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PROLOGO






La presente tesis doctoral se estructura atendiendo a los requisitos establecidos por la
Escuela de Doctorado de la Universitat de Valéncia para presentar la Tesis Doctoral por
compendio de articulos. Consta de un resumen, 5 capitulos y un anexo. El resumen estd escrito
en espainol y en él se realiza una breve justificacién del proyecto desarrollado, se resaltan los
resultados obtenidos y las conclusiones del trabajo realizado. Los cinco capitulos siguientes
corresponden al trabajo desarrollado en la Tesis Doctoral estructurado en articulos publicados
en diferentes revistas cientificas indexadas en el Journal Citation Reports (JCR). Asi, el capitulo
1, corresponde a una revisién exhaustiva sobre el estado del arte acerca de la inclusién de
antibiéticos en cementos dseos centrando el trabajo, fundamentalmente en la eficacia para la
prevencion de infeccidn tras una intervencién quirdrgica de artroplastia y en la revision de la
cinética de liberacion de diferentes antibidticos a partir de su inclusién en cementos dseos de
diferente marca comercial. En el capitulo 2 se realiza el estudio de la liberacién de ciprofloxacino
a partir de tres cementos dseos comerciales y se analiza la influencia de la técnica de mezclado
del antibidtico con el cemento éseo y de la especie quimica (base o sal) del ciprofloxacino en la
cinética de liberacion del antibidtico. Ademas, se evalta la influencia de la inclusion de un
segundo antibidtico (vancomicina) en la mezcla (antibiético/cemento) sobre la elucién de la
quinolona. En el capitulo 3 se aborda la evaluacién, mediante un ejercicio de simulacidon
farmacocinética, de la bioactividad de las mezclas de ciprofloxacino y vancomicina incluidos en
un cemento 6seo. El capitulo 4 detalla el estudio de la cinética de liberacion de los antibidticos
ceftazidima y fluconazol a partir de las mezclas de antibidtico y cemento, asi como los estudios
de bioactividad realizados utilizando dos métodos microbiolégicos (recuento de las unidades
formadoras de colonias -UFC- y evaluacién de halo de inhibicidn de crecimiento microbiano). En
el capitulo 5 se describe el disefio de una nueva forma farmacéutica de administracion de
antibidticos en cirugia ortopédica, se evalla la liberacidn del farmaco a partir de la misma vy se
analiza la biocompatibilidad de la formulacién utilizando el método basado en la medida de la
viabilidad celular utilizando la linea celular NIH3T3. Por ultimo, en el anexo se incluye una copia

completa de los articulos publicados o admitidos para su publicacién hasta la fecha.
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Introduccion

La artroplastia de cadera/rodilla consiste en la cirugia ortopédica que reemplaza de
forma total o parcial la articulacion por un implante artificial, lamado prétesis, en aquellos casos
en los que el dano de la articulacion es irreversible. En esta cirugia una de las complicaciones
mas grave se asocia al desarrollo de alguna infeccién, que, aunque presenta una baja
prevalencia, entre el 0,5% y el 3%, en algunos casos puede ser de gravedad elevada y conduce
al fracaso de la intervencién, llegando incluso a desencadenar la muerte del paciente [1]. Para
prevenir las complicaciones asociadas al desarrollo de infecciones, se ha propuesto, desde hace
algun tiempo, la inclusion de antibidticos en el cemento dseo destinado a la fijacidn mecdanica
de las prétesis, ya que los sistemas de liberacién local de antibidtico facilitan el aprovechamiento
del farmaco, a la vez que reducen la prevalencia y gravedad de las reacciones adversas asociadas

a estos farmacos cuando se administran por via sistémica [2].

La combinacion de antibidticos con los cementos poliacrilicos (polimetilmetacrilato -
PMMA-) fue descrita por primera vez por Buchholz y Engelbrecht [3]. A partir de este estudio,
los trabajos de investigacion publicados en este contexto son numerosos y variados y aportan
resultados contradictorios en cuanto a su capacidad de prevenir infecciones, debido a la
incertidumbre sobre el posible desarrollo de resistencias a los antibidticos tras una exposicion
prolongada a bajas dosis de antibidtico, la eficacia y el coste de este sistema de administracién.
A pesar de ello, la evidencia clinica indica que el uso de cementos dseos cargados con
antibidticos reduce significativamente el riesgo de infeccion profunda [4]; por ello, en la practica
clinica habitual se utilizan, aunque la cinética y el mecanismo de liberacion de la mayoria de los
antibidticos interpuestos en la matriz acrilica siguen siendo aspectos desconocidos. Las variables
que influyen en el proceso de liberacidn del antibiético desde el cemento que lo contiene son
multiples, entre ellas destacan la cantidad y el tipo de antibidtico incorporado al cemento [5, 6].
En este sentido, resaltar que la velocidad de liberacién del antibiético desde el cemento que lo
contiene (cantidad de antibidtico liberada por unidad de tiempo) es mayor cuando se incorpora
en forma liquida. Sin embargo, en la practica clinica la utilizacidn de formas liquidas esta limitada
debido a su influencia negativa sobre las propiedades mecanicas de los cementos. Por el
contrario, los farmacos en estado sdlido tienen un efecto insignificante sobre la estabilidad
mecanica de cemento dseo, siempre y cuando la proporcidn antibidtico/cemento se mantenga
por debajo del 10%. Otro factor importante a tener en cuenta es el tipo y porosidad del cemento
dseo utilizado y la forma de preparacion de la mezcla [7-10], ya que la porosidad del polimero
facilita el acceso de los fluidos de disolucién a la matriz del polimero y, en consecuencia, la

liberacion de los antibidticos a partir del cemento. Por otra parte, la porosidad esta relacionada,
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en gran medida, con el mayor o menor volumen de aire atrapado en el interior de la mezcla
durante la manipulacién, mezclado y amasado de la muestra. De ahi que las cantidades de
antibidtico liberadas desde el cemento pueden diferir seglin se empleen preparados comerciales
de cemento éseo impregnado de antibidtico premezclados o, por el contrario, se utilicen las
mezclas preparadas de forma manual o mecanica en el momento previo a la intervenciéon

quirdrgica.

Se han comercializado cementos poliacrilicos de uso en artroplastias cargados con
antibiéticos aminoglucésidos, en particular gentamicina y tobramicina, y con antibidticos
glucopéptidos [11], que han demostrado su utilidad clinica en términos de eficacia y seguridad
del tratamiento. Sin embargo, en el momento actual ha incrementado el nimero de cepas
multirresistentes, con capacidad de adherirse sobre el cemento, colonizdndolo tras largos
periodos de implantacién y sobre las que los preparados comerciales disponibles no presentan
cobertura antibidtica [11, 12]. Los microorganismos que causan infecciones con mas frecuencia
son del género Staphylococcus, en concreto Staphylococcus aureus resistentes a meticilina
(MRSA) [13] y diferentes bacilos aerobios gram negativos [14]. De hecho, en el momento actual
el incremento de resistencias de Staphylococcus aureus a los aminoglucdsidos condiciona la
eficacia terapéutica de este grupo de antibidticos. Se trata de una situacion que genera
preocupacion, ya que el 30% de las infecciones de origen quirldrgico estdn causadas por cepas
de Staphylococcus aureus resistente a meticilina, lo que determina las estrategias que deben
utilizarse para el tratamiento y la prevencidn de las infecciones en las protesis articulares [15].
Por otra parte, aunque las infecciones por hongos son raras, cuando se producen desencadenan
complicaciones devastadoras de la artroplastia articular. Alrededor del 80% de las infecciones
flngicas de protesis 6seas estan producidas por diversas especies del género Candida [16] y
hasta el momento la eficacia de las mezclas de cementos 6seos PMMA y farmacos antifingicos

ha sido poco estudiada [17].

La bibliografia disponible hasta el momento Unicamente muestra dos estudios de
metaanalisis que evallan la eficacia del cemento cargado con antibiéticos en la artroplastia de
revisién primaria. Uno de ellos es el realizado por Parvizi et al. [18] y otro por Wang et al. [4].
Los primeros autores evaluaron la eficacia del cemento cargado con gentamicina en la
artroplastia de revision primaria y concluyeron que el cemento con carga antibiética es capaz de
reducir la tasa de infeccién profunda aproximadamente un 50% (de un 2,3% frente a un 1,3%
cuando se utilizd cemento cargado con antibidtico). Ademds, esta reduccidén alcanzo
significacién estadistica a favor del cemento dseo cargado con antibiético. Wang et al. [4],

también evaluaron la tasa de infeccidn profunda y superficial cuando el antibiético se incorporé
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en los cementos dseos en la artroplastia de revisidén primaria y obtuvieron diferencias en las
tasas de infeccién, siendo estadisticamente significativa la diferencia en la tasa de infeccién

profunda, pero no la diferencia en la tasa de infeccién superficial.

En este contexto, en el que en determinadas situaciones clinicas el riesgo de infeccion
tras una intervencion de artroplastia es elevado y la disponibilidad de cementos comerciales que
incorporan los antibidticos éptimos reducida, se ha considerado oportuno estudiar la cinética
de liberacién de algunos antibidticos incorporados a distintos cementos dseos comerciales. De
esta forma se pretende obtener informacién relevante orientada a facilitar la seleccién del
farmaco mas adecuado, en términos de eficacia y seguridad en cada situacién, ampliando asi la
disponibilidad de tratamientos utilizados hasta el momento en cirugia ortopédica. Ademas,
teniendo en cuenta que los estudios realizados hasta el momento con estos sistemas apuntan a
gue no reducen la tasa de infeccidn superficial, en esta Tesis Doctoral se han realizado estudios
de preformulacidn de una forma farmacéutica encaminada a mejorar el uso de antibidticos con

fines profilacticos en las intervenciones quirurgicas de artroplastia.

Los farmacos estudiados en esta Memoria han sido el ciprofloxacino, la vancomicina, la

ceftazidima y el fluconazol.

El ciprofloxacino es una fluoroquinolona efectiva frente a microorganismos Gram-
positivos y Gram-negativos. La vancomicina es un glicopéptido sumamente efectivo frente a
bacterias Gram-positivas. Ambos antibidticos se presentan en estado sélido, son estables a la
temperatura de fraguado de los cementos y no alteran las caracteristicas mecanicas de estos,
por lo que reldnen caracteristicas adecuadas para ser incorporados en cementos poliacrilicos

utilizados en cirugia ortopédica [19].

Las cefalosporinas son antibiéticos de amplio espectro de accién que se usan de forma
habitual para tratar infecciones osteoarticulares. La ceftazidima es una cefalosporina de tercera
generacion utilizada para el tratamiento de infecciones producidas por bacterias Gram-positivas
y Gram-negativas, con actividad demostrada frente diferentes especies del género Pseudomona

[20].

El fluconazol es un farmaco antifungico del grupo triazol, que se utiliza para tratar las
infecciones producidas por C. albicans. Fluconazol inhibe el citocromo P450 fungico de la enzima
l4a-demetilasa, lo que evita la formacion de ergosterol, aumentando asi la permeabilidad de la

membrana y la destruccién de células [21].
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El disefio y el estudio de la nueva forma de administracién de antibidticos en cirugia
ortopédica que se plantea en este proyecto se fundamenta en la formaciéon de una matriz
polimérica biodegradable, en forma de [dmina o de hidrogel, en la que se incluye un antibidtico.
Esta formulacion estaria destinada tanto para la profilaxis como el tratamiento de infecciones

osteoarticulares superficiales.

Los polimeros seleccionados para la elaboracién de la forma farmacéutica han sido el
quitosano y la gelatina. El quitosano presenta numerosas e interesantes propiedades bioldgicas.
Este polisacarido es un biopolimero, ampliamente utilizado en la formulaciéon de medicamentos,
bio-reabsorbible y bioactivo [22]. El quitosano pertenece al grupo de polimeros catidnicos,
caracterizado por su hidrofilicidad, biocompatibilidad, buena resistencia mecanica y posibilidad
de reticularse con polianiones naturales, como la gelatina [23], o sintéticos, como el cloruro de

tetrakis (hidroximetil) fosfonio (THPC) [24].

La gelatina es un biopolimero prometedor para la preparacion de soportes celulares
debido a que es biocompatible y biodegradable ademds de que presenta una elevada similitud
con la matriz extracelular de los tejidos de la piel, los cartilagos y los huesos [25]. Ademas,
presenta baja inmunogenicidad y podria facilitar el aumento de la adhesién, proliferacién y
diferenciacién celular debido a que en su composiciéon contiene la secuencia de aminodacidos
arginina-glicina-acido aspartico (RGD). Esta secuencia de aminodcidos se encuentra en las
proteinas de adhesion de la matriz extracelular, principalmente en la fibronectina, que, al
interactuar con las integrinas de la membrana celular, se ha demostrado que facilita la adhesién

de las células y desencadena diferentes respuestas bioldgicas [26].

El THPC es un compuesto organofosforado soluble en agua, relativamente econémico,
compuesto por cuatro grupos hidroximetilo unidos a un dtomo de fésforo electronegativo.
Chung et al. [24] han propuesto este compuesto como un agente reticulante para los materiales
proteicos, ya que permite el enlace covalente entre el agente reticulante y grupos amina.
Ademas, estos mismos autores estudiaron el uso de THPC en el desarrollo de hidrogeles y

demostraron su citocompatibilidad.

Objetivos

1. Evaluar los factores que condicionan la velocidad y la magnitud de liberacién de farmacos,

seleccionando ciprofloxacino como antibidtico modelo, incorporados a cementos dseos.
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2. Caracterizar la cinética de liberacion de ciprofloxacino, ceftazidima y fluconazol
incorporados al cemento comercial Palacos® en las proporciones utilizadas en cirugia
ortopédica para profilaxis y para tratamiento antibidtico.

3. Evaluar la bioactividad de las mezclas del cemento Palacos® y los antibiéticos ciprofloxacino,
ceftazidima y fluconazol en las proporciones utilizadas en cirugia ortopédica para profilaxis
y para tratamiento antibidtico.

4. Disefiar y evaluar una nueva forma farmacéutica para la administracidon de antibidticos en

la cirugia de artroplastia.

Material y métodos

Muestras ensayadas

Se ha evaluado la cinética de liberacidn de los fdrmacos ensayados a partir de mezclas

farmaco-cemento éseo comercial e incorporado en sistemas poliméricos.

A continuacidn, se describen con detalle las muestras ensayadas en cada caso.

1. Preparacion de las mezclas de antibidtico y cemento dseo
La preparacién de las mezclas de antibidtico y cemento 6seo (tabla 1) se realizd bajo
campana de extraccion de gases con el objeto de evitar la inhalacién de los vapores del

componente liquido de los cementos.
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Tabla 1.- Composicidn, tipo de mezclado y condiciones del ensayo de liberacion de farmaco de las muestras

seleccionados.

Condicion del | Mezclado Antibiético Cemento Proporcion Identificacion
ensayo de dseo 1/40 4/40 de muestras
liberacion

Simplex® v A
Clproflf)xacmo Lima® v B
clorhidrato
Palacos® v C
Manual Ciprofloxacino base Lima® v D
Simplex® v E
Estatica Ciprofloxacino
clorhidrato y Lima® v F
vancomicina Iz
Palacos® G
Simplex® v H
Mecanico Clproflgxacmo Lima® v |
clorhidrato
Palacos® v J
Ciprofloxacino v
. K
clorhidrato
Ciprofloxacino v
. L
clorhidrato
Ceftazidima v M
Dinamica Manual Palacos®
Ceftazidima v N
Fluconazol v (0]
Fluconazol v P
Para la obtencidn de estas muestras se siguié el siguiente procedimiento:
o En un vaso de precipitados de vidrio (componente inerte para los cementos

acrilicos), se depositaron las cantidades necesarias del componente sélido del cemento
comercial (Palacos®, Simplex® o Lima CMT 1®) y del antibiético seleccionado, mezclando
los polvos con ayuda de una varilla de vidrio hasta obtener una mezcla homogénea de
los sélidos. Las proporciones (antibidtico/cemento) estudiadas han sido 1/40y 4/40. La
primera es la proporcion utilizada en cirugia ortopédica con fines profilacticos y la
segunda es la proporcién seleccionada cuando se requiere tratamiento antibidtico en el

caso de que se haya diagnosticado la infeccidn.

. Finalizada la mezcla de los componentes sélidos, se incorpord el componente
liguido del cemento vy se procedio al amasado de la mezcla, bien de forma manual, con
ayuda de una varilla de vidrio, o de forma mecanica, con el mezclador comercial de vacio

(Palamix Uno®).
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. Tras 1-2,5 minutos de mezclado, tiempo necesario para que la temperatura de
la mezcla permitiera su manipulacién, se extrajo la masa del vaso de precipitados, o del
mezclador comercial, y se completd el amasado con ayuda de las manos. Este proceso

se di6 por finalizado cuando la mezcla dejé de adherirse a los guantes del operador.

. A continuacién, la masa formada se depositd en moldes de teflon de
dimensiones conocidas. Esta fase debe realizarse con rapidez y finalizarse antes de que
se produzca el fraguado completo del cemento, ya que de lo contrario la rigidez que
alcanza la masa impediria la obtencién de las muestras de forma y dimensidn

controlada.

. Por ultimo, las muestras se mantuvieron en el molde durante un periodo de 15
minutos, tiempo necesario para completar la fase de fraguado. A continuacidn, se
extrajeron con sumo cuidado, se pesaron y se midieron sus dimensiones. Finalmente, se
mantuvieron protegidas en un medio adecuado para evitar su contaminacion hasta su

posterior analisis.

2. Preparacion de las Idminas e hidrogeles
En la tabla 2 se detalla la composicidon de las muestras poliméricas elaboradas. Para la
preparacion se dispersé el quitosano en una solucidn acuosa acidificada a una temperatura de
45°C. A continuacion, se disolvio en ella el antibidtico y, posteriormente, se incorporo el agente
reticulante. Esta mezcla se agitdé con ayuda de un vortex durante aproximadamente 10
segundos. Finalmente, se depositaron 27 g de algunos de los hidrogeles en una placa petri y se

mantuvieron en estufa a 40°C durante 48 horas, hasta su deshidratacion.
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Tabla 2.- Composicion de los hidrogeles y Idminas poliméricas formuladas.

Identificacién muestras

1 2 3 4 819 10 11 12 13 14 15 16|17 18 19 20|21 22 23|24 25 26
Ciprofloxacino | X X X X X X X X X | X X X | X X X
Farmaco
Gentamicina X X X X X X X X
0,5 mg/cm2 X X X X X X X X X
Concentracion de farmaco 1 mg/cm? X
2mg/cm2 X X X X X X X X X X X X X
Ac. Acético 0,5% | X X X X X X X X X | X X X
Acidificante )
Ac. lactico 1% X X X X X X X | X X X X
Quitosano 1,5% | X X X X X X X X X X
Polimero
Quitosano 2% X X X X X X X X X X X X X
Gelatina 6:% X X X X
THPC 12% X X X | X
Reticulante
THPC 24% X
THPC 36% X
Lamina X X X X X[ X X X X X X X X X X X X X X X
Forma farmacéutica
Hidrogel X X X
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Determinacidn analitica

La cuantificacion del farmaco (ciprofloxacino, ceftazidima y fluconazol) en las muestras
experimentales se ha realizado mediante cromatografia liquida de alta resolucién (HPLC) de fase
inversa con deteccién por ultravioleta (Perkin EImer® Series 200 equipado con un detector
Waters 484°), utilizando como fase estacionaria una columna cromatografica Kromasil® C18, de
150 mm x 4,6 mm vy las condiciones de ensayo para cada antibidtico que se indican en la tabla 3
[27-29]. La determinaciéon de vancomicina se realizd mediante inmunoanalisis de

microparticulas quimioluminiscentes utilizando Architect i1000SR (Abbot Laboratories) [30].

Tabla 3.- Condiciones cromatograficas utilizadas para cada farmaco ensayado.

Longitud de Tiempo de
Farmaco Fase movil Flujo
onda retencién

Ciprofloxacino | |
Ac. acético 0,1M: acetonitrilo (80:20) 254 nm  1ImL/min 3 min
base

Ciprofloxacino | |
Ac. acético 0,1M: acetonitrilo (80:20) 254 nm  1ImL/min 3,2 min

clorhidrato
Ceftazidima Metanol: agua (70:30) 245 nm  1ImL/min 4,3 min
Fluconazol Metanol: agua (60:40) 268 nm  1ImL/min 3,5 min

Estudios de liberacién

Los ensayos de liberacion se realizaron con el fin de evaluar la cinética del proceso para
cada uno de los farmacos desde las muestras elaboradas y se disefiaron teniendo en cuenta las
caracteristicas de las muestras (cementos éseos o hidrogeles, laminados o fluidos). En el caso
de las muestras procedentes de las mezclas de antibidtico y cemento dseo los ensayos se
realizaron en condiciones estaticas y dinamicas. A continuacidn, se describen los detalles de los

estudios de liberacidon de antibidtico en cada una de las situaciones.

Cinética de liberacion del farmaco a partir del cemento éseo
Condiciones estaticas. Las muestras de ensayo se depositaron individualmente en tubos
Pirex de 40 mL de capacidad y a continuacién se incorporaron 10mL de una disolucion
tampdn fosfato 160mM a pH=7,4. Los tubos se taparon con ayuda de un tapdn de rosca y

se mantuvieron en agitacion constante en un bafo termostatado (bafio Unitronic Orbital
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Selecta) a 372C. A tiempos prefijados se procedié a la toma de muestras y reposicion del
volumen tomado. Los tiempos seleccionados fueron 1, 3, 5, 7, 24, 32, 48 56, 72, y 168 horas
después de la inmersidn y posteriormente una vez a la semana hasta completar un periodo

de 8 semanas (muestra final fue tomada 56 dias después de la inmersién).

Condiciones dinamicas. Se procedié de modo similar al descrito en el ensayo anterior, pero
se empled un aparato de disolucién de flujo continuo aceptado por la USP como método 4
en ensayos de disolucion en flujo continuo (Sotax CE7®) seleccionando un flujo de trabajo
de 12 mL/min que se mantuvo con recirculacidon durante 48 h. Alas 0,25, 0,5, 0,75, 1, 1,5, 2,

3,4,5, 24, 26,28y 48 horas se realizd la toma de muestra de 1ImL y su reposicién.

Cinética de liberacion del farmaco a partir de los hidrogeles

En el caso de los hidrogeles, se depositaron 2,12 g de muestra en el interior de una malla
metilica. En el caso de las ldminas de hidrogel, se recortaron piezas de 1 cm? de superficie. La
preparacion y desarrollo del ensayo es la misma que la indicada en el epigrafe condiciones
estdticas de las muestras de cementos. En el caso de los hidrogeles, se obtuvieron muestras a
las 0,5, 1, 1,5, 2,5, 3,5, 4, 27 y 52 horas tras la inmersidn y posteriormente una vez al dia hasta
completar un periodo de 6 dias desde el inicio del ensayo. Para el desarrollo del ensayo de las
[dminas, se obtuvieron muestras a las 0,16, 0,33, 0,66, 1, 1,5, 2, 3, 4, 24, 25,5 y 52 horas tras la
inmersidn y posteriormente una vez al dia hasta completar un periodo de 6 dias desde el inicio

del ensayo.

Todos los ensayos se realizaron por triplicado.

Cinética de liberacion

Para cada tiempo de toma de muestra, se determiné la cantidad de farmaco liberado
(Mt) y se expresd en términos relativos a la cantidad maxima de farmaco liberado a tiempo
infinito (Me=). Los valores experimentales asi obtenidos se utilizaron para seleccionar el modelo
mas probable que describe la cinética de liberacion del antibidtico desde el soporte que lo
contiene. Los modelos evaluados para conocer la cinética de liberacién del farmaco fueron los

siguientes:

1. Modelo de orden O (ecuacién 1):
M
!_r =k-t
Mg ecuaciéon 1
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Este modelo asume que la velocidad de liberacién del farmaco es constante con

el tiempo.

2. Modelo de Higuchi (ecuacion 2):

£ = k- t0s y
Moo ecuacion 2

Este modelo asume que la velocidad de liberacidn es funcién de la raiz cuadrada

del tiempo.

3. Modelo de Korsmeyer Peppas (ecuacion 3):

M,
— =k -t" )
M, ecuacion 3

En este modelo se considera el parametro n que es un exponente difusional cuyo
valor depende del mecanismo de liberacién y de la geometria del sistema ensayado.
Para los dispositivos cilindricos (en el caso de los cementos dseos), cuando el valor de
n<0,45 el mecanismo de difusién obedece al proceso de difusién de Fick; en el caso de
gue este valor esté comprendido entre 0,45 y 0,89 (0,45 <n <0,89) el mecanismo de
liberacion es no Fickiano; si n=0,89 corresponde a un mecanismo de Caso Il (relajante) y
si n>0,89 a un mecanismo super Caso Il. Para los dispositivos esféricos (en el caso de los
hidrogeles), cuando el valor de n<0,43 el mecanismo de difusién obedece al proceso de
difusién de Fick; en el caso de que este valor esté comprendido entre 0,43 y 0,85 (0,43
<n <0,85) el mecanismo de liberacién es no Fickiano; si n=0,85 corresponde a un

mecanismo de Caso Il (relajante) y si n> 0,85 a un mecanismo super Caso Il [31].

En todas las ecuaciones k representa la constante de velocidad de liberacién del
farmaco desde el soporte que lo contiene y en el caso de la ecuacidon 3 esta constante

incorpora caracteristicas estructurales y geométricas del dispositivo.

Evaluacién de la bioactividad
La evaluacidn de la bioactividad de las muestras obtenidas por mezcla de los antibidticos
y los soportes de liberacidn se desarrollé mediante estudios de simulacion farmacocinética y de

estudios microbioldgicos.
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1. Estudios de simulacién farmacocinética

Se realizé una simulacién de Monte Carlo para evaluar si la cantidad de farmaco liberado
en biofase a diferentes tiempos superaba la concentracion minima inhibitoria (CMI) de las cepas
de los microorganismos aislados con mayor frecuencia en las intervenciones quirurgicas de
artroplastia [14]. Para cada formulacion se realizaron 1000 simulaciones utilizando el programa
informatico NONMEM versién VII [32]. La bioactividad se evalud calculando para un tiempo
determinado el porcentaje de pacientes cuya concentraciéon de antibidtico en el lugar del

implante seria superior a la CMI del microorganismo considerado.

El modelo farmacocinético empleado consta de dos compartimentos (figura 1); cemento
cargado de antibidtico (C1) y espacio de la articulacién (C2). Debido a que el drenaje local en las
primeras 72 horas post-cirugia es muy elevado, durante este periodo se considerd despreciable
la velocidad de distribucidon y de retorno (kd y kr respectivamente) del antibidtico desde el

espacio de articulacién (C2) a la circulacién sistémica.

S k :
Cemento | o | Espacio articular ° |, Compartimento
cargaf{c on > < central
antibiético [2 Kr |

c1
l Cldrcnajc l Kei

Figura 1.- Qo: velocidad de liberacidon del antibidtico (mg/h); Cl drenaje: aclaramiento local de antibidtico debido
al drenaje de la herida (mL/h); kd (h): constante de velocidad de distribucion desde el espacio articular al
compartimento central; kr (h-1): constante de velocidad de retorno del antibiético desde el compartimento

central al espacio articular; Kel (h'1): constante de eliminacidn del antibidtico.

El aclaramiento local del antibidtico (Clarenaje) se calculd a partir de los volumenes de
exudado obtenidos tras la revisidn de las historias clinicas de los pacientes intervenidos durante
un afo (afio 2015) en el Hospital Dr. Peset de Valencia por artroplastia de rodilla (156 pacientes,
durante 468 observaciones). Las ecuaciones utilizadas para obtener este parametro fueron las

siguientes:
Clarenaje, = Clo + ko - t ecuacion 4

Cldrenajet =Cly - e k1t ecuacion 5
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Clarenaje, €S €l volumen exudado por unidad de tiempo correspondiente a un
determinado tiempo post-intervencién quirurgica, t, Clo es el volumen exudado por unidad de
tiempo determinado en tiempo cero post-cirugia y ko y ki las constantes de velocidad de

aclaramiento local de orden cero y de primer orden respectivamente.

Los parametros utilizados para simular la concentracion de farmaco en la biofase fueron
los obtenidos en el modelo seleccionado para definir la cinética de elucién del antibidtico

(epigrafe anterior).

Por ultimo, el volumen del espacio articular se tomé de la bibliografia (1,6 + 1,1mL) [33].

2. Estudios microbiolégicos

Se evalud la inhibicién de crecimiento bacteriano tras la incubacidn de las muestras en
los medios de cultivo adecuados utilizando los métodos de recuento de las unidades formadoras
de colonias (UFC) [34] y de evaluacion de halo de inhibicién [35]. En estos estudios se utilizaron
las especies S. aureus, S. epidermidis, P. aeruginosa y E. Coli para ciprofloxacino y ceftazidimay

C. albicans para fluconazol, que habian sido aisladas en infecciones articulares con anterioridad.

El recuento de UFC se realizd por inmersion e incubacion de las muestras durante 24
horas en 10mL de caldo de cultivo Mueller Hinton que contenia una cantidad de microorganismo
conocida (150-10° UFC/mL). Con el fin de cuantificar las bacterias viables tras el periodo de
incubacidn, el caldo se diluyd 1/10, se extendié 1 uL en una placa de agar y se incubé durante

24 horas a 37 ° C para permitir el crecimiento y el recuento de UFC.

Para la prueba de inhibicidn de halo, las muestras de estudio se depositaron en una placa
Petri que contenia agar Mueller Hinton y 100 pL de caldo bacteriano. Las placas se incubaron
durante 72 h a 37 °C [36]. La medicidn del halo de inhibicion se realizé a las 24, 48 y 72 horas.
Después de cada lectura, se retiraron las muestras de la placa Petri y se depositaron en otra

placa Petri que contenia el indculo bacteriano fresco.

En ambos métodos las pruebas se realizaron por duplicado.

Pruebas de citocompatibilidad
Con el fin de determinar la citocompatibilidad de los hidrogeles elaborados se realizaron
ensayos de citotoxicidad utilizando cultivos celulares de fibroblastos embrionarios de ratén

(NIH3T3 P15, ATCC®, Manassas, EE.UU.). La viabilidad celular se evalué a través de la medida de
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la actividad metabdlica mitocondrial con 3-(4,5-dimetiltiazol-2-il)-2,5-difenil bromuro de

tetrazolio (MTT) [37].

El ensayo de MTT permite examinar el efecto tdxico del material estudiado sobre las
células, como resultado de la interaccion entre la célula y la muestra evaluada. El ensayo se
realizé en placas de 96 pocillos, en los que se sembraron 100 pL de una suspensién de células
NIH3T3 P15 (10° células/mL). Las células se cultivaron en medio Eagle modificado por DMEM-
Dulbecco (Aldrich® Sigma, St. Louis, EE.UU.), suplementado con antibidticos al 1% (penicilina /
Estreptomicina de Gibco®, Waltham, EE.UU.) y PBS al 10% (suero bovino fetal de Gibco®). Una
vez alcanzada la confluencia se sustituyé el medio de cultivo por 25, 50 o 75 uL de las muestras
evaluadas (diluciones 1/10, 1/5 y 1/3 respectivamente) y se completé con 225, 200 o 175 plL,
respectivamente, de DMEM exento de suero. Se incubaron en CO; al 5% a 37 ° C durante 24h o
48h. Transcurrido el periodo de incubacidn se retird el medio, se afiadieron 20 puL de colorante
MTT (5ug/mL) y se mantuvo a 372C durante 3h. Por Ultimo, se procedid a la determinacion
colorimétrica de las placas, en las que la absorbancia se midié utilizando un espectrofotémetro
(Synergy H1 monochromator-based, Biotek, Winooski, USA) seleccionando la longitud de onda

de 570 nm.

Métodos estadisticos

Para realizar las comparaciones estadisticas entre valores de flujo o cantidad liberada a
un determinado tiempo, se utilizé la prueba paramétrica (ANOVA) con un analisis post-hoc
Scheffé en caso de que las varianzas fueran homogéneas o T3 de Dunnett cuando no lo fueron.
La homogeneidad de las varianzas se evalud con la prueba de Levene. Se ha empleado el

programa IBM SPSS Statistics 20.

La seleccion del modelo cinético de liberacidn del farmaco se realizd utilizando el criterio
de informacion de Akaike (AIC) proporcionado por el programa informatico NONMEM version

VII.

Resultados y discusion

En la tabla 1 se relaciona la composicion de las muestras ensayadas. La obtencién de las

muestras mediante el proceso manual puede provocar que las mismas difieran en sus pesos y
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dimensiones y, en consecuencia, en la cantidad de antibidtico que incorporan. En ningln caso
el coeficiente de variacién de peso o dimensiones de las muestras superd el 9,5 %, variabilidad

aceptable de acuerdo con la técnica de elaboraciéon empleada.

Factores que condicionan la velocidad y la magnitud de liberacién del antibidtico
1. Especie quimica

Las muestras utilizadas para evaluar la influencia de la especie quimica del farmaco
sobre la velocidad de liberacién del antibiético desde el cemento éseo, se prepararon de forma
manual utilizando como farmaco modelo el ciprofloxacino, en forma de sal y en forma de base,
y el cemento d6seo Lima CMT1®. La figura 2 representa las cantidades de ciprofloxacino
(expresado en porcentaje respecto a la cantidad total de farmaco incorporada) liberado del
cemento 6seo Lima CMT1® (ciprofloxacino base, la muestra D, o ciprofloxacino clorhidrato,
muestra B). La cantidad de antibidtico liberado cuando se utiliza en forma de base representé el
35% de la cantidad liberada cuando se utilizé el antibidtico en forma de clorhidrato. La mayor
solubilidad de la sal (ciprofloxacino clorhidrato), resulta en una mayor elucion de ciprofloxacino
desde el cemento. Este resultado se puede justificar por el hecho de que una mayor
hidrosolubilidad del fadrmaco haria mas rapida la génesis de poros y canales, ayudando a la

difusion posterior del farmaco.
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Figura 2.- Porcentaje de dosis de ciprofloxacino liberada a partir de las muestras B (#) (ciprofloxacino clorhidrato,
mezclado manual), D (x) (ciprofloxacino base, mezclado manual), F () (ciprofloxacino clorhidrato y vancomicina,
mezclado manual) e | (A) (Ciprofloxacino clorhidrato, mezclado mecanico). En todos los casos, se utilizé el cemento
6seo Lima CMT 1°. En la parte izquierda de la figura se representan el total de muestras obtenidas y en la parte

derecha se reproduce el perfil de liberacion obtenido durante las primeras 80 h del ensayo.
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2. Tipo de mezclado: manual o mecdnico

La influencia del tipo de mezclado (manual o mecéanico) sobre la velocidad de liberacion
del antibidtico y la cantidad de antibidtico liberada, se evalué mediante la comparacion de los
resultados obtenidos entre las muestras A y H (Simplex® mezclado manual y mecanico
respectivamente), entre las muestras B e | (Lima CMT1® mezclado manual y mecanico
respectivamente), y entre las muestras C y J (PALACOS® mezclado manual y mecanico
respectivamente). La figura 3 muestra el porcentaje de ciprofloxacino liberado a diferentes
tiempos y la figura 4 la velocidad de liberacidn obtenida en cada tiempo de toma de muestra. Al
comparar los dos procedimientos de obtencidn de las mezclas, no se encontraron diferencias
estadisticamente significativas entre las mezclas formadas con los cementos dseos Simplex® y
Palacos®, ni en la velocidad de liberacion del farmaco ni en la cantidad de antibidtico liberada.
Por el contrario, cuando se utilizd el cemento dseo Lima CMT1®, se observaron diferencias
estadisticamente significativas hasta las 697 horas del ensayo en la cantidad liberada y para

todos los tiempos de ensayo cuando se compararon las velocidades de elucién.

H t=7 horas

B t= 168 horas

m t= 1344 horas

Porcentaje de ciprofloxacino liberado

Figura 3.- Porcentaje de ciprofloxacino liberado a las 7, 168 y 1344 horas. A, B, C, H, |, y J (ciprofloxacino clorhidrato
cargado en Simplex®, Lima CMT 1® y Palacos®, mezclado manual (A, B, C) y mecanico (H, I, J), muestrasE, Fy G
(ciprofloxacino clorhidrato + vancomicina cargados en Simplex®, Lima CMT 1® y Palacos®, mezclado manual), y

muestra D (ciprofloxacino base-cargado en Lima CMT 1®, mezclado manual).

26



3. Marca comercial del cemento dseo

La figura 4 muestra en escala logaritmica, los valores individuales de la velocidad de
elucién de ciprofloxacino expresada en mg/h determinada para cada uno de los tiempos de
muestra en los ensayos realizados con las muestras A, B y C (parte superior de la figura)
(clorhidrato de ciprofloxacino mezclado de forma manual con los cementos dseos Simplex®,
Lima CMT1® y Palacos® respectivamente) y con las muestras H, | y J (parte inferior de la figura)
(clorhidrato de ciprofloxacino mezclado de forma mecanica con los cementos dseos Simplex®,
Lima CMT1® y Palacos® respectivamente). Todas las muestras producen una velocidad de
liberacion elevada durante los primeros tiempos del ensayo. Sin embargo, a medida que se
prolonga el tiempo del ensayo la velocidad de liberacion se reduce hasta alcanzar un valor

constante.

Los resultados obtenidos indican que cuando se utiliza el mezclado manual, la velocidad
de liberacidn del farmaco a partir de cemento dseo Palacos® es ligeramente mayor que la
obtenida a partir de los cementos dseos Simplex® y Lima CMT1®. No obstante, la prueba ANOVA
reveld que las diferencias obtenidas no alcanzan significacion estadistica. Estos resultados
difieren con los obtenidos en estudios anteriores que han demostrado que la velocidad de
liberaciéon de farmacos a partir de este cemento dseo es superior a la obtenida con otros
cementos dseos comerciales probablemente debido a la mayor porosidad del cemento Palacos®
en relacién con las otras marcas comerciales estudiadas [38]. Cuando se utilizé el sistema de
mezclado mecanico, la mayor velocidad de liberacion de antibiético se alcanzé con los cementos
Lima CMT1 y Palacos®, aunque Unicamente se obtuvieron diferencias estadisticamente
significativas cuando se compard la velocidad de liberacién del antibidtico desde las mezclas

obtenidas con los cementos Lima CMT1® y Simplex®.

A la vista de estos resultados se considerd que no existen diferencias en la magnitud de
la liberacién de ciprofloxacino debidas a la marca comercial del cemento empleado ni a la
técnica de mezclado usada. Por ello, los ensayos posteriores se llevaron a cabo Unicamente con

preparaciones realizadas con el cemento Palacos ®.
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MEZCLADO MANUAL. Muestra A: Simplex®; Muestra B: Lima®; Muestra C: Palacos®
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Figura 4.- Velocidad de liberacidon de ciprofloxacino (mg/h) a diferentes tiempos de toma de muestras. En las figuras
de la derecha Unicamente se representan los valores obtenidos hasta las 80 horas de ensayo. Mezclado manual:

corresponde a las muestras A, By C. Mezclado mecanico: corresponde a las muestras H, | y J.
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4. Elucion de ciprofloxacino a partir de las mezclas ternarias

La figura 5 muestra la velocidad de liberacién del ciprofloxacino y de la vancomicina a
partir de las muestras estudiadas. En esta figura se observa que la fase inicial de liberacion rapida
de vancomicina es de menor duracion y presenta una velocidad mads elevada que la obtenida
para el ciprofloxacino. Este fendmeno se puede atribuir a la mayor solubilidad acuosa de la
vancomicina (100 mg/mL frente a 0,03 mg/mL del ciprofloxacino) e indica que la disolucién de
las particulas de vancomicina situadas sobre la superficie de la muestra se realiza con mayor
velocidad facilitandose la liberacién y posterior disoluciéon de las particulas préoximas a la

superficie en un periodo de tiempo breve.

Las cantidades de ciprofloxacino liberadas a partir de las mezclas ternarias preparadas
con el cemento mds pososo (Lima CMT1®), son superiores a las cantidades de antibidtico
liberadas a partir de mezclas binarias (ciprofloxacino y cemento) (232% superior) [39]. Estas
diferencias permiten corroborar que el hecho de incorporar mas de un farmaco a las mezclas
con cemento 6seo suficientemente poroso potencia la velocidad de liberacién de ambos
farmacos. En este caso la vancomicina incorporada en la mezcla, favoreceria la formacién de un
mayor numero de poros y canales que facilitarian la entrada de agua en la matriz y la posterior
disolucién del ciprofloxacino que estd incluido en el interior de la misma. Por otra parte, la
liberacién de la vancomicina se produce a una velocidad elevada durante las primeras 24 horas
de ensayo. Sin embargo, a partir de este momento la elucién de este antibidtico cesa. Este hecho
puede ser debido al elevado peso molecular de este antibidtico, en relaciéon con el peso
molecular del ciprofloxacino (1485 Dalton vs. 368 Dalton), el cual no permite que el farmaco
atraviese los canales y poros que se forman, por lo que Unicamente se disolveria la vancomicina

adsorbida en la superficie.

Las cantidades de ciprofloxacino y vancomicina liberadas, asi como la velocidad de
liberacion de los farmacos es mayor para las mezclas elaboradas con el cemento Lima CMT1® y
Palacos®. Estos resultados son compatibles con la menor porosidad del cemento Simplex®

indicada por Stryker®, laboratorio fabricante del producto [40].
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Figura 5.- Velocidades de elucion de ciprofloxacino clorhidrato y vancomicina a partir de las mezclas ternarias

obtenidas con los tres cementos éseos estudiados.

Evaluacién de la liberacion de ciprofloxacino, ceftazidima y fluconazol

Las figuras 6 y 7 muestran la cantidad y la velocidad de liberacién de ciprofloxacino,
ceftazidimay fluconazol a partir de las mezclas formadas en la proporcion (antibidtico/cemento)
utilizada en profilaxis antibiética (1/40) y en tratamiento (4/40) (muestras K y L para
ciprofloxacino, M y N para ceftazidima y O y P para fluconazol). En estas se puede observar que
cuando el antibidtico se incorpora a las mezclas en mayor proporcidn se obtiene un mayor
porcentaje de farmaco liberado y una mayor velocidad de liberacién. En concreto, las cantidades
de antibiédtico liberadas a partir de las mezclas de antibidtico y cemento en la proporcion 4/40
incrementan un 453%, 569%, y 648% para ceftazidima, ciprofloxacino y fluconazol
respectivamente. Este incremento de la cantidad de farmaco liberado esta relacionado con el
peso molecular de la sustancia, siendo mayor cuanto menor es el peso molecular (ceftazidima:
632 Dalton, ciprofloxacino: 367 Dalton, fluconazol: 306 Dalton [41]). Los resultados obtenidos
confirman que la estructura de los cementos dseos de PMMA es de baja porosidad por lo que
los compuestos de bajo peso molecular difunden con mayor facilidad que los compuestos de

mayor peso molecular. Este hecho, ademas de poner de manifiesto la importancia del peso

30



molecular del antibidtico sobre la capacidad de elucién desde el cemento dseo, permite

disponer de un criterio objetivo para seleccionar el antibidtico que debe incorporarse a los

cementos éseos utilizados en cirugia ortopédica [42].
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Figura 6.- Cantidad de antibidtico liberada vs. tiempo. Los simbolos representan los valores medios: (-)

ciprofloxacino 1/40 -muestra K-; (®) ciprofloxacino 4/40 -muestra L-; () ceftazidima 1/40 -muestra M-; (m)

ceftazidima 4/40 -muestra N-; (A ) fluconazol 1/40 -muestra O-; (x) fluconazol 4/40 -muestra P-.
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Figura 7.- Velocidad de liberacién de antibidtico vs. tiempo. Los simbolos representan los valores medios: (-)

ciprofloxacino 1/40; (e) ciprofloxacino 4/40; (#) ceftazidima 1/40; (m) ceftazidima 4/40; ( A ) fluconazol 1/40; (x)

fluconazol 4/40.

