 

purification steps were studied. 

 

 

 
  



	   Novel particulate antibiotic-loaded platforms as sustained 
drug delivery systems for bone infection treatment	  

 

 69 

2. Materials and methods 

2.1. Materials 

Daptomycin (Cubicin®, 350 mg) was kindly provided by Novartis (Switzerland) and 

vancomycin hydrochloride (Vancomicina 1000 mg) was purchased from Farma APS 

Produtos Farmacêuticos, Lda. (Portugal). Poly(methyl methacrylate) (PMMA; Mw = 350000), 

poly-caprolactone (PCL; average Mw = 45000) and poly(vinyl alcohol) (PVA; Mw = 13000-

23000, 87-89% hydrolysed) were purchased from Sigma-Aldrich (USA). Poly(ethyl acrylate-

co-methyl methacrylate-co-trimethylammonioethyl methacrylate chloride) (Eudragit® RL 

100, EUD; average Mw = 32000) was a gift from Evonik Industries AG (Germany) and 

dichloromethane (DCM) from Fisher Scientific (USA). D(+)-sucrose and glucose were 

purchased from AppliChem GmbH (Germany). Daptomycin and vancomycin hydrochloride 

were used without purification. All other reagents were analytical grade. 
 

2.2. Preparation of polymeric microparticles 

Polymeric microparticles were prepared using a modification of a previously described 

double-emulsion w/o/w-solvent evaporation method with some modifications [3,13]. Briefly, 

polymer or polymer blends (Table 1) were dissolved in 5 mL DCM and emulsified by 

homogenization using an Ultra-Turrax T10basic (IKA, Germany) or ultrasounds (Sonifier 250 

with Microtip 1020, Branson Ultrasonics Corporation, USA) for 3 min with a 10% (w/w)  PVA 

solution, where the antibiotics were previously solubilised in different concentrations (Table 

1). The resulting (w/o) emulsion was added to 30 mL of 1.25% (w/w) PVA solution and 

emulsified by homogenization using a Silverson Laboratory Mixer Emulsifier L5M (Silverson 

Machines Inc., UK) for 7, 10 and 14 min at 9999 rpm. The resulting w/o/w double emulsion 

was magnetically stirred at room temperature for 4 h to evaporate the organic solvent. 

PMMA and PMMA-EUD particles were harvested by centrifugation (7500 rpm, 10 min, 4ºC; 

Allegra 64R High Speed Centrifuge, Beckman Coulter Inc., Fullerton, USA), washed three 

times with a 10% (w/V) sucrose solution and resuspended in a 0.5% (w/V) sucrose solution. 

PCL particles were harvested by centrifugation (7500 rpm, 6000 rpm or 4500 rpm, 10 min, 

4ºC; Allegra 64R High Speed Centrifuge, Beckman Coulter Inc., Fullerton, USA), washed 

three times with either a 10% (w/V) sucrose solution or a 40% (w/V) glucose solution and 

resuspended in a 0.5% (w/V) sucrose solution or a 5% (w/V) glucose solution. All particles 

were subsequently freeze-dried (Christ Alpha 1–4, B. Braun Biotech International, Germany) 

to obtain a fine, free-flowing dry powder. Mean yield of production was calculated according 
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to the following formula: (Practical yield/Theoretical yield)×100. All batches were prepared in 

triplicate and plain particles were used as controls. 

 
Table 1 – Formulations of antibiotic-loaded polymeric microparticles prepared by double emulsion w/o/w-solvent 

evaporation method. 

Polymer/ 
polymer blend % Polymer (w/w) Antibiotic % Antibiotic in formulation (w/w) 

PMMA 100 
- - 

Daptomycin 
2.5; 5; 7.5; 15 and 30% 

Vancomycin 

PMMA-EUD 90-10 
- - 

Daptomycin 5; 7.5 and 15% 
Vancomycin 

PMMA-EUD 80-20 
- - 

Daptomycin 
5; 7.5 and 15% Vancomycin 

PMMA-EUD 70-30 
- - 

Daptomycin 5; 7.5 and 15% 
Vancomycin 

PCL 100 
- - 

Daptomycin 2.5; 5; 7.5; 15 and 30% 
Vancomycin 

 

2.3. Characterization of polymeric microparticles 

2.3.1. Size distribution 

Size distribution of freeze-dried microparticles was determined by light scattering, using the 

Malvern Mastersizer 2000 (Malvern Instruments, UK). Filtered water was used as a 

dispersant and samples were loaded to the sample dispersion unit (Hydro SM, Malvern 

Instruments, UK) under constant agitation until an obscuration of 10 to 15 units was reached. 

The size distribution measurements were performed five times for individual samples and at 

least three replicate samples were used.  

 

2.3.2. Surface charge 

Particle zeta potential of lyophilized microparticles was determined by electrophoretic light 

scattering using the Malvern Nanosizer Z (Malvern Instruments, UK) after appropriate 

dilution of the samples in filtered water. Zeta potential measurements were performed 10 to 

13 times for individual samples and zeta potentials of at least three replicate samples were 

determined. 
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2.3.3. Surface morphology 

The surface morphology of acrylic particles (PMMA and PMMA-EUD) was characterized 

scanning electron microscopy (SEM; Phillips/FEI XL30 SEM, USA). Briefly, particles, as dry 

powder, were mounted onto aluminium stubs and their surface was coated with a gold-

platinum film (thickness of 20 nm) under vacuum in an argon atmosphere (Emscope SC500, 

Ashford, UK). SEM was then used to observe particle surface and to corroborate size 

distribution. PCL particle surface morphology was characterized by transmission electron 

microscopy (TEM). The suspension sample was applied to the copper grid, dried at room 

temperature and analysed on a Hitachi 8100 with ThermoNoran light elements, EDS 

detector and digital image acquisition. 

 

2.3.4. Encapsulation efficiency and drug loading 

Encapsulation efficiency (EE, %) was determined spectrophotometrically 

(Spectrophotometer U-2001, Hitachi Instruments Inc., USA) by quantification of antibiotic in 

the supernatants (i.e. non-encapsulated antibiotic) obtained during microparticle preparation. 

Antibiotic detection was performed at 220.5 nm for daptomycin and 280 nm for vancomycin 

[18,19]. The EE is expressed as the percentage of antibiotic encapsulated in particles 

reported to the initial amount of antibiotic used for particle preparation. Drug loading (DL, %) 

was calculated according to the following formula: (Amount of antibiotic in 

particles/Theoretical amount of particles)×100.  

 

3. Results and discussion 

The purpose of this study was to optimize of the preparation conditions of vancomycin- and 

daptomycin-loaded polymeric particles taking into consideration the final yield of production, 

encapsulation efficiency and particle size distribution. Three polymers (PMMA, EUD, and 

PCL) were used in order to prepare antibiotic-loaded microparticles by the double emulsion 

w/o/w-solvent evaporation method (Table 1).  

The polymeric particles obtained were characterized according to surface morphology, size 

distribution, surface charge, encapsulation efficiency and drug loading. Nevertheless, three 

main properties were taken into consideration while optimizing the preparation method: size 

distribution, encapsulation efficiency and drug loading. Regarding size distribution, the aim 

was to obtain microparticles with a diameter between 1 – 2 µm, a narrow and reproducible 

size distribution.  



	   Novel particulate antibiotic-loaded platforms as sustained 
drug delivery systems for bone infection treatment	  

 

 72 

For better understanding, results will be presented and discussed separately focusing firstly 

on antibiotic-loaded acrylic microparticles (i.e. PMMA and PMMA-EUD) and later on PCL 

microparticles.  

 

3.1. Acrylic microparticles 

Preliminary formulation studies showed that particle size distribution of plain PMMA 

microparticles prepared with the double emulsion-solvent evaporation method was greatly 

influenced by the type of homogenization used to prepare the internal w/o emulsion and the 

time of homogenization of the final double emulsion. Therefore, two types of homogenization 

were used to prepare the internal emulsion, namely high-speed homogenization using an 

Ultra-Turrax (UT) and ultrasounds (US). In addition, three different homogenization times 

were tested for preparation the final double emulsion, i.e. 7, 10 and 14 min.  

Another key aspect concerning the preparation of antibiotic-loaded polymeric particles is 

drug encapsulation. This information is provided by the encapsulation efficiency and drug 

loading values, which should be as high as possible. Drug encapsulation into polymeric 

particles may be influenced by several factors: solubility of the drug in the internal and 

external aqueous phases, emulsification time of the internal and final double emulsions, 

solvent evaporation time, and type of polymer or polymer blends used, among others [20]. 

Therefore, the effect of increasing EUD percentage in the formulation on daptomycin and 

vancomycin encapsulation efficiency and drug loading was evaluated. 

 

3.1.1. Size distribution  

Size distribution of microparticles is characterized using the d0.1, d0.5 and d0.9 parameters 

that represent the diameter for which 10%, 50% or 90% of the distribution falls below, 

respectively [21]. The width of particle size distribution is given by the span, which is 

calculated according to the following formula: ((d0.1-d0.9)/d0.5) [21].  

The effect of high-speed homogenization (UT) and ultrasonication (US) used for internal 

emulsion preparation with increasing homogenization times of the final emulsion is 

presented in Figure 5. Regarding the use of UT, PMMA particles prepared with 7 min of 

homogenization of the final emulsion presented a bimodal particle size distribution (data not 

shown). Increasing the final emulsion homogenization time from 7 to 10 min yielded a 

monomodal particle size distribution with a slight decrease in d0.1, d0.5 and d0.9 value, as 

well as in the span (Fig. 5). An additional increase of the final homogenization time from 10 

to 14 min, did not further decrease d0.1, d0.5 and d0.9 values nor did it improve particle size 

distribution uniformity (Fig. 5).  
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Figure 5 – (A) Particle size distribution of plain PMMA microparticles prepared with 3 min homogenization of the 

w/o emulsion with UT (solid) and US (dashed) and increasing homogenization times of the w/o/w emulsion. 

Three different particle size populations are represented: d0.1 (o), d0.5 (¢) and d0.9 (¢). (B) Particle size 

distribution span of plain PMMA microparticles prepared with 3 min homogenization of the w/o emulsion with UT 

(¢) and US (▲) and increasing homogenization times of the w/o/w emulsion. Results are presented as mean ± 

SD (n=3).  

 

The use of US for internal emulsion preparation revealed an increase of the d0.9 population 

(Fig. 5A). This effect was constant within the three different homogenization times used to 

prepare the final w/o/w emulsion (i.e. 7, 10 and 14 min), even though it was possible to 

observe a tendency for d0.9 values to decrease with increasing final emulsion 

homogenization times. This means that the w/o emulsion obtained with US presented a very 

heterogeneous droplet size distribution that could not be completely overcome neither by the 

final homogenization nor by increasing its time. This heterogeneity in droplet size led to a 

broader particle size distribution reflected in the increase of size distribution span (Fig. 5B). 

Moreover, it was also possible to observe that the standard deviation of the span for PMMA 

microparticles prepared with US were higher, meaning that particle size distribution varied 

considerably and was not completely reproducible. 
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Taking into consideration the aforementioned results, it was possible to conclude that 3 min 

of high-speed homogenization of the internal emulsion followed by 10 min of high speed 

homogenization of the final double emulsion are the optimal conditions to obtain PMMA 

microparticles with a narrower particle size distribution. Therefore, these preparation 

conditions were chosen for preparation of daptomycin- and vancomycin-loaded PMMA 

microparticles. 

Different concentrations of daptomycin and vancomycin (2.5, 5, 7.5, 15 and 30% w/w) were 

encapsulated into PMMA microparticles and its effect on particle size distribution was 

assessed (Fig. 6).  

 

 
Figure 6 – (A) Particle size distribution of plain and antibiotic-loaded PMMA microparticles with increasing 

concentrations of daptomycin and vancomycin (2.5, 5, 7.5, 15 and 30% (w/w)). Three different particle size 

populations are represented: d0.1 (o), d0.5 (¢) and d0.9 (¢). (B) Size distribution span of plain (�) and 

antibiotic-loaded PMMA microparticles with increasing concentrations of daptomycin (�) and vancomycin (�). 

Results are presented as mean ± SD (n=3). 

 

As shown in Fig. 6A, incorporation of increasing concentrations of daptomycin into PMMA 

microparticles did not cause a noteworthy change in particle size distribution when 

compared with plain particles. For vancomycin-loaded PMMA microparticles, d0.1 and d0.5 
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values presented a slight overall decrease, regardless of the concentration of antibiotic used. 

Decrease of d0.1 and d0.5 values along with no considerable changes in the d0.9 values led 

to a broader size distribution of vancomycin-loaded PMMA particles; thus causing an 

increase of span values compared to those obtained for the daptomycin-loaded PMMA 

microparticles (Fig. 6B).  

Nonetheless, the preparation method revealed to be reproducible yielding antibiotic-loaded 

microparticles with a consistent bimodal size distribution within the initially proposed size-

range. Additionally, the yield of preparation of the formulations was also acceptable and 

reproducible (Table 2). 

 
Table 2 – Yield of preparation of plain, daptomycin- and vancomycin-loaded PMMA microparticles. Results are 

presented as mean ± standard deviation (n=3). 

Formulation % Antibiotic 
(w/w) Yield of preparation (%) 

Plain PMMA microparticles - 71.9 ± 1.8 

Daptomycin-loaded PMMA 
microparticles 

2.5 72.0 ± 2.0 
5 72.1 ± 1.0 

7.5 71.7 ± 2.4 
15 71.1 ± 3.3 
30 76.1 ± 4.5 

Vancomycin-loaded PMMA 
microparticles 

2.5 71.7± 2.4 
5 71.1 ± 3.3 

7.5 76.1 ± 4.5 
15 71.7± 2.4 
30 71.1 ± 3.3 

 

The final step of the formulation studies of antibiotic-loaded PMMA microparticles consisted 

in adding different concentrations of EUD to the formulation (Table 1). As stated previously, 

EUD is a non-biodegradable polymer with high permeability; hence microparticles composed 

of PMMA-EUD blends will present increased permeability and, consequently, are expected 

to improve drug release. On the other hand, altering the initial formulation can influence the 

yield of preparation and particle size distribution. Regarding the yield of preparation, values 

obtained were reproducible and similar to those obtained for the 100% PMMA particles.  

The influence of EUD in the particle size distribution is presented in Fig. 7. For comparison 

purposes, the results for PMMA and PMMA-EUD microparticles loaded with 5% (w/w) 

daptomycin and vancomycin are shown. For plain microparticles it was possible to observe 

that increasing amounts of EUD (i.e. 10, 20 and 30%) did not considerably alter the particle 

size distribution. The same is observed for both 5% daptomycin- and vancomycin-loaded 

microparticles. Additionally, the span values obtained reinforce this observation (Fig. 7B). It 

is possible to conclude that increasing percentages of EUD in PMMA microparticles 
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formulation did not influence particle size distribution, neither of plain nor of antibiotic-loaded 

microparticles. 

 

 
Figure 7 – (A) Particle size distribution of PMMA microparticles (no fill), PMMA-EUD 10% (w/w) microparticles 

(horizontal lines), PMMA-EUD 20% (w/w) (dots) and PMMA-EUD 30% (w/w) (angled lines). Three different 

particle size populations are represented: d0.1 (o), d0.5 (¢) and d0.9 (¢). (B) Size distribution span of PMMA 

(�), PMMA-EUD 10% (w/w) (¢), PMMA-EUD 20% (w/w) (▲) and PMMA-EUD 30% (w/w) (u) microparticles. 

For comparison purposes, size distribution span of plain particles, as well as of particles loaded with 5% w/w 

daptomycin (DAP) and vancomycin (VAN), is presented. Results are presented as mean ± SD (n=3). 

 

Taking into account all the previously discussed results concerning particle size distribution, 

it was possible to conclude that the double emulsion-solvent evaporation method was 

optimized in order to obtain reproducible particle size distributions as well as acceptable 

yields of production. No considerable differences were found regarding particle size 

distribution between different formulations, which can be an important aspect when testing 

the antibacterial activity of these particles. 
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3.1.2. Surface charge 

Some authors have been exploring the influence of surface charge of antibiotic-loaded 

microparticles on their interaction with bacteria [22]. It has been shown that strong positively 

charged microparticles prepared from blends of poly(lactic-co-glycolic acid) (PLGA) and 

EUD showed a stronger adhesion to bacteria when compared to negatively charged 

microparticles prepared uniquely from PLGA [22]. This stronger adhesion of microparticles to 

bacteria may be an interesting strategy aiming the improvement of antibacterial activity of 

antibiotic-loaded polymeric particles. Hence the zeta potential of plain and antibiotic-loaded 

PMMA and PMMA-EUD microparticles was assessed (Fig. 8).  

 

 
Figure 8 – (A) Zeta potential (mV) of PMMA microparticles loaded with 2.5, 5, 7.5, 15 and 30% daptomycin (�) 

and vancomycin (¢). (B) Zeta potential (mV) of PMMA microparticles with increasing concentrations of EUD (0, 

10, 20 and 30% (w/w)) and increasing concentrations of daptomycin; 0% (�), 5% (¢), 7.5% (▲) and 15% (u) 

(w/w). Results are presented as mean ± SD (n=3).  

 

Plain PMMA microparticles presented a negative zeta potential (-22.4 ± 1.8 mV; Fig. 6A), 

which is consistent with the literature [3,23]. Regarding the daptomycin-loaded PMMA 

microparticles, it was possible to observe that their zeta potential values ranged from – 17.3 

± 7.0 mV to -21.5 ± 1.2 mV with no direct correlation with the percentage of antibiotic used in 

the formulation (Fig. 6A). Hence we can conclude that encapsulating different amounts of 

daptomycin into PMMA microparticles did not alter the particle surface charge. On the other 

hand, vancomycin-loaded PMMA microparticles presented zeta potential values between –

19.0 ± 2.0 mV and –15.7 ± 2.6 mV with no direct correlation to the percentage of 

vancomycin used in the formulation (Fig. 8A). Adding EUD to the microparticles composition 

had a strong effect on zeta potential (Fig. 8B). For plain microparticles, it was possible to 

observe that adding 10% (w/w) of EUD increased zeta potential from -22.4 ± 1.8 mV to 

+28.9 ± 1.2 mV. A further increase of zeta potential values of plain PMMA-EUD 
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microparticles was observed as EUD percentage increased; +32.9 ± 2.0 mV and +35.1 ± 1.8 

mV for 20 and 30% (w/w) EUD, respectively.  

Regarding daptomycin-loaded microparticles, it was possible to observe that, similarly to 

plain microparticles, EUD changed the zeta potential from +17.3 ± 7.0 mV (PMMA) to +28.6 

± 3.4 mV, +38.7 ± 3.0 mV and +43.9 ± 2.9 mV for the 10, 20 and 30% (w/w) EUD 

microparticles, respectively (Fig. 8B). For 7.5% daptomycin-loaded microparticles, EUD 

caused a change in the zeta potential from +21.5 ± 1.2 mV (PMMA) to +31.8 ± 0.9 mV, 

+28.6 ± 1.5 mV and +38.2 ± 1.3 mV for the 10, 20 and 30% (w/w) EUD microparticles, 

respectively. Finally, for the 15% (w/w) daptomycin-loaded microparticles, adding EUD to the 

formulation was also responsible for the positive surface charge of the particles, but the zeta 

potential values did not increase proportionally to the percentage of EUD.  

 

3.1.3. Surface morphology 

Microparticle morphology was characterised by SEM. Both PMMA and PMMA-EUD 

microparticles presented a spherical shape with smooth surfaces (Fig. 9). Additionally, 

particle size distribution observed in the SEM images was consistent with that obtained by 

light scattering.  

 

 
Figure 9 – Scanning electron micrographs of plain polymeric microparticles prepared with (A) PMMA, (B) PMMA-

EUD 10%, (C) PMMA-EUD 20% and (D) PMMA-EUD 30%.  
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3.1.4. Encapsulation efficiency and drug loading 

The encapsulation efficiency (EE) and drug loading (DL) of daptomycin- and vancomycin-

loaded PMMA and PMMA-EUD microparticles are presented in Fig. 10.  

For daptomycin-loaded PMMA microparticles, it was possible to observe that EE decreases 

as the percentage of daptomycin increases (Fig. 10A). Adding 10% (w/w) of EUD to the 

formulation had a positive effect on the EE of daptomycin, since it appeared to be 

responsible for its visible increase. For example, for the 5% (w/w) daptomycin-loaded 

microparticles, EE values increased from 52.6 ± 8.9% to 97.7 ± 0.4% when 10% (w/w) EUD 

was used. Nevertheless, further increasing EUD percentage in the formulation did not cause 

an additional increase in daptomycin EE. This was also valid for both 7.5 and 15% (w/w) 

daptomycin-loaded PMMA-EUD microparticles. The DL values of daptomycin-loaded PMMA 

and PMMA-EUD microparticles followed exactly the same trend. Hence it is possible to 

conclude that adding a minimal amount of EUD (i.e. 10%) enabled a noteworthy 

improvement of encapsulation efficiency and drug loading of daptomycin into PMMA 

microparticles. 

 

 
Figure 10 – (A) Encapsulation efficiency (black symbols) and drug loading (white symbols) of PMMA 

microparticles with increasing EUD concentrations and loaded with 5% (�), 7.5% (*) and 15% (r) of (A) 

daptomycin and (B) vancomycin. Results are presented as mean ± SD (n=3). 

 

In opposition to daptomycin-loaded PMMA microparticles, vancomycin-loaded PMMA 

microparticles presented higher EE regardless of the percentage of antibiotic used for 

particle preparation, namely 95.4 ± 0.2%, 93.3 ± 0.3% and 91.1 ± 0.7% for 5, 7.5 and 15% 

(w/w) vancomycin (Fig. 10B). On the other hand, the addition of EUD to vancomycin-loaded 

microparticles had an overall negative effect on EE values. For example, regarding the 5% 

(w/w) vancomycin-loaded particles, EE decreased from 95.4 ± 0.8% for PMMA particles to 

72.0 ± 5.0%, 69.0 ± 2.8% and 88.0 ± 3.00% for 10, 20 and 30% (w/w) EUD, respectively. 

Further increasing the EUD percentage in the formulation did not appear to promote any 
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additional decrease in vancomycin EE. It is also important to notice that, for the same 

percentage of EUD used, increasing the percentage of vancomycin in the formulation 

increased vancomycin EE. This was not observed for daptomycin-loaded PMMA-EUD 

microparticles, since these presented similar EE values in spite of the percentage of 

daptomycin in the formulation. As for vancomycin DL values, higher values were obtained for 

PMMA microparticles than for PMMA-EUD microparticles (Fig. 10B).  

Although these are encouraging results, further studies are required to gain a better 

understanding of the way in which EUD influences daptomycin and vancomycin 

encapsulation within PMMA microparticles.  

 

3.2 PCL microparticles 

Preliminary formulation studies of PCL microparticles revealed problems with aggregation of 

these particles during the purification steps. Whether aggregation was being caused by high 

centrifugation speed or the use of an inadequate cryoprotectant was uncertain, thus these 

parameters were studied. The first step was to try to decrease aggregation by decreasing 

the centrifugation speed, hence three different speeds were used, namely 7500 rpm, 6000 

rpm and 4500 rpm. Aggregation of PCL particles was macroscopically visible and decreased 

when lower centrifugation speeds were used, although it never disappeared completely; thus 

for preparation of PCL microparticles a centrifugation speed of 4500 rpm was used. The 

second step was to study the effect of using a “glucose bed”, i.e. a highly concentrated 

solution of glucose (40% (w/V)), during the centrifugation steps in order to protect particles 

from aggregation. Simultaneously, two different cryoprotectants were used: a 5% (w/V) 

glucose solution and a 0.5% (w/V) sucrose solution.  

 

3.2.1. Size distribution 

Table 3 summarizes the different batches prepared in order to study the effect of the three 

previously mentioned preparation conditions.  

 
Table 3 – Preparation conditions of plain PCL particles. (+) with “glucose bed”, (-) without “glucose bed”, n.a.: not 

applicable.  