La tabla 4 muestra el ajuste de los datos experimentales obtenidos con tres antibidticos

ensayados en las dos proporciones de mezcla (1/40 y 4/40) a las cinéticas de orden 0, Higuchiy

Korsmeyer-Peppas. El modelo de eleccidn en todos los casos fue el de Korsmeyer-Peppas, ya

que fue el que proporciond un valor AIC inferior. En todos los casos, las predicciones del modelo

son capaces de describir la tendencia de los datos experimentales. De acuerdo con el valor del

coeficiente n de la ecuacién Korsmeyer-Peppas obtenido (entre 0,242 y 0,254), el mecanismo

de liberacion del farmaco desde el cemento éseo se puede explicar mediante el proceso de



difusién de Fick en el que cantidad de antibiético liberada es proporcional a la cantidad farmaco

remanente en la matriz.

Tabla 4.- Valor de los parametros y AIC obtenidos tras el ajustado de los datos experimentales a los diferentes
modelos cinéticos. (RSE= error estandar; AlC=Akaike Information Criterion y k=constante de velocidad de liberacién

del antibidtico).

Ceftazidima Fluconazol Ciprofloxacino
Cinética Parametros 1/40 4/40 1/40 4/40 1/40 4/40
0.217 0.25 0.268 0.181 0.792
K (RSE%) 0.25(-)
Orden 0 (46%) (76%) (146%) (12%) (1%)
AIC 150.337 234.925 87.446 122.856 19.326 686.946
0.293 0.29 0.306 0.203
K (RSE%) 0.3 (34%) 1.23 (-)
Higuchi (54%) (228%) (93%) (11%)
AlC -326.798 | -335.355 -336.97 -280.941 | -621.623 | 183.267
0.402 0.384 0.372 0.396 0.252 1.76
K (RSE%)
(29%) (46%) (48%) (28%) (12%) (14%)
Korsmeyer-
0.244 0.254 0.251 0.242 0.264 0.255
Peppas n (RSE%)
(32%) (145%) (47%) (95%) (5%) (9%)
AIC -717.731 -783.737 -596.022 -594.455 -1050.93 178.611

Evaluacion de la bioactividad

1. Estudios de simulacion farmacocinética

Las cantidades de antibidtico liberadas desde los cementos determinadas en los
estudios in-vitro en combinacidn con los valores del aclaramiento local del farmaco, obtenidos
en el estudio observacional, y con los valores del volumen de liquido en el espacio articular,
tomados de la bibliografia, permitieron abordar el estudio de bioactividad mediante la

realizacion de un ejercicio de simulacién farmacocinética (figura 1).

La tabla 5 muestra el ajuste de los datos de volumen de exudado recogido durante las
72 horas post-intervencion. Puede observarse que solo se ha podido obtener la variabilidad de
los parametros para el modelo de orden 0. Por consiguiente, atendiendo a este hecho y al valor
del pardmetro estadistico AIC se selecciond la cinética de orden 0 para describir el aclaramiento

local del farmaco en el lugar del implante.
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Tabla 5.- Valores de los parametros y AIC obtenidos tras el ajustado de los datos experimentales a los diferentes
modelos cinéticos. (CV= coeficiente de variacion; AlC=Akaike Information Criterion y k=constante de velocidad del

antibidtico para cada cinética).

Aclaramiento a través del drenaje

Cinética Parametros Valores
ko (CV%) 2.00-107* (27.4%)
Orden0 | Cl, (CV%) 2.77 1072 (7.1%)
AIC -2963.25
kq (CV%) 1.30+1072 ()
Orden1 Cly (CV%) 3.01:1072(-)
AIC -2958.81

A continuacién, en la tabla 6, se muestra para cada muestra ensayada el porcentaje de
pacientes en los que la concentracion de antibidtico en biofase a las 72 horas post-intervencidn

alcanza valores superiores a la CMI frente a E. Coli, P. aeruginosa, S. epidermidis y S. aureus.

Tabla 6.- Porcentaje de pacientes cuya concentracion de farmaco en biofase a las 72h post-intervencidn es superior

a la CMI de cada uno de los microorganismos seleccionados.

Proporcion | E. Coli P. aeruginosa S. epidermidis S. aureus C. albicans
1/40 24 6 2 1 -
Ciprofloxacino

4/40 95 88 50 1 -

1/40 28 8 3 1 -
Ceftazidima

4/40 97 92 52 1 -

1/40 - - - - 53
Fluconazol

4/40 - - - - 99

La figura 8 muestra la evolucién de las concentraciones simuladas en biofase durante las

80 horas posteriores a la intervencion.
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Figura 8.- Concentracion de antibidtico simulada en biofase (eje de ordenadas) frente el tiempo post-intervencion
(eje de abscisas). Las CMI de los microorganismos seleccionados se marcan con lineas puntadas: CMI S.

aureus=32mg/L, CMI S. epidermidis=8mg/L, CMI E. Coli=2mg/L, CMI P. aeruginosa=4mg/Ly CMI C. albicans=1mg/L.

Como se aprecia en la figura 8, la concentracidn de antibidtico en biofase disminuye
hasta las 72 horas post-intervencién, momento en el que el drenaje externo se retira. A partir
de este momento, el drenaje local se reduce y en consecuencia aumenta la concentracion de
farmaco en el lugar del implante. Cabe destacar que durante las primeras horas post-
intervencién las concentraciones de antibidtico en biofase serian superiores a las CMI de los
microorganismos estudiados, a excepcién de S. aureus, en un porcentaje de pacientes superior
al 50% unicamente para las muestras que contienen la proporcidn antibiético/cemento 4/40.
De acuerdo con el ejercicio de simulacion realizado, la bioactividad de ciprofloxacino,
ceftazidima y fluconazol durante las 72 horas post-cirugia depende del microorganismo que
produzca la infeccion, la proporcién de antibidtico utilizado y especialmente el tiempo que

transcurre desde la cirugia. Unicamente en el caso del fluconazol, utilizado en la proporcién
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antibidtico/cemento 4/40, se mantendria la concentracion de farmaco en biofase por encima de

la CMI durante las 72 horas post-cirugia para la totalidad de los pacientes.

2. Estudios microbiolégicos

Con el fin de investigar el efecto antimicrobiano de las muestras cargadas con antibidtico
se llevé a cabo el recuento de UFC. Esta prueba permite la cuantificacién de las colonias
bacterianas viables tras la incubacién de las muestras en condiciones adecuadas. Unicamente
hubo crecimiento microbiano de P. aeruginosa (100.000 y 10.000 UFC proliferaron cuando se
utilizd ciprofloxacino 1/40 y 4/40 respectivamente; 1.000.000 y 100.000 UFC proliferaron
cuando se utilizé ceftazidima 1/40 y 4/40 respectivamente) y S epidermidis (10.000 UFC
proliferaron cuando se utilizé ciprofloxacino 1/40; 100.000 y 10.000 UFC proliferaron cuando se

utilizé ceftazidima 1/40 y 4/40 respectivamente).

Asimismo, se realizd la prueba de evaluacién del halo de inhibicién de crecimiento
bacteriano. La tabla 7 y la figura 9 muestran el halo de inhibicidn producido para cada uno de
los microorganismos seleccionados y cada antibidtico a partir de las muestras estudiadas. El halo
de inhibicion fue mayor para la proporcién antibidtico/cemento 4/40 (p<0,05) para todos los

microorganismos, excepto para P. aeruginosa.

El recuento de UFC y el resultado de los halos de inhibicion, mostraron algunas
diferencias. Por una parte, S. epidermidis mostré crecimiento cuando se cultivé en medio liquido
en ambas proporciones de ceftazidima/cemento y cuando se cultivd en medio liquido para la

proporcién de 1/40 de ciprofloxacino/cemento.

Por otra parte, ciprofloxacino y ceftazidima no fueron activos contra P. aeruginosa
cuando se usé medio de cultivo liquido, pero si lo fueron cuando se realizé la prueba del halo de
inhibicidn. Este hecho podria ser debido a las propiedades de P. aeruginosa, ya que este
microorganismo estd provisto de una capsula de alginato que es responsable de crear bio-
peliculas en determinadas superficies [43, 44]. Por esta razon, durante las primeras horas de
incubacién de la bacteria en medio liquido el microorganismo podria tapizar los poros del

cemento y con ello impedir la elucidn del antibiético.
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Tabla 7.- Halo de inhibicion expresado en milimetros (mm) obtenidos tras el cultivo en medio Mueller-Hinton

de las muestras ensayadas en placas Petri. R: resistente; DS: desviacion estandar.

Tiempo (dias)
Bacteria
1 2 3
S. aureus @ 36,0+0,7 35,0+3,5 30,010
+I
S. epidermidis | € | 24,010,7 15,041, R
1/40 £
° E. coli ;’ 50,0+1,4 46,04,2 42,012,2
= -]
3 Ps. aeruginosa g 45,0+0,7 35,0+0,7 38,0+3,5
x
(] [
S S. aureus :g 44,0410 39,0+2,1 31,0+2,1
S S
(&) S. epidermidis = 34,0¢1,4 30,0+2,1 26,00,7
4/40 £
E. coli $ |60,0£7,77 50,0+1,4  45,0+1,4
o
Ps. aeruginosa £ 53,0+1,4 40,0%0,7 39,010
S. aureus @ 22,010 18,5+4,9 R
+
S. epidermidis E R R R
1/40 £
E. coli ° 40,5+3,5 37,0%1,4 35,5+0,7
© ]
% Ps. aeruginosa | 2 | 43,5:0,7 355%0,7  32,0¢4,2
‘N c
8 S. aureus S | 33,060 29,0¢14 27,5¢0,7
9 o
© S. epidermidis = 31,0£0,7 20,0%0,7 23,010
4/40 £
E. coli % 48,0+3,5 42,0+1,4 38,0+1,4
]
Ps. aeruginosa ] 47,0+1,4 38,5%4,9 39,5+0,7
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Figura 9.- Halo de inhibicién de crecimiento bacteriano obtenido tras el cultivo de las muestras que contienen
fluconazol 1/40 a las 24, 48 y 72 horas respectivamente (A, By C) y fluconazol 4/40 a las 24, 48 y 72 horas

respectivamente (D, Ey F).

Disefio y evaluacion de una nueva forma farmacéutica.

1. Evaluacion de la liberacién de antibiético a partir de las Idminas e hidrogeles

Las laminas ensayadas (1-16) (tabla 2) mostraron una liberacién de antibidtico
instantanea, independientemente de la proporcion de polimero (quitosano), agente
acidificante, antibiético o proporciéon de antibidtico utilizados. También mostraron una
liberacion inmediata de farmaco las laminas 17-20 (tabla 2), que contienen gelatina de tipo B.

Estos resultados motivaron estudiar la inlcusion de THPC en las muestras.
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La figura 10 muestra la cantidad de ciprofloxacino liberada en funcién del tiempo a partir
de las [dminas 21, 22 y 23 que contienen un 12% de THPC. Al analizar la cantidad de antibiético
liberada en funcién de la carga antibidtica de las muestras, se observa que al aumentar la carga
de ciprofloxacino (muestras con 0,5 mg/cm?, 1 mg/cm? y 2 mg/cm?) se produce una mayor
liberacion de antibidtico a los 6 dias; no obstante, el incremento en la cantidad liberada no es
proporcional a la carga de las ldminas (cantidad liberada a partir de las muestras que contiene
THPC 12% es de 1,78 mg, 2,59 mg y 3,18 mg para laminas cargadas con antibiético con 0,5
mg/cm?, 1 mg/cm? y 2 mg/cm?, respectivamente). Esta ausencia de proporcionalidad podria
atribuirse a que el reticulante se uniera con los grupos amina presentes en el ciprofloxacino y
de esta manera, un incremento en la cantidad de ciprofloxacino favoreceria la unién del
reticulante con el farmaco y en consecuencia se reduciria la reticulacién efectiva del agente

reticulante (unién de los grupos hidroximetilo del THPC con los grupos amina del quitosano).

0,5 mg/cm?2
1 mg/cm2
2 mg/cm2

Cantidad de ciprofloxacino liberada (mg)
N

0 50 100 150 200

Tiempo (horas)

Figura 10.- Cantidad de ciprofloxacino liberado vs. tiempo a partir de las laminas estudiadas (muestras 21, 22 y 23)

con 12% de THPC en funcidn de la carga de antibidtico: 0.5, 1y 2 mg/cm?

Debido a que tras la adicidn del agente reticulante las propiedades organolépticas de las
muestras fueron éptimas el estudio se continud utilizando la formulacién en forma de hidrogel.
Para ello, se seleccioné la mayor carga antibidtica de 2 mg/cm? con el objetivo de asegurar una
correcta bioactividad. La influencia del agente reticulante sobre la liberacion del antibidtico a
partir de los hidrogeles se puede observar en las figuras 11 y 12 en las que se representa el

porcentaje de ciprofloxacino liberado frente al tiempo de toma de muestra y la cantidad de
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antibidtico liberada a los 6 dias a partir de los hidrogeles que contienen una concentracion de
ciprofloxacino de 2mg/cm? en funcidn de la proporcién de reticulante que contiene la muestra
(muestras 24, 25 y 26). Los resultados obtenidos indican que al aumentar el porcentaje del
agente reticulante se reduce la cantidad de ciprofloxacino liberada de forma que la liberacién
de antibidtico se reduce en aproximadamente un 30% al duplicar la cantidad del agente

reticulante (paso del 12 al 24% de THPC, o de 24 a 36% de THPC).
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Figura 11.- Porcentaje de ciprofloxacino liberado vs. tiempo a partir de los hidrogeles que contienen 2mg/cm? de

antibitico: (®) THPC 12%; ( A ) THPC 24% y (=) THPC 36%.
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Figura 12.- Cantidad de ciprofloxacino liberada a partir de las laminas que contienen 2 mg/cm? de antibidtico vs.
porcentaje de reticulante (THPC) que contiene la muestra. La medida corresponde a los 6 dias. Asimismo, se indica
el porcentaje de reduccién de la cantidad de farmaco liberado entre las muestras evaluadas. *: diferencias

estadisticamente significativas (p<0,05).

2. Evaluacién de la bioactividad

El modelo propuesto para explicar la bioactividad local fue el expuesto en el apartado
de material y métodos. La figura 13 muestra las concentraciones simuladas en el espacio
articular durante las primeras 96 horas de las muestras 24, 25y 26. Al igual que ocurria con los
cementos dseos, la concentracion en espacio articular disminuye hasta las 72 horas, momento
en el cudl se retira el redon. En este caso, para cualquier proporcidon de reticulante, las
concentraciones alcanzadas en biofase son muy superiores a las CMI de los microorganismo que

mas frecuentemente causan infeccidn, por lo que garantizaria una eficacia adecuada.

40



THPC 12%

Ttl-iPC 12%
- 200 Predictions
2 150 - -
2 100 - -
$)
50 N
0 20 40 60 80
Time (hr)
THPC 24%
l * TlilPC 24% 1
- 200 7 Predictions
D
2 150 - -
2 100 - -
3
50 N
0 20 40 60 80
Time (hr)
THPC 36%
I I T}I-IPC 36% 1
- 200 7 Predictions
2 150 - -
2 100 - -
3
50 N
0 20 40 60 80
Time (hr)

Figura 13.- Concentracién de antibioticos simulada en el espacio articular para los hidrogeles que contienen

2mg/cm2 de antibidtico con THPC 12%, THPC 24% o THPC 36%.

Los resultados expuestos indican que esta forma farmaceutica seria util en la prevencién
de infecciones osteoarticulares. En estos casos, en los que los tres primeros dias existe un gran
volumen de drenaje a través del reddn, las altas velocidades de liberacidén durante las primeras
horas, proporcionarian una adecuada bioactividad eficaces contra los patégenos mas comunes.
Ademas, debido a su caracter biodegradable, la forma farmaceutica se implantaria en campo

abierto durante la artroplastia y no seria necesario su retirada.
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3. Pruebas de citocompatibilidad

La figura 14 muestra la viabilidad de los fibroblastos de ratén (NIH3T3) cultivados en
presencia de las muestras ensayadas (muestras 24, 25 y 26). Los resultados obtenidos en este
ensayo indican que tras 24 horas de incubacion, la viabilidad de las células supera el 50%, para
las tres concentraciones de reticulante, cuando la muestra se siembra en diluciones superiores
a 1/5 (25 y 50 pL). Sin embargo, tras 48 horas de incubacién, la viabilidad celular solo supera el
50% en la dilucidn 1/10. Estos resultados se deben interpretar con cautela, ya que se debe
considerar la elevada dispersiéon de los datos, la densidad de fibroblastos en el lugar de
aplicacion de la forma farmacéutica in vivo probablemente sea mayor y, ademds, acompafiada
del drenaje correspondiente a la circulaciéon sanguinea, minimizaria el efecto citotdxico del
reticulante evaluado. No obstante, para continuar esta linea de trabajo, encaminada a disefiar
una forma de administracion de liberacién local de antibidticos en cirugia ortopédica, se deberia
en primer lugar optimizar la cantidad de reticulante que deberia incorporarse, ya que esta
deberia ser la minima tras confirmar que se mantiene una liberacién adecuada del farmaco en
el lugar de administracién. Los resultados obtenidos, indican que el reticulante utilizado en este
estudio es citocompatible con fibroblastos de raton NIH3T3 durante 48 horas si se utilizan un
12% del mismo para la reticulacidon del polimero. Una mayor cantidad de reticulante podria
producir un deterioro de la funcidn celular atribuible, tal como han indicado otros autores, a la
formacién de enlaces covalentes entre los grupos amina libre situados en la superficie celular y

el agente reticulante THPC [24].

180
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80
1 Il
40 > 3
20 b
0

o Control 12% 24% 36% Control 12% 24% 36%

Porcentaje de viabilidad (%)

H p<0.001
F=— p<0.01
e
F- p<0.001
H p<0.001
- p<0.001
H p<0.001

B ip<0.01
B p<0.001
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W 25 pl (1/10) 50 pL (1/5) 75 plL (1/3)

Figura 14.- Ensayo de viabilidad celular (MTT) tras 24 y 48 horas de incubacion en presencia de hidrogel de

quitosano que contiene agente reticulante (THPC) al 12%, 24% y 36%.
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Conclusiones

El trabajo desarrollado ha permitido obtener las siguientes conclusiones.

1.

La liberacién de antibiéticos desde las mezclas farmaco-cemento poliacrilico estudiados
se produce de forma bifasica. La primera fase, de alta velocidad de elucién, puede
atribuirse a la disolucién de las particulas de antibidtico adsorbidas a la superficie; la
segunda fase, de una velocidad inferior, a la difusidn del antibiético desde el interior del
cemento 6seo hasta el medio.

La inclusidn de ciprofloxacino en forma de base en el cemento dseo Lima CMT1®,
proporciona una cantidad de farmaco eluido de un 35% respecto a la obtenida cuando
el antibidtico se incorpora al cemento en forma de clorhidrato.

El mezclado mecdnico asegura una menor variabilidad inter-lote y las mismas
cantidades de antibidtico liberadas que las obtenidas con las mezclas elaboradas de
forma manual. El cemento empleado condiciona la cantidad liberada, en el caso del
ciprofloxacino, el cemento Simplex® libera con una velocidad inferior que los cementos
Palacos® y Lima®.

La cantidad de ciprofloxacino liberada a partir de las mezclas con Lima CMT1® vy
vancomicina es superior a la que se obtiene a partir de las mezclas formadas por este
mismo cementos dseo y ciprofloxacino, ya que la presencia de un segundo antibidtico
en la muestra puede favorecer la formacién de mayor nimero de poros y canales que
facilitan la cesidon de antibidtico al medio.

Los cementos dseos son sistemas adecuados para incorporar ciprofloxacino, ceftazidima
y fluconazol en las proporciones utilizadas para profilaxis (1/40) y tratamiento (4/40). La
bioactividad durante las 72 h post intervenciéon quirdrgica de las mezclas esta
condicionada por la concentracidn minima inhibitoria del microorganismo causante de
la infeccidén. Sin embargo, transcurrido este periodo de tiempo la concentracion de
antibiético en biofase aumenta y es probable que supere la concentracion minima
inhibitoria en la totalidad de los pacientes.

Las laminas poliméricas, tanto las elaboradas con el biopolimero quitosano como las
elaboradas con las mezclas de quitosano y gelatina, proporcionan una liberaciéon
instantanea del antibidtico. Sin embargo, cuando se sustituye gelatina por cloruro de

tetrakis (hidroximetil) fosfonio, la liberacién del farmaco se realiza de forma sostenida

43



durante al menos seis dias. No obstante, las caracteristicas organolépticas de estos
sistemas no fueron satisfactorias.

Los hidrogeles formulados con la mezcla de quitosano y cloruro de tetrakis (hidroximetil)
fosfonio proporcionan una liberacidn sostenida de ciprofloxacino durante 6 dias. Los
hidrogeles reticulados con un 12% de cloruro de tetrakis (hidroximetil) fosfonio
mantinen la viabilidad celular de fibroblastos de ratén durante 48 horas de ensayo y
proporcionarian una adecuada bioactividad durante las primeras 96 horas frente a los

patdgenos mas frecuentes.
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ABSTRACT

One of its most serious complications of arthroplasty is associated with the development
of infections, although its prevalence is between 0.5%-3%, in some cases can lead to death.
Therefore, an important challenge in joint surgery is the prevention of infections when an
arthroplasty is performed. The use of antibiotic-loaded cements could be a suitable tool due to
its numerous advantages; the main advantage of the use of antibiotic loaded into bone cement
derives directly from antibiotic release in the effect-site, allowing to achieving high
concentrations at the site of action, and minimal or no systemic toxicity. This route of
administration was first described by Buchholz and Engelbrecht. In the case of infection
treatment, this method is an established method and its good results are confirmed. However,
its role in infection prevention, and therefore the use of these systems in clinical practice, has
proved controversial because of the uncertainty about the development of possible antibiotic
resistance after prolonged exposure time, the effectiveness, cost of these systems, toxicity and
loosening of mechanical properties. This review discusses all these topics, focusing on
effectiveness and safety, antibiotic decision, cement type, mixing method, release kinetics and
future perspectives. The final objective is to provide the orthopaedic surgeons right information

in their clinical practice based on current evidence.

Keywords: Bone cement, arthroplasty, antibiotic, elution kinetics, orthopaedics, bioactivity.
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INTRODUCTION

Total joint replacement is one of the most common and successful orthopaedic
operations. The replacement is performed when there is irreversible damage in the joint, and in
general, it is recommended in the elderly, in which bearable of the prosthesis is much smaller
due to its low physical activity, reducing the possibility of failure. One of its most serious
complications is associated with the development of infections, although its prevalence is
between 0.5% and 3% (1), which in some cases can lead to death. In these cases, it is required
high dose of antibiotics to reach effective concentrations at the implantation site. Nevertheless,
high dose of antibiotics could cause toxicity. To prevent the genesis of complications associated
to the development of infections, the inclusion of antibiotics into the bone cement intended for
mechanical attachment of the prosthesis to bone tissue has been suggested. The main
advantage of this use of antibiotics derives directly from antibiotic release in the effect-site,
allowing to achieving high concentrations at the site of action, and minimal or no systemic
toxicity (2, 3). Currently, polymethylmethacrylate (PMMA) is the most widely used bone cement
material for loading antibiotics and represents the current standard as an antibiotic delivery

vehicle in orthopaedic surgery.

This route of administration was first described by Buchholz and Engelbrecht (4).
However, its role in infection prevention, and therefore the use of these systems in clinical
practice, has proved controversial because of the uncertainty about the development of possible
antibiotic resistance after prolonged exposure time, the effectiveness, cost of these systems,
toxicity and loosening of mechanical properties (5-9). These aspects are reviewed in this

document.

METHOD

A systematic review of the available literature was performed using the keyword terms
“antibiotic loaded bone cement” and “arthroplasty”; there was no limit on the year of
publication. The search was limited to English papers. The following databases were accessed
on 9th June 2016: PubMed (http://www.ncbi.nlm.nih.gov/sites/entrez/). In order to be
considered eligible for inclusion, studies needed to focused on the prophylaxis of infection.
Studies were excluded if: (1) outcomes of antibiotic-loaded bone cements (ALBC) use in primary
TKA were not reported; (2) it was impossible to extrapolate or calculate the necessary data from

the published results.
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EVIDENCE OF EFFECTIVENESS AND SAFETY

The review of Kynaston-Pearson et al. shows that 8% of all primary hip replacement
prosthesis implanted in 2011 and recorded by the National Joint Registry (NJR) had no readily
available evidence relating to their safety or effectiveness (10). This has led to further research
in this field. Nevertheless, it is very difficult because there is a high number of cement brands
and prosthesis brands; for example, in UK in 1996 there were 62 components in the market and
in 2011 there were 265 different implants (11). This fact added to the low number of patients

included in the studies, makes that the studies cannot provide sufficient evidence.

The Food and Drug Administration (FDA) in 2003 authorized antibiotic-loaded into bone
cement for second-stage reimplantation after infected arthroplasties. In contrast, the use of
these delivery vehicles for prophylaxis in prosthesis surgery is an off-label use (12). Nevertheless,
the use of antibiotic loaded bone cement is recommended by most authors for joint arthroplasty
revisions and in primary implants, which are at higher risk of infection (7). Live audience polling
at the 2009 American Association of Hip and Knee Surgeons Annual Meeting demonstrated that
37% of surgeons in attendance “always” used antibiotic loaded into bone cement for routine
primary total knee arthroplasty, while 45% used it on a more selective basis for high-risk patients
(13). In the United States, off-label use of antibiotic-impregnated polymethylmethacrylate for
primary joint replacement is increasing and multiple antibiotic-containing
polymethylmethacrylate products are commercially available. However, the use of antibiotic
loaded bone cement in primary arthroplasty is controversial because its inclusion can reduce

the mechanical properties of the cement and its uses would produce bacteria resistance.

Currently, a few clinical assays evaluate the efficacy of antibiotic loaded cement in
primary revision arthroplasty; there are only two meta-analysis that evaluate their efficacy

(Table 1).
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Table 1.- Summary of meta-analysis results.

No of studies Superficial infection rate Deep infection rate
References | included (no of

prosthesis) RR IC (95%) RR IC (95%)

Parvizi et 6 studies

- -- . .34-0.7

al. (8) (24,661) 0.55 0.34-0.75

Wang et 8 studies
al. (9) (6,381) 1.47 1.13-1.91 0.41 0.17-0.97

1. Parvizi et al.(14) evaluated the efficacy of gentamicin loaded cement in primary revision
arthroplasty. A total of 21,444 knees arthroplasties impregnates with gentamicin or not
were evaluated. Only one of the six studies evaluated by the authors reached the
statistical significance in prophylaxis of infection. This paper concluded that the
antibiotic loaded cement reduced about 50% the deep infection rate (from 2.3% to 1.3%
when antibiotic loaded cement was used) with statistical significance in favour of
antibiotic loaded into bone cement.

2. Wang et al. (15), evaluated the deep and superficial infection rate when antibiotic was
incorporated into bone cements (3 studies with gentamicin included into Palacos, 1 with
tobramycin included into Simplex P, 1 with cefuroxime included into Simplex P, 1 with
erythromycin and colistine included into Simplex P and 2 with cefuroxime included into
CMW) in primary revision arthroplasty. In this study, the authors stated that the meta-
analysis reported by Parvizi et al. included some nonrandomized studies and their
results should thus be treated with caution. Therefore, the inclusion criteria applied by
Wang et al. were more restrictive and evaluated a total of 6,381 arthroplasties. The
authors found statistically significant differences in deep infection rate but not in
superficial infection rate. However, there were no statistically significant differences in
aseptic loosening of prostheses (noninfectious loosening is defined as normal
erythrocyte sedimentation rate, no pain and bacteriologic cultures to be negative)
neither in clinical objectives (articular function evaluation).

In summary, attending to both meta-analysis results it can be considered that the
antibiotic loaded bone cement would provide clinical profit in primary surgery, as prophylaxis,

in order to prevent deep infection.
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ANTIBIOTIC DECISION

Dose of Antibiotic

The dose of antibiotic to be used in arthroplasty is not completely established, it
depends if it is going to be used as treatment or prophylaxis. In most cases, it appears that the
dose is set according to its influence on the mechanical properties of the cement, rather than to
its therapeutic efficacy. It is established that to pursuit therapeutic treatment, it is usually
recommended to add 3.6 g of antibiotic to 40 g of acrylic cement in order to guarantee the
correct drug levels (16, 17). Conversely, for a prophylactic effect, it appears to be sufficient with
low dose of antibiotic. In this case it is recommended to use 1 g of antibiotic per 40 g of cement;
the lower proportion of antibiotic is less likely to alter the mechanical properties of the cement

(18).

Characteristics of the Antibiotic
Experience has shown that not all antibiotics satisfy the properties required to be
incorporated into bone cements. At the moment, it is known that antibiotic election has to

satisfy some criteria:

1. Stability at high temperature. The polymerization of PMMA increases the temperature
of the cement mixture to 602C-802C (19). Furthermore, it should be ensured that the
degradation products, derivate of high temperature exposure, are not toxic drugs.

2. Different authors have reported that the inclusion of liquid antibiotic shows higher
amount of antibiotic eluted but a loosening of the mechanical properties (this cements
do not satisfy the ISO normative 5833 -Annex E-) (20, 21). In this way, the antibiotic
included in bone cement must be in solid form. Nevertheless, the mechanical properties
influenced by each antibiotic in solid form must be studied in order to guarantee that
the corresponding ISO normative is accomplished.

3. The antibiotic must be effective against most frequently microorganism that cause
infection  (wide antibacterial spectrum), specifically, = methicillin-resistant
Staphylococcus aureus (MRSA) (22) and gram negative aerobic bacillus (23).

4. Antibiotic elution from bone cement depends on the penetration of the surrounding
media into the cement matrix, which is dictated by the wettability of the polymer, by
the number and size of the pores in it and by antibiotic solubility (24). Then antibiotics

are required high solubility in water (19).
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5. Although antibiotic doses (1 g of antibiotic per 40 g of cement) are established to
preserve mechanical integrity, the antibiotic doses are not equipotent. Thus, it is not the
same 1 g of gentamicin (habitual intravenous dose is 240 mg /24 hours) with that 1 g of
amoxicillin (common intravenous dose is 3000 mg/24 hours). For these reason another
feature for the antibiotic inclusion is that it has to be effective at low doses.

However, the antibiotic elution requirements are unknown to date.

Single Antibiotic Incorporation

The most commonly mixed antibiotics are gentamicin, tobramycin, vancomycin and
clindamycin. These antibiotics satisfy the commented criteria and are found on the market, such
as ready-mixed. The two antibiotics ready-mixed more used are gentamicin and vancomycin.
Ferraris et al. compared the commercial antibiotic-loaded bone cement (Palacos R + G®) and
manually mixed (Palacos R® and Palacos LV® added with gentamicin) evaluating their
antibacterial behavior based on inhibition zones. They concluded that commercial formulation
produces an inhibition zone that is a bit larger (23% greater, P<0.05) and more regular than the
manually mixed preparation. They attributed the differences to the lack of use of vacuum mixing
techniques in manual mixtures (25). A limitation of this study is that the antibiotic powder
employed in manual mixing is a commercial gentamicin sulphate, which is a mix of different
substances; this limitation is present in many studies. Therefore it can be concluded that the
manual addition of commercial antibiotics to PMMA-based bone cement produces inhibition
zones that are moderately smaller and more irregular compared to commercial formulations of

the same antibiotic-loaded bone cements.

Other antibiotics, under research, that have been mixed by some authors are

ciprofloxacin (26), cefazolin (27), moxifloxacin (28), amoxicillin clavulanate (28) (table 2).
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Table 2.- Summary of clinical studies of antibiotic into bone cement. N/S= unknown; ND=no differences; (1).- Axial

Compression testing.

Antibiotic in -
. Percentage S Mechanica
Study Mixture cem:g;)(per Cement type released (time) Bioactivity I properties
Ferraris et al. ) Gentamicin -
2010 (25) Pre-mixed 05g Palacos R® N/S Inh zone= 8.1 mm N/S
Gentamicin Palacos R + _
Manual 05g G® N/S Inh zone=10.0 mm N/S
Neut et al. 2010 Pre-mixed Gentamicin Refobacin 8.6 +0.6% N/S
(49) 059 Palacos R (168 h)
. Refobacin
Gentamicin 12.2 £ 0.8%
05g Bone Cement (168 h) ’ A gentamicin-sensitive bacterium N/S
R did not survive. Survival was
palacos independent of the level of burst
Gentamicin 125+ 3.6% release by the bone cement.
059 (168 h) N/
’ R+G
Gentamicin SmartSet 3.6 £0.4% N/S
059 GHV (168 h)
Martinez- Ciprofloxacin
Moreno et al. Manual hydrochloride Simplex® 2'650/?])(1344 N/S
2015 (26) (19)
Lima® 2.420/?] )(1344 N/S
3.50% (1344 The concentrations of
B (1]
Palacos® h) ciprofloxacin reachable in the N/S
implant would be higher than 0.1
Ciprofloxacin Lima® 0.75% (1344 . . NS
base (1 g) h) ug/mL in 100% of patients,
. ) decreasing the coverage when
Ciprofloxacin 2.85% (1344
Vacuum hydrochloride Simplex® ' h) higher concentrations are need. N/S
(19)
Lima® 5.40% (1344 N/S
h)
Palacos® 4'630/%(1344 N/S
Paz E.etal Vaconmycin 0
2015 (27) Vacuum (19) Palacos® 8.58% (672 h) N/S ND
Vac‘(’fg‘)yc'“ Palacos®  2.89% (672 h) N/S ND
Cefazolin (1 palacos® 27.14% (672 N/S ND
9 h)
Galvez-Lopez R. Vancomycin 31.32% (720
etal 2014 (28) Manually (1g) CMW® h) N/S 586.2 mPa
i 0,
Gentamycin CMW® 13.31% (720 NS 166.27
(19 h) mPa
Moxifloxaci 50.40% (720
CMW® N/S 383 mPa
n(lg) h)
Rifampicin 41.24% (720
CMW® N/S 42 mPa
(19 h)
i 0,
Daptomycin CMW® 17.09% (720 NS 78.5 mPa
(19 h)
0,
Ertapenem CMW® 22.54% (720 NS 121 mPa
(19 h)
0,
Mer&pge)”em CMW® 27'24h/;’ (120 N/S 342 mPa

58



Cefotaxime 26.50% (720

CMW® N/S 75.82 mPa
(19) h)
Am(’i'gc)”'” CMW®  0.99% (720 h) N/S N/S
Cefe%')me a CMW®  1.49% (720 h) N/S 144 mPa
Hsu et al 2014 Daptomycn Osteobond 112.39
(29) Manual (059) ® 9.59% All bone cements of the three mPa
daptomycin preparations (low, mid,
Daptomycn Osteobond 15.25% and high) produced detectable 112.97
(19 ® ’ bacterial inhibition on day 1. mPa
However, growth inhibition for all
Daptomycn Osteobond 20.64% groups rapidly declined from day 2. 112.97
(29) ® ) mPa
. Smart Set
Snir e(t;g)' 2013 Manual - GHV ® and - - 2285 N (1)
CMW1®
. . Smart Set MRSA MIC=0.625 mcg/mL
Manual L'”ez")"d @ GHv®and N/S 2552 N (1)
g CMW1® S. epidermidis MIC=0.312 mcg/mL
. Smart Set MRSA MIC=1.25 mcg/mL
Va”ffm)y““ GHV ® and N/S 2344 N (1)
g CMW1® S. epidermidis MIC=1.25 mcg/mL
" Smart Set MRSA MIC=0.1 mcg/mL
Ge”(tlag'c'” GHV ® and N/S 2301 N (1)
CMW1® S. epidermidis MIC=7.81 mcg/mL
L'”ez)oi'd @ Smart set MRSA MIC=0.625 mcg/mL
Vangom s GHV®and N/S 2480 N (4)
a g)y CMW1® S. epidermidis MIC=0.312 mcg/mL
L'”ez)oi'd @ Smart set MRSA MIC=0.625 mcg/mL
Gen%amicin GHV ® and N/S 2513 N (1)
(1g) CMWI1® S. epidermidis M1C=0.312 mcg/mL
Van de Belt et Gentamicin 3.52% (168 h Reduction on biofilm formation
al. 2001 (18) Manual 19 CMW1® ( ) only before 6 h N/S
3.16% (168 h Reduction on biofilm formation
CMW3® b ) from24to72h N/S
cMw 3.40% (168 h) Reduction on biofilm formation N/S
Endurance® only after 48-72 h
CMW2000 2 649 (168 h) Reduction on biofilm formation N/S
® only after 48-72 h
Gentamicin 3.43% (168 h Reduction on biofilm formation
(0.82 g) Palacos® ( ) only before 6 hours N/S
6.86% (168 h Reduction on biofilm formation
Palamed® ( ) only after 48-72 h N/S
Cerretani et Vancomycin o
21,2002 (48) Manual 29 CMW1 2.00% (840 h) N/S N/S
Va”fzog‘)yc'” SimplexP  1.69% (840 h) N/S N/S
Va”fzog‘)yc'” Palacos-R  1.94% (840 h) N/S N/S
Vancomycin
@29+
Imipenem- CMW1 2.61% (840 h) N/S N/S
cilastatin (2
9
vancomyein - ionlex P 2.54% (840 h) N/S N/S
@29+
Imipenem-
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cilastatin
(29)

Vancomycin
(20) +
Imipenem- Palacos-R 2.91% (840 h) N/S N/S
cilastatin

(29)

Our research team, examined ciprofloxacin release from three trademarks of bone
cements (Simplex®, Lima® and Palacos®) and its bioactivity using as variables, the mixing
method, the chemical form of the antibiotic and the antibiotic combination. The antibiotic
amount released in base form represents 35% of antibiotic amount released when
hydrochloride form is incorporated. Moreover, the combination (vancomycin and ciprofloxacin)
shows a stronger release (132%) than hydrochloride ciprofloxacin alone. Three cements tested
show equal drug release profile (P > 0.05). A bioactivity simulation exercise showed that until 72
hours post-surgery, ciprofloxacin concentrations in the implant would be higher than 0.1 pg/mL
in 100% of the patients. The limitations of this study is that no bending nor modulus strengths

were calculated and the bioactivity was evaluated by means of a simulation exercise (26).

Paz E. et al studied the inclusion of vancomycin or cefazolin at prophylaxis doses (1 g of
antibiotic per 40 g of bone cement) into bone cement Palacos R+G®; vancomycin and cefazolin
release, fluid absorption, and mechanical properties were evaluated under physiological
conditions. Cefazolin at 672 hours showed higher release (227.28 +23.91 pg/mL) compared to
vancomycin (71.86 * 25.34 ug/mL) (P<0.01). However, the differences in release between both
antibiotics was not so marked during the first 24 hours, being 44.26 + 3.37 pg/mL and 32.46 +
9.70 ug/mL for cefazolin and vancomycin respectively (P=0.281). The compressive strength of
cements added of the two antibiotics without aging and after aging for 1 month in phosphate
buffered saline (PBS) at 372C was calculated. All cements without aging showed no statically
significant difference to the control cement (P>0.01). However cefazolin aged in PBS at 379C
experienced significant reductions in compressive properties (P<0.01). The limitation of this
study is that there is no data about bioactivity and therefore it cannot be assessed whether the

differences are clinically significant (27).

Galvez-Lépez et al. evaluated different ALBC for elution kinetics, thermal stability, and
mechanical properties. A 10% or 20% mixture (w/w) beads of medium viscosity bone cement
(DePuy®) and vancomycin, gentamycin, daptomycin, moxifloxacin, rifampicin, cefotaxime,

cefepime, ampicillin, meropenem, and ertapenem were evaluated. Elution kinetic profiles of all
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antibiotics tested, with the exception of ampicillin and cefepime, demonstrated a triphasic
pattern of release with a progressive increase in the first 24 h followed by a rapid decrease and
a final phase with a low and steady decline through the rest of the experiment. In this general
triphasic behavior, 3 particular behaviors of elution were identified depending on the antibiotics
tested. Vancomycin, gentamycin, moxifloxacin, and rifampicin, loaded at 10% (w/w),
demonstrated constant elution kinetics through the 30-day duration of the experiment.
Daptomycin, meropenem, ertapenem, and cefotaxim although also having the triphasic pattern,
showed a lower peak and a faster decrease of elution between days 3 and 30, but eluted
concentrations remained above the minimum inhibitory concentration (MIC) of susceptible
organisms, according to EUCAST clinical breakpoints. Finally, ampicillin and cefepime showed
minimal elution with eluted concentrations being almost undetectable at day 4 and always
below the MICs of susceptible organisms, according to European Committee on Antimicrobial
Susceptibility Testing (EUCAST) clinical breakpoints. The percentage eluted from each ALBC is
shown in table 2. Presence of antibiotics did not affect the strength of ALBC with mean
compression values greater than 70 mPa, except for rifampicin -loaded bone cement, for which
the compression strength did not exceed 42.9 mPa (28). The limitation of this study is the
measurement of antimicrobial properties; at the antibacterial activity was only measured at 30

minutes from the beginning of the assay.

Hsu et al. incorporated 0.5, 1 and 2 g of daptomicin (Cubicin®, the commercial antibiotic,
that has more than 90% of pure antibiotic) per 40 g of PMMA,; in this study, the authors showed
that the mechanical strength is not compromised by daptomicin at any concentration, because
all samples had a compressive strength higher than 100 MPa. The percentage of daptomcin
eluted during 2 weeks was 9.59% * 0.85%, 15.25% * 0.69%, and 20.64% * 20.33% from 0.5, 1
and 2 g of daptomicin, respectively. The bioactivity of the cements was also confirmed including
MSSA, MRSA, S. Epidermidis, E. Faecalis, and E. Faecium. The authors concluded that the
inclusion of commercial daptomycin at low dose in bone cement was satisfactory; both

bioactivity and resistance tests were adequate (29).

Snir et al. studied 1 g of linezolid, vancomycin or gentamicin per 40 g included into
PMMA (Smart Set GHV® and CMW1°®). There were no differences between brands cements. The
study showed that linezolid shows a minimum inhibitory concentration (MIC) of 0.625, 0.312, 1,
250 and 250 mcg/mL to Methicillin-resistant Staphylococcus aureus (MRSA), S. epidermidis, VRE
(vancomycin-resistant enterococci), E. Coli and K. pneumoniae respectively. Vancomycin shows
a MIC of 1.25, 1.25, 0.4, 125 and 125 mcg/mL to MRSA, S. epidermidis, VRE (vancomycin-

resistant enterococci), E. Coli and K. pneumoniae respectively. Finally gentamicin shows a MIC
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of 0.1, 7.81, 23.43, 1 and 0.625mcg/mL to MRSA, S. epidermidis, VRE (vancomycin-resistant
enterococci), E. Coli and K. pneumoniae respectively. Table 3 shows the growth inhibitory time

(GIT) of beads impregnated with antibiotics.

Table 3.- Growth inhibitory time of beads impregnated with antibiotics.

Antibiotic MRSA S VRE K- E coli
epidermidis pneumoniae

Linezolid 21+0.75° 29+0.52 15+4.6% Resistant Resistant
Gentamicin Resistant 5+1.7 Resistant 10+1.73 16+2
Vancomycin 8+0.5 19+1.9 Resistant Resistant Resistant

Linezolid+ b b b

gentamicin >45 38+0.95 32 >45 40£0.5
L'”ezr?q';‘iiir:’a”w 31£10° >45¢ 17+1.15 Resistant Resistant

MRSA, methicillin-resistant Staphylococcus aureus; VRE, vancomycin-resistant enterococci.
2, These values are significantly longer (P,.01) compared with those of vancomycin for respective bacteria.
b, These values are significantly longer (P,.01) compared with those of vancomycin, linezolid, or gentamicin alone for respective bacteria.

¢, These values are significantly longer (P,.01) compared with those of either vancomycin or linezolid alone for respective bacteria.

In conclusion, the authors showed that the GIT of linezolid was significantly longer than
that of vancomycin and gentamicin for MRSA and S epidermidis. Axial compression test was
performed to verify if the mechanical strength of PMMA was compromised because of the
addition of antibiotics. The results revealed no reduction in the mechanical strength of PMMA
beads (P>0.2) with the concentration of antibiotics used in this study (maximum 5%
weight/weight antibiotic per PMMA packet). Both types of cements maintained similar
mechanical properties. With this study, it can be said that linezolid is more effective than
gentamicin and vancomycin against MRSA and S. epidermidis. Table 2 shows that the
combination gentamicin plus linezolid or vancomycin plus linezolid, do not provide a greater
bactericidal potency. It can be concluded that PMMA impregnated with linezolid has the
potential to be efficacious in the prevention and treatment of bone and joint infections (30).
Anguita-Alonso et al. (31) found that linezolid used at 3 different concentrations (2.5%, 5%, and
7.5% weight/weight) maintained excellent stability and elution after PMMA polymerization in
vitro. The PMMA used was Simplex P® in the form of beads, and the indicator microorganism
was Bacillus subtilis. They also reported that compared with other antibiotics (ie, cefazolin,
ciprofloxacin, gatifloxacin, levofloxacin, and rifampicin), the elution of linezolid from PMMA was

less affected by impregnated antibiotic concentration.
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Another important aspect related with the antibiotic loaded into bone cement is if the
exposure to antibiotic causes resistance; Corona et al. have seen in their study that the inclusion
of gentamicin or tobramycin in cement spacers (4g. of antibiotic / 40 g of PMMA) seems to
increase the gram-positive cocci resistance. They analyzed 113 chronic hip and knee prosthesis
joint infection and observed that aminoglycoside-resistance in gram-positive cocci was
significantly higher when aminoglycosides were incorporated in cement spacers respect to no
use of it. Gentamicin resistance after previous aminoglycoside-cement spacers use was
significantly higher (49.2% vs. 19.3%; P: 0.0001) as well as resistance to tobramycin (52.7% vs.
30.9%; P: 0.014) (32). There is little evidence of this aspect.

In conclusion, the commercial formulations produce a greater and more regular release
of antibiotic from bone cement than the manually mixed preparations. One of the biggest issues
of most of the studies is that the commercial form of the antibiotic, which comes with excipients
in many occasions, is used. This fact may explain the differences between pre-mixed ALBC and
manually mixed. Finally, currently there are a large number of combinations of bone cements
with antibiotics, for which much remains to be elucidated and it cannot be concluded that a

perfect unique combination exists, each one adapts to the requirements of the clinical condition.

Two antibiotics combination

It has been reported that the simultaneous incorporation of two antibiotics or more into
bone cement resulted in higher rate of elution compared to one antibiotic loaded bone cement.
When two antibiotics are incorporated, more voids and cracks are present in bone cements as
the drugs are released, thus increasing the release of the remaining antibiotics. Moreover,
authors have described a synergic effect between some antibiotics, i.e. it has been described
synergistic effect between aminoglycosides and glycopeptides (19). A study about the optimal
antibiotic combination for the antibiotics gentamicin, vancomycin and teicoplanin in cements
showed that the combination of gentamicin and teicoplanin had a bactericidal activity more
prolonged than gentamicin alone. Moreover, the synergic effect of teicoplanin and gentamicin
had superior bactericidal activity compared to gentamicin and vancomycin (33, 34). Bertazzoni
Minelli et al. compared gentamicin plus vancomycin spacers versus gentamicin alone spacers.
The study showed that the combination was more effective than gentamicin alone (35). These

results are coherent with those mentioned above.
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To date, there is no ideal combination of antibiotic and cement that allow to cover all
possible infections and therefore, the antibiotic election must be effective against most

microorganisms that cause infection.

CEMENT TYPE.

Polymethylmethacrylate (PMMA) is the main component used in the fixation of joint
prosthesis. It is prepared in the operating room, mixing the solid and liquid components. As bone
cements have some disadvantages, these systems are fragile and produce necrosis due to
exothermic reaction during the polymerization (36-39). There have been reports of thermal
damage of cartilage and periosteum, leading to non-union of fractures and loosening of implants

(38, 39).

Viscosity of the cement is very important in the mixing moment. Low viscosity promotes
the mixing process; however, its mechanical strength is worse than that of high viscosity
cements. Clinical outcomes of low viscosity bone cement demonstrate that they have higher risk

of revision and loosening (40, 41).

The method that produces the loosening is unclear to date; Ayre et al. studied the
mechanism that causes the aseptic loosening. In order to explain the aseptic loosening, two
commercial high viscosity bone cements (Palacos® and Cemex Isoplastic®) were aged in an
isotonic fluid at physiological temperatures. After 30 days ageing cements increased in weight
of approximately 2% and the outermost layers of the cement were hydrolyzed. This study
concluded that this molecular change and the plasticizing effect of water resulted in reduced
mechanical and fatigue properties over time and therefore cement ageing contributes to the
long-term failure of cemented joint replacements (42). This kind of studies are important to

simulate the evolution of bone cement into the organism.

The addition of barium sulphate and zirconium oxide (for radiological detection)
increases the risk of loosening (43). These radiopacifiers are hydrophilic and promote the
hydrolysis of ester groups of methyl methacrylate (MMA) and PMMA. The previous study,
suggests to employ hydrophobic radiopacifiers such as iodine-based ones, developed by Lewis
et al. (44) in order to decrease the risk of loosening. Shearwood et al. studied the effect of
barium sulphate agglomerates on mechanical characterisation of bone cement. They evaluated
the effect of barium sulphate agglomeration on crack initiation processes in conventional,

vacuum-mixed acrylic cement. The tendency of barium sulphate particles to agglomerate is
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clearly evidenced to be detrimental to the fatigue performance of the cement (45). Gomoll et
al. studied the effect of replacing barium sulphate microparticles that are usually present in
commercial PMMA cements with barium sulphate nanoparticles. They concluded that the
nanoparticulate substitution of radio-opacifiers substantially improved the in vitro mechanical
properties of PMMA bone cement without changing the known chemical composition (46).
Ultimately, the use of the hydrophilic radio-opacifiers damage the mechanical properties of

bone cements, so there is more investigation required to find alternatives for the future.

Antibiotic elution from bone cement depends on cement composition and
physicochemical characteristics of antibiotic. About gentamicin, Van de Belt et al. studied the
formation of a Staphylococcus aureus biofilm on six gentamicin-loaded bone cements (CMW1°,
CMW3®, CMW Endurance® and CMW2000® with 2.5% of gentamicin; Palacos® and Palamed®
with 1.25% of gentamicin). None of gentamicin-loaded cements showed a reduction in biofilm
formation relative to unloaded cements within 6 h after inoculation, whereas only gentamicin-
loaded CMW1® and Palacos® reduced biofilm formation 24 h after inoculation. Alternatively,
CMW Endurance®, CMW2000°®, and Palamed® did not exhibit any initial reductions in biofilm
formation, but effects started after 48, and 72 h, respectively. Biofilm reduction by gentamicin-
loaded CMW3® lasted the longest from 24 to 72 h. Biofilm formation on all cements follows a
similar pattern in time, but the gentamicin-loaded cements demonstrate different reductions of
biofilm formation, that seems unrelated with the gentamicin-release kinetics from the cements,
previously measured (table 2). The authors conclude that biofilm formation on bone cements is
not only related to gentamicin release, but may also be dependent on other properties of the
cement surface, such as its roughness (18). Scott et al., compared the bioactivity of the two most
used aminoglycosides (tobramycin and gentamicin) from different cements (Palacos® and
Simplex®), and showed that tobramycin incorporated into Simplex® has antibacterial activity
against 98% of P. aeruginosa while gentamicin into Palacos® against 93% of the same bacteria
(P<0.001). In this study, the authors compared the zone of inhibition of gentamicin and
tobramycin loaded into bone cement at prophylaxis doses against 100 clinical isolates of P.
aeruginosa collected from sputum, urine, ear... but none that has caused a prosthetic infection.
Results are consistent with the type of antibiotic, because tobramycin is slightly more effective
than gentamicin against P. aeruginosa (47). With respect to vancomycin, Cerretani et al.,
compared the 2 g of vancomycin elution from 40 g of CMW1®, Palacos-R® and Simplex-P® with
a pharmacokinetic study. The authors performed a pharmacokinetic study in which evaluated
the area under the concentration-time curve against time (AUC), which represents the amount

of drug released and pharmacologically available; the half-life of release (t1/2); peak
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concentration (Cmax); and time at which Cmax is obtained (Tmax). The cements released 2.00%,
1.94% and 1.69% of antibiotic incorporated after 35 days, respectively. Only t1/2 showed
statistically significant differences between bone cements brands; having CMW1® a significantly
longer release half-life. Although there are significant differences, the clinical implications that
this may involve are not clarified; bioactivity studies are needed in order to extract the clinical

impact of differences (48).

About the comparison of pre-mixed commercial ALBC, Neut et al. investigated
differences in gentamicin release and the antibacterial efficacy of the eluent between four
cement brands (Refobacin Palacos R®, Refobacin Bone Cement R®, Palacos R + G® and SmartSet
GHV®). Table 2 shows the differences in the amount of antibiotic eluted and the bioactivity.
Although the cements Refobacin Bone Cement R® and Palacos R + G® provided higher release
of antibiotic, there was no colony growth in any cement sample during the one-week study, so
it can be said that all commercial cements with gentamicin had adequate bioactivity during the

first week (49).

MIXING METHOD

The mixing method characterizes the antibiotic elution. The best antibiotic elution is
associated to high cement porosity. The problem of high porosity is the loss of mechanical
properties (33, 50, 51). The presence of air trapped into cement, decrease its resistance. The
vacuum mixing decreases the air trapped into cement from 25% to 1%. Therefore, this mixing
method provides advantages: the resistance increases from 70 to 90 MPa and fatigue resistance
rises from 10 to 30 MPa (51, 52). Nevertheless, the preparation under vacuum conditions causes
a major reduction of bone cement and then a worse adhesion from bone cement-to bone is
obtained (41, 53). There is a division of opinions according to the authors (54). Meyer J et al.,
(55) compared 6 commercial bone cements (Cemex Genta Gentamicin 1.0 g/40 g, Cobalt G-HV
Gentamicin 0.5 g/40 g, Palacos R+G Gentamicin 0.5 g/40 g, Simplex P Tobramycin 1.0 g/40 g,
SmartSet GMV Gentamicin 1.0 g/40 g and VersaBond AB Gentamicin 1.0 g/40 g) mixed at
atmospheric pressure and under vacuum conditions. A standard Kirby-Bauer bioassay technique
was subsequently used to quantify antibiotic elution from the products. The results from the
study demonstrated that vacuum mixing produced lower antibiotic release from Cemex®,
SmartSet® and Versabond® and increased release of antibiotic from Palacos®, Simplex® and
Cobalt® (Fig. 1). According to these statements, the study concluded that the effect of vacuum-

mixing on antibiotic elution is product-specific (55). Our research team, compared the manual
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and vacuum mixing when ciprofloxacin hydrochloride was mixed with different bone cements
(Simplex®, Palacos® and Lima CMT1®). When comparing the two mixing procedures, no
statistically significant differences were found between vacuum and manual mixing with respect
to the drug release rate from Simplex® and Palacos® bone cements. On the contrary when Lima
CMT1® bone cement was used, significant differences were observed up to 697 hours. However,
no statistically significant differences in the percentage of amount released were observed at
subsequent testing times. This significant difference can be explained if the high variability of
the manual batches tested is considered. It should be emphasized that variability of the
percentage of drug released from the vacuum-mixed samples was much lower than that seen
with manually-mixed ones. Ultimately, vacuum mixing reduces variability in the release profiles,

but the influence on kinetic properties are product-specific.
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Figure 1.- Summary of use of vacuum mixing when Cemex®, SmartSet®, Versabond®, Palacos®, Simplex® and

Cobalt® was used.

Some authors advocate for vacuum mixing, because the surgeons have less exposure to
cement vapours; to date several studies have shown that exposure to vapours from bone
cements provide undetectable plasma levels. Homlar et al. studied the effect of exposure to
PMMA. Twenty healthy volunteers were exposed during the mixing of polymethylmethacrylate
cement in a simulated operating room environment (this study was purposefully designed using
non-laminar flow rooms, open bowl| mixing technique, and without the use of personal exhaust
hoods to simulate a worst case scenario exposure). Methyl methacrylate was not detected in

any of experimental specimens (56).
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Another important aspect is the mixing speed; Pithankuakul K. et al. evaluated the effect
of the mixing speed of hand-mixing bone cement. In the study, the antibiotic-loaded bone
cement used was Vancomycin-Palacos LV. The authors concluded that bone cement prepared
with high-speed hand mixing and delayed antibiotic addition can increase vancomycin release

(57).

As shown, antibiotic elution depends on many factors (cement characteristics,
physicochemical properties of the antibiotic and mixing procedure, among others), and there is
no absolute best option; but there is an optimal combination (antibiotic plus cement brand) for
each microorganism. The continuing emergence of new commercially-available brands of ALBCs
makes it important to establish which one will provide the most favorable antibiotic release, and

consequently yields the best antibacterial efficacy.

RELEASE KINETICS.

Different authors have indicated that the inclusion of the antibiotic into bone cement
provide high antibiotic level in first days, followed by a sustained release (19). There are different
studies showing evidence that release can be produced during the first hours in some cases or
for several weeks in others (58, 59). First the antibiotic is eluted from the cement surface and
then from the cement inside. The fluids in contact penetrate into cement and dissolve the
antibiotic. Then, the antibiotic dissolved is eluted from void and cracks of bone cements (60, 61).
Various authors had stated that antibiotic elution from bone cement is conditioned by cement
type and porosity, antibiotic molecular weight and physico-chemical properties, surface in
contact with the liquid of the environment and amount of antibiotic incorporated (16, 20, 21,
62, 63). The problem is that the PMMA is a highly hydrophobic polymer, which limits the elution.
For this reason, some antibiotics are only eluted during the first hours, that is, only antibiotic on
surface is released (64). Only high solubility and low molecular weight antibiotics would be elute

through voids and cracks. (16, 20, 21, 62, 63)

Since antibiotic dissolved from cement surface represents the highest amount released,
cement surface in contact with fluids conditions efficacy. Moojen et al. and Bertzzoni et al.
showed that the initial release is proportional to the rugosity and then to the surface (35, 65);
while release in the following days is proportional to cement porosity. This statement is logical

and it should always be extrapolated into clinical practice.
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As stated above, currently, it has been approved the use of premixed antibiotic loaded
bone cement. Only commercially available antibiotic- PMMA can be used for reconstruction of
a previously septic total knee or total hip replacement. The antibiotic incorporation to bone
cement by surgeon is not permitted and therefore the only antibiotics available are vancomycin,
clindamycin, tobramycin and gentamicin. Meta-analysis previously referenced (15, 66) showed
that the inclusion of antibiotic into bone cement demonstrated its efficacy in deep infection but
not in superficial infection. This evidence was expected because the antibiotic released out of
cement, would stay in the cement-bone interface. In any case, the antibiotic release from bone
cement would be an effective system for deep infection, which is more complicated due to poor

blood supply.

In summary, the PMMA highly hydrophobic polymer, limits the elution, and makes it
dependent on features of the antibiotic and the surface in contact. Some authors discussed the
possible systemic bioavailability of antibiotics from bone cement. Kendoff et al. evaluated the
systemic bioavailability of antibiotics from bone cement after implantation determining the
concentrations of gentamicin and vancomycin in plasma and urine of patients receiving a novel
bone cement during one-stage revision in periprosthetic hip infections. The mean postoperative
maximum gentamicin plasma concentration at 5.85 hours was 209.65 ng/mL. For vancomycin,
a mean postoperative maximum plasma concentration of 134.64 ng/mL was determined at
20.03 hours. The authors concluded that it exists slow absorption of both antibiotics after
release from the cement resulting in plasma concentrations well below toxic levels, that do not
result in a critical systemic concentration potentially inducing bacterial resistance (67). In any
case, ALBC are safe from the pharmacotherapeutical point of view, with a very low systemic

absorption.

PERSPECTIVES AND CONCLUSIONS.

Currently, researchers are looking for ways to increase and improve these systems
release. In this manner, there are studies where some substances are included into bone cement
in order to improve the elution. As an example, it has been observed that vitamin E is a scavenger
of free radical in the oxidative process. Moreover, its inclusion in bone cement reduces the
temperature of the harden process (62 to 36 degrees C) and therefore, increases
cytocompatibility. Up to 25% of vitamin E does not decrease the mechanical strength (68).
Penalba Arias et al. studied the effect of bone cement loaded with daptomycin alone or in

combination with gentamicin or PEG600 in the prevention of biofilm formation of S. epidermidis.
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For comparison, PMMA loaded with gentamicin or vancomycin was tested. The study
showed that vancomycin was superior to daptomycin and gentamicin inhibiting staphylococcal
adherence in vitro. However, PMMA loaded with daptomycin combined with gentamicin or

PEG600 completely inhibited S. epidermidis-biofilm formation (69).

It has been demonstrated that the inclusion of chitosan nanoparticles has activity
against S. aureus y S. epidermidis, without decrease in mechanical strength compared to PMMA
alone (70). The inclusion of this polysaccharide would have antimicrobial activity per se. These
findings support the possibility of combining in cements this polymer with antibiotics. Another
improvement is the inclusion of silver nanoparticles (71). When this metal is included in cements
it is eluted and has antimicrobial activity against A. baumanii, P. aeruginosa, P. mirabilis y S.

aureus, but its inclusion reduces the mechanical strength of cement (72).

Although there are still many variables to elucidate, antibiotic loaded bone cements are
a successful alternative to decrease the infection rate. Many questions, like, which is the optimal
dose, which patients would benefit of it or which is the optimal antibiotic-cement combination
in order to eradicate microorganisms specifically, are still open. Nevertheless, there are a lot of
ways for improving these delivery systems that can lead in the future to ALBC able to provide

clinical profit in primary surgery, as prophylaxis, in order to prevent deep infection.
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Abstract

The objectives of this in vitro study were to examine ciprofloxacin release from three
trademarks of bone cements (Simplex®, Lima® and Palacos®) and its bioactivity using as

variables, the mixing method, the chemical form of the antibiotic and the antibiotic combination

The antibiotic amount released in base form represents 35% of antibiotic amount
released when hydrochloride form is incorporated. Moreover, the combination (vancomycin
and ciprofloxacin) shows a stronger release (132%) than hydrochloride ciprofloxacin alone.

Three cements show equal drug release profile (p>0.05).

A bioactivity simulation exercise showed that until 72 h post-surgery, ciprofloxacin
concentrations in the implant would be higher than 0.1 pg/mL in 100% of the patients. After
drain removal, it is expected that bioactivity would increase since drug clearance from implant

would decrease.

Key words

Bone Cement, ciprofloxacin, elution kinetics, orthopedics, bioactivity, PMMA.
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Introduction

Antibiotic loaded bone cement used in prosthesis fixing, is a local release form that
minimizes the prevalence and the complications that the antibiotics would unleash when
administered intravenously. This system, described by Buchholz and Engelbrecht(1), is a well-
established tool in the prophylaxis(2,3) and treatment of orthopedic infections(4) in humans and
animals(5), with meta-analyses indicating that its use reduces the infection rate(6).
Polymethylmetacrylate — PMMA - is characterized by excellent biocompatibility with low
intrinsic toxicity and inflammatory activation(7), but experience has shown that not all
antibiotics have the properties necessary for their incorporation in this cement. In this context,
aminoglycosides and glycopeptides (vancomycin) are known to be the two groups of antibiotics
that satisfy the optimal criteria to be included in these cements (availability in powder form,
wide antibacterial spectrum, bactericidity at low concentrations, elution from PMMA in high
concentrations for prolonged periods, thermal stability, low or no risk of allergy or delayed
hypersensitivity, low influence on the mechanical properties of the cement, and low serum

protein binding)(8).

50% of surgical site infections (both superficial and deep) are caused by Staphylococcus
aureus methicillin-resistant (MRSA); thus, staphylococcal species should be the primary target
of antibiotic-loaded bone cement(9). Unfortunately, the increasing number of multi drug-
resistant bacteria(10-13) limits the continued effectiveness of this tool. In addition, the
prevalence of MRSA in many hospitals influences strategies for the treatment and prevention of
prosthetic joint infections(14), leading to interest in incorporating alternative antibacterial

agents into PMMA cement (10,14,15).

On the other hand, despite the wide use of antibiotics in orthopedic surgery for more
than 30 years, the exact mechanism by which they are eluted from PMMA is still not fully
understood (8). It seems to involve a biphasic profile, consisting of an initial rapid release of drug
followed by a much slower sustained release. The following factors affect the release of
antibiotics from bone cement: type and quantity of antibiotic (16,17); type and porosity of
cement (18); surface characteristics (19); and how the cement has been prepared (20-23). Thus,

to date only a few antibiotics have been satisfactorily incorporated into cements.

In this context, it would be desirable to incorporate new drugs into bone cements in
order to increase coverage to infections caused by different organisms. In the present work,
ciprofloxacin (1 g antibiotic / 40 g PMMA) was selected to be assayed. This synthetic

fluoroquinolone is an antibacterial agent that can be administered safely and effectively to treat
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most clinical isolates in infections associated with joint prostheses and chronic osteomyelitis.
Additionally, ciprofloxacin possesses a broad spectrum against Gram positive and negative
strains (24). However, there are few data concerning the ability of ciprofloxacin to elute from

bone cement and to retain activity against resistant pathogens after elution (25,26).

In this study we set out to characterize the elution profile of ciprofloxacin from bone
cements. The following variables were evaluated: source of drug (base and hydrochloride);
cement composition (three brands); mixture method (manual and vacuum); and presence of a
second antibiotic in the mixture. In addition, different equations were fit to release profiles in
order to explain the release mechanism. Finally, bioactivity of the mixtures was evaluated by

means of a simulation exercise.

Materials and methods

Ciprofloxacin hydrochloride, Ciprofloxacin base and Vancomycin hydrochloride were
purchased from Aldrich (Madrid, Spain). Lima CMT1® bone cement was purchased from Lima
Implantes (Barcelona, Espafia), and Palacos® and Simplex® from Ibersugical (Valencia, Espafia).
Each cement was provided as two separate components: a powder mixture and a liquid
component. The composition of the cements is shown in Table 1, according to the information

provided by the manufacturers.

Table 1. Composition of the different acrylic bone cements, as provided by the manufacturer.

LIMACMT 1 SIMPLEX PALACOS
Methyl methacrylate Poly(methylacrylate. methyl
. Methyl methacrylate-styrene
Solid 87.6% methacrylate) 33.8 g
copolymer 30g
Component Benzoyl peroxide 2.4% Zirconium Dioxide 6.0 g
Polymethyle methacrylate 6g
(40g) Barium Sulphate Benzoyl peroxide 0.2 g
Barium Sulphate E.P. 4g
10% Colorant E141 0.008 g

Methyl methacrylate

84.4%
- Methyl methacrylate 19.5mL Methyl methacrylate 18.4 g
Liquid Buthylmethacrylate
N, N-dimethyl pare toluidine N,N-dimethyl-p-toluidine 0.4 g
component 13.2%
0.5mL Hydroquinone
(20mL) N, N-dimethyl pare
Hydroquinone, USP 1.5 mg Colorant E141 0.005 g
toluidine 2.4%
Hydroquinone 20ppm
Viscosity STANDARD MEDIUM HIGH
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Palamix uno®, the vacuum mixing system employed, was supplied by Heraeus Medical

GmbH (Madrid, Espaiia).

Buffered saline solution pH 7.4 was prepared as described in the US Pharmacopoeia:
disodium hydrogen phosphate anhydrous 2.38 g, mono-potassium hydrogen phosphate
anhydrous 0.19 g and sodium chloride 8 g per 1 L of purified water. All reagents were analytical

grade (Panreac).

Antibiotic-loaded bone cement cylinders were prepared as follows: 1 g of the drug was
added to 40 g of solid component of the cement, and, after mixing the powder, the liquid
component was added following the manufacturer’s instructions. Cylinders of antibiotic bone
cement were made for each batch in a standardized fashion according to the ISO normative
5833 (Annex E). Samples were prepared using Teflon molds in which they were kept for 1 hour
until completely hardened into a cylinder/disk shape. Each specimen was carefully weighed and
measured and the theoretical amount of loaded ciprofloxacin calculated. This value was used

for calculating the exact percentage released from each sample.

When two antibiotics were incorporated into the cement the total amount of antibiotic

in the mixture was 1g (50% each one).

Samples were immersed in a water bath in 10 ml phosphate buffer saline pH 7.4 at 372C
and stirred for 8 weeks. Samples were taken 1, 3, 5, 7, 24, 32, 48 56, 72, and 168 hours after
immersion, and subsequently once a week for a period of 8 weeks (final sample was taken 56
days after immersion). Three samples per batch were tested. Antibiotic homogeneity
distribution within batches was indirectly evaluated by means of the statistical analysis of the
percentage of the total antibiotic released from the samples assayed. The phosphate buffer was
replaced every time a sample was taken in order to maintain the sink condition (defined as the
volume of medium at least three times that required in order to form a saturated solution of
drug substance). All samples taken were frozen at -202C until analyzed. Table 2 summarizes the

test conditions (a total of 61 samples were processed).
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Table 2. Samples assayed in each condition tested.

Mixture Antibiotic Bone Cement Sample
Simplex® A
Ciprofloxacin hydrochloride Lima® B
Palacos® C
Manual | Ciprofloxacin base Lima® D
Simplex® E
Ciprofloxacin hydrochloride and
Lima® F
vancomycin
Palacos® G
Simplex® H
Vacuum | Ciprofloxacin hydrochloride Lima® |
Palacos® J

Ciprofloxacin concentration was assayed by HPLC, using a Perkin EImer® Series 200
equipped with a Waters 484® UV detector (B=254 nm). The mobile phase consisted of Acetic
Acid solution 0.1 M: Acetonitrile (80:20) and was filtered through a 0.45 um membrane filter
before use. The mobile phase was eluted at a flow rate of 1 ml/min. The column was a Kromasil®

C-18 with a pore size of 5.0 um, measuring 150 mm (length) x 4.6 mm (diameter)(27).

The elution rate at each time interval (mg/h) was obtained by dividing the total quantity
of antibiotic released in each interval by the elution time (in hours). The elution rates and the
total amount of antibiotic released (expressed as a percentage) at each time point were

compared using one-way analysis of variance (ANOVA).

Zero order (equation 1), First order (equation 2), Higuchi (equation 3) and Korsmeyer-
Peppas (equation 4) equations were fit to data to characterize elution parameters and the

mechanism of release of ciprofloxacin from bone cement:

Q¢ = kot (Equation 1)
Q¢ = Qo - et (Equation 2)
QQ_; =K - t°5 (Equation 3)
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— = K,t" (Equation 4)

oo

where t is time, Q; is the amount of drug released at time t, Q is the initial amount of
drug in the specimen, Q. is the amount of drug released at time oo, n is the release exponent

and Ky, K1, K;, and K}, are the ciprofloxacin elution rate constants of each of the kinetics.

The surface morphology and internal structure of the samples were characterized using
a scanning electron microscope (SEM, S-4100 Hitachi, Madrid, Spain). The samples were
mounted on an aluminum stub using double-sided tape. They were made electrically conductive
by coating with gold-palladium under vacuum. The SEM picture was taken at an excitation
voltage of 20 kV. For the internal structure evaluation samples were fractured and the broken

surfaces sputter-coated with gold and a layer of palladium for examination at 20.0 kV.

The elutions rate from different cements were used to simulate biophase concentration
for 100 patients using NONMEM version VII. Simulations were performed for the three days
post-surgery, using the clearance of synovial liquid values previously reported (20.42+11.3 mL/h
for the first day; 9.33+11.02 mL/h for the second day and 4.11+2.95 mL/h for the third day) (28)
and considering that the distribution of the antibiotic from the location of the implant to the
systemic circulation is negligible. Bioactivity was evaluated using MIC distributions for P.
aeruginosa (MIC= 0.25-1 ug/mL), S. aureus (MIC= 0.12 to 0.5 ug/mL) and E. coli (MIC= 0.016-
0.004 ug/mL) (29) and calculating the percentage of patients whose levels of antibiotic at the

site of the implant would be higher than the MIC.

Results

The variation coefficient of total amount of ciprofloxacin released within a batch was
lower than 10 %. These results were considered as representative of homogeneous distribution

of the drug into the samples assayed.

The influence of the chemical form was evaluated in samples B, D and F. These samples
were prepared manually with Lima CMT1® bone cement. In Figure 1 are represented the
amounts of ciprofloxacin (expressed as a percentage) released from the Lima CMT1® bone
cement in which it was incorporated alone, as base (ciprofloxacin, sample D) or salt
(ciprofloxacin hydrochloride, sample B); sample F corresponds to ciprofloxacin hydrochloride in

a binary mixture with vancomycin. The amount of antibiotic released when used as a base
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represented 35% of the amount released when the antibiotic was incorporated in its
hydrochloride form. Moreover, the combination of vancomycin and ciprofloxacin led to a higher

amount of ciprofloxacin being released; 132% the amount released from the salt form.
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Figure 1. Percentage of ciprofloxacin released from specimens B (#) (Ciprofloxacin hydrochloride, manual mixing),
D(x) (ciprofloxacin base, manual mixing),F(=) (Ciprofloxacin hydrochloride and vancomycin, manual mixing) and

I( A )(Ciprofloxacin hydrochloride, vacuum mixing). Lima CMT 1® cement was used in all cases.

Figure 2 shows the elution rate of ciprofloxacin in mg/h at different time points, plotted
on a logarithmic scale, corresponding to samples A, B and C (ciprofloxacin hydrochloride-hand
mixing) and samples H, | and J (ciprofloxacin hydrochloride-vacuum mixing). All samples
produced high early release rates, followed by a lower sustained release. Statistical analysis with
ANOVA revealed no significant differences among the percentage of total antibiotic released
from samples A, B and C, indicating that the type of cement used did not modify the amount of
drug released when mixing was performed manually. On the other hand, in vacuum-prepared
samples significant differences were obtained in the total amount of antibiotic released

between samples H (Simplex®) and | (Lima CMT1°®).
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MANUAL MIXING. Cement O: Lima CMT1; cement 1: Palacos; cement 2: Simplex
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VACUUM MIXING. Cement 0: Lima CMT1; cement 1: Palacos; cement 2: Simplex
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Figure 2. Ciprofloxacin elution rate (mg/h) at different time points plotted on a logarithmic scale. Manual mixing:

Samples A, B and C. Vacuum mixing: Samples H, | and J.

The influence of the mixing procedure on elution rate was evaluated by comparing the

results obtained between samples A and H (Simplex®, manual and vacuum mixing), between
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samples B and | (Lima CMT1®, manual and vacuum mixing), and between samples C and J
(Palacos® manual and vacuum mixing). Statistical differences were obtained only in Lima CMT1©.
The differences observed referred to percentages released up to 697 hours and log elution rates
at all time-points (hand and vacuum Lima CMT1®). Figure 3 shows the percentage of

ciprofloxacin released from each sample assayed.

6 r M t=7 hours
t=168 hours
M t=1344 hours

(6]
T

Sy
T

N
T

Amount of ciprofloxacin released (%)
w

=
T

o \
N2 @& & N2 N2 N2 & g N
L L L L R L L Q Q L

(_)'b& ’b@ (_)'b@ ")'b@ :;bé\ (_J’bé\ (,)'b((\ c)@((\ c)’b& (_J’bd\

Figure 3. Percentage of ciprofloxacin released from the ten samples at 7, 168 and 1344 hours. Samples A, B, C, H, |,
and J (ciprofloxacin hydrochloride-loaded Simplex®, Lima CMT 1® and Palacos® bone cement, hand and vacuum
mixing), samples E, F and G (ciprofloxacin hydrochloride- and vancomycin-loaded Simplex®, Lima CMT 1® and

Palacos® bone cement hand mixing), and from samples D (ciprofloxacin base-loaded Lima CMT 1® bone cement).

Table 3 provides the parameter values and statistical AIC (Akaike information criterion)
figures obtained after fitting the tested models (equations 1-4) to elution data. Korsmeyer-

Peppas was selected among the models assayed.
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Table 3. Parameter values and statistical AIC obtained after fitting the different kinetic equations to data. (R= Correlation Coefficient; SS=sum of squares; AIC= Akaike Information Criterion

and Ky, K1, Kpand K, are the ciprofloxacin elution rate constants for each kinetics.

. Sample Sample Sample Sample Sample Sample Sample Sample Sample Sample
Kinetic Parameters A B c D E F G H : ]
KO (mg/h) 0.0012 0.0011 0.0015 0.0004 0.0006 0.002 0.0012 0.0014 0.0022 0.0019
Zero order R 0.868 0.782 0.831 0.906 0.709 0.691 0.705 0.7230 0.680 0.682
SS 1.555 2.010 3.167 0.122 1.123 12.897 4152 4873 15.966 11.7124
AIC 11.51 15.86 22.44 -31.8 5.85 4491 26.776 27.76 45.56 40.91
K1 (h) 0.0417 0.1198 0.0996 0.161 0.2354 0.1738 0.1904 0.0432 0.1005 0.0923
First order R 0.808 0.837 0.846 0.6811 0.887 0.912 0.904 0.948 0.926 0.934
SS 2.19 1.547 2.913 0.366 0.483 4.153 1.501 1.052 4.245 2.810
AIC 17.36 11.42 21.10 -13.10 -7.66 26.7801 10.497 4.77 25.686 19.50
kn 0.0881 0.0929 0.1186 0.0306 0.0781 0.222 0.1315 0.1114 0.2135 0.1793
Higuchi SS 7.797 9.870 16.603 0.978 10.670 75.802 26.903 12.614 61.217 42.165
AIC 36.914 40.92 46.95 1.63 39.88 71.25 54.68 40.02 63.72 58.12
kk 0.3001 0.3472 0.3508 0.0795 0.2953 0.4433 0.4474 0.3198 0.4018 0.3861
N 0.1704 0.154 0.1508 0.1659 0.104 0.1234 0.1207 0.1723 0.1403 0.1439
Korsmeyer-Peppas R 0.993 0.982 0.986 0.998 0.950 0.944 0.948 0.951 0.934 0.933
SS 0.091 0.186 0.289 0.003 0.221 2.685 0.842 0.991 3.776 2.828
AIC -36.78 -24.57 -15.86 -94.75 -20.16 19.80 1.25 3.86 23.92 19.59
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Scanning Electron Microscopy (SEM) (Figure 4) revealed the higher level of porosity of

Lima CMT® and Palacos® vs. Simplex®.

C

Figure 4. Cement internal structure under SEM: A (Lima), B (Palacos) and C (Simplex).

Since no differences in release were observed among cement type, mean values were
used for simulating levels of antibiotic in the location of the implant. Figure 5 evidence that all
simulated patients data would reach ciprofloxacin concentrations higher than 0.1 mcg/mL for
the first three days post-surgery. According to this simulation study, the first day of elution, the

coverage would be complete, decreasing slightly for following days.
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Figure 5. Percentage of patients, predicted with the simulation exercise, for which antibiotic level at the site of

the implant would be higher than MIC values in the range 0.0001-1 mcg/mL.

Discussion

The use of bone cement combined with antibiotics is based on the principle that the
antibiotic will be gradually released from the cement over time. The elution mechanism is still

not fully understood, though it is known to be affected by different factors.

Ciprofloxacin is a broad-spectrum bactericidal quinolone that is effective against major
infection-causing microorganisms (24). Previous studies have evaluated the use of other
antibiotics, while there are only a few reports concerning ciprofloxacin (25,26,30), whose use
could expand the possibilities available. A comparison of the elution kinetics of ciprofloxacin
loaded in different acrylic bone cements and the influence of the mixing procedure on kinetic

properties have not been reported previously and are the subject of this study.

PMMA is a highly hydrophobic polymer, and is thus impervious to drug diffusion (31).
The release of ciprofloxacin from samples assayed can be explained by the Van De Belt theory
(32), as during the first hours of the experiment (24h) only ciprofloxacin molecules located in
the superficial layers were released. Once these molecules are in solution, the release of
antibiotic is reduced and it depends on the penetration of the surrounding media into the

cement matrix, which is dictated by the wettability of the polymer and by the number and size
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of the pores in it. The principal limitation of these systems is the low proportion of antibiotic in
relation to bone cement and the high variability of different samples, which leads to

heterogeneous release profiles.

As shown in figures 1 and 3, the greater elution of the ciprofloxacin is obtained when
the drug is incorporated to the bone cement as hydrochloride as a result of the varying solubility
of the two forms of the antibiotic, since the salt form (ciprofloxacin hydrochloride) is four times
more soluble than the base form (ciprofloxacin). As stated before, the drug release mechanism
in these cases depends on the dissolution of drug particles adsorbed onto the matrix of the

cement, and thus on the solubility of the antibiotic.

As can be seen in figures 1 and 3, binary mixtures achieved the highest release of all the
samples evaluated, which may have been due to the solubility of vancomycin, which is three
times that of ciprofloxacin hydrochloride. This suggests that, when vancomycin dissolves, more

voids and cracks are present in bone cements, thus increasing the release of ciprofloxacin.

In terms of the effect of the type of bone cement on drug release, results obtained
represent that antibiotic release from Palacos® bone cement is slightly higher than from
Simplex® and Lima CMT1®. However, the ANOVA test revealed not significant differences.
Despite previous studies have demonstrated that the highest elution rate was achieved with
Palacos® (33), results reported in this study indicate that although Palacos® has superior porosity
(Figure 4), elution kinetics from Palacos®, is not significantly different from the other cements
studied. When the vacuum mixing system was used, the highest level of antibiotic release was
achieved with Lima CMT1® and Palacos®, although only release from Lima CMT1® and Simplex®
were statistically different. The superior drug release from Lima CMT1® and Palacos® can be

attributed to the greater porosity of Palacos® and Lima CMT1® (figure 4).

When comparing the two mixing procedures, no statistically significant differences were
found between vacuum and manual mixing with respect to the drug release rate from Simplex®
and Palacos® bone cement. On the contrary when LIMA CMT1® bone cement was used,
significant differences were observed up to 697 hours. However, no statistically significant
differences in the percentage of amount released were observed at subsequent testing times.
This significant difference can be explained if the high variability of the manual batches tested
is considered. It should be emphasized that variability of the percentage of drug released from

the vacuum-mixed samples was much lower than that seen with manually-mixed ones.

Table 3 shows that the Korsmeyer-Peppas model is the best equation for describing

ciprofloxacin elution from all the samples assayed. In the Korsmeyer-Peppas equation, the
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parameter n describes the type of release from bone cement. In this case, all the samples have
a value under 0.5, which means that the drug release mechanism is a Fickian diffusion (the
amount of antibiotic released is proportional to the amount remaining in the dosage form). The
results obtained are in accordance with the nature of the cement, as it is a non-erodible and

non-swellable matrix.

In general, low dose antibiotic-impregnated bone cements release less than 10% of the
dose in most cases. Previous papers showed that around 3% of gentamicin (31,34) and
vancomycin (18) were released. These values are very similar to the ones of our study, 2.5 to
5.5%, depending on the conditions. Only antibiotic combinations or additives inclusion improve
this elution and increase the percentage of dose released to 10% (8). Some studies have shown

that these amounts are sufficient to improve the deep infection rate (6).

The simulation study performed evidence that the concentrations of ciprofloxacin
reachable in the implant would be higher than 0.1 BEg/mL in 100% of patients (figure 5),
decreasing the coverage when higher concentrations are need. In the first three days, E. Coli is
the microorganism that would be covered by all cement specimens, unlike P. aeruginosa, S.
aureus, would depend on the type of cement and specially on microorganism sensitivity. After
the third day post-surgery the clearance attributed to local drainage dramatically decreases and

consequently it is expected that local bioactivity would increase.

According to the results, the bioactivity of ciprofloxacin in the first three days post-
surgery would depend on the sensitivity of the microorganism, increasing substantially after

drain removal, usually at 72 hours.

Despite the differences on elution among different brands and batches these would
appear to lack of clinical relevance, because the burst effect in the first moments and the
decrease of external drainage in the third day post-surgery, would ensure bactericidal action of

ciprofloxacin.

In conclusion, ciprofloxacin is suitable for incorporating into bone cements, as its release
mechanism responds to Fickian diffusion principles, filtering through voids and cracks.
Ultimately, hydrochloride ciprofloxacin has a better release profile than base ciprofloxacin. All
the bone cement brands assayed behave similarly and vacuum mixing ensures lower variability

and higher amounts of antibiotic released.
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Limitations of the study

While this study furthered our understanding of elution of antibiotics from PMMA, it has
several limitations. First, the work was done completely in vitro, and to have a larger impact it
would have to be reproduced in an animal model or clinical setting. Second, there are many
types of PMMA currently available and this study tested just three. Third, our in vitro testing
was done under static conditions that did not include fluid flow or other stresses to which the
beads may be exposed to in vivo. Lastly, the bioactivity of samples has been evaluated through
a simulation exercise taking into account that the surface of impregnated cement in contact with
extracellular body fluid could be equivalent to the surface of the samples assayed using
clearance of synovial liquid values from literature and considering that the distribution of the
antibiotic from the location of the implant to the systemic circulation is negligible. Consequently,

the amount of antibiotic released to the medium could not be exactly the same.