Batches Purification “Glucose bed” Cryoprotectant 
A 

Centrifugation 
(4500 rpm) 

+ Glucose 5% (w/V) 
B + Sucrose 0.5% (w/V) 
C - Glucose 5% (w/V) 
D - Sucrose 0.5% (w/V) 
E Chromatography n.a. Glucose 5% (w/V) 
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Due to the beforehand mentioned aggregation problem, it was important to understand at 

which point of preparation particles started to aggregate. Hence four different samples were 

taken throughout the preparation process, namely before purification (i.e. prior to 

centrifugation), after purification (i.e. after centrifugation), before freeze-drying (i.e. 

resuspended in the cryoprotectant solution) and after freeze-drying. Additionally, one batch 

of particles was purified by gel chromatography (PD10 Disposable Desalting Column, GE 

Healthcare, USA) in order to obtain samples from PCL particles not subjected to 

centrifugation. Particle size distribution of all samples was assessed as previously described. 

Regarding the samples taken before purification, it was possible to observe that, although all 

batches were subjected to the same experimental conditions, there were differences 

concerning the particle size distribution (Fig. 11A). Both batches A and B present similar size 

distributions, with a considerable high d0.9 value, which is reflected on the span values. On 

the other hand, batches C and D showed a narrower particle size distribution with lower 

span values (Fig. 11B).  

 

 
Figure 11 – (A) Particle size distribution of plain PCL microparticles before purification. Three different particle 

size populations are represented: d0.1 (o), d0.5 (¢) and d0.9 (¢). (B) Size distribution span of plain PCL 

microparticles before purification. Results are presented as mean ± SD (n=3). (*) SD of the span not represented 

due to high heterogeneity of the values. 

 

These results revealed that the preparation of PCL particles was not completely 

reproducible, since batches prepared under the same conditions presented appreciable 

differences in particle size distribution. Nevertheless, for all batches prepared, particle 

diameter was within the micrometre range, just like PMMA and PMMA-EUD particles. Due to 

the fact that results of particle size distribution were presented as a volume distribution, 

instead of a number distribution, there was an exacerbation of the contribution of larger 

particles or particles aggregates to particle size distribution [21]. Hence the considerable 
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increase in d0.9 values did not necessarily mean that there was a noteworthy number of 

larger particle aggregates. 

After purification, particle size distribution profile changed and both batches A and D 

presented an increased d0.9 value while batches B and C presented a similar particle size 

distribution (Fig. 12A). According to Table 3, both batches A and B were purified with a 

“glucose bed” that would supposedly decrease particle aggregation and consequently 

particle size. In this case, particle size distribution of batch A after purification remained 

unchanged when compared to samples collected before purification, but batch B presented 

a narrower particle size distribution. These observations were reflected on the span values 

for both batches A and B (Fig. 12B). Therefore it is possible to conclude that the “glucose 

bed” was not a key factor at preventing PCL particle aggregation during purification. Results 

referring to particle size distribution of batches C and D (Table 3: batches purified without a 

“glucose bed”) further corroborated these conclusions, as particle aggregation was present 

in batch D but not in batch C.   

 

 
Figure 12 – (A) Particle size distribution of plain PCL microparticles after purification. Three different particle size 

populations are represented: d0.1 (o), d0.5 (¢) and d0.9 (¢). (B) Size distribution span of plain PCL 

microparticles after purification. Results are presented as mean ± SD (n=3). 

 

Before freeze-drying, PCL particles were resuspended in either a 5% (w/V) glucose solution 

or in a 0.5% (w/V) sucrose solution and particle size distribution was assessed (Fig. 13). In 

this case, particle size distribution for batches A and D remained unchanged with formation 

of large particle aggregates (Fig. 13A). For batches B and C, particle size distribution was 

not altered and is comparable to particle size distribution of batches E (Table 3: batches not 

subjected to centrifugation and purified by chromatography). Although a slight increase of 

particle diameter was observed for batches B and C, the overall profiles remained the same 

corroborating the idea that a “glucose bed” does not prevent particles from aggregating. 
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Figure 13 – (A) Particle size distribution of plain PCL microparticles before freeze-drying. Three different particle 

size populations are represented: d0.1 (o), d0.5 (¢) and d0.9 (¢). (B) Size distribution span of plain PCL 

microparticles before freeze-drying. Results are presented as mean ± SD (n=3). (*) SD not represented due to 

high heterogeneity of the values. 

 

Finally, particle size distribution, as well as the respective span values of batches B, C and 

E, remains unchanged after freeze-drying (Fig. 13 and 14). These PCL particles presented 

resembling particle diameter, hence neither the cryoprotectant nor the use of a “glucose bed” 

appear to have an appreciable effect on particle size distribution.     

 

 
Figure 14 – (A) Particle size distribution of plain PCL microparticles after freeze-drying. Three different particle 

size populations are represented: d0.1 (o), d0.5 (¢) and d0.9 (¢). (B) Size distribution span of plain PCL 

microparticles after freeze-drying. Results are presented as mean ± SD (n=3). 

 
As a conclusion, it is possible to say that preliminary formulation studies on PCL 

microparticles showed that the preparation method of was not completely reproducible 

regarding particle size distribution. One of the reasons for this is the fact that PCL 

microparticles aggregate quite easily although different experimental conditions were studied 
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(Table 3). The only batches that presented a consistent particle size distribution with no 

aggregation were batches C and E, thus daptomycin- and vancomycin-loaded PCL 

microparticles were prepared without a “glucose bed” and with a solution of 5% (w/V) 

glucose as cryoprotectant (Table 2). 

The overall yield of preparation for the final formulations was considered acceptable with 

values higher than 70%. 

 

3.2.2. Surface charge 

 Just like PMMA microparticles, plain and antibiotic-loaded PCL microparticles presented a 

negative surface charge (Table 3).  

 
Table 4 – Zeta potential (mV) of plain and 5% (w/w) daptomycin- and vancomycin-loaded PCL microparticles. 

Results are presented as mean ± SD (n=3). 

Formulation Zeta Potential (mV) 

Plain particles -17.6  ± 1.4 

Daptomycin-loaded particles (5%) -17.3 ± 2.1 

Vancomycin-loaded particles (5%) -15.9 ± 0.8 

 

These results were consistent with those found in the literature [24]. It was also possible to 

conclude that the encapsulation of daptomycin and vancomycin into the PCL microparticles 

does not change the surface charge. 
 

3.2.3. Surface morphology 

Microparticle morphology was characterised by TEM. Both plain and antibiotic-loaded PCL 

microparticles presented a spherical shape with particle size distribution consistent with that 

obtained by light scattering (Fig. 15).  

 

 
Figure 15 – TEM micrographs of (A) plain, (B) daptomycin and (C) vancomycin-loaded PCL microparticles. 
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3.2.4. Encapsulation efficiency and drug loading 

The encapsulation efficiency (EE) and drug loading (DL) of daptomycin- and vancomycin-

loaded PCL microparticles are presented in Fig. 16.  

 

 
Figure 16 – Encapsulation efficiency (�) and drug loading (o) of PCL microparticles with increasing 

concentrations of (A) daptomycin and (B) vancomycin. Results are presented as mean ± SD (n=3). 

 

Increasing the antibiotic percentage added to the formulation steadily increased DL values, 

with maximum values of 18.9 ± 2.5% and 12.6 ± 2.1% for 30% (w/w) of daptomycin and 

vancomycin, respectively (Fig. 16). The EE values did not follow the same trend. 

Daptomycin EE decreased as the antibiotic percentage in formulation increased from 2.5% 

to 15%, with a minimum value of 42.9 ± 0.5%, but it increased to 83.0 ± 3.6% as 30% of 

antibiotic was added to the formulation (Fig. 16A). This may be explained by the formation of 

micelles of daptomycin above 1 mg/mL, which is observed when 30% of daptomycin is used 

for particle preparation [25]. In the case of the w/o/w double emulsion-solvent evaporation 

method, daptomycin micelles will have the lipophilic tail of the molecule facing the organic 

phase of the emulsion, thus enabling the increase in encapsulation efficiency. Vancomycin 

presented EE values between 54.3 ± 4.0% and 73.0 ± 7.1% for 7.5% and 5% of antibiotic in 

the formulation, respectively (Fig. 16B). EE was not noticeably influenced by the percentage 

of vancomycin used, meaning that for these percentages of vancomycin in the formulation 

the system had already reached the maximum encapsulation capacity. Therefore, increasing 

the percentage of vancomycin in the formulation to values higher than 30% (w/w) would be 

an interesting strategy in order to gain further insights on the saturation of the system.  

As a conclusion, it is possible to say that daptomycin and vancomycin EE appear to have 

reached a plateau for the range of percentages of antibiotics used in the formulation. One 

hypothesis that would explain such a phenomenon is the fact that the encapsulation 

efficiency was determined by an indirect method; meaning that the amount of encapsulated 

antibiotic is determined by quantification of the non-encapsulated antibiotic present in the 

supernatants obtained during the purification steps. For higher percentages of antibiotics in 
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the formulation, it was expected that the EE values would decrease due to the saturation of 

the system. This did not occur probably due to the fact that the non-encapsulated antibiotics 

might have been adsorbed onto the particle surface instead of being solubilised in the 

supernatant. Further studies are suggested in order to characterize the ability of PCL 

microparticles to adsorb daptomycin and vancomycin.  

 

4. Conclusion  

It was possible to optimise the preparation method for antibiotic-loaded acrylic-based and 

PCL microparticles with reproducible size distribution, EE/DL and yield of preparation. In 

fact, particle size and size distribution uniformity was considered to be a critical aspect 

throughout the formulation studies. As stated previously, it may be influenced by several 

variables, such as the properties of the polymer, drug and surfactants used; type, speed and 

duration of homogenization; polymer/organic solvent and polymer/drug ratio; relation 

between the volumes of the different phases and speed of solvent evaporation.  

In this case, pre-formed polymers (PMMA, EUD and PCL), as well as clinically available 

antibiotics (daptomycin and vancomycin), were used. Therefore the number of variables that 

could be optimised was reduced, and optimization of the preparation method relied mainly 

on the identification of the crucial steps in the double emulsion-solvent evaporation method 

that were determinant in particle size distribution.  

It was possible to observe that, for PMMA and PMMA-EUD microparticles, size distribution 

was mainly influenced by the type and duration of homogenization of the internal and final 

emulsion. However, this was not a crucial aspect in PCL microparticle preparation, since the 

process used to purify and harvest the final particles was determinant in the final particle 

size due to the possibility of particle aggregation.  

In addition, the encapsulation of daptomycin and vancomycin into these systems was of 

paramount importance since it would directly influence their antibacterial activity. Although 

the encapsulation of daptomycin and vancomycin did not exert any considerable effect on 

the particles final properties (i.e. size distribution, surface charge, morphology), the type of 

polymer of polymer blends, as well as the concentration of antibiotics used, proved to be 

crucial in achieving high EE/DL values. Regarding the acrylic microparticles, it was possible 

to show that adding EUD to the formulation was crucial in order to achieve high daptomycin 

encapsulation values. An increase in EUD percentage from 10 to 30% in the formulation did 

not further improve daptomycin encapsulation. However, adding EUD to the microparticles 

hindered vancomycin encapsulation, thus leading to lower EE/DL values. The antagonistic 

effect of EUD on vancomycin encapsulation may be related to the different properties of the 
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antibiotics, but further studies are required to gain further insights on this subject. Regarding 

PCL particles, it was possible to achieve high encapsulation values for both antibiotics. The 

sudden rise in EE when the percentage of daptomycin in the formulation increases from 15 

to 30%, due to the formation of micelles, is also noteworthy.  

Finally, further characterization of these formulations in terms of in vitro release profiles and 

the study of their antibacterial activity against clinically relevant bacteria are presented in the 

next chapters.  
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Chapter III 

 

Improvement of the antibacterial activity of daptomycin-
loaded polymeric microparticles by Eudragit RL 100: An 
assessment by isothermal microcalorimetry 
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1. Abstract 

The aim of the present study was to develop novel daptomycin-loaded acrylic microparticles 

with improved release profiles and antibacterial activity against two clinically relevant 

methicillin-susceptible and methicillin-resistant Staphylococcus aureus strains (MSSA and 

MRSA, respectively). Daptomycin was encapsulated into poly(methyl methacrylate) (PMMA) 

and PMMA-Eudragit RL 100 (EUD) microparticles by a double emulsion-solvent evaporation 

method. For comparison purposes similar formulations were prepared with vancomycin. 

Particle morphology, size distribution, encapsulation efficiency, surface charge, 

physicochemical properties, in vitro release and biocompatibility were assessed. Particles 

exhibited a micrometre size and a spherical morphology. The addition of EUD to the 

formulation caused a shift in the surface charge of the particles from negative zeta potential 

values (100% PMMA formulations) to strongly positive. It also improved daptomycin 

encapsulation efficiency and release, whereas vancomycin encapsulation and release were 

strongly hindered. Plain and antibiotic-loaded particles presented comparable 

biocompatibility profiles. The antibacterial activity of the particles was assessed by 

isothermal microcalorimetry against both MSSA and MRSA. Daptomycin-loaded PMMA-

EUD particles presented the highest antibacterial activity against both strains. The addition 

of 30% EUD to the daptomycin-loaded PMMA particles caused a 40- and 20-fold decrease 

in the minimum inhibitory (MIC) and bactericidal concentration (MBC) values, respectively, 

when compared to the 100% PMMA formulations. On the other hand, vancomycin-loaded 

microparticles presented the highest antibacterial activity in PMMA particles. Unlike 

conventional methods, isothermal microcalorimetry proved to be a real-time, sensitive and 

accurate method for assessment of antibacterial activity of antibiotic-loaded polymeric 

microparticles. Finally, the addition of EUD to formulations proved to be a powerful strategy 

to improve daptomycin encapsulation efficiency and release, and consequently improving 

the microparticles activity against two relevant S. aureus strains. 

 

Keywords: microencapsulation, controlled release, PMMA, Eudragit, daptomycin, 

vancomycin, Isothermal microcalorimetry.  
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2. Introduction 

The most common infecting microorganisms in bone infections are staphylococci followed by 

streptococci, Gram-negative bacilli enterococci and anaerobes [1]. Still the most common 

pathogen in bone infections is Staphylococcus aureus. Conventionally, complicated bone 

infections caused by S. aureus are treated with vancomycin, a glycopeptide antibiotic 

selective for Gram-positive bacteria that acts by inhibition of the peptidoglycan synthesis in 

the bacterial cell wall (Fig. 1A) [2]. However, increased resistance of S. aureus to 

vancomycin has been reported [1-3]. More recently, daptomycin, a cyclic lipopeptide with 

bactericidal activity against Gram-positive organisms (Fig. 1B), including resistant S. aureus, 

as methicillin (MRSA) and vancomycin-resistant (VRSA) strains, was developed as an 

alternative therapy in bone infections treatment after vancomycin failure [3,4]. One key issue 

in bone infections treatment is the eradication of bacterial biofilms, meaning that high doses 

of intravenously administered antibiotics are required at the infection site [5]. Local delivery 

using nano- or micro- encapsulated antibiotics has been applied to overcome the major 

disadvantages of the systemic approach by maintaining a high local drug concentration for 

an extended duration of release without exceeding systemic toxicity [6]. 

Vancomycin has been used for systemic and local treatment of S. aureus infections and its 

encapsulation into poly(lactide-co-glycolide) and chitosan microparticles was studied to 

improve its bioavailability in specific anatomical compartments, as well as to achieve a 

sustained and more effective drug release [7,8]. On the other hand, daptomycin 

encapsulation has not been thoroughly investigated in the research and clinical settings, 

literature being scarce on its association to particulate carriers [9]. 
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Figure 1 – Molecular structures of (A) vancomycin and (B) daptomycin. 

 

Therefore, the first aim of our study was to evaluate the microencapsulation of these 

antibiotics in suitable polymeric particulate systems. Poly(methyl methacrylate) (PMMA) is 

one of the most widely explored biomedical materials because of its biocompatibility, and 

recent publications have shown an increasing interest in its applications as a drug carrier 

[10]. Although its use in particulate systems has been somehow neglected, because PMMA 

is not biodegradable, it is still an important candidate as a carrier material for its good 

toxicological safety record in biomedical and pharmaceutical uses [10]. However, a common 

feature in most of PMMA-based particulate delivery systems is their unsuitable properties to 

allow the complete release of drugs. With that in mind, we sought to improve PMMA release 

properties by increasing matrix permeability through the addition of Eudragit RL 100 (EUD), 

which is a well-known polymer commonly used as pharmaceutical excipient for enteric and 

controlled-release dosage forms. EUD is insoluble at physiological pH values and capable of 

swelling, thus representing a good material for improving drug release from PMMA matrices 

[11]. Hence, this study addresses the encapsulation and evaluation of daptomycin and 

vancomycin in microparticles made of PMMA or PMMA-EUD blends. 
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In spite of drug encapsulation potential therapeutic interest, an important problem associated 

to antibiotic-containing nano- and microparticulate formulations is the assessment of their 

antimicrobial activity. Usually the antibacterial effect of encapsulated antibiotics has been 

studied mainly using agar diffusion or broth macro- and microdilution methods [9,12]. 

Although these microbiological techniques are simple and routinely used, they present 

several disadvantages regarding the antibacterial effect assessment of antibiotic-loaded 

polymeric particles, such as variable diffusion of the antibiotics and the interaction with the 

paper disks [13-15]. Additionally, broth macro- and microdilution methods are based on 

turbidity assessment, which suffers interference from nano- and microparticulate 

suspensions. Furthermore, both methods fail to provide real-time information regarding 

bacterial growth [16,17]. 

As an alternative approach, isothermal microcalorimetry has recently gained interest as a 

diagnostic tool, as well as to monitor microbial activities under different conditions [18-20]. 

This method enables the real-time investigation of replicating viable microorganisms by 

quantification of its heat production. It is a highly sensitive method allowing the detection of 

minimal changes in bacterial growth and it is not affected by the turbidity of the samples 

since it is based on heat production measurement [16,17]. Therefore, it seems an ideal 

method for evaluating the activity of microencapsulated antibiotics, and a project has been 

specifically devised to investigate its application in this context. To the best of our 

knowledge, isothermal microcalorimetry has not yet been used to evaluate the antibacterial 

effect of antibiotic-containing nano- and microparticulate suspensions.  
 

3. Materials and methods 

3.1. Chemicals and strains 

Daptomycin (Cubicin®, 350 mg) was kindly provided by Novartis Pharma AG (Bern, 

Switzerland) and vancomycin hydrochloride (Vancomicina Generis 1000mg) was purchased 

from Generis Farmacêutica, S.A. (Amadora, Portugal). Poly(methyl methacrylate) (PMMA; 

Mw = 350000) and poly(vinyl alcohol) (PVA; Mw = 13000–23000, 87–89% hydrolysed) were 

purchased from Sigma–Aldrich (St. Louis, USA). Poly(ethyl acrylate-co-methyl methacrylate-

co-trimethylammonioethyl methacrylate chloride) (Eudragit RL100, EUD; Mw = 32000) was 

kindly provided by Evonik Degussa International AG (Zaragoza, Spain) and dichloromethane 

(DCM) was purchased from Fisher Scientific (Waltham, USA). All other reagents were 

analytical grade. Mueller-Hinton broth (MHB; CM 0405, Oxoid, Bakingstoke, Hampshire, UK) 

was freshly prepared and sterilized in autoclave (121ºC, 15 min) before use. The study 
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microorganisms were methicillin-susceptible (MSSA) and methicillin-resistant (MRSA) S. 

aureus (ATCC 29213 and ATCC 43300, respectively). Bacteria were stored at -70ºC using 

the cryovial bead preservation system (Microbank; 79 Pro- Lab Diagnostics, Ontario, 

Canada). 

 

3.2. Preparation of antibiotic-loaded polymeric microparticles 

Microparticles were prepared using a modification of a previously described double-emulsion 

w1/o/w2-solvent evaporation method with some modifications [21,22]. Briefly, PMMA or 

polymer blends of PMMA- EUD (10%, 20% and 30%) were dissolved in 5 mL DCM and 

emulsified by homogenization using an Ultra-Turrax T10 basic (IKA, Staufen, Germany) for 3 

min with a 10% (w/w) PVA solution, where the antibiotics were previously solubilized (15% 

w/w). The resulting (w1/o) emulsion was added to 30 mL of 1.25% (w/w) PVA solution and 

emulsified by homogenization using a Silverson Laboratory Mixer Emulsifier L5M (Silverson 

Machines Inc., Chesham, UK) for 10 min at maximum rotation speed. The resulting w1/o/w2 

double emulsion was magnetically stirred at room temperature for 4 h to evaporate the 

organic solvent. PMMA and PMMA-EUD particles were harvested by centrifugation (5723 g, 

10 min, 4ºC; Allegra 64R High Speed Centrifuge, Beckman Coulter Inc., Fullerton, USA), 

washed three times with a 10% (w/V) sucrose solution and resuspended in a 0.5% (w/V) 

sucrose solution. All particles were subsequently freeze-dried (Christ Alpha 1–4, B. Braun 

Biotech International, Melsungen, Germany) to obtain a fine, free-flowing dry powder. Mean 

yield of production was calculated according to the following formula: (practical 

yield/theoretical yield)x100. All batches were prepared in triplicate and plain particles were 

used as controls.  

 

3.3. Characterization of antibiotic-loaded polymeric microparticles 

The surface morphology of particles was analysed and photographed using a scanning 

electron microscope (SEM; Phillips/FEI XL30 SEM, Hillsboro, USA). Briefly, particles, as dry 

powder, were mounted onto aluminium stubs and their surface was coated with a gold-

platinum film (thickness of 20 nm) under vacuum in an argon atmosphere (Emscope SC500, 

Ashford, UK). 

Size distribution of lyophilized microparticles was determined by light scattering, using the 

Malvern Mastersizer 2000 – Hydro SM (Malvern Instruments, Malvern, UK). Diluted samples 

were loaded to the sample dispersion unit under constant agitation until an obscuration of 

10–15 units was reached. The size distribution measurements were performed five times for 
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individual samples and at least three replicate samples were used. Size distribution of 

particles was characterized using the volume mean diameter (µm) and the width of particle 

size distribution is given by the span. 

Surface charge of lyophilized particles was determined by electrophoretic light scattering 

using the Malvern Nanosizer Z (Malvern Instruments, Malvern, UK). Measurements were 

per- formed 10–13 times for individual samples and zeta potentials of at least three replicate 

samples were determined.  

 

3.3.1. Encapsulation efficiency and drug loading 

Encapsulation efficiency (EE) was determined spectrophotometrically (Spectrophotometer 

U-2001, Hitachi Instruments Inc., USA) by quantification of the antibiotics in the supernatants 

(i.e. non-encapsulated antibiotic) obtained during microparticle preparation. Antibiotic 

detection was performed at 220.5 nm for daptomycin and 280 nm for vancomycin [23,24]. 

The EE is expressed as the percentage of antibiotic encapsulated in particles reported to the 

initial amount of antibiotic used for particle preparation. Drug loading (DL) was calculated 

according to the following formula: (amount of antibiotic in particles/theoretical amount of 

particles)x100. All results are presented as mean ± standard deviation (SD). 

 

3.3.2. Drug-polymer interaction studies by DSC and FT-IR  

The raw materials used in particle preparation, as well as the freeze-dried particles were 

analysed by differential scanning calorimetry (DSC; Q200, TA Instruments, New Castle, DE, 

USA) and Fourier transform infrared spectroscopy (FT-IR; IRAffinity-1 spectrophotometer, 

Shimadzu, Kyoto, Japan). For DSC analysis, samples (1–3 mg) were placed in sealed 

aluminium pans and heated from -20 to 240ºC at 10ºC/min under a nitrogen atmosphere. 

An empty aluminium pan was used as a reference. For FT-IR analysis, samples were 

incorporated in potassium bromide disks using a hydraulic press, under a pressure of 740 

GPa for 3 min. Samples were scanned between 400 and 4000 cm-1 and spectra of 

averaging thirty scans were obtained [25]. 