On the other side, one aspect that strengthens our results is that all antibiotic released
would be kept in place, and consequently would reach high local concentration, in deep

infection.
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Resumen

La inclusién de antibidticos en el cemento dseo destinado a la fijacidn mecanica de las
protesis constituye un sistema de liberacion local de antibidtico que permite minimizar la
prevalencia y la gravedad de las reacciones adversas que pueden desencadenar los farmacos

cuando éstos se administran por via sistémica.

El objetivo del trabajo es estudiar el mecanismo y cinética de liberaciéon in vitro de
ciprofloxacino y vancomicina incorporados en diferentes cementos 6seos comerciales y evaluar

la bioactividad mediante un ejercicio de simulacién farmacocinética.

Se prepararon mezclas de los cementos de estudio con ciprofloxacino clorhidrato y
vancomicina (40:0,5:0,5). Los estudios de liberacidon se realizaron en agitacidon continua en
solucidn salina de tampdn fosfatos, pH=7,4, durante dos meses a 379C. El analisis estadistico de
las cantidades de antibidtico liberadas acumuladas y las velocidades de elucién se realizd

mediante ANOVA. Con el fin estudiar la bioactividad, se realizdé una simulacién de Monte Carlo.

La cantidad total liberada de ciprofloxacino en un periodo de 8 semanas fue de

0,2940,06mg desde los cementos Palacos®, 0,44+0,06mg LimaCMT1® y 0,1810,04mg Simplex®.

La cantidad total de vancomicina liberada en 24 horas fue de 0,34+0,17mg desde el
cemento Palacos®, 0,68+0,16mg LimaCMT1® y 0,17+0,02mg Simplex®. Transcurrido este tiempo

la liberacién cesé.

El estudio de simulacién, muestra que durante las primeras 72 horas, la cobertura
antibidtica dependeria tanto del cemento elegido como de la sensibilidad del microorganismo y
el tiempo postquirdrgico. En tiempos posteriores, es de prever que la bioactividad local

aumente.

Abstract

Antibiotic loaded bone cement used in prosthesis fixing, is a local release form that
minimizes the prevalence and the complications that the antibiotics would unleash when

administered intravenously.

The aim of this work is to study in vitro release kinetics of ciprofloxacin and vancomycin
loaded in different commercial cements and evaluate the bioactivity through a simulation

exercise pharmacokinetics
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Samples were prepared with commercial bone cement and ciprofloxacin and
vancomycin hydrochloride (40:0,5:0,5). Release study were carried out under stirring in
phosphate buffer, pH=7,4, for two months at 372C. The antibiotic amount and elution rate, were
compared using ANOVA. In order to study the bioactivity, Monte Carlo simulation was

performed.

The ciprofloxacin released from samples for 8 weeks was 0.29+0.06 mg from the

Palacos® cements, 0.44+0.06 mg from LimaCMT1® and 0.18+0.04 mg from Simplex®.

The vancomycin released for 24 hours was 0.34+0.17 mg from Palacos® cement,
0.68+0.16 mg from LimaCMT1® and 0.17+0.02 mg from Simplex®. After this time the release

stopped.

The simulation study shows that during the first 72 hours, the antibiotic coverage would
depends on the bone cement, the sensitivity of the microorganism and postoperative day. At

subsequence times, it is expected that local bioactivity increases.

Palabras clave: Cementos dseos, ciprofloxacino, vancomicina, cinética de elucién, bioactividad,

traumatologia, PMMA.

Key words: Bone Cement, ciprofloxacin, vancomycin, elution kinetics, bioactivity, orthopedics,

PMMA.

104



Introduccion

La artroplastia de cadera/rodilla consiste en la cirugia ortopédica que reemplaza de
forma total o parcial la articulacidn por un implante artificial lamado prétesis en aquellos casos
en los que el daino de la articulacidn es irreversible. Una de las complicaciones mas grave se
asocia al desarrollo de alguna infeccion, que aunque presente prevalencia entre el 0,5% vy el 3%,
en algunos casos puede ser de gravedad elevada y conduce al fracaso de la intervencidn, incluso
en algunos casos puede desencadenar la muerte del paciente. Para prevenir la génesis de
complicaciones asociadas al desarrollo de infecciones, se ha propuesto, desde hace algun
tiempo, la inclusidn de antibidticos en el cemento dseo destinado a la fijacion mecdnica de las
protesis, ya que los sistemas de liberacion local de antibiético facilitan el aprovechamiento del
farmaco, a la vez que reducen la prevalencia y gravedad de las reacciones adversas que pueden

desencadenar los farmacos cuando éstos se administran por via sistémica (1).

La combinacion de antibidticos con los cementos poliacrilicos fue descrita por primera
vez por Buchholz y Engelbrecht (2). Los numerosos y variados trabajos de investigacion
publicados en este contexto son contradictorios en cuanto a su capacidad de proteccién en la
prevencion de infecciones, debido a la incertidumbre existente sobre el posible desarrollo de
resistencias a los antibidticos tras una exposicién prolongada a bajas dosis de antibidtico, la
eficacia y el coste de este sistema de vehiculizacién. A pesar de ello, la evidencia clinica indica
que el uso de cementos cargados con antibidticos reduce significativamente el riesgo de
infeccidn (3); por ello, en la practica clinica habitual se utilizan, aunque la cinética y el mecanismo
de liberacidn de la mayoria de los antibidticos interpuestos en la matriz acrilica siguen siendo
aspectos desconocidos. Las variables que influyen en el proceso de liberacidn del antibidtico
desde el cemento son multiples, entre ellas destacan cantidad y tipo de antibidtico incorporado
al cemento (4, 5). En este sentido, resaltar que la velocidad de liberacién del antibiético desde
el cemento (cantidad/tiempo) es mayor cuando se incorpora en forma liquida. Sin embargo, la
utilizacion de formas liquidas en esta practica clinica esta limitada debido a su influencia
negativa sobre las propiedades mecdnicas de los cementos. Por el contrario, los farmacos en
estado sélido tienen un efecto insignificante sobre la estabilidad mecanica de cemento dseo,
siempre y cuando la proporcion antibidtico/cemento se mantenga por debajo del 10%. La dosis
de antibidtico a utilizar no queda totalmente establecida, varia segun sea para el tratamiento o
para la profilaxis; en el caso de perseguir el tratamiento terapéutico, se suele aconsejar adicionar
4 gramos de antibiético a 40 gramos de cemento acrilico. Por el contrario, para conseguir un
efecto profilactico se recomienda utilizar dosis menores a 1 g de antibidtico por 40 g de cemento.

Otro factor importante a tener en cuenta es el tipo y porosidad del cemento 6seo y forma de
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preparacion de la mezcla (6-9), ya que la porosidad del polimero facilita el acceso de los fluidos
de disolucién a la matriz del polimero y, en consecuencia, la liberacidn de los antibidticos a partir
del cemento. Por otra parte, la porosidad estd relacionada, en gran medida, con el mayor o
menor volumen de aire atrapado durante la manipulacién, mezclado y amasado de la muestra.
De ahi que las cantidades de antibidtico liberadas desde el cemento puedan diferir segun se
empleen productos comerciales de cemento dseo impregnado de antibiético premezclados o,
por el contrario, se utilicen las preparaciones mezcladas de forma manual en el momento previo

a la intervencién quirurgica.

Se han comercializado cementos poliacrilicos, de uso en artroplastias, cargados con
antibidticos aminoglicésidos, en particular gentamicina y tobramicina, y con antibidticos
glucopéptidos (10), que han demostrado su utilidad clinica en términos de eficacia y seguridad
del tratamiento. Sin embargo, el problema de su uso es que el nuimero de cepas
multirresistentes (10, 11), con capacidad de adherirse sobre el cemento, colonizandolo tras
largos periodos de implantacidn se ha incrementado recientemente. De hecho, en el momento
actual el incremento de resistencias de Staphylococcus aureus hacia los aminoglucdsidos
condiciona la eficacia terapéutica de este grupo de antibidticos. Se trata de una realidad
preocupante, ya que el 30% de las infecciones de origen quirdrgico son causadas por la cepa
Staphylococcus aureus resistente a meticilina (SARM), lo que determina las estrategias para el

tratamiento y prevencion de las infecciones en las proétesis articulares (12).

En este contexto, se ha considerado oportuno estudiar la cinética de liberacién de
nuevos antibidticos incorporados a distintos cementos 6seos comerciales y de esta forma
obtener informacidn relevante orientada a facilitar la seleccién del farmaco mds adecuado en
términos de eficacia y seguridad, ampliando asi la disponibilidad de tratamientos utilizados en

cirugia ortopédica.

El ciprofloxacino es una fluoroquinolona efectiva frente a microorganismos Gram-
positivos y Gram-negativos. La vancomicina es un glicopéptido sumamente efectivo frente a
bacterias Gram-positivas. Ambos antibidticos se presentan en estado sélido, son estables a la
temperatura de fraguado de los cementos y no alteran las caracteristicas mecanicas de éstos,
por lo que incorporados en cementos poliacrilicos son candidatos para su utilizacidn en cirugia

ortopédica (13).

El objetivo del trabajo que se presenta es estudiar el mecanismo y cinética de liberacion

in vitro de ciprofloxacino y vancomicina incorporados en proporciones profilacticas en
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diferentes cementos dseos comerciales y evaluar la bioactividad potencial de las mezclas

mediante estudios de simulacién farmacocinética.

Material y métodos

El ciprofloxacino clorhidrato y la vancomicina han sido suministrados por Guinama
(Valencia, Espafia). De acuerdo con las especificaciones del proveedor ambos antibidticos
cumplian las especificaciones marcadas por la Farmacopea Europea. Los cementos poliacrilicos
Palacos® y Simplex® fueron adquiridos en Ibersugical (Valencia, Espaia) y LimaCMT1® en Lima

Implantes (Barcelona, Espaiia).

Las cantidades de antibidtico incorporadas al cemento se seleccionaron de acuerdo con
las recomendaciones realizadas por diferentes autores (14-16) con la finalidad de alcanzar un

efecto antibiodtico profilactico (1 g de antibidtico por 40 g de cemento).

Se prepard un lote de los cementos acrilicos Palacos®, Simplex® y LimaCMT1® con
ciprofloxacino clorhidrato y vancomicina (40:0,5:0,5) siguiendo las instrucciones proporcionadas
por los fabricantes. Las mezclas obtenidas se introdujeron en moldes de teflén siguiendo la
normativa ISO 5833-Anexo E, y se dejaron endurecer durante 24 horas. Previamente al ensayo

de liberacién, cada muestra se caracterizd en cuanto a peso, diametro y espesor.

Los estudios de liberacion del antibiético se realizaron en un total de 9 muestras, 3 por
cada cemento, manteniéndolas en condiciones de agitacién continua en 10 mL de solucion
salina de tampdn fosfatos, pH=7,4, durante 8 semanas en bafio termostatico a 372C. A intervalos
de tiempo preestablecidos, la totalidad de la solucién tampdn fue recogida y reemplazada por
10mL de tampdn fosfato salino pH=7,4. Este proceso permite garantizar las condiciones
sumidero, es decir que la concentracién del farmaco en el medio nunca supere el 20% de su
hidrosolubilidad. Las muestras experimentales extraidas a cada tiempo de muestreo se

guardaron en una camara frigorifica a 52C hasta el momento de su cuantificacién.

Para la determinacion de ciprofloxacino se desarrollé y validé un método analitico por
cromatografia liquida de alta resolucion (HPLC) con deteccion UV (A=254nm). Para ello, se utilizd
como fase estacionaria una columna Kromasil® C18 (150x4,6 mm) y como fase movil una mezcla
acetonitrilo y acido acético 0,1M en proporcién volumétrica 20:80 (V/V). La exactitud y precision
del método analitico se evaluaron con la determinacién del error relativo y el coeficiente de

variacion intra-muestra (inferior al 2,4% y al 1,5%, respectivamente, en el ambito de
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concentraciones estudiadas). La determinacion de vancomicina se realizd mediante

inmunoanalisis de microparticulas quimioluminiscentes (ARCHITECT i1000SR) (17).

Las cantidades liberadas acumuladas, la velocidad de liberacion y el logaritmo de la
velocidad de liberacidn a partir de las muestras de ciprofloxacino combinado con vancomicina

se evaluaron mediante la prueba estadistica ANOVA.

Para evaluar la bioactividad de los antibiéticos en las muestras estudiadas se realizaron
simulaciones de Monte Carlo. Se simularon para 100 pacientes las concentraciones de
antibiético en la zona local del implante a las 24, 48 y 72 h utilizando el programa informatico
NONMEM versién VII. Para ello, se utilizaron los parametros caracteristicos del proceso de
liberacién de los antibiéticos obtenidos en el estudio in vitro y los parametros fisiolégicos de
volumen articular (1,6%+1,1mL) (18) y aclaramiento local del farmaco, atribuido al drenaje de la
herida a las 24, 48 y 72 h post-implante (20,42+11,3 mL/h; 9,33+11,02 mL/h y 4,11+2,95 mL/h

respectivamente) (19).

El modelo farmacocinético aplicado para realizar la simulacién de concentraciones de
antimicrobiano en biofase (Figura 1) consta de dos compartimentos; cemento cargado con el
antibidtico (C1) y espacio articular (C2). La liberacién del antibiético se realiza desde el
compartimento C1 mediante una cinética de orden cero regida por la constante de velocidad
QO (mg/h). A su vez, el farmaco se elimina desde el compartimento C2 mediante una cinética de
primer orden regida por la velocidad de drenaje de la herida (mL/h). Puesto que durante las 72
horas posteriores a la intervencion el drenaje es muy elevado, se ha considerado despreciable
la distribucidn (kd) y retorno del antibidtico (kr) desde el espacio articular (C2) a la circulacion
sistémica y viceversa. Por ello, para obtener las concentraciones simuladas en el lugar del

implante (C2) sélo se han considerado los compartimentos sombreados de la figura 1.

k )
Cemento | | Espacio articular |, Compartimento
cargado con I - — central
<
antibictico £2 Kr |

c1
l CIdr(-:tna]e l ke'

Qq: velocidad de liberacion del antibidtico desde el cemento (mg/h); Clyenge: aclaramiento local del farmaco
debido al drenaje de la herida (mL/h); ky(h-'): constante de distribucion del antibiético desde el lugar de implante
al torrente circulatorio; k, (h™"): constante de retorno del antibidtico desde el torrente circulatorio al lugar de
implante; kel (h'"): constante de velocidad de eliminacién del farmaco

Figura 1. Modelo farmacocinético utilizado para calcular las concentraciones de antimicrobiano en el lugar de

implante de la prétesis.
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La evaluacion de la bioactividad de las mezclas a los tiempos seleccionados se ha
realizado utilizando los valores de CMI de S. aureus Meticilin resistente (CMI= 0,5-2 mcg/mL)
(20) y S. Coagulasa Negativos —SCN- (CMI= 0,25-1 mcg/mL) (20), gérmenes sobre los que la
vancomicina muestra actividad, y de S. aureus (CMI= 0,12-0.5 mcg/mL), Pseudomonas
aeruginosa (CMI= 0,25-1mcg/mL) y E. Coli (CMI= 0,004-0,016 mcg/mL) (21), gérmenes sensibles
al ciprofloxacino. Estos microorganismos han demostrado ser los responsables del 70% de las
infecciones articulares desarrolladas en nuestro entorno (22). Se calculd para cada tiempo (24,
48y 72 h) el porcentaje de pacientes cuya concentracidn de antibiético en el lugar del implante

(C2) seria superior a la CMI seleccionada.

Resultados

En la Tabla 1 se muestran las cantidades de ciprofloxacino clorhidrato liberadas
acumuladas durante 2 meses y las cantidades de vancomicina liberadas acumuladas hasta las 72
horas. Las cantidades de ciprofloxacino y de vancomicina liberadas desde las mezclas de los
antibidticos y el cemento LimaCMT1® fueron superiores a las cantidades de antibidticos

liberadas desde el resto de mezclas estudiadas (p<0,05).

Tabla 1. Media y desviacion estandar de la cantidad de ciprofloxacino y vancomicina (mg) liberados a los tiempos

indicados desde los diferentes cementos poliacrilicos ensayados.

Ciprofloxacino HCI Vancomicina
Simplex® LimaCMT1® Palacos® Simplex® LimaCMT1® Palacos®

Tiempo | vepia MEDIA MEDIA MEDIA MEDIA MEDIA
(h) (mg) s (mg) s (mg) s (mg) s (mg) s (mg) 5P

24 0134 | 0018 | 0318 | 0.032 0209 | 0045 | 0174 | 0.021 | 0659 | 0141 | 0339 | 0.166

48 0144 | 0019 | 0.351 0.044 0229 | 0.047 . - 0677 | 0.161

72 0144 | 0022 | 0.367 0.050 0235 | 0.047 . . 0681 | 0.162

1344 0177 | 0043 | 0442 | 0061 | 0289 | 0.052

En la Figura 2 se representa la evolucion de la velocidad de liberacidn de los antibidticos
a partir de los cementos estudiados durante el desarrollo del ensayo. Los ensayos realizados con

el ciprofloxacino muestran dos etapas; en la primera (primeras 48 h) la velocidad de liberacion
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VELOCIDAD DE LIBERACION(MG/H)

VELOCIDAD DE LIBERACI ON (MG/H )

es rapida, y en la segunda la velocidad de liberacién del antibidtico disminuye hasta que se
mantiene en un valor constante. Por el contrario, los resultados obtenidos con vancomicina
Unicamente muestran una etapa, ya que durante las primeras 48 h del ensayo el antibidtico se
libera rapidamente, pero en tiempos posteriores la velocidad de liberacidn del antibiético cesa.
La comparacidn estadistica del logaritmo de la velocidad de liberacién de ciprofloxacino,
obtenida para cada uno de los cementos estudiados, puso de manifiesto la existencia de
diferencias estadisticamente significativas en la primera etapa del estudio (primeras 48 h) a
favor de LimaCMT1®, no existiendo diferencias estadisticamente significativas en tiempos

posteriores a las 48 h del ensayo en los tres cementos dseos estudiados.

CIPROFLOXACINO VANCOMICINA
1 1
01 = o1
=4
=
S
S
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Lima g —de— Simplex
s “D‘ —— Palacos
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Figura 2. Velocidades de elucién de ciprofloxacino clorhidrato y vancomicina desde los cementos poliacrilicos

estudiados.

Mediante los ejercicios de simulacidn de Monte Carlo se ha obtenido una poblacién
simulada de 100 pacientes de una edad media de 69,17+14,28 afios y de un peso medio de

74,18+14,47 kg. Las concentraciones simuladas de ciprofloxacino y vancomicina en el lugar del
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implante (apartado de material y método) indican que transcurridas 24 horas de la intervencion,
en mas del 90% de los pacientes serian superiores a 0,1 y 0,2 mcg/mL, de ciprofloxacino y

vancomicina respectivamente (Figura 3).
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Figura 3. Evaluacion de la bioactividad de las muestras estudiadas. En el eje de ordenadas se representa el
porcentaje de pacientes cuya concentracién de antibidtico en el lugar del implante, transcurridas 24, 48y 72 h de la
intervencidn para el ciprofloxacino y transcurridas 24 h de la intervencion para la vancomicina, seria igual o superior

a la CMl indicada en el eje de abscisas.
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Discusidn

La inclusién de antibidticos directamente en cementos poliacrilicos usados para la
fijacidn de prétesis dseas representa un sistema de liberacién modificada de farmacos. Estos
sistemas facilitan el acceso del antibiético a la biofase y por ello aportan principalmente dos
ventajas: el mayor aprovechamiento del farmaco en el lugar de accidén y una disminucion de
reacciones adversas. La liberacion modificada de farmacos a partir de sistemas matriciales
exhibe un patrén de comportamiento comun compuesto por dos etapas; una, de liberacion
inicial rapida, que por lo general ocurre durante las primeras 24-48 horas, y otra de liberacion
lenta, en tiempos posteriores a las 48 horas, en la que el farmaco se libera a una velocidad mas
lenta. La liberacidn inicial esta fundamentalmente determinada por la cantidad de farmaco que
queda adsorbido en la superficie de la matriz y la difusion por los poros y canales que componen
su estructura interna, los cuales se llenan con el medio de incubacién durante las primeras horas
de ensayo. En la fase posterior, de liberacion lenta, en la que la velocidad de liberacién y la
cantidad de farmaco liberada es inferior, contribuyen los procesos de difusidon a través de los
poros y canales del sistema matricial, los cuales se forman como producto del proceso de
fabricacion o por la modificacién de la estructura matricial, como consecuencia de la disolucién

de componentes hidrosolubles de su composicidn.

La fase inicial, de velocidad de liberacién elevada, es de menor duracidon para la
vancomicina y presenta una velocidad mas elevada que la obtenida para el ciprofloxacino. Este
fendmeno se puede atribuir a la mayor solubilidad acuosa de la vancomicina (100 mg/mL frente
a 30 mg/L del ciprofloxacino). Este hecho indica que la disolucion de las particulas de
vancomicina situadas sobre la superficie se realiza con mayor velocidad facilitdndose la
liberacion y posterior disolucién de las particulas proximas a la superficie en un periodo de

tiempo breve.

Las cantidades de ciprofloxacino liberadas a partir de las mezclas evaluadas en este
estudio son superiores a las cantidades de antibiético liberadas en un estudio previo realizado
en nuestro grupo de investigacidn en el que se evalué la liberacién del ciprofloxacino a partir de
mezclas simples, constituidas por el antibidtico y los diferentes cementos 6seos (225% superior
en las mezclas combinadas con el cemento LimaCMT1®, un 183% con el cemento Palacos® y un
126% con el cemento Simplex®)(23). Estas diferencias permiten corroborar que el hecho de
incorporar mas de un farmaco a los cementos 6seos potencia en gran medida la velocidad de

liberacion de ambos. En este caso la vancomicina incorporada en la mezcla, favorece la
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formacién de un mayor nimero de poros y canales que facilitan la entrada de agua en la matriz

y la posterior disolucion del ciprofloxacino desde su interior.

Las cantidades de antibidtico liberadas asi como la evolucién temporal de la velocidad
de liberacién es mayor para las mezclas elaboradas con el cemento LimaCMT1® (Figuras 2 y 3).
Estos resultados son compatibles con la menor porosidad del cemento Simplex® indicada por

Stryker®, laboratorio fabricante del producto (24).

Las cantidades de antibidtico liberadas desde los cementos estudiados en combinacién
con los valores del aclaramiento local del farmaco, atribuido mayoritariamente al drenaje de la
herida, y los valores del volumen de liquido en el espacio articular permitieron abordar el estudio
de bioactividad simulada. Como se observa en la Figura 3, a las 24 horas post intervencion
quirurgica las concentraciones de ciprofloxacino predichas en el lugar del implante son
superiores a 0,1 mcg/mL con los tres cementos estudiados y las concentraciones de vancomicina
superiores a 0,5, 0,3 y 0,1 mcg/mL en el caso de LimaCMT1®, Palacos® y Simplex®,
respectivamente, en el total de la poblacién simulada. Estos resultados indican que es de prever
que la cobertura local con los antibidticos estudiados sea eficaz para patégenos sensibles a
concentraciones inferiores a las indicadas. Transcurridas 48 h de la intervencidn, en el total de
la poblacién simulada, la concentracion de ciprofloxacino en el lugar del implante se reduciria
una décima parte; a las 72 h post-implante la concentracion en el lugar del implante
incrementaria y alcanzaria un valor equivalente al obtenido a las 24 h excepto en el caso del
cemento Simplex®. En el caso de la vancomicina, a partir de las 24 horas posteriores a la
intervencidén quirdrgica, la liberacion del antibidtico desde los cementos Palacos® y Simplex® es

nula, y a efectos practicos también despreciable desde el cemento LimaCMT1®.

Las oscilaciones de concentracion de ciprofloxacino durante los primeros dias de la
intervencién quirurgica, estan relacionadas con la fluctuacién y la variabilidad del drenaje de la
herida quirudrgica producida durante las 72 horas posteriores a la intervencidn, ya que en este
corto periodo de tiempo el drenaje local se reduce hasta alcanzar valores que representan
entorno el 25% del valor inicial (20,42+11,3 mL/h; 9,33+11,02 mL/h y 4,11+2,95 mL/h
respectivamente) (19). En general, el drenaje externo de la herida se retira a partir del tercer dia
de la intervenciéon quirdrgica. A partir de este momento, la evolucién temporal de la
concentracién de antibiético en el lugar del implante estara condicionada por el proceso de
distribucidn y retorno del farmaco a la circulacion sistémica. Por ello, es de prever que a partir

del tercer dia post-intervencién quirurgica la concentracién de farmaco en el lugar del implante
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de la prdtesis alcance valores mas elevados, aumentando si cabe la cobertura antibidtica

obtenida durante los primeros dias.

En resumen, el estudio realizado pone de manifiesto que la bioactividad de las muestras
es dependiente del cemento acrilico, el dia postquirdrgico, el microorganismo causante y su
sensibilidad. Si se analiza la prevalencia de infecciones diagnosticadas en nuestro entorno se
observa que S. aureus es el principal agente causante de las infecciones protésicas, ya que se ha
aislado en un 30% del total de infecciones, mientras que otros microorganismos, entre ellos S.

Coagulasa Negativos y Pseudomonas aeruginos y E. Coli se han aislado en un porcentaje inferior,

14% los dos primeros y 12% el ultimo (22). Teniendo en cuenta esta situacién y considerando
que el ambito de valores de la CMI de ciprofloxacino para S. aureus Meticilin resistente estd
comprendido entre 0,5 y 2 mcg/mL Unicamente se alcanzarian concentraciones efectivas en el
lugar de accidn para cepas sensibles al ciprofloxacino a concentraciones inferiores a 1 mcg/mL.
La bioactividad de vancomicina durante las 24 horas posteriores a la intervencion quirurgica es
superior a la de ciprofloxacino. Sin embargo, puede ser nula para tiempos posteriores ya que la
cantidad de vancomicina retenida en el interior de la matriz no se libera al medio. Durante las
primeras 72 horas posteriores a la intervencién quirdrgica la velocidad de liberacion del
ciprofloxacino incorporado al cemento LimaCMT1® es superior, lo que indica que éste redine una

capacidad cinética ligeramente superior a los otros cementos ensayados. En tiempos posteriores

la bioactividad del ciprofloxacino incorporado en los tres cementos estudiados es similar.

Conclusiones

Los cementos poliacrilicos cargados con ciprofloxacino y vancomicina son sistemas de
liberacion modificada que asegurarian durante las primeras 72 h bioactividad frente algunos
microorganismos, pero no garantizan una cobertura completa para todos los posibles agentes
causantes. Ante una situacién de mayor riesgo seria conveniente seleccionar el cemento
LimaCMT1®, por las propiedades cinéticas ligeramente favorables en relacién a los otros
cementos estudiados, asi como utilizar la combinacién de antibidticos que facilite la velocidad
de liberacién del antibidtico desde la matriz. Por Ultimo, es deseable seguir investigando y
profundizando en estos estudios con la finalidad de disponer de informaciéon que ayude a
optimizar la incorporacion de antibidticos a los cementos dseos para facilitar la seleccién de
mezclas que aseguren una bioactividad elevada, fundamentalmente, durante los primeros tres

dias post implante de la prétesis articular.
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Abstract

Background.- The microorganisms that most frequently cause prosthetic joint infection
are methicillin-resistant Staphylococcus aureus and gram-negative aerobic bacillus. Studies have
documented the efficacy of mixing antibiotics with polymethyl methacrylate (PMMA), but that
of antifungal drugs has not received much attention. The objective of this in-vitro study was to
characterize the elution profile and bioactivity of ceftazidime and fluconazole when
incorporated into bone cement in proportions intended for prophylaxis and treatment of bone

infections.

Methods.- Antibiotic-loaded bone cement cylinders in a proportion of 1:40 and 4:40
(grams of antibiotic:grams of cement) were assayed. Drug delivery was investigated in a flow-
through dissolution apparatus (SotaxCE7®). In order to assess bioactivity, antibiotic
concentrations were simulated in the joint space of 1000 patients. Antibacterial properties were

evaluated by counting colony forming units and the inhibition-halo test.

Results.- The ratio of released ceftazidime and fluconazole was 453 and 648% higher
when used for treatment proportions than prophylaxis proportions. A bioactivity simulation
exercise showed that the efficacy of ceftazidime/fluconazole determined as the amount of drug
released at the active site in the first three days post-surgery would depended on the sensitivity
of the microorganism and would increase substantially after drain removal. The microbiology
study showed that P.aeruginosa biofilm formation could be a problem when ceftazidime was

used in treatment or prophylaxis proportions.

Conclusion.- Our in-vitro findings suggest that ceftazidime and fluconazole can be added
into PMMA for the prevention/treatment of infections associated to joint surgery. Their efficacy

depends on the sensitivity of the microorganism causing the infection.

Key words

Bone cement, arthroplasty, ceftazidime, fluconazole, elution kinetics, orthopedics, bioactivity,

PMMA.
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Introduction

One of the most serious complications in arthroplasty is the development of infections
(prevalence between 1% and 2.5%) [1], which lead to death in some cases. In case of bone
infection, high doses of antibiotics are required to achieve effective concentrations at the
implantation site. However, high doses of intravenous or oral antibiotics can cause toxicity.
Antibiotic-loaded acrylic bone cement, described by Buchholz and Engelbrecht [2], is a well-
established tool used in prophylaxis [3, 4] and treatment of orthopedic infections [5] in humans
and animals [6]. Polymethylmetacrylate — PMMA - is characterized by excellent biocompatibility,
with low intrinsic toxicity and inflammatory activation [7], but experience has shown that not all
antibiotics have the appropriate properties to be incorporated into this cement.
Aminoglycosides and glycopeptides are the two groups of antibiotics that satisfy the optimal
criteria for inclusion in this cement, namely, availability in powder form, wide antibacterial
spectrum, bactericidity at low concentrations, elution from PMMA in high concentrations for
prolonged periods, thermal stability, low or no risk of allergy or delayed hypersensitivity, little
influence on the mechanical properties of the cement, and low serum protein binding [8]. In
fact, some antibiotics, such as gentamicin and vancomycin, are available premixed within bone

cement, ready for use [8].

Nevertheless, the increased prevalence of multi drug-resistant bacteria [9-12] limits the
continued efficacy of the aforementioned mixtures. It has been established that the
microorganisms that most frequently cause prosthetic joint infection are methicillin-resistant
Staphylococcus aureus (MRSA) [13] and gram negative aerobic bacillus [14]. Around 80% of
fungal infections of bone prostheses are produced by Candida spp. Altough some studies have
documented the efficacy of mixing antibiotics with PMMA, the efficacy of antifungal drugs mixed

with PMMA has received little attention [15].

In this study we set out to characterize the elution profile of ceftazidime and fluconazole
in bone cement. Cephalosporins are the most commonly used antibiotics to treat osteoarticular
infections due to their broad spectrum of activity; among other actions, they disrupt the
synthesis of the peptidoglycan layer of the bacterial cell wall. Ceftazidime is a third-generation
cephalosporin used to treat infections produced by Gram-positive and Gram-negative bacteria,
and acts against Pseudomonas. Fluconazole is an antifungal agent of the triazole group used to
treat infections produced by C. albicans. Fluconazole inhibits the cytochrome P450 enzymel4a-
demethylase, which prevents the formation of ergosterol, thus increasing membrane

permeability and cell destruction.
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Prophylaxis and treatment proportions (1:40 and 4:40 grams of drug:grams of cement,
respectively) were assayed. Different equations were applied to the profiles of release in order
to explain the delivery mechanism. Finally, the bioactivity of the mixtures was evaluated by

means of two methods, a simulation exercise and a microbiology analysis.

Materials and methods

1. Materials

Fluconazole (Diflucan®) and ceftazidime (Fortam®) were purchased from Vinci Farma,
S.A. and Glaxosmithkline, S.A. respectively, and Palacos® bone cement was purchased from
Ibersugical (Valencia, Spain). The bone cement was provided as two separate components: a
powder mixture and a liquid. The composition of the bone cement is shown in Table 1, according

to the information provided by the manufacturer.

Table 1.- Composition of the acrylic bone cement, as provided by the manufacturer.

Solid Component (40g) Liquid component (20mL) Viscosity

Poly(methylacrylate. methyl
Methyl methacrylate 18.4 g
methacrylate) 33.8 g

) ) o N,N-dimethyl-p-toluidine 0.4 g
Palacos® Zirconium Dioxide 6.0 g High

Hydroquinone
Benzoyl peroxide 0.2 g

Colorant E141 0.005 g
Colorant E141 0.008 g

A buffered saline solution pH 7.4 was prepared as described in the US Pharmacopoeia:
disodium hydrogen phosphate anhydrous 2.38 g, mono-potassium hydrogen phosphate
anhydrous 0.19 g and sodium chloride 8 g per 1 L of purified water. All reagents were analytical

grade (Panreac — Barcelona, Spain-).

Methanol gradient grade for liquid chromatography, Mueller-Hinton agar plates and
standard bacterial broth were purchased from Sigma-Aldrich (Madrid, Spain). The latters were

prepared according to the manufacturer’s instructions.
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2. Methods

Six batches per antibiotic (three for each gram of antibiotic:grams of cement proportion
assayed, 1:40 and 4:40) with five samples per batch were prepared. A total of 60 antibiotic-
loaded bone cement cylinders were prepared as follows: 1g or 4g of the drug, to reproduce the
ratio antibiotic:cement used in prophylaxis or treatment in clinical practice respectively, was
added to 40 g of the powder component of the cement, and, after mixing the powder, the liquid
component was added following the manufacturer’s instructions. Cylinders of antibiotic bone
cement were made for each batch in a standard fashion according to the ISO normative 5833
(Annex E): samples were poured into teflon moulds in which they were kept for 1 hour until
completely hardened into a cylinder/disk shape. Each specimen was carefully weighed and

measured and the theoretical amount of loaded antibiotic calculated.

2.1. Drug release assays

Samples were introduced into flow-through dissolution equipment (Sotax CE7®) with
100 mL of phosphate buffer saline (pH 7.4) at 372C recirculating at a rate of 12mL/min for 48
hours. Samples were taken 0.25, 0.5, 1, 1.5, 2, 3, 4, 5, 24, 26, 28 and 48 hours after immersion.
These sampling times were selected because it was expected that the release of antibiotic would
be constant for the first 24 hours. Antibiotic homogeneity distribution within batches was
indirectly evaluated by statistical analysis of the percentage of the total antibiotic released from
the assayed samples. 100mL of phosphate buffer ensures that the sink condition is satisfied
(defined as at least three times the volume of medium required to produce a saturated solution

of drug substance). All samples were frozen at -202C until analysis.

Fluconazole and ceftazidime concentrations were assayed by high performance liquid
chromatography (HPLC) using a Perkin Elmer® Series 200 UV detector (A=268 nm and 245nm,
respectively). The mobile phase consisted of methanol:water (60:40 and 70:30 V/V respectively)
and was filtered through a 0.45 pm membrane filter before use. The mobile phase was eluted
at a flow rate of 1 mL/min in both cases. The column was a Kromasil® C-18 with a pore size of

5.0 um, measuring 150 mm (length) x 4.6 mm (diameter) [16, 17].
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2.2. Kinetical analysis and biosimulation

The elution rate at each time interval (mg/h) was obtained by dividing the total quantity

of antibiotic released in each interval by the elution time (in hours).

The kinetics analysis of the release of antibiotic was performed sequentially. First,
various kinetic models were fitted to the cumulative amount of antibiotic released for each
proportion. In a second step, kinetic parameters of the model selected and physiological
parameters (volumen from redon for 72 h from surgery obtained from a group 156 patients)

were used for the biosimulation (see appendix for details about both procedures).

2.3. Microbiology analysis

Antibacterial properties of ceftazidime for S. aureus, S. epidermidis, P. aeruginosa and
E. Coli and fluconazole for C. albicans were evaluated by means of a colony forming unit (CFU)

count [18] and inhibition halo test [19].

CFU count was performed by dipping both, samples and commercial cements alone (as
a control), in a standard bacterial broth containing approximately 150106 CFU/mL and
incubating them for 24 h at 37 °C. In order to quantify the bacteria proliferated in the culture
broth, the broth was serially diluted, spread on an agar plate and incubated overnight at 37 °C

to allow the growth and counting of CFU.

For the inhibition halo test, samples were placed in contact with an agar plate (Mueller
Hinton agar) uniformly covered with a bacterial broth (previously prepared following a standard
procedure) and incubated overnight at 37 °C, as described in [20]. Afterwards, the inhibition
zone was observed and measured. For all bone cements, the inhibition halo was repeated up to
3 days: at the end of the first incubation the samples were removed and placed in a new agar

plate containing fresh bacterial inoculum.

All antibacterial tests were performed in duplicate.

2.4. Statistical analysis

Elution rates and the total amount of antibiotic released (expressed as a fraction of

loaded amount) at each time point were compared using one-way analysis of variance (ANOVA).
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The inhibition halo test data were compared using one-way analysis of variance

(ANOVA).

In both cases, statistical significance was set at p<0.05.

Results

1. Release characterization and statistical analysis

Figure 1 shows the amount of each drug released from Palacos® bone cement loaded in
the proportions studied. The amount of fluconazole released at 48 hours was approximately half
of that of ceftazidime. The amount of ceftazidime released from treatment to profilaxis ratio

systems was 453% higher, whereas fluconazole release increased 648% when increasing drug

into cement.
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Figure 1.- Amount released vs. time profile of antibiotic loaded into bone cement. Symbols represent the mean
observed values with their corresponding SD: (#) ceftazidime 1:40, (m) ceftazidime 4:40, ( A) fluconazole 1:40, (x)

fluconazole 4:40.

Figure 2 shows the elution rate of ceftazidime and fluconazole in mg/h at different time
intervals, plotted on a logarithmic scale. All samples produced high early release rates followed

by a lower sustained release.
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Figure 2.- Elution rate vs. time profile of antibiotic from bone cement. Symbols represent the mean observed values

with their corresponding SD: (#) ceftazidime 1:40, (m) ceftazidime 4:40, ( A) fluconazole 1:40, (x) fluconazole 4:40.

Comparison of the amounts released and release rate between the different antibiotics

and proportions showed statistically significant differences.

2. Drug release models

Table 2 shows parameter values and statistical AIC obtained after fitting the different

kinetic equations to data.
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Table 2. Parameter values and statistical AIC obtained after fitting the different kinetic equations. RSE= Relative

Standard Error inter-sample; AIC= Akaike Information Criterion, k=the antibiotic elution rate constants for each

kinetics).

Antibiotic elution from bone cement

Ceftazidime Fluconazole
Kinetic Parameters 1/40 4/40 1/40 4/40
k (RSE%) 0.217 (46%) 0.25 (76%) 0.25 (-) 0.268 (146%)
Zero order
AIC 150.337 234.925 87.446 122.856
k (RSE%) 0.3 (34%) 0.293 (54%) | 0.29 (228%) | 0.306 (93%)
Higuchi
AlC -326.798 -335.355 -336.97 -280.941
k (RSE%) 0.402 (29%) | 0.384 (46%) | 0.372 (48%) | 0.396 (28%)
Korsmeyer-
n (RSE%) 0.244 (32%) | 0.254 (145%) | 0.251 (47%) | 0.242 (95%)
Peppas
AlC -717.731 -783.737 -596.022 -594.455
Clearance from redon
Kinetic Parameters Values
ko (RSE%) 2.00-107* (27.4%)
Zero order Cly (RSE%) 2.77-1072 (7.1%)
AlC -2963.25
k; (RSE%) 1.30:1072 ()
First order Cly (RSE%) 3.01-1072 (-)
AlC -2958.81

Korsmeyer-Peppas was selected among the models assayed to characterize the elution

of antibiotic from bone cement. The model predictions were able to describe the experimental

data release profiles for all formulations, as represented in figure 3.
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Figure 3.- Cumulative fraction of antibiotic released vs. time profiles after fitting data to the Korsmeyer-Peppas

equation.

Exponent n in the Korsmeyer-Peppas equation had values between 0.242 and 0.254 in
all the samples. These values, under 0.45, represent that the drug release mechanism is a Fickian
diffusion (the amount of antibiotic released is proportional to the amount remaining in the

system).

3. Bioactivity model

The model proposed to fit the data, outlined in figure 4, had been previously applied to

describe the bioactivity of ciprofloxacin loaded into bone cement [21].
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Figure 4.- Qo: antibiotic release from the cement (mg/h); Drainage Cl: Local drug clearance due to wound drainage
(mL/h); Kd (h1) antibiotic distribution rate constant from the joint space to the central compartment; Kr (h-1):
antibiotic return from the central compartment to joint space rate constant; Kel (h-1): antibiotic elimination rate

constant.

Figure 5 shows the simulated concentrations of antiobiotics in the implantation site after
surgery. For the simulation exercise, drug delivery from cement was calculated according to the

Korsmeyer-Peppas model and clearance of redon was described with a zero order kinetics (table

2).
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L L | L L L | L
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Figure 5.- Concentration of antibiotic simulated in joint space. MIC S. aureus=32mg/L, MIC S.epidermidis=8mg/L,

MIC E. Coli=2mg/L, MIC P. aeruginosa=4mg/L and MIC C. albicans=1mg/L.

As can be seen in all the figures, the concentration decreased progressively until 72

hours, at which point the redon was removed. At this point, concentrations above MIC of E. Coli,
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P. aeruginosa, S. epidermidis and S. aureus would be detected in 28%, 8%, 3% and 1% of patients,
respectively in the case of ceftazidime 1:40 and in 97%, 92%, 52% and 1% of patients respectively
in the case of ceftazidime 4:40. Concerning fluconazole, 53% and 99% of patients would have
concentrations higher than MIC of C. albicans when 1:40 and 4:40 proportions of fluconazole

would be used, respectively.

4. Microbiology analysis

In order to investigate the antimicrobial effect of the antibiotic loaded into the bone
cement, a CFU count was carried out. This is a quantitative test that allows the quantification of
proliferated bacterial colonies. In neither case growths was observed, except for P. aeruginosa
and S. epidermidis (a CFU count of 1,000,000 and 100,000 of P. aeruginosa was registered when
1:40 and 4:40 proportions of ceftazidime were used, respectively, while a CFU of 100,000 and
10,000 of S. epidermidis was registered when ceftazidime 1:40 and 4:40 were used,

respectively).

In order to investigate further the antibacterial effect of the antibiotic loaded into bone
cement, the inhibition halo test was also performed. Table 3 and figure 6 show the inhibition
halo produced by each antibiotic and proportion, for each of the microorganisms. In all cases,
the microorganisms were sensitive to the antibiotic, except in the case of S.aureus to ceftazidime
1:40 at 72 hours and S. epidermidis to ceftazidime 1:40 at all time points. The inhibition halos
for the proportions of 1:40 and 4:40 were statistically different for all microorganisms except for

P. aeruginosa.

Table 3. Diameter of inhibition halo test for ceftazidime expressed in millimeters (mm) measured after 1, 2 and 3

days of incubation.

Ceftazidime proportion
1:40 4:40
. S. S. E. Ps. S. S. E. Ps.
Bacteria . . . . . - . .
aureus epidermidis coli aeruginosa aureus epidermidis coli aeruginosa

Mean inhibition halo (mm)
Incubation 1] 22 R 40.5 435 33 31 48 47
(Days ) 18.5 R 37 35.5 29 20 42 38.5
3 R R 35.5 32 27.5 23 38 39.5
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Figure 6.- Results of inhibition halo test expressed in millimetres (mm) for 1:40 fluconazole at 24h (A), 1:40
fluconazole at 48h (B), 1:40 fluconazole at 72 h (C), 4:40 fluconazole at 24h (D), 4:40 fluconazole at 48h (E), and 4:40

fluconazole at 72h (F).

Discussion

The use of bone cement containing antibiotics is based on the principle that the
antibiotic will be released gradually from the cement over time and will therefore prevent
bacterial proliferation. In order to eradicate infection in the bone and joints, it is essential to
maintain a therapeutic concentration of antibiotic at the implantation site for an extended
period of time. Currently, there are ready-to-use bone cements containing antibiotics on the
market, but only some antibiotics are available, such as gentamicin and vancomycin. The

increasing number of multidrug-resistant bacteria and fungal infections limits the future efficacy
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of this tool and calls for the need to incorporate alternative agents into PMMA cement [9, 12].
Ceftazidime and fluconazole are known to exert a potent effect against P. aeruginosa and C.

albicans respectively.

As shown in figures 1 and 2, the release profiles of antibiotics loaded into bone cement
is biphasic. The release of antibiotic from the samples assayed can be explained by the Van De
Belt theory [22], as only antibiotic molecules located in the superficial layers were released
during the first hours of the experiment (24h). Once these molecules are dissolved, the release
of antibiotic is reduced and depends on the penetration of the surrounding media into the
cement matrix, which is dictated by the wettability of the polymer and by the number and size
of the pores in it. The principal limitation of these systems is the low proportion of antibiotic in
relation to solid bone cement components. This fact, in addition to the difference in solid particle
sizes among the antibiotic and cement components, results in heterogeneous mixing, and
therefore there is high variability of distribution of the antibiotic among samples, which leads to

heterogeneous release profiles.

In both proportions, ceftazidime was released in a higher percentage than fluconazole.
Although ceftazidime has a higher molecular weight than fluconazole (632 daltons vs. 306
daltons [23]), its solubility is also higher (396mg/L vs. 1mg/L), and our data suggest that its
release is principally a surface phenomenon, as over 70% of the total amount released did it in
the first 24 hours. Many factors mediate the release of antibiotic from polyacrylic cements. In
this case, the data are consistent because, although the molecule of ceftazidime is
approximately twice the size of that of fluconazole, it is much more soluble, which allows the

rapid dissolution of the antibiotic on the surface into media.

In figures 1 and 2 it can also be observed that a higher proportion of antibiotic resulted
in a greater release of antibiotic, but not of the same magnitude for both drugs; the release of
ceftazidime increased 453% and that of fluconazole 648%, a difference that may have been due
to the molecular weight of each one. As the concentration of drug increases, the voids created
by the release of the drug facilitate the release of the drug trapped deeper inside. Our results
confirm that PMMA is not a highly porous structure, and that compounds of a low molecular
weight, as well as having higher diffusion coefficients, able to diffuse through more narrow
spaces, are consequently released more readily than compounds of a higher molecular weight.
These results highlight the relevance of the molecular weight of the compound selected for

incorporation within bone cement [22].
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The amounts of antibiotic released from the cements, in combination with the values of
local clearance redon (attributable mainly to the wound drain), and that of liquid volume in the
joint space, allowed to simulate the bioactivity of the cements. Figure 5 shows that the amount
of antibiotic in the biophase would decrease up until 72 hours, at which point the redon would
be removed and the amount of antibiotic in biophase increased. At 72 hours, in the best of cases,
less than 30% of patients would reach the MIC of the reference microorganisms in the case of
ceftazidime in a proportion 1:40. On the other hand, at 72 hours, more than 50% of patients
would reach the MIC for all microorganisms except S. aureus when ceftazidime in a proportion
of 4:40 would be used. In the case of fluconazole, around 50% and 99% of patients would reach

the MIC of C. albicans when in proportions of 1:40 and 4:40, respectively.

In summary, according to our simulations, the bioactivity of fluconazole and ceftazidime
depends on the microorganism that produces the infection, the proportion of antibiotic used,
and above all the time passed since surgery, being highest during the first 24 hours. In the case
of ceftazidime, the antibiotic proportion used is of importance during the first 72 hours, after
which time it ceases to be relevant. Regarding fluconazole in a proportion of 4:40, all patients

should be covered against C. albicans for the period simulated.

The release of ceftazidime and fluconazole from PMMA to agar indicated that
polymerization of the PMMA did not adversely affect the action of the antibiotic and antifungal
drugs. This finding is in line with previously reported studies. The CFU count and inhibition halos
for both antibiotics (table 3 and figure 5) revealed some differences. Only S. epidermidis and P.
aeruginosa grew when the cement was placed in a liquid-growing medium. The inhibition halo
test revealed that the former was resistant to ceftazidime in a proportion of 1:40 in all samples.
This is logical, since ceftazidime is not the most effective cephalosporin against S. epidermidis.
On the other hand, ceftazidime was not active against P. aeruginosa when liquid-growing
medium was used, but was active when halo of inhibition was measured. This could have been
due to the properties of P. aeruginosa, as this microorganism has an alginate capsule that
creates biofilms [24, 25]. For this reason, in the first few hours during which the bacteria was in
liguid medium, it could have upholstered the pores of the cement, preventing elution of the

antibiotic.

Our present study has some limitations. First, there are many types of PMMA currently
available and we have tested just one, as it is the most used in our hospital. Second, we
evaluated the bioactivity of samples through a simulation exercise based on the assumption that

the surface of impregnated cement in contact with extracellular body fluid would be equivalent
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to the surface of the samples assayed and assuming that the distribution of the antibiotic from
the location of the implant to the systemic circulation would be negligible. Consequently, the
amount of antibiotic released into the medium would not have been exactly the same. On the
other hand, our results are strengthened by the fact that all the antibiotic released would have

remained in the same place, and consequently would have reached a high local concentration.

Conclusions

The findings of the present study show that ceftazidime and fluconazole can be
successfully incorporated within self-polymerizing PMMA. The bioactivity of ceftazidime at all
proportions and fluconazole in a proportion of 1:40 depend on the sensitivity of the
microorganism in the first three days post-surgery, increasing substantially after drain removal,
usually at 72 hours. In the case of fluconazole 4:40, all patients should be protected against C.
albicans for the duration of the post-surgery period. Our microbiology study revealed biofilm
formation in the case of P. aeruginosa, which represents a problem for treatment and
prophylaxis against this microorganism. Further clinical studies are essential in order to test the
efficacy of these drug-delivery systems before their widespread use as prophylaxis and

treatment of prosthetic join infections.
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Appendix

Drug release models

The in vitro fraction release profiles (Ft) for each formulation, calculated as the ratio of
the absolute cumulative amounts of drug released at time t (Mt) to infinite time (Mee), were

used to test the following models:

The zero-order kinetics model (equation 1):

M
Ft=M—t=k-tequation1

[Se]

where k is the zero order release constant. This model assumes that drug release is

constant.

The Higuchi model (equation 2):

Ft = % = k - t%5 equation 2

o0

where k represents the release rate constant reflecting the design variables of the

system.

The Korsmeyer-Peppas model (equation 3):

Ft = % = k- t™ equation 3

(2]

where k represents a rate constant incorporating structural and geometric
characteristics of the device, and n is the release exponent. For cylindrical devices, 0.45<n
corresponds to a Fickian diffusion mechanism, 0.45<n<0.89 to non-Fickian transport, n=0.89 to
Case Il (relaxational) transport, and n>0.89 to super case |l transport. With this equation, the
first 60% of a release curve should be used to calculate n, the exponent that explains the

mechanism of release [26].

The models were selected based on the precision of parameter estimates, goodness-of-
fit plots, and the minimum value of objective function [-2 log(likelihood): -2LL] provided by
NONMEM program [27]. Because some of the models compared were not nested, -2LL was not
used directly for comparative purposes, and the Akaike information criteria (AIC), computed as
-2LL+2Np, where Np is the number of the parameters in the model, was used instead. The model
with the lowest value of AIC was selected, as the precision of model parameters and data

description were adequate.
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Bioactivity models

In order to assess bioactivity, a Monte Carlo simulation was performed. Antibiotic
concentrations in the joint space (for each antibiotic and proportion) of 1000 patients were
simulated using NONMEM version 7.3. The percentage of patients whose levels of antibiotic at

the site of the implant would be higher than the MIC was calculated.

Potential bioactivity was evaluated using the minimum inhibitory concentration (MIC)
distributions of microorganisms sensitive to ceftazidime as a reference: P. aeruginosa (MIC=
4ug/mL), S. aureus (MIC= 32 ug/mL), S. epidermidis (MIC= 8 ug/mL) and E. Coli (MIC=8 ug/mL).

C. albicans (MIC=1ug/mL) was used for fluconazole calculation.

The pharmacokinetic model used for simulating biophase antimicrobial concentrations
(Figure 4) consists of two compartments: cement loaded with antibiotic (C1) and joint space
(C2). Due to the fact that clearance by drainage is very high during the first 72h post-surgery,
the distribution (Kd) from the joint space (C2) into the systemic circulation and return (Kr) were
considered negligible for calculations. Volume of joint space, 1.6 £+ 1,1mL, was obtained from
literature [28]. Elution rate of the antibiotic was calculated from the in vitro study. A 1-year
retrospective revision of volume obtained from redon in the first 72 hours after knee
arthroplasty was carried out to assess clearance from the joint space in Dr. Peset hospital -

Valencia, Spain-. 468 data were collected from 156 patients.

Clearance due to the redon in the first 72 hours was modelled by fitting zero and first

order equations to data (equation 4 and 5 respectively):

Cly =Clp + ko -t equation 4

Cl, =Clg-e ™t equation 5

where t is time, Cl: is the clearance at time t, Clg is the initial clearance, and ks and

k1 are the zero and first order constants.

In order to ensure the validity of the method, median and standard errors of the
parameters of the final model were estimated using the nonparametric bootstrap technique
within Perl-speaks-NONMEM (PSN ©). 200 replicates of the data were generated by the

bootstrap method to obtain the median and 95% percentile of parameters and fixed- and
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random-effect parameters. The bias of each parameter was calculated by computing the
difference between the median value derived from the bootstrap and the final parameter

estimate.
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Abstract

Development of a pharmaceutical form for the superficial infections related with
arthroplasties would be helpful for clinical practice. In this context, we set out to evaluate the
ciprofloxacin and gentamicin elution from systems based on chitosan. For this proposal, various
formulations (films and semisolid hydrogels) containing chitosan alone (2%) or in combination
with gelatin (6%) or tetrakis (hydroxymethyl) phosphonium chloride (THPC) in different
proportions (12% of THPC for films and 12%, 24% or 36% for hydrogel) were prepared.
Moreover, different antibiotic doses were assayed (0.5mg/cm?, 1mg/cm?and 2mg/cm?). Apart
from antibiotics release, the bioactivity exercise and the cytocompatibility was analyzed for the

formulations that provided the best elution kinetics.

All samples containing chitosan or chitosan-gelatin released ciprofloxacin or gentamicin
at very high rates. Samples containing ciprofloxacin into THPC-chitosan showed a biphasic
release during the 6 days delivery assay. The amount of ciprofloxacin released at 6 days from
THPC-chitosan films containing 12% of THPC was 1.78mg, 2.59mg and 3.18mg for antibiotic
loaded at 0.5mg/cm?, 1mg/cm2, and 2mg/cm?, respectively. On the other hand, from the
hydrogel containing 2mg/cm? of ciprofloxacin, the percentage of ciprofloxacin released was

63.26%, 46.47% and 29.50% for 12%-THPC, 24%-THPC and 36%-THPC, respectively.

THPC is suitable as crosslinker for chitosan when ciprofloxacin is incorporated showing
a sustained release during 6 days. The release system of 12%-THPC-chitosan with 2mg/cm? of
ciprofloxacin showed that 100% of patient would be covered during 72 hours post-surgery. The
concentration of 12%-THPC did not show cytotoxicity in NIH3T3 mouse fibroblasts after 48 hours

of assay.
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Introduction

Total joint replacement is one of the most common and successful orthopaedic
operations. One of its most serious complications is associated with the development of
infections, although its prevalence is between 0.5% and 3% [1], in some cases can lead to death.
Currently, a few clinical assays evaluate the efficacy of antibiotic loaded cement in primary
revision arthroplasty; there are only two meta-analysis that evaluate their efficacy: Parvizi et al.
[2] evaluated the efficacy of gentamicin loaded cement in primary revision arthroplasty. The
authors concluded that the antibiotic loaded cement reduced about 50% the deep infection rate
(from 2.3% to 1.3% when antibiotic loaded cement was used) with statistical significance in
favour of antibiotic loaded into bone cement. Wang et al. [3], evaluated the deep and superficial
infection rate when antibiotic (gentamicin, tobramycin, cefuroxime, erythromycin or colistine)
was incorporated into bone cements in primary revision arthroplasty. The authors found

statistically significant differences in deep infection rate but not in superficial infection rate.

Therefore, the development of a pharmaceutical dosage form that would provide an
initial high rate of delivery of the antibiotic after surgery would be helpful for the prophylaxis
and treatment of superficial infections related with arthroplasties. For this purpose, a polymeric
material that could be used as antibiotic vehicles are the hydrogels, as semisolid matrices or
films. In this paper, chitosan and gelatin were selected as reference polymers. Chitosan is well
known for its numerous and interesting biological properties. Indeed, this polysaccharide is a
biocompatible, bioresorbable and bioactive biopolymer [4]. Chitosan is a cationic polymer,
hydrophilic, biocompatible, and can be crosslinked with natural and synthetic polyanions, such
as gelatin [5] and tetrakis (hydroxymethyl) phosphonium chloride (THPC) [6], respectively.
Gelatin is a promising biopolymer for the preparation of cellular supports due to its
biocompatibility, biodegradability and its similarity with the extracellular matrix of the tissues of
the skin, cartilage and bone [7]. Moreover, it presents low immunogenicity, and could increase
cell adhesion, proliferation and differentiation, because in its composition it may contain the
amino acid sequence of RGD (arginine-glycine-aspartic acid). This sequence of tripeptides is
found in the adhesion proteins of the extracellular matrix (ECM), mainly in fibronectin, which,
when interacting with the integrins of the cell membrane, facilitates the adhesion of the cells
and trigger the biological responses [8]. On the other hand, tetrakis (hydroxymethyl)
phosphonium chloride (THPC) is also a good crosslinker for chitosan, because allows the covalent
bound with the amino groups of chitosan. It is a relatively inexpensive, water-soluble
organophosphorus compound made up of four hydroxymethyl groups linked to an

electronegative phosphorus atom. Chung et al. [6] have proposed this molecule as a crosslinking
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agent for protein based materials. The authors, characterized the THPC-amine reaction and

demonstrated the use of THPC in tuning hydrogel properties and showed its cytocompatibility.

Ciprofloxacin, a synthetic fluoroquinolone, is an antibacterial agent that can be
administered safely and effectively to treat most clinical isolates in infections associated with
joint prostheses and chronic osteomyelitis [9]. Gentamicin, an aminoglycoside, is an antibiotic
used to treat several kinds of bacterial infections because it is active against a wide range of
bacterial infections, mostly Gram-negative bacteria. Gentamicin is used in the treatment of bone

and soft tissues infections [10].

In this context, first we set out to evaluate ciprofloxacin and gentamicin elution from
chitosan formulations. In a second step ciprofloxacin was incorporated into chitosan films added
with gelatin. Thirdly, film or semisolid hydrogel formulations with chitosan and THPC were

evaluated as delivery systems and their cytocompatibility was analyzed.

Material and methods

Ciprofloxacin hydrochloride, gentamicin, chitosan medium molecular weight (MPM, GD
= 81%, PM = 190-310 kDa) and gelatin from bovine skin (type B), were purchased from Sigma-
Aldrich (Madrid, Spain). Tetrakis-(hydroxymethyl)-phosphonium chloride was acquired from

Tokyo Chemical Industry.

Buffered saline solution pH 7.4 was prepared as described in the US Pharmacopoeia:
disodium hydrogen phosphate anhydrous 2.38 g, mono-potassium hydrogen phosphate
anhydrous 0.19 g and sodium chloride 8 g per 1 L of purified water. All reagents were analytical

grade (Panreac —Barcelona, Spain-).

In the first step, the film forming solutions were prepared using chitosan alone as
polymer, and the influence of the acidifier agent (acetic acid or lactic acid) as well as the
antibiotic (ciprofloxacin or gentamicin) and its proportion in the mixture was studied. Secondly,
gelatin and THPC were tested as crosslinkers. Lately, formulation as film or as hydrogel was

evaluated.

Table 1 shows the samples prepared at each step. In order to obtain the different
samples, a solution of chitosan was prepared by dissolving the polymer in an aqueous solution
of the acidifier. For each hydrogel, once the appropriate amount of antibiotic was dissolved,

different crosslinker concentrations in solution were added. This mixture was vortexed for about
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10 seconds. Finally, the hydrogels were placed in petri dishes and desiccated at 402C for 48

hours. Three samples per condition were prepared.
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Table 1. Samples prepared and evaluated.

Samples
Proportion 1 2 3 4 5 6 7 8|9 10 11 12 13 14 15 16 (17 18 19 20|21 22
Ciprofloxacin X X X X X X X X X X X X | X X
Drug
Gentamicin X X X X X X X X
0.5 mg/cm2 X X X X X X X X X X X
Drug concentration 1 mg/cm? X
2 mg/cm? X X X X X X X X X X
Aceticacid 0.5% | X X X X X X X X X X
Acidifying
Lactic acid 1% X X X X X X X X[ X X X X
Chitosan1.5% | X X X X X X X X X X
Polymer
Chitosan 2% X X X X X X X X X X | X X
Gelatin 6:% X X X X
THPC 12% X X
Crosslinker
THPC 24%
THPC 36%
Film X X X X X X X X[X X X X X X X X |[X X X X |X X
Pharmaceutical Form
Gel
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To perform release studies, 5 pieces of 1cm? of the film were immersed into 10 ml
phosphate buffer saline pH 7.4 at 379C for 6 days. Samples were taken 0.16, 0.33, 0.66, 1, 1.5,
2, 3,4, 24,255, 52, 78 and 144 hours after immersion. In the case of hydrogel, 2.12 g were
introduced into dialysis membranes and were immersed in 10 ml phosphate buffer saline pH 7.4
at 372C for 6 days. Samples were taken 0.5, 1, 1.5, 2.5, 3.5, 4, 27, 52, 78, 120 and 144 hours after
immersion. In both cases, the phosphate buffer was replaced every time a sample was taken in

order to maintain the sink conditions.

Ciprofloxacin concentration was assayed by HPLC, using a Perkin Elmer® Series 200
equipped with an UV detector (A=254 nm). The mobile phase consisted of Acetic Acid solution
0.1 M: Acetonitrile (80:20) and was filtered through a 0.45 um membrane filter before use. The
mobile phase was eluted at a flow rate of 1 ml/min. The column was a Kromasil® C-18 with a
pore size of 5.0 um, measuring 150 mm (length) x 4.6 mm (diameter) [11]. Gentamicin
determination was performed by immunoassay of chemiluminescent microparticles (ARCHITECT

i1000SR).

In order to compare formulations, the total amount of antibiotic released and the
percentage of antibiotic released at each time point were compared using one-way analysis of

variance (ANOVA). As a post hoc test, Scheffe's test, was used.

To evaluate the bioactivity of hydrogels a simulation of the amount of drug into biophase
as a function of time was carried out. For this proposal, first the kinetics of the release of
antibiotic was characterised [12]. The in vitro fraction release profiles (Ft) for each formulation,
calculated as the ratio of the absolute cumulative amounts of drug released at time t (Mt) to

infinite time (Me<), were used to test the following models:

The zero-order kinetics model (equation 1):

M
St ket
M, equation 1

where k is the zero order release constant. This model assumes that drug release is

constant.

The Higuchi model (equation 2):

Me _ . gos

Moo equation 2

where k represents the release rate constant reflecting the design variables of the

system.
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The Korsmeyer-Peppas model (equation 3):

M pgm
My equation 3
where k represents a rate constant incorporating structural and geometric
characteristics of the device, and n is the release exponent. For spherical devices, n<0.43
corresponds to a Fickian diffusion mechanism, 0.43<n<0.85 to non-Fickian transport, n=0.85 to
Case Il (relaxational) transport, and n>0.85 to super case |l transport. With this equation, the

first 60% of a release curve should be used to calculate n, the exponent that explains the

mechanism of release [13].

The models were selected based on the precision of parameter estimates, goodness-of-
fit plots, and the minimum value of objective function [-2 log(likelihood): -2LL] provided by
NONMEM. Because some of the models compared were not nested, -2LL was not used directly
for comparative purposes, and the Akaike information criteria (AIC), computed as -2LL+2Np,
where Np is the number of the parameters in the model, was used instead. The model with the
lowest value of AIC was selected, as the precision of model parameters and data description

were adequate.

Finally, to assess the bioactivity, a Monte Carlo simulation was performed. Antibiotic
concentrations in the joint space (for each crosslinker proportion) of 1000 patients were
simulated using NONMEM version 7.3. The pharmacokinetic model used for simulating biophase
antimicrobial concentrations, which was described in previous work [14], consists of two

compartments: hydrogel loaded with antibiotic and joint space.

Potential bioactivity was evaluated using the minimum inhibitory concentration (MIC)
distributions of microorganisms sensitive to ciprofloxacin as a reference: Pseudomonas
aeruginosa (MIC = 0.25-1 pg/mL), S. aureus (MIC = 0.12-0.5 ug/mL) and Escherichia coli (MIC
=0.016—0.004 pg/mL) [15]. The percentage of patients whose levels of antibiotic at the site of

the implant were higher than the MIC was calculated.

In order to determine the cytocompatibility of the elaborated hydrogels, cytotoxicity
assays were performed using mouse fibroblast cells (NIH3T3 P15, ATCC®, Manassas, USA). Cell
viability was assessed by measuring mitochondrial metabolic activity with 3- (4,5-
dimethylthiazol-2-yl) -2,5-diphenyl tetrazolium bromide (MTT) [16]. The MTT assay allows to
examine the toxic effect of the material studied on the cells, as a result of the interaction

between the cell and the evaluated sample. The assay was performed in 96-well plates, in which
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100 pL of a suspension of NIH3T3 P15 cells (1.11*10° cells / mL) were seeded. Cells were cultured
in DMEM-Dulbecco modified Eagle's medium (Aldrich® Sigma, St. Louis, USA), supplemented
with 1% antibiotics (Gibco® penicillin / Streptomycin, Waltham, USA) and 10% FBS (fetal bovine
serum from Gibco®). After reaching confluence, the culture medium was replaced with 25, 50
or 75 pL of the samples and supplemented with 225, 200 or 175 uL respectively, of serum-free
DMEM (dilutions 1/10, 1/5 and 1/3 respectively). They were incubated in 5% CO2 at 37° C for
24h or 48h. After the incubation period the medium was removed, 20 uL of MTT dye (5 pug / mL)
was added and maintained at 37° C for 3 h. Finally, the absorbance of the purple, blue formazan
dye was measured spectrophotometrically in a microplate reader at 570 nm (Synergy H1

monochromator-based, Biotek, Winooski, USA).

Results and discussion

The modulation of the drug release from biopolymer systems is currently one of the
main challenge for biomedicine. Chitosan, a biocompatible, bioerodible and bioactive
biopolymer [4], has the perfect characteristics to be used as a carrier material for controlled
release systems. The use of crosslinkers to delay the drug release from chitosan polymers has
been reported previously, since the high chitosan’ hydrophilicity allows a very fast hydration and
an instantaneous release. In this study, all samples from 1 to 16 (table 1) resulted an instant

release regardless of the proportion of chitosan, acidifying agent or antibiotic ratio included.

The gelatin type B addition to chitosan (samples from 17 to 20 in table 1), did not
produce a delay in the release either. In this study, since first sampling time, all antibiotic was
released and therefore no increase in release during the 6 days after was observed. These results

motivated to study the inclusion of THPC as a crosslinker in the samples.

The inclusion of THPC was based in the paper from Chung et al. [6]. These results confirm
that THPC is an appropriate crosslinker. The release of ciprofloxacin from samples that contained
chitosan-THPC showed a biphasic release; during the first hours, all the ciprofloxacin that was
present in the superficial layers was released. Once these molecules were in solution, rate of
release of antibiotic was reduced and it depends on the penetration of the surrounding aqueous

media into the polymer network [17].

Figure 1 shows the profile of amount of ciprofloxacin released vs. time from samples 21,
22 and 23 containing 12% THPC. Analysing the amount of antibiotic released as a function of the

amount of antibiotic loaded into the samples, a higher loading of ciprofloxacin resulted in a
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greater release at 6 days; however, the increase in the amount released is not proportional to
the charge of the samples (amount released for 12% THPC is 1.78 mg, 2.59 mg and 3.18 mg for
antibiotic loaded with 0.5 mg / cm?, 1 mg / cm2, and 2 mg / cm?, respectively). This less than
proportional increase of release with drug concentration could be due to binding of the
crosslinker to the amino groups of ciprofloxacin. In this way, an increase in the dose of
ciprofloxacin would result in increased binding of the cross-linker to the drug and a decrease in
the effective crosslinking (the effective crosslinking is the bonding of the hydroxymethyl groups

of the THPC with the amine groups of the chitosan).

' e A 2 mg/cm2

. ®0,5 mg/cm2
2

£ ® 1 mg/cm2

?— o

e

Amount of ciprofloxacin released (mg)

0 50 100 150 200

Time (hours)

Figure 1.- Amount released vs. time profile of ciprofloxacin loaded into 12% THPC-chitosan films loaded with 0.5, 1

and 2 mg/cm? respectively.

Although the release of the drug from the films was satisfactory, the organoleptic
properties of the formulations following the addition of the crosslinker were not. Due to this
problem it was decided to change the formulation to an hydrogel form. The highest antibiotic
load (2 mg/cm?) was selected in order to ensure high drug concentration in biophase. In these
conditions, the influence of the crosslinking ratio on the delivery properties and biocompatibility
of the formulation was evaluated. Figure 2 shows the profile of percentage of ciprofloxacin
released vs time when the antibiotic was loaded on 12, 24 or 36% of THPC on hydrogel (samples
24 to 26). In these cases, the increase of percentage of THPC (a greater degree of crosslinking)
resulted in a minor amount of ciprofloxacin released. The total amount released at the end of

the assay was 6.33mg, 4.65mg and 2.95 mg for 12% THPC, 24% THPC and 36% THPC respectively.
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The amount released decreased a 26% when 24% THPC is used respect to 12% THPC and a 37%
when 36% THPC is used respect to 24%. This behaviour was expected and it can be said that the
release of antibiotic is reduced by about 30% when doubling the amount of THPC. The
comparison of the amounts released and percentage released from film and hydrogel among
the different antibiotics proportions and THPC proportions showed statistically significant

differences (p<0,05).
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Figure 2.- Percentage of ciprofloxacin released vs. time profile when loaded into THPC-chitosan gel. Symbols

represent: (@) THPC 12%; ( A) THPC 24% and (=) THPC 36%.

Table 2 shows parameter values and statistical AIC obtained after fitting the data from
samples 24, 25 and 26 to different kinetic equations. Korsmeyer-Peppas was selected among
the models assayed to characterize the elution of antibiotic from hydrogels. According to the
value of the exponent n obtained in the Korsmeyer-Peppas equation - between 0.20 and 0.33 -
all the samples had a value under 0.43, which means that the drug release mechanism is a Fickian
diffusion (the amount of antibiotic released is proportional to the amount remaining in the

release system).
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Table 2. Parameter values and statistical AIC obtained after fitting the different kinetic equations to experimental
data (samples 24, 25 and 26). (RSE= Relative Standard Error inter-sample; AIC= Akaike Information Criterion and k

are the antibiotic elution rate constants for each kinetics).

Ciprofloxacin elution from hydrogel

Kinetic Parameters | 12% THPC | 24% THPC | 36% THPC

K (RSE%) | 1.04(0.5) | 0.37 (22.6) | 0.41(0.6)
Zero order

AIC 202.02 121.21 126.64

K (RSE%) 1.39(0.5) | 0.64(5.1) | 0.61(0.7)
Higuchi

AIC 96.81 14.21 25.71

K (RSE%) | 2.30(0.7) | 0.91(0.5) | 0.98(0.7)

Korsmeyer-Peppas | n (RSE%) 0.20(1.8) | 0.33(0.5) | 0.23(0.5)

AIC -48.96 -25.69 -59.52

The model proposed to explain local bioactivity, had been previously applied to describe
the bioactivity of ciprofloxacin loaded into bone cement [12, 14]. Figure 3 shows the
concentrations simulated in the biophase. As can be seen, the concentration decreased until 72
hours, at which point the redon was removed. Nevertheless, after this time point,
concentrations would be above MIC of E. Coli, P. aeruginosa and S. aureus in 100% of patients

ensuring adequate effectiveness.
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Figure 3.- Concentration of antibiotic simulated in joint space.

Figure 4 shows the viability of mouse fibroblasts after exposure to the formulations

compared with the control. In this assay, the dilution 1/10 and 1/5 did not show statistically

significant differences respect to the control regardless of the proportion of THPC at 24h. On the

other hand, the 1/3 dilution, showed statistically significant differences with a decrease in cell

viability around 90% at 24 hours. After 48 hours of incubation, no statistically significant

difference with controls were observed when 1/10 dilution was used for all ratios and when the

dilution of 1/5 was used for the ratio of 12%. These results indicate that the concentration of

12% THPC when used at a 1/10 dilution in the medium did not cause cytotoxicity in NIH3T3

mouse fibroblasts after 48 hours of assay. Chung et al. described that free amines located on

the cell surface are susceptible to crosslinking with THPC (and all covalent crosslinkers that

target primary amines) and may affect cell function. This fact could explain the drop in cell

viability when the croslinker is used at very high ratios.
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Figure 4.- MTT assay results showing cell proliferation after 24 and 48 hours of incubation in the presence of
hydrogel cross-linked with 12%, 24% and 36% of THPC. Symbol * represents statistically significant differences with

respect to control.

The use of chitosan semisolid hydrogel as wound healing accelerators has been
reported, and their effects are due to the enhancement of inflammatory cell and fibroblasts
function, which promotes tissue granulation and organization [18, 19]. The problem with
chitosan is that due to its great water solubility, the release of the drug is almost instantaneous.
In this case, the use of THPC has been adequate in order to extend the release of antibiotic
during the subsequent six days and ensuring a correct bioactivity during the 72 hours post-

surgery (the most important moment for the prevention of infections).

The pharmaceutical form developed could be very useful to be implanted on the opened
field during surgery interventions for replacement in order to protect locally against superficial
infection associated with arthroplasty. Moreover, this pharmaceutical form would not have to
be removed as it is fully biodegradable. In these cases, approximately during the three days after
the surgery, when there is a redon that applies vacuum in order to eliminate the substances of
waste, the high release of the antibiotic would provide high local concentrations effective to

protect against the most common pathogens.
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Conclusions

The hydrogels prepared containing ciprofloxacin are promising for the prophylaxis of
superficial infections associated to joint replacement. THPC is suitable as crosslinker for chitosan
when ciprofloxacin is incorporated as the antibiotic showed a sustained release during the 6
days after the immersion. The release system of 12% THPC-chitosan with 2mg/cm? of
ciprofloxacin would provide a correct bioactivity since a very high ratio of patients would be
covered during the 72 hours post-surgery. The concentration of 12% THPC when using a 1/10
dilution (12% THPC-chitosan / culture medium) did not show cytotoxicity in NIH3T3 mouse

fibroblasts after 48 hours of assay.
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ABSTRACT

One of its most serious complications of arthroplasty is associated with the development
of infections, although its prevalence is between 0.5%-3%, in some cases can lead to
death. Therefore, an important challenge in joint surgery is the prevention of infections
when an arthroplasty is performed. The use of antibiotic-loaded cements could be a
suitable tool due to its numerous advantages; the main advantage of the use of antibiotic
loaded into bone cement derives directly from antibiotic release in the effect-site,
allowing to achieving high concentrations at the site of action, and minimal or no systemic
toxicity. This route of administration was first described by Buchholz and Engelbrecht.
In the case of infection treatment, this method is an established method and its good
results are confirmed. However, its role in infection prevention, and therefore the use of
these systems in clinical practice, has proved controversial because of the uncertainty
about the development of possible antibiotic resistance after prolonged exposure time, the
effectiveness, cost of these systems, toxicity and loosening of mechanical properties. This
review discusses all these topics, focusing on effectiveness and safety, antibiotic decision,
cement type, mixing method, release kinetics and future perspectives. The final objective
is to provide the orthopaedic surgeons right information in their clinical practice based on

current evidence.

Key words: Bone cement; Arthroplasty; Antibiotic; Elution kinetics; Orthopaedics;

Bioactivity.

169



Flow chart showing the content of the article.

Evidence of Effectiveness and Safety

*Parviziet al.(14).- antibiotic loaded cement reduced about 50% the deep infection rate
*Wang et al. (15).- statistically significant differences in deep infection rate but not in superficial infection rate

Dose of Antibiotic

*Prophylaxis.- 1g of antibiotic to 40 g of acrylic cement
sTreatment.- 3.6 g of antibiotic to 40 g of acrylic cement

Characteristics of the Antibiotic

#Stability at high temperature

*The antibiotic included in bone cement must be in solid form
*Wide antibacterial spectrum

*Antibiotics are required high solubility in water

e Antibiotic effective at low doses

Single Antibiotic Incorporation

«Commonly mixed antibiotics are gentamicin, tobramycin, vancomycin and clindamycin
eUnder research are ciprofloxacin, cefazolin, moxifloxacin, amoxicillin clavulanate...

Two Antibiotics Combination

*When two antibiotics are incorporated, more voids and cracks are present in bone cements as the drugs are
released, thus increasing the release of the remaining antibiotics. Moreover, authors have described a
synergic effect between some antibiotics

Cement Type

s ow viscosity promotes the mixing process; however, its mechanical strength is worse than that of high
viscosity cements.

Mixing Method

*The vacuum mixing decreases the air trapped into cement from 25% to 1%.

Release Kinetics

*The inclusion of the antibiotic into bone cement provide high antibiotic level in first days, followed by a
sustained release
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Introduction

Total joint replacement is one of the most common and successful orthopaedic operations.
The replacement is performed when there is irreversible damage in the joint, and in
general, it is recommended in the elderly, in which bearable of the prosthesis is much
smaller due to its low physical activity, reducing the possibility of failure. One of its most
serious complications is associated with the development of infections, although its
prevalence is between 0.5% and 3% (1), which in some cases can lead to death. In these
cases, it is required high dose of antibiotics to reach effective concentrations at the
implantation site. Nevertheless, high dose of antibiotics could cause toxicity. To prevent
the genesis of complications associated to the development of infections, the inclusion of
antibiotics into the bone cement intended for mechanical attachment of the prosthesis to
bone tissue has been suggested. The main advantage of this use of antibiotics derives
directly from antibiotic release in the effect-site, allowing to achieving high
concentrations at the site of action, and minimal or no systemic toxicity (2, 3). Currently,
polymethylmethacrylate (PMMA) is the most widely used bone cement material for
loading antibiotics and represents the current standard as an antibiotic delivery vehicle in

orthopaedic surgery.

This route of administration was first described by Buchholz and Engelbrecht (4).
However, its role in infection prevention, and therefore the use of these systems in clinical
practice, has proved controversial because of the uncertainty about the development of
possible antibiotic resistance after prolonged exposure time, the effectiveness, cost of
these systems, toxicity and loosening of mechanical properties (5-9). These aspects are

reviewed in this document.
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Method

A systematic review of the available literature was performed using the keyword terms
“antibiotic loaded bone cement” and “arthroplasty”; there was no limit on the year of
publication. The search was limited to English papers. The following databases were

accessed on 9th June 2016: PubMed (http://www.ncbi.nlm.nih.gov/sites/entrez/). In order

to be considered eligible for inclusion, studies needed to focused on the prophylaxis of
infection. Studies were excluded if: (1) outcomes of antibiotic-loaded bone cements
(ALBC) use in primary TKA were not reported; (2) it was impossible to extrapolate or

calculate the necessary data from the published results.

Evidence of Effectiveness and Safety

The review of Kynaston-Pearson et al. shows that 8% of all primary hip replacement
prosthesis implanted in 2011 and recorded by the National Joint Registry (NJR) had no
readily available evidence relating to their safety or effectiveness (10). This has led to
further research in this field. Nevertheless, it is very difficult because there is a high
number of cement brands and prosthesis brands; for example, in UK in 1996 there were
62 components in the market and in 2011 there were 265 different implants (11). This
fact added to the low number of patients included in the studies, makes that the studies

cannot provide sufficient evidence.

The Food and Drug Administration (FDA) in 2003 authorized antibiotic-loaded into bone
cement for second-stage reimplantation after infected arthroplasties. In contrast, the use
of these delivery vehicles for prophylaxis in prosthesis surgery is an off-label use (12).
Nevertheless, the use of antibiotic loaded bone cement is recommended by most authors

for joint arthroplasty revisions and in primary implants, which are at higher risk of
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infection (7). Live audience polling at the 2009 American Association of Hip and Knee
Surgeons Annual Meeting demonstrated that 37% of surgeons in attendance ‘‘always’’
used antibiotic loaded into bone cement for routine primary total knee arthroplasty, while
45% used it on a more selective basis for high-risk patients (13). In the United States, off-
label use of antibiotic-impregnated polymethylmethacrylate for primary joint
replacement is increasing and multiple antibiotic-containing polymethylmethacrylate
products are commercially available. However, the use of antibiotic loaded bone cement
in primary arthroplasty is controversial because its inclusion can reduce the mechanical

properties of the cement and its uses would produce bacteria resistance.

Currently, a few clinical assays evaluate the efficacy of antibiotic loaded cement in
primary revision arthroplasty; there are only two meta-analysis that evaluate their efficacy

(Table 1).

1.  Parvizi et al.(14) evaluated the efficacy of gentamicin loaded cement in primary
revision arthroplasty. A total of 21,444 knees arthroplasties impregnates with
gentamicin or not were evaluated. Only one of the six studies evaluated by the
authors reached the statistical significance in prophylaxis of infection. This paper
concluded that the antibiotic loaded cement reduced about 50% the deep infection
rate (from 2.3% to 1.3% when antibiotic loaded cement was used) with statistical
significance in favour of antibiotic loaded into bone cement.

2. Wang et al. (15), evaluated the deep and superficial infection rate when
antibiotic was incorporated into bone cements (3 studies with gentamicin included
into Palacos, 1 with tobramycin included into Simplex P, 1 with cefuroxime
included into Simplex P, 1 with erythromycin and colistine included into Simplex
P and 2 with cefuroxime included into CMW) in primary revision arthroplasty. In

this study, the authors stated that the meta-analysis reported by Parvizi et al.
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included some nonrandomized studies and their results should thus be treated with
caution. Therefore, the inclusion criteria applied by Wang et al. were more
restrictive and evaluated a total of 6,381 arthroplasties. The authors found
statistically significant differences in deep infection rate but not in superficial
infection rate. However, there were no statistically significant differences in
aseptic loosening of prostheses (noninfectious loosening is defined as normal
erythrocyte sedimentation rate, no pain and bacteriologic cultures to be negative)
neither in clinical objectives (articular function evaluation).
In summary, attending to both meta-analysis results it can be considered that the
antibiotic loaded bone cement would provide clinical profit in primary surgery, as

prophylaxis, in order to prevent deep infection.

Antibiotic Decision

Dose of Antibiotic

The dose of antibiotic to be used in arthroplasty is not completely established, it depends
if it is going to be used as treatment or prophylaxis. In most cases, it appears that the dose
is set according to its influence on the mechanical properties of the cement, rather than to
its therapeutic efficacy. It is established that to pursuit therapeutic treatment, it is usually
recommended to add 3.6 g of antibiotic to 40 g of acrylic cement in order to guarantee
the correct drug levels (16, 17). Conversely, for a prophylactic effect, it appears to be
sufficient with low dose of antibiotic. In this case it is recommended to use 1 g of
antibiotic per 40 g of cement; the lower proportion of antibiotic is less likely to alter the

mechanical properties of the cement (18).
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Characteristics of the Antibiotic

Experience has shown that not all antibiotics satisfy the properties required to be
incorporated into bone cements. At the moment, it is known that antibiotic election has

to satisfy some criteria:

o (1DStability at high temperature. The polymerization of PMMA increases the
temperature of the cement mixture to 60°C-80°C (19). Furthermore, it should be
ensured that the degradation products, derivate of high temperature exposure, are
not toxic drugs.

o (2)Different authors have reported that the inclusion of liquid antibiotic shows
higher amount of antibiotic eluted but a loosening of the mechanical properties
(this cements do not satisfy the 1ISO normative 5833 -Annex E-) (20, 21). In this
way, the antibiotic included in bone cement must be in solid form. Nevertheless,
the mechanical properties influenced by each antibiotic in solid form must be
studied in order to guarantee that the corresponding ISO normative is
accomplished.

o (3)The antibiotic must be effective against most frequently microorganism that
cause infection (wide antibacterial spectrum), specifically, methicillin-resistant
Staphylococcus aureus (MRSA) (22) and gram negative aerobic bacillus (23).

o (@)Antibiotic elution from bone cement depends on the penetration of the
surrounding media into the cement matrix, which is dictated by the wettability of
the polymer, by the number and size of the pores in it and by antibiotic solubility
(24). Then antibiotics are required high solubility in water (19).

o (5)Although antibiotic doses (1 g of antibiotic per 40 g of cement) are
established to preserve mechanical integrity, the antibiotic doses are not

equipotent. Thus, it is not the same 1 g of gentamicin (habitual intravenous dose
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is 240 mg /24 hours) with that 1 g of amoxicillin (common intravenous dose is
3000 mg/24 hours). For these reason another feature for the antibiotic inclusion is
that it has to be effective at low doses.

However, the antibiotic elution requirements are unknown to date.

Single Antibiotic Incorporation

The most commonly mixed antibiotics are gentamicin, tobramycin, vancomycin and
clindamycin. These antibiotics satisfy the commented criteria and are found on the
market, such as ready-mixed. The two antibiotics ready-mixed more used are gentamicin
and vancomycin. Ferraris et al. compared the commercial antibiotic-loaded bone cement
(Palacos R + G®) and manually mixed (Palacos R® and Palacos LV® added with
gentamicin) evaluating their antibacterial behavior based on inhibition zones. They
concluded that commercial formulation produces an inhibition zone that is a bit larger
(23% greater, P<0.05) and more regular than the manually mixed preparation. They
attributed the differences to the lack of use of vacuum mixing techniques in manual
mixtures (25). A limitation of this study is that the antibiotic powder employed in manual
mixing is a commercial gentamicin sulphate, which is a mix of different substances; this
limitation is present in many studies. Therefore it can be concluded that the manual
addition of commercial antibiotics to PMMA-based bone cement produces inhibition
zones that are moderately smaller and more irregular compared to commercial

formulations of the same antibiotic-loaded bone cements.