 

3.4. In vitro release studies 

Daptomycin and vancomycin release from the different polymeric particles was determined 

according to previously described methods, which allow assessing drug release from all the 

formulations studied [22]. Briefly, particles accurately weighted (15 mg) were suspended in 

PBS (pH 7.4) in Eppendorf tubes. Tubes were incubated at 37ºC in an incubator under 

constant agitation (350 rpm). Samples were prepared in triplicates. At pre-determined 
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intervals, aliquots were collected from each tube and the antibiotic content was determined 

by HPLC methods (Beckman Coulter System Gold with 126 solvent module and 166 UV–Vis 

detector coupled with a Stark Holland Midas auto-sampler). Briefly, quantification of 

daptomycin was performed using a Merck LiChrospher 125-4, RP18 5 µm, LiChroCART 100 

column and the following chromatographic conditions: 0.7 mL/min flow; injection volume of 

20 µL; mobile phase of 35% acetonitrile and 65% PBS (pH 7.4) and detection at 230 nm 

[24]. Linearity and reproducibility were analysed and considered adequate for sample 

analysis. As for vancomycin, the same type of column was used and the chromatographic 

conditions were as follows: 1.2 mL/min flow; injection volume of 40 µL; mobile phase of 10% 

acetonitrile and 90% H2KPO4 (pH 2.75) detection at 280 nm.23 All samples were analysed in 

triplicate. Results are presented as mean ± SD.  

 

3.5. Antimicrobial activity 

3.5.1. Bioassay for quantification of released antibiotics  

A disk diffusion assay was performed in order to quantify the 24 h release of the antibiotics 

from the particles and assess their activity. Briefly, daptomycin- and vancomycin-loaded 

PMMA and PMMA-EUD 30% particles (in the same amount as used in the in vitro release 

assays) were resuspended in 1 mL of Mueller-Hinton broth supplemented with 50 mg/L of 

Ca2+ and incubated for 24 h at 37ºC without agitation. After incubation, the samples were 

centrifuged in order to precipitate the microparticles. An inoculum of 108 of Bacillus subtilis 

ATCC 6051 was spread onto Mueller-Hinton plates and blank diffusion discs were applied. 

An aliquot of 30 µL of each release sample was applied to the discs. For each antibiotic, 

calibration curves were performed. All plates were incubated at 37ºC for 20–22 h and the 

inhibition halos diameters were measured. All samples were analysed in triplicate. Results 

are presented as mean ± SD. 

 

3.5.2. MIC and MBC of non-encapsulated antibiotics  

In vitro determination of the minimum inhibitory concentration (MIC) and the minimum 

bactericidal concentration (MBC) of free (i.e. non-encapsulated) daptomycin and vancomycin 

was performed by the macrobroth dilution method [26]. The minimal heat inhibition 

concentration (MHIC) was determined by isothermal microcalorimetry. In both methods, 

serial two-fold dilutions of daptomycin and vancomycin were prepared in 2 mL of MHB. For 

inoculum preparation, one bead of cryopreserved S. aureus was spread on a Mueller-Hinton 

agar plate and incubated aerobically for 24 h at 35 ± 2ºC. Three to four colonies were 

resuspended in 2 mL sterile saline and adjusted to turbidity of McFarland 0.5 (corresponding 
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to approx. 108 CFU/mL; Densimat, bioMérieux SA, Marcy-l'Etoile, France). A 1:100 dilution 

of the bacterial suspension was prepared in sterile saline and 0.2 µL of this dilution was 

added to the samples in order to achieve a 1–5x105 CFU/mL inoculum. The exact inoculum 

size was determined by CFU counting on Mueller-Hinton agar plates. Samples were 

incubated aerobically for 24 h at 35 ± 2ºC. The samples for isothermal microcalorimetry were 

sealed and vortexed and measurements of heat flow (mW) were performed for 24 h at 10s 

intervals. The isothermal microcalorimetry results are presented as curves of heat flow (µW) 

vs. time (h). All samples were tested in triplicate. The MIC was defined as the lowest 

concentration of antibiotic that completely inhibited visible growth at 24 h, or did not exhibit 

heat flow production in the isothermal microcalorimeter. The MBC was defined as the lowest 

antimicrobial concentration, which killed ≥99.9% of the initial bacterial count (i.e. ≥3 log10 

CFU/mL) in 24 h using MHB [26]. For MBC determination, all samples that did not exhibit 

turbidity or heat flow production (i.e. bacterial growth) after 24 h were appropriately diluted 

with sterile saline, spread onto Mueller-Hinton agar plates and incubated for 24 h at 35 ± 

2ºC. 

 

3.5.3. Antibacterial activity of antibiotic-loaded polymeric particles by isothermal 

microcalorimetry 

The in vitro determination of MIC and MBC of encapsulated daptomycin and vancomycin 

was performed by isothermal microcalorimetry (TAM III, TA Instruments, New Castle, DE, 

USA). Daptomycin- and vancomycin-loaded microparticles suspensions were prepared by 

serial two-fold dilutions in 1 mL of MHB. The final particle concentrations ranged from 10 

mg/mL to 0.007 mg/mL. Growth media for daptomycin studies was supplemented with 50 

mg/L Ca2+. Two negative controls (i.e. with no bacteria) were used: MHB alone and a 

suspension of the corresponding microparticles in MHB. Inoculum preparation was 

performed as stated previously, but only 0.1 mL of bacterial suspension was added to each 

sample in order to achieve a 1–5x105 CFU/mL inoculum. The exact inoculum size was 

determined by CFU counting on Mueller-Hinton agar plates. Samples were sealed and 

vortexed and measurements of heat flow (mW) were performed for 24 h at 10 s intervals. 

Curves of heat flow (µW) vs. time (h) were plotted. All samples were tested in triplicates. 

Samples without heat production (i.e. heat flow below 25 µW) after 24 h were serial diluted 

1:10, plated onto Mueller-Hinton agar plates and incubated for 24 h at 35 ± 2ºC. The MIC 

and MBC values were determined as described above [26]. 
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3.6. Cell viability studies 

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was used to 

investigate in vitro cytotoxicity of plain and antibiotic-loaded particles in L929 mouse 

fibroblast (ATCC CCL-1TM) [27]. Cell viability was assessed after 24h incubation with 

different concentrations of particles (10–2000 µg/mL) in RPMI 1640 medium. After 

incubation, cells were exposed to a MTT dye solution (5 mg/mL in PBS at pH 7.4) for 3 h at 

37ºC, after which the complete media was removed and the intracellular formazan crystals 

were solubilized and extracted with dimethylsulfoxide. After 15 min, at room temperature, the 

absorbance was measured at 570 nm in a microplate reader (FLUOstar Omega, BMG 

Labtech, Germany). Culture medium and SDS served as negative and positive controls, 

respectively. The relative cell viability (% of control) was calculated and compared with the 

untreated control [28]. Statistical evaluation of data was performed using one-way analysis 

of variance (ANOVA). A Tukey–Kramer multiple comparison test (GraphPad Prism 6, 

GraphPad Software, USA), was used to compare the significance of the difference between 

the groups, a p-value < 0.05 was accepted as significant. 

 

4. Results and discussion 

The present study aimed at improving antibiotic (daptomycin and vancomycin) release from 

PMMA particulate systems and assessing antibacterial activity of the microencapsulated 

antibiotics against planktonic S. aureus (both MSSA and MRSA), common pathogens in 

bone infections, by isothermal microcalorimetry. 

 

4.1. Characterization of antibiotic-loaded polymeric microparticles 

Encapsulation of daptomycin and vancomycin into PMMA and PMMA-EUD microparticles 

using a w1/o/w2 double emulsion-solvent evaporation method yielded a particle size 

distribution within the micrometre range due to the high molecular weight of the polymers 

and the preparation method [22,29,30]. Table 1 summarizes the properties of daptomycin- 

and vancomycin-loaded microparticles.  
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Table 1 – Main characteristics of PMMA and PMMA-EUD microparticles (mean ± SD; n = 3). 

Formulations VMD (µm) Span Zeta Potential 
(mV) EE (%) DL (%) 

PMMA 1.69 ± 0.04 1.14 ± 0.05 -22.4 ± 1.8 - - 
PMMA-Dapto 1.60 ± 0.04 0.92 ± 0.01 -19.6 ± 0.6 25.2 ± 1.1 3.3 ± 0.1 
PMMA-Vanco 1.50 ± 0.21 1.56 ± 0.20 -18.3 ± 0.6 91.1 ± 0.7 11.9 ± 0.1 
PMMA-EUD 10% 1.41 ± 0.08 1.69 ± 0.05 +28.9 ± 1.2 - - 
PMMA-EUD 10%-Dapto 1.04 ± 0.05 1.64 ± 0.12 +28.7 ± 1.0 95.7 ± 1.2 12.4 ± 0.3 
PMMA-EUD 10%-Vanco 1.09 ± 0.02 2.01 ± 0.03 +22.3 ± 2.8 47.5 ± 2.3 6.2 ± 0.3 
PMMA-EUD 20% 1.18 ± 0.05 1.60 ± 0.04 +32.9 ± 2.1 - - 
PMMA-EUD 20%-Dapto 0.99 ± 0.04 1.99 ± 0.10 +25.7 ± 2.4 94.9 ± 0.1 12.3 ± 0.2 
PMMA-EUD 20%-Vanco 1.11 ± 0.04 2.44 ± 0.16 +35.7 ± 0.3 46.6 ± 3.7 6.1 ± 0.5 
PMMA-EUD 30% 1.23 ± 0.09 1.74 ± 0.18 +35.3 ± 1.8 - - 
PMMA-EUD 30%-Dapto 1.34 ± 0.30 4.28 ± 2.14 +19.5 ± 1.1 95.6 ± 1.2 12.4 ± 0.3 
PMMA-EUD 30%-Vanco 1.25 ± 0.07 2.73 ± 0.04 +37.0 ± 0.6 53.5 ± 1.6 6.9 ± 0.3 
Note: Dapto – daptomycin; Vanco – vancomycin; VMD – volume mean diameter; EE – encapsulation efficiency; 
DL – drug loading. 
 

Particle size was confirmed by SEM analysis, which also revealed that both PMMA and 

PMMA-EUD microparticles present a spherical shape with rather smooth surfaces (Fig. 2). 

The inclusion of EUD in the formulations markedly affected the surface charge of 

microparticles, either plain or loaded with antibiotics. EUD is a cationic non-biodegradable 

acrylic polymer commonly used for preparation of controlled release pharmaceutical dosage 

forms [31,32]. It has quaternary ammonium groups that are responsible for its overall 

positive charge and for its properties as permeability enhancer [32]. As a consequence of 

the strong positive charge of EUD, all microparticles prepared from a PMMA-EUD polymer 

blend, containing amounts of EUD as low as 10%, presented a strongly positive surface 

charge (Table 1). 
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Figure 2 – Scanning electron micrographs of plain polymeric microparticles prepared with (A) PMMA, (B) PMMA-

EUD 10%, (C) PMMA-EUD 20% and (D) PMMA-EUD 30%. 

 

4.2. Encapsulation efficiency and drug loading 

The EE of daptomycin in PMMA microparticles was increased by adding 10% EUD to the 

formulation (Table 1). Increasing EUD up to 20% and 30% did not further improve EE, which 

remained above 95%. In parallel, the DL values of daptomycin followed the same trend, with 

a 4-fold increase after the introduction of EUD in the formulation. In contrast, vancomycin-

loaded PMMA microparticles presented higher EE (>90%) when compared to daptomycin 

microparticles (Table 1). However, the addition of EUD decreased vancomycin EE in ≈50%, 

irrespective of the EUD percentage in the microparticles. The vancomycin DL values also 

reflected the same trend. 

Despite double emulsion (w1/o/w2) solvent evaporation method was employed, daptomycin-

loaded PMMA microparticles presented low encapsulation efficiency (25.2 ± 1.1%) (Table 1), 

which is due mainly to drug partition to the external aqueous (w2) phase during the slow 

solvent evaporation step (4 h). Daptomycin is an amphiphilic molecule with a polar 

negatively charged region (head) and a lipophilic tale (Fig. 1B) prone to form negatively 

charged micelles at concentrations >1 mg/mL [33]. Daptomycin is intended to remain 
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encapsulated within the negatively charged (PMMA), which is dissolved in the organic phase 

(o). Consequently the charge repulsion between PMMA and daptomycin micelles will cause 

the drug to preferentially partition to the external aqueous phase. Oppositely, vancomycin 

presented a high EE (91.1 ± 0.7%), which can be a consequence of its average positive 

charge at the pH values used during microparticle preparation, which favours its entrapment 

into the negatively charged PMMA microparticles [34,35]. Besides, the vancomycin EE 

values (Table 1) were consistent with those reported for vancomycin-loaded polymeric 

particles prepared by the same method [8,36].  

The addition of EUD to the formulations strongly affected EE. The positive charge of the 

particles oppositely influenced antibiotic EE in comparison with PMMA microparticles. Using 

polymer blends of PMMA-EUD improved daptomycin encapsulation to values above 95%, 

regardless of the percentage of EUD. These positively charged polymer blends will attract 

the negatively charge daptomycin micelles preventing drug partition to the external aqueous 

phase (w2). On the other hand, adding EUD to the microparticles decreased vancomycin EE, 

due to the repulsion between positive charges of the PMMA-EUD blends and those of 

vancomycin, leading to its partition to the external aqueous phase (w2). 

 

4.3. Drug-polymer interaction by DSC and FT-IR 

No significant thermal events occurred in the raw materials PMMA and EUD, the latter 

presenting a low glass transition temperature at 60ºC (Fig. 3A), which is consistent with the 

literature [31]. 

Also, no significant thermal events occurred in the microparticles when compared to the raw 

materials. Only the thermal transition events corresponding to the melting temperature of 

sucrose (191.1ºC) were visible. Sucrose was used as a cryoprotectant during lyophilisation 

and is present in all formulations, which may explain the melting peaks observed for both 

PMMA and PMMA-EUD particles (Fig. 3B and C).  
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Figure 3 – DSC thermograms of (A) raw materials used for particle preparation; (B) plain and antibiotic loaded 

PMMA and (C) plain and loaded PMMA-EUD 30% microparticles (MP). 

 

Nevertheless, the relatively low amounts of the antibiotics and EUD in the microparticles, 

when compared to the amount of PMMA, could prevent the visualization of any discrete 

events as the phase transition of the EUD polymer. Similar results were obtained by Dillen et 

al. concerning the DSC analysis of ciprofloxacin-loaded PLGA-Eudragit RL 100 particles 

[31]. On the other hand, the inclusion of EUD in the formulation had an effect on particle 

surface morphology, which can be attributed to the glass transition of EUD as observed in 

the SEM pictures (Fig. 2). All particles containing EUD presented irregular surface 

morphology, which became more evident as the percentage of EUD in the formulation 

increases (Fig. 2C and D). As SEM analysis progressed, at high magnifications, samples are 

exposed to a high energy beam, which causes EUD to change to its vitreous state, leading 

to higher deformation of the particles surface for the formulations with higher percentages of 

EUD (i.e. 20 and 30%; Fig. 2C and D). Nevertheless, at room temperature and at 37ºC no 

surface morphology alteration of the EUD particles should occur. 

Furthermore, the FT-IR spectra (Fig. 4) showed no major differences between plain PMMA 

and PMMA-EUD particles, since both polymers present coincidental absorption bands (Fig. 

4A). The spectrum profiles when, either daptomycin or vancomycin, were loaded into PMMA 

and PMMA-EUD 30% particles were fairly superimposable with respect to the main 

absorptions peaks (Fig. 4B and C). 
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Figure 4 – FT-IR spectra of (A) the raw materials used in particle preparation; plain and antibiotic-loaded (B) 

PMMA and (C) PMMA-EUD 30% microparticles (MP). 

 

4.4. In vitro release assays 

The cumulative release profiles of daptomycin and vancomycin from the polymeric 

microparticles show that no considerable daptomycin release was observed from PMMA 

microparticles with the residual maximum amount of 0.86% obtained at 24 h (Fig. 5A). 

Release was only observed after adding EUD to the formulations, with higher amounts of 

daptomycin being released from all PMMA-EUD microparticles compared to vancomycin 

(Fig. 5B–D). Results clearly showed an enhancement of daptomycin release proportional to 

the amount of EUD in the formulations. Throughout the studies no significant release of 

vancomycin was detected for any of the PMMA-EUD formulations. 
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Figure 5 – In vitro antibiotic (AB) cumulative release (%) of daptomycin (■) and vancomycin (○) from (A) PMMA, 

(B) PMMA-EUD 10%, (C) PMMA-EUD 20% and (D) PMMA-EUD 30% microparticles. Results are presented as 

mean ± SD (n=3).  

 

Taking into consideration that antibiotic release is necessary for antimicrobial activity, 24 h 

drug release data were evaluated in detail (Table 2). The amount of daptomycin released 

from all microparticles was always higher than the experimentally determined MIC and MBC 

(both 0.25 mg/mL for S. aureus) and improved with increasing percentages of EUD. 

Concerning vancomycin formulations, only PMMA microparticles enabled drug release 

above the MIC and MBC (both 1 mg/mL for S. aureus) for this antibiotic. However, the 

percentage of vancomycin released was 10 times lower than that of daptomycin (0.08 ± 

0.02% and 0.86 ± 0.23%, respectively) and did not improve as higher amounts of EUD were 

added to the formulation. 

 
Table 2 – Cumulative release data of daptomycin and vancomycin (%) up to 24 h and the correspondent 

concentrations (µg/mL) for PMMA, PMMA-EUD 10%, PMMA-EUD 20% and PMMA-EUD 30% microparticles. 

Results are presented as mean ± SD (n=3). 

Formulation AB cumulative release t=24 h (%) [AB]t=24 h (µg/mL) 
Daptomycin Vancomycin Daptomycin Vancomycin 

PMMA 0.86 ± 0.23 0.08 ± 0.06 3.88 ± 0.15 1.98 ± 0.19 
PMMA-EUD 10% 10.0 ± 0.71 0.18 ± 0.01 48.1 ± 3.58 1.07 ± 0.44 
PMMA-EUD 20% 35.8 ± 7.45 0.28 ± 0.03 67.8 ± 8.83 0.78 ± 0.15 
PMMA-EUD 30% 52.2 ± 11.4 0.35 ± 0.01 226 ± 2.02 0.71 ± 0.02 
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Overall, the addition of EUD to the microparticle formulation proved to be an advantageous 

strategy to improve daptomycin release. The permeability enhancing properties of EUD 

enabled increasing daptomycin release up to 52.2% in the case of PMMA-EUD 30%. On the 

other hand, the decrease in the amount of vancomycin released may be explained by the 

low EE values and by the repulsive forces between vancomycin and EUD that render more 

difficult for the antibiotic to diffuse through the polymeric matrix. 

 

4.5. Antimicrobial activity 

After preparation and characterisation of the microparticles, a microbiological evaluation was 

performed to characterize their antibacterial activity against two S. aureus strains (MSSA 

and MRSA). 

 

4.5.1. Bioassay for quantification of released antibiotics 

Typically, the conditions of the in vitro release assays are set up in order to mimic the 

physiologic environment (i.e. physiological pH and temperature, with constant agitation and 

sink conditions, using phosphate buffered saline as the release medium). However, it must 

be noted that the isothermal microcalorimetry testing conditions (Mueller-Hinton broth, at 

37ºC, no agitation) are different from those used in the in vitro release assays, which could 

decrease the amount of released antibiotics during testing. In order to investigate the 

antibiotics release in isothermal microcalorimetry testing conditions, microparticles were 

incubated during 24 h of incubation in 1 mL Mueller-Hinton broth without agitation and a disk 

diffusion assay was then performed. It consisted of a disk diffusion assay using B. subtilis 

ATCC 6051, which is the recommended reference strain due its high sensitivity to both 

daptomycin and vancomycin. The amounts of released antibiotics were correlated with the 

size of the growth inhibition halos of B. subtilis through a calibration curve. The assay proved 

to be linear between 5 and 40 µg of antibiotic per disk and the limits of quantification and 

detection were as follows: 1.90 µg and 0.36 µg for daptomycin, and 1.65 µg and 0.54 µg for 

vancomycin, respectively. 

Vancomycin- and daptomycin-loaded PMMA particles presented a narrow inhibition zone 

(impossible to measure) whereas vancomycin-loaded PMMA-EUD particles presented no 

visible inhibition zone. These qualitative results are consistent with those obtained from the 

in vitro release assays, in which the vancomycin-loaded PMMA-EUD particles presented the 

lowest vancomycin release rate. Daptomycin-loaded PMMA-EUD 30% microparticles 

presented the largest inhibition zone (17.8 ± 0.1 mm), confirming that these particles present 

a higher drug release, as observed in the in vitro release assay (Fig. 5). The quantitative 
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analysis of the inhibition zone was only possible for this formulation. According to the 

bioassay, 149.2 ± 20.7 µg/mL of daptomycin was released from PMMA-EUD 30% 

microparticles after 24 h. This value is lower than the 24 h daptomycin release obtained in 

the in vitro release assays (226.0 ± 2.02 µg/mL; Table 2). As stated previously, the aim of 

this assay was to mimic the conditions of the antibacterial activity experiments; hence no 

sink conditions were used. Not only the release medium was highly complex and presented 

a high percentage of proteins in its composition, but also low medium volume (1 mL) and no 

agitation were used. These conditions are responsible for a decreased drug release, 

although the amount of daptomycin released is still fairly above the MIC and MBC values of 

both MSSA and MRSA. 

 

4.5.2. MIC and MBC of daptomycin and vancomycin 

It was also important to correlate the traditional methods for MIC and MBC determination 

with the isothermal microcalorimetry technique. The antibacterial activity of free daptomycin 

and vancomycin was determined by the macrobroth dilution method and isothermal 

microcalorimetry in order to confirm the correlation between these two methods (Table 3). 

 
Table 3 – Summary of the results obtained for the MIC and MBC values daptomycin and vancomycin against 

MSSA and MRSA, determined by the macrobroth dilution method.  

Bacterium 
Daptomycin Vancomycin 

MIC (µg/mL) MBC (µg/mL) MIC (µg/mL) MBC (µg/mL) 

MSSA 0.25 0.25 1.0 1.0 
MRSA 0.25 0.25 2.0 2.0 

 

Daptomycin presented lower MIC and MBC values for both MSSA and MRSA (0.25 µg/mL) 

than vancomycin. The MSSA strain presented a lower vancomycin MIC and MBC values (1 

µg/mL) than the MRSA strain (2 µg/mL) (Table 3). These values are consistent with those 

reported in the literature for the macrobroth dilution method [37]. The isothermal 

microcalorimetry results for both strains are presented in Fig. 6.  
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Figure 6 – Heat production (µW) of S. aureus MSSA (A and B) and MRSA (C and D) incubated with different 

concentrations of antibiotics up to 4 µg/mL of daptomycin and vancomycin S. aureus incubated in MHB served as 

growth control (GC). All samples were tested in triplicate.   

 

Regarding the MSSA strain, no heat flow was detected for samples with 0.25 µg/mL of 

daptomycin (Fig. 6A) and 1 µg/mL of vancomycin (Fig. 6B), meaning that at these 

concentrations MSSA was inhibited and no bacterial replication occurred leading to the 

absence of heat flow in the samples. The MRSA strain presented no bacterial replication (i.e. 

no heat flow production) for 0.25 µg/mL daptomycin (Fig. 6C) and 2.0 µg/mL vancomycin 

(Fig. 6D). The daptomycin and vancomycin MHIC values obtained for both strains are in 

agreement with the MIC and MBC values obtained with the macrobroth dilution method, 

indicating these two methods are comparable. 