Other antibiotics, under research, that have been mixed by some authors are ciprofloxacin
(26), cefazolin (27), moxifloxacin (28), amoxicillin clavulanate (28) (table 2). Our

research team, examined ciprofloxacin release from three trademarks of bone cements
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(Simplex®, Lima® and Palacos®) and its bioactivity using as variables, the mixing
method, the chemical form of the antibiotic and the antibiotic combination. The antibiotic
amount released in base form represents 35% of antibiotic amount released when
hydrochloride form is incorporated. Moreover, the combination (vancomycin and
ciprofloxacin) shows a stronger release (132%) than hydrochloride ciprofloxacin alone.
Three cements tested show equal drug release profile (P > 0.05). A bioactivity simulation
exercise showed that until 72 hours post-surgery, ciprofloxacin concentrations in the
implant would be higher than 0.1 pg/mL in 100% of the patients. The limitations of this
study is that no bending nor modulus strengths were calculated and the bioactivity was

evaluated by means of a simulation exercise (26).

Paz E. et al studied the inclusion of vancomycin or cefazolin at prophylaxis doses (1 g of
antibiotic per 40 g of bone cement) into bone cement Palacos R+G®; vancomycin and
cefazolin release, fluid absorption, and mechanical properties were evaluated under
physiological conditions. Cefazolin at 672 hours showed higher release (227.28 £23.91
pug/mL) compared to vancomycin (71.86 + 25.34 pg/mL) (P<0.01). However, the
differences in release between both antibiotics was not so marked during the first 24
hours, being 44.26 + 3.37 pg/mL and 32.46 £ 9.70 pg/mL for cefazolin and vancomycin
respectively (P=0.281). The compressive strength of cements added of the two antibiotics
without aging and after aging for 1 month in phosphate buffered saline (PBS) at 37°C was
calculated. All cements without aging showed no statically significant difference to the
control cement (P>0.01). However cefazolin aged in PBS at 37°C experienced significant
reductions in compressive properties (P<0.01). The limitation of this study is that there is
no data about bioactivity and therefore it can not be assessed whether the differences are

clinically significant (27).
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Galvez-Lopez et al. evaluated different ALBC for elution kinetics, thermal stability, and
mechanical properties. A 10% or 20% mixture (w/w) beads of medium viscosity bone
cement (DePuy®) and vancomycin, gentamycin, daptomycin, moxifloxacin, rifampicin,
cefotaxime, cefepime, ampicillin, meropenem, and ertapenem were evaluated. Elution
kinetic profiles of all antibiotics tested, with the exception of ampicillin and cefepime,
demonstrated a triphasic pattern of release with a progressive increase in the first 24 h
followed by a rapid decrease and a final phase with a low and steady decline through the
rest of the experiment. In this general triphasic behaviour, 3 particular behaviours of
elution were identified depending on the antibiotics tested. Vancomycin, gentamycin,
moxifloxacin, and rifampicin, loaded at 10% (w/w), demonstrated constant elution
kinetics through the 30-day duration of the experiment. Daptomycin, meropenem,
ertapenem, and cefotaxim although also having the triphasic pattern, showed a lower peak
and a faster decrease of elution between days 3 and 30, but eluted concentrations remained
above the minimum inhibitory concentration (MIC) of susceptible organisms, according
to EUCAST clinical breakpoints. Finally, ampicillin and cefepime showed minimal
elution with eluted concentrations being almost undetectable at day 4 and always below
the MICs of susceptible organisms, according to European Committee on Antimicrobial
Susceptibility Testing (EUCAST) clinical breakpoints. The percentage eluted from each
ALBC is shown in table 2. Presence of antibiotics did not affect the strength of ALBC
with mean compression values greater than 70 mPa, except for rifampicin -loaded bone
cement, for which the compression strength did not exceed 42.9 mPa (28). The limitation
of this study is the measurement of antimicrobial properties; at the antibacterial activity

was only measured at 30 minutes from the beginning of the assay.

Hsu et al. incorporated 0.5, 1 and 2 g of daptomicin (Cubicin®, the commercial antibiotic,

that has more than 90% of pure antibiotic) per 40 g of PMMA,; in this study, the authors
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showed that the mechanical strength is not compromised by daptomicin at any
concentration, because all samples had a compressive strength higher than 100 MPa. The
percentage of daptomcin eluted during 2 weeks was 9.59% =+ 0.85%, 15.25% + 0.69%,
and 20.64% + 20.33% from 0.5, 1 and 2 g of daptomicin, respectively. The bioactivity of
the cements was also confirmed including MSSA, MRSA, S. Epidermidis, E. Faecalis,
and E. Faecium. The authors concluded that the inclusion of commercial daptomycin at
low dose in bone cement was satisfactory; both bioactivity and resistance tests were

adequate (29).

Snir et al. studied 1 g of linezolid, vancomycin or gentamicin per 40 g included into
PMMA (Smart Set GHV® and CMW1®). There were no differences between brands
cements. The study showed that linezolid shows a minimum inhibitory concentration
(MIC) of 0.625, 0.312, 1, 250 and 250 mcg/mL to Methicillin-resistant Staphylococcus
aureus (MRSA), S. epidermidis, VRE (vancomycin-resistant enterococci), E. Coli and K.
pneumoniae respectively. Vancomycin shows a MIC of 1.25, 1.25, 0.4, 125 and 125
mcg/mL to MRSA, S. epidermidis, VRE (vancomycin-resistant enterococci), E. Coli and
K. pneumoniae respectively. Finally gentamicin shows a MIC of 0.1, 7.81, 23.43, 1 and
0.625mcg/mL to MRSA, S. epidermidis, VRE (vancomycin-resistant enterococci), E.
Coli and K. pneumoniae respectively. Table 3 shows the growth inhibitory time (GIT) of
beads impregnated with antibiotics. In conclusion, the authors showed that the GIT of
linezolid was significantly longer than that of vancomycin and gentamicin for MRSA and
S epidermidis. Axial compression test was performed to verify if the mechanical strength
of PMMA was compromised because of the addition of antibiotics. The results revealed
no reduction in the mechanical strength of PMMA beads (P>0.2) with the concentration
of antibiotics used in this study (maximum 5% weight/weight antibiotic per PMMA

packet). Both types of cements maintained similar mechanical properties. With this study,
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it can be said that linezolid is more effective than gentamicin and vancomycin against
MRSA and S. epidermidis. Table 2 shows that the combination gentamicin plus linezolid
or vancomycin plus linezolid, do not provide a greater bactericidal potency. It can be
concluded that PMMA impregnated with linezolid has the potential to be efficacious in
the prevention and treatment of bone and joint infections (30). Anguita-Alonso et al. (31)
found that linezolid used at 3 different concentrations (2.5%, 5%, and 7.5%
weight/weight) maintained excellent stability and elution after PMMA polymerization in
vitro. The PMMA used was Simplex P ® in the form of beads, and the indicator
microorganism was Bacillus subtilis. They also reported that compared with other
antibiotics (ie, cefazolin, ciprofloxacin, gatifloxacin, levofloxacin, and rifampicin), the
elution of linezolid from PMMA was less affected by impregnated antibiotic

concentration.

Another important aspect related with the antibiotic loaded into bone cement is if the
exposure to antibiotic causes resistance; Corona et al. have seen in their study that the
inclusion of gentamicin or tobramycin in cement spacers (4g. of antibiotic / 40 g of
PMMA) seems to increase the gram positive cocci resistance. They analysed 113 chronic
hip and knee prosthesis joint infection and observed that aminoglycoside-resistance in
gram-positive cocci was significantly higher when aminoglycosides were incorporated in
cement spacers respect to no use of it. Gentamicin resistance after previous
aminoglycoside-cement spacers use was significantly higher (49.2% vs. 19.3%; P:
0.0001) as well as resistance to tobramycin (52.7% vs. 30.9%; P: 0.014) (32). There is

little evidence of this aspect.

In conclusion, the commercial formulations produce a greater and more regular release
of antibiotic from bone cement than the manually mixed preparations. One of the biggest

issues of most of the studies is that the commercial form of the antibiotic, which comes
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with excipients in many occasions, is used. This fact may explain the differences between
pre-mixed ALBC and manually mixed. Finally, currently there are a large number of
combinations of bone cements with antibiotics, for which much remains to be elucidated
and it cannot be concluded that a perfect unique combination exists, each one adapts to

the requirements of the clinical condition.

Two Antibiotics Combination

It has been reported that the simultaneous incorporation of two antibiotics or more into
bone cement resulted in higher rate of elution compared to one antibiotic loaded bone
cement. When two antibiotics are incorporated, more voids and cracks are present in bone
cements as the drugs are released, thus increasing the release of the remaining antibiotics.
Moreover, authors have described a synergic effect between some antibiotics, i.e. it has
been described synergistic effect between aminoglycosides and glycopeptides (19). A
study about the optimal antibiotic combination for the antibiotics gentamicin,
vancomycin and teicoplanin in cements showed that the combination of gentamicin and
teicoplanin had a bactericidal activity more prolonged than gentamicin alone. Moreover,
the synergic effect of teicoplanin and gentamicin had superior bactericidal activity
compared to gentamicin and vancomycin (33, 34). Bertazzoni Minelli et al. compared
gentamicin plus vancomycin spacers versus gentamicin alone spacers. The study showed
that the combination was more effective than gentamicin alone (35). These results are

coherent with those mentioned above.

To date, there is no ideal combination of antibiotic and cement that allow to cover all
possible infections and therefore, the antibiotic election must be effective against most

microorganisms that cause infection.
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Cement Type

Polymethylmethacrylate (PMMA) is the main component used in the fixation of joint
prosthesis. It is prepared in the operating room, mixing the solid and liquid components.
As bone cements have some disadvantages, these systems are fragile and produce necrosis
due to exothermic reaction during the polymerisation (36-39). There have been reports of
thermal damage of cartilage and periosteum, leading to non-union of fractures and

loosening of implants (38, 39).

Viscosity of the cement is very important in the mixing moment. Low viscosity promotes
the mixing process; however, its mechanical strength is worse than that of high viscosity
cements. Clinical outcomes of low viscosity bone cement demonstrate that they have

higher risk of revision and loosening (40, 41).

The method that produces the loosening is unclear to date; Ayre et al. studied the
mechanism that causes the aseptic loosening. In order to explain the aseptic loosening,
two commercial high viscosity bone cements (Palacos® and Cemex Isoplastic®) were
aged in an isotonic fluid at physiological temperatures. After 30 days ageing cements
increased in weight of approximately 2% and the outermost layers of the cement were
hydrolysed. This study concluded that this molecular change and the plasticising effect
of water resulted in reduced mechanical and fatigue properties over time and therefore
cement ageing contributes to the long-term failure of cemented joint replacements (42).
This kind of studies are important to simulate the evolution of bone cement into the

organism.

The addition of barium sulphate and zirconium oxide (for radiological detection)
increases the risk of loosening (43). These radiopacifiers are hydrophilic and promote the
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hydrolysis of ester groups of methyl methacrylate (MMA) and PMMA. The previous
study, suggests to employ hydrophobic radiopacifiers such as iodine-based ones,
developed by Lewis et al. (44) in order to decrease the risk of loosening. Shearwood et
al. studied the effect of barium sulphate agglomerates on mechanical characterisation of
bone cement. They evaluated the effect of barium sulphate agglomeration on crack
initiation processes in conventional, vacuum-mixed acrylic cement. The tendency of
barium sulphate particles to agglomerate is clearly evidenced to be detrimental to the
fatigue performance of the cement (45). Gomoll et al. studied the effect of replacing
barium sulphate microparticles that are usually present in commercial PMMA cements
with barium sulphate nanoparticles. They concluded that the nanoparticulate substitution
of radio-opacifiers substantially improved the in vitro mechanical properties of PMMA
bone cement without changing the known chemical composition (46). Ultimately, the use
of the hydrophilic radio-opacifiers damage the mechanical properties of bone cements, so

there is more investigation required to find alternatives for the future.

Antibiotic elution from bone cement depends on cement composition and
physicochemical characteristics of antibiotic. About gentamicin, Van de Belt et al. studied
the formation of a Staphylococcus aureus biofilm on six gentamicin-loaded bone cements
(CMW1®, CMW3®, CMW Endurance® and CMW2000® with 2.5% of gentamicin;
Palacos® and Palamed® with 1.25% of gentamicin). None of gentamicin-loaded cements
showed a reduction in biofilm formation relative to unloaded cements within 6 h after
inoculation, whereas only gentamicin-loaded CMW1® and Palacos® reduced biofilm
formation 24 h after inoculation. Alternatively, CMW Endurance®, CMW2000®, and
Palamed® did not exhibit any initial reductions in biofilm formation, but effects started
after 48, and 72 h, respectively. Biofilm reduction by gentamicin-loaded CMW3® lasted

the longest from 24 to 72 h. Biofilm formation on all cements follows a similar pattern in
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time, but the gentamicin-loaded cements demonstrate different reductions of biofilm
formation, that seems unrelated with the gentamicin-release kinetics from the cements,
previously measured (table 2). The authors conclude that biofilm formation on bone
cements is not only related to gentamicin release, but may also be dependent on other
properties of the cement surface, such as its roughness (18). Scott et al., compared the
bioactivity of the two most used aminoglycosides (tobramycin and gentamicin) from
different cements (Palacos® and Simplex®), and showed that tobramycin incorporated
into Simplex® has antibacterial activity against 98% of P. aeruginosa while gentamicin
into Palacos® against 93% of the same bacteria (P<0.001). In this study, the authors
compared the zone of inhibition of gentamicin and tobramycin loaded into bone cement
at prophylaxis doses against 100 clinical isolates of P. aeruginosa collected from sputum,
urine, ear... but none that has caused a prosthetic infection. Results are consistent with
the type of antibiotic, because tobramycin is slightly more effective than gentamicin
against P. aeruginosa (47). With respect to vancomycin, Cerretani et al., compared the 2
g of vancomycin elution from 40 g of CMW1®, Palacos-R® and Simplex-P® with a
pharmacokinetic study. The authors performed a pharmacokinetic study in which
evaluated the area under the concentration-time curve against time (AUC), which
represents the amount of drug released and pharmacologically available; the half-life of
release (t1/2); peak concentration (Cmax); and time at which Cmax is obtained (Tmax).
The cements released 2.00%, 1.94% and 1.69% of antibiotic incorporated after 35 days,
respectively. Only t1/2 showed statistically significant differences between bone cements
brands; having CMWI1® a significantly longer release half-life. Although there are
significant differences, the clinical implications that this may involve are not clarified;

bioactivity studies are needed in order to extract the clinical impact of differences (48).
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About the comparison of pre-mixed commercial ALBC, Neut et al. investigated
differences in gentamicin release and the antibacterial efficacy of the eluent between four
cement brands (Refobacin Palacos R®, Refobacin Bone Cement R®, Palacos R + G®
and SmartSet GHV®). Table 2 shows the differences in the amount of antibiotic eluted
and the bioactivity. Although the cements Refobacin Bone Cement R® and Palacos R +
G® provided higher release of antibiotic, there was no colony growth in any cement
sample during the one week study, so it can be said that all commercial cements with

gentamicin had adequate bioactivity during the first week (49).

Mixing Method

The mixing method characterizes the antibiotic elution. The best antibiotic elution is
associated to high cement porosity. The problem of high porosity is the loss of mechanical
properties (33, 50, 51). The presence of air trapped into cement, decrease its resistance.
The vacuum mixing decreases the air trapped into cement from 25% to 1%. Therefore,
this mixing method provides advantages: the resistance increases from 70 to 90 MPa and
fatigue resistance rises from 10 to 30 MPa (51, 52). Nevertheless, the preparation under
vacuum conditions causes a major reduction of bone cement and then a worse adhesion
from bone cement-to bone is obtained (41, 53). There is a division of opinions according
to the authors (54). Meyer J et al., (55) compared 6 commercial bone cements (Cemex
Genta Gentamicin 1.0 g/40 g, Cobalt G-HV Gentamicin 0.5 g/40 g, Palacos R+G
Gentamicin 0.5 g/40 g, Simplex P Tobramycin 1.0 g/40 g, SmartSet GMV Gentamicin
1.0 g/40 g and VersaBond AB Gentamicin 1.0 g/40 g) mixed at atmospheric pressure and
under vacuum conditions. A standard Kirby-Bauer bioassay technique was subsequently

used to quantify antibiotic elution from the products. The results from the study
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demonstrated that vacuum mixing produced lower antibiotic release from Cemex®,
SmartSet® and Versabond® and increased release of antibiotic from Palacos®,
Simplex® and Cobalt® (Fig. 1). According to these statements, the study concluded that
the effect of vacuum-mixing on antibiotic elution is product-specific (55). Our research
team, compared the manual and vacuum mixing when ciprofloxacin hydrochloride was
mixed with different bone cements (Simplex®, Palacos® and Lima CMT1®). When
comparing the two mixing procedures, no statistically significant differences were found
between vacuum and manual mixing with respect to the drug release rate from Simplex®
and Palacos® bone cements. On the contrary when Lima CMT1® bone cement was used,
significant differences were observed up to 697 hours. However, no statistically
significant differences in the percentage of amount released were observed at subsequent
testing times. This significant difference can be explained if the high variability of the
manual batches tested is considered. It should be emphasized that variability of the
percentage of drug released from the vacuum-mixed samples was much lower than that
seen with manually-mixed ones. Ultimately, vacuum mixing reduces variability in the

release profiles, but the influence on kinetic properties are product-specific.

186



120 —

£ . T
-.E..- ] * ] w A
z - LM T
an 1
E H I wat
< 100 — i H - - T
g B E I
o I A
5 I
E 90 — ! oL s
E | . T
= L A 1 [l
£ o T .
o — w3
5 a0
E -+
¥
70 — +

=a 4

50 — Atm Vac Atm Vac Atm Vac Atm Vac Atm Vac Atm Vac
B < 0,001 < 0,001 < 0.1 0.004 0,002 il
Cemex Cobalt Palacos Simplex Smart Set Versabond

Figure 1.- Summary of use of vacuum mixing when Cemex®, SmartSet®, Versabond®, Palacos®,
Simplex® and Cobalt® was used.

Some authors advocate for vacuum mixing, because the surgeons have less exposure to
cement vapours; to date several studies have shown that exposure to vapours from bone
cements provide undetectable plasma levels. Homlar et al. studied the effect of exposure
to PMMA. Twenty healthy volunteers were exposed during the mixing of
polymethylmethacrylate cement in a simulated operating room environment (this study
was purposefully designed using non-laminar flow rooms, open bowl mixing technique,
and without the use of personal exhaust hoods to simulate a worst case scenario exposure).

Methyl methacrylate was not detected in any of experimental specimens (56).

Another important aspect is the mixing speed; Pithankuakul K. et al. evaluated the effect
of the mixing speed of hand-mixing bone cement. In the study, the antibiotic-loaded bone
cement used was Vancomycin-Palacos LV. The authors concluded that bone cement
prepared with high-speed hand mixing and delayed antibiotic addition can increase

vancomyecin release (57).
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As shown, antibiotic elution depends on many factors (cement characteristics,
physicochemical properties of the antibiotic and mixing procedure, among others), and
there is no absolute best option; but there is an optimal combination (antibiotic plus
cement brand) for each microorganism. The continuing emergence of new commercially-
available brands of ALBCs makes it important to establish which one will provide the

most favorable antibiotic release, and consequently yields the best antibacterial efficacy.

Release Kinetics

Different authors have indicated that the inclusion of the antibiotic into bone cement
provide high antibiotic level in first days, followed by a sustained release (19). There are
different studies showing evidence that release can be produced during the first hours in
some cases or for several weeks in others (58, 59). First the antibiotic is eluted from the
cement surface and then from the cement inside. The fluids in contact penetrate into
cement and dissolve the antibiotic. Then, the antibiotic dissolved is eluted from void and
cracks of bone cements (60, 61). Various authors had stated that antibiotic elution from
bone cement is conditioned by cement type and porosity, antibiotic molecular weight and
physico-chemical properties, surface in contact with the liquid of the environment and
amount of antibiotic incorporated (16, 20, 21, 62, 63). The problem is that the PMMA is
a highly hydrophobic polymer, which limits the elution. For this reason, some antibiotics
are only eluted during the first hours, that is, only antibiotic on surface is released (64).
Only high solubility and low molecular weight antibiotics would be elute through voids

and cracks. (16, 20, 21, 62, 63)

Since antibiotic dissolved from cement surface represents the highest amount released,

cement surface in contact with fluids conditions efficacy. Moojen et al. and Bertzzoni et
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al. showed that the initial release is proportional to the rugosity and then to the surface
(35, 65); while release in the following days is proportional to cement porosity. This

statement is logical and it should always be extrapolated into clinical practice.

As stated above, currently, it has been approved the use of premixed antibiotic loaded
bone cement. Only commercially available antibiotic- PMMA can be used for
reconstruction of a previously septic total knee or total hip replacement. The antibiotic
incorporation to bone cement by surgeon is not permitted and therefore the only
antibiotics available are vancomycin, clindamycin, tobramycin and gentamicin. Meta-
analysis previously referenced (15, 66) showed that the inclusion of antibiotic into bone
cement demonstrated its efficacy in deep infection but not in superficial infection. This
evidence was expected because the antibiotic released out of cement, would stay in the
cement-bone interface. In any case, the antibiotic release from bone cement would be an

effective system for deep infection, which is more complicated due to poor blood supply.

In summary, the PMMA highly hydrophobic polymer, limits the elution, and makes it
dependent on features of the antibiotic and the surface in contact. Some authors discussed
the possible systemic bioavailability of antibiotics from bone cement. Kendoff et al.
evaluated the systemic bioavailability of antibiotics from bone cement after implantation
determining the concentrations of gentamicin and vancomycin in plasma and urine of
patients receiving a novel bone cement during one-stage revision in periprosthetic hip
infections. The mean postoperative maximum gentamicin plasma concentration at 5.85
hours was 209.65 ng/mL. For vancomycin, a mean postoperative maximum plasma
concentration of 134.64 ng/mL was determined at 20.03 hours. The authors concluded
that it exists slow absorption of both antibiotics after release from the cement resulting in

plasma concentrations well below toxic levels, that do not result in a critical systemic
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concentration potentially inducing bacterial resistance (67). In any case, ALBC are safe

from the pharmacotherapeutical point of view, with a very low systemic absorption.

Perspectives and Conclusions

Currently, researchers are looking for ways to increase and improve these systems release.
In this manner, there are studies where some substances are included into bone cement in
order to improve the elution. As an example, it has been observed that vitamin E is a
scavenger of free radical in the oxidative process. Moreover, its inclusion in bone cement
reduces the temperature of the harden process (62 to 36 degrees C) and therefore,
increases cytocompatibility. Up to 25% of vitamin E does not decrease the mechanical
strength (68). Penalba Arias et al. studied the effect of bone cement loaded with
daptomycin alone or in combination with gentamicin or PEG600 in the prevention of
biofilm formation of S. epidermidis. For comparison, PMMA loaded with gentamicin or
vancomycin was tested. The study showed that vancomycin was superior to daptomycin
and gentamicin inhibiting staphylococcal adherence in vitro. However, PMMA loaded
with daptomycin combined with gentamicin or PEG600 completely inhibited S.

epidermidis-biofilm formation (69).

It has been demonstrated that the inclusion of chitosan nanoparticles has activity against
S. aureus y S. epidermidis, without decrease in mechanical strength compared to PMMA
alone (70). The inclusion of this polysaccharide would have antimicrobial activity per se.
These findings support the possibility of combining in cements this polymer with
antibiotics. Another improvement is the inclusion of silver nanoparticles (71). When this

metal is included in cements it is eluted and has antimicrobial activity against A.
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baumanii, P. aeruginosa, P. mirabilis y S. aureus, but its inclusion reduces the

mechanical strength of cement (72).

Although there are still many variables to elucidate, antibiotic loaded bone cements are a
successful alternative to decrease the infection rate. Many questions, like, which is the
optimal dose, which patients would benefit of it or which is the optimal antibiotic-cement
combination in order to eradicate microorganisms specifically, are still open.
Nevertheless, there are a lot of ways for improving these delivery systems that can lead
in the future to ALBC able to provide clinical profit in primary surgery, as prophylaxis,

in order to prevent deep infection.

191



REFERENCES

1. Kurtz SM, Ong KL, Lau E, Bozic KJ, Berry D, Parvizi J. Prosthetic joint infection risk after
TKA in the Medicare population. Clin Orthop Relat Res. 2010;468(1):52-6.

2. Regis D, Sandri A, Samaila E, Benini A, Bondi M, Magnan B. Release of gentamicin and
vancomycin from preformed spacers in infected total hip arthroplasties: measurement of
concentrations and inhibitory activity in patients' drainage fluids and serum.
TheScientificWorldJournal. 2013;2013:752184.

3. Hsieh PH, Huang KC, Tai CL. Liquid gentamicin in bone cement spacers: in vivo antibiotic
release and systemic safety in two-stage revision of infected hip arthroplasty. The Journal of
trauma. 2009;66(3):804-8.

4, Buchholz HW, Engelbrecht H. [Depot effects of various antibiotics mixed with Palacos
resins]. Chirurg. 1970;41(11):511-5.

5. Arciola CR, Campoccia D, Montanaro L. Effects on antibiotic resistance of Staphylococcus
epidermidis following adhesion to polymethylmethacrylate and to silicone surfaces.
Biomaterials. 2002;23(6):1495-502.

6. Joseph TN, Chen AL, Di Cesare PE. Use of antibiotic-impregnated cement in total joint
arthroplasty. The Journal of the American Academy of Orthopaedic Surgeons. 2003;11(1):38-47.
7. Hanssen AD. Prophylactic use of antibiotic bone cement: an emerging standard--in
opposition. J Arthroplasty. 2004;19(4 Suppl 1):73-7.

8. Gutowski CJ, Zmistowski BM, Clyde CT, Parvizi J. The economics of using prophylactic
antibiotic-loaded bone cement in total knee replacement. The bone & joint journal. 2014;96-
B(1):65-9.

9. Thomes B, Murray P, Bouchier-Hayes D. Development of resistant strains of
Staphylococcus epidermidis on gentamicin-loaded bone cement in vivo. J Bone Joint Surg Br.
2002;84(5):758-60.

10. Kynaston-Pearson F, Ashmore AM, Malak TT, Rombach |, Taylor A, Beard D, et al. Primary
hip replacement prostheses and their evidence base: systematic review of literature. Bmj.
2013;347:f6956.

11. National Joint Registry for England and Wales. 9th annual report. National Joint Registry,

www.hqip.org.uk/national-joint-registry-9th-annual-report-2012/). af.

12. Bourne RB. Prophylactic use of antibiotic bone cement: an emerging standard--in the
affirmative. J Arthroplasty. 2004;19(4 Suppl 1):69-72.
13. MA. P. How do your practices compare to others? AAOS. 2010;4:8,14.

192


http://www.hqip.org.uk/national-joint-registry-9th-annual-report-2012/)

14. Parvizi J, Saleh KJ, Ragland PS, Pour AE, Mont MA. Efficacy of antibiotic-impregnated
cement in total hip replacement. Acta Orthop. 2008;79(3):335-41.

15. Wang J, Zhu C, Cheng T, Peng X, Zhang W, Qin H, et al. A systematic review and meta-
analysis of antibiotic-impregnated bone cement use in primary total hip or knee arthroplasty.
PLoS One. 2013;8(12):e82745.

16. Penner MJ, Duncan CP, Masri BA. The in vitro elution characteristics of antibiotic-loaded
CMW and Palacos-R bone cements. J Arthroplasty. 1999;14(2):209-14.

17. Steinbrink K. The case for revision arthroplasty using antibiotic-loaded acrylic cement.
Clin Orthop Relat Res. 1990(261):19-22.

18. van de Belt H, Neut D, Schenk W, van Horn JR, van Der Mei HC, Busscher HlJ.
Staphylococcus aureus biofilm formation on different gentamicin-loaded
polymethylmethacrylate bone cements. Biomaterials. 2001;22(12):1607-11.

19. Anagnostakos K, Kelm J. Enhancement of antibiotic elution from acrylic bone cement. J
Biomed Mater Res B Appl Biomater. 2009;90(1):467-75.

20. Penner MJ, Masri BA, Duncan CP. Elution characteristics of vancomycin and tobramycin
combined in acrylic bone-cement. J Arthroplasty. 1996;11(8):939-44.

21. Lawson KJ, Marks KE, Brems J, Rehm S. Vancomycin vs tobramycin elution from
polymethylmethacrylate: an in vitro study. Orthopedics. 1990;13(5):521-4.

22. Patel A, Calfee RP, Plante M, Fischer SA, Arcand N, Born C. Methicillin-resistant
Staphylococcus aureus in orthopaedic surgery. ) Bone Joint Surg Br. 2008;90(11):1401-6.

23. Dirschl DR, Almekinders LC. Osteomyelitis. Common causes and treatment
recommendations. Drugs. 1993;45(1):29-43.

24, XulJ, LiuY, He J, Zhang R, Zuo B, Wang X. Surface structures of poly(methyl methacrylate)
films influenced by chain entanglement in the corresponding film-formation solution. Soft
matter. 2014;10(44):8992-9002.

25. Ferraris S, Miola M, Bistolfi A, Fucale G, Crova M, Masse A, et al. In vitro comparison
between commercially and manually mixed antibiotic-loaded bone cements. Journal of applied
biomaterials & biomechanics : JABB. 2010;8(3):166-74.

26. Martinez-Moreno J, Mura C, Merino V, Nacher A, Climente M, Merino-Sanjuan M. Study
of the Influence of Bone Cement Type and Mixing Method on the Bioactivity and the Elution
Kinetics of Ciprofloxacin. J Arthroplasty. 2015;30(7):1243-9.

27. Paz E, Sanz-Ruiz P, Abenojar J, Vaquero-Martin J, Forriol F, Del Real JC. Evaluation of
Elution and Mechanical Properties of High-Dose Antibiotic-Loaded Bone Cement: Comparative

"In Vitro" Study of the Influence of Vancomycin and Cefazolin. J Arthroplasty. 2015.

193



28. Galvez-Lopez R, Pena-Monje A, Antelo-Lorenzo R, Guardia-Olmedo J, Moliz J,
Hernandez-Quero J, et al. Elution kinetics, antimicrobial activity, and mechanical properties of
11 different antibiotic loaded acrylic bone cement. Diagnostic microbiology and infectious
disease. 2014;78(1):70-4.

29. Hsu YM, Liao CH, Wei YH, Fang HW, Hou HH, Chen CC, et al. Daptomycin-loaded
polymethylmethacrylate bone cement for joint arthroplasty surgery. Artificial organs.
2014;38(6):484-92.

30. Snir N, Meron-Sudai S, Deshmukh AJ, Dekel S, Ofek I. Antimicrobial properties and
elution kinetics of linezolid from polymethylmethacrylate. Orthopedics. 2013;36(11):e1412-7.
31. Anguita-Alonso P, Rouse MS, Piper KE, Jacofsky DJ, Osmon DR, Patel R. Comparative
study of antimicrobial release kinetics from polymethylmethacrylate. Clin Orthop Relat Res.
2006;445:239-44.

32. Corona PS, Espinal L, Rodriguez-Pardo D, Pigrau C, Larrosa N, Flores X. Antibiotic
Susceptibility in Gram-Positive Chronic Joint Arthroplasty Infections: Increased Aminoglycoside
Resistance Rate in Patients With Prior Aminoglycoside-Impregnated Cement Spacer Use. J
Arthroplasty. 2014.

33. Lewis G, Janna S. Estimation of the optimum loading of an antibiotic powder in an acrylic
bone cement: gentamicin sulfate in SmartSet HV. Acta Orthop. 2006;77(4):622-7.

34. Anagnostakos K, Kelm J, Regitz T, Schmitt E, Jung W. In vitro evaluation of antibiotic
release from and bacteria growth inhibition by antibiotic-loaded acrylic bone cement spacers. J
Biomed Mater Res B Appl Biomater. 2005;72(2):373-8.

35. Bertazzoni Minelli E, Benini A, Magnan B, Bartolozzi P. Release of gentamicin and
vancomycin from temporary human hip spacers in two-stage revision of infected arthroplasty. J
Antimicrob Chemother. 2004;53(2):329-34.

36. Whitehouse MR, Atwal NS, Pabbruwe M, Blom AW, Bannister GC. Osteonecrosis with
the use of polymethylmethacrylate cement for hip replacement: thermal-induced damage
evidenced in vivo by decreased osteocyte viability. European cells & materials. 2014;27:50-62;
discussion -3.

37. Stanczyk M, van Rietbergen B. Thermal analysis of bone cement polymerisation at the
cement-bone interface. Journal of biomechanics. 2004;37(12):1803-10.

38. Radev BR, Kase JA, Askew MJ, Weiner SD. Potential for thermal damage to articular
cartilage by PMMA reconstruction of a bone cavity following tumor excision: A finite element

study. Journal of biomechanics. 2009;42(8):1120-6.

194



39. Boner V, Kuhn P, Mendel T, Gisep A. Temperature evaluation during PMMA screw
augmentation in osteoporotic bone--an in vitro study about the risk of thermal necrosis in
human femoral heads. ) Biomed Mater Res B Appl Biomater. 2009;90(2):842-8.

40. Stone JJ, Rand JA, Chiu EK, Grabowski JJ, An KN. Cement viscosity affects the bone-
cement interface in total hip arthroplasty. J Orthop Res. 1996;14(5):834-7.

41. Lewis G, Janna S, Bhattaram A. Influence of the method of blending an antibiotic powder
with an acrylic bone cement powder on physical, mechanical, and thermal properties of the
cured cement. Biomaterials. 2005;26(20):4317-25.

42. Ayre WN, Denyer SP, Evans SL. Ageing and moisture uptake in polymethyl methacrylate
(PMMA) bone cements. Journal of the mechanical behavior of biomedical materials. 2014;32:76-
88.

43. Sylvain GM, Kassab S, Coutts R, Santore R. Early failure of a roughened surface,
precoated femoral component in total hip arthroplasty. J Arthroplasty. 2001;16(2):141-8.

44, Lewis G, van Hooy-Corstjens CS, Bhattaram A, Koole LH. Influence of the radiopacifier in
an acrylic bone cement on its mechanical, thermal, and physical properties: barium sulfate-
containing cement versus iodine-containing cement. J Biomed Mater Res B Appl Biomater.
2005;73(1):77-87.

45, Shearwood-Porter N, Browne M, Sinclair I. Micromechanical characterisation of failure
in acrylic bone cement: the effect of barium sulphate agglomerates. Journal of the mechanical
behavior of biomedical materials. 2012;13:85-92.

46. Gomoll AH, Fitz W, Scott RD, Thornhill TS, Bellare A. Nanoparticulate fillers improve the
mechanical strength of bone cement. Acta Orthop. 2008;79(3):421-7.

47. Scott CP, Higham PA. Antibiotic bone cement for the treatment of Pseudomonas
aeruginosa in joint arthroplasty: comparison of tobramycin and gentamicin-loaded cements. J
Biomed Mater Res B Appl Biomater. 2003;64(2):94-8.

48. Cerretani D, Giorgi G, Fornara P, Bocchi L, Neri L, Ceffa R, et al. The in vitro elution
characteristics of vancomycin combined with imipenem-cilastatin in acrylic bone-cements: a
pharmacokinetic study. J Arthroplasty. 2002;17(5):619-26.

49, Neut D, Kluin OS, Thompson J, van der Mei HC, Busscher HJ. Gentamicin release from
commercially-available gentamicin-loaded PMMA bone cements in a prosthesis-related
interfacial gap model and their antibacterial efficacy. BMC musculoskeletal disorders.
2010;11:258.

50. Kuhn LFaKD. Properties of bone cement: antibiotic loaded cement. The Well-Cemented

Total Hip Arthroplasty, part Il. 2006.

195



51. Wixson RL, Lautenschlager EP, Novak MA. Vacuum mixing of acrylic bone cement. J
Arthroplasty. 1987;2(2):141-9.

52. Eveleigh R. Mixing systems and the effects of vacuum mixing on bone cement. British
journal of perioperative nursing : the journal of the National Association of Theatre Nurses.
2001;11(3):132, 5-40.

53. Jiranek WA, Hanssen AD, Greenwald AS. Antibiotic-loaded bone cement for infection
prophylaxis in total joint replacement. J Bone Joint Surg Am. 2006;88(11):2487-500.

54. Laine JC, Nguyen TQ, Buckley JM, Kim HT. Effects of mixing techniques on vancomycin-
impregnated polymethylmethacrylate. J Arthroplasty. 2011;26(8):1562-6.

55. Meyer J, Piller G, Spiegel CA, Hetzel S, Squire M. Vacuum-mixing significantly changes
antibiotic elution characteristics of commercially available antibiotic-impregnated bone
cements. ) Bone Joint Surg Am. 2011;93(22):2049-56.

56. Homlar KC, Sellers MH, Halpern JL, Seeley EH, Holt GE. Serum levels of methyl
methacrylate following inhalational exposure to polymethylmethacrylate bone cement. J
Arthroplasty. 2013;28(3):406-9.

57. Pithankuakul K, Samranvedhya W, Visutipol B, Rojviroj S. The effects of different mixing
speeds on the elution and strength of high-dose antibiotic-loaded bone cement created with the
hand-mixed technique. J Arthroplasty. 2015;30(5):858-63.

58. Elson RA, Jephcott AE, McGechie DB, Verettas D. Antibiotic-loaded acrylic cement. J
Bone Joint Surg Br. 1977;59(2):200-5.

59. Stevens CM, Tetsworth KD, Calhoun JH, Mader JT. An articulated antibiotic spacer used
for infected total knee arthroplasty: a comparative in vitro elution study of Simplex and Palacos
bone cements. J Orthop Res. 2005;23(1):27-33.

60. Torrado S, Frutos P, Frutos G. Gentamicin bone cements: characterisation and release
(in vitro and in vivo assays). Int J Pharm. 2001;217(1-2):57-69.

61. Duey RE, Chong AC, McQueen DA, Womack JL, Song Z, Steinberger TA, et al. Mechanical
properties and elution characteristics of polymethylmethacrylate bone cement impregnated
with antibiotics for various surface area and volume constructs. The lowa orthopaedic journal.
2012;32:104-15.

62. Baker AS, Greenham LW. Release of gentamicin from acrylic bone cement. Elution and
diffusion studies. J Bone Joint Surg Am. 1988;70(10):1551-7.

63. Deluise M, Scott CP. Addition of hand-blended generic tobramycin in bone cement:
effect on mechanical strength. Orthopedics. 2004;27(12):1289-91.

64. Powles JW, Spencer RF, Lovering AM. Gentamicin release from old cement during

revision hip arthroplasty. J Bone Joint Surg Br. 1998;80(4):607-10.

196



65. Moojen DJ, Hentenaar B, Charles Vogely H, Verbout AJ, Castelein RM, Dhert WJ. In vitro
release of antibiotics from commercial PMMA beads and articulating hip spacers. J Arthroplasty.
2008;23(8):1152-6.

66. Hinarejos P, Guirro P, Leal J, Montserrat F, Pelfort X, Sorli ML, et al. The use of
erythromycin and colistin-loaded cement in total knee arthroplasty does not reduce the
incidence of infection: a prospective randomized study in 3000 knees. J Bone Joint Surg Am.
2013;95(9):769-74.

67. Kendoff DO, Gehrke T, Stangenberg P, Frommelt L, Bosebeck H. Bioavailability of
gentamicin and vancomycin released from an antibiotic containing bone cement in patients
undergoing a septic one-stage total hip arthroplasty (THA) revision: a monocentric open clinical
trial. Hip international : the journal of clinical and experimental research on hip pathology and
therapy. 2015:0.

68. Mendez JA, Aguilar MR, Abraham GA, Vazquez B, Dalby M, Di Silvio L, et al. New acrylic
bone cements conjugated to vitamin E: curing parameters, properties, and biocompatibility.
Journal of biomedical materials research. 2002;62(2):299-307.

69. Penalba Arias P, Furustrand Tafin U, Betrisey B, Vogt S, Trampuz A, Borens O. Activity of
bone cement loaded with daptomycin alone or in combination with gentamicin or PEG600
against Staphylococcus epidermidis biofilms. Injury. 2015;46(2):249-53.

70. Shi Z, Neoh KG, Kang ET, Wang W. Antibacterial and mechanical properties of bone
cement impregnated with chitosan nanoparticles. Biomaterials. 2006;27(11):2440-9.

71. Alt V, Bechert T, Steinrucke P, Wagener M, Seidel P, Dingeldein E, et al. [Nanoparticulate
silver. A new antimicrobial substance for bone cement]. Orthopade. 2004;33(8):885-92.

72. Morones JR, Elechiguerra JL, Camacho A, Holt K, Kouri JB, Ramirez JT, et al. The
bactericidal effect of silver nanoparticles. Nanotechnology. 2005;16(10):2346-53.

197



Table 1 Summary of meta-analysis results.

No. of studies Superficial infection rate

Deep infection rate

Study included (no. o .
of prosthesis) RR IC (95%) RR IC (95%)
Parvizi et 6 studies
al.(8) (24,661) - - 0.55 0.34-0.75
Wang et 8 studies ) _
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Table 2 Summary of clinical studies of antibiotic into bone cement.