As shown in Fig. 6 and Table 3, both the isothermal microcalorimetry and the macrobroth 

dilution method provided the same values for daptomycin and vancomycin inhibition 

concentrations. The isothermal microcalorimetry is based on the fact that replicating viable 

microorganisms produce heat, which can be detected with a microcalorimeter designed for 

precise real-time measurement. Being heat production related to microbial metabolism, it 

increases exponentially with their growth in appropriate media. In Fig. 6 it is possible to 

observe the typical growth profile of S. aureus and compare it with its growth profile when 

incubated with different concentrations of daptomycin or vancomycin. It is also possible to 

observe delayed S. aureus growth for 0.125 µg/mL of daptomycin (Fig. 6A) and 0.5 µmg/mL 
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vancomycin (Fig. 6B), since the heat curves for these samples present a delay when 

compared to the growth control (S. aureus heat curve). For samples with concentrations 

above 0.25 µg/mL of daptomycin and 1 µg/mL of vancomycin no heat flow was observed, 

indicating no bacterial replication occurred. The MHIC was identified as 0.25 µg/mL for 

daptomycin and 1 µg/mL for vancomycin, which is in accordance with MIC determined by 

the classical macrobroth dilution method. In addition, the MBC was determined by plating 

and CFU counting for all samples that presented no heat flow production in the isothermal 

microcalorimetry assay and no turbidity in the macrobroth dilution method. The so obtained 

MBC values equalled the MIC (Table 3) and MHIC (Fig. 6), which is also consistent with the 

literature [37]. 

 

4.5.3. Antibacterial activity of antibiotic-loaded polymeric particles by isothermal 

microcalorimetry 

Fig. 7 shows the heat production profiles of MSSA incubated with different concentrations of 

antibiotic-loaded PMMA and PMMA-EUD microparticles. 

Without antibiotics, the typical heat flow curve of MSSA reaches a mean value of 104.8 ± 1.1 

µW after 6.6 ± 0.3 h. Partial inhibition effect (i.e. delay of heat flow production) of 

daptomycin-PMMA microparticles was observed at 0.625 mg/mL, increasing up to 1.25 

mg/mL, reaching complete inhibition at 2.5 mg/mL (i.e. the MIHC of daptomycin-loaded 

PMMA particles) (Fig. 7A). Vancomycin-PMMA microparticles partially inhibited bacterial 

growth at 0.625 mg/mL. At 1.25 mg/mL it is possible to consider that bacterial growth is 

inhibited since the heat flow is not higher than the 25 µW threshold (Fig. 7B). 

By adding EUD (10, 20 or 30%) to the formulation, daptomycin-loaded PMMA-EUD particles 

inhibited MSSA growth already at 0.0625 mg/mL, whereas bacterial growth was delayed at 

0.0156 and 0.03125 mg/mL (Fig. 7C–E). In contrast, vancomycin-loaded PMMA-EUD 

microparticles were not able to inhibit bacterial growth up to 30 mg/mL (data not shown). 
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Figure 7 – Heat production (µW) of S. aureus (MSSA) incubated with different concentrations of PMMA and 

PMMA-EUD microparticles: (A) daptomycin-PMMA, (B) vancomycin-PMMA, (C) daptomycin-PMMA-EUD 10%, 

(D) daptomycin-PMMA-EUD 20% and (E) daptomycin-PMMA-EUD 30%. MSSA incubated in MHB served as 

growth control (GC). A suspension of particles in MHB and MHB alone served as controls. All samples were 

tested in triplicates. 

 

All samples with no heat production (i.e. no bacterial growth) were plated (undiluted and in 

1:1000; 1:100 and 1:10 dilutions) in order to determine the MBC (Table 4).  

According to Table 4, daptomycin-loaded PMMA particles presented the same MHIC and 

MBC values, namely 2.5 mg/mL (0 CFU in all samples). On the other hand, PMMA 

microparticles loaded with vancomycin presented the same MBC values as daptomycin-

loaded particles (2.5 mg/mL; 0 CFU/mL in all dilutions and 1 CFU/mL in the undiluted 

sample), but a lower MHIC value (1.25 mg/mL; 11 CFU in the 1:1000 dilution corresponding 

to ≈105 CFU/mL, which resembles the initial bacterial count). 
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Table 4 – Colony forming units (CFU) counts of samples (MSSA) without heat flow production undiluted and in 

1:10, 1:100 and 1:1000 dilutions.  

 

Regarding the daptomycin-loaded microparticles prepared from different polymer blends of 

PMMA-EUD, it was shown that all formulations exhibited a MHIC of 0.0625 mg/mL and a 

MBC of 0.125 mg/mL (0 CFU in all plated samples), which corresponds to a 40- and 20-fold 

reduction, compared to the MIC and MBC values obtained for the PMMA microparticles, thus 

confirming the positive effect of EUD on daptomycin release. 

In addition, the MHIC values for all daptomycin-loaded PMMA-EUD formulations were found 

to be similar. This is explained by the fact that, regardless of the percentage of EUD in the 

formulation, all PMMA-EUD particles released daptomycin highly above S. aureus MIC/MBC 

values (Table 2). Hence, the MHIC values are the same for all formulations. 

The activity of PMMA and PMMA-EUD 30% against MRSA was also assessed by isothermal 

microcalorimetry (Fig. 8). Taking into account the results obtained for MSSA and the higher 

MIC and MBC values of both antibiotics against MRSA, only the PMMA and PMMA-EUD 

30% particles were tested since these present the highest vancomycin and daptomycin 

release percentages, respectively. 

Formulations AB Microparticles 
(mg/mL) 

Number of CFU 
no dil. 1:10 1:100 1:1000 

PMMA 
Daptomycin 2.5 0 0 0 0 
Vancomycin 1.25 n.d. n.d. n.d. 11 
Vancomycin 2.5 1 0 0 0 

PMMA-EUD 10% Daptomycin 
0.0625 n.d. n.d. n.d. 74 
0.125 0 0 0 0 

PMMA-EUD 20% Daptomycin 
0.0625 n.d. n.d. 93 48 
0.125 0 0 0 0 

PMMA-EUD 30% Daptomycin 
0.0625 n.d. 63 65 13 
0.125 0 0 0 0 
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Figure 8 – Heat production of S. aureus (MRSA) incubated with different concentrations of PMMA and PMMA-

EUD microparticles: (A) daptomycin-PMMA, (B) vancomycin-PMMA, and (C) daptomycin-PMMA-EUD 30%. 

MSRA incubated in MHB served as growth control (GC). A suspension of particles in MHB and MHB alone 

served as controls. All samples were tested in triplicate. 

 

As expected, it was not possible to determine the antibacterial activity of vancomycin-loaded 

PMMA-EUD against MRSA due to the insufficient drug release. The daptomycin-loaded 

PMMA particles inhibited MRSA growth at 2.5 mg/mL (Fig. 8A), whereas the vancomycin 

PMMA particles were not able to completely inhibit MRSA growth, although delayed growth 

and partial inhibition was observed from 1.25 mg/mL (Fig. 8B). The higher antibacterial 

activity was observed for the daptomycin-loaded PMMA-EUD 30% microparticles, which 

present a MHIC of 0.0625 mg/mL (Fig. 8C). The MHIC values obtained for the daptomycin-

loaded PMMA and PMMA-EUD 30% microparticles against MRSA are the same as those 

obtained for MSSA, since both strains present equal daptomycin MIC/MBC values (i.e. 0.25 

mg/mL, Table 3). On the other hand, MRSA presents a higher vancomycin MIC/MBC value 

(2 µg/mL) than MSSA (1 µg/mL), which accounts for the lower antibacterial activity of 

vancomycin-loaded PMMA microparticles against MRSA (MHIC >10 mg/mL, Fig. 8B) when 

compared to MSSA (MHIC = 1.25 mg/mL, Fig. 7B). 

The isothermal microcalorimetry used in this study proved to be a useful tool for real-time 

antibacterial activity assessment of daptomycin and vancomycin-loaded polymeric particles. 

As stated before, the classical microbiologic methods (i.e. disk diffusion and broth dilution 

methods) present several limitations regarding the assessment of the antibacterial activity of 
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antibiotic-loaded microparticles. The accuracy of the disk diffusion methods is limited by 

different diffusion rates of the antibiotics through the different agars. Furthermore, the broth 

dilution methods are based on the assessment of sample turbidity (OD600nm) and the 

sedimentation of suspended microparticles makes it impossible to obtain a stable OD600nm 

value. In isothermal microcalorimetry heat production resulting from microbial metabolism 

increases exponentially with bacterial growth in appropriate media and is not influenced by 

sample turbidity caused by the microparticles in suspension or the agar diffusion rate of the 

antibiotics. As shown in Figs. 7 and 8, it was possible to determine the particle concentration 

required to inhibit bacterial replication, as well as characterize the sub-inhibitory effect of 

lower concentrations of particles. 

 

4.6. Cell viability studies 

The in vitro cytotoxicity of the particles was evaluated with the MTT assay using an ISO-

compliant L929 cell (Fig. 9), which is recommended for the biocompatibility safety 

assessment evaluation [27].  

 

 
Figure 9 – Relative cell viability (%) of L929 mouse fibroblasts after incubation with plain (white), daptomycin 

(light grey) and vancomycin-loaded (dark grey) (A) PMMA and (B) PMMA-EUD 30% microparticles. For each 

experiment, culture medium (dashed) and SDS (¢) were used as negative and positive controls, respectively. 

Note: *, **, *** and **** significantly different from negative control (p<0.05; p<0.01, p<0.001 and p<0.0001, 

respectively). Results are presented as mean ± SD (n=6). 

 

Results showed no significant reduction of cellular viability after incubation with plain and 

antibiotic- loaded PMMA microparticles, except for the highest concentration of daptomycin-

loaded particles (2000 µg/mL) and the two lowest concentrations of vancomycin-loaded 

particles (10 and 100 µg/mL). Regarding PMMA-EUD 30% particles, cell viability was slightly 

reduced in the highest concentration of plain and vancomycin-loaded particles (i.e. 2000 

µg/mL), as well as from 500 to 2000 µg/mL of daptomycin-loaded particles. Overall, although 

some formulations induced a slight decrease in cell viability, none of them may be 

considered as cytotoxic according to the international definitions [27,38]. 
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5. Conclusion  

Regardless of the percentage of EUD in the formulation, daptomycin-loaded PMMA-EUD 

microparticles presented the highest antibacterial effect compared to other formulations 

tested in this study, proving that the addition of EUD increased microparticles permeability 

and consequently the daptomycin release, whereas vancomycin release was hindered. 

Isothermal microcalorimetry showed to be a highly versatile, sensitive and accurate tool to 

evaluate the antibacterial effect of antibiotic-loaded polymeric particles without the previously 

mentioned drawbacks of the routine microbiology methods. It also enables the 

characterization of the effect of antibiotic-loaded microparticles on bacteria growth profile. 

Gaining further knowledge on the interaction between nano- and microsized materials and 

bacteria is of key importance since these have been widely proposed for clinical use and so 

far little is known about how nano- and microcarriers influence bacterial growth. 
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Chapter IV 

 

Antibiofilm activity of acrylic microparticles loaded with 
daptomycin – A thermal and imaging study 
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1. Abstract 

The aim of the present study was to assess the antibiofilm activity of daptomycin- and 

vancomycin-loaded poly(methyl methacrylate) (PMMA) and PMMA-Eudragit RL 100 (EUD) 

microparticles against mature biofilms of clinically relevant bacteria, methicillin-resistant 

Staphylococcus aureus (MRSA) and polysaccharide intercellular adhesin-positive S. 

epidermidis. The effect of plain, daptomycin- and vancomycin-loaded PMMA and PMMA-

EUD microparticles on mature staphylococcal biofilms was assessed by combining 

isothermal microcalorimetry (IMC) and fluorescence in situ hybridization (FISH). Regarding 

MRSA biofilms, the minimal biofilm inhibitory concentrations (MBIC) were 5 and 20 mg/mL 

for daptomycin- and vancomycin-loaded PMMA, respectively. In contrast, S. epidermidis 

biofilms were less susceptible to antibiotics than MRSA, with a MBIC of 20 mg/mL for 

daptomycin-loaded PMMA microparticles. Vancomycin-loaded PMMA microparticles were 

ineffective against these biofilms. Adding EUD to the formulation caused a 4- and 16-fold 

reduction of the MBIC values of daptomycin-loaded microparticles for S. aureus and S. 

epidermidis, respectively. The FISH images corroborated the IMC results, and provided 

additional insights on the antibiofilm effect of these carriers. According to FISH, daptomycin-

loaded PMMA-EUD microparticles were responsible for a pronounced reduction in biofilm 

mass. In addition, FISH showed that microparticles were able to attach to the biofilms. In 

conclusion, daptomycin-loaded PMMA-EUD microparticles presented the highest anti-biofilm 

activity against MRSA and S. epidermidis. In addition, adhesion of antibiotic-loaded 

microparticles to biofilms may be a crucial aspect for the enhancement of their antibiofilm 

activity. Finally, the combination of IMC and FISH proved to be essential in order to fully 

assess the effect of microparticles on sessile staphylococci.  

 

Keywords: staphylococcal biofilms, daptomycin, isothermal microcalorimetry, fluorescence 

in situ hybridization, poly(methyl methacrylate), Eudragit.   
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2. Introduction 

Staphylococcal biofilms are associated with difficult to treat orthopaedic implant-associated 

infections [1]. In particular, methicillin-resistance Staphylococcus aureus and 

Staphylococcus epidermidis are known to readily form biofilms onto implant surfaces, which 

are extremely difficult to eradicate using the conventional treatment strategies, due to their 

increased tolerance towards antibiotics [2].  

For the last decades, polymeric nano- and microcarriers have been studied as antibiotic 

delivery systems as well as an alternative strategy to enhance the antibiofilm effectiveness 

of clinically available antibiotics [3,4]. Daptomycin, a Gram-positive selective lipopeptide, has 

emerged as an alternative to vancomycin, which is the first choice treatment for difficult to 

treat infections caused by Gram-positive bacteria, since the rate of resistance emergence is 

lower and it appears to be more effective against biofilms [5]. Daptomycin not only presents 

a lower rate of resistance emergence but it also appears to show a higher antibiofilm effect 

than vancomycin. However, reports on the antibiofilm activity of daptomycin refer that a 

higher local concentration is required for antibiofilm activity [6].  

In this context, our group has successfully encapsulated daptomycin in microparticles 

composed by poly(methyl methacrylate) (PMMA) and PMMA-Eudragit RL 100 blends and 

determined their antibacterial activity against planktonic methicillin-susceptible and resistant 

S. aureus (MSSA and MRSA, respectively) in comparison with encapsulated vancomycin [7]. 

Daptomycin-loaded PMMA-EUD particles presented the highest antibacterial activity against 

both strains. The addition of 30% EUD to the daptomycin-loaded PMMA particles caused a 

40- and 20-fold decrease in the minimum inhibitory (MIC) and bactericidal concentration 

(MBC) values, respectively, when compared to the 100% PMMA formulations. Therefore, it 

proved to be a powerful strategy to improve microparticles activity against two relevant S. 

aureus strains, by increasing daptomycin encapsulation efficiency and release. In this study, 

isothermal microcalorimetry was used for the first time to assess the antibacterial activity of 

antibiotic-loaded polymeric microparticles. Unlike conventional microbiology methods, such 

as the macro- and microbroth dilution and disk diffusion assays, isothermal microcalorimetry 

is a sensitive and accurate method that allows real time quantification of heat flow 

associated with bacterial replication [8]. This technique has also been successfully used to 

characterize the activity of several antibiotics or antibiotic combinations against biofilms of 

different bacterial strains [6,9]. In the present work, we used isothermal microcalorimetry in 

order to determine the activity of daptomycin-loaded acrylic microparticles against clinically 

relevant staphylococcal biofilms. The heat flow profiles of pre-grown biofilms of MRSA and 

polysaccharide intercellular adhesin (PIA)-positive S. epidermidis incubated with different 



	   Novel particulate antibiotic-loaded platforms as sustained 
drug delivery systems for bone infection treatment	  

 

 130 

concentrations of particles were assessed. In addition, the effect of microparticles on biofilm, 

as well as the interaction between microparticles and biofilms, was assessed by 

fluorescence in situ hybridization (FISH). In particular, this imaging technique enabled the 

characterization of alteration in terms of biofilm size, structure and metabolic state, which is 

of the upmost importance. To the best of our knowledge both isothermal microcalorimetry 

and FISH have not been yet used to assess the antibiofilm activity of antibiotic-loaded 

polymeric microparticles, thus the combination of the results obtained by both a thermal and 

an imaging technique will enable gaining further insights on the effect of polymeric 

microcarriers on clinically relevant biofilms. 

 

3. Material and methods 

3.1. Chemicals and test strains 

Daptomycin (Cubicin, 350 mg) was kindly provided by Novartis (Switzerland) and 

vancomycin hydrochloride (Vancomicina 1000 mg) was purchased from Farma APS 

Produtos Farmacêuticos, Lda. (Portugal). Poly(methyl methacrylate) (PMMA; Mw = 350000) 

and poly(vinyl alcohol) (PVA; Mw = 13000-23000, 87-89% hydrolysed) were purchased from 

Sigma-Aldrich (USA). Poly(ethyl acrylate-co-methyl methacrylate-co-trimethylammonioethyl 

methacrylate chloride) (Eudragit RL 100, EUD; Mw=32000) was kindly provided by Evonik 

Degussa International AG (Spain). All other reagents were analytical grade. Mueller-Hinton 

broth (MHB; CM 0405, Oxoid, UK) and Tryptic Soy broth (TSB; 236950, BD, USA) was 

freshly prepared and sterilized in autoclave (121ºC, 15 min) before use. The study 

microorganisms were methicillin-resistant Staphylococcus aureus (MRSA; ATCC 43300) and 

polysaccharide intercellular adhesin (PIA)-positive Staphylococcus epidermidis 8400 with a 

minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) of 0.25 

µg/mL and 2 µg/mL for daptomycin and vancomycin, respectively [10,11]. Bacteria were 

stored at -70ºC using the cryovial bead preservation system (Microbank; 79 Pro-Lab 

Diagnostics, Canada). 

 

3.2. Preparation and characterization of antibiotic-loaded acrylic 

microparticles 

Polymeric microparticles were prepared using a modification of a previously described 

double-emulsion w1/o/w2-solvent evaporation method [7,12]. Briefly, PMMA or polymer 

blends of PMMA-EUD (70/30% w/w) were dissolved in 5 mL DCM and emulsified by 
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homogenization using an Ultra-Turrax T10 basic (IKA, Germany) for 3 min with a 10% (w/w) 

PVA solution, where the antibiotics were previously solubilized (30% w/w). For preparation of 

fluorescence labelled particles, Nile Red was added to the polymer solution in DCM. The 

resulting (w1/o) emulsion was emulsified by homogenization using a Silverson Laboratory 

Mixer Emulsifier L5M (Silverson Machines Inc., UK) maximum rotation speed. The resulting 

w1/o/w2 double emulsion was magnetically stirred at room temperature for 4 h to evaporate 

the organic solvent and particles were purified by centrifugation (5723×g, 10 min, 4ºC; 

Allegra 64R High Speed Centrifuge, Beckman Coulter Inc., USA), resuspended in a 0.5% 

(w/V) sucrose solution, and subsequently freeze-dried (Christ Alpha 1–4, B. Braun Biotech 

International, Germany) to obtain a fine, free-flowing dry powder. All batches were prepared 

in triplicate and plain particles were used as controls. The most relevant microparticle 

characteristics were determined by previously described validated methods and are 

summarized in Table 1 [7]. 

 
Table 1 – Characteristics of plain and antibiotic-loaded PMMA and PMMA-EUD microparticles. Results are 

presented as mean ± SD. 

Formulations VMD (µm) 
Zeta 

Potential 
(mV) 

EE (%) DL (%) [AB]t=24 h 
(µg/mL) 

PMMA 1.69±0.04 -22.4±1.8 - - - 
PMMA-Dapto 1.60±0.04 -19.6±0.6 25.2±1.1 3.3±0.1 3.88 ± 0.15 
PMMA-Vanco 1.50±0.21 -18.3±0.6 91.1±0.7 11.9±0.1 1.98 ± 0.19 

PMMA-EUD 30% 1.23±0.09 +35.3±1.8 - - - 
PMMA-EUD 30%-Dapto 1.34±0.30 +19.5±1.1 95.6±1.2 12.4±0.3 226 ± 2.02 
PMMA-EUD 30%-Vanco 1.25±0.07 +37.0±0.6 53.5±1.6 6.9±0.3 0.71 ± 0.02 
Abbreviations: EUD – Eudragit RL 100; VMD – volume mean diameter; EE – encapsulation efficiency; 
DL – Drug loading; [AB]t=24h – cumulative antibiotic release at 24 h; Dapto – Daptomycin; Vanco – 
Vancomycin. 

 

3.3. Activity of antibiotic-loaded acrylic microparticles against planktonic 

and sessile staphylococci by isothermal microcalorimetry 

3.3.1. Planktonic bacteria  

The in vitro determination of minimal heat inhibitory concentration (MHIC) of encapsulated 

daptomycin and vancomycin against MRSA and PIA-positive S. epidermidis 8400 was 

performed by isothermal microcalorimetry (TAM III, TA Instruments, USA). Daptomycin- and 

vancomycin-loaded microparticles suspensions were prepared by serial two-fold dilutions in 

MHB. The highest microparticle concentration tested was 10 mg/mL and the lowest was 0.04 

mg/mL. Growth media for daptomycin studies was supplemented with 50 mg/L Ca2+. A 
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suspension of particle in MHB, as well as MHB alone, was used as control. Also, a bacteria 

growth control was included. Three to four colonies were colonies were resuspended in 2 mL 

sterile saline and adjusted to turbidity of McFarland 0.5 (corresponding to approx. 108 

CFU/mL; Densimat, bioMérieux SA, France). A 1:100 dilution of the bacterial suspension 

was prepared in sterile saline and 0.2 mL of this dilution was added to the samples in order 

to achieve a 1-5×105 CFU/mL. Samples were sealed and vortexed and measurements of 

heat flow (mW) were performed for 24 h at 10 sec intervals. Results are presented as curves 

of heat flow (µW) vs. time (h). All samples were tested in triplicates. The MHIC was defined 

as the lowest microparticle concentration able to completely inhibit heat flow caused by 

bacterial replication [13].  

 

3.3.2. Sessile bacteria  

For determination of antibiofilm activity of antibiotic-loaded PMMA and PMMA-EUD, MRSA 

and PIA-positive S. epidermidis 8400 biofilms were grown onto poly-urethane (PU) pieces of 

fixed dimensions. Bacteria were suspended in TSB (1-5×108 CFU/mL) and incubated with 

individual PU pieces at 37°C for 48 h. Fresh medium (TSB supplemented with 50 mg/L Ca2+) 

was added at 24 h. After 48 h, biofilms were washed with phosphate buffered saline (PBS) 

to remove remaining planktonic bacteria. Each PU piece was then transferred to a 

microcalorimetry glass ampoule and different concentrations of microparticles (20, 10, 5, 2.5, 

1.25 mg/mL) were added. The ampoules were hermetically sealed and measurements of 

heat flow (mW) were performed at 37°C for 24 h at 10 sec intervals (TAM III, TA 

Instruments, USA). The minimal biofilm inhibitory concentration (MBIC) was defined as the 

lowest microparticle concentration leading to absence of recovering biofilm, indicated by the 

absence of growth related heat flow [6]. Results are presented as curves of heat flow (µW) 

vs. time (h). All samples were tested in triplicates. 

 

3.4. Interaction between staphylococci biofilms and acrylic microparticles 

by fluorescence in situ hybridization  

Biofilms of MRSA and PIA-positive S. epidermidis were grown for 48 h as previously 

described. Each PU piece was then transferred to a microcalorimetry glass ampoule and 

different concentrations of Nile Red-labelled microparticles (20, 10, 5, 2.5 and 1.25 mg/mL) 

were added. The ampoules were hermetically sealed and measurements of heat flow (mW) 

were performed at 37°C for 24 h at 10 sec intervals (TAM III, TA Instruments, USA). The 

samples were subsequently washed with PBS, fixated and embedded in a cold polymerizing 

resin (Technovit 8100; Kulzer, Germany) according to the manufacturer's instructions. After 
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polymerization of the resin, the blocks were sectioned in 2 µm sections on a rotary 

microtome (Medim, Type DDM 0036) using steel knives with hard metal blades. The slides 

were mounted and each sample was permeabilized prior to probe binding with an enzymatic 

step including lysozyme and lysostaphin. Fluorescence in situ hybridization was used to 

characterize the biofilms [15]. Biofilms were stained with the pan-bacterial EUB338FITC and 

the staphylococci-specific STAPHYFITC probes as well as stained with the unspecific nucleic 

acid stain 4',6-diamidino-2-phenylindole (DAPI) [14,15,16]. All samples were prepared in 

triplicate. 
 