Antibiatic in Percentage Mechanica
Study Mixture cement (per ~ Cement type leased 9 Bioactivity I -
40g) released (time) properties
Ferraris et al. . Gentamicin _
2010 (25) Pre-mixed 059 Palacos R® N/S Inh zone= 8.1 mm N/S
Gentamicin Palacos R + _
Manual 059 G® N/S Inh zone=10.0 mm N/S
Neut et al. 2010 Pre-mixed Gentamicin Refobacin 8.6 £ 0.6% N/S
(49) 059 Palacos R (168 h)
- Refobacin
Gentamicin 12.2 £ 0.8%
05 Bone Cement (168 h) ’ A gentamicin-sensitive bacterium N/S
R did not survive. Survival was
Palacos independent of the level of burst
Gentamicin 125+ 3.6% release by the bone cement. /
059 (168 h) N/S
: R+G
Gentamicin SmartSet 3.6+£0.4% N/S
05g GHV (168 h)
Martinez- Ciprofloxacin
Moreno et al. Manual hydrochloride Simplex® 2'650/%(1344 N/S
2015 (26) (19)
Lima® 2.42"/;; )(1344 N/S
2.50% (1344 The concentrations of
Palacos® ' f])( ciprofloxacin reachable in the N/S
implant would be higher than 0.1
Ciprofloxacin Lima® 0.75% (1344 ] . N/S
base (1 g) 1mal h) pg/mL in 100% of patients,
) ) decreasing the coverage when
Ciprofloxacin 2.85% (1344
Vacuum hydrochloride Simplex® ' h) higher concentrations are need. N/S
(19)
0,
Lima® 5.40% (1344 N/S
h)
0,
Palacos® 4.63 /;;)(1344 N/S
Paz E. et al 2015 Vaconmycin
Vacuum Palacos® 8.58% (672 h N/S ND
@) (L9 8 (672h)
Vac‘(’fg‘)yc'“ Palacos®  2.89% (672 h) N/S ND
i 0,
Cefazolin (1 palacos® 27.14% (672 N/S ND
a) h)
Gélvez-Lopez R. Vancomycin 31.32% (720
etal 2014 (28) Manually (1g) CMW® h) N/S 586.2 mPa
Gentamycin 13.31% (720 166.27
(1g) CMW® h) N/S mpPa
. . 0
Moxifloxaci CMW® 50.40% (720 NS 383 mPa
n(lg h)
. - 0
Rifampicin CMW® 41.24% (720 NS 42 mPa
(19 h)
Daptomycin CMW® 17.09% (720 NS 785 mPa
(19 h)
Ertapenem 22.54% (720
CMW® N/S 121 mPa
(19 h)
0,
Meropenem CMW® 27.24% (720 NS 342 mPa
(19) h)
i 0,
CEf‘(’E’;'me CMW® 26'5°h/;’ (720 N/S 75.82 mPa
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Ampicilin

(1g) CMW® 0.99% (720 h) N/S N/S
Cefe%')me a CMW®  1.49% (720 h) N/S 144 mPa
Hsu etzgl 2014 Manual Da[(J)t%mycn Oste®obond 9.59% All bone cements of the three 112F',39
(29) 059 daptomycin preparations (low, mid, mFa
and high) produced detectable
Dap(tlorr;ycn Oste®obond 15.25% bacterial inhibition on day 1. lranF.’?
9 However, growth inhibition for all
Daptomycn Osteobond 20,649 groups rapidly declined from day 2. 112.97
(29) ® 00 ! mPa
. Smart Set
Snir e(t;g)' 2013 Manual - GHV ® and - - 2285 N (1)
CMWI1®
. . Smart Set MRSA MIC=0.625 mcg/mL
Manual L'”ez‘;"d @ GHveand N/S 2552 N (1)
g CMW1® S. epidermidis MIC=0.312 mcg/mL
. Smart Set MRSA MIC=1.25 mcg/mL
Va”ffm)y““ GHV ® and N/S 2344 N (1)
g CMW1® S. epidermidis MIC=1.25 mcg/mL
" Smart Set MRSA MIC=0.1 mcg/mL
Ge”(tlam)'c'” GHV ® and N/S 2301 N (1)
g CMW1® S. epidermidis MIC=7.81 mcg/mL
L'”ez)"i'd @ Smart set MRSA MIC=0.625 mcg/mL
Vangom «n CGHV®and N/S 2480 N (4)
1 g)y CMWI1® S. epidermidis M1C=0.312 mcg/mL
L'”ez)"i'd @ Smart set MRSA MIC=0.625 mcg/mL
Gen?amicin GHV®and N/S 2513 N (1)
(1g) CMWI1® S. epidermidis M1C=0.312 mcg/mL
Van de Belt et Gentamicin 3.52% (168 h Reduction on biofilm formation
al. 2001 (18) Manual 19 CMW1® ( ) only before 6 h N/
3.16% (168 h Reduction on biofilm formation
CMW3® ( ) from24to72h N/S
CMW 3.40% (168 h) Reduction on biofilm formation N/S
Endurance® only after 48-72 h
CMW2000 2 649 (168 h) Reduction on biofilm formation N/S
® only after 48-72 h
Gentamicin 3.43% (168 h Reduction on biofilm formation
(0.829) Palacos® ( ) only before 6 hours N/S
6.86% (168 h Reduction on biofilm formation
Palamed® ( ) only after 48-72 h N/S
Cerretani et Vancomycin o
al.2002 (48) Manual 29) CMW1 2.00% (840 h) N/S N/S
Va”(czog‘)yc'“ Simplex P 1.69% (840 h) N/S N/S
Va”fzog‘)yc'” Palacos-R  1.94% (840 h) N/S N/S
Vancomycin
@9+
Imipenem- CMW1 2.61% (840 h) N/S N/S
cilastatin (2
9
Vancomycin
@9+
Imipenem- Simplex P 2.54% (840 h) N/S N/S
cilastatin
(29)
Vancomycin Palacos-R 2.91% (840 h) N/S N/S
(29) +
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Imipenem-
cilastatin

(29)

N/S, unknown; ND, no differences;

(1).- Axial Compression testing.
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Table 3 Growth inhibitory time of beads impregnated with antibiotics.

Antibiotic MRSA S VRE K- E coli
epidermidis pneumoniae

Linezolid 21+0.75% 29+0.52 15+4.62 Resistant Resistant
Gentamicin Resistant 5+1.7 Resistant 10+1.73 16+2
Vancomycin 8+0.5 19+1.9 Resistant Resistant Resistant

Linezolid+ b b b

gentamicin >45 38+0.95 32 >45 40£0.5
L'”ezr?q';‘iﬁ:’anco 31£10° >45¢ 17+1.15 Resistant Resistant

MRSA, methicillin-resistant Staphylococcus aureus; VRE, vancomycin-resistant enterococci.
a8, These values are significantly longer (P,.01) compared with those of vancomycin for respective bacteria.
b, These values are significantly longer (P,.01) compared with those of vancomycin, linezolid, or gentamicin alone for respective bacteria.

¢, These values are significantly longer (P,.01) compared with those of either vancomycin or linezolid alone for respective bacteria.
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(Simplex®, Lima® and Palacos®) and its bioactivity using as variables, the mi
the antibiotic and the antibiotic combination. The antibiotic amount released in base form represents 35% of
antibiotic amount released when hydrochloride form is incorporated. Moreover, the combination {vancomycin
and cdprofloxacin] shows a stronger release (132%) than hydrochloride ciprofloxacin alone. Three cements show
equal drug release profile (P > 0.05). A bioactivity simulation exercise showed that until 72 hours post-surgery,
dprofloxacin concentrations in the implant would be higher than 0.1 ug/mL in 100% of the patients. After drain
removal, it is expected that bicactivity would increase since drug clearance from implant would decrease.

method, the chemical form of

© 2015 Elsevier Inc. All rights reserved.

Antibiotic-loaded acrylic bone cement, described by Buchholz and
Engelbrecht [1], is a well-established tool in the prophylaxis [2,3] and
treatment of orthopedic infections [4] in humans and animals [5],
with meta-analyses indicating that its use reduces the infection rate
[6]. Polymethylmetacrylate - PMMA - is characterized by excellent bio-
compatibility with low intrinsic toxicity and inflammatery activation
[7], but experience has shown that not all antibiotics have the properties
necessary for their incorporation in this cement. In this context, amino-
glycosides and glycopeptides (vancomycin) are known to be the two
groups of antibiotics that satisfy the optimal criteria to be included in
these cements (availability in powder form, wide antibacterial spec-
trum, bactericidity at low concentrations, elution from PMMA in high
concentrations for prolonged perieds, thermal stability, low or norisk
of allergy or delayed hypersensitivity, low influence on the mechanical
properties of the cement, and low serum protein binding) [8].

50% of surgical site infections (both superficial and deep) are caused by
Staphylococcus aureus methicillin-resistant (MRSA); thus, staphylococcal

No author assodated with this paper has disclosed any potential or pertinentconflicts
which may be perceived to have impending conflict with this work. For full disclosure
statements refer m htrp/idx doi.org/10.1016/.arth 201502016,

Funding: This research received no specific grant from any funding agency in the pub-
lic. commercial, or not-for-profit sectors.

Reprint requests: Javier Martinez-Moreno, Departamento de Farmacia y Tecnologia,
Farmacéutica, Facultad de Farmacia, Av. Vicente Andrés Estelles s/n, Burjassot, Valencia,
Spain

hitp://dx doiorg/10.1016/.arth.2015.02.016
D883-5403/D 2015 Elsevier Inc. All rights reserved.

205

spedes should be the primary target of antibioticdoaded bone cement [9].
Unfortunately, the increasing number of multidrug-resistant bacteria
[10-13] limits the continued effectiveness of this tool. In addition, the
prevalence of MRSA in many hespitals influences strategies for the
treatment and prevention of prosthetic joint infections [14], leading
to interest in incorporating alternative antibacterial agents into PMMA
cement [10,14,15].

On the other hand, despite the wide use of antibiotics in orthopedic
surgery for more than 30 years, the exact mechanism by which they are
eluted from PMMA is still not fully understood [ 8], It seems to involve a
biphasic profile, consisting of an initial rapid release of drug followed by
amuch slowersustained release. The following factors affect the release
of antibiotics from bone cement: type and quantity of antibiotic [16,17];
type and porosity of cement [18]; surface characteristics [19]; and how
the cement has been prepared [20-23]. Thus, to date only a few antibi-
otics have been satisfactorily incorporated into cements.

In this context, it would be desirable to incorporate new drugs into
bone cements in order to increase coverage to infections caused by dif-
ferent organisms. In the present work, ciprofloxacin (1 g antibiotic/40 g
PMMA) was selected to be assayed. This synthetic fluoroguinclone is an
antibacterial agent that can be administered safely and effectively to
treat most clinical isolates in infections associated with joint prostheses
and chronic osteomyelitis. Additionally, ciprofloxacin possesses a broad
spectrum against Gram positive and negative strains [24]. However,
there are few data concerning the ability of ciprofloxacin to elute from
bene cement and to retain activity against resistant pathogens after
elution [25,26]
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In this study we set out to characterize the elution profile of cipro-
floxacin from bone cements. The following variables were evaluated:
source of drug (base and hydrochloride); cement composition (three
brands); mixture method (manual and vacuum); and presence of a
second antibiotic in the mixture. In addition, different equations
were fit to release profiles in order to explain the release mechanism.
Finally, bioactivity of the mixtures was evaluated by means of a simula-
tion exercise.

Materials and Methods

Ciprofloxacin hydrochloride, ciprofloxacin base and vancomycdin
hydrochloride were purchased from Aldrich (Madrid, Spain). Lima
CMT1® bone cement was purchased from Lima Implantes (Barcelona,
Spain), and Palacos® and Simplex® from Ibersugical (Valencia, Spain).
Each cement was provided as two separate components: a powder mix-
ture and a liquid component The composition of the cements is shown
in Table 1, according to the information provided by the manufacturers.

Palamix uno®, the vacuum mixing system employed, was supplied
by Heraeus Medical GmbH (Madrid, Spain).

Buffered saline solution pH 7.4 was prepared as described in the US
Pharmacoepoeia: disedium hydrogen phosphate anhydrous 2.38 g,
mono-potassium hydrogen phosphate anhydrous 0.19 g and sodium
chloride 8 g per 1 L of purified water. All reagents were analytical
grade (Panreac).

Antibiotic-loaded bone cement cylinders were prepared as follows:
1 g of the drug was added to 40 g of solid component of the cement,
and, after mixing the powder, the liguid component was added follow-
ing the manufacturer’s instructions. Cylinders of antibiotic bone cement
were made for each batch in a standardized fashion according to the
IS0 normative 5833 (Annex E). Samples were prepared using Teflon
molds in which they were kept for 1 hour until completely hardened
into a cylinder/disk shape. Each specimen was carefully weighed
and measured and the theoretical amount ofloaded ciprofloxacin calcu-
lated. This value was used for calculating the exact percentage released
from each sample.

‘When two antibiotics were incorporated into the cement the total
amount of antibiotic in the mixture was 1 g (50% each one).

Samples were immersed in a water bath in 10 ml phosphate buffer
saline pH 7.4 at 37 °C and stirred for 8 weeks, Samples were taken 1,
3,5,7 24, 32,48 56,72, and 168 hours after immersion, and subse-
quently once a week for a period of 8 weeks (final sample was taken
56 days after immersion). Three samples per batch were tested. Antibi-
otic homogeneity distribution within batches was indirectly evaluated
by means of the statistical analysis of the percentage of the total antibi-
otic released from the samples assayed. The phosphate buffer was
replaced every time a sample was taken in order to maintain the sink
condition (defined as the volume of medium at least three imes that
required in order to form a saturated solution of drug substance). All
samples taken were frozen at — 20 “C until analyzed. Table 2 summa-
rizes the test conditions (a total of 61 samples were processed ).

Ciprofloxacin concentration was assayed by HPLC, using a Perkin
Elmer® Series 200 equipped with a Waters 484® UV detector (A =

Table 1
Composition of the Different Acrylic Bone Cements, As Provided by the Manufacturer.

J- Martinez-Moreno et al. / The journal of Arthroplasty 30 (2015) 1243-1245

Table 2
Samples Assayedin Each Condition Tested.
Mixture  Antibiotic Bone Cement Sample
Manual Ciprofloxacin hydrochloride Simplex® A
Lima® B
Palacos® C
Ciprofloxacin base Lima® D
Ciprofloxacin hydrochloride and vancomycin ~ Simplex® E
Lima® F
Palacos® c
Vacuum  Ciprofloxacin hydrochloride Simplex® H
Lima® I
Palacos® ]

254 nm). The mobile phase consisted of acetic acid solution 0.1 M:
acetonitrile (80:20) and was filtered through a 0.45 yum membrane filter
before use. The mobile phase was eluted at a flow rate of 1 ml/min. The
column was a Kromasil® C-18 with a pore size of 5.0 pm, measuring
150 mm (length) > 46 mm (diameter) [27].

The elution rate at each time interval (mg/h) was obtained by
dividing the total quantity of antibiotic released in each interval by the
elution time (in hours). The elution rates and the total amount of antibi-
otic released (expressed as a percentage) at each time point were com-
pared using one-way analysis of variance {ANOVA).

Zero order (Eg. (1)), first order (Eqg. (2)), Higuchi (Eq. (3)) and
Korsmeyer-Peppas (Eq. (4)) equations were fit to data to characterize
elution parameters and the mechanism of release of ciprofloxacin
from bone cement:

Q; = kgt (1)
Q= 0Qp-e " (2)
%71\’&-:‘35 (3)
%—ka‘ (4

where t is time, Q, is the amount of drug released at time t, Qy is the ini-
tial amount of drug in the specimen, Q.. is the amount of drug released
at ime =, n is the release exponent and Ky, K;, K, and Kj, are the cipro-
floxacin elution rate constants of each of the kinetics.

Turface morphology and internal structure of the samples were
characterized using a scanning electron microscope (SEM, 5-4100
Hitachi, Madrid, Spain). The samples were mounted on an aluminum
stub using double-sided tape. They were made electrically conductive
by coating with gold-palladium under vacuum. The SEM picture was
taken at an excitation voltage of 20 kV. For the internal structure evalu-
ation samples were fractured and the broken surfaces sputter-coated
with gold and a layer of palladium for examination at 20.0 kV.

The elution rate from different cements was used to simulate
biophase concentration for 100 patients using NONMEM version VIL

Lima CMT 1 Simplex

Palacos

Solid component (40 g) Methyl methacrylate 87.6%
Benzoyl peroxide 2.4%

Barium sulfate 10%

Methyl methacrylate 84.4%
Buthylmethacrylate 13.2%

Liquid component {20 mL)

Methyl methacrylate-styrene copolymer 30 g
Polymethyle methacrylate 6 g
Barium sulfate EP.4 g

Methyl methacrylate 19.5 mL
N, N-dimethyl pare toluidine 0.5 mL

N, N-dimethyl pare toluidine 2.4% Hyd
Hyd roquinone 20 ppm
Viscosity Standard Medium

Poly( methylacrylate. methyl methacrylae) 33.8 g
Zirconium dioxide 6.0 g

Benzoyl peroxide 02 g

Colorant E141 0.008 g

Methyl methacrylate 184 g

N, N-dimethyl-p-mluidine 0.4 g

Hydroquinone

Colorant E141 0.005 g

High

USP1.5 mg
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Simulations were performed for the three days post-surgery, using the
clearance of synovial liquid values previously reported (2042 +
11.3 mL/h for the first day; 9.33 %+ 11.02 mL/h for the second day and
4,11 £ 2.95 mL/h for the third day) [28] and considering that the
distribution of the antibiotic from the location of the implant to the
systemic circulation is negligible. Bicactivity was evaluated using MIC
distributions for Pseudomonas aeruginosa (MIC = 0.25-1 pg/mL),
S. aureus (MIC = 0.12-05 pg/mL) and Escherichia coli (MIC =
0.016-0.004 pg/mL) [29] and calculating the percentage of patients
whaose levels of antibiotic at the site of the implant would be higher
than the MIC.

Results

The variation coefficient of total amount of ciprofloxacin released
within a batch was lower than 10%. These results were considered
asrepresentative of homogeneous distribution of the drug into the sam-
ples assayed.

The influence of the chemical form was evaluated in samples B, D
and F. These samples were prepared manually with Lima CMT1®
bone cement. In Fig. 1 are represented the amounts of ciprofloxacin
(expressed as a percentage) released from the Lima CMT1® bone
cement in which it was incorporated alone, as base (ciprofloxacin,
sample D) or salt (ciprofloxacin hydrochloride, sample B); sample
F corresponds to ciprofloxacin hydrochloride in a binary mixture with
vancomycin. The amount of antibiotic released when used as a base
represented 35% of the amount released when the antibiotic was incor-
porated in its hydrochloride form. Moreover, the combination of vanco-
mycin and ciprofloxacin led to a higher amount of ciprofloxacin being
released; 132% the amount released from the salt form.

Fig. 2 shows the elution rate of ciprofloxacin in mg/h at different
time points, plotted on a logarithmic scale, corresponding to samples
A, B and C (ciprofloxacin hydrochloride-hand mixing) and samples H,
I and | (ciprofloxacin hydrochloride-vacuum mixing). All samples pro-
duced high early release rates, followed by a lower sustained release.
Statistical analysis with ANOVA revealed no significant differences
among the percentage of total antibiotic released from samples A, B
and C, indicating that the type of cement used did not modify the
amount of drug released when mixing was performed manually. On
the other hand, in vacuum-prepared samples significant differences
were obtained in the total amount of antibiotic released between
samples H (Simplex®) and [ (Lima OMT1®).

The influence of the mixing procedure on elution rate was evaluated
by comparing the results obtained between samples A and H
(Simplex®, manual and vacuum mixing), between samples B and |
(Lima CMT1®, manual and vacuum mixing ), and between samples C
and | (Palacos® manual and vacuum mixing). Statistical differences
were obtained only in Lima CMT1®, The differences observed referred

to percentages released up to 697 hours and log elution rates at
all time-points (hand and vacuum Lima CMT1®). Fig. 3 shows the
percentage of ciprofloxacin released from each sample assayed.

Table 3 provides the parameter values and statistical AIC (Akaike
information criterion) figures obtained after fitting the tested models
(Egs. (1)-(4)) to elution data. Korsmeyer-Peppas was selected among
the models assayed.

Scanning electron microscopy (SEM) (Fig. 4) revealed the higher
level of porosity of Lima OMT® and Palacos® vs. Simplex®.

Since no differences in release were observed among cement type,
mean values were used for simulating levels of antibiotic in the location
of the implant. Fig. 5 evidences that all simulated patient data would
reach ciprofloxacin concentrations higher than 0.1 pg/mL for the first
three days post-surgery. According to this simulation study, the first
day of elution, the coverage would be complete, decreasing slightly for
following days.

Discussion

The use of bone cement combined with antibiotics is based on the
principle that the antibiotic will be gradually released from the cement
over time. The elution mechanism is still not fully understood, though it
is known to be affected by different factors.

Ciprofloxacin is a broad-spectrum bactericidal quinolone that is
effective against major infection-causing microorganisms [24). Previous
studies have evaluated the use of other antibiotics, while there are only
a few reports concerning ciprofloxacin [25,26,30], whose use could ex-
pand the possibilities available. A comparison of the elution kinetics of
ciprofloxacin loaded in different acrylic bone cements and the influence
of the mixing procedure on kinetic properties have not been reported
previously and are the subject of this study.

PMMA is a highly hydrophobic polymer, and is thus impervious to
drug diffusion [31] The release of ciprofloxacin from samples assayed
can be explained by the Van De Belt theory [32], as during the first
hours of the experiment (24 hours) only ciprofloxacin molecules locat-
ed in the superficial layers were released. Once these molecules are in
solution, the release of antibiotic is reduced and it depends on the
penetration of the surrounding media into the cement matrix, which
is dictated by the wettability of the polymer and by the number and
size of the pores in it. The principal limitation of these systems is
the low proportion of antibiotic in relation to bone cement and the
high variability of different samples, which leads to heterogeneous
release profiles.

As shown in Figs. 1 and 3, the greater elution of the ciprofloxacin is
obtained when the drug is incorporated to the bone cement as hydro-
chloride as a result of the varying solubility of the two forms of the an-
tibiotic, since the salt form (ciprofloxacin hydrochloride) is four times
more soluble than the base form (ciprofloxacin). As stated before,

w

r

Amount of antibiotic released (%)

Time (h)

Amount of antibiotic released (%)

40
Time (h)

Fig. 1. Percentage of ciprofloxacin released from specimens B (#) (ciprofloxacin hydrochloride, manual mixing), D (x ) (ciprofloxacin base, manual mixing), F () {ciprofloxacin
hydrechloride and vancomycin, manual mixing) and [ (&) (dprofloxacin hydrochloride, vacuum mixing ). Lima CMT 18 cement was used in all cases.
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MANUAL MIXING. Cement 0: Lima CMT1; cement 1: Palacos; cement 2: Simplex

Cement: 0
10!
10?
10°
10
10°
£
g2 10
@ 102
g 103
£ 10+
@ 10°%
10!
10
107
10
10°
400 1000
Time (h)

Cement: 0

Elution rate {mag/h)

Cement: 2

0 20 40 60 a0
Time (h)

VACUUM MIXING. Cement 0: Lima CMT1; cement 1: Palacos; cement 2: Simplex
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Fig 2. Ciprofloxacin elution rate {mg/h) at different time points plotted on a logarithmic scale. Manual mixing: Samples A, B and C Vacuum mixing: Samples H, T and J.

the drug release mechanism in these cases depends on the dissolution
of drug particles adsorbed onto the matrix of the cement, and thus on
the solubility of the antibiotic.

As can be seen inFigs. 1 and 3, binary mixtures achieved the highest
release of all the samples evaluated, which may have been due to the
solubility of vancomycin, which is three times that of ciprofloxacin
hydrochloride. This suggests that, when vancomycin dissolves, more
voids and cracks are present in bone cements, thus increasing the
release of ciprofloxacin.

In terms of the effect of the type of bone cement on drug release,
results obtained represent that antibiotic release from Palacos® bone
cement is slightly higher than from Simplex® and Lima CMT1®.
However, the ANOVA test revealed no significant differences. Despite
previous studies have demonstrated that the highest elution rate was
achieved with Palacos® [33], results reported in this study indicate
that although Palacos® has superior porosity (Fig. 4), elution kinetics
from Palacos®, are not significantly different from the other cements
studied. When the vacuum mixing system was used, the highest level
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6 mt=7 hours
t= 168 hours
5 Wi= 1344 hours

)

. I I || I I
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PP
Fig. 3. Percentage of ciprofloxacin released from the ten samples at 7, 168 and 1344 hours.
Samples A, B, C H. 1. and J ( ciprofloxacin hydrochloride-loaded Simplex®, Lima CMT 18
and Palams® bone cement, hand and vacuum mixing), samples E, Fand G (ciprofloxacin

hydrochloride- and vancomycin-loaded Simplex®, Lima CMT 1® and Palcos® bone cement
hand mixing), and from samples D (ciprofloxacin base-loaded Lima CMT 1® bone cement ).

Amount of ciprofloxacin released (%)

of antibiotic release was achieved with Lima CMT1® and Palacos®,
although only release from Lima CMT1® and Simplex® was statistically
different. The superior drug release from Lima CMT1® and Palacos®

can be attributed to the greater porosity of Palacos® and Lima CMT1® (Fig.4).

When comparing the two mixing procedures, no statistically signif-
icant differences were found between vacuum and manual mixing with
respect to the drug release rate from Simplex® and Palacos® bone
cement. On the contrary when LIMA CMT1® bone cement was used,
significant differences were observed up to 697 hours. However, no sta-
tistically significant differences in the percentage of amount released
were observed at subsequent testing times. This significant difference
can be explained if the high variability of the manual batches tested is
considered. It should be emphasized that variability of the percentage
of drug released from the vacuum-mixed samples was much lower
than that seen with manually-mixed ones.

Table 3 shows that the Korsmeyer-Peppas model is the best equa-
tion for describing ciprofloxacin elution from all the samples assayed.
In the Korsmeyer-Peppas equation, the parameter n describes the
type of release from bone cement. In this case, all the samples have a
value under 0.5, which means that the drug release mechanism is a
Fickian diffusion (the amount of antibiotic released is proportional to
the amount remaining in the dosage form). The results obtained are in

Table 3

accordance with the nature of the cement, as it is a non-erodible and
non-swellable matrix.

In general, low dose antibiotic-impregnated bone cements release
less than 10% of the dose in most cases. Previous papers showed that
around 3% of gentamicin [31,34] and vancomycin [18] were released.
These values are very similar to the ones of our study, 25-55%, depend-
ing on the conditions. Only antibiotic combinations or additives inclu-
sion improve this elution and increase the percentage of dose released
to 10% [8). Some studies have shown that these amounts are sufficient
to improve the deep infection rate [6].

The simulation study performed evidence that the concentrations of
ciprofloxacin reachable in the implant would be higher than 0.1 pg/mL
in 100% of patients (Fig. 5), decreasing the coverage when higher con-
centrations are need. In the first three days, E. coli is the microorganism
that would be covered by all cement specimens, unlike P. aeruginosa,
S. aureus, would depend on the type of cement and especially on micro-
organism sensitivity. After the third day post-surgery the clearance
attributed to local drainage dramatically decreases and consequently it
is expected that local bieactivity would increase.

According to the results, the bicactivity of cprofloxacin in the first
three days post-surgery would depend on the sensitivity of the microor-
ganism, increasing substantially after drain removal, usually at 72 hours.

Despite the differences on elution among different brands
and batches these would appear to lack clinical relevance, because the
burst effect in the first moments and the decrease of external drainage
in the third day post-surgery, would ensure bacteriddal action of dprofloxacin.

In conclusion, aprofloxacin is suitable for incorporating into bone
cements, as its release mechanism responds to Fickian diffusion princi-
ples, filtering through voids and cracks. Ultimately, hydrochloride cipro-
floxadn has a better release profile than base ciprofloxacin. All the bone
cement brands assayed behave similarly and vacuum mixing ensures
lower vanability and higher amounts of antibiotic released.

Limitations of the Study

While this study furthered our understanding of elution of antibi-
otics from PMMA, it has several limitations. First, the work was done
completely in vitro, and to have a larger impact it would have to be
reproduced in an animal model or clinical setting. Second, there are
many types of PMMA currently available and this study tested just
three. Third, our in vitro testing was done under static conditions that
did not include fluid flow or other stresses to which the beads may be
exposed to in vivo, Lastly, the bioactivity of samples has been evaluated
through a simulation exercise taking into account that the surface of
impregnated cement in contact with extracellular body fluid could be

Parameter Values and Statistical AIC Obtained After Fitting the Different Kinetic Equations o Da@.

Kinetic

Parameters Sample A Sample B Sample C Sample D Sample E SampleF  Sample G Sample H Sample T Sample |
Zero order KO (mg/h) 0.0012 0.0011 00015 0.0004 00006 0.002 0.0012 0.0014 00022 00015
R 0.868 0.782 0.831 0906 0709 0.601 0.705 0.7230 0680 0682
55 1.555 2010 3.167 0122 1123 12.897 4152 4.873 15966 117124
AlC 11.51 1586 2244 —318 585 4491 26.776 27.76 4556 4091
First order Ki(h ") 0.0417 01188 0.0996 0.161 02354 0.1738 0.1504 0.0432 0.1005 00923
R 0.808 0837 0.846 06811 0887 0.912 0.904 0.948 0926 0934
55 219 1547 2913 0366 0483 4153 1.501 1.052 4245 2810
AlC 17.36 1142 2110 —13.10 — 766 26.7801 10.457 477 25686 1850
Higuchi ks, 0.0881 00929 0.1186 0.0306 00781 0.222 0.1315 01114 02135 01753
55 7.797 9870 16.603 0578 10670 75.802 26.503 12.614 61217 42165
AlC 36.914 4052 4655 163 3988 71.25 54.68 40,02 63.72 5812
Korsmeyer-Peppas kg 0.3001 0.3472 0.3508 0.0795 02953 0.4433 0.4474 0.3198 04018 03861
N 0.1704 0.154 0.1508 0.1659 014 0.1234 0.1207 01723 01403 01439
R 0.993 0.982 0986 0.998 0950 0.944 0.948 0.951 0934 0933
55 0.091 0.186 0289 0.003 0221 2.685 0.842 0.991 3776 2828
AIC —36.78 —24.57 —15.86 —94.75 — 2016 19.80 1.25 3.86 2392 1959

R = correlation coefficient; 55 = sum of squares; AIC = Akaike information criterion and Ky K. K, and K, are the ciprofloxadn elution rate constants for each kinetics.
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Fig. 4. Cement internal structure under SEM: A (Lima), B (Palacos) and C (Simplex ).

equivalent to the surface of the samples assayed using clearance of sy-
novial liquid values from literature and considering that the distribution
of the antibiotic from the location of the implant to the systemic circu-
lation is negligible. Consequently, the amount of antibiotic released to
the medium could not be exactly the same. On the other side, one aspect
that strengthens our results is that all antibiotic released would be kept
in place, and consequently would reach high local concentration, in
deep infection.
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ABSTRACT: Antibiotic loaded bone cement used in
prosthesis fixing. 15 a local release form that minimizes
the prevalence and the complications that the antibiotics
would unleash when administered intravenously. The
aim of this work is to study in vitro release kinetics of
ciprofloxacin and vancomycin loaded in different
commercial cements and evaluate the bioactivity
thrcu%h a simulation exercise pharmacokinetics.
Samples were prepared with commercial bone cement
and ciprofloxacin  and vancomycm hydrochlonde
(40:0.5:0,5). Release study were camed out under
sturing in phosphate buffer, pH=7.4. for two months at
37°C. The antibiotic amount and elution rate, were
compared using ANOVA In order to study the
bioactivity. Monte Carlo simulation was performed. The
ciprofloxacin released from samples for 8 weeks was
0.29+0.06 mg from the Palacos® cements, 0.44+0.06
mg from LimaCMTI® and 0.18+0.04 mg from
Simplex®. The vancomycin released for 24 hours was
0342017 mg from Palacos® cement, 0.68+0.16 mg
from LimaCMT1® and 0.17£0.02 mg from Smmplex®.
After this time the release stopped. The simulation study
shows that during the first 72 hours. the antibiotic
coverage would depends on the bone cement. the
sensitivity of the microorganism and postoperative day.
At subsequence times, it is expected that local
bioactivity increases.
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Received: Mars 12, 2015 Accepted: July 16, 2015

RESUMEN: La imnclusion de antibioticos en el cemento
oseo destinado a la fijacion mecamica de las protesis
constituye un sistema de hiberacion local de antibidtico
que permite nunimizar la prevalencia y la gravedad de
las reacciones adversas que pueden desencadenar los
farmacos cuando éstos se administran por via sistémica.
El objcu\o del trabajo es estudiar el mecamismo y
cinética de liberacion i vifro de ctproﬂoxacmo v
vancomicina mcorporados en diferentes cementos 6scos
comerciales y evaluar la biocactividad mediante un
ejercicio de simulacién farmacocinética. Se prepararon
mezclas de los cementos de estudio con ciprofloxacino
clorhidrato v vancomicina (40:0.5:0.5). Los estudios de
liberaciéon se realizaron en agitacidon continua en
solucion salina de tampdn fosfatos, pH=7.4. durante dos
meses a 37°C. El analisis estadistico de las cantidades de
antibiotico liberadas acumuladas v las velocidades de
elucidn se realizé mediante ANOVA. Con el fin estudiar
la bicactividad, se realizé una simulacidn de Monte
Carlo. La cantidad total liberada de ciprofloxacine en un
periodo de 8 semanas fue .29=0 06mg desde los
cementos Palacos®, 0440, 06mg LimaCMT1® vy
0,18+0,04mg Simplex®. La cantidad total de
vancomicina liberada en 24 horas fue de 0.34=0,17m;

desde el cemento Palacos®. 0,68+0,16mg LimaCMT1

v 0.17+0,02mg Simplex®. Transcumdo este tiempo la
liberacién ceso. El estudio de simulacion. muestra que
durante las primeras 72 horas. la cobertura antibidtica
dependeria tanto del cemento elegido como de la
sensibihdad del microorgamsmo vy el  tiempo
postquimrgico. En tiempos posteriores. es de prever que
la bioactividad local aumente.

An Real Acad Farm Vol 81, N° 3 (2015), pp. 239-246
Language of Manuscript: Spanish

1. INTRODUCCION

La artroplastia de cadera/rodilla consiste en la cirugia
ortopédica que reemplaza de forma total o parcial la
articulac1on por un mmplante artificial llamado protesis en
aquellos casos en los que el dafio de la articulacion es
irreversible. Una de las complicaciones mas grave se
asocia al desarrollo de alguna infeccion, que aunque

{@Real Academia Nacional de Farmacia. Spain

presente prevalencia entre el 0.5% y el 3%, en algunos
casos puede ser de gravedad elevada y conduce al fracaso
de la intervencion, incluso en algunos casos puede
desencadenar la muerte del paciente. Para prevemr la
génesis de complicaciones asociadas al desarmrollo de
infecciones, se ha propuesto, desde hace algin tiempo, la
inclusion de antibioticos en el cemento 6seo destinado a la
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fijacion mecanica de las protesis, yva que los sistemas de
liberacion local de antibidtico facilitan el aprovechamiento
del farmaco. a la vez que reducen la prevalencia v
gravedad de las reacciones adversas que pueden
desencadenar los farmacos cuando éstos se administran
por via sisténuca (1).

La combinacién de antibidticos con los cementos
pohacrilicos fue descrita por primera vez por Buchholz y
Engelbrecht (2). Los numerosos v variados trabajos de
investigacion  publicados en este  contexto  son
contradictorios en cuanto a su capacidad de proteccion en
la prevencion de infecciones. debido a la mcertidumbre
existente sobre el posible desarrollo de resistencias a los
antibidticos tras una exposicion prolongada a bajas dosis
de antibiotico. la eficacia v el coste de este sistema de
vehiculizacion A pesar de ello, la evidencia clinica indica
que el uso de cementos cargados con antibidticos reduce
sigmificativamente el rniesgo de mfeccion (3); por ello. en la
practica clinica habitual se utilizan. aunque la cinética y el
mecanismo de liberacién de la mavoria de los antibidticos
interpuestos en la matnz acrilica siguen siendo aspectos
desconocidos. Las variables que influyen en el proceso de
liberacion del antibidtico desde el cemento son multiples.
entre ellas destacan cantidad v tipo de anubidtico
incorporado al cemento (4. 5). En este sentido, resaltar que
la velocidad de liberacidn del antibidtico desde el cemento
(cantidad/tiempo) es mayor cuando se incorpora en forma
liquida. Sin embargo, la utilizacion de formas liguidas en
esta practica clinica esta limitada debido a su influencia
negativa sobre las propiedades mecanicas de los cementos.
Por el contrario, los farmacos en estado solido tienen un
efecto insignificante sobre la estabilidad mecanica de
cemento Gseo, siempre vy cuando la  proporcion
antibidtico/cemento se mantenga por debajo del 10%. La
dosis de antibidtico a utilizar no queda totalmente
establecida, varia segiin sea para el tratamiento o para la
profilaxis; en el caso de perseguir el tratamuento
terapéutico, se suele aconsejar adicionar 4 gramos de
antibidtico a 40 gramos de cemento acrilico. Por el
contrario, para conseguir un efecto profilactico se
reconuenda utilizar dosis menores a 1 g de antibidtico por
40 g de cemento. Otro factor importante a tener en cuenta
es el tipo y porosidad del cemento dseo v forma de
preparacion de la mezcla(6-9), ya que la porosidad del
polimero facilita el acceso de los fluidos de disolucidn a la
matriz del polimero v, en consecuencia. la liberacion de
los antibidticos a partir del cemento. Por otra parte. la
porosidad esta relacionada, en gran medida. con el mayor
o menor volumen de aire atrapado durante la
manipulacién, mezclado v amasado de la muestra. De ahi
que las cantidades de antibidtico liberadas desde el
cemento puedan diferir segin se empleen productos
comerciales de cemento dseo impregnado de antibidtico
premezclados o. por el contrario. se utilicen las
preparaciones mezcladas de forma manual en el momento
previo a la intervencidén quuirirgica.

Se han comercializado cementos poliacrilicos, de uso
en artroplastias, cargados con antibioticos
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aminoglicosidos, en particular gentamicina y tobramicina,
v con antibidticos glucopéptidos (10), que han demostrado
su uiilidad clinica en términos de eficacia y segunidad del
tratamiento. Sin embargo, el problema de su uso es que el
numero de cepas multirresistentes (10, 11), con capacidad
de adherirse sobre el cemento, colomzandolo tras largos
periodos de implantacion se ha  incrementado
recientemente. De hecho. en el momento actual el
incremento de resistencias de Staphylococcus aureus hacia
los aminoglucdsidos condiciona la eficacia terapéutica de
este grupo de antibidticos. Se trata de una realidad
preocupante, ya que el 30% de las infecciones de ongen
quirargico son causadas por la cepa Staphviococcus aureus
resistente a meticilina (SARM). lo que determina las
estrategias para el tratamiento v prevencion de las
wnfecciones en las protesis articulares (12).

En este contexto, se ha considerado oportune estudiar
la cmeética de liberacion de nuevos antibidticos
incorporados a distintos cementos 6seos comerciales y de
esta forma obtener informacién relevante orientada a
facilitar la seleccion del farmaco mas adecuado en
téerminos de eficacia v segundad. ampliando asi la
disponibilidad de tratamientos wutilizados en cirugia
ortopédica.

El ciprofloxacino es una fluoroquinolona efectiva
frente a mucroorgamsmos Gram-positives y Gram-
negativos. La vancomicina es un ghcopéptido sumamente
efectivo fremte a bacterias Gram-positivas. Ambos
antibidticos se presentan en estado solido, son estables a la
temperatura de fraguado de los cementos v no alteran las
caracteristicas mecanicas de éstos, por lo que incorporados
en cementos polacrilicos son candidatos para su
utilizacion en cirugia ortopédica (13).

El objetivo del trabajo que se presenta es estudiar el
mecamsmo vy cmética de liberacion w1 vife de
ciprofloxacine vy  vancomicina  incorporades  en
proporciones profilacticas en diferentes cementos odseos
comerciales y evaluar la bioactividad potencial de las
mezclas mediante estudios de simulacién farmacocinética.

2. MATERIAL Y METODOS

El ciprofloxacino clorhidrato y la vancomicina han sido
suministrados por Guinama (Valencia, Espafia). De
acuerdo con las especificaciones del proveedor ambos
antibidticos cumplian las especificaciones marcadas por la
Farmacopea Europea. Los cementos poliacrilicos
Palacos® v Simplex® fueron adquiridos en Ibersugical
(Valencia, Espafia) y LimaCMTI® en Lima Implantes
(Barcelona. Espatia).

Las cantidades de antibidtico mcorporadas al cemento
se seleccionaron de acuerde con las recomendaciones
realizadas por diferentes autores (14-16) con la finalidad
de alcanzar un efecto antibiotico profilactico (1 g de
antibiotico por 40 g de cemento).

Se prepard un lote de los cementos acrilicos Palacos®.
Simplex® y LimaCMT1® con ciprofloxacine clorhidrato
v vancomicina (40:0,5:0.3) siguiendo las mstrucciones
proporcionadas por los fabricantes. Las mezclas obtemdas
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se introdujeron en moldes de teflon siguiendo la normativa
ISO 5833-Anexo E. y se dejaron endurecer durante 24
horas. Previamente al ensayo de hiberacion. cada muestra
se caracterizé en cuanto a peso. didmetro y espesor.

Los estudios de liberacion del antibiotico se realizaron
en un total de 9 muestras, 3 por cada cemento.
manteniéndolas en condiciones de agitacién continna en 10
mL de solucion salina de tampon fosfatos. pH=7.4. durante
8 semanas en bafio termostatico a 37°C. A intervalos de
tiempo preestablecidos, la totalidad de la solucién tampon
fue recogida v reemplazada por 10ml de tampon fosfato
salino pH=74 Este proceso permite garantizar las
condiciones sumidero, es decir que la concentracion del
farmaco en el medio nunca supere el 20% de su
hidrosolubilidad. Las muestras experimentales extraidas a
cada tiempo de muestreo se guardaron en una camara
frigorifica a 5°C hasta el momento de su cuantificacion.

Para la determmacion de ciprofloxacino se desarrollo y
vahdo un método analitico por cromatografia liquida de
alta resolucion (HPLC) con deteccion UV (A=254nm).
Para ello. se utilizé como fase estacionaria una columna
Kromasil® C18 (150x4.6 mm) y como fase mowil una
mezcla acetonitrilo ¥ acido acético 0.1M en proporcion
volumétrica 20:80 (V/V). La exactimd v precision del
método analitico se evaluaron con la determunacion del
error relativo v el coeficiente de variacion infra-muestra
(mferior al 2, 4% v al 1,5%. respectivamente, en el ambito
de concentraciones estudiadas) La determmacion de
vancomicina se realizé mediante inmunoanalisis de
microparticulas  quimioluminiscentes  (ARCHITECT
11000SR) (17).

Las cantidades liberadas acumuladas. la velocidad de

liberacion v el logaritmo de la velocidad de liberacion a

partir de las muestras de ciprofloxacino combinado con
vancomicina se evaluaron mediante la prueba estadistica
ANOVA.

Para evaluar la bicactividad de los antibidticos en las
muestras estudiadas se realizaron simulaciones de Monte
Carlo. Se simularon para 100 pacientes las concentraciones
de antibidtico en la zona local del implante a las 24, 48 v
72 h utilizando el programa mformatico NONMEM
version VIL. Para ello, se utilizaron los parametros
caracteristicos del proceso de liberacién de los antibidticos
obtemdos en el estudio in vitre v los parametros
fisiologicos de volumen articular (1,61 1mlL) (18) v
aclaramiento local del farmaco, atribuido al drenaje de la
henda a las 24, 48 v 72 h post-implante (20.42=11.3 mL/h:
9.33211,02 mL/h v 4.11£2,95 mL/h respectivamente) (19).