4. Results 

4.1. Antibacterial activity of antibiotic-loaded acrylic microparticles 

against planktonic and sessile staphylococci by isothermal 

microcalorimetry 

4.1.1. Planktonic bacteria 

The effect of plain and antibiotic-loaded PMMA and PMMA-EUD microparticles on planktonic 

MRSA and S. epidermidis was assessed by isothermal microcalorimetry (Fig. 1-3). In order 

to assess the effect of the carrier on bacterial growth, MRSA and S. epidermidis were 

incubated with different concentrations of plain PMMA and PMMA-EUD microparticles (Fig. 

1).  
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Figure 1 – Heat production (µW) of MRSA and S. epidermidis incubated with different concentrations of plain 

PMMA and PMMA-EUD microparticles (MP). Bacteria incubated with MHB alone served as growth control (GC). 

 

At 10 mg/mL of PMMA and PMMA-EUD microparticles, it was possible to observe a slight 

disturbance of MRSA growth when compared with the growth control (i.e. bacteria in MHB). 

Incubation of S. epidermidis with plain PMMA and PMMA-EUD microparticles did not alter its 

growth profile. The antibacterial effect of daptomycin- and vancomycin-loaded PMMA 

microparticles against planktonic MRSA and S. epidermidis is presented in Fig. 2.  
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Figure 2 – Heat production (µW) of MRSA and S. epidermidis incubated with different concentrations of 

daptomycin- and vancomycin-loaded PMMA microparticles (MP). Bacteria incubated with MHB alone served as 

growth control (GC). 

 

Daptomycin-loaded PMMA microparticles were able to inhibit bacterial growth (i.e. no heat 

production) at 2.5 mg/mL, whereas vancomycin-loaded particles did not completely inhibited 

bacteria growth for the range of concentrations tested. Nevertheless, a concentration-

dependent delay in bacterial growth was observed as the amount of vancomycin-loaded 

PMMA microparticles increased.  

Regarding S. epidermidis, bacterial growth was completely inhibited with 1.25 mg/mL of 

daptomycin-loaded and 10 mg/mL of vancomycin-loaded PMMA microparticles. Results 

showed that planktonic S. epidermidis is more susceptible to both daptomycin and 

vancomycin than MRSA, since lower concentrations of particles were required to inhibit 

bacterial growth.   

The antibacterial effect of antibiotic-loaded PMMA-EUD microparticles is presented in Fig. 3. 

Regarding daptomycin-loaded PMMA-EUD microparticles, it is possible to observe that 

0.0625 mg/mL and 0.03125 mg/mL were able to inhibit MRSA and S. epidermidis growth, 

respectively. As for vancomycin-loaded PMMA-EUD microparticles, inhibition of bacterial 

growth was not achieved for both strains within the range of concentrations tested. 

Nevertheless, S. epidermidis presented a concentration-dependent delay in bacterial growth 

with increasing concentrations of vancomycin-loaded PMMA-EUD particles, whereas this 

effect was less noticeable for MRSA. 
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Figure 3 – Heat production (µW) of MRSA and S. epidermidis incubated with different concentrations of 

daptomycin- and vancomycin-loaded PMMA-EUD microparticles (MP). Bacteria incubated with MHB alone 

served as growth control (GC). 

 

Table 2 summarizes the MHIC of antibiotic-loaded PMMA and PMMA-EUD microparticles 

against planktonic MRSA and S. epidermidis, based on the isothermal microcalorimetry 

assays. Daptomycin-loaded PMMA-EUD microparticles presented the highest antibacterial 

activity against planktonic MRSA and S. epidermidis, due to their lowest MHIC values. 

 
Table 2 – Minimal heat inhibitory concentration (MHIC) of antibiotic-loaded PMMA and PMMA-EUD 

microparticles against planktonic MRSA and S. epidermidis. 

Microparticles MHIC (mg/mL) 
MRSA S. epidermidis 

PMMA-Dapto 2.5 1.25 

PMMA-Vanco >10 10 

PMMA-EUD 30%-Dapto 0.0625 0.03125 

PMMA-EUD 30%-Vanco >10 >10 

Abbreviations: EUD – Eudragit RL 100; Dapto – Daptomycin; Vanco – Vancomycin 
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4.1.2. Sessile bacteria  

The antibiofilm effect of plain and antibiotic-loaded PMMA and PMMA-EUD microparticles 

was assessed by isothermal microcalorimetry against MRSA and S. epidermidis biofilms 

pre-grown for 48 h (Fig. 4 and 5).  

Plain PMMA microparticles presented a concentration-dependent effect on the recovery of 

MRSA biofilms (Fig. 4). It was possible to observe a decrease in heat flow as plain PMMA 

microparticles concentration increased, although no inhibition of biofilm recovery was 

achieved. Oppositely, plain PMMA microparticles did not exert a considerable effect on the 

recovery of S. epidermidis biofilms (Fig. 4). Daptomycin-loaded PMMA microparticles were 

able to completely inhibit MRSA and S. epidermidis biofilm recovery at 5 mg/mL and 20 

mg/mL, respectively. For lower concentrations it was possible to observe a delay in biofilm 

recovery. Vancomycin-loaded PMMA microparticles inhibited MRSA biofilm recovery at 20 

mg/mL but showed no effect on S. epidermidis biofilm recovery. 

 



	   Novel particulate antibiotic-loaded platforms as sustained 
drug delivery systems for bone infection treatment	  

 

 138 

 
Figure 4 – Heat production (µW) of MRSA and S. epidermidis biofilms incubated with plain and antibiotic-loaded 

PMMA microparticles (MP). Biofilms were incubated with the following MP concentrations: 20 (red), 10 (blue), 5 

(green), 2.5 (orange) and 1.25 mg/mL (grey). Biofilms incubated with TSB served as growth control (black). 

 

Regarding PMMA-EUD microparticles, plain particles presented no considerable effect on 

the recovery of MRSA and S. epidermidis biofilms (Fig. 5). Oppositely, all concentrations of 

daptomycin-loaded PMMA-EUD particles were able to completely inhibit biofilm recovery for 

both strains since no heat flow was detected in all samples, except for the growth controls 

(GC, Fig. 5). In opposition, vancomycin-loaded PMMA-EUD were inefficient in inhibiting 

biofilm recovery for both strains (Fig. 5) 
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Figure 5 – Heat production (µW) of MRSA and S. epidermidis biofilms incubated with plain and antibiotic-loaded 

PMMA-EUD microparticles (MP). Biofilms were incubated with the following MP concentrations: 20 (red), 10 

(blue), 5 (green), 2.5 (orange) and 1.25 mg/mL (grey). Biofilms incubated with TSB served as growth control 

(black). 

 

Based on the isothermal microcalorimetry results, it was possible to identify the minimal 

biofilm inhibitory concentration (MBIC) for antibiotic-loaded PMMA and PMMA-EUD 

microparticles (Table 3).  
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Table 3 – Minimal biofilm inhibitory concentration (MBIC) of antibiotic-loaded PMMA and PMMA-EUD 

microparticles against sessile MRSA and S. epidermidis. 

Microparticles 
MBIC (mg/mL) 

MRSA S. epidermidis 
PMMA-Dapto 5 20 

PMMA-Vanco 20 >20 

PMMA-EUD 30%-Dapton 1.25 1.25 

PMMA-EUD 30%-Vanco >20 >20 
Abbreviations: EUD – Eudragit RL 100; Dapto – Daptomycin; Vanco – Vancomycin. 

 

Overall daptomycin-loaded particles were more effective than vancomycin-loaded particles 

against MRSA and S. epidermidis biofilms. In particular daptomycin-loaded PMMA-EUD 

microparticles presented the lowest MBIC values for both strains (i.e. 1.25 mg/mL). 

 

4.2. Interaction between staphylococcal biofilms and acrylic 

microparticles by fluorescence in situ hybridization  

The characterization of the effect of polymeric microparticles on the size, structure and 

metabolic state of pre-grown staphylococcal biofilms was performed by fluorescence in situ 

hybridization (FISH). Untreated biofilms (i.e. incubated with TSB for 24 h) were used as 

controls (Fig. 6). Both MRSA and S. epidermidis biofilms presented an irregular structure 

with approximately 20 µm of thickness and a low number of FISH-positive cocci. The effect 

of plain microparticles in the highest concentration (i.e. 20 mg/mL) on biofilms structure was 

also assessed (Fig. 6).  
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Figure 6 – FISH micrographs of MRSA and S. epidermidis biofilms untreated (i.e. controls) and after incubation 

(24 h) with 20 mg/mL of plain PMMA and PMMA-EUD microparticles (MP). Sessile staphylococci biofilms were 

hybridized with the pan-bacteria EUB338FITC and the staphylococci-specific STAPHYFITC probes (green) as well 

as stained with DAPI (blue). Magnification: 400x. 

 

Although plain PMMA microparticles did not exert any effect on MRSA biofilm size and 

structure, PMMA-EUD microparticles reduced MRSA biofilm thickness to 10 µm. Regarding 

S. epidermidis biofilms, both plain PMMA and PMMA-EUD microparticles did not alter biofilm 

size and structure, although it was possible to observe an increase of FISH-positive cocci in 

both cases (Fig. 7).  
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Figure 7 – FISH micrographs of S. epidermidis biofilms after incubation (24 h) with 20 mg/mL of plain PMMA and 

PMMA-EUD microparticles (magnification: 400x). A section with clusters of FISH-positive cocci (green) is shown 

with a 1000x magnification.  

 

A comparison between different concentrations of daptomycin and vancomycin-loaded 

PMMA microparticles on MRSA biofilm structure and size is presented (Fig. 8). Regarding 

daptomycin-loaded PMMA particles, there was a reduction in biofilm size thickness with 

increasing concentrations of particles. Nevertheless, up to 20 mg/mL it was not possible to 

completely eradicate the biofilm. In addition, a higher number of FISH-positive cocci was 

visible within the MRSA biofilm incubated with 1.25 mg/mL of daptomycin-loaded 

microparticles (Fig. 8). Vancomycin-loaded PMMA microparticles were able to slightly 

reduce MRSA biofilm mass, especially with the highest concentration of particles, but no 

complete biofilm eradication was achieved. At 1.25 mg/mL of vancomycin-loaded 

microparticles it was possible to observe an increased number of FISH-positive cocci. In 

addition, it was also possible to identify orange-labelled masses within the MRSA biofilms 

treated with either daptomycin- or vancomycin-loaded PMMA, indicating the interaction 

between the Nile Red-labelled microparticles and sessile MRSA. The interaction between 

particles and MRSA biofilms was more evident with 1.25 mg/mL of microparticles, due to the 

higher biofilm mass of these samples.  
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Figure 8 – FISH micrographs of MRSA biofilms after incubation (24 h) with 20, 5 and 1.25 mg/mL of daptomycin- 

and vancomycin-loaded PMMA microparticles (MP). Sessile staphylococci biofilms were hybridized with the pan-

bacterial EUB338FITC and the staphylococci-specific STAPHYFITC probes (green) as well as stained with DAPI 

(blue). Magnification: 400x. 
 

Regarding PMMA-EUD microparticles effect on MRSA biofilms, daptomycin-loaded 

microparticles showed a significant decrease in biofilm mass, especially for 20 and 5 mg/mL 

of particles (Fig. 9). Although no biofilm eradication was achieved, these samples presented 

a one-cell layered biofilm in contrast to the 20 µm biofilm observed in the controls (Fig. 6 and 

9).  
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Figure 9 – FISH micrographs of MRSA biofilms after incubation (24 h) with 20, 5 and 1.25 mg/mL of daptomycin- 

and vancomycin-loaded PMMA-EUD microparticles (MP). Sessile staphylococci biofilms were hybridized with the 

pan-bacterial EUB338FITC and the staphylococci-specific STAPHYFITC probes (green) as well as stained with 

DAPI (blue). Magnification: 400x. 

 

The MRSA biofilms treated with 1.25 mg/mL of daptomycin-loaded PMMA-EUD 

microparticles presented an irregular structure with an approximate thickness of 5 µm and 

FISH-positive cocci, indicating the presence of viable bacteria within the biofilms. In 

opposition, MRSA biofilms incubated with vancomycin-loaded PMMA-EUD microparticles did 

to show any considerable differences in structure or size, independently of the concentration 

of particles used (Fig. 9).  
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Regarding the S. epidermidis biofilms treated with antibiotic-loaded PMMA particles; it was 

possible to show that, even in the highest concentration (20 mg/mL), both daptomycin and 

vancomycin-loaded particles were not able to eradicate the biofilm (Fig. 10). In addition, the 

1000x amplification of a section of the biofilms showed there were a high number of FISH-

positive cocci, which were mainly located at the edges of cell clusters (Fig. 10).  

 

 
Figure 10 – FISH micrographs of S. epidermidis biofilms after incubation (24 h) with 20 mg/mL of daptomycin-

and vancomycin-loaded PMMA microparticles (magnification: 400x). A section with clusters of FISH-positive 

cocci (green) is shown with a 1000x magnification.  

 

As shown in Fig. 11, the higher the concentration of daptomycin-loaded PMMA-EUD 

microparticles the higher the antibiofilm effect. In fact, 20 mg/mL of daptomycin-loaded 

PMMA-EUD microparticles were able to almost eradicate the biofilm, although some 

persister cocci were still visible. For both 5 and 1.25 mg/mL S. epidermidis biofilms 

presented a reduced thickness when compared to the control (Fig. 6 and 11). In contrast, 

vancomycin-PMMA-EUD microparticles did not alter S. epidermidis biofilm thickness or 

structure for all the concentrations tested. 
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Figure 11 – FISH micrographs of S. epidermidis biofilms after incubation (24 h) with 20, 5 and 1.25 mg/mL of 

daptomycin- and vancomycin-loaded PMMA-EUD microparticles (MP). Sessile staphylococci biofilms were 

hybridized with the pan-bacterial EUB338FITC and the staphylococci-specific STAPHYFITC probes (green) as well 

as stained with DAPI (blue). Magnification: 400x. 
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5. Discussion 

5.1. Activity of antibiotic-loaded acrylic microparticles against planktonic 

and sessile staphylococci by isothermal microcalorimetry 

5.1.1. Planktonic bacteria 

Isothermal microcalorimetry has been widely used to characterize bacterial growth under 

different conditions and is a powerful tool to characterize the antibacterial effect of insoluble 

compounds, such as polymeric microparticles [7,8]. Conventional susceptibility testing 

methods are based on either sample turbidity assessment (i.e. macro- and microbroth 

dilution methods) or disk diffusion (i.e. Kirby Bauer assay), which are not adequate for the 

assessment of the antibacterial activity of polymeric microparticles [7]. Firstly, microparticles 

present an inherent turbidity while in suspension that changes with time due to their 

sedimentation, hence changes in sample turbidity are expected and the assessment of 

bacterial growth by either a macro- or a microbroth method may be inaccurate. Secondly, 

the disk diffusion methods yield variable results depending on the type of agar used, since 

antibiotics diffuse at different rates depending on the pore size and composition of the agar 

[17]. Unlike conventional susceptibility testing methods, isothermal microcalorimetry 

characterizes bacterial growth by quantification of heat flow (W) associated to replicating 

bacteria, hence slight changes in growth profile are detected [18]. This constitutes a clear 

advantage since it is not affected by changes in sample turbidity or the different diffusion of 

antibiotics into agar. Moreover, the real-time measurement of heat flow allows a thorough 

and complete characterization of the effect of polymeric microparticles on bacterial growth 

through time, whereas the conventional techniques only convey endpoint results.  

Foremost, it was important to assess whether the carrier itself had an effect on bacterial 

growth, in order to prove that any antibacterial effect of the antibiotic-loaded microparticles 

was due to the release of antibiotics and not to the presence of the particles. Therefore the 

effect of plain PMMA and PMMA-EUD microparticles on planktonic MRSA and S. 

epidermidis growth was assessed (Fig. 1). In fact, MRSA growth presented slight changes 

for the highest concentration of PMMA and PMMA-EUD particles (i.e. 10 mg/mL), which may 

be due to the adsorption of nutrients present in the broth to the particles, thus reducing its 

availability. Regarding S. epidermidis, the carriers did not alter bacterial growth; hence this 

strain is less susceptible to the presence of the carriers. The MHIC of antibiotic-loaded 

PMMA microparticles against MRSA and S. epidermidis revealed that it was more 

susceptible to daptomycin-loaded PMMA microparticles than MRSA, with MHIC values of 

1.25 and 2.5 mg/mL, respectively (Fig. 2, Table 2) also assessed (Fig. 2, Table 2). In 
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opposition, it was not possible to completely inhibit MRSA growth up to 10 mg/mL of 

vancomycin-loaded PMMA microparticles, whereas S. epidermidis growth was completely 

inhibited at 10 mg/mL (Fig. 2). As expected, daptomycin-loaded PMMA microparticles 

presented lower MHIC values than vancomycin-loaded microparticles, since both planktonic 

MRSA and S. epidermidis presented lower MIC/MBC values for daptomycin (i.e. 0.25 

µg/mL) than for vancomycin (i.e. 2 µg/mL). In addition, daptomycin release from PMMA 

microparticles was higher than vancomycin (3.88 ± 0.15% versus 1.98 ± 0.19%, 

respectively), which was also accountable for the higher antibacterial activity of daptomycin-

loaded PMMA microparticles against both strains (Table 2). Adding EUD to the 

microparticles induced a clear increase of the antibacterial activity of daptomycin-loaded 

microparticles, which was reflected on a 40-fold reduction of the MHIC values for MRSA and 

S. epidermidis from 2.5 mg/mL to 0.0625 mg/mL and 1.25 mg/mL to 0.03125 mg/mL, 

respectively (Fig. 3, Table 2). This may be directly attributed to the increased daptomycin 

release from PMMA-EUD microparticles, when compared to PMMA microparticles (3.88 ± 

0.15% versus 226.0 ± 2.12%; Table 1), which is due to the known permeability enhancing 

properties of EUD [7,19]. 

Oppositely, the addition of EUD to the formulation had an overall negative effect on the 

antibacterial activity of vancomycin-loaded microparticles. In particular, EUD caused a 

reduction in vancomycin encapsulation most likely due to the fact that, like vancomycin, it 

presents a strong positive charge due to the high number of quaternary ammonium groups 

in its composition, thus leading to charge repulsion between both compounds [20]. The EE 

reduction caused a considerable decrease in vancomycin release when compared to PMMA 

microparticles (1.98 ± 0.19% versus 0.71 µg/mL; Table 1), which in turn accounts for the 

absence of bacterial growth inhibition for MRSA and S. epidermidis. However, S. epidermidis 

growth was considerable delayed from 2.5 to 10 mg/mL of vancomycin-loaded PMMA-EUD 

microparticles (Fig. 3), whereas MRSA growth was only slightly delayed for the highest 

concentration of particles used. This is comparable to the observations made for the 

vancomycin-loaded PMMA microparticles (Fig. 2) and reinforces the idea that planktonic S. 

epidermidis is more susceptible to vancomycin-loaded microparticles than planktonic MRSA.  

 

5.1.2. Sessile bacteria 

Both MRSA and PIA-positive S. epidermidis are known to form biofilms, which present an 

increased tolerance towards antibacterials, thus making infections more difficult to eradicate 

[21,22]. Therefore, the characterization of the effect of plain and antibiotic-loaded PMMA and 

PMMA-EUD microparticles against pre-grown biofilms was performed. As shown in Fig. 4, 

plain PMMA microparticles did not exhibit any antibiofilm effect on both MRSA and S. 
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epidermidis biofilms; hence the antibiofilm effect will only be due to the antibiotic release and 

not the carrier. Regarding daptomycin-loaded PMMA microparticles, it was possible to 

observe that S. epidermidis biofilms were more tolerant to than MRSA biofilms (Table 3). 

The same behaviour was observed for vancomycin-loaded PMMA microparticles, which did 

not show any antibiofilm affect against sessile S. epidermidis but were still able to inhibit 

MRSA biofilm recovery at 20 mg/mL (Fig. 4, Table 3). Although planktonic S. epidermidis 

appeared to be more susceptible to daptomycin- and vancomycin-loaded microparticles than 

planktonic MRSA, the sessile phenotype of S. epidermidis presented an opposite behaviour 

being more tolerant to the antibiofilm effect of microparticles than sessile MRSA (Fig. 1 and 

4). Several studies have reported that biofilms may be 10- to 1000-times more tolerant to 

antibacterials than the respective planktonic phenotype [6]. In addition, biofilms from different 

strains present distinctive characteristics, namely structure, composition or organization [23]. 

These differences may account for the higher tolerance of S. epidermidis biofilms compared 

to MRSA biofilms, although the respective planktonic forms behave oppositely [23]. In fact, 

studies focusing on the in vitro activity of free daptomycin and vancomycin against MRSA 

biofilms report MBIC concentrations of 40 µg/mL for daptomycin, whereas vancomycin MBIC 

was not possible to determine since no biofilm inhibition was achieved up to 1024 µg/mL [6]. 

Hence, the MBIC value of daptomycin was 320-fold higher than the MIC value for the 

planktonic phenotype. Similarly to MRSA biofilms, vancomycin has also been reported to be 

ineffective against S. epidermidis biofilms. However, daptomycin has showed antibiofilm 

activity against S. epidermidis, although reports show a 128- to 400-fold higher MBIC values 

when compared to the MIC of planktonic phenotype [24-26]. In this study, daptomycin-

loaded PMMA microparticles presented 2- and 16-fold higher MBIC values when compared 

to the planktonic MHIC values for MRSA and S. epidermidis (Table 2 and 3), which is less 

than the reported increase in the MBIC values of free daptomycin against these strains 

[6,25].  

As shown in Fig. 5, the addition of EUD to the formulation had a significant effect on biofilm 

recovery in both strains. In particular, plain PMMA-EUD particles interfered with heat flow 

production of MRSA biofilm in a concentration dependent manner (Fig. 5). This may be 

explained by the strong positive surface charge of these particles that may destabilize the 

bacterial membrane potential (Table 1). The effect of strongly positive charges on bacterial 

membrane depolarization is thought to the one of the mechanisms, among others, 

responsible for the antibacterial activity of chitosan and silver [4,27]. However the 

improvement of antibiofilm effect of daptomycin-loaded microparticles against both strains 

was the most relevant consequence of adding EUD to the formulation. When compared to 

the respective PMMA microparticles, daptomycin-loaded PMMA-EUD microparticles 
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presented 40-fold lower MBIC values for both strains (Table 2 and 3). The higher antibiofilm 

effect of daptomycin-loaded PMMA-EUD microparticles can be explained by the high 

daptomycin release (i.e. 226.0 ± 2.02%; Table 1), as well as by the enhanced interaction 

between the positively charged particles and the negatively charged biofilms, thus enabling 

higher antibiotic concentration nearby the biofilms [4]. Regarding vancomycin-loaded PMMA-

EUD microparticles, no effect was observed against both MRSA and S. epidermidis biofilms 

as a consequence of an insufficient antibiotic release (i.e. 0.71 ± 0.02%; Table 1).  

 

5.2. Interaction between staphylococcal biofilms and acrylic 

microparticles by fluorescence in situ hybridization  

As stated previously, a positive surface charge of some materials may be responsible for 

bacterial membrane depolarization as well as increased interactions with negatively charged 

biofilms [4,27]. Therefore, fluorescence in situ hybridization (FISH) was used to gain further 

information on the effect of PMMA and PMMA-EUD microparticles on biofilm structure, size 

and metabolic state, since isothermal microcalorimetry only provided thermal data on biofilm 

inhibition and not on its eradication. In addition, attention was also focused on the interaction 

between microparticles and biofilms, in order to assess how polymeric microcarriers interact 

with biofilm. 

FISH is a molecular biology-based technique that has been used in microbiology for the 

diagnosis of biofilm-associated infections as well as to characterize the structure and 

organization of mono- and polymicrobial biofilms [16,28,29]. Strain-specific probes labelled 

with a fluorescent dye are used to target the ribosomal 16S RNA, which is present in high 

copy number in replicating and metabolically active cells [29]. In this case, STAPHYFITC was 

used as a staphylococci-specific probe, as well as the pan-bacterial probe EUB338FITC. The 

use of two probes with the same fluorescence (FITC, i.e. green) allows intensification of the 

FISH signal by increasing the number of fluorescent molecules per cell, thus improving 

sensitivity and detection of active (i.e. FISH-positive) cells within biofilms [29].  

As observed in Fig. 6, untreated MRSA and S. epidermidis biofilms (i.e. controls) did not 

present a high number of FISH-positive cells, since most bacteria within mature biofilms 

have a low 16S rRNA content due to their reduced metabolic activity [29]. Plain PMMA 

microparticles did not alter nor size or structure of MRSA biofilms, but PMMA-EUD 

microparticles reduced its thickness from 20 µm to 10 µm, when compared to the control. 

The FISH images can be correlated with the isothermal microcalorimetry results, in which a 

concentration-dependent reduction of heat flow was observed for MRSA biofilms incubated 

with PMMA-EUD microparticles, although no such effect was observed with PMMA 
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microparticles (Fig. 5 and 6). FISH images also revealed an increase in the number of FISH-

positive cocci in S. epidermidis biofilms after incubation with both plain PMMA and PMMA-

EUD microparticles (Fig. 7). In this case, FISH-positive cocci appear to be localized in the 

external layers of the biofilm, unlike other reports in which FISH-positive bacteria are found 

in the most internal layers of the biofilms [16]. The change in the localization of metabolically 

active cocci within S. epidermidis biofilms may be a consequence of the presence of the 

carriers. In addition, it is also important to mention the attachment of PMMA-EUD 

microparticles to S. epidermidis biofilms, as shown in Fig. 7 by the pink coloration of the 

biofilm as a consequence of the overlapping of the blue fluorescence of DAPI with the 

orange fluorescence of Nile Red-labelled microparticles. The strongly positive surface 

charge of PMMA-EUD microparticles may be accountable for this interaction, which may be 

of interest to increase the antibiotic delivery within the surroundings of the biofilms, thus 

increasing its local concentrations. 

FISH images of MRSA biofilms incubated with different concentrations of daptomycin and 

vancomycin-loaded PMMA microparticles allowed the assessment of their effect on biofilm 

structure and size, as well as a comparison with the isothermal microcalorimetry results (Fig. 

4 and 8, Table 3). According to the isothermal microcalorimetry results, 5 mg/mL of 

daptomycin-loaded PMMA microparticles were able to completely inhibit the recovery of 

MRSA biofilms, whereas vancomycin-loaded microparticles were completely ineffective (Fig. 

4 and Table 3). According to the FISH images, there is a reduction in biofilm size with 

increasing concentrations of daptomycin-loaded PMMA microparticles (Fig. 8). However, up 

to 20 mg/mL it was not possible to completely eradicate the biofilm, since it is still possible to 

identify the presence of scattered cocci on the surface of the material. A higher number of 

FISH-positive cocci, as well as the presence of Nile Red-labelled microparticles, were 

observed within the MRSA biofilm incubated with the lowest concentration of daptomycin-

loaded microparticles (1.25 mg/mL), which correlated with the isothermal microcalorimetry 

heat flow profile (Fig. 4). Interaction other than charge attraction, such as similar 

hydrophobicity or hydrogen binding, may explain the attachment of negatively charged 

PMMA microparticles to MRSA biofilms. In addition, the interaction between particles and 

MRSA biofilms is more evident with 1.25 mg/mL of microparticles, due to the higher biofilm 

mass of these samples. The FISH images of MRSA biofilms treated with vancomycin-loaded 

PMMA microparticles further corroborated the isothermal microcalorimetry results. Although 

a slight reduction in biofilm mass was observable with the highest concentration (20 mg/mL), 

no complete biofilm eradication was achieved (Fig. 8). An increase in FISH-positive cocci 

was visible in the samples incubated with 1.25 mg/mL of vancomycin-loaded microparticles, 
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which, according to the isothermal microcalorimetry results, is a consequent of the recovery 

of the MRSA biofilm (Fig. 4). 

According to the isothermal microcalorimetry results, adding EUD to the daptomycin-loaded 

microparticles caused a 4-fold reduction of the MBIC value against MRSA biofilms, thus 

greatly improving their antibiofilm effect (Fig. 5, Table 3).  The FISH images presented in Fig. 

9 corroborated these results and provided additional information. Not only was MRSA biofilm 

recovery inhibited, but biofilm mass was significantly decreased, especially for 20 and 5 

mg/mL of particles (Fig. 9). However, complete biofilm eradication was not achieved due to 

the persistence of a small number of cocci attached to the material surface. Another 

important aspect is the fact that even at the lowest concentration of daptomycin-loaded 

PMMA-EUD, there is still an observable antibiofilm effect reflected on the irregular and 

decreased thickness of the MRSA biofilms. In addition, it is possible to clearly identify the 

presence of FISH-positive cocci in the outer layers of the biofilm, indicating the presence of 

viable bacteria. Finally, FISH images of MRSA biofilms incubated with vancomycin-loaded 

PMMA-EUD microparticles were consistent with the isothermal microcalorimetry results, in 

which no antibiofilm effect was observed, independently of the particles concentration (Fig. 

9).  

As for S. epidermidis biofilms, isothermal microcalorimetry results showed that only 20 

mg/mL of daptomycin-loaded PMMA microparticles were able to inhibit biofilm recovery, 

whereas vancomycin-loaded PMMA particles did not exert any effect (Fig. 4). The FISH 

images of S. epidermidis biofilms incubated with the highest concentrations of both 

daptomycin and vancomycin-loaded microparticles revealed the presence of thick biofilms 

organized in compact clusters with a high number of FISH-positive cocci in the external 

layers (Fig. 10). This corroborates the isothermal microcalorimetry results obtained for 

vancomycin-loaded PMMA microparticles, in which no biofilm inhibition was achieved and 

therefore the presence of viable cocci is expected (Fig. 4). However, daptomycin-loaded 

microparticles were able to inhibit heat flow associated to biofilm recovery but were unable to 

eradicate metabolically active cocci (Fig. 4 and 10). One may speculate that the inhibition of 

S. epidermidis biofilms achieved with the highest concentration of daptomycin-loaded PMMA 

microparticles is most likely transient and a biofilm recovery should be expected. Lastly, the 

enhanced antibiofilm activity of daptomycin-loaded PMMA-EUD microparticles against S. 

epidermidis shown in the MIC assays was further reinforced by FISH, in which an almost 

complete biofilm elimination was observed for 20 mg/mL as well as a significant reduction of 

biofilm mass for 5 and 1.25 mg/mL (Table 3, Fig. 5 and 11). However, like MRSA biofilms, 

the fact that persister cocci were still visible on the surface of the material may be a cause 

for concern, since these cells may be responsible for biofilm regrowth. Finally, the 
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ineffectiveness of vancomycin-PMMA-EUD microparticles against S. epidermidis biofilms 

was confirmed by the unaltered biofilm thickness and structure for all the concentrations 

tested, which correlated with the isothermal microcalorimetry results (Fig. 5). 

 

6. Conclusion 

In conclusion, daptomycin-loaded PMMA-EUD microparticles showed the highest activity 

against both MRSA and S. epidermidis biofilms with significant reduction of the biofilm mass 

as well as inhibition of biofilm recovery. Therefore, these systems may be considered a 

crucial strategy to enhance the antibiofilm effect of daptomycin. It is of the upmost 

importance to characterize thoroughly these systems in terms of their antibacterial and 

antibiofilm activity. In this case, the combination of isothermal microcalorimetry and FISH 

proved to be essential in order to fully characterize the effect of polymeric microparticles on 

sessile MRSA and S. epidermidis. Isothermal microcalorimetry not only proved to be a highly 

sensitive and accurate tool to assess the effect of both plain and antibiotic-loaded polymeric 

microcarriers on the thermal behaviour of biofilms but it also enabled real-time data 

acquisition. This key feature of isothermal microcalorimetry enabled the thermal profiling of 

planktonic and sessile MRSA and S. epidermidis, which would not be possible by using 

conventional microbiology methods Furthermore, FISH not only corroborated the isothermal 

microcalorimetry results but it also added crucial information regarding biofilm structure and 

viability as well as regarding the interaction between PMMA and PMMA-EUD particles and 

biofilms. Although the presented study enabled gaining further insights on this subject, the 

nature of these interactions is still unclear. However, this may be a may be a crucial aspect 

to take into consideration for the improvement of polymeric nano- and microcarriers activity 

against mature Gram-positive biofilms.  
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Chapter V 

 

Activity of daptomycin and vancomycin-loaded poly-
epsilon-caprolactone microparticles against mature 
staphylococcal biofilms   
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1. Abstract 

The aim of the present study was to develop novel daptomycin-loaded poly-ε-caprolactone 

(PCL) microparticles with enhanced antibiofilm activity against mature biofilms of clinically 

relevant bacteria, methicillin-resistant Staphylococcus aureus (MRSA) and polysaccharide 

intercellular adhesin (PIA)-positive S. epidermidis. Daptomycin was encapsulated into PCL 

microparticles by a double emulsion-solvent evaporation method. For comparison purposes 

formulations containing vancomycin were also prepared. Particle morphology, size 

distribution, encapsulation efficiency, surface charge, thermal behaviour and in vitro release 

were assessed. All formulations exhibited a spherical morphology, micrometre size and 

negative surface charge. From a very early time stage, the released concentrations of 

daptomycin and vancomycin were higher than the minimal inhibitory concentration and 

continued so up to 72 h. Daptomycin presented a sustained release profile with increasing 

concentrations of the drug being released up to 72 h, whereas the release of vancomycin 

stabilized at 24 h.  

The antibacterial activity of the microparticles was assessed by isothermal microcalorimetry 

(IMC) against planktonic and sessile MRSA and S. epidermidis. Regarding planktonic 

bacteria, daptomycin-loaded PCL microparticles presented the highest antibacterial activity 

against both strains. IMC also revealed that lower concentrations of daptomycin-loaded 

microparticles were required to completely inhibit the recovery of mature MRSA and S. 

epidermidis biofilms. Further characterization of the effect of daptomycin-loaded PCL 

microparticles on mature biofilms was performed by fluorescence in situ hybridization 

(FISH). FISH showed an important reduction in MRSA biofilm, whereas S. epidermidis 

biofilms, although inhibited, were not eradicated. In addition, an important attachment of the 

microparticles to MRSA and S. epidermidis biofilms was observed. Finally, all formulations 

proved to be biocompatible with both ISO compliant L929 fibroblasts and human MG63 

osteoblast-like cells. 

 

Keywords: antibiotic release, S. aureus, S. epidermidis, fluorescence in situ hybridization, 

isothermal microcalorimetry.  
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2. Introduction 

Staphylococci are known to be one of the main concerns in orthopaedic implant-associated 

infections due to their capability of readily forming biofilms that show increasing tolerance 

towards antibiotics and are able to effectively evade the immune system [1]. In biofilms, 

bacteria are surrounded by an extracellular polysaccharide matrix, which prevents antibiotic 

penetration. Hence lower concentrations of the drug are found inside these communities [2]. 

In addition, sessile bacteria have a low replication rate, which is associated with a stationary 

metabolic state. Since most antibiotics target active metabolic pathways, such as RNA 

transduction, enzymatic activity, and DNA translation, their activity is limited within biofilms 

[3]. These two key features make sessile staphylococci up to 1000-times more tolerant to 

antibiotics than the planktonic form; hence higher concentrations of antibiotics and longer 

treatment times are required for eradication [2,3]. The persistence of the infection endangers 

the functionality of the orthopaedic implant since it reduces bone and tissue regeneration, 

prevents osteoblast adhesion and proliferation and induces chronic inflammation [1,2,4]. 

For the last decade, research has been focused on improving the effectiveness of clinically 

available antibiotics against biofilms by encapsulating them into micro- and nanoparticles 

[1,5]. This strategy has several advantages such as i) possibility of targeted and triggered 

drug release, ii) incorporation of lipophilic as well as hydrophilic drugs, iii) protection of the 

encapsulated antibiotic and iv) reduction of unwanted side effects.  Liposomes, have been 

widely studied and different antimicrobials have been successfully encapsulated with 

improved antibiofilm activity [5]. In contrast, a lesser number of polymeric particles have 

been successfully developed. The main advantages of polymeric particles versus liposomes 

lie on their higher stability during storage and the possibility of tailoring the rate and duration 

of drug release, thus enhancing the antibiofilm effect by increasing the long term antibiotic 

concentration in situ [5].  

The aim of the present work was to develop novel daptomycin-loaded poly-ε-caprolactone 

(PCL) microparticles in order to achieve a sustained drug release and thus higher antibiofilm 

activity against pre-grown staphylococci biofilms, which typically occur in implant-associated 

bone infections. Daptomycin, a glycopeptide selective against Gram-positive bacteria, has 

shown superior activity against staphylococcal biofilms compared to other antibiotics 

commonly used in bone infection treatment, such as ciprofloxacin and vancomycin, due to 

the fact that it targets the cell membrane by opening ion channels that ultimately lead to cell 

lysis [6]. Consequently, it does not target metabolic active pathways, making it more active 

against metabolically stationary bacteria, such as sessile bacteria. The PCL is a slow 

biodegradable polymer that has been often used in medical devices and in micro- and 
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nanoencapsulation of antibiotics, such as vancomycin and gentamicin [7]. Particles made of 

PCL have proven to be a useful strategy to encapsulate both lipophilic and hydrophilic 

antibiotics with high encapsulation efficiencies and controlled drug release profiles without 

loosing antibacterial activity. To date, no published studies have addressed the 

encapsulation of daptomycin in PLC microparticles. 

The antibiofilm activity of antibiotic-loaded PCL microparticles was assessed in real-time by 

isothermal microcalorimetry and the surviving biofilms were characterized by fluorescence in 

situ hybridization (FISH). For comparison purposes, similar formulations were prepared with 

vancomycin, often recommended for Staphylococcus infection control [2]. In addition, the 

biocompatibility of the formulations was also characterized using an ISO-compliant cell line 

and osteoblasts. 

 

3. Material and methods 

3.1. Chemicals and test strains 

Daptomycin (Cubicin, 350 mg) was kindly provided by Novartis (Basel, Switzerland) and 

vancomycin hydrochloride (Vancomicina 1000 mg) was purchased from Farma APS 

Produtos Farmacêuticos, Lda. (Portugal). Poly-caprolactone (PCL; average Mw = 45000) 

and poly(vinyl alcohol) (PVA; Mw = 13000-23000, 87-89% hydrolysed) were purchased from 

Sigma-Aldrich (USA). All other reagents were analytical grade. Mueller-Hinton broth (MHB; 

CM 0405, Oxoid, UK) and Tryptic Soy broth (TSB; 236950, BD, USA) was freshly prepared 

and sterilized in autoclave (121ºC, 15 min) before use. The study microorganisms were 

methicillin-resistant Staphylococcus aureus (MRSA; ATCC 43300) and polysaccharide 

intercellular adhesin (PIA)-positive Staphylococcus epidermidis 8400 (kindly provided by 

Mack et al.) [8]. Bacteria were stored at -70ºC using the cryovial bead preservation system 

(Microbank; 79 Pro-Lab Diagnostics, Canada). 

 

3.2. Preparation of antibiotic-loaded PCL microparticles 

Antibiotic-loaded microparticles were prepared using a modification of a previously described 

double-emulsion w/o/w-solvent evaporation method [9,10]. Briefly, PCL was dissolved in 5 

mL dichloromethane (DCM) and emulsified by homogenization using an Ultra-Turrax T10 

basic (IKA, Germany) for 3 min with a 10% (w/w) PVA solution, where the antibiotics were 

previously solubilized. The resulting (w/o) emulsion was added to 30 mL of 1.25% (w/w) PVA 

solution and emulsified by homogenization using a Silverson Laboratory Mixer Emulsifier 



	   Novel particulate antibiotic-loaded platforms as sustained 
drug delivery systems for bone infection treatment	  

 

 165 

L5M (Silverson Machines Inc., UK) for 7 min at maximum rotation speed. The resulting 

w/o/w double emulsion was magnetically stirred at room temperature for 4 h to evaporate the 

organic solvent. PCL microparticles were harvested by centrifugation (5723×g, 10 min, 4ºC; 

Allegra 64R High Speed Centrifuge, Beckman Coulter Inc., USA), washed three times and 

resuspended in a 0.5%. (w/V) sucrose solution. All microparticles were subsequently freeze-

dried (Christ Alpha 1-4, B. Braun Biotech International, Germany) to obtain a fine, free-

flowing dry powder. For preparation of fluorescence labelled microparticles, Nile Red was 

added to the polymer solution in DCM. Mean yield of production was calculated according to 

the equation: y = (Practical yield/Theoretical yield) × 100. All batches were prepared in 

triplicate and plain microparticles were used as controls. 

 

3.3. Characterization of PCL microparticles  

Particle morphology was analysed a by transmission electron microscopy (TEM). The 

suspension sample was applied to the copper grid, dried at room temperature and analysed 

on a Hitachi 8100 with ThermoNoran light elements, EDS detector and digital image 

acquisition.  

Size distribution of lyophilized microparticles was determined by light scattering, using the 

Malvern Mastersizer 2000 - Hydro SM (Malvern Instruments). Diluted samples were loaded 

to the sample dispersion unit under constant agitation. The size distribution measurements 

were performed using at least three replicate samples. Size distribution of microparticles was 

characterized using the volume mean diameter (µm) and the width of particle size 

distribution is given by the span. Surface charge of lyophilized microparticles was 

determined by electrophoretic light scattering using the Malvern Nanosizer Z (Malvern 

Instruments) and water as a dispersant. 

Encapsulation efficiency (EE, %) was determined spectrophotometrically 

(Spectrophotometer U-2001, Hitachi Instruments Inc.) by quantification of the antibiotics in 

the supernatants (i.e. non-encapsulated antibiotic) obtained during particle preparation. 

Antibiotic detection was performed at 220.5 nm for daptomycin and 280 nm for vancomycin 

[11,12]. The EE is expressed as the percentage of encapsulated antibiotic reported to the 

initial amount used for particle preparation. Drug loading (DL, %) was calculated according 

to the equation: DL (%) = (Amount of antibiotic in microparticles/Theoretical amount of 

microparticles) × 100. All results are presented as mean ± standard deviation (SD).  

Differential scanning calorimetry analysis of plain, daptomycin- and vancomycin-loaded PCL 

microparticles was performed in a Q200 (TA Instruments). Samples (1-3 mg) were placed in 
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sealed aluminium pans and heated at 10°C/min under a nitrogen atmosphere from 25-

240°C. An empty aluminium pan was used as reference. 

 

3.4. In vitro release 

Daptomycin and vancomycin release from PCL microparticles was assessed using dialysis 

membranes with a pore size of 100 kD (Float-A-Lyzer G2®, Spectrum Laboratories Inc.). 

Briefly, microparticles (12 mg) were suspended in phosphate buffered saline (PBS; pH 7.4, 

supplemented with 0.01% (w/V) sodium azide) and added to the dialysis membranes. 

Samples, in triplicate, were incubated at 37ºC under constant agitation (350 rpm). At pre-

determined intervals, a 1 mL aliquot was collected and an equal volume of PBS was added 

to keep the total volume constant. Released antibiotics were quantified by previously 

optimized HPLC methods (Beckman Coulter System Gold with 126 solvent module and 166 

UV-Vis detector coupled with a Stark Holland Midas auto-sampler). Linearity and 

reproducibility were analysed and considered adequate for sample analysis. Briefly, 

quantification of daptomycin was performed using a Merck LiChospher 125-4, RP18 5 µm, 

LiChroCART 100 column and the following chromatographic conditions: 0.7 mL/min flow; 

injection volume of 20 µL; mobile phase of 35% acetonitrile and 65% PBS (pH 7.4) and 

detection at 230 nm [11]. As for vancomycin, the same type of column was used and the 

chromatographic conditions were as follows: 1.2 mL/min flow; injection volume of 40 µL; 

mobile phase of 10% acetonitrile and 90% H2KPO4 (pH 2.75) detection at 280 nm [12]. All 

samples were analysed in triplicate. Results are presented as mean ± SD. 

 

3.5. Susceptibility testing of daptomycin and vancomycin  

In vitro determination of minimal inhibitory concentration (MIC) and minimal bactericidal 

concentration (MBC) of non-encapsulated daptomycin and vancomycin against Gram-

positive biofilm-forming staphylococci, namely methicillin-resistance Staphylococcus aureus 

ATCC 43300 (MRSA) and PIA–positive Staphylococcus epidermidis 8400, was performed 

by the macrobroth dilution method [13] In addition, the minimal heat inhibitory concentration 

(MHIC) was determined by isothermal microcalorimetry (TAM III, TA Instruments, USA). In 

both methods, serial two-fold dilutions of daptomycin and vancomycin were prepared in 

Mueller-Hinton broth (MHB). For inoculum preparation, bacteria were resuspended in 2 mL 

sterile saline and adjusted to turbidity of McFarland 0.5 (corresponding to approx. 108 

CFU/mL; Densimat, bioMérieux SA, France). A 1:100 dilution of the bacterial suspension 

was prepared in sterile saline and added to the samples in order to achieve a 1-5×105 
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CFU/mL inoculum. Samples were incubated aerobically for 24 h at 35±2ºC. The samples for 

isothermal microcalorimetry were sealed and vortexed and measurements of heat flow (mW) 

were performed for 24 h at 10 sec intervals. The isothermal microcalorimetry results are 

presented as curves of heat flow (µW) vs. time (h). All samples were tested in triplicate. The 

MHIC was defined as the lowest antibiotic concentration that completely inhibited visible 

growth at 24 h or did not exhibit heat flow production in the isothermal microcalorimeter [14]. 

The MBC was defined as the lowest antimicrobial concentration, which killed ≥99.9% of the 

initial bacterial count (i.e. ≥3 log10 CFU/mL) in 24 h using MHB [13]. For MBC determination, 

all samples that did not exhibit turbidity or heat flow production (i.e. bacterial growth) after 24 

h were diluted with sterile saline, spread onto Mueller-Hinton agar plates and incubated for 

24 h at 35±2ºC.  

 

3.6. In vitro growth of staphylococcal biofilms 

Biofilms of MRSA and PIA-positive S. epidermidis 8400 were grown onto poly-urethane (PU) 

pieces of fixed dimensions. An overnight culture of MRSA or S. epidermidis was 

appropriately diluted in TSB in order to achieve a final inoculum of 1-5×108 CFU/mL. Each 

PU piece was then incubated with 0.5 mL of the final bacterial suspension at 37°C for 48 h. 

Fresh medium (TSB supplemented with 50 mg/L Ca2+) was added at 24 h. After 48 h, 

biofilms were washed with PBS to remove remaining planktonic bacteria. 