El modelo farmacocinético aplicado para realizar la
simulaciéon de concentraciones de antimicrobiano en
biofase (Figura 1) consta de dos compartimentos; cemento
cargado con el antibiotico (C1) ¥ espacio articular (C2). La
liberacion del antibidtico se realiza desde el
compartimento Cl mediante una cinética de orden cero
regida por la constante de velocidad Qp (mg/h). A su vez.
el farmaco se elimina desde el compartimento C2 mediante
una cinética de primer orden regida por la velocidad de
drenaje de la henida (mL/h). Puesto que durante las 72
horas posteriores a la infervencion el drenaje es muy
elevado, se ha considerado despreciable la distribucion
(kd) y retorno del antibiotico (kr) desde el espacio articular
(C2) a la circulacion sistémica y viceversa. Por ello, para
obtener las concentraciones simuladas en el lugar del
1mplante (C2) sélo se han considerado los compartunentos
sombreados de la Figura 1.

Cemento
Qg
cargado cor
antibidtico

k4

Compartimento

Espacio articular,
> »
L = central

kr

C1 FJ'
l Clarenae

B

Qg velocidad de liberacién del antibidtico desde el cemento (mg/My, Clyzqe: aclaramiento local del farmaco
debido gl drenaje de la herida (ml/Mh), ko (h ') constante de distibucion del antibidico desde el luger de Implants
al torrente circulatorio; K, (h') constante de retorno del antibiético desde el torrente circulatorio al lugar de
implante; kel (h'); constante de velocidad de eliminacion del farmaco

Figura 1. Modelo farmacocinético utilizado para calcular las concentraciones de antimicrobiano en el lugar de implante de 1a protesis.

La evaluacion de la bioactrvidad de las mezclas a los
tiempos seleccionados se ha realizado utilizando los
valores de concentracién minima inhibitoria (CMI) de S.
aureus Meticilin resistente (CMI= 0.5-2 mcg/mL)(20) v S.
Coagulasa Negativos —SCN- (CMI= 0,25-1 mcg/mL) (20).
gérmenes sobre los que la vancomicina muestra actividad.
v de 5. aureus (CMI= 0.12-0.5 mcg/ml). Pseudomonas
aeruginosa (CMI= 0.25-1mcg/mlL) v E. Coli (CMI= 0,004
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0,016 mcg/ml) (21). gérmenes sensibles al ciprofloxacino.
Estos microorganismos han demostrado ser los
responsables del 70% de las infecciones articulares
desarrolladas en nuestro entorno (22). Se calculé para cada
tiempo (24, 48 y 72 h) el porcentaje de pacientes cuya
concentracion de antibidtico en el lugar del implante (C2)
seria superior a la CMI seleccionada
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3. RESULTADOS ciprofloxacino v de vancomicina liberadas desde las
mezclas de los antibidticos y el cemento LimaCMTI1®

En la Tabla 1 se muestran las cantidades de . . .
. . ) fueron superiores a las cantidades de antibidticos liberadas
ciprofloxacino clorhidrato liberadas acumuladas durante 2 desde el resto de mezclas estudiadas (p=0.0%)

meses vy las cantidades de vancomicina liberadas
acumuladas hasta las 72 horas. Las cantidades de

Tabla 1. Media y desviacion estandar de la cantidad de ciprofloxacino v vancomucma (mg) liberados a los tiempos
indicados desde los diferentes cementos poliacrilicos ensayados.

Ciprofloxacine HC1 Vancomicina
Simplex® LimaCMT1® Palacos® Simplex® LimaCMTI1E® Palacos®
Tiempo | MEDIA SD MEDIA sD MEDIA sD MEDIA sD MEDIA <D MEDIA D

() (mng) (mng) (mg) (mg) (ng) (mg)

24 0.134 0.018 0318 0.032 0.209 0.045 0.174 0.021 0.659 0.141 0339 0.166
48 0.144 0.019 0351 0.044 0229 0.047 - - 0.677 0.161 - -
72 0.144 0.022 0.367 0.050 0.235 0.047 - - 0.681 0.162 - -
1344 0.177 0.043 0.442 0.061 0.289 0.052 - - - - - -

En la Figura 2 se representa la evolucion de la autibiético se ]-ib'_fTﬂ I;ipiFlamer!te, pero en _ﬁemPDS
velocidad de liberacidn de los antibidticos a partir de los posteriores la velocidad de liberacién del antibidtico cesa.
cementos estudiados durante el desarrollo del ensavo. Los La comparacion estadistica del logaritmo de la velocidad
ensayos realizados con el ciprofloxacino muestran dos de liberacion de ciprofloxacino, obtenida para cada uno de
etapas: en la primera (primeras 48 h) la velocidad de los cementos estudiados. puso de manifiesto la existencia
liberacién es rapida, y en la segunda la velocidad de de diferencias estadisticamente significativas en la primera
liberacion del antibiotico disminuye hasta que se mantiene etapa _df_l estudi_o (primeras 48 h)_ﬂ favor df_ Li}lJﬂCMT:l@,
en un valor constante. Por el contrario. los resultados no existiendo diferencias estadisticamente significativas en
obtenidos con vancomicina Unicamente muestran una tiempos posteriores a las 48 h del ensayo en los tres
etapa, va que durante las primeras 48 h del ensayo el cementos Oseos estudiados.

CIPROFLOXACINO VANCOMICINA
1
i g
z 2
é ——Fans m oo Lirra €M
g Sl a e ST Pl
2 ——Empk c
g a ——Palxos
g ‘ Dol
00001 0.0001
s ® m m = m m m m 0 - .
TIERPO (HORAS) ot e
= 't
15
Figura 2. Velocidades de elucion de ciprofloxacine clorhidrato v vancomicina desde los cementos poliacrilicos estudiados.
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Mediante los ejercicios de simulacion de Monte Carlo (apartado de material y método) indican que transcurridas
se ha obtenido una poblacién simulada de 100 pacientes de 24 horas de la intervencion, en mas del 90% de los
una edad media de 69.17+14.28 afios y de un peso medio pacientes serian superiores a 0.1 y 0.2 mcg/mL. de
de 74.18£14.47 kg. Las concentraciones simuladas de ciprofloxacino y vancomicina respectivamente (Figura 3).
ciprofloxacino y vancomicina en el lugar del implante

CIPROFLOXACINO CLORHIDRATO VANCOMICINA
e Lima #—Palacos  —a— Simplex 244 —a— Lima B Palacos  —w— Simplex 24h
e 128 _ 120
2 H
X o b
2 2
§ ]
= =
2 & =
24H 2 2
& w S
2 :
0 Il il z -
2 >
§. 00001 0,001 0,01 0l 1 1 0,0001 0,001 001 01 1
a M1 {meg/mt) - Mi {mep/mL)
—+—Uma —®—Palacos —&— Simplex g8
_ 10
H
% 100
2
£ 0
H
s 60
48H g
© 30
:E 2 4
]
£ o
k1
a 00001 0,001 0,01 ol 1
+ CMI (meg/mt)
—e—Uma —®&—Palacos —a— Simplex 721
120
72H

00001 0,001 0,01 01 1

%% pacientes Cp (t) Ciprofioxacino > CMI

CMI{meg/mt)

Figura 3. Evaluacion de la bioactividad de las muestras estudiadas. En el eje de ordenadas se representa el porcentaje de pacientes cuya
concentracion de antibiotico en el lugar del implante. transcurridas 24. 48 y 72 h de 1a intervencion para el ciprofloxacino y transcurridas
24 h de la intervencion para la vancomicina, seria igual o superior a la concentracion minima inhibitoria (CMI) indicada en el eje de
abscisas.

SR La inclusion de antibidticos directamente en cementos
4:DISCUSION poliacrilicos usados para la fijacion de protesis Oseas
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representa un sisiema de liberacion modificada de
farmacos. Estos sistemas facilitan el acceso del antibiotico
a la biofase v por ello aportan principalmente dos ventajas:
el mayor aprovechamiento del farmaco en el lugar de
accion v una disminucion de reacciones adversas. La
liberacion modificada de farmacos a partir de sistemas
mairnciales exlube un patron de comportanuento comin
compuesto por dos etapas; una, de liberacion micial rapida,
que por lo general ocurre durante las primeras 24-48 horas.
v otra de liberacion lenta, en tiempos posteriores a las 48
horas. en la que el farmaco se libera a una velocidad mas
lenta. La liberacién inicial estd fundamentalmente
determinada por la cantidad de farmaco que queda
adsorbido en la superficie de la matriz ¥ la difusion por los
poros y canales que componen su estructura mterna. los
cuales se llenan con el medio de incubacién durante las
primeras horas de ensayo. En la fase posterior, de
liberacion lenta, en la que la velocidad de liberacion v la
canfidad de farmaco liberada es inferior, contribuyen los
procesos de difusion a través de los poros y canales del
sistema matricial. los cuales se forman como producto del
proceso de fabricacion o por la meodificacion de la
estructura matricial, como consecuencia de la disolucion
de componentes hidrosolubles de su composicion.

La fase inicial, de velocidad de liberacion elevada, es
de menor duracion para la vancomicina y presenta una
velocidad mas elevada que la obtemida para el
ciprofloxacino. Este fendmeno se puede atribuir a la mayor
solubilidad acuosa de la vancomicina (100 mg/ml. frente a
30 mg/L del ciprofloxacmo). Este hecho mdica que la
disolucion de las particulas de vancomicina situadas sobre
la superficie se realiza con mayor velocidad facilitandose
la liberacion y posterior disolucion de las particulas
proximas a la superficie en un periodo de tiempo breve.

Las cantidades de ciprofloxacino liberadas a partir de
las mezclas evaluadas en este estudio son superiores a las
cantidades de antibiotico liberadas en un estudio previo
realizado en nuestro grupo de investigacion en el que se
evalud la liberacion del ciprofloxacino a partir de mezclas
simples. constitndas por el antibidtico y los diferentes
cementos oseos (225% superior en las mezclas
combinadas con el cemento LimaCMT1®. un 183% con el
cemento Palacos® v un 126% con el cemento
Simplex®)(23). Estas diferencias permiten corroborar que
el hecho de incorporar mas de un farmaco a los cementos
Oseos potencia en gran medida la velocidad de liberacion
de ambos. En este caso la vancomicina incorporada en la
mezcla, favorece la formacion de un mayor nimero de
poros v canales que facilitan la entrada de agua en la
matriz y la posterior disolucidén del ciprofloxacine desde su
interior.

Las cantidades de antibidtico liberadas asi como la
evolucidén temporal de la velocidad de liberacion es mayor
para las mezclas elaboradas con el cemento LimaCMT1®
(Figuras 2 y 3). Estos resultados son compatibles con la
menor porosidad del cemento Simplex® indicada por
Stryker®_ laboratorio fabricante del producto (24).

Las cantidades de antibidtico liberadas desde los
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cementos estudiados en combinacion con los valores del
aclaramiento local del farmaco. atribudo
mayoritariamente al drenaje de la henda. v los valores del
volumen de liquido en el espacio articular permitieron
abordar el estudio de bioactividad simulada. Como se
observa en la Figura 3, a las 24 horas post intervencion
quiriirgica las concentraciones de ciprofloxacino predichas
en el lugar del implante son superniores a 0.1 mcg/mL con
los tres cementos estudiados vy las concentraciones de
vancomicina superiores a 0.3, 0.3 v 0.1 meg/ml en el caso
de LimaCMT1®. Palacos® y Simplex®, respectivamente.
en el total de la poblacién simulada. Estos resultados
indican que es de prever que la cobertura local con los
antibioticos estudiados sea eficaz para patdgenos sensibles
a concentraciones inferiores a las indicadas. Transcurmdas
48 h de la intervencion en el total de la poblacion
simulada. la concentracion de ciprofloxacino en el lugar
del implante se reduciria una décima parte; a las 72 h post-
implante la concentracion en el lugar del implante
incrementaria y alcanzaria un valor equivalente al obtemudo
a las 24 h excepto en el caso del cemento Simplex®. En el
caso de la vancomicina. a partir de las 24 horas posteriores
a la intervencion quimirgica, la liberacion del antibidtico
desde los cementos Palacos® y Simplex® es nula, v a
efectos practicos también despreciable desde el cemento
LimaCMT1®.

Las oscilaciones de concentracion de ciprofloxacine
durante los primeros dias de la intervencién quinirgica,
estan relacionadas con la fluctuacion y la vanabilidad del
drenaje de la henda qumirgica producida durante las 72
horas posteriores a la intervencidn, ya que en este corto
periodo de tiempo el drenaje local se reduce hasta alcanzar
valores que representan entorno el 25% del valor inicial
(20.42=11.3 mL/h: 9.33=11.02 mI/h y 4.11£2.95 mL/h
respectivamente) (19). En general, el drenaje externo de la
henda se retira a partir del tercer dia de la intervencion
quirirgica. A partitr de este momento, la evolucién
temporal de la concentracion de antibidtico en el lugar del
implante estara condicionada por el proceso de
distribucidon v retorno del firmaco a la circulacidn
sistemica. Por ello. es de prever que a partir del tercer dia
post-intervencion quiringica la concentracion de farmaco
en el lugar del implante de la protesis alcance valores mas
elevados, aumentando si cabe la cobertura antibidtica
obtenida durante los primeros dias.

En resumen. el estudio realizado pone de manifiesto
que la bioactividad de las muestras es dependiente del
cemento acrilico, el dia postquirirgico. el microorganismo
causante y su sensibilidad. 5i se analiza la prevalencia de
infecciones diagnosticadas en nuestro entorno se observa
que S. aureus es el prncipal agente causante de las
infecciones protésicas, ya que se ha aislado en un 30% del
total de infecciones, mientras que otros microorganismos.
entre ellos S. Coagulasa Negativos y Pseudomonas
aeruginos v E. Coli se han aislado en un porcentaje
wferior, 14% los dos primeros v 12% el dlumeo (22).
Temtendo en cuenta esta situacion y considerando que el
ambito de valores de la CMI de ciprofloxacino para S.
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aureus Meticilin resistente esta comprendido entre 0.5 y 2
mcg/ml. tUnicamente se alcanrarian concentraciones
efectivas en el lugar de accidn para cepas sensibles al
ciprofloxacine a concentraciones mferiores a 1 meg/ml.
La bwactividad de vancomucina durante las 24 horas
posteriores a la intervencién quirirgica es superior a la de
ciprofloxacine. Sin embargo, puede ser nula para tiempos
posteriores va que la cantidad de vancomicma retemda en
el interior de la matriz no se libera al medio. Durante las
primeras 72 horas posteriores a la intervencion qunirgica
la velocidad de liberacion del ciprofloxacino incorporado
al cemento LimaCMTI1® es superior. lo que indica que
éste reline una capacidad cinética ligeramente superior a
los otros cementos ensayados. En tiempos posteriores la
bioactividad del ciprofloxacino incorporado en los tres
cementos estudiados es similar.

5. CONCLUSIONES

Los cementos poliacrilicos cargados con ciprofloxacino
v vancomicina son sistemas de liberacién modificada que
asegurarian durante las prnimeras 72 h bioactividad frente
algunos microorgamismos, pero no garantizan una
cobertura completa para todos los posibles agentes
causantes. Ante una situacion de mayor niesgo seria
conveniente seleccionar el cemento LimaCMT1®. por las
propiedades cinéticas ligeramente favorables en relacion a
los otros cementos estudiados. asi como utilizar la
combinacion de antibidticos que facilite la velocidad de
liberacién del antibidtico desde la matriz. Por tltimo. es
deseable seguir mvestigando vy profundizando en estos
estudios con la finalidad de disponer de informacion que
ayude a optimizar la incorporacion de antibidticos a los
cementos oseos para facilitar la seleccion de mezclas que
aseguren una bioactividad elevada. fundamentalmente,
durante los primeros tres dias post implante de la protesis
articular.
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Background: The microorganisms that most frequently cause prosthetic joint infection are methicillin-
resistant Staphylococcus aureus and gram-negative aerobic bacillus. Studies have documented the effi-
cacy of mixing antibiotics with polymethyl methacrylate, but that of antifungal drugs has not received
much attention. The objective of this in vitro study was to characterize the elution profile and bioactivity
of ceftazidime and fluconazole when incorporated into bone cement in proportions intended for pro-
phylaxis and treatment of bone infections.

Methods: Antibiotic-loaded bone cement cylinders in a proportion of 1:40 and 4:40 (rato of grams of

g?;:::;m antibiotic to grams of cement) were assayed. Drug delivery was investigated in a flow-through disso-
arthroplasty ludon apparatus (SotaxCE7). To assess bioactivity, antibiotic concentratons were simulated in the joint
ceftazidime space of 1000 patients. Anribacterial properties were evaluated by counting colony forming units and the
fluconazole inhibition-halo test.

elution kinetics Results: The ratio of released ceftazidime and fluconazole was 453% and 648%, respectively, higher when
bioactivity used for treatment proportions than prophylaxis proportions. A bicactivity simulation exercise showed

that the efficacy of ceftazidime/fluconazole determined as the amount of drug is released at the active
site in the first 3 days after surgery would depend on the sensitivity of the microorganism and would
increase substantially after drain removal. The microbiology study showed that biofilm formation by
Pseudomonas aeruginosa could be a problem when ceftazidime was used in treatment or prophylaxis
proportions.
Conclusion: Our in vitro findings suggest that ceftazidime and fluconazole can be added into polymethyl
methacrylate for the prevention/treatment of infections associated to joint surgery. Their efficacy de-
pends on the sensitivity of the microorganism causing the infection.

© 2017 Elsevier Inc. All rights reserved.

One of the most serious complications in arthroplasty is the
development of infections (prevalence between 1% and 2.5%) [1],
which lead to death in some cases. In case of bone infection, high
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doses of antibiotics are required to achieve effective concentra-
tions at the implantation site. However, high doses of intravenous
or oral antibiotics can cause toxicity. Antibiotic-loaded acrylic
bone cement, described by Buchholz and Engelbrecht [2], is a
well-established tool used in prophylaxis [3,4] and treatment of
orthopedic infections [5] in humans and animals [6]. Polymethyl
methacrylate (PMMA) is characterized by excellent biocompati-
bility, with low intrinsic toxicity and inflammatory activation [ 7],
but experience has shown that not all antibiotics have the
appropriate properties to be incorporated into this cement.
Aminoglycosides and glycopeptides are the 2 groups of antibiotics
that satisfy the optimal criteria for inclusion in this cement,
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namely, availability in powder form, wide antibacterial spectrum,
bactericidity at low concentrations, elution from PMMA in high
concentrations for prolonged periods, thermal stability, low or no
risk of allergy or delayed hypersensitivity, little influence on the
mechanical properties of the cement, and low serum protein
binding [2]. In fact, some antibiotics, such as gentamicin and
vancomycin, are available premixed within bone cement, ready
for use [8].

Nevertheless, the increased prevalence of multidrug-resistant
bacteria [9—12] limits the continued efficacy of the aforemen-
tioned mixtures. It has been established that the microorganisms
that most frequently cause prosthetic joint infection are
methicillin-resistant Staphylococcus aureus [13] and gram-negative
aerobic bacillus [14]. Around 80% of fungal infections of bone
prostheses are produced by Candida spp. Although some studies
have documented the efficacy of mixing antibiotics with PMMA,
the efficacy of antifungal drugs mixed with PMMA has received
little attention [15].

In this study, we set out to characterize the elution profile of
ceftazidime and fluconazole in bone cement. Cephalosporins are
the most commonly used antibiotics to treat osteoarticular in-
fections because of their broad spectrum of activity; among other
actions, they disrupt the synthesis of the peptidoglycan layer of the
bacterial cell wall. Ceftazidime is a third-generation cephalosporin
used to treat infections produced by gram-positive and gram-
negative bacteria and acts against Pseudomonas. Fluconazole is an
antifungal agent of the triazole group used to treat infections pro-
duced by Candida albicans. Fluconazole inhibits the cytochrome
P450 enzyme 14u-demethylase, which prevents the formation of
ergosterol, thus increasing membrane permeability and cell
destruction.

Prophylaxis and treatment proportions (1:40 and 4:40, respec-
tively, ratio of grams of drug to grams of cement) were assayed.
Different equations were applied to the profiles of release to explain
the delivery mechanism. Finally, the bioactivity of the mixtures was
evaluated by means of 2 methods, a simulation exercise and a
microbiology analysis.

Materials and Methods
Materials

Fluconazeole (Diflucan) and ceftazidime (Fortam) were pur-
chased from Vinci Farma, SA and GlaxoSmithKline, SA, respectively,
and Palacos bone cement was purchased from Ibersugical (Valen-
cia, Spain). The bone cement was provided as 2 separate compo-
nents: powder mixture and liquid. The composition of the bone
cement is shown in Table 1, according to the information provided
by the manufacturer.

A buffered saline solution pH 7.4 was prepared as described in
the US Pharmacopoeia: disodium hydrogen phosphate anhydrous
238 g, monopotassium hydrogen phosphate anhydrous 0.19 g, and
sodium chloride 8 g per 1 L of purified water. All reagents were
analytical grade (Panreac, Barcelona, Spain).

Methanol gradient grade for liquid chromatography, Mueller-
Hinton agar plates, and standard bacterial broth were purchased

Table 1
Compaosition of the Acaylic Bone Cement, as Provided by the Manufacturer,

Solid Component (40 g) Liquid Component (20 mL) Viscosity

Palacos Poly{methylacrylate—methyl Methyl methacrylate, 184 g High
methacrylate), 338 g NN-dimethyl-p-toluidine, 0.4 g
Zirconium dioxide, 6.0 g Hydroguinone,

Benzoyl peroxide, 0.2 g Colorant E141, 0005 g
Colorant E141, 0,008 g

AMOUNT RELEASED (MG)

TIME (HOURS)

Fig. 1L Amount released vs time profile of antibioctic loaded into bone cement. Symbols
represent the mean observed values with their corresponding standard deviation (SD):
() ceftazidime 1:40, (M) ceftazidime 4:40, ( A) fluconazole 1:40, and (=) flucona-
zole 4:40.

from Sigma-Aldrich (Madrid, Spain). The plates and broth were
prepared according to the manufacturer's instructions.

Methods

Six batches per antibiotic (3 foreach proportion assayed, 1:40 and
4:40, ratio of grams of antibiotic to grams of cement) with 5 samples
perbatch were prepared. A total of 60 antibiotic-loaded bone cement
cylinders were prepared as follows: 1 or4 g of the drug, to reproduce
the ratio of antibiotic-to-cement used in prophylaxis or treatmentin
clinical practice, respectively, was added to 40 g of the powder
component of the cement, and after mixing the powder, the liquid
component was added following the manufacturer's instructions.
Cylinders of antibiotic bone cement were made for each batch in a
standard fashion according to the International Organization for
Standardization normative 5833 (Annex E): samples were poured
into Teflon moulds (created by US for elution test) in which they were
kept for 1 hour until completely hardened into a cylinder/disk
shape. Each specdmen was carefully weighed and measured and the
theoretical amount of loaded antibiotic calculated.

Drug Release Assays

Samples were introduced into flow-through dissolution equip-
ment (Sotax CE7; Teknokroma, Barcelona, Spain) with 100 mL of
phosphate buffer saline (pH 7.4) at 37°C recirculating at a rate of 12
mL/min for 48 hours. Samples were taken 0.25,05,1,1.5,2, 3,4, 5,

10

e

N §
5 % T .
: R B
S o0 — T
= I — AAR *—
= B —A
0,001

0 10 20 30 a0 50 60
0,0001
TIME HOUIRS )

Fig. 2. Elution rate vs time profile of antibiotic from bone cement. Symbals represent
the mean observed values with their corresponding SD: (4 ) ceftazidime 1:40, (M)
ceftazidime 4:40, ( A ) fluconazole 1:40, and (<) fluconazole 4:40.
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Table 2
Parameter Values and Statistical AIC Obtained After Fitting the Different Kinetic
Equations.

Antibiotic Elution From Bone Cement

Kinetic Parameters  Ceftazidime Fluconazole
1/40 4/40 1/40 440
Zero order  k (RSE%) 0217 (46) 025(76) 025(—) 0.268(146)
AIC 150337 234925 87.446 122,856
Higuchi k (RSE%) 0.3(34) 0.293(54) 0.29(228) 0.306 (93)
AIC —326798 335355 33687 —280.941
Korsmeyer-  k (RSE%) 0402 (29) 0.354(46) 0372(48) 0.396(28)
Peppas  n(RSE¥) 0.244 (32) 0.254(145) 0251 (47) 0.242 (95)
AIC ~717.731 783737 -596.022 -594455

‘Qearance From Redon

Kinetics Parameters Values (%)

Zero order ko (RSE®) 200-107%(27.4)
dy (RSEZ) 277-1002(7.1)
AIC —2963.25

First order k1 (RSEZ) 130.10°2(—)
1y (RSE) 301-1002(—)
AlIC ~2958.81

Values in bold indicate the selected kinetics.
AIC, Akaike Information Criterion; k, the antibiotic elution rate constants for each
kinetic; RSE, relative standard error intersample.

24, 26, 28, and 48 hours after immersion. These sampling times
were selected because it was expected that the release of antibiotic
would be constant for the first 24 hours. Antibiotic homogeneity
distribution within batches was indirectly evaluated by statistical
analysis of the percentage of the total antibiotic released from the
assayed samples. Of the phosphate buffer, 100 mL ensures that the
sink condition is satisfied (defined as at least 3 times the volume of
medium required to produce a saturated solution of drug sub-
stance). All samples were frozen at —20°C until analysis.

Fluconazole and ceftazidime concentrations were assayed by
high-performance liquid chromatography using a PerkinElmer
Series 200 UV detector (A = 268 and 245 nm, respectively):
the mobile phase consisted of methanol:water (60:40 and 70:30
v[v, respectively) and was filtered through a 0.45-pm membrane
filter before use. The mobile phase was eluted at a flow rate of
1 mL/min in both cases. The column was a Kromasil C-18 with a
pore size of 5.0 pum, measuring 150 mm (length) = 4.6 mm
(diameter) [16,17].

Kinetic Analysis and Biosimulation

The elution rate at each time interval (mg/h) was obtained by
dividing the total quantity of antibiotic released in each interval by
the elution time (in hours).

The kinetic analysis of the release of antibiotic was performed
sequentially. First, various kinetic models were fitted to the
cumulative amount of antibiotic released for each proportion. In a
second step, kinetic parameters of the model selected and physi-
ological parameters (volumen from redon for 72 hours from sur-
gery obtained from a group 156 patients) were used for the
biosimulation (see Appendix for details about both procedures).

Microbiology Analysis

Antibacterial properties of ceftazidime for Staphylococcus aureus,
Staphylococcus epidermidis, Pseudomonas aeruginosa, and Escher-
ichia coliand fluconazole for C.albicans were evaluated by means of a
colony-forming unit (CFU) count [ 18] and inhibition halo test [ 19].

CFU count was performed by dipping both, samples and com-
mercial cements alone (as a control), in a standard bacterial broth
containing approximately 150 x 10° CFU/mL and incubating them
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for 24 hours at 37°C. To quantify the bacteria proliferated in the
culture broth, the broth was serially diluted, spread on an agar
plate, and incubated overnight at 37°C to allow the growth and
counting of CFU.

For the inhibition hale test, samples were placed in contact with
an agar plate (Mueller-Hinton agar) uniformly covered with bac-
terial broth (previously prepared following a standard procedure)
and incubated overnight at 37°C, as desaribed in the study by
Vitale-Brovarone et al [20]. Afterward, the inhibition zone was
observed and measured. For all bone cements, the inhibition halo
was repeated up to 3 days: at the end of the first incubation, the
samples were removed and placed in a new agar plate containing
fresh bacterial inoculum.

All antibacterial tests were performed in duplicate.

Statistical Analysis

Elution rates and the total amount of antibiotic released
(expressed as a fraction of loaded amount) at each time point were
compared using 1-way analysis of variance. The inhibition halo test
data were compared using 1-way analysis of variance. In both cases,
statistical significance was set at P < .05.

Results
Release Characterization and Statistical Analysis

Figure 1 shows the amount of each drug released from
Palacos bone cement loaded in the proportions studied. The
amount of fluconazole released at 48 hours was approximately
half of that of ceftazidime. The amount of ceftazidime released
from treatment to prophylaxis ratio systems was 453% higher,
whereas fluconazole release increased 648% when increasing drug
into cement.

Figure 2 shows the elution rate of ceftazidime and fluconazole in
milligrams per hour at different time intervals, plotted on a loga-
rithmic scale. All samples produced high early-release rates fol-
lowed by a lower sustained release.

Comparison of the amounts released and release rate between
the different antibiotics and proportions showed statistically sig-
nificant differences.

Drug Release Models

Table 2 shows parameter values and statistical Akaike Informa-
tion Criterion obtained after fitting the different kinetic equations to
data. Korsmeyer-Peppas model was selected among the models
assayed to characterize the elution of antibiotic from bone cement.
The model predictions were able to describe the experimental data
release profiles for all formulations, as represented in Figure 3.

Exponent n in the Korsmeyer-Peppas equation had values be-
tween 0.242 and 0.254 in all the samples. These values, under 0.45,
represent that the drug-release mechanism is a Fickian diffusion
(the amount of antibiotic released is proportional to the amount
remaining in the system).

Bioactivity Models

The model proposed to fit the data, outlined in Figure 4, had
been previously applied to describe the bioactivity of ciprofloxacin
loaded into bone cement [21].

Figure 5 shows the simulated concentrations of antibiotics in the
implantation site after surgery. For the simulation exercise, drug
delivery from cement was calculated according to the Korsmeyer-
Peppas model, and clearance of redon was described with a zero-
order kinetics (Table 2).
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Fig. 3. Cumulative fraction of antibiotic released vs time profiles after fitting data to the Korsmeyer-Peppas equation

As can be seen in all the figures, the concentration decreased
progressively until 72 hours, at which point the redon was
removed. At this point, concentrations above minimum inhibitory
concentration (MIC) of E. coli, P aeruginosa, S. epidermidis, and
S. aureus would be detected in 28%, 8%, 3%, and 1% of patients,
respectively, in the case of ceftazidime 1:40 and in 97%, 92%, 52%,
and 1% of patients, respectively, in the case of ceftazidime 4:40.
Concerning fluconazole, 53% and 99% of patients would have con-
centrations higher than MIC of C. albicans when 1:40 and 4:40
proportions of fluconazole would be used, respectively.

Microbiology Analysis

To investigate the antimicrobial effect of the antibiotic loaded
into the bone cement, a CFU count was carried out. This is a
quantitative test that allows the quantification of proliferated
bacterial colonies. In neither case growth was observed, except for
P. aeruginosa and S. epidermidis (a CFU count of 1,000,000
and 100,000 of P. aeruginosa was registered when 1:40 and 4:40
proportions of ceftazidime were used, respectively, whereas a CFU
of 100,000 and 10,000 of S. epidermidis was registered when

Antibiotic bone Q loint Space ¥ | Central Compartment
cement c2
c1 ' Ky +
Drainage Cl Ka

Fig. 4. 0Qy: Antibiotic release from the cement {mg/h); drainage Cl: local drug clearance owing to wound drainage (mLh); Kd (h™ ') antibiotic distribution rate constant from the joint
space to the central compartment; Kr (h~'): antibiotic return from the central compartment to joint space rate constant; and Kel (h~ ') antibiotic elimination rate constant.
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Fig.5. Concentration of antibiotic simulated in joint space. Minimum inhibitory concentration (MIC) Staphylococcus aurens = 32 mg/L, MIC Staphylococcus epidermidis = 8 mgfL, MIC
Escherichia coli = 2 mgfL, MIC Pseudomonas aeruginosa = 4 mg/L, and MIC Candida albicans = 1 mg/L.

ceftazidime proportions of 1:40 and 4:40, respectively, were
used).

To investigate further the antibacterial effect of the antibiotic
loaded into bone cement, the inhibition hale test was also per-
formed. Table 3 and Figure 6 show the inhibition halo produced by
each antibiotic and proportion, for each of the microorganisms. In
all cases, the microorganisms were sensitive to the antibiotic,
except in the case of 5. aureus to ceftazidime 1:40 at 72 hours and
S. epidermidis to ceftazidime 1:40 at all time points. The inhibition
halos for the proportions of 1:40 and 4:40 were statistically
different for all microorganisms except for P. aeruginosa.

Discussion

The use of bone cement containing antibiotics is based on the
principle that the antibiotic will be released gradually from the
cement over time and will therefore prevent bacterial proliferation.
To eradicate infection in the bone and joints, it is essential to
maintain a therapeutic concentration of antibiotic at the implan-
tation site for an extended period. Currently, there are ready-to-use

Table 3

bone cements containing antibiotics on the market, but only some
antibiotics are available, such as gentamicin and vancomycin. The
increasing number of multidrug-resistant bacteria and fungal in-
fections limits the future efficacy of this tool and calls for the need
to incorporate alternative agents into PMMA cement [9,12]. Cefta-
zidime and fluconazole are known to exert a potent effect against
P. geruginesa and C. albicans, respectively.

As shown in Figures 1 and 2, the release profiles of antibiotics
loaded into bone cement is biphasic. The release of antibiotic from
the samples assayed can be explained by the theory by van de Belt
et al [22], as only antibiotic molecules located in the superficial
layers were released during the first hours of the experiment (24
hours). Once these molecules are dissolved, the release of antibiotic
is reduced and depends on the penetration of the surrounding
media into the cement matrix, which is dictated by the wettability
of the polymer and by the number and size of the pores in it. The
principal limitation of these systems is the low proportion of
antibiotic in relation to solid bone cement components. This fact, in
addition to the difference in solid particle sizes among the anti-
biotic and cement components, results in heterogeneous mixing,

Diameter of Inhibition Halo Test for Ceftazidime Expressed in Millimeters Measured After 1, 2, and 3 d of Incubation.

Bacteria Ceftazidime Proportion
1:40 4:40
5. aureus S. epidermidis E coli P. aeruginosa S aureus S. epidermidis E coli P. aeruginosa
Mean Inhibition Halo (mm)
Incubation (d)
1 22 R 40.5 435 33 31 48 47
2 185 R 37 355 29 20 42 385
3 R R 355 32 275 23 38 395

E coli, Escherichia coli; P. aeruginosa, Pseudomonas aeruginosa; 5. aureus, Staphylococcus aureus; 5. epidermidis, Staphylococcus epidermidis
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Fig. 6. Results of inhibition halo test expressed in millimeters for 1:40 fluconazole at 24 hours (A), 1:40 fluconazole at 48 hours (B), 1:40 fluconazole at 72 hours (C), 4:40 flu-
conazole at 24 hours (D), 4:40 fluconazole at 48 hours (E), and 4:40 fluconazole at 72 hours (F).

and therefore, there is high variability of distribution of the
antibiotic among samples, which leads to heterogeneous release
profiles.

In both proportions, ceftazidime was released in a higher per-
centage than fluconazole. Although ceftazidime has a higher mo-
lecular weight than fluconazole (632 vs 306 daltons [23]), its

solubility is also higher (396 vs 1 mg/L), and our data suggest that
its release is principally a surface phenomenon, as over 70% of the
total amount released did it in the first 24 hours. Many factors
mediate the release of antibiotic from polyacrylic cements. In this
case, the data are consistent because, although the molecule of
ceftazidime is approximately twice the size of that of fluconazole, it
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is much more soluble, which allows the rapid dissolution of the
antibiotic on the surface into media.

In Figures 1 and 2, it can also be observed that a higher pro-
portion of antibiotic resulted in a greater release of antibiotic, but
not of the same magnitude for both drugs; the release of ceftazi-
dime increased 453% and that of fluconazole 648%, a difference that
may have been due to the molecular weight of each one. As the
concentration of drug increases, the voids created by the release of
the drug facilitate the release of the drug trapped deeper inside.
Our results confirm that PMMA is not a highly porous structure, and
that compounds of low molecular weight, as well as having higher
diffusion coefficients, able to diffuse through more narrow spaces,
are consequently released more readily than compounds of higher
molecular weight. These results highlight the relevance of the
molecular weight of the compound selected for incorporation
within bone cement [22].

The amount of antibiotic released from the cements, in combi-
nation with the values of local clearance redon (attributable mainly
to the wound drain), and that of liquid volume in the joint space
allowed to simulate the bioactivity of the cements. Figure 5 shows
that the amount of antibiotic in the biophase would decrease up
until 72 hours, at which point the redon would be removed and the
amount of antibiotic in biophase increased. At 72 hours, in the best
of cases, <30% of patients would reach the MIC of the reference
microorganisms in the case of ceftazidime in a proportion of 1:40.
On the other hand, at 72 hours, =50% of patients would reach the
MIC for all microorganisms except S. aureus when ceftazidime in a
proportion of 4:40 would be used. In the case of fluconazole,
around 50% and 99% of patients would reach the MIC of C. albicans
when in proportions of 1:40 and 4:40, respectively.

In summary, according to our simulations, the bioactivity of flu-
conazole and ceftazidime depends on the microorganism that pro-
duces the infection, the proportion of antibiotic used, and above all
the time passed since surgery, being highest during the first
24 hours. In the case of ceftazidime, the antibiotic proportion used is
of importance during the first 72 hours, after which time it ceases to
be relevant. Regarding fluconazole in a proportion of 4:40, all pa-
tients should be covered against C albicans for the period simulated.

The release of ceftazidime and fluconazole from PMMA to agar
indicated that polymerization of the PMMA did not adversely affect
the action of the antibiotic and antifungal drugs. This finding is in
line with previously reported studies. The CFU count and inhibition
hales for both antibiotics (Table 3 and Fig. 5) revealed some differ-
ences. Only S. epidermidis and P aeruginosa grew when the cement
was placed in a liquid-growing medium. The inhibition halo test
revealed that the former was resistant to ceftazidime in a proportion
of 1:40 inall samples. This is logical, since ceftazidime is not the most
effective cephalosporin against S. epidermidis. On the other hand,
ceftazidime was nol active against P aeruginosa when liquid-
growing medium was used, but was active when halo of inhibition
was measured. This could have been due to the properties of
P. aeruginosa, as this microorganism has an alginate capsule that
creates biofilms [24,25]. For this reason, in the first few hours during
which the bacteria was in liquid medium, it could have upholstered
the pores of the cement, preventing elution of the antibiotic.

Our present study has some limitations. First, there are many
types of PMMA currently available, and we have tested just one, as
it is the most used in our hospital. Second, we evaluated the
bioactivity of samples through a simulation exercise based on the
assumption that the surface of impregnated cement in contact with
extracellular body fluid would be equivalent to the surface of the
samples assayed and assuming that the distribution of the anti-
biotic from the location of the implant to the systemic circulation
would be negligible. Consequently, the amount of antibiotic
released into the medium would not have been exactly the same.
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On the other hand, our results are strengthened by the fact that all
the antibiotic released would have remained in the same place and
consequently would have reached a high local concentration.

Conclusions

The findings of the present study show that ceftazidime and
fluconazole can be successfully incorporated within self-
polymerizing PMMA. The bioactivity of ceftazidime at all pro-
portions and fluconazole in a proportion of 1:40 depend on the
sensitivity of the microorganism in the first 3 days after surgery,
increasing substantially after drain removal, usually at 72 hours. In
the case of fluconazole 4:40 proportion, all patients should be
protected against C albicans for the duration of the postsurgery
period. Our microbiology study revealed biofilm formation in the
case of P. aeruginosa, which represents a problem for treatment and
prophylaxis against this microorganism. Further dinical studies are
essential to test the efficacy of these drug-delivery systems before
their widespread use as prophylaxis and treatment of prosthetic
joint infections.
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Appeen dix.
Drug Release Madeks

The in vitro frsction relexse profiles (Fr) for e sch lrmulstion, cal culste d x5 the ratio of the sbsolue amulst ive amounts of drog releaged
&t time (M) to infinite tme (M) were wied to test the following model s
Thee zero-order kinetics model [Equation 1):

..Mr-. *

T i

wihere k is the zere-order releste constant This model stmmes that drg relese is constant
Thee Higuchi made] (Eyustion 2):

M
Repm= k5 2

wihere k represents the relexse rabe constant reflecting the design variables of the sysem
The Korsmeye r-Peppas mode ] | Byuation 3):

Fr = = kr® (3)

My
M.
where k represents 3 rate constant incorporating structiral and geometric charscteristics of the device, and n is the release exponent For
cylindrical devices, 045 < n mresponds to a Fickian difusion mechanism, 045 < n < 089 to non-Fidian transport, n — 089 to case 11
{relucati onal) transport, andn > D89 tosuper case 1 traneport With this equation, the first 60% of arelease curve should be used to calad ste
i, thee e peoree it that espilaine the mechani sm of rele xge |26

The models were selected based on the precigon of parameter estimates, goodness-of -t plots, and the minimuem value of objective
Tunction [ -2 log |likeliboad): ~21L) provided by the RONMEM program (100N ple, Republic of lreland) | 27| Because some of the models
compared wene nol nested, ~ 211 wasnot wsed directly for comparative purposes, and the Akaike information criteris, computed a5 ~2101 4
2Mp. wihsere Np is the number of the parameters in the model, was used instesd The model with the lowest value of Akaike Infbrmation
Criterion was selecied, a5 the precision of model parameters and data descr pion were adequate.
Einactiviry Madels

To assess biaschivity, 3 Monte Carle simulastion was performed Antibiotic concentrations in the joint spsce [lor esch antibiotic and
proportion) of 1000 patients were simulsted wing NONMEM, verson 7.3. The percentage of patients whise levels of antibioticatthe site of
thse implant would be higher than the MIC was caleulated

Potential bioactivity was evaluated using the minimum inhibitory concentration (MIC) distributions of microorganisms sensitive to
celtaridime a5 a reference : Prewlamonas asruginosa (MIC — 4 pgimL) Stappdacocews aunews (MIC — 32 pgfml |, Staplylocacars epidermidis
(MIC = B pgiml) and Escherichia ali (MIC - 8 pgimlL). Gandida albicans (MIC = 1 pg/mil) was used for fluonarole calou ation.

The pharmscokinetic model used for simuliting biophase antimicrobial conce ntrations (Fig_ 1) consists of 2 compartments: cement
loaded with antibiotic (C1) and joint space (C2) Owing to the fact that clearance by drainage is very high during the first 72 hours post-
surgery, the distribution (K from the joint space (C2) into the systemic circulstion and return (K.) were considered negligible for aleu-
lations. Volume of joint space, 16 + 1.1 ml, was obtained from literature |28 | Blwtion rae of the antibiotic was calouls ted from the in vitro
stundy. A 1-year retrspective revidon of volume obtained from redon in the first 72 howrs sfter knee anthropl sty was carfied oul B e
clearan from the joint space in Dr Peset hospital, Valencia, Spain; 468 data were collected from 156 patients.

Cle srani® owing | the redon in the first 72 howrs was modeled by i tting 2ero- and fird-order equations to data (Eyustions 4 and 5,
respedively):

€l =GOy + kyet (4)

Oy = Clgee—ht (5)

where [ s time, O & the cearance st tme [ Cly is the indtial
clearana, and kg and ky are the zero- and fist-onder constants

To ensure the validiy of the method, median and standand errors of the parameters of the final model were estimaed using the
nonparameiric bootetrap technique within Per-spe sks-HONMEM (PSHL Two hndred replicates of the data were generated by the bootstrap
method to obiain the median and 95% perentle of parameters and fixed- and random-effect parameters. The bias of each parameier was
cailcusln e by computing the diference between the median vahee derved from the bootstrap and the finasl parameier estimate.
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