 

3.7. Antibacterial activity of antibiotic-loaded PCL microparticles by 

isothermal microcalorimetry  

3.7.1. Planktonic bacteria  

The in vitro determination of MIC and MBC of encapsulated daptomycin and vancomycin 

against MRSA and PIA-positive S. epidermidis was performed by isothermal 

microcalorimetry (TAM III, TA Instruments). Daptomycin- and vancomycin-loaded 

microparticles suspensions were prepared by serial two-fold dilutions in MHB. The highest 

microparticle concentration tested was 10 mg/mL and the lowest was 0.04 mg/mL. Growth 

media for daptomycin studies was supplemented with 50 mg/L Ca2+. Negative controls (i.e. 

without bacteria) were used: MHB alone and a suspension of microparticles in MHB. Also, a 

bacteria growth control was included. Inoculum preparation was performed as stated 

previously in order to achieve a 1-5×105 CFU/mL inoculum. Samples were sealed and 

vortexed and measurements of heat flow (mW) were performed for 24 h at 10 seconds 
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intervals. Results are presented as curves of heat flow (µW) vs. time (h). All samples were 

tested in triplicates. The MHIC and MBC values were determined as described above. 

  

3.7.2. Sessile bacteria  

For determination of antibiofilm activity of antibiotic-loaded PCL, MRSA and PIA-positive S. 

epidermidis biofilms were grown onto PU pieces as previously described. After 48 h of 

biofilm growth, each PU piece was added to a microcalorimetry glass ampoule and 

incubated for 24 h at 37°C (TAM III, TA Instruments) with different concentrations of 

microparticles (20, 10, 5, 2.5, 1.25 mg/mL). The ampoules were hermetically sealed and 

measurements of heat flow (mW) were performed for 24 h at 10 sec intervals. The minimal 

biofilm inhibitory concentration (MBIC) was defined as the lowest microparticle concentration 

leading to absence of recovering biofilm, indicated by absence of growth related heat flow 

[14]. Results are presented as curves of heat flow (µW) vs. time (h). All samples were tested 

in triplicates. 
 

3.8. Interaction between PCL microparticles and biofilms by 

fluorescence in situ hybridization  

Biofilms of MRSA and PIA-positive S. epidermidis were grown for 48 h on PU pieces as 

previously described. Each sample was then incubated with different concentrations of Nile 

Red-labelled microparticles (20, 10, 5, 2.5 and 1.25 mg/mL) at 37°C for 24 h. The samples 

were subsequently washed with PBS, fixated and embedded in a cold polymerizing resin 

(Technovit 8100; Kulzer, Germany) according to the manufacturer's instructions. After 

polymerization of the resin, the blocks were sectioned in 2 µm sections on a rotary 

microtome (Medim, Type DDM 0036) using steel knives with hard metal blades. The slides 

were mounted and each samples was permeabilized prior to probe binding with an 

enzymatic step including lysozyme and lysostaphin. Fluorescence in situ hybridization was 

used to characterize the biofilms [15]. Biofilms were hybridized with the pan-bacterial probe 

EUB338FITC and the staphylococci-specific probe STAPHYFITC as well as stained with the 

unspecific nucleic acid stain 4',6-diamidino-2-phenylindole (DAPI) [16,17]. All samples were 

prepared in triplicate.  

 

3.9. Cell viability studies 

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and resazurin 

(Alamar Blue, Invitrogen Life Technologies, USA) reduction assays were used to investigate 
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in vitro cytotoxicity of plain and antibiotic-loaded microparticles in two different cell lines: 

L929 mouse fibroblast (ATCC CCL-1™), and MG63 human osteoblast-like cells (ATCC 

CRL-1427) [18,19]. 

Cell viability was assessed after 24 h incubation with different concentrations of PCL 

microparticles (10 – 2000 µg/mL) in RPMI 1640 medium. After incubation, cells were 

exposed to a MTT dye solution (5 mg/mL in PBS at pH 7.4) for 3 h at 37ºC, after which the 

complete media was removed and the intracellular formazan crystals were solubilized and 

extracted with dimethylsulfoxide. After 15 min at room temperature, the absorbance was 

measured at 570 nm in a microplate reader (FLUOstar Omega, BMG Labtech, Germany) 

[18]. For the Alamar Blue assay, the resazurin solution was added to each well and 

incubated for 3 h at 37ºC. A 3% SDS solution was used to stop the reaction and 

fluorescence was measured at 530 nm/590 nm (FLUOstar Omega, BMG Labtech, 

Germany). For both assays, culture medium and SDS served as negative and positive 

controls, respectively. The relative cell viability (% of control) was calculated and compared 

with the untreated control [18]. 

Statistical evaluation of data was performed using one-way analysis of variance (ANOVA). A 

Tukey-Kramer multiple comparison test (GraphPad Prism 6, GraphPad Software, USA), was 

used to compare the significance of the difference between the groups, a p-value <0.05 was 

accepted as significant. 

 

4. Results 

4.1. Characterization of PCL microparticles 

Transmission electron microscopy (TEM) analysis revealed spherical shape within the 

micrometre size range (Fig. 1).  

 

 
Figure 1 – Representative TEM micrographs of (A) plain, (B) daptomycin and (C) vancomycin-loaded PCL 

microparticles. 
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Different concentrations of antibiotics were added to the formulation to study the effect on 

EE and DL (Fig. 2). Increasing the antibiotic percentage added to the formulation steadily 

increased DL values, with maximum values of 18.9 ± 2.5% and 12.6 ± 2.1% for 30% (w/w) of 

daptomycin and vancomycin, respectively. The EE values did not follow the same trend. 

Daptomycin EE decreased as the antibiotic percentage in formulation increased from 2.5% 

to 15%, with a minimum value of 42.9 ± 0.5%, but it increased to 83.0 ± 3.6% as 30% of 

antibiotic was added to the formulation. Vancomycin presented EE values between 54.3 ± 

4.0% and 73.0 ± 7.1% for 7.5% and 5% of antibiotic in the formulation, respectively.  

 

 
Figure 2 – Encapsulation efficiency, EE% (●) and drug loading, DL% (□) of (A) daptomycin- and (B) vancomycin-

loaded PCL microparticles with increasing concentrations of antibiotics (2.5, 5, 7.5, 15 and 30% w/w). Results are 

presented as mean ± SD (n=3). 

 

Nevertheless, the most promising formulations for the antibacterial effect assessment would 

be those with higher drug loading (i.e. mg of antibiotic/mg of microparticles), which in this 

case are the microparticles loaded with 30% daptomycin or vancomycin. These formulations, 

as well as the plain microparticles, were further characterized taking into consideration 

particle size distribution and surface charge. A summary of the characteristics of the final 

formulations is presented in Table 1. Plain and antibiotic-loaded PCL microparticles 

presented a monomodal particle size distribution within the micrometre range. All 

formulations presented a negative surface charge. The encapsulation of daptomycin or 

vancomycin did not alter particle size distribution or surface charge (Table 1). 
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Table 1 – Properties of PCL microparticles. Results are presented as mean ± SD (n=3) 

Formulation 
Particle size distribution Zeta Potential 

(mV) EE (%) DL (%) 
VMD (µm) Span 

Plain 1.28 ± 0.12 0.91 ± 0.05 -17.6 ± 1.4 - - 

Daptomycin (30%) 1.37 ± 0.12 0.79 ± 0.18 -17.2 ± 1.8 83.0 ± 3.5 18.9 ± 2.5 

Vancomycin (30%) 1.18 ± 0.05 1.60 ± 0.04 -15.9 ± 0.8 54.6 ± 9.1 12.6 ± 2.1 

Abbreviations: VMD, volume mean diameter; EE, encapsulation efficiency; DL, drug loading. 
 

Additional physical characterization of freeze-dried microparticles was performed by 

differential scanning calorimetry (Fig. 3).  As shown in Fig. 3, PCL (raw material) presents an 

endothermic peak at 59.7ºC, which corresponds to the melting temperature of the polymer. 

The same peak is observed in plain and antibiotic-loaded PCL microparticles. The antibiotic-

loaded PCL microparticles did not show the daptomycin and vancomycin melting peaks 

(226.6 and 212.0ºC respectively). 
 

 
Figure 3 – DSC thermograms of plain and antibiotic-loaded microparticles, as well as from the main raw 

materials (PCL, daptomycin and vancomycin). 
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4.2. In vitro release 

Daptomycin and vancomycin cumulative release from PCL microparticles is presented in 

Fig. 4.  

  

 
Figure 4 – Cumulative release (%) of daptomycin (○) and vancomycin (■) from PCL microparticles. Results are 

presented as mean ± SD (n=3). 

 

Overall, daptomycin release is higher and steadily increases up to 72 h (10.4 ± 1.38 %), 

whereas vancomycin release reaches its maximum at 24 h (4.03 ± 1.41 %). In terms of 

concentration of released antibiotic, these values equal 12.1 ± 1.6 and 4.4 ± 1.5 µg/mL, 

respectively. 

 

4.3. Susceptibility testing of daptomycin and vancomycin  

For both staphylococci strains, the MIC and MBC obtained with the macrobroth dilution 

method was 0.25 µg/mL and 2 µg/mL for daptomycin and vancomycin, respectively. In order 

to confirm the correlation between the macrobroth dilution method and isothermal 

microcalorimetry, the minimal heat inhibitory concentration (MHIC) of the antibiotics against 

both strains was determined (Fig. 5). The MHIC values obtained by isothermal 

microcalorimetry were consistent with the MIC and MBC obtained by the macrobroth dilution 

method. 
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Figure 5 – Heat production (µW) of planktonic (A) MRSA and (B) S. epidermidis incubated with different 

concentrations of free daptomycin and vancomycin. 

 

4.4. Antibacterial activity of antibiotic-loaded PCL microparticles by 

isothermal microcalorimetry  

The in vitro determination of MHIC (minimal heat inhibitory concentration) of encapsulated 

daptomycin and vancomycin against planktonic and sessile bacteria was performed by 

isothermal microcalorimetry. 

 

4.4.1. Planktonic bacteria 

Regarding planktonic bacteria, 24 h thermograms for MRSA and S. epidermidis incubated 

with different concentrations of antibiotic-loaded PCL microparticles were obtained (Fig. 6). It 

was possible to identify the MHIC (i.e. concentration of microparticles that completely inhibits 

heat flow production caused by bacterial growth) as well as to characterize the 

concentration-dependent effect of the microparticles on bacterial growth.  
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Figure 6 – Heat production (µW) of planktonic (A) MRSA and (B) S. epidermidis incubated with different 

concentrations of daptomycin- and vancomycin-loaded PCL microparticles. The bacteria incubated in MHB 

served as growth control (GC). A suspension of particles in MHB and MHB alone served as negative controls. All 

samples were tested in triplicate. 

 

Table 2 summarizes the MHIC values of daptomycin- and vancomycin-loaded PCL 

microparticles against planktonic MRSA and S. epidermidis. 

 
Table 2 – Summary of the MHIC values of daptomycin- and vancomycin-loaded PCL microparticles against 

planktonic MRSA and S. epidermidis determined by isothermal microcalorimetry. 

Bacterium 
MHIC (mg/mL) 

Daptomycin-loaded 
microparticles 

Vancomycin-loaded 
microparticles 

MRSA 0.313 10 
S. epidermidis 0.625 10 

Abbreviations: MHIC, minimal heat inhibitory concentration. 
 

It was possible to confirm that the released antibiotics retained their antibacterial activity. As 

presented in Table 2, daptomycin-loaded PCL microparticles showed lower MHIC values for 

both strains, meaning that lower amounts of microparticles were required to inhibit bacterial 

growth in vitro. A comparison of the MHIC values for the encapsulated antibiotics shows that 

encapsulated vancomycin had the same value for both strains (10 mg/mL), whereas 

daptomycin-loaded microparticles presented a 2-fold higher MHIC value for S. epidermidis 
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(0.625 mg/mL) than for MRSA although the daptomycin MIC/MBC values for both strains are 

equal (i.e. 0.25 µg/mL; Table 2).  

 

4.4.2. Sessile bacteria 

The activity of the antibiotic-loaded PCL microparticles against MRSA and S. epidermidis 

pre-grown biofilms was also assessed by isothermal microcalorimetry (Fig. 7).  

 

 
Figure 7 – Heat production (µW) of (A) MRSA and (B) S. epidermidis biofilms incubated with different 

concentrations of daptomycin- and vancomycin-loaded PCL microparticles. The biofilms incubated in TSB served 

as growth control (GC). A suspension of particles in TSB and TSB alone served as negative controls. All samples 

were tested in triplicate. 

 

In this case, the method quantified the heat flow associated with the recovery of the biofilm 

once fresh medium, with or without microparticles, was added. Daptomycin-loaded 

microparticles were able to inhibit MRSA biofilm recovery at 10 mg/mL, whereas 

vancomycin-loaded microparticles at the highest concentration (20 mg/mL) did not 

completely inhibit biofilm recovery. Nevertheless, vancomycin microparticles were able to 

delay biofilm recovery (growth peak at 21 h) when compared to the GC. Regarding S. 

epidermidis biofilms, 20 mg/mL of daptomycin-loaded microparticles were required to inhibit 

biofilm recovery and no inhibition was achieved with vancomycin microparticles. It was 

possible to observe that sub-inhibitory concentrations of microparticles (i.e. 1.25 to 10 
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mg/mL for encapsulated daptomycin and 10 and 20 mg/mL for encapsulated vancomycin) 

decreased the maximum heat flow production, as can be seen by the decrease in the peak 

height as compared to the GC.   

Table 3 summarizes the minimal biofilm inhibitory concentration (MBIC) values of 

daptomycin- and vancomycin-loaded PCL microparticles. 

 
Table 3 – Summary of the MBIC values of daptomycin- and vancomycin-loaded PCL microparticles against 

MRSA and S. epidermidis biofilms determined by isothermal microcalorimetry. 

Bacterium 
MBIC (mg/mL) 

Daptomycin-loaded 
microparticles 

Vancomycin-loaded 
microparticles 

MRSA 10 > 20 
S. epidermidis 20 > 20 

Abbreviations: MBIC, minimal biofilm inhibitory concentration. 
 

Daptomycin-loaded microparticles presented a higher antibiofilm effect against MRSA and S. 

epidermidis biofilms than vancomycin microparticles. In addition, encapsulated daptomycin 

MBIC values against MRSA and S. epidermidis were 40- and 80-fold increased, 

respectively, when compared to the MHIC values (Fig. 5).  

 

4.5. Interaction between PCL microparticles and biofilms by 

fluorescence in situ hybridization  

Further characterization of the biofilms before and after incubation with PCL microparticles 

was performed by fluorescence in situ hybridization (FISH). This molecular biological 

imaging technique enables the characterization of the microparticles’ effect on biofilm size 

and structure in situ as well as the visualization of particle-biofilm interaction (Fig. 8-10). 

In the untreated samples (i.e. controls), the biofilms of MRSA or S. epidermidis were 20 to 

30 µm thick and had a confluent appearance. The signal of the EUB338FITC and STAPHYFITC 

probes was low, which correlates to few FISH-positive (i.e. labelled) cells.  

The microparticles used in this assay were labelled with Nile Red, which enabled their 

visualization with the Cy3 filter set (orange). Except for the MRSA biofilms treated with 

daptomycin microparticles, it was possible to observe orange-labelled masses inside the 

biofilms, indicating that there is a strong interaction between the microparticles and sessile 

bacteria (Fig. 8 and 9). 
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Figure 8 – FISH micrographs of MRSA biofilms after 24 h incubation with 20 mg/mL of daptomycin- and 

vancomycin-loaded PCL microparticles. Sessile staphylococci were hybridized with the pan-bacterial EUB338FITC 

and the staphylococci specific STAPHYFITC probes (green) as well as stained with DAPI (blue). Untreated 72 h 

biofilms were used as controls. Magnification: 400x.  

 
The MRSA biofilms treated with daptomycin-loaded microparticles revealed in the FISH 

analysis a reduction in biofilm thickness from 20 µm (as seen in the control) to a one-layered 

irregular biofilm (Fig. 8). In contrast, the treatment of S. epidermidis biofilms with 

daptomycin-loaded microparticles showed that it was not possible to eradicate the biofilm, 

displaying only a disruption of the regularity of the biofilm (Fig. 9). 

 

 
Figure 9 – FISH micrographs of S. epidermidis biofilms after 24 h incubation with 20 mg/mL of daptomycin- and 

vancomycin-loaded PCL microparticles. Sessile staphylococci were hybridized with the pan-bacterial EUB338FITC 

and the staphylococci-specific STAPHYFITC probes (green) as well as stained with DAPI (blue). Untreated 

biofilms were used as controls. Magnification: 400x. 
 

In addition, it was possible to observe an increase in the number of EUB338- and STAPHY-

labelled cells in the outer layers of the S. epidermidis biofilm as compared to the controls 

(Fig. 10).  

The vancomycin-loaded microparticles showed no observable antibiofilm effect, since the 

FISH images of MRSA and S. epidermidis biofilms revealed no difference between the 

treated and control biofilms (Fig. 8 and 9). 
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Figure 10 – Detailed section of sessile S. epidermidis hybridized with the pan-bacterial EUB338FITC and the 

staphylococci-specific STAPHYFITC probes (green) as well as stained with DAPI (blue) after 24 h incubation with 

20 mg/mL of daptomycin-loaded PCL microparticles. Magnification: (A) 400x and (B) 1000x. 

 

4.6. Cell viability studies 

The in vitro cytotoxicity of the microparticles was evaluated with the MTT and Alamar Blue 

assays using L929 mouse fibroblasts and MG63 human osteoblast-like cells (Fig.11).  

 

Figure 11 – Relative cell viability (%) of L929 mouse fibroblasts and MG63 human osteoblast-like cells after 

incubation with plain (white), daptomycin (light grey) and vancomycin-loaded PCL (dark grey) microparticles. For 

each experiment, culture medium (dashed) and SDS (¢) were used as negative and positive controls, 

respectively. Note: *, **, *** and **** significantly different from negative control (p<0.05; p<0.01, p<0.001 and 

p<0.0001, respectively). Results are presented as mean ± SD (n=6).  
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Regarding the ISO-compliant cells L929, no significant reduction of cellular viability was 

observed after incubation with plain and antibiotic-loaded PCL microparticles in the Alamar 

Blue or in the MTT assay. Since these formulations are intended to be in contact with 

osteoblasts, the cellular viability of MG63 human osteoblast-like cell was also assessed. The 

Alamar Blue assay did not reveal any cytotoxicity, whereas the MTT assay revealed a 

reduction in cellular viability for nearly all concentrations and types of microparticles used. 

No significant differences between plain and antibiotic-loaded microparticles were found, 

except between 10 µg/mL of plain and daptomycin-loaded microparticles. 
 

5. Discussion 

5.1. Characterization of PCL microparticles 

Plain and antibiotic-loaded PCL microparticles presented a spherical form with a diameter of 

1 to 2 µm (Fig. 1). Regarding DL (Fig. 2), it was possible to observe a steady increase for 

both daptomycin and vancomycin as the concentrations of the antibiotics in the formulation 

increased from 2.5 to 30% (w/w). The EE values obtained for daptomycin decreased as the 

antibiotic percentage in the formulation increased from 2.5 to 15%. From 15 to 30% of 

daptomycin in the formulation, the EE strongly increased from 42.9 ± 0.5% to 83.0 ± 3.6%. 

This may be explained by the formation of micelles of daptomycin above 1 mg/mL, which is 

observed when 30% of daptomycin is used for particle preparation [20]. In the case of the 

w/o/w double emulsion-solvent evaporation method, daptomycin micelles will have the 

lipophilic tail of the molecule facing the organic phase of the emulsion, thus enabling the 

increase in encapsulation efficiency. Unlike daptomycin, vancomycin presents lower EE 

values, which are consistent with the values found in the literature. For PCL microparticles 

prepared by the same method with 7.5% and 25% of vancomycin, the reported EE values 

were 57.3 ± 4.2% and 49.6 ± 3.6%, respectively [21,22]. The formulations chosen for further 

physicochemical characterization and assessment of antibacterial activity were the ones 

loaded with 30% of antibiotic due to the higher DL values (i.e. mg of antibiotic/mg of 

microparticles) (Table 1). The particle size distribution of plain and antibiotic-loaded PCL 

microparticles presented a monomodal population within the micrometre range, which is 

consistent with reports of polymeric microparticles prepared with the same method [9,10]. 

The negative charge from all formulations is attributed to the fact that PCL is negatively 

charged [10]. In addition, the encapsulation of daptomycin or vancomycin did not influence 

particle size distribution or surface charge (Table 1). Furthermore, the DSC thermograms 

revealed that PCL in the microparticles maintained its crystalline state, whereas both 
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antibiotics were amorphous (Fig. 3) [23]. The same findings for the thermal behaviour of 

drug-loaded PCL microparticles prepared by the solvent evaporation method have been 

reported elsewhere [23,24]. The amorphization of the encapsulated antibiotics may be due 

to the rapid precipitation of both drugs during particle preparation [24]. 

 

5.2. In vitro release 

The in vitro release profile is an important predictor of the antibacterial activity of antibiotic-

loaded microparticles. In this case, after 2 h of incubation, it was possible to achieve 

released concentrations of daptomycin and vancomycin above the reported MIC/MBC 

values for the strains used in this study, 8.2 ± 1.3 % and 4.4 ± 1.4 % corresponding to 9.1 ± 

1.4 µg/mL and 4.4 ± 1.5 µg/mL respectively, remaining so up to 72 h (Fig. 4). Overall, 

daptomycin release is expressively higher than vancomycin (12.1 ± 1.6 µg/mL vs. 4.4 ± 1.5 

µg/mL). The lower release of vancomycin can be explained by the lowest encapsulation 

values observed for these microparticles in comparison with daptomycin. In addition, 

vancomycin is a more hydrophobic molecule than daptomycin and presents a larger 

molecular size [25,26]. These factors may hinder vancomycin diffusion through the polymeric 

matrix thus reducing the concentration of released antibiotic.  

 

5.3. Susceptibility testing of daptomycin and vancomycin  

The values for the MIC and MBC of non-encapsulated daptomycin and vancomycin were 

0.25 µg/mL and 2.0 µg/mL respectively, for both strains. These results are consistent with 

the values in the literature [14,27]. 

Regarding both strains, the MHIC obtained by isothermal microcalorimetry were consistent 

with the MIC and MBC obtained by the macrobroth dilution method (Fig. 5). In addition, it 

was possible to observe that MRSA and S. epidermidis growth was delayed at 0.125 µg/mL 

of daptomycin and at 1 µg/mL of vancomycin, when compared to the growth control (GC). In 

conclusion, isothermal microcalorimetry proved to be a suitable method to evaluate the 

antibacterial activity of soluble antibiotics against different strains, yielding the same results 

as the gold standard method (i.e. macro-dilution broth). 
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5.4. Antibacterial activity of antibiotic-loaded PCL microparticles by 

isothermal microcalorimetry 

The MHIC of encapsulated daptomycin and vancomycin against planktonic and sessile 

bacteria was assessed by isothermal microcalorimetry (Fig. 6 and Table 2). Daptomycin- 

and vancomycin-loaded PCL microparticles are insoluble and turbid when in suspension; 

hence it was not possible to assess their antibacterial activity through the macrobroth dilution 

method. In addition, due to their micrometric size these microparticles readily sediment 

causing changes in the sample’s turbidity, which in turn hinders the use of OD600nm 

measurement to assess bacterial growth in the sample (i.e. microbroth dilution method). In 

the last years, the use of isothermal microcalorimetry in microbiology has been increasing 

among others for characterization of antibacterial and antibiofilm activity of several 

antibiotics against staphylococci strains [14,28,29]. It is a highly sensitive method able to 

assess in real-time changes in bacterial growth based on the measurement of heat flow 

produced by replicating bacteria [29]. Thus, it is not affected by the turbidity of the sample 

like the broth dilution methods, making it very useful for the study of the antibacterial effect of 

insoluble compounds, such as microparticles [30]. 

Regarding planktonic bacteria, daptomycin-loaded PCL microparticles presented lower 

MHIC values (0.313 mg/mL for MRSA and 0.625 mg/mL for S. epidermidis) than 

vancomycin-loaded microparticles (10 mg/mL for both strains) (Table 2). This is consistent 

with the MIC/MBC values of daptomycin and vancomycin for both strains as well as with the 

release profiles obtained (Fig. 4). Not only did daptomycin present higher antibacterial 

activity (i.e. lower MIC/MBC values) but it was also released in higher concentrations than 

vancomycin. Although the MIC/MBC values of solubilized daptomycin for both strains were 

equal (i.e. 0.25 µg/mL), daptomycin-loaded microparticles presented a 2-fold higher MHIC 

value for S. epidermidis (0.625 mg/mL) when compared to the MRSA values. As shown in 

Fig. 6B, S. epidermidis growth with 0.313 mg/mL of daptomycin-loaded microparticles 

started at approximately 20 h, which is close to the end of the incubation time (24 h). In 

some publications, a heat flow threshold for the MHIC is set and any heat flow production 

below does not correspond to a significant bacterial growth. For example, Mihailescu et al. 

and Entenza et al. set the threshold at 10 µW and 20 µW, respectively [14,28]. In this case, 

a more conservative approach was chosen and the MHIC corresponded to the concentration 

of microparticles that completely inhibited bacterial growth, hence the difference between the 

MHIC values of daptomycin-loaded microparticles against MRSA and S. epidermidis.  

The antibiofilm activity of antibiotic-loaded PCL microparticles was assessed by the 

quantification of heat flow associated with the recovery of the biofilm once fresh medium, 
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with or without microparticles, was added (Fig. 7 and Table 3). Overall, daptomycin-loaded 

microparticles presented a higher antibiofilm effect against MRSA and S. epidermidis 

biofilms than vancomycin microparticles. This may be explained by the lower release rate of 

vancomycin (Fig. 4) as well as the higher intrinsic antibiofilm activity of daptomycin 

compared to vancomycin. Biofilms are characterized by their increased tolerance towards 

antibiotics, which has been demonstrated in vitro by reports of 10 to 1000-fold increase in 

the MBIC values when compared to the MIC [3]. The structure of biofilms, as well as the low 

metabolic activity of the cells, is thought to be accountable for the increased tolerance to 

antibiotics [3]. The penetration of some antibiotics into biofilms may be hindered by their 

multi-layered structure and extra-cellular polysaccharide matrix. In addition, some bacteria 

within the biofilm present a decreased metabolic activity, which prevents antibiotic action, 

since most antibiotics target important metabolic pathways, such as protein production, 

enzymatic activity, and DNA transcription. Previous reports indicate that daptomycin shows 

higher antibiofilm activity than vancomycin against MRSA biofilms with MBIC values of 40 

and >1024 µg/mL for daptomycin and vancomycin, respectively [14]. The reason for this 

difference lies on the different mechanism of action of each antibiotic, since vancomycin 

inhibits the peptidoglycan synthesis, which only occurs in metabolically active bacteria, 

whereas daptomycin targets the cell membrane by opening pores and causing cell lysis 

[31,32]. For this reason, it is not surprising that vancomycin-loaded microparticles did not 

exhibit a considerable antibiofilm effect. Regarding daptomycin-loaded microparticles, our 

results showed the MBIC of daptomycin-loaded microparticles for MRSA biofilms was 40-

fold higher than the MHIC for the planktonic form of the same strain, whereas for S. 

epidermidis biofilms there was a 80-fold higher MBIC compared to the MHIC. This increase 

was expected due to the differences in terms of antibiotic tolerance between planktonic and 

sessile bacteria. Nevertheless, this increase of the MBIC values of daptomycin 

microparticles was considerably lower than the 320-fold increase of the MBIC for solubilized 

daptomycin against MRSA reported by Mihailescu et al. [14]. In fact, additional reports of 

higher antibiofilm activity of encapsulated antibiotics include the reduction of S. aureus 

biofilms by vancomycin-loaded chitosan microparticles and the prolonged antibiofilm activity 

of gentamycin-loaded PLGA microparticles against P. aeruginosa [33,34]. There are three 

main mechanisms that may be accountable for the higher antibiofilm effect of these systems, 

prevention of drug degradation, controlled drug release and interaction between 

microparticles and biofilm. In this case both antibiotics are stable; thus, no degradation is 

expected. In fact, controlled drug release was observed with increasing amounts of 

daptomycin being released up to 72 h, which may prolong the antibiofilm effect. Finally, 
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increasing the interaction between microparticles and biofilms will increase the residence 

time of the microparticles near the biofilm, thus increasing the local antibiotic concentration.  

 

5.5. Interaction between PCL microparticles and biofilms by 

fluorescence in situ hybridization  

Fluorescence in situ hybridization (FISH) enabled to gain further insights on the interaction 

between MRSA or S. epidermidis biofilms and PCL microparticles (Fig. 8 to 10). It allowed 

the assessment of the microparticles’ effect on biofilm size and structure as well as the 

visualization of particle-biofilm interaction. 

FISH has been used to characterize medical biofilms by using strain-specific probes labelled 

with a fluorescent dye to target the ribosomal 16S RNA. The high copy number of 16S rRNA 

in each replicating and metabolically active cell offers sufficient target to visualize single 

bacterial cells within biofilms [35]. The concomitant use of two or more specific probes 

labelled with the same fluorescent dye (i.e. EUB338FITC and STAPHYFITC here) intensifies the 

FISH signal by increasing the number of fluorescent molecules per cell, thus improving 

sensitivity and detection of active cells [35]. In the untreated biofilms (i.e. control) a low 

number of FISH-positive cells were observed. This is due to the fact that most bacteria within 

mature biofilms present a low metabolic activity, thus the 16s rRNA content is low.  

The untreated biofilms and the biofilms treated with vancomycin-loaded microparticles 

presented no observable differences for both strains by FISH analysis, meaning that these 

microparticles were microscopically not active against staphylococci biofilms (Fig. 8 and 9). 

These findings correlate to the isothermal microcalorimetry results, in which vancomycin 

microparticles did not prevent the recovery of MRSA and S. epidermidis biofilms (Fig. 7).  

Regarding daptomycin-loaded microparticles, it was possible to observe a strong difference 

in the activity against MRSA and S. epidermidis biofilms. MRSA biofilm was successfully 

reduced to single bacterial cells by these microparticles. Also in this case, FISH 

complemented the isothermal microcalorimetry results; both methods in combination showed 

that these microparticles not only inhibited biofilm recovery but also reduced biofilm mass. In 

contrast, S. epidermidis biofilms were more tolerant towards daptomycin-loaded 

microparticles than MRSA biofilms, a result, which was also corroborated by the 

microcalorimetry analysis (Fig. 7). The FISH images revealed that daptomycin-loaded 

microparticles were not able to eradicate the biofilm, although some disruption of the biofilm 

structure was observed. In addition, clusters of FISH-positive cells were present in the outer 

biofilm layers, which is of the upmost importance since these are most probably viable cells 

that survived the treatment with daptomycin-loaded microparticles and would have been able 
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to regrow the biofilm, thus compromising treatment efficacy and causing reinfection in the 

clinical setting (Fig. 10).  

FISH also provided valuable insights on the interaction between microparticles and biofilm 

as can be seen in the orange-labelled remnants found enclosed by the surviving biofilms. 

The attachment of positively charged nano- and microparticles to biofilms has previously 

been reported and attributed to the overall negative charge of bacteria and extracellular 

matrix [5]. In this case, PCL microparticles are negatively charged, meaning that the 

interaction may be due to other factors, such as hydrogen binding or similar hydrophobicity. 

Isothermal microcalorimetry alone was not able to provide such information, thus these two 

techniques complement each other in terms of characterizing the antibiofilm effect of 

polymeric microparticles as well as their interaction with biofilms.  

 

5.6. Cell viability studies 

The determination of in vitro cytotoxicity of antibiotic-loaded PCL microparticles is a 

fundamental aspect in the assessment of their biocompatibility. In this case, the cytotoxicity 

assessment of plain and antibiotic-loaded PCL microparticles was performed with two cell 

lines (mouse fibroblasts L929 and MG63 human osteoblast-like cells). The methylthiazol 

tetrazolium (MTT) and Alamar Blue assays were used assessment of cell viability.  

Regarding the ISO-compliant cells L929, no significant reduction of cellular viability was 

observed after incubation with plain and antibiotic-loaded PCL microparticles. Since these 

formulations are intended to be in contact with osteoblasts, the cellular viability of MG63 

human osteoblast-like cell was also assessed. Although the Alamar Blue assay did not 

reveal a significant cytotoxicity, it was possible to verify that the MTT assay revealed a slight 

reduction in cell viability. Nevertheless results show that neither the plain nor the different 

antibiotic-loaded microparticles led to a reduction in cell viability below 50%, even for 

concentrations as high as 2000 mg/mL, meaning that the cytotoxicity of the microparticles 

was very limited [36]. The fact that the cytotoxicity assays presented different results can be 

explained by the different evaluated endpoints. Both assays rely on the assessment of 

cytotoxicity by quantification of the products of enzymatic reactions [37]. The MTT assay is 

based on the quantification of formazan crystals produced by the reduction of the tetrazolium 

salt by the mitochondrial succinic dehydrogenases. In contrast, the Alamar Blue assay is 

based on the reduction of resazurin to resofurin by mitochondrial, cytosolic and microsomal 

enzymes; hence it is not necessarily specific for mitochondrial dysfunction. In this case, it is 

possible to observe that PCL microparticles may hinder mitochondrial activity, thus 

decreasing cell viability but such is compensated by the less specific enzymes present in the 
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cytoplasm and microsomes of the cells, hence no cytotoxicity is observed in the Alamar Blue 

assay. Overall, the cellular viability of both cell lines presented acceptable values, which 

leads to the conclusion that both daptomycin- and vancomycin-loaded PCL microparticles 

are biocompatible. 

 

6. Conclusion 

Daptomycin-loaded PCL microparticles presented the highest antibacterial effect against 

clinically relevant planktonic MRSA and S. epidermidis, proving to be more effective than 

vancomycin-loaded microparticles. This formulation also showed superior activity against 

MRSA biofilms by inhibiting biofilm recovery as well as significantly decreasing biofilm mass. 

Regarding S. epidermidis biofilms, daptomycin-loaded PCL microparticles were also 

superior, since they were able to inhibit biofilm recovery, but no significant biofilm mass 

decrease was observed. All PCL microparticles presented a high interaction with MRSA and 

S. epidermidis biofilms. Furthermore, all formulations proved to be biocompatible with both 

mouse fibroblasts L929 and MG63 human osteoblast-like cells. 

Isothermal microcalorimetry showed to be a highly sensitive and accurate tool to evaluate 

the antibiofilm effect of antibiotic-loaded PCL microparticles without the previously 

mentioned drawbacks of the routine microbiology methods. Moreover, fluorescence in situ 

hybridization provided crucial information regarding biofilm structure and viability as well as 

particle-biofilm interactions. Combining these techniques proved to be essential in order to 

fully characterize the antibiofilm activity of PCL microparticles against MRSA and S. 

epidermidis.  

Daptomycin-loaded PCL microparticles showed potential to be a useful strategy to 

successfully manage Gram-positive biofilm-associated infections, due to their enhanced 

antibiofilm activity and to their considerable interaction with biofilms, especially when 

compared to the free drug. The interaction between polymeric nano- and microcarriers and 

Gram-positive biofilms is still unclear. The presented study showed further insights on this, 

clarifying the antibiofilm activity of daptomycin-loaded PCL microparticles against mature 

staphylococcal biofilms. 
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Chapter VII 

 

General conclusions and future perspectives 
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1. General conclusions 
 

The present work aimed primarily the encapsulation of daptomycin, an antibiotic selective 

against Gram-positive bacteria, into polymeric microparticulate drug delivery systems as 

potential sustained drug delivery system to improve bone infections treatment. It focused 

firstly on the technological issues of polymeric microparticle preparation and, secondly, on 

the assessment of their antibacterial activity against planktonic and sessile staphylococci. 

Vancomycin-loaded microparticles were used as controls. In addition, preliminary studies of 

the biocompatibility of these systems were also performed.  

From the technological perspective, it was possible to optimise the preparation method for 

antibiotic-loaded acrylic-based (PMMA and PMMA-EUD) and PCL microparticles with 

reproducible size distribution, encapsulation efficiency and drug loading values (EE and DL, 

respectively) and yield of preparation, as well as to obtain a complete characterization of the 

carriers in terms of morphology, surface charge, drug–polymer interactions (DSC and FTIR) 

and in vitro release. In fact, particle size and size distribution uniformity was considered to be 

a critical aspect throughout the formulation studies. As stated previously, it may be 

influenced by several variables, such as the properties of the polymer, drug and surfactants 

used; type, speed and duration of homogenization; polymer/organic solvent and 

polymer/drug ratio; relation between the volumes of the different phases and speed of 

solvent evaporation. It was possible to observe that, for PMMA and PMMA-EUD 

microparticles, size distribution was mainly influenced by the type and duration of 

homogenization of the internal and final emulsion. However, this was not a crucial aspect in 

PCL microparticle preparation, since the process used to purify and harvest the final 

particles was determinant in the final particle size due to the possibility of particle 

aggregation. Although the encapsulation of daptomycin and vancomycin did not exert any 

considerable effect on the particles final properties (i.e. size distribution, surface charge, 

morphology), the type of polymeric material, as well as the concentration of antibiotics used, 

proved to be crucial in achieving high EE/DL values. Regarding the acrylic microparticles, it 

was possible to show that adding EUD to the formulation was crucial in order to achieve high 

daptomycin EE values. An increase in EUD percentage from 10 to 30% in the formulation 

did not further improve daptomycin encapsulation. However, adding EUD to the 

microparticles hindered vancomycin encapsulation, thus leading to lower EE/DL values. The 

antagonistic effect of EUD on vancomycin encapsulation may be related to the different 

properties of the antibiotics, but additional studies are required to gain further insights on this 

subject. Regarding PCL particles, it was possible to achieve high EE values for both 
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antibiotics. The sudden rise in EE when the percentage of daptomycin in the formulation 

increases from 15 to 30%, due to the formation of micelles, is also noteworthy.  

The in vitro release assays showed that the concentration of released antibiotic was superior 

to the MIC/MBC values of the tested strains (MSSA, MRSA and PIA-positive S. epidermidis). 

Regarding the acrylic particles, daptomycin-loaded PMMA-EUD 30% (w/w) microparticles 

presented the highest antibiotic release. In parallel, daptomycin-loaded PCL microparticles 

also exhibited higher antibiotic release, than those loaded with vancomycin. 

The assessment of the antibacterial activity of polymeric microparticles was performed 

against both planktonic and sessile bacteria with relevance in bone infections. Firstly, the 

antibacterial activity of antibiotic-loaded particles was assessed against planktonic 

staphylococci by isothermal microcalorimetry (IMC). The conventional microbiology methods 

for determination of the MIC/MBC values are generally based on the measurement of the 

turbidity in a sample caused by bacterial growth (i.e. macro- and microbroth dilution 

methods) or by the diffusion of antibiotics through agar (disk diffusion or Kirby-Bauer 

method). However, these methods presented several limitations for the assessment of the 

activity of antibiotic-loaded microparticles. Regarding the turbidimetric assays, the 

microparticles in suspension presented an intrinsic turbidity as well as a tendency to 

sediment with time, meaning that it was not possible to macroscopically assess nor to 

quantify (i.e. OD600 nm) changes in the samples turbidity. Additionally, these methods are not 

adequate for the study of the effect of microencapsulated antibiotics against biofilms. 

Therefore, an IMC method based on the quantification of heat flow associated with bacterial 

growth was developed and used for the assessment of the antibacterial activity of antibiotic-

loaded microparticles against planktonic and sessile strains. Since IMC is based on the 

measurement of heat production it is not affected by the turbidity of the samples. 

Furthermore, IMC is a highly accurate and sensitive method with real-time data acquisition, 

which enables the detection of small changes in bacterial growth (i.e. in the µW range) as 

well as to obtain a thermal profile of bacterial growth.  

The first microbiology studies were performed with acrylic microparticles against planktonic 

staphylococci (MSSA and MRSA). Daptomycin-loaded PMMA-EUD 30% showed the highest 

antibacterial activity against both MSSA and MRSA, when compared to the vancomycin-

loaded formulations. This is mainly due to two aspects; (i) daptomycin is intrinsically more 

effective against these strains than vancomycin, and (ii) as previously stated, adding EUD to 

the formulation considerably increased the concentrations of released daptomycin and 

consequently reduced the concentration of particles required to inhibit bacterial growth. 

Although EUD proved to be a promising strategy to enhance the antibacterial effect of 

daptomycin-loaded acrylic microparticles, it was responsible for the loss of antibacterial 
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activity of vancomycin-loaded acrylic microparticles since it strongly hindered vancomycin 

EE/DL and in vitro release. As for the PCL-based carriers, daptomycin-loaded microparticles 

exhibited the highest antibacterial effect against planktonic MRSA and PIA-positive S. 

epidermidis, which correlates to the higher EE/DL values and in vitro release concentrations 

obtained. Although limited, vancomycin-loaded PCL microparticles still exhibited an 

antibacterial effect, especially against PIA-positive S. epidermidis.  

The second stage in the microbiological characterization of antibiotic-loaded microparticles 

was to assess their activity against clinically relevant biofilms, namely MRSA and PIA-

positive S. epidermidis. For this, IMC was combined with an imaging technique, fluorescence 

in situ hybridization (FISH), to assess the biofilm size, structure and metabolic activity. In 

addition, it was also intended to gain further information on the interaction between biofilms 

and microparticles. 

Overall, daptomycin-loaded microparticles presented the highest antibiofilm effect against 

both strains. For the acrylic carriers, daptomycin-loaded PMMA-EUD 30% presented MBIC 

values of 5 and 20 mg/mL for MRSA and S. epidermidis, respectively, whereas daptomycin-

loaded PCL microparticles required 10 and 20 mg/mL for biofilm inhibition, respectively. One 

important finding of these results, lies on the considerable increase in the antibiotic tolerance 

of S. epidermidis. In its planktonic form, S. epidermidis is more susceptible than MRSA, 

however the sessile counterpart exhibits a much higher resistance, which serves to show the 

importance of the study of biofilms. IMC results also showed that plain PMMA-EUD 30% 

microparticles interfered with MRSA biofilm recovery, but no such effect was observed in S. 

epidermidis biofilms.  

Although, IMC delivered crucial thermal information on biofilm inhibition it did not provide any 

information regarding possible changes in biofilm mass, structure and percentage of viable 

cells. In this context, FISH results showed that daptomycin- and vancomycin-loaded PMMA 

microparticles were responsible for a concentration-dependent decrease in biofilm size in 

MRSA biofilms. Adding EUD to the formulation further improved daptomycin activity against 

these biofilms, but the vancomycin-loaded microparticles lost any antibiofilm activity against 

MRSA. Regarding S. epidermidis biofilms, only daptomycin-loaded PMMA-EUD 30% in their 

highest concentration were able to considerably reduce biofilm mass. As for PCL 

microparticles, the daptomycin-loaded formulations were able to reduce MRSA biofilm size 

at the highest concentration, however S. epidermidis biofilms, although inhibited, were not 

reduced. A noteworthy finding was the fact that in some S. epidermidis biofilms there was a 

considerable increase in the number of viable cocci, namely in the samples treated with high 

concentrations of plain PMMA and PMMA-EUD 30% microparticles, as well as daptomycin-

loaded PCL and PMMA microparticles. This increase was not observed in the MRSA 
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biofilms, which leads to the conclusion that sessile S. epidermidis reacts differently to the 

presence of these carriers.  

Another key finding of the FISH assay was the fact that it was possible to show that these 

polymeric microparticles interact with both MRSA and S. epidermidis biofilms. Although this 

study enabled gaining further insights on this subject, the nature of these interactions is still 

unclear. However, this may be a crucial aspect to take into consideration for the 

improvement of polymeric microcarriers activity against sessile staphylococci.  

In this work, the combination of a thermal assay, IMC, with an imaging technique proved to 

be essential in order to fully characterize the antibiofilm activity of antibiotic-loaded polymeric 

microparticles against MRSA and S. epidermidis.  

Since these systems are being developed for the treatment of bone infections the 

assessment of their biocompatibility profile is mandatory. It was possible to show that all 

formulations proved to be biocompatible with ISO-compliant cells, mouse fibroblasts L929 

cell line, and MG63 human osteoblast-like cells. However, there is a light reduction in the cell 

viability of MG63 human osteoblasts after incubation with PMMA-EUD microparticles, which 

may be due to their marked positive charge. Still, the results are promising so far and more 

information will be obtained since this is an on-going work. 

 

In conclusion and bearing in mind the initial objectives aims of this work, it was possible to 

successfully encapsulate daptomycin into microparticulate carriers composed by different 

polymers. It was also possible to characterize the antibacterial activity of these systems 

against both planktonic and sessile bacteria by using two innovative techniques, IMC and 

FISH, which enabled gaining additional information on the interaction with these carriers with 

sessile bacteria. It is fair to assume that the microencapsulation of antibiotics, and 

daptomycin in particular, is a valuable strategy to enhance the antibiofilm effect of clinically 

available antibiotics and consequently improve the management of biofilm-associated bone 

infections. However, further studies on nature of the interactions of these microparticulate 

carriers with sessile bacteria as well as their biocompatibility, cellular uptake and effect on 

cell growth and differentiation are required.  
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2. Future perspectives  

Although the present work showed noteworthy achievements, it also raised several 

questions that should be subject of future work.  

As stated previously, the biocompatibility and toxicological assessment of microparticles is of 

the upmost importance. In our group, we have been focusing on the quantification and 

determination of mechanisms of the cellular uptake of these carriers using several cell lines, 

such as macrophages and osteoblasts. Another aspect that has been a focus of attention is 

the induction of the production of cytokines. In addition, collaboration with the Instituto 

Ricardo Jorge (Lisbon, Portugal) has been established aiming the characterization of the 

genotoxic potential of polymeric microparticles. The Comet and the micronucleus assays 

have been successfully used and so far the results are promising.  

Another key issue raised by this work is the use of FISH as a tool to assess the interaction 

between polymeric microparticles and biofilms. In this context, a collaboration was 

established with the Biofilmcenter from German Heart Centre (Berlin, Germany) and there is 

already a bilateral project approved and funded by the DAAD and the Fundação para a 

Ciência e a Tecnologia (FCT) (Project title: Characterization of the activity of antibiotic-

loaded nanoparticles against bacterial biofilms by fluorescence in situ hybridization (FISH), 

2015-2016).  The aim of this project is to develop new antibiotic-loaded lipid and polymeric 

nanoparticles and characterize and quantify their effect on biofilm by FISH. Both mono- and 

polymicrobial biofilms of clinically relevant streptococci and staphylococci will be used and 

the effect of antibiotic-loaded nano/microparticles on biofilm size, architecture and metabolic 

activity characterized in terms of biofilm area reduction, changes in biofilm architecture and 

quantification of metabolically active bacteria within the biofilm will be assessed. The use of 

digital image analysis, namely the program “daime”, will allow yielding statistically significant 

results through the objective quantification of biofilm mass and FISH-positive fraction of 

bacteria. Further characterization of particles adhesion and penetration into the biofilms will 

also be performed.  

Finally, there has been a growing interest on intracellular staphylococci that are able to infect 

osteoblasts and are therefore believed to be on the reasons for treatment failure. As 

presented formerly, polymeric nano- and microparticles have a valuable potential as 

intracellular drug delivery systems. With this in mind, a project aiming the development of 

new antibiotic-loaded polymeric nanoplatforms to target intracellular Staphylococcus aureus 

was recently submitted for funding approval to the national funding agency (FCT). In this 

context, different polymers will be studied as potential candidates for nano/microparticle 
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preparation and their efficacy against biofilms and intracellular staphylococci will be 

assessed. 

As a conclusion, the evolution of the nano- and microencapsulation field has been enormous 

over the last decades, with considerable gains in terms of management and treatment of 

complicated diseases. Although the impact of nano- and microencapsulation has not been 

so striking when it comes to bone infections treatment, important research has been being 

developed in this field with promising results, both in vitro but also in in vivo models. 

Hopefully, the results presented in this thesis along with the on-going and future projects will 

allow further development of novel and innovative antibiotic carriers, as well as of 

experimental techniques, that will enable the improvement of biofilm-associated and difficult 

to treat bone infections.	  

 


